:\' frontiers

in Endocrinology

REVIEW
published: 27 August 2021
doi: 10.3389/fendo.2021.733611

OPEN ACCESS

Edited by:

Ulrike Baschant,

University Hospital Carl Gustav Carus,
Germany

Reviewed by:

Alexander Rauch,

University of Southern Denmark,
Denmark

Ana Djordjevic,

University of Belgrade, Serbia

*Correspondence:
Rowan S. Hardy
r.hardy@bham.ac.uk

Specialty section:

This article was submitted to
Bone Research,

a section of the journal
Frontiers in Endocrinology

Received: 30 June 2021
Accepted: 09 August 2021
Published: 27 August 2021

Citation:

Martin CS, Cooper MS and Hardy RS
(2021) Endogenous Glucocorticoid
Metabolism in Bone: Friend or Foe.
Front. Endocrinol. 12:733611.

doi: 10.3389/fendo.2021.733611

Check for
updates

Endogenous Glucocorticoid
Metabolism in Bone: Friend or Foe

Claire S. Martin, Mark S. Cooper? and Rowan S. Hardy>*"

7 Institute of Metabolism and Systems Research, University of Birmingham, Birmingham, United Kingdom, 2 Australian and
New Zealand Army Corps (ANZAC) Research Institute, University of Sydney, Sydney, NSW, Australia, 3 Arthritis Research
United Kingdom (UK) Career Development Fellow, University of Birmingham, Birmingham, United Kingdom, 4 Institute of
Clinical Sciences, University of Birmingham, Birmingham, United Kingdom

The role of tissue specific metabolism of endogenous glucocorticoids (GCs) in the
pathogenesis of human disease has been a field of intense interest over the last 20
years, fuelling clinical trials of metabolism inhibitors in the treatment of an array of
metabolic diseases. Localised pre-receptor metabolism of endogenous and therapeutic
GCs by the 11B-hydroxysteroid dehydrogenase (11p-HSD) enzymes (which interconvert
endogenous GCs between their inactive and active forms) are increasingly recognised as
being critical in mediating both their positive and negative actions on bone homeostasis. In
this review we explore the roles of endogenous and therapeutic GC metabolism by the
11B-HSD enzymes in the context of bone metabolism and bone cell function, and
consider future strategies aimed at modulating this system in order to manage and
treat various bone diseases.

Keywords: glucocorticoid, bone, 11beta-hydroxysteroid dehydrogenase, osteoclast, osteoblast, osteoporosis,
chronic inflammation

INTRODUCTION TO PRE-RECEPTOR GLUCOCORTICOID
METABOLISM

The role of tissue specific metabolism of endogenous glucocorticoids (GCs) in the pathogenesis of
human disease has been a field of intense interest over the last 20 years. This has fuelled clinical trials
of chemical inhibitors aiming to prevent metabolic side effects associated with corticosteroid excess,
such as insulin resistance, cardiovascular disease and hypertension (1-8). Several enzymes, but most
prominently 11B3-hydroxysteroid dehydrogenase (113-HSD) type 1 and 2 play a critical role in
regulating peripheral exposure to GCs within tissues via their pre-receptor enzyme activity (9, 10).

Abbreviation: 11B-HSD1, 11B-hydroxysteroid dehydrogenase type 1; 11B-HSD2, 11B-hydroxysteroid dehydrogenase type 2;
BLCs, bone lining cells; CBG, corticosteroid-binding globulin; CTx, carboxy terminal telopeptide of type I collagen; DXA,
dual-energy X-ray absorptiometry; GCs, glucocorticoids; GIOP, glucocorticoid induced osteoporosis; GR, glucocorticoid
receptor; HIFa, hypoxia-inducible factor alpha; HPA, hypothalamic-pituitary-adrenal; IL-6, interleukin 6; MAPK, mitogen-
activated protein kinase; NAD, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate;
NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells; OPG, osteoprotegerin; P1CP, procollagen type 1
carboxy-terminal propeptide; PINP, procollagen type 1 amino-terminal propeptide; PDGF-BB, platelet-derived growth factor-
BB; RANK, receptor activator of nuclear factor kappa-B; RANKL, receptor activator of nuclear factor kappa-B ligand; Runx2,
runt-related transcription factor 2; THE, tetrahydrocortisone; THF, tetrahydrocortisol; TNFo., tumour necrosis factor alpha;
VEGEF, vascular endothelial growth factor.
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To date, therapeutic interventions have primarily focussed on the
GC activating enzyme 11B-HSD1 based on its expression in
tissues that are themselves targets for GCs such as bone, where
therapeutic GCs drive a rapid and sustained reduction in bone
formation and increased risk of fracture (11, 12). Here, global
transgenic deletion of 11B-HSDI1 in murine models of
corticosterone excess have protected animals from deleterious
side effects, reinforcing the potential clinical utility of
pharmacological inhibition (13, 14). However, the role of
corticosteroid activation by 113-HSD1 selectively within bone,
and the cell populations that regulate bone metabolism remain
cell and context dependant, and the value of selective 113-HSD1
inhibitors in clinical practice is unclear. However, given the
deleterious impact of therapeutic and endogenous
corticosterone excess on bone metabolism, a greater
understanding of the role of 113-HSD1 in bone remains
paramount (15). This review examines the latest literature
relating to both the role of 113-HSD1 in bone cells and its
regulation of bone metabolism, and further explores the value of
therapeutic 113-HSD1 inhibition to treat osteoporosis.

GLUCOCORTICOID METABOLISM BY THE
11B3-HSD1 AND 11B8-HSD2 ENZYMES

The 11B-HSDs are intracellular enzymes that interconvert
endogenous GCs between their inactive and active forms
(Figure 1). There are two 11B-HSD enzymes. 113-HSDI, in
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the presence of its cofactor nicotinamide adenine dinucleotide
phosphate (NADPH), primarily converts the inactive adrenal
corticosteroid cortisone to its active counterpart cortisol via its
oxoreductase activity (converting a ketone on the 11 position of
ring C to a hydroxyl group) and conferring increased affinity for
the glucocorticoid receptor (GR). This promotes downstream
GR signalling (16). In contrast, 11B-HSD2, in the presence of its
cofactor nicotinamide adenine dinucleotide (NAD), potently
inactivates cortisol to cortisone via its dehydrogenase activity,
protecting mineralocorticoid receptors in responsive tissues such
as kidney, colon and placenta from inappropriate activation by
cortisol (17, 18). Final metabolism and urinary clearance of
cortisol and cortisone occurs following their metabolism by 50
and 5B-reductases. This, in combination with 30.-hydroxysteroid
dehydrogenase activity yields tetrahydrocortisone (THE)/
tetrahydrocortisol (THF) and allo THF. The ratio of THF to
THE metabolites excreted in the urine can be utilised as a
surrogate measure of systemic 113-HSD1 activity (2). The 11pB-
HSD enzymes also metabolise several synthetic GCs with 11f3-
HSD1 activating GCs such as prednisone and 11B3-HSD2
inactivating hydrocortisone and prednisolone. However, other
synthetic steroids such dexamethasone and methylprednisolone
are resistant to metabolism by the 11B-HSD enzymes due to
fluorine and methyl group substitutions that significantly reduce
metabolic clearance and increase half-life (19, 20). Whilst 11-
HSD2 clearly plays a central role in mineralocorticoid responsive
tissues and in determining the circulating cortisol/cortisone
ratio, its basal expression outside of these tissues is limited and
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FIGURE 1 | The adrenal corticosteroids cortisol and cortisone achieve a circulating equilibrium predominantly through their renal inactivation by 113-HSD2 and
reactivation by hepatic 11B-HSD1. Both active and inactive serum free corticosteroids are able to enter bone cells. Here 113-HSD1 can further activate and amplify
the actions of corticosteroids through the conversion of cortisone to cortisol where, in combination with serum free cortisol, it influences basal bone metabolism in
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its importance is less clear. Consequently, this review will
primarily focus on the roles of GC metabolism by 113-HSD1
in the context of bone metabolism and bone cell function.

SYSTEMIC ENDOCRINE METABOLISM
VERSUS LOCAL AUTOCRINE
METABOLISM

The roles of 113-HSD1 span ‘endocrine’ regulation of circulating
corticosteroid availability and systemic GC exposure, and the
fine-tuning of local tissue and cell specific exposure via its
‘autocrine’ activation of cortisol, independently of circulating
cortisol. The regulation of systemic endocrine cortisol activation
is primarily determined by hepatic 11B-HSD1, which is
constitutively and highly expressed within the liver (21, 22). In
contrast, the regulation of 11B-HSD1 in tissues, such as adipose,
muscle, bone and within sites of inflammation is dynamically
regulated in a highly cell and context specific fashion (23-28).
Whilst 11B-HSD1 within these tissues also influences circulating
endocrine metabolism (albeit to a much lesser extent than
hepatic 113-HSD1), the overwhelming role of 113-HSD1 in
this context is mediated through its autocrine influence on
local cortisol exposure independently of circulating cortisol
levels. The hypothalamic pituitary adrenal (HPA) axis
determines both ultradian and circadian regulation of systemic
cortisol levels, with stressors such as inflammation activating
production of cortisol by the adrenal gland and negative
feedback from GCs suppressing this. The expression of 11fB-
HSD1 in the suprachiasmatic nucleus, or the “biological clock of
the brain”, and the hypothalamus imply a role for this enzyme in
circadian regulation of the HPA axis by the negative feedback of
active GCs (29). Additionally, 113-HSD1 in the hippocampus,
visceral adipose tissue and subcutaneous adipose tissue has been
identified to exhibit circadian variation in gene expression and
enzyme activity (30, 31). Whilst circadian and ultradian rhythm
have not been shown to be substantially affected in murine
models with transgenic 113-HSD1 deletion, its precise role in
central circadian regulation in response to stress and
inflammation remain poorly defined. Given its potent
inflammatory regulation within myeloid and mesenchymal
derived population, it has been hypothesised that chronic
activation of 113-HSD1 may represent a causative factor in the
dysregulation of the HPA axis in inflammatory disease (32).
Systemic GC activation by hepatic 113-HSD1 and inactivation
by renal 11B-HSD2 play a central role in establishing the
circulating ratio of cortisol to cortisone, with levels of active
cortisol (typically ranging from 100-600 nmol/l) being 5-6 times
higher than for cortisone (30-130 nmol/l) (27). Whilst this
circulating ratio helps determine endocrine GC signalling, its
function extends to the provision of cortisone as a substrate for
local 11B-HSD1 cortisol activation in peripheral tissues. For both
aspects of circulating corticosteroid action, one further factor,
corticosteroid-binding globulin (CBG) should be considered.
Here, approximately 90-95% of total circulating cortisol is
sequestered by CBG, and to a lesser extent serum albumin,

preventing cell entry and GR mediated cell signalling (33-35).
Its relevance to local 113-HSD1 signalling arises due to a greatly
reduced affinity of CBG (roughly 10-fold less) for the inactive
corticosteroid, cortisone (33, 36, 37). Consequently, whilst total
cortisone circulates at a 5-6-fold lower concentration than total
cortisol, serum free cortisone levels available for local autocrine
amplification by 11B-HSD1 can match or exceed that of serum
free cortisol (Figure 1). To appreciate the roles that 113-HSD1
plays in utilising and activating this abundant pool of circulating
serum free cortisone within peripheral tissues such as bone, one
must first delineate its cellular expression and distribution within
bone itself.

