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ABSTRACT

Hyperprolactinemia-induced osteoporosis is believed to be caused by
hypogonadism. However, in hyperprolactinemic women with normal estrogen levels,
net bone loss still occurred, but its severity was significantly less than that in
hyperprolactinemia without estrogen. More recently, the presence of prolactin (PRL)
receptor in human osteosarcoma cell lines and primary osteoblasts supported the
hypothesis of a direct PRL effect on bone cells. Therefore, the aim of this study was
to investigate the role of PRL and its signal transduction pathway in the regulation of
bone metabolism.

MG-63 (as a model of osteoblasts from adult human) and hFOB (as a model of
osteoblasts from human fetus) were used to study the effect of PRL at concentrations
which mimic the physiological levels in non-pregnant women (1, 10 ng/ml), lactating
period (100 ng/ml) and pathological hyperprolactinemia (1000 ng/ml) on osteoblast
proliferation, differentiation and activity. The results showed that high doses of PRL
i.e., 100 and 1000 ng/ml, significantly decreased MG-63 activity as indicated by
alkaline phosphatase activity and differentiation as shown by osteocalcin mMRNA
expression, while having no effect on cell proliferation. Furthermore, the
osteoclastogenic function of MG-63 was stimulated by a reduction of OPG, the decoy
receptor of RANKL, and an increase of RANKL, resulting in a higher RANKL/OPG
ratio, as indicator of bone resorption. In hFOB, only at 1000 ng/ml PRL significantly
decreased the alkaline phosphatase activity and mRNA expression, while PRL at 100
and 1000 ng/ml significantly enhanced osteoblast cell differentiation. The
osteoclastogenic function of osteoblast was suppressed as indicated by a decrease in
the ratio of RANKL/OPG, both mRNAs and proteins. Furthermore, by using the
inhibition of PI3 kinase, LY294002, and ALP activity as a target action of PRL, the
present study demonstrated that PI3K was involved in PRL signal transduction in both
MG-63 and hFOB.

In conclusion, PRL had different effects on human adult and fetal osteoblasts.
PRL suppressed differentiation and stimulated osteoclastogenesis in adult osteoblasts,
while enhancing cell osteoblast differentiation and suppressing osteoclastogenesis in
young osteoblast. The intracellular signaling pathway of PRL action on human
osteoblasts was involved in PI3 kinase.

KEY WORDS: PROLACTIN/ OSTEOBLAST/BONE REMODELING
109 pp
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CHAPTER |
INTRODUCTION

Hyperprolactinemia caused by tumors, antipsychotic drugs, or prolonged
lactation, was associated with alteration in bone physiology in both animals and
human. Women with hyperprolactinemia resulting from pituitary adenomas have been
found to have a 17% decrease in cortical (Klibanski et al., 1980) and a 15-30%
decrease in trabecular bone density (Cann et al., 1984; Koppelman et al., 1984;
Schlechte et al., 1987). Similarly, hyperprolactinemia in men results in osteoporosis,
significant loss of bone mineral density in forearms and vertebrae (Greenspan et al.,
1986). Rat with chronic hyperprolactinemia demonstrated a reduction in bone density
(Adler et al., 1998) and 18% reduction in vertebral calcium content (Krishnamra et al.,
1994). Schizophrenic patients treated with antidopaminergic drugs were found to have
more than 5 fold serum prolactin (PRL) increase which was associated with a 14%
reduction in forearm bone mineral density compared to the age-and sex-matched
controls (Marken et al., 1992; Borison et al., 1996).

Another line of evidence came from investigation of physiological
hyperprolactinemia and the associated reduction in bone mineral density in prolonged
lactation (Cross et al., 1995; Lopez et al., 1996; Krebs et I., 1997; Tojo et al., 1998).
This association appeared to be mediated by hypogonadism resulted from sustained
PRL elevation (Greenspan et al., 1989; Schlechte et al., 1995; Halbreich et al., 1995).
However, Biller and his group (1991) reported that the severity of bone loss in
hyperprolactinemic women with normal estrogen levels was significantly less than that
in hyperprolactinemia with estrogen deficiency suggesting that hyperprolactinemia-
induced bone loss might not be entirely due to lack of estrogen. This proposal was
recently supported by a report of severe osteoporosis in a middle-aged schizophrenic
patient treated with antipsychotic  (antidopaminergic) drug, who had

hyperprolactinemia as the only risk factor for his osteoporosis (Meaney and Keane,
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2003). Moreover, other studies showing the presence of PRL receptors in human
osteosarcoma cell line (Saos-2 and MG-63) and primary bone cell culture from mouse
calvariae (Bataille-Simoneau et al., 1996; Clement-Lacroix et al., 1999; Coss et al.,
2000) futher supported the hypothesis that PRL also had a direct effect on bone cell.

More evidence on possible relationship between PRL and bone metabolism
was provided by experiments in animals. PRL receptor (PRLR) knockout mice were
found to have a decrease in mineral apposition rate in the trabeculae and cortical long
bone and a 60% decrease in bone formation rate measured by bone histomorphometry
(Clement-Lacroix et al., 1999). These data supported the hypothesis that PRL was
necessary for normal bone formation and maintenance of bone mass. In addition, Coss
and his group (Coss et al., 2000) who studied the effects of PRL on osteoblasts in
developing rat pups reported that PRL reduced calvarial bone thickness, endochondral
ossification and bone alkaline phosphate. On the other hand, our laboratory found
from the in vivo long term study that PRL increased bone turnover with a net gain in
calcium content in tibia of young rats (Krishnamra et al., 1994), whereas the PRL-
induced increase in bone turnover in adult rats resulted in net bone loss (Krishnamra
and Seemoung, 1996). These conflicting results from experiments using different
techniques and different age groups of animals raised a number of questions regarding
PRL actions on bone cell metabolism. The major question was whether reduction in
bone density was also due to a direct action of PRL on bone itself besides an effect
secondary to hyperprolactinemia-induced hypogonadism. Furthermore, if PRL did
have a direct effect on bone cells, its signal transduction pathway(s) would need to be
elucidated.

Hypothesis

PRL could regulate bone remodeling by acting directly on the osteoblast.

Objective
To elucidate the role of PRL and its signal transduction pathway (s) in the

regulation of bone remodeling by using two human cell models, MG-63 and hFOB.
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Specific objectives

1. To verify the presence of PRLR in osteoblasts

2. To examine the effect of PRL on the osteoblast proliferation, osteoblast
differentiation and osteoblast activity

3. To evaluate the action of PRL on bone resorption by determining the
production of RANKL and osteoprotegerin

4. To elucidate the intracellular signaling pathway of PRL action in osteoblasts
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CHAPTER I
LITERATURE REVIEW

A.  Prolactin (PRL)

PRL is a polypeptide hormone which contains 199 amino acids with a total
molecular mass of 23 kDa, its gene encoding is located on chromosome 6. PRL is
present in all vertebrates and DNA encoding PRL from several species have been
isolated and sequenced (Cooke et al., 1980 and 1981; Nicoll et al., 1986; Miller et al.,
1981) with the exception of fish, all PRL identified consist of 197-199 amino acids,
with cysteines forming three intramolecular disulphide bonds (Rentier-Delrue et al.,
1989). PRL identity is variable among species, Bovine PRL and human PRL share 74
% 1identity, whereas carp and human PRL share only 36 % of similarity which is
probably due to the posttranslational modification of mature PRL including
glycosylation, phosphorylation or proteolytic cleavage (Sinha et al., 1995; Walker et
al., 1994). PRL is synthesized and secreted from the anterior pituitary cells called
lactotrophs, which make up 10 to 25 % of the pituitary cell population. Synthesis of
PRL starts from prehormone, the N-terminal signal peptide of which is cleaved and
transient glycosylation takes place before the compound arrives in the golgi apparatus,

where the hormone molecules are destined for storage or release.

Al. PRL secretion

Prolactin is continuously secreted at low basal rate throughout life (Table 1).
The secretion is increased at night during sleep with the first peak appearing 60 -90
minutes after an onset of slow-wave sleep. Consistent with its essential roles in
lactation, PRL secretion increases steadily during pregnancy and remains high during

lactation (Table 1).
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The PRL production and secretion can be controlled by chemical, emotional
and physical stimulation. For physical stimulation, suckling is a potent stimulator of

PRL secretion.

Tablel: Normal values of serum PRL in human (Masaoka et al., 1984; Soldin et
al., 1995) and female rats (Boass et al., 1992).

Pathological and Physiological conditions | Concentration (ng/ml)
Human
Newborn (1-7 day) 30-250
Prepubertal child <10
Pregnant female, third trimester 100-250
Typical prolactinoma patient > 100
After 30 min of suckling 300.9+25.9
Female rat
Diestrus 7.5+£3.4
Proestrus-estrus-metestrus 19.7 + 6.6
Pregnant 115.8 +£20.3
Lactating 201.3 + 37.0

PRL is the only pituitary hormone that is secreted at unrestrained high levels
when lactrotrophs are completely isolated from the negative trophic influences of the
hypothalamus (Lea et al., 1986). Pituitary PRL secretion is under the regulation of
hypothalamic hormones such as dopamine (inhibitory) and thyroid releasing hormone
(TRH) (stimulatory). Its production and secretion is tonically controlled by the
inhibitory effect of dopamine (DA) through the D2 subclass of dopamine receptors
present in lactrotrophs ((Melnikova et al., 1998)). This receptor inhibits the activity of

adenyl cyclase via coupling to Gj protein. Besides, D2 receptor stimulation activates
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K" channels and decreases the intracellular concentration of Ca>". These effects inhibit
both the release and synthesis of PRL.

The release of PRL is under the inhibitory dopaminergic tone or from
dopamine regulation on anterior pituitary gland. A physical stimulation such as,
suckling, can stimulate PRL secretion very rapidly which can produce serum levels up
to 650 ng/ml (Arbogast et al., 1998). Other factors such as estrogens also have an
indirect effect on PRL secretion which contributes towards growth and development
of the mammary gland cells for lactation (Figurel). Consequently, excessive estrogen
can induce lactrotroph hyperplasia. Specific receptors for PRL in various cell types
and tissues provide diverse effects in various systems, namely, reproduction,

osmoregulation, growth, endocrinology and metabolism.

Suckling Stress
1

[ Hypothalamus

Dopamine TRH

Anterior
Pituitary Gland

Estrogens
PRL
|-
Mammary glands & other cells
Figure 1: Diagram showing the regulation of PRL secretion (modified from

http://cal.man.ac.uk/student_projects/2000/mnby6kas/prl.htm)
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A2. PRL receptor (PRLR)

The PRLR was identified more than two decades ago. It is a specific, high
affinity and membrane-anchored protein (Posner et al., 1974; Kelly et al., 1974). It is
closely related to growth hormone receptor. Both are single-pass transmembrane
chains, sharing several structure and functional features (Kelly et al., 1991; Goffin et
al., 1996; Ferrag et al., 1998). PRLR is termed as Class I Cytokine Receptors family
which includes receptors for several interleukins (Gushchin et al., 1995), granulocyte—
colony stimulating factor (G-CSF) and granulocyte macrophage-colony stimulating
factor (M-CSF), growth hormone (Gouilleux et al., 1995), and leptin (Feuermann et
al., 2004).

The human PRLR gene is encoded on chromosome 5 and its length is around
100 Kb (Arden et al., 1990). PRLR has been classified into 4 isoforms which result
from alternative spicing of the primary transcription. These different PRLR isoforms
differ in length and the composition of their cytoplasmic tails, and are referred to as
the short, intermediate, or long PRLR with respect to their sizes. The rat PRLR
isoforms contain 206 (soluble), 291 (short), 393 (intermediate), or 591 (long) amino
acids (Figure 2).The extracellular domain is composed of ~ 200 amino acids, referred
to as cytokine receptor homology (CRH) regions. The transmembrane domain is a
single—pass membrane chain like all cytokine receptors. The intracellular domain
contains two regions called boxl and box 2 (Kelly et al., 1991; Murakami et al.,
1991). Box 1 is a membrane-proximal region composed of 8 amino acids highly

augmented with proline and hydrophobic residues and, is required for JAK2 binding.

The second consensus region, box 2, is much less conserved than box 1 and
contains a series of hydrophobic negative charges. While boxl is found in all
membrane PRLRs isoforms, box 2 is not found in short isoforms (Kelly et al., 1991;

Goffin et al., 1997).
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Figure 2: The schematic diagram of the human and rat PRLR (Bole-Feysot et al.,
1998) (Box 2 region not shown in this figure).

A3. PRL signal transduction pathway

Upon PRL binding, two PRLR dimerize with at least two regions of the PRLR
molecules involved in the binding of the hormone to the PRLR. The activation of
PRLR is a ligand-induced sequential receptor dimerization (Figure 3). Firstly, PRL
interacts with binding site 1 of monomer PRLR leading to the formation of an inactive
complex (H1:R1). The formation of this complex is necessary for PRL binding site 2
to interact with another PRLR. In this way, a trimeric complex (H1:R2), composed of

one hormone and one receptors homodimer is achieved.
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Figure 3: PRL-induced dimerization of PRLRs (Bole-Feysot et al., 1998).

Dimerization causes an activation of cytoplasmic signaling. The signaling
transduction is effected via activation of cytoplasmic tyrosine kinase (Janus kinase),
mainly JAK2. Activation of JAK2 brings two JAK2 molecules close to each other.
Active JAK2 further phosphorylates tyrosine (Tyr) residues of the PRLR, served as
the potential binding/docking sites for the adapter or transducer molecules containing
SH2 domains (Freeman et al., 2000). Although phosphorylation of JAK2 occurs in all
active PRLR isoforms, Tyr phosphorylation of the receptor itself does not occur upon
activation of the PRLR-S, despite the presence of four Tyr residues in its intracellular
domain (Goupille et al., 1997). After receptor activation, further activation of several
intracellular signaling occurs to mediate PRL action in target cells.

As described above, after activation, the phosphorylated JAK2 furthers
phosphorylates at a specific Tyr residue in the C-terminus of PRLR. This mechanism
occurs only with the PRLR-Long isoform (Ali, 2000). This isoform is the only PRLR
form able to activate the JAK2/STATS pathway, which is essential for PRL-induced
transcription of milk protein genes, differentiation of normal epithelial cells, and
initiation and maintenance of lactation. In contrast to the long isoform, PRLR-Short
isoform cannot mediate transcriptional activation of the [-casein gene promoter
induced by PRL (Lesueur et al., 1991). Instead, this isoform exerts dominant-negative
effects on PRL-induced activation of transcription by the PRLR-Long isoform when
coexpressed in transfected cells (Hu et al., 2001). PRLR-short isoform was formed to
inhibit the PRL-induced long isoform promoting mammary epithelial cell proliferation
(Meng et al., 2004). Moreover, it was reported that the PRLR-Short isoform could

exert inhibitory effect by forming heterodimer with the long isoform in the ligand-
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independent manner (Qazi et al., 2006). Therefore, it has been suggested that the
inhibitory role of the PRLR-Short isoform may have physiological significance
because the expression of the long and short PRL isoforms of PRLR is regulated in a
tissue-specific manner (Lesueur et al., 1991).

The other associated proteins, namely signal transducer and activator of
transcription STAT proteins (STAT) are 750-850 amino acid proteins that contain six
structurally and functionally conserved domains (Paukku and Silvennoinen 2004). So
far, PRL has been shown to regulate the target genes via activation of STATI,
STAT3, STAT4, STAT 5a and STATSb with STATS as the main mediator (Liu et al.,
1997; Goffin et al., 1998; Jabbour et al., 1998). After being activated, STATS
becomes dimerized and the dimer translocates into the nucleus and binds with
consensus specific DNA motif called GAS (for y-IFN-activated sequence) (Horseman
et al., 1994; Thle et al., 1996). Besides JAK/STAT pathway, the other important
signaling pathway of PRL signaling transduction is the mitogen-activated protein
kinase pathway (MAPKSs). Phosphotyrosine residues of the activated PRLR can serve
as docking sites for adaptor proteins (Shc/Grb2/SOS) connecting the receptor to the
MAPK cascade (Avruch et al., 1994; Erwin et al., 1995; Das and Vonderhaar et al.,
1996). Intraperitoneal PRL administration to female rat caused a rapid stimulation of
hepatic MAPK activity (Piccoletti et al., 1994). It was referred that MAPK pathway
plays an important role in PRL-stimulated mitogenesis, proliferation, differentiation,

and survival in PRL target cells, e.g., mammary gland cells (Acosta et al., 2003).

Phosphatidylinositol-3’-kinase (PI3 kinase) is considered as a crucial signal

transduction for several cytokine-activated biological processes (Hirsch et al., 2007).
There are three classes of PI3K signaling, class I, II, and III that have been identified
based on levels of homology of their relevant catalystic subunit. It has been reported
that class Ia PI3K is an important signaling pathway of PRL-mediated cellular
response of the target cells (Kelly et al., 2001; Clevenger et al., 2003). The PI3K
pathway mediates PRL action in tissues such as rat liver, lymphoma, mammary gland
cell and duodenal epithelium (Bole-Feysot et al., 1998; Jantarajit et al., 2007). PI3

kinase and a member of the Src kinase family (Fyn) also activate JAK2 in rat
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lymphoma cell (Clevenger et al., 1994) and hepatocyte (Berlanga et al., 1995), Figure
4,

Long PRLR Short PRLR

| MAPKK |

MAPK

[

Phosphotyrosine

Biological effects

nucleus

Figure 4: The schematic diagram of the PRL Jak2/Stat5 signal transduction
pathways (Bole-Feysot et al., 1998).

The inactive H1:R1 complex versus the active H1:R2 complex formation
offers an explanation for the biphasic action of PRL in many cell types. One of the
most studied actions of PRL is on the function of testicular steroidogenesis in male
reproductive system. In the in vivo study, hyperprolactinemia from pituitary tumor in
human and rodent was associated with hypogonadism characterized by testicular
atrophy, low serum testosterone and infertility (Bartke et al., 1980). In contrast,
Thomus and coworkers (Thomas et al., 1976) studying a leydig cell-enriched rat
testicular cell culture found that PRL at low concentration (< 3 ng/ml) increased the
gonadotropin-stimulated production of androgen. Previous work in our laboratory also

demonstrated the biphasic effect of PRL on duodenal calcium transport. PRL at 200
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and 600 ng/ml were found to increase the mucosa to serosa calcium transport 2 to 3
folds, whereas higher concentration of PRL at 800 and 1000 ng/ml returned the flux to

a control value (Tanrattana et al., 2004).

B.  Bone physiology

Bone is composed of collagen type I (90 %), noncollagenous proteins (10 %)
and minerals. It is structurally classified into two types: cortical or compact bone and
cancellous or trabecular bone.

The cortical bone forms the middle 80 % of all long bones of the body,
including the tibia and fibula in the lower leg, the femur in the upper leg, the radius
and ulna in the lower arm, and the humerus in the upper arm. The orientation of the
collagen fibers alternates in adult bone from layer to layer, giving a lamellar structure.
The density of the cortical bone is four to six times higher than that of cancellous
bone.

Cancellous bone, approximately 70 % porous and 15-25 % calcified, contains
high vascularization and connective tissues and consists of loosely formed matrix. The
function of trabecular bone is mainly for bone remodeling and the buffering of blood
pH. Bone can exchange H' for Ca™", Na" and K (ionic exchange) or release of HCOy3',
CO;™ or HPO,™. In acute metabolic acidosis, uptake of H by bone in exchange for
Na" and K release is involved in buffering and this can occur rapidly without any

bone loss (Bushinsky et al., 1987).

B1. Bone cells

1.1 Osteoblast

Osteoblast is a bone lining cell which originates from the mesenchymal stem
cell (bone marrow stromal cell or connective tissue mesenchymal stem cell). It is
responsible for bone formation. Osteoblast produces collagen type I which accounts

for 90 % of the total bone proteins and ground substances. The other 10 % of proteins
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include osteonectin, osteocalcin and cytokine factors such as TGF-B, OPG, RANKL,
M-CSF, the last of which is necessary for growth and differentiation of osteoblast and
osteoclast. Under light microscope, osteoblast is seen with a round shaped nucleus at
the base of the cell which is opposite to bone surface (Figure 5). The cytoplasm is
strongly basophilic, and is seen with prominent golgi complex. Plasma membrane of
the osteoblast is rich in alkaline phosphatase, which is used as bone formation marker.

The osteoblast has receptors for PTH, 1,25 (OH), D3 and estrogen.
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Figure 5: The H&E staining of femur cortical mineralization, blue arrows indicate
osteoblasts on bone surface (modified from

http://www.answer/topic/osteoid).

