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Abstract

The introduction of adrenocortical extract in 1930 improved the life expectancy of Key Words
hyhpoadrenal patients, with further increases seen after the introduction of cortisone » Adrenal

acetate from 1948. Most patients are now treated with synthetic hydrocortisone, » Hypoadrenalism
and incremental advances have been made with optimisation of daily dosing and the » Adrenal insufficiency
introduction of multidose regimens. There remains a significant mortality gap between » Glucocorticoid
individuals with treated hypoadrenalism and the general population. It is unclear replacement
whether this gap is a result of glucocorticoid over-replacement, under-replacement > Pituitary

or loss of the circadian and ultradian rhythm of cortisol secretion, with the risk of
detrimental excess glucocorticoid exposure at later times in the day. The way forwards
will involve replacement of the diurnal cortisol rhythm with better glucocorticoid
replacement regimens. The steroid profile produced by both prednisolone and dual-
release hydrocortisone (Plenadren), provide a smoother glucocorticoid profile of cortisol
than standard oral multidose regimens of hydrocortisone and cortisone acetate. The
individualisation of prednisolone doses and lower bioavailability of Plenadren offer
reductions in total steroid exposure. Although there is emerging evidence of both
treatments offering better cardiometabolic outcomes than standard glucocorticoid
replacement regimens, there is a paucity of evidence involving very low dose prednisolone
(2-4 mg daily) compared to the larger doses (~7.5 mg) historically used. Data from

upcoming clinical studies on prednisolone will therefore be of key importance in informing

future practice.

Endocrine Connections
(2021) 10, R66-R76

Introduction

Between 1928 and 1938, patients with Addison’s disease
had a 100% S5-year mortality (1). With the availability
of glucocorticoid replacement therapy, initially with
animal adrenocortical extract and later synthetic
11-deoxycorticosterone (2), and cortisone acetate from
1948, the prognosis of Addison’s disease improved vastly.
Patients were no longer dying from adrenal failure,
and generous doses of glucocorticoids were given to
guard against adrenal crises. Whilst the era of synthetic

glucocorticoids has ushered in longer life expectancies,
the use of liberal doses has come at the cost of increased
long-term cardiometabolic death (3).

Half a century later, a retrospective observational
study in Sweden demonstrated an increased relative risk
of mortality in patients with Addison’s disease compared
to the general population, between 1987 and 2001 (4).
The leading cause of death was cardiovascular disease,
and specifically ischaemic heart disease. This was followed
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by malignancy, endocrine causes, respiratory causes and
infectious diseases.

These findings were supported in a further study
investigating the Swedish Addison’s disease population
(5). There was an overall increased standardised mortality
ratio (SMR) of 2.7 for all Addison’s patients compared to
the general population. Again, cardiovascular disease was
the commonest cause of death with malignancy coming
second. Within malignancy, gastrointestinal tract cancers
were the most prevalent followed by male genital cancers
and non-melanoma skin cancers.

A Norwegian study demonstrated that whilst the SMR
of all patients with Addison’s disease was not significantly
elevated compared to the general population at 1.15,
there was concern for patients diagnosed under the age
of 40, who had a significantly higher SMR of 1.5 (6).
Cardiovascular disease, adrenal failure and cancer emerged
as the top three causes. Overall, males and females
diagnosed with Addison’s disease could expect a life
expectancy that is 3.2 and 11.2 years shorter, respectively,
than their counterparts in the general population. The
study did not, however, report the range of glucocorticoid
doses used.

The EU-AIR registry includes secondary adrenal
insufficiency and data from the UK, the Netherlands
and Germany in addition to Sweden (7). In this more
heterogeneous group, the main causes of death were
cardiovascular disease (35%) and infection (15%). In
an exclusively hypopituitary population in the USA,
Mills and colleagues described a seven-fold increase in
mortality when associated with adrenal insufficiency (8).
Taken together, these data suggest that the mortality gap
in hypoadrenalism is not just limited to primary disease.

Possible causes of the mortality gap

The cause of the aforementioned mortality gap has not
been fully elucidated. Studies suggest the causes may
include excess exposure to glucocorticoid replacement,
under-replacement and risk of acute adrenal failure,
failure to replicate the diurnal and ultradian rhythm of
cortisol leading to steroid exposure at detrimental times in
the day and finally, differences in the biological actions of
oral synthetic glucocorticoids versus endogenous cortisol.

Interrogation of the EU-AIR registry demonstrated
a higher mortality of 1.5% in patients with secondary
hypoadrenalism vs 1.0% in patients with primary disease
over approximately 5 years (7). In the secondary disease
cohort, it was clear that those who died were in fact
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receiving higher doses of glucocorticoid replacement
treatment, 24.0 mg of hydrocortisone vs 19.3 mg in the
secondary cohort that remained alive.

These findings suggest that even very small excesses
of glucocorticoid replacement may contribute towards
poorer mortality outcomes. Sherlock and colleagues
interrogated a regionally held UK database containing
information on patients with acromegaly, which
included 178 patients receiving hydrocortisone for
hypoadrenalism (9). Patients with acromegaly had an
increased SMR of 1.7 compared to the general population,
but those on hydrocortisone showed a significant positive
correlation for increasing SMR with an increasing daily
hydrocortisone dose. Patients receiving greater than
30 mg of hydrocortisone daily and between 25 and 30
mg daily, had a relative risk of mortality of 2.9 and 1.6,
respectively, compared to patients with acromegaly in the
absence of hypoadrenalism. Even regimens greater than 20
mg of hydrocortisone may be detrimental. Evidence from
Swedish populations showed that secondary hypoadrenal
patients receiving such doses had a 1.88-fold increase
in mortality over approximately 13 years, compared
to hypopituitary patients not requiring glucocorticoid
replacement. Crucially, this was not the case for those
taking daily doses of 20 mg or less (10).

Escalating doses of glucocorticoid replacement are
associated with worsening cardiovascular risk factors. In
a three-arm crossover study, ten patients with secondary
hypoadrenalism took 15, 20 and 30 mg of hydrocortisone
for 6 weeks (11). Ambulatory arterial stiffness index scores
were significantly lower when participants received 15 mg
of daily hydrocortisone compared to 20 and 30 mg. When
secondary hypoadrenal patients were treated with 0.4-0.6
mg/kg of hydrocortisone daily, systolic and diastolic
blood pressures were higher than those seen when
patients received 0.2-0.3 mg/kg over a 10-week period
(12). In Addison’s disease, a comparison between patients
on a median of 30 mg of hydrocortisone and healthy
matched controls revealed increased hepatic adiposity
on CT imaging, as well as a higher fasting triglycerides
and lower HDL (13). These surrogate endpoints suggest
that higher doses of glucocorticoid replacement induce a
metabolic syndrome which likely drives an excess risk of
cardiovascular disease.

Additional evidence suggests, however, that the
mortality gap is not directly linked to excess glucocorticoid
replacement. In a cross-sectional comparison between
individuals with Addison’s disease in Sweden and South
Africa, it was noted that patients in Sweden received
higher doses of hydrocortisone, 33.0 mg per day compared
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to 24.3 mg per day in South Africa (14). Despite being well
matched and the apparent lower glucocorticoid exposure,
the South African cohort had a significantly higher total
cholesterol, triglycerides, and LDL, indicating a worse
cardiovascular risk phenotype. Although it is possible
that the observations may be due to the two sample
cohorts being taken from two distinctly homogenoeus
populations with their own potential genetic and
environmental differences, it is important to note that the
timing of doses was not considered in the study.

