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Abstract: Glucocorticoids (GCs) provide a powerful and widely used anti-inflammatory and
disease-modifying therapy for rheumatoid arthritis (RA). However, concerns about adverse
effects are driving efforts to find ‘safer’ GC or GC analogues. One novel approach has been

to change the timing of GC delivery, targeting the early hours of the morning to suppress

the observed circadian peak in interleukin-6 (IL-6). The CAPRA-1 study has shown that this
produces a clinically useful beneficial improvement in morning stiffness and mechanistic
studies have shown that this correlates with a strong suppression of the IL-6 early morning
peak. With no obvious additional adverse reactions, this improvement in the therapeutic ratio
offers additional treatment options in RA, and perhaps in other inflammatory diseases that

show circadian variation in symptoms.
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Introduction

Glucocorticoids (GCs) are one of the most com-
monly used treatments in rheumatoid arthritis
(RA), but there are widespread concerns about
adverse effects [van der Goes er al. 2010].
Alternative formulations have been developed to
try to improve the benefits of GC treatment and a
recent technological innovation in tablet formu-
lation has allowed the introduction of GC chron-
otherapy, that is, medication delivered at specific,
targeted times of the day, with the promise of
greater safety and efficacy. Modified-release (MR)
prednisone is one such formulation and consists
of standard prednisone enclosed in a coating that
allows time-targeted treatment. More specifically
the medication is designed to be taken at bedtime.
The outer coating slowly absorbs water from the
gut and the active ingredient is rapidly released
from the core and quickly absorbed through the
gut approximately 4 h postingestion. This article
reviews the rationale that led to the development
of MR prednisone, why it works and why it
might be better than routine GCs in clinical
practice.

History of glucocorticoids in RA

The treatment of RA has progressed substantially
in recent decades, and the advent of the biological
treatment has revolutionized the way persistently
active RA can be managed and the clinical
outcomes that can be achieved. However, GCs
have remained a valuable tool in the armoury of
treatment options [Gorter er al. 2010], and
continue to be extensively used today. Hench and
colleagues were the first to recognize the thera-
peutic benefits in 1949 [Hench er al. 1949],
although it was soon realized that the high doses
then used to abolish inflammation resulted
in significant and unacceptable adverse effects.
Low-dose GCs continue to be used in combina-
tion with other disease-modifying antirheumatic
drugs (DMARDs) and moderate and high doses
help to manage acute flares of the disease, but
adverse effects have remained a difficult problem.

These unwanted effects of GCs are wide ranging
and include weight gain, bruising, immunosup-
pression, hypothalamic—pituitary—adrenal (HPA)-
axis suppression, altered glycaemic control,
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glaucoma and hypertension. These are dose-related
effects, therefore, although GCs are frequently
used, the aim is always to use the lowest necessary
dose for the shortest necessary time.

Disease-modifying properties

The ability of GCs to control inflammation is
widely accepted. In RA they have an effect size that
is substantially greater than other anti-inflamma-
tory agents [Criswell er al. 1998; Gotzsche and
Johansen, 1998]. However, more recently, and in
addition to this, the disease-modifying properties of
low-dose prednisolone in early disease have become
apparent. First reported conclusively in 1995
[Kirwan, 1995], this has since been confirmed by
several groups using different trial designs [Jacobs
et al. 2006; Wassenberg et al. 2005; Svensson et al.
2005; Goekoop-Ruiterman er al. 2005; Landewé
et al. 2002], and the evidence synthesized in a
review by the Cochrane group [Kirwan ez al. 2007].
The evidence in newly diagnosed patients suggests
that the disease-modifying effect of combination
DMARD therapy including GC might be as pow-
erful as biological agents: a combination DMARD
therapy including tapered high-dose prednisolone
performed equally well as infliximab combined
with methotrexate in slowing radiographic progres-
sion at 2 years [Goekoop-Ruiterman ez al. 2007].

