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Abstract

The cytochrome P450s (CYPs) constitute a superfamily of isoforms that play
an important role in the oxidative metabolism of drugs. Each CYP isoform pos-
sesses a characteristic broad spectrum of catalytic activities of substrates. When-
ever 2 or more drugs are administered concurrently, the possibility of drug
interactions exists. The ability of a single CYP to metabolise multiple substrates
is responsible for a large number of documented drug interactions associated with
CYP inhibition. In addition, drug interactions can also occur as a result of the
induction of several human CYPs following long term drug treatment.

The mechanisms of CYP inhibition can be divided into 3 categories: (a) re-
versible inhibition; (b) quasi-irreversible inhibition; and (c) irreversible inhibi-
tion. In mechanistic terms, reversible interactions arise as a result of competition
at the CYP active site and probably involve only the first step of the CYP catalytic
cycle. On the other hand, drugs that act during and subsequent to the oxygen
transfer step are generally irreversible or quasi-irreversible inhibitors. Irreversible
and quasi-irreversible inhibition require at least one cycle of the CYP catalytic
process.

Because human liver samples and recombinant human CYPs are now readily
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availablejn vitro systems have been used as screening tools to predict the poten-
tial forin vivodrug interaction. Although it is easy to deternimeitro metabolic

drug interactions, the proper interpretation and extrapolatiam\ofro interac-

tion data tain vivo situations require a good understanding of pharmacokinetic
principles.

From the viewpoint of drug therapy, to avoid potential drug-drug interactions,
it is desirable to develop a new drug candidate that is not a potent CYP inhibitor
or inducer and the metabolism of which is not readily inhibited by other drugs.
In reality, drug interaction by mutual inhibition between drugs is almost inevita-
ble, because CYP-mediated metabolism represents a major route of elimination
of many drugs, which can compete for the same CYP enzyme.

The clinical significance of a metabolic drug interaction depends on the mag-
nitude of the change in the concentration of active species (parent drug and/or
active metabolites) at the site of pharmacological action and the therapeutic index
of the drug. The smaller the difference between toxic and effective concentration,
the greater the likelihood that a drug interaction will have serious clinical conse-
guences. Thus, careful evaluation of potential drug interactions of a new drug
candidate during the early stage of drug development is essential.

The cytochrome P450s (CYPs) constitute a sutions. Thus, the inhibition of CYP enzymes is of
perfamily of isoforms that play an important role clinical importance for both therapeutic and toxi-
in the metabolism of drugs. One of the many intri-cological reasons. In addition, drug interactions
guing aspects of CYPs is that not only can theyan also occur as a result of the induction of several
catalyse numerous oxidative reactions (includinghuman CYPs following prolonged drug treatment.
carbon hydroxylation, heteroatom oxygenation, The purpose of this paper is to review the mech-
dealkylation and epoxidation), but they can alscanisms of inhibition and induction of CYP en-
metabolise an amazingly large number of lipo-Zymes and their clinical implications. In addition,
philic xenobioticd!! This is accomplished by mul- the pharmacokinetic concepts for extrapolation of
tiple forms of CYP which have overlapping sub-in Vitro inhibition data toin vivo situations are
strate specificitie® Each CYP isoform possesses briefly highlighted. This review is by no means in-
a characteristic broad spectrum of catalytic activiiended to be comprehensive, rather it is meant to
ties of substrates (table )] iIIustrgte the imp.ortgn_t.points qf the current undgr-

Multiple drug therapy is a common therapeuticSta”d'”g of CYP inhibition and induction, and their
practice, particularly in patients with several dis-cONsequences.
eases or conditions. Whenever 2 or more drugs are )
administered over similar or overlapping time pe- +- Human Hepatic Cytochrome
riods, the possibility of drug interactions exist. Just P450s (CYPs)

as drugs can compete for protein binding sites, they The CYPs comprise a superfamily of haemo-
can also compete for enzyme catalytic sites. Th@roteins which contain a single iron protoporphy-
ability of a single CYP to metabolise multiple sub-rin IX prosthetic group. This superfamily is subdi-
strates is responsible for the large number of docvided into families and subfamilies that are defined
umented drug interactions associated with CYRsolely on the basis of amino acid sequence homol-
inhibition.>7] The inhibition of drug metabolism ogy. To date, at least 14 CYP gene families have
by competition for the same enzyme may result irbeen identified in mammald. The mammalian
undesirable elevations in plasma drug concentracYP families can be functionally subdivided into
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2 major classes, those that involve the biosynthesi€YP2C, CYP2D6, CYP2E1 and CYP3Aenzymes.
of steroids and bile acids and those that primarilyAmong these, CYP3A (CYP3A4 and CYP3A5)
metabolise xenobiotics. Three main CYP geneand CYP2C (CYP2C8, CYP2C9, CYP2C18 and
families, CYP1, CYP2 and CYP3, are responsible folCYP2C19) are the most abundant subfamilies, ac-
most hepatic drug metabolism. Although the CYP1counting for 30% and 20% of the total CYP, re-
and CYP3 gene families are relatively simple (i.e.spectively. Other isoforms are minor contributors
CYP1A, CYP1B and CYP3A), the CYP2 gene to the total CYP: CYP1A2 at 13%, CYP2EL at 7%,
family is comprised of many subfamilies (e.g., CYP2A6 at 4%, CYP2D6 at 2% and CYP2B6 at
CYP2A, CYP2B, CYP2C, CYP2D, CYP2E, etc). 0.2%[39.10]
These isoforms have the same oxidising centre (the In humans, genomic analyses suggest that at
haem iron), but differ by their protein structures. least 7 genes exist in the CYP2C subfariily.
For different CYP, specificity control is gov- CYP2C8 and CYP2C9 are the major forms, account-
erned by the entry of the substrate into the activéng for 35 and 60%, respectively, of total human
site and the direct interaction of amino acids in theCYP2C forms, while CYP2C18 (4%) and CYP2C19
active site with the substrate. Because the interad:1%) are the minor forms of the human CYP2C
tion of substrates and mammalian CYP generallysubfamily[12!
lacks absolute complementarity, substrates often On the other hand, CYP3A4 and CYP3A5 have
bind to the enzyme active site in several differentbeen identified in adult human liver microsomes.
configurations, resulting in multiple metabolites CYP3A4 is the most abundant CYP isoform, com-
with regio- and stereospecificity unique to eachprising approximately 25% of the total CYP, and
isoform. plays a very important role in human metabolism.
Approximately 70% of human liver CYP is ac- CYP3AS5 is believed to be polymorphically ex-
counted for by CYP1A2, CYP2A6, CYP2B6, pressed, appearing in about a quarter of the human

Table I. Major human liver cytochrome P450 (CYP) enzymes (data from Guengerichl® and Parkinsonl*))

CYP Drug substrate Marker substrate/ Inhibitor Inducer
reaction

1A2 Paracetamol (acetaminophen), caffeine, Phenacetin Furafylline Smoking, charred
ondansetron, phenacetin, tacrine, tamoxifen, O-de-ethylation food
theophylline

2A6 Coumarin, nicotine Coumarin Ditiocarb sodium

7-hydroxylation (diethyldithio-
carbamate)

2C9 Diclofenac, flurbiprofen, losartan, phenytoin, Tolbutamide Sulfaphenazole Barbiturates,
piroxicam, tienilic acid, tolbutamide, torasemide,  methyl hydroxylation rifampicin (rifampin)
(S)-warfarin

2C19 Diazepam, (S)-mephenytoin, omeprazole, (S)-mephenytoin
pentamidine, propranolol, (R)-warfarin 4'-hydroxylation

2D6 Bufuralol, codeine, debrisoquine, desipramine, Bufuralol Quinidine, ajmaline
dextromethorphan, encainide, fluoxetine, 1'-hydroxylation
haloperidol, imipramine, nortriptyline, paroxetine,
propafenone, propranolol, sparteine

2E1 Paracetamol, caffeine, chlorzoxazone, enflurane, Chlorzoxazone Ditiocarb sodium Alcohol (ethanol),
theophylline 6-hydroxylation isoniazid

3A4 Benzphetamine, clarithromycin, codeine, Testosterone Gestodene, Barbiturates,
cyclosporin, dapsone, diazepam, erythromycin, 6B-hydroxylation troleandomycin, rifampicin,
felodipine, tacrolimus, indinavir, lovastatin, L-754,394, dexamethasone,
midazolam, nifedipine, carbamazepine, ketoconazole, carbamazepine
losartan, quinidine, taxol, terfenadine, verapamil itraconazole
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21 E CYP2D6 polymorphism is perhaps the most
(34) studied genetic polymorphism in drug metabolism.
This polymorphism divides the populations into 2
- } phenotypes, extensive metabolisers (EM) and poor
©3) Ln) metabolisers (PM). Approximately 5 to 10% of in-
dividuals in Caucasian populations are of the PM

Log (debrisoquine MR)

*® phenotype, but only 1 to 2% in Asian popula-
] (XC) tions[16.17] Recent studies by Johansson and col-
e : , leagueB81% have shown that a small fraction of
012345 10 15 the Swedish population are ultrarapid metabolisers
Functional CYP2D6 genes, no. of debrisoquine, as the result of gene amplification
Fig. 1. Relationship between number of active cytochrome P450 or duplication. In 2 families of ultrarapid metabo-
(CYP) 2D6 genes and the metabolic ratio (MR) for debrisoquine. lisers, the CYP2D6 gene was amplified 12-fold on

H Vi i< indi ithi [18] . . .
Number of individuals is indicated within parentheses. 1 allele in 3 members of 1 famlly, and 2 gene copies

were present on 1 allele in another family. Exami-

Ination of the metabolic ratio (MR) for debrisoquine
€Yevealed an excellent correlation between debriso-
guine metabolism as measured by MR and the
_ number of active genes (fig. 1). A high frequency
pressed qnly In h_uman fet_al, b_Ut T“?t adult, Iﬁb_r. (29%) of ultrarapid metabolisers of debrisoquine

There is considerable interindividual variation in an Ethiopian population carrying multiple

in the content of each CYP isoform. In a study WithCYP2D6 genes has also been repo@do date
human liver microsomes of 30 Japanese and 3@}, e than 50 drugs, including antidepressants, an-

_Caugas_ia_ns, Sh_imada et{gélhave found that the tipsychotics and cardiovascular drugs, are known
interindividual difference in the content was 6-fold 1 pe catalysed primarily by CYP20%.

for CYP3A4, and 10- to 50-fold for CYP2A6 and  cyp2c19 also exhibits genetic polymorphism
CYP2Dg, respectively. The mean values of CYPj, gryg metabolism. The incidence of the PM phe-

content were 42, 14, 60, 5, 22 and 96 pmol/mg,otype in populations of different racial origin var-
microsomal protein for CYP1A2, CYP2A6, CYP- jas: approximately 2 to 6% of individuals in the

2C8/9, CYP2D6, CYP2E1 and CYP3A4/S, respec-caucasian population, and 18 to 22% in Asian pop-
tively. ulations(21.22]

