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Abstract: Tyrosine kinase inhibitors (TKIs) are small pharmacologically active molecules, which are
administered orally at fixed doses to combat tumor cells. Although oral administration is advantageous, the
variability of exposure is important for drug efficacy. Hence, the impact of individual CYP3A activity as one
of the most important enzymes regulating exposure is important to know. To assess the relevance of CYP3A%s
contribution to the clearance of TKIs, 31 TKI European public assessment reports (EPAR) were evaluated.
AUC ratios (AUCR) from drug-drug interactions studies with ketoconazole (strong CYP3A inhibitor) and
rifampicin (strong CYP3A inducer) were calculated and a significant linear regression was found between
both AUCRs (1°=0.6951) after nonlinear regression analysis of the log transformed data. In general,
if CYP3A contributes to more than 50% to the overall clearance, dose adaptations should be applied.
Phenotyping CYP3A by midazolam microdosing might be an applicable option in future to adjust the TKI
dose to the individual CYP3A activity, which should then be validated by therapeutic drug monitoring (TDM)

to achieve optimal—efficacious but non-toxic—drug concentrations.
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Introduction the clinical outcome. The most important pharmacokinetic

parameter determining drug exposure is drug clearance

Tyrosine kinase inhibitors (TKIs) are small molecules which (drug elimination), because a given drug dose divided

elicit their effects on tumor (aberrant) cells by entering these by the drug’s clearance results in drug exposure (AUC).

and then inhibiting tyrosine kinase (enzymatic) functions. The higher the clearance, the lower the exposure. Any

“ o . .
The small molecules often inhibit multiple enzymatic interindividual variability in drug clearance therefore results

sites, have a broad spectrum of target kinases, and tend to in variable drug exposure and this consequently modulates

be substrates of hepatic CYPs with a terminal elimination the pharmacological response.

half-life of 12-24 hours, and thus require daily oral
administration” (1). This sentence from Chapter 62 of the

“Goodman & Gilman’s” indirectly indicates that there might CYP3A elimination

be some issues concerning the right drug exposure. For Most of today’s available drugs are eliminated by members
most drugs, exposure [area under the plasma concentration of the CYP3A isozyme subfamily (2). Between subject
time curve (AUC)] is related to a drug receptor interaction variability in drug clearance and hence exposure can be
which in turn elicits the pharmacological effects influencing quite large and even more variable, if drug-drug interactions
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interfere with a drug’s clearance. CYP3A activity can be
modulated by co-medication over a 400-fold range either
by inducing isozyme expression or inhibiting expressed
enzymes (3). Therefore, dose adaptation seems to be the
logical consequence to ensure optimal drug exposure and
thereby drug efficacy in each patient. For some drugs with
narrow therapeutic index a therapeutic drug monitoring
(TDM) to optimise drug efficacy or reduce drug toxicity
is already established. Another approach, mainly used by
researchers (4), is to assess the activity of CYP-enzymes with
endogenous substrates or probe drugs like midazolam or
omeprazole. However, no routine testing of CYP3A activity
has been established until today. In drug development all
regulatory agencies recommend the thorough investigation
of a compound’s potential to be a victim or a perpetrator of
CYP (cytochrome P450) enzyme or transporter mediated
drug-drug interactions (5,6). However, once a new drug
is available on the market, almost no measures are taken
to individualise dosing. Instead, some combinations are
contraindicated, but for other combinations where a
dose adaptation could be used to reduce toxicity risk or
enhance efficacy, a simple advice of “Exercise caution with
concomitant use of moderate CYP3A inhibitors” is given.

