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ABSTRACT

The intestine adapts morphologically and/or functionally in response to
environmental stimuli, such as modification in the diet. Dietary lipids modify brush
border membrane permeability and nutrient transporter activities. Gangliosides are
glycolipids present in human milk, but absent in infant formula. Exogenous gangliosides
are incorporated into cell membranes, increase permeability, may alter intestinal nutrient
absorption. Prior to the uptake study, animals were fed one of three diets for two weeks:
Control, Control enriched with polyunsaturated long chain fatty acids (PUFA), or Control
enriched with gangliosides (GANG). In vitro uptake of sugars and lipids was studied
using radioactive labelled sugars and lipids. Feeding GANG did not alter the rates of
animal weight gain or intestinal morphology, but increased the uptake of glucose and
long chain fatty acids. At higher glucose concentrations, 0.02% and 0.04% GANG
increased glucose uptake by increasing the maximal transport rate, but there was no
change in SGLT-1 protein or mRNA abundance. This suggests that the enhanced uptake
of glucose that results from feeding GANG may be regulated post-translationally. The
increased lipid absorption (18:0 in ileum; 18:0 and 18:2 in jejunum) was not associated
with an enhanced abundance of the lipid binding proteins ILBP, I-FABP and L-FABP,
and may be due to a modification in the physical properties of the BBM resulting from
the feeding of GANG or an increase in the abundance of other lipid binding proteins.
Thus, supplementing the diet with gangliosides may be used to enhance the intestinal
uptake of sugars and lipids. The importance of this observation to human intestine

remains to be determined.
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1 INTRODUCTION

Nutrition is essential to the life and health of an individual, and adequacy of
nutrients is especially important to the development and growth of an infant. Formulating
an infant regimen with nutrients that are similar to that of human milk is important to the
well being of infants. Human milk contains gangliosides, but these are not provided by
infant formulas. Gangliosides (sialic acid-containing glycosphingolipids, GSLs) are
found ubiquitously in all mammalian cells. The pattern and concentration of gangliosides
is species- as well as tissue- specific (Iwamori et al. 1984) and is also age- dependent,
which imply their involvement in different physiological functions. Gangliosides are
mediators for cell-to-cell, cell-to-microbial, or cell-to-molecule (toxins, hormones)
interaction as antigens, receptors and ligands, and also are immune modulators (Vazquez
et al. 2001). Gangliosides exist in clusters in the cell plasma membrane, forming GSL
enriched domains where signal transduction molecules are abundant (Vazquez et al.
2001).

The intestinal brush border membrane (BBM) contains approximately 20%
GSLs in its lipid (Forstner and Wherrett 1973). The dominant ganglioside is GM3
(Iwamori et al. 1984), which is seven times more concentrated in the neonatal than in the
adult intestine in the rat (Bouhours and Bouhours 1983). This tissue- and age-specific
composition may contribute to the intestinal adaptation to diets that affects nutrient
absorption. During the suckling period, the intestine is adapted to milk digestion, which
changes the ganglioside pattern from GD3-dominant in colostrum to GM3-dominant in
mature milk (Rueda et al. 1996). These human milk gangliosides, GM1 and GM3, inhibit

the adhesion of enterotoxigenic Escherichia coli to Caco-2 cells, acting as a physiological
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component to protect them against intestine infections (Rueda et al. 1996). In addition,
pre-term newborn infants fed ganglioside supplemented formula at a concentration of
1.43 mg/100Kcal had significantly lower fecal Escherichia coli and bifidobacterial counts
(Rueda et al. 1998). Gangliosides also influence the maturation of the intestinal immune
system that takes place during weaning, by stimulating the number of spontaneous Thl
and Th2 cytokine-producing lymphocytes (Vazquez et al. 2001). Feeding gangliosides to
animals increases the quantity of gangliosides in the intestinal mucosa, brain and blood
plasma (Park et al. 2002, unpublished observations).

Sugar uptake is mediated by membrane transporters, such as SGLT-1, GLUTS5
and GLUT2 , as well as by the paracellular route (Crane et al. 1961; Wright 1992,
Davidson et al. 1992; Cheeseman 1993; Pappenheimer and Reiss 1987). Intestinal hexose
absorption depends on the carbohydrate loads. Increased luminal carbohydrate induces
the intestinal adaptive response by increasing the abundance of hexose transporters to
facilitate a higher rate of sugar transport (Diamond et al. 1984). SGLT-1, a BBM
sodium-dependent glucose transporter, mediates the transport of glucose and galactose
from the intestinal lumen into the enterocytes (Wright et al. 1992; Wright et al. 1994). Its
action is powered by the electrochemical gradient that is generated by Na'/K'-ATPase
located at the basolateral membrane (BLM; Freeman et al. 1993). GLUTS, a sodium-
independent facilitative transporter at the BBM, facilitates luminal transmembrane
fructose transport (Davidson et al. 1992). At the BLM, another facilitative transporter,
GLUT?2, is responsible for the transport of glucose, galactose and fructose from the
cytosol into the plasma (Thorens et al. 1988; Thorens et al. 1990; Burant and Bell 1992;

Cheeseman 1993). In addition to its role at the BLM, GLUT2 might also be expressed in
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the BBM in the presence of high luminal glucose concentrations (Kellett and Helliwell
2000; Helliwell et al. 2000; Kellett 2001).

Lipid absorption is achieved by passive diffusion, as well as possibly by the
action of various lipid binding proteins (Stremmel 1988). The rate of lipid diffusion is
influenced by the unstirred water layer (UWL) resistance, where the uptake of short- and
medium-chain fatty acids is hindered less by the UWL than is the uptake of long chain
fatty acids (LCFA; Westergaard and Dietschy 1974; Proulx et al. 1984). Lipid binding
proteins that are responsible for lipid transport include the BBM binding proteins —
plasma membrane fatty acid binding protein (FABP,y), fatty acid translocase (FAT),
fatty acid transport protein (FATP), the scavenger receptor of class B type I (SR-BI),
caveolin, and the cytosolic fatty acid binding proteins (FABP;). FABPpm mediates
transport of LCFA, monoglycerides and cholesterol (Stremmel et al. 1985). FAT in the
BBM transports triglycerides and LCFA (Abumrad et al. 1984). FATP is responsible for
transporting fatty acids with 10-26 carbon (Stahl et al. 1999). SR-BI transports
cholesterol (Schulthess et al. 2000). Caveolin transports cholesterol and LCFA (Field et
al. 1998; Trigatti et al. 1999). There are three FABP,: the intestinal-FABP (I-FABP), the
liver-FABP (L-FABP) and the ileal lipid binding protein (ILBP). I-FABP binds to
palmitic, oleic and arachidonic acids, and it has a greater affinity for saturated fatty acids
(SFA) than for polyunsaturated fatty acids (PUFA). In contrast, L-FABP binds to PUFA,
such as linoleic acid, with greater affinity than SFA (Cistola et al. 1989; Kaikaus et al.
1990; Peeters et al. 1989). ILBP binds to bile acids (Lin et al. 1991). The gene expression

of I-FABP and L-FABP may also be controlled by peroxisome-proliferator activator
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receptors alpha (PPARa, Motojima 2000). At present, the quantitative contribution of
these lipid binding proteins to the total amount of lipid absorbed remains unknown.

The intestine has a great capacity to adapt to environmental stresses due to
conditions, such as diabetes, aging, alcohol intake, intestinal resection and dietary
changes (Thomson 1980, 1981b; Thomson and Rajotte 1983a,b; Thomson et al. 1983,
Thomson 1984; Thomson 1986; Thomson and Keelan 1986). The intestine adapts
morphologically and functionally in response to internal and external environmental
changes (Gleeson et al. 1971; Thomson 1986; Thomson and Rajotte 1983b; Musacchia
and Hartner 1970). This adaptation process modifies BBM fluidity and permeability, as
well as carrier-mediated transport. Dietary modification may induce intestinal adaptation
and nutrient absorption. For example, dietary lipids enriched with polyunsaturated fatty
acids (PUFA) and saturated fatty acids (SFA) decrease and increase the saturation of the
BBM phospholipids, respectively, perhaps as a result of influencing BBM composition
and fluidity, or a direct action on the transporter, or on transcriptional and
posttranslational processes (Thomson et al. 1986, 1987; Brasitus et al. 1989; Meddings
1988a,b). Animals fed a PUFA-enriched diet have lower glucose and lipid absorption
than those fed a SFA-enriched diet (Thomson et al. 1986, 1987).

It is possible that gangliosides induce an intestinal adaptive response similar to
that of other lipids such as SFA, PUFA and cholesterol. Gangliosides may alter the BBM
lipid composition, and thereby modify BBM permeability; a change in lipid composition
of BBM may influence the activity of carrier proteins. Gangliosides are involved in the
modulation of transmembrane signaling activities (Hakomori 1990; Hakomori and

Igarashi 1995; Smart et al. 1999) and are enriched in caveolae/ lipid rafts (Smart et al.
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1999). Caveolae are microdomains on the outer leaflet of apical membrane that contain
clusters of sphingolipid-cholesterol and many signaling molecules (Simons and Ikonen
1997). We speculated that an enrichment of gangliosides in the caveolae in the BBM may
alter the production and/or release of proteins that may signal the intestinal adaptation
processes by transcriptional, translational or post-translational means.

Accordingly, the objective of this study was to investigate the effect of feeding a
ganglioside-enriched diet on the in vitro intestinal sugar and lipid absorption. In weanling
rats, it was hypothesized that feeding gangliosides would increase the intestinal uptake of
sugars and lipids, possibly by changing the abundance of enterocyte hexose transporters

and lipid binding proteins and their respective mRNAs.

2 LITERATURE REVIEW
2.1 INTESTINAL NUTRIENT METABOLISM
2.1.1 Introduction

The macronutrients that are essential for life are carbohydrates, lipids and
proteins. In an average human diet, carbohydrates account for more than 50% of the total
caloric intake, lipids comprise about 30%, and the remaining calories are from protein.
The main dietary forms of carbohydrate are polysaccharides, starch and dextrin; the
minor types are disaccharides and monosaccharides. The ingested polysaccharides and
disaccharides are digested by BBM carbohydrases into monosaccharides prior to their
absorption (Groff et al. 1995). The dietary lipids primarily consist of triglycerol (95%)
and a small amount of cholesterol and phospholipid (5%) (Sherwood 1993). Before

entering the intestinal mucosal cells, lipids are hydrolyzed in the intestinal lumen by
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pancreatic lipases into monoacylglycerol, free fatty acids, cholesterol and lysolecithin.
These lipids are solubilized with bile salts, forming mixed micelles, which are then
absorbed (Groff et al. 1995). Dietary proteins are important as sources of essential amino
acids, as well as for the synthesis of dispensable amino acids and other nitrogen-
containing compounds (Groff et al. 1995). The digestion of protein begins in the stomach
via the action of hydrochloric acid and pepsin, leading to the hydrolysis of peptides by
peptidases in the BBM. The final absorption of amino acids and dipeptides takes place in
the BBM (Groff et al. 1995; Palacin 1998).

In order to understand how dietary modifications may affect nutrient absorption,
it is necessary to know how nutrients are absorbed. It has been postulated that nutrients
may cross the BBM in three potential ways: the paracellular pathway, passive diffusion,
and carrier-mediated transport. Intestinal carbohydrate transport is predominantly by
sodium dependent glucose transporter (SGLT-1), sodium-independent fructose
transporter isoform 5 (GLUTS) and sodium-independent glucose transporter isoform 2
(GLUT?2). Lipids are absorbed largely via passive diffusion and possibly also as the result
of interaction with lipid binding proteins in the BBM or enterocyte cytosol (Fingerote et
al. 1994; Stremmel et al. 1985; Abumrad et al. 1984; Ek et al. 1997; Lucke et al. 1996).
2.1.2  Paracellular Pathway

The basolateral membranes (BLM) of the intestinal epithelial cells are
connected by tight junctions (TJ). Paracellular movement occurs through these TJ. The
contribution of paracellular movement, for example of glucose, to total nutrient
absorption, is estimated to be small. From the results of their hamster investigations

(1987), Madara and Pappenheimer’s postulated that intracellular D-glucose in the
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enterocyte induces cell constriction and facilitates the expansion of the TJ, thereby
enhancing the passage of D-glucose paracellularly. According to Pappenheimer and
Reiss’ solvent drag theory, paracellular pathway is the major route for intestinal uptake of
glucose (1987). However, Fine and coworkers’ human tissue study (1993) did not show
any increase in the TJ permeability due to sodium-dependent glucose transport. They
concluded that paracellular movement in the human intestine plays only a small role (~
5%) in glucose uptake (Olsen and Ingelfinger 1968). In addition, the canine study by
Lane et al. (1999) demonstrated that at physiological concentrations of glucose (1-50
mM), paracellular glucose movement accounts for only 4-7% of total glucose absorption.
In the rat, paracellular glucose movement is approximately 10% of the total glucose
absorption (O’Rourke et al. 1995). Thus, it appears that paracellular glucose movement
accounts for only a small proportion of total glucose uptake, at least in humans, and at
those concentrations of glucose observed in the intestine after a standard meal.
2.1.3  Passive Diffusion

Nutrients may cross the BBM of the intestinal epithelial cells via simple
diffusion down their concentration gradients. The BBM is selectively permeable to
molecules depending on their size, charge and relative solubility in lipids. The rate of
diffusion is governed by five factors (Fick’s Law of Diffusion): (1) the concentration
gradient of the solute, (2) the permeability of the membrane to solute, (3) the surface area
of the membrane, (4) the molecular weight of the molecule, and (5) the distance across
which diffusion occurs. The diffusion rate is directly proportional to the solute
concentration, membrane permeability as well as to the surface area, and is inversely

correlated to solute molecular weight and the diffusion distance (thickness of membrane;
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Sherwood 1993). For example, small sized and highly lipid soluble uncharged and non-

polar molecules, such as O,, CO, and fatty acids, diffuse easily through the BBM lipid
bilayer. In contrast, charged substances (ions Na' and K") and polar molecules (such as
glucose and proteins) are unable to permeate freely through the membrane.
2.1.4  Carrier-Mediated Transport

Protein transporters play an important role in nutrient absorption. There are two
forms of protein mediators: facilitative transporters (ATP-independent) and active
transporters (ATP-dependent). Facilitative transport uses a carrier to transfer molecules
across the membrane down their concentration gradient and does not require energy. In
contrast, active transport requires energy to transfer molecules across the membrane
against their concentration gradient (Sherwood 1993). Active transport is further
subdivided into direct primary ATP users and indirect secondary ATP users (Sherwood
1993). Glucose transporters isoform GLUTS and GLUT?2 are two examples of facilitative
transporters, and sodium-dependent glucose transporter SGLT-1 is an example of a
secondary active transporter.

There is a curvilinear relationship between glucose concentration and uptake, with
saturation of uptake at higher concentrations of substrate. As noted in section 2.1.2, there
is also a small passive diffusion component added to the carrier mediated transport.
Therefore, the rate of glucose transport is determined by the value of the maximal
transport rate (Vmax), the Michaelis-Menten affinity constant (Km), and the passive
permeability coefficient (Pd). Modification in the value of the Vmax has its major effect
on the transport of higher concentrations of substrate, and Vmax reflects changes in the

availability of transporters and their intrinsic activity (Karasov and Diamond 1983). The
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Km value is the concentration of substrate at half the value of the Vmax. An alteration in
the value of the Km indicates an affinity modification of a carrier for its substrate
(Thomson and Wild 1997). A change in the value of the Km will lead to alteration in the
uptake of low concentrations of substrate. For example, the lower the value of the Km,
the higher the affinity of the transporter for the substrate, and the higher the rate of uptake
at concentration close to the value of the Km. It is essential to correct for the effective
resistance of the unstirred water layer (UWL) when determining glucose transport
kinetics. Failure to correct for the resistance of the UWL leads to overestimation of the
value of the Km and underestimation of the value of Pd, the passive permeability
coefficient (Thomson 1979, 1980, 1981a).
2.1.5  Carbohydrate Transporters
2.1.5.a SGLT-1

The rates of luminal glucose and galactose uptake are predominantly mediated
by a secondary active co-transport system, the sodium-dependent glucose transporter
(SGLT-1; Wright 1993; Wright et al. 1994). SGLT-1 utilizes an electrochemical gradient
that is generated by Na'/K'-ATPase in the enterocyte BLM (Freeman et al. 1993). SGLT-
1 is a 73 kDa asymmetrical BBM carrier protein. It can be inhibited by phlorizin acting
from the luminal side (Karasov and Diamond 1983). The stoichiometry of glucose
transport by
SGLT-1 is 2 sodiums per 1 glucose molecule; as well, 210 molecules of water are
transferred intracellularly with each molecule of glucose (Meinild et al. 1998).

SGLT-1 is most abundant in the proximal intestine, moderate in the distal

intestine, and lowest in the duodenum (Kennelly et al. 1991). The expression of SGLT-1
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begins at the crypt-villous junction (Hwang et al. 1991). The distribution of SGLT-1

proteins in rat intestine is either uniformly spread (Gould and Holman 1993) or increases
(Yoshida et al. 1995) along the length of the villus. A rabbit study using
immunohistochemistry and polyclonal antibody against SGLT-1 revealed that the
abundance of SGLT-1 protein as well as mRNA is constant in the BBM in the jejunum,
yet the activity of SGLT-1 increases towards the upper villus (Smith et al. 1992). It has
been suggested that the position of SGLT-1 might affect its post-translational regulation
(Koepsell and Spangenberg 1994), since the abundance of SGLT-1, mRNA and protein
remain relatively constant along the villus, yet the activity of SGLT-1 is up-regulated
towards the villous tip. This increased activity of SGLT-1 is not accompanied by an
enhancement in mRNA abundance. Therefore, the function of SGLT-1 protein might be
controlled post-translationally.

The exact mechanism of how SGLT-1 activities are modulated is not known. It
has been proposed that the SGLT-1 may be activated post-translationally, directly
through phosphorylation (Hirsh et al. 1996; Wright et al. 1997), or indirectly through the
control of the translocation of SGLT-1 from the cytosol to the BBM (Hirsh et al. 1996;
Vayro and Silverman 1999).

The functional SGLT-1 cotransporter has a quaternary structure that comprised
of regulatory as well as catalytic subunits (Stevens et al. 1990; Veyhl 1992; Turk et al.
2000). The regulatory subunits may be influenced both transcriptionally and post-
transcriptionally by dietary and hormonal alteration, thereby affecting SGLT-1
abundance (Thomson et al. 1996; Thomson and Wild 1997). Although glycosylation is

not required for SGLT-1 function, it has two glycosylation sites present at positions 248
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and 306. The post-translational glycosylation process adds an additional 15 kDa units to

the SGLT-1 (Hediger et al. 1989). Also, there are several consensus phosphorylation sites
at the cytoplasmic hydrophobic domains. However, there is little direct evidence
demonstrating that SGLT-1 is regulated by phosphorylation (Wright et al. 1992).

Wright and colleagues (1997) also identified possible roles of protein kinase A
(PKA) and protein kinase C (PKC) on SGLT-1 regulation, independent of the SGLT-1
phosphorylation consensus sites. These kinases influence the Vmax of glucose transport
in rabbits by altering the quantity of SGLT-1: PKA raises the Vmax by 30%, whereas
PKC lowers the Vmax by 50% (apparent Km was 0.25 mM). Hirsch et al. (1996)
suggested that the control mechanism of PKA and PKC might involve protein trafficking
between the endosomal and plasma membranes. Also, PKA enhances the stability and
expression of SGLT-1 mRNA (Peng and Lever 1995; Clancey and Lever 2000). It was
observed in SGLT-1 expressed in Xenopus laevis oocytes that PKC increases human
SGLT-1 activity, but reduces rabbit and rat SGLT-1 expression (Hirsch et al. 1996).
Vayro and Silverman (1999) postulated that PKC decreases the uptake of glucose by
diminishing the SGLT-1 protein replacement rate. The up- or down-regulation of PKC on
SGLT-1 depends on the isoform and amino acid sequence of SGLT-1 (Hirsch et al.
1996). The protein sequences of rabbit and human SGLT-1 are 85% homologous. There
is a consensus site for PKC phosphorylation in rat, rabbit and human SGLT-1 isoforms.
However, the regulation of the sugar transporters by PKC might be species specific
(Hirsch et al. 1996). The protein sequence of SGLT-1 in rat, rabbit and humans consists
of three non-conserved regions: the amino terminus, the extracellular loop between

helices 6 and 7; and the intracellular loop between helices 13 and 14 (Hirayama et al.
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1996), the region most likely responsible for the sequence specific modulation (Hirsch et
al. 1996). Different species express slightly different SGLT-1 amino acid sequences at
the cytoplasmic loop (residues 550-636), and therefore they display various specificity
for PKC with different responses.

