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Abstract

Natural glucocorticoids, a class of cholesterol-derived hormones, modulate an array of metabolic,
anti-inflammatory, immunosuppressive and cognitive signaling. The synthesis of natural
glucocorticoids, largely cortisol in humans, is regulated by the hypothalamic-pituitary-adrenal
(HPA) axis and exhibits pronounced circadian variation. Considering the central regulatory
function of endogenous glucocorticoids, maintenance of the circadian activity of the HPA axis is
essential to host survival and chronic disruption of such activity leads to systemic complications.
There is a great deal of interest in synthetic glucocorticoids due to the immunosuppressive and
anti-inflammatory properties and the development of novel dosing regimens that can minimize the
disruption of endogenous activity, while still maintaining the pharmacological benefits of long-
term synthetic glucocorticoid therapy. Synthetic glucocorticoids are associated with an increased
risk of developing the pathological disorders related to chronic suppression of cortisol rhythmicity
as a result of the potent negative feedback by synthetic glucocorticoids on the HPA axis
precursors. In this study, a mathematical model was developed to explore the influence of
chronopharmacological dosing of exogenous glucocorticoids on the endogenous cortisol rhythm
considering intra-venous and oral dosing. Chronic daily dosing resulted in modification of the
circadian rhythmicity of endogenous cortisol with the amplitude and acrophase of the altered
rhythm dependent on the administration time. Simulations revealed that the circadian features of
the endogenous cortisol rhythm can be preserved by proper timing of administration. The response
following a single dose was not indicative of the response following long-term, repeated
chronopharmacological dosing of synthetic glucocorticoids. Furthermore, simulations revealed the
inductive influence of long-term treatment was only associated with low to moderate doses, while
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high doses generally led to suppression of endogenous activity regardless of the
chronopharmacological dose. Finally, chronic daily dosing was found to alter the responsiveness
of the HPA axis, such that a decrease in the amplitude of the cortisol rhythm resulted in a partial
loss in the time-of-day dependent response to CRH stimulation, while an increase in the amplitude
was associated with a more pronounced time-of-day dependence of the response.

Introduction

Natural glucocorticoids (GC) are a class of cholesterol-derived hormones secreted from the
zona fasiculata of the adrenal glands (Arlt and Stewart 2005). These hormones mediate a
wide array of physiological functions with potent modulatory effects on metabolic, anti-
inflammatory, immunosuppressive and cognitive signaling (Arlt and Stewart 2005; Fietta et
al. 2009). The synthesis of natural glucocorticoids, primarily cortisol in humans, is regulated
by the hypothalamic-pituitary-adrenal (HPA) axis, which along with the sympathetic
nervous system constitutes the primary physiological stress response mechanism. HPA axis
activity is mediated through a signaling cascade involving the sequential release of
corticotrophin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH) and cortisol
(CORT). Cortisol transduces its physiological functions by binding to glucocorticoid
receptors (Spiga et al. 2014). Upon cortisol binding, the glucocorticoid receptor complex
translocates to the nucleus where it can regulate gene expression by binding to
glucocorticoid response elements that subsequently activate or repress gene transcription
(McMaster and Ray 2007). Importantly, the basal activity of the HPA axis hormones exhibits
pronounced circadian variation, with a peak in glucocorticoid secretion during the early
morning hours in humans (Spiga et al. 2014). Cortisol is critically involved in the
appropriate synchronization of peripheral circadian clock genes, which further coordinate
the functions of their residing tissues and promote homeostasis (Nicolaides et al. 2017).
Therefore, the maintenance of homeostatic cortisol circadian rhythms is critical to overall
host survival (Smith and Vale 2006).

Since the discovery of the immunosuppressive and anti-inflammatory properties of cortisone
(a closely related natural analog of cortisol) by Hench and Kendall in 1948 (Hench et al.
1949), synthetic GCs have been extensively used in the treatment of chronic inflammatory
conditions including asthma, skin infections, and rheumatoid arthritis as well as for their
immunosuppressive effects in patients undergoing organ transplantation (Edwards 2012;
Fisher et al. 1992; Kirwan et al. 2010). Synthetic glucocorticoids have complex genomic
action, similar to cortisol, with anti-inflammatory effects largely mediated by transrepression
of regulatory genes involved in human immunology (Alangari 2010; Buttgereit et al. 2005).
Although structurally similar to natural GCs, synthetic GCs can significantly differ in their
potency and metabolic clearance to their endogenous analogs (Alangari 2010; Czock et al.
2005). Despite the vast pharmacological benefits of synthetic GC administration, chronic use
is associated with serious systemic adverse effects, especially during high-dose
administration (Beltrametti et al. 2016; Curtis et al. 2006; Rhen and Cidlowski 2005; Xu et
al. 2008). Adverse effects are attributed to the transactivation of pathways involved in
diabetes and glaucoma, as well as the transrepression of the HPA axis (Alangari 2010;
Buttgereit et al. 2005; Liu et al. 2013). Consistent with clinical manifestations due to cortisol
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exposure outside the normal physiological range, patients receiving synthetic GCs are at an
increased risk of developing psychiatric disorders like depression, drug-induced
hyperglycemia, long-term diabetes mellitus, osteoporosis, gastritis and cardiovascular
disease (Curtis et al. 2006; Fardet et al. 2012; Hwang and Weiss 2014; Moghadam-Kia and
Werth 2010; Oster et al. 2017). Considering the diverse and complex effects of synthetic
GCs, the relationship between pharmacological dosing and the biochemical, physiological
and behavioral processes influenced by chronic administration of synthetic glucocorticoids
has yet to be fully elucidated (McMaster and Ray 2007; Ohdo et al. 2010).