Loss of diurnal rhythm in autonomous
cortisol secretion also increases mortality

Both  autonomous cortisol secretion and oral
glucocorticoid replacement therapy result in a mild excess
of glucocorticoids and an altered diurnal cortisol rhythm,
with supraphysiological levels particularly in the latter
half of the day.
Autonomous secretion is a
pathological state analogous to the proposed cause of
the described mortality gap. The autonomous secretion
is difficult to diagnose and detect as the excess cortisol is
only slightly and not overtly raised (15). Cortisol profiles
are flat, with obliteration of the physiological diurnal
rhythm and morning cortisol levels may be normal.
From 206 individuals followed up over 4.2 years, one
study has demonstrated a 4- and 10-year reduction in life
expectancy for men and women, respectively, in the UK
(16). Cardiovascular disease and infectious causes were the
top two causes of death. In an Italian population, patients
with adrenal masses suspicious of autonomous secretion
were compared to individuals with non-secreting adrenal
incidentalomas (17). Those with suspicion of autonomous
secretion, defined as incomplete suppression of cortisol
to levels of 50-138 nmol/L after 1 mg dexamethasone
suppression testing, had lower survival rates. A similarly
designed Swedish study, reported greater mortality in
patients with autonomous cortisol secretion (18).

adrenal cortisol

A question of timing?

The normal cortisol profile has been well established and
is conserved between individuals (19). Cortisol levels in
humans peak at awakening, with a second peak at lunch
time, and a gradual decline in levels to an overnight
nadir that rises again 2-4 h before waking. Disassociation
of the cortisol concentration from the expected pattern
for the time of day is detrimental (20). In ten healthy
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individuals who were subjected to a 28-h day for 7 days,
there was a 6 and 22% rise in 3-h postprandial glucose
and insulin levels, compared to baseline, respectively.
This observation occurred independently of fasting
glucose levels, when a 12-h misalignment between the
participants’ circadian cycle and their behavioural cycle
(or meal times) was achieved (21). Three individuals
demonstrated impaired glucose tolerance in relation to
meals, despite being normoglycaemic prior to the study
suggesting acute insulin resistance. Mean arterial pressure
was also elevated.

The disconnect between serum cortisol levels and the
circadian clock maintained by all cells may be central to
the adverse outcomes of shift work. It is well characterised
that during shift work, there is a reversal of the diurnal
cortisol thythm, such that peak levels are seen at night,
whilst individuals are awake (21, 22, 23). Charmandari
et al. investigated peripheral blood mononuclear cells
(PBMCs), sampling cells at 08:00 h and 20:00 h (24).
PBMCs are easily obtainable cells that are representative
of peripheral tissue. They showed a 2.8-fold greater
acetylation of the glucocorticoid receptor (GR) in the
morning than in the evening. With acetylation of the
GR attenuating the transcriptional response of the cells
to glucocorticoids, sensitivity to glucocorticoids is in
inverse phase to the circadian cortisol profile. The lowest
sensitivity was seen in the morning when cortisol peaks,
and the highest in the evening, when cortisol wanes
(25). Marked differences have already been observed in
healthy individuals between glucocorticoid exposure in
the morning vs the afternoon (26). Administration of
50 mg oral hydrocortisone was compared at 05:00 h and
17:00 h. The cortisol drug profiles and glucose handling
parameters within the first 4 h were identical at both clock
times. Between 04:00 h and 16:00 h, the peak glucose
excursion, insulin secretory rates and serum insulin levels
were significantly higher with the 17:00 h hydrocortisone
dose as compared to the 05:00 h dose, indicating greater
sensitivity to glucocorticoids later in the day.

Acetylation of the GR can be influenced by clock
genes. Clock genes represent the time keeping mechanism
that exists in all human cells. The intracellular equipment
responsible for cellular timekeeping involves a number
of feedback and transcriptional loops. Central to this is
circadian locomotor output cycle kaput (CLOCK) which
dimerises with brain-muscle-arnt-like protein 1(BMAL1).
The CLOCK/BMALL1 dimer in turn binds to enhancer
sequences in the DNA of cells to promote transcription
of period genes (PER1, PER2, PER3) and cryptochromes
(CRY1 and CRY2) (25). The ‘master’ clock in the body is
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the suprachiasmatic nucleus (SCN) in the hypothalamus,
which benefits from innervation from the retina, allowing
entrainment by day-night cycle (27). It is signalling
from the ‘master’ clock which informs the ‘slave’ clocks
residing in all other tissues that maintain synchrony
(25). In the hypothalamic-pituitary-adrenal (HPA) axis,
the influence of the master clock is exerted by canonical
endocrine signalling via arginine vasopressin (AVP)
modification of pulsatile ACTH secretion, but there also
exist non-endocrine pathways with neural signalling via
the splanchnic innervation of the adrenals and a local
circadian clock within the adrenal glands. Apart from
measurable rhythms in cortisol, GR activity is influenced
by its own rhythm. CLOCK influences acetyl-transferase
activity, which is directly capable of acetylating and
attenuating GR function (Fig. 1) (28). This is in keeping
with results from Charmandari and colleagues, where
CLOCK/BMALL expression was relatively higher at 08:00
h, at the same time that the GR was maximally acetylated
and glucocorticoid sensitivity at its lowest (24).

In addition, glucocorticoids can also affect and
manipulate the timekeeping machinery of peripheral
cells. Cuesta et al. recruited 16 healthy males, collecting
PBMCs at baseline and at 6 days after the participants
had taken hydrocortisone 20 mg orally every evening,
10 h post awakening (29). They found that a single dose
of hydrocortisone can provoke a significant increase in
PER1 mRNA expression. Further, after 6 days, PER2 levels
were found to be reduced in those who responded and
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Figure 1

Model of glucocorticoid sensitivity in peripheral tissue as it fluctuates
during the day (24, 25). Nadir sensitivity (peak resistance) is seen at 08:00
h, when cortisol secretion peaks. CLOCK/BMAL1 expression directly
acetylates (A) the glucocorticoid receptor (GR), attenuating its function.
CLOCK/BMAL1 also enhances the expression of the PER and CRY genes,
although the mRNA expression is low at this time. At 20:00 h, the PER and
CRY expression is high, and their phosphorylation (P) inhibits expression
of CLOCK/BMALT1. The low CLOCK/BMAL1 expression, prevents
acetylation of the GR, which in turn increases glucocorticoid sensitivity.
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to have phase shifted forwards, meaning the peak levels
were 9 h later than baseline. PER3 demonstrated a single
pre-awakening peak at baseline, but after 6 days, a new
second peak in the evening was present. Taken together,
these results indicate that a single dose of hydrocortisone
20 mg in the evening can alter the expression of clock
genes in peripheral cells and may in turn modify the
glucocorticoid sensitivity of these cells as a result.

Bridging the mortality gap

The evidence presented suggests that the excess mortality
seen in treated patients with adrenal insufficiency may
be driven by glucocorticoid over-replacement, especially
at times of increased sensitivity, such as the evening. The
failure to mimic the circadian cortisol profile is central
to these mechanisms. Standard-release hydrocortisone is
the most common treatment used in the UK and Europe
(30, 31). Its short half-life of 1.8 h mandates multiple
doses per day (32, 33). The final dose exposes patients to
the risk of having excess glucocorticoid in their blood at
times in the day when it is potentially detrimental. As a
result of its pharmacokinetic profile, oral hydrocortisone
is inherently unable to mirror the circadian cortisol
rhythm. The multiple dosing regimen can also result
in incomplete dosing as patients may not always take
hydrocortisone on time.

Continuous subcutaneous hydrocortisone infusion
(CSHI) pumps, may offer a more physiological alternative
cortisol replacement therapy (34), particularly for those
unable to tolerate or absorb oral replacement. In an
unblinded open-label feasibility study, an improvement
in the vitality and physical functioning domains of the
short form health survey (SF-36) measuring health related
quality of life, was noted when patients were converted
from oral hydrocortisone to CSHI (34). However, in a
double-blind, placebo-controlled, randomised crossover
trial comparing oral hydrocortisone and CSHI, there was
no additional benefit seen with CSHI in subjective health
scores (35). The use of CSHI requires patient training and
engagement, necessitating education on pump use and
maintenance. There is also a risk of local site infections
and dislodgement with interruption of steroid delivery
(36). The subjective health benefits of CSHI have not
been conserved between studies and cardiovascular risk as
assessed by anthropometric and biochemical markers, has
not been adequately explored. As such, there are currently
insufficient data from CSHI studies to conclude that the
more physiological replacement offered translates into
better long-term outcomes.

