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Drug Disposition Elimination

Drugs are eliminated from the body by metab-
olism and excretion. The liver is the major site of
drug metabolism, but other tissues contain drug
metabolizing enzymes and contribute to the bio-
transformation of certain drugs. The kidneys play
a principal role in the excretion of drugs and/or
their metabolites. Some drugs are excreted in the
bile and may be eliminated in the feces. Drugs
used for anesthesia are often excreted by the lungs.

This chapter concerns the basic principles of
drug elimination. Emphasis is given to renal ex-
cretion of drugs and drug metabolism in the liver.

DRUG EXCRETION

Renal Excretion
The kidneys are involved in the elimination of

virtually every drug or drug metabolite. Some
drugs, su'h as gentarnicin or ce-halexin, are elim-
inated from the body almost solely by renal excre-
tion in patients with normal renal function. Many
more drugs are eliminated in part by the kidneys.
Even when drug elimination from the body in-
volves only biotransfonnation, the corresponding
drug metabolites are usually cleared by the kid-
neys.

Renal Physiology. The renal excretion of a drug
is a complex phenomenon involving one or more
of the following processes: glomendar filtration,
active tubular secretion, and passive reabsorption.
These processes are depicted schematically in Fig-
ure Il—I. Depending on which one of these proc-
esses is dominant, renal clearance can be an im-
portant or negligible component of drug
elimination.

The kidneys receive about 25% of cardiac output
or 1.2 to 1.5 L of blood per minute. About 10%
of this volume is filtered at the gloineruli. There-

Fig. 11-1. Schematic representation of renal excretion
of drugs depicting glomerular filtration of plasma water and
unbound drug (A), active tubular secretion of organic acids
(B) and bases (C), reb5orption of lipid-soluble drugs (D),
and urinary excretion (E).

fore, about 130 ml of plasma water is filtered each
minute. Although the pores of the glomerular cap-
illaries are sufficiently large to permit the passage
of most drug molecules, the glomeruli effectively
restrict the passage of blood cells and plasma pro-
teins. Accordingly, only free drug (drug that is not
hound to plasma proteins) can be filtered.

Although some ISO L of protein-free filtrate pass
through the glonicruli each day, only about 1.5 1.
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is excreted as urine; the remainder is reabsorbed
in the renal tubules. This often results in high uri-
nary concentratiOns of certain solutes, particularly
drugs that are not similarly reabsorbed. Many
drugs, however, are efficiently reabsorbed front
distal portion of the nephron. In most instances,
tubular reabsorption of drugs is a passive phenom-
enon. Nonionized, lipid-soluble drugs are rapidly
and extensively reabsorbed, whereas polar com-
pounds and ions are unable to diffuse across the
renal epithelium and are excreted in the urine. For

drugs that are principally eliminated by renal ex-
cretion, the more efficient the reabsorption of the
drug, the longer is its biologic half-life.

The restrictive effect of plasma protein binding

on glomerular filtration and the enormous capacity
of the nephron tQ reabsorb certain solutes suggests
that highly plasma protein-bound, lipid-soluble
drugs woul' persist in the body for long periods
of time after administration unless alternative elim-
ination pathways were available. Of course, many
of these drugs are subject to biotransfonnatiOn in
the liver or other tissues; others are subject to active
tubular secretion at the proximal portion of the
nephron. The fraction of drug in the blood that is
not filtered may be effectively cleared by active
tubular transport. The rate of tubular secretion is
more closely a function of total rather than free
drug concentration in blood or plasma and is in-
dependent of plasma protein binding.

Renal Clearance, The renal excretory rnccha-

nisms, filtration, reabsorption, and secretion, usu-
ally have the net effect of removing a constant
fraction of the drug presented to the kidneys in
renal arterial blood. The efficiency of renal excre-
tion of a drug can be expressed in terms of a hy-
pothetical volume of plasma that is completely

cleared of that substance by the kidneys per unit

time. This concept of clearance may be applied to

any organ that secretes (e.g., biliary clearance) or
nietaboliies (e.g., hepatic clearance) a drug from
the plasma. Renal clearance (Cl,,) is often a sub-

stantial fraction ofof the total clearance (Cl) of drug

from the blood. For drugs that are essentially ex-

	

creted unchanged in the urine, Cl 	 Clv.

Since renal clearance is a proportionality con-
stant, relating the urinary excretion rate (dA,fdt)
of drug with its concentration (C) in blood or

plasma, the following equation applies:

Cl	 (dA/dt)/C	 (11-1)

Renal clearance is estimated by comparing the

amount of drug (A) excreted over a short time
interval (e.g., I hi) to the concentration of the drug
in blood or plasma at the time corresponding to the
midpoint of the urine collection interval.

Substances such as creatinine, the endogenous
end product of creatine metabolism, or inulin, a
carbohydrate, are eliminated by renal excretion but
are not subject to either tubular secretion or reab-
sorption. Furthermore, these substances are not ap-
preciably bound to plasma proteins. Therefore, the
renal clearance of inulin or creatinine is nil
of glomerular filtration rate (GFR).

In healthy individuals, the renal clearance of glu-
cose is nearly zero because of efficient reabsorption
in the renal tubules. On the other hand, certain
substances are so efficiently excreted by the renal
tubules that they are essentially cleared from the
blood in a single pass through the kidneys. Para-
aminohippuric acid (AH) is handled in this man-
ner. PAH is poorly lipid soluble, it does not pen-
etrate erythrocytes, and it is not reabsorbed. Ac-
cordingly, the renal clearance of PAH is a measure
of renal plasma now rate (600 to 700 ml/min).

The renal clearance of a drug relative to GFR
provides information on the mechanisms of renal
excretion. Renal clearance values exceeding 130
ml/mm are indicative of tubular Secretion. The re-
nal clearance of penicillin Ci (500 ml/nun) exceeds
the expected 52 nil/rilin calculated from the product
of GFR (130 rulnuin) and the fraction of drug in
the plasma not bound to plasma proteins (0.4).
Renal clearance values that are below 130 nil/min,
even when adjusted for the degree of plasma pro-

tein binding,-are indicative of tubular reabsorption.
The renal clearance of phenytoin in man is about
5 inl/mirt. The fact that the drug is 90% bound to
plasma proteins certainly contributes to this low
value. Even when binding is taken into consider-
ation, however, the renal clearance of free phen-
ytoin (50 mlmin) is less than GFR, indicating re-

absorption.
Secretion and reabsorption have opposite effects

on renal clearance. When both processes are op-
erative, presumptive evidence of either secretion
or reabsorption, based on renal clearance values,
does not rule out the other. SecrtiOfl may be op
erative even though the renal clearance of the drug
is less than 130 mI/mm. By the same token, re-
absorption may occur with a drug having a renal

clearance greater than 130 nsllmin. It is also in-

correct to assume that a drug with it renal clearance

of about 130 inl/iiiin is excreted simply by gb-
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merular filtration. For example, sulfisoxazole Un-

dergoes tubular secretion and reabsorption in man

but to a similar extent)

Although estimates of renal clearance are in-

formative with respect to excretion mechanisms,

they give little information about the hall-life of

the drug. When a drug is eliminated solely by uri-

nary excretion, the excretion rate (dAjdt) of the

drug is given by:

dAjdt = KVC (11-2)

where K is the elimination rate constant of the drug,

V is the apparent volume of distribution, and C is

the drug concentration in blood or plasma. Ac-

cordingly, Equation Il-I may be rewritten as fol-

lows:

CI	
K

R = -b---
VC 

K 	 (11-3)

Rearranging this expression, and recognizing that

half-life (ti,_) is equal to 0.693/K, it follows that:

0.693 V
=(11-4)

Thus, the half-life of a drug is a function of both

its clearance and volume of distribution. A drug

may have a high clearance but still have a long

half-life if V is also large.

Renal clearance also can be expressed in terms

of the individual renal excretion processes, as fol-

lows:

CI R = (CI RF + .]RS) (1 - R) (11-5)

where Cl f is renal filtration clearance, CI RS is renal

secretion clearance, and FR is the fraction of drug

filtered and secreted that is reabsorbed. Renal Iii-

tration clearance (Cl,,) is a function of GFR and

plasma protein binding, i.e.,

Cl,, = fB GFR (11-6)

where f9 is the fraction of drug in the blood not

bound to plasma proteins. GFR is usually estimated

by determining creatinine clearance.

Drug secretion de5ends on the relative affinity

of the drug for carrier proteins in the proximal

tubule and plasma proteins, the rate of transport

across the tubular membranes, and the rate of tie-

livery of the drug to the Site of secretion. These

factors are included in the following equation:

RBF fe Cl1
CISS =

	

	 (11-7)
RBF + IF, Cl,

where RI3F is renal blood flow and Cl, is the in-

trinsic secretion clearance with respect to free drug.

Substituting Equations 11-6 and 11-7 for the

appropriate terms in Equation 11-5, yields:

C!5	Iii [GFR

RI3F ci	 1
+ RBF + f,nCl] (1 - FR) (11-8)

Equation 11-8 is a general expression for the renal

clearance of drugs. An expression incorporating

urine pH may be substituted for FR for those cases

where tubular reabsorption is pH-dependent.

When renal excretion is not blood now rate-

limited, then RBF f8 Cl, and Equation 11-8

reduces to:

Cl,	 fB (GFR + C1)(l - FR) (11-9)

If tubular reabsorption is negligible or blocked by

changing urine p11 (i.e., FR = 0), renal clearance

is given by:

Cl, = f (GFR -I- Cl)	 (11-10)

If tubular secretion is negligible or blocked by giv-

ing a competitive inhibitor like probenecid (i.e.,

C1 1 = 0), renal clearance is given by:

Cl = IB GFR(l - FR)	 (11-I1)

Under the conditions described by Equations 11-9

to il -Il, renal clearance is sensitive to changes

in plasma ;roteirs binditg.

When renal excretion is blood flow rate-limited,

then RBF	 f9 Cl,; Equation 11-8 reduces to:

Cl, = (fB GFR + RBF) (I - FR)
(11-12)

or

Cl5 = RBF(1 - FR)	 (11-13)

because RI3F ' f GFR. Under these conditions,

renal clearance is sensitive to changes in blood flow

rate-
Equations 11-6 through 11-11 indicate that

there is usually a relationship between plasma pro-

tein binding and renal clearance. When binding is

capacity limited, the apparent renal clearance of a

drug may show pronounced concentration depend-

ence. This has been demonstrated with an inves-

tigational cephalosporin antibiotic in the dog.
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Celixime was given by intravenous bolos juice-	 unbound rather than total concentration was ha-

Lion and plasma protein binding and renal clearance 	
portant because the plasma protein binding of one

were determined periodically as the drug levels in	
antibiotic, cloxacillin, was capacity limited; this

plasma declined Renal clearance was determined 	 was not the case lOT beuzylpenicillin or cephradtne.

in the urine	 Tubular clearance was determined from the differ-
by dividing the amount of drug excreted
per unit time (i.e., the excretion rate) by the total 	

ence between renal clearance and glomerular flu-

drug concentration in plasma at the midpoint of the,	
tration, assumed to be equal to creatinine clear-

urine collection interval. Drug levels ranged from 	
ance. Tubular reabsorption was considered

197 J.g/ml at 0.25 hours to 33 pg/rnl at 11 hours 	
negligible because high urine flow rates were main-

after administration.	
tamed.

Over this 6-fold drug concentration range, free 	
in each case, a plot of tubular excretion rate

fraction in plasma (expressed as a percentage) dc- 	 versus free drug concentration demonstrated a sat-

creased from 34% to 10% and renal clearance de- 	 urable process. Estimates of EC 50 , the free drug

creased from 1.64 to 0.33 ml/min/Kg. On the other	
concentration at which tubular excretion rate is

hand, the renal clearance of unbound cefixine, cal- 	 50% of maximum tubular excretion rate, were 5

culated by dividing renal clearance by free fraction,	
to 10 mg/L for cloxacillin, 50 to 100 mg!L for

was relatively constant (mean value, 3.3 ml/min/ 	
benzylpenicillifl. and 250 to 300 mg/L for cephra-

kg. These findings indicate that the profound de- 	
dine. For cloxacillin, the results indicate that ca-

crease in renal clearance was largely the result of	
pacity-limited tubular s.cretion is ci clinical inter-

capacity-limited binding rather than nonlinear renal 	
est. An ECs,, of 6 mg/L corresponds to a total

excretion	
cloxacillin concentration of 54 mg/L, a level not

Tubular Secretion. Tubular secretion is an ac-	 unusual in clinical practice,

tive transport process whereby drug diffuses 	
Another similarity of tubular secretion to active

against a concentration gradient from the blood	
intestinal absorption is competitive inhibition of

capillaries across the tubular membrane to the renal 	
one drug by another. This characteristic has been

tubule. This active process accounts for the fact 	
used to prolong the half-life of drugs like penicillin

d	 considerable extent by to-
that certain drugs, like dicloxacillin, although ex -	 that are eliminate to a

tensively hound to plasma protein and not subject 	
bular secretion. Probenecid, a weak organic acid,

to hepatic metabolism, are rapidly eliminated, 	
competitively inhibits the tubular secretion of pen.

