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methods tend to overpredict DDIs. In this study, a numerical approach
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was used to model complex CYP3A TDI in human-liver microsomes.
The inhibitors evaluated included troleandomycin (TAO),

*Corresponding Author erythromycin (ERY), verapamil (VER), and diltiazem (DTZ) along
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of Shree Sarasvati Institute verapamil (NV), and N -dimethyl diltiazem (NDD). The complexities

of Pharmacy, Tondavali, incorporated into the models included multiple-binding kinetics, quasi-
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and membrane partitioning. The resulting inactivation parameters were
incorporated into static in vitro—in vivo correlation (IVIVC) models to

predict clinical DDIs. For 77 clinically observed DDIs, with a hepatic-CYP3A-synthesis-rate
constant of 0.000 146 min—1, the average difference between the observed and predicted
DDIs was 3.17 for the standard replot method and 1.45 for the numerical method. Similar
results were obtained using a synthesisrate constant of 0.000 32 min—1. These results suggest
that numerical methods can successfully model complex in vitro TDI Kinetics and that the
resulting DDI predictions are more accurate than those obtained with the standard replot

approach.
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enzyme kinetic models.
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INTRODUCTION

Drug-drug interactions (DDIs) can occur in patients undergoing polytherapy at
pharmacokinetic (PK) and pharmacodynamic (PD) level, resulting in altered drug
concentrations byeither inhibiting or inducing the enzymes or transporters responsible for the
disposition of that drug or producing agonistic or antagonistic effects.™) Cytochrome P450s
(CYPs) are an important superfamily of drug-metabolizing enzymes (DMEs) with 57
functional genes in humans.! These enzymes catalyze endogenous as well as xenobiotic
metabolism. More than 90% of xenobiotics are metabolized by CYP1, -2, and —3 family
members.””! Cytochrome P450 enzymes (CYPs) are found in practically all living organisms
and have been retained and adapted through evolution due to their unusual ability to oxidise
carbon-hydrogen bonds in a regio- and stereo-selective manner. In addition to performing
essential biosynthetic and metabolic functions (e.g. structural and signaling molecule
biosynthesis, bacterial activation of hydrocarbons for use as carbon sources) animal P450
enzymes also act as important systems for the detoxification of phytochemicals and other
xenobiotics. The human CYP enzymes which have evolved to dispose of a wide variety of
dietary and environmental toxins now perform the same function in removal of lipophilic

small molecule (molecular weight <1,200 Da) drug substances from the body.™

In time-dependent inhibition (TDI), the magnitude of inhibition increases as the contact time
between the enzyme and inactivator increases. TDI is characterized by loss of activity with
increases in time and concentration of the inactivator. There are several examples of drugs
that demonstrate nonlinear accumulation and increased half-lives in humans after multiple
doses because of enzyme inactivation. These include diltiazem (DTZ),"® verapamil (VER),
paroxetine (PAR), ticlopidine, and delavirdine.'®” Inactivation of CYPs can lead to drug—drug
interactions (DDIs)®* and adverse reactions,™ % which can result in the withdrawal of

drugs from the market (e.g., mibefradil, cerivastatin, and soruvidines.

In Vitro TDI Incubations—Several CYP3A inactivators (DTZ, ERY, NDD, NDE, NV, TAO,
and VER) were tested using a standard two-step approach for determining TDI inhibition of
CYPs in the pooled HLM. MDZ was used as a probe substrate. Briefly, eight concentrations
of inactivators with 2-fold dilution schemes (040 p M DTZ, 0-50 p M ERY, 0-10 p M
NDD, 0-50 u M NDE, 040 pn M NV, 0-10 p M TAO, and 040 p M VER) were incubated
at 37 °C in a 1 mg/mL suspension of HLM in 0.1 M potassium phosphate buffer (pH 7.4) as

the primary incubation. After 5 min of preincubation, the reaction was initiated by the
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addition of the NADPH-regenerating system (final concentrations of 1.3 mM NADP +, 3.3
mM glucose-6-phosphate, 0.4 U/mL glucose-6-phosphate dehydrogenase, and 3.3 mM
magnesium chloride). At specific time points, aliquots (7.5 pu L) of the primary incubations
were added to the secondary incubations (142.5 p L), which contained 50 p M MDZ and the
NADPH- regenerating system (final concentrations of 1.3 mM NADP +, 3.3 mM glucose-
6phosphate, 0.4 U/mL glucose-6-phosphate dehydrogenase, and 3.3 mM magnesium.