© 2021 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-20-0473

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(©MOoM


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/EC-20-0473
https://ec.bioscientifica.com

. Endocrine S Choudhury et al.

W CONNECTIONS

Dual-release hydrocortisone (herein referred to as
Plenadren), and prednisolone both offer a once-daily
solution to glucocorticoid replacement therapy. Apart
from the convenience and improved adherence to
treatment with once-daily dosing, both drugs produce
a smoother plasma profile (Fig. 2) (37, 38). As a result,
Plenadren and prednisolone may offer better alternatives
to standard-release multidose hydrocortisone, which in
turn may improve the mortality outcomes.

Plenadren

Plenadren is a dual-release formulation of hydrocortisone
containing both immediate release and sustained release
hydrocortisone in a single tablet. Therefore it is designed
to give a smoother glucocorticoid profile than standard-
release hydrocortisone (39). It is available as 5 and 20
mg tablets. Data from a salivary cortisol study has shown
that although morning peaks in hypoadrenal patients are
equivalent to the overshoot associated with thrice daily
cortisone acetate or standard hydrocortisone, Plenadren
is able to generate afternoon cortisol levels that tend
towards the levels seen in healthy controls (40).

In an open-label study, 64 primary hypoadrenalism
patients took 3 months of thrice-daily hydrocortisone and
once-daily Plenadren in a randomised crossover protocol.
Patients were converted from their daily cumulative dose
of thrice-daily hydrocortisone to the same total daily dose
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Figure 2

Serum glucocorticoid profiles of: 1-endogenous circadian cortisol (green
dashed); 2-standard thrice daily hydrocortisone regimen (HC) (grey
dotted); 3-prednisolone 4 mg once daily (red solid); 4-Plenadren 20 mg
once daily (blue solid). (1) and (2) are plotted from data extracted from
Mah et al. 2004 (64). (3) and (4) are generated from data collected at
Imperial College Healthcare NHS Trust. Thrice daily hydrocortisone
generates a peak and trough profile that both over- and under-shoot the
normal cortisol profile. Plenadren and prednisolone generate a similar
curve that is closer in morphology to the diurnal cortisol rhythm.
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of Plenadren, administered once a day in the morning
(38). Pharmacokinetic studies were performed in 18
patients. The area-under-the-curve (AUC) cortisol profile
demonstrated a reduction of 19.4% in AUC,, ,, for
Plendaren compared to standard release hydrocortisone.
There was a 6.4% increase in AUC,,_,,, with subsequent
reductions of 30.5 and 58.8% for AUC,_,,, and AUC, 541,
respectively. This amounts to both, a drop in total steroid
exposure and a specific reduction in the amount of
steroid exposure in the afternoon and evenings. There
were significant decreases with Plenadren in body weight,
systolic blood pressure and diastolic blood pressure
although this was tempered slightly by a significant
increase in heart rate and fasting triglycerides. Further
possible benefits were seen, with reductions in HbAlc
by 0.1% and increase of 6.1 pg/L in procollagen type 1
N-terminal propeptide (P1NP), a bone turnover marker of
osteoblastic activity. Subjective quality of life outcomes
also favoured Plenadren over standard hydrocortisone.
Overall, Plenadren demonstrated superiority over thrice-
daily hydrocortisone in term of cardiovascular risk factors
and bone health markers.

In an extension of the aforementioned study, 55 of
the original 64 patients continued on Plenadren for up
to 24 months after the end of the randomised crossover
phase. An additional 16 patients were recruited into this
study, who had not participated in the crossover trial
and took Plenadren for up to 18 months (41). The safety
data from this study extension showed that patients
on Plenadren experienced 18.6 serious adverse events
(SAEs) per 100 patient-years, compared to 13.3 SAEs per
100 patient-years on standard hydrocortisone. Notably,
gastroenteritis caused hospitalisation of 11 out of the 19
patients who experienced SAEs, possibly because the dual-
release formulation is more vulnerable to malabsorption
in the case of intercurrent gastroenteritis. After 18 months,
there continued to be a significant reduction in weight
by 1.4 kg, but no change in blood pressure or HbAlc, in
contrast to the 3-month data. Despite the suggestion of
an increased SAE rate from the extension study, further
follow-up to 5 years has confirmed that there are no
significant safety concerns with the use of Plenadren and
that it remains generally well tolerated (42).

In a further study, 19 individuals with Addison’s
disease from 20 mg
hydrocortisone in divided doses to Plenadren 20 mg
once daily and evaluated over a 12-month period (43).
Over 1 year, patients underwent a quarterly assessment,
during which BMI, body weight and waist circumference
followed an encouraging downward trend, with only

were switched standard
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waist circumference achieving significance. HbAlc
was 2.0 mmol/mol lower at 1 year with Plenadren
compared to baseline, with diabetic patients also showing
improvement and lower insulin requirements. Although
AddiQOL scores indicated better quality of life, the fatigue
score was noted to have worsened with Plenadren. These
findings are partly corroborated by a retrospective study
of 49 patients with a mixture of primary and secondary
hypoadrenalism, who were switched to Plenadren for a
longer period of 36 months (44). Twenty-five participants
were non-diabetic and 24 were prediabetic, amongst
whom 30 were initially on hydrocortisone replacement
and 19 on cortisone acetate. Overall, a significant
in BMI, waist circumference and HbAlc
were observed in all patients. In addition to this, the
participants with prediabetes also showed reductions in
fasting insulin, insulin secretion over 2 h in response to
an oral glucose tolerance test (OGTT) and an increase in
both insulin sensitivity and HDL. No improvements were
seen in blood pressure, and notably, 13 patients under the
guidance of clinicians received a greater dose of Plenadren
than expected.

There is also evidence of other metabolic benefits
including improvement of hepatic steatosis (45). In 45
patients with secondary adrenal insufficiency, 25 of whom
were already being treated with hydrocortisone and 20
yet to start replacement, Plenadren was administered
for a 12-month period. At baseline, 31 individuals were
diagnosed with steatosis on ultrasound imaging. At
12 months there were significant reductions in BMI,
waist circumference, fasting insulin, insulin resistance
according to homeostatic model assessment (HOMA-IR)
with a corresponding increase in the insulin sensitivity.
The hepatic steatosis index was noted to have significantly
reduced in the cohort and the number of individuals with
an index of greater than 36, came down from 33 to 11.
No differences were detected in HbAlc or blood pressure,
and six participants required a dose increase during the
12-month period.

The effects of Plenadren on blood pressure are
difficult to interpret. Ten patients out of 17, stably
replaced with cortisone acetate and diagnosed with
adrenal insufficiency, were converted to Plenadren in a
retrospective, case-control analysis (46). When patients
were treated with Plenadren for 6 months, nocturnal
diastolic pressure rose by 9 mmHg. As the relative
potency of cortisone acetate and hydrocortisone is not
clear, the relevance of this study to patients converting
from standard release hydrocortisone to Plenadren may
be limited.

reduction
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A study retrospectively collected data on 14 patients
who had dual energy X-ray absorptiometry (DEXA)
imaging before and after switching to Plenadren (47). All
patients were diagnosed with secondary hypoadrenalism,
had been stable on cortisone acetate or hydrocortisone
therapy for 12 months prior to the change, and had been
on Plenadren for at least 2 years before the second DEXA
scan. There was a significant increase in the bone mineral
density in the lumbar spine and femoral neck, but not the
total hip, independent of vitamin D status.

