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ABSTRACT

BIOPHYSICAL INVESTIGATION OF THE EFFECTS OF ANTIOXIDANTS
ON NORMAL AND DIABETIC RAT BONE TISSUES AT MOLECULAR
LEVEL

Boyar, Handan
Ph.D., Department of Biology

Supervisor: Prof. Dr. Feride Severcan

June 2004, 148 pages

In the first part of this study, the effect of diabetes mellitus on the long bones (femur
and tibia) of the streptozocin induced diabetic rats and the effect of selenium (Se)
treatment on these bones are investigated at molecular level by Fourier transform
infrared (FTIR) spectroscopy, light and electron microscopy. In the second part of
this study, the effect of selenium and vitamin E deficiency or selenium toxicity on rat

bones have been studied by FTIR spectroscopy.

The results of the first part of the present study revealed that the changes observed in
the mineral and matrix phases of diabetic bones, briefly, the increase in the mineral
crystal size, the decrease in the acid phosphate and carbonate content, the increase in
the ratio of pyridinoline [Pyr] cross-links to dihydroxylysinonorleucine [DHLNL]
cross-links present in collagen I of the bone tissue as well as the increase in the lipid
to protein ratio of the matrix are quite similar to those seen in osteoporotic patients
and animal models and confirms the evidence of diabetic osteoporosis. Histologic
studies carried out with light and electron microscopy supported these findings. FTIR
spectroscopic analysis revealed that sodium selenite treatment had some restoring

effects on the deviated properties of the microstructure of diabetic bones.
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The results of the second part of this study revealed that the deficiency of selenium
led to increase in the crystal size of the bone minerals, decreases in acid phosphate
and labile carbonate content and increase in the Pyr to DHLNL ratio as in the case of
diabetic bones. These results can be indicative of the importance of selenium in
glucose metabolism.The results of Se excess group are similar to those of Se
deficient group except that toxic amount of selenium led to increase in the relative
amount of acid phosphate. This can affect the pH of the mineral environment and
lead to deformation of the bone tissue. It can be concluded from FTIR spectroscopic
and light microscopic findings that both antioxidant deficient and excess diets cause

almost similar defects in the mineral matrix phases of rat long bones.

Overall results may reflect the importance of antioxidants for human life and if they
are used in proper amounts they can be preventive for the complications of diabetes
seen in bones as well as other organs. However, further investigations are necessary
for the therapeutic usage of selenium, since the treatment of control group rat femurs

with sodium selenite led to some structural defects.

Keywords: Diabetes Mellitus, Bone, Antioxidant, FTIR Spectroscopy, Microscopy
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ANTIOKSIDANLARIN NORMAL VE DiYABETIK SICAN KEMIK
DOKULARINA ETKILERININ MOLEKULER DUZEYDE BiYOFiZIKSEL
OLARAK ARASTIRILMASI

Boyar, Handan
Doktora, Biyoloji Boliimii
Tez Danigmani; Prof. Dr. Feride Severcan

Haziran 2004, 148 sayfa

Bu c¢alismanin ilk kisminda; diabetes mellitus ve selenyum tedavisinin,
streptozotosin muamelesi ile diyabet olusturulmus sicanlarin uzun kemikleri (femur
ve tibiya) iizerine etkileri Fourier Déniisiim Kizil Otesi (FTIR) spektroskopisi, 151k
ve elektron mikroskoplar1 ile molekiiler diizeyde incelenmistir. Calismanin ikinci
boliimiinde ise, selenyum ve vitamin E eksikligi ya da selenyum toksisitesinin si¢an

kemikleri iizerine etkileri FTIR spektroskopisi ile caligilmistir.

Calismanin ilk kisminda; diyabetik sican kemiklerinin mineral ve matriks
kisimlarinda degisiklikler gozlenmistir. Bu degisiklikler kisaca, mineral kristal
blyiikliigiinde artig, asit fosfat ve karbonat igeriginde azalma, kemik dokunun
kollajen I kisminda bulunan payridinolinin  (Pyr) c¢apraz  bagmin
dihidroksilizinonorlésin (DHLNL) ¢apraz bagina oraninda artis, ve bununla birlikte
kemik dokunun matriks kismi i¢in lipidin proteine oraninda artis osteoporotik
hastalarda ve hayvan modellerindeki sonugla olduk¢a benzerdir. Bu sonuglar,
diyabetik osteoporozisin varhigim1 kanitlamaktadir. Ayrica 151k ve elektron
mikroskoplar1 ile yapilan histolojik calismalar da s6z konusu sonuglari
desteklemektedir. FTIR spektroskopisi analizlerinden sodyum selenit tedavisinin
diyabetik kemiklerin anormal 6zellik gosteren mikroyapilarinda bazi onarici etkilere

sahip oldugu ortaya ¢ikmustir.

vi



Calismanin ikinci kismindan elde edilen sonuglar gostermistir ki; selenyum
eksikligi kemik minerallerinin kristal biiyiikliigiinde artisa, asit fosfat ve kararsiz
karbonat miktarinda azalmaya, payridinolinin dihidroksilizinonorldsine oraninda ise
artisa sebep olmaktadir. Bu sonuclar selenyumun glikoz metabolizmasindaki
Ooneminin bir gostergesi olabilir. Selenyum fazlalig1 gosteren grubun sonuglarinin,
selenyumun toksik etkisinin asit fosfat artigina sebep olmasi disinda selenyum
eksikligi sonuglar1 ile benzer oldugu ortaya c¢ikmustir. Bu olay kemik dokunun
deforme olmasina ve asidik oOzelliginin degismesine neden olabilir. FTIR
spektroskopisi, 151k ve elektron mikroskobu c¢aligmalarindan elde edilen bulgulara
gore; antioksidan bakimindan eksik ve fazla giinliik besin sigan uzun kemiklerinin

mineral kisminda benzer anormalliklere neden olmaktadirlar.

Elde edilen biitiin sonuglar antioksidanlarin insan yasami i¢in Onemini ve eger
uygun miktarlarda kullanilirsa, diyabet hastaliginin kemiklerde ve ayrica diger
organlarda neden olacagi komplikasyonlar1 ©nleyebilme potansiyeline sahip
olabileceklerini gosterebilir. Fakat, sodyum selenit muamele edilmis kontrol grubu
sican femur kemiklerinde bazi yapisal bozukluklar gézlendiginden konuyla ilgili

ileri diizeyde ¢alismalar selenyumun tedavi amacl kullanimi i¢in gereklidir.

Anahtar kelimeler: Diabetes Mellitus, Kemik, Antioksidan, FTIR Spektroskopisi,
Mikroskopi
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CHAPTER 1

INTRODUCTION

In this study the effects of ultra trace element selenium as an antioxidant on
diabetic rat bones and the effects of selenium and vitamin E deficiency and
selenium toxicity on rat bones were reported at molecular level via Fourier
transform infrared (FTIR) spectroscopy and the results were supported by other
techniques such as light and electron microscopy, and x-ray diffraction. In this
chapter a detailed preliminary survey including structural properties of bone,
diabetes mellitus, place of antioxidants in normal bones and diabetic bone
complications, structural and functional properties of selenium in health and

disease and basis of infrared spectroscopy has been conducted.
1.1 Structure of Bone

1.1.1 Bone as an Organ: Macroscopic Organization

Anatomically two types of bones can be distinguished in the skeleton: flat bones
(e.g. skull bones, mandible) and long bones (e.g. tibia, femur, humerus, etc.)

(Figure 1).
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Figure 1. The skeletal system of the rat.

(www.biologycorner.com/bio3/rat_external.html).

External examination of a long bone (Figure 2) shows two wider extremities (the
epiphysis), a more or less cylindrical tube in the middle (the midshaft or
diaphysis), and a developmental zone between them (the metaphysis). In a
growing long bone, the epiphysis and the metaphysis, which originate from two
independent ossification centers, are separated by a layer of cartilage, the
epiphyseal cartilage (also called growth plate). This layer of proliferative cells
and expanding cartilage matrix is responsible for the longitudinal growth of
bones; it becomes entirely calcified and remodeled and replaced by bone by the
end of the growth period. The external part of the bones is formed by a thick and
dense layer of calcified tissue, the cortex (compact bone), which in the diaphysis,
encloses the medullary cavity where the hematopoietic bone marrow is housed.
Toward the metaphysis and the epiphysis, the cortex becomes progressively
thinner, and the internal space is filled with a network of thin, calcified trabeculae;
this is the cancellous bone, also named spongy or trabecular bone. The spaces

enclosed by these thin trabeculae also are filled with hematopoietic bone marrow
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Figure 2. Structure of long bones: A) The right femur seen from the posterior. B)

Section through an adult long bone C) Internal features of a part of a long bone
(Seeley et al., 1996).



and are in continuity with the medullary cavity of the diaphysis. The bone
surfaces at the epiphysis that take part in the joint are covered with a layer of

articular cartilage that does not calcify (Baron, 1999).

There are two bone surfaces at which the bone is in contact with the soft tissues:
an external surface (the periosteal surface) and an internal surface (the endosteal
surface). These surfaces are lined with osteogenic cells organized in layers, the

periosteum and the endosteum (Figure 2).

1.1.2 Bone as a Tissue: Microscopic Organization

1.1.2.1 Bone Mineral and Matrix

Mature bone consists of 60-70 % mineral. The remainder organic matrix consists
of collagen, noncollagenous proteins and lipids (Walters et al., 1990). Poorly
crystalline hydroxyapatite is the major mineral component of bone and other
physiologically calcified tissues. Stoichiometric calcium hydroxyapatite,
Cajo(PO4)¢(OH),, in its most common form, occurs as a hexagonally packed
crystal. Apatite from biological tissues is carbonate substituted, ~5-6 % by weight,
leading to a nonstoichiometric apatite mineral (Pleshko et al., 1991). In organic
matrix of bone tissue, some 85-90 % of the protein consists of type I collagen
(Termine and Robey, 1996, Banse et al, 2002). Spindle-or plate-shaped crystals of
hydroxyapatite are found on the collagen fibers, within them, and in the ground
substance. In bone tissue, the ground substance is primarily composed of
glycoproteins and proteoglycans. These highly anionic complexes have a high
ion-binding capacity and are thought to play an important part in the calcification
process and the fixation of hydroxyapatite crystals to the collagen fibers. The
relative amounts and properties of both the mineral and the organic matrix
influence the behavior of the structure. The collagen fibers provide the structural

strength of bone while the hydroxyapatite confers rigidity on that structure.



Bone collagen consists of two a; and one a; polypeptide chains in a triple helical
structure. The helical conformation of each chain is dependent on the fact that every
third residue is a glycine (Gly) and that the sequence is rich in proline. A larger side
chain than Gly would prevent the close contact of the three chains. About half of the
proline side chains are hydroxylated; the resulting residue is hydroxyproline. The
structure is stabilised by hydrogen bonds between the backbone amide of a Gly
residue and the backbone carbonyl of residue X, where the sequence is represented

by a repeat of -Gly-X-Y- (Bailey et al., 1998).

Alpha chains in a single collagen monomer are approximately 1000 amino acids in
length. Therefore, the collagen monomer as a uniform, semi-rigid asymmetric rod is
about 296 nm in length and 14 A in diameter (Veis, 1997). In a bone tissue,
collagen molecules are arranged head-to-tail, with a 35 nm gap. Charged and
uncharged residues are found to be periodically clustered along the sequence of

collagen I every 234 residues, which is equivalent to 67 nm.

The ends of each rod have short extensions, which are not in the triple-helix
conformation. These end-regions or telopeptides, different at the amino and
carboxyl termini of each rod, are crucial in the formation of the intermolecular
cross-linkages, which stabilize the fibrils and increase their tensile strength. The
covalent cross-linkages between N- and C- telopeptides and their respective helix
region receptors on adjacent molecules suggest a permanence of the mature fibril

(Veis, 1997).

The formation of specific cross-links is controlled enzymatically through the
hydroxylation of specific lysine residues and their subsequent enzymatic conversion
to aldehydes. The cross-links are formed between an enzymatically induced lysyl
aldehyde in the telopeptide and a specific hydroxylysine residue in the helical
region. Bone collagen has a specific cross-link profile due to the high degree of
lysyl hydroxylation in the telopeptide, whereas that in the triple helix is low. At
present, seven major collagen cross-links have been established as naturally

occurring intermolecular cross-links. They are:



1- Dehydrodihydroxylysinonorleucine (deH-DHLNL)

2- Dehydrohydroxylysinonorleucine (deH-HLNL)

3- Dehydrohistidinohydroxymerodesmosine (deH-HHMD)
4- Pyridinoline (Pyr)

5- Deoxypyridinoline (d-Pyr)

6- Pyrrole

7- Histidinohydroxylysinonorleucine (HHL).

The first three are sodiumborohydride (NaBHy4) reducible. Their reduced forms are
DHLNL, HLNL and HHMD, respectively. The rest are nonreducible compounds
(Yamauchi, 1996). With increasing age, reducible divalent DHLNL is converted to
the nonreducible trivalent hydroxylysyl and lysylpyridinolines and pyrroles (Figure
3).
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Figure 3. The structure of the pyridinoline and pyrrole cross-links. A)
Hydroxylysyl pyridinoline (HL-Pyr); B) Lysyl pyridinoline (L-Pyr); C) Pyrrole
(Knott and Bailey, 1998).



Formation of pyrrole rather than pyridinoline depends on reduced lysine
hydroxylation, including both specific triple helix lysine and telopeptide lysine. The
pyrrole cross-links predominate at the N-terminus of the molecule, whereas the
pyridinoline predominates at the C-terminus (Banse et al., 2002) and pyrrole forms
interfibrillar cross-link and pyridinoline forms intrafibrillar cross-link. The
mechanical properties of bone correlate with the pyrrole content rather than the

pyridinoline content (Knott et al., 1995).

The non-enzymatic reaction of collagen with glucose also leads to formation of
intermolecular cross-links. This process is called as glycation. Glycation can affect
the properties of collagen in a number of ways such as, its optimal biomechanical
functioning, the alteration of its charge profile. Therefore, its interaction with cells
and glycated collagen can act as an oxidizing agent (Bailey et al., 1998). The early
glycation products are reversible and do not accumulate. In non-mineralizing
tissues, since collagen is a long-lived protein, these cross-links may undergo a series
of reactions that result in formation of advanced glycation end products (AGEs).
Bone tissue turns over relatively quickly, therefore, AGEs do not accumulate with
age to the same extent as seen in skin, tendon and other non-mineralizing tissues

(Knott and Bailey, 1998).

The preferential orientation of the collagen fibers alternates in adult bone from
layer to layer, giving to the bone a typical lamellar structure. This fiber
organization allows the highest density of collagen per unit volume of the tissue.
During development and fracture healing, or in tumors and some metabolic bone
diseases, the bone formation is very rapid. Therefore, there is no preferential
organization of the collagen fibers. In that case they are not so tightly packed and
found in somewhat randomly oriented bundles: this type of bone is called woven

bone, as opposed to lamellar bone (Baron, 1999).



1.1.2.2 Cellular Organizations within the Bone Matrix

The structure of bone is maintained by a delicate relationship between the
osteoblast and osteoclast; the former is associated with bone formation, the latter

with bone resorption. The osteoblast is the bone-lining cell responsible for the

production of the matrix constituents, such as collagen and ground substance

(Figure 4).
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Figure 4. A schematic representation of an osteoblast cell (Watrous and Andrews,

1989).

Osteoblasts never appear or function individually but are always found in clusters
of cuboidal cells along the bone surface (~100 to 400 cells per bone-forming site).
At the light-microscope level, the osteoblast is characterized by a round nucleus at

the base of the cell (opposite the bone surface), a strongly basophilic cytoplasm,



and a prominent Golgi complex located between the nucleus and the apex of the cell
(Baron, 1999). Ultrastructural examination of osteoblasts reveals cytoplasmic
microtubules, tight cell junctions and numerous radially directed cell processes
containing parallel bundles of microfilaments (Weinger and Holtrop, 1974). These
features suggest that cell-to-cell communication exists in bone. Osteoblasts
produce alkaline phosphatase and extracellular matrix proteins. These proteins
consist of collagen and a variety of noncollagen proteins. Osteocalcin or bone Gla
(gamma-carboxyglutamic acid) protein constitutes 10 % to 20 % of the
noncollagen matrix proteins (Gundberg et al., 1984). Osteocalcin changes its
conformation in the presence of calcium, binds strongly to hydroxyapatite and
inhibits the formation of hydroxyapatite from amorphous calcium phosphate

(Watrous and Andrews, 1989).

Osteocytes are osteoblasts that have become embedded in mineralized matrix with
bone growth. Osteoblasts and osteocytes synthesize matrix proteoglycans with
small chains consisting primarily of chondroitin sulfate and lesser amounts of
dermatan sulfate, heparan sulfate, and hyaluronic acid (Hunter et al., 1983). It has
been suggested that for mineralization of the matrix to occur, a reduction in the
amount of proteoglycans in the cartilage matrix is necessary. Several
phosphoproteins also exist in the bone matrix. As an example osteonectin binds to

and links both hydroxyapatite and collagen (Watrous and Andrews, 1989).

The osteoclast is the bone-lining cell responsible for bone resorption. It is a giant
multinucleated cell, containing 4 to 20 nuclei (Figure 5). It is usually found in
contact with a calcified bone surface and within a lacuna (Howship's lacunae) that
is the result of its own resorptive activity. It is possible to find up to four or five
osteoclasts in the same resorptive site, but there are usually only one or two.
Under the light microscope, the nuclei appear to vary within the same cell: some
are round and euchromatic, and some are irregular in contour and
heterochromatic, possibly reflecting the asynchronous fusion of mononuclear

precursors. The cytoplasm is "foamy" with many vacuoles (Baron, 1999).
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Figure 5. A schematic representation of an osteoclast cell (Watrous and Andrews,

1989).

Characteristic ultrastructural features of osteoclasts are the abundant Golgi
complexes characteristically disposed around each nucleus, the mitochondria, and
the transport vesicles loaded with lysosomal enzymes. The most prominent
features of the osteoclasts are, however, the deep foldings of the plasma
membrane in the area facing the bone matrix: the ruffled border in the center is
surrounded by a ring of contractile proteins (sealing zone) that serve to attach the
cell to the bone surface, thus sealing off the subosteoclastic bone-resorbing

compartment (Baron, 1999).

1.1.3 Mineral Formation in Bone Tissue

In the epiphyseal growth plate of long bones, mineralization is restricted to the
longitudinal septal cartilage matrix into which matrix vesicles are dispersed
selectively as clustures. These vesicles are the initial site of apatite mineral

deposition. During phase I of mineralization, intravesicular calcium concentration
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is increased by its affinity for lipids of the vesicle membrane interior. Phosphatase
(e.g. alkaline phosphatase, pyrophosphatase or adenosine triphosphatase) at the
vesicle membrane acts upon ester phosphate of matrix or vesicle fluid to produce
a local increase in phosphate (PO,”) in the vicinity of the vesicle membrane. This
results in initial deposition of calcium and phosphate near the membrane. With
accumulation and growth, intravesicular crystals are exposed to the extravesicular
environment. Phase 2 of mineralization begins with exposure of performed apatite
crystals to extravesicular fluid, which, in normal animals, is supersaturated with
respect to apatite, enabling further crystal proliferation. Once the calcification
cascade is begun, matrix vesicles are no longer needed to support mineralization
and are consumed by the advancing mineralization front in which performed

crystals serve as nuclei for the formation of new crystals.

