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Pharmacodynamics and
Pharmacokinetic/
Pharmacodynamic Relationships

Pharmacodynamics is the study that establishes and elucidates relationships between
concentrations of a drug at the receptor or target organ (effect site) and the intensity
of its pharmacological effect. Pharmacodynamic studies can provide a means for
identifying important pharmacological and toxicological properties of a drug in
animals and humans, including, e.g., efficacious target concentrations, drug safety
margin, potential risk factors, and the presence of active metabolites (Holford and
Sheiner, 1982). In many cases, it is difficult to measure drug concentrations right at
the effect site, and thus therapeutic drug monitoring is often performed by measuring
drug concentrations in plasma or other readily accessible body fluids, which may not
be directly related to the intensity of the drug effect. Pharmacokinetic and phar-
macodynamic modeling contributes to a better understanding of the relationship
between drug concentrations in biological fluids, where concentrations are measured,
and those in the effect site. In this chapter, pharmacodynamics and various
pharmacokinetic/pharmacodynamic models and physiological and experimental
factors that may complicate pharmacodynamic studies are discussed.

11.1. PHARMACODYNAMICS

11.1.1. Definition

Pharmacodynamics deals with the relationship between drug concentrations at
the effect site or concentrations (usually unbound concentrations) in plasma in
equilibrium with effect site concentrations, and the magnitude of the observed
pharmacological effect ofthe drug.

11.1.2. Effect Site

The effect site (site of action) of a drug can be a target receptor/enzyme(s) or
an organ(s) where the initial pharmacological responses to the drug are produced.
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For instance, the effect site of antidepressant agents would be the brain, and thus
drug concentrations in the cerebrospinal fluid might be more relevant in establishing
pharmacodynamic relationships than the plasma or blood drug concentrations
under nonsteady state conditions. This is because drug concentrations between the
brain and the blood can differ significantly at nonsteady state owing to delay in drug
transport across the blood—brain barrier. On the other hand, the blood can be
considered an effect site for certain antibiotics that target blood pathogens. In many
cases, the experimentally measured pharmacological effects of a drug in vivo are only
remotely or indirectly related to the initial stimulus it produces at the effect site,
because there is often a series of biological events after the initial stimulus that lead
to the observed effects.

Drug concentration at the effect site: The most direct link between concentration
and effect can be made by simultaneous measurements of drug concentrations at the
effect site and the corresponding pharmacological effects. However, owing to
experimental difficulties in simultaneous measurements, the pharmacodynamic rela-
tionship is sometimes investigated when drug concentrations at the effect site are
considered to be in equilibrium with those in readily available biological fluids such
as plasma or blood after steady state infusion or multiple dosing.

11.1.3. Pharmacological Effects

The pharmacological activity of a drug generally includes a series of sequential
events, i.e., interaction of drug molecules with their action sites or receptors,
induction of a stimulus to the effector systems, and subsequent production of the
effect (observed pharmacological endpoints). For instance, although warfarin rapidly
blocks the synthesis of the prothrombin complex activity P, it takes several days
before the levels of circulating P are reduced sufficiently to decrease normal
prothrombin activity, a pharmacological endpoint. Therefore, the intensity of the
pharmacological response observed does not necessarily reflect the result of direct
interaction of drug molecules with target receptors or enzymes, especially when the
receptors and the effector systems are not located in the same organs or tissues.

11.1.3.1. Characteristics of Pharmacological Responses

The reliable and reproducible measurement of drug’s pharmacological effects is
probably the most important factor required to establish meaningful phar-
macodynamic relationships. There are several criteria by which to define the various
characteristics of pharmacological responses.

(a) All-or-None vs. Graded Responses. The fixed (all-or-none) response of a
drug implies that there is or is not a response, e.g., mortality rate, whereas the graded
response may vary with dose or drug concentration. The graded response can be
further divided into absolute and relative responses, which can be measured in a
definitive or relative manner, respectively. For instance, blood pressure or body
temperature can be viewed as an absolute response, while percent muscle contractil-
ity is considered a relative response.
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(b) Direct vs. Indirect Responses. For some drugs, the pharmacological end-
points may directly reflect the capacity (intrinsic activity) and affinity (potency) of
the interaction between a drug and specific receptors/enzymes. In some cases,
however, the pharmacological response to a drug may not be directly related to its
binding rate to receptors, but result from serial biological events after its initial
interaction with receptors. For instance, the gradual decrease in blood pressure
brought about by a diuretic can be viewed as an indirect response.

(c) Reversible vs. Irreversible Responses. A reversible response means that the
baseline effect prior to treatment can be restored when the drug is no longer being
administered. On the other hand, an irreversible response implies that the drug
causes changes in certain in vivo physiological or biological conditions such that the
baseline effect cannot be restored when the drug is withdrawn. For most drugs, the
effect is reversible. The pharmacological effect of drugs such as antibiotics or
antineoplastic agents can be viewed as irreversible.

11.1.3.2. Receptor Theory

The pharmacological effect ofa drug is mediated by the initial interaction of the
drug molecules with particular receptor(s) according to the following scheme:

+D
R = R-D — E

Inactive Activated Pharmaco-
receptor receptor logical
(R) by drug (D?) effect (E)

11.1.4. Differences among Pharmacokinetics, the
Pharmacokinetic/Pharmacodynamic Relationship, and Pharmacodynamics

When dealing with the overall time course of a dose—effect relationship,there
are three different stages to be considered, as indicated in Fig. 11.1 (Holford and
Sheiner, 1981).

STAGE 1: The relationship between the dose and the time course of drug concentra-
tions in biological fluids (pharmacokinetics).

Stage 1 Stage 2 Stage 3

Dose —| PK [— C,(t)— PK/PD Ce(t)—| PD {wm- Effect

Figure 11.1. Overall relationships between the administered dose and the intensity of the measured
pharmacological effects at the three different stages Ce(t): concentration of drug at the effect site at time
t, Cy(t): concentration of drug in biological fluids such as plasma or blood at time t, PD: pharmaco-
dynamics, PK: pharmacokinetics, PK/PD: pharmacokinetic/pharmacodynamic relationship.



192 Chapter 11

STAGE 2: The time-dependent relationship between the drug concentrations in
biological fluids such as plasma and at the effect site, which can be established by
linking pharmacokinetics and pharmacodynamics of the drug with PK/PD modeling
approaches (pharmacokinetic and pharmacodynamic relationship).

STAGE 3: The relationship between drug concentration at effect site and the observed
pharmacological effects (pharmacodynamics).

The direct pharmacodynamic (PD) relationship can be established between plasma
(or blood) concentrations and the observed pharmacological effects of a drug
without pharmacokinetic/pharmacodynamic (PK/PD) modeling when: (1) drug
concentrations at the effect site have reached equilibrium with concentrations in the
plasma, especially free drug concentrations, after steady state infusion or multiple
doses; or (2) the plasma (or blood) pool is the drug action site such as is the case
with antibiotics. Except for these two cases, PK/PD relationships ofa drug may have
to be examined to establish its true PD profiles. PK/PD modeling can offer:

1. A better understanding of pharmacological behaviors of a drug (duration of
action, delayed effect, circadian rhythm, biofeedback, etc).

2. Opportunity for recognizing the presence of active (or inhibitory) meta-
bolite(s).

3. A better strategy for a therapeutic dose regimen.

4. A better understanding of potential drug—drug interactions.

11.1.5. Important Factors in Pharmacodynamic Study Designs

A thorough understanding of PK profiles is a prerequisite for elucidating
reliable PD profiles. Factors in three different areas, i.e., animals, materials, and
researchers, that have to be considered for reliable PK and PD experiments are
noted below (Levy, 1985).

11.1.5.1. Animals

» Maintain the same strain and age from the same supply source.

» Use at least three animals/sex for study.

« If needed, carry out the same treatment on control groups, such asadministration
of dosing vehicle with no drug or sham operation.

« Preferentially, perform the studies at the same time of day to reduce any variability
due to the circadian rhythm in animal physiology.

« Preferentially, avoid coprophagy when studies are performed in rodents.

* Do not draw too much body fluid from animals for sampling, especially in small
animals. In general, less than 10% of the total blood volume can be drawn from
small animals in a week.

11.1.5.2. Materials

+ Identify polymorphism of crystallinity of the drug dosed,especially for suspension
formulation for oral dosing. In general, an amorphous drug shows an apparently
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higher aqueous solubility, which can lead to faster and more extensive oral
absorption compared to the more stable crystalline forms.

« Maintain homogeneity of dosing formulations, especially when precipitation of the
drug in the GI tract or injection site is expected.

+ Use an optimal dosing volume (e.g., <5 or <10 ml/kg of oral dosing volume in
rats when fed or fasted, respectively, to avoid potential overflow of dosing solution
from the stomach to the lungs).

11.1.5.3. Researcher

« Determine the pharmacological response in in vivo experiments by the same
researcher, especially when subjective quantification methods of drug effects are
used.

11.1.6. Effects of Protein Binding on Pharmacodynamics

It has been suggested that the in vivo pharmacological efficacy of a drug is
mediated solely by the unbound drug in plasma, because only unbound drug
molecules from plasma proteins are available for interaction with target receptors.
The extent of protein binding is especially important in assessing the phar-
macodynamics of drugs in disease states, in which the amount of plasma protein
content may be altered. For instance, epilepsy in individuals with renal failure
receiving phenytoin is adequately controlled at a lower total concentration of the
drug as compared to those with normal renal function, because the unbound drug
concentrations are the same between the two groups owing to reduced protein
binding in patients with renal failure (du Souich et al., 1993).

