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Pharmacokinetic Variability--

Drug Interactions

Antagonism or potentiation of the effects of one
drug by another is a well-known phenomenon. We
are now an are that in many cases these drug-drug
interactions have a phamacokinetic rather than
pharmacologic basis. The absorption. distribution,
excretion, or metabolism of a drug may be affected
by the concomitant administration of a second
drug, leading to differences in clinical effects.

Few topics in clinical pharmacolo gy have at-
tracted more attention than drug-drug interactions
that may result in a loss of therapeutic effectiveness
or an increase in adverse effects. Thousands of
experimental, clinical, and epidemiologic studies
have been reported. Hundreds of review articles
on interactions between drugs have appeared, and
more than a dozen books as well as a newsletter
have been devoLed to the subject. Many of these
contributions contain important and useful infor-
mation that increases our understanding of the
mechanisms and clinical consequences of drug in-
teractions.'-9 On the other hand, some lack criti-
cality and a clinical perspective.

The clinical problem presented by interactions
between drugs has been vastly overestimated by
some authors. In fact, only a relatively small num-
ber of the thousands of drug interactions listed in
some published compilations are of clinical sig-
nificance. Of these, most are predictable and pre-
ventable, usually by appropriate dosage adjust-
ment, and few are potentially disabling or life
threatening.

Although drug interactions probably contribute
less to the total incidence of iatrogenic disease than
some authors have suggested in the past, this does
not minimize the hazards of multiple drug therapy.

Epidemiologic studies demonstrate that the rate of
adverse reactions to drugs increases from 4.2%
when 5 or fewer drugs are given to 45% when 20
or more drugs are prescribed. 10 Another investi-
gation, based on more than 10,000 patients hos-
pitalized on a general medical service during a 5-
year period, found that the average number oIdrugs
received during hospitalization by each patient was
7.9, but the average number of drugs received by
patients who experienced an adverse drug reaction
was 13.4. 1 ' The adverse reaction rate was 4% in
patients receiving 5 or fewer drugs, 10% in patients
receiving 6 to 10 drugs, 28% in patients receiving
11 to 15 drugs, and 54% in patients receiving 16
to 20 drugs.

The risk of clinical consequences from drug-drug
irieractions is higher with some drug categories
than with others. This is evident in Figure 14-1,
which shows the percentage of hospitalized pa-
tients, categorized by drug group, who experienced
adverse drug reactions." Patients receiving anti-
coagulant or antihypertnsive drugs were at a much
greater risk than patients receiving other kinds of
drugs. Of nine drug categories, the anticoagulants
and antihypertensives were the only two for which
the occurrence of adverse reactions increased sig-
nificantly when the number of different , drugs re-
ceived by patients increased (Fig. 14-2).

Koch-Weser and.Grecnblait proposed that clin-
ically important drug interactions rarely involve
drugs other than oral anticoagulants, cardiac gly-
cosides, antiarrhythmics, sympathomimetic
aniines, anti hypertensives, anticonvulsants, oral
hypoglycemics, or cytotoxic drugs.' Common
manifestations are hemorrhage, cardiac arrhyth-
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Fig. 14-1. Percentage of hospitalized patients, categorized by drug group, who experienced adverse drug reactions. (Data

from May, FE., Stewart, RB., and Cluff, L.E.11)
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Fig. 14-2. Effects of the total number of drugs received
by the patient on the percentage of patients experiencing
an adverse drug reaction to a specific drug group. Key (SI
arrt i hyperterisives; (0) anticoagulants; (0) other drug
groups (including analgesics, antacids, antiarrhythmics
anti-inflammatories, antimicrobial agents, diuretics, and
sedatives-tranquilize rs) . (Data from May, FE., Stewart,

RB., and Cluft, LE")

mias, severe hypertension or hypotension, con-
vulsive seizures, or hypoglycemia. These are the

interactions that prescribers should be made aware

of.
This chapter largely concerns interactions be-

tween drugs and. to a small extent, drug interac-

tions with environmental chemicals. Eriiphasis is

given to the nieehariisrflS of interaction and to clin-

ically important interactions.

DRUG ABSORPTION

Interactions that interfere with drug absorption

usually involve binding or chelation of drugs in the
gastrointestinal tract or effects on gastric emptying

or gastrointestinal motility.
One of the earliest reported drug-drug interac-

tions was that between tetracycline antibiotics and

antacids. Antacid drugs, pafticularly those con-
taining aluminum, markedly decrease the absorp-

tion of most tetracyclines by forming an insoluble
complex in the gastrointestinal tract. 2 The inter-

action is most pronounced when the drugs arc given

simultaneously.
Simultaneous administration of ferrous sulfate

also impairs the absorption of tetracycline, oxy-

tetracycline, nsethacycline, and doxycychimse, prob-

ably by means of a chelation mcchanis i n . No

interaction is observed when the iron salt is given

3 hr before or 2 hr after the tetracycline.

Since these early studies, coadministration of

antacids has been found to interfere with the tib-
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sorption of other drugs including indomethacin,'?
nitrofurantoin,' difiusinalu lluoride, a pheny-

tom, 19 and cimctidine.° Magnesium trisilicate re-

duces the absorption of nitrofurantoin by more than
50% . 16 These interactions are usually easily

avoided by administering the antacid some time

before or after the drug.
Sucralfate, a poorly absorbed complex of alu-

minuin hydroxide and sulfated sucrose, used for

treating peptic ulcers, interacts ith some drugs in

the gastrointestinal tract resulting in reduced ab-

sorption. One study found that concomitant ad-

ministration of 1 g sucralfate reduced the absorp-

tion of 300 mg phenytoin capsules by 20% as

measured by area under the curve from 0-48 hr.2'

Peak phenytoin levels were 3.7 .tg/ml when it was

given with placebo and 2.9 .Lg/ml when given with

sucralfate.
More recently, the effect of sucralfate on the

absorption of oral norfioxacin, a quinolone anti-

bacterial agent, was evaluated. On each occasion,

subjects were given 400mg norfioxacin alone, with

I g sucralfate, or 2 hr after I g of sucralfate. When

sucralfatc was given concurrently. the bioavail-

ability of norfioxacin was less than 2%. Admin-

istration of norfioxacin 2 hr after sucralfate resulted

in a smaller but nevertheless substantial interaction.

Bioavailabilit y was 55 to 60 relative to the ad-

ministration of norfioxacin alone.
Aluminum- and magnesium-conlaining antacids

also dramatically decrease the absorption of nor-

fioxacin and other oral quinolones. In each case.

the mechanism appears to involve an interaction

of the heavy metal ion with the quinolone nucleus,

perhaps resulting in an insoluble complex. Con-

sidering norfioxacin concentrations in urine and

minimum inhibitory concentrations (MICs) for rel-

evant bacteria, the investigators concluded that ad-

ministration of nortloxacin with antacids or su-

cralfate is likely to result in treatment failure for

urinary tract infections. The investigators also

pointed out that although the interaction with so-

cralfate "has not been studied with all quinolone

antimicrobial agents. one would expect it to occur

with all members of this class.'
Absorption may also he reduced when drugs are

given with adsorbents, such as kaolin or bismuth

ubsalicylate, or ion exchange resins, such as cho-

lestyramine or colestipol. Antidiareheal mixtures

containing kaolin impair the absorption of
lincomycin 2t and promazine.' Concomitant ad-

ministration of 2 oz of a kaolin-pectin mixture re-

duces the absorption of digoxin by 40%. 11 Oral

coadministration of a bismuth subsalicylate anti-

diarrhcal mixture reduced the absorption of

tetracycline 2l and doxycycline2 ' by about 35 to

40%. A multiple dose regimen of bismuth subsa-

licylate mixture, typical of usage in traveler's di-

arrhea, reduced doxycycline absorption by about

50%.27

lois exchange resins are now used for the treat-

ment of elevated plasma cholesterol or bile acid

levels. They are not absorbed but exert their effects

by binding bile acids in the intestine, preventing

their reabsorption. These resins also bind certain

anionic and neutral drugs in the intestine and are

known to interfere with the absorption of

anticoagulants" and thyroxine.29

Brown et al. 90 gave either two 0.25 mg digoxin

tablets or two 0.20 digoxin soft gelatin capsules

(containing a nonaqueous solution of the drug)

once a day, alone or with cholestyramine, 8 g once

daily, to healthy adult subjects. Bioavail ability was

det&mirsed front steady-state 24-hour area under

Elie serum concentration-time curve (AUC). The

AUCs for tablets alone and with cholestyraminc

were 32.8 and 22.4 ng-hr/ml, respectively, while

corresponding values for capsules were 31.7 and

24.7. Cholestyramine administration with digoxin

tablets pro4uccd a 32 7e decrease in mean digoxin

AUC, whereas a 22% decrease was measured when

the resin was given with digoxin capsules. These

differences suggest that digoxin capsules, the more

rapidly dissolving form of digoxin, are perhaps less

prone to drug interactions than digoxtn tablets.

Certain drugs are metabolized in the gastroin-

testinal tract and only a fraction of the dose reaches

the systemic circulation. Slow absorption, resulting

from impaired gastric emptying, could result in a

g reater fraction of the dose undergoing metabolism

in the gut and in a lower bioavailability. This mech

anism may explain the effects of drugs with anti-

cholinergic activity on the absorption of levodopa.

Iniipramine° and trihexyphcnidyP 2 have been

found to significantly reduce the bioavailability of

levodopa in healthy human subjects. Concomitant

administration of trihexyphenidyl with levodopa,

a likely combination, may decrease the efficacy of

levodopa.
Anticholinergics and other drugs that reduce gas-

tric emptying usually decrease the rate but not the

extent of drug absorption. Drugs, such as cimeti:

dine, that reduce gastric acid output may decrease
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able 14-1. if feet of Antibiotic ilicrapy on Steady-
late Dreoxin Concentrations in Scruns°

Scrutil digotin concentrat ion (ngrnh)

Subject no.	 Control period	 Antibiotic period

1	 0.72	 1.03
2	 0.76	 1.33
3	 0.37	 0.10

'Data from 1.indenhaunt, 3.. ci al.'

he solubility of certain basic drugs in the stomach

end impair absorption.
A particularly interesting interaction has been

reported between digoxin and certain antibiotics.3
Oral di-oxin is slowly absorbed; a considerable

fraction of the dose may reach the lower intestine
where it is reduced to inactive metabolites by the

bacterial flora, Bacterial metabolism limits the bio-
availability of slowly dissolving preparations of di-

goxin in many patients and that of rapidly dissolv-

ing products in a much smaller number of patients.

About 10% of patients receising conventional oral

digoxin tablets metabolize more than 407c of the

dose to cardioinactivc compounds in the lower in-

testine.
Certain oral antibiotics, including tetracycline

and erythromycin, alter the bacterial flora and de-

crease the inactivation of digoxin. 33 Table 14-1

shows steady-state serum levels of digoxin before
and during treatment with oral antibiotics. Digoxin -

levels were increased 43 to 116% by antibiotic

treatment. It is possible that therapy with antimi-
crobial agent! in certain patients occasionally pre-

cipitates digoxin toxicity.
Not all antimicrobial agents affect digoxin ab-

sorption in this manner; in fact, treatment with

neomycin or sulfasalazinO5 reduces the bioavail-

abi!ity'ófdigoxin. When neomycin was given with

maintenance doses of digoxin, steady-state serum

digoxin concentrations were reduced, on the aver-

age, by 30%.31 Similar effects on digoxin absorp-

tion have been observed after a 6-day treatment

with sulfasalazine ' The mechanisms of these ef-

fects are not known.

Another interaction for which the mechanism is

obscure is that observed with griseofulvin and

phenobarbital. 36 Phenobarbital has no effect on the

distribution or elimination of griscofulvin; how-

ever, phenobarbital reduces the plasma levels of

griseofulvin and also reduces the cumulative uri-

nary recovery of its principal metabolite, suggest-

ing that phenobarbital interferes with the absorption

of griseofulvin. A similar interaction has been re-

Fig. 14-3. Captopril concentrations in blood after a single
100-mg oral dose to fasted (S) and fed (0) healthy sub-
jects. (Data from Singhvi, SM., et al.')

ported to occur between heptabarbital and dicu-

maro(.'
The effect of food on drug absorption has been

'considered in Chapter 3. In some cases, adminis-

tration of a drug after a meal may seriously reduce

clinical efficacy. The salivary suppression pro-

duced by propariihcline is virtually abolished when

it is given immediately after a meat . 31 The relative

binavailability of lincomycin is reduced to about

60% when given I hr before breakfast and to about

20 1-/c when given immediately after breakfast, com-

pared to that observed after oral administration to

fasting subjects.....he bioavailability of captopril,

a potent angiotensin-converting enzyme inhibitor

used in hypertension is decreased 35 1040% after

a meal (Fig. 14-3)-0
A potentially dangerous situation may arise be-

cause of delayed absorption of hypnotic agents in
nonfasting patients. With the hypnotic capuride, a

42 min difference in onset of absorption has been

observed between fasting and nonfasting sub-

jects. 41 Failure to obtain early sleep could encour-

age additional doses and lead to toxicity.
Hydralazine blood levels were reduced almost

50% when the drug was given after a meal com-

pared with levels measured in fasting subjects.42

The higher blood levels in fasted subjects resulted

in a greater change in mean arterial pressure

(MAP). The maximum fall in MAP was 18 mm

I Ig ill fasted sitbjects compared with 11 ruin rug in

subjects taking hydralazine after breakfast.

Food, particularly high-fat meals, have been

found to have a profound effect on theophylline

absorption after oral administration of some pro-

l	 I
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longed . relea.e products. Both increased and (IC-

creased absorption have been reported depending

on the product.
The unexpected and dramatic increase in the re-

lease rate of theophylline from a once a day product
(Theo-24) when it was given with a high-fat meal

Sent regulatory agencies scrambling to revise

guidelines for approval of prolonged-release prod-

ucis. In the US, a single-dose food study is now

required as part of the submission for all controlled-
release products.

Theo-24 is incompletely absorbed in fasted sub-

jects. A high-fat meal not only increases the extent

of absorption, but also dramatically increases the

rate of absorption. About half the daily dose is

absorbed over a 4-hr period, giving rise to exces-

sively high blood levels of theophylIine

Another slow-release product. Theo-Dur Sprin-

kle, specifically developed for pediatrics, is well

absorbed in fasted subjects but bioavailability de-

creases by more than 50% when it is taken after a

heavy brcakfast,' A comprehensive review of food

interactions with prolonged-release theophylline
preparations is aailable.41

A meal may also have large effects on the ab-
sorption of drugs given in single-unit enteric-coated

dosage fonos. The mean time to a measurable

plasma concentration of salicylate (la g time) after
administration of enteric-coated aspirin tablets was

2.7 hr in fasted subjects and 7.9 hr when the tablets

were given 30 min after breakfast, followed 4 hr

later by lunch. A 5-hr difference was also ob-

served in the time to peak salicylate concentration

in plasma. No effect was noted on the total amount

of aspirin absorbed from enteric-coated tablets.

Under these conditions, gastric residence time

(GRI), determined by a radio-telemetric device
called a Heidelberg capsule, was 0.8 hr in fasted

subjects and 5.9 hr in fed subjects. Female subjects

had a significantly longer GRT than mate sub-

jects. A strong (r = 0.94) correlation was ob-

served between lag times of aspirin from enteric-
coated tablets and GRTs.

In all cases, the lag time was greater than the

GR1', cohsistent with the idea that the enteric coat-

ing remains intact in the stomach and a finite time

in the small intestine is needed for the Coating to
disrupt and release aspirin. The average time for

dissolution and absorption of enteric-coated aspirin

after entering the small intestine (i.e., the lag time

minus GRT) was about 2 hr for both fed and fasted
subjects. The time to reach a peak level of salicylate

after gastric emptying was also independent of

feeding status.

These studies confirm long-held beliefs that most

of the variability in lag time following administra-

tion of enteric-coated 'tablets can be explained by

differences in gastric residence time. Mojaverian

et al. concluded that "marked delays in the ab-

sorption of aspirin from enteric-coated tablets may

be observed when they are consumed with food.

This effect is particularly pronounced in women."

DRUG BINDING IN PLASMA

Competition between drugs for common binding

sites on plasma proteins is an almost ubiquitous

drug interaction. Mefenaniic acid, ethacrynic acid,

nalidixic acid, and diazoxide, 41 as well as phen-

ylbutazone, thyroxine, sulfaphenazole, and clofi-

brate;° significantly displace warfarin from human

serum albumin. Toihutamide, indoineihacin, and
sulfamethoxypyridazine competitively inhibit the

binding of phenylbutazone to serum aibumiri511

Various fatty acids displace both phenlbutazone

and sarfarin from human albumi p .° Salicylic acid,
sulfisoxazole, and phen) Ibutazone, at concentra-

tions that are observed clinically, decrease phen-

stoin binding to plasma proteins. Man y more ex-
amples can he found in the literature.

These interactions between drugs usually pro-

duce considerable pharmacokinetic changes with

respect to the drug that is displaced from plasma

protein binding sites, but they are rarely of clinical

importance. The following example may help to

understand the reason for this.