Genetic studies in mice have also provided new insights into the transcriptional
regulation of osteoblast differentiation. The important transcription factor which
regulates phenotype-specific gene expression is A runt-related transcription factor 2
(Runx2), also known as Cbfal, Osf 2 and AML3 (Ducy et al., 1997; Komori et al.,
1997; Otto et al., 1997). It is essential for osteoblast differentiation and is also
involved in chondrocyte maturation (Figure 6). Osterix (Osx), another regulator of
osteogenesis, (Nakashima et al., 2002) a zinc-finger containing protein, the production

of which is induced in myoblasts in response to bone morphogenic protein (BMP).
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Multiple transcriptional factors and cofactors can interact with Runx2. AJ18, a
zinc finger-containing factor, inhibits Runx activity by competing for its DNA-binding
sequence (Jheon et al., 2001). Distal-less homeobox 5 (DIx5) and msh homeobox
homologue 2 (Msx2) are homeobox-containing transcription factors which can be
found at an early stage of osteoblast differentiation. They help to maintain normal

ossification in murine and human bone structure (Bendall et al., 2000).
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Figure 6: Transcriptional controls of osteoblastic, chondrocytic, adipocytic and

myocytic differentiation (Harada et al., 2003).

1.2 Osteocyte

Osteocyte which originates from osteoblast, becomes embedded deep in the
calcified bone. The cell has plentiful cell processes that extend through caliculi and
come into contact with the processes of other osteocytes and osteoblasts lining cells

through gap junctions. The space between osteocyte and bone matrix in lacunae and
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canaliculi, called periosteocytic space, is filled with the extracellular fluid (bone ECF).
The osteocyte appears to act as a sensor of signaling strain in the skeleton, and
releases signaling molecules such as prostaglandins and nitric oxide, which modulate
the function of neighboring bone cells. In addition, it has been reported that osteocyte
are metabolically and electrically coupled through gap junction protein complexes by
connexin 4. Gap junction formation is essential for osteocyte maturation, activity and
survival (Schiller et al., 2001; Furlan et al,. 2001; Plotkin et al, 2002).

Lining cells, also of osteoblast origin, are found on cancellous and endocortical
bone surfaces. They appear as elongated, flattened cells with darkly stained nuclei.

The localization and initiation of remodeling is likely to involve these cells.

1.3 Osteoclast

Osteoclast originates from the hematopoietic stem cells. It is a giant
multinucleated cell, formed by fusion of up to twenty cells. Mature osteoclast is
around 50 to 100 um in diameter, with abundant mitochondria, numerous lysosomes
and free ribosomes. Multinucleated osteoclasts after being recruited by CSF-1 and
RANKL, adhere to bone and undergo differentiation into mature osteoclast. RANKL
stimulates osteoclast activation by inducing secretion of protons and lytic enzymes
into a sealed resorption vacuole formed between the basal surface of the osteoclast and
bone surface.

The most remarkable morphological feature of an active osteoclast is the ruffle
border, a complex system of finger-shaped projections of the membrane, which is
completely surrounded by another specialized, clear zone. The ruffle border contains
bundles of actin-like filaments, which can attach and seal off a distinct area lying
underneath the osteoclast. This particular action is necessary for separating the bone-
resorbing environment from the surrounding ECF. Acidification of this compartment
by secretion of protons (created by proton pump located at the ruffled border
membrane) leads to the activation of tartrate-resistant acid phosphatase (TRAP) and
cathepsin K (CATK) , which are the two main enzymes responsible for the
degradation of bone mineral and collagen matrices together with metalloproteinases

and collagenase. The high amount of the phosphohydrolase enzyme, TRAP is
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commonly used for the morphological detection of osteoclast in bone specimen

(Udagawa et al., 1990).

B2.  Bone remodeling

During childhood and the beginning of adulthood, bone becomes larger,
heavier and denser by the process of bone modeling, which formation exhibits a
higher rate of resorption. Even after bones have attained the adult shape and size in a
fully grown body, renewal of bone is essential for maintenance of bone strength
throughout life. Old bone is removed (resorption) and new bone is created (formation)
all the time, and the process is known as bone remodeling. The Basic Multicellular
Unit (BMU) is a wandering team of cells that carries on bone remodeling by
dissolving a pit in the bone surface and then filling it with new bone. Two main types
of cells are responsible for bone renewal: the osteoblasts involved in bone formation
and the osteoclasts involved in bone resorption. On a normal bone surface, the BMU
remodeling sequences are as follow.

Origination

After microdamage to bone, or following mechanical stress, or at random, a
BMU will originate. Various cytokines and growth factors are released and stimulate
the neighboring cells. Once a BMU originates, it travels along the surface of bone.

Osteoclast activation

The activation is an event in the remodeling sequence in which bone surface is
converted from origination stage to one in which circulating mononuclear cells of the
hematopoetic lineage begin to congregate and fuse together to form differentiated
osteoclast. The exact mechanism and specific site of activation are still not
understood. One possibility is that osteoclast precursors recognize some changes
(mechanical strain, microdamage or hypermineralization) in bone surface and send
signals to activate osteoclasts. The final activation of the osteoclast may occur because
of interactions that occur between integrins on osteoclast cell membrane with protein
in bone matrix that contains RGD (arginine-glycine-asparagine) amino acid sequences

such as osteopontin (Miyauchi et al., 1991). Moreover, the lining cells can be
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stimulated by endocrine signals such as PTH, PTHrP and 1,25(OH), D; to generate
local paracrine signals for promoting osteoclast differentiation.

Resorption

The mature osteoclasts resorb bone by releasing acid (HCI), lysosomal
(TRAPase) and nonlysosomal enzymes (collagenase, gelatinase) into the extracellular
bone-resorbing compartment, the area beneath the ruffled border membrane. The
residues from this extracellular digestion are either internalized or transported across
the cell, possibly induced by calcium sensing receptor, to the bone-resorbing
compartment (Dvorak and Riccardi, 2008).

The hydroxyapatite crystals are mobilized by digestion of their noncollagenous
proteins, and dissolved by the high acid condition in the bone-resorbing area. The
residual collagen fibers are digested either by collagenase or cathepsins at low pH.
Since collagen type I is enriched in hydroxyproline and pyridinodine links, the
concentrations of hydroxyproline and pyridinodine in the urine and N-terminal
collagen peptides in serum can be used as indirect markers of bone resorption in
humans.

Osteoblast formation

After resorption, the osteoclasts will be removed, by apoptosis, and this
probably attracts osteoblasts. The cytokines and growth factors that are involved in
origination and bone-derived growth factors that are released by resorption also attract
osteoblasts. The active secreting osteoblasts found lining the layer of bone matrix
produce collagen and noncollagen proteins, called osteoid tissue which later becomes
calcified. Toward the end of the secreting period, the osteoblasts become either a flat

lining cell or an osteocyte.

Mineralization

During bone formation, osteoid begins to mineralize with appearance of about
6 micron thick, spindle or plate shaped crystals of hydroxyapatite (3Ca;o(PO4)s (OH),)
that tend to be oriented in the same direction as the collagen fibers. The ground
substance is primarily composed of proteoglycans and glycoprotein. These high
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
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to the collagen fiber. The important factor that plays a role in mineralization is vitamin
D, which promotes the mineralization of osteoid by maintaining the extracellular
calcium and phosphorus concentrations within normal range, which inturn results in
the deposition of calcium hydroxyapatite into bone matrix (Holick et al., 1995;
DeLuca et al., 1988).

Quiescence

The final osteoblasts turn into surface lining cells which participate in the
minute-to-minute release of calcium from bone. Some of the osteoblasts also become
osteocytes which remain in the interior of bone, connected by long cell processes

which play an essential role in bone adaptation to mechanical stress.

B3.  Regulation of bone remodeling

Some of the systemic and local regulators such as PTH, PGE, TGF-p, fibroblast
growth factor and RANK ligand, can stimulate both bone formation and resorption

through osteoblastic and osteoclastic functions mostly via the cellular pathway called

RANKL/OPG pathway.

3.1 OPG and RANKL protein

Osteoprotegerin (OPG) is a peptide of 380 amino acids, that is secreted as a
soluble protein from osteoblast. It is a tumor necrosis factor receptor-related protein
with mRNA expression in a variety of tissues including kidney, lung, heart, liver,
stomach, intestine, thyroid gland, brain and spinal cord, and bone. The potential action
of OPG in these other tissues beside bone remains unclear. Major biological role of
OPG is to block bone resorption by inhibiting osteoclast differentiation and activity
both in vivo and in vitro study.

In the RANKL/OPG pathway, OPG is a decoy receptor of receptor activator of
NF-kB ligand (RANKL), blocking RANKL binding to its receptor, RANK on the
membrane of osteoclast precursor, thus it consequently blocks bone resorption (Figure

8). OPG overexpression blocks osteoclast production and development, leading to
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osteopetrosis in mice, whereas its deletion gives rise to enhanced bone turnover and
decrease in bone mass (Wagner et al., 2001; Yasuda et al., 1998).

RANKL is a member of TNF ligand family, originally identified as TNF-
related activation induced cytokine (TRANCE). To date, it has been recognized in two
forms, a 40 t0 45 kDa cellular membrane-bound form and a 31 kDa soluble form
caused by cleavage of full molecules. Activation of RANK by its ligand, RANKL,
leads to the expression of specific genes which in turn induces differentiation of

osteoclast precursor into mature osteoclasts (Figure7).
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Figure 7: Preosteoblastic/stromal cell regulation of osteoclastogenesis is mediated by

the RANK/OPG pathway.(http://medscape.com/viewarticle/479893 2)

The RANKL/OPG ratio is influenced by hormones and cytokines. Treatment
of osteoblasts, both cell line and primary cell, with pro-resorptive and calciotropic
factors such as 1, 25(OH) , D3, sustained PTH, PTHrP, prostaglandin E2 [PGE2], and
interleukin-1 and -6 (IL-1, IL-6), TNF, PRL and corticosteroid induce up-regulation of
RANKL mRNA expression (Udagawa et al., 2000; Schoppet et al., 2002). Conversely,

production of OPG can be induced by anabolic or anti-resorptive factors such as
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estrogen, calcitonin, bone morphogenetic protein-2 and 4 (BMP 2/4), TGFp, IL-17,
platelet derived growth factor (PDGF) and calcium.

3.2 Hormonal regulation of bone remodeling

3.2.1. Estrogen

The cause of bone loss in postmenopausal osteoporosis is estrogen deficiency
(Lindsay et al., 1980), which results in increased osteoclast formation, leading to an
imbalance between bone formation and resorption. Estrogen treatment has long been
known to inhibit bone loss in postmenopausal women by decreasing bone resorption
and increase bone density. The molecular mechanisms of estrogen action on bone are
based on the balance between osteoblast and osteoclast. Increased OPG and decreased
RANKL mRNA expression lead to less activation of the RANK signaling pathway,
thus less activated osteoclasts. There is a large body of evidence to support the
regulatory role of estrogen in bone remodeling. For instance, OPG secretion was
highest in osteoblasts containing the largest number of estrogen receptors (Hofbauer et
al., 1999). In another study, OPG expression by mouse bone marrow stromal cells
(precursors of osteoblasts) was upregulated after estrogen treatment. On the other
hand, estrogen withdrawal dramatically down-regulated the expression of OPG by
these cells (Saika et al., 2001). In addition, estrogens may mediate their effects on
osteoclast indirectly by suppressing the production of the bone-resorbing cytokines

such as IL-1 and IL-6 (Pacifici et al., 1989; Jilka et al., 1992; Girasole et al., 1992).

3.2.2. Parathyroid hormone (PTH)

Administration of PTH leads to the release of calcium from a rapidly turn over
pool for calcium near the surface of bone (TALMAGE & ELLIOTT, 1958). The effect
of PTH on osteoblast is mediated through the complex of PTH/PTHrP receptor
(Juppner H, 2005). Continuous PTH administration enhanced bone resorption in
human, probably via the induction of PGE, SDF-1 and IL-6 acting with or through
RANKL to stimulate the differentiation and activity of osteoclasts. In murine bone

marrow cultures, PTH stimulates RANKL and inhibits OPG expression, thus lowering
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the OPG-RANKL ratio which indicates increase in bone resorption (Horwood et al.,
1998; Lee & Lorenzo, 1999).

Intermittent PTH therapy has an anabolic effect on bone by stimulating bone
formation. It also increases the proliferation of osteoblast precursors, stimulates the
differentiation of sub-populations of osteoblasts, and delays apoptosis of mature,

matrix-secreting osteoblasts.
3.2.3. Glucocorticoids

The glucocorticoid receptors are found in most cell types, including bone cells
(Beavan et al., 2001) and glucocorticoid response elements (GREs) are present in
many genes. In addition, glucocorticoid effects may be mediated both directly and
indirectly via GREs and the transcription factor “AP1”. Responses to glucocorticoids
can also occur by non-genomic mechanisms, involving the glucocorticoid receptor or
the steroids molecules themselves (Patschan et al., 2001).

Dexamethasone, a synthetic glucocorticoid, at concentration of 107 M and 107
is commonly used to induce human bone marrow stromal cells (BMSC) into
differentiated cells exhibiting osteoblast phenotype (Kasugai et al., 1991; Scutt et al.,
1996). Glucocorticoids can also modulate the transcription of many of the genes
responsible for the synthesis of matrix constituents by osteoblasts, such as type 1
collagen and osteocalcin, and influence the synthesis and activity of many cytokines
i.e., interleukin-1 and interleukin-6, and growth factors, especially the insulin-like

growth factors (IGF-I and IGF-II) and several of the IGF-binding proteins.
3.2.4. 1,25(0H); D3

1, 25(0OH); Ds is a potent stimulator of osteoclastic bone resorption like PTH.
It tends to increase the recruitment of osteoclasts by stimulating osteoclast progenitors
to differentiate and fuse (Roodman et al., 1985). 1, 25(OH), Dj; also plays an
important role in the mineralization of bone matrix. A lack of 1, 25(OH), D; results in
osteomalacia (impaired mineralization) while excessive 1, 25(OH), D3 entails bone

loss. In vitro fetal rat calvaria culture, 1, 25(OH), D; inhibited DNA synthesis of
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collagen type I and osteopontin (Ishida et al., 1993). The effect of 1, 25(OH), D3 on
osteoblast differentiation was also found in rat primary osteoblast, in which it
stimulates the alkaline phosphatase activity up to 50 % after 8 h incubation suggesting
a genome activation and de novo protein synthesis (Manolagas et al., 1983). These
results show that 1, 25(OH), Ds has distinct effects and enhance on human marrow

stromal cell proliferation and differentiation in to osteoblast.

3.2.5. Calcitonin

Calcitonin is a polypeptide hormone that is a potent but transient inhibitor of
osteoclastic bone resorption (Wener et al., 1972). It downregulates mRNA of its
receptor in osteoclast and induces cytosolic contraction of osteoclast membrane,
which has been correlated with inhibition of resorption (Chambers et al., 1982). In
addition, calcitonin inhibits osteoclast proliferation and differentiation (Granholm et

al., 2007).

B4. Local hormone regulation of bone remodeling

4.1 Parathyroid Hormone-Related Protein (PTHrP)

PTHrP is widely expressed in normal tissues, and can act in paracrine and
autocrine fashion. PTH and PTHrP share the same sequence at the N terminal of the
mature molecules. The key control of PTHrP production/secretion mostly relies on its
mRNA expression in the cell while PTH production is influenced by plasma calcium
level (Philbrick et al., 1996). PTHrP was found to be expressed in many fetal tissues,
and was believed to mediate skeletal development in the process of embryogenesis
(Kronenberg et al., 2003). The general deletion of PTHrP encoding gene caused a
lethal skeletal dysplasia in mouse fetus (Karaplis et al., 1994). In addition, the specific
deletion of PTHrP gene in osteoblast also caused an inability to form a new bone
tissue, which is due to a failure of osteoblast survival and differentiation suggesting an

anabolic role of PTHrP in osteogenesis (Miao et al., 2005).
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4.2 Prostaglandin E2 (PGE2)

Prostaglandins are produced from fatty acid precursor arachidonic acid in
several kinds of cells including osteoblasts. Prostaglandin E2 (PGE2) has pronounced
effects on bone in both anti-resorptive and proresorptive functions depending on the
concentrations and experimental models. PGE2 stimulates osteoclast formation in
bone marrow cultures (Akatsu et al., 1989), up-regulates RANKL mRNA expression,
and down-regulates OPG mRNA expression in primary human bone marrow stromal
cells (Brandstrom et al., 2001). Therefore, the effects of PGE2 on OPG and RANKL
will ultimately lower the OPG-RANKL ratio that could eventually lead to a decrease

in bone mass.

4.3 Interleukin-1 (IL-1) and Interleukin 6 (IL-6)

Interleukin 1 is released by activated monocytes, osteoblasts and tumor cells.
IL-1 is a potent stimulator of osteoclast proliferation and differentiation (Pfeilschifter
et al., 1988). The effects of IL-1 may be mediated by prostaglandin.

Interleukin 6 is a pleiotropic cytokine, expressed and secreted by normal bone
cells including osteoclast. It was implicated in bone loss associated with estrogen
depletion in mouse (Jilka et al., 1992). Since both estrogen and androgen suppress the
production of IL-6, as well as the expression of its receptor (Boulton et al., 1994), the
level IL-6 is elevated in bone marrow and in the peripheral blood of estrogen deficient

mice, rats and humans (Miyaura et al., 1995; Cheleuitte et al., 1998).

4.4 Lymphotoxin and tumor necrosis factor (TNF)

Lymphotoxin and TNF are molecules that are related functionally to IL-1.
They share the same receptor which is distinct from IL-1 receptor. Many of their
biologic properties overlap with those of interleukin-1 however, their effects on bone
are synergistic with those of IL-1. Lymphotoxin release by activated T lymphocytes,

and TNF, is activated by macrophage. They cause osteoclast resorption and
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hypercalcemia by stimulating proliferation of osteoclast progenitors, and cause fusion

of committed precursors to form multinucleated osteoblasts (Bertolini et al. 1986).

4.5. TGF-B

TGF-/f is related to epidermal growth factor (EGF). It is a powerful stimulator
of osteoclastic bone resorption (Tashjian et al., 1986). TGF-£ is produced by
osteoblast, osteoclast and cancer cells. It stimulates osteoclast proliferation and its
progenitor proliferation by acting on immature multinucleated cells. Its action on
osteoclast is comparable to those of macrophage colony-stimulating factor (M-CSF)
on the other hematopoetic cells (Raisz et al., 1969). This regulator has an important

role in bone metastasis by stimulating tumor production of osteolytic factors.
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CHAPTER IlI
MATERIALS AND METHODS

The hypothesis of this dissertation was that PRL regulated bone remodeling by
acting directly on osteoblast. Therefore the overall aim was to show the presence of
PRLR and to elucidate the role of PRL and its signal transduction pathway in the
regulation of bone remodeling by using human osteoblasts MG-63 and hFOB as the
study models. The investigation was divided into specific experiments as shown

below.

A. EXPERIMENTAL DESIGN

1. Verification of PRLR mRNA and protein expressions in MG-63 and hFOB

1.1 Determination of PRLR mRNA and protein expression in MG-63 in the
medium containing with

0.2 % fetal bovine serum (FBS)

10 % FBS

0.2 % FBS and dexamethasone

0.2 % FBS and 1, 25(OH),D;

0.2 % FBS, dexamethasone and 1, 25 (OH),;D;
1.2 Determination of PRLR mRNA and protein expression in hFOB in the
medium containing with

0.2 % fetal bovine serum (FBS)

10 % FBS

0.2 % FBS and dexamethasone

0.2 % FBS and 1, 25(OH),D;

0.2 % FBS, dexamethasone and 1, 25 (OH),D;
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2. To examine the effect of PRL on osteoblast proliferation, differentiation and
activity of MG-63 and hFOB as the study models

2.1 To examine the effect of PRL on osteoblast activity using alkaline

phosphatase (ALP) activity as a marker

2.1.1 Dose response study (0, 1, 10, 100 and 1000 ng/ml PRL)

2.1.2 Time response study (0, 0.5, 3, 6, 12, 24 and 48 h)

2.2 To examine the effect of PRL on the osteoblast proliferation and

osteoblast differentiation
2.2.1 Determination of osteoblast proliferation using the MTT assay
2.2.2 Determination of osteoblast differentiation as determined by the
osteoblast differentiation marker (osteocalcin), and bone formation

marker (ALP) mRNA expression

2.2.2.1 Dose response study (0, 1, 10, 100 and 1000 ng/ml
PRL)

2.2.2.2 Time response study (0, 0.5, 3, 6, 12, 24 and 48 h)

3. To evaluate the action of PRL on bone resorption by determining the
production of RANKL and osteoprotegerin

3.1 Osteoblast RANKL and OPG mRNA expression

3.2 Osteoblast RANKL and OPG protein expression
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4. To elucidate the intracellular signaling pathway of PRL action in osteoblast

5.1 To determine the optimal concentration of PI3-K inhibitor

(LY294002) that was not toxic to cells.