Plasma protein binding does not affect the rate of 	
icillin 0 and other penicilliiis, and reduces the rate

tubular secretion because there is rapid transport 	
of urinary excretion. Probenecid has been used

	

dissociation of the drug-	 clinically to increase the duration of effect of pen-
of unbound dnig and rapi

protein complex.	
icillins. Parenteral penicillin G or anipiciUin, in

	

The secretion process shares many of the char-	
high doses, with probenecid is considered to be an

acteristics of the specialized transport (absorption) 	
effective treatment for gonorrhea.' -

systems of the intestine. The process exhibits SOL)SC	
Many drugs are marketed as raccmic mixtures.

degree of structural specificity; transport systems 	
Although enantiomers have identical physical and

	

specific for organic acids (e.g., thiazide diuretics) 	
chemical properties, the chiral macromolecules in

	

and organic bases (e.g., triamterene) have been 	
the body are quite specific to the spatial arrange-

	

identified Each system is characterized by a max-	
meat of drug molecules. Consequently, stereospe-

	

imurn rate of transport (Tm) for a specific drug. In	 cific or stereoselective interactions between pro.

principle, tubular secretion is saturable; in practice,
teins or other macromolecules and drugs re

	

however, there are few examples of nonlinear renal 	
common. These interactions result in stereoselec

excretion.	
live pharmacokifletics and pliarmacodYi1ams of

	

The tubular excretion of several beta-lactam 	 drugs.

	

antibiotics has been studied in healthy human sub- 	
In contrast to the many studies concerning ster-

	

jccts. 3 Each drug was infused intravenously at dif- 	
eoselective hepatic metabolism of drugs, few stud

	

ferent rates to achieve a wide range of concentra- 	
ies have examined whether stereoselective renal

	

Lions in plasma. Renal clearance of each antibiotic	
excretion of drugs occurs. Since tubular secretion

	

at each steady-state concentration was calculated 	
appears tube a saturable, carrier-mediated process,

	

for the non-plasma protein hound (free) fraction of 	
it is reasonable to consider the possibility of ster-

	

(lie drug. Estimation of renal clearance in terms of 	 coselectivitY . Two systems are primarily respon-
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.siblc for the active tubular secretion of drugs, one
for organic anions and another for organic cations.
Neither system has been carefully studied with re-

spect to stereoeleclive tubular secretion.

Pindolol, a beta . blockcr marketed as a racemic
mixture, was used to study stcrcoselective renal
clearance of organic cations.' Normal human sub-
jects received an oral dose of racemic pindolol. A
stereospecific assay method was used to measure
the concentrations of d- and 1-pindolol in plasma
and urine. Renal clearance and other pharmaco-
kinetic parameters of both enantiomers were cal-

culated and compared.
The area under the drug concentration-time

curve (AUC), half-life, and amount excreted in the
urine were significantly greater for I- than for d-
pindolol. Also, the renal clearance of 1-piridolol
was greater than that of d-pindolol in all subjects;

mean values were 240 mlJmin and 200 ml/mm,
respectively. Since binding to plasma proteins was
not found to be stereoselective, differences in renal
clearance between d- and 1-pindolol probably re-
flect stercoselcctive renal tradsport.

Tubular Reabsorption. After undergoing se-

cretion or glomerular filtration, most drugs are sub-
ject to tubular reabsorption. A large concentration
gradient exists between drug in the renal tubules
and free drug in the plasma, because of the efficient
reabsorption of water. Tubular reabsorption of
drugs is usually a passive process. The tubule mem-
branes favor the transport of lipid-soluble drugs;
compounds that Pre poorly lipid soluble or ionized
are poorly reabsorbed. The ,absorption of drugs
that are weak acids or bases depends on the p11 of

the tubular fluids.
Tubular Reabsorption and Urine pH. The p11 of

fluids in the proximal tubule approximates that of
plasma (pH 7.4), whereas the pH in the distal tu-
bule approximates that of urine, which may vary
from 4.5 to 8.0; on the average, urine pH is 6.3.
These extremes contrast with the narrow range of
blood pH, 7.3 to 7.5. Accordingly, a large pH
gradient may exist between blood and urine in the

distal tubule.
Urine pH is affected by diet, drugs, and the

condition of the patient. The pH of the urine also
varies during the day. Respiratory and metabolic
acidosis produce acid urine: respiratory and met-
abolic alkalosis produce alkaline urine. On the
other hand, the urine is alkaline in renal tubular
acidosis. Drugs like acetazolanmide and sodium hi-

carbonate produce an alkaline urine; aninlon jjm
chloride and ascorbic acid produce an acid urine.

Since drug reabsorption takes place in the distal
tubule, urine pl I is assumed to indicate the pH at
the site of reabsomption. According to the p11-p
ar-tition hypothesis, acidification of the urine pro-
motes the reabsorption of weak acids but retards
the reabsorption of weak bases. The renal clearance
of weak acids is increased if the urine is made
alkaline because more drug is in the ionized form
and cannot be reabsorbed. On the other hand, the
renal clearance of weak bases is low in alkaline
urine but may be increased dramatically if the urine

is acidified.
The influence of pH on tubular reabsorption also

depends on the pKa of the drug. Relatively strong
acids or bases are virtually completely ionized over
the entire range of urine pH and undergo little re-
absorption. The critical range of pKa values for
pH-dependent excretion is about 3.0 to 7.5 for ac-
ids and 7.5 to 10.5 for bases.'

The extent to which changes in urine p!1 alter
the rate of drug elimination depends on the con-
tribution of renal clearance to total ctarance. Al-
though weak acids like tolbutamide and warfarin
are susceptible to pH-dependent changes in reab-
sorption, such changes have little effect on their
elimination, Ahich depends essentially on hepatic
metabolism.

Studies to determine pH-dependent urinary ex-
cretion often maintain urine pH at the acid or al-
kaline extreme by continually administering either

amtonium chi . de or sciiuni bicarbonate uring
the course of the study. These studies are also useful
for detecting renal mechanisms that are not evident
under normal urine p11 conditions. For example,
in women subjects, a change in smrin pit froth 5.3
to 7.4 increases the renal clearance (corrected for
protein binding) of suluisoxazole from 92 mI/mm
to 187 ml/min. Although sulfisoxazole renal clear-
ance at the average value of urine p11 is consistent
with glomerular filtration, the data at the extremes
of urine pH indicate that both tubular secretion and
reabsorption contribute to the renal excretion of

this sulfonanmide.
The influence of urine pH on the elimination of

sulfonamides has been studied by many investi-
gators; oftn, the effects are considerable. Changes
in urine p11 from 5 to S have been shown to de-
crease the half-life of sulfaethidole in man from
11 .4 to 4.2 hr. 1 Time rate of elimination of sulfalene
and suLfasyinazitme in lmealtImy subjects was doubled
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urine pH

by administration of sodium bicarbonate, which
increased urine p11 from about 6 to 8 . 8 Half-lives

were decreased from 72 to 14 hr for sulfalene and
from 32 to 7 hr for sulfasymazine. The effect of
urine pH on the renal clearance of sullaniethoxa-

zole is shown in Figure 11-2 
Blood levels of salicylate commonly found in

patients on high-dose aspirin therapy for rheuma-
toid arthritis fluctuate considerably with changes
in urir.e pl. Palient concomitantly receiving ant-
acids that alkalinize the urine may require higher
doses of aspirin to maintain adequate blood levels

of salicylate.
• The renal clearance of methotrexate varies from
48 to 300 mllmin over a urine p11 range of 5.5 to
8.3 in patients with various malignancies but nor-
mal renal function)° Preliminary data indicate that
the increase in renal clearance, resulting from uri-
nary alkalinization in these patients, is reflected by
a shorter half-life of niethotrexate.

pH-dependent renal excretion has also been dew-
onstrate(l for many weak bases, including am-
phetaminC ephedrine, methadone, and fenflura-
mine. In some cases, the change in renal clearance
also results in a change in the half-life of the drug.
For example, the average half-life of pseudo-
ephedrine in human subjects decreased from 13.4
to 4.7 hr when urine pH was'rcduccd from 8 to

5. 11 Unanticipated toxicity after ordinary doses of

pseudoephcdrinc in a patient with renal tubular ac-
idosis was associated with high blood levels and
low renal clearance, as a result of persistently al-
kaline urine.hi

Large differences in elimination rate, as a func-
tion of urine p11, are found with aniphetamine.13
Oil average, about a sevenfold difference in the
total clearance of amphetamine from the plasma is
evident when data from subjects with controlled
acid urine are compared with data from the same
subjects with uncontrolled urine pH.'4

Urine pH also influences the fraction of drug
excreted unchanged. For example, about 57% of
a dose of amphetamine is excreted unchanged in
subjects with acid urine (pH 4.5 to 5.6) compared
to about 7% in subjects with alkaline urine (pH 7.1

to 8 . 0) . 0 Renal excretion of unchanged drug ac-
counts for about 90% of an oral dose of ephedrine
in subjects with acid urine but only about 25% in
subjects with alkaline urine. 0 Administration of

amphetamine or related drugs with sodium bicar-
bonate not only enhances pharmacologic effects but
also makes it much more difficult to detect un-
changed drug in the urine of athletes who illicitly
ingest stimulants to enhance performance.

The influence of urine pil on the phannacoki-
netics of flecainide, an antiarrhythmic agent, has

also been studied. 96 The cumulative urinary excre-

tij.i following a 300 mg oral dose was 134 mg

(45% of the dosZ) under acid conditions but only
22 mg (7% of the dose) under alkaline conditions.
Renal clearance of flecainide in individual subjects
ranged from 2 to 172 mllmin under atkalinr con-
ditions and from 98 to 968 nil/min under acid con-

ditions.
Important differences in half-life and AUC were

also observed. The mean half-life of flecainide was
33 hours under alkaline conditions and about 8
hours under acid conditions. The mean value for
total AUC was more than 3 times greater under
alkaline than under acid conditions. From a clinical
toxicology point of view, efforts to acidify urine
might be a useful therapeutic measure in patients
with dangerously high serum levels of flecainide.

The occurrence of diurnal variation in urine pH,
possibly related to decreased sensitivity of the res-
piratory center during sleep, is well known. Urine

phi in most individuals is relatively low during
sleep but increases after awakening. Accordingly,
a corresponding ditinial cycle may occur in the rate
of elimination of certain drugs. Clinical studies
show that the mean half-life of sulfasyinai.inc (pKa

Fig. 11-2. Effect of urine pH on the renal clearance of
sulfamethoxaZote. (Data from Vree, 1.8., el at.')
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1	 2
flow rate, m1/mm/in

rio. It is of concern with drugs that are given in

high doses and are excreted unchanged or con-

verted to a metabolite with limited solubility in the

urine. The use of certain sulfonamides has been

associated with the formation of crystalline depos-

its of unchanged and/or acetylatcd drug in the kid-

ney. 21 Crystaliuria has also been observed in pa-

tients treated with large doses of arnpiciliin.22

Precipitation can be avoided by assuring an ade-

quate rate of urine flow. The minimum rate of urine

flow may be calculated by dividing the excretion

rate of drug or metabolite by its solubility in urine

at a given pH. 21 A minimum urine flow rate of 190

ml/hr is required to prevent precipitation of sulfi-

soxazole in acidic urine (pH = 5); a flow of only

5 ml/hr is required if urine p11 is 7. Hydration and

alkalinization of urine during and after large doses

of methotrexate are recommended procedures to

prevent crystalluria. °

10
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C

E
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Fig. 11-3. Effect of urine flow rate on the renal clearance
of theophylline. (Data from Levy. G.. and Koysooko, R.)

= 5.5) during the night (35 hr) is about Three times

higher than during the day (13.5 hr).
Tubukir Reabsorption and Urine Flow Rare,

Diuresis increases the renal clearance of drugs that

are extensively reabsorbed. because it decreases the
concentration gradient between the rubular fluid

and the blood. The relationship between the renal

clearance of theophylline and urine flow rate is

shown in Figure 11-3. 11 Fluctuations in the excre-

tion rate of chlorpheairamine 9 and pseudo-

ephedrine° coincide with fluctuations in urine flow

rate. Suppression of tubular reabsorption by alter-

ing urine pH and flow rate is the basis for the use

of forced alkaline diuresis in the treatment of cer-

tain drug intoxications.

Active Tubular Reabsorption. Although the tu-

bui reabsorption of most drugs is a passive proc-

ess, there are some important exceptions. Lithium

and fluoride appear to undergo active tubular re-

absorption. Uric acid is thought to be reabsorbed

by an active transport system that is inhibited by

uricosuric drugs. The renal clearance of riboflavin

in man increases with increasing vitamin concen-

trations in the plasma, suggesting capacity-limited

tubular reabsorption.tm
Crystnlluria. In principle, a dru g may be so

concentrated in the renal tubules after water re-

absorption that precipitation and kidney damage

may occur. This phenomenon is tcrncd crrstal!u-

Biliary Excretion 	 -
A drug may be secreted by the liver cells into

the bile and pass into the intestine. Some or most

of the secreted drug may be reabsorbed in the small

intestine and undergo enreroheparic cycling; the

rest is excreted in the feces. This cycle may be

repeated many times, until biotransformation, renal

excretion, and fecal excretion ultimately eliminate

the drug from the body. In this way, enterohepatic

cycling may ihrease the persistence of drug in the

body.
Often, biotransformation of a drug occurs in the

liver, and a glucuronide or some other conjugate

is see.eted in the bile. In some instances, the polar

metabolite cannot be reabsorbed, and fecal excre-

tion occurs. In other cases, deconjugat ion takes

place in the intestine, and the liberated parent drug

may be absorbed.
Biliary excretion and renal tubular secretion

share certain characteristics. Both are active, ca-

pacity-limited processes, subject to competitive in-

hibition. Concentrations of drug or metabolites in
bile are often much higher than in plasma, consist-

ent with an active transport mechanism. Many ex-

amples of competitive inhibition of biliary secre-

tion have been reported. 14 Probenecid inhibits the

biliary secretion of methotrexate in the rat; this

inhibition is associated with increased toxicity. 25 A

25 mg/kg dose of methotrexate produces no mor-

tality. The same dose given with a nontoxic (lose

of probcneeid results in an 80% mortality rate.

