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Hormonal regulation plays a key role in determining bone mass in
humans. Both skeletal growth and bone loss in health and disease
is critically controlled by endocrine factors and low bone mass is a
feature of both excess and deficiency of a broad range of hor-
mones. This article explores the impact of diabetes and thyroid,
parathyroid, sex steroid and growth hormone disorders on bone
mass and fracture risk. Evidence for current management strate-
gies is provided along with suggested practice points and gaps in
knowledge for future research.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open

access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Bone mass in the adult reflects bone accretion in infancy, childhood and adolescence and the
amount of bone subsequently removed through a slightly negative bone balance per remodelling cycle
after age thirty to forty, as well as the accelerated bone less experienced in the first years following
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menopause [1]. As shall be seen below, both skeletal growth and bone loss in health and disease is
critically controlled by endocrine factors and low bone mass is a feature of both excess and deficiency
of a broad range of hormones, though the magnitude and direction of the effect can be different
depending on whether the effects are played out in a growing, mature, or senescent skeleton. In the
Table 1
Practice points.

Endocrine
system

Practice points

Thyroid � Long standing hyperthyroidism in adults (eg asymptomatic MNG and TSH suppressive therapy in high
risk thyroid carcinoma) has a negative but reversible effect on bone mass and fracture risk.

� Where fracture risk is a concern, conventional osteoporosis treatment is advised where it is not
possible or advisable to achieve euthyroidism.

� If denosumab is initiated then extreme vigilance should be exerted in the hyperthyroid patient given
the likely much higher risk of rebound fractures should treatment be interrupted or stopped against a
backdrop of additional turnover stimulation by thyroid hormones.

Parathyroid � Patients at high risk of imminent fracture who are waiting for surgery or not referred for surgery
should be considered for treatment with a potent anti-resorptive [16]

� Calcimimetic therapy to reduce calcium levels does not lead to an improvement in bone mass, and
anti-resorptives may be required [102]

Diabetes � Fractures in patients with diabetes occur at a higher BMD than in general population
� It is likely appropriate to adjust T-score by �0.5 in patients with Diabetes to reflect increased fracture

risk and treatment threshold for intervention with anti-resorptives should be reduced accordingly
� Sulphonylureas and PPARY agonists may increase fracture risk
� Routine BMD monitoring of patients over 45 years with diabetes should be considered
� Good glycaemic and lipid control is may avoid long term skeletal consequences of diabetes [103], the

risk of hypoglycaemia and falls should also be carefully considered as these increase fracture risk [104]
� The treatment principles in patients with diabetes and increased fracture risk follow current general

guidelines and first line therapy is a bisphosphonate

Gut hormones � Oral incretins have a positive effect on bone mass indirectly by augmenting insulin secretion, and by
direct anti-resorptive effects on osteoclasts

� The reduction in bone mass that often accompanies significant weight loss could potentially be
prevented using GLP-1 and GIP agonists.

Reproductive
hormones

� Adequate sex hormone status is crucial for achievement of peak bone mass and reducing fracture risk
in later life

� Reduced bone mass and increased fracture risk that occurs in post-menopausal women is principally
reversible with Hormone Replacement Therapy if begun in the first years after menopause, and there
is increasing advocacy for a personalised risk-balance approach in this situation

� Women and Men with hormonal sensitive cancers (eg breast, prostate) often receive treatments to
reduce oestrogen and testosterone levels. This is associated with a reduction in bone mass and
increased fracture risk that can be prevented/mitigated with anti-resorptive therapies.

� In hypogonadal men with total testosterone levels <6.9 nmoL/l; replacement could be considered in
those at moderate to high fracture risk

Glucocorticoids � Fracture risk with supraphysiological GC exposure is not completely dependent on BMD, and fractures
occur even in those with well preserved BMD

� The changes in BMD and fracture risk are rapid following exposure to supraphysiological GC and
treatment to mitigate this should be initiated as soon as possible in those at high risk

� Bone mass recovers and fracture risk reduces quickly once exposure to GC's ceases.

Growth
hormone

� Childhood onset GHD patients are at risk of having small bone size and this must be taken into account
when evaluating BMD in these patients throughout childhood and adult life

� Patients with GHD often have other pituitary hormone defects and co-morbidities. It is difficult to
disentangle the effects of GH from other hormonal deficits and replacement therapies.

