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Abstract

Purpose—To evaluate the pharmacokinetics (PK) of the monocarboxylate transporter 1 (MCT1)
inhibitor AZD3965 in mice after IV and oral administration and to develop mechanistic PK
models to assess the potential enterohepatic circulation (EHC) and target-mediated drug
disposition (TMDD) of AZD3965.

Methods—Female BALB/c mice were administered AZD3965 by IV injection (10, 50 and 100
mg/kg) or oral gavage (100 mg/kg). Plasma samples were analyzed using LC/MS/MS, and PK
parameters determined by compartmental and non-compartmental analyses.

Results—AZD3965 exhibited a large volume of distribution and rapid oral absorption, with a
high oral bioavailability. Prominent reentry peaks were observed after both oral and 1V
administration, suggesting potential EHC of AZD3965 or of a potential glucuronide conjugate.
The dose-dependent studies indicated greater than proportional increases in exposure, an increase
in the terminal half-life, and decrease in clearance and volume of distribution with increasing 1V
doses, indicating nonlinear pharmacokinetics and potential TMDD of AZD3965. Mechanistic
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compartmental models were developed to characterize the complex pharmacokinetics of
AZD3965.

Conclusions—The current study represents the first comprehensive report of the
pharmacokinetics of AZD3965 in mice, indicating the potential contribution of EHC and TMDD
in the disposition of AZD3965.

Keywords

AZD3965; target-mediated drug disposition; enterohepatic cycling; monocarboxylate transporters;
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INTRODUCTION

The transport of lactic acid across the plasma membrane is mediated by four proton-linked
monocarboxylate transporters, MCT1-4, which are part of the solute carrier SLC16A gene
family (1-4). Soon after the discovery that MCTs are involved in lactic acid influx and
efflux from cells in the early 1980s, it was recognized that MCTs could serve a potential
druggable target in cancer (5,6). With the large production of lactic acid from the glycolytic
phenotype of some cancer cells, MCTs facilitate the transport of lactate and proton out of
the cells, which has been recognized as one of the mechanisms contributing to cancer cell
survival (7,8). Blocking the transport of lactate out of cells can result in the accumulation of
lactate and protons inside cells, thereby inducing acidosis and apoptosis. Multiple other
downstream effects of blocking lactate efflux have been proposed in recent years, which
include restoring cancer immunosurvillance, since lactic acid is considered as the main
immunosuppressive metabolite in the tumor microenvironment (9-11). Early studies with
nonspecific inhibitors of MCTs such as a-cyano-4-hydroxy-cinnamic acid (CHC) and
silencing RNA have provided proof of concept that inhibiting MCTSs result in reduction in
tumor growth (12,13).

More recently, a potent and selective class of MCT1 inhibitors was discovered by
AstraZeneca (14). One of which is AZD3965 (5-[(4S)-4-hydroxy-4-methyl-1,2-
oxazolidine-2-carbonyl]-1-isopropyl-3-methyl-6-{[3-methyl-5-(trifluoromethyl)-2H-
pyrazol-4-yllmethyl}thieno[2,3-d]pyrimidine-2,4-dione, Fig. 1) an orally bioavailable
inhibitor of MCT1, that is currently being investigated in a Phase | clinical trial in the UK
for advanced solid tumors and lymphomas (NCT01791595). AZD3965 is part of a series of
pyrrole pyrimidine derivatives initially developed as novel immunosuppressive agents to
inhibit T lymphocyte proliferation (15). It was later discovered that these compounds are
involved in inhibiting MCT1-mediated lactic acid efflux during T lymphocyte proliferation
(14-16). AZD3965 is a potent inhibitor of MCT1 with a Kj value of 1.6 nM (17), with some
activity against MCT2, but to a lesser extent. AZD3965 has been demonstrated to decrease
cell and tumor growth in human small cell lung cancer, Raji lymphoma, diffuse large B cell
lymphoma, Burkitt’s lymphoma and breast cancer xenograft models overexpressing MCT1
(17-23).

To our knowledge, the pharmacokinetics of AZD3965 has not been previously reported in
the literature. A clinical report of patients with advanced solid tumors administered
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AZD3965 at total daily doses of 5-30 mg given orally once and twice daily indicated that
plasma concentrations were in the preclinical efficacy range, but detailed data were not
provided (24). The objectives of our current study were: (1) to investigate the
pharmacokinetics and oral bioavailability of AZD3965 in mice; (2) to develop
pharmacokinetic models to mechanistically characterize and assess the plasma
concentration-time profiles of AZD3965; and (3) to simulate the physicochemical and
ADME properties of AZD3965. The research described here will support the design and
implementation of further studies to assess the therapeutic potential of AZD3965 in
preclinical cancer xenograft models, and may allow for translation to humans.

MATERIALS AND METHODS

Chemicals and Reagents

Animals

AZD3965 (>98% purity) was obtained from MedKoo Biosciences (Chapel Hill, NC) and
AR-C155858 (the internal standard; = 98% purity) was purchased from ChemScene
(Monmouth Junction, NJ). All other reagents used in the studies were purchased from
Sigma-Aldrich (St. Louis, MO).

