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Abstract Drug interactions in patients receiving multiple drug regimens are a constant
concern for the clinician. With the increased availability of new drugs and their
concomitant use with other drugs, therehasbeen arisein the potential for adverse
drug interactions as demonstrated by the recent withdrawals of newly marketed
drugs because of unacceptable interaction profiles. Therefore, the interaction po-
tential of a new compound has to be assessed in detail, starting with preclinical
invitro and in vivo studies at candidate selection and continuously followed up
through preclinical and clinical development. Since formal in vivo studies of al
possible drug interactions are neither practicable nor suggestive, a careful selec-
tion of alimited number of drug combinations to be investigated in vivo during
the devel opment phaseisindicated. Based on knowledge of pharmacokinetic and
biopharmaceutical properties, awell balanced link betweeninvitroinvestigations
and carefully selected in vivo interaction studies allows full assessment of the
potential of a new drug to cause clinically relevant pharmacokinetic drug-drug
interactions, prediction of alack of interactions and derivation of the proper dose
recommendations.

Clinical pharmacology plays a number of key roles within the process of
collecting information on drug interactions during preclinical and clinical devel-
opment: addressing issues and/or favourable propertiesto be expected, thus con-
tributing to the scientific assessment of development potential; setting up a
rational in vivo drug-drug interaction programme; performing early mechanistic
studiestolink in vitro with in vivo information (employing ‘ cocktail’ approaches
if possible); reviewing co-medication sections for clinical trials; and conducting
|abelling-oriented interaction studies after proof of concept.

The fact that interactions can occur between various active substances should
by itself be a conclusive argument against unnecessary polypharmacy. Prescrib-
ing fewer drugson arational basiscan reducetherisk of adverse effects secondary
to drug interactions and may help to improve the quality of drug treatment and
to save costs.
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Drug interactionsin patients receiving multiple
drug regimens are a constant concern for the clini-
cian. When any 2 drugs are prescribed together, the
potential for interaction has been reported as ap-
proximately 6%.[%-2 The risk of drug interactionsin-
creases exponentially with the number of drugsthe
patient takes.[38] Reviews of hospital and outpa-
tient prescribing suggest that when an interaction
isreported an average of between 4 and 8 drugs are
being taken by the patient.l7-16] Adverse effects of
drugs are one mgjor cause for hospital admissions.
In different studies, the reported incidence of drug-
related hospital admissions ranges from 2 to 10%
of all general admissionsinvolving theelderly pop-
ulation.[1”-22] Fatal adverse drug effects rank bet-
ween the fourth and sixth leading cause of death in
the US.[23] Up to 20 to 30% of all adverse drug
reactions are assumed to be caused by drug inter-
actions.[?42] Therefore, every multipledrug regimen
must have a sound rationale for use. Use of drug
combinations where only 1 of the drugs or not all
of the drugs are necessary is no longer acceptable.

1. Definition of Drug-Drug Interactions

I nteractions between 2 or more concomitantly
administered drugsmay intensify or reducedesired
aswell asundesired effects. Only when the combin-
ed effectsof theinteracting drugsaregreater or less
than the arithmetic sum of their individual actions
can the event be considered atrueinteraction.[16.2627]
This eliminates many ‘potential interactions’ which
inreality merely describe the summation of similar
or opposing but independent drug effects. While
the desired increase of effectiveness with an asso-
ciated decrease in risk of therapy iswell known, the
magnitude of the additional risk posed by the drug-
drug interactions is often underestimated. The num-
ber of available agents provides enormous scope
for such interference and ensures that no physician
can be completely familiar with al eventualities.
However, experimental findings and clinical expe-
rience have shown that the great majority of inter-
actions occur through asmall number of relatively
specific basic mechanisms.

An understanding of a particular interaction in
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Table I. Different phases for possible drug interactions

Pharmaceutical phase
Galenic formulation

Physical intolerability
Gastrointestinal tract

Pharmacokinetic phase
Mechanism of absorption
Distribution
Biotransformation
Elimination

Pharmacodynamic phase
Direct

Indirect

terms of the site and mechanisms is essential for
interpreting, preventing and treating adverse inter-
actions. It also provides a means of recording and
classifying the large number of individually repor-
ted interactions. Drugs can interact with one an-
other at any point from their incorporation into a
pharmaceutical formulation to their final elimina
tion from the body. They can be divided into the
pharmaceutical, pharmacokinetic or pharmacody-
namic phases (table1).

Pharmaceutical interactions pertain to intrave-
nous formulations and physical or chemical inter-
actions. Pharmacokinetic interactions may affect
gastrointestinal absorption, distribution (plasma
and/or tissue protein binding), metabolism or ex-
cretion processes. Pharmacodynamic changes that
can result in drug interactions include competition
for receptor site, alteration of areceptor at the site
of action, and additive or opposite effects of adrug
on other biological systems.

In particular, newly launched drugs will have
had little or no testing in combination with most
other drugs. Therefore, the study of drug-drug in-
teractions has become an important aspect of the
development process of new drugs. The studies
should focus on both the effect of the new drug on
aready approved drugs and the effect of already
approved drugs on the new drug.

