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Abstract

Glucocorticoid administration is required for many inflammatory and autoimmune diseases, but use
of these drugs is associated with skeletal side effects including bone loss, fractures, and osteonecrosis.
Fractures often occur without a reduction in bone mineral density, strongly suggesting that
glucocorticoid excess adversely affects other aspects of bone strength. Although the primary effects
of glucocorticoid excess on the skeleton are directly on bone cells, a vascular connection between
these cells and the loss of bone strength appears likely. This review examines this connection and
how it may explain the greater decline in bone strength than loss of bone mass that occurs with
glucocorticoid excess.
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Introduction

Glucocorticoid administration is the most frequent secondary form of osteoporosis and the
most common iatrogenic reason for the disease [1,2]. Often the presenting manifestation is
fracture, which occurs in 30 to 50% of patients receiving long-term glucocorticoid therapy.
Many fractures are asymptomatic, possibly because of glucocorticoid-induced analgesia, but
even asymptomatic fractures are important because they further reduce the vital capacity of
patients with chronic lung disease receiving prednisone and increase the risk of subsequent
fractures independently of the bone mineral density (BMD) [1,3,4]. In addition to
glucocorticoid-induced osteoporosis (G10), chronic glucocorticoid administration also causes
osteonecrosis of the hip; a situation in which deformity and collapse occur in spite of increased
radiographic sclerosis signifying a mismatch between the increased skeletal density and
decreased bone strength [5]. The primary adverse effects of glucocorticoid excess on the
skeleton are directly on bone cells: decreasing the production of both osteoblasts and

Address correspondence to: Robert S. Weinstein, M.D., University of Arkansas for Medical Sciences, 4301 W. Markham St.; Slot 587,
Little Rock, AR 72205-7199, Telephone: (501)-686-5130; FAX: (501)-686-8148, E-mail: weinsteinroberts@uams.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinstein

Page 2

osteoclasts, increasing the prevalence of osteoblast and osteocyte apoptosis, and prolonging
the lifespan of osteoclasts (Figure 1) [6-10].

Determination of the bone impact of glucocorticoid therapy is complicated by the heterogeneity
of the diseases that are treated with glucocorticoids and the wide variation in the dose, duration,
and route of the administered treatment [1]. In general, bone loss in GIO is biphasic, with an
early reduction in BMD of 6-12% within the first year, followed by a later continual loss of
about 3% for each additional year of treatment [11]. However, there is more to consider than
the reduction in BMD, as bone quality is also an issue [12]. The relative risk of fracture
increases rapidly, escalating by as much as 75% within the first 3 months after initiation of
glucocorticoid therapy, usually long before much change in BMD is detectable. This increase
in fracture risk dissipates shortly after discontinuation of therapy [13]. These features strongly
suggest that glucocorticoid-induced fractures are due to more than just decreasing bone mass.
Advancing age is an another risk factor as shown by the 26-fold greater incidence of
symptomatic vertebral fractures in glucocorticoid-treated patients aged 60 to 88 years as
compared to patients aged 18-31 years [14]. Furthermore, the duration of treatment before the
occurrence of a fracture decreased as patient age increased. Glucocorticoid-treated patients
with vertebral fractures have higher BMD but suffer twice the risk of fracture than patients
with vertebral fractures due to postmenopausal osteoporosis [13,15]. It is clear that BMD
considerably underestimates the risk of fracture in GIO and accounts for, at least in part, the
under-recognition and under-treatment of the disease. Additional evidence for a defect in bone
quality in patients with GIO as compared to patients with postmenopausal osteoporosis is
provided by the report of incapacitating adjacent vertebral fractures days after kyphoplasty in
GI1O [16]. Caution should be exercised before recommending the procedure in patients
receiving glucocorticoids.

