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ABSTRACT

Time-dependent inhibition of CYP3A4 often results in clinically significant drug-drug
interactions. In the current study, 37 in vivo cases of irreversible inhibition were collated,
focusing on macrolides (erythromycin, clarithromycin and azithromycin) and diltiazem as
inhibitors. The interactions included 17 different CYP3A substrates showing up to 7-fold
increase in AUC (13.5 % of studies were in the range of potent inhibition). A systematic
analysis of the impact of CYP3A4 degradation half-life (mean ty/,44=3 days, ranging from 1-6
days) on the prediction of the extent of interaction for compounds with a differential
contribution from CY P3A4 to the overall elimination (defined by fmcypsas) Was performed.
Although the prediction accuracy was very sensitive to CYP3A4 degradation rate for
substrates mainly eliminated by this enzyme (fmecypsas = 0.9), minimal effects are observed
when CYP3A4 contributes less than 50% to the overall elimination in cases when the parallel
elimination pathway is not subject to inhibition. Use of the mean CYP3A4 ty 4 (3 days),
average unbound systemic plasma concentration of the inhibitor and the corresponding
fMcypaag resulted in 89% studies predicted within 2-fold of the in vivo value. The impact of
the interaction in the gut wall was assessed by assuming maximal intestinal inhibition of
CYP3A4. Although a reduced number of false negative predictions was observed there was
an increased number of over-predictions, and generally a loss of prediction accuracy was
observed. The impact of the possible interplay between CYP3A4 and efflux transporters on

the intestinal interaction requires further evaluation.
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As the most abundant human P450 enzyme in both liver and intestine, CYP3A4 is
susceptible to a number of reversble and irreversible metabolic drug-drug interactions.
Irreversible, often referred to as mechanism-based, inhibition interactions involve the
metabolism of an inhibitor by CYP3A4 to a reactive metabolite which inactivates the
catalysing enzyme in a concentration- and time-dependent manner (Silverman, 1995). A key
characterigtic of this type of inhibition is that inactivation occurs without the release of the
reaction product from the catalytic site (Kent et al., 2001). The interaction between the
inactivating species and enzyme can either be covalent or non-covaent, involving binding to
protein or haeme moiety, respectively (Zhou et al., 2005).

The two maor Kinetic parameters that characterize time-dependent inhibition
interactions (TDI) are Kinar and K, the maximal inactivation rate constant and the inhibitor
concentration leading to 50% of Kina, respectively (Silverman, 1995). The Kina/K; rétio is
commonly taken as an indicator of the in vitro potency of a mechanism-based inhibitor. The
methods used to obtain ki and K, estimates generally vary across studies; the CYP3A4
probes used (midazolam, testosterone or triazolam), their concentration (from below the K, to
the concentrations equivalent to V), pre-incubation to incubation time ratio and data
analysis method employed, all of which may affect the estimates of inhibitor potency.

Quantitative in vitro-in vivo drug interaction prediction work has focused mainly on
reversible interactions, whereas TDI were assessed on an individual case-to-case basis (Ito et
al., 2003, Wang et al., 2004). In contrast to reversible inhibition, CYP3A4 activity can only
be restored by synthesis of new enzyme, often resulting in significant clinical interactions.
General under-prediction of an observed TDI using the simple [I]/K; approach (Ito et al.,
2004, Rostami and Tucker, 2004) indicated a need for a more systematic analysis of this type
of inhibition interaction.

The theoretical background for the quantitative prediction of TDI, incorporating the
contribution of both hepatic and intestinal interaction, has been described previously (Wang et
al., 2004) and was applied here (see Methods). The aim of the current study wasto investigate

systematically the significance of a number of parameters on the prediction of TDI, namely
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enzyme degradation rate, the differential contribution of CYP3A4 to the victim drug
elimination and the effect of intestinal inhibition. Assessment was performed on 37 selected
in vivo sudies with macrolides (azithromycin, clarithromycin and erythromycin) and
diltiazem; the metric used was the AUCI/AUC ratio for the plasma concentration-time
profiles in the presence and absence of the inhibitor, respectively, in agreement with previous
analyses (Tucker et al., 2001, Galetin et al., 2005). The rationale for selection of these 4
inhibitors was the availability of both in vitro data and a wide range of in vivo interactions
(including 17 different substrates with a differential contribution of CYP3A4 and renal
excretion to their elimination). In addition, the prediction accuracy of this mechanistic
approach was compared to the predictions based solely on reversible inhibition.

The rate of change of active enzyme concentration is determined by the equilibrium
between the rates of de novo synthesis and degradation of the enzyme. Previous predictions of
TDI (Ito et al., 2003, Wang et al., 2004) used CY P3A4 degradation half-life estimates (ty2deg)
obtained in either rat or Caco-2 cells (Correia, 1991, Malhotra et al., 2001), resulting in tyzgeg
of 14-35 hrs. In the current study we have used estimates of human CY P3A4 kg from both
induction studies or from in vitro investigationsin liver dices. The impact of inter-individual
variability (estimated CYP3A4 tia4q Varied from 1-6 days) on the prediction of TDI was
assessed in addition to the fraction of the victim drug metabolised by CYP34 (defined by
fmcypsag) &S this parameter has been shown to have a significant impact on the drug-drug
interaction prediction accuracy (Brown et al., 2005, Galetin et al., 2005, Ito et al., 2005,).