The Na/K"-ATPase in the BLM maintains the electrochemical sodium gradient
to facilitate sodium-dependent glucose transport across the BBM (Horisberger et al.
1991). Na'/K'-ATPase, a heterodimer, has two subunits: a 110 kDa catalytic o form,
along with a 55 kDa highly glycosylated regulatory B form (Fambrough et al. 1994). The
o subunit is responsible for catalyzing and binding of cations, whereas the 3; subunit
regulates the function of the Na'/K™-ATPase transporter. Only o, and B; are expressed in
the BLM of the adult small intestine (Wild et al. 1994). Increased mRNA expression of
o, and B, subunits toward the villous tip is mirrored by increased Na'/K'-ATPase activity
(Wild and Murray 1992). The activation of Na'/K'-ATPase may be modulated by
phosphatidylinositol 3-kinase (Alexander and Carey 2001).
2.1.5.b GLUTS

GLUTS facilitates the luminal transmembrane fructose transport. GLUTS, a 50
kDa facilitative transporter, is situated in the BBM (Davidson and Hausman 1992). The
abundance of GLUTS protein is highest at the tip of the villus, whereas GLUTS mRNA
has the highest abundance at the mid-villus (Parent 1992). The Km of the fructose
transporter is about 15 mM (Corpe et al. 1999). It was postulated in Caco2 cell
experiments that the expression of GLUTS is modulated by cyclic adenyl monophosphate
(cAMP) activity (Brot-Laroche et al. 1992). Forskolin, an agonist of cAMP, elevates the

expression of GLUTS mRNA in Caco2 cells (Brot-Laroche et al. 1992).
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2.1.5.c GLUT2

Another facilitative transporter, GLUT2, is a 61 kDa non-specific sugar carrier
located mainly in the BLM of enterocytes. GLUT?2 transports fructose, glucose, galactose
and mannose from the cytosol into the plasma (Venkatramen et al. 1988; Thorens et al.
1988; Thorens et al. 1990; Venkatramen et al. 1991; Burant and Bell 1992; Cheeseman
1993). The Km of GLUT?2 for glucose is 15 — 40 mM (Zeiler 1999). GLUT?2 is expressed
increasingly from the crypt-villous junction to the villous tip, but is not present in the
crypts (Thomson and Wild 1997). The affinity of GLUT2 for fructose is six times lower
than that for GLUTS (Colville et al. 1993). GLUT2 has a high capacity, and its kinetics
are not rate-limiting. Therefore, the uptake of fructose increases as its substrate
concentration rises (Mueckler et al. 1990).

GLUT2 may also be expressed in the BBM in the presence of high luminal
glucose concentrations (Kellett and Helliwell 2000; Helliwell et al. 2000; Kellett 2001).
According to Kellett (2001), in the presence of luminal glucose concentrations of 30-50
mM, GLUT?2 can be detected on the BBM, and GLUT2 abundance is further elevated as
the glucose concentrations increase (75-100 mM). SGLT-1 mediates glucose transport
until the transporter becomes saturated (Kellett and Heliwell 2000). The transport of
SGLT-1 triggers the activation of PKC BII, leading to recruitment of GLUT2-containing
vesicles to the BBM, as well as to activation of GLUT2 (Kellett 2001).

The knowledge of BBM GLUT?2 is still at its infancy state, and many unanswered
questions remain. In fact, not all laboratories have been able to confirm Kellett’s findings
(Brot-LaRoche 2001, personal communication; Drozdowski et al. 2002, personal

observations).
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2.1.6  Lipid Absorption

2.1.6.a Lipid Absorption via Passive Diffusion

The majority of intestinal lipid uptake is by passive diffusion across the BBM,
especially in the upper third of the villi of the jejunum (Fingerote et al. 1994). The UWL
resistance influences the rate of lipid diffusion. Before entering the BBM, lipids must
cross the UWL, which is located adjacent to the mucosal surface. Short-and medium-
chain fatty acids are more water soluble than are the long-chain fatty acids (LCFA). Their
uptake is hindered less by the UWL than LCFA (Westergaard and Dietschy 1974; Proulx
et al. 1984). Failure to correct for the effective resistance of the UWL leads to
underestimation of the true permeability properties of the BBM (Westergaard et al.

1974).

There are three passive diffusion models of lipid absorption (Thomson and

Dietschy 1981):

1) The whole mixed micelle is taken up by the BBM. This model has not been proven
experimentally (Wilson and Dietschy 1972).

2) The collision between micelle and the BBM enables the absorption of lipids to take
place. The experimental evidence supporting this model has been delineated by both
Proulx et al. (1984) and Burdick et al. (1994) in their cholesterol uptake studies using
rabbit BBM vesicles. This represents direct diffusion of lipids from the lipophilic
micelle into the lipophilic BBM.

3) Lipids, partitioning out of the micelle into the aqueous phase of the UWL, are then
absorbed across the BBM (Westergaard and Dietschy 1976). Thus, uptake of lipid

would occur from an aqueous to a lipophilic compartment.
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Shiau (1990) suggested that the dissociation of lipids from the mixed micelle is

due to the acidic microclimate of the UWL juxtaposed to the BBM. The low pH in this
microclimate elevates the critical micellular concentration of fatty acids and cholesterol,
and also protonates the fatty acids. Protonation reduces their hydrophilic and increases
their lipophilic properties (Small et al. 1984), thereby increasing the BBM permeation to
fatty acids. Also, the alteration in the fluidity of the BBM influences its permeability;
greater fluidity leads to a higher permeation rate (Higgins 1994). The BBM fluidity may
be affected by the type or quantity of lipids present in the membrane. For instance, the
jejunum has a higher exposure to dietary lipids than does the ileum, and its permeability
to lipids is greater than that of ileum (Meddings 1988). The fluidity of jejunum is higher
compared to the fluidity of ileum (Meddings 1988). Another factor that may influence the
uptake of lipids involves the transposition of membrane lipids from the outer to the inner
leaflet of the BBM. This occurrence of membrane lipid transposition also depends on the
composition of the membranes and the luminal lipid composition (Devaux 1991;
Meddings 1998; Meddings and Thiessen 1989).
2.1.6.b Lipid Absorption via Protein Carriers

The uptake of lipids may also be mediated by lipid binding proteins in the BBM
or in the enterocyte cytosol. Several lipid binding proteins have been identified in the
intestine: (a) in the BBM, these include the fatty acid binding protein (FABP,,), fatty
acid translocase (FAT), fatty acid transport protein (FATP), scavenger receptor of class B
type I (SR-BI), and caveolin, (b) several cytosolic fatty acid binding protein (FABP,) as

well as (c¢) microsomal triglyceride transport protein (MTP). (Table 1).
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FABP;n, is a 45 kDa BBM protein, located along the villus and in the crypt of

enterocytes of rat jejunum and ileum (Stremmel et al. 1985). FABP,, mediates transport
of the LCFA, monoglycerides and cholesterol. In a rabbit experiment, Schoeller and
colleagues (1995) demonstrated that inhibition of FABP,, employing anti-FABP;n
antibody reduces the uptake of oleic acid. The action of this protein depends on the
activity of the sodium/ hydrogen exchanger in the BBM (Stremmel 1988).

FAT is another BBM fatty acid binding protein that is engaged in fatty acid
transport. FAT is an 88 kDa BBM glycoprotein (Abumrad et al. 1984) that is 85%
homologous to the human scavenger receptor CD36. FAT knockout mice have reduced
absorption of triglycerides into adipocytes (Poirier et al. 1996). FAT mRNA is mainly
found in the upper two-thirds of the intestinal villi. Feeding a diet enriched in
polyunsaturated fatty acids is associated with increased expression of FAT mRNA
(Poirier et al. 1996).

The 63 kDa FATP is also a BBM protein that participates in fatty acid uptake.
FATP is found in adipocytes, as well as in heart and skeletal muscle (Schaffer and Lodish
1994). FATP increases the absorption of oleic acid in fibroblast cell lines. There are
many isoforms of FATP (Hirsch et al. 1998). Only FATP4 is expressed in significant
amounts in the intestine. The mRNA of FATP4 is detected in the jejunum, ileum and, to a
lesser extent, in the duodenum. FATP4 may mediate the transport of those fatty acids that
have 10 to 26 carbons (Stahl et al. 1999).

Thurnhofer and Hauser (1990) proposed that there might be protein-mediated
components of the intestinal transport of cholesterol, based on their observation of

reduced cholesterol uptake in BBM vesicles after membrane digestion with proteases.
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The multidrug resistance protein may also play a role in cholesterol absorption in the
enterocytes (Tessner and Stenson 2000). Finally, a 145 kDa membrane protein, the
“cholesterol transport protein,” has been identified in the BBM of rabbit enterocytes and
may be involved in the uptake of intestinal cholesterol (Kramer et al. 2000).

SR-BI is a 57 kDa cholesterol binding protein that is located in the BBM
(Schulthess et al. 2000). SR-BI is found primarily in the jejunum, with a negligible
amount in the ileum (Cai et al. 2001). SR-BI may be involved in cholesterol uptake,
either by way of lipoprotein transport (Cai et al. 2001) or as a docking receptor for the
bile acid micelle, thereby leading to the transport of lipids into the BBM (Hauser et al.
1998).

Caveolin-1, a 22 kDa protein involved in cholesterol trafficking, is found in
detergent-resistant microdomains of the BBM. Caveolin-1 may act as a storage protein
for membrane cholesterol, and may engage in a sterol-sensing role at the BBM (Field et
al. 1998). The accumulation of micellar cholesterol leads to the clustering of membrane
cholesterol to these microdomains. Subsequently, the cholesterol is shuttled to the
endoplasmic reticulum (ER). As well, caveolin-1 may bind to LCFA (Trigatti et al.
1999).

The role of caveolin-1 in the intestine is not yet known. Uittenbogaard and Smart
(2000) suggested that it may participate in the intracellular sorting of cholesterol, based
on the following three lines of evidence: (1) caveolin binds directly to cholesterol and
forms caveolin-chaperon complexes, which transport cholesterol from the ER to the
caveolae; (2) the expression of caveolin on lymphocyte cell lines that are devoid of

caveolin results in the formation of caveolae invaginations and a 4-fold enhancement of
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cholesterol in the caveolae as compared with the total plasma membranes; and (3)
cholesterol oxidation induces the translocation of caveolin from caveolae to ER, from the
Golgi-ER intermediate compartment, and finally to the Golgi.

The transport of lipid in the enterocytes may also be partly mediated by fatty acid
binding proteins in the cytosol (FABP;; Ek et al. 1997; Lucke et al. 1996). Three
intestinal FABP, are the intestinal-FABP (I-FABP), the liver-FABP (L-FABP) and the
ileal lipid binding protein (ILBP). I-FABP, a 15.1 kDa protein, is found ubiquitously in
the small intestine. It is most abundant in the distal jejunum and at the villous tip (Iseki
and Kondo 1990). I-FABP binds to palmitic, oleic and arachidonic acids. It exhibits a
greater affinity for saturated than for polyunsaturated fatty acids (Cistola et al. 1989;
Kaikaus et al. 1990; Peeters et al. 1989). L-FABP, a 14.1 kDa protein, is present most
abundantly in the proximal jejunum. Of course, it is also found in the liver. L-FABP is
situated at the crypt-villous junction as well as along the villus, but is absent at the villous
tips (Iseki and Kondo 1990). This protein binds with greater affinity to polyunsaturated
than to saturated fatty acids (Cistola et al. 1989; Kaikaus et al. 1989; Peeters et al. 1989).
The [-FABP and L-FABP mRNAs are expressed along the villi of the proximal and distal
small intestine (Poirier et al. 1996).

Rats treated with the lipid lowering drug, clofibrate, increased their L-FABP
protein and mRNA abundance; no changes were observed in I-FABP protein or mRNA
abundance (Bass et al. 1985). In rats fed with a polyunsaturated fatty acid enriched diet,
the expression of both I-FABP and L-FABP mRNAs was enhanced (Poirier et al. 1996);
similar results were also obtained by Drozdowski and colleagues (2002b). In starved rats,

the abundance of I- and L-FABP mRNA was doubled (Besnard et al. 1991). Conversely,
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when rats were fed with a high fat diet (50%), the abundance of I-FABP mRNA only

increased slightly (Besnard et al. 1991). In the diabetic rat model, animals fed PUFA had
a lower jejunal L-FABP mRNA abundance as compared to the non-diabetic controls
(Drozdowski et al. 2002a). In I-FABP knockout mice, fatty acid absorption is sustained,
indicating that I-FABP may not be essential for intestinal lipid uptake (Vassileva et al.
2000).

Peroxisome-proliferator activator receptors alpha (PPARc) may be involved in
the modulation of I-FABP and L-FABP mRNA expression (Motojima 2000). Besnard
and co-workers (1993) demonstrated a four-fold increase of L-FABP protein and mRNA
abundance in the liver of mice treated with bezafibrate, a PPAR hypolipidemic drug.
Furthermore, bezafibrate up-regulates FAT mRNA abundance, indicating that FAT and
FABP protein may work cooperatively in lipid uptake (Boffelli et al. 1997). PPARs can
be activated by fatty acids and fatty acid-derived molecules (Chinneti et al. 2000). PPARs
modulate cellular fatty acid uptake and control of their intracellular fat (Delerive et al.
2001). It have been suggested that an up-regulation of the pro-inflammatory cytokines
(interleukin-1a, interleukin 6 and interleukin 8) may increase nutrient uptake (Hardin et
al. 2000). PPAR activators activate PPARy which in turn inhibits the activation of the
pro-inflammatory interleukins (IL 2, IL6, IL8 and TNFa) by negatively interfering with
NF-kB signaling pathway (Chinneti et al. 2000). Therefore, it is possible that a repression
of NF-«B by an up-regulation of PPAR may reduce nutrient uptake.

ILBP binds to bile acids and has a molecular weight of 14 kDa (Lin et al. 1991).
ILBP resembles the FABP family structurally and is found mainly in the distal ileum. The

binding of bile acids to ILBP is saturable, as has been demonstrated in the molecular
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cloning and expression of ILBP in Cos-7 cells (Gong et al. 1994). ILBP, a homotetramer
in the enterocyte cytosol, may work cooperatively with a BBM homotetramer (a 93 kDa
protein) to form the ileal sodium/ bile acid co-transporter. ILBP binds to bile acids in an
allosteric manner, i.e., the binding of a bile acid to ILBP increases the affinity of ILBP
for more bile acid, indicating that another binding site may be present (Kramer et al.
1998).

Mansbach and Dowell (2000) have postulated that the trafficking of lipids from
the ER to the Golgi apparatus may be the rate-limiting step in lipid uptake. They
proposed that the rate of prechylomicron vesicle formation, a vehicle for lipid transport
from the ER to Golgi, may determine the rate of lipid transport.

Another transport protein that is also involved in the cytosolic transport of lipids
is the microsomal triglyceride transport protein (MTP), an important ER-localized
cofactor that is crucial for the formation of apolipoprotein B (apo B, Gordon et al. 1995).
MTP is a heterodimer: One subunit is a 58 kDa multifunctional ER protein, disulfide
isomerase; and the other subunit is 97 kDa (Gordon et al. 1995). MTP is found along the
crypt-villous junction in 13" weeks-human fetal jejunal and colonic tissue (Levy et al.
2001) and is essential for the transport of triglycerides and cholesterol esters into the
hydrophobic core of apo B (Leiper and co-workers 1994). Mutant MTP in humans causes
abetalipoproteinemia (Wetterau et al. 1992).

At present, the quantitative contribution of these lipid binding proteins to the total
amount of lipid absorbed remains unknown. It is also unknown whether changes in the

abundance of these lipid binding proteins even occur or are related to the variations in
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lipid uptake that are associated with the adaptation in lipid uptake that occurs, for
example, with diabetes, intestinal resection, or alteration in dietary lipids.
2.1.7  Amino Acid Absorption

The subject of the transport of amino acids across plasma membrane has been
reviewed (Palacin et al. 1998). At the BBM of the intestine, amino acids are transported
by multiple energy-dependent carrier systems with overlapping specifications (Groff et
al. 1995; Palacin 1998). Not all amino acid transport systems are known in humans.
Approximately 67% of amino acids are absorbed in the form of small peptides, and the
remainders are absorbed as free amino acids (Zaloga 1990). There are two forms of
amino acid carrier systems: sodium-dependent (such as B or NBB, IMINO and PHE
systems), and sodium-independent (such as the L and y* system; Palacin 1998). The B or
NBB system transports di- and tripeptides, as well as neutral amino acids, such as
threonine and alanine (Palacin 1998). The IMINO system is responsible for the transport
of proline and N-methylated glycine (Palacin 1998). The PHE system transports two
essential amino acids, phenylalanine and methionine. The sodium-independent L system
transports leucine and other neutral amino acids. The y* system transports dibasic amino
acids, such as arginine and lysine (Palacin 1998).

Amino acid transport at the BLM is predominantly by facilitated diffusion, as well
as by a sodium-independent carrier system. The sodium-dependent systems become
important when the luminal amino acid concentration is low. The L system (for leucine
and for neutral amino acids) and the y* system (for dibasic amino acids), that are
responsible for amino acid transport at the BBM, also transport amino acids at the BLM.

Other amino acid transport systems at the BLM include the sodium-dependent A system,
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the ASC system (sodium-dependent) and the asc system (sodium-independent). The A

system is responsible for the transport of short-chain, polar and neutral amino acids. The
ASC and the asc system transport small chain neutral amino acids, such as alanine, serine
and cysteine (Groff et al. 1995; Palacin 1998).

2.2 INTESTINAL ADAPTATION

The intestine has an inherent ability to adapt morphologically and functionally in
response to internal and external environment changes. This biological process is termed
“adaptation.” The functional adaptations encompass the modification of BBM fluidity
and permeability, as well as up- or down- regulation of carrier-mediated transport.
Experimental evidence suggests that the quantity and quality of macronutrient
consumption may alter the morphology and function of the intestine (Thomson and
Rajotte 1983b).

This morphological and functional modification enables the intestine to control
the amount of nutrients being absorbed in various pathological conditions, such as
following intestinal resection (Gleeson et al. 1971; Thomson 1986), with diabetes
mellitus (Thomson 1980, 1981b; Thomson and Rajotte 1983a), following external
abdominal radiation, or with chronic ethanol consumption (Thomson et al. 1983;
Thomson 1984). The intestine may also adapt in response to different physiological
conditions including pregnancy (Musacchia and Hartner 1970), lactation (Cripps and
Williams 1975) and aging (Thomson and Keelan 1986; Drozdowski et al. 2002, 2002c,
unpublished observations; Woudstra et al. 2002, unpublished observations). In most
situations, intestinal adaptation enhances the well-being of the animal. For instance,

intestinal nutrient absorption is increased after small bowel resection to compensate for
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the loss of the absorptive areas (Thomson 1986; Thiesen et al. 2001a). However, in some
cases, adaptation may be deleterious, such as with diabetes mellitus where the enhanced
absorption of sugar is associated with hyperglycemia and the enhanced absorption of
lipids is associated with hyperlipidemia (Burant et al. 1994; Drozdowski et al. 2002a).

Morphological modifications may accompany intestinal adaptation. This
phenomenon was first observed by Dowling and Booth (1967) in the small bowel
resection model. The remaining intestine after resection was found to be hyperplastic,
with greater villous height and crypt depth as well as enhanced nutrient absorption. The
morphological changes do not necessarily modulate nutrient uptake, as was demonstrated
by O’Connor and co-workers (1999); in their resection model, these two processes were
independent of each other. For example, one week after an 80% small bowel resection,
the remaining gut increased its mass to 50-70% of its pre-resection level. However, the
uptake of glucose increased only to 33% of the pre-resection amount. Therefore,
enhanced nutrient absorption may not necessarily be due just to intestinal hyperplasia
and/ or hypertrophy (Thomson and Wild 1997).