Attempts to minimize adverse effects

As the mechanisms of action of GCs have become
more clear [Buttgereit ez al. 2011a], so have the
approaches to maximizing beneficial effects
(mediated mainly through genomic transrepres-
sion), whilst minimizing unwanted effects (medi-
ated mainly through genomic transactivation).
Various methods have been tested including
selective GC-receptor agonists [Schacke ez al
2006, 2009], liposomal drug delivery systems
[Metselaar et al. 2003], and combining GCs with
other drugs [Zimmermann, 2009]. So far these
have not yielded medications that have reached
routine clinical practice. Efforts have also been
made to investigate how standard GCs could be
used differently to maximize clinical benefit, and
one possibility has been the timing of treatment.

Developing time-targeted treatment

The inflammatory symptoms of RA in any one
patient are highly variable. This variation occurs
from day to day, and week to week, but also within
a 24-h period. During active disease in particular,

symptoms of pain and joint stiffness are at their
worst early in the morning [Bellamy er al. 1991;
Harkness et al. 1982], and this is often used as a
marker of disease activity in the clinical setting.
Indeed, duration of early morning joint stiffness
(EMS) correlates strongly with overall functional
disability [Yazici ez al. 2004]. However, the cause
of the circadian variation in RA symptoms and
EMS is not fully understood. It is likely to be
related to parallel variations in inflammatory
cytokines such as interleukin-6 (IL-6) and hor-
mones of the HPA axis. As first elucidated by
Arvidson and colleagues systemic IL-6 is elevated
in patients with RA compared with healthy con-
trols [Arvidson er al. 1994]. It also shows circa-
dian variation and morning concentrations are
significantly decreased in parallel with clinical
improvement in symptoms after a 2-week course
of prednisolone [Arvidson ez al. 1994]. In 1997
the circadian variation of IL-6 and cortisol in RA
patients was documented for a full 24-h period
and showed that peak IL-6 occurs early in the
morning [Crofford ez al. 1997], and this was con-
firmed recently [Perry er al. 2009].

Although a direct link has yet to be proven, it is
likely that the circadian IL-6 is correlated with
symptoms such as EMS, which are also at their
peak first thing in the morning. An inherent
failure or undersecretion of HPA axis hormones
has been suspected in RA [Jessop and Harbuz,
2005], and it may be this relative undersecretion
of endogenous GC that allows IL-6 secretion to
increase unchecked. As yet it is not entirely clear
if deficiencies in the HPA axis are a cause or effect
of the disease process.

The potential relationship between symptoms,
circulating inflammatory compounds and hor-
mones of the HPA axis led to the hypothesis that
time-targeted treatment might result in amplifica-
tion of the therapeutic benefit of low-dose GCs.
In 1984, De Silva and colleagues showed that
dosing at 10 p.m. improved EMS in RA [De Silva
er al. 1984], as had also been shown in a small
study of 10 patients in 1964 [Deandrade er al
1964]. In 1997, Arvidson and colleagues went on
to demonstrate that 2 a.m. dosing resulted in
greater relief of EMS symptoms compared with
the standard morning dosing regimen [Arvidson
et al. 1997]. However, waking patients overnight
to take medication is impractical, likely to cause
poor concordance, and will itself alter the circa-
dian rhythm. There is also the possibility that
treatment in the evening or during the night might
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result in more potent suppression of the HPA
axis and therefore increase this unwanted effect
[Nichols ez al. 1965].

The problem of convenient time-targeted dosing
of GCs has now been solved by the development
of various MR formulations with physical charac-
teristics that ensure a reliable timed release of the
contained drug. Two different approaches have
been developed for RA [Buttgereit ez al. 2008],
and for other medical conditions such as Addison’s
disease [Debono ez al. 2009]. In the formulation
that has been used in RA, the outer coating slowly
absorbs water from the gut and prednisone, the
active ingredient, is released rapidly from the
core approximately 4 h +/-15 min postingestion.
Thus tablets taken at 10 p.m. release the active
ingredient at 2 a.m., the time of greatest change
in systemic IL-6 concentrations and also the
time of the lowest concentrations of intrinsically
produced systemic cortisol.

In an alternative approach that has been used in
patients with Addison’s disease, MR hydrocorti-
sone tablets have an insoluble coating protecting
all but the upper surface of the tablet. A delaying
layer on this surface slowly erodes in the small
intestine to release the active ingredient [Debono
et al. 2009]. (Hydrocortisone is metabolized more
quickly than prednisone, is shorter acting and
has greater mineralocorticoid action, hence its
preferential use in Addison’s disease.)