Significant intestinal first-pass metabolism may contribute to the inter-individual
variability observed in bioavailability and extent of drug-drug interactions for some CYP3A4
substrates. Therefore, the effect of assuming maximal intestinal inhibition on the precision
and accuracy of the TDI predictions was investigated in conjugation with the detailed
inhibitor- and substrate-related information (e.g., different inhibitor concentrations and
parallel eimination pathways, respectively). The implications of maximal intestinal inhibition

for drug elimination involving both metabolism and transporters are discussed.
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Materialsand M ethods

In vivo studies. In the current analysis, 37 clinical studies of irreversible inhibition
have been collated focusing on macrolides (erythromycin, clarithromycin and azithromycin)
and diltiazem as time-dependent inhibitors of CYP3A4. The increase in the area under plasma
concentration-time profile in the presence of the inhibitor relative to control (AUCiI/AUC) has
been used as the metric to assess the degree of interaction. In the case of replicate studies
(same dose of the inhibitor) the weighted mean of the AUC ratios was obtained for further
analysis, as described previously (Galetin et a., 2005). Drug-drug interaction data resulting
after the multiple dosing of an inhibitor and simultaneous oral administration of both drugs
were used; studies selected involved 17 different CY P3A4 substrates (Table 1). In addition,
clinical data on verapamil, mibefradil, saquinavir and ritonavir interactions (n=15) were
collated for comparative reasons; no predictions were performed for these inhibitors.

In vitro data. Critical assessment of the available in vitro data was performed and the
estimates obtained in studies with the most appropriate experimental design (Ghanbari et al.,
submitted for publication) were used for prediction. The main focus was on the pre-incubation
to incubation time ratio (>1), use of dilution factor from the pre-incubation to the incubation
stage (ideally 1:10 to reduce the occurrence of competitive inhibition between the inhibitor
and marker subgrate in the second incubation), use of high substrate concentrations
(equivalent to Vi) and non-linear regression analysis for obtaining the ki and K,
parameters. The kinax and K, estimates selected (Table 2) were obtained in the pooled human
liver microsomes using either midazolam (macrolides, Ito et al., 2003) or testosterone
(diltiazem, Rowland Yeo and Yeo, 2001) as the in vitro probe, whereas the estimates for N-
desmethyldiltiazem were obtained by spectroscopic measurements of the metabolite
intermediate complex formation (Mayhew et al., 2000). No correction for microsomal binding
was employed for macrolides and N-desmethyldiltiazem, whereas microsoma fraction
unbound of 0.61 was used for diltiazem (calculated using equation defined by Augtin et al.,

2002 and logP value of 2.7 obtained by Wang et al., 1997).
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Prediction of time-dependent drug interactions. The extent of time-dependent
inhibition interaction incorporating the contribution of paralel elimination pathways (other
P450 enzymes or rena clearance, defined by 1-fmcypsas) Was predicted using the following

equation (Wang et al., 2004):

AUC, F, 1 )
=% x .
AUC F mCYP3A4
po ¢ n K x| +(1_fmCYP3A4)
inact,i u,i
1+y . :

where kina: represents the maximal inactivation rate constant, K is the inhibitor concentration
at 50% of Kinat, 1y IS the unbound inhibitor concentration (either the average systemic plasma
concentration after repeated ora administration ([l]a), or the maximum hepatic input
concentration ([1]in), (taken from Ito et a., 2004, range shown in Table 2), fMcymas IS the
fraction of victim drug metabolized by CYP3A4, Ky is the endogenous degradation rate
congtant of the enzyme, Fs and Fg are the intestinal wall availability in the presence and
absence of inhibitor, respectively. Absorption rate constants used to obtain the [];, values for
erythromycin, clarithromycin, azithromycin and diltiazem were 0.011, 0.018,0.00175 and
0.039 min™, whereas the unbound fractions to the plasma protein were 0.16, 0.7, 0.28 and
0.175, respectively (Echizen and Eichelbaum, 1986, Ito et al., 2003). The impact of N-
desmethyldiltiazem, an active metabolite of diltiazem, on the predicted degree of interaction
was investigated assuming the same plasma protein binding as for diltiazem and the relative
plasma concentration is 38% of the parent (Echizen and Eichelbaum, 1986).

Values for fmcyrsas Were taken from Brown et al. (2005), Galetin et a. (2005) and
Egnell et al. (2003) (carbamazepine); cyclosporine values were generated by regression
analysis using eg. 1, as described previoudly (Ito et al., 2005). For loratadine, terfenadine and
nitrazepam the number of studies was limited and the fmcypsas Was obtained by the rank order
approach using studies with midazolam and the same dose of erythromycin as applied
previousdly (Brown et al., 2005).

Human CYP3A degradation constants were collated from induction studies with

carbamazepine, ritonavir, rifampin and in vitro studies, as shown in Table 3. The impact of
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the different ke values (0.0005-0.00008 min'™, corresponding to CYP3A4 tyoqe = 1-6 days)
on the predicted AUC ratio was assessed for cases with an increasing contribution of
CYP3A4 to the overall elimination (fmcypsas = 0.4-1). This was carried out both by
simulation at a constant or a range of inhibitor concentrations and by assessing the precision
and accuracy of the predicted AUCI/AUC (see below). In addition, simulations of the effects
of the multiple time-dependent inhibitors were performed assuming that the inhibitors inhibit
the same enzyme, i.e., act viathe same mechanism. The simulations investigated the scenarios
where the second inhibitor is either equipotent or 5, 10 and 50-fold more potent (greater
kinae/ K| ratio) than the first inhibitor, for different fmcypsas Values.

