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Prioritization of Clinical Drug Interaction Studies Using In Vitro
Cytochrome P450 Data: Proposed Refinement and Expansion of the

“Rank Order” Approach

A. David Rodrigues*
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Abstract: For any new chemical entity (NCE), in vitro inhibition constants (K;) for the different human cytochrome P450
(CYP) forms can be ranked (lowest to highest). The CYP form with the lowest in vitro K; is evaluated first clinically, em-
ploying a suitable probe drug like midazolam (CYP3A4), theophylline (CYP1A2), (S)-warfarin (CYP2C9) and de-
sipramine (CYP2D6), and the NCE is classified as a “none”, “weak”, “moderate”, or “strong” inhibitor. In turn, the classi-
fication governs the next steps. A two stage strategy, in vitro ranking followed by classification, has the potential to en-
able decision making within an industrial and regulatory setting. With additional refinement and validation, the approach
could be applied to mechanism-based inhibitors, inducers and substrates of CYPs also.
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INTRODUCTION

Inhibition of different human cytochrome P450 (CYP)
enzymes can be studied in vitro using human liver micro-
somes and a battery of CYP form-selective substrates [1-4].
In each case, the new chemical entity (NCE) is evaluated in
parallel with the appropriate positive controls and inhibition
parameters such as ICs, (concentration of inhibitor leading to
50% decrease in activity), K; (inhibition constant for reversi-
ble inhibition), ki, (maximal rate of enzyme inactivation in
the presence of a mechanism-based inhibitor) and K; (inhibi-
tor concentration supporting half maximal rate of inactiva-
tion in the presence of a mechanism-based inhibitor) are
generated. As a result, most pharmaceutical companies now
regularly include such in vitro data in their submissions to
regulatory agencies [1]. In turn, agencies have acknowledged
the usefulness of this information, which can be used to as-
sess whether or not an in vivo drug-drug interaction is likely
to occur, and if further in vivo clinical studies of drug inter-
actions are necessary [2,5-7].

Despite progress in vitro, and increased success of retro-
spective in vitro-in vivo correlations, it is accepted widely
that quantitative (prospective) predictions are difficult and
can be confounded by numerous factors [8-14]. Therefore,
many investigators have avoided the extrapolation of in vifro
data, and have chosen increasingly to use it as a “guide”
only. In this instance, one considers the concentration of the
inhibitor in vivo ([I]), relates it to the in vitro K;, and assesses
the interaction as “likely” ([I]/K; >1.0), “possible” ([I]/K; =
0.1 to 1.0), or “remote” ([1]/K; <0.1) [1]. Unfortunately, hav-
ing taken great care to generate high quality in vitro data,
one is forced to estimate the inhibitor concentration at the
enzyme. Such estimates are often erroneous in the absence of
clinical drug interaction data [8, 9, 11, 13]. Alternatively, it
is possible to simply rank the in vitro K;s in order of potency
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(lowest K; to highest K;) [15]. The CYP form with the lowest
K; is evaluated first clinically, so that the in vitro data enable
the prioritization of clinical studies only. Such an approach is
gaining greater acceptance, as sponsors try to facilitate deci-
sion making.

At the same time, PARMA (The Pharmaceutical Research
and Manufacturers of America) has proposed a clinically-
based classification system for inhibitors of CYP3A4. Inhibi-
tors are classified based on their impact on midazolam
pharmacokinetics. Specifically, the increase in the area under
the plasma concentration-time curve (AUC) for oral midazo-
lam reported as a geometric mean ratio or “GMR” (versus
placebo). The NCE is classified as “weak” (AUC GMR >
1.25 to <2.0), “moderate” (AUC GMR 22.0 to 4.9), or
“strong” (AUC GMR >5.0) inhibitor [1]. A “none inhibitor”
classification is assigned when the 90% confidence interval
about the GMR falls entirely within with range 0.8 to 1.25.
Recently, the US Food and Drug Administration has ex-
panded the classification system to include other forms of
CYP [16].

For brevity, the present discussion will focus on four
CYP forms only (CYP3A4, CYP2D6, CYP1A2, and
CYP2C9). It is proposed that the clinical classification sys-
tem can be combined with the rank order approach and, with
additional refinement, the combined strategy can form the
basis of a roadmap that enables decision making within an
industrial and regulatory setting. Although the discussion is
focused on reversible inhibitors, mechanism-based inhibi-
tors, substrates and inducers of CYP are discussed briefly.

