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Abstract

This study evaluated the effects of adding B-glucan of different sources and
viscosities on intestinal permeability and morphology in rats. Young BioBreeding normal
(BBn) and —diabetes-prone (BBdp) rats were randomized to 1 of 5 diets differing only in
fibre composition: cellulose, high viscosity B-glucan (HVBG), low viscosity B-glucan
(LVBG), barley flour, or oatmeal. BBn rats fed the LVPG diet had increased permeability
of the ileum (p=0.004) but not the jejunum, compared with those fed the barley, oatmeal,
or cellulose diets. Ileal permeability was positively correlated (r=0.515, p<0.001) with the
amount of B-glucan. Diet had no effect on electrophysiological parameters, villus height,
crypt depth, and number of IgA+ cells. In BBdp rats, permeability, villus height, crypt
depth, and number of IgA+ cells were not affected by diet. There were no differences
between HVBG and LVBG groups in both strains of rats. In conclusion, the diet
containing LVBG increased ileal permeability without changing the morphology or

activating the formation of IgA+ cells.
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Chapter 1

Literature Review

1.1. Introduction

Nondigestible carbohydrates in our diets, often referred to as dietary fibre, have
numerous effects on the intestine (Dongowski et al., 2002;Dongowski et al., 2003) the
immune system (Schley and Field, 2002), and in the prevention of certain cancers
(Mattisson et al., 2004). Research on fibre has primarily focused on its roles in
diverticular disease, colon cancers, glucose absorption, and lipid metabolism (McPherson,
1993). However, less attention has focused on the specific effects of fibre on the barrier
function and morphology of the intestine. This study was conducted to evaluate the
effects of different types (oats versus barley and whole grain barley versus purified barley
B-glucan extracts) and viscosities (high and low) of B-glucan on small intestinal
permeability, morphology, and the number of immunoglobulin A (IgA) positive cells (see
appendix 1). This chapter will cover the definition of fibre, its general effects on health,
the structure and function of the intestines in health and disease, the intestinal immune

system, the effect of fibre on the intestine, and the definition and role of B-glucan.

1.2. Definition of “fibre”

Discussing “fibre” and its health benefits requires first discussing what is meant
by “fibre.” There have been numerous definitions for “fibre,” which were primarily

based on analytical methods and followed a common theme that “fibre” is resistant to
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digestion by enzymes in the human gastrointestinal (GI) tract. In the early 20™ century, a
harsh extraction process was used to determine the crude fibre content of foods (Spiller,
1993). After determining that 50-85% of “fibre” was destroyed in the process of
determining crude fibre, the term dietary fibre replaced crude fibre (Trowell,
1985;Trowell et al., 1985) and the definition was changed to refer to materials derived
from plant cell walls (Trowell et al., 1985). Over approximately 15 years, the definition
was modified to include both carbohydrates from the storage compartment and the cell
walls of plants and to distinguish between the two sources (Southgate, 1977;Trowell et
al., 1985). Debate also rose regarding whether nondigestible materials from other plant
sources (e.g. waxes, silica, cutins, cell wall proteins) and animal sources (e.g. chitin,
chitosan, aminopectylin) should be included in the definition of dietary “fibre” (Trowell
et al., 1985;A report on the definition of dietary fiber, 2001;McPherson, 1993). Over
time, other names for dietary “fibre” (e.g. plantix, unavailable carbohydrate, neutral
detergent residue, non-starch polysaccharide, soluble and insoluble fibre) were also
proposed (Spiller, 1993;Briggs and Spiller, 1977). Furthermore, because of recent food
labeling and the potential inclusion of health claims on products, the definition of “fibre”
was broadened to include biochemical and health effects.

In 1985, Health Canada accepted a definition of dietary “fibre” as the
“endogenous components of plant materials in the diet that are resistant to digestion by
enzymes produced by humans. They are predominantly non-starch polysaccharides and
lignin and may include, in addition, associated substances”(Health and Welfare Canada,
1985). In 2001, the Dietary Reference Intake panel (A report on the definition of dietary

fiber, 2001) was mandated to propose an accurate definition that took into account
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analytical methods and physiological effects and which would facilitate the comparisons
among studies and comprehension in the field of nondigestible carbohydrates (A report
on the definition of dietary fiber, 2001). Three categories of fibre were proposed: first,
dietary fibre which represents the “nondigestible carbohydrates and lignin that are
intrinsic and intact in plants”(A report on the definition of dietary fiber, 2001). These
materials are integral to plant structure. Cereal brans with intact cells and which have
starch and proteins are an example of dietary fibre, as well as corn cereal, raffinose, and
low molecular weight fructans found in foods (A report on the definition of dietary fiber,
2001). Second, functional fibre is the “isolated, nondigestible carbohydrates that have
beneficial physiological effects in humans” (Food and Nutrition Board, Institute of
Medicine, 2002). These fibres may be isolated, extracted, or manufactured. Pectin
isolated from citrus peel and B-glucan extracted from barley or oats are examples of
Junctional fibre. Third, total fibre is the sum of the previous two categories. Using the
DRI proposed definition, f-glucan derived from barley is considered to be a functional
fibre and barley flour, oatmeal, and cellulose are sources of dietary fibre (A report on the
definition of dietary fiber, 2001). For the purpose of this thesis, the fibre terms proposed
by the DRI will be used unless otherwise specified. Also, the term used in published
papers will be kept when describing the study, which does not necessarily reflect the DRI

definition.

1.3. Overview of fibre and health

Total fibre derived from consuming a variety of foods may directly or indirectly

contribute to satiety, health, and energy. The average intake of total fibre in North
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America ranges from 12.1 to 17.9g per day for females and males 19 years of age and
older (Food and Nutrition Board, Institute of Medicine, 2002). The important role of
fibre on health was hypothesized, a few decades ago, based on ecological studies in which
populations in Africa experienced fewer chronic diseases in the hunter gatherer lifestyles
compared to Western civilizations with low fibre consumption (reviewed by Burkitt,
1993;Trowell, 1985). Today, fibre consumption has been suggested as part of the
treatment and management of diabetes (Li et al., 2003a;Anderson et al., 2004;Franz et al.,
2002), dyslipidemia, (Jenkins et al., 2002b;Jenkins et al., 2003), diverticular disease
(American Dietetic Association and Dietitians of Canada, 2000), and constipation
(Morais et al., 1999). Fibre has been shown beneficial by attenuating the postprandial
rise in blood glucose concentrations (Jenkins et al., 1977;Jenkins et al., 2002a;Braaten et
al., 1994a;Wursch and PiSunyer, 1997), reducing postprandial insulin concentrations
(Braaten et al., 1994d;Vachon et al., 1988), lowering the absorption of carbohydrates
(Lifschitz et al., 2002), and improving long-term glycemic control (i.e. hemoglobin Alc)
(Li et al., 2003b). Furthermore, viscous fibres in the diets of people have been shown to
slow the absorption of glucose (Jenkins et al., 2000a; Jenkins et al., 2000b;Flourie et al.,
1984) and when added to a glucose solution, viscous fibres reduce the in vitro diffusion of
glucose (Ou et al., 2001).

The low density lipoprotein cholesterol (LDL-C) to high density lipoprotein
cholesterol (HDL-C) ratio has been shown to improve with the consumption of fibre and
a low fat diet (Mckay and Ball, 1992). Viscous fibres have also been shown to reduce
total cholesterol and LDL-C in hypercholesterolemic people (Mcintosh et al.,

1991;Braaten et al., 1994b;Brown et al., 1999;Jenkins et al., 2003) in many, but not all,
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studies (Torronen et al., 1992). Discrepancies in the literature may reflect differences in
the diet preparation methods and the resulting structure of the fibre (Torronen et al.,
1992). Therefore, the type of fibre, its source, and its viscosity may have an integral role

on the physiological effect of the fibre.

1.4. Intestinal structure

The GI tract is an extension of the external environment that stretches from the
mouth to the anus. The small intestine is located approximately mid way through the GI
tract and consists of the duodenum, where some digestion and absorption of nutrients
occurs, the jejunum, where the majority of digestion and absorption happens, and the
ileum, the segment before the large intestine and primary site of water absorption in the
small intestine. The mucosa of the intestines has convoluted folds and on these folds are
villi that increase the surface area (Rubin, 2003). The villi in the proximal small intestine
(i.e. jejunum) have a finger-like structure and are more numerous compared to the ileum
or distal small intestine which have shorter and fewer villi (Madara and Anderson, 2003).
Crypts, located at the bottom of the villi, are sites of cell proliferation (Shiner, 1994) and
secrete anti-microbial substances (e.g. defensin) (Tomas, 2004). On the surface of the
villi, the absorptive enterocytes are interspersed with mucus-producing goblet cells and
intraepithelial l_yrriphocytes (IEL). Enterocytes are connected to each other via tight
junctions, which can be used as a low resistance shunt for paracellular diffusion of
molecules (Madara and Anderson, 2003). Central to the epithelial structure and gut
immune system is the lamina propria (LP), which consists of blood vessels, immune cells
(e.g. lymphocytes, plasma cells, eosinophils), nerves, and muscles (Rubin, 2003). An

important part of the GI tract is the gut associated lymphoid tissue (GALT). GALT is
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composed of mesenteric lymph nodes (MLN), IEL, LP, Peyer’s Patches (PP) and M cells
that cover the PP. Peyer’s Patches have T-cells, B-cells, and plasma cells (Brandtzaeg et
al., 1985;Madara and Anderson, 2003). The number of PP is increased in the ileum
compared with the duodenum or jejunum. These PPs are involved in sampling the
luminal contents, processing, and presenting the antigens to T or B-cells. When a
perceived threat (e.g. antigen) is identified during the M cells and PP sampling of the
luminal contents, a signal is sent to certain plasma cells to secrete immunoglobulin A

(IgA) (Brandtzaeg, 1988;Brandtzaeg et al., 1985).

1.5. Functions of the small intestine

The GI tract is involved with transporting, digesting, and absorbing nutrients and
foods that are ingested and it is involved in excreting non-digestible food components.
The intestinal barrier must allow nutrients to be absorbed while it protects the body from
pathogens or potentially harmful dietary antigens (S6derholm, 1998). A healthy intestinal
barrier is composed of several physiologically important layers. The unstirred water layer
(UWL) which lies above the mucus membrane facing the lumen may reduce the
absorption of nutrients (Farhadi et al., 2003;Madara and Anderson, 2003;Thomson, 1983)
and may contribute to the barrier function of the intestine (Thomson, 1983). Below the
UWL is the mucous membrane that covers the epithelial cells and protects it from
physical damage (Farhadi et al., 2003) and adherence of bacteria to the epithelia (Madara
and Anderson, 2003). The epithelial cells serve as a site of absorption and passage of
macromolecules (S6derholm, 1998). These epithelial cells are joined by tight junctions

that give a continuous structure and sites for diffusion of some solutes (Farhadi et al.,
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2003;Soderholm, 1998). Tight junctions are a site that may be altered by a lack of oral
food intake or diseases (e.g. crohn’s and celiac) which may affect the intestinal barrier
function (Bruewer et al., 2003;Soderholm, 1998). A thorough discussion on tight
junctions is reviewed by Gonzalez-Mariscal et al., (2003). The immune system
consisting of macrophages, lymphocytes, intraepithelial lymphocytes (IEL), and
immunoglobulin that are located in the LP and between enterocytes (Farhadi et al., 2003).
Immunoglobulin A (IgA) is secreted into the lumen by plasma cells in the LP to help bind
virus or bacteria before they adhere to the intestinal epithelium (Spaeth et al., 1994) and
translocate to the MLN (Mosenthal et al., 2002). IgA increases the secretion of mucus
which limits the passage of soluble antigens through the enterocytes. Together these
layers and structures form the intestinal barrier.

A compromised barrier is associated with diseases affecting the intestine and the
overall health of the person. Increased intestinal permeability (i.e. reduction in barrier
function) has been observed prior to the recurrence of inflammation in Crohn’s disease
(S6derholm, 1998), prior to the onset of celiac disease (Smecuol et al., 1997), and to type
1 diabetes (Carratu et al., 1999;Meddings et al., 1999). The integrity of the barrier
function can be decreased by immunosuppressive drugs such as rapamycin, cyclosporine
A (Dias et al., 1998), and FK506 tacrolimus (Madsen et al., 1995a;Madsen et al., 1995b),
cytokines including tumor necrosis factor (TNF-a) (Bruewer et al., 2003), interferon-
gamma (IFN-y) (Bruewer et al., 2003;Yang et al., 2003), and interleukin (IL-4) (Madden
et al., 2002;Colgan et al., 1994), bile acids (Rehman et al., 2003;Teichberg et al., 1983),
fasting, and total parental nutrition (TPN) (Deng et al., 1999;Ferraris and Carey,

2000;Mosenthal et al., 2002;0hta et al., 2003;0mura et al., 2000). Dietary fibre has been
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shown to improve barrier function (Deng et al., 1999;Mosenthal et al., 2002) and reduce
the movement of molecules through the paracellular route in the small and large intestines
(Mariadason et al., 1999;Rehman et al., 2003). The effects of fibre on intestinal barrier

function will be further discussed in a later section 1.7.

1.5.1. Measurements of intestinal barrier function

Alterations in barrier function are assessed by permeability measurements. There
are in vivo and in vitro methods of assessing intestinal permeability as well as indirect
methods such as measuring bacterial translocation to MLN, spleen or liver (Farhadi et al.,
2003). One set of methods used to determine intestinal permeability in humans or
animals consists of quantifying the recovery of SICr-EDTA, polyethylene glycol (PEG)
4000 or sugars (e.g. sucrose, lactulose, mannitol, rhamanose, cellubiose, and sucralose
used alone or in combination) in urine (Bjarnason, 1994;Farhadi et al., 2003). The
recovery of sucrose correlates with increased permeability of the stomach and the
duodenum (Farhadi et al., 2003). The recovery of lactulose, mannitol or rhamanose
reflects an overall increase in the permeability of the small intestinal (Farhadi et al.,
2003f). The lactulose: mannitol test technique has been validated to detect permeability
changes (Wring et al., 1998) and is used as a screening tool to identify patients that
required more invasive GI testing (Di Leo et al., 2003). These in vivo techniques can be
useful in the clinical setting where the patients needs assessment on GI function (Di Leo
et al., 2003) without removing a section of the GI tract. However, these methods cannot

be used to assess the electrophysiological parameters that reflect ion transport.
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There are several in vitro techniques for measuring permeability. These include
measuring the flux of a probe through a monolayer of intestinal cells (Farhadi et al.,
2003) or through tissues using the Ussing chamber (Ussing and Zerahn, 1951;S6derholm,
1998). Such methods assess ex vivo barrier function of the monolayer or tissue. By
using probes such as phenolsulfonphthalein (PSP) (Oh;a et al., 2003;Omura et al., 2000)
and measuring its flux across a monolayer, one can assess the transepithelial resistance or
the ability of the cells to resist movement of molecules.

The Ussing chambers method assesses permeability of the tissue or mucosal sheet,
in an environment that mimics the body, while also measuring the electrophysiological
characteristics of the tissue. For this method, an intestinal section is mounted in the
Ussing chamber, which is connected to two reservoirs filled with a physiological buffer
that bathes both the luminal and serosal sides of the tissue. The buffer is maintained at
37°C and bubbled with 95% O, and 5% CO,. Two voltage electrodes are attached to the
back of the chamber near the tissue, and two current electrodes are attached to the front of
the chamber. These electrodes measure the electrophysiological state of the tissue
(Mishima et al., 1999).

The electrophysiological characteristics that are measured are short circuit current
(Isc), potential difference (PD), and resistance (R). I represents total bidirectional ion
movement (Steward and Case, 1989). PD reflects the tissue’s ability to maintain the ion
concentration gradient across the intestinal tissue (Grotz et al., 1999), which is the related
to the tissue’s ability to carry out active transport (Steward and Case, 1989). PD is

mainly driven by sodium flux (Ussing and Zerahn, 1951). The third measurement, R,
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indicates the integrity of the tissue (Grotz et al., 1999); and the inverse of resistance is
termed conductance (G).

Currently, there are no valid in vivo techniques that would measure precisely the
permeability area and electrophysiological characteristics of the intestine. Therefore, the
drawback of this in vitro technique is that the animal is sacrificed to remove of the
intestine to conduct detailed permeability measurements. For the thesis project, the in
vitro Ussing chamber method was used in order to assess the permeability along with the

ion status of the tissue.

