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1. Part 1  - Basics

2. Part 2 – A more detailed look at key parameters

3. Part 3 – Prediction of human PK
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Introduction to Pharmacokinetics
Part 2         Pete Webborn

1. A deeper look at Drug Distribution

2. A deeper look at Clearance

3. Predicting hepatic clearance from in vitro data

4. Getting your head around plasma protein binding!

5. Case Study  - Pfizer antiarrhythmics PK 

6. Summary



Pharmacokinetics
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Absorption
Kinetics of crossing barriers

All about permeability and solubility*

The key question – Why is absorption 

incomplete?

A lot can be understood from 

Physicochemical properties
Distribution

Mainly about the relative 

affinity of a drug for  tissue v 

plasma 

(barriers are a specific case –

rare / predictable)

Can be complex  - But only three main processes!

Elimination (renal, metabolic etc)  

Reaction Kinetics

(Pseudo) first order processes



Volume of distribution

Drugs partition to tissues to different extents

◦ This is due to differential binding to lipids and macromolecules

Volume of distribution is a measure of the relative affinity of 
a compound for tissues and plasma protein

•It is “the apparent volume” that the compound is distributed in

•Volume of distribution (Vss)    = 1 L/kg      => similar affinities

•Vss > 1L/kg          => Higher affinity for tissues 

•Vss < 1L/kg          => Higher affinity for plasma
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Effect of lipophilicity and charge type 
on Vss

Bases - Blue

Neutral - Green

Acids - red

LogD

•Acids have low volumes, 

bases have high volumes

Why?



Drug Distribution
Unbound volume of distribution   Vss,u

Vss,u = Vss/fu

Also

Vss = Vp + Vt (fu/fut)

As Vp is small and Vt ~ 1L/kg

=>

Vss,u =  1/fut

Vss,u is a measure of tissue affinity (High fut =  High tissue affinity)

Tissue affinity  (and therefore Vss,u) tends to be consistent across species

This underpins how we predict volumes in man
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Bi-exponential declines

7

What is happening?

One compartment models often do OK for 

modelling the terminal half-life…..The risk 

is that they underestimate Cmax



Pka 7.6

LogD 2.5

Fu 0.2

How many compartments  (exponentials) in the model?
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How drug levels may differ in different tissues

Thiopental



What happens after 3 h ?

Now Whole body in equilibrium

[Tissue] / [Plasma] =Kp

[Tissue]free / [Plasma]free =Kpuu

Now - Half-lives in all tissues are the same

Governed by release rate from fat



Multi-Compartmental models
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Input   (mg)

Elimination (h-1)

Volume (ml)

Distribution rate constants (h-1)  



Physiologically based 
pharmacokinetic models

Organ blood flows, partition coefficients Kps, elimination rates - inputs
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Used for hypothesis testing and simulating conc-time profiles in plasma and 

tissues, particularly with multi-exponential profiles, DDIs and complex PK

e.g.SimCYP



“Clearance”

Clearance is the parameter that best describes the 
efficiency of an eliminating process

“Clearance”  = Dose /AUC

“Clearance” (ml/min) x plasma concentration (ng/ml) = rate of 
elimination (ng/min)

Influenced by plasma protein binding and blood flow….

Note: Clearances by different organs are additive*
CL = CLhepatic + CLrenal

This means if 2 area measured, the 3rd can be estimated

…….So, not a pure measure of the eliminating 
processes……But an overall measure



What is a big number for clearance?
Clearance and Hepatic extraction

Extraction ratio    - The fraction of drug removed by an organ

Cin = 100 nM Cout = 40 nM

60% removed (or extracted)

Definition of Extraction ratio: EH = CLBlood/QH

Guide : High CL  = >70% QH ,   Low CL  =< 30% QH

> > >>



Blood clearance and plasma 
clearance…..
If the Blood:Plasma ratio for a compound does not equal 1, then the blood 
clearance is not the same as the plasma clearance…..

◦ CLBlood ≠ CLPlasma (If not specifed, usually means plasma, but check)

What are the uses of the two parameters?