� Reasonable evidence that patients with GHD have reduced BMD and increased fracture risk that needs
evaluation at baseline and monitoring during therapy

� Most studies support the fact that GH replacement improves BMD if used for more than 12 months;
but fracture reduction data are not available

� Bisphosphonate therapy in conjunction with rhGH increases BMD.
� Patients with acromegaly have increased risk of vertebral fracture without abnormalities of BMD

measured by DXA
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following we shall provide a narrative review, state practice points (Table 1) and briefly outline what
we believe to be the most pressing research needs under each heading.

The review is based on PubMed searches by the authors, supplemented by review of the reference
sections in themost recent review articles available to capture anymissing relevant articles. The search
generated more than 200 references of relevance - a complete list available on request - with a se-
lection of key references listed below.
Thyroid disorders

Thyroid hormones play a key role in regulating the development and growth of the skeleton, aswell as
in the maintenance of normal bone mass, -structure and -strength in adulthood. Thyroid receptor alpha
(TRa) is the key receptor for T3 action in the osteoblast nucleus whereas thyroid receptor beta (TRb) is
responsible for the hypothalamic feedback loop regulating TSH secretion. There is local expression of an
alternative splice variant of TSH in the bonemicroenvironment, whichmay impact on regulation of bone
turnover [2].However, impaired TSH signallingdoesnot in itself affect skeletal developmentormaturation
in childrenwith loss-of-functionmutations if adequately substituted to normal T3 and T4 levels [3] and a
direct role for TSH in regulating bone mass in man needs more research.

In the growing child, severe hypothyroidism with low T3 and T4, by contrast, leads to reversibly
arrested bone growth and impaired tooth eruption. However, hyperthyroidism in growing children
similarly causes impaired long bone growth and low attained height, but this is due to accelerated
skeletal maturation with epiphyseal line closure [3].

In the adult skeleton, hyperthyroidism is one of the textbook examples of reversible bone loss where
the key feature is an increased activation frequency. Theoretically, irreversible damage to trabecular
strength and architecture only taking place once trabeculae are thinned sufficiently for perforations to
begin to occur [4]. Hypothyroidism delays bone remodelling and substantially prolongs the total bone
formation period but with no histological indication of negative effects on the structure or volume of
bone tissue. In accordance with this, there is no evidence that hypothyroidism impacts negatively on
bone unless patients are exposed to prolonged over-substitution with thyroid hormones [3]. Patients
with hypothyroidism who are not over-substituted with T4 have been found to have identical BMD by
DXA and bone structure (HR-pQCT) to that of euthyroid population controls [5]. Unlike glucocorticoid
excess, fracture risk is appropriately determined by BMD changes in thyroid disorders. In a study [6]
from our group, 8414 patients with a first measurement of TSH >4.0 mIU/L were compared with 22,138
persons with normal TSH and while elevated TSH was not in itself related to the risk of major osteo-
porotic fractures, the risk of such fractures increased by 10% for each sixmonth period of low TSH during
thyroxine replacement analogous to what is observed in subclinical hyperthyroidism [7]. A meta-
analysis covering 16 observational studies in a total of 426 postmenopausal women with thyroid can-
cer who had thyroidectomy and levothyroxine therapy found BMD significantly reduced inwomenwith
stringent TSH suppression but not moderate (TSH level 0.10e0.49 mIU/L) suppression [8]:

Return to normal bone turnover occurs relatively quickly: In hyperthyroid patients beginning
antithyroid treatment, bone resorption markers generally return to the level seen in healthy controls
within two months. Bone structure assessed by HR-pQCT appears to recover fully following correction
of hyperthyroidism [9]. Though fracture risk is somewhat affected even by TSH decreases within the
euthyroid range, the risk is particularly elevated in subclinical hyperthyroidism [10].

Perhaps surprisingly, there is no evidence that anti-osteoporosis drugs are effective in the hyper-
thyroid patient in terms of preventing fractures [11,12].
Research agenda

� Studies to determine how bone health can bemaintained during periods of TSH suppression
secondary to TSH suppression in thyroid cancer

� More potent antiresorptive agents such a zoledronate and denosumabmay offer advantages
over older bisphosphonates and more frequent dosing regimes could be evaluated

3



C. Higham and B. Abrahamsen Best Practice & Research Clinical Endocrinology & Metabolism 36 (2022) 101614
Parathyroid disorders