TKis

Just recently an excellent and elaborate review on the
pharmacokinetics of the TKIs has been published where
the major factors responsible for the large interindividual
variability in exposure of TKIs are discussed (7). Small
molecules like TKIs are administered orally which is a
huge advantage for patients as they can take the drug on a
regular basis at home. Oral administration, however, can
be associated with the risk of high first-pass metabolism
resulting in much higher doses to be administered in
order to ensure the required systemic exposure. This
high first-pass metabolism is mainly caused by CYP3A.
To highlight the possible consequences, a theoretical
example might explain the underlying problems. A drug
is administered orally and its absorption is assumed to be
complete (100%). The fraction of the dose, which reaches
the systemic circulation as parent drug is the bioavailability
(F=20%). Hence, the first-pass clearance eliminates
80% of the parent drug, which in this example is assumed
to be mediated by CYP3A. Therefore, the individual
bioavailability of this drug is inversely proportional to the
CYP3A activity. It is therefore possible that bioavailability
ranges from 5% to 50% between individuals, resulting
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in a 10-fold variability of exposure when the same dose is
administered. This variability can be even higher if drug
interactions occur, inducing or inhibiting CYP3A mediated
metabolism. This example clearly shows that we need to
know the contribution of CYP3A to the overall clearance
of the TKIs. An attempt has already been made (8) and
by looking at Table 2, for all but one of the 15 TKIs listed
a major contribution of CYP3A was declared, suggesting
a strong dependency of drug clearance from CYP3A.
However, further clearance mechanisms are not listed. In
order to evaluate the importance and relevance of CYP3A
for the clearance of the TKIs and hence their drug exposure
to patients, all available European public assessment reports
(EPAR) (9-20) of 31 TKIs (21-39) were evaluated regarding
the clinical pharmacology data with special focus on
clearance (6).

Mass balance of TKis

As a first measure to evaluate clearance, the substances’
route of elimination was assessed. Mass balance studies
using radioactive labelled material have been carried out
for most of the TKIs and sampling of faeces and urine was
performed. To evaluate the total drug clearance in relation
to the CYP3A contribution, the first important parameter
to know is the fraction of the dose absorbed (f,;,). Either
this was listed in the EPARs, or it was calculated by adding
the amount of drug excreted in urine (which must have
been absorbed) to the proportion of metabolites analysed
in faeces. However, when parent drug was detected in
faeces, it could either be an unabsorbed fraction of the
administered dose or an unchanged excreted fraction of the
drug via bile into faeces after absorption. Consequently,
there is some uncertainty about the faecal excretion of
parent drug after oral administration. In fact, the calculated
and listed f,;, represent the minimal absorbed fraction
after oral administration. Of the 31 TKIs, only half are
absorbed by at least 50% of the orally administered dose
(Figure I). For dabrafenib, nintedanib, sunitinib, trametinib,
and vandetanib, the EPARs do not provide any detailed data
on the amounts of parent drug and metabolites excreted
in faeces. Secondly, the absolute bioavailability is another
important parameter, which has been investigated for 21
of 31 TKIs (11 of them showing less than 50% absolute
bioavailability). For substances, which are highly absorbed,
but show a low absolute bioavailability, a substantial first-
pass metabolism can be anticipated. On the other hand,
TKIs with a high bioavailability (>70%, dabrafinib,
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Figure 1 The fraction absorbed (f,;,) for the 31 TKIs, data
extracted or calculated from EPAR documents. The light green
bars represent the minimal fabs since no data on parent drug and
metabolites excreted in faeces are given. TKIs, tyrosine kinase

inhibitors; EPAR, European public assessment reports.
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Figure 2 Absolute bioavailability of 21 TKIs, data extracted from
the EPAR documents. Grey bars are used for F>50%, blue bars
for F<50%. For comparison, fabs data are included for all 31
TKIs. TKIs, tyrosine kinase inhibitors; EPAR, European public

assessment reports.
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imatinib, regorafenib, ruxolitinib, and trametinib) are not
expected to have a substantial contribution of CYP3A
to their elimination in the first place, since less first-pass
metabolism is observed. Apart from CYP3A being involved
in first-pass metabolism, it also contributes to intrinsic

clearance. If other pathways do not play an important role
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in drug elimination, even drugs with a high bioavailability
can undergo CYP3A metabolism for drug elimination.
All known bioavailability data are shown in Figure 2 in
relation to f,.. From the fraction absorbed and the absolute
bioavailability data there is no prediction about the
clearance mechanisms involved possible. However, if the
drug is highly absorbed, but has a low bioavailability due to
a high first-pass metabolism, there is some likelihood that
CYP3A is involved. The most likely candidate TKIs would
be bosutinib and dasatinib (Figure 2) with f, of at least
70% (dasatinib) and 55% (bosutinib) and a bioavailability of
34% (both).

