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Abstract
Background: Glucocorticoid therapy is the most common cause of iatrogenic osteoporosis. Less is
known regarding the effect of glucocorticoids when used as replacement therapy on bone remodelling in
patients with adrenal insu�ciency. Enhanced intracellular conversion of inactive cortisone to active
cortisol, by 11 beta-hydroxysteroid dehydrogenase type 1(11β-HSD1) and other enzymes leading to
alterations in glucocorticoid metabolism, may contribute to a deleterious effect on bone health in this
patient group.

Methods: 

Study design: An open crossover prospective study randomizing ten hypopituitary men, with severe ACTH
de�ciency, to three commonly used hydrocortisone dose regimens. 

Measurements: Following 6 weeks of each regimen, patients underwent 24-hour serum cortisol/cortisone
sampling, measurement of bone turnover markers, and a 24-hour urine collection for measurement of
urinary steroid metabolites by gas chromatography-mass spectrometry (GC-MS). Serum cortisone and
cortisol were analysed by liquid chromatography-mass spectrometry (LC-MS).

Results: Dose-related and circadian variations in serum cortisone were seen to parallel those for cortisol,
indicating conversion of ingested hydrocortisone to cortisone. The median area under the curve (AUC) of
serum cortisone was signi�cantly higher in patients on dose A (20mg/10mg) [670.5 (IQR 621-809.2)]
compared to those on dose C (10mg/5mg) [562.8 (IQR 520.1-619.6), p=0.01]. A negative correlation was
observed between serum cortisone and bone formation markers, OC[1-49] (r=-0.42, p=0.03), and PINP
(r=-0.49, p=0.01). There was a negative correlation between the AUC of night-time serum cortisone levels
with the bone formation marker, OC[1-49] (r=-0.41, p=0.03) but there were no signi�cant correlations
between day-time serum cortisone or cortisol with bone turnover markers. There was a negative
correlation between total urinary cortisol metabolites and the bone formation markers, PINP (r=-0.39,
p=0.04), and OC[1-49] (r=-0.35, p=0.06).

Conclusion: Serum cortisol and cortisone and total urinary corticosteroid metabolites are associated with
alterations in bone turnover markers even at replacement doses of hydrocortisone suggesting a
potentially negative role of tissue-speci�c metabolism of glucocorticoids on bone metabolism in patients
receiving hydrocortisone replacement therapy.

Background
Glucocorticoids are widely used in the treatment of in�ammatory, allergic, immunologic and malignant
disorders. In adrenal insu�ciency, glucocorticoids are given at doses intended to mimic the physiological
concentrations and circadian rhythm of cortisol secretion (1). Treatment of adrenal insu�ciency consists
of two or three daily oral doses of immediate-release hydrocortisone, which has a short half-life. As we
and others have previously shown, this can result in serum cortisol peaks above and troughs below
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physiological levels (2–5). Long-term over-replacement (even at relatively low exposure) of glucocorticoid
therapy (as seen in iatrogenic Cushing’s syndrome) can cause weight gain, glucose intolerance and
abnormal bone metabolism, leading to osteoporosis (6–8).

The deleterious effects of endogenous and exogenous glucocorticoid excess on bone health are well
recognized. The risk of bone loss is greatest in the �rst few months following initiation of therapy,
followed by a slower rate of loss with chronic use (9). There is an increased risk of fractures associated
with therapeutic immunosuppressive glucocorticoid therapy, and fractures occur at a higher bone mineral
density (BMD) than that reported in postmenopausal osteoporosis (10).

Less literature exists on the effect of glucocorticoids used as replacement therapy for adrenal
insu�ciency on bone remodelling (11–14). Some studies reported reduced BMD in all patients with
primary adrenal insu�ciency (12, 15) and other studies reporting this effect only in postmenopausal
women receiving hydrocortisone replacement (16) or only in men (11, 17). There is a paucity of data on
the effect of glucocorticoid replacement on bone metabolism in patients with adrenocorticotropin (ACTH)
de�ciency/ secondary adrenal insu�ciency. Peacey et al demonstrated that a reduction in glucocorticoid
dose by 30%, to 20 mg of hydrocortisone per day, was associated with a 19% increase in the bone
formation marker osteocalcin (OC[1–49]) and a weak but signi�cant negative correlation between
absolute BMD and dose of hydrocortisone (HC) replacement (18). Wichers et al also demonstrated a
signi�cant increase in OC[1–49] as the dose of hydrocortisone decreased from 30 mg to 15 mg, however,
there was no control group and no comment on the replacement status of the other pituitary hormones,
which can have signi�cant effects on bone health (19). We have recently shown that there is an increase
in OC[1–49] concentrations when the daily dose of hydrocortisone is decreased from 30 mg to 15 mg in a
well-characterised cohort of hypopituitary patients on stable hormonal replacement therapy (20).