Parathyroid hormone is the classic calciotropic hormone and as such capable of rapidly mobilising
calcium from the exchangeable calcium pool in the skeleton, and with sustained raised levels increase
both the activation frequency and resorption depth resulting in an initially reversible bone loss that
analogous to the situation in thyroid hormone excess or pregnancy. Which may become irreversible if
continuing.With continuous PTH excess the end result is a reduction in bonemass and strength and an
increase in renal calcium excretion which may cause nephrocalcinosis and stones. The anabolic effects
of intermittent stimulation of the PTH receptor by PTH 1-34 or native PTH are well known to the bone
clinician and of course used therapeutically in osteoporosis. In a seminal paper by Vestergaard and
Mosekilde [13], the incidence rate of fractures in PHPT was found to be 1.45 (95% CI 1.05e1.99) before
surgery while fracture incidence decreased to background population level following surgery. Though
it remains controversial if Normocalcaemic Primary Hyperparathyroidism, which can be difficult to
distinguish clearly from Refractory Secondary Hyperparathyroidism, is a true diagnostic entity and if
intervention is warranted, there is growing evidence that surgical intervention can improve bone mass
in these biochemically mild cases too. While patients with normocalcaemia are significantly more
likely to have hyperplasia and/or involvement of multiple glands, with lower parathyroid weight, the
percentual recovery in bone mass was similar to hypercalcaemic cases [14].

For primary hyperparathyroidism specifically, controversy still surrounds the ideal decision-making
for surgery vs conservative management [15] and even after successful surgery there is also the
question of how soon intervention with an anti-resorptive agent is justified since a certain recovery of
bonemass overmonths following surgery can generally be expected. The impact of PHPTon bonemass
is site specific, with the lumbar spine being less affected than the hip and the strongest reductions
occurring at the radius including patients without symptomatic disease. To exemplify, over five years of
observation the non-intervention arm in the Nordic SIPH study of with asymptomatic PHPT experi-
enced a mean BMD loss of 4.3% at the distal third radius, 3.9% at the femoral neck but only 0.28% at the
spine. In accordance with the majority of the total skeletal mass being accounted for by cortical bone,
whole body BMD declined by 4.4% [16].

Hypoparathyroidism, by contrast, leads to a higher than normal bone mass with the degree of bone
mass increment depending on the skeletal site and the disease duration [17] with the highest Z-score
generally found at the lumbar spine. Both increases and decreases in BMD have been reported in
subjects with hypoparathyroidism during substitution with PTH and PTH analogues please refer to
Silva et al. for an in depth discussion of this [17]. In general, fracture risk has not been found to be
increased in women with hypoparathyroidism, though a risk increase has been reported [18] specif-
ically for the upper extremities in non-surgical hypoparathyroidism, HR 1.93 (95% CI 1.31e2.85).
Research agenda

� Improved understanding of the natural history of bone mass deterioration during develop-
ment of PHPT

� Further studies addressing cardiovascular, CNS morbidity and QOL are much needed in
PHPT and hypoparathyroidism
Diabetes and bone mass

