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Summary. Steroid hormones have an important impact
on bone. The mechanism of steroid action on bone cells
is through an interaction with specific receptor proteins
in the target cells. Steroid receptors are a class of
molecules that function as both signal transducers and
transcription factors. The receptors each have similar
functional domains that are responsible for discrete
functions. The mechanism of receptor action is mediated
by both genomic and nongenomic pathways. It is
believed that in genomic pathway the steroid passes
through the cell membrane by passive diffusion and
binds to the receptor within the nucleus. Steroids have
direct action on osteoblasts via receptor, and the effects
of steroids on osteoclastic bone resorption are mediated
through osteoblasts which release soluble factors by
the action of hormone-receptor binding. However,
in addition to indirect effects on osteoclasts, the
question whether steroid hormones could exert direct
action on osteoclasts as well has not to be answered
and findings to date are controversial. It is not
doubt that understanding the precise molecular
mechanism of steroid action on bone resorption
will develop new approaches for the diagnosis and
treatment of disease associated with osteoclastic bone
resorption.

function of the bones is including the resistance of the
mechanical forces due to muscle contraction and gravity,
the support of haematopoiesis and participation in
mineral homeostasis. It has become apparent that the
reproductive steroid hormones, such as estrogens and
androgens, have an important impact on bone
physiology. They are essential in maintaining bone
balance in adults and have a role in maintenance of
mineral homeostasis during reproduction. These gonadal
steroids appear to be involved in preventing bone loss in
women. Other hormones also play major roles in bone
metabolism (Raisz et aI., 1972a; Lukert and Raisz, 1994;
Norman, 1998).
Over the last 15 years, there has been a tremendous
increase in the understanding of the mechanisms of
action of steroid hormones. The concepts of steroid
receptor-mediated action established in studies of uterus,
oviduct, breast, and other target tissues have provided
the intellectual framework for much of the investigation
of hormone action on bone. In this review we will focus
on: 1) biology of steroid hormones and their receptors;
2) effect of steroid hormone in bone, particularly in
ontogeny, function and cell death of osteoclast and
osteoblast.
General biological action of steroid hormones

Key words: Estrogen, Progestins, Androgens,
Glucocorticoids, In25(OH)z Vitamin D 3, Osteoclast,
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Introduction
Steroid hormones are crucial substances for the
proper function of the body. The classical steroid
hormones have been recognised for many years as being
estrogens, progestins, androgens, glucocorticoids and
mineralocorticoids. On the other hand, In 25 dihydroxy
vitamin D3 [In 25 (OH)zD31 vitamin D metabolite, has
been accepted as being steroid-like in its mode of action.
The bones are the largest organ in the body. The
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Surgery, University of Western Australia, Nedlands, 6009. WA.
Australia. Fax: 61 893463210. e-mail: zheng@cyllene.uwa.edu.au

Hormones are chemical messengers produced by
endocrine glands and secreted into blood, in which they
are carried to target organs to exert a specific effect on
them. The steroid is a fat soluble organic compound and
characterised by its "steroid nucleus". Historically,
inclusion of a hormone into the steroid category was
based primarily on the chemical structure of the
molecule rather than its biological effect or its molecular
mechanism of action. The first steroid hormone, an
estrogen was isolated in 1929 at a time when the
structure of the steroid nucleus was not yet established.
Since then, the structure of the steroid nucleus has been
elucidated and steroid chemistry has flourished. The
steroid hormones have vast biological effects in many
different tissues including the regulation of cell
proliferation, development and differentiation. In
general, the biological actions can be derived into
genomic and nongenomic pathways.
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Genomic steroid action

Steroids enter cells by passive diffusion and activate
receptors which are located predominantly either in the
nucleus or in the cytoplasm (Picard and Yamamoto,
1987; Mangelsdorf et aI., 1995). The activated receptors
are thought to bind to specific target genes and stimulate
transcription and subsequently protein synthesis. The
genomic action of steroids mainly involves in four steps:
1) ligand-binding induced activation of receptor, 2)
steroid receptor-DNA interactions, 3) stable transcription
complex formation and 4) recruitment of transcription
factors and RNA polymerase.
The binding of the steroid to the receptor and the
subsequent receptor activation is usually regulated by
phosphorylation/dephosphorylaton processes (Barnett et
aI., 1980; Landers and Speleberg, 1992). Receptors for
these steroids usually exist in an inactive form as an 8lOS oligomeric complex in association with several heat
shock protein (hsp), such as hsp90, hsp70 and p56
(Denis et aI. , 1988; Sabbah et aI. , 1996; Whitesell and
Cook, 1996; Pratt and Toft, 1997). Ligand binding
(steroid binding) causes dissociation of heat-shock
protein s from the receptor complex and induces a
structural and functional transformation of receptor from
the inactive 8-10S form to an active 4S form (Kost et aI.,
1989; Sanchez et ai., 1990). Transcriptional activation is
initiated when th e steroid receptor binds to DNAbinding sites. It is clear that DNA-binding domain of
steroid receptors provides the specificity for the binding
of different receptors to their respective steroid
responsive elements (SRE) or hormone responsive
elements (HRE). The cis-acting regulatory sequences of
SRE are usually located within 5' -flanking regions of
target genes for steroid receptors (Payvar et aI., 1983;
Renkawitz et aI., 1984; Yamamoto, 1985). The SRE for
various receptors have similarities in sequence and
contain approximately fifteen base pairs. Th e
consequences of binding are a result of the specificity of
action of receptor ligands (Schwabe et ai., 1993; Rhodes
et aI., 1996). As SRE are composed of two half-sites,
each half-site binds one monomer of the receptor. In this
manner, a more stable complex with high affinity is
formed at the target DNA sites, and this will facilitate
the initiation of transcription at nearby genes. Only the
dimeric form of receptor binds with an affinity sufficient
to influence transcription. It is thought that such stable
complexes have sufficient residence time at the gene to
significantly influence transcription (Tsai et ai., 1989;
Parker, 1993; Mangelsdorf et ai., 1995). On the other
hand , it is becoming increasingly apparent that the
formation of a stable receptor-DNA complex at an
enhancer site can re s ult in recruitment of other
transcription factors or RNA polymerase to initiate
transcription of target genes (Van Dyke et aI., 1989).
Nongenomic steroid action

In addition to the well-recognised genomic action of
steroids on cellular development structure and function

by activation of gene transcriptions, nongenomic steroid
action has not been widely recognised until the last
decade. Evidence of nongenomic steroid effects are now
being reported all fields of steroid research (Norman,
1998). It is becoming evident that steroids can induce a
variety of nongenomic changes in cells, such as opening
of ion channels, membrane receptor aggregation and
changes in protein phosphorylation status (Mendoza et
aI., 1995). Other examples of non genomic steroid action
include effect of aldosterone on vascular smooth muscle
cells (Wehling, 1995), effect of vitamin D3 on
chondroblasts (Nemere et ai., 1998), progesterone action
on human sperm (Sabeur et a I. , 1996) effect of
neurosteroid on neuronal function and vascular effects of
estrogens (Farhat et aI., 1996). The mechanisms by
which nongenomic steroid effects are induced are being
studied with regard to membrane receptors, secondary
messengers, signal perception and signal transduction
(Brann et aI., 1995; Wehling 1995, 1997). For example,
a membrane receptor for 1,25(OH)zD 3 has been
identified on chondrocytes (Nemere et aI. , 1998) and
chicken intestinal epithelium (Nemere et aI., 1994). The
receptor has a molecular weight of 66 Kd and seems
differ from its nuclear receptor (Norman, 1998). It has
been shown that the receptor mediates 1,25(OHhD3dependent protein kinase C activation.
Structures of steroid receptors

Almost all of the steroid receptors known a re
transcriptional regulatory proteins which specifically
recognise enhancer response elements of target genes,
resulting in control of expression of specific gene
networks. These transcription factors are made up of
domains that correspond to discrete functions. Many
investigations into the molecular cloning of cDNAs for
various members of the steroid receptor superfamily
demonstrated that the overall structure of these receptors
is very similar (Fuller, 1991; King , 1992; Truss and
Beato, 1993). However, the receptors range in size from
427 amino acids for VDR to 1,000 amino acids for the
mineralocorticoid receptor (MR) and all the receptor
species share sequences in the primary sequence and the
domain functions. Three major domains have been
described in most of steroid receptors: 1) a variable
transcriptional-regulating domain (I) involved in transactivation; 2) a DNA-binding domain (II, III); and 3) a
ligand binding (or steroid-binding) domain (IV). A
generalised domain structure of receptors belonging to
the steroid hormone receptor superfamily is showed in
Figure 1.
Transcriptional-regulating domain (I)
The transcriptional-regulating domain, which is at
the N-terminal end, has been identified as at least two
separate regions on either side of the DNA binding
domain (Tasset et aI., 1990). The functions of domain,
however are poorly understood. It is thought that this
region is probably involved in cell specific regulation of
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gene transcription, receptor dimer formation and other
receptor-protein heterodimer formation (Landers and
Spelsberg, 1992).
DNA binding domain (II and III)
The DNA binding domain II of 66 to 68 amino acids
is a highly conserved region in the middle of the
molecule, and also is the region of the receptor that
provides the specificity for binding of different receptors
to their respective HREs (Berg, 1989; Umesono and
567
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Evans, 1989). The salient feature of this domain is its
zinc finger, which is a stretch of about 25 amino acids
with four cysteine residues that co-ordinate zinc and
form a loop or finger. Steroid receptors have two such
zinc fingers within the DNA binding domain. The first
finger is for the recognition of DNA sequences whereas
the second finger stabilises the binding of the receptor to
the HRE. Each finger consists of 12 to 13 amino acids,
and the two fingers are separated by a linker region of 15
to 17 amino acid (Umesono and Evans, 1989) and
encoded by separate exons (Green and Chambon, 1988;
Ponglikitmongkol et aI., 1988; Fairall et aI., 1993).
The DNA blinding domain III, also termed the
"hinge" region, contains a short flanking sequence on
the C-terminal side of the DNA-binding domain. This
region is speculated to interact with other proteins such
as transcription factors to form heterodimers which
enhance affinity for the DNA binding site (Landers and
Spelsberg, 1992; Mader et aI., 1993).