Theimportance of such studies hasbeen demon-
strated impressively with thewithdrawal of the cal-
cium channel antagonist mibefradil from the market,
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amost exactly ayear after the drug had been given
marketing approval in Europe and the US. The
withdrawal was based on new reports about serious
interactionswith other commonly used drugs.[28:29]
Mibefradil inhibits the action of cytochrome P450
(CYP) 3A4. Therefore, when given concurrently
with drugs that are metabolised by this enzyme, con-
centrations of these drugs could reach toxic con-
centrationswith normal doses as has been shown, for
example, for cyclosporin, tacrolimus, metoprolol
and several hydroxymethylglutaryl co-enzyme A
(HMG-CoA) reductaseinhibitors.[3% Inretrospect,
it can be concluded that these interactions could have
been predicted on the basis of the pharmacokinetic
and pharmacol ogical data available for mibefradil
before its introduction to the market.[3H

2. General Strategy to Address
Interaction Potential of New
Drug Candidates

The interaction potential of a new compound has
to be assessed in detail, starting with preclinical in
vitro and in vivo studies at candidate selection and
continuously followed up during preclinical and
clinical development (fig. 1).

Scientific knowledge

Candidate Proof of
selection concept

|

Before clinical interaction studies can be de-
signed and performed the following important ques-
tions have to be answered.

2.1 Which Drug Interactions Should
Be Investigated?

Asaconsequence of the scientific development
within the areas of pharmacokinetics (particularly
drug metabolism) and pharmacodynamics, the fo-
cus of interaction studies has changed from ad hoc
observational studies to rationally designed stud-
ies_[32-34]

The key information to assess metabolic inhib-
itory or inducing drug-drug interactions can al-
ready be obtained by in vitro studies investigating
metabolic pathways, involved CY P isozymes or
drug transporters, such as P-glycoprotein, and CYP
enzyme/drug transporter affinities of a new drug
candidate. A set of in vivo interaction studies —in-
cluding both potent inhibitors/inducers and rele-
vant substrates of theidentified CY Pisoformsand/or
drug transporters — are then selected to complement
the in vitro data with respect to mechanistic infor-
mation and especially focusing onthe mutual phar-
macokinetic effects of the new drug candidate and
CY P inhibitors/inducers or substrates, respectively.
In addition, the rationale for the formal pharmaco-

Regulatory guidelines

Submission

|

Exploratory development
Drug metabolism and
preclinical pharmacokinetics:
In vitro
In vivo (animal)
Clinical pharmacology:
In vivo (healthy volunteers)

Confirmatory development
Clinical pharmacology:
In vivo (healthy volunteers
and patients)

Launch

Fig. 1. General strategy to address drug interaction potential from drug development to launch.
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Kinetic interaction programme may cover in vitro
investigations related to displacement interactions
at the protein binding site and interaction studies
with co-medications affecting absorption or renal
elimination.

Sinceformal invivo studies of all possible phar-
macodynamic interactions are neither practicable
nor advisable, acareful selection of alimited num-
ber of drug combinationsto be investigated during
the development phase is indicated. Priorities
should be based on the likelihood of certain combin-
ations occurring in clinical practice as well as on
risksassociated with them. A general principle may
be that clinical drug interaction studies should be
performed during drug development with the
standard therapy for the proposed indication and/or
with drugs frequently co-medicated with the new
drug in clinical use, based on the knowledge of
clinicaly relevant interactions. Cardiac glycosides,
antiarrhythmics, anticoagulants, antihypertensives
(especidly B-blockers), anticonvulsants, antidia-
betics, antifungals, histamine H, receptor blockers,
antacids, psychotropic agents (e.g. lithium salts
and monoamine oxidase inhibitors) as well as theo-
phylline and cytostatics belong to these substance
groups.[39

If interactions are: suspected from animal data;
expected from structural and physico-chemical char-
acteristics; expected from pharmacol ogical proper-
ties; expected from human in vitro data; known
from similar compounds; or if adverse drug reac-
tions, suspected to result from drug interactions
have been observed during clinical trials, selective
clinical studies to assess drug interactions with a
new substance areindicated. Based on resultsfrom
such studies, therisk of clinically relevant interac-
tions may be predicted.

2.2 When Should Drug Interaction Studies
Be Performed?

Normally clinical drug interaction studies are
performed during later phases of clinical develop-
ment after adequate information on safety and tol-
erability, pharmacokinetics, efficacy and therapeu-
tic dose range has been established during the
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exploratory phase of drug development (phase |
and phase 119). If a co-medication with drugs af -
fecting avital process such as clotting, respiration,
cardiac rhythm, blood pressure or glucose homeo-
stasisisnecessary during larger clinical trias, clin-
ical interaction studies should be conducted at an
early stage of development, e.g. at the end of phase
| or during phase Ilato minimise the patients’ risk
during the wide spread clinical investigations.
Other factorsincreasing therisk of aclinically rel-
evant drug interaction are summarised in table 11.

Another advantage of performing drug interac-
tion studies early in the drug development process
is that knowledge of causes for variability can be
taken into consideration in the design of later clin-
ical studies. In some situations the results of inter-
action studies may be crucial for the decision to
develop the drug or not. Thus, extensive investiga-
tion of potential interactions at an early stage of
drug development is encouraged.

2.3 How and in Whom Should Drug
Interaction Studies Be Performed?

Drug-drug interactions can either be investi-
gatedinformal studiesor by asub-analysisof those
patients from phase Il or 111 safety, efficacy and
comparative trials receiving the study drug con-
comitantly with a potentially interacting drug.
Sometimes a combination of both methodsis fav-
ourable.