5.2 To study the effect of PI3-K inhibitor (LY294002) alone or with PRL

on the osteoblast activity

B. CHEMICALS

Dulbecco’s Modified Eagle Medium with nutrient mixture F-12 (DMEM/F-
12), alpha minimum essential medium (a-MEM), fetal bovine serum (FBS), Trypsin-
EDTA and antibiotic-antimyotic were purchased from GIBCO (Life Technologies,
Gaithersburg, MD). Trypan blue was purchased from Merck (Darmstadt, Germany).
Dimethyl sulfoxide (DMSO) was purchased from BDH (Poole, Dorset, UK). 1, 25-
(OH),D3, dexamethasone, p-nitrophenyl phosphate (PNPP), substrate of ALP and PI3-
K inhibitor (LY294002) were purchased from Sigma (St. Louis, MO). Human
recombinant prolactin was purchased from R & D systems (Inc.,Minneapolis, MN).
Na,CO3 and NaOH in the assay solution in ALP activity experiment were purchased
from Merck. The primary antibody probes for PRLR, RANKL and B-actin, were
purchased from Santacruz (Biotechnology, Santa Cruz, CA). The primary anti-OPG
antibody was purchased from R&D Systems (Inc.,Minneapolis, MN ). Horseradish-
linked anti-rabbit IgG and anti-goat IgG were purchased from Santacruz
(Biotechnology, Santa Cruz, CA), and anti-mouse IgG1 was purchased from Zymed
(South San Francisco, CA). The alexa Fluor 488 conjugated anti-rabbit IgG antibody
was obtained from Molecular Probes (Eugene, OR). Bradford protein reagent was
purchased from Bio-Rad (Hercules, CA), and bovine serum albumin (BSA) was
purchased from Sigma (St. Louis, MO). A protease inhibitor cocktail tablet was
purchased from Roche, and proteins were run on nitrocellulose membrane obtained
from Schleicher & Schuell Co Ltd. The chemiluminescence (ECL) detection reagents

were purchased from Amersham (Amersham, United Kingdom).
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C. CELL CULTURE AND CELL COUNTING

To determine a possible direct effect of PRL on bone remodeling, human
osteoblast-like cell (MG-63) and human normal fetal osteoblasts (hFOB) were used in
the experiments. Human osteosarcoma cell line, MG-63 kindly given by Dr. Suttatip
Kamolmatyakul (Prince of Songkla University, Thailand) were propagated in a-MEM,
while human fetal osteoblast 1.19, hFOB, purchased from ATCC (ATCC, No.CRL-
11372) were propagated in D-MEM/F-12, supplemented with 2% or 10 % FBS and 1
% of antibiotic-antimycotic solution containing penicillin, streptomycin and
amphotericin B. Cells were cultured in 75-cm’ T flasks at 37 °Cina 5 % CO, constant
humidity environment. Culture media were changed 2-3 times weekly, and were split
when reached 80 % confluence at a 1:10 split ratio using 0.05 % trypsin-0.02 %
EDTA. The experiments were performed in passage 12-18 for MG-63, and passage 4-
10 for hFOB. Cells were counted using a hemocytometer and trypan blue dye

exclusion.

D. EXPERIMENTAL PROCEDURES

1. Cell proliferation assay

MG-63 and hFOB (5000 cells/well) were inoculated into 96-well tissue culture
plate. MG-63 was treated with 1, 25-(OH) , D3 for 16 h to stimulate PRLR expression
prior to PRL treatment (Batille et al., 1998). The recombinant human PRL was
reconstituted in BSA and HCI following the manufacturer’s instruction before being
diluted in o-MEM or DMEM/F12. After a 48-h incubation with PRL at 1, 10, 100 or
1000 ng/ml concentration, unattached cells were then removed by PBS wash. Cells
treated with media under similar conditions served as the controls. 3-[4, 5-
Dimethylthiazol-2-yl]diphenyltetrazolium bromide (MTT; Sigma St. Louis, MO) was
prepared as a stock solution of 5 mg/ml in PBS pH 7.4. Treated medium was then
replaced by medium containing 10 % MTT stock solution. Plates were incubated for 3
h at 37°C, after which the medium was replaced with DMSO. Viability of attached
MG-63 or hFOB was then determined by the MTT assay (Mossman 1983; Pellen-
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Mussi et al., 1997) i.e., by determining the activity of the mitochondrial
dehydrogenase. The absorbance of each tissue culture plate was read with a Multiskan
EX355 plate reader (Thermo Labsystems Instruments, Helsinki, Finland) at 540 nm.
The absorbance of control cells was considered to be 100 %. The relative proliferation

of cells was calculated by the formula:

(OD of experimental sample / OD of control cells) x 100 %

Experiments were performed in five replications, and the relative viability was

averaged from three independent experiments.

2. ALP activity assay

MG-63 and hFOB were plated in 6-well tissue culture plate at 100,000
cells/well. MG-63 was treated with 1, 25-(OH) , D3 for 16 h to stimulate PRLR
expression prior to PRL treatment. Both cells were then treated with PRL at
concentration of 0, 1, 10, 100 or 1000 ng/ml for 48 h. ALP activity was determined by
the conversion of p-nitrophenyl phosphate to p-nitrophenol (29). Briefly, cells were
washed twice with PBS pH 7.4 and incubated for 2 h for MG-63 (Lynda et al., 1992)
and 1 h for hFOB with 2 ml of alkaline phosphatase (ALP) reaction buffer containing
100 mM Na,COs, 10 MgCl, and 20 mM p-nitrophenol phosphate, pH 10.3. The
reaction was mixed with 1 ml of 5 M NaOH, and 200 pl was then pipetted into 96-
well plate for absorbance measurement. Color development was quantified
immediately at 410 nm by Multiskan ELISA microplate-reader (Thermo-Labsystems,
Helsinki, Finland).

3. RNA purification and reverse transcription-polymerase chain reaction
(RT-PCR)

RT-PCR technique was used to investigate the mRNA expression of osteoblast
differentiation marker genes, such as ALP and osteocalcin as well as the markers of

bone resorption, such as RANKL and OPG. MG-63 and hFOB were plated on round
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dish cell-culture at 1 x 10° cells/dish. After 24 h, MG-63 was incubated with 1, 25-
(OH) ; D3 for 16 h to stimulate PRLR expression prior to PRL treatment. Then both
cells were treated with various concentrations of PRL (1, 10, 100 or 1000 ng/ml) at 37
°C. Cells treated with media under similar conditions served as the control. After 48 h
of incubation, the unattached cells were removed by washing with PBS pH 7.4 twice.
Total cellular RNA was extracted using RNeasy mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s instruction. Briefly, the 350 pl RLT lysis buffer with
SME was added to cell pellets and the mixture was mixed well before being added to
a volume of 700 pl, then applied to the RNeasy spin column and centrifuged for 15
sec. The filtrate was discarded; RW 1 wash buffer was added before the mixture was
centrifuged. Then RPE washing buffer was added and the mixture was centrifuged
again. This process was repeated twice. RNA was eluted with 50 ul Dep-CC, and then
centrifuged.

The extracted RNA was then applied to the SuperScript III first-strand
synthesis system for RT-PCR (Invitrogen, Life Technologies, Carlsbad, CA). 2 ug
RNA was prepared with 1 ul 10 mM dNTP, and then mixed with 1 ul oligo (dT)-20
before incubating at 65 °C for 5 minutes. After the RNA mixture was plated on ice for
at least 1 minute, the 7 pl reaction mixture (4 pl 5x RT buffer, 1 ul 0.1 M DTT, 1 pl
SuperScript TM III RT and 1 pl RNase inhibitor) was added. The solution was further
incubated at 50 °C for 60 minutes. The reaction was terminated by exposure to 70 °C
for 15 minutes, followed by a chill on ice. After a brief centrifugation, 1 ul of RNase-
H was added to the mixture which was then incubated for a further 20 minutes at 37
°C. Each PCR reaction (25 pl) contained 1U Taq polymerase, MgCl,, dNTP, the
concentration and volume of which were shown in Table 3 for MG-63, and Table 5
for hFOB. Each primer (Table 2) and each 3 ul of cDNA (hPRLR) or 1 ul of cDNA
(ALP, OC, RANKL, OPG and GAPDH), were then generated by one cycle
denaturating at 95 °C for 5 minutes followed by the amplification steps. The detail of
each gene was shown in Table 4 for MG-63 and Table 6 for hFOB. Afterwards, a final
extension was performed at 72 °C for 10 min. The PCR amplified fragments were
visualized in a 1 % agarose gel stained with 1pug/ml ethidium bromide. The intensity

of each band was quantified by the densitometer (Bio-Rad, Hercules, CA) The
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expression of each gene in control cells without PRL treatment was considered as 100

%.
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Table 2. Oligonucleotide primers used in RT-PCR for MG-63 and hFOB

Target gene Nucleotide sequence Size inbp References
ALP 5’-ACGTGGCTAAGAATGTCATC-3’ 475  Rickard et al.,
(1996)

5’-CTGGTAGGCGATGTCCTTA-3’

RANKL 5-GCCAGTGGGAGATGTTAG-3’ 486  Granchi et al.,
(2002)
5-TTAGCTGCAAGTTTTCCC-3’

OPG 5’-GCTAACCTCACCTTCGAG-3’ 324  Granchietal.,
(2002)
5-TGATTGGACCTGGTTACC-3’

oC 5’-GGCCAGGCAGGTGCGAAGC-3’ 25 Robbins et al.,

(2000)

5’-GCCAGGCCAGCAGAGCGACAC-3’

GAPDH 5’-CACCCACTCCTCCACCTTTG-3’ 110

5’-CCACCACCCTGTTGCTGTAG-3’

hPRLR  5’-AAATGTGGCATCTGCAACCGTTTTCAC-3> 1790  Bataille et

al., (1996)
5-GCACTTGCTTGATGTTGCAGTGAAGTT-3’

RT-PCR, reverse transcription-polymerase chain reaction; ALP, alkaline phosphatase;
RANKL,receptor activator of nuclear factor-kB ligand; OPG, osteoprotegerin;

hPRLR, human prolactin receptor; OC, osteocalcin.
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Gene Each primer (mmole)  dNTP (mM) MgCl12 (mM) Tag (ul)
hPRLR 10 0.2 1.5 0.125
ALP 10 0.2 2.5 0.125
Osn 10 0.2 1.5 0.125
OPG 10 0.2 1.5 0.125
RANKL 10 0.2 2.5 0.125
GAPDH 10 0.2 1.5 0.125

Each cDNA was generated by one cycle denaturating at 95 °C for 5 minutes followed

by the amplification steps, the detail of which was shown for each gene in Table 4.

Table 4. The amplified condition of each gene for MG-63

Gene denaturation annealing extension PCR cycle
hPRLR 94 °C: 1 min 62 °C: 2 min 72 °C: 2 min 30
ALP 94 °C: 30 s 55 °C: 2 min 72 °C: 2 min 32
Osn 95°C:30s 70 °C:30s 72 °C:30s 30
OPG 94°C:30s 55°C:30s 72 °C: 1 min 22
RANKL 94°C:30s 55°C:30s 72 °C: 1 min 33
GAPDH 95 °C: 1 min 54 °C: 1 min 72 °C: 1 min 20
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Gene each primer (mmole) dNTP (mM) MgCI2 (mM)  Tag (ul)
hPRLR 10 0.2 1.5 0.125
ALP 10 0.2 1.5 0.125
Osn 10 0.2 1.5 0.125
OPG 10 0.2 1.5 0.125
RANKL 10 0.2 2.5 0.125
GAPDH 10 0.2 1.5 0.125

Each cDNA was generated by one cycle denaturating at 95 °C for 5 minutes followed

by the amplification steps, the detail of which was shown for each gene in Table 6.

Table 6. The amplified condition of each gene for hNFOB

Gene denaturation annealing extension PCR cycle
hPRLR 94 °C: 1 min 62 °C: 2 min 72 °C: 2 min 30
ALP 94 °C: 30 s 55 °C: 2 min 72 °C: 2 min 32
Osn 95°C:30s 70 °C:30s 72 °C:30s 30
OPG 94°C:30s 55°C:30s 72 °C: 1 min 22
RANKL 94°C:30s 55°C:30s 72 °C: 1 min 30
GAPDH 95 °C: 1 min 54 °C: 1 min 72 °C: 1 min 21




Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 35

4. Immunofluorescent staining

To verify and localize the PRLR proteins in osteoblasts, MG-63 and hFOB
were cultured on cover slips at 100,000 cell/slip. MG-63 and hFOB were plated on the
cover slip at 100,000 cells/slip. Then MG-64 was incubated with 1, 25-(OH) , D3
whereas hFOB was incubated with 0.2 % FBS for 16 h. Unattached cells were then
removed by washing with PBS pH 7.4 twice. The cover slips were removed from the
incubator and fixed with paraformaldehyde with 2 % sucrose for 10 min at room
temperature. Cells were then washed three times with PBS, and permiabilized with 0.5
% Triton-X100 in PBS for 5 min at room temperature. Then cells were washed with
PBS twice, and the nonspecific proteins were blocked with 10 % fetal bovine serum
for 30 min at room temperature. Samples were then incubated with the 1:300 rabbit
polyclonal anti-PRLR primary antibodies overnight at 4 °C. Cells were further
incubated with diluted 1:200 of alexa Fluor 488 and conjugated anti-rabbit IgG
antibody as a secondary antibody for 1 h at room temperature. Cells were then washed
three times in PBS, and then sealed with a small amount of nail polish. Anti-PRLR
was digitally captured by using inverted fluorescence microscopy (Bio-Rad MRC1024

MP scanning system mounted on a Nikon Eclipse TE300 fluorescence microscope).

5. Immunoblotting analysis

To evaluate the action of PRL on bone resorption, the expression of RANKL
and OPG proteins were determined by the immunoblotting technique. Similar to the
earlier procedures, cells were plated in round dish cell culture at 1 x 10° cells/dish.
MG-63 was incubated with 1, 25-(OH) , D3 for 16 h to stimulate PRLR expression
prior to PRL treatment. Then MG-63 and hFOB were treated with various
concentrations of PRL (1, 10, 100 or 1000 ng/ml) at 37 °C. Cells treated with media
under similar conditions served as the controls. After 48 h of incubation, unattached
cells were removed by washing with PBS pH 7.4 twice. After the incubation with
PRL, cells were washed with PBS, and cell lysates were collected after dissolving
cells in 5 ml of ice-cold RIPA buffer (150 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.1 %
SDS, 1 % Triton X-100, 1 % Nonidet P-40, 1X protease inhibitor, 1 M NaF, 1 M -
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glycerophosphate, 0.5 M Na3;VO4, 1 M DTT, 1 % sodium deoxycholate, and 5 mM
EDTA). Extracted samples were incubated on ice for 30 min and centrifuged at 12,000
rpm for 10 min.

Extracted proteins were treated with SDS sample buffer, followed by boiling
for 5 min. The protein concentrations were quantified by a Bovine Serum Albumin.
Cytosolic proteins (100 pg for RANKL and 80 pg for OPG) were resolved on 10 %
polyacrylamide gels. Electrophoresis was performed at 120 volts in SDS-PAGE buffer
pH 83 (25 mM Tris base, 192 mM gtycine, 0.1 % SDS). Proteins were
electrophoretically blotted onto the nitrocellulose membranes for 2 h at 120 volts, 4 °©
C the in transfer buffer (25 mM Tris base pH 8.8, 200 mM glycine, 20 % methanol).
The nonspecific proteins on the membrane were blocked by 5 % skim milk in TBS
containing 0.1 % Tween-20 (TBST) for 1 h at room temperature. Then RANKL and
OPG proteins were immunodetected using 1:2000 goat anti-RANKL polyclonal
antibody and 1:2000 goat anti-OPG polyclonal antibody, conjugated with HRP-Rabbit
against goat in 3 % skim milk in TBST. B-actin used as an internal control, was
immunodetected by rabbit IGgl monoclonal antibody against mouse. The intensities
of the immunoreactive bands were determined using an ECL Plus chemiluminescence
detection kit. (Amercham Biosciences, Buckinghamshire UK). The expression of each

protein in the absence of PRL was considered as 100 %.

E. EXPERIMENTAL PROTOCOLS

A. Verification of the optimal condition for stimulating PRLR expression in
MG-63 and hFOB

To study a direct effect of PRL on bone remodeling through osteoblast, first of
all, PRLR mRNA and protein were essentially verified in both MG-63 and hFOB.
Cells were plated to a round culture dish at 1 x 10 ° cells/dish, and were then treated
with 0.2 % FBS, 10 % FBS, 1 x 10° M of dexamethasone, 1 x 107 M of 1, 25-(OH)
D3, or a combination of dexamethasone and 1, 25-(OH), Ds prior to PRL treatment.
Cells treated with media under similar conditions served as the control. PRLR mRNA

expression was determined by using the RT-PCR and gel electrophoresis.
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MG-63 and hFOB

Control group Treated group
24 hr l l 24 hr
Change media Change media
Incubate for 16 h in 0.2 % or
Incubate for 16 hin 0.2 % 10 % FBS, 10° M
FBS in serum free media dexamethasone or 107 M
v v 1, 25-(OH) ; D3 in serum-free
Harvest Harvest

l |

Determination of the PRLR mRNA by RT-PCR technique

After the optimal conditions for stimulating PRLR mRNA expression in MG-
63 and hFOB were obtained, PRLR protein expression and localization in both cells

were verified using the immunocytochemistry as shown in the diagram below.

MG-63 and hFOB

Control group treated group
24 hr f 24 hr
Change media Change media

Incubate for 16 h with an
Incubate for 16 h in 0.2 % FBS appropriate stimulator
) ) in serum-free media
in serum-free media
Harvest Harvest

l l

Determination of the PRLR protein by the immunocytochemistry technique

This present investigation showed that PRLR mRNA and protein expression in
MG-63 cells, were stimulated after 16 h incubation of 1, 25-(OH), D;. Therefore, 1 x
107" M of 1, 25-(OH) , D3 was added prior to PRL administration in following MG-63
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experiments. On the other hand, hFOB were cultured in normal medium prior to PRL

administration.

Objective 2. To examine the effect of PRL on the osteoblast proliferation,
differentiation and activity MG-63 and hFOB as the study models

2.1 To examine the effect of PRL on the osteoblast activity

2.1.1 Dose response study: ALP activity

ALP, an enzyme abundantly found on the membrane of osteoblast, provides
phosphate for bone formation. Its activity is commonly used as a marker of the
osteoblast activity. The following protocol applied to both MG-63 and hFOB. Cells
were divided into 5 PRL-treated groups at approximately, 1 x 10> cells/group. For the
dose response studies, the concentrations of PRL to mimick the PRL levels in various
physiological conditions were i.e., 0 (control group), 1 and 10 ng/ml (normal plasma
PRL), 100 ng/ml (lactation or pregnancy) and 1000 ng/ml (pathological
hyperprolactinemia such as prolactinomas). The obtained information was used to

plan the time response study of PRL effect on the osteoblast activity.

