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Abstract

Probiotics are bacteria, which reside in the large intestine and concur beneficial health
cffects on their host. Their abundance can be sclectively-stimulated by prebiotics, such as
fructo-oligosaccharide (FOS); prebiotics are oligosaccharides, which are not digested in the
small intestine, but pass into the large intestine where they are fermented into short-chain
fatty acids. Several studies have suggested that prebiotics may improve mineral absorption.
This study aimed to determine the effects of pro- and pre-biotic supplementation on mineral
absorption and bone quality in growing male rats.

Sixty three-week old male Sprague-Dawley rats were randomised into five groups and
fed cither a high-calcium milk powder (HCMP) with or without a probiotic added (groups
were subsequently named HCMP — and HCMP + respectively), or HCMP and vitamin K
with or without the probiotic (HCMPK — and HCMPK +), or the HCMP with FOS
replacing the sucrose in other dicts, and the probiotic (the dictary group was named FOS).
Animals were maintained on diets for 10 weeks.

Balance studies were carried out during weeks 3 — 4 and 8 — 9 of the study. The carlier
balance study suggested that dictary interventions may affect mineral absorption. The latter
balance study, however, showed no discernable differences between groups. Several
reasons were postulated for this. Active-absorption may have been down-regulated as a
result of long-term supplementation, or an increased abundance of probiotics could cause an
clevation of nutritional demands. Alternatively, supplementation may not prove beneficial
once animals had passed their period of peak absorption. Bone resorption and formation did
not appear to have been altered as a result of dietary intervention, when measured after 10-
weeks. Bone mineral density and content, calcium, magnesium, zinc and ash contents and
bone biomechanical testing also showed no significant differences between dietary groups.
Further research is required to determine whether results obtained were due to long-term

supplementation and / or due to the joint-supplementation of pre- and pro-biotics.
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1,25(OH),D  1,25-dihydroxyvitamin D

avp3 Vitronectin receptor

AKT Serine-threonine kinase

BMC Bone mineral content

BMD Bone mineral density

BMP Bone morphogenic protein

BMU Basic multicellular unit

CAIl Carbonic anhydrase II

CaBP Calbindin

Cbfa-1 Core binding factor a-1

CFU Colony-forming unit

CTR Calcitonin receptor

CTx C-telopeptides of Type I collagen
DEXA Dual Energy X-ray Absorptiometry

DP Degree of polymerisation

E Oestrogen

ERK Extracellular regulated kinase

FDCR1 Follicular dentritic cell receptor 1 (OPG)
FGF Fibroblast growth factors

FOS Fructo-oligosaccharide

GH Growth hormone

GOS Galacto-oligosaccharides

HBSS Hanks Balanced Salt Solution

HCMP High calcium milk powder

HCMPK HCMP with added vitamin K

HSH Hypomagnesemia with secondary hypocalcemia
I Inulin

ICP-OES Individually coupled plasma-optical emission spectrometer
IFN- vy Interferon- y

IGF Insulin-like growth factor

IGFBP IGF-binding protein

IL Interleukin
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JNK
LPS
M-CSF
MagTl
Mi
MNC
NDO
OCIF
ODF
OF
OPG
Osf-2
ovX
p38 MAPK
PBS
PTH
PTHrP
RANK
RANKL
ROS
RS
SCFA
SEM
T;

T4
TGF-p
TNF-a

Protein kinase c-Jun N-terminal kinase
Lipopolysaccharide

Macrophage colony-stimulating factor
Magnesium Transporter protein
Microphthalmia

Mononuclear cell

Non-digestible oligosaccharide
Osteoclastogenesis-inhibitory factor (OPG)
Osteoclast differentiation-inducing factor (RANKL)
Oligofructose

Osteoprotogerin

Osteoblast-stimulating factor 2 (Cbhfa-1)
Ovariectomised

Mitogen activated protein kinase
Phosphate buffer solution

Parathyroid hormone

Parathyroid hormone-related protein
Receptor activator of the NF-xB
Receptor activator of the NF-kB ligand
Reactive oxygen species

Resistant starch

Short chain fatty acid

Standard error of the mean
Triiodothyroxine

Tetraiodothyroxine

Transforming Growth Factor 3

Tumor necrosis factor-a (cachectin)

TR1 or TNFrl TNF-receptor-like molecule 1 (OPG)

TRAF6
TRANCE
TRAP

TNF-receptor associated factor-6
RANKL

Tartrate-resistant acid phosphatase
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Introduction

Nutritional recommendations were once based on the amount required by the
majority of a population to prevent symptoms of deficiency (within the population one
would expect the exact amount required to differ slightly between individuals). More
recently, however, the importance of producing recommendations based on the ability
of a nutrient to cause or prevent illness in a population has become more established.
This has been paralleled by an increase in affluence and hence understanding the effect
of an excess intake of a nutrient has also become more significant. As a result,
realisation of the potential of nutrition to maximise health and well-being is better
appreciated.

One such area in which nutrition may prove useful is in the prevention of
osteoporosis. Approximately one in four women, and one in eight women over the age
of fifty in New Zealand have low bone density (Sainsbury and Richards, 1997);
osteoporosis can lead to a significant reduction in quality of life for sufferers, and high
financial costs. Prevention of the disease has so far appeared better than cure; attempts
at restoring bone loss have so far proved relatively unsuccessful (Sainsbury and
Richards, 1997). Maximising peak bone mass early in life has the potential to reduce the
likelihood of osteoporotic fractures later in life. Peak bone mass is, in turn, affected by
several factors, such as nutrient availability, exercise and hereditable elements
(Sainsbury and Richards, 1997). Improving the efficiency with which the minerals
deposited in bone, such as calcium, magnesium and zinc, are absorbed and used in bone

has the potential to reduce the morbidity of osteoporosis.



Chapter 1. Literature Review

Section 1. Bone

1.1.1. Function

Bones have five main functions in the body. They provide a frame of support and
protect organs and bone marrow. By acting as an attachment site for muscles, bones
also permit movement. They are an important storage site of minerals such as calcium

and phosphate, whilst the haematopoietic tissue in bone marrow produces blood cells.

1.1.2. Structure

Bones can be classified morphologically into long, short, flat, irregular or round
bones. Long bones are long and narrow. Short bones have lengths and widths
approximately equal. Flat bones have broad surfaces, and round bones are spherical.
The remainder are irregular bones, which have varied shapes.

Each bone is encased in a layer of dense connective tissue that contains blood vessels
known as the periosteum. The bone can be divided into three areas, the epiphyses (at the
extremities), diaphysis (the shaft), and metaphysis (the growing section, which lies
between the epiphysis and diaphysis). A diagram of a long bone showing these

anatomical distinctions is shown in Figure 1.
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Figure 1: Anatomical features of a long bone, showing epiphysis, metaphysis and diaphysis. Taken
from Baron (1999).

Rather than being uniformly solid, bone contains spaces, which provide channels for
blood vessels, and reduce the weight of the skeleton. Sections are classified as

trabecular (spongy) or cortical (compact), depending on the size and distribution of the

spaces they contain, as shown in Figure 2.
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Figure 2: Cortical (compact) and trabecular (spongy) bone. Taken from Oxford University Press
(2003).

The relative composition of these two types of skeletal bone differs throughout the

body, as shown in Figure 3.
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Figure 3: Relative distribution of cortical and trabecular bone in different parts of the skeleton.
Taken from Mundy (1999).



1.1.3. Chemical Composition of Bone

There are three main constituents of bone; an organic matrix, inorganic salts, and
cells. The bone matrix represents about 30% of the total skeletal mass (Pocock and
Richards, 2004). Its major component is collagen; hyaluronic acid and chondroitin
sulphate are also present. Bone matrix proteins include osteocalcin, osteonectin,

osteopontin, bone sialoprotein, matrix-Gla-protein, fibronectin and alkaline

phosphatase. Bone salts are predominately made up of calcium and phosphate in a form

known as hydroxyapatite (Ca;o(PO4)s(OH),). There are three major bone cell types;

osteoblasts, osteoclasts and osteocytes.

1.1.3.1. Osteoclasts

Osteoclasts act to resorb bone by demineralisation and degradation (discussed
further in 1.1.4.3). A scanning electron micrograph of an osteoclast is shown in

Figure 4.

Figure 4: Scanning electron micrograph of an osteoclast. Taken from Shalhoub er al. (1999).
Osteoclasts are giant cells formed from mononuclear precursors in the monocyte

/ macrophage lineage. The presence of certain factors are necessary to signal these
precursors to differentiate into the multinucleated osteoclasts rather than other cells
in the family, such as erythrocytes, granulocytes, mast cells, megakaryocytes,
lymphocytes and macrophages. Some of the factors involved in osteoclast

differentiation are shown in Figure 5.
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Figure 5: Signals required for osteoclast differentiation and function. av3, Vitronectin
receptor; CAll, Carbonic anhydrase 11; CTR, Calcitonin receptor; IFN- vy, Interferon- y; M-
CSF, Macrophage colony-stimulating factor; Mi, Microphthalmia; OPG, Osteoprotogerin;
RANK, Receptor activator of the NF-kB; RANKL, Receptor activator of the NF-kB ligand;
TRAF6, Tumor necrosis factor (TNF) receptor associated factor-6; TRAP, tartrate-resistant
acid phosphatase. Taken from Wagner and Karsenty (2001).

PU.1 is a transcription factor that encodes an ETS-domain containing protein

required for lymphoid and myeloid differentiation (Wagner and Karsenty, 2001);
mice lacking PU.1 are devoid of osteoclasts and macrophages and are osteopetrotic
(Tondravi et al., 1997). Osteopetrosis is characterised by increased bone mass and
obliteration of bone marrow cavity; bones are dense, brittle and fracture easily
(Wagner and Karsenty, 2001; Oxford Reference Online, 2002).

Macrophage-stimulating factor (M-CSF; also known as colony-stimulating factor
1, CSF-1) binds to its receptor c-fms, and, under the influence of the receptor
activator of NF-«xB ligand (RANKL), signals cells to differentiate into osteoclasts
(Zaidi et al., 2005). op / op mice are deficient in M-CSF; animals are osteopetrotic,
with osteoclasts present in reduced numbers (Chambers, 2000).

RANKL (also known as TRANCE, osteoclast differentiation-inducing factor
(ODF), or osteoprotogerin (OPG) ligand) is a member of the tumour-necrosis factor

(TNF) family. It is produced as a membrane-bound protein by osteoblasts, and then



cleaved into a soluble form by metalloproteins (Nakashima et al., 2000). RANKL is
a protein of 317 amino acids; OPGL mRNA is predominately expressed in bone,
bone marrow and lymphoid tissues (Steeve et al., 2004). opgl mutant mice lack
osteoclasts, and show severe osteopetrosis (Kong et al., 1999). RANKL binds to the
receptor activator of the NF-kB (RANK), a transmembrane protein of 616 amino
acids (Steeve et al., 2004). After binding of RANKL to RANK on osteoclast
precursors, the complex interacts with TNF receptor-associated factors (TRAFs) 1 —
6, of which TRAF6 appears to be essential. Mice defective in TRAF6 show
osteopetrosis; osteoclasts differentiate, but are unable to resorb bone due to a lack of
contact with the bone surface (Lomaga er al., 1999). TRAFs activate several
downstream signalling pathways including the NF-xB, AKT (serine-threonine
kinase), JNK (protein kinase c-Jun N-terminal kinase), p38 MAPK (Mitogen
activated protein kinase) and ERK (extracellular regulated kinase) pathways, which
result in osteoclastogenesis, or bone resorption or survival.

Osteoprotogerin (OPG; also known as osteoclastogenesis-inhibitory factor
(OCIF), or TNF-receptor-like molecule 1 (TR1 or TNFrl), or follicular dentritic cell
receptor 1 (FDCR1)) is a decoy receptor for RANKL. It is also in the TNF-receptor
family, and is produced by osteoblasts. OPG is synthesised as a protein of 401 amino
acids, and subsequently cleaved to 380 amino acids (Steeve et al., 2004). Its binding
to RANKL neutralises the cytokine, inhibiting osteoclastogenesis (Aubin and
Bonnelye, 2000; Abu-Amer et al., 2004). OPG deficient mice show increased bone
resorption, irrespective of the presence or absence of bone-resorbing factors such as
parathyroid hormone (PTH) (Udagawa et al., 1999).

The production of OPG and RANK allows a point of control for

osteoclastogenesis. Factors such as Interleukin (IL)-1p, IL-6, IL-11, and TNFa can



promote this process, through increasing expression of RANKL and decreasing
expression of OPG, whilst other factors (e.g. IL-13, IL-y, and TGF-P) can suppress
RANKL and / or promote OPG expression, inhibiting osteoclastogenesis (Nakashima

et al., 2000).

1.1.3.2. Osteoblasts

Osteoblasts have four main roles in the body; synthesis of components required
for the bone matrix, synthesis of factors required for bone formation, regulation of
osteoclast activity (through synthesis of factors such as RANKL and CSF-1) and
differentiation into osteocytes. A scanning electron micrograph of an osteoblast is

shown in Figure 6.

Figure 6: A scanning electron micrograph of an osteoblast. Taken from Loty ef al. (2001).

Osteoblasts are derived from multipotent mesenchymal stem cell precursors; these
precursors also give rise to bone marrow stromal cells, chondrocytes, muscle cells
and adipocytes (Manolagas, 2000; Wagner and Karsenty, 2001). The signals required

for osteoblast differentiation are shown in Figure 7.



Masenchyma Oisteoblast

stam c=ll v
_ e —
- >, ® . & =7
S A A T A A T _Bane
» Bmps 0 Cofel Hoxal  Fra-1D Chfal Leptin EERGe
o Olx§ AFosB
Acipocytes T . -
Myccoytas Too o o
Fibroblasts Proliferation and differentiation Function

Figure 7: Signals required for osteoblast differentiation and function. Cuboidal osteoblasts are
shown on the newly formed bone, together with some osteocytes embedded in the bone matrix.
Adapted from Wagner and Karsenty (2001).

Cbhfa-1 (Core binding factor a-1; also known as Runx-2; or osteoblast-stimulating

factor 2, Osf-2) is required early in the signalling pathway for osteoblast
differentiation. It activates osteoblast-specific genes such as osteopontin, bone
sialoprotein, type I collagen and osteocalcin (Ducy et al., 1997; Ducy and Karsenty,
1998; Manolagas, 2000). Deletion of chfa-1 results in a complete lack of osteoblasts
(Komori et al., 1997; Otto et al., 1997).

Bone morphogenic proteins (BMPs) are members of the Transforming Growth
Factor B (TGF-P) superfamily; seven BMPs exist, known as BMPs 1-7, whose roles
may overlap (Blair e al., 2002). BMP-2 and BMP-4 are thought to be of particular
importance in the differentiation of osteoblasts from their precursors. BMP-4 induces
a homeobox-containing gene, distal-less S (D/x5), which may act as a transcription
factor, regulating the expression of osteocalcin and alkaline phosphatase, as well as
regulating mineralisation (Manolagas, 2000). Signalling by BMPs, as with other
members of the TGF-f family, involves serine / threonine receptor kinase types I and
II. Type 1 is the signal receptor. To be active it must be associated with the
constitutively active type II receptor kinase (Blair ez al., 2002). Binding of BMP to
types I and [T BMP receptors phosphorylates Smad 1, 5 and 8 proteins. These
proteins then form a complex with Smad 4 and are translocated to the nucleus, where

they interact with other transcription factors such as Cbfa-1 (Chen et al., 2004).



Preventing the downstream signalling caused by BMPs can preclude osteoblast
formation (Ghosh-Choudhury et al., 2002); signalling may be regulated at several
different levels (Chen et al., 2004).

Insulin-like growth factor (IGF) and fibroblast growth factors (FGF) are also
involved in osteoblast differentiation; their role may be limited to acting only on
osteoblast progenitor cells that are already committed to this differentiation pathway
(Manolagas, 2000). IGF-binding proteins (IGFBPs) can bind to IGFs; some, such as
IGFBP-4 are inhibitory, whilst others, such as IGFBP-5 have stimulatory effects

(Lian et al., 1999).

1.1.3.3. Osteocytes

Osteoblasts differentiate into osteocytes when the bone matrix surrounds them.
The matrix around the osteocytes does not calcify, but forms a lacunocanalicular
network between osteocytes, and the surface bone cells, allowing them to remain in
contact (Burger and Klein-Nulend, 1999; Tate, 2003), as can be seen in Figure 8.

This network is the largest pool of fluid in the bone (Tate, 2003).
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Figure 8: Scanning electron micrograph of osteocytes, isolated from embryonic chicken
calvariae, following three days of culture as a monolayer. The lacunocanalicular network can be
seen between the osteocytes. Taken from Burger and Klein-Nulend (1999).
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1.1.4. Bone Metabolism
1.1.4.1. Ossification

Ossification, or bone modelling, refers to the formation of new bone during
embryonic development. There are two types, intramembranous (flat bone) and
endochondral (long bone) ossification. In the former, bones are formed directly in
connective tissue, whilst the latter also involves cartilage deposition (Oxford

Reference Online, 2004).

1.1.4.2. Bone Remodelling

In the adult, bone is continually being broken down and reformed in a process
called bone remodelling. Remodelling has two main purposes. It allows bones to
become adapted to different levels of stress, in terms of shape and strength, and the
replacement of old, degenerating material with new organic matrix. Bone
remodelling consists of two processes; bone resorption and bone formation. These
procedures occur in the same area of bone, in temporary anatomic structures known
as basic multicellular units (BMUs), which has lead to their description as being
“coupled”. The BMU is approximately 1 — 2 mm long, and 0.2 — 0.4 mm wide.
Osteoclasts degrade bone at the front of the unit, and are followed by osteoblasts,
which lay down new bone material (Manolagas, 2000). BMUs exist for
approximately 6 — 9 months, a period which is split into origination (BMUs
commence functioning), progression (advancement of BMUSs towards another area of
bone requiring replacement) and termination (cessation of BMU functioning)
(Manolagas, 2000). In this time, each BMU replaces approximately 0.025 mm’ of
bone (Manolagas, 2000). 3-4 million BMUs are formed each year in the bones of a

healthy human, with about 1 million functioning at any one time (Manolagas, 2000).
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1.1.4.3. Bone Resorption
The process of bone resorption can be divided into five main stages. These are

migration to the resorption site, attachment to the bone surface, establishment of cell
polarity, degradation and removal of the bone matrix components, and either
osteoclast apoptosis, or their return to the non-resorbing stage (Vaananen ef al.,
2000; Rousselle and Heymann, 2002). A tightly sealed compartment is formed
between the osteoclast and bone surface, isolating the resorption area from the
extracellular fluid, which requires avB3 integrin (Blair ef al., 2002). Cell polarity is
established through the formation of a ruffled border, a specific membrane domain
with finger-like extensions that penetrate the bone matrix (Vaananen ef al., 2000).
Vacuolar H+-ATPases in the ruffled border secrete the H+ ions generated by
carbonic anhydrase II (CAII) into the resorption area beneath the osteoclast,
facilitating dissolution of the bone matrix (Manolagas, 2000; Rousselle and
Heymann, 2002; Martin and Sims, 2005). Matrix metalloproteinases and cathepsin
K, secreted by the osteoclast, are also involved in bone matrix degradation (Bossard
et al., 1996; Vaananen et al., 2000). The resulting calcium and collagen fragments
are then transported by vacuolar transcytosis into the osteoclast (Nesbitt and Horton,
1997; Salo and Lehenkari, 1997). Tartrate-resistant acid phosphatase (TRAP) has
been found in these transcytotic vesicles, which generate reactive oxygen species
(ROS) able to degrade collagen (Halleen et al., 1999); hence bone matrix

degradation may not occur solely extracellularly. This is summarised in Figure 9.

13



Chloride
bicarbonate 6 3"
Thiol exchmgeA

Proteinases CO,

Ay |
Carbonic
Anhydrase \‘ l

O \ H*+ HCO',

H

A] Pase

l‘ J,

[1'

H
Collagen Qg+
. Degradation 4 D
i Ca La™~

Cl Channel

Attachment

a3 Integrin

Hy droxyapatite
TypeI collagen

Figure 9: The osteoclast dissolving bone. Taken from Blair (2002).

1.1.4.4. Bone Formation
The activity of osteoblasts in bone formation is less well understood. Bone

formation commences with the secretion of the precursor of type I collagen,
procollagen, from osteoblasts. These are subsequently cleaved at both the amino-
and carboxy-terminal ends, before being subjected to further extracellular
processing. The end result are mature three-chained type I collagen molecules that
then assemble themselves into a collagen fibril, forming pyridinoline crosslinks
with other collagen molecules. Osteoblasts also secrete other proteins that are
incorporated into the bone matrix, such as osteocalcin and osteonectin
(Manolagas, 2000). They are also responsible for mineralisation (the deposition of
hydroxyapatite). This process is not fully understood, but there are two theories as

to how it is initiated. The first suggests that the osteoblast produces small vesicles,
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which act as nucleation sites for mineralisation, whilst the second suggests that
the nucleation site may be the collagen fibril (reviewed by Caverzasio et al.