Given the central regulatory function of the endogenous glucocorticoids, chronic disruption
of cortisol rhythmicity is thought to result in the subsequent misalignment of peripheral
circadian clocks, thus leading to the development of systemic complications (Dibner et al.
2010; Nicolaides et al. 2017). Therefore, there is a great deal of interest in the development
of novel dosing regimens that can minimize the disruption of homeostatic circadian activity
of cortisol and still maintain the pharmacological benefits of long-term synthetic GC therapy
(Cutolo 2016). While significant progress has been made in the development of selective
glucocorticoid receptor agonists that minimize transactivating properties to avoid adverse
effects (Alangari 2010), a number of studies have investigated the influence of
administration time of exogenous GCs on the endogenous cortisol rhythm with the aim of
identifying chronopharmacological dosing regimens that minimize the disruption of the
endogenous cortisol rhythm and the incidence of adrenal suppression. For example, healthy
subjects administered synthetic GCs in the morning were found to exhibit the least
suppression of the endogenous cortisol rhythm, while evening administration, resulted in
maximal suppression of cortisol secretion and thus, found to be less physiologically
compatible (Fisher et al. 1992; Haus et al. 2012a; Haus et al. 2012b; Kirwan 2011a; Xu et al.
2008). Additional studies aimed to replicate the endogenous cortisol activity for patients
suffering from adrenal insufficiency (Newell-Price et al. 2008). While these studies showed
that the administration time could likely be tailored to minimize disruption or to replicate the
endogenous GC rhythm in the short-term, comprehensive studies on the longer-term
influences of chronic dosing of synthetic GCs on the rhythmic characteristics of endogenous
HPA axis activity are currently lacking.

Along with time-of-dosing, the influence of dose strength and different administration routes
on endogenous HPA axis activity in the context of chronic exposure to synthetic GCs has yet
to be elucidated. Adequately accounting for such factors in exploratory experimental studies
can be exceedingly expensive as clinical designs grow in complexity and size. In such cases,
a model-based approach can be a particularly useful tool for efficiently generating and
evaluating experimentally-verifiable hypotheses related to the dose-exposure-response
relationship for synthetic GCs. Through mathematical modeling, the impact of
pharmacokinetics (dose, administration time, route of administration, duration of treatment,
etc.) in accordance with internal circadian rhythms and external environmental influences,
such as light and feeding, can be thoroughly investigated (Bae and Androulakis 2017;
Hartmanshenn et al. 2016; Mavroudis et al. 2014; Pierre et al. 2016; Pierre et al. 2017). For
example, physiologically-based modeling was previously implemented to understand how
endogenous melatonin, a compound with strong circadian dependence, was influenced by
the administration of exogenous melatonin and to elucidate the chronopharmacokinetics of
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exogenous melatonin for replication of the endogenous rhythm of melatonin (Peng et al.
2013).

In this study, we developed a mathematical model to explore the influence of exogenous GC
dosing on the endogenous cortisol rhythm for a generic synthetic GC, considering both an
intra-venous bolus and once-daily oral dosing. For these administration routes, we compared
the HPA axis activity as indicated by changes in the cortisol rhythm due to a bolus of drug in
systemic circulation with the pharmacological response following slower appearance rates in
systemic circulation considering absorption after oral dosing. Furthermore, we attempt to
determine how the response to short term treatment differs from that of chronic repeated
dosing. As such, the goal of this study was to elucidate how long-term
chronopharmacological dosing regimens influenced the basal cortisol activity using a model-
based approach.

Description of the HPA axis model

A schematic of the model is depicted in Fig. 1. The underlying form of the oscillator was
originally developed by Goodwin (Goodwin 1965), and has since been modified to include
the Michaelis-Menten type degradation kinetics, which obviates the need to use
unrealistically large Hill coefficients (Sriram et al. 2012). Given an appropriate choice of
parameters, the model equations are able to produce circadian (24-hour periodic) oscillations
(Mavroudis et al. 2014; Rao et al. 2016; Rao and Androulakis 2017).

The primary mediators of the HPA axis, CRH, ACTH and cortisol (CORT) are represented
by nonlinear ordinary differential equations (ODEs). CRH induces the release of ACTH
from the pituitary gland, which subsequently induces the release of CORT from the adrenal
glands (Equation 7-9). The synthesis of CRH in the hypothalamus is described by zero-
order kinetics, while ACTH and CORT synthesis is described by first-order kinetics.
Moreover, the model accounts for the binding of CORT to the glucocorticoid receptor (GR)
(Ramakrishnan et al. 2002) as well as the pharmacodynamics of the cortisol-bound receptor
complex (Equation 10-13). Briefly, the model accounts for the transcription of GR mRNA
(GRmrna), (Equation 10) and the subsequent translation of GR protein (GR) (Equation 11).
CORT forms a complex with cytoplasmic GR, (GRpoung)- A fraction of this complex
translocates. to the nucleus, GRpguq( V). Upon translocation, the hormone-receptor
complex, (GRpoung) is known to negatively regulate the expression of (GRnrn4), Which is
accounted for in Equation 10. Finally, Equations 7-9 account for inhibitor influence of the
nucleated CORT-bound receptor complex, GRpound ), on the release of CORT and ACTH.

Furthermore, we account for the entraining influence of light on the HPA axis via the
suprachiasmatic nucleus (SCN). Light is assumed to have an inductive influence on CRH in
diurnal animals by inhibiting its degradation (Kalsbeek et al. 2010). A symmetric light
schedule (12hr light/12hr dark) was used to entrain our model of the HPA axis. Such a light
schedule has been used previously in mathematical modeling studies to investigate the
influence of light entrainment on the behavior of the endogenous circadian clock and the
HPA axis hormones (Bordyugov et al. 2015; Mavroudis et al. 2014; Pierre et al. 2016;
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Schmal et al. 2015). While a simple 12hr light/12 dark schedule was used in the present
study, more complex light schedules could be considered to investigate the influence of
factors such as seasonality on the pharmacodynamic response of synthetic GCs. The model
considers a 1 to 2-hour delay between the start of light exposure and the onset of the photo-
induced effects in the HPA axis, denoted by the term /ight.c+ (Jung et al. 2010). This delay
in the photo-inductive effect on the HPA axis was modeled using a series of transit
compartments (Equation 3). Finally, a step function is used to model the light profile, while
a Hill function is used to describe the dynamics of the phototransduction pathways
(Equation 1-6). All simulations were implemented in MATLAB 2017b. Model equations
were integrated using MATLAB'’s built-in ode45 routine.

