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eliminate the drug (see Clinical Trials: The IND and NDA in 
Chapter 1). This dose will not be suitable for every patient. Several 
physiologic processes (eg, body size, maturation of organ function 
in infants) and pathologic processes (eg, heart failure, renal failure) 
dictate dosage adjustment in individual patients. These processes 
modify specific pharmacokinetic parameters. The two basic 
parameters are clearance, the measure of the ability of the body to 
eliminate the drug; and volume of distribution, the measure of 
the apparent space in the body available to contain the drug. 
These parameters are illustrated schematically in Figure 3–2 where 
the volume of the beakers into which the drugs diffuse represents 
the volume of distribution, and the size of the outflow “drain” in 
Figures 3–2B and 3–2D represents the clearance.

Volume of Distribution
Volume of distribution (V) relates the amount of drug in the body 
to the concentration of drug (C) in blood or plasma:

The volume of distribution may be defined with respect to 
blood, plasma, or water (unbound drug), depending on the con-
centration used in equation (1) (C = Cb, Cp, or Cu).

That the V calculated from equation (1) is an apparent volume 
may be appreciated by comparing the volumes of distribution of 
drugs such as digoxin or chloroquine (Table 3–1) with some of the 
physical volumes of the body (Table 3–2). Volume of distribution 

can vastly exceed any physical volume in the body because it is the 
volume apparently necessary to contain the amount of drug homo-
geneously at the concentration found in the blood, plasma, or 
water. Drugs with very high volumes of distribution have much 
higher concentrations in extravascular tissue than in the vascular 
compartment, ie, they are not homogeneously distributed. Drugs 
that are completely retained within the vascular compartment, on 
the other hand, would have a minimum possible volume of distri-
bution equal to the blood component in which they are distrib-
uted, eg, 0.04 L/kg body weight or 2.8 L/70 kg (Table 3–2) for a 
drug that is restricted to the plasma compartment.

Clearance
Drug clearance principles are similar to the clearance concepts of 
renal physiology. Clearance of a drug is the factor that predicts the 
rate of elimination in relation to the drug concentration (C):

Clearance, like volume of distribution, may be defined with 
respect to blood (CLb), plasma (CLp), or unbound in water (CLu), 
depending on where and how the concentration is measured.

It is important to note the additive character of clearance. 
Elimination of drug from the body may involve processes occur-
ring in the kidney, the lung, the liver, and other organs. Dividing 
the rate of elimination at each organ by the concentration of 
drug presented to it yields the respective clearance at that organ. 
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FIGURE 3–1 The relationship between dose and effect can be separated into pharmacokinetic (dose-concentration) and pharmaco-
dynamic (concentration-effect) components. Concentration provides the link between pharmacokinetics and pharmacodynamics and is the 
focus of the target concentration approach to rational dosing. The three primary processes of pharmacokinetics are  input, distribution, and 
elimination.
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Abbreviations
ABC: ATP-binding cassette
ACE: angiotensin-converting enzyme
AUC: area under the concentration-time curve of drug 
absorption and elimination
BBB: blood-brain barrier
CL: clearance
CNS: central nervous system
CNT1: concentrative nucleoside transporter 1
Cp: plasma concentration
CSF: cerebrospinal !uid
Css: steady-state concentration
CYP: cytochrome P450
F: bioavailability
GI: gastrointestinal
h: hours
k: a rate constant
MDR1: multidrug resistance protein
MEC: minimum e"ective concentration
min: minutes
SLC: solute carrier
T, t: time
t1/2: half-life
V: volume of distribution
Vss: volume of distribution at steady state
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Figure 2–1 The interrelationship of the absorption, distribution, binding, metabolism, and excretion of a drug and its concentration at its sites of action. Possible 
distribution and binding of metabolites in relation to their potential actions at receptors are not depicted.

side of the membrane and can e"ectively trap ionized drug on one side 
of the membrane.

In!uence of pH on Ionizable Drugs
Many drugs are weak acids or bases that are present in solution as both 
the lipid-soluble, di"usible nonionized form and the ionized species that is 
relatively lipid insoluble and poorly di"usible across a membrane. Among 
the common ionizable groups are carboxylic acids and amino groups 
(primary, secondary, and tertiary; quaternary amines hold a permanent 
positive charge). #e transmembrane distribution of a weak electrolyte is 
in!uenced by its pKa and the pH gradient across the membrane. #e pKa 
is the pH at which half the drug (weak acid or base electrolyte) is in its 

ionized form. #e ratio of nonionized to ionized drug at any pH may be 
calculated from the Henderson-Hasselbalch equation:

 Klog 
[protonated form]

[unprotonated form]
= p pHa −  (Equation 2–1)

Equation 2–1 relates the pH of the medium around the drug and the 
drug’s acid dissociation constant (pKa) to the ratio of the protonated 
(HA or BH+) and unprotonated (A− or B) forms, where

↔ − +
− +

HA A + H , where K =
[A ][H ]

[HA]a

describes the dissociation of an acid, and

BH B + H , where K =
[B][H ]
[BH ]a↔+ +

+

+

describes the dissociation of the protonated form of a base.
At steady state, an acidic drug will accumulate on the more basic side 

of the membrane and a basic drug on the more acidic side. #is phenom-
enon, known as ion trapping, is an important process in drug distribution 
with potential therapeutic bene%t (Perletti et al., 2009). Figure 2–3 illus-
trates this e"ect and shows the calculated values for the distribution of a 
weak acid between the plasma and gastric compartments.

One can take advantage of the e"ect of pH on transmembrane parti-
tioning to alter drug excretion. In the kidney tubules, urine pH can vary 
over a wide range, from 4.5 to 8. As urine pH drops (as [H+] increases), 
weak acids (A–) and weak bases (B) will exist to a greater extent in their 
protonated forms (HA and BH+); the reverse is true as pH rises, where A– 
and B will be favored. #us, alkaline urine favors excretion of weak acids; 
acid urine favors excretion of weak bases. Elevation of urine pH (by giving 
sodium bicarbonate) will promote urinary excretion of weak acids such as 
aspirin (pKa ~ 3.5) and urate (pKa ~ 5.8). Another useful consequence of a 
drug’s being ionized at physiological pH is illustrated by the relative lack 
of sedative e"ects of second-generation histamine H1 antagonists (e.g., 
loratadine): Second-generation antihistamines are ionized molecules 
(less lipophilic, more hydrophilic) that cross the BBB poorly compared 
to %rst-generation agents such as diphenhydramine, which are now used 
as sleep aids.

Carrier-Mediated Membrane Transport
Proteins in the plasma membrane mediate transmembrane movements of 
many physiological solutes; these proteins also mediate transmembrane 
movements of drugs and can be targets of drug action. Mediated transport 
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Figure 2–2 Drugs move across membrane and cellular barriers in a variety of ways. See details in Figures 5–1 through 5–5.
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Figure 2–3 In!uence of pH on the distribution of a weak acid (pKa = 4.4) 
between plasma and gastric juice separated by a lipid barrier. A weak acid dis-
sociates to di!erent extents in plasma (pH 7.4) and gastric acid (pH 1.4): 
!e higher pH facilitates dissociation; the lower pH reduces dissociation. !e 
uncharged form, HA, equilibrates across the membrane. Blue numbers in 
brackets show relative equilibrium concentrations of HA and A−, as calculated 
from Equation 2–1.

is broadly characterized as facilitated di!usion or active transport (see 
Figure 2–2; Figure 5–4). Membrane transporters and their roles in drug 
response are presented in detail in Chapter 5.
Facilitated Di!usion. Facilitated di!usion is a carrier-mediated trans-
port process in which the driving force is simply the electrochemical gra-
dient of the transported solute; thus, these carriers can facilitate solute 
movement either in or out of cells, depending on the direction of the elec-
trochemical gradient. !e carrier protein may be highly selective for a spe-
ci#c conformational structure of an endogenous solute or a drug whose 
rate of transport by passive di$usion through the membrane would oth-
erwise be quite slow. For instance, the organic cation transporter OCT1 
(SLC22A1) facilitates the movement of a physiologic solute, thiamine, and 
also of drugs, including metformin, which is used in treating type 2 dia-
betes. Chapter 5 describes OCT1 and other members of the human SLC 
superfamily of transporters.
Active Transport. Active transport is characterized by a direct require-
ment for energy, capacity to move solute against an electrochemical 
gradient, saturability, selectivity, and competitive inhibition by cotrans-
ported compounds. Na+,K+-ATPase is an important example of an active 
transport mechanism that is also a therapeutic target of digoxin in the 
treatment of heart failure (Chapter 29). A group of primary active trans-
porters, the ABC family, hydrolyze ATP to export substrates across mem-
branes. For example, the P-glycoprotein, also called ABCB1 and MDR1, 
exports bulky neutral or cationic compounds from cells; its physiologic 
substrates include steroid hormones such as testosterone and progester-
one. MDR1 exports many drugs as well, including digoxin, and a great 
variety of other agents (see Table 5–4). P-glycoprotein in the enterocyte 

limits the absorption of some orally administered drugs by exporting 
compounds into the lumen of the GI tract subsequent to their absorp-
tion. ABC transporters perform a similar function in the cells of the BBB, 
e$ectively reducing net accumulation of some compounds in the brain. By 
the same mechanism, P-glycoprotein also can confer resistance to some 
cancer chemotherapeutic agents (see Chapters 65–68).

Members of the SLC superfamily can mediate secondary active trans-
port using the electrochemical energy stored in a gradient (usually Na+) 
to translocate both biological solutes and drugs across membranes. For 
instance, the Na+–Ca2+ exchange protein (SLC8) uses the energy stored in 
the Na+ gradient established by Na+,K+-ATPase to export cytosolic Ca2+ 
and maintain it at a low basal level, about 100 nM in most cells. SLC8 is 
thus an antiporter, using the inward %ow of Na+ to drive an outward %ow of 
Ca++; SLC8  also helps to mediate the positive inotropic e$ects of digoxin 
and other cardiac glycosides that inhibit the activity of Na+,K+-ATPase 
and thereby reduce the driving force for the extrusion of Ca++ from the 
ventricular cardiac myocyte. Other SLC cotransporters are symporters, in 
which driving force ion and solute move in the same direction. !e CNT1 
(SLC28A1), driven by the Na+ gradient, moves pyrimidine nucleosides 
and the cancer chemotherapeutic agents gemcitabine and cytarabine into 
cells. DAT, NET, and SERT, transporters for the neurotransmitters dopa-
mine, norepinephrine, and serotonin, respectively, are secondary active 
transporters that also rely on the energy stored in the transmembrane Na+ 
gradient, symporters that coordinate movement of Na+ and neurotrans-
mitter in the same direction (into the neuron); they are also the targets 
of CNS-active agents used in therapy of depression. Members of the SLC 
superfamily are active in drug transport in the GI tract, liver, and kidney, 
among other sites.

Paracellular Transport
In the vascular compartment, paracellular passage of solutes and %uid 
through intercellular gaps is su&ciently large that passive transfer across 
the endothelium of capillaries and postcapillary venules is generally lim-
ited by blood %ow. Capillaries of the CNS and a variety of epithelial tissues 
have tight junctions that limit paracellular movement of drugs (Spector 
et al., 2015).

Drug Absorption, Bioavailability, and  
Routes of Administration

Absorption and Bioavailability
Absorption is the movement of a drug from its site of administration into the 
central compartment (see Figure 2–1). For solid dosage forms, absorption 
#rst requires dissolution of the tablet or capsule, thus liberating the drug. 
Except in cases of malabsorption syndromes, the clinician is concerned pri-
marily with bioavailability rather than absorption (Tran et al., 2013).
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   Aqueous diffusion of drug molecules is usually driven by the 
concentration gradient of the permeating drug, a downhill move-
ment described by Fick’s law (see below). Drug molecules that are 
bound to large plasma proteins (eg, albumin) do not permeate 
most vascular aqueous pores. If the drug is charged, its flux is also 
influenced by electrical fields (eg, the membrane potential and—
in parts of the nephron—the transtubular potential).

2. Lipid diffusion—Lipid diffusion is the most important limit-
ing factor for drug permeation because of the large number of 
lipid barriers that separate the compartments of the body. 
Because these lipid barriers separate aqueous compartments, 
the lipid:aqueous partition coefficient of a drug determines 
how readily the molecule moves between aqueous and lipid 
media. In the case of weak acids and weak bases (which gain or 
lose electrical charge-bearing protons, depending on the pH), 
the ability to move from aqueous to lipid or vice versa varies 
with the pH of the medium, because charged molecules attract 
water molecules. The ratio of lipid-soluble form to water-solu-
ble form for a weak acid or weak base is expressed by the 
Henderson-Hasselbalch equation (described in the following 
text). See Figure 1–4B.

3. Special carriers—Special carrier molecules exist for many sub-
stances that are important for cell function and too large or too 
insoluble in lipid to diffuse passively through membranes, eg, 
peptides, amino acids, and glucose. These carriers bring about 
movement by active transport or facilitated diffusion and, 
unlike passive diffusion, are selective, saturable, and inhibit-
able. Because many drugs are or resemble such naturally occur-
ring peptides, amino acids, or sugars, they can use these carriers 
to cross membranes. See Figure 1–4C.

    Many cells also contain less selective membrane carriers that 
are specialized for expelling foreign molecules. One large family 
of such transporters binds adenosine triphosphate (ATP) and is 
called the ABC (ATP-binding cassette) family. This family 
includes the P-glycoprotein or multidrug resistance type 1 
(MDR1) transporter found in the brain, testes, and other tis-
sues, and in some drug-resistant neoplastic cells, Table 1–2. 
Similar transport molecules from the ABC family, the multidrug 

resistance-associated protein (MRP) transporters, play 
important roles in the excretion of some drugs or their metabo-
lites into urine and bile and in the resistance of some tumors to 
chemotherapeutic drugs. Several other transporter families 
have been identified that do not bind ATP but use ion gradi-
ents to drive transport. Some of these (the solute carrier [SLC] 
family) are particularly important in the uptake of neurotrans-
mitters across nerve-ending membranes. The latter carriers are 
discussed in more detail in Chapter 6.