1.5.2. The intestinal barrier in disease states

The intestinal barrier is compromised in several diseases such as celiac disease
(Farhadi et al., 2003;Smecuol et al., 1997), Crohn’s disease (S6derholm, 1998;Thomson
et al., 1997), and type 1 diabetes (Carratu et al., 1999;Hardin et al., 2002;Meddings et al.,
1999). A reduction in the UWL, physical damage to the mucosa, disruption of tight
junctions, and activation of the inflammatory responses may contribute to the decreased
intestinal barrier observed in some diseases. For example, a reduction in the UWL was
seen in rats with streptozotocin-induced diabetes (Thomson, 1983). Physical damage to
the mucosa (e.g. villi atrophy) and damage to the tight junctions have been reported in
Crohn’s disease (S6derholm, 1998). Zonulin, a tight junction protein, has been reported
to be damaged in celiac disease, possibly due to exposure to the gliadin protein, a
proposed antigen in the pathogenesis of celiac disease (Clemente et al., 2003). All of
these factors contribute to reducing the ability of the intestine to exclude pathogens and

potentially harmful antigens (S6derholm, 1998). Once the harmful antigen crosses
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through the epithelium and reaches the immune system in the lamina propria, the local
immune system can be activated (Farhadi et al., 2003). Activation of the local immune
system may invoke an inflammatory response and produce proinflammatory cytokines
such as IFN-y and TNF-a (Bruewer et al., 2003). This then disrupts tight junctions and
further activates the immune system.

Inflammation may activate the complement system, causing an increase in the
production of IgG antibodies. These processes may damage the epithelia and allow more
antigens to penetrate the intestine. Processes that reduce the barrier function of the
intestine may be perpetuated since once the barrier is breached, more antigens are able to
penetrate the mucosa and stimulate the immune system, which further compromises the

intestinal barrier function.

1.6. The intestinal immune system

The gut associated lymphoid tissue (GALT) is one of the largest immunological
tissues in the body. It protects the intestine from pathogens and processes antigens to
cause tolerance or an immune reaction to defend the intestine and the host (Langkamp-
Henken et al., 1992). The GALT is composed of M cells, PP, LP with lymphocytes,
macrophages, plasma cells, and the MLN (Schley and Field, 2002;Langkamp-Henken et
al., 1992). M cells protrude into the intestinal lumen and are involved in the process of
sampling luminal contents. Antigens are transported to the PP where they are processed
by antigen presenting cells (e.g. macrophages, dendritic cells) and presented to T- or B-
cells (Langkamp-Henken et al., 1992). T-cells in the PP enhance IgA production while

suppressing the IgM and IgG (Langkamp-Henken et al., 1992).
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One product of B-cells in the gut is IgA. The production of IgA specific B-cells
requires that cells leave the PP through the MLN, pass through the thoracic duct to enter
the systemic circulation (Langkamp-Henken et al., 1992) and eventually home back to the
LP (Brandtzaeg et al., 1985). In the LP, B-cells finish maturing and become plasma cells
capable of secreting IgA (Brandtzaeg, 1988). The secretory component is synthesized
and attached to the IgA (Brandtzaeg, 1988) for its release into the lumen when the
intestine needs protection against a particular pathogen. IgA is important because it
serves as an antimicrobial agent (Langkamp-Henken et al., 1992) by preventing the
binding of bacteria or viruses to the intestinal epithelium (Schley and Field,
2002;Brandtzaeg et al., 1985;Spaeth et al., 1994). IgA also reduces the ability of soluble

antigens to penetrate the intestinal barrier (Brandtzaeg, 1988).

1.6.1. The effect of fibre on the GALT

Total fibre has been suggested to affect the GALT and other cell-types in the
intestine. An extensive review of the effects of fibre on GALT was compiled by Schley
and Field, (2002) and reaches beyond the scope of this thesis. However, a key idea
examined by Schley and Field, (2002) that is directly related to this thesis project is that
fibre has an overall effect on the intestine and GALT. They concluded that fermentable
fibre may alter the phenotype and function of the GALT.

Total fibre may affect phenotype switching in the GALT. Field et al (1999) found
that switching the diet from one that is low to one that is high (8.7g/kg) in fermentable
fibre (oligofructose, gum arabic, and beet pulp, combined) caused an increased

percentage of CD8 T-cells in the LP, IEL, and PP and caused an increased proportion of
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CD4 T-cells in the MLN in dogs (Field et al., 1999). Lim et al, 1997 found an increased
fraction of CD4 T-cells in the MLN of rats whose water contained soluble fibre (i.e.
pectin, konjak mannan) compared to rats fed cellulose or the acid-soluble chitosan as the
fibre source. Feeding diets containing 5% (w/w) pectin to rats increased the
concentration of IgA in the MLN and in the serum (Lim et al., 1997).

Other researchers evaluated the effect of fibre and its fermented by-products on
the function of the immune system and the intestine. Rodriguez-Cabezas et al., (2003)
evaluated the effect of Plantago ovata, a fermentable fibre from which psyllium is
derived, on the production of SCFA and inflammation in the colon. They found that
adding fibre to the diet (5g in 95g diet) increased the production of butyrate and
proprionate (Rodriguez-Cabezas et al., 2003). This increase in SCFA was associated with
a reduction in the proinflammatory mediators: TNF-q, nitric oxide, and leukotriene B4
(Rodriguez-Cabezas et al., 2003).

Schley and Field, (2002) proposed at least three mechanisms that may explain the
effects of total fibre on the GALT. First, fibre can serve as a substrate for the microflora
in the intestine and enhance the growth of probiotics (e.g. lactobacilli and bifidobacteria),
which may then positively affect the immune system by changing (increasing) the
proportion of CD8 and CD4 positive T-cells (Schley and Field, 2002). Second,
fermentation of fibre can increase the production of some SCFA, which may affect
intestinal cells and the immune system. Third, mucin production may be altered affecting
the immune system (Schley and Field, 2002). Therefore, fibre or its fermentation by-

products may positively affect the GALT.
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1.7. Effect of fibre on the Gl tract

The GI tract may affect the general health of the person since the GI tract
modulates the metabolic response to a meal (Schneeman, 2002). Dietary fibre may act
directly on the GI tract by affecting its structure and functions (including barrier function)
(Rehman et al., 2003) or may act indirectly on the luminal contents, which modulates the
absorption and nutrient availability to the GI tract (Flourie et al., 1984).

Feeding diets containing 10% (w/w) fibre (cellulose or pectin) to rats for 4 weeks
caused an increase in jejunal villus height and width compared to rats whose diet
contained no fibre (Sigleo et al., 1984). Tasman-Jones et al., (1982) found that feeding
rats a diet containing pectin (10% w/w) for 12 weeks caused the villi to differentiate and
mature faster than a diet containing cellulose or one that was fibre-free. These findings
are consistent with the increased intestinal length, villus height, and crypt depth seen in
healthy rats fed diets containing soluble fibre (Andoh et al., 1999).

Several studies have suggested that dietary fibre may influence cell proliferation
in the intestine. Gee et al., (1996) showed that rats fed guar gum had an increased crypt
cell proliferation rate in the distal ileum. However, consuming wheat bran may reduce
rectal cell proliferation (Alberts et al., 1990). Cameron et al., (2000) proposed that
consuming a diet with 10% (w/w) fibre, fermentable in the colon, reduced cecal pH and
reduced cell proliferation in the colon. The differences in cell proliferation may reflect
the different area of the GI tract measured. The observed effects on cell proliferation may

involve the generation of SCFA and / or hormonal mediator of intestinal cell growth.
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Sakata (1995) proposed that the fermentation of fibre produces SCFA in the colon
which may be crucial for maintaining the integrity of the small and large intestines.
SCFA including butyrate, acetate, and proprionate (Klurfeld, 1999), may be used for
energy by colonocytes (Roediger, 1995) and can stimulate a trophic effect in cells of the
villi and crypts throughout the small intestine (Andoh et al., 1999). Friedel and Levine,
(1992) examined the role of SCFA on colonic morphology and the absorptive capacities
of the intestine for water and electrolytes in rats. Adult rats received nutrients via TPN
formula that was either supplemented with SCFA or with saline (control). They showed
that SCFA acted directly on epithelial cells of the GI tract to increase mucosal thickness
of colon (Friedel and Levine, 1992). Andoh et al., (1999) and Goodlad et al., (1986) used
similar protocols and showed that SCFA produced by fermentation of fibre lead to
increased villus height and crypt depth.

Individual SCFA, for example butyrate, may have anti-inflammatory effects that
help to reduce tissue damage in a rat model of colitis (Andoh et al., 1999). Kanauchi et
al., (2001) found that the fermentable fibre of germinated barley foodstuff (GBF) caused
an increase in butyrate production, which reduced mucosal damage and helped with tissue
repair. Butyrate is used for energy by colonocytes (Roediger, 1995) and is a growth
inhibitor (Beyer-Sehlmeyer et al., 2003) suggesting that butyrate and SCFA have
numerous roles in the GI tract. Hence fermentable fibre serves as a substrate for the
microflora, enhance their growth, activity, and production of SCFA (Blaut,
2002b;Charalampopoulos et al., 2002). These effects of fibre fermentation are associated

with effects on the structure and function of the GI tract.
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Intestinal hormones including glucagon-like peptide-2 (GLP-2), can also enhance
the growth and structure of the small intestine (Burrin et al., 2001). Consumption of fibre
can increase plasma levels of GLP-2 (Fukunaga et al., 2003) and GLP-2 messenger RNA
(mRNA) in the ileum of rats (Reimer and McBurney, 1996). The increased gene
expression correlated with an increase in plasma levels of the insulinotropic hormone,
glucagon-like peptide-1 (GLP-1) (Reimer and McBurney, 1996). Feeding diets
containing 26% w/w fibre (lignin, cellulose and hemicellulose) to diabetic rats increased
plasma levels of GLP-2 compared to rats fed a fibre-free diet, but this difference was not
seen in normal rats (Thulesen et al., 1999). Importantly, the trophic effect of GLP-2 on
epithelial cells has been shown to enhance the intestinal barrier function after the
administration of this hormone (Benjamin et al., 2000;Cameron et al., 2003b). Therefore,
intestinal barrier function may be improved by GLP-2, which can be upregulated with the
consumption of fibre.

Fibre can affect the function of the intestine by increasing fecal weight
(Cummings and Macfarlane, 1993), improving laxation and hastening transit time through
the GI tract (Lupton et al., 1993). Diets low in fibre were associated with constipation in
children (Morais et al., 1999). Adding frutooligosaccharide (FOS), a fermentable fibre, to
infant cereals led to more frequent and softer stools, without diarrhea, compared to infants
fed regular infant cereals (Moore et al., 2003). Nonviscous fibre (ie. cellulose) was
shown to reduce symptoms and severity of diverticular disease (Aldoori et al.,
1998;Aldoori et al., 1994).

Intestinal barrier function is maintained or improved with the consumption of

fibre. Gum Arabic, a soluble fibre, can help maintain tight junction structure and
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paracellular transport in the face of substances such as chenodeoxycholic acid (CDC),
protamine (PTM), and 2,4,6-triaminopyrimidine (TAP) that disrupt or block tight
junctions (Rehman et al., 2003). The éuthors suggested that fibre enhanced the
paracellular junctions or improved the structure of the intestinal epithelial cells which in
turned lead to enhanced intestinal barrier function.

Deng et al., (1999) observed that the bacterial translocation was lower in rats fed
chow or enteral formula with fiber (i.e. pectin) than those fed the fibre-free enteral
formula. In addition, the lactulose: mannitol ratio was lower in rats fed the formula with
fibre than those fed the enteral formula without fibre (Deng et al., 1999). Correa-Mattios
et al., (2003) found that feeding FOS to piglets with an infection prevented the decrease
in intestinal resistance seen in pigs fed the control fibre-free diets. Gyory and Chang,
(1983) fed rats one of three diets; the control fibre-free diet or the control diet supplement
with either 20% (w/w) bran or lignin. They measured cecal and colonic permeability
using PEG markers and found that the bran diet was able to prevent the increase in
permeability observed in the other two groups when exogenous bile acids were added.
Therefore, these studies suggest that the intestinal barrier function was better in the
groups fed fibre than those consuming diets without fibre.

The luminal content can be altered by fibre in the diet, which can affect various
parameters in the intestines. For example, pectin added to a solution used to perfuse the
jejunum increased the viscosity of the solution and increased the jejunal UWL, which
reduced the amount of glucose absorbed (Flourie et al., 1984).

The type and viscosity of dietary fibre can affect the viscosity of the luminal

contents influencing the GI tract and the production of SCFA. Elsenhans and Caspary
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(2000) evaluated the adaptation of the intestine in rats fed diets containing different
amounts of fibre with varying viscosities. In this study, female wistar rats were fed a
fibre-free, control diet or the control diet supplemented with hydroxyethyl cellulose
(HEC) of different viscosities (low, medium, and high) added at different concentrations
(8,16, 32% w/w) for 6 weeks. At each concentration of HEC added to the diet, there was
a low, medium, and high viscosity HEC group resulting in a total of nine groups. A
cereal-based standard chow group was also included for comparison. Increasing the
viscosity of the fibre caused a lengthening of the small intestine, regardless of the
concentration of the fibre in the diet (Elsenhans and Caspary, 2000). Diets containing the
higher viscosity HEC at the same w/w concentration of fibre resulted in heavier intestinal
and mucosal weight compared to the diets containing low viscosity HEC.

In addition to the effects on structure, viscous fibre has been proposed to reduce
the rate of absorption of glucose and some lipids (Battilana et al., 2001; Bourdon et al.,
1999). Some researchers have postulated that the lower absorption rates may be due to an
increase in the resistance of the UWL or the promotion of the formation of a gel-like
substance in the lumen (Flourie et al., 1984). Therefore, viscosity of the fibre ingested
can affect the viscosity of the luminal contents (Cameron-Smith et al., 1994;Elsenhans
and Caspary, 2000), which may affect the absorption of some nutrients and intestinal

structure.
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1.8. B-glucan

1.8.1. Definition of B-glucan

B-Glucan is a cell wall polysaccharide found mainly in the endosperm of barley
(70% of total B-glucan) and in the aleurone layer of oats (67% total B-glucan) (Cui, 2001).
Small amounts of B-glucan are also found in rye (1-2%) and in wheat (<1%). The
structure is similar among these grains and is composed of 2 to 3 (up to 14) glucose units
linked by B (1—4) bonds which are separated by a B (1—3) linkage (Wood, 1990;Cui,
2001). The number of B (1—3) linkages may differ among the grains, which may change
the solubility and perhaps the function of B-glucan (Wood, 1990;Cui, 2001). The length
of the B-glucan chain is directly proportional to its viscosity in solution (Wood et al.,
2000). B-Glucan is known to be a highly viscous fibre (Wood et al., 2003).

The total amount of B-glucan in a cereal varies with the plant’s variety, the
growing environment (Duffus and Coohrane, 1993), and post-harvest handling and
processing (Kerckhoffs et al., 2003). p-Glucan is available naturally in whole grains such
as barley and oats, but can also be extracted and purified. Extracting p-glucan from
barley or oats may be a cost effective process to increase the amount of p-glucan in
certain foods and in the diet (i.e. total dietary intake). Additional alkali/acids steps during
the purification process may remove more protein, starch, and minerals. The resulting
product contains a higher yield of the purified B-glucan than the product that has not
undergone the additional purification steps. However the molecular weight (and
viscosity) of the extracted B-glucan is diminished (Cui, 2001) which could reduce its

functional properties (Kerckhoffs et al., 2003). Below is a summary of the procedures
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used to extract high amounts of f-glucan without compromising the high viscous nature

of the grain’s B-glucan.

1.8.2. Overview of the Extraction Process for Candle barley-derived -
glucan.

For the thesis project, the waxy hull-less Candle barley flour was used to produce
a high-purity B-glucan extract. Briefly, Candle barley flour was added to 2.2L of warmed
(~54°C) distilled water (dH,O) at a pH of 9.1 (adjusted with Na;CO3) and stirred for 1h to
solubilize B-glucan and proteins. The remaining insoluble portion, which was enriched in
starch, was centrifuged and the precipitate was discarded. The temperature of the
supernatant was increased (85°C) to denature glucanase enzymes intrinsic in the barley
grain to avoid B-glucan degradation. Maintaining the supernatant at high temperatures
(85-90°C), lowering the pH to 6.3 and adding an amylase enzyme (Termamyl) digested
the remaining starch. The solution was cooled (50°C) and pH lowered to S in order to
denature the proteins and cause them to precipitate at their isoelectric point. The protein
precipitate was separated by centrifugation and discarded, leaving the supernatant
containing the B-glucan. The B-glucan was precipitated from the supernatant by adding
an equal volume of babsolute ethanol and the precipitate was recovered by filtration and
washed with ethanol. B-Glucan was homogenized and dried under vacuum. The product
was ground to provide a “powder-like flour” substance. The procedure produced a long
chain, high-viscosity $-glucan product.

Low-viscosity B-glucan was prepared by subjecting the high-viscosity f-glucan

solution to high shear in a microfluidizer. This procedure shortens the chain length of the
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B-glucan molecule and produces the low-viscosity p-glucan extract. B-Glucan was

recovered from the aqueous solution by ethanol precipitation (see Appendix 2).

