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An integrated model for the effect of budesonide on
ACTH and cortisol in healthy volunteers
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What is already known about this subject What this study adds

« The functionality of the HPA axis through cortisol « Previous investigations (models) have not primarily
production has been the subject for several investigations. considered the combined action of ACTH and cortisol.

+ Modelling of cortisol production has been described by  Since ACTH drives cortisol production we adopted, for our
endogenous substance models utilizing a combination of modelling, the same approach as previous investigations but
indirect response functions and sum of cosine functions. we distinguished between two types of models for the

« The effect of glucocorticoid drugs on cortisol production production of cortisol (driven by ACTH), one being the sum
has been investigated using these models. of cosine functions, the other being described by surges.

« The presented surge-based model can serve as a tool for
further understanding of the HPA axis and may also prove
useful in the development of drugs interacting with the axis.
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Aims

Budesonide, a glucocorticosteroid, is used as a first-line treatment for asthma. The aim
of the study was to develop a PK/PD model for the effect of budesonide on ACTH and
cortisol.

Methods

The modelling data were generated by conducting a single-blind, randomized,
placebo-controlled cross-over study. Ten healthy volunteers inhaled placebo (Placebo
Turbohaler) and 1600 ug budesonide (Pulmicort Turbohaler), with a wash-out
period of 7 days between treatments. Baseline concentrations of cortisol and ACTH
were measured after placebo treatment and concentrations of cortisol, ACTH
and budesonide were assessed after budesonide treatment. A one-compartment
disposition model was used for budesonide disposition. Based on indirect response
models, two types of models, distinguishing between production driven by a sum of
cosine functions and production driven by surges, were used in parallel to describe the
data.

Results

The surge-based approach was the most appropriate, based on goodness-of-fit,
objective function values and number of parameters. The surge-based model that
integrated both ACTH and cortisol data was chosen as the final model. The estimated
half-lives of endogenous ACTH and cortisol were 9 and 113 min, respectively. The
budesonide and ACTH concentrations producing 50% of the maximal response (ICso
and Aso) were 0.325 ugl™' and 4.96 pmol I".

Conclusions

The present PK/PD model of the effect of budesonide on ACTH and cortisol can serve
as a tool for further understanding of the hypothalamic-pituitary-adrenal (HPA) axis
and be useful in the development of drugs interacting with the axis.

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd
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Introduction

Inhaled corticosteroids are recognized as the first-line
anti-inflammatory treatment for asthma. Clinically, the
glucocorticosteroid budesonide is used in the treatment
of respiratory diseases such as asthma and rhinitis.
Budesonide is a moderately lipophilic compound that
shows rapid uptake into the airway mucosa [1], a high
systemic clearance and an extensive first-pass metabo-
lism after absorption in the gut. Although it is well
established that both endogenous and exogenous gluco-
corticosteroids suppress cortisol secretion by the adrenal
gland through feed-back mechanisms acting simulta-
neously on suprahypothalamic centres, the hypothala-
mus, the pituitary and possibly the adrenal cortex itself:
[4], there is a need for a physiological model to describe
the system since the mechanism involves many compo-
nents including feed-back and feed-forward (i.e. a
sequential cascade of effects) systems and circadian
variation.