HPA Axis Mediators

light = [1 6:00 <t <18:00
0 18:00 << 6:00
W = k (light = lightycyym) 2
W = ky(lighty ey i — 1 = lightpeyym ) i= (12,3} 3
% = k(light g, = lightycgegr) 4
% = kt(lightTCdegi— 1~ lightrcg,, l.);i ={1,2,3} 5

dlighteffect —k light’%Csynth i

dt us -n . n
KM, us + llghtTCsymh i

- kdeg, uslighteffect

1+ kefflightTCdeg i) 6
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dCRH _ kpl'Kpl v 1+llghteffect
- —Ydl
dt K, + GRbound(N) K, +CRH
dACTH _ k- -K,,CRH v ACTH o
—_ - d2 .
dt sz + GRbound(N) K, +ACTH

dCORT CORT
@ "k ACTH =V Corr °
dGRmRNA _ 1 GRbound(N) k GR 10
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m

Glucocorticoid Receptor Pharmacodynamics

dGR
DR Ky gr- GRova + 75 GRbound(N) ~kyp-(CORT).GR —kyy, Gp-GR 11

dGR
bound
— = k,,.-(CORT).GR —k;.GR, , 12
dGR,, . (N)
bound
——g—— =kp-DR—r; .k, GRy, N) 13

Description of pharmacokinetic models for synthetic GC administration

Once-daily dosing is described using pharmacokinetic models that qualitatively captured the
experimentally observed features of the drug exposure profile, such as the absorption rate
and half-life, for a generic synthetic GC. While some synthetic GCs demonstrate complex
pharmacokinetics due to competitive binding of the corticosteroid binding globulin (CBG)
and interconversion between pharmacologically active and inactive forms by 11p-
hydroxysteroid dehydrogenase typel/2 (Czock et al. 2005; Xu et al. 2007; Xu et al. 2008),
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linear pharmacokinetics are assumed for the model drug. Disruption of endogenous cortisol
circadian rhythmicity following dosing may be evaluated under the assumption of linear
pharmacokinetics to understand qualitative changes in the dose-exposure-response
relationship.

To assess how the endogenous cortisol rhythm is influenced by the rate of appearance of
drug into the system, pharmacokinetic models describing an intra-venous (1) and oral
dosing are used assuming absorption and elimination follow first-order rate processes.
Disposition of synthetic GCs was previously described by 1 or 2 compartment models
depending on the drug, administration route and dose (Czock et al. 2005). For this
preliminary dosing study, a 1-compartment model is assumed to describe drug distribution
within the body. The rate of disappearance of drug from systemic circulation following an
injection is described by Equation 16. Disappearance from the gastrointestinal tract (GIT)
after oral administration is described by Equation 17 and the amount of drug in systemic
circulation is given by Equation 18. These equations are simplified from those developed by
Xu et al. for IV and oral dosing of prednisolone using a 1-compartment model (Xu et al.
2007), neglecting first pass extraction and interconversion between prednisolone and
prednisone for the arbitrary synthetic GC. Since the displacement of cortisol from plasma
protein, metabolic enzymes, and GR binding sites due to competition with synthetic GCs is
not considered, the loss of endogenous cortisol and drug from the system are independent in
this model.

The 1-compartment model (Equation 18) was amended to simulate extended release of an
oral dose using a series of five transit compartments (TC) as shown in Equations 19-21. The
use of transit compartments has previously been implemented to delay the absorption rate in
pharmacokinetic models (Cirincione et al. 2017; Mould and Upton 2013). In this study, the
number of transit compartments and absorption rate constants for the slow-acting synthetic
GC were selected to delay the absorption rate by approximately 3-fold while maintaining the
same elimination rate constant as the fast acting GC, and ensure drug was cleared from the
body within 24 hours. The pharmacokinetics of synthetic GCs as described by Equations
19-21 will herein be referred to as slow-acting synthetic GCs whereas the behavior
described by Equation 18 will be referred to as the fast-acting synthetic GCs.

IV Administration

dGC
= kpeGC 14
Oral Administration
dGC
GIT
— =" k,*GCqpp 15
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dGC
7=ka.GCGIT_kE.GC 16

dGCrey = kat,l * (GCGIT - GCTCl) 17
dGCype =k 1+(GCpe i = GCpe ;) i=23,45) 18

dGgC
T:ka.GCTCS_kE.GC 19

Glucocorticoid Receptor Pharmacodynamics after GC Dosing—Upon dosing
synthetic GCs, the equations describing the glucocorticoid receptor dynamics are modified
to consider binding of the synthetic GC, as well as cortisol, to the glucocorticoid receptor,
resulting in increased negative feedback to the HPA axis precursors, CRH and ACTH. GR is
assumed to have the same affinity for endogenous and synthetic GCs.

dGR
= =Ky or ORppna + 7 K- GRbmmd(N) — k- (CORT + GC).GR = kg - GR

20

dDR

= =k, -(CORT + GC).GR —kp.GRypy 21

Parameterization of the Model—The model is calibrated to qualitatively match the
early morning peak in the endogenous cortisol circadian rhythm in healthy human subjects
(Spiga et al. 2014) in order to understand how the endogenous cortisol rhythm is modified
by drug administration in the absence of chronic inflammation. The model input parameters
are given in the Supplementary Material.

Dosing Experiments

Several chronopharmacological dosing regimens are simulated to understand how
administration time, dosing strength, administration route, and duration of treatment of
synthetic GCs disrupted HPA axis activity. The once-a-day administration time of the IV
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bolus or oral dose of synthetic GCs is varied by 1-hour intervals throughout the simulated
day. Different doses of synthetic GCs are modeled to evaluate how the strength of negative
feedback via the glucocorticoid receptor dynamics influence the endogenous cortisol
rhythm. Doses varied from the nominal amount of 1x are classified as low (less than 1x),
intermediate (2x to 10x), and high (above 10x). For both administration routes, the
pharmacological effects of short term and chronic treatments are simulated using a single
dose and multiple doses with a dosing interval of 24 hours for once-a-day administration.

Changes in amplitude, acrophase, and area-under-the-curve (AUC) of the endogenous
cortisol rhythm are used as metrics to quantify disruption of the HPA axis activity relative to
the baseline activity. Amplitude and acrophase are determined when the cortisol rhythm
reached a new stable oscillatory state after chronic once-daily dosing. The relative change in
amplitude is calculated by Equation 19.

Amplitude — Amplitudey,, ;i\,

treatment

Amplitudebasdme x100% 22

Relative Amplitude (%) =

The AUC of the endogenous cortisol profile is determined for the 24-hour period following
the first dose and after multiple doses when the cortisol rhythm reaches the new stable state.
The change in 24-hour AUC for short and long term pharmacological effects is calculated by
Equation 20.