1.8.3. Role of B-glucan in health and on the Gl tract -

B-Glucan has been shown to have health benefits similar to dietary fibre. Tappy et
al., (1996) fed subjects with type 2 diabetes breakfast cereals containing varying amounts
of B-glucan (4, 6 and 8.4g) or a continental breakfast. B-Glucan reduced the rise in
postprandial glycemia, peak plasma glucose levels, and area under the curve for glucose.
These effects were dose dependent, indicating that the effects were more pronounced at
higher B-glucan concentrations compared to the lower concentration. The rise in insulin
following the intake of the breakfast cereals containing f-glucan was about half that
observed after the continental breakfast.

Bratten et al., (1994a) compared the effects of oat gum (a purified extracted form
of B-glucan) and oat bran (a whole grain source of §-glucan) added to wheat farina
porridge on postprandial glucose and insulin responses in people with or without diabetes.
Intact B-glucan from natural sources (i.e. oat bran) and isolated B-glucan had similar
effects in that they both attenuated the postprandial plasma glucose and insulin levels
(Braaten 1994a). Therefore, incorporating B-glucan into breakfast cereals or other foods
may be beneficial for those with diabetes (Braaten et al., 1994a;Franz et al., 2002;Tappy
et al., 1996;Wood et al., 1994;Wood et al., 2000). These effects may result from a
reduction in the glycemic index of foods containing f-glucan (Jenkins et al.,

2002a;Vachon et al., 1988) and an associated delay in glucose absorption (Battilana et al.,
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2001). The addition of one gram of B-glucan has been shown to reduce the glycemic
index of foods by 4 units (Jenkins et al., 2002a).

Diets with B-glucan may affect serum lipid profiles. Jenkins et al., (2002b)
evaluated the health claim in the USA about B-glucan and psyllium on lowering risk of
CVDrrisks. For one month, hyperlipidemic people ate B-glucan and pysllium totaling
8g/d more soluble fibre compared to a control group (30g/d vs 20g/d total fibre,
respectively). The total cholesterol concentration, the total cholesterol to HDL-C ratio,
and the LDL-C: HDL-C ratio all decreased inr the group that consumed the B-glucan and
psyllium-containing diet.

Davidson et al., (1991) fed oatmeal or oat bran at doses of 1, 2, or 3 oz per day or
a farina control diet to people for 6 weeks. Total and LDL-C levels were reduced after
consuming at least 20z / day of oat bran or oatmeal. At the same dose of oat bran 56 g
(20z) per day, there was a significantly greater LDL-C lowering effect than the diet with
oatmeal. The authors suggested that the higher B-glucan content of oat bran most likely
explained the greater effect on lowering LDL-C (Davidson et al., 1991).

Kerckhoff et al., 2003 carried out two studies in which subjects with
hypercholesterolemia ate breads and cookies enriched with oat-derived B-glucan (study 1)
or drank orange juice containing B-glucan or wheat (study 2). LDL-C concentrations
were comparable between the treatment and control groups when the B-glucan was
consumed in breads and cookies. However, LDL-C concentration were significantly
lower by 0.26 + 0.07 mmol/L after consuming orange juice with B-glucan than the juice
with wheat fibre. This suggests that the cholesterol-lowering properties of oat-derived B-

glucan are influence by food processing or mixtures.
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B-glucan also affects the GI tract. A small quantity of the B-glucan is digested in
the duodenum and jejunum leaving about 33-87% non digested (Knudsen, 1990;Sundberg
etal., 1996). The p-glucan remaining may help increase the viscosity of the luminal
contents in the upper small intestine (Knudsen, 1990). This viscosity may contribute to
the attenuation of postprandial blood glucose concentrations (Vachon et al., 1988; Wursch
and PiSunyer, 1997), possibly by reducing the intestinal absorption rate of glucose
(Wood, 1990;Battilana et al., 2001). Increasing luminal viscosity may also contribute to
lowering total cholesterol and LDL-C concentrations observed in some studies (Jenkins et

al., 2000a;Jenkins et al., 2000b;Anderson et al., 2000).

B-glucan or its hydrolysates serves as an energy substrate for the microflora in the
intestine. Jaskari et al., 1998 found that the hydrolysis products of oat B-glucan (e.g. p-
glucooligomer) promoted the growth of the probiotics Bifidobacterium sp. and
Lactobacillus sp in culture (Jaskari et al., 1998). Intestinal bacteria ferment the

nondigested B-glucan and produced SCFA.

Dongowski et al., (2002) fed male Wistar rats one of four test diets that varied in
the source and amount of B-glucan and resistant starch or fed a control diet containing no
barley and very minimal B-glucan (0.03g/100g diet). After consuming the diet for 6
weeks, intestinal weight, the bacterial content, and the SCFA profile were assessed.
Results showed that rats fed diets containing higher quantities of B-glucan (6.03-
6.78g/100g diet) produced five times more SCFA than those fed the control diet (0.03g B-
glucan /100g diet)( Dongowski et al., 2002). There was an increased total amount of
SCFA in the cecum and colon of rats fed the diets with the highest amount of -glucan

(Dongowski et al., 2002; Dongowski et al., 2003). Fermentation of B-glucan in the colon
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was positively associated with weights of the cecum and colon and the weight of their
respective contents (Dongowski et al., 2002). There does not appear to be adverse side
effects (e.g. diarrhea, growth restriction, water intake, red blood cell count, or clotting
factor) in rats fed 7% (w/w) B-glucan for 28 days (Delany et al., 2003) suggesting that

prolong consumption of B-glucan up to this level is safe.

B-Glucan in the diet affects other aspects in the GI tract and intestinal function. In
a study by Lia et al., (1995), people with ileostomies ate, in random order, breads made
with oats or barley that differed in the amounts of B-glucan, or a wheat control bread.
The amount of bile acid excreted during a 24-hour period was higher in people after
consuming the oat bran bread (12.5g B-glucan) compared to when they consumed breads
made with barley (13g p-glucan), oat bran with B-glucanase (3.8g p-glucan) or wheat
(1.8g B-glucan). The presence of f-glucan and its structure were important in affecting

the amount of bile acids excreted (Lia et al., 1995).

Bile acid excretion under different dietary conditions has also been studied in rats.
In rats, the amount of primary and secondary bile acid excreted (i.e. in the feces)
increases with the amount of B-glucan in the diet (Dongowski et al., 2002). Dongowski et
al., (2003) used a similar protocol to their previous study (Dongowski et al., 2002) and
fed rats one of five diets containing varying amounts of B-glucan and resistant starch for 6
weeks. The amount of primary bile acids in the distal small intestine, cecum, and colon
were highest in the rats fed 6.03g or 6.78g B-glucan /100g diet (i.e. groups with the
highest amount of B-glucan) versus the diets with 3.84g or 4.04g B-glucan/100g diet. The
increased bile acid excretion occurring in the GI tract was proposed to contribute to the

decrease in cholesterol levels in rats (Dongowski et al., 2003); a similar mechanism may

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



be responsible for lowering cholesterol in humans with (Brighenti et al., 1999;Lia et al,,

1995) and without (Braaten et al., 1994b;Mcintosh et al., 1991) normal lipid profiles.

1.9. BioBreeding diabetes prone rats as a model of leaky gut

Evaluating the effect of fibre on intestinal barrier function necessitates having a
model with normal and abnormal barrier functions. There are two strains of BioBreeding
(BB) rats: one that is prone to the development of autoimmune diabetes (BBdp) and one
that is not (BBn). BBn rats appear to have a regular intestinal barrier function, while
BBdp rats have increased permeability in the gastric and upper regions of the small
intestine prior to the onset of diabetes (Meddings et al., 1999). These rats were first
identified in the early 1970°s when a subgroup of the BB colony developed polyuria,
glycosuria, polyphagia, and weight loss that mimicked symptoms of type 1 diabetes in
humans (Marliss et al., 1983;Nakhooda et al., 1976). Further studies have found that the
BBdp rats have low numbers of CD4+ T-cells, relatively no CD8+ T-cells in their
peripheral blood (Edouard et al., 1993) and that they lose tolerance to self antigens, which
may lead to autoimmune diabetes (Mathieu et al., 1994). Therefore, the BBdp rats can be
used as a model for increased intestinal permeability and altered barrier function, as well

as for type 1 diabetes. The BBn rats serve as a control strain.

1.10. Summary

The GI tract is the first place where fibre interacts with the body, making the
intestine an important organ to evaluate when assessing the effects of fibre on the body.

A fundamental role of the intestine is to limit the passage of pathogens and potentially
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harmful antigens from the environment to the rest of the body. This barrier function may
be augmented by the intake of dietary fibre. In rats, studies that delivered nutrients via
TPN formulae have found that fibre prevented or reduced the destruction of the intestinal
barrier that is a consequence of a TPN feeding protocol (Deng et al., 1999). TPN diets
containing FOS as a source of dietary fibre were shown to maintain the integrity of the
barrier by preventing the reduction in epithelial resistance caused by an infection (Correa-
Matos et al., 2003). Inclusion of dietary fibre increases villi height and crypt depth
compared to a fibre-free diet (Andoh et al., 1999). Fibre also increases mucosal mass via
increased cell proliferation or GLP-2 and this may help to maintain the epithelial barrier
(Cameron et al., 2003a). Fibre and its fermentation by-products (i.e. SCFA) may enhance
the health of the GI tract by reducing inflammation (Kanauchi et al., 2001) and reducing
proinflammatory cytokines in the GALT (Rodriguez-Cabezas et al., 2003).

B-glucan is a cell wall polysaccharide found in oats, barley, rye, and wheat (Cui,
2001) and can be extracted from oats and barley. B-glucan in the diet of humans have
been shown to reduce postprandial blood glucose and insulin levels in the acute situation
(Battilana et al., 2001; Bourdon et al., 1999; Braaten et al., 1994a) and may reduce total
cholesterol and LDL-C concentrations in the longer-term (Braaten et al.,
1994b;Kerckhoffs et al., 2003). Other studies showed that f-glucan augments the
excretion of bile acids in humans (Lia et al., 1995) and in rats (Dongowski et al., 2003),
enhances the growth of probiotic bacteria, and increase the production of SCFA
(Dongowski et al., 2002). These SCFA may also be associated with epithelial cell growth
as observed with other fibres. However, the effects of purified f-glucan in the diet on the

intestinal barrier have not been evaluated previously.
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Chapter 2

Rationale

Consumption of nondigestible plant materials may have health promoting effects
such as reducing total cholesterol and LDL-C concentrations (Anderson et al.,
2000;Brown et al., 1999), attenuating the postprandial rise in blood glucose and insulin
(Braaten et al., 1994a), hastening intestinal transit, and stimulating the growth of
probiotics (Blaut, 2002). Furthermore, the morphology (villi height and crypt depth)
(Andoh et al., 1999) and the unstirred water layer thickness (Flourie et al., 1984) of the
small intestine increases in response to fibre in the diet. The number and structure of villi
were enhanced when pectin was added to a standard diet (Tasman-Jones et al., 1982).
Expression of intestinal hormones such as proglucagon mRNA may increase in the ileum
of rats fed an elemental diet supplemented with fibre (Reimer and McBurney, 1996).

Several studies and review articles (Danielson et al., 1997;Jenkins et al.,
2000b;Jenkins et al., 2002a;Malkki and Virtanen, 2001;Malkki, 2001;Wursch and
PiSunyer, 1997) have suggested that the viscosity of dietary fibre is important in affecting
health and GI functions. The viscosity of the fibre is proposed to relate to the viscosity of
luminal contents (Cameron-Smith et al., 1994;Danielson et al., 1997; Elsenhans and
Caspary et al., 2000). An increased viscosity of the fibre and luminal contents have been
associated with a reduction in cholesterol levels (Vuksan et al., 2000), a reduction in the
glycemic control marker, fructosamine (Vuksan et al., 1999), and a reduction in the risk

of insulin resistance (Jenkins et al., 2000a;Vuksan et al., 2000).
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B-Glucan is a plant cell wall polysaccharide found primarily in oats and barley,
and to a lesser extent, in rye and wheat. Some varieties of barley can contain high levels
of B-glucan and can be used as a source to extract f-glucan. B-Glucan from oats and
barley has been shown to reduce total cholesterol and LDL-C concentrations (Braaten
1994b) and to attenuate postprandial blood glucose and insulin concentrations (Braaten et
al., 1994a; Bourdon et al., 1999).

One of the food-related health claims in the USA suggests that $-glucan may be
the active ingredient in oats that reduces plasma cholesterol concentrations (HHS Food
and Drug Administration, 2001). Currently, products containing B-glucan derived from
oats, but not from barley, can carry the health claim in the USA that associates a
reduction in cholesterol and risk for cardiovascular disease (CVD) with the consumption
of oats. The majority of the studies (Jenkins et al., 2002b; Lia et al., 1995; Kerckhoffs et
al., 2003) used B-glucan from oat sources (e.g. oat bran, gum or concentrate). Subjects in
a study by Bourdon et al., (1999) consumed pasta enriched with barley-derived p-glucan
and had reductions in their cholesterol concentrations. Thus, the data suggests that f§-
glucan from either oats or barley may be beneficial. However, studies using barley-
derived B-glucan are needed to establish barley and its derivatives as a beneficial crop
capable of promoting health and carrying a health claim.

Functional aspects of the GI tract are also affected by B-glucan. For example,
intake of ﬁ-‘glucan has been shown to cause an increased excretion of bile acids (Lia et al.,
1995), an increased number of Lactobacilli bacteria in the intestine, and augment the
production of SCFA (Dongowski et al., 2002). SCFA, which are by-products of fibre

fermentation, may mediate the trophic effects of fibre on the small intestine (Klurfeld,
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1999). Less is known, however, about the role of B-glucan and fibre on the intestinal
barrier function.

- The intestine has a critical role in maintaining a barrier to potential harmful
bacteria and antigens while absorbing nutrients that the body needs (Soderholm, 1998)
The GI tract encounters a plethora of challenges; the integrity of the barrier may prevent
infections and help to maintain the health of the host. The barrier can be compromised by
bacteria (Garcia-Lafuente et al., 1998), immunosuppressive drugs (Dias et al.,
1998;Madsen et al., 1995a), and by fasting (Bragg et al., 1991). On the other hand, the
intestinal barrier function can be enhanced by nutrients such as fibre. It is proposed that
the UWL thickens in response to fibre (Flourie et al., 1984), which may slow the
absorption of nutrients as well as pathogens. Adding fibre to enteral formulas has been
shown to reduce bacterial translocation to the mesenteric lymph nodes (Mosenthal et al.,
2002) and to reduce intestinal permeability (Correa-Matos et al., 2003). However, there
is insufficient data on the effect of ingesting a diet with different types of fibre from
barley (whole grains versus extracted f-glucan) on the intestinal barrier function. Since
the GI tract is the first place where food and B-glucan first interacts with the body,
evaluating the effects of B-glucan on intestinal barrier is critical in assessing its
nutraceutical effects (see appendix 1 for overview of barley project).

The aim of this project was to evaluate the effects of the type of fibre (barley-
derived B-glucan, barley flour, oatmeal or cellulose) in the diet on small intestinal
permeability and morphology. In addition, the project aimed to assess whether the
viscosity (high or low) of the B-glucan affected the permeability of the jejunum and

ileum. Therefore, it was hypothesized that:
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Hypothesis 1:
In BBn rats with normal gut function, the permeability, morphology and the
number of IgA positive cells will differ between rats fed a diet contain a B-glucan extract

compared to those fed the barley, oatmeal, or cellulose diets.

Hypothesis 2:
In BBn rats with normal gut function, the permeability, morphology and the
number of IgA positive cells will differ between rats fed the high viscosity B-glucan

(HVBG) vs the low viscosity B-glucan (LVPG) diet.

Hypothesis 3:
In BBdp rat with abnormal gut function, the permeability, morphology and the
number of IgA positive cells will not differ between rats fed a diet contain a f-glucan

extract compared to those fed the barley, oatmeal, or cellulose diets.

Hypothesis 4:

In BBdp rats with abnormal gut function, the permeability, morphology and the

number of IgA positive cells will not differ between rats fed the HVBG vs the LVBG diet.
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Chapter 3
Methods

3.1. Overview

The intestinal function / morphology studies evaluated the effect of different types
(alkali extracted vs. whole grain) and viscosity (high or low) of B-glucan on intestinal
parameters. Intestinal permeability, electrophysiological parameters, morphology, and
the presence of IgA positive cells in intestinal sections were assessed. These studies were
carried out using BioBreeding normal (BBn) and —diabetes-prone (BBdp) rats that were
fed one of five diets for 14 days. The study reported in this thesis was part of a larger
project outlined in appendix 1.

A second trial was conducted to determine the incidence of diabetes in the
Agricultural, Food, and Nutritional Science department BBdp rat colony fed a semi
purified, casein-based diet containing cellulose as the fibre source. Rats were fed the
cellulose diet from weaning until 120 days of age or the onset of diabetes, which ever

came first (see appendix 4).