TKis prone to CYP3A metabolism

As an example, a closer look at bosutinib and dasatinib
is taken. Extensive iz vitro studies have been carried out
with bosutinib (15). CYP3A4 is the predominant enzyme
capable of bosutinib metabolism whereas CYP1A2, 2A6,
2B6, 2C8, 2C9, 2C19, 2D6, 2E1, or 3A5 did not metabolise
bosutinib. There is quite a poor description of the
metabolism of dasatinib in the EPAR (21). Based on iz vitro
data, it was claimed that CYP3A4 appears to play a major
role in dasatinib metabolism. However, dasatinib is also
able to inhibit the activities of CYP2C8 (K=3.6 pM) and
CYP3A4 (Ki=1.9 pM), the latter one being time dependent.
At concentration 10-fold higher than C,,,, dasatinib did
not induce CYP3A4, 1A2, 2B6, 2C9, and 3A4 in primary
cultures of human hepatocytes. For both TKIs data are
inconclusive regarding their clearance processes.

Drug-drug interaction studies

To gain further inside into the role of CYP3A in the
metabolism of TKIs, results of drug-drug interaction studies
can be used. These studies are mostly part of the drug
development programme and the FDA clearly states (5):
“The objective of drug-drug interaction studies is to determine
whether potential interactions between the investigational drug
and other drugs exist and, if so, whether the potential for such
interactions indicates the need for dosage adjustments, additional
therapeutic monitoring, a contraindication to concomitant use, or
other measures to mitigate risk.” In addition, the identification
of the major routes of elimination, the relative contribution
of enzymes and drug transporters to drug disposition should
be carried out. If all iz vitro studies have been performed
to assess whether a drug is a substrate, inhibitor, or inducer
of metabolising enzymes, studies with strong inhibitors
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Figure 3 AUC ratio (AUCR) for all TKIs where interaction
studies with ketoconazole (red) and rifampicin (grey) were carried
out. AUCR =1, no interaction; AUCR >1, inhibition; AUCR <1

induction. TKIs, tyrosine kinase inhibitors.
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Figure 4 Relationship between the log transformed AUC ratio
(AUCR) of ketoconazole (>1) and rifampicin (<1). A least squares
analysis has been performed showing the resulting line with the

95% confidence intervals.

and inducers should be carried out to provide a sensitive
assessment of the interaction potential. Therefore, if the
contribution of CYP3A to the overall elimination of a drug
accounts for >25% of the clearance, drug interaction studies
with a strong CYP3A inhibitor (i.e., ketoconazole) and
strong CYP3A inducer (i.e., rifampicin) must be carried out.
Most of the TKIs have been investigated using ketoconazole
and rifampicin. As an index for the degree of inhibition the
ratio of AUC with and without perpetrator (AUCR) is used.
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AUCR data from 17 TKIs with both ketoconazole and
rifampicin are presented in Figure 3. The highest AUCR
during ketoconazole was 25 for ibrutinib, the strongest
induction by rifampicin was observed for bosutinib
(AUCR =0.06). To evaluate a possible relationship between
AUCR ketoconazole and AUCR rifampicin a nonlinear
regression analysis was performed with the log transformed
data of the 17 TKIs available. There was a significant
linear regression between both AUCRs (r’=0.6951)
(Figure 4), which is not surprising since ketoconazole
is a strong inhibitor of CYP3A and rifampicin a strong
inducer of CYP3A although other effects might be present
additionally. Therefore, if CYP3A is a major contributor
of a drugs clearance a high AUCR for ketoconazole and
a low AUCR for rifampicin is expected. Of course this
relationship can be weakened by other mechanisms.
Besides being a strong inhibitor (AUCR >5) of CYP3A,
ketoconazole is a weak inhibitor (AUCR >1.25 but <2)
of CYP2C19, CYP2C8, and an inhibitor of the drug
transporter P-gp (5). Rifampicin on the other hand is
a strong inducer (AUCR <0.2) of CYP3A, a moderate
inducer (0.2< AUCR <0.5) of CYP2B6, CYP2C8, CYP2C9,
CYP2C19. It induces the drug transporter P-gp, but also
inhibits OAPT1B1 and OATP1B3 (5).