(1996)).

1.1.5. Regulation of Bone Metabolism
BMU activity is controlled by the complex interaction of a number of factors. Bone

metabolism can be altered in response to lifestyle factors, systemic factors, and local

factors, some of which are catabolic, others anabolic. This allows adaptation to

environmental conditions and stresses experienced by the individual.

1.1.5.1. Lifestyle factors

Diet and nutrition are the two main lifestyle factors that regulate bone
metabolism. Cigarette smoking and high alcohol consumption may be detrimental to
bone (World Health Organisation, 2003a). Physical activity can improve bone
strength and structure (Marcus, 1999; Brown and Josse, 2002; Kohrt et al., 2004).
Overactivity can, however, be detrimental (Brown and Josse, 2002).

Certain nutrients are required for bone metabolism to occur; these include the
vitamins A, C, and K, calcium, magnesium and zinc. Vitamin A is involved in the
differentiation of osteoblasts; it also decreases collagen synthesis and increases its
degradation (Gabbitas and Canalis, 1997; Song ef al., 2005). Vitamin C is required
for the formation of pyridinoline — deoxypyridinoline crosslinks in collagen
molecules (Kipp er al., 1996; Tsuchiya and Bates, 2003; Takamizawa et al., 2004).

Vitamin K is required for the post-translational modification of matrix-Gla-
protein and osteocalcin (Yagami ef al., 1999; Takeuchi ef al., 2000); glutamyl groups

on these proteins can be converted to y-carboxyglutamic acid residues by a vitamin K
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dependent y-carboxylase. These proteins are involved in regulation of bone
mineralisation; the carboxylation mediated by vitamin K helps promote calcium
binding (Lian et al., 1999). Matrix gla-protein is expressed in many connective
tissues, but osteocalcin is more specific to bone. Thus matrix gla-protein and
osteocalcin are able to promote cartilage mineralisation and bone mineralisation
respectively (Yagami et al., 1999); the proteins may also be involved in the
regulation of chondrocyte and osteoclast activity (Lian et al., 1999; Yagami et al.,
1999).

Calcium is required for hydroxyapatite crystals in bone mineralisation.
Mineralisation provides mechanical rigidity and load-bearing strength to the bone
(Lian et al., 1999). Other minerals, such as magnesium and strontium can be
incorporated into the crystals should calcium intake be insufficient, but this results in
smaller, less perfect crystals, and reduces bone strength (Lian et al., 1999).

Magnesium deficiency has been shown to reduce bone growth, osteoblast
number, increase osteoclast number, cause loss of trabecular bone and stimulate
productivity or activity of TNF-q, IL-1 and substance P (Creedon et al., 1999; Rude
etal.,2003; Rude ef al., 2005). Bone quality is reduced, and may even result in
osteoporosis (Stendig-Lindberg ef al., 2004). Magnesium deficiency is also thought
to impair PTH secretion or cause PTH end-organ resistance (Rude et al., 1976) and,
therefore hypocalcaemia (Rude ef al., 1998). It may also cause reduced serum
1,25(OH),D (Rude et al., 2005); this may be a result of reduced levels of PTH.

Zinc may improve bone through stimulating bone formation and mineralisation,
and inhibition of bone resorption. Zinc may stimulate bone formation and
mineralisation through increasing production of alkaline phosphatase, collagen and

osteocalcin (Brandaoneto et al., 1995; Cui et al., 1995; Naber et al., 1996). It is
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required for DNA and RNA replication, and hence the production of chondrocytes,
osteoblasts and fibroblasts (Brandaoneto er al., 1995). Zinc has been shown to inhibit
the formation of osteoclast-like cells in vitro using mouse and rat bone marrow cells
(Yamaguchi and Kishi, 1995; Yamaguchi and Kishi, 1996; Kishi and Yamaguchi,
1997). Zinc supplementation has been shown to improve bone strength in the femoral

neck and diaphysis of growing rats (Ovesen et al., 2001).

1.1.5.2. Hormonal factors

1.1.5.2.1. Parathyroid Hormone
Parathyroid hormone (PTH) is a peptide hormone produced by the parathyroid

gland in response to a lowering of blood calcium levels. PTH affects both bone
resorption and formation (Martin and Sims, 2005). It prevents osteoblast apoptosis
and promotes osteoblast differentiation (Dobnig and Turner, 1995; Jilka et al.,
1999), but may also act indirectly to increase osteoclast activity (Yu et al., 1996;
Greenfield ez al., 1999; Swarthout ez al., 2002). PTH stimulates the kidney to
promote calcium reabsorption and convert inactive 25-hydroxy vitamin D to the
active form, 1,25-dihydroxy vitamin D (1,25(OH),D) (Wood, 2000). Parathyroid
hormone-related protein (PTHrP) has effects on osteoclasts identical to those of

PTH (Mundy, 1999).

1.1.5.2.2. Vitamin D
1,25(OH),D promotes the absorption of calcium from the intestine by

increasing the production and activity of several proteins such as calbindin,
alkaline phosphatase, low-affinity calcium-dependent ATPase, calmodulin, and

brush border actin (Holick, 2000). If dietary availability of calcium is too low to
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maintain calcium homeostasis, the vitamin increases bone resorption, by
stimulating osteoclastogenesis (Holick, 2000). This ensures that calcium is
maintained at a level that allows its passive deposition into hydroxyapatite in bone
mineralisation. 1,25(OH),D can increase transcription of vitamin D-specific genes
in osteoblasts, such as osteocalcin, alkaline phosphatase and osteopontin (Holick,

2000).

1.1.5.2.3. Oestrogen

The post-menopausal decrease in circulating oestrogen is well recognised to
be responsible for bone loss, and hence potentially cause osteoporosis. The
decrease in oestrogen increases the number and activity of osteoclasts, thus
increasing bone resorption (Manolagas, 2000; Riggs, 2000). Oestrogen may act to
inhibit bone resorption by altering levels of various cytokines, as shown in Figure
10. The increased level of the steroid is also responsible for terminating bone

growth at puberty (Gertner, 1999).
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Figure 10: Actions of oestrogen (E) on cytokines in bone. Stimulatory (+) factors are shown in
blue and inhibitory (-) effects are shown in orange. Taken from Riggs (2000).

1.1.5.2.4. Growth Hormone

Growth hormone (GH) is a peptide hormone secreted from the pituitary gland,
which stimulates release of Insulin-like Growth Factor 1 (IGF-1) from the liver. It
stimulates osteoblast proliferation and differentiation both directly, and through
IGF-1 (Langdahl et al., 1998; Olsen et al., 2000); this may also indirectly
stimulate osteoclast differentiation and activity (Olsen et al., 2000). The overall

effect, however, is that of promotion of bone formation.

1.1.5.2.5. Thyroid Hormones

Thyroid hormones are produced in the thyroid gland; predominately in the
inactive Tetraiodothyroxine (Ts) form (although some of the active
Triiodothyroxine, Ts, is also produced). T; promotes long bone growth during

development; in adults, excess can cause accelerated bone loss (Bassett and
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Williams, 2003). T may stimulate osteoblastic activity both directly and

indirectly, through growth factors and cytokines (Bassett and Williams, 2003).

1.1.5.2.6. Insulin

Although insulin is predominately known for its effects on glucose
metabolism, it also affects bone metabolism. Insulin promotes bone formation
through its actions on osteoblasts, such as alteration of collagen synthesis

(Thomas et al., 1998; Ahdjoudj et al., 2001).

1.1.5.2.7. Calcitonin

A high blood calcium level stimulates the release of the peptide hormone
calcitonin from the thyroid gland. It acts to decrease the formation and activity of

osteoclasts, inhibiting bone resorption (Wood, 2000).

1.1.5.2.8. Glucocorticoids

Glucocorticoids have a multitude of effects on bone. They inhibit calcium
absorption from the intestine (thus increasing PTH secretion), and promote
calcium secretion from the kidneys, inhibit osteoblast function, and the formation
and action of 1,25(OH),D. By decreasing gonadal hormone secretion, and
elevated PTH secretion, the number of remodelling sites on bone is increased.
Glucocorticoids also stimulate RANKL production, and inhibit RANK production
in osteoblasts, promoting osteoclastogenesis and bone resorption (Hofbauer et al.,
1999). For example, Cushing’s syndrome is characterised by an excess of

glucocorticoids, and therefore osteoporosis.
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1.1.5.3. Autocrine / Local Factors
As well as the paracrine / systemic factors involved in bone metabolism

described above, autocrine / local factors are also produced. Some of these are listed

in Table 1.

Table 1: Catabolic and Anabolic Local Factors Involved in Bone Metabolism. Summarised from
Watkins er al. (2001).

tali atrs (Increase Bone Resorption / Decrease Bone Formation)
Growth Factors  c.¢. EGF, bFGF, FGF-2, PDGF
C ines " c.o TNF, IL-1, IL-4, IL-6, IL-11, M-CSF

Pmstnglmdlns . Particularly PGE2 at high concentrations
Leukotrienes  c.g. LTC4, LTD4, S-HETE, LTB4 and 12-HETE

Anabolic Faor (Increase Bone Formation / Decrease Bone Resorption)
Growth factors  c.g. IGF-1, IGF-1I, TGF-a, PDGF
Prostaglandins  Particularly PGE2 at low concentrations

TNF-a (tumour necrosis factor-o.; cachectin) is a cytokine released by activated
macrophages, which stimulates bone resorption and bone cell replication (Lian et
al., 1999; Mundy, 1999; Idriss and Naismith, 2000). It also has other roles in the
body, including anti-viral, cytostatic and cytolytic actions; it can cause cachexia,
suppress erythropoiesis, and may cause signalling events in cells, ultimately
resulting in cell apoptosis or necrosis (Lian ef al., 1999; Mundy, 1999; Idriss and
Naismith, 2000). It appears to be important for resistance to infection and cancers
(Idriss and Naismith, 2000). Cenci et al. (2000) demonstrated that oestrogen may
reduce TNF-a production by T-cells, hence inhibiting bone resorption; oestrogen-
deficiency after the menopause results in non-supression of TNF-a levels and
ensuing bone loss (Nanes, 2003).

IL-6 is a pro-inflammatory cytokine, which stimulates bone resorption through
increasing production of osteoclast precursors (Wang et al., 2003; Xing and Boyce,
2005). IL-6 1s also involved in other processes in the body, including immune

responses, haematopoiesis, and acute-phase reactions (Simpson et al., 1997). IL-1,
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PTH and 1,25(OH),D promote the expression and release of IL-6 from bone cells
(Lian et al., 1999; Mundy, 1999; Riggs, 2000).

IL-10 is an anti-inflammatory cytokine produced by T-cells and macrophages; it
induces a wide range of biological activities in the body, such as preventing
cytokine production, increasing survival of T- and B-cells and the activity of NK
cells (Pestka et al., 2004). Mice deficient in IL-10 show chronic inflammation of the
intestine, as they are unable to control immune responses to intestinal flora (Kuhn ez
al., 1993). Production of IL-10 may be induced by TNF-a in macrophages,
lipopolysaccharide (LPS), and IL-6 and IL-12 in T-cells (Daftarian et al., 1996).
The cytokine also has anabolic effects on bone (Daftarian ez al., 1996; Watkins et
al., 2001; Stenvinkel er al., 2005). These effects are due to its inhibition of
osteoclast formation, achieved through a direct action on osteoclast precursors

(Hong et al., 2000).

SUMMARY

Bones provide support, protection, permit movement, produce blood cells, and act as

a storage reservoir for certain nutrients. There are two types of bone, cortical and

trabecular; the body is composed of different percentages of these two types of bone

allowing greater adaptation in terms of weight, strength, and resource allocation.

Alternatively, bones can be classified chemically; bones are composed of an organic

matrix, inorganic salts and bone cells (osteoblasts, osteoclasts and osteocytes).

Differentiation of these bone cells is controlled by several different factors. In order to

develop and function correctly, osteoclasts require PU.1, M-CSF, RANK, and RANKL,

amongst other factors. OPG can bind RANKL, a decoy receptor, preventing
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osteoclastogenesis. Osteoblasts, however, require Chfa-/, BMPs, IGFs and FGFs in
order to function correctly.

There are two processes of bone growth that occur; bone modelling (ossification) and
bone remodelling. Ossification allows bones to grow in size, and occurs from the start
of life up until the end of adolescence. Bone remodelling, however, occurs throughout
life, allowing bones to become adapted to different levels of stress, and the replacement
of old material. Remodelling consists of two processes, bone resorption and bone
formation; these are regulated by the complex interaction of several hormones and
cytokines on activity of BMUs. PTH, Vitamin D, oestrogen, GH, insulin, and calcitonin
promote bone formation, whilst thyroid hormones and glucocorticoids promote bone
resorption. Several local factors are also produced, including the cytokines IL-6 and
TNF-a, which increase bone resorption, and IL-10, which increases bone formation. An
imbalance of these factors may have serious consequences, resulting in bone
overgrowth, causing problems for nerve and blood supply, or bone weakening,

increasing fracture risk
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Section 2. Mineral Absorption
1.2.1. Absorption

Through the examination of the kinetics of transport of a mineral, it is possible to
determine to some extent, how it may be absorbed. A graph showing the kinetics of a

hypothetical mineral is shown in Figure 11.

Physiological
Range Combined

Net Absorption

Paracellular

Transcellular

T

Figure 11: Graph showing net absorption against intake of a hypothetical mineral. Kinetics of
absorption are those that could would be expected if absorption took place using solely a
transcellular active pathway (shown in red), a paracellular passive pathway (shown in blue) or a
combination of the two (shown in yellow). The normal physiological range of magnesium intake
(represented by the grey bar) is shown to allow a reference point for the importance of each
transport mechanism. Adapted from Konrad ef al. (2004) and Fleet (2000).

Intake

Absorption of a mineral that takes place using only a transcellular pathway could be
expected to become saturated at a low level of intake (shown by the red line in Figure
11); an additional increase would not result in any further improvement of net
absorption (Fleet, 2000). A paracellular pathway (shown by the blue line), however,
might be expected to show a rate of absorption that correlates to intake (Fleet, 2000). A
mineral may also be absorbed by a combination of transcellular and paracellular

mechanisms (yellow line in Figure 11); the former would be more responsible for
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absorption at a lower level of intake, whilst the latter may be more important at a higher
level of intake (Fleet, 2000). Net absorption for a mineral absorbed by such a
combination is the sum of the absorption rate of its components, the transcellular and

paracellular pathways (Fleet, 2000).

1.2.1.1. Calcium

Calcium is taken up across intestinal mucosal cells by active and passive
absorption (Bronner et al., 1986; Peacock, 1991; Bronner and Pansu, 1999;
Slepchenko and Bronner, 2001). Active transport requires the presence of 1, 25-
dihydroxyvitamin D (1, 25(OH),D), the active form of vitamin D, and its receptors
(Freund and Bronner, 1975a). It is a saturable transcellular process, which occurs in
the upper duodenum and colon (Bronner ef al., 1986). Active transport occurs in
three steps; entry of calcium ions into the epithelial cell from the lumen, their
intracellular diffusion from the apical to basolateral membrane and extrusion from
the cell, across the basolateral membrane. Calcium enters the epithelial cell down a
steep concentration gradient, by means of the calcium channel ECaCl (CaT2 or
TRPVS), and calcium transport protein, CaTl (ECaC2 or TRPV6) (Hoenderop et al.,
1999; Peng et al., 1999; Slepchenko and Bronner, 2001); the former is 1, 25(OH),D
dependent, whilst the latter appears to be unresponsive to the vitamin (Freund and
Bronner, 1975a; Bronner, 2003a). A dual-transport mechanism may exist to
maximise efficiency over a range of calcium concentrations. An animal with low
calcium intake would be expected to show low expression levels of CaTl1. If calcium
intake were to increase suddenly, the channel would prove advantageous. Whilst the
transport protein would become saturated at a low level, the channel allows calcium

absorption at an amount relative to luminal concentrations. Low calcium causes an
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increase in circulating 1, 25(OH);D. Since CaT2 is 1, 25(OH),D-dependent, high
calcium levels will result in a reduction of CaT2 activity; a calcium channel is less
essential, and may even prove detrimental (summarised from Bronner (2003a)).

The calcium binding protein calbindin (CaBP) facilitates calcium transport across
the cell; its biosynthesis is dependent on 1, 25(OH),D (Freund and Bronner, 1975a;
Freund and Bronner, 1975b; Buckley and Bronner, 1980; Bronner et al., 1986). This
is thought to be the rate-limiting step in the calcium absorption pathway (Bronner et
al., 1986). Calbindin may increase calcium diffusion across the cell by a factor of
about 60 (Bronner ef al., 1986). By binding to calcium, calbindin also ensures that
intracellular calcium ion concentrations remain low, thus helping maintain an
electrochemical gradient (Bronner, 2003a).

CaATPase is predominately responsible for calcium extrusion from the cell; an
Na'/Ca®" exchanger also appears to be involved, albeit to a smaller extent (Bronner
et al., 1986; Wasserman and Fullmer, 1995). Calcium extrusion by CaATPase is
energy-requiring and 1, 25(OH),D dependent (Bronner, 1998; Bronner and Pansu,
1999). Enzyme activity may be increased by two to three times by the vitamin
(Bronner et al., 1986). Calcium binds to the transmembrane sections of the
CaATPase on the basolateral membrane; phosphorylation of the CaATPase causes a
conformational change and creation of a channel, through which the calcium ion is
extruded (Bronner, 1998; Bronner and Pansu, 1999).

Passive diffusion involves transport in a paracellular fashion, and movement of
calcium ions down a concentration gradient (Bronner et al., 1986; Bronner and
Pansu, 1999); absorption rate is, therefore, dependent on the relative level of calcium
in the luminal and serosal tissue. High calcium, and hence low 1, 25(OH).D levels,

down-regulate the active-transport mechanism, which explains the increased
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importance of passive diffusion at high levels of calcium (Buckley and Bronner,
1980; Bronner and Pansu, 1999). This transport system is non-saturable, occurs
independently of 1, 25(OH),D levels and takes place throughout the length of the
small intestine (Pansu ef al., 1983a; Bronner et al., 1986; Bronner and Pansu, 1999;
Bronner, 2003b). Absorption of calcium also occurs in the large intestine, but is only
thought to account for 10% of total absorption (Bronner and Pansu, 1999).

The routes of calcium absorption in active and passive transport are summarised

in Figure 12.
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Figure 12: Routes of calcium absorption. Calcium is represented by red circles. The channel
CaT2, and transport protein CaT1 absorb calcium from the intestinal lumen. Intracellular
transport occurs using CaBP. Calcium is extruded from the cell by CaATPase. This is known as
the transcellular pathway. Alternatively, calcium can be absorbed by the paracellular pathway,
passing directly into the blood.
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1.2.1.2. Magnesium

The mechanisms of magnesium absorption are not completely understood,
although it is thought that a non-saturable paracellular passive system and a saturable
transcellular active system are involved (Rude, 2000; Konrad et al., 2004).
Magnesium is thought to be predominately absorbed from the small intestine, with a
small amount absorbed from the large intestine (Konrad et al., 2004).

Hypomagnesemia with secondary hypocalcemia (HSH) is an autosomal recessive
condition, manifested in early infancy, characterised by muscular convulsions, and
very low serum magnesium and calcium levels (Konrad ez al., 2004). Research as to
its cause is ongoing (Konrad er al., 2004). Levels of TRPM6 are reduced in HSH
patients (Schlingmann et al., 2002). TRPM6 is a member of the transient receptor
protein (TRP) family of cation channels, and is expressed along the entire length of
the small intestine (Schlingmann er al., 2002; Konrad et al., 2004; Voets et al.,
2004). However, administration of high doses of magnesium can restore subnormal
levels (Walder ef al., 2002), suggesting that there may be at least two transport
mechanisms present. A high intake would cause high intraluminal concentrations of
magnesium, and hence increased absorption by a passive, paracellular pathway.
Research into magnesium transport is ongoing; only this year oligonucleotide
microarray analysis identified a putative magnesium channel expressed in the
intestine and other tissues, called Magnesium Transporter protein (MagT1) (Goytain
and Quamme, 2005). Further research is required to determine the importance of this
transporter.

An Mg”' / Na' antiporter has been proposed as the method by which magnesium
is extruded from the basolateral membrane; conclusive evidence still remains to be
found (Schweigel and Martens, 2000). Magnesium absorption routes are summarised

in Figure 13.
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Figure 13: Routes of magnesium absorption. Magnesium is represented by green circles; sodium
by purple circles. Intracellular transport is thought to occur through the magnesium channel
TRPM6. The method of extrusion remains to be determined, although it has been suggested that
a magnesium / sodium antiporter may be involved. This constitutes the transcellular pathway.
The paracellular pathway absorbs magnesium directly into the blood. Adapted from Konrad er
al. (2004).