The insulin receptor is present on osteoblasts and insulin signalling is essential for osteoblast
proliferation, survival, and differentiation [19]. BMD ismodestly reduced in adults with T1D but normal
or even increased in T2D. Alterations in bone microstructure and material qualities in both T1D and
T2D result in diminished bone strength but this does not manifest itself fully as a reduction in bone
mass, particularly not in T2D. As a group, both patients with T1D and patients with T2D exhibit lower
4
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bone turnover markers than healthy control subjects [20]. Bone turnover markers do not appear to be
predictive of fracture risk in diabetes, however [21]. Further, it was recently reported that in children
and adolescents with T1D, bone turnover is significantly associated with HbA1c levels so that higher
HbA1c links to lower indices of bone resorption [22] supporting the notion that optimizing glycaemic
regulation is helpful in maintaining normal physiological turnover in the growing skeleton. However, it
is not clear if this is a direct effect of glycaemic control [23]. Interestingly, as reviewed in detail last year
[24], dyslipidaemia and a high fat diet is associated with impaired osteoblast function and increased
bone resorption in mouse models. It has been established across meta-analyses that the risk of frac-
tures is increased in diabetes; approximately by a factor 1.4 [25] to 1.7 [26] for hip fractures in type 2
diabetes (T2D) and 1.9 [25] to 6.3 [26] in type 1 diabetes (T1D) and that the risk is greater thanwhat can
be explained by BMD. One rule of thumb is that fracture risk in patients with diabetes is equivalent to a
0.5 SD lower T-score [27]. The term Diabetic Bone Disease or Diabetic Osteopathy has been coined to
more accurately reflect this [28]. The increased fracture risk observed in patients with diabetes should
not only be attributed to relatively poorer bone material quality and affected bone microstructure with
thinner cortices and trabeculae whenmeasured by HR-pQCTor assessed indirectly by TBS, but also to a
greater risk of falls especially in patients with neurological sequelae to diabetes. By contrast, peripheral
neuropathy is not generally associated with a reduction in bone mass though studies have not clearly
distinguished between T1D and T2D [29]. It is not fully understood how glycation of bone matrix and
alterations in micro-vascular supply to the skeletal tissue influence bone quality and structure and the
issue is further complicated by the overlayed effects of dyslipidaemia and anti-diabetic medications, of
which some also have effects on bone mineral and in particularly fracture risk as briefly summarized
below. We also need to consider indirect effects played out on bone due to hypercalciuriain poorly
regulated diabetes and the effects mediated through other endocrine players such as IGF-1 (bone
formation actions blunted by advanced glycation end products), leptin (reduced) and adiponectin
(reduced). Obesity is of course a factor in many patients with T2DM and while fat mass was originally
thought to benefit skeletal health through loading of bones, newer studies have revealed that the risk
of some fractures is increased rather than decreased in patients who are overweight or obese. Despite
the dominance of low bone turnover in diabetes bone disease, conventional anti-resorptive agents
have not proven any less effective in patients with diabetes than in subjects without diabetes as
recently reviewed in detail [30] and there is no convincing clinically important relationship between
the alterations in bone turnover resulting from the use of osteoporosis drugs - anabolic or anti-
resorptive - on overall diabetes regulation. Given the extensive experiencewith bisphosphonates in the
management of osteoporosis in general, this is the preferred first line treatment though theoretically a
case can bemade for sequential therapywith a bone anabolic agent followed by an anti-resorptive. This
regimen results in larger and/or faster bone mass recovery and lower fracture rates in postmenopausal
osteoporosis as reviewed in detail elsewhere and sequential treatment makes even better biological
sense in a low turnover state such as that seen in diabetes [31]. The obvious barrier to implementation
of such a strategy in clinical guidelines at present is the higher cost and lack of trials targeted spe-
cifically to a diabetes population [32]. For romosozumab, the higher incidence of cardiovascular events
seen in the comparative study of romosozumab versus alendronate could also favour bisphosphonates
in this patient group [33]. However, it is worth noting that diabetes was not an exclusion criterion in
the trial, almost a third of the study participants had diabetes.
Research agenda

� The mechanisms underlying the altered fracture threshold for bone mass in diabetes remain
poorly understood and there is a clear need for studies identifying the most important
pathways for specific intervention against the progression of diabetes bone disease.

� Post-marketing register studies should be analysed to better define the optimum role of each
class of currently available osteoporosis medication specifically in patients with diabetes.

5



C. Higham and B. Abrahamsen Best Practice & Research Clinical Endocrinology & Metabolism 36 (2022) 101614
Gut hormones and bone mass

Development of bone mass and bone remodelling are energy dependent processes and rely upon
sufficient nutrition and substrate availability. Preclinical and emerging clinical data demonstrate the
influence of a number of gut hormones involved, such as Glucagon Like Peptide-1 (GLP-1) and Gastric
Inhibitory Polypeptide (GIP) [34,35]. It is well documented that metabolic bariatric surgery leads to
reduction in bone mass and increased fracture risk [36].

GLP-I and GIP are incretins, amplifying insulin secretion in the post prandial state and therefore
increasing insulin mediated effects on bone.

In clinical studies there is evidence that infusion of GLP-1 and GIP or use of GLP-1/GIP receptor
agonists can acutely reduce bone resorption [37]; the acute effect on bone formation is less clear.
Analyses of the longer-term impact of these agonists used in clinical trials overall support the notion
that they prevent the bone loss and increased risk of fracture that is usually observed during sub-
stantial weight loss.

Other gut hormones play a role in bonemetabolism but the clinical implications in humans have yet
to be determined.
Research agenda

� Preclinical studies to increase understanding of the direct effects of GLP-1 and Ghrelin on
human bone cells

� Clinical studies to determine the utility of GLP-1, GLP2, GIP receptor-agonists alone and in
combination as anti-resorptive medications, particularly in the obesity/diabetes populations.
Reproductive hormones, cancer therapy and bone mass

Prior to puberty, males and females accrue bone at a similar rate. Following puberty as oestrogen
and testosterone levels rise, young men acquire a greater increase in bone mass than young women
which is likely sex hormone related. Peak bone mass (PBM) attained is overall higher in boys than girls
and mathematical modelling predicts even small increments in PBMwould lead to a later reduction in
fracture risk [38]. The determinants of PBM are complex and multiple. There is evidence that later
menarche in girls is associated with lower PBM [39] however this may not be completely related to sex
hormone levels and late puberty in boys was not necessarily associated with a reduced PBM. Similarly
in girls with precocious puberty, 2 studies investigating the use of GnRH agonists did not lead to any
detriment in bone maturation, suggesting alternative mechanisms at play [40].