Interindividual variability in drug metabolism is In general, a significant drug-drug interaction
a critical issue in drug therapy. Many factors con-gccurs only when 2 or more drugs compete for the
tribute to the interindividual variability in dI’Ug same enzyme and when the metabolic reaction
metabolism. Among these, the genetic factor repcatalysed by this enzyme is a major elimination
resents an important source of variability. Muta-pathway. Drug-drug interactions can also occur
tions in the gene for a drug metabolising enzymeyhen the CYP responsible for the metabolism of a
could result in enzyme variants with higher, lowerdrug is induced by long term treatment with an-
or no activity, or result in the absence of the en-other drug. Thus, definitive assessment of the role
zyme. In recent years, significant progress has beegf an individual CYP in a given metabolic pathway
made in understanding the role of genetic polymoris essential in determining and predicting the po-
phisms in drug metabolism. The major polymor-tential for drug interactions. To identify which CYP
phisms that have clinical implications are those re4isoforms are responsible for the oxidative metabo-
lated to the oxidation of drugs by CYP2D6 andlism of drugs, a general strategy has emergeithfor
CYP2C1913-19] vitro studied?3:241 This involves: (a) use of selec-

population. When CYP3AS5 is expressed, the lev
is usually about one-third to one-quarter that of
CYP3A4B] CYP3A7 is an enzyme that is ex-
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tive inhibitors; (b) immunoinhibition; (c) catalytic 2.1 Reversible Inhibition

activity in cDNA-based vector systems; (d) cata- ] o

lytic activity in purified enzymes; and (e) metabo- ~ Many of the potent reversible CYP inhibitors
lic correlation of activity with markers for known @ré nitrogen-containing drugs, including imida-
CYP isoforms. Each approach has its advantage-'éO'eS: pyridines and quinolines. These compounds
and disadvantages, and a combination of aptan not only bind to the prosthetic haem iron, but
proaches is usually required to accurately identifyalso to the lipophilic region of the protein. Inhibi-
the CYP isozyme responsible for the metabolisntors that simultaneously bind to both regions are

of a given drug. inherently more potent inhibitors. The potency of
an inhibitor is determined both by its lipophilicity
2. Mechanisms of Inhibition of CYP and by the strength of the bond between its nitro-

] ] gen lone electron pair and the prosthetic haem
The catalytic cycle of CYP consists of at least 7j;p, [29.30] For example, both ketoconazole and ci-

discrete steps: metidine are imidazole-containing compounds that

(i) binding of the substrate to the ferric form of the jyteract with ferric CYP at its sixth axial ligand

enzyme ) position to elicit a type Il optical difference spec-
(ii) reduction of the haem group from the f_errlc 10 trumI31.321 The coordination of a strong ligand to
the ferrogs state by an electron provided byy,o pentacoordinated iron, or the displacement of
l\_l_ADI_DH_wa CYP reductase a weak ligand from the hexacoordinated haem by
(!") binding of molecular oxygen a strong ligand, gives rise to a ‘type II' binding
(iv) transfer of a second electron from CYP r(Educ'spectrum. However, cimetidine is a relatively weak
tase and/or cytochrome b5 reversible inhibitor of CYP, an apparent result of
(V.) cleavage of the O_Q bond an intrinsic low binding affinity to microsomal
(V!) substrate oxyger;azt;]on CYP. This latter property is most probably because
(vii) product releasé of the low lipophilicity of cimetidine (log P = 0.4),
"on the other hand, ketoconazole, a potent CYP in-
" hibitor, has a high lipophilicity (log P = 3.7). Sim-
ilarly, fluconazole contains a triazole that binds to
the prosthetic haem iron but is a weak reversible
CYP inhibitor, again due mainly to its low lipophil-
icity.[33]

Pyridine derivatives, like imidazoles, can inter-

lead to inhibition of CYP enzyme activity, steps (i)
(iii) and (vi) are particularly vulnerable to inhibi-
tion.

The mechanisms of CYP inhibition can be di-
vided grossly into 3 categories: reversible inhibi-
tion, quasi-irreversible inhibition and irreversible
inhibition.[27:281Among these, reversible inhibition : _ v o
is probably the most common mechanism respon‘:"Ct with ferric CYP and eI|C|_t a. type Il binding
sible for the documented drug interactions. mspelct.run{?“] The best known inhibitor among the
mechanistic terms, reversible interactions arise aBYTdine derivatives is metyrapone. This com-
a result of competition at the CYP active site andPOund acts as a potent and selective inhibitor of
probably involve only the first step of the CYp CYP isoforms, including the inhibition of g1
catalytic cycle. On the other hand, agents that aciydroxylase that catalyses the final step in cortisol
during or subsequent to the oxygen transfer stepiosynthesig®® This inhibition of 1B-hydroxyl-
are generally irreversible or quasi-irreversible in-ase led to the use of metyrapone in the diagnosis
hibitors. Both irreversible and quasi-irreversible and treatment of hypercortisolism (Cushing’s syn-
inhibition are caused by the formation of reactivedrome) and other hormonal disordéf$. In-
metabolites (sections 2.2 and 2.3). Thus, the irredinavir, an HIV protease inhibitor, contains a pyr-
versible and quasi-irreversible inhibition require atidine ring and is a potential inhibitor of CYP3A4.
least 1 cycle of the CYP catalytic process. This drug competitively inhibits the oxidation

00 Adis International Limited. All rights reserved. Clin Pharmacokinet 1998 Nov; 35 (5)
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metabolism of clarithromycin, which is catalysed 2.2 Quasi-Irreversible Inhibition via
mainly by CYP3A437] Metabolic Intermediate Complexation

The quinolines are another class of nitrogen het-
erocycles that exhibit potent CYP inhibition. Ellipt- A large number of drugs, including methyl-
icine is a quinoline-containing compound that in- €nedioxybenzenes, alkylamines, macrolide anti-
teracts with both ferrous and ferric CYP forifs.  biotics and hydrazines, undergo metabolic activation

Ellipticine and its derivative 9-hydroxy-ellipticine by CYP enzymes to form inhibitory metabolltes_.
.. .. These metabolites can form stable complexes with
have been used successfully as selective inhibito

- the prosthetic haem of CYP, called metabolic inter-
of CYPlAl/_Z a<_:t|V|tyI.38]. _ ) ~_ mediate (MIl) complex, so that the CYP is seques-
Other quinoline derivatives include quinidine (greq in a functionally inactive state. MI complex-
and its diastereoisomer quinine, both of which aregtion can be reversed, and the catalytic function of
potent reversible inhibitors of debrisoquine 4-hydr-ferric CYP can be restored by vitro incubation
oxylation, a reaction catalysed by the CYP2D sub-with highly lipophilic compounds that displace the
family.[3% However, quinidine is a more potent in- metabolic intermediate from the active dffe*4l
hibitor of this activity in human liver microsomes Otherin vitro methods by which the ferrous com-
than in rat liver microsomes, while the reverse isP!€x can be disrupted include irradiation at 400 to
true for quinine. The inhibition constant of the in- 500nm or oxidation to the ferric state by the addi-

hibitor (K;) values of quinidine for debrisoquine tion of potassium ferricyanidé? Dissociation or

L displacement of the MI complex results in the re-
4-hydroxylation in humans and rats were|intol/L 'SP plex results |

- ’ .~.activation of CYP functional activity. However, in
and 50umol/L, respectively, whereas with quinine i, iy situations, the MI complex is so stable that

the values were 13mol/L and 1.7umol/L, respec-  the CYP involved in the complex is unavailable for
tively.®%1 The reason for the species difference indrug metabolism, and synthesis of new enzymes is
the specificity of quinidine and quinine is not yet the only means by which activity can be restored.
known, but it could be because of differences in theThe nature of the MI complexation is, therefore,
geometry of the active site of the respective CYPconsidered to be quasi-irreversible.

isoforms in humans and rats. Interestingly, quinidine  Piperonyl butoxide, a methylenedioxybenzene
is a potent inhibitor of CYP2D6 in humans, but is derivative, has been used for many years as an in-

metabolised by CYP3A4, not CYP2D6. Thus apo_hibitor of oxidative drug metabolism. This com-
tent inhibitor of a given CYP isoform need not be pound acts by fo_rmmg an Ml complé‘)@, presum
2 substrate of the isoform ably a carbene-iron complex (fig. 2). The ferrous

Many antimalarial agents (such as primaquine,
chloroquine, amodiaquine and mefloquine) contain a /Nl_/N /NlFe_/N /NlFe_/N

Fe

quinoline ring and are potent reversible CYP inhib- ~ N——N N—-"N NN
itors[40-41] However, the inhibition activity is not O/C\o Ar/N\\O T
associated with the quinoline structure, since the R/N\R

pyridine nitrogen is sterically hindered. Instead, the

amino group in substituents on the quinoline ring

appears to be the primary determinant of the ob- R

served inhibition potency. The terminal amino groupFig. 2. Structures proposed for the metabolic intermediate com-
in the 8-substituent of primaquine is believed to beplex formed during the catalytic turnover of (left) methylene-
involved in the direct binding to the haem iron of dioxyphenyl compounds to carbene-iron complex, (middle ) alkyl-

) amines to nitroso-iron complex and (right ) 1,1-dialkylhydrazines
the ferric CYP40:42] to nitrene-iron complex.[24]

00 Adis International Limited. All rights reserved. Clin Pharmacokinet 1998 Nov; 35 (5)
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complex formed by methylenedioxybenzene de-complexed and inactivatexa vivo. The concentra-
rivatives is characterised by a distinct absorptiortion of remaining uncomplexed CYP depends both
spectrum with double maxima at 427 and 455nmpn the daily dose of troleandomy&H and the du-
whereas the ferric complex has a single absorptiomation of administratiof?3! Human CYP3A4 is
maximum at 437nri7-48] among the isozymes induced by troleandomycin.
The nature of benzodioxole substitution is anin 6 humans treated with troleandomycin (2g daily
important determinant of the inhibitory activity of for 7 days), NADPH-CYP reductase activity was
methylenedioxybenzene derivatives. An electronincreased by 48% and total CYP by 76% compared
withdrawing group causes a decrease in MI comyyith that in a control grouf§# Again, most of the
plex formation*®l whereas an electron donating or jnduced CYP was present in the form of MI com-
a long-chain alkyl group favours Ml complex for- plex. Similarly, administration of erythromycin led
mationl*®] Furthermore, depending on the dosage 4 dose- and time-dependent increase in the
regimen, methylenedioxybenzene derivatives caljyappH-CYP reductase activity and total CYP in
act under certain conditions as inhibitors or induc-ats and humans:56! The inducing effects of
ing agents. Isosafrole, a methylenedioxybenzengqieandomycin and erythromycin are caused by
derivative, which causes CYP inhibition after a4, gegradation of MI complexes. In rat liver and
single dose, mdu(():es CYP2E1 when administered, ,,red rat hepatocytes, troleandomycin does not
to rats for 3 day®?) increase the rate of CYP3A protein synthesis; in-

Troleandomycin and erythromyc!n are proba stead, it decreases the rate of CYP3A protein deg-

bly the best known macrolide antibiotics used as .