In mineralizing and mineralized hydroxyapatite containing tissues, complexed
acidic phospholipids exist in the membranes as components of proteolipids and
act as hydroxyapatite nucleators (Raggio et al., 1986, Boskey et al., 1988). They
are composed, in order of decreasing molar content, of calcium,
phosphatidylserine, phosphatidiylinositol, inorganic phosphate and other acidic
phospholipids (Boskey and Posner, 1976). 1,25-dihydroxy vitamin D can
stimulate the formation of phosphatidylserine other acidic phospholipids (Boskey
et al., 1988). Therefore, the rate of crystal proliferation is promoted by the
availability of Ca®", PO,>" and also by the presence of collagen whereas, it is
retarded by naturally occurring inhibitors of mineralization such as proteoglycans
and several noncollagenous calcium-binding proteins of bone including
osteocalcin, phosphoproteins, osteonectin and o-2HS glycoproteins (Anderson,

1989).

1.2. Diabetes Mellitus
1.2.1. Insulin and Diabetes Mellitus

Insulin, a peptide hormone, is secreted by the S-cells in response to a rise in blood

glucose levels. Insulin or agents that can mimic its action are necessary to
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promote the entry of glucose into tissues where the glucose can either be
converted into energy or stored for later use. In addition to glucose uptake, insulin
regulates a variety of other metabolic responses, including facilitating entry of
amino acids into cells for the production of cellular proteins, increasing precursors
for nucleic acid synthesis, transporting critical cellular ions, stimulating Na'/K"
ATPase as well as controlling the expression of a number of genes (Stapleton,
2000). Insulin also regulates the transcription of the genes for several key
enzymes associated with carbohydrate and fatty acid metabolism (O’Brien and
Granner, 1996). Glycogen synthase (Shepherd, et al, 1995), glucokinase
(Magnuson et al., 1989), phosphoenolpyruvate carboxykinase (PEPCK) (Short et
al., 1986, O’Brien et al., 1990), fatty acid synthase (Stapleton et al., 1990,
Moustaid et al., 1994) and glucose-6-phosphate dehydrogenase (Wagle et al.,
1998), key enzymes in glycogen synthesis, glycolysis, gluconeogenesis, fatty acid
biosynthesis and pentose phosphate pathway, respectively, have been targets of
the studies with regard to insulin action. The lack of critical concentrations of
circulating insulin or the ability of insulin to function properly leads to the onset
of diabetes mellitus (DM). In the untreated state, DM is recognized by chronic
elevation of glucose in the blood. The high concentration of blood glucose and
other biochemical abnormalities results from a deficiency in B-cells of endocrine
pancreas and/or from a sub-sensitivity to insulin in target cells. Although there are
several diseases and syndromes associated with hyperglycemia, it has been
traditional to classify all forms of diabetes as either insulin-dependent (IDDM) or
noninsulin-dependent (NIDDM) on functional grounds (Oztiirk et al, 1996).
IDDM usually begins before the age of 40, often in childhood and adolescence.

Characteristically, the plasma insulin is low or immeasurable, because a total
deficiency in pancreatic B-cells has occurred in IDDM due to the T cell-mediated
destruction of pancreatic B—cells. Moreover, glucagon level is elevated, but it can
be suppressible with insulin. This type of diabetes is not responsive to the

treatment with oral antidiabetic drugs. Therefore, insulin therapy is always
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required for patients with IDDM. Autoimmune reactions seem to be quite possible
for the pancreatic PB-cell destruction, and the activation of cytokines such as
interleukin-1 (IL-1) and tumor necrosis factor (TNF) may play an important role

in this process (Mandrup-Poulsen, 1990, Rabinovitch and Baquerizo, 1990).

NIDDM usually begins in middle life or after. Symptoms begin more gradually
than in IDDM and the diagnosis is frequently made when an asymptomatic person
is found to have elevated plasma glucose on routine laboratory examination. In
contrast to IDDM, plasma insulin levels are normal to high in absolute terms,
although they are lower than predicted for the level of the plasma glucose, i.c.,
relative insulin deficiency is present. Insulin resistance seen in NIDDM involves
both a decreased number of insulin receptors in target tissues and a postreceptor
defect that has not been well identified, yet. Changes in the insulin receptor
tyrosine kinase activity (Slieker et al., 1990; Block et al., 1991) and/or insulin
sensitive glucose transporter (Garvey et al., 1989, Strout et al., 1990) may be the
responsible mechanism(s) for the subsensitivity of target cells to insulin.
Although this type of diabetes is responsive to the treatment with oral antidiabetic
drugs, in further stages of the disease the combination of oral antidiabetic drugs
with insulin has been found to be clinically useful for the treatment of NIDDM
(Simpson et al., 1990).

The metabolic disturbances of DM cause chronic, irreversible damage to vital
organs and systems. Several complications, such as neuropathy, cardiomyopathy,
angiopathy and nephropathy may be deleterious for diabetic patients and the
development of these complications has been shown to confer an increased

incidence of morbidity and mortality of diabetic patients.

Diabetic bone disease was recognized at the beginning of the 20th century. In the
last quarter of that century several studies reported decreased bone mass in IDDM
patients (Hamlin, 1975, Levin et al., 1976, Rosenbloom et al., 1977, Santiago et
al., 1977, McNair et al., 1979a, 1981, Frazer et al., 1981, Shore et al., 1981,

13



Wiske et al., 1982, Hui et al. 1985, Hough, 1987, Auwerx et al., 1988, Giacca et
al., 1988, Leon, et al, 1989). Those patients often suffered from an increased
incidence of traumatic bone fractures (Lewis et al., 1976), possibly relating to
their high incidence of osteoporosis. Diabetes mellitus is known as one of the
major causes of secondary osteopenia (Okuna et al., 1991) and the degree of
osteopenia depends on the quality of diabetic control (McNair et al., 1979a).
However, conflicting findings have been reported in patients with NIDDM, who
showed evidence of decreased, normal or increased skeletal mass (Meema and
Meema, 1967, Levin et al., 1976, Deleeuw and Abs, 1977; El Miedany et al.,
1999, Kao, 2003). In these patients increased adipose tissue in connection with the
frequently seen overweight yields metabolically active steroid hormones, insulin

related growth factors that may stimulate bone formation.

The decrease in bone mass observed in diabetes is not necessarily due to insulin
deficiency itself as diabetes is frequently associated with other risk factors for
osteoporosis. Animal diabetes studies are therefore more appropriate for
evaluating possible pathogenic mechanisms. Several experimental models of
diabetes have been used to understand the etiology of diabetes mellitus, and also
to investigate the mechanisms involved in diabetic complications (Bell and Hye,
1983, Tomlinson ef al., 1992). In the following section, the experimental models

of diabetes will be briefly discussed.

1.2.2. Experimental Models of Diabetes

The following methodologies have been used to understand the etiology of DM
and to investigate the mechanisms involved in diabetic complications: surgical,
chemical, spontaneous and viral diabetes. Here chemical diabetes will be

mentioned.

1.2.2.1 Chemical Diabetes

Various drugs and chemicals have been reported to cause an experimental

situation somewhat similar to diabetes (Ingle, 1948, Bailey, 1949, Epand et al.,
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1985, Bell and Hye, 1983, Lithell and Berne, 1991). Among these diabetogenic
substances streptozotocin, (2 — deoxy — 2- (3 — methyl - 3 — nitrosourido ) D-
glycopyranose) and alloxan (ALL) are widely used inducers of diabetes mellitus
in experimental animals, whereas others may exhibit only a weak and reversible
diabetogenic activity, and their effects are not specific to the pancreatic B-cells
(Lithell and Berne, 1991). Alloxan was the initial agent but has been replaced by
STZ as the primary diabetogen for experimental DM. Both agents cause selective
destruction of pancreatic 3 islet cells. Alloxan and STZ are thought to cause DNA
strand breaks which activate the repair mechanism/nuclear poly (ADP-ribose)
synthetase and deplete the cellular pool of NAD", resulting in pancreatic B-cell
damage (Gunnarson, et al., 1974). It has been proposed that the basis for the
increased pathogenecity of the diabetic state in streptozotocin (STZ)-induced

diabetic rats may be due to oxidative stress (Baynes, 1991).

1.2.3 Mechanisms Involved in Diabetic Bone Loss

There are several theories on the pathogenesis of diabetic osteopenia (decreased
bone mass) including hyperglycemia and insulin deficiency. They can be
summarized as the following:

e Duodenal calcium malabsorption and a decrease in duodenal calbindin
D-9K concentration (Schneider and Schedl, 1972, Wood, et al., 1984, Verhaeghe
et al., 1988, Nyomba et al., 1989).

e Abnormalities in calcium excretion. Hypercalciuria is frequent in both
human and experimental diabetes (Raskin, ef al., 1978).

e Abnormalities in vitamin D metabolism. 25-Hydroxyvitamin D
concentrations remained normal (Schneider, et al., 1977, Nyomba et al., 1989),
but serum 1,25-dihydroxy vitamin D concentrations were usually depressed either
in spontaneously diabetic BB rats, or in streptozotocin-induced diabetic rats. Less
marked decreases have been observed in alloxan-diabetic rabbits, and human
IDDM. (Schneider, et al., 1977, Shires et al., 1981, Hough et al., 1981, Nyomba
etal., 1985, 1989).
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e Decrease in Parathyroid hormone (PTH) concentration (Shires et al.,
1981, Hough et al., 1981).

e In addition to abnormalities of calcium homeostasis, a decreased bone
turnover plays a major role in diabetic bone disease. Less decreased bone
resorption, which is judged from the number of osteoclasts, than bone formation is
observed in diabetic animal models (Verhaeghe et al., 1989, 1990). Therefore,
impaired bone formation due to a deficit of osteoblasts has been recognized as one
of the important factors in the development of diabetic osteopenia (Silberbera et
al., 1986, Rico et al., 1989, Verhaeghe et al., 1993, Krakauer et al., 1995,
Bouillon et al., 1995, Terada et al., 1998).

e Insulin has a stimulatory effect on osteoblasts (Canalis, 1983, Felsenfeld,
1992) and deficiency of insulin causes a reduction in the number of osteoblasts
and, in turn lowered osteoid formation and cellular dysfunction (Shires et al.,
1981, Hough et al., 1981, Goodman and Hori, 1984, Verhaeghe ef al., 1990).

e Since insulin dependent growth factor (IGF) 1 promotes osteoblast
replication and function, the deficiency of IGF 1 in diabetics can also affect
osteoblasts (Hock et al., 1988, Raisz, 1988, Bouillon, 1992, Kissler et al., 2000).

e Decreased total collagen content and defects in collagen cross-linking
(Macey et al., 1989, Hou, et al, 1993). Chronic hyperglycemia increases collagen
glycation. Glucose exposure, either as non-enzymatic, in vitro, or in diabetic
animals can cause changes in mechanical behaviors of collagenous tissues. These
abnormalities in collagen metabolism can lead to brittleness of diabetic bones
(Bouillon, 1991).

e Increased free radical generation in diabetic animals and in patients with
type I and type II diabetes mellitus (Hiramatsu and Arimori, 1980, Mohan, and
Das, 1997). Reactive oxygen species, ROS (or oxygen free radicals), such as
hydrogen peroxide (H,O,), superoxide anions (O,"), singlet oxygen (O’) and
hydroxyl radicals (OH’) can be formed in cells during ionizing radiation, and also
during aerobic metabolism of either endogenous or exogenous substances. ROS
play a specific role in sculpting or remodeling of bone (Silverton and Mesaros,
1975, Yang et al., 1998). The role of ROS in bone metabolism is unique and dual

considering their effect under physiological and pathological conditions (Karten et
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al., 1994). Under physiological conditions, the production of ROS by osteoclasts
assists in accelerating destruction of calcified tissue and hence assists in bone
reported that an adequate intake of vitamin E and vitamin C was protective against
the hip fracture risk in female smokers. However, Leveille et al. (1997) did not
found protective effect of vitamin E or betacarotene in bone density of femoral
neck of postmenapausal women. Age, sex, disease state and other factors can be
effective in these conflicting results. In an animal study it was shown that a
vitamin E-enriched diet promoted trabecular bone formation (Xu et al., 1995).
Similarly, palm vitamin E reduced bone resorption to a greater extent than bone
formation in thyrotoxic rats (Ima-Nirvana et al., 1999). In a later study, rats given
red palm olein, that is rich in vitamin E and other antioxidants, exhibited increased
endosteal bone mineral apposition rate and bone formation rate in tibia (Watkins
et al.,2001). Similar to vitamin E, one of the major physiological roles of Se is to
function as a general antioxidant. It exerts its effect as being involved in the
synthesis and enzymatic activity of Se-dependent glutathione peroxidase
(Rotruck, 1973). In the following section basic structural and functional

information about Se is presented.

1.3 Selenium

1.3.1 Basic Features of Selenium

Since the discovery of selenium (Se) in 1957 as an essential trace element in
preventing liver necrosis in vitamin E deficient animals, interest in Se research has
increased considerably (Schwarz and Foltz, 1957). In 1973, Rotruck, et al
identified Se to be an important component of antioxidant enzyme glutathione

peroxidase, which is characterised as a tetrameric protein with four atoms of Se
per molecule. This enzyme functions (in conjunction with vitamins A, C and E) as
a cellular protector against oxidative damage, by catalyzing the breakdown of

hydrogen peroxide and fatty acyl lipid peroxides to water and corresponding
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alcohols in the presence of reduced glutathione (Duthie et al., 1993). Se is not
merely restricted its role in antioxidant activity but also involved in other multiple
aspects of mammalian metabolism. It serves as an integral component of several
enzymes, including 3 thyroidal and extrathyroidal iodothyronine 5’-deiodinases,
thioredoxin reductase, selenoprotein P and W, formate dehydrogenase and plays
role in the protection of membranes associated with blood filtration, equilibration
of thyroid hormone metabolites and the reduction of cellular disulfides and
ascorbate. (Kohrle, 1996, St Germain and Galton, 1997, May ef al., 1997, Foster
and Sumar, 1997, Stapleton, 2000, Klein et al., 2003).

1.3.2 Selenium Chemistry

Se is classified as a metalloid that lies between sulphur and tellerium in Group
VIA and between arsenic and bromine in Period 4 of the periodic table. Se as
selenol compounds (R-SeH) is readily dissociated at physiological pH. These
compounds are important for their roles in catalytic reactions. Se can exist in the

following oxidation states (Foster and Sumar, 1997, Tinggi, 2003):

e Selenate [+6] (SeO3)

eSelenite [+4] (SeO,)

¢ Elemental Se [0] (SeO),

e Selenide [-2] (H,Se)

e Halides, oxohalides (SeF4, Se,Cl,, Se;Br,, SeOF4, SeOF,, SeOCl,, SeOBr;)

Different oxidative states allow Se to form into several organic Se compounds
(dimethylselenide, trimethylselenium) and into amino acids (selenomethionine,

selenocysteine).

1.3.3 Selenium Deficiency and Toxicity in Human Population

The biological function of Se has a special characteristic that the Se content range
between its essential and toxic concentrations is very narrow, and consequently

daily dietary intake should be appropriately monitored in individuals.
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Studies performed in vitro showed that the dose and form of selenium compounds
are critical factors with regard to cellular responses. Inorganic (at doses equal to
or greater than 10 uM) and organic selenium compounds (at doses equal to or
greater than 10 uM) elicit distinctly different cellular responses (El-Bayoumy,
2001). The recommended daily allowance (RDA) is 50-70 pg Se per day for
healthy adults with 40 pg Se as minimum requirement. Less than 11 pg Se will
definitely put people at risk of deficiency that would be expected to cause genetic
damage. Daily doses of 100-200 pg Se doses above the RDA are needed to inhibit
genetic damage and cancer development in humans. About 400 ng Se per day is
considered an upper limit (El-Bayoumy, 2001). According to the results of a large
scale international study that was carried out in 1993, the RDAs of several
countries did not meet those of the U.S. (Kumpulainen, 1993). Expressing as a
percentage of the RDA in parentheses, the countries included in that study were
Turkey (45%), Thailand (70%), Spain (85%), Italy (70%), Iran (85%) and Brazil
(85%).

Selenium deficiency among human beings was reported to related to a number of
pathologies. The first reported cases of Se deficiency disease is Keshan’s disease,
which is a cardiomyopathy, seen in human population living in some areas of
China where the soil is low in Se (Chen et al., 1980). Another Se deficiency
responsive disease, also reported in areas of China, is Kashin-Beck disease, which
is an osteoarthropathy, a generative articular disease caused by oxidative damage
to cartilage and bone cells that leads to deformation of bone structure (Sokoloff,
1985, Ge and Yang, 1993, Yang, et al., 1993a, 1993b, Suetens, et al., 2001). In
animal model studies of this disease, evidence of over-modified lysine residues in
collagen I of bone and in collagen II of cartilage, degeneration of the articular

cartilage in the knee joints of the mice and irregular bone formation were reported
(Yang, et al., 1993a, 1993b). Similarly, the histological and biochemical studies
carried out with bones and articular cartilages of rats fed with a low-Se diet

showed a decrease in bone mineral density and in some biochemical parameters of
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the blood depending upon the diet and the duration of feeding (Sasaki et al.,
1994). A decrease in the biomechanical strength of rabbit bones in a case of Se
and vitamin E deficiency was also reported (Turan ef al., 1997a). In a later study,
it was shown that combined deficiency of dietary Se and vitamin E and of sole Se
excess induced a significant decrease in the biomechanical strength of rat long
bones with respect to that of a control group (Turan et al., 2000). In another study
carried out with the second generation Se-deficient rats, some biochemical
parameters related with bone metabolism and bone mineral densities of the femur
and tibia were found to be lower with respect to the control groups (Reyes, et al.,
2001). In the same study, Se deficiency was also proposed as the main factor
inducing impaired bone metabolism and osteopenia. Most of the pathologies
associated with Se deficiency, appear to be directly attributable to increased free-

radical damage in tissues (Hoekstra, 1975).

Experimental chronic Se toxicity in animals affects the major organs (Young et
al., 1981, Anundi et al., 1982, Lin-Shiau, et al., 1989, Turan et al., 1996, 1997Db,
1997¢). Environmental toxicity of Se in humans is rare, however, the effects of Se
toxicity have been reported to cause hypochromic anaemia and leucopenia and
damaged nails to long-term workers employed in the manufacture of Se rectifiers
(Rosenfeld and Beath, 1964). There have been a number of cases of reported acute
and subacute Se poisoning in humans as a result of accidental ingestion of
selenicacid (30 g/l) and vitamin tablets that contained high levels of Se (Tinggi,
2003). An ingestion of Se at high level is reported to cause gastrointestinal
disturbances (vomiting, diarrhea), hair and nail changes and neurologic
manifestations including acroparesthesias, weakness, convulsions and decreased

cognitive function (Clark et al., 1996; Gasmi et al., 1997).

It has been suggested that Se toxicity may be due to the interaction of selenite
with glutathione to form reactive selenotrisulfides to produce toxic superoxide and
hydrogen peroxide (Spallohlz, 1994). However, the exact mechanisms of Se

toxicity as well as deficiency are not clearly established yet. Although various
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effects of Se excess or deficiency have been reported in animals and humans
(Young et al., 1981, Anundi et al., 1982, Sokoloff, 1985, Lin-Shiau, ef al., 1989,
Yang, et al., 1993a, 1993b, Turan et al., 1996, 1997a, 1997b, 1997c, 2000, Reyes,
et al., 2001), most of the studies give limited information about the status of
vitamin E in Se deficiency. This point is of importance because vitamin E is
known to decrease the threshold dietary Se needed to elicit Se deficiency
symptoms in several species (Scott et al., 1967; Hakkarainen, et al., 1978; Ytrehus

et al., 1988).

