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Abstract
Stress hormones, namely glucocorticoids, have diverse actions throughout the body in regulating 
development, tissue metabolism, inflammation, circadian rhythms, and skeletal homeostasis. While 
endogenous glucocorticoid levels are important to support bodily homeostasis, chronically elevated levels 
can cause damage to tissues and drive diseases including bone loss (i.e., osteoporosis), myopathy (i.e., 
sarcopenia) and metabolic disturbances (i.e., glucose intolerance, diabetes, and abnormal fat accrual). 
There is substantial evidence that basal glucocorticoid levels increase during ageing while at the same time 
the amplitude of the diurnal variation in glucocorticoid secretion decreases. However, the significance of 
these changes for skeletal health is not well understood and has only recently been studied in more detail. 
Evidence from genetically modified mouse models indicates that changes in glucocorticoid signaling 
associated with ageing induce bone loss, sarcopenia and drive osteoarthritic joint disease. These studies 
provide important insights into the role of glucocorticoids in age-related skeletal diseases which will aid in 
the development of novel treatments especially needed for osteoarthritis which disproportionally affects 
the elderly.
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Introduction
Glucocorticoids are essential for life and play a critical role in nearly all physiological processes including 
somatic development, immunity, tissue metabolism, skeletal integrity, mineral homeostasis, and the 
regulation of circadian rhythms throughout the body. Under normal conditions, basal circulating 
glucocorticoid levels exhibit robust daily and seasonal rhythms to support a variety of homeostatic 
functions. In response to stress, however, blood glucocorticoid concentrations can quickly rise, reaching 
levels several times above baseline. While transient increases in glucocorticoid levels are important for 
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survival in circumstances of infection or the “flight or fight” response, chronically elevated levels are 
associated with a plethora of adverse health effects including bone loss, myopathy, abnormal adipose tissue 
deposition, impaired glucose tolerance, and the development of osteoarthritis [1–3]. With advancing age, 
circulating as well as local, tissue-specific glucocorticoid levels exhibit distinct changes, characterized by 
the loss of normal diurnal rhythmicity and a modest increase in basal concentrations [4, 5]. However, the 
significance of these changes for skeletal health is not well understood and has only recently been studied 
in more detail. The development of transgenic and glucocorticoid receptor knockout mouse models that 
disrupt glucocorticoid signaling have provided important insights into how glucocorticoids drive skeletal 
diseases during ageing. This review provides an updated summary on studies that have disrupted 
glucocorticoid signaling in mice to investigate the implications of ageing-related changes in glucocorticoid 
physiology on osteoporosis, sarcopenia, and osteoarthritis.

Overview of glucocorticoid physiology
Glucocorticoid synthesis and systemic regulation

Glucocorticoids are steroid hormones synthesized and secreted by the adrenal glands under the direct 
control of the hypothalamus and pituitary within a negative feed-back loop known as the hypothalamic-
pituitary-adrenal (HPA) axis (Figure 1). In addition, the body’s master clock, which is located in the 
suprachiasmatic nucleus (SCN) of the brain, also modulates the activity of the HPA axis, so that under 
normal conditions adrenal glucocorticoid secretion follows a diurnal rhythm of approximately 24 hours [6, 
7]. In humans, circulating glucocorticoid levels peak in the early morning, with a second smaller peak in the 
late afternoon, followed by a nadir during the night. In contrast, nocturnal rodents exhibit only one daily 
peak in the evening upon awakening. The pivotal role of the central master clock in maintaining diurnal 
glucocorticoid rhythmicity is evidenced by the observation that disruption of normal SCN signaling in rats 
abolishes the diurnal variation in circulating glucocorticoid levels [6, 8, 9].

Figure 1. Circulating glucocorticoid levels and rhythmicity becomes disturbed with ageing. Glucocorticoids (i.e., cortisol) are 
synthesized by the adrenal glands under the control of the hypothalamic-pituitary-adrenal (HPA) axis and the body’s master 
clock in the suprachiasmatic nucleus (SCN). Physiological stimuli including light, stress, inflammation, illness, and exercise, 
stimulate the hypothalamic paraventricular nucleus to release corticotropin-releasing hormone (CRH) and arginine vasopressin 
(AVP) into the anterior pituitary gland, triggering the release of adrenocorticotropic hormone (ACTH). ACTH drives release of 
glucocorticoids from the adrenals into the circulation [10, 11]. In young adults, circulating glucocorticoid levels peak in the 
morning upon awakening, with a smaller peak in the afternoon and lowest levels observed around midnight [6, 7]. In the elderly, 
glucocorticoid rhythmicity becomes markedly disturbed whereby the morning peak in circulating glucocorticoids occurs earlier 
and is reduced, with higher cortisol secretion at night [4, 5]. This occurs from blunted and delayed negative feedback inhibition 
of ACTH secretion [12–14]
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In addition to circadian time cues (i.e., light exposure), various other stimuli including stress, 
inflammation, illness, or exercise can stimulate the hypothalamic paraventricular nucleus to release 
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) into the hypophysial portal vessels 
that connect to the anterior pituitary gland [10, 11]. In the anterior pituitary, CRH and AVP bind to their 
respective receptors and trigger the release of adrenocorticotropic hormone (ACTH), which stimulates the 
synthesis of glucocorticoids in the adrenal zona fasciculata, and their release into the circulation [10–14]. 
However, glucocorticoid release can also occur through direct SCN-autonomic innervation of the adrenals 
via the splanchnic nerve [15].

As well as the classical 24-hour circadian rhythm, glucocorticoids are also secreted in a pulsatile 
fashion, displaying an ultradian rhythm of short-lived bursts of glucocorticoid release from the adrenals 
[16–18]. The pulsatile frequency of glucocorticoids is 90 min in humans and 60 min in rodents, likely due to 
differences in the biological half-lives of cortisol and corticosterone [19]. It has been proposed that the 
ultradian pulsatility in glucocorticoid secretion occurs due to delays between the activation of the HPA axis 
and the secretion of glucocorticoids, as well as delays in the negative feedback of glucocorticoid inhibition 
on the hypothalamus and pituitary [20].

Local glucocorticoid intracellular metabolism and receptor signaling

At the tissue level, glucocorticoids freely diffuse across the cell membrane and into the cytoplasm where 
their concentrations are further finetuned by the actions of 11β-hydroxysteroid dehydrogenase (11β-HSD) 
isoenzymes 1 and 2 (Figure 2). 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), also known as a 
cortisone reductase, interconverts inactive cortisone into its active form, cortisol. Conversely, 11β-HSD2 
catalyzes the conversion of cortisol into inactive cortisone [21]. While 11β-HSD1 is widely expressed in 
most tissues including the liver, adipose and bone, expression of 11β-HSD2 is confined to mineralocorticoid 
target tissues such as the kidneys, colon, and salivary glands [22]. In such tissues, 11β-HSD2 primarily acts 
to prevent cortisol preferentially binding to the mineralocorticoid receptor (MR), enabling aldosterone to 
bind to the MR instead [23].

Active glucocorticoids exert most of their functions by binding to the cytoplasmic glucocorticoid 
receptor (GR), which then undergoes a conformational change where it dissociates from accessory proteins, 
enabling the GR-ligand complex to translocate into the nucleus with the help of chaperone proteins [24, 25]. 
Within the nucleus the glucocorticoid-activated GR regulates gene expression through different 
mechanisms such as direct heterodimeric binding to glucocorticoid response elements (GREs) in the DNA 
or indirect monomeric tethering to other transcription factors bound to the DNA [25]. Growing evidence 
suggests that the GR can also act via non-genomic mechanisms through interactions with membrane lipids 
and cytoplasmic proteins to elicit rapid cellular responses that occur within a few minutes and do not 
require changes in gene transcription [26, 27].

Changes in glucocorticoid physiology during ageing
Ageing is associated with significant changes in the body’s 24-hour circadian rhythms, characterized by a 
loss of normal rhythmicity in circulating hormones, including glucocorticoids, and a decline in sleep 
duration and quality [4, 28–30]. Cumulative evidence indicates that disruption to circadian clocks, either by 
genetic deletion or environmental disturbances in the light-dark cycle, reduces lifespan and may promote 
the development of ageing-related diseases such as cataracts, cancer, bone loss and osteoarthritis [31–34]. 
Remarkably, aged rodents transplanted with a graft of fetal suprachiasmatic nucleus (i.e., a younger master 
clock) appear to regain robust circadian rhythms and live longer than control animals [31, 35–37].

Glucocorticoids are a central part of the circadian system in coordinating time cues from the master 
clock to synchronize internal clocks in peripheral organs and tissues throughout the body [38, 39]. 
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Figure 2. Intracellular glucocorticoid signaling increases with ageing through 11β-hydroxysteroid dehydrogenase enzymes. 
Tissue specific glucocorticoid (GC) levels at sites including the skeleton are elevated with ageing via the glucocorticoid 
activating enzyme, 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) which converts inactive cortisone into active cortisol. 
11β-HSD2 catalyzes the conversion of cortisol into inactive cortisone but is expressed primarily in mineralocorticoid target 
tissues such as the kidneys, colon, and salivary glands [22]. Active glucocorticoids exert their genomic effects by binding to the 
cytoplasmic glucocorticoid receptor (GR). Upon binding glucocorticoids, the GR undergoes a conformational change where it 
dissociates from accessory heat shock proteins (HSPs), enabling the GR-ligand complex to translocate into the nucleus [24, 25]. 
In the nucleus, the glucocorticoid-activated GR regulates gene expression through different mechanisms such as direct 
heterodimeric binding to glucocorticoid response elements (GREs) in the DNA or indirect monomeric tethering to other 
transcription factors bound to transcription factor response elements (TFREs) in the DNA [25]. TF: transcription factor

However, with ageing the pattern of glucocorticoid secretion becomes markedly disturbed and basal 
hormone concentrations generally tend to increase with age [4, 5]. These changes are observed both 
systemically in the circulation (through impaired regulation of the HPA axis) (Figure 1) and locally in 
tissues via increased intracellular metabolism of glucocorticoids by the 11β-HSD isoenzymes (Figure 2). 
With age, glucocorticoid actions can also be affected by local changes in the expression and activity of the 
GR.

Disturbances in circulating glucocorticoid concentrations and rhythmicity with age

In young adults, circulating glucocorticoid levels peak early in the morning upon awakening with a smaller 
second peak in the afternoon. Thereafter, glucocorticoid concentrations gradually decline with lowest levels 
observed around midnight [40]. In contrast, glucocorticoid rhythmicity in the elderly is characterized by a 
disturbed pattern of secretion whereby the morning peak in circulating glucocorticoids occurs earlier and 
is reduced, with higher cortisol secretion at night [4, 5, 41, 42] (Figure 1). Clinical studies suggest that 
compared to young adults, the nocturnal nadir of circulating glucocorticoid levels can be up to four-fold 
higher in people over the age of 70 years, translating into an overall increase in mean 24-hour plasma 



Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 195

cortisol levels in older individuals [4, 5, 41]. Of note, some studies have found no differences in nadir or 
mean 24-hour serum cortisol levels between younger and older adults, possibly due to differences in age 
stratification or fewer intervals between blood sampling [43, 44]. Since cortisol levels are also highly 
variable within individuals and fluctuate due to changing metabolic demands or stress, it is recommended 
that these factors be controlled and samples be collected over several days to improve the validity of 
studies examining diurnal cortisol profiles [45].