In man, bile flow rate ranges front 0.5 to 0.8
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Fig. 11-4. The influence of molecular weight on the bil-
inry excretion of various cephalosporins in the rat. (Data
from Wright, WE., and Line, V.D.28)

mi/mm. Factors affecting hepatic bile formation
have been reviewed by Javitt. 26 Since the bile to

plasma drug concentration ratio can approach

1000, hiliaiycIcarances of 500 nil/min or higher

may be achieved. Inmost animal species, including

man, dnig excreted in the bile enters the intestine
alter storage in the gallbladder; the rat is unusual
in that it has no gallbladder.

Seemingly, the most important factor influenc-
ing the excretion of a drug in bile is the molecular
weight of the form of the compound excreted. Stud-
ies in the rat indicate that compounds having a
molecular weight of less than about 300 tend to be

excreted in urine, w,ereas compc.inds of molecular
weight exceeding 300 arc found in the bile in ap-
preciable quantities. 27 Figure 11-4 shows the re-
lationship between molecular weight and the biliary
excretion of 18 cephalosporins in rats. 28 The mo-

lecular weight threshold for appreciable biliary ex-

cretion (i.e., > 5 to 10% of the dose) in man

appears to be on the order of 400 to 500.17

Biliary excretion of drugs seems to be a more
important elimination process in laboratory ani-
mnals, including the rat and dog, than in man. 24 Its

actual importance in man, however, is not clear,
because information on the biliary excretion of
drugs and metabolites in man is limited. Appre-
ciable amounts of indocyanine green, digitoxiti,
cromolyn, erythromycin, and rifampin are excreted
unchanged in the bile in man. Indomethacin, sul-
fobromophfhalcifl, morphine, carbenoxolonc, and
estrasliol also undergo b[Iiary excretion in man, but

largely in the form of comsjugates. m	-
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Fig. 11-5. Correlation between total (cumulative) biliary
excretion (exp r essed as percent of dose) and the sensitivity
to intestinal lesions in different species. (Data from Duggan,
D.E., et al'-)

Biliary excretion is important in the elimination
of rifampin. The half-life of the dnmg is about twice
as long in patients with biliary obstruction as in

patients without obstruction (5.7 hr vs 2.6 hr).'°
Unusually pronounced accumulation v, ith repeated
doses is found in patients with obstructive jaundice.

Bihiary excretion of indomethacin and its con-
jugates appears to be an important if not a causative
factor for intestinal lesions following indomethacin
administration in many species. 3 ' The correlation

betweeim the curnui..tive biliary excretion of indu-
methacin and its conjugates and the sensitivity to
intestinal lesions in different species is shown in
Figure 11-5. Note thatenterohepatic cycling in the
dog and rat is so extensive that the intestine is

exposed to more than 100% of the dose. Biliary
excretion is also a factor in the elimination of su-
lindac, another nonsteroidal anti-inflammatory, in

man
Recent investigations have been directed toward

defecting enterohepatie cycling in man by inter-
rupting the cycle in the intestine. For example, oral
administration of cholestyramine, a nonabsorbable

ion -exchange resin that strongly binds acid and
neutral drugs, decreases the half-life of digitoxin
from 6.0 to 4.5 days and reduces the effects of the
drug on ECG values." These results suggest that
a significant fraction of the dose of digitoxin un-
dergoes enterohepatic cycling; eholestyramine in-
terrupts the cycle and promotes fecal excretion.
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Cholestyramine has also been reported 10 decrease

the half-life and anticoagulant effect and increase

the clearance of warfarin in healthy human sub-

jects.4
Oral administration of charcoal, a nonspecific

adsorbent, is expected to produce results similar to

those of chulestyrainine. Charcoal administration
decreases the half-life of the antileprotic drug dap-

sonc from 20.5 to [0.8 hr. 35 Charcoal also enhances

the elimination of phenobarbital, carbaniazepine,

and phenylbutazone in man. 6 Repeated (loses of

activated charcoal from 6 hr on after oral admin-

istration of a single dose of amitriptylinc resulted

in a significant decrease in half-life and total AUG

of parent drug as well as of nortriptyline,. its active

metabolite."
The results with nonabsorbable adsorbents are

surprisin g , because they suggest that a far wider

variety of drugs is cycled between the gut and sys-

temic circulation in man than we suspected, based
on our understanding of biliary excretion. An al-

ternative explanation is that some drugs are se-

creted into the gut lumen by a nonbiliary media-

nisni and that this secretion is promoted by

intestinal adsorbents. Studies with the toxic organ-

ochiorinc pesticide chlordecone (Keponc) support

this alternative mechanism.
Cholestyramine is useful in the treatment of

chlordecone intoxication, because it increases the

excretion of the pesticide in the stools) These
findings suggest that enterohepatic cycling of chlor-

decorie is significant. Fecal excretion of chiorde-

cone, however, is observel in man anI rat eNen

when bile is totally diverted from the small intes-

tine." Therefore, chiordecone must enter the hu-

man and rat small intestine by a nonbiliary mech-

anism as well as through bile. This alternative entry

mechanism probably involves direct secretion or

partitioning from the bloodstream to the lumen

across the gut wall. This mechanism may apply to

other drugs and chemicals.

Salivary Excretion
Transfer of drugs from blood to saliva depends

on lipid solubility, pKa, and plasma protein bind-

ing. The concentration of a lipid-soluble nonion-

iZC(l drug in saliva approximates the free (unbound)

drug concentration in plasma. Since the average

pH of saliva (6.5) is lower than the pH of plasma
(7.4), saliva/plasma free drug concentration ratios

are less than unity for weak acids, and exceed unity

for weak bases. Some drugs may be actively trans-

ported from blood to saliva. For example, the con-

ccntrziliOn of lithium in saliva of healthy subjects

is reported to be 2 to 3 times higher than in

plasma.'° Metoprolol concentrations in saliva have

been reported to he touch higher than can be pre-

dicted from the pKa of the drug.

Salivary excretion is of little quantitative im-

portance in drug disposition; however, the salivary

excretion of certain dnigs may be of therapeutic

interest. For example, the effectiveness of rifampin

against men ingococc i harbored in the nasophary nx

is thought to be related to the fact that salivary

concentrations in patients receiving the drug exceed

the minimum inhibitory concentration of rifampin

for the carrier strains. 41 Salivary excretion of an-

tibiotics may be a cause of lingua nigra or black

hairy tongue in patients receiving these drugs.43

Gingival hyperplasia in epileptics may be related

to salivary excretion of phenytoin.

The relatively constant saliva/plasma drug con-

centration ratio for certain drugs has created inter-

est in the use of drug concentration in saliva as an

indicator of total or free. drug concentration in

plasma. Good to excellent correlations between

drug concentrations in saliva and plasma or serum

have been reported for antipyrine, theophylline,

lithium, sa!icylatc, phenytoin, phenacetin, carha-

mazepine, sulfapyridinc caffeine, ethanol, diaze-

pam, phenobarbital, primidone, quinidine, aceta-

minophen, tolbutamide, and digoxin.

Although many reports suggest little variability

in saliva-plasma concentrlion ratios among sub-

jects, other reports are less encouraging. Large dif-

ferences among relatively sick patients and within

individual patients in saliva/plasma procainanmide

concentration ratios have been reported; ratios

ranged from 0.3 to 8.8. One patient had a ratio of

7.2 on one occasion and 2.8 on another. In general,

the variability in ratios was related to variability in

saliva pH, which ranged from 6.2 to 8.0. Patients

with relatively low saliva pH values had relatively

high saliva/plasma procainamide concentration ra-

tios. These findings are consistent with the fact that

procainamide is a weak base, with a pKa of 9.4.

The relationship between saliva/plasma drug

concentration ratio, pKa, pH, and binding is ex-

pressed iii the following equations:

= I 1- 10pH -	
<	 (11-14)

C	 I -4. 10p - 14.1



212
	 1I,0ph.irftiaCeUtiCS and CIirii,I PI,arniacitslnetics

which applies to weak acids, and

C,	 I + 10"	 -	
(11-15)-

-C1 + 1 Ø<rK - Flip)	 f,

concentration in skim milk, the aqueous phase of

milk.
Drug concentration in skim milk (Cs M) is related

to concentration in whole milk (C 51) as follows:

which applies to weak bases. The terms C, and C
refer to drug concentrations, p1-I, and pH refer to
pH, and f and f, refer to free fractions in saliva
and plasma. No drug binding has been reported in
saliva; therefore, f, 1. The saliva to plasma
concentration ratio of tolbutamide, a weak acid,
has been calculated to be 0.012, based oil 	 fol-

lowing values: pKa = 5.4, p11, 6.5, pH =
7.4, f = 0.09, and f, = 1.0. This estimate agrees
with experuisental observations .45 The difference

in pH between saliva and plasma results in a saliva
level that is much smaller than free tolbutamide
concentration in plasma. The saliva/plasma con-
centration ratios of tolbutamide and chiorprOpam-
ide (weak acids), and procainamide and meperidine
(weak bases) are sensitive to saliva pl-1 over a wide
range of values, from 6.0 to8.0. 46 The saliva/

plasma concentration ratio of phenobarbital is rel-
atively independent of saliva pH up to pH 7.

Secretion of Drugs into Milk
The excretion of drugs in breast milk has re-

ceived considerable attention x' Drugs ingested

by a lactating mother [mist he expected to appear
in her milk and be ingested by a breast-feeding

infant.
Distribution into milk has been studied in some

detail in goats and cows. These studies suggest that
drug transfer between milk and plasma occurs by
passive diffusion, consistent with pl I-partition the-
ory. Milk is generally more acidic than plasma, so
weak bases tend to concentrate there, whereas
weak acids tend to have milk-to-plasma (M/P) con-

centration ratios less than one.
Milk is a complex fluid with high fat and protein

levels, but composition varies widely among spe-
cies. This has hampered the development of animal
models. A useful approach, which takes into ac-
count milk and plasma pH, milk and plasma protein
binding, and milk fat partitioning, has been pro-
posed for predicting M/P ratios in breast-feeding

women. 5 ' The model was developed by assuming
that only the unbound, un-ionized form of a drug
located in the aqueous phases of blood and milk
call across mammary membranes and that

no carrier-mediated transfer occurs. Under these
condition, at steady state, un-ionized free drug con-
centration in plasma equals tin-ionized free drug

CSM = (S/M) CM 	(11-16)

	

(f55 )(f 0,)(S/M) C 1 	(11-17)

A similar expression can be written for the un-
ionized, free drug concentration in plasma, i.e.,

C, unbound, un-ionized

(f,.)(f5 	 CP	 (11-18)

Therefore, at steady state,

( f 1)( fs \ i 0YS/M) C, = (f)(f ) Cp (11-19)

and the milk-to-plasma drug concentration ratio is

given by:

Mu'

	

= (f)(f,. ,,)/ (f5)(f551 )(SfM) 	 (11-20)

Fleishaker et al. 5 ' used this approach, adding

drugs to milk and plasma in vitro, to predict the
distribution of diazepam, phenytoin, and propran-
olol in breast milk from lactating women. Single
milk and serum samples were collected in the
morning from each woman participating in the
study. Milk was obtained by completely emptying
the breast using an eleciric pump. After collection,
pH and fat content were determined. Skim milk
was prepared by centrifuging whole milk. Serum
and skim milk protein binding was determined by
equilibrium dialysis. SuM ratios were estimated
after incubation of whole milk with drug for 1 hr.

The test drugs were bound to a smaller extent
in skim milk than in serum. For example, at phen-
ytoin concentrations ordinarily found in plasma
during treatment with the drug, binding was 86%
in serum but only 42% in milk. The S/M ratio was
less than one for each drug indicating significant
partitioning into milk fat. Diazepam showed the
highest affinity with an SuM ratio of only 0.22.

The values of S/M, free fraction in skim milk

where SIM refers to the skim-to-whole milk drug

concentration ratio,.
Only that fraction of the drug in the aqueous

phase not bound to milk proteins (f551) and un-

ionized ( fsM ,) 
is available for diffusion. Therefore,

C,, unbound, un-ionized
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compared with the usual initial adult dose of 4 mg/

kg every 8 to 12 hr and is unlikely to cause harm.

A direct comparison of the infant dose with the

usual adult (lose may be misleading. Drug ehnii-

nation in the infant may be comparatively poor

because of immature renal function and incomplete

development of hepatic inicrosomal cni.ytrtcs. One

report suggests that an adjustment factor account-

ing for the likely impairment of drug clearance in

the infant is needed to assess the relative risk of

drug ingestion in the breast-feeding infant. 50 These

investigators suggest that a 3-day old term infant

ingesting one-half the maternal dose in breast milk,

on a mg/kg or mg/M 2 basis, must be assumed to

have 50% greater exposure to the drug because of

reduced clearance.
A review dealing specifically with psychotropic

drugs in breast milk states:"

With our present inadequate knosvtedgc, it is difficult to
prepare a list of drugs that are safe or are harmful to the
breast-fed infant. However, we do know that drugs such
as diazcpain, lithium, bromides, reserpine and opium
alkaloids are to be avoided and that barbiturates, halo-
peridot, and penlTuridol should be administered (to the
mother) with caution.