4. Endocytosis and exocytosis—A few substances are so large or 
impermeant that they can enter cells only by endocytosis, the 
process by which the substance is bound at a cell-surface recep-
tor, engulfed by the cell membrane, and carried into the cell by 
pinching off of the newly formed vesicle inside the membrane. 
The substance can then be released inside the cytosol by break-
down of the vesicle membrane, Figure 1–4D. This process is 
responsible for the transport of vitamin B12, complexed with a 
binding protein (intrinsic factor) across the wall of the gut into 
the blood. Similarly, iron is transported into hemoglobin-syn-
thesizing red blood cell precursors in association with the pro-
tein transferrin. Specific receptors for the transport proteins 
must be present for this process to work.

   The reverse process (exocytosis) is responsible for the secre-
tion of many substances from cells. For example, many 
 neurotransmitter substances are stored in membrane-bound 
vesicles in nerve endings to protect them from metabolic de-
struction in the cytoplasm. Appropriate activation of the nerve 
ending causes fusion of the storage vesicle with the cell mem-
brane and expulsion of its contents into the extracellular space 
(see Chapter 6).

B. Fick’s Law of Diffusion
The passive flux of molecules down a concentration gradient is 
given by Fick’s law:

Lumen

Interstitium

A B C D

FIGURE 1–4 Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, 
tight junctions, A), or through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of 
cells (C). Very impermeant drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), 
and then released inside the cell or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).
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Figure 2–2 Drugs move across membrane and cellular barriers in a variety of ways. See details in Figures 5–1 through 5–5.
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Figure 2–3 In!uence of pH on the distribution of a weak acid (pKa = 4.4) 
between plasma and gastric juice separated by a lipid barrier. A weak acid dis-
sociates to di!erent extents in plasma (pH 7.4) and gastric acid (pH 1.4): 
!e higher pH facilitates dissociation; the lower pH reduces dissociation. !e 
uncharged form, HA, equilibrates across the membrane. Blue numbers in 
brackets show relative equilibrium concentrations of HA and A−, as calculated 
from Equation 2–1.

is broadly characterized as facilitated di!usion or active transport (see 
Figure 2–2; Figure 5–4). Membrane transporters and their roles in drug 
response are presented in detail in Chapter 5.
Facilitated Di!usion. Facilitated di!usion is a carrier-mediated trans-
port process in which the driving force is simply the electrochemical gra-
dient of the transported solute; thus, these carriers can facilitate solute 
movement either in or out of cells, depending on the direction of the elec-
trochemical gradient. !e carrier protein may be highly selective for a spe-
ci#c conformational structure of an endogenous solute or a drug whose 
rate of transport by passive di$usion through the membrane would oth-
erwise be quite slow. For instance, the organic cation transporter OCT1 
(SLC22A1) facilitates the movement of a physiologic solute, thiamine, and 
also of drugs, including metformin, which is used in treating type 2 dia-
betes. Chapter 5 describes OCT1 and other members of the human SLC 
superfamily of transporters.
Active Transport. Active transport is characterized by a direct require-
ment for energy, capacity to move solute against an electrochemical 
gradient, saturability, selectivity, and competitive inhibition by cotrans-
ported compounds. Na+,K+-ATPase is an important example of an active 
transport mechanism that is also a therapeutic target of digoxin in the 
treatment of heart failure (Chapter 29). A group of primary active trans-
porters, the ABC family, hydrolyze ATP to export substrates across mem-
branes. For example, the P-glycoprotein, also called ABCB1 and MDR1, 
exports bulky neutral or cationic compounds from cells; its physiologic 
substrates include steroid hormones such as testosterone and progester-
one. MDR1 exports many drugs as well, including digoxin, and a great 
variety of other agents (see Table 5–4). P-glycoprotein in the enterocyte 

limits the absorption of some orally administered drugs by exporting 
compounds into the lumen of the GI tract subsequent to their absorp-
tion. ABC transporters perform a similar function in the cells of the BBB, 
e$ectively reducing net accumulation of some compounds in the brain. By 
the same mechanism, P-glycoprotein also can confer resistance to some 
cancer chemotherapeutic agents (see Chapters 65–68).

Members of the SLC superfamily can mediate secondary active trans-
port using the electrochemical energy stored in a gradient (usually Na+) 
to translocate both biological solutes and drugs across membranes. For 
instance, the Na+–Ca2+ exchange protein (SLC8) uses the energy stored in 
the Na+ gradient established by Na+,K+-ATPase to export cytosolic Ca2+ 
and maintain it at a low basal level, about 100 nM in most cells. SLC8 is 
thus an antiporter, using the inward %ow of Na+ to drive an outward %ow of 
Ca++; SLC8  also helps to mediate the positive inotropic e$ects of digoxin 
and other cardiac glycosides that inhibit the activity of Na+,K+-ATPase 
and thereby reduce the driving force for the extrusion of Ca++ from the 
ventricular cardiac myocyte. Other SLC cotransporters are symporters, in 
which driving force ion and solute move in the same direction. !e CNT1 
(SLC28A1), driven by the Na+ gradient, moves pyrimidine nucleosides 
and the cancer chemotherapeutic agents gemcitabine and cytarabine into 
cells. DAT, NET, and SERT, transporters for the neurotransmitters dopa-
mine, norepinephrine, and serotonin, respectively, are secondary active 
transporters that also rely on the energy stored in the transmembrane Na+ 
gradient, symporters that coordinate movement of Na+ and neurotrans-
mitter in the same direction (into the neuron); they are also the targets 
of CNS-active agents used in therapy of depression. Members of the SLC 
superfamily are active in drug transport in the GI tract, liver, and kidney, 
among other sites.

Paracellular Transport
In the vascular compartment, paracellular passage of solutes and %uid 
through intercellular gaps is su&ciently large that passive transfer across 
the endothelium of capillaries and postcapillary venules is generally lim-
ited by blood %ow. Capillaries of the CNS and a variety of epithelial tissues 
have tight junctions that limit paracellular movement of drugs (Spector 
et al., 2015).

Drug Absorption, Bioavailability, and  
Routes of Administration

Absorption and Bioavailability
Absorption is the movement of a drug from its site of administration into the 
central compartment (see Figure 2–1). For solid dosage forms, absorption 
#rst requires dissolution of the tablet or capsule, thus liberating the drug. 
Except in cases of malabsorption syndromes, the clinician is concerned pri-
marily with bioavailability rather than absorption (Tran et al., 2013).
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ents to drive transport. Some of these (the solute carrier [SLC] 
family) are particularly important in the uptake of neurotrans-
mitters across nerve-ending membranes. The latter carriers are 
discussed in more detail in Chapter 6.

4. Endocytosis and exocytosis—A few substances are so large or 
impermeant that they can enter cells only by endocytosis, the 
process by which the substance is bound at a cell-surface recep-
tor, engulfed by the cell membrane, and carried into the cell by 
pinching off of the newly formed vesicle inside the membrane. 
The substance can then be released inside the cytosol by break-
down of the vesicle membrane, Figure 1–4D. This process is 
responsible for the transport of vitamin B12, complexed with a 
binding protein (intrinsic factor) across the wall of the gut into 
the blood. Similarly, iron is transported into hemoglobin-syn-
thesizing red blood cell precursors in association with the pro-
tein transferrin. Specific receptors for the transport proteins 
must be present for this process to work.

   The reverse process (exocytosis) is responsible for the secre-
tion of many substances from cells. For example, many 
 neurotransmitter substances are stored in membrane-bound 
vesicles in nerve endings to protect them from metabolic de-
struction in the cytoplasm. Appropriate activation of the nerve 
ending causes fusion of the storage vesicle with the cell mem-
brane and expulsion of its contents into the extracellular space 
(see Chapter 6).

B. Fick’s Law of Diffusion
The passive flux of molecules down a concentration gradient is 
given by Fick’s law:
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usus, sehingga absorpsi obat lebih baik di usus. Pengosongan
lambung mempercepat proses absorpsi obat.



METABOLISME absorbed intact from the small intestine and transported first 
via the portal system to the liver, where they undergo extensive 
metabolism. This process is called the first-pass effect 
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TABLE 4–1 Phase I reactions.

Reaction Class Structural Change Drug Substrates

Oxidations

Cytochrome P450-dependent oxidations:

Aromatic hydroxylations Acetanilide, propranolol, phenobarbital, pheny-
toin, phenylbutazone, amphetamine, warfarin, 
17α-ethinyl estradiol, naphthalene, benzpyrene

Aliphatic hydroxylations Amobarbital, pentobarbital, secobarbital, chlor-
propamide, ibuprofen, meprobamate, gluteth-
imide, phenylbutazone, digitoxin

Epoxidation Aldrin

Oxidative dealkylation

N-Dealkylation Morphine, ethylmorphine, benzphetamine, ami-
nopyrine, ca!eine, theophylline

O-Dealkylation Codeine, p-nitroanisole

S-Dealkylation 6-Methylthiopurine, methitural

N-Oxidation

Primary amines Aniline, chlorphentermine

Secondary amines 2-Acetylamino"uorene, acetaminophen

Tertiary amines Nicotine, methaqualone

S-Oxidation Thioridazine, cimetidine, chlorpromazine

Deamination Amphetamine, diazepam

Desulfuration Thiopental
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64    SECTION I Basic Principles

CLINICAL RELEVANCE OF DRUG 
METABOLISM

The dose and frequency of administration required to achieve 
effective therapeutic blood and tissue levels vary in different 
patients because of individual differences in drug distribution and 
rates of drug metabolism and elimination. These differences are 
determined by genetic factors as well as nongenetic variables, such 
as commensal gut microbiota, age, sex, liver size, liver function, 
circadian rhythm, body temperature, and nutritional and environ-
mental factors such as concomitant exposure to inducers or 
inhibitors of drug metabolism. The discussion that follows sum-
marizes the most important of these variables.

Individual Differences
Individual differences in metabolic rate depend on the nature of 
the drug itself. Thus, within the same population, steady-state 
plasma levels may reflect a 30-fold variation in the metabolism of 
one drug and only a twofold variation in the metabolism of 
another.

Genetic Factors
Genetic factors that influence enzyme levels account for some of 
these differences, giving rise to “genetic polymorphisms” in drug 
metabolism (see also Chapter 5). The first examples of drugs found 
to be subject to genetic polymorphisms were the muscle relaxant 

succinylcholine, the antituberculosis drug isoniazid, and the anti-
coagulant warfarin. A true genetic polymorphism is defined as the 
occurrence of a variant allele of a gene at a population frequency of 
≥ 1%, resulting in altered expression or functional activity of the 
gene product, or both. Well-defined and clinically relevant genetic 
polymorphisms in both phase I and phase II drug-metabolizing 
enzymes exist that result in altered efficacy of drug therapy or 
adverse drug reactions (ADRs). The latter frequently necessitate 
dose adjustment (Table 4–4), a consideration particularly crucial 
for drugs with low therapeutic indices.

A. Phase I Enzyme Polymorphisms
Genetically determined defects in the phase I oxidative metabo-
lism of several drugs have been reported (Table 4–4). These defects 
are often transmitted as autosomal recessive traits and may be 
expressed at any one of the multiple metabolic transformations 
that a chemical might undergo. Human liver P450s 3A4, 2C9, 
2D6, 2C19, 1A2, and 2B6 are responsible for about 75% of all 
clinically relevant phase I drug metabolism (Figure 4–4), and thus 
for about 60% of all physiologic drug biotransformation and 
elimination. Thus, genetic polymorphisms of these enzymes, by 
significantly influencing phase I drug metabolism, can alter their 
pharmacokinetics and the magnitude or the duration of drug 
response and associated events.

Three P450 genetic polymorphisms have been particularly well 
characterized, affording some insight into possible underlying 
molecular mechanisms, and are clinically noteworthy, as they 

TABLE 4–3 Phase II reactions.

Type of Conjugation Endogenous Reactant Transferase (Location) Types of Substrates Examples

Glucuronidation UDP glucuronic acid 
(UDPGA)

UDP glucuronosyltransfer-
ase (microsomes)

Phenols, alcohols, carboxylic 
acids, hydroxylamines, 
sulfonamides

Nitrophenol, morphine, 
acetaminophen, diazepam, 
N-hydroxydapsone, sulfa-
thiazole, meprobamate, 
digitoxin, digoxin

Acetylation Acetyl-CoA N-Acetyltransferase 
(cytosol)

Amines Sulfonamides, isoniazid, 
clonazepam, dapsone, 
mescaline

Glutathione conjugation Glutathione (GSH) GSH-S-transferase 
(cytosol, microsomes)

Epoxides, arene oxides, nitro 
groups, hydroxylamines

Acetaminophen, ethacrynic 
acid, bromobenzene

Glycine conjugation Glycine Acyl-CoA glycinetrans-
ferase (mitochondria)

Acyl-CoA derivatives of 
carboxylic acids

Salicylic acid, benzoic acid, 
nicotinic acid, cinnamic acid, 
cholic acid, deoxycholic acid

Sulfation Phosphoadenosyl 
phosphosulfate (PAPS)

Sulfotransferase 
(cytosol)

Phenols, alcohols, aromatic 
amines

Estrone, aniline, phenol, 
3- hydroxycoumarin, acet-
aminophen, methyldopa

Methylation S-Adenosylmethionine 
(SAM)

Transmethylases 
(cytosol)

Catecholamines, phenols, 
amines

Dopamine, epinephrine, 
pyridine, histamine, 
thiouracil

Water conjugation Water Epoxide hydrolase 
(microsomes)

Arene oxides, cis-disubsti-
tuted and monosubstituted 
oxiranes

Benzopyrene 7,8-epoxide, 
styrene 1,2-oxide, 
carbamazepine epoxide

(cytosol) Alkene oxides, fatty acid 
epoxides

Leukotriene A4
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to cause cancer; this risk is minimized by their acute, rather than chronic, 
use in cancer therapy.

The Phases of Drug Metabolism
Xenobiotic-metabolizing enzymes have historically been categorized as

t� phase 1 reactions, which include oxidation, reduction, or hydrolytic 
reactions; or

t� phase 2 reactions, in which enzymes catalyze the conjugation of the 
substrate (the phase 1 product) with a second molecule.