2.4 Formal Drug-Drug Interaction Studies

If one of the drugs characterised by the afore-
mentioned selection criteria is often used in com-

Table Il. Factors increasing the risk of drug-drug interactions

Steep course of the dose-response curve

Highly specific effect

Accumulation of analogous effects

Small therapeutic range

Problematic pharmacokinetics

Necessary long term therapy with different drugs
Simultaneous prescription of several drugs by different
physicians

Increasing self-medication by the patient
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bination with the new drug under devel opment and
if interactions are expected on the basis of their
structural and physico-chemical characteristics,
their pharmacokinetic and/or pharmacological be-
haviour during preclinical studies, or if interactions
from similar compounds are known, then the clin-
ical relevance should be investigated in a formal
study inhumansas early aspossibleduring clinical
development and, whenever possible, the mecha-
nism should be elucidated.

2.5 Nonformal Drug-Drug Interaction Studies

For all other drugs often administered together
an initial screen for pharmacokinetic and/or phar-
macodynamic (efficacy and safety) interactions
during phase Il or I11 of clinical trials with plasma
concentration measurements and a possible con-
centration-effect relationship might be sufficient.
On the basis of these data it should be critically
estimated whether this screening itself is sufficient
for an estimation of risk/benefit or if an additional
formal study is necessary.

2.6 What are the Assessment Criteria?

Itisimportant in the drug devel opment phaseto
differentiate between detectable interaction and
clinically relevant interactions.[16271 An interac-
tionis‘clinicaly relevant’:

» when the therapeutic activity and/or toxicity of
adrug ischanged to such an extent that adosage
adjustment of the medication or medical inter-
vention may be required

« when concomitant use of the 2 interacting drugs
could occur when both are used as therapeuti-
cally recommended.[32
A special problem of the sample size estimation

for interaction studiesisthe fact that in most cases

clearly defined criteria to assess a clinically rele-
vant interaction do not exist.[3* From a statistical
viewpoint, considering different drug treatmentsin

a drug interaction study, one should test for ‘non-

equivalence' by demonstrating ‘equivalence’ or a

lack of interaction by the confidence interval ap-

proach established for bioeguivalence studies. A

lack of interactionsis concluded if the 90% confi-
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dence interval for the difference of the means or
medians of the test and reference treatmentsis en-
tirely within the equivalence range (range of clin-
ically acceptable variation). This decision procedure
ensures that the consumer risk, incorrectly con-
cluding ‘nointeraction’, islimited to 5%.[361 How-
ever, in classical hypothesis testing the consumer
risk is not controlled because a nonsignificant re-
sult doesnot imply that thereis‘nointeraction’ and
asignificant result doesnot imply a‘clinically rel-
evant interaction’. For drug interactions these limits
may be wider or narrower depending on the thera-
peutic range of the drug and the pharmacokinetic
and pharmacodynamic variability of the affected
drug. According to the limits for analysis the con-
traindication for a combination must be defined
early. Otherwise the clinical relevance of possible
interactions has to be investigated in additional,
nonformal clinical studiesin patients.

3. Recommendations for Drug
Interaction Studies

Suitable study design and clear targets will im-
prove our ability to determinewhether the combin-
ed effect is a true interaction or simply the result
of additive pharmacological effects. By optimisa-
tion of experimental protocolsthe maximum amount
of information may be obtained from experiments
performed in a limited number of healthy volun-
teers or patient volunteers. Determination of plasma
drug concentrationsis an essential part of drug in-
teraction studies allowing the interpretation of a
possibleinteraction in terms of a pharmacokinetic-
pharmacodynamic interaction. If feasible, the oral
route of drug administration is preferable in the
initial evaluation or screen for suspected interac-
tionsin man, because it is the most common route
of administration, it isthe only way to detect inter-
action involving absorption, and the magnitude of
the interaction may be much greater than after in-
travenous administration, for example, for drugs
eliminated by metabolism.

Special questions concerning the study design
of drug interaction studies are:[32-34

Drug Safety 2001; 24 (10)
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e Should formal studies be performed in healthy
volunteers or patient volunteers?

« Should single or multiple dose regimens be pre-
ferred?

« Should acrossover or group comparison design
be used?

Formal studies can be performed either in heal -
thy volunteersor in volunteerswith the target indi-
cation. In view of their greater clinical relevance,
drug interaction studiesinvolving patientswith the
target indication are usually to be preferred. How-
ever, for practical reasons thisis not always possi-
ble and the decision on the study population hasto
be taken on a case by case basis.

In generdl, it is beneficial for the elucidation of
drug-drug interactions for studies to be conducted
during long term ora administration when steady
state conditions are observed. The healthy volunteer/
patient can serve as hisor her own control by using
pretreatment and post-treatment control periods.
Transient interactions can be detected and the time
course of events can be seen. Furthermore, thisisthe
only feasible way to study patients who may re-
quire continuous administration of the test drug to
control their disease. Moreover, it may be impor-
tant to investigate a drug interaction in the patient
for whom a given treatment is intended because it
is the only way in which the effects of the disease
state on such drug interactions can be assessed.