The Medical Letter oil and Therapeutics up-

dated information on drugs in breast milk in 1979.

It concluded as follows:

Wherever possible, nursing mothers should not take
drugs. Mothers who must take antithyroid drugs (espe-
cially radioactive iodine), lithium, chloramphenicol and
probably most anticancer drugs should not nurse. The
safety of many other drugs for use during nursing is not
known.	 -

A committee on drugs" concluded in 1983 that

the following agents are contraindicated during

breast feeding: amethopterin, cyclophosphamide,

and perhaps other cytotoxic agents because of pos-

sible immune suppression, association with carci-

nogenesis, and unknown effects on growth, bro-

mocriptine because it suppresses lactation, and

methimazole and thiouracil because of potential

effects on the infant's thyroid function. Cinsetidine,

clemastirte, ergotaniiflc, gold salts, and phctsin-

dione were also cited as contraindicated. Metron-

idazole and various radiopharmaccuticals were

listed as drugs that require temporary cessation of

breast feeding for Ito 14 days to allow elimination

of the dose.

and plasma, and fraction of drug un-ionized in skim

milk and plasma (estimated by assuming a plasma

pH of 7.4 and a milk p1-1 of 7.1) for each drug

were used to calculate M/P ratios, according to

Equation 11-20. Estimates were 0.16 for diaze-

pam, 0.50 for propranolol, and 0.30 for phenytoin,
in good agreement with published in vivo values

found in nursing mothers.
The lowest M/P ratio was found with diazepam

because it is the most extensively bound to plasma

proteins (99.7%). If plasma protein binding were

ignored, the MJP ratio would be about 1.0 rather

than 0.16. Binding to milk proteins and partitioning

into milk fat are also important. If these factors

were ignored, the MJP ratio would be 0.013. Only

when all factors are taken into account are reason-

able predictions obtained.
Using the MJP ratio and the measured or cal-

culated average steady-state drug concentration in

maternal plasma (C,,), one can predict the average

drug concentration in milk and the amount of drug

that will be ingested by the infant. Steady-state

levels in the mother may be calculated as follows:

C,, = DR x F/Cl	 (11-21)

where DR is the dosing rate (i.e., the daily dose

divided by 24 hours), F is the bioavailability of the

drug, and Cl is drug clearance in the mother.

Average drug concentration in milk is the prod-

uct of C. and MJP. The dose of drug ingested by

the infant is the product of average drug concen-

tration in milk and the volume of railk consumed.

However, more drug will be ingested if breast feed-

ing coincides with peak drug concentration in the

mother, and less drug will be ingested if nursing

takes place immediately before the mother's next

dose. An average infant consumes about 150 ml

of milk per kg of body weight per day. The ingested

dose can then be compared, on a mg/kg basis, to

the usual adult dose to assess the level of risk.

One commentary on breast feeding concluded

that most drugs taken by a nursing mother will be

excreted in her milk, but its amounts that are un-

likely to harm the infant. Theophylline is a likely
example. An average steady-state theophylline

Concentration of 15 p.g/ml in the plasma of a nurs-

ing mother gives rise to an average level of about

12 i.g/mI its breast nsitk. 1 If the infant nursed I

liter of milk per day, about 12 rug of theophylline

would be ingested or 2 mgikgiday for a 6-kg infant.

This amount of theopl-tylline is relatively small

DRUG METABOLISM
Drug metabolism or biotraiss formal ion refers to

the biochemical (enzymatic) conversion of a drug
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to another chemical fomc. Many tissues in the body
are capable of mctaboliz'ing drugs, but most drugs
are mainly metabolized in the liver by enzymes
localized in hepatic microsomes, a cellular fraction
derived from the endoplasmic reticulum.

Drug-metabolizing enzymes oxidize, reduce,
hydrolyze, or conjugate compounds. Reduction,
oxidation ., and hydrolytic reactions (Phase 1 path-
ways) result in metabolites with functional groups
(e.g., hydroxyl, amine, or carboxyl) that can be
conjugated (Phase II pathways). In man the most
common conjugations of drugs or metabolites
occur with acetate, sulfate, glycine, or glucuronic
acid. Examples of the more important drug metab-
olisin pathways in man are given in Table Il — i.

Most oxidative prcesses take place in liver mi-
crosomes. They require reduced nicotinaniide
phosphate (NADPH), molecular oxygen, and a
complex of enzymes in the endoplasmic reticulum;
the terminal o : dizing enzyme is cytochrom I'-
450, a hemeprotein. Many drugs, as well as steroid
hormones, are oxidized by this microsomal system.
Oxidation of certain drugs, such as alcohols and
xanthines, may be catalyzed by nonmicrosoinal en-
zymes; ethanol, mercaptoputinc, and azothiopririe
are examples.

Reduction is a relatively uncommon pathway of
drug metabolism. Azo dyes, used as food coloring,
are reduced to form amines both in the liver and
by intestial flora. Sulfasalazine is also cleaved by
intestinal bacteria to form aminosalicylate, the ac-
tive component, and sulfapyridinc. Prednisone and
cortisone are also reduced to active metabolites,
piedniolone and hydrocortisone.

Digoxin is metabolized by anaerobic intestinal
bacteria in the lower gastrointestinal tract to car-
dioinactive compounds called digoxin reduction
products. 55 Digoxiri inactivation by this pathway
affects the bioavailability of the cardiac glycoside
and results iii increased dosage requirements for
some patients. Factors found to increase inactiva-
tion include rapid gastric emptying and hypermo-
tility as well as the administration of slowly dis-
solving dosage forms of digoxin. In such cases, a
significant fraction of the dose reaches the lower
bowel and is subject to reduction and inactivation.

Other investigators observed that although the
oral anticoagulant acenocoumarol is efficiently me-
tabolized by intestinal flora to its inactive amino
metabolite, this is not a clinical problem because
the drug is rapidly absorbed from the upper gas-
trointestinal tract after oral administration of coni-

mcrcial tablets and never reaches sites in the gilt
with a high density of niicroflora. On the other
hand, appreciable amounts of reduced metabolites
are recovered in the urine when aeenocoumrn-ol is
given in a slowly-dissolving dosage form.

Hydrolysis of esters and aniidgs is a common
pathway of drug metabolism. The liver microsonles
contain nonspecific esterases, as do otler tissues
and plasma.

Glucuronide formation is the most common con-
jugation process of drug metabolism. It involves
the reaction between uridine diphosphate glucu-
ronic acid (UDPG) and drugs containing hydroxyl,
carboxyl, or amine groups. The reaction is medi-
ated by the microsomal enzyme glucuronyltrans-
[erase. Glucuronides are water soluble acids that
are easily excreted in urine and bile. Some ester
glucuronides are labile and can be hydrolyzed in
urine or plasma to parent drug. High blood levels
of elofibrate in patients with rena! disease ure the
result of accumulation and hydrolysis of the lu-
curonide conjugate in the plasma.57

Aromatic acids are sometimes converted to gly-
cine conjugates. The acids are activated by com-
bining with ATP to form coenzyme A derivatives
before conjugation with glycine. The conversion
of benzoic acid to hippuric acid and salicylic acid
to salicyluric acid are examples of this metabolic
pathway.

Many amine compounds, including sulfona-
mides, isoniazid, dapsone, hydralazine, and pro-
cainamide, are metabolized to their acetyl deriva-
tive by acetylcoenzyme A and acetyltransferase.

Conjugation with sulfate is a common pathway
of metabolism of hydroxy compounds, particularly
steroids. The sulfate donor is 3'-phosphoadeno-
sine-5'-phosphosulfate (PAPS). Sulfate conju-
gates, like glucuronides, have a high renal clear-
ance.

Drugs subject to biotransformation usually pro-
duce several metabolites. In some instances, doz-
ens of metabolites originate from the administration
of a single drug (e.g., chlorpromazine). Metabo-
lites can arise from parallel or consecutive path-
ways. For example, meperidine is simultaneouisl
metabolized to normcperidinc (N-dcalkylation) and
rneperidinic acid (ester hydrolysis); salicylate is si-
multaneously conjugated with glycinc and gluçu-
ronic acid. On the other hand, phenytoin is largely
metabolized to 5 -phenyl-5-hydroxyphenylhydan -
tom (arornatichydroxylation), which in turn is con-
jugated with glucuronic acid; phcnacctin is oxi-
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Table 11-1 . Metabolic Pathway s for Drugs in Man
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dized (dealkylation) to acetaminophen, which in

turn is sulfated and glucuronidated.

Induction and Inhibition of Drug
Metabolizing Enzymes

l icrosomal drug metabolism .tn be stimulated

by a large number of drugs and chemicals by a

process known as enzyme induction. 58 Microsomal

enzyme induction is a complx process associated

with an increase in liver weight, proliferation of

the endoplasmic reticulum, and increases in mi-

crosomal protein and cytochrome P-450. Elevated

levels of cytochrome P-450 are the result of in-

creased synthesis.
At least two kinds of inducers have been found,found,

exemplified by phenobarbital and polycyclic aro-

matic hydrocarbons. Differences between these
kinds of inducers have been discussed by Conney.5°

Phenobarbital-type inducers stimulate a wide range

of metabolic pathways in liver microsomes, in-

cluding oxidation, reduction, and glucuronide for-

mation. Polycyclic aromatic hydrocarbons such as

3-me thyicholanthrene or cigarette smoke, stimu-

late a ,more. tiniited group of metabolic reactions.

Phenobarbital enhances the metabolism of meper-

idiite to normcpridine but polycyclic hydrocar-

bons do not. Cicarcite smoke stimulates Ihe me

tabolisni of theophlline but phenobarbital does

not.
The effect of smoking on estrogen metabolism

was st::uie& in postu. iopausai women treated fo:

I year with different doses of oral estradiol. Es-

trogen levels were lower in smokers than non-

smokers, particularly so in subjects receiving high-

dose estradiol (4 mg). In this group, serum levels

of estrone and cstradiol in smokers were only 5017o

of those in nonsmokers. Moreover, a significant

inverse correlation was found between the number

of cigarettes smoked daily and the changes in the
levels of serum estrone andestradiol. This report

suggests that increased hepatic metabolism results

in lower estrogen levels among postmenopausal
smokers, which may contribute to the reported in-

creased risk of osteoporosis among smokers.59
Some drugs induce microsornal enzymes that

play a role in their oNN n metabolism. This phenom-

enon has been called self-induction or autoiriduc-

uon. Carbamaepit1e, a widely used anttcotvul-

san, is a well-known example. The metabolic

clearance of carhamazepinc increases on continu-
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otis adnuttistration until the ruicrosomal enzymes	
A well recognized esampic is the combination

are fully induced,	
of levodopa and carbidopa. This combination is

Rapid development of enhanced clearance after 	
considered the treatment of choice by most neij-

high-dose cyclophosphanaide, possibly indicative 	
rologists when symptoms of Parkinson's disease

of autoinduction, has also been reported.° The 	
significantly interfere with normal daily activities.

mean clearance of cyclophosphamide was observed	
Carbidopa is a dopa decarboxylase inhibitor that

to increase from 93 mllniin on the first day of 	 does not cross the blood-brain barrier and, there-

treatment to 178 ml/min oil 	 second day. This	 fore, does not prevent the conversioti of levodopa

was associated with an increase in the mean clear- 	 to dopamine in the central nervous system. By pre-

ance of coadniinistered dexamethaSone from 369 	 venting the extracerebral metabolism of levodopa,

mllinin to 526 mI/mm. An increased rate of for- 	 carhidopa increases the amount available in the

mation of phosphoramide mustard, an active me- 	 brain for decarhoxylation to dopamine. This serves

tabolite of cyclophospharnide, with higher peak	 to enhance the therapeutic response and reduce ad-

concentrations was also seen. These results suggest 	 verse events caused by peripheral effects of do-

that high-dose cyclophosphamide Causes an in-	 pamine and other catecholamines. This combina-

crease in its own clearance through an apparent 	 tion increases the plasma concentration of

induction of hepatic-metabolizing enzymes, de- 	 levodopa, reduces dosage requirements by about

tectable 24 hours after initial exposure to cyclo- 	 75%, and significantly decreases the incidence of

phosphamic.	 nausea and vondtirig.
Today, far more drug metabolism and interaction 	 Cytarabine (Ara-C) must be given by intrave-

studies are concerned with inhibition of microso- 	 nous infusion for the treatment of lymphatic can-

mal enzymes rather than induction. Certain drugs, 	 cers because absorption from the gastrointestinal

including monoamine oxidase inhibitors, such as 	 tract is poor. Rectal administration results in a bio-

isocarhoxazid, phenelzine, and tranylcyprOmine, 	 availability of only flc'r. Poor hioavailahility may
and xanthine oxidase inhibitors, such as allopuri- 	 he related in part to inactivation of cytarabine to

not, are used clinically to inhihi: specific enzyme Ara-U by deaminase enzymes in the loser bowel
systems. Usually. these drugs are not as specific 	 and/or in the liver. With this in mind, investigators
as we wish, and more than Inc enzyme system is administered rectal cytarabine with 3,4,5 ,6-tetra-
inhibited. This lack of speciflci applies to many

drugs. The antiulcer drug cimetidine is recognized

	

	
hydroudine (THU), uhich inhibits deamination.

This combination resulted in nearly a 4-fold in-
as one of the most potent and comprehensive in- crease in the blood levels of cytarabine. The in-
hibitors of rnicrosoIral drug nietabolism used in

clinical medicine.

