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ABSTRACT
Decreased bone formation, diminished
intestinal calcium absorption and uri-
nary calcium reabsorption, secondary
hyperparathyroidism and hypogonadism
are some of the proposed mechanisms
of the deleterious effects of glucocorti-
coid excess on bone. Recent evidence sug-
gests that extraskeletal mechanisms may
not be essential in steroid-induced oste-
oporosis and that the major mechanisms
of the condition may be a direct result of
glucocorticoid administration on the
suppression of osteoblastogenesis and
osteoclastogenesis and the increased
apoptosis of osteoblasts and osteocytes.

Introduction
"Spontaneous fractures occurred from
time to time, involving sternum, clavi-
cle and ribs. The autopsy showed skel-
etal osteoporosis with spinal curvature,
the bones being easily cut with a knife .
. . the spongy part of the bone having
largely disappeared"

Harvey Cushing, 1932

When Cushing recognized the adverse
effects of hypercortisolism on bone over
60 years ago, the disease only occurred
endogenously (1). Today, the iatrogenic
situation has become far more common
than the syndrome that bears his name.
Glucocorticoid-induced osteoporosis is
now the third leading cause of osteoporo-
sis, following the postmenopausal and
senile varieties, and is the most common
cause of drug-related osteoporosis (2).
The majority of the bone loss is early
and rapid (3). During the first year ap-
proximately 12% losses in bone mineral
density (BMD) have been documented,
followed by slower annual decrements
of about 3% (4). Therefore, chronic glu-
cocorticoid treatment leads to atraumatic
fractures in 30-50% of patients and most
of these fractures occur during the first
year of therapy (5). Osteoporosis due to
glucocorticoid excess is diffuse, affect-
ing both cortical and cancellous bone,
but there is a distinct predilection for the
axial skeleton, a manifestation of the dis-

ease well appreciated by Cushing (1). In
addition to these fractures, a devastat-
ing accompaniment of long-term gluco-
corticoid therapy is osteonecrosis, also
known as aseptic, avascular or ischemic
necrosis, which causes collapse of the
femoral neck or proximal humerus in as
many as 25% of patients who receive
high-dose or long-term therapy (6).
The pursuit of a unified theory that ac-
counts for glucocorticoid-induced bone
disease has been slow because of the
heterogeneity of the diseases treated with
glucocorticoids and the wide variations
in the dose and duration of treatment. To
complicate matters further, glucocorti-
coid therapy is often used in disorders
and situations that independently in-
crease the risk of fracture, such as rheu-
matoid arthritis, myeloma and transplan-
tation. In addition to these constraints,
the lack of a reliable animal model of
glucocorticoid-induced osteoporosis has
confounded elucidation of the mecha-
nisms responsible for the condition and,
consequently, therapy to protect the skel-
eton has remained empirical.
Today, new information about bone re-
modeling and glucocorticoid-induced
bone disease indicates that the balance
between bone resorption and bone for-
mation, which maintains adult skeletal
mass, is controlled not only by changes
in the production of osteoclasts and os-
teoblasts but also by alterations in the
duration of the lifespan of these cells
through programmed cell death, or apop-
tosis (Fig.  1). Like anemia, glucocorti-
coid-induced bone disease can result
from primary disorders of the produc-
tion or survival of cells.