▪Blood clearance allows you to understand hepatic extraction and 
bioavailability

▪Plasma clearance allows you to estimate (with fu) the free plasma 
concentrations that drive efficacy
▪ All MMV PKPD models are based opon plasma concentrations

▪They are associated with the same half-life, because the Vss values derived 
from blood and plasma data are different

▪Drugs have B:P ratios > 1 because their affinity for rbc constituents is 
greater than that for plasma constituents (for anti-malarials it’s generally 
because the haemoglobin affinity is greater than the albumin affinity) 



Intrinsic clearance (CLint)

A more specific definition of clearance relating free drug 
concentration at the enzyme, to rate of elimination

Vmax/Km = CLint (or Kcat in enzymology)

Just as CL x Cp = rate of elimination

V = CLint x[S]free

and                  CLint =  V/[S]free

This is the parameter obtained when studying 
elimination by enzymes, sub-cellular fractions or cells

◦ hepatocyte CLint

◦ microsome CLint



Basis of in vitro Clint estimation
“Substrate loss method”

y = -0.0035x + 1.0104

R
2
 = 0.991

0.76

0.81

0.86

0.91

0.96

1.01

0 50

1. Plot log Conc v time

2. Determine slope /half-life

3. Compute CLint     like: CL = 0.693 x Volume /T1/2

4. Estimate binding in system fu,inc

5. Compute CLint,unbound (CLint/fu,inc)

Problem: The term  CLint implies unbound, but does not usually mean unbound !   

so we have to use CLint,unbound Which is annoying!

A very common assay, gets difficult when the turnover is small (LOQ ?)



Calculation of clearance from CLint
-The well-stirred liver model
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Poor Extrapolation of in vitro data 
to in vivo - Clearance

Primary 

screening
In vitro 

metabolism

In vivo PK PD models

“Poor IVIVE”

If microsome and hepatocyte data do not predict in 

vivo clearance – are they of any value to a project?

If animal clearance is not predicted by an in vitro 

system, what use is it for predicting human PK?



Plasma protein binding

Simplistically - if a compound is 90% bound, free levels are 10% of what 

you measure in vivo (Total levels)

Measured by equilibrium dialysis in vitro

High binding (>99.5%) can be a challenge to measure accurately

Protein binding does not need to be optimised, high or low binding just 

results different PK properties….. 
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Plasma protein binding – Key points

Drugs can be 99.99% bound to plasma proteins, but it is a rapid equilibrium

Cells, enzymes and drug targets are in equilibrium with the free drug

[Intracellular free] assumed to be same as [plasma free] at equilibrium (unless transporters 
involved, pH effects)

Unbound fraction is the relevant parameter:
◦ A compound that is 95% bound,  has half the proportion free as one that is 90% bound

Albumin is the major source of binding of acidic and neutral compounds – A very high capacity 
system (Albumin is present in plasma at 600uM)

Bases bind to α1-acid glycoprotein (~15uM, but can vary in some disease states)

Lipophilicity and charge are the key drivers

Note:  high ppb makes total plasma levels high, not free levels low!!?!!  



Plasma Protein Binding and lipophilicity
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Only one of these statements is 
mechanistically correct..................

“Because of the high plasma protein binding, free plasma 
concentrations will be very low”

“Because of the high plasma protein binding, total plasma 
concentrations will be very high”



PK studies in Drug Discovery

In vitro test systems

(Potency, etc)

Closed systems

Free levels driven by binding

Cu = C x Fu

In vivo systems

Open systems

Free levels driven by  elimination rate

Rate out  = Clint  x S,free

From

V = CLint x S,free (CL = V/S)
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Protein Binding – Two different scenarios  

Smith et al (2010) Nature Drug Discovery Dec;9(12):929-39



Why is unbound concentration independent of fu?