	

	
vcstigators concluded that a suppository containing

cytarabine and THU may be a useful alternative to
The mechanisms by which drugs produce en- slow iv infusion of the drug.

zyrne inhibition are poorly understood. Possibiti-

ties include:"' (t) substrate competition (two drugs 	
linipencm is the first of a new class of beta-

competing for the same enzyme); (2) competitive	
lactan1 antibiotics called carbapenems. These corn-

or noncompetiti ve inhibition (a substance,swhich

	

	
pounds have broader activity against bacteria than

even the ihird-generation cephalosporil)5. Studies
is not necessarily a substrate, reduces the affinity 

of the enzyme for its substrate: (3) product inhi- 	
early in the development of imipenem indicated

hition (the product of the enzyme reaction, the me- 	
that the beta-lactain ring was hydrolyzed by a renal

tabolite. competes with the srihtra1e); and (4) re- 	
dehydropeptidase enzyme in the brush border of

pression (the amount of enzyme is reduced either 	
the kidney. Seemingly associated with this process

by decreased forma t ion or increased destruction). 	
Was the occuiTeflee of nephrotoxicity in several

Ordinarily, the administration of a drug with art 	 species. 'l'tie simultaneous administration

inhibitor of dnig-ruet'dhOlizifig enzymes signals a 	
of cilastalin, a dehydropepticiasc inhibitor vilh no

potentially undesirable i's interaction, occasion- 	 antibacterial activity, e li m inated the nephrotoxicitY

ally requiring a reduction in the dose of the drug
potential. The conrrncrei.l dosage form contairI

to avoid dangerously high blood levels. Some- 	
imipcnem and cilastatin in a 1:1 ratio. Cilastatiri

tines, inhibition may be used to advantage to im-	
has no effect on the pharmacoki tic tics of iniipenem

prose the delivery or extend the persistence of a 	
but does increase the fraction of the dose excreted

drug	 unchanged in the urine.'
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Active Metabolites
Metabolites usually differ fonsiderably from the

parent drug with respect to pharmacologic effects

od disposition. M )S( 10' iap0y eliminateditt ited and

have little pharmacologic aLilvity, but some play

nil important role in the effects of the drug.
Oxyphenbutazone (from phenylbutazone), acet-

a ni nophcri (from plien aceti n) nortri p( y i tie (from
arrtit ri pty line), morph inc (from codeine), pred us -
olone (from ptcdnisotie). mesondazine (from thior-
idazine), and desipraminc (from imipramine) are
examples of metabolites that have been used as
drugs in their own right. Primidotie, 

all

 is appreciably metabolized to phenobar-
bital, which undoubtedly contributes to the efficacy
of this drug in the treatment of seizures. Several
of the metabolites of diazepam, including nordi-
azepam and oxazeparn. are active, as is the acetyl
metabolite of pr)cainamlde.

The activity of sonic drugs may reside wholly
in one or more itetabolites. Drugs that require
hioacttvation tc he useful are sometirtes called
prodrugs C) clophusphamide is an example. It was

developed with the r
i
ntention of slowly releasing

phosphoramide mustard, one of several active me-
tabotitcs, in order to prolong the cytotoxic effects
of the mustard Lcodopa is an inactive precursor

of dopairuine. It is used because, unlike dopamine,
levodopa can cross the blood-brain barrier and then

undergo decarhoxylation to form the active drug.
Prednisnnc and clorazepate are also prodrugs but

not very useful ones. Prednone is not active per
se but is the precursor of prednisolone. l'redniso-
lone, however, is formed so rapidly after the ad-
ministration of prednisone that there is no differ-
ence in clinical use in giving prednisolone or
prednisone. Clorazepate is a precursor of N-des-
methyl diazepani (nordiazepani). Ordinarily; rapid
and complete conversion of clorazepate to nordi-
azepam occurs in gastric acid after oral adminis-
tration. However, since the elimination half-life of
nordiazepam is several days, it is difficult to un-
derstand why clorazepate should be used instead
of nordiazepam, other than to avoid patent in-
fringement.

Some active metabolites exert the Same kind of
pharmacologic effect as the parent compound.
Nacetylprocainamidc is an antiarrhythniic agent,
acetaminophen like phenacetin is an analgesic, and

nortriptyline and desipramine are antidepressants

as well as metabolites of airtitriptylinc and ititip-
rantine, respectively.

'I he major pitthc ty for the biotranstormat 1)11 Of
morphine is hepatic glucurontdat ion to iutorph;nc-

dttcttrottidc and to a ic k- i . c.\tctit to rtiiujhiite-
fi-glucuronide (MtG). The results of recent tiitJis
point to the potential significance 01 M(i() iii the
clinical effects of root phi ne. Persistent narcotic ef-

fects in the presence of NIfiG accumulation in pa-
tients with renal failure provide circumstantial ev-
idence for the metabolite's clinical activity More
directly, significant analgesic activity has been
found after iv administration of MÔG to cancer

paticrits. 61 No morphine or morphine-3-glucuron-
ide was detected in plasma at any time , after ad-

ministration.
While encainide is an effective antiarrhythmic

agent. there is considerable evidence to suggest that
active metabolites mediate most of the effects seen
during long-term treatment. In most patients con-
centrations of the active metabolites 0 dcsmeth
encainide (ODE) and 3methoxy0-dcsmcthyl en .
cainide (MODE) are higher than those of encain-
ide. Moreover, the correlations bctvcci anttar
rhythmic activity and either ODE or MODE plasma
levels are much stronger than with plasma levels

of encainide itself.
In perhaps 5 to 10% of patients, however, who

appear to be genetically poor ittetaholrzers of cii
cainide and certain other drugs, mean plasma en-
cainide concentrations are unusually high while
low or negligible levels of ODE and MODE are
seen. In these n:ientS, the 'ng•-term effects of
encainide may be mediated largely by the parent

dnig65
fit cases, active metabolites appear to have

a mechanism of action different from the parent
drug. For example, normeperidine is much less
potent as an analgesic but more potent as a central
nervous system stimulant and convulsant than me-
peridine, the parent drug. Nornieperidine is thought
to be largely responsible for the adverse effects of

meperidine.
Some investigators hold that the cardiotoxicity

of doxorubicin is more closely related to its najor
metabolite doxorubicinol than to the parent drug

itself. 16 The reduced metabolite was markedly more
potent than parent drug at compromising both sys-
tolic and diastolic cardiac function in isolated dog
tissue. On the other hall(], the cytotoxicity of dox-
orubicinol in tumor cell lines was flu' less than
doxontbicimt. The investigators suggested that in-
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hibitiOn of aldoketo reductases that catalyze the*	
Lymphocytes from patients with suspected hy-

reductiOn of doxorubicin to doxorubicinol would 	
persenSitiVity to anticonvulsants were incubated in

result in more drug to kill cancer cells but less 	
vitro with rnctaboliteof phenytoin, phenobarbital,

metabolite to compromise cardiac function. 	
or carbamazepifle, generated by hepatic micro-

A clue as to the source of drug toxicity—me- 	 somes from enzyme-induced. 	 Healthy human

tabolite or parent—may be obtained in some in-' ' subjects never exposed to anticonvulsant drugs and

stances by administering the parent with an inhib, -	 patients. with seizure disorders chronically treated

itor of drug metabolism. A more favorable safety , with ant iconvulsants without immunologicallY

profile implicates one or more metabolites. Cypro- 	 based adverse effects provided the control lym-

heptadine, a drug with both antihistamiliiC and fl-	 phoytes.

tiserotonergic activity, damages the insulin-secret- 	 Defining cytotoxicity as the percentage of dead

ing cells of the pancreas to produce a diabetic state. 	 cells above baseline, the investigators determined

Administration of an inhibitor of drug metabolism 	 that the toxic effects of drug metabolites on lym-

effectively protects against the insulin loss induced 	 phocytes from control subjects were < 1% for

by cyproheptadine. 67 These findings suggest that a	 phenytoin and phenobarbital and 3.6% for carba-

metabolite may be involved in the pancreatic beta- 	 mazepine. Toxicity of the drug metabolites lo cells

cell toxicity of cyproheptadine. 	 .frpnt, patients with suspected hypersensitivity dif-

Sometimes, the formation of relatively siall ... 4ered significantly from controls: 13.5% for phen-
amounts of a reactive metabolite is singularly re- 'ytoin, 13.3% for phenobarbital, and 20.6% for car-

sponsible for toxic effects of the drug .61 Large. . bama?Lepine.
doses of acetaminophen are hepatot9x ,ië becuseof ..	 The correlation of clinical response to treatment
the reaction of a minor metabolite with liver pro	 with.anticonvulsaflts with in vitro lymphocyte re-
teins. Metabolites of halothane are also reactive, suits was iITipressive. All 34 patients who had h)-
combining with phospholipids and proteins of the	 persensitivity reactions to phenytoin, also had pos-
endoplasmic reticulum in the liver. Methoxyflurane 	 itive in vitro results (i.e., true positives). One
and, to a lesser extent; enfluranc produce renal	 patient treated with phenytoin with no adverse ef-
toxicity because of the liberation of inoganiC flu: 	 fects, had a negative in vitro test (true negative).

oride..	 S
Results were similar foi carbamazepine: 25 true

In a small number of patients, perhapsas few positives and 2 true negatives. For patients treated
as I in 10,000, treatment with anticonvulsant med. 
ication results in a hypersensitivity syndrome si: with phenobarbital there were 21 true positivesand 3 true negatives, but two false positives and
ally requiring discontinuance of therapy. Typically,;
the reaction is delayed in onset after initiation of 	

one false negative were also obtained.
The investigators concluded that 'the in vitro

drug therapy and can cause severe morbidity or

even result in death.	
lymphocyte toxicity assay provides a model for the

	

The low incidence of anticonvulsant hypersen- 	
investigation of some hypersensitivity reactions.

sitivity suggests that this risk may be conda to	
Our work suggests that it may aid in diagnosis and

a genetic defect in drug metabolism. With this in

	
in the, prediction of adverse reactions "60

	icon-	
The offspring of women with epilepsy treated

mind, investigators have studied aromatic ant 
vulsants to help understand the pathogenesis of id- 	

during pregnancy have a higher incidence of con-

iosyncratic reactions.0
	genital malformations than do those born to women

	

Phenytoin, phenobarbital, and carbamazepine	
with untreated epilepsy or women without epilepsy.

are metabolized to hydroxylated aromatic com- 	
A major risk factor for this high incidence of mal-

pounds. Reactive aromatic epoxides called arene 	
formation is the administration of valproic acid in

	

oxides are 1nterriiediates in this process. Arene ox-

	

	 combination with other anticorvulsants, articu-
larly phenytoin and carbamazepine. 7° Recent evi-

ides may bind to cellular macromolecules, inter-

	

fering with cell function and initiating immuno- 	
dence suggests that vaiproic acid inhibits epoxide

d to de-

	

logic response. Epoxide hydrolases are cellular 	
hydrolase, the microsornal enzyme require

	

enzymes critical for the detoxification of arene ox- 	
toxify unstable, reactive arene oxide metabolites,

	

ides. Studies have suggeted that genetically-	 including those formed in the oxidative metabolism

	

deficient detoxification of arene oxides might Pre-	 of phenytoin and carbamazepine. 7 ' These findings

dispose patients to toxicity 	 support the recommendation that combination drug
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therapy with valproic acid should he avoided dur-

ing pregnancy.

Disposition of Metabolites
Although important exceptions exist, most tim-

transformations result in metabolites that are con-

siderably less pharmacologically active than the
parent compounds. Most metabolites are also more

polar than their precursors. Distribution of certain

metabolites, such as glucuronide and sulfate con-

jugates, tends to be limited to the cxtraccllular
space. The apparent volume of distribution of a

metabolite is usually less than that of the parent

drug. Metabolites are excreted in the urine more

readily than their precursors because often they are

not subject to tubular reabsorption.

Renal excretion plays a major role in the elim-

ination of metabolites. Considerable accumulation

of drug metabolites is found in patients with renal

impairment. Steady-state levels ofpropranolol glu-

curonide 4-hydroxypropranot glucuron ide, and

naphihoxylactic acid, the principal metabolites of

propranolol in plasma, in uremic patients are 20 to

30 times as high as 'in patients with normal renal

function." Some active metabolites may also ac-

cumulate in patients with renal failure.° Examples

include the metabolites of allopurinol, procain-

atnide, and clofibrate.

Metabolite Kinetics

The amount of a metabolite in the body at any

time after administration of parent drug is a func-

tionof its formation rate and its elimiiation rate.

Either step in this process may be rate limiting.

When the elimination rate constant of the drug is

smaller than that of the metabolite, metabolite lev-

els decline in parallel with levels of parent drug

(i.e., the half-life of both the drug and metabolite

appear to be the same). When administered as such,

the real elimination half-life of the metabolite may

be found to be much shorter than that of the parent

drug, but when it is formed from parent drug, the

apparent half-life of the metabolite is never less

than that of the parent.

When the second step in the process is rate lim-

iting (i.e., the elimination rate constant of the me-

tabolite is smaller than that of the drug), levels of

drug and metabolite do not decline in parallel. The

half-life of the metabolite is always greater than

that of the drug and is the same whether admin-
istered or formed.

When metabolite levels are formation rate-lim-

ited, the rnctaholite is cleared so quickly that the

amount in the body is kept quite low, always !ower

than the amount of parent drug. When metabolite

levels arc elimination rate-limited, it is likely that
metabolite will accumulate on repetitive dosing of

the parent drug and steady-state levels will be
higher than those of the parent.