1.3.4 Effects of Selenium on Glucose Metabolism and Diabetes

There is a close relationship between glucose metabolism and selenium. Souness
et al. reported that, insulin - stimulated glucose oxidation was decreased in
adipocytes from selenium-deficient rats (1983). In a later study it was reported
that, glucose intolerance developed when Se deficiency was coupled with vitamin
E deficiency (Asayama et al., 1986). Ezaki showed for the first time the insulin-
like effects of selenium in which the addition of sodium selenate to the incubation
medium of adipocytes from normal rats stimulated glucose transport, cAMP
phosphodiesterase activity and ribosomal S¢ protein phosphorylation (1990). In a
later study it was reported that, frequent intra peritoneal administration of selenate
to STZ induced diabetic rats for 7 weeks caused sustained decrease in their
hyperglycaemia (McNeill et al., 1991). Insulin mimetic effects of selenite have
also been reported in STZ-induced diabetic mice, in which the selenite treatment
was commenced prior to induction of diabetes (Ghosh, et al., 1994). In another
study, Becker et al. reported that oral selenate induced a sustained improvement
of glucose homeostasis in STZ-diabetic rats by an insulin-like action, involving
partial correction of altered pretranslational regulatory mechanisms in liver
metabolism (1996). In a later study, Battell ez a/. showed that, sodium selenate

corrected glucose tolerance and heart function in diabetic rats (1998). Similarly,
renal hyperfiltration and increased renal lesions seen in the kidneys of STZ-
induced diabetic rats were corrected by selenium supplementation (Douillet et al.,

1999, Reddi and Bollineni, 2001).
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On the other hand, in a recent study an insulinomimetic role for selenate was also
shown in type II diabetic dbdb mice, as indicated by enhanced glucose tolerance
and changes in the activity of some major glycolytic and gluconeogenic marker
enzymes (Mueller et al., 2003). Decreased plasma glucose levels have also been
observed in diabetic human beings treated with selenium (Wang et al., 1995). The
Se induces a sustained improvement of glucose homeostasis in diabetic
individuals by an insulin-like action (Berg, 1995, Becker, 1996 and Kimura,

1996).

Selenate was demonstrated to evolve a direct insulinlike effect by stimulating
tyrosyl phosphorylation reactions of the B-subunit of the insulin receptor and other
downstream components of the insulin signaling pathway such as, insulin receptor
substrates IRS 1 and IRS 2; pp 70 S6 kinase (plays a critical role in initiation of
protein synthesis) and mitogen activated protein kinase (MAPK) (Ezaki, 1990,
Stapleton et al., 1997, Hei et al., 1998). Consequently, Se, in modifying the
phosphorylation state of insulin cascade proteins, appears to modify enzyme
activities and glucose transport and thus participates in glucose homeostasis. On
the other hand, like insulin, the observed increase in glucose transport activity by
selenate is due to translocation of the glucose transporters GLUT-1 and GLUT-2
to the membrane surface (Stapleton, 2000).

In contrast to insulinlike effects of selenium in diabetic animals, there are some
conflicting reports regarding the effects of selenium supplementation on plasma
glucose levels of normal rats, such that no change or a rise, especially at high
doses, has been observed (Rasekh et al., 1991, Potmis et al., 1993, Delilbasi et al.,
2002). There is also controversy among the different clinical studies performed on
the serum Se levels in diabetic patients. Some researchers found a significant
decrease in patients with different types of diabetes mellitus (Schlienger et al.,
1988; Tawardowska-Saucha et al., 1994, Navarro et al., 1999). Others observed
that serum selenium levels were similar in patients and controls (Holecek et al.,

1995, Wang et al ., 1995, Armstrong et al., 1996 ). Nevertheless, other
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investigators even found a statistically-significant increase in Se concentrations in
diabetic patients to those determined in the control group (Gebre-Medhin et al.,
1984, Cser et al., 1993), which was interpreted as a possible protective
mechanism of the vascular system against the aggressiveness of prooxidant agents

and free radicals (Gebre-Medhin et al., 1984).

1.4. Infrared Spectroscopy

1.4.1 The Basic Theory of Light Absorption by Molecules

For most purposes, it is convenient to treat a molecule as if it possesses several

distinct reservoirs of energy. The total energy is given by:

Etotal = Etransition + Erotation + Evibration + Eelectronic+

E electron spin orientation + Enuclear spin orientation

Each E in the equation represents the appropriate energy as indicated by its
subscript. In solution, a molecule can translate, rotate and vibrate. The energies

associated with each of these are quantized (Campbell, 1984).

Light is an electromagnetic wave. The energy of the wave is given as:

E=hc/h=hv

in which 4 is Planck's constant, c is the velocity of light, A is the wavelength and v
is the frequency. If an electromagnetic wave encounters a molecule, it can be
scattered (i.e. its direction of propogation changes), absorbed (i.e. its energy is
transferred to the molecule) or emitted (energy is released by the molecule). When

the energy of the light is absorbed, the molecule is said to be excited. An excited
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molecule can possess any one of a set of discrete amounts (quanta) of energy
described by the laws of quantum mechanics. These amounts are called the energy
levels of the molecule. The major energy levels are determined by the possible
spatial distributions of the electrons and are called electronic energy levels, on
these are superimposed vibrational levels which indicate the various modes of
vibration of the molecule. All these energy levels are described by an energy-level
diagram (Figure 6). The lowest electronic level is called the ground state and all

others are excited states (Freifelder, 1982).

FIRST EXCITED STATE

VIBRATIONAL LEVELS

[ _————GROUND STATE

——r

\ iy

\

\_./7

DISTANCE BETWEEN ELECTRONS AND NUCLEUS
OR BETWEEN ATOMS IN A MOLECULE

ENERGY

Figure 6 Typical energy-level diagram showing the ground state and the first
excited state. Vibrational levels are shown as thin horizontal lines. A possible
electronic transition between the ground state and the fourth vibrational level of
the first excited state is indicated by the long arrow. A vibrational transition

within the ground state is indicated by the short arrow (Freifelder, 1982).
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1.4.2 Basis of Infrared Spectroscopy

Spectroscopy is defined as the study of interaction of electromagnetic radiation
with matter. Electromagnetic wave consists of mutually perpendicular electric and
magnetic fields, which, oscillate sinusoidally as they propogate through space. A
change between energy levels is called a transition. Transitions between
vibrational levels of the ground state of a molecule result from the absorption of
light in infrared region of the electromagnetic spectrum, which extends from the
red end of visible spectrum out to the microwave region. The region includes
radiation at wavelengths between 0.7 and 500 um or in wavenumbers between
14285 and 20 cm™. The infrared spectrum can be devided into three regions: the
far infrared (400-20 cm™), the mid infrared (4000-400 cm™) and the near infrared
(14285-4000 cm™). Most infrared applications employ the mid-infrared region,
but the near and far infrared regions can also provide information about certain
materials. The vibrational levels and hence, infrared spectra are generated by the
characteristic twisting, bending, rotating and vibrational motions of atoms in a
molecule. As shown in Figure 7 vibrations can involve either a change in bond

length (stretching) or bond angle (bending).

H 4
\-—3-_ (0] (I)
/C—O (\\; H/ \H

H &

Stretching Stretching Bending

Figure 7. Stretching and bending vibrations (Stuart, 1997).
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Some bonds can stretch in-phase (symmetric stretching) or out-of-phase

(asymmetric stretching), as illustrated in Figure 8.

O
74 N
H)// \‘\H

Symmetric stretching

-
R—O---H

Asymmetric stretching

Figure 8. Symmetric and asymmetric stretching vibrations (Stuart, 1997).

Bending vibrations also contribute to infrared spectra and they are illustrated in
Figure 9. It is best to consider the molecule as being cut by a plane through the
hydrogen atoms and the carbon atom. The hydrogen can move in the same

direction or in opposite directions in this plane.

% m :‘;"*;.’;/;
WV < VWV

Deformation Rocking  Wagging Twisting

Figure 9. Types of bending vibrations (Stuart, 1997).
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For more complex molecules hydrogen atoms can be considered in isolation since
they are usually attached to more massive and rigid parts of the molecule. This

results in out-of-plane and in-plane bending vibrations (Figure 10).

CH; CHs CH; CHs
\ / \
C€=C =K
CH; 1;] CH; /H

Out-of-plane bending In-plane bending

Figure 10. Out-of-plane bending and in-plane bending vibrations (Stuart, 1997).

Upon interaction with infrared radiation, portions of the incident radiation are
absorbed at particular wavelengths. The multiplicity of vibrations occurring
simultaneously produces a highly complex absorption spectrum, which is uniquely
characteristic of the functional groups comprising the molecule and of the overall
configuration of the atoms as well. The value of infrared spectral analysis comes
from the fact that the modes of vibration of each group are very sensitive to the

changes in chemical structure, conformation and environment.

The change in molecular vibrational energy after infrared absorption or emission

is given by Bohr equation:

AE:Ez'Elzh.V:h. c.Vv

in which E; is the ground state of the molecule and E, is the excited state of the

molecule, v is the vibrational frequency in sec” and v is the wavenumber in cm™.
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When vibrational transitions are considered, radiation is described with its
wavenumber v, rather than by its frequency, v. An infrared spectrum usually
consists of a plot of the absorption of radiation as a function of wavenumber, which
is sometimes referred to as frequency although its unit is the reciprocal of a

wavelength (cm™) and is characterized only in terms of the positions of the maxima

of each of the absorption bands Vg (cm™).

1.4.3 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy has found increasing favor in
laboratories since early eighties. This method is based on the idea of the
interference of radiation between two beams to yield an interferogram, which is a

signal produced as a function of the change of pathlength between the two beams.

The most important feature of an interferogram is that every individual data point of
this signal contains information over the entire infrared region. This process is
carried by an interferometer. It encodes the initial frequencies into a special form,
which the detector can observe. For rapid-scanning interferometers liquid nitrogen
cooled mercury cadmium telluride (MCT) detectors are used. For slower scanning
types of interferometer, pyroelectric detectors (e.g. a deuterated triglycine sulfate
(DTGS) detector element) can be used. In essence, the detector is always observing
all frequencies at the same time (Griffiths and De Haseth, 1986). The two domains
of distance and frequency are interconvertible by the mathematical method of
Fourier transformation. Therefore, Fourier transformation is simply a mathematical
means of sorting out the individual frequencies for the final representation of an

infrared spectrum.

The basic components of an FTIR spectrometer are shown schematically in Figure
11. The radiation emerging from the source is passed through an interferometer to

the sample before reaching a detector. Upon amplification of the signal, in which,
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high frequency contributions have been eliminated by a filter, the data are converted
to a digital form by an analog-to-digital converter and then transferred to the

computer for Fourier transformation to be carried out.

Source Interferometer Sample Detector
—> *
Analog / digital
Computer :
convertor Amplifier
4_

Figure 11. The components of an FTIR spectrometer.

1.4.4 Advantages of Fourier Transform Infrared Spectroscopy

* FTIR spectroscopy provides a precise measurement method, which requires no
external calibration. It is a rapid and sensitive technique, which is easy to perform

(Rigas et al., 1990, Manoharan et al., 1993, Ci et al., 1999).

= The system can be applied to the analysis of any kind of material and that is not
limited to the physical state of the sample. Samples may be solutions, viscous

liquids, suspensions, inhomogeneous solids or powders (Colthup et al., 1975).

= Digital subtraction (that is, point-by-point subtraction of the separate spectra by
a computer) can be used to produce good difference spectra. This method has
great advantages in obtaining infrared spectra in aqueous solutions (Campbell,

1984).
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= Small sample quantities are sufficient to analyse and in vivo studies are possible

(Mendelsohn and Mantsch, 1986).

= It is a non-destructive technique (Melin et al., 2000, Severcan and Haris, 1999,

Cakmak et al., 2003).

* The instruments are relatively easy to use and data processing is simple with the
computer softwares. Moreover, system permits permanent data storage,
manipulation of data and quantitative calculations (Yono et al., 1996, Ci et al.,

1999).

= Since a computer is already used to obtain the Fourier transform, it is easy to
perform many scans to improve the signal-to-noise ratio (noise adds up as the
square root of the number of scans, whereas signal adds linearly). It has
dramatically improved signal to noise ratio by the averaging of numbers of scans

per sample (Beaten ef al., 1998).

* Frequency and bandwidth values can be determined routinely with uncertainties

of better than £0.05 cm’.

1.5 Scope and Aim of the Study

Mineral features such as crystallite size and perfection (crystallinity), phosphate
content, carbonate content and mineral environment may be altered substantially
as a function of tissue type, age and pathology. Several bone diseases such as
osteogenesis imperfecta, osteoporosis and osteoarthritis are characterized by
abnormal tissue mineral content, deposition and/ or turnover. It is thought that the
microstructure of biological hydroxyapatite and collagen fibrils can affect the
mechanical, chemical and biological properties of bone tissue (Nightingale and
Lewis, 1971, Daculsi, et al., 1997, Knott. and Bailey, 1998). In order to study
structural properties of bone tissue at molecular level, several biophysical

techniques such as x-ray diffraction, nuclear magnetic resonance, electron spin
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resonance, Fourier transform infrared (FTIR) and in the last decade FTIR

microspectroscopy (FTIRM) have been widely used.

In the last twenty years attention has been drawn to the hypothesis that oxidative
stress is related to the complications to chronic diabetes. Diabetics and
experimental animal models exhibit high oxidative stress due to persistent and
chronic hyperglycemia, thereby deplete the activity of the antioxidative defense

system and thus promote free radicals generation.

In the present study the aim is two fold. One of them is to gain information about
mineral and organic matrix environment of diabetic bones and to investigate the
possible therapeutic effects of Se on diabetic bone tissues. For this purpose femurs
and tibias of control, STZ- induced diabetic, sodiumselenite treated STZ-induced
diabetic and sodiumselenite treated control group rats were analyzed by using
FTIR spectroscopy technique. This investigation was supported by light and

transmission electron microscopy and x-ray diffraction techniques.

The second aim is to investigate the effects of combined deficiency of dietary
selenium and vitamin E and/or of sole selenium excess on bone mineral and
organic matrix of rat femurs and tibias at molecular level. This point is of
importance because vitamin E is known to decrease the threshold dietary Se
needed to elicit Se deficiency symptoms in several species. Previous studies
mainly reported the histological and biomechanical properties of bones in the
presence of Se deficiency or toxicity. In the present study detailed FTIR
spectroscopic and light microscopic analysis will be reported on the effect of Se
deficiency and toxicity on the rat bones. This will be the first study reporting the
effect of both of Se and vitamin E deficiency or Se toxicity on rat bones at
molecular level except that a previous paper of our group which reports very

preliminary FTIR spectroscopy results (Turan et al., 2000).
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CHAPTER 2

MATERIALS AND METHODS

2.1. Reagents

Reagents used for the preparation of experimental animals:

e Streptozotocin (STZ), pentobarbital , a-tocopherol and sodium selenite

were purchased from Sigma.

Reagents used for FTIR Analysis:

e Potassium Bromide (KBr) was purchased from Merck.
e Hydroxyapatite was purchased from Sigma.
* 99 % pure acetone was purchased from Sigma (It was used for cleaning

process).

2.2 Preparation of Experimental Animals

2.2.1 Diabetes Induction and Selenium Treatment for Diabetes and Control

Group Rats

Both sexes of weanling Wistar rats weighing 200-250 g (12-14 weeks) (Ankara
University, Faculty of Medicine, Animal Care Facility) were selected randomly and
housed in stainless-steel, wire bottomed cages, initially at a density of three per
cage and as they grew, were then caged individually. They were maintained at an
ambient air temperature of 22+1°C and a 12-h light / dark cycle. All procedures
used in the experiments were approved by the Ethics Committee of Ankara

University, Faculty of Medicine. In this study, two diabetic and two control groups
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were used. They were categorized as: /: Control, 2: Streptozotocin (STZ)-induced
diabetic, 3: Se treated STZ-induced diabetic. 4: Se treated control. Body weights
and plasma glucose levels of the rats present in all these groups were measured at
the beginning of the experimental period (just before the STZ injection) and then
the first, the third and the fifth weeks following the STZ injection. Blood samples
taken from tail vein was used for the measurement of blood glucose levels with

MediSense Card Sensor.

2.2.1.1 Formation of Control Group

The Wistar rats were chosen randomly and Then, the rats were injected with 0.05 M
citrate buffer (pH 4.5) intraperitonally (i.p.) as a single dose and also with
comparable volume of saline solution. Then, they were fed without any restriction
for five weeks. The animals were sacrificed under anesthesia (pentobarbital, 30
mg/kg). The femurs and tibias of the rats were taken, the surrounding soft tissue

was removed and the bones were stored at —20 C till experimental analysis.

2.2.1.2 Formation of Streptozotocin-Induced Diabetic Group

Streptozotocin (STZ) was dissolved in 0.05 M citrate buffer (pH 4.5) and injected
1.p. as a single dose at a concentration of 50 mg/kg body weight (. One week after
injection, blood glucose levels were measured and any STZ-treated rat having blood
glucose level less than 2 times of the control value was excluded from further study.
The rats with a blood glucose level of higher than 2 times of control value were
accepted as diabetic and as being untreated diabetic group they were injected with
saline solution everyday for four weeks. During this period they were fed without
any restriction. At the end of the fifth week, the rats were sacrificed under
anesthesia (pentobarbital, 30 mg/kg). The femurs and tibias of the rats were taken,
the surrounding soft tissue was removed carefully and the bones were stored at —

20 C till experimental analysis.
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2.2.1.3 Formation of Selenium Treated Diabetic Group

In order to induce diabetes, the rats were injected with STZ (dissolved in 0.05 M
citrate buffer) i.p. as a single dose at a concentration of 50 mg/kg, as it was
previously described. One week after STZ injection, blood glucose levels were
measured as described before and the diabetic animals were injected with 5
umole/kg/day sodium selenite i.p. everyday for four weeks (Ayaz ef al., 2004). At
the end of the fifth week the animals were sacrificed under anesthesia
(pentobarbital, 30 mg/kg). The femurs and tibias of the rats were taken, the
surrounding soft tissue was removed and the bones were stored at —20 C till

experimental analysis.

2.2.1.4 Formation of Selenium Treated Control Group

The randomly chosen Wistar rats were injected with 0.05 M citrate buffer (pH 4.5)
intraperitonally (i.p.) as a single dose and fed without any restriction. After one
week, blood glucose levels were measured as described before and the animals were
injected with 5 pumole/kg/day sodium selenite i.p. everyday, for four weeks. At the
end of the fifth week the animals were sacrificed under anesthesia. The femurs and
tibias of the rats were taken, the surrounding soft tissue was removed and the bones

were stored at —20 C till experimental analysis.

2.2.2 Induction of Selenium Deficiency and Toxicity

Weanling Wistar rats of either sex were divided randomly into three equal groups
(n=5 in each group) and housed in stainless-steal, wire-bottomed cages initially at a
density of three rats per cage while growing up, then individually. They were

maintained at an ambient air temperature of 22 + 1 °C and a 12-h light/dark cycle.
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2.2.2.1 Contents of Diets and Feeding Procedure of Animals

The rats were fed on either an adequate diet (control group), or a deficient diet (Se
and vitamin E deficient group) or an excess diet (Se rich and vitamin E adequate
group). The animals were permitted free access to the food and water for about 12
to 14 weeks. The deficient diet was obtained commercially (Sigma, USA). It
contained 30 % torula yeast, 0.3 % D,L-methionine, 58.7 % sucrose, 2 % corn oil, 5
% Se deficient AIN-76 TM mineral mix, 1 % vitamin E deficient vitamin mix AIN-
76 TM (Sigma, USA). Selenium and vitamin E were supplemented in the adequate
and rich diets with sodium selenite and a-tocopherol acetate (Sigma, USA). The
selenium content of the diets was determined by using a graphite furnace atomic
absorption spectrometer (Varian Atomic Absorption Spectrometer AA-30/40,
Australia). Based on analysis of random batches of diet, the Se concentration of the
deficient diet was 9.8 ug Se/kg whilst the adequate and rich diets contained 225 pg
Se/kg-diet and 4.2 mg Se/kg diet, respectively Deionized water, which contained a
small amount of Se (<1 ng/L), was given to the animals (Turan et al., 1999). The
deficiency and excess of selenium were verified by measuring selenium
concentrations in the rats’ plasma by using a Zeeman graphite furnace atomic
absorption spectrometer (Varian Spectrophotometer AA-30/40) (Berly, Gillian,
1988). Plasma vitamin E concentrations were determined by high-performance

liquid chromatography (HPLC) technique (McMurray and Blanchflower, 1979)

2.3. FTIR Spectroscopic Measurements

2.3.1. Preparation of Control, Diabetic and Se Treated Control and Diabetic

Bone Samples

Small piece of bone sample taken from central region of diaphysis of the femurs
and the tibias were ground in a liquid nitrogen-cooled colloid mill (Retsch MM200)
at a constant frequency and period of time. In order to remove the water present in

bone tissue, 1 mg of ground bone samples were placed in a vacuum freeze dryer
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(Labconco) for 48 hours. KBr pellets for FTIR study were prepared by mixing the
ground bone with KBr under vacuum as 1 mg sample per 100 mg KBr (KBr was

dryed in an oven at 68-70° C). FTIR spectra were recorded in the range of 4000-400

-1
cm  on a Bomem MBI157 spectrometer (Michelson Series; Bomem, Quebec,

Canada) equipped with a deuterated triglycine sulfate (DTGS) detector. The
spectrometer was left on continuously to minimize warm-up instability. It was also
continuously purged with dry air to minimize contributions from water vapor in the
spectral region of interest. Interferograms were averaged for four hundred scans at 4
cm’” resolution. Background spectra were collected under identical conditions with

the samples and automatically subtracted from spectra of samples.

