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Abstract Background and Objective: Pharmacokinetic drug-drug interactions (DDIs) are one of the major causes of

adverse events in pharmacotherapy, and systematic prediction of the clinical relevance of DDIs is an issue

of significant clinical importance. In a previous study, total exposure changes of many substrate drugs of

cytochrome P450 (CYP) 3A4 caused by coadministration of inhibitor drugs were successfully predicted by

using in vivo information. In order to exploit these predictions in daily pharmacotherapy, the clinical

significance of the pharmacokinetic changes needs to be carefully evaluated. The aim of the present study

was to construct a pharmacokinetic interaction significance classification system (PISCS) inwhich the clinical

significance of DDIs was considered with pharmacokinetic changes in a systematic manner. Furthermore,

the classifications proposed by PISCS were compared in a detailed manner with current alert classifications

in the product labelling or the summary of product characteristics used in Japan, the US and the UK.

Methods: A matrix table was composed by stratifying two basic parameters of the prediction: the con-

tribution ratio of CYP3A4 to the oral clearance of substrates (CR), and the inhibition ratio of inhibitors

(IR). The total exposure increase was estimated for each cell in the table by associating CR and IR values,

and the cells were categorized into nine zones according to the magnitude of the exposure increase. Then,

correspondences between the DDI significance and the zones were determined for each drug group con-

sidering the observed exposure changes and the current classification in the product labelling. Substrate

drugs of CYP3A4 selected from three therapeutic groups, i.e. HMG-CoA reductase inhibitors (statins),

calcium-channel antagonists/blockers (CCBs) and benzodiazepines (BZPs), were analysed as representative

examples. The product labelling descriptions of drugs in Japan, US andUKwere obtained from the websites

of each regulatory body.

Results:Among 220 combinations of drugs investigated, estimated exposure changes were more than 5-fold

for 41 combinations in which ten combinations were not alerted in the product labelling at least in one

country; these involved buspirone, nisoldipine and felodipine as substrates, and ketoconazole, voriconazole,

telithromycin, clarithromycin and nefazodone as inhibitors. For those drug combinations, the alert clas-

sifications were anticipated as potentially inappropriate. In the current product labelling, many inter-

country differences were also noted. Considering the relationships between previously observed exposure

changes and the current alert classifications, the boundaries between ‘contraindication’ and ‘warning/cau-
tion’ were determined as a 7-fold exposure increase for statins and CCBs, and as a 4-fold increase for BZPs.

PISCS clearly discriminated these drug combinations in accordance with the determined boundaries.

Classifications by PISCS were expected to be valid even for future drugs because the classifications were

made by zones, not by designating individual drugs.

ORIGINAL RESEARCH ARTICLE
Clin Pharmacokinet 2009; 48 (10): 653-666

0312-5963/09/0010-0653/$49.95/0

ª 2009 Adis Data Information BV. All rights reserved.



Conclusion: The present analysis suggested that many current alert classifications were potentially in-

appropriate especially for drug combinations where pharmacokinetics had not been evaluated. It is expected

that PISCS would contribute to constructing a leak-less alerting system for a broad range of pharmaco-

kinetic DDIs. Further validation of PISCS is required in clinical studies with key drug combinations, and

its extension to other CYP and metabolizing enzymes remains to be achieved.

Background

Many patients experience excessive or impaired drug effects

because of drug-drug interactions (DDIs)[1] and some drugs

have even been withdrawn because of fatal adverse events,[2-5]

which may have been potentiated by DDIs. Prediction of DDIs

is an issue of clinical significance and has been extensively in-

vestigated in the literature by in vitro experiments.[6-10] How-

ever, these have met with limited success because of insufficient

accuracy and limited applicability when used in clinical settings

for dose adjustment.[2] Considering the huge number of drugs

used commercially, a complete conception change will be re-

quired to allow the prediction of many DDIs occurring in daily

pharmacotherapeutic situations.

Recently, a systematic method has been reported for pre-

dicting DDI-mediated total drug exposure (or the area under

the plasma/serum concentration-time curve [AUC]) changes

caused by inhibition or induction of cytochrome P450 (CYP)

3A4 activity.[11,12] CYP3A4 is the most abundant metabolic

enzyme in the human liver and intestine and is involved in the

metabolism of approximately 50% of currently available ther-

apeutic agents.[2,13-15] CYP3A5 is another important metabo-

lizing enzyme in the humanCYP3A family, and it shares similar

substrate specificities with CYP3A4.[16-18] Therefore, the con-

tributions of CYP3A5 to most DDIs are difficult to differ-

entiate from those of CYP3A4. Nevertheless, CYP3A5 is not

completely equal to CYP3A4, and it has been reported that

some inhibitors of CYP3A4 inhibit CYP3A5 significantly less

potently than CYP3A4 both in vitro [19-21] and in vivo.[22]

For inhibitory DDIs, the prediction method is based on two

parameters obtained from drug exposure changes derived from

clinical studies in which drugs were orally coadministered with

typical CYP3A4 substrates (i.e. midazolam or simvastatin) or

inhibitors (i.e. ketoconazole or itraconazole).[11] Theoretically,

these two parameters can be estimated from in vitro experi-

ments. However, in these studies, the source of information was

limited to in vivo studies because the accuracy of prediction has

not been fully analysed when these parameters are estimated

in vitro. Once the two parameters have been calculated, total

exposure changes for any oral combination of drugs can be

predicted. The accuracy of prediction was satisfactory and the

estimated exposure increases were within a range of 0.5- to

2.0-fold of the observed increases in 62 of 65 drug combina-

tions (95%) involving inhibition of CYP3A4.[11]

Considering the broad applicability and precision of the

prediction method, it can be regarded as useful in clinical set-

tings. However, for practical application to pharmacotherapy,

the clinical significance of DDIs needs to be estimated rather

than simple pharmacokinetic changes. Therefore, the aim of the

present study was to develop a pharmacokinetic interaction

significance classification system (PISCS), which is capable of

estimating the clinical significance of DDIs by considering both

pharmacokinetic changes and therapeutic aspects. It should be

noted that drugs with a broad therapeutic window are less

sensitive to clinically significant adverse consequences due to

pharmacokinetic DDIs and vice versa. However, the ther-

apeutic window of a drug is often difficult to characterize.