The mammalian plasma membrane lipid composition can be altered (Spector and
York 1985). Intestinal adaptation is associated with modification of the BBM lipid
composition (Thomson et al. 1987), which is also associated with changes in BBM
fluidity and permeability. In addition, the alteration in membrane physical properties may
affect the activity of the BBM nutrient transporters, such as SGLT-1 and GLUTS. In fact,
modification in the BBM lipid composition has been shown to increase the passive
uptake of lipids, as well as carrier-mediated glucose transport (Brasitus et al. 1989;

Meddings 1988a; Meddings and Thiessen 1989; Meddings et al. 1990). In the case of
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starvation, the membrane fluidity may increase due to reduced level of free fatty acid,
cholesterol/ phospholipid, and protein/ lipid ratios. Even though the synthesis of nutrient
transport proteins is diminished during starvation, glucose uptake may be sustained
because of increased membrane fluidity (Waheed et al. 1998).

The intestine adapts functionally through the alteration in both the abundance of
nutrient transporters and the passive permeability properties of the BBM. Enhanced
hexose and amino acid absorption results from an increase in the value of the maximal
transport rate (Vmax) of the appropriate carriers (Thomson 1986). This increased Vmax
results from either an up-regulation of transporters or an increased number of transporting
mucosal cells. Indeed, Sigalet and Martin (1998) postulated in their resection model that
the up-regulation of SGLT-1 mRNA abundance was positively correlated with the hexose
uptake, implying an up-regulation of transporters. However they did not actually measure
the protein abundance of these transporters. In addition, resection also selectively changes
the passive permeability properties of BBM, as was demonstrated by the increased
passive uptake of medium chain fatty acids but not short or long chain fatty acids
following intestinal resection (Thomson 1986). The increased lipid uptake in this study
was not due to the changes in the mucosal surface area or the effective resistance of the
UWL.

In diabetes, both carrier-mediated and passive transport are enhanced (Thomson
and Rajotte 1983a, b). The abundance of transport proteins, such as SGLT-1 and GLUT2
as well as their mRNAs, is up-regulated, and as well premature expression of sugar
transporters is seen along the crypt-villous region (Burant et al. 1994). In addition, the

abundance of Na'/K" -ATPase protein and mRNA on the BLM of the jejunum and ileum
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is increased in chronically diabetic rats, thereby contributing to greater glucose uptake
mediated by SGLT-1 (Wild et al. 1999). Similarly, in the BLM of diabetic rats, glucose
uptake by GLUT2 is increased (Cheeseman and Maenz 1989). This enhanced BLM
glucose transport is independent of the binding of cytochalasin B, indicating that the up-
regulation of GLUT2 transporters is modulated post-translationally. The post-
translational trafficking of GLUT2 most likely is mediated by PKC BII dependent signal
transduction pathway, leading to recruitment and activation of GLUT2 to the BBM
(Helliwell et al. 2000; Kellett 2001).

With chronic alcohol ingestion or after external abdominal irradiation, nutrient
absorption is reduced due to a lower number of nutrient transporters and to decreased
passive permeability (Thomson et al. 1983c; Thomson 1984). Similarly, in aging animals,
hexose uptake is decreased when uptake is expressed on the basis of intestinal or mucosal
weight (Drozdowski et al. 2002, unpublished observations). As well, lipid absorption is
decreased when expressed on the basis of serosal surface area (Woudstra et al. 2002,
unpublished observations).

2.2.1  Dietary Effects on Intestinal Adaptation

Intestinal adaptation also occurs in response to varying dietary composition and
volume. Different types (SFA versus PUFA) and combinations of macronutrients
(carbohydrate, lipid and protein) may modify one or more of the following parameters:
villous height, BBM lipid composition, carrier-mediated transport, or BBM enzyme
activity (Thomson and Rajotte 1983b; Keelan et al. 1987, 1990).

Dietary carbohydrate may induce the intestinal adaptive response by increasing

the carrier-mediated hexose transporters to facilitate a higher rate of sugar absorption
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(Diamond et al. 1984). In a murine model, intestinal glucose uptake was directly
correlated with the dietary carbohydrate load (Karasov and Diamond 1983; Diamond et
al. 1984; Solberg and Diamond 1987). The effect of dietary carbohydrate on nutrient
transporter abundance has been reported in several animal models. For instance, the
SGLT-1 in BBM and GLUT2 in the BLM were clevated in animals fed a high
carbohydrate diet: associated with this glucose absorption was also increased (Cheeseman
and Maenz 1989; Cheeseman and Harley 1991; Ferraris et al. 1992; Dyer et al. 1997). As
well, the GLUTS transporter abundance was elevated with enhanced dietary fructose,
leading to enhanced fructose uptake (Burant and Saxena 1994; Shu et al. 1997; Monteiro
and Ferraris 1997).

The initiation of the dietary glucose-induced adaptive response occurs in the
intestinal crypts, where the transport capacities of the nutrient transporters are
programmed (Ferraris and Diamond 1992). In this mouse model, phlorizin binding was
utilized as a means of measuring the glucose transporter site density. Changing the
murine diet from a high to a low carbohydrate regimen reduced the amount of glucose
transporter, as estimated from the density of phlorizin binding. The alteration in the
density of phlorizin binding was first observed in the crypt cells, and over a three-day
period, was subsequently seen in the villous tip cells. The enterocytes may adapt to the
high carbohydrate diet via increasing the crypt cell turnover rate, enhancing the
enterocyte migration rate, as well as by reprogramming the capability of nutrient
transporters in the crypts to accommodate to the requirement for higher monosaccharide

transporters (Ferraris and Diamond 1992).
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The dietary lipid content affects the function of the intestine (Morin et al. 1978;
Morin et al. 1980; Thomson et al. 1986). Dietary fatty acids influence the BBM
phospholipid fatty acid composition (Keelan et al. 1990; 1997), and this alteration may be
controlled by the enterocyte microsomal membrane desaturase activity (Keelan et al.
1994). Feeding rats with different dietary fatty acids (high PUFA enriched with 18:2 and
18:3 versus high SFA with 16:0, 18:0 and 18:1) changes the BBM phospholipid fatty acid
composition of these animals (Keelan et al. 1990). Rats fed with a high PUFA diet have
an equal jejunal BBM phospholipid profile in phosphotidylcholine (PC) and
phosphatidylethanolamine (PE). Conversely, animals fed high SFA have higher total
monounsaturated fatty acids and reduced total PUFA in PC, and elevated total
monounsaturated fatty acids in PE (Keelan et al. 1990). In perspective, dietary PUFA
and SFA decrease and increase the saturation of the BBM phospholipids, respectively,
thereby influencing BBM permeability (Thomson et al. 1986, 1987). This in turn may
alter the activities of nutrient transporters and passive permeability. Animals fed a PUFA-
(n-3 and n-6) enriched diet have lower glucose absorption as compared to animals fed an
isocaloric SFA-enriched diet (Thomson et al. 1987).‘ This effect of dietary lipids on
modulating nutrient uptake was also demonstrated in diabetic rats and in animals
following intestinal resection (Keelan et al. 1996). In a rat intestinal resection model , the
SFA fed rats have reduced jejunal uptake of palmitic acid, and whereas the PUFA fed rats
have increased jejunal uptake of palmitic and linoleic acids (Thiesen 2001a). When the
locally acting corticosteroid budesonide was administered concomitantly with SFA diet,
the jejunal uptake of glucose was increased but the ileal uptake of fructose was reduced

(Thiesen et al. 2002b, 2001b).
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Unlike dietary fatty acids, the dietary cholesterol content does not alter the BBM
cholesterol composition, indicating that BBM cholesterol composition is tightly
controlled (Keelan et al. 1994).

The mechanism of how dietary lipids influence the rate of intestinal nutrient
uptake 1s still unclear. The modification of the BBM lipid composition does not fully
explain the adaptation process that is induced by dietary lipids. Perhaps the control
mechanism 1is associated with the signal transduction effect of lipids. It has been
suggested that dietary lipids participate in signal transduction involving the activation of
second messengers, such as cAMP, Ca”™ and diacylglycerol, thereby changing the RNA
expression (Huwiler et al. 2000). Studies with glycosphingolipid (GSL) have revealed the
importance of these lipids and their metabolites in signaling pathways via the tyrosine
kinase-linked receptors, a signal system mediated by PKC, mitogen activated protein
kinase (MAPK), other kinases, as well as mediated by the cytosolic Ca*" concentration
(Hakomori 1990; Hakomori and Igarashi 1995). The GSLs are concentrated in the BBM
caveolae where signaling proteins are present in enriched amounts (Simons and Ikonen
1997, Smart et al. 1999). It may be speculated that GSLs may regulate nutrient
transporter activities post-translationally, thereby altering their rates of uptake.

Dietary protein has an impact on the intestinal morphology and active amino acid
transport (Scharrer 1972; Karasov et al. 1983, 1987). Both in vitro (Lis et al. 1972) and in
vivo (Scharrer 1972) rat experiments showed that a high protein diet increases amino acid
uptake in the jejunum. An alteration in the amount of dietary protein induces reversible
adaptation of the non-essential amino acid transport rate (Casirola et al. 1994). Feeding a

high protein diet to mice induces a 77 — 81% increment in the uptake of nonessential
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amino acids (Karasov and colleagues 1987), yet only a 32 — 61% increase for essential
amino acids. On the other hand, a protein-deficient regimen reduces uptake of
nonessential amino acids, such as aspartate and proline, and maintains or increases uptake
for essential amino acids and alanine. Thus, the nature of the adaptive response depends
upon the type of amino acid and the needs of the animal.

Since various macronutrients have influences on intestinal nutrient absorption, it
is reasonable to speculate that dietary GSLs may induce an intestinal adaptive response
similar to that of other lipids, such as SFA, PUFA and cholesterol. GSLs may alter the
BBM lipid composition, lead to a change in membrane permeability, and as a result, alter
the intestinal uptake of lipids. Also, a change in the lipid composition of the BBM may
influence the activity of carrier proteins. Finally, GSLs are involved in the modulation of
transmembrane signaling activities (Hakomori 1990; Hakomori and Igarashi 1995; Smart
et al. 1999). An enrichment of GSLs in the caveolae may alter the production and/ or
release of proteins that may signal the adaptation process by transcriptional, translational

or post-translational means.



Table 1: Intestinal lipid binding proteins
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transport vesicle)

Protein Molecular Localization Substrate
Weight (kDa)
Caveolin-1 22 Small intestine cholesterol and
LCFA'
2 SR-BI (scavenger 57 Liver, peripheral high-density
‘D |receptor class B tissue lipoproteins,
§ type I) phospholipids,
I~ triacylglycerol,
2 cholesterol and
<
5B cholesterol esters
g€ |FABP,n (plasma 40 Adipose tissue, LCFA
g membrane-fatty heart, liver, intestine
& |acid binding
= |protein)
2 |FAT (fatty acid 88 Adipose tissue, LCFA, triglycerides
= [|transporter)/ CD36 heart, skeletal
= muscle, spleen,
M intestine
FATP4 (fatty acid 63 Small intestine LCFA (oleate)
transport protein-4)
cholesterol 145 Small intestine cholesterol
transport protein
FABP (fatty acid 14-15 Adipose tissue, LCFA
binding protein) muscle, heart, brain,
kidney
& |L-FABP (liver- 14-15 Liver and small LCFA, heme, bile
‘@ |fatty acid binding intestine acids, acyl CoA
& |protein
F~ |I-FABP 14-15 Small intestine LCFA
= |(intestinal-fatty
= g s
= acid binding
Q  |protein)
ié» ILBP (ileal lipid 14 Ileum (predominant |bile acids
= |binding protein) in distal ileum)
PCTV Small intestine triacylglycerol
" |(prechylomicron

' LCFA is long chain fatty acid
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Figure 1: Model of carbohydrate transport in the enterocyte
(Wright et al. 1994)
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2.3 GANGLIOSIDES

2.3.1 Introduction

Gangliosides are sialic acid-containing glycosphingolipids that were first
discovered by Klenk in 1942. They are present in virtually all mammalian cells and are
found most abundantly in neural tissues. . Their chemitcal structure is complex. In order to
comprehend their physiological importance in cellular processes, one must first
understand the basic construction of these molecules, their biochemistry, their
composition in tissues and in nurturing sources such as milk, as well as their possible role
in biological functions. Recognizing the nature of gangliosides allows us to speculate on
the potential usefulness of supplementing our diets with them.

2.3.1  Definition and Classification

Gangliosides are members of the glycosphingolipid family and are classified
under the division of glycolipids. Glycolipids are lipids, such as acylglycerols, N-
acylsphingoid (ceramide) or prenyl phosphate, that have a glycosidic linkage to
monosaccharides or polysaccharides. For instance, glycoglycerolipid,
glycophosphatidylinositol and glycosphingolipid are all grouped together under the
umbrella of glycolipids.

Glycosphingolipids are amphipathic molecules comprised of carbohydrate
residues and a sphingoid or N-acylsphingosine (ceramide). Sphingoids are long-chain
aliphatic amino alcohol (2-amino-1, 3-diols). The sphingoid most commonly found in
animal tissues is the unsaturated sphingoid, which has the trivial name “sphingosine” (or
proper name sphing-4-enine; [UPAC 1977). Ceramides are N-acylated sphingoids; their

fatty acids usually range from Cj6 to Cys. The presence of large structural variations of
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sugar molecules, fatty acids and sphingosine make GSLs a diverse group. Indeed, more
than 400 species of GSLs have been identified (Makoto 1998).

GSLs are subdivided into two groups: neutral and acidic GSLs. Neutral GSLs
include two subgroups: (a) mono-, oligo- and polyglycosylsphingoids; (b) mono-, oligo-
and polyglycosylceramides. Acidic GSLs encompass five subclasses: (a)
sialoglycosphingolipids (gangliosides, consisting of at least one sialic acid); (b)
uronoglycosphingolipids (consisting of at least one wuronic acid residue); (c)
sulfoglycosphingolipids (consisting of at least one carbohydrate-sulfate ester group); (d)
phosphoglycosphingolipids (consisting of at least one phosphate mono- or diester group);
and (e) phosphonoglycosphingolipids (consisting of at least one (2-
aminoethyl)hydroxyphosphoryl group) (IUPAC-IUB 1977). Gangliosides have two
chemically distinct entities that are comprised of a hydrophobic and a hydrophilic
component. The hydrophobic region contains two long-chain molecules, a long-chain
base (sphingosine) and a long-chain fatty acid linked together by an amide bond, named
ceramide. The hydrophilic region consists of oligosaccharides chains (the most
commonly present sugar molecules are galactose, glucose and N-acetylgalactosamine)
and one or more N-acetylneuraminic acid (sialic acid) residues bonded to either galactose
or another neuraminic acid (Svennerholm 1980; Figure 2).

2.3.3  Nomenclature and Chemical Structure

In order to understand the nomenclature of gangliosides, we must first appreciate
the nomenclature of neutral GSLs. The naming of GSLs can be cumbersome, due to their
complex long chain carbohydrate residues. The International Union of Pure and Applied

Chemistry and the International Union of Biochemistry and Molecular Biology (IUPAC-
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IUB 1977) have revised and proposed a systematic nomenclature for the GSLs. The

naming begins with knowing the monosaccharide residues and their abbreviations, then
following that by the naming of the oligosaccharides. (See Table 2 for some of the
recommended symbols for monosaccharides.) The number of sugar molecules attached to
oligosaccharides is indicated by the suffixes: “diosyl”, “triosyl”, “tetreosyl,” etc.
(IUPAC-IUB 1977). The naming of oligosaccharides for neutral GSLs follows a semi-
systematic naming protocol, where the trivial name of the root structure is used as prefix
(Table 3). The name of GSLs is composed of the root name, root size, and then followed
by osylceramide. For example, Galf3GalNAcB4Galp4Glc-Cer will be called
gangliotetraosylceramide. To name the ganglioside, simply add the name of the sialic
acid and its residue position (N-acetyl or N-glycolylneuraminosyl) to the neutral
glycosphingolipids. For instance, with
IV3—oc-N-glycolylneuraminosyl-II3-ocN-acetylneuraminosylgangliotetraosylceramide
or
Neu5Gea3GalB3GalNAcB4Gal f4GlcCer
NeuSAca3

the Roman numeral indicates the location of the substituent (sialic acid) in the root
oligosaccharide, counting from the ceramide end. The arabic numeral represents the
position of the sialic linkage (IUPAC-IUB 1997).

The structures of ganglioside species are quite diverse, for the following reasons:
(1) variations in the number of sugar residues; (2) presence of the glucosamine or
galactosamine; (3) absence/ presence of fucose and o-acetyl group; (4) the number and

position of neuraminic acid residues; and (5) a substituent of either the glycolyl or acetyl
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groups. More than forty ganglioside structures have been identified (Rapport 1981).
There are several naming systems for gangliosides. Svennerholm’s proposed
nomenclature (1963) is the most convenient and widely used system. Their names are
short and easy to understand, and the interpretation of the symbol is simple (Table 4;
Figure 3). The letter G stands for ganglioside. The number of sialic acid residues is
indicated by the Latin prefixes: M-mono, D-di, T-tri, Q-quatro. The Arabic numerals
designate the sequences of migration through the thin layer chromatographic system. The
small letters a, b, ¢ represent the biosynthetic pathway of the gangliosides (Svennerholm
1994). The complexity of gangliosides makes them unique and important as plasma
membrane components of cells.
2.3.4  Brief History of Ganglioside Research

To obtain a complete history of gangliosides, one must begin with the study of
glycosphingolipid chemistry in brain tissue and sphingolipidosis. About 125 years ago,
Thudicum, a surgeon-chemist in London, England described the chemical composition of
the brain: sphingolipid (cerebroside and sphingomyelin) and sphingosine (Thudicum
1874-76). Not until the turn of the century were Thudicum’s findings confirmed by
Levene and Jacobs (1912) in New York City, Rosenheim (1914) in London, as well as
Thierfelder and Klenk (1930) in Tubingen. In 1924, the first case of
sphingoglycolipidosis was recognized (Hakomori 1983). Research in the areas of
sphingolipidosis greatly enhanced the understanding of glycosphingolipid biochemistry
and, eventually, led to the discovery of ganglioside (Hakomori 1983). The first
recognition of gangliosides occurred in the 1930s, when Blix (1936) purified a crystalline

polyhydroxyamino carboxylic acid from a salivary gland mucine. He noticed a peculiar
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characteristic of a substance that turned a purple colour when it reacted with Bial’s
orcinol hydrochloric acid; as well, it gave a positive direct Ehrlich reaction (Blix 1936).
A similar observation was reported by Walz when he was examining the lipid
composition of the bovine spleen (Walz 1927), and by Lavene and Landsteiner while
isolating lipid fractions in a horse kidney (Lavene and Landsteiner 1927). This peculiar
compound later was named by Blix et al. (1952) as sialic acid. Meanwhile, Klenk isolated
the same type of lipid compound from a Tay-Sachs patient’s brain tissue, which
resembled that mentioned in Blix’s report (1935). This substance, called “Substanz X by
Klenk also exhibited a purple colour with Bial’s reaction. Klenk then further purified the
substance using methonolysate to obtain a crystalline polyhydroxyamino carboxylic acid;
he named it neuraminic acid. His observations were that neuraminic acid reacted with
orcinol hydrochloric acid, gave a purple colour, and also showed a positive direct Ehrlich
reaction. His observation matched Blix’s description of sialic acid. Subsequently, these
observations led to the discovery of ganglioside. In 1942, Klenk identified the entire
molecule of GSL extracted from a bovine brain and spleen that consisted of fatty acids,
sphingosine, hexose and neuraminic acid, in the molar ratio of 1:1:3:1 (1942). He then
named the molecule as “ganglioside.” Before this event, Blix et al. (1938) had isolated
hexosamine and thought that it was part of the sialic acid (hexouronic plus hexosamine;
Hakomori 1983). Klenk, however, did not find hexosamine in his crystalline neuraminic
acid, but he did discover galactosamine (a hexosamine) as an independent entity of the
ganglioside. The final conclusion on the composition of ganglioside was then established:

fatty acid, sphingosine, hexoses, galactosamine and sialic acid (neuraminic acid).
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Not long after the discovery of ganglioside, Yamakama and Suzuki also identified
a new sialic acid containing GSL, hematoside, from equine erythrocyte stroma (1951). In
1956, Svennerholm postulated the heterogeneic characteristic of gangliosides, through the
chromatography methodology using a powdered cellulose column in a chloroform-
methanol-water solvent system. Weicker and colleagues further separated ganglioside
into distinct bands, employing thin-layer chromatography on silica gel plates (1960). In
1963, Svennerholm identified the core structure of ganglioside as galactosyl-
galactosaminyl-galactosyl-glucosyl-ceramide; also, he proposed a naming system for
ganglioside, which is widely used today. Since then, through the use of more advanced
isolation techniques introduced by Nagai and colleagues (1976) the knowledge of
gangliosides has expanded; many ganglioside species have been identified in neural
tissues as well as in extraneural tissues.
2.3.5  Ganglioside Metabolism
Much research on the metabolism of gangliosides was conducted in the 1980s
(Tettamanti 1984). The generally accepted model of ganglioside metabolism is mostly
based on evidence from in vivo and in vifro metabolic studies (Basu et al. 1984; Li and Li
1984; Yusuf et al. 1984; Ghidoni and Trinchera 1986; Schwarzmann et al. 1986;
Sandhoff et al. 1986). Maintaining a homeostatic environment is essential to sustain the
vitality of bodily functions. Thus, managing the balance of biosynthesis, degradation and
salvage of gangliosides in cells is important to the health of their functions.
Understanding the process of ganglioside metabolism and fundamental biochemical
pathways will lay a foundation for elucidating potential physiological functions of these

molecules. Gangliosides are mainly found in the plasma membrane of cells. However,
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minute amounts of a transient form of gangliosides also reside in the cytosol of cells.
These are either newly synthesized gangliosides queuing for transport to the plasma
membrane, or endocytosed ganglioside remnants waiting for degradation.
2.3.5.a Biosynthesis of Gangliosides

