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Abstract Receptor/gene-mediated effects of corticosteroids on hepatic tyrosine
aminotransferase (TAT) were evaluated in normal rats. A group of normal male Wistar
rats were injected with 50 mg/kg methylprednisolone (MPL) intramuscularly at the
nadir of their plasma corticosterone (CST) rhythm (early light cycle) and sacrificed
at various time points up to 96 h post-treatment. Blood and livers were collected to
measure plasma MPL, CST, hepatic glucocorticoid receptor (GR) mRNA, cytosolic
GR density, TAT mRNA, and TAT activity. The pharmacokinetics of MPL showed bi-
exponential disposition with two first-order absorption components from the injection
site and bioavailability was 21%. Plasma CST was reduced after MPL dosing, but
resumed its daily circadian pattern within 36 h. Cytosolic receptor density was signifi-
cantly suppressed (90%) and returned to baseline by 72 h resuming its biphasic pattern.
Hepatic GR mRNA follows a circadian pattern which was disrupted by MPL and
did not return during the study. MPL caused significant down-regulation (50%) in
GR mRNA which was followed by a delayed rebound phase (60–70 h). Hepatic
TAT mRNA and activity showed up-regulation as a consequence of MPL, and re-
turned to their circadian baseline within 72 and 24 h of treatment. A mechanistic
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receptor/gene-mediated pharmacokinetic/pharmacodynamic model was able to satis-
factorily describe the complex interplay of exogenous and endogenous corticosteroid
effects on hepatic GR mRNA, cytosolic free GR, TAT mRNA, and TAT activity in
normal rats.

Keywords Methylprednisolone · Corticosteroids · Pharmacokinetics · Pharmaco-
dynamics · Tyrosine aminotransferase · Glucocorticoid receptors

Introduction

Corticosteroids (CS) are effective anti-inflammatory and immuno-modulatory agents,
which are widely and frequently used for the treatment of various diseases. Acute,
high doses of CS are used in the treatment of septic shock, acute kidney transplant
rejection, and diffuse alveolar hemorrhage. Chronic, low doses of these drugs are
used in the treatment of chronic diseases such as lupus erythematosus and rheumatoid
arthritis [1]. Despite their beneficial effects, long-term therapy causes severe metabolic
disorders similar to those observed with abnormalities in endogenous hormones [2–5]
leading to Cushing’s syndrome, hypertension, hyperglycemia, muscle atrophy, and
dyslipidemia.

Receptor/gene-mediated effects of acute and chronic doses of CS on TAT dyna-
mics in (ADX) rats have been studied extensively in our lab [6–11]. Due to absence of
endogenous CST, studies in adeenalectomized ADX rats facilitates assessment of va-
rious pharmacodynamic/toxicodynamic endpoints governed by synthetic CS without
confounding factors such as non-stationary baselines of biomarkers. Although the
practical advantages in using this model are substantial, adrenalectomy may lead to
undesirable physiological changes such as increased sensitivity of hepatic cAMP in
response to catecholamines [12], decrease in body weight [13], delay in onset of
puberty in female rats, changes in expression of various neuropeptide genes [14],
and—most importantly—multi-factorial changes in the gluconeogenic pathway [15].
Despite the complexities that may be involved in using normal rats, they are more
physiologically relevant especially when evaluating the inter-relationships between
carbohydrate, protein, and lipid metabolism.

In this report, we attempted to quantitatively describe the receptor/gene-mediated
dynamic interplay of endogenous and exogenous CS in normal rats to regulate one of
the most highly studied biomarkers of CS, hepatic TAT (mRNA and activity).

Materials and methods

Animals

Normal male Wistar rats weighing between 125 and 175 g were purchased from
Harlan-Sprague-Dawley Inc. (Indianapolis, IN). The animals were housed in our
University Laboratory Animal Facility and acclimatized under constant temperature
(22◦C) and humidity (72%) with controlled 12 h/12 h light/dark cycle for at least
2 weeks with lights on at 6:15 AM and lights off at 6:15 PM. All rats had access to
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rat chow and drinking water. Our protocol adhered to the Principles of Laboratory
Animal Care (National Institute of Health publication 85-23, revised 1985) and was
approved by the University at Buffalo Institutional Animal Care and Use Committee.

Experimental

After 2–3 weeks of acclimatization, rats weighing 250–325 g received 50 mg/kg
methylprednisolone succinate (Solu-Medrol�, Pharmacia & Upjohn Company, Kala-
mazoo, MI) by intramuscular (IM) injection in the left hind haunch (gluteus muscle)
at the nadir of the circadian pattern of their endogenous CST (between 7:45 and
9:45 AM). Rats were weighed, anesthetized with ketamine/xylazine, and sacrificed by
aortic exsanguinations at 0.25, 0.5, 0.75, 1, 2, 4, 5, 6, 7, 8, 12, 24, 36, 48, 60, 72, 84
and 96 h (n = 3 per time point). Six rats injected with IM saline and sacrificed at 12 and
24 h (n = 3 per time point) served as controls. Blood was collected from the abdominal
aorta; plasma was harvested by centrifuging blood at 2,000g at 4◦C for 15 minutes
and stored at −80◦C until analysis.

For TAT enzyme assays approximately 1 g of liver was rapidly excised for prepa-
ration of crude supernatants in ice-cold potassium chloride buffer. Remaining liver
tissue was flash-frozen in liquid nitrogen and stored at −80◦C until further analyses.

Plasma steroid assays: Plasma was thawed and kept on ice until steroid extrac-
tion. The CST and MPL concentrations were determined by a normal phase high-
performance liquid chromatography (HPLC) method [16]. The lower limits of
quantification for both of these steroids are 10 ng/ml. Inter-day and intra-day coef-
ficients of variation (CV) for this assay were less than 10%.