Moreover, on occasion, a drug needs to be used when an al-

ternative therapy is unavailable, even though the therapeutic

window is narrow and the predicted DDI is significant. Hence,

the relationships between pharmacokinetic changes and clinical

significance are complicated and not apparent to many clinical

personnel. For this reason, having a systematic classification of

the clinical significance of DDIs based on pharmacokinetic

changes is advantageous. This will aid in constructing a DDI

alerting system for various risks associated with numerous

pharmacotherapies used in the current market.

In 2006, theUSFDAannounced a draft guidance titled ‘Drug

Interaction Studies – Study Design, Data Analysis, and Impli-

cations for Dosing and Labeling’.[23] In this draft guidance, inhi-

bitors and substrates of CYP enzymes were classified according

to the magnitude of the drug exposure increase caused by typical

coadministered drugs. Although the proposal is effective for

classification of new drug candidates, it provides no means for

predicting the significance of DDI for a specific drug combina-

tion. PISCS has some similarities to the draft guidance in the

classification criteria of drugs, but possesses a unique function

that allows prediction of clinical significance of DDI.

In many countries, drug prescriptions are legally required to

be checked for agreement with the product labelling (or the

summary of product characteristics in European countries).

The product labelling is developed by pharmaceutical

654 Hisaka et al.

ª 2009 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2009; 48 (10)



manufacturers under the supervision of regulatory bodies. In

the product labelling, a DDI is traditionally classified into one

of three categories: contraindication, warning or caution,

or nonalerted. In some situations, dose-adjustment recom-

mendations are provided as a useful part of a warning label.

The criteria for these alert categories are not always definitive.

In this study, the classifications proposed by PISCS were

compared with current alert classifications in the product

labelling or the summary of product characteristics used in

Japan, the US and the UK. We examined whether drug

exposure changes predicted by PISCS are in agreement with

information provided by the product labelling. Furthermore,

the alert classifications were compared in detail among coun-

tries for many drug combinations in which a significant ex-

posure increase was anticipated.

In the present study, the target DDIs are limited to pharma-

cokinetic ones caused mainly by inhibition of CYP3A4, al-

though it is well known that a series of metabolizing enzymes

and transporters other than CYP3A4 are involved in pharma-

cokinetic DDIs. Furthermore, the interactions with some

drugs, such as protease inhibitors for treatment of HIV, were

excluded because those drugs exhibited a marked potential to

induce and inhibit CYP3A4 simultaneously.[24-26] In spite of

these limitations, the present study is the first attempt to predict

the significance of pharmacokinetic DDIs for many combina-

tions of drugs in a systematic manner.

Methods

Prediction of Drug-Drug Interaction-Mediated Total

Exposure Changes

DDI-mediated total drug exposure changes were estimated

using the in vivo-based method previously described.[11] Briefly,

based on pharmacokinetic considerations, it was hypothesized

that total exposure changes are determined by two parameters:

the apparent contribution ratio of CYP3A4 to oral clearance of

the substrate drug (CRCYP3A4), and the apparent inhibition

ratio of CYP3A4 caused by an inhibitor drug (IRCYP3A4).
[11]

The values of these two parameters were calculated from re-

ported changes in total exposures of substrates produced by

inhibitory DDIs with CYP3A4. For any DDI that results in

inhibition of CYP3A4, the change in the AUC may be esti-

mated using equation 1:[11]

AUCðchangeÞ ¼ 1

1� CRCYP3A4 � IRCYP3A4
ðEq: 1Þ

Equation 1 is compatible with previous pharmacokinetic

theories[6,7,10,27-29] as described below. Under assumptions of

reversible inhibition and of negligible non-CYP clearance, the

following equations (equations 2 and 3) are maintained for

CYP3A4 where I, Ki and fm are the concentration of an in-

hibitor, the inhibition constant and the fraction of metabolism,

respectively:

IRCYP3A4 ¼
I

IþKi
ðEq: 2Þ

CRCYP3A4 ¼ fm ðEq: 3Þ
Using these relationships, equation 1 can be rewritten as

equation 4, which is frequently presented in the literature of

DDI research for competitive and noncompetitive inhibi-

tions:[6,7,10,27-29]

AUCðchangeÞ ¼ 1

ð fm

1þ I

Ki

Þ þ ð1� fmÞ
ðEq: 4Þ

When metabolites of a parent drug also contribute to DDI

via inhibition of the CYP enzyme, the IRCYP3A4 is calculated

using equation 5:

IRCYP3A4 ¼ 1� 1

1þPn
i¼0

Ii

Ki;i

ðEq: 5Þ

where I0 and Ki,0 are the concentration and inhibition constant

of a given parent drug, I1, I2, I3..., andKi,1, Ki,2, Ki,3... are those

of metabolites, respectively. The drug exposure changes by

mechanism-based inhibition were explained mathematically

using a degeneration constant (kdeg), an inactivation rate con-

stant (kinact) and inactivator potency (KI).
[30,31] Equation 1

becomes equivalent to the equation reported when IRCYP3A4 is

related with kdeg and with kinact as in equation 6:

IRCYP3A4 ¼
I

Iþ kdeg

kinact
IþKIð Þ

ðEq: 6Þ

Therefore, equation 1 covers various DDI situations, includ-

ing reversible (competitive and noncompetitive) and irreversible

(mechanism-based) inhibitions, and inhibition by metabolites.