In order to make comparison between the spectra of synthetic hydroxyapatite and
bone tissue, synthetic hydroxyapatite present in solution form was dryed at 90 °C
and 1 mg dryed hydroxyapatite mixed with 100 mg KBr and KBr pellet was
prepared under vacuum with a hydrolic press. FTIR spectra were recorded as

described above.

2.3.2. Preparation of Bone Samples from Selenium and Vitamin E Deficient

and Selenium Excess Groups

Bone samples were ground in an agat mortar and were examined as KBr pellets (2.5
mg sample per 200 mg KBr). FTIR spectra were recorded in the range 4000-400
cm” on a Bomem MBI157 spectrometer. Interferograms were averaged for one

hundred scans at 2 cm™ resolution.

2.4. Data Analysis

GRAMS/32 software (Galactic Industries, Salem, NH, USA) was used for all data
manipulations. Firstly, the v;, vs phosphate (PO4>) stretching (900-1200 cm™) and
the Amide I (1595-1720 cm'l) were baseline corrected (Camacho et al., 1996, 1999,

Boyar et al., 2004). Then, mineral to matrix ratio was obtained by taking the ratio of
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the integrated area under the peaks at v;, v; PO,> stretching, and Amide I regions
(Camacho et al., 1996, 1999, Bohic et al., 2000, Boyar et al., 2004). The second
derivative spectra were obtained in the v, v; PO43' stretching region (900-1200
cm™), which was resolved into six bands. The positions of these bands were used as
initial parameters for curve-fitting analysis by choosing the band shape as
Lorentzian-Gaussian (Pleshko ef al., 1991). For the curve-fitting analysis of this
band and of the other spectral bands used in this study, a maximum of fifty iterated
optimization algorithms were done in each fit routine. The iterations were

performed until the correlation was better than 0.995.

In the v; PO, bending domain (500-650 cm™), vibrations of acid phosphate
(HPO,”) ions and labile PO,> ions gave rise to two main absorption bands at
around 560 cm™ and 600-610 cm™, respectively. In order to gain information about
underlying sub-bands present in this domain, curve-fitting analysis was carried out.
Upon the second derivative analysis, five bands were found which were taken into
consideration in the curve-fitting analysis. After correction, a linear baseline was set
and curve-fitting analysis was performed using Lorentzian peak-fit components
(Bohic ef al., 2000). The bands located at 563, 575 and 604 cm™ belong to PO,
apatitic groups. The rest, belonging to nonapatitic HPO,*” and PO, >, were located
at ~533 and 617 cm’, respectively (Bohic et al., 2000; Miller et al., 2001). The
ratios of the areas under each of the peaks to the total area of the five peaks were

calculated and compared.

Carbonate (COs>) is another substituent in the mineral phase. In order to calculate
the relative carbonate content from the FTIR spectra, after baseline correction, the
ratio of the integrated area of the v, CO32' band (850-890 cm'l) to the v;, w3 PO43'
stretching band (900-1200 cm™) was calculated (Paschalis et al., 1996, Camacho et
al., 1996, 1999, Bohic et al., 2000, Boyar et al., 2003, 2004). The broad v, COy>
band is typically composed of three overlapping bands attributable to COs>
substituted for OH, PO,* and labile CO5* positions in the apatite lattice. The bands
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are found at 878 cm™, 871 cm™ and 866 cm™, respectively (Rey et al., 1989, 1990,
Gadeleta et al., 1996, Bohic et al., 2000, Huang et al., 2002). In this region curve-
fitting analysis was used to obtain information about the changes in the relative
ratios of different types of carbonate ions present in bone mineral. After baseline
correction, curve-fitting was performed using Gaussian peak-fit components. The
calculated area of each sub-band was reported as the partial area of the computed

contour.

In the FTIR spectra, the amide I absorbance is mainly due to collagen I, since it
constitutes around 90 % of protein present in bone tissue. For detailed spectral
analysis of the amide I band, the ~1595-1720 cm™ spectral region was taken into
consideration, because the same region was also used for mineral / matrix ratio
calculation (Camacho et al., 1996, 1999). Before the curve-fitting analysis, baseline
correction was carried out in this region. Then, the center positions for each sub-
band were determined on the basis of previous assignments and confirmed by the
second derivative analysis (Paschalis et al, 2001, Miller and Tague, 2002). The
shapes of the underlying three bands were chosen as Gaussian and the frequency of
each sub-band was confined to + 2 cm’ (Paschalis et al, 2001, Miller and Tague,
2002). The output of the analysis was expressed as peak position and relative
percentage area. Then, the ratio of the relative percentage areas of the two spectral
bands at ~1660 cm™ and ~1690 cm™ was calculated, which corresponds to relative
ratio of collagen cross-links pyridinoline [Pyr] and dihydroxylysinonorleucine
[DHLNL] (Paschalis ef al., 1998, 2001; Khan et al., 2001, Miller and Tague, 2002,
Atti et al., 2002; Boskey et al., 2003, Huang et al., 2003, Boyar et al, 2004).

The C-H stretching region (3000-2800 cm™) mainly reflects molecular changes of
the lipid groups present in bone tissue. This region was baseline corrected for each
spectrum. Fourier self-deconvolution (FSD) of the FTIR spectra increases the
resolution of intrinsically overlapped bands by narrowing the bandwidth of the
individual components. The FSD function was used to analyze the bands present in

the C-H stretching region of FTIR spectra. For FSD calculations the gamma factor
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was set as 0.7 for each of the spectra. After FSD application, in order to obtain
relative lipid to protein ratio, the ratio of the intensities of the CH, symmetric and

the CH3 symmetric stretching bands was calculated.

In order to confirm the variations observed in intensity ratios, the curve-fitting
analysis was carried out in the C-H stretching region. For this purpose, second
derivative function was applied to determine the number and positions of the
overlapping components. This information was used as initial parameters for curve-
fitting analysis. Spectral region of interest was fitted with Gaussian components.
Then, the fractional area ratio of the CH, symmetric and the CH3; symmetric
stretching sub-bands were taken in order to calculate the relative lipid to protein

ratio.
2.5 X-ray Diffraction Analysis

The ground bone samples were placed into 0.5-1.0 mm capillary glass holder.
Powder X-ray diffraction data were collected at room temperature with a Huber
Guinier Imaging Plate Camera G670 diffractometer using a bent graphite
monochromator. G670 improves the speed of the powder diffraction data collection
without loosing the high accuracy and the resolution. The angular range was 5° -
100° and it was scanned with a step width of 0.05° using CuK,,; radiation at 150mA
and 50kV on a Rigaku rotating anode.

2.6 Light Microscopic Analysis

The femur and tibia specimens from all animals of each group under experiment
were removed from freshly killed animals. For light microscopic evaluation, the
removed tissues were fixed in phosphate buffered 10 % formaldehyde for 2 days,
dehydrated in alcohols and embedded in paraffin. 4 to 6 micrometer thick sections
were obtained by Leitz-1512 microtome, stained with haematoxylin and eosin and

photographed by Zeiss Axioscope photomicroscope.
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2.7 Electron Microscopic Analysis

For electron microscopic evaluations, the removed tissues were fixed in 2.5 %
glutaraldehyde in a phosphate buffer for 24 hours and postfixed in 1 %
osmiumtetroxide. The samples were then dehydrated in graded alcohols, embedded
in Araldite CY 212 and sectioned with a Leica Ultracut R Ultratome. Thin sections
were stained with uranil acetate and lead citrate. The examinations were done with

Leo 906 E transmission electron microscope.

2.8 Statistics

The results were expressed as mean + standard error of mean. The differences in the
means of the experimental and control rats were compared by means of Mann-

Whitney U test.
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CHAPTER 3

RESULTS

3.1 General Findings Related with the Animals
3.1.1 Effects of Sodium Selenite Treatment on Body Weight and Blood Glucose

Levels of Control and Experimental Group Rats

At the end of the fifth week the average body weight was lower for the diabetic and
selenium treated diabetic rats as compared with the control rats (Figure 12, Table
1). Sodium selenite treatment led to an increase in the body weight of control group
rats. (Figure 12, Table 1). The variations in blood glucose levels of control and
experimental group rats within the experimental period are summarized in Figure
13 and Table 2. At the end of the fifth week, blood glucose levels of diabetic group
rats were significantly higher as compared to control group. Sodium selenite
treatment of the diabetic animals caused a decrease in blood glucose level as
compared with untreated diabetic group. At the end of the fifth week, blood glucose
levels of selenium treated control group rats were also slightly, but significantly

higher than control group rats possibly due to pro-oxidant effect of selenium.
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Figure 12. Variation of body weights within the experimental period. Body weights
were given for control (—H—), diabetes (——), diabetes+Se (—A—)and
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Figure 13. Variation of blood glucose levels within the experimental period. Body
weights were given for control (—8-), diabetes (—¢— ), diabetes + Se ( —A— )

and control + Se (—©— ) groups.
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Table 1. The body weights for control (C), diabetes (D), diabetes + Se (DS) and

control + Se (CS) groups. Values are reported as mean =+ standart error of mean.

BODY WEIGHT (g)
TIME (week) 0 o 4 <o
GROUP
Control (n=9) 223.5+6.3 231.1+7.2 2384 +6.5 2412+ 8.5
Diabetes (n=9) 195.6+6.3 194.5+ 6.8 192.0+9.9 189.6 + 8.6%**
Diabetes + Se (n=8) 2143 +45 211.8+3.5 210.5+5.0 206.3 £4.3%**
Control + Se (10) 226.8+5.4 229.8+6.0 232.8+7.1 2355+ 84

**% p<0.001 significantly different with respect to control group.

Table 2. The blood glucose levels (mg/dl) for control (C), diabetes (D), diabetes +

Se (DS) and control + Se groups. Values are reported as mean + standart error of

mean.
BLOOD GLUCOSE LEVEL (mg/dl)
TIME (week)

0 lst 3I'd Sth
GROUP
Control (n=9) 100.1 £ 1.1 100.5+0.8 100.5+1.2 108.5+4.4
Diabetes (n=9) 99.4+0.5 427.6 £29.5 425.5+£26.7 415.0 £ 19.5%%*
Diabetes + Se (n=8) 99.2+ 1.1 385.6+ 144 380.0£23.0 | 386.1 +27.2%*+"
Control + Se (10) 1023+ 1.1 101.7+£0.8 111.5£2.7 127.0 £4.2*

*#% p<0.001 significantly different with respect to control group.
*p<0.05 significantly different with respect to control group.
# p<0.05 significantly different with respect to diabetes group.
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3.1.2 Effects of Antioxidant Deficiency and Excess on Some of the Physical and

Biochemical Characteristics of Rats

In the second part of the present study bones taken from the rats, which were fed on
either Se and vitamin E deficient or Se excess, vitamin E adequate diets, were used
for FTIR spectroscopic and light microscopic analysis. Most of these experimental
group animals showed hair loss in both cases. The body weights of the animals
from these two experimental groups were significantly lower than those of the
control group (Turan et al., 1999) (Table 3). Selenium deficiency and selenium
excess were verified by selenium concentration measured in plasma. Vitamin E
level was also confirmed by vitamin E level measured in plasma. Both selenium and
vitamin E levels in the deficient group were about 50 % of the corresponding levels
of the control group. In the selenium rich group, the plasma selenium level was
increased significantly (280 % of the control) while the vitamin E level was

comparable to that of the control group (Turan ef al., 1999).

Table 3. The effects of dietary selenium and vitamin E on body weight and plasma

selenium and vitamin E contents.

Body Weight Plasma Se Plasma Vit E
) (nmol/ml) (ng/ml)
CONTROL 233.6 £27.2 421 +1.16 7.2+0.8
DEFICIENT 177.6 £ 14.4%** 2.16 £ 1.13%** 3.9 £ 0.2%**
EXCESS 194.2 +£25.8*** 11.91 £ 1.08%%** 8.0+1.3

*** p value less than or equal to 0.001 was accepted as statistically different with
respect to control group.
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3.2 FTIR Spectroscopic Investigation of Bone Samples

Bone tissue can be viewed as a dense packing of organic matrix, consisting
principally of collagen fibers along with several different types of proteins, peptides
and lipids, in which large amounts of solid mineral crystals are deposited (Walters
et al., 1990). The bone mineral is defined as a poorly crystalline, calcium deficient,
carbonate (CO;”) and acid phosphate (HPO,*) containing analogue of calcium
hydroxyapatite (HA), [Cajo(PO4)s(OH);] (Posner, 1987). Organic matrix and
mineral constituents in bone tissues produce intense, structure-sensitive infrared
bands. In order to make spectral comparison betweeen pure hydroxyapatite and
bone tissue, FTIR spectra of pure hydroxyapatite and rat bone (control group femur)
in the 4000-435 cm™ region are displayed in Figure 14. There are several bands in
the region between 4000 and 2800 cm™, and between 1800-435 cm™ region. The
latter one is called as finger print region. The bands of interest are labeled on the

figure and their assignments are given in Table 4.
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Table 4. Major absorptions in the FTIR spectrum of synthetic highly crystalline
hydroxyapatite and/or of rat bone tissue in the 4000-400 cm™' spectral region.

Band Frequency .
Number (cm™) Band Assignment
1 3570 OH stretching
2 3345 N-H group stretching vibration : polysaccharides, protein
3 2956 CH; asymmetric stretching: mainly lipid with a small
contribution from proteins, carbohydrates, nucleic acids.
4 2923 CH, asymmetric stretching: mainly lipid with a small
contribution from proteins, carbohydrates, nucleic acids.
5 2873 CH; symmetric stretching: mainly proteins with a small
contribution from, lipids, carbohydrates, nucleic acids.
6 7853 CH, symmetric stretching: mainly lipid with a small
contribution from proteins, carbohydrates, nucleic acids.
7 1651 Amide I (protein C=O stretch)
8 1550 Amide II (protein N-H bend, C-N stretch)
9 1238 Amide III (protein)
10 1200-900 v, v; PO, stretching (mineral)
11 890-850 v, CO5” (mineral)
12 633 OH libration
13 620-500 v4 PO, bending (mineral)
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In the spectrum of highly crystalline synthetic hydroxyapatite, the first peak at 3570
cm™ and the twelfth peak at 633 cm™ correspond to the stretching and the librational
modes of hydroxyl (OH), respectively. In the spectrum of bone, these bands are not

present at all, suggesting complete removal of OH groups.

The broad band in 3700-3100 cm™ region results from water, proteins and
polysaccharides present in bone tissue (Figure 14). In the spectrum of highly
crystalline hydroxyapatite the intensity of this band is very small. Hydroxyapatite in
solution was dryed in order to prepare KBr pellet for FTIR spectroscopic analysis.
Therefore, in the FTIR spectrum of hydroxyapatite, the mentioned band is mainly
due to intra molecular bond water. The bands located at 3000-2800 cm™ region are
due to C-H stretching vibrations of mainly lipid groups present in bone matrix
(Table 4). As it is expected, for inorganic synthetic hydroxyapatite there is no band
in this spectral region (Figure 14). Similarly, the bands labeled as 7-9 (Amide I, II
and III), which result from proteins present in the organic matrix, are absent in the
spectrum of hydroxyapatite. As it can be noticed from this spectrum, there is some
noise in this spectral region due to the presence of atmospheric water. In order to

overcome this problem, smoothing process was applied for rat bone spectrum.

In order to see the differences in the finger print region clearly, the enlarged FTIR
spectra is displayed in Figure 15. One of the differences between hydroxyapatite
and bone tissue results from ~5-6 % carbonate substitution in bone tissue. Among
the four vibration modes of the free carbonate (COs>) ion, only two are of
importance for infrared investigations in calcium-phosphates. These are denoted by
v, and v3. The v; mode is masked by the v; phosphate band. The v4 mode gives very
weak bands (757-670 cm™), which can be confused in the spectrum of bone with
the baseline irregularities due to deformation vibrational modes of organic
components (Rey et al., 1989). The v; mode (1400-1600 cm™), corresponding to the
strongest infrared bands of the ion is obscured by several absorption bands of

proteins (CH, Amide II, COO) or glycosaminoglycans (NH) (Termine et al., 1973).
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The v, vibrational domain of the carbonate ion is free of absorption by organic
substituents and gives rise to a band in 880-850 cm™ region in the FTIR spectrum of

rat bone tissue (peak 11 in Figure 14).

There are two inorganic orthophosphate ions in biological apatites present in
mineralized tissue: phosphate (PO,>) and acid phosphate (HPO4”). The free PO,>

ion is tetrahedric and presents four vibrational modes. The v, and v, modes are

normally inactive in infrared spectroscopy when the ion is in the regular tetrahedral

symmetry, and only two bands due to the v, and v4 modes can be observed (Rey ez
al., 1990). The v, mode produces faint bands at 470 cm” (Figure 15) (Fowler ef al.,
1966, Rey et al., 1990). The v, P-O symmetric stretching vibration is represented in

apatites by a very narrow band (950-1000 cm™) which appears as a shoulder on the
v, P-O asymmetric stretching mode (900-1200 cm™) in a poorly crystalline apatite

like bone mineral (Figure 15). The v4 asymmetric P-O bending mode appears as a
sharp band in the 500-650 cm™ region. The stretching vibration of the P-OH band

(v, mode) appears at 870 cm’', where it is overlapped by the strong v, CO5> band in

bone tissue. Therefore, the stretching vibration of the HPO42'cannot be observed

(Rey et al., 1990).