In Vitro: Reversible Inhibition

The potential for PF-00251802 and its metabolite PF-04015475 to reversibly inhibit human
drug metabolizing enzymes in vitro was evaluated by determining half maximal inhibitory
concentration (IC50) values. Pooled human liver microsomes were incubated with standard
marker activity substrates (at concentrations near their determined Km values) and PF-
00251802 (0-30 uM) or PF-04015475 (0—100 uM) in the presence of nicotinamide adenine
dinucleotide phosphate (NADPH; 1.3 mM). Human liver microsome concentrations and
times were chosen to respect thelinearityof the reaction for each probe substrate. At the end
of the incubation period, termination solvent containing internal standard was added and the

incubation mixture filtered to remove microsomal protein.

In Vitro: Time-Dependent Inhibition

The potential for PF-00251802 and PF-04015475 to produce time-dependent inhibition of
CYPs in vitro was determined using midazolam (PF-00251802 and PF-04015475) and
dextromethorphan (PF00251802 only) as marker substrates for CYP3A and CYP2D6,
respectively. Pooledhumanlivermicrosomes (0.3 mg/mL) were incubated with NADPH (1.3
mM) and PF-00251802 (0.03-5 uM) for 1, 2, 4, 6, 13, and 20 minutes (midazolam assay) or
1, 5, 10, 21, 30, and 41 minutes (dextromethorphan assay) or PF-04015475 (0.3-30 uM) for
1, 5, 10, 20, 30, and 40 minutes (midazolam assay). An aliquot of the primary incubation
mixture was then added to a secondary reaction containing NADPH(1.3mM)and midazolam
(23 uM) or dextromethorphan (14.4 uM), resulting in a 20-fold dilution from the primary
incubation to minimize reversible inhibition of each investigational agent on CYP enzymes.
Following a 6-minute (midazolam assay) or 10-minute (dextromethorphan assay) incubation,
the reaction was terminated, and samples were analyzed using HPLC-MS/MS for formation
of 1-hydroxymidazolam or dextrorphanol. Data were analyzed using the procedure for time
dependent inhibition of CYP enzymes described by Yates et al (2012).
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Characteristics of Human Cyp3a

Tissue Localization A considerable amount of information exists on the characteristics of the
members in the CYP3A subfamily of enzymes in both animals and humans (1). At least three
functional proteins exist in humans. CYP3A4 is universally found in the liver, where it
constitutes the major isoform—on average about 30% of total CYP protein (2). Relatively
high CYP3A4 levels—about 50% of hepatic levels and 70% of total CYP protein—are also
present in small intestinal epithelium, particularly in the apical region of mature enterocytes
at the tip of the microvillus (3,4). The amount of isoform progressively falls along the
remainder of the gastrointestinal tract. In the kidney, however, CYP3A4 is present in only
about 30% of renal tissue samples, mainly in the collecting ducts (5,6); the mechanism for
such polymorphic expression is not currently understood. CYP3A3 is a very closely related
isoform to CYP3A4 (>98% cDNA sequence similarity), but it is not known whether this
reflects a separate gene product or an allelic variant. Therefore, the term CYP3A4 is generally

taken to indicate.