Female, BALB/c mice (Envigo, Indianapolis, IN) weighting 18-20 g were used for the
experiments. Animals were housed in standard vinyl cages. Water and food provided ad
libitum. Animals were maintained under the standard 12-h light/dark cycle at 22-24°C. All
animal procedures were approved by the Institutional Animal Care and Use Committee at
the University at Buffalo.

Pharmacokinetic Study

Animals were acclimated to their environment for 2 weeks prior to the study. AZD3965 was
administered at doses of 10, 50 and 100 mg/kg intravenously (IV) by tail vein injection. One
additional group of animals was given 100 mg/kg of AZD3965 orally (po) by oral gavage.
AZD3965 stock solutions (1, 5 and 10 mg/mL) were prepared in 20% w/v cyclodextrin in
normal saline. All the animals had free access to food and water before and after
administration of AZD3965. Blood samples of approximately 0.7-0.8 mL were collected
from each mouse (/7= 3-4 mice per time point) by terminal cardiac puncture while the
animals were anesthetized with isoflurane. Lithium heparin was used as the anticoagulant
and blood samples were collected at 10, 20, and 30 min, and 1, 2, 3, 6, 9, 12, and 24 h after
oral administration and at 15, and 30 min, and 1, 2, 3, 6, 9, 12, and 24 h after IV
administration. Plasma samples were stored at —80°C until analysis.

Plasma Sample Preparation and LC/MS/MS Analysis

AZD3965 plasma concentrations were measured using a recently developed and validated
liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) assay (25).
Briefly, samples were prepared by adding 5 pL of internal standard (I.S.) solution containing
the AZD3965 analogue, AR-C155858 (15 and 200 ng/mL for low and high standard curve,
respectively) to 35 L of sample. To ensure the concentrations quantified were below the
upper limit of the high standard curve, part of the plasma samples were diluted 10-fold with
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blank plasma prior to the sample preparation. Plasma standards and quality controls were
prepared by adding 5 pL of I.S. (15 and 200 ng/mL for low and high standard curve,
respectively) and 5 pL of stock solution containing AZD3965 to 30 L of blank plasma.
Plasma proteins were precipitated by the addition of 600 pL of 0.1% formic acid in
acetonitrile. Samples were vortexed, followed by centrifugation at 10,000xg for 20 min at
4°C. Then 540 pL of supernatant was collected and evaporated under a stream of nitrogen
gas, followed by reconstitution in 200 and 1000 uL of acetonitrile/water (40/60, v/A) for low
and high standard curve, respectively.

All the analyses were performed using Shimadzu Prominence HPLC with binary pump and
autosampler (Shimadzu Scientific, Marlborough, MA) connected to a Sciex API 3000 triple
quadruple tandem mass spectrometer with utilizing Atmospheric Pressure Chemical
lonization source (APCI) (Sciex, Foster City, CA). The data was analyzed using Analyst
version 1.4.2 (Sciex, Foster City, CA).

Chromatographic separation was conducted by injecting 4 or 15 pL of the sample on to an
Xterra MS C18 column (250 x 2.1 mm i.d., 5-um particle size; Waters, Milford, MA) for the
low or high calibration curve, respectively. Mobile phase A consisted of acetonitrile/water
(5/95, v/v) with 0.1% acetic acid and mobile phase B was acetonitrile/water (95/5, v/V) with
0.1% acetic acid. The flow rate was 250 pL/min with a gradient elution profile and a total
run time of 15 min. The mass spectrometer was operated in multiple reaction monitoring
(MRM) mode with APCI for specific detection of AZD3965 and the 1.S. by measuring the
characteristic ion transition. Q1/ @3 m/zratio for the precursor/product ion of AZD3965 and
AR-C155858 was 516.4/413.2 and 462.3/373.2, respectively. The retention time of
AZD3965 and AR-C155858 (1.S.) were 5.77 and 4.91 min, respectively. The chromatograph
conditions, mass spectrometer parameters, linear calibration ranges, accuracy/precision,
dilution integrity and recovery are detailed previously (25). The standard curves were linear
over the concentration range of 0.15-500 and 100-12,000 ng/mL with r2 > 0.999. The lower
and upper limit of quantification of AZD3965 was 0.15 and 12,000 ng/mL, respectively.

Non-compartmental Pharmacokinetic Analysis

The naive-pooled AZD3965 plasma data were analyzed by non-compartmental (NCA) and
compartmental analysis using Phoenix WinNonlin version 7.0 (Pharsight, Mountain View,
CA) and ADAPT V (BMSR, University of South California, Los Angeles CA), respectively.
For NCA, the area under the plasma concentration-time curve (AUC) was determined using
the trapezoidal method, with AUC values extrapolated to infinity. The terminal slope, A,
represents the slope of the terminal regression line. Vg represents the volume of distribution
estimated at steady state. The maximal concentration after oral or IV administration (Cpax)
was estimated by NCA and confirmed by visual inspection. The oral bioavailability (F) of
AZD3965 after IV and oral administration from the 100 mg/kg dosing group was calculated
by the following equation:

F AUCEO_ «  Dosejy

= : X x 100, (@)
AUCYH_ & Dose po
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where, AUC(- is the AUC from time zero to infinity.