TKIs less prone to CYP3A metabolism

Concerning CYP3A involvement in TKI metabolism, there
is clearly an overestimation in published literature, which
might have been adopted by some clinicians. Sunitinib
might serve as an example. Data extracted from the
sunitinib EPAR (35) show that 16% of the dose is excreted
via urine and 61% via faeces. The study referred to in
the EPAR document reveals that 77% is excreted within
3 weeks after sunitinib administration; however that major
portion was excreted during the first 7 days (40). Faecal
excretion accounts for 48.2% with 25% of the sunitinib
dose being the active metabolite SU012662, followed by the
parent drug 13.6%. In urine, similar amounts of sunitinib
and SU012662 (6.4% and 6.9%) are found. Improved
survival and increased toxicity have been associated with
increased exposure to sunitinib (41,42). Depending on the
indication patients usually receive a fixed dose of either
37.5 or 50 mg sunitinib once daily. An average sunitinib
clearance of about 600 mL/min has been reported by
various sources (35,43), dose adjusted trough concentration
varied 8-fold for sunitinib and 18-fold for the active
metabolite SU012662 (43). “Sunitinib is metabolised primarily
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by the cytochrome P450 enzyme, CYP3A4, to produce its primary
active metabolite, which is further metabolised by CYP3A4”
which is a quotation of the prescribing information of
Sutent (44). This has led to several studies evaluating
the value of CYP3A activity or the influence of
pharmacogenetics on sunitinib exposure. A cohort of
solid tumor patients (n=52) starting with sunitinib was
phenotyped before and during the treatment course for
CYP3A and ABCB1 (P-Glycoprotein) using midazolam and
#"Te-MIBI (methoxy-isobutyl-isonitrile) (43). Although
there was a correlation between midazolam metabolic ratio
and sunitinib pharmacokinetics, it was not sufficient to
be useful for a clinical dosing strategy of sunitinib. This
is in contrast to an earlier publication, where the authors
concluded from a small sample size of 13 patients that
midazolam and sunitinib exposure are highly correlated and
therefore a large proportion of the observed interpatient
variability of sunitinib exposure could be explained by
CYP3A variability (45). However, looking at the data
provided in the figures, variability of sunitinib (plus its
metabolite) was only 2-fold and midazolam variability
was 2.5-fold (45). Analysing the drug interaction data
available for sunitinib, it must be concluded that sunitinib
clearance mechanisms are not yet well understood. The
strong CYP3A inhibitor ketoconazole results in an AUCR
of 1.51 (35), grapefruit juice as a selective CYP3A inhibitor
in the GI-tract showed an AUCR of 1.11 (46), induction
of CYP3A by rifampicin caused an AUCR of 0.54 (35).
In terms of clearance, ketoconazole will reduce sunitinib
clearance from 600 to 400 mL/min and rifampicin will
increase clearance to 1,200 mL/min. Knowing that
ketoconazole is able to reduce at least 80% of CYP3A
activity (47), there is still sufficient clearance available
to eliminate sunitinib probably mediated by other still
unknown mechanisms.

Future perspectives

For most of the TKIs a fixed dose is used for every
patient. Almost no dose recommendations or rules
for dose adaptations are given. With respect to drug-
drug interactions, TKIs are not listed as drugs or drug
classes being prone to life-threatening drug-drug
interactions (48). We need to develop indices that will help
us to decide when and how to modify the recommended
dosing scheme of TKIs. TDM can of course be very
helpful in adjusting the dose to achieve the required
concentrations. There have been methods developed,
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where numerous TKIs can be quantified with the same
analytical method, thereby facilitating an easy and reliable
way to ensure timely drug quantifications (49). Apparently,
only a few centres have established TDM for TKI dose
optimisation (49). Another possibility might be the use of
phenotyping to assess the activity of the principle enzyme(s)
involved in metabolism. In order to use phenotyping, it is a
prerequisite to have information on the fraction absorbed,
the clearance mechanisms involved in elimination, and their
relative contribution to the overall clearance. It should be
an absolute requirement for drug companies to provide
these data to the regulatory agencies. With this knowledge,
it will be possible in future to use a probe drug cocktail to
assess the individual enzyme and transporter activities at
any time necessary. If microdoses are used, the patient is not
burdened with drugs and would not suffer from side effects
of the probe drugs. This has already been established for
midazolam as a probe drug for CYP3A activity (4,50,51);
even with a limited sampling strategy involved (52).

Lesson to be learned

If drugs show a relationship between plasma exposure and
drug efficacy and/or toxicity clearance pathways must be
examined to evaluate the relative contribution of CYP3A
to the overall clearance. If CYP3A accounts for less than
25% of total clearance, there is a high probability that no
dose adaptation due to CYP3A mediated drug interactions
will be necessary. If CYP3A contributes to 50% or more to
overall clearance, phenotyping might be applicable in future
to adjust the dose to the individual activity and be then
validated by TDM.
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