Several studies have shown, that in healthy controls, endogenous cortisol secretion is associated with
BMD and the rate of bone loss. This has been assessed by serum cortisol measurement (21), dynamic
testing of the hypothalamic-pituitary-adrenal axis (22), salivary cortisol assessments (23, 24), and by
urinary free cortisol (25). Other authors have found the circadian rhythm of bone formation (but not of
bone resorption) can be modi�ed by changing cortisol circadian rhythm (26–28).

In recent years, our knowledge of glucocorticoid action has expanded with the characterization of
enzymes that regulate glucocorticoid action at the tissue level. The isoenzymes of the 11 beta-
hydroxysteroid dehydrogenase system (11β-HSD) are responsible for intracellular glucocorticoid
availability. These enzymes are expressed in human synovial tissue and bone and have been implicated
in the control of synovial in�ammation, the development of periarticular bone loss and the sensitivity of
bone to therapeutic glucocorticoids (29). 11β-HSD type 2 converts the hormonally active cortisol (F) to
inactive cortisone (E). In contrast, 11β-HSD type 1 converts the inactive glucocorticoid cortisone to active
cortisol. 11β-HSD1 is expressed in human adult bone and in cultured primary osteoblasts (30, 31).

Enhanced intracellular conversion of cortisone to cortisol may contribute to a deleterious effect on bone
mineral density, an assumption supported by the presence of polymorphisms within the HSD11B1 gene
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encoding 11β-HSD1 associated with low BMD and fracture risk in postmenopausal women without
hypercortisolism (32). In addition, bone-speci�c responses to glucocorticoids have been shown to
correlate with serum cortisone. Therefore, the presence of a tissue-speci�c conversion of inactive
cortisone to active cortisol (i.e. 11β-HSD1) may be potentially biologically relevant (33).

On this background, our hypothesis was that circulating cortisone and tissue-speci�c metabolism of
glucocorticoids impacts negatively on bone health in hypopituitary patients receiving hydrocortisone
replacement therapy.

The aims of our study were to examine in a prospective, cross-over randomized controlled manner in a
group of male hypopituitary patients:

1. The daily cortisone and cortisol pro�le in patients receiving hydrocortisone therapy (previous studies
have focused only on cortisol, not cortisone)

2. To assess the impact of different dosing regimens on bone turnover markers and compare this to
healthy controls.

3. The association between serum cortisone and urinary measures of glucocorticoid metabolism with
bone turnover markers.

Methods

Study patients
Ten adult male hypopituitary patients with known ACTH de�ciency on dynamic testing were included in a
randomized, controlled, crossover study of three different HC replacement regimens (results related to
other aspects of this study have been published previously) (5, 20, 34). Patients had been diagnosed and
treated for pituitary tumours between 3 and 18 years prior to inclusion in the study.

The inclusion and exclusion criteria for study entry have been previously published(20). Brie�y, all
patients were on stable appropriate pituitary hormone replacement, including growth hormone, without
alteration in the dose for at least 3 months prior to and for the duration of the study. Hormone
replacement therapy regimens were not adjusted during the study period, except for hydrocortisone dose,
as per study protocol. Patients were matched for age, BMI and waist circumference with control subjects.
No patient was taking calcium or vitamin D supplementation. Exclusion criteria included conditions
associated with altered bone turnover such as Paget’s disease or known osteoporosis or fracture within
the previous 1 year. We excluded patients on glucocorticoids for purposes other than ACTH de�ciency
and those on agents that interfere with corticosteroid or bone metabolism.

All patients were recruited through the pituitary clinic in Beaumont Hospital, Dublin, Ireland.

