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a b s t r a c t

Glucocorticoid (GC) usage is the most common non-traumatic cause of osteonecrosis of the femoral
head (ON). Despite the strong association of GC with ON, the underlying mechanisms have been unclear.
Investigators have proposed both direct and indirect effects of GC on cells. Indirect and direct mech-
anisms remain intimately related and often result in positive feedback loops to potentiate the disease
processes. However, the direct effects, in particular apoptosis, have recently been shown to be increas-
ingly important. Suppression of osteoblast and osteoclast precursor production, increased apoptosis of
osteoblasts and osteocytes, prolongation of the lifespan of osteoclasts and apoptosis of endothelial cells
(EC) are all direct effects of GC usage. Elevated blood pressure through several pathways may raise the risk
of clot formation. High-dose GC also decreases tissue plasminogen activator activity (t-PA) and increases
plasma plasminogen activator inhibitor-1 (PAI-1) antigen levels increasing the procoagulant potential
of GC. Inhibited angiogenesis, altered bone repair and nitric oxide metabolism can also result. Also, GC
treatment modulates other vasoactive mediators such as endothelin-1, noradrenalin and bradykinin. Thus,
GCs act as a regulator of local blood flow by modulating vascular responsiveness to vasoactive substances.
Vasoconstriction induced in intraosseous femoral head arteries causes femoral head ischemia. GCs also
cause ischemia through increased intraosseous pressure, which subsequently decreases the blood flow
to the femoral head by apoptosis of ECs as well as elevating the level of adipogenesis and fat hypertrophy
in the bone marrow.

It is difficult to predict which patients receiving a specific dose of GC will develop ON, indicating indi-
vidual differences in steroid sensitivity and the potential of additional mechanisms. The textbook model
of ON is a multiple hit theory in which, with a greater number of risk factors, the risk of ON increases.
While more effort is needed to better comprehend the role of GC in ON, newer data on GC action upon
the endothelial cell and the regional endothelial bed dysfunction theory sheds new light on particular GC
mechanisms. Better understanding of GC pathomechanisms can lead to better treatment options.

© 2009 Elsevier Ltd. All rights reserved.
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. Background

Harvey Cushing recognized the adverse effects of hypercorti-
olism on bone as early as 1932. Currently, more than 30 million
mericans require glucocorticoid (GC) drugs as part of their treat-
ent regime. Depending on both the duration of therapy and dose,

p to 50% of steroid users develop bone loss leading to fractures
1], while up to 40% of steroid users develop some degree of ON,
debilitating skeletal disorder [2]. GCs are known to be the most

ommon non-traumatic cause of ON [3]. In 1987, Felson and Ander-
on performed a meta-analysis demonstrating that mean daily GC
ose was strongly correlated with the disease. In this review, a 4.6-
old increase in the rate of ON was postulated for every 10 mg/day
ncrease in mean daily oral dose of prednisone during the first 6

onths of therapy [4]. Most series report agree that a sustained
arge dose of GC is required to sustain symptomatic ON [2,5]. Rare
eports of ON after low dose or no GC exposure are probably
elated to underlying medical conditions, coagulopathic dyscrasias
nd genetic susceptibility [6–11]. Unfortunately, most patients with
ymptomatic ON of the femoral head eventually need surgery, usu-
lly total hip arthroplasty (THA), within a few years of onset [12].
ecause the average age at presentation is about 33 years of age,
hese patients often require multiple increasingly difficult surgeries
ver the course of a lifetime [13]. A more complete understanding
f why GC use is associated with ON would be helpful.

New research has revealed that there may be more to the dis-
ase process than an effect on bone cells alone. Endothelial cell
usceptibility may actually be just as important or more pertinent
o the evolution of the pathophysiology of ON in the femoral head
14]. Several mechanisms have been postulated for the role of GC-
nduced ON (Fig. 1). Some investigators assume a direct effect of
he drug on bone cells. Older theories have considered an indirect
ffect of GC via an influence on the gonads and parathyroid glands.
ecently, it has been shown that secondary hyperparathyroidism
nd hypogonadism appear to have no major role in the pathogene-
is of GC-induced ON or in the resultant fractures [1] unlike earlier
hinking. Thus, direct effect of GC on bone and other cells responsi-
le for ON is undoubtedly more important than the indirect effect.

. Role in apoptosis

Some action of GC is believed to be mediated by glucocorticoid
eceptors (GR) [15,16]. In vitro studies have shown the presence of
R in human and murine osteoblasts, osteocytes and osteoclasts

17–22]. For the first time, Silvestrini et al. showed that GR were
resent in cartilage (proliferative and hypertrophic zones) and in
steoblasts, ostocytes and osteoclasts of femurs of young adult
ats [23]. Natural and synthetic GC bind to GR, producing major
onformational changes that result in nuclear translocation or tran-
repression of transcription factor. This includes nuclear factor �B,
hich causes modification of pivotal mediators of innate and adap-

ive immunity [16]. Due to the ability of GC to modulate immune
esponses, they have been extensively used as anti-inflammatory
gents. The immune response acts commonly through the Fas path-
ay, one of the best-characterized apoptotic pathways. Binding

f FasL to FasR causes receptor oligomerization and recruitment
f an adapter protein, FADD, which interacts with caspase-8,
nd initiates a caspase cascade which leads to apoptosis [24] in
mmunogenic cells. Dexamethasone (DEXA) and other GCs could
lso interact through the AP1 proto-oncogenes (c-Jun and c-Fos).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

GR and AP1 interactions have been described in GC response ele-
ments (GREs), where these two transcriptional factors locate close
together [15]. There is a relatively rapid induction of apoptosis in
in vitro dexamethasone-treated T-lymphocytes that occurs within
a few hours of exposure [25].

Despite the apoptosis effect of GC on T-lymphocytes, DEXA
can promote proliferation and protect cells from apoptosis and/or
necrosis in particular conditions. This effect has been seen in
corneal epithelial cells, keratocytes, epithelial cells of the mammary
gland, hepatocytes, and thymocytes. The GR gene response may
positively or negatively regulate this paradoxical biphasic effect
through different responses in different types of cells or through dif-
ferent dosages. For instance, DEXA would increase cell proliferation
at low concentrations (below 10 �M) in some brain tumor cells and
induce cellular apoptosis and/or necrosis at high concentrations
(above 100 �M in brain tumor cells or 0.0001–0.001 M in corneal
endothelial cells) [15,26]. Although not clearly defined, these dual
effects of GC may also be the result of cross-talk between nuclear
comodulators, or interactions of transcription factors [15].

3. Effects on bone

The osteoblasts and osteocytes of the femoral cortex mostly
undergo apoptosis after a lengthy period of GC medication [27].
From in vivo and clinical studies, abundant apoptotic osteocytes
and cells lining the cancellous bone were found juxtaposed to the
subtotal fracture crescent in the femurs of the patients with GC
excess [28]. A similar study by Calder and his colleagues has shown
widespread apoptosis of osteoblasts and osteocytes in steroid- and
alcohol-induced osteonecrosis patients [29].