It is thought that the microstructure of biological hydroxyapatite and collagen fibrils
can affect the mechanical, chemical and biological properties of bone tissue
(Nightingale et al., 1971, Daculsi ef al., 1997, Knott and Bailey, 1998). Therefore,
in the present study intense, structure sensitive infrared bands of mineral and
organic matrix constituents were analysed for two different purposes, namely to
determine the effects of selenium on diabetic rat bones and to determine the effects
of selenium deficiency and vitamin E adequacy and selenium toxicity on rat bones.
In the following section, the FTIR spectral analysis results will be presented for

these two conditions, respectively.
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3.2.1 FTIR Spectroscopic Analysis to Determine the Effects of Selenium on

Diabetic Bone Samples

Mature bone consists of 60-70 % mineral and 30-40 % organic matrix. In order to
gain information about the mineral environment of control, diabetes, diabetes + Se
and control + Se group rat femurs and tibias, the v4 phosphate bending, v, w3
phosphate stretching and 1, carbonate regions of undeproteinized ground bone
spectra were analyzed using second derivative and curve-fitting methods. Around
90 % of bone proteins consists of type I collagen. Therefore, the spectral changes
seen in Amide I band directly reflect the changes seen in collagen micro-
environment. Amide II band of proteins overlaps with intense v; carbonate band.
Therefore, this band is not suitable for FTIR spectroscopic analysis of bone
proteins, without demineralizing the bone tissue. The information about lipid groups
can be obtained from the C-H stretching region (2800-3000 cm™) of the FTIR
spectrum of bone samples. For control and experimental groups, the results of

spectral analysis of the mentioned bands are reported below.
3.2.1.1 v4 Phosphate Bending Region

In the v4 phosphate bending region, curve-fitting analysis was carried out to resolve
the underlying bands. This band was decomposed into five bands. They are located
around 533, 563, 575, 604 and 617 cm’ (Figure 16). The peak labeled 1 in the
figure is due to nonapatitic HPO,> groups, which can be easily exchangeable with
carbonate species. The peak labeled 5 results from nonapatitic PO,> and indicates
the presence of poorly crystalline apatites (Bohic et al., 2000, Ou-Yang et al.,
2000). The other peaks are due to apatitic PO,> ions (Rey et al., 1990, Bohic et al.,
2000, Ou-Yang et al., 2000).
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Figure 16. Curve-fitting analysis of the v4 PO4 > bending region. The sub-bands are
assigned as a nonapatitic acid phosphate (band 1), apatitic phosphate (bands 2, 3
and 4) and nonapatitic phosphate (band 5).

In order to see the relative contribution of each of the underlying bands in the vy
phosphate bending region, the means of calculated partial peak areas are presented

in Figure 17 A and B for the femur and tibia, respectively.
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Figure 17. The means of partial peak areas obtained from curve-fitting analysis of
the v4 PO,> bending region for A) femurs (F) and B) tibias (T) of control (C),
diabetes (D), diabetes + Se (DS) and control + Se group (CS) rats.

*p value equal to or less than 0.05 was accepted as significantly different with respect to
control group.
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In order to compare the results easily between the femurs and the tibias of control
and experimental groups, the calculated mean values of partial peak areas in the v4

PO, bending region are summarized in Table 5.

Table 5. The partial peak areas of each of the five sub-bands calculated from the
curve-fitting analysis results of the v4 PO, > bending band (mean =+ standart error of

mean (SEM) for A) femurs (F) and B) tibias (T) of control and experimental

groups.
A)
FEMUR
Nonapatitic | Apatitic Apatitic Apatitic | Nonapatitic
HPO,” PO’ PO’ po,’ po,’
533 cm™ 563 cm™ 575 cm™ 604 cm™ 617 cm™
Control 0.264+0.046 | 0.301+0.054 | 0.107+0.024 | 0.192+0.012 | 0.136%0.009
Diabetes 0.137+0.027* | 0.347+£0.051 | 0.166+0.038 | 0.225+0.020 | 0.126=+0.027
Diabetes+Se 0.198+0.027 | 0.334+0.043 | 0.129+0.021 | 0.233+0.024 | 0.105+0.028
Control+Se 0.250+0.049 | 0.273+0.043 | 0.159+0.017 | 0.215+0.029 | 0.102+0.013
B)
TIBIA
Nonapatitic | Apatitic Apatitic Apatitic | Nonapatitic
HPO,” PO’ PO’ PO,’ PO’
533cem™ | 563em™ | 575em™ | 604cem™ | 617 em™
Control 0.263+0.043 | 0.242+0.028 | 0.174+0.051 | 0.186+0.013 | 0.136+0.012
Diabetes 0.175£0.038* | 0.287+£0.043 | 0.187+£0.021 | 0.203+0.014 | 0.149+0.019
Diabetes+Se 0.205+0.045 | 0.283+0.033 | 0.189+0.043 | 0.207+0.017 | 0.116+0.013
Control+Se 0.200+0.016 | 0.330+0.031 | 0.148+0.024 | 0.230+0.022 | 0.093+0.016*

*p value less than or equal to 0.05 was accepted as significantly different with respect to

control group.
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As seen from Figure 17 and Table 5, for the femurs and the tibias of the diabetic
group rats, the relative ratio of nonapatitic HPO,4” significantly decreased, whereas
relative apatitic PO43' content increased. For Se treated diabetic rat bones the
relative ratio of nonapatitic HPO,* increased as compared with diabetic group and
approached to control values. There were negligible changes in the relative apatitic

PO,> content of Se treated diabetic rat bones.

On the other hand, for Se treated control group tibias, the nonapatitic HPO,*
content decreased. Similarly, for both bones of the same group rats, the nonapatitic
PO,* content decreased significantly with respect to control group. A similar
decrease with respect to control and diabetic group bones was also observed for

nonapatitic PO43 " content of Se treated diabetic bones.
3.2.1.2 v, vs Phosphate Stretching Region

A typical raw absorbance spectrum of the v;, v; phosphate stretching region (900-
1200 cm™) is given in Figure 18A. This broad band consists of several narrow

underlying bands. By using second derivative spectroscopy, this band was resolved
into six bands locating at 957 cm_], 088 cm_l, 1020 cm_l, ~1063 cm_l, 1112 cm_l and
~1145 cm-l, respectively (Figure 18B). The 957 cm_l band was assigned to, v,
symmetric stretching of phosphate ion (Fowler et al., 1966, Pleshko et al., 1991,
Gadeleta et al., 1996). The components of the 2 mode at 1020 Cm_l, 1060 crn_l and
1112 cm_1 were assigned to phosphate in a poorly crystalline, nonstoichiometric

apatite environment containing acid phosphate and/or carbonate (Rey ef al., 1991b,

Camacho et al.,, 1996, Gadeleta et al., 1996, Boskey et al., 1998). The other

. . -1 . .
component of the v, mode, which is located at 988 cm was assigned to either
PO, in nonapatitic / nonstoichiometric environment (Ou-Yang, et al., 2000) or

HPO 42- vibrations (Rey et al., 1991b, Camacho et al., 1996, Boskey et al., 1998).
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Figure 18 A) A typical FTIR spectrum of a rat femur in the v,, v, PO, stretching

spectral region located at 900-1200 cm_l B) its calculated second derivative
spectrum C) the underlying six bands as deduced by curve-fitting analysis of the
same region. Raw spectrum (solid line); calculated curve-fit (dashed line); sub-

bands (dotted line).

56



- 2-
Similarly, the band at =1145 cm : was also assigned to HPO,  vibrations (Rey et al.,

1991b, Camacho et al., 1996, Boskey et al., 1998, Ou-Yang, et al., 2000).

It was previously stated that in the v;, v; phosphate stretching spectral region, at
least six components are necessary and sufficient for a proper curve-fitting analysis
of poorly crystalline apatites (Pleshko et al., 1991). Considering this fact and the
second derivative analysis results obtained in the present study, the curve-fitting
analysis was carried out by placing six sub-bands in this spectral region. Figure 18C
shows a typical curve-fitting analysis of the v;, v; phosphate stretching region. As
can be noticed from the figure, the calculated curve-fit is almost completely
overlapped with the raw spectrum. The results of the curve-fitting analysis are
expressed as mean of peak areas for each of the six sub-bands and are given in
Table 6 for the femurs and the tibias of control and experimental groups,

respectively.
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Table 6. Peak areas of sub-bands (mean + SEM) obtained from curve-fitting
analysis of the v;, v3 phosphate stretching region of the FTIR spectra for the femurs

and the tibias of control and experimental groups.

Mean of partial areas of the sub-bands obtained from curve-fitting analysis of the

V1, V3 phosphate stretching region (900-1200 cm™) of the FTIR spectra.

Sub- Sub- Sub- Sub- Sub- Sub-
band, band, band; band, bands; bandg
957cm™ 988 cm™ 1020 cm™ 1063 em™ 1112 em™ 1145 em™
FEMUR (F)
C"('g)“’l 7.0240.81 15444228 3339191 357743.04 16724425  7.86+1.99
Di?}’)‘;tes 743181 7.50£249 36.75+7.68 17.49+6.13% 27.85:7.55  4.57+1.01
Diabetest ¢ 77,096 12015260 30.60+3.80 37.04%3.22% 21474235 7.20:0.90
Se (DS)
Controlt - 167 626£2.78 26704544 2747£633 17.474538  6.25+1.49
Se (CS)
TIBIA (T)
C"(‘g)ml 8.66+2.12 11.0242.80 25994493 31.80+420 2035:430 6.28+1.15
D‘?lb);tes 10.8741.77  8.5843.60  39.45+7.77 18.64+548 31.40£6.64 526+0.74
Diabetes (| s 8394405 20334579 28.96+7.16 13.1044.05 5514127
+Se (DS)
+
CS"e“(té‘;l) 6.28£0.94  5.7132.07  40.89+5.58 38.39+2.70* 22.51£1.96 6.17+0.68

*
p value equal to or less than 0.05 was accepted as statistically significant with
respect to control group.

* p value equal to or less than 0.05 was accepted as statistically significant with
respect to diabetes group.
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Because of the presence of HPO42', CO; > and some other ions, bone tissue is
defined as nonstoichiometric, poorly crystalline hydroxyapatite. As stated above,
the variations in the sixth band (1145 cm™) are due to HPO4* and in literature it was
stated that the contour of this band positively correlates with the nonapatitic HPO,>
component of the v4 PO, > bending band (Ou-Yang et al., 2000). As seen from
Table 6, though the changes are not significant for this band, the trends of the
variations with respect to control groups are similar to those seen in the nonapatitic

HPO42' sub-band of the v4 PO43' bending band (Table 5).

The alterations in mean peak area of other sub-bands as compared with those of
control group demonstrate the presence of some alterations in the local environment
of the mineral phase in experimental groups. For diabetic group, the highest
changes in the mean peak area of the control groups are seen in the fourth band
locating at 1063 cm™. The percent area of this sub-band is correlated with the
crystal size of minerals present in calcified tissues according to the following

equation (Pleshko et al., 1991, 1992):

Y=aXb +c¢ (3.1)

Where Y is the crystal size (A), X is the percent area of the fourth component and a,
b and c are constants, determined by least squares regression analysis (= 0.84) as -

30.70, 0.284 and 227.8, respectively.

Ground rat bone samples were used in the studies cited above for FTIR
spectroscopic analysis. Therefore, in the present study the same equation was used
to see the variations in crystal size of control and experimental group rat bones. In
Figure 19 the results are summarized as bar diagram and in Table 7 calculated
crystal sizes are given for control and experimental groups. As seen from the results
of statistical analysis, the crystal size of diabetic femurs increased significantly. For

diabetic tibias the increase in the crystal size with respect to control group was also
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high. For Se treated diabetic group the crystal size led to reversal of crystal sizes to
normal values. This was more pronounced in Se treated diabetic femurs as
compared with the tibias of the same group. On the other hand, although the
changes are not statistically significant, Se treatment led to increase in the crystal
size of control group femurs as compared with untreated control group femurs. An
opposite change was observed for the tibias of the Se treated control group rats.
Considering the alterations in the mean peak area of the fourth band given in Table
6, it can be briefly concluded that, as the mean peak area of the fourth band
decreases the mineral crystal size increases. However, equation 3.1 is valid for the

mineral crystal sizes between 135-190 A.

Another way of taking information about the crystal size of the mineral components
present in bone tissue is to analyze the peak position of the third band in the v;, vs
PO, stretching domain. It was previously reported that a component at ~ 1020 cm™
is indicative of nonstoichiometric apatites containing HPO,” and / or CO;*
whereas, the one at ~ 1030 cm™ is indicative of stochiometric apatites (Rey ef al.,
1991b, Gadeleta et al., 1996, Boskey et al., 1998). This difference can be clearly
seen from Figure 18, which illustrates the spectra of control and experimental group
femurs comparatively with highly crystalline synthetic hydroxyapatite in 1200-900
ecm™ vy, v3 phosphate stretching region. In the present study the peak of this broad
band is observed between 1020-1027 cm™ for control and experimental groups
which is indicative of the presence of nonstoichiometric poorly crystalline mineral
structure, whilst the peak of the spectrum of highly crystalline synthetic

hydroxyapatite is located at 1030 cm™ (Figure 20).
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Figure 19. Bar diagram illustrating the mean of crystal sizes of control (C), diabetes

(D), diabetes + Se (DS) and control + Se (CS) group femurs (F) and tibias (T).

*p value less than or equal to 0.05 was accepted as significantly different with respect to
control group.

#» value less than or equal to 0.05 was accepted as significantly different with respect to
diabetes group.

## 1 value less than or equal to 0.01 was accepted as significantly different with respect to
diabetes group.

Table 7. Crystal sizes of control (C), diabetes (D), diabetes + Se (DS) and control
+ Se (CS) group femurs (F) and tibias (T).

Crystal Size (A)

GROUP FEMUR TIBIA
Control (C) 143.3+2.1 146.8+3.8
Diabetes (D) 164.9+8.4* 160.2+5.5
Diabetes + Se (DS) 142,5;&2,1# 151.7£7.2
Control + Se (CS) 153.748.3 141.5+1.97%

*p value less than or equal to 0.05 was accepted as significantly different with respect to
control group.

#» value less than or equal to 0.05 was accepted as significantly different with respect to
diabetes group.

##p value less than or equal to 0.01 was accepted as significantly different with respect to
diabetes group.
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Figure 20. Comparison of the spectra of poorly crystalline control and experimental

group femurs, with highly crystalline synthetic hydroxyapatite in the v;, v;
phosphate stretching region (1200-900 cm™).

3.2.1.3 1, Carbonate (CO;* ) Region

Carbonate present in the apatite mineral phase of bone plays a significant role in
bone resorption. In the v, COs> domain, the curve-fitting analysis was carried out
and this band was decomposed into three sub-bands. A component at 871 cm™ is
due to the carbonate ions occupying the trivalent anionic (PO4”) sites (type B
carbonate). A band at 878 cm™ is due to the carbonate ions substituting for
monovalent anionic (OH’) sites (type A carbonate) and a band at 866 cm’

1
corresponds to a labile carbonate environment locating in perturbed regions of the

mineral crystals (Rey et al., 1989, 1991a, 1991c, Bohic et al., 2000).
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Figure 21 shows the curve-fitting analysis of the v, COs;> region for the
determination of apatitic and nonapatitic environments of bone samples. The ratios
of the area of each of the underlying bands to total area in the v, CO32'd0main are
given in Table 8 for femurs and tibias of control and experimental groups,
respectively. As can be seen from the table, type B carbonate is the major
constituent and type A and labile type carbonate ions are present at a lower extend.
This implies that the carbonate ions mainly substitute for phosphate groups rather

than hydroxyl ions.
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Figure 21. Curve-fitting analysis of the v, CO;”> region (850-890 cm™). The sub-
bands are assigned as non-apatitic labile carbonate (866 cm™) (band L), Type B
carbonate (871 cm™) (band B) and Type A carbonate (878 cm™) (band A).
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Table 8. v, CO3 % spectral region curve-fitting analysis results.

Nonapatitic labile  Apatitic Type B Apatitic Type A
GROUP Cco;* CO; = Cco;*
Partial Area; Partial Area, Partial Areaj
(866 cm™) (871 cm™) (878 cm™)
FEMUR
0.306+0.019 0.562+0.026 0.1324+0.003
Control
Diabetes 0.194+0.015 0.669+0.009* 0.138+0.009
Diabetes + Se 0.3724+0.016 0.427+0.021 0.201+0.023
Control + Se 0.346+0.020 0.389+0.010 0.266+0.015*
TIBIA
Control 0.180+0.037 0.625+0.023 0.1954+0.019
Diabetes 0.120+0.053 0.629+0.020 0.251+0.015
Diabetes +Se 0.338+0.020* 0.414+0.021** 0.248+0.005
Control + Se 0.373+0.009* 0.4231+0.015** 0.20440.009

* p<0.05 was accepted as significantly different with respect to control group.
** p<0.01 was accepted as significantly different with respect to control group.

Diabetes caused a decrease in labile carbonate content and significant increase in
type B carbonate content of femurs. Similarly for diabetic tibia the relative amount
of labile carbonate decreased. Selenium treatment led to reversal of labile type
carbonate content in diabetic femurs. For selenium treated control femur, type A

carbonate content increased significantly.
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For tibias of both of the selenium treated groups, the relative amount of labile type
carbonate increased siginificantly whereas, the relative amount of type B carbonate
decreased significantly as compared with the control group tibias. Therefore, the
changes in type L and type B carbonate contents are parallel for the femurs and the
tibias in experimental groups as compared with the control groups of femurs and
tibias. But, the selenium treatment in tibias caused more significant changes in

relative amounts of labile and type B carbonates as compared with femurs.

3.2.1.4 Amide I Region

The curve-fitting analysis of the Amide I region revealed three sub-bands locating
at 1690 cm™, 1660 cm™and 1633 cm™ as can be seen in Figure 20. The band at
1633 cm™ represents one of collagen’s secondary structural elements (Lazarev ef al.
1985, Miller and Tague, 2002). The bands at ~1660 cm™ and ~1690 cm™ were
assigned to non-reducible pyridinoline [Pyr] and reducible
dihydroxylysinonorleucine [DHLNL] cross-links present in collagen I of the bone
tissue, respectively (Paschalis et al., 1998, 2001, Atti et al., 2002, Huang et al.,
2003).
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Figure 22. A typical FTIR spectrum of ground rat femur in the Amide I region and

its underlying sub-bands obtained from curve-fitting analysis.

In order to evaluate the variations in the relative ratio of non-reducible cross-links
to reducible cross-links, the ratio of the areas under the 1660 cm™ and 1690 cm™

sub-bands was calculated and the results are summarized in Figure 23 and Table 9.
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Figure 23. Comparison of the 1660 to 1690 cm™ peak area ratio for the femurs (F)
and tibias (T) of control (C), diabetes (D), diabetes + Se (DS) and control + Se (CS)
group rats.

*p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.

** p value less than or equal to 0.01 was accepted as significantly different with
respect to control group.

Table 9. 1660 : 1690 ratio calculated from curve-fit spectra of control (C),
diabetes (D), diabetes + Se (DS) and control + Se (CS) group femurs (F) and
tibias (T).

1660 : 1690
GROUP FEMUR TIBIA
Control (C) 1.455+0.381 3.127+1.822
Diabetes (D) 4.197+1.177%* 2.019+0.373
Diabetes + Se (DS) 3.693£1.097 2.094+0.224
Control + Se (CS) 2.399+0.352 2.756£0.546

*p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.

** p value less than or equal to 0.01 was accepted as significantly different with
respect to control group.
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For diabetic group femurs the relative ratio of non-reducible cross-links to reducible
cross-links increased significantly. Se treatment led to restoring effect in diabetic
femurs. For femurs of Se treated control group the 1660 : 1690 cm™ ratio was
higher than control group femurs. Whilst, the 1660 : 1690 cm™ ratios for all of the
experimental group tibias were less than the same ratio for control group tibias. But

the changes with respect to control group were not significant.
3.2.1.5 Mineral to Matrix and Carbonate to Phosphate Ratios

Table 10 shows the mineral to matrix ratios calculated for the femurs and tibias of
control and experimental groups and Table 11 shows the carbonate to phosphate
ratios calculated for the femurs and tibias of control and experimental groups. As
seen from Tables 10 and 11, femur specimens taken from diabetic group rats had
significantly higher mineral to matrix (phosphate to amide I ) ratio and a lower
carbonate to phosphate ratio compared with control group rats. For tibia specimens
taken from the same group rats though the changes in these ratios were not

significant, the trends were similar to those for diabetic femurs.