In the DREAM study, 46 patients with primary or
secondary hypoadrenalism were switched from multiple
daily doses of either cortisone acetate or hydrocortisone
to Plenadren and were compared to 43 patients who
continued on their standard regimen, as well as 25
healthy controls (48). Patients were tracked on their
treatments over 24 weeks. Between the patient groups,
the corrected change in body weight on Plenadren was
—4.0 kg translating to a significant reduction in BMI, and
waist circumference. A significant reduction was seen
in HbAlc, but not fasting glucose, insulin or HOMA-IR.
Hypoadrenal patients at baseline had significantly higher
classical monocytes, lower non-classical monocytes and
mature natural killer cells than the healthy controls.
Whilst the patients on standard regimens showed no
change, those who had switched to Plenadren showed
normalisation of the affected immune cell populations,
with their classical monocyte numbers coming down
and the mature natural killer cell population rising. This
coincided with a significantly better total infection scores
and less flu-like illnesses in the patients on Plendaren,
than those on standard regimens.

A DREAM ancillary study looked at PBMC clock
gene expression in 26 of the Plenadren group, 29 of the
standard treatment group and 16 of the healthy controls
(49). At baseline, the hypoadrenal patients demonstrated
altered expression of 19 genes including suppressed
CLOCK, BMAL1 and elevated PER3 compared to the
healthy controls. After 12 weeks of Plenadren, 18 of 19
genes were normalising to the levels of expression seen in
the healthy volunteers. This indicates that the alterations
in cellular timekeeping that are associated with traditional
glucocorticoid replacement can be reversed with a more
physiological glucocorticoid replacement profile.

Plenadren leads to an approximate 20% reduction
in cortisol exposure in comparison to dose-matched
standard hydrocortisone (38). It is distinctly possible
that any notional benefits of Plenadren are solely due
to this simple reduction in cortisol exposure and not
necessarily due to the smoother pharmacokinetics (50).
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This exposure reduction in turn exposes patients to the
risks of inadequate replacement, one manifestation of
which may be higher fatigue scores recorded in subjective
health scores (43). In order to mitigate against this, the
current summary of product characteristics (SmPC) for
Plenadren encourages individualisation of replacement
doses when patients switch from other treatments (51).
As a result, there is a trend towards escalation of the total
daily dose in patients who have switched to Plenadren
from real-world evidence (44, 45). By restoring the cortisol
exposure to baseline with these dose increases, it is
possible that the benefits to the surrogate endpoints seen
in the randomised trials (which relied on 1:1 daily dose
switching to Plenadren) may not be realised in routine
clinical use.

Due to its formulation, Plenadren appears to be
more vulnerable to malabsorption during intercurrent
gastrointestinal disease. The sustained release preparation
requires continued absorption of hydrocortisone from the
gut for several hours, leading to diarrhoea as a common
side effect. In addition to the caution for using Plenadren
in chronic diarrhoea as noted above, there is a specific
risk of hospitalisation with acute gastroenteritis (41)
warranting particular mention in the SmPC as a situation
where parenteral hydrocortisone may be needed (51).

Prednisolone

Prednisolone, and its prodrug prednisone were first
synthesised as anti-arthritic agents in 1950 (52). They have
a similar chemical structure to cortisol with an additional
double bond between carbon-1 and carbon-2 (C1-C2),
which increases the half-life. Oral prednisone is converted
to prednisolone during first-pass hepatic metabolism by
11p-hydroxysteroid dehydrogenase type 1 and for the
purposes of this review, will be considered interchangeable
with prednisolone (32). The pharmacokinetic and
pharmacodynamic profile of prednisolone is notably
different to cortisol. It has a 2.5 and 300 times greater
binding affinity to both cortisol binding globulin and
albumin, respectively, when compared to cortisol (53). In
vitro studies have demonstrated that prednisolone has a
greater affinity for the GR and mineralocorticoid receptor
(MR) (54). When compared to cortisol, prednisolone
binds 2.26 times more avidly at the level of the GR and
1.8 times at the MR. The increased affinity, may provoke
downstream genomic effects due to the increased time
needed for prednisolone to dissociate from the GR
compared to hydrocortisone, which in turn slows the
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turning off of downstream transcription on a cellular
level (585). It is difficult to quantify the cumulative effects
of these individual differences between prednisolone and
other glucocorticoids, underlining the need for clinical
studies examining the global effects on clinical outcomes
such as mortality.

The C1-C2 double bond endows prednisolone
with a longer half-life of up to 3.2 h, and an increased
potency when compared to cortisol (32). It has long
been thought that the potency of prednisolone is four
times greater than hydrocortisone and this may hold
true at anti-inflammatory doses (56). However, there is
emerging evidence that this value understates the actual
bioequivalence at lower replacement doses. A cohort of
23 individuals with a median age of 9.4 years were treated
with prednisolone for congenital adrenal hyperplasia, and
compared to a cohort of 21 individuals with a median
age of 8.3 years who were treated with thrice-daily
hydrocortisone (57). Initially the prednisolone group were
prescribed 2.4-3.75 mg/m? of prednisolone once-daily,
whilst the hydrocortisone group received 10-15 mg/m? in
keeping with the purported bioequivalence ratio of 4:1. In
order to normalise the participants’ biochemical, clinical
and anthropometric markers over the course of this 1-year
study, the researchers were forced to reduce the amount of
prednisolone prescribed on the study to 1.8-3.0 mg/m?,
whilst the patients on hydrocortisone required an increase
in dose to 12-20 mg/m?. The data from this study indicates
that the potency of prednisolone may be as high as six to
eight times greater than hydrocortisone, so that 3 mg of
prednisolone is equivalent of 20 mg of hydrocortisone.

These findings raise questions about the true
significance of studies comparing steroid replacement
regimens where the ratio of 4:1 was used. In one study
comparing prednisone 7.5 mg daily with hydrocortisone
30 mg daily, no difference was found between both groups
in bone density (58). In a randomised, double-blind,
placebo-controlled crossover study in Tunisia comparing
prednisolone 5 mg and placebo versus twice-daily
hydrocortisone 10 mg in fasting patients during Ramadan,
there was no difference in glycaemic parameters and
quality of life outcomes (59). A further study comparing
7.5 mg of prednisone with 27.8 mg of hydrocortisone
found that patients on prednisone were predisposed to
osteoporosis (60). It is, however, more likely that the
adverse effects seen in this study were because the amount
of prednisolone used was in fact equivalent to at least 45
mg of hydrocortisone, with bone turnover suppression
having already been well characterised in increasing doses
of hydrocortisone between 15, 20 and 30 mg (61).
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Arriving at the minimum required dose to maintain
a patient with hypoadrenalism is difficult in the absence
of established biomarkers. Slowly reducing the steroid
dose can be dangerous but was inadvertently undertaken
in a patient with secondary hypoadrenalism, where
a replacement dose of 3 mg was found to be optimal
(62). There has been progress in managing hypoadrenal
patients with prednisolone following the development
of mass spectrometry methods to quantify prednisolone
levels (37). Whilst high pressure liquid chromatography
methods have been available since the 1970s, they
were limited by suboptimal recovery, interference and
lower limits of quantification as high as 25 pg/L (63).
Mass spectrometry has allowed for an improvement in
detecting prednisolone with sensitivity as low as 10 nug/L,
permitting higher resolution prednisolone day curves
(37). Data from six such curves in hypoadrenal patients
have shown that the prednisolone profile is remarkably
similar to the cortisol profile produced by Plenadren (as
shown in Fig. 2). Furthermore, the data from this study
demonstrates that patients can be managed on lower doses
of prednisolone than previously thought, with the 3.86
mg as the average dose used, and two patients using 3 mg.
It also lays the groundwork for greater individualisation of
dosing regimens for patients using prednisolone, guided
by 8-h serum prednisolone levels.