There is good clinical evidence that the increase in circulating glucocorticoid levels with age occurs 
from a blunted and delayed inhibition of ACTH secretion within the HPA feedback loop [12–14]. This age-
related impairment in the sensitivity of the HPA axis to circulating glucocorticoids concentrations could be 
due to factors such as reduced expression of the GR in various regions of the brain or neuronal 
degeneration. Studies in animals have shown that GR levels are decreased with ageing in the hippocampus, 
which is a key brain region known to exert a negative feedback response on the HPA axis in conditions of 
stress [46–49]. Supporting this, Murphy et al. [50] found that chaperone proteins responsible for GR 
nuclear translocation are also decreased in the hippocampus of aged rats, manifesting in deficient binding 
of the GR to GRE regions in the DNA. In addition to playing a key role in the stress response, the 
hippocampus is also particularly vulnerable to the effects of increased stress. In 1986, Sapolsky et al. [51] 
proposed the “Glucocorticoid Cascade Hypothesis” in which elevated glucocorticoid levels from impaired 
negative feedback during ageing may cause damage and atrophy to the hippocampus and in turn worsen 
the inhibitory regulation of glucocorticoid release. Moreover, this damage to the hippocampus would 
reduce the expression of GRs, resulting in decreased HPA sensitivity to glucocorticoids that could potentiate 
damage to the hippocampus in a feed-forward cycle [51]. While elegant, the Glucocorticoid Cascade 
Hypothesis was found to be inconsistent with other observations and was later adapted as the 
“Glucocorticoid Vulnerability Hypothesis” which recognizes that elevated glucocorticoid levels can make 
the hippocampus vulnerable to damage but are not the only determinant for neuronal loss in the aged 
hippocampus [52]. In addition to the hippocampus, decreased GR expression has also been observed in the 
prefrontal cortex, amygdala, and hypothalamus of aged compared to young animals [46, 48], which could 
contribute to reduced sensitivity of the HPA axis with ageing, although some studies do not support these 
findings [53, 54]. Although the SCN (master clock) does not express the GR, its degeneration and decreased 
sensitivity to light cues with ageing have also been linked to reduced amplitudes in daily circadian rhythms 
[55, 56] and could contribute to the dampening of glucocorticoid rhythms with age, considering light is the 
major cortisol zeitgeber (time cue) [6]. In summary, there are multiple factors that may contribute to 
ageing-related changes in the sensitivity of the HPA axis that drives increases in circulating glucocorticoid 
levels. These include reduced expression of the GR or neuronal degeneration in various regions of the brain 
such as the hippocampus. Additionally, increased inflammation during ageing could also be involved.

The relationship between ‘inflammaging’ and increased glucocorticoid levels

The term ‘Inflammaging’ first described by Franceschi et al. [57] refers to a state of low-grade chronic 
inflammation that develops with age. Inflammaging involves a steady increase in circulating cytokines 
including interleukin-6 (IL-6), IL-1 and tumour necrosis factor α (TNF-α) that indicate changes in innate 
and adaptive immune function and can predict morbidity, frailty and mortality in elderly people [58, 59]. In 
response to inflammation and increased cytokine levels, the HPA axis is activated to release glucocorticoids 
into the circulation [60]. At the tissue level, inflammatory cytokines can also stimulate 11β-HSD1 to 
increase local glucocorticoid concentrations [61, 62]. This mechanism has been described as ‘anti-
inflammaging’, whereby the increase in glucocorticoid levels, attempts to counteract the inflammaging 
process in an adaptive defence response to inhibit immune activity [63]. However, chronically elevated 
endogenous glucocorticoid levels may also have negative implications and can lead to the development of 
prolonged immunosuppression that increases the risk of infection [64–66]. Additionally, glucocorticoid 
resistance may occur in which glucocorticoids are no longer able to exert their anti-inflammatory effects on 
target tissues due to alterations in the expression and function of the glucocorticoid receptor [63, 67].
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On the other hand, there is some evidence that suggests increased glucocorticoid levels in older adults 
can induce significant changes in innate and adaptive immune responses and drive inflammaging. For 
instance, higher levels of perceived stress characterised by increased serum cortisol levels is associated 
with upregulation of inflammatory biomarkers, oxidative stress and immunosenescence [68]. Notably, 
elderly caregivers exhibiting greater distress with increased salivary cortisol levels, display blunted 
lymphocyte proliferation, lower IL-2 levels and reduced lymphocyte sensitivity to glucocorticoids 
compared to age-matched non-stressed caregivers [69]. In a different study, elderly caregivers were found 
to have increased IL-6 levels as high as four-fold compared to non-caregivers [70]. Other studies have also 
shown that distress can increase an individual’s risk of acquiring acute respiratory infections [65, 66] as 
well as inhibit the immune antibody response to vaccine administration [71]. Together these studies 
provide evidence that increased glucocorticoid levels from chronic distress can alter cell-mediated 
immunity and may accelerate premature ageing of the immune response [69]. As such, it is unclear whether 
the age-related rise in glucocorticoid levels is simply a consequence of inflammaging, or invertedly plays an 
active role in driving chronic inflammation with age.

While it is evident the interactions between the immune and endocrine systems are bimodal, several 
questions remain. 1) What is the timing of onset of inflammaging, neurodegeneration and increased 
glucocorticoid levels with age? 2) How does inflammaging affect diurnal rhythms in glucocorticoid 
secretion? 3) How do disturbances in glucocorticoid diurnal rhythmicity influence immune activity with 
ageing? Further studies that measure 24-hour diurnal rhythms in cortisol and inflammatory biomarkers 
over time will help unravel the complex interactions between immune and endocrine systems during 
ageing and may provide some important insights into the development of ageing-related pathologies.

Local changes in glucocorticoid metabolism in the skeleton with age

Glucocorticoid levels in peripheral tissues such as the skeleton have been shown to increase with ageing, 
via the action of the glucocorticoid activating enzyme, 11β-hydroxysteroid dehydrogenase type 1 (11β-
HSD1) (Figure 2). Cooper et al. [72] showed in primary human osteoblast cultures that 11β-HSD1 reductase 
activity was positively correlated with the age of the bone tissue donor. Studies in aged mice have 
confirmed that 11β-HSD1 gene expression is increased with ageing at skeletal sites of the vertebrae and 
tibia compared to younger animals [3, 73]. Muscle, skin, adipose and hippocampal tissue also show elevated 
11β-HSD1 expression with ageing [74–77]. Increases in cellular 11β-HSD1 levels and activity with age could 
be driven by higher circulating glucocorticoid concentrations since dexamethasone and cortisol treatment 
have been shown to enhance 11β-HSD1 actions in primary human osteoblast cultures [72]. In this way, 
11β-HSD1 acts to increase glucocorticoid activation in the presence of elevated glucocorticoid levels [72]. 
Alternatively, local ageing-related changes in cells such as increased expression of inflammatory pathways 
and cytokines can also increase 11β-HSD1 levels in tissues independently of disturbances in circulating 
glucocorticoids [62, 78].

The role of glucocorticoids in ageing-related skeletal diseases
It is well established that physiological levels of endogenous glucocorticoids are essential for normal 
development and maintaining skeletal bone mass and mineral homeostasis [79–83]. However, mild chronic 
glucocorticoid excess, as it may occur in chronic stress or as part of the ageing process in older adults, can 
have detrimental effects on a range of systems including impairments in cognitive function, loss of muscle 
and/or bone mass, visceral obesity, and hypertension, among others [84–86]. Chronically elevated 
glucocorticoid levels can also affect the normal stress response in the elderly, making them more 
vulnerable to stressful stimuli [87]. Current findings from studies utilizing animal models that disrupt 
glucocorticoid signaling in mice have provided valuable knowledge into how elevated glucocorticoid 
concentrations with age can drive the development of ageing-related skeletal diseases including 
osteoporosis, sarcopenia and osteoarthritis. These studies and their findings are summarized in Table 1 and 
Figure 3.
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Table 1. Phenotypes of 11β-HSD1/2 and glucocorticoid receptor genetically modified mouse models in ageing related skeletal 
diseases

Genetic model Cre promoter Cells targeted Age/Sex 
studied

Phenotype Reference

Osteoporosis
11β-HSD2 
transgenic 
(C57BL/6)

Osteocalcin gene 2 
(OG2)

Mature osteoblasts 
and osteocytes

21 months 
males and 
females

Vertebrae: higher BMD, cancellous 
BV, BFR and greater compression 
strength.

Femur: higher BMD and bending 
strength.
Osteoblast and osteocyte apoptosis 
reduced.
Protected from age-related 
deteriorations in bone vasculature.

[73]

11β-HSD2 
transgenic (CD-
1)

2.3kb Pro-a1(I) 
collagen (Col1a1)

Osteoblasts and 
osteocytes

12 and 
18 months 
males and 
females

Vertebrae: females displayed higher 
trabecular thickness, but no change 
in BV/TV in either gender.
18-month-old mice protected from 
fat accumulation, and insulin and 
leptin resistance.

[91]

GR KO 
(C57BL/6)

Osterix (Osx) Osteoblast progenitor 
cells (plus 
hypertrophic 
chondrocytes)

21 months 
females

Femur: reduced femoral cortical 
bone area and trabecular bone 
mass.

Serum markers of bone formation 
(PINP) and resorption (TRAcP5b) 
reduced.

[98]

Sarcopenia
11β-HSD1 KO 
(C57BL/6)

Myogenic 
differentiation 1 
(MyoD)

Myogenic progenitor 
cells

22 months 
males

Increased muscle mass and 
strength.

[108]

11β-HSD1 over-
expressing
(C57BL/6)

Global All cells 2 months 
males

Glucocorticoid overexpression 
induced muscle atrophy.

[108]

GR KO 
(C57BL/6)

Skeletal muscle actin 
(ACTA1)

Striated myofibers 20 weeks old 
males and 
females

Increased muscle mass.

Diurnal variation and fasting-
dependent temporal elevation of 
plasma alanine levels reduced.
Lipolysis increased in adipose 
tissue.

[109]

GR KO
(FVB/Balb/c)

Muscle creatine kinase 
(MCK)

Striated and cardiac 
myofibers

3–4 months 
females

Increased muscle mass.
Protected from glucocorticoid-
induced muscle atrophy.
Attenuated expression of atrophy 
related genes (MuRF1 and MAFbx, 
4E-BP1, and MT2) induced by 
nutritional deprivation.

No effect on muscle atrophy induced 
by denervation. 

[110]

GR KO 
(C57BL/6)

Myosin light chain 1F 
(Mlc1f)

Striated myofibers 12 weeks old 
males

Attenuated muscle atrophy. 

Reduced expression of proteolysis-
associated genes induced by 
reduced food intake.

[112]

Osteoarthritis
11β-HSD2 
transgenic (CD-
1)

2.3kb Pro-a1(I) 
collagen (Col1a1)

Osteoblasts and 
osteocytes

26 and 38 
weeks old 
males

In young mice, no change in 
cartilage loss, subchondral bone 
sclerosis and osteophyte formation.

In aged mice, cartilage loss, 
subchondral bone sclerosis, and 
osteophyte size were reduced. No 
changes in synovial inflammation.

[3]



Table 1. Phenotypes of 11β-HSD1/2 and glucocorticoid receptor genetically modified mouse models in ageing related skeletal 
diseases (continued)

Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 198

Genetic model Cre promoter Cells targeted Age/Sex 
studied

Phenotype Reference

GR KO 
(C57BL/6)

Pro-a1(II) collagen 
(Col2a1)-tamoxifen 
inducible Cre (Cre-
ERT2)

Chondrocytes 24, 26, 30, 
and 38 weeks 
old males

Less severe cartilage loss (all 
timepoints) and reduced synovial 
inflammation (at 24 weeks).

Decreased chondrocyte and 
synoviocyte hypoxia inducible factor 
(HIF)-2α expression.
Reduced chondrocyte senescence 
and catabolic signaling.

No change in subchondral bone 
sclerosis and osteophytes.

[128]

GR: glucocorticoid receptor; 11β-HSD1/2: 11β-hydroxysteroid dehydrogenase types 1 and 2; KO: knockout; Cre: cre 
recombinase; BMD: bone mineral density; BV: bone volume; BFR: bone formation rate; BV/TV: bone volume/tissue volume; 
Cre-ERT2: cre fused with a mutated ligand-binding domain of estrogen receptor that is tamoxifen inducible; PINP: procollagen 
type I N-propeptide; TRAcP5b: tartrat-resistant acid phosphatase 5b; MuRF1: muscle RING-finger protein-1; MAFbx: muscle 
atrophy F-box; 4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1; MT2: metallothionein 2; HIF-2α: hypoxia 
inducible factor 2α; kb: kiloba

Figure 3. Elevated glucocorticoid concentrations with age have detrimental effects on skeletal diseases. Both circulating and 
local glucocorticoid levels are increased with ageing. Increased systemic glucocorticoid levels are driven by disturbances in the 
feedback of the hypothalamic-pituitary-axis due to reduced expression of the glucocorticoid receptor and neuronal degeneration 
in the brain, as well as inflammaging. Increases in intracellular glucocorticoid levels are elevated with ageing via the 
glucocorticoid activating enzyme, 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) which converts inactive cortisone into 
active cortisol in tissues. These changes in glucocorticoids have been found to play a role in driving the progression of skeletal 
diseases including osteoporosis, sarcopenia and osteoarthritis

Osteoporosis

Osteoporosis is the most common bone disease globally, affecting approximately 1 in 3 postmenopausal 
women and 1 in 5 men over the age of 60 years [88]. With rapid population ageing, the incidence of 
osteoporosis is expected to markedly increase and place a significant burden on public healthcare systems. 
Osteoporosis is characterized by a reduction in bone mass and a deterioration in bone microarchitecture 
that compromises bone strength and increases the risk of fractures, particularly as people age [89]. Similar 
to humans, mice also exhibit trabecular and cortical bone loss and reduced bone density with age, making 
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them suitable models to investigate the pathophysiology of osteoporosis. In the majority of murine strains, 
bone mass peaks at 4–6 months of age and then decreases thereafter [90–92].