NN o . radation to about a quarter of normal levelsBe-
selective inhibitors which involve formation of the

. cause most of the induced CYP enzymes are
MI complex. These 2 agents are amino sugars bear- . .
. . ; . . complexed and not available for drug metabolism
ing a tertiary amine function. Formation of the Ml .~ . : . .
. C . in vivo, the induction by MI complexation may be
complex from a tertiary amine is mediated by CYP ked by inhibit Hact
in several step§!! The sequence &§-demethyla- ma: eth y Ir;kll tory edec S iated with CYP
tion, N-hydroxylation andN-oxidation produces a nother alkylamine drug associated wi

nitroso metabolite that binds tightly to the ferrouscomplexatpn is orphenadrine, a rr?uscle’ re]axant
CYP (fig. 2) and gives rise to a spectrum with andgent used in the treatment of Parkinson’s disease.

absorbance maximum in the region of 445 toIn vivo andin vitro studies have shown the induc-

455nm. Unlike the MI complexes of methylenedi- ion @nd MI complexation of CYP2B1 in relesl
oxybenzene derivatives, the amines form MI com-B&cause this drug contains a tertiary amine moiety,
plexes only with the ferrous CYP, a fact accounted? IS believed that metabolism of the alkylamine to
for by the instability of their complexes in the ferric @ Nitroso metabolite is the biotransformation reac-
state. However, not all macrolide antibiotics form tion that generates the MI complex with CYP.
MI complexes. Steric hindrance around the tertiary Proadifen (SKF-525A) was one of the first al-
amine group and the lipophilicity of the molecules Kylamines shown to elicit MI complexation with
are important factors in determining their potencyCYPP® Although this compound has been widely
as MI complex precursors. For instance, a seconéegarded for many years as a universal inhibitor of
sugar attached to the amino sugar, by steric hinall CYP, recent findings suggest that proadifen is
drance, reduces the formation of Ml comple. not uniformly potent against the activity of all
Like methylenedioxybenzene derivatives, bothCYPs® Proadifen generates complexes with rat
troleandomycin and erythromycin act not only asCYP2B1, CYP2C11 and CYP3AL1/2, but not with
inhibitors, but also as inducers. Repeated doses d2YP2A1. Like other alkylamine compounds, pro-
troleandomycin induce CYP in male r&é&8.Most  adifen also is an enzyme inducer when used long
of the induced CYP isoenzymes are eventuallyterm /58l

00 Adis International Limited. All rights reserved. Clin Pharmacokinet 1998 Nov; 35 (5)
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Hydrazine derivatives are another class ofliver microsomes of phenobarbital-induced rat,
compounds that may elicit Ml complexation with whereas linear olefins react with the nitrogen of
CYP. The nature of hydrazine substitution is an im-pyrrole ring D[27]
portant determinant of complex formation. 1,1-  Allylisopropylacetamide (AlA), an olefinic de-
Disubstituted hydrazines, in contrast to mono-rivative, is a classic suicide substrate of CYP. This
substituted hydrazines, are oxidised by CYP tocompound is now recognised as an effective haem-
nitrene intermediates that bind tightly to the pros-alkylating inactivator of rat CYP2B1 and CYP3A1,
thetic haem iron to form the nitrene-iron comfi#x  with CYP2C6 and CYP2C11 being less suscepti-
(fig. 2). Isoniazid, the hydrazide of isonicotinic ble[® Interestingly, AlA-inactivated CYP isoforms
acid, also elicits MI complexatidft! CYP com-  can be restored partially by vitro andin vivo
plexation may explain in part why isoniazid, which haem supplementation. Administration of exoge-
is metabolised predominantly I¥+acetylation in  nous haemin vivo to phenobarbital-treated rats
humans, inhibits the CYP-mediated metabolism ofgiven AIA or addition of haenin vitro to liver

phenytoin and warfarif§2.63! homogenates from such rats resulted in partial res-
toration of CYP2B1 and CYP3AL1 activity and, to
2.3 Irreversible Inactivation of CYP a lesser extent, of CYP2C6 and CYP21h.

Drugs containing certain functional groups can Ethinylestradiol, an acetylenic derivative, is an

be oxidised by CYP to reactive intermediates thaprally active .estrogen W|dely useq |n.oral CO‘?"""'
cause irreversible inactivation of the enzyme priorceptlves. Unlike other estradiol derivatives, ethinyl-
stradiol has long biological activity and good

to its release from the active site. Because metabq-; I . )

lic activation is required for enzyme inactivation, !oavallablllty. S_tudles b.y GuengerlEH have in-

these drugs are classified as mechanism-based i icated that this drug s a substrgte for human

activators or suicide substraiéd. The mecha- CYP3A4 and also elicits mechanism-based de-
struction of the enzyme. It is now clear that the

nism-based inactivation of CYP may result from . ’ S .
irreversible alteration of haem or protein, or agood activity and bioavailability of ethinylestra-
' diol is mainly attributed to its destruction of the

combination of both. In general, modification of ; : :
the haem group invariably inactivates the CYP prosthetic haem of the enzyme that metabolises it.
' Like olefins and acetylenes, dihydropyridines

whereas protein alteration will result in loss of cat- e ) b
alytic activity only if essential amino acids, which /S0 can be oxidised by CYP to reactive metabo-

are vital for substrate binding, electron transfer andites that alkylate the prosthetic haem. For exam-
oxygen activation, are modifidéf! ple, 4—a|ky|—1,4—d|hyd_ropyr|d!ne§ are OX|d_|sed by
CYP enzymes to radical cation intermediates that
2.3.1 Haem Alkylation N-alkylate the prosthetic haem group of CY¥.
Drugs containing terminal double-bond (ole- Not all dihydropyridines elicit haem alkylation; the
fins) or triple-bond (acetylenes) can be oxidised bysybstitution at position 4 of the dihydropyridine
CYPto radical intermediates that alkylate the prosting is an important determinant. Haem alkylation
thetic haem group and inactivate the enz{#h€ s detected if the substitution at position 4 is a pri-
The evidence for haem alkylation includes thEmary, unconjugated moiety (methyL ethyL propy|),
demonstration of equimolar loss of enzyme andyyt not if it is an aryl (phenyl), secondary (isopro-
haem, as well as the isolation and structural charpy|) or conjugated (benzyl) grod#.5% For exam-
acterisation of the haem adducts. Haem alkylatiorp|e, nifedipine, the 4-aryl-substituted dihydropyri-
is initiated by the addition of activated oxygen 10 dine, does not inactivate CYP at all.
the internal carbon of the double or triple bond and
is terminated by binding to haem pyrrole nitrogen.  2.3.2 Covalent Binding to Apoprotein
It is interesting to note that linear acetylenes react The best known example of inactivation of CYP
with the nitrogen of pyrrole ring A of CYP2B1 in through protein modification by a suicide inactiv-
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ator is that of chloramphenicol. The dichloro- tion on 1 or other of the terminal olefin groups to
acetamido group is oxidised to an oxamyl moietyproduce the ultimate reactive species.
that acylates a lysine residue in the CYP active Similarly, oxidation of nitrogen groups on drug
centrel’ This acylation event interferes with the molecules can result in modification of the CYP
transfer of electrons from CYP reductase to theprotein. For example, the cyclopropylamines are
haem group of the CYP and thereby prevents catmetabolised to reactive metabolites, which inacti-
alytic turnover of the enzyni@!l The inactivation ~vate CYF’®l Although the exact mechanism of the
by chloramphenicol is not uniform for all CYPs. inactivation is still unclear, radiolabelling experi-
Studies with rat liver microsomes revealed thatments show that the cyclopropylamines are cova-
CYP2B1, CYP2C6 and CYP2C11 are susceptibldently bound to the protein. Itis proposed that these
to inactivation by chloramphenicol, whereas CYP-compounds are oxidised by CYP to form an amin-
1A1 and CYP1A2 are resistaid ium ion that undergoes ring expansion to the sub-
Although terminal acetylenes have been knownstituted azetidine that binds irreversibly to the
to alkylate the prosthetic haem group, some termi@Poprotein of the enzyné}
nal acetylene compounds, such as 2-ethynylnaph- The data on chloramphenicol, tienilic acid and
thalene, inactivate CYP by binding covalently to cyclopropylamines clearly show that CYP en-
the protein with little loss of the haem group. ZYMeSs can generate reactive species that modify
2-Ethynylnaphthalene is converted by CYP2B1 tothe protein. I_n addition, some dru.gs can simulta-
a ketene, which modifies an active site peptide thaff€0usly modify both the apoprotein and the pros-

includes Thr-302, a highly conserved residue knowr{n€tic haem group of CYP enzymes. For example,
to play a role in oxygen activatiéH) spironolactone, a thiosteroid used as a diuretic and

Oxidation of sulphur groups in drug moleculesantihypertensive agent, is known to be a suicide

can result in the modification of the CYP protein. @nactivator of the CYP2C and CYP3A subfamil-

Avariety of sulphur compounds inactivate CYP by|es.[771 Thff inﬁlcgvaltio_n Off(t:krpnt;]){ spi{on?lac;one
binding covalently to protein after they are oxida- OCCUrs atter ydrolysis of thetAhioester to give
tively activated by the enzyme. CYP inactivation the free thiol. CYP then oxidises the thiol group to
by sulphur compounds is belie.ved to be involved®” electrophilic thiosteroid species that binds co-
y sulp 'poul . valently to the protein and modifies the prosthetic
with sulphur oxidation that generates reactive SUI'haem rouf’
phur metabolites. Tienilic acid, a substituted thio- 9 '
phene, is oxidised by yeast-expressed human

CYP2C9 to a reactive metabolite, presumably a

thiophene sulphoxide that binds covalently to the  one of the intriguing aspects of the CYP is that
CYP apoproteirt’“] some of these enzymes, but not all, are inducible.
The protein modification is caused by formation Hyman CYP1A1, CYP2C9, CYP2E1 and CYP-
of a sulphur reactive metabolite, rather than formaga4 are known to be inducible. Unlike CYP inhi-
tion of hydrodisulphides (RSSH). Although cova- pition, which is an almost immediate response,
lent binding of the protein can be partially pre- CYP induction is a slow regulatory process that can
vented by glutathione, the activity of the enzymereduce drug concentrations in plasma, and may
inactivated by tienilic acid cannot be restored bycompromise the efficacy of the drug in a time-de-
glutathione’4l In addition, diallyl sulphide, a fla- pendent manner. Unless care is taken in study de-
vour component of garlic, is known to be a potentsign, the pharmacokinetic and clinical conse-
suicide inhibitor of CYP2ETS] The mechanism quences of CYP induction are often overlooked in
by which diallyl sulphide inhibits CYP2E1 in- clinical studies.
volves initial oxidation at sulphur to give diallyl Although the phenomenon of CYP induction
sulphone, which then undergoes metabolic activahas been known for more than 4 decd@e¥]only