Glucocorticoid receptors: A previously developed [10,17] radio-ligand binding
assay was used to quantify the hepatic free cytosolic GR density with some mo-
difications. Liver tissues stored at −80◦C were ground in liquid nitrogen chilled
mortars and pestles. The ground liver tissue, 1.5 g, was thawed in 9 ml of ice-cold
assay buffer (50 nM Trizma base, 0.2 mM sodium EDTA, and 10 mM sodium molyb-
date at pH = 7.5) for 20 min. Livers were homogenized and centrifuged at 10,000g
(4◦C) for 30 min. The supernatant was passed through two layers of cheesecloth
to obtain “crude” cytosol. Then 0.5 ml of dextran-coated activated charcoal in ice-
cold assay buffer (5%) was added to this supernatant (0.5 ml charcoal/5 ml of su-
pernatant) and spun at 10,000g at 4◦C for 15 min to remove any free MPL or CST.
The resulting supernatant was spun at 90,000g (4◦C) for 90 min in a Beckman L7-
55 ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA) to obtain the cyto-
sol used in this assay. This step removes materials which increase the non-specific
binding of the 3H-labeled dexamethasone (DEX) in the crude cytosol. Aliquots of
300µl cytosol were incubated at 4◦C for 18 h with 75µl of 3H-labeled DEX (39
Ci/mmol; Amersham, Arlington Heights, IL) in 1.5 ml polypropylene
microfuge tubes (VWR Scientific, Rochester, NY). Assay concentrations of DEX
ranged from 0.63 to 50 nM. Parallel incubations were set up in the presence and
absence of 75µl excess unlabeled DEX (Sigma Chemical Co., St. Louis, MO; as-
say concentration, 16.7µM). Final assay volumes were 450µl. Two 50µl aliquots
of cytosol were counted by liquid scintillation (Packard Instrument Co., Meriden,
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CT) to determine the total concentrations of 3H-DEX added into the assay. After
18 h of incubation, 150µl of dextran-coated charcoal in ice-cold assay buffer was
added to the cytosol to remove any free 3H-DEX. After centrifugation, 400µl ali-
quots of the supernatants were counted to determine total binding (DT) and non-
specific binding (DNS). Cytosolic free GR density (Bmax) was estimated using the
ADAPT II program (Biomedical Simulations Resource, Los Angeles, CA) by solving
simultaneously:

DT = DNS + Df · Bmax

Df + KD
(1)

DNS = KNS · Df (2)

where KD is the equilibrium dissociation constant for DEX for glucocorticoid recep-
tor binding and KNS is the non-specific binding constant. The receptor density values
were normalized by the protein content in the cytosol preparation [18]. The intra- and
inter-assay CV for this method was less than 10%.

Hepatic GR and TAT mRNA Measurements

RNA preparation

Total RNA in the liver (ground liver stored at −80◦C) was extracted in TRIzol (In-
vitrogen Corp, Carlsbad, CA) reagent according to manufacturer’s instructions. To
account for variable extraction yields, an external cRNA standard (GRG 1-cRNA)
was added to each liver sample before extraction. The integrity of extracted RNA
was confirmed by agarose formaldehyde gel electrophoresis. The quantity of extrac-
ted RNA was determined optical densities at 260. Total RNA samples were diluted
to desired concentrations in nuclease free water (Ambion, Austin, TX) and stored at
−80◦C until further analysis. The yield of RNA extraction was determined for each
liver sample by comparing the quantity of external cRNA standard added before the
extraction into liver tissue with that recovered after extraction [19].

Absolute quantification of GR and TAT mRNA by real-time quantitative RT-PCR

To quantify the TAT, GR and GRG-1 mRNAs we used QRT RT-PCR assays which
use gene specific TAQMAN probes and primers (Stratagene, La Jolla, CA) and in
vitro-synthesized cRNA as standards. The cRNA was prepared using conventional
cloning methods [19,20] and then in vitro transcribed to cRNA using T7 MEGAs-
cript In Vitro Transcription Kits (Ambion, Austin, TX). For QRT RT-PCR assays,
specific TaqMan probes and primers were designed using PrimerExpress software
(Applied Biosystems, Foster City, CA); sequences sharing homology with other rat
genes were excluded. Primers/probes were custom synthesized by Biosearch Tech-
nologies, Inc. (Novato, CA). The probes were synthesized with the fluorescent re-
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porter FAM (for TAT and GR) or HEX (GRG) attached to the 5′ end and the ap-
propriate BHQ attached to the 3′ end. Forward and reverse primer design allowed
positioning of the two oligonucleotides as close to one another without overlapping
the probe.

The assay was performed using the Brilliant 1-Step Quantitative RT-PCR Core
Reagent Kit (Strategene) according to manufacturer’s instructions. A cRNA stan-
dard curve was generated for each assay; standards were run in duplicate whereas the
samples were run in triplicate. A reverse transcriptase minus control (non-amplification
control) for each sample to test for the possibility of genomic DNA contamination in
extracted RNA and non-template controls (NTC) were run with each assay. In all
cases these controls gave no significant amplification signal. Construction of cRNA
standard curves allowed quantification of mRNA in moles of message. The optimum
concentrations for the various forward and reverse primers, probes, dNTP and magne-
sium chloride along with the oligonucleotide sequences are listed in Table 1. As a time
saving measure, a multiplex assay for GR and GRG-1 message was run in a single
tube without reduction in sensitivity. The intra- and inter-assay CV for all transcripts
of interest were under 15%.

TAT activity: Hepatic TAT activity was determined by the colorimetric assay of
Diamondstone [21] and reported as the change in absorbance (ABS) at 331 nm over
time (dABS/dt). These values were normalized for protein content in the crude liver
supernatant using the Lowry assay [18].

Additional data source: Information about the circadian rhythm of various genes
and protein markers had been obtained from a circadian rhythm study in our lab
[22,23] where two groups of rats were acclimatized to a strict 12 h/12 h light/dark
regimen and sacrificed at various time points to characterize the circadian variation in
various glucocorticoid regulated genetic and protein biomarkers such as glucocorticoid
receptor (GR) mRNA, free cytosolic GR levels, and TAT mRNA and activity.

The MPL concentrations after IV dosing were obtained from a pharmacokinetic
study where four male Wistar rats were given MPL via jugular vein cannula [24].
Blood samples were collected at 0.25, 0.5, 1, 2, 3, 4 and 6 h.