The effects of elevated glucocorticoid levels on bone loss with ageing

Ageing, chronic stress and long-term treatment with glucocorticoids have similar detrimental effects on 
bone quality and volume and are therefore considered causes of osteoporosis. Increased endogenous 
salivary cortisol levels at circadian nadir are associated with reduced lumbar bone mineral density (BMD) 
in healthy 70-year-old subjects [85]. This observation is supported by studies demonstrating serum cortisol 
levels are positivity associated with the rate of bone loss at the lumbar spine and hip in healthy older adults, 
suggesting elevated cortisol secretion in older adults may contribute to the development of osteoporosis 
[93, 94].

Studies in mice support these clinical findings and suggest that elevated endogenous glucocorticoid 
levels drive bone loss during ageing. To date, two studies have utilized the 11β-HSD2 transgenic mouse 
model to investigate the effects of disrupted glucocorticoid signaling specifically on bone quality in aged 
mice. In this mouse model, the glucocorticoid inactivating enzyme 11β-HSD2 is overexpressed in specific 
types of bone cells to reduce the intracellular bioavailability of glucocorticoids prior to binding to the GR. In 
a study by Weinstein et al. [73], 11β-HSD2 was overexpressed in mature osteoblasts and osteocytes using 
the osteocalcin gene 2 (OG2) promoter, to determine the role of glucocorticoids specifically in bone forming 
cells during skeletal ageing in male and female C57BL/6 mice. In wild-type mice, ageing was associated 
with an increase in the adrenal production of glucocorticoids and the expression of 11β-HSD1 in bone. 
Between 16 to 21 months of age, wild-type mice displayed a significant reduction in BMD. Importantly, 
OG2-11β-HSD2 mice were protected from the adverse effects of ageing on bone compared to wild-type 
animals. By the age of 21 months, OG2-11β-HSD2 mice had higher vertebral BMD, cancellous bone volume, 
bone formation rate and greater compression strength compared to wild-type age-matched controls. 
Similarly at the femur, BMD and bending strength were higher in OG2-11β-HSD2 mice compared to wild-
type mice. The prevalence of osteoblast and osteocyte apoptosis was reduced by 47–57% in OG2-11β-HSD2 
mice compared to wild-type 21-month-old controls, indicating that protecting osteoblasts and osteocytes 
from excessive endogenous glucocorticoids ameliorates the adverse effects of ageing on bone. These 21-
month-old OG2-11β-HSD2 mice were also found to be protected from age-related deteriorations in bone 
vasculature compared to wild-type animals. Remarkably, bone vasculature in the 21-month-old OG2-11β-
HSD2 transgenic mice was virtually restored to that of the 8-month-old animals [73].

The effects of endogenous glucocorticoids on ageing have also been studied by Henneicke et al. [91] 
who utilized mice in which 11β-HSD2 was overexpressed in osteoblasts and osteocytes using the 2.3kb Pro-
a1(I) collagen (Col1a1) promoter in a CD-1 background strain (Col2.3-11β-HSD2). In male and female mice, 
peak bone mass occurred at 3 months of age and then steadily declined over time. Notably, at 12 and 
18 months of age, female Col2.3-11β-HSD2 mice displayed higher vertebral trabecular thickness compared 
to wild-type age-matched controls. However, no differences were observed in vertebral BV/TV between 
transgenic and wild-type mice of either sex, suggesting glucocorticoid signaling has a mild effect vertebral 
trabecular architecture in aged female mice. Such discrepancies in skeletal phenotypes between the studies 
of Weinstein et al. [73] and Henneicke et al. [91] could be related to differences in the developmental 
phenotypes of these two Cre reporter strains. Weinstein and colleagues [73] previously reported that 5-
month-old OG2-11β-HSD2 mice exhibit similar skeletal BMD and strength compared to age matched wild-
type animals. This data indicates that glucocorticoid signaling in mature osteoblasts and osteocytes does 
not affect normal development or turnover in young mice [95]. Conversely, Col2.3-11β-HSD2 mice exhibit 
lower bone mass, delayed bone formation and reduced bone strength and stiffness compared to wild-type 
littermates, indicating that glucocorticoid signaling in early derived osteoblast cells is critical for bone 
development [91, 96, 97]. Thus, differences in the accrual of bone mass during skeletal maturation between 
these two mouse models may affect ageing-related bone loss in older mice. Additionally, other factors may 
also explain the varied results in these two studies including strain variation, or the age at which mice were 
studied (18 versus 21 months old).
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On the other hand, a recent study by Pierce et al. [98] has reported that the GR is important for 
maintaining bone health in 21-month-old female C57BL/6 mice. In this study, the GR was deleted in mice 
using an Osterix (Osx) Cre that specifically targets osteoblast progenitor cells, as well as hypertrophic 
chondrocytes. Osx-GR knockout mice display reductions in femoral cortical bone area, and trabecular bone 
mass at 21 months of age compared to wild-type control animals. Serum markers of bone formation (PINP) 
and resorption (TRAcP5b) were reduced in Osx-GR knockout compared to wild-type mice. These data 
suggest that loss of the GR in osteoblast progenitor cells has detrimental effects on bone mass. This finding 
has also been observed in younger mice whereby the GR was deleted specifically in osteo-progenitor cells 
using either a Runx2 or Osx Cre promoter [82, 83]. Similarly, as mentioned Col2.3-11β-HSD2 mice display a 
lower bone mass phenotype compared to wild-type littermates at 3 and 7 weeks of age [91, 96, 97]. 
Collectively, the findings of Weinstein et al. [73], Henneicke et al. [91] and Pierce et al. [98] indicate that the 
effects of glucocorticoids on bone are bimodal and dependent on their concentrations. When GR signaling is 
completely removed, the normal beneficial effect of glucocorticoids on bone formation is absent, resulting 
in lower bone mass. Conversely, when there is excessive glucocorticoid signaling such as in circumstances 
of ageing, this can also lead to bone loss, indicating too little or too much of glucocorticoid signaling has 
detrimental effects on the skeleton.

Intriguingly, aside from the skeletal phenotypes, mice with disrupted glucocorticoid signaling in bone 
cells also exhibit changes in whole body metabolism. In Col2.3-11β-HSD2 mice, Henneicke et al. [91] found 
that disruption of glucocorticoid levels in bone forming cells protected 18-month-old mice from fat 
accumulation, as well as insulin and leptin resistance, compared to aged-matched wild-type controls. This 
data indicates that skeletal endogenous glucocorticoid signaling is also important in the development of 
obesity and metabolic disease during normal ageing. This concept is supported by in vitro studies showing 
the increased expression of 11β-HSD1 and thus higher intracellular cortisol levels in human mesenchymal 
cells can redirect differentiation towards the adipocyte rather than osteoblast lineage [99]. This effect could 
explain decreases in bone formation and quality, favoring the development of osteoporosis with age. On the 
other hand, while Pierce et al. [98] found that body mass was reduced in 21-month-old Osx-GR knockout 
mice, whole body percent fat mass was increased compared to wild-type animals. Further, metabolic rate 
was higher in Osx-GR knockout mice, with a trend toward lower fasting blood glucose levels at 6 months of 
age compared to wild-type mice. Given the high prevalence of metabolic disease in the ageing population, 
further studies are warranted in investigating how increased skeletal endogenous glucocorticoid signaling 
affects whole body metabolism during ageing.

Sarcopenia

Sarcopenia is a progressive skeletal muscle disorder involving the accelerated loss of muscle mass, strength 
and function [100]. As with bone mass, muscle mass declines substantially after 50 years of age [101]. 
Sarcopenia is primarily driven by ageing-related changes in muscle metabolism including a reduction in the 
number of myofibers and satellite cells, the infiltration of fat and fibrous tissue, and reduced muscle 
innervation that results in decreased protein turnover [101]. These changes can also be driven by multiple 
factors such as lack of physical activity, malnutrition or inadequate protein intake, chronic diseases, 
systemic inflammation, glucocorticoid exposure and hormonal changes [101]. The health implications of 
sarcopenia are often severe in older adults resulting in increased falls, disability, frailty and mortality [100]. 
As a result of population ageing, sarcopenia is expected to place a significant economic burden on health 
care systems. Given there is no approved therapeutic drug to treat Sarcopenia, research focusing on 
understanding how sarcopenia progresses with age will assist advances in diagnosis and therapies [100].

The effects of elevated glucocorticoid levels on muscle loss with ageing

Several clinical studies have found cortisol levels are associated with sarcopenia. In a cohort from the 
Longitudinal Ageing Study in Amsterdam, older persons with high salivary cortisol levels had an increased 
risk of reduced grip strength [102]. In a recent Mendelian Randomization study, increased morning plasma 
cortisol concentrations were associated with reduced lean mass and grip strength in women but not men 
[103]. Similar findings have been reported by other groups suggesting that subtle increases in cortisol have 
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adverse effects on skeletal muscle metabolism in older women [104, 105]. At the tissue level, 11β-HSD1 
expression has been found to be significantly increased in skeletal muscle in women over 60 years of age 
compared to those aged between 20 to 40 years [74]. Furthermore, 11β-HSD1 expression in skeletal muscle 
is associated with reduced grip strength and increased percentage of body fat in both men and women [74]. 
In support of this, Schluessel et al. [106] showed that 11β-HSD1 expression was negatively correlated with 
muscle mass and type-2 fiber diameter in patients above the age of 60 years. Interestingly, 11β-HSD1 but 
not GR mRNA levels were found to be significantly associated with muscle strength, suggesting that 
increased cortisol levels by 11β-HSD1 within muscle is a key component of sarcopenia [107].

To determine the role of endogenous glucocorticoids in sarcopenia, several studies have utilized 
muscle specific 11β-HSD1 and GR genetically modified mouse models. Recently, Lv et al. [108] found that 
blocking 11β-HSD1 expression in the muscle using a myogenic differentiation 1 (MyoD)-Cre, resulted in 
increased muscle mass and strength compared to wild-type mice at 22 months of age. Additionally, the 
authors demonstrated that overexpression of 11β-HSD1 lead to muscle atrophy in young male mice at 
2 months of age, confirming that increased glucocorticoid concentrations in muscle can induce sarcopenia. 
Importantly, it was found that caloric restriction in aged 22-week-old male mice, reduced 11β-HSD1 
expression in muscle, and improved grip strength and muscle weight compared to age-matched controls 
without caloric restriction [108]. This suggests that caloric restriction (with adequate nutrition) could delay 
sarcopenia through glucocorticoid signaling in elderly individuals.

The role of the glucocorticoid receptor in sarcopenia has also been examined in other studies. Deletion 
of the GR in muscle using either a skeletal muscle actin alpha 1 (ACTA1) or muscle creatine kinase (MCK) 
Cre promoter, results in increased muscle mass in mice [109, 110]. This phenotype is in keeping with 
MyoD-Cre 11β-HSD1 knockout mice [108]. Interestingly, Shimizu et al. [109] found that the diurnal 
variation and fasting-dependent temporal elevation of plasma alanine levels were almost diminished and 
lipolysis increased in adipose of MCK-GRKO mice, suggesting that the GR in muscle may also play a 
physiological role in systemic energy delivery to organs such as the liver and adipose tissues. A recent study 
by the same group reported that muscle GR signaling plays a crucial role in accelerating glucocorticoid-
induced obesity through the induction of hyperinsulinemia [111]. Studies investigating the effects of 
sarcopenia during caloric restriction have also found that GR signaling is required for muscle atrophy and 
increases expression of proteolysis-associated genes induced by reduced food intake [110, 112]. Together 
these studies in 11β-HSD1 and GR knockout mice indicate that increased endogenous glucocorticoid 
signaling with age plays an essential role in sarcopenia.