A patient who has received drug A for a hng

period is now also given daily doses of drug B,

which competitively inhibits the binding of A to

plasma proteins. If the elimination of drug A is

rate-limited by the intrinsic ability of the elimi-

nating organs to clear it. rather than by renal or

hepatic blood flow (HBF). the clearance of A from

the blood or plasma will increase because of the

increase in the fraction unbound. Therefore, the

plasma le\'els of total A (bound and unbound) will

decrease until a new and lower steady-state con-

centration is established. At the new steady-state,

the free concentration of A is the same as the free

concentration at the original steady-state, before
treatment with drug 13 was initiated. It is conceiv-

able that during the period front one steady-state

to another, free drug level may be transiently el-

evated but this does not seem to he an important

event.
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	This situation is almost the same as that de-	 c

scribed in Chapter 13 for the consequences of dis-

	

ease-related impairment of drug binding. It applies	 5

only when drug B simply displaces drug A from

binding sites in the plasma but has no effect on the

intrinsic clearance of A. Therefore, displacement
interactions should be of little clinical significance.

Although the total levels of A in the plasma are
depressed when the two drugs are given together,

there is no need to change the dosage of drug A

because free levels are unchanged.°
Addition of valproic acid to an existing drug

treatment regimen in epileptic patients results in a

substantial fall in steady-state serum levels of phen-
ytoin. One study found that phenytoin levels de-

cline from-about 20 to 15 1ig/ml. '[his is a result

of displacement of phenytoin from plasma proteins

by vaiproic acid. Unbound phenytoin increased
from 9% in patients on phenytoin alone to 13 to

19% in patients with vaiproic acid levels less than

90 1gIm1 and to greater than 207c in patients with

vaiproic acid levels exceeding 90
Decreased binding also results in an increase in

the clearance and apparent volume of distribution

of phenytoin." However, free phenytoin con-
centrations remain unchanged in the presence of

valproic acid, despite the reduction in total phen-

ytoin levels. 16 There is probably no need to adjust

phenytoin dosage when vaiproate is added to the

treatment regimen.
The effect of high-dose aspirin on the disposition

of tenoxicam, a nonsteroidal antiinflammatorY drug

(NSAID) related to piroxicaill, was studied in

healthy human subjects. 57 In one study, subjects

were given a single dose of tenoxicam, followed
by a course of aspirin treatment; toward the end of

the aspirin treatment period, a second dose of tcn

oxicam was given.
Aspirin was associated with a decrease in the

half-life and with increases in the apparent volume

of distribution and clearance of tenoxicam. Mean
clearance was 97 nil/hr during the control period
and 191 nil/hr during aspirin treatment. These

changes suggested a competitive protein binding

interaction between salicylate and tenoxicani.

Binding studies indicated that percent unbound ten-

oxicain increased from 0.56% in the absence of

aspirin to 1.24% in the presence of aspirin.

Although nearly all agree that pure plasma pro-

tein displacement interactions may be safely ig -

nored the chloral hydrate-warfarin interaction is

frequently cited as an cxCcptIufl to this rule. Tr'-

hloroaCCtiC acid (TCA). a major metabolite of

Moral hydrate, displaces warfarin from its binding

ites on plasma albumin. Sellers and Koch-Weser
iavc concluded that this displacement results, for

a short time, in elevated plasma levels of unbound
warfarin, thereby increasin^o the anticoagulant ac-

tivity of warfarin.
Administration of chloral hydrate to subjects on

warfarin has been reported to increase its hypo-

prothrombinemiC effect by 40 to 80%. 11 Triclofos,

a hypnotic that also forms TCA, similarly prolongs
prothrombin time in patients on chronic anticoag-

ulant therapy with war1arin.9
Data from a comprehensive drug surveillance

program were analyzed to detennine the clinical

importance of the interaction between chloral hy-

drate and warfarin. iO Patients receiving continuous

chloral hydrate therapy required significantly less

warfarin (15.4 mg vs 22.3 mg) during the induction

phase (second to fourth days) of anticoagulation
than those receiving no chloral hydrate. Patients

given occasional chloral hydrate required an inter-

mediate dose of warfarin. All patients received a
similar loading (lose of v,arfarin on day 1 and sim-

ilar maintenance doses from the fifth day onward.

The results indicate that the interaction between

these drugs is important; to prevent excessive
hypoprothrOmbinem, temporary reduction in

warfarin requirement should be anticipated when

chloral hydrate therapy i fegun.

DRUG EXCRETION
The renal excretion of a drug may be affected

by a coadrninistcred drug that modifies urine pH.

and thereby suppresses or promotes tubular reab-

sorption, one that interferes, competitively or non-
competitively, with tubular secretion, or one that

alters glomerular filtration rate (GFR) or renal

blood flow: Biliary excretion of a drug may be

affected by a coadministcred drug that inhibits

transport in the hepatobiliary system or one that

modifies bile flow rate.

Urine pH

The effects of urine pH on drug excretion have

been discussed in Chapter 11. Changes in urine ph

may be the result of certain diseases, dietary fac-

tors, or simultaneous administration of certain

drugs. The ability of ammoniumil chloride to acidify

wad of sodium bicarbonate to alkalinize urine is

well known; these materials are used in studies on
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the renal excretion of drugs to clarify renal excre-

tion mechanisms.

Regular administration of usual doses of com-

monly used antacids can also affect urine p1-161

Magnesium hydroxide (Milk of Magnesia) and cal-

cium carbonate suspensions increased urine pH by

0.4 to 0.5 U. on the average, whereas aluminum-
magnesium hydroxide suspension increased urine

pH by an average of 0.9 U. Such elevations are

sufficient to significantly alter the elimination of

drugs such as saitcylate or amphetamine.

Steady-state salicylate levels have been com-

pared in subjects receiving aspirin or aspirin and

sodium hicarhonatePr With aspirin alone, urine pH

ranged froni 5.6 to 6.1 and plasma salicylate con-

centration averaged 27 mg/dl. With aspirin and

sodium bicarbonate, urine pH ranged from 6.2 to

6.9 and plasma salicylate concentration averaged

only 15 mg/dl. The average difference in urine p11

between studies was less than I U.

In another study, designed to determine if the

commonpracticc of giving antacids to patients on

satieylatc therapy has an effect on serum salicylate

concentration, aluminum-magnesium hydroxide

get ss as given with aspirin to 3 children with rheu-

matic fever. 0 Urine pH increased and serum salie-

ylate concentration decreased by 30 te' 7D.

The hazards of unanticipated changes in urine

pH inpatients receix rug intensive sali--% late theiap

are considerable. A salievlate dosa g e regimen

yielding plasma concentration of 20 to 30 mg/dl in

a patient with a urine pH of 6.5 is likel y to produce

plasma concentrations more than twice as high, and

therefore in the toxic range, when urine p1-I de-

creases to about 5.5. Appropriate precautions are

necessary, particularly in patients who may not

recognize the typical symptoms of saitcylisni.

Patients receiving amphetamine or related drugs

may also be placed at risk by relatively small

changes in urine plI The time course of amphet-

amine psychosis and amphetamine level in the

plasma in amphetanninc-depc ride nt patients are

shown in Figure 14-4." Patients s tb alkaline

urine had intense psychoses lasting more than 3

days after the last dose of amphetamine.

Probenecid
Probenecid is an old drug, indicated for the long-

term management of patients with elevated uric

acid levels associated with gout. Probenccid pro-

motes the excretio'n of uric acid by blocking active

reahsorption in the tubules it also blocks the t u -

hular secretion of other weak acids. Prohenecid

decreases the renal clearance of many drugs, in- -

eluding penicillins, cephalosporins, dapsone, rif-

arnpin, nitrofurantoin, sulfonamides, and thiazide
diti rot ies.

Methotrexate, an important drug for the treat-

ment of neoplastic diseases, is largely eliminated

by renal excretion; renal clearance accounts for

about 957c of the total plasma clearance of the drug.

Administration of prohenecid reduces the renal

clearance of nnethotrexate, from 108 to 69 ml/ruin,

and prolongs 
and enhances serum methotrexate

concentrations. ,-' Smaller doses of methotrexate

may he given with probeneeid to achieve the same

serum concentrations as when methotrexate is

given alone. It may be possible to reduce the cost

of treatment with methotrexate without decreasing

its efficacy. This may also be true for sonic of the

newer and costly antibiotics
Because of its effect on renal excretion, proben-

ecid is indicated as an adjunct to penicillin therapy

and is used as an adjunct to cephalosporin antibiotic

therapy. Prohenecid is used primarily when high

antibiotic levels in plasma and tissues are requited

(e.g.. in the treatment of gonorrhea).

An inineresting interaction has been reported be-

tween probe necid and cefm naxone. 0 The phanna-

cukinemics of ceftriaxone are unusual because its

ptama prutc in binding is concentration-dependent

oser the concentration range resulting from ther-

apeutic doses. The percentage of free celtriaxone

in plasma increases from 4'c to about 174 with a

change in total plasma concentration froin 0.5 to

300 ggfml.
On the average, about half of an iv dose of cef-

trilixune is excreted unchanged in the urine. But

urinary excretion is variable and may range from

30 to 65 of the dose; the rest is excreted in the

bite. Suspecting that tubular secretion and active

biliary excretion played a rule in the elimination

of ce[triaxone - Stuckel et al studied the effects of

prubcneeid on its pharmacokinetics.
Unexpectedly. concurrent administration of pro.

benecid increased the clearance of total (bound -I

unbound) celtriaxone from 0.24 to 0.31 rnlonuiiikg

and decreased its half-life front 8.1 to 6.5 hr. That

probcnecid atso inhibited the elimination of cef-

triaxonc was c ident from kinetic parameters based

on free (unbound) ceftriaxone. Probenecid de-

creased the renal clearance of unbound ceftnaxone

[rum 2.1 to 1.7 nil/ruin/kg and the nonrenal (bili-

try) clearance front 2.8 to 1.9 mI/nun/kg.
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Fig. 14-4. Time course of amphetamine psychosis in patients mith acid (pH 5.0 to 6 CO and alkaline (pH 6.5 to 7.1)
urine, after a 150-mg oral dose. (Data from Anggard, E., et at.1

These findings suggested that probenecid sub-

stantially decreases the plasma protein binding of

ceftriaxone. In vitro studies revealed that proben-

ecid increased the average free fraction of ceftria;-

one in plasma from 0.050 to 0.087, nearly a 75%

change. Because the clearance of total ceftriaxone

is strongly dependent on the free fraction in plasma,

the substantial displacement of ceftri&xone from

plasma protein binding sites by probenecid explains

the increase in clearance of total drug even in the

face of decreased renal and bihiary clearance of

unbound drug.

Cimetidine
As noted in an earlier section of the text, at least

two transport systems have been characterized in

the proximal renal tubule: one that handles anions

and another that transports cations. The 'proben-

ecid interaction' is the classic example of an acid

drug inhibiting the tubular secretion of other acid

drugs. Our understanding of the mutual active

transport of basic drugs in the kidney, however, is

far less developed. The hypothesis that basic

drugs can compete for active tubular secretion was

evaluated in healthy subjects by comparing the

phannacokinetics of a single I g dose of oral pro-

cainamide before and during cimcdine adminis-

(ratiofl.
Cimetidine had a marked effect on the kinetics

of both procainamide and it active metabolite, N-

acetylprocainamide (NAPA). The total area under

the procainaniide concentration in plasma-time

curve was increased by 44%; this change could be

almost wholly accounted for by a decrease in renal

clearance of procainantide from 347 mIlmin during

the control period to 197 nillmin during cimetidine

administration. The average levels of NAPA in

plasma also incrascd. by about 25%, during the

ciioetidine phase of the study, consistent with a

decieasc ii the IC nil clearance of NAPA from 258

to 197 mI/nun.
The results suggested that cinucticline inhibits the

tubular secretion of both procainamide and NAPA.

The report by Somog)i et al. appears to be the first

example of this type of interaction with basic drugs

in humans. The specific findings of the study are
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also of interest in that steady-state levels of pro-
càinamide would be expected to increase by nearly

50 17o during cimetidine administration, and NAPA
levels are predicted to rise by 25% or more, Both
compounds have a relatively narrow therapeutic
index and there may be a need to reduce the dose
of procainanside in patients also being treated with
cirnetidine, to 'avoid adverse effects.

More recently, van Crugtcn et al. 59 demonstrated

in healthy human subjects that cinietidine also in-
hibits the renal clearance of ranitidine, another
base, and cephalexin, a zwitterion. The renal clear-
ance of ranitidine decreased by more than 40% with
concurrent ciinetidinc, from 326 to 244 ml/min. A

significant but smaller effect was observed with
cephalexin. Renal clearance decreased in the pres-
ence of cimetidiñe from 267 to 208 ml/min. No
effect of cimetidine was found on the renal clear-
ance of cephalothin, an acid with a renal clearance
> 500 nil/min. The investigators concluded that
their findings "confirmed the hypothesis that ci-
metidine-mediated inhibition of renal drug clear-
ance in humans is selective for a common cationic
secretory transport mechanism in the proximal to-
bole of the kidney, rather than a nonspecific action
on renal function."

Ant/-Inflammatory Drugs

Certain anti-inflammatory drugs significantly af-
fect renal function; this is related to their inhibition
of prostaglandin synthesis. Clinically important in-
teractions have been observed when these drugs
are given with lithium.

Lithium is used widely in the treatment of pa-
tients with manic depression and other psychiatric
disorders. it is eliminated almost exclusively by
the kidneys. Lithium ions are filtered by the gb-
mcmli, but 80% of the filtered load is reabsorbed
by the renal tubules. The renal clearare of lithium
is, therefore, about 200Ic of creatinine clearance or
IS to 30 ml.'min in patients with normal renal func-

tion.
The effects of indotnethacin on plasma lithium

concentrations were studied in psychiatric patients
and healthy subjects. 70 After steady-state plasma
lithium levels had been reached, all subjects re-
ceived indomethacin (50 mg 3 times a day) for 7
days. indonietliacin increased plasma lithium con-
centration, by 60% in the psychiatric patients and
30% in the healthy subjects, and suppressed the
renal excretion of lithium (Fig_ 14-5). In some
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Fig. 14-5. Effect of indorriethacin on steady-state lithium
concentrations in plasma in a psychiatric patient. (Data
from Frãlich, iC., et al-10)

patients, the increase in plasma lithium levels ws
sufficient to lead to toxicity.

Diclofenac, another prostaglandin synthesis-
inhibitine, nonsteroidal anti-inflammatory drug
(NSAID), was found to decrease the renal clear-
ance of lithium by 23 17c and to increase lithium

plasma levels by 26 1/c Care should he taken when
using an inhibitor of prosta glandin synthesis in a

patient being treated with lithium.
Aspirin and other NSAIDs also have the poten-

tial to rejuce the antihypertensive effects of di-
uretics by directly competing for transport sites in
the organic acid secretory system of the proximal
renal tubules. 72 According to McGiff, ''this secre-
tory system serves as the major route of access of
thiazide diuretics, furosemide, and potassium-spar-
ing agents to their active sites within the renal tu-
bules. As this route can be blocked by NSAIDs,
diminished efficacy of the diuretic agent may oc-
cur

Thyss et al. 11 reported serious and, in some
cases, lethal inethotrexate (MTX) toxicity when it
was administcied with ketoprofen, a recently ap-
proved NSAII). Toxicity was associated with un-
usually high serum levels of MTX. The investi-
gators suggested that the mechanism of this
interaction might involve ''inhibition of renal pros-
taglandin synthesis by ketoprofen which would de-
crease renal perfusion rate and thus inhibit MIX
clearance. An alternative suggestion, which is not
mutually exclusive, would be competitive renal se-
cretion of these two drugs, which are both elmini-
riated to a large extent by the kidney."
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Fig. 14-6. Effect of quiradine on steady-stale jigoxin
concentrations in serum. Data from Doering, WI

Furosemide
Furoseniide is a potent diuretic that acts by in-

hibiting active chloride transport in the loop of

Henle. Its effects oil kidney may alter the renal

excretion of other drugs.
Studies in healthy subjects indicate that furosc-

mide decreases inulin cleaxance, a measure of

GFR: inulin clearance is also reduced in water-

loaded subjects. - ' On the average, furoscmide de-

creased inulin clearance front 130 to 80 mUmin.

This change sas paralleled by changes in the renal

clearance of practolol, an early P blocker no longer

used today, gentamicin, and cephaloridine, but not

of digoxin. Furosentide reduced the renal clearance

of gentansicin front 142 to 110 nil/nun and of ceph-

aloridite from 213 to 136 ml/mm. There is conc'rn

that furosemide may enhance the ototoxicity of

aminoglycoside antibiotics and the ncphrotoxicity

of cephatoridine, particularly in patients with renal

impairment.

Digoxin-Quinidine Interaction
Although digoxin and quinidine have been used

in combination for more than 50 years in the treat-

nient of cardiac arrhythmia, not until 1978 was it

recognized that a major interaction occurs between

these drugs, one that may put a patient at risk of

digitalis toxicity. Since 1978 dozens of reports have

been published on the subject.

In 1978, Ejvinsson reported on 12 patients who

received the combination of digoxin and quinidine;

all patients showed a rise in senim digoxin con-

centration. 13 Serum Jigoxin levels rose above the

usual therapeutic concentration range in 6 patients.