Pharmacokinetic/pharmacodynamic modeling

Methylprednisolone pharmacokinetics: A two-compartment mammillary model with
two absorption components from the injection site (Fig. 1) was used to describe the
plasma PK after 50 mg/kg MPL. The equations describing the model are:

Vc
dCP(IV)

dt
= −(kel + k12) · Ap(IV) + k21 · AT(IV) (3)

d AT(IV)

dt
= k12 · AP(IV) − k21 · AT(IV) (4)
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Fig. 1 Pharmacokinetic model
for methylprednisolone after IV
and IM administration
(50 mg/kg) in normal rats
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Vc
dCP(IM)

dt
= ka1 · DIM · F · Fr · e−ka1·t + ka2 · DIM · F · (1 − Fr)e

−ka2·t

−(kel + k12) · Ap(IM) + k21 · AT(IM) (5)

d AT(IM)

dt
= k12 · Ap(IM) − k21 · AT(IM) (6)

where A, C and D are the amount, concentration and dose in the corresponding
compartments designated by the subscripts P and T representing plasma and tissue
(distribution) compartments; kel is the first-order elimination rate constant from the
central compartment, V c is the central volume of distribution, k12 and k21 are the
first-order inter-compartmental distribution rate constants, Fr and (1 − Fr) are the
fractions of dose absorbed through two absorption pathways described by two first-
order rate constants, ka1 and ka2. The overall IM bioavailability (F) was determined by
simultaneously fitting plasma MPL concentrations after 50 mg/kg IV and IM dosing.

Corticosterone dynamics: The circadian rhythm of endogenous plasma corticoste-
rone (CST) in normal untreated male Wistar rats was described by an indirect response
model where CST is synthesized by a time-dependent synthesis rate, described by two
harmonic functions [22,23] and degraded by a first-order loss rate constant, kd,CST,

dCSTcontrol

dt
= ks,CST(t) − kd,CST · CSTcontrol (7)

The time-dependent synthesis rate of CST, ks,CST, can be described as:

ks,CST(t) = kd,CSTa0 + (
kd,CSTa1 + 2πb1/24

)
cos(2π t/24)

+ (
kd,CSTb1 − 2πa1/24

)
sin(2π t/24)

+ (
kd,CSTa2 + 2πb2/12

)
cos(2π t/12) (8)

+ (
kd,CSTb2 − 2πa2/12

)
sin(2π t/12)

123



650 J Pharmacokinet Pharmacodyn (2007) 34:643–667

where a0, a1, a2, b1 and b2 are the Fourier coefficients which were obtained by
fitting endogenous plasma CST profiles from untreated rats [22,23]. Subsequently,
the inhibition of CST by MPL was described as:

dCSTtreated

dt
= CSTstress

τ
+ ks,CST(t)

(
1 − MPL

MPL + IC50,MPL

)

−kd,CST · CSTtreated (9)

where, IC50,MPL is the concentration of plasma MPL responsible for 50% inhibition
of CST. Zero-order secretion of CST (CSTstress/τ ), independent of natural production
of plasma CST due to stress, is incorporated to describe early stress-induced secretion
of CST where CSTstress, the maximum concentration of plasma CST due to stress,
and τ , time when the stress-induced secretion of CST stops, were estimated as model
parameters. Thus, the term (CSTstress/τ ) operates when τ ≥ t ≥ tinj (time of injection).
The initial conditions for both Eqs. 7 and 9 were fixed to 33.6 ng/ml, which was
obtained from the circadian control animals [23].

Pharmacodynamics

Mechanistic basis of pharmacodynamics

Corticosteroids are highly protein bound in plasma [1]. Due to their moderate lipo-
philicity, the unbound fraction is known to passively diffuse into the cell [10,25]
and bind to their high affinity, specific nuclear receptor (a ligand activated transcrip-
tion factor) known as glucocorticoid receptor (GR). Upon binding to the ligand, the
receptor dissociates from heat-shock proteins, hsp 90, 70 and 56 [26,27], undergoes
conformational change, becomes phosphorylated and activated [28]. The activated
drug–receptor complex rapidly translocates into the nucleus where it binds to specific
palindromic sequences in the target gene, known as glucocorticoid response elements
(GRE) causing either stimulation or inhibition of transcription of various genes, such
as TAT. Changes in transcription rates result in alteration in specific mRNA levels,
which subsequently can result in changes in proteins leading to various physiological
effects exerted by CS [3,10,29]. It had been postulated that part of these receptors
may undergo degradation and the rest may recycle back to the cytosol to bind to new
ligand [10,30,31]. Although much less is known about CS inhibitory (negative GREs)
effects compared to their stimulatory (positive GREs) effects [32], CS are known
to inhibit their own receptor gene by a process called homologous down-regulation
[30,31]. In addition to rapid down-regulation of the cytosolic free receptors caused by
the translocation process, inhibition of GR mRNA transcription by activated nuclear
drug-receptor complex further reduces the free cytosolic GR.

Receptor dynamics

An integrated PK/PD model of CS receptor/gene-mediated effects in normal rats is
shown in Fig. 2. Since the pattern of cytosolic receptor density was identical to ADX
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Fig. 2 Pharmacodynamic/pharmacogenomic model of receptor/gene-mediated corticosteroid effects on
hepatic tyrosine aminotransferase in normal rats

rats [10], the general structure of the fifth generation model [9] of receptor dynamics
was followed. However, more complex regulation features of GR mRNA in homeo-
stasis and post-treatment conditions in normal rats were incorporated.

Since the free cytosolic receptors in the control rats and from the previously per-
formed circadian rhythm study [22,23] did not show any circadian variation, it was
postulated that the down-regulation of receptors is mediated by MPL only and not by
endogenous CST. In the absence of the drug, the receptors are produced from their GR
mRNA by a first-order rate constant, ks,GR, and degraded by a first-order rate constant
kd,GR. Free cytosolic receptors interact with free MPL to form drug–receptor complex
in the cytosol (DR), which rapidly translocates into the nucleus with a first-order rate
constant kT, forming DR(N). Part of DR(N) may either recycle back (Rf ) to the cytosol
or may degrade with a rate constant of (1 − Rf) · kre. The equations describing this
chain of events are:

d R

dt
=ks,GR · GRm−kd,GR · R−kon · ( f · Cp(IM)) /Vp · R+kre · Rf · DR(N ) (10)

dDR

dt
= kon · f · CP(IM)/Vp · R − kT · DR (11)

dDR(N )

dt
= kT · DR − kre · DR(N ) (12)

The receptor density was determined in two groups of control animals sacrificed at 12
and 24 h, and the initial condition for Eq. 10 was fixed to the mean values from those
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two groups (476 fmol/g). The initial conditions for Eqs. 11 and 12 were set to zero.
The free fraction ( f ) of MPL was fixed to 0.23 [33].

