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ABSTRACT

ELEVATED EXTRACELLULAR GLUCOSE ELICITS AN OSMOTIC
RESPONSE IN OSTEOBLASTS INVOLVING SIGNALING AND
TRANSCRIPTION FACTOR ACTIVATION
By

Majd Zayzafoon

Investigation of osmotic stress in mammalian tissues has focused principally on
kidney and the cellular responses to hyperosmolar conditions of 300 mOsm above
normal. Recently, many studies have focused on physiologically relevant extracellular
hyperosmolarity to increase our understanding of cellular osmotic response in diseases
such as uremia, hypernatremia and diabetes mellitus. Insulin dependent diabetes mellitus
(IDDM; type I) is a chronic disease stemming from little or no insulin production and
elevated blood glucose levels. Hyperglycemia causes cellular damage by many
mechanisms including osmotic stress. IDDM is associated with an extensive list of late
complications involving nearly every tissue. One major concern to young and aging
diabetics is the association of IDDM with decreased bone mass and osteoporosis. These
conditions are associated with an increase in hip and vertebrae fracture which can be
debilitating and increase mortality.

Based on the literature, a major factor contributing to bone loss in diabetes is a
decrease in osteoblast function and ability to differentiate, we therefore hypothesize that
osteoblasts respond to increasing extracellular glucose concentration (as seen in diabetes)

through an osmotic response pathway which influences gene expression and cell



phenotype. We anticipate that protein kinases such as protein kinase C (PKC) and
mitogen activated protein kinases (MAPK) could be activated and result in changes in
AP-1 and CRE transactivation. To experimentally test this hypothesis, four aspects of
osteoblast responsiveness were examined: 1) phenotype and gene expression, 2) signal
transduction, 3) transcription factor modulation and 4) in vivo vs in vitro effects.

Our findings, both in vitro and in vivo, are the first to demonstrate an increase in
expression of c-jun and collagen I as well as the alkaline phosphatase activity in response
to treatment with a physiologically relevant concentration of sugar (22 mM). In contrast,
extracellular mineralization is decreased under these conditions and is potentially the
result of osteoblast differentiation being halted at mid stage. The use of mannitol
treatment and glucose uptake studies supports the novel concept that this response is
osmotic in nature. The present studies also demonstrate that osteoblast responsiveness to
moderate osmotic stress leads to an increase in AP-1 and CRE transactivation and DNA
binding marked by the increased presence of c-Jun and ATF-2 in the binding complex.
Inhibitor studies demonstrate that both PKC and p38 MAP kinase are involved in this
response.

Findings from these studies contribute to an understudied area of research, the
molecular and cellular pathways involved in diabetes induced bone loss. With an
increasing diabetic and elderly population this information is important for developing
counter measures to diabetes and possibly age related bone loss, perhaps by using drugs

directed at signaling pathways and transcription factors affected by elevated glucose.
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I. Introduction

Poorly controlled or untreated type I diabetes mellitus, which affects over 5
million people in the United States, is characterized by hyperglycemia and is associated
with decreased bone mass (Hui et al., 1985), impaired skeletal development (Levin et al.,
1976), increased fracture rate (Bouillon, 1991; Meyer et al., 1993), and osteoporosis
(Auwerx et al., 1988; Krakauer et al.,, 1995). With the longer life span of diabetics,
understanding the mechanisms responsible for bone loss is critical for developing
countermeasures to its deleterious effects.

Thomas et al. (1996) have identified GLUT1 and GLUT3 as the primary glucose
transporters in osteoblast like cells (Thomas et al., 1996 a; Thomas et al., 1996 b).
Therefore, osteoblasts have a limited capability to absorb glucose due to the lack of the
high Ky, glucose transporters. This means that at euglycemic state, when glucose is 3-5.5
mM, these transporters are fully saturated and have already reached their maximal
capacity to transport glucose. In poorly controlled or untreated type I diabetes mellitus,
blood glucose levels are constantly high. Consequently, this could place osteoblasts
under osmotic stress if glucose transporters at the cell membrane number remain constant
in number.

Cells can respond to different extracellular inputs from their environment by
activating protein kinases. These complex networks allow amplification of extracellular
signals. Activation of more than one selected pathway can mediate a diversity of cellular
responses. For example, osmotic stress can activate the PKC signaling pathway

(Schaffler et al., 2000) as well as mitogen-activated protein (MAP) kinase cascades.



Under physiologically relevant increases in extracellular sugar p38 kinase and PKC in
particular have been shown to be activated in different cell culture systems (Kreisbeg and
Kreisberg, 1995; Watts et al., 1998; Roger et al., 1999).

Both PKC and p38 pathways can potentially influence AP-1 levels and
transactivation. Angel and Karin (1991) have shown that c-jun transactivation is
increased in response to an increase in PKC activity. Modulation of Fos and Jun family
member expression in bone by steroid hormones, overexpression, or targeted gene
ablation has implicated c-Fos and other Fos and Jun related proteins in the regulation of
bone tissue formation (Lian et al., 1991).