Formal interaction studiesin healthy volunteers
should primarily be conducted in a randomised 2-
fold or 3-way (to investigate any mutual interaction
potential) crossover design. The duration of the
study periods depends on the duration of the effi-
cacy and the pharmacokinetic half-life, respectively.
It is absolutely necessary to keep awashout period
of at least 4 to 5 half-lives between the single study
periods.

Studies in patients who need basic treatment
have to be conducted without washout periods bet-
ween the study periods. In this situation, a run-in
phase to obtain steady state of basic treatment will
be followed by a period to estimate the pharmaco-
kinetics and pharmacodynamics of basic treatment
and subsequently of combination therapy.

0 Adis International Limited. All rights reserved.

The number of volunteers/patients involved in
such a study depends on:
e study design
e variability of pharmacodynamic and pharmaco-
kinetic parameters
« criteriato assessaclinically relevant difference
« additional ethical considerations/limitations.

4. Cerivastatin: an Example How to Set
Up a Drug-Drug Interaction Programme
Within Clinical Development

Rationale and conduct of a drug-drug interac-
tion programme within clinical development may
be briefly illustrated by using the example of the
HMG-CoA reductase inhibitor cerivastatin which
has been recently introduced to the market.[37-39 The
programme was primarily based on the pharmaco-
kinetic profile of cerivastatin as derived from in
vitro and in vivo studies, on the common co-medi-
cations, and on the information available from
other drugsin the same therapeutic class. Based on
this knowledge, a well balanced link between in
vitro investigations and carefully selected mecha-
nism-based in vivo approaches has been chosen to
elucidate the risk for drug-drug interactions with
cerivastatin (fig. 2).[40]

Briefly, the key properties of cerivastatin with
respect to pharmacokinetic drug-drug interactions
will now be outlined.[3840.41]

4.1 Absorption

Cerivastatin possesses a carboxylic acid func-
tiona group. Therefore, the objectives of the clinico-
pharmacol ogical investigationswereto investigate
whether there was a possible influence on the ex-
tent and rate of absorption of cerivastatin by:

e an antacid preparation containing 600mg mag-
nesium and 900mg aluminium hydroxide by an
increase in gastric pH or by adsorption;

¢ the gastric acid secretion inhibitor omeprazole
or the H, antagonist cimetidine (by risein gastric
pH).

Also it was necessary to define the effect on ceri-
vastatin absorption due to adsorption to the bile acid
sequestrant chol estyramine, a basic co-medication

Drug Safety 2001; 24 (10)
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| Common co-medications |

Absorption Distribution

Information available from other
drugs in the same therapeutic class

Fig. 2. Rationale for a drug-drug interaction programme.

in patients with hypercholesterolaemia, or due to
altered solubility by the lipase inhibitor orlistat,
which is becoming increasingly popular as anti-
obesity drug.

The coadministration of the antacid preparation
did not affect plasma concentrations of ceriva-
statin. Steady-state comedication with cimetidine
or omeprazole did not lead to a statistically signif-
icant interaction with cerivastatin.

Concomitant administration of cerivastatin 0.2mg
and cholestyramine 12g resulted in a 21% reduc-
tion in bioavailability. By separating the intake of
the 2 drugsby 1 or 5 hoursthelossin bioavailabil-
ity could be reduced to 16 or 8%, respectively. The
concomitant administration of orlistat 1220mg 3
times daily for 7 days and cerivastatin 0.8mg did
not affect the bioavailability of concurrently ad-
ministered cerivastatin.

4.2 Distribution

Cerivastatinis highly bound to plasmaproteins,
mainly albumin (99.1 to 99.5%), resulting in the
potential for drug-drug interaction by mutual dis-
placement from binding sites. Lack of interaction
could be established by in vitro displacement ex-
perimentsusing freefatty acidsor drugs, well known
themselves for their high plasma protein binding
[i.e. warfarin, phenylbutazone, clofibrate, ibupro-
fen, propranolol, imipramine, gemfibrozil, nifedi-
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pine, salicylicacid, nicotinic acid, furosemide (fru-
semide), phenytoin, digitoxin and glibenclamide
(glyburide)]. These experimentscould then be con-
firmed via an in vivo interaction study investigat-
ing both pharmacodynamicsand pharmacokinetics
of the oral anticoagulant warfarin.

4.3 Metabolism/Excretion

Invitroinvestigationsusing human hepatic micro-
somes and cells expressing human CY P isoforms
and an in vivo mass bal ance study, employing 14C-
labelled drug in humans, enabled the metabolic
pathways of cerivastatin to be elucidated, the CYP
isozymes catalysing these biotransformation reac-
tionsto be identified and the major route of elimi-
nation to be defined.

Detailedin vitroinvestigations, determining the
inhibitory constant (K;) excluded any inhibitory
potential of cerivastatin and its major metabolites
on all of the common CY P enzyme classes.

All subsequent in vivo investigations with spe-
cific ‘probe drugs were then targeted to confirm
pathways and CY Pisoform profile information.

No pharmacokinetic interaction was noted for
either cerivastatin or its immuno-active metabo-
lites when a single dose of cerivastatin 0.2mg was
administered alone or on the fourth day of pre- and
co-treatment with cimetidine 400mg twice daily as
an example for an unspecific CYP inhibitor (see
also section 4.1).