Measurement of Cyp3a Activity In Vitro

In vitro approaches to studying CYP3A activity have the advantage that condition scan be
more closely controlled and altered than in vivo. On the other hand, the selected conditions
may not sufficiently reflect those present in vivo, and experimental findings cannot be readily
extrapolated, especially in a quantitative fashion. This is particularly true as the level of
cellular integrity and organization decreases. Nevertheless, valuable information concerning
many aspects of CYP- mediated metabolism applicable to drug development and clinical use
has been obtained using a variety of different preparations Microsomal Partitioning and
Human-Plasma-Protein Binding—Equilibrium dialysis was performed to determine the
microsomal partitioning of all the inactivators except TAO in HLM and human plasma. For
TAO, the unbound fractions in HLM (f u,mic) and human plasma (f u,p) reported in the
literature were used.36,37 Briefly, 0.5 mg/mL HLM suspensions were spiked with DTZ,
ERY, NDD, NDE, NV, and VER at final concentrations of 2 u M in separate experiments (n
= 5 replicates). The unbound fractions in plasma were determined for the parent inactivators
only (DTZ, ERY, and VER) using a similar approach. A 96-well equilibrium dialyzer
(Harvard Apparatus) was used to perform the dialyses with inactivator-spiked HLM
suspensions or human plasma on one side and blank phosphate buffer (pH 7.4) on the other
side at 37 °C for 20 h with 5% CO2. The samples on each side of the membrane were

analyzed by LC-MS/MS for inactivator concentrations. The unbound fractions (f u) were
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calculated by using the following equation.

. Chuffer
fu= 2 (1)

Cmatrix

where f u, C matrix, and C buffer represent the unbound fraction, the total concentration in
the matrix (either the HLM suspension or human plasma), and the total concentration in the
phosphate buffer, respectively. The f u,mic value was scaled to 1 mg/mL using the

equation.®

1

fu,mic(lmgfml.) = ( " = 1)+1 (ZJ

Fu,mic(1mg/mL) D
where f u,mic(1mg/mL) is the scaled unbound fraction at 1 mg/mL microsomal protein, and f
u,mic(0.5mg/mL) is the unbound fraction experimentally measured at 0.5 mg/mL. D = 2 is

the dilution factor.

In Vitro TDI Model Development

The concentrations of 1-OH MDZ obtained from the in vitro TDI experiments were
converted to logarithmic percent-remaining-activity plots (PRA plots) and further evaluated
for model development. All the inactivators evaluated in this study are known to be MIC-
forming compounds® % by quasi-irreversible mechanisms. On the basis of the reported
mechanism of inactivation® and the data sets generated, kinetic models for CYP3A TDI
were developed. Concave upward curvature is indicative of either quasi- irreversible or
partial inactivation, as shown previously.? Using the numerical method,**¥ the kinetic
models were fit to the data, and the kinetic parameters were estimated. The initial estimates
of the rate constants were obtained from analyzing the data as detailed in previous
publications.®*3* Briefly, nonspecific loss of enzyme activity was incorporated into the
model if activity loss over time was observed in the absence of inactivators (0 p M
inactivator). The initial estimate for the rate constant for nonspecific enzyme loss (k 9) was
obtained by fitting a first-order degradation model to the 0 u M inactivator data. All the active
enzyme species were assumed to degrade with first-order Kkinetics. Furthermore, a
competitive-inhibition model was fit to the 0- and 60-min time point data to obtain an initial
estimate for K I. A difference in the initial estimate of K | from the O min data versus that
from the 60 min data was indicative of multiple binding. As shown previously,*¥ MIC

formation is a complex multistep process involving the formation of Fe3+: carbene and Fe2+:
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carbene. Hence, enzyme inactivation was modeled with three types of rate constants. For
example, in Figure 1A, k 6 and k 12were used for Fe3+: carbene formation, k 7 was used for
the reformation of the active enzyme, and k 8 was used for Fe2+:carbene formation The
association-rate constants (k 1, k 4, and k 10) were fixed at 270 u M—1 min—1, and initial
estimates for the dissociation-rate constants were obtained from the data.34 For MDZ, the
association- (k 1) and dissociation-rate constants (k 2) were fixed at 270 u M—1 min—1 and
1350 min—1, respectively (assuming a K m of 5 p M). Lipid partitioning was also
incorporated into the models to account for microsomal partitioning. The association- rate
constant for the lipids was set at 2000 © M—1 min—1, and the dissociation-rate constant was

calculated using the followingequation.!®!

