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Mechanisms of Glucocorticoid Action in Bone Cells

Anne M. Delany, Yu Dong, and Ernesto Canalis

Departments of Research, Medicine, and Orthopedic Surgery, Saint Francis Hospital and Medical Center,
Hartford, Connecticut 06105 and The University of Connecticut School of Medicine,
Farmington, Connecticut 06030

Abstract Glucocorticoids play an important role in the normal regulation of bone remodeling; however
continued exposure of bone to glucocorticoid excess results in osteoporosis. In vivo, glucocorticoids stimulate bone
resorption and decrease bone formation, and in vitro studies have shown that while glucocorticoids stimulate
osteoblastic differentiation, they have important inhibitory actions on bone formation. Glucocorticoids have many
effects on osteoblast gene expression, including down-regulation of type I coltagen and osteocalcin, and up-regulation
of interstitial coliagenase. The synthesis and activity of osteoblast growth factors can be modulated by glucocorticoids
as well. For example, insulin-like growth factor I (IGF-) is an important stimulator of osteoblast function, and expression
of IGF-lis decreased by glucocorticoids. The activity of IGF | can be modified by IGF binding proteins (IGFBPs), and their
synthesis is also regulated by glucocorticoids. Thus, glucocorticoid action on osteoblasts can be direct, by activating or
repressing osteoblast gene expression, or indirect by altering the expression or activity of osteoblast growth factors.
Further investigation of the mechanisms by which glucocorticoids modulate gene expression in bone cells will
contribute to our understanding of steroid hormone biology and will provide a basis for the design of effective

treatments for glucocorticoid-induced osteoporosis.
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Bone remodeling is regulated by systemic hor-
mones and locally produced factors acting in
concert to maintain bone mass. Investigations
of the actions of hormones on bone have re-
vealed that glucocorticoids cause marked effects
on bone metabolism and that continued expo-
sure of skeletal tissue to excessive amounts of
glucocorticoids results in osteoporosis. How-
ever, the exact mechanisms by which glucocorti-
coids act on bone are not known.

In vivo, glucocorticoids enhance bone resorp-
tion and decrease bone formation [Lukert and
Raisz, 1990]. The decrease in bone formation
caused by glucocorticoids could be due to direct
actions of glucocorticoids on bone or due to
indirect mechanisms. Glucocorticoids inhibit go-
nadotropin and sex steroid production, and the
resulting hypogonadism could cause a decrease
in bone mass [Lukert and Raisz, 1990]. Addition-
aily, alterations in the growth hormone/insulin-
like growth factor (IGF) I axis, such as a de-
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crease in growth hormone release or action, may
play a role in the inhibitory effects of glucocorti-
coids on bone formation in vivo [Luo and Mur-
phy, 1989]. Increased bone resorption appears
to be the result of secondary hyperparathyroid-
ism, due to a decrease in gastrointestinal cal-
cium absorption and an increase in the urinary
excretion of calcium. Although the extent and
duration of the excessive secretion of parathy-
roid hormone (PTH) is not known, it is likely
that in conditions of glucocorticoid excess, PTH
increases bone resorption as well as having other
effects on bone metabolism.

GLUCOCORTICOID EFFECTS ON OSTEOCILAST
AND OSTEOBLAST DIFFERENTIATION

Studies testing the effect of glucocorticoids on
bone resorption in vitro have not yielded uni-
form conclusions due to differences in the sys-
tems, culture conditions, and length of glucocor-
ticoid treatment used. Some researchers found
that glucocorticoids inhibited PTH-stimulated
bone resorption in vitro [Stern, 1969; Raisz et
al., 1972]. However, more recent studies have
demonstrated that glucocorticoids stimulate
bone resorption in cultured calvaria [Reid et al.,
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1986; Gronowicz et al., 1990]. The effects of
glucocorticoids on osteoclast recruitment/differ-
entiation and activity have been dissociated us-
ing the model system of bone chips implanted
subcutaneously into rats [Defranco et al., 1992].
It was shown that glucocorticoids inhibited the
recruitment and differentiation of bone resorb-
ing cells, but stimulated the bone resorbing activ-
ity. This may be related to the hypothesized
“coupling’ of osteoblastic activity to bone resorp-
tion [Rodan and Martin, 19811, since one of the
effects of glucocorticoids on bone is the promo-
tion of osteoblast differentiation.