Glucocorticoid-induced osteoporosis
Current concepts of the pathophysiology
of glucocorticoid-induced bone disease
involve interactions with calcium and
bone metabolism at multiple levels with
both direct and indirect effects, which
ultimately impact on osteoblasts and
osteoclasts. A commonly invoked expla-
nation for this impact is that glucocor-
ticoids suppress bone formation, cause
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malabsorption of calcium in both the in-
testine and renal tubule resulting in sec-
ondary hyperparathyroidism with in-
creased bone resorption, and reduce sex
steroid levels (7). Considerable evidence,
however, indicates that elevated levels
of parathyroid hormone (PTH) or sub-
normal vitamin D metabolite concentra-
tions are not typical of patients receiv-
ing glucocorticoid therapy (8, 9) and that
concentrations of bone resorption mark-
ers, such as serum intact PTH, serum
acid phosphatase and urinary excretion
of the N-telopeptide of type I collagen
show either no change or decrease with
long-term glucocorticoid therapy (10,
11). Furthermore, the decreased sex ster-
oid levels attributed to glucocorticoid
therapy may be due to the morbidity of
the underlying disease rather than to glu-
cocorticoid treatment. A recent prospec-
tive study of infertile but otherwise heal-
thy men given 50 mg/d of prednisolone
for one to six months to reduce antisperm
antibodies revealed that there was no
change in the testosterone/sex steroid-
binding globulin ratio (11). Moreover,
the fertility of these men was, as intend-
ed, increased by the prednisolone treat-
ment.
The most corroborated part of the com-
monly invoked explanation is suppressed
bone formation. Histomorphometric stu-
dies in patients receiving long-term glu-
cocorticoid treatment consistently show
decreases in the percentage of cancellous
bone covered by plump, cuboidal osteo-
blasts (the osteoblast perimeter) and in
the rate of bone formation (5,  12). Fur-
ther evidence of the decreased work pro-

duced by teams of osteoblasts subjected
to glucocorticoid excess is the reduced
wall thickness of the newly formed bone
structural units (13, 14). Additional con-
firmation of reduced osteoblast effort is
supplied by the demonstration that
glucocorticoids rapidly decrease serum
levels of osteocalcin, an osteoblast prod-
uct that reflects the rate of bone forma-
tion (15). Glucocorticoids decrease oste-
oblasts by two disastrous, additive ef-
fects: decreased production and short-
ened lifespan.

Decreased cell production
The development of clonal assays for

bone progenitor cells has allowed the
investigation of these cells as the progen-
itors proliferate, differentiate and even-
tually undergo apoptosis. These assays
have revealed that osteoporosis may re-
sult from a reduced rate of osteoblast pro-
duction or a reduction in osteoblast life-
span, or both mechanisms. New insight
into the pathogenesis of glucocorticoid-
induced bone disease has been provided
by the evidence that the long term skel-
etal impact is due to the suppressive ef-
fects of glucocorticoids on both osteo-
blastogenesis and osteoclastogenesis
(Table I) (16-21).
Mice receiving glucocorticoids for 4

Table I. Cellular changes in glucocorticoid-induced osteoporosis.

Cellular changes Explanations

↓ Osteoblastogenesis Decreased Cbfa1 and TGF-β type I receptor; decreased BMP2
   and IGF1 action

Osteoclast numbers*
   ↑ early Rapid, transient increase in the RANK ligand/OPG ratio with

   early prolongation of osteoclast lifespan†

   ↓ late Decreased osteoblast progenitors with a resulting fall in
   osteoclast production.

↑ Bone marrow adipocytes Increased PPARγ2 and LPL expression

↓ Lifespan of osteoblasts Decreased Bcl-2/BAX ratio

↓ Lifespan of osteocytes Decreased Bcl-2/BAX ratio

* Osteoclast numbers increase transiently during the early stages of steroid therapy; but later markedly
decrease.
† The early increase in osteoclast numbers occurs in spite of a decrease in the production of new osteoclasts,
suggesting a glucocorticoid-induced increase in the lifespan of the osteoclasts that were present at the
onset of glucocorticoid administration.
Adapted from Manolagas and Weinstein: Perspective: New developments in the pathogenesis and treatment
of steroid-induced osteoporosis. J Bone Miner Res 1999; 14: 1061-6.

Fig. 1. A balance between bone formation, bone resorption, bone cell proliferation and bone cell apoptosis maintains normal adult skeletal mass.
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weeks - a period equivalent to about 3 to
4 years in humans when prorated by
lifespan - exhibited an early rapid and
later slow loss of bone mineral density
(BMD), a two-phase time course simi-
lar to that found in the clinical studies.
This loss was associated with a dramatic
reduction in cancellous bone area, tra-
becular width and the rate of bone for-
mation, and a decrease in the number of
osteoblast and osteoclast progenitors in
ex vivo cultures taken from the bone
marrow. The number of osteoblast pro-
genitor colony-forming units per femur
(CFU-OB) decreased by 86%, while the
number of osteoclast progenitors de-
creased by 65%. The greater decline in
osteoblast precursors than in osteoclast
precursors accounts for part of the de-
crease in the cancellous bone area and
trabecular width.
Although a reduction in bone formation
will not by itself cause bone loss, the
decrease in trabecular width – the major
structural change observed with chronic
glucocorticoid treatment – is usually the
result of incomplete cavity repair due to
inadequate osteoblast production. The
decrease in osteoblastogenesis also ex-
plains the histomorphometric findings of
a moderate increase in the erosion or
eroded perimeter, which is the sum of