The de novo biosynthesis of gangliosides (Braun and Snell 1968; Stoffel et al.
1968; Radin 1984; Mandon et al. 1991, 1992; Rother et al. 1992) begins with the
assembly of ceramide (Cer) at the endoplasmic reticulum from two substrates, L-serine
and palmitoyl-CoA. This process is catalyzed by the enzyme named serine
palmitoyltransferase (SPT; Figure 4). Condensation of the two substances gives rise to 3-
dehydrosphinganine, which then reduce to D-erythro-sphinganine by 3-
dehydrosphinganine reductase (NADPH). Through the enzymatic action of sphinganine
N-acyltransferase, D-erythro-sphinganine is converted to D-erythro-dihydroceramide.
Subsequently, the enzyme dihydroceremidedesaturase finalizes the production of
ceremide. The newly synthesized ceremide is then transported to the Golgi apparatus,
possibly via intracellular vesicles (van Meer 1989), for successive glycosylations. In the
lumen of the Golgi apparatus (Arce 1971), and in the presence of monosaccharide
nucleotide, a membrane bound multiglycosyltransferase elongates the ganglioside into
various ganglioside species (Rosemans 1970; Basu 1973). Based on the enzyme
specificity, compartmentation and topology, three biochemical synthetic pathways exist --
a, b and c¢ -- initiated by sialyltransferase I and IV, sialyltransferase II, and
sialyltransferase III and /or V, respectively (Figure 5). Prior to entering the branching
point of the biosynthetic routes, ceremide is glycosylated by glucosyltransferase to form

glucosylceremide, followed by the addition of galactose via galactosyltransferase I
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(Trinchera and Ghidoni 1991). This yields lactosylceramide, the precursor substrate for
synthesis of all the other ganglioside series. Sialyltransferase I and IV catalyze the
transformation of LacCer (lactose ceremide) to GM3; sialyltransferase Il changes GM3 to
GD3; and sialyltransferase 11l and /or V converts GD3 to GT3. Sialyltransferase [V and V
are not as substrate specific as are sialyltransferase I, I and III. They not only act on
LacCer and GD3, but in fact sialyltransferase IV also catalyses the conversion of GA1,
GMla, GDI1b and GTlc to GM1b, GDla, GTlb and GQlc respectively. Similarly,
sialyltransferase V transforms GM1b, GD1a, GT1b and GQlc to GDIc, GT1a, GQ1b and
GPlc, respectively (Iber et al. 1992). From the branching point of the biosynthesis
pathway onward, one enzyme catalytic system remains: GalNActransferase is responsible
for transformation of all the ganglio-diosyl-Cer species to ganglio-triosyl-Cer (LacCer to
GA2, GM3 to GM2, GD3 to GD2 and GT3 to GT2); also, Galactosyltransferase II
converts all ganglio-triosyl-Cer species to ganglio-tetraosyl-Cer (GA2 to GA1l, GM2 to
GMla, GD2 to GD1b and GT2 to GTlc, respectively; Pohlentz 1988). The final products
are thought to shuttle to the plasma membrane via a vesicle transport system (Miller-
Podroza and Fishman 1983).
2.3.5.b Biodegradation of Gangliosides

The ganglioside biodegradation pathway is the reverse process of ganglioside
biosynthesis: the monosaccharide residues are hydrolyzed sequentially by exo-
glycohydrolases starting at the ketal/ acetal end, follow through to the ceremide and
ultimately are broken down by ceremidase to sphingosine and fatty acids (Sandhoff and
Christomanau 1979). The degradation is partially initiated at the plasma membrane by the

membrane-bound sialidase cleaving off the terminal sialyl residue from
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oligosialogangliosides (Scheel et al. 1985). The remnants of the ganglioside are then
endocytosed by coated vesicles to lysosome for further degradation. The major
ganglioside hydrolysis takes place in lysosomes by the lysosomal enzymes (sialidase, -
glucosidase, [3-galactosidase, B-hexosaminidase and ceremidase), whereas the action of
plasma membrane-bound sialidase is merely a complimentary function (Tettamanti
1984). The evidence of lysosomal involvement in ganglioside degradation was disclosed
through several chloroquine intoxication studies indicating that chloroquine, a
lysomotropic drug, diminishes the function of lysosomal enzymes and causes a backlog
of gangliosides in the cells (Klinghardt et al. 1981). Congenital lysosomal diseases, in
which there is a lack of lysosomal glycohydrolases (-galactosidase, B-hexosaminidase)
to break down gangliosides, lead to aggregation of gangliosides (GM1 or GM2;
Tettamanti and Riboni 1994). In addition, a lysosomal enzyme purification study
confirmed the presence of various glycohydrolases that engaged in ganglioside
deglycosylation (Fiorilli et al. 1989). After the initial cleavage of the terminal sialyl
residue at the plasma membrane, the degradation continues at the lysosomal compartment
with further removal of sialic acids by sialidase until it is broken down to GM1. The main
pathway follows GM1 — GM2 — GM3 — GA3 — ceremide (Ledeen 1989; Figure 6).
GML1 is subsequently cleaved by p-galactosidase into GM2; then GM2 is further broken
down to GM3 by f-hexosaminidase A (which can cleave both B-GalNAc and B-
GleNAc). These deglycosylation processes often take place only if the sugar molecules of
oligosialogangliosides are accessible to the hydrolases (Furst and Sandhoff 1992).

Indeed, several of these hydrolases require assistance from a small non-enzymatic



41

cofactor, “sphingolipid activator protein” (SAP), in order to reach and hydrolyze the
saccharide residues (Furst and Sandhoff 1992).

Presently, there are two known cofactors: GM2-activator and sap-precursor. Sap-
precursor includes four homologous proteins -- sulfatide activator protein (sap-B),
glucosylceramidase activator (sap-C), saposin A (sap-A) and saposin D (sap-D). Among
these, the functions of sap-A and sap-D are unknown (Sandhoff and van Echten 1994).
The cofactors appear to function like a sphingolipid binding protein; they bind the
oligosialoganglioside and extend it to the glycohydrolases for hydrolysis. GM2-activator
is specific for assisting B-hexosaminidase A cleavage (for instance, GM2 hydrolysis),
whereas sap-B and sap-C are less selective in terms of enzymes (Sandhoff and van
Echten 1994).
2.3.5.c Ganglioside Recycling Metabolic Pathway

Both in situ (Ghidoni et al. 1983, 1986, 1987, 1989) and in vitro (Ghidoni et al.
1989; Riboni and Tettamanti 1991) experiments have elegantly mapped out the salvage
metabolic pathway for gangliosides, employing various radioactive labelled gangliosides;
whereby exogenous gangliosides (labelled at different sites) were administered to animal
or culture cells and tracked down by their radioactive labelled metabolites and products to
elucidate their metabolic route. The evidence derived from both animal (Ghidoni et al.
1983, 1986, 1987, 1989) and culture cell (Ghidoni et al. 1989; Riboni and Tettamanti
1991) experiments led to the postulation that the degraded by-products of gangliosides
(galactose, hexosamine, sialic acid, fatty acid and sphingosine), as well as the larger
metabolites (glucosylceramide and ceramide) are re-utilized for biosynthesis of

gangliosides, glycoproteins, glycerophospholipids and sphingomyelin. Most ganglioside
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metabolites go through a recycling route, and very few are actually broken down
completely (Riboni et al. 1990). According to Pagano’s vesicle sorting theory (1990),
exogenous gangliosides are faced with three possible fates: (1) transport back to the
plasma membrane immediately after being endocytosed, (2) transport to the Golgi
apparatus for glycosylation to form higher ganglioside species, and (3) transport by
endosomes to lysosomes for degradation. The majority of the fragmented products are
reclaimed for biosynthesis, and small amounts are totally degraded (Pagano 1990; Figure
7).

The process of gangliosides being shuttled back to the plasma membrane
through vesicular or transfer protein has not been studied extensively. The occurrence of
direct glycosylation was observed in several radioactive labelled studies (Ghidoni et al.
1986). For example, incorporation of tritium labelled (GalNAc->H) GM2 or (Gal->H)
GM1 in rat liver gave rise to more complex gangliosides (GD1a from GM1; GM1 and
GD1la from GM2; Figure 8 — left column). In a similar experiment, the salvage of by-
products from ganglioside degradation for biosynthesis was demonstrated via the labelled
(sphingosine- “H) GM3, (sph- *H) GM2, and (sph- *H) GM1 administered to rats. The
end products from the labelled gangliosides were (sph- *H) GM3, (sph- *H) GM2, (sph-
*H) GM1, (sph- *H) GDla, (sph- *H) GD1b and (sph- *H) GT1b. The GM3 and GM2
were degraded from GM1; GM3 from GM2; and the other species were obtained from re-
cycling and re-synthesis processes (Ghidoni et al. 1986; Figure 8 — right column). The
ganglioside endocytosis, re-utilization and regeneration cycle occurs very rapidly in order
to sustain the dynamic and integrity of the cell membrane and function (Tettamanti and

Riboni 1994).
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At present, little is known about the factors that control ganglioside biosynthesis,
degradation and transport (Klein et al. 1988; Schwarzman et al. 1986). Three regulatory
mechanisms have been suggested to control the biosynthesis of gangliosides: control at
the genetic level (transcriptional), activity of serine palmitoyltransferase (SPT), and
product feedback inhibition (Sandhoff and van Echten 1994). The composition of
ganglioside species on the cell membrane is thought to be modulated transcriptionally,
based on the observation that the presence of a particular ganglioside species during
ontogenesis was positively correlated to the expression of the respective
glycosyltransferase that catalyses the ganglioside synthesis (Sandhoff and van Echten
1994). SPT catalyzes the first step of the ganglioside synthesis. In the neuron cell culture,
it was observed that SPT activity diminishes with the addition of exogenous sphingosine.
The apparent decrease in SPT activity was thought to be caused by an unknown pathway
affecting the expression of SPT either transcriptionally or translationally (van Echten et
al. 1990; Mandon et al. 1991). The feedback control of the ganglioside biosynthesis was
only observed in the in vitro studies, but not in vivo or in cell culture (Sandhoff and van
Echten 1994). For example, in the cultured liver, the GM2-synthase that catalyses the
synthesis of the GMla was inhibited by the subsequent products, GDla and GD3-
synthase by GQ1b (Yusuf et al. 1987).

The knowledge on the digestion, uptake and metabolism of dietary sphingolipid is
limited. An investigation by Imaizumi et al. (1992) using rats demonstrated that dietary
sphingolipids reduce the liver cholesterol esters and serum triglycerides. The suggested
mechanisms are diminished dietary cholesterol absorption and/or elevated fecal steroid

elimination, as well as decreased liver and intestinal triglyceride mobilization and
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lipoprotein lipases activities in the peripheral tissues and liver, respectively (Imaizumi et
al. 1992). One animal study indicated that ingested dietary sphingolipids and their
metabolites are poorly transported to other organs (Schmelz et al. 1994). The endogenous
gangliosides in the serum are usually transported by lipoproteins, such as low-density
lipoprotein LDL (66%), high-density lipoprotein HDL (25%) and very low-density
lipoprotein VLDL (7%). However, the source, destiny and biological function of the
serum gangliosides 1s unclear (Senn et al. 1989). Both the in vitro and in vivo exogenous
ganglioside uptake and metabolism studies postulated that gangliosides are being
incorporated into tissue via endocytosis (Schwarzmann et al. 1987). Gangliosides in
solution, above the critical micellar concentration CMC (107 to 10 M), form micelles,
monomers and oligomers (Saqr et al. 1993), then insert themselves into the plasmalemma
and are internalized (Tettamanti 1988). The endocytosed gangliosides are transported by
vesicles (endosomes) to the Golgi apparatus or lysosomes for sorting and degradation,
respectively (Pagano 1990).

The diversity of ganglioside structures present in the plasma membrane creates a
diverse and unique microenvironment for specific ligand binding and membrane bound
protein modulation. The interaction between gangliosides and ligand or membrane
protein may induce a transformation of the gangliosides’ behavior in the membrane.
Under certain conditions, gangliosides may cluster together to form a microdomain/ raft
and, thereby modify the membrane organization (Tettamanti 1988). Lipid rafts are on the
outer leaflet of the apical membrane, and contain clusters of GSL and cholesterol as well
as many signaling transduction molecules, such as G-protein-coupled receptors,

heterotrimeric G proteins, receptor tyrosine kinases, Src family tyrosine kinases, protein
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kinase C’s, and nitric oxide synthase (Simons and Ikonen 1997; Smart et al. 1999). In the

reversible case, membrane re-organization might modulate the activity of the functional
membrane proteins, such as ion channels, receptors and second messengers (Tettamanti
1988). Leon and colleagues (1981) demonstrated that incorporation of exogenous
gangliosides into brain membrane modified the lipid environment at specific sites of the
brain membrane and increased activation of Na'/K'-ATPase. According to a membrane
permeability study using enzymic, unilamellar vesicles and fluorescence-spectroscopy
techniques, uptake of exogenous gangliosides (GM1, GDla, and GT1b) increases the
passive permeability of the membrane (Sarti et al. 1990). Gangliosides increase
membrane rigidity and may induce lateral separation between the ganglioside region and
the bulk membrane lipids (Bertoli et al. 1981; Masserini and Freire 1986). We may
predict that increased membrane rigidity reduces membrane fluidity and permeability.
But, in fact, the region between the bulk lipid and laterally separated phase has a reduced
membrane order, which may lead to an increase in membrane permeability (Sarti et al.
1990).

A number of aspects of ganglioside metabolism in the intestine are unknown, but
are important in my studies because we are feeding gangliosides. There is no direct
information about whether gangliosides are broken down in the intestine lumen,
solubilized by bile acid and absorbed. Evidence from the biophysical and aggregation
properties of gangliosides in aqueous phase suggests that gangliosides form micelles in
an aqueous solution (Saqr et al. 1993; Thompson and Brown 1988; Corti et al. 1988), and
that they are incorporated into the membrane when they are introduced exogenously into

cell cultures or are injected into animals (Schwarzmann et al. 1987). According to a rat
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study of the metabolism of cerebroside in the intestine, this simpler GSL was not
hydrolyzed by the luminal pancreatic enzyme, but was hydrolyzed in the mucosa cells
following absorption (Nilsson 1969). We may speculate that gangliosides may behave the
same way as cerebroside, since they are in the same lipid family. In addition,
glycohydrolases are only found in the lysosomes of enterocytes (Tettamanti 1984).
Feeding gangliosides increases ganglioside quantities in the intestinal mucosa
(Park et al. 2002, unpublished observations). This may be the mechanism by which
feeding gangliosides changes intestinal absorption of nutrients. Although we do not have
direct evidence about whether gangliosides are synthesized in the intestine, we can
assume that most cells (including the enterocytes) synthesize gangliosides because
gangliosides are part of membranes, and dietary sphingolipids and their metabolites are
poorly transported to other organs (Schmelz et al. 1994). According to Merrill and
colleagues (1995), all organs appear to have the capability of synthesizing sphingolipid. It
is unknown if feeding gangliosides will increase or decrease the synthesis of
gangliosides. This is an important question because it relates to mucosal ganglioside
content and, therefore, its potential roles in the absorption of nutrients and the release of
signaling proteins. Furthermore, while it is of interest that there is a knockout model for
gangliosides, no one has examined what changes occur in the intestine in these animals.
These GM2/GD3 synthase knockout mice had axonal degeneration and demyelination in
the central and peripheral nervous systems, even though they appeared to have normal
development and only minor neurologic abnormalities (Sheikh et al. 1999; Takamiya et

al. 1998). Clearly, these ganglioside knockout mice studies do not illuminate our
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understanding of what might be the effect of increasing or depleting mucosal or
membrane gangliosides in the intestine.

While it is appreciated that excessive accumulation of gangliosides may be
damaging to the neuronal tissues, it is unknown if the damage is caused by a toxic effect
of the gangliosides or pressure effect due to an accumulation of gangliosides. It is
reasonable to assume that feeding gangliosides of equal amounts to that of human milk
will not have a toxic effect on enterocytes. It should be stressed that in Tay-Sachs’
disease there is normal synthesis but impaired degradation that leads to GM2
accumulation in the tissue. Without an impairment in degradation, it is likely that feeding
large amounts of gangliosides will simply lead to increased breakdown, rather than to
accumulation and tissue damage.

2.3.6  Diseases of Ganglioside Metabolism

There are several rare ganglioside metabolism related disorders, known as
gangliosidoses, which result from inborn errors of an autosomal recessive trait.
Gangliosidoses are primarily neuronal tissue in origin. Some of these diseases are also
classified as lysosomal storage diseases because the faulty degradation enzymes are
lysosomal in origin. The problems of these disorders are due to the lack of enzymatic
action of specific glycohydrolases to hydrolyze a glycosidic bond, thereby leading to an
accumulation of gangliosides or neutral GSLs in the lysosomes of cells. Generally
speaking, two factors induce these disorders: glycohydrolases dysfunction and activator
protein deficiency. Evidence from multiple studies indicates that at least three types of

defects precipitate gangliosidoses: faulty 3 hexosaminidase, defective activator protein

and damaged [ galactosidase (Suzuki 1984).
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Tay-Sachs’ disease is the classical GM2, gangliosidosis, and is due to either a
defective p hexosaminidase or dysfunctional activator protein. There are three kinds of
B hexosaminidase: § hexosaminidase A — comprising two heterologous subunits o, i,
B hexosaminidase B — consisting of two homologous subunits f3;, [3;, and
B hexosaminidase S (only a trace amount) — containing two homologous subunits o.,o;.
At least four variations of Tay-Sachs have been identified: variant B, variant O
(Sandhoff-Jatzkewitz variant), variant AB and a new type AB — variant (Wiegandt 1985).

In the cases of variant B and variant O Tay-Sachs disease, the activity of {3
hexosaminidase was either diminished or completely vanished (Svennerholm 1969). In
variant B Tay-Sachs, } hexosaminidase A was defective due to a faulty a; oligomer.
Although 3 hexosaminidase B is present, its catalytic ability on GM2 is powerless
without the cooperation of an active  hexosaminidase A (Kanfer 1983). The lack of p
hexosaminidase A catabolic action on the N-acetylgalactosamine and galactose
glycosidic bond of GM2 subsequently creates an abnormal aggregation of GM?2
ganglioside in the brain cells, whereas in variant O types, both  hexosaminidase A and B
are dysfunctional due to a 3; chain defect. Consequently, GM2 as well as other
hexosaminidase B specific substrates, such as GA2 and globoside, accumulate in the cells
(Kanfer 1983). If B hexosaminidase A or both B hexosaminidase A and B are partially

functional, the consequent disorders are milder forms (juvenile) of Tay-Sachs (Suzuki

and Suzuki 1970).
Patients with variant AB Tay-Sachs disease have normal functional J

hexosaminidase A and B; however, they are deficient in the GM2 activator protein that

assists in the cleavage of the terminal N-acetylgalactosamine from GM2 (Conzelman and
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Sandhoftf 1978; Suzuki 1984). The new variation of AB-variant also possesses both 3

hexosaminidase A and B. Nevertheless, its  hexosaminidase A is insufficient in catalytic
action (Li et al. 1981; Wiegandt 1985).