Data comparing 82 patients on hydrocortisone and 64
on very low-dose prednisolone has shown no difference
in most anthropometric and biochemical markers of
metabolicrisk, such as weight, blood pressure, lipid profiles
including LDL and HDL, fasting glucose or HbAlc (65).
Waist-hip ratio was lower and arbitrary satisfaction with
prednisolone was higher, although this may be because of
the convenience of once daily administration, as opposed
to thrice-daily with hydrocortisone. This study was an
early demonstration that very low dose prednisolone (2—4
mg) once daily may be useful in hypoadrenalism.
particularly wuseful in adrenal
insufficiency secondary to long-term steroid use. The
same principles apply in inflammatory conditions where
a slow wean of prednisolone is required in order to
avoid resurgence of the initial condition (66). In these
circumstances, the once-daily regimen of prednisolone
allows for the formulation of easy weaning protocols that
are simple for patients to adhere to, and to reverse where
necessary. The use of prednisolone 1 mg tablets facilitates
gradual reduction in dose. Such approaches are not possible
with Plenadren as the lowest denomination available is 5
mg and the dual-release formulation prohibits splitting of
tablets. The same approach with standard hydrocortisone,

Prednisolone is
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although possible, is hindered by the complexity of
modifying thrice-daily regimens and the practical difficulty
and imprecision from splitting the smallest available
denomination of 10 mg tablets into smaller doses.

Although both prednisolone and hydrocortisone
feature on the World Health Organisation list of essential
medicines, prednisolone is more widely available.
Higher doses of prednisolone are used for a number of
anti-inflammatory indications. As a result, patients with
hypoadrenalism are routinely managed with prednisolone
in many countries, but at default doses of 5 mg that are
higher than the 2-4 mg which limited evidence suggests
constitutes adequate replacement. Dissemination of the
message that three-quarters of a 5 mg tablet is sufficient for
treatment of hypoadrenalism may well have an important
impact on the health of patients across the world with
hypoadrenalism.

Conclusion

Emerging evidence strongly suggests that thrice-daily
standard oral hydrocortisone has long-term deleterious
effects. Our approach must centre on both preventing
over-replacement and ensuring that there is appropriate
steroid exposure at the correct times.

It may be that both Plenadren and prednisolone
offer more suitable glucocorticoid replacement with
concurrent cardiovascular, metabolic and immunological
benefits, but there is a paucity of evidence directly
comparing the two. There is also a lack of research
comparing both prednisolone and Plenadren with other
modalities of glucocorticoid replacement. Current studies
are confounded by the relative differences in potency
and dosing. Practically, both drugs offer a once-daily
replacement with no current evidence of difference
between the two. Further direct comparisons are therefore
needed. It is hoped that ongoing trials such as PRED-AID
and HYPER-AID will provide this (67, 68).

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of this review.

Funding

SC is funded by a National Institute for Health Research (NIHR), Doctoral
Research Fellowship. TT is funded by the NIHR, NIHR BRC and the Moulton
Charitable Research Foundation. KM is funded by the NIHR BRC. The views
expressed are those of the authors and not necessarily those of the NHS,
the NIHR or the Department of Health and Social Care.

© 2021 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-20-0473

This work is licensed under a Creative Commons
Attribution 4.0 International License.

[oRom


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/EC-20-0473
https://ec.bioscientifica.com

. Endocrine S Choudhury et al.

W CONNECTIONS

Author contribution statement

SC is responsible for the initial draft of this manuscript. TT, KL and KM
have reviewed this manuscript and made edits to the text. All authors have
approved the final manuscript. All authors have contributed equally.

References

1 Dunlop D. Eighty-six cases of Addison's disease. British Medical
Journal 1963 2 887-891. (https://doi.org/10.1136/bmj.2.5362.887)

2 Thorn GW, Howard RP & Emerson K-E. Treatment of Addison's
disease with desoxy-corticosterone acetate, a synthetic adrenal
cortical hormone (Preliminary Report). Journal of Clinical Investigation
1939 18 449-467. (https://doi.org/10.1172/JCI1101060)

3 Allolio B. Extensive expertise in endocrinology. Adrenal crisis.
European Journal of Endocrinology 2015 172 R115-R124. (https://doi.
org/10.1530/EJE-14-0824)

4 Bergthorsdottir R, Leonsson-Zachrisson M, Oden A & Johannsson G.
Premature mortality in patients with Addison's disease: a population-
based study. Journal of Clinical Endocrinology & Metabolism 2006 91
4849-4853. (https://doi.org/10.1210/jc.2006-0076)

5 Bensing S, Brandt L, Tabaroj F, Sjoberg O, Nilsson B, Ekbom A,
Blomgqvist P & Kampe O. Increased death risk and altered cancer
incidence pattern in patients with isolated or combined autoimmune
primary adrenocortical insufficiency. Clinical Endocrinology 2008 69
697-704. (https://doi.org/10.1111/j.1365-2265.2008.03340.x)

6 Erichsen MM, Lovas K, Fougner KJ, Svartberg J, Hauge ER,

Bollerslev ], Berg JP, Mella B & Husebye ES. Normal overall mortality
rate in Addison's disease, but young patients are at risk of premature
death. European Journal of Endocrinology 2009 160 233-237. (https://
doi.org/10.1530/EJE-08-0550)

7 Quinkler M, Ekman B, Zhang P, Isidori AM, Murray RD & EU-AIR.
Mortality data from the European adrenal insufficiency registry-
patient characterization and associations. Clinical Endocrinology 2018
89 30-35. (https://doi.org/10.1111/cen.13609)

8 Mills JL, Schonberger LB, Wysowski DK, Brown P, Durako SJ, Cox C,
Kong F & Fradkin JE. Long-term mortality in the United States cohort
of pituitary-derived growth hormone recipients. Journal of Pediatrics
2004 144 430-436. (https://doi.org/10.1016/j.jpeds.2003.12.036)

9 Sherlock M, Reulen RC, Alonso AA, Ayuk J, Clayton RN,

Sheppard MC, Hawkins MM, Bates AS & Stewart PM. ACTH
deficiency, higher doses of hydrocortisone replacement, and
radiotherapy are independent predictors of mortality in patients
with acromegaly. Journal of Clinical Endocrinology & Metabolism 2009
94 4216-4223. (https://doi.org/10.1210/jc.2009-1097)

10 Hammarstrand C, Ragnarsson O, Hallen T, Andersson E, Skoglund T,
Nilsson AG, Johannsson G & Olsson DS. Higher glucocorticoid
replacement doses are associated with increased mortality in patients
with pituitary adenoma. European Journal of Endocrinology 2017 177
251-256. (https://doi.org/10.1530/EJE-17-0340)

11 Behan LA, Carmody D, Rogers B, Hannon M], Davenport C,

Tormey W, Smith D, Thompson CJ, Stanton A & Agha A. Low-

dose hydrocortisone replacement is associated with improved
arterial stiffness index and blood pressure dynamics in severely
adrenocorticotrophin-deficient hypopituitary male patients. European
Journal of Endocrinology 2016 174 791-799. (https://doi.org/10.1530/
EJE-15-1187)

12 Werumeus Buning J, van Faassen M, Brummelman P, Dullaart RP,
van den Berg G, van der Klauw MM, Kerstens MN, Stegeman CA,
Muller Kobold AC, Kema IP, et al. Effects of hydrocortisone on the
regulation of blood pressure: results from a randomized controlled
trial. Journal of Clinical Endocrinology & Metabolism 2016 101
3691-3699. (https://doi.org/10.1210/jc.2016-2216)

13 Bergthorsdottir R, Ragnarsson O, Skrtic S, Glad CAM, Nilsson §,

Ross IL, Leonsson-Zachrisson M & Johannsson G. Visceral fat and

Prednisolone versus 10:2 R74

plenadren

novel biomarkers of cardiovascular disease in patients with Addison's
disease: a case-control study. Journal of Clinical Endocrinology &
Metabolism 2017 102 4264-4272. (https://doi.org/10.1210/jc.2017-
01324)

14 Ross IL, Bergthorsdottir R, Levitt N, Dave JA, Schatz D, Marais D &
Johannsson G. Cardiovascular risk factors in patients with Addison's
disease: a comparative study of South African and Swedish patients.
PLOS ONE 2014 9 €90768. (https://doi.org/10.1371/journal.
pone.0090768)