Leahey and co-workers found increased serum di-

goxin concentration in 25 of 27 patients receiving

digoxin and quinidinc, an incidence of 93%. 71. Gas-

trointestinal side effects, typical of digoxin toxic-

ity, developed in 16 patients. Lowering the dose

of digoxin alone substantially reduced the inci-

dence of adverse effects, In 1979. Doering reported

on 79 patients who demonstrated a significant aver-

a ge increase in digoxin concentration from 1.01 .0 to

2.5 ngiml when quinidtne was added.° The time

course of the interaction is shown in Figure 14-6.

An important question is why was this nicrac-

•tion overlooked for so long. Doherty suggests sev-

eral reasons: quinidine alone and digoxin alone

cause adverse effects; patients requiring both drugs

are usually quite sick, which makes it difficult to

determine whether symptoms are related to treat-

ment or disease; the use of other drugs confuses

the issue.
The basis for the quinidine -digoxin interaction

is unusually complicated. Steady-state concentra-

tions of digoxin increase because quinidine de-

creases the clearance of digoxin. One report found

that the total plasiria clearance of digoxin in healthy

subjects fell front 3.1 to 2.0 nil/mitt per kg in the

presence of quinidine: a 56% decrease in total
clearance of digoxin was found in patients with

atrial fibrillation."
Pail of the reason for the lower plasma clearance

of digoxin is quinidine's effect on the renal clear-
ance of digoxin. Its healthy subjects quinidine re-

duced the renal clearance of digoxirt from 1.6 to

.1 mtlmin per kg; 7° in patients witl cardiac disease

quinidine reduced the renal clearance of digoxin

from 53 milmin per 1.73 in' to 35 ml./min per 1.73

m 1 . 81 Quinidine has no effect on creatinine clear-

ance; it is thought that quinidine inhibits the tubular

secretion of digoxin.
Renal clearance only accounts for about half of

the elimination of digoxin. On the average, usual

doses of quinidinc decrease the renal clearance of

digoxiri by about 50% and increase steady-state

levels by about 100%. Suppression of renal clear-'

ance can only account for about half of the increase

in steady-state digox in concentration. Therefore,

qttinidine must also inhibit the nonrenal clearance

of digoxin to a similar dcgrcc. ea The mechanism

for the decrease in nonrcnal clearance of digoxin
is unknown. Quinidine may inhibit the biliary se-

cretion of digoxin, the hepatic metabolism of di-

goxin, or both.
More direct evidence of the effect of quinidine

on the nonre nat elimination of digox its is available
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from a study of the quinidine-digoxin interaction

in patients with end-stage renal failure (serum crc-

atinine = 10.2-16.8 mg/dl)' in these patients,

quinidine markedly decreased the total clearance

of di-oxin from 1.9 to 1.1 L/hr; the hall-life of

digoxin increased from 5.2 to 9.6 clays. The renal

clearance of digoxin is negligible in these patients

and the decrease in total clearance of digoxin must

he the result of an effect of quinidine on the non-

renal clearance of digoxin.

The effects of quiniduic on daoxin are (lose-

related. Doses of less than 500 mg quinidine
day produced no appreciable effect or: serum di-

goxin. Leahey and co-workers reported that the

decrease in renal clearance of dinoxin m as related

to serum quin kline concentration ffii.. 14-7). 82

The change in nonrcnal clearance was independent

of serum quinidine.

The dendence of the digusin-quinidine inter-

action on serum quinidine concentration is also

seen in a case report concerned with sequential drug
Interact ions . 0) A 94-year-old woman s' as stable

when treated with it combination of quinidine. di-

goxin. and pentoharbilal . Discontinuation of the

barbiturate resulted in a 3-fold iricrca z in serum

digoxin levels, from about 1.4 to about 4.5 ng/ml

and symptoms of di g italis toxicit y,tv Induction of

quinidine metabolism by pentobarbital maintained

serum levels of quinidine that were too low to sig-
n ificantly affect 0 igo.s in clunination. The elevated

ls els of quinklmnc on discontinuing the barbiturate
Substantially inhibitedmhited time clearance of digoxin

Qmminidinc also ilecices thc apparent volume of
tli,trtiiiiliiin of diroxin, apparently b y displacing

digoxin from extravascular binding sites (i.e., by

decreasing the tissue binding of digoxin). In

healthy subjects, quinidine decreased the volume

of distribution of digoxin from 10.9 to 7.4 LJkg;

a decrease front 11.1 to 6.8 LJkg was observed in
patients with atrial fibrihlation.°

About 50% of digoxin in the body is found in

skeletal muscle. Studies in patients with atrial fib-

rillation indicate that the ratio of digoxin concen-

tration in skeletal muscle to that in serum decreases

from 43 before quinidine treatment to 33 during

quinidinc treatnient.° This change can largely ac-

count for the decrease in di-oxin distribution vol-

ume in the presence of quinidine.

This additional effect of quinidine on the ap-

parent volume of distribution of digoxin is inter-

esting but unrelated to the elevation in serum di-

goxin concentration produced by quinidine. The

clinical implications of this aspect of the digoxin-

quinidme interaction are not clear.

-More recently, it has come to light that some

investigators find no evidence of digitalis toxicity

when scrunt digoxin levels rise with concurrent

quinidine. In fact, one study reported that the in-

otropic effects noted during digoxin therapy alone

ssere markedly attenuated or completely antago-

nized when quinidine %% as added, despite a dou-

hi mng of the serum digox in concentration. ' Positi se

inotropic effects reappeared on withdrawal ofquiti-

idine.

The conflicting reports may reflect the difficulty

in defining the relationship between serum digoxin

and niyocardial effects in the presence of quinidine,

because quinidine can produce symisplonis similar

to those of digoxin. This problem has been high-

lighted by Walker em al who reviewed inpatient

data to determine the incidence of adverse effects

in patients treated with digoxin alone, quirtidine

alone, and di g cixin and quiniclmne.

The incidence of cardiac and gastrointestinal side

effects nearl y tripled when quinidine was added to

digoxin therapy, compared with that recorded dur-

ing treatment with digosin alone, but most of the

increased incidence of toxicity could he accounted

for by the frequency with which quinidiric itself

produces similar symptoms. The investigators

noted that ''simple additivity of rates observed in

this study suggests that there was little or no clinical

interaction of digoxin and quinidinc in the produc-

tion of adverse reactions. Rather, these data reflect

the general Ilirding that patients receiving iwodrugs
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have more adverse reactions than tho s e who receive

only one."

In an attempt to clarify the question, Warner Ct

al. studied the relationship between serum di-

goxiri and digoxin effects in the presence of quin-

idinc in dogs, using inhibition of myocardial cation

transport as a measure of effect. The ino&opic and

toxic effects of digoxin are associated with an in-

hibition of myocardial Na,K-AfPase, which re-

sults in a reduction in monovalent cation transport.

Cation transport is usually evaluated by measuring
rubidium uptake.

Quinidine alone had no effect on myocardial cat-

ion transport, whereas digoxin inhibited rubidium

uptake by the left ventricular myocardium in a con-

centration-dependent manner. A statistically sig-
nificant correlation was found between rubidium

uptake and serum digoxin concentration in dogs

receiving digoxin alone as well as in those receiv-

ing digoxin with quinidine, but the slopes of these

regression lines acre different. At equivalent se-

rum digoxin levels, dogs that were given digoxin

and quinidinc had less inhibition of Rh uptake

than those that received only digoxin.

Warner et al. concluded that the increase in se-

ruin digoxtn seen with quinidine was not accom-

panied by a proportional increase in digoxin ef -

fects. In fact, the excess digoxin concentration

resulting from the interaction with quinidine ap-

peared to have no effect on Rb t uptake. It seems, -
therefore, that quinidine not only inhibits the chin-

ination of digoxin, it also inhibits the inotropic

effect of digoxin. Although extrapolation of the'e

findings to the clinical sctting must be done care-

fully, questions are raised concerning the value of

serum digaxin as a.predietor of the effects of di-
go-in in the presence of quinidirte.

The results suggest that reducing the dosage of

digoxin in proportion to changes in serum levels

when digoxin is used with quinidine may be in-

appropriate. Inhibition of myocardial Rb uptake

is related to the effects of digoxin on contractility

and ventricular arrhythrnias. Patients receiving

both digoin and quinidine may have less inotropic

effect and less likelihood of developing tachyar-

rhythmia at a given serum digoxin concentration
than patients on digoxin alone,

On the other hand, the effects of digoxin on the

sinus and AV node is indirect, mediated through

the autonomic nervous system and unrelated to my-

ocardial cation transport. The same is true for the

gastrointestinal toxicity of digoxin, which is neu-

rally ned atcd . Until the clinical c lice ts of digox in

in the presence of quinidinc are further clarified,

Warner et al. recommend that digoxin dosing he

based on clinical evaluation, as well as on serum

digoxin concentration mneasorcnscnts.

Digoxin and Other Antiarrhytltmic Drugs
Lealtcy and co-workers compared the effects of

quinidine on digoxin with those of other type I

menibranc active antiarrhythmic drugs, including

procainainide and disopyramide, which are used

frequently in the United States as alternatives to

quinidine, and mexiletine, which is widely used in

Europe. tm9 Quinidinc increased serum digoxin con-

centration and prolonged the P-R interval on the

electrocardiogram, a finding consistent with earlier

studies, but none of the other drugs affected !.erum

digoxin levels or P . R interval.

On the other hand, vcrapamil, a calcium channel

blocker used for treating patients with angina and

arrhythmias, affects digoxin in the same way as

quini(line. 111 In healthy subjects, verapamil de-

creased the total plasma clearanocof digoxin from

3.3 to 2.2 mL'min per kg by inhibiting both renal

and nonremtal clearance. Unlike quinidine, scrap-

arnil had no effect on the apparent volume of dis-

tribution of di-oxin. Arniodarone, a long-acting

antiarrhythmic drug. also inhibits the elimination

of digoxin.'

Renal Blood Flow
Drug-related changes in renal blood flow can

affect the urinary excretion of drugs, particularly

drugs subject to tubular secretion. The effect of

vasodilator therapy on the renal clearance of di-

goxin was studied in patients with congestive heart

failure (CHF). 92 Intravenous nitroprusside or hy-

dralazirte increased cardiac index, para-aminohip-

purate (PAl-I) clearance, renal blood flow, and the

renal clearance of digoxin. The results are sum-

marized in Table 14-2. If this improvement in renal

hemodynamics is achieved during chronic treat-

ment with vasodilators, then maintenance digoxin

doses may need to be increased to maintain ther-

apeutic drug concentrations in serum.

Bi!idry Excretion	 -
Difficulties in measuring drug concentrations in

bile have all but precluded clinical or human ex-

perimental investigations on drug-drug interactions

that affect biliary excretion. The few interactions

that we are aware of derive from indirect evidence.
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Table 14-2. Effects of Vasc,.ldalors on 1-lernodynamics. Renal Function, and Digoxin Excretion*

Variable	 Control	 Niiroprunstde	 lbdralazinc

Cardiac index (Unrin per m)	 2.00
paraanrinohippuratc clearance (ml nOn)	 200

Renal blood flow (inLmin)	 337
Digoxin renal clearance (rnt.inin) 	 104

Data from Cogan, 33. ci six

Probenecid significantly inhibits the elimination
of indornethacin; plasma clearance of indomnethacin
was 174 mlihr per kg in the control period and 107
ml/hr per kg in the presence of probcnecid. 93 There

was no change in the renal clearance of indometh-
acin during probenecid treatment; but probenecid
decreased nonrenal clearance from 168 ml/hr per
kg to 104 ml/hr per kg. It is likely that probenecid
inhibits the biliary excretion of indornethacin.

A more general interaction has been reported
between drugs that are excreted, either in the bile
or directly, Ato the gastrointestinal tract and non-
absorbable ion exchange resins that bind drugs in
the gut and prevent reabsorption. The effect of
cholestyratnine on the pharmacokinetics and phar-
macodynamics of a single intravenous dose of
phenprocoumon, the oral anticoagulant of choice
in Europe, was studied in health y sub3ects. 9 ' Cho-

lestyramine treatment led to increased elimination
in all subjects; half-life decreased from 5 days to
3.1 clays and clearance increased from 17 ml day
per kg to 29 mi!day per ke. Cholestyranline re-
duced the area under the anticoagulant effect versus
time curve from 660 to 344 U. Concomitant use
of these drugs should probably be avoided. higher
doses of phenprocoumon vould he required in the
presence of cholcstyrarninc to achieve satisfactory
anticoagulation. From a different point of view,
cholestyramine may be useful in the treatment of
phenprocournon ovcrdosag.

DRUG METABOLISM

Interactions between tw, druus that affect the
metabolism of one or both constitute most of the
clinically important drug interactions. Many drugs
stimulate or induce the activity of hepatic drug
metabolizing enzymes, thereby reducing blood lev-
els and clinical effects of drugs given concurrently.
We now recognize that a s ide range of drugs can
inhibit drug metabolizing enzymes and lead to ac-
cumulation and toxicity of coadmninistered drugs.
The effects of drug memaholinng enzyme inducers
or inhibitors may be particularly pronounced when
drugs subject to prcsysmcrnic hepatic metabolism

2.65	 3.28
280	 425
480	 718
152	 147

are given at the same time. Drug tnetabolismn may
be affected not only by other drugs but also by
environmental chemicals; these interactions are

sometimes important.

Induction of Drug Metabolizing Enzymes

A wide range of chemically unrelated substances
can stimulate the activity of mixed function oxi-
dases by enzyme induction. The molecular mech-
anism of enzyme induction is not fully understood
nor have the molecular characteristics essential for
induction been defined. Enzyme inducers are lip-
ophilic, bind to cytochrome P-450 enzymes, and
have relatively long half-lives, but not all drugs
with these characteristics are enzyme inducers.

Induction is usually associated with an increase
in liver sceieht and in the amounts of nricrosonral
protein. cytochrome P-450, and other oxidative en-
zymes in the liver. The enzyme systems involved
in conjugation, such as glutathione transfcrase and
glucuronyl transferase, can also be induced. The
time course of induction varies with the inducing
agent. A poerful enzyme inducer such as rifampin
can produce measurable changes in the activity of
drug metabolizing enzymes within 48 hr, but less
potent inducers may require a longer time.

Enhancement of drug metabolism by ethanol,
tobacco smoking, and diet also involves enzyme
induction. Induction of drug metabolizing enzymes
usually leads to a reduction in drug efficacy, but
it may also enhance the toxicit y of certain drugs
with active metabolites. The clinical implications
of enzyme induction have been reviewed by Park

and Breckenridge-`
A nticonvulsan l Drugs. Phenobarbital, pheny-

loin, and carhamazepine are potent inducers of
drug metabolizing enzymes and are often used in
combination in the treatment of patients with Cpl-

lepsy. Patients treated with anticonvulsant drugs
have, in general, an above average ability to me-
tabolize many drugs and often require higher than
average dosages. Pharmacokinctic interactions
with antiepileptic drugs have bçcn reviewed by
Penicca .
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A study comparing epileptic patients receiving
phcnytoin alone or phcnytoin with phenobarbital
or carbamazepinc with healthy subjects found that
epileptic patients had much higher cytochromc
P-450 levels in liver biopsies and metabolized an-
tipyrine considerably faster than control subjects.7

In a more recent investigation, antipyrine kinet-
ics were studied in patients with epilepsy who were
to have phenytoin, carbainazepine, or valproic acid
discontinued as part of a planned simplification of
therapy. 9 Antipyrinc was given before and 4 weeks
after discontinuation of one drug.

Removal of carhamazepine was associated with
a nearly 50% decrease in antipyrine clearance in
those patients who were also treated with either
valproic acid or ethosuxirnide, neither of which is
an enLyme-inducing agent. There was no change
in antipyrine clearance after removal of carbainaz-
epine in those patients treated with phenytoin and
or barbiturates. Removal of phenytoin was asso-
ciated with a It) to 15 1/c decrease in antipyrine
clearance in those patients who were also receiving
carhamazepine, with or without barbiturates. As
expected. removal of valproic acid had no effect
on antip\nnc clearance.

When carbamazepine was the only enzyme in-
ducing agent being taken, its removal resulted in
a marked decrease in antipyrinc clearance. 1-low-
ever, if an enzyme inducer (e.g., phenytoin, bar-
biturates) was also being taken, the removal of,
carbawazepine had no effect on antipyrine clear-

ance.
These results suggest thTit carbamazepine has no

additional effect on antipyrine clearance beyond
that of phenytoiri and/or barbiturates. Phenytoin,
on the other hand, has enzyme inducing activity
over and above that of earbamazepine, or carba-
mazepine and barbiturates, and appears to be a
more powerful inducer of hepatic enzyme activity
than is carbaniazepine. Although differences be-
tween carbamazepine and phenytoin may exist,
carbamazepine is nevertheless a strong inducer, Ca-
pable of reducing the efficacy of drugs given con-
currently (see Fig. 14-9).

Consistent with the findings on antipyrine ki-
netics, the investigators also found that removal of
phenytoin resulted in elevated blood levels of car-
bamazepine and valproic acid, and removal of car-
bamazepine resulted in increased levels of vaiproic
acid and ethosuximide. It also follows from these
results that, for a given dose of antieonvulsant,
serum levels may be higher in those patients re

ceiving monotherapy than in those treated with ad-
ditional drugs. This has been demonstrated with
valproic acid by Chiba et in children. Plasma
clearance of valproate was 13 nI/hr/kg in patients
receiving only vaiproic acid and 23.5 mt/hr/kg in
those treated with valproic acid and other anticon-
vulsa nts.