I-C
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66

(Genebank accession PI 1473; Baker et ai, 1988)

Fig. 1. Structure of the steroid hormone receptor superfamily. A model
comaring receptor size and illustrating the conserved sequences of
receptors for steroid receptor superfamily including the receptor for
progesterone (PR), estrogen (ER), glucocorticoid (GR), mineralcorticoid
(MR), androgen (AR) and vitamin D (VDR) . I: regulatory domain; II:
DNA-binding domain, III: ' Hinge domain"; IV: steroid-binding domain.
The receptors range in size from 66-427 amino acids for VDR to 984
amino acids for MR. All of receptors have 66 amino acids in domain II.
The numbers above the schematic refer to amino acid positions
(Modified from Landers and Spelsberg 1992).

The steroid-binding domain, containing around 250
amino acids, is also highly conserved and located at the
C-terminal end of the protein (yamamoto, 1985; Evans,
1988). Several single amino acid changes within the
domain can result in loss of binding (Carson-Jurica et
aI., 1990). Binding of steroid ligand appears to be a prerequisite for specific DNA binding and transcriptional
activation (Carson-Jurica et aI., 1990; Danielian et aI.,
1992). The presence of ligand may also protect or
stabilise steroid binding sites under thermal inactivation
conditions (Moudgil and Hurd, 1987) and/or influence
affinity of receptor for DNA (Skafar and Notides, 1985).
In addition, the ligand binding domain may also mediate
interactivity with the heat shock protein hsp 90, which
forms a complex with the receptor in the cytoplasm
(Pratt and Toft, 1997).
Effects of steroid hormones in bone

In general, steroids have a role in maintenance of
mineral homeostasis and are essential in maintaining
bone balance in adults . Other factors such as local
growth factors and cytokines also participate the
regulation of bone metabolism (see review by Zheng et
aI., 1992). Several excellent reviews have summarised
the effect of steroids on bone metabolism and calcium
homeostasis (Prior, 1990; Kasperk and Ziegler, 1992;
Hewison, 1995). Hence, we mainly focus on the effect of
steroids on bone-forming cells, the osteoblasts and bone
r-esorbing cells and the osteoclasts.
Effects of steroids on osteoblasts

Estrogens
The major effect of estrogen on bone is to increase
bone formation and decrease bone resorption . Estrogen
action on bone cells, however is complicated. Earlier
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opinion that the effect of sex steroids on bone was
indirect due to a lack of evidence for specific estrogen
receptors in bone cells (Chen and Feldman, 1978; Van
Paassen et aI., 1978). However, it was dramatically
changed when several studies after 1988 demonstrated
the detection of high affinity of receptors for estrogen
(ER) in osteoblastic cells (Eriksen et aI., 1988; Komm et
aI., 1988). Since then , others have reported that the
presence of ER in human osteosarcoma cell lines
(Etienne et aI., 1990), mouse MC3T3-E1 (Masuyama et
aI., 1992) and rat UMR-106-01 osteoblastic cells (Davis
et aI., 1994).
The effects of estrogens on proliferation and
differentiation of cells from osteoblastic lineage has been
widely explored by numerous investigators. Unfortunately, the results often appear to be contradictory.
For example, estrogens have been reported to enhance
proliferation in primary and immortalised foetal rat
calvarial cells (Ernst et aI., 1989), mouse MC3T3-E1
cells (Masuyama et aI., 1992; Majeska et aI., 1994) and
human SAOS-2 cells (Saggese et aI. , 1993); to inhibit
proliferation in primary human osteoblastic cells (Bodo
et aI., 1991; Watts and King, 1994), or to have no effect
on proliferation in primary osteoblastic cells (Keeting et
aI., 1991; Richard et aI., 1993), human TE85 osteoblastic
cells (Ikegami et aI., 1994) and mouse MNT stromal
osteogenic cells (Mathieu and Merregaert, 1994).
Contradictory effects of estrogens on bone matrix
protein expression have been reported including
increased expression in MC3T3-E1 cells (Majeska et aI.,
1994), primary human osteoblast cells (Benz et aI.,
1991a; Scheven et aI., 1992), TE85 cells (Komm et aI.,
1988), and primary and immortalised foetal rat calvarial
culture (Ernst et aI., 1989), decreased expression in
primary human foetal osteoblastic cells (Zang et aI.,
1994) or no effect in human primary osteoblastic cells
(Keeting et aI., 1991), and MG-63 human osteosarcoma
cells (Lajeunesse, 1994). All these conflicting results can
probably be attributed to the wide variety of osteoblastic
cell culture models studied and the range of species from
which the cells were derived.
On the other hand, estrogen regulates the production
of cytokines by osteoblast which lead to the inhibition of
bone resorption. The prevailing hypothesis is that the
binding of estrogens to receptors in osteoblasts results in
inhibition of the release of osteoclast stimulatory factors
including GM-CSF, MCSF, tumour necrosis factor a
(TNF-a), IL-1 and IL-6 (Lorenzo et aI. , 1987; Thomson
et aI., 1987; Pfeilschifter et aI., 1989; Ishimi et aI., 1990;
Corboz et aI., 1992) and stimulation of the production of
osteoclast inhibitory factors such as transforming growth
factor B (TGF-B), IL-4 and the insulin-like growth
factors (IGF) (Dieudonne et aI., 1991; Oursler et aI. ,
1991a; Riancho et aI., 1993; Kassem et aI., 1996).
Progesterone
Compared to estrogens, the effects of progesterone
on bone physiology have not been studied extensively.

Progesterone receptors (PR) have been detected in
primary human osteoblast cells (Colvard et aI., 1989;
Benz et aI., 1991b; Orwoll et aI., 1991; Wei et aI., 1993).
Progesterone appears to act directly on bone by binding
to the receptor or indirectly through competition for
glucocorticoid receptor and, as a result , effectively
blocking glucocorticoid responses (Chen et aI., 1977).
Furthermore, it has been reported that estrogens
stimulate increased progesterone binding to the receptor
on osteoblasts (Eriksen et aI., 1988; Harris et aI., 1995).
Progesterone can enhance proliferation of human
primary osteoblastic cells (Scheven et aI., 1992) and
osteoblast-like cells (Tremollieres et at., 1992), it also
inhibits IL-6 secretion in human osteoblast cells and
mouse bone marrow stromal cells (Girasole et aI., 1992).
Androgens
Like other steroid receptors, androgen receptors
have been identified in osteoblastic cells (Colvard et aI.,
1989; Masuyama et aI., 1992). Androgens are known to
act directly on osteoblasts, by binding to androgen
receptors stimulation of proliferation and differentiation
of osteoblastic cells in vitro (Kasperk et aI., 1990; Benz
et aI., 1991b; Masuyama et aI., 1992; Weisman et aI.,
1993). In a similar fashion to estrogens, androgens also
act on osteoblastic cells to produce autocrine/paracrine
factors, such as TGF-B and IGF-1 or to decrease
production of cytokines such as IL-1 or IL-6 (Kasperk et
aI., 1990; Pilbeam and Raisz, 1990; Bellido et aI., 1995).
Murine marrow-derived stromal cells has also been
reported to express the androgen receptor. In addition,
the production of IL-6 by murine marrow-derived
stromal cells has been shown to be inhibited by
testosterone (Bellido et aI., 1995).
Glucocorticoids
Excessive glucocorticoid in vivo decreases bone
formation and causes osteonecrosis. The reduction of
bone formation is associated with a decrease in serum
levels of osteocalcin, a marker of osteoblastic function
(Peretz et aI., 1989) and a reduction of cancellous bone
and bone density. As osteoblasts contain glucocorticoid
receptor (GR), it is possible that the glucocorticoids may
have direct effects on bone osteoblastic lineage (Chen et
aI., 1977; Manolagas and Anderson, 1978; Haussler et
aI., 1980). On the other hand, glucocorticoids inhibit
gonadotropin and sex steroid production and the
resulting hypogonadism could cause a decrease in bone
mass. In addition, inhibitory effects of glucocorticoids
on growth hormone production may also lead to
decreased bone formation (Luo and Murphy, 1989)
providing further evidence that indirect action of
glucocorticoids on bone formation also exists.
In vitro, glucocorticoids can either stimulate or
inhibit bone formation. The effects of glucocorticoids
are often dependent on the type of experimental model,
the concentration of hormone used, the timing of
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hormone addition and the stage of differentiation of the
cells. Glucocorticoids can induce the differentiation of
cells of the o s teoblastic lineage into mature cells
expressing the osteoblastic phenotype , such as
osteocalcin and alkaline phosphatase production
(Bellows et ai. , 1987; Leboy et ai. , 1991; Cheng et ai. ,
1994) . Conversely, it has also been reported that
glucocorticoids decrease functions of mature osteoblasts
and that dexamethesone inhibits osteoblast
differentiation (Lian et ai. , 1997). Glucocorticoids
decrease replication of cells that ar e capable of
production of bone collagen. They also inhibit type I
collagen and osteocalcin gene expression, but increase
interstitial collagenase expression (Delany et ai., 1995).
Furthermore, it has been shown that glucocorticoids
contributed to the regulation of insulin-like growth
factor I and II (IGF-I and II) in bone (Gabbitas et ai.,
1996). It inhibits the production of IGF-binding protein.
In addition, it has recently been shown that glucocorticoid induces osteocyte apoptosis (Weinstein et ai.,
1998). The disruption of the trabecular network by
osteocyte apoptosis leads to microdamage accumulation
and increases bone fragility. This data further highlights
the critical role of inhibitory actions of glucocorticoids
on bone matrix and bone mass and explains why
excessive glucocorticoids cause osteoporosis.

