ADMET & DMPK 12(6) (2024) $25-534

ADMET

Open Access : ISSN : 1848-7718

http://www.pub.iapchem.org/ojs/index.php/admet/index

Supplementary material to

Pharmacokinetics/pharmacodynamics of glucocorticoids:
modeling the glucocorticoid receptor dynamics and
dose/response of commonly prescribed glucocorticoids

David G. Levitt

Department of Integrative Biology and Physiology, University of Minnesota, Minneapolis, MN 55455, USA

ADMET & DMPK 12(9) (2024) 971-989; https://doi.org/10.5599/admet.2414

Supplement I: Derivation of glucocorticoid receptor model steady state and time dependent equations
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General steady state solutions

Define Tc and Tn as the total amount in the Rc-RcG and Rn-RnG equilibrium pair with equilibrium
constants Kc and Kn, respectively ([G] = glucocorticoid concentration):

Kc = Rc[G]/RcG  Kn= Rn[G]/RnG Tc = Rc+RcG Tn=Rn +RnG
Express Rc, RcG, Rn and RnG in terms of Tc and Tn:
TcKi TclG TnK Tn[G
c= cre RcG = cle] Rn = nen RnG = n(G] (2)
Kc+[G] Kc+[G] Kn+[G] Kn+[G]

Steady state for Tc:
k5TnKn k1TcG

Kn+G Kc+G
A k1(Kn+G)G
" k5 Kn (Kc+G)

k5 Rn=k1RcG =

Th=ATc (2)
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Using steady state conditions for RcGt, RnGt and RnGN, express each of these states in terms of Tc and Tn:
Gr—_KielTe 3)
k2(Kc+[G])
1
RNGt — k1[G]Tc N k6Tn[G] 4
k3(Kc+[G]) k3(Kn+[G])
_ kiTc[G] N k6Tn[G]
k4(Kc+[G]) k4(Kn+[G])

Finally: Rtot = Tc + Tn +RcGt +RnGt +RnGN

(5)

Substituting the above expression for RcGt, RnGt and RnGN into the Rtot expression:
Rtot k1[G 1 1 1 Ak6[G], 1 1
Te=2 B:1+A+# —+—+— |+ [ ](—+—)
B Kc+[GI\ k2 k3 k4 ) Kn+[G] k4 k3

(6)

This completes the steady state solution since all the above expressions for the receptor states are in
terms of Tc (or Tn = A Tc), and Tc is described by Equation 6.

Steady state solution in limit of high concentration where it can be assumed all receptor states are in the
nucleus.

This limit of the steady state is simple because there is no branching:
k4 RnGN = k6 RnG = k6 Tn[G]/(Kn+[G]) = k3 RnGt

k6 Tn[G k6 Tn[G
Gr—_kemliel - __k6Tn[G] )
k3(Kn+[G]) k4(Kn+[G])
Substituting these two expressions in Rtot = Tn+RnGt+RnGN and solving for RnGN:
V_ [G k6Rtot K k6(k3+ k4
RnGN =[Gl ), _KORtoU . Kno._,  kelk3+ka) (8)
Km+[G] ka4 C C k3 k4

Steady state solution in limit of low concentration where it can be assumed that nuclear recycling is
negligible:

Steady state for each receptor state:

k4 RnGN = k3 RnGt = k2 RcGt = k1 RcG = k5 Rn
Tc = ReG (Kc +G)/G = RcG Kc/G = k4 RnGN Kc/(k1 G)
Rtot = Tc + RcGt + RnGt +RnGN + Rn

Express Tc, RcGt, RnGt and Rn in terms of RnGN, substitute in Rtot equation, and solve for RnGN:

RnGN =Rtot [G]/|[Gl(1+k4/k3+k4 [k2+ka4[K5)+ka Kc/ k1 | (9)
This can also be written in Michaelis-Menten form:
v _[G k4K
RnGN:L[] Vmax:@ Km= ¢ D:1+k—4+k—4+k—4 (10)
Km+[G] D Dk1 k3 k2 k5

Time dependent solution for two competing identical glucocorticoids.