Relative AUC | % 23

AUC - AUC
_ [Zdose = ldoset 24]treatment [ldose = ldoset 24]baselinex] 00%
= 0
AUC [z

dose ~ ldose ™ 24]baseline

Simulations are compared against various clinical studies that evaluated disruption of the
endogenous cortisol rhythm following intra-venous and oral administration of synthetic
glucocorticoids (Buttgereit et al. 2013; Haus et al. 2012a; Kirwan et al. 2010; Xu et al.
2008),

Responsiveness of the HPA Axis

We study the cortisol response to in-silico CRH stimulation in order to determine whether
modulating the rhythmic characteristics of cortisol through once-daily
chronopharmacological dosing of synthetic GCs (at the nominal dose) also alters the
responsiveness of the HPA axis. IV administration of CRH is simulated as a single pulse
perturbation in the CRH rhythm (Equation 8), a procedure used by a number of studies in
order to determine differences in the HPA axis responsiveness (Kirwan 2011b; Markovic et
al. 2011). We quantify the cortisol response to CRH injection by calculating the difference in
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AUC of the cortisol profiles between the stimulated and un-stimulated control condition for
4 hours from the application of the simulated CRH injection. Finally, we simulated the
administration of CRH at multiple time points at 2-hour intervals throughout the simulated
day, in order to quantify the time-of-day dependent response of the HPA axis to CRH
stimulation.

Pharmacokinetic Profiles for the synthetic glucocorticoid

The pharmacokinetic profiles for the representative synthetic glucocorticoid administered by
IV and oral administration routes are given in Fig. 2 for the nominal dose of 1x. The faster-
acting oral dose resulted in a Cpax ® 40% of the initial dose, tmax = 2.75 hours, and 100%
bioavailability (AUC;,= AUC,,)- The slow-acting oral GC had a Cax ~ 30% of the initial
dose, tmax = 8.4 hours, and 99% bioavailability.

Influence of once-daily chronopharmacological dosing of synthetic GCs on the cortisol
circadian rhythm

Once-a-day administration of synthetic GCs caused endogenous cortisol activity to evolve to
a new stable, regular circadian rhythm (Fig. 3). Upon termination of synthetic GC
intervention, the cortisol rhythm returned to the basal activity observed prior to dosing
(Supplementary Fig. 1). The amplitude and acrophase of this new stable cortisol rhythm
depended on the time at which the drug was administered as shown in Fig. 4. Amplitude
generally decreased when the daily dosing of synthetic GCs by bolus injection was initiated
during the declining phase of the nominal cortisol rhythm (Fig. 4a). The endogenous cortisol
rhythm following once-a-day administration of the fast-acting and slow-acting oral doses
qualitatively showed similar changes in amplitude as the bolus injection, but with an
advance in dosing times by about 2 hours and 6 hours to produce the same effect on the
cortisol rhythm. The shifts roughly correlated with the time needed to reach the maximum
pharmacological effect following oral administration due to the absorption rates (tmax = 2.75
hours and t,x = 8.4 hours). Maximal suppression occurred when synthetic GCs were
administered daily at 3:00 PM by bolus injection, 1:00 PM for the faster-acting oral dose,
and 9:00 AM for the slow-acting oral dose. For all administration routes, certain once-daily
chronopharmacological dosing regimens resulted in HPA axis induction, corresponding to an
increase in amplitude of the endogenous cortisol rhythm. Maximal induction of the
endogenous cortisol amplitude largely occurred when synthetic GCs were administered
during the simulated night.

A once-daily bolus injection introduced near the nadir or during the rising phase of the
nominal cortisol rhythm predicted an advance in the acrophase of the cortisol rhythm,
whereas initiating dosing near the peak or descending phase of the cortisol rhythm resulted
in a delay of the acrophase (Fig. 4b). For both administration routes, the change in acrophase
was most sensitive when synthetic GCs were administered at dosing times associated with
greatest amplitude suppression for all routes of administration. Furthermore, while the
change in acrophase for the bolus injection and fast-acting oral doses exhibited a
discontinuity (termed Type 0 (Johnson 1992)), the acrophase response varied more smoothly
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(continuous, termed Type 1 (Johnson 1992)) for the slow-acting oral dose, which had a
lower maximal plasma concentration. The relationship between amplitude and phase are
shown Fig. 5 for the bolus injection and the slow-acting oral dose. The fast-acting oral dose
revealed similar behavior to the bolus injection (data not shown). Depending on the time of
synthetic GC administration, the acrophase of the new stable rhythm was found to adopt two
different values for a given change in its amplitude with the difference between acrophases
increasing with greater amplitude suppression as observed for the bolus injection (Fig. 5a).
Similar behavior was observed for the slow-acting GC, but to a lesser extent (Fig. 5b).

Importantly, our simulations indicated that specific chronopharmacological regimens of
synthetic GC administration can minimize the disruption of the nominal GC rhythm. For
example, daily administration of a nominal dose of synthetic GCs by bolus injection around
9:00 AM (Supplementary Fig 1.), resulted in a minimal change to the amplitude and
acrophase of the cortisol rhythm relative to the basal activity, whereas a fast-acting oral dose
at 6:00 AM or a slow-acting oral dose at midnight resulted in minimal change. Moreover,
the amplitude change after a single dose was not indicative of the amplitude change after
repeated administration (Fig. 6) considering that several days to weeks of once-a-day dosing
was needed before the endogenous cortisol stabilized to the new rhythm. Simulations
predicted similar behavior following oral administration (Supplementary Fig. 2).

Influence of dosing on total cortisol exposure—The induction of the cortisol
amplitude in response to once-daily chronopharmacological dosing of synthetic GCs does
not necessarily imply an increase in the total cortisol secreted by the adrenal glands in the
24-hour period following dosing, herein referred to as the total cortisol exposure. While the
amplitude of the endogenous cortisol rhythm quantified the difference between the altered
minima and maxima following once-a-day administration of synthetic GCs, the change in
24-hour AUC indicated how total cortisol exposure differed relative to the basal HPA axis
activity. The relationship between amplitude and 24-hour AUC after repeated administration
of a once-daily injection are shown in Fig 7a. Long-term dosing during the night between
10:00 PM and 5:00 AM indicated induction of the HPA axis by both the amplitude and 24-
hour AUC, while chronic dosing during the day between 9:00 AM and 7:00 PM were
associated with HPA axis suppression as shown by the reduced amplitude and 24-hour AUC.
Interestingly, our simulations showed that dosing between 6:00 to 8:00 AM and 8:00 to 9:00
PM resulted in increased amplitude, but reduced total cortisol exposure (24-hour AUC)
relative to the basal cortisol activity without synthetic GCs.