Clinical trials of MR prednisone

The clinical efficacy of this medication was first
tested in a double-blind randomized controlled
trial, CAPRA-1, published in 2008 [Buttgereit
et al. 2008]. The primary aim of the study was to
compare MR prednisone with standard immedi-
ate release (IR) prednisone in controlling symp-
toms of EMS in 288 patients with active RA.
Patients were already established on prednisone
at a variety of doses (2.5-10 mg daily) for at least
1 month prior to taking part in the study. Half of
the patients were randomized to their usual dose
of IR prednisone taken in the morning with a
placebo taken at 10 p.m. The other half took a
placebo in the morning and MR prednisone at
their usual dose at 10 p.m. Thus the total dose of
prednisone was unaltered for each patient, only
the timing of its absorption into the bloodstream
(soon after the morning dose, or 4 h after the
evening dose at approximately 2 a.m.). The study

lasted for 12 weeks in the blind phase and another
36 weeks in an open follow-up phase in which
almost all patients took the night-time treatment
(Figure 1) [Buttgereit ez al. 2010].

There was a significant mean (standard deviation)
reduction in duration of EMS in the MR arm,
-44 min (137), compared with the IR arm, -23
min (138) (p = 0.045) at 12 weeks with a differ-
ence in duration of EMS between the two groups
evident from 2 weeks (Figure 1 and Table 1).
There was also a significant relative reduction in
IL-6 at 12 weeks (p = 0.0322), although other
laboratory and clinical measures did not show sig-
nificant changes.

In the open-label extension almost all patients took
part and either continued or transferred to the MR
prednisone treatment. Those continuing on MR
prednisone showed a sustained benefit, including a
further (though uncontrolled) reduction in EMS,
and 17% of patients no longer had EMS at 12
months [Buttgereit er al. 2010]. The additional
reduction in EMS in the open-label phase could at
least be partly a placebo effect [Jacobs and Bijlsma,
2010]. The control patients who switched to
night-time MR prednisone showed a substantial
reduction in EMS, mirroring the treated group
during the blinded phase of the study, and adding
support to the main study finding.

Underlying mechanisms

A separate study sought to investigate the possible
mechanisms of time-targeted treatment by inves-
tigating the influence of the MR medication on
circadian variations in IL-6 and cortisol in patients
with active RA [Clarke er al. 2011]. Nine patients
with active RA who were not taking GCs and had
not received GCs in the previous 3 months were
recruited. Blood samples were taken over a 24-h
period before and after a 2-week course of 5 mg
MR prednisone. The circadian variation in IL-6
was again confirmed in the pretreatment meas-
urements, rising to a peak of 42 ng/L. (42 pg/ml) at
8:05 a.m. Following only 2 weeks of treatment
with this relatively low dose of prednisone at 2
a.m., IL-6 concentrations were reduced through-
out the night, peak levels only reaching 21 ng/L
(21 pg/ml) and at a much earlier time (01:21
a.m.), with concentrations being close to after-
noon values at the time of waking. The difference
between the circadian patterns was highly sig-
nificant (p < 0.005). Importantly, cortisol
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Figure 1. Illustration of EMS and IL-6 following IR or MR prednisone in the CAPRA-1 trial (n = 288) and the

open-label extension (n = 249). (Adapted from Buttgereit et al. [2008, 2010].)
EMS, early morning joint stiffness; IL-6, interleukin-6; IR, immediate release; MR, modified release.
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Table 1. Early morning stiffness duration and interleukin-6 data for the CAPRA-1 trial and open-label extension.

concentrations were not significantly suppressed
posttreatment [Clarke ez al. 2011].

Safety

In the CAPRA-1 trial there were no significant
differences in the rates of adverse events reported
in the two arms of the study [Buttgereit er al
2008], with equal rates of any adverse event
between the two arms. Treatment-related event
rates were 13% in the MR arm versus 11% in the
IR arm. The short-term safety of 5 mg of MR
prednisone plus standard DMARD therapy com-
pared with placebo plus DMARD therapy was
compared in the CAPRA-2 trial with very little
difference between the two arms (43% wversus
49%) [Buttgereit et al. 2011b].