The pre- and co-treatment with erythromycin
500mg three times daily or itraconazole 200mg
twice daily (both specific and potent CYP3A4 in-
hibitors) slightly increased the area under the
plasma concentration-time curve of cerivastatin by
21 and 15%, respectively, whereas the maximum
plasma drug concentration was marginaly ele-
vated by 13 and 3%, respectively. Dosage adjust-
ment of cerivastatin is not necessary.

There was no mutual pharmacokinetic drug-
drug interaction with warfarin, a drug mainly
cleared via CY P2C9-mediated biotransformation,
or with omeprazole, mainly cleared viaCY P2C19-
mediated biotransformation (see also section 4.1).

Drug Safety 2001; 24 (10)



722

Kuhlmann & Miick

Lack of interaction could also be demonstrated
for the concurrent administration of cerivastatin
0.3mg and slow-rel ease nifedipine 60mg, aknown
CYP3A4 substrate.

4.4 Common Co-Medications

Primary attention was paid to address in vivo
whether there are any safety issues relating to the
coadministration of cerivastatin with digoxin, war-
farin, or cyclosporin, al of which have a narrow
therapeutic range and/or respective interactions
that been reported for other HMG-CoA reductase
inhibitors.

There was no evidence of any mutual interac-
tion either on warfarin or cerivastatin pharmacoki-
netics (see al so section 4.3); the pharmacodynamic
parameters prothrombin time and factor VI activ-
ity remained unaffected. Lack of interaction could
also be demonstrated for the concurrent adminis-
tration of cerivastatin 0.2mg and digoxin. Inkidney
transplant patients (n = 12), coadministration of cer-
vastatin 0.2mg every day with individual doses of
cyclosporin and other immuno-suppressive agents
resulted ina3- to 5-foldincreasein cerivastatinand
active metabolite plasma concentrations when
compared with a control group receiving ceriva-
statin aone. Cerivastatin elimination was unaffec-
ted and no significant accumulation occurred under
multiple-dose conditions. Cerivastatin had no influ-
ence on the steady-state whole-blood concentration/
time profiles of either cyclosporin or cyclosporin
metabolites in these patients.

4.5 In Vivo Pharmacodynamic
Interaction Studies

All investigations targeted at identifying addi-
tive and/or synergistic effects on lipid parameters
were conducted in the patient popul ation and were
addressed within the clinical efficacy and safety
programme for cerivastatin. Combination trials of
cerivastatin with cholestyramine or the fibrates bez-
afibrate and fenofibrate demonstrated beneficial
pharmacodynamic interactions.[42

In summary, based on the pharmacokinetic pro-
file of cerivastatin and the information available
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from the currently marketed HM G-CoA reductase
inhibitors, theformal interaction programmefor ceri-
vastatin covered the major concerns for drug-drug
interactions when administered to the target popu-
|ation and appropriate information to guidethe pre-
scriber could be collected.[*!!

5. Current Status

In 1998, 2 out of the 5 drugs withdrawn from the
US market, i.e. mibefradil and terfenadine were
withdrawn because of serious drug-drug interac-
tion issues. At least partially due to these experi-
ences, which raised public health concerns, both the
US Food and Drug Administration and the Euro-
pean regulatory authorities have issued guidance
documents over the past years, emphasising the
need for a detailed assessment of the interaction
potential of drug development candidates.[32-34

The advance of in vitro techniques to elucidate
metabolic patterns and to identify the enzymes
catalysing the involved biotransformation steps
(e.g. assays based on liver microsomes, hepato-
zytes, cell systems expressing single CY Pisoforms,
etc.) hasstrongly encouraged rational e mechanistic
approaches to detect and/or predict interaction po-
tential,[43-46] particularly in the area of mutual me-
tabolic drug interactions, where most of pharmaco-
kinetic interactions are actually reported in the
literature.[2847-49 Reviewing package insert infor-
mation of recently launched drugs, such as cele-
coxib, moxifloxacin, rosiglitazone and sildenafil to
mention only a few,[50-531 demonstrates that phar-
maceutical scientists have readily adopted these
concepts, as detailed in the gui dance documents (sec-
tion 2) andillustrated in the provided exampl e (sec-
tion 4), to decrease uncertain safety for patientsin
clinical trials. In addition, pharmaceutica compa-
nies have now implemented in vitro assaysto screen
for interaction issues at the candidate selection stage.

Critical appraisals of these approaches and first
regulatory experiences have been recently publish-
ed_[54-56]

In summary, clinical pharmacology plays akey
rolewithin the processof collectinginformation on

Drug Safety 2001; 24 (10)



Assessing Drug Interactions During Drug Development

723

druginteractionsduring thepreclinical andclinical

development:

* addressing issues and/or investigating possible
favourable properties, thus contributing to an ear-
ly scientific assessment of developability

e setting up arational in vivo drug-drug interac-
tion programme

« performing early mechanistic studiesto link in
vitro with in vivo information (employing ‘ cock-
tail’ approaches if possible)>”]

* reviewing co-medication sectionsfor clinicd trials

e conducting labelling-oriented interaction stud-
ies after proof of concept.