Endogenous cortisol profiles are given in Fig. 7b for selected dosing times. The cortisol
rhythm associated with maximum induction (dosing at 1:00 AM) showed increased daily
cortisol maxima and reduced daily cortisol minima, in which the shift in maxima was
sufficient to increase the total cortisol exposure despite the reduction in minima. In contrast,
the predicted cortisol profile associated with maximum HPA axis suppression (dosing at
3:00 PM) revealed a decrease in daily maxima and an increase in daily minima, leading to
an overall reduction in 24-hour exposure. Cortisol profiles that fell within quadrant Il of Fig.
7a showed a decreased daily cortisol nadir and an increased daily cortisol maximum, which
was insufficient to overcome the decreased minima, leading to an overall decline in the total
cortisol exposure (data not shown). Two additional cortisol profiles are provided in Fig. 7b
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characterized by a negligible change in 24-hour AUC following repeated dosing at 10:00

PM (nearest the boundary between quadrants | and I1), and negligible amplitude change after
repeated dosing at 9:00 AM (nearest the boundary between quadrants Il and I11). The former
scenario showed the increase in daily cortisol was balanced by a reduction in the cortisol
nadir such that the 24-hour AUC was maintained, while the latter case revealed the cortisol
maxima and nadir were both reduced such that no net change was observed in the peak to
trough height relative to the baseline amplitude. Similar behavior was predicted for oral
administration (Supplementary Fig. 3), although no profiles were observed in Quadrant I for
the slow-acting oral GC.

Influence of dosing strength on the activity of the HPA axis

The amplitude of the cortisol rhythm associated with once-daily chronopharmacological
dosing of a bolus injection that predicted the greatest suppressive and inductive effects on
the HPA axis activity are given in Fig. 8 for several dosing strengths, where 1x corresponded
to the nominal amount. The amplitude changes associated with all chronopharmacological
injections are given in Supplementary Fig. 4a. Higher doses led to maximum suppression
and induction earlier in the simulated day than low or intermediate doses. As the dose
increased beyond the nominal, once-daily dosing during the simulated night led to increased
inductive effects while dosing in the simulated day showed reduced suppressive effects up to
6%. Beyond 6x%, the inductive effects were reduced and suppression increased until only
suppression was observed at all dosing times at 40x. Furthermore, our model predicted that
the acrophase of the endogenous cortisol rhythms was also sensitive to the dosing strength as
shown in Supplementary Fig. 4b where low doses of the bolus injection were associated with
continuous Type 1 phase response curves, and intermediate and high doses of the bolus
injection were associated with discontinuous Type 0 phase response curves. Below the
nominal dose, the maximal phase resetting and greatest suppression of the amplitude were
predicted to occur at the same dosing time whereas the maximal phase resetting occurred at
dosing times well after maximal suppression of the amplitude was observed for intermediate
and high doses.

The dose-response relationship following oral administration of fast and slow-acting
synthetic GCs are provided in Supplementary Fig. 5. The amplitude change associated with
all chronopharmacological dosing regimens are given in Supplementary Fig. 6a and 7a,
respectively. For the nominal and low doses, the bolus injection showed greatest amplitude
suppression after chronic once-daily pharmacological dosing compared to the equivalent
oral doses of the fast or slow acting GCs. Beyond the nominal amount, greater suppression
of the amplitude was predicted for the slow-acting oral dose, while the fast-acting oral dose
showed an intermediate effect at all dosing strengths. Differences between administration
routes were attributed to the duration at which the synthetic GCs was maintained above a
minimum pharmacologically active amount and the maximal concentration achieved at an
equivalent dose. Interestingly, the bolus injection resulted in greater induction of HPA axis
activity for all dose strengths, which may result due to the very high initial concentrations
immediately following the bolus injection. Furthermore, administration of the fast-acting
oral GCs resulted in a phase-response relationship that was qualitatively similar to that
obtained during IV administration. For the slow-acting oral GCs, discontinuous Type 0
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phase response curves were associated with intermediate and high doses with the
discontinuity occurring at dosing times during the simulated day, except at very high doses
when the phase discontinuity was observed near the start of the simulated night. The phase
change associated with all chronopharmacological dosing regimens are given in
Supplementary Fig. 6b and 7b. Moreover, the relationship between 24-hour AUC and
amplitude following repeated administration of synthetic GCs by all administration routes
are provided in Supplementary Fig. 8-10 for several dosing strengths.

Impact of synthetic GCs on the responsiveness of the HPA axis

The rhythmic characteristics of the endogenous glucocorticoids have important implications
for the stress-responsiveness of the HPA axis. Therefore, we determined how alterations in
the cortisol circadian rhythm as a result of chronic daily administration of synthetic GCs (at
the nominal dose) influenced the responsiveness of the HPA axis. In doing so, we simulated
the HPA axis response to a CRH stimulation test once the cortisol rhythm attained a new
stable state following repeated administration of the synthetic GCs. Moreover, possible
alterations in the time-dependent response to CRH stimulation was determined. Fig. 9
compares the change in cortisol secretion following the simulated CRH stimulation test for
baseline conditions without synthetic GC administration and for the dosing regimens that led
to greatest disruption of the endogenous cortisol rhythm (dosing at 3:00 PM and 1:00 AM).

A robust time-of-day dependence in the cortisol response to CRH administration was
observed for all chronopharmacological dosing regimens considered (data not shown), with
the maximal response occurring near the nadir of the endogenous cortisol rhythm. On the
other hand, the HPA axis was minimally responsive when stimulated near the circadian
maxima of the cortisol rhythm. Furthermore, the time at which the maximal response
occurred was correlated to the acrophase of the cortisol rhythm. Thus, a phase advance in the
cortisol rhythm as a result of the chronopharmacological dosing resulted in a phase advance
in the time at which the maximal response to CRH stimulation occurred, in comparison to
the nominal case in the absence of dosing (Fig. 9). Importantly, our simulations predicted
that a suppression of the cortisol amplitude after synthetic GC administration was associated
with a loss in the time-of-day dependence of the HPA axis response to CRH stimulation.
Moreover, chronopharmacological dosing regimens that largely preserved the rhythmic
characteristics of the nominal cortisol profile exhibited minimal alterations in the
responsiveness of the HPA axis.