There is little doubt that BMD is a substantial contributor to bone strength but other important
characteristics are also involved including bone size, cortical and cancellous architecture, bone
turnover, and bone material properties, and these non-BMD characteristics may be even more
important in GIO than they are in postmenopausal osteoporosis [12] (Table 1). In addition to
these characteristics, the osteocyte-canalicular network may play an important role in the
maintenance of bone strength [8]. Although these contributions to bone strength are often
recognized [17,18], the role of skeletal water volume in the viscoelastic properties of bone is
rarely appreciated [19,20]. This failure to realize the importance of the degree of hydration in
the material properties of hard tissues is at least somewhat surprising with the widespread
knowledge that it is much easier to break a dried wishbone than a hydrated one [21]. Finite
element analysis of cortical bone indicates that water reduces stresses during dynamic loading
and produces a 2.5-fold increase in ultimate strength [22].

Direct effects on bone cells

Osteoblasts and osteocytes

Glucocorticoids affect every tissue in the body and thus, the negative impact of excess
glucocorticoids on the skeleton could be through direct effects on bone cells or indirect effects
on extraskeletal tissues or chemical mediators. However, there is a natural way to dissect these
possibilities. In mineralocorticoid-sensitive tissues, such as the kidney, colon, sweat glands,
and salivary glands, mineralocorticoid receptors have equal affinity for aldosterone and
glucocorticoids. Therefore, to obtain the required aldosterone selectivity in the presence of the
1000-fold greater circulating concentration of glucocorticoids, rapid pre-receptor oxidative
inactivation of glucocorticoids occurs via 11p-hydroxysteroid dehydrogenase type 2 (113-
HSD2), an enzyme expressed in mineralocorticoid-sensitive tissues. 11p-HSD2 is a 42 kDa,
high affinity, NAD-dependent enzyme, that converts biologically active glucocorticoid
alcohols to their inert 11-keto metabolites [8] (Figure 2). Transgenic expression of 113-HSD2
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in mature osteoblasts and osteocytes renders them resistant to glucocorticoid action, and thus
facilitates dissection of the portion of the adverse effects of glucocorticoid excess that results
from direct action on these cells as opposed to actions on osteoclasts or tissues other than bone.

Overexpression of human 11B-HSD2 in mice was accomplished using the murine osteocalcin
gene 2 promoter (OG2), which is active only in mature osteoblasts and osteocytes (OG2-11p-
HSD2 mice) [8]. This strategy shields osteoblasts and osteocytes from glucocorticoids before
the drugs reach the glucocorticoid receptor (GR). Under control of this promoter, 113-HSD2
did not affect normal bone development or turnover as demonstrated by identical bone density,
strength, and histomorphometry in adult transgenic and wild type animals. The absence of a
baseline phenotype facilitated interpretation of a glucocorticoid challenge. Administration of
excess glucocorticoids induced equivalent loss of BMD in wild type and transgenic mice, as
expected because osteoclasts were unaffected by this particular transgenic strategy. However,
the increase in osteoblast apoptosis that occurred in wild type mice was prevented in the
transgenic mice. Consistent with this, osteoblasts, osteoid area, and bone formation rate were
significantly higher in glucocorticoid-treated transgenic mice as compared to the similarly
treated wild type mice. Glucocorticoid-induced osteocyte apoptosis was also prevented in the
transgenic mice. Strikingly, the loss of vertebral compression strength observed in
glucocorticoid-treated wild type mice was prevented in the transgenic mice, in spite of an
equivalent loss of BMD. These results clearly demonstrate that excess glucocorticoids directly
affect bone forming cells in vivo. Furthermore, these findings suggest that glucocorticoid-
induced loss of bone strength results, at least in part, from increased death of osteocytes,
independent of bone loss. The pathogenetic changes responsible for the disproportional loss
of bone strength over bone mass with glucocorticoid excess may result from the negative effect
of osteocyte apoptosis on bone quality.