Study Design
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The study design has been previously published (5, 20, 34, 35). Subjects were randomized to a crossover
protocol (in random order) of three commonly prescribed doses of HC; dose A – 20 mg 08.00 hours, 10
mg 16.00 hours; dose B – 10 mg 08.00 hours, 10 mg 16.00 hours and dose C – 10 mg 08.00 hours, 5 mg
16.00 hours. These doses are frequently used in clinical practice (36). At the end of each 6-week
treatment schedule, all patients underwent a physical examination that included BMI, waist
circumference (WCM), baseline pituitary blood tests and a 24-urine collection for measurement of urinary
steroid metabolites. The control participants for this study were ten healthy males, matched for age, BMI
and waist circumference that underwent the same biochemical investigations and clinical examination.
Data regarding quality of life and serum cortisol pro�les and the relationship with serum cortisol (but not
cortisone or corticosteroid metabolites) and bone markers in this patient group have previously been
published (5, 20, 34).

In order to control for circadian variation and the effect of food intake on bone turnover markers, subjects
fasted from midnight during the admission and the morning dose of hydrocortisone was withheld until
after venous sampling for bone turnover markers was completed between 07.30 hours and 08.00 hours.
Samples were centrifuged at 3,000 rpm for 15 minutes and stored in 1 ml aliquots at -80 °C until analysis.
10 healthy matched controls underwent identical biochemical pro�ling as the patient group. Subjects
took the hydrocortisone dose at 08.00 hours and 16.00 hours as per study protocol. Meals were eaten at
pre-de�ned times and lights were turned off at 23.00 hours.

Analytical Methods

Bone Markers and Bone Remodelling
OC[1–49], CTX-I and PINP were measured using an electrochemiluminescence immunoassay on the
Elecsys 2010 analyser (Roche Diagnostics, Mannheim, Germany) as previously described (20). Bone ALP,
a marker of both bone mineralisation and maturation was measured by an immunoenzymatic assay
(20). TRACP5b was measured by ELISA (Immunodiagnostic Systems Ltd, Boldon, UK) (20). We
calculated the PINP: CTX-I ratio as an approximation of bone remodelling balance (20).

Serum cortisone/ cortisol analysis by tandem mass
spectrometry
Serum cortisol and cortisone were analysed by liquid chromatography-mass spectrometry following
protein precipitation as previously described (37). For cortisol, performance characteristics were as
previously described (37). For cortisone, inter-assay imprecision was 5.5, 3.9 and 3.8% at concentrations
of 5.0, 50.0 and 150 nmol/L respectively. The limit of quantitation was determined to be 2.5 nmol/L and
the assay was free from analytical interferences.

The area under the cortisone time curves in each patient (an estimate of the total circulating cortisone)
was measured. We investigated the diurnal variation in circulating cortisone among the study population.
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Day-time serum cortisone was de�ned as the AUC of all serum samples taken from 08:00 until 19:00
inclusive. Night-time serum cortisone included all serum samples taken from 20:00 until 08:00 the
following morning.

Urinary corticosteroid metabolite pro�ling by gas
chromatography-mass spectrometry
Corticosteroid metabolites were analysed using urinary gas chromatography-mass spectrometry (GC-
MS). GC-MS urinary steroid analysis was carried out in the Steroid Metabolome Analysis Core at the
Institute of Metabolism and Systems Research, the University of Birmingham using previously reported
methodology (38, 39). Thirty-two steroids were targeted for selected-ion-monitoring analysis, including
metabolites of androgens, mineralocorticoids and glucocorticoids (and their precursors).

The ratio of THF + 5α-THF/THE was used as a marker of 11β-HSD1 activity, providing the UFF/UFE ratio
(re�ecting 11β-HSD2 activity) was normal. Summation of THF + 5α-THF + THE + cortols + cortolones + 
UFF + UFE was used as a surrogate marker of 24-hour total cortisol metabolites as previously validated
(40).

Other Biochemical Indices
Serum 25OH-Vitamin D was measured by a competitive radioimmunoassay (Immunodiagnostic Systems
Ltd, Boldon, UK) as previously described (20). Serum PTH was measured using an
electrochemiluminescent immunoassay on the Elecsys 2010 analyser (Roche Diagnostics, Mannheim,
Germany) as described previously (20). Renal function, albumin and calcium were measured using the
Beckman Coulter AU5400 by standard laboratory protocols. Serum IGF-1, thyroid function, testosterone,
prolactin concentrations were assessed using standard methodology as previously described (5).