!e phase 1 enzymes lead to the introduction of what are called func-
tional groups, such as –OH, –COOH, –SH, –O–, or NH2 (Table 6–1). !e 
addition of functional groups does little to increase the water solubility of 
the drug but can dramatically alter the biological properties of the drug. 
Reactions carried out by phase 1 enzymes usually lead to the inactivation 
of a drug. However, in certain instances, metabolism, usually the hydro-
lysis of an ester or amide linkage, results in bioactivation of a drug. Inac-
tive drugs that undergo metabolism to an active drug are called prodrugs 
(Huttenen et al., 2011). Examples of prodrugs bioactivated by CYPs are 
the antitumor drug cyclophosphamide, which is bioactivated to a cell-kill-
ing electrophilic derivative (see Chapter 66), and the anti-thrombotic 
agent clopidogrel, which activated to 2-oxo-clopidogrel,  which is further 
metabolized to an irreversible inhibitor of platelet ADP P2Y12 receptors. 
Phase 2 enzymes produce a metabolite with improved water solubility and 
thereby facilitate the elimination of the drug from the tissue, normally 
via e"ux transporters described in Chapter 5. !us, in general, phase 1 
reactions result in biological inactivation of a drug, and phase 2 reactions 
facilitate the drug elimination and the inactivation of electrophilic and 
potentially toxic metabolites produced by oxidation.

Superfamilies of evolutionarily related enzymes and receptors are com-
mon in the mammalian genome; the enzyme systems responsible for drug 
metabolism are good examples. !e phase 1 oxidation reactions are car-
ried out by CYPs, FMOs, and EHs. !e CYPs and FMOs are composed of 
superfamilies of enzymes. Each superfamily contains multiple genes. !e 

TABLE 6–1  ■  XENOBIOTIC-METABOLIZING ENZYMES

ENZYMES REACTIONS

Phase 1 enzymes (CYPs, FMOs, EHs)
Cytochrome P450s (P450 or 
CYP)

C and O oxidation, dealkylation, 
others

Flavin-containing 
monooxygenases (FMOs)

N, S, and P oxidation

Epoxide hydrolases (EHs) Hydrolysis of epoxides

Phase 2 “transferases”
Sulfotransferases (SULT) Addition of sulfate
UDP-glucuronosyltransferases 
(UGTs)

Addition of glucuronic acid

Glutathione-S-transferases 
(GSTs)

Addition of glutathione

N-Acetyltransferases (NATs) Addition of acetyl group
Methyltransferases (MTs) Addition of methyl group

Other enzymes
Alcohol dehydrogenases Reduction of alcohols
Aldehyde dehydrogenases Reduction of aldehydes
NADPH-quinone oxidoreductase 
(NQO)

Reduction of quinones

mEH and sEH, microsomal and soluble epoxide hydrolase, respectively; NADPH, 
reduced nicotinamide adenine dinucleotide phosphate; UDP, uridine diphosphate.

phase 2 enzymes include several superfamilies of conjugating enzymes. 
Among the more important are the GSTs, UGTs, SULTs, NATs, and MTs 
(Table 6-1).

!ese conjugation reactions usually require the substrate to have oxy-
gen (hydroxyl or epoxide groups), nitrogen, and sulfur atoms that serve 
as acceptor sites for a hydrophilic moiety, such as glutathione, glucuronic 
acid, sulfate, or an acetyl group, that is covalently conjugated to an accep-
tor site on the molecule. Examine the phase 1 and phase 2 metabolism 
of phenytoin (Figure 6–1). !e oxidation by phase 1 enzymes either 
adds or exposes a functional group, permitting the products of phase 1 
metabolism to serve as substrates for the phase 2 conjugating or synthetic 
enzymes. In the case of the UGTs, glucuronic acid is delivered to the func-
tional group, forming a glucuronide metabolite that is more water soluble 
and is targeted for excretion in the urine or bile. When the substrate is 
a drug, these reactions usually convert the original drug to a form that 
is not able to bind to its target receptor, thus attenuating the biological 
response to the drug.

Sites of Drug Metabolism
Xenobiotic-metabolizing enzymes are found in most tissues in the body, 
with the highest levels located in the GI tract (liver, small and large 
intestines). !e small intestine plays a crucial role in drug metabolism. 
Orally administered drugs #rst are exposed to the GI $ora, which can 
metabolize some drugs. During absorption, drugs are exposed to  
xenobiotic-metabolizing enzymes in the epithelial cells of the GI tract; 
this is the initial site of drug metabolism. Once absorbed, drugs enter 
the portal circulation and are taken to the liver, where they can be 
extensively metabolized (the “#rst-pass e%ect”). !e liver is the major 
“metabolic clearinghouse” for both endogenous chemicals (e.g., cho-
lesterol, steroid hormones, fatty acids, and proteins) and xenobiotics. 
While a portion of active drug escapes metabolism in the GI tract and 
liver, subsequent passes through the liver result in more metabolism of 
the parent drug until the agent is eliminated. !us, drugs that are poorly 
metabolized remain in the body for longer periods of time, and their 
pharmacokinetic pro#les show much longer elimination half-lives than 
drugs that are rapidly metabolized.

During drug development, compounds are sought that have a favor-
able pharmacokinetic pro#le in which they are eliminated over the course 
of 24 h a&er administration. !is allows the use of daily single dosing. 
If a compound with a favorable e'cacy cannot be modi#ed to improve 
its pharmacokinetic pro#le, twice-a-day or even three times-a-day dos-
ing needs to be used. Other organs that contain signi#cant xenobiotic- 
metabolizing enzymes include tissues of the nasal mucosa and lung, 
which play important roles in the metabolism of drugs that are adminis-
tered through aerosol sprays. !ese tissues are also the #rst line of contact 
with hazardous chemicals that are airborne.

Within the cell, xenobiotic-metabolizing enzymes are found in the 
intracellular membranes and in the cytosol. !e phase 1 CYPs, FMOs, 
and EHs and some phase 2 conjugating enzymes, notably the UGTs, are 
all located in the endoplasmic reticulum (ER) of the cell (Figure 6–2). !e 
endoplasmic reticulum consists of phospholipid bilayers organized as 
tubes and sheets throughout the cytoplasm. !is network has an inner 
lumen that is physically distinct from the rest of the cytosolic com-
ponents of the cell and has connections to the plasma membrane and 
nuclear envelope. !is membrane localization is ideally suited for the 
metabolic function of these enzymes: Hydrophobic molecules enter the 
cell and become embedded in the lipid bilayer, where they come into 
direct contact with the phase 1 enzymes. Once subjected to oxidation, 
drugs can be directly conjugated by the UGTs (in the lumen of the endo-
plasmic reticulum) or by the cytosolic transferases, such as GST and 
SULT. Glucuronide conjugates must be transported out of the endo-
plasmic reticulum. !e metabolites are transported across the plasma 
membrane and into the bloodstream, then conveyed to the liver and into 
the bile through the bile canaliculus, from which they are deposited in 
the gut (see Figure 5–9).
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is therefore the rate of drug in, minus the rate of 
drug out—as given by the differential equation, 
Equation 8.10:

 

dD
dt

dD
dt

Fk D kD

rate in rate outB

B
a GI B

= −

= −
 (8.11)

where F is the fraction of drug absorbed systemi-
cally. Since the drug in the gastrointestinal tract 
also follows a first-order decline (ie, the drug is 
absorbed across the gastrointestinal wall), the 
amount of drug in the gastrointestinal tract at any 
time t is equal to −

0
aD e k t.

 
dD
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The value of F may vary from 1 for a fully 
absorbed drug to 0 for a drug that is completely 
unabsorbed. This equation can be integrated to give 
the general oral absorption equation for calculation 
of the drug concentration (Cp) in the plasma at any 
time t, as shown below.

 C
Fk D

V k k
e ekt k t

( )
( )p

a 0

D a

a= − −− −  (8.12)

A typical plot of the concentration of drug in the 
body after a single oral dose is presented in Fig. 8-8.

The maximum plasma concentration after oral 
dosing is Cmax, and the time needed to reach maximum 
concentration is tmax. The tmax is independent of dose 
and is dependent on the rate constants for absorption 
(ka) and elimination (k) (Equation 8.13). At Cmax, some-
times called peak concentration, the rate of drug 
absorbed is equal to the rate of drug eliminated. 
Therefore, the net rate of concentration change is equal 
to zero. At Cmax, the rate of concentration change can be 
obtained by differentiating Equation 8.11, as follows:
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This can be simplified as follows:
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As shown in Equation 8.13, the time for maxi-
mum drug concentration, tmax, is dependent only on 
the rate constants ka and k. In order to calculate Cmax, 
the value for tmax is determined via Equation 8.13 
and then substituted into Equation 8.11, solving for 
Cmax. Equation 8.11 shows that Cmax is directly pro-
portional to the dose of drug given (D0) and the frac-
tion of drug absorbed (F). Calculation of tmax and 
Cmax is usually necessary, since direct measurement 
of the maximum drug concentration may not be pos-
sible due to improper timing of the serum samples.

The first-order elimination rate constant may be 
determined from the elimination phase of the plasma 
level–time curve (Fig. 8-4). At later time intervals, 
when drug absorption has been completed, that is, 
e k t 0a ≈− , Equation 8.11 reduces to

 C
Fk D

V k k
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D a
= −

−  (8.15)

Taking the natural logarithm of this expression,

 C
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D a
= − −  (8.16)FIGURE 88 Typical plasma level–time curve for a drug 

given in a single oral dose.
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half-life. A convenient index of accumulation is the accumula-
tion factor:

For a drug given once every half-life, the accumulation factor 
is 1/0.5, or 2. The accumulation factor predicts the ratio of the 
steady-state concentration to that seen at the same time following 
the first dose. Thus, the peak concentrations after intermittent 
doses at steady state will be equal to the peak concentration after 
the first dose multiplied by the accumulation factor.

Bioavailability
Bioavailability is defined as the fraction of unchanged drug reach-
ing the systemic circulation following administration by any route 
(Table 3–3). The area under the blood concentration-time curve 
(AUC) is proportional to the dose and the extent of bioavailability 
for a drug if its elimination is first-order (Figure 3–4). For an 
intravenous dose, bioavailability is assumed to be equal to unity. 
For a drug administered orally, bioavailability may be less than 
100% for two main reasons—incomplete extent of absorption 
across the gut wall and first-pass elimination by the liver (see 
below).

A. Extent of Absorption
After oral administration, a drug may be incompletely absorbed, eg, 
only 70% of a dose of digoxin reaches the systemic circulation. This 
is mainly due to lack of absorption from the gut. Other drugs are 
either too hydrophilic (eg, atenolol) or too lipophilic (eg, acyclovir) 

to be absorbed easily, and their low bioavailability is also due to 
incomplete absorption. If too hydrophilic, the drug cannot cross 
the lipid cell membrane; if too lipophilic, the drug is not soluble 
enough to cross the water layer adjacent to the cell. Drugs may not 
be absorbed because of a reverse transporter associated with 
P-glycoprotein. This process actively pumps drug out of gut wall 
cells back into the gut lumen. Inhibition of P-glycoprotein and 
gut wall metabolism, eg, by grapefruit juice, may be associated 
with substantially increased drug absorption.

B. First-Pass Elimination
Following absorption across the gut wall, the portal blood delivers 
the drug to the liver prior to entry into the systemic circulation. A 
drug can be metabolized in the gut wall (eg, by the CYP3A4 
enzyme system) or even in the portal blood, but most commonly 
it is the liver that is responsible for metabolism before the drug 
reaches the systemic circulation. In addition, the liver can excrete 
the drug into the bile. Any of these sites can contribute to this 
reduction in bioavailability, and the overall process is known as 
first-pass elimination. The effect of first-pass hepatic elimination 
on bioavailability is expressed as the extraction ratio (ER):

where Q is hepatic blood flow, normally about 90 L/h in a person 
weighing 70 kg.

The systemic bioavailability of the drug (F) can be predicted 
from the extent of absorption (f ) and the extraction ratio (ER):

TABLE 3–3  Routes of administration, bioavailability, 
and general characteristics.

Route Biovailability (%) Characteristics

Intravenous (IV) 100 (by definition) Most rapid onset

Intramuscular (IM) 75 to ≤ 100 Large volumes often 
feasible; may be painful

Subcutaneous (SC) 75 to ≤ 100 Smaller volumes than 
IM; may be painful

Oral (PO) 5 to < 100 Most convenient; first-
pass effect may be 
important

Rectal (PR) 30 to < 100 Less first-pass effect 
than oral

Inhalation 5 to < 100 Often very rapid onset

Transdermal 80 to ≤ 100 Usually very slow 
absorption; used for 
lack of first-pass effect; 
prolonged duration of 
action

C
on

ce
nt

ra
tio

n 
of

 d
ru

g 
in

 b
lo

od

A: Drug rapidly and completely available

C: Drug completely available but rate only half of A

B: Only half of availability of A but rate equal to A

TC

Time

A
B

C

FIGURE 3–4 Blood concentration-time curves, illustrating how 
changes in the rate of absorption and extent of bioavailability can 
influence both the duration of action and the effectiveness of the 
same total dose of a drug administered in three different formula-
tions. The dashed line indicates the target concentration (TC) of the 
drug in the blood.

Katzung-Ch03_p041-055.indd   47 24/10/14   6:53 PM

Rute Oral16

PH
A

RM
ACO

KIN
ETICS: TH

E D
YN

A
M

ICS O
F D

RU
G

 A
BSO

RPTIO
N

, D
ISTRIBU

TIO
N

, M
ETA

BO
LISM

, A
N

D
 ELIM

IN
ATIO

N
CHAPTER 2

Bioavailability describes the fractional extent to which an administered 
dose of drug reaches its site of action or a biological !uid (usually the sys-
temic circulation) from which the drug has access to its site of action. A 
drug given orally must be absorbed "rst from the GI tract, but net absorp-
tion may be limited by the characteristics of the dosage form, by the drug’s 
physicochemical properties, by metabolic attack in the intestine, and by 
transport across the intestinal epithelium and into the portal circulation. 
#e absorbed drug then passes through the liver, where metabolism and 
biliary excretion may occur before the drug enters the systemic circula-
tion. Accordingly, less than all of the administered dose may reach the 
systemic circulation and be distributed to the drug’s sites of action. If the 
metabolic or excretory capacity of the liver and the intestine for the drug 
is large, bioavailability will be reduced substantially (!rst-pass e"ect). #is 
decrease in availability is a function of the anatomical site from which 
absorption takes place; for instance, intravenous administration generally 
permits all of the drug to enter the systemic circulation. Other anatom-
ical, physiological, and pathological factors can in!uence bioavailability 
(described further in this chapter), and the choice of the route of drug 
administration must be based on an understanding of these conditions. 
We can de"ne bioavailability F as:

 F =
Quantity of drug reaching systemic circulation

Quantity of drug administered
 (Equation 2–2)

where 0 < F ≤ 1.
Factors modifying bioavailability apply as well to prodrugs that are acti-

vated by the liver, in which case availability results from metabolism that 
produces the form of the active drug.