The regulation of GR mRNA was more complex in normal rats than ADX rats.
An obvious circadian rhythm was observed in hepatic GR mRNA from our circa-
dian rhythm study [22,23]. However, this variation was not in agreement with general
theory of CS-mediated down-regulation of GR mRNA [8–11,23,31] and was descri-
bed by an indirect response model with time-dependent production rate (independent
of endogenous CST circadian rhythm), kin,GRm, and a first-order loss rate constant,
kd,GRm:

dGRm,control

dt
= ks,GRm (t) − kd,GRm · GRm (13)

The time-dependent expression rate, kin,GRm(t), of GR mRNA in control rats was
described by two harmonic functions as:

ks,GRm (t) = kd,GRm a0,GR + (
kd,GRm a1,GR + 2πb1,GR/24

)
cos(2π t/24)

+ (
kd,GRm b1,GR − 2πa1,GR/24

)
sin(2π t/24)

+ (
kd,GRm a2,GR + 2πb2,GR/12

)
cos(2π t/12) (14)

+ (
kd,GRm b2,GR − 2πa2,GR/12

)
sin(2π t/12)

where a0,GR, a1,GR, a2,GR, b1,GR, and b2,GR are Fourier coefficients obtained by fitting
the GR mRNA circadian rhythm data from control animals using FOURPHARM [34].

The down-regulation followed by rebound in GR mRNA caused by MPL was
described by DR(N )-mediated inhibition of ks,GRm(t) and subsequent inhibition of
kd,GRm by a transduction signal generated from DR(N ),

dTC1

dt
= (1/τDR(N )) · (DR(N ) − TC1) (15)

dTC2

dt
= (1/τDR(N )) · (TC1 − TC2) (16)

dGRm

dt
= ks,GRm (t) ·

(
1 − DR(N )

DR(N ) + IC50,GRm

)

−kd,GRm ·
(

1 − TC2

TC2 + IC50,TC2

)
GRm (17)

where TC1 and TC2 are two transit compartments, τDR(N ) is the mean transit time
for signal transduction from DR(N ), IC50,DR(N ) is the concentration of DR(N ) at
which the synthesis rate of GR mRNA is reduced to 50% of its baseline, and IC50,TC2

is the concentration of TC2 responsible for 50% inhibition of the loss rate for GR
mRNA. Because stationarity was not assumed for normal rats, the ks,GR parameter
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was estimated with other parameters. The initial conditions for Eqs. 15 and 16 were
set to zero, whereas the initial condition for Eq. 17 was fixed to the measured average
values of GR mRNA from the control rats sacrificed at 24 h. The GR mRNA and free
hepatic cytosolic receptor density from the treated animals were fitted simultaneously
using the equations described above and the fitted parameters were fixed for further
analysis of TAT dynamics.

Tyrosine aminotransferase dynamics

Corticosteroids can affect TAT dynamics by increasing transcription of TAT mRNA.
TAT showed circadian variation in normal untreated rats [22,35] in both mRNA and
activities which was postulated to be mediated by endogenous CST. Regulation of
TAT mRNA (Eq. 20) and activity (Eq. 21) after MPL in normal rats was assumed to be
mediated by both endogenous CST as well as MPL. In the model depicted in Fig. 2,
free CST (CSTf ) was allowed to interact with the free cytosolic receptors, R, (given in
Eq. 10) the dynamics of which are governed by MPL, to form drug–receptor complex
in the cytosol (CR), which rapidly translocates to the nucleus forming DR(N). Both
nuclear drug–receptor complexes act non-competitively on TAT mRNA production
rate as given by,

CR = R · CSTf

CSTf + KD,CST
(18)

dCR(N )

dt
= kT · (CR − CR(N )) (19)

dTATm

dt
= ks,TATm

(
1 + STATm,MPL · DR(N )

) · (
1 + STATm,CST · CR(N )

)

−kd,TATm TATm (20)

where KD,CST is the dissociation constant for CST binding to free receptors (R) and
was calculated from a quantitative structure–property relationship (QSPR) model [36];
kT is the translocation constant to account for rapid entry of CR to form CR(N ). The
TAT mRNA is produced at a zero-order rate (ks,TATm) and dissipates with a first-order
rate constant, kd,TATm. Nuclear drug–receptor complexes from both CST and MPL
were assumed to act on the same process (ks,TATm) in a non-competitive manner [37]
with their respective linear stimulation constants, STAT,MPL and STAT,CST. The free
fraction of CST was fixed to 0.017 [23,38].

The TAT activity was assumed to be proportional to the TAT protein and was
translated from its mRNA. The production and loss of the protein were described by
two first-order rate constants dependent on the TAT mRNA (ks,TAT) and TAT activity
(kd,TAT). The amplification factor γ indicated that one copy of the mRNA is able
to translate multiple copies of the protein. The equation describing the enhanced
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expression of TAT activity is:

dTAT

dt
= ks,TAT · TATγ

m − kd,TAT · TAT (21)

Data analysis: The animals in the treatment group were dosed with MPL between
1.5 and 3.5 h after “lights on”. For simplicity, we assumed the treatment time to be
at 2.5 h in the circadian time in order to compare the data from our circadian rhythm
study [22,23] which served as an additional set of controls for this experiment. All the
figures with temporal profiles of dynamic measurements (CST, GR mRNA, GR, TAT
mRNA, and TAT activity) have been plotted with respect to circadian time where the
dosing was initiated at 2.5 h. However, all times specified in this report will refer to
post-treatment time unless mentioned otherwise.