One of the most sensitive markers for detecting the
systemic bioactivity of inhaled corticosteroids is the
suppression of the hypothalamic-pituitary-adrenal
(HPA) axis, measured as a reduction in serum cortisol
concentrations over 24 h [2]. One of the main functions
of the HPA axis is to control the production of endog-
enous steroids, including cortisol, both in basal and
stress-related states. Cortisol (hydrocortisone, 11,17,21-
trihydroxypreg-4-ene-3,20-dione) is the principal gluco-
corticoid of the human body and it is synthesized in the
adrenal cortex from cholesterol via several enzyme-
catalyzed steps [3]. Under normal circumstances the
rate-limiting step for adrenal steroidogenesis is the con-
version of cholesterol to pregnenolone, an intermediate
for major biologically active corticosteroids [4]. The
synthesis and release of glucocorticoids are regulated by
the pituitary adrenocorticotrophic hormone (ACTH).
ACTH secretion, on the other hand, is regulated by the
hypothalamic production of corticotrophin releasing
factor (CRF). Finally, circulating cortisol molecules
provide negative feed-back regulation along the
pituitary-hypothalamus axis thus maintaining homeosta-
sis. The secretion and serum concentration of ACTH,
and consequently cortisol, fluctuate according to a cir-
cadian rhythm that follows sleeping and waking periods
[3]. Under normal circumstances, plasma cortisol con-
centrations reach peak concentrations in the morning
and after awakening, cortisol concentrations decrease
irregularly throughout the day with the lowest hormone
concentrations being found after the onset of sleep [3].
The circadian rhythm of cortisol production is also
affected by other factors including trauma, intense heat,
intense cold and stress [3].
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The most sensitive tests of the function of the HPA
axis include measurement of cortisol concentrations in
multiple blood samples with frequent sampling, particu-
larly overnight or for 12-24 h, measurements in urine
collected overnight or for 24 h, and stimulation tests
with ACTH [1, 3].

In this study, healthy volunteers inhaled a single dose
of budesonide and placebo, followed by frequent blood
sampling. The data from this study have been used to
create integrated PK/PD models for the action of budes-
onide on ACTH and cortisol.

Methods

Subjects

Ten healthy male and female volunteers entered the
study. Their mean age was 23 years (range 20-28 years),
mean height 176 cm (167-190 cm) and mean weight
65 kg (54-86 kg). All subjects gave written informed
consent to participate in the study which was approved
by the Ethics Committee of Uppsala University and the
Swedish Medical Products Agency. The study was per-
formed according to the Declaration of Helsinki and its
amendments and to ICH-GCP guidelines.

Study design

This single-blind, randomized, placebo-controlled
cross-over study consisted of two treatment periods,
each lasting 24 h. At approximately 08.00 h, subjects
inhaled a single dose of placebo on one occasion and
1600 ug budesonide on the other. The treatment periods
were separated by a 7-day wash-out period. Budesonide
was administered through a Pulmicort Turbohaler® and
placebo through a similar Turbohaler®.

On the study days the subjects arrived at the study site
in the morning after fasting for at least 10 h. A venous
catheter was inserted into a forearm vein and baseline
blood samples were collected. Subjects inhaled the treat-
ment at approximately 08.00 h under the supervision of
two staff members. After the treatment was inhaled, the
subjects rinsed their mouths with water. Blood samples
for ACTH (4 ml) and cortisol (5 ml) were collected at
the following time points: predose and 2, 4, 6, 8, 10, 12,
14, 16, 18, 20, 22 and 24 h after administration. Blood
samples for budesonide (2 x 7 ml) were collected at the
following time points: predose and 10, 20, 30, 45 min, 1,
2,4, 6, 8and 10 h after drug administration. The ACTH
samples were collected in ethylene-diaminetetraacetate
(EDTA) tubes. The cortisol and budesonide samples
were collected in heparinized tubes. The plasma was
transferred to polypropylene tubes for ACTH and corti-
sol and to cryotubes for budesonide, and all samples
were stored at —18°C until analyzed.
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Bioanalytical methods
The assay of budesonide in plasma was performed at
Analytical Services Quintiles AB, Uppsala, Sweden.
Budesonide in plasma was determined by liquid chroma-
tography with mass-spectrophotometry detection (LC-
MS/MS), using a reversed phase LC column (Kromasil,
Cis), isocratic elution of the substance and MS/MS detec-
tion. Desonide was used as the internal standard. The
mobile phase consisted of 70% aqueous methanol with
7.5 mm ammonia and 10 mwm formic acid. The assay had
a lower limit of quantification (LOQ) of 0.043 ug I™%.
Blank samples, calibration samples and quality control
samples of three different concentrations were analyzed
with each batch to ascertain selectivity, precision, and
accuracy. The coefficient of variation (%CV) at 0.086,
0.86 and 3.23 ug I™* was 7.0, 4.7 and 2.1, respectively.
The assay of cortisol was performed at the Department
of Clinical Chemistry, University Hospital, Uppsala,
Sweden. The plasma concentrations of cortisol were
determined by a fluoroimmuno-assay (AutoDELFIA
Cortisol, Wallac OY). The assay was based on a competi-
tive reaction between europium-labelled cortisol and
sample cortisol for a limited amount of binding sites on
cortisol-specific, monoclonal antibodies. The measured
fluorescence was inversely proportional to the quantity of
cortisol in the sample. The cross-reactivity of the method
with hydroxyprogesterones was 1% or less. The method
had a LOQ of 7.0 nmol I%. The coefficient of variation
(%CV) at 7.69, 18.9 and 28.3 ug I* was 4.1, 3.0 and 3.5,
respectively, according to published validation data.
The assay of ACTH was performed at the Department
of Clinical Chemistry, University Hospital, Uppsala,
Sweden, by an ELSA-immunoradiometric assay (CIS-
bio international, France). Two monoclonal antibodies
were prepared against sterically remote antigenic sites
on the ACTH molecule. The first one specific for the
N-terminal part of the ACTH radio-labelled with iodine
125 is used as a tracer. The ACTH molecules present in
the samples to be tested are ‘sandwiched’ between both
antibodies. Following the formation of the coated
antibody/antigen/iodinated antibody sandwich, the un-
bound tracer is easily removed by a washing step. The
radioactivity bound to the ELSA is proportional to the
concentration of ACTH present in the sample. The
method had a LOQ of 5 ng I™*. The coefficient of varia-
tion (%CV) at 37.8, 57.3 and 148 ng I"* was 6.19, 9.59
and 9.62, respectively.