Oestrogen is vital for accrual and maintenance of bone mass throughout post-pubertal life. This is
best demonstrated through the rapid decline in BMD occurring at menopause. Oestradiol levels drop
precipitously leading to reductions in BMD; up to 3% per year in the initial 2e3 years, predominantly in
trabecular bone; then declining to about 1% per year [41]. The reduced bone mass results from an
imbalance in bone remodelling units; an increase in osteoclast bone resorption greater than osteoblast
induced bone formation, results in net bone loss.

Despite this clear relationship of oestrogen to bone health, it has been challenging to define the
precise mechanisms underlying the effects of oestrogen on bone mass. Traditionally, the view has been
that the increased osteoclast activity was fully mediated by release of osteoclast activating factors by
the osteoblast or immune cells [42]. Other pre-clinical research suggests oestrogen directly impacts the
activity and survival of all 3 key bone cells; osteocytes, osteoclasts and osteoblasts. Oestrogen receptors
(ERa) are present in osteocytes and low levels of oestrogen have been associated with increased
osteocyte apoptosis in animal models and human biopsies. The osteoclast is also a direct target for
oestrogen; osteoclast deletion of ERa in mouse models leads to a decrease in trabecular bone mass,
likely mediated by reduced osteoclast apoptosis and stimulation of RANKL induced osteoclast
6
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differentiation [43]. Osteoblasts also have ERa receptors and recent studies demonstrate that oestrogen
depletion leads to reduce osteogenic differentiation and bone matrix production by osteoblasts.

The decline in bone mass is well recognised to be associated with an increase in fracture risk via
thinning, disorganisation and fragility the bone trabeculae [44]. Given the rapid decline in bone mass
and increased fracture risk that accompanies menopause it seems logical that replacing oestrogen in
the form of postmenopausal HRT would be of benefit in women at risk of fracture, and this has been
well established in RCTs as covered below. Post menopausal oestrogen replacement decreases bone
resorption within 3e6 months. Following this a new balanced steady state of bone turnover is ach-
ieved. Increases in BMD, particular at the lumbar spine (predominantly trabecular bone) can be
detected as early as 12 months, may increase further up to 2 years, and then stabilises [45] These
improvements in bone mass are associated with a reduction in fracture risk, including a 40% reduction
in vertebral fractures and overall fracture risk reduction of 20e30% [46].

The use of HRT to manage reduced bone mass in low oestrogen states has waxed and waned,
mainly as a result of data from the Womens Health Initiative study (WHI), showing increased risk of
cardiovascular, cerebrovascular events and breast cancer with HRT (mainly conjugated equine oes-
trogens (CEE) and medroxyprogesterone acetate) despite the data demonstrating very favourable
effects of unopposed CEE to bone in those with prior hysterectomy [47]. The reduction in use of HRT in
post-menopausal women as a result of the WHI has been accompanied by an increased fracture rate
10e15yrs post menopause. Subsequent re-analysis and new data have challenged the safety concerns
raised in the WHI study and an individualised approach to risk balance in early post menopausal
women is now being advocated [48], with the newer formulations of HRT having better safety pro-
files. Combinations such as transdermal oestrogen in combination with oral micronised progestogens
or IUD containing gestogens have been shown to have beneficial effects on bone when used at suf-
ficient doses [49].

The majority of clinical trial data demonstrating the efficacy of pharmacological interventions for
osteoporosis have been in post-menopausal women. Anti-resportive therapies such as Selective Oes-
trogen Receptor Modulators (SERMs), bisphosphonates and denosumab consistently increase bone
mass in this population and reduce fracture risk [50],. The benefits of teriparatide are also well
established. Rososuzomab has recently been incorporated into some osteoporosis guidance for the
high fracture risk setting [51](https://www.sign.ac.uk/media/1741/sign142.pdf).