Data from multiple animals were pooled and ADAPT II with the maximum likeli-
hood method was applied for all fittings. The variance models for MPL and CST PK
(Eq. 22) and for the PD (Eq. 23) are given by,

Var(σ, θ, ti ) = (σ1 + Y (θ, ti ))
2 (22)

Var(σ, θ, ti ) = σ 2
2 · Y (θ, ti )

σ 2
(23)

where Y represents the predicted value; σ1 and σ2 are the variance parameters which
were fitted, and θ represents the structural parameters. The goodness of the fit was
assessed by model convergence, visual inspection, Akaike Information Criterion (AIC),
Schwarz Criterion (SC), estimator criterion value, and examination of residuals.

Simulations of the driving forces for PD effects

In order to facilitate the understanding of the relationship between various driving
forces and the consequent pharmacodynamic effects, simulations were performed
using Eqs. 3–21 using ADAPT II. The parameter values used for these simulations
are listed in Tables 2–6 and graphs are shown in Fig. 7.

Results

Pharmacokinetics

The time course of plasma MPL concentrations after 50 mg/kg IM administration
is shown in Fig. 3. Comparison with the IV MPL kinetics from the ADX [10] and
normal rats [22] indicated a longer half-life after IM dosing MPL was quantifiable
in all rats up to 8 h in the IM group compared to only 4 h in the IV group indicating
absorption rate limited elimination (flip-flop kinetics). Simultaneous fittings of both IV
and IM data at the 50 mg/kg dose of MPL allowed us to resolve all kinetic parameters
with reasonable variability (Table 2). Two first-order absorption processes, one with a
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Table 2 Pharmacokinetic
parameters for
methylprednisolone

Parameters Definitions Value (CV%)

kel (h−1) Elimination rate constant 5.57 (28.6)

Vc (ml/kg) Central volume 718.7 (39.5)

CL (l/h/kg) Clearance 4.0 (15.9)

k12 (h−1) Distribution rate constant 3.61 (50.8)

k21 (h−1) Distribution rate constant 2.84 (21.3)

ka1 (h−1) Absorption rate constant 1.255 (23.2)

ka2 (h−1) Absorption rate constant 0.219 (53.6)

F Bioavailability 0.214 (16.4)

Fr Fraction absorbed by ka1 0.725 (11.3)

Table 3 Dynamic parameters
for corticosterone after MPL

Parameters Definitions Value (CV%)

kd,CST (h−1) Loss rate constant for CST 1.83 (17.2)

IC50,CST (ng/ml) Half-maximal inhibition
constant

6.0 (27.5)

τ (h) Time to CSTmax 0.35 (13.2)

CSTmax (ng/ml) Maximum CST due to
stress

597.4 (14.1)

Table 4 Circadian rhythm
parameters for CST and GR
mRNA

Parameters Definitions CST GR mRNA

T (h) Biorhythmic Period 24 24

a0 115.7 14.273

a1 −120.9 −1.528

a2 Fourier Coefficients 38.8 0.554

b1 −41.1 −3.036

b2 1.58 1.188

faster rate (1.255 h−1, 23.2% CV) than the other (0.219 h−1, 53.6% CV) were optimal
to describe the release of MPL from the injection site. The value of Fr indicates that
about 72.5% of the drug in the muscle site can be released in the circulation via the
faster absorption pathway (1.255 h−1) whereas the remaining fraction is released more
slowly (0.219 h−1). The overall bioavailability of IM MPL, 0.214 (16.4% CV) in rats is
lower compared to humans [39,40]. It is also lower than another CS, dexamethasone,
following IM dosing in rats [41]. The clearance (4.0 l/h/kg, calculated from kel · Vc)
and Vc (0.719 l/kg, 39.5% CV) values were similar to previously reported values (CL:
3.48 l/h/kg and Vc: 0.73 l/kg) in ADX rats after single doses of MPL [10].
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Table 5 Dynamic parameters for glucocorticoid receptors

Parameters Definitions Value (CV%)

kd,GRm (h−1) Loss rate for GR mRNA 0.12 (20.4)

IC50,GRm (nM) Half-maximal inhibition ks 15.2 (129.7)

IC50,TC2 (nM) Half-maximal inhibition of kd 60.5 (75.6)

τTC (h) Transduction delay 15.6 (68.4)

ks,GR (nM/h) (fmol/g)−1 Synthesis rate for GR 1.4 (74.6)

kd,GR (h−1) Loss rate for GR 0.05 (80.8)

kon (nM−1 h−1) Association constant 0.016 (32.9)

kre (h−1) Loss rate for DR(N ) 1.31 (45.7)

Rf Recycling factor 0.93 (3.0)

G Rm(0) (fmol/g) Initial value for GR mRNA 16.34 (fixed)

R(0) (fmol/mg protein) Initial value for GR density 476.0 (fixed)

Table 6 Dynamic parameters for hepatic tyrosine aminotransferase

Parameters Definitions Value (CV%)

ks,TATm (fmol/g/h) Synthesis rate for TAT mRNA 0.115 (51.4)

kd,TATm (h−1) Loss rate for TAT mRNA 0.232 (26.1)

SDR(N ) (nM/mg protein)−1 DR(N ) stimulation constant 0.0125 (54.4)

SCR(N ) (nM/mg protein)−1 CR(N ) stimulation constant 0.0025 (94.4)

ks,TAT (h−1) Synthesis rate for TAT 0.087 (44.2)

kd,TAT (h−1) Loss rate for TAT 0.31 (41.4)

γ Amplification factor 2.46 (25.8)

KD,CST (nM) Dissociation constant for CST 5.13 (fixed)

mRNATAT(0) Initial value for TAT mRNA 0.259 (fixed)

TAT(0) Initial value for TAT activity 0.1256 (fixed)

Corticosterone pharmacodynamics

The temporal patterns of plasma CST in control and treated animals are shown in
Fig. 4. A simulated CST profile from the circadian rhythm study [22,23] is also shown
for comparison. The parameters describing the circadian rhythm of CST are given in
Tables 3 and 4.