1.2.1.3. Zinc

Zinc absorption is thought to occur by both passive paracellular and active
transcellular routes. At present, two mammalian zinc transporters have been
identified. They are the Zinc-Transporter (ZN-T; solute-linked carrier 30, SLC30)
proteins, and the ZIP (solute-linked carrier 39, SLC39) proteins. They appear to have
opposing roles in the cell; ZN-T exudes zinc from cells, whilst ZIP transporters

promote the influx of zinc into cells (Liuzzi and Cousins, 2004).
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Nine zinc transporters have been cloned (ZN-T1 - 9), whose tissue expression is
summarised in Table 2. It should be noted, however, that this list encompasses only
the tissues in which each has been found to date. Further research is needed for a

more conclusive list,

Table 2: Tissue expression of the nine zinc transporters found in research carried out so far.
Where tissues are followed by (?) more research is needed. Summarised from Liuzzi and
Cousins (2004).

Zinc Tissue expression

Transporter

ZN-T1 Wide; more highly expressed in tissues involved in zinc
acquisition, recycling or transfer, such as the small intestine,
kidney cells and placenta

ZN-T2 Intestine, kidney, testes, placenta, pancreas, mammary gland

ZN-T3 Brain, testes

ZN-T4 Mammary gland, brain, small intestine, kidney

ZN-T5 (hZTL1) Pancreas, ovaries, testes, prostrate, small intestine (?), brain (?)

ZN-T6 Liver, brain, small intestine

ZN-T7 Small intestine, liver, spleen, kidney, lung

ZN-T8 Pancreas and liver

ZN-T9 Lung

Expression of ZN-T1, 2 and 4 have been shown to increased in response to the
presence of zinc (Davis er al., 1998; McMahon and Cousins, 1998; Liuzzi et al.,
2001), albeit to different extents. The response is not thought to be unilateral; ZN-T2
may be up-regulated to a greater extent than ZN-T1, which in turn may be up-
regulated more than ZN-T4 (Liuzzi et al., 2001).

Acrodermatitis enteropathica is a disease characterised by an impaired absorption
of zinc. This allowed identification of the ZIP protein, hZIP4 (SLC39A4) (Wang et
al., 2002). Eight ZIP proteins have been identified to date (ZIP1 to 8); tissue
expression for these proteins still remains to be determined (Ford, 2004; Liuzzi and
Cousins, 2004).

Whilst the influx and efflux mechanisms have been identified to some extent, the
method by which zinc is transported across the cell remains uncertain. Also, the

possible role of metallothionein remains undetermined. Davis ef al. (1998) produced
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mice that overexpressed metallothionein, expressed no metallothionein, or expressed
normal levels. They found serum zinc to be inversely related to metallothionein
levels. The high intestinal zinc content in the knockout mice suggests that
metallothionein was not acting to sequester zinc in the mucosa. However, the exact
role and action of metallothionein remains to be determined. Current understanding

of the method of zinc absorption is summarised in Figure 14.
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Figure 14: Current understanding of the method of zinc absorption from the small intestine.
Zinc is represented by blue circles. Zinc is thought to enter enterocytes by the ZIP transporters,
and be extruded by the ZN-T transporters. Method of transport between the apical and
basolateral membranes remains to be determined. This constitutes the transcellular pathway.
The paracellular pathway absorbs zinc directly into the blood.

1.2.2. Mineral Balance

Minerals in the body can be thought of as a series of entry and exit routes into / out

of a “pool”; balance is maintained by altering rate of flow through these systems. The

31



pool is comprised of mineral present in solution in blood plasma, extracellular fluid and
bone (Bronner and Pansu, 1999). Routes of entry into the pool consist of absorption
from the small intestine and resorption from bone. Calcium, magnesium and zinc are
removed from the pool by urinary excretion, endogenous faecal loss, deposition in bone,

and losses in sweat, semen, menstrual fluid, and breast milk. This is summarised in

Figure 15.
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Figure 15: Routes of entry into and exit from mineral pool in the body. The pool consists of the
mineral in solution of blood plasma, extracellular fluid and bone. Entry is from absorption from
food and resorption from bone. Calcium, magnesium and zinc are excreted in urine, used in bone
formation or excreted in faeces. Miscellaneous losses comprise those in sweat, semen, menstrual
fluid and breast milk. Adapted from Bronner and Pansu (1999).

In order to maintain a balance of mineral levels, rate of entry into and exit from the
pool can be altered. This may be achieved by the complex interaction of a number of
factors. As discussed previously, rate of bone resorption and formation can be altered by
various hormones and cytokines, which act locally and systemically (see 1.1.5.3).
Miscellaneous losses are thought to be minimal (Bronner and Pansu, 1999).
Endogenous faecal losses are due to sloughed intestinal cells and digestive secretions,

and occur at a rate proportional to mineral intake (Abrams et al., 1994).
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Urinary excretion of minerals may exhibit large diurnal fluctuations (Wood, 2000).
Several factors contribute to this. For example, the amount of each mineral absorbed
may lead to an increase in its urinary excretion (King et al., 2000; Wood, 2000). PTH
increases calcium reabsorbed by the kidney. The presence of calciuretic factors in food,
such as simple sugars and protein may increase urinary calcium losses (Wood, 2000).
Pathological illnesses that affect the small intestine have the potential to affect mineral
absorption, as can age and a number of dietary factors, discussed below (Zornitze and

Bronner, 1971; King et al., 2000).

1.2.3. Bioavailability

Bioavailability can be defined as the portion of a nutrient in a food that is absorbed
and metabolically available (Wood, 2000). In order to be absorbed, calcium, magnesium
and zinc must be ionised and in solution. Certain forms of a mineral may be better
absorbed than others. For example, low-molecular weigh organic compounds may bind
zinc, and promote its absorption, e.g. the amino acids histidine and methionine (Krebs,
2000; Lonnerdal, 2000). Several factors can affect mineral bioavailability, both
beneficially and detrimentally.

Phytic acid may prevent mineral absorption by forming insoluble complexes with the
minerals (Benway and Weaver, 1993; Mason et al., 1993; Krebs, 2000; Lonnerdal,
2000; Lopez et al., 2002). Oxalic acid can decrease calcium bioavailability; again due to
the insoluble complex it forms with minerals (Weaver et al., 1997). Green leafy
vegetables are good sources of calcium and magnesium, but their bioavailability may be
reduced due to the presence of these acids (Kamchan et al., 2004). A high gastric pH
can cause minerals to precipitate, thus reducing their available for absorption (Wood

and Serfaty-Lacrosniere, 1992; Bronner and Pansu, 1999).
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Minerals and other nutrients may also affect the bioavailability of other minerals. For
example, iron and calcium, when consumed at levels consistent with consumption of
dietary supplements, may reduce zinc absorbed; further research is necessary to
determine the extent of this interaction (Krebs, 2000; Lonnerdal, 2000). High fibre
foods have a short intestinal transit time, which may, therefore, decrease bioavailability
(Wolf et al., 2000); many high fibre foods also contain phytic acid (Rude, 2000).

Lactose may increase calcium uptake by a direct action on intestinal cells
(Armbrecht and Wasserman, 1976; Brommage et al., 1993). Lactulose is a disaccharide
analogue of lactose, which is digested in the large intestine. It has been shown to
improve calcium absorption (Brommage et al., 1993); this effect is thought to occur in
the small intestine, as calcium absorption was improved in both control and
caecectomised rats.

The type and amount of protein present may affect zinc absorption. It has been
suggested that an ability of a protein to keep zinc dissolved may explain its promotion
of absorption of the mineral (Lonnerdal, 2000). Protein may also affect magnesium
absorption; soybean protein was found to inhibit magnesium absorption to a greater
extent than casein (Brink ef al., 1991; Perez-Llamas et al., 2001). However, soybean
protein also contains phytate, which itself reduces magnesium bioavailability. Addition
of this compound to casein, at a level comparable to that found in soybean protein,
reduced magnesium absorption similarly (Brink et al., 1991).

Mineral bioavailability can also be increased by non-digestible oligosaccharides
(Morohashi et al., 1998; van den Heuvel ef al., 1999; Wolf ef al., 2000; Mineo et al.,
2001; Scholz-Ahrens et al., 2002; Zafar et al., 2004). Their role and action will be

discussed further in Section 3.
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SUMMARY

Calcium, magnesium and zinc are absorbed from the small intestine by both active
and passive transport pathways. The former is responsible for the majority of absorption
that occurs at low and moderate intakes, whilst the latter is more significant at higher
concentrations. Passive diffusion transports mineral ions in a paracellular fashion,
directly into the blood stream.

Active transport is of calcium 1, 25(OH).D-dependent. It, and that of magnesium and
zinc, can be divided into three steps — entry, diffusion and extrusion. The calcium
channel, CaT2, and the calcium transport protein CaT1 permit calcium entry into the
intestinal epithelial cell. CaBP facilitates transport of calcium across the cell. CaATPase
(and to a smaller extent an Na'/Ca® exchanger) extrude calcium out of the cell into the
blood, across the basolateral membrane.

Magnesium is thought to be absorbed into enterocytes via a channel called TRPM6.
Recent research has suggested that another magnesium channel may exist, MagT]1;
further study is required to determine its importance. It has not been determined how
magnesium passes from the apical to basolateral membrance, nor the method of its
extrusion. It has been suggested that an Mg”' / Na' antiporter may be involved, but this
has not been confirmed.

Zinc is thought to enter enterocytes through ZIP transporters, and be extruded by
ZN-T transporters. Numerous proteins belonging to each class have been cloned.
However, which tissues they are expressed in is not fully known, neither is the
mechanism by which the mineral passes from the apical to basolateral membranes.

Mineral balance in the body is controlled by a series of factors that alter the rate of
entry and exit of ions into the body’s pool. The mineral pool consists of ions in solution
in the blood plasma, extracellular fluid and bone. Minerals enter the pool by being

absorbed from the small intestine, which depends on bioavailability, and rate of
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resorption. Exit from the pool occurs due to miscellaneous losses, which are thought to
be minimal, endogenous faecal loss, which is thought to occur at a rate proportional to
intake, bone formation and urinary excretion. Urinary excretion of minerals can be
affected by several factors, such as intake, the presence of inhibitory factors, and the
action of PTH on the kidney (in the case of calcium).

The bioavailability of these three minerals is affected by a number of factors,
Compounds such as phytic and oxalic acid, can bind them, whilst a high gastric pH can
cause precipitation, preventing absorption. Other factors, such as non-digestible
oligosaccharides may improve mineral absorption. Improving bioavailability therefore
has the potential to increase the amount of minerals that enter the pool, for use in bone

formation.
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Section 3. Pre- and Pro-biotics

1.3.1. Pre- and Pro-biotics

Probiotics are bacteria that reside in the large intestine and have beneficial health

effects on their host. These effects are summarised in Table 3.

Table 3: Beneficial effects of predominant bacteria in the large intestine of humans. Bacteria in
light blue may also have pathogenic effects. Summarised from Gibson and Roberfroid (1994).
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Carbohydrates with B-linkages cannot be digested by microbes in the small intestine;
they are known as non-digestible oligosaccharides (NDO). NDOs pass into the large
intestine where they are fermented by bacteria into the short chain fatty acids (SCFAs)
acetic, propionic and butyric acids.

Prebiotics are NDOs that selectively stimulate the growth and / or activity of
probiotics (Gibson and Roberfroid, 1994; Beynen ef al., 2002; Minamida et al., 2004);
prebiotics provide probiotics with a source of food that in turn provides the host with
energy, metabolic substrates and nutrients (Roberfroid, 2000a). Selective-stimulation is
important, because the activity of pathogenic micro organisms is not increased; thus the
gut-floral balance is altered to the advantage of the host. Prebiotics include inulin,
oligofructose (OF), galacto-oligosaccharides (GOS), and resistant starch (RS).

Inulin and OF are fructans; polymers of fructose found in plants and micro organisms
(Tungland, 2003). They are the second-most common form of carbohydrate storage in

plants (starch being the most abundant) (Tungland, 2003). Inulin is a generic name for
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all linear fructans with B(2—1) linkages (Roberfroid, 2005); these compounds have a
degree of polymerisation (DP; number of monosaccharide units combined) of 2 to more
than 60, whilst OF are short-chain fructans, which have a degree of polymerisation of
less than 8 (Franck, 1998; Roberfroid and Slavin, 2000b). There is some disagreement
regarding the definitions of these oligosaccharides, and their nomenclature is often used
interchangeably. FOS (fructo-oligosaccharide) is generally used to describe all
oligosaccharides composed predominately of fructose (Roberfroid and Slavin, 2000b);
it can thus also describe a mixture of OF and inulin-type fructans.

GOS contain galactose units, linked with f1-4 and B1-6 bonds; they have been
shown to stimulate the growth of Bifidobacterium species, and to a lesser extent
Lactobaccillus spp., Escerichia coli and Streptococcus spp. (Sako et al., 1999).

RS is a term that describes starch and its derivatives that are not digested in the small
intestine of healthy individuals (Brown, 2004; Champ, 2004). RS is found in all starch-
containing foods. The level present can be difficult to quantify, as it will vary depending
on a number of factors such as the type of starch in the food, processing and storage it
was subjected to, composition of the meal, and even the individual consuming it

(Brown, 2004; Champ, 2004).

1.3.2. Roles in Mineral Absorption

1.3.2.1. Calcium

Several studies have suggested that prebiotics may promote calcium absorption

from the large intestine. These are summarised in Table 4.
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Table 4: Summary of previous research investigating the effect of prebiotics on calcium absorption. ns indicates no significance; * P<0.05; ** P<0.005.
Abbreviations used: FOS, fructooligosaccharides; GOS, Galactooligosaccharides; I, inulin; OF, oligofructose; OVX, ovariectomised; RS, resistant starch.

Prebiotic Level (percentage of diet) Model Authors
OF 1% 3-11y dogs (12.8 — 16.4kg) (4 males, one female) 1% Benyen et al. (2002)
GOS 5% 6wk male rats e Chonan et al. (2001)
| 40g/day 19-25y men 11 Coudray et al. (1997)
OF 10% Male rats (170g) 1 Coudray et al. (2003)
| 10% e
OF +1 10% 1
FOS 10% Male rats (100g +/- 5¢g) e Delzenne et al. (1995)
OF 8g/day 11 —13.9y girls ns Griffin et al. (2002)
1+ OF vy
I+ OF 8g/day 10 — 15y girls i Griffin et al. (2003)
FOS 5% Male rats (209g +/- 1.69g) [ r Gudiel-Urbano and Goiii (2002)
RS 20% 7wk male rats s Lopez et al. (1998)
I 1% Male rats (~160g) 1hig Lopez et al. (2000)
RS 20% Male rats (~150g) e Lopez et al. (2001)
FOS 5% 45d male rats 1 Morohashi et al. (1998)
FOS 5% 6wk male rats " Ohta et al. (1994)
FOS 5% Swk male rats ns Ohta et al. (1998a)
10% 1%
I 5% 30kg male pigs ns Rideout (2004)
Short chain FOS 10g/day 50-70y postmenopausal women ns Tabhiri et al. (2003)
I 15g/day 20-30y men ns van den Heuvel et al. (1998)
FOS 15g/day ns
GOS 15g/day ns
OF 15g/day 14-16y boys iy van den Heuvel ez al. (1999)
RS 35% 8wk male rats (~200g) 1l Younes et al. (1996)
| 10% 8wk male rats " Younes et al. (2001)
RS 15% i
I+ RS 12.5% 1%
I+ FOS 5.5% 6Mo OVX rats t** | Zafar et al. (2004)
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As can be seen in Table 4, numerous studies have been carried out, which examine
the effect of several different prebiotics, at various levels, and on a range of different
models. Most of these studies suggest that prebiotics increase calcium absorption;
several mechanisms have been proposed in explanation, which are summarised in
Figure 16.

The production of SCFA results in a decrease in pH in the large intestinal lumen,
causing more calcium to become ionised. Calcium must be in this form in order to be
absorbed; a greater amount of ionised calcium can, therefore, result in an increase in
paracellular transport (Sakuma, 2002). Alternatively, the production of SCFA may
alter the electrolyte exchanges that occur across the epithelium; cellular H' ions are
exchanged for luminal Ca®' ions.

SCFA may form complexes with calcium; if these complexes are more soluble
than the ionised calcium, they will be more readily absorbed. Fermentation of
carbohydrates in the large intestine has been shown to cause atrophy (Ichikawa and
Sakata, 1998); this will, therefore, provide a greater surface area over which calcium
can be absorbed.

NDOs may be altering the mechanisms involved in calcium absorption. Ohta ef al.
(1998b) showed that FOS caused an increase of CaBP in the large intestine, and a
decrease in the small intestine. This would mean that a greater amount of calcium
could be transported across the epithelial cells of the large intestine. Mariadason et
al. (1999) suggested that both digestible and non-digestible fibre in fact reduced
paracellular transport in the large intestine. They thought that this may be due to the

cell-differentiation that was induced.
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LUMEN

CaBP

C

Figure 16: Mechanisms by which NDOs may increase calcium absorption. Cell A shows how
short chain fatty acids (SCFAs) can alter electrolyte exchanges. Cell B shows that SCFA may
also form complexes with calcium that are more soluble than calcium ions and therefore more
readily absorbed. Cell C represents the possible increase in CaBP resulting from NDOs; NDOs
may also cause epithelial atrophy, increasing surface area over which calcium can be absorbed.
Although not depicted, the increased production of SCFA can cause calcium in the lumen to
become ionised, thus making it available for absorption.

[t is, however, important to consider the effects that long-term supplementation of
pre- and / or pro-biotics may have on the absorption of calcium and other minerals.
An increased availability of calcium should result in the down-regulation of the
active transport mechanism. The effect that this would have on calcium absorption,

particularly if its availability were to suddenly decrease, could be of importance.

1.3.2.2. Magnesium

Several different studies have also been carried out to determine whether

prebiotics affect magnesium absorption. These are summarised in Table 5.
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Table 5: Summary of previous research investigating the effect of prebiotics on magnesium absorption. ns indicates no significance; * P<0.05; ** P<0.005.
Abbreviations used: FOS, fructooligosaccharides; I, inulin; OF, oligofructose; OVX, ovariectomised; RS, resistant starch.
Prebiotic Level (percentage of diet) Maodel Authors

FOS 5% 4wk male rats T Baba et al. (1996)
OF 1% 3-11y dogs (12.8 — 16.4kg) (4 . Benyen et al. (2002)
males, one female) 1

GOS 5% 6wk male rats i Chonan et al. (2001)

1 40g/day 19-25y men ns Coudray et al. (1997)

OF 10% Male rats (170g) . Coudray et al. (2003)

I 10% T

OF +1 10% %

FOS 10% Male rats (100g +/- 5g) T Delzenne et al. (1995)

FOS 5% Male rats (209g +/- 1.69g) 1e Gudiel-Urbano and Goiti (2002)

RS 20% 7wk male rats bk Lopez et al. (1998)

I 1% Male rats (~160g) Tee Lopez et al. (2000)

RS 20% Male rats (~150g) 1* Lopez et al. (2001)

FOS 5% 6wk male rats 1+ Ohta ef al. (1994)

FOS 5% Swk male rats ns Ohta et al. (1998a)
10% 1%

Short chain FOS 10g/day 53 — 65y postmenopausal ro Tahiri et al. (2001)

women

RS 35% 8wk male rats (~200g) i Younes ef al. (1996)

I 10% 8wk male rats 1% Younes et al. (2001)

RS 15% e

1+RS 12.5% 1*
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Table 5 shows that, as was the case for calcium, studies on the effects of
prebiotics on magnesium absorption have been carried out on a range of models,
using a variety of NDOs, at different levels. Although fewer studies have been
carried out for this mineral, results almost unanimously suggest that prebiotics may

increase magnesium absorption.

1.3.2.3. Zinc

Considerably fewer studies have been carried out on the effect of NDOs on zinc

absorption. Table 6 lists the findings of research into this subject.
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Table 6: Summary of previous research investigating the effect of prebiotics on zinc absorption. ns indicates no significance; * P<0.05; ** P<0.005.
Abbreviations used: FOS, fructooligosaceharides; I, inulin; OF, oligofructose; RS, resistant starch.
Prebiotic Level Model Effect Authors
(percentage
of diet)

40g/day 19-25y men Coudray et al. (1997)
FOS 10% Male rats (100g +/- 5g) t* | Delzenne ef al. (1995)
FOS 5% Male rats (209g +/- 1.69g) i Gudiel-Urbano and Goiii (2002)
RS 20% 7wk male rats i Lopez et al. (1998)
1 1% Male rats (~160g) ns | Lopez et al. (2000)
RS 20% Male rats (~150g) 1= Lopez ef al. (2001)




The majority of these studies suggest that NDOs may increase zinc absorption,
although this possibly occurs to a lesser extent than calcium. However, it should be

noted that not all researchers found this to be the case; further research is needed.