Summary of Key Results

Chronic daily dosing of synthetic GCs resulted in an alteration of the rhythmic
characteristics of the endogenous cortisol, with the amplitude and the acrophase of the
altered rhythm depending on the time of dosing. Our simulations showed that timing of
administration can be appropriately adjusted to preserve the circadian features of the
endogenous cortisol rhythm by both intra-venous and oral administration. Moreover, the
suppression of the HPA axis following a single dose of synthetic GCs was not indicative of
the long-term response to chronopharmacological dosing. Importantly, the inductive
influence of long-term synthetic GC administration was only observed at low to moderate
doses, while high doses generally led to suppressed endogenous activity regardless of dosing
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time. Finally, the responsiveness of the HPA axis was dependent on the timing of
administration with maximal response occurring near the nadir of the endogenous cortisol
rhythm and minimal response near the acrophase.

Discussion

Recognizing the functional importance of the circadian regulation underlying the signaling
dynamics of complex physiological systems, such as the HPA axis, has led to great interest
in the incorporation of chronobiological principles for the development of safer and more
efficacious therapies (Ballesta et al. 2017; Smolensky and Peppas 2007). A major concern
associated with long-term therapeutic use of GCs is the suppression of endogenous HPA
axis activity (Nicolaides et al. 2017). However, chronopharmacological delivery of synthetic
GCs is a promising approach to minimize the disruption of the endogenous cortisol circadian
rhythmicity. In the present work, we used a semi-mechanistic mathematical model of the
HPA axis to study the influence of chronic chronopharmacological intervention on
endogenous HPA axis activity.

The model predicted that for all simulated dose strengths and routes of administration
considered, the endogenous circadian activity of the HPA axis adapted to the repeated daily
exposure to synthetic GCs by adopting a new stable circadian rhythm. Moreover, all three
routes of administration of synthetic GCs resulted in qualitatively similar alterations of the
cortisol circadian rhythm. However, due to differences in the duration for which synthetic
GCs were maintained above a minimum pharmacologically active amount, both the oral
administration routes considered resulted in a greater suppression of HPA axis activity in
comparison to IV administration. For a given dosing strength, oral administration resulted in
a comparable change in the rhythmic characteristics of the cortisol rhythm at earlier dosing
times. This shift in response to earlier dosing times was most prominent for slow-acting oral
administration, for which the maximal plasma drug concentrations were delayed the longest.
Therefore, our results suggested that the exposure profile of synthetic GCs might be
systematically manipulated in order to optimize the dosing time as well as the
pharmacodynamic effect on the cortisol rhythm. An improved characterization of the
chronopharmacological influence of synthetic GCs on HPA axis activity can lead to the
development of novel dosage forms in order to improve patient compliance and limiting the
incidence of adverse effects while maintaining treatment efficacy (Levi and Schibler 2007).
Indeed, modified-release (MR) prednisolone tablets that delay the release of drug up to 4
hours after administration have been developed to chronopharmacologically target the late-
night (2:00 to 4:00 AM) circadian rise in proinflammatory cytokines in RA patients by
enabling the dose to be administered at 10:00 PM, conveniently before the patients slept
(Kirwan et al. 2010). The use of MR prednisolone was shown to result in an improvement in
clinical symptoms while also preventing the suppression of endogenous cortisol rhythmicity.
Furthermore, once-daily dosing of extended release formulations have proven effective for
improved pain relief in patients with osteoarthritis of the knee (Bodick et al. 2015) and in
studies aiming to replicate endogenous cortisol rhythmicity in patients suffering from
adrenal insufficiency (Forss et al. 2012; Johannsson et al. 2009), thereby replacing therapies
requiring multiple doses per day. Together, these studies highlight the benefits of novel
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formulations with systematically manipulated exposure profiles, to aide in the development
of improved chronic synthetic GC treatment options.

The maintenance of homeostatic circadian rhythms in the HPA axis is dependent on an
intricate balance between the temporally-varying feedforward and feedback processes within
the HPA network. Given this variation in regulatory dynamics of the HPA axis,
chronopharmacological dosing can reduce the disruption of the endogenous cortisol rhythm.
Indeed, our simulations suggest that once-daily administration of synthetic GCs shortly after
the start of the active phase (around 6:00 AM for fast-acting oral GCs or 9:00 AM for a
bolus injection, in our case) can minimize the suppression of the endogenous cortisol
rhythm, by largely preserving its amplitude and acrophase. Moreover, the simulated
suppression of the cortisol rhythm after the first dose is in qualitative agreement with
experimental findings exploring the short-term influence of the synthetic GC administration
of endogenous cortisol rhythmicity. A number of studies have found that administration of a
single dose of synthetic GCs by infusion in the morning results in minimal disruption of the
endogenous cortisol rhythm, while evening administration is associated with a substantial
suppressive effect (Haus et al. 2012a). Long-term daily administration of synthetic GCs by
bolus injection or a fast-acting oral dose in the latter half of the active phase (late afternoon
in humans) is predicted to result in maximal suppression of cortisol rhythm.

In addition to the changes in amplitude, there were substantial alterations in the acrophase of
the cortisol rhythm upon long-term once-daily administration of synthetic GCs. The
acrophase of the circadian rhythm of critical signaling hormones, such as cortisol, is tightly
regulated and is thought to enable the host to optimally separate physiologically
incompatible processes to different times of the day (Buijs et al. 2003; Sukumaran et al.
2010). Disruptions in the appropriate circadian activity of cortisol are associated with a
number of health problems (Potter et al. 2016). Therefore, understanding the influence of
dosing on the acrophase of the endogenous cortisol rhythm is particularly important.