Pharmacokinetic Modeling for AZD3965

Based on the initial PK assessment and NCA, mechanistic models were constructed to
describe the PK of AZD3965 after IV and oral administration (Fig. 2), incorporating
potential enterohepatic cycling (EHC) and nonlinearity behavior with either Michaelis-
Menten (M-M) elimination or target-mediated drug disposition (TMDD). Model A (Fig. 2a)
describes the EHC by first-order release rate from the bile to the absorption site with M-M
elimination while Model B (Fig. 2b) simplifies the EHC process with zero-order release rate
from the bile to the systemic circulation. Model C (Fig. 2¢) accounts for potential TMDD,
describing the high-affinity, slowly reversible and saturable binding of AZD3965 to its
specific pharmacological target, MCT1 (26). The differential equations derived from the
pharmacokinetic models were as follows:

Model A (Fig. 2a). For oral administration:

dX,
= —kaXa+ ko Xp . X4(0) = Dosepo - F @
dc,
VPT:ka'Xa_CLD'Cp-}_CLD'Ct
_M.C —CL.-C C,(0)=0 ©
Kmt+Cp P S T
dc,
Vige =Clp - Cp=ClLp - C . C(0)=0 @)
dxy,
T=CLb'Cp_ko'Xb - Xp(0) =0 (5)

Whent <tjag, ko-Xp=0

For IV administration:

Dosejy
Vp

Xa(0) = 0;Cp(0) =

Where, X, represents the drug amount at the absorption site; kj is the first-order absorption
rate constant, Cp and Cy represent AZD3965 concentration in the central and peripheral
compartment, respectively; V, and V¢ represent the volume of distribution of AZD3965 in
the central and peripheral compartment, respectively; CLp is the distributional clearance
from and to the central compartment; Vnax and ky, are the M-M parameters to describe
AZD3965 nonlinear elimination from the central compartment; CLy, is AZD3965 clearance
from the central compartment to the bile compartment; X, represents the drug amount in the
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bile compartment; kg is the first-order release rate constant of drug from the bile
compartment back to the systemic circulation in Model A; tj5q represents the lag time in the
EHC process.

Model B (Fig. 2b). For oral administration:

dx,
5 =" ky-Xa ,  Xa(0) = Dosep, - F (6
Vde—k X,—CLp-C,+CLp-C Vimax C,—CLy-C
g Karfa=Clp-CGp+Clp- Tk +C, P b
Xy P )
o Cp(0) =0
dc,
Vg =CLp-Cp=CLp-C, C(0) =0 ®)
dXp Xp
G = oG- T Xp(0) =0 ©)
Xp
When t < tjag pos T =0
For IV administration:
Xb
X2(0) = 0; When t < tagiv + - = 0
dC Vins
_P_ _ . O, — max
Vot CLp-Cp+CLp - Ci= - G
CLe - C Xp C.(0) = Dose iy (10)

Where, kg is the zero-order release rate constant of the drug from the bile compartment back
to the systemic circulation in Model B; tjag iy and tjag po represent the lag time in the EHC
process. The subscripts, (iv) and (po) indicate the intravenous and oral administration routes.

Model C (Fig. 2c). For oral administration:

dX,
de

—ky-Xa,  Xa(0) = Dosey, - F (11)
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dD
d_tp = ka “Xa— kel : Dp - kpt : Dp + kp Dy - kon(Rtotal - DR) : Dp (12)
+korp - DR -V, Dp(0) = 0
dD,
kon(R — DR)-D
d?tR _ on( totalV )-Dp —kopr-DR, DR(0)=0 (14)
p
dRyyral
(;:ta = ksyn - kdeg * Riotal»  Riora1 (0) = R, (15)
For IV administration:
Xa(0) =0;
dD,,
d_t = - kel : Dp - kpt : Dp + ktp : Dt - kon (Rtotal - DR) : Dp (16)

+kors - DR -V, Dp(0) = Dosey,

Where, Dy and Dy are amount of drug in the central and tissue compartment, respectively;
Riotal represents transporter (i.e. MCT1) concentration; DR represents drug-transporter
complex concentration; ke is the first-order elimination rate constant from the central
compartment; kp and kip are first-order distribution rate constant from central and to tissue
compartment and back, respectively; ko, describes the second-order binding rate constant of
the drug to the transporter; ko describes the first-order dissociation rate constant of the drug
from the transporter; keyn and Kqeq are zero-order synthesis and first-order degradation rate
constant of the transporter, respectively that would describe the physiological turnover of the
MCT1 transporter.