1.3.3. Effects on Bone

Previous studies have suggested that bone mineral density (BMD) and bone mineral
content (BMC) may be increased by dietary supplementation with probiotics and / or
prebiotics. Supplementation with Lactobacillus rhamnosus (DR20™) was found to
increase BMD in the growing pig and OVX rat (Kruger et al., 2003a; Darragh et al.,
2005). Long-term (14 weeks) supplementation with Lactobacillus helveticus increased
BMD and BMC in growing male rats (Narva et al., 2004). OF supplementation at 2.5, §
and 10% increased BMC in OV X rats (Scholz-Ahrens et al., 2002). Ohta et al. (2002)
showed that FOS supplementation at 5% prevented a decrease in BMD in OVX mice.
5% FOS given to growing male rats resulted in an increase in calcium and magnesium
contents, and the trabecular and overall volume of femurs (Takahara ef al., 2000).

BMC and BMD may be increased by changes to bone metabolism instead / as well
as changes to calcium absorption. Zafar (2004) showed that 5.5% FOS in diets of OVX
rats could decrease bone resorption, and increase BMD. Dahl ef al. (2005) found no
change in bone resorption in wheelchair-bound adults, following a three-week
crossover study supplying 13g/day of inulin. However, the study-design is not ideal, as
the effect that inulin supplementation may have had may be obscured by the subsequent
/ preceding control period. The study was also fairly small; only thirteen subjects were
involved. Wheelchair-bound subjects may have reduced bone content and quality,

compared to their more mobile-counterparts (Marcus, 1999; Brown and Josse, 2002;
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Kohrt et al., 2004; Dahl et al., 2005); an effect on bone resorption may, therefore, be

less apparent.

SUMMARY

Probiotics are bacteria, which reside in the gut and have beneficial health properties.
Prebiotics are the oligosaccharides that are not digested in the small intestine, and
provide probiotics with a source of energy, metabolic substrates and nutrients,
selectively stimulating the growth and / or activity of probiotics.

Previous studies have suggested that prebiotics may improve absorption of calcium,
magnesium, and perhaps also zinc. Several mechanisms have been proposed in
explanation. When prebiotics are fermented in the large intestine, SCFA are produced.
The resulting drop in pH may cause more minerals to become ionised, i.e. converted
into the form they must assume in order to be absorbed. Alternatively, the increased
SCFA present may alter the electrolyte exchanges that occur across the epithelium; for
example, cellular H' ions are exchanged for luminal Ca*' ions. SCFA may form
complexes with minerals that are more soluble than ionised calcium, thus raising their
absorption.

However, another research group has suggested that passive transport of calcium
absorption may be decreased. Mariadsaon er al. (1999) showed that non-digestible fibre
(and also digestible fibre) reduced paracellular transport in the large intestine. The
authors commented that this may be due to the cell-differentiation that these compounds
induce.

It has been suggested that NDOs may be directly affecting the mechanisms involved

in mineral absorption. For example, FOS has been shown to increase the level of CaBP
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expressed in the large intestine (Ohta er al., 1998b). Hence, calcium may affect both
transcellular and paracellular transport pathways.

Alternatively, prebiotics may be affecting the physical attributes of the intestine.
NDOs have been shown to cause atrophy in the large intestine (Ichikawa and Sakata,
1998). By increasing the size and number of the epithelial cells, there will be a greater
surface area over which minerals can be absorbed.

Studies have suggested that, as well as mineral absorption being affected, BMC,
BMD and bone structure may also be improved by probiotic and / or prebiotic

supplementation.
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Section 4. Motivation and Objectives

1.4.1. Motivation for the Study

From the literature it appears that pre- and pro-biotics may improve mineral
absorption from the intestine, and hence may also affect mineralisation of bone. Whilst
many studies have examined the effect of prebiotics on mineral absorption, those that
look at probiotic administration are considerably fewer. Only one appears to have
examined the effect that joint-supplementation may have (Darragh et al., 2005). The
present study aims to examine the effect that probiotics may have on mineral uptake and
bone physiology, and the effect (if any) that supplementation with both pro- and pre-

biotics has on the same parameters.

1.4.2. Objectives

The objectives of this study were to determine the effects of pro- and pre-biotic
supplementation in growing male rats on:

e Mineral absorption

e Bone density

¢ Bone mineral content

e Rate of bone turnover

e (ytokine status

e Gut microflora

1.4.3. Hypothesis

Supplementation with probiotics will improve bone parameters and mineral

absorption; supplementation with pro- and pre-biotics will have a synergistic effect.
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Chapter 2. Materials and Methods

2.1. Materials
The high calcium milk powder (HCMP; Anlene™), and the HCMP + Vitamin K

(HCMPK) was produced by New Zealand Milk Ltd (Auckland, New Zealand). The
probiotic, Lactobacillus rhamnosus strain HNOO1 (DR20™) was obtained from
Fonterra (Auckland, New Zealand). The fructo-oligosaccharide (FOS; Frutafit®) was
manufactured by Sensus (Rosendaal, Holland). Table 7 lists the carbohydrate

composition of FOS; the average chain length was 10 monomers.

Table 7: Analysis of carbohydrates present in FOS (Frutafit®
Carbohydrate Chemical Composition

(expressed as dry matter) (%)
Inulin (DP2 — DP60) 91.1%*
Fibre (AOAC 997.08) | 91.1*

Fructose 3.5
Glucose 0.7
Sucrose 4.6

*Chemical composition for inulin and fibre is identical because inulin is a fibre.

2.2. Methods
2.2.1. Animals

Sixty three-week old male Sprague-Dawley rats were obtained from the Small
Animal Production Unit, Massey University. The animals were housed separately in
shoebox cages, and kept at 22°C + 2°C, under a 12 hour light: 12 hour dark cycle in a
temperature and light-controlled room in the Small Animal Production Unit. Animals
had ad libitum access to deionised water. The trial was conducted over 10 weeks.
The experiment was conducted under protocol (05/07) as approved by the Massey

University Animal Ethics Committee.
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2.2.2. Diets

The animals were fed a balanced, semi-synthetic diet for the ten days prior to
commencement of trial (weeks -1 and 0) (consisting of 60% starch, 25% HCMP, 5%
cellulose, 5% corn oil, 5% sucrose and added vitamins and minerals as needed
(Subcommittee on Laboratory Animal Nutrition et al., 1995)). When the trial
commenced (week 1), rats were randomised into diet groups based on weight and
parentage. Animals were either maintained on the control diet (“HCMP - (n=12)),
the control diet supplemented with vitamin K (“HCMPK — (n=12)), control diet
with DR20™ added (“HCMP + (n=12)), control diet plus vitamin K and DR20™
(“HCMPK + (n=12)), or the control diet with added vitamin K, DR20™ and FOS
(“FOS” (n=12)). DR20™ was added to appropriate diets at a level of 10° colony-
forming units (cfu) per rat per day; FOS was supplied at 5% and was substituted for
the sucrose present in the other diets. All diets contained calcium at 0.5%. Diet

composition is summarised in Table 8.
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Table 8; Diet composition expressed as grams per kilogram

0 ;
HCMP 250 250 250

HCMPK 250 250
Sucrose 50 50 50 50
FOS 50

Amino Acids:

Alanine 0.5 0.5 0.5 0.5 0.5
Cystine 1.9 1.9 1.9 1.9 1.9
Glutamine 17.8 17.8 17.8 17.8 17.8
Glycine - 4 4 4 4
Isoleucine 1 1 | 1 1
Leucine 0.6 0.6 0.6 0.6 0.6
Methionine 6.7 6.7 6.7 6.7 6.7
Phenylalanine 3.2 5.2 5.2 5.2 o
Threonine 1.5 1.5 1.5 1.5 1.5
Valine 1 1 1 1 1
Mineral Mix:

Potassium Phosphate 9.8 9.8 9.8 9.8 9.8
Potassium Sulphate A 2.3 2.3 2.3 2.3
Tri-Potassium Citrate 3.5 3.5 5 5 3.5 35
lIodised sodium Chloride 37 3.7 37 3.7 3.7
Magnsium Oxide 12 1.2 e 1.2 12
Trace Salt 2 2 2 2 2
Cellulose 274 27.4 27.4 27.4 27.4
Cellulose 50 50 50 50 50
Corn Oil 50 50 50 50 50
Starch 459.8 459.8 459.8 459.8 459.8

Daily intake of food was recorded for each rat. DR20™ was mixed into a weekly-

ration, which was subdivided into daily doses for each diet (to ensure that each
animal received a constant dose of 1 x 10” CFU per day) and stored at 4°C (to
prevent oxidation and death of bacteria). Animals were fed the same amount of food,
which varied between Sg at the start of trial, and 28g at the end. Table 9 summarises

timings of the trial.
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Table 9: Summary of trial proceedings, and rat ages.

Activities

Rats fed base diet
Rats randomised into diet groups; started feeding test diet
1* balance study

2" balance study
Euthanasia

2.2.3. Balance Studies

At weeks three and eight, animals were placed in individual metabolism cages
suitable for rats up to 600g (Techniplast; Buguggiate, Italy) for 8 days (5 days
acclimatisation, 3 days collection). Daily food intake was measured. Urine and
faeces were collected in pots positioned at the bottom of the cage. 500ul of 1M HCI
was added to the urine-collection pots attached to the cage to prevent bacterial
growth and nitrogen breakdown. Urine and faeces were pooled in 120ml and 60ml
specimen pots respectively each day. The collection pots attached to cages were
emptied daily, and samples frozen at 4°C until they were assayed. After 8 days,
animals were returned to shoebox cages.

Urine samples were defrosted and filtered through 12.5¢cm Whatman filter papers
(number 4), which had previously been dried in an oven at 105°C overnight and
weighed. Filter papers were then returned to the oven at the same temperature, left
overnight, and weighed the next morning to determine weight of the urine residue.

Faeces were freeze-dried, weighed, sifted to remove any food particles, and re-
weighed. Faeces were homogenised using a coffee-grinder. Plastic bags containing
homogenised samples were weighed again, and the recovery coefficient calculated as

shown in Figure 17.
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Recovery coefficient = Homogenised sample weight

Weight of sample after food particles were removed

Figure 17: Calculation of recovery coefficient

Plastic bags were left open for four days to allow samples to equilibrate to air
humidity before analysis, and then weighed.

Faecal and urine samples, together with a sample of each diet, were sent to
Fonterra Research Centre (Palmerston North) for calcium, magnesium and zinc
analysis. Samples were digested in a mixture of 2ml nitric acid and 0.5ml
hydrochloric acid for 1 hour at 85°C. They were then diluted in water (containing a
small amount of Triton to aid passage through instrument tubing), and run through an
ICP-OES (individually coupled plasma-optical emission spectrometer). Two
standards were used; one contained calcium, magnesium, potassium, sodium and
phosphorus, and the other zinc, iron, manganese and copper. Samples were diluted
appropriately to ensure readings lay on the standard curve.

Mineral balance was calculated as shown in Figure 18.
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Intake (mg)
= Value obtained from analysis of diet (mgfkg) z
(total food intake (g) — (diet dust + residue urine + cone dust))

Mineral excreted in urine (mg)
= Value obtained in analysis (mg/dL) x Volume of unne excreted (dL)

Mineral excretea in raeces \mg)

= | Equilibrated faeces weight (g) x Value obtained from analysis
Recovery coefficient (%)

1000

Mineral Absorbed (%)
= (Intake — (Amount excreted in urine + faeces) x 100
Intake

Mineral Balance (mg)
= Intake — ( Amount excreted in urine + faeces)

Figure 18: Balance calculations

2.2.4. Terminal Heart Puncture

At week 10 animals were weighed and anaesthetised with an appropriate amount
of anaesthetic (0.1ml/100g body weight; anaesthetic mixture = 0.2ml Acepromazine
(ACP) + 0.5ml Ketamine + 0.1 Xylazine + 0.2ml sterile H,O), delivered by intra
peritoneal injection using a 25G x %" needle. A 19G x 1'2" hypodermic needle and
Sml syringe were used to extract blood directly from the heart. Blood samples were
collected in vacutainers containing heparin and stored on ice. Approximately 2ml
whole blood was retained for IL-6 and IL-10 analysis, and the remainder centrifuged
at 3000rpm for 10 minutes. Plasma was removed and snap-frozen with liquid
nitrogen, and stored at -85°C until assayed. The lumbar spine, left and right femurs
and caeca were dissected out. Bones were frozen in phosphate buffered solution

(PBS) for later analysis. Caeca were stored at -85°C until assayed.
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2.2.5. Dual Energy X-ray Absorptiometry Scans

Dual Energy X-ray Absorptiometry (DEXA) scans were carried out ex vivo. Bone
mineral measurements were made with a pencil beam Hologic QDR4000 bone
densitometer unit (Bedford, USA). A daily quality control (QC) scan was taken to
ensure precision met with the required coefficient of variation. The coefficient of
variation for the QC was 0.98 — 1.01%. Spines and femurs were stripped of
extraneous tissue, leaving about lcm of flesh attached. These were submerged in a
1.5cm deep dish of PBS, which was positioned on an acrylic platform of uniform
3cm thickness. Spines were scanned from L4 to L1, and femurs from the knee to hip
joints. Both femurs were scanned, and the mean used for statistical analysis.
Regional high-resolution scans were performed using a 0.15c¢cm diameter collimator
with 0.03c¢m point resolution and 0.06¢m line spacing to measure bone mineral

density (BMD) and bone mineral content (BMC).

2.2.6. Biochemical Markers

2.2.6.1. Type | Collagen c-Terminal Telopeptides

Plasma samples were analysed for serum C-telopeptides of Type I collagen
(CTx), using the “Ratlaps™ ELISA kit (Nordic Bioscience Diagnostics A/S,
Herlev, Denmark). Plates were read at 550nm using an ELx808 Ultraplate Reader

(Bio-tek Instruments Inc, Vermont, USA).

2.2.6.2.IL-6 and IL-10

Whole blood samples were stimulated using the method of Yaqoob et al.
(1999). 20ul of 100pg/ml lipopolysaccharide in Hanks Balanced Salt Solution

(HBSS) was added to each well of a 24-well plate, together with 1.8ml of HBSS.
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200ul of heparinised blood was added to each well, thus creating a 10x dilution of
the samples. Well plates were incubated at 37°C for 24h. Supernatants were then
harvested and stored at -80°C until required. Samples were analysed for IL-6 and
[L-10 using “Duoset™ ELISA kit (R&D systems, Mineapolis, USA). ELISA plates
were read at 550nm using an ELx808 Ultraplate Reader (Bio-tek Instruments Inc,

Vermont, USA).

2.2.7. Biomechanics
Right femurs were scraped clean of flesh and incubated at 23 °C for 1 hour before

the assay, to ensure they were at room temperature for the test. A three-point bending
test was used (Shimadzu Ezi-test, Kyoto, Japan), with a support span of 12mm and a

test speed of SOmm/min.

2.2.8. Bone Ash Content

Left femurs were scraped clean of flesh, oven dried for 12 hours at 105°C,
measured with callipers and weighed. Bone mineral content was then determined by
ashing the bones at 660°C for 12 hours, and then reweighing them.

Ashed bones were then placed in glass universals, and 2ml of 6M hydrochloric
acid added; samples were vortexed and left for fifteen minutes until dissolved. They
were then mixed, and sent to the Nutrition laboratory, IFNHH (Massey University,
Palmerston North) for calcium, magnesium and zinc analysis. Samples were digested
in a nitric acid / hydrochloric acid mix, and run through an ICP-OES to quantify

minerals.
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2.2.9. Gut Bacteriology

Caeca were defrosted and the contents scraped into a sterile container. Caecal
contents were weighed, diluted by a factor of 10 with broth, and vortexed until
contents were homogenous. Samples then underwent a serial dilution, as depicted in
Figure 19. 0.1ml of sample was diluted in 0.9ml broth, and the sample vortexed.
0.1ml of this suspension was then diluted in another 0.9ml of broth, and the process
repeated. For each dilution stage, 0.1ml was aliquoted onto plates containing Rogosa
media and incubated in anaerobic conditions for 48 hours. The media and incubation
conditions allow the selective growth of Lactobacillus species (Sutter et al., 1985).
An agar plate that contained approximately 30 — 300 visible colonies was used to
count colonies. The number of colonies counted was then multiplied by the dilution

factor, giving the number of colonies present in the original sample.
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0.9ml 0.9ml 0.9ml 0.9ml
Broth broth broth broth broth

0 1ml 0 1ml 0 1ml 0 1ml 0 1ml

1x10° 1x10* 1x10® 1x10° 1x10* 1x10° 1x10°
CFU/
tube 0.1ml l 0.1mll 0.1mll

©
1x10° 1x10° 1x107
CFU/
tube

Figure 19: Serial dilution, culture and counting of caecal bacteria. Caecal contents were
weighed, and diluted (by a factor of ten) in broth in eppendorf 1. 0.1ml of this solution was then
diluted in 0.9ml broth in eppendorf 2. 0.1ml of each dilution was also plated out and incubated
in anaerobic conditions. This dilution process was repeated until the approximately 30 — 300
colonies were visible; plate A (and all plates prior to plate A, none of which are shown for ease
of viewing) would have too many colonies, and plate C too few. Numbers below the tubes show
the concentration at which cells are present, relative to the original sample. By aliquoting only
0.1ml onto each plate, cells are in effect diluted again by a factor of ten. Therefore, since in this
example plate B shows 36 CFU, this suggests that the original caecal contents would be 36 x 10°
CFU, or 3.6 x 10° CFU.

2.2.10. Statistical Analysis
Results were analysed using SPSS version 14.0. Changes in body weight, food

intake, faecal and urinal mineral excretion, and mineral balance were subjected to
repeated measures analysis, fitted using Systat version 11, and repeated measures
graphs plotted using Excel 2003 (to allow error bars representing the standard error
of the mean (SEM) to be represented). The remainder of parameters were analysed

using one-way ANOVA. Levene’s test was used to ensure that groups had equal
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variances, in which case they were compared using one-way analysis of variance,
followed by post-hoc testing (Tukey). If Levene’s test showed unequal variances
were present, groups of animals were compared using the Kruskal-Wallis test. Where
this was necessary it is mentioned in the results section. If the Kruskall-Wallis test
indicated a significant effect, Mann-Whitney U independent group comparisons tests
were carried out to compare each group. Statistical correlations between different
outcome measures were analysed using Pearson Correlation tests. All variables
measured were tested in this way to determine whether they were confounding data.
Only those that showed a significant relationship were included in the results chapter,
and used as covariates during analysis. A p-value of less than 0.05 was considered

significant in all statistical tests. Values and graphs are expressed as mean + SEM.

2.3. The Growing Rat as a Model

Dietary manipulation of bone metabolism is a multifactorial process; an in vitro
system may not show the same response(s) as an in vivo system. Nor would it reflect the
physiological process occurring, or allow measurement of the same parameters, BMD
and bone biomechanics.

The first three months of a rat’s life are characterised by a period of rapid growth and
high bone turnover; peak bone mass has been shown to be reached at three months of
age, coinciding with the onset of puberty (Sengupta et al., 2005). This reflects the
processes occurring in growing humans. Rats display many anatomical similarities to
humans, and also undergo bone metabolism (Mosekilde, 1995).

Nutrient absorption is most important for growing animals, as there is an increased

requirement for them in bone and other tissues. Figure 20 shows the rate of calcium
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deposition and bone mineral content of humans, and changes during age. Both

parameters are highest in young, actively growing individuals.
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Figure 20: Bone calcium deposition rate (expressed on a body weight basis) changes with age
(graph A), and bone mineral content changes with age in females (graph B) and males (C). Taken
from Bronner and Pansu (1999).

Bones are growing rapidly; therefore any effect of experimental manipulation should be
easily observed. In addition, due to the importance of oestrogen in bone metabolism, the

OVX rat shows compromised bone mineralisation and biomechanics.

2.4. Dual Energy X-ray Absorptiometry

DEXA uses X-rays of two different wavelengths, usually 40 and 70kV, to determine
amount of bone and soft tissue present. X-rays are attenuated to different extents

depending on the density of the tissue through which they pass. This allows provision of
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images and calculation of bone mineral density (BMD), bone mineral content (BMC)
and area of bone in samples using prediction equations (Ellis, 2000).

Nagy et al. (2001) showed DEXA to be an accurate method for assessing BMC and
BMD for rats in both in vivo and ex vivo situations. However, DEXA use may be
compromised by the fact that it uses bone area to predict density rather than bone
volume. Thus a large bone may be reported as having a higher bone density than a
smaller one (Jiang et al., 2000).