Data analysis

Structural pharmacokinetic model A one-compartment
disposition model was used, which previously had been

found adequate for budesonide disposition [4]. The
parameters of the model were clearance (CL) and
volume of distribution (V). Absorption models tested
included instantaneous absorption and first-order ab-
sorption denoted with a rate constant (k,). Because
systemic availability for budesonide administered via
Turbohaler® has been reported as 28% [4], this was used
in the final model in which the bioavailability (F) was set
to 0.28 and the initial parameter values adjusted.

Sructural pharmacodynamic models Cortisol has in
previous modelling been described by endogenous sub-
stance models [12-16]. We adopted the same approach
for our modelling, distinguishing between two types of
models for the production of cortisol/ACTH, one being
the sum of cosine functions, the other being described by
surges [6]. Endogenous substance models, defined by a
production rate constant (ki,) and a first-order elimina-
tion rate constant (k) were used for both the cosine and
surge-based models. In the cosine model, the circadian
rhythm in hormonal production was described by sums
of cosine functions [5] and in the surge-based model, a
constant zero-order production combined with surges
[6]. Furthermore, in the cosine modelling, ACTH and
cortisol were analyzed separately, whereas in the surge-
based modelling the two were integrated and ACTH was
assumed to drive the production of cortisol. Although
the action of budesonide was described by an Iy, model
in both cases, in the surge-based model, it was assumed
that it operated solely on the production of ACTH.

The system was initiated at zero for all compartments
24 h before the first observation. Given the short half-
lives of the hormones, this was deemed more than suf-
ficient for the system to arrive at pseudo-steady state at
the time of the first observation. The cosine model is
described by equation 1 where R represents ACTH or
cortisol concentration.

dR/dt = ki, x (1—f(Cyq)) x g(clock time)
- kout,R xR (1)

ki, is obtained as the product of the estimated parameters
kout and baseline and f(Cyyg) is described by a (sigmoid)
Emax model and by the parameters Iy, and 1Csp. A sum of
cosine functions, each characterized by the amplitude,
acrophase and period, was used to define g(clock time).
Whereas amplitude and acrophase were estimated
parameters, the periods were fixed to 24, 12, 8 and 6 h.
The initial model included only a cosine function with a
24 h period. Additional functions were only retained if
they improved the description of the data.

