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cine is practiced. One of the repeated admonitions of EBM pioneers 
has been to replace reliance on the local "gray-haired expert" (who 
may be often wrong but rarely in doubt) with a systematic search for 
and evaluation of the evidence. But EBM has not eliminated the need 
for subjective judgments ; each systematic review presents the inter
pretation of an "expert," whose biases remain largely invisible to the 
consumer of the review. In addition, meta-analyses cannot generate 
evidence where there are no adequate randomized trials, and most of 
what clinicians face will never be thoroughly tested in a randomized 
trial. for the foreseeable future , excellent clinical reasoning skills and 
experience supplemented by well-designed quantitative tools and a 
keen appreciation for individual patient preferences will continue to 
be of paramount importance in the professional life of medical prac

titioners. 

3 Principles of Clinical Pharmacology 13 
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3 PRINCIPLES OF CLINICAL PHARMACOLOGY 
Dan M. Roden 

Drugs are the cornerstone of modern therapeutics. Nevertheless, it is 
well recognized among physicians and among the lay community that 
the outcome of drug therapy varies widely among individuals. While 
this variabil ity has been perceived as an unpredictable, and therefore 
inevitable, accompaniment of dmg therapy, this is not the case. The 
goal of this chapter is to describe the principles of clinical phanna
cology that can be used for the safe and optimal use of available and 
new drugs . 

Drugs interact with specific target molecules to produce their ben
eficial and adverse effects. The chain of events between administration 
of a drug and production of these effects in the body can be divided 
into two important components, both of which contribute to variability 
in drug actions. The first component comprises the processes that de
te1mine drug delivery to, and removal from, molecular targets. The 
resultant description of the relationship between drug concentration 
and time is termed pharmacokinetics. The second component of vari
ability in drug action comprises the processes that determine variabil
ity in drug actions despite equivalent drug delivery to effector drug 
sites. This description of the relationship between drug concentration 
and effect is termed pharmacodynamics. As discussed further below, 
pharmacodynamic variability can arise as a result of variability in func
tion of the target molecule itself or of variability in the broad biologic 
context in which the drug-target interaction occurs to achieve dmg 
effects. 

Two important goals of the discipline of clinical pharmacology are 
(1) to provide a description of conditions under which drug actions 
vary among human subjects; and (2) to determine mechanisms under
lying this variability, with the goal of improving therapy with available 
drugs as well as pointing to new drug mechanisms that may be effec
l!ve in the treatment of human disease. The first steps in the discipline 
were empirical descriptions of the influence of disease X on drug ac
hon Y or of individuals or families with unusual sensitivities to adverse 
drug effects . These important descriptive findings are now being re
placed by an understanding of the molecular mechanisms underlying 
variability in drug actions . Thus, the effects of disease, drug coadmin
istration, or familial factors in modulating drug action can now be 
remterpreted as variability in expression or function of specific genes 
~hose products determine phaimacokinetics and pharmacodynamics. 
. evenheless, it is the personal interaction of the patient with the phy

~1.~tan or other health care provider that first identifies unusual varia
c 

1 
1ty in drug actions; maintained alertness to unusual drug responses 

0~nues to be a key component of improving drug safety. 

0 
. nusual drug responses, segregating in families, have been rec

ic:n~ed for decades and initially defined the field of pharmacogenet
ac · ow, with an increasing appreciation of common polymorphisms 

ross the human genome, comes the opportunity to reinterpret de-

scriptive mechanisms of variability in drug action as a consequence of 
specific DNA polymorphisms, or sets of DNA polymorphisms, among 
individuals. This approach defines the nascent fi eld of pharmacogen
omics , which may hold the opportunity of allowing practitioners to 
integrate a molecular understanding of the basis of disease with an 
individual's genomic makeup to prescribe personalized, highly effec
tive, and safe therapies. 

INDICATIONS FOR DRUG THERAPY It is self-evident that the benefits of 
drug therapy should outweigh the risks. Benefits fall into two broad 
categories: those designed to alleviate a symptom, and those designed 
to prolong useful life. An increasing emphasis on the principles of 
evidence-based medicine and techniques such as large clinical trials 
and meta-analyses have defined benefits of drug therapy in specific 
patient subgroups. Establishing the balance between risk and benefit 
is not always simple: for example, therapies that provide symptomatic 
benefits but shorten life may be ente1tained in patients with serious 
and highly symptomatic diseases such as heart failure or cancer. These 
decisions illustrate the continuing highly personal nature of the rela
tionship between the prescriber and the patient. 

Some adverse effects are so common, and so readily associated 
with drug therapy , that they are identified very early during clinical 
use of a drug. On the other hand, serious adverse effects may be suf
ficiently uncommon that they escape detection for many years after a 
drug begins to be widely used. The issue of how to identify rare but 
serious adverse effects (that can profoundly affect the benefit-risk per
ception in an individual patient) has not been satisfactorily resolved. 
Potential approaches range from an increased understanding of the 
molecular and genetic basis of variability in drug actions to expanded 
postmarketing surveillance mechanisms. None of these have been 
completely effective, so practitioners must be continuously vigilant to 
the possibility that unusual symptoms may be related to specific drugs, 
or combinations of drugs, that their patients receive. 

Beneficial and adverse reactions to drug therapy can be described 
by a series of dose-response relations (Fig. 3-1). Well-tolerated drugs 
demonstrate a wide margin, termed the therapeutic ratio , therapeutic 
index , or therapeutic window, between the doses required to produce 
a therapeutic effect and those producing toxicity. In cases where there 
is a similar relationship between plasma drug concentration and ef
fects, monitoring plasma concentrations can be a highly effective aid 
in managing drug therapy, by enabling concentJ·ations to be maintained 
above the minimum required to produce an effect and below the con
centration range likely to produce toxicity. Such monitoring has been 
most widely used to guide therapy with specific agents, such as certain 
antiarrhythmics, anticonvulsants, and antibiotics. Many of the princi
ples in clinical pharmacology and examples outlined below-that can 
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FIGURE 3-1 The concept of a therapeutic ratio. Each panel illustrates the relationship 
between increasing dose and cumulative probability of a desired or adverse drug effect. 
Top. A drug with a wide therapeutic ratio, i.e., a wide separation of the two curves. 
Bottom A drug with a narrow therapeutic ratio; here, the likelihood of adverse effects 
at therapeutic doses is increased because the curves are not we ll separated. Further, 
a steep dose-response curve for adverse effects is especially undesirable, as it implies 
that even small dosage increments may sharply increase the likelihood of toxicity. 
When there is a definable relationship between drug concentration (usually measured 
in plasma) and desirable and adverse effect curves, concentration may be substituted 
on the abscissa. Note that not all patients necessarily demonstrate a therapeutic re
sponse (or adverse effect) at any dose, and that some effects (notably some adverse 
effects) may occur in a dose-independent fashion. 

be applied broadly to therapeutics-have been developed in these 
arenas . 

PRINCIPLES OF PHARMACOKINETICS 
The processes of absorption, distribution , metaboli sm, and elimina
tion-collectively termed drug disposition-determine the concen
tration of drug delivered to target effector molecules . Mathematical 
analysis of these processes can define specific, and clinically useful , 
parameters that describe drug disposition. This approach allows pre
diction of how factors such as disease, concomitant drug therapy , or 
genetic variants affect these parameters, and how dosages therefore 
should be adjusted. In this way, the chances of undertreatment due to 
low drug concentrations or adverse effects due to high drug concen
trations can be minimized. 

BIOAVAI LABILITY When a drug is administered intravenously, each drug 
molecule is by definition available to the systemic circulation. How
ever, drugs are often administered by other routes, such as orally, 
subcutaneously, intramuscularly, rectally, sublingually, or directly into 
desired sites of action. With these other routes, the amount of drug 
actually entering the systemic circulation may be less than with the 
intravenous route. The fraction of drug available to the systemic cir
culation by other routes is termed bioavailability . Bioavailability may 
be < 100% for two reasons: (1) absorption is reduced, or (2) the drug 
undergoes metabolism or elimination prior to entering the systemic 
circulation. Bioavailability (F) Is defined as the area under the time
concentration curve (AUC) after a drug dose, divided by AUC after 
the same dose intravenously (Fig. 3-2A) . 

Absorption Drug administration by nonintravenous routes often in
volves an absorptiori process characterized by the plasma level in
creasing to a maximum value at some time after administration and 
then declining as the rate of drug elimination exceeds the rate of ab
sorption (Fig. 3-2A). Thus, the peak concentration is lower and occurs 
later than after the same dose given by rapid intravenous injection. 
The extent of absorption may be reduced because a drug is incom
pletely released from its dosage form , undergoes destruction at its site 
of administration, or has physicochemical properties such as insolu
bility that prevent complete absorption.from its site of administration. 

The rate of absorption can be an important consideration for de
termining a dosage regimen, especially for drugs with a narrow ther
apeutic ratio. If absorption is too rapid, then the resulting high 
concentration may cause adverse effects not observed with a more 
slowly absorbed formulation. At the other extreme, slow absorption is 

A Dose-0 

IV t 
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Time 

FIGURE 3-2 Idealized time-plasma concentration curves after a single dose of drug . 
A. The time course of drug concentration after an instantaneous intravenous (IV) bolus 
or an oral dose in the one-compartment model shown. The area under the time
concentration curve is clearly less with the oral drug than the IV, indicating incomplete 
bioavailability. Note that despite this incomplete bioavailability, concentration after the 
oral dose can be higher than after the IV dose at some time points. The inset shows 
that the decline of concentrations over time is linear on a log-linear plot, characteristic 
of first-order elimination, and that oral and IV drug have the same elimination (parallel) 
time course. B. The decline of central compartment concentration when drug is both 
distributed to and from a peripheral compartment and eliminated from the central 
compartment. The rapid initial decline of concentration reflects not drug elimination 
but distribution. 

deliberately designed into "slow-release" or "sustained-release" drug 
formulations in order to minimize variation in plasma concentrations 
during the interval between closes, because the drug's rate of elimi
nation is offset by an equivalent rate of absorption controlled by for
mulation factors (Fig. 3-3). 

Presystemic Metabolism or Elimination When a drug is administered 
orally, it must transverse the intestinal epithelium, the portal venous 
system, and the liver prior to entering the systemic circulation (Fig. 3-
4 ). At each of these sites, drug availabil ity may be reduced; this mech
anism of reduction of systemic availability is te1med presystemic elim
ination, or first-pass elimination, and its efficiency assessed as 
extraction ratio. Uptake into the enterocyte is a combination of passive 
and active processes, the latter mediated by specific drug uptake trans
port molecules . Once a drug enters the enterocyte, it may undergo 
metabolism, be transported into the portal vein, or undergo excretion 
back into the intestinal lumen. Both excretion into the intestinal lumen 
and metabolism decrease systemic bioavailability. Once a drug passes 
thi s enterocyte barrier, it may also undergo uptake (again often by 
specific uptake transporters such as the organic cation transporter or 
organic anion transporter) into the hepatocyte, where bioavailabili ty 
can be further limited by metabolism or excretion into the bile. 

The drug transport molecule that has been most widely studied is 

t 
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Time -

FIGURE 3-3 Concentration excursions between doses at steady state as a function 
of dosing frequency . With less frequent dosing (blue), excursions are larger; this is 
acceptable for a wide therapeutic ratio drug (Fig. 3-1). For narrower therapeutic ratio 
drugs, more frequent dosing (red) may be necessary to avoid toxicity and maintain 
efficacy. Another approach is use of a sustained-release formulation (black) that in 
theory results in very small excursions even with infrequent dosing. 
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FIGURE 3-4 Mechanism of presystemic clearance. After drug enters the enterocyte, it 
can undergo metabolism, excretion into the intestinal lumen, or transport into the portal 
vein. Similarly, the hepatocyte may accomplish metabolism and biliary excretion prior to the 
entry of drug and metabolites to the systemic circulation. [Adapted by permission from DM 
Roden, in DP Zipes, J Jalife (eds): Cardiac E/ectrophysiology: From Cell to Bedside, 4th ed. 
Philadelphia, Saunders, 2003. Copyright 2003 with permission from Elsevier.] 