Although MPL was given at the nadir of CST (early light cycle), significantly higher
CST concentrations were observed (15 min post-dosing) compared to the controls
from the “circadian rhythm study”, perhaps due to stress during dosing. An empirical
zero-order secretion rate of CST independent of daily CST production rate was able
to capture these early high concentrations of CST. The latter averaged 597.4 ng/ml
(14.1% CV) over a period of 21 min (13.2% CV). MPL however, caused marked
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Fig. 3 Plasma pharmacokinetic profile of methylprednisolone after 50 mg/kg IV (top) and IM (bottom)
dosing. The symbols represent individual data from rats and the solid line represents the model (Fig. 1,
Table 2) fitted lines. The dashed lines depict 95% confidence intervals of model predictions

adrenal suppression which persisted up to 6–7 h post-dosing and CST slowly returned
to its daily rhythm by 24 h. Even after 12 h, CST concentrations were visibly lower
compared to the controls. Our model describing the inhibitory effect of MPL on the
endogenous secretion rate of CST (Eq. 9) was able to capture the CST profile well
with reasonable variability of the estimated parameters (Table 4). The IC50,CST value
of ∼6.0 ng/ml (27.5% CV) indicated strong inhibitory effects of MPL on CST. The
turnover rate constant of 1.83 h−1 (17.2% CV) was higher than reported literature
values for cortisol or corticosterone [42,43].

GR mRNA dynamics

The dynamics of hepatic GR mRNA after MPL dosing along with the model fittings
and simulations based on the parameters obtained from fitting GR mRNA profiles from
the circadian rhythm study are shown in Fig. 5 (top panel). The parameters describing
the circadian rhythm of GR mRNA are given in Table 4. MPL causes significant
perturbation in GR mRNA, which unlike CST, does not return to its regular daily
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Fig. 4 Plasma corticosterone profile in normal male Wistar rats (•: mean observed data±SD after 50 mg/kg
IM MPL, ◦: controls sacrificed at 14.5 and 26.5 h circadian time, solid line shows model fittings to Eq. 9
(parameters are given in Tables 3 and 4) and the broken line depicts simulated profile of CST from the
circadian rhythm study [23]. The inset represents a similar plot truncated at 15 h

rhythm within the time frame of our study. The GR mRNA declined from the baseline
(∼16–18 fmol/g) to the trough (25–30%) in 8–12 h after MPL followed by a rebound
phase with mRNA rising significantly higher than its baseline (approximately 30–40%
above the baseline at 48 and 60 h). Although suppression of GR mRNA up to 45–50%
of baseline after 50 mg/kg IV dosing of MPL was reported in ADX rats [8,10,11]
such rebound was not observed. The estimated parameters for Eqs. 15–17 are shown
in Table 5. The estimated kd,GRm, (0.12 h−1, 20.4% CV) and IC50,GRm value (15.2 nM,
129% CV) closely resembled previously reported values (kd,GRm: 0.11 h−1, IC50,GRm :
26.2–50.7 nM) in ADX rats [10,11]. The generation of a late rebound peak in the GR
mRNA required two transduction compartments with estimated mean transit time of
15.6 h (68.4% CV). Although our model was unable to completely match the rebound
phase, the down-regulation of GR mRNA was captured quite well.

GR density

The time course of free hepatic cytosolic receptor density in normal rats along with
the model (shown in Fig. 2) fittings are given in Fig. 5 (bottom panel). The estima-
ted parameters for Eqs. 10–14 are listed in Tables 5 and 6. Free GR readily disap-
peared from the cytosol (within 15 min) after MPL, followed by a biphasic return
as reported in ADX rats after various doses of IV MPL [10,11]. Almost 50% of GR
(constituting the first return phase) was recovered within 5 h post-treatment, which was
much faster than predicted by simulations (data not shown) using parameters from the
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Fig. 5 Hepatic GR mRNA (top panel) and free cytosolic GR density (bottom panel) in normal rats after
50 mg/kg IM MPL. The symbols represent the mean±SD and the solid lines depict model (Fig. 2) fitted
lines. The dashed line in the top panel shows the simulated circadian rhythm of GR mRNA based on results
obtained from our previous circadian rhythm study (parameters are given in Tables 4 and 5)

fourth-generation model of steroid receptor dynamics [10]. The estimated recycling
factor (Rf ) of 0.925 (3% CV) indicating almost 93% recovery of receptors from the
nuclear to the cytosolic compartment and the higher value of kre (1.31 h−1, 45.7% CV)
compared to the ADX rats (Rf : 0.49 and kre: 0.57 h−1) accounted for the faster initial
return phase in normal IM MPL treated rats. The second return phase closely followed
the return and rebound phases of GR mRNA. It took almost 60 h for complete recovery
of GR density. Similar to GR mRNA, GR turnover rate constants, ks,GR (1.4 fmol/g/h,
74.6% CV) and kd,GR (0.05 h−1, 80.8% CV) also closely resembled the reported va-
lues (ks,GR: 1.2 nM g/h/fmol; kd,GR: 0.0572 h−1) for ADX rats [10]. Although obvious
circadian variation was observed in GR mRNA, subtle if any daily variation was seen
in cytosolic receptors and our model was able to capture these features well. However,
it should be noted that most of the receptor dynamic parameters were associated with
relatively higher CV%. Lack of stationary baselines (unlike in ADX rats) for both the
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GR mRNA and GR may have resulted in over-parameterization of the system, thus
yielding poor precision of the estimated parameters.

TAT dynamics

The TAT mRNA in untreated normal rats followed a circadian pattern varying between
0.13 and 0.5 pmol/g [22]. After MPL the TAT message started to increase at 1 h post-
treatment reaching 2.0–2.5 pmol/g at 6–7 h (ca. 8.5–9.5 h) and returned to the baseline
by 24 h. The circadian rhythm of TAT mRNA did not seem to resume until 72 h.
Compared to the baseline message in normal rats from the circadian rhythm study
[22], 0.3–0.4 pmol/g between circa time of 2.5 (early light cycle) and 14.5 (early dark
cycle) hours the baseline values in the present study were higher ranging between
0.4 and 0.7 pmol/g at equivalent “circa time” between 74.5 and 86.5 h. The higher
baseline values in the MPL treated rats was described by estimated higher ks,TATm

(0.115 pmol/g/h, 51.4%) compared to the TAT mRNA synthesis rate (0.0256 pmol/g/h)
found for untreated rats from the circadian rhythm study [22]. A relatively higher linear
stimulation constant for DR(N ) (0.0125 nM−1 mg protein, 54.4% CV) compared to
CR(N ) (0.0025 nM−1 mg protein, 94.4% CV) was necessary to describe the effects of
the exogenous and endogenous corticosteroids. The temporal profile of TAT mRNA
along with the model predictions are shown in Fig. 6 (top panel). The values of the
estimated TAT dynamic parameters are given in Table 6.