THE ROLE OF 113-HSD1 IN BONE
CELLS AND BONE HEALTH IN
NORMAL PHYSIOLOGY

The Role of Endogenous GCs in Bone Cell

Differentiation and Activity

Despite their well-known deleterious effects on bone at
therapeutic doses, endogenous GCs play key roles in the
formation and maintenance of bone under homeostatic
conditions. Continued GC signalling is required for
maintenance of adequate bone mass, as seen in models with
targeted deletion of GR in osteoblast progenitors or ectopic
expression of 11B-HSD2 in mature osteoblasts and osteocytes
which exhibit reductions in bone density (38-40). At the
individual cell level, GCs promote differentiation of osteoblasts
from mesenchymal cells via the Wnt/B-catenin pathway. Ectopic
expression of the 113-HSD2 gene in mature osteoblasts via the
Col2.3 promoter or abrogation of Wnt signalling instead induces
adipocyte lineage commitment (41-43). GCs have also been
identified to drive differentiation of osteoclasts from
mesenchymal precursors and enhance the bone resorption
activity of mature osteoclasts (44-46). As well as direct effects
on bone cells, GCs influence bone metabolism via paracrine
signalling. GC stimulation of osteoblasts and osteocytes induces
production of receptor activator of nuclear factor kappa-B ligand
(RANKL) while suppressing expression of the RANKL decoy
receptor osteoprotegerin (OPG), resulting in survival and
activation of local osteoclasts (47-50). Within normal
physiological conditions, this GC-mediated regulation of bone
metabolism functions under strict homeostatic control to
carefully balance anabolic and catabolic effects on target cells.
Whilst GCs have stimulatory effects on osteoblasts at low doses,
they are inhibitory at higher doses, where they instead promote
apoptosis of osteoblasts (51, 52). Similarly, GC regulation of
mature osteoblast function via expression of Wnt proteins
functions in a dose-dependent ‘biphasic’ manner (53). Local
activation of GCs by the enzyme 11B-HSD1, at both the
autocrine and paracrine levels, helps determine available GC
for normal physiological responses, as well as potential roles in
states of inflammation and GC excess. The functional impact of
11B-HSD1 in bone metabolism has been demonstrated in
normal physiology and states of GC excess (54, 55). Systemic
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11B-HSD1 activity, and the inactive 11B-HSD1 substrate
cortisone, negatively correlated with measures of anabolic bone
formation by osteoblasts in cross sectional population studies
and was shown to increase with ageing. Furthermore, enzymatic
activity of 113-HSD1 in ex vivo grown bone cells was found to
increase with donor age (56). These changes were independent of
circulating ‘endocrine’ cortisol, suggesting that 113-HSD1 within
cells such as osteoblasts underpinned these observations. Whilst
osteoblasts were highlighted as a primary anti-anabolic target of
GC metabolism by 11B-HSDI, its dynamic regulation of
expression across multiple cell types, including osteocytes,
osteoclasts and endothelial cells, hint at a highly cell and
context specific role of 113-HSD1 in bone metabolism in vivo.

The Role of 11B-HSD1 in Osteoblasts and
Osteocytes in Normal Physiology

Osteoblasts were initially shown to possess the highest levels of
113-HSD1 in bone by immunohistochemistry and in situ
hybridisation (57, 58). Whilst patient studies had reported a
potential anti-anabolic role of 11B-HSD1 with ageing,
corticosteroid excess and post menopause, initial in vitro
studies revealed that the upregulation of 11B-HSD1 in
immature osteoblast precursors facilitated their differentiation
into osteoid producing osteoblasts (59). These findings fit with
the well characterised in vitro actions of GCs on cultures of
osteoblasts, where they stimulate differentiation via regulation of
specific growth factors and Wnt signalling molecules (41-43).
Consequently, these data revealed a potential anabolic role for
autocrine cortisol production by 11B3-HSDI1 in osteoblasts in
normal physiology. Murine models in the DBA-1 strain in which
GC activation was blocked selectively within osteoblasts
supported this hypothesis. Specifically, the overexpression of
11B-HSD2 selectively within osteoblasts, under control of the
2.3Kb Collal promoter, resulted in potent cortisol inactivation
to offset endogenous 11B-HSD1 activity (38, 60-62). These
animals presented with reduced vertebral bone density and
attenuated cranial ossification and reduced periosteal
circumference indicating that 113-HSD1 was required for
normal osteoblastic bone formation. Interestingly, similar
experiments in the C57BL/6 strain using the osteocalcin
promoter, and C57BL/6 animals with a global deletion of 11f-
HSD1 failed to reproduce these findings raising doubts as to this
explanation (13, 63). Here, the selection of the mouse strain itself
may explain this discrepancy, since C57BL/6 mice are reported
to have reduced responsiveness to the action of GCs on anabolic
bone formation (64). Whilst this can be overcome at higher
exogenous corticosteroid doses, these findings suggest that the
C57BL/6 strain may not be suited to examining the actions of
endogenous GCs in this setting (13). Ultimately, osteoblast
targeted deletion of 113-HSDI in an appropriate murine strain
is still required to address these questions. The anabolic role of
11B-HSD1 in osteoblast differentiation has been less clear in
human population studies. This may reflect the respective
cohorts examined, where factors such as ageing and exogenous
corticosteroid administration may see 113-HSD1 move from an
anabolic role to one mediating corticosteroid excess and

facilitating osteoblast autophagy and apoptosis (65, 66).
Certainly, in this context measures of 113-HSDI1 activity
negatively correlate with markers of bone formation such as
osteocalcin and procollagen type 1 amino-terminal propeptide
(PINP) (54-56). It may be that the anabolic actions of 11B-
HSD1 may be more apparent in a younger population. Certainly,
trials using therapeutic inhibitors of 11B-HSD1 have yet to
identify significant changes on bone metabolism in phase II
trials (1-8). However, their penetrance within bone has yet to be
validated, and so their role in osteoblast differentiation in vivo
cannot yet be ruled out in humans. Ultimately, more targeted
approaches are still required to examine the anabolic roles of
11B-HSD1 in vivo in regulating bone metabolism in normal
physiology. However, whether therapeutic inhibition of 11p3-
HSDI is able to prevent the reported anti-anabolic effects of GCs
in osteoblasts in ageing, or post menopause has yet to
be determined.

The Role of 113-HSD1 in Osteoclasts in
Normal Physiology

Analysis of human bone samples confirmed that osteoclasts also
express functional 113-HSDI1, but, similar to other bone cell
populations, not 113-HSD2. To assess the functional importance
of pre-receptor metabolism of GCs by 11B-HSDI1 healthy
volunteers were treated with the nonspecific 11B3-HSD
inhibitor carbenoxolone. After 7 days of treatment, urinary
analysis showed normal levels of bone formation markers C-
and N-terminal pro-peptides of type I collagen (P1CP and PINP,
respectively) but decreased pyridinoline and deoxypyridinoline,
metabolites of bone degraded by osteoclasts. This finding implies
a role for local activation of GCs in homeostatic bone resorption
(67). In support of this, the selective 113-HSD1 inhibitor KR-
67500, which was found to ameliorate disease in a mouse model
of type 2 diabetes, promoted osteoblast maturation of C2C12
cells while blocking RANKL-induced differentiation of murine
bone marrow derived macrophages to osteoclasts. Specifically
11B-HSD1 inhibition was found to decrease the genes Ctsk, Fos,
Nfatcl and Dcstamp, which are required for cellular fusion and
multinucleation and bone resorption (68). Despite these
findings, clinical trials of 113-HSD1 inhibitors in diseases such
as diabetes, metabolic syndrome, Alzheimer’s, and glaucoma
appear to have a favourable safety profile in terms of bone
health, with minimal adverse effects reported (1, 3, 69). A trial
of 11B-HSD1 inhibition in idiopathic intracranial hypertension
specifically assessed serum levels of osteocalcin and sclerostin
and measured bone mineral content by dual-energy X-ray
absorptiometry (DXA) and found no differences in bone
metabolism with treatment (8). Blockade of 11B-HSD1
activation of GCs by ectopic expression of the 113-HSD2 gene
in osteoclasts did not drive any negative skeletal phenotype in
mice, with Jia et al. reporting normal bone development, mass
and cell numbers (70). Similarly, the 113-HSD1 knock-out
mouse does not appear to have any defects in bone
development or structure including under conditions of ageing
(13, 71). This suggests that though 113-HSD1 may play a role in
increasing local GC levels for osteoclast differentiation and
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function, there is inbuilt redundancy in GC regulation of bone
metabolism in normal physiological conditions. There is
therefore no clear role for 113-HSD1 in mediating bone
homeostasis via modulation of endogenous GCs in osteoblasts
and osteoclasts, at least under healthy steady state conditions.
However, ageing has been shown to increase levels of circulating
GCs as well as expression of 113-HSD1, where dysregulated bone
homeostasis frequently presents as conditions such as
osteoporosis (72).

Together, whilst these studies suggest that 113-HSD1
inhibition may have some limited actions on osteoblast and
osteoclast maturation and function, its impact on total bone
metabolism in normal physiology appear negligible. However,
further examination of their effects on bone metabolism across
factors such as ageing warrant further investigation.

113-HSD1 MEDIATES THE ANTI-
ANABOLIC ACTIONS OF
GLUCOCORTICOID EXCESS IN BONE

Therapeutic GCs are widely utilised in the treatment of both
acute and chronic inflammation, and they are the second most
common cause of secondary osteoporosis and increased fracture
risk (73, 74). Rapid bone loss over several months occurs after
initiation of GCs, followed by a more gradual loss with long term
use (11). The dose and duration are significant factors in
determining the rate and severity of glucocorticoid-induced
osteoporosis (GIOP), and suppression of bone formation (75).
The underlying pathology of disease for which GCs is utilised
invariably influences this process, with chronic inflammation
being a well-described driver of systemic bone loss (75).
However, the independent action of glucocorticoids in the
absence of inflammation has been explored in healthy
volunteers and, in patients with Cushing’s disease and in
patients receiving excessive corticosteroid replacement in
conditions of adrenal insufficiency. In these situations a potent
suppression of anabolic bone formation is evident, as seen by a
marked decrease in circulating markers of osteoblastic bone
formation, such as PINP and osteocalcin (76). This reflects a
wider uncoupling of formation and resorption in bone where
changes in osteoclastic resorption in response to GCs are less
evident or entirely absent (76-78). In patients with Cushing’s
disease, GC excess increases the risk of fractures secondary to
suppressed bone formation (79, 80). The direct and indirect
mechanisms whereby exogenous GCs influence bone formation
by osteoblasts are reviewed in greater detail elsewhere (81). This
review will now examine studies that have aimed to delineate the
contribution of GC metabolism by 113-HSD1 to GIOP.

The Role of 11B-HSD1 in Osteoblasts and
Osteocytes in Glucocorticoid Excess

Several clinical studies have identified links between dysregulated
bone metabolism and 11B-HSD1 activity in patients receiving
therapeutic GCs (54, 67, 82). Increasing 113-HSD1 activity and
its inactive GC substrate availability were shown to correlate with

decreased serum markers of bone formation, PINP and
osteocalcin. These data indicate that the pre-receptor activation
of therapeutic GCs by 11B-HSD1 mediate this suppression of
bone formation, either directly within the osteoblast themselves
or through an alternative indirect pathway. A direct role for 11-
HSD1 within osteoblasts and osteocytes in mediating these
effects is supported by evidence of significant expression and
activity in these cell subsets when examined in human bone and
primary cultures (67, 83). However, further insights into the
mechanisms underpinning this have been limited to in vitro
studies in primary human and murine osteoblasts cultures. In
this context supra-physiological levels of corticosteroids promote
osteoblast differentiation and support osteoid deposition (41-
43). Whether these findings reflect a failing of these in vitro
models or are instead evidence of an indirect mechanism
whereby 11B-HSD1 indirectly regulates bone formation, such
as through influencing circulating anabolic and anti-anabolic
factors (such as androgens or parathyroid hormone) at
alternative sites have yet to be adequately answered. Further
insights have instead come from murine models of
corticosterone excess. Global genetic deletion of 113-HSD1
protects against the anti-anabolic effects of therapeutic GCs in
bone (13). This is characterised by preservation of trabecular
volume, serum measures of bone formation and preservation of
osteoblast and osteocyte numbers following 4 weeks of GC
exposure. These findings mirror observations in similar animal
models of GIOP with osteoblast targeted blockade of GC
signalling, supporting the concept that 11B3-HSD1 directly
mediates the anti-anabolic actions of GCs in bone (84). Studies
utilising osteoblast targeted transgenic deletion of 113-HSD1 are
now still required to validate these findings. Regardless, these
studies reveal a critical role for 11B-HSD1 in the suppression of
bone formation in GIOP and provide evidence for the efficacy of
therapeutic inhibitors of 113-HSDI in conditions of GC excess.