MG-63 and hFOB

Control group PRL treated groups
24 hr 24 hr
Change media Change media
48 h incubation in 48 h incubation in
serum-free media serum-free media plus PRL

0, 10, 100 or 1000 ng/ml

Harvest Harvest

l l

Determination of the ALP activity
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2.1.2 Time-response study: ALP activity

The protocol was applicable to both MG-63 and hFOB. Cells were divided into
7 groups at approximately 1 x 10° cells/group. They were incubated with 100 ng/ml
of PRL for 0, 0.5, 3, 6, 12, 24 or 48 hrs, as shown in the diagram below. The
appropriate incubation time obtained in this experiment would be used to plan the

following dose response study of PRL effect on the osteoblast proliferation and

differentiation.
MG-63 and hFOB
| | |
Control group PRL treated group
24 hr 24 hr
Change media Change media
Incubate for Incubate for
0,0.5,3,6,12,24,48 h 0, 0.5, 3, 6, 12, 24, 48 h
in serum-free media in serum-free media plus
v PRL (100 ng/ml)
Harvest Harvest

l l

Determination of the ALP activity
2.2 The effect of PRL on osteoblast proliferation using the MTT assay

To evaluate the osteoblast viability and proliferation, the tetrazolium MTT (3-
(4, 5- dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) was used since it is
normally reduced by a mitochondrial enzyme, dehydrogenase, in a metabolically
active cell. The chemical reaction generated reduces equivalents such as NADH and
NADPH resulting in the intracellular formazan purple. Formazan could be solubilized
by DMSO and can be quantified by spectrophotometric technique (Multiskan ELISA

microplate reader, Thermo-Labsystems, Helsinki, Finland).
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MG-63 and hFOB

Control group PRL treated group
24 hr 24 hr
Change media Change media
Incubate in serum-free media Incubate in serum-free media
for 48 h l l plus PRL 100 ng/ml for 48 h

Harvest Harvest
Determination of osteoblast proliferation by the MTT assay

2.3 Osteoblast differentiation as determined by the osteoblast differentiation
marker (osteocalcin), and bone formation markers (ALP)

mRNA expression

2.3.1 Dose-response study: mRNA expression of osteocalcin and

ALP

Both MG-63 and hFOB was each divided into 5 PRL-treated groups, at
approximately, 1 x 10° cells/group, for the dose-response study. Different PRL
concentrations i.e., 0, 1, 10, 100 or 1000 ng/ml were used to mimick the PRL levels in
various physiological conditions. The effective concentration of PRL obtained here
would be used in the following time response study of the effect of PRL on the

osteoblast differentiation.
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MG-63 and hFOB

Control group PRL treated groups
24 hr 24 hr
Change media Change media
Incubate in serum-free media Incubate in serum-free media
for 48 h plus PRL 0, 1, 10, 100, 1000 ng/ml
for 48 h
Harvest Harvest

l l

Determination of osteocalcin and the ALP mRNAs expression

2.3.2 Time-response study: mRNAs expression of osteocalcin and

ALP

The protocol was applicable to both MG-63 and hFOB. Cells were divided into
7 groups and incubated with 100 ng/ml PRL for a duration of 0, 0.5, 3, 6, 12, 24 or 48

h, as shown in the diagram below.

MG-63 and hFOB

Control group PRL treated groups
24 hr 24 hr
Change media Change media
Incubate for Incubate for
0,0.5,3,6,12,24 or 48|h 0,0.5,3,6,12,240r48 h
in serum-free media in serum-free media plus
v v PRL (100 ng/ml)
Harvest Harvest

Determination of osteocalcin and the ALP mRNAs expression
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Objective 3. To evaluate the action of PRL on bone resorption by

determining the production of RANKL and osteoprotegerin

3.1 The effect of PRL on RANKL and OPG mRNA expression

The protocol was applicable to both MG-63 and hFOB. Cells were divided into
5 PRL-treated groups at approximately 1 x 10° cells/group. Different PRL
concentrations i.e., 0, 1, 10, 100 or 1000 ng/ml, were used to mimick the PRL levels in
various physiological conditions. The RANKL and OPG mRNA expressions were
examined using the RT-PCR technique and each band was quantified by densitometer

as described in the experimental procedures.

MG-63 and hFOB

Control group PRL treated groups
24 hr 24 hr
Change media Change media
Incubate in serum-free media| Incubate in serum-free media
for 48 h plus PRL 0, 1, 10, 100 or 1000
ng/ml for 48 h
Harvest Harvest

l l

Determination of RANKL and OPG mRNAs expression

3.2 The effect of PRL on RANKL and OPG protein expression

The protocol was applicable to both MG-63 and hFOB. Cells were divided into
5 PRL-treated groups at approximately 1 x 10° cells/group. Different PRL
concentrations i.e., 0, 1, 10, 100 or 1000 ng/ml, were used to mimick the PRL levels in

various physiological conditions. The RANKL and OPG proteins were detected by



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 43

using the immunoblotting technique and enhanced chemiluminescence (ECL), detail

was described in the experimental procedures.

MG-63 and hFOB

Control group PRL treated groups
24 hr 24 hr
Change media Change media
Incubate in serum-free media Incubate in serum-free media
for 48 h plus PRL 0, 1, 10, 100 or 1000
ng/ml for 48 h
Harvest Harvest

l l

Determination of RANKL and OPG protein expression

Objective 4. To elucidate the intracellular signaling pathway of PRL action in
osteoblast

Previous studies have shown the presence of PRL receptor in bone tissue, bone
cell lines (Saos-2 and MG-63) and osteoblast culture from mouse calvariae (Bataiille
et al. 1996, Clement-Lacroix et al., 1999 and Coss et al., 2000). They provided the
evidence supporting the hypothesis that PRL had a direct effect on bone cell. In
addition, the mechanisms of action of PRL have been shown to vary depending on cell
types. For instance, the MAPKs pathway and PI3 kinase (PI3-K) pathway were
reported in rat lymphoma Nb2 cell (AL-Sakkaf et al., 1997). However, the PRL
signaling pathway involved in bone cell metabolism had not been investigated.

PI3-K is a lipid kinase that catalyzes the transfer of the y- phosphate from ATP
to the 3'-hydroxyl group of phosphatidylinositol and its derivatives (collectively
called phosphoinositides). It plays a crucial role in various important cellular
regulatory mechanisms such as cell growth, proliferation and survival/ apoptosis. In
mammalian cells, both non-genomic and genomic actions have been found to be

mediated via PI3-K activation, for instance, protein synthesis, glucose metabolism,
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transformation and differentiation of many cell types (LC et al., 2002) including
osteoblast (Nandini Ghosh-Choudhury et al., 2002). Therefore, a possibility of PI3-K

involvement in PRL action was investigated.

4.1. To determine the optimal concentration of PI3-K inhibitor

(LY294002) that was not toxic to cells

Since PI3-K is involved in a number of pathways critical for cell survival,

using PI3-K inhibitor, one had to be concerned about its toxicity to the cells.

Therefore, the first part of this experiment was to find the optimal concentration of

PI3-K inhibitor, LY294002, which was not harmful to both types. MG-63 and hFOB

were divided (5000 cells/well) into 13 groups and incubated for 48 h in an absence of

LY294002 (control group) or with 70 uM, 40 uM, 10 uM, 1 puM, 100 nM or 10 nM of

LY294002. An additional vehicle group was also included. Afterward, cell viability

was tested by using the MTT assay. The appropriate concentration of LY294002 was

used in the following intracellular signaling study.

MG-63 and hFOB

13 groups (5000 cells/well)

24 h

Control group

Incubate with LY294002: 70 uM, 40
uM, 10 uM, 1 uM, 100 nM or10 nM

6 Vehicle groups
(DMSO concentration of v/v
to LY294002-treated group

Incubate for 48 h v

Harvest

l

Determination of osteoblast viability by the MTT assay
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4.2 To study the effect of PI3-K inhibitor alone or with PRL on the

osteoblast activity, as indicated by the ALP activity as a marker

After the optimal concentration of PI3-K (LY294002) was obtained from

experiment 4.1, the intracellular signaling pathway of PRL action in the osteoblasts

(MG-63 and hFOB) was determined. Cells were divided into 5 groups and incubated
for 48 h in the absence of PRL and LY294002 (< 1 uM) as a control group, vehicle
group, PRL-treated, LY294002-treated and the combination of PRL and LY294002-

treated groups.

MG-63 and hFOB

5 groups (1x 10° cells/group)

24 h
Control group Vehicle PRL 100 ng/ml LY294002 at 100 nM LY294002 at 100 nM
Incubate for 48 h
v
Harvest

|

Determination of ALP activity as an indicator of the osteoblast activity

F. Statistic analyses

Values were reported as mean + SEM. Differences between groups were

analyzed by One-way ANOVA followed by Newman-Keuls multiple comparison

tests, using GraphPad Prism software.
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CHAPTER IV
RESULTS

1. The expression of human prolactin receptor (hRPLR) mRNA
and protein in MG-63 and hFOB

The overall objective of these experiments was to investigate the direct effect
of PRL on bone remodeling through osteoblast function. First of all, the presence of
hPRLR mRNA and protein in MG-63 and hFOB were verified by the RT-PCR and
immunocytochemistry techniques. Fetal bovine serum (FBS), dexamethasone and 1,
25 (OH) , D3 were used to stimulate the osteogenic differentiating gene expression
including that of hPRLR (Bataille-Simoneau et al., 1996)

In MG-63, hPRLR mRNA was slightly expressed in 0.2 and 10 % of FBS
whereas it was strongly expressed after incubating for 16 h with 107 M 1, 25(0H), Ds
and 10 dexamethasone. With a combination of 1, 25(OH), D3 and dexamethasone,
hPRLR mRNA expression was not further increased i.e., no additive effect of the two
agents, as shown in Figure 8. In addition, the presence of hPRLR protein , as
represented by the immunocytochemistry staining, was shown to be expressed after
16 h incubation with 10”7 M 1,25-(OH), D; (Figure 9A). Negative control i e., in the
absence of anti-hPRLR antibody staining, was shown in Figure 9B. Therefore, 16 h
incubation of 107 M 1,25-(OH), D; was used to stimulate PRLR expression in
following MG-63 experiments, prior to PRL administration.

In contrast to MG-63 cells, hPRLR mRNA was highly and equally expressed
in hFOB in all conditions as shown in Figure 10. Together it was found that the
hPRLR protein was constitutively expressed in normal condition as shown in Figure

11A. Negative control was shown in Figure 11B.
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Figure 8

hPRLR

GAPDH

02%FBS 10%FBS Vit.D3 DEX DDX

Conventional RT-PCR analyses of human prolactin receptor (hPRLR
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a house
keeping gene in MG-63 which were incubated for 16 h in the presense
of 0.2 % fetal bovine serum (FBS) as a control group, 10 % FBS, 10~
M 1, 25 (OH), D5 (Vit. D3), 10°® M dexamethasone (DEX), or a
combination of 107 M 1,25 (OH), D3 and 10°® M dexamethasone
(DDX).Results were obtained from three independent experiments;

each was triplicated.
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A

Figure 9 Immunocytochemistry staining of hPRLR protein in MG-6 after
incubating with 107 M 1, 25 (OH) , D; for 16 h (A), and the negative
control (no anti-hPRLR antibody staining) (B). The green color
represents hPRLR.
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Figure 10

hPRLR

GAPDH

02% FBS 10% FBS Vit. D3 DEX DDX

Conventional RT-PCR analyses of human prolactin receptor (hPRLR)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a house
keeping gene in hFOB which were incubated for 16 h in the presense
of 0.2 % fetal bovine serum (FBS) as a control group, 10 % FBS, 10~
M 1, 25 (OH), D5 (Vit. D3), 10°® M dexamethasone (DEX), or a
combination of 107 M 1,25 (OH), D3 and 10°° M dexamethasone
(DDX). Results were obtained from three independent experiments;

each was triplicated.
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A

Figure 11 Immunocytochemistry staining of hPRLR protein in hFOB after
incubating with 0.2 % FBS for 16 h (A) and the negative control
(no anti hPRLR antibody staining) (B). The green color represents
hPRLR.
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2. The effect of PRL on the osteoblast activity

Various concentrations of human recombinant PRL were used to mimick the
physiological PRL levels. An absence of PRL was represented by the control group, 1
and 10 ng/ml of PRL represented the normal levels of serum PRL, 100 ng/ml of PRL
represented the pregnant and lactating stages, and 1000 ng/ml of PRL represented the
pathological condition such as prolactinomas. The activity of alkaline phophatase, a

marker of osteoblast activity, was then determined.

2.1 Dose response study

48 h incubation, PRL at concentrations of 100 and 1000 ng/ml slightly but
significantly decreased MG-63 activity from 100.0 + 1.74 % in the control group to
87.5 £2.9 % (P<0.05) and 84.2 + 2.8 % (P<0.01) respectively, in MG-63 as shown
in Figure 12A. Similar to MG-63, hFOB activity was significantly reduced by 100 and
1000 ng/ml PRL to 83.3 + 3.0 % (P<0.05) and 77.7 = 5.1 % (P<0.01), respectively, as

shown in Figure 12B.

2.2 Time response study

To determine the onset of PRL action on osteoblast activity, MG-63 and hFOB
were incubated with 100 ng/ml PRL (an effective physiological concentration from
the dose response study) with varying incubating time i.e., 0, 0.5, 3, 6, 12, 24 and 48
h. As shown in Figure 13A, although MG-63 showed a tendency for a decrease in
ALP activity from 12 h, only a 48 h incubation significantly decreased the osteoblast
activity to 85.9 + 2.2 % (P<0.01). As for hFOB, 24 h and 48 h incubation markedly
decreased the osteoblast activity to 72.4 + 5.0 % (P<0.001) and to 70.3 £ 0.3 %
(P<0.001), respectively as shown in Figure 13B. It was clear that PRL at a high
physiological concentration required more than 12 h to induce a decrease in the
activities of both cells, and that the response of hFOB to PRL was faster and greater
than that of MG-63.
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Figure 12 Effects of various concentrations of PRL on the osteoblast activity
using ALP activity as a marker, in MG-63 (A) and hFOB (B). Data,
presented as a relative activity in percent of control, are means + SEM
from five (MG-63) and four (hFOB) independent experiments; each

was replicated five times, "P<0.05 and "~ P<0.01.
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Figure 13 Effects of varying the incubating time with 100 ng/ml PRL on the
osteoblast activity using ALP activity as a marker, in MG-63 (A) and
hFOB (B). Data, presented as a relative activity in percent of control,
are means =+ SEM from seven (MG-63) and four (hFOB) independent

experiments; each was replicated five times,  P<0.01 and "~ P<0.001.
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3. The effect of PRL on the osteoblast proliferation and

differentiation

3.1 The effect of PRL on osteoblast proliferation using the MTT assay

To investigate the effect of PRL on the osteoblast proliferation, the number of
cells was determined by the MTT assay. PRL at 0, 1, 10, 100 and 1000 ng/ml had no
effect on osteoblast proliferation in both MG-63 and hFOB as shown in Figures 14A
and 14B.

3.2 The effect of PRL on osteoblast differentiation as determined by the
osteocalcin and ALP mRNA expression

3.2.1 Dose response study

ALP mRNA expression was slightly but significantly reduced by PRL at 10,
100 and 1000 ng/ml from 100.0 + 3.5 % in the control group to 88.6 + 3.0 %
(P<0.05), 85.4 + 2.6 % (P<0.05) and 83.1 + 2.6 % (P<0.01), respectively, as shown
in Figure 15A. In contrast to MG-63, as shown in Figure 15B, hFOB differentiation
was much less responsive to the suppressive action of PRL and the ALP mRNA
expression was slightly reduced from 100.00 + 3.3 % in the control group to 82.8 +
2.7 % only by 1000 ng/ml PRL which is a pathological concentration. Interestingly,
when the mRNA expression of osteocalcin, a specific marker for bone formation and
osteoblast differentiation was determined, MG-63 and hFOB responded to PRL in an
opposite manner. For MG-63, osteocalcin mRNA expression was significantly
reduced from 100.0 + 2.1 % in control group to 81.7 + 3.4 % (P<0.05) by 1000 ng/ml
PRL as shown in Figure 16A. In contrast, osteocalcin mRNA expression in hFOB was
significantly enhanced by 100 and 1000 ng/ml PRL from 100.0 + 5.7 % in the control
group to 155.3 = 13.0 % (P<0.05) and 174.7 £ 12.1 % (P<0.01), respectively (Figure
16B).
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3.2.2 Time response study

The effect of 100 ng/ml PRL on ALP mRNA expression in MG-63 showed a
significant reduction after 24 and 48 h incubation i.e., from 100.0 = 4.0 % to 77.2 +
1.59 % (P<0.01) and 78.1 + 2.2 % (P<0.01), respectively, as shown in Figure 17A. For
osteocalcin, the action of PRL took longer and a significant response was observed
after 48 h incubation with the mRNA expression being reduced from 100.0 = 5.5 % to
76.8 = 3.6 % (P<0.05), as shown in Figure 17B.
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Figure 14 Effects of various concentrations of PRL on MG-63 (A) and hFOB (B)
proliferation as determined by the MTT assay. Data, presented as
relative values in percent of control, are means + SEM from five (MG-

63) and four (hFOB) independent experiments; each was triplicated.
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Figure 15 Effects of various concentrations of PRL on the ALP mRNA
expression, in MG-63 (A) and hFOB (B). Data, presented as relative
values in percent of control, are means =+ SEM from seven (MG-63)
and four (hFOB) independent experiments; each was triplicated,

*P<0.05 and ~P<0.01.
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Figure 16
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Effects of various concentrations of PRL on osteocalcin (OC) mRNA
expression, in MG-63 (A) and hFOB (B). Data, presented as relative
values in percent of control, are means = SEM from five (MG-63) and
three (hFOB) independent experiments; each was triplicated,

*P<0.05 and " P<0.01.
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Figure 17
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Effects of varying the incubating time with 100 ng/ml PRL on the MG-
63 mRNA expressions of ALP (A) and osteocalcin (OC) (B). Data,
presented as relative values in percent of control, are means = SEM
from four independent experiments; each was triplicated,

*P<0.05 and " P<0.01.
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4, The effect of PRL on bone resorption by determining the
production of RANKL and osteoprotegerin

Bone remodeling can be regulated by both systemic and local factors, both of
which modulate the cellular mechanism through the common RANKL and OPG
pathway. OPG or osteoprotegerin, a decoy receptor of RANKL, synthesized and
secreted from the osteoblast can bind to RANKL, thus preventing the binding of
RANKL to its receptor, RANK on the osteoclast, and consequently preventing the
osteoclast differentiation and bone resorption. The ratio of RANKL and OPG
(RANKL/OPG) has been commonly used as an indicator of the osteoclastogenic
function of osteoblast that may lead to bone resorption. The mRNA and protein
expressions of RANKL and OPG determined in this experiment were used to
determine the effect of PRL on the regulation of bone resorption though the RANKL
and OPG pathway.

4.1 The effect of PRL on RANKL and OPG mRNA expression

As shown in Figure 18A, 10, 100 and 1000 ng/ml PRL significantly decreased
the OPG mRNA expression in MG-63 from 100.0 =+ 2.8 % in the control group to
85.8 + 4.5 % (P<0.05), 82.7 + 1.1 % (P<0.05) and 854 + 4.4 % (P<0.05),
respectively. However, PRL had no effect on RANKL mRNA expression as shown in
Figure 18B. Therefore, the RANKL/OPG ratio which was the indicator of bone
resorption, was increased by 10, 100 and 1000 ng/ml from 1.00 in the control group to
1.34 + 0.07 (P<0.05), 1.43 = 0.11 (P<0.05) and 1.31 £+ 0.12 (P<0.05), respectively
(Figure 18C).

As for hFOB, PRL at 10, 100 and 1000 ng/ml significantly decreased the
RANKL mRNA expression from 100.0 £ 5.8 % in control group to 76.5 = 5.0 %
(P<0.05), 76.8 £ 4.0 % (P<0.05) and 57.6 £ 7.7 % (P<0.01), respectively, as shown in
Figure 19A, while having no effect on the OPG mRNA expression (Figure 19B).
Therefore, the RANKL/OPG ratio was decreased in the 10, 100 and 1000 ng/ml PRL-
treated groups from 1 in the control group to 0.76 + 0.02 (P<0.05), 0.79 + 0.06
(P<0.05) and 0.56 = 0.06 (P<0.001), respectively, as shown in Figure 19C.
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Figure 18

(1.09)

OPG (%control)
[0} (e}
o o
[ [

~
o
[

o]
o
1

0 1 10 100 1000
PRL (ng/ml)

130
1204
1109 (0.96)
1004
904
804

RANKL (%control)

70+

60-
0 1 10 100 1000

PRL (ng/ml)

10

0 1 10 100 1000
PRL (ng/ml)
Effects of various concentrations of PRL on OPG (A) and RANKL (B)
mRNA expression, and the RANKL/OPG ratio (C) in MG-63. Data,
presented as relative values in percent of control, are means + SEM

from five independent experiments; each was triplicated, "P<0.05.
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Figure 19
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4.2 The effect of PRL on RANKL and OPG protein expression

The effects of various concentrations of PRL on the protein expression of
RANKL and OPG were studied by the immunoblotting assay. The primary antibodies
of human RANKL and OPG were used to approximate the whole cell RANKL and
OPG proteins.

In MG-63, PRL at 1000 ng/ml significantly decreased OPG protein expression
from 100.0 + 5.6 % to 69.2 + 7.6 % (P<0.05) as shown in Figure 20A, but increased
RANKL protein expression from 100.0 + 5.4 % in the control group to 147.3 £ 9.2 %
(P<0.01) as shown in Figure 20B. These led to an increase of the RANKL/OPG
protein ratio from 1 in the control group to 1.80 + 0.25 (P<0.05) and 2.26 + 0.19
(P<0.001) in 100 and 1000 ng/ml PRL-treated groups (Figure 20C).