The TAT activity profile, as shown in Fig. 6 (bottom), followed a similar increase
as TAT mRNA with a lag time of 1.5–2 h found in ADX rats [10,11]. The TAT activity
reached a peak of 0.7–0.84/mg protein at 6–8 h (post-treatment) which was almost 7–8
fold higher than the controls (0.09–0.1/mg protein), and resumed its circadian pattern
by 24 h. The return of a circadian pattern in TAT activity was more apparent compared
to TAT mRNA. Perhaps due to similar reasons as GR dynamics, i.e., non-stationarity
in TAT mRNA and activity baselines and consequent over-parameterization of our
model, precision for the estimated parameters describing TAT dynamics were high
(>40%). Although the baseline for TAT mRNA in the IM MPL group of rats was
higher compared to controls from the circadian rhythm study [22], baselines for TAT
activities were comparable. Due to this discrepancy, simultaneous analyses of these
two datasets was not done.

Simulations of driving forces for PD effects

To understand the basis of corticosteroid regulation of GR and TAT mRNA dynamics,
the driving force for these effects were simulated using Eqs. 11, 12, 15, 16, 18 and 19
and parameters obtained from Tables 2 to 6. Figure 7A shows simulated profiles for
free MPL concentrations, cytosolic DR, and nuclear DR(N ) profiles. The formation
and dissipation (translocation half-life: 5 min) of the DR is quite rapid as has previously
been reported in various in vitro studies [44,45] based on which the cytosolic-nuclear
translocation constant of DR was fixed to 58.5 h−1 [46]. The DR(N ) was used as
the driving force to regulate the down-regulation of GR mRNA. Figure 7B shows
the temporal profiles for the transduction compartments used to describe the rebound
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Fig. 6 Hepatic TAT mRNA (top panel) and TAT activity (bottom panel) dynamics after 50 mg/kg IM MPL.
The symbols (�, treated; �, control) represent the mean±SD and solid or dashed lines depict model (Fig.
2) predictions based on the parameters shown in Tables 5 and 6

phase of GR mRNA as well the model-predicted profiles for GR mRNA and density.
The initial down-regulation and first return phase of GR density (within 10 h) was
closely followed by up-regulation of DR(N ) indicating influence of the translocation
process in determining this initial phase of GR dynamics. On the other hand, the
second return phase of the receptors to the baseline was a slower process and followed
the return phase of GR mRNA.

Figure 7C shows the simulated CST, CR and CR(N ) profiles. Since the profiles
for CR and CR(N) are practically super-imposable, perhaps the concentration of CR
could be used to drive further PD effects. Because steroids are known to regulate trans-
cription of genes after their nuclear translocation and efforts in estimating a different
translocation constant for CR resulted in poor precision of the parameters, we fixed
the kT value for CR also as 58.5 h−1. Figure 7D shows the simulated concentrations
of CR(N ), DR(N ) as well as their regulation of TAT mRNA.
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Discussion

Investigation of various receptor/gene-mediated metabolic effects of CS has been of
great interest to us. Several generations of increasingly mechanistic models have been
developed to describe the dynamics of one of the most highly studied biomarkers
of CS, hepatic TAT (for both mRNA and protein) with acute and chronic doses of
corticosteroids in ADX rats. In this report we sought to extend our understanding of
dynamic effects of CS to intact rats, a more complex, however, more physiologically
relevant animal model. Several factors, related to both PK and PD, needed careful
attention due to the presence of endogenous CST such as stress related surges in CST
and non-stationarity of the dynamic markers. Despite all the complications that may
be involved in using this rat model, our objective was to quantitatively understand the
interplay of endogenous and exogenous CS by means of PK/PD modeling.

In our previous studies with ADX rats, animals underwent jugular vein cannula-
tion for IV dosing which causes stress related persistent increases in CST in normal
rats (unpublished results). Therefore, switching to normal rats required use of a less
stressful parenteral route of administration producing similar exposure as the IV route.
Simultaneous analysis of plasma as well as muscle site PK of MPL in rats revealed
incomplete bioavailability and a complex release pattern [24] from the injection site
(flip-flop kinetics with two absorption rates) compared to humans [39,40] and even
compared to other CS in rats [41]. Despite these complexities in PK via the IM route,

123



J Pharmacokinet Pharmacodyn (2007) 34:643–667 663

examination of TAT dynamics revealed similar IM and IV response profiles [24].
Therefore, the more convenient IM dosing was chosen.

The dose of MPL was given IM at the nadir of the CST circadian rhythm [22,23],
i.e., between 1.5 and 3.5 h after the light cycle started with the intention of keeping
adrenal suppression minimal. However, the stress-related surge in CST (comparable
to the highest CST at early dark period) was quite apparent due to handling of the
rats during dosing. This surge was not observed in the circadian rhythm study where
the animals were also handled in order to anesthetize with IM ketamine/xylazine
for sacrifice. Therefore, it was assumed that the stress induced CST surge is not
instantaneous and the time (21 min) to achieve the maximum CST (∼600 ng/ml) was
close to the first sampling time point of 15 min. Exogenous corticosteroids are known
to inhibit endogenous CST secretion rapidly by a negative feedback loop on the HPA
axis in humans as well as in rodents [43,47,48]. The IM MPL caused marked adrenal
suppression indicated by CST at 12 h in the MPL group (50.3±50.0 ng/ml) compared
to the controls (292.1±78.2 ng/ml). However, this suppression was not prolonged,
and the daily rhythm of CST was resumed within 24 h. Although the choice of the
highest level of stress-induced plasma CST (based on the observed data) and the time
to achieve this concentration was empirical, overall our model of CST dynamics was
able to fit the observed data well.