Oral formulations for 13 substrates and 17 inhibitors of

CYP3A4 were analysed in this study (tables I and II). In this

study, predicted drug exposure increases were restricted to

£25-fold considering the preciseness of the CR and IR values.

Predicted exposure increases were compared with reported

exposure increases in humans, which were retrieved from the

PubMed database using the keywords ‘CYP3A4’, ‘drug inter-

action’ and ‘clinical trial’.
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Classification of Substrates and Inhibitors of Cytochrome

P450 3A4

To demonstrate the applicability of PISCS, substrate drugs

of CYP3A4 selected from three therapeutic groups were ana-

lysed: HMG-CoA reductase inhibitors (statins), calcium-

channel antagonists/blockers (CCBs) and benzodiazepines

(BZPs). These groups were selected because many CYP3A4

substrates were included (table I). However, a series of clinically

important drugs in these groups were excluded from the ana-

lysis because there is no contribution or only a minor con-

tribution of CYP3A4 to their clearances. Although zolpidem is

not a BZP, it was included in the BZP group in this analysis

because of its therapeutic similarity to BZPs.

In the first step of the analysis, all substrates and inhibitors

were stratified into six categories:

1. very selective/strong (VS)

2. selective/strong (S)

3. slightly selective/strong (SS)

4. moderate (M)

5. weak (W)

6. very weak (VW)

corresponding to CRCYP3A4 and IRCYP3A4 values of ‡0.9,
0.8–0.89, 0.7–0.79, 0.5–0.69, 0.3–0.49 and 0.1–0.29, respectively.

‘Very weak’ categories were introduced in a PISCS table for

consistency with the prediction of inductive DDIs, which will be

described in a future study. For the purpose of estimating

significant drug exposure changes caused by inhibition of a single

metabolizing enzyme, ‘very weak’ categories would not be

informative. Next, a 6· 6 matrix table was constructed using

these categories (figure 1). The estimated average exposure

increase in each cell of the matrix was calculated by the double

integral of equation 1 as follows (equation 7):

Zd

c

Zb

a

1

1� CR � IRdCR � dIR=S

¼ Li2ða � dÞ � Li2ða � cÞ þ Li2ðb � cÞ � Li2ðb � dÞ
ðb� aÞðd� cÞ þ 1

ðEq: 7Þ
where variables a and b represent boundaries for CR, and

variables c and d represent boundaries for IR. S is an area defined

by boundaries a, b, c and d. Lis is a polylogarithm function

(equation 8):

LisðzÞ ¼
X1
k¼1

zk

ks
ðEq: 8Þ

The table was divided into nine zones by grouping the cells of

similar estimated average exposure increase. The final decision

for groupingwasmade based on the profiles of the distribution of

predicted increases, which were calculated as follows. The

distribution of predicted drug exposure increases in each zone

was simulated numerically by generating CR and IR values. In

each cell in the PISCS table (figure 1), 1600 total exposure

predictions were calculated with an arithmetical series of CR and

IR values (40· 40). The distribution of prediction was analysed

by making a histogram with Microsoft Office Excel� 2007.

Distribution curves were normalized so that the area under the

curve was equivalent between zones. In the FDA draft guidance

on drug interaction studies,[23] inhibitors and substrates of

CYP3A were classified into three (strong, moderate and weak)

and two (sensitive and nonsensitive) categories, respectively.

Exposure increases of these substrates with coadministration of

the inhibitor were simulated, assuming the boundaries of the

inhibitors correspond to IR values of 0.87, 0.54 and 0.22, and the

boundary for substrates corresponds to CR values of 0.8 and 0.3.

The lower boundary of nonsensitive substrates was not specified

Table I. Contribution ratio of cytochrome P450 3A4 to oral clearance

(CRCYP3A4) for substrates used in the analysis

Substrate CRCYP3A4
a Category Standard

inhibitor

References

HMG-CoA reductase inhibitors (statins)

Lovastatin 1.00 VS Itraconazole 32,33

Simvastatin 1.00 VS

Atorvastatin 0.68 M Itraconazole 34,35

Calcium channel antagonists/blockers

Nisoldipine 0.96 VS Ketoconazole 36

Felodipine 0.89 S Itraconazole 37

Nifedipine 0.78 SS Diltiazem 38

Benzodiazepines

Triazolam 0.93 VS Ketoconazole 39-41

Midazolam 0.92 VS Ketoconazole 42-45

Alprazolam 0.75 SS Ketoconazole 40

Zolpidemb 0.40 W Ketoconazole 46

Others

Buspirone 0.99 VS Itraconazole 47,48

Ciclosporin 0.80 S Ketoconazole 49-51

Telithromycin 0.49 W Ketoconazole 52

a CRCYP3A4 values were calculated using equation 1 from the increased

drug exposure observed in the referenced article when coadministered

with a standard inhibitor.[11] Substrates were categorized into six groups

according to their values: M=moderate; S = selective; SS = slightly
selective; VS= very selective; VW= very weak; W=weak. For details,

see Methods section and the legend for figure 1.