Routes of Administration
Some characteristics of the major routes employed for systemic drug e%ect 
are compared in Table 2–1.

Oral Administration
Oral ingestion is the most common method of drug administration. It 
also is the safest, most convenient, and most economical. Its disadvan-
tages include limited absorption of some drugs because of their physical 

TABLE 2–1  ■   SOME CHARACTERISTICS OF COMMON ROUTES OF DRUG ADMINISTRATIONa

ROUTE AND 
BIOAVAILABILTY (F) ABSORPTION PATTERN SPECIAL UTILITY LIMITATIONS AND PRECAUTIONS

Intravenous Absorption circumvented Valuable for emergency use Increased risk of adverse e%ects
F = 1 by de"nition Potentially immediate e%ects Permits titration of dosage Must inject solutions slowly as a rule

Suitable for large volumes and 
for irritating substances, or 
complex mixtures, when diluted

Usually required for high-molecular-
weight protein and peptide drugs

Not suitable for oily solutions or poorly 
soluble substances

Subcutaneous  
0.75 < F < 1

Prompt from aqueous solution Suitable for some poorly soluble 
suspensions and for instillation of  
slow-release implants

Not suitable for large volumes

Slow and sustained from 
repository preparations

Possible pain or necrosis from irritating 
substances

Intramuscular  
0.75 < F < 1

Prompt from aqueous solution Suitable for moderate volumes, oily 
vehicles, and some irritating substances

Precluded during anticoagulant therapy

Slow and sustained from 
repository preparations

Appropriate for self-administration 
(e.g., insulin)

May interfere with interpretation of certain 
diagnostic tests (e.g., creatine kinase)

Oral ingestion  
.05 < F < 1

Variable, depends on many 
factors (see text)

Most convenient and economical; 
usually safer

Requires patient compliance

Bioavailability potentially erratic and 
incomplete

aSee text for more complete discussion and for other routes.

characteristics (e.g., low water solubility or poor membrane permeability), 
emesis as a result of irritation to the GI mucosa, destruction of some drugs 
by digestive enzymes or low gastric pH, irregularities in absorption or 
propulsion in the presence of food or other drugs, and the need for coop-
eration on the part of the patient. In addition, drugs in the GI tract may 
be metabolized by the enzymes of the intestinal microbiome, mucosa, or 
liver before they gain access to the general circulation.

Absorption from the GI tract is governed by factors such as surface 
area for absorption; blood !ow to the site of absorption; the physical state 
of the drug (solution, suspension, or solid dosage form); its aqueous sol-
ubility; and the drug’s concentration at the site of absorption. For drugs 
given in solid form, the rate of dissolution may limit their absorption. 
Because most drug absorption from the GI tract occurs by passive dif-
fusion, absorption is favored when the drug is in the nonionized, more 
lipophilic form. Based on the pH-partition concept (see Figure 2–3), one 
would predict that drugs that are weak acids would be better absorbed 
from the stomach (pH 1–2) than from the upper intestine (pH 3–6), and 
vice versa for weak bases. However, the surface area of the stomach is rel-
atively small, and a mucus layer covers the gastric epithelium. By contrast, 
the villi of the upper intestine provide an extremely large surface area 
(~200 m2). Accordingly, the rate of absorption of a drug from the intestine 
will be greater than that from the stomach even if the drug is predomi-
nantly ionized in the intestine and largely nonionized in the stomach. 
#us, any factor that accelerates gastric emptying (recumbent position 
right side) will generally increase the rate of drug absorption, whereas any 
factor that delays gastric emptying will have the opposite e%ect. #e gastric 
emptying rate is in!uenced by numerous factors, including the caloric 
content of food; volume, osmolality, temperature, and pH of ingested !uid; 
diurnal and interindividual variation; metabolic state (rest or exercise); 
and the ambient temperature. Gastric emptying is in!uenced in women 
by the e%ects of estrogen (i.e., compared to men, emptying is slower for 
premenopausal women and those taking estrogen replacement therapy).

Drugs that are destroyed by gastric secretions and low pH or that cause 
gastric irritation sometimes are administered in dosage forms with an 
enteric coating that prevents dissolution in the acidic gastric contents. 
Enteric coatings are useful for drugs that can cause gastric irritation and 
for presenting a drug such as mesalamine to sites of action in the ileum 
and colon (see Figure 51–4).
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Figure 2–4 Redistribution. Curves depict the distribution of the barbiturate anesthetic thiopental into di!erent body compartments following a single rapid 
intravenous dose. Note breaks and changes of scale on both axes. "e drug level at thiopental’s site of action in the brain closely mirrors the plasma level of the 
drug. "e rate of accumulation in the various body compartments depends on regional blood #ow; the extent of accumulation re#ects the di!ering capacities of 
the compartments and the steady but slow e!ect of elimination to reduce the amount of drug available. Emergence from the anesthetic in#uence of this single dose 
of thiopental relies on redistribution, not on metabolism. "e drug will partition out of tissue depots as metabolism and elimination take their course. Depletion 
of compartments will follow the same order as accumulation, as a function of their perfusion.

Tissue Binding
Many drugs accumulate in tissues at higher concentrations than those in 
the extracellular #uids and blood. Tissue binding of drugs usually occurs 
with cellular constituents such as proteins, phospholipids, or nuclear pro-
teins and generally is reversible. A large fraction of drug in the body may 
be bound in this fashion and serve as a reservoir that prolongs drug action 
in that same tissue or at a distant site reached through the circulation. Such 
tissue binding and accumulation also can produce local toxicity (e.g., renal 
and ototoxicity associated with aminoglycoside antibiotics).

CNS, the BBB, and CSF
"e brain capillary endothelial cells have continuous tight junctions; 
therefore, drug penetration into the brain depends on transcellular rather 
than paracellular transport. "e unique characteristics of brain capillary 
endothelial cells and pericapillary glial cells constitute the BBB. At the 
choroid plexus, a similar blood-CSF barrier is present, formed by epi-
thelial cells that are joined by tight junctions. "e lipid solubility of the 
nonionized and unbound species of a drug is therefore an important 
determinant of its uptake by the brain; the more lipophilic a drug, the 
more likely it is to cross the BBB. In general, the BBB’s function is well 
maintained; however, meningeal and encephalic in#ammation increase 
local permeability. Drugs may also be imported to and exported from the 
CNS by speci$c transporters (see Chapter 5).

Bone
"e tetracycline antibiotics (and other divalent metal-ion chelating agents) 
and heavy metals may accumulate in bone by adsorption onto the bone 
crystal surface and eventual incorporation into the crystal lattice. Bone 

can become a reservoir for the slow release of toxic agents such as lead or 
radium; their e!ects thus can persist long a%er exposure has ceased. Local 
destruction of the bone medulla also may result in reduced blood #ow and 
prolongation of the reservoir e!ect as the toxic agent becomes sealed o! 
from the circulation; this may further enhance the direct local damage to 
the bone. A vicious cycle results, whereby the greater the exposure to the 
toxic agent, the slower is its rate of elimination. "e adsorption of drug 
onto the bone crystal surface and incorporation into the crystal lattice 
have therapeutic advantages for the treatment of osteoporosis.

Fat as a Reservoir
Many lipid-soluble drugs are stored by physical solution in the neutral fat. 
In obese persons, the fat content of the body may be as high as 50%, and 
even in lean individuals, fat constitutes 10% of body weight; hence, fat may 
serve as a reservoir for lipid-soluble drugs. Fat is a rather stable reservoir 
because it has a relatively low blood #ow.

Redistribution
Termination of drug e!ect a%er withdrawal of a drug usually is by metab-
olism and excretion but also may result from redistribution of the drug 
from its site of action into other tissues or sites. Redistribution is a fac-
tor in terminating drug e!ect primarily when a highly lipid-soluble drug 
that acts on the brain or cardiovascular system is administered rapidly 
by intravenous injection or inhalation. Such is the case of the intrave-
nous anesthetic thiopental, a lipid-soluble drug. Because blood #ow to the 
brain is high and thiopental readily crosses the BBB, thiopental reaches 
its maximal concentration in brain rapidly a%er its intravenous injection. 
Subsequently, the plasma and brain concentrations decrease as thiopental 
redistributes to other tissues, such as muscle and, $nally, adipose tissue. 
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!is redistribution is the mechanism by which thiopental anesthesia is 
terminated (see Figure 2–4) because its clearance is rather slow (elim-
ination t1/2 a"er a single dose is 3–8 h). !e concentration of the drug 
in brain follows that of the plasma because there is little binding of the 
drug to brain constituents. !us, both the onset and the termination of 
thiopental anesthesia are relatively rapid, and both are related directly to 
the concentration of drug in the brain.

Placental Transfer of Drugs
!e transfer of drugs across the placenta is of critical importance because 
drugs may cause anomalies in the developing fetus; thus, the burden for 
evidenced-based drug use in pregnancy is paramount (see Appendix I). 
Lipid solubility, extent of plasma binding, and degree of ionization of weak 
acids and bases are important general determinants in drug transfer across 
the placenta. !e placenta functions as a selective barrier to protect the 
fetus against the harmful e#ects of drugs. Members of the ABC family of 
transporters limit the entry of drugs and other xenobiotics into the fetal 
circulation via vectorial e$ux from the placenta to the maternal circu-
lation (see Figure 2–2 and Chapter 5). !e fetal plasma is slightly more 
acidic than that of the mother (pH 7.0–7.2 vs. 7.4), so that ion trapping 
of basic drugs occurs. !e view that the placenta is an absolute barrier to 
drugs is inaccurate, in part because a number of in%ux transporters are 
also present. !e fetus is to some extent exposed to all drugs taken by the 
mother. !e Food and Drug Administration categorizes the relative safety 
of drugs that may be used in pregnant women (see Appendix I).

Metabolism of Drugs

A Few Principles of Metabolism and Elimination
!e many therapeutic agents that are lipophilic do not pass readily into 
the aqueous environment of the urine. !e metabolism of drugs and other 
xenobiotics into more hydrophilic metabolites is essential for their renal 
elimination from the body, as well as for termination of their biological 
and pharmacological activity.

From the point of view of pharmacokinetics, the following are the three 
essential aspects of drug metabolism:

t� First-order kinetics. For most drugs in their therapeutic concentration 
ranges, the amount of drug metabolized per unit time is proportional 
to the plasma concentration of the drug (Cp) and the fraction of drug 
removed by metabolism is constant (i.e., !rst-order kinetics).

t� Zero-order kinetics. For some drugs, such as ethanol and phenytoin, met-
abolic capacity is saturated at the concentrations usually employed, and 
drug metabolism becomes zero order; that is, a constant amount of drug is 
metabolized per unit time. Zero-order kinetics can also occur at high (toxic) 
concentrations as drug-metabolizing capacity becomes saturated.

t� Inducible biotransforming enzymes. !e major drug-metabolizing 
systems are inducible, broad-spectrum enzymes with some predictable 
genetic variations. Drugs that are substrates in common for a metab-
olizing enzyme may interfere with each other’s metabolism, or a drug 
may induce or enhance metabolism of itself or other drugs.

In general, drug-metabolizing reactions generate more polar, inac-
tive metabolites that are readily excreted from the body. However, in some 
cases, metabolites with potent biological activity or toxic properties are 
generated. Many of the enzyme systems that transform drugs to inactive 
metabolites also generate biologically active metabolites of endogenous 
compounds, as in steroid biosynthesis. !e biotransformation of drugs 
occurs primarily in the liver and involves phase 1 reactions (oxidation, 
reduction, or hydrolytic reactions and the activities of CYPs) and phase 
2 reactions (conjugations of the phase 1 product with a second molecule) 
and a few other reactions. Other organs with signi&cant drug-metabolizing 
capacity include the GI tract, kidneys, and lungs. Drug-metabolizing 
enzymes, especially CYPs, are inducible by some drugs and inhibited by 
drugs and competing substrates. Chapter 6 covers drug metabolism at 
length. Knowing which CYP metabolizes a given drug and which other 
drugs may a#ect that metabolism is crucial to good drug therapy.

Prodrugs; Pharmacogenomics
Prodrugs are pharmacologically inactive compounds that are converted 
to their active forms by metabolism. !is approach can maximize the 
amount of the active species that reaches its site of action. Inactive pro-
drugs are converted rapidly to biologically active metabolites, o"en by the 
hydrolysis of an ester or amide linkage. Such is the case with a number 
of ACE inhibitors employed in the management of high blood pressure. 
Enalapril, for instance, is relatively inactive until converted by esterase 
activity to the diacid enalaprilat (see Chapters 6 and 26).

For a number of therapeutic areas, clinical pharmacogenomics, the 
study of the impact of genetic variations or genotypes of individuals on 
their drug response or drug metabolism, allows for improved treatment 
of individuals or groups (Ramamoorthy et al., 2015; Zhang et al., 2015; 
see Chapter 7).

Excretion of Drugs
Drugs are eliminated from the body either unchanged or as metabolites. 
Excretory organs, the lung excluded, eliminate polar compounds more 
e'ciently than substances with high lipid solubility. !us, lipid-soluble 
drugs are not readily eliminated until they are metabolized to more polar 
compounds. !e kidney is the most important organ for excreting drugs 
and their metabolites. Renal excretion of unchanged drug is a major route 
of elimination for 25%–30% of drugs administered to humans. Substances 
excreted in the feces are principally unabsorbed orally ingested drugs or 
drug metabolites either excreted in the bile or secreted directly into the 
intestinal tract and not reabsorbed. Excretion of drugs in breast milk is 
important not because of the amounts eliminated (which are small) but 
because the excreted drugs may a#ect the nursing infant (also small, and 
with poorly developed capacity to metabolize xenobiotics). Excretion 
from the lung is important mainly for the elimination of anesthetic gases 
(see Chapter 21).

