ORIGINAL ARTICLES

Department of Pharmaceutics', College of Pharmacy, University of Florida, U.S.A, College of Pharmacy?, University of Ten-
nessee, Memphis, U.S.A, Medical Clinic “Bergmannsheil” 3, University of Bochum, Germany

Optimized therapeutic ratio of inhaled corticosteroids using retrometabolism

H. DEreNDORF!, G. HocHHAus', S. KRrisHNAswaM!, B. MeiBoHMZ and H. MSLLMANNG

During recent years, the treatment of pulmonary diseases could be significantly improved due to the introduction of
modern retrometabolism-based corticosteroids with improved therapeutic ratio. It is the goal of all inhaled corticosteroids
to produce long lasting therapeutic effects at the pulmonary target site and to minimize systemic side effects by rapid
clearance of the absorbed drug and low oral bioavailability. The development of PK/PD models allows predictions of
drug effects based on the administered dose. For example, the cumulative suppression of endogenous cortisol release
(CCS) as one of the major systemic side effects of inhaled corticosteroid therapy can be described with an integrated Epax
based PK/PD model. In order to assess the predictive power of this model, a study was conducted to compare the PK/
PD-based predictions with CCS data obtained from actual clinical trials for flunisolide, fluticasone propionate, budesonide
and triamcinolone acetonide. CCS was predicted for different single doses from different inhaler devices for each drug
and a good correlation was observed. Thus, the presented PK/PD model proved to be a valid tool for predicting CCS of
inhaled corticosteroids. By fully understanding the underlying mechanisms it will be possible to further improve their

therapeutic index.

1. Introduction

During recent years, the treatment of pulmonary diseases
has been significantly improved due to the introduction of
modern retrometabolism-based corticosteroids with im-
proved therapeutic ratio. This improvement is mainly due
to optimized pharmacokinetic properties. It is the goal of
all inhaled corticosteroids to produce long-lasting thera-
peutic effects at the pulmonary target site, minimize oral
bioavailability, and minimize systemic side effects by ra-
pid clearance of absorbed drug.

At present there are five compounds used to varying de-
grees in different countries for corticosteroid inhalation
treatment: triamcinolone acetonide (TA), flunisolide
(FLU), beclomethasone dipropionate (BDP), budesonide
(BUD), and fluticasone propionate (FP). The available in-
haled corticosteroids (ICS) have very different pharmaco-
kinetic properties and also differ in their pharmaco-
dynamic potencies [1]. All the drugs except BDP are used
in their pharmacologically active form. BDP is a prodrug
that first needs to be activated by hydrolysis. The active
form of BDP is the respective monoester, beclomethasone-
17-monopropionate (BMP).

One of the major systemic side effects of inhaled corti-
costeroid therapy is the suppression of the hypothalamic-
pituitary-adrenal (HPA) axis, resulting in a decrease in the
release of endogenous cortisol [2, 3]. Since endogenous cor-
tisol plasma concentration is an easily accessible parameter
for quantification and monitoring, alterations in cortisol
plasma levels as a consequence of modulation of cortisol
release have been used as a surrogate marker to quantify
overall systemic corticosteroid activity. The two-part review
by Chrousos et al. further reinstates the fact that 24-hour
integrated serial plasma cortisol concentrations provide the
most sensitive and accurate estimates of adrenal suppression
before the appearance of clinical effects [4, 5].

Several pharmacokinetic/pharmacodynamic-(PK/PD)-mod-
eling approaches have been launched to describe the daily
rhythm in the plasma concentration-time course of endo-
genous cortisol and its suppression after administration of
exogenous corticosteroids [6—12]. A clinically valuable,
integrated, En.x-based PK/PD model has been developed
to describe the cumulative suppression of endogenous
cortisol release (CCS) caused by exogenous corticoster-
oids [13].
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In order to assess the predictive power of this model, a
study was conducted to compare the PK/PD based predic-
tions with CCS data from the literature involving actual
clinical trials for FLU, BUD, TA and FP. BDP, although a
commonly used drug, was not included in the study due
to lack of reliable PK/PD data on BMP.