The Role of 118-HSD1 in Osteoclasts in
Glucocorticoid Excess

Whilst the actions of therapeutic GCs have been shown to
promote early osteoclast differentiation, and suppress bone
resorption by mature osteoclast, the role of 11B-HSD1 within
the osteoclast in GIOP is less well defined in the context (76-78,
85). Whilst a decrease in bone resorption markers have been
reported in healthy volunteers receiving the 113-HSD inhibitor
carbenoxolone and then the inactive GC prednisolone, there has
been limited evidence to support a role for 113-HSDI in any
increases in bone resorption markers in GIOP. Whilst in vitro
examination of the role of 113-HSD1 in osteoclasts in GIOP are
lacking, further insights are apparent from murine models
examining animals with transgenic deletion of 113-HSD1 (13).
Here, oral GCs result in only a minor trend towards increased
osteoclast numbers and bone resorption markers with no
protection from this conferred in animals lacking 11B3-HSDI.
Together, these studies imply that 113-HSD1 plays a limited role
in mediating increased bone resorption in conditions of GC
excess. However, these observations may be hampered by the
relatively small contribution that osteoclasts play in mediating
GIOP, relative to the impact on bone formation.

Frontiers in Endocrinology | www.frontiersin.org

August 2021 | Volume 12 | Article 733611


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Martin et al.

Endogenous Glucocorticoid Metabolism in Bone

Collectively, these studies suggest that in conditions of
endogenous and therapeutic GC excess, inhibition of 11jB-
HSDI1 prevents the anti-anabolic actions of GCs and preserves
bone mass, whilst their impact on osteoclast numbers and
activity appear minimal.

GLUCOCORTICOID ACTIVATION BY
11B-HSD1 PREVENTS
OSTEOCLASTOGENESIS AND
BONE RESORPTION IN
INFLAMMATORY DISEASE

Systemic bone loss and increased risk of fracture at sites such as
the femoral neck, trochanter and spine are hallmarks of patients
with many chronic inflammatory diseases (86, 87). Here,
circulating inflammatory mediators such as tumour necrosis
factor oo (INFo) and interleukin-6 (IL-6) are predictors of
decreased bone mineral density and increased fracture risk.
Both bone formation and resorption show dysregulation in
chronic inflammatory disease such as rheumatoid arthritis,
with decrease in PINP and increases in carboxy (C) terminal
telopeptide of type I collagen (CTx) showing strong correlation
with markers of disease activity (88, 89). At the cellular level, pro-
inflammatory factors act on osteoblasts to directly suppress
differentiation and osteoid deposition, whilst their actions on
osteoclasts are mediated both directly to increase activity, and

indirectly through the RANKL/OPG signalling pathway to
increase both numbers and activity (90). The in vitro
mechanisms underpinning these actions are diverse and the
subject of numerous reviews (81, 91). Interest in the role of
endogenous GC activation by 11B3-HSD1 in this context have
been fuelled by studies reporting marked increases in enzyme
activity, both systemically and at sites of inflammation (92-96).
In this context 11B-HSD1 has been shown to mediate anti-
inflammatory GC signalling, supporting resolution and tissue
repair. However, in the context of persistent and chronic
autoimmune inflammation, its role has been hypothesised to
switch to driving ongoing localised GC excess. To date, clinical
studies have yet to examine the interaction between 113-HSD1,
bone metabolism and fracture risk in an inflammatory disease
cohort. Similarly, clinical trials of 113-HSD1 inhibitors have yet
to examine their impact on bone metabolism in the context of
inflammatory disease. To date, no aberrant observations of
altered inflammatory responses or dysregulated bone
metabolism have been reported in these studies (1-8). At
present, significant gaps are present in our knowledge of the
role of inflammatory 113-HSDI activity in bone cells in chronic
inflammatory disease.

The Role of 113-HSD1 in Osteoblasts and
Osteocytes in Inflammatory Disease

In vitro studies have revealed a potent upregulation of 11pB-
HSD1 in mesenchymal derived cell populations, including
osteoblasts by pro-inflammatory factors such as TNFo and

inflammatory bone loss.
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FIGURE 2 | During inflammation within bone, pro-inflammatory factors including IL-6, IL-1p and TNFo. have direct effects on bone cells including osteoblasts,
osteocytes and osteoclasts resulting in a net loss in bone in addition to a significant induction of the corticosteroid activating enzyme 11B-HSD1. This in turn drives
an anti-inflammatory resolution response where increased cortisol activation by 113-HSD1 promotes a reduction in osteoclastic bone resorption thus suppressing
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IL-1P (25, 83) (Figure 2). This inflammatory induction of 11f3-
HSD1 is in turn synergistically upregulated in combination with
GCs, through a mechanism involving the suppression of p38-
mitogen-activated protein kinase (MAPK) and upregulation of
nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB) signalling (25). Together, this leads to a potent increase
in local GC activation in osteoblasts in response to inflammation
within bone, where they then suppress local inflammatory
mediators in a feedback mechanism that appears to support
resolution of inflammation (83). The impact of this synergistic
inflammatory regulation on bone metabolism in chronic
inflammatory diseases such as rheumatoid arthritis is less clear.
In vitro experiments using human primary osteoblast cultures
reveal that these endogenous GCs can suppress osteoblast
maturation and collagen deposition. In vivo rodent models of
polyarthritis offer further insights into these processes. Here,
global deletion of 11B3-HSD1 severely exacerbates systemic bone
loss, and suppresses anabolic bone formation, with a marked
reduction in markers of mature osteoblasts, including runt-
related transcription factor 2 (Runx2) and OPG (26). These
findings would suggest that the anti-inflammatory actions of
local GC activation by 11B-HSD1 in this context outweigh their
detrimental anti-anabolic actions in osteoblasts. However,
targeted mesenchymal genetic deletion of 11B-HSDI
(including in osteoblasts), failed to reproduce this systemic
bone loss phenotype, indicating that the expression of 11B-
HSD1 in osteoblasts may not play a critical role in mediating
this inflammatory bone loss phenotype. More targeted studies,
examining osteoblast specific deletion of 113-HSDI, are now
required to further explore these findings. This is particularly
since global deletion of 11B3-HSDI1 exacerbates the severity of
systemic inflammation, which is itself a confounder mediating
increased bone loss. Overall, these studies point to an important
role for 11B3-HSDI1 in regulating bone formation in chronic
inflammatory diseases and bone inflammation.

The Role of 118-HSD1 in Osteoclasts in
Inflammatory Disease

Whilst attenuated bone formation undoubtedly plays a role in
abnormal bone metabolism in systemic inflammatory diseases,
such as polyarthritis, a marked increase in osteoclastic bone
resorption remains the primary mediator of the rapid bone loss
observed in this context (90). Whilst osteoclasts, and their myeloid
precursors express 113-HSD1, its inflammatory regulation in vivo
is less well characterised (67). Numerous studies examining
myeloid precursors demonstrate a robust upregulation of 11B-
HSD1 over differentiation and in response to inflammatory
mediators such as TNFo,, whilst similar studies in osteoclasts are
lacking (97, 98). However, murine models have significantly
advanced our understanding of the contribution of 113-HSD1
in osteoclasts in this setting. In murine models of polyarthritis,
osteoclast mediated bone loss is markedly exacerbated in animals
with global deletion of 113-HSD1, where it is the overriding factor
driving inflammatory bone loss through a shift in RANKL/OPG
signalling (9, 26, 99). These studies reveal a critical role for 11f-
HSD1 in protecting against inflammatory bone resorption and

supporting resolution and repair in bone (Figure 2). As in
osteoblasts, whether these actions are mediated directly by 11B-
HSD1 expression within the osteoclast, or indirectly through
altered expression of local or systemic inflammatory mediators
that drive this increase in osteoclast mediated bone resorption has
yet to be elucidated and can only be addressed with osteoclast
targeted models of 113-HSD1 deletion.

Together, these studies indicate that systemic inflammation in
conditions such as polyarthritis, 113-HSD1 inhibition appears to
have limited affects in osteoblasts, but significantly exacerbates
inflammatory mediated osteoclast bone resorption and promotes
systemic bone loss.

118-HSD1 PROTECTS AGAINST
INFLAMMATION-INDUCED BONE
RESORPTION IN RESPONSE TO
THERAPEUTIC GLUCOCORTICOIDS

In regard to bone metabolism, the effect of therapeutic GCs in
both acute and chronic inflammatory disease settings remains of
significant interest. Understanding the opposing actions of GCs
on bone metabolism in systemic inflammatory diseases, such as
rheumatoid arthritis, where they suppress the inflammatory
mediators that drive bone loss, whilst also acting directly on
bone cells to drive GC-induced bone loss, remains paramount.
Clinical studies examining this facet of GC action in chronic
inflammatory disease are limited by confounding factors such as
concurrent anti-inflammatory therapies, patient variation and
disease pathophysiology, and differences in steroid dose and
duration. Therefore, it is perhaps unsurprising that responses to
GCs in this context report divergent outcomes, including both
improvements in and worsened bone outcomes in patients with
inflammatory disease (100-103). Murine models of chronic
inflammatory arthritis receiving therapeutic GCs have
examined this process under more controlled experimental
conditions and revealed that GCs play an important role in
protecting against acute inflammatory bone loss mediated by
osteoclastic bone resorption, with both osteoclast numbers and
activity being significantly reduced (99) (Figure 3). Anabolic
bone formation was also significantly suppressed with GC
administration, however its actions on total bone metabolism
were subtle relative to the rapid inflammatory osteoclast
mediated bone loss. Whilst studies examining the contribution
of 11B-HSD1 to these findings are limited, several ex vivo studies
provide insight into this process.

The Role of 113-HSD1 in Osteoblasts and
Osteocytes in Response to Therapeutic
GCs in Inflammatory Disease

Whilst therapeutic GCs suppress bone formation by osteoblasts,
in models of chronic inflammatory polyarthritis, the relative
contribution of 11B-HSD1 to these phenotypes are yet to be
reported (9, 99). Animal models of chronic inflammatory disease
with both global and osteoblast targeted transgenic deletion of
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FIGURE 3 | In the absence of inflammation within bone, inhibition of 11B-HSD1 protects against the actions of exogenous glucocorticoids in both osteoblasts and
osteoclasts. The effect of these inhibitors is characterised by a protection from glucocorticoid induced apoptosis in both osteoblasts and osteocytes, preventing a
glucocorticoid suppression of bone formation. During chronic inflammatory diseases such as rheumatoid arthritis, the protective actions of 11B-HSD1 inhibition in
response to exogenous therapeutic glucocorticoids in osteoblasts and osteocytes remains evident but is overshadowed by a resistance to the anti-inflammatory
properties of exogenous glucocorticoids that results in aberrant osteoclast numbers and activation. Consequently, 113-HSD1 inhibition results in rapid bone

11B-HSD1 are required to assess impact of therapeutic
corticosteroids in this setting. Given the potent suppression of
bone formation by therapeutic GCs, and the efficacy of
transgenic deletion of 11B3-HSDI in preventing this, it could be
predicted that inhibition of 113-HSDI in patients with chronic
inflammation and receiving therapeutic GCs might have a
similar protection from their anti-anabolic actions in
osteoblasts and osteocytes (99). However, considering the
exacerbation of inflammation in response to 113-HSD1
deletion it may be that the inflammatory suppression of bone
formation is increased and coupled with a shift towards
increased pro-inflammatory factors by osteoblasts, such as
RANKL, TNFo and IL-6 by osteoblasts that would favour
osteoclast mediated bone resorption and bone loss (9, 26, 104,
105). Further considerations should include the lesser role of
dysregulated bone formation in acute inflammatory bone loss
where osteoclast mediated bone resorption has been shown to
play a greater role (106-108). Consequently, it may be that any

beneficial effects of 113-HSD1 inhibition on bone formation in
the context of inflammatory disease may be limited or realised
over longer periods of GC administration (Figure 3).