The initial parameter estimates for Model A (Fig. 2a) and B (Fig. 2b) were obtained from
NCA. Since there is no prior knowledge of drug (i.e. Kon, Koff) and system (i.e. Ksyn, Kgeg)
properties of AZD3965, the initial parameter estimates for Model C (Fig. 2c) were based on
the general feature of a drug that exhibits TMDD (27) which are as follows: Assuming linear
PK at high dosejy, Key, kpt, kyp and V, were obtained from fitting the data to a two-
compartment model. Assuming free target, Reree = Riotal — DR, then at high dosej, DR
approaches Ryqta and therefore, Riqta) Was obtained from the high dose;, data. Assuming at a
low dosejy, the initial rapid distribution phase is mainly governed by binding of the drug to
its target, then, from the slope of the initial distribution phase, A, the ko, can be
approximately estimated as Ag — — (Kg| + Kon * Riotar)- From the NCA analysis at low

. R . L
dosejy, Vs Was used to estimate Koff as Vs — Vp(l + ]t((]’;al), where Kp is the dissociation
A k
equilibrium constant and can be expressed as kp = kaf
on
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The pharmacokinetic models were simultaneously fitted to plasma concentration data for
both the IV and oral administration using the Maximum Likelihood method. Naive-pooled
data from all replicate at each time point were analyzed since the PK data were obtained
from terminal sampling and were being pooled together using the following variance model:

Var(C) = (o1 + 03 X Y)* (7

where, o1 and o, are the variance parameters and Y is the model predicted output. The
goodness of fit was assessed by visual inspection, diagnostic plots, precision of the
parameter estimates (CVV%), Akaike’s Information Criterion (AIC), and Schwarz Criterion
(SC).

Physicochemical and ADME Prediction for AZD3965

RESULTS

For predicting the physicochemical and ADME properties of AZD3965, MedChem
Designer Version 4.5.0.12 (Simulations Plus Inc. Lancaster, CA) was used which is based on
the software’s built-in algorithm. AZD3965 chemical structure was loaded into MedChem
Designer in the ADMET Predictor Module via the SIMILES to obtain the physicochemical
and ADME properties.

Pharmacokinetics of AZD3965 Following Oral Administration

The time course of AZD3965 plasma concentrations following oral administration (100
mg/kg) is shown in Fig. 3a. AZD3965 concentrations could be detected in all plasma
samples collected up to 24 h. AZD3965 exhibited rapid absorption with ty,4 occurring at 20
min. The oral bioavailability of AZD3965 calculated from AUC data was 0.827 (Table 1).
From the oral profile of AZD3965, a reentry peak was visible and occurred at between 6 to 9
h (Fig. 3a), suggesting potential EHC of AZD3965.

Pharmacokinetics of AZD3965 Following Intravenous Administration

The time course of AZD3965 plasma concentrations following IV administration is shown
in Fig. 3B. AZD3965 concentrations could be detected in all plasma samples collected after
24 h from all the 1V dose groups. However, by 24 h after the low dose, the plasma
concentrations (average concentration of 0.285 ng/mL) approached the lower limit of
quantitation (0.15 ng/mL). AZD3965 showed at least a biexponential disposition following
intravenous dosing. The dose-normalized plasma concentration-time profiles (Fig. 4a) were
not superimposable, suggesting nonlinearity in the PK of AZD3965 in mice. Additionally,
from the NCA, there were greater than proportional increases in exposure (i.e. AUC and
Cmax) With dose. Both systemic clearance and Vg decreased with dose, appearing to reach a
plateau at higher doses; although the fold changes were small (Table 1, Fig. 4b and c). The
terminal slope (A;) increased and seemed to be capacity limited with increasing dose (Table
1 and Fig. 4d). These observations suggest the possibility of TMDD in the disposition of
AZD3965. Similar to oral PK profile of AZD3965, the reentry peaks occurring at 6 to 9 h
were present at all dose levels (Fig. 3b), suggesting potential EHC of AZD3965.
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Compartmental Pharmacokinetics Modeling of AZD3965

Based on the initial PK assessment of AZD3965, different mechanistic models were
constructed to simultaneously fit the plasma concentration profiles following IV and oral
administration. In model development, one-, two-, and three-compartment models with
linear or M-M elimination was examined. A two-compartment model with M-M elimination
was chosen as the base model.