f Er’,ckon
koff - 1lifu,mic {3]

where k on is the association-rate constant, k off is the dissociation- rate constant, and f u,mic
is the unbound fraction in the microsomes The K | values were estimated from the ratios of
the association- and dissociation-rate constants (assuming rapid equilibrium). The K |
obtained from the numerical method is the same as the unbound one, K L,u (i.e., K Lu = K 1),
because lipid partitioning was incorporated into the model. The inactivation parameters (k in
act) were calculated using the partition method as described previously;46 for example, for

the scheme in Figure 2, k in act can be calculated as a net rate constant.

k = l . (4)

mact
1 kg +4q

‘S ()AS

For TAO (e.g., see Figure 1) and NV, k in act was described as

l >

= - —  (5)
l \

O oo, 1,1 .1, "%

1
ke kg Kek1a K A 4

+
6
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where

The parameter errors for net rate constants were calculated with error propagation for
individual rate constants. AICc47 and adjusted R 2 were used to compare the different

models for each data set.

The replot method22 was also used to analyze the in vitro TDI data sets. The data were
analyzed either by using all the data (data not shown) or only the linear parts of the PRA

plots.22 The following replot equation was used to obtain the estimates of K I and Kk in act.

k (1}

mact

=L ()
s K+

For the comparison with the numerical method, the K | obtained from the replot method was
corrected for microsomal partitioning by multiplying K I with f u,mic to obtain K I,u. Model
fitting was conducted with Mathematica 11.0.1.0 (Wolfram Research). The Nonlinear Model
Fit function was used to fit the model to the data with a Precision Goal of 10, finite difference
derivatives of an order of 4, and 1/ Y weighting. The When Event function was used to

incorporate the dilution step in the model.

In Vitro—In Vivo Correlation (IVIVC)—DDI predictions using K I,u and k in act obtained
from either the replot or numerical method were performed using the following static
equations.37 Equation 7 was used when the probe substrate was dosed through an

intravenous route, and eq 8 was used when probe substrate was dosed orally.

www.wipr.net | Vol 10, Issue 10,2021. |  1SO 9001:2015 Certified Journal | 1176



Agalave et al. World Journal of Pharmaceutical Research J

AUC ,
- = (7)
AUC :
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where AUCI and AUC are the areas under the plasma- concentration-time curves of the
probe substrates in the presence and absence of the inactivator, respectively; f m,CYP3A is
the fraction of MDZ metabolized by CYP3A; F g is the fraction that escapes gut metabolism
(Table 1); [I]h and [I]g are the inactivator concentrations in hepatic portal vein and gut,
respectively; and k deg,h and k deg,g are the degradation-rate constants of hepatic (0.000 146
min—1)"® and gut (0.000 481 min—1)%! CYP3A, respectively. It was assumed that K | and k
inact were equivalent for hepatic and gut enzymes. Different values were used for in vivo

inactivator concentrations depending on the clinical-DDI-study design. In cases where the
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victim drug was given orally, [I]h,u and [I]g,u were used for the in vivo inhibitor

concentrations, as given by the following equations.>”

DkF F,

W“ (9)

[”h s l”mu.\ +

My, = fudl,  (10)

(DK F )
—— (1D
2, |

<

where [IJmax is the maximum concentration of the inactivator in the plasma after an oral
dose; D is the dose; F a is the fraction absorbed; k a is the first-order absorption-rate constant;
Q g (0.3 L/min)and Q h (1.5 L/min) are the gut and hepatic blood flows, respectively; f u,p is
the unbound fraction in the plasma; f u,g (assumed to be equal to 1) is the unbound fraction in
the enterocytes; and BP is the blood-to-plasma-partition ratio. In cases where the victim drug
was administered intravenously, the maximum unbound concentration, [IJmax,u, was used as
the inactivator concentration for the DDI prediction. [I] max,u was given by the following
equation.!
1] kr
(1) =f —=— (12

max.u -~ - wpy _ U—Lr

where 7 is the dosing interval, and k is the elimination-rate constant, which is calculated by

the following equation.

where CLs is the systemic clearance, and V so is the volume of distribution at steady state.

[I]sys is the average systemic inactivator concentration.
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FD
], .= L (14)
where F is the bioavailability.