11.2. PHARMACODYNAMIC MODELS

11.2.1. Definition

Pharmacodynamic models are mathematical schemes based on classical recep-
tor theory for an empirical description of the intensity of a pharmacological response
to a drug as a function of its concentrations at the effect site.

11.2.2. Implications of Pharmacodynamic Models

Pharmacodynamic models are useful for describing the apparent phar-
macodynamic profiles ofa drug and also for gaining some insight into its underlying
physiological or biological processes (Holford and Sheiner, 1982; Ritschel and
Hussain, 1984; Schwinghammer and Kroboth, 1988). Several pharmacodynamic
models have been developed based on two assumptions: (a) drug response is
reversible and, (b) there is only one type of receptor with one binding site for a drug.
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11.2.3. Types of Pharmacodynamic Models
11.2.3.1. Linear Model

The linear pharmacodynamic model is useful when the efficacy of a drug is
proportional to its concentrations at the effect site. The linear model can be derived
from the E.,... model, when its concentrations at the effect site is significantly lower
than ECs, (see the E,.. model).

(11.1) E = S-C. +E,

C. is the drug concentration at the effect site, E is the intensity of the effect, E, is the
baseline effect in the absence of the drug, and S is the slope.

Effect
(E)

E L
Drug concentration at the effect site (C.)

Figure 11.2. Linear model.

11.2.3.2. Log-Linear Model

The log—linear modelis based on the empirical observation that a plot of effect
vs. log concentration of many drugs exhibits a linear approximation between 20 and
80% ofthe maximum effect. Like the linear model, the concentration-effect relation-
ship within this range can be analyzed using linear regression:

(11.2) E = Slog C. + 1

S is the slope and I is an empirical constant with no physiological meaning.

Effect
(E)

Drug concentration at the effect site (log C.)

Figure 11.3. Log—linear model.
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11.2.3.3. E,..« Model

The E... model can describe the concentration—effect curve over the full range
from the baseline effect to the maximum effect of a drug. Accurate measurement of
both E... and ECs, are critical in the E,. model. In fact, only a few drugs have
been shown to have this relationship in vivo mainly owing to the difficulties involved
in conducting studies over a wide range of concentrations, especially at high
concentrations because of the concomitant potential toxicity:

Emax i Ce

(+Ey)

where E,.. the maximum effect, ECs, is the drug concentration that produces 50%
of the maximum effect, and E, is the baseline effect in the absence of any drug.

Ernax

Effect /

(E)

ECso

Drug concentration at the effect site (C,}

Figure 11.4. Emax model.

11.2.3.4. Sigmoid E.... Model

The sigmoid E,.. model can be used when the concentration—effect curve
exhibits more an S-shape pattern than a simple hyperbola (the E,.. model), and is
steeper or shallower than predicted by the E,. model. The sigmoid function
originally proposed by Hill (1910) is often called the Hill equation:

Emax ’ C:

(11.4) “ECL, 1 C

(+Eo)

where 7 is the Hill coefficient that affects the slope ofthe curve: at n > 1 the curve
becomes sigmoid with a steeper slope than the E,... model at concentrations around
ECs; at n = 1: the curve is identical to the usual hyperbola of the E,.. model; and
at n < 1 the curve is steeper at low concentrations, but shallower at high concentra-
tions than the E,,.. model.
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n>1
EI‘MX
n =
Effect n<l
(E)

ECso
Drug concentration at the effect site (C.)

Figure 11.5. Sigmoid E,,., model.

11.2.3.5. Inhibitory E... Model

The same pharmacodynamic models discussed earlier can be used to describe
the inhibitory effect of a drug by arranging the equations so that the observed effect
becomes the difference between the drug’s baseline effect (E,) and inhibitory effect.
For instance, the E,... model can be adapted to express the inhibitory response of a
drug with maximum inhibitory effect (I...) and ICs, at which 50% of I,. is
produced. This model is useful for investigating the inhibitory effects of a drug
without transforming the data:

Imax ) CE
E,
Effect
(E)

Eo- Inax

ICso
Drug concentration at the effect site (C.)

Figure 11.6. Inhibitory E,., model.

11.2.3.6. Models for Multiple Receptors

Only pharmacodynamic models applicable for drugs binding to a single type of
receptor with one binding site have been described so far. For an increasing number
of drugs, however, it is becoming evident that there may be either multiple receptors



Pharmacodynamics and Pharmacokinetic/Pharmacodynamic Relationships 197

Table 11.1. A Summary of Various Pharmacodynamic Models

Model E Characteristics

Linear S'C.+Eg Predicts the baseline effect when the concentration is zero
Unable to define the maximum effect at high concentrations
Error-prone at high or low drug concentrations

Log-linear S-logC,+1I Suitable for predicting drug effects over 20—80%of the
maximum effect
Unable to define the baseline and the maximum effects

E ax EFE'“;C(C: + E, Able to describe the pharmacodynamic relationship
s0t Ly over a wide range of drug concentrations
Predicts the baseline and the maximum effects
Eoux Co .
Sigmoid E_,, #-‘-é' +E, Able to describe an S-shape pattern of effect curve by

adjusting n values
Predicts the baseline and the maximum effects

and/or multiple binding sites with different activities (Campbell, 1990; Paalzow ef al.,
1985). These can cause cascade- or U-shape concentration—effect curves. For
instance, the analgesic effect of clonidine is mediated by two agonistic effects, both
of which can be described by different En models, producing a stepwise increase in
effect with concentration [Eq. (11.6), Fig. 11.7A]. On the other hand, for blood
pressure, clonidine exhibits a hypotensive activity at low concentrations, but a
hypertensive activity at higher concentrations owing to concentration-dependent
binding to presynaptic o.,and postsynaptic o ; receptors, respectively, producing a
U-shape concentration—effect curve [Eq. (11.7), Fig. 11.7B].

DUAL AGONISTIC RECEPTORS (cascade shape concentration-effect curve, Fig. 11.7A):

Emax,l i C: Emax.z ' C:l

T ECh, + Ct ' EC%,+ CF
| I |
E, E.

(11.6) E

BIPHASIC RECEPTORS (agonist—antagonist, U- or bell-shape concentration—effect
curve,Fig. 11.7B):

Emax,l : C: _ Emax.z ' Cre'l
EC%o, + CT
| J

. E=
(11 7) ECEQJ + C:
|

|
El E2

where E..., and E,.., are, respectively, the maximum effect for each of two different
receptors, ECs, and ECs,, are the drug concentrations that produce 50% of E,..,
or E,..., and n and m are the Hill coefficients.
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Effect
®

Drug concentration at the effect site(s) {C.)

Figure 11.7. Drug concentration at the effect site(s) vs. effect for dual agonistic receptors (A) and
agonistic—antagonistic receptors (B).

11.2.4. Model Selection

The initial decision to select one particular pharmacodynamic model(s) over
another for a certain data set should be based on: (a) the need for estimating
particular parameters (ECs, E.., Eo, etc), and (b) the ability of the model and
availability of data suitable to provide estimates of those parameters. When more
than one model is chosen and there are no obvious deficiencies in the models for
parameter estimation, the choice of a model can be made according to certain
statistical indications (Schwinghammer, 1988) including: (a) the smaller sum of
squares of residuals (the differences between the observed and predicted effect
values), (b) the smaller asymptotic standard deviations, (c) the smaller 95% confi-
dence interval, (d) the smaller Akaike’s Information Criterion (AIC) value, and the
greater 12 values (see Chapter 2).

11.2.5. Difficulties in Pharmacodynamic Modeling

In many cases, it is difficult to measure drug concentrations at the effect
site because of limited sample availability or inaccessibility of the effect site, or
to quantitatively assess the pharmacological effect owing to the complicated mech-
anisms and physiological variations involved (Levy, 1985; Oosterhuis and van
Boxtel, 1988; Schwinghammer and Kroboth, 1988). In addition, there are num-
erous endogenous and exogenous factors that may have confounding effects on the
study of pharmacodynamics of a drug in in vivo systems as summarized in the
following:

* Lack of correlation between the plasma drug concentrations and concentrations at
the effect site.

¢ Difficulties in reliable and reproducible measurements of pharmacological
effects.

+ Difficulties in quantifying direct pharmacological effects of a drug.
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Complicated pharmacological effects: (a) multiple receptors or target tissues; (b)
concentration-dependence in effect (e.g., agonist at low concentrations, but antag-
onistic at high concentrations).
« The presence of endogenous agonists or antagonists at variable concentrations.
» Difficulties in distinguishing pharmacodynamic variability from pharmaco-
kinetic variability: Pharmacokinetic issues such as active (or inhibitory) drug
metabolites can complicate the isolation ofpharmacological effects related solely to
the parent drug.
+ Development of tolerance or sensitization after the prolonged exposure of a drug:
(a) tolerance (down-regulation), i.e., decrease in the density of receptors related to
a drug after long-term administration (tachyphylaxis); (b) sensitization (up-regula-
tion), i.e., increase in the density of receptors causing an overshoot effect after
withdrawal of a drug.
Physiological homeostatic responses (biofeedback mechanisms): administration of
a drug can influence the concentration of endogenous agonists acting on the same
receptor.
*» Disease states: disease-induced pharmacodynamic alterations may not necessarily
be the result of changes in receptor characteristics or effector mechanisms.
Interindividual or intraindividual variability in pharmacodynamics owing to
genetic or environmental factors.
Stereoisomerism: drug concentration—effect relationships can be further compli-
cated when the drug is a mixture of racemates or diastercomers and its isomers
have different activities, e.g., labetolol and propranolol. Ifa stereospecific assay for
a drug is not available or there is interconversion among isomers with different
activities, establishing a meaningful relationship between drug concentration and
effect becomes especially difficult.
¢ Drug—druginteraction in pharmacodynamics by the coadministered drug.

