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ABSTRACT
Glucocorticoid-induced osteoporosis 
uniformly represents suppression of 
bone formation. The steroid’s effects 
on osteoclasts are, however, contro-
versial. While glucocorticoid admin-
istration to patients with inflammatory 
diseases accelerates bone resorption, 
osteoclast function falls below normal 
with prolonged treatment. Thus, ad-
ministration of anti-resorptive agents, 
such as bisphosphonates, is justified 
during early glucocorticoid therapy, 
but further suppression of osteoclasts, 
by these drugs, in chronically treated 
patients will dampen bone remodelling 
and may compromise skeletal quality, 
predisposing to fracture.

The quantity and structure of the skel-
eton are dictated by bone-degrading 
osteoclasts and osteogenic osteoblasts. 
All forms of osteoporosis reflect an im-
balance of the activities of these cells 
in which bone resorption supersedes 
formation.
Glucocorticoids are the most common 
cause of secondary osteoporosis and 
suppressed osteoblastic bone formation 
is a major contributor to such bone loss 
(1-4). The effect of glucocorticoids on 
osteoclasts is, however, controversial. 
Suggesting glucocorticoids stimulate 
the resorptive process, patients with 
inflammatory disorders, such as rheu-
matoid arthritis, experience increased 
bone degradation as documented by 
enhanced circulating CTx, during 
the first three months of therapy (5). 
These observations, suggesting that 
glucocorticoids universally stimulate 
osteoclasts are challenged, however, 
a study of normal volunteers who re-
ceived the steroids for 5 weeks (6). In 
contrast to rheumatoid patients, these 
non-inflamed individuals experienced 
no increase in bone resorption which 
actually decreased in tandem with bone 
formation.
To explore this conundrum we adminis-
tered parathyroid hormone, in the pres-
ence and absence of dexamethasone, to 

wild type mice (7). As expected, para-
thyroid hormone markedly increased 
circulating markers of bone resorption 
in the absence of the glucocorticoid re-
ceptor. Conjointly administered dexa-
methasone, however, completely ablat-
ed the resorption-enhancing properties 
of parathyroid hormone. The fact that 
the steroid did not curtail the osteo-
clastogenic properties of the hormone 
indicates its anti-resorptive effects re-
flect blunted activity of the individual 
mature osteoclast and not its arrested 
differentiation.
Cytoskeletal dysorganisation is among 
the most common causes of the inabili-
ty mature osteoclasts to resorb bone (8). 
The osteoclast cytoskeleton is unique as 
it forms actin rings or “sealing zones” 
which isolate the resorptive microen-
vironment, at the cell-bone interface, 
from the general extracellular space. 
This gasket-like structure, which ap-
pears only when the osteoclast is juxta-
posed to mineralised tissue, enables the 
cell to generate an acidic micoenviron-
ment and accumulate bone degrading 
enzymes, such as cathepsin K, in the 
resorptive space. As actin ring forma-
tion is a hallmark of cytoskeletal or-
ganisation in the osteoclast, we asked if 
its formation is impacted by glucocor-
ticoids. Thus, we generated osteoclasts 
on bone and visualised the actin rings 
by phalloidin staining which delineates 
fibrillar actin (7). These structures are 
abundant in the absence of dexametha-
sone but exposure to the steroid virtu-
ally eliminates them.
The osteoclast cytoskeleton is organ-
ised by a canonical signalling pathway 
emanating from the αvβ3 integrin (9). 
In this circumstance the osteoclasto-
genic cytokines, RANKL and M-CSF, 
which also activate the mature osteo-
clast, partner with the integrin to acti-
vate a β3 associated complex consist-
ing of c-Src, Syk, Dap12, Slp76, Vav3 
and ultimately, Rac. Deletion of any 
of these signalling components yields 
osteoclasts which fail to spread and 
are deficient in actin ring formation. 
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As Rac is presently the most distal, es-
tablished member of this complex we 
asked if its activation, manifest by GTP 
association, is inhibited by glucocorti-
coids (7)? Whereas M-CSF promotes 
transition of Rac from its GDP- to 
GTP- bound state, this process is com-
pletely arrested by dexamethasone. 
Thus, glucocorticoids inhibit bone re-
sorption by preventing activation of a 
canonical cytoskeleton organising sig-
nalling pathway.
We next attempted to identify a master 
regulator of the osteoclast cytoskeleton 
targeted by glucocorticoids. To this end, 
we performed microarray analysis and 
discovered that osteoclast expression 
of calpain-6 is reduced approximately 
14 fold by dexamethasone (10). Impor-
tantly, siRNA knockdown of calpain-6 
produces an osteoclast phenotype mir-
roring that of dexamethasone exposure.
Calpain-6 is a member of the calpain 
superfamily but is atypical as it lacks 
proteolytic activity. Its suppression by 
dexamethasone suggested that dimin-
ished calpain-6 plays a central role in 
the effects of glucocorticoids on the 
osteoclast cytoskeleton. We established 
such is the case by overexpressing cal-
pain-6 in WT osteoclasts. Whereas 
dexamethasone dramatically disrupted 
the façade of these cells, the effects of 
the steroid were completely normalised 
in the transductants. To further explore 
this issue we turned to the β3 integrin 
whose occupancy and partnership with 
RANKL and M-CSF is the proximal 
event promoting osteoclast cytoskel-
etal organisation. In fact, calpain-6 
siRNA suppresses β3 integrin expres-
sion, an event mirrored by exposure 
to dexamethasone. Thus we propose 
that the disruption of the osteoclast cy-
toskeleton, by glucocorticoids, reflects 
suppressed expression of calpain-6. 
This paucity of calpain-6, in turn, re-
duces β3 integrin expression leading 
to the characteristic poorly spread phe-
notype of osteoclasts with cytoskeletal 
dysorganisation.
These data indicate that glucocorticoids 
suppress both osteoblast and osteoclast 
function. They also call into question, 
however, the mechanisms responsible 
for the fact that bone loss following 
glucocorticoid treatment is most robust 