The contribution of the enzyme interaction in the intestinal wall was evaluated by
incorporating the ratio of intestinal wall availability in the presence and absence of inhibitor,
Fe and Fg, respectively into the hepatic prediction (Wang et al., 2004), as shown in eg. 1. The
impact of the maximal inhibition of intestinal metabolism in the presence of the inhibitor
(Fs =1) on the prediction of TDI was assessed. The Fg control values for the corresponding
substrates were obtained indirectly from oral and iv administration data assuming complete
absorption, negligible intestinal metabolism after iv adminigtration and that the systemic
clearance of adrug after iv dose reflects only hepatic elimination (egs. 2-3) (Hall et a., 1999)

F=Fas(l-Eg)(1-En) )

Ey=1-CLy/Qy (3)
where F represents the overall ora biocavailability, Fas is the fraction of the oral dose
absorbed intact across the apical membrane of the epithelial layer, Eg and Ey are the intestinal
and hepatic extraction ratios, respectively, CLy is the hepatic blood clearance and Qy is the
hepatic blood flow.

The bias of TDI prediction was assessed from the geometric mean of the ratio of
predicted and actual value (average-fold error — afe, eg. 4). The mean squared prediction error
(mse, eq 5) and the root mean squared prediction error (rmse, eg. 6) provided a measure of
precision for the predictions of 37 in vivo TDIs assessing the contribution of kgegand Fg ratio

applying various inhibitor concentrations (Sheiner and Beal, 1981; Obach et al., 1997):
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23109 e
afe=10" Observed @)
mse = 1Z(Preclicteol—Observeol)2 (5)
n

rmse = \/E (6)
A 2-fold threshold value was selected on the basis of previous consensus reports (Tucker et
al., 2001, Bjornsson et a., 2003) for a significant increase in AUC ratio. Thus predicted areas
< 2 for interactions observed to be > 2 were classed as false negative and similarly, predicted

areas > 2 for observed areas < 2 were classed as fal se positive interactions.
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Results

In vivo data. Previoudly reported time-dependent interactions (Table 1) have
been classified using the recommendations of Bjornsson et al. (2003) for CYP3A4 inhibition
interactions. Figure 1A shows the frequency distribution of the erythromycin, clarithromycin,
azithromycin and diltiazem interactions observed in comparison to mibefradil, a well-known
potent irreversible inhibitor of CYP3A4. This classification indicated that 54% of the
interactions invegtigated were moderate (increase in AUC 2-5-fold), 14% were in the range of
potent inhibition (AUCi/AUC >5) and the remainder (32%) were weak (AUCI/AUC <2).

In vitro data. TDI in vitro risk assessment is commonly based on the Kina/Ki ratio as
an indicator of in vitro potency. The kina: Values obtained for three macrolides and diltiazem
ranged from 0.020-0.07 min™ (Table 2), resulting in a maximum inactivation ty, of 10-35 min
for diltiazem and azithromycin, respectively, significantly longer than mibefradil (inactivation
trz = 17 min) (Prueksaritanont et a., 1999). The kin/K, ratio reported for N-
desmethyldiltiazem (0.035) was equivalent to diltiazem. Literature reported estimates
obtained in both human liver and recombinant enzymes show large variability (0.001-0.008
and 0.005-0.023, respectively in the case of erythromycin), with a general trend of greater
estimated potency using recombinant enzymes in comparison to the liver microsomes.
However, no direct relationship between the in vitro potency parameter and in vivo
AUCI/AUC ratios was observed as shown in Fig. 1B for eight time-dependent inhibitors,
namely azithromycin, clarithromycin, erythromycin, diltiazem, verapamil, mibefradil,
saquinavir and ritonavir. These findings are only partially dose-related as the same dose of
erythromycin (1500 mg/day) results in either no effect (carbamazepine) or a6-fold increase in
AUC ratio (simvastatin) confirming that the in vitro parameters, although good indicators of
potency, are not sufficient to predict the extent of TDI; additional substrate and inhibitor-
related parameters are required.

Impact of Enzyme Degradation and Parallel Elimination Pathways on TDI
Prediction. Human Kgeq estimates from induction studies with carbamazepine or ritonavir are

shown in Table 3. The small number of livers and the 7-fold range in CY P3A4 ty,4e5 Observed
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represent a limitation of these estimates. The mean value of 3 days (corresponding to a Kgeg =
0.00016 min™) is consistent with in vitro findings in liver slices (Renwick et a., 2000) and
was applied in all our TDI predictions.

The simulation in Fig. 2 shows the combined effect of substrate-related (fmcypsas =
0.4-1) and enzyme-related (Kgeq = 0.00008 — 0.0005 min™) parameters on the predicted AUC
ratio taking erythromycin as an example (ki and K; values of 0.025 min™ and 13 uM,
respectively for an [1] of 0.5 uM, assuming no inhibition of the parallel pathway). The weak
interaction potential predicted (2-fold increase in the AUC) refers to the substrates with low
CYP3A4 contribution to the overall elimination (e.g., cerivagtatin) in patients with a short
CY P3A4 ty/24eg, Whereas the compounds with fmeypzas>0.9 in patients with CY P3A4 ty/50e = 6
days represent the highest interaction risk (AUC increase up to 7-fold). The sensitivity of the
predicted AUC ratios to different kg at high and low fmcypsas (0.9 and 0.5, respectively)
over arange of inhibitor concentrations isillustrated in Fig. 3A and B for a weak and potent
time-dependent inhibitor (e.g., azithromycin and mibefradil, respectively). Different CYP3A4
t1/20eg €StiMates have the greatest impact at higher fmcypsas Values, atrend observed regardless
of the inhibitor potency; the major difference isthe inhibitor concentration required to achieve
the maximum effect.