Renal Excretion
Excretion of drugs and metabolites in the urine involves three distinct 
processes: glomerular &ltration, active tubular secretion, and passive tubu-
lar reabsorption (Figure 2–5). !e amount of drug entering the tubular 
lumen by &ltration depends on the glomerular &ltration rate and the 
extent of plasma binding of the drug; only unbound drug is &ltered. In 
the proximal renal tubule, active, carrier-mediated tubular secretion also 
may add drug to the tubular %uid (see Chapters 5 and 25). Drug from 
the tubular lumen may be reabsorbed back into the systemic circulation. 
In the renal tubules, especially on the distal side, the nonionized forms 
of weak acids and bases undergo net passive reabsorption. Because the 
tubular cells are less permeable to the ionized forms of weak electrolytes, 
passive reabsorption of these substances depends on the pH. When the 
tubular urine is made more alkaline, weak acids are largely ionized and 
are excreted more rapidly and to a greater extent; conversely, acidi&cation 
of the urine will reduce fractional ionization and excretion of weak acids. 
E#ects of changing urine pH are opposite for weak bases. In the treat-
ment of drug poisoning, the excretion of some drugs can be hastened by 
appropriate alkalinization or acidi&cation of the urine (see Figure 2–3 
and Chapter 4).

In neonates, renal function is low compared with body mass but 
matures rapidly within the &rst few months a"er birth. During adult-
hood, there is a slow decline in renal function, about 1% per year, so that 
in elderly patients a substantial degree of functional impairment may be 
present, and medication adjustments are o"en needed.

Biliary and Fecal Excretion
Transporters present in the canalicular membrane of the hepatocyte (see 
Figure 5–6) actively secrete drugs and metabolites into bile. Ultimately, 
drugs and metabolites present in bile are released into the GI tract dur-
ing the digestive process. Subsequently, the drugs and metabolites can be 
reabsorbed into the body from the intestine, which, in the case of conju-
gated metabolites such as glucuronides, may require enzymatic hydrolysis 
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Figure 2–5 Renal drug handling. Drugs may be !ltered from the blood in 
the renal glomerulus, secreted into the proximal tubule, reabsorbed from the 
distal tubular "uid back into the systemic circulation, and collected in the 
urine. Membrane transporters (OAT, OCT, MDR1, and MRP2, among others) 
mediate secretion into the proximal tubule (see Figures 5–12 and 5–13 for 
details). Reabsorption of compounds from the distal tubular "uid (generally 
acidic) is pH sensitive: Ionizable drugs are subject to ion trapping, and altering 
urinary pH to favor ionization can enhance excretion of charged species (see 
Figure 2–2).

by the intestinal micro"ora. Such enterohepatic recycling, if extensive, may 
prolong signi!cantly the presence of a drug (or toxin) and its e#ects within 
the body prior to elimination by other pathways. To interrupt enterohe-
patic cycling, substances may be given orally to bind metabolites excreted 
in the bile (for instance, see bile acid sequestrants and ezetimibe, Chapter 33). 
Biliary excretions and unabsorbed drug are excreted in the feces.

Excretion by Other Routes
Excretion of drugs into sweat, saliva, and tears is quantitatively unimpor-
tant. Because milk is more acidic than plasma, basic compounds may be 
slightly concentrated in this "uid; conversely, the concentration of acidic 
compounds in the milk is lower than in plasma. Nonelectrolytes (e.g., 
ethanol and urea) readily enter breast milk and reach the same concentra-
tion as in plasma, independent of the pH of the milk (Rowe et al., 2015). 
Breast milk can also contain heavy metals from environmental exposures. 
$e administration of drugs to breastfeeding women carries the general 
caution that the suckling infant will be exposed to some extent to the 
medication or its metabolites. Although excretion into hair and skin is 
quantitatively unimportant, sensitive methods of detection of drugs in 
these tissues have forensic signi!cance.

Clinical Pharmacokinetics
Clinical pharmacokinetics relate the pharmacological e#ects of a drug and 
concentration of the drug in an accessible body compartment (e.g., in 
blood or plasma) as these change in time. In most cases, the concentration 
of drug at its sites of action will be related to the concentration of drug 
in the systemic circulation (see Figure 2–1). $e pharmacological e#ect 

that results may be the clinical e#ect desired or an adverse or toxic e#ect. 
Clinical pharmacokinetics attempts to provide

t� a quantitative relationship between dose and e#ect, and
t� a framework within which to interpret measurements of drug concen-

tration in biological "uids and their adjustment through changes in 
dosing for the bene!t of the patient.
$e importance of pharmacokinetics in patient care is based on the 

improvement in therapeutic e%cacy and the avoidance of unwanted 
e#ects that can be attained by application of its principles when dosage 
regimens are chosen and modi!ed.

$e following are the four most important parameters governing drug 
disposition:
1. Bioavailability, the fraction of drug absorbed as such into the systemic 

circulation.
2. Volume of distribution, a measure of the apparent space in the body 

available to contain the drug based on how much is given versus what 
is found in the systemic circulation.

3. Clearance, a measure of the body’s e%ciency in eliminating drug from 
the systemic circulation.

4. Elimination t1/2, a measure of the rate of removal of drug from the sys-
temic circulation.

Clearance
Clearance is the most important concept to consider when designing a 
rational regimen for long-term drug administration. $e clinician usually 
wants to maintain steady-state concentrations of a drug within a therapeu-
tic window or range associated with therapeutic e%cacy and a minimum 
of toxicity for a given agent. Assuming complete bioavailability, the steady-
state concentration of drug in the body will be achieved when the rate of 
drug elimination equals the rate of drug administration. $us,

 ·CL CDosing rate ss=  (Equation 2–3)

where CL is clearance of drug from the systemic circulation, and Css is the 
steady-state concentration of drug. When the desired steady-state concen-
tration of drug in plasma or blood is known, the rate of clearance of drug 
will dictate the rate at which the drug should be administered.

Knowing the clearance of a drug is useful because its value for a partic-
ular drug usually is constant over the range of concentrations encountered 
clinically. $is is true because metabolizing enzymes and transporters 
usually are not saturated; thus, the absolute rate of elimination of the drug 
is essentially a linear function of its concentration in plasma (!rst-order 
kinetics), where a constant fraction of drug in the body is eliminated per 
unit of time. If mechanisms for elimination of a given drug become sat-
urated, the kinetics approach zero order (the case for ethanol and high 
doses of phenytoin), in which case a constant amount of drug is eliminated 
per unit of time.

With !rst-order kinetics, clearance CL will vary with the concentration 
of drug (C), o&en according to Equation 2–4:

 = ν
+

CL
K C( )

m

m
 (Equation 2–4)

where Km represents the concentration at which half the maximal rate of 
elimination is reached (in units of mass/volume), and νm is equal to the 
maximal rate of elimination (in units of mass/time). $us, clearance is 
derived in units of volume cleared of drug/time. $is equation is analo-
gous to the Michaelis-Menten equation for enzyme kinetics.

Clearance of a drug is its rate of elimination by all routes normalized to 
the concentration of drug C in some biological "uid where measurement 
can be made:

 CL = Rate of elimination/C (Equation 2–5)

$us, when clearance is constant, the rate of drug elimination is directly 
proportional to drug concentration. Clearance indicates the volume of 
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Abbreviations
ABC: ATP-binding cassette
ACE: angiotensin-converting enzyme
AUC: area under the concentration-time curve of drug 
absorption and elimination
BBB: blood-brain barrier
CL: clearance
CNS: central nervous system
CNT1: concentrative nucleoside transporter 1
Cp: plasma concentration
CSF: cerebrospinal !uid
Css: steady-state concentration
CYP: cytochrome P450
F: bioavailability
GI: gastrointestinal
h: hours
k: a rate constant
MDR1: multidrug resistance protein
MEC: minimum e"ective concentration
min: minutes
SLC: solute carrier
T, t: time
t1/2: half-life
V: volume of distribution
Vss: volume of distribution at steady state
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Figure 2–1 The interrelationship of the absorption, distribution, binding, metabolism, and excretion of a drug and its concentration at its sites of action. Possible 
distribution and binding of metabolites in relation to their potential actions at receptors are not depicted.

side of the membrane and can e"ectively trap ionized drug on one side 
of the membrane.

In!uence of pH on Ionizable Drugs
Many drugs are weak acids or bases that are present in solution as both 
the lipid-soluble, di"usible nonionized form and the ionized species that is 
relatively lipid insoluble and poorly di"usible across a membrane. Among 
the common ionizable groups are carboxylic acids and amino groups 
(primary, secondary, and tertiary; quaternary amines hold a permanent 
positive charge). #e transmembrane distribution of a weak electrolyte is 
in!uenced by its pKa and the pH gradient across the membrane. #e pKa 
is the pH at which half the drug (weak acid or base electrolyte) is in its 

ionized form. #e ratio of nonionized to ionized drug at any pH may be 
calculated from the Henderson-Hasselbalch equation:

 Klog 
[protonated form]

[unprotonated form]
= p pHa −  (Equation 2–1)

Equation 2–1 relates the pH of the medium around the drug and the 
drug’s acid dissociation constant (pKa) to the ratio of the protonated 
(HA or BH+) and unprotonated (A− or B) forms, where

↔ − +
− +

HA A + H , where K =
[A ][H ]

[HA]a

describes the dissociation of an acid, and

BH B + H , where K =
[B][H ]
[BH ]a↔+ +

+

+

describes the dissociation of the protonated form of a base.
At steady state, an acidic drug will accumulate on the more basic side 

of the membrane and a basic drug on the more acidic side. #is phenom-
enon, known as ion trapping, is an important process in drug distribution 
with potential therapeutic bene%t (Perletti et al., 2009). Figure 2–3 illus-
trates this e"ect and shows the calculated values for the distribution of a 
weak acid between the plasma and gastric compartments.

One can take advantage of the e"ect of pH on transmembrane parti-
tioning to alter drug excretion. In the kidney tubules, urine pH can vary 
over a wide range, from 4.5 to 8. As urine pH drops (as [H+] increases), 
weak acids (A–) and weak bases (B) will exist to a greater extent in their 
protonated forms (HA and BH+); the reverse is true as pH rises, where A– 
and B will be favored. #us, alkaline urine favors excretion of weak acids; 
acid urine favors excretion of weak bases. Elevation of urine pH (by giving 
sodium bicarbonate) will promote urinary excretion of weak acids such as 
aspirin (pKa ~ 3.5) and urate (pKa ~ 5.8). Another useful consequence of a 
drug’s being ionized at physiological pH is illustrated by the relative lack 
of sedative e"ects of second-generation histamine H1 antagonists (e.g., 
loratadine): Second-generation antihistamines are ionized molecules 
(less lipophilic, more hydrophilic) that cross the BBB poorly compared 
to %rst-generation agents such as diphenhydramine, which are now used 
as sleep aids.

Carrier-Mediated Membrane Transport
Proteins in the plasma membrane mediate transmembrane movements of 
many physiological solutes; these proteins also mediate transmembrane 
movements of drugs and can be targets of drug action. Mediated transport 
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Added together, these separate clearances equal total systemic 
clearance:

“Other” tissues of elimination could include the lungs and 
additional sites of metabolism, eg, blood or muscle.

The two major sites of drug elimination are the kidneys and the 
liver. Clearance of unchanged drug in the urine represents renal clear-
ance. Within the liver, drug elimination occurs via biotransformation 
of parent drug to one or more metabolites, or excretion of unchanged 
drug into the bile, or both. The pathways of biotransformation are 
discussed in Chapter 4. For most drugs, clearance is constant over the 
concentration range encountered in clinical settings, ie, elimination is 
not saturable, and the rate of drug elimination is directly proportional 
to concentration (rearranging equation [2]):

This is usually referred to as first-order elimination. When 
clearance is first-order, it can be estimated by calculating the area 
under the curve (AUC) of the time-concentration profile after a 
dose. Clearance is calculated from the dose divided by the AUC. 
Note that this is a convenient form of calculation—not the defini-
tion of clearance.

A. Capacity-Limited Elimination
For drugs that exhibit capacity-limited elimination (eg, pheny-
toin, ethanol), clearance will vary depending on the concentration 

TABLE 3–2  Physical volumes (in L/kg body weight) of 
some body compartments into which 
drugs may be distributed.

Compartment and 
Volume Examples of Drugs

Water

  Total body water 
(0.6 L/kg1)

Small water-soluble molecules: eg, 
ethanol

  Extracellular water 
(0.2 L/kg)

Larger water-soluble molecules: eg, 
gentamicin

 Plasma (0.04 L/kg) Large protein molecules: eg, antibodies 

Fat (0.2-0.35 L/kg) Highly lipid-soluble molecules: eg, diazepam

Bone (0.07 L/kg) Certain ions: eg, lead, fluoride
1An average figure. Total body water in a young lean person might be 0.7 L/kg; in an 
obese person, 0.5 L/kg.

Amount
in blood

Blood 0 Time

Amount
in blood

Blood 0 Time

Extravascular
volume

Blood

Amount
in blood

0 Time

Amount
in blood

0 TimeExtravascular
volume

Blood

A

B

C

D

FIGURE 3–2 Models of drug distribution and elimination. The effect 
of adding drug to the blood by rapid intravenous injection is represented 
by expelling a known amount of the agent into a beaker. The time course 
of the amount of drug in the beaker is shown in the graphs at the right. In 
the first example (A), there is no movement of drug out of the beaker, so 
the graph shows only a steep rise to a maximum followed by a plateau. In 
the second example (B), a route of elimination is present, and the graph 
shows a slow decay after a sharp rise to a maximum. Because the level of 
material in the beaker falls, the “pressure” driving the elimination process 
also falls, and the slope of the curve decreases. This is an exponential decay 
curve. In the third model (C), drug placed in the first compartment 
(“blood”) equilibrates rapidly with the second compartment (“extravascular 
volume”) and the amount of drug in “blood” declines exponentially to a 
new steady state. The fourth model (D) illustrates a more realistic combina-
tion of elimination mechanism and extravascular equilibration. The result-
ing graph shows an early distribution phase followed by the slower 
elimination phase.
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Figure 2–5 Renal drug handling. Drugs may be !ltered from the blood in 
the renal glomerulus, secreted into the proximal tubule, reabsorbed from the 
distal tubular "uid back into the systemic circulation, and collected in the 
urine. Membrane transporters (OAT, OCT, MDR1, and MRP2, among others) 
mediate secretion into the proximal tubule (see Figures 5–12 and 5–13 for 
details). Reabsorption of compounds from the distal tubular "uid (generally 
acidic) is pH sensitive: Ionizable drugs are subject to ion trapping, and altering 
urinary pH to favor ionization can enhance excretion of charged species (see 
Figure 2–2).

by the intestinal micro"ora. Such enterohepatic recycling, if extensive, may 
prolong signi!cantly the presence of a drug (or toxin) and its e#ects within 
the body prior to elimination by other pathways. To interrupt enterohe-
patic cycling, substances may be given orally to bind metabolites excreted 
in the bile (for instance, see bile acid sequestrants and ezetimibe, Chapter 33). 
Biliary excretions and unabsorbed drug are excreted in the feces.