A potential connection between the maintenance of osteoblast and osteocyte viability and the
hydraulic stiffening of bone is revealed by the evidence that these cells respond to hypoxia by
activating the hypoxia-inducible factor a. (HIFa) pathway and thereby promote angiogenesis
by producing vascular endothelial growth factor (VEGF) [23]. Administration of
glucocorticoids decreases the angiogenic molecule VEGF [24-26] and increases the
angiostatic glycopeptide thrombospondin-1 [27]. These actions may account for the reduction
in bone water volume and skeletal blood flow that occurs with excess glucocorticoids [28,
29]. In addition to decreased osteoblastogenesis and increased osteoblast apoptosis, the
reduction in skeletal blood flow may be another way that glucocorticoids reduce bone
formation as well as bone hydration. There is an intimate relationship between bone
morphogenetic proteins (BMPs) and VEGF that is advantageous for delivery of bone cells to
sites of new bone formation. BMP signalling activates endothelial cells via stimulation of
VEGF expression [30]. In accord with this contention, inhibition of VEGF blocks BMP-
induced bone formation [31]. Other angiogenic factors are involved in the vasculature of bone
such as the fibroblast growth factor family, insulin growth factor-1, epidermal growth factor,
platelet-derived growth factor, CCN1, the transforming growth factor family, and angiopoietin,
but VEGF is arguably the most important [26,27,30,31]. An additional connection between
these findings and glucocorticoid-induced osteoporosis is suggested by the evidence that low
bone turnover and diminution of bone marrow blood vessels are both typical of glucocorticoid
administration [6,24]. Each new basic remodeling unit of bone has a nearby blood vessel,
necessary for the delivery of new osteoclasts and osteoblasts (Figure 3) [32,33], and skeletal
blood flow is directly related to the mineral appositional rate [34].

The 11B-HSD shuttle system that determines glucocorticoid action also has an activating
isoenzyme (Figure 2) [35]. 11B-hydroxysteroid dehydrogenase type 1 (11p-HSD1) locally
enhances glucocorticoid action by catalyzing the reactivation of inert 11-keto forms of
glucocorticoids to their active 11-hydroxyl congeners. 113-HSD1 is expressed in osteoblasts
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(probably also in osteocytes) and represents a “fast forward” mechanism for tissue-specific
amplification of the ambient glucocorticoid level [36,37]. The expression of this activating
enzyme is increased by glucocorticoids resulting in a vicious circle of hyperglucocorticoidism.
Therefore, it is possible that inherited or acquired local changes in 113-HSD1 activity could
account for the variable sensitivity to glucocorticoids that is exhibited by some patients who
become Cushingoid with relatively small doses of glucocorticoids while others seem to be
remarkably resistant.

Glucocorticoid administration results in an early, rapid loss of BMD because of an imbalance
in the number of osteoblasts and osteoclasts. While glucocorticoid administration dramatically
reduces the production of both osteoblast and osteoclast precursors as measured in ex vivo bone
marrow cell cultures [6,10], surprisingly, in vivo the cancellous osteoclast number does not
decrease as does the number of osteoblasts, due to the ability of glucocorticoids to prolong
osteoclast lifespan, an effect mediated by the GR as revealed by its blockade with RU 486, a
potent GR antagonist [10]. This effect is powerful enough that it is not preventable by
concurrent administration of bisphosphonates, possibly accounting for the reduced ability of
bisphosphonates to protect BMD in GIO as compared with postmenopausal or male
osteoporosis [38-41].