The importance of muscle and bone crosstalk

It is also worth noting that muscle atrophy is likely to reduce skeletal loading and contribute to bone loss 
with ageing [113]. Conversely, endocrine and paracrine factors secreted from bone cells (termed 
osteokines) have been shown to also exert effects on skeletal muscle, highlighting the importance in 
understanding tissue-crosstalk mechanisms in bone loss and muscle atrophy during ageing [114]. While the 
bone and muscle specific glucocorticoid knockout models discussed in this review indicate that elevated 
glucocorticoid levels have direct detrimental effects on both tissues, there is the possibility that 
glucocorticoid signaling may also have indirect actions through inter-tissue communication networks. 
Further studies are warranted in understanding how the relationship between muscle and bone is 
impacted by ageing and elevated glucocorticoid signaling [113]. Such studies may uncover bimodal 
therapeutic approaches that target both muscle and bone in improving overall musculoskeletal health in 
the elderly.

Osteoarthritis

Osteoarthritis (OA) is a chronic degenerative joint disease involving the irreversible loss of cartilage, 
formation of abnormal bone and secondary synovial inflammation. Osteoarthritis is the most common form 
of joint disorders, affecting over 600 million people worldwide in 2020. The risk of developing OA increases 
with age, with approximately 40% of the population aged 70 years or older being affected [115, 116]. 
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Karlson et al. [117] found women aged 70 years or older, were nine times more likely to have a hip 
replacement than those aged less than 55 years. Studies in mice show that ageing also affects the severity of 
OA induced by surgical destabilization of the medial meniscus (DMM) [3, 118]. The DMM model, developed 
by Glasson et al. [119] mimics a meniscal tear injury and is a commonly used technique to induce 
posttraumatic OA in mice. It has been shown that cartilage loss and abnormal bone formation are more 
severe when DMM is performed in 6 to 12-month-old mice, compared to younger animals [3, 118]. 
Intriguingly, microarray data from Loeser et al. [118] revealed that 493 genes displayed differential 
expression between young and old DMM mice, indicating that ageing affects the way in which cells respond 
to OA-inducing injuries. In fact, there are several ageing-related changes in the joint that contribute to the 
development of ‘spontaneous’ OA including cellular senescence and the formation of advance glycation end 
products that alter the cartilage and bone matrix, making it more susceptible to damage and injury. These 
findings demonstrate the importance of investigating OA in older mice as critical molecular pathways could 
be missed if only younger mice are studied in OA pathogenesis. Studies utilizing older mice could improve 
translatability to humans.

The severity of OA is also closely associated with several other risk factors including obesity, female 
sex, genetic predisposition, injury, and certain occupations that involve repetitive use of joints. As such, the 
multifactorial nature of OA and complexities surrounding what drives the progression of the disease have 
hindered the development of effective disease modifying treatments. As such, current treatment relies on 
the use of non-steroidal anti-inflammatory drugs and intra-articular glucocorticoid injection for primary 
pain relief, with end stage patients requiring joint replacement surgery [120, 121].

The use of therapeutic intra-articular glucocorticoid injections in the treatment of OA has been studied 
extensively but is not without controversy [122]. Recent studies have reported that corticosteroid 
injections, especially given continuously or over the long-term can increase the risk of disease progression 
[123–126]. Furthermore, 20–30% of patients do not respond to glucocorticoid treatment, possibly due to 
differences in the degree of inflammation and pain, stage of the disease or demographic characteristics such 
as BMI, sex, and age [127]. Given the widespread use of intra-articular glucocorticoid injections and the 
projected disease burden of OA in the ageing population, there is a need to establish best practice for intra-
articular glucocorticoid injections including identifying which types of patients are most and least likely to 
benefit, to avoid adverse outcomes.

The effects of elevated endogenous glucocorticoid levels on osteoarthritis with ageing

Compared to therapeutic glucocorticoids, the effects of endogenous glucocorticoids on the progression of 
OA have received little attention. To date there are only two studies investigating this question, both 
utilizing genetically modified mice to disrupt glucocorticoid signaling specifically in either bone forming 
cells or chondrocytes. Using the Col2.3-11β-HSD2 transgenic mouse line, Tu et al. [3] were the first to 
establish that endogenous glucocorticoid signaling in osteoblasts and osteocytes plays a detrimental role in 
the development of OA. Importantly, the authors found that this effect was related to ageing by examining 
posttraumatic OA pathology of both young (26-week-old) and aged (38-week-old) transgenic and wild-type 
male mice. In young mice, cartilage loss, subchondral bone sclerosis and osteophyte formation were 
comparable between Col2.3-11β-HSD2 and wild-type mice following DMM surgery. However, in aged mice, 
disruption of glucocorticoid signaling in osteoblasts and osteocytes, reduced cartilage loss, subchondral 
bone sclerosis and osteophyte size in mice with DMM-OA. Together these results indicate that the increase 
in glucocorticoid signaling with age in the joint contributes to cartilage loss and abnormal bone formation 
in OA. A limitation of this study was that only end-stage disease was assessed. Since inflammation is known 
to be more pronounced in the early stages of the disease after injury, this may explain why differences in 
synovial inflammation between groups were not observed.

Since chondrocytes are critical for maintaining cartilage health and are therefore involved in OA 
pathology, a more recent study by our group examined whether glucocorticoid signaling in chondrocytes 
also contributes to the progression of OA in mice [128]. In this study, the GR was specifically deleted in 
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chondrocytes using a tamoxifen inducible Col2a1 Cre promoter (GRCol2a1CreERT2). Similar to the study of Tu et 
al. [3] knee OA was induced by DMM surgery in 22-week-old GRCol2a1CreERT2 and GRflox/flox male littermates. 
We found that deletion of the chondrocyte GR significantly attenuated cartilage loss compared to wild-type 
littermates. Furthermore, early after DMM injury wild-type mice displayed extensive synovial activation 
characterized by synovial thickening and increased IL-1β expression, which was less pronounced in 
GRCol2a1CreERT2 mice. These effects on the synovium were associated with increased chondrocyte and 
synoviocyte hypoxia inducible factor (HIF)-2α expression in a glucocorticoid dependent manner. 
Chondrocyte senescence and elevated catabolic signaling [reduced yes-associated protein 1 (YAP1) and 
increased matrix metalloprotease (MMP)-13 expression] were also increased in osteoarthritic cartilage of 
wild-type mice. In contrast, chondrocyte YAP1 and MMP-13 expression, as well as chondrocyte senescence 
were similar in GRCol2a1CreERT2 DMM mice and control animals without OA. This data indicates that 
glucocorticoid signaling in chondrocytes promotes synovial activation, chondrocyte senescence and 
cartilage degradation by upregulation of catabolic signaling through HIF-2α in murine posttraumatic OA 
[128]. Together with the findings of Tu et al. [3], these results indicate that inhibition of glucocorticoid 
signaling in cartilage and bone may present a promising way to slow OA.

Conclusions
Endogenous glucocorticoid physiology becomes markedly disturbed during ageing, characterized by 
dampened diurnal rhythmicity and elevated basal concentrations of circulating and tissue-level 
glucocorticoids. Studies in genetically modified mice indicate that these alterations in glucocorticoid 
signaling have detrimental effects on bone quality, skeletal muscle metabolism and drive the progression of 
osteoarthritis. These studies provide important insights that will aid in the development of novel 
therapeutics to target ageing-related skeletal diseases, especially for osteoarthritis and sarcopenia which 
currently have no disease-modifying treatment available. Future investigations into understanding how 
bone-muscle-joint crosstalk mechanisms are impacted by ageing and elevated glucocorticoid signaling may 
uncover therapeutic avenues to treat ageing-related musculoskeletal diseases in a holistic manner.

Abbreviations
4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1

11β-HSD1/2: 11β-hydroxysteroid dehydrogenase isoenzymes 1 and 2

ACTA1: actin alpha 1, skeletal muscle

ACTH: adrenocorticotropic hormone

AVP: arginine vasopressin

BMD: bone mineral density

BMI: body mass index

BV/TV: bone volume/tissue volume

Col1a1: collagen type I alpha chain 1

Col2a1: collagen type II alpha chain 1

Cre-ERT2: cre fused with a mutated ligand-binding domain of estrogen receptor that is tamoxifen inducible

CRH: corticotropin-releasing hormone

DMM: destabilization of the medial meniscus

GR: glucocorticoid receptor

GREs: glucocorticoid response elements

HIF: hypoxia inducible factor

HPA: hypothalamic-pituitary-adrenal



Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 204

IL: interleukin

KO: knockout

MAFbx: muscle atrophy F-box

MCK: muscle creatine kinase

Mlc1f: myosin light chain 1F

MMP: matrix metalloprotease

MR: mineralocorticoid receptor

MT2: metallothionein 2

MuRF1: muscle RING-finger protein-1

MyoD: myogenic differentiation 1

OA: osteoarthritis

OG2: osteocalcin gene 2

Osx: osterix

PINP: procollagen type I N-propeptide

SCN: suprachiasmatic nucleus

TRAcP5b: tartrate-resistant acid phosphatase 5b

TNF: tumour necrosis factor

YAP1: yes-associated protein 1

Declarations
Author contributions

EM: Conceptualization, Writing—original draft, Writing—review & editing. HZ: Writing—review & editing. 
MJS: Writing—review & editing. All authors read and approved the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

The authors would like to acknowledge the ongoing research support by the National Health and Medical 
Research Council (NHMRC) of Australia through NHMRC Ideas [APP2028787] and NHMRC Investigator 
[APP1196062] grants. The funders had no role in study design, data collection and analysis, decision to 
publish, or preparation of the manuscript.



Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 205

Copyright

© The Author(s) 2024.

References
Hardy RS, Zhou H, Seibel MJ, Cooper MS. Glucocorticoids and Bone: Consequences of Endogenous 
and Exogenous Excess and Replacement Therapy. Endocr Rev. 2018;39:519–48. [DOI] [PubMed]

1.     

Puglisi S, Perini AME, Botto C, Oliva F, Terzolo M. Long-Term Consequences of Cushing Syndrome: A 
Systematic Literature Review. J Clin Endocrinol Metab. 2024;109:e901–19. [DOI] [PubMed]

2.     

Tu J, Zhang P, Ji Z, Henneicke H, Li J, Kim S, et al. Disruption of glucocorticoid signalling in osteoblasts 
attenuates age-related surgically induced osteoarthritis. Osteoarthritis Cartilage. 2019;27:1518–25. 
[DOI] [PubMed]

3.     

Vgontzas AN, Zoumakis M, Bixler EO, Lin H, Prolo P, Vela-Bueno A, et al. Impaired nighttime sleep in 
healthy old versus young adults is associated with elevated plasma interleukin-6 and cortisol levels: 
physiologic and therapeutic implications. J Clin Endocrinol Metab. 2003;88:2087–95. [DOI] 
[PubMed]

4.     

Cauter EV, Leproult R, Kupfer DJ. Effects of gender and age on the levels and circadian rhythmicity of 
plasma cortisol. J Clin Endocrinol Metab. 1996;81:2468–73. [DOI] [PubMed]

5.     

Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone rhythm following suprachiasmatic 
lesions in the rat. Brain Res. 1972;42:201–6. [DOI] [PubMed]

6.     

Kalsbeek A, Palm IF, Fleur SEL, Scheer FAJL, Perreau-Lenz S, Ruiter M, et al. SCN outputs and the 
hypothalamic balance of life. J Biol Rhythms. 2006;21:458–69. [DOI] [PubMed]

7.     

Buijs RM, Kalsbeek A, van der Woude TP, van Heerikhuize JJ, Shinn S. Suprachiasmatic nucleus lesion 
increases corticosterone secretion. Am J Physiol. 1993;264:R1186–92. [DOI] [PubMed]

8.     

Scheving LE, Pauly JE. Effect of light on corticosterone levels in plasma of rats. Am J Physiol. 1966;
210:1112–7. [DOI] [PubMed]

9.     