Vitamin D3 from skin or diet is metabolised
sequentially to 25-hydroxyvitamin D 3, and then to
la,25-dihydroxyvitamin D3 [la,25(OH)zD3] which
stimulates intestinal calcium absorption and
bone calcium mobilisation. The active metabolite of
vitamin D~ , la,25(OH)zD3 is necessary for normal
mineralizatlon of the skeleton and is a major regulator of
both bone formation and bone resorption. The actions of
1,25 (OHh VitD 3 on bone are complex and both direct
and indirect effects have been identified (see review by
Norman, 1998).
It is well accepted that vitamin D deficiency is
associated with rickets in children and osteomalacia in
adults (Holick, 1996; Weisman and Hochberg, 1997).
However, it is still not clear exactly what la,25(OHhD3
has on the bone mineralization process. The main action
of 1a,25(OHhD3 on bone appears to be an indirect one
through its effects on the intestine where it enhances
calcium and phosphate absorption and thus provides
mineral components to bone forming cells. On the other
hand, la,25(OHhD3 has also been shown to promote
osteoblast proliferation and to stimulate osteoblast
differentiation (Chen et ai. , 1986; Owen et ai., 1991).
la,25(OHhD3 has been demonstrated to regulate the
production of numerous parameters of osteoblast
function related to bone matrix formation and
mineralization, such as collagen, alkaline phosphatase,
osteopontin, osteocalcin, and matrix Gla protein
(Haussler et ai. , 1970; Raisz et ai. , 1978; Price and
Baukol , 1980; Fraser et ai. , 1988; Noda et ai. , 1990).

With the exception of type I collagen synthesis which is
down regulated by la ,25(OH)zD 3 , other gene
expressions associated with bone formation by
osteoblasts are up regulated by la,25(OHhD3. It has
been shown that a vitamin D3 responsive element is the
promoter region of various osteoblastic including
osteocalcin, osteopontin and alkaline phosphatase genes
(Yoon et ai., 1988; Zheng et ai., 1992; Norman et ai. ,
1998). The receptor for vitamin D3 (VDR) in
osteoblastic cells has been widely reported (Kream et ai.,
1977; Chen et ai. , 1986). Hence, it seems that osteoblast
phenotypic expression is mediated by the direct actions
of 1a,25(OHhD3.
Effects of steroids on osteoc/asts

Estrogens
Although there is general agreement that cells of the
osteoblast lineage respond to estrogen directly, estrogen
regulation of osteoclastic bone resorptive activity is
controversial. Oursler and colleagues (1991 b, 1993a,b,
1994) showed evidence of estrogen receptor in enriched
osteoclasts isolated from human giant cell tumour of
bone and chicken. By using a quantitative pit resorption
assay, an inhibiting effect of 17-8 estadrial on bone
resorption was demonstrated (Oursler et aI. , 1993a,
1994). Other investigations also used highly purified
rabbit osteoclast preparations to demonstrate expression
of ER together with estrogen-induced inhibition of bone
resorption and promotion of apoptosis (Kameda et aI. ,
1997). On the other hand , although our previous data
showed that estrogen loss in ovariectomized rats
enhanced gene expression of osteoclastic bone resorptive
enzymes including tartrate resistant acid phosphatase
(TRAP) and Carbonic anhydrase II (CA II), whereas
administration of 17-13 estradiol to these animals reduced
gene expression of these enzymes (Zheng et aI., 1995b),
we have failed to demonstrate the presence of estrogen
receptor in osteoclasts (Zheng et aI., 1995a; Collier et
ai. , 1998). In fact, the majority of data has shown that
using in-situ techniques estrogen receptor was not
detected in osteoclast, suggesting indirect action of
estrogen in bone resorption (Malawer et ai. , 1984; Zheng
et ai. , 1995a, Arnett et ai. , 1996; Kusec et ai., 1998).
Using a method of osteoclast microisolation, we have
previously shown that estrogen receptor a mRNA was
not detectable in multinucleate osteoclasts isolated from
human giant cell tumour of bone (Collier et ai., 1998).
However, the receptor mRNA was readily detectable in
microisolated mononuclear cells, which consist of
osteoclast precursor cells and stromal-like tumour cells.
In-situ hybridisation of estrogen receptor-a has
confirmed the result of microisolation assay that
estrogen receptor-a does not exist in osteoclasts at the
detectable level (Collier et aI., 1998). Furthermore, by
using bone resorption pit assay 17-8 estrodial had no
effect on bone resorption by micro isolated osteoclasts.
Overall, the data relating to the estrogen action on
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osteoclasts is inconsistent. In particular, our results
differs from the previous work of Oursler and
colleagues, who demonstrated direct action of estrogen
in osteoclasts. In view of the high sensitivity of the RTPCR technique used by Oursler and colleagues and the
fact that their preparation contained 5-10% mononuclear
cells from giant cell tumour of bone (Oursler et aI.,
1994), it is possible that ER mRNA may have derived
from the contaminating mononuclear cells. Furthermore,
the inconsistency of the estrogen action on osteoclastic
bone resorption may be due to substantial differences in
the cell preparation, such as, the differences in purity. In
short, we believed that anti-resorptive effect of estrogen
in vivo is predominantly mediated indirectly via
osteoblast/stromal cells in the bone microenvironment.
Osteoclasts are not the direct estrogen traget cells. In
support of this, Hughes and colleagues (1996) recently
reported that estrogen promoted indirectly apoptosis of
murine osteoclast, an effect apparently mediated by
TGF-B.
On the other hand, the possibility of direct estrogen
action on osteoclast precursor cells exists. Previous
study by Huang et al. (1998) demonstrated that putative
mononuclear osteoclast precursor cells express estrogen
receptor mRNA. Estrogen has been shown to modulate
the proliferation of early osteoclast progenitor cells,
through a stromal cell-independent mech anism that
involves apoptosis (Shevde and Pike , 1996). A
significant increase in the number of osteoclast
progenitor cells was observed following ovariotomy and
correlated directly with an increase in the number of
osteoclast-like cells generated in marrow cultures. Thus,
it appears that estrogen has a direct effect on the
differentiation of osteoclast precursor cells. Osteoclast
precursor cells may possess functional estrogen
receptors which are lost with differentiation or during

cell fusion. A hypothetical model of estrogen action in
osteoclasts and their precursor cells is presented in
Figure 2.

Progesterone and Androgens
Direct in vitro actions of progesterone and androgens
on isolated osteoclasts have received little attention.
Since progesterone receptor was identified in human
osteoclasts (PensIer et aI., 1990), it is possible that a
direct modulation of bone resorption by progesterone
may occur. However, there have been few studies of the
effect of progestrone on gene expression in bone cells.
Similarly, evidence that mouse osteoclast-like cells
contain androgen receptors suggests that osteoclasts may
be likely targets for direct androgen action (Mizuno et
aI. , 1994). However, it has been demonstrated by Tobias
and Chambers (1991) that androgen has no effect on
bone resorption of rat osteoclasts. Interestingly, a more
recent report by Weinstein et al. (1997) has provided
data suggesting that the effects of androgen deficiency
on bone remodelling and bone mineral density are
mediated by cells of the osteoblastic lineage (Weinstein
et aI., 1997). Thus, it appears that available evidence
strongly supports the hypothesis that an indirect role of
androgens inhibiting bone resorption may exist.
1,25 (OHhVitD3
It has been known for many years that 1,25 (OHh
VitD 3 stimulates bone resorption in vitro and in vivo
(Tanaka and Deluca, 1971; Raisz et aI., 1972a; Reynolds
et aI., 1976; Holtrop et aI., 1981). Early studies showed
that 1a,25(OH)2D3 not only promotes differentiation of
mouse myeloid leukaemia cells into mature macrophages from which osteoclasts are derived (Abe et aI.,