To determine whether glucocorticoids act directly on osteoclasts in vivo to promote their
lifespan and whether this contributes to the rapid loss of bone seen with glucocorticoid
administration, the 113-HSD system was again used to over-express 113-HSD2 in mice, but
this time utilizing the murine tartrate-resistant acid phosphatase (TRAP) promoter
(TRAP-11B-HSD2 mice) [7]. When challenged with prednisolone, equivalent increases in
cancellous osteoblast apoptosis, and equivalent decreases in osteoblast number, osteoid
perimeter, and rate of bone formation, occurred in wild-type and transgenic mice. In contrast,
glucocorticoids stimulated expression of MRNA for the calcitonin receptor, an osteoclast
product, in the wild-type but not in the transgenic mice. Consistent with the previous findings
that glucocorticoids directly decrease osteoclast precursors and prolong the lifespan of mature
osteoclasts, prednisolone administration maintained osteoclast number in the wild-type mice
but osteoclast number fell in the transgenic animals. In accord with this decrease in osteoclast
number, the loss of bone density observed in the wild-type mice was prevented in the transgenic
animals. These results demonstrate that the early, rapid loss of bone caused by glucocorticoid
excess results primarily from direct actions on osteoclasts. Furthermore, deflection of
glucocorticoid action in osteoclasts did not prevent the expected glucocorticoid-induced
decrease in osteoblast number or increase in the prevalence of osteoblast and osteocyte
apoptosis. Even if osteoblasts and bone formation did not decrease with glucocorticoid
administration, the glucocorticoid-induced prolongation of osteoclast lifespan would still result
in an early transient increase in the remodeling space and loss of bone mass.

Kim and colleagues have confirmed that glucocorticoid excess prevents osteoclast apoptosis
while promoting osteocyte apoptosis [42]. Based on studies in which the GR was deleted from
murine osteoclasts, these workers proposed that all the adverse effects of glucocorticoids on
bone formation were mediated by cells of the osteoclast lineage. However, glucocorticoid-
induced bone loss did not occur in either the wild-type or GR™~ mice in these studies. The
view that glucocorticoids decrease bone formation via the osteoclast is in contrast to the
evidence provided by the TRAP-11B-HSD2 mice in which glucocorticoid-induced
prolongation of osteoclast lifespan was prevented but decreased osteoblast number, osteoid
perimeter, and bone formation and increased osteoblast apoptosis still occurred as expected
[7]. Additional evidence against the suggestion that glucocorticoids decrease bone formation
via the osteoclast is the abrogation of the glucocorticoid effects on bone formation by shielding
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the osteoblasts and osteocytes from glucocorticoid excess in the OG2-11p-HSD2 mice, as
described above [8].

Changes in bone vasculature and strength

Glucocorticoid-induced disruption of bone vascularity and diminution of bone hydraulic
support could be the mechanisms behind the greater decline in bone strength than in loss of
bone mass that occurs with glucocorticoid excess. A link between the vascular system,
canalicular processes, and osteocytes has been postulated from the evidence that canalicular
fluid transport is directly connected to the vascular space as revealed by low molecular weight
tracers that traverse the venous system into the lacunocanalicular fluid within minutes [43].
Preliminary data on the effects of glucocorticoids on bone density, strength, canalicular fluid,
and vasculature in the mouse suggest that glucocorticoids do indeed disrupt the vascular system
of bone [44,45]. After 28 days of administration of prednisolone to 8-month-old C57BI/6 mice,
a period equivalent in the mouse to about 3 to 4 years in humans, vertebral and femoral BMD
decreased by 4.5-6.6% (p < 0.003), osteoblast and osteocyte apoptosis increased by 160-250%
(p < 0.01), while vertebral compression strength and femoral 3-point bending decreased by
25% (p < 0.04). As has been noted clinically, glucocorticoid excess in these mice caused a
four-fold greater decrease in bone strength than in BMD. Osteoblast and osteocyte apoptosis
may reduce the expression of HIFa and the production of VEGF, thereby adversely affecting
the vasculature [23]. In support of this contention, glucocorticoid excess was associated with
a remarkable decrease in the interstitial fluid of cancellous bone, as determined by 2-
dimensional fluorescent imaging of the osteocyte-lacunar-canalicular system using tail vein
injections of procion red—a metabolically inert low molecular weight tracer. In preliminary
experiments, mice were sacrificed at various intervals after the tail vein injection to determine
the time required for maximal filling of the osteocyte-lacunar-canalicular system
independently of the perfusion rate through bone. Filling of the canalicular system could be
seen as early as 5 minutes after injection in ambulatory mice and fading of the procion signal
occurred by 20 minutes so necropsy was done 15 minutes after injection. Quantification of the
procion red in cancellous bone was done by image analysis using photomicrographs of lumbar
vertebrae L1-4 taken with tomographic epifluorescent illumination. Further evidence of the
glucocorticoid effect on bone blood vessels was obtained by 3-dimensional microCT imaging
of decalcified bones following intravenous perfusion of a silicon slurry of lead chromate.
Prednisolone administration dramatically decreased the vertebral and femoral vessel volume
and surface area. These preliminary findings can be used to speculate that increased osteoblast
and osteocyte apoptosis, decreased bone vasculature, and diminished osteocyte-lacunar-
canalicular fluid may be at least some of the factors responsible for the disproportional loss of
bone strength compared to bone mass with glucocorticoid excess.