3. Mechanisms of Induction of CYP
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in recent years have we begun to uncover the meclsword, induction of drug metabolising enzymes
anisms involved in induction. From a biological may lead to a decrease in toxicity through acceler-
point of view, induction is an adaptive responseation of detoxification, or to an increase in toxicity
that protects the cells from toxic xenobiotics by caused by increased formation of reactive metabo-
increasing the detoxification activity. While in lites. Depending upon the delicate balance between
most cases CYP induction is the consequence of agetoxification and activation, induction can be a
increase in gene transcriptiA8some nontrans- peneficial or harmful response.

criptional mechanisms also are known to be in- In vivo, the induction of CYP1A isoforms can
volved. For example, troleandomycin induces humarteduce the carcinogenicity of certain compounds.
CYP3A4, but the mechanism is not transcrip-For example, intraperitoneal injection of the
tional 53 Troleandomycin produces no increase incyp1A inducerp-naphthoflavone inhibited tu-
the rate of CYP3A4 protein synthesis, but it de-morigenesis in the lung and mammary glands of
creases the rate of CYP3A4 protein degradationyggents treated with 7,12-dimethylbenz[ajanthra-
Similarly, induction of CYP2E1 by alcohol (etha- ¢ene (DMBA), which is a highly carcinogenic
nol), acetone and isoniazid is caused by a NON&ompound?e! In addition, 2,3,7,8-tetrachlorodi-
transcriptional mechanist.% Spontaneously benzop-dioxin, a potent CYP1A inducer, dramat-

induced diabetic rats and rats with chemically in-co 1y reduced the initiation of skin tumours in mice
duced diabetes exhibit increased levels of CYPZEJCaused by DMBA®7! In contrast, CYP1A isoforms

that atppear t_ot_re;Aeg]mRNA stabilisation and NOtcan activate some compounds, such as benzo[a]py-
ger;errrerl]nicnp 'Or' ientists have been trving td&"e to their ultimate carcinogenic sped#€kand
or many years, sclehtists have been tying Q.. tion of these isoforms increases the risk of

solve the mystery of how the cells recognise the _ . L .
; . : . arcinogenicity. Because of the complexity of the
inducing agents and how the signal is transferre(f

to the transcriptional machinery. With the excep- actqrs determining to>§icity ‘"’?”d garcinog.er?icity,
. : the issue of whether induction is beneficial or
tion of the CYP1A1 isoform, the molecular mech- harmful is still hiahl ¢ i489.90]
anisms involved in CYP induction are still not fully armiutis still highly controversiai. .
understood. In the case of CYP1A1, inducing In gdqmon tq themducnon of CYP1Aisoforms,
agents bind to cytosolic polycyclic aromatic hydro- the bmdmg of inducing agents Fo the _Ah receptor
carbon (Ah) receptors and are translocated into thaometimes also leads to the mducthn of UDP
nucleus. The transcriptional process includes a Seglucosyltransferases (UG_TS) an_d glutathione (GSH)-
quence of events: ligand-dependent heterodimer>transferase8!! The co-induction of phase | and
isation between the Ah receptor and an Ah receptoPase Il enzymes appears to decrease the risk
nuclear translocator, interaction of the heterodimef2used by CYP induction alonk. vitro mutage-
with a xenobiotic-responsive enhancer, transmisNiCity of benzo[a]pyrene and benzo[a]pyrene-3,6-
sion of the induction signal from the enhancer to gluinone was higher in the liver S9 fraction of rats
CYP1A1 promoter, and alteration in chromatin treated with 3-methylcholanthrine (3-MC) than in
structure. This is followed by subsequent transcrip<ontrol rats when NADPH was the only added co-
tion of the appropriate mRNA and translation of thefactor. Thein vitro mutagenicity was substantially
corresponding proteir{&2.81] decreased by concomitant glucuronidation or GSH
In drug therapy, there are 2 major concerns reconjugation when UDP glucuronic acid or GSH
lated to CYP induction. First, induction will result was added to the system; there was no significant
in a reduction of pharmacological effects caused bydifference in thén vitro mutagenicity between rats
increased drug metabolism. Secondly, inductiontreated with 3-MC and the control grodp. Thus,
may create an undesirable imbalance between ‘toxthe protective effect appeared to be a result of co-
ification’ and ‘detoxification’. Like a double-edged induction of UGTs and GSlid-transferases.
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Although CYP1A in different species, includ- have been used in recent years as screening tools
ing mice, rats, rabbits and humans, can be inducetb predict the potentiah vivodrug interaction at a
by various agents, there are important quantitativenuch earlier stag€?:%¢1 In fact, the use dh vitro
differences in the effectiveness of inducer-receptokystems for investigating the ability of a drug to
coupling. For example, the gastric acid—suppressmhibit the metabolism of other drugs provides
ing drug, omeprazole, is a CYP1A2 enzyme in-some of the most useful information in predicting
ducer in humans, but has no such inductive eﬁecbotential drug-drug interactions. Many pharma-

S 192,03 , e ! . ctio /
in mice or rabbit&?2 %3 Important interspecies dif- .o tical companies now ugevitro techniques to

ferences also exist in the response of other induc: : - ; -
. - L assess potential drug interactions as part of their
ible subfamilies of CYP. Phenobarbital induces P 9 b

. ) i in th lecti f d
predominantly members of the CYP2B Subfam"yscregnmg processes in the selection of hew drug
; . . . candidates for development.
in rats, whereas in humans it appears that the major
form induced belongs to the CYP3A subfantify.
Furthermore, members of the CYP3A subfamily in
rats are inducible by the steroidal agent, pregneno-

lone-16Gx-carbonitrile, but not by the antibiotic ri- As d|s.c.usse_d N secthn 2, enzyme |n-h|b|t|0n
fampicin (rifampin). The opposite is true irbkits can be divided into reversible and irreversible pro-

and human&5:98] Thus, drugs that induce CYP en- cesses (metabolic intermediate complexation and

zymes in animals should not be assumed necessdfZyMe inactivation). Changes to drug disposition

ily to have enzyme-inducing capacity in humans,Will be quite different depending on whether
and vice versa. enzyme inhibition is a reversible or irreversible

process. In order to distinguish between these 2
processes, and to design appropliiatétro experi-
mental conditions, an understanding of enzyme
A drug interaction occurs when the dispositioninhibition kinetics is necessary.

of one drug is altered by another. Because oxida- Kinetically, reversible inhibition can be classi-
tive metabolism represents a major route of elimified further as a competitive, noncompetitive or
nation for many drugs, and because many druggncompetitive process. For competitive inhibition,
can compete for the same enzyme, inhibition ofihe pinding of the inhibitor prevents binding of
CYPs is one of the main reasons for drug interacg psirate to the active site of free enzyme, while

tions. Because of the potential of adverse effectsy, . o qcompetitive inhibition the inhibitor binds

metabolic drug interaction has always been an iM: 0 another site of the enzyme and the inhibitor

portant aspect to consider during the developmenrt1618 no effect on binding of substrate, but the

Ss?g\g/n?)rws (see section 5 regarding dosage ade_nzyme-substrate-inhibitor complex is nonpro-

In the past, most drug interaction studies Wereduct|ve. In the case of uncompetitive inhibition,

conducted relatively late in the phase Il and Illthe inhibitor does not bind the free enzyme, but

clinical studies using a strategy based on the thei2iNds to the enzyme-substrate complex, and again
apeutic indices of drugs and the likelihood of theirth® énzyme-substrate-inhibitor complex is nonpro-

concurrent use. Since drug-drug interaction is norductivel®d]

mally considered to be an undesirable property of For Michaelis-Menten kinetics, the velocity of

drugs, the information on CYP inhibition ideally an enzymatic reaction in the abseneg 6f inhib-

should be obtained earlier, before the selection oftor can be described by equation 1 and in the pre-

a drug candidate for development. sence ;) of inhibitor can be expressed by equa-
With the availability of human tissues and re-tions 2, 3 and 4 for competitive, noncompetitive

combinant human CYP enzymads vitro systems and uncompetitive inhibition, respectivéi§l

4.1 Enzyme Kinetic Considerations

4. Drug-Drug Interaction
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By the rearranging of equations 1 and 2, 3 or 4,

\% LY .
Vo = Vimax LIS] (Eq. 1)  the percentage of inhibition (PI) can be described
Km +S] as equations 5, 6 and 7 for competitive, noncom-
petitive and uncompetitive, respectively.
Vimax [IS]
v = %’“axm (Eq. 2) mn
Kmprl+ D+ [S] _ VoV _ i
Pl = =0 (%) = NG (Eq.5)
Ki Km
Vi = Vmaxl]S] ﬂ
I = —_\/: .
Km§+[']D [S]%+[|]D pl = 27V g = K'l (Eq. 6)
0 Vo 1+ []
I
Vmax
1+E<'—] s [
- i _ VoV _ Kij
Km +[S] Pl = Vo (%) = . [|] (Eq. 7)
(Eq.3) [S]
As shown in equations 5 and 7, the degree of
inhibition caused by a competitive or an uncom-
v = Vmax [1s] petitive inhibitor depends on, [S], [I], Km and,K
Km +[S] % + [']E while the degree of inhibition by a noncompetitive
o Kig inhibitor depends only on [I] and;l&s indicated in
equation 6.
v From equations 5 to 7, it is clear that the inhib-
m"’ix is] itor concentration that inhibits drug activity by
1+ E(—] 50% (I1Gs0) is not equivalent to thejKalues except
= —Xm ' in noncompetitive inhibition. Thus, an under-
0] +[S] standing of the class of inhibition and the relation-
1+ : ship between the [I] andiKand the [S] and Km
(Eq. 4) values is critical to the experimental design and

where Vhax is the maximum velocity of metabo-

interpretation ofn vitro interaction studies.
Although mechanism-based inactivation and

lism, Km is the Michaelis-Menten constant of the Ml complexation are irreversible processes, they
substrate, Kis the inhibition constant of the inhib- obey saturation kinetics. A characteristic time-
itor, and [S] and [I] are the substrate and inhibitordependent loss of enzyme activity is always ob-
concentrations, respectively. As indicated inserved. In fact, the time-dependent phenomenon is
equations 2 and 3, a competitive inhibitor acts onlyone of the most important criteria in distinguishing
to increase the apparent Km and has no effect ohetween reversible and irreversible inhibition.
the Vinhax While a classic noncompetitive inhibitor Preincubation of an irreversible inhibitor with the
decreases theMy but has no effect on the Km. enzyme prior to the addition of substrate results in
On the other hand, an uncompetitive inhibitor de-a time-dependent loss of enzyme activity towards
creases both the\x and Km to the same extent the substrate, while a reversible inhibitor has no
(equation 4). time-dependent effect on enzyme activity.
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The general scheme for mechanism-based inac- In the case of mechanism-based inactivation
tivation and MI complexation can be described asand MI complexation, a fraction of CYP enzymes

follows: is destroyed or complexed, but the remaining
enzymes should be intact with normal enzyme
E+l ot E[-%E[1-X%E-1" activity. Thus, a compound that elicits enzyme
. LK inactivation or Ml complexation will result in a
E+p time-dependent decrease ip, but will have no

(Eq. 8) effect on Km. The degree of inactivation by an

irreversible inactivator depends not only on the

where E is the concentration of active enzyme andoncentration of inactivator, but also on the time
| is the concentration of inactivator. When an en-uf incubation.in vivo, the degree of inactivation

zyme catalyses the inactivator to its reactive formdepends on the dose and the duration of adminis-
I, the reactive species either can be released as;ation.
product (P) or react with the enzyme to form E-Il |, conrast to enzyme inactivation and MI com-
resulting in the inactivation of the enzyme;, K jexation, enzyme induction increases the enzyme
K1, Kz, K3 and K are individual reaction rate |eyels in a time-dependent manner because induc-
constants. As mentioned earlier, an important congion, is a slow regulatory process. This means that
sequence related to mechanism-based inactivatiog,qction increases the,\, of metabolic reaction,
is time-dependent loss of enzyme activity. The im-p 1t has no effect on the Km. Similarly, the degree
portant kinetic parameter, half-life of enzyme in- ot jnqucibility depends not only on the dose of in-
activation (t,), is described by equation! ducers, but also on the duration of administration.
0.6030  KiO Because the induction is a dose- and time—fjepend—
ty, = Kinact - +'_B (Eg.9)  ent phenomenon, Levy et &9-102 have derived
equations to describe the time-course of induction

where Kqactis the rate constant of inactivation and under a variety of input conditions. They introduced
K, is the concentration of inactivator that produces? new pharmacokinetic parameter, the induction
half the maximal rate of inactivation iK.tand K half-life, to describe the time-dependency of in-
can be described in the following equations induction. This parameter provides a means of quan-

terms of individual rate constants (eq. 8): tifying the interindividual variability in time de-
pendency of enzyme induction.

