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Bone remodeling is regulated by systemic hormones and 
locally produced factors acting in concert to maintain bone 
mass (1). In the adult skeleton, bone remodeling is a tightly 
controlled process that occurs in the bone surface and results 
in bone turnover. Bone formation occurs only in areas of 
previously resorbed bone. The remodeling cycle consists of 
an activation phase, followed by bone resorption, a reversal 
phase, followed by bone formation, and a resting phase (2). 
Normally, bone formation and resorption are coordinated 
and in balance, but in conditions of persistently increased 
bone resorption or decreased bone formation, osteoporosis 
occurs. Glucocorticoids have marked effects on bone metab- 
olism, and continued exposure of skeletal tissue to excessive 
amounts of these steroids results in osteoporosis. Although 
the exact mechanism of action of glucocorticoids in bone is 
uncertain, recent investigations have enhanced our under- 
standing of the actions of glucocorticoids on skeletal tissue. 
This information will prove helpful for the eventual under- 
standing of the pathogenesis of glucocorticoid-induced os- 
teoporosis and for the development of new strategies to 
prevent and reverse the catabolic actions of glucocorticoids 
on the skeleton. Although in viva glucocorticoids have indi- 
rect actions on bone metabolism, there is sufficient evidence 
to believe that their direct actions on bone cells play a central 
role in determining their effects on bone mass and in the 
metabolic bone disease that follows glucocorticoid excess. 

Effects of glucocorticoids on bone resorption and mineral 
metabolism 

Glucocorticoids enhance bone resorption and decrease 
bone formation; consequently, they decrease bone mass and 
increase the risk of fractures (3) (Fig. 1). The increased bone 
resorption is in part due to direct effects of glucocorticoids 
on the skeleton and in part the result of a decrease in intes- 
tinal calcium absorption and an increase in the urinary ex- 
cretion of calcium. In viva, glucocorticoids inhibit intestinal 
calcium transport, opposing the effects of vitamin D, but the 
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mechanism has not been established. Serum levels of vitamin 
D metabolites in patients receiving glucocorticoids are vir- 
tually normal, and glucocorticoids induce the expression of 
calbindin-D28K, a protein involved in intestinal calcium 
transport (4-6). Parathyroidectomy prevents the excessive 
bone resorption associated with glucocorticoids, suggesting 
that in viva, a cause of excessive bone resorption is enhanced 
secretion or activity of PTH. Although some investigators 
have found increased serum levels of PTH, these are fre- 
quently reported to be in the normal range (4,7). This would 
suggest that the cause of bone resorption is either a transient 
increase in PTH secretion or increased PTH activity, possibly 
in association with direct actions of glucocorticoids on skel- 
etal cells. Glucocorticoids enhance the responsiveness of os- 
teoblasts to PTH by increasing the expression of PTH recep- 
tors in these cells (8). As the bone-resorbing actions of PTH 
require the presence of osteoblasts, an increase in PTH re- 
ceptors in osteoblasts by glucocorticoids could explain some 
of the results observed (9). 

In vitro, glucocorticoids have an acute stimulatory effect on 
bone resorption, but in long term cultures, they are inhibitory 
(10). The stimulation may be due to an increase in osteoclast 
activity, and is in accordance with effects observed in viuo. 
The mechanism of this increased activity is not known, al- 
though it could involve the induction of interleukin-6 (IL-6) 
receptors in skeletal cells (11). IL-6 is a cytokine known to 
induce osteoclast recruitment and to play a central role in 
bone resorption (12). The inhibition of bone resorption ap- 
pears to play a minor role in viva and is due to a decrease in 
osteoclast number, an event that may be secondary to a 
suppression of IL-6 synthesis (13). 

Effects of glucocorticoids on bone formation and osteoblastic 
cell function 

An impairment in bone formation is a predominant result 
of glucocorticoid excess and is associated with a decrease in 
serum levels of osteocalcin, a marker of osteoblastic function 
(14). For the most part, the decreased bone formation is due 
to direct effects of glucocorticoids on cells of the osteoblastic 
lineage. An additional component could be due to indirect 
mechanisms, such as inhibition of gonadotropin and sex 
steroid production, because patients on glucocorticoids de- 
velop hypogonadism (3). Alterations in the GH / insulin-like 
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FIG. 1. Mechanisms of glucocorticoid action on the skeleton in ho. 

growth factor (IGF) axis have been proposed, but serum 
levels of these hormones are normal (3). 

Glucocorticoids have complex actions on gene expression 
in skeletal cells, and they are dependent on the stage of 
osteoblast growth and differentiation (Table 1). Glucocorti- 
coids have seemingly paradoxical effects on bone cell func- 
tion, inducing the differentiation of preosteoblastic cells and 
inhibiting specific aspects of the differentiated function of the 
osteoblast. Glucocorticoids induce the differentiation of cells 
of the osteoblastic lineage into mature cells and the formation 
of multilayered bone nodules that eventually mineralize (15). 
As the cells differentiate, they express osteocalcin and alka- 
line phosphatase, genes that characterize the osteoblastic 
phenotype (15-17). In addition to their effects on differen- 
tiation, glucocorticoids decrease cell replication, depleting a 
cell population capable of synthesizing bone collagen, and 
repress type I collagen gene expression by the osteoblast by 
decreasing the rates of transcription and destabilizing CQ I 
collagen messenger ribonucleic acid (18). Glucocorticoids 
have complex and unique effects on collagen degradation 
and regulate the synthesis of matrix metalloproteinases. 
These are a family of related proteolytic enzymes that include 
collagenases, gelatinases, and stromelysins (19-21). Collag- 
enases cleave fibrillar collagen at neutral pH and are con- 
sidered important in matrix remodeling. Three collagenases 
have been described: collagenase 1, secreted by stimulated 
human fibroblasts and osteoblasts; collagenase 2, secreted by 
neutrophils; and collagenase 3, secreted by human breast 
carcinoma cells and rat osteoblasts (20, 22, 23). Glucocorti- 
coids increase collagenase 3 messenger ribonucleic acid and 