P-glycoprotein, the product of the normal expression of the MDRJ 
gene. P-glycoprotein is expressed on the apical aspect of the enterocyte 
and on the canalicular aspect of the hepatocyte (Fig. 3-4); in both 
locations, it serves as an efflux pump, thus limiting availability of drug 
to the systemic circulation. 

Most drug metabolism takes place in the liver, although the en
zymes accomplishing drug metabolism may be expressed, and hence 
drug metabolism may take place, in multiple other sites, including 
kidney, intestinal epithelium, lung, and plasma. Drug metabolism is 
generally conceptualized as "phase I," which generally results in more 
polar metabolites that are more readily excreted, and "phase II," during 
which specific endogenous compounds are conjugated to the drugs or 
their metabolites, again to enhance polarity and thus excretion. The 
major process during phase I is drug oxidation, generally accomplished 
by members of the cytochrome P450 (CYP) monooxygenase super
family. CYPs that are especially important for drug metabolism (Table 
3-1) include CYP3A4 CYP3A5 CYP2D6 CYP2C9 CYP2Cl9 
CY ' ' ' ' ' 

PlA2, and CYP2El, and each drug may be a substrate for one or 
more of these enzymes. The enzymes that accomplish phase II reac
lions i 1 d nc u e glucuronyl- , acetyl- , sulfa- and methyltransferases. Drug 
~etabolites may exert important pharmacologic activity, as discussed 
Urther below. 

er · 
inical Implications of Altered Bioavailability Some drugs undergo near-

~o~plete presystemic metabolism and thus cannot be administered 
g~~/' L1docaine is an example; the drug is well absorbed but under
lite near-complete extraction m the hver, so only hdocame metabo
ad s .Cwhich may be toxic) appear in the systemic circulation following 
us:Inistration of the parent drug. Similarly , nitroglycerin cannot be 
syst orally because it is completely extracted prior to reaching the 
tran e~nic circulation. The drug is therefore used by the sublingual or 

~ ~rmal routes, which bypass presystemic metabolism. 
can t.

1
er drugs undergo very extensive presystemic metabolism but 

st1 1 be ad . . d b . . mm1stere y the oral route, usmg much lugher doses 

3 Principles of Clinical Pharmacology 15 

than those required intravenously. Thus , a typical intravenous dose of 
verapamil would be 1 to 5 mg, compared to the usual single oral dose 
of 40 to 120 mg. Even small variations in the presystemic elimination 
of very highly extracted drugs such as propranolol or verapamil can 
cause large interindividual variations in systemic availability and ef
fect. Oral amiodarone is 35 to 50% bioavailable because of poor sol
ubility. Therefore, prolonged administration of usual oral doses by the 
intravenous route would be inappropriate. Administration of low-dose 
aspirin can result in exposure of cyclooxygenase in platelets in the 
po11al vein to the drug, but systemic sparing because of first-pass de
acylation in the liver. This is an example of presystemic metabolism 
being exploited to therapeutic advantage. 

FIRST-ORDER DISTRIBUTION AND ELI MINATION Most pharmacokinetic pro
cesses are first order; i.e., the rate of the process depends on the amount 
of drug present. In the simplest pharmacokinetic model (Fig. 3-2A), a 
drug bolus is administered instantaneously to a central compartment, 
from which drug elimination occurs as a first-order process. The first
order (concentration-dependent) nature of drug elimination leads di
rectly to the relationship describing drug concentration (C) at any time 
(t) following the bolus: 

c = (dose/Ve) . eC-0.691/11 12) 

where Ve is the volume of the compartment into which drug is deliv
ered and tv, is elimination half-life. As a consequence of this relation
ship, a plot of the logarithm of concentration vs time is a straight line 
(Fig. 3-2A, inset). Half-life is the time required for 50% of a first-order 
process to be complete. Thus, 50% of drug elimination is accom
plished after one drug elimination half-life; 75% after two; 87 .5% after 
three, etc. In practice, first-order processes such as elimination are 
near-complete after four to five half-lives. 

In some cases, drug is removed from the central compartment not 
only by elimination but also by distribution into peripheral compart
ments. In this case, the plot of plasma concentration vs time after a 
bolus demonstrates two (or more) exponential components (Fig. 3-
2B) . In general, the initial rapid drop in drug concentration represents 
not elimination but drug distribution into and out of peripheral tissues 
(also first-order processes) , while the slower component represents 
drug elimination; the initial precipitous decline is usually evident with 
administration by intravenous but not other routes. Drug concentra
tions at peripheral sites are determined by a balance between drug 
distribution to and redistribution from peripheral sites, as well as by 
elimination. Once the distribution process is near-complete (four to 
five distribution half-lives) , plasma and tissue concentrations decline 
in parallel. 

Clinical Implications of Half-Life Measurements The elimination half-life 
not only determines the time required for drug concentrations to fall 
to near-immeasurable levels after a single bolus, but it is the key de
te1minant of the time required for steady-state plasma concentrations 
to be achieved after any change in drug dosing (Fig. 3-5). This applies 
to the initiation of chronic drug therapy (whether by multiple oral 
doses or by continuous intravenous infusion) , a change in chronic drug 
dose or dosing interval, or discontinuation of drug. When drug effect 
parallels drug concentrations, the time required for a change in drug 
dosing to achieve a new level of effect is therefore determined by the 
elimination half-life. 

During chronic drug administration, a point is reached at which the 
amount of drug administered per unit time equals drug eliminated per 
unit time, defining the steady state. With a continuous intravenous 
infusion, plasma concentrations at steady state are stable, while with 
chronic oral drug administration, plasma concentrations vary during 
the dosing interval but the time-concentration profile between dosing 
intervals is stable (Fig. 3-5). 

DRUG DISTRIBUTION Distribution from central to peripheral sites, or 
from extracellular to intracellular sites, can be accomplished by pas
sive mechanisms such as diffusion or by specific drug transport mech-
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TABLE 3-1 Molecular Pathways Mediating Drug Disposition" 

Molecule 

CYP3A 

CY P2D6h 

CYP2C9• 

CYP2C J9h 
Thiopur ine S

methyltransferase'' 
N-acetyl transferase• 

UGTlA l" 
Pseudochol inesterase" 
P-g lycoprmein 

Substrates' 

Calcium channel blockers; 
an1iarrhytJ1m ics (lidocainc, 
quinidine, mexile1ine): HMG-CoA 
reducrase inhibitors C'sratins"; see 
text); cyclosporine, tacrolimus; 
indinavir, saqu.inavir, ritonavi r 

Timolol , metoprolol, carvedilol: 
phenformin; codeine; propafenone, 
Hecainide; 1ricyclic a111idepressants; 
tluoxetine, paroxetine 

Warfarin; pheny1oin; gli pizide; 
losarran 

Omeprazole; mephenytoin 
6-Mercaptopurine, azath ioprine 

Tsoniazid ; procainamide; hydralazine; 
some sulfonamides 

Irino1ecan 
Succinylcholine 
Digoxin: HIV protease inhibitors; 

many CYP3A substrates 

Inhibitors' 

Amioclarone; ketoconazole: 
itraconazole: erythromycin. 
clarilhromycin; ri1onavir 

Quinidine (even at ullralow doses); 
tricyclic antidepressants: lluoxetine. 
paroxetine 

Amiodarone; tluconazole; phenytoin 

Quin idine; amioclarone; verapamil ; 
cyclosporine; itraconazole; 
eryth romycin 

dose and effect. A loading dose 
can be estimated from the desired 
plasma level (C) and the apparent 
volume of di stribution (V): 

Loading dose = C x V 

Alternatively, the loading 
amount required to achieve steady
state plasma levels can also be 
detennined if the fraction of drug 
eliminated during the dosing in
terval and the maintenance dose 
are known. For example, if the 
fraction of digoxin eliminated 
daily is 35% and the planned main
tenance dose is 0.25 mg daily, 
then the loading dose required to 
achieve steady-state levels would 
be (0 .25/0.35) = 0.75 mg. 

" A li sting of CYP substrates, inhibitors, and inducers is maintained at h11p:llmedicine.i11p11i.ed11/flockhartlc/i11/ist.ht111/. 
" Clinicall y important genetics variants descri bed. 

In congestive heart fa ilure, the 
central volume of distribution of 
lidocaine is reduced. Therefore, 
lower-than-normal loading regi
mens are required to achieve 
equi valent plasma drug concen
trations and to avoid toxicity. 

' Inhibitors affect the molecular pathway and thus may affect substrate. 

anisms that are only now being defined at the molecular level. Models 
such as those shown in Fig . 3-2 allow derivation of a volume term for 
each compartment. These volumes rarely have any correspondence to 
actual physiologic volumes, such as plasma volume or total-body wa
ter volume. For many drugs the central volume may be viewed con
veniently as a site in rapid equilibrium with plasma. Central volumes 
and volume of distribution at steady state can be used to estimate tissue 
drug uptake and, in some cases , to adjust drug dosage in disease. In a 
typical 70-kg human, plasma volume is ~3 L, blood volume is ~5.5 
L, and extracellular water outside the vasculature is ~42 L. The vol
ume of distribution of drugs extensively bound to plasma proteins but 
not to tissue components approaches plasma volume; warfarin is an 
example. However, for most drugs, the volume of distribution is far 
greater than any physiologic space. For example, the volume of dis
tribution of digoxin and tricyclic antidepressants is hundreds of liters, 
obviously exceeding total-body volume. This indicates that these drugs 
are largely distributed outside the vascular system, and the proportion 
of the drug present in the plasma compartment is low. As a conse
quence, such drugs are not readily removed by dialysis, an important 
consideration in overdose. 

Clinical Implications of Drug Distribution Digoxin accesses its cardiac site 
of action slowly, over a distribution phase of several hours. Thus after 
an intravenous dose, plasma levels fall but those at the site of action 
increase over hours. Only when distribution is near-complete does the 
concentration of digoxin in plasma reflect pharmacologic effect. For 
this reason, there should be a 6- to 8-h wait after administration before 
plasma levels of digoxin are measured as a guide to therapy. 

Animal models have suggested, and clinical studies are confirming, 
that limited drug penetration into the brain, the "blood-brain barrier," 
often represents a robust P-glycoprotein-mediated efflux process from 
capillary endothelial cells in the cerebral circulation . Thus drug dis
tribution into the brain may be modulated by changes in P-glycopro
tein function . 

LOADING DOSES For some drugs, the indication may be so urgent that 
the time required to achieve steady-state concentrations may be too 
long. Under these conditions, administration of " loading" dosages may 
result in more rapid elevations of drug concentration to achieve ther
apeutic effects earlier than with chronic maintenance therapy (Fig. 3-
5). Nevertheless, the time required for true steady state to be achieved 
is still determined only by elimination half- life . This strategy is only 
appropriate for drugs exhibiting a defined relationship between drug 

RATE OF INTRAVENOUS ADMINISTRATION Although the simulations in Fig. 3-
2 use a single intravenous bolus, this is very rarely appropriate in 
practice because side effects related to transiently very high concen
trations can result. Rather, drugs are more usually administered orally 
or as a slower intravenous infus ion. Thus, administration of a full 
loading dose of lidocaine (3 to 4 mg/kg) as a single bolus often results 
transiently in very high concentrations, with a risk of adverse effects 
such as seizures. Since the distribution half-life of the drug is 8 min, 
a more appropriate loading regimen is the same dose, administered as 
two to four divided boluses every 8 min , or a rapid infusion (e.g., 10 
mg/min for 20 min). 