MONONUCLEAR OSTEOClAST PRECURSOR CELLS
OSTEOCLASTS

on osteoclastogenesis by the suppression of production of various cytokines in osteoblasts/stromal cells . ----I:

Fig. 2. Hypothetical model of
estrogen action in osteoclasts
and their precursor cells . The
left side of the diagram
represents differentiation of
hematopoietic stem cells into
the colony forming unitgranulocyte macrophage (CFUGM) and osteoclasts. The right
side of the diagram represents
the differentiation of bone
marrow stromal cells towards
osteo-blastic lineage. Estrogen
has direct inhibition on the
proliferation and the
accumulation of bone-resorbing
enzymes in early progenitor
cells and possibly on fusion of
mature osteoclast precursor
cells. On the other hand.
estrogen has an indirect effect
inhibition; ~:activation .
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1981) but also induces activation and fusion of some
. macrophages (Abe et aI., 1984; Roodman et aI., 1985;
Quinn et aI., 1997; Scheven et aI., 1997). It has been
suggested that 1a,25(OHhD3 induction of bone
resorption occurs by stimulation of differentiation and
fusion of osteoclast progenitor cells into osteoclasts
(Suda et aI., 1992). A recent study showed that
1a,25(OHhD3 induces the production of osteoclast
differentiation factor (ODF), a key factor that regulates
osteoclastogenesis (Tsukii et aI., 1998). Moreover,
1a,25(OHhD3 stimulates formation of the ruffled
membrane indicating that it also activates differentiated
osteoclasts (Holtrop and Raisz, 1979; Holtrop et aI.,
1981). To date, 1a,25(OHhD3 has been to used to
induce the formation of osteoclasts form bone marrow
cells in a number of species including cats, baboons,
humans, mice and rats (Ibbotson et aI., 1984; Fuller and
Chambers, 1989; Quinn et aI., 1996). The exact
mechanism of 1a,25(OHhD3 action in cellular
differentiation, however is not fully understood. Most
actions of 1,25(OHh VitD 3 are thought to be mediated
via its receptor (Minghetti and Norman, 1988). As
previous study has failed to detect Vitamin receptor in
avian osteoclasts (Merke et aI., 1986) and the accelerated
resorption by osteoclasts stimulated by 1,25 (OHh VitD 3
occurs only in the presence of osteoblasts, it has been
generally accepted that the effect of 1,25 (OHhD3 on
osteoclast formation and bone resorption are mediated
via osteoblasts or stromal cells. On the other hand ,
Vitamin
receptor mRNA has recently been
demonstrated in human osteoclasts using both in situRT-PCR and in situ hybridisation , suggesting that
1 a,25(OHhD3 could exert direct effects on bone
resorbing osteoclasts (Mee et aI., 1996; Huang et aI., in
press).

°

°

Glucocorticoids
Histomorphometric studies of glucocorticoidinduced osteoporosis revealed an increase in the number
of osteoclasts and bone-resorbing sites (Bressot et aI.,
1979) . On the other hand, in vitro investigations
performed to assess the role of glucocorticoids in bone
resorption have yielded conflicting results. Some earlier
studies suggested that glucocorticoids inhibit bone
resorption (Raisz et aI., 1972b; Tobias and Chamber,
1989), while more recent studies reported that
glucocorticoids stimulate bone resorption (Gronowicz et
aI., 1990; Lowe et aI., 1992; Conaway et aI., 1997).
Osteoclastic bone resorption is believed to be initiated
by the activation of existing osteoclasts and the
generation of new osteoclasts. Nevertheless, the
mechanisms by which glucocorticoids regulate
osteoclast formation and activation are unclear and the
preferred mode of action of glucocorticoids remains
uncertain. It was reported that glucocorticoids inhibited
the recruitment and differentiation of bone resorbing
cells, but stimulated previous studies demonstrated that
the activation of quiescent osteoclastic cells (Defranco et

aI. , 1992). In addition, our data also demonstrated that
glucocorticoid promotes osteoclast apoptosis in rat
isolated osteoclast cultures (Collier et aI., unpublished
data). By contrast, dexamethasone has been shown to
enhance the formation of osteoclast-like cells in mouse
bone marrow cell cultures (Shuto et aI., 1994; Kaji et aI.,
1997). Shuto et al. (1994) suggested that dexamethasone
stimulated osteoclast-like cell generation by inhibiting
the production of granulocyte macrophage -colony
stimulating factor (GM-CSF). On the other hand, more
recent studies by Kaji et al. (1997) demonstrated that
dexamethasone acted directly on haematopoietic blast
cells to enhance osteoclast-like cell formation.
In conclusion, the mechanism of steroid action on
bone cells is through an interaction with specific
receptor proteins in the target cells. The receptor action
is mediated by both genomic and nongenomic pathways.
It is beli eve d that steroids have direct action on
osteoblasts via receptor, and the effects of steroids on
osteoclastic bone resorption are mediated through
osteoblasts or s tromal cells by the production of
soluble/membrane factors. However, in addition to
indirect effects on osteoclasts, the question whether
steroid hormones could exert direct action on osteoclasts
as well has not to be answered and findings to date are
controversial.
References
Abe E., Miyaura C., Sakagami H., Takeda M., Konno K. , Yamazaki T.,
Yoshiki S. and Suda T. (1981). Differentiation of mouse myeloid
leukemia cells induced by 1 alpha,25-dihydroxyvitamin D3. Proc.
Natl. Acad. Sci. USA 78, 4990-4994.
Abe E. , Shiina Y., Miyaura C. , Tanaka H. , Hayashi T., Kanegasaki S.,
Saito M., Nishil Y., Deluca H.F. and Suda T. (1984). Activation and
fusion induced by 1 alpha, 25-dihydroxyvitamin D3 and their relation
in alveolar macrophages. Proc. Natl. Acad. Sci. USA 81 , 7112-7116.
Arnett T .A., Lindsay R. , Kilb J.M ., Moonga B.S ., Spowage M. and
Dempster DW. (1996). Selective toxic effects of tamoxifen on
osteoclasts: comparison with the effects of oestrogen. J. Endocrinol.
149, 503-508.
Arriza B.L. , Weinberger C. , Cerelli G., Glaser T.M., Handelin B.L ,
Housman D.E. and Evans R. M. (1987). Cloning of human
mineralocorticoid receptor complementary DNA: structural and
functional kinship with the glucocorticoid receptor. Science 237, 268275.
Baker A.A. , McDonnell D.P., Hughes M., Crisp T.M., Mangelsdorf D.J.,
Haussler M.R., Pike JW., Shine J. and O'Malley BW. (1988) .
Cloning and expression of full-length cDNA encoding human vitamin
D receptor. Proc. Natl. Acad. Sci. USA 85, 3294-3298.
Barnett CA , Schmidt T .J. and Litwack G. (1980). Effects of calf
intestinal alkaline phosphatase , phosphatase inhibitors, and
phosphorylated compounds on the rate of activation of glucocorticoid-receptor complexes. Biochemistry 19, 5446-5455.
Bellido T. , Jilka R.L, Boyce B.F. , Girasole G. , Broxmeyer H. , Dalrymple
S.A ., Murray R. and Manolagas S.C. (1995). Regulation of
interleukin-6, osteoclastogenesis , and bone mass by androgens.
The role of the androgen receptor. J. Clin. Invest. 95, 2886-2895.
Bellows C.G., Aubin J.E. and Heersche J.N. (1987). Physiological