TABLE 1. Effects of glucocorticoids on osteoblastic function 

1. Decrease replication of preosteoblastic cells 
2. Induce differentiation of preosteoblasts to osteoblasts 
3. Decrease differentiated function of mature osteoblasts 

Decrease osteocalcin transcription 
Decrease LYE I collagen expression by transcriptional and 

posttranscriptional mechanisms 
4. Increase collagenase expression by posttranscriptional 

mechanisms and decrease TIMP 1 exnression 

protease levels in rat osteoblasts, an effect that is in accor- 
dance with their actions on bone resorption (23). The stim- 
ulation of collagenase expression by glucocorticoids is spe- 
cific to the osteoblast and is secondary to an increase in 
transcript stability without an increase in the rate of tran- 
scription (20). Glucocorticoids also decrease the expression of 
tissue inhibitor of metalloproteinase-1 by the osteoblast, and 
the combined increase in collagenase and decrease in tissue 
inhibitor of metalloproteinase-1 may play a role in type I 
collagen degradation and contribute to a decrease in the bone 
collagen matrix. As type I collagen is the major structural 
protein of the bone matrix, a decrease in its expression and 
an increase in its degradation are critical to the inhibitory 
actions of glucocorticoids on bone matrix and bone mass, and 
explain many of the inhibitory actions of glucocorticoids on 
bone formation observed in uiuo (Fig. 2). 

Molecular mechanisms of glucocorticoid action 

Glucocorticoids can affect gene expression by transcrip- 
tional and posttranscriptional mechanisms. Although infor- 
mation about glucocorticoid responsive elements (GRE) nec- 
essary for transcriptional activation is available, information 
about sequences operational in genes expressed by the os- 
teoblast is limited. Furthermore, sequence requirements for 
possible negative GREs are loosely defined (24). In fact, neg- 
ative regulation by glucocorticoids may be due to indirect 
mechanisms, such as transcriptional interference. This may 
be secondary to binding of the ligand-activated receptor to 
promoter sequences overlapping with binding regions for 
positive transcriptional factors or to competition with an 
activator for the transcription initiation unit (24-27). Nega- 
tive regulation may also involve other protein-protein inter- 
actions essential for transcriptional control, including 
squelching and the degradation of transcription factors into 
inactive forms either directly or by induction of other nuclear 
proteins (26). Interactions of glucocorticoid receptors with 
transcription factors may result in increased gene activation. 
Occasionally, the response to glucocorticoids is cell specific 
and secondary to a composite GRE that depends not only on 
the binding of the activated glucocorticoid receptor to DNA, 
but also on the presence of additional elements (27). For 
example, the response of the proliferin gene to glucocorti- 
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coids is cell specific and depends on the cell content of AP-1 
subunits. Glucocorticoid receptors can interact in a positive 
or negative fashion with a variety of nuclear factors, and 
studies on the osteocalcin gene have revealed multiple glu- 
cocorticoid receptor-binding sites. Some of these sites over- 
lap with DNA sequences important for the 1,25-dihydroxyvi- 
tamin D, stimulation of osteocalcin gene transcription (28). 

Regulation of skeletal growth factors by glucocorticoids 

In addition to direct actions on the collagen and collage- 
nase gene, selected effects of glucocorticoids on skeletal cells 
may be more indirect and involve intermediate modifica- 
tions in the synthesis, release, receptor binding, or binding 
proteins of locally produced growth factors (Table 2 and Fig. 
2). Skeletal cells synthesize IGF-I, IGF-II; transforming 
growth factor-p1 (TGFPl), -2, and -3; acidic and basic fibro- 
blast growth factors (FGF); platelet-derived growth factor A 
(PDGF-A); PDGF-/3; bone morphogenetic proteins; and ad- 
ditional cytokines (29). Growth factors modify the replication 
and differentiated function of cells of the osteoblastic lineage, 
although they may also affect the bone-resorbing process. 

IGF-I and IGF-II are among the most important local reg- 
ulators of bone cell function because of their abundance and 
their anabolic effects on the skeleton. IGF-I and IGF-II are 
weak mitogens that increase the replication of cells of the 
osteoblastic lineage, probably preosteoblasts, which eventu- 
ally differentiate into osteoblasts (30). Independent of this 
effect, IGF-I and IGF-II increase type I collagen synthesis by 
the osteoblast, matrix apposition rates, and bone formation 
(30). In addition, IGF-I and IGF-II decrease collagenase ex- 
pression and collagen degradation in calvariae (31). As a 
consequence of these effects, IGFs play an autocrine role in 
the maintenance of bone matrix (32). As IGFs and glucocor- 
ticoids have opposite effects on bone formation, it is plausible 
to propose that changes in the IGF axis are central to the 
inhibitory actions of glucocorticoids on bone formation in 
vitro and in uiuo. In osteoblasts, glucocorticoids decrease 
IGF-I synthesis by transcriptional mechanisms, and a glu- 
cocorticoid-responsive region of the rat IGF-I exon 1 pro- 
moter was localized, but the exact transcription factor re- 
sponsible for the effect has not been defined (33, 34). 
Glucocorticoids have inconsistent inhibitory effects on IGF-II 
synthesis. 

Skeletal cells express IGF-I and IGF-II receptors. The IGF-I 
receptor mediates most of the anabolic functions of IGF. 
Glucocorticoids have been reported to increase IGF-I recep- 
tors in osteoblasts, but the effect was cell number dependent 
and not consistently found by all investigators (35, 36). The 
function of the IGF-II receptor in skeletal cells has remained 
elusive, but glucocorticoids inhibit its expression in osteo- 
blasts by transcriptional mechanisms (36). There is evidence 

TABLE 2. Glucocorticoid regulation of skeletal growth factors 

1. Decrease IGF I transcription 
2. Decrease IGF II receptor transcription 
3. Decrease IGFBP-3, -4, and -5 expression 
4. Increase IGFBP-6 transcription 
5. Activate TGFp 
6. Shift binding of TGFp to nonsignal-transducing betaglycan 
7. Increase SPAFX to bind PDGF-B 

that the IGF-II receptor targets and transports lysosomal 
enzymes bearing mannosed-phosphate recognition sites, 
and consequently, it could play a role in bone resorption (37). 
The IGF-II receptor binds IGF-II acting like an IGF-binding 
protein (IGFBP), so that changes in its expression may mod- 
ify the amount of available IGF-II (38). Its inhibition by glu- 
cocorticoids could result in higher levels of available growth 
factor, but could also result in faster degradation of IGF-II. 