Interestingly, models simulations predicted that the time of dosing could be varied such that
the acrophase of the cortisol rhythm adopted two different values for roughly the same
change in amplitude. The acrophase of the rhythm was most sensitive for chronic dosing
regimens that resulted in high plasma concentrations of synthetic GCs towards the end of
active phase (late afternoon). The acrophase response exhibited a sharp discontinuity at high
doses. Such an acrophase response has been well documented in the study of phase response
curves (PRC) for other circadian oscillators, with transition from continuous PRCs (Type 1)
to discontinuous PRCs occurring upon exposure of the circadian systems to large
perturbations (Johnson 1992). Moreover, dosing times resulting in maximal amplitude
suppression were also associated with the greatest resetting in the acrophase of the rhythm.
These observations are in agreement with experimental studies on the phase-resetting
behavior, in response to a light pulse, of the mammalian circadian clock in individual
fibroblasts (Pulivarthy et al. 2007; Spoelstra et al. 2004). Therefore, daily dosing of the bolus
injection or fast-acting synthetic GCs near the beginning of the subjective night and at high
doses is predicted to be least favorable due to the maximal disruption of the endogenous
cortisol rhythm.
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Despite synthetic GCs having an apparent inhibitory influence in the short-term, certain
chronopharmacological dosing regimens can result in the induction of HPA axis activity
after chronic use. Put another way, the activity of the HPA axis following the first dose was
not predictive of the HPA axis in response to long-term treatment. At the nominal (1x) dose
strength, model simulations predicted that a once-daily bolus injection of synthetic GCs at
3:00 AM, a fast-acting daily oral dose at 12:00 AM, or a slow-acting daily oral dose at 7:00
PM, during the simulated night, resulted in an induction of HPA axis activity. Moreover, our
results suggested that the observed induction in HPA axis activity is linked to a regulatory
change associated with the repeated administration of the synthetic GCs at only low to
moderate doses, since administration at high dose strengths leads to suppression in HPA axis
activity regardless of dosing time. Interestingly, such a time-of-day dependent increase in
amplitude is in agreement with observations from the study by Kirwan et al., where the daily
administration of low dose (5mg) MR-prednisolone such that it was released at 2:00 AM,
during the rising phase of the cortisol rhythm, resulted in an increase in the circadian
maxima and a decrease in circadian minima of the cortisol rhythm in RA patients after a 2-
week dosing period (Buttgereit et al. 2013; Kirwan et al. 2010). However, an increase in the
cortisol amplitude does not necessarily imply an increase in the total endogenous cortisol
exposure (as measured by the 24-hour AUC). Once-daily 1V administration of a nominal
(1x) dose of synthetic GCs near the start of the active phase resulted in a suppression of the
total endogenous cortisol exposure, but either increased the amplitude (for dosing between
6:00 to 8:00 AM) or preserved the amplitude of the endogenous cortisol rhythm (for dosing
around 9:00 AM). Despite the increased amplitude, the decrease in the 24-hour AUC might
still be indicative of an overall suppression of HPA axis activity. On the other hand, the
enhanced circadian rhythmicity might also suggest that the chronic chronopharmacological
intervention enables the system to more efficiently restrict the high cortisol levels to a given
time of the day, and thereby, separate conflicting downstream GC-responsive physiological
processes (Sukumaran et al. 2010).

Finally, an important indicator of HPA axis activity involves its ability to mount an
appropriate response to stressors. Model simulations predict that altering the rhythmic
characteristics of cortisol through chronopharmacological dosing modifies the
responsiveness of the HPA axis. Decreased cortisol amplitude upon chronopharmacological
dosing is predicted to result in a dampening in the time-of-day dependence of the response
to CRH stimulation, while an increase in the amplitude of the cortisol circadian rhythm is
associated with a more robust time-of day-dependent response to CRH stimulation.
Interestingly, Kirwan et al. found that RA patients who exhibited an induction in cortisol
amplitude after daily administration of MR-prednisolone also had a more robust cortisol
response to CRH stimulation (Kirwan 2011b). In partial agreement with these experimental
results, our simulations predict that an increase in cortisol amplitude associated after
chronopharmacological synthetic GC administration can lead to enhanced HPA
responsiveness in a time-dependent manner.

While previous models have successfully studied the time-dependence of cortisol
suppression after a single dose (Xu et al. 2008), our simulations can also explore the
adaptability and responsiveness of the HPA axis following repeated administration. By
accounting for a more physiologically relevant representation of the interactions between
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feedforward and feedback processes in the HPA network, our model predicts that synthetic
GCs can have a complex non-trivial influence on HPA axis activity that might not be
captured by simpler mathematical representations, which do not account for endogenous
circadian rhythmicity. In doing so, we further emphasize the importance of using multiple
metrics (circadian amplitude, acrophase, AUC and responsiveness) to comprehensively
understand the alterations in HPA axis activity in response to chronopharmacological
intervention. The current model may be augmented with a physiologically-based
pharmacokinetic model that accounts for the nonlinear dynamics associated with some
synthetic GCs. These complexities arise from competitive binding to the corticosteroid
binding globulin (CBG) and to interconversion between pharmacologically active and
inactive forms by 11p-hydroxysteroid dehydrogenase typel/2 for both endogenous and
synthetic GCs (Czock et al. 2005; Xu et al. 2007; Xu et al. 2008). Furthermore, these
proteins exhibit their own circadian rhythmicity (Angeli et al. 1977; Malisch et al. 2008),
which can complicate the chronopharmacological relationship between dose, drug exposure,
and response. The feedback mechanisms underlying dysregulation of the HPA axis are
thought to be a result of the imbalance between GR and mineralocorticoid receptors (Harris
et al. 2013). As such, the disruption of the HPA axis following administration of synthetic
GCs can be studied more thoroughly considering the activity of both receptors.

Additionally, physiological factors, such as chronotype, sex, age, ethnicity or disease state,
contribute to significant variation in pharmacokinetics (Hartmanshenn et al. 2016) as well as
the underlying regulatory mechanisms controlling HPA axis activity and responsiveness
(Cutolo et al. 2005; Ebner and Singewald 2017; Kouri et al. 2013; Oster et al. 2017; Rao and
Androulakis 2017). To incorporate such factors, the model may be re-parameterized to
reflect the physiology or clinical scenarios of interest to match the basal cortisol rhythm, and
thus HPA axis activity, to the desired population. Moreover, clinical studies have shown that
differences in pharmacokinetics (i.e. clearance) are often balanced by differences in
pharmacodynamics (i.e. receptor affinity) such that dose adjustment of synthetic GCs may
not be needed across subgroups (Czock et al. 2005; Magee et al. 2001). A model-based
methodology may be particularly useful to explain the physiological mechanisms underlying
these clinical outcomes, and to evaluate the need for therapeutic dose monitoring of chronic
synthetic GC treatment across patient subgroups.
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Model Schematic: A schematic of the model depicting the primary interactions in the
hypothalamus-pituitary-adrenal (HPA) axis. The synthetic glucocorticoids (GC)
competitively bind to the glucocorticoid receptor and contribute to the negative feedback
arm of the HPA axis. Synthetic GCs are administered by either a bolus injection directly into
systemic circulation or by oral administration. Appearance in systemic circulation following
oral administration is indicated by the orange line.
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Fig. 2:

Pharmacokinetic profiles for a bolus injection, a fast-acting oral dose, and a slow-acting oral
dose of synthetic GCs. Representative profiles are shown for a nominal dose of 1x. Cortisol
concentration is given in arbitrary units (a.u.).
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Fig 3.