Some drugs are so predictably lethal when infused too rapidly that 
special precautions should be taken to prevent accidental boluses. For 
example, solutions of potassium for intravenous administration > 20 

t 
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of therapy 

Loading dose 
+dose= D 
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FIGURE 3-5 Drug accumulation to steady state. In this simulation, drug was administered 
(arrows) at intervals = 50% of the elimination half-life. Steady state is achieved during 
initiation of therapy after -5 elimination half-lives, or JO doses. A loading dose did not 
alter the eventual steady state achieved. A doubling of the dose resulted in a doubling of 
the steady state but the same time course of accumulation. Once steady state is achieved, 
a change in dose (increase, decrease, or drug discontinuation) results in a new steady state 
in - 5 elimination half-lives. [Adapted by permission from OM Roden, in DP Zipes, J Ja/ife 
(eds): Cardiac Electrophysiology: From Cell to Bedside, 4th ed. Philadelphia, Saunders, 200J. 
Copyright 2003 with permission f rom Elsevier.] 
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meq/L should be avoided in all but_ the ~ost exceptional_ and carefuUy 
·roi·ed circumstances . This mm1m1zes the poss1b1l!ty of cardiac 

moni l f ·d I · · · f · . . t which can occur as a resu t o acc1 enta mcreases m m us10n a11es , . 
. of more concentrated solutions. 

rate;rocainamide, . which is almost totally absorbed after oral admin
. ·ation, can be given orally as a single 1000-mg loading dose with 
tStl . H d . . . b h . I" le ri sk of hypotens1on. owever, a mm1strat10n y t e intravenous 
.11~te is more safely accomplished by giving the dose in fractions of 

1 ~out JOO mg at 5-min intervals or, more conveniently, as a 20-mg/ 
~1 in infusion over 50 min to avoid hypotension during the distribution 

phase. 
As these examples illustrate, excessively rapid administration of 

many drugs can lead to catastrophic consequences that result from high 
concentrations in the blood during the distribution phase. In contrast, 
for some centrally active drugs, the higher concentration of drug dur
in cr the distribution phase after intravenous administration is used to 
ad~antage . The use of midazolam for intravenous sedation, for ex
ample, depends upon its rapid uptake by the brain during the distri
bution phase to produce sedation quickly, with subsequent egress from 
the brain during the redistribution of the drug as equilibrium is 

achieved. 
Similarly, adenosine must be administered as a rapid bolus in the 

treatment of reentrant supraventricular tachycardias (Chap. 214), to 
prevent elimination by very rapid (tv, of seconds) uptake into eryth
rocytes and endothelial cells before the drug can reach its clinical site 
of action, the atrioventricular node. 

PLASMA PROTEI N BINDING Many drugs circulate in the plasma partly 
bound to plasma proteins. Since only unbound (free) drug can distrib
ute to sites of pharmacologic action, drug response is related to the 
free rather than the total circulating plasma drug concentration. In most 
cases, the degree of binding is fairly constant across the therapeutic 
concentration range; in this case, when plasma drug concentration is 
used to adjust doses , total levels in plasma can be used without re
sulting in significant error. 

Clinical Implications of Altered Protein Binding For drugs that are normally 
highly bound to plasma proteins (>90%), small changes in the extent 
of binding (e.g., due to disease) produce a large change in the amount 
of unbound drug, and hence drug effect. The acute-phase reactant a 1-

acid glycoprotein binds to basic drugs, such as lidocaine or quinidine, 
and is increased in a range of common conditions, including myocar
dial infarction, surgery, neoplastic disease, rheumatoid arthritis, and 
burns. This increased binding can lead to reduced pharmacologic ef
fects at therapeutic concentrations of total drug. Conversely, condi
tions such as hypoalbuminemia, liver disease, and renal disease can 
decrease the extent of drug binding, particularly of acidic and neutral 
drugs, such as phenytoin. Here, plasma concentration of free drug is 
increased, so drug efficacy and toxicity are enhanced if total (free + 
bound) drug is used to monitor therapy. 

CLEARANCE When drug is eliminated from the body, the amount of 
drug in the body declines over time. An important concept in quanti
fy ing this reduction is to consider that drug concentration at the be
ginning and end of a time period are unchanged, and that a specific 
volume of the body has been "cleared" of the drug during that time 
period. This defines clearance as volume/time. Clearance is a measure 
of the efficiency of drug removal that encompasses both drug metab
olism as well as drug excretion. 

Clinical Implications of Altered Clearance • ADJUSTING DRUG DOSAGES While 
elimination half-life determines the time required to achieve steady
state plasma concentrations (Css), the magnitude of that steady state is 
determined by clearance (Cl) and dose alone. For a drug administered 
as an intravenous infusion, this relationship is 

C,, = dosing rate/Cl or dosing rate = Cl X Css 

When drug is administered orally, the average plasma concentra
tion within a dosing interval (Cavg.ssl replaces C,,, and bioavailability 
(F) must be included: 

3 Principles of Clinical Pharmacology 17 

F X dosing rate = Cl X Cavg,ss 

Genetic variants, drug interactions, or diseases that reduce the ac
tivity of drug-metabolizing enzymes or excretory mechanisms may 
lead to decreased clearance and hence a requirement for downward 
dose adjustment to avoid toxicity. Genetic variants may reduce ex
pression of CYPs (or other drug-metabolizing enzymes) or may result 
in normal expression of enzymes that have reduced function; in either 
case, dose requirements may need to be reduced. Conversely, some 
drug interactions and genetic variants increase CYP expression, and 
hence increased drug dosage may be necessary to maintain a thera
peutic effect. 

Clearance varies among drugs but is constant for most drugs over 
the therapeutic range of concentrations. In some cases, elimination 
becomes saturated at high doses, and the process then occurs at a fixed 
amount per unit time (zero order). With such nonlinear elimination 
kinetics , an increase in drug dosage is followed by a disproportionate 
rise in drug concentration, which can caJTy a risk of toxicity. Drugs 
that undergo zero-order elimination at therapeutic dosages include 
phenytoin, theophylline, and ethanol. Monitoring plasma concentra
tions of these agents is an indispensable guide to adjusting dose. 

THE CONCEPT OF HIGH-RISK PHARMACOKINETICS Many drugs undergo elimi
nation by multiple drug-metabolizing or excretory pathways. In this 
case, absence of one pathway (due to a genetic variant or drug inter
action) may not have a large impact on drug concentrations or drug 
actions. However, other drugs utilize a single pathway exclusively for 
drug elimination. Under this scenario, any condition that inhibits that 
pathway (be it disease-related, genetic, or due to a drug interaction) 
can lead to dramatic changes in drug concentrations and hence effect. 
Examples of this phenomenon are discussed further below and include 
digoxin toxicity when P-glycoprotein, the major route of digoxin elim
ination, is inhibited and potentially fata l bone marrow aplasia due to 
azathioprine or 6-mercaptopurine in patients with genetically deter
mined absence of function of thiopurine S-methyltransferase (TPMT). 
A dual-pathway example is the antiarrhythmic ftecainide, which is 
eliminated by both renal excretion and CYP2D6-mediated metabo
lism. Rare patients with both renal dysfunction and absent CYP2D6 
activity (on a genetic basis or because of drug interactions) may de
velop severe adverse reactions related to high plasma concentrations. 

ACTIVE DRUG METABOLITES A major role of drug metabolism is gener
ation of more polar compounds that then readily undergo renal or 
biliary excretion. From an evolutionary point of view, drug metabo
lism probably developed as a defense against noxious xenobiotics (for
eign substances, e.g., from plants) to which our ancestors inadvertently 
exposed themselves. The organization of the drug uptake and efflux 
pumps, and the location of drug metabolism in the intestine and liver 
prior to drug entry to the systemic circulation (Fig. 3-4) , support this 
idea of a primitive protective function . 

However, drug metabolites are not necessarily pharmacologically 
inactive. Metabolites may produce effects similar to , overlapping with, 
or distinct from those of the parent drug. For example, N-acetyl
procainamide (NAPA) is a major metabolite of the antiarrhythmic 
procainamide. While it exerts antiarrhythmic effects, its electrophys
iologic properties differ from those of the parent drug. Indeed, NAPA 
accumulation is the usual explanation for marked QT prolongation and 
torsades de pointes ventricular tachycardia (Chap. 214) during therapy 
with procainamide. Thus, the common laboratory practice of adding 
procainamide to NAPA concentrations to es timate a total therapeutic 
effect is inappropriate. 

Some drugs are · administered in an inactive form and require me
tabolism to generate active metabolites that mediate the drug effects. 
Examples include many angiotensin-converting enzyme (ACE) inhib
itors and the analgesic codeine (whose active metabolite morphine 
probably underlies the opioid effect during codeine administration). 
Codeine. and procainamide metabolism are also variable on a genetic 
basis, further contributing to variability in drug effects. Drug metab-
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18 Part I Introduction to Clinical Medicine 

olism has also been implicated in bioactivation of procarcinogens and 
in generation of reactive metabolites that mediate certain adverse drug 
effects (e.g., acetaminophen hepatotoxicity , discussed below). 

PRINCIPLES OF PHARMACODYNAMICS 
Once a drug accesses a molecular site of action, it alters the function 
of that molecular target, with the ultimate result of a drug effect that 
the patient or physician can perceive. For drugs used in the urgent 
treatment of acute symptoms, little or no delay is anticipated (or de
sired) between the drug-target interaction and the development of a 
clinical effect. Examples include vascular thrombosis, shock, malig
nant hypertension, status epilepticus, or arrhythmias. For many con
ditions, however, the indication for therapy is less urgent, and in fact 
a delay between the interaction of a drug with its pharmacologic tar
get(s) and a clinical effect is common. Pharmacokinetic mechanisms 
that can contribute to such a delay include uptake into peripheral com
partments or generation and accumulation of active metabolites. A 
common pharmacodynamic mechanism is that the clinical effect de
velops as a downstream consequence of the initial molecular effect the 
drug produces. Thus, administration of a proton-pump inhibitor or an 
Hi-receptor blocker produces an immediate increase in gastric pH but 
ulcer healing that is delayed. Cancer chemotherapy inevitably pro
duces delayed therapeutic effects, often long after drug is undetectable 
in plasma and tissue. Translation of a molecular drug action to a clin
ical effect can thus be highly complex and dependent on the details of 
the pathologic state being treated. These complexities have made phar
macodynamics and its variability less amenable than pharmacokinetics 
to rigorous mathematical analysis. Nevertheless, some clinically im
portant principles can be elucidated. 

A therapeutic drug effect assumes the presence of underlying path
ophysiology. Thus, a drug may produce no action, or a different spec
trum of actions, in unaffected individuals compared to patients. 
Further, concomitant disease can complicate interpretation of response 
to drug therapy, especially adverse effects. For example, increasing 
dyspnea iry a patient with chronic lung disease receiving amiodarone 
therapy could be due to drug, underlying disease, or an intercmTent 
cardiopulmonary problem. Thus the presence of chronic lung disease, 
and interpretation of the symptom of increasing dyspnea, is one factor 
that should be considered in selection of antiarrhythmic therapies. Sim
ilarly, high doses of anticonvulsants such as phenytoin may cause 
neurologic symptoms, which may be confused with the underlying 
neurologic disease. 