CHOOSING THE APPROPRIATE CYP PROBE
DRUGS

In order for a classification system to work, the appropri-
ate probe drugs have to be chosen for each CYP form. The
choice of probe will depend upon a number of factors such
as safety, the ecase of analysis (e.g., parent drug in plasma),
pharmacokinetics and sensitivity to the effects of CYP in-
hibitors. Sensitivity will depend on the fraction metabolized
by the inhibited CYP in question (fi, cyp), which is the prod-

©2007 Bentham Science Publishers Ltd.



32 Drug Metabolism Letters, 2007, Vol. 1, No. 1

uct of f,, and fcyp [10,17-20,21]. The former represents the
fraction metabolized by all CYPs and the latter is the fraction
of total CYP-dependent metabolism catalyzed by the indi-
vidual (target) CYP. Pharmacokinetic models indicate that
the most appropriate oral CYP probes are well absorbed,
extensively metabolized by the target CYP (fcyp = 0.7;
<5% of the dose recovered unchanged or as non-CYP me-
tabolites), exhibit linear pharmacokinetics, and provide the
best dynamic range with respect to changes in parent AUC.
Such a dynamic range allows one to resolve “weak” from
“moderate” and “moderate” from “strong” inhibitors [10,17-
20,21]. In this regard, drugs such as midazolam (CYP3A4),
(S)-warfarin (CYP2C9), theophylline (CYP1A2), and de-
sipramine (CYP2D6) can serve as clinical probes (Table 1).
In vitro reaction phenotype data show that these drugs are
metabolized by one major CYP form, which has been cor-
roborated clinically with potent inhibitors [17-20]. For some
of the drugs (e.g., (S)-warfarin and desipramine) their CYP
selectivity has been confirmed with genotyped subjects [21].
More importantly, these same CYP form-selective substrates
can be used with human liver microsomes. This allows better
integration of in vitro K; data and clinical data.

As described in Table 1, ketoconazole and mibefradil can
be classified as strong inhibitors of CYP3A4 based on their
effect on midazolam AUC, while fluconazole and diltiazem
are moderate inhibitors. Fentanyl and roxithromycin do not
impact midazolam AUC and are both classified as weak in-
hibitors [1]. Similarly, with theophylline as probe, zafirlukast
is classified as a strong inhibitor of CYP1A2 [22], zileuton
and fluvoxamine as moderate inhibitors [23, 24], and dilti-
azem as a weak inhibitor of the enzyme [25]. Employing
desipramine as probe, both quinidine and fluoxetine are classi-
fied as strong inhibitors of CYP2D6 [26, 27]. Duloxetine and
cimetidine are classified as moderate and weak inhibitors
of CYP2D6, respectively [28, 29]. Likewise, miconazole
(strong), fluconazole (moderate), fluvastatin and metronida-
zole (weak) are differentially classified as inhibitors of
CYP2C9 using (S)-warfarin [19, 30-32].
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ILLUSTRATION OF STRATEGY (CYP INHIBITION)

For the sake of discussion, a hypothetical example
is shown in Fig. (1). The NCE in question has been evalu-
ated as an inhibitor of CYP3A4, CYP2C9, CYP2D6 and
CYP1A2 in vitro using human liver microsomes (CYP form-
selective substrates) and the K; values have been determined.
Time-dependent (mechanism-based) inhibition (MBI) has
been ruled out. In addition, the compound is not an inducer
of CYPs in human primary hepatocytes, so it is anticipated
that induction will not confound interpretation of the clinical
data. All in vitro assays have been performed under linear
conditions (time of incubation and protein concentration)
using robust and sensitive analytical methods. Such methods
allow one to use a low concentration of microsomal protein
(e.g., < 0.1 mg/mL) and reduce (differential) non-specific
binding across different CYP assays. This is important be-
cause one needs to minimize the impact of non-specific
binding on the ranking of K;s.