15 Morelli V, Arosio M & Chiodini I. Cardiovascular mortality in
patients with subclinical Cushing. Annales d’Endocrinologie 2018 79
149-152. (https://doi.org/10.1016/j.ando.2018.03.005)

16 Debono M, Bradburn M, Bull M, Harrison B, Ross R] & Newell-

Price J. Cortisol as a marker for increased mortality in patients with
incidental adrenocortical adenomas. Journal of Clinical Endocrinology
& Metabolism 2014 99 4462-4470. (https://doi.org/10.1210/jc.2014-
3007)

17 Di Dalmazi G, Vicennati V, Garelli S, Casadio E, Rinaldi E,
Giampalma E, Mosconi C, Golfieri R, Paccapelo A, Pagotto U,
et al. Cardiovascular events and mortality in patients with adrenal
incidentalomas that are either non-secreting or associated with
intermediate phenotype or subclinical Cushing's syndrome: a 15-year
retrospective study. Lancet. Diabetes & Endocrinology 2014 2 396-405.
(https://doi.org/10.1016/52213-8587(13)70211-0)

18 Patrova J, Kjellman M, Wahrenberg H & Falhammar H. Increased
mortality in patients with adrenal incidentalomas and autonomous
cortisol secretion: a 13-year retrospective study from one center.
Endocrine 2017 §8 267-275. (https://doi.org/10.1007/s12020-017-
1400-8)

19 Faghih RT, Dahleh MA, Adler GK, Klerman EB & Brown EN.
Deconvolution of serum cortisol levels by using compressed
sensing. PLOS ONE 2014 9 e85204. (https://doi.org/10.1371/journal.
pone.0085204)

20 Monk TH & Buysse DJ. Exposure to shift work as a risk factor for
diabetes. Journal of Biological Rhythms 2013 28 356-359. (https://doi.
org/10.1177/0748730413506557)

21 Scheer FA, Hilton MF, Mantzoros CS & Shea SA. Adverse metabolic
and cardiovascular consequences of circadian misalignment.
Proceedings of the National Academy of Sciences of the United States
of America 2009 106 4453-4458. (https://doi.org/10.1073/
pnas.0808180106)

22 Niu SF, Chung MH, Chu H, Tsai JC, Lin CC, Liao YM, Ou KL,
O'Brien AP & Chou KR. Differences in cortisol profiles and circadian
adjustment time between nurses working night shifts and regular
day shifts: a prospective longitudinal study. International Journal
of Nursing Studies 2015 52 1193-1201. (https://doi.org/10.1016/j.
ijnurstu.2015.04.001)

23 Knutsson A, Akerstedt T, Jonsson BG & Orth-Gomer K. Increased
risk of ischaemic heart disease in shift workers. Lancet 1986 2 89-92.
(https://doi.org/10.1016/s0140-6736(86)91619-3)

24 Charmandari E, Chrousos GP, Lambrou GI, Pavlaki A, Koide H,

Ng SS & Kino T. Peripheral CLOCK regulates target-tissue
glucocorticoid receptor transcriptional activity in a circadian fashion
in man. PLOS ONE 2011 6 e25612. (https://doi.org/10.1371/journal.
pone.0025612)

25 Nicolaides NC, Charmandari E, Kino T & Chrousos GP. Stress-related
and circadian secretion and target tissue actions of glucocorticoids:
impact on health. Frontiers in Endocrinology 2017 8 70. (https://doi.
org/10.3389/fendo.2017.00070)

26 Plat L, Leproult R, L'Hermite-Baleriaux M, Fery F, Mockel J,

Polonsky KS & Van Cauter E. Metabolic effects of short-term
elevations of plasma cortisol are more pronounced in the evening
than in the morning. Journal of Clinical Endocrinology & Metabolism
1999 84 3082-3092. (https://doi.org/10.1210/jcem.84.9.5978)

27 Oster H, Challet E, Ott V, Arvat E, de Kloet ER, Dijk DJ, Lightman S,
Vgontzas A & Van Cauter E. The functional and clinical significance

© 2021 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-20-0473

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(©MOM


https://doi.org/10.1136/bmj.2.5362.887
https://doi.org/10.1172/JCI101060
https://doi.org/10.1530/EJE-14-0824
https://doi.org/10.1530/EJE-14-0824
https://doi.org/10.1210/jc.2006-0076
https://doi.org/10.1111/j.1365-2265.2008.03340.x
https://doi.org/10.1530/EJE-08-0550
https://doi.org/10.1530/EJE-08-0550
https://doi.org/10.1111/cen.13609
https://doi.org/10.1016/j.jpeds.2003.12.036
https://doi.org/10.1210/jc.2009-1097
https://doi.org/10.1530/EJE-17-0340
https://doi.org/10.1530/EJE-15-1187
https://doi.org/10.1530/EJE-15-1187
https://doi.org/10.1210/jc.2016-2216
https://doi.org/10.1210/jc.2017-01324
https://doi.org/10.1210/jc.2017-01324
https://doi.org/10.1371/journal.pone.0090768
https://doi.org/10.1371/journal.pone.0090768
https://doi.org/10.1016/j.ando.2018.03.005
https://doi.org/10.1210/jc.2014-3007
https://doi.org/10.1210/jc.2014-3007
https://doi.org/10.1016/S2213-8587(13)70211-0
https://doi.org/10.1007/s12020-017-1400-8
https://doi.org/10.1007/s12020-017-1400-8
https://doi.org/10.1371/journal.pone.0085204
https://doi.org/10.1371/journal.pone.0085204
https://doi.org/10.1177/0748730413506557
https://doi.org/10.1177/0748730413506557
https://doi.org/10.1073/pnas.0808180106
https://doi.org/10.1073/pnas.0808180106
https://doi.org/10.1016/j.ijnurstu.2015.04.001
https://doi.org/10.1016/j.ijnurstu.2015.04.001
https://doi.org/10.1016/s0140-6736(86)91619-3
https://doi.org/10.1371/journal.pone.0025612
https://doi.org/10.1371/journal.pone.0025612
https://doi.org/10.3389/fendo.2017.00070
https://doi.org/10.3389/fendo.2017.00070
https://doi.org/10.1210/jcem.84.9.5978
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/EC-20-0473
https://ec.bioscientifica.com

Endocrine S Choudhury et al.

W CONNECTIONS

of the 24-hour rhythm of circulating glucocorticoids. Endocrine
Reviews 2017 38 3-45. (https://doi.org/10.1210/er.2015-1080)

28 Nader N, Chrousos GP & Kino T. Interactions of the circadian
CLOCK system and the HPA axis. Trends in Endocrinology &
Metabolism 2010 21 277-286. (https://doi.org/10.1016/j.
tem.2009.12.011)

29 Cuesta M, Cermakian N & Boivin DB. Glucocorticoids entrain
molecular clock components in human peripheral cells. FASEB
Journal 2015 29 1360-1370. (https://doi.org/10.1096/fj.14-265686)

30 Igbal K, Halsby K, Murray RD, Carroll PV & Petermann R.
Glucocorticoid management of adrenal insufficiency in the United
Kingdom: assessment using real-world data. Endocrine Connections
2019 8 20-31. (https://doi.org/10.1530/EC-18-0418)

31 Murray RD, Ekman B, Uddin S, Marelli C, Quinkler M, Zelissen PM &
the EU-AIR Investigators. Management of glucocorticoid replacement
in adrenal insufficiency shows notable heterogeneity - data from
the EU-AIR. Clinical Endocrinology 2017 86 340-346. (https://doi.
org/10.1111/cen.13267)

32 Czock D, Keller F, Rasche FM & Haussler U. Pharmacokinetics and
pharmacodynamics of systemically administered glucocorticoids.
Clinical Pharmacokinetics 2005 44 61-98. (https://doi.
0rg/10.2165/00003088-200544010-00003)