Sometimes, a pharmacokinetic study will find

that the apparent half-life of a metabolite is equal
to that of the parent drug, suggesting formation.
rate limited eli mi nation, but metabolite concentra-

tions in plasma are higher than those of parent drug.
This appears to be contradictory because forma-

tion-rate limited means that only small amounts of

metabolite are in the body at any time, Jlowever,
if the metabolite has a much smaller volume of
distribution than the parent drug, this small amount

of metabolite may result in a higher blood level

than will a larger amount of parent drug.
After administration of drug, the total area under

the plasma level-tinie curve(AUC) can be calcu-

'lated for both metabolite and drug. The ratio of

these AUC values is as follows;

AUC(m),'AIJC = C1 110(m) (11-22)

where i\UC(m) is the area for the metabolite, AUC

is the area for the drug, Cl, is the formation clear-
ance for converting the drug to the particular me-

tabolite, and CI(m) is the elimination clearance of

the metabolite.
Substituting fm (Cl) for Cl, where fm is fraction

of the dose of drug converted to the metabolite and

Cl is drug clearance, yields

	

AUC(ni) = fm Clearance of drug	
(11-2 3)

AUC	 Clearance of metabolite

After a single dose of parent drug, AUC,
AUC(m), and drug clearance can be calculated.

Sometimes, fm may also be estimated, from uri-

nary excretion data. When this is possible, the

clearance of the metabolite may be calculated by

means of Equation 11-23.
When the entire dose of a drug, or nearly so,

can. be accounted for by drug-related compounds

in the urine', then fin is the amount of the particular

metabolite excreted in the urine divided by the

dose. Ofien, urinary recovery is far less than the
administered dose. This may result from' alternative

excretion pathways (e.g., bile) , or the formation

and excretion of unrecognized metabolites. Some

investigators have estimated fin from these data by

'iomparing the amount of the particular metabolite
excreted in the urine to the total amount of drug-
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related material in the urine. Error may be intro;

duced by this approach. For example, if a metab-

olite were eliminated by both biliary and urinary
excretion, the amount recovered in the urine'ould

be less than the amount formed and both fm and
metabolite clearance would be miscalculated.

The mean residence time of a metabolite can

usually be calculated after intravenous or oral

administration of parent drug. After iv drug, the

apparent mean residence time of metabolite

(MRT) is given by

MRT = MRT + MRTM (11-24)

where MRT is the mean residence time of the drug

and MRT 1 is the mean residence time of the 
me-

tabolite. On rearrangement,

MRT I = MRTP - DART (11-25)

After oral administration,

MRT 1 = MRT tPiORALI - MRT1ØL, (11-26)

where MRT ., P(ORAL) iS the apparent mean residence

time of metabolite after oral administration of par-

ent drug and MRTIOR .¼L} 
is apparent mean residence

time of drug after oral administration.
If a drug distributes rapidly, so that a one-com-

partment model applies the half-life of a metab-

ulite car, be estimated from mean residence time.

Under these conditions, the following applies to

parent drug and metabolite, respectively.

MRT = 1.44 t , ,(drug)	 (11-27)

Species Differences
Drug metabolism studies in laboratory animals

are often useful in suggesting likely drug metab-

olites to be found in man. Some species may be

more useful than others. A survey of drug metab-

olism studies in laboratory animals and man, cov-

ering 32 compounds, among which were amphet-

amines, arylacctic acids, and sulfonamides,

concluded that the rhesus monkey resembles man

most closely in terms of urinary metabolite pat-

terns; patterns in the dog and rat were much less

useful for predicting results in man .14 For example,
sulfadimethoxine is mainly acetylated in the rat,

but in man the major urinary metabolite is a glu-

curonide - Scores of similar examples can be found.
Species differences in the activity of microsomal

enzyme systems are usually so great as to render

the results of studies in laboratory animals mean-
ingless as a' guide for assessing the dorationf drug

activity in man. Table 11-2 shows the duration of

effect of tbe skeletal muscle relaxant, carisoprodol,

in different laboratory animals. 75 A range of 0.2 to
21.5 hr was observed in response to the same mg/

kg dose. interestingly, brain or serum concentra-

tions of carisoprodol at the end of paralysis were

similar in all species.
Many drugs are metabolized much more rapidly

in the rat or dog than in man. A certain dose of a

drug may have fleeting activity in a test animal but

elicit an adequate response in mar. These differ-
ences are of concern to those involved in the de-

velopment of new drugs, because present methods
of drug screening may overlook potentially useful

drugs. These considerations are also important for

the toxicologic evaluation of drugs in laboratory

animals.

S tereoselective Drug Metabolism
Chemical synthesis of a drug with an asymmetric

or chiral center usually results in two enantio!flers,

and

MRTM .p 	1.44 t 7(drug) + t , .(M)1	 (11-28)

The mean residence time for a metabolite is always

larger thtri the mean residence time of its precursor;

the difference between them is an estimate of the

true half-life of the metabolite, i.e.,

QM) = EMRT - MRTI! 1.44 (11-29)

Table 11-2. Species Differences in the Hepatic Oxidation (p-molesig liver per 30 mm) and Half-Life (hr)
Duration of Paralysis (hr) and Brain and Serum Concentrations (p-gig or p.glml) at the End of Paralysis of

Carisoprodot After a 200 mgfkg Single lntraperitofleal Dose* 

-

	
Concentration

1Iepat
.
c 	 -. . um

- .	 Ilaff-flte	 ParaIyiiS	 Brain	 Serum

112	 130

90	 105
108	 128

112
113	 -	 135

Mouse	 0.60	 03	 0.2

Guinea pig	 0.44	 0.8	 0.5

Rai (male)	 0.42	 0.8	 0.5

(female)	 0.16	 2.4	 1.6

Rabbit	 0.01	 7.5	 5.4

Cat	 002	 36	 21.5

DJ I,r from Kato,
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mirror images that cannot be superimposed on one

another. This 50:50 mixture is called a racemate.

In contrast, enzymes and receptor sites are ster-
cosctectivc. Therefore, stcreoisomcrs often exhibit

pronounced differences in pharmacologic and tox-

icologic properties. Furthermore, various aspects

of drug disposition (e.g., binding, metabolism,

renal excretion) also exhibit stereoselectivity.
Despite the important differences in both phar-

macologic and pharmacokinetic properties that
may exist between two enantiomerS, less than 20%

of all racemic drugs are marketed as preparations

containing only one isomer. In most cases, stereo-

specific synthesis is difficult and separation of the

cnantiomerS is a major challenge. Often, It race-

mate will contain an active" and ''inactive' en-

anhiomer. The 'inactive" enantiomer, hossever,

may not be an inactive compound. It may contrib-

ute partially to overall drug effect, be an antagonist,
or have actions at other receptors resulting in un-

desirable side effects.
Warfarin is used as a racemic mixture of R- and

S-warfatin. The S-enantiomcr is about 5 times
more potent than the R-enantiomer and is clitni-

nated more rapidly. The metabolism of warfarin is

highly stereoselective. The major metabolic route

of S-s;arfarin is oxidation through ring hydroxy-

lation of the coumarin nucleus to form primarily

7_hydroxy-S-warfarin. R-warfarin is primarily me-

tabolized by oxidation to 6-hydroxy-R-warfarin
and by reduction to R,S-warfarin alcoliols.

Studies in young adults have shown that I-hex-

oharbital is eliminated more rapidly than d-hexo-

barbital." More recently, the pharmacokinctics of

the hexobarbital enantiomers were compared in

young (mean 23 ) ,ears) and elderly adults (mean

68 years) .71 In each group, the apparent clearance

of 1-hexobarbital was considerably larger than that

of d-hexobarbital. In the younger subjects, a mean
value of 16.9 rill/min per kg was determined for

1-hexobarbital compared with a mean value of 1.9

mL'min per kg for d-hexobarbital.

The apparent clearance of d-hexobarbital was

nearly the same in young and elderly subjects. In

contrast, the apparent clearance of 1-hexobarbital

was about twice as high in young subjects as in

elderly subjects (16.9 versus 8.2 nillmin per kg).
This is the first demonstration of age-related pref-

erential decline in metabolism of one enantiomer

over another for any raccntic drug in animals or

humans.
The ( + )-isomcr of amphetamine is metabolized

more rapidly than the ( - )-isomer." When urine

phI is maintained above 7, the half-life of the (+ )

isomer is about 16 hr, whereas that of the ( -
isomer is about 26 hr. When the urine is acidified

by administration of ammonium chloride, so that

metabolism plays a smaller role in the overall elim-
ination of amphetamine, half-life differences be-

tween the isomers almost disappear.
Differences in rates of metabolism have also

been observed with the cnantioniers of

proprano101° and ibuprofen. 82 Propranolol is

used clinically as an equal mixture of S- and R.

enantiotnerS. S-Propranolol is about 100 times

more potent as a beta-blocker than the R-enantio-
ncr and is believed to be largely responsible for

the clinical effects of the racernic drug. Repeated

dosing of the racemate resulted in higher steady-

state levels of S-propranolol than of R-propranolol,

suggesting that propranolol undergoes stercoselee-

tive metabolism.'
For most 2-ar)lpropionic acid nonstcroidal an-

tiinflamniatorY drugs (NSAID5), the Senaotiotner,

is the active species. Onl y one of these drugs, na-

proxen, is available as the S-enantiomer; all the

others are racemic mixtures. Interest in their ster-

eochemistry s; as aroused by observations that the

differences in potency between the two enantio-

mers in in vitro tests of antiinammatory activity

were much greater than in in vivo tests. For ex-

ample, S-ibuprofen is 160 times more potent than

R-ibuprofen in the inhibition of prostaglandin syn-

thetase but has only about 50% greater potency

than the R-nantiomner in an acetylcholine writhing

test in mice or a pain threshold test in rats."
This inquiry led to the discovery of a novel ster-

eospeciflc pathway fr the metabolism ofof the in-

active R-enantiomers. These enantiomers undergo

a stereospecific metabolic inversion, which pro-

gressively transforms the inactive enantiomers to

the pharmacologically active S-enantioniers. This

inversion has been shown for ibuprofen and ben-

oxaprofen and may occur with ketoprofen and fcn-

oprofen." No inversion has been observed with

indoprofefl prelimipary studies suggest that car-

proferi may also exhibit little, if any, inversion."

Quantitatively, a 50% inversion ofo( R to S-benox.-

aprofemi has been observed in human subjects, and
nearly two thirds of R-ibuprofen has been found

to be stereospecificallY inverted to S-ibuprofen.

Lain" points out that even when the rate of in-

version is rapid and the extent of inversion is con-

siderable, the inactive R-cnantiomcr serves no ther-
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apeutic purpose and if, at best, merely a prodrug 	 iv dose of 5 to 10 rug was effective in terminating

for the active S-enantiomer. Differences in the rate 	
various supraventricular tachyarrhythmias,

and extent of inversion in patients is a potential 	
whereas an oral dose of 80 to 160 rug was needed

source of variability in therapeutic response to 	
to elicit an effect comparable to that seen after iv

NSAIDs and allows for variable amounts of pos- 	
administration, The reason for this, at least In part,

sibly toxic metabolites to be formed from the in-	
is that despite its almost complete absorption, the

active R-enantiomer. Administration of the S-en- 	
bioavailability of verapanhil is only 20 to 30% be-

antiomer would remove such variability and

	

	 cause of extensive prisystemic hepatic elimination.
Based on a bioavailability of 20 to 30%, however,

increase the therapeutic ratio 
In another study ,boys with attention-deficit dis- 	 an oral dose of 25 to 50 rug should be sufficient

order were given single doses of dl-methylphefli- 	
to elicit a response equivalent to a 5 to 10 rug iv

date. 81 Drug levels in plasma were determined with	 dose.

an enantioseleetive assay method. In all 6 children, 	
Analysis of the concentration-effect relationship

plasma levels of d-methylphenidate were at least	
revealed the reason for this seeming discrepancy.

5-fold greater than those of the 1-enantiomer. Mean 	
The same concentration of verapamil (i.e., dl-ver-

AUC values were 24.5 ng-hriml for the d-form and 	
apamil) is more effective after in 	 than

3.8 ng-hr/ml for the 1-form. The plasma level-time 	
after oral administration. On average, verapainil

curve for total methylphenidate (d + 1) is almost	 plasma levels 3 times higher were needed after oral

superimposed on that of the d-ena.itn1er because	 administ ration to produce the same prolongation

the contribution of the 1-enantiorner to the total	
on the ECO as after iv administration. This is con-

level is very small.	
trary to all precepts of pharmacokinetics.