The activity of IGFs is regulated by six IGFBPs, all of which 
are expressed by osteoblasts (39, 40). The exact function of 
IGFBPs in skeletal cells is not known, although they are 
considered important in the storage and transport of IGFs 
locally. IGFBP-1 is important in glucose homeostasis, and its 
expression in bone is limited (40). IGFBP-2 is abundant in 
bone, although little is known about its function. IGFBP-3, 
the most prevalent circulating IGFBP in serum, transports 
IGFs to target tissues (39). IGFBP-4 inhibits and IGFBP-5 
stimulates bone cell growth (41, 42). Glucocorticoids de- 
crease the expression of IGFBP-3, -4, and -5 in osteoblasts (40, 
43). The inhibitory effect of cortisol on the IGFBP-5 gene 
occurs through transcriptional mechanisms and is mediated 
by Myb consensus sequences (43). Cortisol increases the lev- 
els of collagenase 3, an enzyme known to degrade IGFBP-5, 
and may modify the stability of the binding protein in os- 
teoblasts (44). As IGFBP-5 stimulates bone cell growth and 
enhances the effects of IGF-I, the reduced level of IGFBP-5 in 
the bone microenvironment may be relevant to the inhibitory 
actions of glucocorticoids on bone formation. IGFBP-6 binds 
IGF-II with 20-100 times higher affinity than IGF-I, whereas 
other IGFBPs display similar affinities for IGF-I and IGF-II 
(45). IGFBP-6 inhibits the effects of IGF-II on DNA and gly- 
cogen synthesis in osteoblasts, but it causes only a small 
inhibition of IGF-I-mediated actions (46). Cortisol increases 
IGFBP-6 transcription and synthesis in osteoblasts causing a 
decrease in the amount of free IGF-II (47). Although acting 
through different mechanisms, a decrease in IGF-I synthesis 
and an increase in IGFBP-6, glucocorticoids decrease the 
amounts of IGF-I and IGF-II available to bone cells. These 
actions as well as a decrease in IGFBP-5 levels, cause a de- 
crease in the replication and differentiated function of os- 
teoblastic cells and contribute to the inhibitory effects of 
glucocorticoids on bone formation. 

TGFPl, -2, and -3 genes are expressed by skeletal cells (29). 
TGFP stimulates bone collagen synthesis and matrix appo- 
sition rates and modifies bone cell replication, although the 
effect varies with the cell line studied (48). TGFP inhibits 
selected aspects of the differentiated function of the osteo- 
blast. Glucocorticoids do not modify the expression of TGFPl 
in osteoblasts, but induce the activation of its latent form by 
increasing the levels of proteases in bone (49). Osteoblasts 
express two signal-transducing TGFP receptors, and cortisol 
shifts the binding of TGFP from these receptors to betaglycan 
by increasing the synthesis of this proteoglycan (50). As a 
consequence, cortisol opposes the effects of TGFP on cell 
replication in osteoblastic cells. Whereas the actions of glu- 
cocorticoids on the IGF/IGFBP axis and possibly TGFP ap- 
pear central to their effects on bone formation, other growth 
factors do not seem to play a role mediating the actions of 
corticosteroids in bone. FGF and PDGF have important mi- 
togenic effects for skeletal cells, but do not increase the dif- 
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ferentiated function of the osteoblast (51, 52). Acidic and 
basic FGF are expressed by skeletal cells, but there is limited 
information about the regulation of their synthesis or bind- 
ing by glucocorticoids. There is limited expression of the 
PDGF-A and -B genes by the osteoblast, and neither the 
synthesis nor the binding of PDGF is modified by glucocor- 
ticoids. Although there are no specific PDGF-A- or PDGF- 
B-binding proteins, SPARC (secreted protein acidic rich in 
cysteine) or osteonectin, an abundant protein in the bone 
matrix, binds and prevents the biological actions of PDGF-B 
chains (53). Glucocorticoids enhance osteonectin expression 
in osteoblastic cells; consequently, they may decrease the 
activity of PDGF-B chains in bone (54). As there is little PDGF 
expressed by skeletal cells, this effect may be relevant after 
platelet aggregation and release of systemic PDGF, as it oc- 
curs during the early phases of fracture healing. 

Clinical features of glucocorticoid-induced osteoporosis 

Glucocorticoid-induced osteoporosis is observed in pa- 
tients chronically exposed to excessive amounts of glucocor- 
ticoids, and they may present with other clinical features of 
Cushing’s syndrome. Analysis of biopsies from patients on 
glucocorticoids reveals decreased bone matrix apposition 
rates, decreased trabecular volume, and increased bone re- 
sorption (4, 55, 56). Histomorphometric analysis reveals a 
decline in all aspects of bone formation, except for the cal- 
cification front (57). An increase in resorption cavities is 
noted, but this is considered secondary to a prolonged re- 
versal phase with inadequate filling of previously formed 
cavities. The function and number of osteoblasts are altered, 
and the cells are spindle shaped and attenuated. As a con- 
sequence, there is a decrease in trabecular bone volume, but 
not in trabecular number (57-59). 