On the other hand, in hFOB, PRL at 100 and 1000 ng/ml significantly
increased OPG protein expression from 100.0 = 6.1 % in the control group to 123.0 +
5.4 % (P<0.05) and 140.1 + 7.5 % (P<0.001), respectively as shown in Figure 21A,
while decreasing RANKL protein expression from 100.0 + 5.8 % in the control group
to 71.5 £ 2.8 % (P<0.01) and 64.8 = 6.5 % (P<0.01), respectively as shown in Figure
21B. Consequently, these led to a decrease in the RANKL/OPG protein ratio from 1 in
the control group to 0.59 = 0.04 (P<0.01) and 0.44 + 0.06 (P<0.01) in the 100 and
1000 ng/ml PRL-treated groups, respectively, as shown in Figure 21C.
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Figure 20 Effects of various concentrations of PRL on OPG (A) and RANKL (B)
protein expression, and RANKL/OPG protein ratio (C) in MG-63.
Data, presented as relative values in percent of control, are means +
SEM from six (RANKL) and five (OPG and RANKL/OPG ratio)
independent experiments; each was triplicated,

"P<0.05, " P<0.01 and " P<0.001.
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Figure 21 Effects of various concentrations of PRL on OPG (A) and RANKL (B)
proteins expression, and RANKL/OPG protein ratio (C) in hFOB.
Data, presented as relative values in percent of control, are means =+
SEM from seven (RANKL) and five (OPG and RANKL/OPG ratio)
independent experiments; each was triplicated,

"P<0.05, " P<0.01 and ~ P<0.001.
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5. The intracellular signaling pathway of PRL action in

osteoblasts

The first part of this experiment was to find the optimal concentration of PI-3
kinase inhibitor (LY294002) that was not harmful to the osteoblasts (MG-63 and
hFOB). Figure 22A shows that the number of MG-63 being significantly decreased
from 100.0 = 3.8 % in control group to 40.8 + 2.0 % (P<0.001), 37.8 =+ 1.7 %
(P<0.001) and 26.5 + 4.2 % (P<0.001) by 10, 40 and 70 uM LY294002, respectively.
Figure 22B shows the number of hFOB being decreased from 100.0 + 1.7 % in control
group to 53.9 + 10.7 % (P<0.05) and 41.2 + 9.2 % (P<0.01) by 40 and 70 uM
LY294002, respectively. Therefore, the concentrations of LY294002 that were not
toxic to MG-63 and hFOB were less than 1 pM.

In the investigation of the intracellular signaling pathway of PRL action in
osteoblasts, L.Y294002 at a final concentration of 100 nM was used in the 1 h
incubation prior to PRL administration, after which the action of PRL on osteoblast
was determined through changes in ALP activity. Results from both types of cells
confirmed that PRL at 100 ng/ml significantly decreased the ALP activity from 100.0
+ 1.8 % in control group to 81.7 + 2.6 % (P<0.001) in MG-63, and 63.7 = 5.3 %
(P<0.01) in hFOB. This suppressive action of PRL on the alkaline phophatase activity
was completely abolished by preincubating the cells with PI-3 kinase inhibitor. As
seen in Figures 23A and 23B, while the vehicle alone or LY294002 alone had no
effect on the alkaline phophatase activity, the suppressive effect of PRL was totally
abolished by preincubation with LY294002. The results thus indicated that the action

of PRL on osteoblast activity was mediated via the PI-3 kinase pathway.
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Figure 23 Effects of PI-3 kinase inhibitor (LY294002 at 100 nM) alone or with
PRL on the suppressive action of PRL on the alkaline phophatase
activity (using as a marker of osteoblast activity) in MG-63 (A) and
hFOB (B). Data, presented as relative values in percent of control, are
means £ SEM from four independent experiments; each was replicated

five times,  P<0.01 and " P<0.001.
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CHAPTER V
DISCUSSION

Hyperprolactinemia is one of the risk factors of osteoporosis which has been
believed to result from hyperprolactinemia-induced suppression of GnRH which in
turn causes hypogonadism. However, Biller and his group (1991) reported bone loss in
hyperprolactinemic women with normal estrogen levels but the severity of bone loss
was significantly less than that in hyperprolactinemia with estrogen deficiency. More
recently, the presence of prolactin receptors (PRLR) in human osteosarcoma cell lines
(Saos-2 and MG-63) and primary osteoblasts cultured from mouse calvariae (Bataille-
Simoneau et al., 1996; Clement-Lacroix et al., 1999; Coss et al., 2000) supported the
hypothesis of a direct PRL effect on bone cell. Therefore, the aim of this study was to
investigate the direct role of PRL and its signal transduction pathway in the regulation
of bone metabolism. To achieve this objective, human osteoblast-like cell (MG-63)
and human immortalized normal fetal osteoblast 1.19 (hFOB) were used as
experimental models.

MG-63 was derived from osteosarcoma of adult bone tissue (Billiau et al.,
1977).This osteosarcoma cell line when cultured in osteogenic medium, exhibited
more osteoblastic markers compared to other human and rat osteosarcoma cell lines
i.e., Saos-2 cells or U-20S cells. MG-63 also produced the extracellular matrix
required for bone formation such as collagen type I and osteocalcin. It was concluded
that this osteosarcoma cell line was suitable as osteoblast model for the study of bone
metabolism (Pautke et al., 2004). As for hFOB, the human fetal osteoblasts derived
from fetal bone tissue, they also exhibited bone related genes such as Cbfal (early
osteoblast precursor gene), osteocalcin and PTH receptor. At the surface of hFOB,
specific markers of bone marrow mesenchymal stromal stem cells (BMMSCs) i.e.,
CD13, CD29, CD73/SH3/SH4 were found (Pittenger et al., 1999), whereas the
multiple hematopoietic markers such as CD14, CD34 were absent. hFOB was thus

characterized as osteoprogenitor with plasticity property of stem cells similar to that of
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embryo (Pittenger et al., 1999; Yen et al., 2007). However, obvious discrimination
between MG-63 as an adult cell, and hFOB as a fetal cell has not been documented.
Therefore, the degree of the overlapping of fetal and adult characteristics and their

respective specific marker(s) remained to be sorted out.

A. PRLR mRNA and protein expression in MG-63, an adult human

osteoblast model, and hFOB, a fetal human osteoblast model.

PRLR was first identified in 1974 as a specific, high-affinity, membrane-
anchored protein (Kelly et al., 1974; Posner et al., 1974). Gene encoding PRLR is
located on chromosome 5 that contains at least 10 exons for an overall length
exceeding 100 kB (Arden et al., 1990). Distribution of PRLR has been demonstrated
in a number of cells including bone cells (Bole-Feysot et al., 1998). Indeed, PRLR has
been reported in MG-63 and Saos-2, the human osteosarcoma cell in which PRLR
could be upregulated by the stimulatory effect of osteotropic factors such as 1,25-
(OH);D; and dexamethasone (Bataille-Simoneau et al., 1996). Since primary
osteoblasts obtained from neonatal calvaria also expressed PRLR (Clement-Lacroix et
al., 1999), a direct action of PRL on osteoblasts was postulated.

PRLR has been classified into 4 isoforms, one soluble PRLR and three
membrane-anchored isoforms, which result from alternative splicing of the primary
transcription. These different membrane anchored PRLR isoforms differ in the length
and composition of their cytoplasmic tails and are referred to as short, intermediate,
and long PRLR with respect to their size. For instance, in rat, PRLR isoforms contain
291 (short), 393 (intermediate), or 591 (long) amino acids (Bole-Feysot et al., 1998).
The long isoform is the only PRLR form able to activate the JAK2/STATS pathway,
which is essential for PRL-induced transcription of milk protein genes, differentiation
of normal epithelial cells, and initiation and maintenance of lactation. In contrast to the
PRLR-long isoform, PRLR-short isoform cannot mediate the transcriptional activation
of the B-casein gene promoter induced by PRL (Lesueur et al., 1991). On the other
hand, PRLR-short isoform was suggested to inhibit the PRL-induced PRLR-long

isoform activation the promotes mammary epithelial cell proliferation (Meng et al.,
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2004). Moreover, it was reported that the PRLR-short isoform exerted inhibitory effect
by forming heterodimer with the long isoform in a ligand-independent manner (Qazi et
al., 2006). Therefore, it has been suggested that the inhibitory role of the PRLR-short
isoform may have physiological significance because the expression of the long and
short PRL isoforms of PRLR is regulated in a tissue-specific manner (Lesueur et al.,
1991). In the present study, only the long form of PRLR was investigated since this
isoform possess a cytoplasmic tail (C terminal) which is required for the intracellular
signal transduction (Bole-Feysot et al., 1998). A pair of primers used in the present
study was designed to bind to the encoding gene from residue number 322 to residue
number 2120, which gave rise only to the PRLR-long isoform mRNA (Figures 8 and
10). Furthermore, PRLR antibody used for determination of PRLR localization
aggregated to amino acids which contributed to the non-overlapping protein of the
long isoform with other isoforms (Figures 9 and 11).

PRLR mRNA in MG-63 and hFOB cells was verified by using RT-PCR and
gel electrophoresis, and PRLR protein localization was demonstrated by
immunocytochemistry. The results demonstrated that MG-63 cells normally expressed
a very low level of PRLR. However, consistent with the previous study (Bataille-
Simoneau et al., 1996), PRLR expression was significantly upregulated after 16 h
incubation with dexamethasone or 1,25-(OH),Ds. The combination of dexamethasone
and 1,25-(OH),Ds, on the other hand, had no additive effect, suggesting a possibility
of the two hormones acting via a common pathway. This result was consistent with
that in mouse calvaria demonstrating no further increased in VDR mRNA expression
after treating with their combination, however, the underlying mechanism was
unknown (Swanson et al., 2006). In hippocampal cells, crosstalk of dexamethasone
and 1,25-(OH),D; were observed, and was proposed for two mechanisms. First, VDR
and GR may compete for the common co-factors. However, it should be noted that the
composition of cofactor may be specific in variety of cell. Second, holo-VDR and
holo-GR may directly interact, resulting in impaired transactivation potential of (one
of) the transaction functions (Obradovic et al., 2006). In addition, it was reported that
dexamethasone could stimulate mRNA expression and its activity of 24-hydroxylase,
which was the enzyme that hydrolyzed 1,25-(OH),D; into an inactive form of vitamin

D, in osteoblastic cell line, UMR-106. This observation suggested that by enhancing
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24-hydroxylase expression, dexamethasone favored catabolism of 1,25(OH),Ds, and
thus counteracted the anabolic effect of 1,25(OH),Ds in osteoblasts (Kurahashi et al.,
2002).

Our laboratory has recently demonstrated that primary rat osteoblasts, bone
tissues from tibia, femur, calvaria and L5-6 vertebrae of adult female rats expressed
both short and long isoforms of PRLR. It was shown that all four bones expressed the
long-isoform PRLR mRNA more than the short-isoform PRLR. This data confirmed
that both cortical and trabecular sites were potential targets of PRL (Charoenphandhu
et al., 2007; Seriwatanachai et al., 2008a).

For the first time, this study verified the presence of the long isoform of PRLR
mRNA and protein localization in human fetal osteoblasts, hFOB. Interestingly, in
contrast to MG-63 cell line, the mRNA of PRLR in hFOB was highly expressed in
normal culture medium and was not affected by the 16 h incubation with
dexamethasone, 1,25-(OH),D; or their combination. The expression of PRLR mRNA
and protein in hFOB cells, similar to that in the primary rat osteoblast (Seriwatanachai
et al., 2008a), was constitutive and independent of both hormones. This implicated that
hFOB and primary rat osteoblast shared similar characteristics of normal osteoblasts,
in contrast to MG-63 which was derived from osteosarcoma of adult bone tissue. The
present data from hFOB experiment also lent support to the previous reports of mRNA
expression of long and short forms of PRLR in fetal tissues such as adrenal cortex,
renal tubules, small intestine, adipose tissue and bone (Bole-Feysot et al., 1998).
Furthermore, the expressions of PRLR mRNA and protein have been known to
increase in vivo in late gestation in fetal rat (Royster et al., 1995). Although, the PRLR
mRNA expression in fetal osteoblasts in this study was not affected by 1,25-(OH),Ds
or dexamethasone, hormonal regulation of PRLR expression during the embryogenesis
could not be excluded. Moreover, there appeared to be an age dependent effect on a
number of tissues. For instance, the mRNA and protein expression of both long and
short isoforms PRLR in the olfactory bulb showed less PRLR expression in adult
tissues than in the embryo (Freemark et al., 1996). This study postulated a novel role
of PRL in olfactory differentiation and development and may provide new mechanism
by which PRL regulated neonatal behavior and maternal-internal interaction. It was

suggested that PRLR expression was differentially expressed in various tissues and the
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expression showed distinct phases during the maturation of individual tissue. Based on
the evidence of PRLR expression in bone cells as shown by the present study and
previous in vitro and in vivo studies, it was suggested that PRL had a potential role in

the regulation of fetal skeletal development and bone remodeling in adult skeleton.

B. The effect of PRL on MG-63, an adult human osteoblast model

Accelerated bone turnover is a common feature of physiological and
pathological hyperprolactinemia (Naylor et al.,, 2000). Hyperprolactinemia in
physiological conditions such as during pregnancy and lactation that produce
physiologically high concentration of PRL of ~75-100 and ~200-300 ng/ml,
respectively, (Prentice, 2000; Ritchie et al., 1998) is accompanied by a high bone
turnover, that, in turn, is to provide rapid supply of calcium for fetal growth and milk
production (Kovacs, 2005). Our previous histomorphometric study in lactating rats
showed that suppression of the high secretory rate of endogenous PRL by
bromocriptine suppressed maternal bone turnover by reducing calcium deposition rate
and calcium resorption rate in femur, tibia, and vertebrae. Furthermore, such reduction
of both bone formation and bone resorption could result in a net bone loss in the
bromocriptine-treated lactating rats (Lotinun et al., 2003).

The pathological hyperprolactinemia, in contrast, mostly results from PRL
secreting tumor or chronic uses of dopamine-related antipsychotic drugs (Haddad &
Wieck, 2004; Jung et al., 2006). A conventional use of antipsychotic drug in
schizophrenia patients elevates PRL levels by blocking dopaminergic inhibition
(Naidoo et al., 2003). Important adverse effects of pathological hyperprolactinemia in
women are galactorrhea and hypoestrogenism resulting in amenorrhea, impeding of
normal cyclic ovarian function and loss of libido. In men, hyperprolactinemia results
in impotence, loss of libido and hypospermatogenesis (Petty, 1999). The serum PRL
concentration up to ~1000 ng/mL of PRL which is considered pathological
hyperprolactinemia not only stimulates bone turnover but also produces a massive
calcium loss, overt osteopenia, and osteoporosis (Biller et al., 1992; Naliato et al.,
2005). From the human studies of pathological hyperprolactinemia, several

investigators suggested that PRL-accelerated bone turnover was likely due to estrogen
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deficiency, since hyperprolactinemia suppressed gonadotrophin secretion (Biller et al.,
1992; Schlechte, 1995). However, the PRLR expression in osteoblasts (Clement-
Lacroix et al., 1999; Coss et al., 2000; Seriwatanachai et al., 2008a; Seriwatanachai et
al., 2008b) and the expression of both short and long isoforms of PRLR in tibiae,
femora and vertebrae of adult female rats (Charoenphandhu et al., 2007), as discussed
earlier, suggested that osteopenia or osteoporosis could be due to a direct action of
PRL on bone cells. This study provided supportive evidence that high physiological
(>100 ng/ml) levels of PRL could directly regulate bone remodeling via the
osteoblasts.

Because the plasma membrane of osteoblast is rich in alkaline phosphatase
(ALP), the activity of ALP is thus commonly used in both clinical and laboratory
investigations to represent the osteoblast activity (Farley and Baylink, 1986; Leung et
al., 1993; van Straalen et al., 1991). Osteoblasts also synthesize and secrete collagen
type I and non collagenous proteins such as osteocalcin, osteopontin and osteonectin.
Osteocalcin is a small protein that becomes part of bone matrix in the later phase of
osteoblast differentiation (Qi et al., 2003). Both ALP and osteocalcin are thus used as
indicators of the osteoblast activity and differentiation (Coss et al., 2000; Ducy et al.,
2000). Therein, this present study examined the effect to PRL on ALP activity, ALP
and osteocalcin mRNA expression in term of time and dose responses. It was found
that PRL at 100 ng/ml significantly decreased the ALP activity after 48 h incubation
(Figure 13). This result was consistent with the onset of action of PRL on the
reduction of ALP and osteocalcin mRNA expression (Figure 17). PRL at 100 and
1000 ng/ml also significantly decreased the ALP activity and osteocalcin mRNA
expression in MG-63. On the other hand, neither low nor high concentration of PRL
had effect on osteoblast proliferation as measured by MTT assay (Figure 14). This
result agreed with the previous study of 48 h incubation with varying concentrations of
PRL up to 1000 ng/ml on osteoblast proliferation (Coss et al., 2000). The adverse
action of PRL on ALP activity and its mRNA as well as osteocalcin mRNA expression
without increasing the number of osteoblasts suggested a reduction of osteoblast
function which could also lead to a decrease in bone formation.

It is known that osteoblasts express the receptor activator of nuclear factor kB

ligand (RANKL) and osteoprotegerin (OPG) (Kostenuik et al., 2005). Binding of
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RANKL to its receptor on the osteoclast progenitor cells induces bone resorption,
whereas binding of RANKL to its decoy receptor OPG inhibits bone resorption. Thus,
the ratio of RANKL/OPG expression by osteoblast is an important determinant of
osteoclastogenesis and osteoclast activity as well as bone resorption. For instance,
higher RANKL/OPG ratio indicates an induction of bone resorption, and lower
RANKL/OPG ratio indicates a reduction of bone resorption (Kostenuik et al., 2005).
Herein, the present study demonstrated, for the first time, that PRL slightly
upregulated the expression of RANKL mRNA while downregulating that of OPG in
MG-63 cells, thus leading to an increase in the RANKL/OPG mRNA ratio (Figure 18).
Moreover, it was shown that the translational levels of OPG and RANKL (Figure 20)
also responded to PRL in a similar manner to that of mRNA expression.
Downregulation of OPG mRNA expression in primary rat osteoblasts from adult rats
and a decrease in serum OPG levels in anterior pituitary transplantation rats
(Seriwatanachai et al., 2008a) were consistent with the present findings. Furthermore,
the concentration of PRL may be an important determinant of bone loss, because PRL
regulated the expression of bone markers, including osteocalcin, ALP, RANKL and
OPQG, in a dose-response manner. It was noted that a pathological level of PRL (1000
ng/ml) markedly changed all measured parameters of bone turnover towards bone
resorption, whereas 100 ng/ml PRL had less effect on the osteoblastic function.

The study of PRLR knockout in adult mice using double calcein labeling,
demonstrated a decrease in bone formation rate and a reduction of bone mineral
density as measured by dual energy x-ray absorptiometry (Qi et al., 2003). However,
serum estradiol, progesterone and testosterone levels in the knockout mice were
decreased, whereas PTH level was increased. Incidentally, changes in the hormone
profile could be responsible for the low bone mineral density in PRLR knockout adult
mice. Therefore, it was not possible to rule out the indirect systemic effects of PRL via
interactions with other hormones implicated in the regulation of bone metabolism.
Indeed, impaired ossification in developing calvaria was also observed in neonatal
mice of the PRLR knockout dams, however, it was not determined whether there were
changes in the hormone levels. Although, these in vivo data did not provide evidence
for the exact role of PRL in the regulation of bone metabolism, they clearly showed

that the basal circulating level of endogenous PRL (~7—-10 ng/ml) must be essential for
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the maintenance of normal bone growth and remodeling (Clement-Lacroix et al.,
1999). In the present study, 10 ng/ml PRL was found to maintain a slightly elevated
expression ratio of RANKL/OPG mRNA, which was apparently appropriate for
normal bone function. On the other hand, the pathological levels of PRL often resulted
in overt osteopenia similar to estrogen deficiency (Haddad 2004; Jung et al., 2006),
which leads to increases in the skeletal remodeling, ultimately resulting in bone loss,
and the increased risk of osteoporotic fractures. Estrogen deficiency probably causes
bone loss by activating new bone remodeling sites and exaggerating the imbalance
between bone formation and resorption (Lindsay and Cosman, 2001). At cellular level,
estrogen inhibits osteoclasts, which are responsible for bone resorption, and stimulates
osteoblasts that mediate bone formation. Estrogen may also play an important role in
determining the life span of bone cells through controlling the rate of apoptosis.
Hence, in low estrogen state, the lifespan of osteoblasts may be decreased and that of
osteoclasts increased. In adolescents and young women, sustained production of
estrogen is thus essential for the maintenance of bone mass (Lindsay et al., 1992).