Although oestrogen levels are much reduced in the post menopausal state, they are still detectable
and even these low levels support maintenance of bone mass, with a recent well conducted analysis
demonstrating oestradiol levels relate to fracture risk in this population [52,53]. The predominant
source of post-menopausal oestradiolis via peripheral conversion of androgens by aromatase enzymes.
The addition of aromatase inhibitor therapy in hormone sensitive cancers, mainly breast and ovarian,
prevents peripheral conversion and oestradiol levels become undetectably low. Bone mass can reduce
rapidly, within 6months and fracture risk, particularly vertebral fractures, is increased by 40e50% [54].
Oestrogen replacement is contraindicated but there is evidence for the use of anti-resorptive therapy
(alendronate, zolendronate and densoumab) in preventing fractures in this population and it is crucial
that BMD is measured and fracture risk assessed and treated [54].

Significant hypogonadism in males is also related to reduced bone mass and increased fracture risk,
guidelines recommend consideration of hormone replacement treatment with testosterone in those
with a total testosterone <6.9 nmoL/l and raised fracture risk [55]. Androgen Deprivation Therapy is a
key component of treatment in hormone sensitive cancers in men (particularly prostate) and, as in
women, the increased fracture risk associated with this (reported as a RR for fracture of between 1.3
and 1.5) highlights the importance of these hormones in supporting bone health [56]. However the
mechanism by which testosterone drives bone mass is less clear. It is likely that the majority is via
aromatisation of testosterone to oestradiol [57], although there is increasing evidence that testosterone
could have direct effects too [58]. A seminal study at the Mayo Clinc more than a decade ago
demonstrated that estradiol, to a far greater extent thantestosteronewas able to reverse the increase in
bone turnover markers that occurred during a period of GnRH agonist treatment in men [59]. Clinical
data align with these findings, serum oestradiol levels, but not testosterone correlated with BMD and
fracture risk and BMD is reduced in men treated with Aromatase Inhibitors [60].
7
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Research agenda

� A better understanding of how to best attain peak bone mass in patients with conditions that
occur during adolescence, for example cancer patients undergoing chemotherapy and
radiotherapy.

� Improved understanding of underlying mechanisms by which oestrogen and testosterone
impact on bone mass and bone matrix, potentially linked to the development of new oste-
oporosis medications
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The pituitaryeadrenal axis and bone mass

Whilst it is well recognised that excess levels of glucocorticoids (GCs) are detrimental to bone,
physiological levels are crucial to normal bone development. GCs are integral to the differentiation of
mesenchymal precursor cells into the osteoblast lineage [61]. Targeted deletion of the glucocorticoid
receptor (GR) in the osteoblasts of mice demonstrated mildly reduced bone size and bone density
([62]). Similarly, low doses of GCs applied to culture medium promote osteoclast growth, differenti-
ation and longevity.

The detrimental impact of supraphysiological levels of GC's on bone ismediated through a number of
mechanisms. These remain to be fully elucidated and the picture is complicated by studies in humans
using different doses and formulations of GC, with differing activities at the GC and mineralocorticoid
(MR) receptors. Animal models have been developed but there are important caveats; with cortico-
sterone being the predominant GC in rodents, compared to cortisol in humans. The impact of GCs also
depends on the shuttling between active and inactive forms of cortisol; which is mediated by 11bHSD 1
and 2; the activities of these hormones differing between differentmodels and tissues [63]. Furthermore
there is likely individual variation in circulating physiological levels of GCs [64] variation in GR
expression) and pre-receptor GC metabolism dependent on levels of 11b HSDs and 5 a reductase ([65]).

That being said, there is convincing in vitro and in vivo evidence that GCs have direct effects on bone
cells. Specifically, GC's influence the RANKL/osteoprotegerin (OPG) andwnt signalling pathways within
osteoblasts; increasing DKK1 and reducing OPG expression, overall reducing osteoblastic activity,
stimulating osteoblast apoptosis and reducing cell survival. Similarly, increased osteocyte apoptosis
secondary to GCs has been described in vitro, in mouse models and human samples [66,67] although it
appears not to be a prerequisite for the negative effect of GC's on bone [62]. It is difficult to get a clear
understanding of the impact of GC's on osteoclasts; it likely relates both to direct toxicity to the
osteoclast and indirect effects via the osteoblast and osteocyte. Similar to the effect on osteoblasts, it is
likely that at lower doses GC's are stimulatory to osteoclasts, but at higher doses become inhibitory,
suppressing osteoclast differentiation and activation, leading to increased apoptosis [68]. In vivo
models suggest supraphysiological doses of GCs lead to an initial increased bone resorption through
activated osteoclasts, followed by reduction in osteoclast number and activity with longer GC exposure
as a result of reduction in differentiation of new osteoclasts.