Statistical Methods
Statistical analysis was performed using Prism for Windows version 5.0 (GraphPad Software, Inc., San
Diego, CA, USA) software. Continuous data were summarized using means and S.D.s (or S.E.M.) if
parametrically distributed or medians and inter-quartile ranges if non-parametrically distributed.
Parametric data were compared using a paired t-test and non-parametric data was analysed using a
Mann–Whitney test. Multiple comparisons were assessed using one-way ANOVA, with Kruskal–Wallis for
non-parametric data. Repeated measures analysis was performed using the Friedman test and Dunn's
multiple comparison test. Associations between variables were analysed using Pearson correlation for
parametric data and Spearman rank correlation for non-parametric data. The level for statistical
signi�cance was taken at P < 0.05.

Results

Circulating serum cortisone/ cortisol
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Circadian variations in serum cortisone and cortisol in healthy controls and study participants receiving
the three different dose regimens of hydrocortisone are shown in Fig. 1. At 08.00 hours, patients with
adrenal insu�ciency had signi�cantly lower cortisol and cortisone concentrations than healthy controls.
Patients receiving hydrocortisone therapy had higher cortisone and cortisol levels (particularly when
taking the highest dose of hydrocortisone) after 18.00 hours compared to controls.

Fluctuations in serum cortisone concentrations in patients were found to parallel those for cortisol (albeit
at lower concentrations) with peaks and troughs relating to the dosing schedule, Fig. 1. When data from
all patients on hydrocortisone replacement therapy were analysed, we found a strong positive correlation
between circulating serum cortisone and serum cortisol (r = 0.93, p = < 0.0001).

The area under the curve (AUC) of 24-hour serum cortisone concentrations was signi�cantly higher in
patients on dose A (20 mg/10 mg) [670.5 (IQR 621-809.2)] compared to those on dose C (10 mg/5 mg)
[562.8 (IQR 520.1-619.6), p = 0.01]. There was no signi�cant difference in the AUC of 24-hour serum
cortisone concentrations between dose A (20 mg/10 mg) [670.5 (IQR 621-809.2)] and dose B
(10 mg/10 mg) [647.8 nmol/L (IQR 566.9-706.3), p = 0.24] or between dose B (10 mg/10 mg)
[647.8 nmol/L (IQR 566.9-706.3)] and dose C (10 mg/5 mg) [562.8 nmol/l (IQR 520.1-619.6), p = 0.09].
Patients on dose B and dose C had signi�cantly lower 24-hour serum cortisone concentrations than the
healthy control group [AUC 742.3 (IQR 696.6-923.3)], p value = 0.01 and p = 0.0003, respectively. There
was no signi�cant difference in serum cortisone concentrations between patients on dose A (20/10mgs)
compared to the control group (p = 0.10), Fig. 2.

The relationships between serum cortisone/ cortisol and
bone turnover markers

Bone formation
When all patients were combined, a signi�cant negative correlation was observed between serum
cortisone and bone formation markers, OC[1–49], [r=-0.42, p = 0.03, Fig. 3(a)] and PINP [r=-0.49, p = 0.01),
Fig. 3(b)]. There was a negative correlation seen between serum cortisol and PINP (r=-0.36, p = 0.07) but
this did not reach signi�cance, however, a signi�cant negative correlation was shown between serum
cortisol and OC[1–49], (r=-0.57, p = 0.002), Table 1.

In order to assess the relative importance of the diurnal rhythm of cortisone/cortisol, we assessed the
diurnal variation of circulating serum cortisone/cortisol and the association with bone turnover markers,
Table 2. There was a negative correlation between the AUC of night-time serum cortisone concentrations
with the bone formation marker, OC[1–49] (r=-0.41, p = 0.03). Similarly, there was a negative correlation
between night-time serum cortisol with OC[1–49], however, this was less signi�cant (r=-0.36, p = 0.07). We
also observed negative correlations between the AUC of night-time serum cortisone and PINP (r=-0.34, p = 
0.08) and serum cortisol with PINP (r=-0.38, p = 0.05). There was a reciprocal relationship with the AUC of
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day-time trough cortisone levels and bone formation markers PINP (r=-0.4, p = 0.03) and OC[1–49]
(r=-0.42, p = 0.03) in the patients receiving hydrocortisone, that was not observed in the control group.