It 1s well extablished that in pathological hyperprolactinemic patients, bone
turnover is accelerated with bone resorption rate exceeding bone formation rate, and in
vivo studies showed high bone turnover in compact bones of mature rats acutely
treated with PRL ng/ml (Krishnamra and Seemoung et al., 1996). Interestingly, PRL
has been found to be involved in the intestinal calcium transport both in the in vivo
and vitro studies (Tanrattana et al., 2004; Charoenphandhu et al., 2006 and 2007;
Jantarajit et al., 2007; Thongon et al., 2008). Of note was our previous finding that
1000 ng/mL PRL exerted a typical biphasic action on the small intestine in adult rat.
PRL at 200-800 ng/ml significantly promoted the solvent drag-induced duodenal
active calcium transport in a dose-response manner. However, the enhanced calcium
absorption was diminished to the basal level by the pathological concentration of PRL
of 1000 ng/ml (Tanrattana et al., 2004; Jantarajit et al., 2007), aggravating a negative
calcium balance. Thus, it was postulated that the massive bone loss in pathological
hyperprolactinemia could well result from the PRL-enhanced bone resorption without
matching increase in the intestinal calcium absorption.

It was also apparent from our recent reports that decreases in bone formation

and bone mass may be prevented by the concurrent stimulation of the intestinal
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calcium absorption with ~100 ng/mL PRL (Tudpor et al., 2005; Charoenphandhu et
al., 2007). In vitro finding in the present study i.e., suppression of osteoblast activity
by PRL was contrary to the histomorphometric data of hyperprolactinemic (induced by
the anterior pituitary transplantation) rats that exhibited enhanced mineral apposition
and bone formation (Seriwatanachai et al., 2008a). The in vivo increase in bone
formation could be due to the coupling of bone formation to enhanced bone resorption,
which was absent in the in vitro experiments. Under the physiological condition i.e., in
vivo Basic Multicellular Unit (BMU), a wandering team of cells are responsible for
coupling bone formation to bone resorption i.e., osteoclasts dissolving bone surface
into resorption pit which are subsequently filled with new bone by osteoblasts.
Furthermore, the cytokines released from bone resorbing-matrix, local paracrines and
cell to cell interactions that play crucial roles in the coupling of bone formation to
bone resorption were obviously absent in the in vitro condition. Therefore, the
uncoupling of bone formation from bone resorption in the in vitro study condition
could account for the differential response of bone cells to PRL in the in vitro and in
vivo conditions. Since, PRLR are present only on the surface membrane of osteoblasts
but not osteoclasts (Clement-Lacroix et al., 1999; Coss et al., 2000; Seriwatanachai et
al., 2008a; Seriwatanachai et al., 2008b), the stimulatory action of PRL on osteoclastic
bone resorption as previously reported in vivo was likely via the osteoclastogenic
function of osteoblasts. Alternatively, an increase in bone formation could have
resulted from the increased calcium supply from the concurrent PRL-stimulated
intestinal calcium absorption as a compensatory mechanism (Piyabhan et al., 2000;
Tudpor et al., 2005). As bone formation is a complex process consisting of osteoid
formation and mineralization, availability of calcium in the plasma is crucial for
mineralization, and could increase the rate of bone formation even in the vitamin D-
deficient rats (Weinstein et al., 1984). Further investigations are required to
demonstrate the effects of PRL on the intricate interactions between bone and
intestine.

It could be concluded at this point that demonstration of PRLR and the
suppressive effects of high concentrations of PRL on MG-63 cells confirmed the
hypothesis that hyperprolactinemia-induced bone loss could be due in part to the direct
action of PRL. The present study also showed that PRL could potentially enhance
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bone resorption by stimulating the osteoclastogenic function of osteoblast i.e.,
increasing the RANKL/OPG ratio. However, differential responses of osteoblasts in
the in vivo versus in vitro conditions as discussed above must be taken into
consideration when extrapolating the in vitro findings to explain in vivo observations.
Nevertheless, the present results were able to explain the clinical findings of the

hyperprolactinemia-induced high bone turnover and osteopenia.

C. The effect of PRL on hFOB, a human fetal osteoblast model

In adult animals, high bone turnover is a characteristic of both physiological
and pathological hyperprolactinemia (Krishnamra et al., 1997; Lotinun et al., 2003;
Meaney et al., 2004). Furthermore, PRL exposure in adult animals and humans,
depending on the PRL concentrations, could lead to bone loss (Biller et al., 1992; et
al., 2003). However, under certain conditions such as during pregnancy, high
physiological PRL of ~75-100 ng/ml did not produce a significant bone loss, and only
transient osteopenia was reported after 3 months of lactation when plasma PRL ranged
between 200 and 350 ng/mL (Prentice et al., 2000; Ritchie et al., 1998). Interestingly,
young rats were more responsive to PRL than adult and aging rats. Krishnamra and
Seemoung (1996), using the in vivo *’Ca kinetic study, reported that young rats
responded differently to PRL compared to adult rats (more than 8 weeks of age), i.e.,
by enhancing bone gain instead of bone loss despite the presence of high bone
turnover. Therefore, PRL stimulated calcium deposition and induced net bone gain in
the femur, tibia and sternum of 3-week-old young rats. It was likely that the effects of
PRL on bone varied with age. Along these lines of thought, it was therefore
hypothesized that, unlike its action in MG-63, the adult human derived osteoblasts,
PRL may increase the cellular activities of osteoblasts derived from immature human
cells leading to bone formation. The present study thus used differentiated hFOB cells,
which had minimal chromosome aberration and exhibited the matrix-producing
properties of normal differentiated osteoblasts (Harris et al., 1995; Subramaniam et al.,
2002), as the second study model. In addition, the undifferentiated hFOB cells have
recently been shown to possess multilineage differentiation potential (Yen et al.,

2007), suggesting that they retained the characteristics of fetal cells.
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The present results showed that PRL at 100 and 1000 ng/ml stimulated
osteocalcin mRNA expression in hFOB cells (Figure 16B) without affecting cell
proliferation (Figure 14B). This effect of PRL agreed with the action of other
hormones, such as leptin which enhanced osteoblast differentiation but not
proliferation (Thomas et al., 1999). This effect was in contrast to PRL effect in MG-63
cells derived from adult humans which showed a decrease in osteocalcin expression
after a 24-h PRL exposure. Similar to the primary neonatal rat osteoblasts (Coss et al.,
2000) and MG-63 cells in the recent finding, PRL-exposed hFOB cells manifested a
decrease in ALP activity (Figure 12B) which was supported by the reduction of its
mRNA expression (Figure 15B). Although ALP is a classical marker of bone
formation (Stein et al., 1996), its expression depends on the developmental stage of
osteoblasts (Owen et al., 1990). Basically, osteoblasts have important roles in all three
steps of bone formation, i.e., cell proliferation, extracellular matrix maturation, and
mineralization (Owen et al., 1990). But the various actions including responses of
osteoblast proliferation, gene expression and enzyme activities to various humoral
factors all depend on the stage of development of the cells. For example, transforming
growth factor B and its downstream protein Smad3 inhibited osteoblast proliferation,
but enhanced ALP activity, mineralization, and expression of bone matrix proteins
(Sowa et al.,, 2002). Generally, ALP expression is increased immediately after
cessation of cell proliferation, while the expression of osteocalcin, which is important
for the formation of hydroxyapatite crystal lattices (Hoang et al., 2003), is increased
later during matrix maturation near the onset of mineralization (Owen et al., 1990).
Therefore, a disparate relationship between osteocalcin expression and ALP activity
was not surprising and could be observed during the development of osteoblasts.

The previous findings of the PRL-induced increase in the RANKL/OPG ratio
in MG-63 cells and decrease in the OPG expression in primary osteoblasts from adult
rats supported the in vivo report of net bone loss in adult hyperprolactinemic rats.
Hence, it was possible that hFOB cells may respond to PRL by decreasing the
RANKL/OPG expression ratio. The decrease in transcription and translation level of
RANKL/OPG ratio by 10, 100 and 1000 ng/ml-PRL (Figure 19 and Figure 21) in the
present study implied that PRL could potentially suppress bone resorption, thus

supporting the earlier report of greater calcium deposition in bones of PRL-treated
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young rats (Krishnamra and Seemoung, 1996). Since PRL enhanced osteocalcin
expression in the matrix maturation step (Figure 16B) without affecting the in vitro
mineralization of primary rat osteoblasts (Charoenphandhu et al., 2008), it was
suggested that PRL increased bone calcium deposition in young rats by
downregulating RANKL and upregulating OPG, thereby decreasing the RANKL/OPG
ratio. Similar to PRL, growth hormone which increases bone turnover and bone gain
(Schlemmer et al., 1991; Brixen et al., 2000; Landin-Wilhelmsen et al., 2003) also
stimulates OPG synthesis in hFOB cells (Mrak et al., 2007).

In conclusion, the present study demonstrated that hFOB cells strongly and
constitutively expressed PRLR. PRL directly increased osteocalcin mRNA expression,
and thus decreased the RANKL/OPG ratio in these cells, indicating the stimulatory
effect on bone formation and suppressive effect on bone resorption, respectively. The
in vitro study supported the previous in vivo findings that, unlike in mature rats, PRL
enhanced bone calcium deposition and bone gain in young rats (Krishnamra and
Seemoung, 1996).

MG-63 was derived from osteosarcoma in adult bone tissue (Billiau et al.,
1977). The actions of PRL on MG-63 mostly were anti-anabolic action i.e. decreasing
osteoblast activity and differentiation while enhancing osteoclastogenesis. On the
other hand, hFOB, a human fetal osteoblast derived from fetal bone tissue, was
characterized as an osteoprogenitor which retained the plasticity of stem cells similar
to that of embryogenic cells. The action of PRL on hFOB were mostly anabolic
actions that led to bone gain i.e. increasing osteoblast differentiation and decreasing
osteoclastogenesis. These age dependent differences in PRL effects were similarly
observed in the in vivo study. PRL actions in young rats eventually resulted in net
bone gain whereas its actions in adult rats caused net bone loss (Krishnamra and
Seemoung, 1996). So far, the underlying mechanism has not been elucidated.
Nevertheless, the present evidence of differential responses of fetal osteoblasts and
adult derived osteoblasts supported the reported actions of PRL on bone remodeling as
occurred in vivo. Therefore, these two types of osteoblasts could be used as osteoblast
models for cell from adult and young animals. However, since the age dependent
characteristic features of MG-63 and hFOB have not been properly documented, it was

suggested that the overlapping window of fetal and adult statuses could be
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distinguished further by using more specific markers. Indeed, insulin-like growth
factors (IGFs) were known to control local tissue growth and differentiation during
embryonic and postnatal mammalian growth (Sara & Carlsson-Skwirut, 1986).
Although, human IGF II cDNA probes have been used to determine the late phase of
the first trimester in human embryo (Scott et al., 1985; Hyldahl, Engstrom, &
Schofield, 1986), however, the level of expression seemed to vary in different organs,
from very high in liver to very low in brain (Schofield & Tate, 1987). Moreover, it was
further reported that IGF II transcription, especially the exon El-containing
transcripts, was not confined to the fetus, but was also found in other adult organs,
with an exception of liver (Schofield et al., 1987). Therefore, the specific marker for

determining the fetal from adult status remains to be further clarified.

D. The intracellular signaling pathway of PRL action on human

osteoblasts (MG-63 and hFOB)

After binding of PRL to PRLR, dimerization of two PRLR causes an activation
of the cytoplasmic signaling. The signaling transduction is effected via activation of
cytoplasmic tyrosine kinase (Janus kinase), mainly JAK2, which then phosphorylates
other associated proteins, namely signal transducer and activator of transcription
(STAT). In the mammary epithelia, PRL-PRLR complex uses the JAK2 signaling
pathway in the stimulation of milk production (Bole-Feysot et al., 1998). Besides
JAK/STAT pathway, the most important signaling pathway of PRL signaling
transduction, at least three other signaling pathways have been reported to be involved

in PRLR-associated intracellular signaling pathway i.e., the activation of mitogen-

activated protein kinase (MAPK). Phosphatidylinositol-3’-kinase (PI3K) and PKC

signaling pathways are reported in a number of tissues such as lymphoma tissue,
duodenum and colon (Bole-Feysot et al., 1998; Freeman et al., 2000).

Since the direct actions of PRL in osteoblasts have only been recently
demonstrated, nothing was known regarding its signaling pathway. It was recently
shown that PRL directly stimulated the duodenal calcium absorption (Jantarajit et al.,

2007), and inhibited the colonic Ca**-dependent Cl'and K™ secretion via the PI3K
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pathway (Puntheeranurak et al., 2007). Furthermore, our laboratory recently reported
that, via modulation of tight junction, PRL increased the passive calcium transport via
PI3K pathway, and PRL exerted its action through PKC signaling to enhance the
active calcium transport in Caco-2 monolayer (Thongon et al., 2008). Therefore, signal
transduction of PRL in osteoblasts may also occur via the PI3K. The objective of this
part of study was to investigate whether PRL signaling in human osteoblasts involved
the PI3K pathway by using the ALP activity as the target of PRL action in MG-63 and
hFOB.

Because a potent specific inhibitor of PI3K, LY294002 was used in the study,
the induction of apoptosis due to the inhibition of PI-3K activity must be avoided by
first selecting the lowest effective concentration of LY294002 for PI3-K inhibition,
that did not induce cell death. Therefore, the experiments started with varying
concentrations of LY294002 from 10 nM to 70 puM, and osteoblast survival was
determined by MTT assay. The appropriate concentration of LY294002 which did not
produce an apoptotic effect, was found to be 100 nM, therefore this concentration was
used for cell incubation in the PRL-signaling experiment (Figure 22). The present
study showed that the suppressive effect of PRL on membrane ALP activity in hFOB
and MG-63 cells was completely abolished (Figure 23). Therefore, this indicated that
the PI3K pathway was involved in the signal transduction of PRL in human
osteoblasts, especially in its suppressive action on ALP activity. The involvement of
PI3K in PRL action has been reported in many types of cell such as neurons,
mammary cells, T lymphoma Nb2 cell line and colonic (CACO2) cells. PRL also
acted through PI3K and Rho/ROCK signaling pathway to stimulate the paracellular
passive calcium transport in enterocytes (Thongon et al., 2008). Furthermore, it was
shown that PRL induced a rapid tyrosine phosphorylation of IRS-1 and that the 85-
kDa subunit of the PI3K and IRS-1 appeared to be associate with the PRLR activation
(Bole-Feysot et al., 1998). In addition, in mammary gland epithelial cells, PRL
initiated c-Src-mediated PI3K pathway in the control of the expression of c-Myc and
cyclin D1, which are important regulators involved in cell proliferation of T47D and
MCEF7 breast cancer cells. However, the present study did not detect any of such effect

of PRL on osteoblast proliferation (Acosta et al., 2003). Therefore, the detailed
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signaling cascade of PRL signal transduction pathways in osteoblasts, however,

remained to be further investigated.
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CHAPTER VI
CONCLUSIONS

The aim of the present study was to investigate the effect(s) and the
intracellular signal transduction of PRL action on bone remodeling in osteoblasts. Two
experimental models, MG-63 and hFOB, were used to achieve the objectives in this

study. The main findings could be divided into four aspects as follow.

1. mRNA and protein of PRLR (long isoform) expressed in human

osteoblasts was specific to a maturation of cell.

1.1 MG-63 expressed PRLR long isoform which could be upregulated by
dexamethesone and 1,25-(OH),Ds.

1.2 hFOB expressed PRLR long isoform constitutively and abundantly
without being affected by dexamethesone and 1,25-(OH),Ds .

2. By using MG-63 as osteoblast model of adult animals, PRL at high
physiological (100 ng/ml) and pathological (1000 ng/ml) concentration
exerted catabolic effect on bone metabolism suggesting a possible direct
contribution action of PRL in providing calcium in lactation and loss of

bone mass in hyperprolactinemic condition.

2.1  PRL decreased osteoblast activity and differentiation as represented by
ALP activity and osteocalcin, recpectively.

2.2  PRL increased osteoclastogenic function of osteoblast as indicated by
the increased ratio of RANKL/OPG mRNA and protein.
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3. By using hFOB as on osteoblast model of young animals, PRL at high
concentrations was found to exert anabolic actions on bone metabolism,
suggesting a direct positive effect on of PRL on bone development in

young animals.

3.1 PRL increased osteoblast differentiation as indicated by elevated level
of osteocalcin mRNA expression.

3.2  PRL decreased osteoclasteogenic function of osteoblast as indicated by
the decreased ratio of RANKL/OPG mRNA and protein.

4. By using ALP activity as a target of PRL action on MG-63 and hFOB, the
data indicated that the PI3K pathway was involved in the signal
transduction of PRL in human osteoblasts especially, in its suppressive

action on the ALP activity.



Dutmanee Seriwatanachai References / 86

REFERENCES

Acosta, J. J., Munoz, R. M., Gonzalez, L., Subtil-Rodriguez, A., Dominguez-Caceres,
M. A., Garcia-Martinez, J. M. et al. (2003). Src mediates prolactin-dependent
proliferation of T47D and MCF7 cells via the activation of focal adhesion
kinase/Erk1/2 and phosphatidylinositol 3-kinase pathways. Mol.Endocrinol.,
17, 2268-2282.

Adler, R. A., Evani, R., Mansouri, A., & Krieg, R. J., Jr. (1998). Relative effects of
prolactin excess and estrogen deficiency on bone in rats. Metabolism, 47, 425-
428.

Akatsu, T., Takahashi, N., Debari, K., Morita, 1., Murota, S., Nagata, N. et al. (1989).
Prostaglandins promote osteoclastlike cell formation by a mechanism
involving cyclic adenosine 3',5'-monophosphate in mouse bone marrow cell
cultures. J.Bone Miner.Res., 4, 29-35.

al Sakkaf, K. A., Dobson, P. R., & Brown, B. L. (1997). Prolactin induced tyrosine
phosphorylation of p59fyn may mediate phosphatidylinositol 3-kinase
activation in Nb2 cells. J.Mol.Endocrinol., 19, 347-350.

Arbogast, L. A. & Voogt, J. L. (1998). Endogenous opioid peptides contribute to
suckling-induced prolactin release by suppressing tyrosine hydroxylase
activity and messenger ribonucleic acid levels in tuberoinfundibular
dopaminergic neurons. Endocrinology, 139, 2857-2862.

Arden, K. C., Boutin, J. M., Djiane, J., Kelly, P. A., & Cavenee, W. K. (1990). The
receptors for prolactin and growth hormone are localized in the same region of
human chromosome 5. Cytogenet.Cell Genet., 53, 161-165.

Bartke, A., Goldman, B. D., Bex, F. J., Kelch, R. P., Smith, M. S., Dalterio, S. et al.
(1980). Effects of prolactin on testicular regression and recrudescence in the
golden hamster. Endocrinology, 106, 167-172.

Bataille-Simoneau, N., Gerland, K., Chappard, D., Basle, M. F., & Mercier, L. (1996).
Expression of prolactin receptors in human osteosarcoma cells.
Biochem.Biophys.Res.Commun., 229, 323-328.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 87

Bendall, A. J. & Abate-Shen, C. (2000). Roles for Msx and DIx homeoproteins in
vertebrate development. Gene, 247, 17-31.

Berlanga, J. J., Fresno Vara, J. A., Martin-Perez, J., & Garcia-Ruiz, J. P. (1995).
Prolactin receptor is associated with c-src kinase in rat liver. Mol.Endocrinol.,
9, 1461-1467.

Bertolini, D. R., Nedwin, G. E., Bringman, T. S., Smith, D. D., & Mundy, G. R.
(1986). Stimulation of bone resorption and inhibition of bone formation in
vitro by human tumour necrosis factors. Nature, 319, 516-518.

Biller, B. M., Baum, H. B., Rosenthal, D. I., Saxe, V. C., Charpie, P. M., & Klibanski,
A. (1992). Progressive trabecular osteopenia in  women  with
hyperprolactinemic amenorrhea. J.Clin.Endocrinol.Metab, 75, 692-697.

Billiau, A., Edy, V. G., Heremans, H., Van Damme, J., Desmyter, J., Georgiades, J.
A. et al. (1977). Human interferon: mass production in a newly established
cell line, MG-63. Antimicrob.Agents Chemother., 12, 11-15.

Boass, A., Lovdal, J. A., & Toverud, S. U. (1992). Pregnancy- and lactation-induced
changes in active intestinal calcium transport in rats. Am.J.Physiol, 263,
G127-G134.

Bole-Feysot, C., Goffin, V., Edery, M., Binart, N., & Kelly, P. A. (1998). Prolactin
(PRL) and its receptor: actions, signal transduction pathways and phenotypes
observed in PRL receptor knockout mice. Endocr.Rev., 19, 225-268.