•At steady-state, rate in  = rate of elimination

•Rate in = Rate of infusion

•As Rate of elimination = CLint x Unbound conc

• So Rate of infusion = CLint x Unbound conc

• and    Unbound conc = Rate of infusion / CLint

Free conc is independent of protein binding
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V = CLint x[S]free



Plasma Protein binding – in vivo
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C Increase ppb B Reduce CLint
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Css =  Input rate  / CL

CL = CLint x fu

Css =  Input rate  /CLint xfu

Free levels

At steady-state  in rate = out rate

Css,u =  Input rate  / CLint

A



Glomerulus

Proximal tubule

Peritubular capillary

Reabsorption

(LogD)

Secretion

(Transporters) Excretion into urine

Renal CL =    Ratefiltration +  Ratesecretion - Ratereabsorption

(GFR*fu)

If renal clearance (ClR) > GFR*fu then active secretion must be involved

GFR : in rat 10 ml/min/kg

in dog 4 ml/min/kg

in man 2 ml/min/kg

Renal ClearanceRenal Clearance



Renal Clearance – passive 
and active

Passive Renal Clearance

◦ Filtration at glomerulus and little/no reabsorption

◦ predominates for some low logD compounds (logD < 0)

Active Renal Clearance

◦ Active secretion can occur via transporters

◦ Transporters in proximal tubule include OCTs, OATs, MATEs, Pgp, MRP

Measured by housing in metabolic cages that separately collect urine and 
faeces

If 10% of the drug is unchanged in urine after an iv dose, means 10% 
of the clearance is renal



Predicting Human PK
Keeping it simple
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Absorption Hepatic clearance Volume of distribution

Bioavailability Half-life

PK Profile

Renal clearance



Pfizer - Antiarrhythmics
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Pharmacokinetics in the Dog
Compound 

1

Compound 

2

Compound 

3

Compound 

4

LogD7.4 0.7 0.9 1.3 2.1

pKa 8.0 8.2 7.8 7.3

fu 0.46 0.31 0.13 0.08

CL (ml/min/kg) 10 4 2.4 2.4

Vss (l/kg) 4.0 3.9 3.9 1.2

t½ (h)

% in Urine

CLr (ml/min/kg)

Clmet ml/min/kg)

Gfr x fu

CLint (CLmet/fu)

Microsome  t½ 

(min)



Pharmacokinetics in the Dog
Compound 

1

Compound 

2

Compound 

3

Compound 

4

LogD7.4 0.7 0.9 1.3 2.1

pKa 8.0 8.2 7.8 7.3

fu 0.46 0.31 0.13 0.08

CL (ml/min/kg) 10 4 2.4 2.4

Vss (l/kg) 4.0 3.9 3.9 1.2

t½ (h) 4.6 12 19 6

% in Urine

CLr (ml/min/kg)

Clmet ml/min/kg)

Gfr x fu

CLint (Clmet/fu)

Microsome  t½ 

(min)



Pharmacokinetics in the Dog
Compound 

1

Compound 

2

Compound 

3

Compound 

4

LogD7.4 0.7 0.9 1.3 2.1

pKa 8.0 8.2 7.8 7.3

fu 0.46 0.31 0.13 0.08

CL (ml/min/kg) 10 4 2.4 2.4

Vss (l/kg) 4.0 3.9 3.9 1.2

t½ (h) 4.6 12 19 6

% in Urine 30 50 34 5

CLr (ml/min/kg)

CLHep (ml/min/kg)

Gfr x fu (filtration) 1.8 1.2 0.5 0.3

CLint (CLH/fu)

Microsome t½ 

(min)



Pharmacokinetics in the Dog
Compound 

1

Compound 

2

Compound 

3

Compound 4

LogD7.4 0.7 0.9 1.3 2.1

pKa 8.0 8.2 7.8 7.3

fu 0.46 0.31 0.13 0.08

CL (ml/min/kg) 10 4 2.4 2.4

Vss (l/kg) 4.0 3.9 3.9 1.2

t½ (h) 4.6 12 19 6

% in Urine 30 50 34 5

CLr (ml/min/kg) 3 2 0.8 0.1

CLH (ml/min/kg) 7 2 1.6 2.3

Gfr x fu (filtration) 1.8 1.2 0.5 0.3

CLint (CLH/fu)

Microsome  t½ 
(min)