For the cold chase experiment where [3H]dexamethasone is dissociated by the addition of a 200 fold
excess of unlabeled dexamethasone, it is necessary to find the time dependent binding of the two competing
forms (labeled =A and unlabeled =E ) to the different receptor states.

Define: Tc =Rc + RcE + RcA Tn =Rn +RnE + RnA

Rc, RcE and RcA are in instantaneous equilibrium, expressed in terms of Tc:

RcE = RexE/Ke = Tc E/(Kc+E+G)
RcA = Rex*A/Ke = Tc A/(Kc+E+A)
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R= Tc Kc/(Kc+E+A)

Similarly, Rn, RnE and RnA are in equilibrium, expressed in terms of Th:
Rn =Tn Kn/(Kn+E+A) RnE = Tn E/(Kn+E+A) RnA = Tn A/(Kn+E+A)

The system is then defined by the 8 differential equations for the 8 states Tc, Th, RcEt, RnEt, RnEN, RcAt,
RnAt and RnAN:

d Tc/dt == k5 Rn - k1 RcE -k1 RcA = k5 Tn Kn/(Kn+E+A) - k1 Tc( E+A)/(Kc + E+A)

d RcEt/dt = k1 RcE — k2 RcEt = k1 Tc E/(Kc + E+A) - k2 RcEt

d RnEt/dt = k2 RcEt +k6 RnE — k3 RnEt = k2 RcEt + k6 Tn E/(Kn+E+A)- k3 RnEt

d RnEN/dt = k3 RnEt — k4 RnEN

d RcAt/dt = k1 RcA — k2 RcAt =kl Tc A/(Kc + E+A) - k2 RcAt

d RnAt/dt = k2 RcAt +k6 RnA — k3 RnAt = k2 RcAt + k6 Tn A/(Kn+E+A) - k3 RnAt

d RnAN/dt = k3 RnAt — k4 RnAN

d Tn/dt = k4 RnEN +k4RnAN - k5 Rn — k6 RnE -k6 RnA = = k4 RnEN+k4 RnAn — k5 Kn Tn/(Kn+E+A) —

k6 Tn(E+A)/(Kn+E+A)

This system of first order differential equations was then solved for arbitrary time dependent inputs of

the concentrations of the two glucocorticoids (E and A) using Maple (Maplesoft).

Supplement II: Pharmacokinetics (PK) of dexamethasone (DEX), methylprednisolone (MP) and
prednisone.

This supplemental file describes the derivation of the detailed PK equations that determine the free
plasma glucocorticoid concentration following an arbitrary IV or oral dose. These concentrations are used in
the main text to predict the glucocorticoid receptor nuclear transcription activity.

Linear pharmacokinetics: dexamethasone and methylprednisolone.

Most drugs have linear PK (prednisone is an important exception). That is, e.g. if one doubles the dose,
the response is also doubled. This is an essential requirement for the application of the standard PK analysis.
For linear kinetics, the plasma concentration is completely characterized by the “unit response function” h(t),
which describes the plasma concentration following a unit bolus input. The plasma concentration C(t) for an
arbitrary input /(t) is then described by [1]:

C(t)Z_t[/(T) h(t—7)dr (11)

The usual approach is to approximate h(t) by a sum of exponentials, with the number of exponentials
equivalent to the number of well-stirred interacting compartments:

h(t)=> a,e™" (12)

Given the plasma concentration following an arbitrary IV input li(t), h(t) can be determined from equation
(11) by deconvolution.

Using this h(t) and equation (11), one can then predict the plasma concentration following an oral dose if
one knows the rate that the oral dose enters the systemic circulation (= I(t)). | have previously described the
use of this approach to characterize the intestinal absorption of a large series of solutes using the PK software
PKQuest [2]. The time course of the intestinal absorption /g (t) is well described by:

Iy(t)=— e~ (13)

¢ 'p
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where D is the oral dose, F is the bioavailability (fraction of dose reaching the systemic circulation), Ts is the
time constant for gastric emptying and Tris the time constant for intestinal absorption, which is a measure
of intestinal permeability. Given the plasma concentrations following a known IV and oral dose, PKQuest
returns the optimal values of the h(t) parameters (a, T;) and the 3 parameters (F, Ts, and Tp) describing the
intestinal absorption.