O’Brien and his colleagues have shown that mice harbouring
osteoblast/osteocyte-specific-11�-hydroxysteroid dehydrogenase
type 2 (11�-HSD2) transgene were protected from GC-induced
apoptosis of osteocytes and osteoblasts. 11�-HSD2, a high-affinity
NAD-dependent enzyme, converts biologically active GC to its inac-
tive metabolite and subsequently the inactivated GC would fail
to activate the GR [30]. Despite the prevention from GC-induced
decreased bone formation, the osteoblast/osteocyte-specific-11�-
HSD2 transgene mice did not prevent the early rapid bone loss,
as osteoclasts are not protected from GC [1]. Further studies have
shown that the early loss of bone with GC excess is caused by a direct
effect of GC on osteoclasts to extend their life span [31]. Osteo-
clast survival and differentiation are regulated by factors produced
by stromal and osteoblastic cells. The critical factor is the receptor
activator of NF-�B (RANK) ligand, a member of the tumor necrosis
factor (TNF) ligand family. RANK ligand and macrophage-colony-
stimulating factor are both crucial and sufficient for osteoclast
differentiation in the absence of marrow stromal cells; RANK lig-
and also prolongs the survival of differentiated osteoclasts [1]. The
quantities of TNF-�, RANK ligand and osteoprotegerin are raised
in GC-treated osteoblasts and consequently, the differentiation of
osteoclasts is blocked [27]. Therefore, it is not completely clear how
the process of apoptosis of bone cells alone would result in ON.

Apart from the direct effect of GC, it has been shown that GC
excess could affect the birth rate of bone cells. Weinstein et al.

administered prednisolone to 7-month-old mice for 27 days and
found decreased bone density, serum osteocalcin, and cancellous
bone area along with trabecular narrowing. These changes were
accompanied by diminished bone formation and turnover and
impaired osteoblastogenesis and osteoclastogenesis [32].
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Fig. 1. Plausible mechanisms for

Therefore, it is assumed that the pathogenesis of GC-induced
one disease may at least partially be caused by suppression of
steoblast and osteoclast precursor production in the bone marrow,
ncreased apoptosis of osteoblasts and osteocytes, and prolongation
f the lifespan of osteoclasts [1].

It is also postulated that GC-induced osteocyte apoptosis dis-
upts the mechanosensory function of the osteocyte network,
hich is believed to constitute the mechanosensor and apparatus

ontrolling repair processes in bone [33]. This may start the inex-
rable sequence of events leading to femoral head collapse [1]. In
ddition, the end result of fracture collapse may be facilitated by
he co-existing osteoporosis mediated by GC-induced osteoblast
poptosis [33].

Bone morphogenic protein-2 (BMP2) gene expression also
ecreases after GC treatment. Individuals who were more sus-
eptible to a GC-induced decrease in BMP2 and osteocalcin gene
xpression were more likely to have ON [34].

. Effects on endothelial cells

GC has abundant effects on endothelial cells that line the
inusoids and inner layer of blood vessels in the femoral head.
xperimental evidence of GC-induced hypertension indicates that
aised arterial blood pressure is related to an elevated periph-
ral resistance [35]. GC action resulting in vasoactive mediators

s discussed below. Another hypothesis that has been advanced
s a mechanism for the enhanced peripheral resistance is a
ecrease in the number of functional microvessels or capillary
arefaction [36]. GC can directly injure endothelial cells [14]
nd enhance hypercoagulability [37]. In a study by Jacobs et al.,
id-induced ANFH development.

damaged or abnormal reticular vessels was suggested to be the
underlying mechanism of ON [38]. Damage of endothelial cells
may result in abnormal blood coagulation and thrombi forma-
tion with ON occurring distal to the site of arterial occlusion
[14].

6-Ketone prostaglandin F1� (6-keto-PGF1�), a metabolite of
prostaglandin I2 (PGI2), is considered as a marker of endothelial
cell injury [39]. PGI2, mainly produced by vascular endothelial cells,
strongly dilates blood vessels and inhibits platelet aggregation. In a
study by He et al., the level of 6-keto-PGF1� decreased significantly
compared to controls in an ON rabbit model induced by endotoxin
and GC. This suggests another endothelial cell impairment in ON
[40], which may be GC-mediated.

It has been postulated that apoptotic endothelial cell
death serves as a mechanism for the capillary rarefaction in
glucocorticoid-mediated hypertension [41]. Therefore, it is plausi-
ble that GC-induced hypertension in the femoral head disturbs the
blood flow in the femoral head vessels and aborts the repair process
[14]. Furthermore, enhanced blood pressure in the blood vessels
of the femoral head could increase thrombin, which converts
fibrinogen to fibrin, forming fibrin clots. Studies on the enzymes
involved in the coagulation cascade have shown that thrombin is
elevated in the established phase of hypertension as a consequence
of raised blood pressure [42].
5. Avascular necrosis and the coagulation pathway

It has been shown in both in vivo and ex vivo studies, that lower
doses of several types of GC will initially inhibit arterial throm-
bosis through inhibition of platelet aggregation. At higher doses,
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hese effects are counteracted by a significant inhibition of the
brinolytic activity [43–47]. The latter was shown to occur as a
esult of decreased tissue plasminogen activator activity (t-PA) and
ncreased plasma plasminogen activator inhibitor-1 (PAI-1) antigen
evels [43,44]. Decreased fibrinolytic activity, which may be a con-
equence of increased PAI-1, has been described in patients with
N [48]. In a study performed by Yamamoto et al., DEXA upregu-

ated PAI-1 gene expression in human umbilical vein endothelial
ells (HUVEC) stimulated by TNF-� conditioning. They postulated
hat such inflammatory conditions (DEXA exposure and TNF-� con-
itioning) could promote blood procoagulant effect by acting on
ascular endothelial cells [49]. Furthermore, Drescher et al. showed
n an ON animal model, that plasma fibrinogen was significantly
ncreased at the early stage of ON following a megadose steroid
reatment [50] suggesting a pro-inflammatory condition in steroid-
nduced ON.

One could argue that GC may potentially be responsible for a
ystemic response resulting in ON. Some cases have shown that
linically significant ON in several joints can result from the use of
igh dose GC [36,51,52]. However, this is the exception rather than
he normal presentation. Recently, the literature has been at odds
or an opinion of whether systemic defects in the clotting mecha-
ism actually account for clinically significant ON. Several studies
ave revealed that the prevalence of thrombophilic and hypofibri-
olytic coagulation abnormalities in patients with GC-induced ON

s increased compared to controls [9,10,53–55]. A few studies have
eported that there were no significant differences in the levels
f thrombotic and fibrinolytic factors [56,57]. The general irrepro-
ucibility of systemic blood clotting defects amongst patients with
N is concerning. Dozens of different blood thrombophilic factors
robably cannot be responsible for a single disease process. Also,
till unexplained are the many patients without known systemic
efects. A mechanism by which ON of the femoral head is depen-
ant on a local dysregulation of coagulation at the level of the
emoral head can explain the disease process [14]. Clotting at the

icrocirculation level is more likely dependant on the local balance
f pro- and hypo-coagulant factors at the endothelial cell surface of
he bone regional vascular bed than it is upon the systemic clotting
actors.