The effect of various Kgeq (CY P3A4 ty/20e = 1-6 days), on the prediction accuracy of
15 erythromycin, 6 clarithromycin, 3 azithromycin and 13 diltiazem studies was investigated.
Comparison of the predicted and observed AUCI/AUC for 37 TDI studies using the mean Keg
value of 0.00016 min™® (CYP3A4 t1/20eg =3 days), [l]au and the corresponding fmcypsas iS
shown in Fig. 4A. Out of 37 studies, 89% were predicted within 2-fold of in vivo value; the
use of extreme values (1 and 6 days) resulted in 22 and 25% of the studies under- or over-
predicted, respectively. The prediction precision using the mean kqq Was improved by 10 and
21-fold (lower rmse) in comparison to the CY P3A4 ty,4 Of 1 and 6 days, respectively. In

comparison to [1]a.u, the use of [I]in, resulted in an increased number of over-predictions (up
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to 41% for ty, g Of 6 days) and a generally lower prediction accuracy as 59-68 % of studies
predicted were within 2-fold limits over the range of Kgeg.

In all the scenarios investigated the contribution of N-desmethyldiltiazem, an
equipotent time-dependent inhibitor to diltiazem, was incorporated in the prediction. The
mechanism of inhibition is the same for both parent and metabolite and therefore the maximal
inhibition effect is not significantly increased by incorporating the metabolite in the
prediction. The net effect is fmcypsas-dependent and decreases progressively with the
decreasing contribution of CYP3A4 to the overall elimination of a substrate (from 19 to 0.5%
for fmcypsas=0.9 and 0.1, respectively). A simulated interaction scenario with two inhibitors
acting by the same mechanism where the second inhibitor is either equipotent (e.g., N-
desmethyldiltiazem) or 5, 10 and 50-fold more potent (greater Kina/K; ratio) than the first
inhibitor (erythromycin used as an example) is shown in Fig. 5 for the case when fmcypsag iS
0.9. Theincreased potency of the second inhibitor causes the maximal effect to be achieved at
lower inhibitor concentrations, the level of which is dependent on the contribution of
CYP3AA4 to the elimination.

Misspecification of the Inhibition Mechanism. Prediction of TDI using the [1]/K;
approach with the assumption of reversible inhibition resulted in 70% of predictions being
classified as false negatives and only 30% within 2-fold range of in vivo values (Table 4). In
comparison, predictions made using the time-dependent model resulted in a marked reduction
in false negatives and in a significant increase in the number of studies predicted within 2-fold
(89% when no corrections for the intestinal interaction was incorporated) and up to 10-fold
greater accumulation in the presence of macrolides/diltiazem, which corresponded well with
the clinical observations.

Maximal Intestinal Inhibition. In order to assess the contribution of the gut wall to
the interaction, the ratio of the intestinal wall availability in the presence and absence of the
inhibitor (Fs and Fg, respectively) is incorporated in the prediction equation based on hepatic
estimates. Figure 6 shows the general relationship between Fg/Fg ratio and the relative

change in the intestinal clearance caused by an inhibitor (defined by the inactivation index -
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Kinact* 1/Kaeg(Ki+1)). For the case when this inactivation index is >1 (resulting in more than
50% decrease in the intestinal clearance) the effect of Fg ratio is most pronounced for
compounds with high intestinal extraction (e.g., buspirone, tacrolimus), whereas it is minimal
for the drugs with intestinal extraction of around and below 50% (e.g., indinavir, aprazolam).
The list of the Fg values collated from iv and oral studies for nine CYP3A4 substrates
analyzed in the current study is presented in Table 5. For the remaining substrates (loratadine,
cerivadtatin, nitrazepam, terfenadine, carbamazepine, pimozide, cisapride and lovastatin,
representing 24% of the interactions investigated) Fg values were not available and only
hepatic inhibition was taken into consideration (Fg /Fg assumed to be 1).

The Fg/Fg ratio can be determined experimentally from the relative change in the
intestinal clearance of a compound in the presence of an inhibitor. However, when this is not
available, aninitial estimate of the extent of intestinal inhibition can be obtained by assuming
the ‘worst case scenario’, i.e., the maximum inhibition of intestinal CYP3A4 (Fs =1). Table 5
indicates a 5-fold range of maximum Fc/Fg ratios for the nine CYP3A4 substrates
invedtigated. An issue of concern is the extent of inter-individual variability in the estimates
of Fg, exemplified by a range of values for midazolam intestinal extraction (43-63%)
(Ollkolla et al., 1996, Thummel et al., 1996). For the majority of TDI studies involving
erythromycin and clarithromycin inclusion of the maximal Fg/Fg ratios improved the
prediction; in contrast to the diltiazem studies which were mainly over-predicted. In addition,
not surprisingly this correction was not advantageous to the minimal interactions observed
with azithromycin.