The Role of 118-HSD1 in Osteoclasts in
Response to Therapeutic GCs in
Inflammatory Disease

Increased bone resorption by osteoclasts is recognised as the
primary driver of bone loss in many inflammatory diseases and
this is rapidly suppressed in response to therapeutic GCs,
however no clinical or in vitro studies have examined the role
of 113-HSD1 in this setting (106-108). Insights into this facet of
GC action have instead come from a single study examining
in vivo models of chronic inflammatory polyarthritis and
therapeutic GC administration in animals with global and
myeloid targeted transgenic deletion of 11B-HSD1 (9). In this
study, suppression of osteoclast bone resorption by oral GCs was
almost entirely abrogated in animals with global and myeloid
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targeted deletion of 11B-HSD1, revealing a critical role for local
GC activation by this enzyme in suppressing osteoclast numbers
and activity in chronic inflammation. Whether these effects
reflect a direct autocrine effect of GC activation by 113-HSD1
within the osteoclast, or instead reflect wider changes in pro-
inflammatory factors such as RANKL, TNFo and IL-6 that drive
osteoclast driven bone resorption has yet to be determined (26,
104, 105). 11B-HSD1 has been shown to influence the RANKL/
OPG ratio in murine models of inflammation and this could play
a role in regulating inflammatory bone resorption (81). To
validate these findings now requires more targeted Cre driven
deletion of 11B-HSDI in the osteoclast subset and in vitro
experiments that can delineate inflammatory regulation and
functional consequences of autocrine GC activation by 11[B-
HSD1 within osteoclasts. Despite the need for future work, it is
clear that 11B-HSD1 is a critical mediator in suppressing bone
resorption in response to GCs and mediating their rapid bone
protective actions in this context.

Together, these studies reveal that in the context chronic
inflammatory diseases, such as rheumatoid arthritis, whilst 113-
HSD1 inhibition prevents the anti-anabolic actions of
therapeutic glucocorticoids in osteoblasts, they abrogate GC
mediated suppression of osteoclast activity and inflammatory
bone loss.

POTENTIAL ROLES FOR 1138-HSD1 IN
BONE LINING CELLS AND ENDOTHELIUM

The endothelial cells that form the vascular structures of the
skeletal system are increasingly seen as important in the
processes of bone formation and maintenance. These vessels
supply vital nutrients and signalling molecules to osteoblasts and
osteocytes, which in turn act on endothelial cells to support
further vascular development, hence the processes of
angiogenesis and osteogenesis are said to be “coupled” (109).
Osteoblasts and their progenitors are therefore found in close
proximity to these osteogenesis-promoting endothelial cells,
termed type H vessels due to their high expression of adhesion
molecule CD31 and the endothelial sialomucin endomucin (110,
111). Osteoblasts and osteocytes support angiogenesis by
producing vascular endothelial growth factor (VEGF) via the
hypoxia-inducible factor oo (HIFa) pathway (112, 113). VEGF
stimulates blood vessel invasion by acting on endothelial cells,
but also promotes migration and activation of osteoblasts,
linking these complementary functions of angiogenesis and
osteogenesis in formation or remodelling of bone (114, 115).
Similarly, preosteoclasts secrete platelet-derived growth factor-
BB (PDGEF-BB) which promotes angiogenesis by recruiting
endothelial and mesenchymal progenitors and inducing
formation of type H vessels, this in turn stimulates bone
formation and remodelling (116, 117). These processes are all
attenuated by GC treatment, as seen in both in vitro and in vivo
models (118-120). It is not known what role, if any, 113-HSD1
plays in type H vessel cells. However, expression of 113-HSD1
has been identified in vascular endothelial cells and found to

inhibit angiogenesis by interfering with endothelial cell
morphological changes required for tube formation (121-124).

Bone lining cells (BLCs) are derived from mature quiescent
osteoblasts and thought to perform a number of functions in
skeletal homeostasis [reviewed in detail by Wein (125)]. It is not
known whether BLCs express 11B-HSD1 like other
mesenchymal derived cells, if so it may perform a similar
function as in osteoblasts under conditions of inflammation,
ageing and GC excess (25). Treatment of mice with prednisolone
was found to inhibit BLC activation and proliferation, including
their conversion into new osteoblasts (126). However, despite
their importance in bone growth and repair, much remains to be
elucidated about the functions of BLCs and the importance of
11B-HSD1 metabolised GCs in this cell type.

FINAL CONCLUSIONS

The studies highlighted in this review reveal a complex role for
11B-HSD1 in bone remodelling, with some limited evidence for a
role in normal physiology, but a much greater role in mediating
the actions of GCs in conditions of exogenous and endogenous
corticosteroid excess and inflammation. With the interest in
therapeutic inhibitors of 113-HSD1, these studies point to the
potential for their application in conditions such as Cushing’s
disease, where they would be predicted to prevent the anti-
anabolic action of GCs on bone to reduce the risks of
osteoporosis and fracture. In contrast, their application in the
context of inflammatory disease appears to be complicated by the
risk of exacerbating inflammatory bone loss by osteoclasts.
Therefore, in inflammatory disease the role of 11B-HSD1
appears to be protective, mediating the suppression of
inflammatory factors that drive bone resorption and decrease
osteoclast numbers and activity. Rather than inhibiting 11jB-
HSD1, approaches may instead benefit from targeting
therapeutic GCs selectively to leukocyte and osteoclast
populations to more effectively deliver their beneficial bone
sparing actions in the context of inflammation. Whether the
inflammatory induction of 11B3-HSD1 within bone resorbing
cells could be used to selectively facilitate metabolic targeting of
GCs for intracellular activation within osteoclasts to suppress
inflammatory bone resorption without driving off-target
metabolic side effects has yet to be determined.

AUTHOR CONTRIBUTIONS

RH and MC devised topic. MC, RH, and CM jointly wrote
manuscript and devised figures. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was supported by the Wellcome Trust (reference:
215243/7/19/7).