The GR mRNA in normal rat liver exhibits circadian variation, reaching its peak at
similar times as CST, i.e., at early dark cycle and nadir at early light cycle [38]. This
pattern is contrary to the inhibitory effects of exogenous CS on GR mRNA, suggesting
differential regulation of GR message in homeostatic conditions. Therefore, CST was
not used as a driving force to regulate the circadian rhythm of GR mRNA and an
empirical two-harmonic function was used to describe its rhythm.

Despite low bioavailability (21%) of MPL via the IM route, it caused substantial
down-regulation in GR mRNA (∼50%) as reported in ADX rats after IV MPL [10,11].
Autologous down-regulation of GR mRNA in various tissues is a well-known pheno-
menon, the exact mechanism of which remains unclear. Steroid-mediated decreased
transcription due to the presence of specific DNA sequences (perhaps negative GRE)
[30], interaction of steroid-bound receptors with other positive regulators of GR mRNA
[49], and destabilization of GR mRNA by CS [50] have been postulated to be possible
mechanisms. Interestingly, following down-regulation of GR mRNA, we observed a
subtle rebound phase. Although such biphasic regulation of GR mRNA was reported in
neuronal culture following dexamethasone treatment, apparently due to the presence
of two different types of GR (type I: CST preferring and type II) in the brain [49],
such phenomenon has not been reported for any other tissues. Perhaps prolonged and
profound deviation from its tightly controlled baseline may cause negative feedback
regulation. However, we were unable to use the changes in GR mRNA baseline to
drive the rebound phase due to poor precision of the estimated parameters (results
not shown) compared to the present model where a signal transduction compartment
derived from DR(N ) was assumed to inhibit the loss rate of GR mRNA.

The circadian rhythm of GR mRNA did not produce variation in receptor concentra-
tions. Rather a constant level of receptors was observed in the control rats (average of
476 fmol/mg protein from 6 control rats) suggesting a slower turn-over process (ks,GR:
1.4 nM/fmol/g GR mRNA/h; kd,GR: 0.05 h−1) for hepatic receptors. The estimated
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receptor half-life from our model (∼13.9 h) closely resembled previously reported
values (control: 19.9 h; treated: 9.7 h) from rat pituitary cell lines after exposure to
triamcinolone acetonide [51]. The IM MPL produced rapid and significant down-
regulation (within 15 min of dosing) in free cytosolic receptor density in normal rats
followed by a biphasic return to its baseline, a pattern which closely resembled the
reported GR profile effects in ADX rats after IV MPL. An integrated model, similar
to our fifth-generation model in ADX rats [9,10], was used to describe the dynamics
of GR mRNA and cytosolic receptor simultaneously where only binding of MPL (not
CST) to the GR was assumed to inhibit the synthesis of GR mRNA. Ideally we should
have been able to use the well-known Gaddum equation [52] to describe the compe-
titive binding of MPL and CST to their receptors (with their respective dissociation
constants) and use the resultant steroid-bound receptor to drive the down-stream dyna-
mic effects. However, neither GR mRNA nor free cytosolic GR showed any apparent
CST regulation. Consequently, simulated GR patterns (results not shown) using such
competitive interaction resulted in underestimation of free receptors in rat liver.

The TAT gene contains a positive GRE sequence in the promoter region. Therefore,
CS are major regulators of this transcription. In addition, the TAT gene is also regu-
lated by cAMP and insulin [53,54]. The TAT mRNA and activity followed a marked
circadian variation which was postulated to be mediated by the circadian rhythm of
CST [22]. Similar to previous studies in ADX rats, we observed a significant increase
in TAT mRNA and activity following MPL and TAT activity resumed its circadian
pattern faster than did TAT mRNA. The presence of a daily rhythm in GR mRNA
contrary to the regulation of exogenous CS on this gene and absence of any rhythm
in hepatic GR suggested a different CS regulation pathway for GR compared to TAT.
For modeling purposes we simply assumed that GR, both at mRNA and protein levels,
was insensitive to changes in plasma CST concentrations. Therefore, Eqs. 10–17 des-
cribing GR dynamics did not have any CST component. On the other hand, since we
observed resumption of a daily rhythm in TAT enzyme, it was assumed that free CST
binds to the available free cytosolic receptors (modulated by MPL) to form nuclear
drug–receptor complex, CR(N ), which in turn maintains the daily rhythm of TAT after
MPL effects dissipate. The linear stimulation factors for DR(N ) and CR(N ) to stimu-
late the transcription of TAT mRNA differed significantly (SDR(N ): 0.0125 nM−1 mg
protein, SCR(N ): 0.0025 nM−1 mg protein) from each other indicating different effi-
cacy for MPL and CST. This difference can be explained by comparing the simulated
concentrations of nuclear drug–receptor complex for MPL and CST (shown in Fig.
7D). The simulated maximum circadian concentration of CR(N ) (∼325 nM), based
on a fixed in vitro kD of 5.13 nM and 1.7% fraction unbound CST, were quite si-
milar to the highest DR(N ) concentrations (∼400 nM) derived from the our model
shown in Fig. 2. Clearly, the ability of CR(N) to stimulate TAT mRNA was much less
than DR(N), as reflected by their estimated stimulation constant values. Although this
difference could also be described by a higher in vivo kD value for CST, use of the
former approach yielded better fitting results.

Ideally, simultaneous fitting of TAT dynamics from the circadian rhythm study
and IM MPL treated normal rats should be possible. However, marked differences in
TAT mRNA baselines in these two groups, yielding similar TAT activities imply that
further complexities are involved. Our model was able to capture the general trend
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of GR and TAT dynamics quite well. However, possible over-parameterization of the
model yielded less than superior precision of the estimated parameters.

In summary, the regulation by MPL of GR as well as TAT dynamics was similar in
normal and ADX rats. However, interaction of exogenous and endogenous steroids in
regulating various biomarkers was far more complicated and dynamic than our expec-
tations based on previous models. Our current model of receptor/gene-mediated effects
of corticosteroids in normal rats was based on our highly mechanistic receptor/gene-
mediated [9,10] and QSPR-pharmacodynamic models [7] and was able to describe
the complex interplay of exogenous and endogenous corticosteroid effects on the
dynamics of hepatic GR mRNA, cytosolic free GR, TAT mRNA, and TAT activity in
normal rats.
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