Blood level studies of quinidinc in healthy sub-
jects before and at the end of a 4-week course of
phenobarbital or phenytoin showed that the anti-

convulsant dru g s decreased the half-life and the
total area under the concentration-time curve after
a single oral dose by more than 50%. Quinidine
half-life ranged from 3.0 to 6.1 hr during the con-
trol period but fell to 1.6 to 2.6 hr during the
anticonvulsant drug period. " In two patients, the
concomitant use of prirnidone or phenytoin resulted
in inadequate blood levels of quinidine with stand-
ard dosages of the drug (i e., 300 mg every 4 tsr).
In another patient. otal closes of quinidinc sulfate
up to 800 tug esery 4 hr were required to obtain
therapeutic plasma quinidine concentrations.

The pharilsaeokineiics of diazepam after intra-
senous administration were detennined in healthy
subjects and in epileptic patients receiving chronic
anticonvulsant drug therapy, including combina-
tions of carbamazepine. vaiproate sodium, ph>
nytoin, clonazepam, or primidone. '°' Large dif-

ferences in half-life and clearance were observed.
The half-life of diazepam was only 13 hr in the
patients with epilepsy compared to a value of 34
hr in control subjects. The clearance of diazepam
increased from 20 nil/mirt in control subjects to 52
mI/nun in epileptic patients. Considerably larger
doses of antianxiety drugs maybe required for ad-
equate clinical effects in patients being treated for

epilepsy.
Sonic of the literature on oral contraceptives sug-

gests that OCs are not predictably effective in pre-
venting conception in women taking anticonvulsant

medication. 1112 Failure rates are higher in groups of
women taking enzyme-inducing anticonvulsants
than in control groups. Evidence shows that the
most common cause of failure in these women is
insufficient steroid (estrogen or progestin) levels to
block ovulation. These reduced levels are probably
the result of increased steroid metabolistn as a con-

sequence of induction of01 microsomal oxidative en-

zymes by the anucpileptic drugs.
Drugs subject to first-pass metabolism after oral

adtiiinistration appear to be particularly susceptible
to the enzyme inducing effects of anticonvulsants.
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A good example is provided by studies with fel-

odipine. an investigational dihydropyridinc cal-
cium channel blocker. '° Felodipine undergoes ex-
tensive first-pass hepatic metabolism and ordinarily
has an oral bioavailability of about 15%.

Felodipine disposition was studied in patients on
chronic anticonvulsant therapy for control of sei-
zures and normal subjects matched forage and sex.
Plasma felodipine levels after an oral dose were
dramatically lower in the patients with epilepsy.
Mean peak concentrations in plasma were about 9
nmol/L in controls and 1.6 nmol'L in patients. The
relative bioavailability of felodipine in the patients
with seizure disorders was less than 10% of that
in the control subjects. Therefore, the mean oral
bioavailability of fclodipine in subjects receiving
anficonvulsants is about 1%. "Patients on anticon-
vulsant medication will require substantially higher
doses of felodipine to achieve plasma concentra-
tions equivalent to those in non-induced sub-
jects ''0)

Phenytoin. Phenytoin can induce the metabo-
lism of many drugs, including antipyrine, hydro-
cortisone, dexamethasone. dicu marol, diitoxin,
and thyroxine: it does not, however, stimulate its
own metabolisni.95

Phenytoin is usually used with other drugs in the
treatment of epilepsy. Although it has little effect
on phenobarbital, phenstoin does stimulate the me-
tabolism of clonazepam and prirnidone. Long-term
treatment with phenytoin lowers the blood levels
of clonazepans af:er a single oral dose by more than
5017t. "" Phenytoin stimulates clonazepam metab-
olism to a considerably greater extent than does
phenobarbital.

Pnmidone is a widely used anticonvulsant drug;
it is converted to two active metabolites. phenyl-
cthylmalonamide (PEMA) and phenobarbital.
Whether or not primidone has phamacologie ac-
tivity of its own is not known. The steady-state
serum concentration ratio of derived phenobarbital
to unmetabolized primidone is higher in patients
treated with a combination of primidone and phen-
ytoin than in patients treated with primidone alone
(2.2 vs 1.6):")' a twofold difference in serum con-
centration ratio was found in another investiga-
tion) Phenytoin also increases the steady-state
serum concentration ratio of derived PEMA to
primidunc.

Phenytoin accelerates the noetibolism of most
corticostetoid ., ; it has a clinical lv important effect
on the elimination of prednisolone. Phentoin dc-

24	 48	 72

Fig. 14-8. Warfarin-phenobarbital interaction. Phe-
nobarbital (120 mg/day) reduces plasma warfrin levels and
antagonizes its anticoagulant effect. (Data from Brecken-
ridge, AM., and Orme, M.L.E.'°)

creased the half-life of preilnisolone by about 50%
and increased its clearance from plasma by about
80% . b07 The average oral dose, given at midnight,
required to suppress the 8 A.M. plasma level of
endogenous hydrocortisone (cortisol) to 5 i.g/dl
was doubled following treatment with phenytoin.

Drugs that influence the activity of hepatic drug
metabolizing enzymes may have particularly pro-
nounced effects on coadministered drugs subject
to presystemic metabolism. Phenytoin treatment
increases the systemic clearance of meperidine by
about 25%, from 1017 mllmin to 1280 ml.'min.

Phen y toin also increases the extent of hepatic first-
pass metabolism of nieperidine after oral admin-
istration; bioavailability is reduced front 61% to
43. To achieve comparable blood levels of mc-
peridine, about twice the oral dose is required in
patients treated with phenytoin as is needed in pa-
tients who are not induced.'" ! This means that pa-
tients on phenytoin tend to have high levels of
normeperidine, the metabolite if meperidine
closely associated with its adverse effects. it may
he preferable to give intravenous rather than oral
nieperidine to these patients

Unexpectedly, phenytoin also appears to in-
crease the metabolism of theophylline. This was
first noted in a case study. A 49-year-old man with
asthma and epilepsy who was receiving 400 mg/
day phenytoin responded poorly to apparently ad-
equate doses of theophyllinc. This observation
prompted a study of the effects of phenytoin on
the elimination of theophytlinc in adult nonsmok-
ing healthy Subjects."" Phenyloin dosage was ad-
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justed in each individual to achieve a seruilt level

of 10 to 20 .tg/ml before the test dose of thco-

phylline was given.
Phen loin administration reduced the half-life of

theophylline from 10 to 5 hr. The results suggest

that the dosage of theophyllinc should be increased

by 50 to 100% when phenytoin is added to long-

terin thcophylhne therapy or when theophylline is

initiated in patients being treated with phcnytoin.

This report is of additional interest because phe-

nobarbital, Ahich is thought to stimulate the same

drug- metabOlizing enzymes as does phcntoin has

no effect on theophylline metabolism.
Phenobarbital. This barbiturate has been the

most extensively studied enzyme-inducing agent;

it is a potent inducer in most species. Phenobarbital

can stimulate a wide range of metabolic pathways

and has been shown to reduce the effects of many

drugs in man.
Probably the most widely studied interaction of

barbiturates is with oral anticoagulants. Figure
14-8 shows plasma warfarin levels and anticag-

ulant effect before, during, and after phenobarbital
treatment. A significant decline in warfarin lesels

and anticoagulant effect is evident within 6 dass;
the maximum effect is usually seen after 2 to 3

weeks.°
Phenobarbital administration has also been

shown to stimulate the metabolism of dicumarol.

Patients who had been on dicumarol for an average

of about 4 years were found to require an average

increase of 33% in their daily dose to maintain

adequate anticoagulation when phenobarbital ther-

apy was initiated."'
The barbiturate-oral anticoagulant interaction is

clinically significant. A physician may respond to

the reduced anticoagulant effect by increasing the
dose of warfarin or dicurnarol. No problems ensue

as long as both the barbiturate and the anticoagulant

are continued. The patient is at risk, however,

when the barbiturate is stopped, because the rate

of drug metabolism will return to normal levels

over a week or two and the plasma concentrations

of the anticoagulant will increase. Unless the dose

is reduced, serious or fatal hemorrhage may occur.

An additional complication of the interaction be-

tween barbiturates and oral anticoagulants is the

considerable interpatient variability in the degree
of induction. Whenever possible this drug com-

bination should be avoided because, even with

careful monitoring, optimal anticoagulant control

will be difficult.

Few reports have considered the effects of he-

patic enzyme induction with phenobarbital on the

disposition of high clearance drugs. To this end,

Rutledge ci aL° 2 studied the kinetics of verapaniil
before and after 21 days of phenobarbital (180 mgi

day) in healthy subjects. 'rhe mean apparent clear-
ance of unbound drug after an oral dose of verap-

amil was increased after treatment with phcnobar-
bital from 950 to 3600 ml/nun/kg, but the systemic

clearance of unbound verapamil, determined after

an iv dose, was about the same before and after
phenobarbital. The findings suggest that much
larger oral doses of verapamil may be required in

patients regularly receiving phenobarbital. The

lack of effect on the systemic clearance of vcrap-

arnil suggests that phenobarbital has little effect on

hepatic blood flow rate in humans.
Phenobarbital and other barbiturates are known

to induce enzymes involved in the metabolism of

steroids, including those used in oral contraceptive
products. Pregnancies have been reported in pa-

tients taking phenobarbital in conjunction with oral

contracepti'mes," m but it has not been established
whether the interaction is with the estrogen or the

progestogen. The clinical implications of drug-

stimulated hiotrarisfortnation of hormonal steroid
contraceptives has been reviewed by Hempel and

Kltnger.
The ability of phenobarbital to stimulate liver

enzymes has been used to advantage in the treat-

ment of unconjugated hyperbilinibinenhia in nco-

nates* 5 In some infants, the induction of glucu-
ronyl transferase results in a significant decrease

in bilirubin. levels. The induction of this enzyme

has also been used as a method of minimizing the

hazard of Rh-incompatibility and neonatal jaundice
by dosing a mother who has developed rhesus an-

tibodies with phenobarbital to induce the enzymes

in the liver of her unborn child.°

Other Barbiturates. Enzyme induction appears

to be a characteristic shared by most if not all

barbiturates. Differences in potency may exist but

their importance is not known. Human investiga-

tions indicate that phenobarbital reduces the anti-
coagulant effect of warfarin to a slightly greater

extent than does sccobarbital.'°
When the metabolism of a drug is rate-limited

by the rate of hepatic blow flow, changes in the

activity of hepatic drug metabolizing enzymes may
have little effect on systemic clearance. This has

been demonstrated with verapamni tm2 and with al-
prcnolol.' The systemic clearance of .

 aiprenolol,
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clonazeparn

carbamazepi ne

10	 20	 30

time, days

a s-blocking drug widely used in Europe, was de-
termined after intravenous administration before
and during treatment with pentobarbital. Clearance
was not significantly different. averaging 1.2 LI
unin in the control period and 1.5 Llnsin in the
barbiturate period. One might incorrectly conclude
from these results that pentobarbital interacts little
or not at all with alprenolol. The effect of pento-
barbital on the metabolism of aprenolol is clearly
evident, however, after oral administration of the
n-blocker. The bionvailability dec'rcases from 26c
of the dose during the control phase to only 7%
during the pentobarbital period because of a large
increase in presystemic metabolism of alprenolol,
secondary to induction of drug metabolizing en.

zymes.° 8 If one wishes to determine whether or
not a compound is an inducer or inhibitor of drug
metabolizing enzymes, it is better to study its ef-
fects after oral rather than intra'. enous administra-

tion of a test drug.
Carbamazepine. The clearance of many drugs

given with carbamazcpinc is increased because car-
bamazcpine, like phen y toin, is a potent inducer of

drug metabolizing enzymes. As noted above, dis-
continuing carbamuzepine in patients with epilepsy
who were also treated with either vaiproic acid or
cthosuximide resulted in a nearl y 50% decrease in

antipyrine clearance. 98 Removal of carbamazine

also resulted in increased levels of valproc acid
and ethosuximide in these patients.

Carbamazepine has also been reported to in-
crease the elimination of phenytoin, warfarin, and
clonazcpam .91 The effect of carbarnazepine on
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Fig 14-10. Warfarin concentrations in plasma after daily
doses of warfarin alone (0) or daily doses of warfarin and
rifampin (•) in a healthy subject. The daily dose of warfarin
was the same in both studies, the studies were 4 wk apart,
and the daily dose of ritampin was 600 mg. (Date from

	

O'Reilly, RA W )	 -

steady-state levels of clonazepam are shown in Fig-
ure (49119

Fig, 14-9. Effect of carbamazepine on clonareparn levels
in plasma. (Data from Lai, A.A., Les, RI-f., and Cutler,

RE.'19)

Autoinductiort
There are many examples of changes in phar-

macokinetics during repeated dosing of a drug
compared with a single dose. In a very small num-
her of cases, changes appear to be related to a slow
induction of drug-metabolizing enzymes involved
in the biotransformation of the inducer itself. This

has been called autoinduction.
Carbamazepinc is the principal example of a

drug that displays autoinduction. It is now well
established that during long-term therapy, carba-
rnazepine induces its own metabolism) 20 During

repeated dosing, the clearance of carbamazepine
increases at least 2-fold and blood levels decline
by 50%. Induction occurs over 3 to 4 weeks; there-
after, blood levels are relatively stable. Concom-
itant treatment with phenobarbital or phenytoin at
this time further induces the metabolism of car-

baniazepine.
A recent report suggests that cyclophosphamide

may also induce its own metabolism. Moore et

al. 121 studied the disposition of cyclophosphamide
and its active metabolite phosphoramide mustard
in patients receiving high-dose intravenous cyclo-
phosphamide daily for 2 days before bone marrow
transplantation.

Total clearance of cyclophosphanl ide increased
from 93 mllinin on the first day of treatment to 178
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nil/min on the second day. An increased rate of
formation of phosphoramide mustard with higher

peak concentrations was also seen. Peak levels

were 19 p.moLL on day 1 and 36.5 pmoi/L on

day 2.
Moore et al. gave an iv test dose of dexameth-

asone each day, hypothesizing that, if increased

cyclophosphamide clearance was due to microso-

mal enzyme induction, increased clearance of dcx-

amethasone should also be observed on day 2. Dcx-

amethasone, like antipyrine, is metabolized by

hepatic mixed-function oxidases and exhibits in-

creased clearance in the presence of hepatic en-

zvme induction. Dexamethasone clearance was

369 ml/mm on day I and 526 mIrnin on day 2.
'The investigators concluded that high-dose

cyclophosphamide causes an increase in its own

clearance and that of dexameihasone through an

apparent induction of hepatic-metabolizing en-

zymes detectable 24 hours after initial exposure to

e ye lophospharnide."

Rifainpin. Since the introduction of rifampin

into clinical practice for the treatment of tubercu-

losis, there have been many reports of interactions

with other drugs, most of which relate to rifanipin

being a potent enzyme-inducing agent. Drug in-

teractions with rifamnpin have been reviewed by

Zilly and co-workers.°
The interaction between rifampin and warfarin

is a particularly dramatic example of rifampin's

ability to stimulate drug metabolism. Administra-

tion of 600 rug daily doses of rifanmpin to subjects

on warfarin abolishes the anticoagulant effect and

reduces plasma warfarin levels to near zero (Fig.
14_l0).23

Clinical reports indicate menstrual disturbances

and an unusually high incidence of pregnancy in

patients with tuberculosis treated with rifampin and

also on oral contraceptives. These findings suggest

stimulated elimination of one or both of the com-

ponents of oral contraceptive products. 122 Back and

co-workers found a 50% decrease in blood levels

and half-life of norethindrone, a commonly used

progestin in oral contraceptives, during rifampin

treatment compared to that found during a control

oeriodtm24
Rifainpin alsostimulaics the mirtabolisnaofglu-

cocorticoids, hexobarbital, diazepam, nictoprolol,

quinidine, and other drugs."' Increased clearance

and decreased effects of glucocorticokls, resulting

front treatment with rifampin, may lead to rejection

episodes in renal transplant paticnts.' 5 Rifampin
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Fig. 14-11. Plasira quir dra concentrations (log scale)
after a single 6 mg i.g oral :css at quinidine sulfate before
SI or after oral rifampin. 503 mg daily for 7 days (C).
(Data from 1wum-Brirfla. ' sd Carru thers, S.G.2)

was found to decrease the half-life of hexobarbital

front 407 ruin to 171 min and increase its clearance

3-fold. 1`6 The half-life of diazepam in tuberculosis

patients treated with several drugs including rifans-

pin was only 14 hr compared to a value of 58 hr

in age- and sex-matched control subjects.O Me-
toprolol concentrations after an oral (lose are de-

creased about one third from control levels during

treatment with rifampin. Rifampin markedly in-
creases the clearance and presystemic metabolism

of oral quinidine and virtually abolishes the clinical

effect of standard dosages of the drug (Fig.