Overall, the inclusion of the maximal Fg/Fg ratio for the respective substrates
increased the number of over-predictions and reduced the prediction accuracy (70% estimates
were within 2-fold of in vivo value using the mean Kqeg) (Fig. 4B, Table 4). The number of
over-predictions was related to the CY P3A4 ty»4e Used, increasing from O to 6 and from 9 to
16 for the ty.4e Of 1-6 days, respectively. When [1]in, rather than [l]a,, was applied in the
prediction, the inclusion of the maximal Fg ratio resulted in the over-prediction of more than

50% of the studies, irrespective of the CY P3A4 ty/54e Used.
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In addition to inhibitors the predictions of 28 TDI (using eg. 1, CYP3A4 typ4eq = 3
days, corresponding fmcypsas and [1]av,u) before and after the Fg ratio correction (Fig. 4 C and
D, respectively) are identified according to the particular substrates. In contrast to midazolam,
triazolam and nifedipine interactions, which were generally improved by the gut correction,
pronounced over-predictions were observed for the interactions with cyclosporine and
buspirone, in particular with diltiazem as an inhibitor. In contrast to Fs =1, the assumption
that diltiazem reduces intestinal CYP3A4 activity by 62% (assessed by midazolam 1'-
hydroxylation, Pinto et al., 2005), reduced thisratio and the extent of over-predictions mainly
for cyclosporine and buspirone interactions by 54 to 190%, respectively; however, the

predictions were still outside the 2-fold limits of in vivo values, in particular for cyclosporine.
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Discusson

The general approach to TDI in vitro risk assessment is based on the use of the
kinae/K| ratio as an indicator of in vitro potency. However, there is a great variation in the
methods used to generate this estimate, consistent with the 8-fold range observed in the
literature reported estimates for erythromycin in human liver microsomes and recombinant
enzymes. The large variability observed can only be partially related to the use of different in
vitro probes to assess the remaining CY P3A4 activity (triazolam, midazolam or testosterone).
Highly variable substrate concentrations used (e.g., midazolam at 8-200 uM) and differential
methods applied for obtaining parameter estimates (linear or nonlinear regression analysis)
observed here and in other studies (Ghanbari et al., submitted for publication) imply a need
for a more consistent in vitro experimental design for quantitative TDI assessment. A recent
correlation analysis of kina/K, estimates for five HIV-protease inhibitors by Ernest et al.
(2005) indicated higher potency estimates in recombinant enzymes in comparison to the liver
microsomes, a trend also seen in the current analysis with macrolides. However,
standardization of in vitro methodology and the use of the CYP3A4 probe at high substrate
concentration (equivalent to the Vma) in the study by Ernest et a. (2005) reduced the
difference between the in vitro systems (with the exception of saquinavir) to only 2-fold. The
extrapolation of the in vitro potency (kinat/K)) to the in vivo situation depends on the relative
magnitude of this parameter to the enzyme degradation; in the case when the inactivation
index - Kinact 1/Kgeg'(K ) is << kgeq (<10%, €.9., azithromycin) aweak inhibitory effect can be
expected, with the AUC ratio <2. The opposite applies for moderate to potent inhibition;
however, the relationship is more sensitive to the inhibitor concentration.

The current study investigated the impact of CY P3A tyz4eq @nd the effect of maximal
inhibition of intestinal metabolism (assessed by the Fg ratio) on the prediction of 37 TDI
showing increases in AUC ratio of up to 7-fold. The substrates investigated cover a wide
spectrum of interaction risk as they vary in the relative importance of CYP3A4 and renal

clearance to their elimination, significance of intestinal first-pass, possible interplay with P-
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glycoprotein (Benet et al., 2004) and contribution of CYP3A5 to the overdl clearance
(Galetin et al., 2004).

Venkatakrishnan and Obach (2005) have indicated the importance of accurate
enzyme degradation estimates for the prediction of CYP2D6 inactivation by paroxeting;
however there is no comparable study performed for CY P3A4. Most of the prediction work in
the area of time-dependent interactions is based on the use of CYP3A4 tyouy estimates
obtained in either rat or Caco-2 cells (Ito et al., 2003, Wang et al., 2004). A number of
indirect methods (Table 3) have been used to assess the CYP3A4 tyaqe, all showing a great
extent of inter-individual variability. Therefore, the current study examines the impact of a
range of human CY P3A4 ty24e9 (20-146 hrs used as the extreme values) on the assessment of
TDI potential. The mean edimated decay of CYP3A4 activity is in general longer in
comparison to most other cytochrome P450 enzymes (Ghanbari et al., submitted for
publication). Differential degradation half-lives reported for CYP3A4 and CYP3AS5 in vitro
(79 vs. 35 hrs, respectively (Renwick et al., 2000)) and less susceptibility to inhibition
observed for CYP3A5 (McConn et al., 2004) may contribute to the extent of inter-individual
variability observed in the magnitude of interactions.

The effect of the CYP3A kg On the predicted AUC ratios for 37 interactions with
macrolides and diltiazem was dependent on the inhibitor concentration used in the prediction.
Use of the mean kg (0.00016 min™) and [l]a,., with no corrections for the intestinal
interaction, provided low bias and the highest precision of TDI predictions (Table 4), with
33/37 studies predicted within 2-fold (Fig. 4A), whereas use of [I]in, Was generally poorer.
For all the scenarios investigated (t120eg = 1-6 days) the use of total inhibitor concentration, in
particular hepatic input values, resulted in the significant over-prediction regardless of the
CYP3A4 ti54e9 estimates used. As indicated previously for CYP2D6 (Venkatakrishnan and
Obach, 2005), the sensitivity of the predicted extent of interaction to the differential CYP3A4
degradation rate was dependent on fmcypsas, as illustrated in Figs. 2 and 3. The current
analysis indicates the suitability of the mean CYP3A4 ty.4q Of 3 days in the assessment of