1264

Steroid hormones and bone

concentrations of glucocorticoids stimulate formation of bone
nodules from isolated rat calvaria cells in vitro. Endocrinology 121 ,
1985-1992.
Benz D.J., Haussler M.R and Komm B.S . (1991a). Estrogen binding
and estrogenic responses in normal human osteoblast-like cells. J.
Bone. Miner. Res. 6, 531-541 .
Benz D.J., Haussler M.R., Thomas M.A. , Speelman B. and Komm B.S.
(1991 b). High-affinity androgen binding and androgenic regulation of
alpha 1(I)-procollagen and transforming growth factor-beta steady
state messenger ribonucleic acid levels in human osteoblast-like
osteosarcoma cells. Endocrinology 128, 2723-2730.
Berg J.M. (1989). DNA binding specificity of steroid receptors . Cell 57,
1065-1068.
Bodo M., Venti Donti G., Becchetti E. , Pezzetti F., Paludetti G., Donti E.
and Maurizi M. (1991). Effects of steroids on human normal and
otosclerotic osteoblastic cells: influence on thymidine and leucine
uptake and incorporation. Cell. Mol. BioI. 37, 597-606.
Brann D.W.. Hendry L.B. and Mahesh V.B. (1995) . Emerging diversities
in the mechanism of action of steroid hormones. J. Steroid .
Biochem. Mol. Bioi. 52, 113-133.
Bressot C.P ., Meunier J., Lejeune E., Edouard C. and Darby A.J.
(1979). Histomorphometric profile, pathophysiology and reversibility
of glucocorticoid-induced osteoporosis. Metab. Bone. Dis. ReI. Res.
1,303-311.
Carson-Jurica M.A., Schrader W.T. and O'Malley B,W. (1990). Steroid
receptor family: structure and functions . Endocr. Rev. 11 . 201-220.
Chang C.S., Kokontis J. an Liao S.T. (1998). Structural analysis of
complementary DNA and amino acid sequences of human and rat
androgen receptors. Proc. Natl. Acad . Sci. USA 85, 7211-7215.
Chen T.L., Aronow L. and Feldman D. (1977) . Glucocorticoid receptors
and inhibition of bone cell growth in primary culture. Endocrinology
100, 619-628.
Chen T.L. and Feldman D. (1978) . Distinction between alpha-fetoprotein
and intracellular estrogen receptors : evidence against the presence
of estradiol receptors in rat bone. Endocrinology 102, 236-244.
Chen T .L., Li J.M., Ye T.V., Cone C.M. and Feldman D. (1986).
Hormonal responses to 1a,25-dihydroxyvitamin 03 in cultured
mouse osteoblast-like cells-modulation by changes in receptor
level. J. Cell. Physiol. 126, 21-28.
Cheng S.L. , Yang J,W. , Rifas L. , Zhang S.F. and Avioli L.V. (1994) .
Differentiation of human bone marrow osteogenic stromal cells in
vitro: induction of the osteoblast phenotype by dexamethasone.
Endocrinology 134, 277-286.
Collier F.M. , Huang W.H. , Holloway W.R , Hodge J.M., Gillespie M.T.,
Daniels L.L., Zheng M.H. and Nicholson G.C. (1998). Osteoclasts
from human giant cell tumors of bone lack estrogen receptors.
Endocrinology 139, 1258-1267.
Colvard D.S., Eriksen E.F., Keeting P.E., Wilson E.M., Lubahn D.B.,
French F.S., Riggs B.L. and Spelsberg T.C. (1989). Identification of
androgen receptors in normal human osteoblast-like cells. Proc.
Nail. Acad. Sci. USA 86, 854-857.
Conaway H.H. , Grigorie D. and Lerner U.H. (1997). Differential effects
of glucocorticoids on bone resorption in neonatal mouse calvariae
stimulated by peptide and steroid-like hormones. J. Endocrinol. 155,
513-521.
Corboz V.A. , Cecchini M.G., Felix R , Fleisch H. , van der Pluijm G. and
Lowik COW. (1992). Effect of macrophage colony-stimulating factor
on in vitro osteoclast generation and bone resorption. Endocrinology
130,437-442.

Danielian P.S. , White R ., Lees J .A . and Parker M.G . (1992).
Identification of a conserved region required for hormone dependent
transcriptional activation by steroid hormone receptors. EMBO J. 11 ,
1025-1033.
Davis V.L., Couse J.F., Gray TK. and Korach K.S. (1994) . Correlation
between low levels of estrogen receptors and estrogen
responsiveness in two rat osteoblast-like cell lines. J. Bone. Miner.
Res. 9, 983-991 .
Defranco D.J., Lian J.B. and Glowacki J. (1992). Differential effects of
glucocorticoid on recruitment and activity of osteoclasts induced by
normal and osteocalcin-deficient bone implanted in rats .
Endocrinology 131 , 114-121 .
Delany A.M., Jeffrey J.J., Rydziel S. and Canalis E. (1995). Cortisol
increases interstitial collagenase expression in osteoblasts by posttranscriptional mechanisms. J. BioI. Chem. 270, 26607-26612.
Denis M. , Poellinger L. , Wikstom A.C. and Gustafsson J.A. (1988) .
Requirement of hormone for thermal conversion of the glucocorticoid receptor to a DNA-binding state. Nature 333, 686-688.
Dieudonne S.C., Foo P., van Zoelen E.J. and Burger E.H . (1991).
Inhibiting and stimulating effects of TGF-beta 1 on osteoclastic bone
resorption in fetal mouse bone organ cultures. J. Bone. Miner. Res.
6, 479-487.
Encio I.J., Detera-Wadleigh S.D. (1991). The genomic structure of the
human glucocorticoid receptor. J. BioI. Chem. 266, 7182-7188.
Eriksen E.F., Colvard D.S., Berg N.J. , Graham M.L. , Mann K.G"
Spelsberg T.C. and Riggs B.L. (1988). Evidence of estrogEm
receptors in normal human osteoblast-like cells. Science 2<!\1 , 84-86.
Eriksen E.F., Colvard D.S ., Berg N.J., Graham M.L. , Mann K.G.,
Spelsberg T .C. and Riggs B.L. (1988) . Evidence of estrogen
receptors in normal human osteoblast-like cells. Science 241 , 84-86.
Ernst M., Heath J.K. and Rodan G.A. (1989). Estradiol effects on
proliferation , messenger ribonucleic acid for collagen and insulin-like
growth factor-I , and parathyroid hormone-stimulated adenyl ate
cyclase activity in osteoblastic cells from calvariae and long bones.
Endocrinology 125, 825-833.
Etienne M.C., Fischel J.L. , Milano G. , Formento P., Formento J.L.,
Francoual M., Frenay M. and Namer M. (1990). Steroid receptors in
human osteoblast-like cells. Eur. J. Cancer 26, 807-810.
Evans R. M. (1988) . The steroid and thyroid hormone receptor
superfamily. Science 240, 889-895.
Fairall L. , Schwabe J.W., Chapman L. , Finch J.T. and Rhodes D.
(1993) . The crystal structure of a two zinc-finger peptide reveals an
extension to the rules for zinc-finger/DNA recognition . Nature 366,
483-487.
Farhat M.Y., Lavigne M.C. and Ramwell P.W. (1996). The vascular
protective effects of estrogen. FASEB J. 10, 615-624.
Fraser J.D., Otawara Y. and Price- P.A. (1988). l,25-Dihydroxyvitamin
03 stimulates the synthesis of· matrix gamma-carboxyglutamic acid
protein by osteosarcoma cells. Mutually exclusive expression of
vitamin K-dependent bone proteins by clonal osteoblastic cell lines.
J. BioI. Chem. 263, 911-916.
Fuller K. and Chambers T.J. (1989) . Bone matrix stimulates osteoclastic
differentiation in cultures of rabbit bone marrow cells. J. Bone. Miner.
Res. 4,179-183.
Fuller P.J . (1991) . The steroid receptor superfamily: mechanisms of
diversity. FASEB. J. 5, 3092-3099.
Gabbitas B., Pash J.M., Delany A.M . and Canalis E. (1996). Cortisol
inhibits the synthesis of insulin-like growth factor-binding protein-5 in
bone cell cultures by transcriptional mechanisms. J. BioI. Chem .

1265

Steroid hormones and bone

271, 9033-9038.
Girasole G., Jilka A.L., Passeri G. , Boswell S., Boder G., Williams D.C.
and Manolagas S.C. (1992) . 17 beta-estradiol inhibits interleukin-6
production by bone marrow-derived stromal cells and osteoblasts in
vitro : a potential mechanism for the anti osteoporotic effect of
estrogens. J. Clin . Invest. 89, 883-891 .
Green S. and Chambon P. (1988). Nuclear receptors enhance our
understanding of transcription regulation . Trends Genet. 4, 309-314.
Gronowicz G., McCarthy M.B. and Raisz L.G . (1990) . Glucocorticoids
stimulate resorption in fetal rat parietal bones in vitro. J. Bone Miner.
Res. 5, 1223-1230.
Harris SA , Tau K.A. , Enger A.J. , Toft D.O., Riggs B.L. and Spelsberg
T.C. (1995). Estrogen response in the hFOB 1.19 human fetal
osteoblastic cell line stably transfected with the human estrogen
receptor gene. J. Cell . Biochem. 59, 193-201.
Haussler M., Nagode L.A. and Rasmussen H. (1970) Induction of
intestinal brush border alkaline phosphatase by vitamin D and
identity with ca-ATPase. Nature 228, 1199-1201 .
Haussler M.A. , Manolagas S.C. and Deftos L.J. (1980). Glucocorticoid
receptor in clonal osteosarcoma cell lines: a novel system for
investigating bone active hormones. Biochem . Biophys . Res .
Commun. 94 , 373-380.
Hewison M. (1995). New trends in bone research . J. A. Coli. Physicians
Lond. 29, 383-387.
Holick M.F. (1996). Vitamin 0 and bone health. J. Nutr. 126, 1159S1164S.
Hollenberg S.M., Weinberger C., Ong E.S. , Cerelli G., Oro A., Lebo A. ,
Thompson E.B. , Rosenfeld M.G. and Evans R.M . (1985) . Primary
structure and expression of a functional human glucocorticoid
receptor cDNA. Nature 318, 635-641 .
Holtrop M.E. and Raisz L.G. (1979). Comparison of the effects of 1,25dihydroxycholecalciferol, prostaglandin E2, and osteoclast-activating
factor with parathyroid hormone on the ultrastructure of osteoclasts
in cultured long bones of fetal rats . Calcified . Tissue Int. 29, 201205.
Holtrop M.E., Cox K.A., Clark M.B., Holick M.F. and Anast C.S. (1981).
1,25-dihydroxycholecalciferol stimulates osteoclasts in rat bones in
the absence of parathyroid hormone. Endocrinology 108, 22932301 .
Hughes D.E. , Dai A. , Tiffee J.C., Li H.H., Mundy G.A. and Boyce B.F.
(1996). Estrogen promotes apoptosis of murine osteoclasts
mediated byTGF-B . Nature Med. 2, 1132-1136.
Huang W.H ., Lau A.T. , Daniels L.L. , Fujii H., Seydel U. , Wood D.J .,
Papadimitriou J.M. and Zheng M.H . (1998) . Detection of estrogen
receptor alpha, carbonic anhydrase II and tartrate-resistant acid
phosphatase mRNAs in putative mononuclear osteoclast precursor
cells of neonatal rats by fluorescence in situ hybridization. J. Mol.
Endocrinol. 20, 211 -219.
Huang W.H., Daniels L.L. , Wood D.J ., Seydel U. , Papadimitriou J.M .
and Zheng M.H. (1999). Vitamin 0 Receptor mRNA is expressed in
osteoclast -like cells of human Giant Cell Tumours of Bone
(osteoclastoma) . J. Musculoskeletal Res. (in press).
Ibbotson K.J ., Roodman G.D., McManus L.M. and Mundy G.A. (1984).
Identification and characterization of osteoclast-like cells and their
progenitors in cultures of feline marrow mononuclear cells. J. Cell.
BioI. 99, 471-480.
Ikegami A. , Inoue S., Hosoi T.. Kaneki M. , Mizuno Y., Akedo Y., Ouchi
Y . and Orimo H. (1994). Cell cycle-dependent expression of
estrogen receptor and effect of estrogen on proliferation of