Since reentry peaks were observed at all dose levels following both 1V and oral
administration, we incorporated a bile compartment to the base model to describe potential
EHC process. We evaluated the reabsorption of AZD3965 from the absorption site (i.e. gut)
to the systemic circulation and directly to the systemic circulation by zero- or first- order
reabsorption rates with a lag time or a sine function to represent the periodical changes as
described by Wajima et al. (28) and Moon et al. (29). Model A describes the EHC process
by the release of bile (first-order rate constant) from the gallbladder to the gut prior to the
reabsorption of the drug and/or its conjugate back to the systemic circulation with a time lag
(Fig. 2a). Tjag in Model A was initially estimated and fixed to 5.92 h in the final estimation,
as it remains largely unchanged during the model converging process. In Model B, a
simplified EHC process was proposed whereby the release of bile (zero-order rate constant)
allows the drug and/or its conjugate to directly circulate back to the systemic circulation
bypassing the gut (Fig. 2b). Two separate lag times were used to better describe the EHC
following IV and oral doses. Both model fitting and the diagnostic plots for Model A and
Model B are presented in Figs. 5 and 6, respectively. The final parameter estimates and their
corresponding CV%, estimated sigma variance terms (o), AIC and SC values are
summarized in Table 2. Overall, based on the goodness- of-fit criteria, both models provide
similar overall fits and reasonably capture both intravenous and oral data with Model B
being able to predict the peak and trough of the reentry peaks. From the observed versus
predicted diagnostic plots (Fig. 5e and 6e), both models capture the data well except for a
few high concentrations where the models over predicted. The plot of standardized residuals
versus model predicted concentrations in model B (Fig. 5f) shows less biased distribution
than model A, indicating reasonable fittings (Fig. 6f). The final estimates for ky, and Vmax
differ substantially between Model A and B. The estimated k., value from Model A (9.59
ug/ml) is within the observed concentration range from our studies, indicating a better
estimate than Model B.

To investigate whether incorporating TMDD would further improve the model, we proposed
Model C (Fig. 2c), incorporating high-affinity, slowly reversible and saturable binding of
AZD3965 to the pharmacological target, MCT1 (26). In developing the TMDD maodel,
implementing the quasi-equilibrium approximation method as described by Mager and
Krzyzanski (30), did not improve the overall model fit (data not shown); therefore, a full
TMDD model was proposed. As expected incorporating the potential internalization or the
removal of drug-transporter complex process via endocytosis, a process that is more
commonly anticipated with biologics than small molecule drugs, did not improve the overall
model fit (data not shown). Thus, this component was not included in the proposed TMDD
model. We also incorporated a bile compartment into Model C to account for potential EHC
and it did not improve the overall model fit (data not shown).

Pharm Res. Author manuscript; available in PMC 2021 May 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guan and Morris

Page 10

The simultaneous fitting for Model C is shown in Fig. 7 and the final parameter estimates
are summarized in Table 2. The overall fitting of the model is reasonable as demonstrated by
the observed versus model predicted diagnostic plot (Fig. 7e) and in the precision of the
overall parameter estimates. There is some biased distribution in the residual plot (Fig. 7f)
and the kg, was estimated with some uncertainty, which is likely due to the lack of
knowledge of the target binding kinetics, as well as the limited availability of low dose and
oral dose data. In the model converging process, the oral bioavailability, F and V, remained
largely unaffected and thus, subsequently fixed to 1 and 2.04 ml, respectively, in our final
analysis to better characterize the data and reducing the number of parameters in the model.

To further evaluate our TMDD model, we compared the Model C fitting to a two-
compartment model with M-M Kkinetic and linear clearance (Suppl. Fig. 1a; Model D), a
frequently applied model that has been shown to fit the TMDD Kinetic data well or
sometime preferred over a full TMDD model, as shown by Yan et al. (31). Here the M-M
kinetics was used as an approximation for TMDD behavior. As shown by the fitting and the
observed versus predicted plot in Suppl. Fig. 1, Model D (dashed line) poorly captured the
data compared to our proposed TMDD model (solid line). Since the PK at higher doses (50
and100 mg/kg) appears to approach linearity, we also retrospectively compared our
proposed TMDD model (Model C) to a two-compartment model with linear clearance
(Model E, Suppl. Fig. 2a) that we had tested during our model development. Overall the
Model E prediction almost closely overlapped with that of the proposed TMDD model
except for the low dose (10 mg/kg) where Model E clearly over predicted (Suppl. Fig. 2).
For the parameter estimates, Model D and E were estimated with fewer parameters and good
CV% (Suppl. Table 1). Among Model C, D and E, the proposed TMDD model (Model C)
appears to be superior based on AIC and SC values (Table 2 and Suppl. Table 1).

Taken together, based on AIC and SC values the models can be ranked as follows: Model B
< Model C < Model A < Model D < Model E. While Model B provides the best fit based on
AIC and SC values, Model A predicted more reasonable parameter estimates for k,, than
Model B. Unlike the EHC models (Model A and B), the proposed TMDD model (Model C)
was able to capture both the terminal IV and oral data well (Fig. 7). Overall, through model
assessment and comparison, the proposed TMDD model appears to give the second best-
fitting suggesting potential relevance of TMDD in the disposition of AZD3965.