Spiess J, Rivier J, Rivier C, Vale W. Primary structure of corticotropin-releasing factor from ovine 
hypothalamus. Proc Natl Acad Sci U S A. 1981;78:6517–21. [DOI] [PubMed] [PMC]

10.     

Antoni FA. Vasopressinergic control of pituitary adrenocorticotropin secretion comes of age. Front 
Neuroendocrinol. 1993;14:76–122. [DOI] [PubMed]

11.     

Boscaro M, Paoletta A, Scarpa E, Barzon L, Fusaro P, Fallo F, et al. Age-related changes in 
glucocorticoid fast feedback inhibition of adrenocorticotropin in man. J Clin Endocrinol Metab. 1998;
83:1380–3. [DOI] [PubMed]

12.     

Wilkinson CW, Petrie EC, Murray SR, Colasurdo EA, Raskind MA, Peskind ER. Human glucocorticoid 
feedback inhibition is reduced in older individuals: evening study. J Clin Endocrinol Metab. 2001;86:
545–50. [DOI] [PubMed]

13.     

Wilkinson CW, Peskind ER, Raskind MA. Decreased hypothalamic-pituitary-adrenal axis sensitivity 
to cortisol feedback inhibition in human aging. Neuroendocrinology. 1997;65:79–90. [DOI] 
[PubMed]

14.     

Ulrich-Lai YM, Arnhold MM, Engeland WC. Adrenal splanchnic innervation contributes to the diurnal 
rhythm of plasma corticosterone in rats by modulating adrenal sensitivity to ACTH. Am J Physiol 
Regul Integr Comp Physiol. 2006;290:R1128–35. [DOI] [PubMed]

15.     

Veldhuis JD, Iranmanesh A, Lizarralde G, Johnson ML. Amplitude modulation of a burstlike mode of 
cortisol secretion subserves the circadian glucocorticoid rhythm. Am J Physiol. 1989;257:E6–14. 
[DOI] [PubMed]

16.     

Jasper MS, Engeland WC. Synchronous ultradian rhythms in adrenocortical secretion detected by 
microdialysis in awake rats. Am J Physiol. 1991;261:R1257–68. [DOI] [PubMed]

17.     

https://dx.doi.org/10.1210/er.2018-00097
http://www.ncbi.nlm.nih.gov/pubmed/29905835
https://dx.doi.org/10.1210/clinem/dgad453
http://www.ncbi.nlm.nih.gov/pubmed/37536275
https://dx.doi.org/10.1016/j.joca.2019.04.019
http://www.ncbi.nlm.nih.gov/pubmed/31176016
https://dx.doi.org/10.1210/jc.2002-021176
http://www.ncbi.nlm.nih.gov/pubmed/12727959
https://dx.doi.org/10.1210/jcem.81.7.8675562
http://www.ncbi.nlm.nih.gov/pubmed/8675562
https://dx.doi.org/10.1016/0006-8993(72)90054-6
http://www.ncbi.nlm.nih.gov/pubmed/5047187
https://dx.doi.org/10.1177/0748730406293854
http://www.ncbi.nlm.nih.gov/pubmed/17107936
https://dx.doi.org/10.1152/ajpregu.1993.264.6.R1186
http://www.ncbi.nlm.nih.gov/pubmed/8322972
https://dx.doi.org/10.1152/ajplegacy.1966.210.5.1112
http://www.ncbi.nlm.nih.gov/pubmed/5947258
https://dx.doi.org/10.1073/pnas.78.10.6517
http://www.ncbi.nlm.nih.gov/pubmed/6273874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC349071
https://dx.doi.org/10.1006/frne.1993.1004
http://www.ncbi.nlm.nih.gov/pubmed/8387436
https://dx.doi.org/10.1210/jcem.83.4.4745
http://www.ncbi.nlm.nih.gov/pubmed/9543170
https://dx.doi.org/10.1210/jcem.86.2.7232
http://www.ncbi.nlm.nih.gov/pubmed/11158007
https://dx.doi.org/10.1159/000127167
http://www.ncbi.nlm.nih.gov/pubmed/9032777
https://dx.doi.org/10.1152/ajpregu.00042.2003
http://www.ncbi.nlm.nih.gov/pubmed/16357102
https://dx.doi.org/10.1152/ajpendo.1989.257.1.E6
http://www.ncbi.nlm.nih.gov/pubmed/2750897
https://dx.doi.org/10.1152/ajpregu.1991.261.5.R1257
http://www.ncbi.nlm.nih.gov/pubmed/1951775


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 206

Windle RJ, Wood SA, Shanks N, Lightman SL, Ingram CD. Ultradian rhythm of basal corticosterone 
release in the female rat: dynamic interaction with the response to acute stress. Endocrinology. 
1998;139:443–50. [DOI] [PubMed]

18.     

Flynn BP. Glucocorticoid ultradian rhythms. Curr Opin Endo Metab Res. 2022;25:100362. [DOI]19.     
Walker JJ, Terry JR, Lightman SL. Origin of ultradian pulsatility in the hypothalamic-pituitary-adrenal 
axis. Proc Biol Sci. 2010;277:1627–33. [DOI] [PubMed] [PMC]

20.     

Draper N, Stewart PM. 11beta-hydroxysteroid dehydrogenase and the pre-receptor regulation of 
corticosteroid hormone action. J Endocrinol. 2005;186:251–71. [DOI] [PubMed]

21.     

Shimojo M, Ricketts ML, Petrelli MD, Moradi P, Johnson GD, Bradwell AR, et al. Immunodetection of 
11 beta-hydroxysteroid dehydrogenase type 2 in human mineralocorticoid target tissues: evidence 
for nuclear localization. Endocrinology. 1997;138:1305–11. [DOI] [PubMed]

22.     

Funder JW, Pearce PT, Smith R, Smith AI. Mineralocorticoid action: target tissue specificity is 
enzyme, not receptor, mediated. Science. 1988;242:583–5. [DOI] [PubMed]

23.     

Bodwell JE, Hu JM, Orti E, Munck A. Hormone-induced hyperphosphorylation of specific 
phosphorylated sites in the mouse glucocorticoid receptor. J Steroid Biochem Mol Biol. 1995;52:
135–40. [DOI] [PubMed]

24.     

Oakley RH, Cidlowski JA. The biology of the glucocorticoid receptor: new signaling mechanisms in 
health and disease. J Allergy Clin Immunol. 2013;132:1033–44. [DOI] [PubMed] [PMC]

25.     

Haller J, Mikics E, Makara GB. The effects of non-genomic glucocorticoid mechanisms on bodily 
functions and the central neural system. Front Neuroendocrinol. 2008;29:273–91. [DOI] [PubMed]

26.     

Falkenstein E, Norman AW, Wehling M. Mannheim classification of nongenomically initiated (rapid) 
steroid action(s). J Clin Endocrinol Metab. 2000;85:2072–5. [DOI] [PubMed]

27.     

Duffy JF, Zeitzer JM, Rimmer DW, Klerman EB, Dijk DJ, Czeisler CA. Peak of circadian melatonin 
rhythm occurs later within the sleep of older subjects. Am J Physiol Endocrinol Metab. 2002;282:
E297–303. [DOI] [PubMed]

28.     

Yoon IY, Kripke DF, Elliott JA, Youngstedt SD, Rex KM, Hauger RL. Age-related changes of circadian 
rhythms and sleep-wake cycles. J Am Geriatr Soc. 2003;51:1085–91. [DOI] [PubMed]

29.     

Mattis J, Sehgal A. Circadian Rhythms, Sleep, and Disorders of Aging. Trends Endocrinol Metab. 2016;
27:192–203. [DOI] [PubMed] [PMC]

30.     

Hurd MW, Ralph MR. The significance of circadian organization for longevity in the golden hamster. J 
Biol Rhythms. 1998;13:430–6. [DOI] [PubMed]

31.     

Kondratov RV, Kondratova AA, Gorbacheva VY, Vykhovanets OV, Antoch MP. Early aging and age-
related pathologies in mice deficient in BMAL1, the core component of the circadian clock. Genes 
Dev. 2006;20:1868–73. [DOI] [PubMed] [PMC]

32.     

Kc R, Li X, Voigt RM, Ellman MB, Summa KC, Vitaterna MH, et al. Environmental disruption of 
circadian rhythm predisposes mice to osteoarthritis-like changes in knee joint. J Cell Physiol. 2015;
230:2174–83. [DOI] [PubMed] [PMC]

33.     

Song X, Ma T, Hu H, Zhao M, Bai H, Wang X, et al. Chronic Circadian Rhythm Disturbance Accelerates 
Knee Cartilage Degeneration in Rats Accompanied by the Activation of the Canonical Wnt/β-Catenin 
Signaling Pathway. Front Pharmacol. 2021;12:760988. [DOI] [PubMed] [PMC]

34.     

Hurd MW, Zimmer KA, Lehman MN, Ralph MR. Circadian locomotor rhythms in aged hamsters 
following suprachiasmatic transplant. Am J Physiol. 1995;269:R958–68. [DOI] [PubMed]

35.     

Li H, Satinoff E. Fetal tissue containing the suprachiasmatic nucleus restores multiple circadian 
rhythms in old rats. Am J Physiol. 1998;275:R1735–44. [DOI] [PubMed]

36.     

Yu EA, Weaver DR. Disrupting the circadian clock: gene-specific effects on aging, cancer, and other 
phenotypes. Aging (Albany NY). 2011;3:479–93. [DOI] [PubMed] [PMC]

37.     

Balsalobre A, Brown SA, Marcacci L, Tronche F, Kellendonk C, Reichardt HM, et al. Resetting of 
circadian time in peripheral tissues by glucocorticoid signaling. Science. 2000;289:2344–7. [DOI] 
[PubMed]

38.     

https://dx.doi.org/10.1210/endo.139.2.5721
http://www.ncbi.nlm.nih.gov/pubmed/9449609
https://dx.doi.org/10.1016/j.coemr.2022.100362
https://dx.doi.org/10.1098/rspb.2009.2148
http://www.ncbi.nlm.nih.gov/pubmed/20129987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2871854
https://dx.doi.org/10.1677/joe.1.06019
http://www.ncbi.nlm.nih.gov/pubmed/16079253
https://dx.doi.org/10.1210/endo.138.3.4994
http://www.ncbi.nlm.nih.gov/pubmed/9048640
https://dx.doi.org/10.1126/science.2845584
http://www.ncbi.nlm.nih.gov/pubmed/2845584
https://dx.doi.org/10.1016/0960-0760(94)00157-h
http://www.ncbi.nlm.nih.gov/pubmed/7873448
https://dx.doi.org/10.1016/j.jaci.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24084075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4084612
https://dx.doi.org/10.1016/j.yfrne.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18054070
https://dx.doi.org/10.1210/jcem.85.5.6516
http://www.ncbi.nlm.nih.gov/pubmed/10843198
https://dx.doi.org/10.1152/ajpendo.00268.2001
http://www.ncbi.nlm.nih.gov/pubmed/11788360
https://dx.doi.org/10.1046/j.1532-5415.2003.51356.x
http://www.ncbi.nlm.nih.gov/pubmed/12890070
https://dx.doi.org/10.1016/j.tem.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26947521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4808513
https://dx.doi.org/10.1177/074873098129000255
http://www.ncbi.nlm.nih.gov/pubmed/9783234
https://dx.doi.org/10.1101/gad.1432206
http://www.ncbi.nlm.nih.gov/pubmed/16847346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1522083
https://dx.doi.org/10.1002/jcp.24946
http://www.ncbi.nlm.nih.gov/pubmed/25655021
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4447623
https://dx.doi.org/10.3389/fphar.2021.760988
http://www.ncbi.nlm.nih.gov/pubmed/34858186
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8632052
https://dx.doi.org/10.1152/ajpregu.1995.269.5.R958
http://www.ncbi.nlm.nih.gov/pubmed/7503323
https://dx.doi.org/10.1152/ajpregu.1998.275.6.R1735
http://www.ncbi.nlm.nih.gov/pubmed/9843862
https://dx.doi.org/10.18632/aging.100323
http://www.ncbi.nlm.nih.gov/pubmed/21566258
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3156599
https://dx.doi.org/10.1126/science.289.5488.2344
http://www.ncbi.nlm.nih.gov/pubmed/11009419


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 207

Cuesta M, Cermakian N, Boivin DB. Glucocorticoids entrain molecular clock components in human 
peripheral cells. FASEB J. 2015;29:1360–70. [DOI] [PubMed]

39.     