[I]sys,u was calculated using the following equation.

lll\’\,\.u = Ill\\\,U[‘ ( 13)

The values reported in the literature for the substrate-dependent parameters (F g and f
m,CYP3A) are listed in Table 1. F g and f m,CYP3A values were calculated for substrates for

which literature values were not available. The inactivator pharmacokinetic (PK) parameters.

RESULTS

In Vitro TDI Models

Several kinetic models were developed for each inactivator depending upon the reported
mechanism of inactivation and the observed data set. A best-fit model for each inactivator
was chosen on the basis of the AICc values. In those cases (e.g., DTZ and VER) where
multiple models resulted in equally good fits (based on AICc), all the best-fit models were

reported.

For TAO, because there was no activity loss observed in the 0 pu M incubation, enzyme loss
was not incorporated into the model. The observed PRA plots show concave upward
curvature, suggesting either quasi-irreversible or partial inactivation (Figure 1). Analysis of
the observed PRA plots shows that the different TAO concentrations plateau at different
levels, indicating quasi-irreversible mechanisms rather than partial inactivation.32 An MIC
model with EIl formation (MIC-EII-IL) provided the best fit. The concave upward curvature
observed even at the highest inhibitor concentration indicates that inhibitor depletion is not
the cause of the curvature in the PRA plots. An MIC-EII-IL model with an inhibitor-
depletion step did not converge unless the inhibitor-depletion-rate constant was fixed at
<0.001 min—1 (data not shown), suggesting minimal inhibitor loss. Estimates of K I,u and k
inact from the numerical and replot methods for TAO are shown in Table 3. Our
experimental replot parameters agree with the literature values (see the Supporting
Information, Table S6). The numerical method yields a 3.02-fold lower inactivation
efficiency (k inact/ K 1,u) for TAO than that from the replot method.

For the other inactivators (ERY, DTZ, and VER), TDI was also evaluated for their primary
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metabolites (NDE for ERY, NDD for DTZ, and NV for VER). The primary metabolites of
TAO were notavailable commercially and were not evaluated. When sequential metabolism
was considered, the model for the metabolite was first constructed. This model was then
incorporated into the parent TDI model.

In Vitro—In Vivo Correlation (IVIVC)

The DDI predictions were performed using the standard static model as recommended by the
FDA.52 Because there is a wide range of k deg,h values reported in the literature,48,49,53—
58 three different values for k deg, h (ranging from 0.0004 to 0.000 082 5 min—1) were used
for the DDI predictions. The results for two k deg,h values (k deg,h = 0.000 146 min—1, an
average of the reported values, and k deg,h = 0.000 32 min—1, a commonly used value in
the literature) are listed in Table 6. In the cases of VER and DTZ, DDI predictions were
performed only using the K 11,u and k inact from the simplest of the three models. The DDI
predictions using the K l,u and k inact from the replot method were higher than those using
the K I,u and k inact from the numerical method. The average fold differences between the
observed and predicted values were 3.64 for the replot method and 1.41 for the numerical
method when a hepatic k deg value of 0.000 146 min—1 was used. The average fold
differences between the observed and predicted values were 2.8 for the replot method and
0.95 for the numerical method when a hepatic k deg value of 0.0003 min—1 was used.
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Kinetic scheme for CYP3A inhibition by TAO (10, 5, 2.5, 1.25, 0.625, 0.313, 0.156, and 0
uM) in HLM. (A) Kinetic scheme for the MIC-EII-IL model. E, enzyme; I, inhibitor; L, lipid;
P, product; S, substrate; k, rate constant.

(B) Experimental (points) and MIC-EII-IL- model-fitted (solid lines) PRA plots. (C) Plot of

kobs Vs [I] for thestandard replot method with linear data points (n = 4 points).
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Figure 2.

Kinetic scheme for CYP3A inhibition by NDE (50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, and 0
uM) in HLM. (A) Kineticscheme for the MIC-1L-M model. E, enzyme; |, inhibitor; L, lipid;
M, inhibitor metabolite; P, product; S, substrate; k, rate constant. (B) Experimental (points)
and MIC-IL-M-model-fitted (solid lines) PRA plots. (C) Plot of kobs vs [I] for the standard

replot method with linear data points (n = 4 points).
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Figure 3.