3.2. Animals

BBn and BBdp rats were obtained from the colony in the Agricultural, Food, and
Nutritional Science department at the University of Alberta. Animals were originally
purchased from the Sir Frederick Banting Research Centre (Health Products and Food

Branch, Health Canada, Ottawa ON, Canada). These studies were approved by the
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Facuity of Agriculture, Forestry and Home Economics’ Animal Policy and Welfare
Committee (protocol 2002-19C) and the animals were treated according to the Canadian
Council on Animal Care guidelines. Rats were housed in a temperature and humidity
controlled rooms with a 12 hour light — dark cycle. For all studies, pregnant dams were
fed a standard rat chow (5001 Rodent Diet: Lab Diet, Brentwood MO, USA) until their
litters were born. On the day of birth, the dams’ diet was switched to a semi-purified
casein-based diet containing cellulose as the fibre source (ie. cellulose or control diet).

Dams remained on this diet until the rat pups were weaned.

3.2.1. Intestinal function / morphology study

At 21 days of age, the rats were removed from their mothers and housed in groups
of 1-4 pups / shoebox cage. All animals had access to food and water ad libitum
throughout the study. At 35 + 2 days of age, rats were sacrificed and organs were
collected as described in section 3.4. The sample size for each diet group in the the BBn
and BBdp studies, respectively, are listed as follows: HVBG (15, 11), LVBG (15,11),

barley (15,12), oatmeal (15, 13), and cellulose (19, 17).

3.3. Diets

3.3.1. Gut function / morphology study

At weaning, rat pups were randomly assigned to receive 1 of 5 diets from 21 to 35

days of age (see Figure 1).
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Dam with newbomn
Day 0 pups
Fed controlled diet
Day 21 Weanling rats
21 days
Day 35 LVBG Oatmeal
HVBG ! Cellulose
Barley

Figure 1. Design of gut function / morphology trial (BBn & BBdp).

The five diets were made in our laboratory. The diets were semi-purified, casein-
based with only the fibre composition differing. All of the diets contained
approximately 8% (w/w) total fibre, derived from a combination of one of four sources of
fibre and non-nutritive cellulose. The sources of dietary fibre were: high purity high
viscosity B-glucan (HVBG), high purity low viscosity B-glucan (LVBG), barley, oatmeal,
and cellulose. The macronutrient and fibre composition of the diets are shown in Table 1.
The nutrient composition (protein, starch, lipid, and B-glucan) for each batch of -glucan
and oatmeal was determined prior to its use in preparing the diets. The amount of each
diet ingredient was adjusted to maintain a constant macronutrient and fibre profile for

each diet.
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Table 1 (a). Amount and source of macronutrients and fibre in the

diets
Diet
Macronutrient HVBG LVPBG Barley Oatmeal Cellulose
Total amount in diet (g) 10104 1015.1 997.0 989.2 999.9
Total Protein (g/kg) 2678 2698 2648 266.9 270
casein 2633  266.7 2583 259 270
B-glucan 4.5 3.1 - - -
barley flour (protein) - - 6.5 - -
oatmea] flour (protein) - - - 7.9 -
Total Lipids (g/kg) 2004 2004 197.3 2015 200.4
soybean stearine 131 131 129 130 131
safflower 62 62 60 61 62
linseed 7.4 7.4 7.1 7.2 7.4
barley flour - - 1.2 - -
oatmeal flour - - - 33 -
Total Carbohydrates (g/kg) 379.2 3822 3762 372 378
corn starch 378 381.7 346.7 330 378
B-glucan 1.2 0.5 - - -
barley flour - - 29.5 - -
oatmeal flour - - - 42 -
Tetal Fibre (g/kg) 78 788 79.2 713 80
cellulose 22 22 753 75 80
B-glucan 56 56.8 - - -
barley flour (B-glucan) - - 3.9 - -
oatmeal flour (B-glucan) - - - 23 -

Table 1(b). Summary of the percentage of macronutrients and fibre in each diet

Diet
Nutrient (% w/w) HVBG LVBG Barley Oatmeal Cellulose
protein 27 27 265 27.0 27
lipids 20 20 20 20 20
carbohydrates 37.6 377 377 37.7 378
fibre 7.7 7.8 7.9 7.8 8.0

Thus, all diets contained approximately 25%, 34%, and 41% of total energy

derived from protein, carbohydrate, and fat, respectively. Micronutrients were added to
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the diets in the form of a vitamin mix A.O.A.C (Association of Official Agricultural
Chemist, 10g/kg diet) and the mineral mix, Bernhart-Tomarelli (50g/kg diet, Harlan
Teklad, Madison WI, USA). The composition and amount of each ingredient in the

vitamin mix and mineral mix are listed in table 2 and 3, respectively.

Table 2. Composition of vitamin mix and amount of each ingredient in 1kg formula

Ingredient g/kg diet

Vitamin A and D Powder 0.04
Dry vitamin E acetate 0.2

Menadione (vitamin K3) 0.005
Choline dihydrogen citrate 4.88
P-aminobenzoic acid 0.1
Inositol 0.1

Niacin 0.04
D-calcium pantothenate 0.04

Riboflavin 0.008

Thiamine HCI 0.005

Pyridoxine HCl 0.005

Folic acid 0.002

Biotin 0.004

Vitamin B12 0.03
Dextrose, anhydrous 4.55

Table 3. Mineral mix composition and quantity of each ingredient in g/kg formula

Ingredient g/kg diet
Calcium carbonate 21
Calcium Phosphate, dibasic 735
Magnesium oxide 25
Potassium sulfate 68
Sodium chloride 30.6
Sodium phosphate, dibasic 21.4
Cupric citrate 0.46
Ferric citrate, USP 5.58
Manganese citrate 835
Potassium iodide 0.0072
Zinc citrate 1.33
Citric acid 2.28
Source for both vitamin and mineral mixes: Harlan Teklad. Custom Research Diet
catalog.
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3.4. Organ Collection

At 35 £ 2 days of age, rats were anesthetized with halothane (MTC Parmaceutical,
Cambridge ON, Canada) and 2-5 ml of blood collected by cardiac puncture (22G1”
needle attached to a 5 ml syringe: Becton Dickinson, Franklin Lakes NJ, USA). Blood
was divided between two vacutainers; one containing sodium heparin alone (Becton
Dickinson, Franklin Lakes NJ, USA) and the other containing sodium heparin and
aprotonin (10ul, 6 TIU: Sigma, St. Louis MO, USA). Vacutainers filled with blood were
kept on ice until they were centrifuged (3000 rpm for 10 minutes, 4°C); the plasma was
separated from the red blood cells, transferred to a microcentrifuge tube, and stored at
-70°C until analyzed for various metabolites (lipid profile markers) by Dr. Tapan Basu’s
lab. Death of the rats was ensured by cervical dislocation.

Rats’ abdomens were rinsed with ethanol (ETOH), and a midline incision was
made to expose the intestine and internal organs. The spleen and mesenteric lymph nodes
were removed under sterile conditions and placed in Krebs-Ringers-Hepes (KRH) buffer
and kept on ice for isolation of lymphocytes by Dr. Catherine Field’s lab. The small
intestine was excised from the stomach to the ileocecal valve. Once excised, the intestine
was held at one end and slightly extended on the lab bench along a measuring tape and
the length was measured and recorded. The intestine was divided into three equal
sections representing the duodenum, jejunum, and ileum. For BBn rats, the three
intestinal sections were placed on a surgical board on the bench top for cleaning and
segmenting. For BBdp rats, the three intestinal sections were place on a cooled surgical

board to enhance the survival of the intestinal tissue.
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From each section (duodenum, jejunum, and ileum), a 2-3 cm sample from the
proximal end was cut, flushed with cold phosphate buffered saline (PBS) (pH 7.4), placed
in a histological cassette, and put in modified Bock’s solution (37% formaldehyde, 24%;
glacial acetic acid, 5%; and distilled water, 71%) for 48 hours. The next 3 to 5 cm section
was used for either gut-related hormones or permeability measurements depending on
whether the segment was from the duodenum or jejunum and ileum. Permeability and
electrophysiological parameters were assessed on the jejunum and ileum segments, only.
Therefore, the 3 to 5 cm in the duodenum that followed the histological sample was
collected and frozen in liquid nitrogen for determining gut-related hormones. In the
jejunum and ileum, the 3-5 cm section adjacent to the histological sample was removed
and processed for permeability and electrophysiological parameters. Each section was
tied with a silk suture at one end, filled with PBS and clamped at the other end with a
hemostat. The intestinal loop was placed in a 50 ml centrifuge tube filled with PBS and
kept on ice until mounted in the Ussing chamber. The next 3-5 cm section of the
duodenum and jejunum containing digesta was placed in a 20 ml scintillation vial and
frozen in liquid nitrogen for the assessment of microflora by Dr. Gerald Tannock’s
laboratory. However, prior to the collection of the microbiology section (3 to 5 cm) in the
ileum, a 3 cm piece was gathered for gut-related hormones assessment. The remaining
pieces of the intestine were placed in a Petri dish containing sterile PBS and used to

isolate Peyer’s Patches (Figure 2).

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



discarded due to holding the end with forceps
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Figure 2. The segmentation of the small intestine for histology, permeability, hormone, and
immunology measurements.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The cecum, stomach, and liver were excised, snap frozen in liquid nitrogen, and
stored at —70°C. Samples collected for the assessment of proglucagon and intestinal

hormones, immune system, and microflora will not be further discussed in this thesis.

3.5. Assessment of permeability and electrophysiological parameters
Jejunum and ileum segments, devoid of Peyer’s Patches and stripped of their
serosa, were cut along the mesenteric border and mounted in voltage clamped Ussing
chambers. Each side of the tissue was bathed in 10 ml of bicarbonate Ringer’s solution
(1.1 mM MgCl,, 1.25 mM CaCl,, 114 mM NaCl, 5 mM KCl, 25 mM NaHCO;, 1.65 mM
Na,HPO,, 0.3 mM NaH,PO,) containing 1mM mannitol and 20 mM fructose (200ul of
1M fructose / chamber) that was circulated with 95% O, and 5% CO; and maintained at
37°C. Tissues were allowed to equilibrate for 15 minutes, during which *H-mannitol
(10ul, ImCi: PerkinElmer Life Sciences, Boston MA, USA) was added to the reservoir to
which the mucosal side of the tissue was exposed (i.e. the mucosal reservoir). Two initial
samples (100pl each) were withdrawn from the mucosal reservoir and added to a 5 ml
scintillation vial containing 900u1 of Ringer’s solution. Samples (1000 pl each) were
withdrawn from the other reservoir (ie. serosal reservoir) every S minutes during a 20-
minute time period for calculating the flux of mannitol. Each 1000 pl was replaced by
the same quantity of Ringer’s solution containing 10 mM fructose. After the last sample
was taken from the serosal reservoir, two samples (100l each) were collected from the

mucosal reservoir. Scintillation fluid (4 mL, Ready Safe) was added to each vial and
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radioactivity in each sample was determined using a scintillation counter (5 minutes in
beta ray scintillations).

During the two minutes prior to the collection of each flux sample, the tissue’s
electrophysiological parameters were recorded. Two percent agar AgCl current and
calomel voltage electrodes were connected to the Ussing chamber and to an EVC3
preamplifier (World Precision Instrument, Sarasota F1, USA). Short circuit current (Is)
and spontaneous potential difference (PD) were produced and detected by the current and
voltage electrodes, respectively. Electrophysiological parameters (I, PD) were recorded
from the EVC 4000 Precision V/I clamp, ie. voltage clamp (World Precision Instruments,
Saratosa Fl, USA). Conductance (G) was calculated from I, and PD readings using
Ohm’s law. Forskolin (Sigma MO, USA), an adenyl cyclase activator which increase
cyclic adenosine monophosphate (CAMP) levels, was added to the serosal reservoir after
all of the flux samples were collected. I, and PD readings were recorded at the peak of
changes in the short circuit current (ie. 3-4 minutes after the addition of forskolin). These
electrophysiological parameters were used to verify the tissue’s viability and ability to

secrete ions in respond to a stimulus.

3.6. Embedding, sectioning, and staining of intestinal samples

Intestinal samples were fixed in modified Bock’s solution for 48 hours, washed
three times with PBS and stored overnight in PBS at 4°C. The following day, the tissues
were washed three times with PBS (pH 7.4) and stored in 10% (w/v) phosphate buffered

formalin (Fisher, Edmonton, Canada).
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3.6.1 Tissue Embedding

Tissues in their cassettes were left under running tap water overnight and were
then dehydrated by passing them through a series of graded ETOH and cleared with

xylene (Fisher, Fairlane NJ, USA) (Table 4).

Table 4. Tissue embedding: dehydration steps.

Step Solution Duration
1 50% (v/v) ETOH 1 hour
2 70% (v/v) ETOH 1 hour
3 95% (v/v) ETOH 1 hour
4 100% (v/v) ETOH 0.5 hour
5 100% (v/v) ETOH 0.5 hour
6 Xylene 0.5 hour
7 Xylene 0.5 hour

Intestinal tissues were soaked in paraffin (Surgipath, Winnipeg MB, Canada) for
20-30 minutes to allow the paraffin to adhere to the tissue (i.e. saturate the tissue). The
intestinal sections were then cut perpendicular to the intestinal ring, placed upright in
plastic molds (model # 03040, Surgipath, Winnipeg MB, Canada), embedded in melted

paraffin and place on ice.

3.6.2. Intestinal morphology

Each paraffin-embedded intestine was sectioned (3-5um thick) and mounted on
Histobond slides (Marienfield,Germany). One slide with the ileum section from each rat
was stained with hematoxylin and eosin (H&E) for measurement of villus height and
crypt depth. Slides were evaluated using a light microscope (Leitz Dialux, Wetzlar,
Germany) at a magnification of 125x (10x objective x 12.5x eye piece). Metamorph

Meta Imaging Series V.5.0r7 (Univeral Imaging Corporation) was used to capture the
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pictures from each sample and to measure villus height and crypt depth. Villus height is
expressed as the average height of 2-10 intact well-oriented villi. A line was drawn from
the tip to the base of the villus. Crypt depth is expressed as the average length of six to

twelve intact crypts.

3.6.3. Inmunohistochemistry

Pieces of the ileum from rats in the gut function / morphology studies were
sectioned (3-5pm) onto slides. Slides were warmed in an oven (60°C) for 10 minutes,
allowing the paraffin to melt and the tissue to adhere to the slide. The slides were
deparaffinized, cleared, and hydrated through a series of clearing and hydration steps
(Table 5). Endogenous peroxidase activity was blocked by soaking the slides sections in
0.3% hydrogen peroxide / methanol solution for 15 minutes. Slides were rinsed under tap
water, placed in citrate buffer (1M citric acid, pH 6.5), and warmed at 90°C for 30mins.
The slides were cooled in a 4°C fridge for 15 minutes and washed three times with PBS.
Tissue sections were then covered with 20% goat serum (2ml in 8ml PBS) (Gibco,
Burlington ON, Canada) for 20 minutes to prevent non-specific binding. The goat serum
was discarded and the sections were covered with mouse anti-rat monoclonal IgA
antibody (Sigma, St. Louis MO, USA) (1:200 dilution in PBS). Sections were incubated
with the primary antibody (Ab) overnight in a moist chamber at 4°C. After 16 to 18 hours
of incubation, the primary Ab was washed away with PBS and sections were incubated
with the secondary Ab, bovine anti-goat IgG Ab (Vector Laboratories, Burlingame CA,
USA) (1:200) for 20 minutes at room temperature. Slides were washed three times with

PBS for a total of 5 to 6 minutes. The avidin: biotinylated enzyme complex (ABC)
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(Vector Laboratories, Burlingame CA, USA) was added to each tissue section and the

slides were incubated for 40 minutes. The slides were washed three times with PBS and

then incubated with diaminobenzine tetrahydrochloride (DAB) (BioGenex, San Ramon

CA, USA) for 5 minutes or until the tissue section turned a light brown colour. Slides

were counterstained with Harris’s hematoxylin (Sigma, St. Louis, Missouri, USA). Slides

were dehydrated by a series of graded ETOH, cleared twice with xylene, and cover slips

were mounted using Permount (Fisher, Fair Lawn NJ, USA).