Slichter et al. showed endothelial cell damage followed by
latelet thrombus formation with secondary fibrin deposition

n the femoral head in dysbaric ON [58]. Li et al. also showed
ndothelial cell damage as well as a pro-coagulant and a low
brinolytic milieu – as potential pathologic mechanisms of GC-

nduced ON [39]. Intravascular coagulation is itself an intermediary
vent that has both hereditary and acquired risk factors. There
re two forms of plasminogen activator inhibitor (PAI). PAI-

is a thromboblastic product and PAI-1 is a serine protease
nhibitor that is synthesized and released by endothelial cells
n blood vessel walls. PAI-1 exerts its regulatory activity on
brinolysis by forming complexes with tissue plasminogen acti-
ator (t-PA). The t-PA/PAI-1 complex does not have the ability
o activate plasminogen to plasmin. Increase in PAI-1 activity
uppresses the generation of plasmin resulting in hypofibrinol-
sis and a relative hypercoagulable state [59]. In a clinical and
xperimental study, the activity of t-PA and PAI-1 decreased
nd increased respectively in patients with ON [39]. Endothe-
ial injury or dysfunction can activate the thrombotic cascade,
ollowed by ischemia and infarction in the femoral head [14].
hrombus formation can also be stimulated by other mechanisms
uch as the microparticles, composed of residual bodies of apop-

otic endothelial cells, directly inducing endothelial dysfunction
ollowed by activation of the thrombotic cascade. Apoptosis of
ndothelial cells stimulates the binding of thrombocytes to the
ndothelium that further induces platelet activation and thrombus
ormation [60].
try & Molecular Biology 114 (2009) 121–128

6. Effects on angiogenesis and the repair mechanism

Following necrosis of the femoral head, a repair process begins
with the entry of blood vessels into the necrotic region, followed
by bone resorption and subsequent bone formation. Several essen-
tial factors such as vascular endothelial growth factor (VEGF), act
directly on endothelial cells and induce angiogenesis [61]. Dysregu-
lation of these essential factors will have an effect on angiogenesis,
and consequently the repair process. Yang et al. used VEGF gene
transfection to enhance the repair of ON in a rabbit model of ON
[61,62]. It has been shown that DEXA can decrease the synthesis
of VEGF protein, as measured by ELISA, by 45% in a multipotential
cell line (D1) derived from bone marrow [63]. Myofibroblastic cells
induce capillary formation by producing endothelial growth factor
and collagen [64,65]. Harada showed that GC inhibited capillary
growth significantly by suppressing collagen synthesis by myofi-
broblastic cells [65]. In addition, other mechanisms may impede
angiogenesis. One of them appears to be related to basement mem-
brane turnover, which is determined, in part, by proteolytic activity
associated with proliferating vessels [26]. Plasminogen activators
are serine proteases that convert plasminogen to plasmin and
can cleave extracellular proteins, either directly or indirectly as
a result of plasmin production. This alters cell–matrix interac-
tions by liberating mitogens and angiogenic factors that stimulate
endothelial migration and proliferation [26]. Decreased fibrinolytic
activity, which may be a consequence of increased PAI-1, has been
described in patients with ON [10,11,66]. Inhibition of proteolytic
steps involved in vessel growth may underlie, in part, the mecha-
nism by which GCs induce ON.

In addition to GC, constituents of cartilage as well as interferons
have been shown to be potential inhibitors of angiogenesis. Fol-
lowing subchondral fracture, the cartilage components are directly
exposed to the ongoing repair process through the fracture cleft.
Cartilage constituents may thus play a role in the development
and/or continuance of the disease process in ON and explain the
localization of ON to subchondral bone tissue [48]. ON has also
been reported secondary to interferon treatment in multiple sclero-
sis, Crohn’s disease, leukemias, and hemangiomas [54] when used
alone or in association with GCs.

7. Action on vasoactive substances

Vascular endothelial cells regulate vascular tone through the
release of relaxing and contracting factors that modulate the
contractile activity of vascular smooth muscle cells. GC excess
causes overproduction of reactive oxygen species (ROS) such as
superoxide, hydrogen peroxide and hydroxyl radicals, and thereby
perturbs nitric oxide (NO) availability in the vascular endothe-
lium. These events can lead to vascular complications in patients
with GC excess. Nitric oxide (NO), an endothelial cell-derived relax-
ing factor, is an important vasoactive mediator for the reaction of
endothelium-dependant vascular relaxation. A decrease in its avail-
ability due to perturbation of synthesis and/or release of NO by
vascular endothelial cells causes an increase in vascular resistance
[67].

GC excess enhances superoxide-induced inactivation of eNO
(endothelial nitric oxide) and suppresses eNO production through
decreasing the expression of endothelial nitric oxide synthase
(eNOS). The synthesis of eNO could be influenced by GC through
three potential mechanisms: direct injury effect of GC on endothe-

lial cells, repressing eNOS activity and increasing blood lipid levels
[39]. eNO has several anticoagulant actions, including dilatation
of blood vessels, prevention of platelet aggregation and inhibi-
tion of monocyte adherence to the endothelium [68]. GC-induced
decrease in NO bioavailability elicits vascular endothelial dys-
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unction, leading to insufficiency of peripheral circulation, thus a
otential mechanism for glucocorticoid-induced ON [69].

The response of isolated intraosseous femoral head arteries (lat-
ral epiphyseal arteries which provide the major blood supply
o the femoral head) to endothelin-1 was enhanced after long-
erm corticosteroid treatment (3 months of methylprednisolone)
n an immature pig. The response to other physiological vasoac-
ive substances such as noradrenalin, substance P nitric oxide and
radykinin was unchanged [70]. Endothelins are potent vasocon-
trictors that are synthesized and released by vascular endothelial
ells and that bind to vascular smooth muscle in bone. In another
tudy by Drescher et al. [71] vasoconstriction by noradrenalin was
ot altered by methylprednisolone. However, bradykinin elicited a
oncentration-dependent vasodilatation, which was lower in the
C-treated vessels than in the non-treated vessels. In contrast,
ndothelin-1-induced vasoconstriction was stronger in the GC-
reated vessels. Endothelin causes vasoconstriction by increasing
ntracellular calcium levels in vascular smooth muscle. Endothelin-

has the strongest vasoconstrictive potential among endothelins.
ence, methylprednisolone was shown to enhance constriction of

emoral head lateral epiphyseal arteries, decreasing femoral head
lood flow [72].

Prostacyclin is another potent vasodilator produced by vascu-
ar smooth muscle cells and endothelial cells, and its production
s decreased by GC treatment [72]. From studies on proteases
nvolved in blood pressure homeostasis, DEXA was shown to
ncrease angiotensin-converting enzyme aminopeptidase, while
uppressing the kallikrein-kinin system. These effects resulted in
nhancement of angiotensin II and angiotensin III levels which
lso contribute to elevation of blood pressure. The suppression
f the kallikrein-kinin system (by DEXA itself and by elevation of
ngiotensin-converting enzyme) also has additive effect by inhibit-
ng vasodilation [73].