Patients exposed to glucocorticoids in excess have de- 
creased bone mineral density, and 30-50% develop vertebral 
fractures (3, 55). The degree of bone loss is related to the 
duration of therapy and the dose used, but is probably not 
related to the underlying diagnosis, age, or sex of the indi- 
vidual. However, older women with other causes of osteo- 
porosis are more likely to manifest the disease. Patients with 
glucocorticoid-induced osteoporosis lose more trabecular 
than cortical bone; consequently, they have greater bone 
mineral loss in the vertebral spine (3, 55). After initiation of 
corticosteroid therapy, there is a phase of rapid bone loss 
followed by a slower, but continuous, decline in bone min- 
eral density. Therefore, the periodic assessment of bone min- 
eral density is recommended. In fact, glucocorticoid therapy 
is a clear indication for bone mass measurements (60). Ide- 
ally, these should be performed before and 6 months after the 
initiation of therapy and then at yearly intervals. Serum 
levels of calciotropic hormones, such as PTH and vitamin D 
metabolites, tend to be within the normal range. Serum cal- 
cium and phosphorous are normal, and serum levels of os- 
teocalcin and alkaline phosphatase activity are decreased 
(14). 

Prevention of glucocorticoid-induced osteoporosis 

It is difficult to prevent or treat glucocorticoid-induced 
osteoporosis, except by discontinuation of glucocorticoid 

therapy, which can result in partial or total restoration of 
bone mass (61, 62). As discontinuation of therapy is fre- 
quently not possible, the use of inhaled steroids for the treat- 
ment of bronchopulmonary disorders and the use of glu- 
cocorticoids with bone-sparing properties have been 
proposed. The effects of inhaled steroids on bone metabolism 
and their contribution to osteoporosis are difficult to assess 
because they are frequently administered to patients previ- 
ously receiving oral glucocorticoids, and the number of sub- 
jects studied has been limited. There are two major inhaled 
glucocorticoids: budesonide, which is widely available in 
Europe but not in the United States, and beclomethasone. 
There is evidence that inhaled steroids are absorbed, as they 
suppress serum levels of cortisol, inhibit markers of osteo- 
blastic function, and cause a decrease in bone mineral den- 
sity, an effect proportional to the dose and duration of steroid 
therapy (63, 64). 

Deflazacort is a synthetic glucocorticoid with antiinflam- 
matory and antiimmune properties similar to those of pred- 
nisone. Deflazacort appears to have less detrimental effects 
on bone and mineral metabolism (65). However, in vitro 
studies have demonstrated comparable inhibitory effects of 
deflazacort and cortisol on bone DNA and collagen synthesis 
(66). The discrepancy between in vitro and in vivo studies may 
be due to a lesser effect of deflazacort on calcium absorption. 
However, investigations on the long term effects of deflaza- 
tort on bone metabolism and comparison with other steroids 
are warranted to determine its value in the prevention of 
glucocorticoid-induced osteoporosis. 

Glucocorticoids inhibit the intestinal absorption of cal- 
cium, and the use of vitamin D and calcium at 1 g daily in 
the prevention and treatment of glucocorticoid-induced os- 
teoporosis is indicated. 25-Hydroxyvitamin D (calcifedol) or 
1,25-dihydroxyvitamin D, (calcitriol) should be adminis- 
tered to increase calcium absorption and decrease bone re- 
sorption (4, 67). However, physicians should be cautious 
when using vitamin D supplementation and monitor pa- 
tients for the possible development of hypercalcemia. This 
was reported to occur in about a quarter of patients taking 
glucocorticoids and receiving calcitriol at 0.6 pg daily and 
calcium supplementation (67). 

Treatment of glucocorticoid-induced osteoporosis 

A wide range of therapeutic agents have some effective- 
ness in glucocorticoid-induced osteoporosis, although most 
studies have examined a limited number of patients (Table 
3). As glucocorticoids increase bone resorption h vivo, a 
therapeutic option is the use of antiresorptive agents such as 
calcitonin and bisphosphonates. Injectable and nasal spray 
calcitonin appear effective in the treatment of glucocorticoid- 
induced osteoporosis. Nasal spray calcitonin at a dose of 200 
U daily for 2 yr prevented the decrease in bone mineral 
density of the lumbar spine and was more beneficial when 
combined with calcium and calcitriol(67,68). However, there 
is no information about its effectiveness in the prevention of 
fractures. The intermittent use of etidronate, a bisphospho- 
nate, at 400 mg daily for 2-week cycles every 3 months, with 
or without supplemental vitamin D, has been effective in 
preventing the bone mineral loss observed in the spine and 
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TABLE 3. Treatment of glucocorticoid-induced osteoporosis 

A. 

B. 

Currently available 
1. Vitamin D 
2. Calcium supplements 
3. Calcitonin 
4. Bisphosphonates 
5. Sex steroid replacement 
6. Sodium fluoride 
Experimental treatment 
1. GH 
2. PTH 
3. IGF 

femur of postmenopausal women receiving glucocorticoids 
(69-71). Information about the effect of calcitonin or etidr- 
onate on fracture prevention in glucocorticoid-induced os- 
teoporosis is lacking. Alendronate increases bone mineral 
density and decreases the incidence of fractures in post- 
menopausal osteoporosis, but data on its effectiveness in 
glucocorticoid-induced osteoporosis are not yet available 
(72). As glucocorticoids suppress gonadotropin secretion, it 
is reasonable to place hypogonadal patients on sex steroid 
replacement therapy. However, its efficacy has been docu- 
mented in a limited number of patients. In a retrospective 
study, the administration of estrogens to individuals receiv- 
ing low dose prednisone with amenorrhea resulted in an 
increase in bone mineral density (73). 

Sodium fluoride enhances selected parameters of bone cell 
function in vitro. Therefore, its use in a disease of decreased 
osteoblastic function seems reasonable. A recent 18-month 
trial demonstrated that sodium monofluorophosphate and 
calcium increased the bone mineral density of the lumbar 
spine in patients taking glucocorticoids (74). Slow release 
sodium fluoride appears beneficial in the treatment of os- 
teoporosis, and it may also be useful in management of the 
glucocorticoid-induced disease (75). 