6. Conclusions and Future Directions

Multiple drug therapy, properly managed, is a
major hope for the treatment of complex diseases.
Asitisimpossibleto carry out studiesof all poss-
bleinteractions of drugs concomitantly given with a
new drug in order to detect an interaction, each
formal clinical interaction study requires a strict
benefit/risk estimation which takes into consider-
ation all preclinical and clinical resultsavailable at
the respective phase of development. Accordingly,
aclinical interaction study is not necessary if the
physico-chemical, pharmacokinetic or pharmaco-
logical properties of the new substance excludethe
possibility of an interaction with a potential com-
bination partner. For instance, although antacids
and cimetidine will be frequently co-administered
in theindication of the drug under development in
the future, an interaction study is not necessary, if
the possibility of interactions can be excluded due
to the physico-chemical properties (e.g. no indica-
tion asto the formation of complexes) or dueto the
pharmacokinetic properties (e.g. pH-independent
solubility, no marked enzymatic metabolismin the
liver).

Thedesign of aclinical interaction study should
be based upon a detailed knowledge of the phar-
macokinetic and pharmacodynamic properties of
the drugs being investigated. Recent experience,
especialy in the area of drug metabolism, encour-
ages the extensive use of in vitro methodologies
and their continuous refinement. In vivo studies
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should then portray ascenarioasclinically realistic
aspossible, and every effort should be made to quan-
tify changes in pharmacodynamic response.

A physician cannot and should not try to remem-
ber al the documented or potentia drug interac-
tions. The astute clinician can lessen the risk of ad-
verse conseguences of drug interactions by being
aware of the clinical settings in which the risk of
adverse drug interactions is increased.

To avoid hazardous drug interactions the clini-
cian needs knowledge of:

e thedrug at risk

* the pharmacol ogical mechanismsinvolved
 the patient groups with the greatest potential
« theresulting practical consequences.

According to Bateset al.[58] drug interactions, one
of the leading causes of medication errors, were
found to be potentially preventable by computer-
ised order checking. Computerised approaches are
ideal for this because reliability can approach
100% while methodsthat rely on human inspection
will always miss some errors. Even if computers
can never replace clinical judgement, computer-
based tool sassist prescribing in variousways.[59.60

Furthermore, patient-held medication record
cards may be useful to avoid medication errorsdue
to druginteractions. These medication records pro-
vide assistance to the patientsin the identification,
organisation and self-administration of their med-
ications, and provide clinicians with alist of med-
icationstaken by the patient.[61.621 Drugsfor which
patient-orientated information strategies may de-
crease the likelihood of drug interactions tend to
those with a narrow therapeutic ratio, and havein-
teraction potential with other drugs commonly
used in combination or avail able without prescrip-
tion.[63.64]

The fact that interactions can occur between var-
ious active substances should by itself be a conclu-
sive argument against unnecessary polypharmacy.
Prescribing fewer drugs on arational basis can re-
duce the risk of a patient experiencing an adverse
effect secondary to adrug interaction and may help
to improve the quality of drug treatment and to
save Costs.

Drug Safety 2001; 24 (10)



724

Kuhlmann & Miick

Acknowledgements

Dedicated with gratitude to Professor Norbert Rietbrock
on the occasion of his 70th birthday.

We would like to express our thanksto Mrs S. Herrmann
for secretarial and administrative help of quite exceptional
quality.

References
1. Cluff LE, Petrie JC. Clinical effects of interaction between drugs.
Amsterdam: Excerpta Medica, 1975
2. Verspohl EJ. Pharmakodynamische Wechselwirkungen zwischen
Arzneistoffen. Med Monatsschr Pharm 1980; 8: 228-41
3. Cadieux RJ. Druginteractionsin the elderly. How multipledrug
useincreasesrisk exponentialy. Postgrad Med 1989; 86: 179-86
4. Kuhlmann J. Drug-drug interactions of cardiovascular drugs.
In: Breimer DD, Merkus FWHM, editors. Drug-drug and drug-
food interactions. Boerhaave Committee for Postgraduate M ed-
ical Education. Center for Bio-Pharmaceutical Sciences. The
Netherlands: Leiden University, 1991: 75-90
5. Goldberg RM, Mabee J, Chan L, et al. Drug-drug and drug-
disease interactions in the ED: analysis of a high-risk popu-
lation. Am J Emerg Med 1996; 14: 447-50
6. Kohler GlI, Bode-Béger SM, Busse R, et al. Drug-drug interac-
tionsin medical patients: effects on in-hospital treatment and
relation to multiple drug use. Intern J Clin Pharm Ther 2000
Nov; 38: 504-13
7. Schimmel EM. The hazards of hospitalization. Ann Intern Med
1964; 60: 100-10
8. Lasagna L. Drug toxicity in man — the problem and the chal-
lenge. Am NY Acad Sci 1965; 123: 312
9. Smith JW, Seidl LG, Cluft LE. Studies on the epidemiology of
adverse drug reactions. Ann Intern Med 1966; 65: 629-40
10. Boston Collaborative Drug Surveillance Program. Adverse drug
interactions. JAMA 1972; 220: 1238-9
11. Jick H. Drugs: remarkably nontoxic. N Engl JMed 1974; 291:
824-8
12. Kewitz H. Erhebungen Uber die Arzneitherapie in der Klinik.
Verh Dtsch Ges Inn Med 1977; 83: 1487-502
13. Steel K, Gertman PM, Crescenzi C, et al. Jatrogenic illness on
a general medical service at a university hospital. N Engl J
Med 1981; 304: 638-42
14. Kondo JJ, Blaschke TF. Drug-drug interactions in geriatric pa-
tients. In: Platt D, editor. Gerontology, 4th International Sym-
posium; 1989 Sep 14-17; Heidelberg, 257-69
15. Einarson TR. Drug-related hospital admissions. Ann Pharma-
cother 1993 Jul/Aug; 27: 832-9
16. KuhImann J. General aspects of drug interaction studies. In:
Kuhlmann J. editor. Klinische Pharmakologie 11. Miinchen:
W. Zuckschwerdt Verlag, 1994: 1-8
17. Levy M, Kewitz H, Altwein W, et al. Hospital admissions due
to adverse drug reactions: a comparative study from Jerusa-
lem and Berlin. Eur J Clin Pharmacol 1980; 17: 25-31
18. Williamson J, Chopin JM. Adverse reactions to prescribed drugs
in the elderly: amulticentre investigation. Age Ageing 1980;
9: 73-80
19. Popplewell PY, Henschke PJ. Acute admissions to a geriatric
assessment unit. Med J Aust 1982; 1: 343-4
20. Roughead EE, Gilbert AL, Primrose JG, et a. Drug-related hos-
pital admissions: areview of Australian studies published 1988
—1996. Med J Aust 1998 Apr; 168: 405-8

