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Drug–drug interactions in the early drug development
In the preliminary stages of drug development, assessing the drug candidate metabolic behavior and its drug–drug
interactions (DDIs) potential in humans is mandatory. The US FDA preconizes the evaluation of the drug candidate
as substrate, inhibitor and inducer of the human metabolizing enzymes [1]. CYP450 enzymes are responsible for
the metabolism of approximately 75% of market drugs and most of other xenobiotics [2]. Xenobiotics may change
CYP450 enzyme action, either by decreasing (inhibition) or by increasing (induction) its activity, which may
directly impact the levels of therapeutic agents in the human body and thus compromising effectiveness of the
treatment [3–7]. This phenomenon may cause severe outcomes as the loss of desired effect or trigger of adverse effects
when drugs are coadministrated [4,7]. CYP450 inhibition or induction may represent a greater risk for drugs with
narrow therapeutic window, once minor changes in their concentration can enhance toxic effects or result in loss
of the drug effect.

Nowadays, DDIs are the major cause of drug withdrawal from clinical studies or even from the market [2]. To
avoid this failure, the preliminary knowledge of risk interaction from a drug candidate in the early stages of the drug
development is essential [4,6]. The FDA recommends DDI assays for the major human hepatic CYP450 isoforms,
as follows: 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4 [1]. However, it is also recommended to assess DDIs of other
CYP450 isoforms, which may be involved in drug metabolism (2A6, 2E1, 2J2 and others) [4]. For in vitro DDI
assays, human liver microsomes (HLM) model is highly employed and the FDA preconizes selective and specific
probe substrates for evaluation of each human CYP450 isoform [1]. HLMs are an useful in vitro model for early
estimation and prediction of the DDIs potential of the drug candidate [2]. In in vitro studies, the probe substrate and
the drug candidate are incubated with HLMs or other model and the enzymatic activity of each CYP450 isoform is
determined by monitoring the formation of the respective metabolite (marker). The FDA recommends that DDI
methods must be validated employing selective chemical inhibitors for each CYP450 isoform [1]. Although the in
vitro models provide important information of DDIs potential, this approach do not dismiss the need to carry out
in vivo assays. In more advanced stages of drug development, DDI in vivo studies are performed by administration
of the probe substrate and the drug candidate to subjects, followed by analysis of human plasma or urine samples
for quantification of the respective marker [8].

Probe cocktail approach & its challenges
Traditionally, DDI studies have been performed by evaluating individually each CYP450 isoform [9]. Although
these studies have been providing reliable information, assessing each CYP450 isoform individually has some
disadvantages such as the great number of samples, time consuming, labor intense and cost-ineffective [4]. As
an alternative, DDI studies employing probe cocktail substrates, also known as ‘n-in-one’ studies, have been
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reported [10]. The cocktail method is performed by incubating simultaneously several probe substrates. Since one
can evaluate all the CYP isoforms or the most of them, this methodology has led to faster and less expensive analysis
and thus increasing the efficiency of the DDI studies [3]. However, some challenges employing probe substrate
cocktail must be addressed and discussed: "what about the selectivity and specificity of the probe substrate for each
CYP450 isoform?" "Are there interactions among the probe substrates?" and "are the analytical methods selective
and sensitive enough to analyze all the substrates and metabolites simultaneously?"

The selection of a specific probe substrate for each CYP450 isoforms is important because multiple enzymes
may be involved in the metabolism of a xenobiotic [2]. The probe substrate must be selected according to regulatory
agencies recommendations, highly specific CYP450 reaction markers and low interaction potential with other probe
substrates [3]. The FDA recommends a list of probe substrates which may be used to evaluate each CYP450 isoform
activity through specific metabolism reactions [11]. The specificity and interaction potential of a probe substrate
may be related to its concentration. Obtaining a single incubation condition for all probe substrates has been the
major issue to implement cocktail probe approaches due to turnover differences among probe substrates [3,12]. For
low-turnover substrates, higher concentrations are necessary along with high protein concentration and incubation
time [3]. This feature indirectly increases the potential of DDIs among the probe substrates and also promotes a
disadvantage for high-turnover substrates, respectively [3]. To overcome that, some studies have been reporting the
separation of the probe substrates into different cocktail incubations [12]. On the other hand, the development of
highly selective and sensitive analytical methods has been overcoming these challenges [7].

It is important to highlight that highly selective and sensitive analytical techniques are fundamental to perform
DDI studies employing the probe substrate cocktail approach. Prior to the analysis, it is necessary to preparesamples
to make them compatible with the analytical technique and to achieve better limits of quantification (clean-up and
preconcentration). Overall, sample preparation techniques most commonly employed in probe cocktail assays are
protein precipitation [2–4,6,13], liquid–liquid extraction [14,15], and solid-phase extraction [9].