Activating transcription factor 2 (ATF-2) is a substrate of p38 and other stress-
activated MAP kinases. It is a DNA-binding protein that forms a homodimer or
heterodimer with c-Jun, binds to CRE and stimulates CRE dependent transcription of
genes (Kawasaki et al., 2000). Van Dam et al. (1995) have shown that c-jun induction
can occur by ATF-2 activation through the phosphorylation of p38. Increased activation
and expression of transcription factors ultimately leads to gene modulation.

Based on our preliminary data and literature, we hypothesize that osteoblasts
respond to increasing extracellular glucose concentration (as seen in diabetes) through an
osmotic response pathway which influences gene expression and phenotype. Activation
of protein kinase C (PKC), modulation of the mitogen activated protein kinase (MAPK)
and changes in AP-1 and CRE transcription factors are involved in these processes.

The aim of this thesis is to study the effect of moderate elevation of extracellular
glucose on osteoblasts, the bone forming cells. It is divided into six chapters. Chapter I

includes a short introduction and states the major aims and hypothesis. A review of the



relevant past and current literature in Chapter II summarizes our current understanding of
osmotic stress and the cellular response to hyperosmolarity. As this work is focused on
physiologically relevant hyperosmolarity as seen in diabetes, I reviewed the effect of
diabetes on bone and the role it plays as a hyperosmotic producing condition which leads
to the activation PKC and MAP kinase. The last part of this review summarizes the
current knowledge about osteoblasts and the importance of different transcription factors
in bone development.

Chapter III focuses on the effect of increased extracellular glucose on osteoblast
phenotype. This research project is designed to test the hypotheses that: (1) elevated
extracellular glucose influences gene expression in osteoblasts, (2) glucose mediates
AP-1 expression, and (3) PKC activation is required for the modulation of AP-1 and
collagen I. Chapter IV further addresses the role of AP-1 in osteoblast responsiveness to
elevated extracellular glucose. We tested the hypotheses that: (1) osteoblasts elicit an
osmotic response to elevated extracellular glucose, (2) in vivo studies are consistent with
in vitro data, and (3) the use of AP-1 dominant negative abolishes both the AP-1
modulation and gene expression changes in response to elevated extracellular glucose.

Chapter V focuses on the mechanism of the osteoblast osmotic response to
elevated extracellular glucose. Based on the literature and our previous results this
section addresses the hypotheses that: (1) MAP kinase activation is part of the osteoblast
response to osmotic stress, and (2) dou./nstream transcription factors of MAP kinase, such
as ATF-2, are activated. The final summary and the conclusions of this work are

summarized in Chapter VI.



Diabetes affects over 5 million people in the United States. Bone loss resulting
from diabetes is of major concern given the long-term survival of diabeﬁc patients. Yet,
little is known in this area. Results from this project contribute to the understanding of
the cellular and molecular mechanisms regulating osteoblast phenotype in response to
diabetes. This information will aid in the development of drugs, directed at pathways
affected by elevated extracellular glucose levels, which can be used to increase bone
formation in diabetics and perhaps in the elderly. Such therapies can be used to reduce

and possibly prevent the detrimental effects of osteoporosis.



II. Literature Review

1. Hyperosmolarity

Water is the most abundant constituent in the body, comprising approximately 60
percent of body weight in men and 50 percent in women. Total body water is distributed
into two major compartments, 55 to 75 percent is intracellular [intracellular fluid (ICF)],
and 25 to 45 percent is extracellular [extracellular fluid (ECF)]. The ECF is further
subdivided into intravascular (plasma water) and extravascular (interstitial) space. Water
in the body is the fluid in which important salts and proteins are dissolved. The
concentration of these solutes or particles within a fluid is known as osmolality and is
expressed as milliosmoles per kilogram of water (mOsmol/kg H,O). Water crosses cell
membranes to achieve osmotic equilibrium between extracellular and intracellular
compartments. Disparities in cellular membrane permeability and the presence of
transporters and active pumps allow extracellular and intracellular solutes to markedly
differ while still maintaining equal particle concentration and osmolality. Intracellular
particle concentration is normally constant while extracellular particle concentration can
significantly change. This causes water to move into or out of cells due to alterations in

extracellular osmolality resulting in a cellular volume change.