0 Adis International Limited. All rights reserved.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Colt HG, Shapiro AP. Drug-induced illness as a cause for ad-
mission to acommunity hospital. JAm Geriatr Soc 1989; 37:
323-6

Fuhr U. ‘Klinisch bedeutsame’ neue Arzneimittelinteraktionen.
Med Kli 1999; 94 (2): 120-4

Lazarou J, Pomeranz BH, Corey PN. Incidence of adverse drug
reactionsin hospitalized patients. JAMA 1998 Apr; 279 (15):
1200-5

Borda IT, Slone D, Jick H. Assessment of adverse reactions
within adrug surveillance program. JAMA 1968; 205: 645-17

CostaAJ. Potential drug interactionsin an ambulatory geriatric
population. Fam Pract 1991; 8: 234-6

Mclnnes GT, Brodie MJ. Drug interactionsthat matter: acritical
reappraisal. Drugs 1988; 36: 83-110

Rockhold FW, Goldberg MR. An approach to the assessment of
therapeutic drug interactions with fixed combination drug pro-
ducts. J Biopharm Stat 1996; 6 (3): 231-40

Schmassmann-Suhijar D, Bullingham R, Gasser R, et a. Rhab-
domyolysis due to interaction of simvastatin with mibefradil.
Lancet 1998; 351: 1929-30

Nightingale SL. Two new warnings added to labeling for mi-
befradil. JAMA 1998; 279: 346

Welker HA, Wiltshire H, Bullingham R. Clinical pharmacoki-
netics of mibefradil. Clin Pharmacokinet 1998; 35: 405-23

Krayenbihl JC, Vozeh S, Kondo-Oestreicher M, et al. Drug-
drug interactions of new active substances: mibefradil exam-
ple. Eur J Clin Pharmacol 1999; 55: 559-65

European Agency for the Evaluation of Medicina Products
(EMEA), Human Medicines Evaluation Unit. Committee for
Proprietary Medicinal Products (CPM P) Notefor guidanceon
theinvestigation of drug interactions. London: EMEA, 1998:
CPMP/EWP/560/95

US Food and Drug Administration (FDA). Guidance for indus-
try: Drug metabolism/drug interaction studies in the drug de-
velopment process: studiesinvitro. Rockville(MD): US Food
and Drug Administration, 1997 Apr: 1-10

US Food and Drug Administration (FDA). Guidance for indus-
try: In vivo drug metabolism/drug interaction studies — study
design, data analysis, and recommendations for dosing and
labeling. Rockville (MD): US Food and Drug Administration,
1999 Nov: 1-16

Kuhlmann J. Drug interaction studies during drug devel opment:
which, when, how. Int J Clin Pharmacol Ther 1994; 32 (6):
305-11

Steinijans VW, Hartmann M, Huber R, et a. Lack of pharma-
cokinetic interaction as an equivalence problem. Int J Clin
Pharmacol Ther Toxicol 1991; 29: 323-8

Bischoff H, Angerbauer R, Bender J, et a. Cerivastatin: phar-
macology of anovel synthetic and highly active HMG-CoA
reductase inhibitor. Atherosclerosis 1997; 135: 119-30

Kuhlmann J, Mick W, Bischoff H, et al. Cerivastatin (BAY
w 6228): A novel HM G-CoA reductase inhibitor. Cardiovasc
Drug Rev 1999; 16: 236-63

Stein EA, Schopen U, Cagatay M. A pooled efficacy analysis
of cerivastatin in the treatment of primary hyperlipidemia.
Clin Drug Invest 1999; 18: 433-44

Miuck W. Rational assessment of the interaction profile of ceri-
vastatin supportsitslow propensity for drug interactions. Drugs
1998; 56 (1 Suppl.): 15-23

Mick W. Clinical pharmacokinetics of cerivastatin. Clin Phar-
macokinet 2000; 39: 99-116

Farnier M, Esper R. Efficacy and safety of cerivastatin/
bezafibrate and cerivastatin/fenofibrate combination therapies
[abstract no. 1101]. Diabetol ogica 2000; 43 (1 Suppl.): A287

Drug Safety 2001; 24 (10)



Assessing Drug Interactions During Drug Development

725

45,

46.

47.

49.

50.
51.
52.

53.
54.

55.