Bonewald, L. F., Kester, M. B., Schwartz, Z., Swain, L. D., Khare, A., Johnson, T. L.
et al. (1992). Effects of combining transforming growth factor beta and 1,25-
dihydroxyvitamin D3 on differentiation of a human osteosarcoma (MG-63).
J.Biol.Chem., 267, 8943-8949.

Borison, R. L., Arvanitis, L. A., & Miller, B. G. (1996). ICI 204,636, an atypical
antipsychotic: efficacy and safety in a multicenter, placebo-controlled trial in
patients  with  schizophrenia. U.S. SEROQUEL  Study  Group.
J.Clin.Psychopharmacol., 16, 158-169.



Dutmanee Seriwatanachai References / 88

Boulton, T. G., Stahl, N., & Yancopoulos, G. D. (1994). Ciliary neurotrophic
factor/leukemia inhibitory factor/interleukin 6/oncostatin M family of
cytokines induces tyrosine phosphorylation of a common set of proteins
overlapping those induced by other cytokines and growth factors.
J.Biol.Chem., 269, 11648-11655.

Brandstrom, H., Bjorkman, T., & Ljunggren, O. (2001). Regulation of osteoprotegerin
secretion from primary cultures of human bone marrow stromal cells.
Biochem.Biophys.Res.Commun., 280, 831-835.

Brixen, K., Hansen, T. B., Hauge, E., Vahl, N., Jorgensen, J. O., Christiansen, J. S. et
al. (2000). Growth hormone treatment in adults with adult-onset growth
hormone deficiency increases iliac crest trabecular bone turnover: a 1-year,
double-blind, randomized, placebo-controlled study. J.Bone Miner.Res., 15,
293-300.

Bushinsky, D. A. & Lechleider, R. J. (1987). Mechanism of proton-induced bone
calcium release: calcium carbonate-dissolution. Am.J.Physiol, 253, F998-
1005.

Cann, C. E., Martin, M. C., Genant, H. K., & Jaffe, R. B. (1984). Decreased spinal
mineral content in amenorrheic women. JAMA, 251, 626-629.

Chambers, T. J. (1982). Osteoblasts release osteoclasts from calcitonin-induced
quiescence. J.Cell Sci., 57, 247-260.

Charoenphandhu, N. & Krishnamra, N. (2007). Prolactin is an important regulator of
intestinal calcium transport. Can.J.Physiol Pharmacol., 85, 569-581.

Charoenphandhu, N., Limlomwongse, L., & Krishnamra, N. (2006). Prolactin directly
enhanced Na+/K+- and Ca2+-ATPase activities in the duodenum of female
rats. Can.J.Physiol Pharmacol., 84, 555-563.

Charoenphandhu, N., Teerapornpuntakit, J., Methawasin, M., Wongdee, K.,
Thongchote, K., & Krishnamra, N. (2008). Prolactin decreases expression of
Runx2, osteoprotegerin, and RANKL in primary osteoblasts derived from
tibiae of adult female rats. Can.J.Physiol Pharmacol., 86, 240-248.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 89

Charoenphandhu, N., Tudpor, K., Thongchote, K., Saengamnart, W., Puntheeranurak,
S., & Krishnamra, N. (2007). High-calcium diet modulates effects of long-
term prolactin exposure on the cortical bone calcium content in
ovariectomized rats. Am.J.Physiol Endocrinol.Metab, 292, E443-E452.

Cheleuitte, D., Mizuno, S., & Glowacki, J. (1998). In vitro secretion of cytokines by
human bone marrow: effects of age and estrogen  status.
J.Clin.Endocrinol.Metab, 83, 2043-2051.

Clement-Lacroix, P., Ormandy, C., Lepescheux, L., Ammann, P., Damotte, D.,
Goffin, V. et al. (1999). Osteoblasts are a new target for prolactin: Analysis of
bone formation in prolactin receptor knockout mice. Endocrinology, 140, 96-
105.

Clevenger, C. V. & Medaglia, M. V. (1994). The protein tyrosine kinase P59fyn is
associated with prolactin (PRL) receptor and is activated by PRL stimulation
of T-lymphocytes. Mol.Endocrinol., 8, 674-681.

Cooke, N. E., Coit, D., Shine, J., Baxter, J. D., & Martial, J. A. (1981). Human
prolactin. cDNA structural analysis and evolutionary comparisons.
J.Biol.Chem., 256, 4007-4016.

Cooke, N. E., Coit, D., Weiner, R. I., Baxter, J. D., & Martial, J. A. (1980). Structure
of cloned DNA complementary to rat prolactin messenger RNA. J.Biol.Chem.,
255, 6502-6510.

Coss, D., Yang, L., Kuo, C. B., Xu, X., Luben, R. A., & Walker, A. M. (2000).
Effects of prolactin on osteoblast alkaline phosphatase and bone formation in
the developing rat. Am.J.Physiol Endocrinol.Metab, 279, E1216-E1225.

Cross, N. A,, Hillman, L. S., Allen, S. H., & Krause, G. F. (1995). Changes in bone
mineral density and markers of bone remodeling during lactation and
postweaning in women consuming high amounts of calcium. J.Bone
Miner.Res., 10, 1312-1320.

DelLuca, H. F. (1988). The vitamin D story: a collaborative effort of basic science and
clinical medicine. FASEB J., 2, 224-236.

Ducy, P., Schinke, T., & Karsenty, G. (2000). The osteoblast: a sophisticated
fibroblast under central surveillance. Science, 289, 1501-1504.



Dutmanee Seriwatanachai References / 90

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A. L., & Karsenty, G. (1997). Osf2/Cbfal.:
a transcriptional activator of osteoblast differentiation. Cell, 89, 747-754.

Farley, J. R. & Baylink, D. J. (1986). Skeletal alkaline phosphatase activity as a bone
formation index in vitro. Metabolism, 35, 563-571.

Ferrag, F., Pezet, A., Chiarenza, A., Buteau, H., Nelson, B. H., Goffin, V. et al.
(1998). Homodimerization of IL-2 receptor beta chain is necessary and
sufficient to activate Jak2 and downstream signaling pathways. FEBS Lett.,
421, 32-36.

Feuermann, Y., Mabjeesh, S. J., & Shamay, A. (2004). Leptin affects prolactin action
on milk protein and fat synthesis in the bovine mammary gland. J.Dairy Sci.,
87, 2941-2946.

Freeman, M. E., Kanyicska, B., Lerant, A., & Nagy, G. (2000). Prolactin: structure,
function, and regulation of secretion. Physiol Rev., 80, 1523-1631.

Freemark, M., Driscoll, P., Andrews, J., Kelly, P. A., & Royster, M. (1996).
Ontogenesis of prolactin receptor gene expression in the rat olfactory system:
potential roles for lactogenic hormones in olfactory development.
Endocrinology, 137, 934-942.

Ghosh-Choudhury, N., Abboud, S. L., Nishimura, R., Celeste, A., Mahimainathan, L.,
& Choudhury, G. G. (2002). Requirement of BMP-2-induced
phosphatidylinositol 3-kinase and Akt serine/threonine kinase in osteoblast
differentiation and Smad-dependent BMP-2 gene transcription. J.Biol.Chem.,
277, 33361-33368.

Girasole, G., Jilka, R. L., Passeri, G., Boswell, S., Boder, G., Williams, D. C. et al.
(1992). 17 beta-estradiol inhibits interleukin-6 production by bone marrow-
derived stromal cells and osteoblasts in vitro: a potential mechanism for the
antiosteoporotic effect of estrogens. J.Clin.Invest, 89, 883-891.

Goffin, V. & Kelly, P. A. (1996). Prolactin and growth hormone receptors. Clinical
Endocrinology, 45, 247-255.

Goffin, V. & Kelly, P. A. (1997). The prolactin/growth hormone receptor family:
structure/function relationships. J.Mammary.Gland.Biol.Neoplasia., 2, 7-17.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 91

Gouilleux, F., Pallard, C., Dusanter-Fourt, I., Wakao, H., Haldosen, L. A., Norstedt,
G. et al. (1995). Prolactin, growth hormone, erythropoietin and granulocyte-
macrophage colony stimulating factor induce MGF-Stat5 DNA binding
activity. EMBO J., 14, 2005-2013.

Granchi, D., Cenni, E., Savarino, L., Ciapetti, G., Forbicini, G., Vancini, M. et al.
(2002). Bone cement extracts modulate the osteoprotegerin/osteoprotegerin-
ligand expression in MG63 osteoblast-like cells. Biomaterials, 23, 2359-2365.

Greenspan, S. L., Neer, R. M., Ridgway, E. C., & Klibanski, A. (1986). Osteoporosis
in men with hyperprolactinemic hypogonadism. Ann.Intern.Med., 104, 777-
782.

Greenspan, S. L., Oppenheim, D. S., & Klibanski, A. (1989). Importance of gonadal
steroids to bone mass in men with hyperprolactinemic hypogonadism.
Ann.Intern.Med., 110, 526-531.

Gushchin, G. V., Cheney, C., Glaser, R., & Malarkey, W. B. (1995). Temporal
relationships and IL-2 dependency of prolactin-induced lymphocyte
proliferation. J.Neuroimmunol., 60, 93-98.

Haddad, P. M. & Wieck, A. (2004). Antipsychotic-induced hyperprolactinaemia:
mechanisms, clinical features and management. Drugs, 64, 2291-2314.
Halbreich, U., Rojansky, N., Palter, S., Hreshchyshyn, M., Kreeger, J., Bakhai, Y. et
al. (1995). Decreased bone mineral density in medicated psychiatric patients.

Psychosom.Med., 57, 485-491.

Harada, S. & Rodan, G. A. (2003). Control of osteoblast function and regulation of
bone mass. Nature, 423, 349-355.

Harris, S. A., Enger, R. J., Riggs, B. L., & Spelsberg, T. C. (1995). Development and
characterization of a conditionally immortalized human fetal osteoblastic cell
line. J.Bone Miner.Res., 10, 178-186.

Hoang, Q. Q., Sicheri, F., Howard, A. J., & Yang, D. S. (2003). Bone recognition
mechanism of porcine osteocalcin from crystal structure. Nature, 425, 977-
980.

Hofbauer, L. C., Khosla, S., Dunstan, C. R., Lacey, D. L., Spelsberg, T. C., & Riggs,
B. L. (1999). Estrogen stimulates gene expression and protein production of

osteoprotegerin in human osteoblastic cells. Endocrinology, 140, 4367-4370.



Dutmanee Seriwatanachai References / 92

Holick, M. F. (1995). Defects in the synthesis and metabolism of vitamin D.
Exp.Clin.Endocrinol.Diabetes, 103, 219-227.

Horseman, N. D. & Yu-Lee, L. Y. (1994). Transcriptional regulation by the helix
bundle peptide hormones: growth hormone, prolactin, and hematopoietic
cytokines. Endocr.Rev., 15, 627-649.

Horwood, N. J., Elliott, J., Martin, T. J., & Gillespie, M. T. (1998). Osteotropic agents
regulate the expression of osteoclast differentiation factor and osteoprotegerin
in osteoblastic stromal cells. Endocrinology, 139, 4743-4746.

Hyldahl, L., Engstrom, W., & Schofield, P. N. (1986). Stimulatory effects of insulin-
like growth factors on DNA synthesis in the human embryonic cornea.
J.Embryol.Exp.Morphol., 98, 71-83.

Ihle, J. N. (1996). STATS: signal transducers and activators of transcription. Cell, 84,
331-334.

Ishida, H., Bellows, C. G., Aubin, J. E., & Heersche, J. N. (1993). Characterization of
the 1,25-(OH)2D3-induced inhibition of bone nodule formation in long-term
cultures of fetal rat calvaria cells. Endocrinology, 132, 61-66.

Jantarajit, W., Thongon, N., Pandaranandaka, J., Teerapornpuntakit, J., Krishnamra,
N., & Charoenphandhu, N. (2007). Prolactin-stimulated transepithelial
calcium transport in duodenum and Caco-2 monolayer are mediated by the
phosphoinositide 3-kinase pathway. Am.J.Physiol Endocrinol.Metab, 293,
E372-E384.

Jheon, A. H., Ganss, B., Cheifetz, S., & Sodek, J. (2001). Characterization of a novel
KRAB/C2H2 zinc finger transcription factor involved in bone development.
J.Biol.Chem., 276, 18282-18289.

Jilka, R. L., Hangoc, G., Girasole, G., Passeri, G., Williams, D. C., Abrams, J. S. et al.
(1992b). Increased osteoclast development after estrogen loss: mediation by
interleukin-6. Science, 257, 88-91.

Jilka, R. L., Hangoc, G., Girasole, G., Passeri, G., Williams, D. C., Abrams, J. S. et al.
(1992a). Increased osteoclast development after estrogen loss: mediation by
interleukin-6. Science, 257, 88-91.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 93

Jung, D. U., Conley, R. R., Kelly, D. L., Kim, D. W., Yoon, S. H., Jang, J. H. et al.
(2006). Prevalence of bone mineral density loss in Korean patients with
schizophrenia: a cross-sectional study. J.Clin.Psychiatry, 67, 1391-1396.

Karaplis, A. C., Luz, A., Glowacki, J., Bronson, R. T., Tybulewicz, V. L.,
Kronenberg, H. M. et al. (1994). Lethal skeletal dysplasia from targeted
disruption of the parathyroid hormone-related peptide gene. Genes Dev., 8,
277-289.

Kasugai, S., Todescan, R., Jr., Nagata, T., Yao, K. L., Butler, W. T., & Sodek, J.
(1991). Expression of bone matrix proteins associated with mineralized tissue
formation by adult rat bone marrow cells in vitro: inductive effects of
dexamethasone on the osteoblastic phenotype. J.Cell Physiol, 147, 111-120.

Kelly, P. A., Djiane, J., Postelvinay, M. C., & Edery, M. (1991). The Prolactin
Growth-Hormone Receptor Family. Endocrine Reviews, 12, 235-251.

Kelly, P. A., Posner, B. I., Tsushima, T., & Friesen, H. G. (1974). Studies of insulin,
growth hormone and prolactin binding: ontogenesis, effects of sex and
pregnancy. Endocrinology, 95, 532-539.

Klibanski, A., Neer, R. M., Beitins, I. Z., Ridgway, E. C., Zervas, N. T., & McArthur,
J. W. (1980). Decreased bone density in hyperprolactinemic women.
N.Engl.J.Med., 303, 1511-1514.

Komori, T., Yagi, H., Nomura, S., Yamaguchi, A., Sasaki, K., Deguchi, K. et al.
(1997). Targeted disruption of Cbfal results in a complete lack of bone
formation owing to maturational arrest of osteoblasts. Cell, 89, 755-764.

Koppelman, M. C., Kurtz, D. W., Morrish, K. A., Bou, E., Susser, J. K., Shapiro, J. R.
et al. (1984). Vertebral body bone mineral content in hyperprolactinemic
women. J.Clin.Endocrinol.Metab, 59, 1050-1053.

Kostenuik, P. J. (2005). Osteoprotegerin and RANKL regulate bone resorption,
density, geometry and strength. Curr.Opin.Pharmacol., 5, 618-625.

Kovacs, C. S. (2005). Calcium and bone metabolism during pregnancy and lactation.
J.Mammary.Gland.Biol.Neoplasia., 10, 105-118.

Krebs, N. F., Reidinger, C. J., Robertson, A. D., & Brenner, M. (1997). Bone mineral
density changes during lactation: maternal, dietary, and biochemical
correlates. Am.J.Clin.Nutr., 65, 1738-1746.



Dutmanee Seriwatanachai References / 94

Krishnamra, N. & Cheeveewattana, V. (1994). Studies of acute effect of prolactin on
distribution of absorbed calcium and long-term effect on calcium balance in
weaned, young, and sexually mature rats. Can.J.Physiol Pharmacol., 72, 1521-
1527.

Kronenberg, H. M. (2003). Developmental regulation of the growth plate. Nature,
423, 332-336.

Kukstas, L. A., Domec, C., Bascles, L., Bonnet, J., Verrier, D., Israel, J. M. et al.
(1991). Different expression of the two dopaminergic D2 receptors, D2415
and D2444, in two types of lactotroph each characterised by their response to
dopamine, and modification of expression by sex steroids. Endocrinology,
129, 1101-1103.

Kurahashi, ., Matsunuma, A., Kawane, T., Abe, M., & Horiuchi, N. (2002).
Dexamethasone enhances vitamin D-24-hydroxylase expression in
osteoblastic (UMR-106) and renal (LLC-PK1) cells treated with lalpha,25-
dihydroxyvitamin D3. Endocrine., 17, 109-118.

Landin-Wilhelmsen, K., Nilsson, A., Bosaeus, I., & Bengtsson, B. A. (2003). Growth
hormone increases bone mineral content in postmenopausal osteoporosis: a
randomized placebo-controlled trial. J.Bone Miner.Res., 18, 393-405.

Lea, R. W., Vowles, D. M., & Dick, H. R. (1986). Factors affecting prolactin
secretion during the breeding cycle of the ring dove (Streptopelia risoria) and
its possible role in incubation. J.Endocrinol., 110, 447-458.

Lee, S. K. & Lorenzo, J. A. (1999). Parathyroid hormone stimulates TRANCE and
inhibits osteoprotegerin messenger ribonucleic acid expression in murine bone
marrow cultures: correlation with  osteoclast-like cell ~formation.
Endocrinology, 140, 3552-3561.

Lesueur, L., Edery, M., Ali, S., Paly, J., Kelly, P. A., & Djiane, J. (1991). Comparison
of long and short forms of the prolactin receptor on prolactin-induced milk
protein gene transcription. Proc.Natl.Acad.Sci.U.S.A, 88, 824-828.

Leung, K. S., Fung, K. P., Sher, A. H., Li, C. K., & Lee, K. M. (1993). Plasma bone-
specific alkaline phosphatase as an indicator of osteoblastic activity. J.Bone
Joint Surg.Br., 75, 288-292.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 95

Lindsay, R. (1992). The effect of sex steroids on the skeleton in premenopausal
women. Am.J.Obstet.Gynecol., 166, 1993-1996.

Lindsay, R. (2001). Osteoporosis. Cosman. Harrison's Principles of Internal
Medicine, 15 th ed., McGraw-Hill. Lindsay, R. and Cosman.

Lindsay, R., Hart, D. M., Forrest, C., & Baird, C. (1980). Prevention of spinal
osteoporosis in oophorectomised women. Lancet, 2, 1151-1154.

Lopez, J. M., Gonzalez, G., Reyes, V., Campino, C., & Diaz, S. (1996). Bone
turnover and density in healthy women during breastfeeding and after
weaning. Osteoporos.Int., 6, 153-159.

Lotinun, S., Limlomwongse, L., Sirikulchayanonta, V., & Krishnamra, N. (2003).
Bone calcium turnover, formation, and resorption in bromocriptine- and
prolactin-treated lactating rats. Endocrine., 20, 163-170.

Manolagas, S. C., Spiess, Y. H., Burton, D. W., & Deftos, L. J. (1983). Mechanism of
action of 1,25-dihydroxyvitamin D3-induced stimulation of alkaline
phosphatase in cultured osteoblast-like cells. Mol.Cell Endocrinol., 33, 27-36.

Marken, P. A., Haykal, R. F., & Fisher, J. N. (1992). Management of psychotropic-
induced hyperprolactinemia. Clin.Pharm., 11, 851-856.

Masaoka, K., Niibe, T., Kumasaka, T., & Saito, M. (1984). [Plasma prolactin
response to suckling stimulation in puerperal women]. Nippon Sanka Fujinka
Gakkai Zasshi, 36, 37-43.

Meaney, A. M. & O'Keane, V. (2003). Reduced bone mineral density in patients with
schizophrenia receiving prolactin  raising anti-psychotic medication.
J.Psychopharmacol., 17, 455-458.

Meaney, A. M., Smith, S., Howes, O. D., O'Brien, M., Murray, R. M., & O'Keane, V.
(2004). Effects of long-term prolactin-raising antipsychotic medication on
bone mineral density in patients with schizophrenia. Br.J.Psychiatry, 184, 503-
508.

Melita M.Dvorak and Daniela Riccardi. (2008). Ca®* @ @ extracellular signal in bone - 35131
249-255.



Dutmanee Seriwatanachai References / 96

Meng, J., Tsai-Morris, C. H., & Dufau, M. L. (2004). Human prolactin receptor
variants in breast cancer: low ratio of short forms to the long-form human
prolactin receptor associated with mammary carcinoma. Cancer Res., 64,
5677-5682.

Miao, D., He, B., Jiang, Y., Kobayashi, T., Soroceanu, M. A., Zhao, J. et al. (2005).
Osteoblast-derived PTHrP is a potent endogenous bone anabolic agent that
modifies the therapeutic efficacy of administered PTH 1-34. J.Clin.Invest,
115, 2402-2411.