Experimental therapy of glucocorticoid-induced osteoporosis 

The major effect of glucocorticoids on the skeleton is the 
inhibition of bone formation. Therefore, it is reasonable to 
expect that new agents that enhance bone formation could 
play a role in the therapy of glucocorticoid-induced osteo- 
porosis. It is probable that the actions of glucocorticoids on 
the IGF axis have a significant impact on bone formation, 
particularly as IGF and glucocorticoids have opposite effects 
on bone matrix formation and degradation. One could spec- 
ulate that the decrease in the synthesis of IGF-I and IGFBP-5 
or the increase in the synthesis of IGFBP-6, with its conse- 
quential trapping of IGF-II, is central to the inhibitory effect 
of glucocorticoids on bone formation. Therefore, the resto- 
ration of normal concentrations of IGF-I, IGF-II, and IGFBP-5 
in bone may be potential avenues to correct the effects of 
glucocorticoids in bone. IGF-I could be administered sys- 
temically and has been used for the treatment of catabolic 
states and insulin-resistant diabetes (76). Recently, its short 
term effects on bone metabolism were examined in humans 
(77-79). IGF-I increased serum levels of type I procollagen 
peptide, a marker of bone formation, and the urinary excre- 
tion of collagen cross-links, a marker of bone turnover. No 
changes in serum levels of calcium or calciotropic hormones 

were detected. Although these results are encouraging, it is 
important to note that the effects of IGF-I were not tested in 
patients taking glucocorticoids. Furthermore, there are po- 
tential problems with the systemic use of IGF-I. Side-effects 
such as hypoglycemia, edema, postural hypotension, and 
tachycardia have been reported, and the prolonged use of 
systemic IGF-I could result in nonspecific effects in nonskel- 
eta1 tissues. Consequently, the use of IGF-I should be limited 
to short periods of time and the dose carefully adjusted to 
avoid side-effects and increases in bone remodeling. It is 
possible to prolong the half-life of the administered IGF-I by 
complexing it to IGFBP3 (80). However, there is no infor- 
mation on the effects of IGF-I alone or with a binding protein 
on bone mass in humans or experimental animals with glu- 
cocorticoid-induced osteoporosis. 

An alternative to the systemic administration of IGF-I 
would be the modification of its synthesis in skeletal tissue. 
GH enhances IGF-I synthesis in the liver, and circulating 
levels of IGF-I are GH dependent. However, the effect of GH 
on IGF-I synthesis in osteoblasts is modest. GH plays a cen- 
tral role in skeletal metabolism and patients with GH defi- 
ciency have decreased bone mass (81). Although GH is of 
benefit in the treatment of these patients, its usefulness in the 
treatment of idiopathic osteoporosis is less apparent, and it 
has failed to counteract glucocorticoid-induced osteoporosis 
in experimental animals (81, 82). Although PTH may be 
responsible for some of the deleterious effects of glucocor- 
ticoids by increasing bone resorption, PTH also induces the 
synthesis of IGF-I by the osteoblast. Intermittent, but not 
continuous, PTH could be a therapeutic alternative, as IGF-I 
mediates the stimulation of collagen synthesis by PTH in 
vitro, and the intermittent use of PTH has anabolic effects in 
bone in vivo (83-85). Although there is no information about 
the use of PTH in glucocorticoid-induced osteoporosis, PTH 
reverses the inhibitory effects of glucocorticoids on IGF-I 
synthesis (Fig. 3). One could postulate the suppression of 
endogenous, and possibly continuous, PTH secretion with 
calcium and vitamin D supplementation, followed by the 
administration of PTH intermittently. Caution will be 
needed, and potential hypercalcemic effects should be mon- 
itored carefully. Another possible experimental therapy 
could be the development of agents that increase the syn- 
thesis of IGFBP-5 or direct its distribution to the extracellular 
matrix, where it stimulates bone cell growth. Agents that 
inhibit the synthesis of IGFBP-6 in bone could play a ther- 
apeutic role by releasing IGF-II in the skeleton. Other pos- 
sibilities could include the development of factors that en- 
hance the affinity of IGF-I or TGF/3 for their signal 
transducing receptors or increase the number of receptors. It 
is important to note that glucocorticoids have multiple effects 
on bone metabolism, and some are independent of their 
actions on skeletal growth factors. These include the stim- 
ulation of collagenase synthesis and the inhibition of collagen 
expression, and agents that directly oppose the effects of 
glucocorticoids on these genes could be therapeutically 
beneficial. 

In conclusion, glucocorticoids have profound effects on 
skeletal tissue, and there is no ideal therapy for the bone 
disease caused by these steroids. However, one should con- 
sider the use of antiresorptive agents, such as estrogens, 
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FIG. 3. Effect of cortisol, in the presence and absence of PTH, on 
IGF-I levels in cultured calvariae. 

calcitonin, and bisphosphonates in addition to calcium sup- 
plementation and vitamin D. This is particularly important 
in postmenopausal women. As most of the bone loss occurs 
in the first 6 months after glucocorticoid administration, 
early therapy is advisable. 

Acknowledgment 

The author thanks Ms. Margaret Nagle for secretarial assistance. 

References 
1. Canalis E. 1983 The hormonal and local regulation of bone formation. Endocr 

Rev. 4~62-77. 
2. Baron R. 1993 Anatomy and ultrastructure of bone. In: Favus MJ, ed. Primer 

on metabolic diseases and disorders of mineral metabolism, 2nd ed. New York: 
Raven Press; 3-9. 

3. Lukert BP, Raisz LG. 1990 Glucocortlcoid-induced osteoporosis: pathogen&s 
and management. Ann Intern Med. 112:352-364. 

4. Hahn TJ, Halstead, LR, Teitelbaum SL, Hahn BH. 1979 Altered mineral 
metabolism in glucocorticoid-induced osteopenia. J Clin Invest. 64655-665. 

5. Morris HA, Need AG, O’Lougblin PD, Horowitz M, Bridges A, Nordin BEC. 
1990 Malabsorption of calcium in corticosteroid-induced osteoporosis. Calcif 
Tissue Int. 46~305-308. 

6. Corradino RA, Fullmer CS. 1991 Positive cotranscriptional regulation of in- 
testinal calbindiwD28K gene expression by 1,25-dihydroxyvitamin D, and 
glucocorticoids. Endocrinology. 128:944-950. 