DEXA does not record bone quality; there will be no indication of the functional
significance of dietary manipulations. Results can be misleading. For example, a bone
with high fluoride content will display a high BMC and BMD, but have reduced bone
strength (Grynpas et al., 2000). This should not be a concern, as bone biomechanics will
be measured at the same time (i.e. at the end of the trial); it may have been more of an
issue were DEXA measurements taken at several time points during the study, and used

to infer bone quality.

2.5. Biochemical Markers of Bone Metabolism

Several biochemical markers exist for both bone formation and bone resorption,
reflecting changes occurring in bone metabolism. These markers make use of the
concentration of various molecules produced by the characteristic procedures in both
processes. Markers of bone formation allow the synthetic activity of osteoblasts or
procollagen metabolism to be assessed (Christenson, 1997). These cause the release of a
range of peptides that can be measured in urine and serum, and hence can be used to
quantify the rate of bone formation occurring in the whole skeleton. Markers of bone

resorption, tend to measure the activity of osteoclasts, or degradation of collagen
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(Christenson, 1997). Again, the level of the peptides released can be measured in urine
and serum.

Biochemical markers provide a useful tool of analysis. They are highly sensitive, and
because they represent occurrences at a molecular level they reflect changes in bone
metabolism sooner than other measurements (Adachi, 1996). Equally, however,
biochemical markers have limitations, which should be considered when choosing a
suitable marker and interpreting the results. Collagen is not solely a product of bone; it
is produced in other tissue, such as skin and teeth. Certain markers may, therefore, also

represent osteoclast / osteoblast activity at other sites in the body.

2.5.1. Type | Collagen c-Terminal Telopeptides

Type I collagen has two crosslink-forming sites, one in the amino-terminal region,
termed N-terminal telopeptides, and the other in the carboxy-terminal region, known
as C-terminal telopeptides. Collagen degradation by the osteoclast causes release of
C-terminal Telopeptides (CTx), which can be measured in both urine and serum
(Christenson, 1997). CTx fragments are thought to be highly bone-specific as
osteoclasts are not as actively degrading collagen in other tissues (Christenson,
1997). Plebani et al. (1996) showed CTx to be a better marker of bone resorption

than others, such as tartrate-resistant acid phosphatase.

2.5.2. IL-6 and IL-10

[L-6 and IL-10 are produced at a level that may be too small to quantify using the
size of sample used in this ELISA kit. Samples can be “stimulated”, which causes
cytokines production to be enhanced at a constant rate, to a level that is quantifiable

by ELISAs. Cytokines can be stimulated from either whole blood or the mononuclear
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cells (MNCs) from which they are secreted; production has been shown to be similar
in these two systems (Yaqoob et al., 1999). Use of whole blood instead of MNCs has
several advantages. There is no need for cell culture, and cells remain in the
environment in which they normally reside, and may contain factors that control
cytokine synthesis. Differences in procedures for MNC culture have been shown to
induce differences in cytokine function and potentially production (Yaqoob et al.,

1994).

2.6. Biomechanical Testing
Bone fragility describes the ease with which bones fracture (Turner, 2002). As there

are many different reasons for bones to fracture, there are also several different methods
for assessing fragility. Five biomechanical testing techniques exist; they are
compression, tension, bending (three or four point), torsion and fatigue tests. In this
instance, a bone bending technique was adopted, as it is suitable for use on small bones,
such as rat femurs. A three-point test was used, as it is simpler than the four-point test.
The three-point test involved suspending the dissected rat femurs horizontally
between two supports. A downward force was applied gradually, halfway along the
length of the bone, and the degree of bone bending and ultimate bone breaking point
was recorded. The force / load at which the bones would fracture depends on the cross-
sectional shape of the bone, the quantity and distribution of bone mass, and factors such
as distance between the plates supporting the bone. The loading that the bones undergo
before fracture was presented in a load-deformation curve, similar to the one shown in

Figure 21.
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Figure 21: Typical load-deformation curve. Load is a measure of force applied, deformation a
measure of amount of bending the bone displays. The red section indicates the elastic phase, the
yellow the plastic phase, and the blue section represents the bone break point. Terms are
summarised in the text.

As can be seen in Figure 21, there are three stages in bone bending — the elastic, plastic
and breakage stages. The elastic phase is a period where load applied is directly
proportional to deformation induced; release of the load during this stage causes the
bone to restore its original shape. The plastic phase describes the following stage, where
deformation increases at a greater rate than force is applied; bone incurs permanent
damage. The yield point is the moment at which the applied load causes permanent
damage to the bone; it is the transition between elastic to plastic phases. The break point
or ultimate point is the maximum load that the bone sustains; bone fractures. The

parameters measured in bending tests are summarised in Table 10.
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Table 10: Definitions of parameters measured in 3-point bending test.

Parameter | Definition

Maximum load (N) Highest load to which bone resists deformation

Maximum stroke (mm) | Greatest deformation that bone experiences, before
fracture

Break load (N) Measure of the force needed to cause bone to fracture

Break stress (N/mm°) Force applied per unit area of bone

Break stroke (mm) Quantity of bone deformation at the maximum stroke

Break strain (%) Deformation relative to bone dimensions

Elastic (N/mm®) Measure of stiffness; slope of elastic phase

Energy (j) Total force needed to induce fracture; area under the load-
deformation curve. Indicative of bone collagen content.

SUMMARY

The growing rat is a useful model to study mineral utilisation, as the process is of
great importance; results of experimental manipulation should be more easily observed
than would be the case in other models. In addition, the OVX model may show
comprised bone mineralisation and biomechanics, due to the absence of oestrogen, an
important hormone in bone metabolism.

Rats were fed a combination of FOS (a prebiotic) and DR20™ (Lactobacillus
rhamnosus HNOO1; a probiotic). These have been used in previous studies in the
department (IFNHH, Massey University), and showed the potential to affect mineral
absorption.

DEXA and balance studies determine BMC / BMD, trabecular / cortical content and
mineral balance respectively. CTx was used as a biomarker for measuring level of bone
resorption. IL6 and IL10 were quantified using ELISAs. Gut bacteriology was
examined in order to determine how effective each diet was at manipulating flora. The
biomechanical and biochemical properties of bones were tested to measure their
mechanical properties, and hence the functional significance of experimental

manipulations.
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Chapter 3. Results

3.1. Animals

There was no significant difference between groups in terms of body weight at week
1 (109.6 +/- 1.2g) or week 10 (409.6 +/- 2.8g). There were no significant differences
between body weights of rats in diet groups for any of the trial weeks (data not shown).

Figure 22 shows the weekly changes in body weights for rats during the trial.

Changes in Body Weights of Rats during Trial
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Figure 22: Weekly changes in rat body weights during trial. Animals are classified by dietary
groups (twelve animals per group), in order to determine that there was no difference induced as a
result of diet, as this may have affected nutrient absorption and / or bone parameters measured.
Rats were aged 5-weeks at the start of the trial (week 1), and 14-weeks at the end of the trial (week
10).

At the conclusion of the trial (trial week 10), animals were 14 weeks old. Since
puberty, and cessation of growth, does not occur until approximately 12 weeks of age
(Sengupta et al., 2005), one would expect to observe weight gain until this time. Figure

22 confirms this occurred during the trial. Weight was highly statistically increased

from the previous week for all diet groups throughout the trial (p<0.01).
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Figure 22 shows an almost linear relationship between body weight and week. Each
group displays a slight deviation from the apparent straight line at week 9, although
weight increase was comparable to that at week 8, and was still highly significant
(p<0.01). This was during the second balance study; some rats lost weight or gained it at
a slower rate, due to the stress of a new environment. Food intake decreased in some

animals during this period (see 3.2.1).

3.2. Diets
3.2.1. Food Intake

Figure 23 shows the mean daily food intake of rats in different diet groups during
weeks one to nine. Data from week ten is not included, as rats were fasted overnight

prior to euthanisation; therefore daily intake would appear deceptively low.
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Changes of Daily Food Intake of Rats During Trial
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Figure 23: Mean daily food intake of diet groups during trial. The red line (maximum) shows
the amount of food that was given to animals each day. Animals are classified by dietary groups;
there were twelve rats in each dietary group. Rats were aged 5-weeks at the start of the trial
(week 1), and 14-weeks at the end of the trial (week 10).

Balance studies were carried out in weeks 3 /4 and 8 / 9 of the trial, when they were
8-weeks and 13-weeks old, respectively. Figure 23 shows a slight decrease in food
intake during these periods, but this was not significant.

The total food eaten during the trial, by animals in diet groups is listed in Table

1'1; there appears to be no difference between total food eaten and diet group.

Table 11: Analysis of total food eaten by animals on different diets; there were twelve rats per
dietary group. Values with different superscripts (a) denote significant differences between
roups at p<0.05.

FOS HCMP- HCMP+ HCMPK HCMPK
= -
(n=12) (n=12) (n=12) (n=12) (n=12)
Total Food | Mean 1315.67° | 1283.53" 1281.71° 1287.61° 1281.37%
Eaten (g) SEM 13.14 17.75 8.75 19.50 13.25
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3.2.2. Mineral Content

Calcium, magnesium and zinc levels in the study diets were verified by analysis,

shown in Table 12.

Table 12: Analysis of calcium, magnesium and zinc levels of study diets; four samples of each
diet were taken. Values with different superscripts (a) denote significant differences between

roups at p<0.05.

. [
Calcium (mg/kg) Mean 5492.5° 5490.0* 5557.5°
SEM 50.39 87.18 48.20
Magnesium (mg/kg) Mean 1275.0° 1285.0° 1297.5°
SEM 15.55 19.37 20.16
Zinc (mg/kg) Mean 49.1° 445" 459°
SEM 3.378 0.616 0.550

There were no significant differences in calcium, magnesium and zinc levels
between diets. Levene’s test for equal variances carried out on zinc, yielded a
statistic of 0.031, suggesting that variances are significantly different, whilst non-
parametric testing suggested that mean zinc content did not differ between diets. It is
possible that the diet was not mixed sufficiently, thereby leading to differences in
zinc content between different samples of FOS. Overall, however, zinc content of the

FOS diet was not sufficiently affected to cause a significant difference to diets.

3.2.3. Probiotic Content

Diets were also analysed to determine their DR20™ count. It was intended that
the HCMP +, FOS and HCMPK + diets should provide each animal with 1 x 10° cell
forming units of DR20™ per day. Samples were taken from the original sample,
received from Fonterra Research Centre, and from the three diets that contained the
probiotic (HCMP +, FOS and HCMPK +), nine weeks into the trial in order to

determine the actual level of DR20™ administered. Table 13 lists the results.
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Table 13: Probiotic counts of the original sample (given as colony forming units (CFUs) / gram)
and the three probiotic diets (given as CFU / day). Four samples of each diet were taken.

Diet / Sample DR20™ Count ( CFU / gram)

Original Sample 5.57x 10

Diet / Sample DR20™ Count (CFU / day)

FOS 225x 10
HCMP + 1.45x 10’
HCMPK + 1.52x 107

SEMs are not shown in Table 13, due to data loss as a result of computer
malfunction. This data loss also meant that probiotic counts in the FOS, HCMP + (nd
HCMPK + could not be compared to the required daily dose (1 x 10” CFU) using
statistical tests. However, the DR20™ counts in diets listed in Table 13 appear
slightly lower than the required daily dose. This may be due to bacterial cell death, or
perhaps insufficient homogenisation of samples (although without analysing for

differences in variances this cannot be determined).

3.3. Balance Studies

3.3.1. Mineral Balance
Figure 24 and Table 14 show the effect of three weeks of feeding trial diet on

calcium, magnesium and zinc balance. SEMs are reasonably small, except in the
HCMP — group, which displays a fairly large error margin in all measures of mineral
absorption, particularly those of magnesium and zinc. In the first balance study
(Figure 24 and Table 14), there were only eleven animals in HCMP -, HCMP +,
HCMPK — and HCMPK + groups due to errors in data collection. All variables were

analysed using non-parametric testing.
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Figure 24: Fractional absorption (graphs A, C and E) and absolute absorption (graphs B, D,
and F) of calcium (graphs A and B), magnesium (graphs C and D) and zinc (graphs E and F) in
first balance study, following three weeks of feeding trial diets. There were eleven animals in
each of the HCMP -, HCMP +, HCMPK - and HCMPK + groups, and twelve in the FOS group.
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Table 14: Fractional and absolute absorption of calcium (Ca), magnesium (Mg) and zinc (Zn) in
first balance study, following three weeks of feeding trial diet. There were eleven animals in
each of the HCMP -, HCMP +, HCMPK — and HCMPK + groups, and twelve in the FOS group.
Values with different superscripts (a, b, ¢) denote significant differences between groups at

p<0.05 on the same row.

Absorption FOS HCMP HCMP HCMPK HCMPK
= - fel i
(n=12) (n=11) (n=11) (n=11)

Ca | Fractional Mean | 39.19" | 46.60" 52.14 52.63 53.90
(%) SEM [257 [534 1.08 2.21 1.37
Absolute Mean |37.54" [37.58" [55.1° 55.04™ 57.05¢
(mg/day) [SEM [1.56 |5.31 1.39 2.70 1.07

Mg | Fractional | Mean | 11.62" | 15.00" [26.15" [29.49" 29.91°
(%) SEM [1.57 |8.70 1.40 1.17 1.54
Absolute Mean |2.42* |3.14° 6.52° 27 7.42°
(mg/day) [SEM [0.15 |[147 0.30 % ) 0.29

Zn | Fractional | Mean |9.24* | -8.82° 12.73°  [2021° 16.75°
(%) SEM [1.90 [11.42 1.17 1.05 1.34
Absolute Mean | 0.08° |-0.03* |o0.11° 0.18" 0.15"
(mg/day) [SEM [0.013 |0.07 0.01 0.01 0.01

FOS rats had the lowest fractional calcium absorption compared to rats in other

diet groups; other groups showed similar levels of absorption to one another. HCMP

was not statistically different from FOS. FOS and HCMP — again showed the

lowest calcium absolute absorption levels. The highest calcium absorption was

observed in animals consuming diets containing vitamin K. Fractional and absolute

calcium absorption for groups fed HCMPK

different.

and HCMP + were not statistically

Fractional magnesium absorbed was lowest in FOS animals; other groups showed

similar levels of absorption to one another. HCMP — was not statistically different

from FOS, or any of the other diets. When magnesium absolute absorption was

measured, FOS and HCMP

again showed the lowest levels. HCMP +, HCMPK -~

and HCMPK + showed comparable fractional and absolute absorption levels to one

another.

Fractional zinc absorption was lowest in FOS, HCMP — and HCMP + groups, and

highest in the diets containing vitamin K (HCMPK — and HCMPK +). This pattern
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was also reflected when zinc absolute absorption was measured. HCMP — animals
showed negative mean fractional and absolute zinc absorption. They also had the
largest SEM, which may indicate that this large value was the result of anomalous
zinc balances in a small number of animals. Examination of raw data indicated that
four animals displayed a negative zinc balance. However, these animals displayed
similar weight gain, food intake, and urinal zinc to other animals in their dietary
group. Faecal zinc output was marginally higher in these animals.

Table 15 shows the effects of nine weeks of feeding trial diets on the fractional

and absolute absorption of calcium, magnesium and zinc.

Table 15: Absolute and fractional absorption of calcium (Ca), magnesium (Mg) and zinc (Zn) in
second balance study, following nine weeks of feeding trial diet. There were twelve animals in

each dietary group. Values with different superscripts (a) denote significant differences between
roups at p<0.05 on the same row.

Absorption FOS HCMP HCMP HCMPK HCMPK
= + - +
(n=12) (n=12) (n=12) (n=12) (n=12)
Ca | Fractional Mean | 26.72% | 29.264" | 27.77* 29.08" 26.84°
(%) SEM | 2.021 2.108 1.758 1.828 2.079
Absolute Mean | 33.61" | 34.61" 34.37¢ 35.34" 32.13°
(mg / day) SEM | 2.52 2.11 2.71 2.12 2.36
Mg | Fractional Mean | 24.89" | 25.60" 19.90" | 21.85" 21.97*
(%) SEM | 1.264 1.868 1.738 1.997 2.254
Absolute Mean | 7.49° 6.99" 5.63" 6.17 6.11"
(mg / day) SEM | 0.40 0.43 0.50 0.58 0.62
Zn | Fractional Mean | 7.873" | 3.733" 3.204° 6.379* 2.558"
(%) SEM | 1.783 | 3.072 2412 2.403 3.139
Absolute Mean | 0.084" | 0.033" 0.034" 0.063" 0.023*
(mg / day) SEM [ 0.020 | 0.031 0.025 0.024 0.032

There appears to be no significant difference between fractional or absolute
absorption of the minerals measured after 9 weeks of feeding trial diets. SEMs are
reasonably small.

Data from balances were also compared to see whether there was a significant
difference on mineral absorption between the two time points. Figure 25 and Table

16 show the results of the analysis.
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Figure 25: Effect of diet on fractional and absolute absorption of calcium, magnesium and zinc
in first and second balance studies. The first balance study was carried out after three weeks,
and the second after nine weeks of receiving trial diets. There were eleven animals in each of the
HCMP -, HCMP +, HCMPK - and HCMPK + groups, and twelve in the FOS group in the first
balance study, and twelve in each dietary group in the second balance study.
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Table 16: Comparison of calcium (Ca), magnesium (Mg) and zinc (Zn) absorption in first and
second balance studies; the first balance study was carried out after three weeks and the second
after nine weeks of receiving trial diets. There were eleven animals in each of the HCMP -,
HCMP +, HCMPK - and HCMPK + groups, and twelve in the FOS group. Significance is
displayed by sig. NS indicates no significance difference between the two balance studies, *
indicates significance of p<0.05 and ** indicates significance of p<0.01.

Absorption S HCMP HCMP HCMPK HCMPK
— + — -+

(n=11) (n=11) (n=11) (n=11)

Ca | Fractional | p-value | <0.01 [ <0.01 |<0.01 |<0.01 <0.01
(%) Slg * % * % * %k * %k * %
Absolute p-value | 0.264 | 0.384 | <0.01 <0.01 <0.01
(mg / day) | Sig. NS NS i 4 il

Mg | Fractional | p-value | <0.01 [0.012 | 0.101 | 0.038 0.054
(%) Sig. ki : NS * NS
Absolute p-value | <0.01 | <0.01 [0.169 |0.100 0.096
(mg/day) | Sig. ikd i NS NS NS

Zn | Fractional | p-value | 0.806 |0.044 | 0.060 |[0.013 0.017
(%) Sig. NS * NS * .
Absolute p-value | 0.931 |[0.146 [0.025 | 0.003 0.003
(mg/day) | Sig. NS NS - * o

Table 16 suggests that there is a highly significant difference between fractional
calcium absorbed in all diets between the first and second balance studies. Figure 25
suggests that all diet groups showed a reduction in the second balance. When
calcium absolute absorption was measured, however, HCMP — and FOS groups
demonstrated no significant difference between balance studies. HCMP +, HCMPK
—and HCMPK + showed a highly significant change; Figure 25 suggests animals in
these diet groups experienced a decrease in the second balance.

HCMP + and HCMPK + groups showed no significant difference in fractional
magnesium absorption. HCMP — and HCMPK - groups showed a significant
difference; these were an increase and decrease respectively. Figure 25 and Table 16
suggest that there was a highly significant increase in fractional magnesium absorbed
in FOS groups by the second balance study. Magnesium absolute absorption was the
same in balance studies for HCMP +, HCMPK — and HCMPK + animals. FOS and

HCMP — showed highly significant increases by the second balance.
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There was no significant difference observed in fractional zinc absorbed in the

HCMP + and FOS groups. HCMP —, HCMPK — and HCMPK + showed a significant

difference; Figure 25 suggests the former group experienced an increase, whilst the

latter two experienced a decrease in absorption. Where zinc absolute absorption was

measured, however, HCMP - and FOS groups showed no difference, with HCMP +

showing a significant decrease, and HCMPK - and HCMPK + groups showing a

highly significant decrease by the second balance study.

3.3.2. Urinary Mineral Content

Mineral content of urine samples were analysed in order to determine whether

there were any differences induced by diet. Data are shown in Table 17. All variables

from the first balance study were analysed using non-parametric tests.

Table 17: Calcium (Ca), magnesium (Mg) and zinc (Zn) (mg/day) excreted in urine in first and
second balance studies; the first balance study was carried out after three weeks and the second
after nine weeks on trial diets. There were eleven animals in each of the HCMP -, HCMP +,
HCMPK — and HCMPK + groups, and twelve in the FOS group. Different superscripts (a,b)

denote statistical differences between

groups on the same row at p<0.05.