Thus, GCs appear to act as regulators of local blood flow by mod-
lating the vascular responsiveness to vasoactive substances. This
henomenon potentiates the hypertension induced by endothe-

ial cell apoptosis as discussed above. GC-induced vasoconstriction
n the intraosseous femoral head arteries reduces blood flow and
auses inadequate blood supply to the femoral head.

. Glucocorticoid and fat metabolism

It has been proposed that GCs produce serious intramedullary
atty infiltration [74]. The effect of this fatty tamponade in the

edullary cavity is the result of lipocytes on the surface of vascular
inusoids resulting in less efficient function of vascular sinusoids
nd diminished vascular area in the femoral head [75]. The dimin-
shed blood flow at the femoral head level can lead to secondary
ecrosis [74].

In an in vitro study by Li et al., DEXA-induced adipogenesis in a
luripotent marrow cell lineage (D1) cloned from BALB/c mice, was
ccompanied with lipid vesicle accumulation within the cells, up-
egulation of the expression of adipogenic genes (AP2 and PPAR
gamma]), and down-regulation of osteogenic gene expression,
ype I collagen, Runx2/Cbfa1, and osteocalcin [63,76]. The effect of
teroids on adipogenesis by D1-BAG, a pluripotent cell cloned from
ouse bone marrow and transfected with traceable genes encoding

eta-galactosidase and neomycin resistance, was investigated in in
itro, ex vivo and in vivo in mice. Treatment of D1-BAG cultured cells
ith DEXA produced an accumulation of lipid vesicles and stimu-
ated expression of fat cell-specific 422(aP2) mRNA. Data from the
ice (in vivo) study showed adipogenesis from steroid treatment

n 5–9% of transplanted cells. These results indicate that steroid-
nduced differentiation of potentially osteogenic marrow cells into
dipocytes may contribute to the development of ON [77]. It has
ry & Molecular Biology 114 (2009) 121–128 125

been shown that the number of adipocytes in culture increased with
longer marrow stromal cells’ exposure to DEXA and the concentra-
tion of DEXA [78]. As above, data from in vivo studies demonstrated
that adipocytes in bone marrow increased after steroid exposure.
Fat degeneration and necrosis, considered early signs of ON, were
also observed [12]. Li et al. have also shown that DEXA can directly
induce differentiation of marrow stromal cells into a large num-
ber of adipocytes and inhibit their osteogenic differentiation [78].
Kitajima et al. showed that mature fat cells exposed to high-dose
GC were bigger than control cells both derived from bone marrow
[79]. In their study, Jones et al. suggested that liquid fat, throm-
boplastin and other vasoactive substances released from injured
marrow adipocytes in ON affect the vascular walls (endothelial
cells) and produce a hypercoagulable state through the endothelial
cells [80].

Therefore, these studies suggest that GC might cause ischemic
ON through elevation of intraosseous pressure, and subsequently
decreased blood flow to the femoral head via adipogenesis and fat
hypertrophy in the bone marrow.

9. Interaction with regional endothelial beds

As mentioned above GC excess causes overproduction of reac-
tive oxygen species and thereby perturbs NO availability in the
vascular endothelium. The endothelial cell monolayer constitutes
the inner lining of the vascular wall and plays an essential role in
the homeostasis of the blood. Due to its unique localization, the
endothelium is continuously exposed to inflammatory cells and
circulating factors which can induce endothelial activation and/or
injury [81]. The concept of a focal nature of a systemic haemato-
logical defect resulting in local hypercoagulable state is relevant to
femoral head ON [54]. Clotting abnormalities often manifest in iso-
lated endothelial beds. Deficiencies of antithrombin III, protein C
and protein S result in deep venous thrombosis of the extremities.
Thrombotic thrombocytopenic purpura and the hemolytic-uremic
syndrome result in microthrombotic lesions that are detectable in
all organs except the liver and lungs. Antiphospholipid-antibody
syndrome results in clotting of only particular venous and arterial
areas including the retina and the placenta. The heterogeneity of
the endothelial cell structure amongst these many different organs
has been postulated to be a probable cause for the varied clotting
responses in the separate endothelial beds [82]. Regional endothe-
lial beds (REBs) have a different local expression of systemic defects.
This regional endothelium dysfunction may be a mechanism for ON
[14].

Endothelium dysfunction or activation, primarily by endothe-
lium itself or secondary to a stimulator, could activate the
thrombosis cascade, followed by ischemia and infarction. Medi-
cations such as GCs reinforce the vascular processes leading to
thrombotic occlusion. They directly injure endothelial cells and
amplify hypercoagulability [37].

10. Risk factors and underlying disease

GC may potentiate the effects of endogenous hypercortisolism
(Cushing’s disease), a pre-existing condition known to increase the
risk of ON [83], although ON is more likely to develop following
exogenous GC administration [84]. Specific binding for [3H]DEXA
with high affinity and low capacity has been demonstrated in the
isolated osteoblasts, mostly binding in the nuclear fraction, with

a dissociation constant (Kd) of approximately 3.3 nM [22]. The Kd
of [3H]triamcinolone acetonide, another exogenous GC, was equal
with 4.0 ± 1.43 nM, reflected high-affinity binding [85]. In contrast,
the Kd for GR of endogenous GC, cortisol/corticosterone has been
reported to be 10–20 nM [86]. Thus, the relative binding affini-
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ies of steroid for receptor were found to be greater in exogenous
han endogenous GC. The use of high doses of hydrocortisone or

ethylprednisolone for an extended duration was shown to be a
ignificant risk factor for ON in patients suffering from severe acute
espiratory syndrome [87]. ON has been reported with moderate
o high doses of short duration steroid usage in infertility treat-

ent [88,89]. Amongst many other disease processes, ON has also
een reported during the treatment of hay fever with corticos-
eroid use over a period of 10 years [90–92]. Some diseases have
een reportedly associated with ON, regardless of GC treatment
54].

Amongst patients receiving a specific GC dose, only an unpre-
ictable subset will develop ON, suggesting the presence of

ndividual differences in steroid sensitivity and the potential pres-
nce of additional specific risk factors. A genetic risk factor for
ntravascular coagulation may not, by itself, provide an answer.
lthough the prevalence of coagulation abnormalities in patients
ith GC-induced ON is increased in some studies compared to con-

rols [9,10,53–55], a considerable proportion of ON patients does
ot demonstrate an increased prevalence for thrombophilic disor-
ers [56,57]. Furthermore, not all patients with both GC usage and
hrombophilic factors develop ON [33]. Likewise, although alco-
olism is associated with ON as an etiological factor, not all heavy
lcohol users develop the disease. Therefore, it is difficult to say
hether ON that occurs in patients with an underlying or pre-
isposing factor, is actually due to the underlying disease or risk

actor rather than GC treatment or alcohol. Many of the patients
ith predisposing factors or underlying diseases, such as systemic

upus erythematosus or acute leukemia, also have been admin-
stered GC as part of their treatment regimen. Similarly, while

ost therapeutic regimens in oncology include steroids as part of
he protocol or as an adjunctive measure in the control of nau-
ea and/or prophylaxis against hypersensitivity reactions, cases
f ON developing after chemotherapy (with or without steroids)
r radiation therapy have been well described in the oncology
iterature [93–95]. As well, several investigators have reported
N developing in patients before GCs or replacement treatment

egimen take place [6,96–98]. Hence, the current pathophysiolog-
cal model of ON puts forward a multiple hit theory in which,

ith increasing number of risk factors, the risk of ON increases
99]. Amongst the many risk factors, GCs have the leading role
n ON.