2. Investigations, results and discussion
2.1. Pharmacokinetic-pharmacodynamic model

The circadian pattern of endogenous cortisol plasma con-
centrations is generated by a complex pulsatile release of
cortisol [14]. Time and amplitude of cortisol secretion
bursts are controlled by the activity of the hypothalamic-
pituitary-adrenal system via ACTH. In the absence of ad-
ditional exogenous stimuli, this complex cortisol release
function can be simplified to a previously reported linear
release model [6—9], which describes the daily cortisol
release (R, in concentration/time) at baseline situation
with two straight lines. For the time between the maxi-
mum cortisol release (tn.x) and the minimum cortisol re-
lease (tmin), Rc decreases in a linear fashion from the max-
imum release rate (Rp.x in amount/time) at time tp,x to
approximately O at time tpi, (Eq. 1).

Re = Rmux t Rmux : tmin
€7 VAN (tax — tmin — 24) VST - (e — i — 24)
(1)
where Vd©o" is the volume of distribution of cortisol and t

is the time after cortisol monitoring was initiated (to = 8
am.).

For the time between tyi, and ty.x, Rc increases according
to Eq. 2.

Rmax Rmax * tmin

Re = t—
VA" (tnax — tmin) VA" (tmax — tmin)

(2)

The resulting change in cortisol plasma concentrations
(Ccort) at baseline situation can then be described by
Eq. 3, where k.o is the first order elimination rate con-
stant for cortisol.

dCCon _

dt RC - kgm : CCort (3)
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Based on Eq. 3, an indirect response model can be de-
ducted to characterize the suppression of endogenous
cortisol concentrations during exogenous corticosteroid
therapy [9, 11, 15], thereby relating the corticosteroid con-
centrations to the effect on cortisol release according to

Eq. 4.
dCCon Emax'C C
M R (11— =) _kCort. ¢ 4
dt ¢ ECsp +-C ¢ con (4)

Enax is the maximum suppressive effect, ECsq is the corti-
costeroid plasma concentration that produces half of Eax,
and C is the plasma concentration of the exogenous corti-
costeroid. Since the maximum possible effect is complete
suppression of cortisol release, En,x is fixed at 1. The ap-
proach assumes that the exogenous corticosteroid exhibits
linear plasma protein binding. Otherwise, free, pharmaco-
logically active rather than total corticosteroid concentra-
tions have to be used [16].

2.2. Cumulative cortisol suppression
2.2.1. Amount of suppressed cortisol

According to the described linear release model, the
amount of endogenous cortisol released at baseline situa-
tion AB*° can be calculated as the integral of cortisol re-
lease R¢ (concentration/time) times volume of distribution
of cortisol VA from time t, to time t; (Eq. 5).

9] 9]
ARSe = JVdCO“ -Redt = vd©r. JRcdt (5)
to to

Based on Eq. 5, the amount of cortisol release during cor-
ticosteroid therapy A can then be determined with a
similar integral, which considers the release suppression
by the exogenous corticosteroid (Eq. 6).

Emax : C
 ECs + C) dt(6)

4

A"(l;her‘dp)’ — JVdCOﬂ . Rc . <1

Eq. 6 can be rearranged to give Eq. 7.

9] 5]
Agherapy — VdCort . JRC dt — VdCort . J (Rc

to to

Emax -C
= |dt
ECso + C>

(7)
Since Afherapy is the difference between AB®® and AP,

the amount of cortisol whose release is suppressed during
corticosteroid therapy, Eq. 8 follows from Eq. 7 and Eq. 5.

Emax -C
——|dt
ECso + C) (8)

4

AguPP — VdCort . J <Rc
to

2.2.2. Cumulative cortisol suppression after single dosing

Based on the determination of AP, the CCS can be ex-
pressed as the absolute amount or as percent compared to
the baseline condition. After a single corticosteroid dose
the total amount of suppressed cortisol from the time of
administration to until infinity (A2"PP>) can be determined

according to Eq. 9.
Emax N C
) dt 9)

ASupp, 0 y7qCort | J R, -
c ECs0 +C

to
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AP is the most accurate way of quantifying CCS,
since cortisol suppression is completely registered over
time. However, AQUPP-> might be of limited clinical value
because it lacks information regarding the time frame
within CCS occurs.