14—I l).'°
More recent drug interaction studies with rifam-

pin have demonstrated a two-fold increase in the

clearance of phenytoin' and a decrease in steady-

state levels of sulfapyridine, from 17 to 7 ig/ml,

following sulfasalazine administration. 131 Peak lev-

els of chloramphenicOl at steady state in 2 patients

with !-femoplmilus irmfiuemm:ae fell from 21.5 and 38.5

1g/L before rifampin to 3.1 and 8 ig/1- respec-

tively, after initiation of rifampin therapy. These

investigators concluded that "if the American

Academy of Pediatrics' recommendation is fol-
lowed and index patients receive rifampin during

treatment of serious II infinen:a Type b infections,

there is a risk that scruin concentrations of cblor-

amphmnicol will be reduced to subtherapcutic lev-

els, resulting in treatment failure."
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Although enzyme-inducing drugs like rifampin
ordinarily decrease the efficacy of coadnainistered
drugs, enhanced toxicity may be found if stimu-
lation of drug metabolizing enzymes leads to the
production of active or toxic metabolites. A higher
than expected number of cases of isoniazid-related
hepatitis have been described in patients treated

with isoniazid and rifarnpin) 33 Hepatitis may be

the result of a hepatotoxic metabolite of isoniazid,
the production of which is stimulated by the en-
zyme-inducing effects of rifampin.

Inhibition of Drug Metabolizing Enzymes

Much of the research in drug metabolism during
the past decade has been concerned with enzyme
inhibition. A surprisingly large number of drugs
have been found to inhibit the metabolism of other
drugs in man. Inhibition mechanisms include sub-
strate competition, interference with drug trans-
port, depletion of hepatic glycogen, and functional
impairment of enzyme activity by hepatotoxicity.
Competition for the same substrate-binding site is
probably the most prevalent mechanism for drug

interactions in man.
Interactions between drugs that lead to impaired

metabolism are probably more important than those
that result from stimulated metabolism. The clin-
ical consequence of enzyme induction is usually a
decrease in the efficacy of the drug. This is un-
desirable but usually not life-threatening. Inhibi-
tion of drug metabolism may lead to serious ad-
verse effects because of accumulation of drugs to
toxic concentrations. The therapeutic problems as-
sociated with enzyme inhibition have been re-
viewed by Park and Breckenridge . A more recent,
comprehensive review article that should be noted
is asurvey of the pharmacokinetic interactions of

cimetidine.
Chioramphenicol. ChtorarnpheniCot has been

shown to be a potent inhibitor of the metabolism
of tolbutamide, phenytoin, and dicumarol in
man)" Treatment with chioramphenicol for sev-
eral days results in a marked rise in the steady-
state serum concentrations of tolbutamide and
phenytoin. A case of chloramphcnicol-induced
nystagmus in a phenytoin-treated patient has also
been reported. 116 Another case report documents a
serious phenyloin intoxication resulting from the
simultaneous administration of chloramphenicol;
blood levels of phenytoin as high as 50 .rgInl were
observed (Fig. 14_12)1

DisulJira:n. Disutfirani is used to treat chronic
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Fig. 14-12. Changes in serum phenytoin concentrations
associated with intermittent administration of chioram-
phenicol during hospitalization of a patient receiving 300
rng'day phenytoin until day 43. (From Pete, JO., et al.:
JAVA, 237:2630, 1977. Copyright 1977. American Med-
ical Association.)

alcoholism; it acts by inhibiting the enzyme aIde-
hyde dehydrogenase, which is involved in the con-
version of ethanol to acetic acid. When alcohol is
taken by a patient receiving disulfiram there is an
accumulation of acetaldehyde, which produces un-
desirable central effects. Disulfiram also inhibits
other drug metabolizing enzymes.

Disulfiram impairs the metabolism of antipy-
rine, m warfarin) 39 and phenytoin"° It also in-
creases the anticoagulant effect of warfarin. Di-
sulfiram decreases the plasma clearance of
chlordiazepoxide by 50% and of diazepam by
40% . i This interaction is important because ben-
zodiazepines are frequently used with disulfiram in
the treatment of chronic alcoholics. Disulfiram has
little effect on (lie elimination oloxazepam, which
is metabolized by gtucuronidc conjugation rather

than by oxidation.'
Allopurinol. Alipurinol and its metabolite ox-

ypurinol decrease the production of uric acid by
inhibiting xanthine oxidase, the enzyme that con-
verts hypoxanthine to anthine and zanthirie to uric
acid. It is indicated in the treatment of gout. Xan-
thinc oxidase is also involved in the metabolism
of mercaptopurine, an antineoplastic drug. Con-
current use of allopurinot and mercaptopurine may

tu



324
	

ttkpharmaceulicc and Clinical l'harmacokinettcs

result in greatly increased tnercaptcpurinc activity
and toxicity.

Although the interaction between nicrcaptopu-
tine (NIP) and allopuri not is well known, it has not
been studied in much detail. In light Of this, Zirnm
Ct al. 112 considered the effects of allopurinol on the
pharmacokinctics of oral and iv mercaptopurine in
patients with acute lymphoblastic leukemia.

After an iv dose, plasma levels of NIP decline
rapidly; mean clearance is about 750 mI/mm. NIP
levels were slightly elevated when the drug was
gi ven intravenously after allopurinol pretreatment,
but there were no significant changes in clearance
or half-life. On the other hand, pretreatment with
allopurinol profoundly affected the kinetics of MP
after oral administration.

NIP is subject to considerable firs(-pass nietab-
olism after oral administration. Pretreatment with
al]opurinol increased oral bioavailability from 12
to 59-, producing a 500% increase in the plasma
levels of NIP compared ss ith those observed during
the control period. Zimtii et al. ascribe the results
to inhibition of first-pass metabolism of oral MP
related to the effects of allopurinol on liver and
intestinal xanthine oxidase.

They suggested that the interaction between 6-
NIP and allopurinol appears to represent a unique
example of inhibition of first-pass metabolism in
cancer chemotherapy." When oral NIP is given
with allopurino), dosage reduction is appropriate
but changes in dose do not appear to be needed
whert"Klp is given intravenously.

Allopurinol also inhibits drug meabolizing en-
zymes other than xanth.inc oxidase. It decreases the
elimination of antipyrine and dicumaro1,'
phenprocounion,"I and thcophylline. 145 Admin-
istration of an oral dose of allopurinol, 300 mg
every 12 hr, decreased the clearance and increased
the half-life of theophylline by about 25%.

Plrenylbulazone. Although the use of phertyl-
butazone has declined a great deal in recent years,
the interaction between warfarin and phenylbuta-
zonc is a classic one because it was one of the
earliest examples of inhibition of metabolism, al-
beit unrecognized, and because of its complexity.
The anticoagulant effect of warfarin is greatly en-
hanced when phenylbutazone is given to patients
stabilized on warfarin; unless the dosage of war'
fanri is reduced, bleeding and hemorrhage can re-
sult. For many years, this interaction was thought
to be the result of displacement of warfarin from
plasma protein binding sites by phenylbutazone.

We now recognize that the mechanism is much
more cotnplex.'''°

Warfarin is a racemic mixture of two enanti-
oirtcrs, R- and S-warfarin, which are really two
different drugs. S-warfarin is 5 times more potent
than R-warfarin and the metabolism of the two
enantioniers is quite different. In man, phenyihu-
tazonc either has no effect or slightly increases the
metabolism of R-warfarin, but it significantly in-
hibits the metabolism of the S-isomer. The accu-
mulation of the more potent S-warfarin is believed
10 account for the toxicity observed when warfarin
and phcnytbutazone are given at the same time.
Confusion arose initially because accumulation
was limited to the S-isomer and was masked by
the plasma binding displacement effect of phen-
ylbutazone.

Sulfinpyrazone. Sutfinpyrazonc is a derivative
of phenylbutazone. It 'sas originally used to lower
elevated uric acid levels but is now of interest for
its effects on platelets. Several drug interactions
have been reported with sulfinpyrazone, involving
displacemeni from plaona protein, inhibition and
induction of hepatic rn:crosomal metabolism, and
effects on renalrenal tubular secretion. Clinically, the
most important interacitons are potentiation of the
effects of oral anticoaculants, phenytoin, and tel-
hutarnide probably resulting frotn enzyme inhibi-
tiOti.'

loon et al. 119 determined that sulfinpyrazone in-
creases the anticoagulant effect of racemic warfarin
primarily by inhibiting the cytochrome P-450-
mediated oxidation of S-warfarin, the biologically
more potent cnantiomcr. Curiously, the clearance
of R-warfarin was greater when sstlflnpyrazone was
given concurrently. The increased clearance of R-
warfarin, however, arises not from inductioninduction of
drug metabolizing enzymes but from competitive
displacement of warfarin from plasma protein bind-
ing sites.

These investigators also reported that sulfinpyr-
azone treatment did not affect the anticoagulant
response to phenprocoumon, an agent which is
widely used outside the U.S., and did not appear
to change the pharmacokinetics of the raccniic drug
or of its two enantiorners.°° Inhibition of 1-hy-
droxylation of S-phenprocomamon by sulfinpyra-
zone occurred, but was masked by an increase in
the free fraction in plasma of both enantiomers.
This interaction, however, was not sufficient to
measitrably change the anticoagulant effect of
phenprocoutnon.



Pharniacokinetic Variability—Drug Interactions
	 325

Sulfonamides. Certain sulfa drugs also inhibit

drug metabolizing enzymes. Severe hypoglycemia
has been observed in patients receiving tolbutamide
and sulfaphenazole, because of an unusual accu-
mulation of tolbotamide. Sulfaphenazole increased
the half-life of tolbutamide from the usual 4 to 8
hr to values ranging from 24 to 70 hr. t51 Sulfa-

methizole has similar, though less pronounced, in-
hibitory effects on the metabolism of several drugs,
including tolbutamide, phenytoin, and warfarin.'55

Coad mini stration of warfarin and trirnethoprim-
sulfamethoxazOle (TMP-SMZ) results in a marked
increase in the anticoagulant effect but little change
in the plasma concentration of warfarin. This find-
ing might suggest a pharmacodynamic rather than
a phartnacokinetic basis for the interaction. A com-
plex mechanism like that found in the phenylbu-
tazone-warfarir' interaction, however, masks the
underlying basis for this interaction.

TrimethoprimsulfarnethOXa10le displaces war-
farin from plasma proteins, which tends to lower
blood levels, but also inhibits the metabolism of
warfarin, which tends to elevate blood levels; the
net effect is little change in steady-state levels of
total warfarin in plasma. The inhibition of warfarin
metabolism is stereoselective; (17 has no
effect on the clearance or anticoagulant effect of
R-warfarin, but it decreases the clearance of the
S-isomer by about 20% and increases the antico-

agulant effect by about 651k.
Metronidazole. A stereoselecti y e interaction in

man has also been observed between warfarin and
metronidazole, a widely used drug indicated for
the treatment of anaerobic infections, amebiasis,
trichomoniasiS, and other protozoal infections. Me-
ronidazole increases the apparent half-life of ra-

ccrnic warfarin from 35 to 46 hr and increases its
anticoagulant effect by 40%. This effect is almost
completely the result of inhibition of the nietabo-
lism of S-warfarin. Metronidazole has no effect on
the half-life or anticoagulant activity of R-war-

farin'
Isorriazi.d. In vitro studies su ggest that isonia7.id

is a noncompetitive inhibitor of drug metabolism.
Some patients receiving isoniazid show an j ot-

paired capacity to metabolize phenytoin and may
become intoxicatcd.° In one study, 6 of 32 pa-
tients receiving both drugs developed phenytoin
toxicity; all were slow inactivators of isonia7.id )6

No cases of phenytoin intoxication were found
among the 18 fast inactivators of isoniazid. Animal
experiments indicate that the rate of phenytoin me-
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tabolism is inversely related to isoniazid concen-

trations.
The clinical problem of phenytoin toxicity in-

duced by isoniazid appears to be prevalent in pa-
tients who are slow inactivators of isoniazid. Most
of these patients show significant impairment in
phenytoin metabolism when these drugs are given

together.
The clinical importance of the interaction 'be-

tween phenytoiri and isoniazid has been doco-
merited in a more recent report." Of 22 hospital-
ized medical patients who received phenytoin and
isoniazid for at least 5 days, 6 (27c) experienced
central nervous s ystem (CNS) toxicity. In contrast,

only 30 of 1093 patients (3%) who received phen-
ytoin without isoniazid had CNS toxicity. The risk
of adverse effects from phenytoin is greatly in-
creased in patients also receiving isoniazid, prob-
ably because of isoniazid-induced impairment of
phenytoin metabolism, A recent report suggests
that isoniazid also inhibits the metabolism of car-
bamazepine; coadministration can result in carba-
mazepifle intoxication.53

Wright et al)° also studied the isoniazid-car-
bamazepifle interaction in a patient with neurologic
disorders. Addition of isoniazid to long-term, sta-
ble carbamazepine therapy resulted in a rapid and
considerable (about 50%) decrease in the metabolic

clearance of carbamazepine, leading to carbama'.-
epine toxicity and requiring discontinuation of both
drugs. It was later found that the patient was ge-

Fig. 14-13. Effect of chlorpromazine on steady-state
concentrations of propranolol in plasma. The subject was
maintained on 80-mg oral propranolol every 8 hr. On day
11, chlorpromazine. 50 mg every 8 hr was initiated and
maintained. (Data from Vestal,'estal R.E., et at."')
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On reinitiating drug therapy with more conser-

vative doses, the apparent inhibition of carbamazc-

pine metabolism by isoniazid was confirmed.

About 3 weeks later, the patient had elevated serum

levels of liver enzymes suggestive of isoniazid hep-

atotoxicity. The investigators proposed that car-

bamazepine stimulated the metabolism of isoniazid

to form hepatotoxic reactive intermediates

Neuroleptics. Recent investigations indicate

that phenothiazines and other ncurolcptic drugs in-

hibit the elimination of a wide variety of ddigs

including propranolol, phenytoin, and perhaps

some tricyclic antidepressants. The effects ofchlor-

promo/inc. 50 rug every 8 hr, on the disposition

and effectiseness of propranolol was studied in

healthy subjects.' Chlorpromazine decreased the

presystemic metabolism of propranolol and in-

creased steady-state plasma propranolol levels by

70% (Fig. 14-13). Elevated levels of propranolol

in plasma resulted in increased isoproterenol an-

tagonisril and lower plasma renin activity.

Phenytoin toxicity has been reported in 2 patents

during concurrent administration of thioridazine,

another phenothiazinc drug)° More than 2-fold

increases in steady-state plasma desiprainine con-

centrations have been found in patients also re-

ceiving antipsychotic agents, including perphcna-

zinc, haloperidol, or thiothixenc) 51 High plasma

concentrations of imipramine and desipramine

have been observed in patients simultaneously

treated with oral imipranline and intramuscular flu-

phenazine decanoate)63

a-Blockers. There is evidence that n-blockers

may be inhibitors of drug metabolizing enzymes.

This is of interest because of the widespread use

of these drugs.
Propranolol has been found to inhibit the me-

tabolism of antipyrine; antipyrine half-life is in-

creased from 11 to 14 hr and clearance is decreased

from 0.7 to 05 ml/min per kg." Another group

of investigators reported that both propranolol and

metoprolol inhibit antipyrine metabolism, but pro-

pranolol has a greater effect. 161 Studies with rat

liver. microsomes suggest that inhibition of oxi-

dative drug metabolism by 3-blockers is related to

thnir lipid solubility; propranolol was the most po-

tent of the drugs studied; timolol, oxprenolol, and

labetalol were slightly less potent than proprano-

lol.t

Propranolol lowers the systemic clearance of Ii-

docaine by about 40%. Since lidocainc is highly

extracted by the liver, its systemic clearance is

dependent on hepatic blood flow. Therefore, the

effects of propranolot might be due to a decrease

in hepatic blood flow, inhibition of hepatic micro-

somal enzymes, or both. To answer this question,

flax et al. administered oral lidocaine to healthy

subjects with and without propranolol pretreatment

(80 rug twice daily for 3 days).
Propranolol increased the mean peak lidocaine

concentration in plasma from 502 to 875 ng/ml and

increased the area under the lidocaine curve (AUC)

from 58 to Ill p.g-min'ml. l'ropranolol pretreat-

ment decreased iv indocyaninc green clearance, an

index of hepatic blood flow, by 11% but this change

was not statistically significant. Based on these

data, the investigators concluded that propranolol

lossers the systemic clearance of hidocainc mainly

by direct inhibition of its hepatic metabolism rather

than by towering hepatic blood flow.
Other investigators have reported that propran-

olol decreases the s y stemic clearance of bupivi-

caine by 5%, an effect that could result in the

accumulation of this local anesthetic to toxic lev-

els. ' These investigators also ascribed the effects

of proprunolol to inhibition of hepatic metabolism,

rather than to changes in hepatic blood flow.