the osteoclast and reversal perimeters
(Table II). Increased eroded perimeter
can merely represent the accumulation
of empty Howship’s lacunae (the rever-
sal phase) resulting from a glucocorti-
coid-induced defect or delay in the cou-
pling of bone resorption and bone for-
mation, rather than a real increase in
osteoclasts. The reduction in osteoblasto-
genesis is also of sufficient magnitude
to explain the decrease in the rate of bone
formation, and thereby further contrib-
utes to the declining trabecular width.
These changes were not confounded by
drug-induced changes in weight, food
intake, hepatic fatty infiltration or go-
nadal function, which plague use of the
rat, dog, rabbit and ewe as models of the
disease (17). Furthermore, histological
evidence of secondary hyperparathy-
roidism was absent. Thus, the direct in-
hibitory effect of glucocorticoids on
early bone cell progenitors in the bone
marrow can account for many of the in
vivo observations.
Although there is a significant correla-
tion between the severity of the bone loss
and the extent of the reduction in bone
formation (17), some of the early bone
loss is due to a rapid but transient in-
crease in bone resorption, as demonstra-
ted by the increase in the percentage of

cancellous bone covered by osteoclasts
(the osteoclast perimeter) detected by
histomorphometric examination of mur-
ine vertebral cancellous bone after only
7 days of steroid treatment (17). Prelimi-
nary evidence indicates that the increase
in osteoclast numbers occurs in spite of
a decrease in the production of new os-
teoclasts in the bone marrow, suggest-
ing that glucocorticoid administration
may have prolonged the lifespan of the
pre-existing osteoclasts (22). However,
after 4 weeks of prednisolone adminis-
tration, bone resorption decreases to or
below normal (17). This biphasic re-
sponse of bone resorption to steroid treat-
ment may be explained by the rapid, tran-
sient effect of glucocorticoids to down-
regulate the mRNA for osteoprotegerin
[OPG; also known as OCIF (osteoclas-
togenesis inhibitory factor)] (23), a solu-
ble decoy receptor for RANK (receptor
activator of NF-κB) ligand, while in-
creasing the level of RANK ligand*. The
increased RANK ligand/OPG ratio will
facilitate the RANK ligand, expressed on
committed preosteoblastic cells (24), to
increase osteoclastogenesis by unop-
posed binding to a specific receptor,
RANK, on the surface of hematopoietic
osteoclast progenitor cells (25). In other
words, glucocorticoid-induced incre-
ments in the RANK ligand/OPG ratio
will enhance the osteoclast support role
of preosteoblasts (Table I). The transient
nature of this early increase in bone re-
sorption is further guaranteed by the glu-
cocorticoid-induced decrease in osteo-
blastogenesis and resulting decline in the
RANK ligand-producing, osteoclast-
supporting preosteoblasts.
The same decrease in osteoclast perim-
eter seen in the mice receiving glucocor-
ticoids for 4 weeks is found in biopsies
from patients receiving glucocorticoid
therapy for years (Table II). Murine
histomorphometric studies have demon-
strated that the mouse, unlike several
other laboratory animals, is a faithful mo-
del of the glucocorticoid-induced bone
loss in humans (17). Furthermore, un-
derstanding the murine model has facili-
tated appreciation of the role of osteo-

Table II. Bone histomorphometry in patients with glucocorticoid-induced osteoporosis.