FOS HCMP HCMP HCMPK HCMPK
- + = +
(n=12) (n=11) (n=11) (n=11) (n=11)
First Ca Mean | 1.838" | 0.804° 0.929* 1.287* 1.032°
balance | (mg/day) |[SEM | 0316 | 0.134 0.125 0.308 0.222
study | Mg Mean | 8.92° | 6.24° 718 571 6.69°
(mg/day) | SEM | 0.549 | 0.716 0.352 0.254 0.381
Zn Mean | 0.0058" [ 0.0029" | 0.0042" | 0.0037° 0.0042"
(mg/day) | SEM | 0.0009 | 0.0006 | 0.0008 0.0006 0.0006
Second | Ca Mean | 1.80° 1.15° 1.49% 1.49% 1.17°
balance | (mg/day) SEM 0.15 0.12 0.19 0.14 0.08
study | Mg Mean | 7.53° 6.23" 722 7.78" 6.87"
(mg/day) |[SEM | 0.42 0.46 0.52 0.32 0.50
Zn Mean | 0.0061" | 0.0049" | 0.0049" | 0.0112° 0.0064*
(mg/day) | SEM | 0.0007 | 0.0004 | 0.0005 | 0.0013 0.0007

In the first balance study, no difference was found in calcium excreted in urine as

a result of diet. In the second balance study, however, FOS animals showed higher

excretion compared to HCMP — and HCMPK + animals (HCMP + and HCMPK —
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animals showed statistically similar levels of calcium excretion to all other diet
groups). In the first balance study, magnesium excretion was highest in the FOS
group compared to other diets. In the second balance study, there was no difference
in magnesium excretion between diets. In the first balance study there was no
difference in zinc excretion between diets; in the second balance study HCMPK —
animals showed statistically higher zinc excretion compared to animals in the other
diet groups.

Data were also analysed in order to determine whether there was a difference in
urinary mineral excretion between the two balances. Results are shown in Table 18

and Figure 26.

Table 18: Comparison of urinary calcium (Ca) magnesium (Mg) and zinc (Zn) excretion in first
and second balance studies; the first balance study was carried out after three weeks and the

second after nine weeks on trial diets. There were eleven animals in each of the HCMP -, HCMP
+, HCMPK - and HCMPK + groups, and twelve in the FOS group. NS indicates no significance,
* indicates significance of p<0.05, and ** indicates significance of p<0.01.

FOS HCMP HCMP HCMPK HCMPK

(n=12) - < - e
(n=11) (n=11) (n=11) (n=11)
Ca p-value 0.883 0.190 0.090 0.379 0.548
(mg/day) Significancg NS NS NS NS NS
Mg p-value 0.019 0.898 0.787 0.070 0.789
(mg/day) Significancg * NS NS NS NS
Zn p-value 0.712 0.033 0.394 <0.01 0.011
(mg/day) Significancg NS * NS e *
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Figure 26: Comparison of urinary calcium (Ca) magnesium (Mg) and zinc (Zn) excretion in first
and second balance studies; the first balance study was carried out after three weeks and the
second after nine weeks on trial diets. There were eleven animals in each of the HCMP -, HCMP
+, HCMPK - and HCMPK + groups, and twelve in the FOS group.

Urinary calcium excretion was not significantly affected by timing of the balance
study for any diet. Urinary magnesium excretion was statistically different in only
the FOS group between the first and second balance studies; Figure 26 suggests that
there was a decrease by the second balance, although magnesium levels were already
elevated at the first balance. HCMP — and HCMPK + groups showed a significant
difference in urinary zinc excretion between the two balance studies; HCMPK —

animals showed a highly significant difference.
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3.3.3. Faecal Mineral Content

Mineral contents of faecal samples were analysed in order to determine whether
there were any differences induced by diet. Data are shown in Table 19. Faecal
weight and magnesium in the first balance study, and zinc from both balances were

analysed using non-parametric tests.

Table 19: Calcium (Ca), Magnesium (Mg) and Zinc (Zn) content of faeces, and faecal weight,
from animals receiving diets for three weeks (first balance study) and nine weeks (second
balance study). There were eleven animals in each of the HCMP +, HCMPK - and HCMPK +
groups, ten in the HCMP — group and twelve in the FOS group. Values with different
superscripts (a, b) denote significant differences between groups on the same line at p<0.05.

FOS HCMP HCMP HCMPK HCMPK

ls - i +
(n=12) (n=10 (n=11) (n=11) (n=11)
1 Faecal Mean | 2.34" | 1.76' 1.91 1.82 2.00
vatee || woiaht SEM | 0.15 | 0.0 | 0.06 0.08 0.06
study (g/day)
Ca Mean | 59.49° | 44.45° | 49.70™ | 4838% | 48.12%
(mg/day) | SEM | 4.69 2.78 1.46 2.81 2.08
Mg Mean | 11.04* [ 10.15* | 11.39° | 10.65° 10.87°
(mg/day) | SEM | 0.896 | 0.516 | 0.394 0.411 0.317
Zn Mean | 0.987° | 0.719° | 0.746" | 0.698° 0.739°
(mg/day) | SEM | 0.052 | 0.050 | 0.013 0.021 0.023
y Faecal Mean | 2.50° | 2.34* | 2.38° 2.40° 24T
balance | weight | ¢\l 019 | 012 | 008 | 008 0.09
study (g/day)
Ca Mean | 91.29° | 85.16° | 86.71" | 85.10° 87.24"
(mg/day) | SEM | 3.744 | 4.871 | 2.299 3.000 3.464
Mg Mean | 15.16* | 14.62* | 15.46* | 14.31" 14.96"
(mg/day) | SEM | 0.670 | 0878 | 0.522 0.565 0.592
Zn Mean | 0.987° | 0.939* | 0.951° | 0.918" 0.952°
(mg/day) | SEM | 0.031 | 0.055 | 0.022 0.031 0.042

In the first balance study, when compared on a daily excretion basis, calcium
content was significantly higher in the FOS group than the HCMP - group.
Magnesium excretion was not significantly altered as a result of dietary intervention.
Zinc excreted in faeces was significantly higher in FOS animals. Faecal weight was
significantly higher in FOS animals. In the second balance study, there was no
difference between daily excretion of calcium, magnesium or zinc. Faecal weight

also showed no signicant difference between groups.
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Data were also analysed in order to determine whether there was a difference in

faecal mineral excretion between the two balances. Results are shown in Figure 27
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Figure 27: Comparison of calcium (Ca) magnesium (Mg) and zinc (Zn) excretion in faeces, and
faecal weight during first and second balance studies; the first balance study was carried out
after three weeks and the second after nine weeks on trial diets. There were eleven animals in
each of the HCMP -, HCMP +, HCMPK - and HCMPK + groups, and twelve in the FOS group.
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Table 20: Comparison of calcium (Ca), magnesium (Mg) and zinc (Zn) faecal excretion, and
faecal weight in the first and second balance studies; the first balance study was carried out
after three weeks and the second after nine weeks of receiving trial diets. There were eleven
animals in each of the HCMP +, HCMPK — and HCMPK + groups, ten in the HCMP - group
and twelve in the FOS group. Significance is displayed by sig. NS indicates no significance
difference between the two balance studies, * indicates significance of p<0.05 and ** indicates

significance of p<0.01.

(n=12)

FOS

(n=10)

HCMP

HCMP HCMPK

+

(n=11)

(n=11)

HCMPK

+
(n=11)

Faecal weight | p-value <0.01 | <0.01 <0.01 <0.01 <0.01
(g/day) Significancg  ** " i e e
Ca (mg/day) | p-value <0.01 | <0.01 <(0.01 <0.01 <0.01
Significancg = ** hkl e i -
Mg (mg/day) | p-value <0.01 <0.01 <0.01 <0.01 <0.01
Significance  ** ks ik ok o
Zn (mg/day) | p-value <0.01 <0.01 <0.01 <0.01 <0.01
Significancg  ** s e e o

All dietary groups showed a highly significant increase in faecal mineral excretion

by the second balance study, expressed as mg / day, and faecal weight (g / day). This

is as would be expected, as food intake also increased between the two balances (see

3T

3.3.4. Faecal Weight

Pearson’s correlation coefficients were calculated between dry faecal weight, feed

intake and rat weight during the balance studies. These are shown in Table 21.

Table 21: Pearson’s correlation coefficients and p-values for the effect of food intake and rat
weight on faecal weight (g/3days), in first (after two weeks on trial diets) and second balance
studies (after nine weeks on trial diets). There were eleven animals in each of the HCMP -,

HCMP +, HCMPK — and HCMPK + groups, and twelve in the FOS group. ** indicate

significance of p<0.05.

Faecal weight | Pearsons corr. 0.658** (.502%*
1* balance p-value <0.01 <0.01
Faecal weight | Pearsons corr. 0.630** 0.363%*
2" balance | p-value <0.01 <0.01

In order to determine whether these values were a result of a relationship or

erroneous analysis, scattergraphs were plotted, shown in Figure 28.
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Figure 28: Effect of food intake (graphs A and C) and body weight (graphs B and D) on dry
faecal weight. Graphs A and B show data from the first balance study (after three weeks on trial
diets); C and D show data from the second balance study (after nine weeks on trial diets). There
were eleven animals in each of the HCMP -, HCMP +, HCMPK - and HCMPK + groups, and
twelve in the FOS group.

Data from both balance studies appear to show a linear relationship between daily
food intake and dry faecal weight, but no clear relationship between body weight and
dry faecal weight. Hence dry faecal weights were analysed using food intake as a
covariate. Faecal weight from the first balance study was analysed using non-

parametric tests. Results of the analyses are shown in Table 22.
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Table 22: Analysis of faecal weight in first and second balance study, after three and nine weeks
respectively, on trial diets. There were eleven animals in each of the HCMP -, HCMP +,
HCMPK - and HCMPK + groups, and twelve in the FOS group. Values with different
superscripts (a, b, ¢) denote significant differences between groups on the same row, at p<(0.05.

FOS HCMP HCMP HCMPK HCMPK

- + ] B
(n=12) (n=11) (n=11) (n=11) (n=11)
Faecal | 1% Mean | 7.01° | 5.28 5.74 5.45 6.01°
weight | Balance | SEM | s | (59 | 08 0.23 0.18
(2) study
o Mean | 7.48" | 6.92° 715 7.20° T
balance | SEM | (35 | 33 0.23 0.25 0.26
study

Figure 29 shows the dry faecal weights from animals in both balance studies; data

are classified according to diet groups.
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Figure 29: Comparison of effect of diet of faecal weight (g/day) in first and second balance
studies. Animals are classified by the diets they received. There were eleven animals in each of
the HCMP -, HCMP +, HCMPK - and HCMPK + groups, and twelve in the FOS group. The

first balance study was carried out after three weeks, and the second after nine weeks of
receiving trial diets.

Table 23 lists the p-values for comparison of faecal weight in first and second

balance studies.
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Table 23: Comparison of faecal weight in first and second balance studies between animals
consuming different diets. The first balance study was carried out after three weeks, and the
second after nine weeks of receiving trial diets. There were eleven animals in each of the HCMP
—, HCMP +, HCMPK - and HCMPK + groups, and twelve in the FOS group. NS indicates no
significance and ** indicates significance of p<0.01.

FOS HCMP HCMP HCMPK HCMPK

- + = +

(n=12) (n=11) (n=11) (n=11) (n=11)

Faecal p-value 0.207 <0.01 <0.01 <0.01 <0.01
weight Significancg NS o o ik ik

There was no significant difference between faecal weight in balances for animals in
the FOS group; all other diet groups showed a highly significant difference (p<0.01).

Faecal weight increased between the first and second balance studies (Figure 29).

3.4. Blood / Serum Analysis
3.4.1. Type | Collagen c-Terminal Telopeptides

There were no significant differences between groups for serum type I collagen c-
terminal telopeptides (CTx) concentrations. Rat weight was not significantly
correlated with serum CTx concentrations (data not shown); hence CTx values were

analysed assuming there were no confounders. Data are listed in Table 24.

Table 24: Serum Type I collagen c-telopeptide (CTx) concentrations following 10 weeks of
feeding trial diets. There were nine animals receiving FOS, eleven receiving HCMP —, HCMP+
and HCMPK +, and ten receiving HCMPK — (due to errors during analysis). Values with
different superscripts (a) denote significant differences between groups at p<0.05.

FOS HCMP- HCMP+ HCMPK- HCMPK +
(n=9) (n=11) (n=11) (n=10) (n=11)

CTx (ng/ml)

3.4.2. IL-6

There were no significant differences between groups in terms of IL-6 levels (data

not shown). Most of the results were below the detection limit of 125 pg/ml, except
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for samples taken from one HCMP — animal, two HCMP +, four FOS and two

HCMPK — animals.

3.4.3.1L-10

There were no significant differences between diet groups in terms of IL-10 levels
(data not shown). Most of the data were below the detection limit of 62.5 pg/ml,

except for one HCMPK - sample.

3.5. Bone Analysis
3.5.1. Dual Energy X-ray Absorptiometry Scans

Body weight was found to be highly significantly correlated to spine and femur

area, BMC and BMD (correlation coefficients shown in Table 25).

Table 25: Pearsons correlation coefficients for ex vivo DEXA measurements on femurs of sixty
rats, following 10 weeks of feeding trial diets. * indicates significance at the 0.05 level; **

indicates siiniﬁcance at the 0.01 level.

Spine Area | Pearsons corr. | 0.560**
p-value <0.001
Spine BMC | Pearsons corr. | 0.524**
p-value <0.001
Spine BMD | Pearsons corr. |  0.402**
p-value 0.001
Femur Area | Pearsons corr. | 0.375**
p-value 0.003
Femur BMC | Pearsons corr. 0.304*
p-value 0.018
Femur BMD | Pearsons corr. | 0.462**
p-value <0.001

In order to determine whether these Pearson’s correlation coefficients were
indicative of a relationship or due to erroneous analysis, scattergraphs were plotted,

shown in Figure 30.
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Figure 30: Effect of body weight on spine and femur area, bone mineral content (BMC) and
bone mineral density (BMD). Measurements were made using ex vivo DEXAs after 10 weeks of
receiving trial diets, on sixty rats.

Figure 30 and Table 25 suggest that there is a linear relationship between rat weight

and spine/femur area, BMC and BMD. These parameters were therefore corrected
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for rat weight during analysis. Femur BMC was analysed using non-parametric
testing. There was no significant difference between the study groups for any of the

parameters measured. Table 26 lists the results.

Table 26: Ex vivo spine and femur area, bone mineral content (BMC) and densities (BMD) of
rats, following 10 weeks of feeding trial diets. There were twelve animals per dietary group.
Values with different superscripts (a) denote significant differences between groups in the same
row at p<(0.05.

HCMP - HCMP+ HCMPK- HCMPK +

(n=12) (n=12) (n=12) (n=12)
Spine Area | Mean | 2.216" | 2.196" 2.212° 2.202° 2.219°
(sz) SEM | 0.028 | 0.028 0.039 0.042 0.022
Spine BMC | Mean | 0.497" | 0.490" 0.501* 0.492° 0.499"
(g) SEM | 0.014 | 0.012 0.016 0.016 0.009
Spine BMD | Mean | 0.224" | 0.223" 0.226* 0.223° 0.225°
(g/cmz) SEM | 0.004 | 0.003 0.003 0.004 0.003
Femur Area | Mean | 1.720* | 1.715" 1.708* 1.698" 1.720°
(cm?) SEM [ 0.015 |0.018 0.028 0.027 0.021
Femur BMC | Mean | 0.465" | 0.463" 0.467" 0.455" 0.467°
(g) SEM | 0.009 | 0.008 0.011 0.011 0.008
Femur BMD | Mean | 0.271* | 0.270" 0.272* 0.268" 0.272*
(g/sz) SEM | 0.004 | 0.003 0.003 0.003 0.004

3.5.2. Bone Biomechanics
Rat weight, and femur width and length were found to be correlated to several of

the parameters measured in biomechanical testing; these are listed in Table 27.
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Table 27: Correlation between rat weight, femur weight and length, and the biomechanical
parameters measured after ten weeks of trial diets being consumed by sixty rats. * indicates
significance at the 0.05 level; ** indicates significance at the 0.01 level; ™ indicates no
significance.

Rat weight Femur weight Femur length

Max Load Pearsons corr. 0.279* 0.218™ 0.201™
p-value 0.039 0.110 0.142
Max Stroke | Pearsons corr. 0.208™ 0.334* 0.304*
p-value 0.127 0.013 0.024
Break Load | Pearsons corr. 0.189™ 0.188™ 0.226™
p-value 0.166 0.170 0.097
Break Stress | Pearsons corr. | -0.063™ -0.158™ -0.106™
p-value 0.650 0.248 0.440
Break Stroke | Pearsons corr. 0.287* 0.296* 0.285*
p-value 0.033 0.028 0.035
Break Strain | Pearsons corr. | 0.358** 0.370** 0.361**
p-value 0.007 0.005 0.007
Elastic Pearsons corr. | -0.166™ -0,373** -0.334%*
p-value 0.224 0.005 0.013
Energy Pearsons corr. 0.341* 0.291* 0.288*
p-value 0.011 0.031 0.033

In order to determine whether the correlation coefficients were indicative of a

relationship, or due to erroneous analysis, scattergraphs were plotted, and are shown

in Figure 31 and Figure 32.

88



240 P 2.4+
o ° &
| ° " >
220 . . - 55 .
o & s oo = L
z 5 e a
5200 5 oo = L
3 - o o 2 o 2 &
) ' > 20
sl o LI e @ g:"c ® 99 2 e
X180 14 w LT
< - L 5 £ % a oo ’
Y g o ¢ o o >
& £ 1.8 I QRWED G
160 ® 0 om
& >
o >
140 1.6
1 ! T S i i T ] T T
360 380 400 420 440 460 1 11 12 13 14 1.8 1.8
Rat Weight (g) Femur Weight (al
2.4 2.3
o
22 o o a
2.2 = & )
E 00 ¢ ° g 2' = © ¢ -3
£ SR £ o o
& & & b 2.0—- [ [
So0- e 6o 5" B %
& NG 8 0 4 ° r Y oo
g ) oo f 1.9 - @ L]
g =3 < > z o Q ©co0oa MmO o
e o ¢ 9 ¢ = i
21.8 i e i ol X o °<,
2¢ 090G O o
2 o 17— 7
& -
16— 1,6
i i . T I [ I
33 3 35 36 37 .3 30 380 400 420 440 460
Femur Length (mm) Rat Weight |g)
2.3 2.3
- o
a 9 0 o o o 2
22 N 22 :
.é.z 3 S0 oo o L L2
= e o E21 ® o
g o a - é o o LY
%20 @ = » = o @
el
é @ s & ‘DZ'C o 6 o 2
o oo o © = >0 ° 9
ﬁ 1.9 a pore :’ 1.9 P -
- 90 o0 o320 @ -3 00 W oo 290 O
= 18— e 90 o © w18 ] 0 09
m @ L] = e o
57— L <o 17 s <
1.6 16
[ | i T I it | T T T ]
10 11 1.2 13 14 15 18 33 34 a5 36 37 k.3
Femur Weight (g) Femur Lenath ([mm)
L3 o
22+ o &0 22 A
o ) T
- 8 %ec o - s % Qr, o
3 og . £ & e
£20- ' z 20
s 2 &
@ g e ¢ %% & A
% s 82 % = g ¢
18- e, o 318- o o 020
- [+ £ v = 2 bd o
o % P o, * o S 0‘90'0 o
% o o < 2
s ° o <
16— & ° o 16— a °
< L4
| 1 1 I i ik B T 4
36D 380 400 420 440 460 19 11 12 13 14 15 186
Rat Weight {g) Femur Weight (g)

Figure 31: Relationship between rat weight, femur weight and length and bone biomechanical
parameters (maximum load, maximum stroke, break stroke and break strain). Measurements
were made on femurs of sixty rats who had consumed trial diets for ten weeks. Measurements

were made after ten weeks of receiving trial diets.
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Figure 32: Relationship between rat weight, femur weight and length and bone biomechanical

parameters (break strain, elasticity, and energy required to break bones). Measurements were
made on femurs of sixty rats who had consumed trial diets for ten weeks.

Figure 31 and Figure 32 suggest that some of the supposed correlations may be

incorrect. For simplicity, Table 28 summarises the correlations that may exist.
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Table 28: Confounders of biomechanical parameters, used as covariates during analysis of

variance. Significance is determined using the Pearson’s Correlation coefficients in Table 27,
and examination of scattergraphs in Figure 31 and Figure 32. NS indicates no significance, ¥
indicates possible confounder.