In the example, the compound is an inhibitor of CYP3A4
(Ki =1 uM), CYP2C9 (K; =10 uM), CYP1A2 and CYP2D6
(K; > 50 uM). At this moment, the K;s are ranked in order of
potency (CYP3A4> CYP2C9 > CYP1A2 = CYP2D6) and
this governs the first clinical drug interaction study. If K;s
are not available, then the ICs, for each CYP is determined at
a fixed concentration of substrate (e.g., ~K,,) and the values
are also ranked in order of potency. In all cases, no attempt is
made to predict the [I]/K; ratio for each CYP. Because the in
vitro potency is highest for CYP3A4, an oral midazolam
study is conducted first with the appropriate dose of the
NCE. Dose selection would be based on existing clinical
(multiple dose) data.

Upon completion of the midazolam study, the compound
is classified as a “none”, “weak”, “moderate” or “strong”
inhibitor of CYP3A4 (Table 1). If the NCE is classified as a
“strong” inhibitor then its development would have to be
terminated, or evaluated critically in terms of medical need
(Fig. 1). A decision not to terminate would mean that the

Table 1. Classification of Weak, Moderate and Strong Inhibitors of CYP

AUC GMR®
Probe Drug fucve’
(Target CYP) >1.25t0<2.0 22.0to4.9 25.0
(“Weak”) (“Moderate”) (“Strong”)
Midazolam >0.7 Fentanyl (1.4) Fluconazole (3.0) Ketoconazole (8.7)
(CYP3A4) Roxithromycin (1.5) Diltiazem (3.7) Mibefradil (8.9)
Theophylline >0.7 Diltiazem (1.3) Zileuton (2.0) Zafirlukast (7.0)
(CYP1A2) Fluvoxamine (3.3)

Desipramine >0.7 Cimetidine (1.6) Duloxetine (2.9) Quinidine (6.7)
(CYP2D6) Fluoxetine (10)
(S)-Warfarin 20.7 Fluvastatin (1.3) Fluconazole (2.0) Miconazole (5.0)

(CYP2C9) Metronidazole (1.6)

“Fraction (probe drug) metabolized by the target CYP; f,, cyp is the product of the fraction metabolized by all CYPs (f,,) and the fraction of total CYP-dependent metabolism cata-
lyzed by the individual (target) CYP (fcyp). For the four probe drugs described, only a small fraction of the dose is recovered unchanged (<5%) and metabolism via CYPs is exten-

sive (fy, ~1.0).

"Area under the plasma concentration-time curve (AUC) geometric mean ratio (GMR) for the probe drug in the presence of inhibitor drug (versus placebo). Example inhibitor drugs
have been taken from the literature and are shown (GMR in parentheses) [1, 19, 22-28, 30-32]. Inhibitors are considered to have “no effect” on the CYP in question if the 90%

confidence intervals about the GMR fall entirely within the range 0.8 to 1.25.
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CYP with the next highest K; (CYP2C9) is evaluated clini-
cally. With the data from the two clinical drug interaction
studies it would be possible to determine if potent inhibition
is limited to CYP3A4 only. Classification of the NCE as a
“weak” or “none” inhibitor of CYP3A4 would preclude ad-
ditional CYP probe studies, because the “worst case” K; had
been evaluated and midazolam is a sensitive CYP3A4 probe.
Classification as a “moderate” inhibitor of CYP3A4 might
also warrant a follow up study with (S§)-warfarin.

In turn, the effect of the compound on the AUC of (S5)-
warfarin governs the next steps (Fig. 1). For example, a de-
sipramine or theophylline study would be conducted if the
compound was a strong or moderate inhibitor of CYP2C9.
Obviously, the development of any new chemical entity
classified as a strong inhibitor of CYP3A4, CYP2C9 and
CYP2D6 would have to be questioned. On the other hand, if
the NCE is classified as a none or weak inhibitor of
CYP2C9, then there would be no need to assess additional
CYP forms clinically.