time-dependent interaction potential.
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For CYP3A4 subgtrates a certain degree of interaction at the level of the gut wall isto
be expected as the small intestine represents the first in the series of the first pass eliminating
organs and is exposed to the oraly administered inhibitors or inducers. A number of studies
indicated a more pronounced inhibition (and induction) of intestinal CYP3A4 in comparison
to the liver (Floren et al., 1997, Gomez et a., 1995, Tsunoda et al., 1999). The interpretation
of such events has to be cautious for compounds that are mutual substrates for P-glycoprotein
and CYP3A4 (eg., cyclosporing, tacrolimus) due to their interactive nature and differing
inter-relationship in the intestine and liver (Benet et al., 2004). Intestinal interactions are
rarely incorporated in the assessment of interaction potential, either for reversible or
irreversible types (Rostami-Hodjegan and Tucker, 2004), which may represent alimitation for
some CYP3A4 compounds. For example, a 2.6-fold greater increase in the AUCI/AUC ratio
after oral dose of midazolam in comparison to the iv administration was observed in the
presence of clarithromycin, indicating the contribution of intestinal interaction (Gorski et al.,
1998). This observed difference is in good agreement with the predicted maximal intestinal
Fe ratio (Table 5). Predicted values of the maximal Fg/Fg ratio are directly related to the
accuracy of the initial estimates of the intestinal extraction and are based on the assumption
that the extent of intestinal metabolism after iv administration is negligible and that
absorption is complete, which may not be correct. The sensitivity of TDI prediction to the
inter-individual variability observed in the estimates of Fg is greatest for substrates with Fg <
0.5 (e.g., buspirone), asillustrated in Fig. 6.

The current study assessed the impact of assuming maximal intestinal inhibition
(Fe=1) and despite the fact that some of the inhibitors investigated show moderate/weak
potency this assumption was satisfactory. The highest concentrations of the inhibitor are
expected during its absorption phase and the number of weak interactions (azithromycin being
the weakest inhibitor investigated) is small in comparison to the overall number of studies.
Out of 28 studies where the corrections for the intestinal interaction were applied, 18 were
predicted within the 2-fold of in vivo value with a low number of false negative predictions.

However, in 10 cases incorporation of the Fg ratio (notably for diltiazem studies) resulted in
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an over-prediction (Fig. 4B and D). In addition to the inhibitor, this observed over-prediction
trend can also be associated with the substrate-related characteristics as illustrated in Figs. 4C
and D. The over-estimate of the magnitude of interaction observed in the case of cyclosporine
is anticipated due to the possible contribution of efflux transporters and initial over-prediction
of the significance of the intestinal metabolism. For this and other high permeability/low
solubility compounds like tacrolimus and lovastatin (Wu and Benet, 2005) the relationship
between the F ratio and the inhibitor potency will be more complex in comparison to the
substrates mainly cleared by metabolism (e.g., midazolam, nifedipine). In the case of
midazolam, maximal predicted and observed Fg ratios were in good agreement in the
presence of a number of irreversible and reversible inhibitors (data not shown); however, the
general lack of iv studies undertaken prevents a more comprehensive comparison.

Prediction of TDI using the [I]/K; approach and the assumption of a reversible
inhibition process generally results in the false negative predictions (Ito et al., 2004,
Venkatakrishnan and Obach, 2005). When this model was employed for the prediction of
interactions with macrolides and diltiazem, 70% of the studies investigated were under-
predicted (by 2 to 7-fold), whereas the time-dependent prediction model described here
decreased the percentage of false negatives to 19 and 8 % before and after the Fg ratio
correction, respectively (Table 4).

In conclusion, the current study provides a systematic analysis of the impact of
CYP3A4 degradation rate, parallel elimination pathways and intestinal inhibition on the
prediction of a range of TDI. The impact of a differential CYP3A4 degradation rate on the
prediction accuracy and precision isimportant for substrates where CY P3A4 contributes more
than 50% to the overall elimination. Maximal Fg ratio is proved to be a useful initial indicator
of the extent of intestinal inhibition and minimized the number of false negative predictions.
However, the increased number of over-predictions observed for true positive TDI when the
maximal intestinal inhibition was assumed indicated a need for further evaluation of this
approach and assessment of the interplay with the efflux transporters and variability in Fg

estimates.
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Figure Legends

Fig. 1. Assessment of inhibitory potential of macrolides, diltiazem and other
compounds in vivo and in vitro. A, Classification of azithromycin, erythromycin,
clarithromycin, diltiazem and mibefradil interactions according to Bjornsson et al. (2003)
where AUCI/AUC >5 indicate potent, 2 < AUC/AUC < 5 moderate and AUC/AUC <2 weak
interactions. B, Relationship between obtained kina/K, ratio and the degree of interaction
observed in vivo for azithromycin (1), erythromycin (2), clarithromycin (3), diltiazem (4),
verapamil (5), mibefradil (6), saquinavir (7) and ritonavir (8) (inhibitors are listed in the order

of increasing Kinae/K | ).

Fig. 2. Effect of fmcypsas and CYP3A4 typge ON the predicted AUC ratio. Surface
simulated for erythromycin kina and K; values (0.025 min™® and 13 uM, respectively) for
inhibitor concentration of 0.5 UM over the range of fmcypsas =0.4-1 and CY P3A4 tip4es=1-6

days; eq. 1 was used with Fg /Fg = 1.

Fig. 3. Effect of CYP3A4 degradation half-lifeon AUC ratio for inhibitorswith different
potency. The sensitivity of the predicted AUC ratios on typgeg Of 1 (---), 3 (—) and 6 days (—)
a high and low fmcypsas (0.9 and 0.5, respectively) over a range of inhibitor concentrations

for azithromycin (A) and mibefradil (B); eq. 1 was used with Fg /Fg = 1.