11.3. PHARMACOKINETIC/PHARMACODYNAMIC MODELING

11.3.1. Definition

Pharmacokinetic/pharmacodynamic (PK/PD) mathematical modeling to eluci-
date the relationship between drug concentrations in plasma and at the effect site by
examining the plasma drug concentration vs. effect relationship, thus revealing the
true pharmacodynamic profiles of a drug, i.e., the relationship between drug
concentrations at the effect site and its pharmacological effects.

11.3.2. Implications of Pharmacokinetic/Pharmacodynamic Modeling

Simultaneous measurement of drug concentrations at the effect site [C.(t)] and
its pharmacological effect [E(t)] is the most desirable approach to reveal the true
pharmacodynamic (PD) profiles ofa drug. It is, however, seldom feasible to measure
C.(t). In many in vivo studies, PD analyses are frequently performed based on drug
concentrations in plasma [C,(t)], assuming that C,(t) is in rapid equilibrium with
C.(t), and that unbound drug concentrations are the same in both the plasma and
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Col(t) PK/PD — Cd1)

Figure 11.8. Pharmacokinetic/pharmacodynamic modeling to elucidate the relationship between drug
concentrations in plasma [C,(t)] and at the effect site [C.(t)] under nonsteady state conditions.

at the effect site. If C,(t) is not in rapid equilibrium with C(t), i.e., there is a delay
in drug distribution from the plasma to the effect site or vice versa, or the system is
subject to time-dependent kinetic and/or dynamic changes, the pharmacological
response will take time to develop, and there will be no apparent relationship
between C,(t) and E(t). PK/PD modeling can elucidate the relationship between
C,(t) and C.(t) by integrating available information on C,(t) vs. E(t), and reveal the
true PD ofa drug between C.(t) and E(t) without establishing equilibrium between
C,(t) and Ct) (Fig. 11.8). A schematic description of PK/PD model developing
processes when there is a time-delay discrepancy in the relationship between plasma
drug concentrations and observed pharmacological effects under nonsteady state
conditions is shown in Fig. 11.9.

11.3.3. Types of Pharmacokinetic/Pharmacodynamic Models

11.3.3.1. Effect Compartment (or Link) Model

The effect compartment model assumes that the differences between C,(t) and
C.(t) are due to a delay in drug distribution from the plasma (the central
compartment) to the effect site (the effect site compartment). The model is designed
to eliminate the time-related discrepancy between C,(t) and E at different time points

E(t) E

I T
i, t, Time C. Gt C, C.

Figure 11.9. Schematic representations of pharmacokinetic/pharmacodynamic (PK/PD) modeling pro-
cesses: (A) Plasma drug concentration—timeand effect—timeprofiles after a short intravenous infusion up
to time t;. (B) Plasma drug concentration—effect plot showing an apparent discrepancy between the
plasma drug concentration levels (C, and C, and the intensity of the effect at different time points (t,
and t;) (see Counterclockwise hysteresis). (C) The PK/PD model predicts C(t) based on Ct), and
reveals the true PD relationships between C, and E by eliminating the time delay between C(t) and E(t).
C,(t) and C.: drug concentration in plasma at time t and at the effect site, respectively, and E: the intensity
of effect.
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caused by distributional delay, by introducing the so-called equilibration rate
constant, k., (Holford and Sheiner, 1981). Figure 11.10 is a schematic representation
of the effect compartment model connected to the central compartment of a
multicompartment model system after intravenous bolus injection of a drug into the
central compartment.

The following steps are taken for the effect compartment model approaches:

STEP 1: Derive an equation describing C.(t) from C,(t) based on a PK model for
C,(t) and k.,. For instance, when the plasma drug exposure is adequately described
with a single-compartment model and the drug is given intravenously, C.(t) can be
expressed as a function of C,(t) and microconstants, k., and k.,

— D'ke° e ket S keott
(11.8) C.(t) = V k.~ k) (e 4 )
and
D .
(1 1.9) Cp(t) = V e kei-t

where V is volume of distribution of the drug.

STEP 2: Select a proper PD model and incorporate C.(t) obtained from step 1 into
it. For instance, if an E,... model is chosen, E(t) can be written as a function of C.(t):

Emax'cc.-,t
(1110) E(t)=T+C(()t)

Equations (11.8)—(11.10) can be simultaneously fitted to experimental data on C,(t)
and E(t) to estimate k.,, E..., and ECs, using an appropriate nonlinear regression
method.

Tissue Central Effect
compattment(s) compartment compartment
ke | D ke
Golt) '——"———3": C.(1) :“ -------- » Effect
7 | |
Intravenous ke
dose

Figure 11.10. Schematic description of the effect compartment model. The hypothetical effect compart-
ment is connected to the central compartment, usually, a plasma pool. When more than one compartment
is required for describing the pharmacokinetics of a drug, the tissue compartments can be connected to
the central one. Drug concentration at the effect site is governed by drug concentrations in the central
compartment, and the extent of k. C(t) and C(t): drug concentrations in plasma and at the effect site,
respectively; E(t): effect; k., ki, and k.: distribution rate constant from the central to the effect
compartment, elimination rate constant from the central compartment, and equilibration rate constant,
respectively.
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11.3.3.2. Indirect Response Model

The premise ofthe indirect response model is that a slow onset of drug response
or a slow return to baseline, i.e., time-related discrepancies in the C,(t)-E relation-
ship, can be due to indirect responses to the drug stemming from drug-related
stimulation or inhibition, respectively, of the factors controlling either the produc-
tion or the loss of the effect (Fig. 11.11) (Bellissant ef al., 1998; Dayneka et al.,
1993).

The rate of change of the effect in the absence of the drug can be described

by

dE(t) _

(11.11) e

m - lell ) E(t)

where ki, and k.., are, respectively, the zero-order and the first-order rate constant
for production and loss of an effect. The following steps can be taken with the
indirect response model.

STEP 1: Identify an equation for describing the rate of change of the effect (or
response) over time in the presence of the drug. There are four different equations
available, depending on whether the production or loss of response variables is
stimulated or inhibited:

? = k.- S(t) — k,,,- E{t), when the drug stimulates the effect

= k,, - I(t) — k., B(t), when the drug inhibits the effect
=k,;, — kow  S(t)- E(t), when the drug stimulates loss of the effect
= k;, — k.- 1(t}- E(t), when the drug inhibits loss of the effect

The stimulation function S(t), and the inhibition function I(t), can be expressed as
follows:

_ Enax Colt)
(11.12) M0'1+Eﬁgﬁfﬁ6

1 SO
(11.13) I() =1 IQOZ_C&)

where ECs, and ICs, are, respectively, the drug concentrations producing 50%
of the maximum stimulation and 50% of maximum inhibition achieved at the
effect site.

STEP 2: The equation chosen is fitted to the experimental data on C,(t) and E(t) to
estimate those parameters using an appropriate nonlinear regression method.
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kin kout
E(t)
S(t) or 1(f) S(t) or I(t)

¥

Figure 11.11. Schematic representation of the indirect response model. E(t): Effect; S(t) and I(t):
stimulation and inhibition functions, respectively; k;, and k. the zero-order rate constant for production
and the first-order rate constant for loss of the effect, respectively.

11.4. PROTERESIS OR HYSTERESIS

When Cp(t) after a single dose or multiple doses is plotted against the corre-
sponding E(t) and connected in a time sequence, the intensity of the effect is some-
times different at different time points even at the same concentrations (Campbell,
1990; Oosterhuis and van Boxtel, 1988), and it is the pattern of this relationship as
a function of time that defines proteresis or hysteresis in pharmacodynamics.

Proteresis (Clockwise Hysteresis) and Hysteresis (Counterclockwise Hysteresis):
If the intensity of the drug effect is higher at the earlier time points than at the later

Table 11.2. Factors Causing a Proteresis or Hysteresis Loop in a Plasma Drug Concentration
[Cu(t)] vs. Effect [E(t)] Plot

Pattern of'a C,(t) vs. E(t) plot Factors causing the time-related discrepancies in the apparent
connected in time sequence concentration—effectrelationship
Proteresis Development of tolerance: a dampened response to the drug, after

prolonged or repeated exposure (diazepam, morphine)

Formation of antagonistic metabolites: antagonistic metabolites
competing with the drug for the same binding sites on the receptor
(pentobarbital)

Down-regulation: decrease in the number of receptors after the
prolonged exposure of the drug (isoproterenol)

Biofeedback regulation (almitrine, nifedipine, tyramine)

Hysteresis Distribution delay® the nonequilibrium condition of drug concentrations
between the plasma and the effect site owing to slow drug distribution
from the plasma, sampling site, to the effect site
(9-tetrahydrocannabinol, thiopental)

Response delay: the delayed pharmacological response resulting from a
series of biological events upon the initial stimulus by the drug
interacting with a specific receptor at the effect site (corticosteroids,
warfarin)

Sensitization of receptors (angiotensin, propranolol)

Formation ofagonistic (active) metabolites (fenfluramine, camazepam,
midazolam)

Up-regulation: increase in the number of receptors after the prolonged
exposure of the drug (propranolol)

“The most common cause for the hysteresis.
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A B
ty
Ex| L .- 13
Effect !
(E) tg

Plasma drug concentration (Cp)

Figure 11.12. Proteresis (A) and hysteresis (B) relationships between plasma drug concentrations ()
fromtimet, to t; and the corresponding effect levels ofa drug. A: The effect (E,) at the earlier time point
(t,) is more pronounced than that (E;) at the later time point (t;) despite the same plasma concentration
(C). B: The effect (E,) at t, is lower than that (Es) at ts at the same concentration (C).

ones at the same plasma drug concentrations, the clockwise pattern of the loop
connecting concentration vs. effect data points in a time sequence reflects proteresis
(orclockwise hysteresis) (Fig. 11.12A).