The approach described above can be applied to NCEs
with different in vitro profiles. For example, if the different
K values are similar (within 2-fold), and the CYPs cannot be
resolved, then any one of the four CYPs can be evaluated
first clinically. Because quantitative predictions are difficult,
it may be prudent also to conduct at least one CYP probe
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study for an NCE that is a weak reversible inhibitor (e.g., K;
> 50 uM; ICsp > 100 uM). In this instance, an oral midazo-
lam study can be conducted as a default, because this covers
inhibition of both gut and liver CYP3A4. NCEs that exhibit
relatively weak reversible inhibition of CYPs in vitro should
be evaluated for MBI also. If MBI is observed, then the dif-
ferent CYP forms can be ranked (highest to lowest) on the
basis of their kin,/K; ratio. By analogy with in vitro K; rank-
ing, it follows that the CYP form with the highest kiy./Ki
ratio is evaluated first clinically (Fig. 1).

WHAT ABOUT CYP SUBSTRATES ?

In the case of a substrate, the contribution of each indi-
vidual CYP to total CYP-dependent metabolism (fcyp) can
be determined in vitro using standard reaction phenotyping
approaches [1, 21]. Therefore, the fcyp values can be ranked
(highest to lowest) and the CYP form with the highest fcyp is
evaluated first clinically. For example, if CYP3A4 contrib-
utes greatly to total CYP-dependent metabolism in vitro
(fcypsas > 0.6), then a clinical study with ketoconazole is
conducted first. Ketoconazole is a potent CYP3A4 inhibitor
and has been used clinically [1, 33, 34]. Here one would re-
port the result as an increase in AUC (GMR versus placebo)
also. The NCE would be classified as a “none substrate” if
the 90% confidence interval about the GMR fell entirely
within with range 0.8 to 1.25. The contribution of CYP3A4

Determine in vitro K, for
each CYP (examples shown)

CYP3A4
(1.0 uM)

CYP2D6
(>50 um)

CYP1A2
(>50 uM)

CYP2C9
(10 ™)

CYP with lowest K,
evaluated first clinically

Y

| Midazolam |

| (S)-Warfarin I | Desipramine l | Theophylline

Classify NCE as strong (S),
moderate (M), weak (W), or
none (N) inhibitor

* No additional mechanistic interaction studies needed (clinical
data override or “trump” in vitro data).

+* Rationalize weak interaction retrospectively (e.g., consider free
fraction, etc).

B
By
By
fi
]
z

-
Séi??{g:ﬁtlon governs < * Evaluate CYP with next highest K;{e.g., CYP2C9). sspusssssssssnssnnssunnss®
+ Consider additional CYP3A4 substrates (f, cyp < 0.7).

* No go (terminate development of compound) or evaluate critically
_ in light of medical need, etc.

Fig. (1). Evaluation of a new chemical entity (NCE) as a human CYP inhibitor. /n vitro K;s for the different CYP forms are ranked in order
of potency. The CYP with the lowest K; is evaluated first (CYP3A4 shown) and a clinical study with the appropriate probe (midazolam) is
conducted. The NCE is classified as a “none”, “weak”, “moderate” or “strong” inhibitor. This classification governs the next steps. A similar
decision tree is possible for mechanism-based inhibitors of different CYP forms. In this instance, the CYP forms can be ranked in order of

kinae/K ratio (highest to lowest) and the one with the highest ratio is evaluated first clinically.
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towards the overall clearance of the NCE would be classified
as “low” (e.g., AUC GMR 21.25 to <2.0), “intermediate”
(e.g., AUC GMR >2.0 to 4.9), or “extensive” (e.g., AUC
GMR >5.0) and a decision tree similar to that described in
Fig. (1) could be set up. Additional factors, such as the
NCE’s therapeutic index, would be taken into account during
the decision making process.

Clinical studies with inhibitors of other CYPs, like
CYP2D6 (paroxetine) or CYP2C9 (fluconazole), can be con-
ducted also if the corresponding fcyp values are highest in
vitro [33]. For CYPs like CYP2C19, CYP2C9, CYP2D6,
CYP3AS5, and CYP2B6, one can also dose the NCE in ques-
tion to subjects that have been genotyped for different al-
leles, or phenotyped as “poor metabolizers” or “extensive
metabolizers” [21].