Pharmacokinetics in the Dog
Compound 

1

Compound 

2

Compound 

3

Compound 

4

LogD7.4 0.7 0.9 1.3 2.1

pKa 8.0 8.2 7.8 7.3

fu 0.46 0.31 0.13 0.08

CL (ml/min/kg) 10 4 2.4 2.4

Vss (l/kg) 4.0 3.9 3.9 1.2

t½ (h) 4.6 12 19 6

% in Urine 29 50 34 5

CLr (ml/min/kg) 3 2 0.8 0.1

ClH (ml/min/kg) 7 2 1.6 2.3

Gfr x fu 1.8 1.2 0.5 0.3

CLint (CLH/fu) 16 6 12 29

Microsome t½ (min) 150 >150 >150 58



Human Dog Rat

CL (ml/min/kg) 4.3 10 37

Fu 0.36 0.46 0.46

%drug in urine 60 29 23

CLr (ml/min/kg)

CLH

CLH,u

Renal filtration 

rate (gfr*fu)

Net secretion 
(ml/min/kg)

% dose secreted

Pharmacokinetics of Dofetilide (Compound 1)



Human Dog Rat

CLp (ml/min/kg) 4.3 10 37

Fu 0.36 0.46 0.46

%drug in urine 60 29 23

CLr (ml/min/kg) 2.8 2.8 12

CLH (ml/min/kg) 1.5 7.0 25

CLH,u (ml/min/kg) 0.54 3.2 11.5

Renal filtration 

rate (gfr*fu)

0.7 1.8 5.0

Net secretion 
(ml/min/kg)

% dose secreted

Pharmacokinetics of Dofetilide



Human Dog Rat

Cl (ml/min/kg) 4.3 10 37

Fu 0.36 0.46 0.46

%drug in urine 60 29 23

CLr (ml/min/kg) 2.8 2.9 9

CLH (ml/min/kg) 1.5 7.0 28

CLH,u (ml/min/kg) 4.2 15 61

Renal filtration 

rate (gfr*fu)

0.7 1.8 5.0

Net secretion 

CL(ml/min/kg)

2.1 1.2 4

% dose secreted 50% 12% 11%

Renal Pharmacokinetics of Dofetilide

Relevance: Chloroquine is ~40% renally excreted in humans



Human Dog Rat

CL (ml/min/kg) 4.3 10 37

Vss (l/kg) 2.8 4 4

T½ (h) 8 5 1.2

F% ~95 72 32

%Absorbed

Fu

Vss u (l/Kg)

Pharmacokinetics of Dofetilide (Compound 1)

F = Fa x (1-EH)

Fa =    F 

1-(CLH/QH)

B:P = 1 

(Guess)

Hepatic blood  dog  ~40 mL/min/kg 

Hepatic blood rat   70 mL/min/kg



Human Dog Rat

CL 

(ml/min/kg)

4.3 10 37

Vss (l/kg) 2.8 4 4

T½ (h) 8 5 1.2

F% ~95 72 32

%Absorbed 100 87 53

Fu 0.36 0.46 0.46

Vss u (l/Kg)

Pharmacokinetics of Dofetilide

F = Fa x (1-EH)

Fa =    F 

1-(CL/QH)

Vssu = Vss/fu

• Which species is the best predictor of human absorption?



Human Dog Rat

CL (ml/min/kg) 4.3 10 37

Vss (l/kg) 2.8 4 4

T½ (h) 8* 5 1.2

F% 100 72 32

%Absorbed ~95 85 54

Fu 0.36 0.46 0.46

Vss u (l/Kg) 7.8 8.7 8.7

Pharmacokinetics of Dofetilide

F = Fa x (1-EH)

Fa =    F 

1-(CL/QH)

• Unbound volume ( tissue affinity) is similar across species

• This common observation underpins human volume prediction



Dofetilide Labelling

The elimination half-life of dofetilide is roughly 10 hours; however, this 
varies based on creatinine clearance), and ranges from 4.8 to 13.5 
hours. 

80% of dofetilide is excreted by the kidneys, so the dose of dofetilide
should be adjusted in individuals with renal insufficiency, based 
on creatinine clearance.