If the intensity of the drug effect is higher at the later time points than at the
earlier ones at the same plasma drug concentrations, this counterclockwise pattern
of'the loop connecting data points in a time sequence or an apparent delay in effect
is referred to as (counterclockwise) hysteresis (Fig. 11.12B).

In both proteresis and hysteresis, the pharmacological response is considered to
be direct and reversible. These time-related discrepancies in the apparent concen-
tration—effect relationship revealed by proteresis or hysteresis loops can be due to a
lack of equilibrium in drug concentrations between the plasma and the effect site,
but also can be due to many other factors (Table 11.2).
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Predicting Pharmacokinetics
in Humans

Prediction of pharmacokinetic profiles of new chemical entities in humans based on
in vitro or in vivo preclinical data is an extremely useful tool for drug discovery and
development to identify compounds with desirable pharmacokinetic properties.
There are basically two different approaches for the prediction of the pharmaco-
kinetics of compounds in humans: allometry and the physiologically based method.

12.1. ALLOMETRY

In vivo pharmacokinetic data from experiments with various laboratory animals
can be used to predict pharmacokinetic profiles in humans with allometry. Allomet-
ric extrapolation of pharmacokinetics among different species is based on the
underlying anatomical, physiological, and biochemical similarities among animals
(Boxenbaum, 1982; Boxenbaum and D’Souza, 1990; Dedrick, 1973).

12.1.1. Definition

Allometry, literally “by a different measure,” is the study of empirical relation-
ships between observations such as physiological functions or the pharmacokinetics
of a drug on the one hand, and the size, shape, body surface area, and/or life span
of animals on the other, without necessarily examining the underlying mechanisms.
It has been found that physiological functions, e.g., energy and oxygen consumption,
metabolism, cardiac output, and heart rate, are quantitatively related to an animal’s
body weight and/or size. It is, therefore, assumed that the pharmacokinetic par-
ameters of a drug, such as clearance, volume of distribution, and half-life, that are
governed by physiological functions, e.g., organ blood flow, glomerular filtration,
volume of blood, and tissue mass, can be related to body weight and/or size as well.

12.1.2. Applications of Allometry for Predicting Pharmacokinetics in Humans

The major premise behind interspecies allometric scaling is that there is a
positive correlation between the physiological functions affecting drug disposition

207
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and the body weight of animals. For instance, the hepatic blood flow rate and the
weight of the liver in different species can be expressed as 55.4-BW® ml/min
(r=0.993) and 37.0-BWss kg (r = 0.997), respectively, where BW is the body
weight (kg) of the animal of interest (Boxenbaum and D’Souza, 1990). In fact, the
hepatic blood flow rate in all species is about 1.5 ml/min/g liver weight. For a drug
highly extracted by the liver, clearance will be primarily governed by the hepatic
blood flow rate and it can thus be readily described allometrically. Another example
is creatinine clearance, which reflects the capacity of the glomerular filtration rate.
Renal clearances of a drug via glomerular filtration among different species can be
expressed by an allometric equation with body weight.

The allometric approach can be useful, preferably when the following conditions
are met in all the included species: (1) linear kinetics of drug disposition; (2) low or
similar extent of protein binding; (3) drug elimination predominantly via physical or
mechanical processes (e.g., hepatic blood flow or glomerular filtration); and (4) a
sufficient number of animal species and enough experimental data for linear
regressions of allometric equations. There are, however, plenty of examples in which
these criteria are not met, yet a reasonable prediction of pharmacokinetics in humans
can be made, and vice versa.

12.1.2.1. Allometric Equations

The most commonly used allometric equation for interspecies extrapolation of
pharmacokinetic parameters is (Mordenti, 1986):

(12.1) Y=o XF

where Y is the pharmacokinetic parameter of interest, such as clearance and volume
of distribution, and X is the physiological parameter, usually body weight. The
estimates of the allometric coefficient (o) and the allometric exponent () can be
obtained, respectively, from an intercept and a slope of a log—log plot of Eq. (12.1)
(Fig.12.1).

(12.2) logY =loga + B-logX

logY

-

log o

log X

Figure 12.1. Allometric equation on a log—log scale.
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Table 12. 1. Experimentally Determined Systemic Plasma Clearance (Cls) and Volume of
Distribution (V) of a Hypothetical Drug in Rats, Monkeys, and Dogs and Predicted Values
for Those Parameters in Humans Based on Allometry

Experimentally determined values in

Predicted values in

Rat Monkey Dog humans by allometry
Body weight (kg) 0.25 5 10 70
Cl, (ml/min}) 104 95.3 175.7 737
V.. (liters) 0.5 11.7 18 140

For instance, if a compound of interest shows a systemic clearance (Cl;) and a
volume of distribution at steady state (V) in rats, monkeys, and dogs as summarized
in Table 12.1, allometric equations for human predictions are 30-BW°7 and
2BW!, for Cl, and V,, respectively based on Eq. (12.2) (Fig. 12.2).

Table 12.2 summarizes some of the known allometric relationships between
physiological parameters and body weight among mammals (Boxenbaum and
D’Souza, 1990; Mordenti, 1985, 1986).

12.1.2.2. Allometric Scaling of Clearance

(a) Hepatic Clearance. For drugs with high hepatic extraction, a reasonable
allometric extrapolation of clearance between different species can be made. It is,
however, difficult to apply allometry for drugs with intermediate to low hepatic
clearance because clearance of those drugs is governed not only by hepatic blood
flow rate, but also by other physiological and biological factors, including the

A, ClL=30.BW"" B. V,=2+.BW
10°7] L Predicted Cl; in human 10* _L\ Predicted Ve,
G, Vi in human

(ml/min) dog (liters) dog
102_ monkey ]D' = monkey
101 rat 10°—

70 K uman BW) cat
10° T 1 10" T T |
107" 10 10! 10? 10! 10° 10’ 10
Body weight (BW, kg)

Figure 12.2. Allometric scaling for systemic clearance (CL) and volume of distribution at steady state (V)
of a drug in humans. Allometric equations and plots for CI; (A) and V (B) on a log—logscale are based
on the animal data summarized in Table 12.2.
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Table 12.2. Allometric Relationship, Y = o.. X B, between Physiological Parameters (Y) and

Body Weight (X, kg) among Mammals
Physiclogical parameters o B i
Cardiac output (ml/min) 166 0.79 —
Hepatic blood flow rate (ml/min) 554 0.89 0.993
Renal blood flow rate (ml/min) 43.06 0.77 —
Time for circulation of blood volume (min) 0.35 0.21 0.98
Cytochrome Pd450 weight (mg) 331 0.84 —
Nephra number 1.88 x 10° 0.62 —

:Data taken from Boxenbaum and D’Souza (1990) and Mordenti (1985, 1986).
'r is the correlation coefficient.

activities of metabolizing enzymes, to which it is difficult to apply allometry. For
drugs eliminated mainly by the hepatic cytochrome P450 enzymes and classified as
low-clearance drugs, the clearance predicted in humans with allometry tends to be
higher than the measured value. In this case, physiologically based methods may be
more appropriate.

(b) Renal Clearance. A relatively reasonable interspecies extrapolation can be
done for renal clearance with allometry if the extent of protein binding is similar
among the different species. This is because renal elimination ofa drug is essentially
viaeitherphysical filtration (glomerular filtration) or passive processes, with the excep-
tion of active tubular secretion. The passive processes are determined in part by the
physicochemical properties ofthe drug and its protein binding (Ritschel et al., 1992).

12.1.2.3. Allometric Scaling ofthe Volume of Distribution

A reasonable prediction of the volume of distribution at steady state in humans
can be made with allometric extrapolation if the extent of protein binding in the
plasma is similar. This is because the volume of blood and the tissue mass are
allometrically related to the size of the animals, and the extent of protein binding in
tissues appears to be similar among different species (Mahamood and Balian, 1996a).

12.1.2.4. Allometric Prediction of Terminal Half-Life

In general, the terminal half-life (t,, of a drug with plasma exposure showing
a monophasic decline on a semilog scale tends to be proportional to body weight
[Eq. (12.3)], based on allometric equations for Cl,, and V, (Ings, 1990):

Cl =a,-BW®'5,  V_ =g, BW!
(ml/min) (kg) (liters) (kg)
and thus

(12.3) ty,; o BWO-25
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12.1.2.5. Neoteny

There are a number of examples where simple allometry based on body weight
is not adequate for prediction of systemic clearance. This apparent deviation of
allometric extrapolation can be improved by introducing the concepts of neoteny
into the allometric equations. Neoteny means the retention of formerly juvenile
characters by adult descendants produced by retardation of somatic development,
i.e., a sort of sustained juvenilization or slow development of animals to adulthood.
Related it to humans, neoteny is the preservation in adults of shapes and growth
rates that characterize juvenile stages of ancestral primates (Boxenbaum and
D’Souza, 1990). For instance, humans tend to reach puberty at about 60% of their
final body weight, whereas most other mammals reach puberty at about 30% of'their
ultimate body weight. The concept of maximum life span (MLP), which appears to
be an allometric function of brain and body weights, has been introduced to correct
for such an evolutionary development in allometric scaling:

(12.4) MLP (years) = (185.4)- Bro:636. pw —0.225

The scale of both brain weight (Br) and body weight (BW) is kg (Mahamood
and Balian, 1996 b, Sacher, 1959). For instance, the MLP in humans based on 70 kg
BW is approximately 88.3 years. So, e.g., the allometric relationship between Cl; and
BW can be adjusted by MLP as follows:

o BW#
(12.5) o =22

Sometimes, the allometric relationship for low-clearance drugs can be better estab-
lished with Br, rather than with MLP and BW (Ings, 1990):

(12.6) Cl, = o Brf1 - BW#:

12.2. PHYSIOLOGICALLY BASED APPROACH

Another method for pharmacokinetic prediction in humans is based on actual
physiological, anatomical, and biochemical factors important in drug disposition
suchas:

. Organ blood flow rates.