. Pichard L, Fabre |, Fabre G, et al. Cyclosporin A drug interac-

tions: screening for inducers and inhibitors of cytochrome
P-450 (cyclosporin A oxidase) in primary cultures of human
hepatocytesand in liver microsomes. Drug Metab Dispos 1990;
18: 595-606

. Bertz RJ, Granneman GR. Use of in vitro and in vivo data to

estimate the likelihood of metabolic pharmacokinetic inter-
actions. Clin Pharmacokinet 1997; 32: 210-58

Von Moltke LL, Greenblatt DJ, Schmider J, et al. In vitro ap-
proaches to predicting drug interactions in vivo. Biochem
Pharmacol 1998; 55: 113-22

Fuhr U, Weiss M, Kroemer HK, et al. Systematic screening for
pharmacokinetic interactions during drug development. Int J
Clin Pharm Ther 1996; 34: 139-51

Monahan BPR, Ferguson CL, Killeavy ES, et al. Torsades de
Pointes occurring in association with terfenadine use. JAMA
1990; 264: 2788-90

. Diasio RB. Sorivudine and 5-fluorouracil; a clinically signifi-

cant drug-drug interaction due to inhibition of dihydropyri-
midine dehydrogenase. Br J Clin Pharmacol 1998; 46: 1-4

Ferslew KE, Hagerdorn AN, Harlan GC, et a. A fatal drug
interaction between clozapine and fluoxetine. J Forensic Sci
1998; 43: 1082-5

Celecoxib® package insert. Chicago: G.D. Searle & Co, 1999

Avel ox® package insert. West Haven: Bayer Corp, 2000 Aug

Avandia® package insert. Pittsburgh: SmithKline Beecham,
1999 May

Viagra® package insert. New York: Pfizer Inc., 1999 Jun

Yuan R, Parmelee T, Balian JD, et al. In vitro metabolic inter-
action studies: experience of the Food and Drug Administra-
tion. Clin Pharmacol Ther 1999; 66: 9-15

Davit B, Reynolds K, Yuan R, et a. FDA evaluations using in
vitro metabolism to predict and interpret in vivo metabolic
drug-drug interactions: impact on labeling. J Clin Pharmacol
1999; 39: 899-910

0 Adis International Limited. All rights reserved.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Huang SM, Lesko LJ, Williams RL. Assessment of the quality
and quantity of drug-drug interaction studies in recent NDA
submissions: study design and data analysis issues. J Clin
Pharmacol 1999; 39: 1006-14

FryeRF, Matzke GR, AdedoyinA, etal. Vadiation of thefive-drug
"Pittsburgh cocktail" approach for assessment of selective reg-
ulation of drug-metabolizing enzymes. Clin Pharmacol Ther
1997; 62: 365-76

BatesDW, Cullen DJ, Laird N, et al. Incidence of adverse drug
events and potential adverse drug events: implications for
prevention. JAMA 1995; 274: 29-34

Bonnabry P, Sievering J, Leeman T, et al. Quantitative drug
interactions prediction system (Q-DIPS): a computer-based
prediction and management support system for drug metabo-
lism interactions. Eur J Clin Pharmacol 1999; 55: 341-7

Wyatt JC, Walton R. Computer based prescribing. BMJ 1995;
311: 1181-2

Atkin PA, Finnegan TP, Ogle SJ, et al. Are medication cards
useful? Med J Aust 1995; 162: 300-1

Atkin PA, Stringer RS, Duffy JB, et al. The influence of infor-
mation provided by patients in the accuracy of medication
records. Med J Aust 1998; 169: 85-8

Alderman CP. Patient-oriented strategies for the prevention of
drug interactions. Drug Saf 2000; 22: 103-9

Sihvo S, Klaukka T, Martikainen J. et al. Frequency of daily
over-the-counter drug use and potential clinically significant
over-the counter-prescription drug interactionsin the Finnish
adult population. Eur J Clin Pharmacol 2000; 56: 495-9

Correspondence and offprints: Professor Jochen Kuhlmann,
Bayer AG, Pharma-Research-Center, Institute of Clinical Phar-
macology, Building 429, D — 42096, Wuppertal, Germany.
E-mail: jochen kuhlmann jk@bayer-ag.de

Drug Safety 2001; 24 (10)



	Abstract 715
	1. Definition of Drug-Drug Interactions 716
	2. General Strategy to Address Interaction Potential of New Drug Candidates 717
	2.1 Which Drug Interactions Should Be Investigated? 717
	2.2 When Should Drug Interaction Studies Be Performed? 718
	2.3 How and in Whom Should Drug Interaction Studies Be Performed? 718
	2.4 Formal Drug-Drug Interaction Studies 718
	2.5 Nonformal Drug-Drug Interaction Studies 719
	2.6 What are the Assessment Criteria? 719

	3. Recommendations for Drug Interaction Studies 719
	4. Cerivastatin: an Example How to Set Up a Drug-Drug Interaction Programme Within Clinical Development 720
	4.1 Absorption 720
	4.2 Distribution 721
	4.3 Metabolism/Excretion 721
	4.4 Common Co-Medications 722
	4.5 In Vivo Pharmacodynamic Interaction Studies 722

	5. Current Status 722
	6. Conclusions and Future Directions 723
	Acknowledgements 724
	References 724
	Correspondence and offprints 725
	E-mail 725

