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Lecture Outline
 How various animal, clinical, and theoretical 

studies with corticosteroids have provided 
ideas to advance the fields of PK and PD.

 Placement within the array of basic PK and 
PD model components.

 Synthesis of more complex models                   
in moving towards systems                
pharmacology.

Jusko WJ, Foundations of Pharmacodynamic Systems Analysis, In: 
Systems Pharmacology and Pharmacodynamics, AAPS Advances in the 

Pharmaceutical Sciences Series 23, ISBN: 978-3-319-44534-2, Chap 8, pp. 
161-175, Springer, New York, Editors: DM Mager and H Kimko (2016).
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My Early Publications
J. Pharm. Sci. 54: 219-225 (1965).

J. Pharm. Sci. 56: 58-62 (1967).

Milo Gibaldi Eino Nelson Gerhard Levy Wm. Jusko

My UB teachers and mentors.



LSD & Tissue Distribution: Hysteresis
Plasma Slow Comp in 2CM

J. Pharm. Sci. 58: 422-424 (1969).

Biophase model



Facial Plethora
Hemorrhage
Psychoses
Hyperglycemia
Myopathy
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SIDE EFFECTS (in 240 Pts)

Rose JQ & Jusko WJ, HPLC 
Assay, J Chrom 162: 273 (1979)



Corticosteroid 
Pharmacological

Effects

⇒ Treatment for Immune Related Diseases
- Rheumatoid arthritis 
- Lupus erythematosus  
- Bronchial asthma
- Organ transplantation

• Immunological Effects
– Immunosuppressive
– Anti-inflammatory

• Metabolic Effects
– Carbohydrate metabolism
– Lipid metabolism
– Protein metabolism

Adverse Effects
⇒ steroid diabetes
⇒ abnormal fat distribution
⇒ muscle wasting

negative nitrogen balance



Corticosteroid Pharmacokinetics in Man

Absorption
F = 2 - 80 %
First-pass

Distribution
Moderate (lipophilic)
PGP Substrates

Metabolism
Extensive (Hepatic, Renal)
Reversible

Renal Excretion
Slight

Jusko WJ, Ludwig EA, Corticosteroids
Chap. 27, Applied Pharmacokinetics (1992).

Cheng H, Jusko WJ, Bioph. Drug Disp. 14: 721 (1993).
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Array of Basic Pharmacokinetic Models

Adapted from Jusko, Guidelines for Pharmacokinetic Analysis, Applied Pharmacokinetics (2005). 
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Key Processes in Pharmacokinetics: PBPK
Process

Diffusion

Perfusion

Convection

Transit

Distribution

Organ Clearance

Equation Origin

Fick (1855)

Fick (1855), Teorell (1937)

Renkin (1979)

Bischoff & Dedrick (1973)

Stec & Atkinson (1981)

Rowland, Benet et al (1973)
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………..plus metabolism, transport, plasma and tissue binding



Minimal PBPK Models – Small & Large Molecules

Mammillary model 
Empirical approach

Cao Y and Jusko WJ, JPKPD 2012, 2013.
NCA



Basic Tenets of Pharmacodynamics
Capacity-Limitation Turnover & Homeostasis
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Hill Function

The Law of Mass Action
( D + R         DR ) and small
quantity of targets leads 
to capacity-limitations 
in most body functions.

Production LossBiological
Factor

(R)

Rkk
dt
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lossproduction •−=

Both diseases and therapeutic
agents often interfere with the
homeostasis in the body resulting 
from the natural turnover of 
biological substances, structures, 
or functions.