. Organsize.

. Tissue and fluid volumes.

. Blood-to-plasma and tissue-to-plasma drug concentration ratios.
. Protein binding.

. Metabolizing enzyme activities, etc.

AN N R WN -

This method offers a mechanistic approach to the extrapolation of in vitro experi-
mental findings to in vivo pharmacokinetic parameters within the same species.
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12.2.1. Predicting Systemic Clearance of a Drug in Humans from In Vitro Data

When metabolism is the major elimination pathway of a drug in animals and
is expected to be so in humans as well, simple allometric scaling may not be adequate
for prediction of clearance in the latter owing to a substantial interspecies variability
inmetabolism (Calabriese, 1986). In recent years, substantial progress has been made
in in vitro metabolism studies of xenobiotics, using, e.g., purified enzymes, subcellular
fractions (liver microsomes and S9), whole cells (primary hepatocytes), and liver
slices (Miners et al., 1994). With the sensitivity and quantitative capability ofmodern
analytical chemistry, the utility of these in vitro methodologies to predict in vivo
hepatic clearance in humans becomes of great interest (Iwatsubo et al., 1997).

The well-stirred and parallel-tube models are the two most commonly used
clearance models for describing in vivo hepatic clearance (Cl,) of drugs.

WELLSTIRREDMODEL:

_ Qufy CLyy
(12.7) Cl, = QT LCL
PARATIEL-TUBE MODEL:
(12.8) Cl, = Q,- (1 — e~ fu-Chinny

where Q,, f,, and Cl,, are hepatic blood flow rate, the ratio of the unbound to total
drug concentrations in blood, and the intrinsic hepatic clearance, respectively. As
indicated in these equations, Cl, of a drug is affected by these three factors. It is thus
possible to calculate Cl, if those parameters are estimated or measured experimen-
tally in situ or in vitro. In general, Q,, values reported in literature can be used. The
value for f, can be experimentally determined. The key information needed to
estimate Cl, is Cl,,, for the metabolic activities in the liver. It has been demonstrated
that Cl,, estimated from various in vitro metabolism studies can be used for in vivo
Cl, prediction with a high degree of success, if the major elimination pathway of a
drug is via hepatic metabolism (Houston 1994; Houston and Carlie, 1997).

A three-step strategy to extrapolate in vitro metabolism data of a drug to in vivo
hepatic clearance in animals is as follows.

step 1

Measure Vo, Clinoire ————=— <1, —f"" Cl,
and Km or tuz scaling factors Qul,
In vitro Estimate in vitro Estimate in vivo Estimate hepatic
metabolism intrinsic hepatic intrinsic hepatie clearance with
scudies clearance clearance with Clin Quand f
proper scaling base on hepatic
Jactors clearance models

Step 1: Estimate the in vitro intrinsic hepatic clearance Cl;  vir)) based on V.. (the
maximum rate of metabolism) and K,, (the Michaelis—Menten constant for
the drug—enzyme interaction), or half-life of drug disappearance (t,,) inin
vitro metabolism studies.

Step 2: Extrapolate Cli o to in vivo intrinsic hepatic clearance (Cl,) with proper
scaling factors.
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Step 3: Calculate in vivo Cl,, according to hepatic clearance models with estimates
of Cliy, Q., and f..

Extrapolation processes from in vitro metabolism data to in vivo hepatic
clearance will be discussed based mainly on metabolic stability studies in liver
microsomes and hepatocytes; however, the same approaches can be applied to other
in vitro systems, such as liver S9 or slices. In order for extrapolation to be successful,
an in vitro study should be performed under linear conditions in terms of incubation
time, and enzyme and substrate concentrations. A detailed description of each step
is given below.

12.2.1.1. Estimation of In Vitro Intrinsic Hepatic Clearance (CL, i viro)

The true in vivo intrinsic hepatic clearance combines the activities of the
metabolizing enzymes and hepatobiliary excretion. There are, however, no reliable
methods for extrapolating in vitro or in situ data to in vivo biliary excretion in
humans. Thus, intrinsic drug clearance measured in liver microsomes or hepatocytes
that only represent metabolic activities in the liver [referred to, hereafter, as in vitro
intrinsic hepatic clearance (Cli i viro )] Will be considered for in vivo extrapolation, so
estimates of Cl, based on Cl; v that do not incorporate biliary excretion may be
too low.

The utility of these in vitro experiments for predicting clearance is based on the
assumption that there is a correlation between the rate of drug disappearance (or
the rate of metabolite formation) and the in vivo metabolic clearance of the drug.
Rate data generated from certain in vifro systems may underestimate the true
metabolic clearance in vivo owing to limitations in discerning metabolic capability.
For instance, isolated microsomes, which are a subcellular fraction, contain only a
portion ofthe total range of drug-metabolizing enzymes present in the original tissue
in vivo, and thus microsomal incubations may underestimate the true metabolic
clearance if the compound undergoes metabolism via cytosolic or mitochondrial
enzymes in vivo. Nevertheless, recent studies have demonstrated that a successful
quantitative extrapolation of in vitro metabolism data to in vivo clearance could be
achieved under carefully designed conditions with a few assumptions (Houston 1994;
Houston and Carlie, 1997).

(a) Definition of Cl;, i viro. Cli wnviro can be viewed as the intrinsic ability of the
hepatic metabolizing enzymes present in in vitro systems, such as liver microsomes,
S9, hepatocytes, or liver slices, to eliminate a drug from the incubation medium
(12.9). This is because the rate of drug disappearance (or metabolite formation) in
in vitro systems depends solely on the activities of metabolizing enzymes without
influences from other factors that are present in vivo, e.g., blood flow, drug binding
to blood components, and cofactor supply. (Rane et al., 1977).

ClL oo Initial rate of drug disappearance (or metabolic formation) from the incubation medium
JInvitro = v n . v
4 Unbound drug concentration available to the metabolizing enzymes

(12.9)
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Although the drug disappearance rate can be replaced by the rate of formation
ofall the metabolites ofthe drug, for simplicity hereafter only the drug disappearance
rate will be used to describe Cl, ,, .., Disappearance of a drug via the metabolizing
enzymes can be viewed as an enzymatic reaction describable by Michaelis—Menten
kinetics:

: - Vmax i Cl.u

(12.10) Rate of drug disappearance = K, + C,,

where V... and K,, are the maximum initial disappearance rate of a drug and the
apparent Michaelis—Menten constant oftotal enzymes involved in its elimination in
the medium, respectively. There is usually more than one enzyme metabolizing a
drug, and each has its own V., and K,, for the substrate, which contributes to the
apparent overall V., and K,, values measured. C,, is the concentration of drug not
bound to microsomal proteins or macromolecules in hepatocytes, which is available
to the metabolizing enzymes. From Egs. (12.9) and (12.10) Cl, ,, ..., can be expressed
as

(vmu ) ¢l.u)/(Km + CI,u) _ Vmax
cl,u Km + cl.u

(1211) Cli,t'nm‘!ro =

When C,, is less than 10% of K,, (linear condition), CI, ,, .., can be viewed simply
as the ratio between V.., and K,, [Eq. (12.12)], and becomes independent of the
drug concentration (Chenery ef al., 1987):

(12.12) ClL, invire = Vimax/Ks, (under linear conditions)

NOTE: [N Vivo INTRINSIC HEPATIC CLEARANCE (Cl;;). Clinis a measure of the
intrinsic ability ofall the metabolizing enzymes and biliary excretion mechanisms to
eliminate a drug, which is not influenced by other physiological factors that affect C1,.

(b) Unit of Cl,, ;, .iv». In general,

» ul/min/mg protein: flow rate (ml/min) normalized by protein concentration when
the study is performed in liver microsomes or
« ul/min/10¢ hepatocytes: normalized by number of cells when hepatocytes are used.

(¢c) Estimating Cl, ., s There are two different methods for estimating
CL, ivviro from in vitro metabolism studies with liver microsomes or hepatocytes,
based on: (1) estimation of V... and K,, of the metabolizing enzymes in the systems,
or (2) half-life of substrate disappearance during the initial phase at a single substrate
concentration.

(i) Estimation of Cl,,.. based on V.. and K. of the metabolizing en-
zymes. Cl,, e can be estimated by measuring V.. and K, of the metabolizing
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enzymes responsible for the disappearance of a drug in in vitro systems under linear
conditions, according to Eq. (12.12).