KoK
Kinact = ——24 (Eqg. 10) ‘ .
K2+Ks+ Ky 4.2 In Vitro Drug Interaction
K +KoOO Kz+Kg O Drug metabolism is a complex process, which
Ki= E K1 DB<2+ Kz+ K4B (Ea. 11) very often involves several pathways and various

enzyme systems. In some cases, all the metabolic

The reactivity of an inactivator can be reflectedreactions of a drug are catalysed by a single en-
by t,. The shorter theyt of an inactivator, the zyme, while in other cases a single metabolic reac-
greater its potency as an enzyme inactivator. Extion may involve multiple isoforms or different en-
perimentally, Kmactand K can be measured by us- zyme systems. The metabolism of indinavir, an HIV
ing equation 9. Theytfor enzyme inactivation is protease inhibitor, exemplifies the first scenario
measured in a series of experiments in which thén which a single isoform of CYP, CYP3A4, catal-
inactivator concentration [I] is varied. A plot of [I] yses 4 oxidative metabolic reactioispxidation,
x ty, vs[I] is linear, and the kac: and K can be N-dealkylation, indan hydroxylation and phenyl
obtained from the slope and intercept, respechydroxylation to produce 6 metabolites in human
tively.[64] liver microsomed!93] On the other hand, the
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S-oxidation of 10-N,N-dimethylaminoalkyl) phe- a high drug concentration (1@0nol/L) was em-
nothiazines in human liver microsomes is ployed[1%!Thein vitro andin vivodiscrepancy are
catalysed by numerous CYP isoforms, includingcaused by the differences in the drug concentration
CYP2A6, CYP2C8 and CYP2D&4 Therefore, usedin vitro and observeih vivo. Indeed,N-
definitive identification of the CYP isoforms re- demethylation is the major metabolic pathway of
sponsible for drug metabolism is essential in prediazepam in human liver microsomes when a clin-
dicting the potential drug interactions. ically relevant drug concentration (#mol/L) is

In assessing the consequences of drug interagised(1%] |t should be noted that-demethyl-
tion, 2 important factors must be considered: ation of diazepam is catalysed by CYP2C19 and
(i) the identity of CYP isoforms responsible for 3_hydroxylation is mediated by CYP3A4. This ex-
metabolising the involved drugs ample illustrates the importance of the use of drug
(ii) the relative contribution of the metabolic path- -oncentration inn vitro drug interaction studies
ways being inhibited to the overall elimination of ;, grder to define the involved CYP isoforms and
the drug. to predict then vivo situation.

~ Over the last 10 years, a great deal of informa-  Anqther important factor in in vitro drug inter-
tion on human CYP at the molecular level has be-

) ~ - - “Saction studies is the protein concentration of
come available. This information, along with avail- microsomes. The Ki values of an inhibitor may be

able antibodies and chemical inhibitors, has mad%verestimated when a high microsomal protein
It possﬂa_l; t(; eaﬁny detetr)mll_ne thfe C;P Iilolformsconcentration is used as a result of the depletion of
responsioie or_t © _”?eta. olism ot a %@2 N the inhibitor by nonspecific binding to microsomal
addition to the identification of the CYP isoforms, proteins and microsomal metabolism. Thevi

. | =

It 'S also important to e_valuate the rel_atlv_e C.Or.]m'ues for ketoconazole-CYP3A4 interactions in hu-
butions of the metabolic pathways being inhibited . : .
man liver microsomes were estimated to be about

(or induced) to the overall elimination of the drug. . . .
With the advent of commercial liquid chromato- 8 umol/L when a high microsomal protein concen-
ation (1.5 g/L) was usdél”! while the estimated

. . I
graphy/mass spectrometry instrumentation and th%(_ :
development of high-field nuclear magnetic reson- ' values were about 0.@nol/L. when a low micro-

ance as well as liquid chromatography/nuclearS [108.100] ) X X
magnetic resonance techniques, the metabolit@loye_d' ' A6'f°_|d mcreaseln_the mlcrosomgl
profile of a drug can be obtained readily in both protem_concentr_atlon resulted in a 270-fold in-
qualitative and quantitative terms. crease in the estimated ¥alues. _
Although the identification of CYP isoforms is _1he use oinvitro enzyme systems, such as liver
relatively straightforward, the interpretationiof ~ Microsomes, cDNA-based vector systems and liver
vitro interaction studies can be complicated. Oneslices, are also important factors affectingitro
of the important factors iim vitro drug interaction ~ drug interaction studies. For instance, the apparent
studies is the use of clinically relevant concentra-Km characterising the hydroxylation of ritonavir, a
tions of inhibitor and substrate. The use of supraPotent HIV protease inhibitor, iB-lymphoblastoid-
therapeutic drug concentrations may produce druglerived microsomes was similar to that obtained
interactionin vitro, but notin vivo. In addition, the ~ With human liver microsomes. However, the appar-
major metabolic pathway may depend on the drug@nt Km characterising thé&l-dealkylation and
concentration used. For examp\edemethylation ~decarbamoylation of ritonavir was 30- to 300-fold
is the major metabolic pathway for diazepam inlower in (-lymphoblastoid-derived microsomes
humans receiving clinical dosages. However, than in human liver microsomé3% The reason
vitro studies in human liver microsomes showedfor this discrepancy is unknown, but it is clear that
that 3-hydroxylation was the major pathway whenwe should be cautious in interpreting the kinetic
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parameters obtained from differeint vitro sys-  ported by Frankli#”l are a good example. Depend-
tems. ing on the experimental conditions, proadifen acts
Similarly, care should be taken to interpret ki- as a competitive inhibitor or Ml complexation-in-
netic results from liver slices. Worboys and asso-ducing agent. As shown in table II, proadifen in-
ciate$" have shown that the values of intrinsic creased the Km values of substrates, but had little
clearance (Ma/Km) of a series of drugs in liver effect on the W,axvalues when incubated with sub-
slices are consistently lower than those in hepatostrates without preincubation of the inhibitor. In
cytes, by a factor ranging from 2 to 20. Similar contrast, proadifen decreased thgayvalues of
results have been reported by other investigators pstrates and had little effect on the Km values
Human liver microsomes metabolised pheny-yhen proadifen was preincubated prior to substrate
toin 114 cyclosporifi*3l and an ergot derivati¥é!  ,yqition. Thus, preincubation of proadifen changed

several times faster than human liver slices, andq yinetics of inhibition from the reversible com-
clearance predictions from microsomes were

I o | h dicti ¢ petitive type to irreversible Ml complexation.
clpsert_?; vivova Lftes tt an v;/ere pre ItC:IhorlS r(;nrr; . As mentioned in section 3, assessment of en-
slices. These resutts strongly suggest that a dis rIiyme induction in animals may be of little clinical
bution equilibrium is not achieved between all the :

o . ) . . relevance in humans, because of the well-known
cells within the slice and the incubation media,

oty s by e i B TSI esporse OIS
In fact, Dogterorid!® has found that increased ’ P b

slice thickness resulted in a decrease in the rates Sgoach Itq pre_dlctmghe_nzymehlndugtlon 'S hurlnanz.
metabolism when normalised to slice wet weight. ecentlyin vitro techniques have been develope

Furthermore, an understanding of the mechalt® evaluate enzyme induction by using cultured hu-

nism involved in enzyme inhibition is crucial to Man hepatocytés:®17The major disadvantage
providing a rational basis for designing experimen-Of using hepatocytes to assess enzyme induction is
tal conditions and interpreting drug interaction the potential for artifacts. For example, cultured rat
data. For example, a compound that irreversiblyhepatocytes are not inducible by streptozotocin,
inactivates an enzyme will result in a decrease ivhich induces CYP2EIn vivo[?% Furthermore,
the Vimax but has no effect on the Km. The kinetic the CYP induction in cultured hepatocytes is
data are similar to that of a reversible noncompethighly dependent on tfie vitro experimental con-
itive inhibitor, which causes a decrease inthg,y  ditions. Phenobarbital-inducibility of rat CYP2B1,
but not the Km. Thus, an irreversible inhibitor can CYP2B2, and CYP3A1 genes is maintained only
be incorrectly referred to as a reversible noncomin a specific medium containing extracellular ma-
petitive inhibitor. The experimental results re- trix.[118]

Table II. Inhibition of rat hepatic microsomal monooxygenase activity by proadifen (SKF-525A) with or without preincubation prior to substrate
addition!*”]

Reaction Inhibitor No preincubation Preincubation (5 minutes)
Km Vmax Km Vmax
(mmol/L) (nmol/min/mg protein)  (mmol/L) (nmol/min/mg protein)
Aminophenazone (aminopyrine) None 1.25 4.0 19 2.8
N-demethylation Proadifen 50 pmol/L ~ 7.10 4.0 1.9 1.4
Aniline p-hydroxylation None 0.09 0.67 0.16 0.73
Proadifen 50 pmol/L 0.25 0.67 0.16 0.33
Ethylmorphine N-demethylation None 0.30 20 0.26 18
Proadifen 17 umol/L 0.72 17 0.31 4

Km = Michaelis-Menten constant; Vmax = maximum velocity of metabolism by an enzyme-mediated reaction
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4.3 In Vitro/In Vivo Extrapolation intrinsic clearance is so high thatfCLj,; >> Qu,

Althouah it i lativel ¢ Bsvit then the hepatic clearance is limited by the hepatic
ougn It 1S relafively easy to assaasvitro blood flow as shown in equation 14:

drug interaction, the correct prediction and extrap-

olation ofin vitro interaction data to tha vivo  CLy = Qq (Eq. 14)

situations requires a good understanding of phar-

macokinetic principles. In this section, we discuss Thus, a change (decrease or increase) in the in-

some basic tenets of the effects of enzyme inhibitrinsic clearance caused by inhibition or induction

tion and induction on pharmacokinetics. has little effect on the hepatic clearance of ‘high
If a drug is mainly metabolised by the liver, the clearance’ drugs.