synchronized human osteoblast-like osteosarcoma cells.
Endocrinology 135, 782-789.
Ishimi Y ., Miyaura C ., Jin C .H., Akatsu T ., Abe E., Nakamura Y.,
Yamaguchi A., Yoshiki S., Matsuda T. and Hirano T. (1990) . IL-6 is
produced by osteoblasts and induces bone resorption . J. Immunol.
145, 3297-303.
Kaji H., Sugimoto T., Kanatani M., Nishiyama K. and Chihara K. (1997).
Dexamethasone stimulates osteoclast-like cell formation by directly
acting on hemopoietic blast cells and enhances osteoclast-like cell
formation stimulated by parathyroid hormone and prostaglandin E2.
J. Bone Miner. Res. 12, 734-741.
Kameda T., Mano H., Yuasa T., Mori Y., Miyazawa K. , Shiokawa M.,
Nakamaru Y., Hiroi E., Hiura K. , Kameda A., Yang N.N., Hakeda Y.
and Kumegawa M. (1997) . Estrogen inhibits bone resorption by
directly inducing apoptosis of the bone-resorbing osteoclasts . J.
Exp. Med. 186, 489-495.
Kasperk C ., Fitzsimmons R., Strong D. , Mohan S., Jennings J.,
Wergedal J. and Baylink D. (1990). Studies of the mechanism by
which androgens enhance mitogenesis and differentiation in bone
cells. J. Clin. Endocr. Metab. 71, 1322-1329.
Kasperk C.H. and Ziegler R. (1992). Androgens and bone metabolism.
Significance in osteoporosis in man and woman . Dtsch. Med .
Wochenschr. 117, 990-996.
Kassem M.. Okazaki R., De Leon D., Harris S.A., Robinson J.A.,
Spelsberg T.C., Conover C.A. and Riggs B.L. (1996) . Potential
mechanism of estrogen-mediated decrease in bone formation :
estrogen increases production of inhibitory insulin-like growth factorbinding protein-4. Proc. Assoc . Am. Physicians 108, 155-164.
Keeting P.E., Scott A.E., Colvard D.S. , Han I.K., Spelsberg T.C. and
Riggs B.L. (1991 ). Lack of a direct effect of estrogen on prOliferation
and differentiation of normal human osteoblast-like cells. J. Bone
Miner. Res. 6, 297-304.
King R.J. (1992). Effects of steroid hormones and related compounds
on gene transcription. Clin. Endocrinol. 36, 1-14.
Komm B.S., Terpening C.M., Benz D.J., Graeme K.A. , Gallegos A. ,
Korc M., Greene G.L. , O'Malley B.W. and Haussler M.R. (1988).
Estrogen bind ing, receptor mRNA, and biologic response in
osteoblast-like osteosarcoma cells. Science 241, 81 -84.
Kost S.L., Smith D.F., Sullivan W.P., Welch w.J. and Toft D.O. (1989).
Binding of heat shock proteins to the avian progesterone receptor.
Mol. Cell . BioI. 9, 3829-3838.
Kream B.E. , Jose M., Yamada S. and DeLuca H.F. (1977). A specific
high-affinity binding macromolecule for 1,25-dihydroxyvitamin 03 in
fetal bone. Science 197,1086-1088.
Kusec V., Virdi A.S., Prince A. and Triffitt J.T. (1998) . Localization of
estrogen receptor-alpha in human and rabbit skeletal tissues. J.
Clin. Endocrinol. Metab. 83, 2421-2428.
Lajeunesse D. (1994) . Effect of 17 beta-estradiol on the human
osteosarcoma cell line MG-63. Bone Miner. 24, 1-16.
Landers J.P. and Spelsberg T.C. (1992) . New concepts in steroid
hormone action : transcription factors , proto-oncogenes, and the
cascade model for steroid regulation of gene expression. Crit. Rev.
Euk. Gene. Exp. 2, 19-63.
Leboy P .S., Beresford J .N ., Devlin C . and Owen M.E. (1991).
Dexamethasone induction of osteoblast mRNAs in rat marrow
stromal cell cultures. J. Cell Physiol. 146,370-378.
Lian J.B. , Shalhoub V., Aslam F., Frenkel B. , Green J. , Hamrah M.,
Stein G.S. and Stein J.L. (1997). Species-specific glucocorticoid and
1,25 -dihydroxyvitamin 0 responsiveness in mouse MC3T3-El

1266

Steroid hormones and bone

osteoblasts: dexamethasone inhibits osteoblast differentiation and
vitamin D down-regulates osteocalcin gene expression.
Endocrinology 138, 2117-2127.
Lorenzo J.A. , Sousa S.L., Fonseca J.M., Hock J.M. and Medlock E.S.
(1987). Colony-stimulating factors regulate the development of
multinucleated osteoclasts from recently replicated cells in vitro. J.
Clin. Invest 80, 160-164.
Lowe C., Gray D.H. and Reid LA. (1992). Serum blocks the osteolytic
effect of cortisol in neonatal mouse calvaria . Calcified Tissue In!. 50,
189-192.
Lukert B.P. and Raisz L.G. (1994). Glucocorticoid-induced osteoporosis.
Rheum. Dis Clin. N. Am. 20, 629-650.
Luo J.M. and Murphy L.J. (1989). Dexamethasone inhibits growth
hormone induction of insulin-like growth factor-I (IGF-I) messenger
ribonucleic acid (mRNA) in hypophysectomized rats and reduces
IGF-I mRNA abundance in the intact ra!. Endocrinology 125,165171.
Mader S., Cham bon P. and White J.H. (1993). Defining a minimal
estrogen receptor DNA binding domain. Nucl. Acids Res. 21, 11251132.
Majeska R.J. , Ryaby J.T. and Einhorn TA (1994). Direct modulation of
osteoblastic activity with estrogen. J. Bone Joint Surg. Am. 76, 713721.
Malawer M., Bray M. and Kass M. (1984). Fluorescent histochemical
demonstration of estrogen and progesterone binding in giant cell
tumors of bone: preliminary observations. J. Surg. Oncol. 25, 148152.
Mangelsdorf D .J., Thummel C. , Beato M., Herrlich P., Schutz G.,
Umesono K., Blumberg B., Kastner P., Mark M. and Chambon P.
(1995). The nuclear receptor superfamily: the second decade. Cell
83, 835-839.
Manolagas S.C. and Anderson D.C. (1978). Detection of high-affinity
glucocorticoid binding in rat bone. J. Endocrinol. 76, 379-380.
Masuyama A., Ouchi Y., Sato F., Hosoi T., Nakamura T. and Orimo H.
(1992) . Characteristics of steroid hormone receptors in cultured
MC3T3-El osteoblastic cells and effect of steroid hormones on cell
proliferation. Calcified Tissue Int. 51, 376-81.
Mathieu E. and Merregaert J . (1994). Characterization of the stromal
osteogenic cell line MN7: mRNA steady-state level of selected
osteogenic markers depends on cell density and is influenced by 17
beta-estradiol. J. Bone Miner. Res. 9, 183-92.
Mee A.P ., Hoyland J.A., Braidman I.P., Freemont A.J., Davies M. and
Mawer E.B. (1996). Demonstration of vitamin D receptor transcripts
in actively resorbing osteoclasts in bone sections. Bone 18, 295299.
Mendoza C. , Soler A and Tesarik J. (1995) . Nongenomic steroid action:
independent targeting of a plasma membrane calcium channel and
a tyrosine kinase. Biochem. Biophys. Res. Commun. 210, 518-523.
Merke J., Klaus G., Hugel U., Waldherr A. and Ritz E. (1986). No 1,25dihydroxyvitamin D3 receptors on osteoclasts of calcium-deficient
chicken despite demonstrable receptors on Circulating monocytes. J.
Clin. Invest. 77, 312-314.
Minghetti P.P. and Norman AW. (1988). 1,25(OHh-vitamin D3