The surge-based model is described by equations 2
and 3.
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dACTH/dt = Kinacth X (1= F(Cgug)) X (1—f3(Ceor )
+ g(clock time) x (1—f,(Cgue))
X (1= 14(Ccor)) = Kougactn X ACTH 2)

dCortisol/dt = h(ACTH) — Koyt cortisor X COrtisol  (3)

where Koyt actn @Nd Kot cortisol 1€ the first order elimination
rate constants for ACTH and cortisol, ki, acth 1S the base-
line production rate of ACTH in the absence of surges
and without any drug, ki, actn is obtained as the product
of the two estimated parameters Kouactn and baselin-
eacth- T1(Cgua) and fo(Cgyg) are described by I models
(Equation 4), whereas h(ACTH) is a (sigmoidal) Enax
model (equation 5). Negative feedback of cortisol on
ACTH production (f3(Ccor), fa(Ccor)) Was introduced in
equation 2 using . models.

f(Caua) =1= ((Inax X Coua)/(ICs0 + Cia)) (4

N(ACTH) = (Ao X ACTH?) /(A + ACTHY)  (5)

Surges, characterized by the parameters SA (surge
amplitude), SW (surge width), T (clock time) and PT
(peak time), were used to define the function g(clock
time) according to equation 6.

g(clock time)= SA/((T-PT)/SW)*+1)  (6)

Parameter estimation

The primary aim of the analysis was to develop a PK/PD
model for the effect of budesonide on ACTH and
cortisol. A sequential approach was used by which
the pharmacokinetic model was developed first, and
thereafter the individual, model-predicted budesonide
concentration-time profiles were used in the analysis of
ACTH and cortisol data.

Population parameter estimates were made using non-
linear mixed effect models (NONMEM V and VI beta,
level 1.0) [7]. The population analysis was performed
with first-order conditional estimation (FOCE) with
interaction. Exponential distributions were used to
describe interindividual variability in parameters. Cova-
riances between parameters did not improve goodness-
of-fit. The starting model for residual variance contained
both additive and proportional components. Redundant
components of the stochastic models were omitted. Indi-
vidual empirical Bayesian pharmacokinetic parameters
were obtained as part of the output from NONMEM.
The decision to adopt a more complex nested model was
based on the change of objective function values (OFV).
The criteria for change in OFV were set to P < 0.05. For
graphical model diagnostics including basic goodness-
of-fit plots and individual plots, the S-plus (Insightful
Corp, Seattle, WA) based model-building aid Xpose
3.120 was used [8].

Results

Pharmacokinetic modelling of budesonide

A one-compartment disposition model with first order
absorption and linear processes was chosen as the final
pharmacokinetic model. A summary of the parameters
from the final model is shown in Table 1. In Figure 2 the
measured budesonide concentrations and the predictions
(individual and population) for the final model are
shown.

Pharmacodynamic modelling

The secretion and serum concentration of ACTH, and
consequently cortisol, fluctuate according to a pro-
nounced circadian rhythm with two surges every 24 h,

Table 1
Population pharmacokinetic parameters
for budesonide after a single dose of

1600ug in healthy volunteers using a
mixed effects model

Parameters Estimate Relative SE Brief definition of symbols

CL (Ih7") 81.5 Clearance for budesonide

v () 219 Volume of distribution of
budesonide

ks (h™") 3.72 First order absorption rate
constant for budesonide

o CL 38% 14% Interindividual variability for
CL (%CV)

oV 39% 15% Interindividual variability for
V (%CV)

® k, 25% 41% Interindividual variability for
k, (%CV)

c 14% 2% Proportional error (%CV)

OFV -216 Objective function value
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Table 2

Objective function values (OFV) and the number of parameters for the different models. The number of 8s, ws and os are
given within the brackets

Baseline Active and baseline
Cosine Surge Cosine Surge

Cortisol

OFV 859 871 1736 1703

Number of parameters 13 (8, 3,2) 7 (4,2 1) 15 (9, 4, 2) 7 (4,2, 1)
ACTH

OFV 237 210 384 314

Number of parameters 11 (8,2, 1) 10 (6,2, 2) 15 (9, 4, 2) 13 (9,3, 1)