Rat weight

Femur weight Femur length

Max Load NS NS NS
Max Stroke NS t 0

Break Load NS NS NS
Break Stress NS NS NS
Break Stroke NS NS NS
Break Strain NS NS NS
Elastic NS g NS
Energy NS NS NS

Whilst statistical analysis suggested that many of these variables may influence the
biomechanical parameters measured, Table 28 suggests that there may only be three
confounders. Therefore, femur weight and length were used as covariates in the
analysis of maximum stroke, and femur weight used for elasticity measurements.

Results of biomechanical tests are shown in Table 29.
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Table 29: Results of biomechanical tests on right femurs following 10 weeks of feeding study
diets. There were twelve rats per dietary group. Values with different superscripts (a,b) denote

FOS

(n=11)

significant differences between groups in the same row at

HCMP

(n=11)

p<0.05.

HCMP
+

(n=11)

HCMPK

(n=11)

HCMPK

+
(n=11)

Max Load (N) Mean | 194.08" | 197.22% 194.98* 198.99* 193.69"
SEM 5.26 4.35 5.73 8.30 6.83
Max Stroke Mean | 1.93° 1.91° 1.89* 1.89* 1.90°
(mm) SEM 0.05 0.04 0.04 0.04 0.04
Break Load (N) | Mean | 189.60" | 189.82° 194.08" 198.29" 186.86"
SEM 5.07 6.26 5.81 8.17 8.22
Break Stress Mean | 73.62° 74.70° 76.27" 80.47" 67.83"
(N/mm?) SEM | 3.13 3.85 2.83 2.47 3.00
Break Stroke Mean | 1.96" 1.97° 1.93¢ 1.90* 1.98¢
(mm) SEM 0.06 0.05 0.05 0.04 0.05
Break Strain (%) | Mean | 18.85" 18.72° 18.43" 17.89" 19.31*
SEM 0.58 0.59 0.52 0.47 0.59
Elastic (N/mm®) | Mean | 561.47" | 585.65" | 584.11° | 621.60* | 510.75"
SEM 25.61 29.28 25.24 17.12 20.24
Energy (J) Mean | 0.22° 0.22° 0.21° 0.21° 0.22*
SEM 0.01 0.01 0.01 0.01 0.01

There was a highly significant difference between HCMPK — and HCMPK + for

bone elasticity (p = 0.017). There were no significant differences between diets for

any of the other biomechanical parameters measured.

3.5.3. Bone Ash Content

Of the parameters measured during analysis of bone ash content, rat weight and

bone length were highly significant predictors of dry bone weight, and ashed bone

weight (p<0.01); bone length was a highly significant predictor of non-mineral bone

matter (p<0.01). Pearson's correlation coefficients are shown in Table 30.
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Table 30: Pearson’s correlation coefficients for measurements of wet, dry and ashed femurs
following 10 weeks of feeding trial diets to sixty rats. * indicates significance at the 0.05 level; **
indicates significance at the 0.01 level; ns indicates no significance.

Rat weight Bone length

Bone length Pearsons corr. 0.225™
p-value 0.084
Dry weight Pearsons corr. | 0.471%* 0.729**
p-value 0.000 0.000
Ashed weight Pearsons corr. | 0.514** 0.598**
p-value 0.000 0.000
Non-mineral bone matter Pearsons corr. | 0.234™ 0.603**
p-value 0.072 0.000
Ratio non-mineral:mineral bone matter | Pearsons corr. | -0.123™ 0.201™
p-value 0.348 0.123

Where Pearson’s correlation coefficients suggested a relationship between two
variables may exist, scattergraphs were plotted to determine whether this was indeed
the case, or whether it was simply the result of erroneous analysis; these are shown in

Figure 33.
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Figure 33: Relationship between rat weight and bone (femur) length and parameters measured
during ashed bone analysis (dry weight, ashed weight and non-mineral bone matter).
Measurements were made on sixty rats who had consumed trial diets for ten weeks.
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Figure 33 confirms that the suspected correlations between the parameters may
indeed exist; they were therefore used as confounders during analysis of the effect of

the trial diets on bone weight and composition. Table 31 lists the results of analyses.

Table 31: Weight and composition of rat femurs following 10 weeks of feeding trial diets; there

were twelve animals per dietary group. Values with different superscripts (a) denote significant

differences between groups in the same row at p<(0.05.

HCMP HCMP HCMPK HCMPK
- + - -

(n=12) (n=12) (n=12) (n=11)

Bone Length (mm) | Mean | 35.293" | 35.604" | 35.408" | 35.262" | 35.605°

SEM 0.149 0.149 0.230 0.185 0.177
Dry Bone Weight Mean | 0.657" | 0.655" 0.650° 0.654" 0.664"
(mm) SEM 0.011 0.009 0.012 0.012 0.011
Ashed Bone Weight | Mean | 0.418" | 0.419" | 0.423" 0.413" 0.423°
(g) SEM 0.006 0.006 0.009 0.008 0.007
Non-Mineral Bone | Mean | 0.239" | 0.236" | 0.227" 0.240° 0.240°
Matter’ (2) SEM | 0.008 0.004 0.007 0.005 0.005
Ratio Non-Mineral : | Mean | 0.572" | 0.564" | 0.537" 0.582* 0.568"
Mirteri], Botie SEM | 0.019 | 0.010 | 0.016 | 0.008 0.009
Matter

T . : s .
Non-mineral bone matter calculated by subtracting ashed bone weight from dry bone weight
*
Ratio calculated by dividing non-mineral bone matter by ashed bone matter

There appears to be no significant difference between diets and any of the ashed

bone parameters measured.

3.5.4. Bone Mineral Content
Table 32 shows the effect of diet on calcium, magnesium and zinc content of

bone.
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Table 32: Effect of diet on bone mineral content of rats fed trial diets for ten weeks; there were
twelve animals per dietary group. Values with different superscripts (a) denote significant

differences between groups in the same row at

FOS

(n=12)

(n=12)

p<0.05.
HCMP

HCMP

+
(n=12)

HCMPK

(n=12)

HCMPK

+
(n=12)

Calcium (mg) Mean | 119.07* | 120.47° | 122.27* 119.27° 122.20°
SEM 2.31 1.68 2.43 2.57 2.34
Magnesium Mean | 2.21° 2.17° 2.20° 2.14° 2.21°
(mg) SEM 0.05 0.04 0.07 0.05 0.05
Zinc (mg) Mean | 1.29° 1.30" 1.32° 1.33° 1.33*
SEM 0.03 0.03 0.03 0.04 0.03

There were no significant differences in calcium, magnesium or zinc content of bone

after ten weeks of feeding trial diets.

Mineral content ratio to ashed weight was also calculated, and is shown in Table

33.

Table 33: Effect of diet on ratio of mineral to ash in femurs of rats fed trial diets for ten weeks;
there were twelve animals per dietary group. Values with different superscripts (a) denote

significant differences between groups in the same row at p<(0.05.

FOS HCMP- HCMP+ HCMPK- HCMPK +

(n=12) (n=12) (n=12) (n=12) (n=12)

Calcium Mean | 0.2858" | 0.2875" | 0.2892° 0.2883" 0.2908"
SEM | 0.0031 0.0022 0.0023 0.0021 0.0031

Magnesium | Mean | 0.0053" | 0.0052" | 0.0052° 0.0052° 0.0052"
SEM | 0.0001 0.0001 0.0001 0.0001 0.0001

Zinc Mean | 0.0031* | 0.0031" 0.0031" 0.0032* 0.0032"
SEM | 0.0001 0.0001 0.0001 0.0001 0.0001

There were no significant differences in the ratio of calcium, magnesium or zinc and

ash content.

3.6. Gut Bacteriology

Caecum counts showed a significant difference between levels of Lactobaccillus
spp.; results are shown in Table 34. Data were analysed using non-parametric tests. It
should be noted, however, that the CFUs recorded reflect all Lactobaccilus species, and
not solely Lactobaccilus rhamnosus, let alone DR20™. Therefore counts for animals on

the FOS diet will be complicated by the fact that FOS, being a prebiotic, would be
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expected to increase the level of all probiotics, including Lactobaccilus rhamnosus and

DR20™,

Table 34: Caecum counts of Colony Forming Units (CFUs) of animals fed different diets for ten
weeks. There were twelve animals per dietary group. Values with different superscripts (a,b)

denote significant differences between groups at p<(.05.

FOS HCMP- HCMP+ HCMPK- HCMPK+
(n=12) (n=12) (n=12) (n=12) (n=12)
“1 L1x10"" 1.5x10°"
20x10° [ 1.8x10° 29x 10° 44x10°

Rats fed FOS had the highest caecum counts of Lactobaccilus CFUs. HCMP +,
HCMPK —, HCMP — and HCMPK + had comparably lower counts, although the counts
of the latter two diet groups were not statistically different from the FOS diet. Data are

displayed in Figure 34.

Differences caused by diets on caecum counts of
Lactobaciiflus spp.
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Figure 34: Graph showing the differences caused by diets on the colony forming units (CFUs) per
gram of caecum. Caecal counts were made from rats who had been consuming trial diets for ten
weeks; there were twelve animals per dietary group. Data are classified by dietary groups of the
animals.
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Chapter 4. Discussion

The aim of the present study was to test the hypothesis that probiotic
supplementation could improve calcium balance and increase bone density in growing
animals. The study also hypothesised that, joint pre- and pro-biotic supplementation
would have a synergistic effect. The observed effects of pro- and pre-biotic
supplementation on the various aspects of bone metabolism measured in the current

study are discussed and interpreted in order to ascertain the validity of this hypothesis.

4.1. Mineral Balance

4.1.1. Effect of Probiotic Supplementation

Mineral fractional and absolute absorption in the first balance study was similar to
that reported by previous authors who used model animals comparable to that used in
this study (Morohashi et al., 1998; Lopez et al., 2000; Chonan et al., 2001; Lopez et
al., 2001; Coudray et al., 2003). No differences were observed in zinc fractional or
absolute absorption between probiotic diets and their controls in the first balance
study. Inclusion of the probiotic increased calcium and magnesium absolute
absorption in HCMP diets but not in the HCMPK diets.

The effect of probiotics on fractional and absolute absorption in the second
balance study has not been previously reported in a similar animal model. However,
efficiency of calcium absorption should decrease with aging (Armbrecht and
Wasserman, 1976; Armbrecht et al., 1979; Pansu et al., 1983b), and this did occur in
the present study. In the second balance study, there was no significant difference in
calcium, magnesium or zinc fractional or absolute absorption between groups that
were or were not supplemented with probiotics. This supports the findings of Narva

et al. (2004) who found no significant difference between calcium excreted in urine
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between growing rats receiving Lactobacillus helveticus and those that did not. It
should be noted, however, that the present study only examines urinary excretion,
and not overall absorption or retention. This confirms the results of this study, in
which there was no difference in either balance studies for urinary or faecal calcium
excretion as a result of probiotic supplementation. There was also no difference in
magnesium and zinc urinary excretion as a result of probiotic supplementation in the
first balance study. In the second balance study, however, HCMPK — showed a
significant increase in urinary zinc compared to HCMPK + animals. Faecal
magnesium and zinc excretion was not statistically different in either balance study
as a result of probiotic supplementation.

It is possible that a high availability of calcium, magnesium and zinc in the large
intestine would result in a reduction of their absorption; long-term supplementation
of the probiotic may result in a down-regulation of the active pathways of calcium,
magnesium and zinc absorption, and therefore provide no apparent benefit to their
absorption at this point (Cashman and Flynn, 1996). Alternatively, there may be no
benefit to mineral balance of supplementation to animals of this age. Intestinal
transport of calcium declines with age (Armbrecht ef al., 1979; Brown et al., 2005).
Peak active calcium absorption in the rat is thought to occur at about 35 days old and
then decreases to a lower level, whilst passive calcium absorption decreases over the
first 35 days and then remains constant (Pansu et al., 1983b), with peak bone mass
reached at about 3 months of age (Sengupta et al., 2005). Therefore, probiotic
supplementation (long term) may prove more effective in a younger animal, where
passive absorption is occurring at a greater rate. In the first balance study, rats were
49 — 52 days old; in the second they were 88 — 91 days old. Therefore, in the first

balance study, mineral absorption should have been at about its peak, and would be
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expected to decrease up until the second, where no effect of pro- and / or pre-biotics
was observed.

Probiotic supplementation may have no effect if levels of CaBP, the rate-limiting
step in calcium absorption (Bronner et al., 1986) are not altered. Ohta et al. (1998b)
found FOS to increase CaBP in the large intestine, suggesting that diet can alter the
level of the protein present. To date no work has examined the effect of DR20™ on
CaBP, but since FOS was included in the probiotic diet, one might expect that a
similar effect might be seen in animals receiving the probiotic in this trial. For an
electrochemical gradient to be maintained in the cell, calcium, magnesium and zinc
must also be extruded from the cell at an increased rate compared to control animals.
The effect of pro- and pre-biotics on the CaATPase, Mg2+ / Na+ and zinc
transporters have not been characterised.

Absorption of calcium in the large intestine is thought to only account for about
10% of total absorption (Bronner and Pansu, 1999). Therefore there may have been
no observed effect on absorption since most of the minerals may have already been
taken up in the small intestine. This may be especially the case in this study, where
the minerals were present in forms that are easily absorbed, and not hindered by
factors that are known to reduce mineral absorption, such as the presence of phytic
acid, or oxalic acid. This would aid their absorption in the small intestine, and reduce
the amount that would pass into the large intestine, where probiotics and prebiotics

could exert their positive effects on mineral absorption.

4.1.2. Effect of Vitamin K Supplementation

There was no significant difference between the fractional absorption of calcium

and magnesium, in response to vitamin K supplementation. However, absolute
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absorption of calcium was significantly higher in vitamin K diets (HCMPK — and
HCMPK +) compared to their controls (HCMP — and HCMP + respectively), and
absolute absorption of magnesium was significantly higher in HCMPK — than HCMP
— animals. Absolute absorption of calcium in animals receiving vitamin K but no
probiotic (HCMPK —) was comparable to those receiving probiotic but no vitamin K
(HCMP +). Certain probiotics and gut bacteria are known to produce vitamin K as
menaquinone (Morishita er al., 1999; Parker et al., 2003). These authors tested the
ability of three different species of Lactobacillus amongst other bacteria, to produce
vitamin K; none was detected (Morishita et al., 1999; Parker et al., 2003). However,
Lactobacillus rhamnosus was not one of those examined, and hence it is still possible
that it may produce vitamin K, although available evidence tends towards the
suggestion that this may not be the case. Absolute absorption of calcium was similar
in vitamin K groups regardless of whether probiotic was supplied or not. This
suggests that the probiotic is not using (all) the vitamin itself, therefore some can be
absorbed and used by the host. However, the fact that fractional absorption of
calcium does not differ with or without vitamin K supplementation means that
groups that showed higher retention (absolute absorption level), must be excreting
more calcium; therefore, the fractional absorption level remains the same, despite a
difference in retention. Faecal and urinary calcium and magnesium, and zinc faecal
excretion was unaffected by vitamin K supplementation in either balance study.
Urinary zinc excretion was significantly higher in the HCMPK — animals in the
second balance study compared to all other diet groups; in the first balance study
there was no significant difference in urinary zinc excretion between any diet groups.
In the first balance study, supplementation of vitamin K resulted in significantly

higher absolute absorption of magnesium compared to the HCMP — diet, which had
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no probiotic and no vitamin K; there was no difference, however, between vitamin K
groups (HCMPK — and HCMPK +) and animals receiving probiotic but no vitamin K
(HCMP —). Absolute and fractional absorption of zinc was higher in animals
supplemented with vitamin K. At present there are no known links between vitamin
K and magnesium or zinc balance. It is possible, however, that vitamin K could
indirectly affect mineral absolute and fractional absorption through acting on the
body’s mineral pools. Vitamin K could affect the amount removed from the body’s
mineral pool for use in bone mineralisation. If an equilibrium were in place then
more may be absorbed from the diet, or less excreted in urine and faeces to
counteract this change.

The second balance study showed no significant difference in calcium,
magnesium or zinc absolute or fractional absorption between vitamin K and non-
vitamin K supplemented groups. This suggests that long-term vitamin K
supplementation, or to animals at this life-stage or age may not prove beneficial in
mineral absorption. Again it is possible that long-term supplementation may result in
a down-regulation of the active pathway of calcium, magnesium and zinc absorption,
thus apparently creating no difference between supplementation and non-

supplementation after eight weeks.

4.1.3. Effect of Prebiotic Supplementation

Prebiotic supplementation of the FOS group did not affect calcium, magnesium or
zinc absorption in the first or second balance studies compared to the animals
receiving no pro- or pre-biotic (HCMP — group). However, in the first study both
fractional and absolute absorption of calcium and magnesium in animals from the
pro- and prebiotic group (FOS) were lower than those of animals receiving the

probiotic and no prebiotic (HCMP +). This may be because the prebiotic encourages
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the growth of probiotics already present in the gut, and those administered. Therefore
these bacteria may be utilising minerals for their own needs, decreasing the amount
that is available for the host, and hence causing no apparent benefit of
supplementation on mineral balance. Fractional and absolute absorption of zinc was
not significantly different between FOS and HCMP + groups. Urinary magnesium
excretion was higher and faecal magnesium excretion lower as a result of prebiotic
supplementation in the first balance study; there was no difference by the second.
FOS groups were not significantly different in terms of calcium or zinc urinary or
faecal excretion, from the HCMP + group, i.e. combined pro- and pre-biotic
supplementation did not significantly affect these parameters compared to probiotic
supplementation alone. When FOS groups are compared to HCMP — groups,
however, there is a significant increase in urinary calcium excretion in the second
balance study, and a significant reduction in faecal zinc excretion as a result of
combined supplementation of pro- and pre-biotic.

Whilst numerous studies have suggested that prebiotics may increase absorption
of these minerals, there is only one that examines the effect of joint supplementation
with a probiotic; Darragh et al. (2005) found that a probiotic / prebiotic mix had no
effect on nutrient absolute absorption.

Differences observed between this study, and those summarised in Chapter 1 may
be due to the type of prebiotic supplied. Kruger ef al. (2003b) found inulin to be
more effective at increasing bone mineral density compared to the shorter-chain
oligofructose (OF), or a mixture of the two oligosaccharides, when supplied to 7-
week old male rats. Interestingly, there was also no significant difference found in
absolute absorption of calcium in the same study, as a result of any of the dietary

interventions, compared to the control group. Griffin et al. (2002) found that
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supplementation with OF at 8g/day to girls, did not significantly affect fractional
calcium absorption, whilst supplementation of a mixture of OF and inulin did.
Results were confirmed by a later study by the same authors (Griffin ef al., 2003).

Oligosaccharides are fermented in the large intestine to short-chain fatty acids
(SCFAS), which has been proposed as a mechanism by which mineral absorption
may be increased; through complexes it forms with the mineral(s), altering
electrolyte exchanges, atrophy of absorptive cells and / or increasing CaBP. Long-
chain oligosaccharides are fermented more slowly, and reach further parts of the
large intestine than their short-chain counterparts; they are, therefore, converted into
SCFAs for a longer length of time and in more distant regions of the intestine and
therefore exert a more pronounced effect on mineral absorption (Van Loo, 2004).

It has recently been suggested that age may influence the possible effect that
prebiotics may have on mineral absorption. Raschka and Daniel (2005) found that
inulin-type fructans only increased calcium, magnesium and zinc absorbed from the
diet of rats whose mineral demand is particularly high, such as those actively
growing. Having said that, the authors provided animals with two different diets; one
group (young adult rats) received 0.9% calcium, 0.2% magnesium and 0.007% zinc,
whilst the other (adolescent rats) received 0.5% calcium, 0.05% magnesium and
0.003% zinc. There is no explanation in the paper for this change in diet, except that
the former, the synthetic diet, was found to contain naturally occurring fructans,
which the later, the semi-synthetic diet, did not. When the synthetic diet was supplied
to young adult rats, either with or without 10% inulin added, no difference was found
in calcium fractional or absolute absorption. Addition of 10% inulin to the semi-
synthetic diet supplied to adolescent rats resulted in a significantly lower faecal

calcium excretion, and higher fractional calcium absorption; absolute absorption
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remained the same. This data suggests that it is also possible that the level of mineral
in the diet may influence the extent to which prebiotics can alter mineral absorption.
Whilst probiotic supplementation may increase mineral absorption short term,
combined administration with a prebiotic may not prove beneficial to mineral
absorption, nor supplementation with short-chain oligosaccharides. Since the second
balance study showed no discernable differences in mineral absorption, long-term
supplementation and / or supplementation to animals of this age or life stage may not
prove beneficial. Le Blay ef al. (1999) suggested that supplementation of 9% FOS
for two weeks increased Lactobacillus spp. numbers, whilst supplementation for
eight or twenty seven weeks resulted in no discernable difference from control
animals. The same study showed that short-chain fatty acids (SCFAs) production,
and caecal wall weight increased at all three time-points as a results of FOS
supplementation; SCFAs and physiological changes in the large intestine were one of
the proposed effectors for increased mineral absorption. If mineral balance is
increased during the two time-points in our study, at which the balance studies were
carried out (which would not, therefore, have been measured), it is possible that the
prolonged increase in mineral availability may result in a down-regulation of their

active pathways of absorption.