total clearance is approximately equal to the he- Because the hepatic first-pass metabolism re-

patic clearance (G} which can be expressed as flects the hepatic intrinsic clearance (gL sys-

equation 14119 temic bioavailability (F) can be expressed as (equa-
tion 15):
g ad
fu[Clin O
Cly = Qu [E = 4 E%uimg (Eq.12) fp-1-g= & (Eq. 15)
ET?H *Hy |EL"“D Qn + fu [Clint

where Q4 is the he'patic blood flow, E i;the hepatic As shown in equation 15, the pharmacokinetic
extraction ratio, fis the unbound fraction of drug  ¢nsequences of enzyme inhibition would be a de-
in blood and Cla, the intrinsic clearance, is amea- o456 in first-pass metabolism resulting in an in-
sure of the drug metabolising activity @/Km)  reased bioavailability, while enzyme induction

in the liver. Depending on the underlying mecha- |4 gecrease the bioavailability. The simplest
nism of the inhibitor, the Max value of a drug can . of considering the effect of enzyme inhibition
be decreased or the Km value can be increased j,qction on the plasma concentration of drugs
Thus, regardiess of the mechanism, enzyme inhibiig 4 ey amine the area under the concentration-time

tion always results in a decrease in the intrinsiccurve (AUC). The AUC after oral (PO) and intra-
plearance (M/Km). On the ot.her hand,. enzyme yenous (IV) administration can be expressed as
induction always causes an increase in 'nt”ns'c(equations 16 and 17):

clearance, as a result of increaseg)Therefore,

the concept of intrinsic clearance is the cornerstone
. . o F ose f

for the extrapolation o vitro data to thén vivo  AUCpg = Eléll_]) = alj)o_se (Eq. 16)
situation. H fu [ CLint

Drugs can be classified by whether their hepatic
clearance is enzyme-limited (low) or flow-limited ¢, = Dose _ Dose (Eq. 17)

igh) [120] intrinsi VTTClh T o 0 4
(high) 1201 When the intrinsic clearance of a drug L
. . . 0QH EJ @: int [J
is very small relative to the hepatic blood flow [ —
(Qu >> fy - CLiny), the hepatic clearance is low and Hn + fu [Clin
is directly related tojfand Cliy; as shown in equa-
tion 13: where f{ is the fraction of drug absorbed from the

gastrointestinal lumen.

CLy = fy [Clint (Eq. 13) Interestingly, as shown in equations 16 and 17,

the AUGqo is independent of hepatic blood flow
Thus, a change (decrease or increase) in théQy), while the AUG, depends on not only £CLjyy,
CLint caused by inhibition or induction will result but also Q.
in an almost proportional change in the clearance Toillustrate the effects of enzyme inhibition and
of ‘low clearance’ drugs. On the other hand, if theinduction on the AUCs after oral and intravenous
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administration, computer simulations were carried O Oral administration

out for high, intermediate and low clearance drugs @ Intravenous administration
by using equanons 16 and 17 (f_|gures 3and4).As | . )

shown in figure 3, a decrease in thejfctaused gh clearance dug

by inhibition yields an almost proportional in-
crease in the AUC after oral administration, regard-
less of whether the compound is a high or low 700 -
clearance drug, while after intravenous administra-

900 -

tion a decrease in the Glaffects the AUC of low 500 -
clearance drugs more than that of high clearance
drugs. Similarly, an increase in the zlcaused by 300 7

induction has significant effects on the ARKDf
either high, intermediate or low clearance drugs, 10 ¥—F————F——————————
but only on the AUG, of low clearance drugs
(fig. 4). Enzyme inhibition or induction has little 1100 7 ntermediate clearance drug
effect on the AUG, of high clearance drugs, be-
cause the hepatic clearance is limited by the he- _ 9007
patic blood flow, as indicated in equation 14. These
simulations illustrate the point that the effect of
enzyme inhibition (or inductionin vivo depends
on whether the drug to be studied is a high or low
clearance drug, and on whether the drug is given
orally or intravenously.

The indinavir-ketoconazole interaction is a good 100 4
example thain vivodrug-drug interaction is route-
and drug-dependent (low or high clearance drug). 1190 7 |ow clearance drug
Indinavir is a high clearance drug with a plasma
clearance of 4.8 to 5.4 L/h/kg (80 to 90 ml/min/kg) 900 ]
in rats and 0.9 to 1 L/h/kg (15 to 17 ml/min/kg) in

700 T

500

AUC (% of control)

300 T

patients with AIDS!21l These values exceed rat 7007

hepatic blood flow [3.6 to 4.2 L/h/kg (60 to 70 500

ml/min/kg)] and are similar to human hepatic

blood fow [1.2 L/h/kg (20 ml/min/kg)]. Indinavir is 300 -

eliminated exclusively by CYP3A-mediated meta-

bolism in both rats and humaig3122] woe”
In vitro studies with rat and human liver micro- 1 2 3 4 5 6 7 8 9 10

somes indicate that ketoconazole competitively in- Clintconrol/ CLuintnhibiion

hibited the metabolism of indinavir, with g Kf ) ) N

. Fig. 3. Simulated effect of drug inhibition on the area under the
about 0.25umol/L for both rat and human liver cgncentration-time curve after intravenous administration and
microsomesd!23l Coadministration of oral keto- area under the concentration-time curve after oral administra-

; c il tion of a high clearance (top), intermediate clearance (middle )
conazole (25 mg/kg) had little |nh|b|t0ry effect on and low clearance (bottom ) drug. The value of the unbound

indinavir clearance or AUC after intravenous in-fraction of drug in blood multiplied by the intrinsic clearance
dinavir 10 mg/kg in rats. Clearance decreased frorff-L) for the 3 graphs are 360, 120 and 12 L/h (6000, 2000 and

. . 200 ml/min), respectively, and the fraction of drug absorbed from
5.2 L/h/kg (87 mllmm/_kg) in control rats to 5‘0 the gastrointestinal lumen is assumed to be equal to unity. The
L/h/kg (83 ml/min/kg) in ketoconazole-coadmin- hepatic blood flow is 90 L/h (1500 ml/min).
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O Oral administration
@ Intravenous administration

120 4 High clearance drug
100 4
80
80 1

40 -

20 4

120 7 |ntermediate clearance drug

100 4

AUC (% of control)
N B o] 2]
o o o o
1 1 1 1

o
L

120 7 Low clearance drug
100 4
80
80

40

20

C L\nt,induclion/c Lint,control

Fig. 4. Simulated effect of drug induction on the area under the
concentration-time curve after intravenous administration and
area under the concentration-time curve after oral administra-
tion of a high clearance (top), intermediate clearance (middle )
and low clearance (bottom ) drug. The value of the unbound
fraction of drug in blood multiplied by the intrinsic clearance
(CLin) for the 3 graphs are 360, 120 and 12 L/h (6000, 2000 and
200 ml/min), respectively, and the fraction of drug absorbed from
the gastrointestinal lumen is assumed to be equal to unity. The
hepatic blood flow is 90 L/h (1500 mi/min).

00 Adis International Limited. All rights reserved.

istered rats. However, oral ketoconazole signifi-
cantly increased the bioavailability of oral in-
dinavir (from 20 to 89%) and its AUEZ3! Simi-
larly, coadministration of ketoconazole (400mg
orally for 4 days) increased the AUC of indinavir
400mg in healthy volunteers by approximately
62% following oral administratioR24]

On the other hand, ketoconazole is a low clear-
ance drug with a clearance of 0.36 to 0.42 L/h/kg
(6 to 7 ml/min/kg) in ratsln vitro studies with rat
liver microsomes revealed that indinavir also com-
petitively inhibited the metabolism of ketocon-
azole, with a K of 4.5 umol/L. As expected,
coadministration of oral indinavir 20 mg/kg in rats
significantly increased the AUC of ketoconazole
by 2-fold after both intravenous and oral adminis-
tration of ketoconazolé23] The clearance of keto-
conazole in rats decreased from 0.51 L/h/kg when
given alone to 0.27 L/h/kg when coadministered
with indinavir.