Chan S, Debono M. Replication of cortisol circadian rhythm: new advances in hydrocortisone 
replacement therapy. Ther Adv Endocrinol Metab. 2010;1:129–38. [DOI] [PubMed] [PMC]

40.     

Cauter EV, Leproult R, Plat L. Age-related changes in slow wave sleep and REM sleep and 
relationship with growth hormone and cortisol levels in healthy men. JAMA. 2000;284:861–8. [DOI] 
[PubMed]

41.     

Roelfsema F, van Heemst D, Iranmanesh A, Takahashi P, Yang R, Veldhuis JD. Impact of age, sex and 
body mass index on cortisol secretion in 143 healthy adults. Endocr Connect. 2017;6:500–9. [DOI] 
[PubMed] [PMC]

42.     

Sherman B, Wysham C, Pfohl B. Age-related changes in the circadian rhythm of plasma cortisol in 
man. J Clin Endocrinol Metab. 1985;61:439–43. [DOI] [PubMed]

43.     

Waltman C, Blackman MR, Chrousos GP, Riemann C, Harman SM. Spontaneous and glucocorticoid-
inhibited adrenocorticotropic hormone and cortisol secretion are similar in healthy young and old 
men. J Clin Endocrinol Metab. 1991;73:495–502. [DOI] [PubMed]

44.     

Hellhammer J, Fries E, Schweisthal OW, Schlotz W, Stone AA, Hagemann D. Several daily 
measurements are necessary to reliably assess the cortisol rise after awakening: state- and trait 
components. Psychoneuroendocrinology. 2007;32:80–6. [DOI] [PubMed]

45.     

Mizoguchi K, Ikeda R, Shoji H, Tanaka Y, Maruyama W, Tabira T. Aging attenuates glucocorticoid 
negative feedback in rat brain. Neuroscience. 2009;159:259–70. [DOI] [PubMed]

46.     

Sapolsky RM, Krey LC, McEwen BS. Corticosterone receptors decline in a site-specific manner in the 
aged rat brain. Brain Res. 1983;289:235–40. [DOI] [PubMed]

47.     

Zoli M, Ferraguti F, Gustafsson JA, Toffano G, Fuxe K, Agnati LF. Selective reduction of glucocorticoid 
receptor immunoreactivity in the hippocampal formation and central amygdaloid nucleus of the 
aged rat. Brain Res. 1991;545:199–207. [DOI] [PubMed]

48.     

van Eekelen JA, Rots NY, Sutanto W, de Kloet ER. The effect of aging on stress responsiveness and 
central corticosteroid receptors in the brown Norway rat. Neurobiol Aging. 1992;13:159–70. [DOI] 
[PubMed]

49.     

Murphy EK, Spencer RL, Sipe KJ, Herman JP. Decrements in nuclear glucocorticoid receptor (GR) 
protein levels and DNA binding in aged rat hippocampus. Endocrinology. 2002;143:1362–70. [DOI] 
[PubMed]

50.     

Sapolsky RM, Krey LC, McEwen BS. The neuroendocrinology of stress and aging: the glucocorticoid 
cascade hypothesis. Endocr Rev. 1986;7:284–301. [DOI] [PubMed]

51.     

Conrad CD. Chronic stress-induced hippocampal vulnerability: the glucocorticoid vulnerability 
hypothesis. Rev Neurosci. 2008;19:395–411. [DOI] [PubMed] [PMC]

52.     

Reul JM, Rothuizen J, de Kloet ER. Age-related changes in the dog hypothalamic-pituitary-
adrenocortical system: neuroendocrine activity and corticosteroid receptors. J Steroid Biochem Mol 
Biol. 1991;40:63–9. [DOI] [PubMed]

53.     

Peiffer A, Barden N, Meaney MJ. Age-related changes in glucocorticoid receptor binding and mRNA 
levels in the rat brain and pituitary. Neurobiol Aging. 1991;12:475–9. [DOI] [PubMed]

54.     

Nakamura TJ, Nakamura W, Yamazaki S, Kudo T, Cutler T, Colwell CS, et al. Age-related decline in 
circadian output. J Neurosci. 2011;31:10201–5. [DOI] [PubMed] [PMC]

55.     

Zhang Y, Kornhauser JM, Zee PC, Mayo KE, Takahashi JS, Turek FW. Effects of aging on light-induced 
phase-shifting of circadian behavioral rhythms, fos expression and CREB phosphorylation in the 
hamster suprachiasmatic nucleus. Neuroscience. 1996;70:951–61. [DOI] [PubMed]

56.     

Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al. Inflamm-aging: An 
evolutionary perspective on immunosenescence. Ann N Y Acad Sci. 2000;908:244–54. [DOI] 
[PubMed]

57.     

https://dx.doi.org/10.1096/fj.14-265686
http://www.ncbi.nlm.nih.gov/pubmed/25500935
https://dx.doi.org/10.1177/2042018810380214
http://www.ncbi.nlm.nih.gov/pubmed/23148157
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3475279
https://dx.doi.org/10.1001/jama.284.7.861
http://www.ncbi.nlm.nih.gov/pubmed/10938176
https://dx.doi.org/10.1530/EC-17-0160
http://www.ncbi.nlm.nih.gov/pubmed/28760748
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5597974
https://dx.doi.org/10.1210/jcem-61-3-439
http://www.ncbi.nlm.nih.gov/pubmed/4019712
https://dx.doi.org/10.1210/jcem-73-3-495
http://www.ncbi.nlm.nih.gov/pubmed/1651956
https://dx.doi.org/10.1016/j.psyneuen.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17127010
https://dx.doi.org/10.1016/j.neuroscience.2008.12.020
http://www.ncbi.nlm.nih.gov/pubmed/19141312
https://dx.doi.org/10.1016/0006-8993(83)90024-0
http://www.ncbi.nlm.nih.gov/pubmed/6661643
https://dx.doi.org/10.1016/0006-8993(91)91287-b
http://www.ncbi.nlm.nih.gov/pubmed/1713525
https://dx.doi.org/10.1016/0197-4580(92)90024-r
http://www.ncbi.nlm.nih.gov/pubmed/1311803
https://dx.doi.org/10.1210/endo.143.4.8740
http://www.ncbi.nlm.nih.gov/pubmed/11897693
https://dx.doi.org/10.1210/edrv-7-3-284
http://www.ncbi.nlm.nih.gov/pubmed/3527687
https://dx.doi.org/10.1515/revneuro.2008.19.6.395
http://www.ncbi.nlm.nih.gov/pubmed/19317179
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2746750
https://dx.doi.org/10.1016/0960-0760(91)90168-5
http://www.ncbi.nlm.nih.gov/pubmed/1659883
https://dx.doi.org/10.1016/0197-4580(91)90076-v
http://www.ncbi.nlm.nih.gov/pubmed/1770983
https://dx.doi.org/10.1523/JNEUROSCI.0451-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21752996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3155746
https://dx.doi.org/10.1016/0306-4522(95)00408-4
http://www.ncbi.nlm.nih.gov/pubmed/8848176
https://dx.doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 208

Singh T, Newman AB. Inflammatory markers in population studies of aging. Ageing Res Rev. 2011;
10:319–29. [DOI] [PubMed] [PMC]

58.     

Baylis D, Bartlett DB, Syddall HE, Ntani G, Gale CR, Cooper C, et al. Immune-endocrine biomarkers as 
predictors of frailty and mortality: a 10-year longitudinal study in community-dwelling older people. 
Age (Dordr). 2013;35:963–71. [DOI] [PubMed] [PMC]

59.     

Hermus AR, Sweep CG. Cytokines and the hypothalamic-pituitary-adrenal axis. J Steroid Biochem 
Mol Biol. 1990;37:867–71. [DOI] [PubMed]

60.     

Hardy RS, Filer A, Cooper MS, Parsonage G, Raza K, Hardie DL, et al. Differential expression, function 
and response to inflammatory stimuli of 11beta-hydroxysteroid dehydrogenase type 1 in human 
fibroblasts: a mechanism for tissue-specific regulation of inflammation. Arthritis Res Ther. 2006;8:
R108. [DOI] [PubMed] [PMC]

61.     

Cooper MS, Bujalska I, Rabbitt E, Walker EA, Bland R, Sheppard MC, et al. Modulation of 11beta-
hydroxysteroid dehydrogenase isozymes by proinflammatory cytokines in osteoblasts: an autocrine 
switch from glucocorticoid inactivation to activation. J Bone Miner Res. 2001;16:1037–44. [DOI] 
[PubMed]

62.     

Giunta S. Exploring the complex relations between inflammation and aging (inflamm-aging): anti-
inflamm-aging remodelling of inflamm- aging, from robustness to frailty. Inflamm Res. 2008;57:
558–63. [DOI] [PubMed]

63.     

Janicki-Deverts D, Cohen S, Turner RB, Doyle WJ. Basal salivary cortisol secretion and susceptibility 
to upper respiratory infection. Brain Behav Immun. 2016;53:255–61. [DOI] [PubMed] [PMC]

64.     

Stone AA, Bovbjerg DH, Neale JM, Napoli A, Valdimarsdottir H, Cox D, et al. Development of common 
cold symptoms following experimental rhinovirus infection is related to prior stressful life events. 
Behav Med. 1992;18:115–20. [DOI] [PubMed]

65.     

Cohen S, Tyrrell DA, Smith AP. Psychological stress and susceptibility to the common cold. N Engl J 
Med. 1991;325:606–12. [DOI] [PubMed]

66.     

Huang H, Wang W. Molecular mechanisms of glucocorticoid resistance. Eur J Clin Invest. 2023;53:
e13901. [DOI] [PubMed]

67.     

de Toda IM, Miguélez L, Siboni L, Vida C, la Fuente MD. High perceived stress in women is linked to 
oxidation, inflammation and immunosenescence. Biogerontology. 2019;20:823–35. [DOI] [PubMed]

68.     

Bauer ME, Vedhara K, Perks P, Wilcock GK, Lightman SL, Shanks N. Chronic stress in caregivers of 
dementia patients is associated with reduced lymphocyte sensitivity to glucocorticoids. J 
Neuroimmunol. 2000;103:84–92. [DOI] [PubMed]

69.     

Kiecolt-Glaser JK, Preacher KJ, MacCallum RC, Atkinson C, Malarkey WB, Glaser R. Chronic stress and 
age-related increases in the proinflammatory cytokine IL-6. Proc Natl Acad Sci U S A. 2003;100:
9090–5. [DOI] [PubMed] [PMC]

70.     

Glaser R, Sheridan J, Malarkey WB, MacCallum RC, Kiecolt-Glaser JK. Chronic stress modulates the 
immune response to a pneumococcal pneumonia vaccine. Psychosom Med. 2000;62:804–7. [DOI] 
[PubMed]

71.     

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. J 
Bone Miner Res. 2002;17:979–86. [DOI] [PubMed]

72.     

Weinstein RS, Wan C, Liu Q, 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:
147–61. [DOI] [PubMed] [PMC]

73.     