Osteonecrosis

Glucocorticoid therapy causes osteonecrosis of the femoral neck or proximal humerus in as
many as 25% of patients receiving exceptionally high short-term doses, long-term moderate
doses, or only single intraarticular injections [5]. Unfortunately, the name osteonecrosis is
misleading, since it has not been demonstrated that the bone cells in this condition die by
necrosis. Cell swelling, white blood cell infiltration, and inflammation that characterize
necrosis in soft tissues usually do not occur in glucocorticoid-induced osteonecrosis. The
osteonecrosis has been attributed to fat emboli, microvascular tamponade of the blood vessels
of the femoral head by marrow fat or fluid retention, and poorly mending fatigue fractures
[5]. Occlusion of small bone blood vessels and a decrease in their number was observed weeks
after calvarial radiation in rabbits, leading to radiation-induced osteonecrosis or
osteoradionecrosis [46]. In osteoradionecrosis, loss of osteocyte viability, decreased
intraosseous vasculature, and defective bone repair are pathogenetic features [46]. Similarly,
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loss of osteocyte viability was documented in patients with glucocorticoid-induced
osteonecrosis [47,48]. Abundant apoptotic osteocytes were identified in sections of whole
femoral heads obtained during total hip replacement for glucocorticoid-induced osteonecrosis,
whereas apoptotic bone cells were absent from femoral specimens removed because of
traumatic or sickle cell osteonecrosis, suggesting that glucocorticoid-induced osteonecrosis is
actually osteocyte apoptosis [48]. In glucocorticoid-induced osteonecrosis, bone density is
increased but collapse of the joint occurs anyway, in agreement with the previous contention
that the apoptotic osteocytes adversely affect bone material properties regardless of bone
density. Because of the glucocorticoid-induced decrease in the number of osteoblasts and rate
of bone remodelling, glucocorticoid-induced osteocyte apoptosis becomes a cumulative and
unrepairable defect. Osteocyte apoptosis may disrupt the mechanosensory function of the
osteocyte-canalicular network, decrease bone water volume, and thus start the relentless
sequence of events leading to collapse of the femoral head (Figure 1B). Glucocorticoid-induced
osteocyte apoptosis also explains the correlation between total steroid dose and the incidence
of osteonecrosis and its occurrence long after glucocorticoid administration has ceased [5,49,
50]). In view of the proposed connection of osteoblasts and osteocytes with disruption of bone
vascularity, it is ironic that an early name for glucocorticoid-induced osteonecrosis was
avascular necrosis.