* Definition and unit of Vi Vs 18 a theoretical maximum initial disappear-
ance rate of a drug via all the metabolizing enzymes when the initial substrate
concentration at the beginning of the reaction approaches infinity. The magnitude
of V..., therefore, is dependent on the amount of active enzymes available for
metabolism of the drug. When the drug concentration in the incubating medium is
uM, the unit of V,,, is usually: (1) pmol/min/mg protein, i.e., the amount of drug
metabolized per unit time (pmol of drug/min) normalized by microsomal protein
concentration when the study is performed in liver microsomes (mg protein); or (2)
pmol/min/10° hepatocytes, normalized by the number of cells in the incubation
medium when hepatocytes are used (10° hepatocytes).

» Definition and unit of K... Kn is the apparent Michaelis—Menten constant for
the interaction between a drug and all the enzymes responsible for its metabolism.
K., can be also viewed as the initial concentration of the substrate required to reach
half of V... The true K,, of an enzyme (or apparent K,, for multiple enzymes) is
constant for the given enzyme, and is independent of the amount of enzyme present
in the reaction medium. The unit of K, is usually uM (or mM).

+ Estimating of V. and K,. V.. and K,, can be estimated by fitting the
Michaelis—Mentenequation to a plot of the initial disappearance rates of a drug vs.
its concentrations, or by fitting the equations transformed from the Michaelis—
Menten equation, such as the Lineweaver—Burk plot, to the data.

Michaelis—Menten kinetics: V... and K, can be estimated by fitting the
Michaelis—Mentenequation to the initial disappearance rates of the substrate at
different drug concentrations [Eq. (12.13) and Fig. 12.3].

V.. C
12.13 V= mex
(12.13) K,+C
v
WV max >
Veax/2
Ken C

Figure 12.3. Michaelis—Menten plot(sometime called a “substrate saturation curve”) illustrating the
changes in initial disappearance rates (V) as a function ofdrug concentration (C). K,, is the same as the
concentration at which V is a halfofthe theoretical maximum initial velocity (V).
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where V represents the initial disappearance rates of the drug at given drug
concentrations (C) with a fixed amount of enzyme, i.e., a fixed amount ofmicrosomal
protein or hepatocytes.

Construction of Michaelis—Menten Plot: Several important experimental condi-
tions are required for a proper estimate of V... and K,, from a Michaelis—Menten
plot:

1. Concentration of the drug in the reaction medium should be substantially
higher than the enzyme concentration.

2. Reaction conditions are established such that reliable measurement of the
initial rate of disappearance of the drug at a given concentration is war-
ranted. In general, initial reaction rates should be determined when less than
10% of the drug has been converted to primary metabolites in order to
maintain linearity of the reaction rate. In this way, further biotransformation
of metabolites to secondary or tertiary metabolites can be minimized.

3. Reaction rate should be determined at a minimum of at least five different
drug concentrations (at least two and three concentrations below and above
K., respectively).

4. For reliable estimates of V..., and K,,, in general, determinations should be
conducted over drug concentrations ranging from 0.1- to 10-fold of K.,.

When initial disappearance rates of a drug are measured, it is important to
ensure that drug loss from the incubating medium equates solely with the metab-
olism rather than with the adsorption of the drug to apparatus or cellular
components. Three important factors in determining the incubation conditions for
reliable measurement of initial rates of the metabolism of a drug in in vitro
experiments are: (a) the range of drug concentrations, (b) microsomal protein
concentration (or number of hepatocytes), and (c) assay sensitivity for the drug (or
its metabolites). In order to construct a Michaelis—Mentenplot, several preliminary
experiments have to be performed to determine optimum ranges for the drug
concentration and the amount of protein.

Determination of substrate and enzymatic protein concentrations: The lowest and
highest drug concentrations have to be determined during the preliminary studies
for the Michaelis—Mentenplot. The former can be selected based on assay sensitivity
for the drug and should be substantially lower than K,, of the enzyme(s). The latter
can be chosen based on the aqueous solubility of the drug. A small amount of
organic cosolvent may be used to enhance solubility of lipophilic drugs, but in this
case, the effects of the cosolvent on enzyme activities should be monitored and
minimized (see Chapter 8).

It is also important to select a protein concentration of microsomes (or a
number of hepatocytes) that yields a reliable estimate of initial drug disappearance
rates. Let us assume that the disappearance profiles of a hypothetical drug at the
highest concentration, 0.5 uM, are examined after incubation at three different
protein concentrations of liver microsomes (Fig. 12.4). At the lowest protein
concentration, the rate of drug disappearance (differences in substrate concentration
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Concentration
of drug in
incubation
medium

(pmol/mI)

Time (min)

Figure 12.4. Hypothetical plot showingthe changesin concentration over time afterincubation ofadrug
at0.5 uM in 1 ml of microsomes at three different protein concentrations (O low, # medium, @ high),
The slope ofthe curve represents the drug disappearance rate.

over an incubation period) is consistent up to 25 min of incubation. However,
consumption of'the drug is less than 15% ofits initial concentration, which may be
difficult to distinguish reliably from the normal assay variability (usually 10-15%).
At a medium protein concentration, the initial drug disappearance rate is maintained
up to 10 min with approximately a 30% decrease in drug concentration. At the
highest protein concentration, the drug disappearance rate is no longer the same as
the initial rate shortly after incubation, which requires highly accurate time measure-
ments and instantaneous complete mixing of drug, cofactor, and microsomes at the
beginning ofthe experiment. From these preliminary experiments, it appears that the
medium microsomal protein concentration would be the most suitable for measuring
initial drug disappearance rates at 0.5 uM.

Reasons formeasuring initial rates: The initial rate of drug disappearance in in
vitro metabolism should be measured for the Michaelis—Menten plot for the
following reasons:

1. The concentration of a drug after incubation is lower than at the beginning
of the incubation. As it is drug disappearance rates measured after incuba-
tion that are used to construct the Michaelis—Menten plot against drug
concentrations at the beginning ofthe incubation, it is important to minimize
any discrepancy caused by the difference in drug concentrations at the start
and at the time of measurement.

2. Any prolonged incubation in a closed in vitro system such as isolated liver
microsomes can cause formation of metabolites from the primary meta-
bolites of a drug, which does not occur in vivo, owing to the lack of phase II
metabolism and other elimination pathways.

3. Inactivation or denaturation of enzymes can become significant over time in
in vitro systems. Thus, it is desirable to determine the initial rates during the
early time points, when a significant decrease in enzyme activity is expected
over time.
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1V max

-1/ K

N

1/C

Figure 12.5. Lineweaver—Burk plot. V and C are the initial drug disappearance rate and drug concentra-
tion, respectively. The x- and y-axis intercepts of the Lineweaver—Burk plot are —I/K,, and 1/V,,,,
respectively.

Formation rate of metabolites: When the initial formation rates of metabolites
are used, the sum ofthe V,./K,, terms for each metabolic pathway can be used to
estimate overall Cl, ;,.., of a drug:

_ an.l me.z vmax.S
(12.14) Cl; tnpitro = X, + X, + K,., +

where Viami2s. and K, ,s;. are maximum formation rates of each metabolite
and Michaelis—Mentenconstants of the enzymes for the corresponding metabolites,
respectively.

Lineweaver—Burk plot: 1t is often difficult to properly define Michaelis—Menten
kinetics at high or low drug concentrations owing to limited aqueous solubility and
assay limitation of a drug. The Lineweaver—Burk plot consists of reciprocals of V
and C, and transforms the hyperbola of the Michaelis—Mentenplot into a straight
line (Fig. 12.5). It can be used to estimate V., and K,, based on data at low drug
concentrations.

NOTE: RELATIONSHIPS BETWEEN MICHAELIS-MENTEN AND LINEWEAVER-BURK
EqQuATIONS. The Lineweaver—Burke equation is inversely related to the Michaelis—
Menten equation:

MICHAELIS-MENTEN EQUATION

Vmax ) C
V= K,+C
LINEWEAVER- BURK EQUATION
1 K, 1 1
(12.16) V_Vmax E+Vmax
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Kinetics for multiple enzymes: When more than one enzyme is involved in the
metabolism of a drug, the Lineweaver—Burk plot may become curvilinear, whereas
it is less noticeable in the Michaelis—Menten plot. Thus, a Lineweaver—Burk plot
(or Eadie—Hofstee plot [V vs. V/C)] is considered to be more reliable for assessing
the involvement of multiple enzymes. Once those plots indicate a multienzyme
system, suitable equations, shown below, can be fitted to the Michaelis—Menten plot.

MICHAELIS-MENTEN KINETICS FOR ONE ENZYME AND LINEAR KINETICS FOR THE OTHER:

(12.17) V=

TWO SETS OF MICHAELIS-MENTEN EQUATIONS FOR TWO DIFFERENT ENZYMES:

_ Vmax.l -C + Vmax,z -C

(12.18) K., +C K_,,+C

How to Determine V..., and K., Experimentally and Estimate Cl; iro:

1. Measure the disappearance rates (V) of the drug over a linear range of the
disappearance curve at more than five drug concentrations in liver micro-
somes (or hepatocytes). For instance, ifa drug concentration decreases from
1 to 0.9 uM after 5-min in a 0.5 ml incubation buffer at a microsomal protein
concentration of 1 mg/ml, an initial drug disappearance rate at 1 uM ofthe
drug is 20 pmol/min/mg protein:

Drug concentrations (uM)
at the beginning and after incubation

Converting factor from uM to pmoliml
J
_(1-09) x 1000 _ 1

v 1 X 3= 20 (pmol/min/mg protein)
1 N
Microsomal protein Incubation period (min)

concentration in incubation
buffer (mg protein/ml)

The initial rate of drug disappearance (V) is usually expressed as pmol/min/mg
microsomal protein or number of hepatocytes (X 10°).