b Although zolpidem is not a benzodiazepine, it was included in the analysis

of benzodiazepines because of its therapeutic similarity.
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in the guidancebut determined provisionally as aCRvalue of 0.3,

which is equal to the lower boundary of weak substrates. The

boundaries for classification of the significance of a given DDI

were determined for statins, CCBs and BZPs as represen-

tative examples. Theoretically, the boundaries were adjustable

with regard to any pharmacological measure, such as the

IR

CR

0.9<
very

selective

0.8−0.89
selective

0.7−0.79
slightly

selective

0.5−0.69
moderate

0.3−0.49
weak

0.1−0.29
very

weak*

0.9<
very strong

0.8−0.89
strong

0.7−0.79
slightly strong

0.5−0.69
moderate

0.3−0.49
weak

0.1−0.29
very weak*

14

5.4

3.5

2.4

1.6

1.2

5.4

3.7

2.8

2.1

1.5

1.2

3.5

2.8

2.3

1.8

1.4

1.2

2.4

2.1

1.8

1.6

1.3

1.1

1.6

1.5

1.4

1.3

1.2

1.1

1.2

1.2

1.2

1.1

1.1

1.0

Zone
Exposure
increase

Alert classification

Statin
CCB

BZP

C

W/U

N

C

W/U

N

I

II

III

IV

V

VI

VII

VIII*

IX*

>7

4−7

3−4

2.2−3

1.7−2.2

1.5−1.7

1.3−1.4

≈1.2

≈1.1

Fig. 1. Pharmacokinetic interaction significance classification system (PISCS) table for inhibitory oral interactions showing categories of contribution ratios

(CRs), inhibition ratios (IRs) and zones according to predicted drug exposure increases. Nine zones were placed in the table by grouping the cells with similar

estimated increases. Numbers in the cells are the average exposure changes calculated by equation 7. * ‘Very weak’ classifications and zones VIII and IX are

not associated with significant exposure changes. See text for details.BZP= benzodiazepine;C= contraindication;CCB= calcium channel antagonist/blocker;
N= nonalerted; W/U=warning/caution.

Table II. Inhibition ratio of cytochrome P450 3A4 (IRCYP3A4) for inhibitors used in the analysis

Inhibitor Daily dose (mg) IRCYP3A4
a Category Standard

substrate

References

Ketoconazole 200–400 1.00 VS Midazolam 42-45

Voriconazole 400 0.98 VS Midazolam 53

Itraconazole 100–200 0.95 VS Simvastatin 54

Telithromycin 800 0.91 VS Midazolam 52

Clarithromycin 500–1000 0.88 S Midazolam 55,56

Nefazodone 400 0.85 S Midazolam 42

Erythromycin 1000–2000 0.82 S Midazolam 57,58

Diltiazem 90–270 0.80 S Midazolam 59

Fluconazole 200 0.79 SS Midazolam 60

Verapamil 240–480 0.71 SS Midazolam 59

Cimetidine 800–1200 0.44 W Midazolam 61,62

Ranitidine 300–600 0.37 W Midazolam 61-63

Roxithromycin 300 0.35 W Midazolam 64

Fluvoxamine 100–200 0.30 W Midazolam 42

Azithromycin 250–500 0.11 VW Midazolam 55,57,65

Gatifloxacin 400 0.08 Midazolam 66

Fluoxetine 20–60 0.00 Midazolam 42

a IRCYP3A4 values were calculated using equation 1 from the increased total exposure of a standard substrate observed in the referenced article when

coadministered with a corresponding inhibitor.[11] Inhibitors were categorized into six groups according to their values: S = selective; SS= slightly selective;
VS= very selective; VW= very weak; W=weak. For details, see Methods section and the legend for figure 1.
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margin of the therapeutic window. In this study, the boundaries

were determined in a more pragmatic manner, considering

relationships between the observed exposure changes and the

current classification of alerts in each product labelling. The

boundary between areas corresponding to ‘contraindication’

and ‘warning/caution’ was defined as a total exposure increase

of 7-fold for statins and CCBs and 4-fold for BZPs. These

values were chosen because observed total exposure increases

greater than 7-fold for statins and CCBs and 4-fold for BZPs

are categorized as contraindications in many cases in the

current product labelling. AUC boundaries between ‘warning/
caution’ and ‘nonalerted’ were defined as 2-fold for statins and

CCBs, and 1.5-fold for BZPs based on similar consideration.

For statins and CCBs, zone I corresponds to contraindication

and zones II–V correspond to caution (figure 1). For BZPs,

zones I–II and zones III–VI correspond to contraindication and

caution, respectively.

Survey of Product Labelling Descriptions of Drugs

The product labelling descriptions of drugs in Japan, the US

and the UK were obtained from the website of the Japanese

Pharmaceuticals and Medical Device Agency (http://

www.pmda.go.jp), the FDA website (http://www.fda.gov) and

the UK Electronic Medicines Compendium (http://emc.

medicines.org.uk). The websites were accessed in April 2008.

These descriptions of DDIs, which were categorized as contra-

indication, warning or caution, and nonalerted, were compared

with predicted changes in AUC values. When an inconsistency

existed between the alert classifications of the substrate drug

and the inhibitor drug, a higher-level alert was used for analysis.

If DDIs were alerted for a group of drugs with example names

(e.g. azole antifungals such as ketoconazole and itraconazole),

the description was interpreted as limited to the example drugs.

Observed total exposure changes for DDIs were obtained from

published data.[11]

Results

Implementation of the Pharmacokinetic Interaction

Significance Classification System

The substrates and inhibitors of CYP3A4 analysed in

this study are listed in tables I and II, respectively. Figure 1

shows the PISCS table in which substrates and inhibitors

are stratified into six categories according to the CR and IR

values. The table was then divided into nine zones according to

the estimated drug exposure increase.