Bone resorption
There was a negative correlation between AUC serum cortisol and the bone resorption marker CTX-I
(r=-0.5, p = 0.008), which was not as strong between serum cortisone and CTX-I (r=-0.34, p = 0.08),
Fig. 4(d). Both serum cortisone and serum cortisol negatively correlated with the bone-remodelling index,
PINP: CTX-I ratio, with a stronger signi�cance observed with serum cortisol (r=-0.48, p = 0.012) than with
serum cortisone (r=-0.39, p = 0.04), Fig. 4(f).

Night-time serum cortisone negatively correlated with CTX-I, but this was not signi�cant (r=-0.34, p = 
0.08). We did not observe any signi�cant correlations between day-time and night-time serum cortisone
or cortisol with any other bone resorption markers, Table 2.

Due to the signi�cant correlation between serum cortisone and serum cortisol and the small sample size
we were not able to accurately adjust (using multiple regression analysis) to estimate the impact of each
independent variable on bone turnover markers.

Urinary Cortisol Metabolites And Bone Turnover Markers
When combining the results of all patients receiving hydrocortisone replacement for analysis (but not
controls), there was a negative correlation between 24-hour total urinary cortisol (F) metabolites with the
bone formation marker, PINP (r=-0.39, p = 0.04), Fig. 4(b), and borderline signi�cance with OC[1–49]
(r=-0.35, p = 0.06), Fig. 4(a). There was a negative correlation between total urinary cortisol metabolites
and the bone remodelling ratio, PINP: CTX-I ratio (r=-0.41, p = 0.02), Fig. 4(f).

The urinary THF + alloTHF/ THE ratio, a measure of global 11β-HSD1 activity, did not correlate with any
bone turnover markers in patients receiving hydrocortisone replacement therapy. There was also no
correlation between UFF/UFE with any bone turnover markers in the patient group.

The activities of the 5α and 5β-reductase enzymes can be inferred from measuring the ratio of 5α over
5β-reduced steroid metabolites, i.e. 5α-THF/THF and androsterone/etiocholanolone. There was a positive
correlation between the androsterone/etiocholanolone ratio and the formation markers PINP (r = 0.35, p = 
0.06) and OC[1–49] (r = 0.35, p = 0.06) with a positive correlation with the bone-remodelling index
PINP:CTX-I ratio (r = 0.37, p = 0.04). There were no signi�cant correlations found with bone resorption
markers or with 5α-THF/THF, Table 3.

Discussion
We report that serum cortisol, cortisone and urinary total cortisol metabolites are associated with
alterations in bone turnover markers in patients with adrenal insu�ciency receiving commonly used
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doses of hydrocortisone replacement therapy. We also report that there is a dose-response relationship
between serum cortisone and the dose of hydrocortisone and this impacts on markers of bone turnover in
patients receiving hydrocortisone therapy. There is a greater impact of night-time cortisol and cortisone
exposure than day-time exposure on bone turnover markers in patients receiving hydrocortisone
replacement therapy.

We found the values of cortisone to accord well with previously published results for serum cortisone (41,
42). Our study shows that serum cortisone �uctuates over the course of the day in patients receiving
hydrocortisone therapy, with the timing of peaks and troughs like those for cortisol. Cortisone excursions
are also dependent on the dose of hydrocortisone ingested and are signi�cantly different from those
reported in healthy controls.

Previous studies have also reported cyclic variations in serum cortisone however, these studies used
radioimmunoassay for cortisone measurement (41, 42). Immunoassays have limited dynamic range
particularly at lower concentrations and show cross-reactivity with structurally related metabolites. It has
recently been recognized by the Endocrine Society that the performance of some immunoassays
measuring cortisol and cortisone may be suboptimal for clinical use (43). LC-MS provides a gold
standard measure by which all routine assays are assessed (43). Few studies have determined the
simultaneous �uctuations and relationship of cortisol and cortisone by the gold standard method of LC-
MS/MS (44). It is important to highlight that most of serum cortisol is bound [80% bound to cortisol-
binding globulin (CBG) and 10% to albumin] and is therefore of limited bioavailability. Serum cortisone
binds with lower a�nity to CBG and therefore may potentially lead to physiological glucocorticoid
availability within tissues via conversion to cortisol by 11β-HSD1 (45, 46).