In vitro, glucocorticoids have complex effects
on osteoblast gene expression. As with the osteo-
clast studies, these actions are dependent on the
stage of osteoblast growth and differentiation,
and on the cell model and culture conditions
used. Glucocorticoids can enhance selected pa-
rameters of bone formation and induce cells of
the osteoblastic lineage to differentiate into ma-
ture cells expressing the osteoblastic phenotype
[Bellows et al., 1987; Cheng et al., 1994; Leboy
et al., 1991]. For example, when bone marrow
stromal cells, the source of osteoprogenitor cells,
are cultured in the presence of dexamethasone
they express an osteoblast-like phenotype. In
both human and rat marrow stromal cell cul-
tures, dexamethasone inhibits cell growth while
increasing alkaline phosphatase expression,
which is an osteoblastic marker [Cheng et al.,
1994; Leboy et al., 1991]. In rat marrow stromal
cell cultures, dexamethasone induced osteopon-
tin and osteocalcin transcripts, which are also
markers of osteoblastic differentiation [Leboy et
al., 1991]. In the human system, Cheng et al.
[1994] found that dexamethasone augmented
the ability of the marrow stromal cells to re-
spond to two potent stimulators of osteoblast
gene expression, PTH and prostaglandin E,
(PGE,). This effect may be partially due to the
ability of glucocorticoids to increase PTH bind-
ing and receptor expression [Urefa et al., 1994].
Promotion of the osteoblastic phenotype by glu-
cocorticoids may involve modulation of Id (inhibi-
tor of differentiation) gene expression. Id is a
ubiquitously expressed basic helix-loop-helix pro-
tein which can interact with and down-regulate
the activity of several helix-loop-helix transcrip-
tion factors [Benezra et al., 1990]. Expression of
Idis high in early proliferating cultures of mouse
osteoblast-like MC3T3 cells, but decreases sig-
nificantly as the cultures mature, suggesting an
inverse relationship between Id expression and
differentiation [Ogata et al., 1993]. However,

bone morphogenetic protein-2 (BMP-2), a mem-
ber of the transforming growth factor (TGF) B8
superfamily, induces osteoblast differentiation;
and Id expression is induced by BMP-2 and by
dexamethasone in MC3T3 cells as well as in
primary cultures of fetal rat calvarial osteo-
blasts. It is possible that BMP-2 and dexametha-
sone share a common pathway in the induction
of Id expression [Ogata et al., 1993]. Studies to
dissect the relationship between glucocorticoid
or BMP-2 induction of differentiation and the
expression of Id and other helix-loop-helix pro-
teins will contribute to our understanding of the
mechanisms by which mesenchymal cells take
on the osteoblastic phenotype.

GLUCOCORTICOID MODULATION
OF OSTEOBLAST GENE EXPRESSION

Although glucocorticoids increase osteoblast
differentiation, their inhibitory actions on mul-
tiple aspects of osteoblastic function have a ma-
jor impact on bone mass (Table I). Glucocorti-
coids have two important inhibitory actions on
bone formation: 1) they inhibit cell replication,
therefore depleting a cell population capable of
synthesizing bone collagen, and 2) they inhibit
type I collagen gene expression [Delany et al., in
press, al. These two actions are time and dose
dependent, and may be responsible for the inhi-
bition of bone formation and possibly the osteo-
penia secondary to glucocorticoid excess. In hu-
man and rat skin fibroblasts, glucocorticoids
decrease type I procollagen transcripts by de-
creasing procoliagen mRNA stability, but they
have no effect on collagen gene transcription
[{Hamal4dinen et al., 1985; Raghow et al., 1986].
However, in cultured rat osteoblasts, cortisol
decreases transcription from the «(I) collagen
gene [Delany et al., in press, a]. Thus the mecha-
nisms by which glucocorticoids down-regulate
type I procollagen transcripts are tissue specific.
This would indicate differential regulation of
collagen synthesis in bone and may be related to
the manner in which fibroblasts and osteoblasts
regulate basal levels of collagen expression. Re-