A clinically more valuable way of estimating CCS might
be the comparison between the amount of suppressed cor-
tisol AP and the amount of cortisol released under base-
line conditions AB®°® within a certain time interval. The
resulting cumulative cortisol suppression in percent
(%CCS) is usually determined over 24 h following ad-
ministration of the dose at time ty (Eq. 10)

ASupp‘ 24
%CCS = =<

Base, 24
C

(10)

AB»e24 the amount of cortisol released at baseline condi-
tion, is equal to the area under the release-time curve over
24 h that is described by the cortisol linear release model
at baseline condition. According to Eq. 1 and Eq. 2, this
area has the shape of a triangle with the base 24 h and the
height Ry, Hence, AB®®2* can simply be calculated by
Eq. 11 (h stands for the unit hours).

1
Agase,2423_24h.RmaX:12h'Rmax (11)

Substituting Eq. 8 and Eq. 11 in Eq. 10 yields Eq. 12 as
an expression to quantify %CCS.

to+24h
vdCort . I‘ R.. - EoaC 4¢
t

€ ECso+C
%CCS =

12hr - Rypax (12)
It should be noticed that the obtained results for %CCS
after a single dose are thoroughly influenced by the re-
garded time interval (in this case 24 h). A too short inter-
val might miss part of the CCS of a corticosteroid with
prolonged effect, whereas a too long interval might under-
estimate the CCS of a short acting corticosteroid.

2.2.3. Relationship between Ac and AUCC"

In analogy to the known pharmacokinetic relationship be-
tween dose, clearance (CL) and area under the plasma
concentration-time curve (AUC), the amount of released
cortisol (Ac) is proportional to the area under the cortisol
plasma concentration-time curve (AUC®®"), with the clear-
ance of cortisol (CLC°") as proportionality factor (Eq. 13).

Ac = CLE™ . AuCe™ (13)
Thus, Eq. 10 is equivalent to Eq. 14.

AUCsupp,24 AUcBase, 24 AUcTherapy724
AUCBase, 24 = AUCBase, 24

where AUCS"P-24 s the difference between the area under
the cortisol plasma concentration-time curves at baseline
(AUCB»®2%)  and during therapy (AUCTeapy.24) " a]]
quantified over 24 hours. Fig.1 shows the AUCS"P> and
AUCS"P-24 corresponding to AZ'PP> and A2"PP-2* for sin-
gle doses.

Estimation of %CCS by Eq. 14 has been performed in
clinical studies by using the trapezoidal rule to estimate
AUC®™  from multiple cortisol plasma concentration
measurements [17, 18]. From Eq. 13 follows, that estimat-
ing AUCS"P with the trapezoidal rule as well as calculat-
ing AP with the PK/PD-model will both result in the
same values for %CCS, thereby allowing comparisons be-

%CCS = (14)
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Fig. 1: Area (shaded) between the plasma concentration-time profiles of endogenous cortisol at baseline (----- ) and after exogenous corticosteroid adminis-
tration (. ), that corresponds to (a) the total amount of suppressed cortisol ( ) AJPP- after a single dose (), and (b) the amount of suppressed

cortisol A&PP-24 within 24 h after a single dose

tween %CCS values measured in clinical studies and
those simulated with the PK/PD-procedure. However, the
PK/PD-based approach provides the advantage that it is
not limited to clinically determined data but allows predic-
tions beyond the existing data set for other dosing regi-

mens.

2.3. Simulation of cumulative cortisol suppression for ICS

A total of 29 CCS observations from 8 reports of actual
clinical trials were used to evaluate the predictive power
of the PK/PD model. Table 1 lists the studies that reported
the suppressive effects of ICS after a single inhalation.

Table 1: Suppressive effects of inhaled corticosteroids (ICS) on the HPA axis

Study* Regimen (%CCS) Cortisol monitoring method and comment

Lonnebo et al. [28]

(N =25) FP (DH) BUD (TBH) AUC (0-20 h)

(o, 1,cr, w>17) 1 mg (25%) 0.8 mg (26%) Cortisol measured after a single dose at 10 p.m.
Grahnen et al. [29]

(N =25 FP (DH) BUD (TBH) AUC (0-20 h)

(Partl: o, r,cr, w=4 0.25 mg (8%) 0.8 mg (16%) Cortisol measured after a single dose at 10 p.m.
Part 2: o, nr) 0.50 mg (19%)

Mollmann et al. [26]
N=6)

1 mg (28%)

FP (MDI with spacer)

0.5 mg (34%)

AUC (0-24 h); all doses taken with charcoal except 250 pg.