The process of bone remodelling is complex and targeted at multiple levels by glucocorticoids (33). It is
understood that glucocorticoids affect the function of multiple cell types, with the strongest evidence
indicating osteoblasts as the main target (47). The transcription of osteocalcin, an osteoblast-speci�c
gene, is suppressed by glucocorticoids (48) and serum levels of osteocalcin are reduced in patients
receiving glucocorticoids (49, 50). Our study supports these �ndings, as we observed a signi�cant
negative correlation between serum cortisol and cortisone and OC[1–49] in our patients on HC
replacement therapy.

There is limited data on the role of serum cortisone on bone physiology. In a cross-sectional study of
healthy subjects (135 woman and 171 men), Cooper et al. found a negative correlation between serum
cortisone and osteocalcin, which was stronger in men than women and independent of serum cortisol
(21).

Interestingly, we found that night-time serum cortisone levels negatively correlated with bone formation
markers, OC[1–49] and PINP, as did nocturnal serum cortisol with OC[1–49] and PINP but no signi�cant
correlations were seen between day-time serum cortisone or cortisol with any bone turnover markers.
Bone turnover has a circadian rhythm in humans, with bone resorption and, to a lesser extent, bone
formation increasing at night (51, 52). Several studies have examined the role of cortisol in mediating the
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circadian rhythm of bone turnover, with con�icting results. Neilson et al found that single oral doses of
prednisolone (2.5 and 10 mg) given to healthy subjects inhibited and even reversed the nocturnal rise in
serum osteocalcin levels (53). Schlemmer et al reported that hydrocortisone administered orally in divided
doses to patients with adrenal insu�ciency did not prevent the nocturnal increase in bone resorption (27).
Heshmati et al inhibited endogenous cortisol synthesis using metyrapone and infused cortisol at either a
variable rate (to mimic the physiological circadian variation in serum cortisol) or at a constant rate (to
eliminate the cortisol rhythm) and assessed the circadian variation in bone formation and bone
resorption under these two conditions (28). They found that the morning rise in serum cortisol was
responsible for the day-time nadir in serum osteocalcin levels and conversely the nocturnal increase in
serum osteocalcin levels was a consequence of the declining evening and night-time cortisol levels. This
suggests that nocturnal glucocorticoid exposure has potentially a greater in�uence on bone turnover, as
was observed in our study population. We believe this has signi�cant clinical implications with regard to
the timing of glucocorticoid dosing, as patients (particularly those taking thrice-daily regimens) may be
recommended to take their �nal hydrocortisone dose of the day in the late afternoon/ early evening and
some patients with congenital adrenal hyperplasia have historically received glucocorticoids late at night
to impact on the nocturnal rise in adrenal androgens in response to the nocturnal ACTH surge. If
glucocorticoids are taken later in the day it may lead to higher levels of cortisol/ cortisone during night-
time hours and thus have a greater negative impact on bone metabolism (54).

In our study, patients who were on hydrocortisone therapy had an increase in total urinary cortisol
metabolites, which negatively correlated with bone formation markers PINP and OC[1–49]. This
observation provides evidence that exogenous hydrocortisone is not simply excreted by the kidneys but is
metabolized at a cellular level, leading to enhanced glucocorticoid tissue exposure and potentially
deleterious effects on bone turnover. Tissue exposure to glucocorticoids is, in part, determined at the pre-
receptor level; where 11β-hydroxysteroid enzymes play a central role. 11β-HSD1 is the predominant
isozyme expressed in normal adult osteoblasts and osteoclasts, converting inactive cortisone to cortisol,
and determines their exposure to active glucocorticoids. Cooper et al previously observed that urinary
measures of 11β-HSD1 activity (THF + 5αTHF/THE) predicted the reduction in bone formation markers,
OC and PINP, in 20 healthy adult patients post oral prednisolone therapy (10 mg daily for 7 days) (55). We
have previously shown that in patients receiving oral HC replacement, there was an increase in 11β-HSD1
activity compared to the control group, however, in this study, we did not observe a signi�cant correlation
with urinary markers of 11β-HSD1 activity and bone formation markers (35). This may re�ect the lower
glucocorticoid dose in our study population compared to the study by Cooper et al, and the fact that our
patients were on stable hydrocortisone therapy for many years, compared to the study by Cooper et al.
who measured the effect of a short exposure to high dose glucocorticoid therapy. The risk of bone loss
tends to be highest in the acute phase post commencement of glucocorticoid therapy followed by a
slower, steady-state of loss with chronic glucocorticoid use, as would have been the case in our patients.