Table 10. Mineral to matrix ratios calculated for the femurs (F) and tibias (T) of

control (C), diabetes (D), diabetes + Se (DS) and control + Se (CS) groups

Mineral : matrix (phosphate : amide I)
GROUP FEMUR TIBIA
Control (C) 3.371+0.285 4.255+0.389
Diabetes (D) 4.324 £ 0.314* 4.616 = 0.494
Diabetes + Se (DS) 3.904 + 0.264 3.482 +0.185"
Control + Se (CS) 3.702 £ 0.136 3.452 £ 0.286

*p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.

# p value less than or equal to 0.05 was accepted as significantly different with
respect to diabetes group.
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Table 11. Carbonate to phosphate ratios calculated for the femurs (F) and tibias (T)
of control (C), diabetes (D), diabetes + Se (DS) and control + Se (CS) groups.

Carbonate : phosphate
GROUP FEMUR TIBIA
Control (C) 0.0503 + 0.0048 0.0340 + 0.0025
Diabetes (D) 0.0340 + 0.0031* 0.0300 % 0.0044
Diabetes + Se (DS) 0.0415 £ 0.0043 0.0350 % 0.0036
Control + Se (CS) 0.0401 + 0.0042 0.0316 + 0.0026

*p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.

Se treated diabetic and control group femurs had higher mineral to matrix ratio with
respect to control group whereas, opposite changes were valid for tibias of the same
groups.(Table 10). As seen from Table 11, Se treatment led to some restoring effect
in the carbonate to phosphate ratio for diabetic femurs. For Se treated control group
femurs the relative carbonate to phosphate ratio decreased with respect to control
group as well. For the tibias of the experimental groups, the trends of the alterations
in this ratio with respect to control group were parallel to those seen in experimental

group femurs but none of the changes was significant.
3.2.1.6 C-H Stretching Region

In biological systems the CH, bending (or scissoring) mode gives rise to bands
around 1470 cm™ and their exact frequency is dependent on acyl chain packing and
conformation of lipids. However, in the FTIR spectrum of a bone tissue this band is
obscured by several absorbtion bands of carbonate ions (Mendelsohn and Mantsch,
1986, Rey et al., 1989). Therefore, in order to investigate the effects of selenium,

as an antioxidant, on mainly lipid components of diabetic and normal rat long bone
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tissues the C-H stretching region is taken into consideration. The C-H stretching
vibrations of the fatty acyl chains of all cellular lipids as well as protein groups lead
to bands in the 3050-2800 cm™ spectral region. The changes in olefinic =CH band
(3012 cm™) can be used as an index of relative concentration of double bonds in the
lipid structure from unsaturated fatty acyl chains. In the FTIR spectra of control and
experimental group bone tissues, this band is not observable (Figure 24). Therefore,
it may be concluded that predominant constituents of the membranes of bone cells
are saturated phospholipids. The bands centered at 2956 cm™ and 2923 cm™,
correspond to the stretching mode of asymmetric CH; and CH; vibrations, and the
bands centered at 2873 cm™ and 2853 ¢cm’! correspond to CH3 and CH, symmetric
stretching vibrations, respectively (Mendelsohn and Mantsch, 1986, Melin, et al.,
2000).
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Figure 24. FTIR spectra in 3050-2800 cm™ spectral region for control and
experimental group rat femurs. Spectra were normalized with respect to CH,
antisymmetric stretching band. Band assignments: 1- CH; asymmetric stretching, 2-
CH, asymmetric stretching, 3- CH; symmetric stretching 4- CH, symmetric

stretching.

70



The frequencies of the CH, stretching bands, which contain contributions mainly
from the acyl chains of the phospholipids, depend on the degree of conformational
disorder and hence can be used to monitor the average trans/gauche isomerisation in
the systems (Umemura et al., 1980, Casal and Mantsch, 1984, Boyar and Severcan,
1997). In the present study, the CH, antisymmetric and symmetric stretching peaks
for diabetic group femurs slightly shifted to lower values wheras, for femurs of the
Se treated groups, they shifted to higher values (Figure 24). For the tibias similar
changes were observed. The shifts to higher wavenumbers are associated with an
increase in the number of gauche conformers along the lipid hydrocarbon chains.
Therefore, application of selenium may lead to some compositional changes in lipid

components of bone tissue.

For control group rat tibias, the average absorbtion spectrum in the C-H stretching

region and its Fourier self deconvoluted spectrum, are given in Figure 25 A and B,

respectively.
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Figure 25 For control group rat tibias the average FTIR spectra in the C-H

stretching region: A) raw spectrum B) Fourier self deconvoluted spectrum.
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As seen from figure 25B, the CHs; symmetric stretching band becomes more
apparent after Fourier self deconvolution. In this spectral region, the CH3 symmetric
stretching vibrations are mainly due to protein groups and the other bands mainly
result from stretching vibrations of lipid groups. Thus, the ratio of the intensities of
CH, symmetric and CH3; symmetric bands corresponds to the relative lipid to
protein ratio (Melin et al. 2000, Severcan et al., 2000). After the application of
Fourier self deconvolution, the ratio of the intensities of these bands are used to
calculate the relative lipid to protein ratios for control and experimental group

bones. The results are summarized in Figure 26.
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Figure 26. Comparison of the lipid to protein (CH, symmetric stretching to CHj
symmetric stretching) ratio for the femurs (F) and tibias (T) of control (C), diabetes

(D), diabetes + Se (DS) and control + Se (CS) group rats.

* p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.

” p value less than or equal to 0.05 was accepted as significantly different with
respect to diabetes group.

72



Table 12. Lipid to protein ratios calculated for the femurs (F) and tibias (T) of
control (C), diabetes (D), diabetes + Se (DS) and control + Se (CS) groups.

Lipid to protein intensity ratio
GROUP FEMUR TIBIA
Control (C) 0.997+0.068 1.361+0.099
Diabetes (D) 1.204+0.051* 1.414+0.059
Diabetes + Se (DS) 1.066+0.109 1.171+0.108"
Control + Se (CS) 1.006+0.102 1.388+0.047

# p value less than or equal to 0.05 was accepted as significantly different with
respect to diabetes group.

As seen from Figure 26, the relative lipid to protein ratio is higher for diabetic
group bones as compared with control group bones. As can be noticed from the
same figure, for selenium (Se) treated diabetic and control group bones (femurs and

tibias) it is closer to control group values.

In FTIR spectroscopic and microspectroscopic investigation of biological samples,
the curve-fitting analysis was rarely used in the C-H stretching region (Lin et al.,
1998, Szalontai et al., 2000). In these studies 4-7 sub-bands were used for the
curve-fitting analysis. In the present study in order to be sure about the number of
sub-bands present in the C-H stretching region, second derivative analysis was
applied. For control, diabetes, diabetes + selenium and control + selenium groups,

the second derivative spectra of the same spectral region are given in Figure 27.
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As seen from the figure, there are four sub-bands in this spectral region. The
information about the position and number of components obtained from second
derivative analysis was used as initial parameters for curve-fitting analysis of the C-
H stretching region. The curve-fitted FTIR spectrum of a control group rat femur is

given in Figure 28.
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Figure 28 A typical curve-fit spectrum and the best fitted individual component

bands of the control group rat femur in 3000-2810 cm™ C-H stretching region.
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The ratio of partial areas of the sub-bands at 2853 cm™ and 2875 cm™ are calculated
and the results are summarized in Figure 29 and Table 13. The changes observed in
this graph are parallel to the variations in the intensity ratios calculated for control
and experimental groups (Figure 26, Table 12). Therefore, both of intensity ratio
and curve-fitting analysis of FTIR spectra revealed that diabetes led to increase in

the relative lipid content and Se application caused reversal to normal values.
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Figure 29. For control (C), diabetes (D), diabetes + Se (DS) and control + Se (CS)
group femurs (F) and tibias (T), the relative lipid to protein ratio calculated by
taking the ratios of the partial areas of the CH, symmetric stretching and the CHj
symmetric stretching sub-bands obtained from curve-fitting analysis of the FTIR

spectra in the C-H stretching region.

*p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.
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Table 13. Lipid to protein ratios calculated from the curve-fitting analysis of the
FTIR spectra of the femurs (F) and tibias (T) of control (C), diabetes (D), diabetes +
Se (DS) and control + Se (CS) groups.

Lipid : protein
GROUP FEMUR TIBIA
Control (C) 0.067+0.011 0.155+0.032
Diabetes (D) 0.102+0.011* 0.246=0.045
Diabetes + Se (DS) 0.077+0.017 0.149+0.035
Control + Se (CS) 0.077+0.020 0.193+0.034

*p value less than or equal to 0.05 was accepted as significantly different with
respect to control group.

3.3 FTIR Spectroscopic Investigation of Bone Samples Taken From Selenium
and Vitamin E Deficient or Selenium Excess and Vitamin E Adequate Group

Rats

Since the preliminary results about the carbonyl groups of the FTIR spectra for the
analysis of Se deficiency and toxicity on rat bones were reported by our group
previously, the analysis of the C-H stretching region was not included in the present
study. The results for the FTIR spectroscopic analysis of the other bands under

consideration are given in the following sections.
3.3.1 v4 Phosphate Bending Region

The results of curve-fitting analysis of the FTIR spectra in the v4 phosphate bending
region (500-650 cm™) for the femurs and the tibias taken from control, Se and vit E
deficient and Se excess, vitamin E adequate group rats are summarized as a bar
diagram in Figure 30 and statistical analysis results are given in Table 14. As can be

noticed from the Figure 30 and Table 14, for both the femurs and the tibias of the
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antioxidant deficient group, the relative ratio of nonapatitic HPO,* and PO, groups
slightly decreased, whereas an increase was observed for apatitic PO4> groups. For
the Se excess-vitamin E adequate group, or briefly excess group, opposite results
were observed however, the changes in the relative apatitic PO,> content were

negligible for both types of bones.
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Figure 30. The results of curve-fitting analysis of the FTIR spectra in the v,
phosphate bending region for the femurs and the tibias taken from control, Se and
vitamin E deficient and Se excess, vitamin E adequate group rats. Partial areas for
each of the sub-bands are given as mean of curve-fitting analysis results for FTIR

spectra of five bone samples taken from control and experimental group rats.
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Table 14. The mean partial peak areas obtained from curve-fitting analysis of the v4
PO,> bending region of the FTIR spectra of femurs and tibias of control, Se and
vitamin E deficient (DEFICIENT) and Se excess, vitamin E adequate (EXCESS)

group rats.
FEMUR | Nonapatitic | Apatitic | Apatitic | Apatitic | Nonapatitic
HPO,” PO PO PO’ PO’
533 cm™ 563cm™ | 575cem™ | 604 cm™ 617 cm™
CONTROL 0.2334+0.021 |0.378+0.017 | 0.104+0.01 |0.228+0.021 | 0.056+0.001
DEFICIENT | 0.200+0.026 |0.426+0.090 | 0.073+0.028 | 0.246+0.008 | 0.055+0.002
EXCESS 0.279+0.044 |0.321+0.044 | 0.122+0.005 | 0.22440.004 | 0.05340.003
TIBIA
CONTROL 0.24140.086 | 0.365+0.100 | 0.084+0.013 | 0.255+0.011 | 0.055+0.005
DEFICIENT | 0.188+0.061 |0.441+0.089 | 0.047+0.040 | 0.280+0.012 | 0.044+0.005
EXCESS 0.260+0.025 [0.361+0.018 |0.079+0.012|0.241+0.021 | 0.059+0.007

3.3.2 v, vs Phosphate Stretching Region

In the v;, v; phosphate stretching region (900-1200 cm™) the curve-fitting analysis
was also used to gain information about mineral environment and crystal size of the
control and experimental group bones. In this spectral region the curve-fitting
analysis results revealed that the variations in local mineral environment of
experimental group bones were not significantly different with respect to control
group bones. Therefore, only the variations in the fourth sub-band were taken into
consideration and the equation given in section 3.2.1.2 was used to calculate the
crystal size for control, deficient and excess group femurs and tibias. The results are
summarized in Table 15 for both the femurs and the tibias of the control and
experimental groups. As can be noticed from the table, the crystal size increased
significantly for the femurs of the deficient and excess groups. Although a similar

trend was obtained for the tibias, the increase was not significant in Se excess

group.
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Table 15. The mean crystal size (A) values obtained from the curve-fitting analysis

of the v, v3 PO4” stretching (900-1200 cm™) region.

Crystal size (A)
GROUP
FEMUR TIBIA
CONTROL 136.8+0.1 135.7+0.4
DEFICIENT 154.6+1.1* 146.0+5.9*
EXCESS 148.6+0.1* 141.9+0.7

*p value less than or equal to 0.05 was accepted as statistically different

respect to control group.

3.3.3 1» Carbonate (CO32') Region

with

The curve-fitting analysis was applied for FTIR spectra of control, deficient and

excess group femurs and tibias in 850-890 cm™ v, carbonate region and the results

are summarized in Figure 31 and Table 16.
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Figure 31. v, carbonate region curve-fitting analysis results for control, deficient

and excess group rat bones.

Table 16. For control (CON), deficient (DEF) and excess (EXC) groups, the partial

areas obtained from curve-fitting analys

is of the FTIR spectra in the 1, carbonate

region.
FEMUR TIBIA
TypeL TypeB TypeA TypeL TypeB TypeA
866 cm” 871cm! 878 cm™ | 866 cm” 871 em? 878 em™!

CON 0.106+0.024 0.730+0.057 0.163+0.034

0.148+0.036 0.694+0.061 0.159+0.025

DEF 0.097+0.005 0.647+0.022 0.256+0.026*

0.241£0.095 0.596+0.067 0.163+0.031

EXC 0.121£0.021 0.757+0.040 0.121£0.025

0.150+0.015 0.714+0.045 0.136+0.031

*p value less than or equal to 0.05 was accepted as statistically different with respect to

control group.
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For Se and vitamin E deficient femurs, the relative amount of type B carbonates
substituting for phosphate ions and nonapatitic-labile type carbonates slightly
decreased whereas the relative amount of type A carbonates substituting for
hydroxyl ions was found to increase significantly. However, this increase was not
significant for the tibias. For the same bones of the deficient group, the relative

amount of type B carbonate decreased whereas that of labile carbonate increased.

In contrast to the deficient group, the relative amount of type A carbonate decreased
and the relative amount of type B carbonate and labile type carbonate slightly
increased for the femurs of the Se excess group. The alterations in these ratios for

the tibias of the excess group were negligible.

3.3.4 Amide I Region

In order to gain information about maturity of type I collagen in the case of Se
deficiency or toxicity, curve-fitting analysis was carried out in the Amide I band of
the FTIR spectra of control and experimental group bones. 1660 cm™ to 1690 cm’
mean peak area ratio was calculated for control and experimental groups and the
results are summarized in Figure 32 and Table 17. For the deficient group this ratio
increased for the femurs and decreased for the tibias significantly. Similar, but

slight alterations were determined for both bones of the excess group.
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Figure 32. Comparison of the 1660 : 1690 ratio for the femurs and tibias of control,

deficient and excess group rats.

*p value less than or equal to 0.05 was accepted as statistically different with
respect to control group.

Table 17. The variations in 1660 : 1690 ratios for the femurs and tibias of control,

deficient and excess group rats.

1660 : 1690
GROUP FEMUR TIBIA
CONTROL 5.819+0.861 7.611£1.095
DEFICIENT 11.007+1.584* 3.349+0.740%
EXCESS 6.616+1.439 7.573+£3.312

*p value less than or equal to 0.05 was accepted as statistically different with
respect to control group.
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3.3.5 Mineral to Matrix and Carbonate to Phosphate Ratios

According to semi-quantitative analysis of FTIR spectra, the relative mineral to
matrix ratio slightly decreased, whereas the carbonate to phosphate ratio increased
for the femurs of both experimental groups (Table 18). The mineral to matrix and
the carbonate to phosphate ratios increased for both of the experimental groups in

the tibias (Table 18).

Table 18. Mineral : matrix and carbonate : phosphate ratios for the femurs and the
tibias of the control, Se and vitamin E deficient (DEFICIENT), Se excess, vitamine
E adequate (EXCESS) group rats.

Mineral : matrix Carbonate : phosphate

(V1, Vs PO : Amide I) (v, CO3* : vy, V3 POSY)
FEMUR CONTROL 5.124+0.062 0.0245+0.002
DEFICIENT 4.827+0.065 0.0311£0.009
EXCESS 4.458+0.057 0.0251+0.001
TIBIA CONTROL 4.874+0.686 0.0254+0.002
DEFICIENT 5.853+0.219 0.0270+0.001
EXCESS 6.6910.435 0.0281+0.002

* p value less than or equal to 0.05 was accepted as statistically different with
respect to control group.

3.4 Powder X-Ray Diffraction Analysis of Normal, Diabetic and Selenium

Treated Normal and Diabetic Rat Bone Samples.

In order to gain information about apatite crystal size of bone tissue, powder x-ray

diffraction analysis was carried out. Powder x-ray diffraction pattern of highly
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crystalline synthetic hydroxyapatite was used as a reference (Figure 33). The region
of highest intensity between 30-35 ° 20 consists of four sub-peaks. The peak
between 24.5-27 © 20 is assigned as 002 reflection and the peak between 37.5-42 °

20 is assigned as 310 reflection.
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Figure 33. Powder x-ray diffraction pattern of highly crystalline synthetic

hydroxyapatite (HA). Its intensity was normalized to one.

The line broadening of the 310 and 002 reflections are used to evaluate the mean
crystal sizes. Dpy values, which are related to the crystal size in length (002) and
width/thickness (310) of the apatite crystals can be calculated from the width at half

maximum intensity (/2) using the Scherrer equation (Alexander, 1969):
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Dhia = 57.3KA/ B2 . cosO (Equation 3.2)

where 57.3 is a conversion factor from degrees to radians, A is the x-ray wavelength
and O is the diffraction angle. K is a constant varying with crystal habit and for

hydroxyapatite it is chosen as 0.9, reflecting the elongated crystals of bone.

Figure 34 shows powder x-ray diffraction pattern of a poorly crystalline control
group rat femur. As seen from this figure the region of the highest intensity consists
of unresolved peaks with unmeasurable overlapping breadths. Therefore, this peak

is less suitable for the analysis of the bone tissues.
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Figure 34. Powder x-ray diffraction pattern of poorly crystalline control group rat

femur. The maximum intensity was normalized to one.
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In figure 35 powder x-ray diffraction patterns of highly crystalline synthetic
hydroxyapatite and poorly crystalline control group rat femur are given as
overlaid on the same scale. As seen from the figure the intensities of both of 002
and 310 reflections are lower as compared with those of synthetic hydroxyapatite.
The 310 reflection between 37.5-42 © 20 is highly broadened for bone tissue. Thus,
in the present study only 002 peak locating between 24.5-27 ° 20 is taken into

consideration.
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Figure 35. Comparison of powder x-ray diffraction patterns for highly crystalline

synthetic hydroxyapatite (HA) and for poorly crystalline control group rat femur

(CF). The maximum intensity was normalized to one.
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Figure 36 illustrates the 002 reflection patterns for higly crystalline synthetic
hydroxyapatite and for poorly crystalline control and diabetes group rat femurs. As
seen from the figure the peaks for bone samples are highly broadened with respect
to peak of highly crystalline hydroxyapatite. The peak broadening is inversely
related to both crystal size and internal lattice perfection (i.e., the broader the peak,
the smaller and/or more strained the crystals). Therefore, poor crystallinity of bone

samples is clearly seen.
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Figure 36. Comparison of powder x-ray diffraction patterns in the 002 reflection for
highly crystalline synthetic hydroxyapatite (HA) and for poorly crystalline control
(C) and diabetes (D) group rat femurs (F). The maximum intensity was normalized

to one.

The crystal sizes for control and experimental group femurs and tibias calculated by
using Sherrer equation are given in Table 19. As seen from the table there are not

significant variations between groups.
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For FTIR spectroscopic analysis a small piece of bone sample was always taken
from the center of diaphysis. However, for powder x-ray diffraction analysis, as 3-4
grams of bone powder was necessarry whole of the diaphysis was ground.
Therefore, the bone powder used for x-ray diffraction analysis was more
heterogenous as compared with that used for FTIR spectroscopic analysis. The
difference in the variations of crystal sizes obtained by two different biophysical

techniques can be due to the level of heterogenicity.