In the kidneys, dofetilide is eliminated via OCT2. Agents such 
as verapamil, cimetidine, hydrochlorothiazide, itraconazole, ketocona
zole, prochlorperazine, and trimethoprim should not be administered 
to individuals taking dofetilide.

About 20 percent of dofetilide is metabolized in the liver via 
the CYP3A4 isoenzyme of the cytochrome P450 enzyme system. 
Drugs that interfere with the activity of the CYP3A4 isoenzyme can 
increase serum dofetilide levels. 

If the renal cation exchange system is interfered with (as with the 
medications listed above), a larger percentage of dofetilide is cleared 
via the CYP3A4 isoenzyme system.
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https://en.wikipedia.org/wiki/Half-life
https://en.wikipedia.org/wiki/Creatinine_clearance
https://en.wikipedia.org/wiki/Kidney
https://en.wikipedia.org/wiki/Renal_insufficiency
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https://en.wikipedia.org/wiki/CYP3A4
https://en.wikipedia.org/wiki/Cytochrome_P450
https://en.wikipedia.org/wiki/CYP3A4
https://en.wikipedia.org/wiki/CYP3A4


Summary

•Volume of distribution is a measure of the relative affinity for tissues and plasma

•Unbound volume relates to tissue affinity and is ~constant across species

•Clearance and intrinsic clearance (CL,int) are the parameters that tell you about 
efficiency of eliminating processes

• Relate to blood flow (liver) or gfr (kidney)

• Intrinsic clearance is the measure derived from in vitro systems, and by correcting in 
vivo clearance data

•Protein binding is not a parameter to optimise in itself, but if it is too high then it is 
difficult to measure and this may cause problems. Very high PPB is often 
associated with high lipophilicty -> low solubility and high CL,int

•Free drug levels in vivo are determined by the intrinsic clearance not the protein 
binding!

•“Unbound” parameters tell you the most about your compound, optimisation 
should focus on these parameters

• Next lecture – How to predict Human PK
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Human Dog Rat

Cl (ml/min/kg) 4.3 10 37

Fu 0.36 0.46 0.46

%drug in urine 60 30 32

CLr (ml/min/kg) 2.8 2.8 12

CLmet 1.5 7.0 25

Clmet,u 0.54 3.2 11.5

Renal filtration 

rate (gfr*fu)

0.7 3.0 5.0

Net secretion 
(ml/min/kg)

2.1 1.0 7

% dose secreted 50% 10% 19%

Pharmacokinetics of Dofetilide

*Relevance?  As we increase metabolic stability, any renal clearance becomes 

more significant….  Chloroquine is excreted ~40% unchanged in humans!



Volume of Distribution

Can only be determined from an i.v. dose

Unit L/kg or L          Deifferent volmes can be calculated

Initial
◦ Vo = Dose/Co

Steady state
◦ Vss = Cl x MRT/0.693

Terminal
◦ Vz = Cl x half life/0.693
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Enzyme Cell Organ / in vivo

Michaelis- Menten 

kinetics

V = Vmax .S

Km + S

At low [S]

V= Vmax .S

Km

As CLint =   Vmax

Km

V = CLint .S

As for enzyme, plus:

non-specific binding

Substrate access  

(ie True Sfree)

Binding corrected 

for

V = CLint .S .fuinc

V = CLint .Sfree

As for Cell, plus:

Plasma protein 

binding / B:P ratio

Blood flow

..a mathematical 

model needed

Eg The Well-

stirred model

Rate of metabolism (clearance) in different systems

int

int

.

..

CLfuQ

CLfuQ
CL

b

b

+
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Predicting Human PK
Factors that may complicate

Author | 00 Month Year SET AREA DESCRIPTOR | SUB LEVEL 1 46

Absorption Hepatic clearance Volume of distribution

Bioavailability Half-life

PK

PD understanding

Formulation/salt form

Renal clearance

Gut metabolism

Gut transporters

Protein binding

Permeability
Multi-phasic declines

PKPD modelling

Population modelling

Non-linear kinetics

Hepatic 

transporters

Auto-induction

Dose