2. Fit the Michaelis—Menten equation to the drug disappearance rate vs.
concentration profile (the Michaelis—Mentenplot) determined at five differ-
ent substrate concentrations with a nonlinear regression program (e.g.,
PCNONLIN) for estimating of V.. and K.
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3. Calculate Cl ,, . by dividing V... by Kn [Eq. (12.12)]. For instance, if V.
and K, are 100 pmol/min/mg protein and 5 uM, respectively, Cli, i v 1S
0.02 ml/min/mg protein:

V mex (Pmol/min/mg protein)
i
100

5x 1000
Ve ~
K, (tM) Converting factor from uM to pmolim!

= (.02 (ml/min/mg protein)

Cli, in vitre =

(it) Estimating Cl, ;, ., based on the halflife of drug disappearance. Cli, i, i
can be also estimated from the half-life ofinitial drug disappearance at a single drug
concentration substantially lower than K, of the enzyme [Eq. (12.19)]. This
approach is useful, especially when it is difficult to carry out the Michaelis—Menten
kinetics experiments over a wide range of concentrations (Chenery et al., 1987):

0.693
ty;2 - microsomal protein concentration

(12.19) Cli, im virro =

ti» is the half-life of drug disappearance:

0.693) (t, —

C, and C, are drug concentrations at time t, and t, after incubation, respectively.
Certainly, this is an easier and faster method than Michaelis—Menten kinetics for
estimating Cl;, ,,..» as long as several assumptions can be made.

First, the drug concentration at which the half-life of drug disappearance is
measured is substantially lower than K,, (< 10% of K,,) to ensure a linear condition.
Since this method requires only one drug concentration, it is important to choose
an appropriate concentration and the right incubation conditions for linear kinetics.
A concentration that is too high is not suitable because of potential substrate
inhibition and a limitation in solubility, and a concentration that is too low is also
inappropriate owing to assay limitation. Second, t,, of drug disappearance should
be measured over a period where the disappearance rate is linear (usually <10% of
the disappearance rate of the initial concentration of the drug). In the case of
low-clearance drugs, measuring t,, during the period when up to 30% of the drug
disappears may be acceptable. Owing to these restrictions, an estimate of Cli, 4 i
based on this method tends to be lower than that from V.., and K,, estimated from
the Michaelis—Menten plot. Nevertheless, its experimental simplicity offers an
advantage over other more complicated methods, especially during drug discovery
when a crude rank order of a large number of compounds in potential metabolic
clearance in humans is sufficient for compound selection.
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Table 12.3. Physiological and Biochemical Parameters Important for Scaling up In Vitro
Intrinsic Hepatic Clearance to In Vivo Intrinsic Hepatic Clearance and for Estimating
Hepatic Clearance in Humans

Physiclogical parameters Values from literature Scaling factors®
Liver weight 25.7 g liver/kg body weight® —
Hepatic bleod flow rate 20,6 ml/min/kg body weight’ —
Hepatocyte number 120 x 10° cells/g liver 3100
P450 contents in hepatocytes 0.14 nmot/10°% cells —
Microsomal protein 52,5 mg protein/g liver 1350

77 mg protein/g liver 1980
P450 contents in microsomes 0.32 nmol/mg microsomal protein —_

0.296 nmol/mg microsomal protein —

:Data taken from Bédrnhielm et al. (1986), Davies and Morris (1993), and Iwatsubo et al. (1997).

bScaling factors for estimating in vitro intrinsic hepatic clearance normalized by kg body weight in humans (ml/min/kg
body weight), when in vitro intrinsic hepatic clearance is expressed as ml/min/mg microsomal protein (or ml/min
10° hepatocytes).

¢Assuming that an average human body weight is 70 kg.

For instance, if t,, of drug disappearance is 30 min over a linear range of the
drug concentration—time profile at an initial concentration of 2 uM in 0.5 ml of
incubation buffer at a microsomal protein concentration of 1 mg/ml, Cli, i
becomes 0.02 ml/min/mg protein:

Constant

l
0.693
0x1

2 N

Half-life Microsomal protein concentration in
(min) incubation buffer (mg protein/ml)

CL, in vitro = = 0.02 ml/min/mg protein

12.2.1.2. Extrapolation from Cli, i .. to In Vivo Intrinsic Hepatic Clearance (Cl,,,)

Extrapolation of Cl,, ,, ..., to Cl;,can be achieved by scaling up the microsomal
protein (or P450) concentration (or, where relevant, the number of hepatocytes) used
in in vitro studies to that of the whole liver. Proper scaling factors in humans and
rats are summarized in Tables 12.3 and 12.4, respectively. For instance, if an
estimated Cl;, ;, .ir» 1S 0.02 ml/min/mg microsomal protein measured after incubating
a drug in human liver microsomes, Cl;, of the drug in human liver in vivo can be
estimated by multiplying Cl,, ;,..., by a scaling factor of 1350 (or 1980) (Table 12.3),
ie.,

Cl,, = 0.02 x 1350 = 27 (ml/min/kg body weight)
1 LN
Cli invitre Scaling factor
(mlfminfmg
microsomal protein)
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Table 12.4. Physiological and Biochemical Parameters Important for Scaling up In Vitro
to In Vivo Intrinsic Clearance and for Estimating Hepatic Clearance in Rats?

Physiological pararneters Published values Scaling factors®
Liver weight 45 g liver/kg body weight* —
Hepatic blood flow rate 81 ml/min/kg body weight* —
Hepatocyte number 135 x 10° cells/g liver 6100
Microsomal protein 45 mg proteins/g liver 2000

54 mg protein/g liver 2400
P450 contents in microsomes 0.98 nmol/mg microsomal protein® —

«Data taken from Bédrnhielm et al. (1986) and Houston (1994).

"Scaling factors for estimation of in vivo intrinsic hepatic clearance in rat normalized by kg body weight (ml/min/kg
body weight), when in vitro intrinsic hepatic clearance is expressed as ml/min/mg microsomal protein (or ml/min
106hepatocytes).

<Assuming that an average body weight of rat is 0.25 kg.

iBéadrnhielm et al., 1986.

where the scaling factor is 52.5 mg microsomal protein/g liver multiplied by 25.7 g
liver/kg body weight in humans which is equal to 1350 mg microsomal protein/kg
body weight. Thus, the unit of Cl;, becomes ml/min/kg body weight.

12.2.1.3. Utilization of Hepatic Clearance Models to Estimate In Vivo Hepatic
Clearance of a Drug

Estimates of in vivo hepatic clearance (Cl,) can be achieved by incorporating
estimates of Cl,;,, Q,, and f, into the hepatic clearance model(s). For instance, if 90%
of a drug is bound to blood components (f, =0.1) and Cl,, is estimated at 27
ml/min/kg body weight, Cl, of the drug in humans in vivo is then 2.66 or 2.53
ml/min/kg body weight, according to the well-stirred or parallel-tube models for
hepatic clearance, respectively.

Table 12.5. Concentration of Cytochrome P450 and the Amount of Microsomal Protein per
Gram of Liver in Rats, Dogs, and Humans (Mean + SD)

Cytochrome P450 Microsomal protein Liver weight
Species (nmol/mg protein} concentration (mg/g liver) {g/kg body weight)
Rat 0.980 £+ 0.10° 549, 45° 42.4° 45*
Dog 0.474 + 0.0807 43° 25.6°
0.78 + 0.08° - —
Human 0.296 + 0.093°, 0.32¢ 77, 52.5¢ 20.2¢

sData taken from Béadrnhielm ez al. (1986).
®Data taken from Houston (1994).

<Data taken from Duignan et al. (1987).
dData taken from Iwatsubo et al. (1997).
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WELL-STIRRED MODEL:

mifmin/kg body weight no unit mi/minfkg body weighi

V l J
_ Quf,Cl, 206 x 0.1 x 27
8T Q. +1,Cl, 206+01x27

= 2.66 ml/min/kg body weight

Cl

PARALLEL-TUBE MODEL:

Cl, = Q, (1 — ¢~ T Chur/Qy = 2 53 ml/min/kg body weight

Differences in the estimates of Cl, from these two models are less important for
low-clearance drugs, i.e., drugs with f,-Cl;, << Q,. When the extraction ratio of a
drug is greater than 0.7, the difference in the clearance estimate between the models
becomes more apparent. Despite its assumptions and simplifications, the well-stirred
model, the least sophisticated of the hepatic clearance models, appears to suffice for
extrapolation of in vitro metabolism data to in vivo clearance. Similarly, the simple
Michaelis—Menten kinetics is considered to be adequate for describing kinetic
behaviors of metabolizing enzymes, despite the known complexities of enzyme
families and reaction patterns.

12.2.1.4. Comparison of Various In Vitro Methods for Predicting In Vivo
Hepatic Clearance

In general, primary hepatocytes (freshly isolated hepatocytes) seem to provide
more reliable in vitro predictions of Cl,, than liver microsomes or slices. Studies using
liver microsomes or slices tend to underestimate Cl, as compared to hepatocytes. It
has been found that the rate of drug metabolism in hepatocytes is approximately
three times as fast as that in microsomes when normalized by microsomal protein
concentration (Houston and Carlie, 1997; Miners ef al., 1994). The slower metab-
olism rate in microsomes can be the result of various factors. For instance,

1. Limited metabolic capability of microsomes: Hepatocytes can perform both
phase I and phase II metabolism, whereas microsomes have phase I
metabolism or only limited phase II metabolism such as UDP-glucuronosyl
transferase activity depending on reaction conditions.