33 Bornstein SR, Allolio B, Arlt W, Barthel A, Don-Wauchope A,
Hammer GD, Husebye ES, Merke DP, Murad MH, Stratakis CA,
et al. Diagnosis and treatment of primary adrenal insufficiency:
an Endocrine Society clinical practice guideline. Journal of Clinical
Endocrinology & Metabolism 2016 101 364-389. (https://doi.
0rg/10.1210/jc.2015-1710)

34 Lovas K & Husebye ES. Continuous subcutaneous hydrocortisone
infusion in Addison's disease. European Journal of Endocrinology 2007
157 109-112. (https://doi.org/10.1530/EJE-07-0052)

35 Gagliardi L, Nenke MA, Thynne TR, von der Borch J, Rankin WA,
Henley DE, Sorbello J, Inder W] & Torpy DJ. Continuous
subcutaneous hydrocortisone infusion therapy in Addison's disease:
a randomized, placebo-controlled clinical trial. Journal of Clinical
Endocrinology & Metabolism 2014 99 4149-4157. (https://doi.
0rg/10.1210/jc.2014-2433)

36 Khanna A, Khurana R, Kyriacou A, Davies R & Ray DW. Management
of adrenocortical insufficiency with continuous subcutaneous
hydrocortisone infusion: long-term experience in three patients.
Endocrinology, Diabetes & Metabolism Case Reports 2015 2015. Epub
2015 May 1 150005. (https://doi.org/10.1530/EDM-15-0005)

37 Williams EL, Choudhury S, Tan T & Meeran K. Prednisolone
replacement therapy mimics the circadian rhythm more closely
Than other glucocorticoids. Journal of Applied Laboratory Medicine
2016 1 152-161. (https://doi.org/10.1373/jalm.2016.020206)

38 Johannsson G, Nilsson AG, Bergthorsdottir R, Burman P, Dahlqvist P,
Ekman B, Engstrom BE, Olsson T, Ragnarsson O, Ryberg M, et al.
Improved cortisol exposure-time profile and outcome in patients
with adrenal insufficiency: a prospective randomized trial of a
novel hydrocortisone dual-release formulation. Journal of Clinical
Endocrinology & Metabolism 2012 97 473-481. (https://doi.
0rg/10.1210/jc.2011-1926)

39 Johannsson G, Bergthorsdottir R, Nilsson AG, Lennernas H, Hedner T
& Skrtic S. Improving glucocorticoid replacement therapy using a
novel modified-release hydrocortisone tablet: a pharmacokinetic
study. European Journal of Endocrinology 2009 161 119-130. (https://
doi.org/10.1530/EJE-09-0170)

40 Ceccato F, Selmin E, Sabbadin C, Dalla Costa M, Antonelli G,
Plebani M, Barbot M, Betterle C, Boscaro M & Scaroni C. Improved
salivary cortisol rhythm with dual-release hydrocortisone. Endocrine
Connections 2018 7 965-974. (https://doi.org/10.1530/EC-18-0257)

41 Nilsson AG, Marelli C, Fitts D, Bergthorsdottir R, Burman P,
Dahlqvist P, Ekman B, Engstrom BE, Olsson T, Ragnarsson O,
et al. Prospective evaluation of long-term safety of dual-release
hydrocortisone replacement administered once daily in patients with

Prednisolone versus 10:2 R75

plenadren

adrenal insufficiency. European Journal of Endocrinology 2014 171
369-377. (https://doi.org/10.1530/EJE-14-0327)

42 Nilsson AG, Bergthorsdottir R, Burman P, Dahlqvist P, Ekman B,
Engstrom BE, Ragnarsson O, Skrtic S, Wahlberg J, Achenbach H,
et al. Long-term safety of once-daily, dual-release hydrocortisone in
patients with adrenal insufficiency: a phase 3b, open-label, extension
study. European Journal of Endocrinology 2017 176 715-725. (https://
doi.org/10.1530/EJE-17-0067)

43 Giordano R, Guaraldi F, Marinazzo E, Fumarola F, Rampino A,
Berardelli R, Karamouzis I, Lucchiari M, Manetta T, Mengozzi G, et al.
Improvement of anthropometric and metabolic parameters, and
quality of life following treatment with dual-release hydrocortisone
in patients with Addison's disease. Endocrine 2016 51 360-368.
(https://doi.org/10.1007/s12020-015-0681-z)

44 Guarnotta V, Ciresi A, Pillitteri G & Giordano C. Improved insulin
sensitivity and secretion in prediabetic patients with adrenal
insufficiency on dual-release hydrocortisone treatment: a 36-month
retrospective analysis. Clinical Endocrinology 2018 88 665-672.
(https://doi.org/10.1111/cen.13554)

45 Guarnotta V, Mineo MI, Radellini S, Pizzolanti G &

Giordano C. Dual-release hydrocortisone improves hepatic
steatosis in patients with secondary adrenal insufficiency:
a real-life study. Therapeutic Advances in Endocrinology &
Metabolism 2019 10;10:2042018819871169. (https://doi.
org/10.1177/2042018819871169)

46 Esposito D, Bobbio E, Di Fraia R, Mone P, Accardo G, De Bellis A,
Iorio S, Esposito K, Marfella R, Johannsson G, et al. Patients with
adrenal insufficiency have cardiovascular features associated with
hypovolemia. Endocrine 2020 70 412-420. (https://doi.org/10.1007/
$12020-020-02458-3)

47 Frara S, Chiloiro S, Porcelli T, Giampietro A, Mazziotti G, De
Marinis L & Giustina A. Bone safety of dual-release hydrocortisone in
patients with hypopituitarism. Endocrine 2018 60 528-531. (https://
doi.org/10.1007/s12020-017-1512-1)

48 Isidori AM, Venneri MA, Graziadio C, Simeoli C, Fiore D,
Hasenmajer V, Sbardella E, Gianfrilli D, Pozza C, Pasqualetti D, et al.
Effect of once-daily, modified-release hydrocortisone versus standard
glucocorticoid therapy on metabolism and innate immunity
in patients with adrenal insufficiency (DREAM): a single-blind,
randomised controlled trial. Lancet. Diabetes & Endocrinology 2018 6
173-185. (https://doi.org/10.1016/52213-8587(17)30398-4)

49 Venneri MA, Hasenmajer V, Fiore D, Sbardella E, Pofi R, Graziadio C,
Gianfrilli D, Pivonello C, Negri M, Naro F, et al. Circadian rhythm
of glucocorticoid administration entrains clock genes in immune
cells: a DREAM trial ancillary study. Journal of Clinical Endocrinology
& Metabolism 2018 103 2998-3009. (https://doi.org/10.1210/jc.2018-
00346)

50 Khoo B. Once-daily, modified-release hydrocortisone in patients with
adrenal insufficiency. Lancet. Diabetes & Endocrinology 2018 6 269.
(https://doi.org/10.1016/52213-8587(18)30044-5)

51 Shire Pharmaceuticals Limited. Plenadren 20 mg modified release
tablets SmPC. (available at: https://www.medicines.org.uk/emc/
product/7497/smpc)

52 Nobile A. The discovery of the delta 1,4-steroids, prednisone, and
prednisolone at the Schering Corporation (USA). Steroids 1994 59
227-230. (https://doi.org/10.1016/0039-128x(94)90033-7)

53 Rocci ML, D'Ambrosio R, Johnson NF & Jusko WJ. Prednisolone
binding to albumin and transcortin in the presence of cortisol.
Biochemical Pharmacology 1982 31 289-292. (https://doi.
0rg/10.1016/0006-2952(82)90172-1)

54 Lan NC, Graham B, Bartter FC & Baxter JD. Binding of steroids to
mineralocorticoid receptors: implications for in vivo occupancy by
glucocorticoids. Journal of Clinical Endocrinology & Metabolism 1982
54 332-342. (https://doi.org/10.1210/jcem-54-2-332)