The PK of a linear system is characterized by two parameters: the steady state clearance (Clss /| min) and
the volume of distribution (Vs / 1). They are defined for a system where there is a constant systemic input Iss
and the plasma concentration has reached a steady state Cs:

CISS = ISS /CSS \/SS = Amt /CSS (14)
where Amt is the total amount in the body. For a one-compartment system, the concentration C(t)

following a bolus input dose D is given by:

D _
C(t) = —e /¥ (15)

ss

It can be shown that, for an arbitrary linear systems under rather general conditions, Clssand Vs can be
determined from the plasma concentration C(t) following a dose D given as an arbitrary input I(t):[1]
Cl,=D/AUC

V., =D[AUMC / AUC? —MIT / AUC] (16)

AUC=_TC(t)dt AUMC=TtC(t)dt MIT=(1/D)Ttl(t)dt

Table S1 lists the Clss and Vs determined using the C(t) data from figs. 1S and 2S along with the free
(unbound) fraction in plasma for dexamethasone and methylprednisolone.

Table S1. Linear PK parameters

Glucocorticoid Clss / L (min 70 kg)? Vss /L (70 kg)? Free fraction
Dexamethasone 0.12 48.3 0.23
Methylprednisolone 0.415 98.3 0.23

The PK of DEX is linear[3-5]. It is about 77 % bound to albumin.[6,7] Since the plasma albumin
concentration is about 40 g I}, or 600 pM, it would require a dose of more than 800 mg of DEX to saturate
this binding. Thus, the albumin binding is not concentration dependent, which is one reason that DEX PK is
linear. Because of its low solubility, intravenous DEX is administered as the phosphate derivative which, upon
entering the blood, is rapidly converted to DEX [8,9]. This complicates the PK analysis because one needs to
know the exact rate of this hydrolysis in order to determine the DEX IV input function, which is a requirement
for the determination of h(t). However, for DEX, the conversion is fast enough that one can approximate the
DEX input by setting it equal to the DEX phosphate input.[4,8,10]

Figure S1 shows the experimental plasma concentration data (red circles) of O’Sullivan et. al. [10]
following a 1 mg IV dose of DEX phosphate (Figure S1a), equivalent to 0.83 mg DEX, and 1 mg oral dose of
DEX (Figure S1b) and the corresponding PK model fits (solid lines). It is necessary to use a 3-compartment
model to accurately fit the data and the best fit h(t) (equation (12)) and oral absorption (equation (13))
parameters are listed in Table S2. The bioavailability (F) for the averaged data shown in Fig. S1 is 0.59. There
is a surprisingly large individual variation in the bioavailability, varying from 0.34 to 0.89 [10]. This probably
results from the relatively low intestinal permeability (T,= 222 min) which leads to varying fractions of DEX
passing unabsorbed into the large intestine, depending on the small intestinal transit times.
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Figure S1. 3-compartment model fits to the experimental dexamethasone data of O’sullivan et. al. [10]
following a 1 mg DEX phosphate (0.83 mg DEX) IV input (a) and a 1 mg DEX oral input (b). The solid lines are
the model fits to the data using the unit input h(t) and oral input parameters listed in Table S2

Table 2S. Parameters characterizing the linear PK: N is the number of compartments required for the best fit, aiand T;
are the h(t) parameters, and F, Tc and Tp characterize the intestinal absorption rate.