7. Hatter&y AT, Meeran K, Burrin J, Hill P, Shiner R, Ibbertson HK. 1994 The 
effect of long- and short-term corticosteroids on plasma calcitonin and para- 
thyroid hormone levels. Calcif Tissue Int. 54:198-202. 

8. Urena P, Iida-Klein A, Kong X-F, et al. 1994 Regulation of parathyroid hor- 
mone (PTH)/PTH-related peptide receptor messenger ribonucleic acid by 
glucocorticoids and PTH in ROSl712.8 and OK cells. Endocrinology. 
134:451-456. 

9. McSheehy PMG, Chambers TJ. 1986 Osteoblastic cells mediate osteoclastic 
responsiveness to parathyroid hormone. Endocrinology. 118:824-828. 

10. Gronowicz G, McCarthy MB, Raisz LG. 1990 Glucocorticoids stimulate re- 
sorption in fetal rat parietal bones in vitro. J Bone Miner Res. 5:1223-1230. 

11. Geisterfer M, Richards CD, Gauldie J. 1995 Cytokines oncostatin M and 

interleukin 1 regulate the expression of the IL-6 receptor (gp80, gp130). Cy- 
tokine. 7:503-509. 

12. Jilka RL, Hangoc G, Girasole G, et al. 1992 Increased osteoclast development 
after estrogen loss: mediation by interleukind. Science. 257:88-91. 

13. Ray A, LaForge KS, Sehgal PB. 1990 On the mechanism for efficient repression 
of the interleukin-6 promoter by glucocorticoids: enhancer, TATA box, and 
RNA start site (inr motif) occlusion. Mel Cell Biol. l&5736-5746. 

14. Peretz A, Praet J-P, Bosson D, Rozenberg S, Bourdoux P. 1989 Serum osteo- 
calcin in the assessment of corticosteroid induced osteoporosis. Effect of long 
and short term corticosteroid treatment. J Rheumatol. 16363-367. 

15. Bellows CG, Aubin JE, Heersche JNM. 1987 Physiological concentrations of 
glucocorticoids stimulate formation of bone nodules from isolated rat c&aria 
cells in vitro. Endocrinology. 121:1985-1992. 

16. Shalhoub V, Cordon D, Tassinari M, et al. 1992 Glucocorticoids promote 
development of the osteoblast phenotype by selectively modulating expres- 
sion of cell growth and differentiation associated genes. J Cell Biochem. 
50:425-440. 

17. Leboy PS, Beresford JN, Devlin C, Owen ME. 1990 Dexamethasone induction 
of osteoblast mRNAs in rat marrow stromal cell cultures. J Cell Physiol. 
146:370-378. 

18. Delany A, Gabbitas 8, Canalis E. 1995 Cortisol down-regulates osteoblast oil 
(I) procollagen mRNA by transcriptional and post-transcriptional mecha- 
nisms. J Cell Biochem. 57488-494. 

19. Mauviel A. 1993 Cytokine regulation of metalloproteinase gene expression. J 
Cell Biochem. 53:288-295. 

20. Freije JMP, Diez-Itza I, Balbin M, et al. 1994 Molecular cloning and expression 
of collagenase-3, a novel human matrix metalloproteinase produced by breast 
carcinomas. J Biol Chem. 269:16766-16773. 

21. Knapuer V, Lopez-Otin C, Smith 8, Knight G, Murphy G. 19% Biochemical 
characterization of human collagenase-3. Biol Chem. 271:1544-1550. 

22. Rifas L, Fausto A, Scott MJ, Avioli LV, Welgus, HG. 1994 Expression of 
metalloproteinases and tissue inhibitors of metalloproteinases in human os- 
teoblast-like cells: differentiation is associated with repression of metallopro- 
teinase biosynthesis. Endocrinology. 134213-221. 

23. Delany AM, Jeffrey JJ, Rydziel S, Canalis E. 1995 Cortisol increases interstitial 
collagenase expression in osteoblasts by post-transcriptional mechanisms. 
J Biol Chem. 270:26607-26612. 

24. Akerblom IE, Mellon PL. 1991 Repression of gene expression by steroid and 
thyroid hormones. In: Parker MG, ed. Nuclear hormone receptors: molecular 
mechanisms, cellular functions, and clinical abnormalities. London: San Diego: 
Academic Press; 175-196. 

25. Beato M, Herrlich P, Schutz G. 1995 Steroid hormone receptors: many actors 
in search of a plot. Cell. 83:851-857. 

26. Scheinman RI, Cogswell PC, Lofquist AK, Baldwin Jr AS. 1995 Role of 
transcriptional activation of IKB~ in mediation of immunosuppression by 
glucocorticoids. Science. 270:283-290. 

27. Diamond MI, Miner JN, Yoshinaga SK, Yamamoto KR. 1990 Transcription 
factor interactions: selectors of positive or negative regulation from a single 
DNA element. Science. 249:1266-1272. 

28. Morrison N, Eisman J. 1993 Role of the negative glucocorticoid regulatory 
element in glucocorticoid repression of the human osteocalcin promoter. 
J Bone Miner Res. 8:969-975. 

29. Canalis E, Pash J, Varghese S. 1993 Skeletal growth factors. Crit Rev Eukaryot 
Gene Expr. 3:155-166. 

30. Hock JM, Centrella M, Canalis E. 1988 Insulin-like growth factor I (IGF-I) has 
independent effects on bone matrix formation and cell replication. Endocri- 
nology. 122:254-260. 

31. Canalis E, Rydziel S, Delany AM, Varghese S, Jeffrey JJ. 1995 Insulin-like 
growth factors inhibit interstitial collagenase synthesis in bone cell cultures. 
Endocrinology. 136:1348-1354. 

32. R&z LG, Fall PM, Gabbitas BY, McCarthy TL, Kream BE, Canalis E. 1993 
Effects of prostaglandin E, on bone formation in cultured fetal rat calvariae: 
role of insulin-like growth factor-I. Endocrinology. 133:1504-1510. 

33. McCarthy TL, Centrella M, Canalis E. 1990 Cortisol inhibits the synthesis of 
insulin-like growth factor-1 in skeletal cells. Endocrinology. 126:1569-1575. 