1.1 Osmotic Adaptation
Many cells studied to date respond to induced volume changes by modulating
membrane transport and/or metabolic pathways that alter the concentration of

intracellular solutes. The first adaptive process occurring in response to extracellular



hypertonicity-induced cell shrinkage is a regulatory cell volume increase (RVI). The
RVI results from the stimulation of ion transporters such as the Na*-K*-2CI" cotransporter
pathway (Lytle and Forbush, 1996) and Na*-H" exchanger (Grinstein et al., 1986). These
transporters have been reviewed extensively in Parker, (1993). This immediate response
increases the intracellular ion content within minutes and partially restores the cellular
volume from the initial cell shrinkage (Parker, 1993; Sun et al.,, 1990). A second
adaptive mechanism occurs within hours to days and results in the induction of genes
encoding proteins involved in the accumulation of intracellular “compatible osmolytes™.
The general classes of organic osmolytes are sugars, polyols, amino acids, methylamines,
and urea. The accumulation of osmolytes is facilitated by the induction of specific
osmolyte transporters such as: betain/y-amino-n-butyric acid transporter (BGT,) for
betaine (Yamauchi et al., 1992); the Na*-dependent myo-inositol transporter (SMIT) for
inositol (Kwon et al., 1992); and the taurine transporter for the amino acid taurine
(Uchida et al.,, 1992). In some cases, enzymes that can produce osmolytes can be
increased such as aldose reductase (AR) which catalyzes the NADPH-mediated reduction
of aldehydes such as D-glucose to sorbitol (Bohren et al., 1989; Garcia-Perez et al.,
1989). These osmolytes increase intracellular osmolality and restore isotonicity (equal

intracellular and extracellular osmolality).

1.2 The effect of hyperosmolality
The normal plasma osmolality is about 300 mOsmol/kg H,O and is kept within a
narrow range by mechanisms capable of sensing a 1 to 2 percent change in tonicity.

However, a hyperosmolar blood milieu can commonly occur in a number of clinical



conditions such as diabetes mellitus, uremia, and hypernatremia. The body and it’s
organs must adapt to this new environment. This adaptation response can lead to
pathological damage and altered organ function potentially as a result of signaling

pathway activation leading to modulation of gene expression.

1.2.1 Osmotic stress and signal transduction

Protein kinase C (PKC) and mitogen-activated protein (MAP) kinase cascades are
important intracellular signal-transduction pathways that have been demonstrated to be
activated in response to different extracellular stimuli including changes in osmolality.
PKC is regulated by two sequential mechanisms: 1) phosphorylation triggered by 3-
phosphoinositide-dependent kinase (PDK)-1 and 2) binding to the lipid second messenger
diacylglycerol. Each mechanism regulates the structure, subcellular localization, and
function of PKC (Dempsey et al., 2000). MAP kinases are serine/threonine kinases
activated via a cascade of kinases involving a sequential phosphorylation of two kinases
(MAP kinase kinase kinase and MAP kinase kinase), which activate a MAP kinase via a
dual phosphorylation on threonine and tyrosine residues (Kolch, 2000; Widmann et al.,
1999) (Figure.1). In mammalian cells, the MAP kinase family contains three major
subgroups responding to distinct extracellular stimuli: extracellular signal-regulated
kinases 1 and 2 (ERK); c-Jun NH,-terminal kinases (JNK, also known as stress-activated
protein kinases); and p38 kinases (also known as stress-activated protein kinases). The
ERK pathway is principally activated by growth factors, integrin-matrix interaction, and
hormones, while JNK and p38 are strongly activated by inflammatory cytokines,

ultraviolet light, and hypertonic stress (Chen et al., 1996; Igarashi et al., 1999).



Activation of specific signaling pathways in response to hyperosmolality can
mediate the required specific cellular adaptive response. Both PKC and p38 pathways
have been demonstrated to be co-activated in response to osmotic stress in several cell
systems. The target genes and importance of these pathways in response to osmotic
stress is not completely understood. However, a study by Schaffler et al., (2000)
demonstrates that inhibition of both fKC and p38 pathways can ameliorate
hyperglycemic and hyperosmotic induced vascular dysfunction in vivo suggesting that
both pathways are involved in this pathology. Past studies examining the mechanisms of
cellular responsiveness to osmotic stress have focused principally on the kidney and the
responses to hyperosmolar conditions above 600 mOsm. More recently a variety of cell
systems have been shown to respond to physiologically relevant hyperosmolality as seen

in clinical conditions such as diabetes mellitus.
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1.2.2 The Kidney and Hypertonicity

During diuresis and antidiuresis, the kidney medulla is exposed to large
fluctuations of interstitial osmolarity (Knepper, 1996) which challenge cell volume
constancy. Cells of the medullary thick ascending limb of Henle (MTAL) are of special
interest, since they are the major contributor to the generation of the renal cortico-
papillary osmotic gradient allowing urinary concentration in animals. Hyperosmolarity
studies in kidney have been conducted on renal medullary cells subjected to a very high
osmolar environment, 600 mOsm, consistent with the physiologic osmolarity that these
cells are exposed to in vivo. Studies of cellular responses to high levels of hypertonicity
implicate the activation of all or some of the mitogen-activated protein (MAP) kinase
family members (Rosette and Karin, 1996; Galcheva-Gargova et al., 1994; Itoh et al.,
1994; Terada et al., 1994; Zhang and Cohen, 1996; Berl et al., 1997; Watts et al., 1998).
In MTAL cells Watts et al. (1998) demonstrated that hyperosmolality (600 mOsm)
results in the rapid (within 5 minutes) and sustained (up to 60 minutes) activation of p38
kinase. ERK was also activated in these cells peaking at 15 minutes. The lack of
responsiveness to treatment of MTAL cells with hyperosmolar levels of urea, a
compound that rapidly enters the cell before significant volume changes can occur,
demonstrates that cell shrinkage rather than extracellular hyperosmolality is critical for
the activation of both ERK and p38 kinases in response to high osmolar environment
(Roger et al., 1991). Activation of p38, in particular, is critical for regulatory volume
increases in medullary cells. Studies done by Sheikh-Hamad et al., (1998) using renal