M?:)dified cortisol profiles after dosing of synthetic glucocorticoids (GC) by bolus injection
at the nominal amount (1x). The modified cortisol rhythm is indicated by the blue line. The
black line corresponds to the nominal cortisol profile based on endogenous HPA axis
activity. The pharmacokinetic profiles for the bolus injection are indicated by the dotted
green line. The grey shaded areas represent the time at which the system is not exposed to
light. Cortisol concentration is given in arbitrary units (a.u.).
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Fig. 4:

Ar%plitude and phase of the modified cortisol rhythm after once-daily
chronopharmacological dosing of synthetic glucocorticoids. The relative amplitude and
difference in the acrophase of the modified cortisol rhythm after a repeated once-a-day
administration of a bolus injection, fast-acting oral dose, or slow-acting oral dose are shown
in A and B, respectively. The nominal cortisol rhythm (indicated by the black line) is given
for reference to show how dosing times align with the baseline circadian rhythm. The shaded
areas represent the simulated night, that is the time at which the system is not exposed to
light. The change in amplitude is calculated by Relative Amplitude (%) = [(AMPireatment =
AMPpaseline/AMPpaselinel * 100%. A negative value for phase difference indicates an
advance in the acrophase (i.e. peaks earlier in the simulated day relative to the nominal
cortisol rhythm) while a positive value indicates a delay in the acrophase (i.e. peaks later in
the simulated day). Cortisol concentration is given in arbitrary units (a.u.).

Chronobiol Int. Author manuscript; available in PMC 2019 November 01.

Relative Amplitude (%)

Phase Difference (hr)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rao et al.

Phase Differences (Hours)

Phase Differences (Hours)

Page 26

12 T T T (A) T T T
10— [ @ Cortisol Rising Phase B Near Cortisol Maxima @ Cortisol Descending Phase A Near Cortisol Minima ] |
sl 3PM Quadrant II: Suppression Quadrant I: Induction |
6 Phase Delay Phase Delay
4 -
2 —
)OO ST B Ssssss S AR -
<2 12AM =
4 .
-6 6PM . i B
-8 Quadrant Ill: Suppression Quadrant IV: Induction |
10 | | Phase Advance | | i Phase Advance
-60 -50 -40 -30 -20 -10 0 10 20
Relative Amplitude (%)
T I (?) T I T
10 —@— Cortisol Rising Phase —ll— Near Cortisol Maxima —4— Cortisol Descending Phase —#\— Near Cortisol Minima _
Quadrant II: Suppression Quadrant I: Induction
Phase Delay i Phase Delay
5 =
6AM
) fsecmsmsmsssosmsnzssssuessssossmsimssssimssensenses I oca st ooe o a8 S S S R -
™M
5 =
Quadrant IIl: Suppression Quadrant IV: Induction
10 | | Phase Advance I | ‘ Phase Advance
-60 -50 -40 -30 -20 -10 0 10 20

Relative Amplitude (%)

Fig 5.

Rglationship between the relative amplitude and phase difference of the modified cortisol
rhythm after long-term once-daily chronopharmacological dosing of synthetic
glucocorticoids. Amplitude and phase for the modified cortisol rhythms after chronic
administration of a daily bolus injection and the slow-acting oral dose are shown in A and B,
respectively. Marker labels correspond to the time of administration. Marker color indicates
the administration time relative to the nominal cortisol rhythm where blue circles correspond
to dosing times from 8:00 PM to 6:00 AM (ascending phase of baseline rhythm), red squares
correspond to dosing times from 7:00 AM to 8:00 AM (near peak of baseline rhythm), green
diamonds correspond to dosing times from 9:00 AM to 5:00 PM (descending phase of
baseline rhythm), and yellow triangles correspond to dosing times from 6:00 PM to 7:00 PM
(near nadir of baseline rhythm).
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Fig 6.

Amplitude of the modified cortisol rhythm after single and repeated once-daily

chronopharmacological dosing of synthetic glucocorticoids by bolus injection at the nominal
dose. The relative amplitude associated with the modified cortisol rhythm after a single

injection and after long-term once-daily 1V dosing are shown. The relative change in
amplitude is calculated by Relative Amplitude (%) = [(AMPyireatment — AMPpaseline)
AMppasetinel * 100%. Cortisol concentration is given in arbitrary units (a.u.).
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Fig. 7:

Influence of chronic once-daily chronopharmacological dosing on the total cortisol
exposure. The relationship between the 24-hour AUC and amplitude change after long-term
dosing of a daily bolus injection at the nominal dose (1x) is shown in A. The modified
cortisol profiles after dosing and for the baseline conditions are given in B for selected
dosing times. The grey shaded areas represent the simulated night, that is the time at which
the system is not exposed to light. Cortisol concentration is given in arbitrary units (a.u.).
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Influence of dosing strength on the relative amplitude after chronic once-daily
chronopharmacological dosing of a bolus injection. The relative amplitude for the modified
cortisol rhythms are given for the once-daily chronopharmacological dosing regimens that
resulted in the greatest inductive and suppressive effects at each strength of the IV dose. The
administration times corresponding to these changes in amplitude are indicated in the figure.
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Influence of once-daily chronopharmacological dosing of synthetic GCs on the
responsiveness of the HPA axis to CRH stimulation. The cortisol response due to simulated
IV administration of the CRH is compared for the nominal cortisol profile without dosing
(black), the cortisol rhythm with maximal amplitude (blue) after once-daily
chronopharmacological administration of synthetic GCs, and the cortisol rhythm with
minimal amplitude (red) after once-daily chronopharmacological administration of synthetic
GCs. Cortisol (CORT) concentration is given in arbitrary units (a.u.). The response to CRH
stimulation was determined at 2-hour intervals for each of the cortisol profiles (represented
by circles). A time-of-day dependent response is observed for all profiles. A reduction in the
amplitude of the cortisol rhythm is associated with a partial loss in the time-of-day
dependence of the response to CRH stimulation, while an increase in the amplitude is
associated with a more pronounced time-of-day dependence of the response.
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