Fig. 4. Relationship between predicted and observed AUC ratios for time-dependent
interactions. A, Prediction of 37 TDI using eq. 1 applying the average unbound plasma
concentration of the inhibitor, corresponding fmcyesas and CY P3A4 ty24e Of 3 days (Fg ratio
= 1). Interactions identified according to the inhibitors. B represents azithromycin (3), A
erythromycin (15), @ clarithromycin (6) and > diltiazem (13). B, Effect of incorporating the
maximal intestinal inhibition (Fs =1) on the prediction; all other conditions and symbols are

asin panel A.
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C, Predictions of 28 TDI using eq. 1 (CY P3A4 t1/24eq, TMcypsas @nd [1]av,u asin panel A) using
the nine substrates with the available Fg value. Interactions identified according to the
substrates: A represents midazolam, O triazolam, [ alprazolam, A buspirone, ¥ quinidine,
< simvastatin, B cyclosporine, @ felodipine and * nifedipine. D, Effect of incorporating the
maximal intestinal inhibition (F =1) on the predictions; all other conditions and symbols are
asin panel C.

In al the panels the solid line represents line of unity, whereas dashed lines represent the 2-
fold limit in prediction accuracy. The shaded areas correspond to the true negative and

positive time-dependent interactions defined by the 2-fold increase in the AUC.

Fig. 5. Simulations of interactions with multiple time-dependent inhibitors. The
mechanism of inhibition is assumed to be the same and the second inhibitor is either
equipotent or 5, 10 and 50-fold more potent (greater kina/K; ratio) than the first inhibitor for

the case when fmcypaag 1S 0.9; €. 1 was used with Fs/Fs=1.

Fig. 6. Relationship between Fs /Fs and inactivation index - Kinagt: [/Kgeg-(Ki+1) for varying
degrees of intestinal extraction (0-1). Fe /Fs was simulated from the relative change in the
intestinal intrinsic clearance caused by the inhibitor which is estimated from the inactivation

index parameters (Wang et al., 2004).
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Observed in vivo AUCi/AUC ratios for 37 CYP3A4 time-dependent interactions

Interaction Mean AUCI/AUC fMcypsas Reference
Erythromycin

1 + Alprazolam 25 0.8 Yasui et a. (1996) Clin Pharmacol Ther 59: 514-519.

2 + Buspirone 59 0.99 Kivisto et al. (1997) Clin Pharmacol Ther 62: 348-354.

3 + Carbamazepine 14 0.6 Barzaghi et al. (1987) Br J Clin Pharmacol 1987; 24: 836-38.

4 + Cerivastatin 121 0.37 Muck et a. (1998) Eur J Clin Pharmacol 53: 469-473.

5 + Cyclosporine 2.15 0.71 Guptaet al. (1989) Br J Clin Pharmacol 27: 475-481.

6 + Cyclosporine 222 0.71 Freeman et a. (1987) Br J Clin Pharmacol 23: 776-778.

7 + Felodipine 25 0.81 Bailey et a. (1996) Clin Pharmacol Ther 60: 25-33.

8 + Loratadine 15 0.6 Brannan et a. (1995) Clin Pharmacol Ther 58: 269-278.

9 + Midazolam 411 0.94 Zimmermann et al. (1996) Arzneimittelforschung 46: 213-217 and
Olkkolaet a. (1993) Clin Pharmacol Ther 53: 298-305.

10 + Nitrazepam 1.25 0.6 Luurilaet al. (1995) Pharmacol Toxicol 76: 255-258.

11 + Quinidine 12 0.76 Damkier et a. (1999) Br J Clin Pharmacol 48: 829-838.

12 + Simvastatin 6.2 0.99 Kantolaet a. (1998) Clin Pharmacol Ther 64: 177-182.

13 + Terfenadine 21 0.74 Honig et a. (1994) Drug Invest 7: 148-156.

14 + Triazolam 2.06 0.92 Phillips et a. (1986) J Clin Psychopharmacol 6: 297-299.

15 + Triazolam 3.36 0.92 Greenblatt et a. (1998) Clin Pharmacol Ther 64: 278-285.
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Clarithromycin

16 + Cisapride 3.16 0.95 van Haarst et al. (1998) Clin Pharmacol Ther 64: 542-546.

17 + Midazolam 3.6 0.94 Yeates et a. (1996) Int J Clin Pharmacol Ther 34:400-405.

18 + Midazolam 7 0.94 Gorski et a. (1998) Clin Pharmacol Ther 64: 133-143.

19 + Pimozide 212 04 Destaet a. (1999) Clin Pharmacol Ther 65: 10-20.

20 + Terfenadine 25 0.74 Honig et a. (1994) Drug Invest 7:148-156.

21 + Triazolam 51 0.92 Greenblatt et a. (1998) Clin Pharmacol Ther 64: 278-285.
Azithromycin

22 + Midazolam 0.87 0.94 Backman et a. (1995) Int J Clin Pharmacol Ther 33: 356-3509.

23 + Midazolam 1.23 0.94 Zimmermann et al. (1996) Arzneimittelforschung 46: 213-217.

24 + Triazolam 1.03 0.92 Greenblatt et a. (1998) Clin Pharmacol Ther 64: 278-285.
Diltiazem

25 + Cyclosporine 1.49 0.71 Asberg et a. (1999) Eur J Clin Pharmacol 55: 383-387.