Nicounlalone, like warfarin, is a racemic, cou- 	
The standard analytical method for assaying ver-

mann-type oral anticoagulant, available in the UK	
apamit measures both the d- and I-forms. l-Verap-

and other countries but not in the U.S. It is the 	
amil, however, is about 8-10 times more potent

second most commonly prescribed oral anhicoag- 	
than d-verapaiidl. Therefore, the most plausible

ulant in the United Kingdom and is the most widely 	
explanation for this anomaly is that the more active

used oral anticoagulant in continental Europe. Pre- 	
1-isomer is preferentially metabolized during he-

liminary studies indicated important differences in	
patic first-pass metabolism. It follows that a given

both pharmaeokifletiCs and pharmacodyflamics 	
plasma level after iv administration Will be richer

when each enantiomel of nicoumalone was given 	
in the more potent 1-verapamil than after oral ad-

separately. More recently, a stereospeciflc assay for	
ministration and thus produce a greater pharma-

nicoumalOfle has been developed, permitting more	 cologic effect.

detailed study. The kinetics of the individual en- 	
It has been demonstrated that after oral admin-

antiomers were determined after a single oral dose 	
istration, the d-enantiomer has a bioavailabilitY of

of the racemie mixture to 3 healthy human sub- 	
509, about 2.5 times greater than that of 1-verap-

jects.8	
amil. The d- to I- icmer ratio of plasma verapamil

Dramatic differences were observed: mean ap-	
after iv administration is about 2, whereas after

parent clearance was 21 mlmiri for the R-enanti- 	
oral administration the ratio is about 5. These dif-

omer and 292 nil/min for the S.enaniiomer; mean	
ferences in the d- to 1-enantiomer ratio of plasma

half-life was about 7 hr for the R-form and about	
verapamil in relation to route of administration ex-

1 hr for the S-form. The protein binding of the 	
plain the observed differences in the concentration-

cnantiomerS of nicoumalone was also found to be 	 effect relationships.

different. Percent unbound was 1.0 for the S-en- 	
Labetalol is sometimes claimed to provide alpha-

antionser and 0.7 for the R-form. Further cvalua- 	
and beta-blocking activity in a single drug and is

tion of the data suggest that about 30 of an oral 	
indicated for the treatment of high blood pressure.

doseof S-nicouiaiorie would be lost to iis-pass 	
In fact, labetalol has two asymmetric ccnte: rn'

metabolism, whereas only 3% of an oral dose of	
is therefore a mixture of four diastereomers The

R.,.:,:i.t,..	 vould be similarly affected	 alpha- and beta-blocking a'-i.'itic arc
the four isomers.

Verapamil, a widely used calcium channel 	 uted uniformly among	 ers. j ic R-

blocker, is also subject to stereoselectiVC first-pass 	
isomer of labetalol, also called dilevalol, is pri-

metabolism 87 Suspicions of an extensive first-pass 	 manly responsible for the beta-adrenergic receptor

effect were raised when clinicians realized that all 	 blocking activity, but his only weak alphaaCtivity.
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The SR-isomer produces most of the alpha-block-
ing activity. Of the four diastercoiners, only chic-
valol has an antihypertensive effect in spontane-
ously hypertensive rats comparable to that of
labetalo]. Although the two inactive isomers are
without toxicity, some clinicians believe it would
be preferable to use only the active RR-isomer to
lessen the potential for interactions among the iso-
mers or with other drugs.a4

Aricns caustically observed that "too often,
and without it being noticed, data in the scientific
literature on mixtures of stereoisomers, raceulates,
are presented as if only one compound were in-
volved. This neglect of stereochemical aspects of
drug action, including metabolism, excretion, etc.
notwithstanding, computerized curve fitting, gen-
eration of extensive tables with pharinacokinetic
constants, and postulation of complex multicom-
pariment systems, degrades many pharmacokinetic
studies to expensive highly sophisticated pseu-
doscientific nonsense.'

A report from Australia89 described a theoretical
analysis to illustrate the potential which exists for
misinterpretation of drug disposition and plasma
drug concentration-effect data generated for a ra-
cemic drug using a nonstereoselective assay. The
investigators demonstrated convincingly that the
use of a nonselective analytical method can lead
to the collection of data which may be both quan-
titatively and qualitatively inaccurate with respect
to the individual enantiomers. For example, the
clearance of the unresolved drug (i.e., the sum of
he R- and S-enantiomers) may indicate .inlinear
pharmacokinetics, even though the kinetics of the
enantiomers are concentration- and time-independ-
ent. We would never think of carrying out a phar-
macokinetid analysi on levels of radioactivity in
plasma after administratiOn of a labeled drug. The
same caution should be applied to the phai-maco-
kinetic analysis of data obtained after administra-
tion of a racemate.

Capacity-Limited Metabolism

The rate of an enzymatic process, like biotrans-
fomiation can usually be desáribed by the Mi-
chaelis-Mentcn equation:

Rate of metabolism =(11-30)

where C is the dntg concentration in the plasma,
V_ is the maxiinutn production rate of metabolite,
and K. is the Michaelis constani. The constant V,,,,

is a func lion of the trta I aniou nt of Metabolizing
enzyme; I/K,,, reflects the affinity between drug
(substrate) and enzyme. Operationally, K,,, is the
drug concentration at which the rate of metabolism
is one half of the maximum.

Experience suggests that the usual dose of most
drugs results in plasma concentrations that are
touch smaller than the K. values associated with
their metabolism. Since C 4 K m , it follows from
Equation 11-30 that:

Rate of metabolism	 C = knmC (11-31)

where km is the apparent first-order metabolic rate
constant. Accordin gly, the elimination of most
drugs that are eliminated totally or in part by bio-
transformation can be described by first-order ki-
netics.

Some drugs, including ethanol, salicylate, and
phenytoin, have one or more K.,, values that are
comparable to or less than their usual concentra
tions in the plasma following therapeutic doses.
One study suggests that the apparc,nt K. for phen-
ytoin in patients is as tow as 4 .cg/ml.° The usual
desired concentration range for phenytoin in treat-
ing seizures is 10 to 20 jig/ml. Calculations based
on studies in normal adults suggest that the K,,,
values (expressed in terms of amount of drug in
the body) for the ftcine conjugation and for the
acyl glucuronidation of salicylate are about 340 and
640 mg, respectivel y. 9 ' Considerably larger
amounts of salicylate are found in. patients taking
aspirin or other salicylate ..:parations fo rheu-
matoid arthritis or rheumatic fever.

The elimination of drugs like phenytoin or sa-
licylate cannot be described by first-order kinetics;
their pharmacokinetics are said to be nonlinear.
The relative rate of elimination is slower at higher
concentrations than at lower concentrations of drug
in the plasma. In other words, it takes longer to
decrease a high drug concentration by 50% than to
decrease a low concentration by the same per-
centage. Because the apparent half-life (actually,
the time required to decrease the peak concentra-
tion of drug in blood or plasma by 50%) of these
drugs increases with increasing dose, their elimi-
nation is said to be dose-dependent. Strictly speak-
ing, however, NI ichaelis-Mcnten elimination is
concentranon-depend'nt rather than dose-depend-
ent.

Drugs manifesting dose-dependent elimination
present unusual challenges in therapeutic manage-
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ment, because steady-state concentrations change
disproportionately with changes in dose. For cx-
amplc, a 50% increase in the daily dose of aspirin
produces about a 300% increase in the concentra-
tion of salicylate in the p1asma. 2 The nonlinear

relationship between steady-state concentration
and dose also explains why a relatively small (20%)
increase in the daily dose of aspirin can produce a
pconounced therapeutic response in patients with
rheumatic fever or acute arthritis who have not
responded to the lower rtose."

The unusual pharmacokinetics of salicylate eli rn-
inalion presents a dilemma in the design of rational
dosage regimens. The problem is particularly se-
rious in patients with rhcwiaioid arthritis, because
effective salicylate therapy requires the use of
doses that result in near-toxic levels. Small changes
in dose can produce a change in blood concentra-
tions from ineffective levels to levels causing se-
rious adverse effects. It is significant that the most
severe instances of aspirin intoxication result from
therapeutic overdosagc,94 and that more children
die of therapeutic than of accidental aspirin poi-

soning.95
Serious problems may occur when ethotoin or

phenytoin is used in the treatment of seirures. In-
creasing the daily dose of cthoioin 2-fc'J (1r,r. Ot

to 60 mg/kg) produced, on the average, a 3-fold
change in steady-state plasma concentrations in ep-
iliptic patients. In one patient, this dosage change
produced a 7-fold increase in steady-state levels.

The theoretical curve relating steady-state serum
concentrations to daily dose of phenytoin, derived
front in 15 epileptic patients, is shown in
Figure 11-6. 10 The curve rises steeply when the
daily dose exceeds 340 mg. The steepness of the
curve is illustrated by a case report of a female
patient with grand mid epilepsyY° Serum concen-
trations of 7,6 and 4.6 p.g/ml were observed on 2
consecutive visits while she was taking 300 mg of
phenytoin daily. These levels are subtherapcutic in
many adult patients. Between the visits she had a
major convulsion. The maintenance dose was in-
creased to 350 rng daily. About 5 weeks later she
returned to the clinic complaining of ataxia, a corn-
won sign of phenytoin intoxication. Her serum
phenytoin concentration had risen to 27 i.g/rnl, a
level at which adverse effects of the drug are fre-
quent. In this patient, a modest (17%) increase in
the d'.ily dose of .phenytoin produced about a 5-
fold change in steady-state serum concentration of

the drug.
Dosage adjustments for theophylline therapy

have traditionally been based on a linear pharma-
cokinctic model, whereby a change in dose at
steady state would result in a proportional change
in the serum concentration of theophylline. In-
creasingly, however, investigators have suggested
that the phamiackinetics of thcophylline follow-
ing therapeutic doses may not be linear in certain
patients. Children treated aggressively with serum
theophylline levels close to 20 p.g/ml, for example,
have been found to become toxic during a bout of
influenza, which only modestly decreased the
clearance of theophylline.

In view of these reports, investigators in Japan'
determined the incidence and implications of ca-
pacity-limited elimination in pediatric and adult pa-
tients with chronic asthma receiving a sustained-
release form of theophylline as principal therapy.
Patients in whom at least two steady-state concen-
tration measurements were obtained at two or more
different closes were selected. Nonlinearity was de-
fined as a percent change in plasma levels exceed-
ing the change in dose by at least 50%.

Nonlinear elimination was observed in 40% of

thi. ire and 42% cf the adults. In these pa-
tients, the mean maximum elimination rate (Vm,,)

'.gniticantly greater in children than in adults,

3 vrsIO 22 mg/kg per day, indicating that the
metabolic capacity for theophylline is greater in
children than in adults. Also, V,,,-values were
significantly correlated with age. Mean values for

100	 200	 300	 400

DAILY DOSE, mg

Fig. 11-6. Relationship between steady-state serum con-
centation .of phenytoin and daily dose. (Data from Mawer.
G.E., et ai.90)
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K,,, on the other hand, were similar in the two

groups, 13.0 and 12.9 ig/ml, respectively, and

individual K,,, values were independent of age.

These values for K,. are well within the therapeutic
concentration hinge of theophylline (usually con-

sidered to be 10 to 20 p.g/ml).

Nonlinear ph armacokinctic characteristics have

also been reported for propranolol. Steady-state

levels were higher when a daily dose of 80 rug was

given as 40 mg twice daily than when given as 20
tug 4 times daily. The 24-hour steady-state AUC

values were 340 ng-hr/ml after dosing 4 times a
day and 446 nghr/ml after dosing twice a day, a

difference in apparent hioavailabilitY of 30%.
These findings suggest nonlinear first-pass metab-

olism of proprartolol. In general, the bioavailabllitY

of fi rst-pass drugs that obey MicliaelisMcflt en ki-

netics will be sensitive to rate of drug input. This

helps us to understand why the relative hioavatl-

ability of slow release dosage forms of proprilnOlol

is only about 50% compared with conventional tab-

lets given 3 times a day.
Propafcoone is an investigational arttiarrhythrnic

agent that maikedi'! sfo's conduction. It is elim-

inated almost entirely by hepatic metabolism. Pro-

1rafenone is very well absorbed but bioavailabtlitY

is incomplete because of first-pass nietabol ism.
and dosedcpende0Ce' When the oral dose was

increased from I5 to 450 rug, peak concentration

of propafenone in serum increased by a factor , of

six. In other subjects a 3-fold increase in dose

from 300 to 900 mg/day produced a 10-fold in-
crease in steady--stc propafenni serum .onceri-

tratiorts.
NicardipinC, a potent, orally active vasodilator,

related to nifedipifle, is under investigation for use

in hypertension, angina, and cerebrovascUlat' dis-

ease. In one study, oral doses of nicardipine rang
ing from 10 to 40 rug every 8 hours were given ti
healthy subjects. The steady-state bioavailabilit

of nicardipine was found to be dose-dependent an

averaged 19% at 10 mg, 22% at 20 mg, 28%
30 mg, and 38% at 40 rug. The investigator cat

tioned that if one wished to increase the oral do

higher than 40 rug every 8 hours, such increast

should be very conservative and plasma coneei

trations should be monitored,""

Other Examples of Nonlinear Metabolism

Certain drugs display nonlinear pharmacokint
ics that are not consistent with Michaelis-Mcnt

-	 .1.,,,.c dkr,1v 1ic.dNwndent

timedcpendCnt pharruacokinetics rather than euro

central i on tPc5t pharroacokinctics.

0flcrlt ra tiope'n1t or Michalis-MCnten

kinetics means that clearance decreases with in-

creasing drug concentration however, drug clear-
ance at a given drug concentration is the same

whether a high or tow dose is given.