The concept that a drug interacts with a specific molecular receptor 
does not imply that the drug effect will be constant over time, even if 
stable drug and metabolite concentrations are maintained. The drug
receptor interaction occurs in a complex biologic milieu that itself can 
vary to modulate the drug effect. For example, ion channel blockade 
by drugs, an important anticonvulsant and antiarrhythmic effect, is 
often modulated by membrane potential, itself a function of factors 
such as extracellular potassium or ischemia. Thus, the effects of these 
drugs may vary depending on the external milieu. Receptors may be 
up- or downregulated by disease or by the drug itself. For example, 
,B-adrenergic blockers upregulate ,B-receptor density during chronic 
therapy. While this effect does not usually result in resistance to the 
therapeutic effect of the drugs, it may produce severe ,B agonist-me
diated effects (such as hypertension or tachycardia) if the blocking 
drug is abruptly withdrawn. 

PRINCIPLES OF DOSE SELECTION 
The desired goal of therapy with any drug is to maximize the likeli
hood of a beneficial effect while minimizing the risk of adverse effects. 
Previous experience with the drug, in controlled clinical trials or in 
postmarketing use, defines the relationships between dose (or plasma 
concentration) and these dual effects and provides a starting point for 
initiation of drug therapy. 

Figure 3-1 illustrates the relationships among dose, plasma con-

• 

centrations, efficacy, and adverse effects and carries with it several 
important implications: 

1. The target drug effect should be defined when drug treatment 
is started. With some drugs, the desired effect may be difficult to 
measure objectively, and the onset of efficacy can be delayed for weeks 
or months; drugs used in the treatment of cancer and psychiatric dis
ease are examples. Sometimes, a drug is used to treat a symptom, such 
as pain or palpitations, and here it is the patient who will report 
whether the selected dose is effective. In yet other settings, such as , 
anticoagulation or hypertension, the desired response is readily mea
surable. 

2. The nature of anticipated toxicity often dictates the starting 
dose. If side effects are minor, it may be acceptable to start at a dose 
highly likely to achieve efficacy and downtitrate if side effects occur. 
However, this approach is rarely if ever justified if the anticipated 
toxicity is serious or life-threatening; in this circumstance, it is more 
appropriate to initiate therapy with the lowest dose that may produce 
a desired effect. 

3. The above considerations do not apply if these relationships 
between dose and effects cannot be defined. This is especially relevant 
to some adverse drug effects (discussed in further detail below) whose 
development is not readily related to drug dose. 

4. If a drug dose does not achieve its desired effect, a dosage 
increase is justified only if toxicity is absent and the likelihood of 
serious toxicity is small. For example, a small percentage of patients 
with strong seizure foci require plasma levels of phenytoin >20 p.gl 
mL to control seizures. Dosages to achieve this effect may be appro
priate, if tolerated. Conversely, clinical experience with ftecainide 
suggests that levels > 1000 ng/mL, or dosages >400 mg/d, may be 
associated with an increased risk of sudden death; thus dosage in
creases beyond these limits are ordinarily not appropriate, even if the 
higher dosage appears tolerated. 

Other mechanisms that can lead to failure of drug effect should 
also be considered; drug interactions and noncompliance are common 
examples. This is one situation in which measurement of plasma drug 
concentrations, if available, can be especially useful. Noncompliance 
is an especially frequent problem in the long-term treatment of diseases 
such as hypertension and epilepsy, occurring in 225% of patients in 
therapeutic environments in which no special effort is made to involve 
patients in the responsibility for their own health. Multidrug regimens 
with multiple doses per day are especially prone to noncompliance. 

Monitoring response to therapy, by physiologic measures or by 
plasma concentration measurements, requires an understanding of the 
relationships between plasma concentration and anticipated effects. 
For example, measurement of QT interval is used during treatment 
with sotalol or dofetilide to avoid marked QT prolongation that can 
herald serious arrhythmias. In this setting, evaluating the electrocar
diogram at the time of anticipated peak plasma concentration and ef
fect (e.g., 1 to 2 h postdose at steady state) is most appropriate. 
Maintained high aminoglycoside levels carry a risk of nephrotoxicity, 
so dosages should be adjusted on the basis of plasma concentrations 
measured at trough (predose) . On the other hand, ensuring aminogly
coside efficacy is accomplished by adjusting dosage so that peak drug 
concentrations are above a minimal antibacterial concentration. For 
dose adjustment of other drugs (e.g., anticonvulsants, antiarrhythmics), 
concentration should be measured at its lowest during the dosing in
terval , just prior to a dose at steady state (Fig. 3-5) , to ensure a main
tained therapeutic effect. 

CONCENTRATION OF DRUGS IN PLASMA AS A GUIDE TO THERAPY Factors such 
as interactions with other drugs, disease-induced alterations in elimi
nation and distribution, and genetic variation in drug disposition com
bine to yield a wide range of plasma levels in patients given the same 
dose. Hence, if a predictable relationship can be established between 
plasma drug concentration and beneficial or adverse drug effect, meas
urement of plasma levels can provide a valuable tool to guide selection 
of an optimal dose. This is particularly true when there is a nairnw 
range between the plasma levels yielding therapeutic and adverse ef-
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fects, as with digoxin' theophylline, some antiarrhythmics' aminogly-

"".i¿er, 
cyclosporine. and anticonvulsants. The common situation of

ãirt-ord., elimination implies that average, maximum' and minimum

"r"u¿v-rtrt" 
concentrations a¡e related linearly to the dosing rate' Ac-

"".¿inelv. 
the maintenance dose may be adjusted on the basis of the

,^tio Uãt*..n the desiled and measured concentrations ot steody starc;

in,. .^rtnpl. if a doubling of the steady-state plasma concentration is

cìesired. the dose should be doubled'

For drugs that have zero-order kinetics (e.g., phenytoin and the-

oohvlline), plasma concentrations change disproportionately more

,trrn th. alteration in the dosing rate. In this situation, changes in dose

shoulcl be small to minimize the degree of unpredictability, and plasma

concentration monitoring should be used to ensure that dose modifi-

cation achieves the desired level'

DETERMINATI()N 0t MAINTENANCE D0SE An increase in dosage is usually

best achieved by changing the drug dose but not the dosing interval,

e.g., by giving 200 mg every 8 h instead of 100 mg every 8 h. However,

rhis approach is acceptable only if the resulting maximum concentra-

tion is not toxic and the trough value does not fall below the minirnurn

effective concentration for an undesirable period of time' Altelna-

tively, the steady state may be changed by altering the frequency of
intermittent dosing but not the size of each dose. In this case, the

magnitude of the fluctuations around the average steady-state level will
change-the shorter the closing interval, the smaller the difference

between peak and trough levels (Fig. 3-3).

Fìuctuation within a dosing interval is cletermined by the relation-

ship between the dosing interval and the drug's half-life. If the dosing

interval is equal to the drug's half-life, fluctuation is about twofold,
which is usually acceptable. With drugs that have a low therapeutic

ratio, dosage changes should be conservative (<50a/o dose change) and

not more frequent than every three to fou¡ half-lives. Other drugs, such

as many antihypertensives, have little dose-related toxicity so the ther-
apeutic ratio is large. Even if drug is eliminated rapidly, it can be given
infrequently. Thus, 75 mg of captopril will result in reduced blood
pressul'e fol up to l2 h, even though captopril elimination half-life is

about 2 h; this is because the dose raises the concentration of drug in
plasma many times higher than the threshold for its pharmacologic
effect.

ETITCTS ()I DISEASE ()N DRUG CONCENTRATI()N AND RESP()NSE

RtNAL DlStASt Renal excretion ofparent drug and metabolites is gen-
erally accomplished by glomerular filtration and by specific clrug trans-
porters, only now being identified. If a drug or its metabolites are
primarily excreted through the kidneys and increased dlug levels are
associatecl with adverse effects, drug dosages must be reduced in pa-
tients with renal dysfunction to auãid toxicity. The antiarrhythmics
dofetilide ancl sotaiol undergo predominant renal excretion and carry
a risk of QT prolongation and árrhythmias if doses are not recluced in
renal disease. Thus, in end-stage renal disease, sotalol can be given as
40 mg after dialysis {every seóond day), compared to the usual daily
oose,80 to 120 mg every 12 h. The narcotic analgesic meperidine
undergoes extensive hepatic rnetabolism, so that renal failure has littlee\ct on its plasma concentration. However, its metabolite, noÍme-
pendine. does unclergo renal exc¡etion, accumulates in renal failure,
antl probably u..or,í. lor lhe signs of central nel'vous system exci-
latron, such as irritability, twitching, and seizures, that appear when
multiple_doses of meperidine are aãministered to patients with renal
0tsease..Protein binding of some drugs (e.g., phenytòin) may be altered
tn uretnia, .o mearuririg free clrug concentration may be desirable.

^^ln 
non-end-stage reñal diseasl changes in renal árug clearance are

Senerally proportiãnar to those in creatinine clearance, which may be

Xt¡,1suLed 
<ìirectly ol esrimated frorn the serum creatinine (Chap. 259).rnls.estimate, 

couplecl with the knowledge of how much dr.ug is nor-urdrly excreted renally vs nonrenally, all,ows an estimate of the dose

iilÏtrylt requiled. in pracrice, mosr decisions involving dosing ad-

liì::.:lt in patients wiih renal faiture use published recommendedouJustments 
in dosage or closing interval baseà on the severity ofrenal

dysfunction indicated by creatinine clearance. Any such modification
of dose is a first approximation and should be followed by plasma

concentration data (if available) and clinical observation to further
optimize therapy for the individual patient.

UVER DISEASE In contrast to the predictable decline in renal clearance
of drugs in renal insufficiency, the effects of hepatitis or cirrhosis on

drug disposition range from impaired to increased drug clearance, in
an unpredictable fashion. Standard tests of liver function are not usefui
in adjusting doses. First-pass metabolism may decrease, and thus oral
bioavailability increase, as a consequence of disrupted hepatocyte
function, alterecl liver architecture, ancl portacaval shunts. The oral
availability for high-first-pass drugs such as morphine, meperidine,
midazolam, and nifedipine is almost doubled in patients with cirrhosis,
compared to those with normal liver function. Therefole, the size of
the oral dose of such dlugs should be reduced in this setting.

HEART ffllURE AND 5H0CK Under conditions of decreased tissue per-

fusion, the cardiac output is redistributed to presel've blood flow to the

heart and brain at the expense ofother tissues (Chap. 216). As a result,

drugs may be distributed into a smaller volume of distribution, higher
dl'ug concentrations will be present in the plasma, and the tissues that
are best perfused (the brain and heart) will be exposed to these higher
concentrations. If either the brain or heart is sensitive to the drug, an

alteration in response will occur. As well, decreased perfusion of the

kidney and liver may impair drug clearance. Thus, in severe congestive

heart failure, in hemorrhagic shock, and in cardiogenic shock, response

to usual dlug doses may be excessive, and dosage reduction rnay be

necessary. For exarnple, the clearance of lidocaine is reduced by about

507o in heart failure, and therapeutic plasma levels are achieved at

infusion rates only about half those usually required. The volume of
distribution of lidocaine is also reduced, so loading regimens should
be reduced.

DRUG USE lN THE ELDERIY Aging results in changes in organ function,
especially of the organs involved in drug disposition. Therefore, phar-

macokinetics are often different in elderly inclividuals than in younger
adults. In the elderly, muitiple pathologies and medications used to
treat them result in more drug interactions and adverse effects.

Even in the absence of kidney disease, t'enal clearance may be

reduced by 35 to 50Vo in eiderly patients. Dosage adjustments are

the¡efore necessary for drugs that are eliminated mainly by the kid-
neys. Because muscle mass and therefore creatinine produclion are

reduced in oider individuals, a normal serum creatinine concentt'ation

can be present even though creatinine ciearance is impaired; dosages

should be adjustecl on the basis of creatinine clearance, as discussed

above. Aging also results in a decrease in the size of and blood flow
to the liver and possibly in the activity of hepatic drug-metabolizing
enzymes; accordingly, the hepatic clearance of some dlugs is impairecl

in the elderly. As with liver disease, these changes ale not readily
predicted.