Glucocorticoid N a/nM a;/nM a3/nM Ti/h To/h T3/h F Tg/min Tp/min
Dexamethasone 3 0422 0.04 0.01 0.056 0.45 9.49 0.59 14 222
Methylprednisolone 1 0.0102 3.94 0.82 21 101

Methylprednisolone (MP) is 77 % bound to albumin [11] and also has linear PK [12, 13]. It is administered
IV as the acetate, succinate or phosphate derivative which is rapidly converted to the free MP [12]. The most
commonly used IV form is MP succinate (Solu-Medrol®). Figure 2S shows the model fit (solid line) to the
experimental data of Groenewoud et. al. for a 100 mg IV input (left panel) of MP (as MP succinate) and a
100 mg oral MP input (right panel) using the 1-compartment h(t) and oral absorption parameters listed in
Table S2. The MP data can be fitted with a simple 1-compartment model because it does not have the initial
spike in plasma concentration seen for DEX (Fig. S1). This may indicate that the rate of hydrolysis of MP
succinate is relatively slower than that of DEX phosphate.
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Figure S2. 1-compartment model fits to the experimental methylprednisolone data of Groenewoud et. al.
following a 100 mg IV (a) and oral input (b). The solid lines are the model fits to the data using the unit input
h(t) and oral input parameters listed in Table S2

Non-linear pharmacokinetics: Prednisone

Prednisone, the most commonly prescribed oral glucocorticoid, has very complicated kinetics[14-16]. It is
a prodrug that is converted to the active prednisolone form by the liver when it is absorbed. Prednisolone
has a high affinity binding to the plasma protein transcortin (also known as corticosteroid-binding globulin
(CBG)). Transcortin has a limited binding capacity and saturates at high prednisolone concentrations. This
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means that, as the concentration increases, the unbound free fraction increases. Only the unbound free
fraction is metabolized and is distributed into the intracellular space. Since this free fraction increases as the
dose increases, the corresponding clearance and volume of distribution will also increase non-linearly.
Further complicating the kinetics, the prednisone and prednisolone are continually interconverting in plasma,
and the plasma prednisolone/prednisone ratio varies non-linearly over a range of 2.7 to 10, depending on
the prednisolone concentration. In addition to the non-linear transcortin binding complicating the PK, it is
the free concentration that is important for the pharmacodynamic action discussed in the main text, and this
will also by non-linearly related to the total concentration.

The magnitude of this non-linearity is illustrated in Fig. S3 which shows the Rose et. al. [15] plasma
prednisolone concentration as a function of time after oral doses of 5 (black), 20 (red) and 50 (green) mg
prednisone. The solid lines are the experimental results, and the dashed lines are the predicted plasma
concentration using the 5 mg dose and assuming linearity. The linear prediction for the 50 mg dose is about
twice the observed experimental result.
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Figure S3. Plasma prednisolone concentration (nM) as a function of time following an oral prednisone dose of
5 (black), 20 (red) or 50 mg (green). The solid lines are the experimental results. The dashed lines show the
predicted concentrations for the 20 and 50 mg doses based on the 5 mg dose and assuming the PK are linear

This non-linearity is primarily the result of the saturating high affinity transcortin prednisolone binding.
An approximate quantitative analysis of this binding is given here. The transcortin binding is described by:
TC TC
- C=
TxC K, xT

Kr
T+CT—=2TC — K, = (17)
where C and T are the unbound prednisolone and transcortin concentrations, respectively, TC is the
transcortin bound concentration, and Ky is the prednisolone-transcortin dissociation constant. Prednisolone
also has a low affinity, non-saturating binding to albumin:
AC AC

K
A+CT22AC - K, = —C= (18)
T AxC K,xA

Since the unbound plasma albumin concentration (A) is about 600 uM, it is not saturated by

prednisolone and can be assumed to be a constant and equation (18) can be approximated by:
_AC
KA

C KA =K,A (19)

where KA is a constant. If there is no transcortin binding (as is the case for DEX and MP):
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_AC _C,—-C Cc 1

C = Fractionunbound=—= (20)
KA KA Co.. 1+KA

In addition, there are two equations for the total prednisolone (Cit) and transcortin (Twt) concentration:

C,.=C+TC+AC (21)