within the first 3 to 6 months. While 
speculative, this initial rapid loss of 
bone may reflect persistence of the prior 
effects of inflammatory cytokines, such 
as TNF-α and IL-1 as well as the osteo-
clastic cytokine, RANKL. This hypoth-
esis holds that early in the course of 
therapy, prior and persistent effects of 
inflammatory cytokines and RANKL, 
override glucocorticoid-inhibition of 
osteoclast function. This hypothesis, 
if true, would explain the increased 
resorption attending decreased forma-
tion of early glucocorticoid exposure. 
In fact, early glucocorticoid treatment 
of patients with multiple sclerosis re-
sults in an immediate reduction of bone 
formation and a transient increase in 
resorption (11). On the other hand, late 
in the course of glucocorticoid therapy, 
when bone loss has attenuated relative 
to the first 3 to 6 months, the steroids 
suppress both formation and resorption.
Bone quality is a poorly appreciated 
concept which focuses on the relation-
ship of the abundance of bone and its 
resistance to fracture. When bone qual-
ity is compromised, fracture resistance 
at any given bone mineral density, is 
diminished (12). Interestingly gluco-
corticoids not only reduce bone mass 
but also compromise quality (13).
The pragmatic implications of poor 
bone quality relate to bone remodeling. 
Bone remodeling is an ever occurring 
event in which the activities of os-
teoclasts and osteoblasts are coupled. 
Importantly, the principal role of bone 
remodeling is likely maintenance of its 
quality by removing effete skeletal tis-
sue and replacing it with new (12). As 
glucocorticoids suppress both arms of 
the remodeling process, its reduction of 
bone turnover is a likely cause of the 
poor bone quality experienced by pa-
tients receiving these drugs. These ob-
servations call to question the current 
recommendations of most international 
rheumatological organisations that all 
patients receiving glucocorticoids be 
treated with bisphosphonates which 
are also potent inhibitors of bone re-
modeling. Not only do anti-resorptive 
agents, such as denosumab and alen-
dronate, suppress bone resorption, but 
they also diminish bone formation 
(14). Thus the use of these agents, in 

the context of glucocorticoid therapy, 
would further attenuate bone remode-
ling thereby promoting poor bone qual-
ity. Bisphosphonates, therefore, are 
probably appropriate agents to inhibit 
the robust bone loss occurring early in 
glucocorticoid therapy when resorp-
tion is accelerated. However, their later 
use, when resorption is suppressed by 
the steroid, is questionable as they will 
further dampen remodeling and may 
additionally compromise bone qual-
ity. The increasing evidence that bis-
phosphonate-suppressed remodeling 
likely predisposes a subset of patients 
to atypical, poorly healing fractures 
accentuates this concern. Thus, while 
optimal strategies for treating chronic 
glucocorticoid-induced bone loss are 
not presently established, the use of 
anti-resorptive agents beyond the first 
two years of therapy should be ap-
proached with caution.
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