34. Delany AM, Canalis E. 1995 Transcriptional repression of insulin-like growth 
factor I by glucocorticoids in rat bone cells. Endocrinology. 136:4776-4781. 

35. Bennett A, Chen T, Feldman D, Hintz RL, Rosenfeld RG. 1984 Character- 
ization of insulin-like growth factor I receptors on cultured rat bone cells: 
regulation of receptor concentration by glucocorticoids. Endocrinology. 
115:1577-1583. 

36. Rydziel S, Canalis E. 1995 Cortisol represses insulin-like growth factor II 
receptor transcription in skeletal cell cultures. Endocrinology. 136:4254-4260. 

37. Nissley P, Kiess W, Sklar M. 1993 Developmental expression IGF-II/man- 
nose-6-phosphate receptor. Mel Reprod Dev. 35:408-413. 

38. Lao MMH, Stewart CEH, Liu 2, Bhatt H, Rotwein P, Stewart CL. 1994 Loss 
of the imprinted IGF2/cation-independent mannose-6-phosphate receptor re- 
sults in fetal overgrowth and p&natal lethality. Genes Dev. 8:2953-2963. 

39. Rechler MM. 1993 Insulin-like growth factor binding proteins. Vitam Harm. 
471-114. 

40. Okazaki R, Riggs BL, Conover CA. 1994 Glucocorticoid regulation of insulin- 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/81/10/3441/2649783 by guest on 21 August 2022



GLUCOCORTICOIDS AND OSTEOPOROSIS 3447 

like growth factor-binding protein expression in normal human osteoblast-like 
cells. Endocrinology. 134126-132. 

41. LaTour D, Mohan S, Linkhart TA, Baylink DJ, Strong DD. 1990 Inhibitory 
insulin-like growth factor-binding protein; cloning, complete sequence, and 
physiological regulation. Mol Endocrinol. 4:1806-1814. 

42. Andress DL, Bimbaum RS. 1992 Human osteoblast-derived insulin-like 
growth factor (IGF) binding protein-5 stimulates osteoblast mitogenesis and 
potentiates IGF action. J Biol Chem. 267~22467-22472. 

43. Gabbitas B, Pash JM, Delany AM, Canalis E. 1996 Cortisol inhibits the 
synthesis of insulin-like growth factor binding protein-5 in bone cell cultures 
by transcriptional mechanisms. J Biol Chem. 271:9033-9038. 

44. Thraikill K, Quarles L, Nigase H, Suzuki K, Serra D, Fowlkes J. 1995 Char- 
acterization of insulin-like growth factor binding protein 5-degrading pro- 
teases produced throughout murine osteoblast differentiation. Endocrinology. 
136:3527-3533. 

45. Bach LA, Hsieh S, Sakano K-I, Fujiwara H, Perdue JF, Rechler MM. 1993 
Binding of mutants of human insulin-like growth factor II to insulin-like 
growth factor binding proteins 1-6. J Biol Chem. 268~9246-9254. 

46. Kiefer MC, Schmid C, Waldvogel M, et al. 1992 Characterization of recom- 
binant human insulin-like growth factor binding proteins 4,5, and 6 produced 
in yeast. J Biol Chem. 26712692-12699. 

47. Gabbitas B, Canalis E. 1996 Cortisol enhances the transcription of insulin-like 
growth factor binding protein-6 in cultured osteoblasts. Endocrinology. 
137~1687-1692. 

48. Centrella M, McCarthy TL, Canalis E. 1987 Transforming growth factor Beta 
is a bifunctional regulator of replication and collagen synthesis in osteoblast- 
enriched cell cultures from fetal rat bone. J Biol Chem. 262:2869-2874. 

49. Our&r MJ, Riggs BL, Spelsberg TC. 1993 Glucocorticoid-induced activation 
of latent transforming growth factor-p by normal human osteoblast-like cells. 
Endocrinology. 133:2187-2196. 

50. Centrella M, McCarthy TL, Canalis E. 1991 Glucocorticoid regulation of 
transforming growth factor p1 (TGF-P,) activity and binding in osteoblast- 
enriched cultures from fetal rat bone. Mol Cell Biol. 11:4490-4496. 

51. Hock JM, Canalis E. 1994 Platelet-derived growth factor enhances bone cell 
replication but not differentiated function of osteoblasts. Endocrinology. 
134:1423-1428. 

52. Canalis E, Centrella M, McCarthy TL. 1988 Effects of basic fibroblast growth 
factor on bone formation in vitro. J Clin Invest. 81:1572-1577. 

53. R&es EW, Lane TF, Iroela-Arispe ML, Ross R, Sage EH. 1992 The extra- 
cellular glycoprotein SPARC interacts with platelet-derived growth factor 
(PDGF)-AB and -BB and inhibits the binding of PDGF to its receptors. Proc Nat1 
Acad Sci USA. 89:1281-1285. 

54. Ng KW, Manji SS, Young MF, Findlay DM. 1989 Opposing-influences of 
glucocorticoid and retinoic acid on transcriptional control in preosteoblasts. 
Mol Endocrinol. 3:2079-2085. 

55. Reid IR, Grey AB. 1993 Corticosteroid osteoporosis. Bailliere Clin Rheumatol. 
7~573-587. 

56. Jowsey J, Riggs BL. 1970 Bone formation in hypercortisonism. Acta Endocrinol 
(Cop&). 68:21-28. 

57. Aaron JE, Francis RM, Peacock M, Makins MB. 1989 Contrasting microanat- 
omy of idiopathic and corticosteroid-induced osteoporosis. Clin Orthop. 
243:294-305. 

58. Dempster DW, Arlot MA, Meunier PJ. 1983 Mean wall thickness and for- 
mation periods of trabecular bone packets in corticosteroid-induced osteopo- 
rosis. Calcif Tissue lnt. 35:410-417. 

59. Chappard D, Legrand E, Basle MF, Fromont P, Racineux JL, Rebel A, Audran 
M. 1996 Altered trabecular architecture induced by corticosteroids: a bone 
histomorphometric study. J Bone Miner Res. 11:676-685. 