There are mechanisms involved in GC related bone loss that are not related to direct bone cell
toxicity. Supraphysiological levels of GC's can (i) suppress gonadotrophins, resulting in hypogonadism
([69]) (ii) suppress the GH/IGF-1 axis, (iii) interfere with calcium absorption and altered metabolism (eg
increase in central fat accumulation, risk of impaired glucose tolerance) [70]. In addition, the increased
fracture risk seen with supraphysiological GCs exceeds that expected from the decline in BMD, this risk
being influenced by other effects of GCs, for example on muscle strength and increased falls risk.

Cushing's disease and other causes of endogenous cortisol excess, such as ectopic ACTH secretion,
cortisol secreting adrenal adenomas or carcinomas are rare but have a well described phenotype
including a significant detrimental effect on bone health. Overall, patients with these conditions have a
much higher risk of having a BMD T-score of < -2.5 and prevalence of fracture is as high as 50%
(reviewed in [71]). Vertebral fracture risk is predominant [72] with a RR for all fragility fractures of up
to 5.4 reported in some studies [73].
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Bone mass measured by DXA is reduced in endogenous Cushing's syndrome but often less so than
what adequately explains the substantially increased risk of fracture; with fractures occurring in some
patients with well preserved BMD [74]. The rapid increase in fracture risk and disproportionate risk
compared to the actual effect on bone mass is not well explained, although it could potentially relate to
rapid alterations in bone material properties such perilacunar osteolysis and hypomineralisation
Trabecular bone scores are significantly reduced suggesting impaired trabecular bone quality, but
again, these scores in themselves were not predictive of fracture [72]. There have been no volumetric
measurements of bone in endogenous Cushing's although a recent study in autonomous cortisol (ACS)
secretion demonstrated a reduction in vBMD in the trabecular bone at the radius in those with ACS
compared to non-secretory incidentalomas. There was no change in trabecular bone in the tibia or
cortical bone at either radius or tibia [75]. Markers of bone formation and resorption such as P1NP and
CTX are not altered in endogenous Cushing's syndrome, although serum osteocalcin is consistently
reported to be reduced and appears to correlate with bone tissue glucocorticoid exposure.

Treatment of endogenous Cushing's syndrome leads to a reduction in fracture risk and increase in
aBMD, with the suggestion that any detriment to bone is at least partially reversible, particularly in
younger people [76]. There have been no RCTs of treatment for bone disease in endogenous Cushing's
but it would be reasonable to consider that the findings from trials in patients with therapeutic
Glucocorticoid Induced Osteoporosis (GIOP) are transferrable.

Over 1% of the general population in the UK are prescribed GCs on a long term basis, and this is also
true in up to 4.6% in the post-menopausal women in a global study [77e79]. The detrimental impact of
this on bone health and fracture risk is clear, with several studies reporting the risk of developing
osteoporosis or fracture at > 50% (RR of 1.6 for hip fracture and 2.6 for vertebral fracture); although on
an individual level this is more difficult to predict, as the doses, durations and formulations of GCs and
underlying conditions need to be taken into account [80e82].

Increased risk of fracture in GIOP occurs rapidly on initiation of GC therapy and drops quickly once
stopped [82]. Any bone protective therapies should, therefore be started as soon as possible, and ideally
at the same time as GC's are started, at least in high risk individuals. RCTs in GIOP are smaller than those
for post-menopausal osteoporosis andmost do not have fracture as an end-point, relying on changes in
BMD as a surrogate although reduced incidence of fracture has been reported in some [83]. In RCTs,
bisphosphonates show improvements in BMD compared to placebo, with IV zolendronate, denosumab
and teriparatide showing non-inferiority. Denosumab led to greater increase in hip and spine BMD
compared to risedronate at 24 months. Teriparatide also showed superior effects on spinal BMD
compared to alendronate, significantly fewer vertebral fractures and improved TBS. Post-hoc analyses
and systematic review of bisphosphonate use in GIOP support reduction in vertebral fractures [83] and
there is some evidence for reduced hip fracture incidence in older patients [84].
Research agenda

� Understanding the mechanisms involved in the rapid increase in fracture risk and rapid re-
covery of bone following exposure to supraphysiological doses of GC's, which is indepen-
dent of BMD

� Development of appropriate research studies to inform clinical practice in preventing bone
loss and fracture in rare forms of GC excess; eg Cushing's disease and autonomous cortisol
secretion
Growth hormone (deficiency and excess) and bone mass