Prediction of Physicochemical and ADME Properties of AZD3965

The prediction of physicochemical and ADME properties of AZD3965 by MedChem
Designer are summarized in Table 3. The simulation is based on the built-in algorithm of the
software and provided initial assessment into the PK properties of AZD3965. Based on the
chemical structure, AD3965 predicted log P of 1.78, pKa of 9.95, and fraction unbound in
plasma (fup) of 0.217 and 0.0622 in rat and human, respectively. From this analysis,
AZD3965 was indicated to be a substrate for UGT2B7 with high probability (100%). The
chance that that AZD3965 is also a substrate for p-glycoprotein (P-gp) was 58%, and a
substrate for CYP3A4 was 98%, respectively.
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DISCUSSION

AZD3965 represents the first-in-class monocarboxylate transporter 1 (MCT1) inhibitor that
is under evaluation in a Phase I clinical trial in the UK for solid tumor and lymphoma
treatment, based on its chemotherapeutic properties assessed in various preclinical xenograft
animal models. (17-23). Limited data from this study has been reported (24) and the
pharmacokinetics, physicochemical and ADME properties of AZD3965 remain largely
unknown. In the present work, we performed pharmacokinetic studies of AZD3965
following IV and oral administration in mice, and developed mechanistic PK models to
further characterize the potential EHC and TMDD properties of AZD3965.

Our results demonstrated that AZD3965 exhibited good oral bioavailability, rapid
absorption, and nonlinear elimination and distribution, and may be involved in EHC.
Analysis revealed that the terminal slope (A;), systemic clearance and Vg change with
increasing dose. Both systemic clearance and Vg decreased, whereas the terminal slope
increased with dose. At higher doses of 50 and 100 mg/kg, the profiles became more
superimposable, with smaller changes in clearance and volume of distribution, suggesting
that the PK of AZD3965 approached linearity at higher doses. These findings are consistent
with the expected behavior for a drug that exhibits target-mediated disposition. It has been
previously proposed by Dr. Gerhard Levy in 1994 that “potent and specifically acting drugs
are substances that are bound to with high affinity to pharmacologic target sites such as
receptors and enzymes” (32) and transporters (27) are likely to exhibit pharmacologic
TMDD.

Although compared to biologics that are known to exhibit TMDD behavior, TMDD with
small-molecule drugs is somewhat less anticipated. However, with the growing development
of new small-molecule drugs that act potently on highly specific targets, the prevalence of
TMDD in small-molecule drugs is expected to increase (33-35). Therefore, given that
AZD3965 represents a potent and selective inhibitor of MCT1 with high binding affinity
(17), TMDD behavior of AZD3965 may be anticipated. Additionally, we have shown that
AZD3965 exhibited rapid inhibition in cellular L-lactate uptake studies (maximal inhibition
occurred after a 5 min-pre-incubation period) and the inhibition was prolonged upto 5 hina
murine 4T1 breast tumor cell line expressing only MCT1 (26). We also demonstrated that
inhibition by AZD3965 was slowly reversible. After the removal of AZD3965 from washing
the cells with ice-cold buffer, inhibition of L-lactate uptake was only completely reversed
after 12 h (26). Through PK modeling of the current data, we were able to demonstrate the
potential relevance of TMDD in the disposition of AZD3965 (Model C) as shown by
reasonable overall data fitting, despite some uncertainty in the kg, estimate, which is likely
due to a lack of AZD3965 binding and low dose data. Additionally, the estimated total
transporter concentration (Rigta = 54.8 £ 4.90 pug/ml) was very close to the Cax (54.5
ug/ml) at the highest dose, 100 mg/kg 1V, where the system appears to be saturated and
approaches linearity, indicating adequate fit. Of note, Vp which was initially estimated and
fixed to 2.04 ml, approaches blood volume in mice which is one of the general feature seen
for drugs exhibiting TMDD (34). Here a full TMDD model was needed, as opposed to the
other TMDD approximation models, to better capture the data. Together these results
support the hypothesis that the high affinity binding of AZD3965 to its target site, MCT1
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could likely impact its disposition in vivo. Although the current TMDD modeling suggests
internalization of AZD3965-MCT1 complex via endocytosis upon binding is unlikely,
further experiments using antibody labeling and biotinylation approaches are needed to
verify this. Additionally, pharmacokinetic studies in a wide range of doses and in MCT1
knockout animals are needed in order to fully discern the potential TMDD properties (27,33)
and guide the PK exposure and efficacy for a clinically relevant dose.

The prominent reentry peaks (occurring at 6-9 h) present in the plasma concentration-time
profiles after both 1V and oral dosing, suggest that AZD3965 may be involved in EHC. EHC
occurs when a compound and/or its conjugate undergoes biliary excretion and is reabsorbed
back into the systemic circulation from the small intestine (29,36). Compounds that are
susceptible to EHC often have a high (MW >450) molecular weight (36). This is the case
with AZD3965 as its molecular weight of 515.5 is above the general MW threshold cut-off
(375-400 and 425 in rats and humans, respectively) for a drug that undergoes biliary
excretion (36). Based on the simulated physicochemical properties of AZD3965, the
compound is likely a substrate for CYP3A4 and UGT2B7. Consistent with our simulation
results, a previous report in a series of analogues of AZD3965 has indicated that these
compounds are prone to metabolism by glucuronidation on the hydroxyl group as well as
cytochrome P450 metabolism (14). Furthermore, our simulation also predicted that
AZD3965 could be a substrate of P-gp (a ABC transporter present at the canalicular
membrane), which may be responsible for the efflux of AZD3965 into the bile. This
simulation provided an initial assessment of the metabolism and transport properties of
AZD3965; future studies are necessary to verify these predictions. Taken together, these
results provided evidence that AZD3965 itself could undergo EHC, or it may undergo biliary
excretion as a glucuronide conjugate, with hydrolysis and reabsorption of the parent
compound.