Among the separation techniques, almost all the studies have employed liquid chromatography analysis [2–9,12].
There are only two articles relating other separation techniques, one employing gas chromatography [14] and one
employing supercritical fluid chromatography [13]. Advances in liquid chromatography observed in recent years have
also enabled the development of methods capable of achieving the needs of probe cocktail studies, that is, analyzing
several analytes in a short period. To accomplish this, the use of columns capable of separating approximately
dozens of compounds with very high efficiency is necessary [7]. In the literature, analytical columns with some
special properties have been employed for this purpose lately. For instance, columns produced with core-shell
technology have been reported [2]. In this case, core–shell particles as stationary phases are employed in columns
rather than fully-porous particles, resulting in the improvement of chromatographic behavior [16]. Another example
is the use of polar-embedded phases instead of classical straight chain silicas. Spaggiari et al. took advantage of
using a column with an embedded carbamate group in the bonded phase ligand to achieve the separation of
22 analytes [3]. Besides offering an alternative selectivity profile, the polar-embedded stationary phases have been
developed to surpass some downsides of conventional alkylsilica phases, such as poor peak shape of basic analytes
and low stability in highly aqueous mobile phases [17]. Certainly, these and other improvements in analytical
separations will continue to be employed in the development of novel assays devoted to the tentative investigation
of drug metabolism.

In the last five years, all reported probe cocktailmethods have employed chromatography techniques coupled to
mass spectrometry [2–9,12–14]. Most of the reported methods have employed triple quadrupole mass spectrometers [2–

4,9,12]. There are also manuscripts reporting the use of single quadrupole [13] or high-resolution mass spectrometers [5]

to perform probe cocktail assays. Liquid chromatography coupled to mass spectrometry has been and certainly
will continue to be the best analytical choice to perform probe cocktail assays. More specifically, ultra-HPLC
(UHPLC) coupled to triple quadrupole mass spectrometer is becoming a fundamental analytical technique to
overcome the challenges of probe cocktail approach. The high selectivity, sensitivity and resolution of UHPLC–
MS/MS has allowed to employ lower probe substrate concentrations and low protein concentration and incubation
time, avoiding the interactions among the substrates, maintaining their specificity and also minimizing nonspecific
microsomal binding [7].

As DDIs probe cocktail assays provide quantitative results, it is also important to highlight that is mandatory to
perform analytical method validation before employing the analytical method in probe cocktail studies. Although
all the reported works have validated the probe cocktail assays employing selective chemical inhibitors for each
CYP450 isoform and also have compared the results obtained with single probe substrate incubations, not all of
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them have performed analytical method validation [3,13,18]. The EMA preconizes the analytical method validation
assessing its linearity, selectivity, carryover effect, lower limit of quantification, precision and accuracy intra- and
interassay, matrix effect and stability [19]. To ensure the reliability of the obtained quantitative results, it is essential
to validate the analytical method [20].

Comprehensive DDI studies for drug candidates can be performed employing probe cocktail assays. There are
several works reporting DDIs’ cocktail methods up to 11-in-1 incubation [2–10,12–15,18]. Probe cocktail assays can
be employed in direct and time-dependent inhibition assays, which are the major causes of CYP450 enzymes
inhibition [6]. Direct inhibition may occur through reversible interactions between enzyme and inhibitor and
it is important to determine its enzymatic inhibition mechanism and enzymatic inhibition constant (Ki) [21].
Time-dependent inhibition are related to irreversible inhibition of CYP450 enzymatic activity and it is known
to be the major cause of DDIs [6]. Irreversible inhibitors inactivate the enzyme making necessary the synthesizes
of new enzymes to recover the enzymatic activity [21]. The most common irreversible inhibition occurs through
mechanism-based inhibition, which are dose-dependent time-dependent and NADPH-dependent inhibition [21].
Probe cocktail assays can be employed to determine CYP450 enzyme kinetic parameters of inactivation (e.g., kinact,
KI, CLinact) [6].

Conclusion
Although there are challenges to be overcome, probe cocktail approach is a worthful solution for assessing in
vitro DDIs of drug candidates. The development of analytical techniques such as UHPLC–MS/MS has allowed
devising highly sensitive, selective and efficient assays, to avoid possible interactions among them and to analyze
all the substrates and metabolites simultaneously. Probe cocktail approach in early drug development may be used
in comprehensive DDI studies, providing faster and reliable results and improving the prediction and helping to
prevent DDIs of the drug candidate.
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