(o, 1, cr, w > 14) 0.25 mg (24%) 3 mg (74%) Cortisol measured after a single dose at 8 a.m
1 mg (51%)
Corren et al [25]
N=12) FP (MDI) BUD (MDI) AUC (0-24 h)
(o, 1, p) 1 mg (35%) 1 mg (17%) Cortisol measured after a single dose at 10 p.m.
FLU (MDI) TA (MDI)
1 mg (9%) 1 mg (20%)
Rohatagi et al [7]
N=12) FP (MDI) 1 mg (40%) AUC (0-24 h)
(o,r,cr, w=7) 0.5 mg (20%) Cortisol measured after a single dose at 8§ a.m
Mollmann et al. [26]
N=18) FLU (MDI with spacer) AUC (0-24 h)
(o, 1, cr, w = 14) 8 AM. 10 PM. Cortisol measured after a single dose at 10 p.m. OR 8 a.m. all
0.5 mg (20%) 0.5 mg (10%)  doses taken with charcoal except 500 pg.
1 mg (22%) 1 mg (14%)
2 mg (30%) 2 mg (22%)
3 mg (36%) 3 mg (33%)
Brus [31]
N=12) FP (MDI) BUD (MDI) AUC (0-24 h)
(o, 1, p) 0.88 mg (35%) 0.9 mg (17%) Cortisol measured after a single dose at 10 p.m.
FLU (MDI) TA (MDI)
1 mg (7%) 1 mg (19%)
Thorsson et al. [27]
N=12) FP (DH) AUC (0-24 h)
(o, pr, cr, w = 14) 1 mg (47%) Cortisol measured after a single dose at 8 a.m

*-All the studies were carried out in healthy volunteers

Definition of Abbreviations: N-Number of subjects, o-open label, r-randomized, p-parallel group, cr-crossover, w-washout (all washout periods are in days), pr-partially randomized,
nr-not randomized, %CCS-% cumulative cortisol suppression, DH-Diskhaler, TBH-Turbohaler, MDI-metered dose inhaler, AUC- area under the cortisol concentration time curve
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The simulations were carried out using an Excel®™ macro
designed to calculate the %CCS using the described PK/
PD model. The input variables were name of the drug,
drug dose, time of dosing (clock time) and inhalation de-
vice. The output variable was %CCS.

Total corticosteroid plasma concentrations were described
with a one-compartment body model with first order ab-
sorption for TA (Eq. 15) and a two-compartment body
model with first order absorption for FLU, BUD and FP
(Eq. 16).

C=C;-(eht—ehY) (15)

C=Ci-e M4 Ce™ —(C+Cy)-e ™t (16)

where C is the total corticosteroid concentration in plas-
ma, Cy, C; and Ay, 4,, A3 are hybrid constants.

The parameters used for simulating the PK/PD profiles for
FLU, TA, BUD and FP were obtained from previous stu-
dies as study population means and are listed in Table 2.
FP is available in metered-dose inhaler (MDI), and Dis-
khaler™ and Diskus™ dry powder devices (DPI). These
devices differ significantly in their lung deposition capaci-
ties. It has been reported that the bioavailability of FP is
highest (26.4%) with the MDI, whereas the Diskhaler™
and Diskus™ are comparable at 11.9 and 16.6%, respec-
tively [19]. Similarly, BUD is available in MDI and Turbo-
haler™ dry powder device (DPI) with bioavailabilities of
26% and 38%, respectively [20]. TA and FLU are avail-
able in MDI with 22% and 39% bioavailabilities respec-
tively [21, 22]. For the purposes of simulation, the pharma-
cokinetic parameters were extrapolated for the respective
devices and doses under the assumption of linear pharma-
cokinetics [23]. Mean baseline parameters for the cortisol
linear release model were obtained from a previous publi-
cation that monitored cortisol plasma concentrations prior
to exogenous corticosteroid therapy [7]. Rnax Was reported
to be 2966 ug/h, tmay 20.7 h, tyi, 16.2 h, and kO 0.64 h=!.
Vd® has been described as 33.7 1 [24].