Table 5. Immunohistochemisty

Sequence Procedure Solution Duration Purpose
1 Heat slides in oven None 10 minutes | Helps melt paraffin
(60C)
2 Add slide to Xylene 5 minutes Remove paraffin
xylene
3 Add slide to Xylene 5 minutes Remove paraffin
xylene
4 hydrate 100% (v/v) 2 minutes hydrate
ETOH
5 hydrate 100% (v/v) 2 minutes hydrate
ETOH
6 hydrate 95% (v/v) ETOH | 1 minutes hydrate
7 hydrate 70% (v/v) 1 minutes hydrate
8 Add slides to dH,0 5 minutes Hydrate tissue
distilled water
(dH:0)
9 Place slides in 0.3% (v/v) 15 minutes Block endogenous
H,0,/methanol H,0,/methol peroxidase
10 Wash Running tap 3 minutes Wash
water
11 Heat slides at 90°C |  Citrate buffer 30 minutes Antigen retrival
(pH 6.5 at 90°C)
12 Place in fridge Same solution as | 15 minutes Cool down slides
#10
13 Wash PBS (pH 7.4) 5 minutes Wash
14 1.Draw circle with | 20% goat serum | 15 minutes | 1. Provide boundary
Papen and in PBS to prevent leakage of
2. add blocking (50pl in 15ml) Aband
buffer 2. minimize
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background staining
15 Discard blocking
buffer
16 Add primary Ab IgA: 10plin 2 Overnight | Detect presence of Ag
ml at4°C
(1:200)
17 Remove primary Wash: PBS 5 minutes wash
Ab and wash
18 Add secondary Ab | Anti-mouse IgG | 20 minutes | Binds to 1°Ab & serve
Spl/ml PBS as substrate for
enzyme reaction to
produce colour
19 Wash slides PBS 5 minutes wash
20 Add ABC ABC 40 minutes Enzyme substrate
21 Remove ABC and Wash:PBS 5 minutes wash
wash slides
22 Add substrate Diaminobenzidin | 5 minutes | Locate peroxidase in
e solution and tissue
Hy0,
23 Place slides in dH,O 6-10 Rinse the DAB
coupling jar filled minutes
with dH,0O
24 Counterstain Hematoxylin 1 minute Blocks background
staining
25 Add PBS PBS to cover 1 minute
section
26 Wash dH,0 5 minutes rinse off residual
hematoxylin
27 Dehydrate 70% (v/v) ETOH | 1 minute Dehydrate
28 Dehydrate 95% (v/v) ETOH | 1 minute Dehydrate
29 Dehydrate 100% (v/v) 1 minute Dehydrate
ETOH
30 Dehydrate 100% (v/v) 1 minute Dehydrate
ETOH
31 Clear Xylene 5 minutes Clear
32 Clear Xylene 5 minutes Clear

Eight villi per sample were counted. The variability expressed as 95% confidence interval
for the number of IgA+ cells ranged from the least variability (4.1 to 4.6) to the highest
variability (4 to 5.6) ranges.
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3.7. Statistical analysis

Data for BBn and BBdp rats were separated and analysed by strain because the
studies using BBn or BBdp rats were conducted at different times. All of the body weight
data were analysed using a two-way analysis of variance (ANOVA) with diet and gender
as independent variables (IV). Since rats were, on average housed two per cage and
randomly assigned, female and male rats were housed together. Therefore, gender was
combined for the one-way ANOVA analysis of food intake. Gut length, gut length per
body, spleen weight, and spleen weight per body weight were normally distributed in
BBn and BBdp rats, resulting in a two-way ANOV A conducted using diet and gender as
IV. Comparison of diet effects on mannitol flux across the intestinal tissue were assessed
with a one-way ANOVA. Electrophysiological parameters were assessed using a one
way ANOVA with diet as IV. When the overall ANOVA test was significant, Tukey’s
post hoc analysis was conducted to determine differences among the diet groups. Since
simple but not complex comparisons were conducted, no additional restrictions were
needed on the p-value for the post hoc analysis. Pearson’s correlation was used to assess
the association between the amount of B-glucan and permeability measurements. Chi
square analysis was used to compare the incidence rate between the two dietary groups in

the BBdp rats. Statistical significance was achieved when the p<0.05.
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Chapter 4

Results

4.1. Characteristics of BioBreeding normal (BBn) rats

Gender had a significant (p<0.05) effect on body weight, weight gain, and gut
length per body weight. Therefore, data for these outcome measurements are presented
by gender and diet. Data for permeability measures were combined for male and female

rats because it did not differ between them.

4.1.1. Body Weight

Initial body weights were similar among diet groups (p=.795) and did not differ
significantly (p=.286) between male and female rats. Since female and male rats grew
differently (ie. gender had significant effect on growth, p=0.001), data for female and
male rats are presented separately.

In female rats, final body weight of those fed the HVBG diet were lighter at the
end of the study than those fed the oatmeal diet (p=0.002), but were of similar weight to
the LVBG (p=0.747), barley (p=0.084) or cellulose (p=0.269)-fed rats. There were no
other statistically significant differences among diet groups for final body weight

(p>0.098) (Figure 3).
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Figure 3. Body weight of female BBn rats. Data are presented as means + SEM

Female rats gained about 54.5 + 1.72g during the 14 day feeding period, which
was about 8g less than male rats (p=0.002). Diet also affected total weight gain
(p=0.004). Rats fed the HVBG or LVBG diets gained a similar amount of weight during
the 14 days feeding trial (p=0.653). The HVBG group, gained about 11g and 17g less
than the barley (p=0.026) and oatmeal (p=0.001) groups, respectively. Weight gain was
comparable between the barley and oatmeal groups (p=0.921) (Table 6).

After 14 days of consuming the test diets, male rats fed the oatmeal diet weighed
more than the HVBG-fed rats (p=0.002). There were no other statistically significant

differences for final body weight among the diet groups (p>0.063) (Figure 4).
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Figure 4. Body weights of male BBn rats. Data are presented as means + SEM.

Male rats fed the HVBG diet gained less weight during the 14 day trial than the
oatmeal (p<0.001) or barley (p=0.026) groups, but gained a similar amount of weight as
the rats in the LVBG (p=0.653) or cellulose (p=0.254) groups (Table 6). There were no

other statistically significant differences in weight gained among diet groups (p=0.872).

Table 6. Final body weight and total amount of weight gained during 14 days on the diets
in female and male BBn rats.'

Final Body Weight (g) Weight Gain (g)
Diet female male female male

HVRG 934128 (7)° 97.3+32(13)® 521+3.0(7° 53413513
LVBG  930+3.0(6)*® 1051+£39(9)™ 503 +26(6)™ 624+35(9)™
Barley 102.2+3.3(6)® 107.1+3.9(9)™ 615+ 3.1(5)° 64.5+3.8(9)°
Oatmeal 107.5% 3.3(5° 111.1+3.7 (10)° 63.8+3.1(5° 67.7+3.3(10)°
Cellulose 92.8 +2.6(8)®® 100.8+3.4 (11)® 497+37(8)*® 665+22(11)®
1. Data are presented as mean + SEM (n)

2. Variables with different superscripts within a column are significantly different
from each other, p<0.05
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4.1.2. Food Intake

The amount of food consumed during the 14 day period differed according to the
diet provided (p<0.001). Rats fed the diet containing HVPG ate less than those on the
barley (p<0.001), oatmeal (p<0.001) or cellulose (p=0.007) diets. Food intakes of rats fed
the LVBG were similar with the HVBG (p=0.361), barley (p=0.247), oatmeal (0.115) or
cellulose (p=0.618) groups (Table 7). Barley and oatmeal-fed rats ate similar amounts of

food (p=0.995).

Table 7. Total food intake for the 14-day feeding trial in BBn rats'?

Diet Food Intake (g)

HVBG 117.1 4.3 (15)°
LVBG  129.71 5.0 (15)*
Barley 144.8 5.0 (15)°
Oatmeal 147.5 £ 5.0 (15)°
Cellulose 139.5 + 4.4 (12)°

1. Data are presented as mean + SEM (n)
2. Variables with different superscripts are significantly different from each other, p<0.05

4.1.3. Gut Length

Diet (p<0.001) had a main effect on the length of the small intestine (Table 8).
The small intestine was longer in rats fed the HVBG diet relative to those fed the barley
(p=0.003) or cellulose (p<0.001) diets, but the intestinal length did not differ from rats fed
the LVBG (p=0.775) or oatmeal (p=0.131) diets. Rats fed the diet containing LVBG had a
significantly longer intestine than those fed the cellulose diet (p=0.028), but was similar
in length to those fed the barley (p=0.121) or oatmeal (p=0.784) diets. On average, the

small intestine of male BBn rats was 2 cm longer than that of female rats.
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Expressing intestinal length per gram of body weight shows that gender (p=0.026)
and diet (p=0.008) have an effect. Female rats have longer intestines when expressed per
body weight than male rats fed the same diet. The LVBG dietary group had longer
intestines than those fed the oatmeal (p=0.029) or cellulose (p=0.008) diets. Intestinal
length expressed per gram body weight of rats fed the HVBG diet tended to be longer than

the cellulose-fed (p=0.053) rats.

Table 8. Small intestinal length and length expressed per gram body weight in BBn rats'?

gut length (cm) ___gut length/body weight (cm/g)
Diet female male female male

HVBG 1043+1.7(6)° 104.6%1.3(10°  1.04+0.04 (6)® 0.93+0.03 (10)*®

LVBG 993124 (3)* 103.9+15(8)*°  1.04:+0.05(3)° 1.0+0.03(8)°

Barley 97.3+21(4)® 99.0+1.6(7)"  0.91+0.05(3)® 0.901+0.03(7)®
Oatmeal 101.8%2.1(4)® 100.0+1.6(7)*®  093:0.04(4)° 0.8640.03(7)°
Cellulose 94.0+19(5° 995+1.3(10)° 0.93+0.04(5° 0.851+0.03(10)°

1. Data presented as mean + SEM (n)
2. Variables within a column with different letters are significantly different at p<0.05

4.1.4. Spleen Weight

The spleen weight was affected by the diet (p=0.003) and gender in BBn rats.
Specifically, spleens from rats fed diets containing HVBG or LVBG were not different
from each other (p=0.789), but spleens from HVBG weighed less than the barley
(p=0.039), or oatmeal (p=0.003) groups. There were no other differences (p>0.112)

among the dietary groups (Table 9).
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Table 9. Spleen weights of BBn rats fed one of six diets for 14 days"2

spleen weight (g)

Diet female male
HVBG 0.46 £ 0.04 (7)° 0.48+0.03 (12)°
LVBG 0.49 £0.04 (6)® 0.5310.04 (9)®
Barley 0.53+0.04 (6)° 0.62+0.04 (8)°

Oatmeal  0.63+0.05(5)° 0.60 +0.03 (10)°
Cellulose  0.46 +0.04 (8)®® 0.57 +0.03 (11)®

1. Data are presented as mean £ SEM (n)
2. Variables with different superscripts within a column are different at p<0.05

4.2. Permeability of the Jejunum and lleum

4.2.1. Mannitol Flux

Figure 5 shows the rate of mannitol flux in the jejunum and ileum segments of rats
fed one of the five diets. In the jejunum, mannitol flux was not altered by diet (p=0.959)
and ranged from 12.3 to 13.5nm/cm?hr. In the ileumn, mannitol flux was significantly
different among diet groups (p=0.003). Specifically, rats fed the LVBG diet had
significantly higher mannitol flux compared to those fed the barley (p=0.024), oatmeal
(p=0.020), or cellulose (p=0.003) diets, but it was similar to those fed HVBG (p=0.458)
diet. Overall, there was an approximately 1.5 to 2 fold higher mannitol flux in the ileum

of rats fed the LVBG diet versus the barley, oatmeal, and cellulose groups.
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Figure 5. Mannitol flux in the jejunum and ileum of BBn rats.
Data are presented as mean = SEM

Jejunum: HVBG (n=8), LVBG (n=10), barley (n=9), oatmeal (1=7), cellulose (n=7)
Ileum: HVBG (n=7), LVBG (n=9), barley (n=9), oatmeal (n=7), cellulose (n=10)

4.2.2. Electrophysiological Parameters

Conductance (G) represents the ability of tissue to regulate the overall movement
of ions across the tissue through the transcellular and paracellular route. In other words, a
high G value suggests that an increased number of ions are able to cross the tissue (Figure
6). In the jejunum, G was similar among the diet groups (p=0.775). There were no

statistically significant differences among diet groups in the ileum (p=0.501).
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Figure 6. Conductance in the jejunum and ileum of BBn rats.
Data are presented as mean + SEM
Jejunum: HVBG (n=8), LVBG (n=10), barley (n=9), oatmeal (n=7), cellulose (n=7)
Ileum: HVBG (n=7), LVBG (n=9), barley (n=9), oatmeal (n=7), cellulose (n=10)

Short circuit current () reflects total bidirectional ion transport across the tissue.

I did not differ significantly among the diet groups in either the jejunum (p=0.358) or

the ileum (p=0.417) (Figure 7). The jejunum and ileum of cellulose-fed rats had the

lowest I values relative to the other dietary groups, but the difference did not reach

statistical significance.
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Figure 7. Short Circuit Current in the jejunum and ileum of BBn rats.
Data are presented as mean + SEM

Jejunum: HVBG (n=8), LVPG (n=10), barley (n=9), oatmeal (n=7), cellulose (n=7)
Tleum: HVBG (n=7), LVBG (1=9), barley (n=9), oatmeal (n=7), cellulose (n=10)

Potential difference (PD) represents the ability of the tissue to maintain the ion
(sodium/potassium/chloride) concentration gradients across the tissue, and to a lesser
degree, the activity of the Na/K ATPase pump. It is primarily driven by sodium transport.
PD readings in the jejunum and ileum did not differ significantly among diet groups
(p=0.125, p=0.642, respectively) (Figure 8). In the jejunum, rats fed the LVPG diet had
the highest PD. Rats that ate the diet containing cellulose had the lowest PD (as well as
the lowest I) in both the jejunum and ileum, yet these differences were not statistically

significant (p>0.05).
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Figure 8. Potential Difference in the jejunum and ileum of BBn rats.
Data are presented as mean + SEM

Jejunum: HVBG (n=8), LVPBG (n=10), barley (n=9), oatmeal (n=7), cellulose (n=7)
Ileum: HVBG (n=7), LVBG (n=9), barley (n=9), oatmeal (n=7), cellulose (n=10)

Forskolin activates the adenyl cyclase enzyme and increases intracellular cAMP
concentrations. This measurement is used to assess tissue viability at the end of the
experiment and indirectly reflects ion, especially chloride, secretion. The change in I, in
response to forskolin was similar among all diet groups in the jejunum (p=0.467) and in
the ileum (p=0.252) (Figure 9). The jejunum from LVBG-fed rats had the highest

forskolin response among the diet groups. The response to forskolin was the lowest in the

HVBG-fed group, but the difference was not statistical significant (p>0.05).
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Figure 9. Response to forskolin in the jejunum and ileum of BBn rats.
Data are presented as mean + SEM

Jejunum: HVBG (n=8), LVBG (n=10), barley (n=9), oatmeal (n=7), cellulose (n=7)
Ileum: HVBG (0=7), LVBG (n=9), barley (n=9), oatmeal (n=7), cellulose (n=10)

4.2.3. Correlation between the amount of g-glucan and permeability.

The difference among the test diets was the total amount of B-glucan. The
amounts of B-glucan per kg diet were as follows: cellulose contained 0 grams, oatmeal
(2.3g), barley (3.8g), HVBG and LVBG (56g each).

When the ileum was analysed separately from the jejunum, there was a significant
and positive association (r=0.515, p<0.001) between the amount of f-glucan and mannitol
flux in the ileum (Figure 10), but not in the jejunum. Therefore, as the amount of §-

glucan increased, the mannitol flux increased. The difference was most apparent with the
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largest amount (56g) of -glucan in the diet. There were no significant correlations
between the other electrophysiological parameters and the amount of B-glucan in the diet
(p=0.300).
40 -
35 - ]

30

Mannitot Flux (nm/cm2/r)

0 1 T 1
0 30 60

Amount of B-glucan (g/kg)

Figure 10. Correlation between the amount of -glucan in the diet and mannitol flux in
the ileum of BBn rats.

4.3. Morphology of the ileum

Diet had no effect on villus height (p=0.359). The villus height ranged from 424
to 467 um, with the LVBG having the lowest average (Table 10). However, no

differences were observed among these diets.
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The depth of the crypts were not affected by diet (p=0.263). Rats fed the LVBG
diet had the lowest average crypt depth at 132 um. Oatmeal had the longest crypts at 143

um, yet none of these differences were significant (Table 10).

Table 10. Villus height and crypt depth in the ileum of BBn rats.'

Diet  Villus Height (um) Crypt Depth (um)

HVBG 467 +16(10) 138 +2.39 (10)

LVBG 424+14(8)  1323.10(8)

Barley 442115(9) 137 +3.08 (10)
Oatmeal 464 +16(11)  143+3.13 (11)
Cellulose 440 +24(7) 1391 4.97 (9)

1. Data presented as mean + SEM (n)

4.4. Immunohistochemistry staining for IgA

An increased number of IgA positive cells in the intestine indicates that the
immune system has responded to an exposure to antigens. The number of IgA positive
per villi did not differ among diet groups (p=0.426) (Table 11). These results suggest that
diet did not increase exposure to antigens.

Table 11. Number of IgA positive cells in the lamina propria of the ileum.!

Number of IgA+
Diet cells / villi

HVBG 4.1+£0.30(8)
LVBG 4.4+0.19(9)
Barley 4.110.30 (8)
Oatmeal 4.2+0.31(9)
Cellulose 4.8 +0.35(8)

1. Data presented as mean + SEM (n)
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4.5. BBdp rats

4.5.1. Body weight

Gender had a significant effect on final body weight, weight gain, intestinal length
and intestinal length per gram body weight (p>0.05). Therefore, these data are presented
separately by gender.