Excretion by Other Routes
Excretion of drugs into sweat, saliva, and tears is quantitatively unimpor-
tant. Because milk is more acidic than plasma, basic compounds may be 
slightly concentrated in this "uid; conversely, the concentration of acidic 
compounds in the milk is lower than in plasma. Nonelectrolytes (e.g., 
ethanol and urea) readily enter breast milk and reach the same concentra-
tion as in plasma, independent of the pH of the milk (Rowe et al., 2015). 
Breast milk can also contain heavy metals from environmental exposures. 
$e administration of drugs to breastfeeding women carries the general 
caution that the suckling infant will be exposed to some extent to the 
medication or its metabolites. Although excretion into hair and skin is 
quantitatively unimportant, sensitive methods of detection of drugs in 
these tissues have forensic signi!cance.

Clinical Pharmacokinetics
Clinical pharmacokinetics relate the pharmacological e#ects of a drug and 
concentration of the drug in an accessible body compartment (e.g., in 
blood or plasma) as these change in time. In most cases, the concentration 
of drug at its sites of action will be related to the concentration of drug 
in the systemic circulation (see Figure 2–1). $e pharmacological e#ect 

that results may be the clinical e#ect desired or an adverse or toxic e#ect. 
Clinical pharmacokinetics attempts to provide

t� a quantitative relationship between dose and e#ect, and
t� a framework within which to interpret measurements of drug concen-

tration in biological "uids and their adjustment through changes in 
dosing for the bene!t of the patient.
$e importance of pharmacokinetics in patient care is based on the 

improvement in therapeutic e%cacy and the avoidance of unwanted 
e#ects that can be attained by application of its principles when dosage 
regimens are chosen and modi!ed.

$e following are the four most important parameters governing drug 
disposition:
1. Bioavailability, the fraction of drug absorbed as such into the systemic 

circulation.
2. Volume of distribution, a measure of the apparent space in the body 

available to contain the drug based on how much is given versus what 
is found in the systemic circulation.

3. Clearance, a measure of the body’s e%ciency in eliminating drug from 
the systemic circulation.

4. Elimination t1/2, a measure of the rate of removal of drug from the sys-
temic circulation.

Clearance
Clearance is the most important concept to consider when designing a 
rational regimen for long-term drug administration. $e clinician usually 
wants to maintain steady-state concentrations of a drug within a therapeu-
tic window or range associated with therapeutic e%cacy and a minimum 
of toxicity for a given agent. Assuming complete bioavailability, the steady-
state concentration of drug in the body will be achieved when the rate of 
drug elimination equals the rate of drug administration. $us,

 ·CL CDosing rate ss=  (Equation 2–3)

where CL is clearance of drug from the systemic circulation, and Css is the 
steady-state concentration of drug. When the desired steady-state concen-
tration of drug in plasma or blood is known, the rate of clearance of drug 
will dictate the rate at which the drug should be administered.

Knowing the clearance of a drug is useful because its value for a partic-
ular drug usually is constant over the range of concentrations encountered 
clinically. $is is true because metabolizing enzymes and transporters 
usually are not saturated; thus, the absolute rate of elimination of the drug 
is essentially a linear function of its concentration in plasma (!rst-order 
kinetics), where a constant fraction of drug in the body is eliminated per 
unit of time. If mechanisms for elimination of a given drug become sat-
urated, the kinetics approach zero order (the case for ethanol and high 
doses of phenytoin), in which case a constant amount of drug is eliminated 
per unit of time.

With !rst-order kinetics, clearance CL will vary with the concentration 
of drug (C), o&en according to Equation 2–4:

 = ν
+

CL
K C( )

m

m
 (Equation 2–4)

where Km represents the concentration at which half the maximal rate of 
elimination is reached (in units of mass/volume), and νm is equal to the 
maximal rate of elimination (in units of mass/time). $us, clearance is 
derived in units of volume cleared of drug/time. $is equation is analo-
gous to the Michaelis-Menten equation for enzyme kinetics.

Clearance of a drug is its rate of elimination by all routes normalized to 
the concentration of drug C in some biological "uid where measurement 
can be made:

 CL = Rate of elimination/C (Equation 2–5)

$us, when clearance is constant, the rate of drug elimination is directly 
proportional to drug concentration. Clearance indicates the volume of 
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Added together, these separate clearances equal total systemic 
clearance:

“Other” tissues of elimination could include the lungs and 
additional sites of metabolism, eg, blood or muscle.

The two major sites of drug elimination are the kidneys and the 
liver. Clearance of unchanged drug in the urine represents renal clear-
ance. Within the liver, drug elimination occurs via biotransformation 
of parent drug to one or more metabolites, or excretion of unchanged 
drug into the bile, or both. The pathways of biotransformation are 
discussed in Chapter 4. For most drugs, clearance is constant over the 
concentration range encountered in clinical settings, ie, elimination is 
not saturable, and the rate of drug elimination is directly proportional 
to concentration (rearranging equation [2]):

This is usually referred to as first-order elimination. When 
clearance is first-order, it can be estimated by calculating the area 
under the curve (AUC) of the time-concentration profile after a 
dose. Clearance is calculated from the dose divided by the AUC. 
Note that this is a convenient form of calculation—not the defini-
tion of clearance.

A. Capacity-Limited Elimination
For drugs that exhibit capacity-limited elimination (eg, pheny-
toin, ethanol), clearance will vary depending on the concentration 

TABLE 3–2  Physical volumes (in L/kg body weight) of 
some body compartments into which 
drugs may be distributed.

Compartment and 
Volume Examples of Drugs

Water

  Total body water 
(0.6 L/kg1)

Small water-soluble molecules: eg, 
ethanol

  Extracellular water 
(0.2 L/kg)

Larger water-soluble molecules: eg, 
gentamicin

 Plasma (0.04 L/kg) Large protein molecules: eg, antibodies 

Fat (0.2-0.35 L/kg) Highly lipid-soluble molecules: eg, diazepam

Bone (0.07 L/kg) Certain ions: eg, lead, fluoride
1An average figure. Total body water in a young lean person might be 0.7 L/kg; in an 
obese person, 0.5 L/kg.

Amount
in blood

Blood 0 Time

Amount
in blood

Blood 0 Time

Extravascular
volume

Blood

Amount
in blood

0 Time

Amount
in blood

0 TimeExtravascular
volume

Blood

A

B

C

D

FIGURE 3–2 Models of drug distribution and elimination. The effect 
of adding drug to the blood by rapid intravenous injection is represented 
by expelling a known amount of the agent into a beaker. The time course 
of the amount of drug in the beaker is shown in the graphs at the right. In 
the first example (A), there is no movement of drug out of the beaker, so 
the graph shows only a steep rise to a maximum followed by a plateau. In 
the second example (B), a route of elimination is present, and the graph 
shows a slow decay after a sharp rise to a maximum. Because the level of 
material in the beaker falls, the “pressure” driving the elimination process 
also falls, and the slope of the curve decreases. This is an exponential decay 
curve. In the third model (C), drug placed in the first compartment 
(“blood”) equilibrates rapidly with the second compartment (“extravascular 
volume”) and the amount of drug in “blood” declines exponentially to a 
new steady state. The fourth model (D) illustrates a more realistic combina-
tion of elimination mechanism and extravascular equilibration. The result-
ing graph shows an early distribution phase followed by the slower 
elimination phase.
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Figure 2–7 Fundamental pharmacokinetic relationships for repeated admin-
istration of drugs. !e red line is the pattern of drug accumulation during 
repeated administration of a drug at intervals equal to its elimination half-
time. With instantaneous absorption, each dose would add 1 concentration 
unit to Cp at the time of administration, and then half of that would be elimi-
nated prior to administration of the next dose, resulting in the oscillation of Cp 
between 1 and 2 a"er four or #ve elimination half-times. However, this more 
realistic simulation uses a rate of drug absorption that is not instantaneous but 
is 10 times as rapid as elimination; drug is eliminated throughout the absorp-
tion process, blunting the maximal blood level achieved a"er each dose. With 
repeated administration, Cp achieves steady state, oscillating around the blue 
line at 1.5 units. !e blue line depicts the pattern during administration of 
equivalent dosage by continuous intravenous infusion. Curves are based on the 
one-compartment model. Average drug concentration at steady state C–ss is:

C
F

CL
F

CL
=

dose
T

=
dosing rate

ss
⋅

⋅
⋅

where the dosing rate is the dose per time interval and is dose/T, F is the frac-
tional bioavailability, and CL is clearance. Note that substitution of infusion 
rate for [F ⋅ dose/T] provides the concentration maintained at steady state dur-
ing continuous intravenous infusion (F = 1 with intravenous administration).

the terms dose or dosing rate (see Equations 2–3, 2–7, and 2–12) also must 
include the bioavailability term F such that the available dose or dosing 
rate is used (Box 2–2). For example, Equation 2–2 is modi#ed to

 F ⋅ Dosing rate = CL ¥ Css (Equation 2–15)

where the value of F is between 0 and 1.

Rate of Absorption
!e rate of absorption can be important with a drug given as a single dose, 
such as a sleep-inducing medication that must act in a reasonable time 

frame and achieve an e$ective blood level that is maintained for an appro-
priate duration. However, with periodic and repeated dosing, the rate of 
drug absorption does not, in general, in%uence the average steady-state 
concentration of the drug in plasma, provided the drug is stable before it is 
absorbed; the rate of absorption may, however, still in%uence drug therapy. 
If a drug is absorbed rapidly (e.g., a dose given as an intravenous bolus) 
and has a small “central” volume, the concentration of drug initially will 
be high. It will then fall as the drug is distributed to its “#nal” (larger) vol-
ume (see Figure 2–6B). If the same drug is absorbed more slowly (e.g., by 
slow infusion), a signi#cant amount of the drug will be distributed while 
it is being administered, and peak concentrations will be lower and will 
occur later. Controlled-release oral preparations are designed to provide 
a slow and sustained rate of absorption to produce smaller %uctuations in 
the plasma concentration-time pro#le during the dosage interval com-
pared with more immediate-release formulations. Because the bene#cial, 
nontoxic e$ects of drugs are based on knowledge of an ideal or desired 
plasma concentration range, maintaining that range while avoiding large 
swings between peak and trough concentrations can improve therapeutic 
outcome.

Nonlinear Pharmacokinetics
Nonlinearity in pharmacokinetics (i.e., changes in such parameters as 
clearance, volume of distribution, and t1/2 as a function of dose or concen-
tration of drug) is usually caused by saturation of protein binding, hepatic 
metabolism, or active renal transport of the drug.

Saturable Protein Binding
As the molar concentration of small drug molecules increases, the 
unbound fraction eventually also must increase (as all binding sites 
become saturated when drug concentrations in plasma are in the range of 
tens to hundreds of micrograms per milliliter). For a drug that is metab-
olized by the liver with a low intrinsic clearance-extraction ratio, satura-
tion of plasma-protein binding will cause both V and CL to increase as 
drug concentrations increase; t1/2 thus may remain constant (see Equation 
2–14). For such a drug, Css will not increase linearly as the rate of drug 
administration is increased. For drugs that are cleared with high intrinsic 
clearance-extraction ratios, Css can remain linearly proportional to the rate 
of drug administration. In this case, hepatic clearance will not change, and 
the increase in V will increase the half-time of disappearance by reducing 
the fraction of the total drug in the body that is delivered to the liver per 
unit of time. Most drugs fall between these two extremes.

Saturable Elimination
In the case of saturable elimination, the Michaelis-Menten equation (see 
Equation 2–4) usually describes the nonlinearity. All active processes are 
undoubtedly saturable, but they will appear to be linear if values of drug 
concentrations encountered in practice are much less than Km for that pro-
cess (Box 2–3). When drug concentrations exceeds Km, nonlinear kinetics 
are observed. Saturable metabolism causes oral #rst-pass metabolism to be 
less than expected (higher fractional bioavailability), resulting in a greater 
fractional increase in Css than the corresponding fractional increase in the 
rate of drug administration; basically, the rate of drug entry into the sys-
temic circulation exceeds the maximum possible rate of drug metabolism, 
and elimination becomes zero order. !e major consequences of satura-
tion of metabolism or transport are the opposite of those for saturation of 
protein binding. Saturation of protein binding will lead to increased CL 
because CL increases as drug concentration increases, whereas saturation 
of metabolism or transport may decrease CL.