The typical clinical manifestation of these genetic disorders is neurological
degeneration. Usually the deterioration progresses from one to three years of age. Tay-
Sachs’ sufferers often exhibit enfeeblement, spasticity, slow development, a cherry-red
spot in the eye due to an ocular lesion, which eventually progresses to blindness, motor
retardation, seizures, convulsions, lack of spontaneous movement and, finally, to a
vegetative stage. The clinical symptom of the Sandhoftf-Jatzkewitz variant is identical to
that of the variant B Tay-Sachs disorder, except that the latter is mostly of Jewish descent
in origin; and the Sandhoff-Jatzkewitz variant is non-Jewish. The difference in variant O
and the juvenile forms of Tay-Sachs from infantile Tay-Sachs disease is that juvenile
cases occur usually at ages two to six, without the cherry-red spot in the eye and with
slower neurological deterioration (Kanfer 1983).

GM1 — gangliosidosis is caused by a structural gene mutation on one of the
lysosomal enzyme [ galactosidase. The genetic alteration profoundly reduces the
enzymatic performance of f galactosidase, even though the synthesis of this enzyme is at
the normal level (Wiegandt 1985). Due to B galactosidase’s broad specificity, not only
does accumulation of GM1 occur in the neuron, but also other substances, such as
partially hydrolyzed glycoprotein, oligopolysaccharide, and keratan sulfate-like
macromolecule, are present in the liver and spleen (Suzuki 1984; Taketomi et al. 1984).

There are two forms of GMI: gangliosidosis: type I (Landing’s Syndrome or
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Neurovisceral lipodosis) and type II (Derry’s Syndrome or Juvenile GM1 -

gangliosidosis).

Type I disorder occurs in infancy and progresses rapidly until two years of age.
Clinical symptoms include mental and motor retardation, gross physical abnormality,
cherry-red spot on the macula, hepatosplenomegaly, clonic-tonic convulsions and
quadriplegia i the terminal stage. The clinical manifestation of type Il is very similar to
that of type I, except that the juvenile form occurs at a later age, has a slower progression
with ten years of life expectancy and does not have the cherry-red spot in the macula
(Kanfer 1983). Early signs of the disease include an awkward locomotion and muscular
hypotonia. As the disease advances, spaticity and seizures set in; eventually, the severe
neuronal dysfunction progresses to death (Sandhoff and Christomanou 1979).

2.3.7  Distribution of Gangliosides in Tissues

Knowing the variability of gangliosides in different organ tissues opens an
opportunity for comprehending potentially new insights into the structure of gangliosides
and their function, as well as how they relate to cell dynamics, such as differentiation,
transformation, and other cellular operations. Gangliosides are ubiquitous in all
mammalian cells and are most concentrated in the gray matter of brain tissue. Their
quantity and quality varies from species to species as well as from tissue to tissue
(Wiegandt 1985). There is limited data available for comparing ganglioside distribution
in various tissues of different animal species. In mammals, the analysis of ganglioside
distribution in tissues is mostly obtained from rodent studies.

The most common ganglioside species found in extraneural tissues are the

gangliotetraosylceremide series (Nagai and Iwamori 1984). The results from a rat
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investigation (Iwamori et al. 1984) provide a general overview of how gangliosides are
distributed in various tissues (Table 5). The ganglioside composition in the cerebrum,
cerebellum and spinal cord is very similar (GM1, GD3, GDla, GD1b, GT1b and GQ1b).
GD1 species is present exclusively in all tissues examined except for the thymus (which
contains GM3 and GD3 and others), and the GD1 is 100% in buffy coat. Three species
are predominant in the extraneural tissues (such as lung, heart, liver, stomach, spleen,
intestine and kidney): the GM3, GD3 and GDla, and GM3 concentration is higher than
the others. The kidney also contains GM4. In testis and bone marrow, GM3 and GDla
are the primary groups. As well, GM2 and GMI1 are detected in bone marrow.
Erythrocytes have GM1, FucGM1 and GDla. Recognizing the ganglioside composition
of the intestine and knowing the cellular functions of various ganglioside species may
provide clues for understanding the role of gangliosides in the intestine. For instance,
GDla is present in the intestine and is involved in phosphorylation of enzymes/ proteins
(> 45 kDa; Ledeen 1989; Yu 1988). We may speculate that GDla may play a role in
phosphorylating the nutrient transporter in the BBM.
2.3.8  Ganglioside Composition in Human Milk and Cow’s Milk

Ganglioside composition in the tissue can be affected by environmental factors
as well as by biological factors: nutritional status, age, gender and genetic background
(Iwamori et al. 1984). Therefore, it is logical to speculate that feeding infants with
different dietary regimes (human milk, cow’s milk or infant formula) may influence the
relative ganglioside content in the infant tissues. Indeed, a recent study revealed that
feeding exogenous gangliosides to weanling rats increased the quantity of total

gangliosides in the intestinal mucosa, brain and blood plasma (Park et al. 2002,
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unpublished observations). Detailed comparison of the human and cow’s milk
ganglioside composition is useful for finding the link between the dietary ganglioside and
tissue ganglioside composition. The primary species of the gangliosides present in human
milk and cow’s milk are GD3 and GM3 (Rueda et al. 1998). Besides these two types,
human milk also contains GM1 (Legreid et al. 1986), GD1a, GD1b, GT1b and GQlb; as
well, cow’s milk has GT3 (Rueda et al. 1996 and 1998). Quantitatively, human milk has
an average of 6.4 mg LBSA (lipid binding sialic acid)/kg, (0.0046%; Rueda et al. 1998)
compared to 1.4 mg LBSA/kg in cow’s milk (Puente et al. 1992). In human milk, GD3 is
higher in colostrum and lower in mature milk; in addition, GM3 concentration is higher
in mature milk than in colustrum and pre-term milk, whereas, in cow’s milk, it is the
opposite (Rueda et al. 1998). Cow’s milk-based infant formula has a comparable
ganglioside composition to cow’s milk; nevertheless, its total gangliosides are much less
than that of cow’s milk (Rueda et al. 1998). Certainly, knowledge of the neonatal dietary
ganglioside content may provide some valuable information on the ganglioside
composition in membranes, which, in turn, may suggest a role of gangliosides in infant
tissue development and function.
2.3.9  Biological Function of Gangliosides

Although many investigations of the function of gangliosides have been
undertaken in the past two decades, many of their roles are undiscovered. Numerous
experimental results substantiate several proposed functions of gangliosides that are
generally recognized. However, most mechanisms of the biochemical pathways are yet to
be eclucidated. A few of the suggested functions of gangliosides include (a) cell-cell

interaction and cell surface receptor as well as (b) cell modulation and cell growth,
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differentiation and apoptosis. The proposed roles of gangliosides in various cellular
functions may implicate an importance and relevancy of human milk gangliosides in the
growth and development of the neonate.

The bulky structure and complex chemical nature of gangliosides make them
excellent candidates as cell reactors and receptors. Gangliosides are highly amphiphilic
adhesive molecules and are capable of bearing electron charges; therefore, they have an
interactive tendency towards other molecules and a great binding potential (Wiegandt
1985). Cell interaction is made possible via the cell recognition capability of the
gangliosides’ carbohydrate branching moiety to molecules, such as the glycoprotein side
chain, lectin and glycosphingolipids. This recognition ability enables cells to interact with
other cells, microorganisms and molecules (Hakomori and Igarashi 1995). Evidence of
gangliosides acting as receptors has been well established ever since the pioneer studies
of cholera toxin and ganglioside GM1 (van Heynigen 1971; Holmgren et al. 1973;
Svennerholm 1975). As well, several other bacterial toxins and viruses were postulated to
interact with gangliosides: tetanus toxin with GT1b, GQ1b (Angstrom 1994); botulinus
toxin with GT1b (Kitamura et al. 1980); Escheriachia coli enterotoxin with GM1
(Angstrom 1994); staphylococcus toxin with sialosylparagloboside (SPG; Kato and Naiki
1976; Hakomori 1984) and Sendai virus with GT1a, GQ1b (Markwell et al. 1984). It has
been proposed that some microbials may possess lectin that recognizes a particular sugar
molecule on gangliosides, thereby facilitating the interaction process between microbials
and gangliosides (Hakomori 1990).

In addition to functioning as cell receptors, gangliosides also participate in

regulating functional membrane proteins. The scope of the modulation activity
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encompasses the regulation of receptors (such as growth hormone receptors and
glycoproteins) and enzymes (such as ion transporters and cation-dependent ATPase).
Examples of the growth factor receptors that are controlled by gangliosides include
epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), neuronotrophic factor (NTF) and nerve growth factor (NGF; Hakomori
1987). GM3 and GM1 species are postulated to be major players in these growth factor
controls, where GM3 poses a prominent impact. Both ganglioside species exert an
inhibitory effect on the phosphorylation of tyrosine (important in the signal transduction
process) in EGF and PDGF and on the FGF receptor; as a result, they retard cell
proliferation (Yu 1988). However, along with NGF, GM1 appears to be responsible for
promoting neuritogenesis and differentiation via close contact with a tyrosine kinase
receptor to initiate the activation of NGF (Mutoh et al. 1995; Skaper 1987; Ledeen and
Cannella 1995). Also, gangliosides protect neurons against neurotoxin factors, such as
glutamate overdose, by suppressing protein kinase C (PKC) activation (Costa et al. 1994)
and maintaining the intracellular calcium concentration (De Erausquin et al. 1990). The
mechanism of how gangliosides regulate or influence cell growth and differentiation is
not clear (Yuasa et al. 1990). Some studies have suggested that gangliosides (Bhunia et
al. 2002; Yoshida et al. 2001; Nakatsuji and Miller 2000) as well as ganglioside
metabolites, such as ceramide and sphingosine, may induce apoptosis (programmed cell
death) via a signal transduction pathway that was demonstrated in diseased cells, such as
tumour cells and GD3 aggregated cells (Farina et al. 2000; Hakomori and Igarashi 1995).

Evidence of a hormone receptor regulated by GQ1b, GD3 gangliosides comes

from an in vitro study by Berry-Kravis and Dawson (1984). After the cell had
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incorporated exogenous gangliosides, the bonding of serotonin to SHT --the receptor of
the neuroblastoma cell line, NCB-20 cell -- was elevated ten times. Similarly, the
interaction between gangliosides (GT1b, GDla, GDI1b and GM1) and cell adhesive
molecules, such as fibronetin, was observed in an in vitro cell culture experiment
(Kleinman et al. 1979). This study revealed that gangliosides indirectly facilitate the
inhibition of cell attachment to fibronectin. Ganglioside mediated signal transductions
involve the modulation of various enzyme activities that are participating in a signaling
cascade: ion channel and cation ATPase, such as Na" and Ca®" channel, Na*/K*-ATPase
and Ca®" ATPasc. These enzymes are thought to be influenced by GM1 ganglioside
(Spiegel 1988; Leon 1981).

The ganglioside species that partake in these biological activities resemble the
gangliosides in human milk. Therefore, we may speculate that human milk gangliosides
will also manifest the same effect. GD3 (major ganglioside in human milk) plays a role in
the T-lymphocyte activation and differentiation (Yuasa et al. 1990; Ebel et al. 1992),
Thus, human milk or ganglioside supplemented baby formula may be essential to the
proliferation, activation and differentiation of intestinal immune cells (Rueda et al. 1998).
Human milk contains only a minute amount of GM1 (~0.012 mg/liter, 0.1% of total
human milk gangliosides; Legreid et al. 1986). However, it has an efficient capability of
binding toxins. GM1 acts as a false receptor for cholera toxin: it binds to the toxin with
high affinity and inactivates it (Svennerholm 1975). A similar inhibitory effect was also
found in GM1 and Escheriachia coli enterotoxin (Kolsto et al. 1983). Undoubtedly, GM1
in milk may exert a non-immunological defense to protect infants from intestinal

infection that may lead to diarrhea. Furthermore, human milk and ganglioside-
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supplemented formula were shown to promote the growth of intestinal bifidobacteria and
reduce Escheriachia coli and other potential pathogenic microbial population. This, in
turn, may decrease intestinal infections in infants (Rueda et al. 1998).
2.4 SUMMARY

Substantial evidence supports the indispensable biological value of gangliosides.
Hence, fortification of gangliosides in an infant regimen may become a recommendation
for promoting growth and health. A multitude of ganglioside investigations have been
conducted in the past on neural tissues, but few have centered on extraneural tissue. For
example, no one has examined the effect of exogenous gangliosides on intestinal nutrient

absorption. This will be the focus of my thesis.

3 HYPOTHESES

On the basis of this literature review, I have formulated the following hypotheses:
(1) feeding pre-weanling rats with ganglioside-supplemented diet increases the intestinal
absorption of lipids and sugars; (2) this enhanced nutrient uptake is mediated by
increased abundance of the protein and/or mRNA of the sugar transporters and selected
lipid binding proteins; and (3) dietary ganglioside-associated alterations of nutrient
uptake are associated with changes in food intake, intestinal morphology and body weight

gain.
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Table 2: Recommended abbreviations for some monosaccharides,
derivatives and related compounds in glycosphingolipids (IUPAC-IUB,

1977).

Name Symbol
N-acetylgalactosamine GalNAc
N-acetylglucosamine GlcNAc
N-acetylneuraminic acid NeuS5Ac or NeuAc
5,9-N, O-diacetylneuraminic acid Neus,9Ac¢
fucose (6-deoxygalactose) Fuc
galactitol Gal-ol
galactosamine GalN
galactopyranose 3-sulfate Galp3S
galactose Gal
galacturonic acid GalA
glucitol Glc-ol
glucosamine GlcN
glucose Glc
glucose 6-phosphate Glcp6P
glucuronic acid GlcA
N-glycoloylneuraminic acid Neu5Gce or NeuGe
Myo-inositol Ins
Mannose Man
4-O-methylgalactose Gal4Me
rhamnose Rha
xylose Xyl
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Table 3: Root names and structures (IUPAC-IUB, 1977).

Root Symbol Root structure

v or 11 I
ganglio Gg Galp3GalNAcp4GalpB4Glc-
lacto Lc GalB3GIcNAcB3GalpB4Gle-
neolacto nLc GalB4GIcNAcB3Galp4Gle-
globo Gb GalNAcB3Gala4Galp4Gle-
isoglobo iGb GalNAcB3Gala3GalpB4Glc-
mollu Mu GlcNAcp2Mana3ManB4Glc-
arthro At GalNAcB4GIcNAcf3Manf4Glc-
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Table 4: Some abbreviations using the Svennerholm system (IUPAC-IUB,

1997).
Structure Abbreviation

NeuSAca3Galp4GlcCer GM3
GalNAcB4(NeuSAca3)Galp4GleCer GM2
GalB3GalNAcPB4(NeuSAca3)Galp4GlcCer GMIla
NeuSAca3GalB3GalNAcB4GalpB4GlcCer GMlb
NeuSAca8NeuSAca3GalB4GlcCer GD3
GalNAcB4(NeuSAca8NeuSAca3)Galp4GlcCer GD2
NeuSAca3GalB3GalNAcB4(NeuSAca3)Galf4GlcCer GDla
Galp3GalNAcP4(NeuSAca8NeuSAca3)GalB4GlcCer GDI1b
NeuSAca3GalB3GalNAcB4(NeuSAca8NeuSAca3)Galp4GleCer GTla
NeuSAca3Galp3GalNAcB4(NeuSAca8NeuSAca3)GalB4GleCer GTl1b
Galp3GalNAcp4(NeuSAca8NeuSAca8NeuSAca3)GalB4GlcCer GTlc
NeuSAca8NeuSAca3GalB3GalNAcB4(NeuSAca8NeuSAca3)Galf4GlcCer  GQlb
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Table 5: Percent distribution of ganglioside sialic acid in various rat tissues.
Others include unidentified gangliosides. (Iwamori et al. 1984)

Tissue GM4 GM3 GM2 GM1 FucGMI1 GD3 GD2 GDla GDI1b GT1b GQIlb Others
Cerebrum tr tr 1.5 tr 402 164 243 82
Cerebellum tr tr 35 79 312 8.8 30.0 13.6
Spinal cord tr tr 43 tr 143 22,1 31.1 188
Thymus 15.2 7.1 16.8 77.7
Lung 72.9 2.2 2.5 8.4
Heart 93.1 tr 2.4 320 5.2 2.0
Liver 523 tr tr 0.7 10.5 7.3
Stomach 62.9 tr tr 14.8 30.7 24 11.8
Spleen 557 tr  tr 4.0 1.2 7.2
Intestine 749 tr 20.7 0.8 3.2
Kidney 1.2 649 tr tr 28.8 66.8 43
Testis 16.4 tr 59.7 16.8
Bone marrow 276 7.1 16 tr 100.0 4.0
Buffy coat 41.2

Erythrocytes 36.5 223

tr - trace amount
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NH»
HO
+ CH,(CH,)1,COSCoA
CO>H
L-Serine Palmitovl-CoA
Serine palmitoyltransferase (PLP)
NH»
HO =
0 3-Dehydrosphinganine
3-Dehydrosphinganinereductase (NADPH)
NH2
HO &

\/\I/\/\/\/\/\/\/\/

OH D-erythro-Sphinganine

+RCO-SCoA Sphinganine N-acyltransferase
X
HN R
HO &

\/\I/\/\/\/\/\/\/\/

OH D-erythro-Dihydroceramide

0 l Dihydroceramidedesaturase

OH Ceramide

+ UDP-Gle
0

OH HN* R
H%W/W\/WW

OH Glucosylceramide

+ UDP-Gal l
0

H AN
H%&O;/ %é%;{/‘k/w\/\/\/\/\/\/\/\/

OH Lactosylceramide

l Glucosyltransferase

Galactosyltransferase 1

Figure 4. Scheme for sphingolipid biosynthesis from serine to lactosylceremide. All enzymatic
steps (except desaturation, which is not yet clear,) take place on the cytosolic leaflet of ER or
Golgi membranes (R = alkylchain; Sandhoff & van Echten 1994).
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CER-GLC-GAL-GALNAc-GAL
I |
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NEUAc NEUAc
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CER-GLC-GAL-GALNAc-GAL
I f

NEUAC NEUAC
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NEUAG
S NEUAG
CER-GLC-GAL-GALNAC-GAL CER GLO.GAL GALNACGAL

NEUAG \NEUA>/‘ NEUAC  NEUAG
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@ NEUAC

NEUAC l\‘ GAL
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Figure 6. Gangliosides of the ganglio series: pathways for biodegradation (Tettamanti
1984).
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Figure 8. Radioactive gangliosides in rat liver after intravenous injection of
GM1, tritium labelled at the level of terminal galactose or of sphingosine
(Tettamanti, Ghidoni & Trinchera 1986).
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4 MATERIALS AND METHODS

4.1  ANIMALS

The principles for the care and use of laboratory animals, approved by the
Canadian Council on Animal Care and the Council of the American Physiological
Society, were observed in the conduct of this study. All experiments were approved by
the Animal Ethics Board, University of Alberta. Male Sprague Dawley rats, averaging
weights of 42 g and 17-18 days of age, were obtained from the University of Alberta
Vivarium. Pairs of animals were housed at a temperature of 21°C, with 12 h of light and
12 h of darkness. Animals were weaned and introduced to the experimental diets. Water
and food were supplied ad libitum.

The rats were divided randomly into one of three groups, with 8 animals in each
group. Animals were fed for two weeks with one of three semisynthetic diets (Clandinin
and Yamashiro 1982) containing 20% (w/w) fat: the fat composition of a conventional
infant formula provided the ratio of 18:2n-2 to 18:3n-3 as 7:1 (Control); Control enriched
with long chain fatty acids, C20:4n-6 (1%, w/w) and C22:6n-3 (0.5%, w/w of total fatty
acid; PUFA); Control enriched with gangliosides (0.02% w/w of total diet, New Zealand
Dairy, New Zealand; GANG). The ganglioside-enriched lipid diet consisted of 45-50%
(w/w) phospholipid and 15-20% (w/w) gangliosides. (Table 6). The ganglioside fraction
contained 80% GD3, 9% GD1b, 5% GM3 and 6% other gangliosides. In a second series
of studies, the concentration of gangliosides in the diet was 0.04% (comparing Control
and GANG, with 4 animals in each group). The diets were nutritionally adequate,

providing for all known essential nutrient requirements. Animal weights were recorded at
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weekly intervals during the two-week study period. Although, the main focus of this
study is on gangliosides, the PUFA group was added as a pilot trial for future studies.
4.2  PROBE AND MARKER COMPOUNDS FOR SUGAR UPTAKE

The ["*C]-labelled probes included D-fructose, D-glucose and L-glucose. The
labelled and unlabelled probes were supplied by New England Nuclear and Sigma Co. (St
Louis, Missouri, USA) respectively. The concentrations used for D-fructose and D-
glucose were 4, 8, 16, 32 and 64 mM; and 16 mM for L-glucose. In a second series of
uptake studies, the concentrations used for D-glucose were 32, 64, 96 and 128 mM,; and
96, 64, 32 and 0 mM D-mannitol was added to maintain similar osmolalities in each of
the four glucose concentration. The probes were prepared by solubilizing them in Krebs-
bicarbonate buffer.
4.3 PROBE AND MARKER COMPOUNDS FOR LIPID UPTAKE

The [**C]-labelled probes included cholesterol (0.05 mM) and fatty acids 12:0,
16:0, 18:0, 18:1, 18:2 and 18:3 (0.1 mM). The labelled and unlabelled probes were
supplied by New England Nuclear and Sigma Co. (St. Louis, Missouri, USA)
respectively. The probes were prepared by solubilizing them in 10 mM taurodeoxycholic
acid (St Louis, Missouri, USA) and in Krebs-bicarbonate buffer, with the exception of
12:0, which was solubilized in Krebs-bicarbonate buffer only.