In an open-label extension of the CAPRA-1 trial
the authors reported that adverse events for MR
prednisone did not differ from the known profile
of standard prednisone although there was no
formal comparison arm [Buttgereit er al. 2010].
Therefore, the balance of evidence suggests both
a relatively low and an equal rate of adverse
effects from morning and evening low-dose GCs.
However, there are limitations to the interpretation

of this adverse event data and more detailed
studies are needed to assess long-term adverse
event rates.

Although the side effects of high-dose GCs are
widely recognized, the adverse events associated
with low-dose GCs (prednisolone 7.5 mg and
below) have probably been overestimated. A
systematic review of studies using low-dose pred-
nisolone suggested that adverse event rates are
probably not significantly different from placebo
[Da Silva et al. 2006]. Others have, however, found
significantly increased adverse events even at low
doses [Huscher ez al. 2009]. The main limitation
to interpreting adverse event rates is the wide dif-
ference in recording methods for the reporting of
GC-induced adverse events in different studies,
which may account for some of the confusion
[Hoes et al. 2009]. The adverse events recorded
for the MR prednisone studies have relied on
patient reporting rather than predefined standard-
ized data collection, which may be a limitation.
Standardization of recording of GC-induced
adverse events has been suggested for future trials
to elucidate fully the safety of low-dose GCs [van
der Goes er al. 2010]. Such standardization will
then allow comparisons of the safety of standard
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low-dose prednisone compared with MR pred-
nisone and other novel formulations.

To answer the specific concern of more potent
HPA-axis suppression with MR prednisone,
the same group has investigated corticotropin-
releasing hormone (CRH) tests on 28 patients
from the original CAPRA-1 trial. In comparing
standard to MR prednisone there was no differ-
ence in adrenocortical function between the two
groups [Alten er al. 2010], which is reassuring in
this respect. Also when the CRH test was
performed on those patients who had taken 12
months of MR prednisone, there was no change
from baseline (mean increase in plasma cortisol
of 151.7 mmol/L at baseline on IR prednisone
versus 146.2 mmol/LL after 12 months MR
prednisone). A separate within-patient analysis
of 17 patients within the CAPRA-1 study who
had CREF tests at baseline on IR prednisone and
then after 3 or 9 months of MR prednisone also
showed no additional suppression of the HPA
axis after MR prednisone. There was even some
evidence of an improvement in function (p < 0.05,
paired z-test) [Kirwan, 2011].

Further implications

Studies so far suggest that MR prednisone is
superior to standard prednisone in controlling
clinical symptoms of EMS. The other beneficial
effects of low-dose prednisone in early RA include
increased remission and reduced radiological
progression. It will be interesting, therefore, to
see if MR prednisone also has disease-modifying
properties that might even be amplified as a result
of the timed application. If markers of inflamma-
tion, such as IL-6 and CRP, show a circadian
variation then perhaps joint destruction is also
occurring in a time-dependent fashion, which
could be better targeted by MR treatment.
However, further work is needed to investigate
this possibility.

MR prednisone use in standard practice may
negate the need for escalation to (much more
expensive) biological therapy in some patients,
which has clear cost implications. It may also
reduce the adverse events associated with esca-
lating doses or frequent pulses of high-dose GCs.
EMS remains a persistent symptom for many
RA patients with a high impact on early retire-
ment [Westhoff ez al. 2008], therefore this group
of patients may also benefit.

Polymyalgia rheumatica is an inflammatory con-
dition in which virtually the only treatment
option is GCs and the doses required, usually
for around 2 years, almost always cause adverse
effects [Hernandez-Rodriguez er al. 2009]. The
circadian nature of symptoms in this disease
are highly pronounced [Salvarani ez al. 2002],
and if this coincides with a circadian variation in
inflammatory cytokines, then the rationale for
time-targeted treatment might also apply. This is
another condition in which underactivity of the
HPA axis is thought to play a role in pathogenesis
[Cutolo and Straub, 2000; Cutolo er al. 2002;
Demir ez al. 2006], and elevated circulating
cytokines, such as IL-6, have been found [Alvarez-
Rodriguez er al. 2010; Roche er al. 1993]. If
lower doses of GCs could be used with similar
clinical efficacy then the treatment of this condi-
tion would become much safer with fewer dose-
related GC-induced adverse effects [Kirwan and
Zakout, 2011].
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