Conclusions

A provisional model to account for the adverse effects of glucocorticoid administration on bone
strength could be constructed as follows (Figure 4): an early increase in osteoblast and osteocyte
apoptosis causes decreased biosynthesis of angiogenic factors resulting in decreased osteocyte-
lacunar-canalicular circulation and bone blood vessel volume that leads to decreased bone
water volume, diminished bone strength, and an early increase in the risk of fractures. When
the lifespan of the remaining osteoblasts is exhausted, the decrease in osteoblastogenesis causes
a greater reduction in osteoblast number, bone formation rate and wall width, but osteoclast
number remains normal or slightly elevated, resulting in disruption of the cancellous
architecture, decreased bone mass, further loss of bone strength, and a further increase in the
risk of fractures.
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Figure 1. Glucocorticoid-induced osteoporosis
(A) After long-term prednisone treatment in humans, cancellous bone tissue often shows an

excessive number of enlarged adipocytes and atrophic, disconnected trabeculae without
osteoblasts. The insert shows the accumulation of erosion cavities devoid of osteoclasts
(arrow), measured as the reversal perimeter, which indicate delayed or defective bone
formation rather than excessive bone resorption. The red cells in the bone marrow are
hematopoietic cells and should not be mistaken for osteoclasts (Modified Masson staining,
200x with the insert at 400x). (B) In this specimen obtained from an osteonecrotic hip, virtually
all cancellous osteocytes and lining cells are apoptotic as revealed by the dark brown stain
(apoptosis staining was done by in-situ end-labeling or ISEL, 630x).
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Figure 2. Cortisol, cortisone and angiogenesis
Two isoenzymes of 11B-hydroxysteroid dehydrogenase, 11p-HSD1 and 113-HSD2, catalyze
the interconversion of hormonally active glucocorticoids (such as corticosterol or cortisol) and
inactive glucocorticoids (such as corticosterone or cortisone). The 113-HSD1 isoenzyme is an
activating route, and the 113-HSD2 isoenzyme is an inactivating route. The ability of any

glucocorticoid to bind to glucocorticoid receptors depends on the presence of a hydroxyl group
at C-11. Therefore, any tissue expressing 113-HSDs can regulate the exposure of resident cells
to active glucocorticoids. The 113-HSD system also works on synthetic glucocorticoids (e.g.,
prednisolone or dexamethasone). Glucocorticoids decrease osteoblastic HIF-1a transcriptional
activity and the message for the angiogenic factor VEGF while the drugs increase the message
for the angiostatic factor TSP-1 increases. As a result, these hormones have powerful adverse

effects on bone vascularity.
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Figure 3. Each new basic remodeling unit of bone has a nearby blood vessel

Murine osteoclasts with discrete tartrate-resistant acid phosphatase-positive red granules
burrow deep into vertebral cancellous bone. Pale yellow erythrocytes are seen in the adjacent
blood vessel that served as the conduit through which the osteoclast precursors were delivered
to the remodeling site. Trailing behind the osteoclasts, teal-colored osteoblasts forming new
bone are bringing up the rear (arrowheads). Osteocytes (arrows) are seen buried in the
mineralized bone matrix. Methyl green and tartrate-resistant acid phosphatase-staining of
undecalcified bone viewed with Nomarski differential interference contrast microscopy
(x630).
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Figure 4. Pathogenesis of the loss of bone strength with glucocorticoid administration: a hypothesis
Cover lllustration. Murine osteoclasts with discrete tartrate-resistant acid phosphatase-
positive red granules burrow deep into vertebral cancellous bone. Pale yellow erythrocytes are
seen in the adjacent blood vessel that served as the conduit through which the osteoclast
precursors were delivered to the remodeling site. Trailing behind the osteoclasts, teal-colored
osteoblasts forming new bone are bringing up the rear. Osteocytes are seen buried in the
mineralized bone matrix. Methyl green and tartrate-resistant acid phosphatase-staining of
undecalcified bone viewed with Nomarski differential interference contrast microscopy
(x630).
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Table 1

Determinants of bone strength

Mineral density
Size
Cortical and cancellous architecture
Turnover
Material properties
Osteocyte viability

Vascular volume/water content
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