Frontiers in Endocrinology | www.frontiersin.org

August 2021 | Volume 12 | Article 733611


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Martin et al. Endogenous Glucocorticoid Metabolism in Bone
REFERENCES 17. Stewart PM, Murry BA, Mason JI. Human Kidney 11 Beta-Hydroxysteroid
Dehydrogenase is a High Affinity Nicotinamide Adenine Dinucleotide-
1. Feig PU, Shah S, Hermanowski-Vosatka A, Plotkin D, Springer MS, Dependent Enzyme and Differs From the Cloned Type I Isoform. J Clin
Donahue S, et al. Effects of an 11beta-Hydroxysteroid Dehydrogenase Endocrinol Metab (1994) 79(2):480-4. doi: 10.1210/jcem.79.2.8045966
Type 1 Inhibitor, MK-0916, in Patients With Type 2 Diabetes Mellitus 18. Whorwood CB, Ricketts ML, Stewart PM. Epithelial Cell Localization of
and Metabolic Syndrome. Diabetes Obes Metab (2011) 13(6):498-504. doi: Type 2 11 Beta-Hydroxysteroid Dehydrogenase in Rat and Human Colon.
10.1111/j.1463-1326.2011.01375.x Endocrinology (1994) 135(6):2533-41. doi: 10.1210/endo.135.6.7988441
2. Heise T, Morrow L, Hompesch M, Haring HU, Kapitza C, Abt M, et al. 19. Diederich S, Scholz T, Eigendorft E, Bumke-Vogt C, Quinkler M, Exner P,
Safety, Efficacy and Weight Effect of Two 1lbeta-HSD1 Inhibitors in et al. Pharmacodynamics and Pharmacokinetics of Synthetic
Metformin-Treated Patients With Type 2 Diabetes. Diabetes Obes Metab Mineralocorticoids and Glucocorticoids: Receptor Transactivation and
(2014) 16(11):1070~7. doi: 10.1111/dom.12317 Prereceptor Metabolism by 11 Beta-Hydroxysteroid-Dehydrogenases.
3. Marek GJ, Katz DA, Meier A, Nt G, Zhang W, Liu W, et al. Efficacy and Hormone Metab Res (2004) 36(6):423-9. doi: 10.1055/s-2004-814578
Safety Evaluation of HSD-1 Inhibitor ABT-384 in Alzheimer’s Disease. 20. Diederich S, Hanke B, Burkhardt P, Muller M, Schoneshofer M, Bahr V,
Alzheimer’s Dementia: ] Alzheimer’s Assoc (2014) 10(5 Suppl):S364-73. doi: et al. Metabolism of Synthetic Corticosteroids by 11 Beta-Hydroxysteroid-
10.1016/j.jalz.2013.09.010 Dehydrogenases in Man. Steroids (1998) 63(5-6):271-7. doi: 10.1016/S0039-
4. Rosenstock J, Banarer S, Fonseca VA, Inzucchi SE, Sun W, Yao W, et al. The 128X(98)00039-7
11-Beta-Hydroxysteroid Dehydrogenase Type 1 Inhibitor INCB13739 21. Diederich S, Eigendorff E, Burkhardt P, Quinkler M, Bumke-Vogt C, Rochel
Improves Hyperglycemia in Patients With Type 2 Diabetes Inadequately M, et al. 11beta-Hydroxysteroid Dehydrogenase Types 1 and 2: An
Controlled by Metformin Monotherapy. Diabetes Care (2010) 33(7):1516~ Important Pharmacokinetic Determinant for the Activity of Synthetic
22. doi: 10.2337/dc09-2315 Mineralo- and Glucocorticoids. J Clin Endocrinol Metab (2002) 87
5. Schwab D, Sturm C, Portron A, Fuerst-Recktenwald S, Hainzl D, Jordan P, (12):5695-701. doi: 10.1210/jc.2002-020970
et al. Oral Administration of the 11beta-Hydroxysteroid-Dehydrogenase 22. Stimson RH, Andrew R, McAvoy NC, Tripathi D, Hayes PC, Walker BR.
Type 1 Inhibitor RO5093151 to Patients With Glaucoma: An Adaptive, Increased Whole-Body and Sustained Liver Cortisol Regeneration by
Randomised, Placebo-Controlled Clinical Study. BMJ Open Ophthalmol 11beta-Hydroxysteroid Dehydrogenase Type 1 in Obese Men With Type 2
(2017) 1(1):¢000063. doi: 10.1136/bmjophth-2016-000063 Diabetes Provides a Target for Enzyme Inhibition. Diabetes (2011) 60
6. Shah S, Hermanowski-Vosatka A, Gibson K, Ruck RA, Jia G, Zhang J, (3):720-5. doi: 10.2337/db10-0726
et al. Efficacy and Safety of the Selective 11beta-HSD-1 Inhibitors MK- 23. Bujalska IJ, Gathercole LL, Tomlinson JW, Darimont C, Ermolieff J, Fanjul
0736 and MK-0916 in Overweight and Obese Patients With Hypertension. AN, et al. A Novel Selective 11beta-Hydroxysteroid Dehydrogenase Type 1
] Am Soc Hypertension: JASH (2011) 5(3):166-76. doi: 10.1016/j.jash. Inhibitor Prevents Human Adipogenesis. ] Endocrinol (2008) 197(2):297-
2011.01.009 307. doi: 10.1677/JOE-08-0050
7. Stefan N, Ramsauer M, Jordan P, Nowotny B, Kantartzis K, Machann J, et al. 24. Stimson RH, Andersson J, Andrew R, Redhead DN, Karpe F, Hayes PC, et al.
Inhibition of 11beta-HSD1 With RO5093151 for Non-Alcoholic Fatty Liver Cortisol Release From Adipose Tissue by 1lbeta-Hydroxysteroid
Disease: A Multicentre, Randomised, Double-Blind, Placebo-Controlled Dehydrogenase Type 1 in Humans. Diabetes (2009) 58(1):46-53. doi:
Trial. Lancet Diabetes Endocrinol (2014) 2(5):406-16. doi: 10.1016/S2213- 10.2337/db08-0969
8587(13)70170-0 25. Ahasan MM, Hardy R, Jones C, Kaur K, Nanus D, Juarez M, et al.
8. Hardy RS, Botfield H, Markey K, Mitchell JL, Alimajstorovic Z, Westgate Inflammatory Regulation of Glucocorticoid Metabolism in Mesenchymal
CSJ, et al. 11betahsd1 Inhibition With AZD4017 Improves Lipid Profiles Stromal Cells. Arthritis Rheum (2012) 64(7):2404-13. doi: 10.1002/art.34414
and Lean Muscle Mass in Idiopathic Intracranial Hypertension. J Clin 26. Hardy RS, Fenton C, Croft AP, Naylor AJ, Begum R, Desanti G, et al. 11
Endocrinol Metab (2021) 106(1):174-87. doi: 10.1210/clinem/dgaa766 Beta-Hydroxysteroid Dehydrogenase Type 1 Regulates Synovitis, Joint
9. Fenton C, Martin C, Jones R, Croft A, Campos J, Naylor AJ, et al. Local Destruction, and Systemic Bone Loss in Chronic Polyarthritis.
Steroid Activation Is a Critical Mediator of the Anti-Inflammatory Actions J Autoimmun (2018) 92:104-13. doi: 10.1016/j.jaut.2018.05.010
of Therapeutic Glucocorticoids. Ann Rheum Dis (2021) 80(2):250-60. doi: 27. Lee S, Lim HS, Shin HJ, Kim SA, Park J, Kim HC, et al. Simultaneous
10.1136/annrheumdis-2020-218493 Determination of Cortisol and Cortisone From Human Serum by Liquid
10. Chapman K, Holmes M, Seckl J. 11beta-Hydroxysteroid Dehydrogenases: Chromatography-Tandem Mass Spectrometry. ] Anal Methods Chem (2014)
Intracellular Gate-Keepers of Tissue Glucocorticoid Action. Physiol Rev 2014:787483. doi: 10.1155/2014/787483
(2013) 93(3):1139-206. doi: 10.1152/physrev.00020.2012 28. Ricketts ML, Verhaeg JM, Bujalska I, Howie AJ, Rainey WE, Stewart PM.
11. Canalis E, Mazziotti G, Giustina A, Bilezikian JP. Glucocorticoid-Induced Immunohistochemical Localization of Type 1 1lbeta-Hydroxysteroid
Osteoporosis: Pathophysiology and Therapy. Osteoporos Int (2007) 18 Dehydrogenase in Human Tissues. J Clin Endocrinol Metab (1998) 83
(10):1319-28. doi: 10.1007/s00198-007-0394-0 (4):1325-35. doi: 10.1210/jcem.83.4.4706
12. Angeli A, Guglielmi G, Dovio A, Capelli G, de Feo D, Giannini S, et al. High 29. Bisschop PH, Dekker M, Osterthun W, Kwakkel J, Anink JJ, Boelen A, et al.
Prevalence of Asymptomatic Vertebral Fractures in Post-Menopausal Expression of 11-Hydroxysteroid Dehydrogenase Type 1 in the Human
Women Receiving Chronic Glucocorticoid Therapy: A Cross-Sectional Hypothalamus. ] Neuroendocrinol (2013) 25(5):425-32. doi: 10.1111/jne.12017
Outpatient Study. Bone (2006) 39(2):253-9. doi: 10.1016/j.bone.2006.02.005 30. Buren J, Bergstrom SA, Loh E, Soderstrom I, Olsson T, Mattsson C.
13. Fenton CG, Doig CL, Fareed S, Naylor A, Morrell AP, Addison O, et al. Hippocampal 11 Beta-Hydroxysteroid Dehydrogenase Type 1 Messenger
11beta-HSD1 Plays a Critical Role in Trabecular Bone Loss Associated With Ribonucleic Acid Expression has a Diurnal Variability That is Lost in the
Systemic Glucocorticoid Therapy. Arthritis Res Ther (2019) 21(1):188. doi: Obese Zucker Rat. Endocrinology (2007) 148(6):2716-22. doi: 10.1210/
10.1186/513075-019-1972-1 en.2006-0897
14. Morgan SA, McCabe EL, Gathercole LL, Hassan-Smith ZK, Larner DP, 31. Hernandez-Morante JJ, Gomez-Santos C, Milagro F, Campion J, Martinez
Bujalska IJ, et al. 11beta-HSD1 is the Major Regulator of the Tissue-Specific JA, Zamora S, et al. Expression of Cortisol Metabolism-Related Genes Shows
Effects of Circulating Glucocorticoid Excess. Proc Natl Acad Sci United States Circadian Rhythmic Patterns in Human Adipose Tissue. Int ] Obes (2009) 33
America (2014) 111(24):E2482-91. doi: 10.1073/pnas.1323681111 (4):473-80. doi: 10.1038/ij0.2009.4
15. Chiodini I, Vainicher CE, Morelli V, Palmieri S, Cairoli E, Salcuni AS, et al. 32. Spies CM, Straub RH, Cutolo M, Buttgereit F. Circadian Rhythms in
MECHANISMS IN ENDOCRINOLOGY: Endogenous Subclinical Rheumatology - A Glucocorticoid Perspective. Arthritis Res Ther (2014)
Hypercortisolism and Bone: A Clinical Review. Eur J Endocrinol (2016) 16:S3. doi: 10.1186/ar4687
175(6):R265-R82. doi: 10.1530/EJE-16-0289 33. Pugeat MM, Dunn JF, Nisula BC. Transport of Steroid Hormones:
16. Hollenberg SM, Weinberger C, Ong ES, Cerelli G, Oro A, Lebo R, et al. Interaction of 70 Drugs With Testosterone-Binding Globulin and

Primary Structure and Expression of a Functional Human Glucocorticoid
Receptor cDNA. Nature (1985) 318(6047):635-41. doi: 10.1038/318635a0

Corticosteroid-Binding Globulin in Human Plasma. J Clin Endocrinol
Metab (1981) 53(1):69-75. doi: 10.1210/jcem-53-1-69

Frontiers in Endocrinology | www.frontiersin.org

August 2021 | Volume 12 | Article 733611


https://doi.org/10.1111/j.1463-1326.2011.01375.x
https://doi.org/10.1111/dom.12317
https://doi.org/10.1016/j.jalz.2013.09.010
https://doi.org/10.2337/dc09-2315
https://doi.org/10.1136/bmjophth-2016-000063
https://doi.org/10.1016/j.jash.2011.01.009
https://doi.org/10.1016/j.jash.2011.01.009
https://doi.org/10.1016/S2213-8587(13)70170-0
https://doi.org/10.1016/S2213-8587(13)70170-0
https://doi.org/10.1210/clinem/dgaa766
https://doi.org/10.1136/annrheumdis-2020-218493
https://doi.org/10.1152/physrev.00020.2012
https://doi.org/10.1007/s00198-007-0394-0
https://doi.org/10.1016/j.bone.2006.02.005
https://doi.org/10.1186/s13075-019-1972-1
https://doi.org/10.1073/pnas.1323681111
https://doi.org/10.1530/EJE-16-0289
https://doi.org/10.1038/318635a0
https://doi.org/10.1210/jcem.79.2.8045966
https://doi.org/10.1210/endo.135.6.7988441
https://doi.org/10.1055/s-2004-814578
https://doi.org/10.1016/S0039-128X(98)00039-7
https://doi.org/10.1016/S0039-128X(98)00039-7
https://doi.org/10.1210/jc.2002-020970
https://doi.org/10.2337/db10-0726
https://doi.org/10.1677/JOE-08-0050
https://doi.org/10.2337/db08-0969
https://doi.org/10.1002/art.34414
https://doi.org/10.1016/j.jaut.2018.05.010
https://doi.org/10.1155/2014/787483
https://doi.org/10.1210/jcem.83.4.4706
https://doi.org/10.1111/jne.12017
https://doi.org/10.1210/en.2006-0897
https://doi.org/10.1210/en.2006-0897
https://doi.org/10.1038/ijo.2009.4
https://doi.org/10.1186/ar4687
https://doi.org/10.1210/jcem-53-1-69
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Martin et al.

Endogenous Glucocorticoid Metabolism in Bone

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hill LA, Bodnar TS, Weinberg J, Hammond GL. Corticosteroid-Binding
Globulin is a Biomarker of Inflammation Onset and Severity in Female Rats.
J Endocrinol (2016) 230(2):215-25. doi: 10.1530/JOE-16-0047

Hill LA, Vassiliadi DA, Dimopoulou I, Anderson AJ, Boyle LD, Kilgour
AHM, et al. Neutrophil Elastase-Cleaved Corticosteroid-Binding Globulin is
Absent in Human Plasma. J Endocrinol (2019) 240(1):27-39. doi: 10.1530/
JOE-18-0479

Angeli A, Bisbocci D, Melo F, Frairia R, Gaidano GP. Relative Competition
of Corticosterone, Cortisol, Cortisone, 11-Dexycortisol and Prednisolone
With (1,2-3H)-Cortisol in Various Protein-Binding Radioassay Systems.
Clin Chim Acta (1975) 61(3):279-86. doi: 10.1016/0009-8981(75)90418-0
Debono M, Harrison RF, Whitaker MJ, Eckland D, Arlt W, Keevil BG, et al.
Salivary Cortisone Reflects Cortisol Exposure Under Physiological
Conditions and After Hydrocortisone. J Clin Endocrinol Metab (2016) 101
(4):1469-77. doi: 10.1210/jc.2015-3694

Sher LB, Woitge HW, Adams DJ, Gronowicz GA, Krozowski Z, Harrison JR,
et al. Transgenic Expression of 11B-Hydroxysteroid Dehydrogenase Type 2
in Osteoblasts Reveals an Anabolic Role for Endogenous Glucocorticoids in
Bone. Endocrinology (2004) 145(2):922-9. doi: 10.1210/en.2003-0655
Rauch A, Seitz S, Baschant U, Schilling AF, Illing A, Stride B, et al.
Glucocorticoids Suppress Bone Formation by Attenuating Osteoblast
Differentiation via the Monomeric Glucocorticoid Receptor. Cell Metab
(2010) 11(6):517-31. doi: 10.1016/j.cmet.2010.05.005

Sher LB, Harrison JR, Adams DJ, Kream BE. Impaired Cortical Bone
Acquisition and Osteoblast Differentiation in Mice With Osteoblast-
Targeted Disruption of Glucocorticoid Signaling. Calcified Tissue Int
(2006) 79(2):118-25. doi: 10.1007/s00223-005-0297-z

Shalhoub V, Conlon D, Tassinari M, Quinn C, Partridge N, Stein GS, et al.
Glucocorticoids Promote Development of the Osteoblast Phenotype by
Selectively Modulating Expression of Cell Growth and Differentiation
Associated Genes. ] Cell Biochem (1992) 50(4):425-40. doi: 10.1002/
jcb.240500411

Haynesworth SE, Goshima J, Goldberg VM, Caplan AI. Characterization of
Cells With Osteogenic Potential From Human Marrow. Bone (1992) 13
(1):81-8. doi: 10.1016/8756-3282(92)90364-3

Zhou H, Mak W, Zheng Y, Dunstan CR, Seibel MJ. Osteoblasts Directly
Control Lineage Commitment of Mesenchymal Progenitor Cells Through
Wnt Signaling. J Biol Chem (2008) 283(4):1936-45. doi: 10.1074/
jbc.M702687200