Miller, W. L., Coit, D., Baxter, J. D., & Martial, J. A. (1981). Cloning of bovine
prolactin cDNA and evolutionary implications of its sequence. DNA, 1, 37-50.

Miyaura, C., Kusano, K., Masuzawa, T., Chaki, O., Onoe, Y., Aoyagi, M. et al.
(1995). Endogenous bone-resorbing factors in estrogen deficiency:
cooperative effects of IL-1 and IL-6. J.Bone Miner.Res., 10, 1365-1373.

Mossman, B. T., Eastman, A., Landesman, J. M., & Bresnick, E. (1983). Effects of
crocidolite and chrysotile asbestos on cellular uptake and metabolism of
benzo(a)pyrene in hamster tracheal epithelial cells. Environ.Health Perspect.,
51, 331-335.

Mrak, E., Villa, I., Lanzi, R., Losa, M., Guidobono, F., & Rubinacci, A. (2007).
Growth hormone stimulates osteoprotegerin expression and secretion in
human osteoblast-like cells. J.Endocrinol., 192, 639-645.

Murakami, M., Narazaki, M., Hibi, M., Yawata, H., Yasukawa, K., Hamaguchi, M. et
al. (1991). Critical cytoplasmic region of the interleukin 6 signal transducer
gp130 is conserved in the cytokine receptor family. Proc.Natl.Acad.Sci.U.S.A,
88, 11349-11353.

Naidoo, U., Goff, D. C., & Klibanski, A. (2003). Hyperprolactinemia and bone
mineral density: the potential impact of antipsychotic agents.
Psychoneuroendocrinology, 28 Suppl 2, 97-108.

Nakashima, K., Zhou, X., Kunkel, G., Zhang, Z., Deng, J. M., Behringer, R. R. et al.
(2002). The novel zinc finger-containing transcription factor osterix is

required for osteoblast differentiation and bone formation. Cell, 108, 17-29.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 97

Naliato, E. C., Farias, M. L., Braucks, G. R., Costa, F. S., Zylberberg, D., & Violante,
A. H. (2005). Prevalence of osteopenia in men with prolactinoma.
J.Endocrinol.Invest, 28, 12-17.

Naylor, K. E., Igbal, P., Fledelius, C., Fraser, R. B., & Eastell, R. (2000). The effect
of pregnancy on bone density and bone turnover. J.Bone Miner.Res., 15, 129-
137.

Nicoll, C. S., Mayer, G. L., & Russell, S. M. (1986). Structural features of prolactins
and growth hormones that can be related to their biological properties.
Endocr.Rev., 7, 169-203.

Obradovic, D., Gronemeyer, H., Lutz, B., & Rein, T. (2006). Cross-talk of vitamin D
and glucocorticoids in hippocampal cells. J.Neurochem., 96, 500-509.

Otto, F., Thornell, A. P., Crompton, T., Denzel, A., Gilmour, K. C., Rosewell, I. R. et
al. (1997). Cbfal, a candidate gene for cleidocranial dysplasia syndrome, is
essential for osteoblast differentiation and bone development. Cell, 89, 765-
771.

Owen, T. A., Aronow, M., Shalhoub, V., Barone, L. M., Wilming, L., Tassinari, M. S.
et al. (1990). Progressive development of the rat osteoblast phenotype in vitro:
reciprocal relationships in expression of genes associated with osteoblast
proliferation and differentiation during formation of the bone extracellular
matrix. J.Cell Physiol, 143, 420-430.

Pacifici, R., Rifas, L., McCracken, R., Vered, I., McMurtry, C., Avioli, L. V. et al.
(1989). Ovarian steroid treatment blocks a postmenopausal increase in blood
monocyte interleukin 1 release. Proc.Natl.Acad.Sci.U.S.A, 86, 2398-2402.

Patschan, D., Loddenkemper, K., & Buttgereit, F. (2001). Molecular mechanisms of
glucocorticoid-induced osteoporosis. Bone, 29, 498-505.

Pautke, C., Schieker, M., Tischer, T., Kolk, A., Neth, P., Mutschler, W. et al. (2004).
Characterization of osteosarcoma cell lines MG-63, Saos-2 and U-2 OS in
comparison to human osteoblasts. Anticancer Res., 24, 3743-3748.

Pellen-Mussi, P., Fravalo, P., Guigand, M., & Bonnaure-Mallet, M. (1997).
Evaluation of cellular proliferation on collagenous membranes.
J.Biomed.Mater.Res., 36, 331-336.



Dutmanee Seriwatanachai References / 98

Petty, R. G. (1999). Prolactin and antipsychotic medications: mechanism of action.
Schizophr.Res., 35 Suppl, S67-S73.

Pfeilschifter, J., Seyedin, S. M., & Mundy, G. R. (1988). Transforming growth factor
beta inhibits bone resorption in fetal rat long bone cultures. J.Clin.Invest, 82,
680-685.

Philbrick, W. M., Wysolmerski, J. J., Galbraith, S., Holt, E., Orloff, J. J., Yang, K. H.
et al. (1996). Defining the roles of parathyroid hormone-related protein in
normal physiology. Physiol Rev., 76, 127-173.

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J.
D. et al. (1999). Multilineage potential of adult human mesenchymal stem
cells. Science, 284, 143-147.

Piyabhan, P., Krishnamra, N., & Limlomwongse, L. (2000). Changes in the regulation
of calcium metabolism and bone calcium content during growth in the absence
of endogenous prolactin and during hyperprolactinemia: a longitudinal study
in male and female Wistar rats. Can.J.Physiol Pharmacol., 78, 757-765.

Posner, B. I., Kelly, P. A., & Friesen, H. G. (1974). Induction of a lactogenic receptor
in rat liver: influence of estrogen and the pituitary. Proc.Natl.Acad.Sci.U.S.A,
71, 2407-2410.

Posner, B. I., Kelly, P. A., Shiu, R. P., & Friesen, H. G. (1974). Studies of insulin,
growth hormone and prolactin binding: tissue distribution, species variation
and characterization. Endocrinology, 95, 521-531.

Prentice, A. (2000). Maternal calcium metabolism and bone mineral status.
Am.J.Clin.Nutr., 71, 1312S-1316S.

Puntheeranurak, S., Schreiber, R., Spitzner, M., Ousingsawat, J., Krishnamra, N., &
Kunzelmann, K. (2007). Control of ion transport in mouse proximal and distal
colon by prolactin. Cell Physiol Biochem., 19, 77-88.

Qazi, A. M., Tsai-Morris, C. H., & Dufau, M. L. (2006). Ligand-independent homo-
and heterodimerization of human prolactin receptor variants: inhibitory action
of the short forms by heterodimerization. Mol.Endocrinol., 20, 1912-1923.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 99

Qi, H., Aguiar, D. J., Williams, S. M., La Pean, A., Pan, W., & Verfaillie, C. M.
(2003). Identification of genes responsible for osteoblast differentiation from
human mesodermal progenitor cells. Proc.Natl.Acad.Sci.U.S.A, 100, 3305-
3310.

Raisz, L. G. & Niemann, I. (1969). Effect of phosphate, calcium and magnesium on
bone resorption and hormonal responses in tissue culture. Endocrinology, 85,
446-452.

Rickard, D. J., Kassem, M., Hefferan, T. E., Sarkar, G., Spelsberg, T. C., & Riggs, B.
L. (1996). Isolation and characterization of osteoblast precursor cells from
human bone marrow. J.Bone Miner.Res., 11, 312-324.

Ritchie, L. D., Fung, E. B., Halloran, B. P., Turnlund, J. R., Van Loan, M. D., Cann,
C. E. etal. (1998). A longitudinal study of calcium homeostasis during human
pregnancy and lactation and after resumption of menses. Am.J.Clin.Nutr., 67,
693-701.

Robbins, J. R., Thomas, B., Tan, L., Choy, B., Arbiser, J. L., Berenbaum, F. et al.
(2000). Immortalized human adult articular chondrocytes maintain cartilage-
specific phenotype and responses to interleukin-1beta. Arthritis Rheum., 43,
2189-2201.

Roodman, G. D., Ibbotson, K. J., MacDonald, B. R., Kuehl, T. J., & Mundy, G. R.
(1985). 1,25-Dihydroxyvitamin D3 causes formation of multinucleated cells
with several osteoclast characteristics in cultures of primate marrow.
Proc.Natl.Acad.Sci.U.S.A, 82, 8213-8217.

Royster, M., Driscoll, P., Kelly, P. A., & Freemark, M. (1995). The prolactin receptor
in the fetal rat: cellular localization of messenger ribonucleic acid,
immunoreactive protein, and ligand-binding activity and induction of
expression in late gestation. Endocrinology, 136, 3892-3900.

Saika, M., Inoue, D., Kido, S., & Matsumoto, T. (2001). 17beta-estradiol stimulates
expression of osteoprotegerin by a mouse stromal cell line, ST-2, via estrogen
receptor-alpha. Endocrinology, 142, 2205-2212.

Sara, V. R. & Carlsson-Skwirut, C. (1986). The biosynthesis of somatomedins and
their role in the fetus. Acta Endocrinol.Suppl (Copenh), 279, 82-85.



Dutmanee Seriwatanachai References / 100

Schlechte, J., el Khoury, G., Kathol, M., & Walkner, L. (1987). Forearm and vertebral
bone mineral in treated and untreated hyperprolactinemic amenorrhea.
J.Clin.Endocrinol.Metab, 64, 1021-1026.

Schlechte, J. A. (1995). Clinical impact of hyperprolactinaemia. Baillieres
Clin.Endocrinol.Metab, 9, 359-366.

Schlemmer, A., Johansen, J. S., Pedersen, S. A., Jorgensen, J. O., Hassager, C., &
Christiansen, C. (1991). The effect of growth hormone (GH) therapy on
urinary pyridinoline cross-links in GH-deficient adults. Clin.Endocrinol.(Oxf),
35, 471-476.

Schofield, P. N. & Tate, V. E. (1987). Regulation of human IGF-II transcription in
fetal and adult tissues. Development, 101, 793-803.

Schoppet, M., Preissner, K. T., & Hofbauer, L. C. (2002). RANK ligand and
osteoprotegerin: paracrine regulators of bone metabolism and vascular
function. Arterioscler.Thromb.Vasc.Biol., 22, 549-553.

Scott, J., Cowell, J., Robertson, M. E., Priestley, L. M., Wadey, R., Hopkins, B. et al.
(1985). Insulin-like growth factor-11 gene expression in Wilms' tumour and
embryonic tissues. Nature, 317, 260-262.

Scutt, A., Bertram, P., & Brautigam, M. (1996). The role of glucocorticoids and
prostaglandin E2 in the recruitment of bone marrow mesenchymal cells to the
osteoblastic lineage: positive and negative effects. Calcif.Tissue Int., 59, 154-
162.

Seriwatanachai, D., Charoenphandhu, N., Suthiphongchai, T., & Krishnamra, N.
(2008). Prolactin decreases the expression ratio of receptor activator of nuclear
factor kappaB ligand/osteoprotegerin in human fetal osteoblast cells. Cell
Biol.Int..

Seriwatanachai, D., Thongchote, K., Charoenphandhu, N., Pandaranandaka, J.,
Tudpor, K., Teerapornpuntakit, J. et al. (2008). Prolactin directly enhances
bone turnover by raising osteoblast-expressed receptor activator of nuclear
factor kappaB ligand/osteoprotegerin ratio. Bone, 42, 535-546.

Sinha, Y. N. (1995). Structural variants of prolactin: occurrence and physiological
significance. Endocr.Rev., 16, 354-369.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 101

Soldin, S. J., Morales, A., Albalos, F., Lenherr, S., & Rifai, N. (1995). Pediatric
reference ranges on the Abbott IMx for FSH, LH, prolactin, TSH, T4, T3, free
T4, free T3, T-uptake, IgE, and ferritin. Clin.Biochem., 28, 603-606.

Sowa, H., Kaji, H., Yamaguchi, T., Sugimoto, T., & Chihara, K. (2002). Activations
of ERK1/2 and JNK by transforming growth factor beta negatively regulate
Smad3-induced alkaline phosphatase activity and mineralization in mouse
osteoblastic cells. J.Biol.Chem., 277, 36024-36031.

Stein, G. S., Lian, J. B., Stein, J. L., Van Wijnen, A. J., & Montecino, M. (1996).
Transcriptional control of osteoblast growth and differentiation. Physiol Rev.,
76, 593-629.

Subramaniam, M., Jalal, S. M., Rickard, D. J., Harris, S. A., Bolander, M. E., &
Spelsberg, T. C. (2002). Further characterization of human fetal osteoblastic
hFOB 1.19 and hFOB/ER alpha cells: bone formation in vivo and karyotype
analysis using multicolor fluorescent in situ hybridization. J.Cell Biochem.,
87, 9-15.

Swanson, C., Lorentzon, M., Conaway, H. H., & Lerner, U. H. (2006). Glucocorticoid
regulation of osteoclast differentiation and expression of receptor activator of
nuclear factor-kappaB (NF-kappaB) ligand, osteoprotegerin, and receptor
activator of NF-kappaB in mouse calvarial bone. Endocrinology, 147, 3613-
3622,

Tanrattana, C., Charoenphandhu, N., Limlomwongse, L., & Krishnamra, N. (2004).
Prolactin directly stimulated the solvent drag-induced calcium transport in the
duodenum of female rats. Biochim.Biophys.Acta, 1665, 81-91.

Tashjian, A. H., Jr., Voelkel, E. F., Lloyd, W., Derynck, R., Winkler, M. E., &
Levine, L. (1986). Actions of growth factors on plasma calcium. Epidermal
growth factor and human transforming growth factor-alpha cause elevation of
plasma calcium in mice. J.Clin.Invest, 78, 1405-1409.

Thomas, J. A. & Keenan, E. J. (1976). Prolactin influences upon androgen action in

male accessory sex organs. Adv.Sex Horm.Res., 2, 425-470.



Dutmanee Seriwatanachai References / 102

Thomas, T., Gori, F., Khosla, S., Jensen, M. D., Burguera, B., & Riggs, B. L. (1999).
Leptin acts on human marrow stromal cells to enhance differentiation to
osteoblasts and to inhibit differentiation to adipocytes. Endocrinology, 140,
1630-1638.

Thongon, N., Nakkrasae, L. 1., Thongbunchoo, J., Krishnamra, N., &
Charoenphandhu, N. (2008). Prolactin stimulates transepithelial calcium
transport and modulates paracellular permselectivity in Caco-2 monolayer:
mediation by PKC and ROCK pathways. Am.J.Physiol Cell Physiol, 294,
C1158-C1168.

Tojo, Y., Kurabayashi, T., Honda, A., Yamamoto, Y., Yahata, T., Takakuwa, K. et al.
(1998). Bone structural and metabolic changes at the end of pregnancy and
lactation in rats. Am.J.Obstet.Gynecol., 178, 180-185.

Tudpor, K., Charoenphandhu, N., Saengamnart, W., & Krishnamra, N. (2005). Long-
term prolactin exposure differentially stimulated the transcellular and solvent
drag-induced calcium transport in the duodenum of ovariectomized rats.
Exp.Biol.Med.(Maywood.), 230, 836-844.

Udagawa, N., Takahashi, N., Akatsu, T., Tanaka, H., Sasaki, T., Nishihara, T. et al.
(1990). Origin of osteoclasts: mature monocytes and macrophages are capable
of differentiating into osteoclasts under a suitable microenvironment prepared
by bone marrow-derived stromal cells. Proc.Natl.Acad.Sci.U.S.A, 87, 7260-
7264,

Udagawa, N., Takahashi, N., Yasuda, H., Mizuno, A., Itoh, K., Ueno, Y. et al. (2000).
Osteoprotegerin  produced by osteoblasts is an important regulator in
osteoclast development and function. Endocrinology, 141, 3478-3484.

van Straalen, J. P., Sanders, E., Prummel, M. F., & Sanders, G. T. (1991). Bone-
alkaline phosphatase as indicator of bone formation. Clin.Chim.Acta, 201, 27-
33.

Wagner, E. F. & Karsenty, G. (2001). Genetic control of skeletal development.
Curr.Opin.Genet.Dev., 11, 527-532.

Walker, A. M. (1994). Phosphorylated and nonphosphorylated prolactin isoforms.
Trends Endocrinol.Metab, 5, 195-200.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) / 103

Weinstein, R. S., Underwood, J. L., Hutson, M. S., & DeLuca, H. F. (1984). Bone
histomorphometry in vitamin D-deficient rats infused with calcium and
phosphorus. Am.J.Physiol, 246, E499-E505.

Wener, J. A., Gorton, S. J.,, & Raisz, L. G. (1972). Escape from inhibition or
resorption in cultures of fetal bone treated with calcitoninand parathyroid
hromone. Endocrinology, 90, 752-759.

Yasuda, H., Shima, N., Nakagawa, N., Mochizuki, S. I., Yano, K., Fujise, N. et al.
(1998). Identity of osteoclastogenesis inhibitory factor (OCIF) and
osteoprotegerin  (OPG): a mechanism by which OPG/OCIF inhibits
osteoclastogenesis in vitro. Endocrinology, 139, 1329-1337.

Yen, M. L., Chien, C. C., Chiu, I. M., Huang, H. I., Chen, Y. C., Hu, H. I. et al.
(2007). Multilineage differentiation and characterization of the human fetal
osteoblastic 1.19 cell line: a possible in vitro model of human mesenchymal
progenitors. Stem Cells, 25, 125-131.



Dutmanee Seriwatanachai Appendix / 104

APPENDIX



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physiology) /105

APPENDIX A
RECOMBINANT HUMAN PROLACTIN PREPARATION

A. Principle

Recombinant human prolactin (rPRL) is derived from Escherichia coli. This
expresses DNA sequence the mature human PRL sequence (amino acid 29-227). It is

recommended that rhPRL is dissolved in 4 mM HCL containing 1 mg/ml BSA.

B. Reagents

rthPRL 50 pg

sterile 3 mM HCL containing 1 mg/ml BSA
sterile distilled H20 grade 2A

sterile standard phosphate buffer (PBS)

—_— W N =

C. Procedures

1. Preparation of 80 mM HCL
To prepare 80 mM HCL, 66 pl of HCL (37% HCL analytical grade) is added
into 100 ml volucmic flask and then adjusted with autoclaved distilled H20 grade 2A
to obtain the final volume of 100 ml. The 80 mM HCL is kept in light protection

bottle at room temperature.

2. Preparation of 2 mg/ml BSA
20 mg BSA is dissolved in 10 ml autoclaved PBS in 15 ml centrifuge tube,
then sealed and kept at 4 °C. The solution is prepared on the same day as preparation

of 4 mM HCL containing 1 mg/ml BSA solution.
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3. Preparation of 4 mM HCL containing 1 mg/ml BSA solution
10 ml of 80 mM HCL and 10 ml of 2 mg/ml BSA are mixed gently in a 25 ml
centrifuged tube, after being mixed well, the solution is filtered through a 0.2 p filter

membrane and kept at 4 °C.

4. Preparation of 10 pg/ml rhPRL
500 pl of sterile 4 mM HCL containing 1 mg/ml BSA solution is gently added
into the bottle containing 50 pg of powder, then gently mixed before the dissolved
rhPRL solution is removed and placed in a 15 ml centrifuge tube. This process is
repeated 10 times to completely removed rhPRL and to obtain a final volume of 5 ml
in the 15 ml tube. The final 10 pg/ml rhPRL stock solution is stored at -20 °C. This

preparation is performed in a biosafty condition.
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APPENDIX B

PROTEIN DETERMINATION WITH BRADFORD’S ASSAY

A. Reagent

Reagent A Bradford stock solution

Mixed 100 ml of 95% ethanol, 200 ml of 88% phosphoric acid
and 350 g of Serva Blue G together and kept at room

temperature.

Reagent B Bradford working solution

Mixed 30 ml of reagent A with 1.5 ml of 95% ethanol, 30 ml of
88% of phosphoric acid and obtained to 500 ml. Filter the
solution through Whatman No. 1 paper and stored at room

temperature for several weeks.

B. Standard

Protein standard solution was prepared by dissolving 0.05 g of bovine serum

albumin (BSA) from Sigma Chemical, MO in 100 ml of distill water.

C. Procedures

1.

wh W DN

The sample and standard proteins were diluted to appropriate concentration

with distill water to obtain a total volume of 100 pl.

. The added 0.9 ml of reagent B and mixed by vortex immediately.
. Incubated for at least 5 min at room temperature.
. Read optical density at 595 nM by spectrophotometer.

. Protein concentration of sample was calculated using intercept and slope

factors of standard curve.
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D. Reference
Bradford MM. A rapid and sensitive method for the quantitation for
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