Based on the initial assessment of AZD3965 kinetic profiles, physiologically relevant EHC
models were also constructed to characterize the kinetic behavior, where the nonlinearity
was described by M-M elimination (Model A and B). Model B simplified the EHC process
whereby the release of bile (zero-order rate constant) allows the drug and/or its conjugate to
directly circulate back to the systemic circulation bypassing the gut. Based on the goodness-
of-fit criteria, both models provide similar overall fits and reasonably capture data with
Model A providing a more reasonable kp, estimate that is within the observed concentration
range. The EHC modeling suggests that the presence of re-entry peaks may be contributing
to the changes that occurred in the PK parameters across the dose groups. As the larger
doses of AZD3965, the changes in the PK parameters (Vgs, CL and terminal slope) were
small; 0.47-1.16 fold change as the dose increased (Table 1). One potential reason why the
fold-changes in PK parameters were small could be attributed to saturation of MCT1 over
the current dose range. However, it is also possible that the periodic recycling of the parent
compound back to the systemic circulation results in a shallower terminal slope and changes
in the half-life.

The bioavailability (F) estimated across models agrees well with the calculated value (0.827)
and is supported by the results of a previous report (17). Overall the models predicted rapid
oral absorption but the k, varies substantially across models and this is most likely due to the
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limited oral dose data available. The high values of V¢ were consistently estimated
throughout our models but vary across models; nevertheless, they suggest that AZD3965
may be extensively tissue bound. This finding is also consistent with our breast tumor
xenograft study, where we observed a 25.5-fold higher AZD3965 concentration in the 4T1
tumor than in the plasma (25).

Although our simulation study predicted AZD3965 undergoes conjugation by
UGT2B7(glucuronidation),Model B assumed the recirculation of the parent compound back
to the systemic circulation was rapid and directly from the bile compartment, due to our lack
of metabolite data. This approach has been previously used by Wajima et al. (28), as well as
used to described the PK of morphine and its glucuronide conjugate that undergoes EHC
(37). Our model development was also limited due to the evaluation of only one oral dose
and the lack of bile and metabolite data. The potential contribution of EHC on the PK
behavior of AZD3965 needs to be further evaluated in animals with bile duct cannulation, as
the increase in exposure could have an impact if there is significant EHC occurring at the
clinically relevant dose and the extent of the reabsorption from the gut.

CONCLUSIONS

In conclusion, the current study comprehensively evaluated the pharmacokinetics of
AZD3965 in mice following both intravenous and oral administration and to
computationally assess the physicochemical and ADME properties of AZD3965. The
pharmacokinetics analysis of AZD3965 indicated rapid oral absorption, nearly complete oral
bioavailability, nonlinear clearance and distribution, and suggested the presence of EHC.
The PK of AZD3965 following IV and oral administration was characterized using different
PK models to describe the nonlinearity and the reentry peaks observed in the
pharmacokinetic profiles. Additionally, our present study also revealed that the terminal
slope (A,), systemic clearance and Vg values were similar at higher doses, but differed from
the low dose parameters, which suggest that the nonlinear kinetic behavior of AZD3965 may
reflect the influence of TMDD, consistent with the high affinity and slowly reversible
binding of AZD3965 to MCT1. Further PK studies are necessary to better understand the
potential TMDD properties of AZD3965 and involvement of AZD3965 in EHC, which will
enable incorporation of more mechanistic modeling to guide the design of preclinical cancer
xenograft studies. Finally, the relevance of such information may also allow for potential
translation to humans.
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Fig. 1.
Chemical structure of AZD3965.
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The schematic representation of the pharmacokinetic models of AZD3965 following IV and
oral administration. Model A describes the EHC by first-order release rate constant from the
bile to the absorption site with M-M elimination a. Model B simplifies the EHC process
with zero-order release rate from the bile to the systemic circulation b. The key feature of
Model C is potential target-mediated drug disposition (TMDD), where AZD3965 binds to its
target, MCT1 on the cell surface (ko) to form the drug-transporter complex c. AZD3965 can
dissociate from the transporter (Koff). The free transporter is subject to turnover, which is
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characterized a zero-order production rate constant (ksyn) and first-order degradation rate
constant (Kgeg)-
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are expressed as mean + SD, n= 3-4.
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The dose-normalized plasma concentration of AZD3965 in mice after IV administration of
doses of 10, 50 or 100 mg/kg a. The effect of increasing AZD3965 dose on the volume of
distribution; V¢ b, elimination clearance; CL c and terminal slope; A, d where the symbols
represent the mean parameter estimate obtained from NCA, Table 1. Data are presented as
mean + SD, n=3-4.
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Fig. 5.
Simultaneous Model A fitting of the plasma AZD3965 concentration-time profile following