Gronowicz G, McCarthy MB, Raisz LG. Glucocorticoids Stimulate
Resorption in Fetal-Rat Parietal Bone In Vitro. ] Bone Mineral Res (1990)
5(12):1223-30. doi: 10.1002/jbmr.5650051206

Shuto T, Kukita T, Hirata M, Jimi E, Koga T. Dexamethasone Stimulates
Osteoclast-Like Cell-Formation by Inhibiting Granulocyte-Macrophage
Colonystimulating Factor Production in Mouse Bonemarrow Cultures.
Endocrinology (1994) 134(3):1121-6. doi: 10.1210/endo.134.3.8119150

Kaji H, Sugimoto T, Kanatani M, Nishiyama K, Chihara K. Dexamethasone
Stimulates Osteoclast-Like Cell Formation by Directly Acting on
Hemopoietic Blast Cells and Enhances Osteoclast-Like Cell Formation
Stimulated by Parathyroid Hormone and Prostaglandin E-2. ] Bone
Mineral Res (1997) 12(5):734-41. doi: 10.1359/jbmr.1997.12.5.734
Hofbauer LC, Gori F, Riggs BL, Lacey DL, Dunstan CR, Spelsberg TC, et al.
Stimulation of Osteoprotegerin Ligand and Inhibition of Osteoprotegerin
Production by Glucocorticoids in Human Osteoblastic Lineage Cells:
Potential Paracrine Mechanisms of Glucocorticoid-Induced Osteoporosis.
Endocrinology (1999) 140(10):4382-9. doi: 10.1210/endo.140.10.7034
Xiong JH, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O’Brien CA.
Matrix-Embedded Cells Control Osteoclast Formation. Nat Med (2011) 17
(10):1235-U262. doi: 10.1038/nm.2448

Kondo T, Kitazawa R, Yamaguchi A, Kitazawa S. Dexamethasone Promotes
Osteoclastogenesis by Inhibiting Osteoprotegerin Through Multiple Levels.
J Cell Biochem (2008) 103(1):335-45. doi: 10.1002/jcb.21414

Swanson C, Lorentzon M, Conaway HH, Lerner UH. Glucocorticoid
Regulation of Osteoclast Differentiation and Expression of Receptor
Activator of Nuclear Factor-Kappa B (NF-Kappa B) Ligand,
Osteoprotegerin, and Receptor Activator of NF-Kappa B in Mouse
Calvarial Bones. Endocrinology (2006) 147(7):3613-22. doi: 10.1210/
en.2005-0717

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Tobias J, Chambers TJ. Glucocorticoids Impair Bone Resorptive Activity
And Viability of Osteoclasts Disaggregated From Neonatal Rat Long Bones.
Endocrinol (1989) 125(3):1290-5. doi: 10.1210/endo-125-3-1290
Dempster DW, Moonga BS, Stein LS, Horbert WR, Antakly T.
Glucocorticoids Inhibit Bone Resorption by Isolated Rat Osteoclasts by
Enhancing Apoptosis. ] Endocrinol (1997) 154(3):397-406. doi: 10.1677/
j0e.0.1540397

Mak W, Shao XY, Dunstan CR, Seibel MJ, Zhou H. Biphasic Glucocorticoid-
Dependent Regulation of Wnt Expression and Its Inhibitors in Mature
Osteoblastic Cells. Calcified Tissue Int (2009) 85(6):538-45. doi: 10.1007/
500223-009-9303-1

Cooper MS, Syddall HE, Fall CH, Wood PJ, Stewart PM, Cooper C, et al.
Circulating Cortisone Levels Are Associated With Biochemical Markers of
Bone Formation and Lumbar Spine BMD: The Hertfordshire Cohort Study.
Clin Endocrinol (Oxf) (2005) 62(6):692-7. doi: 10.1111/j.1365-
2265.2005.02281.x

Cooper MS, Blumsohn A, Goddard PE, Bartlett WA, Shackleton CH, Eastell
R, et al. 11beta-Hydroxysteroid Dehydrogenase Type 1 Activity Predicts the
Effects of Glucocorticoids on Bone. | Clin Endocrinol Metab (2003) 88
(8):3874-7. doi: 10.1210/jc.2003-022025

Cooper MS, Rabbitt EH, Goddard PE, Bartlett WA, Hewison M, Stewart PM.
Osteoblastic 11beta-Hydroxysteroid Dehydrogenase Type 1 Activity
Increases With Age and Glucocorticoid Exposure. ] Bone Miner Res
(2002) 17(6):979-86. doi: 10.1359/jbmr.2002.17.6.979

Cooper MS, Walker EA, Bland R, Fraser WD, Hewison M, Stewart PM.
Expression and Functional Consequences of 11B-Hydroxysteroid
Dehydrogenase Activity in Human Bone. Bone (2000) 27(3):375-81. doi:
10.1016/S8756-3282(00)00344-6

Bland R, Worker CA, Noble BS, Eyre L], Bujalska IJ, Sheppard MC, et al.
Characterization of 11beta-Hydroxysteroid Dehydrogenase Activity and
Corticosteroid Receptor Expression in Human Osteosarcoma Cell Lines.
] Endocrinol (1999) 161(3):455-64. doi: 10.1677/joe.0.1610455

Eyre LJ, Rabbitt EH, Bland R, Hughes SV, Cooper MS, Sheppard MC, et al.
Expression of 11B-Hydroxysteroid Dehydrogenase in Rat Osteoblastic Cells:
Pre-Receptor Regulation of Glucocorticoid Responses in Bone. JCell
Biochem (2001) 81(3):453-62. doi: 10.1002/1097-4644(20010601)
81:3<453::AID-JCB1059>3.0.CO;2-Z

Kalajzic I, Kalajzic Z, Kaliterna M, Gronowicz G, Clark SH, Lichtler AC,
et al. Use of Type I Collagen Green Fluorescent Protein Transgenes to
Identify Subpopulations of Cells at Different Stages of the Osteoblast
Lineage. JBone MinerRes (2002) 17(1):15-25. doi: 10.1359/jbmr.2002.17.1.15
Zhou H, Mak W, Kalak R, Street ], Fong-Yee C, Zheng Y, et al.
Glucocorticoid-Dependent Wnt Signaling by Mature Osteoblasts is a Key
Regulator of Cranial Skeletal Development in Mice. Development (2009) 136
(3):427-36. doi: 10.1242/dev.027706

Kalak R, Zhou H, Street ], Day RE, Modzelewski JR, Spies CM, et al.
Endogenous Glucocorticoid Signalling in Osteoblasts is Necessary to
Maintain Normal Bone Structure in Mice. Bone (2009) 45(1):61-7. doi:
10.1016/j.bone.2009.03.673

O’Brien CA, Jia D, Plotkin LI, Bellido T, Powers CC, Stewart SA, et al.
Glucocorticoids Act Directly on Osteoblasts and Osteocytes to Induce Their
Apoptosis and Reduce Bone Formation and Strength. Endocrinology (2004)
145:1835-41. doi: 10.1210/en.2003-0990

Ersek A, Santo Al, Vattakuzhi Y, George S, Clark AR, Horwood NJ. Strain
Dependent Differences in Glucocorticoid-Induced Bone Loss Between
C57BL/6] and CD-1 Mice. Sci Rep (2016) 6:36513. doi: 10.1038/srep36513
Plotkin LI, Manolagas SC, Bellido T. Glucocorticoids Induce Osteocyte
Apoptosis by Blocking Focal Adhesion Kinase-Mediated Survival. Evidence
for Inside-Out Signaling Leading to Anoikis. J Biol Chem (2007) 282
(33):24120-30. doi: 10.1074/jbc.M611435200

Plotkin LI, Weinstein RS, Parfitt AM, Roberson PK, Manolagas SC,
Bellido T. Prevention of Osteocyte and Osteoblast Apoptosis by
Bisphosphonates and Calcitonin. J Clin Invest (1999) 104(10):1363-74.
doi: 10.1172/JCI6800

Cooper MS, Walker EA, Bland R, Fraser WD, Hewison M, Stewart PM.
Expression and Functional Consequences of 1lbeta-Hydroxysteroid
Dehydrogenase Activity in Human Bone. Bone (2000) 27(3):375-81. doi:
10.1016/S8756-3282(00)00344-6

Frontiers in Endocrinology | www.frontiersin.org

August 2021 | Volume 12 | Article 733611


https://doi.org/10.1530/JOE-16-0047
https://doi.org/10.1530/JOE-18-0479
https://doi.org/10.1530/JOE-18-0479
https://doi.org/10.1016/0009-8981(75)90418-0
https://doi.org/10.1210/jc.2015-3694
https://doi.org/10.1210/en.2003-0655
https://doi.org/10.1016/j.cmet.2010.05.005
https://doi.org/10.1007/s00223-005-0297-z
https://doi.org/10.1002/jcb.240500411
https://doi.org/10.1002/jcb.240500411
https://doi.org/10.1016/8756-3282(92)90364-3
https://doi.org/10.1074/jbc.M702687200
https://doi.org/10.1074/jbc.M702687200
https://doi.org/10.1002/jbmr.5650051206
https://doi.org/10.1210/endo.134.3.8119150
https://doi.org/10.1359/jbmr.1997.12.5.734
https://doi.org/10.1210/endo.140.10.7034
https://doi.org/10.1038/nm.2448
https://doi.org/10.1002/jcb.21414
https://doi.org/10.1210/en.2005-0717
https://doi.org/10.1210/en.2005-0717
https://doi.org/10.1210/endo-125-3-1290
https://doi.org/10.1677/joe.0.1540397
https://doi.org/10.1677/joe.0.1540397
https://doi.org/10.1007/s00223-009-9303-1
https://doi.org/10.1007/s00223-009-9303-1
https://doi.org/10.1111/j.1365-2265.2005.02281.x
https://doi.org/10.1111/j.1365-2265.2005.02281.x
https://doi.org/10.1210/jc.2003-022025
https://doi.org/10.1359/jbmr.2002.17.6.979
https://doi.org/10.1016/S8756-3282(00)00344-6
https://doi.org/10.1677/joe.0.1610455
https://doi.org/10.1002/1097-4644(20010601)81:3%3C453::AID-JCB1059%3E3.0.CO;2-Z
https://doi.org/10.1002/1097-4644(20010601)81:3%3C453::AID-JCB1059%3E3.0.CO;2-Z
https://doi.org/10.1359/jbmr.2002.17.1.15
https://doi.org/10.1242/dev.027706
https://doi.org/10.1016/j.bone.2009.03.673
https://doi.org/10.1210/en.2003-0990
https://doi.org/10.1038/srep36513
https://doi.org/10.1074/jbc.M611435200
https://doi.org/10.1172/JCI6800
https://doi.org/10.1016/S8756-3282(00)00344-6
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Martin et al.