60. Johnston Jr CC, Melton III LJ, Lindsay R, Eddy DM. 1989 Clinical indications 
for bone mass measurements. J Bone Miner Res. 4(Suppl 2). 

61. Pocock NA, Eisman JA, Dunstan CR, Evans RA, Thomas DH, Huq NL. 1987 
Recovery from steroid-induced osteoporosis. Ann Intern Med. 107:319-323. 

62. Lufkin EG, Wahner HW, Bergstralh E. 1988 Reversibility of steroid-induced 
osteoporosis. Am J Med. 85:887-888. 

63. Toogood JH, Baskerville JC, Markov AE, et al. 1995 Bone mineral density and 
the risk of fracture in patients receiving long-term inhaled steroid therapy for 
asthma. J Allergy Clin lmmunol. 96:157-166. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

Packe GE, Douglas JG, McDonald AF, Robins SP, Reid DM. 1992 Bone 
density in asthmatic patients taking high dose inhaled beclomethasone dipro- 
pionate and intermittent systemic corticosteroids. Thorax. 47~414-417. 
Gennari C, Imbimbo B. 1985 Effects of prednisone and deflazacort on ver- 
tebral bone mass. Calcif Tissue lnt. 37~592-593. 
Canalis E, Avioli L. 1992 Effects of deflazacort on aspects of bone formation 
in cultures of intact calvariae and osteoblast-enriched cells. J Bone Miner Res. 
7:1085-1092. 
Sambrook P, Birmingham J, Kelly P, et al. 1993 Prevention of corticosteroid 
osteoporosis. A comparison of calcium, calcitriol, and calcitonin. N Engl J Med. 
328:1747-1752. 
Luengo M, Pons F, Martinez de Osaba MJ, Picado C. 1994 Prevention of 
further bone mass loss by nasal calcitonin in patients on long term glucocor- 
ticoid therapy for asthma: a two year follow up study. Thorax. 49:1099-1102. 
Struys A, Snelder AA, Mulder H. 1995 Cyclical etidronate reverses bone loss 
of the spine and proximal femur in patients with established corticosteroid- 
induced osteoporosis. Am J Med. 99:235-242. 
Diamond T, McGuigan L, Barbagallo S, Bryant C. 1995 Cyclical etidronate 
plus ergocalciferol prevents glucocorticoid-induced bone loss in postmeno- 
pausal women. Am J Med. 98:459-463. 
Molder H, Strays A. 1994 Intermittent cyclical etidronate in the prevention of 
corticosteroid-induced bone loss. Br J Rheumatol. 33:348-350. 
Liberman UA, Weiss SR, Broil J, et al. 1995 Effect of oral alendronate on bone 
mineral density and the incidence of fractures in postmenopausal osteoporosis. 
N Engl J Med. 333:1437-1443. 
Lukert BP, Johnson BE, Robinson RG. 1992 Estrogen and progesterone re- 
placement therapy reduces glucocorticoid-induced bone loss. J Bone Miner 
Res. 7~1063-1069. 
Rizzoli R, Chevalley T, Slosman DO, Bonjour J-P. 1995 Sodium monoflu- 
orophosphate increases vertebral bone mineral density in patients with cor- 
ticosteroid-induced osteoporosis. Osteoporosis lnt. 5:39-46. 
Pak CYC, Sakhaee K, Adams-Huet 8, Pi&k V, Peterson RD, Poindexter JR. 
1995 Treatment of postmenopausal osteoporosis with slow-release sodium 
flouride. Final report of a randomized controlled trial. Ann Intern Med. 
123:401-408. 
Clemmons DR. 1992 Editorial: role of insulin-like growth factor-l in reversing 
catabolism. J Clin Endocrinol Metab. 75:1183-1196. 
Ebeling PR, Jones JD, O’Fallon WM, Jaws CH, Riggs BL. 1993 Short-term 
effects of recombinant human insulin-like growth factor-1 on bone turnover in 
normal women. J Clin Endocrinol Metab. 77:1384-1387. 
Grinspoon SK, Baum HBA, Peterson S, Kilbanski A. 1995 Effects of rhlGF-I 
administration on bone turnover during short-term fasting. J Clin Invest. 
96:900-906. 
Ghiron LJ, Thompson JL, Holloway L, et al. 1995 Effects of recombinant 
insulin-like growth factor-l and growth hormone on bone turnover in elderly 
women. J Bone Miner Res. 10:1844-1852. 
Narusawa KI, Nakamura T, Suzuki K, et al. 1995 The effects of recombinant 
human insulin-like growth factor (rhlGF)-1 and rhlGF-l/lGF binding pro- 
tein-3 administration on rat osteopenia induced by ovariectomy with con- 
comitant bilateral sciatic neurectomy. J Bone Miner Res. 10:1853-1864. 
Canalis E. 1995 Growth hormone, skeletal growth factors and osteoporosis. 
Endocr Pratt. 1:39-43. 
Ortoft G, Broel A, Andreassen TT, Oxlund H. 1995 Growth hormone is not 
able to counteract osteopenia of rat cortical bone induced by glucocorticoid 
with protracted effect. Bone. 17:543-548. 
Canalis E, Centrella M, Burch M, McCarthy TL. 1989 Insulin-like growth 
factor I mediates selected anabolic effects of parathyroid hormone in bone 
cultures. J Clin Invest. 83:60-65. 
Finkelstein JS, Klibanski A, Schaefer EH, Hornstein MD, Schiff I, Neer RM. 
1994 Parathyroid hormone for the prevention of bone loss induced by estrogen 
deficiency. N Engl J Med. 331:1618-1623. 
Schmidt IU, Dobnig H, Turner RT. 1995 Intermittent parathyroid hormone 
treatment increases osteoblast number, steady state messenger ribonucleic acid 
levels for osteocalcin, and bone formation in tibia1 metaphysis of hypophy- 
sectomized female rats. Endocrinology. 136:5127-5134. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/81/10/3441/2649783 by guest on 21 August 2022