Initial body weights were similar among the diet groups (p=.762), although male
rats weighed approximately 7.8g more than their female littermates (p<0.001). In female
and male rats, diet had no main effect on final body weights (p=0.122) (figure 11 and 12,
respectively). The difference between those groups with the highest and lowest weights
was approximately 12g for female and 22g for male rats. The total amount of weight
gained from 21 to 35 days of age was affected by gender (p=0.002) but not by diet

(p=0.069) (Table 12). Male rats generally gained 17g more than female rats.
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Figure 11. Body weight of female BBdp rats. Data are presented as mean + SEM
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Figure 12. Body weights of male BBdp rats. Data are presented as mean + SEM.

Table 12. Weights and total weight gain of female and male BBdp rats.'”

Final Body Weight (g) Weight Gain (g)
Diet female male female male

HVBG  89.3%55(7) 112.0+83(4)  462+42(7) 602156 (4)
LVBG 945+ 85(3) 1153+58(8)  526164(3) 62.113.9(8)
Barley 1115+7.3(4) 1242+58(8)  633+56(4) 70.3+3.9(8)

Oatmeal 101.6%55(7) 1194+67(6) 592+42(7) 665145 (6)

Cellulose 100.0+6.0(6) 114.0+52(10) 51.6+45(6) 63.9+3.5(10)

1. Data are presented as mean + SEM (n)
2. Gender affected final body wieght (p<0.001) and weight gain (p=0.002)

4.5.2. Food Intake

Diet had a significant effect (p<0.001) on the quantity of food that the rats
consumed. Rats ate less of the HVBG diets compared with those fed the diet containing

cellulose (p<0.001) or barley (p=0.012), but had similar food intake as those in the LVBG
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group (p=0.419). Food intake was lower in rats that consumed the LVBG diet compared
to the cellulose group (p=0.044). The rats in the HVBG group ate between 23 and 32g
(over the entire study) less than those in the barley or cellulose (p<0.012) groups (Table

13).

Table 13. Total food intake during the 14-day feeding trial for BBdp rats.!?

Diet Food Intake (g)

HVBG 113.2+5.8(8)°
LVRG 1259158 (8)*
Barey  137.1+5.6 (9)™
Oatmeal 129.9 +5.8 (8)*®
Cellulose 145.1 +4.8 (10)°

1. Data are presented as mean + SEM (n)
2. Variables with different superscripts are significantly different from each other, p<0.05

4.5.3. Gut length and gut length per Body Weight

Gender (p=0.001), but not diet (p=0.074) had a significant effects on gut length in
BBdp rats (Table 14). Female rats had intestines that were approximately 6 cm shorter
than male rats fed the same diet (p<0.001).

Gut length is affected by overall body size. Therefore, data were analysed to
assess the effects of diet on gut length relative to body weight. Diet had no effect on
intestinal length per body weight (p=0.123), yet female rats had longer gut length than the

males (p=0.006) (Table 14).
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Table 14. Small intestinal length and length expressed per gram body weight in BBdp

rats.?
gut length (cm) gut length/body weight (cm/g)
Diet female male female male

HVBG 884+£23(7) 994+33(4) 1.0+0.05(7) 0.90+0.06(4)

LVBG 90.7+35(3) 966+2.1(8) 09810.07(3) 0.85+0.04 (8)

Barley 948+3.04) 944+21(8) 0.8810.06(4) 0.78+0.04 (8)

Oatmeal 884+23(7) 97.7+25(6) 0.88+0.05(7) 0.83+0.05(6)
Cellulose 86.7+25(6) 90.3+19(10) 0.89+0.05(6) 0.80 £0.04 (10)

1. Data are presented as mean + SEM (n)
2. Gender affected gut length (p=0.001) and gut length per body weight (p=0.006)

4.5.4. Spleen Weight

Spleen weight differed significantly between genders (p<0.001) but was not
affected by diet (p=0.204) (Table 15). Female BBdp rats had smaller spleens than male
rats (p<0.001).. Even after expressing spleen weight per gram body weight, diet had no

effect on the size of the spleen (p=0.779).

Table 15. Spleen weights of BBdp rats fed one of six diets for 14 days.

spleen weight (g)

Diet female male
HVBG 0.2810.03(7) 0.3910.04 (4)
LVBG 0.32+0.04(3) 04110.03(8)
Barley 0.401+0.04(4) 0.38+0.03(8)

Oatmeal 0.33+0.03(7) 0.42 £0.03 (6)
Cellulose 0.30£0.03(6) 0.37 £0.02 (10)

1. Data are presented as mean + SEM (n)
2. Gender affected spleen weight (p<0.001)
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4.6. Permeability of the Jejunum and lleum

4.6.1. Mannitol Flux

Mannitol flux did significantly differ among diet groups in the ileum (p=0.047)
but not the jejunum (p=0.375) (Figure 13). In the ileum, the mannitol flux tended to be
higher in rats fed the HVBG diet compared to those fed the cellulose diet (p=0.066). In

_ the jejunum, rats fed the HVBG or LVBG diet had lower mannitol flux than the barley,

oatmeal or cellulose group, but the difference did not reach significance (p>0.369).
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Figure 13. Mannitol flux in the jejunum and ileum of BBdp rats.

Data are presented as mean + SEM

Jejunum: HVBG (n=10), LVBG (0=9), barley (n=11), oatmeal (n=12), cellulose (n=15)
Ileum: HVBG (n=11), LVBG (n=10), barley (n=12), oatmeal (n=9), cellulose (n=12)
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4.6.2. Electrophysiological readings

There were no significant differences in G among the diet groups in the jejunum
(p=0.775) or ileum (p=0.171). In the jejunum, G was lowest in HVBG fed groups. In the
ileum, oatmeal fed rats had the highest conductance and G was similar amongst the other
groups. However, the differences among diet groups in both tissue segments did not

reach significance (Figure 14).
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Figure 14. Conductance in the jejunum and ileum of BBdp rats.

Data are presented as mean + SEM. Sample sizes are presented as diet (jejunum, ileum).
Jejunum: HVBG (n=10), LVBG (n=9), barley (n=10), oatmeal (n=12), cellulose (n=12)

Ileum: HVBG (n=10), LVBG (n=8), barley (n=11), oatmeal (n=10), cellulose (n=11)

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I readings were similar across the diet groups in both the jejunum (p=0.632) and
ileum (p=0.852) tissue segments (Figure 15). The I in the jejunum of rats fed the HVBG

diet was the lowest of all the groups, but not statistically different (p>0.05).
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Figure 15. Short circuit current in the jejunum and ileum of BBdp rats.
Data are presented as mean + SEM

Jejunum: HVBG (n=10), LVBG (n=9), barley (n=10), oatmeal (n=12), cellulose (n=12)
Ileum: HVBG (n=10), LVBG (n=8), barley (n=11), oatmeal (n=10), cellulose (n=11)

PD was comparable among the diet groups in the jejunum (p=0.875) and ileum

(p=0.816) (Figure 16). PD in the jejunum of rats fed the HVBG diet was the lowest and

barley-fed rats had the highest PD. LVBG-fed rats had the highest PD in the ileum.

However, the differences were not significant (p=0.875, p=0.816, respectively).
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Figure 16. Potential Difference in the jejunum and ileum of BBdp rats.
Data are presented as mean + SEM

Jejunum: HVBG (n=10), LVBG (n=9), barley (n=10), oatmeal (n=12), cellulose (n=12)
Tleum: HVBG (n=10), LVBG (n=8), barley (n=11), oatmeal (n=10), cellulose (n=11)

Adding forskolin to the jejunum produced a similar response among the diet
groups (p=0.199). However, in the ileum, the responses were affected by diet (p=0.020).
In the ileum, the oatmeal group had a significantly higher forskolin response than the
barley group (p=0.022) and tended to be higher than the cellulose diet group (p=0.050).
Although, the absolute response in the ileum of the oatmeal group was higher than those
fed the HVBG and LVBG diets, it did not reach statistical significance (p=0.081, p=0.088,

respectively) (Figure 17).

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100 b BHVRG
o0 | LVBG
Barley
80 I & Oatmeal
70 Cellulose

%
5

;‘(

Y]
gé(é«

Alsc (uA/cm?/hr)

L
5

(35
KR

e

5%

.(/

2

N

A ARAAIARR

N PNANONS 6
NI 74
] NN NN
20 N Y
YU LIUR
YRR YRS
P NY
10 N VA
DA NN
WV R A
A IRV
A A
0 AAAAAA T A AA)

jejunum

Tissue Segments

Figure 17. Response to forskolin in the jejunum and ileum of BBdp rats.
Data are presented as mean £+ SEM

Jejunum: HVBG (n=10), LVBG (n=9), barley (n=10), oatmeal (n=12), cellulose (n=12)
lleum: HVBG (n=10), LVBG (n=8), barley (n=11), oatmeal (n=10), cellulose (n=11)

4.6.3. Correlation between the amount of g-glucan in the diets and
permeability

As with the BBn rats, the association between the amount of B-glucan versus
mannitol flux and the electrophysiological measures was evaluated. The association
between the amount of $-glucan and mannitol flux was significant in the ileum (r=0.342,

p=0.018) (Figure 18).
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Figure 18. Correlation between the amount of B-glucan in the diet and mannitol flux.

4.7. Morphology of the ileum

Diet had no effect on villus height (p=0.871) (Table 16). The length of the villi
ranged from 364 to 386 pm with the cellulose-fed rats having the shortest villi and the
HVBG group had the longest villi, but the differences were not statistically different
(p=0.871). Crypt depth was also not affected by the diet (p=0.120) that the rats consumed

(Table 16).
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Table 16. Villus height and crypt depth of the ileum in BBdp rats.!

Diet Villus Height (um) Crypt Depth (um)

HVBG  386+15.0(6) 137 +4.65(6)
LVBG  369+7.29(8) 135+235(8)
Bardey 373+13.1(8)  142+3.18(9)

Oatmeal 370 £17.4 (10) 139 + 1.68 (13)

Cellulose 364 £622(8) 146 + 3.98 (9)

1. Data are presented as mean * SEM (n)

4.8. Imnmunohistochemistry staining for IgA

The number of IgA positive cells per crypt was not affected by diet (p=0.186), but

the HVBG group had the highest number and the barley group had the lowest (Table 17).

Table 17. Number of IgA positive cells in the lamina propria of the ileum in BBdp rats.'

Number of IgA+
Diet cells / villi

HVBG 461048 (7)
LVBG 3.5+0.25(8)
Barley 3.310.18 (9)
Oatmeal 3.7 £0.52 (8)
Cellulose 3.9+0.17 (8)

1. Data presented as mean + SEM (n)
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Chapter 5

Discussion

5.1. Overview of project

The GI tract is the first place where food interacts with the body and thus has an
important role in the overall health of an individual (Schneeman 2002). Dietary
ingredients such as fibre may affect the barrier function of the intestine. B-Glucan is a
cell wall polysaccharide found primarily in barley and oats and has been shown to
improve cholesterol and glucose concentrations in humans and animal models. However,
less is known about the effects of B-glucan on intestinal permeability and morphology.
This study evaluated the effects of adding different types (alkali extracted versus whole
grains) and viscosities (high or low) of B-glucan on intestinal permeability and
morphology in BioBreeding normal (BBn) and diabetes-prone (BBdp) rats. At the
highest concentrations of B-glucan (56g/kg), the permeability of the ileum was increased
in BBn and in BBdp rats. The amount of -glucan in the diet was positively associated
with the permeability of the ileum in BBn rats (r=0.515, p<0.001) and in BBdp rats

(r=0.342, p=0.018).
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5.2. BBn rats

5.2.1. Intestinal Permeability

The permeability of the ileum was increased in BBn rats fed the high purity low
viscosity (LVPG) diet. The permeability of the ileum observed in the LVBG group was
approximately 2 fold greater than the permeability of the cellulose, oatmeal, and barley
groups. The HVPBG group was intermediate between the LVBG and the whole grain
groups. Overall, in BBn rats, permeability of the ileum is positively associated with the
amount of B-glucan in the diet (see Figure 10).

This increased permeability that was observed after rats consumed the LVBG diet
(56g B-glucan / kg) has not been previously reported. Most other studies in the literature
evaluating fibre have not measured intestinal permeability using the Ussing chamber
technique. Shiau and Chang, (1986) fed 77 day old rats a fibre-free diet or the basal diet
supplemented with guar gum, pectin, carrageenan type 1, carrageenan type 2 or cellulose
at a concentration of 5% or 15% (w/w) for 28 days. Intestinal permeability was detected
using urinary recovery of a phenol red dye that is poorly absorbed. At the end of the 28
days and in all of the groups, the amount of phenol red in the urine decreased from
measurements taken two weeks before. All of the fibre-containing diets reduced apparent
intestinal permeability with the carrageenan type I and II, or the cellulose diets having the
greatest effects during the first 14 days. However, urinary recovery of phenol red dye in
rats fed the pectin or guar gum (5% or 15% w/w) containing diet was not different from
the fibre-free diet after 28 days of feeding. Thus, generally fibre reduces intestinal

permeability, but some fibres may have a more of an effect than others. Elsenhans and
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Caspary (1989) fed Wistar rats one of five diets for 4 weeks. Four diets were made by
supplementing the fibre-free control diet with 20% (w/w) of pectin, guaran,
methylcellulose, or carrageenan. The recovery of PEG markers in the urine was
measured to assess apparent permeability of the intestine. Results using this in vivo
technique indicated that the intestinal permeability was increased in the rats fed the
viscous pectin and guaran gelling agents which are degraded by intestinal microflora
(Elsenhans and Caspary, 1989). However, the specific site of increased permeability
could not be indicated. These data therefore suggest that fibre fermented by bacteria may
affect the barrier function of the intestine.

Some investigators have suggested that fibre may improve intestinal barrier
function after injury. Rehman et al., (2003) showed that gum arabic, a soluble fibre, was
able to restore potassium transport that had been disrupted by adding a deconjugated bile
acid compound, chenodeoxycholic acid, to the perfusion solution. Gum arabic also
improved sodium transport that had been altered by protamine, an agent that blocks the
functions of tight junctions. In other study, pigs with an enteric infection that were fed an
enteral diet supplemented with fructooligosaccharides (FOS) prevented the decrease in
resistance (i.e. maintained barrier function) associated with an infection (Correa-Matos et
al., 2003). In a rat model of chemotherapy, Deng et al., (1999) fed rats one of three diets,
an enteral diet, an enteral diet supplemented with 2% (w/v) fibre manufactured from
pectin, or chow for eight days. On the fourth day, rats were given 5-fluorourcil to induce
intestinal damage. Intestinal permeability was assessed by measuring the urinary
recovery of lactulose and mannitol on day 3 and 7. The investigators also measured

bacterial translocation to the MLN. By using these direct and indirect methods,
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supplementing the enteral diet with fibre was shown to prevent increases in the lactulose:
mannitol ratio and the translocation of bacteria to the MLN (Deng et al., 1999).
Therefore, supplementing an enteral diet with fibre derived from pectin helped maintain
the intestinal barrier even after intestinal injury was established.

However, Mineo et al., (2004) evaluated the effectes of adding indigestible sugars
(disaccharides or oligosaccharides) to selution on intestinal permeability and on calcium
(Ca), magnesium (Mg), and zinc (Zn) absorption. The sugars that were used consisted of
melibiose which is a diasaccharide of galactose and glucose; DFA 11, a ‘difructose
anhydride’; and DFA 1V, a disaccharide of fructose isomers. The intestines of 6-week old
rats were excised and mounted in Ussing chambers. Investigators found that adding
melibiose, DFA III or DFA 1V increased the permeability of the jejunum and colon, the
jejunum, ileum, and colon, or the jejunum, ileum, cecum, and colon, respectively. This
increase in permeability was positively associated with nutrient (Ca, Mg, Zn) transport.
The sugars also reduce transepithelial electrical resistance, which was inversely
associated with Ca, Mg, and Zn absorption (Mineo et al., 1994). Therefore results from
this studies shows that sugars are able to increase the permeability of the intestine in
young healthy rats.

There are several possible mechanisms that could explain the increased
permeability of the ileum in our study. The first explanation involves the nature of the f-
glucan in the diet. Oatmeal and barley grains naturally contain f-glucan and hence
contribute to the presence of B-glucan in the diet when these grains are consumed. In
addition these grains contain other substances such as resistant starch, proteins, and

minerals (Wood, 1990;Wood, 1993). The B-glucan in the HVBG and LVBG diets has
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been extracted from whole grain barley flour, processed, and then added to the diet.
Separating B-glucan from its starch and protein may alter the effects of B-glucan on the
intestine. Alternatively, the starch and protein may alter the functional aspects of B-
glucan (Lund and Johnson, 1991). Therefore, the presence of other nutrients may affect
the behaviour of the B-glucan in the GI tract.

Viscosity of the B-glucan extract could have been a factor affecting the function
and morphology of the intestine. Viscosity is the distinguishing factor between the
HVBG and LVPG diet, yet there were no statistically significant differences (p>0.05)
between the two B-glucan fractions for any of the measurements assessed in this study.