Elderly pâtients may display altered drug sensitivity, Examples in-
clude increased analgesic effects of opioicls, increased sedation from
benzodiazepines and other CNS depressants, and increased risk of
bleeding while receiving anticoagulant therapy, even when clotting
parameters a¡e well controlled. Exaggerated responses to cardiovas-
cular drugs are also common because of the impaired responsiveness

of normal homeostatic mechanisms. Conversely, the elderly display
decreased sensitivity to B-adrenergic receptor blockers.

Adverse drug reactions are especially common in the elderly,
because of altered pharmacokinetics and pharmacodynamics, the fre-
quent use of multidrug regimens, and concomitant ciisease. For ex-

ample, use of long half-1if'e benzodiazepines is linked to the occul'rence

of hip fractures in elderly patients, perhaps reflecting both a risk of
falls from these drugs (due to increased sedation) and the increased

incidence of osteoporosis in elderly patients. In population surveys of
the noninstitutionalized elderly, as many as 107o had at least one ad-

velse drug reaction in the previous year.

m
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Accordingly, optimization of drug therapy in the elderly, particu-
larly in frail patients, is often difficult, as these multiple factors ac-

centuate interindividual variability in drug response, Initial doses

should be less than the usual adult dosage and should be increased

slowly. The number of medications, and doses per day, should be kept
as low as Possible.

GEI{ETIC DETERMINANTS OT THE RESP()NSE Tf) DRUGS

PRINCIPIES 0t GEI{ETIC VARIATI0N AND HUMAN TRATTS (See also Chap.58)
Variants in the human genome resulting in variation in level of ex-
pression or function of molecules important for pharmacokinetics and
pharmacodynamics are increasingly recognized. These may be muta-
tions (very rare variants, often associated with disease) or polymor-
phisms, variants that are much more common in a population. Variants
may occur at a single nucleotide or involve insertion or deletion of
one or more nucleotides. They may be in the exons (coding regions)
or introns. Exonic polymorphisms may or may not alter the encoded
protein, and variant proteins may or may not display altered function.
Similarly, polymorphisms in intronic regions (including those that reg-
ulate gene expression) may or may not alter protein level.

As variation in the human genome is increasingly well docu-
mented, associations are being described between polymorphisms and
various traits (including response to drug therapy). Some ofthese rely
on well-developed chains ofevidence, including in vitro studies dem-
onstrating variant protein function, familial aggregation of variant al-
lele with the trait, and association studies in large populations. In other
cases, the associations are less compelling. Identifying "real" associ-
ations is one challenge that must be overcome before genomics, and
in particular the concept of genotyping to identify optimal drugs (or
dosages) in individual patients prior to prescribing, can be considered
for widespread clinical practice. Nevertheless, the appeal of this ap-
proach is considerable.

Rates of drug efficacy and adverse effects often vary among ethnic
groups. Many explanations for such differences are plausible; genomic
approaches have now established that functionally important variants
determining differences in drug response often display differing dis-
tributions among ethnic groups. This finding may have importance for
drug use among ethnic groups, as well as in drug development.

GENtTlcAttY DETTRMINED DRUG D|SP0S|T|ON AND VARIABLE EfttCTS The
concept that genetically determined variations in drug metabolism
might be associated with variant drug levels, and hence effect, was
advanced at the end of the nineteenth century, and the first examples
of familial clustering of unusual drug responses due to this mechanism
were noted in the mid-twentieth century. Clinically important genetic
variants have been described in multiple molecular pathways of drug
disposition (Table 3-1). These variants are identifled either by directly
establishing DNA sequence (genotyping) or by phenotyping: exposing
a large group of otherwise healthy subjects to a specific probe substrate
for the metabolizing enzyme under study and observing the distribu-
tion of activity (Fig. 3-6). A distinct multimodal disrriburion argues
for a predominant effect of variants in a single gene in the metabolism
of that substrate. Individuals with two alleles (variants) encoding for
nonfunctional protein make up one group, often termed poor meta-
bolizers (PM phenotype); many variants can produce such a loss of
function, complicating the use of genotyping in clinical practice. In-
dividuals with one functional allele make up a second (intermediate
metabolizers), and those with two functional alleles a third (extensive
metabolizers, EMs). On the other hand, a unimodal distribution of
activity argues against the presence of important single loss-of-func-
tion alleles in the population under study.

Tlansferase Variants Ofthe variants in genes encoding drug-metaboliz-
ing enzymes that have been described to date, one, in the TpMT gene,
has been adopted as routine clinical practice in some specialized cen-
ters. TPMT bioinactivates the antileukemic drug 6-mercaptopurine.
Further, 6-mercaptopurine is itself an active metabolite of the immu-

30
Extensive metabolizers (ËMs)

Ultrarapid
metabolizers

Poor
metabolizers

(PMs)

0
+ Greater activity Lesser act¡vity -+

flGURt 3-6 CYP2D6 metaboljc activitu 
',1as 

assessed in 290 subjects bU adminisrra-
tion 0f a test dose of a probe substrate and measurement of urinarg formation 0f the
CYP2D6-generated metaboljte. The heavu arroü/ indicates a clear antim0de, separating
poor metabolizer subjects (black), with two loss-0f-function CYPzD6 alleles. lndividuali
with 0ne or two functional alleles are grouped together as extensjve metabolizers
(biue). Also shown are ultrarapid metabolizers, with 2 to 11 functionaì copies 0f the
gene (red) and t2 functional copies (green), dispìaging the greatest enzUme activitu.
(Adapted bA permission t'rom M-L Dqhl et al: I Pharmacol Exp Ther 274:516, lgg|)-

nosuppressive azathioprine. Homozygotes for alleles encoding the
inactive TPMT (1 in 300 individuals) predictably exhibit severe and
potentially fatal pancytopenia on standard doses of azathioprine or 6-
mercaptopurine. On the other hand, homozygotes for fully functional
alleles may display less anti-inflammatory or antileukemic effect with
the drugs. These data illustrate the potential power of a genomic ap-
proach to optimize therapy, especially in the setting of high-risk phar-
macokinetics.

N-acetylation is catalyzed by hepatic N-acetyl transferase (NAT),
which actually represents the activity of two genes, NAT-1 and NAT-
2. Both enzymes transfer an acetyl group from acetyl coenzyme A to
the drug; NAT-1 activity is generally constant, while polymorphisms
in NAT-2 result in individual differences in the rate at which drugs are
acetylated and thus define "rapid acetylators" and "slow acetylators."
Slow acetylators make up -50Vo of European- and African-derived
populations but are less common among Asians.

Slow acetylators have an increased incidence of the drug-induced
lupus syndrome during procainamide and hydralazine therapy and of
hepatitis with isoniazid. Induction of CYPs (e.g., by rifampin) also
increases the risk of isoniazid-related hepatitis, likely reflecting gen-
eration of reactive metabolites of acetylhydrazine, itself an isoniazid
metabolite.

Polymorphisms that reduce transcription of uridine diphosphate
glucuronosyltransferase (UGTl A1) cause benign hyperbilirubinemia
(Gilbert's disease; Chap.284). These have also been associated with
diarrhea and increased bone marrow depression with the antineoplastic
irinotecan, whose active metabolite is normally detoxified by this
pathway.

CYP Variants CYP3A4 is the mosr abundant hepatic and intestinal Cyp
and is also the enzyme responsible for metabolism of the greatest
number of drugs in therapeutic use. CYP3A4 activity is highly variable
(up to an order of magnitude) among individuals, but the distribution
is unimodal, suggesting that the variability does not arise from variants
in the CYP3A4 gene. The mechanisms underlying this variability are
not yet well understood. A closely related gene, encoding Cyp3A5
(which shares substrates with CYP3A4), does display loss-of-function
variants, especially in African-derived populations. Cyp3A refers to
both enzymes.

CYP2D6 accounts for very little total hepatic CYP by weight bur
is second to CYP3A4 in the number of commonly used drugs that it
metabolizes. CYP2D6 is polymorphically distributed, with aboutTVo
of European- and African-derived populations (but very few Asians)
displaying the PM phenotype (Fig. 3-6). Over 70 loss-of-funcrion var-
iants in the CYP2D6 gene have been desøibed; the pM phenotype
arises in individuals with two such alleles. In addition, individuals with
multiple functional copies of the CYP2D6 gene (ultrarapid metabol-
izers) have been identified, particularly among northern Africans.
CYP2D6 represents the main metabolic pathway for a number of drugs
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.- L,^ 2-l ì Codeine is biotransformed by CYP2D6 to the potent ac-

l,tri;.tu¡il; morpìine' so its effects are blunted in PMs and ex-

^ -ñêrAïedin ultraraprd metabolizers' With beta blockers metabolized

??!åüî"ø rtncluding ophthalmic timolol and the antiaffhvthmic pro-

:itf,,ioniñü subjecls d'isplav greater signs of beta blockade (includ-

l'ij"'iîïãí*r¿ia and bronchospasm) than EMs' Further' in EM

Ï'r#,;;**none elimination bt"ot"t nonlinear at higher doses

-^ fnr exâÍtple, a trlpllng of the dose may lead to a tenfold increase

::';;;;ä"tratio;. Tñe oral hvpoglvcemic agent phenformin was

Ïtrïåj-no-"|ãr." it octationallyóaused profound lactic acidosis; this

i;:i;';;";t as a result of high òoncentrations in CYP2D6 PMs' ul-

iliråi,tä'*",iolizers may require verv high dosages of tricvclic an-

iìi..,."rrunt, to achieve a thérapeutic effect' and with codeine may

ffiilñ;;t;nt .upto,ia and nãusea due to verv rapid generation of

morPhine'"'" 
fn" eV pt enotype for CYP2C19 is common (20o/o) among Asians'

""¿'r"r".i: 
to SVo¡- inEuropean-derived-populations' The impact of

î"**"rptto CYP2C I 9-med'iated metabolism has been demonstrated

iïililil"; f ump inhibitor omeprazole, where ulcer cure rares with

..standard,, dosages were markedly lower in EM patients (29(To) than

ij PM; (100o/r). Thus, understanding the importanre of this polymor-
';irm" 

*""1¿ have been important in developing the drug, and know-

i""", natient's CYP2C19 genotype should improve therapy'
"'"i;;;.; .o-*on allJlic va-riants of CYP2C9 that encode proteins

wit¡, icrss of catalytic function' These variant alleles are associated with

u iáqulr"rn"nt foi lower maintenance dose of warfarin'Inrarer (12o/o)

individuals homozygous for these variant alleles' maintenance war-

il;';;;;g", .uv"ù-. difflcult to establish' and the risk of bleeding

.åóri"^tiãnt upi.ut, increased' Similarly' patients with loss-of-func-

ti- CVpZCS aiieles display increased rates of neurologic complica-

iiãrr *ittt phenytoin and of hypoglycemia with glipizide'

QT syndrome.