To explore the classification performance of the zones (from

I to VII) in the PISCS table, the distributions of total exposure

increase were carefully simulated with the arithmetical series of

CR and IR values in figure 2a. The zones discriminated the

magnitude of exposure increases efficiently. According to our
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Fig. 2. Distributions of predicted drug exposure increase from classified

inhibitors and substrates: (a) prepared according to zones in the pharmaco-

kinetic interaction significance classification system (PISCS) table;

(b) prepared according to the classification proposed by the US FDA draft

guidance announced in 2006.[23] Distributions of exposure change were

calculated using the arithmetical series of contribution ratio (CR) and inhibi-

tion ratio (IR) values. In panel (b) it was assumed that the sensitive and

nonsensitive substrates correspond to CR ranges of 0.8–1.0 and 0.3–0.8,

respectively. Likewise, the strong, moderate and weak inhibitors correspond

to IR ranges of 0.87–1.0, 0.55–0.87 and 0.22–0.55, respectively. AUC= area
under the plasma/serum concentration-time curve.
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numerical simulation presented in figure 2b, the classifications of

CYP3A inhibitors and substrates made by the FDA draft gui-

dance[23] failed to predict exposure increases quantitatively. The

magnitudes of the predicted exposure increases overlapped con-

siderably between combinations of sensitive substrate-moderate

inhibitor and of nonsensitive substrate-strong inhibitor. The

combination of nonsensitive substrate-strong inhibitor also

overlapped with the combinations of nonsensitive substrate-

moderate inhibitor and sensitive substrate-weak inhibitor.

Relationship between Predicted Drug Exposure Increases

and Alert Classifications

Figure 3 shows the predicted drug exposure increases for 220

DDIs and product labelling alert classifications in Japan, the

US and the UK. In general, drug combinations with large

predicted exposure increases were associated with high-level

alerts in all three countries. However, there was considerable

irregularity in all three countries in which the alert classification
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Fig. 3. Predicted drug exposure (area under the plasma/serum concentration-time curve [AUC]) increase for oral drug-drug interactions and alert classification

according to product labelling in (a) Japan, (b) the US and (c) the UK. Total drug exposure increases were obtained from a previous study.[11] Inhibitors are

plotted on the right axis in the order of inhibitory potency: ketoconazole (KET), voriconazole (VOR), itraconazole (ITR), telithromycin (TEL), clarithromycin

(CLA), nefazodone (NEF), erythromycin (ERY), diltiazem (DIL), fluconazole (FCZ), verapamil (VER), cimetidine (CIM), ranitidine (RAN), roxithromycin (ROX),

fluvoxamine (FLU), azithromycin (AZI), gatifloxacin (GAT) and fluoxetine (FLX). Doses of inhibitors are listed in table II. Substrates are plotted on the left axis in

the order of susceptibility to inhibitors: lovastatin (LOV), simvastatin (SIM), buspirone (BUS), nisoldipine (NIS), triazolam (TRI), midazolam (MID), felodipine

(FEL), ciclosporin (CIC), nifedipine (NIF), alprazolam (ALP), atorvastatin (ATO), telithromycin (TEL), and zolpidem (ZOL).
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was at variance with the predicted exposure increase. For ex-

ample, combinations of nisoldipine and inhibitors of CYP3A4,

such as voriconazole, telithromycin, clarithromycin and ery-

thromycin, are not alerted in the UK despite an approximately

5-fold total exposure increase of nisoldipine being estimated for

these combinations. On the other hand, a combination of ni-

soldipine and cimetidine is alerted as a caution but this only

raised the plasma exposure of nisoldipine 1.5-fold.[67] Similar

irregularities were also found for the alert classifications in

Japan and the US (figure 3).

Among 220 combinations of various substrates and inhibitors

investigated, the drug exposure was anticipated to increase more

than 5-fold for 41 combinations in which ten combinations were

nonalerted by the product labelling at least in one country; these

involved buspirone, nisoldipine and felodipine as substrates, and

ketoconazole, voriconazole, telithromycin, clarithromycin and

Table III. List of oral drug combinations with a predicted total exposure increase of more than 3-fold but nonalerted in the product labelling for at least one

country

CYP3A4 substrate CYP3A4 inhibitor PISCS zone AUC increase (fold) Alert status in labelling