Limited data exist on the direct effects of viscosity on intestinal permeability.
There are some studies that measured the effects of viscosity on various intestinal
parameters that could indirectly affect permeability. For example, increased viscosity of
the hydroxyethyl cellulose was associated with an increased length of the small intestine
(Elsenhans and Caspary, 2000). Gee et al., (1996) also found that the length of the small
intestine was longer in rats fed guar gum, a soluble fermentable fibre. Viscosity was an
important characteristic that affected proliferation in the crypts of the distal ileum
vsuggesting that viscosity may affect intestinal morphology. Altering morphology by
increasing villus height and crypt depth may increase the surface area, which could
provide more area for a permeant to pass through the intestine.

Viscosity of the fibre may affect the UWL. (Flourie et al., 1984) found that the
UWL of the jejunum thickened in response to increasing concentration of pectin in the
perfusion solution. Increasing the concentration of pectin resulted in a viscous solution

which was also associated with a reduction in glucose absorption (Flourie et al., 1984).
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Other researchers have proposed that viscous fibre increase the viscosity of luminal
contents reducing the absorption rate of some nutrients (Battilana et al., 2001; Jenkins et
al., 2002b; Vuksan et al., 2000;Wursch and PiSunyer, 1997). Viscosity may therefore
affect the absorption of nutrients. The effect of viscosity on UWL may provide an
indirect association between viscosity of fibre and intestinal permeability.

In our studies, we measured permeability using the Ussing chamber technique but
did not measure the absorption of nutrients. The viscosity of the B-glucan in the HVBG
diet is higher than that of the LVBG diet (230mPa sec vs 22mPa sec, respectively).
However, we did not find a difference in permeability between the two diets. Possibly,
the effects of viscosity on permeability, if any, are damped by excising the intestine and
measuring intestinal permeability using an in vitro technique. Viscosity may not
preferentially affect the barrier function of the intestine, but may affect morphology or
other intestinal parameters, thereby indirectly affecting permeability in vivo.

Furthermore, other factors or characteristics (e.g. the presence of starch or other nutrients)
in the diets may contribute to the results.

The amount of B-glucan is the major difference among the diets. The cellulose,
oatmeal, and barley diets contained 0g, 2.3g, and 3.9g of B-glucan / kg diet, respectively.
Permeability of the ileurn was similar among the HVBG and LVBG groups and higher
than the diets containing the whole grains and cellulose as source of dietary fibre. Even
though the HVBG and LVPBG diets had the same amount of B-glucan (56g/kg), the
increased permeability reached significance in the LVBG group, only. Since permeability
was significantly increased only in the ileum (p=0.003) of the LVBG group, viscosity may

have limited effects on the in vitro permeability of the intestine.
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Another important facet involves the microflora of the intestine. The microflora
can be influenced by fibre, in turn, bacteria themselves can affect intestinal barrier. For
example, certain dietary fibres (e.g. FOS, lactulose, B-glucan) have been shown to affect
the growth and activity of bacteria that are linked to health benefits (Blaut 2002;
Dongowski et al., 2002;Kontula et al., 1998). The permeability of the colon is reduced
with the presence of Lactobacillus brevis, a probiotic (Garcia-Lafuente et al., 1998).
However, Escherichia coli (E. coli) and Streptococcus viridans in the GI tract may
increase intestinal permeability (Garcia-Lafuente et al., 2001).

SCFAs produced by fermentation of fibre in the colon are proposed to help
maintain epithelial integrity (Sakata, 1995) and increase villus height and crypt depth
(Andoh et al., 1999;Goodlad et al., 1986). SCFA production could be influenced by the
amount and / or type of soluble fibre that is available in the colon (Dongowski et al.,
2002). Although diets in this study had the same amount of total fibre, the amounts of
soluble fibre may vary among the diet groups. Cellulose, containing no soluble fibre, is
not fermented in the colon. The barley and oatmeal groups inherently contain p-glucan
but may also contain other dietary fibre such as resistant starch. Resistant starch has been
shown to be a substrate for butyrate production (Le Blay et al., 1999;Dongowski et al.,
2002). The HVBG and LVPG diets contain B-glucan that consists of soluble and
insoluble fractions. Additionally, all diets contain cellulose and the amount of cellulose
was higher in the barley (75g/kg) and oatmeal (75g/kg) compared to 22g/kg in both the
HVPBG and LVPG diets. Thus amount of soluble and fermentable fibre in the B-glucan
extracts may be limited to the soluble fibre found in the structure. However, B-glucan

from the isolated oat gum has been shown to be rapidly fermented in the colon (Lund and
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Johnson, 1991) suggesting that the B-glucan in the diets may be fermented in the colon.
Interestingly, (Mosenthal et al., 2002) showed that cellulose in an enteral diet helped
maintained the barrier function.

SCFA production could also be influenced by the amount and / or species of
mircoflora that are colonized in the intestine. (Dongowski et al., 2002) measured the
microbial counts in feces of rats fed diets containing different amount of total fibre, 8-
glucan, and resistant starch. There was an increase in lactobacillus microbes after
consuming the diets for 6 weeks, which paralleled and increase in total SCFA (acetate,
propionate and butyrate).

Elsenhans and Caspary (1989) suggest that the increased urinary excretion of PEG
in rats was caused by feeding a dietary fibre (i.e.pectin or guaran) that could be degraded
by intestinal microflora, but feeding fibre that is resistant to bacterial degradation (i.e.
methylcellulose or carrageenan) did not increase PEG excretion. An increased amount of
B-glucan in the diet may be rapidly fermented in the colon affecting the microflora
colonies and SCFA production. Therefore, the bacteria colonies in the colon may affect
fibre fermentation and intestinal permeability, possibly through a mechanism involving
SCFA. Further studies that characterize the intestinal microflora following the feeding of
the different fibre used in this study may shed light on this issue.

It is possible that the increased permeability in the LVBG fed rats reflects an
increase in surface area of the intestine (Dias et al., 1998;Madsen et al., 1995a). In this
study, the morphology was evaluated by measuring the villus height and crypt depth. The

length of the villi and the depth of the crypts of rats fed the LVBG diet were not
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statistically different from any of the other diet groups (p>0.05) (Table 8). Therefore, the
changes in permeability were unlikely to be caused by differences in surface area.

Another possible explanation involves the role of B-glucan in the excretion of bile
(Lia et al., 1995). While preparing the ileal sections for the Ussing chamber, greenish-
yellow gel was observed in the digesta of rats fed either the high or low viscosity B-
glucan diets. The contents of this gel was not analysed but the colour suggests that bile
acids may have been present.

In addition to its vital role in cholesterol metabolism, bile acids have been shown
to affect the intestinal barrier. Rehman et al., (2003) and Teichberg et al., (1983)
indicated that deconjugated bile acids may disrupt tight junctions and erode the mucosa,
which could reduce the intestinal barrier function and allow more molecules to cross the
epithelial membrane. Chadwick et al., (1979) and Gyory and Chang (1983) found a
positive association between increased bile acids and colonic permeability in rabbits and
in rats. Dongowski et al., (2003) found that diets based on barley products increased the
amount of neutral sterols in luminal contents in rats fed diets with the highest amounts of
B-glucan (60.3 and 67.8g/kg) compared to those fed diets with less than 42g f-glucan /kg
diet. If B-glucan increases the fecal excretion of bile acids, more bile acids may reach the
ileum and potentially disrupt the tight junctions, leading to increased permeability of the
ileum.

However, a few questions arise when considering this hypothesis. One relates to
the availability of bile acids to affect the intestinal mucosa. It is unknown whether p-
glucan binds to the bile acids rendering them unavailable to attach to the mucosa and

disrupt the tight junctions or whether B-glucan simply enhances the excretion of the bile
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acids, which are available to disrupt the tight junctions. Another theory combines both
concepts, suggesting that the increased amount of bile acid excreted is greater than the
binding capacity of B-glucan. This results in some unbound bile acids that could disrupt
tight junctions while the others are bound to B-glucan and excreted without affecting tight
junctions or epithelial structure. Fermentation of fibre by the intestinal microflora was
shown to increase secondary bile acid excretion (Dongowski et al., 2003). Therefore, the
microflora could have a role in changing the permeability by directly affecting the
mucosa or indirectly by altering bile acid excretion.

Further studies could explore the relationship among barley-derived p-glucan, bile
acid excretion, and permeability of the ileum. For example, they could evaluate the
amount of bile acids excreted, whether bile acids bind to the mucosa or -glucan, pH of
the luminal content, and the structure of the tight junction in the ileum of rats fed the f-

glucan diets compared to a control (e.g. cellulose or barley flour).

5.2.1.1. Jejunal permeability

The diets fed to rat in this study had no effect on mannitol flux in the jejunum of
BBn rats (Figure 5). Other investigators have noted changes in the ileum but not in the
jejunum in response to a dietary treatment. Mosenthal et al., (2002) found that the
intestinal barrier was reduced in the ileum of rats fed an enteral formula, but not in any
other sections of the small intestine. Differences in adaptations among the different
intestinal segments have also been suggested elsewhere (Madsen et al., 1996;Fedorak et
al., 1991). Madsen et al., (1996) found that glucose transport in the ileum was normalized
in streptozocin-induced diabetic rats 12-hours after insulin administration whereas it took

48-hours in the jejunum. Mariadason et al., (1999) have shown that diet influenced the
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flux of >’Cr-EDTA only in the distal colon and not in the jejunum or cecum (Mariadason
etal.,, 1999). Data from Mariadason et al., (1999) implies that the jejunum may be less
affected than the ileum by the by-products of fibre fermentation. Therefore, the ileum

adapts differently than the jejunum to various situations.

5.2.2. Electrophysiological parameters of the small intestine

The total amount of bidirectional ion flux (I;), the maintenance of the ion
concentration gradients and the Na/K ATPase activity (PD), and the ability of the ions to
pass through the paracellular route (G) were not affected by the type of fibre in the diet
(figures 6-8) in BBn rats. Schwartz et al., (1982) fed male rats one of three diets for four
weeks. One group was fed a fibre-free control diet; the other two groups were fed the
control diet supplemented with either 10% (w/w) cellulose or a combination of 5% (w/w)
pectin and 5% (w/w) cellulose. With the Ussing chamber, they measured ion fluxes and
the electrophysiological parameters of the jejunum. They found that the net sodium and
chloride fluxes were reduced in both the cellulose- and the pectin + cellulose-containing
diets relative to the fibre-free diet (Schwartz et al., 1982). Compared to the fibre-free
diet, the PD and I, were lower in the diets containing fibre regardiess of the type of fibre.
Therefore, these results concur with the lack of differences seen in the PD, k. and G
readings among the diet groups in our data that contained the same amount of fibre but
was derived from different sources. Mariadason et al., (1999) found that adding wheat
bran or methylcellulose did not affect G in the jejunum or cecum but did affect G in the

distal colon.
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5.2.3. IgA positive cells

In order to help protect the host from pathogens and foreign antigens present in
the luminal contents, the GALT produces IgA to bind the pathogen, rendering it
ineffective (van Egmond et al., 2001). Therefore, the immune system is activated when
the body perceives a threat and the plasma cells in the LP of the intestine produce IgA
(Brandtzaeg et al., 1985). Counting the number of IgA positive cells in the LP of the
intestine can therefore indicate whether the immune system had been activated or not.
Other studies in our laboratory have shown that a fermentable fibre, inulin, did not
increase the number of IgA positive cells compared to the BBn rats fed the cellulose diet
(Stillie, 2003). Our study concurs with these observations since the number of IgA
positive cells in the LP was not different among the different diets. The number of IgA
positive cells in the BBn rats fed the LVBG diet was similar to those of rats fed barley,
oatmeal or cellulose diet (Table 11) who had lower permeability of the ileum. Therefore,
our data suggests that neither the diet nor the increased permeability of the ileum was

associated with an increase the production of IgA positive cells.

5.2.4. Intestinal length and morphology

Intestinal length of BBn rats fed the HVBG diet was elongated compared to those
fed the barley, oatmeal, or cellulose diets, but was similar to the LVBG group. The length
of the intestine of the LVPG group was longer than that of rats fed the cellulose diet. No
differences were observed among the barley, oatmeal or cellulose groups (Table 8).
Studies in our laboratory have shown that feeding inulin increased the length of the

intestine compared to the cellulose-fed BBn rats. Elsenhans and Caspary (1989) who
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found that the length of the intestine of rats fed fibre (pectin, guaran, methylcellulose, or
carrageenan) was longer than those eating the fibre-free diet, but did not differ among the
fibre-containing groups. |

It was unexpected that there were no differences in villus height or crypt depth
observed among diets in this study. Increased villus height and crypt depth have been
reported in several studies evaluating the effects of soluble fibre (e.g. pectin, inulin)
versus a diet without fibre or with insoluble fibre (Andoh et al., 1999; Goodlad et al.,
1986; Tasman-Jones et al., 1982;Stillie, 2003). Sigleo et al., (1984) have shown that fibre
(i.e. cellulose or pectin) increased jejunal villus height éompared to a fibre-free control
diet. Results from Sigleo et al., (1984) indicate that adding fibre to the diet, regardless of
its source, increases villus height compared to a fibre-free diet. Our results however
disagree with Andoh et al., (1999) who found that adding 2.5% pectin to the control diet
compared to a fibre-free (i.e. control) diet increased villus height and crypt depth of the
jejunum and ileum. However, Andoh et al. (1999) compared diets containing fibre to
diets without any fibre and they did not observe differences among the different types of
fibre on intestinal morphology.

A few explanations may explain the lack of difference in villus height. B-Glucan
has both soluble and insoluble components resulting in differences in the quantity of
soluble fibre in the diets. A low amount of soluble fibre may not stimulate changes in
morphology seen with studies that have used only soluble fibre (McCullough et al.,
1998). In the study by Stillie (2003) in which inulin, a FOS, was added to the diet at
approximately 4.8% (w/w) of total fibre villus height increased compared to rats fed the

diet containing cellulose (Stillie, 2003). The amount of soluble fibre in the inulin diet
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may have been higher than the amount in the diets containing the B-glucan fractions.
Fermentation of soluble fibre produces SCFA (Sakata, 1995) which have been associated
with epithelial cell proliferation causing a trophic effect on the intestine of rats (Andoh et
al., 1999; Klurfeld, 1999).

A second possible explanation relates to variation in the adaptation of different
sections of the intestine. As previously mentioned, the ileum adapts differently than the
jejunum to glucose transport (Madsen et al., 1996). Feeding FOS to BBn rats resulted in
an increased jejunal villi height (Stillie, 2003), however, the effects in the ileum were not
measured.

A third reason revolves around the morphology measurements and difficulty in
assessing some of the samples. Damage to the villi may have occurred during collecting
and processing of the sample leaving a relatively small number of villi to be measured. It
is difficult to assess whether the villi that were “countable” were truly representative of
all villi in the ileum.

A fourth reason involves the timing and exposure of the animals to the different
fibre sources. During the 2-week feeding trial, the rats in the treatment groups were
exposed for the first time to a soluble or fermentable fibre because all dams and their pups
were fed the cellulose diet until weaning. It is possible that a 2-week period exposure to
small amounts of soluble fibre and no prior exposure during lactation may have been
insufficiently long to induce changes in the morphology of the ileum. The lack of dietary
effect on morphology in the ileum seen in our study is likely to be a combination of many

factors including the sample processing, amount and type of fibres, how they interact with
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the different sections of the intestine, the timing of exposure and differential effects of the

fibre in different parts of the intestine.

5.2.5. Body weight and intake

Final body weight and weight gain of HVBG-fed female rats were significantly
less than the oatmeal group (Table 6). In male rats, diet had no effect on final body
weight. The differences in weight gain paralleled food intake for female rats. Food

intake was lower in the HVBG group compared to those fed the oatmeal diet.

5.2.6. Spleen weight

The weight of the spleen was included to show that the type of fibre in the diets
did not adversely affect the growth of other organs. As shown in table 9, the HVBG-fed
rats had lighter spleens than those in the barley and oatmeal groups, but had similar
spleen weights to the LVBG and cellulose groups in both male and female rats. There
were no observations (behaviour, coat) that would indicate adverse health effects of the

diet on the animal.
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5.3. BBdp rats

5.3.1. Intestinal permeability

The amount of B-glucan in the diet was associated with permeability of the ileum
(r=0.324, p=0.018) (Figure 18). In the BBdp model with an altered intestinal
permeability, the fibre used in the study had minimal, if any, effect of ileal permeability
(p=0.047). The LVBG fibre used in this study had no significant effects on permeability
(p=0.513). Meanwhile, the HVPG fibre tended to increase permeability relative to
cellulose (p=0.066) group, but the effect was not significant. The data suggests that fibre
may help ameliorate injury induced by exogenous agents or pathogens but has dampened
effects with inherent intestinal abnormalities.