[*H]-inulin was used as a non-absorbable marker to correct for adherent mucosal
fluid volume. Probes were shown by the manufacturer to be more than 99% pure by high

performance liquid chromatography.
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4.4  TISSUE PREPARATION FOR UPTAKE

The animals were sacrificed by an intraperitoneal injection of Euthanyl®
(sodium pentobarbitol, 240 mg/100 g body weight). The whole length of the small
intestine was rapidly removed and rinsed with 150 ml cold saline. The intestine was
divided into two parts: the proximal half of the intestine beginning at the ligament of
Treitz was termed the “jejunum,” and the distal half was termed the “ileum.” Short
sections of jejunum and ileum (2 cm) were incised and gently scraped with a glass slide
to remove the mucosal tissue for determining the weight of the mucosa and the remainder
of the intestinal wall. The mucosal scrapings as well as the remainder of the intestine
tissues were placed on separate glass slides and were dried overnight in an oven at a
constant temperature of 55°C. The dry weights of and the remaining wall of the intestine
were determined. The remaining intestine was everted and cut into small rings of
approximately 2-4 mm each. These intestinal rings were immersed in pre-incubation
beakers containing oxygenated (O,-CO,, 95:5 by volume) Krebs’s buffer (pH 7.2) at
37°C and were allowed to equilibrate for 5 minutes prior to the commencement of the
uptake studies. Uptake was initiated by the timed transfer of the tissue rings from the pre-
incubation buffer to a 5 ml plastic vial containing [*H]-inulin and *C-labelled hexose or
lipids in oxygenated Kreb’s buffer that had been equilibrated to 37°C in a shaking water
bath (Miller et al. 1974).

4.5 DETERMINATION OF UPTAKE RATES
After incubation of the intestinal rings in substrates for 5 minutes, the uptake of
nutrient was terminated by pouring the vial contents onto filters on an Amicon vacuum

filtration manifold that was maintained under suction, followed by washing the jejunal or
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ileal rings three times with ice-cold saline. The tissue rings were placed on a glass slide
and were dried overnight in an oven at a constant temperature of 55°C.The dry weight of
the tissue was determined, and the tissue was transferred to scintillation counting vials.
The samples were saponified with 0.75 M NaOH, scintillation fluid was added, and
radioactivity was determined by means of an external standardization technique to correct
for variable quenching of the two isotopes (Lukie et al. 1974).

The sugar and lipid uptake rates were expressed as nmol of substrate absorbed per
100 mg dry weight of either the whole intestinal wall or the mucosa, per minute (nmol
*100 mg tissue ' min " and nmol 100 mg mucosal tissue ' min ', respectively).
4.6  TISSUE PREPARATION FOR RNA AND PROTEIN ANALYSIS

For Northern blotting, Western blotting, morphological analysis and
immunohistochemistry, a separate group of animals was raised similarly to those used for
the uptake studies. The rats were randomly divided into three groups, with 8 animals in
each group. Animals were anaesthetized with halothane inhalation and sacrificed.
Approximately 40 cm lengths of proximal jejunum and distal ileum were rapidly
removed and rinsed gently with ice-cold saline to remove visible debris. A 5 cm portion
from each site was cut, snap-frozen in liquid nitrogen, and stored at -80°C for subsequent
mRNA isolation. The remaining intestine was opened along the mesenteric border. A 20
cm segment of proximal jejunum and distal ileum was gently scraped with a glass slide to
remove the mucosal tissue. The scrapings were snap-frozen in liquid nitrogen, and were
stored at -80°C for subsequent isolation of brush border membrane (BBM), enterocyte

cytosol, and basolateral membrane (BLM). For morphology and immunohistochemistry,
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two 1 cm pieces of each section were mounted on a styrofoam block and were preserved
in 10 % formalin for subsequent paraffin block mounting.
4.7 MORPHOLOGICAL MEASUREMENTS
Following preservation in 10% formalin for twenty-four hours, intestinal

samples were placed in 75% ethanol overnight and, the next day, were stored in fresh
75% ethanol for another twenty-four hours. The intestinal sheets were embedded in
paraffin, then sectioned and stained in hematoxylin and eosin. Using a projection
microscope, intestinal villi were displayed onto a screen and measurements were taken of
the villous height, villous base width, villous mid width, and crypt depth. Magnification
was calibrated using a micrometer. Group means were determined based on 10 villi and
20 crypts per slide, with 8 animals in each group.
4.8 MESSENGER RNA ABUNDANCE

The intestinal pieces were homogenized in Trizol Reagent — a mixture of
guanidinium thiocyanate and phenol solution (Gibco, Biochemistry Store, University of
Alberta, Canada). Samples were left to stand for 5 minutes at room temperature.
Following the addition of 0.2 ml of chloroform per ml of Trizol" Reagent, the samples
were tightly covered and shaken vigorously for 15 seconds, then allowed to stand for 2-
15 minutes at room temperature. The mixtures were then centrifuged at 9500 rpm for 15
minutes at 4°C. The colourless upper aqueous phase containing the RNA was collected.
RNA was precipitated with isopropanol for 3 hours at -80°C and then centrifuged at 9500
rpm for 10 minutes at 4°C. The RNA pellet was washed with 70% ethanol, next by
centrifuged at 7500 rpm for 10 minutes at 4°C, and these processes were repeated twice.

Then, the RNA pellet was air dried and re-suspended with sterile deionized water. The
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concentration and purity of RNA was determined by spectrophotometry at 260 and 280
nm. Samples were stored at -80°C until use for Northern blotting or for reverse
transcription polymerase chain reaction (RT-PCR).

DH5a bacteria were transformed with plasmids containing the desired DNA
sequences to be used for Northern blotting. Plasmid isolation was carried out using a
High Pure Plasmid Isolation Kit (Roche Diagnostics, Quebec, Canada). To make cDNA
probes (SGLT1, Bl Na'/K'-ATPase, ol Na'/K'-ATPase, GLUT2, ILBP and L-FABP),
the DNA insert was cut by 2 specific restriction enzymes (Gibco BRL, Life
Technologies, USA.) A DIG labelled nucleotide (Roche Diagnostics, Quebec, Canada)
was incorporated during the in vitro DNA synthesis using the Klenow fragment of a
DNA polymerase (Roche Diagnostics, Quebec, Canada). The probe concentration was
estimated according to comparison with the intensity of a control pre-labelled DNA
(Roche Diagnostics, Quebec, Canada).

Fifteen (15) pg of total RNA was loaded and electrophoresed for 5 hours at 100
volts (HLB12 Complete Horizontal Long Bed Gel System, Tyler, Edmonton, Alberta,
Canada) in a denaturing agarose gel (1% agarose, 0.66M formaldehyde gel). Ethidium
bromide (10 mg/mL) was added so that the integrity of the RNA could be determined by
visualizing the 28 S and 18 S ribosomal bands under UV light. Capillary diffusion was
used to transfer the RNA to a nylon membrane (Roche Molecular Biochemicals,
Manheim, Germany), and RNA was fixed to the membrane by baking it at 80°C for 2
hours.

Membranes were pre-hybridized (30 minutes) with DIG Easy Hyb solution

(Roche Diagnostics, Quebec, Canada) in order to reduce non-specific binding. Probes
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were heat-denatured for 10 minutes at 100°C and were added to prewarmed DIG Easy
Hyb. The membranes were incubated overnight in the solution containing the labelled
probe. After stringency washes in SSC/SDS solutions, membranes were blocked in 1 x
blocking solution for 30 minutes in order to reduce non-specific binding. The membranes
were then incubated for 30 minutes with an anti-digoxigenin-alkaline phosphatase
conjugate antibody (Roche Diagnostics, Quebec, Canada) and were washed twice for 15
minutes with a 1x washing buffer.
Following equilibration with a detection buffer (0.1 M Tris HCI, 0.1 M NaCl) for
5 minutes, detection of the bound antibody was performed using a CDP-STAR
chemiluminescent substrate (Roche Diagnostics, Quebec, Canada); and membranes were
exposed to X-ray films (X-Omat, Kodak, USA) for 15 to 20 minutes. The density of the
mRNA bands was determined by transmittance densitometry (Model GS-670, Imaging
densitometer, Biorad Laboratory, Mississauga, Ontario, Canada). Quantification of the 18
S ribosomal units from the membranes was used to account for possible loading
discrepancies.
4.9 REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RIT-
PCR)
RNA samples were diluted with DNase and RNase free water (Sigma Chemical
Co, St. Louis, Missouri, USA) to a concentration of 200 ng. Next 200 ng of isolated total
RNA was reverse transcribed using Expand RT (Roche Diagnostic, Indianapolis, Indiana,
USA) and an oligo dT;s primer (Invitrogen Life Technologies, Carlsbad, California,
USA). The RT step began with aliquoting the RNA samples (200ng), oligo dT primer

(5uM) and water into PCR tubes and pre-incubating the mixture at 65°C for 10 minutes.
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Following the addition of the dNTP’s (2 mM each), 5X buffer (100 mM Tris-HCl pH 8.3,

150 mM KCl, 6 mM MgCl), 20 mM DTT and 50 U of Expand RT, the mixture was
incubated at 42°C for 60 minutes.

Coding sequences for GLUTS was obtained from the Genbank database (NCBI).
GLUTS primers were designed using GeneJockey II from Biosoft (Ferguson, Missouri,
USA) and Amplify 1.2. I-FABP primers were a generous donation from Dr. Lu Agellon,
University of Alberta, Canada. An 10 pl aliquot of the RT reaction was amplified by
PCR, using 1.25 U Taq DNA polymerase (Gibco BRL, Life Technologies, USA) in a 50
ul reaction that contained 2.25 mM MgCl, 200 uM dNTPs, 20 mM Tris HCI (ph 8.0), 50
mM KCIl and 300 nM of each primer. Glyceraldehyde-3-phosphate Dehydrogenase
(GAPDH) was used as an internal control in all PCR reactions and is known to be
constitutively expressed in the adult rat small intestine (Burant 1997). The GAPDH
mixture (including 1.5 uM sense and antisense primers -- 20 mM Tris HCI (ph 8.0), 50
mM KCI, 2.25 mM MgCl and 0.2 mM dNTP’s) was incubated along with the GLUTS, I-
FABP mixture at the start of the PCR reaction. Reaction mixtures were amplified using a
DNA thermal cycler (PTC-100™ Programmable Thermal Controller, version 7.0, MJ
Rescarch Inc, Watertown, Massachusetts, USA). The conditions included an initial
denaturation step for 2 minutes at 94°C, followed by 35 cycles with denaturation for 2
minutes at 94°C; annealing for 30 seconds at 55°C (GLUTS), 52°C (I-FABP); and
elongation at 72 °C for 1 minute. After the completion of 35 cycles, the mixture was
incubated at 72 °C for 7 minutes. PCR products were separated on a 1% (w/v) agarose gel

with 0.01 mg/ml ethidium bromide to visualize the DNA. The abundance of DNA was
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determined using laser densitometry (Model GS-670 Imaging Densitometer, Biorad
Laboratories Ltd., Mississauga, Ontario, Canada).
4.10 PROTEIN ANALYSIS

BBM, BLM and enterocyte cytosol were isolated from the rat intestinal mucosal
scrapings using homogenization, differential centrifugation, and Ca®" precipitation
(Maenz and Cheeseman 1986; Orsenigo et al. 1987; Orsenigo et al. 1985). Aliquots were
stored at -80°C. The protein concentration of the samples was determined using the Bio-
Rad Protein Assay (Life Science Group, Richmond, British Columbia, Canada). Samples
were incubated at room temperature for 10 minutes, and absorbance was read at 600 nm
on a SLT 340 ATTC photometer. Cytosol aliquots containing 20 g of protein were
solubilized in Sample Buffer Dye (0.125 M Tris-HCI, pH 6.8, 20% glycerol, 4% SDS,
10% [-mercaptoethanol, 0.025% Bromophenol Blue) and were boiled for 5 minutes.
Aliquots were stored at -80°C until use.

Proteins were separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis), using a modification of the method developed by Laemmli (1970).
Gels were prepared in a Hoefer Dual Gel Caster (Amersham Pharmacie, Quebec,
Canada). The gel composition was 5% stacking gel (1.0 M Tris, pH 6.8) and 10%
resolving gel (1.5 M Tris, pH 8.8.) for higher molecular weight proteins — GLUTS,
GLUT2, SGLT1, al Na"/K'-ATPase and Bl Na'/K -ATPase; or 15% resolving gel for
lower molecular weight proteins — ILBP, I-FABP, and L-FABP. Gels were oriented
vertically and were submerged in a tank containing electrophoresis buffer (0.025 M Tris,
pH 8.3, 0.192 M glycine, 0.1% SDS). Electrophoresis of samples and Kaleidoscope

Prestained Standards (Bio-Rad laboratories, Hercules, California, USA) was carried out
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in a electrophoresis tank — Hoefer Mighty Small Mini-Vertical Units (Amersham

Pharmacie, Quebec, Canada). Electrophoresis was run at 4°C at a constant current of 40
mAmpere for 2 hours through the stacking and resolving gels.

After migration, proteins were immobilized on a solid support by electroblotting
to a PVDF (Polyvinylidene difluoride) membrane (Towbin et al. 1979). The PVDF
membrane was first hydrated with methanol and water. Gel was then put in contact with
the PVDF membrane, which was then placed in a Hoefer TransPhor® electrophoretic
transfer cassette. Cassettes were submerged in freshly prepared Transfer Buffer (25mM
Tris, 192 mM glycine, 20% methanol) in a Hoefer TransPhor® transfer tank between two
electrode panels. Electrotransfer was carried out at 400 mAmpere for 90 minutes.
Transfer efficiency was tested by Coomassie Blue staining of gels (Coomassie Blue
R250, methanol, deionized water and glacial acetic acid). Membranes were blocked by
incubating them for 1 hour in BLOTTO (Bovine Lacto Transfer Technique Optimizer)
containing 3% w/v dry milk in Tween Tris Buffered Saline (TTBS; 0.5% Tween 20,
30mM Tris, 150 mM NacCl).

Membranes were rinsed three times with de-ionized water. Membranes were

probed with specific rabbit anti-rat primary antibody to GLUT5, GLUT2, SGLT1, al
Na'/K'-ATPase, 1 Na'/K"-ATPase, or to ILBP, I-FABP and L-FABP. Membranes were
incubated for 1 hour at room temperature with GLUT2, p1 Na'/K'-ATPase, a.l Na'/K'-
ATPase (Upstate Biotechnology, Lake Placid, New York, USA), or L-FABP (Novus
Biologicals, Littleton, Colorado, USA) antibodies. Membranes were incubated overnight
at 4°C with GLUT2 (Cedarlane, Ontario, Canada), GLUTS5 (Chemicon International,

Temecula, California, USA), SGLT1 (Chemicon International, Temecula, California,
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USA) or ILBP and I-FABP (kindly provided by Dr. L. Agellon, University of Alberta,

Canada) antibodies. Antibodies were diluted in TTBS with 0.5% Azide at 1:500 (GLUTS,
GLUT2, SGLTI, al Na'/K'-ATPase, ILBP and L-FABP), 1:1000 (B1 Na'/K'-ATPase),
and 1:2000 (I-FABP). Following this primary incubation, membranes were rinsed three
times with de-ionized water to remove the residual unbound primary antibody.
Membranes were then incubated for 2 hours with goat anti-rabbit antibody (1:5000 in 3
% dry milk in TTBS) conjugated with horseradish peroxidase (HRP; Pierce, Rockfort,
Illinois, USA) that binds to the primary antibody.

Membranes were washed in TTBS (6 x 15 minutes) to remove residual secondary
antibody and incubated for less than 1 minute with Supersignal® Chemiluminescent-HRP
Substrate (Pierce, Rockfort, Illinois, USA), which is composed of 50 % Stable Peroxide
Solution and 50% of Luminol/Enhancer Solution. Membranes were exposed to BioMax
Light films (VWR Scientific, Alberta, Canada) for various times. The relative band
densities were determined by transmittance densitometry using Bio-Rad Imaging
Densitometer (Model GS-670, Imaging densitometer, Biorad Laboratory, Mississauga,
Ontario, Canada).

4.11 IMMUNOHISTOCHEMISTRY

Jejunal and ileal tissues were embedded in paraffin and 4-5 micron sections were
mounted on glass slides. The sections were heated at 60 — 70°C for 10 minutes; were
placed immediately in the following solutions: xylene (3 x for 5 minutes each), absolute
ethanol (3 x for 2 minutes each), 90% ethanol (1 minute), 70% ethanol (1 minute); and
then were rinsed with tap water. Slides were placed in hydrogen peroxide/methanol

solution (20% - 50% H,0O; and 80% methanol) for 6 minutes, then were rinsed in tap
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water. Slides were counter stained with Harris Hematoxylin (10 sec) and rinsed in warm
water. Then, the slides were air-dried, and the tissue was encircled with hydrophobic
slide marker (PAP pen, BioGenex, California, USA). Slides were rehydrated in phosphate
buffered saline (PBS) for 1 minute and kept in a moisture chamber. Next, they were
incubated for 15 minutes in blocking reagent (20% normal goat serum), followed by a
primary antibody to SGLTI1, ILBP, I-FABP or L-FABP for 30 minutes. Slides were
washed in PBS and incubated in LINK® for 20 minutes. Again they were washed in PBS,
incubated in LABEL® for 20 minutes, and washed in PBS. Working DAB® solution (10X
substrate buffe_r, water, DAB® chromogen, and hydrogen peroxide substrate solution) was
applied to the sections, which were then allowed to incubate for 5 minutes. Finally, the
slides were washed in a water bath, restained in Hematoxylin, rinsed in water, dehydrated
in absolute ethanol, and cleared in xylene. Negative controls were processed on the same
slide in an identical manner, excluding the incubation with the primary antibody. A Leitz
Orthoplan Universal Largefield microscope and a Leitz Vario Orthomat 2 automatic
microscope camera were used to photograph the slides. Chromagen staining was
quantified using a Pharmacia LKB-Imagemaster DTS densitometer and Pharmacia
Imagemaster 1D (Version 1.0) software (Amersham Pharmacia Biotechnology Inc,
Piscataway, New Jersey, USA). Four villi per animal were quantified, and the results
were normalized to the negative control values. Each villus was equally divided into five
sections from the crypt to the villous tip, and each section was quantified separately.
4.12 EXPRESSION OF RESULTS AND STATISTICAL ANALYSIS

The results from the three dietary groups were expressed as the mean + standard

error of the mean (SEM), which was determined using Lotus1-2-3 (Lotus Development
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Corporation, Cambridge, Massachusetts, USA). Uptake was expressed both on the basis

of the weight of the intestine, and the weight of the mucosa. The kinetic constants
maximal transport rate (Vmax) and apparent Michaelis affinity constant (Km) were
calculated by non-linear regression employing Sigma Plot program (Jandel Scientific,
San Rafael, California, USA) as well as from three linear transformations of the uptake
data: the Lineweaver-Burk plot, the Wolfee plot and the Eadie-Hofstee plot (Dixon and
Webb 1979). The values of the Vmax and the Km for glucose uptake were estimated, and
the reproducibility of values was confirmed using Microsoft Excel 2000. The abundance
of nutrient transporters as determined by IHC was quantified from five sections of each
villus, and averages of the quantifications were calculated using Lotusl-2-3 (Lotus
Development Corporation, Cambridge, Massachusetts, USA). The distributions of
nutrient transporters along the villi were determined by comparing the average density of
each section among the three diet groups. One-way analysis of variance (ANOVA) and
Student’s t-test were used to determine the significance of differences among the three

diet groups. Statistical significance was accepted for p values equal to or less than 0.05.