Miners cC al.° studied the effects of propranolol

at two dose levels, 120 mg/day and 720 irig/day,
on the disposition of theophylhine. The low dose

of propranolol decreased theophylline by 30%,

whereas the high dose resulted in a 52% decrease
in clearance. Low-dose prclpranolol decreased the

formation clearances of the two demethylated me-

tabolites of theophylline, t-methyluric acid and

3-mcthylxanthine, by 40 to 45% and the formation

clearance of the 8-hydroxylated metabolite, di-

rnethyluric acid, by 27%. High-dose propranolol

had a greater effect. The formation clearances of

the demethylated metabolites decreased by 70 to
75(7 and the formation clearance of the hydrox-

ylated metabolite decreased by 44%. The ivesti-

gators concluded that the results ss'erc ''consistent

with a dose-dependent and selective inhibitory ef-

fect of proprtnolol on the separate forms of cyto-

chrome P-450 involved in theophylhine demethy-

lation and 8-hydroxylatiofl."
Oral Contraceptives. Oral contraceptive ste-

roids decrease the plasma clearance of antipyrine1°

arid inhibit N-dcniethylation of aminopyrinc.hhl In

another study, women using low-dose estrogets oral

contraceptive steroids (OCS) on a long-hems basis
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were matched forage and weight with female con-

trol subjects not using OCS. Subjects on OCS had

a longer antipyrine half-life than control subjects

(17 hr vs 10.5 hr). Both estrogens and progestins

are competitive inhibitors of cytochrome P-450 and

both probably contribute to this interaction.

Plasma metoprolol concentrations after an oral

dose are about 70% higher in young women using

oral contraceptives than in matched control subjects

not using oral contraceptive steroids. "2 The half-

life of diazepam is considerably longer (69 hr vs

47 hr) and its plasma clearance much lower (0.27

mL/nnin per kg vs 0.45 mVmin per kg) in women

using oral contraceptive steroids than in control

suhjects. 113 The clinical significance of these in-

teractions is probably small, but the widespread

use of oral contraceptives warrants caution in pa-

tients receising the combination of potent drugs

and oral contraceptive steroids.

Other studies have shown that oral contracep-

tives markedly decrease the plasma clearance of

unbound prednisolonc in healthy women subjects.

from 576 to 214 mI/ruin.' 14 The investigators pro-

posed " very careful monitoring of women taking

birth control pills who are concurrently undergoing

prednisolone therapy. . [and] expect lower doses

of prednisolone to yield clinical efficacy in these

subjects."

Vaiproic Acid. Although valproic acid is a rel-

atively recent addition to the treatment of convul-

sive disorders and epilepsy, its capacity for inter-

acting with other drugs is well documented.

Valproic acid displaces drugs from plasma proteins

and inhibits drug metabolism.

The phenobarbital-valproie acid interaction has

been carefully studied. Elevated blood levels of

phenobarbital and sedation are seen when valproic

acid is given to patients treated with phenobarbi-

tal.'" Dosage reductions of phenobarbital of 40 to

50% are required to avoid these effects. Patel and

associates report that when a single dose of pheno-

barbital was given before and during treatment with

vaiproic acid (250 rug twice a day), the half-life

of phenobarbital rose from 96 to 142 hr and its

clearance fell from 4.2 to 3.0 nil/hr per kg; renal

clearance was unchanged but metabolic clearance

fell from 3.3 to 2.0 mt/hr per kg; the percentage

of the phenobarbital dose excreted unchanged in

the urine rose from 22 to 33%16 These findings

indicate that valproic acid inhibits phenobarbital
metabolism.

Valproic acid also inhibits the elimination of

Table 14-3. Effect of Vaiproic Acid (VPA)
Treatment on Embosuximide Concentrations
in Scrumn

Ethosaximide wriem conccrmtralton
( t-' Wiul)

	Patient	 Before VPA	 With SPA

91	 Its
84	 126
46	 53
59	 118
87	 130

	

Mean	 73	 112

Data front Mattson. R II., and Cramer, J A.

ethosuxitnide. The addition of valproic acid to an

cthosuxiniide dosage regimen in patients treated for

seizures resulted in increased serum concentrations

of ethosuximide in 4 of 5 patients (Table 14-3).1"

All patients felt sedated and the average initial dose

of 27 mg/kg was lowered to 20 mg/kg.

[lie teratogenic effects of valproic acid on the

human fetus, particularly when combined with

other anticonvulsants, may also be related to sal-

ploic acid's ability to inhibit enzymes involved in

the detoxification of active agents. Kerr and Levy"K

proposed that vaiproic acid inhibits epoxide hy-

drolase, a microsotnat enzyme required to detoxify

unstable reactive arene oxide metabolites that are

formed by the oxidative metabolism of phen)toin

and carhamazepine.
They found that therapeutic concentrations of

valproic acid inhibit the metabolism of carbamaz-

epine epoxide by human liver microsomal epoxide

hydrolase and strongly recommended that combi-

nation drug ther.py with vaiproic acid should be

avoided during pregnancy. This preliminary com-

munication was followed by a more detailed re-

	

port.'"	 -

Cimetidine, This histamine l-1 2-receptor antag-

onist is an effective drug in the treatment of peptic

ulcer and certain other gastrointestinal disorders.

It is among the most widely prescribed drugs in

the world.
Cimetidine has been shown to inhibit microso-

mal drug metabolizing enzymes in animals and

man, mostly likely through binding of the imid-

azole ring of cinictidine to cytochrome P-450. Re-

lated drugs, like manitidine, without the innidazole

ring do not appear to inhibit drug metaboliiir.g

enzymes. Because of the widespread use of ci-

mctidine, there is considerable potential for inter-

actions to occur with other drugs. os

The single dose pharniacokine1tics of warfarin



328	 Blopharmaceutks and Clinical FhariiacOkii"

were studied in healthy subjects before and after 2	
ccntratiofls. in the order of 15 to 20 p.g/inl, are at

weeks of repeated dosing (1 .6 glday) with cimet-	
risk of phenytoin toxicity when cimetidine is added

jdjne) 81 Cinjetidine reduced the clearance of war-	
to the treatment regimen.

farin from 3.4 to 2.5 nilimin. In an additional 7 	
Other investigators studied the effects of cimet-

subjects maintained on a daily warfarin dose, ad- 	
idine, 300 mg 4 times daily for 7 days, on the

ministration of cimetidine caused a significant in-	
pharmacokifletics and pharroacodYnamics of quin-

crease in plasma warfarin concentrations and an- 	
idinc.'°° Cimetidine increased the average plasma

ticoagulant effect . tst Ciinetidine also increased the 	
levels of quinidirie by almost 60% and increased

anticoagulant effects of nicoumalone and phenin-	
the effect of qitinidinc on several electrocardio-

djone.'° 1 This interaction is clinically relevant; phy- 	
graphic parameters, including QT intervals. The

sicians should take care when prescribing cimeti- 	
interaction between cimetidine and quinidine may

dine for patients on anticoagulant therapy. 	
lead to quinidinc toxicity. ECG monitoring and/or

The effects of cirnetidinc on the clearance of	
dosage reduction of qtiinidine may be appropriate

several benzodiazepines are shown in Table 	
in patients treated with both drugs.

14-4- 180 Cimetidine inhibited the elimination of 	 In another study,°7 patients receiving lidocaine

diazepam, desmethyldiazepam, and chiordiaZe-	
were divided into two groups. About two-thirds of

poxide by 30 to 60% but had no effect on the	 the patients were given cimetidine, 300 mg every

elimination of oxazepam or lorazepam- During	
6 hours, in addition to lidocaine, and the rest of

chronic dosing with oral diazepam, concomitant 	
the patients received only lidocaine. In all but one

administration of cimetidine increased steady-state 	
of the patients receiving both drugs, lidocaine Se-

diazepam concentrations by 30 to 80%, a conse- 	
rum levels were higher than any of those found in

quence of reduced diazepam plasma clearance) 02
	the control group. The average difference between

Cimetidine also inhibits the metabolism of the- 	
the two groups was 75 17c at steady state. Nearly

ophylline and phenytoin Table 14-5 shows the 	
half of the patients given both drugs were found

half-lives and clearances of theophylline during a	
to have lidocaine levels above 5 vglml, a warning

control period and after 1 and 8 days of cimetidine 	
point, and 2 patients had symptoms of lethargy and

treatment . 113 Cimetidine significantly inhibits the- 	
confusion, attributed to lidocaine. No patient in the

ophyltine clearance even on the first day of ci- 	
control group had excess levels. The investigators

metidine administration.' This effect persists or in- 	
recommended careful monitorin.of serum lido-

creases as cimetidinc is continued in usual 	
caine during cimetidine administration.

therapeutic doses.

	

	
Cirnctidine inhibits hepatic rnicrosomal oxida-

tive drug metabolism but has little effect on con-
The effects of cimetidirie on serum phenytoin

concentrations were studied in patients requiring 	
jugatioll. This distinction u as clearly demonstrated

the anticonvulsant drug for various neurologic or	
by Abernethy et al. ,° who found that cimetidiflC

cardiovascular indications)' 4 Steady-state levels	
impaired the elimination of antipyrine and diaze-

rose from 5.7 to9.1 p.g/ml after 3 weeks on ci- 	
pain, drugs subject to hepatic cytochrome p-450-

rnetidine, then fell to 5.8 p.gIml within 2 weeks	
mediated oxidation, but had no effect on braze -

after withdrawal of cimetidine. In another study,	
pain, which is glucuronidated, or acetarninophell

steady-state serum levels of phenytoin in epilepti c
	(APAP), which is predominantly metabolized by

patients increased from 13.6 pg/ml before citnet- 	
glucuronidation and sullation.

idine to 17.2 ig/inl after 6 days of cimetidine.°2	
The small fraction of an acetaininophen dose

Patients with relatively high serum phenytoin con-	
subject to oxidative metabolism and inhibition by

Table 14-4. Effect of Cinietidine on the Hal-Life and Clearance of Several BcnrodlazCpifles
* I	 nce

Half-Life, hr	
n,1Jmfl

B.enzOdlaZcpifle	 Control	 Cimetidine

Diazeparn	 34	 51

Dcsrncthyldiazcpan1	 52	 73

Chtocdiaze1xtd 	 to	 24

Oxazepam	 13	 II
21	 19

Data from Soinogyl. A., and Gugler. k."°

Control	 CimIIdioe

20	 II
12	 9
0.39	 0.14

107	 93
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Table 14-5. Effects of Cimctidinc on Thcophyliinc
Pharmacokinetics after I Day or 8 Days of
Cimetidine Administration*

Cime1idin
Theophtllnn	 adininisirotlon

oariabte	 Control	 (I day)	 (8 d)s)

Ualf . lifc, hr	 7.6	 10.0	 11.7
Clearance,	 46.0	 37.2	 31.5

minim

* Data from ttcitbcrg. D.P., Bernhard. If., Lnd Schentag. JJ.'

cimetidine is of little consequence after therapeutic

doses of APAP, but may be important following
an overdose. Ordinarily, the reactive metabolites
resulting from oxidation of APAP are quickly con-
jugated with glutathione and excreted. When large

amounts of acetaminophen are ingested, however,

the amount of reactive material formed overwhelms

the availability of the glutathione pool and hepa-

toloxicity may result. Cimetidine inhibits the for-

mation of reactive metabolites and may be useful

in APAP overdose. Studies in mice have shown

that the average lethal dose of acetaminophen is

increased about twofold when it is given with ci-

metidine)° More recently, it hs become clear that

too high a dose of cimetidine is needed in man to
protect against APAP toxicity.

Several studies have compared cimetidine and

ranitidine with respect to drug interactions. For
example, Schwartz ct al. 119 found that pretreatment
with cimetidine decreased the oral clearance of ni-

fedipinc following a single dose of the calcium

antagonist from 66 to 33 L'hr, whereas ranitidine
had no effect. Santhol et al. `0 compared the influ-

ence of famotidine and cimetidine on phenytoin
elimination. Cimetidine decreased the plasma

clearance of phenytoin by 16%, but famotidine had
no effect.

Cimetidine is known to cause gynecomastia and

sexual dysfunction in some men. This may be re-
lated to inhibition of the cytochrome P . 450-
dependent metabolism of estradiol. Galbraith and
Michnovicz lol found that cimetidine reduced the
extent of 2-hydroxylation of estradiol in male sub-

jects from a mean of about 30 to 20% after 2 weeks

of oral treatnënt (800 mg iwice daily). At the same

lime, the urinary excretion of 2-hydroxycstrone de-

creased by about 25% and the serum levels of es-
cradiol increased by about 20%.

Another male subject, given cimetidinc at a

lower dose, 400 mg twice a day, showed a reduc-
tion in the 2-hydroxylation of estradiol from 37 to

24%. In a separate study, ranitidinc, 150 rug twice

daily, was found to have no effect on the 2-hy-

droxylation of estradiol. The investigators sug-

gested that "this mechanism may help to account

for the signs and symptoms of estrogen excess re-

ported with the long-term use of cimetidine."

Calcium ChanneiBlockers. Many reports have
been published concerning interactions of various

drugs with calcium channel blockers. Both
diltiazem t52 and verapamiP 91 decrease the nonrenal
clearance of digoxin and may elevate steady-state

digoxin concentrations by 20 to 30 11o. Nifedipine,
on the other hand, has no effect on the elimination

of digoxin.

To better understand the effects of calcium an-

tagonists on the disposition of other drugs, Bauer

et al .114 studied anlipyrine and indocyanine green

(ICG) kinetics in healthy subjects before and after

pretreatment with nifedipine (10 rug 3 times daily),

diltiazem (30 mg 4 times daily), and verapamil (80
rug 3 times daily).

Diltiazem and verapamil, but not nifedipine, sig-

nificantly decreased the clearance of aotipyrine by
about 25%. ICG clearance was about 700 mI/ruin

during the control period but increased to about

900 mI/ruin when either nifedipine or verapamil

was given. These results suggest that nifedipine

primarily increases liver blood flow with little ef-
fect on hepatic oxidative metabolism, whereas dil-

tiazem has only a modest effect on liver blood flow

but significantly inhibits oxidative metabolism. In-

teractions of reraparr'il with other drugs may in-

volve either or both of these mechanisms.

Other investigators have determined that dilti-

azem also inhibits the. metabolism of theophyl-
line. 195 The calcium antagonist decreased the clear-

ance of theophylline from 52 to 42 ml/mninll .73 m

in nonsmokers, and from 65 to 51 rnllminjl.73 m2

in cigarette smokers.

Both verapamil and diltiazem present a clinical

problem when given with carbaniazepine. Verap-

amil, 120 mg 3 times daily, when given to patients

with epilepsy, treated with carbamazepine, resulted

in elevated plasma levels of carbamazepine and

neurot.oxil0ty. 196 Two patients, rechallenged with
lower dose of verapamil, 120 mg twice daily, again

showed signs of carbantazcpine toxicity. With-

drawal of verapamil was associated with a decline
in plasma carhamazepine from 12 to 7 ig/ml. A

case report concerning a patient on carbamazcpiiie

also described elevated blood levtls of the anti-

convulsant and neuroloxicity when diltiazem was
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given concurrently but not when nifedipine was 	
large quantities of propoxyphenc were also in-

administered. 117
	

gested with acetaminophen. In vitro studies have

Quinolone Antibiotics. A large group of syn-	 shown that propoxyphene is an inhibitor of cyto-

thetic fluroquinolones, related chemically to nali- 	
chrome P-450 hepatic oxidative drug metabolism.

dixic acid, are under investigation. At this time,	
Recent reports have provided clinical evidence of

two compounds, norfloxacin and ciprofioxacin, are 	 this.

approved for use in the United States. Several oth-	
An elderly man stabilized on doxepin for de-

ers are in clinical trials, awaiting approval. 	
prcssion was given propoxyphene 65 mg every 6

A potential disadvantage of some of the quinn-	
hours for relief of arthrjtic pain. The addition of

lones is their ability to inhibit the metabolism of	
propoxyphenc produced a more than 2-fold in-

drugs given concurrently.' The earliest reports in- 	
crease in doxepin levels and progressive lethargy.

dicated that enoxacin increased blood levels of the- 	
Doxepin levels declined and attentiveness im-

ophylline when the drugs were given conconli- 	
proved when propoxyphene was discontinued 

.201

tantly. Beckmann et al.' reported that enoxacin 	
As a follow-up to this observation, the effects of

inhibited the formation of all three primary mctab- 	
propoxyphene on the metabolism of antipyrine

olites of theophyltinc.	
were studied. A short course of propoxyphene, 65

In another study, Wijnands et al 	 found that	 mg every 4 hours, decreased antipyrine clearance

pefloxacin and ciprofloxacin also inhibited the me- 	 by 2017c.

tabolism of theophyllirie but much less so than en- 	
Other investigators concerned with the"clearance

oxacin. These investigators suggested that the in- 	
of benrodiazepines during regular administration

hibition involved the 4-oxo metabolite of the 	
of propoxyphene reported that propoxyphene de-

quinolones, which is formed in larger amounts after 	
creased the clearance of aiprazolam and diazepam

enoxacirl than after pefloxacin or ciprofloxacin.	
by 40% and 13%. respectiVely, but had no effect

The ciprofloxacin-theoPhyllifle interaction was 	
on the elimination of lorazeparn. 206 To summarize,

also studied by Schwartz el al. 201 Theophyllifle	 propoxyphene significantly impairs the clearance

clearance after 2 days of ciproftoxacin. 750 mg	 of aiprazolarn metabolized mainly by aliphatic hy-

twice daily, was decreased in 8 of 9 subjects; clear-	
droxyltion, has far less effect on the oxidation of

ance was decreased by an average of 31 9c. after 4 	 diazepain via an N . demcthylatiOfl pathway, and has