2. Damage to microsomes during preparation: Structural integrity of micro-
somes may be damaged to a certain extent during isolation owing to the
disruptive nature of the preparation processes, and subsequent reestablish-
ment of study conditions for metabolism may not be physiologically optimal.

3. Inactivation of enzymatic activities in microsomes: When the half-life ofdrug
disappearance is used to estimate Cli, ,, .., rather than the Michaelis—
Menten kinetics for separate V... and K,, estimates, liver microsomes may
not be able to maintain full activity over a sufficiently long incubation period
for an accurate measurement of the half-life.
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4. Nonspecific binding of drug to microsomal proteins: In microsomes, any
nonspecific binding of a drug to microsomal proteins (usually 10 to 60% in
rat liver microsomes at 1 mg microsomal protein) may cause the concentra-
tion of the drug available to the enzyme to be lower than that initially added
in the reaction medium. On the other hand, the extent of nonspecific binding
of a drug to intracellular protein in hepatocytes may be lower than in
microsomal preparations, when normalized by enzyme activities.

Comparison between microsomes and hepatocytes for prediction in vivo
clearance: Extrapolations from studies with hepatocytes tend to be more reliable
than those from microsomes. For low-clearance drugs (Cl; ;.00 < 20 pl/min/mg
microsomal protein), prediction is reasonable; however, for high-clearance drugs
(CL;, is viro > 100 pl/min/mg microsomal protein), predicted values of Cl, based on
microsomal data are substantially lower than those from the corresponding hepa-
tocyte data or measured Cl,.

Using liver slices for predicting in vivo clearance: Liver slices have not been used
as extensively as microsomes or primary hepatocytes for predicting Cl, for the
followingreasons:

1. Difficulties in preservation and limited availability of fresh liver slices: Only
limited success in cryopreservation ofslices.

2. Lack of population approach: Difficulties in phenotyping liver slices from
different individuals prior to the studies.

3. Diffusion (transport)-limited metabolism: Because ofthe limited diffusibility
ofa drug across the multilayers of hepatocytes in slices (approximately five
layers of hepatocytes in about 200-pum-thick slices), drug metabolism takes
place mainly in the outer layers of a liver slice. In other words, drug
availability to hepatocytes in liver slices is rather limited as compared to that
in isolated hepatocytes.

12.1.2.5. Effects of Nonspecifc Binding of a Drug on In Vitro Metabolism

Michaelis—Mentenkinetics for enzyme reactions such as metabolism is based
on the interaction between unbound drug and unbound enzyme molecules in the
medium, forming enzyme—drugintermediates, which then break into metabolites
and unbound enzymes:

Unbound drug molecule (D) Forming Producing
interacting with unbound enzyme-drug metabolite (M)
enzyme (E) intermediate and releasing E
ki kz
D+ E ;kzt E-D — = E+M

The initial rate of drug disappearance according to Michaelis—Menten kinetics
[Eq. (12.10)] is a function of the unbound, not the total, drug concentration actually
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A B
Vinax

Km Km
C C],u

Figure 12.6. Differences in Michaelis—Menten constants obtained based on the relationship between
initial disappearance rates (V) ofa drug and its total (C,®) or unbound (C,,, O) concentrations in liver
microsomes. K,, and K',, are indicated as total (A) and unbound (B) drug concentrations, at which V is
halfof V... V.. isindependent ofnonspecific binding of the drug to microsomal proteins.

available to the metabolizing enzymes. K,, is equal to the unbound drug concentra-
tion in the medium at which the initial rate of drug disappearance is half of V.,
and thus should be determined from the relationship between the initial rate of drug
disappearance and the unbound drug concentrations in the medium. V,,, should not
be affected by the extent of drug binding in the medium (Béédrnhielm et al., 1986; Ito
etal., 1998; Obach, 1997).

For instance, when metabolism is studied in microsomes, the total concentra-
tion of the drug added to the medium may not be equal to its unbound concentra-
tion owing to the nonspecific binding to microsomal proteins. In fact, the values of
K., estimated based on total drug concentrations in the reaction medium can be
significantly greater than that based on the unbound drug concentrations (Fig. 12.6).
The K, value corrected for the extent of nonspecific protein binding (K',) can be
obtained by multiplying the value estimated based on total concentrations i.e., K,,)
by the ratio of unbound and total drug concentrations in the microsomes (£, .):

(12.21) Kin =1, K

f.m can be estimated through protein binding studies such as equilibrium dialysis
without cofactors at a single drug concentration in a reaction medium containing
microsomes, if the extent of protein binding is independent of drug concentration.
Nonspecific binding to microsomal proteins has been found to be 10 to 60%, i.¢., f, .
0f 0.4 to 0.9, at a microsomal protein concentration of 1 mg/ml for several drugs.

For drugs with extensive nonspecific binding, the estimate for Cl; ;, ..., using
K. can be too low. If extensive nonspecific binding of a drug is expected, it is
important to consider f,,, for estimating the true Cl; ,, -

Vmax _ Vmax
(1222) Cli, invitre — K;n - fu K

,m m
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Discrepancies between the predictions from in vitro data and in vivo findings: 1t is
not uncommon to find that hepatic clearance predicted on the basis of in vitro data
can under- or overestimate the true in vivo hepatic clearance (Houston and Carlie,
1997). Several potential causes for these discrepancies are as follows:

1. Underestimationof In Vivo Hepatic Clearance. In many cases, in vivo hepatic
clearance (Cl,) predicted from Cl,, ,, ., tends to be lower than the measured Cl,,
especially for high-clearance drugs (Cl,, ;i > 100 ul/min/mg protein). This discrep-
ancy might be due to the following limitations of in vitro experiments:

* Limited metabolic activities: This becomes more apparent in liver microsome
studies.

* Product inhibition by metabolites on enzyme activities: This is of concern

especially in microsome studies owing to the lack of active phase II conjugating

enzymes.

Variability of in vitro systems (sample collection, storage condition, etc): The

disruptive nature of the microsomal preparation can result in the loss of activities

or variability in activities of different isoforms. In most cases, approximately 20%

of the primary hepatocytes isolated using current methods are not viable.

Poor penetration of drug into multilayers of hepatocytes inliver slices: Owing to

poor penetration of the drug, drug metabolism takes place mainly in hepatocytes

in the outer layer of liver slices.

+ Nonspecific binding of a drug to microsomal proteins and/or experimental
apparatus: Since only unbound drug is subject to metabolism, nonspecific binding
of a drug in in vitro experiments can reduce the amount of drug available for
metabolism, resulting in apparently lower Cl;, .., compared to Cl;, when
normalized by protein concentration.

« Inability to predict biliary clearance in in vitro metabolic systems.

2. Overestimation of /n Vivo Hepatic Clearance: Occasionally, a predicted Cl,
based on Cl,, ;, ... is higher than the measured Cl,, which can be due to:

* A slow equilibrium of drug between sinusoidal blood and hepatocytes: When
intrinsic hepatic clearance (metabolism and biliary excretion) of a drug is much
faster than the efflux clearance from the hepatocytes to the sinusoidal blood, the
apparent Cl;, becomes governed by drug uptake from the sinusoidal blood into
the hepatocytes. In this case, Cli, ;, ., €stimated in liver microsomes, which does
not account for a slow drug uptake from the blood into the hepatocytes in vivo,
can lead to an overestimate of Cl, (Kwon and Morris, 1997).

3. Other Factors:

* The presence of active transporters in the sinusoidal membranes of hepatocytes:
When a drug is subject to active transporters located in the sinusoidal membranes,
its unbound drug concentration within the hepatocytes can be different than it is
in blood. The effects of active drug transport on Cl, are often difficult to assess
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Table 12.6. Known Standard Values for Volumes of
Different Body Fluids in Animals and Humans

Volumes (liters/kg)°

Species v, \A V.

Rat, guinea pig 0.031 0.266 0.371
Rabbit 0.044 0.206 0.456
Monkey 0.045 0.163 0.485
Dog 0.052 0.225 0.328
Human 0.043 0.217 0.340

sV,: plasma volume; V,: extracellular fluid volume minus plasma volume;
and V;: physical volume into which the drug distributes minus the extracel-
lular space (intracellular fluid volume).

solely from in vitro data and further experiments, such as liver perfusion, are
needed.

» Interindividual variability in metabolism: Genetic polymorphism and environ-
mental factors can cause significant variability in hepatic metabolic ability and
capacity among different individuals. It is, therefore, often difficult to predict CI,
representing population from in vitro experiments with liver samples obtained from
afew individuals.

12.2.2. Predicting the Volume of Distribution of a Drug in Humans

Equation (12.23) developed by ®ie and Tozer can be used to predict the volume
of drug distribution at steady state in humans using the known values for actual
physiological volumes and the fractions of drug not bound to plasma components
determined experimentally (®ie and Tozer, 1979). An estimate of the ratio of
unbound and total drug concentrations in intracellular space (f,) of a drug in
humans can be obtained by averaging f.. values calculated from at least two different
species [Eq. (12.24)], assuming that f.t is similar across species. The known standard
values for V,, V., and V, in humans are shown in Table 12.6.

(12.23) Vi = 24V, + £,V [(V./V,) — 18] + (/) V,

fa V.

(12.24) fu = Va— Q&) V, 1,V [(V./V,) — L4]

f, is the ratio of unbound and total drug concentrations in plasma, f, is the ratio of
unbound and total drug concentrations in intracellular space (tissues), V, is the
plasma volume (liters/kg), V. is the extracellular fluid volume minus the plasma
volume (liters/kg), V. is the physical volume into which the drug distributes minus
the extracellular space (liters/kg), and V, is the volume of distribution at steady state
(liters/kg).
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