Table 19. Mineral crystal sizes calculated by using Scherrer equation for the femurs
(F) and tibias (T) of control (C), diabetes (D), diabetes + Se (DS) and control + Se

(CS) groups. The values are reported as mean + standart error of mean.

Mineral Crystal Size (A)
GROUP FEMUR TIBIA
Control (C) 179.54+4.65 196.95+10.02
Diabetes (D) 175.07+7.81 189.59+2.65
Diabetes + Se (DS) 167.44+25.13 181.69+6.24
Control + Se (CS) 178.63+4.92 165.79+6.19

3.5 Light and Electron Microscopic Investigation of Control, Diabetic and

Selenium Treated Control and Diabetic Group Rat Bone Ultra-structures

3.5.1 Light Microscopic Investigations

In light microscopy examinations, the long bones from the control group are seen in
usual appearance. The tissue samples have a characteristic trabecular formation
with osteoblasts in the periphery of trabeculae and osteocytes within the lacunae.

The bone marrow cells are also in normal structure (Figure 37).
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Figure 37. Light micrograph of a section from control group bone. Arrows are
showing osteoblasts and arrowheads are representing osteocytes. Haemotoxyline

Eosin x40.

Histopathologically, the observed changes in the bone of diabetic group rats can be
summarized mainly as increased amount of osteocytes placed in trabeculae and

heterogeneous appearance of mineralized matrix (Figure 38).

In light micrograph of sodium selenite treated diabetic group bone, newly formed
trabeculae with different shapes and sizes are seen under the proliferation cartilage
(PC). The calcification is not complete in trabecular matrix and it is still continuing

(Figure 39).
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Figure 38. Light micrograph of a bone section taken from diabetic group rats.
Osteocytes are increased in bone trabeculae. Appearance of the matrix (star) is

heterogeneous. Heamotoxyline Eosin x40.

Figure 39. Light micrograph of a section from sodium selenite treated diabetic
group. Epiphyseal plate showing zone of proliferation cartilage (PC), newly formed

bone trabeculae (star) and osteocytes are seen (arrows). Heamotoxyline Eosin x40.
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On the other hand, the light microscopic investigation shows that treatment of the
normal rats with sodium selenite does not affect the structure of the long bones
significantly. It can be observed that together with an increase in the trabecular

formations, both unmineralized matrix and mineralized matrix are enlarged (Figure

40).

Figure 40. Light micrograph of a bone section taken from sodium selenite injected
control group. Enlarged unmineralized matrix (star) and newly formed trabeculae

are seen. Heamotoxylin Eosin x40.

3.5.2 Electron Microscopic Investigations

As seen from the electronmicrograph of a bone section taken from control group
bones, osteoblasts are seen in their active formation with their eucromatin nucleus
and rich cytoplasmic organelles. Newly synthesized collagen fibers are also seen

clearly besides the osteoblasts (Figure 41).
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Figure 41. Electronmicrograph of a bone section taken from control group. Bone
formation by osteoblasts is seen. Nucleus of osteoblast (N) and unmineralized

matrix (star) are also labeled. Uranyl acetate-lead citrate x16700.

The most prominent effect induced by diabetes can be observed in osteocytic cells.
The extension of canaliculars towards the cytoplasm seems to be shortened.
Diabetes also seems to affect the normal cytoplasmic processes in a negative
manner. Together with the heterochromatin material seen in the periphery of the
nucleus, vacuolar formations are present in the cytoplasm. The unmineralized
matrix is highly enlarged and there are crowded haemopoietic cells and adipocytes

(Figure 42).
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Figure 42. Electronmicrograph of a bone section taken from diabetic group rats. The
nucleus of an osteocyte is in its lacunae (N), unmineralized matrix (arrow head) and

mineralized matrix (star) can be seen. Uranyl acetate-lead citrate x10000.

In the electronmicrograph of sodium selenite treated diabetic group bone, active
osteoblasts around the trabecules are observed. It shows that the density of the
osteoblasts increased. Contrary to the diabetic groups, the extensions of canaliculars
towards the cytoplasm seemed much more clear and active. These findings can
imply that the structural changes induced by diabetes are prevented and/or restored

by sodium selenite treatment (Figure 43).
As seen from the electronmicrograph of a bone section taken from sodium selenite

injected control group, the osteocytes are normal compared with the age matched

untreated control group (Figure 44).
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Figure 43. Electronmicrograph of a bone section taken from sodium selenite treated
diabetic group. Active osteoblasts (arrowhead) are seen as surrounding the bone
trabeculae. An osteocyte (arrow) is placed in unmineralized matrix. Mineralized

matrix (star) is also observable. Uranyl acetate-lead citrate x2156.

Figure 44. Electronmicrograph of a bone section taken from sodium selenite treated
control group. An osteocyte in its lacunae is seen. Nucleus of an osteocyte (N),
unmineralized (arrow) and mineralized (star) matrix are also observable. Uranyl

acetate-lead citrate x4646.
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3.6 Light Microscopic Investigation of Rat Bones Fed on Antioxidant Deficient

and Excess Diet

Compact bone structure, lamellar structure of osteons and interstitial structure, and
oblique Volkmann’s canals are present in the femurs and tibias of the control group
(Figures 45 A and B, respectively). In femurs of the deficient group, newly formed
bone is observed and this woven bone is seen to contain more bone cells and
intercellular substance in which collagen fibrils are disposed in an irregular
arrangement (Figure 45 C). In tibia of the same group, destruction and resorption in
bone matrix and formation of new bone matrix are observed (Figure 45 D). In the
femurs and tibias of the Se-excess group, although cortex and trabeculae are
observed to be thinner and reduced in number with respect to the control, they are
not well mineralized. In addition, osteoblasts and osteoclasts are seen to be

simultaneously present in the samples (Figure 45 E and F).
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A) B)
0) D)

E) F)

Figure 45. Light microscopy of: (A) femur (X100) and (B) tibia of the CONTROL
group (X200); (C) femur (X100) and (D) tibia of the DEFICIENT group (X200);
(E) femur (X100) (F) and tibia of the EXCESS group (X200).
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CHAPTER 4

DISCUSSION

It is known that estrogen deficiency in post menopausal women can lead to
osteoporosis. On the other hand, obesity, oxidative stress, hypertension and diabetes
mellitus have been shown as risk factors of low bone mineral density (McFarlane et
al., 2004). Actually, diabetes mellitus is associated with an extensive list of
complications involving nearly every tissue in the body. Diabetes mellitus is known
as one of the major causes of low turnover osteopenia (Okuna et al., 1991). It has
been shown both clinically and experimentally to affect the properties of intact bone
and bone with a healed fructure. Clinically it is often associated with reduced bone
mass (Heap et al., 2004) and delayed fracture healing in humans (Cozen, 1972,
Levin et al., 1976, Loder, 1988). Experimentally, diabetes adversely affects the
properties of intact bone and impairs fracture healing in rats (Herbsman et al., 1968,
Einhorn et al., 1988, Macey et al., 1989, Hou et al., 1993, Funk et al., 2000). Most
studies indicate that it is a complication for children and adolescents with insulin-
dependent diabetes mellitus (IDDM, or, Type I). (Silberberg, 1986, Piepkorn et al.,
1997), especially for those with poor metabolic control and in the first few years
from the time of diagnosis (McNair ef al., 1979a,b, McNair, 1988). However, there
are some conflictions. For example, in a recent study Ingberg et al stated that
patients with long-standing Type I diabetes with onset in childhood and adolescence
seem to show no difference in bone mineral density compared with closely matched
healthy controls (2004). There are also conflicting findings for patients with non-
insulin dependent diabetes mellitus (NIDDM, or, Type II) who showed evidence of
decreased, normal or increased skeletal mass (Levin et al., 1976, Meema and

Meema, 1967, Deleeuw and Abs, 1977, El Miedany et al., 1999).
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The ovariectomized animal models, similar to patients with osteoporosis, tend to
show reduced mechanical strength (Kasra and Grynpas, 1994; Newman et al.,
1995). Similarly, animal models that mimic human diabetic condition have been
used to elucidate diabetes-induced alterations in bone tissues. Dixit and Ekstrom
reported that the biomechanical behavior of bone showed a decrease in the breaking
strength of the femoral shaft of diabetic rats (1980). Other biomechanical tests
investigating the characteristics of bones of STZ-induced diabetic rats revealed that
bones are stiffer (Einhorn et al., 1988, Funk et al., 2000, Reddy et al., 2001),
weaker, highly fragile and brittle as compared with those of normal control rats
(Reddy et al., 2001). The mechanical properties of bone tissue depend both on the
mineral and the matrix (primarily type I collagen fibrils) constituents (Reilly and
Burstein, 1974, Currey, 1984, Martin and Ishida, 1989, Keaveny et al., 1994,
Camacho et al, 1995, Shah et al., 1995). Although, the pathogenesis of osteopenia
in diabetes is a poorly understood phenomenon, diminished bone formation,
mineralization and resorption appears to be related to the inferior biomechanical
properties of bone tissue in diabetes (Reddy et al., 2001). On the other hand,
decreased total collagen content and defects in collagen cross-linking have been
noted in the fracture callus of rats with STZ-induced experimental diabetes

compared with those in the controls (Einhorn ef al., 1988, Macey et al., 1989).

During normal osteogenesis, following formation of calcifiable matrix and initial
mineral deposition, remodeling permits alteration of the initial matrix and
perfection of the mineral (Boskey and Marks, 1985). Biological apatites from
different normal and pathological calcified tissues, at different degrees of
calcification, exhibit different chemical composition, crystallinity and stability (Rey
et al., 1990). The mineral, protein and lipid constituents of calcified tissues produce
intense, structure sensitive infrared bands. Therefore, in the present study structural
information about the mineral and matrix environment of control, diabetic, Se
treated diabetic and control group rat femurs and tibias was gained by detailed

analysis of inorganic mineral and organic matrix bands of the FTIR spectra .
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As mentioned in the introduction part, other ultrastructural analyses together with
FTIR spectroscopy studies have determined the bone mineral to be a poorly
crystalline, carbonate and acidic phosphate containing analog of hydroxyapatite
(HA) [Ca;o(PO4)s(OH),]. However, there is still some controversy and uncertainty
as to whether bone crystals contain OH groups, and if they do, whether the failure
to detect such groups by infrared spectroscopy. Rey et al suggested that
instrumental factors may be ruled out, since the presence of the OH group in
synthetic apatite crystals can be detected easily by FTIR spectroscopy (1995), as in
the case of the present study and other previous studies (Baddiel and Berry, 1966,
Fowler et al., 1966, El Feki et al., 1991). Moreover, studies carried out with magic
angle spinning, proton nuclear magnetic resonance spectroscopy (Rey et al., 1995)
and inelastic neutron-scattering spectroscopy (Loong et al., 2000) confirmed that
bone apatite crystals do not contain detectable amounts of hydroxyl ions. However,
in contrast to the findings of Loong et al., Taylor et al. reported the presence of
hydroxyl groups in bone tissue by using the same technique (2000). Therefore,

further studies are necesssary to clarify this point.

In skeletal tissues the crystal size appears as a key factor in the mineralization
process. Because, the knowledge of the hydroxyapatite crystal size, its association
with the organic matrix and neighboring crystals provide a basis for the nature of
the deposition and remodeling events that occur in normal and pathological
processes and it can influence the stoichiometry and the solubility properties of

biological apatites (Arsenault and Grynpas, 1988, Ou-Yang et al., 2000).

It was previously shown that the percent area of 1060 cm™ sub-band, obtained from
the curve-fitting analysis of the vi, v3 PO4” stretching region, is inversely related to
the crystal size (Pleshko et al., 1991, 1992, Boskey et al., 1998). We found out that
(Boyar et al., 2003) the mineral crystal sizes increased for diabetic femurs and
tibias. In order to reach that result, the vy, v; PO, stretching region of the FTIR
spectra was analyzed. As can be deduced from the curve-fitting analysis of this

spectral region, there is a significant decrease in the percent mean peak area of the
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fourth (1060 cm™) sub-band in the diabetic group (Table 9). This means an increase
in the crystal size of diabetic rat femurs and tibias. In the continuing part of this
study, the same spectral analysis was carried out to see the effects of Se treatment
on diabetic and control group rat bones. The mean peak areas of the fourth band for
Se treated diabetic and control groups were larger than those of diabetic femurs and

tibias. This means a smaller crystal size with respect to diabetic group.

Previously it was reported that trabecular bone from ovariectomized monkeys
contained larger apatite crystals (increased crystallinity) (Gadeleta et al., 2000).
Similarly, different parts of bone tissue from postmenopausal osteoporotic human
subjects exhibited increased crystallinity (Baud et al., 1976, Rai and Behar, 1986,
Paschalis et al, 1997, Gadeleta et al., 2000; Mendelsohn et al., 2000). Therefore, in
the present study the results regarding the crystal size of the minerals seem to be in
agreement with these studies and may reflect the presence of pathology in diabetic
rat bone tissues. Because, in establishing the biomechanical properties of skeletal
and dental tissues, the texture of the apatite crystals (i.e. the size, shape and
arrangement) that comprise the mineral phase acts as a major determinant (Wagner,
and Weiner, 1992, Landis, 1995). However, in one study it was reported that
osteoporotic bone mineral consisted of smaller and less perfect crystals (Grynpas
and Holymard, 1988). Thus, it is better to analyze the other features of the mineral

phase present in the diabetic rat bones.

On the other hand, although the changes are not statistically significant, Se
treatment led to the increase in the crystal size of control group femurs as compared
with untreated control group femurs. An opposite change was observed for the
tibias of the Se treated control group rats. Differences in the crystallite size has been
linked to collagen fibrils, to the location of crystals within collagen, and the
differences between inter and intrafibrillar crystals. Therefore, this result will be

discussed later.

The presence of carbonate and acid phosphate ions and their relative amounts in

bone and other calcified tissues are determining factors of several of the physical
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and chemical properties of natural apatites and the crystallinity and solubility of
apatites are affected by these ions. For the diabetic group rat bones, the relative ratio
of nonapatitic HPO,” significantly decreased, whereas relative apatitic PO4”
content increased (Figure 17 and Table 7). This means that there was less newly
formed mineral crystals in diabetic bone tissues (Huang et al., 2002). This finding
supports the presence of larger crystals in diabetic rat bones. For Se treated diabetic
rat bones there was negligible changes in the relative apatitic PO, content and the
relative ratio of nonapatitic HPO,* increased as compared with diabetic group and
approached to control values. This can be an indication of the presence of new bone
formation. On the other hand, for Se treated control group tibias, the nonapatitic
HPO42' content decreased. However, the crystal size of these bones was closer to
that of control group. Then, there can be other factors that played role in the
determination of the crystal size. Similarly, for both bones of the Se treated control
group rats, the nonapatitic PO, content decreased significantly with respect to
control group. A similar decrease with respect to control and diabetic group bones
was also observed for nonapatitic PO43' content of Se treated diabetic bones. This

may indicate the presence of more stable environment in selenium treated bones.

Carbonate ions are known to destabilize the apatite structure by decreasing the
crystallinity, causing structural disorder (Apfelbaum et al., 1990) and by inducing
proliferative growth of new crystals (Eanes and Hailer, 2000). In the current study,
a significant decrease in the relative carbonate / phosphate ratio was observed for
diabetic rat femur. A similar decrease was also present for the diabetic tibia but at a
less extend (Boyar et al., 2003). Considering above properties of carbonate ions, it
can be concluded that the increase in the crystal size of the minerals present in
diabetic bones can be affected from the decrease in the relative amount of carbonate
ions. On the other hand, the relative carbonate content of Se treated diabetic and
control group rat bones was closer to that of control group bones and in turn, the

crystal sizes of the same groups were also closer to that of control group bones.

In a previous study carried out with ovariectomized rats, it was shown that the total
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carbonate content decreased in trabecular rat bone (Bohic et al., 2000). The
carbonate contents of bone apatites of osteoporotic Eskimos were also determined
to be lower as compared with normal bone (Thompson, et al., 1983). Similarly, in
another study it was reported that the relative amount of carbonate decreased in the
subchondral and cortical bone regions of proximal tibias of ovariectomized
cynomolgus monkeys as compared with sham controls (Huang, et al., 2002). These
studies are in agreement with our present findings. In contrast, in a Fourier
transform infrared microscopy (FTIRM) study of lumbar vertebrae from
ovariectomized cynomolgus monkeys, the carbonate/phosphate ratio was shown to
be higher as compared with the sham controls (Gadeleta et al., 2000). This may be
due to functional and structural differences in bone tissues taken from different

anatomical regions of the same species.

On the other hand, the presence of carbonate, which usually occupy B sites in
biological apatites, can also reduce the destabilizing effect of some ions, such as
magnesium on HA structure (Baravelli et al., 1984). Phosphate, carbonate, and pH
can influence the location of the carbonate ions during the formation and maturation
of apatitic crystals. The curve-fitting analysis of the v, carbonate domain revealed
that diabetes caused a decrease in labile carbonate content and significant increase
in type B carbonate content of femurs. Similarly for diabetic tibia the relative
amount of labile carbonate decreased. This can indicate a low bone turnover rate in
diabetic group bones. Selenium treatment led to reversal of labile type carbonate
content in diabetic femurs. This can be due to formation of new crystals. For

selenium treated control femur, type A carbonate content increased significantly.

For tibias of both of the selenium treated groups, the relative amount of labile type
carbonate increased siginificantly whereas, the relative amount of type B carbonate
decreased significantly as compared with the control group tibias. Therefore, the
changes in type L and type B carbonate contents are parallel for the femurs and the
tibias in the experimental groups as compared with the control groups of femurs and

tibias and indicative of the presence of newly formed crystals. But, the selenium
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treatment in tibias caused more significant changes in relative amounts of labile and
type B carbonates as compared with femurs. This may show higher bone turnover

rate for tibias than for femurs of Se treated control and diabetic groups.

Since the mechanical properties of bone tissue depend both on the mineral and the
matrix constituents, the curve-fitting analysis was carried out in the Amide I region,
which primarily results from type I collagen fibrils. Although, decreased
osteoblastic collagen synthesis (Tamayo et al., 1981), decreased total collagen
content and defects in collagen cross-linking have been noted in the fracture callus
of STZ-induced experimental diabetes compared with those in the controls (Einhorn
et al., 1988, Macey et al., 1989), the effect of Se treatment on the distribution of
reducible and non-reducible cross-links of collagen I has not been reported yet.
According to the curve-fitting analysis of the Amide I region, the bands at ~1660
em’ and ~1690 cm” were assigned to non-reducible pyridinoline [Pyr] and
reducible dihydroxylysinonorleucine [DHLNL] cross-links present in collagen I of
the bone tissue, respectively (Paschalis et al., 1998, 2001, Khan et al., 2001, Miller
et al., 2002, Atti et al., 2002, Huang et al., 2003, Boskey et al., 2003, Boyar ef al.,
2004). As the bone tissue matures, divalent DHLNL is converted to the trivalent
hydroxylysyl / lysylpyridinolines and pyrroles. Therefore, the alterations in the ratio
of these two sub-bands give information about the maturity of collagen I present in

bone tissue.

For diabetic group femurs the relative ratio of non-reducible cross-links to reducible
cross-links increased significantly. This increase in the 1660 to 1690 ratio can be an
indication of a decrease in immature DHLNL cross-links and the disturbances in
collagen maturation can also affect mineralization and functional properties of the
bone tissue. (Paschalis et al.,, 2001, Khan et al., 2001). Therefore, it can be
concluded that there was less bone turnover for diabetic group bones. Regarding

this ratio, Se treatment led to restoring effect for diabetic femurs.