T,=T+TC (22)

tot
Solving the 4 equations (Equations (17), (18), (21) and (22)) for the 4 unknowns (C, TC, AC,T) for the free
prednisolone concentration C:
C= B+(Ctot _Ttot)KT —KA-1
2K, (KA+1) (23)

B=\[(Coot — Tt K2 + 2K, (Co + Tt (KA +1) + (KA + 1)

tot

The three binding parameters (K7, Tiwot, KA) can be estimated from the experimental measurements of the
free prednisolone (C) as a function of the total prednisolone (Ci:). Figure S4 shows a plot of predicted free
percent (100 C/Ci) as a function of Cir compared to the experimental measurements of Rose et. al. [15]
using the parameters Ti: = 500 nM, K7 = 0.02 (nM)™* and KA = 1. The free percent varies from about 8 % at
low concentrations when the high affinity transcortin binding dominates, to 50 % at high concentrations
when only the low affinity albumin binding is important.
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Figure S4. Content of free prednisolone as a function of the total prednisolone concentration. The
experimental results of Rose et. al (red circles) are compared with the model predictions (solid line)

Xu et. al. [16] have developed an interesting model of the non-linear prednisone/prednisolone PK. They
assume that the free prednisolone and prednisone concentrations can be described by a simple linear 1-
compartment model, with the only non-linearity arising from the transcortin binding that relates the free to
the total prednisolone. They derive a set of rate constants describing the rate of oral prednisone absorption,
and rates of clearance and interconversion of free prednisone and free prednisolone. This model was used
here to predict the free plasma prednisolone following oral prednisone doses of 5, 20 and 50 mg. The free
prednisolone (C) was converted to the corresponding total prednisolone (Ci:) using the inverse of the binding
equation (23):

_ (KAK,C+K, T, +K, C+KA+1)C
- K,C+1

C

tot

(24)
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Figure S5 compares this predicted total plasma prednisolone with the experimental results of Rose et.
al. [15]. The 8 Xu et. al. [16] model parameters for the oral prednisone dose were used unchanged except
that the rate constant for intestinal prednisone absorption was increased from 1.08 to 1.8 hX. The agreement
between experiment and model over this 10-fold dose range is quite impressive considering the simplicity of
the model and that the Rose et. al. data was not the primary data set that was used for the parameter
determination.
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Figure S5. Comparison of the model predictions of Xu et al with the experimental results of Rose et al for the

total plasma prednisolone concentrations following oral doses of 5 (a), 20 (b) or 50 (c) mg of prednisone

Summary

The purpose of this Supplementary section is to develop PK models that provide accurate predictions of
the plasma glucocorticoid levels following arbitrary IV or oral doses. These plasma concentrations are then
used in the main text to predict the degree of glucocorticoid mediated nuclear transcription. A summary of
these PK results is provided below.

For the linear PK glucocorticoids dexamethasone and methylprednisolone, the PK are characterized by
the unit response function h(t) (equation (12)) whose parameters are summarized in Table S2. The plasma
concentration following an arbitrary IV input (liv(t)), is described by equation (11):

C(t)=[1, () ht —7)dr (25)

For an oral input of dose D, the plasma concentration is equal to:

C(t):j‘IG,(T) h(t—7)dr (26)
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where Ig(t) corresponds to equation (23), with the parameters F, Ts and T listed in Table S2. The binding to
the glucocorticoid receptor is dependent on the free (unbound) concentration, which is simply equal to the
free fraction (Table S1) times C(t).

Oral prednisone is converted by the liver to the active prednisolone form, whose free concentration
determines the glucocorticoid receptor binding. Because of the non-linear transcortin binding, the unit
response function is not applicable, and it is necessary to use a more complicated approach. As shown above,
the model described by Xu et. al. [16] provides a good fit to the data for the prednisone dosage range of 5 to
50 mg. The free prednisolone plasma concentration as a function of time after the oral prednisone dose is
obtained as the solution to a set of three linear differential equations, characterized by 8 parameters.
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