Endogenous Glucocorticoid Metabolism in Bone

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Park ]S, Bae SJ, Choi SW, Son YH, Park SB, Dal Rhee S, et al. A Novel 11
Beta-HSD1 Inhibitor Improves Diabesity and Osteoblast Differentiation.
J Mol Endocrinol (2014) 52(2):191-202. doi: 10.1530/JME-13-0177

Schwab D, Sturm C, Portron A, Fuerst-Recktenwald S, Hainzl D, Jordan P,
et al. Oral Administration of the 11 Beta-Hydroxysteroid-Dehydrogenase
Type 1 Inhibitor RO5093151 to Patients With Glaucoma: An Adaptive,
Randomised, Placebo-Controlled Clinical Study. BMJ Open Ophthalmol
(2016) 1(1):¢000063. doi: 10.1136/bmjophth-2016-000063

Jia D, O’Brien CA, Stewart SA, Manolagas SC, Weinstein RS.
Glucocorticoids Act Directly on Osteoclasts to Increase Their Life Span
and Reduce Bone Density. Endocrinology (2006) 147(12):5592-9. doi:
10.1210/en.2006-0459

Justesen J, Mosekilde L, Holmes M, Stenderup K, Gasser J, Mullins JJ, et al.
Mice Deficient in 11 Beta-Hydroxysteroid Dehydrogenase Type 1 Lack Bone
Marrow Adipocytes, But Maintain Normal Bone Formation. Endocrinology
(2004) 145(4):1916-25. doi: 10.1210/en.2003-1427

Hassan-Smith ZK, Morgan SA, Sherlock M, Hughes B, Taylor AE, Lavery
GG, et al. Gender-Specific Differences in Skeletal Muscle 11 Beta-HSD1
Expression Across Healthy Aging. ] Clin Endocrinol Metab (2015) 100
(7):2673-81. doi: 10.1210/jc.2015-1516

Kok C, Sambrook PN. Secondary Osteoporosis in Patients With an
Osteoporotic Fracture. Best Pract Res Clin Rheumatol (2009) 23(6):769-
79. doi: 10.1016/j.berh.2009.09.006

Lovas K, Gjesdal CG, Christensen M, Wolft AB, Almas B, Svartberg J, et al.
Glucocorticoid Replacement Therapy and Pharmacogenetics in Addison’s
Disease: Effects on Bone. Eur ] Endocrinol (2009) 160(6):993-1002. doi:
10.1530/EJE-08-0880

Behan LA, Kelleher G, Hannon MJ, Brady JJ, Rogers B, Tormey W, et al.
Low-Dose Hydrocortisone Replacement Therapy Is Associated With
Improved Bone Remodelling Balance in Hypopituitary Male Patients. Eur
J Endocrinol (2014) 170(1):141-50. doi: 10.1530/EJE-13-0596

Ton FN, Gunawardene SC, Lee H, Neer RM. Effects of Low-Dose Prednisone
on Bone Metabolism. ] Bone Miner Res (2005) 20(3):464-70. doi: 10.1359/
JBMR.041125

Lems WF, Jacobs JW, Van Rijn HJ, Bijlsma JW. Changes in Calcium and
Bone Metabolism During Treatment With Low Dose Prednisone in Young,
Healthy, Male Volunteers. Clin Rheumatol (1995) 14(4):420-4. doi: 10.1007/
BF02207675

Chiodini I, Torlontano M, Carnevale V, Trischitta V, Scillitani A. Skeletal
Involvement in Adult Patients With Endogenous Hypercortisolism.
J Endocrinol Invest (2008) 31(3):267-76. doi: 10.1007/BF03345601

Kaltsas G, Makras P. Skeletal Diseases in Cushing’s Syndrome: Osteoporosis
Versus Arthropathy. Neuroendocrinology (2010) 92 Suppl 1:60-4. doi:
10.1159/000314298

Osella G, Terzolo M, Reimondo G, Piovesan A, Pia A, Termine A, et al.
Serum Markers of Bone and Collagen Turnover in Patients With Cushing’s
Syndrome and in Subjects With Adrenal Incidentalomas. ] Clin Endocrinol
Metab (1997) 82(10):3303-7. doi: 10.1210/jcem.82.10.4282

Hardy RS, Zhou H, Seibel MJ, Cooper MS. Glucocorticoids and
Bone: Consequences of Endogenous and Exogenous Excess and
Replacement Therapy. Endocr Rev (2018) 39(5):519-48. doi: 10.1210/
er.2018-00097

Dineen R, Behan LA, Kelleher G, Hannon MJ, Brady JJ, Rogers B, et al. The
Contribution of Serum Cortisone and Glucocorticoid Metabolites to
Detrimental Bone Health in Patients Receiving Hydrocortisone Therapy.
BMC Endocr Disord (2020) 20(1):154. doi: 10.1186/s12902-020-00633-1
Kaur K, Hardy R, Ahasan MM, Eijken M, van Leeuwen JP, Filer A, et al.
Synergistic Induction of Local Glucocorticoid Generation by Inflammatory
Cytokines and Glucocorticoids: Implications for Inflammation Associated
Bone Loss. Ann Rheum Dis (2010) 69(6):1185-90. doi: 10.1136/
ard.2009.107466

Henneicke H, Herrmann M, Kalak R, Brennan-Speranza TC, Heinevetter U,
Bertollo N, et al. Corticosterone Selectively Targets Endo-Cortical Surfaces
by an Osteoblast-Dependent Mechanism. Bone (2011) 49(4):733-42. doi:
10.1016/j.bone.2011.06.013

Hirayama T, Sabokbar A, Athanasou NA. Effect of Corticosteroids on
Human Osteoclast Formation and Activity. J Endocrinol (2002) 175
(1):155-63. doi: 10.1677/joe.0.1750155

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Barbour KE, Lui LY, Ensrud KE, Hillier TA, LeBlanc ES, Ing SW, et al.
Inflammatory Markers and Risk of Hip Fracture in Older White Women:
The Study of Osteoporotic Fractures. ] Bone Miner Res (2014) 29(9):2057-
64. doi: 10.1002/jbmr.2245

Ding C, Parameswaran V, Udayan R, Burgess J, Jones G. Circulating Levels
of Inflammatory Markers Predict Change in Bone Mineral Density and
Resorption in Older Adults: A Longitudinal Study. J Clin Endocrinol Metab
(2008) 93(5):1952-8. doi: 10.1210/jc.2007-2325

Wislowska M, Jakubicz D, Stepien K, Cicha M. Serum Concentrations of
Formation (PINP) and Resorption (Ctx) Bone Turnover Markers in
Rheumatoid Arthritis. Rheumatol Int (2009) 29(12):1403-9. doi: 10.1007/
500296-009-0867-x

Ilesanmi-Oyelere BL, Schollum L, Kuhn-Sherlock B, McConnell M, Mros S,
Coad J, et al. Inflammatory Markers and Bone Health in Postmenopausal
Women: A Cross-Sectional Overview. Immun Ageing (2019) 16:15. doi:
10.1186/512979-019-0155-x

de Vries TJ, El Bakkali I, Kamradt T, Schett G, Jansen IDC, D’Amelio P.
What Are the Peripheral Blood Determinants for Increased Osteoclast
Formation in the Various Inflammatory Diseases Associated With Bone
Loss? Front Immunol (2019) 10:505. doi: 10.3389/fimmu.2019.00505
Webster JM, Fenton CG, Langen R, Hardy RS. Exploring the Interface
Between Inflammatory and Therapeutic Glucocorticoid Induced Bone and
Muscle Loss. Int ] Mol Sci (2019) 20(22):5768. doi: 10.3390/ijms20225768
Stegk JP, Ebert B, Martin HJ, Maser E. Expression Profiles of Human 11beta-
Hydroxysteroid Dehydrogenases Type 1 and Type 2 in Inflammatory Bowel
Diseases. Mol Cell Endocrinol (2009) 301(1-2):104-8. doi: 10.1016/
j.mce.2008.10.030

Hardy R, Rabbitt EH, Filer A, Emery P, Hewison M, Stewart PM, et al. Local
and Systemic Glucocorticoid Metabolism in Inflammatory Arthritis. Ann
Rheum Dis (2008) 67(9):1204-10. doi: 10.1136/ard.2008.090662

Nanus DE, Filer AD, Yeo L, Scheel-Toellner D, Hardy R, Lavery GG, et al.
Differential Glucocorticoid Metabolism in Patients With Persistent Versus
Resolving Inflammatory Arthritis. Arthritis Res Ther (2015) 17:121. doi:
10.1186/513075-015-0633-2

Sagmeister MS, Taylor AE, Fenton A, Wall NA, Chanouzas D, Nightingale
PG, et al. Glucocorticoid Activation by 1llbeta-Hydroxysteroid
Dehydrogenase Enzymes in Relation to Inflammation and Glycaemic
Control in Chronic Kidney Disease: A Cross-Sectional Study. Clin
Endocrinol (Oxf) (2019) 90(1):241-9. doi: 10.1111/cen.13889

Hussey M, Holleran G, Smith S, Sherlock M, McNamara D. The Role and
Regulation of the 11 Beta-Hydroxysteroid Dehydrogenase Enzyme System
in Patients With Inflammatory Bowel Disease. Dig Dis Sci (2017) 62
(12):3385-90. doi: 10.1007/s10620-017-4753-1

Gilmour JS, Coutinho AE, Cailhier JF, Man TY, Clay M, Thomas G, et al. Local
Amplification of Glucocorticoids by 11 Beta-Hydroxysteroid Dehydrogenase
Type 1 Promotes Macrophage Phagocytosis of Apoptotic Leukocytes. ] Immunol
(2006) 176(12):7605-11. doi: 10.4049/jimmunol.176.12.7605

Thieringer R, Le Grand CB, Carbin L, Cai TQ, Wong B, Wright SD, et al. 11
Beta-Hydroxysteroid Dehydrogenase Type 1 Is Induced in Human
Monocytes Upon Differentiation to Macrophages. | Immunol (2001) 167
(1):30-5. doi: 10.4049/jimmunol.167.1.30

Fenton CG, Webster JM, Martin CS, Fareed S, Wehmeyer C, Mackie H, et al.
Therapeutic Glucocorticoids Prevent Bone Loss But Drive Muscle Wasting
When Administered in Chronic Polyarthritis. Arthritis Res Ther (2019) 21
(1):182. doi: 10.1186/s13075-019-1962-3

Sambrook PN, Eisman JA, Yeates MG, Pocock NA, Eberl S, Champion GD.
Osteoporosis in Rheumatoid Arthritis: Safety of Low Dose Corticosteroids.
Ann Rheum Dis (1986) 45(11):950-3. doi: 10.1136/ard.45.11.950
Sambrook PN, Cohen ML, Eisman JA, Pocock NA, Champion GD, Yeates
MG. Effects of Low Dose Corticosteroids on Bone Mass in Rheumatoid
Arthritis: A Longitudinal Study. Ann Rheum Dis (1989) 48(7):535-8. doi:
10.1136/ard.48.7.535

Wijbrandts CA, Klaasen R, Dijkgraaf MG, Gerlag DM, van Eck-Smit BL, Tak
PP. Bone Mineral Density in Rheumatoid Arthritis Patients 1 Year After
Adalimumab Therapy: Arrest of Bone Loss. Ann Rheum Dis (2009) 68
(3):373-6. doi: 10.1136/ard.2008.091611

Haugeberg G, Uhlig T, Falch JA, Halse JI, Kvien TK. Bone Mineral Density
and Frequency of Osteoporosis in Female Patients With Rheumatoid

Frontiers in Endocrinology | www.frontiersin.org

August 2021 | Volume 12 | Article 733611


https://doi.org/10.1530/JME-13-0177
https://doi.org/10.1136/bmjophth-2016-000063
https://doi.org/10.1210/en.2006-0459
https://doi.org/10.1210/en.2003-1427
https://doi.org/10.1210/jc.2015-1516
https://doi.org/10.1016/j.berh.2009.09.006
https://doi.org/10.1530/EJE-08-0880
https://doi.org/10.1530/EJE-13-0596
https://doi.org/10.1359/JBMR.041125
https://doi.org/10.1359/JBMR.041125
https://doi.org/10.1007/BF02207675
https://doi.org/10.1007/BF02207675
https://doi.org/10.1007/BF03345601
https://doi.org/10.1159/000314298
https://doi.org/10.1210/jcem.82.10.4282
https://doi.org/10.1210/er.2018-00097
https://doi.org/10.1210/er.2018-00097
https://doi.org/10.1186/s12902-020-00633-1
https://doi.org/10.1136/ard.2009.107466
https://doi.org/10.1136/ard.2009.107466
https://doi.org/10.1016/j.bone.2011.06.013
https://doi.org/10.1677/joe.0.1750155
https://doi.org/10.1002/jbmr.2245
https://doi.org/10.1210/jc.2007-2325
https://doi.org/10.1007/s00296-009-0867-x
https://doi.org/10.1007/s00296-009-0867-x
https://doi.org/10.1186/s12979-019-0155-x
https://doi.org/10.3389/fimmu.2019.00505
https://doi.org/10.3390/ijms20225768
https://doi.org/10.1016/j.mce.2008.10.030
https://doi.org/10.1016/j.mce.2008.10.030
https://doi.org/10.1136/ard.2008.090662
https://doi.org/10.1186/s13075-015-0633-2
https://doi.org/10.1111/cen.13889
https://doi.org/10.1007/s10620-017-4753-1
https://doi.org/10.4049/jimmunol.176.12.7605
https://doi.org/10.4049/jimmunol.167.1.30
https://doi.org/10.1186/s13075-019-1962-3
https://doi.org/10.1136/ard.45.11.950
https://doi.org/10.1136/ard.48.7.535
https://doi.org/10.1136/ard.2008.091611
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Martin et al.