For femurs of Se treated control group the 1660 : 1690 cm™ ratio was higher than
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control group femurs. Therefore, for Se treated femurs the rate of bone turnover
could be lower and as mentioned before, this in turn causes an increase in the
crystal size of control group femurs. Whilst, the 1660 : 1690 cm™ ratios for all of
the experimental group tibias were less than the same ratio for control group tibias.
But the changes with respect to control group were not significant. Thus, the
differences in the crystallite size are not only attributable to variations in the
collagen fibrils, but also to the location of crystals within collagen and to the
differences between inter and intrafibrillar crystals. The variations in different types
of carbonates also has to be taken into consideration. For selenium treated control
femur, type A carbonate content increased significantly. This may also play role in

the presence of greater crystals in selenium treated control group femurs.

Although, with our recent knowledge the changes in relative pyrrole content could
not be determined from FTIR spectra, the contribution of pyrrole to FTIR bands
must be taken into consideration as well. Cross-link analysis of collagen molecule is
generally carried out by high-performance liquid chromatography to determine
collagen maturity. This technique requires some complicated procedures such as
homegenization, hydrolysis with acid/alkali (Eyre et al., 1984, Knott and Bailey,
1998). However, with the aid of FTIR spectroscopy, information about collagen

cross-links can be provided easily.

In the formation of osteoporosis oxidative stress plays an important role. Oxidative
stress in an organism occurs when the production of oxidants exceeds antioxidant
capacity. The free radicals resulting from oxidative stress can damage tissues by
reacting with cellular proteins, nucleic acids and lipids. Considering this fact, in the
present study the variations in the lipid band of the FTIR spectra of control and
experimental groups were also analyzed. Several studies demonstrated that free
radical generation is increased in diabetic animals and in patients with Type I and
Type II diabetes mellitus (Hiramatsu. and Arimori, 1980). In the present study we
determined that the relative ratio of lipids in diabetic bone tissues increased with

respect to control group bones. Therefore, the possibility of free radical production
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is high. This point has an importance for bone physiology, because free radicals are
inhibitors of osteoblasts (bone forming cells) (Moreau et al., 1998), but activate
osteoclasts and result in decreased bone formation (Hosoya et al, 1998) and

increased bone resorption (Garrett ef al., 1990, Suzuki et al., 1997).

On the other hand, it is known that bone marrow stromal cells (also known as
mesenchymal stem cells) are capable of differentiating into several different cell
types including osteoblasts and fat forming adipocytes (Grigoriadis et al., 1988,
Bennett ef al., 1991). In osteoporosis and age related osteopenia the bone volume
decreases substantially. According to previous histomorphometric observations, it
was suggested that a change in bone marrow stromal cell dynamics can cause
osteoporosis by replacing the functional bone-forming cell population of the
marrow with adipose tissue (Meunier et al., 1971, Burkhardt ez al., 1987). Later, it
was shown that an increase in the number of adipocytes occurs at the expense of
osteoblasts and human trabecular bone cells are able to express both osteoblastic
and adipocytic phenotypes (Beresford et al., 1992, Nuttall et al., 1998). In an other
study it was demonstrated that, the cells expressing an osteoblastic phenotype can
be changed in vitro to adipocytic by addition of rabbit serum, rich in fatty acids
(Diascro et al., 1998). Therefore, in the present study similar to bone marrow, the
increased ratio of lipids with respect to proteins in diabetic rat bone tissue may be
an indication of presence of impairments in the distribution of bone forming
osteoblasts and in turn, possible increase in the formation of osteoporotic
pathologies. Actually as mentioned before, the mineral crystal sizes increased and
carbonate content decreased for diabetic rat femurs and tibias [Figure 19, Tables 9
and 12], indicative of the presence of pathology in bone mineral environment

(Boyar, et al., 2003).

It is known that there is a close relationship and important balance between lipid
peroxidation, bone physiology and degenerative diseases. Hovever, the effects of
antioxidants on bone metabolism have not been well characterized, yet. The results

of the previous studies are not always in agreement with each other (Xu ef al., 1995,
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Leveille et al., 1997, Melhus et al., 1999, Ima-Nirwana et al., 1999, Arjmandi, et
al., 2002). The study of Leveille et al. (1997) showed that vitamin E or beta-
carotene intake was not associated with femoral neck bone density in
postmenopausal women. Similarly, Melhus ef al. (1999) also demonstrated that an
adequate intake of dietary vitamin E did not reduce the risk of hip fracture in

current smokers.

On the other hand, contradictory to the above results vitamin E stimulated
trabecular bone formation, reduced bone resorption, and altered epiphyseal cartilage
morphometry as a result of lipid peroxidation in thyrotoxic rats and/or in growing
chicks (Xu et al., 1995, Ima-Nirwana et al., 1999). Similarly, rats given red palm
olein, that is rich in vitamin E and other antioxidants, exhibited increased endosteal
bone mineral apposition rate and bone formation rate in tibia (Watkins, et al.,
2001). In another study, it was also shown that vitamin E improved bone quality in
the aged but not in young adult male mice (Arjmandi, et al., 2002). It was also
reported that an adequate intake of vitamin E and vitamin C was protective against

the hip fracture risk in female smokers (Melhus et al., 1999).

Similar to vitamin E, one of the major physiological roles of Se is to function as a
general antioxidant. Selenium interacts with vitamin E in protecting the cell
membrane against oxidative damage caused by peroxides produced from lipid
metabolism. In the present study, for Se treated diabetic samples it was observed
that, the changes in the intensities of C-H stretching bands approached to control
values (Figure 24) indicating the restoring effect of Se. Furthermore, the presence of
higher amount of protein and the disorderness in the lipid environment as compared
with diabetic group bones may indicate the presence of higher amount of
proteolipids rather than other lipids. In addition, it also indicates the promotion of
hydroxyapatite formation and bone remodeling (Boskey, et al., 1988) due to
possible improvement in antioxidant action in the presence of Se treatment. On the
other hand, after oxidation, fatty acids can breakdown to a variety of reactive
aldehydes. Di-aldehydes derived from lipid peroxidation can make cross-links with

collagen. Therefore, these cross-links can have a direct effect on collagen function
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and may also act as a link between glycation and further lipid peroxidation (Bailey
et al., 1998). This peroxidation can be lowered in the presence of selenium and may
lead to improvement in mineral and organic structure of diabetic bones. It was also
reported that sodium selenate has insulin like effects in vitro in fat cells in that it
caused the translocation of glucose transporters to the plasma membrane in
adipocytes and resulted in phosphorylation of some proteins (Ezaki, 1990). Similar
effects might be seen in bone cells and help new bone formation. Actually,
Delilbas1 et al reported that the mandibles of diabetic rats treated with sodium
selenite were found to be healthier than untreated diabetic group mandibles (2002).
In a recent study Turan et al reported that when sodium selenite was given together
with vitamins E and C to the heparin induced osteoporotic model rabbits, the femurs
had almost the same structure as in normal rabbits and this combination seemed to

be more efficient than sole vitamin E and C combination (2003).

Another point that is necessarry to discuss is the variation in the types of the long
bones under investigation. In the current study more prominent alterations were
noted with diabetic femurs rather than tibias. Similarly, Reddy et al. reported that a
significant reduction in the breaking strength of STZ-induced diabetic rat bones
occurred and this effect was greater in the femurs as compared with the tibias
(2001). Therefore, in this study the femurs of control and experimental group rats
were used for light microscopic and electron microscopic studies in order to
investigate the histological changes in experimental group rats in comparison to

control groups.

The electronmicrograph of a bone section taken from diabetic group bones showed
that the microstructure of these bones affected negatively. For these bones one of
the observations was that there was increased amount of adipocytes. As mentioned
before, parallel to this observation FTIR analyses also revealed that lipid to protein

ratio increased in diabetic bones.
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The light microscopic examinations revealed that unlike control group rat bones,
diabetic bones had heterogeneous appearance in the mineralized matrix. Upon
sodium selenite treatment, newly formed trabeculae with different shapes and sizes
were observed in diabetic group bone. Moreover, in Se treated diabetic bones the
calcification was not complete in trabecular matrix and it was still continuing. As a
supportive observation, active osteoblasts around the trabecules were determined in
the electronmicrograph of selenium treated diabetic group bone. The increase in the
density of the osteoblasts causes a parallel increase in the new bone formation.
These results support the findings obtained from FTIR spectroscopic analysis. All
of these microscopic and spectroscopic analysis results can imply that Se may play
a preventive role for the formation of pathological structures in diabetic bone tissues

by reducing the oxidative stress associated with diabetes.

On the other hand, the light microscopic investigation showed that treatment of the
normal rats with sodium selenite did not affect the structure of the long bones
significantly but led to enlargement in the unmineralized matrix and mineralized
matrix. This observation is also in aggreement with FTIR spectroscopic analysis
results (Figure 19). Moreover, in a previous histological study Delilbas1 et al
reported that there was a progressive resorption, trabecular and cortical irregularity
and vascular proliferation in the mandibles of diabetic and selenium given control
group rats and the mandibles of diabetic rats treated with sodium selenite were
healthier (2002). Similarly, in the present study some irregularities in Se treated
control group rat bones were determined. Therefore, unexpected results in the
selenium given control group necessitate further studies on the mechanism of the

effects of selenium in organisms.

In the present study x-ray diffraction analysis was also carried out. In the x-ray
diffraction patterns, the peak broadening is inversely related to both crystal size and
internal lattice perfection (i.e., the broader the peak, the smaller and / or more
strained the crystals). Therefore, with this analysis the poor crystallinity of control

and experimental group bone samples was clearly determined. However, according
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to the analysis of the x-ray diffraction patterns there were slight variations between
the crystal sizes of control and experimental group bones. For FTIR spectroscopic
analysis a small piece of bone sample was always taken from the center of
diaphysis. However, as 3-4 grams of bone powder was necessarry for powder x-ray
diffraction analysis, whole of the diaphysis was ground. Therefore, the bone powder
used for x-ray diffraction analysis was more heterogenous as compared with that
used for FTIR spectroscopic analysis. The difference in the variations of the crystal
sizes obtained by two different biophysical techniques can be due to the level of

heterogenicity in the bone samples.

In the current study the second aim was to investigate the effects of combined
deficiency of dietary selenium and vitamin E and/or of sole selenium excess on
bone mineral and organic matrix of rat femurs and tibias at molecular level.
Although various effects of Se excess or deficiency have been reported in animals
and humans (Young et al., 1981, Anundi et al., 1982, Sokoloff, 1985, Lin-Shiau, et
al., 1989, Yang, et al., 1993a, 1993b, Turan et al., 1996, 1997a, 1997b, 1997c,
2000; Reyes, et al., 2001), most of the studies give limited information about the
status of vitamin E in Se deficiency and the effect of Se excess on bone structure
and function. In our research group’s previous studies the effects of combined
deficiency of dietary selenium and vitamin E and/or of sole selenium excess on rat
bone mineral properties and biomechanical strength were investigated in where only
the virtual comparison of FTIR spectra together with atomic absorption, X-ray
diffraction analysis and biomechanical tests were reported (Turan et al., 2000). In
the present study a detailed FTIR spectroscopic analyis was carried out to determine

the properties of the mineral and matrix environment of these bones.

In the present study, the curve-fitting analysis of the v;, v; PO, stretching band
revealed an increase in the crystal size of experimental group bones [Table 17]. This
increase seemed to be more pronounced in the case of the Se deficiency. Our data
for both experimental groups implied that there were changes in the ionic
substitutions of the local environment, since a change in crystal size is closely

related to the stochiometry and the solubility properties of biological apatites
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(Arsenault and Grynpas, 1988). In order to obtain more information about the
mineral environment, curve-fitting analysis was also performed in the v, phosphate
bending region. The results of this analysis revealed that selenium deficiency in diet
led to a decrease in nonapatitic HPO,* as well as a slight decrease in the non-
apatitic PO,> content of both femur and tibia [Figure 30, Table 16]. Unlike
deficiency, the excess of Se led to an increase in the relative amount of acid
phosphate content in both femur and tibia. This indicates the presence of newly

formed mineral crystals in these tissues (Huang et al., 2002).

From the investigation of the v, COs* domain, it can be seen that a decrease in type
B carbonate content occurred for both of femur and tibias of the deficient group,
whereas, for the excess group an opposite result was found [Figure 31, Table 18]. It
is known that the presence of carbonate can reduce the destabilizing effect of some
ions, such as magnesium, on HA structure (Baravelli, et al., 1984). For this reason,
in the bones of the deficient group, a decrease in the amount of COs> ions
occupying B sites may be affected by destabilizing effect of Mg®" or other ions. The
relative amount of type A carbonate was found to increase in the femurs of the
deficient group whilst, a decrease was observed for the excess group. Phosphate,
carbonate, and pH can influence the location of the carbonate ions during the
formation and maturation of apatitic crystals. Since the non-apatitic HPO4> group is
easily exchangeable by carbonate species, in our case under Se deficiency,
carbonate ions most probably substitute for OH™ and exchange with HPO,” in a
mineral environment. In the case of Se excess, the increase in the relative amount of
HPO4* might influence the pH of the environment and cause an increase in
osteoclast action and, in turn, bone resorption. These findings were further
supported by our light microscopy investigation in which Se and vitamin E

deficiency and Se excess caused irregularities in overall bone structure.

Carbonate is also adsorbed onto the apatite surface. It gives rise to a broad non-
apatitic, labile carbonate band at 866 cm™ in the curve-fit FTIR spectrum [Figure

21]. Curve-fitting analysis of the CO32' domain revealed that, in tibias of
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deficient group and in both femurs and tibias of the excess group, the relative
amount of labile CO5> content increased with respect to the control groups [Figure
31, Table 18]. This may imply the presence of newly formed mineral crystals (Rey
et al., 1989), besides the presence of large crystals as deduced by the curve-fitting

analysis of the v;, v; PO4” stretching band.

The information about collagen cross-links, that are abundant in bone tissue, was
derived from the Amide I region of the FTIR spectra. The results revealed that the
deficiency and excess of antioxidants led to an increase in the relative ratio of
Pyr/DHLNL for femurs, whereas they led to a decrease in this ratio for tibias. This
shows an increase in the relative amount of reducible DHLNL for tibias. In our
research group’s previous study (Turan et al., 2000) it was reported that both a
selenium and vitamin E-deficient diet and a selenium rich diet significantly
decreased the biomechanical strengths of femurs and tibias while the bones
belonging to the control group always had the highest modulus of elasticity. In that
study the modulus of elasticity of tibia was reported as greater than that of femurs
for both control and experimental groups. This may imply the greater
biomechanical strength of tibias as compared with femurs. It is known that both
collagen content and collagen cross-linking can affect the mechanical strength of
bones (Burr, 2002). The covalent cross-links are essential in providing the tensile
strength and mechanical stability of the collagen fibrils. Therefore, observed
increase in the strength of the tibias as compared with the femurs might be resulted
from an increase in the relative amount of reducible DHLNL. DHLNL is converted
to the trivalent hydroxylysyl and lysylpyridinolines and pyrroles. It has previously
been shown that the mechanical properties of bone correlate with the pyrrole
content rather than with the pyridinoline content (Knott and Bailey, 1998). As
mentioned before, though with our present knowledge the changes in the relative
pyrrole content could not be determined from the FTIR spectra, the contribution of

pyrrole to FTIR bands must be taken into consideration as well.
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The mineral : matrix ratio can reflect the relative changes in both total phosphate
and protein matrix. For both of the experimental groups’ femurs, this ratio
decreased whereas it increased in the tibias [Table 20]. On the other hand, the
carbonate : phosphate ratios increased for the bones of both of the experimental
groups [Table 20]. It is known that in normal calcified tendons and bone, acid
phosphate content decreases, whereas carbonate content, Ca/P molar ratio,
crystallite sizes, and stability of HA increases with increasing calcification. As it
was stated in a previous study, according to atomic absorption measurements, in Se
and vitamin E deficient femurs the Ca/P molar ratio decreased whereas in tibia this
ratio slightly increased (Turan ef al., 2000). The differences observed in the present
study in the distribution of carbonate and phosphate contents and in relative
amounts of reducible and non-reducible cross-links in collagen might explain the
variations in biomechanical strength between femurs and tibias observed in a
previous study (Turan ef al., 2000). As noted before, the anatomical location of the
bones is important and different types of bones can be affected at different extends.
This is in agreement with a previous study in which the decrease in bone mineral
density of femur of second-generation Se deficient rats was determined to be 2 %

greater than that of tibia (Reyes et al. 2001).

Overall results showed that FTIR spectroscopy is a powerful technique due to its
high sensitivity in detecting the changes in the functional groups belonging to tissue
components, such as minerals, proteins and lipids (Boyar ef al., 2003, 2004, Toyran
et al., 2004). Together with microscopic studies it can provide valuable information
about the effects of therapeutic agents on normal and pathological tissues at
molecular level (Bohic et al., 2000, Grynpas and Rey, Mendelsohn et al., 2000,
Huang et al., 2002).
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CHAPTER 5

CONCLUSION

The first part of the present study revealed that the changes observed in the mineral
and matrix phases of diabetic bones, briefly, the increase in the mineral crystal size,
the decrease in the acid phosphate and carbonate content, the increase in the non-
reducible pyridinoline [Pyr] to reducible dihydroxylysinonorleucine [DHLNL]
cross-links present in collagen I of the bone tissue as well as the increase in the lipid
to protein ratio of the matrix are quite similar to those seen in osteoporotic patients
and osteoporotic animal models and confirms the evidence of diabetic osteoporosis.
Histologic studies carried out with light and electronmicroscopy supported these
findings. FTIR spectroscopic analysis revealed that sodium selenite treatment had
some restoring effects on the deviated properties of the microstructure of diabetic
bones. Therefore, in addition to biomechanical and biochemical analysis, FTIR
spectroscopic technique can be used as a diagnostic tool for the investigation of
diseased bone tissues and to follow the effects of different therapeutic agents on

bone microstructure.

It is known that the diabetic fracture callus demonstrates reduction in cell
proliferation and collagen synthesis (content as well as type) during the early stages
of the fracture healing. Insulin appears to have a key role in fracture healing. Insulin
receptors have been identified in rat osteoblastic cells and it stimulates nucleotide
synthesis of osteoblasts, proliferation of osteoblastic cells. It is also involved in
collagen production in the rat. Moreover, it was also determined that the fracture
healing in STZ-induced diabetes mellitus model appeared to be improved by the
application of exogenous insulin. As mentioned before selenium can have dual

effects in the treatment of diabetic bones. One of these effects can be due to its
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antioxidative properties. The other one can be due to its insulin-like properties. As
mentioned before Se deficiency can lead to development of glucose intolerance
(Asayama et al., 1986). The results of the present study revealed that the deficiency
of selenium led to increase in the crystal size of the bone minerals, decreases in acid
phosphate and labile carbonate content and increase in the ratio of the non-
reducible pyridinoline [Pyr] to reducible dihydroxylysinonorleucine [DHLNL]
cross-links present in collagen I of the bone tissue as in the case of diabetic bones.
These results can be indicative of the importance of selenium in glucose
metabolism. On the other hand, the results for Se toxicity are similar to those for
deficiency except that the toxic amount of selenium led to increase in the relative
amount of acid phosphate due to its pro-oxidant action on the living cells. This can
affect the pH of the mineral environment and lead to deformation of the bone tissue.
From the second part of the study it can be concluded that both antioxidant deficient
and excess diets cause almost similar structural defects in the mineral and matrix
phases of bone tissues. The results of this study on rats may reflect the importance
of adequacy of antioxidants in diet for human life and if they are used in proper
amounts they can be preventive for the complications of diabetes seen in bones as
well as other organs. However, further investigations are necessary for the
therapeutic usage of selenium, since the treatment of control group rat femurs with

sodium selenite led to some structural alterations.
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