As shown in equations 5 to 7, the degree of in-
hibition depends not only on the Km anguglues
of substrate and inhibitor, but also their concentra-
tions, [S] and [I]. Both [S] and [I] continue to
change as a function of tinmevivo following drug
administration, unless under steady state condi-
tions. Thus, appropriate pharmacokinetic models
are needed in order to obtain accurateitro/in
vivo extrapolation. Lin et dk25] successfully ap-
plied a physiologically based pharmacokinetic
model incorporating the Km and #alues together
with the pharmacokinetic parameters of the plasma
profiles of the parent drug and its metabolite to
predict the quantitative effect of product inhibition
of salicylamide on the elimination of ethenzamide
(ethoxybenzamide) in rabbits after a single dose.
However, a close examination of literature reveals
that in most casas vitro interaction studies were
carried out to assess the potential of drug interac-
tion, more or less in a qualitative sense, by compar-
ing the relative affinity of the substrate (Km) and
inhibitor (Kj), and their concentration ranges in
clinical studies. One of the most common ap-
proaches is the use of vitro K; values together
with in vivo values of the peak plasma concentra-
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tion of inhibitor to forecast the possibility of drug- However, the concentration of cimetidine required
drug interaction. for in vitro inhibition of a CYP-mediated reaction
Even for qualitative predictionn vitro/in vivo  is typically 100 to 1000 times greater than the
extrapolation of drug-drug interaction appears toplasma concentration of cimetidine associated
be difficult and controversial. One of the contro- with the inhibition of drug metabolism in pa-
versies is whether total (bound + unbound) or untients[135136IClearly, thein vitro data will falsely
bound plasma concentrations of inhibitor shouldpredict the potentiaih vivo drug interaction. Al-
be used to prediah vivodrug interaction. A basic though the reason for the vitro andin vivo dis-
tenet of pharmacokinetics is that only the unboundtrepancy is not fully understood, recent studies by
drug can diffuse across hepatocytes and that thEhang et alt37:138lhave suggested that cimetidine
unbound drug concentration in the blood is in equi-may be a mechanism-based inhibitor. This may ex-
librium with that in the hepatocytes. Thus, itis gen-plain thein vitro/in vivo discrepancy.
erally believed that only unbound inhibitor can In vitro studies with rat liver microsomes re-
compete with substrate for the enzyri@g12°] vealed that cimetidine inhibited the activity of
However, there are reports that contradict thisCYP2C11, CYP2B1/2 and CYP3A1/2, withg
tenet. For example, instead of unbound inhibitorvalues in the range of 1.0 to 7.4 mmao#8¢! Pre-
concentration, total plasma concentration of ketoincubation of rat liver microsomes with a low con-
conazole gave a godwl vitro/in vivo extrapolation  centration (0.05 mmol/L) of cimetidine in the pre-
of the terfenadine-ketoconazole interacti®il  sence of NADPH resulted in a substantial decrease
Similarly, Tran et al*31 reported that than vivo  in enzyme activity, suggesting that a mechanism-
Ki values of stiripentol on the metabolism of carba-based inactivation is involvé&®! It is possible
mazepine were more consistent withitngitro K;  that cimetidine acts as an irreversible inhibitor
values when total plasma concentrations of stirivivo, but as a reversible inhibitém vitro. There-
pentol were used to estimate thevivoK; values. fore, an understanding of the underlying mecha-
These investigators speculate that stiripentol connism involved in drug interaction is important in
centration at the enzyme site is much higher thamrder to provide a rational basis for designing ex-
the unbound concentration in the blood because gferimental conditions.
a high liver/plasma partition ratio. A similar phe-  Similarly, in vitro studies failed to predict an
nomenon has been described for selective serotadvo diltiazem-lovastatin interaction. Both diltiazem
nin reuptake inhibitor832.1331 Good in vitro/in ~ and lovastatin are metabolised predominantly by
vivo extrapolation of drug-drug interactions with CYP3A4 in humané.39.140 pretreatment with
selective serotonin inhibitors was obtained onlydiltiazem 120mg twice daily for 2 weeks increased
when the liver/plasma partition ratio was taken intoboth the maximum drug concentration) and
account. AUC of lovastatin by=4-fold 141l These increases
The issue of intrahepatic exposure of enzyme tare greater than predicted from the average plasma
inhibitor or substrate and its relationship with concentration (<lumol/L) andin vitro K; (>100
plasma concentration requires further investigafumol/L) of diltiazem. Diltiazem, a calcium antag-
tion. Recently, factors affecting tirevitro/in vivo ~ onist containing tertiary amine, is known to form
extrapolation of drug-drug interactions have beerMI complex upon oxidatiof*?l Thus, thein
critically reviewed by Bertz and Granneni&if! vitro/in vivo discrepancy is most likely due to the
Sometimes, the failure of vitro/in vivoextrap-  nature and design af vitro experiments in which
olation may originate from the nature and designdiltiazem acts as a reversible competitive inhibitor
of in vitro experiments. Cimetidine, arpleceptor  while it forms MI complexatiorin vivo. Clinical
antagonist, has been well documented to inhibistudies also showed that diltiazem inhibits the me-
CYP-mediated drug metabolism in humdts. tabolism of triazolaf*3! and midazolanit44!
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Another important factor is the relative contri- a blocker of the delayed rectifier potassium current
bution of the metabolic fraction to the overall elim- which controls the duration of the QT interval.
ination. A significant interaction occurs only when Thus, episodes of torsade de pointes observed dur-
drugs compete for the same enzyme system anithg ketoconazole-terfenadine coadministration are
when the metabolic reaction is a major eliminationmost likely to result from the quinidine-like action
pathway. Rowland and Mati{® have developed of terfenadine that has accumulated in plagfifa.

a pharmacokinetic model to evaluate the relative Clinical data showed that itraconaZ& and
contribution of the metabolic fractionn{f on the  erythromycift5ll also impair the metabolism of
degree of drug interaction. They concluded that gerfenadine. Because CYP3A4 represents a major
significant drug interaction occurs only when the CYP isoform in human liver, and because CYP3A4
fm of a particular pathway being inhibited is greaterhas a broad spectrum of substrate specificity, it is
than 50% of total clearance. likely that many other drugs are capable of inhib-

In addition, sources of inaccuracy in predicting jting terfenadine metabolism. Because of its unde-
in vivo drug interaction may include the presencesijraple properties, terfenadine was recently with-
of extrahepatic metabolism and active drug transyrawn from sale or had its use restricted in several

port in the liver. countries.
In addition, drug-drug interaction can be stereo-
5. Clinical Implications selective. Investigators should consider stereo-
chemistry when evaluating drug interaction.
5.1 Inhibition of CYP For example, warfarin, an oral anticoagulant, is

- s . marketed as a racemic mixture consisting of equal
The clinical relevance of drug inhibition will 9 9

depend on a number of considerations. One of thgmounts oR- andSwarfarin. The pharmacologi-

most important considerations is thetherapeuticin-Cally active Swarfarin is eliminated almost en-

dex of the drug. Patients receiving anticoagulantst,Irely asS-7-hydroxy-warfarin and a small amount

antidepressants or cardiovascular drugs are at %f S-6-hydroxy-warfarin in humans. In contrast,

much greater risk than patients receiving othef¥Warfarin is mainly converted t8-6-hydroxy-

i in152
kinds of drugs because of the narrow therapeutidVarfarin and some-7-hydroxy-warfarin>2 In

index of these drugs. Although most interactionsVitro studies with human liver microsomes indicate

that can occur with these agents are manageabld1at both 6- and 7-hydroxylation Swarfarin are
usually by appropriate dosage adjustment, a fevg@t@lysed exclusively by human CYP2C9, whereas
are potentially life threatening. the 6- and 7-hydroxylation d&-warfarin is mainly

As an example, coadministration of terfenadine,Mediated by human CYP1A2 and Cyp2disl

an antihistamine agent, and ketoconazole led té-0@dministration of enoxacin, a quinolone anti-
fatal ventricular arrhythmias in some patieté! biotic and an inhibitor of CYP1A2, resulted in a
Terfenadine is a widely used histamingreiceptor ~ decrease in the clearancefdfvarfarin but not of
antagonist. It is metabolised extensively by CYP-Swarfarini*>¥l As expected, enoxacin did not af-
3A4 in humans to form 2 metabolites Bydealk- ~ fect the hypoprothrombinaemic response produced
ylation and hydroxylatioft47] After oral adminis- by warfarin because this antibiotic had no effect on
tration of a 60mg dose, terfenadine is usuallyS-warfarin eliminatior{>4!

undetectable in plasma because of extensive first- Similarly, cimetidine inhibited human metabo-
pass metabolism. Concurrent administration oflism of R-warfarin, while having little effect o6
drugs that inhibit terfenadine metabolism can resulwarfarin[t%% Further studies in healthy individuals
in an excessive increase in plasma concentration ohdicated that treatment with cimetidine resulted in
terfenadine.In vitro studie§48] showed that ter- a significant decrease in the formationRs6- and
fenadine is equipotent compared with quinidine asR-7-hydroxy-warfarin, but had no effect on the
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formation of S-6- andS-7-hydroxy-warfarin®¢!  the pharmacokinetics and therapeutic effects of
Thus, it is expected that cimetidine has little effectthis drug.
on the anticoagulant activity of warfarin. Drug interactions may relate to specific compet-
In contrast, when administered concomitantlyitive inhibition of polymorphic enzymes. Omepra-
with warfarin, phenylbutazone caused profoundzole is a proton pump inhibitor used to treat peptic
potentiation of the hypoprothrombinaemic re- ulcers and reflux oesophagitis. It is mainly meta-
sponse, because phenylbutazone stereoselectiveplised by CYP2C185% Diazepam is also pre-
inhibited the metabolism owarfarin/*521 The ~ dominantly metabolised by CYP2C¥8Y The
potentiation of anticoagulant effect of warfarin by CYP2C19 isoform is known to be polymorphic,
the antiarrhythmic agent amiodarone has also bee@nd=2 to 6% of Caucasians or 18 to 22% of Asians
reported257 Heimark et al'58! studied the mech- have been found to be Pi#%.191 Coadministration
anism of interaction between amiodarone and war®f omeprazole resulted in a significant increase in
farin and found that amiodarone decreased the totd® AUC of diazepam in EM, but had no effect on
body clearance of botR- and S-warfarin in the diazepam AUC in PM& The fact that both
healthy individuals but not to the same degree®Meprazole and diazepam are mainly metabolised
Amiodarone stereoselectively inhibited the meta-lY the same enzyme, CYP2C19, explains why the

bolism ofSwarfarin more than that &-warfarin. Zhdruglenlteract in EMs, bet nort].inhZMs. In PMSa
In agreementin vitro studies with human liver there is little or no enzyme for which diazepam an

microsomes showed that amiodarone inhibited thé)meprazole could compete. Similarly, coadministr-

metabolism ofS-warfarin more strongly than that ation of q.um|d|ne, a CYP2D6 |nh|b|tpr, has been
of Rwarfarinf1%8] These results suggest that theshown to increase plasma concentrations of encain-

. ide, an antiarrhythmic agent mbtdised mainly
enhanced anticoagulant effect observed when : . .

. ) o . _ by CYP2D6 in EMs, but quinidine had little effect
amiodarone and warfarin are coadministered is at(-)n lasma concentrations in P& Collectivel
tributed to stereoselective CYP inhibition. P ) Y,

Inhibition can also reduce clinical efficacy. if these results suggest that EMs are more susceptible
Y Tt enzyme inhibition than PMs.

the drug is a prodrug requiring metabolic activa- The importance of interethnic differences in

tion tq ac_hleve its effects and agtlvatlon is _blocked.drug disposition has recently been recognised. Be-
Codeme is a good ex‘,”‘mP'e' belng extensively mez, ise of ethnic differences in the representation of
tabolised by glucuronidation, while tidledemeth-

- - R g EMs and PMs, one racial group may be more sen-
ylation of codeine to morphine is a minor pathway sitjye to drug inhibition than another. For instance,

mediated by CYP2DB?I Since only a small frac- g extent of inhibitory effect of omeprazole on
tion of the drug is metabolised l§y-demethyla- Smephenytoin and diazepam is dependent on
tion, inhibition of CYP2D6 by other drugs will ethnicity. The degree of inhibition was much
have little effect on pharmacokinetics of codeinegreater in European White individuals than in Chi-
itself. However, inhibition of CYP2D6 will have a nese peoplé83.164 Although the reason for this eth-
significant effect on the formation of morphine, nic difference in drug inhibition is not fully under-
thus altering the analgesic efficacy of the parenktood, an over-representation of the heterozygous
drug, codeine. Since codeine is often administereg@enotype of CYP2C19 among Chinese EMs might
with drugs that inhibit CYP2DB6, this offers scope have accounted for the observed lower drug inhi-
for interactions that could modulate the efficacy inbition by omeprazole. Like PMs, these heterozy-
patients. On the other hand, proguanil is convertegous EMs appear to be less susceptible to enzyme
through a major pathway to its active antimalarialinhibition than homozygous EMs. The proportion
metabolite, cycloguanil, by CYP2C19% Inhibi-  of heterozygotes compared with homozygous
tion of CYP2C19 will result in alterations of both dominant EMs is about 5-fold greater in Chinese
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compared than in White individud®! Thus, can be restored. Clearly, clinical and pharmacoki-
interethnic variability should be taken into consid- netic consequences of irreversible drug inhibition
eration when drug interaction data are extrapolate@re quite complicated, depending on the duration
from one racial population to another group. and frequency of administration. The long term ef-
In addition to the reversible competitive inhibi- fects of irreversible inhibition on CYP is yet un-
tors, a number of drugs have been shown to b&nown, and further studies need to address this
irreversible CYP inhibitors via enzyme destruction question.
or MI complexation. This class of drugs charac- Metabolic drug interaction is usually regarded
teristically exhibits time- and dose-dependentas potentially dangerous, or at least undesirable.
pharmacokinetics when given orally or intrave- However, there are times when these interactions
nously. L-754 394, an experimental HIV proteasemay be exploited. For example, because these 2
inhibitor, is a good examplén vitro microsomal drugs are substrates for the same human CYP3A4,
studies revealed that L-754 394 is a mechanismthe antifungal agent ketoconazole is used with
based inhibitor. Studies in rats, dogs and monkey§Yclosporin, an immunosuppressive agent, to pro-
have shown that the drug exhibits time- and doselong the elimination of the cyclosporii®® The
dependent pharmacokinetié&! The apparent Ideais touse the relatively inexpensive ketoconaz-
clearance decreased with increasing dose. HowR!€ to specifically inhibit the metabolism of the

ever, the dose-dependency cannot be explained B{f"Y expensive cyclosporin, thereby minimising
Km. L-754 394 in plasma declined log-linearly the cost of long term immunosuppressive therapy.