1. Conclusion

The pathogenesis of ON is multifactorial. One strategy to pre-
ent the development of ON is to reduce the potential risk factors.
or example, one such strategy is the use of an anticoagulant or a
ipid-lowering agent to prevent the development of ON as shown
n some animal models [68,79,100]. Experimental studies showed
hat combined use of an anticoagulant and a lipid-lowering agent
as found helpful in preventing steroid-induced ON in rabbit mod-

ls [101]. While more effort is needed to better comprehend the
ole of GC in ON, trial therapies involving antithrombotic drugs
hat interfere with the function of endothelial cells, medical inter-
entions promoting angiogenesis, administration of lipid-lowering
gents and anti-apoptotic drugs may all be useful in the treatment
f patients with ON. The textbook model of ON is a multiple hit the-
ry in which, with a greater number of risk factors, the risk of ON
ncreases. Nevertheless, GCs being considered having a leading role
n ON, newer data on GC action on endothelial cells and the regional

ndothelial bed dysfunction theory will hopefully shed new light
n GC mechanism of action in ON. Several pathways of GC are now
etter understood. Future medical and surgical management of ON
ay be better served by treatment modalities exploring these new

mportant pathways.
try & Molecular Biology 114 (2009) 121–128

References

[1] R.S. Weinstein, S.C. Manolagas, Apoptosis in glucocorticoid-induced bone dis-
ease, Curr. Opin. Endocrinol. Diabetes 12 (2008) 219–223.

[2] K.H. Koo, R. Kim, Y.S. Kim, I.O. Ahn, S.H. Cho, H.R. Song, et al., Risk period for
developing osteonecrosis of the femoral head in patients on steroid treatment,
Clin. Rheumatol. 21 (4) (2002) 299–303.

[3] Y. Assouline-Dayan, C. Chang, A. Greenspan, Y. Shoenfeld, M.E. Gershwin,
Pathogenesis and natural history of osteonecrosis, Semin. Arthritis. Rheum.
32 (2) (2002) 94–124.

[4] D.T. Felson, J.J. Anderson, Across-study evaluation of association between
steroid dose and bolus steroids and avascular necrosis of bone, Lancet 1 (8538)
(1987) 902–906.

[5] P. Lafforgue, Pathophysiology and natural history of avascular necrosis of bone,
Joint Bone Spine 73 (5) (2006) 500–507.

[6] A. Khan, G. Illiffe, D.S. Houston, C.N. Bernstein, Osteonecrosis in a patient with
Crohn’s disease unrelated to corticosteroid use, Can. J. Gastroenterol. 15 (11)
(2001) 765–768.

[7] Y.F. Liu, W.M. Chen, Y.F. Lin, R.C. Yang, M.W. Lin, L.H. Li, et al., Type II collagen
gene variants and inherited osteonecrosis of the femoral head, N. Engl. J. Med.
352 (22) (2005) 2294–2301.

[8] W.M. Chen, Y.F. Liu, M.W. Lin, I.C. Chen, P.Y. Lin, G.L. Lin, et al., Autosomal
dominant avascular necrosis of femoral head in two Taiwanese pedigrees
and linkage to chromosome 12q13, Am. J. Hum. Genet. 75 (2) (2004) 310–
317.

[9] E. Posan, J. Harsfalvi, K. Szepesi, L. Gaspar, P. Batar, M. Udvardy, Increased
platelet activation and decreased fibrinolysis in the pathogenesis of aseptic
necrosis of the femoral head, Platelets 9 (3–4) (1998) 233–235.

[10] C.J. Glueck, R.N. Fontaine, R. Gruppo, D. Stroop, L. Sieve-Smith, T. Tracy, et al.,
The plasminogen activator inhibitor-1 gene, hypofibrinolysis, and osteonecro-
sis, Clin. Orthop. Relat. Res. (366) (1999) 133–146.

[11] C.J. Glueck, R.A. Freiberg, R.N. Fontaine, T. Tracy, P. Wang, Hypofibrinolysis,
thrombophilia, osteonecrosis, Clin. Orthop. (386) (2001) 19–33.

[12] M. Murata, K. Kumagai, N. Miyata, M. Osaki, H. Shindo, Osteonecrosis in stroke-
prone spontaneously hypertensive rats: effect of glucocorticoid, J. Orthop. Sci.
12 (3) (2007) 289–295.

[13] F. Zadegan, A. Raould, P. Bizot, R. Nizard, L. Sedel, Osteonecrosis after allogeneic
bone marrow transplantation, Clin. Orthop. Relat. Res. 466 (2) (2008) 287–293.

[14] M.A. Kerachian, E.J. Harvey, D. Cournoyer, T.Y. Chow, C. Seguin, Avascular
necrosis of the femoral head: vascular hypotheses, Endothelium 13 (4) (2006)
237–244.

[15] W.L. Chen, C.T. Lin, C.C. Yao, Y.H. Huang, Y.B. Chou, H.S. Yin, et al., In-vitro
effects of dexamethasone on cellular proliferation, apoptosis, and Na+-K+-
ATPase activity of bovine corneal endothelial cells, Ocul. Immunol. Inflamm.
14 (4) (2006) 215–223.

[16] L.A. Moraes, M.J. Paul-Clark, A. Rickman, R.J. Flower, N.J. Goulding, M. Perretti,
Ligand-specific glucocorticoid receptor activation in human platelets, Blood
106 (13) (2005) 4167–4175.

[17] D.W. Dempster, B.S. Moonga, L.S. Stein, W.L. Horbert, T. Antakly, Gluco-
corticoids inhibit bone resorption by isolated rat osteoclasts by enhancing
apoptosis, J. Endocrinol. 154 (3) (1997) 397–406.

[18] P. Liesegang, G. Romalo, M. Sudmann, L. Wolf, H.U. Schweikert, Human
osteoblast-like cells contain specific, saturable, high affinity glucocorticoid,
androgen, estrogen, and 1 alpha, 25-dihydroxycholecalciferol receptors, J.
Androl. 15 (3) (1994) 194–199.

[19] G. Gu, T.A. Hentunen, M. Nars, P.L. Härkönen, H.K. Väänänen, Estrogenprotects
primary osteocytes against glucocorticoid-induced apoptosis, Apoptosis 10
(3) (2005) 583–595.

[20] T.L. Chen, L. Aronow, D. Feldman, Glucocorticoid receptors and inhibition of
bone cell growth in primary culture, Endocrinology 100 (3) (1977) 619–628.

[21] H.H. Conaway, D. Grigorie, U.H. Lerner, Stimulation of neonatal mouse calvarial
bone resorption by the glucocorticoids hydrocortisone and dexamethasone, J.
Bone Miner. Res. 11 (10) (1996) 1419–1429.