5 RESULTS

5.1 SUGARS
5.1.1 Characteristics of the animal

Animals were pre-weaned on day 17-18 onto semi-synthetic isocaloric diets
enriched with saturated fatty acid (Control), polyunsaturated fatty acid (PUFA), or
saturated fatty acid plus gangliosides (GANG). After two weeks on the diets, there were

no differences in the animals’ body weight or food intake (Table 7).
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In the jejunum, there was no difference among the three dietary groups in the
weight of the mucosa, submucosa, total intestinal weight, or the percentage of the
intestinal wall comprised of scrapable mucosa (Table 8). In contrast, in the ileum, the
mean of the total intestinal weights was greater (p < 0.05) in GANG than in Control. As
well, the mean of the mucosal weight in GANG was greater than in Control, but the
difference was not statistically significant (p = 0.072).

In the jejunum, there was no significant difference among the three dietary groups
in the villous height, mid width, and base width (Table 9). The crypt depth was greater in
PUFA than in Control. There were no differences in the morphological measurements of
the ileum in animals raised on PUFA, Control or GANG.

5.1.2 Uptake of Fructose

The rate of fructose uptake was expressed on the basis of the weight of the
intestine, Jd, (nmol.mg tissue'l.min'l) or on the basis of weight of the mucosa, Jm
(nmol.mg mucosa’.min?). There was a linear relationship between fructose
concentration and uptake in Control, PUFA and GANG (Figure 9). In the jejunum, the
slope of this linear relationship was similar in the three diet groups when uptake was
expressed on the basis of mucosal weight (Jm; Table 10). In contrast, when fructose
uptake in the jejunum was expressed on the basis of the weight of the intestinal wall (Jd),
the slope was lower in GANG than in Control or in PUFA. In the ileum, there were no
differences in the values of the slope in GANG, Control or PUFA.

5.1.3 Uptake of Glucose
There was a curvilinear relationship between glucose concentration and uptake

(Figure 10). Uptake was expressed on the basis of the weight of the intestine (Jd) or the
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weight of the mucosa (Jm). The kinetic constants of glucose uptake, the maximal
transport rate (Vmax) and apparent Michaelis affinity constant (Km), were calculated by
the Sigma plot best-fit curve, as well as from three linear transformations (Lineweaver-
Burk plot, the Wolfee plot, and the Eadie-Hofstee plot) of the Jd and Jm uptake data.
Using the Sigma plot of the uptake based on Jd and Jm, there were no differences
between Control, PUFA and GANG in the values of Vmax or Km for glucose uptake into
the jejunum or ileum (Table 11). With the Lineweaver-Burk plot, the value of Vmax in
the jejunum was similar in the three diet groups. In the jejunum, with the Eadie-Hofstee
plot, there were no differences in the diet groups. In the ileum, using Jd but not Jm, the
value of the Vmax was greater in PUFA than in Control or GANG. In the jejunum, using
the Wolfee plot and Jd, the Vmax in PUFA was higher than in Control; and using Jm, the
value of the Vmax was higher in PUFA and GANG than in Control. In the ileum, the
Eadie-Hofstee plot did not show any dietary differences when uptake was analyzed on the
basis of Jm, whereas the value of the Vmax in the ileum was higher for PUFA than for
Control or GANG when uptake was analyzed on the basis of Jd (Table 11). The
Lineweaver-Burk plot of Jd and Jm demonstrated that the value of the Vmax was lower
in GANG than in PUFA.

The jejunal and ileal uptake of L-glucose was similar in Control PUFA and
GANG (Table 12).

Since the Wolfee plot of the Vmax for glucose Jm in the jejunum, and the
Lineweaver-Burk and the Eadie-Hofstee plots of Jd in the ileum suggested that GANG
might influence the uptake of higher concentrations of glucose, a second series of uptake

studies was performed using D-glucose in a concentrations of 32, 64, 96 and 128 mM,



83

and with feeding either Control or GANG. Because of the use of higher concentrations of
glucose, D-mannitol was added to each of these solutions, in order to maintain isotonicity
of the test solution. For this reason, the results for the uptake of 32 and 64 mM glucose
from the first study (isotonicity not maintained) cannot be directly compared with those
of the second study, in which mannitol was added to maintain a similar osmotic
concentration. The jejunal uptake of 96 mM glucose (Jd and Jm) was significantly
increased in GANG compared to in Control (Tables 13 and 14). When the dietary
content of GANG was increased to 0.04%, the jejunal uptake (Jd) of both 96 and 128
mM glucose was increased (Table 14).
5.1.4 Western Blotting — Transporter Protein Abundance
The abundance of both the jejunal and ileal GLUTS and GLUT2 were similar in

Control, PUFA and GANG (Figures 11 and 12). The abundance of SGLT1 in the BBM of
the jejunum was decreased in PUFA, compared with animals fed Control (Figure 13).
SGLT! abundance in the ileum was lower in GANG and PUFA compared to that in
Control.

The BLM abundance of Na'/K"-ATPase a1 and Bl proteins was similar in the
jejunum and ileum of rats fed Control, PUFA or GANG (Figures 14 and 15).
5.1.5 Northern Blotting and RT-PCR — Transporter mRNA Abundance

The jejunal and ileal abundances of the mRNAs of SGLT1 and GLUTS in the
BBM and of GLUT2 in the BLM were similar in Control, PUFA and GANG (Figures 16-
18). The jejunal and ileal Na"/K™-ATPase ol and Bl mRNA abundances were similar in

animals fed Control, PUFA and GANG (Figures 19 and 20).
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4.1.6  Immunohistochemistry

The total abundance of SGLT-1 both in the jejunum and ileum of the 0.02%
GANG group, as determined by immunohistochemistry (IHC), was significantly lower in
GANG compared to Control (Figure 21). In the 0.04% GANG group, the total abundance
of SGLT-1 in the jejunum and ileum was similar in both diet groups (Figure 22). There
were no significant differences seen in the SGLT-1 distribution along the villus of the

jejunum or ileum in either 0.02% or 0.04% GANG group (Figures 23, 24).
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Table 6: Dietary fat composition

Fat (g/100g diet) Control PUFA  0.02% GANG 0.04% GANG
Triglyceride 20.00 20.00 19.60 19.30
GANG (as N-AcetylNeuraminic Acid) 0.00 0.00 0.02 0.04
Phospholipids (as 'p') 0.00 0.00 0.01 0.02
GANG (based on GD3 MW)) 0.00 0.00 0.10 0.20
Phospholipids (MW) 0.00 0.00 0.26 0.52
Fatty acid (%, w/w)

C16:0 18.1 17.8 17.8 17.5
C18:0 6.2 6.2 6.7 7.3
C18:1(9) 389 383 39.0 39.1
C18:1(7) 3.1 3.0 3.2 32
C18:2(6) 16.1 15.6 15.8 15.5
C183(3) 2.2 2.1 22 2.2
C20:4(6) 0.0 1.0 0.0 0.1
C22:6(3) 0.0 0.5 0.0 0.0
Total Saturated 36.5 36.1 36.6 36.6
Total Monounsaturated 445 437 44.6 4477
Total n-6 16.3 16.9 16.1 15.8
Total n-3 2.2 2.6 2.2 23
C18:2/C18:3 7.4 7.5 7.3 7.1

Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid mixture
GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w)
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Table 7: Effect of diet on body weight change (g/day)

Diet PUFA Control GANG
Weight 51 +04 52 +£03 6.2 £0.5
Food 10.0 £0.3 9.2 £0.5 94 +0.5
Mean + SEM

no significant difference at p<0.05

Control: Fatty acid composition of the fat blend of an existing
infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which
contains about 70-80% GD3 (w/w)



Table 8 : Intestinal weights

Jejunum
Diet PUFA Control GANG
Mucosa (mg/cm) 4.1 +0.7 33 £05 35 £ 05
Submucosa (mg/cm) 1.3 £02 1.8 £05 23 £ 04
Total wt (mg/cm) 55 +06 53 £ 05 58 +03
% Mucosa 72.6 £5.8 66.8 + 8.0 59.6 + 6.7
Ileum
Mucosa (mg/cm) 33 £06 27 £04 48 + 1.0°
Submucosa (mg/cm) 1.5 £03 1.7 £03 1.5 £ 03
Total wt (mg/cm) 49 +03ab 43 +02a 63 = 0.8b
% Mucosa 65.6 £94 603 £ 7.8 724 £ 5.7

Mean + SEM
a b: Value with different letters are significantly different p<0.05

i p <0.072 by t-test compare to Control
Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid
mixture
GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80%
GD3 (w/w)
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Table 9: Intestinal morphology
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Jejunum
(um) PUFA Control GANG
Villous height 3206 = 112 283.0 + 198 2933 + 122
Villous mid width 91.7 + 4.1 80.5 + 44 884 + 3.0
Villous base width 89.2 + 5.8 84.8 + 2.8 925 + 33
Crypt depth 523 + 27b 36.6 + 35a 402 + 2lab
Ileum
Villous height 223.8 + 238 2747 + 269 271.7 + 269
Villous mid width 85.1 £ 5.8 874 + 41 98.5 + 39
Villous base width 804 + 5.2 883 + 53 9.5 + 6.0
Crypt depth 510 + 43 493 + 5.6 4.1 + 32
Mean + SEM

ab: Value with different letters are significantly different p < 0.05
Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w



Table 10: Slope of linear relationship between fructose concentration and uptake

89

Jejunum
PUFA Control GANG
Jd 77 +05a 87 +07a 44 +06D
Jm 10.8 +1.0 124 +09 92 +13
leum
Jd 50 +06 47 +06 55 +08
Jm 63 +08 65 +1.1 88 +1.5

Mean + SEM
a b : Value with different letters are significantly different p <0.05

Jd: Uptake rate calculated base on total tissue weight (nmol 100 mg tissue weight min™)

Jm: Uptake rate calculated base on mucosa weight (nmol 100mg mucosal weight min’’)

Control: Fatty acid composition of the fat blend of an existing infant formula

PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid mixture
GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w)
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Table 11: Kinetic constants of In vitro intestinal uptake of D-Glucose (4-64mM) with

feeding 0.02% gangliosides

Jejunum Ileum
Sigma plot best fit curve
Jd PUFA Control GANG PUFA Control GANG
Vmax 808941550 5779+39.6 903.5+1994 [1949.0+1503.0 O6E+07 +4E+i1 4569+ 98.6
Km 26.1+11.2 132+26 50.3+20.0 180.8 + 177.8 8EH06 + SE+10 285+ 133
Jm
Vmax 1208.0+323.7 6794+ 566 14140+442.8 [11568.0+944.0 37760+ 32540  752.8+139.7
Km 31.1+17.8 7.0+ 2.1 33.1+214 90.3 + 81.8 228.8 +241.1 276+112
Lineweaver-Burk plot
Jd
Vmax 555.6+456.0 500.0+505 454.6+54.8 4762+778 b 21281342 a 2326+335 a
Km 107405 a 93+01 a 144407 by 225+05 b 89+04 a 55+02 ¢
Jm
Vmax 7143+72.1 6250+ 556  8333+1709 7143+721 a 714311226 ab4000+768 b
Km 99402 b 51+02 a 115417 by|f 243+06 a 224+13 a 71+05 b
Wolfee plot
Jd
Vmax 769.2+59.5 b5780+494 a 7692+833 abj 83331758 1428.6 + 0.0 4348 +35.0
Km 222404 b 129+£06 a 3511408 c| 533174 1524 +322 23.7+2.1
Jm
Vmax 1111.1+125.0 b714.3+ 51.3 a 1250.0+158.7 b |1000.0 + 101.0 1666.7 + 0.0 7143 +£72.1
Km 250403 b 87+06 a 263+28 b 43.6+21 752+ 194 24.1+22
Eadie-Hofstee plot
Jd
Vmax 598.8+57.1 5341+480 54151631 536.0+541 b 3124+487 a 267314369 a
Km 124+02 b 105+02 a 183406 <c | 25.0+21 b 12102 a 69%+15
Jm
Vmax 791.1+754  636.7+62.8 838311589 536.6 + 469 785.8 +134.6 465.9 + 80.7
Km 115400 b 54+04 a 95409 c 123+ 1.3 b 226+07 a 86107 c
Mean + SEM

ab ¢ Value with different letters are significantly different p <0.05

Jd: Uptake rate calculated base on total tissue weight (nmol 100 mg'l tissue weight min’)

Jm: Uptake rate calculated base on mucosa weight (nmol IOOmg'l mucosal weight min™)

Vmax: Maximum transport rate
Km: Michaelis-Menton affinity constant

GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w)

Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid mixture



Table 12: In vitro intestinal uptake of L-glucose

Jejunum
PUFA Control GANG
Jd 75 +0.9 58 £0.7 87 + 14
Jm 124 £1.9 8.8 +12 141 +23
IHleum
Jd 6.0 +0.6 7.2 +0.38 9.1 £0.8
Jm 87 £1.1 b 137 £ 19 a 134 +15 a

Mean + SEM
a b: Value with different letters are significantly different p < 0.05
Jd: Uptake rate calculated base on total tissue weight
(nmol 100 mg-1 tissue weight min-1)
Jm: Uptake rate calculated base on mucosa weight
(nmol 100mg-1 mucosal weight min-1)

Control: Fatty acid composition of the fat blend of an existing infant
formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains
about 70-80% GD3 (w/w)



Table 13: In vitro intestinal uptake of D-Glucose (32-128mM) with
feeding 0.02% gangliosides
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Jejunum
Concentration (mM) Control GANG

Jd 32 3646 +19.7 a 580.6 + 27.5 b
64 606.1 +31.0 a 879.5+322 b
96 991.5 +625 a 11542 +399 b
128 14199 + 78.5 1242.6 + 56.8

Jm 32 577.6 +34.3 882.1+523 b
64 972.8 +59.6 13314 +595 b
96 15134 +941 a 1836.2 + 84.1 b
128 2203.6 +124.4 1904.8 + 103.2

Ileum

Jd 32 466.3 + 32.5 537.7 + 271
64 666.2 +33.7 a 8273 +473 b
96 10540 +71.3 1047.5 + 48.1
128 1321.6 +114.6 1384.7 + 78.2

Jm 32 7229 +463 a 8658+390 b
64 10823 +61.3 12709 + 79.4
96 1702.0 +99.0 1609.8 + 72.3
128 2160.0 + 189.5 2096.4 + 111.7

Mean + SEM

a b: Value with different letters are significantly different p <0.05

Jd: Uptake rate calculated base on total tissue weight (nmol 100 mg'1 tissue weight min'l)
Jm: Uptake rate calculated base on mucosa weight (nmol 100mg'1 mucosal weight min’')
Control: Fatty acid composition of the fat blend of an existing infant formula

GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w
This second series of glucose study, PUFA diet group was not included.



Table 14: In vitro intestinal uptake of D-Glucose (32-128mM) with
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feeding 0.04% gangliosides
Jejunum
Concentration (mM) Control GANG
Jd 32 407.5 +31.8 4014 +54.1
64 694.7 +62.4 862.2 +103.1
96 7863 +61.2 13882 + 1421 b
128 1095.1 +93.3 15133 +1022 b
Jm 32 7433 +91.5 643.5 +110.8
64 1731.8 +277.0 1175.0 +172.0
9 14635 +216.3 23832 £3076 b
128 2231.8 +214.5 20229 + 145.1
Hleum
Jd 32 4950 +473 5239 +53.5
64 807.3 +79.2 888.5 +120.8
96 7002 +90.0 937.7 + 117.7
128 1261.8 +112.2 1573.0 +92.8
Jm 32 1111.7 + 1164 923.5 +98.3
o4 19454 +283.2 14704 + 1583
96 1506.1 +202.5 1570.2 +199.6
128 2604.0 +330.7 25512 + 1319
Mean + SEM

a b: Value with different letters are significantly different p <0.05

Jd: Uptake rate calculated base on total tissue weight (nmol 100 mg"1 tissue weight min'l)
Jm: Uptake rate calculated base on mucosa weight (nmol 100mg'1 mucosal weight min'l)

Control: Fatty acid composition of the fat blend of an existing infant formula

GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w)

This second series of glucose study, PUFA diet group was not included.



Figure 9: Jejunal fructose uptake kinetic
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Figure 10: Jejunal glucose uptake kinetic
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Figure 11: Effect of diet on GLUTS protein abundance
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None of these differences was statistically significant

Control: Fatty acid composition of the fat blend of an existing infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)
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Figure 12: Effect of diet on Glut2 protein abundance in BLM
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None of these differences was statistically significant

Control: Fatty acid composition of the fat blend of an existing infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)



Figure 13: Effect of diet on SGLT1 abundance in BBM
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GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)
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Figure 14: Effect of diet on Na' /K" ATPase o protein
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None of these differences was statistically significant

Control: Fatty acid composition of the fat blend of an existing infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)
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Figure 15: Effect of diet on Na'/K”~ ATPase B, protein
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None of these differences was statistically significant
Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and

docosahexaenoic mixture
GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)
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Figure 16: Effect of diet on SGLT1 mRNA expression
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None of these differences was statistically significant

Control: Fatty acid composition of fat blend of an existing infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)
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Figure 17: Effect of diet on Glut S mRNA expression
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Figure 18: Effect of diet on Glut2 mRNA Expression
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Figure 19: Effect of diet on Na'/K" ATPase a.,
mRNA expression
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Figure 20: Effect of diet on Na'/K" ATPase B,
mRNA expression
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Figure 21: Effect of 0.02% GANG diet on SGLT-1 abundance
as determined by immunohistochemistry
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Figure 22: Effect of 0.04% GANG diet on SGLT-1 abundance
as determined by immunohistochemistry
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Figure 23: Distribution of SGLT-1 along the villus in
0.02% GANG diet as determined by
immunohistochemistry
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Figure 24: Distribution of SGLT-1 along the villus in
0.04% GANG diet as determined by
immunohistochemistry
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5.2  LIPIDS

5.2.1 Characteristics of the animals

Animals were pre-weaned on day 17-18 onto semi-synthetic isocaloric diets
enriched with saturated fatty acid (Control), polyunsaturated fatty acid (PUFA), or
saturated fatty acid plus gangliosides (GANG). After two weeks on the diets, there were
no differences in the animals’ body weights or food intake (Table 15). In the jejunum,
there was no difference among the three dietary groups in the weight of the mucosa,
submucosa, total intestinal weight, or the percentage of the intestinal wall comprised of
scrapable mucosa (Table 16). In contrast, in the ileum, the mean of the total intestinal
weights was greater (p < 0.05) in GANG than in Control. As well, the mean of the
mucosal weight in GANG was greater than in Control, but the difference was not
statistically significant (p = 0.072). In the jejunum, there was no significant difference
between the three dietary groups in the villous height, mid width, and base width (Table
17). The crypt depth was greater in PUFA as compared to Control. There were no
differences in the morphological measurements in the ileum in animals raised on PUFA,
Control or GANG.
5.2.2 Uptake of Lipids

The uptake of fatty acids and cholesterol was examined in Control, PUFA and
GANG, and the rate of uptake was expressed on the basis of the weight of the intestinal
wall (Jd) or mucosa (Jm). In the jejunum, the Jd and Jm of 18:0, 18:1 and 18:2 were
greater in GANG than in PUFA; the values of Jm of 18:0 and 18:2 were higher in GANG
than in Control (Table 18). The jejunal uptake Jd of cholesterol was higher in PUFA than

in Control. In the ileum, the uptake (Jd or Jm) of 16:0 was greater in Control than in
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PUFA or GANG. The ileal Jm of 12:0 was lower in Control than in PUFA or GANG.