Fig. 2 shows the correlation between model predicted
CCS and measured CCS values for the four drugs after
inhalation. The predictions correlate fairly well with the
measured data for all four drugs irrespective of the inhaler
device or dose. The overall model prediction bias was
found to be approximately —8%.

After single doses, CCS increased with increasing dose
for all four corticosteroids. Equal administered amounts of
the four drugs, however, produced different degrees of
CCS according to their pharmacokinetic and pharmaco-
dynamic properties in the order TA < FLU < BUD < FP.
The described model was able to adequately quantify the
differences in cumulative suppressive effects when inhaled
via different inhalers. For example, the model predicted
values of 40% and 25% CCS after a single dose of 1 mg
FP inhaled via MDI and Diskhaler®, respectively were

100%
CCS predicted  _
CCS measured
80% -
(%) L
8 eo%- RS
o .
)
3] .
S 40% - %0 <&
& A
) % SR
20% - E&h
0% +- : : : :

0% 20% 40% 60% 80% 100%
Measured CCS

Fig. 2: Correlation between cumulative cortisol suppression (CCS) meas-
ured in clinical studies and predicted by simulation of the respec-
tive situation for FP (<), BUD (), FLU (A) and TA (x) with the
PK/PD-approach (1> = 0.84). The dotted line describes the ideal
situation, where measured and predicted CCS would be identical

consistent with the reported values [7, 25-29]. Similar
differences between Turbohaler® and MDI were also ac-
counted for by the model, however in this case the sup-
pression was slightly higher for Turbohaler after a single
dose of BUD [25, 28, 30, 31]. The model also accounted
for the diurnal variation in cortisol suppression, which is
pronounced for short half life drugs like BUD, FLU and
TA [32].

Since inhaled corticosteroids are administered on a regular
rather than intermittent basis, results derived at steady-
state conditions are more clinically relevant than those ob-
tained from single dose studies. However an understand-
ing of single dose effects is essential for forecasting the
systemic bioactivity during long-term therapy. Further stu-
dies are needed to assess the predictive power of the PK/
PD approach under steady state conditions.

These predictive capabilities may be used to optimize dos-
ing regimens as well as to compare different corticoster-
oids with regard to cumulative systemic activity without
or with a reduced number of clinical trials to be per-
formed. Since the therapeutic safety of inhaled corticoster-
oids is predominantly governed by the magnitude of their
systemic activity, the method also allows assessing the
benefit-to-risk ratio of inhaled corticosteroids if additional
data on efficacy are considered.

2.4. Conclusion

In conclusion, the predictive power of the described PK/
PD-approach was evaluated and was found to adequately

Table 2: Pharmacokinetic and pharmacodynamic parameters used for the simulation of cumulative cortisol suppression during

single dosing

Drug Device Dose Cy G, M A A3 ECso,00t fu Finn Ref.
(mg) (ng/ml) (ng/ml) " (Y Y (ng/ml) (%) (%)
Flunisolide MDI 1 3.20 1.80 14.0 1.10 0.40 0.33 20 39¢ [26]
Triamcinolone acetonide MDI 1 1.80 — 1.2 0.25 — 0.72 29 224 [33]
Budesonide TBH 1 0.50 1.28 17.8 2.03 0.30 0.44% 12 38 [20]
Fluticasone propionate DH 0.5 0.13 0.02 4.2 0.30 0.05 0.13° 10 12¢  [35]

@ — [34],° — [26], © — [22], ¢ — [21], © — [19]

MDI — Metered dose inhaler, TBH — Turbohaler, DH — Diskhaler, C;, Cz, A, A, and A3 are hybrid constants, ECsg r — Concentration of drug that produces 50% of maximum
suppression, f, — unbound fraction of the drug in plasma, Fj,, — Systemic bioavailability after inhalation, Ref-reference.
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reflect the observed systemic effects of ICS in actual clin-
ical trials. Future work is needed to evaluate the benefits
of this method with regard to multiple doses and its ap-
plicability to asthmatics in clinical settings. By fully un-
derstanding the underlying mechanisms it will be possible
to further improve their therapeutic index.

This research paper was presented during the 2" Conference on Retro-
metabolism based Drug Design and Targeting, May 11-14, 1999, Amelia
Island, Florida, USA
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