Hassan-Smith ZK, Morgan SA, Sherlock M, Hughes B, Taylor AE, Lavery GG, et al. Gender-Specific 
Differences in Skeletal Muscle 11β-HSD1 Expression Across Healthy Aging. J Clin Endocrinol Metab. 
2015;100:2673–81. [DOI] [PubMed]

74.     

https://dx.doi.org/10.1016/j.arr.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21145432
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3098911
https://dx.doi.org/10.1007/s11357-012-9396-8
http://www.ncbi.nlm.nih.gov/pubmed/22388931
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3636387
https://dx.doi.org/10.1016/0960-0760(90)90434-m
http://www.ncbi.nlm.nih.gov/pubmed/2285599
https://dx.doi.org/10.1186/ar1993
http://www.ncbi.nlm.nih.gov/pubmed/16846535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1779419
https://dx.doi.org/10.1359/jbmr.2001.16.6.1037
http://www.ncbi.nlm.nih.gov/pubmed/11393780
https://dx.doi.org/10.1007/s00011-008-7243-2
http://www.ncbi.nlm.nih.gov/pubmed/19109735
https://dx.doi.org/10.1016/j.bbi.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26778776
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4783177
https://dx.doi.org/10.1080/08964289.1992.9936961
http://www.ncbi.nlm.nih.gov/pubmed/1330102
https://dx.doi.org/10.1056/NEJM199108293250903
http://www.ncbi.nlm.nih.gov/pubmed/1713648
https://dx.doi.org/10.1111/eci.13901
http://www.ncbi.nlm.nih.gov/pubmed/36346177
https://dx.doi.org/10.1007/s10522-019-09829-y
http://www.ncbi.nlm.nih.gov/pubmed/31396798
https://dx.doi.org/10.1016/s0165-5728(99)00228-3
http://www.ncbi.nlm.nih.gov/pubmed/10674993
https://dx.doi.org/10.1073/pnas.1531903100
http://www.ncbi.nlm.nih.gov/pubmed/12840146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC166443
https://dx.doi.org/10.1097/00006842-200011000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11139000
https://dx.doi.org/10.1359/jbmr.2002.17.6.979
http://www.ncbi.nlm.nih.gov/pubmed/12054173
https://dx.doi.org/10.1111/j.1474-9726.2009.00545.x
http://www.ncbi.nlm.nih.gov/pubmed/20047574
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2858771
https://dx.doi.org/10.1210/jc.2015-1516
http://www.ncbi.nlm.nih.gov/pubmed/25989394


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 209

Tiganescu A, Walker EA, Hardy RS, Mayes AE, Stewart PM. Localization, age- and site-dependent 
expression, and regulation of 11β-hydroxysteroid dehydrogenase type 1 in skin. J Invest Dermatol. 
2011;131:30–6. [DOI] [PubMed]

75.     

Doig CL, Fletcher RS, Morgan SA, McCabe EL, Larner DP, Tomlinson JW, et al. 11β-HSD1 Modulates 
the Set Point of Brown Adipose Tissue Response to Glucocorticoids in Male Mice. Endocrinology. 
2017;158:1964–76. [DOI] [PubMed] [PMC]

76.     

Holmes MC, Carter RN, Noble J, Chitnis S, Dutia A, Paterson JM, et al. 11beta-hydroxysteroid 
dehydrogenase type 1 expression is increased in the aged mouse hippocampus and parietal cortex 
and causes memory impairments. J Neurosci. 2010;30:6916–20. [DOI] [PubMed] [PMC]

77.     

Ergang P, Leden P, Vagnerová K, Klusonová P, Miksík I, Jurcovicová J, et al. Local metabolism of 
glucocorticoids and its role in rat adjuvant arthritis. Mol Cell Endocrinol. 2010;323:155–60. [DOI] 
[PubMed]

78.     

Cole TJ, Blendy JA, Monaghan AP, Krieglstein K, Schmid W, Aguzzi A, et al. Targeted disruption of the 
glucocorticoid receptor gene blocks adrenergic chromaffin cell development and severely retards 
lung maturation. Genes Dev. 1995;9:1608–21. [DOI] [PubMed]

79.     

Li A, Hardy R, Stoner S, Tuckermann J, Seibel M, Zhou H. Deletion of mesenchymal glucocorticoid 
receptor attenuates embryonic lung development and abdominal wall closure. PLoS One. 2013;8:
e63578. [DOI] [PubMed] [PMC]

80.     

Rapp AE, Hachemi Y, Kemmler J, Koenen M, Tuckermann J, Ignatius A. Induced global deletion of 
glucocorticoid receptor impairs fracture healing. FASEB J. 2018;32:2235–45. [DOI] [PubMed] [PMC]

81.     

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;11:517–31. [DOI] [PubMed]

82.     

Pierce JL, Ding KH, Xu J, Sharma AK, Yu K, Arbona NDM, et al. The glucocorticoid receptor in 
osteoprogenitors regulates bone mass and marrow fat. J Endocrinol. 2019;243:27–42. [DOI] 
[PubMed] [PMC]

83.     

Li G, Cherrier MM, Tsuang DW, Petrie EC, Colasurdo EA, Craft S, et al. Salivary cortisol and memory 
function in human aging. Neurobiol Aging. 2006;27:1705–14. [DOI] [PubMed]

84.     

Raff H, Raff JL, Duthie EH, Wilson CR, Sasse EA, Rudman I, et al. Elevated salivary cortisol in the 
evening in healthy elderly men and women: correlation with bone mineral density. J Gerontol A Biol 
Sci Med Sci. 1999;54:M479–83. [DOI] [PubMed]

85.     

Henneicke H, Li J, Kim S, Gasparini SJ, Seibel MJ, Zhou H. Chronic Mild Stress Causes Bone Loss via an 
Osteoblast-Specific Glucocorticoid-Dependent Mechanism. Endocrinology. 2017;158:1939–50. [DOI] 
[PubMed]

86.     

Otte C, Hart S, Neylan TC, Marmar CR, Yaffe K, Mohr DC. A meta-analysis of cortisol response to 
challenge in human aging: importance of gender. Psychoneuroendocrinology. 2005;30:80–91. [DOI] 
[PubMed]

87.     

Cummings SR, Melton LJ. Epidemiology and outcomes of osteoporotic fractures. Lancet. 2002;359:
1761–7. [DOI] [PubMed]

88.     

Genant HK, Cooper C, Poor G, Reid I, Ehrlich G, Kanis J, et al. Interim report and recommendations of 
the World Health Organization Task-Force for Osteoporosis. Osteoporos Int. 1999;10:259–64. [DOI] 
[PubMed]

89.     

Halloran BP, Ferguson VL, Simske SJ, Burghardt A, Venton LL, Majumdar S. Changes in bone 
structure and mass with advancing age in the male C57BL/6J mouse. J Bone Miner Res. 2002;17:
1044–50. [DOI] [PubMed]

90.     

Henneicke H, Kim S, Swarbrick MM, Li J, Gasparini SJ, Thai J, et al. Skeletal glucocorticoid signalling 
determines leptin resistance and obesity in aging mice. Mol Metab. 2020;42:101098. [DOI] [PubMed] 
[PMC]

91.     

https://dx.doi.org/10.1038/jid.2010.257
http://www.ncbi.nlm.nih.gov/pubmed/20739946
https://dx.doi.org/10.1210/en.2016-1722
http://www.ncbi.nlm.nih.gov/pubmed/28368470
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5460930
https://dx.doi.org/10.1523/JNEUROSCI.0731-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20484633
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2885438
https://dx.doi.org/10.1016/j.mce.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20226838
https://dx.doi.org/10.1101/gad.9.13.1608
http://www.ncbi.nlm.nih.gov/pubmed/7628695
https://dx.doi.org/10.1371/journal.pone.0063578
http://www.ncbi.nlm.nih.gov/pubmed/23696835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3656055
https://dx.doi.org/10.1096/fj.201700459RR
http://www.ncbi.nlm.nih.gov/pubmed/29217668
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5893166
https://dx.doi.org/10.1016/j.cmet.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20519123
https://dx.doi.org/10.1530/JOE-19-0230
http://www.ncbi.nlm.nih.gov/pubmed/31370004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6938567
https://dx.doi.org/10.1016/j.neurobiolaging.2005.09.031
http://www.ncbi.nlm.nih.gov/pubmed/16274857
https://dx.doi.org/10.1093/gerona/54.9.m479
http://www.ncbi.nlm.nih.gov/pubmed/10536652
https://dx.doi.org/10.1210/en.2016-1658
http://www.ncbi.nlm.nih.gov/pubmed/28368468
https://dx.doi.org/10.1016/j.psyneuen.2004.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15358445
https://dx.doi.org/10.1016/S0140-6736(02)08657-9
http://www.ncbi.nlm.nih.gov/pubmed/12049882
https://dx.doi.org/10.1007/s001980050224
http://www.ncbi.nlm.nih.gov/pubmed/10692972
https://dx.doi.org/10.1359/jbmr.2002.17.6.1044
http://www.ncbi.nlm.nih.gov/pubmed/12054159
https://dx.doi.org/10.1016/j.molmet.2020.101098
http://www.ncbi.nlm.nih.gov/pubmed/33045434
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7596342


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 210

Ward WE, Piekarz AV, Fonseca D. Bone mass, bone strength, and their relationship in developing CD-
1 mice. Can J Physiol Pharmacol. 2007;85:274–9. [DOI] [PubMed]

92.     

Dennison E, Hindmarsh P, Fall C, Kellingray S, Barker D, Phillips D, et al. Profiles of endogenous 
circulating cortisol and bone mineral density in healthy elderly men. J Clin Endocrinol Metab. 1999;
84:3058–63. [DOI] [PubMed]

93.     

Reynolds RM, Dennison EM, Walker BR, Syddall HE, Wood PJ, Andrew R, et al. Cortisol secretion and 
rate of bone loss in a population-based cohort of elderly men and women. Calcif Tissue Int. 2005;77:
134–8. [DOI] [PubMed]

94.     

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] [PubMed]

95.     

Kalak R, Zhou H, Street J, Day RE, Modzelewski JRK, Spies CM, et al. Endogenous glucocorticoid 
signalling in osteoblasts is necessary to maintain normal bone structure in mice. Bone. 2009;45:
61–7. [DOI] [PubMed]

96.     

Zhou H, Mak W, Kalak R, Street J, 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;
136:427–36. [DOI] [PubMed]

97.     

Pierce JL, Sharma AK, Roberts RL, Yu K, Irsik DL, Choudhary V, et al. The Glucocorticoid Receptor in 
Osterix-Expressing Cells Regulates Bone Mass, Bone Marrow Adipose Tissue, and Systemic 
Metabolism in Female Mice During Aging. J Bone Miner Res. 2022;37:285–302. [DOI] [PubMed] 
[PMC]

98.     

Blaschke M, Koepp R, Streit F, Beismann J, Manthey G, Seitz MT, et al. The rise in expression and 
activity of 11β-HSD1 in human mesenchymal progenitor cells induces adipogenesis through 
increased local cortisol synthesis. J Steroid Biochem Mol Biol. 2021;210:105850. [DOI] [PubMed]

99.     

Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. 2019;393:2636–46. [DOI] [PubMed]100.     
Dennison EM, Sayer AA, Cooper C. Epidemiology of sarcopenia and insight into possible therapeutic 
targets. Nat Rev Rheumatol. 2017;13:340–7. [DOI] [PubMed] [PMC]

101.     

Peeters GMEE, van Schoor NM, van Rossum EFC, Visser M, Lips P. The relationship between cortisol, 
muscle mass and muscle strength in older persons and the role of genetic variations in the 
glucocorticoid receptor. Clin Endocrinol (Oxf). 2008;69:673–82. [DOI] [PubMed]

102.     

Katsuhara S, Yokomoto-Umakoshi M, Umakoshi H, Matsuda Y, Iwahashi N, Kaneko H, et al. Impact of 
Cortisol on Reduction in Muscle Strength and Mass: A Mendelian Randomization Study. J Clin 
Endocrinol Metab. 2022;107:e1477–87. [DOI] [PubMed]

103.     

Kim JH, Kwak MK, Ahn SH, Kim H, Cho YY, Suh S, et al. Alteration in skeletal muscle mass in women 
with subclinical hypercortisolism. Endocrine. 2018;61:134–43. [DOI] [PubMed]

104.     

Rodriguez EG, Marques-Vidal P, Aubry-Rozier B, Papadakis G, Preisig M, Kuehner C, et al. Diurnal 
Salivary Cortisol in Sarcopenic Postmenopausal Women: The OsteoLaus Cohort. Calcif Tissue Int. 
2021;109:499–509. [DOI] [PubMed] [PMC]

105.     

Schluessel S, Zhang W, Nowotny H, Bidlingmaier M, Hintze S, Kunz S, et al. 11-beta-hydroxysteroid 
dehydrogenase type 1 (HSD11B1) gene expression in muscle is linked to reduced skeletal muscle 
index in sarcopenic patients. Aging Clin Exp Res. 2023;35:3073–83. [DOI] [PubMed] [PMC]

106.     

Kilgour AHM, Gallagher IJ, MacLullich AMJ, Andrew R, Gray CD, Hyde P, et al. Increased skeletal 
muscle 11βHSD1 mRNA is associated with lower muscle strength in ageing. PLoS One. 2013;8:
e84057. [DOI] [PubMed] [PMC]

107.     