Histomorphometric Patient results Normal values*
determination (mean ± SEM) (mean ± SEM)

Bone area / Tissue area (%) 9.5 ± 2.0 22.4 ± 1.2

Trabecular width (µm) 78 ± 23 161 ± 9

Wall width (µm) 33.0 ± 4.0 57.6 ± 2.1

Osteoid area / Bone area (%) 1.0 ± 0.5 2.1 ± 0.3

Osteoid width (µm) 2.0 ± 0.2 7.6 ± 0.4

Osteoid perimeter / Bone perimeter (%) 10.5 ± 3.0 15.9 ± 1.9

Osteoblast perimeter / Bone perimeter (%) 2.3 ± 0.1 7.6 ± 0.4

Osteoclast perimeter / Bone perimeter (%) ¥ 0.4 ± 0.2 0.9 ± 0.2

Reversal perimeter / Bone perimeter (%) ¥ 15.4 ± 2.5 6.9 ± 0.7

Mineralizing perimeter / Bone perimeter (%) 4.2 ± 3.5 10.6 ± 1.4

Mineral appositional rate (µm/d) 0.57 ± 0.30 0.90 ± 0.03

Bone formation rate / Bone perimeter (µm2/(m/d) 0.05 ± 0.02 0.095 ± 0.012

†Bone biopsies were obtained during 1978 to 1995 from 5 patients receiving long-term glucocorticoid
treatment for nephrotic syndrome, myasthenia gravis, allergies and pulmonary disease.
* Normal values are from Weinstein RS, Bell NH: Diminished rate of bone formation in normal black
adults. N Engl J Med 1998; 319: 1689-701.
¥ If the osteoclast and reversal perimeters are measured together as the eroded perimeter, the determination
no longer faithfully reflects bone resorption because of the inclusion of the empty Howship’s lacunae.
For example, glucocorticoid (17) or calcitonin (32) treatment increases the eroded perimeter while
decreasing the osteoclast perimeter.

*RANK ligand is also known as ODF (osteoclast
differentiation factor), TRANCE (tumor necrosis
factor-related activation-induced cytokine) or os-
teoprotegerin ligand (OPGL).
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Fig. 3. The effect of chronic prednisone treatment on human cortical bone. Apoptotic osteocytes (ar-
rows) are identified by the dark staining and nuclear condensation. Normal osteocytes (*) are nearby.
(TUNEL reaction viewed by Nomarski differential interference contrast microscopy, original magnifica-
tion X400.)

blast and osteocyte apoptosis in the
pathogenesis of glucocorticoid-induced
bone disease.

Decreased cell lifespan
Glucocorticoid administration caused a
three-fold increase in the prevalence of
osteoblast apoptosis in murine vertebral
cancellous bone and induced apoptosis
in 28% of the osteocytes in metaphyseal
cortical bone. Precise inventory of the
fraction of apoptotic cells in bone varies
depending on the identification tech-
nique and the duration of the histologi-
cally recognizable features of a cell un-
dergoing apoptosis, but demonstration of
only a small fraction of apoptosis in a
particular tissue can represent a huge
proportion of cells destined to undergo
programmed cell death. A three-fold in-
crease in osteoblast apoptosis could re-
sult in the loss of up to 90% of the ma-
ture osteoblasts (20, 21). This means that
small changes in the prevalence of oste-
oblast apoptosis can result in enormous
changes in bone formation.
The model is clinically relevant, given
the similarity of the apoptosis responses
in the mice to those associated with glu-
cocorticoid-induced bone disease in hu-
mans. TUNEL-positive osteoblasts and
osteocytes with the characteristic mor-
phometric features of apoptosis, such as
nuclear fragmentation and condensation
of chromatin, have been clearly identi-
fied in transiliac bone biopsies taken
from patients receiving chronic predni-
sone treatment, but are absent from sec-
tions taken from age-matched controls
(Figs. 2 and 3) (17). Compared to oste-
oblast apoptosis in cancellous tissue,
cortical osteocyte apoptosis is far more
prevalent because of the unique unavail-
ability of these osteocytes for phagocy-
tosis due to their anatomic isolation from
scavenger cells and the need for exten-
sive degradation to small molecules to
dispose of the cells through the narrow
canalicular system. Therefore, the proc-
ess in cortical bone is prolonged and af-
fected osteocytes accumulate – a set of
conditions that may contribute to osteo-
necrosis.
To further investigate these findings, we
examined the prevalence of osteocyte
apoptosis in whole femoral heads ob-
tained from patients with glucocorticoid-