medullary epithelial cells (MDCK) demonstrate that a specific p38 kinase inhibitor,

10



SB203580, can block the induction of betaine transporter mRNA in response to
hyperosmotic media (600 mOsm) and prevent regulatory volume increases.

Recent clinical trials have shown that the degree of hyperglycemia is an important
predictor of diabetic renal complications. Results of in vivo studies have given
supportive evidence that increased ambient glucose concentrations exert an important
influence on extracellular matrix in renal diabetic pathology (Ziyadeh et al., 1993). As
diabetic nephropathy is characterized by the early appearance of glomerular hypertrophy,
many researchers have started to look into the effect of moderate osmolality increase on
other renal cells such as mesangial cells that are not usually exposed to high osmolar
environment of 600 mOsm. Elevating extracellular glucose or mannitol (a non-
metabolizable sugar) by 16-25 mM mimics the osmotic effect of diabetes mellitus,
marked by a 16-25 mOsm increase in blood osmolarity, results in increased mesangial
gene expression. In particular, extracellular matrix and attachment proteins expression
has been reported to be increased (Park et al., 2000; Nahman et al., 1992; Kreisbeg and
Kreisberg, 1995). The progressive accumulation of extracellular matrix (fibronectin,
laminin, and collagen IV) in the glomerular mesangium leads to glomerulosclerosis and
fibrosis (Mauer et al., 1994; Sharma et al., 1997; Ziyadeh et al., 1993). Both p38 and
PKC are implicated in these responses (Morrisey et al., 1999; Ingram et al.,, 1999;

Kreisbeg and Kreisberg, 1995).

1.2.3 The Brain and Hypertonicity

The kidney is not the only organ in the body which is sensitive to extracellular

osmotic fluctuation. The brain with its different cellular components is also affected.
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Osmoreceptors sensitive to changes in the osmolality of circulating blood have been
located in the basal forebrain and their activation is responsible for the secretion of
vasopressin (Stricker, 1999). When exposed to a hyperosmotic medium, brain cells,
similar to many other cells in the body accumulate osmolytes and thus achieve osmotic
equilibrium with the medium while maintaining their volume. For example, when
astrocyte primary cultures are exposed to hyperosmolar medium they shrink rapidly and
then slowly regain their initial volume after several hours (Bitoun and Tappaz, 2000).
The mRNA levels of osmolyte transporters (taurine - TauT, myo-inositol - SMIT and
betaine - BGT1) showed significant and comparable increases after a four hour exposure
and return to near normal levels after 24 hours. When taurine was added to the
hyperosmotic medium, cell volume recovery was greatly accelerated and the osmo-
induced overexpression of TauT, SMIT and BGT1 mRNA was prevented (Bitoun and
Tappaz, 2000). Taurine is an amino acid mainly known for its involvement in cell volume
regulation; it is one of the major inorganic osmolytes used by cells to compensate for
changes in extracellular osmolarity. In the supraoptic nucleus, taurine is highly
concentrated in astrocytes, and released in an osmodependent manner through volume-
sensitive anion channels (Saransaari et al., 2000). Via its agonist action on neuronal
glycine receptors, taurine is likely to contribute to the inhibition of neuronal activity
induced by hypotonic stimuli. This inhibitory influence would complement the intrinsic
osmosensitivity of supraoptic neurons, mediated by excitatory mechanoreceptors
activated under hypertonic conditions (Hussy et al., 2000). These observations
demonstrate the role taurine plays in the regulation of neural cell volume to that of whole

body fluid balance.
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1.2.4 Blood vessels and Hypertonicity