[22] T. Yoshioka, B. Sato, K. Matsumoto, K. Ono, Steroid receptors in osteoblasts,
Clin. Orthop. Relat. Res. 148 (1980) 297–303.

[23] G. Silvestrini, P. Mocetti, P. Ballanti, R. DiGrezia, E. Bonucci, Cytochemical
demonstration of the glucocorticoid receptor in skeletal cells of the rat,
Endocrinol. Res. 25 (1) (1999) 117–128.

[24] G. Kogianni, V. Mann, F. Ebetino, M. Nuttall, P. Nijweide, H. Simpson, et al.,
Fas/CD95 is associated with glucocorticoid-induced osteocyte apoptosis, Life
Sci. 75 (24) (2004) 2879–2895.

[25] A.A. Khan, M.J. Soloski, A.H. Sharp, G. Schilling, D.M. Sabatini, S.H. Li, et al., Lym-
phocyte apoptosis: mediation by increased type 3 inositol 1,4,5-trisphosphate
receptor, Science 273 (5274) (1996) 503–507.

[26] J.E. Wolff, C. Guerin, J. Laterra, J. Bressler, R.R. Indurti, H. Brem, et al., Dexam-
ethasone reduces vascular density and plasminogen activator activity in 9L
rat brain tumors, Brain Res. 604 (1–2) (1993) 79–85.

[27] J. Bejar, E. Peled, J.H. Boss, Vasculature deprivation-induced osteonecrosis of
the rat femoral head as a model for therapeutic trials, Theor. Biol. Med. Model.
2 (2005) 24.
[28] R.S. Weinstein, R.W. Nicholas, S.C. Manolagas, Apoptosis of osteocytes in
glucocorticoid-induced osteonecrosis of the hip, J. Clin. Endocrinol. Metab.
85 (8) (2000) 2907–2912.

[29] J.D. Calder, L. Buttery, P.A. Revell, M. Pearse, J.M. Polak, Apoptosis—a significant
cause of bone cell death in osteonecrosis of the femoral head, J. Bone Joint Surg.
Br. 86 (8) (2004) 1209–1213.



hemist
M.A. Kerachian et al. / Journal of Steroid Bioc

[30] C.A. O’Brien, D. Jia, L.I. Plotkin, T. Bellido, C.C. Powers, S.A. Stewart, et al.,
Glucocorticoids act directly on osteoblasts and osteocytes to induce their
apoptosis and reduce bone formation and strength, Endocrinology 145 (4)
(2004) 1835–1841.

[31] R.S. Weinstein, J.R. Chen, C.C. Powers, S.A. Stewart, R.D. Landes, T. Bellido,
et al., Promotion of osteoclast survival and antagonism of bisphosphonate-
induced osteoclast apoptosis by glucocorticoids, J. Clin. Invest. 109 (8) (2002)
1041–1048.

[32] R.S. Weinstein, R.L. Jilka, A.M. Parfitt, S.C. Manolagas, Inhibition of osteoblas-
togenesis and promotion of apoptosis of osteoblasts and osteocytes by
glucocorticoids. Potential mechanisms of their deleterious effects on bone,
J. Clin. Invest. 102 (2) (1998) 274–282.

[33] C. Zalavras, S. Shah, M.J. Birnbaum, B. Frenkel, Role of apoptosis in
glucocorticoid-induced osteoporosis and osteonecrosis, Crit. Rev. Eukaryot.
Gene Expr. 13 (2–4) (2003) 221–235.

[34] J.K. Chang, M.L. Ho, C.H. Yeh, C.H. Chen, G.J. Wang, Osteogenic gene expression
decreases in stromal cells of patients with osteonecrosis, Clin. Orthop. Relat.
Res. 453 (2006) 286–292.

[35] J.A. Whitworth, M.A. Brown, J.J. Kelly, P.M. Williamson, Mechanisms of
cortisol-induced hypertension in humans, Steroids 60 (1) (1995) 76–80.

[36] R.N. Harper, M.A. Moore, M.C. Marr, L.E. Watts, P.M. Hutchins, Arteriolar rar-
efaction in the conjunctiva of human essential hypertensives, Microvasc. Res.
16 (3) (1978) 369–372.

[37] J.H. Boss, I. Misselevich, Osteonecrosis of the femoral head of laboratory ani-
mals: the lessons learned from a comparative study of osteonecrosis in man
and experimental animals, Vet. Pathol. 40 (4) (2003) 345–354.

[38] B. Jacobs, Epidemiology of traumatic and nontraumatic osteonecrosis, Clin.
Orthop. Relat. Res. (130) (1978) 51–67.

[39] Y. Li, J. Chen, Z. Zhang, K. Wang, Z. Tong, H. Yan, The experimental study on
treatment of glucocorticoid-induced ischemic necrosis of femoral head by gu
fu sheng capsule, J. Tradit. Chin. Med. 24 (4) (2004) 303–307.

[40] W. He, C. Xu, Y. Fan, B. Fang, X. Li, H. Wang, et al., Effects of the Chinese drugs for
activating blood circulation on plasma TXB2 and 6-keto-PGF1alpha contents
in rabbits with glucocorticoid-induced femoral head necrosis, J. Tradit. Chin.
Med. 24 (3) (2004) 233–237.

[41] C.J. Vogt, G.W. Schmid-Schonbein, Microvascular endothelial cell death and
rarefaction in the glucocorticoid-induced hypertensive rat, Microcirculation
8 (2) (2001) 129–139.

[42] S. Rajashree, R. Puvanakrishnan, Dexamethasone induced alterations in the
levels of proteases involved in blood pressure homeostasis and blood coagu-
lation in rats, Mol. Cell Biochem. 197 (1–2) (1999) 203–208.

[43] E. Gray, S. Thomas, Y. Mistry, S. Poole, Inhibition of tissue factor and cytokine
release, Haemostasis 26 (Suppl) (1996) 192–195.

[44] P.C. Minneci, K.J. Deans, S.M. Banks, P.Q. Eichacker, C. Natanson, Meta-analysis:
the effect of steroids on survival and shock during sepsis depends on the dose,
Ann. Intern. Med. 141 (1) (2004) 47–56.

[45] J.J. van Giezen, J.W. Jansen, Correlation of in vitro and in vivo decreased fib-
rinolytic activity caused by dexamethasone, Ann. N.Y. Acad. Sci. 667 (1992)
199–201.

[46] J.J. van Giezen, J.G. Brakkee, G.H. Dreteler, B.N. Bouma, J.W. Jansen, Dexametha-
sone affects platelet aggregation and fibrinolytic activity in rats at different
doses which is reflected by their effect on arterial thrombosis, Blood Coagul.
Fibrinolysis 5 (2) (1994) 249–255.

[47] M. Zangari, E. Anaissie, B. Barlogie, A. Badros, R. Desikan, A.V. Gopal, et al.,
Increased risk of deep-vein thrombosis in patients with multiple myeloma
receiving thalidomide and chemotherapy, Blood 98 (5) (2001) 1614–1615.

[48] D.W. Smith, Is avascular necrosis of the femoral head the result of inhibition
of angiogenesis? Med. Hypotheses 49 (6) (1997) 497–500.