Css can be computed by substituting Equation 2–4 (with C = Css) into 
Equation 2–3 and solving for the steady-state concentration:

 

⋅⋅=
ν −

C
KDosing rate

dosing ratess
m

m  
(Equation 2–16)

As the dosing rate approaches the maximal elimination rate νm, the 
denominator of Equation 2–16 approaches zero, and Css increases dispro-
portionately. Because saturation of metabolism should have no e$ect on 

BOX 2–2 ■ Poor Absorption Notwithstanding, Some Agents 
With Low Bioavailability Are E#ective Orally
!e value of F varies widely for drugs administered by mouth, and 
successful therapy can still be achieved for some drugs with F values 
as low as 0.03 (e.g., etidronate and aliskiren). Aliskiren is the #rst 
orally applicable direct renin inhibitor approved for treatment of 
hypertension; its bioavailability is 2.6%. Etidronate, a bisphosphonate 
used to stabilize bone matrix in the treatment of Paget’s disease and 
osteoporosis, has a similarly low bioavailability of 0.03, meaning 
that only 3% of the drug appears in the bloodstream following oral 
dosing. In these cases, therapy using oral administration is still useful, 
although the administered dose of the drug per kilogram is larger 
than would be given by injection.
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Figure 2–9 A. Temporal characteristics of drug e!ect and relationship to the therapeutic window (e.g., single dose, oral administration). A lag period is present 
before the plasma drug concentration Cp exceeds the MEC for the desired e!ect MECdesired. Following onset of the response, the intensity of the e!ect increases as 
the drug continues to be absorbed and distributed. "is reaches a peak, a#er which drug elimination results in a decline in Cp and in the e!ect’s intensity. E!ect dis-
appears when the drug concentration falls below the MECdesired. "e duration of a drug’s action is determined by the time period over which concentrations exceed 
the MECdesired. An MEC also exists for each adverse response (MECadverse), and if the drug concentration exceeds this, toxicity will result. "e therapeutic goal is to 
obtain and maintain concentrations within the therapeutic window for the desired response with a minimum of toxicity. Drug response below the MECdesired 
will be subtherapeutic; above the MECadverse, the probability of toxicity will increase. "e AUC (pale red) can be used to calculate the clearance (see Equation 2–7) 
for $rst-order elimination. "e AUC is also used as a measure of bioavailability (de$ned as 100% for an intravenously administered drug). Bioavailability is less 
than 100% for orally administered drugs, due mainly to incomplete absorption and $rst-pass metabolism and elimination. Changing drug dosage shi#s the curve 
up or down the Cp scale and is used to modulate the drug’s e!ect, as shown in panel B.
 B. E!ects of altered absorption, elimination, and dosage and the temporal pro"le of a single dose administered orally. "e bold green curve is the same as that shown 
in panel A. Increasing the dose (blue line) decreases the lag period and prolongs the drug’s duration of e!ectivess but at the risk of increasing the likelihood of 
adverse e!ects. Unless the drug is nontoxic (e.g., penicillins), increasing the dose is not a useful strategy for extending the duration of action if the increase puts 
the drug level near MECadverse. Instead, another dose of drug should be given, timed to maintain concentrations within the therapeutic window (see Figure 2–7). 
An increased rate of absorption of the dose (orange line) reduces the lag period, leads to a higher maximum Cp at an earlier time, but results in a shorter duration 
of action (time above MECdesired). Increasing the rate of elimination of the dose decreases the maximum Cp and reduces the time of Cp > MECdesired.

quantitative issues arise, such as how o#en to change dosage and by how 
much. "ese usually can be settled with simple rules of thumb based on 
the principles presented (e.g., change dosage by no more than 50% and no 
more o#en than every three or four half-lives). Alternatively, some drugs 
have little dose-related toxicity, and maximum e%cacy usually is desired. 
In such cases, doses well in excess of the average required will ensure 
e%cacy (if this is possible) and prolong drug action. Such a “maximal 
dose” strategy typically is used for penicillins. For many drugs, however, 
the e!ects are di%cult to measure (or the drug is given for prophylaxis), 
toxicity and lack of e%cacy are both potential dangers, or the therapeutic 
index is narrow. In these circumstances, doses must be titrated carefully, 
and drug dosage is limited by toxicity rather than e%cacy.

"us, the therapeutic goal is to maintain steady-state drug levels within 
the therapeutic window. When the concentrations associated with this 
desired range are not known, it is su%cient to understand that e%cacy and 
toxicity depend on concentration and how drug dosage and frequency of 
administration a!ect the drug level. However, for a small number of drugs 
for which there is a small (2- to 3-fold) di!erence between concentrations 
resulting in e%cacy and toxicity (e.g., digoxin, theophylline, lidocaine, 
aminoglycosides, cyclosporine, tacrolimus, sirolimus, warfarin, and 
some anticonvulsants), a plasma concentration range associated with 
e!ective therapy has been de$ned. In these cases, a desired (target) steady-
state concentration of the drug (usually in plasma) associated with e%cacy 
and minimal toxicity is chosen, and a dosage is computed that is expected 
to achieve this value. Drug concentrations are subsequently measured, and 
dosage is adjusted if necessary (described further in the chapter).

Maintenance Dose
In most clinical situations, drugs are administered in a series of repetitive 
doses or as a continuous infusion to maintain a steady-state concentra-
tion of drug associated with the therapeutic window. Calculation of the 
appropriate maintenance dosage is a primary goal. To maintain the chosen 

steady-state or target concentration, the rate of drug administration is 
adjusted such that the rate of input equals the rate of loss. "is relationship 
is expressed here in terms of the desired target concentration:

 Dosing rate = Target Cp ⋅ CL/F (Equation 2–17)

If the clinician chooses the desired concentration of drug in plasma and 
knows the clearance and bioavailability for that drug in a particular patient, 
the appropriate dose and dosing interval can be calculated (Box 2–4).

Dosing Interval for Intermittent Dosage
In general, marked &uctuations in drug concentrations between doses are 
not desirable. If absorption and distribution were instantaneous, &uctua-
tions in drug concentrations between doses would be governed entirely by 
the drug’s elimination t1/2. If the dosing interval t were chosen to be equal 
to the t1/2, then the total &uctuation would be 2-fold; this is o#en a tolerable 
variation. Pharmacodynamic considerations modify this. If a drug is rel-
atively nontoxic such that a concentration many times that necessary for 
therapy can be tolerated easily, the maximal dose strategy can be used, and 
the dosing interval can be much longer than the elimination t1/2 (for conve-
nience). "e t1/2 of amoxicillin is about 2 h, but dosing every 2 h would be 
impractical. Instead, amoxicillin o#en is given in large doses every 8 or 12 h.

For some drugs with a narrow therapeutic range, it may be important 
to estimate the maximal and minimal concentrations that will occur for a 
particular dosing interval. "e minimal steady-state concentration Css, min 
may be reasonably determined by:

 
F V eC dose/

1 e
kT

ss, min
ss

kT ⋅= ⋅
− −

−

 
(Equation 2–18)

where k equals 0.693 divided by the clinically relevant plasma t1/2, and T is 
the dosing interval. "e term e−kT is the fraction of the last dose (corrected 
for bioavailability) that remains in the body at the end of a dosing interval.
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Figure 2–9 A. Temporal characteristics of drug e!ect and relationship to the therapeutic window (e.g., single dose, oral administration). A lag period is present 
before the plasma drug concentration Cp exceeds the MEC for the desired e!ect MECdesired. Following onset of the response, the intensity of the e!ect increases as 
the drug continues to be absorbed and distributed. "is reaches a peak, a#er which drug elimination results in a decline in Cp and in the e!ect’s intensity. E!ect dis-
appears when the drug concentration falls below the MECdesired. "e duration of a drug’s action is determined by the time period over which concentrations exceed 
the MECdesired. An MEC also exists for each adverse response (MECadverse), and if the drug concentration exceeds this, toxicity will result. "e therapeutic goal is to 
obtain and maintain concentrations within the therapeutic window for the desired response with a minimum of toxicity. Drug response below the MECdesired 
will be subtherapeutic; above the MECadverse, the probability of toxicity will increase. "e AUC (pale red) can be used to calculate the clearance (see Equation 2–7) 
for $rst-order elimination. "e AUC is also used as a measure of bioavailability (de$ned as 100% for an intravenously administered drug). Bioavailability is less 
than 100% for orally administered drugs, due mainly to incomplete absorption and $rst-pass metabolism and elimination. Changing drug dosage shi#s the curve 
up or down the Cp scale and is used to modulate the drug’s e!ect, as shown in panel B.
 B. E!ects of altered absorption, elimination, and dosage and the temporal pro"le of a single dose administered orally. "e bold green curve is the same as that shown 
in panel A. Increasing the dose (blue line) decreases the lag period and prolongs the drug’s duration of e!ectivess but at the risk of increasing the likelihood of 
adverse e!ects. Unless the drug is nontoxic (e.g., penicillins), increasing the dose is not a useful strategy for extending the duration of action if the increase puts 
the drug level near MECadverse. Instead, another dose of drug should be given, timed to maintain concentrations within the therapeutic window (see Figure 2–7). 
An increased rate of absorption of the dose (orange line) reduces the lag period, leads to a higher maximum Cp at an earlier time, but results in a shorter duration 
of action (time above MECdesired). Increasing the rate of elimination of the dose decreases the maximum Cp and reduces the time of Cp > MECdesired.

quantitative issues arise, such as how o#en to change dosage and by how 
much. "ese usually can be settled with simple rules of thumb based on 
the principles presented (e.g., change dosage by no more than 50% and no 
more o#en than every three or four half-lives). Alternatively, some drugs 
have little dose-related toxicity, and maximum e%cacy usually is desired. 
In such cases, doses well in excess of the average required will ensure 
e%cacy (if this is possible) and prolong drug action. Such a “maximal 
dose” strategy typically is used for penicillins. For many drugs, however, 
the e!ects are di%cult to measure (or the drug is given for prophylaxis), 
toxicity and lack of e%cacy are both potential dangers, or the therapeutic 
index is narrow. In these circumstances, doses must be titrated carefully, 
and drug dosage is limited by toxicity rather than e%cacy.

"us, the therapeutic goal is to maintain steady-state drug levels within 
the therapeutic window. When the concentrations associated with this 
desired range are not known, it is su%cient to understand that e%cacy and 
toxicity depend on concentration and how drug dosage and frequency of 
administration a!ect the drug level. However, for a small number of drugs 
for which there is a small (2- to 3-fold) di!erence between concentrations 
resulting in e%cacy and toxicity (e.g., digoxin, theophylline, lidocaine, 
aminoglycosides, cyclosporine, tacrolimus, sirolimus, warfarin, and 
some anticonvulsants), a plasma concentration range associated with 
e!ective therapy has been de$ned. In these cases, a desired (target) steady-
state concentration of the drug (usually in plasma) associated with e%cacy 
and minimal toxicity is chosen, and a dosage is computed that is expected 
to achieve this value. Drug concentrations are subsequently measured, and 
dosage is adjusted if necessary (described further in the chapter).

Maintenance Dose
In most clinical situations, drugs are administered in a series of repetitive 
doses or as a continuous infusion to maintain a steady-state concentra-
tion of drug associated with the therapeutic window. Calculation of the 
appropriate maintenance dosage is a primary goal. To maintain the chosen 

steady-state or target concentration, the rate of drug administration is 
adjusted such that the rate of input equals the rate of loss. "is relationship 
is expressed here in terms of the desired target concentration:

 Dosing rate = Target Cp ⋅ CL/F (Equation 2–17)

If the clinician chooses the desired concentration of drug in plasma and 
knows the clearance and bioavailability for that drug in a particular patient, 
the appropriate dose and dosing interval can be calculated (Box 2–4).

Dosing Interval for Intermittent Dosage
In general, marked &uctuations in drug concentrations between doses are 
not desirable. If absorption and distribution were instantaneous, &uctua-
tions in drug concentrations between doses would be governed entirely by 
the drug’s elimination t1/2. If the dosing interval t were chosen to be equal 
to the t1/2, then the total &uctuation would be 2-fold; this is o#en a tolerable 
variation. Pharmacodynamic considerations modify this. If a drug is rel-
atively nontoxic such that a concentration many times that necessary for 
therapy can be tolerated easily, the maximal dose strategy can be used, and 
the dosing interval can be much longer than the elimination t1/2 (for conve-
nience). "e t1/2 of amoxicillin is about 2 h, but dosing every 2 h would be 
impractical. Instead, amoxicillin o#en is given in large doses every 8 or 12 h.

For some drugs with a narrow therapeutic range, it may be important 
to estimate the maximal and minimal concentrations that will occur for a 
particular dosing interval. "e minimal steady-state concentration Css, min 
may be reasonably determined by:
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where k equals 0.693 divided by the clinically relevant plasma t1/2, and T is 
the dosing interval. "e term e−kT is the fraction of the last dose (corrected 
for bioavailability) that remains in the body at the end of a dosing interval.
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Aspirin demonstrates the interplay among these processes. Aspirin has 
a bimodal e!ect on the renal handling of uric acid: High doses of aspirin 
(>3 g/d) are uricosuric (probably by blocking urate reabsorption), while 
low dosages (1–2 g/d) cause uric acid retention (probably via inhibiting 
urate secretion). Low-dose aspirin, indicated for the prophylaxis of car-
diovascular events, can cause changes in renal function and uric acid han-
dling in elderly patients.

Distribution
Volume of Distribution
"e volume of distribution V relates the amount of drug in the body to 
the concentration of drug C in the blood or plasma, depending on the 
#uid measured. "is volume does not necessarily refer to an identi$able 
physiological volume but rather to the #uid volume that would be required 
to contain all of the drug in the body at the same concentration measured 
in the blood or plasma:

 Amount of drug in body/V = C 

or

 V = Amount of drug in body/C (Equation 2–11)

View V as an imaginary volume because for many drugs V exceeds the 
known volume of any and all body compartments (Box 2–1). For example, 
the value of V for the highly lipophilic antimalarial chloroquine is some 
15,000 L, whereas the volume of total-body water is about 42 L in a 70-kg 
male.

For drugs that are bound extensively to plasma proteins but are not 
bound to tissue components, the volume of distribution will approach that 
of the plasma volume because drug bound to plasma protein is measurable 
in the assay of most drugs. In contrast, certain drugs have high volumes of 
distribution even though most of the drug in the circulation is bound to 
albumin because these drugs are also sequestered elsewhere.

"e volume of distribution de$ned in Equation 2–11 considers the 
body as a single homogeneous compartment. In this one-compartment 
model, all drug administration occurs directly into the central compart-
ment, and distribution of drug is instantaneous throughout the volume V. 
Clearance of drug from this compartment occurs in a $rst-order fashion, 
as de$ned in Equation 2–5; that is, the amount of drug eliminated per 
unit of time depends on the amount (concentration) of drug in the body 
compartment at that time. Figure 2–6A and Equation 2–9 describe the 

decline of plasma concentration with time for a drug introduced into this 
central compartment:

 
= 





−C
V

e
Dose

[ ]kt

 
(Equation 2–12)

where k is the rate constant for elimination that re#ects the fraction of 
drug removed from the compartment per unit of time. "is rate constant 
is inversely related to the t1/2 of the drug [kt1/2 = ln 2 = 0.693]. "e ideal-
ized one-compartment model does not describe the entire time course of 
the plasma concentration. Certain tissue reservoirs can be distinguished 
from the central compartment, and the drug concentration appears to 
decay in a manner that can be described by multiple exponential terms 
(Figure 2–6B).
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tissue reservoirs that are in rapid equilibrium, and distributes to a “$nal” 
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fashion with a rate constant of k (see Figure 2–6B). "e multicompartment 
model of drug disposition can be viewed as though the blood and highly 
perfused lean organs such as heart, brain, liver, lung, and kidneys cluster 
as a single central compartment, whereas more slowly perfused tissues 
such as muscle, skin, fat, and bone behave as the $nal compartment (the 
tissue compartment).