55 Stavreva DA, Wiench M, John S, Conway-Campbell BL,

McKenna MA, Pooley JR, Johnson TA, Voss TC, Lightman SL &

© 2021 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-20-0473

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(©MOoM


https://doi.org/10.1210/er.2015-1080
https://doi.org/10.1016/j.tem.2009.12.011
https://doi.org/10.1016/j.tem.2009.12.011
https://doi.org/10.1096/fj.14-265686
https://doi.org/10.1530/EC-18-0418
https://doi.org/10.1111/cen.13267
https://doi.org/10.1111/cen.13267
https://doi.org/10.2165/00003088-200544010-00003
https://doi.org/10.2165/00003088-200544010-00003
https://doi.org/10.1210/jc.2015-1710
https://doi.org/10.1210/jc.2015-1710
https://doi.org/10.1530/EJE-07-0052
https://doi.org/10.1210/jc.2014-2433
https://doi.org/10.1210/jc.2014-2433
https://doi.org/10.1530/EDM-15-0005
https://doi.org/10.1373/jalm.2016.020206
https://doi.org/10.1210/jc.2011-1926
https://doi.org/10.1210/jc.2011-1926
https://doi.org/10.1530/EJE-09-0170
https://doi.org/10.1530/EJE-09-0170
https://doi.org/10.1530/EC-18-0257
https://doi.org/10.1530/EJE-14-0327
https://doi.org/10.1530/EJE-17-0067
https://doi.org/10.1530/EJE-17-0067
https://doi.org/10.1007/s12020-015-0681-z
https://doi.org/10.1111/cen.13554
https://doi.org/10.1177/2042018819871169
https://doi.org/10.1177/2042018819871169
https://doi.org/10.1007/s12020-020-02458-3
https://doi.org/10.1007/s12020-020-02458-3
https://doi.org/10.1007/s12020-017-1512-1
https://doi.org/10.1007/s12020-017-1512-1
https://doi.org/10.1016/S2213-8587(17)30398-4
https://doi.org/10.1210/jc.2018-00346
https://doi.org/10.1210/jc.2018-00346
https://doi.org/10.1016/S2213-8587(18)30044-5
https://www.medicines.org.uk/emc/product/7497/smpc
https://www.medicines.org.uk/emc/product/7497/smpc
https://doi.org/10.1016/0039-128x(94)90033-7
https://doi.org/10.1016/0006-2952(82)90172-1
https://doi.org/10.1016/0006-2952(82)90172-1
https://doi.org/10.1210/jcem-54-2-332
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/EC-20-0473
https://ec.bioscientifica.com

S Choudhury et al.

Endocrine
W CONNECTIONS

Hager GL. Ultradian hormone stimulation induces glucocorticoid
receptor-mediated pulses of gene transcription. Nature Cell Biology
2009 11 1093-1102. (https://doi.org/10.1038/ncb1922)

56 Joint Formulary Committee. British National Formulary, 80th ed.
London: BMJ Publishing Group Group and Pharmaceutical Press
2020.

57 Caldato MC, Fernandes VT & Kater CE. One-year clinical evaluation
of single morning dose prednisolone therapy for 21-hydroxylase
deficiency. Arquivos Brasileiros de Endocrinologia e Metabologia 2004 48
705-712. (https://doi.org/10.1590/s0004-27302004000500017)

58 Valero MA, Leon M, Ruiz Valdepenas MP, Larrodera L, Lopez MB,
Papapietro K, Jara A & Hawkins F. Bone density and turnover in
Addison's disease: effect of glucocorticoid treatment. Bone & Mineral
1994 26 9-17. (https://doi.org/10.1016/s0169-6009(08)80158-4)

59 Chihaoui M, Mimita W, Oueslati I, Rejeb O, Ben Amor Z, Grira W,
Yazidi M & Chaker F. Prednisolone or hydrocortisone replacement in
patients with corticotrope deficiency fasting during Ramadan result
in similar risks of complications and quality of life: a randomized
double-blind controlled trial. Endocrine 2020 67 155-160. (https://
doi.org/10.1007/s12020-019-02082-w)

60 Jodar E, Valdepenas MP, Martinez G, Jara A & Hawkins F. Long-term
follow-up of bone mineral density in Addison's disease. Clinical
Endocrinology 2003 58 617-620. (https://doi.org/10.1046/j.1365-
2265.2003.01761.x)

61 Wichers M, Springer W, Bidlingmaier F & Klingmuller D. The
influence of hydrocortisone substitution on the quality of life
and parameters of bone metabolism in patients with secondary

Prednisolone versus 10:2 R76

plenadren

hypocortisolism. Clinical Endocrinology 1999 50 759-765. (https://
doi.org/10.1046/j.1365-2265.1999.00723.x)

62 Choudhury S, Machenahalli P, Tan T & Meeran K. Inadvertent
treatment of hypoadrenalism with prednisolone in pemphigus:

a case report. Clinical Case Reports 2019 7 987-989. (https://doi.
org/10.1002/ccr3.2132)

63 Loo JC, Butterfield AG, Moffatt J] & Jordan N. Analysis of
prednisolone in plasma by high-performance liquid chromatography.
Journal of Chromatography 1977 143 275-280. (https://doi.
org/10.1016/s0378-4347(00)81807-1)

64 Mah PM, Jenkins RC, Rostami-Hodjegan A, Newell-Price J, Doane A,
Ibbotson V, Tucker GT & Ross R]. Weight-related dosing, timing
and monitoring hydrocortisone replacement therapy in patients
with adrenal insufficiency. Clinical Endocrinology 2004 61 367-375.
(https://doi.org/10.1111/j.1365-2265.2004.02106.X)

65 Smith DJF, Prabhudev H, Choudhury S & Meeran K. Prednisolone
has the same cardiovascular risk profile as hydrocortisone in
glucocorticoid replacement. Endocrine Connections 2017 6 766-772.
(https://doi.org/10.1530/EC-17-0257)

66 Meeran K. Prednisolone withdrawal. (available at: http://www.
imperialendo.com/prednisolonewithdrawal)

67 Imperial College London. Safety and efficacy of prednisolone in
Adrenal Insufficiency Disease (PRED-AID study). (available at: http://
www.isrctn.com/ISRCTN41325341)

68 Imperial College London. Hydrocortisone vs prednisolone in Al
(HYPER-AID). (available at: https://clinicaltrials.gov/ct2/show/
NCT03608943)

Received in final form 19 November 2020
Accepted 6 January 2021
Accepted Manuscript published online 8 January 2021

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-20-0473

© 2021 The authors
Published by Bioscientifica Ltd

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(©MOM


https://doi.org/10.1038/ncb1922
https://doi.org/10.1590/s0004-27302004000500017
https://doi.org/10.1016/s0169-6009(08)80158-4
https://doi.org/10.1007/s12020-019-02082-w
https://doi.org/10.1007/s12020-019-02082-w
https://doi.org/10.1046/j.1365-2265.2003.01761.x
https://doi.org/10.1046/j.1365-2265.2003.01761.x
https://doi.org/10.1046/j.1365-2265.1999.00723.x
https://doi.org/10.1046/j.1365-2265.1999.00723.x
https://doi.org/10.1002/ccr3.2132
https://doi.org/10.1002/ccr3.2132
https://doi.org/10.1016/s0378-4347(00)81807-1
https://doi.org/10.1016/s0378-4347(00)81807-1
https://doi.org/10.1111/j.1365-2265.2004.02106.x
https://doi.org/10.1530/EC-17-0257
http://www.imperialendo.com/prednisolonewithdrawal
http://www.imperialendo.com/prednisolonewithdrawal
http://www.isrctn.com/ISRCTN41325341
http://www.isrctn.com/ISRCTN41325341
https://clinicaltrials.gov/ct2/show/NCT03608943
https://clinicaltrials.gov/ct2/show/NCT03608943
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/EC-20-0473
https://ec.bioscientifica.com

	Abstract
	Introduction
	Possible causes of the mortality gap 
	Loss of diurnal rhythm in autonomous cortisol secretion also increases mortality
	A question of timing?

	Bridging the mortality gap
	Plenadren

	Prednisolone
	Conclusion
	Declaration of interest
	Funding
	Author contribution statement
	References