induced osteonecrosis who had under-
gone resection of the femoral head and
prosthetic hip replacement (26). Control
specimens were obtained from patients
with osteonecrosis due to other clinical
disorders, including femoral specimens
from patients with sickle cell disease,
after traumatic fracture or with alcohol-
ism. Apoptotic osteocytes and cells lin-
ing cancellous bone were plentiful in the
proximal femoral heads resected from
patients with glucocorticoid-induced os-
teonecrosis, whereas apoptotic bone cells
were absent from specimens removed

because of trauma or sickle cell disease
and were rare in alcohol-induced femo-
ral necrosis. Furthermore, the apoptotic
osteocytes were most abundant adjacent
to the subchondral fracture crescent.
Empty osteocytic lacunae, once thought
to be the cardinal sign of bone necrosis,
were infrequent and may merely repre-
sent loss of the condensed, apoptotic os-
teocytes during tissue fixation and pro-
cessing. Reduced cancellous bone area,
increased marrow adipocytes and de-
creased hematopoietic marrow were also
noted in the specimens of the patients re-

Fig. 2. The effect of chronic prednisone treatment on human cancellous bone. Apoptotic osteoblasts
(arrows) are identified by the dark staining and nuclear condensation. Normal osteoblasts (*) are seen
adjacent to the apoptotic cells. In situ detection of DNA fragmentation, a marker of apoptosis, was done
with the TUNEL reaction (transferase-mediated biotin-dUTP nick end-labeling). The section was viewed
by Nomarski differential interference contrast microscopy, original magnification x400.
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ceiving glucocorticoid. Increased apop-
tosis of osteocytes may account for the
osteonecrosis associated with glucocor-
ticoid excess.
In the past, glucocorticoid-induced os-
teonecrosis has been attributed to fat
emboli, compression of the blood ves-
sels of the femoral head by marrow fat,
or fluid retention and poorly mending fa-
tigue fractures (6). Glucocorticoid-in-
duced osteonecrosis is a misnomer be-
cause the cell swelling and inflammation
that characterizes necrosis in soft tissues
does not occur (6, 26). Glucocorticoid-
induced osteonecrosis may actually be
osteocyte apoptosis, a cumulative and
unrepairable defect that would uniquely
disrupt the mechano-sensory role of the
osteocyte-canalicular network and thus
promote collapse of the femoral head.
Glucocorticoid-induced osteocyte apop-
tosis would explain the correlation be-
tween total steroid dose and the inci-
dence of osteonecrosis and its occurrence
after glucocorticoid administration has
ceased (17).
Although the direct effects of glucocor-
ticoids on bone cell proliferation and
apoptosis can account for the majority
of glucocorticoid-induced bone disease,
the molecular mediators of these direct
cellular changes have not been clearly
established. Nonetheless, glucocorti-
coid-induced changes in hepatic or lo-
cal insulin-like growth factor (IGFs) pro-
duction, IGF-binding protein (IGFBP)
synthesis or proteases that control the
activation of IGFBP may be involved in
the decreased bone formation (27). Glu-
cocorticoid administration also directly
suppresses bone morphogenetic proteins
and Cbfa1 [core-binding factor a1; also
known as Osf2 (osteoblast specific tran-
scription factor 2)], factors required to
induce osteoblast differentiation, giving
the coup de grâce to osteoblastogenesis,
and increases the production of peroxi-
some proliferator-activated receptor γ2
(PPARγ2), a transcription factor that in-
duces terminal adipocyte differentiation
while suppressing osteoblast differentia-
tion (28-30). The possibility that gluco-
corticoid excess increases marrow fat at
the cost of mature, matrix-secreting oste-
oblasts and cancellous bone is also sug-
gested by the murine model. In prelimi-
nary work, we found that glucocorticoid

treatment caused a 2-fold increase in mu-
rine femoral cancellous adipocyte area
when compared with the placebo group,
and the production of adipocytes in ex
vivo bone marrow cell cultures was also
significantly increased (21).
A possible molecular moderator that may
account for the apoptosis is suggested by
the prevention of the pro-apoptotic ef-
fect of glucocorticoids on osteoblasts by
overexpression of the B-cell lymphoma/
leukemia-2 gene (Bcl-2). Thus, gluco-
corticoid-induced suppression of Bcl-2
or the Bcl-2/BAX* ratio may also be
important (31).
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