In contrast to the action of 11β-HSD1, the A-ring reductases (5α-reductase type 1 [5αR1] and type 2 [5αR2]
and 5β-reductase) inactivate cortisol, decreasing local glucocorticoid availability to bind and activate the
glucocorticoid receptor. 5 alpha-reductase activities have been found in vitro in osteoblast-like cells (56).
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The global measures of activity that we have used in this study do not allow us to distinguish between
5αR1 and 5αR2. We observed a positive correlation between 5α-reductase activity as measured by the
urinary 5α THF/THF and ANDRO/ETIO ratios, with bone formation markers PINP and OC[1–49]. This
would indicate that increased activity of 5-alpha reductases is associated with increased metabolism of
active glucocorticoids to inactive glucocorticoids which is associated with an increase in bone formation.
This may have implications for the bone health of patients who receive 5-alpha reductase inhibitors.
Several studies have examined the effects of 5-alpha reductase inhibitors on bone mineral density.
Observational studies have yielded inconsistent �ndings, ranging from no association between 5-alpha
reductase inhibitors and bone disease to both a higher and lower risk imparted by these drugs (57–60).

Conclusion
In conclusion, changes in circulating cortisone and cortisol metabolites were associated with alterations
in bone turnover. This is in support of previous studies where the bone tissue-speci�c response to
glucocorticoids was strongly correlated to serum cortisone levels, but not with cortisol, suggesting a
potentially important role of the 11β-HSD-1 system (and the conversion of cortisone to cortisol) on bone
metabolism in vivo in patients receiving HC replacement therapy. While further data is required, our data
raises important questions regarding total daily dose, the impact of timing of glucocorticoid doses on
bone health and the importance of bone-speci�c metabolism of glucocorticoids.

Declarations
Abbreviations

ACTH         adrenocorticotropin

AI               adrenal insu�ciency

ANDRO     androsterone

ANOVA     analysis of variance

AUC           area under curve

BMD          bone mineral density

BMI            body mass index

BTM            bone turnover markers

bone ALP    bone alkaline phosphatase

BP                blood pressure
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CTX-I           C terminal cross-linking telopeptide

ETIO           etiocholanolone

GC              glucocorticoid

GC-MS       gas chromatography-mass spectrometry

HC              hydrocortisone

HPA            hypothalamic-pituitary-adrenal

IGF-1          insulin-like growth factor I

IQR             interquartile range

ITT              insulin tolerance test

LC-MS        liquid chromatography-mass spectrometry

LH               luteinising hormone

OC              osteocalcin

PINP           procollagen type 1 peptide

PTH            parathyroid hormone

QoL            quality of life

Rpm            revolutions per minute

T4                thyroxine

TBG             thyroid hormone binding globulin

THE             tetrahydrocortisone

THF              tetrahydrocortisol

5a-THF         5 alpha tetrahydrocortisol

TRACP5b     tartrate resistant acid phosphatase 5b

TSH               thyroid stimulating hormone

UFE                urinary free cortisone
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UFF                urinary free cortisol

WCM              waist circumference

11β- HSD        11 beta-hydroxysteroid dehydrogenase

25OH              25 hydroxy
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Figure 1

Mean 24-hour serum total cortisol (open circles) and cortisone (closed circles) pro�le in (a) Controls (b)
Group A (c) Group B (d) Group C. Hydrocortisone doses given at 08.00 hours and 16.00 hours.
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Figure 2

(a) Area under the curve (AUC) cumulative exposure of 24-hour serum cortisone b) AUC day-time
cumulative exposure of cortisone (c) AUC night-time cumulative exposure of cortisone in patient groups
and controls.
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Figure 3

Correlation between circulating serum cortisone in all patients on HC replacement with; Bone formation
markers (a) OC[1-49], (b) PINP, (c) Bone ALP and Bone resorption markers (d) CTX-I, (e) TRACP5b and (f)
PINP: CTX ratio.
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Figure 4

Correlation between total urinary cortisol metabolites in all patients on HC replacement with; Bone
formation markers (a)OC[1-49], (b) PINP, (c) Bone ALP and Bone resorption markers (d) CTX-I, (e)
TRACP5b, (d) PINP: CTX ratio.
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