The water in the blood and plasma is what constitute the intravascular
extracellular fluid. Therefore, a rise in the osmolality of the blood is considered an
extracellular hyperosmolality. This increase affects both cells circulating in the blood as
well as the cells lining the blood vessels. Similar to renal and brain cells, cell shrinkage
due to osmotic stress modulates leukocyte attachment and endothelial extracellular matrix
proteins through the activation of protein kinase pathways. Hyperosmolality for
example, affects neutrophils partially by altering surface expression of adhesion
molecules, CD11b and L-selectin (Rizoli et al., 1998). Volume reduction in neutrophils
results in an increase in tyrosine phosphorylation and activation of p38. Similar to renal
medullary cells, the trigger for this response is cell shrinkage and not an increase in
osmolarity, ionic strength, or intracellular pH (Rizoli et al., 1999). The fact that cell
shrinkage is the triggering event for the osmotic response led Rizoli et al. (2000) to
investigate if osmotically induced cytoskeletal changes might be related to this response.
They found that osmotic stress provoked a twofold increase in F-actin, induced the
formation of submembranous F-actin ring, and abolished depolymerization that normally
follows agonist-induced actin assembly. These results suggest that cytoskeletal
remodeling is a key component in the neutrophil response to hypertonicity. Monocytes
and macrophages in the blood are also targets for hyperosmolality. They use betaine and
myoinositol “compatible organic osmolytes” when exposed to osmotic stress.
Interestingly, p38 MAP kinase is found to be involved in the hyperosmolarity-induced

upregulation of the osmolyte transporters BGT-1 and SMIT (Denkert et al., 1998).
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Vascular endothelial cells are not an exception when it comes to responding to
osmotic stress. Hypertonic treatment with physiologically relevant levels of glucose or
mannitol significantly increased the level of p38 activity. Other osmotic inducing agents
were used and the study concluded that different agents induce MAP kinase activation
differently. Urea did not affect the level of induction of the MAP kinase isoforms which
implies that cell shrinkage maybe an important component of hyperosmolality-induced
MAP kinase phosphorylation (Duzgun et al., 2000).

From all the above we can conclude that many cells in the body respond to
moderate increases in extracellular osmolarity as seen in diabetes where blood glucose
can be as high as 22mM. This response seems to be largely driven by a change in cell
volume “shrinkage” and leads to activation of various signal transduction pathways

resulting in changes in gene expression.

2. Bone as a tissue

Bone is a specialized connective tissue that makes up, together with cartilage, the
skeletal system. These tissues serve three functions: mechanical, protective, and
metabolic. In bone, as in all connective tissues, the fundamental constituents are the cells
and the extracellular matrix. The latter is particularly abundant in these tissues and is

composed of collagen fibers and noncollagenous proteins.

2.1 Bone Matrix and Mineral

Bone is formed by collagen fibers (type I, 90% of the total protein), usually

oriented in a preferential direction, noncollagenous proteins and a calcium phosphate
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matrix termed hydroxyapatite. Spindle-or plate- shaped crystals of hydroxyapatite are
found on the collagen fibers, within them, and in the ground substance. They tend to be
oriented in the same direction as the collagen fibers. 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 preferential orientation of the collagen fibers alternates in adult bone from
layer to layer, giving to this bone a typical lamellar structure, best seen under polarized
light or by electron microscopy. This fiber organization allows the highest density of
collagen per unit volume of tissue. The lamellae can be parallel to each other if deposited
along a flat surface (trabecular bone and periosteum), or concentric if deposited on a
surface surrounding a channel centered on a blood vessel (haversian system). However,
when bone is being formed very rapidly (during development and fracture healing, or in
tumors and some metabolic bone diseases), there is no preferential organization of the

collagen fibers; this type of bone is called woven bone as opposed to lamellar bone.

2.2 Cellular organization within the bone matrix —the osteocyte

The calcified bone matrix is not metabolically inert, and cells (osteocytes) are
found embedded deep within the bone in small osteocytic lacunae (25,000/mm3 of bone)
(Aarden et al., 1994). Osteocytes were once bone-forming cells, osteoblasts, that became
trapped in the bone matrix that they produced, which later became calcified. They
nevertheless express some specific membrane proteins. These cells have numerous and

long cell processes rich in microfilaments, which are in contact with cell processes from
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other osteocytes or with processes from the cells lining the bone surface. These processes
are organized during the formation of the matrix and before its calcification; they form a
network of thin canaliculi permeating the entire bone matrix (Aarden et al., 1994).
Between the osteocyte’s plasma membrane and the bone matrix itself is the periosteocytic
space. This space exists both in the lacunae and in the canaliculi, and it is filled with

extracellular fluid.

2.3 The osteoblast and bone formation

The osteoblast is the bone-lining cell responsible for the production of the matrix
constituents (collagen and ground substance). It originates from a local mesenchymal
stem cell (bone marrow stromal stem cell or connective tissue mesenchymal stem cell).
These precursors, with the right stimulation, undergo proliferation and differentiate into
preosteoblasts and then into mature osteoblasts. Osteoblasts never appear or function
individually but are always found in clusters of cuboidal cells along 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 prominent Golgi complex located between the
nucleus and the apex of the cell. Osteoblasts are always found lining the layer of bone
matrix that they are producing, before it is calcified (called, at this point, osteoid tissue).
Osteoid tissue exists because of a time lag between matrix formation and its subsequent
calcification (the osteoid maturation period), which is approximately 10 days (Pockwinse
et al,, 1995). Behind the osteoblast can usually be found one or two layers of cells:

activated mesenchymal cells and preosteoblasts. At the ultrastructural level, the
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osteoblast is characterized by (a) the presence of an extremely well-developed rough
endoplasmic reticulum with dilated cisternae and a dense granular content, and (b) the
presence of large circular Golgi complex comprising multiple Golgi tasks (Ozawa et al.,
1994). Cytoplasmic processes on the secreting side of the cell extend deep into the
osteoid matrix and are in contact with the osteocyte processes in their canaliculi.
Junctional complexes (gap junctions) are often found between the osteoblasts (Ozawa et
al.,, 1994). The plasma membrane of the osteoblast is characteristically rich in alkaline
phosphatase (the concentration of which in the serum is used as an index of bone
formation) and has been shown to have receptors for parathyroid hormone but not for
calcitonin (Nijweide et al.,1986). Osteoblasts also express steroid receptors for estrogens
and vitamin D3 in their nuclei, as well as several adhesion molecules (integrins) and
receptors for cytokines. Toward the end of the secreting period, the osteoblast becomes
either a flat lining cell or an osteocyte.

In culture, like in vivo, osteoblasts form a bone tissue-like organization by
undergoing three stages of development: proliferation, extracellular matrix maturation,
and extracellular matrix mineralization (Quarles et al., 1992; Owen et al., 1990). After 4-
5 weeks in culture, mineralized bone nodules are visible in the culture dish. During each
stage of development, specific subsets of genes are sequentially expressed or repressed
(see Figure 2), i.e.: proliferation — histone H4 and collagen I, extracellular matrix
maturation — alkaline phosphatase, and mineralization — osteocalcin and osteopontin.
The regulation of gene expression in developing osteoblasts occurs predominantly at the
transcriptional level. This suggests that transcription factors play a major role in

regulating osteoblast phenotype and therefore bone formation.
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Figure 2. Osteoblast developmental sequence. Temporal expression of
osteoblast cell growth and phenotype related genes during 28 days of culture. Cells were
harvested on the indicated days and total RNA was analyzed by northern blot analysis. In
the proliferative period, histone (H4), and collagen I (COLL) are maximally expressed.
The peak level of alkaline phosphatase (AP) mRNA represents the ECM maturation
period. In the mineralized period, osteopontin (OP) and osteocalcin (OC) reach their
peak mRNA levels. A similar graph would also represent transcription rates, obtained

from nuclear run on assays, suggesting that transcription factors are important for this

orchestration of gene expression.
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2.4 The osteoclast and bone resorption

The osteoclast is a giant multinucleated cell, containing four to 20 nuclei. It is
usually found in contact with a calcified bone surface and within a lacuna 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 usually are only one or two (Roodman, 1996). 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
vacuoles. The zone of contact with the bone is characterized by the presence of a ruffled
border with dense patches on each side (the sealing zone)(Baron, 1993).

Characteristic features of osteoclast are the abundant Golgi complexes disposed
around each nucleus, the mitochondria, and the transport vesicles loaded with lysosomal
enzymes. The most prominent features of the osteoclast are 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 (Suda
et al., 1992). The attachment of the cell to the matrix is performed by integrin receptors,
which bind to specific sequences in matrix proteins. The plasma membrane in the ruffled
border area contains proteins that also found at the limiting membrane of lysosomes and
related organelles, and a specific type of electrogenic proton adenosine triphosphatase
(ATPase) in\;olved in acidification. The basolateral plasma membrane of the osteoclast is
highly and specifically enriched in (Na*, K*) ATPase, HCO3/Cl” exchangers and Na*/H*

exchangers (Baron, 1999).
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2.5 Bone remodeling

Bone formation by osteoblasts and resorption by osteoclast occurs along the
surface of bone, mainly at the endosteal surface, and results in bone remodeling. This
activity is involved in bone growth and turnover and does not occur at random. Bone
formation and resorption are either part of the process of bone development and growth
or part of the turnover mechanism by which old bone is replaced by new bone. In the
normal adult skeleton, (i.e. after the period of development and growth), bone formation
occurs only where bone resorption has previously occurred (Marks and Hermey, 1996).
The sequence of events at the remodeling site involves osteoclast activation, bone
resorption and subsequently bone formation. During the intermediate phase between
resorption and formation (the reversal phase) a cement line is formed that marks the limit
of resorption and acts to cement together the old and the new bone. The duration of these
various phases has been measured. The complete remodeling cycle at each microscopic

site takes about 3 to 6 months.