Mizuno Y. , Hosoi T. , Inoue S., Ikegami A., Kaneki M., Akedo Y.,
Nakamura T. , Ouchi Y., Chang C. and Orimo H. (1994) . Immunocytochemical identification of androgen receptor in mouse
osteoclast-like multinucleated cells. Calcified Tissue In!. 54, 325326.
Mosselman S., Pol man J. and Dijkema R. (1996). ER beta: identification
and characterization of a novel human estrogen receptor. FEBS
Lett. 392, 49-53.
Moudgil V.K. and Hurd C. (1987). Transformation of calf uterine
progesterone receptor: analysis of the process when receptor is
bound to progesterone and RU38486. Biochemistry 26, 4993-5001.
Nemere I., Dormanen M.C. , Hammond M.W., Okamura W.H. and
Norman AW. (1994). Identification of a specific binding protein for 1
alpha, 25-dihydroxyvitamin D3 in basal-lateral membranes of chick
intestinal epithelium and relationship to transcaltachia. J. BioI.
Chem. 269, 23750-23756.
Nemere I., Schwartz Z., Pedrozo H. , Sylvia V.L., Dean D.o. and Boyan
B.D. (1998). identification of a membrane receptor for 1,25dihydroxyvitamin D3 which mediates rapid activation of protein
kinase c. J. Bone Miner. Res. 13, 1353-1359.
Noda M., Vogel A.L., Craig AM., Prahl J. , DeLuca H.F. and Denhardt
D.T. (1990). Identification of a DNA sequence responsible for
binding of the 1,25-dihydroxyvitamin D3 receptor and 1,25dihydroxyvitamin D3 enhancement of mouse secreted phosphoprotein 1 (SPP-l or osteopontin) gene expression. Proc. Natl. Acad.
Sci. USA 87, 9995-9999.
Norman AW. (1998). Sunlight, season, skin pigmentation, vitamin D,
and 25-hydroxyvitamin D: integral components of the vitamin D
endocrine system. Am. J. Clin. Nutr. 67,1108-1110.
Orwoll E.S., Stribrska L., Ramsey E.E. and Keenan E.J. (1991).
Androgen receptors in osteoblast-like cell lines. Calcified Tissue Int.
49,183-187.
Oursler M.J., Cortese C., Keeting P., Anderson MA, Bonde S.K., Riggs
B.L. and Spelsberg T.C. (1991 a). Modulation of transforming growth
factor-beta production in normal human osteoblast-like cells by 17
beta-estradiol and parathyroid hormone. Endocrinology 129, 33133320.
Oursler M.J. , Osdoby P., Pyfferoen J., Riggs B.L. and Spelsberg T.C.
(1991 b) . Avian osteoclasts as estrogen target cells. Proc. Natl.
Acad. Sci. USA 88, 6613-6617.
Oursler M.J., Landers J.P. , Riggs B.L. and Spelsberg T.C. (1993a).
Oestrogen effects on osteoblasts and osteoclasts. Ann. Med. 25,
361-371.
Oursler M.J., Pederson L., Pyfferoen J., Osdoby P., Fitzpatrick L. and
Spelsberg T.C. (1993b). Estrogen modulation of avian osteoclast
lysosomal gene expression. Endocrinology 132, 1373-1380.
Oursler M.J., Pederson L., Fitzpatrick L., Riggs B.L. and Spelsberg T.
(1994). Human giant cell tumors of the bone (osteoclastomas) are
estrogen target cells. Proc. Natl. Acad. Sci. USA 91,5227-5231.
Owen T.A., Aronow M.S., Barone L.M., Bettencourt B., Stein G.S. and
Lian J.B. (1991). Pleiotropic effects of vitamin D on osteoblast gene
expression are related to the proliferative and differentiated state of

receptors: gene regulation and genetic circuitry. FASEB J. 2, 30433053.

the bone cell phenotype: dependency upon basal levels of gene
expression, duration of exposure, and bone matrix competency in
normal rat osteoblast cultures. Endocrinology 128, 1496-1504.

Misrahi M., Atger M., d'Auriol L., Loosfelt H., Meriel C. , Fridlansky F.,
Guiochon-Mantel A, Galibert F. and Milgrom E. (1987). Complete

Parker M.G. (1993) . Steroid and related receptors. Curro Opin. Cell BioI.
5, 499-504.

amino acid sequence of the human progesterone receptor deduced
from cloned cDNA Biochem. Biophys. Res. Commun. 143,740-748.

Payvar F., DeFranco D., Firestone G.L., Edgar B. , Wrange 0., Okret S. ,
Gustafsson J.A. and Yamamoto K.A. (1983). Sequence-specific

1267

Steroid hormones and bone

binding of glucocorticoid receptor to MTV DNA at sites within and
upstream of the transcribed region . Cell 35, 381 -92.
Pensler J.M., Radosevich JA, Higbee A. and Langman C.B. (1990).
Osteoclasts isolated from membranous bone in children exhibit
nuclear estrogen and progesterone receptors . J. Bone Miner. Res .
5,797-802.
Peretz A., Praet J.P., Bosson D., Rozenberg S. and Bourdoux P.
(1989). Serum osteocalcin in the assessment of corticosteroid
induced osteoporosis: Effect of long and short term corticosteroid
treatment. J. Rheumatol. 16, 363-367.
Pfeilschifter J., Chenu C., Bird A. , Mundy G.R. and Roodman G.D.
(1989) . Interleukin - 1 and tumor necrosis factor stimulate the
formation of human osteoclastlike cells in vitro. J. Bone Miner. Res .
4, 113-118.
Picard D. and Yamamoto K.R . (1987) . Two signals mediate hormonedependent nuclear localization of the glucocorticoid receptor. EMBO
J. 6, 3333-3340.
Pilbeam C .C . and Raisz L.G . (1990). Effects of androgens on
parathyroid hormone and interleukin-1-stimulated prostaglandin
production in cultured neonatal mouse calvariae . J. Bone . Miner.
Res . 5, 1183-1188.
Ponglikitmongkol M. , Green S. and Chambon P. (1988) . Genomic
organization of the human oestrogen receptor gene. EMBO J. 7,
3385-3388.
Pratt W.B. and Toft D.O. (1997). Steroid receptor interactions with heat
shock protein and immunophilin chaperones. Endocr. Rev. 18, 306360.
Price PA and Baukol SA (1980) . 1,25-Dihydroxyvitamin D3 increases
synthesis of the vitamin K-dependent bone protein by osteosarcoma
cells . J. BioI. Chem. 255, 11660-11663.
Prior J.C. (1990). Progesterone as a bone-trophic hormone . Endocr.
Rev. 11 , 386-398.
Quinn J.M., Sabokbar A. and Athanasou N.A. (1996) . Cells of the
mononuclear phagocy1e series differentiate into osteoclastic lacunar
bone resorbing cells . J. Pathol. 179, 106-111.
Quinn J.M. , Fujikawa Y. , McGee J.O. and Athanasou N.A . (1997) .
Rodent osteoblast-like cells support osteoclastic differentiation of
human cord blood monocy1es in the presence of M-CSF and 1,25
dihydroxyvitamin D3. Int. J. Biochem. Cell B. 29, 173-179.
Raisz l.G., Maina D.M., Gworek S.C. , Dietrich J.w. and Canalis EM.
(1978) . Hormonal control of bone collagen synthesis in vitro:
inhibitory effect of 1-hydroxylated vitamin D metabolites.
Endocrinology 102, 731-735.
Raisz l.G., Trummel C.l., Holick M.F. and DeLuca H.F. (1972a). 1,25dihydroxycholecalciferol: a potent stimulator of bone resorption in
tissue culture. Science 175, 768-769.
Raisz l.G ., Trummel C.l., Wener J.A. and Simmons H. (1972b). Effect
of glucocorticoids on bone resorption in tissue culture.
Endocrinology 90, 961-967.
Renkawitz R., Schutz G. , von der Ahe D . and Beato M. (1984).
Sequences in the promoter region of the chicken lysozyme gene
required for steroid regulation and receptor binding . Cell 37, 503510.
Reynolds J.J ., Pavlovitch H. and Balsan S. (1976) . 1,25-Dihydroxycholecalciferol increases bone resorption in thyropara thyroidectomised mice. Calcified Tissue Res. 21 , 207-212.
Rhodes D., Schwabe J.w., Chapman l. and Fairaill. (1996). Towards
an understanding of protein-DNA recognition. Philos. Trans . R. Soc.
Lond. B. BioI. Sci. 351,501-509.