In reality, the two step strategy described above can be
implemented in one of three ways. The first involves a fol-
low up clinical study and classification of the compound “at
risk” in the absence of any human data related to f,,. Al-
though this enables rapid classification of the NCE, it is pos-
sible that in some instances one ends up with discordant
data. For example, if fcypsaq is high in vitro (>0.6), and the
compound is classified as a none CYP3A4 substrate, then
one would have to assess the contribution of additional
CYPs, excretion of unchanged parent drug (renal and bil-
iary), and other metabolic (non-CYP) pathways involving
conjugation or non-microsomal oxidations (see below).

The second approach involves initial estimates of fi,
based on data from a single dose (non-radiolabel) Phase I
study; it is possible to profile urine and look for unchanged
parent drug following a non-radiolabel dose. If the majority
of the dose (e.g., >80%) is recovered unchanged in urine,
then the inhibition of CYP would not be clinically relevant
when renal function is normal. In this instance, the in vitro
reaction phenotype data would have to be assessed in light of
alow fi, (<0.2) prior to any clinical drug interaction study.

Alternatively, a human radiolabel study would be con-
ducted early in a clinical program and the results integrated
with in vitro reaction phenotype data before conducting any
clinical study with a CYP inhibitor. This would enable more
accurate estimates of f, if the majority of the radiolabel (as
parent, CYP and non-CYP metabolites) was recovered in the
urine. If a considerable fraction of the dose is recovered in
the feces, poor absorption of parent and biliary secretion of
drug-related material would complicate the interpretation of
fecal metabolic profiles and estimates of f,,. This would war-
rant the harvesting and profiling of human bile.

WHAT ABOUT CYP INDUCERS ?

Induction of human CYPs can be assessed in vitro with
primary cultures of hepatocytes [1, 35]. Therefore, it is pos-
sible to obtain a dose response curve for each inducible CYP
(e.g., CYP1A2, CYP3A4 and CYP2B6), fit the data, and
determine ECs, (concentration of NCE that gives 50% of the
maximal response) and the E,,, (maximal response) [35].
The En.x/ECsg ratio for each CYP is then ranked (highest to
lowest), and the CYP with the highest ratio is evaluated first
clinically. For example, if the ratio is highest for CYP3A4
then one would conduct a follow up clinical study with oral
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midizolam. By analogy with inhibitors (Fig. 1), the classifi-
cation of the NCE as a “none inducer” (AUC GMR 0.8 to
1.25), “weak inducer” (e.g., AUC GMR 0.8 to 0.6), “moder-
ate inducer” (e.g., AUC GMR <0.6 to 0.4), or “strong in-
ducer” (e.g., AUC GMR <0.4) of CYP3A4 would determine
the next steps if the induction of additional CYP forms was
observed in vitro.

CONCLUSIONS

A relatively simple strategy has been proposed that com-
bines ranking of in vitro K;s with a clinically-based classifi-
cation system for CYP inhibitors. The latter employs com-
monly used and widely accepted probe drugs, like mida-
zolam (CYP3A4), theophylline (CYP1A2), (S)-warfarin,
(CYP2C9) and desipramine (CYP2D6), and can be expanded
to include additional CYP forms if needed (e.g., CYP2CS,
CYP2B6 and CYP2C19). Within an industrial and regulatory
setting, the combined strategy has the potential to enable
decision making once in vitro K; data become available.
With additional refinements and validation, the approach
could be expanded to include mechanism-based inhibitors,
inducers and substrates of the different CYPs.

For such a strategy to be implemented, some challenges
remain. For example, when reporting AUC as a GMR, what
if the 90% confidence intervals fall either side of a classifica-
tion boundary (e.g., “weak” versus “moderate’ or ‘moderate’
versus “strong”) ? How would this impact the classification
of a compound ? Additionally, the list of preferred clinical
probes would have to be shortened considerably [1], so that
there was only one preferred probe for each form of CYP
and a more standardized study protocol (e.g., dose of probe
drug, NCE dose regimen, subject group size). In the long
run, such standardization would greatly simplify on-line drug
interaction databases, it would facilitate the comparison of
different drugs, and enable in vitro-in vivo correlations with
greater numbers of compounds.

There is no doubt that progress with CYP inhibitors, in-
ducers and substrates is needed, so that the strategy can be
expanded to include newer probe drugs for non-CYP en-
zymes and drug transporters. Given the rapid progress in
these areas, it is already apparent that selective clinical
probes are needed as follow up to in vitro studies [36-42].
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