3. Influence of diabetes on bone

Insulin dependent diabetes mellitus (IDDM; type I) is a chronic disease stemming
from little or no insulin production and elevated blood glucose levels. IDDM is
associated with an extensive list of late complications involving nearly every tissue. One
major concern to young and aging diabetics is the association of IDDM with osteoporosis
(Auwerx et al., 1988; Krakauer et al., 1995), decreased bone mass (Hui et al., 1985),
impaired skeletal development (Levin et al., 1976) and increased fracture rates (Bouillon,

1991; Meyer et al., 1993). Diabetic bone disease was first recognized at the beginning of
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the twentieth century (Morrison and Bogan, 1927) and described as retardation of bone
development and bone atrophy in children with long-standing diabetes. Berney, (1952)
also described the coexistence of diabetes and osteoporosis. Since then, diabetic bone and
mineral homeostasis have been studied in both humans and experimental animals. Studies
measuring bone loss by radiogrammetry and photon absorptometry demonstrate that both
male and female diabetics are vulnerable to this outcome (Levin et al., 1976).

A recent clinical study was done to evaluate the prevalence and severity of
osteopenia in patients with IDDM. It showed that 67% of the diabetic men and 57% of
the diabetic women suffered from osteopenia (a bone mineral density BMD > 1 < 2.5
standard deviation of the population mean) of the femoral neck and/or lumbar spine
(Kemink et al., 2000). Fourteen percent of the male patients, but none of the female
patients, met the criteria for osteoporosis (BMD 2 2.5 SD). Analysis of bone formation
and resorption markers in the blood demonstrate that at least in male patients with IDDM,
osteopenia is the consequence of a lowered bone formation with a predominance of bone
resorption over formation (Kemink et al., 2000). These effects are even more
pronounced in diabetic rats. Verhaeghe et al. (1990) showed that long standing diabetes
in BB rats results in severe low-turnover osteoporosis probably related to decreased
osteoblasts recruitment and/or function. When titanium alloy implants are placed on
normal and diabetic rat tibia for fourteen days, diabetic rats demonstrated significantly
less osseointegration than control (McCracken et al., 2000).

Several hypotheses have been proposed as possible pathogenic mechanisms of
diabetic osteopenia including primary disturbances in calcium absorption and secretion or

vitamin D metabolism (Raskin et al., 1978; Schneider and Schedl, 1972; Spencer et al.,
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1980). However, histochemical studies suggest that osteoblasts are markedly affected by
diabetes. Specifically, osteoblast number/surface is reduced (cuboidal osteoblasts are
replaced by bone lining cells) and osteoid surfaces are markedly decreased with no
reduction in osteoclast number (Verhaeghe et al.,, 1990; Sasaki et al., 1991). These
parameters do not correlate with bone loss resulting from low vitamin D or calcium
levels, and they do not occur in semistarved animals (Shires et al., 1980). Thus, diabetes
associated malnutrition and altered calcium and vitamin D metabolism cannot account for
the marked changes in bone.

Data from clinical, morphologic, and biochemical investigations has established
that hyperglycemia is a major metabolic consequence of diabetes and a major factor in
the development of chronic diabetic complications (Brownlee et al., 1984). In bone
however, most studies have focused on the effects of insulin. For example, insulin
treatment can stimulate bone mineralization in IDDM rats (Verhaeghe et al., 1992;
Hough et al., 1981).

Studies in type II non-insulin dependent diabetes mellitus also suggest a positive
effect of elevated insulin levels which are strong enough to overcome any negative
influences of other factors (Haffner and Bauer, 1993; Krakauer et al., 1995). However,
some animals still exhibit bone loss and increased fracture rate with NIDDM (Takeshita
et al., 1993) and increased bone loss with insulin treatment of IDDM (Waud et al., 1994).
Differences among these studies may result from difference in rat strain, differences in
overall daily blood glucose and insulin levels, and/or changes in other serum factors

(Taylor et al., 1987). These results suggest that modulation of the regulation of osteoblast
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growth and differentiation is potentially a key component of the bone loss associated with

diabetes.

To directly address the role of glucose on osteoblast function, an in vitro culture
system can be used. Only a few studies have utilized this approach, but all have shown
an influence of glucose on osteoblasts. For example, when human osteoblasts (MG-63
cells) are exposed to elevated glucose levels, both parathyroid hormone (PTH) and
vitamin D responsiveness are impaired (Yoshida et al., 1995; Inaba et al., 1995). In
addition, Terada et al. (1998) demonstrated that 7 day exposure of MG-63 cells to
elevated extracellular glucose levels results in attenuated responsiveness to IGF-1
treatment. These findings demonstrate that glucose can influence osteoblast
responsiveness to extracellular signals. However, the mechanism of these effects and
consequences of high glucose treatment on the regulation of osteoblast differentiation,

transcription factor levels, and gene expression remain unknown.