Riancho J.A., Zarrabeitia M.T., Mundy G.R. , Yoneda T. and GonzalezMacias J. (1993) . Effects of interleukin-4 on the formation of
macrophages and osteoclast-like cells . J. Bone Miner. Res. 8, 13371344.
Rickard D.J. , Gowen M. and MacDonald B.A. (1993) . Proliferative
responses to estradiol, IL-1 alpha and TGF beta by cells expressing
alkaline phosphatase in human osteoblast-like cell cultures . Calcif.
Tissue Int. 52, 227-233.
Roodman G.D., Ibbotson K.J. , MacDonald B.A. , Kuehl T.J. and Mundy
G .R . (1985) . 1,25 -Dihydroxyvitamin D3 causes formation of
multinucleated cells with several osteoclast characteristics in
cultures of primate marrow. Proc. Nail. Acad. Sci. USA 82, 82138217.
Sabbah M., Radanyi C., Redeuilh G. and Baulieu E.E. (1996) . The 90
kDa heat-shock protein (hsp90) modulates the binding of the
oestrogen receptor to its cognate DNA. Biochem. J. 314, 205-213.
Sabeur K., Edwards D.P. and Meizel S. (1996). Human sperm plasma
membrane progesterone receptor(s} and the acrosome reaction.
BioI. Reprod. 54, 993-1001 .
Saggese G., Federico G. and Cinquanta l. (1993). In vitro effects of
growth hormone and other hormones on chondrocy1es and osteoblast-like cells . Acta. Paediatr. Suppl. 391, 54-59; discussion 60.
Sanchez EA., Faber l.E. , Henzel w.J . and Pratt W.B. (1990). The 5659-kilodalton protein identified in untransformed steroid receptor
complexes is a unique protein that exists in cy1osol in a complex
with both the 70- and 90 -kilodaiton heat shock proteins .
Biochemistry 29, 5145-5152.
Scheven B.A., Damen CA , Hamilton N.J. , Verhaar H.J. and Duursma
SA (1992) . Stimulatory effects of estrogen and progesterone on
proliferation and differentiation of normal human osteoblast-like cells
in vitro. Biochem. Biophys. Res. Commun . 186,54-60.
Scheven BA, Milne J.S. and Robins S.P. (1997) . A novel culture
system to generate osteoclasts and bone resorption using porcine
bone marrow cells: role of M-CSF . Biochem. Biophys . Res.
Commun. 231 , 231-235.
Schwabe J.W. , Neuhaus D. and Rhodes D. (1990). Solution structure of
the DNA-binding domain of the oestrogen receptor. Nature 348,
458-461.
Schwabe J.W. , Fairall L., Chapman l., Finch J.T. , Dutnall A.N. and
Rhodes D. (1993). The cocrystal structures of two zinc-stabilized
DNA-binding domains illustrate different ways of achieving
sequence-specific DNA recognition . Cold Spring Harb. Symp.
Quant. BioI. 58, 141 -147.
Shevde N.K. and Pike J.W. (1996). Estrogen modulates the recruitment
of myelopoietic cell progenitors in rat through a stromal cellindependent mechanism involving apoptosis. Blood 87, 2683-2692.
Shuto T., Kukita T., Hirata M., Jimi E . and Koga T . (1994) . Dexamethasone stimulates osteoclast-like cell formation by inhibiting
granulocyte-macrophage colony-stimulating factor production in
mouse bone marrow cultures. Endocrinology 134, 1121 -1126.
Skafar D.F. and Nolides A .C . (1985) . Modulation of the estrogen
receptor's affinity for DNA by estradiol. J. Bioi. Chem. 260, 1220812213.
Suda T. , Takahashi N. and Abe E (1992). Role of vitamin D in bone
resorption . J. Cell. Biochem. 49, 53-58.
Tanaka Y. and Deluca H.F. (1971). Bone mineral mobilization activity of
1,25-dihydroxycholecalciferol, a metabolite of vitamin D. Arch.
Biochem. Biophys. 146, 574-578.
Tasset D., Tora l., Fromental C. , Scheer E and Chambon P. (1990).

1268

Steroid hormones and bone

Distinct classes of transcriptional activating domains function by
different mechanisms. Cell 62, 1177-1187.
Thomson B.M., Mundy G.R. and Chambers T.J. (1987) . Tumor necrosis
factors alpha and beta induce osteoblastic cells to stimulate
osteoclastic bone resorption . J. Immunol. 138, 775-779.
Tobias J. and Chambers T .J. (1989). Glucocorticoids impair bone
resorptive activity and viability of osteoclasts disaggregated from
neonatal rat long bones. Endocrinology 125, 1290-1295.
Tobias J.H. and Chambers T.J. (1991) . The effect of sex hormones on
bone resorption by rat osteoclasts. Acta. Endocrinol. 124, 121-127.
Tremollieres F.A. , Strong D.D., Baylink D.J . and Mohan S. (1992).
Progesterone and promegestone stimulate human bone cell
proliferation and insulin-like growth factor-2 production . Acta
Endocrinol. 126, 329-337.
Truss M. and Beato M. (1993). Steroid hormone receptors : interaction
with deoxyribonucleic acid and transcription factors. Endocr. Rev.
14, 459-479.
Tsai S.Y., Tsai M.J. and O'Malley BW. (1989). Cooperative binding of
steroid hormone receptors contributes to transcriptional synergism at
target enhancer elements. Cell 57, 443-448.
Tsukii K., Shima N., Mochizuki S., Yamaguchi K., Kinosaki M., Yano K. ,
Shibata 0 ., Udagawa N., Yasuda H., Suda T . and Higashio K.
(1998). Osteoclast differentiation factor mediates an essential signal
for bone resorption induced by 1 alpha,25-dihydroxyvitamin D3 ,
prostaglandin E2, or parathyroid hormone in the microenvironment
of bone. Biochem. Biophys. Res. Commun. 246, 337-341 .
Umesono K. and Evans R.M. (1989). Determinants of target gene
specificity for steroid/thyroid hormone receptors. Cell 57, 1139-1146.
van Dyke M.W., Sawadogo M. and Roeder R.G. (1989). Stability of
transcription complexes on class II genes. Mol. Cell. BioI. 9, 342344.
van Paassen H.C., Poortman J., Borgart-Creulzburg I.H ., Thijssen J.H.
and Duursma SA (1978) . Oestrogen binding proteins in bone cell
cytosol. Calcified Tissue Res. 25, 249-254.
Watts C.K. and King R.J. (1994) . Overexpression of estrogen receptor
in HTB 96 human osteosarcoma cells results in estrogen-induced
growth inhibition and receptor cross talk. J. Bone Miner. Res. 9,
1251-1258.
Wehling M. (1995). Looking beyond the dogma of genomic steroid
action: inSights and facts of the 1990s. J. Mol. Med. 73, 439-447.
Wehling M. (1997). Specific, non genomic actions of steroid hormones.
Annu . Rev. Physiol. 59, 365-393.
Wei L.L., Leach MW., Miner R.S. and Demers l.M. (1993) . Evidence

for progesterone receptors in human osteoblast-like cells. Biochem.
Biophys. Res. Commun. 195,525-532.
Weinstein R.S., Jilka R.l. , Parfitt A.M. and Manolagas S.C. (1997). The
effects of androgen deficiency on murine bone remodeling and bone
mineral density are mediated via cells of the osteoblastic lineage.
Endocrinology 138, 4013-4021.
Weinstein R.S. , Jilka R.l. , Parfitt A.M . and Manolagas S.C. (1998).
Inhibition of osteoblastogenesis and promotion of apoptosis of
osteoblasts and osteocytes by glucocorticoids . Potential
mechanisms of their deleterious effects on bone. J. Clin. Invest. 102,
274-282.
Weisman Y., Casso ria F. , Malozowski S. , Krieg R.J. Jr., Goldray D. ,
Kaye A.M. and Somjen D. (1993). Sex-specific response of bone
cells to gonadal steroids: modulation in perinatally androgenized
females and in testicular feminized male rats . Steroids. 58, 126-133.
Weisman Y. and Hochberg Z. (1997) . Genetic rickets and osteomalacia.
Curr. Ther. Endocr. Metabol. 6, 527-529.
Whitesell l. and Cook P. (1996). Stable and specific binding of heat
shock protein 90 by geldanamycin disrupts glucocorticoid receptor
function in intact cells. Mol. Endocrinol. 10, 705-712.
Yamamoto K.R. (1985) . Steroid receptor regulated transcription of
specific genes and gene networks. Annu . Rev. Genet. 19, 209-252.
Yo on K.G., Rutledge S.J., Buenaga R.F. and Rodan G.A. (1988).
Characterization of the rat osteocalcin gene: stimulation of promoter
activity by l,25-dihydroxyvitamin D3. Biochemistry 27, 8521-8526.
Zang X.Y., Tan Y.B., Pang Z.l. , Zhang W.Z. and Zhao J. (1994). Effects
of parathyroid hormone and estradiol on prOliferation and function of
human osteoblasts from fetal long bone: An in vitro study. Chinese
Med. J. 107, 600-603.
Zheng M.H., Wood D.J. and Papadimitrious J.M. (1992). What's new in
the role of cytokines on osteoblast proliferation and differentiation?
Pathol. Res. Pract. 188, 1104-1121.
Zheng M.H. , Holloway W., Fan Y., Collier F., Criddle A., Prince R. ,
Wood D.J. and Nicholson G.C. (1995a). Evidence that human
osteoclast-like cells are not the major estrogen target cells. Bone 16
(Suppl) , 93s.
Zheng M.H., Lan T.T., Prince R. , Criddle A., Wysockis S. , Beilbarz M. ,
Papadimitriou J.M . and Wood D.J . (1995b). 17 beta-stradiol
supresses gene expression of tartrate-resistant acid phosphatase
and carbonic anhydrase II In ovariectomized rats. Calcified Tissue
Int. 56, 166-169.
Accepted March 23, 1999