Processes Described by Capacity-Limited Relationships

WJ Jusko, J Clin Pharmacol 29: 488 (1989)

Process

Metabolic Rate

Transport Rate

Protein Binding
(Db = Bound Drug)

Receptor Binding
(Bsp = Bound Drug)

Transduction

Pharmacologic Effect
(E)

Equation Origin

Michaelis-Menten (1913)

Shannon (1939)

Goldstein (1949)

Clark (1933)

Black & Leff (1983)

Hill (1910)
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Biological Turnover Rates of Structures or Functions

Electrical Signals (msec)
Neurotransmitters (msec)

Chemical Signals (min)
Mediators, Electrolytes (min)

Hormones (hr)
mRNA (hr)
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Tissues (mo)
Organs (year)
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CS Effects on Cell Trafficking

Kong AN, Ludwig EA, Slaughter RL, DiStefano PM, Demasi J, Jusko, WJ. Pharmacokinetics and
pharmacodynamics modeling of direct suppression effects of methylprednisolone on serum
cortisol and blood histamine in human subjects. Clin. Pharmacol. Ther. 46:616 (1989).

T. Kong



Sex and Methylprednisolone PK/PD
Lew KH et al, Clin. Pharmacol. Ther. 54: 402 (1993).



Family of Indirect Response Models

Levy et al, CPT 10: 22 (1964); Dayneka, Garg, Jusko, JPB 21: 457 (1993), 
Jusko & Ko, CPT 56: 406 (1994); Sharma A and Jusko WJ,  BJCP 45: 229 (1998).
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PAIN:  PK/PD of 
Antinociceptive

Drug Effects

Rats received injection 
of uric acid in knee 
joint to induce 
dysfunction.
Lower Index %               

= less pain.

PK and PD were 
fitted jointly using
population 
methodology.

Flores-Murrieta, Kimko, Jusko, et al, 
JPB 26: 547 (1998).



Complex Indirect Response Models

kin koutResponse
(R)

Circadian Input
( ) ( )[ ]242cos π⋅−⋅+= zbmin ttRRtk

Krzyzanski et al., Chronobiol Int. 17:77 (2000)

Precursor-Dependent IRM
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Hazra, Krzyzanski et al., JPP 33:683 (2006)
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Krzyzanski, et al., JPB 27:467 (1999)
Krzyzanski, et al., JPP 33:125 (2006).
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Yao, Krzyzanski et al., JPP 33:167 (2006)



Drug Interactions:  Indirect Response Models
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Earp JC, Krzyzanski W, Jusko WJ, JPKPD 31: 345 (2004).
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Chemotherapeutic Targets:  Basic Model Paradigm
Jusko WJ, A Pharmacodynamic Model for Cell Cycle-Specific 
Chemotherapeutic Agents, JPB 1: 175 (1973).
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Signal Transduction - Transit Models

Sun YN & Jusko, JPB,  Mager D & Jusko WJ, 
Pharmacodynamic modeling of time-dependent 
transduction systems, CPT 70: 210 (2001).

D  +  R DR E E1

Em, KE τ τ
E2 E3

τ τBmax, KD

Adapted from: Harden TK, Leff P, Receptor-
Based Drug Design, Marcel Dekker 

Black JW and Leff P, Operational models of 
pharmacologic agonism, 
Proc Roy Soc London B Biol Sci 220: 141 (1983)



Array of Basic PK/PD Models
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CS & Systems PK/PD: Drugs & Genes & Models

Protein
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Mechanisms of CS Action: Giant Rat Studies

Activation of secondary 
signaling mechanisms…..

By V Ayyar



Corticosteroid Pharmacokinetics and Pharmacodynamics
NIH Grant GM 24211-42 (Jusko, Almon, DuBois, Androlakis)

Hypothesis:  Realistic and comprehensive PK/PD models of corticosteroid (CS)
action are feasible which permit more mechanistic insights into drug, dosage, 
and interaction factors which determine their effects.

Specific Aims

1.   Assess sex differences in circadian rhythms in rats

2. Sex differences in metabolic effects (glucose, lipids, etc) 

3. Assess sex differences relating to anti-inflammatory and
bone turnover systems in response to CS

4. Evolve systems pharmacology models to 
characterize global genomic, proteomic, and 
biomarker responses to CS in M & F rats

Almon

Androlakis DuBois



Circadian Rhythms in Gene Expression in Rat Lungs
Sukumaran et al., J. Appl. Physiol. 110: 1732 (2011).