4. Diabetes and hyperosmolality

Diabetes is diagnosed by an elevated blood glucose level that is greater than 200
mg/dl (11 mM) at any random testing (Emancipator, 1999). Elevated extracellular
glucose has been shown to cause significant cellular effects including: 1) nonenzymatic
glycosylation of intracellular and extracellular proteins and DNA (Brownlee et al., 1984;
Bucala et al., 1984; Locatto et al., 1993; McCarthy et al., 1997; Katayama et al., 1996), 2)
modulation of cellular redox state (Hunt et al., 1990; Wolff and Dean, 1987), 3) changes

in cell metabolic pathways such as activation of the polyol pathway (Inaba et al., 1995;

23



Gabbay, 1973; Larkins and Dunlop, 1992), and 4) activation of protein kinase C (Lee et
al., 1994; Wolf et al., 1991; Craven et al., 1990; Ceolotto et al., 1999). Recently in rat
osteoblast like cells (UMR 106-01) GLUT1 and GLUT3 glucose transporters have been
identified (Thomas et al., 1996 a; Thomas et al., 1996 b). GLUT 1 and GLUT 3 are basal
glucose transporters with a low Kp, 1-2 mM for GLUT1 and <1 mm for GLUT3 (Bell,
1991). The K, in this case is the glucose concentration at which transport is half
maximal. This means that at euglycemic state, when glucose is 3-5.5 mM, these
transporters are fully saturated and have already reached their maximal capacity to
transport glucose. In poorly controlled or untreated type I diabetes mellitus glucose level
is constantly high. Consequently, this could place osteoblasts under osmotic stress and
induce a combination of several mechanisms and signaling pathways, which contributes

to the glucose induced complications of osteoblast function in diabetes.

5. Transcription Factors

Downstream targets of protein kinase pathways include activation of transcription
factors and gene expression. For example, PKC has long been known to activate the
binding and transactivation at AP-1 sites. This has been shown by the PKC activation
following TPA treatment leading to an increase in the AP-1 consensus DNA binding on
the TPA response element (TRE). AP-1 activation is involved in the regulation of the
transcription of different genes such as collagen I and osteocalcin (Katai et al., 1992;
McCabe 1996). MAP kinases have also been mostly attributed to the control of gene
transcription via phosphorylation of nuclear transcription factors such as ELK, Jun and

ATF-2. This eventually leads to gene modulation, which can play a part in the cellular
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response to cell shape changes and osmotic stress. Hoffert et al. (2000) demonstrated that
aquaporin-5 (AQPS), a water channel protein, is induced by hypertonic stress and this
induction requires activation of extracellular signal-regulated kinase (ERK). In diabetic
nephropathy, an excessive production of extracellular matrix (ECM) proteins by
glomerular mesangial cells occurs. Ishida et al. (1999) demonstrates that MAP kinase
may contribute to the overproduction of fibronectin (FN) in mesangial cells. This
response was not only protein kinase mediated, but it also enhanced DNA-binding

activity of AP-1 as well.

5.1 AP-1 family of transcription factors

The nuclear proto-oncogenes, c-Fos and c-Jun, are the proto-typical members of
the AP-1 family of transcription factors whose members also include: Fos B, Fra-1, Fra-
2, Jun B, and Jun D. All family members contain a leucine zipper and a basic region
required for dimer formation and DNA binding, respectively (Kouzarides and Ziff, 1988).
Fos and Jun proteins can form heterodimers, but only Jun proteins can form stable
homodimers (Angel and Karin, 1991). Dimerization is a prerequisite for DNA binding to
a consensus response element designated as an AP-1 site (5’-TGAg/cTCA-3’).
Variations in core AP-1 sequences or flanking sequences can affect DNA binding
affinities of specific dimer combinations (McCabe et al., 1996; Hadman et al., 1993;
Ryseck and Bravo, 1991). Compositional changes and post-translational modifications in
Fos and Jun dimer complexes can dramatically influence AP-1 DNA binding activity and
transactivation potential (Gruda et al., 1994; Smeal et al., 1992). Therefore,

modifications in Fos and Jun family member proteins and their levels define AP-1 dimer
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subsets within the cell, and in turn could influence the transcription of genes with
appropriate target AP-1 sites.

AP-1 members are critical in the response of osteoblasts to changes in
extracellular stimuli. Modulation of Fos and Jun family member expression in bone by
steroid hormones, overexpression, or targeted gene ablation has implicated c-Fos and
other Fos and Jun related proteins in the regulation of bone tissue formation. For
example, vitamin D (Candeliere et al., 1991), PTH (Clohisy et al., 1992; Lee et al., 1994,
Koe et al., 1997), IGF (Merriman et al., 1990), BMP-2, (Ohta et al., 1992), or TGF-8
(Breen et al., 1994; Machwate et al.,, 1995) modulate c-fos and other fos/jun family
member expression and at the same time influence the growth and differentiation of
osteoblasts.

In osteoblasts, a significant change in the steady state levels (24 hours after
feeding) of Fos/Jun family members and AP-1 DNA binding composition occurs during
the onset of differentiation (McCabe et al., 1996; McCabe et al., 1995). Specifically, Fra-
2 and Jun D are the predominant members present in differentiated osteoblasts at the
mRNA and protein level as well as in AP-1 DNA binding complexes (McCabe et al.,
1996). This is in marked contrast to proliferating cells that express Fos B, Fra-1, Fra-2,
c-Jun, Jun B, and Jun D.

Although not well studied, AP-1-related sites are pres