P0|.YM0RPHISMSTHAIM0Dul"ATtTHEBl()toGlccoNTEnWlTHll{WHICHTHE

uiuc-nna¡r lNTERAcfl0Ns 0ccUR The interaction of a drug with its

.o1".uf* target is translated into a clinical action ìn a complex bio-

i"gi" .ifi"" tlhat is itself often perturbed by disease' Thus' polymor-

pt.,i.-, tttut determine variabiiity in this biology may profoundly

influence drug response, although the genes involved are not them-

,-J", at""tfi targets of drug aðtion. The common insertion/deletion

iVDt p;iy-";pniJn in the ACE gene determines prognosis in many

ìVpá l,f 
"heart^disease, including heart failure' In patients with heart

iäiture treate¿ with B-adrenergicblockers, the best response to therapy

ha, b."n associated with the DD genotype, the group with the worst

ptãgt*i.. itt" mechanism underlying this outcome is uncertain' but

å ¿i.., effect of beta blockers on ACE seems unlikely; rather the IID

g*oiyp" likely affects the biology of heart failure to allow an im-

itou"i*tp*se to beta blockers' Similarly' polymorphisms in genes

'important ior lipid homeostasis (such as the ABCAI transporter and

the cholesteroÌ ester transport protein) modulate response to HMG-

CoA reductase inhibitors. ìn one large study' the combination of di-

ur"tl. ur" combined with a variant in the adducin gene (encoding a

"yiort.f"tuf 
protein important for renal tubular sodium absorption)

decreased stroke or myocardial infarction risk' while neither factor

alone has an effect. Common polymorphisms in ion channel genes that

are not themselves the target oi QT-prolonging drugs may nevertheless

influence the extent to wñich those drugs affect the electrocardiogram

receptor that controls intracellular calcium in skeletal muscle and other

tissues may be asymptomatic until exposed to certain general anes-

thetics, which trigger ihe syndrome of malignant hyperthemia' Certain

unilu.Áytrt*l.s ãñd other drugs can produce marked QT prolongation

ãnJ to.å¿"s de pointes (Cha;.214)' and in some patients this adverse

"iï"", 
."pr"r.nts unmasking àf previously subclinical congenital long

and produce arrhYthmias.

PR0SPECTSt0RlNC0RP()RAT|NGGENtTlclNt0RMAIl0tllNToctlNlcAtPRAcIlcE

These and many other examples of associations between speciflc geno-

types and drug responses rãise the tantalizing prospect that patients

iitt unO".go rãutinã genotyping for loci known to.modulate drug lev-

els or respónse prior to receiving a prescription' The twin goals are to

iOentity patients likely to exhibii adverse effects and those most likely

,ã tàtói,¿ well. Obsiacles that must be overcome before this vision

;;;;"t a reality include replication of even the most compelling

urro.iutionr, deÅonstrations of cost-effectiveness' development of

.".ãäv tt""fre genotyping technologies, and ethical issues involved

i"-æ."rypi"g. iVnif.-tt.t"t" barriers seem daunting' the field is very

;;;;;ä;;"lving rapidlv' Indeed' one major result of understanding

ái irrË -r" of genJics in árug action has been improved screening of

ã."g, ¿"titg îhe deuelopmJnt process to.reduce the likelihood of

t igf;fy 
"^¡"frf. 

metabolism or unanticipated toxicity (such as torsades

de pointes).

INTERACTI()NS BETWEEI'I DRUGS

Drug interactions can complicate therapy by adversely increasing or

ã"..?uting the action of a dìug; interactions may. be based on changes

in árug disposition or in druf response in the absence of changes in

ãt"g fã".h. Interactions ntuit be consiclered in the dffirential díag'

,,oíi, of any unustnl response occuning during drug therapy' P,re-

scrluerå sháuld recogn tzà that patients often come to them with a

i"g".t 
"f 

drugs acquìred during previou.s medical experiences' often

*irft .tfripf" physicians who måy not be aware-of all the patient's

medicationì. Á meticulous drug history should include examination of

it" fu,ø*'t medications and,lf necessary' calls to the pharmacist to

iã""',irv prescriptions. It should also address the use of agents not often

volunteered during questioning, such as over-the-counter (OTC)

O."gt, tt"^f,n food'supþlements, and topical agents such as eye drops'

List"s of interactions are available from a number of electronic sources'

ífl. pru"ti.ing physician cannot be expected to memorize these' How-

pd
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VARIABIilTY lN THt M0LICUIAR IARGETS WIIH WHICH DRUGS INTERACT As

,nol.cula, approaches identify specific gene products as târgets of drug

action, n.tyi,orphisms ttlat âttér the expression or function of these

d,'rt¿ targeis-and thus modulate their actions in patients-are also

beiig reJognized. For example, genome-wide searches in families with

pr"níurrr.ïUheimer's disease have associated variants in the APOE

iocus with the disease (Chap' 350). -ìhe E4 allele of the gene has been

associated with a worse prognosis, a finding that has been attributed

to reduced expression of cho-line acetyltransferase' Further' this poly-

morphism is also linked to response to the acetylcholinesterase inhib-

itor tacrine; a beneficial response appears to be more common ln

patients with the prognosticaliy more bènign A POE2 ot APOE3 alleles

iin which the target-molecule is expressed more abundantly)'

Multiple polfmorphisms identifled in the Br-adrenergic receptor

appear to be linked to speciflc phenotypes in asthma and congestive

heãrt failure, diseases in it.,ictr þr-recepior function might be expected

to determine prognosis. Polymorphisms in the p¡receptor gene have

also been ar*.iãt.¿ *ith iesponr" to inhaled Br-receptor agonists'

while those in the B,-adrenergic receptor gene have been associated

with variabilitv in'heart rate slowing and blood pressure lowering'
Similarly, ,.rotnr. to the 5lipoxygenase inhibitor zileuton in asthma

has been lintå¿ to polymorphìsmi ihat determine the expression level
of the 5-lipoxvn.nur.' g"n". Herceptin, which potentiates anthracyc-
line-relateå .urãloto*i.i"ty, is ineffective in breast cancers that do not
express the herceptin recãptor; thus, "genotyping" the tumor is a mech-
anism to avoid pàtentially toxic therapy in patients who would derive
no benefit.

Drugs may also interact with genetic pathways of disease' to elicit
or exacerbate svmptoms of the underlying conditions. In the porphyr-
ras' CYP inducårs äre thought to increase the activity of enzymes prox-
tmal to the deficient 

"nryrri", 
exacerbating or triggering attacks (Chap'

J37)' Deficiency of glucåse-6-phosphate dehydrogenase (G6PD)' most
often in individíul, ãr ef.i.unìr M-editeranean descent, increases risk
of hemolytic anemia in response to primaquine and a number of other
orugs thai do not cause heåolysis in patients with adequate quantities
ot this enzyme 1Chap. 93). Pátients ;ith mutations in the ryanodine

tht but
thât it
t¡¿t'7 70

\sians)
bn var-
hotype
¡ls with
¡etabol-
¡fricans.
cf drugs

milr¡FftilIlFlt''?ltlrre
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ÍABIE 3-2 Drugs wíth a High Risk of Generating Phdrndcokinetic lnteruLtilns

Dtug Mechanism Examples

Antacids; bile acid sequestrânts

Proton pump inhibitors; H.-
receptor blockers

Rifampin; carbamazepine;
barbiturates; phenytoin; St.
John's wort; glutethimide

Tricyclic antidepressants;
fluoxetine; quinidine

Cimetidine

Ketoconazole, itraconazole;
erythromycin, clarithromycin;
calcium channel blockers;
ritonavir

Allopurinol

Amiodarone

Quinidine; amiodaronei
verapamil; cyclosporine;
itraconazole; erythromycin

Phenylbutazone, probenecid;
salicylates

Gemfibrazol (and other fibrates) CYP3A inhibition

Reduced absorption

Altered gastric pH

lnduction of hepatic metabolism

Inhibitors of CYP2D6

lnhibitor of multiple
CYPs

Inhibitor of CYP3A

Xanthine oxidase
inhibitor

Inhibitor of many CYPs
and of P-glycoprotein

P-glycoprotein inhibition

Inhibition of renal tubula¡
transport

Antacids/tetracyclines; cholestryamine/
digoxin

Ketoconazole absorption decreased

Decreased concentration and effects of:
warfarin; quinidine; cyclosporine;

losartan
lncreased beta blockade; decreased

codeine effect
Increased concentration and effects of:

warfarin; theophylline; phenytoin
Increased concentration and toxicity of:

some HMG-CoA reductase inhibitors;
cyclosporine; cisapride, terfenadine
(now withdrawn)

Increased concentration and effects of:
indinavir (with ritonavir);

Decreased clea¡ance and dose
requirement for:
cyclosporine (with calcium channel

blockers)
Azathioprine and 6-mercaptopurine

toxicity
Decreased clearance (risk of toxicity)

for:
warfarin; digoxin; quinidine

Rhabdomyolysis when co-prescribed
with some HMG-CoA reductase
inhibitors

Risk of digoxin toxicity

Salicylates + increased risk of
methotrexate toxicity

as warfarin and some antiaffhvth-
mics. Individuals vary in the ex-
tent to which drug metabolism
can be induced, likely through
genetic mechanisms.

lnhibition of Cellular Uptake or
Binding Tricyclic anridepres-
sants, doxepin, and chlorproma-
zine are potent inhibitors of
norepinephrine uptake into adre-
nergic neurons and prevent the
uptake of the guanidinium anti-
hypertensive agents (such as gua-
nethidine and guanadrel), thereby
abolishing their antihypertensive
effects. Similarly, the antihyper-
tensive effect of clonidine is par-
tially antagonized by tricyclic
antidepressants.

PHARMACOKINETIC INTERACTIONS

CAUSING INCREASED DRUG DETIVTRY

T0 TARGET 5lTE5 r tnhibition of
Drug Metabolism Inhibition of
drug metabolism can lead to re-
duced clearance, plolonged half-
life, accumulation of drug during
maintenance therapy, and thus
adverse effects. In contrast to in-
duction, new protein synthesis is
not involved, and the effect de-
velops as drug and any inhibitor
metabolites accumulate (a func-

ever, certain drugs consistently run the risk of generating interactions,
through mechanisms that are well understood; examples (not an ex-
haustive listing) are presented below and in Table 3-2. When such
drugs are started or stopped, prescribers must be especially alert to the
possibility of interactions.

PHARMAC()KINETIC INTIRASTI()NS CAUSING DIMINISHED DRUG DTI.IVTRY T()

TARGTT slTt5 I lmpaired Gastrointestinal Absorption Aluminum ions,
present in antacids, can form insoluble chelates with the tetracyclines,
preventing their absorption. Kaolin-pectin suspensions bind digoxin,
and when the substances are administered together, digoxin absotption
is reduced by about one-half. Resins that sequester bile acids in the
gut can bind other drugs, such as digoxin. Ketoconazole is a weak base
that dissolves well only at acidic pH. Histamine Ftr, receptor antago-
nists and proton pump inhibitors reduce gastric acidity and thus impair
the dissolution and absorption of ketoconazole.

lnduction of CYP or Transporter Activitu Expression of some genes re-
sponsible for drug elimination, notably CYP3A and MDRI , can be
markedly increased by "inducing" dr.ugs, such as rifampin, carba-
mazepine, phenytoin, St. John's wort, and glutethimide and by smok-
ing, exposure to chlorinated insecticides such as DDT (CyplA2), and
chronic alcohol ingestion. One mechanism for this coordinate induc-
tion of multiple pathways is increased expression of common tran-
scription factors (e.g., hepatocyte nuclear factor 4a). Administration
of inducing agents lowers plasma levels over 2 to 3 weeks as gene
expression is increased. This alters the effects ofmany drugs, including
warfarin, quinidine, mexiletine, verapamil, ketoconazole, itraconazole,
cyclosporine, dexamethasone, methylprednisolone, prednisolone (the
active metabolite of prednisone), oral contraceptive steroids, metha-
done, and metronidazole. These interactions all have obvious clinical
significance. Further, if a drug dose is stabilized in the presence of an
inducer which is subsequently stopped, major toxicity can occur as
clearance returns to preinduction levels and drug concentrations rise.
This is a particular problem with narrow-therapeutic-ratio drugs such

tion of their elimination half-
lives). Since shared substrates of a single enzyme can compete for
access to the active site of the protein, many CYP substrates can also
be considered inhibitors. However, some drugs are especially potent
as inhibitors (and occasionally may not even be substrates); it is in the
use of agents of the latter type that clinicians must be most alert to the
potential for interactions.