Endogenous Glucocorticoid Metabolism in Bone

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Arthritis: Results From 394 Patients in the Oslo County Rheumatoid
Arthritis Register. Arthritis Rheum (2000) 43(3):522-30. doi: 10.1002/
1529-0131(200003)43:3<522::AID-ANR7>3.0.CO;2-Y

Coutinho AE, Gray M, Brownstein DG, Salter DM, Sawatzky DA, Clay S,
et al. 11beta-Hydroxysteroid Dehydrogenase Type 1, But Not Type 2,
Deficiency Worsens Acute Inflammation and Experimental Arthritis in
Mice. Endocrinology (2012) 153(1):234-40. doi: 10.1210/en.2011-1398
Epsley S, Tadros S, Farid A, Kargilis D, Mehta S, Rajapakse CS. The Effect of
Inflammation on Bone. Front Physiol (2020) 11:511799. doi: 10.3389/
fphys.2020.511799

Redlich K, Smolen JS. Inflammatory Bone Loss: Pathogenesis and
Therapeutic Intervention. Nat Rev Drug Discov (2012) 11(3):234-50. doi:
10.1038/nrd3669

Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony §, et al. Activated T
Cells Regulate Bone Loss and Joint Destruction in Adjuvant Arthritis
Through Osteoprotegerin Ligand. Nature (1999) 402(6759):304-9. doi:
10.1038/46303

Gravallese EM, Harada Y, Wang JT, Gorn AH, Thornhill TS, Goldring SR.
Identification of Cell Types Responsible for Bone Resorption in Rheumatoid
Arthritis and Juvenile Rheumatoid Arthritis. Am J Pathol (1998) 152(4):943-51.
Parfitt AM. The Mechanism of Coupling: A Role for the Vasculature. Bone
(2000) 26(4):319-23. doi: 10.1016/S8756-3282(00)80937-0

Kusumbe AP, Ramasamy SK, Adams RH. Coupling of Angiogenesis and
Osteogenesis by a Specific Vessel Subtype in Bone. Nature (2014) 507
(7492):323-+. doi: 10.1038/naturel13145

Nakashima K, Zhou X, Kunkel G, Zhang ZP, Deng JM, Behringer RR, et al.
The Novel Zinc Finger-Containing Transcription Factor Osterix Is Required
for Osteoblast Differentiation and Bone Formation. Cell (2002) 108(1):17—
29. doi: 10.1016/50092-8674(01)00622-5

Wang Y, Wan C, Deng LF, Liu XM, Cao XM, Gilbert SR, et al. The Hypoxia-
Inducible Factor a Pathway Couples Angiogenesis to Osteogenesis During
Skeletal Development. J Clin Invest (2007) 117(6):1616-26. doi: 10.1172/
JCI31581

Akeno N, Czyzyk-Krzeska MF, Gross TS, Clemens TL. Hypoxia Induces
Vascular Endothelial Growth Factor Gene Transcription in Human
Osteoblast-Like Cells Through the Hypoxia-Inducible Factor-2 Alpha.
Endocrinology (2001) 142(2):959-62. doi: 10.1210/endo.142.2.8112
Athanasopoulos AN, Schneider D, Keiper T, Alt V, Pendurthi UR, Liegibel
UM, et al. Vascular Endothelial Growth Factor (VEGF)-Induced Up-
Regulation of CCNI1 in Osteoblasts Mediates Proangiogenic Activities in
Endothelial Cells and Promotes Fracture Healing. J Biol Chem (2007) 282
(37):26746-53. doi: 10.1074/jbc.M705200200

Mayr-Wohlfart U, Waltenberger J, Hausser H, Kessler S, Gunther KP, Dehio
C, et al. Vascular Endothelial Growth Factor Stimulates Chemotactic
Migration of Primary Human Osteoblasts. Bone (2002) 30(3):472-7. doi:
10.1016/S8756-3282(01)00690-1

Xie H, Cui Z, Wang L, Xia ZY, Hu Y, Xian LL, et al. PDGF-BB Secreted by
Preosteoclasts Induces Angiogenesis During Coupling With Osteogenesis.
Nat Med (2014) 20(11):1270-8. doi: 10.1038/nm.3668

Yang P, Lv S, Wang Y, Peng Y, Ye ZX, Xia ZY, et al. Preservation of Type H
Vessels and Osteoblasts by Enhanced Preosteoclast Platelet-Derived Growth
Factor Type BB Attenuates Glucocorticoid-Induced Osteoporosis in
Growing Mice. Bone (2018) 114:1-13. doi: 10.1016/j.bone.2018.05.025

118. Harada S, Nagy JA, Sullivan KA, Thomas KA, Endo N, Rodan GA, et al.
Induction of Vascular Endothelial Growth-Factor Expression by
Prostaglandin E(2) and E(1) in Osteoblasts. J Clin Invest (1994) 93
(6):2490-6. doi: 10.1172/JCI117258
Pufe T, Scholz-Ahrens KE, Franke ATM, Petersen W, Mentlein R, Varoga D,
et al. The Role of Vascular Endothelial Growth Factor in Glucocorticoid-
Induced Bone Loss: Evaluation in a Minipig Model. Bone (2003) 33(6):869-
76. doi: 10.1016/j.bone.2003.08.002
Weinstein RS, Wan C, Liu QL, Wang Y, Almeida M, O’Brien CA, et al.
Endogenous Glucocorticoids Decrease Skeletal Angiogenesis, Vascularity,
Hydration, and Strength in Aged Mice. Aging Cell (2010) 9(2):147-61. doi:
10.1111/j.1474-9726.2009.00545.x

. Gong RJ, Morris DJ, Brem AS. Variable Expression of 11 Beta
Hydroxysteroid Dehydrogenase (11 Beta-HSD) Isoforms in Vascular
Endothelial Cells. Steroids (2008) 73(11):1187-96. doi: 10.1016/j.steroids.
2008.05.009

Liu Y, Mladinov D, Pietrusz JL, Usa K, Liang MY. Glucocorticoid Response

Elements and 11 Beta-Hydroxysteroid Dehydrogenases in the Regulation of

Endothelial Nitric Oxide Synthase Expression. Cardiovasc Res (2009) 81

(1):140-7. doi: 10.1093/cvr/cvn231

Small GR, Hadoke PWF, Sharif I, Dover AR, Armour D, Kenyon CJ, et al.

Preventing Local Regeneration of Glucocorticoids by 11 Beta-

Hydroxysteroid Dehydrogenase Type 1 Enhances Angiogenesis. Proc Natl

Acad Sci United States America (2005) 102(34):12165-70. doi: 10.1073/

pnas.0500641102

Logie JJ, Ali S, Marshall KM, Heck MMS, Walker BR, Hadoke
PWFEF. Glucocorticoid-Mediated Inhibition of Angiogenic Changes in
Human Endothelial Cells Is Not Caused by Reductions in Cell
Proliferation or Migration. PloS One (2010) 5(12):e14476. doi: 10.1371/
journal.pone.0014476

Wein MN. Bone Lining Cells: Normal Physiology and Role in Response to

Anabolic Osteoporosis Treatments. Curr Mol Biol Rep (2017) 3(2):79-84.

doi: 10.1007/s40610-017-0062-x

Matic I, Matthews BG, Wang X, Dyment NA, Worthley DL, Rowe DW, et al.

Quiescent Bone Lining Cells Are a Major Source of Osteoblasts During

Adulthood. Stem Cells (2016) 34(12):2930-42. doi: 10.1002/stem.2474

119.

120.

122.

123.

124.

125.

126.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Martin, Cooper and Hardy. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

August 2021 | Volume 12 | Article 733611


https://doi.org/10.1002/1529-0131(200003)43:3%3C522::AID-ANR7%3E3.0.CO;2-Y
https://doi.org/10.1002/1529-0131(200003)43:3%3C522::AID-ANR7%3E3.0.CO;2-Y
https://doi.org/10.1210/en.2011-1398
https://doi.org/10.3389/fphys.2020.511799
https://doi.org/10.3389/fphys.2020.511799
https://doi.org/10.1038/nrd3669
https://doi.org/10.1038/46303
https://doi.org/10.1016/S8756-3282(00)80937-0
https://doi.org/10.1038/nature13145
https://doi.org/10.1016/S0092-8674(01)00622-5
https://doi.org/10.1172/JCI31581
https://doi.org/10.1172/JCI31581
https://doi.org/10.1210/endo.142.2.8112
https://doi.org/10.1074/jbc.M705200200
https://doi.org/10.1016/S8756-3282(01)00690-1
https://doi.org/10.1038/nm.3668
https://doi.org/10.1016/j.bone.2018.05.025
https://doi.org/10.1172/JCI117258
https://doi.org/10.1016/j.bone.2003.08.002
https://doi.org/10.1111/j.1474-9726.2009.00545.x
https://doi.org/10.1016/j.steroids.2008.05.009
https://doi.org/10.1016/j.steroids.2008.05.009
https://doi.org/10.1093/cvr/cvn231
https://doi.org/10.1073/pnas.0500641102
https://doi.org/10.1073/pnas.0500641102
https://doi.org/10.1371/journal.pone.0014476
https://doi.org/10.1371/journal.pone.0014476
https://doi.org/10.1007/s40610-017-0062-x
https://doi.org/10.1002/stem.2474
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Endogenous Glucocorticoid Metabolism in Bone: Friend or Foe
	Introduction to Pre-Receptor Glucocorticoid Metabolism
	Glucocorticoid Metabolism by the 11β-HSD1 and 11β-HSD2 Enzymes
	Systemic Endocrine Metabolism Versus Local Autocrine Metabolism
	The Role of 11β-HSD1 in Bone Cells and Bone Health in Normal Physiology
	The Role of Endogenous GCs in Bone Cell Differentiation and Activity
	The Role of 11β-HSD1 in Osteoblasts and Osteocytes in Normal Physiology
	The Role of 11β-HSD1 in Osteoclasts in Normal Physiology

	11β-HSD1 Mediates the Anti-Anabolic Actions of Glucocorticoid Excess in Bone
	The Role of 11β-HSD1 in Osteoblasts and Osteocytes in Glucocorticoid Excess
	The Role of 11β-HSD1 in Osteoclasts in Glucocorticoid Excess

	Glucocorticoid Activation by 11β-HSD1 Prevents Osteoclastogenesis and Bone Resorption in Inflammatory Disease
	The Role of 11β-HSD1 in Osteoblasts and Osteocytes in Inflammatory Disease
	The Role of 11β-HSD1 in Osteoclasts in Inflammatory Disease

	11β-HSD1 Protects Against Inflammation-Induced Bone Resorption in Response to Therapeutic Glucocorticoids
	The Role of 11β-HSD1 in Osteoblasts and Osteocytes in Response to Therapeutic GCs in Inflammatory Disease
	The Role of 11β-HSD1 in Osteoclasts in Response to Therapeutic GCs in Inflammatory Disease

	Potential Roles for 11β-HSD1 in Bone Lining Cells and Endothelium
	Final Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