If blood #ow to certain tissues changes within an individual, rates of 
drug distribution to these tissues also will change. Changes in blood #ow 
may cause some tissues that were originally in the “central” volume to 
equilibrate su%ciently more slowly so they appear only in the “$nal” vol-
ume. "is means that central volumes will appear to vary with disease 
states that cause altered regional blood #ow (such as would be seen in cir-
rhosis of the liver). A&er an intravenous bolus dose, drug concentrations 
in plasma may be higher in individuals with poor perfusion (e.g., shock) 
than they would be if perfusion were better. "ese higher systemic con-
centrations may in turn cause higher concentrations (and greater e!ects) 
in tissues such as brain and heart, whose usually high perfusion has not 
been reduced. "us, the e!ect of a drug at various sites of action can vary 
depending on perfusion of these sites.

Multicompartment Volumes
In multicompartment kinetics, a volume of distribution term is useful 
especially when the e!ect of disease states on pharmacokinetics is to be 
determined. "e volume of distribution at steady state Vss represents the 
volume in which a drug would appear to be distributed during steady state 
if the drug existed throughout that volume at the same concentration as 
that in the measured #uid (plasma or blood). Vss also may be appreciated 
as shown in Equation 2–13, where VC is the volume of distribution of 
drug in the central compartment and VT is the volume term for drug in 
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 Vss = VC + VT (Equation 2–13)

Steady-State Concentration
Equation 2–3 (Dosing rate = CL ⋅ Css) indicates that a steady-state con-
centration eventually will be achieved when a drug is administered at a 
constant rate. At this point, drug elimination (the product of clearance 
and concentration; Equation 2–5) will equal the rate of drug availability. 
"is concept also extends to regular intermittent dosage (e.g., 250 mg 
of drug every 8 h). During each interdose interval, the concentration of 
drug rises with absorption and falls by elimination. At steady state, the 
entire cycle is repeated identically in each interval (Figure 2–7). Equation 
2–3 still applies for intermittent dosing, but it now describes the average 

BOX 2–1 ■ V  Values May Exceed Any Physiological Volume
For many drugs, Equation 2–11 will give V values that exceed any 
physiological volume. For example, if 500 μg of the cardiac glycoside 
digoxin were added into the body of a 70-kg subject, a plasma 
concentration of about 0.75 ng/mL would be observed. Dividing the 
amount of drug in the body by the plasma concentration yields a 
volume of distribution for digoxin of about 667 L, or a value about 
15 times greater than the total-body volume of a 70-kg man. In fact, 
digoxin distributes preferentially to muscle and adipose tissue and 
binds to its speci$c receptors, the Na+,K+-ATPase, leaving a very small 
amount of drug in the plasma to be measured. A drug’s volume of 
distribution therefore can re#ect the extent to which it is present in 
extravascular tissues and not in the plasma.

"us, V may vary widely depending on the relative degrees of 
binding to high-a%nity receptor sites, plasma and tissue proteins, the 
partition coe%cient of the drug in fat, and accumulation in poorly 
perfused tissues. "e volume of distribution for a given drug can 
di!er according to a patient’s age, gender, body composition, and 
presence of disease. Total-body water of infants younger than 1 year 
of age, for example, is 75%–80% of body weight, whereas that of adult 
males is 60% and that of females is 55%.
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Maintenance Dose
In most clinical situations, drugs are administered in such a way 
as to maintain a steady state of drug in the body, ie, just enough 
drug is given in each dose to replace the drug eliminated since the 
preceding dose. Thus, calculation of the appropriate maintenance 
dose is a primary goal. Clearance is the most important pharma-
cokinetic term to be considered in defining a rational steady-state 
drug dosage regimen. At steady state, the dosing rate (“rate in”) 
must equal the rate of elimination (“rate out”). Substitution of the 
target concentration (TC) for concentration (C) in equation (4) 
predicts the maintenance dosing rate:

Thus, if the desired target concentration is known, the clear-
ance in that patient will determine the dosing rate. If the drug is 
given by a route that has a bioavailability less than 100%, then the 
dosing rate predicted by equation (9) must be modified. For oral 
dosing:

If intermittent doses are given, the maintenance dose is calcu-
lated from:

(See Box: Example: Maintenance Dose Calculations.)

Note that the steady-state concentration achieved by contin-
uous infusion or the average concentration following intermit-
tent dosing depends only on clearance. The volume of 
distribution and the half-life need not be known in order to 
determine the average plasma concentration expected from a 
given dosing rate or to predict the dosing rate for a desired target 
concentration. Figure 3–6 shows that at different dosing inter-
vals, the concentration-time curves will have different maximum 
and minimum values even though the average concentration will 
always be 10 mg/L.

Estimates of dosing rate and average steady-state concentra-
tions, which may be calculated using clearance, are independent 
of any specific pharmacokinetic model. In contrast, the determi-
nation of maximum and minimum steady-state concentrations 
requires further assumptions about the pharmacokinetic model. 
The accumulation factor (equation [7]) assumes that the drug fol-
lows a one-compartment model (Figure 3–2B), and the peak 
concentration prediction assumes that the absorption rate is much 
faster than the elimination rate. For the calculation of estimated 
maximum and minimum concentrations in a clinical situation, 
these assumptions are usually reasonable.

Loading Dose
When the time to reach steady state is appreciable, as it is for drugs 
with long half-lives, it may be desirable to administer a loading 
dose that promptly raises the concentration of drug in plasma to 
the target concentration. In theory, only the amount of the load-
ing dose need be computed—not the rate of its administration—
and, to a first approximation, this is so. The volume of distribution 
is the proportionality factor that relates the total amount of drug 
in the body to the concentration; if a loading dose is to achieve the 
target concentration, then from equation (1):

Example: Maintenance Dose Calculations

A target plasma theophylline concentration of 10 mg/L is desired 
to relieve acute bronchial asthma in a patient. If the patient is a 
nonsmoker and otherwise normal except for asthma, we may use 
the mean clearance given in Table 3–1, ie, 2.8 L/h/70 kg. Since the 
drug will be given as an intravenous infusion, F = 1.

Dosing rate = CL × TC
 = 2.8 L / h / 70 kg × 10 mg / L
 = 28 mg / h / 70 kg

Therefore, in this patient, the infusion rate would be 28 mg/h/ 
70 kg.

If the asthma attack is relieved, the clinician might want to 
maintain this plasma level using oral theophylline, which might 
be given every 12 hours using an extended-release formulation 
to approximate a continuous intravenous infusion. According to 

Table 3–1, Foral is 0.96. When the dosing interval is 12 hours, the 
size of each maintenance dose would be:

Maintenance
dose

× Dosing interval=
Dosing rate

F

× 12 hours=
28 mg / h

0.96

= 350 mg

A tablet or capsule size close to the ideal dose of 350 mg 
would then be prescribed at 12-hourly intervals. If an 8-hour 
dosing interval was used, the ideal dose would be 233 mg; and 
if the drug was given once a day, the dose would be 700 mg. In 
practice, F could be omitted from the calculation since it is so 
close to 1.
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For the theophylline example given in the Box, Example: 
Maintenance Dose Calculations, the loading dose would be 350 mg 
(35 L × 10 mg/L) for a 70-kg person. For most drugs, the load-
ing dose can be given as a single dose by the chosen route of 
administration.

Up to this point, we have ignored the fact that some drugs fol-
low more complex multicompartment pharmacokinetics, eg, the 
distribution process illustrated by the two-compartment model in 
Figure 3–2. This is justified in the great majority of cases. 
However, in some cases the distribution phase may not be 
ignored, particularly in connection with the calculation of loading 
doses. If the rate of absorption is rapid relative to distribution (this 
is always true for rapid intravenous administration), the concen-
tration of drug in plasma that results from an appropriate loading 
dose—calculated using the apparent volume of distribution—can 
initially be considerably higher than desired. Severe toxicity may 
occur, albeit transiently. This may be particularly important, eg, in 
the administration of antiarrhythmic drugs such as lidocaine, 
where an almost immediate toxic response may occur. Thus, while 
the estimation of the amount of a loading dose may be quite cor-
rect, the rate of administration can sometimes be crucial in pre-
venting excessive drug concentrations, and slow administration of 
an intravenous drug (over minutes rather than seconds) is almost 
always prudent practice.

When intermittent doses are given, the loading dose calculated 
from equation (12) will only reach the average steady-state 

concentration and will not match the peak steady-state concentra-
tion (Figure 3–6). To match the peak steady-state concentration, 
the loading dose can be calculated from equation (13):

TARGET CONCENTRATION 
INTERVENTION: APPLICATION OF 
PHARMACOKINETICS & 
PHARMACODYNAMICS TO DOSE 
INDIVIDUALIZATION

The basic principles outlined above can be applied to the interpreta-
tion of clinical drug concentration measurements on the basis of 
three major pharmacokinetic variables: absorption, clearance, and 
volume of distribution (and the derived variable, half-life). In addi-
tion, it may be necessary to consider two pharmacodynamic vari-
ables: maximum effect attainable in the target tissue and the 
sensitivity of the tissue to the drug. Diseases may modify all of these 
parameters, and the ability to predict the effect of disease states on 
pharmacokinetic parameters is important in properly adjusting dos-
age in such cases. (See Box: The Target Concentration Strategy.)

Pharmacokinetic Variables
A. Input
The amount of drug that enters the body depends on the patient’s 
adherence to the prescribed regimen and on the rate and extent of 
transfer from the site of administration to the blood.
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ADJUSTMENT OF DOSAGE WHEN 
ELIMINATION IS ALTERED BY DISEASE

Renal disease or reduced cardiac output often reduces the clear-
ance of drugs that depend on renal elimination. Alteration of 
clearance by liver disease is less common but may also occur. 
Impairment of hepatic clearance occurs (for high extraction drugs) 
when liver blood flow is reduced, as in heart failure, and in severe 
cirrhosis and other forms of liver failure. Because it is important 
in the elimination of drugs, assessing renal function is important in 
estimating dosage in patients. The most important renal variable in 
drug elimination is glomerular filtration rate (GFR), and creatinine 
clearance (CLcr) is a convenient approximation of GFR. The dosage 
in a patient with renal impairment may be corrected by multiply-
ing the average dosage for a normal person times the ratio of the 
patient’s altered creatinine clearance (CLcr) to normal creatinine 
clearance (approximately 100 mL/min, or 6 L/h in a young adult).

= × ’
Corrected dosage Average dosage

Patient s CL
100 mL/min

cr  (6)

This simplified approach ignores nonrenal routes of clearance 
that may be significant. If a drug is cleared partly by the kidney 
and partly by other routes, Equation 6 should be applied to the 
part of the dose that is eliminated by the kidney. For example, if 
a drug is 50% cleared by the kidney and 50% by the liver and 
the normal dosage is 200 mg/d, the hepatic and renal elimination 
rates are each 100 mg/d. Therefore, the corrected dosage in a 
patient with a creatinine clearance of 20 mL/min will be:

 

= +

×

= + =

Dosage 100 mg/d (liver) 100 mg/d
20 mL/min

100 mL/min (kidney)

Dosage 100 mg/d 20 mg/d 120 mg/d

 (7)

Renal function is altered by many diseases and is often decreased 
in older patients. CLcr can be measured directly, but this requires 
careful measurement of both serum creatinine concentration and a 
timed total urine creatinine. A common shortcut that requires only 
the serum (or plasma) creatinine measurement (Scr) is the use of 
an equation. One such equation in common use is the Cockcroft-
Gault equation:

 = − ×
×CL (mL/min)

(140 Age) body weight (kg)
72 Scr

cr
 (8)

The result is multiplied by 0.85 for females. A similar equation 
for GFR is the MDRD equation:

GFR (mL/min/1.73 m2 body surface area)

 = × ×
×

175 (0.742 if female) (1.212 if African American)
S Agecr

1.154 0.203  (9)

QUESTIONS

 1. Mr Jones has zero kidney function and is undergoing hemo-
dialysis while awaiting a kidney transplant. He takes metfor-
min for type 2 diabetes mellitus and was previously stabilized 
(while his kidney function was adequate) at a dosage of 
500 mg twice daily, given orally. The plasma concentration 
at this dosage with normal kidney function was found to be 
1.4 mg/L. He has been on dialysis for 10 days and metformin 
toxicity is suspected. A blood sample now shows a metformin 
concentration of 4.2 mg/L. What was Mr. Jones’ clearance of 
metformin while his kidney function was normal?
(A) 238 L/d
(B) 29.8 L/h
(C) 3 L/d
(D) 238 L/h
(E) 30 L/min

 2. Ms Smith, a 65-year-old woman with pneumonia, was given 
tobramycin, 150 mg, intravenously. After 20 minutes, the 
plasma concentration was measured and was found to be 
3 mg/L. Assuming no elimination of the drug in 20 minutes, 
what is the apparent volume of distribution of tobramycin in 
Ms Smith?
(A) 3 L/min
(B) 3 L
(C) 50 L
(D) 7 L
(E) 0.1 mg/min

 3. St John’s Wort, a popular botanical remedy, is a potent 
inducer of hepatic phase I CYP3A4 enzymes. Verapamil and 
phenytoin are both eliminated from the body by metabo-
lism in the liver. Verapamil has a clearance of 1.5 L/min, 
approximately equal to liver blood flow, whereas phenytoin 
has a clearance of 0.1 L/min. Based on this fact, which of the 
following is most correct?
(A) St John’s Wort will increase the half-life of phenytoin 

and verapamil
(B) St John’s Wort will decrease the volume of distribution 

of CYP3A4 substrates
(C) St John’s Wort will decrease the hepatic extraction of 

phenytoin
(D) St John’s Wort will decrease the first-pass effect for 

verapamil
(E) St John’s Wort will increase the clearance of phenytoin
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