predicted observed Japan US UK

Buspirone Voriconazole I >25 NA – N N

Nisoldipine Ketoconazole I 24.4 24.4[36] – N C

Nisoldipine Voriconazole I 17.0 NA N U N

Buspirone Telithromycin I 10.0 NA – N N

Nisoldipine Telithromycin I 7.8 NA N N N

Buspirone Clarithromycin II 7.9 NA – N N

Felodipine Voriconazole II 7.7 NA N U N

Nisoldipine Clarithromycin II 6.5 NA U N N

Nisoldipine Nefazodone II 5.4 NA – N –

Felodipine Telithromycin II 5.2 NA N N U

Simvastatin Diltiazem II 4.9 4.82[68] N N U

Nisoldipine Erythromycin II 4.7 NA N N N

Midazolam Nefazodone II 4.6 4.56[42] – N –

Nisoldipine Diltiazem II 4.3 NA U N N

Simvastatin Fluconazole III 4.7 NA N N N

Lovastatin Fluconazole III 4.7 NA – N –

Felodipine Clarithromycin III 4.6 NA U N U

Buspirone Fluconazole III 4.5 NA – N N

Nifedipine Voriconazole III 4.3 NA U U N

Nisoldipine Fluconazole III 4.1 NA U N C

Felodipine Nefazodone III 4.0 NA – N –

Simvastatin Verapamil III 3.5 4.60[69] N W U

Nifedipine Telithromycin III 3.4 NA N N N

Felodipine Diltiazem III 3.4 NA U N N

Nisoldipine Verapamil III 3.2 NA N N N

Alprazolam Telithromycin III 3.1 NA N N U

Ciclosporin Nefazodone III 3.1 NA – N –

Triazolam Verapamil III 3.0 NA N U –

Felodipine Fluconazole IV 3.3 NA N N N

Nifedipine Clarithromycin IV 3.2 NA U N N

AUC=area under the plasma/serum concentration-time curve; C = contraindication; CYP = cytochrome P450; N= nonalerted; NA= not available; PISCS=
pharmacokinetic interaction significance classification system; U = caution; W =warning; – indicates not approved.
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nefazodone as inhibitors (table III). For only one of these com-

binations, the exposure change had been measured in humans.

The number of combinations increased to 30 when a more than

3-fold total exposure increase was considered (table III).

Comparison of Product Labelling Alerts in Japan,

the US and the UK

According to the prediction, drug exposures increased bymore

than 2-fold for 109 of 220 drug combinations. In total, 71.4% of

these combinations were associated with alerts and the percen-

tage of alerts was similar among countries (table IV). Clinically

documented exposure increaseswere available for 40.4% (44/109)
of these combinations. In all three countries, most combinations

in which the observed total exposure increase was greater than 2-

fold in humans were associated with product labelling alerts

(94.1% in total [table IV]). In contrast, only 56.3% of combina-

tions for which human pharmacokinetics were unavailable were

accompanied by product labelling alerts (table IV).

Inconsistencies were also noted among the three countries.

Of 109 combinations with a 2-fold or greater predicted total

exposure increase, 49.5% of combinations involved drugs un-

approved in more than one country. Only 20.2% of combina-

tions had identical alerts in all three countries. Of the remaining

30.3%, 24.8% of combinations had warning/caution alerts in

one or two countries.

Analysis of Alerts for HMG-CoA Reductase Inhibitors

(Statins), Calcium Channel Antagonists/Blockers and
Benzodiazepines

In figure 4, the consistency between drug exposure increases

and significance classification of DDIs was compared between

the current product labelling and PISCS for CYP3A4 substrate

drugs categorized in statins, CCBs and BZPs. It was apparent

that PISCS provided more discriminatory alerts. In table V,

alert classifications of the current product labelling were com-

pared with proposals by PISCS for azole antifungals. In the

present analysis, approximately 50% of classifications by

PISCS disagree with the current classifications. For instance,

a combination of simvastatin is contraindicated with ery-

thromycin in the UK, with a 6.2-fold increase in the reported

AUC of simvastatin.[69] A combination of simvastatin and

telithromycin is labelled as a warning in the US, with an 11-fold

increase in the reported AUC of simvastatin.[52] On the other

hand, PISCS suggested that simvastatin would be classified

as a caution and contraindication with erythromycin and teli-

thromycin, respectively.

Table IV. Percentage of package insert alerts for drug-drug interactions

mediated by inhibition of cytochrome P450 3A4 with predicted area under the

plasma/serum concentration-time curve (AUC) values greater than 2-fold

Country AUC reported AUC unreported Total

n alerteda (%) n alerteda (%) n alerteda (%)

Japan 23 87.0 40 52.5 63 65.1

UK 34 100.0 46 56.5 80 75.0

US 44 93.2 65 58.5 109 72.5

Total 101 94.1 151 56.3 252 71.4

a Contraindication, warning or caution is documented in the product

labelling.
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Fig. 4. Comparison of predicted area under the plasma/serum concentra-

tion-time curve (AUC) increases between current alert classification of oral

drug-drug interaction (DDI) combinations (a) and proposed classification by

pharmacokinetic interaction significance classification system (PISCS); (b) for

HMG-CoA reductase inhibitors (statins), calcium channel antagonists/
blockers (CCBs) and benzodiazepines (BZPs). Predicted AUC increases are

presented with box and whisker plots for all possible drug combinations

analysed in this study, and the observed AUC increases are presented with

solid circles for combinations in which a clinical study has been performed. In

the box and whisker plot, the top, the mid-line and the bottom of a box re-

present the upper quartile, the median, and the lower quartile, respectively.

The bars represent the range of the values within 1.5-fold height of the

box from the edge of the box. The values beyond this range are plotted in-

dividually. SPSS 15.0J for Windows (SPSS Inc., Chicago, IL, USA) was used

to draw box and whisker plots. Numerals in parentheses indicate the total

number of DDIs in Japan, UK and US, allowing reiteration of the

same combination in different countries. C= contraindication; N= nonalerted;
W/U=warning/caution.
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Discussion

Alerts for DDIs can be classified according to the exposure

increases because the pharmacological actions or adverse

reactions to drugs that have common pharmacological or

toxicological target molecules, such as receptors and enzymes,

depend on the degree of occupation of the targetmolecules.[70-72]

Other than total exposure, the maximum plasma concentration

(peak exposure) and the time above a certain plasma con-

centration (such as the minimum inhibitory concentration)

have been used as indexes of drug efficacy and toxicity. How-

ever, since the correlation between the total exposure and these

parameters is generally high, it is not easy to prove the ad-

vantages of using these parameters other than the drug total

exposure (AUC). Therefore, the total exposure was adopted as

a representative index of drug concentrations in this study.