Liver: J. Pharmacol. Exp. Ther. 
326: 700 (2008).

Muscle: Am. J. Physiol. Reg Int. Comp. 
Physiol. 295: R1031 (2008).

Fat: Physiol. Genomics 42A: 141(2010).



Corticosteroid PK/PD/PG in Rat Liver

0      1 2  3      4      5      6      7

10000

1000

100

10

1M
PL

 C
on

ce
nt

ra
tio

n 
(n

g/
m

l)

Time (hr)
0 4 8 12 16 20 24

D
R

(N
) C

on
ce

nt
ra

tio
n

(fm
ol

/m
g 

pr
ot

ei
n)

0

100

200

300

400

Time (hr)

0 12 24 36 48 60 72

G
R

 d
en

si
ty

 (f
m

ol
e/

m
g 

pr
ot

ei
n)

0

200

400

600

800

1000

0 12 24 36 48 60 72

G
R

 m
R

N
A 

(fm
ol

e/
g 

liv
er

)

0

10

20

30

40

50

0 4 8 12 16 20 24

TA
T 

m
R

N
A 

(p
m

ol
e/

g 
liv

er
)

0

1

2

3

4

Time (hr)

0 4 8 12 16 20 24

TA
T 

Ac
tiv

ity
 (
∆

A/
m

in
/m

g 
pr

ot
ei

n)
0

1

2

3

MP PK GR mRNA TAT mRNA

DR(N) Cytosol GR TAT



Liver Weight
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Corticosteroid PK/PD/PG Model

Fifth-generation model
Ramakrishnan et al
JPKPD 29: 1 (2002).



CS Effects on Diverse Genes in Rat Liver

33 603759

35 583933

38 403272

Yang et al,  JPET  324: 1243 (2008)
Use of Affymetrix Microarrays.

Nouri-Nigjeh E et al, Large-Scale Quantitative Proteomics with 
Application to Protein Expression Dynamics Induced by 
Methylprednisolone, Analytical Chem. 86: 8149 (2014). 



Arthritis Disease Progression Model
Rats with Collagen-Induced Arthritis -
Treatment with Dexamethasone.

Earp J et al., JPET 326: 532 & 546 (2008)



CS PD: Cytokine mRNA – Key MoA
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RA - CS PK/PD/PG/DIS Model

Components:
Disease Progression
5th-Gen CS PK/PD
Transit
Turnover



Receptor/Gene/Protein-Mediated Signaling Connects Methylprednisolone Exposure to 
Metabolic and Immune-Related Pharmacodynamic Actions in Liver
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Blood

Trafficking

STAT3m
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fu,pMPL

Amino acid breakdown

Steroid-induced 
hyperglycemia

pSTAT3
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PD end-point

Steroid PK

Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Qu J, and Jusko WJ, JPKPD (2018).

Components



Aspirations of Translational Systems 
Biology & Pharmacology

Community Knowledge
Literature Data

(for Development)

Laboratory-Generated
Prospective Data
(for Validation)

Physiology

Physicochemistry

Pathology

Genes

Proteins

Metabolomes

Biomarkers

Dynamic Systems Models

Insights and 
Discovery

Translational Uses
Addressing

controversies

Integrators of 
responses

Changes in response with molecular 
structure, gene modification, aging, etc.

In silico
clinical trials

Patient diagnostics

Personalized medicine

Rational
drug design

New
therapies



Summary
 PK, PD, and systems pharmacology models are premised 

on many basic laws of nature, biology, and pharmacology.

 Studies of properties of diverse drugs such as steroids have 
helped evolve PK from empirical NCA and compartment 
analyses to mechanistic and physiologically-based models.

 The principles of capacity-limitation in PK 
and target occupancy and types & rates of 
turnover processes serve as tenets for diverse 
pharmacodynamic and systems models.

 Addressing basic and translational aspects of 
PK/PD has provided me with extremely 
interesting and enjoyable opportunities and 
interactions in research, education, training, 
administration, consulting, and travel. 



With Considerable Thanks
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