Cimetidine (but not other Hr-receptor blockers) is a potent inhibitor
of the oxidative metabolism of many drugs, including warfarin, quin-
idine, nifedipine, lidocaine, theophylline, and phenytoin. Severe ad-
verse reactions can develop as a consequence.

The antifungal agents ketoconazole and itraconazole are potent in-
hibitors of enzymes in the CYP3A family. When fluconazole levels
are elevated as a result of higher doses and/or renal insufficiency, this
drug can also inhibit CYP3A. The macrolide antibiotics erythromycin
and clarithromycin inhibit CYP3A4 to a clinically significant extent,
but azithromycin does not. Some of the calcium channel blockers,
including diltiazem, nicardipine, and verapamil can also inhibit
CYP3A, as can some of the enzyme's substrates, such as cyclosporine.
Examples of CYP3A substrates also include quinidine, lovastatin, sim-
vastatin, atorvastatin, nifedipine, lidocaine, erythromycin, methylpred-
nisolone, carbamazepine, midazolam, and triazolam.

Phenytoin, an inducer of many systems including Cyp3A, inhibits
CYP2C9. CYP2C9 metabolism of losartan to its active metabolite is
inhibited by phenytoin, with potential loss of antihypertensive effect.

Accumulation of the prokinetic drug cisapride and the antihista-
mine terfenadine due to CYP3A inhibition led to QT prolongation and
torsades de pointes. Measures to prevent co-prescription of these
agents with CYP3A inhibitors were unsuccessful, and alternative safer
agents were developed, so these drugs were eventually withdrawn.

Cyclosporine can cause serious toxicity when its metabolism via
CYP3A4 is inhibited by erythromycin, ketoconazole, diltiazem, ni-
cardipine, or verapamil. The risk of myopathy with some HMG-CoA
reductase inhibitors (lovastatin, simvastatin, atoryastatin) is thought to
be increased by CYP3A4 inhibition. One agent in this class, cerivas-
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ffi 7Erôfin wits withch.awn because of an especially high incidence of this

:i.,-""" effect. llthough cellular studies suggest inhibition of other

::;.;; rray hrve also contributecl in this case. The antivilal ritonavir
l:'^' ,,";" notent CYP3A4 inhibitol that is often added to arlti-Hlv

::il;: ,iot bec"u.. of its antiviral effècts but because it decreases
'."1äuu.", 

an<J hence increases effìcacy, of other anti-HIV agents'

ä,rr"¡'ui, (but rìot orange) juice inhibits CYP3A, especially at high

i^lå*, oori.nt. receiving drugs where even modest CYP3A inhibition

ì.""" in...r." the lisk of adverse effects (e'g" cyclospoline' sorne

*IfriC CoA leductase inhibitors) should therefore avoid grapefruit

iuice.
'"' Cyp2Do is malkedly inhibited by quinidine and is also blocked

hv a numbet'of neuroleplic drugs, such as chlorprotnazine and halo-

.áridof, rnd by fluoxetine. The analgesic eff'ect of codeine depends on

its metabolism to morphine via CYP2D6. Thus, quinidine reduces the

anillgesic efficacy of codeine in EMs' Since desiprarnine is cleared

largãly by metirbolism via CYP2D6 in EMs, its levels are increased

suùstantially by concurrent administration of quinidine, fluoxetine, or

the neuroleptic drugs that inhibit CYP2D6. Clinical consequences of

fluoxetine's interaction with CYP2D6 substrates may not be apparent

for weeks after the drug is stal'ted, because of its very long half-life

and slow generation of a CYP2D6-inhibiting metabolite'

6-MercaptopuÍine, the active metabolite of azathioprine, is metab-

olized not only by TPMT but also by xanthine oxidase. When allo-

purinol, a potent inhibitor of xanthine oxidase, is adrninistered with

itandaLd closes of azathioprine or 6-met'captopurine, life-threatening

toxicity (bone tnarrow suppression) can result.

lnhibition 0f Drug Transport The best stuclied example is P-glycoprotein
(Fig. 3-4). Quinicline inhibits P-glycoprotein function in vitro, and it
now appears that the long-recognized doubling of plasrna digoxin

when quinidine is coadministered reflects this action in vivo, partic-

ularly since the efïects of quinidine (increasecl digoxin bioavailability
ancl reduced renal and hepatic secretion) occul' at the sites of P-gly-
coprotein expression. Many other drugs also elevate digoxin concen-
trations (e.g., amiodarone, verapamil, cyclosporine, itraconazole, and
erythromcyin), and a similar mechanism seerns likely. Reduced CNS
penetration o1 rnultiple HIV protease inhibitors lwith the attendant risk
of facilitating viral leplication in a sanctuary site) appears attributable
to P-glycoprotein-rnecliated exclusion of the drug from the CNS; thus
inhibition of P-glycoprotein has been proposed as a therapeutic ap-
proach to enhance drug entry to the CNS.

A numbel of drugs are secreted by the renal tubular transport sys-
tems for organic anions. Inhibition of these systelns cau cause exces-
sive drug accumulation. Salicylate, for exarnple, reduces the renal
clearance of methotrexate, an interaction that may lead to methotlexate
toxicity. Renal tubular secretion contributes substantially to the elim-
ination of penicillin, which can be inhibiteil (to increase its therapeutic
eltect) by pr.obenecid.

Inhibition of the tubular cation transpolt system by cimeticline de-
creases the renal clearance of clofetilicle and of procainamicle and irs
active mcrabolite NApA.
DRUG INTIRACTIONS N0T MEDTATED BY CHANGES tN DRUG DlSP0SlTl(lli Fluss
may act on seplrate components of a comrlon proccss to gr.nerate
eff'ects grelter than either has alone. For example, although r;rnuÌl do.".
o.t aspirin (<1 g daily) do not alter the prothiornbin tirne ap¡u'eciably
ln patients who.- ale receiving warfÌrrin therapy, aspirin nevertheless
lncreases the risk of bleeding in these patients because it inhibits plate-
let aggregation, Thus the combination of impaired functions of plate-

i::t-""d of the clotting system, while usefil in some patients, also

llil*t: the potenrialïi hernorrhagic cornplications. Sirnilally, the
use of,othel anticlotring agents (hepãrin, glycoprotein IIb[IIa inhibi-torq cloÞidoglel.¡ with"aspirin impioves ouì.o-", in acnte coronary

"n:,t^o*... while exacerbating this bleeding tenclency.

cerr\onsteroidiìl unti-inllanunãtory tlrugs (ÑsAtos) tause gastric ul-

;^]-l^'':'ìn p¿rtients tleatecl with war.farin, the r.isk of bleecling frotn arPtrc ulcer is increased ahnost threefolcl by concomitant use of a NSAID.rnoomethacin, 
piloxicarn, and probaúly other NSAIDs antagonize

the antihypertensive effects of p-adrenergic receptor blockers, diurer
ics, ACE inhibitors, and other drugs. The resulting elevation in blood
pressure ranges from trivial to severe. This effect is not seen with
aspirin and sulindac but has been found with cyclooxygenase-2 inhib-
itors (celecoxib, rofecoxib).

Torsades de pointes during administration of QT-prolonging anti-
arrhythmics (quinidine, sotalol, dofetilide) occur much more fre-
quently in those patients receiving diuretics, probably reflecting
hypokalemia. In vitro, hypokalemia not only prolongs the QT interval
in the absence of drug but also potentiates drug block of ion channels

that results in QT prolongation. Also, some diuretics have direct elec-

trophysiologic actions that prolong QT.
The administration of supplemental potassium leads to more fre-

quent and more severe hyperkalemia when potassium elimination is

reduced by concurrent tleatment with ACE inhibitors, spironolactone,
amiloride, or triamterene.

The pharmacologic effects of sildenafll result from inhibition of the

phosphodiesterase type 5 isoform that inactivates cyclic GMP in the

vasculature. Nitroglycerin and related nitrates used to treat angina pro-

iluce vasodilation by elevating cyclic GMP. Thus, coadministration of
these nitrates with sildenafil can cause profound hypotension, which
can be catastrophic in patients with coronary disease.

Sornetimes, cornbining drugs can increase overall efficacy and/or
reduce drug-specific toxicity. Such therapeutically useful interactions
are clescribed in chapters dealing with specific disease entities, else-

where in this text.

ADVTRST REACTIONS T() DRUGS

The benefìcial effects of drugs are coupled with the inescapable risk

of untoward effects. The morbidity and mortality from these untoward

effects often present diagnostic problems because they can involve

every organ and system of the body and are frequently mistaken for
signs of underlying disease. Major advances in the investigation, de-

velopment, and regulation of drugs ensure in most instances that drugs

are uniform, effective, and relatively safe and that their recognized

hazards are publicized. However, prior to regulatory approval and mar-

keting, new drugs are tested in relatively few patients who tend to be

less sick and to have fèwer concomitant diseases than those patients

who subsequently receive the drug therapeutically. Because ofthe rel-

atively small number of patients studied in clinical trials, and the se-

lected nature of these patients, rare adverse effects may not be detected

prior to a drug's approval, and physicians therefore need to be cautious

in the prescription of new drugs and alert for the appearance of pre-

viously unrecognized adverse events. Often, these adverse reactions

al'e r¿ìre, such as hernatologic abnormalities, arrhythmias, hepatitis, or

renal dysfunction. In these cases, often (but inappropriately) labeled

"icliosyncratic," elucidating underlying mechanisms can assist devel-

opment of safer compounds or allow a patient subset at especially high

risk to be excluded from drug exposure. National aclverse reaction

reporting systems, such as those operated by the U.S' Food and Drug

Administration (suspected adverse reactions can be reported online at

llttp : I I www fda. g ov I m e dw a tch I r ep o rt I h c p.h trir) and the Committee on

Safety of Meclicines in Great Britain, can prove useful. The publication

or l'eporting of a newly recognized adverse reaction can in a short time

stimulate many similar such reports of reactions that previously had

gone unrecognized.
Occasionally, "adverse" effects may be exploited to develop an

entilely new indication f'or a drug. Unwanted hair growth during mi-
noxidil treatrnent of severely hypertensive patients led to development

of the drug fbl hair growth. Sildenalìl was initially developed as an

antianginal, but its effects to alleviate erectile dysfunction not only led

to a new drug indication but also to increased understanding of the

role of type 5 phosphodiesterase in erectile tissue. These examples

furthel reinforce the concept that prescribers must remain vigilant to

the possibility that unusual symptoms may reflect unappreciated drug

efÏects.
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The large number and variety of drugs and herbal remedies avail_
able OTC as well as by prescription make it impossible for patient or
physician to obtain or retain the knowledge necessary to use all drugs
well. It is understandable, therefore, that many OTC drugs ur" urãd
unwisely by the public and that restr.icted drugs may be prescribed
inconectly by physicians.

Some 25 to 50Vo of patients make errors in self_administration of
prescribed medicines, and these errors can be responsible for adverse
drug effects. Elderly patients are the group most likely to commit such
errors, perhaps in part because they consume more medicines. One_
third or more of patients also may not take their prescribed medica_
tions. Similarly, patients commit erors in taking OTC drugs by not
reading or following the directions on the containers. physicians must
recognize that providing directions with prescriptions does not always
guarantee compliance.

. In hospital, drugs are administered in a controlled setting, and pa_
tient compliance is, in general, ensured. Errors may occur nevefthe_
less-the wrong drug or dose may be given or the drug may be given
to the wrong patient-and improved drug distribution and adminis_
tration systems are addressing this problem. On the other hand, there
are no easy means for controlling how ambulatory patients take pre_
scription or OTC drugs.