[49] Y. Yamamoto, A. Ishizu, H. Ikeda, N. Otsuka, T. Yoshiki, Dexamethasone
increased plasminogen activator inhibitor-1 expression on human umbili-
cal vein endothelial cells: an additive effect to tumor necrosis factor-alpha,
Pathobiology 71 (6) (2004) 295–301.

[50] W. Drescher, K.P. Weigert, M.H. Bunger, J. Ingerslev, C. Bunger, E.S. Hansen,
Femoral head blood flow reduction and hypercoagulability under 24 h mega-
dose steroid treatment in pigs, J. Orthop. Res. 22 (3) (2004) 501–508.

[51] P.V. Madsen, G. Andersen, Multifocal osteonecrosis related to steroid treat-
ment in a patient with ulcerative colitis, Gut 35 (1) (1994) 132–134.

[52] G. Solarino, L. Scialpi, M. Bruno, B. De Cillis, On a case of multifocal osteonecro-
sis in a patient suffering from acute lymphoblastic leukemia, Chir. Organi. Mov.
92 (2) (2008) 119–122.

[53] P. Ferrari, V. Schroeder, S. Anderson, L. Kocovic, B. Vogt, D. Schiesser, et al.,
Association of plasminogen activator inhibitor-1 genotype with avascular
osteonecrosis in steroid-treated renal allograft recipients, Transplantation 74
(8) (2002) 1147–1152.

[54] J.P. Jones Jr., Coagulopathies and osteonecrosis, Acta. Orthop. Belg. 65 (Suppl.
1) (1999) 5–8.

[55] L.C. Jones, M.A. Mont, T.B. Le, M. Petri, D.S. Hungerford, P. Wang, et al., Proco-
agulants and osteonecrosis, J. Rheumatol. 30 (4) (2003) 783.

[56] T. Asano, K.A. Takahashi, M. Fujioka, S. Inoue, K. Ueshima, T. Hirata, et al.,
Relationship between postrenal transplant osteonecrosis of the femoral head

and gene polymorphisms related to the coagulation and fibrinolytic systems
in Japanese subjects, Transplantation 77 (2) (2004) 220–225.

[57] C. Seguin, J. Kassis, L. Busque, A. Bestawros, J. Theodoropoulos, M.L. Alonso,
et al., Non-traumatic necrosis of bone (osteonecrosis) is associated with
endothelial cell activation but not thrombophilia, Rheumatology (Oxford) 47
(8) (2008) 1151–1155.
ry & Molecular Biology 114 (2009) 121–128 127

[58] S.J. Slichter, P. Stegall, K. Smith, T.W. Huang, L.A. Harker, Dysbaric osteonecro-
sis: a consequence of intravascular bubble formation, endothelial damage, and
platelet thrombosis, J. Lab Clin. Med. 98 (4) (1981) 568–590.

[59] R.K. Aaron, D.M. Ciombor, Coagulopathies and Osteonecrosis, Curr. Opin.
Orthop. 12 (2001) 378–383.

[60] S. Dimmeler, J. Haendeler, A.M. Zeiher, Regulation of endothelial cell apoptosis
in atherothrombosis, Curr. Opin. Lipidol. 13 (5) (2002) 531–536.

[61] C. Yang, S. Yang, J. Du, J. Li, W. Xu, Y. Xiong, Vascular endothelial growth factor
gene transfection to enhance the repair of avascular necrosis of the femoral
head of rabbit, Chin. Med. J. (Engl.) 116 (10) (2003) 1544–1548.

[62] C. Yang, S. Yang, J. Du, J. Li, W. Xu, Y. Xiong, Experimental study of vascular
endothelial growth factor gene therapy for avascular necrosis of the femoral
head, J. Huazhong Univ. Sci. Technolog Med. Sci. 23 (3) (2003) 297–299, 316.

[63] X. Li, L. Jin, Q. Cui, G.J. Wang, G. Balian, Steroid effects on osteogenesis through
mesenchymal cell gene expression, Osteoporos. Int. 16 (1) (2005) 101–108.

[64] J.H. Boss, Experimental models of osteonecrosis of the femoral head, J. Orthop.
Sci. 9 (5) (2004) 533–534.

[65] I. Harada, The effects of glucocorticoids on angiogenesis in vitro, Nippon
Seikeigeka Gakkai Zasshi 66 (7) (1992) 763–770.

[66] C.J. Glueck, R. Freiberg, H.I. Glueck, C. Henderson, M. Welch, T. Tracy, et al.,
Hypofibrinolysis: a common, major cause of osteonecrosis, Am. J. Hematol. 45
(2) (1994) 156–166.

[67] T. Iuchi, M. Akaike, T. Mitsui, Y. Ohshima, Y. Shintani, H. Azuma, et al., Gluco-
corticoid excess induces superoxide production in vascular endothelial cells
and elicits vascular endothelial dysfunction, Circ. Res. 92 (1) (2003) 81–87.

[68] M. Wada, K. Kumagai, M. Murata, Y. Yamashita, H. Shindo, Warfarin reduces the
incidence of osteonecrosis of the femoral head in spontaneously hypertensive
rats, J. Orthop. Sci. 9 (6) (2004) 585–590.

[69] M. Akaike, T. Matsumoto, Glucocorticoid-induced reduction in NO bioavail-
ability and vascular endothelial dysfunction, Clin. Calcium 17 (6) (2007)
864–870.

[70] W. Drescher, H. Li, A. Lundgaard, C. Bunger, E.S. Hansen, Endothelin-1-induced
femoral head epiphyseal artery constriction is enhanced by long-term corti-
costeroid treatment, J. Bone Joint Surg. Am. 88 (Suppl. 3) (2006) 173–179.

[71] W. Drescher, M.H. Bunger, K. Weigert, C. Bunger, E.S. Hansen, Methylpred-
nisolone enhances contraction of porcine femoral head epiphyseal arteries,
Clin. Orthop. Relat. Res. (423) (2004) 112–117.

[72] W. Drescher, D. Varoga, T.R. Liebs, J. Lohse, T. Herdegen, J. Hassenpflug, et al.,
Femoral artery constriction by norepinephrine is enhanced by methylpred-
nisolone in a rat model, J. Bone Joint Surg. Am. 88 (Suppl. 3) (2006) 162–166.

[73] S. Rajashree, R. Puvanakrishnan, Dexamethasone induced alterations in enzy-
matic and nonenzymatic antioxidant status in heart and kidney of rats, Mol.
Cell Biochem. 181 (1–2) (1998) 77–85.

[74] K. Miyanishi, T. Yamamoto, T. Irisa, A. Yamashita, S. Jingushi, Y. Noguchi, et
al., Bone marrow fat cell enlargement and a rise in intraosseous pressure in
steroid-treated rabbits with osteonecrosis, Bone 30 (1) (2002) 185–190.

[75] Q. Zhou, Q. Li, L. Yang, F. Liu, Changes of blood vessels in glucocorticoid-induced
avascular necrosis of femoral head in rabbits, Zhonghua Wai Ke Za Zhi 38 (3)
(2000) 212–215, 13.