(lays of ciprofloxacin. Theophylline clearance re- 	
no effect on the conjugation of lorazepam with

turned to baseline 2 days after discontinuing cipro-	 glucuronic acid.

fioxacin. Norfioxacin also inhibits theophyllifle 	 Erythromycin. The most widely known inter-

metabolism but to a smaller extent than does cipro-	
action of cry thromycin is with theophyllinc; cots-

floxacin. 202 Mean theophylline clearance decreased 	
current administration for at least 5 days increases

by 15 17c after a course of norfioxacin.	
serum theophylline levels about 2-fold, requiring

Clearly, the quinolones inhibit theophylline me- 	 a theophyllirte dosage reduction . 207 More recently,

tabolism hut they differ widely in the magnitude 	
other investigators have reported several case stud-

of their effects, perhaps related to the ease of for-	
ies ofacarbalnazePine-eIYtl1romY n interaction."'

mation of a particular metabolite. Ofloxacin and 	
In 4 patients with head trauma, serum levels of

losnefloxacin appear to have a negligible effect on 	
carbamazepine doubled or tripled when erythro-

theophylline metabolism.	
mycin treatment. I g/day in divided doses, was

Most likely, quinolones will also he found to 	 initiated.

inhibit the metabolism of other drugs. One report 	
Another report suggests that erythromyc in may

indicates that enoxacin decreases the meats clear-	
also have a significant effect on the elimination of

ance of R-warfarin by about 30% but has no effect	
cyclosporine) Cylosporirte levels in a woman re-

on the clearance of the more potent Senantiomer.	
ceiving the drug after renal transplantation rose

Consequently, enoxacin may be given with racemic	
from 122 to 666 nglml within a few days of starting

warfarin without seeing any effect on anticoagulant	
crythromyin treatment for a urinary tract mice-

response.20'	
lion. Five days after discontinuing erythromycin,

Jaropoxyphene. A case study concerning a taos- 	 th	 2e patient's cyclosporine levels declined to 22

sive overdose of acetaminophen reported, unex- 	 Jig/Jill.

pectedly, little liver damage. 2 " The authors spec-	 OiIierI,IIeraCtiOflS A wide range of other drugs

ulated that this outcome may have resulted because 	
have been reported to inhibit the metabolism of
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certain drugs given concurrently. Ketoconazole,

like several other related antifungal drugs and like

cinietidinc, has an imidazole ring and is a likely

candidate to inhibit oxidative metabolism. Clinical

evidence of this has been presented by Brown et

al .210

Methoxsalcn. (8-mcthoxypsoralen), a natural

product used in the treatment of psoriasis, is a

potent inhibitor of caffeine metabolism. 2 '' Meth-

oxsalen increased the mean area under the concen-

tration-time curve after a single oral dose of caf-

feine from 34 10 106 mg-hr/mI. Assuming caffeine

is completely bioavailable after oral administra-

tion, methoxsalcn decreased caffeine clearance

from 110 to 34 nil/mm. The investigators pointed

out that "patients receiving inethoxsalen . . are

often treated with other drugs, such as sulindac,

indomcthacin, and analogs of retinoic acid. Our

results suggest that elimination of these or other

microsomally metabolized drugs may be altered by

methoxsalen.''

Omeprazole, a selective inhibitor of gastric acid

secretion, is still another imidazQlo derivative.
Treatment over 6 days with a single daily dose of

40 rng omcprazolc decreased diazepam clearance
by more than 50%. Plasma levels of desmethyl-

diazepam, diazepam's major metabolite. were

smaller after omeprazole indicating reduced me-

tabolite formation. Omeprazole has also been

found to cause a small (15%) but consistent re-

duction in phenytoin clearance but appears to have

no effect on theophylline clearance.20

Propafenone, a class Ic antiarrhythmic agent un-

der active investigation, also appears to be a potent

inhibitor of drug metabolism. After a case report

suggesting that propafenone potentiates the anti-

coagulant effects of phenprocoumon, Kates et al.'"

set out to determine if there was an interaction

between propafenonc and warfarin. Propafenone

increased mean steady-state levels of warfarin

nearly 40% and significantly prolonged prothrom-

bin time coqipared with the effects of warfarin

alone.
Propafenone also inhibits the metabolism of mc-

toprolol. 14 The investigators pointed out that al-

though the therapeutic index of metoprolol is large,

the marked rise in plasma metoprolol levels when

propafenoric is added might cause serious adverse

effects in susceptible patients. "It seems necessary

therefore to reduce the dose of metoprolol when

propafenonc is administered sintuhancously."

A life-threatening interaction has been reported
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Fig. 14-14. Effect of coadministered propranolol on se-
rum lidocaine levels during a continuous intravenous in-
fusion of lidocaine. (Data from Ochs, HR., Carstens, G.,
and Greenblatt, D.J.1)

between tamoxifen, an adjuvant used in the treat-

ment of breast cancer, and warfarin. 25 A 43-year-

old woman was stabilized on a daily warfarin dose

of 5 mg and a prothrombin time of 19 seconds.

Seven weeks later, tamoxiferi 40 mg daily was

added to her treatment. The next day her prothrom-

bin time was 38 seconds. Eventually, she was re-
stabilized on I mg warfarin daily to maintain a

prothrombin time of 20 to 25 seconds.
A review of medical records suggested that this

problem had occurred in 5 other patients who re-

ceived tamoxifen and .'.orfarin concurrently. It is

likely that tamoxifcri inhibits the metabolism of

warfarin, but further studies are needed to firmly

nail down the mechanism of this interaction.

Changes in Hepatic Blood Flow
The clearance of drugs such as lidocaine and

propranolol, that have a high hepatic extraction

(> 0.5), will be sensitive to changes in the blood

flow rate to the liver. Interactions may occur when

they are given with other drugs that affect cardiac

output or directly affect hepatic blood flow'(HBF).

Poprano!o1-induced n-blockade results in a re-

duction in cardiac output and IIBF. Consistent with

this effect, propranolol also reduces thee] irnination

of lidocaine because the clearance of lidocaine is

HBF rate-limited . 216 Single dose studies indicate

that the clearance of iv lidocaitie falls from 18 nil]

nun per kg during a control period to I 1 ml/nun

C
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per kg during a propranolol treatment period. Pro-	
society. caffeine and theophylline may be major

pranolol also causes a 30% increase in steady-state 	
determinants of liver blood now in the general pop-

serum lidocaine levels during continuous intrave- 	 ulation.'

nous infusion (Fig. 14-14). 116 This difference may	 In principle, blood levels of a drug subject to

be clinically important because the therapeutic in- 	
presystemiC hepatic metabo1isil on oral adminis-

dcx of lidocainc is narrow. A lower dosage of Ii-	 (ration are independent of- HBF. Elevated blood

docaine may be required in patients who are also 	
levels, however, may be observed if IIBF rate is

being treated with 3-blockers. It is also important 	 transiently increased during absorption but there-

to note that propranolol not only reduces HBF, but 	 after declines to baseline."' This phenomenon may

also inhibits hepatic metabolism. Increases in Ii- 	 explain the elevated blood levels of propranolol

docaine levels are probably related to both effects	 when it is given with food 2 or with hydralazine,?n

a potent vasodilator. A 25-mg oral dose of hy-
of propranolol.

A single dose of cimctidine significantly reduces	 dralazine given simultaneously with oral proprail-

	

the clearance of indocyanine green in man; 217 this	 olol increased plasma propranolol levels by 60%;

	

is consistent with the known effect of cimetidine 	
a 50-mg oral dose of hydralazine increased plasma

	

on HBF in the dog, an effect related to its histamine 	 propranolol concentrations by about 80%."-

	

blocking action. Therefore, cimetidine can affect 	
An alternative mechanism to explain the inter-

	

the clearance of drugs with high hepatic excretion 	
action between hydralazine and propranolol is in-

	

ratios in two ways, by decreasing the HBF rate and 	 hibition of the first-pass metabolism of the beta-

	

by inhibiting hepatic drug metabolizing enzymes.	 blocker by hydralazine. To select between these

Cimetidinc decreased the systemic clearance of 	 mechanisms, Schneck and Vary 224 measured the

	

intravenous propranolol by about 25%." Steady-	
urinary excretion rate and profile of propranolol

	

state levels of propranolol on oral dosing were in- 	
metabolites after oral administration of radiola-

	

creased from 23 to 45 ng/ml during treatment with 	 heled propranolol 40 mg, alone or with 25 or 50

	

cimetidine. 18 Cimetidine also reduced the systemic	 rng hydralazine.

	

clearance of lidocaine from 766 nil/min to 576 int/	
The investigators reasoned that if hdralazine

	

ruin) 19 Lidocaine toxicity was noted in 5 of 6 sub- 	
inhibits the metabolism of propranolol, the urinary

	

jects during the cimetidine infusion but in only I	
excretion rate of propranolol metabolites would be

of 6 subjects during aacebo infusion. 1.idocaine 	
expected to decrease and, if there were selective

concentrations were 50% higher when subjects re-	
inhibition of the propranolol metabolic pathways,

ceived cimetidine.	
there would be a change in the composition of

Whether or not changes in the rate of liver blood 	 propranolol metabolites in urine. On the other

flow play an important rote in these interactions 	
hand, if hydralazine affects only liver blood flow,

with cimeiidine is difficult to say in light of the 	
there would be no change in the profile of pro-

inhibitory effects of cimctidine on the intrinsic he-	 pranolol metabolites in urine.

patic clearance of propranolol and lidocaine. 	
Coadrninistration of hydralazine substantially in-

Low concentrations of caffeine and theophyllinc	 creased the plasma levels of propranolol, by 60%

block the vasodilatory effects of adenosine and, in 	
after the 25 mg dose and by 120% after the 50 mg

this manner. may modulate hepatic blood now. To 	
dose, but hydralazine had no effect on the fraction

test this hypothesis. Onrot et al. 720 studied the ef-	
of the propranolol dose recovered in the Orine as

fects of these xanthines on liver perfusion using 	
basic, acidic, or polar metabolites, these fractions

ICO clearance as an index of hepatic blood flow.ecouriicd for 99% of the dose.

Thirty mm after dosing with 250 mg oral caf- 	
Furthermore, hydralazine did not alter the pat-

feine, ICG clearance was reduced by an average 	
tern of metabolites measurable by high-perform-

of 19%, from 630 to 510 mPmin. Dosing with 	
ance liquid chromatography (i.e., naphthoxylactic

theophylline, 4.3 mg/kg iv infused over I hr, also 	
aid, propranolol glucuronide, and 4-hydroxypro-

resulted in a fall in ICG clearance from 550 to 470 	
pranolol) and did not decrease the urinary excretion

mi/mm. The investigators suggosted that "the ob- 	
rates of prupranolol metabolites. These results sup-

served fall - . . may affect the disposition of con- 	
port an interaction mechanism involving an in-

comitamitly administered drugs or absorbed nutri-	
crease in hepatic blood flow during the absorption

ents that are highly extractable." They concluded 	
of propranolol when it is given with hydralazinC.

that ''because of their widespread use in Western
	 Other investigators have reported that hydrala-
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zinc also increases blood levels of mctoprolol, art-

other drug highly extracted by the livcr . ??t Steady-

state concentrations of metoprolol in plasma

increased nearly 40% and peak levels of metopro101

increased by about 90% in hypertensive pregnant

women when hydralazine 25 mg twice daily was
added to a rcgfinen of metoprolol 50 mg twice

daily.

Stereochemical Considerations
in Drug Interactions

Most investigators now agree that effects on in-

dividual enantiomers must be considered when

studying an interaction involving a racemic drug.

As noted above, the interaction between enoxacin

and warfarin is not clinically important because

only the R-fonn of warfarin is inhibited, not the

more potent S-enantionicr. 13 Considering only the

effects on racemic warfarin, we would arrive at the

implausible conclusion that the interaction results

in an increase in warfarin serum levels but no

change in anticoagulant activity.
Stercoscicctive interactions have also been re-

ported with cimetidine. loon et al. 26 discovered

that cimetidinc, like enoxacin, inhibits the metab-

olism of R-warfarin, but not that of S-warfarin,

and has little effect on the anticoagulant activity

of a dose of racemic warfarin. These investigators

also found that although cimetidine had no effect

on beta-blockade after a single dose of metoprolol,

it did increase the bioavailability of oral metoprotol

through inhibition of first-pass metabolism. 121 The

interaction was stereoselective, with ib major ef-

fect being on the less pharmacologically active en-

antiomer of metoprolol.

Drug Interactions as a Probe to Identify
Metabolic Pathways Regulated by the
Debrisoquin Phenotype

Poor metabolizers (PMs) of debrisoquin may be

at risk of adverse effects during treatment with

drugs that share its genetic polymorphism. Patients

at risk have usually been identified by phenotyping

with debrisoquin or sparteine, which displays the

same genetic polymorphism as debrisoquin. Drugs

that cosegregate with debrisoquin or sparteine have

been identified by pharmacokinetic studies in pan-

els of phenotyped subjects.
The low frequency of PMs in the U.S. popula-

tion (less than 10%) has made it difficult to identify,

early in the course of development, those drugs

likely to cause adverse effects in patients with im-

paired oxidative metabolism. Few centers have

available panels of phenotypcd subjects and irs

those that do, very few PMs are included in the

panel. The development of an alternative screening

method not requiring the preselection of PMs

would be an important contribution.

An agent that could be given safely and acted

as a potent and selective inhibitor of debrisoquin

4-hydroxylaSe activity might be useful in this re-

gard. Ideally, this agent would inhibit the elimi-

nation of only those drugs significantly metabolized

by the cytochrome P-450 isozyme regulating de-

brisoquin hydroxylation. One compound that may

be suitable for this purpose is quinidine.

Speirs et al. 228 reported that quinidine was a po-

tent inhibitor of the 4-hydroxylation of debrisoquin

and the 1-hydroxylation of bufuralol by human
liver microsomes. Quinidine was about 100 times

more potent in this respect than quinine, its

diastcreoisomer. Quinidine also inhibited the

O-dcetliylation of phenacetin but 1000-fold higher

concentrations were required than those needed to

inhibit the aforementioned hydroxylation proc-

esses.
Other studies have shown that the polymorphic

iso/.ynle directing debrisoquin hydroxylation is im-

portant in the metabolism of bufuralol. The dc-

alkylation of phenacetin, on the other hand, is
known to be catalyzed by an isozyme other than

that involved in the hydroxylation of debrisoquiri.

Other oxidation pathways that do not appear to be

associated with the debrisoquin/sparteine isozyme

are the hydroxylation of mephenytoin and tolbu-

tamide, and the N-demethylation of aminopyrine.

Speirs and his colleagues concluded that "quin.-

idine at subpharmacological doses may be used to

investigate the contribution of the isozyme of cy-

tochroine P-450 catalysing the 4-hydroxylation of
debrisoquin in the elimination of a new drug. if

the elimination of such a compound is significantly

impaired following the co-administration of quin-

idine then it could be concluded that this isozyme

is likely to catalyse a quantitatively important pro-

portion of the elimination of the drug and would

indicate that its elimination may well be impaired

in PM subjects. " This conclusion has been sup-

ported by a report showing that quinidine nearly

abolished the oxidation of sparteine.9

The debrisoquinispartcine isozyme is known to
be involved in the metabolism of more than 30

drugs. The metabolism of all that have been stud-

ied, including moctoprolol, propafehone, encainide,
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and dextroinethorphan is inhibited by quinidine .

A great deal more must be done, however, before

we can be sure that quinidine will interact only

with a drug having a metabolic pathway that co-

segregates with debrisoquin hydroxylation. In the
meantime, it would make sense to study the inter-

action between quinidine and new compounds sub-

ject to oxidative metabolism, at least at the level

of human liver microsomes. If an interaction is

observed, it might be prudint to set up a panel of

EMs and FMs for further study.

ENVIRONMENTAL CHEMICALS

drug metabolism but also stimulates drug metab-

olism, at least on chronic administration." Regular

administration of ethanol for one month to alco-

holic and nonalcoholic subjects resulted in an

enhanced elimination of meprobainate, phenobar-

hital, and ethanol itself. The half-life of mepro-

bamate was reduced from 17 to 7 hr in alcoholic

subjects and from 14 to 8 hr in nonalcoholic sub-
jects. The half-life of pentobarbital in nonalcoholic

subjects decreased from 35 1026 hr. Approximately
4 to 8 weeks after the end of the ethanol treatment,

the rate of elimination of ethanol and meprobamate

had returned to normal.

Although genetic factors contribute substantially

to the large degree of intersubject variability found

in apparently healthy, drug-free individuals, cer-

tain environmental factors also contribute to this
variability. Relatively few of these factors have

been isolated, but during the past 2 decads a lot

has been learned about the effects of excessive or

chronic alcohol consumption, cigarette smoking.

and diet on drug metabolism.

Alcohol
The damaging effects of chronic alcoholism on

the human liver are well documented. The hepatic

metabolism of many drugs is impaired in patients

with alcoholic cirrhosis. Excessive or chronic al-
cohol consumption, however, also affects drug me-

tabolism in people who have no signs of liver dis-

ease.
Acute ethanol intoxication inhibits drug metab-

olism. 2 ' This effect is clearly seen in studies with

chlordiazepoxide. 2 The elimination of chlordi-

azepoxide after intravenous administration was de-

termined before and after acute ingestion of etha-

nol, 0.8 g!kg followed by 0.5 glkg every 5 hr for

30 hr. Plasma clearance of chlordiazepoxide fell

about one third, from 27 niPmin in the control

period to 17 ml/min during ethanol intoxication.