Lv S, Shen Q, Li H, Chen Q, Xie W, Li Y, et al. Caloric restriction delays age-related muscle atrophy by 
inhibiting 11β-HSD1 to promote the differentiation of muscle stem cells. Front Med (Lausanne). 
2023;9:1027055. [DOI] [PubMed] [PMC]

108.     

https://dx.doi.org/10.1139/y07-020
http://www.ncbi.nlm.nih.gov/pubmed/17487269
https://dx.doi.org/10.1210/jcem.84.9.5964
http://www.ncbi.nlm.nih.gov/pubmed/10487665
https://dx.doi.org/10.1007/s00223-004-0270-2
http://www.ncbi.nlm.nih.gov/pubmed/16151676
https://dx.doi.org/10.1210/en.2003-0990
http://www.ncbi.nlm.nih.gov/pubmed/14691012
https://dx.doi.org/10.1016/j.bone.2009.03.673
http://www.ncbi.nlm.nih.gov/pubmed/19358901
https://dx.doi.org/10.1242/dev.027706
http://www.ncbi.nlm.nih.gov/pubmed/19141672
https://dx.doi.org/10.1002/jbmr.4468
http://www.ncbi.nlm.nih.gov/pubmed/34747055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9976194
https://dx.doi.org/10.1016/j.jsbmb.2021.105850
http://www.ncbi.nlm.nih.gov/pubmed/33639236
https://dx.doi.org/10.1016/S0140-6736(19)31138-9
http://www.ncbi.nlm.nih.gov/pubmed/31171417
https://dx.doi.org/10.1038/nrrheum.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28469267
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5444517
https://dx.doi.org/10.1111/j.1365-2265.2008.03212.x
http://www.ncbi.nlm.nih.gov/pubmed/18248637
https://dx.doi.org/10.1210/clinem/dgab862
http://www.ncbi.nlm.nih.gov/pubmed/34850018
https://dx.doi.org/10.1007/s12020-018-1598-0
http://www.ncbi.nlm.nih.gov/pubmed/29717464
https://dx.doi.org/10.1007/s00223-021-00863-y
http://www.ncbi.nlm.nih.gov/pubmed/34003339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8484096
https://dx.doi.org/10.1007/s40520-023-02574-w
http://www.ncbi.nlm.nih.gov/pubmed/37943405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10721692
https://dx.doi.org/10.1371/journal.pone.0084057
http://www.ncbi.nlm.nih.gov/pubmed/24391882
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3877148
https://dx.doi.org/10.3389/fmed.2022.1027055
http://www.ncbi.nlm.nih.gov/pubmed/36687405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9849809


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 211

Shimizu N, Maruyama T, Yoshikawa N, Matsumiya R, Ma Y, Ito N, et al. A muscle-liver-fat signalling 
axis is essential for central control of adaptive adipose remodelling. Nat Commun. 2015;6:6693. 
[DOI] [PubMed] [PMC]

109.     

Watson ML, Baehr LM, Reichardt HM, Tuckermann JP, Bodine SC, Furlow JD. A cell-autonomous role 
for the glucocorticoid receptor in skeletal muscle atrophy induced by systemic glucocorticoid 
exposure. Am J Physiol Endocrinol Metab. 2012;302:E1210–20. [DOI] [PubMed] [PMC]

110.     

Yamazaki H, Uehara M, Yoshikawa N, Kuribara-Souta A, Yamamoto M, Hirakawa Y, et al. The crucial 
role of muscle glucocorticoid signaling in accelerating obesity and glucose intolerance via 
hyperinsulinemia. JCI Insight. 2023;8:e162382. [DOI] [PubMed] [PMC]

111.     

de Theije CC, Schols AMWJ, Lamers WH, Ceelen JJM, van Gorp RH, Hermans JJR, et al. Glucocorticoid 
Receptor Signaling Impairs Protein Turnover Regulation in Hypoxia-Induced Muscle Atrophy in Male 
Mice. Endocrinology. 2018;159:519–34. [DOI] [PubMed]

112.     

Bettis T, Kim BJ, Hamrick MW. Impact of muscle atrophy on bone metabolism and bone strength: 
implications for muscle-bone crosstalk with aging and disuse. Osteoporos Int. 2018;29:1713–20. 
[DOI] [PubMed] [PMC]

113.     

Shimonty A, Bonewald LF, Huot JR. Metabolic Health and Disease: A Role of Osteokines? Calcif Tissue 
Int. 2023;113:21–38. [DOI] [PubMed]

114.     

GBD 2021 Osteoarthritis Collaborators. Global, regional, and national burden of osteoarthritis, 1990-
2020 and projections to 2050: a systematic analysis for the Global Burden of Disease Study 2021. 
Lancet Rheumatol. 2023;5:e508–22. [DOI] [PubMed] [PMC]

115.     

Cui A, Li H, Wang D, Zhong J, Chen Y, Lu H. Global, regional prevalence, incidence and risk factors of 
knee osteoarthritis in population-based studies. eClinicalMedicine. 2020;29:100587. [DOI] [PubMed] 
[PMC]

116.     

Karlson EW, Mandl LA, Aweh GN, Sangha O, Liang MH, Grodstein F. Total hip replacement due to 
osteoarthritis: the importance of age, obesity, and other modifiable risk factors. Am J Med. 2003;114:
93–8. [DOI] [PubMed]

117.     

Loeser RF, Olex AL, McNulty MA, Carlson CS, Callahan MF, Ferguson CM, et al. Microarray analysis 
reveals age-related differences in gene expression during the development of osteoarthritis in mice. 
Arthritis Rheum. 2012;64:705–17. [DOI] [PubMed] [PMC]

118.     

Glasson SS, Blanchet TJ, Morris EA. The surgical destabilization of the medial meniscus (DMM) model 
of osteoarthritis in the 129/SvEv mouse. Osteoarthritis Cartilage. 2007;15:1061–9. [DOI] [PubMed]

119.     

Gibbs AJ, Gray B, Wallis JA, Taylor NF, Kemp JL, Hunter DJ, et al. Recommendations for the 
management of hip and knee osteoarthritis: A systematic review of clinical practice guidelines. 
Osteoarthritis Cartilage. 2023;31:1280–92. [DOI] [PubMed]

120.     

Kolasinski SL, Neogi T, Hochberg MC, Oatis C, Guyatt G, Block J, et al. 2019 American College of 
Rheumatology/Arthritis Foundation Guideline for the Management of Osteoarthritis of the Hand, 
Hip, and Knee. Arthritis Rheumatol. 2020;72:220–33. [DOI] [PubMed] [PMC]

121.     

Guermazi A, Hunter DJ, Kloppenburg M. Debate: Intra-articular steroid injections for osteoarthritis - 
harmful or helpful? Osteoarthr Imaging. 2023;3:100163. [DOI] [PubMed] [PMC]

122.     

McAlindon TE, LaValley MP, Harvey WF, Price LL, Driban JB, Zhang M, et al. Effect of Intra-articular 
Triamcinolone vs Saline on Knee Cartilage Volume and Pain in Patients With Knee Osteoarthritis: A 
Randomized Clinical Trial. JAMA. 2017;317:1967–75. [DOI] [PubMed] [PMC]

123.     

Zeng C, Lane NE, Hunter DJ, Wei J, Choi HK, McAlindon TE, et al. Intra-articular corticosteroids and 
the risk of knee osteoarthritis progression: results from the Osteoarthritis Initiative. Osteoarthritis 
Cartilage. 2019;27:855–62. [DOI] [PubMed]

124.     

Kompel AJ, Roemer FW, Murakami AM, Diaz LE, Crema MD, Guermazi A. Intra-articular 
Corticosteroid Injections in the Hip and Knee: Perhaps Not as Safe as We Thought? Radiology. 2019;
293:656–63. [DOI] [PubMed]

125.     

https://dx.doi.org/10.1038/ncomms7693
http://www.ncbi.nlm.nih.gov/pubmed/25827749
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4396397
https://dx.doi.org/10.1152/ajpendo.00512.2011
http://www.ncbi.nlm.nih.gov/pubmed/22354783
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3361985
https://dx.doi.org/10.1172/jci.insight.162382
http://www.ncbi.nlm.nih.gov/pubmed/36917179
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10243827
https://dx.doi.org/10.1210/en.2017-00603
http://www.ncbi.nlm.nih.gov/pubmed/29069356
https://dx.doi.org/10.1007/s00198-018-4570-1
http://www.ncbi.nlm.nih.gov/pubmed/29777277
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7861141
https://dx.doi.org/10.1007/s00223-023-01093-0
http://www.ncbi.nlm.nih.gov/pubmed/37193929
https://dx.doi.org/10.1016/S2665-9913(23)00163-7
http://www.ncbi.nlm.nih.gov/pubmed/37675071
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10477960
https://dx.doi.org/10.1016/j.eclinm.2020.100587
http://www.ncbi.nlm.nih.gov/pubmed/34505846
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7704420
https://dx.doi.org/10.1016/s0002-9343(02)01447-x
http://www.ncbi.nlm.nih.gov/pubmed/12586227
https://dx.doi.org/10.1002/art.33388
http://www.ncbi.nlm.nih.gov/pubmed/21972019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3269534
https://dx.doi.org/10.1016/j.joca.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17470400
https://dx.doi.org/10.1016/j.joca.2023.05.015
http://www.ncbi.nlm.nih.gov/pubmed/37394226
https://dx.doi.org/10.1002/art.41142
http://www.ncbi.nlm.nih.gov/pubmed/31908163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10518852
https://dx.doi.org/10.1016/j.ostima.2023.100163
http://www.ncbi.nlm.nih.gov/pubmed/38313846
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10836165
https://dx.doi.org/10.1001/jama.2017.5283
http://www.ncbi.nlm.nih.gov/pubmed/28510679
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5815012
https://dx.doi.org/10.1016/j.joca.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30703543
https://dx.doi.org/10.1148/radiol.2019190341
http://www.ncbi.nlm.nih.gov/pubmed/31617798


Explor Endocr Metab Dis. 2024;1:191–212 | https://doi.org/10.37349/eemd.2024.00016 Page 212

Simeone FJ, Vicentini JRT, Bredella MA, Chang CY. Are patients more likely to have hip osteoarthritis 
progression and femoral head collapse after hip steroid/anesthetic injections? Skeletal Radiol. 2019;
48:1417–26. [DOI] [PubMed]

126.     

Guermazi A, Neogi T, Katz JN, Kwoh CK, Conaghan PG, Felson DT, et al. Intra-articular Corticosteroid 
Injections for the Treatment of Hip and Knee Osteoarthritis-related Pain: Considerations and 
Controversies with a Focus on Imaging- Radiology Scientific Expert Panel. Radiology. 2020;297:
503–12. [DOI] [PubMed] [PMC]

127.     

Macfarlane E, Cavanagh L, Fong-Yee C, Tuckermann J, Chen D, Little CB, et al. Deletion of the 
chondrocyte glucocorticoid receptor attenuates cartilage degradation through suppression of early 
synovial activation in murine posttraumatic osteoarthritis. Osteoarthritis Cartilage. 2023;31:1189-
201. [DOI] [PubMed]

128.     

https://dx.doi.org/10.1007/s00256-019-03189-x
http://www.ncbi.nlm.nih.gov/pubmed/30840099
https://dx.doi.org/10.1148/radiol.2020200771
http://www.ncbi.nlm.nih.gov/pubmed/33079000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7706887
https://dx.doi.org/10.1016/j.joca.2023.04.009
http://www.ncbi.nlm.nih.gov/pubmed/37105394

	Abstract
	Keywords
	Introduction
	Overview of glucocorticoid physiology
	Glucocorticoid synthesis and systemic regulation
	Local glucocorticoid intracellular metabolism and receptor signaling

	Changes in glucocorticoid physiology during ageing
	Disturbances in circulating glucocorticoid concentrations and rhythmicity with age
	The relationship between ‘inflammaging’ and increased glucocorticoid levels
	Local changes in glucocorticoid metabolism in the skeleton with age

	The role of glucocorticoids in ageing-related skeletal diseases
	Osteoporosis
	The effects of elevated glucocorticoid levels on bone loss with ageing

	Sarcopenia
	The effects of elevated glucocorticoid levels on muscle loss with ageing
	The importance of muscle and bone crosstalk

	Osteoarthritis
	The effects of elevated endogenous glucocorticoid levels on osteoarthritis with ageing


	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