[76] Q. Cui, G.J. Wang, G. Balian, Steroid-induced adipogenesis in a pluripoten-
tial cell line from bone marrow, J. Bone Joint Surg. Am. 79 (7) (1997) 1054–
1063.

[77] Q. Cui, G.J. Wang, G. Balian, Pluripotential marrow cells produce adipocytes
when transplanted into steroid-treated mice, Connect Tissue Res. 41 (1) (2000)
45–56.

[78] L. Yin, Y.B. Li, Y.S. Wang, Dexamethasone-induced adipogenesis in primary
marrow stromal cell cultures: mechanism of steroid-induced osteonecrosis,
Chin. Med. J. (Engl.) 119 (7) (2006) 581–588.

[79] M. Kitajima, M. Shigematsu, K. Ogawa, H. Sugihara, T. Hotokebuchi, Effects of
glucocorticoid on adipocyte size in human bone marrow, Med. Mol. Morphol.
40 (3) (2007) 150–156.

[80] J.P. Jones Jr., S. Ramirez, S.B. Doty, The pathophysiologic role of fat in dysbaric
osteonecrosis, Clin. Orthop. Relat. Res. (296) (1993) 256–264.

[81] Z. Vadasz, I. Misselevich, D. Norman, E. Peled, J.H. Boss, Localization of vascular
endothelial growth factor during the early reparative phase of the rats’ vessels
deprivation-induced osteonecrosis of the femoral heads, Exp. Mol. Pathol. 77
(2) (2004) 145–148.

[82] R.D. Rosenberg, W.C. Aird, Vascular-bed—specific hemostasis and hypercoag-
ulable states, N. Engl. J. Med. 340 (20) (1999) 1555–1564.

[83] A.V. Korompilias, G.S. Gilkeson, A.V. Seaber, J.R. Urbaniak, Hemorrhage and
thrombus formation in early experimental osteonecrosis, Clin. Orthop. Relat.
Res. (386) (2001) 11–18.

[84] C.A. Koch, C. Tsigos, N.J. Patronas, D.A. Papanicolaou, Cushing’s disease pre-
senting with avascular necrosis of the hip: an orthopedic emergency, J. Clin.
Endocrinol. Metab. 84 (9) (1999) 3010–3012.

[85] J.P. Carbone, R.C. Baldridge, T.R. Koszalka, A.M. Bongiovanni, R.L. Brent,
Characterization of cytosolic glucocorticoid receptor of fatal rat epiphyseal
chondrocytes, J. Steroid Biochem. 35 (3–4) (1990) 495–505.

[86] A.M. Cowell, J.C. Buckingham, Glucocorticoid and the HPA axis, in: J.G. Nicolas,
R.J. Flower (Eds.), Glucocorticoids, Birkhäuser, Switzerland, 2001, p. 131.
[87] M.H. Chan, P.K. Chan, J.F. Griffith, I.H. Chan, L.C. Lit, C.K. Wong, et al., Steroid-
induced osteonecrosis in severe acute respiratory syndrome: a retrospective
analysis of biochemical markers of bone metabolism and corticosteroid ther-
apy, Pathology 38 (3) (2006) 229–235.

[88] W.F. Hendry, Bilateral aseptic necrosis of femoral heads following intermittent
high-dose steroid therapy, Fertil. Steril. 38 (1) (1982) 120.



1 hemis

and prevents osteonecrosis in steroid-treated rabbits, Joint Bone Spine 5 (6)
(2008) 696–701.
28 M.A. Kerachian et al. / Journal of Steroid Bioc

[89] J.A. Skinner, B.S. Mann, R.W. Carrington, A. Hashems-Nejad, G. Bentley, Male
infertility and avascular necrosis of the femoral head, Ann. R. Coll. Surg. Engl.
86 (1) (2004) 15–17.

[90] A. Mistlin, T. Gibson, Osteonecrosis of the femoral head resulting from exces-
sive corticosteroid nasal spray use, J. Clin. Rheumatol. 10 (1) (2004) 45–47.

[91] S.M. Nasser, P.W. Ewan, Lesson of the week: depot corticosteroid treatment
for hay fever causing avascular necrosis of both hips, BMJ 322 (7302) (2001)
1589–1591.

[92] C. Spencer, P. Smith, N. Rafla, R. Weatherell, Corticosteroids in pregnancy and
osteonecrosis of the femoral head, Obstet. Gynecol. 94 (5 Part 2) (1999) 848.

[93] G. Talamo, E. Angtuaco, R.C. Walker, L. Dong, M.H. Miceli, M. Zangari, et al.,
Avascular necrosis of femoral and/or humeral heads in multiple myeloma:
results of a prospective study of patients treated with dexamethasone-
based regimens and high-dose chemotherapy, J. Clin. Oncol. 23 (22) (2005)
5217–5223.
[94] A.G. Macdonald, J.D. Bissett, Avascular necrosis of the femoral head in patients
with prostate cancer treated with cyproterone acetate and radiotherapy, Clin.
Oncol. (R. Coll. Radiol.) 13 (2) (2001) 135–137.

[95] L.K. Dawson, F. Nussey, T.B. Oliver, R.C. Marks, R.C. Leonard, Osteonecrosis of
the femoral head following adjuvant chemotherapy for breast cancer, Breast.
10 (5) (2001) 447–449.
try & Molecular Biology 114 (2009) 121–128

[96] H.J. Freeman, W.C. Kwan, Brief report: non-corticosteroid-associated
osteonecrosis of the femoral heads in two patients with inflammatory bowel
disease, N. Engl. J. Med. 329 (18) (1993) 1314–1316.

[97] E. Koller, M. Mann, S. Malozowski, J. Bacsanyi, C. Gibert, Aseptic necrosis in
HIV seropositive patients: a possible etiologic role for megestrol acetate, AIDS
Patient Care STDS 14 (8) (2000) 405–410.

[98] A.N. Scribner, P.V. Troia-Cancio, B.A. Cox, D. Marcantonio, F. Hamid, P. Keiser, et
al., Osteonecrosis in HIV: a case-control study, J. Acquir. Immune Defic. Syndr.
25 (1) (2000) 19–25.

[99] C.M. Schulte, D.W. Beelen, Avascular osteonecrosis after allogeneic
hematopoietic stem-cell transplantation: diagnosis and gender matter,
Transplantation 78 (7) (2004) 1055–1063.

[100] K. Pengde, P. Fuxing, S. Bin, Y. Jing, C. Jingqiu, Lovastatin inhibits adipogenesis
[101] G. Motomura, T. Yamamoto, K. Miyanishi, S. Jingushi, Y. Iwamoto, Combined
effects of an anticoagulant and a lipid-lowering agent on the prevention of
steroid-induced osteonecrosis in rabbits, Arthritis Rheum. 50 (10) (2004)
3387–3391.


	Glucocorticoids in osteonecrosis of the femoral head: A new understanding of the mechanisms of action
	Background
	Role in apoptosis
	Effects on bone
	Effects on endothelial cells
	Avascular necrosis and the coagulation pathway
	Effects on angiogenesis and the repair mechanism
	Action on vasoactive substances
	Glucocorticoid and fat metabolism
	Interaction with regional endothelial beds
	Risk factors and underlying disease
	Conclusion
	References