Plasma ethanol concentrations were maintained in

a range of 50 to 150 mg/dl during the study. Ethanol

also decreased the plasma protein binding of chlor-

diazepoxide; percentage unbound rose from 5.3 to

6.6%. Therefore, plasma clearance of unbound

chtordia7.CpOXidC decreased almost 50 11, from 468

ml/mitt to 264 mnllmin. The results suggest that

pharrnacokinètiC as well as pharmacologic factors

contribute to the more profound sedation observed

when chlordiazcpoxide is taken with ethanol.

Drug metabolism studies with alcohol are com-

plicated by the fact that c ttia ii ol not only inhibits

Cigarette Smoking
Tobacco smoke is a coriplex mixture composed

primarily of gases, but it also contains particulate
matter. The particulate matter consists of water-

soluble compounds, including nicotine, and fat-

soluble compounds, including polycyclic aromatic

hydrocarbons.
Polycyclic aromatic hydrocarbons, and perhaps

other constituents of tobacco smoke, are potent

inducers of certain drug metabolizing enzymes,

particularly the enzyme aryl hydrocarbon hydrox-
ylase. The enzymes affected by tobacco smoke are

involved in the metabolism of mans drugs: chronic

smoking has been reported to increase the metab-

olisni of nicotine, pheiacetin, antip)rine, thco-
phylline, imipramine, pentazocine, and proprano-

lot. The effects of smoking on drug metabolism

and actions have been reviewed b Miller,2'4

Jusko," and Dawson and Vestal."
Propoxyphene was rated ineffective for the relief

of mild to moderate pain or headache in 10% of

nonsmokers, 15% of light smokers, and 20% of

heavy smokers." Of the 7 reported adverse re-

actions to propoxyphene, 6 occurred in nonsmok-

ers. The reduced efficacy of propoxyphene in

smokers is consistent with enhanced metabolism

and suggests the need for higher dosage in these

patients.
The incidence of drowsiness in patients receiving

diazepam or chlordiazepoxide is also related to

smoking history. 214 About 8% of nonsmokers or

light smokers but only 3% of heavy smokers re-

ported drowsiness with diazepam. The incidence

of drowsiness with chlordiazepoxide was 10 51v in

nonsmokers, 6% in light smokers, and 3.5% in
heavy smokers. No heavy smoker experienced

drowsiness with doses of diazepam up to 20 mg/

day. Whether these results are related to stimulated
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Table 14-6. Phenacetin Concentrations in tliC
Plasma after Oral Administration of a 900-mg
Dose to Cigarette Smokers and Nonsmokers*

Tine aner	 ptaqnfa phenacettn levels ipWmi)
adrniniOrsttun

(hr)	 Nonsmokers	 Srnoker

081	 (1.33
2	 2.24	 0.48
3.5	 0.39	 0.09
5	 0.12	 (1.02

-Data (rain t 5 ;ivtuck. E.J.. KunOmiin. R., and Ciinny, A. It)'

metabolism or increased tolerance to benzodiaze-

1)inCS in smokers is not established.

Clinically, the dosa g e requirements for pentaz-

ocine as a supplement to nitrous oxide anesthesia

are greater in smokers than nonsmokers. Studies

in healthy subjects suggest that stimulated metab-

olism is the reason for differences in dosage re-

quirements because smokers metabolize pentazo-

cine more efficiently than nonsmokers.

The metabolism of phenacetin is also accelerated

in smokers. 23° Plasma phcnacetin levels after oral

administration are much lower in smokers than in

nonsmokers (Table 14-6). The low plasma con-

centrations of phenacetin in smokers are probably

the results of increased presystemic gastrointestinal

or hepatic metabolism.
The interaction between theophylline and to-

bacco smoke is one of the most clinically important

effects of smoking because of the low therapeutic

index of theophylline. The half-life of theophyl line

is short in smokers, averaging about 4 hr, compared

to nonsmokers, who show values of about 7 hr.20

The clearance of theophyl line was 44.5 rnlImin per

1.73 nil in nonsmokers and 100 ml/min in smok-

e ls .241 These differences suggest a 2-fold difference

in theophylline dosage requirements in smokers

and nonsmokers to achieve comparable blood lev-

els, the smokers requiring more theophylline.

The increased metabolism of theophylline in

smokers seems to be associated with reduced tox-

icity during clinical use of this bronchodilator.

There is a significant relationship between the in-

,cidence of adverse reactions to theophylline and

smoking history. The incidence of theophyllinc

toxicity was 13% in nonsmokers, 11% in light

smokers, and 7% in smokers.

Vestal and his collcagucs 3 determined that

the effects of smoking on theophylline disposition

are independent of age and persist even shen the

metabolism of theophylline is inhibited by cimet-

kline or accelerated by phenytoin. Their study

group consisted of young (19 to 31 years) and eld-

erly (65 to 75 years) smokers and nonsmokers.

Theophylline clearance was 68 ml/hr/kg in

young smokets and 46 ml/hr/kg in young non-

smokers. Similar differences were observed in the

elderly panel: 55 mI/hr/kg in smokers and 31 ri-tI/

hr/kg in nonsmokers. Young smokers treated with

cimctidine also had a higher theophyllinc clearance

than young nonsmokers similarly treated: 48 vs 32

ml./hr/kg. The same was true in the old subjects.

Thcophylline clearance in subjects treated s ith

phenytoin was again consistently higher in smokers

than in nonsmokers. Old and young smokers had

values of 106 and 120 ml/hr/kg, respectively; cor-
responding values in nonsmokers were 49 and 78

mi/hr/kg.
In a related study, Crowlcy 2 again found that

phenytoin enhanced the metabolism of theophyl-

line in both smokers and nonsmokers. In a panel

of young adults, before treatment with phenytoin.

theophylline clearance was 48 mlihrikg in non-

smokers and 90 ml/hrkg in smokers. Phenytoin

increased theophylline. clearance by 40% iii non-

smokers and by 45% in smokers.
In spite of the pronounced increase in theophyl-

line clearance as a result of smoking, the drug

metabolizing enzymes concerned with theophylline

metabolism can be induced further. The investi-

gators concluded that ''the induction of theophyl-

line clearance by phenytoin is additive to that

caused by cigarette smoking and provides support

for the suggestion that theophylline metabolism is

influenced by multiple polymorphisms."

When cigarette smokers are hospitalized, they

are often forced to stop smoking. With this in mind,

Lee et at.'-14 studied the effects of brief abstinence

from tobacco on theophylline elimination in

healthy subjects. Abstinence from smoking for I

week resulted its a 38% decrease in the clearance

of theophylline. The results indicate that at least

partial normalization of the enzyme-inducing ef-

fects of smoking may be realized in a short time

after stopping. The investigations recommended

that ''for smokers who are taking theophylline

chronically, their dose of theophylline will need to

be reduced by one fourth to one third after brief

tobacco abstinence."

Smoking also accelerates the metabolism ofof caf-

feine. This may explain the higher coffee con-

sumption in smokers than in nonsmokers. To better

understand the implications of this interaction.

Benowitz et :il .' investigated tk effects of smok-
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ing and short-term abstinence from smoking oil

rate and pattern of caffeine metabolism in habitual

smokers who were regular coffee drinkers. Partic-

ipants were heavy smokers whose habit ranged

from 30 to 50 cigarettes per day and who regularly

consuiiied 3 to 8 cups of coffee per day.

lilood levels of caffeine following a series of 6

test doses given every 2 hr were about 5017c higher

3 to 4 days after smoking was stopped than just
before stopping. The mean peak caffeine concen-

trations during the smoking and abstinence phases

were 2.9 and 3.8 p.glml, respectively. Cessation

also resulted in a significant decrease in the urinary

recovery of two metabolites of caffeine. The uri-
nal) excretion pattems found in this study suggest

that smoking accelerated the demcthylätion path-
ways of caffeine metabolism but had little effect

on the xanthine oxidase pathway.

In another study ' 148 caffeine consumption and

plasma caffeine concentrations were measured be-
fore and for 6 months after a panel of subjects gave
up smoking. Volunteers were recruited for a stop

smoking program and evaluated before and at 12

and 26 weeks afterward. Of the 95 subjects who
started the prograni. 64 were available for evalu-

ation at 12 weeks; 30 of these subjects had resumed

smoking during this period.
Although coffee consumption was unchanged

from baseline, both in those who resuried smoking
and those who remained abstinent, plasma levels

of caffeine increased markedly after 12 weeks in

the former smokers, from 6.6 to 17.9 1zmol/L, but

hardly at all ill those who resumed smoking. The

findings were almost identical at 26 weeks. Mean

plasma caffeine levels increased by nearly 3007c

in those who remained abstinent, whereas caffeine

consumption during this period actually decreased

by about 25%. Caffeine levels in plasma were un-

changed in those who did not succeed in their ef-

forts to quit smoking.
The investigators recommended that "doctors

offering antismoking treatment should advise pa-

tients that continued consumption of coffee at the

same level may exacerbate the tobacco withdrawal
syndrome and contribute to increased health risks;

these patients should reduce their consumption.

Epidemiologic data have linked smoking to ear-

lier menopause and increased osteoporosis, both of
which are associated with a relative deficiency of

estrogen. M iehnoviti. et al. 111 have considered the

possibi! ity that the apparent anti-estrogen effects

of smoking may be related to increased hepatic

i iietaholisnt of natural estrogens. They found' -
nilicant increase in estradiol 2-hydroxylation, on

the order of 50%, in premenopausal women who

smoked compared with those who did not smoke.

The investigators concluded that 'smoking exerts

a powerful inducing effect oil 2-hydroxylation

pathway of estradiol metabolism, which is likely

to lead to decreased bioava[iability at estrogen tar-

get tissues."

Diet
Dietary factors have been shown to be deter-

minants of drug-metabolizing enzyme activity in
laboratory animals, but little is known of the effects

of diet or specific foods on drug metabolism in

man. When the diets of healthy subjects were

changed from their usual diets to a low carbohy-
drate-high protein diet, the half-life of antipyrine

decreased from 16 to 10 hr and that of theophylline

decreased from 8 to 5 hr. When diets were again
changed from low carbohydrate-high protein to

high carbohydrate-low protein, the mean antipyrine

half-life increased from 10 to 16 hr and the mean
theophylline half-life increased from 5 to 8 hr. Sup-

plementing standard diets with carbohydrate

caused an increase in drug half-life, whereas a pro-

tein stippleirient caused a decrease in drug half-

life.255
Certain vegetables, including brussels Sproul,s

cabbage, turnips, broccoli, cauliflower, and spin-

ach, contain chemicals that induce aryl hydrocar-
bon hydroxylase enzyme activity. A test diet con-

taining brussels sprouts and cabbage reduced
Plasma phenacetin concentrations after oral admin-

istration to healthy subjects by 50% compared to

those observed in the same subjects maintained on

a control diet containing no enzyme-inducing veg-

etable s -
Charcoal-broiled beef also enhances drug me-

tabolism. The average peak concentration of phe-

nacetin in plasma after a 900-mg oral dose fell from

1630 ng!ml when healthy subjects were fed a con-
trol diet to 350 ng/ml after they were maintained

on a diet containing charcoal-broiled beef.'" Char-

coal-broiled beef also induces the metabolism of

antipyrinC and cheophylline; the half-lives of these
2 drugs were each decreased about 20% when

healthy subjects were fed a diet containing char-

coal-broiled beef. 213 These effects are probably re-

lated to the fact that charcoal-broiled beef contains

large quantities of polycycl ic aromatic hydrocar-

bons.
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'Sb. (984, Nutt and his co1leagucs 55 presented

evidence suggesting that competition between large

neutral amino acids (resulting from the adminis-

(ration of phenylalanine, leucine, or isoleucine) and

levodopa for transport from plasma to brain may

be patily responsible for the fluctuating clinical

response, called the 'on-off phenomenon,' fre-

quently seen in patients with Parkinson's disease

treated with levodopa.

More recently, these investigators considered the

use of a low-protein diet as a therapeutic strategy

for treating parkinsonian patients handicapped by

a fluctuating response to fevodopa. 211 A diet con-
taining 1.6 gikg protein was compared with a 0.8

gikg diet siih prOtein evenly distributed between

meals, and a 0.8 g/kg diet with protein restricted

to the evening meal.

The mean percent of the time patients were re-

sponding satisfactorily to levodopa (i.e., 'on' lime)

was 51% for the high-protein diet, 67% for the

low-protein diet distributed over three meals, and

77% for the low-protein diet restricted 10 the eve-

fling meal. The mean plasma levels of large neutral

amino acids were 732 nmol/ml for the high-protein

diet, 640 for the distributed low-protein diet, and

542 for the restricted low-protein diet.

Nutt ci al. concluded that for patients with a

fluctuating response who have not responded to

dosage adjustment, lower protein intake will aug-

ment the effects of levodopa. The low-protein dis-

tributed diet is effective and easiest to implement."

A decrease in diet protein depresses creatinine

clecance and renal plasma flow. Dietary p:teiiI

also affects the renal tubular transport of certain

endogenous compounds, but there is little under-

standing of the role of diet in the renal excretion

of drugs. Studies with allopurinol suggest that this

kind of interaction merits more attention.

The pharmacokinetics of allopurinol and oxy-

purinol, its active metabolite, were studied in

healthy subjects. Each subject received, in random

order, a low-protein (19 glday) or high-protein (268

glday) diet for 14 days. Before the study and on

day 12 of each diet, 24-hour urine and plasma

samples were obtained to determine creatinine

clearance. On day 13 of eteh-diet, each subject

received a 600-mg oral dose of allopurinol.

Compared with baseline values, renal function

was decreased by the low-protein •diet and in-

creased by the high-protein diet. Creatinine clear-

ance increased from 96 nil/min on the low-protein

diet to 138 mI/nun on the high-protein diet. The

same was true of urea and uric acid renal clearance.

Small differences were observed in the kinetics

of allopurinol. Consistent with thediffcrence in

creatinine clearance, the renal clearance of allo-

purinol was about 30 1/a smaller, compared with

control values, when protein was restricted. The

area under the curve (AUC) for allopurinol was

about 45% greater during the low-protein diet than

(luring the high-protein diet. Since the renal clear-

ance of allopurinol accounts for only a small per-

centage of its total body clearance, the increase in

allopurinol AUC may reflect a decrease in the xan-

thine-oxidase dependent metabolism of allopurinol

to oxypurinol during protein restriction.

In contrast to the relatively small effect of dietary

protein on allopurinol, a pronounced effect was

observed on the pharinacokinetics of oxypurinol.

Renal clearance of the metabolite during protein

restriction was only one-third that observed during

the high-protein diet; the AUC and half-life of ox-

ypurinol were three times greater.

The decrease in the renal clearance of oxypurinol

during protein restriction was about twice as large

as the change in creatintne clearance. Based on the

size of this difference, the investigators proposed

that the mechanism of the interaction must also

involve a change in tubular function associated

with protein restriction.

They hypothesized that oxypurinol, a weak acid

chemically similar to uric acid, may be reabsorbed

by the uric acid system in the renal tubules. A high-

protein diet, which is similar to the typical Amer-

ican diet, inhibits reabsorption and produces the

characteristic pharmacokinetic profile of oxypuri-

nol. Protein restriction, on the other hand, allows

extensive tubular reabsorption of oxypurinol,

which would result in a decreased renal clearance

and more persistent oxypurinol levels in plasma.

In support of this hypothesis, urea and uric acid

renal clearances were about 60% smaller during

protein restriction than during the high-protein diet,

whereas creatinine clearance was only 30%

smaller. If this hypothesis is correct, it adds a new

mechanism to the ways in which dietary factors

can alter clinical phartuacokinetics.

Other Chemicals
Certain chemicals found in the work environ-

nacnt can stimulate drug metabolizing enzymcs."

The half-life of antipyrine in men occupationally

exposed to a mixture of insecticies (mainly Lin-
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datio and DDT) was significantly shorter than in

33 control subjects (8 hr vs 12 hr)." Others have
shown a decrease in the half-life ofphenylbutazonc

in workers exposed to chlorinated pesticides.

Other chemicals iii the work environment may

inhibit drug metabolism. Plasma warfarin half-life

and anticoagulant effect were determined in an-

esthesiology residents at the start of their training

period. Average warfarin half-life in these subjects

was 32 hr and average prothronsbin response was

1340 U. After 4 months in the operating room,

average warfarin half-life had increased to 49 hr

and prothrombin response to 1550 U . The change

in warfarin kinetics and effect appears to be the

result of inhibition of warfarin metabolism, related

to the repeated exposure of these subjects to an

operating room environment.

CONCLUSIONS

In view of the effects of age, sex, body size,

g enetic factors, disease, and interactions on drug

blood levels resulting from usual dosage regimens,

one cannot he surprised that a wide range of in-

dix idual responses to therapy i5 found with all

drugs. One can also understand the need for and

inlrest in individualization of dosage regimens.
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