Cortisol and ACTH
OFV 1096 1097 2120 2071

Number of parameters 24 (16, 5, 3) 18 (11,3, 4) 30 (18, 8, 4) 20 (13, 4, 3)
Figure 1 0.5
Schematic illustration of the interaction f 100 -
between budesonide, endogenous ACTH and %3 )
o gt S
endogenous cortisol in the surge-based 33 T
model. The concentration of budesonide € o
(Coua) suppressed the production of c 25 < o : 0.0 ‘ ‘
; o 0.0 0.5 6 AM noon 6 PM
endogenous ACTH thereby decreasing the S
concentration of ACTH and lowering the peak é ) Coua(ug/L)
concentrations (Surge Amplitude). The broken o 3 A/
line shows the baseline values for ACTH and :E' g_ Kout, ACTH
. . N—r
th‘e contlnuouAs line the values after treatment 5 > —_—
with budesonide. ACTH governs the b4 ‘ ‘ )
production of cortisol 6AM noon 6PM
c
g =5 &
S5 900 =]
9] 5 9
S ~ L3S
°d -]
°3 (S
o E o
< ACTH
b concentration
8 kou':, Cortisol

6 AM noon 6PM

—

one AM surge and one PM surge. For ACTH, the
morning surge was about six times larger than the after-
noon surge and for cortisol, about three times larger.
The surge-based approach was chosen as the most
appropriate based on goodness-of-fit, the OFVs and the
number of parameters. The surge-based model which
integrated both ACTH and cortisol data was chosen as
the final model. OFVs and the number of parameters for
the different models are presented in Table 2. Inter-
individual variances in five parameters (baselineacrn,
Koutacth, 1Cso, Aso and Koucorisor) Were sufficient to
describe the data. I for budesonide action on surge

amplitude was estimated to a value close to 1 and could
be fixed to 1 without decreasing goodness of fit. The
same 1Cs, was used for the impact of budesonide on
baseline production and on surges. A negative feedback
of cortisol on the production of ACTH did not improve
the fit to the data. Figure 1 shows schematically with
profiles from a typical individual. The population
parameters for the final model are presented in Table 3
and the observed and final model predicted hormonal
concentrations are shown in Figure 2. The estimated
half-lives of endogenous ACTH and cortisol were 9 and
113 min, respectively.
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Observations

Individual ‘prec‘iicti‘ons Populations predictions

Figure 2

Budesonide concentration

Plots of observations, individual predictions
and population predictions vs. time (h) for

budesonide (ug!™"), ACTH baseline, ACTH

active treatment (pmol I"), cortisol baseline
and cortisol active treatment (nmol I'")

Population predictions
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ACTH concentrations

-0 Placebo
—— Active

Population predictions

1,000

(nmollL)
g

wwo Placebo
Active

Cortisol concentrations

Time (hrs)

Discussion

In order to develop a PK/PD model for the effect of
budesonide on ACTH and cortisol, the first step of the
data evaluation was to create a pharmacokinetic popula-
tion model for budesonide. The results of the modelling
suggested that the pharmacokinetic model best describ-
ing the budesonide plasma concentration data was a
one-compartment model, with first order absorption and
no lag-time. The absence of lag-time could be explained
by the rapid absorption of budesonide from the lung,
mainly due to its large surface area. According to the
estimates from the chosen model, budesonide was
rapidly absorbed with a typical absorption half-life of
11 min and an intersubject variability of approximately
25%. The estimated disposition parameters are in good
agreement with previous studies of inhaled budesonide
[9-11]. For example, Ryrfeldt etal. [9] reported a
plasma half-life (t;,) of 2.8 (1.1) h compared with our
estimate of 2.47 (0.87) h and Minto et al. [10] reported
an elimination rate, k, of 0.284 (0.0134) h™* compared
with our estimate of 0.30 (0.06) h™.
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Modelling of cortisol is complex due to the circadian
rhythm in the secretion of cortisol and the down regula-
tion effect. Several models for the circadian secretion of
cortisol have previously been developed and the subse-
quent effects of glucocorticoids on cortisol disposition
have been studied [12-16]. A comparison of various
methods describing the circadian input of cortisol has
been published [13]. Circadian rhythms in pharmacody-
namic modelling have also been described by sums of
cosine functions for other biorhythms such as blood
pressure [5]. Although such an empirical approach could
describe baseline profiles of individual hormones as well
as the more mechanistic models, it did so at the expense
of more parameters. In addition, for the simultaneous
analysis of both baseline, and treatment profiles, this
empirical approach was inferior in terms of goodness-
of-fit.