4.2. Faecal Weight
4.2.1. Effect of Probiotic Supplementation

Probiotic supplementation did not appear to cause a significant change in faecal
weight in the first balance study. Vitamin K supplementation also did not appear to
affect faecal weight in the same balance study, despite the fact that this is the
predominate excretion route of the vitamin (Suttie, 2000). However, it was present at

an extremely low level compared to the recorded food intake (daily intake of vitamin
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K averaged approximately 23ug per day, compared to an average daily food intake of
approximately 57g), therefore, it may not have had an effect on faecal weight.

There was no difference in faccal weight between groups in the second balance
study. This suggests that long-term probiotic supplementation may not affect faecal
weight. The latter groups may be experiencing an increase in colonic bacteria later in
life; probiotic groups may not show this increase if the large intestine has already
been colonised by bacteria, which have been supplied in their diet, since there is only
a limited area available for colonisation. No other studies could be found in
published literature to confirm or contrast any of these findings or potential
explanations for the effect of probiotics and / or vitamin K on faecal weight. Faecal

weight was highly correlated with food intake in both balance studies.

4.2.2. Effect of Prebiotic Supplementation

Faecal weight was significantly higher in animals supplemented with FOS in the
first balance study; in the second balance study, there was no difference between
faecal weight in animals that received and did not receive FOS. Fermentation of
NDOs produces biomass, which therefore causes faecal bulking and increases
defecation frequency (Van Loo et al., 1999). Chonan et al. (2001) fed six-week old
male rats 5% GOS for seven days; the animals used were the same age as rats in this
study during the first balance, where an increase in faecal weight was also observed.
Delzenne et al. (1995) found FOS fed at 10% of the diet increased faecal weight in
rats smaller than those used here (100+5g), after receiving diets for 24 days. Rats of
body weights similar to those in this study (209+1.69g) showed an increase in faecal
weight after receiving 5% FOS supplemented diets for four weeks (Gudiel-Urbano
and Goni, 2002). Faecal weight was highly correlated with food intake in both

balance studies.
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In the first balance study, animals received trial diets for 3 — 4 weeks. It is
possible that prebiotic supplementation for a longer period may have had no further
effect on faecal weight, or that faecal weight of non-supplemented groups was
increased at a greater rate than prebiotic groups, resulting in a similar output between
all groups. Faecal weight was found to highly significantly increase in all dietary
groups between the first and second balance studies. This is as may be expected, as
animals also had increased food intake. Benyen et al. (2002) found no significant
difference in faecal weight of dogs after feeding of a 1% OF diet for three weeks.
However, this is at a much lower level than was used in this study, and most other

prebiotic trials.

4.3. Type | Collagen c-Terminal Telopeptides

There was no effect of pro- and / or pre-biotic supplementation on plasma type I
collagen c-terminal telopeptides (CTx) level in animals, a marker for bone resorption.
This is in accordance with the findings of Darragh et al. (2005), who found no
significant difference between plasma CTx levels of pigs receiving a supplement of
Bifidobacterium lactis HNO19 (DR10™), DR20™ or DR10™ combined with FOS.

Serum C-telopeptide concentrations are indicative of the rate of osteoclastic activity.
Osteoclast activity is affected by several parameters as outlined in Chapter 1. Some of
these factors, such as PTH and 1,25(OH)2D are affected by calcium levels. The results
from the second balance study, and bone calcium content suggest that at this point there
was no difference in calcium in animals in different groups; therefore one may also not

expect to see a difference in CTx level.
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4.4.1L-6 and IL-10

The majority of samples tested for IL-6 and IL-10 contained levels below the limit of
detection, even though whole blood cells had been stimulated. This confirms the results
of Darragh et al. (2005), who also found that even fewer samples showed detectable
results for IL-10 and IL-12 when cells had not been stimulated compared to those that
had. Roller et al. (2004) found no change in cytokine status as a result of dietary
supplementation to 12-13 week male rats of 10% inulin and / or Lactobacillus
rhamnosus and Bifidobacterium lactis for one week. It should be noted, however, that
this was an extremely short trial; the effect of diet may have taken longer to be seen.

IL-6 is secreted by bone cells in response to hormones such as PTH, 1,25(OH),D and
IL-1, and stimulates osteoclast formation (Mundy, 1999). The CTx results suggest that
there may be no difference between bone resorption as a result of pre- and / or pro-
biotic supplementation, which is confirmed by the low IL-6 levels measured.

IL-10 inhibits bone resorption (Hong et al., 2000); although at present there is poor
understanding of the factors that promote its production and / or activation. Its
expression is thought to be induced by TNF-a in macrophages, lipopolysaccharide
(LPS), and by IL-6 and IL-12 in T-cells (Daftarian et al., 1996). Again, since the CTx
and IL-6 results suggest that there may be no difference in bone resorption as a result of
pre- and / or probiotic supplementation, one would also expect to see no difference in
[L-10 activity.

It should be noted, however, that the amount of cytokines produced is highly specific
to an individual (Yaqoob et al., 1999). The technique used in this study determines
cytokine concentrations based on a known volume of blood; the number of cytokine-
producing cells is neither known nor controlled. Therefore measurement of effect of IL-
6 and IL-10 levels in this study may have been confounded by the large inter-individual

variation that occurs, and the fact that no baseline samples, or cell count, were taken to
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allow a point of reference. Hence, the observed differences may be due to an individual-
variation, rather than the effect of a dietary component, and may explain the large SEMs

observed within certain diet groups.

4.5. Bone Mineral Density

There was no significant effect of pre- and / or pro-biotic supplementation on bone
density (BMD) or bone mineral content (BMC) assessed by ex vivo DEXA. However,
as there was no benefit in mineral balance after eight weeks of supplementation, this is
as may be expected. The apparent improvement of certain dietary manipulations
observed during the first balance study may have been followed by a period of reduced
mineral absorption, allowing other diets to “catch-up” any advances in BMD and BMC
gained by these groups. Peak bone mass is thought to be achieved in rats at about three
months of age (Sengupta et al., 2005); DEXAs in this study would have therefore been
carried out on animals that would have reached this stage. /n vivo DEXAs may have
shown an apparent benefit of probiotic and vitamin K supplementation after two weeks,
as calcium, magnesium and zinc fractional and / or absolute absorption was improved at
this point. However, this is purely speculation, and without in vivo DEXAs having been
carried out then, it is impossible to confirm this. DEXAs cannot be carried out on
animals under 150g (Brown, 2001), however, and therefore in vivo DEXAs were not
possible at this point.

The findings of this study confirm the results of Darragh et al. (2005), who fed
DR20™ to neonatal piglets for four weeks. It is also in agreement with the findings of
Ohta et al. (2002) who fed six-week old sham-operated mice with control or 5% FOS
diets for six weeks. They found total, bone density in the femur to be the same between

control and FOS animals; these findings were echoed when bone density was measured
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in proximal, central and distal areas of the femur. Kruger et al. (2003b) found four
weeks of feeding inulin (degree of polymerisation, DP>23) to seven-week old male rats
increased femur BMD compared to control animals; no significant difference was found
between control animals and those fed short-chain FOS (DP2-8) or a mixture of inulin
and short-chain FOS. The Kruger et al. (2003b) trial was shorter than Ohta et al. (2002)
trial and the present one, and unlike the present study, neither trial supplied both
probiotics and prebiotics.

Narva et al. (2004) studied the effect of 14 weeks of Lactobacillus helveticus
supplementation to growing rats on BMD. At the end of the study, animal body weights
differed significantly between groups. Using raw data, there was no significant
difference in BMD between control and L. helveticus groups; results became significant
when BMD was divided by body weight for each animal, and then analysed. It may not
be ideal to compare this with results from the current study, as they will have been
analysed differently (body weight was used as a covariate in this study).

Kruger et al. (2003a) fed OVX rats DR20™ for three months, and observed a
significant increase in BMC and BMD in femur and lumbar spine compared to OVX
control animals. Animals received a diet with calcium at a level of 0.5%. OVX rats fed
0.5% calcium diet have reduced calcium absorption compared to sham-operated animals
(Kalu and Orhii, 1999). Therefore, it is possible that although DR20™ did not show a
significant effect in improving bone quality in actively growing animals in this study,
probiotics may prove beneficial to animals who are already compromised in terms of
bone metabolism (such as ovariectomised rats), or may prove beneficial when not

combined with prebiotics.
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4.6. Biomechanical properties of bone
Bone biomechanics were not significantly affected by supplementation with a

prebiotic. In fact, the only significant difference observed in the parameters measured
was in measurements of bone stiffness (elasticity) between the two diets containing
vitamin K; additional supplementation with the probiotic (in the HCMPK + diet)
resulted in lower stiffness compared to its exclusion (HCMPK —). HCMPK + and
HCMPK — were not statistically different from HCMP —, HCMP + or FOS, suggesting
that addition of vitamin K and DR20™ had an additive effect; supplementation of
vitamin K alone did not affect bone stiffness.

Vitamin K mediates the post-translational modification of osteocalcin, which in turn
promotes calcium binding and bone mineralisation. If the probiotic is utilising vitamin
K for its own ends, there may be a reduction in its availability for the host organism,
and hence bone mineralisation would occur less or be less effective, than if the probiotic
were not supplied. Mineralisation provides mechanical rigidity (Lian ef al., 1999);
supplementation of the probiotic and vitamin K could cause a reduction in bone
stiffness. Roy et al. (2001) demonstrated an inverse relationship between osteocalcin
content and bone elasticity. Several studies have suggested a link between vitamin K
status and fracture risk in humans (reviewed by Weber (2001)), and it is frequently used
as a predictor of bone fracture risk (Suttie, 2000). Rats are thought to achieve peak bone
mass, an important indicator of bone strength, at three months of age (Sengupta et al.,
2005), and humans at 20-years of age (Heaney et al., 2000). Improving bone quality

before this age can reduce the likelihood of fractures (summarised in Figure 35).
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Figure 35: Diagramatic representation of the bone-mass changes during the life-time of an
individual who achieves their full genetic potential, and one who does not (magnitude of differences
between these two is not to scale). If both individuals experience the same drop in bone mass later
in life (as a result of menopause etc), the person with lower bone mass will reach a level of high
fracture risk sooner. Underneath the graph are written several of the factors known to be of
particular importance in determining bone mass. Taken from Heaney (2000).

The observation that vitamin K administration is more effective at increasing bone
stiffness than the provision of the probiotic and vitamin K to growing animals is
important. Vitamin K has the potential to reduce the risk of osteoporotic fractures later
in life (Kalkwarf et al., 2004). Osteoporosis was once considered an inevitable
consequence of aging (World Health Organisation, 2003b). It has been increasingly
recognised that actions can be taken to prevent osteoporosis, minimising its financial
and physical debilitating effects, or even death. Attempts to decrease the likelihood of
fractures using vitamin K, should be wary of including probiotics as this may result in a
reduction of bone stiffness, therefore potentially increasing in likelihood of fractures.

Other bone biomechanical parameters did not appear to be affected, suggesting that
although bone mineralisation may be reduced in probiotic diets supplemented with
vitamin K, the stress it is able to withstand may not differ. In addition, bone stiffness did
not differ between diets that were or were not supplemented with vitamin K; perhaps

suggesting the observed differences were fallible.
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4.7. Bone Ash Content

Bone ash content, non-mineral bone matter and the ratio of the two did not appear to
be affected by probiotic and / or prebiotic supplementation. Again, it is possible that
long-term supplementation may result in down-regulation allowing mineral absorption
and deposition in bone to occur at a greater rate in diets that lagged at the beginning.

The results of this study confirm those of Ohta et al. (2002), who observed no
difference in bone ash content in six-week old sham-operated or OVX mice after
receiving a control or FOS diet for six weeks (although there was a difference between
control-diet fed sham-operated and OVX rats). Narva et al. (2004) found femur ash
content to be lower in Lactobacillus helveticus supplemented rats compared to controls
after 14 weeks. However, control diets differed from L. helveticus diets in all the
parameters listed in diet composition, such as calcium, energy, protein, fat and

carbohydrate. It is unclear whether this was taken into account during the analysis.

4.8. Bone Mineral Content
Pro- and / or pre-biotic supplementation did not have any apparent effect on bone

contents of calcium, magnesium or zinc, which may be due to down-regulation of
mineral absorption as a result of long-term supplementation. Ohta et al. (2002) observed
no difference between six-week old control and FOS-fed sham-operated and OVX mice
in bone content of calcium and magnesium after six weeks (although there was a
difference between control-fed sham and OVX animals). Raschka and Daniel (2005)
found 15 days of feeding 10% inulin to growing rats resulted in a significant increase in
calcium, magnesium and zinc content in femurs. Narva et al. (2004) found no difference
in calcium content between growing rats receiving a L. helveticus or control diet;

differences in calcium intake and body weight appear to have been taken into account
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during analysis. It is possible, therefore, that long-term supplementation of prebiotics
and / or administration of probiotics to growing animals may not increase the mineral
content of bone, which providing prebiotics alone may do. Any advances which may
have been obtained by short-term supplementation may have not have been so

pronounced by the end of the trial.

4.9. Gut Bacteriology

Lactobacillus spp. colonies were cultured and counted from caecal samples in order
to determine whether diets had successfully manipulated gut flora. There is, at present,
no probe available to directly quantify DR20™. The method chosen was specific for
Lactobacillus spp.; this is the easiest method for analysing the potential functional
significance of diets (whilst there are other methods available, time and financial
constraints prevented their use in this study). In addition, although DR20™ was chosen
as the probiotic supplied, the aim of the study was to alter the balance of gut flora in
favour of probiotics, as these are the bacteria most likely to benefit the host, and
potentially (as this study aimed to determine) affect mineral absorption and bone
quality.

Analysis of caecal counts of Lactobacillus spp. suggested that there was no
significant difference introduced by the administration of DR20™ or vitamin K.
Supplementation of FOS caused a significantly different caecal count compared to
HCMP + and HCMPK —, but not other diets. It should be noted, however, that the
analysis used quantifies all species of Lactobacillus. Therefore, the fact that certain diets
caused higher numbers of Lactobacillus is not conclusive evidence of its effect on
DR20™, but rather provides a possible reflection of DR20™ abundance. FOS caecal

count is, therefore also confounded by the fact that it is a prebiotic, and would, therefore
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be expected to increase several other species of Lactobacillus (as well as other
probiotics) in addition to DR20™. However, be that as it may, an increase in
Lactobacillus spp. is still beneficial to the host. Having said that, if all that was intended
was to alter the populations of probiotics in the gut, it appears that supplying DR20™
alone may not be as effective as supplementation of FOS. Whether FOS is as effective
when provided alone or in combination with DR20™ has not been determined, although
several studies have shown its effectiveness when used alone (reviewed in Chapter 1).
Indeed, these studies also found changes in calcium, magnesium and zinc absorption
and retention, and bone quality, which were not found in this study. However, this may
be due to the length of the study, and the possible adaptation to mineral absorption and
retention (i.e. a down-regulation of active transport), which occurs following a lengthy

period of high mineral availability.

4.10. Context

Although the study aimed to provide animals with 1 x 10” cfu per day, in several
cases, animals did not always eat all food provided. However, since this was not limited
to one dietary group (analysis of results at the end of the trial showed total and weekly
intakes of food to be similar between diet groups), this may not be a confounding factor.
Due to computer malfunction and data loss, it was also not possible to determine
whether bacterial counts in diets differed significantly from the required dosage of 1 x
10° cfu per day, or whether bacterial counts differed significantly between diets,
therefore hindering data interpretation. In addition, the effect of leaving food out in rat
cages (i.e. exposing bacteria to oxygen) on bacterial numbers was not determined.
However, being that Lactobacillus rhamnosus is a facultative anaerobe (Sutter et al.,
1985), it should not have been killed by such exposure. The trial was also carried out for

ten weeks, during which period two balance studies were carried out. This is
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particularly useful as it provides some indication of the effect that long-term
supplementation may have on mineral balance and bone quality of consumers, who may
supplement their diets for a similar period.

The rat is a coprophaging animal, and therefore may have limited use as a model of
human mineral absorption, since this is not a practice adopted by or necessary for
mineral absorption in humans. This may be a particular problem in experiments such as
this one, which rely on NDO-induced changes occurring in the large intestine, which
affect mineral absorption. In the balance studies, for example, coprophagy was
prevented since faeces fell through the wire floor into collection pots. Ohta et al. (1996)
found that FOS increases mineral absorption in rats regardless of whether or not

coprophagy was prevented.

SUMMARY

This study aimed to test the hypothesis that probiotic supplementation could improve
calcium balance and increase bone density in growing animals. The study also
hypothesised that joint supplementation with a prebiotic would have a synergistic effect.

Short-term (three-weeks) probiotic supplementation increased the absolute
absorption of calcium and magnesium; long-term (nine-weeks) supplementation did not
affect calcium, magnesium or zinc fractional or absolute absorption. The mechanism for
the short-term increase of absolute absorption of these minerals in response to probiotic
supplementation is unclear. Long-term supplementation may result in down-regulation
of active and / or passive pathways of mineral absorption, due to their increased
availability in the large intestine. Alternatively, the minerals may have been provided in

a form that aided absorption (i.e. no phytic or oxalic acids present, which are known to
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decrease bioavailability) and therefore reduced the presence of these minerals in the
large intestine.

Short-term vitamin K supplementation increased calcium and magnesium absolute
absorption, but not fractional absorption; long-term supplementation did not affect
absolute or fractional absorption of any of the minerals. Bone stiffness, was improved in
animals supplemented with vitamin K (HCMPK —) compared to those receiving vitamin
K and probiotic (HCMPK +). Vitamin K is required for the post-translational
modification of osteocalcin, which in turn promotes bone mineralisation. Improving
bone quality in animals that are actively growing has the potential to reduce the
likelihood of osteoporotic fractures later in life. This finding bears importance for any
nutritional interventions, which aim to improve bone quality as a result of probiotic
supplementation.

Prebiotic supplementation in combination with probiotic and vitamin K
supplementation did not affect absolute or fractional absorption of any of the minerals
either long- or short-term. This is in contrast to the findings of several (but not all)
previous studies. Differences may have been observed because a different prebiotic was
supplied, or at a different level. Most other studies have also not provided a probiotic in
addition to the prebiotic. It is possible that this may increase growth of probiotic(s) in
the large intestine and therefore cause a consequential increase in nutritional demand.
Faecal weight was increased in the short-term by prebiotic supplementation, but not
long-term. Increased faecal bulking as a result of NDOs is a well-accepted
phenomenon; therefore why this did not occur later on is unclear. Prebiotic
supplementation appears to have been the most effective method for increasing
Lactobacillus species levels in the caecum. Whilst the method used to quantify the

caecal content of bacteria analysed that of all Lactobacillus species, rather than DR20™
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specifically, it provides a more useful idea of the practical significance of dietary
interventions. As Lactobacillus species are probiotics, improving the gut bacterial
balance in their favour can only benefit the host organism.

Bone resorption and formation did not appear to have been changed as a result of
pre-, pro-biotic or vitamin K supplementation, as shown by CTx, IL-6 and IL-10 results.
There also appears to have been no functional significance of dietary interventions on
BMD, BMC, bone calcium, magnesium and zinc contents, bone ash content, as well as
most of the bone biomechanical parameters measured.

This study continues the work already carried out into investigating the effect of pre-
and pro-biotics on mineral absorption and bone quality. The current study has suggested
that pre- and pro-biotic supplementation may prove more useful in younger rats, which
are close to peak-absorption than older rats. Alternatively, the absence of an effect may
have been a result of long-term interventions. Further studies, could, therefore, be
carried out to determine whether age and / or length of administration is / are
responsible for the observed lack of effect on mineral absorption and bone quality
towards the end of the trial, as well as improving understanding of the mechanisms
behind any possible effects observed. Should these studies prove fruitful, human studies
could be carried out in their wake. Whilst there has been insufficient research carried
out in humans, it may be that, as is the case with rats, aging results in a decrease in
mineral absorption. Pre- and pro-biotics may, therefore, prove useful for the older
generation, who may experience compromised absorption, and post-menopausal
women, whose reduced levels of oestrogen cause bone loss, and, potentially
osteoporosis. Further research is required to determine whether this is the case.

There is an ever-growing realisation of the importance of nutrition in evading

preventable illnesses and disease. This study has suggested that pre- and pro-biotics
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may indeed have a place in improvement of mineral absorption, and potentially their use
in promoting bone health, providing another source of ammunition in the fight against
osteoporosis and other bone-diseases. To be truly effective, however, more work is

needed to be able to determine the circumstances required for optimal results.
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