Kinetic scheme for CYP3A inhibition by ERY (50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, and 0
uM) in HLM. (A) Kinetic scheme for the MIC-IL model. E, enzyme; I, inhibitor; L, lipid; P,
product; S, substrate; k, rate constant. (B) Experimental (points) and MIC-IL-model-fitted
(solid lines) PRA plots. (C) Plot of kops Vs [I] for the standard replotmethod with linear data

points (n = 7 points).
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Kinetic scheme for CYP3A inhibition by NDD (10, 5, 2.5, 1.25, 0.625, 0.313, 0.156, and 0
uM) in HLM. (A) Kinetic scheme for the MIC-1,L model. E, enzyme; I,, metabolite inhibitor;
L, lipid; P, product; S, substrate; k, rate constant. (B) Experimental (points) and MIC-I,L-
model-fitted (solid lines) PRA plots. (C) Plot of kobs vs [I] for the standard replot method

with linear data points (n = 7 points).
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Kinetic schemes for CYP3A inhibition by DTZ (40, 20, 10, 5, 2.5, 1.25, 0.625, and 0 uM) in
HLM. (A) Kinetic scheme for the Seq-MIC-EIl111- I1L-12L model. (B) Experimental (points)
and Seq-MIC-EI111-11L-I2L-model-fitted (solid lines) PRA plots. (C) Kinetic scheme for the
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Seq-MIC-Elil;- M-1;L-1,L model. (D) Experimental (points) and Seq-MIC-El111-M-I1L-
I2L-model-fitted (solid lines) PRA plots. (E) Kinetic scheme for the Seq-MIC- El111- MM-
I1L-12L model. (F) Experimental (points) and Seq-MIC-El111-MM-I1L-I12L-model-fitted
(solid lines) PRA plots. (G) Plot of kops vs [1] for the standard replot method with linear data.

B
45 -
2 »
. ..
o .
E 40 ) -
g |\ e '
¥ \
215 -
8 R
~ NN
| |
——— - ) .
k. - s A Sm— ol
E** 10 )
10 20 30 40 50 60
C tme (minutes)
£
»
rel
o
x
000
C 10 20 30 40

[iInhibitor] (pM)

Figure 6.

Kinetic scheme for CYP3A inhibition by NV (40, 20, 10, 5, 2.5, 1.25, 0.625, and 0 uM) in
HLM. (A) Kinetic scheme for the MIC-El,l,-1,L model. E, enzyme; I,, metabolite inhibitor;
L, lipid; P, product; S, substrate; k, rate constant. (B) Experimental (points) and MIC-EI212-
I2L-model-fitted (solid lines) PRA plots. (C) Plot of kobs vs [I] for the standard replot

method with linear data points (n = 4 points).
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Figure 7.

Kinetic schemes for CYP3A inhibition by VER (40, 20, 10, 5, 2.5, 1.25, 0.625, and 0 uM) in
HLM. (A) Kinetic scheme for the Seq-MIC-EI111-EI212-11L-12L model. (B) Experimental
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(points) and Seq-MIC-El111-EI1212-11L-12L- model-fitted (solid lines) PRA plots. (C) Kinetic

scheme for the Seq- MIC-EI111-E1212-M-11L-I12L model. (D) Experimental (points) and Seg-
MIC-EIl111-EI212-M-I1L-12L-model-fitted (solid lines) PRA plots. (E) Kinetic scheme for
the Seg-MIC-El111-EI212-MM-11L-I2L model. (F) Experimental (points) and Seg-MIC-
El1l1- EI212-MM- I1L-12L-model-fitted (solid lines) PRA plots. (G) Plot of kobs Vs [I] for

the.

ABBREVIATIONS
CYPs cytochromes P450 DDI drug—drug interactions

DME — drug-metabolizing enzymesDTZ- diltiazem
ERY - erythromycin

HLM- human liver microsomes IVIVC- in vitro—in vivo correlation TAO- troleandomycin

TDI- time-dependent inhibition
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