DosedCPend 1 kinetics implies that clearance

changes with dose rather than concentration. For

example. clearance of acetarmnophen from the
blood at any concentration is lower following a
toxic dose than after a therapeutic dose. This occurs
because high doses of acetanunopheli cause hep'

atotoxicity, which reduces the liver's ability to me-

tabolize the drug.
Dosc . dependcfl t kinetics have also been found

in laboratory animals with doses of acetaminophen

that do not cause hepatotoXicitY. The underlying

mechanism invokes depletion of the sulfate pool

in the body, which is only slowly restored. Sulfate

conjugation plays a principal role in the elimination

of acetaminophen a reduction in the rate of acet-

arurnophen sulfate formation reduces the overall

rate of elimination of the drug.
Product inhibitiofl of drug metabolism call

produce dosc . dependent kinetic. '° Studies in lab-

oratory animals ssith phenytoin and phenylbuta-

zone indicate that certain hydroxylated metabolites

can inhibit ilie metabolism of their precursors. In
man, however, evidence of product inhibition is

scant possibly because safety considerations limit

the administration
 ofrug metabolites. Diazepam.

howevr , provides an opportUtY for investigation

because several of it metabolites are used as drugs

in their own right. It has been found that nordi-

uzeparn inhibit the inetabohisill of diazepam.'°

•	 Unusual, nonlinear pharmaCokinetie character-

-	 istics have also been observed with nitroglycer in. ""

As nitroglycerin iv infusion rates were increased

y	 from 10 to 40 1ig/niin, the steady-state concentra-

d	
tion in plasma increased disproportionately, from

t	
0.4 to 4.2 ng/ml. However, when the infusion rate

i-	 was then decreased to 10 Vg/min, steady-state con-

e	 centratiOnS of ni troglycerin were always higher

s	 duringthe secund 10 .cg/min.iifusi 00 than during

a- the first 10 p.gfinin infusion. Oil steady-
state levels were 1.0 ng/rrtl during the second low-
dose infusion compared with 0.4 nglml (luring the

first.

t-	
The investigators pointed out that high concen-

en	
trations of the dinitrate metabolites accumulate

or	
after administration of nitroglycerin. These high

kinetics.	 ricse ui,..
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metabolite levels may inhibit the clearance of the
parent drug (end-product inhibition). Alterha-
tively, capacity-limited binding of nitroglycerin to
blood vessels at or near the infusion site would also
explain the unusual results."'

Time-dependent kinetics means that the clear-
ance of the drug changes with continuous admin-
istration of the same dose, whether or not there is
significant accumulation of the drug on multiple
dosing. For example, the elimination of diazepam
is slower after multiple dosing than following a
single dose. 106 This change in clearance appears to
be a consequence of the considerable accumulation
of nordiazepazo on multiple dosing of diazepam
and of nordiazepam's ability to inhibit the metab-
olism of diazepam."-'

Time-dependent pharmacokinetics is also ob-
served with drugs that stimulate their own metab-
ol i sm., The steady-state concentration of drugs with
linear pharmacokinctics can be predicted from data
obtained after a single dose because clearance is
assumed to remain constant throughout treatment.
if a drug is subject to autoinduction, however,
clearance is higher after multiple doses than fol-
lowing a single dose. Studies with the anticonvul-
sant carhamazepine illustrate this point."",

Carhamazepine was given to patients as a single
orat dose; 1 week later the patients received the
drug 3 times a day for 2 to 3 weeks. The half-life
of carharnaiepine was shorter in all patients after
multiple doses (21 hr, on the average) than after
the initial single dose (36 hr, on the average). The
average steady-state concentration predicted from
the single dose data was higher (17 pg/ml) than

the steady-state levels observed during treatment

(8 pglcnl). The results are consistent with self-
induction of microsomal enzymes; the clearance of
carbamazepine doubles on repeated dosing. Similar
results have been observed in the rhesus monkey
during constant rate intravenous infusion of car-
bamazepine (Fig. 11-7).109

lucre is also evidence that salicylate metabolism
is autoinduced. 101 Healthy subjects receiving 19 g
aspirin per day show maximum salicylate concen-
trations in plasma after about 4 days; thereafter,
salicylate levels decline by about 25 to 30% despite
a constant daily dose, The results may be a con-
sequence of self-induction of a metabolic pathway
(e.g., salicylurate formation).°°

Another kind of time-dependent pharmacoki-
netics, as yet unexplained, has been observed with
certain drugs having no obvious similarities in
chemical structure but sharing the common char-
acteristic of a high hepatic clearance; each of these
drugs shows a large first-pass effect after oral ad-
ministration because of presystensic hepatic me-
tabolism. Propranolol accumulates during con-
tinued oral administration to a greater extent than
predicted from its half-life and area under the curve
(AUC) after a single oral dose.°' Presystemic ex-
traction decreases from 78 1/il after a single dose to
66% at steady state following 80 mg given every
8 hr. Jo othet words, the systemic avaiiability of,
proprunolol increases from 22 to 34% during mul-
tiple dosing; steady-state levels are about 50%
greater than expected.

During chronic oral treatment of hypertensive
patients with labetalol, an ,-adrcnoceptor block-

days

Fig. 11-7. Carbamazepine concentrations in serum (pngJmI) in a monkey during constant rite intravenous infusion of the
drug. (Data from Pitlick. W.-I., and Levy, RF11)
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ing drug, observed mean steady-state levels in pa-

tients were almost twice those predicted from 

single oral dose.'° Unexpected accumulation at

steady state has also been observed with the an-

algesic propoxyphcne.'°
In patients with atrial fibrillation, oral and intra-

venous single dose studies with verapamil, a cal-

cium channel blocker, indicate that only 35% of

the oral dose is available; about two thirds of the

dose is subject to first-pass hepatic metabolism.

The first-pass metabolism of oral verapaniil de-
creases considerably on multiple dosing; mean ver-

apamil concentration in plasma at steady state was

nearly twice the value predicted from the single-

dose studics.°41°
Nonlinear accumulation of verapamil does not

occur on intravenous administration. Steady-state

concentrations of verapantil following constant-

rate intravenous infusion were similar to those pre-

dicted from single-dose intravenous studies. ° 4 On

the other hand, the antiarrhythinic drug lidocaine,

which is also subject to a large first-pass effect on

oral administration, does show clinically signifi-

cant, nonlinear accumulation during continuous

constant-rate intravenous infusion. 16'

Some believe that the decline in lidocainc clear-

ance during continuous intravenous infusion may

be related to inhibition by monoethylglycinexyli-

dide (MEGX), a metabolite of I idocaine In support

of this hypothesis, investigators in Scotland found

that the clearance of lidocaine when given with

MEGX decreased front 970 mllmin to 800 ml!

min.
The nonlinear phannacokinetics of drugs subject

to first-pass hepatic metabolism presents a confus-

ing picture at this time. Not all drugs display this

characteristic. For example the antidepressant nor-

triptyline, which is subject to significant presys-

temic hepatic metabolism, accumulates in a highly

predictable manner on multiple oral dosing.119

Some drugs (e.g.,erapaniil) show nonlinearity on

oral dosing but not on intravenous dosing. Lido-

caine shows nonlinear accumulation on intravenous

dosing, but has not been studied on oral dosing.

Saturation of a high affinity, low capacity enzyme

system or binding site in the liver may explain some

of the results, but more than one mechanism is

likely.

Exrahepa tic Metabolism

Many tissues other than the liver contain micro-

sornal and soluble drug metabolizing enzymes, but

for the most part their role in drug di sposit ion is

poorly understood.
The liver seems to be the only consistcntly ins-

poriant organ for drug metabolism, as it relates to

the elimination of drugs from the bod. The drug

metabolizing activity of certain organs, including

the skin, the gut, and the lungs, is of general in-

terest, however, because their anatomic position

permits them to exert a kind of first-pass effect that

limits drug availability to sites of pharmacologic

effect.
The epidermis can carry out several metabolic

reactions including glucuronide conjugation. There

is evidence for the cutaneous metabolism of adrenal

steroids, hydrocortisone, and fluorouracil. Recent
in vitro studies indicate that the antiviral drug vi-

dajabine is extensively metabolized in skin. 00 Drug

metabolism in skin could decrease the potency and

duration of effects of topically applied drugs in-

tended to act locally, or produce a first-pass effect

for drugs intended for systemic effects.

The most important extrahepatic site of drug me-

tabolism is the gastrointestinal tract. Certain (lrug

may be extensively conjugated after oral admin-

istration by enzymes in the intestinal epithelium.

The consequence of this presystcmic metabolism

is incomplete bioavailahility.

Intestinal metabolism explains why isoproter-

enol is 1000 times less active after oral than after

intravenous administration, despite the fact that
there is little difference in the total urinary recovery

of drug-related material after equal intravenous and

oral doseof radiolabeled drug. Oral administration
of isoproterenol in man produces a pattern of me-

tabolism that differs markedly from that seen after

intravenous dosing - After intravenous dosing,

unchanged isoproterenol accounts for more than
60% of the urinary radioactivity; the remainder is

present as free or conjugated 3-0-methyl isopro-

terenol, In contrast, the major metabolite in plasma

and urine after oral administration is a sulfate con-

jugate of isoproterenol that is formed in the intes-

tinal wall.
Similar differences in metabolic pattern in man,

as a function of route of administration, have been

reporsed for terhutaline. 112 After intravenous ad-

ministration, unchanged terbutaline accounts for 70

to 90% of the urinary radioactivity. The remainder

is present as a sulfate conjugate of terbutaline. On

the other hand, the sulfate conjugate accounts for

about 70% of drug-related material in the urine

after oral administration. Sulfate conjugation in the
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gut wall during absorption of terbutaline is a likely
explanation for this difference.

Drug metabolism studies in man suggest that at
least two other bronchodilator drugs are metabo-
lized in the intestine after oral administration. A
sulfate conjugate accounts for about 50% of the

total urinary radioactivity after oral administration
of rimiterol but for only 2% after intravenous ad-
ministration."' A similar difference with respect
to the extent of formation of sulfate conjugate after
oral and intravenous administration has been found
with isoetharine.'

Albuterol (salbutamol), the most widely used
bcta2 agonist in the world, is also subject to gut
metabolism after oral administration.' 25 After iv
administration of albutérol, urinary excretion of
unchanged drug accounts for 64% of the dose and
the sulfate conjugate accounts for 12%. With oral
administration, bioavailability was 50% and uri-
nary excretion of unchanged drug and sulfate con-
jugate accounted for 32% and 48% of the dose,
respectively. The incomplete bioavailability sug-
gests that oral albitterol is subject to presystemic
metabolism. The markedly different composition
of drug-related material after iv and oral albuterot
suggests that presystemic metabolism occurs in the
gastrointestinal mucosa.
• The low plasma morphine levels observed in
man after oal administration ompared to those
that result from parenteral administration are prob-
ably due to the rapid conjugation of the drug with
glucuronic acid in thn ce!ls of the intestinal mucosa
during absorption. 126

The relatively high activity of -glucuronidase
in the intestine may contribute to the duration of
effect of drugs that undergo biliary secretion in the
form of, glucuronide conjugates. The conjugates
may be hydrolyzed, thereby promoting reabsorp-
tion and enterohcpatic cycling of parent drug.

Esterases in the intestine appear to contribute to
the less than complete bioavailability of aspirin
after oral administration. 121 These enzymes may
also be important for the bloactivation of drugs that
are given in the form of ester prodrugs.

The intestinal flora in the distal small intestine
and colon metabolize certain poorly absorbed drugs
or drugs that are subject to biliary excretion. In-
trst.,,a 1.: : . r i mportant role in the me-
tabolism of sulfasalaLir,c in man. 128 The drug con-
sists of 5-arninosalicylate in azo linkage with
sulfapyridinc (see Table Il –I). On oral adminis-
(ration, sulfasalazinc is partially absorbed during

A	 B

Fig. 11-8. Urinary excretion of sulfasatazine (shaded
area) and its metabolite sulfapyridine (open area) in a pa-
tient before (A) and after (B) cotectomy. (Data from
Schroder, H., Lewkonia, R.M., and Price Evans, D.A.128)

its transit through the small intestine and is excreted
unchanged in the urine. The unabsorbed portion of
the dose enters the cecuni and colon where the
molecule is cleaved at the azo linkage by bacteria.
Most of the sulfapyridine thus formed is absorbed
and subsequently metabolized. The fate of the
5-aminosalicylate moiety is probably similar. The
cleavage is believed to be essential for the thera-
peutic effects of the drug, to liberate 5-arninosal-
icy late.

The importance of microflora metabolism in the
intestine to the disposition of sulfasalazine is evi-
dent from the results of studies in a patient before
and after total colectomy (Fig. 11-8). The excre-
tion of unchanged sulfasalazinc its urine was un-
affected by the surgery. The effect on sulfapyri-
dine, however, was dramatic; its excretion in urine
decreased from about 50 to 3% of the dose, 129 It
is also likely that far less 5-aminosalicylate was
formed in this patient.

Sulindac is a nonsteroidal antiinhlammatory drug
that undergoes conversion to a sulfide compound,
which is 5 times more potent than sulindac, and
an inactive sulfone. Studies in ;.ticnt w-. sur
gical ileostonsies suggest that gut microtiora ac
important for the reduction of suli ndac to sulfide.
It appears that about 50% of the active sulfide me-
tabolite found in normal subjects given sul,ndac is
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formed by gut bacteria mostly from sufindac ex-

creted in the bile.
Of late, there has been considerable interest in

the metabolism of drugs by the lungs. Since the

lungs are perfused by the entire blood supply, even

a relatively low degree of drug metabolism activity

could make an important contribution to the overall

disposition of a drug. The unique anatomic location

of the lungs means that drug metabolizing activity

could result in a first-pass effect for drugs given

intravenously, with respect to the arterial circula-
tion and Sites of pharmacologic effect. In other

words, the area under the drug concentration in

arterial blood versus time curve may be greater

after intra-arterial administration of drugs subject

to lung metabolism than after intravenous admin-

istration. Direct administration of drugs to the

lungs may avoid this first-pass effect. Drug mc-

tabolistri by the lungs has been reviewed by
Brown,"' and more recently by Roth and

Wiersma.°2 The contribution of lung metabolism

to the clearance of drugs from the blood has been

clearly presented by Collins and Dedrick and as-

sociates.°3°1
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