Ileal uptake of 18:0 was lower in Control than in GANG, and the Jd or Jm of cholesterol
uptake was higher than in PUFA (Tablel8).
5.2.3 Western Blotting — Transporter Protein Abundance

The jejunal and ileal abundances of lipid binding proteins -- ILBP, I-FABP, and
L-FABP -- were comparable in the three diet groups (Figures 25-27).
5.2.4 Northern Blotting and RT-PCR — Transporter mRNA Abundance

The mRNA abundance of ILBP in ileum as well as in I-FABP and L-FABP in the
jejunum and ileum, showed no significant differences among the three diet groups
(Figures 28-30).
5.2.5 Immunohistochemistry

As expected, ILBP was undetectable in the jejunum. The total ileal abundance of

ILBP as determined by immunohistochemistry was higher in animals fed Control
compared to GANG and PUFA and was higher in GANG than in PUFA (Figure 31). In
the jejunum and ileum, total [-FABP abundance was not affected by the diet variations in
dietary lipids (Figure 32). The jejunal total L-FABP abundance was higher in Control
than in GANG and PUFA, whereas, in the ileum, there was no difference (Figure 33).
The distribution of ILBP, I-FABP along the villus in the jejunum and ileum was similar
in the three diet groups (Figures 34, 35). In the jejunum, L-FABP abundance was closer
to the crypts, and the crypt was higher in Control than in GANG and PUFA, and no

significant differences showed in the ileum (Figure 36).
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Table 15: Effect of diet on body weight change (g/day)

Diet PUFA Control GANG
Weight 51 £04 52 £0.3 6.2 £0.5
Food 10.0 £0.3 92 +0.5 94 +£0.5
Mean + SEM

no significant difference at p<0.05

Control: Fatty acid composition of the fat blend of an existing
infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which
contains about 70-80% GD3 (w/w)



Table 16 : Intestinal weights

Jejunum
Diet PUFA Control GANG
Mucosa (mg/cm) 41 +0.7 33 +£05 35 + 05
Submucosa (mg/cm) 1.3 +02 1.8 +0.5 23 £ 04
Total wt (mg/cm) 55 £0.6 53 £05 58 £ 03
% Mucosa 726 +58 66.8 + 8.0 59.6 + 6.7
Ileum
Mucosa (mg/cm) 33 +0.6 27 + 04 48 +1.0"
Submucosa (mg/cm) 1.5 +03 1.7 £03 1.5 £03
Total wt (mg/cm) 49 +03ab 43 +02a 63 +08b
% Mucosa 65.6 +94 603 + 7.8 724 + 5.7
Mean + SEM
a b: Value with different letters are significantly different p< 0.05
*p<0.072 by t-test

Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid
mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80%
GD3 (wiw)
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Table 17: Intestinal morphology
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Jejunum
(pm) PUFA Control GANG
Villous height 3206 + 112 283.0 + 198 2933 + 122
Villous mid width 91.7 + 4.1 80.5 + 44 88.4 3.0
Villous base width 892 + 58 84.8 + 2.8 92.5 33
Crypt depth 523 + 27b 36.6 + 35a 40.2 2.1ab
Hleum
Villous height 2238 + 23.8 2747 + 269 271.7 £ 269
Villous mid width 85.1 + 5.8 874 + 4.1 98.5 39
Villous base width 804 + 5.2 883 + 5.3 96.5 6.0
Crypt depth 510 + 43 493 + 5.6 41 + 32
Mean + SEM

a b; Value with different letters are significantly different p <0.05
Control: Fatty acid composition of the fat blend of an existing infant formula
PUFA: Control fat blend with addition of arachidonic acid and docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about 70-80% GD3 (w/w



Table 18: In vitro intestinal ring uptake of lipids
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Substrates (mMV) Jejunum Ileum

PUFA SMA GANG PUFA SMA GANG
Jd
FA 12:0(0.1) 72406 81+06 91+1.1 98+ 1.0 79+07 9.6 +0.8
FA 16:0 (0.1) 20+02 23+03 1.9+02 22+03b 41+05a 18102 b
FA 18:0(0.1) 19+02 a 23402 ab 28+03 b | 20+02 21+02 25+03
FA 18:1(0.1) 15402 a 19402 ab 24+03b || 19+£02 22403 1.5+02
FA 18:2(0.1) 14+01 a 14402 ab 20+02b| 1.6+0.1 1.9+03 1.7 +02
FA 183 (0.1) 24+03 23+03 23+02 25+02 21402 25+02
Cholesterol (0.05) 1.5+0.2 10+02 a 14+02 aj 08+01 b 16+03a 11+01 ab
Jm
FA 12:0(0.1) 102 +09 144+27 ab 134+12Db | 141+13 ab 106+08a 142111 D
FA 16:0(0.1) 24102 32404 3.1+04 28403 b 54+07a 261403 b
FA 18:0(0.1) 23402 29+03 a 53+08 b | 28+03ab 23+02a 31403 b
FA 18:1(0.1) 1.8+02 b 28+02 a 34+04a | 24102 29+04 20403
FA 182 (0.1) 1.7+02 17402 a 41£05b | 23+02 22+03 26 +03
FA18:3(0.1) 30+04 32+04 47+0.7 33104 28403 33403
Cholesterol (0.05) 1.8 +02 1.7+03 23403 10+01b 184+402a 14+02 a
Mean + SEM

ab: Value with different letters are significantly different p <0.05
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Figure 25: Effect of diet on ILBP protein abundance
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Figure 26: Effect of diet on I-FABP protein abundance
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Figure 27: Effect of diet on L-FABP protein abundance
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Figure 28: Effect of diet on ILBP mRNA expression
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Figure 29: Effect of diet on I-FABP mRNA expression
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Figure 30: Effect of diet on L-FABP mRNA expression
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docosahexaenoic acid mixture
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Figure 31: Effect of diet on ILBP protein abundance
as determine by immunohistochemistry
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Figure 32 Effect of diet on I-FABP abundance
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Figure 33: Effect of diet on L-FABP abundance
as determined by immunohistochemistry
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Figure 34: Distribution of ILBP along the villus in
0.02% GANG diet as determined by
immunohistochemistry
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Control: Fatty acid composition of the fat blend of an existing infant formula

PUFA: Control fat blend with addition of arachidonic acid and
docosahexaenoic acid mixture

GANG: Control fat blend with ganglioside enriched lipid which contains about
70-80% GD3 (w/w)
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Figure 35: Distribution of I-FABP along the villus
in 0.02% GANG diet as determined by
immunohistochemistry
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Figure 36: Distribution of L-FABP along the villus in
0.02% GANG diet as determined by
immunohistochemistry
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6 DISCUSSION

Although the mean of the animals’ body weights does not change with the three
diets, the weight of the ileum was higher in GANG than in PUFA and Control (Table 8).
For this reason, the rates of intestinal uptake had to be expressed on the basis of both the
weight of the full wall of the intestine (Jd) as well as on the weight of the mucosa (Jm).
There was no change in intestinal morphology with variation in the diet, except for the
lower crypt depth in Control as compared to PUFA (Table 9). For this reason, uptake was
not expressed on the basis of villous surface area.

There was no difference in fructose uptake in the ileum; and although the
fructose uptake in the jejunum was lower in GANG than in Control or PUFA, this applied
only for Jd and not for Jm (Table 10). It is possible that a diet effect on fructose uptake
may have been disclosed at much higher concentrations of fructose. However, the lack of
effect of the diets on the abundance of GLUTS protein or mRNA, taken together with a
lack of effect of the diets on the Jm for fructose uptake over the range of concentration
studied (4-64 mM), may suggest that any possible effect of these diets is unlikely to be of
nutritional importance.

There was a curvilinear relationship between glucose concentration and uptake
expressed either as Jd or Jm. The kinetics of glucose uptake are described by two
constants, the maximum transport rate (Vmax) and the Michaelis affinity constant (Km).
There are several methods to estimate the values of Vmax and Km, including a best-fit
curve analysis using Sigma Plot, and linear transformations of the Michaelis Menton
equation (Lineweaver-Burk, Wolfee and Eadie-Hofstee plots). There are pros and cons of

each method (Thomson 1979a, 1979b, 1981a). These four methods were used to analyze
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uptake expressed as Jd and Jm in order to determine a possible dietary effect on glucose
uptake. There were variable dictary effects depending upon diet, intestinal site and
method used to express the results. For example, in the ileum, the Vmax calculated using
Jd was lower for Control than PUFA; and, in the jejunum, the Vmax using Jd or Jm was
also lower for Control than PUFA (Table 11). For Km, the value was higher for PUFA
than Control using Lineweaver-Burk plot for Jm; and higher for both Jd and Jm for
PUFA versus Control with Wolfee plot and Eadie-Hofstee plot.

The value of Km may be influenced by the effective resistance of the unstirred
water layer (UWL; Thomson 1979, 1980, 1981). We did not measure UWL resistance, so
the values of Km that were estimated from these data represent the apparent rather than
the true value of the affinity constant. Dietary changes may alter UWL resistance
(Thomson 1982; Thomson and Rajotte 1983), and for this reason we cannot establish
with certainty whether the dietary effects on the value of the apparent Km for glucose
uptake observed in this study actually represent changes in the value of the true Michaelis
constant. Furthermore, in most systems of intestinal adaptation, it is the value of the
Vmax that is modified (Karasov and Diamond 1983; Karasov and Diamond 1987).

Because there was a suggestion from the Wolfee plot of jejunal glucose uptake
(Jm) giving a higher value of Vmax in GANG than in Control (Table 11) when using
glucose concentrations of 4-64 mM, we undertook a second series of experiments to
explore a possible enhancing effect of dietary gangliosides on glucose uptake, using
higher concentrations (32-128 mM) that might better permit possible dietary changes to
be demonstrated between Control and GANG. Both using Jd and Jm, glucose uptake was

greater at 32, 64 and 96 mM in GANG than Control (Table 13). We cannot explain why
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glucose uptake was not higher in GANG than Control at 128 mM, but suggest that
GANG does indeed increase glucose uptake at this higher concentration since greater
rates of glucose uptake were seen at 96 and 128 mM glucose when 0.04% rather than
0.02% GANG was fed (Table 14). The enhanced glucose uptake in GANG versus
Control was expected to be associated with increased SGLT-1 abundance; but in fact, as
measured by Western blot, there was no difference in the jejunum; and there was a
decline in the ileum (Figure 13). The abundance of SGLT-1 was also assessed by IHC,
and again GANG did not increase the abundance of SGLT-1 (Figure 21). Also, the
altered uptake of glucose in animals fed GANG was not due to a change in the
distribution of the transporters along the villus (Figure 23). In addition, there was no
change in SGLT-1 mRNA abundance in response to dietary manipulation (Figure 16).
Furthermore, diet changes had no effect on the abundance of GLUT2 or Na'/K'-ATPase
proteins or mRNAs in the BLM (Figures 12, 14, 15, 18, 19 and 20). This suggests that
dietary GANG enhances glucose uptake by modulating SGLT-1 post-translationally. We
did not measure SGLT-1 phosphorylation, BBM lipid composition or fluidity, so we
cannot comment if these may have also played a role in the enhanced uptake of higher
concentrations of glucose in rats fed GANG compared to Control. We also did not
determine where the SGLT-1 is located in the BBM, so that a further post-translational
mechanism could include the positioning of SGLT-1 in a membrane domain optimizing
transporter activities (Wild et al. 2002; Chung et al. 2002). The activity of SGLT-1 may
be increased by an increase in Na'/K'-ATPase activity at the BLM (Debnam and
Chowrimootoo 1993). It is possible that incorporation of gangliosides in the BLM (Park

et al. 2002, unpublished observation) may increase the Na'/K"-ATPase activity via signal
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transduction modulation, thereby enhancing the activities of SGLT-1. Our data did not
show any change in abundance of Na'/K'-ATPase (Table 14, 15), but it could be
speculated that a change in activity could occur in the absence of an alteration in protein.

Protein kinase A (PKA) and protein kinase C (PKC) may play a role in
increasing or decreasing the number of SGLT-1 in the BBM (Wright et al. 1997). The
PKC signaling pathway modulates SGLT-1 post-translationally via regulating exocytosis
of SGLT-1 from the cytosol to the BBM (Hirsch et al. 1996; Vayro and Silverman 1999).
There is also evidence suggesting that the recruitment and insertion of SGLT-1 into the
BBM from the cytosol is mediated by a signaling cascade generated from the activation
of an epidermal growth factor receptor coupled with the actin cytoskeleton (Chung et al.
1999).

Glucose is initially transported by SGLT-1. The transport properties of SGLT-1
activate PKC BII which then causes a rapid recruitment of GLUT2-containing vesicles to
the BBM (Kellett and Helliwell 2000). We did not measure the abundance of GLUT2 in
the BBM. However, we speculate that GLUT2 may possibly play a role in the enhanced
BBM glucose transport, which occurs with feeding GANG. The increased glucose uptake
maybe due to an increase in the total gangliosides and GD3 content in the intestinal
mucosa and decreased GM3 proportionally (Park et al. 2002, in preparation), which
reflects the dietary gangliosides that were fed to the animals. Introducing more acidic
sugar (sialic acid from GM3 to GD3) into the BBM may increase the glucose uptake
without apparently changing the number of SGLT-1 transporters.

Lipid rafts are microdomains on the outer leaflet of the apical membrane and

contain clusters of sphingolipid-cholesterol as well as many signaling transduction
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molecules, such as G-protein-coupled receptors, heterotrimeric G proteins, receptor
tyrosine kinases, Src family tyrosine kinases, protein kinase C’s, and nitric oxide synthase
(Simons and Ikonen 1997; Smart et al. 1999). Gangliosides are enriched in lipid rafts/
caveolae (Smart et al. 1999) and in the epithelial cells. GSL-enriched microdomains are
essentially in the apical plasma membrane (Brown and Rose 1992). However, it is not
known if nutrient transporters are residing in the GSL-enriched microdomains. However,
it is highly possible that nutrient transporters are located in these microdomains, since the
inhibition of Na" dependent glucose absorption by the binding toxin happens in the GSL
enriched microdomains (Fantini et al. 2000). We did not measure the abundance of
SGLT-1 in these microdomains. However, we speculate that feeding GANG enhanced
the amount of gangliosides in rafts in the BBM, thereby potentially releasing signaling
proteins, such as PKA, which might enhance the activity of SGLT-1 in a post-
translational manner (Wright et al. 1997).

The uptake of several LCFA was higher in GANG than in Control or PUFA
(Table 18). This effect was most pronounced in the jejunum. Since most lipids are
absorbed in the proximal intestine, the relative lack of effect of GANG on lipid uptake in
the ileum suggests that insufficient GANG was delivered to the distal intestine to produce
the same effect on uptake as occurred in the proximal intestine. When feeding a higher
dietary content of GANG (0.04 % versus 0.02%), an enhanced uptake of higher
concentrations of glucose was observed (Table 14). This raises the possibility that if
GANG had been fed in an amount sufficient to reach the distal intestine, the ileal uptake

might have been increased.
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The uptake of lipids is largely by process of passive diffusion, but the

importance of lipid binding proteins has been recognized (Stremmel 1985; Stremmel
1988). Their role in the process of lipid uptake requires clarification. We studied only
three of the many lipid binding proteins known to be present in the intestinal BBM or
cytosol. The abundance of I-FABP and L-FABP protein and mRNA as determined by
Western and Northern blotting, respectively, did not change with diet, but L-FABP in the
jejunum and ILBP in the ileum as determined by the IHC were higher in Control than in
GANG (Figures 27, 31). However, ILBP binds to bile acid rather than LCFA (Lin et al.
1991). Furthermore, the uptake of LCFA was increased in the jejunum rather than in the
ileum (Table 18). This suggests that the diet-associated alteration in ILBP did not play a
role in the enhanced uptake of some LCFA in GANG. No differences were observed
between GANG and Control on the distribution measurement of ILBP and I-FABP in all
the five sections of the villus (Figures 34, 35). However, in the distribution measurement
of L-FABP in jejunum, those sections toward the crypts (sections 4 and crypts) were
higher in Control than in GANG (Figure 36). These results indicate that [[IFABP and L-
FABP may not be essential in lipid transport. In the I-FABP knockout mice model, the
animals are viable and the lipid absorption rate does not change (Vassileva et al. 2000). It
is possible that GANG modifies the abundance of other lipid binding proteins, such as
FATP4 (Stahl et al. 1999) and FAT (Abumrad et al. 1984), which we did not measure.
Varying the lipid composition of the diet alters the lipid composition of BBM
and may thereby modify lipid uptake (Keelan et al. 1990). Increased BBM fluidity
enhances permeability of lipids; conversely, decreased BBM fluidity lowers lipids

absorption (Meddings 1988a,b). Incorporation of GANG into BBM increases the
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membrane permeability (Sarti et al. 1990), and thus it may increase lipid absorption. We
did not measure the lipid composition in BBM in this study, so we cannot comment on
whether this is a mechanism for the enhanced uptake of LCFA seen in this study.
However, a change in the physical chemical properties of the BBM would have been
expected to enhance the uptake of all lipids, and this did not occur.

The UWL may also affect the uptake rate of LCFA. Lower resistance would
facilitate a higher uptake rate of LCFA (Westergaard et al. 1976). The differences in
LCFA uptake observed in this study were not due to the UWL resistance variation,
because the uptake rates of fatty acid 12:0, which indirectly reflects the effective
resistance of the intestinal UWL, were similar in all three groups (Table 18).

Thus, short-term feeding of GANG increases the absorption of LCFA in jejunum
(18:0 and 18:2) and decreases it in ileum (16:0). The changes in lipid uptake were not
explained by variations in the abundance of the three lipid- binding proteins or their
mRNAs (ILBP, I-FABP and L-FABP) that we examined. It is possible that other lipid-
binding proteins may play an important role in the changes in lipid transport, which occur

with changes in dietary GANG.
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7 CONCLUSION

This study shows for the first time that supplementation of the diet with a low
concentration of gangliosides increases the intestinal uptake of glucose and some LCFA.
The enhanced glucose uptake was not explained by an increase in SGLT-1 protein or
mRNA abundance. We speculate that this diet-associated increased glucose uptake may
be achieved by post-translational methods. The enhanced uptake of several LCFA was
not associated with an increase in the abundance of I-FABP, L-FABP or ILBP. It is
possible that GANG enhances LCFA uptake by elevating the abundance of other lipid
binding proteins, or by modifying the BBM composition of lipids and thereby enhancing
its permeability properties. The importance of adding gangliosides to infant formula to

enhance intestinal absorption of nutrients remains to be established.
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FUTURE STUDIES

From this study, we may conclude that feeding ganglioside-supplemented

formula enhances glucose and LCFA uptake in weanling rats. However, the mechanism

that led to the enhancement of nutrient uptake is yet to be elucidated. To better

understand and further explore the mechanism, I would like to present several

suggestions for future studies:

(1).

Q).

3).

Conduct an experiment with feeding a higher ganglioside concentration formula and
feeding for a longer period to examine the long-term effect of gangliosides. The
0.02% and 0.04% ganglioside diet that I used in my study was 100 pg/ml diet, a very
small amount (5-25 times the amount of gangliosides in human milk, 0.0046%).
Using a higher ganglioside concentration might increase the enhancement effect on
the absorption of lipids and glucose. It is also possible that long-term feeding of
gangliosides may increase the rate of weight gain.

Measuring the abundance of SGLT-1 in lipid rafts may provide a further explanation
to the enhancement effect of GANG on glucose uptake. Gangliosides are enriched in
lipid rafts, where high concentrations of the signal transduction proteins reside --
such as PKA. GANG may play a role in SGLT-1 regulation via PKA
phosphorylation. Perhaps the enhanced sugar uptake in GANG group is caused by an
increase in the abundance of SGLT-1 in the rafts, which we could not detect by
comparing the bulk BBM SGLT-1.

Another way to establish how GANG enhances glucose transport is to examine the
location of SGLT-1s, whether they are located adjacent to the BBM or inserted into

the BBM, and then to quantify them. The method for this investigation will require
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(5).

(6).

137

the preparation of BBM vesicles and internal cellular microsomal membranes. Then
analyse the BBM vesicle and microsomal membrane SGLT-1 separately by Western
blotting (Chung et al. 2002).

Measuring BBM composition and fluidity will reveal the mechanism for enhanced
lipid uptake. To determine if the rate of lipid uptake via passive diffusion is
increased, measurement of BBM composition, fluidity and permeability is necessary.
Measuring the abundance of other lipid binding proteins, such as FATP4, FAT and
caveolin may also provide a clue for explaining the increased lipid absorption. To
determine if other lipid binding proteins play a role in the enhancement of lipid
transport, an assessment of them and their mRNA will be required.

Can we apply this study result to humans? Will feeding gangliosides to human
infants result in an increased nutrient uptake and weight gain? Should gangliosides
be supplemented into infant formula? To answer these questions, a clinical trial is
necessary to assess the pros and cons of a ganglioside diet. Often, animal studies are
not transferable to human application due to the variability in absorption across
species. However, because there are some common similarities among the
mammalian species, they do provide preliminary clues for further human clinical
study. For instance, a 4 to 8 week feeding comparing the weight gain, development
and frequency of gastrointestinal infection between GANG- and Control-fed infants
will be a useful pilot trial. This type of investigation is non-invasive and easy to
measure. A further feeding trial could also be implemented using stabilized isotope
methology to measure the nutrient absorption, such as glucose and lipids (Prentice

1999).
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