26 + Cyclosporine 157 0.71 Foradoti et al. (1998) Transplat Proc 30: 1685-1687.

27 + Cyclosporine 1.25 0.71 Brockmoller et al. (1990) Eur J Clin Pharmacol 38: 237-242.

28 + Lovastatin 3.6 0.99 Azieet a. (1998) Clin Pharmacol Ther 64: 369-377.

29 + Midazolam 3.75 0.94 Backman et a. (1994) Br J Clin Pharmacol 37: 221-225.

30 + Nifedipine 2.22 0.71 Tateishi et al. (1989) J Clin Pharmacol 29: 994-997.

31 + Nifedipine 311 0.71 Tateishi et al. (1989) J Clin Pharmacol 29: 994-997.

32 + Nifedipine 2.39 0.71 Ohashi et al. (1990) J Cardiovasc Pharmacol 15: 96-101.

33 + Simvastatin 4.82 0.99 Mousaet a. (2000) Clin Pharmacol Ther 67: 267-274.
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34 + Triazolam 3.38 0.92 Varheet a. (1996) Clin Pharmacol Ther 59: 369-375.

35 + Triazolam 2.3 0.92 Kosuge et . (1997) Br J Clin Pharmacol 43: 367-372.
36 + Buspirone 55 0.99 Lamberg et al. (1998) Clin Pharmacol Ther 63: 640-645.
37 + Quinidine 153 0.76 Laganiere et a. (1996) Clin Pharmacol Ther 60: 255-264.

“fMcyrans Values obtained by regression analysisusing eg. 1
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TABLE 2

DMD#6874

List of inhibitor concentrations and in vitro estimates for macrolides and diltiazem used for the prediction of 37 time-dependent interactions

[Nave (UM)? [ing (UM)? Kinaet (Min™) K, (uM) Reference (in vitro data)
Azithromycin® 01-0.2 0.31-0.63 0.02 656 Ito et al., 2003
Erythromycin® 0.08-0.17 03-06 0.025 13.35 Ito et ., 2003
Clarithromycin® 0.14-0.28 12-24 0.044 39 Itoeta., 2003
Diltiazem®® 0.02-0.05 0.33-13 0.07 2 Rowland Y eo and Y eo, 2001

2 The unbound fractions to the plasma protein were 0.16, 0.7, 0.28 and 0.175 for erythromycin, clarithromycin, azithromycin and diltiazem, respectively. Same plasma protein
binding as for diltiazem and the relative plasma concentration of 38% of the parent were assumed for N-desmethyldiltiazem (Echizen and Eichelbaum, 1986).
P The values represent the mean of estimates obtained for two midazolam pathways (1'- and 4-hydroxy).

K, value corrected for the microsomal fraction unbound of 0.61 as described in Methods.
9 The kineet and K, for N-desmethyldiltiazem were 0.027 and 0.77, respectively (Mayhew et al., 2000).
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TABLE3

CYP3A4 degradation rate constant and the corresponding half-livesin human

t1/2deg (hI'S)

Kaeg (Min™) M ean (range) Method and Reference
0.00016 72
0.00008- 0.0005 20-146 (n=7) Carbamazepine induction; Lai et al. (1978)

0.00014

85+ 61 (N=16)

Ritonavir autoinduction; Hsu et a. (1997)

0.00023 —0.00032

36 — 50 (n=8)

Rifampin induction; Fromm et al. (1996)

0.00015

79

(17-no decay) (n=4)

In vitro data; Renwick et al. (2000)
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TABLE4

DMD#6874

Comparison of predictions applying reversible and time-dependent inhibition mechanism (with or without the correction for the intestinal

interaction)

Number of studies

Rever sible mechanism

Time-dependent mechanism

Time-dependent mechanism with F¢ /Fg

False negative
False positive
Within 2-fold of in vivo
Over-predicted
afe

rmse

26

0

11

0

24

11

7

4

33

0.47

3

4

26

11

16

15
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TABLES

List of Fg values and the maximum Fg ratio values for nine CYP3A4 substrates investigated. Complete intestinal inhibition is assumed (Fg'=1)

CYP3A Substrate Fe Maximum F¢'/Fg Reference

Buspirone 0.21 4.76 Obach RS, Walsky RL, Venkatakrishnan K, Gaman EA,

Houston JB and Tremaine LM (submitted for publication)

Cyclosporine 0.39 2.6 Hebert et al. (1992) Clin Pharmacol Ther 52: 453-455.
Felodipine 0.45 2.2 Lundahl et a. (1997) Eur J Clin Pharmacol 52: 139-145.
Midazolam 0.57 1.75 Thummel et al. (1996) Clin Pharmacol Ther 59: 491-502.
Triazolam 0.6 1.67 Masicaet al. (2004) Clin Pharmacol Ther 76: 341-349.
Simvastatin 0.66 151 Obach RS, Walsky RL, Venkatakrishnan K, Gaman EA,

Houston JB and Tremaine LM (submitted for publication)

Nifedipine 0.74 1.35 Holtbecker et al. (1996) Drug Metab Dispos 24: 1121-1123.
Quinidine 0.9 1.11 Damkier et al. (1999) Eur J Clin Pharmacol 55: 451-456.
Alprazolam 0.98 1.02 Hirotaet al. (2001) Biopharm Drug Dispos 22: 53-71.
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Figure 4

DMD Fast Forward. Published on October 12, 2005 as DOI: 10.1124/dmd.105.006874
This article has not been copyedited and formatted. The final version may differ from this version.
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Figure 6
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