intravenous (10 a, 50 b, and 100 mg/kg c) and oral (100 mg/kg d) administration. Observed
versus predicted plot e and residual plot f. The proposed Model A accounts for potential
EHC occurring from the release of bile to the absorption site and back to the systemic
circulation with M-M elimination and tjog. Data are presented as mean + SD, 7= 3-4.
Symbols depict the observed mean data and the lines represent the model fitted results.

Pharm Res. Author manuscript; available in PMC 2021 May 29.

4x104



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Guan and Morris

Plasma Concentration g

Plasma Concentration ¢

(ng/mL)

(ng/mL)

@

Observed (ng/mL)

Page 23

100000 10 malka (i b 100000 R
m
10000 malkg (V) § 100001 o SUmeke (v
Ju 1000
&3 1001
gg 10-
[ele]
oL 14
g L]
5 0.1
& 0.01-
0-001 L] L} 3 Ll Ll L} T ¥ T 1 0.001 T T L) T T T T L) T L]
0 3 6 9 12 15 18 21 24 27 3 0 3 6 9 12 15 18 21 24 27 30
Time (hr) Time (hr)
100000 100 malka (i d 100000 100 malk
10000 : mafkg (V) § 10000 * malkg (po)
1000+ f-; 1000-
100 §:_.E‘ 100
10+ §?=” 10-
14 T gv 14
0.1+ 3 0.1
0.014 o 0.01-
0.001 S S e L S m e 0.001 T T T T T 1
0 3 6 9 12 15 18 21 24 27 30 0 5 10 15 20 25 30
Time (hr) Time (hr)
6x104- PP ® 4
. [}
° =
% 2 i ° o
4] L 4 °
4x10 g e ©0 © o ® '
B 0 --.... -'-"j:‘.----
N ‘s kD $ e
2x104 = e ¢
©
- -2
c
©
it
n
0 T T 1 '4| T T T
0 2x104 4x104 6x104 1x104 2x104 3x104

Model Predicted (ng/mL) Model Predicted (ng/mL)

Fig. 6.
Simultaneous Model B fitting of the plasma AZD3965 concentration-time profile following

intravenous (10 a, 50 b, and 100 mg/kg c) and oral (100 mg/kg d) administration. Observed
versus predicted plot e and residual plot f. The proposed Model B simplifies potential EHC
process through the release of bile directly back to the systemic circulation with tjog. Data
are presented as mean + SD, 7= 3-4. Symbols depict the observed mean data and the lines
represent the model fitted results.
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Simultaneous Model C fitting of the plasma AZD3965 concentration-time profile following
intravenous (10 a, 50 b, and 100 mg/kg c) and oral (100 mg/kg d) administration. Observed
versus predicted plot e and residual plot f. The proposed Model C imparts nonlinearity by
potential high-affinity and saturable binding of AZD3965 to its target, MCT1 to form a
drug-transporter complex (TMDD behavior). Data are presented as mean + SD, n= 3-4. and

the lines represent the model fitted results.
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Table 1

Mean pharmacokinetic parameters for AZD3965 after intravenous and oral administration from non-
compartmental analysis (NCA). The average weight of female Balb/c mice, 19 g was incorporated for the
analysis

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Parameter Intravenous Oral
10 mg/kg 50 mg/kg 100 mg/kg 100 mg/kg
Az (W) 0.238 0.266 (1.12) 0.275(1.16) 0.156
tys (h) 2.1 2.60(0.89) 2.51(0.87)  4.46
Crnax (Lg/ml) 4.02 30.1(7.49) 545(13.6) 303
AUCqy_co (Lg.h/ml)  4.94 413(8.36) 86.4(17.5) 714
CL (ml/h) 46.4 23.0(0.50) 22 (0.47) N/A
CL/F (mi/h) 56.1 27.8 26.6 26.6
Vs ml) 44.2 25.6(0.58)  28.6(0.65) N/A
V/F (ml) 53.4 31.0 34.6 171
F N/A N/A N/A 0.827

(): fold change from the lowest IV dose, 10 mg/kg; N/A: not applicable
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The physicochemical and absorption, distribution, metabolism and elimination (ADME) properties of
AZD3965, predicted from MedChem Designer. The prediction was based on the chemical structure of

Table 3

Page 27

AZD3965. % represents the chance AZD3965 will be a substrate for the transporter or metabolizing enzyme

Name AZD3965
pKa 9.95

Log P 1.78
Human f, (%) 6.22

Rat f,,, (%) 21.7

Pgp substrate Yes (58%)
CYP3A4 substrate  Yes (98%)
UGT2B7 substrate  Yes (100%)
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