Correlation between plasma or serum concentrations of BZPs

and the incidence of adverse events, such as postural sway, have

been reported.[73] For CCBs and BZPs, the severity of dizziness

and other adverse events increases concomitantly with the

increase in the blood concentration of the drug after coad-

ministration of inhibitors of CYP3A4.[39,36,74] For statins,

rhabdomyolysis has been associated with coadministration of

CYP3A4 inhibitors.[75] These pieces of evidence support the

development of DDI alerts based on predicted total exposure

increases.

For many drug combinations investigated in this study, ex-

posure was anticipated to be markedly elevated according to

our prediction, yet nonalerted by the current product labelling.

For most of these combinations, pharmacokinetic alternations

had not been evaluated in the literature. Therefore, it is

meaningful to evaluate their exposure changes in actual clinical

studies. Even so, from the therapeutic standpoint, the sig-

nificance of these clinical studies would not be always high,

since some of these combinations include drugs that are rather

old and now infrequently prescribed. For example, the alert

classification of nisoldipine was at variance with the predicted

total exposure increase and was inconsistent among countries

(figure 3). This is probably a reflection of both insufficient DDI

data and slow updates of the product labelling on nisoldipine.

Concerning the disposition of nisoldipine, DDI clinical studies

have only been conducted with ketoconazole and cimeti-

dine[36,67] and our analysis suggested it is possible to classify

nisoldipine as a very selective substrate of CYP3A4 from these

clinical studies. Consequently, exposure changes of nisoldipine

were made to be predictable for various combinations. In

contrast, it should be emphasized that we could not even de-

termine CR values of the third-generation CCBs such as am-

lodipine and azelnidipine, which are frequently prescribed in

current pharmacotherapy. This is because of lack of appro-

priate in vivo DDI data on these drugs. Further DDI clinical

studies are obviously required with key drug combinations,

considering therapeutic needs very carefully.

PISCS would also facilitate safer pharmacotherapy of newer

drugs with limited clinical information, such as the effective

antifungal agent voriconazole.[76] Although its inhibition of

Table V. Comparison of the alert classification of drug-drug interactions of azole antifungal agents with various cytochrome P450 3A4 (CYP3A4) substrates

orally administered in three countriesa

Substrate CRCYP3A4 Inhibitors (azole antifungals)

ketoconazole itraconazole voriconazole

Japan US UK Japan US UK Japan US UK

Lovastatin 1.00 – Wc – – Cc – – Uc –

Simvastatin 1.00 – Wc Cc Cc Cc Cc Uc Uc Uc

Nisoldipine 0.96 – Nc Cc Cc Uc Cc Nc Uc Nc

Triazolam 0.93 – Cc – Cc Cc – Cc Wc –

Midazolam 0.92 – Wc Cc – Cc Cc – Uc Uc

Felodipine 0.89 – Uu/w Uu Uu Uu/w Uu Nu Uu/w Nu

Nifedipine 0.78 – Uu/w Uu Uu Uu/w Uu Uu Uu/w Nu

Alprazolam 0.75 – Cu/w Uu Uu Cu/w Uu Uu Wu/w Uu

Atorvastatin 0.68 – Wu/w Uu Uu Wu/w Cu Uu Wu/w Uu

Zolpidem 0.40 – Uu/w Nu Nu Uu/w Uu Uu Nu/w Nu

a Upper-case and lower-case letters indicate current and proposed classifications, respectively. Underlined letters indicate modification proposals by the

pharmacokinetic interaction significance classification system (PISCS). Bold letters and italic letters indicate more severe and milder modifications, respectively.

C, c = contraindication; CRCYP3A4 = contribution ratio of CYP3A4 clearance; N= nonalerted; U, u= caution; W, w=warning; – indicates not approved.
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CYP3A4 was reported to be insubstantial in an in vitro ex-

periment as indicated by a 50% inhibitory concentration of

10.5 mmol/L,[77] in vivo data indicated that voriconazole is a

strong inhibitor of CYP3A4 because the AUC of coadminis-

tered midazolam and sirolimus increased to approximately

10-fold.[53,78] In PISCS, voriconazole is classified as a very strong

inhibitor of CYP3A4 comparable with ketoconazole and itra-

conazole (table II), and it should be prescribed with great care

for use concomitantly with very selective or selective substrates

of CYP3A4, such as lovastatin, simvastatin, nisoldipine or

midazolam (table I). As table V shows, DDIs for voriconazole

are possibly underestimated relative to DDIs for other anti-

fungal agents of similar inhibitory activity in the current pro-

duct labelling. As PISCS is a prediction-basedmethod, it would

be possible to simply overestimate the DDI potential of vor-

iconazole, i.e. a false positive. However, caution should be ex-

ercised in using voriconazole until a series of clinical studies

clearly identifies its in vivo inhibitory potential.

In this study, significant between-country differences were

also revealed in DDI alert classifications of the product label-

ling (figure 3). Theoretically, these differences may reflect in-

trinsic (genetic) and extrinsic (environmental or cultural) ethnic

differences. In the present analysis, however, no clear evidence

was found for ethnic differences in drug responses. Rather,

these differences may appear to have arisen from the hetero-

geneity that has resulted historically from approvals that might

have been granted over a time range of several decades in each

region. It is probable that the description of any product la-

belling was restricted by proven evidence available at the time

of submission and could not refer to hypothetical theories. In

the future, however, it seems reasonable to accept that proven

evidence for all possible DDIs cannot be collected, as the

number of substrate drugs for CYP is in the thousands.

Therefore, predictive descriptions may need to be used more

explicitly with regard to alerts onDDIs in the product labelling.

In addition, achieving international harmonization on the cri-

teria for alerting on DDIs could be very helpful.