Previous models have mostly focused on the circadian
rhythm of cortisol excretion. According to the present
pharmacodynamic model estimations, cortisol peaks
occurred in pulses at approximately 08.00 h (large peak)
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Table 3
Population parameters for the final model.

Models and parameters Estimate Relative SE Brief definition of symbols
System model for ACTH
Amplitude AM surge (pmol h=") 87 33% Maximum production rate I=' of ACTH distribution
volume
Width AM/PM surge (h) 1.32 Surge width (same for AM and PM)
Time AM surge (h:min) 07:18 00:06* Clock time for morning surge
kout acr (W) 4.68 24% First order elimination rate constant for ACTH
Baselineacr (pmol I7) 2.58 7% Baseline concentration of ACTH in the absence
of surges and without drug
Amplitude PM surge (pmol I-) 10 20% Maximum production rate ' of ACTH distribution
volume
Time PM surge (h:min) 16:18 00:20%* Clock time for afternoon surge
o Baseline 27% 24% Interindividual variability for baseline (%CV)
® Kout 38% Interindividual variability for ko, (%CV)
o 32% Proportional error (%CV)
Drug mode/
el (&) 0.277 21% Maximum fractional inhibition of ACTH baseline
production
Imax2 (=) 1 fixed Maximum fractional inhibition of ACTH surge
production
ICso, 1 and 2 (ugl™) 0.325 Concentration of drug causing 50% of the
maximum suppression
®lCso, 1 and 2 170% 36% Interindividual variability for 1Cso,1and2 (%0CV)
System model for cortisol
Amax (nmol h™) 298 7.8% Maximum production rate I=" of cortisol
distribution volume
Aso (pmol I71) 4.96 ACTH concentration where cortisol production is
half-maximal
% 4.10 Sigmoidicity factor for ACTH-cortisol production
relationship
Koutcortisol (N7") 0.366 249% First order elimination rate constant for cortisol
O Koutcortisol 490 30% Interindividual variability for Koutcorisol (Y0CV)
o Asp 38% Interindividual variability Aso (%CV)
c 33% Proportional error (%CV)

*SE, not relative SE.

and 16.00 h (medium peak). The morning peak corre-
sponds well to results in earlier studies [1, 3], as does the
afternoon peak [18, 22]. The amplitude of the peaks
varied during the day with a three-fold higher amplitude
at 08.00 h compared with 16.00 h. It is generally
accepted that measurement of the cortisol concentra-
tions over 24 h provides one of the most sensitive
markers of HPA axis function [17].

Exogenous glucocorticoids suppress cortisol produc-
tion by feed-back mechanisms that act simultaneously
on the hypothalamus and pituitary in a manner similar to
that of the endogenous glucocorticoids [4]. The model-
ling described here gives a physiological description of

the system with the exception of the negative feed-back
regulation exhibited by circulating cortisol molecules
along the HPA axis. By adding the feed-back regulation,
the modelling could be extended to describe the HPA
axis more thoroughly.

The model estimated that the elimination half-life of
ACTH was 9 min compared with previously reported
estimates of 4 min [19]. The model estimated that the
first order elimination rate constant for cortisol, Koyt cortisol
was 0.366 h™* compared with a previously reported esti-
mate of 0.405h™ [16]. The cortisol concentrations
(morning and afternoon) presented by Keenan et al. [18]
are approximately 500 nmol I"* and 350 nmol I™* and are
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in good agreement with our results. Although this study
on budesonide was done in healthy volunteers, results
presented are anticipated to be applicable to asthma
patients treated with inhaled corticosteroids. Results
comparing volunteers and patients are to some degree
conflicting and differ between corticosteroids. For
budesonide it has been fairly well established that
patients have similar systemic bioavailability compared
with volunteers [20]. Other PK/PD variables are also
essentially comparable [20, 21].

In conclusion, the present surge-based model can
serve as a tool for further understanding of the HPA axis.
The model may also prove useful in the development of
drugs interacting with the axis.

Competing interests: None declared.
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