Growth hormone (GH) and IGF-I are important regulators of skeletal growth and bone remodelling
GH effects on bone are mediated directly via GH receptors and indirectly via stimulation of hepatic IGF-
1 production. In addition, local IGF-1 production is controlled by GH and other hormones such as PTH,
9
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oestrogen and T3. Although this is a complex interplay and the definitive mechanisms remain
controversial; GH appears to be overall anabolic, stimulating bone formation in preclinical studies :
[85], GH and IGF-1 are crucial for postnatal longitudinal bone growth, with bone size and bone mass
increasing gradually throughout childhood, with a more rapid increase at puberty. Accordingly, un-
treated GH deficiency (GHD) in childhood and adolescence is associated with short stature, reduced
bone size, lower bone mass and bone mineral content. The small bone size in patients with childhood
onset (CO)GHD needs to be taken into considerationwhen evaluating bonemineral density throughout
life, particularly in relation to areal BMD obtained fromDXA, although therewere still differences when
pQCT volumetric parameters were assessed [86]. Cessation of GH at attainment of final height in those
with CO-GHD is associated with failure to attain peak bone mass and significantly reduced volumetric
BMD at the distal tibia and radius with impaired bone microarchitecture and it is recommend that GH
continues until at least early adulthood to minimise this impact [87].

Low bone mass is more marked in those with CO and younger adults with GHD compared to older
adults [88], where BMD does not seem to be reduced compared to age-matched controls [89,90],
although fracture risk remains increased by 2e5 fold in those with GHD and hypopituitarism. A pro-
spective analysis of 40 adults with hypopituitarism and GHD showed 30% of patients developed a
morphometric vertebral fracture, with a higher incidence in those not treated with GH (HR of 5.5
compared to those treated with GH) [91].

The literature pertaining to the beneficial impact of GH replacement (rhGH)on bone is conflicting.
The broad consensus is that rhGH causes a biphasic effect; initially an increase in bone turnover and
transitory decline in BMD followed by increased bone formation and increasing BMD after 6e12
months of treatment [92]with a gradual increase in lumbar spine (1e7%) and femoral neck (0.6e4%)
BMD and BMC documented for up to 10 years [93]. The impact of GH on bone mass is greater for those
with childhood onset GHD, those with lower baseline Z-scores and IGF-I levels and in males and ap-
pears to be most effective at bone sites in weight bearing locations [94]. Whether the potential benefit
of rhGH leading to improved bone mineral density is reflected in a reduced fracture risk has still not
been convincingly demonstrated, although one prospective cohort study from the HypoCCS database
demonstrated lower fracture rates in AO-GHD patients without pre-existing osteoporosis treated with
GH (HR of 0.69) compared to those not receiving GH [95]. There are 2 studies demonstrating an in-
crease in BMD at the lumbar spine in GHD patients when alendronate was given in addition to GH
replacement [96,97], suggesting bisphosphonates may augment the impact of GH on bone mass.

Adults with acromegaly also have increased fragility fracture risk [98]), with an OR of vertebral
fracture up to 8.2 in patients with acromegaly compared with controls [99]. This increased risk is
potentially linked to increased bone remodeling rather than changes in bone mass [100]. Micro-
indentation [101] and bone histomorphometry: [102] are also abnormal in both active acromegaly and
controlled disease; with increased cortical thickness and porosity, reduced trabecular thickness and
separation being described from iliac crest biopsies.
Research agenda

� Understanding of the apparent gender-dimorphic effects of rhGH on BMD
� Improved clarity of the interplay between multiple hormonal replacements and bone health
in GHD patients

� Clinical trials assessing efficacy of bone-directed treatments in patients with acromegaly, and
how to identify and manage those at high risk of fracture
Conclusions

The human skeleton is highly dependent on tightly regulated hormonal regulation for normal
growth and for maintaining adult bone mass and structure. Bone is extremely metabolically active and
10
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there is significant endocrine regulation both of the number of remodelling units active at any one time
in the mature skeleton and the bone balance in each remodelling cycle. For the bone clinician, it is
important to appreciate that for most, but not all, hormones both deficiency and excess can lead to
bone frailty, which usually but not always (consider type 2 diabetes and GIO where fracture risk is
disproportionally increased) comes with a reduction in bone mass. In patients with few clinical risk
factors for fracture and a reversible endocrine cause of bone loss, treating the underlying endocrin-
opathy is likely sufficient to offset the increase in fracture risk unless the disease has been present for
long enough for irreversible structural changes to occur in the bone tissue. Conversely, in patients at
high risk of fractures it is generally advisable to discuss specific anti-fracture medications and lifestyle
modifications with patients in addition to control of the endocrine disorder. In addition to the practice
points, a number of unknowns have been listed under each condition and assembled as directions for
future research.
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