TABLE I. Effects of Glucocorticoids in
Osteoblasts

1. Induce the differentiation of osteoblast precursors
2. Enhance PTH receptor expression

3. Decrease replication of preosteoblasts

4. Inhibit type I collagen and osteocalcin expression
5. Increase interstitial collagenase expression

6. Decrease tissue inhibitor of metalloproteinases
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cently, Pavlin et al. [1992] reported that the 5’
region of the rat a(I) collagen promoter contains
a 2.3 kb sequence required for high basal expres-
sion of chimeric a1(I) collagen promoter/CAT
constructs in osseous cells, but it is not required
in fibroblastic cells. These results support the
notion that the mechanisms regulating collagen
gene expression are tissue specific. A positive,
orientation-specific cis-acting element is found
in the first intron of the human «1(I) collagen
gene [Liska et al., 1990], and an AP-1 (activator
protein-1) sequence within this motif is re-
quired for its function. Antagonism between the
AP-1 complex and the glucocorticoid receptor is
well documented [Konig et al., 1992; Jonat et
al., 1990; Kerppola et al., 1993; Schule et al.,
1990; Yang-Yen et al., 1990] and may play a role
in the down-regulation of al(l) collagen gene
transcription in osteoblasts. In human osteo-
blast cultures, treatment with dexamethasone
causes a transient increase in mRNAs for Fos
and Jun, two components of the AP-1 complex.
C-fos was increased 10-fold and c-jun was in-
creased 2-fold compared to the untreated con-
trol [Subramaniam et al., 1992]. The relative
ratio of Fos:Jun determines whether glucocorti-
coids negatively or positively regulate certain
genes. For example, Jun in the presence of high
levels of Fos causes the proliferin promoter to be
down-regulated by glucocorticoids {Diamond et
al., 1990], and it is possible that a similar mecha-
nism is functioning in the al(I) collagen pro-
moter. The glucocorticoid receptor also can re-
press transcriptional activation mediated by Spi-
1/PU.1, an ets-related transcription factor which
binds to the sequence GAGGAA [Gauthier et al.,
1993]. Although a core glucocorticoid binding
sequence is found within the promoter region of
the rat a1(I) collagen gene [Lichtler et al., 1989],
the DNA sequences responsible for the down-
regulation of gene transcription by glucocorti-
coids have not yet been characterized, and this
repression of gene transcription may involve a
number of elements. Further investigation of
the mechanisms underlying the tissue specific
nature of glucocorticoid down-regulation of a1(I)
collagen expression, as well as the regulation of
basal collagen gene expression, will be an impor-
tant focus for future studies.

Glucocorticoids also modify the expression of
osteoblast specific genes, including osteocalcin.
Osteocalcin expression is tightly regulated by
glucocorticoids during the development of bone.
Glucocorticoids prevent the stimulatory effect of
1,25 dihydroxyvitamin D; (1,25(0OH);D3) on os-

teocalcin gene expression and multiple glucocor-
ticoid receptor binding sites have been identified
by in vitro footprinting of the osteocalcin pro-
moter in both human and rat [Stromstedt et al.,
1991; Heinrichs et al., 1993]. One glucocorticoid
receptor binding site overlaps or is adjacent to
the TATA box of the osteocalcin gene, suggest-
ing that the glucocorticoid receptor may interact
with the TATA box binding factor, TFIID, caus-
ing competition or steric hindrance [Morrison
and Eisman, 1993]. The osteocalcin gene also
contains several active AP-1 sites, which appear
to contribute to the basal activity of the pro-
moter. Glucocorticoid repression of basal osteo-
calcin promoter activity may involve interaction
between the glucocorticoid receptor and compo-
nents of the AP-1 complex, causing ‘“‘mutual
inhibition” which is independent of DNA bind-
ing, as it has been postulated for the collagenase
promoter [Jonat et al., 1990; Morrison and Eis-
man, 1993]. Both the human and the rat osteo-
calcin promoter contain classic CCAAT motifs
typically found in eukaryotic promoters, as well
as vitamin D response elements (VDREs) in
close proximity to the glucocorticoid receptor
binding sites. The glucocorticoid receptor may
interact with the proteins binding these DNA
sequences to mediate the down-regulation of
vitamin D induced transcription [Heinrichs et
al., 1993]. The osteocalcin gene serves as an
excellent model for studying transcriptional re-
pression by glucocorticoids. Using the osteocal-
cin promoter to examine the functional interac-
tions between the glucocorticoid receptor and
other transcription factors, such as AP-1 and
the vitamin D receptor, will contribute to our
knowledge of what constitutes a negative GRE
and the mechanisms by which glucocorticoids
down-regulates gene expression [Landers and
Spelsberg, 1992; Beato, 1989; Akerblom and
Mellon, 1991].