EP|DEM|0L0GY Patients receive, on average, 10 different drugs during
each hospitalization. The sicker the patient, the more drugs aie givenl
and there is a corresponding increase in the likelihood ofãdverse drug
reactions' when <6 different drugs are given to hospitarized patienÀ
the probability of an adverse reaction is -5Va, but if >15 drugs are
given, the probability is >40Vo. Retrospective analyses of ambrilatory' patients have revealed adverse drug effects in20%. Serious adverse
reactions are also well recognized with ,,herbal,'remedies 

and OTC
compounds: examples include kava-associated hepatotoxicity, Ltryp_
tophan-associated eosinophilia-myalgia, and phenylpropanotamine-
associated stroke, each of which has caused fatalities.

A 2000 Institute of Medicine report indicated that 7000 Americans
die annually because of medication errors, that 2 to 3Ea of hospital
admissions are for illnesses attributed to drugs, that the in-hospitarìost
was )$2 billion, and that this represents a tiny fraction of the overarl
problem of medication errors and its costs. A small group of widely
used drugs accounts for a disproportionate number of reãctions. As_
pirin and other NSAIDs, analgesics, digoxin, anticoagulants, diuretics,
antimicrobials, glucocorticoids, antineoplastics, and hypoglycemic
agents account for 90%o ofreactions, although the drugs involved differ
between ambulatory and hospitalized patients.

tTl()L0GY Most adverse drug reactions are preventable, and recent
studies using a systems analysis approach suggest that the most com_
mon system failure associated with an adverse drug reaction is the
failure to disseminate knowledge about drugs to individuals who pre-
scribe and administer them. Most adverse reactions may be classified
in two groups. The most frequent ones result from exaggeration of an
intended pharmacologic action of the drug, and the undõrlying mech_
anisms have been discussed above. other adverse reactions ensue from
toxic effects unrelated to the intended pharmacologic actions, The lat_
ter effects are often unpredictable and frequently severe, and result
from recognized as well as undiscovered mèchanisms.

T0xlclTY UNREIATED T0 A DRUG'S pRrMARy pHARMAc0r.0Grc ACïvrTy r cg-
t't'xic Reacti'ns Drug or more commonly reactive metabolites gen-
erated by CYPs can covalently bind to tissue macromolecules (such
as proteins or DNA) to cause tissue toxicity. Because of the reactive
nature of these metabolites covalent binding often occurs close to the
site of production; this is typically the liver, although Cyps are found
in other tissues as well.

The most common cause of drug-induced hepatotoxicity is aceta_
minophen overdosage. Normally, reactive metabolites are detoxified
by. combining with hepatic glutathione. When glutathione becomes
exhausted, the metabolites bind instead to hepaiic protein, with re-

sultant hepatocyte damage. The hepatic necrosis produced by the in-
gestion of acetaminophen can be prevented, o¡ at least attenuated, by
the administration of substances such as N-acetylcysteine that reduce
the binding of electrophilic metabolites to hepatic proteins. The risk
of hepatic necrosis is increased in patients receiving drugs such ¿g
phenobarbital or phenytoin that increase the rate of drug metabolism
or ethanol that exhaust glutathione stores. Such toxicity has even oc-
cured with therapeutic dosages, so patients at risk through these mech_
anisms should be warned.

lmmunologic Mechanisms Most pharmacologic agents are small mole_
cules with low molecular weights (<2000) and thus are poor immu_
nogens. Generation of an immune response to a drug therefore usually
requires in vivo activation and covalent linkage to protein, carbohy_
drate, or nucleic acid.

Drug stimulation of antibody production may mediate tissue injury
by several mechanisms. The antibody may attack the drug ,t 

"n 
tnä

drug is covalently attached to a cell, and thereby destroy thè cell. This
occurs in penicillin-induced hemolytic anemia. Antibody_drug_antigen
complexes may be passively adsorbed by a bystander cell, whicñ is
then destroyed by activation of complement; this occurs in quinine_
and quinidine-induced thrombocytopenia. Heparin_induced thìombo_
cytopenia arises when antibodies against complexes of platelet factor
4 peptide and heparin generate immune complexes that ãctivate plate_
lets; thus the thrombocytopenia is accompanied by .,paradoxical,,

thrombosis and is treated with thrombin inhibitors. Drugi or their re-
active metabolites may alter a host tissue, rendering it antigenic and
eliciting autoantibodies. For example, hydralazine and procainamide
(or their reactive metabolites) can chemically alter nuclear material,
stimulating the formation of antinuclear antibodies and occasionally
causing lupus erythematosus. Autoantibodies can be elicited by drugs
that neither interact with the host antigen nor have any chemióal siri-
ilarity to the host tissue; for example, the antihypertensive a_methyl_
dopa frequently stimulates the formation of antibodies to hóst
erythrocytes, yet the drug neither attaches to the erythrocyte nor shares
any chemical similarities with the antigenic determinants on the eryth-
rocyte. Drug-induced pure red cell aplasia (Chap. 94) is due to an
immune-based drug reaction. Red cell formation in bone marrow cul-
tures can be inhibited by phenytoin and purified IgG obtained from a
patient with pure red cell aplasia associated with phenytoin.

, .Serum sickness (Chap. 298) results from the àeposition of ci¡cu_
lating drug-antibody complexes on endothelial surfaces. Complement
activation occurs, chemotactic factors are generated locally, and an
inflammatory response develops at the sito of complex enirapment.
Arthralgias, urticaria, lymphadenopathy, glomerulonephritis, oi 

"".._britis may result. Foreign proteins (vaccines, streptokinase, therapeutic
antibodies) and antibiotics are common causes. Many drugs, párticu_
larly antimicrobial agents, ACE inhibitors, and aspirin, .un 

"ii.it 
un_

aphylaxis, with production of IgE, which binds to mast cell
membranes. contact with a drug antigen initiates a series of biochem-
ical events in the mast cell and results in the release of mediators that
ctn produce the characteristic urticaria, wheezing, flushing, rhinorrhea,
and (occasionally) hypotension.

Drugs .rnay also elicit cell-mediated immune responses. Topicafly
administererf substances may interact with sulfhydryl or amino groups
in the lkin and react with sensitized lymphocytes to produce tñe rash
characteristic of contact dermatitis. Other types of rashes may also
result from the interaction of serum factors, drugs, and sensitizeá lym_
phocytes.

DIAGI'10515 AND TREATMETIT 0r ADvtRsE DRUG REAcTtONs The manifesta-
tions of drug-induced diseases frequently resemble those of other dis-
eases, and a given set of manifestations may be produced by different
and dissimilar drugs. Recognition of the role of a drug or d'rugs in an
illness depends on appreciation of the possible adverse reactions to
drugs in any disease, on identification of the temporal relationship
between drug administration and development of the illness, and on
familiarity with the common manifestations of the drugs. Many as_
sociations between particular drugs and specific reactions have teen
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described, but there is always a "first time" for a novel association,

and any drug should be suspectecl of causing an adverse effect if the

clinical setting is aPProPriate'

Illness related to a drug's intended pharmacologic action is often

nrore easily recognized than illness attributable to immune or other

mechanisms. For example, side effects such as cardiac arrhythmias in

natienrs receivirrg digitalis, hypoglycemia in patients given insulin,

lnd bleeding in patients leceiving anticoagulants åre more readily re-

lated to a specific drug than are symptoms such as fever or rash, which

may be caused by many drugs or by other factors.
-Electronic 

sources of adverse drug reactions can be useful (e'g.,

lt¡p;lly'v'u'.ltt -sL .8c.cLtl ltl)h-dgpslthernpeutlhttúenglcaclrnwiletter.html).

Hówever'. exhaustive compilations often plovide little sense of per-

spective in terms of frequency ancl seriousness, which can vary con-

siclerablY alnong Patients.
Eliciting a drug history from patients is important for diagnosis.

Attention must be directed to OTC drugs and herbal preparations as

well as to prescription drugs. Each type can be responsible for adverse

drug effects, and adverse interactions may occur between OTC drugs

and prescribed drugs. Loss of efficacy of oral contraceptives or cyclo-

sporine by concurrent use of St. John's wort are examples. In addition,

it is common for patients to be cared for by several physicians, and

duplicative, additive, counteractive, or synergistic drug combinations

may thel'efoÍe be administered if the physicians are not aware of the

patients' drug histories. Every physician should determine what drugs

a patient has been taking, at least during the preceding 30 days, before
prescribing any medications. A frequently overlooked source of ad-

ditional drug exposure is topical therapy; fot'example. a patient com-
plaining of bronchospasm may not mention that an ophthalmic beta

blocker is being used unless specifically asked. A history of previous
adverse drug effects in patients is common. Since these patients have
shown a pledisposition to drug-induced illnesses, such a history should
dictate added caution in prescribing drugs.

Laboratory studies may include demonstration of serum antibody
in some persons with drug allergies involving cellular blood elements,
as in agranulocytosis, hemolytic anemia, and thrombocytopenia. For
example, both quinine and quinidine can produce platelet agglutination
in vitro in the presence of complement and the serum from a patient
who has developed thrombocytopenia following use of this drug. Bio-
chemical abnormalities such as G6PD defrciency, serum pseudochol-
inesterase level, or genotyping may also be useful in diagnosis,
often after an adverse effect has occuned in the patient or a family
membel.

Once an adverse reaction is suspected, discontinuation of the sus-
pected drug followed by disappearance of the reaction is presumptive
evrdence of a drug-induced illness. Confirming evidence may be
sought by cautiously reintroducing the drug and seeing if the reaction
reappears. However, that should be done only if conflrmation would
be useful in the futúre management of the pàtient and if the attempr
would not entail undue risk. With concentration-dependent adverse
reactions. Iowering the dosage may cause the reaction to disappear,

lncl raising it may cause the reaction to reappear. When the reaction
ts thought to be aÌlelgic, however, r'eadministration of the drug may

,oe 
hazardous. since anaphylaxis may develop. Readministration is un-

wlse under these condiiions unless no alternative drugs are available
and treatment is necessarv.

...^lf 
the patient is r.eceiuing many drugs when an adverse reaction is

:l:Pt:l:d, the drugs liketiest to be responsible can usually be identi-

Ïe^d' tll drugs ma! be cliscontinued at once or, if this is not practical,
tney should be cliscontinued one at a time, starting with the one thatrs most suspect, and the patient observed for signs of improvement.

The time needed for a concentration-dependent adverse effect to dis-
appear depends on the time required for the concentration to fall below
the range associated with the adverse effect; that, in turn, depends on
the initial blood level and on the rate of elimination or metabolism of
the drug. Adverse effects of drugs with long half-lives take a consid-
erable time to disappear.

SUMMARY

Modern clinical pharmacology aims to replace empiricism in the use

of drugs with therapy based on in-depth understanding of factor(s) that
determine an individual's response to drug tl'eatment. Molecular phar-

macoiogy, pharmacokinetics, genetics, clinical trials, and the educated
prescriber all contribute to this process. No drug response should ever
be termed "idiosyncratic"; all responses have a mechanism whose un-
derstanding will help guide further therapy with that drug or succes-
sors. This rapidly expanding understanding of variability in drug
actions makes the process of prescribing drugs increasingly daunting
for the practitioner. However, fundamental principles should guide this
process:

. The benefìts of drug therapy, however defined, should always out-
weigh the risk.

. The smallest dosage necessary to produce the desired effect should
be used.

. The number of medications and doses per day should be mini-
mized.

. Although the literature is rapidly expanding, accessing it is becom-
ing easier; tools such as computers and hand-held devices to search

databases of literature and unbiased opinion will become increas-
ingly commonplace.

. Genetics play a role in determining variability in drug response and

may become a part of clinical practice
. Prescribers should be particularly wary when adding or stopping

specific drugs that are especially liable to provoke interactions and

adverse reactions.
. Prescribers should use only a limited number of drugs, with which

they al'e thoroughly familia¡.
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