167
with time, but with an apparent, that increased Keogh et all67] have reported that ketoconazole

0 )
with the dose. Furthermore, the apparent clearancreed.uceFj by 80% the dose Of. cyclqsponr_] needed to
iJnaintain target concentrations in patients after

Of L-754 394 decreased after multiple doses. It cardiac transplantation, with a cost savings per
I hat i ivati f li - o
clear that inactivation of metabolic enzymes de Hatlent of=$US5200 in the first year. The use of

pends not only on the dose, but also on the duratio .
and freauency of administration other drugs to reduce the cost of cyclosporin also
N Y ' has been reportdéfs!

Because the pharmacokinetics of drugs that in- ~ _." . - . . .
. ) Similarly, coadministration of ritonavir, an HIV
activate enzymes are time- and dose-dependent, o :
. . . ..~ protease inhibitor, enhanced the oral absorption
drug interactions caused by enzyme inactivatio L o
of saquinavir, another HIV protease inhibitor.

will depe_nd on the timing of the administration of Saquinavir has a poor bioavailability (<5%). Fol-
enzyme inactivators and other drugs, as well as o wing a single dose of ritonavir (600mg) and

their ddoses. L—|754 394 and |pd|naV|r Qt(:\ractlon is aquinavir (200mg), a >50-fold increase in the
a good example. L-754 394 increased the AUC o lasma AUC of saquinavir was observed in volun-
indinavir in the plasma of rats bs-fold when 10 o qj169) The combined regimen of ritonavir and

mg/kg of each drug was given orally at the gaquinavir may be of benefit in the treatment of
same time. However, when L-754 394 was given 1 pg

hour before administration of indinavir, there was
a 5-fold increase in the AUC of indinavir (Lin et
al., unpublished data).

Reversible enzyme inhibition is transient; the  Usually, metabolites are less pharmacologically
normal function of CYP enzymes continues afteractive than the parent drug and, therefore, enzyme
the inhibitor has been eliminated from the body. Ininduction results in a reduction in pharmacological
contrast, the loss of enzyme activity caused byeffect because of increased drug metabolism. In
irreversible inactivation persists even after elimi-some cases, the metabolites formed during bio-
nation of the inhibitor, ande novdiosynthesis of transformation may be chemically reactive, so that
new enzymes is the only means by which activityenzyme induction may result in increased toxicity

5.2 Induction of CYP
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caused by the increased production of the toxic meelearance was increased by 60 and 90%, respec-
tabolites. tively, in healthy volunteers after multiple doses of
Rifampicin is one of the most potent enzymephenytoin or carbamazepiHéll
inducers known to humans. Itinduces several CYP As with enzyme inhibition, EMs are more sus-
isoforms, including CYP2C and CYP3K?171  ceptible to enzyme induction than PMs. Treatment
Clinical studies in healthy volunteers demonstratedwith rifampicin caused a substantial increase in the
areduction in the thrombin time and a cqo@®ding  metabolism ofS-mephenytoin in EMs, but had no
decrease in the plasma half-life of warfarin fol- effect on the metabolism d&mephenytoin in
lowing treatment with rifampicift’2l Heimark et  ppg[182] S-Mephenytoin is known to be metabo-
all”3 have shown that the reduction in hypopro-jised exclusively by CYP2C19, and PMs are genet-
thrombinaemic response of warfarin by rifampicin jca|ly deficient in CYP2C1%122 Thus, the lack
was caused by increased clearance of both warfarigf ritampicin induction in PMs is simply associated
enantiomers. with the absence of CYP2C19 enzyme. Even if the

Another clinically important interaction with ri- 1y jtant enzymes related to CYP2C19 were induced
fampicin involves the concomitant administration by rifampicin, they would not be expected to me-
of oral contraceptives, which has been reported t?aboliseSmephenytoin.

result in menstrual disturbance and unplanned Omeprazole induces human CYP1%23 and

pregnancies. The increased metabolism of both €$5 metabolised predominantly by CYP201®!]

trogenic and progesterogenic components of ora'k\f,[er an oral dose of omeprazole 40mg, the plasma

contraceptives is believed to be the underlyingAUC :

) : . of omeprazole in PMs of CYP2C19 was
mechanisni’4 A 4-fold increase in the rate of hydr- ~5_fold highe? than that in EM&83.184] After 7
oxylation of estradiol and ethinylestradiol in pa- days of treatment with omeprazole (40 mg/day)
tients treated with rifampicin was associated with CYP1A2 induction as measured BE-[N3-methyil- '

an increase of CYP content in liver biopsig8!. . C
Rifampicin also increases the metabolism Ofcaffelne breath test was shown to be significant
in PMs, but not in EM&83184 The lack of

o . . in
cyclosporin in patients, resulting in low blood con- . L . . : .
centrations of the immunosuppressive agdft. ICYP1A2 induction in EMs is ?SS-?-EI-ated W|thI their
The subtherapeutic blood concentrations of cyclo—OWer exposm:]re to omep;aé?fe. 'ISI ‘?Xj‘mP € rgp—
sporin caused by coadministration of rifampicinresents another cagsgq literential induction be-
tween PM and EM individuals.

have frequently resulted in acute allograft rejec-""-" R
tion [177.178] Like PMs, elderly individuals appear to be less

Enzyme induction represents a common prOb_sen_s?tive than younger adults to inducers. _The d.is-
lem in the management of epilepsy. PhenobarbitalP0Sition of hexobarbital before and after rifampi-
phenytoin and carbamazepine are potent induce/@n treatment was studied in young and elderly
of CYPI79 Like rifampicin, phenobarbital can healthy volunteerg8d] Rifampicin treatment pro-
stimulate the catalytic activity of several CYP duced adifferential increasesRr(—)-hexobarbital
isoforms, including CYP2C and CYP3A.An  metabolism in young (90-fold increase) and el-
early reported interactions with phenobarbital alsoderly individuals (19-fold increase). Similarly, the
involved oral anticoagulants. Concurrent adminis-inductive effect of cigarette smoking on proprano-
tration of phenobarbital and warfarin resulted in alol was much greater in young adults than in
decrease in plasma concentrations of warfarin anthe elderlyl1®] The reduced induction of drug
in its anticoagulant effect&% Phenytoin and carba- metabolism in the elderly also has been reported
mazepine appear to be less potent inducers in hipy othelinvestigatord!®7-18%The reason for the age-
mans than rifampicin and phenobarbital at doseslependent response to inducers is not fully under-
used in clinical practice. Phenazone (antipyrine)stood and remains to be studied.

00 Adis International Limited. All rights reserved. Clin Pharmacokinet 1998 Nov; 35 (5)



384 Lin & Lu

Although enzyme induction generally reducesCYP2E1 enzyme activity was induced, resulting in
the pharmacological effect because of increase@dn increased formation of the toxic metabolite.
drug metabolism, sometimes the formed metaboHowever, if paracetamol and alcohol are taken at
lite has the same pharmacological activity as théhe same time, the formation of the metabolite is
parent drug. Thus, the clinical consequences of enaot expected to increase because of the opposite
zyme induction will be determined by the relative effects of alcohol inhibition and induction.
reactivity of the parent drug and the formed meta-
bolite. Collste et at%) studied the effect of pento- 6. Conclusions
barbital on alprenolol. The'oral bioavailabi_lity of From the viewpoint of drug therapy, to avoid
alprenolol was reducgd, with the AUC being '€ hotential drug-drug interactions, it is desirable to
duced by 45%. Despite these marked changes IEevelop new drugs that are not potent CYP inhibi-

AUC, there was only a modest reduction in thetors or inducers and are not readily inhibited by

pharmacolog.ical response, measurgd by the inhibig, e, drugs. In reality, drug interactions caused by
tion of exercise-induced tachycardia. The lesse

oAS X ) mutual inhibition are almost inevitable, because
reduction in dynamic response compared with thecyp-mediated metabolism represents a major
change in AUC can be explained by fhadrener- 1o te of elimination of many drugs and because the
gic receptor activity of the metabolite, 4-hydroxy- same CYP enzyme can metabolise numerous
alprenolol, which is as potent as the parent drug. drugs.

During concomitant administration of inducers, |t should be emphasised that only a few drug
the reduction in drug concentration can be circuminteractions, but not all of them, are clinically sig-
vented by increasing the drug dosage. However, ifjficant. The clinical significance of a metabolic
dosages are increased, there is a danger of exceagrug interaction will depend on the magnitude of
sive accumulation of drug when the inducer isthe change in the concentration of active species
withdrawn and enzyme activity returns to normal. (parent drug and/or metabolites) at the site of phar-
An example is the severe bleeding reported whemnacological action and the therapeutic index of the
hospitalised heart attack patients treated with antidrug. The smaller the difference between toxicity
coagulants returned home and discontinued the usgnd efficacy, the greater the likelihood that a drug
of phenobarbital sleeping pill¥1] interaction will have serious clinical conse-

A more complex inducer-drug interaction also quences. Thus, careful evaluation of potential drug
has been reported for alcohol and paracetamol (aénteractions of a new drug candidate during the
etaminophenit®2l Human CYP2EL1 is known to be early stage of drug development is essential.
responsible for the formation of the toxic metabo- To this end, carefully designéd vitro studies
lite of paracetamolN-acetylp-benzoquinone im- can be a valuable tool to predict potential drug in-
ine. In addition, alcohol is known not only to in- teractionsin vivo. In order to accurately predict
hibit but also to induce CYP2E1 enzyme activity potential metabolic drug interaction, it is necessary
in humans. Long term alcoholism and paracetamoto know the underlying mechanisms of drug in-
ingestion, thus, presents a complex and seriouBibition, the metabolic fate of the drug, and the
problem. The time interval between the last con-enzyme involvement in each metabolic pathway.
sumption of alcohol and ingestion of paracetamolFinally, an understanding of pharmacokinetic prin-
is very important_ If paracetamo| is taken in theCiples will facilitate the extrapOIation ofn vitro
morning because of a headache as a result of hea@ta to then vivo situation.
drinking the night before, there is a high risk of
hepatotoxicity. This is because the alcohol concen- Acknowledgements
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