Glucocorticoids have complex and unique ef-
fects on collagen degradation. In nonskeletal cell
systems, glucocorticoids inhibit the synthesis of
interstitial collagenase (matrix metalloprotein-
ase 1), the primary enzyme responsible for initi-
ating the degradation of type I collagen [Matri-
sian and Hogan, 1990; Jonat et al., 1990; Delany
and Brinckerhoff, 1992; Brinckerhoff et al., 1986;
Firestein et al., 1991]. However, in rat osteo-
blasts glucocorticoids increase collagenase
mRNA expression and immunoreactive collage-
nase [Shalhoub et al., 1992; Delany et al., in
press, bl, and the increased expression of this
enzyme may contribute to the decrease in bone
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mass associated with glucocorticoid excess.
Stromelysin, or matrix metalloproteinase 3, de-
grades noncollagenous extracellular matrix com-
ponents such as laminin, fibronectin, and proteo-
glycans [Matrisian and Hogan, 1990].
Stromelysin expression has been documented in
some cultured osteosarcoma cell lines and can
be induced in cultures of normal osteoblasts by
mononuclear cell conditioned medium [Rifas et
al., 1994; Meikle et al., 1992]. Since collagenase
and stromelysin are often coordinately regu-
lated by cytokines and hormones [Matrisian and
Hogan, 19901, it will be important to determine
if glucocorticoids regulate osteoblast stromely-
sin expression in the same manner as collage-
nase. In addition to metalloproteinases, cortisol
also affects the expression of the tissue inhibi-
tors of metalloproteinases (TIMPs), a family of
polypeptides which inhibit metalloproteinase ac-
tivity by forming stoichiometric enzyme-inhibi-
tor complexes [Matrisian and Hogan, 1990; Gold-
berg et al., 1992]. Bone is a site of TIMP-1
expression and our initial studies show that
treatment with cortisol decreases osteoblast
TIMP 1 mRNA expression without modifying
TIMP 2 or 3 transcripts. In contrast, glucocorti-
coids strongly induce TIMP-3 mRNA in murine
fibroblasts [Leco et al., 1994]. These results
reinforce the hypothesis that skeletal cells re-
spond to glucocorticoids in a unique fashion
which is different from nonskeletal cells. Gluco-
corticoids may promote bone turnover by in-
creasing collagenase expression while decreas-
ing TIMP mRNA, but in nonskeletal cells, such
as fibroblasts, glucocorticoids have a sparing
effect on the extracellular matrix by decreasing
collagenase and increasing TIMP production.
Research aimed at dissecting the mechanisms
by which glucocorticoids exert this tissue spe-
cific regulation on collagenase and TIMPs is
central to our understanding of glucocorticoid
action and extracellular matrix remodeling.

GLUCOCORTICOID REGULATION
OF OSTEOBLAST GROWTH FACTOR
SYNTHESIS AND ACTIVITY

Although glucocorticoids can directly modu-
late osteoblast gene expression, some of their
effects may be due to modifications in the synthe-
sis or activity of growth factors secreted by bone
cells (Table II). While certain systemic growth
factors are able to modulate bone cell function,
growth factors synthesized by bone cells may
play a more significant role in cell function than
their systemic counterparts, and could act in an

TABLE II. Regulation of Growth Factor
Expression and Activity by Glucocorticoids in

Osteoblasts
Syn- Activa- Binding Recep-
thesis  tion  proteins  tors
IGF 1 ! a 0 ?
IGF II 1] o & ?
TGF B 0] 1 ? Shift
FGF 1and 2 NTa NT NT NT
PDGFAand B NT NT NT NT

aNT, not tested.

autocrine or paracrine fashion. Skeletal cells
synthesize and respond to a number of growth
factors including insulin-like growth factors
(IGF) I and 11, transforming growth factor beta
(TGF B) 1, 2, and 3, acidic and bhasic fibroblast
growth factor (FGF), and platelet-derived growth
factor (PDGF) A and B. Skeletal cells also se-
crete prostaglandins, BMPs, and cytokines of
the interleukin and colony stimulating factor
family [Canalis et al., 1993al.