In the BB rat model, Meddings et al., (1999) showed an increase in the gastric and
upper small intestine permeability of BBdp rats fed chow or a modified casein
hydrolysate diet. The gastric and intestinal permeability was increased at approximately
50 days of age, which was prior to the onset of diabetes. In the study by Meddings et al.
(1999), no differences in intestinal permeability were observed among diet groups.
Differences in the age of the rats and the method used to measure permeability may
explain some of the discrepancies between results from our studies and those reported by
Meddings et al (1999). There is a tendency of the HVBG diet to increase the permeability
of the ileum compared to the cellulose diet, yet this difference did not reach statistical
significance (p=0.066). Therefore, the differences found in BBn rats were not observed

in BBdp rats.
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Reimer et al., (1997) found that the intestines of BBdp rats differ from those of
BBn rats. BBdp had a higher amount of proglucagon mRNA in the ileum and of
glucagon-like peptide-1 (GLP-1) in the plasma than did the BBn rats (Reimer et al.,
1997). However, they found that the colonic proglucagon mRNA was lower in BBdp
versus BBn rats (Reimer et al., 1998). The intestinal length of BBdp did not grow in
response to consuming fermentable fibre as it did in the BBn rats (Stillie, 2003). It has
been suggested that the intestine of BBdp and BBn rats differ, which may contribute to
the onset of disease in the BBdp rats (Reimer et al., 1998) and may reflect the different

observations for permeability between the two strains of rats.

5.3.2. Electrophysiological parameters

G, L, and PD did not differ among diet groups in the BBdp rats (p>0.05) (Figures
14-16). Innon diseased animals, the type of fibre has been shown to be ineffective at
changing I, and PD readings of Sprague-Dawley rats (Schwartz et al., 1982). Although,
diabetes may increase I;. readings compared to non diabetic rats (Fedorak et al., 1987),
animals in our study did not display overt diabetes. at the age tested. Thus, it appears that
changes in the electrophysiological properties are not altered at this age (35 + 2 days of
age). The G, I, and PD were not affected by diet.

The response of the tissue to an adenyl cyclase activator, forskolin, was increased
in rats fed the oatmeal diet compared to the barley group (Figure 17). Implications of this
finding are unclear but could reflect an improved in vitro viability of the tissue from rats
fed the oatmeal diet. The increased forskolin response may also represent an increased in

ion transport, the majority of which is chloride (Barrett and Keely, 2000;Walker et al.,
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2003). Increasing chloride secretion would be followed by an increase in water
absorption, which would help to hydrate the mucosa (Barrett and Keely, 2000) and

contribute to maintaining or improving the barrier function.

5.3.3. IgA positive cells

The number of IgA positive cells in the LP was not significantly different among
the diet groups in the BBdp rats. The HVBG group tended to have slightly more IgA
positive cells than that of the barley, LVBG, oatmeal, and cellulose groups (Table 17).
The number of IgA positive cells in the LP was comparable among the diet groups

indicating that the type of fibre did not stimulate the immune system.

5.3.4. Intestinal length and morphology

The intestinal length of rats fed the cellulose-containing diet was slightly shorter
than the barley and HVBGgroups. However, when taking into account the final body
weights, the effect of diet disappears (Table 14). These results are similar to Stillie
(2003) who found that the length of the small intestine did not differ between the BBdp
rats fed the inulin or cellulose diets. Villus height and crypt depth were not affected by
the type or the viscosity of the fibre in this study. Stillie (2003) showed that feeding
inulin, using a similar protocol to this study, was not associated with increased villus

height or changes in crypt depth in BBdp rats.
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5.3.5. Body weight and food intake

Body weight of BBdp rats were similar among the diet groups (p=0.122) (Table
12). However, food intake was lower in the HVBG and LVBG compared to the cellulose
and barley groups (Table 13). The rats fed the HVBG diet ate about 32g less than the
cellulose group during the 14-day feeding trial, but gained about the same amount of
weight (p=0.448) as the cellulose-fed rats. Thus rats fed the diet containing the B-glucan
extracts were able to compensate for the difference in food intake. Fermentation of the -
glucan may produce SCFA and provide energy. Gut length was increased in the group
fed the HVPG diet; however, when gut length is expressed per unit of body weight, there
are no longer differences among the diet groups. Therefore, it is unlikely that intestinal

length could explain the similar body weight despite the differences in food intake.

5.3.6. Spleen weight

As observed in the BBn rats, diet did not affect the weight of the spleen in BBdp
rats (Table 15). Therefore, diets did not have adverse effects on the growth of organs

outside the GI tract.

5.4. Summary

Permeability of the intestine plays a crucial role in absorbing nutrients and
preventing the entry of foreign antigens and pathogens into the systemic circulation. An

increase in permeability was observed prior to the onset of Chron’s disease (S6derholm,
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1998) and type 1 diabetes in humans (Carratu et al., 1999) and in rodents (Meddings et
al., 1999). Dietary fibre however has been shown to reduce intestinal permeability of
animals with injuries to the intestine (Correa-Matos et al., 2003; Deng et al., 1999;
Rehman et al., 2003).

Data on the effects of B-glucan, a cell wall polysaccharide, on intestinal
permeability are limited. Results from this study indicate that incorporating the low
viscosity alkali extract B-glucan into the diet increases the permeability of the ileum, but
not the jejunum in BBn rats. These rats are not known to have altered permeability
suggesting that diet has an influence on barrier function. The results indicate that diet,
particularly the B-glucan, increases permeability of normal rats in the post weaning period
(21 to 35 days of age) that were not previous subjected to intestinal injury. This change
occurred without affecting ion status of the tissue, villus height, crypt depth, and number
of IgA positive cells in the lamina propria. It is unknown what long-term consequences
may arise due to this increased permeability of the ileum. Furthermore, the effect of diet
on intestinal permeability was dampened in the BBdp rats; the high viscosity p-glucan
tended to increase permeability of the ileum relative to rats fed the cellulose diet.

Therefore, the increased permeability of the ileum was not associated with an
increased production of IgA positive cells indicating that the mucosal immune system
was not stimulated by the presence of the fibre. The current data suggest that there might
be several outcomes caused by increased permeability. The general idea is that increased
intestinal permeability is pathological and associated with diseases or injuries to the

intestine. However, there might be an increased permeability in the early post weaning
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period where the body adapts to the numerous challenges or diet may affect barrier

function without compromising the immune system.

5.5. Future research

Several questions have been raised by these studies, notably in the explanation for
the increased permeability. The results showed that the permeability of the ileum is
increased in rats fed diet containing the highest amount of f-glucan. $-glucan is known
to increase excretion of bile acids (Lia et al., 1995) and bile acids have been suggested to
disrupt tight junctions (Rehman et al., 2003;Teichberg et al., 1983). Therefore, studies on
assessing the amount of bile acids excreted, whether bile acids binds to B-glucan or the
mucosa, or the structure of tight junctions are warranted. It may be worthwhile to
determine the long-term consequences, if any, of the increased permeability.

Another area of interest involves the solubility and fermentation of f-glucan and
their effects on the intestine. In the larger picture, solubility of B-glucan may affect
cholesterol and glucose metabolism. Results indicated that viscosity may moderate the
effects of B-glucan on the intestinal permeability, but does not fully explain the
observations. The amount of soluble component in B-glucan may vary and perhaps
differences in the amounts of soluble fibre could affect intestinal morphology.
Fermentation of the B-glucan may also occur. In order to assess whether the solubility of
B-glucan affect the intestine, diets should be supplemented with B-glucan extracts
containing various amount of soluble fibre and measure intestinal absorption of nutrients.

Furthermore, measurements in the periphery such as lipid profile and postprandial blood
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glucose concentration may provide insight on the effects of solubility of barley and oat-

derived B-glucan effect on the body.
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B-Glucan has been proposed to help with lipid and glucose metabolism (Braaten et
al., 1994b, 1994a), yet most studies used B-glucan derived from oats. In the USA, oat
products may carry a health claim associating the consumption of oats and reductions in

cholesterol concentrations and CVD risk. Fewer studies evaluated B-glucan the role of

Appendix 1
Overview of Barley Project

barley-derived. Dr. Temelli and Dr. Vasanthan, food Scientists at the University of

Alberta, have developed a method to extract the B-glucan from barley. These extracts
were tested on cell lines for the expression of cholesterol metabolism genes. The extracts

were also fed to rats, and its effects on the immune system, lipid metabolism, microflora,

nutrient absorption. The study described in this thesis is part of the larger animal trial

(Figure 19).
Barley B-glucan
Functional properties
A
B-glucan extraction
(Dr.’s Temelli and Vasanthan)
e T
Animal studies Cell lines
Immune system 4» Nutrient absorption \
(Dr. Field’s gr) (Dr. Thomson’s gr) Cholesterol
metabolism gene
Lipid metabolism expression
(Dr. Basu’s gr) Gut function / (Dr. Reimer, Uof C)
™ morphology studies
microflora Thesis project
(Dr. Tannock’s gr) M

Figure 19. Overview of barley project.
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Appendix 3
B-Glucan Extraction Flow Chart

B-Glucan was extracted from Candle barley flour using an alkali extraction process

Alkali extraction
using Candle barley
flour

High Viscosity B-
Glucan (HVBG)

230 mPa sec

Shear Stress

Low Viscosity B-
Glucan (HVBG)

230 mPa sec

Figure 20. B-Glucan extraction flow chart
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Appendix 3a
Modification of Diet

Mid way through the BBdp gut function / morphology study, the fatty acid composition
of the Tosca Safflower oil changed from a high polyunsaturated (PUFA) and low
monounsaturated fatty acids (MUFA) to the low PUFA and high MUFA profile. For
example, the original Tosca oil provided 7.9g of PUFA and 1.4g of MUFA per 10g of fat
compared to 2g from PUFA and 11g from MUFA (total fat 14g) after the switch. The
original Tosca oil was used, in part, as a source of omega-6 fatty acids. Table 18 provides
the amount (and percentage) of MUFA, PUFA, saturated (SFA) in each source of oil.

Sources of oil
Type of Fat Tosca Tosca

g (%) Linseed (original) (modified) Safflo

MUFA 3 (21.43) 14 (14) 11 (78.57) 1.5 (16)
PUFA 10 (71.43) 7.9 (79) 2 (14.29) 6.5 (70)
SFA 1 (7.14) 0.7 (7) 1 (7.14) 1.2 (14)
Total 14 (100) 10 (100) 14 (100) 9.2 (100)

Table 18. Sources of oil and fatty acids. Table provides the amount in g and the (percent
of total fat) for the amount of MUFA, PUFA, SFA, in each oil. Composition is based on
the nutrition information panel.

The amounts of MUFA, PUFA, and SFA in 1kg of diet made with the different oils are
listed in table 19. The total amount of PUFA in 1kg diet decreased about 40g from the
original to modified Safflower oil. The quantities were calculated by multiplying the
percentage each type of fat times the amount added to the diet. For example linseed, 79%
is PUFA and 7.4g was used, thus 0.79 * 7.4g = 5.29g PUFA/kg diet provided by linseed.

Total amount of PUFA was calculated by adding all sources of PUFA in the diet.
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Sources of oil

Type of Fat Soybean Tosca Tosca
g stearine Linseed (original) (modified) Safflo
MUFA - 1.59 8.68 48.71 10.37
PUFA - 5.29 48.98 8.86 48.37
SFA 131 0.53 4.34 443 9.67
Total PUFA - 5.29 54.18 14.15 53.66

Table 19. The amount (g) of each type of fat (MUFA, PUFA, SFA) in 1kg diet for each

of the oil used.

Therefore, the brand of safflower oil was changed to Safflo and the amount of each oil

added to each diet was adjusted (see below for calculations) to reflect and maintain the

original polyunsaturated to saturated fat (P:S) ratio of 0.4.
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' Appendix 3b
Calculations

Calculations based on 1kg diet.
Total fat: 200.4g
Linseed oil in 1kg diet: 7.4g (this number is constant) multiply 7.4g* 0.70=g PUFA in
oil;
7.4g * 0.14=g SFA
Amount of fat that needs to be shared between soybean stearine and sunflower:
=200.4g-7.4g
=193g
x= soybean stearine
y= sunflower oil
solve for x then y in order to keep a P:S ratio of 0.4

soybean + sunflower + linseed = P:S
PUFA in oils Ox + 070y + 525 =04
SFA in oils Ix 014y 0.52
1 (0x+0.7y +5.25)= 0.4 (1x + 0.14y + 0.52)
0x+0.7y+525 =0.4x+0.056y+0.208
0.7 (193x)+5.25 =0.4x+0.056 (193-x) + 0.208
135.1-0.7x+5.25 =0.4x+10.808 - 0.056x + 0.208

140.334 + 0.7x =0.344x + 11.016
129.334 =1.044x
123.9 =x

y=193-123.9

y=69.1

Therefore, 123.9g should come from soybean stearine and 69.1g from Safflo oil to get a
P:S ratio of 0.4
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Appendix 3¢
Diet Formulation
Using the calculations above, modifications were made to the amount of
ingredients added to the diet. The quantity of oils changed in order to keep a
polyunsaturated to saturated fatty acid ratio of 0.4 and to maintain comparable
macronutrient and fibre profile. The diet ingredients with the modifications made to the

amount are listed in Table 20.

Table 20 (a). Amount and source of macronutrients in the diets
made with modifications due to changes in oils

Diet
Macronutrient HVBG LVBG Barley Oatmeal Cellulose
Total amount in diet (g) 10169 10225 9929 10339 999.9
Total Protein (g/kg) 2704 270 2673 268 270
casein 265 270 260 268 270
B-glucan 5.4 3.9 - - -
barley flour - - 73 - -
oatmeal flour - - - 10 -
Total Lipids (g/kg) 2004 2004 1966  203.7 2004
soybean stearine 1239 1239 1209 123.9 123.9
safflower 69.1 69.1 67.1 69.1 69.1
linseed 7.4 7.4 7.4 7.4 7.4
barley flour - - 12 - -
oatmeal flour - - - 33 -

Total Carbohydrates (g/kg) 381.1 385.6 3723 3919 378

corn starch 380 385 343 335 378

B-glucan 1.1 0.6 - - -
barley flour - - 29.3 - -
oatmeal flour - - - 56.9 -

Total Fibre (g/kg) 71.9 78.1 79.2 713 80

cellulose 22 22 76 75 80
B-glucan 55.9 56.9 - - -
barley flour - - 3.6 - -
oatmeal flour - - - 6.4 -
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Table 20 (b). Summary of the percentage of macronutrients and fibre in each diet

Diet
Nutrient (Y%ow/w) HVBG LVBG Barley Oatmeal Cellulose
total protein 27 27 27 27 27
total lipids 20 20 20 20 20
total CHO 37.5 377 379 37.5 37.8
total fibre 7.7 7.7 8.0 7.9 8.0

*Diets are supplemented with 10g/kg of vitamin mix and 50g/kg of mineral mix
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Appendix 4
Incidence trial

Purpose
An incidence trial was conducted to demonstrate that the effect of feeding a semi-
purified casein-based diet on the incidence of diabetes in our BBdp rat colony. The

procedure is listed below.

Animals
To determine the incidence of diabetes in the BBdp colony, four to six BBdp rats

were housed per shoebox cage until 50-64 days of age and were then housed individually
in hanging stainless steel metabolic cages until the diagnosis of diabetes or 120 days of
age, which ever came first. Rats that were losing weight, had a rough-looking coat or had
many wet spots in the bedding underneath their cages were suspected to have
hyperglycemia. Hyperglycemia and diabetes were diagnosed using the following steps.
The urine of suspected hyperglycemic rats was tested for glucose (Chemstrip uG/K,
Roche, Laval, Canada). If glucose was found in the urine, a blood sample was taken from
the tail vein and the blood glucose concentration was measured using a MediSense
Precision Xtra blood glucose monitor (Abbott Laboratories, Bedford MA, USA). Rats
with a blood glucose value >12 mmol/L were diagnosed with diabetes and killed.
Diet

Rats were fed the same cellulose diet described for gut function / morphology
studies. To recapitulate, the diet is a semi-purified, casein-based containing 27% (w/w)
protein, 38% (w/w) carbohydrate, 20% (w/w) lipids and 8% (w/w) fibre (ie. cellulose).
Data from this incidence trial is compared to the incidence in the same colony but with

rats fed chow.
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Incidence calculation
The incidence of diabetes was calculated as the number of rats testing positive for

diabetes divided by the total number of rats used in the trial.

Results
The incidence trial was conducted to determine the incidence of diabetes in BBdp

rats fed the semi-purified diet containing cellulose as the fibre source. Eleven of the 48
(23%) BBdp rats fed the semi-purified casein-based diet developed autoimmune diabetes
by 120 days of age compared to 50% in the chow-fed group (x’= 9.91, p<0.01). These
data indicates that the cellulose diet reduces but does not completely prevent the

incidence of diabetes in the BBdp rats fed cellulose diet

Conclusion
The semi-purified casein-based diet containing cellulose as the fibre source

reduces, but does not prevent the incidence of autoimmune diabetes in our BBdp rat

colony.
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