Concerning the regulatory aspects of DDI at present, the

FDA’s draft guidance on drug interaction studies[23] should

have substantial impacts on international drug development

and also on the product labelling in the world. One of the new

features of the draft guidance was that the inhibitor and sub-

strate drugs of CYP enzymes were categorized by potential of

DDIs. In the draft guidance, drugs that increase the AUC of

sensitive CYP3A substrates, such as midazolam, by 5-fold or

higher, from 2- to 5-fold, and from 1.25- to 2-fold were defined

as strong, moderate and weak CYP3A inhibitors, respectively.

The basic concept of PISCS is the same as the draft guidance in

that the total exposure increase of a concomitantly given se-

lective substrate is the best index for evaluating the inhibitory

potential. In fact, increases of midazolam exposure of 1.25-, 2-

and 5-fold correspond to IR values of 0.22, 0.54 and 0.87.

Regarding the classification of substrates of CYP3A, ‘sensitive

substrate’ was defined in the draft guidance as drugs that ex-

hibit total exposure increases of more than 5-fold with coad-

ministration of potent inhibitors. This criterion corresponds to

CR values of more than 0.8 in PISCS. In spite of these simila-

rities, the draft guidance provides no means of quantitative

prediction for exposure changes caused by aDDI. As simulated

in figure 2b, the classifications proposed by the draft guidance

would be insufficient to predict the magnitude of drug exposure

changes caused by inhibition of CYP enzymes.

Likewise, ‘substrates with narrow therapeutic range’ were

exemplified in the draft guidance as drugs that potentially cause

serious safety concerns, such as torsades de pointes. This is an

important factor to be considered when estimating the sig-

nificance ofDDIs; however, an actual procedure to incorporate

the therapeutic range in the alert classification was not docu-

mented. Advantages of PISCS would be that the total exposure

increases can be quantitatively predicted and, in addition, the

alert classification is systematically adjustable, considering the

therapeutic range and other requirements. These characteristics

may contribute to constructing a leak-less alerting system.

Similar to the FDA guidance, PISCS categorized the sub-

strate and the inhibitor drugs by explanatory names such as

‘selective inhibitor’ rather than using the CR and IR values

directly (figure 1). This system would enable alerts to be more

descriptive, e.g. ‘‘This drug is a selective substrate of CYP3A4

and a moderate inhibitor of CYP2D6’’ or ‘‘This drug is con-

traindicated with very strong inhibitors of CYP3A4.’’ It would

be impractical to include the names of all relevant generic drugs

or therapeutic drug groups in product labelling. An advantage

of the proposed system is that such alerts would also be ap-

propriate for future drugs. With the current method, updating

the product labelling is slow and often occurs after adverse

events have been experienced by patients.[79]

Interindividual variability is an issue that needs great care in

any method used for predicting biological events.[80,81] In

PISCS, the pharmacokinetic alternations are accounted for pri-

marily in average fold-changes in drug exposure. The signif-

icance of any interindividual variability caused by factors such

as age, sex, disease state, ethnicity and genetics needs to be con-

sidered additionally for the output of the system in some situ-

ations. In the PISCS table (figure 1), a given pharmacokinetic

change is translated into clinical significance. Conceptually,

interindividual variability should be accounted for in this
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translation. For most drugs, when selecting zones in the PISCS

table, a therapeutic window might need to be regarded as

narrower than it actually is when considering interindividual

variability in pharmacokinetics and/or pharmacodynamics. In

addition, clarifying, and if necessary, differentiating target

populations of each alert is recommended to reduce potential

risks associated with interindividual variability. For example,

for BZPs, defining the zones for the elderly population differ-

ently from the young would be better because of the higher sen-

sitivity of the elderly for adverse events with these drugs.[82,83]

Finally, current limitations of PISCS should be discussed

from the pharmacokinetic viewpoint. Theoretically, PISCS can

be applied to DDIs caused by inhibition of any hepatic meta-

bolizing enzymes. However, use of PISCS should be limited to

inhibitory DDIs of CYP3A4 at present because prediction for

the total exposure changes have been validated only for

CYP3A4.[79] The interactionswith some drugs, such as protease

inhibitors for treatment of HIV, were not predictable with the

current method because those drugs exhibited a marked po-

tential to induce and inhibit CYP3A4 simultaneously.[79] Fur-

thermore, the current system cannot manage DDIs caused by

inhibition of transporter activity. Ciclosporin is a typical in-

hibitor of transporters including organic anion transporting

polypeptide 1B1(OATP1B1/SLCO1B1), which plays a sig-

nificant role in the hepatic uptake of several statins.[84] For this

reason, ciclosporin as an inhibitor was excluded from the cur-

rent analysis. It should be noted that ciclosporin increased the

exposure of some statins, which could not be explained by in-

hibition of CYP3A4.[84,85] In the future, to apply PISCS to

DDIs caused by alternations in transporter activity, theoretical

extensions would be necessary, since drug transport is a re-

versible process in principle and different from usual irrever-

sible metabolism. Further studies are under way in our

laboratory to apply PISCS to metabolizing enzymes other than

CYP3A4.

Conclusion

Our analysis of current label classifications and predicted

total drug exposure increases for DDIs involving CYP3A4 in-

hibition revealed current inconsistencies and shows that a

comprehensive and quantitative framework for determining

criteria for alert classifications would be plausible. The PISCS

table was proposed to categorize substrates and inhibitors, and

to relate pharmacokinetic changes and clinical significance of

DDIs in a systematic manner. Our proposal may facilitate safer

and more reliable pharmacotherapy. Further validation of

PISCS is necessary from various viewpoints, and extensions to

other CYP and metabolizing enzymes remain to be achieved.
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