TGFp is a mitogen produced by osteoblasts
which stimulates bone matrix apposition rates
[Hock et al., 1990]. In bone, it is secreted as a
latent complex consisting of the 25 kd TGFB
homodimer non-covalently associated with the
75 kd remainder of the precursor proregion
[Bonewald et al., 1991]. Glucocorticoid treat-
ment stimulates osteoblasts to activate latent
TGFB, possibly by inducing the production and
secretion of lysosomal proteases [Oursler et al.,
1993]. However, glucocorticoids also shift the
binding of TGFg,; from signal transducing to
nonsignal transducing receptors and decrease
its mitogenic properties in bone cells [Centrella
et al., 1991]. TGFB; prevents the recruitment of
osteoclasts [Chenu et al., 1988], and has been
reported to stimulate or inhibit bone resorption,
depending on the cell system used [Pfeilschifter
et al., 1988; Oreffo et al., 1990; Tashjian et al.,
1985; Dieudonne et al., 1991]. The activation of
TGFB by glucocorticoids in bone cells may be
relevant to the actions of the steroid on bone
resorption.

Glucocorticoids inhibit the expression of IGF-I
but do not modify IGF-1I synthesis by osteo-
blasts. The actions of glucocorticoids on the
IGF-1 axis seem critical to their bone effects
since IGF-1 is among the most prevalent growth
factors produced by skeletal cells and has marked
stimulatory effects on bone formation. IGF-I
enhances osteoblastic collagen synthesis and in-
creases the replication of cells of the osteoblastic
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lineage, likely preosteoblasts which will eventu-
ally differentiate into osteoblasts. In addition,
IGF-I decreases collagenase expression and col-
lagen degradation in calvariae [Canalis et al.,
1993a,b]. Since glucocorticoids and IGF-I have
opposite effects on bone cells, we postulate that
the inhibitory actions of glucocorticoids on IGF-I
synthesis are potentially relevant to their effects
on bone formation. IGF-I expression can be
decreased by glucocorticoids directly, or indi-
rectly via the activation of TGFB, a factor which
can also inhibit IGF-I expression [Canalis et al.,
1993b]. However, the kinetics of the response
suggest that glucocorticoids decrease IGF-1 by a
direct mechanism. Down-regulation of IGF-I
mRNA is apparent as early as 6 hours after
glucocorticoid treatment [McCarthy et al., 19901,
and the mechanisms by which this occurs are
currently under study. In addition, glucocorti-
coids modify the binding of IGF-I to its receptor,
an effect related to changes in bone cell density
[Bennett et al., 1984].

Modulation of IGF binding proteins (IGFBPs)
is an another important mechanism by which
glucorticoids can regulate IGF-I and -II function
in bone (Table III). So far, six IGFBPs, termed
IGFBP-1 through -6, have been identified, and
osteoblasts express transcripts for all of these
binding proteins. The pattern of basal and stimu-
lated IGFBP production varies according to the
osteoblastic cell line examined [Hassager et al.,
1992]. While many studies have emphasized the
inhibitory effects of IGFBPs on bone cell replica-
tion and collagen synthesis, it is currently un-
known if, under physiological conditions, osteo-
blasts are exposed to concentrations of IGFBPs
that are sufficiently high to modify bone forma-
tion. Investigations conducted in nonskeletal
cell systems suggest that IGFBPs play a com-
plex role in cell growth and their actions might
be different if they are associated with the cell
matrix than if they are present in the culture
medium [Jones et al., 1993]. It is important to

TABLE III. Regulation of IGFBPs by
Glucocorticoids in Osteoblasts

Human Rat
IGFBP 1 1 NT
2 NTa l
3 ! d
4 4 \
5 ! |
6 [0 1

NT, not tested.

note that cyclic AMP inducers are the major
stimulators of IGF-1 synthesis by the osteoblast,
and they stimulate the synthesis of IGFBP-3, -4,
and -5, a possible mechanism of controlling the
exposure of bone cells to endogenous IGF-I [Mc-
Carthy et al., in press]. In an opposite fashion,
glucocorticoids decrease IGF-I as well as IG-
FBP-3, -4, and -5 synthesis in human osteo-
blasts [Okazaki et al., 1994]. IGF-I is known to
stabilize IGFBP-5 in human osteoblasts and the
inhibition of IGF-I by glucocorticoids could de-
stabilize this binding protein [Conover and Kief-
fer, 1993]. The decrease of IGFBP-5 levels by
glucocorticoids could be important in the mecha-
nism of action of glucocorticoids in bone since
IGFBP-5 is the only binding protein known to
enhance bone growth. Although glucocorticoids
modify IGFBP synthesis in bone cells, their
mechanism of action needs to be elucidated.

While glucocorticoids have important effects
on TGFB activation and on the IGF/IGFBP axis
in bone, less is known about their effects on the
synthesis or activity on other skeletal growth
factors. In smooth muscle cells, glucocorticoids
inhibit the constitutive and thrombin-induced
expression of PDGF A [Nakano et al., 1993}, an
effect not reported in bone cells. Similarly, the
actions of glucocorticoids on the expression on
FGFs and BMPs are currently not known. Since
PDGFs and FGFs have important mitogenic
actions in bone, changes in their synthesis or
activity could result in alterations in the process
of bone repair. In UMR 201 osteosarcoma cells
glucocorticoids induce the expression of osteonec-
tin (SPARC), which has been shown to bind to
and prevent the action of PDGF B chains [Ng et
al., 1989; Raines et al., 1992]. It is possible that
similar effects occur in bone cells and that gluco-
corticoids may modulate the mitogenic activity
of PDGF B through its actions on osteonectin
synthesis.

CLINICAL AND THERAPEUTIC IMPLICATIONS

Glucocorticoid excess is a major cause of osteo-
porosis and little is known about the pathogen-
esis of this disease. The effects of glucocorticoids
on bone metabolism and their mechanisms of
action appear to be complex and are still poorly
understood. For the prevention and treatment
of glucocorticoid-induced osteoporosis, inhibi-
tors of bone resorption and gonadal steroids
have beneficial, but limited effects [Reid and
Grey, 1993]. It was recently shown that calreticu-
lin, a calcium-binding protein, interferes with
cellular responses to glucocorticoids and other
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steroid hormones [Burns et al., 1994; Dedhar et
al., 1994]. This effect is mediated through the
interaction of calreticulin with the DNA-binding
domain of the steroid hormone receptors, result-
ing in an inhibition of the transcriptional activ-
ity of the receptors. Interestingly, calreticulin
can interact with integrin « subunits, which are
important components in osteoclast induced
bone resorption. It is tempting to speculate that
calreticulin may have important functions in
the maintenance of skeletal homeostasis and
regulation of osteogenesis, acting as a signal
modifier between the membrane-bound integrin
o receptor and nuclear steroid hormone recep-
tors. Further investigations are needed to define
the specificity and mechanisms of action of calre-
ticulin on steroid receptors before potentially
useful drugs can be designed. This goes hand-in-
hand with the need to clarify the effects of
glucocorticoids on bone formation and their
mechanisms of action. If we assume that skel-
etal IGF is essential for the maintenance of bone
mass, inhibition of its synthesis by glucocorti-
coids could be important in the development of
osteoporosis. An attempt to reverse this process
could be made by the systemic administration of
IGF-I, possibly in combination with growth hor-
mone. The limitations of this approach are the
nonspecific effect of the two hormones in non-
skeletal tissues, likely to occur after their pro-
longed administration. Another alternative could
be reversal of the inhibition of IGF-I synthesis
in bone cells, and this has been achieved in vitro
with PTH. Since patients with glucocorticoid
induced osteoporosis have hyperparathyroid-
ism, this approach may seem less logical. How-
ever, the skeletal actions of continuous PTH
administration, such as in hyperparathyroid-
ism, are probably quite different from its actions
after its intermittent administration. One could
postulate suppressing the secretion of endog-
enous PTH with calcium and vitamin D and
administering PTH in an intermittent fashion.
Since there is no effective treatment for glucocor-
ticoid-induced osteoporosis, it is essential to in-
crease our understanding of the mechanism of
action of glucocorticoids so that novel approaches
to treatment can be devised.
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