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Abbreviations:

AAFE, absolute average fold error

Amph, S(+)-amphetamine

AUC, area under the plasma drug concentration versus time curve
B/P, blood-to-plasma ratio

CL, total plasma clearance

CLy, formation clearance of the metabolite

CLint, intrinsic clearance for the drug

CLin,m, intrinsic clearance for the metabolite

CL,, renal clearance

CYP2D6, Cytochrome P450 2D6 enzyme

DDI, drug-drug interaction

fe, fraction elimination of kidney

fup, unbound fraction in plasma

ka, absorption constant

Kp, tissue-to-plasma partition coefficient for the drug
Kp,m, tissue-to-plasma partition coefficient for the metabolite
Meth, S(+)-methamphetamine

MDCK, Madin-Darby canine kidney

PBPK, physiologically-based pharmacokinetics
PET, positron emission tomography

PK, pharmacokinetics

Vs, volume of distribution at steady state
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Abstract

The effect of urine pH on renal drug excretion and systemic drug disposition has been observed
for many drugs. When urine pH is altered, tubular drug ionization, passive reabsorption, renal
clearance, and systemic exposure may all change dramatically, raising clinically significant
concerns. Surprisingly, the urine pH effect on drug disposition is not routinely explored in humans,
and regulatory agencies have neither developed guidance on this issue nor required industry to
conduct pertinent human trials. In this study, we hypothesized that PBPK modeling can be used as
a cost-effective method to examine potential urine pH effect on drug and metabolite disposition.
Our previously developed and verified mechanistic kidney model was integrated with a full body
PBPK model to simulate renal clearance and systemic AUC with varying urine pH statuses, using
methamphetamine and amphetamine as model compounds. We first developed and verified drug
models for methamphetamine and amphetamine under normal urine pH condition (absolute-
average-fold-error (AAFE) < 1.25 at study level). Then, acidic and alkaline urine scenarios were
simulated. Our simulation results show that the renal excretion and plasma concentration-time
profiles for methamphetamine and amphetamine could be recapitulated under different urine pH
(AAFE < 2 at individual level). The methamphetamine-amphetamine parent-metabolite full body
PBPK model also successfully simulated amphetamine plasma concentration-time profile (AAFE
< 1.25 at study level) and amphetamine/methamphetamine urinary concentration ratio (AAFE <2
at individual level) after dosing methamphetamine. This demonstrates that our mechanistic PBPK

model can predict urine pH effect on systemic and urinary disposition of drugs and metabolites.
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Significance Statement

Our study shows that integrating mechanistic kidney model with full body PBPK model can
predict the magnitude of alteration in renal excretion and systemic AUC of drugs when urine pH
is changed. This provides a cost-effective method to evaluate the likelihood of renal and systemic
disposition changes due to varying urine pH. This is important as multiple drugs and diseases can
alter urine pH, leading to quantitatively and clinically significant changes in drug and metabolite

disposition that may require adjustment of therapy.
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Introduction

The effect of urine pH on renal clearance of weak acids and bases was discovered more than half
a century ago in studies with salicylic acid (Macpherson et al., 1955) and methamphetamine
(Beckett and Rowland, 1965¢). The mechanism behind this phenomenon is believed to be the
altered ionization status of weak acids and bases with changes in renal tubular filtrate pH, and the
subsequent alterations in renal passive reabsorption of unionized drugs (Milne et al., 1958; Tucker,
1981). Changes in renal passive reabsorption can have a drastic impact on renal clearance. For
example, when urine pH decreased from alkaline (pH = 7.5-8.5) to acidic (pH = 4.5-5.5), the
amount of drug excreted unchanged in urine for weak bases such as pethidine, methamphetamine,
and mexiletine increased up to 21-fold (Chan, 1979), 48-fold (Beckett and Rowland, 1965c¢), and
87-fold (Kiddie et al., 1974), respectively, while the renal clearance of weak acids such as
chlorpropamide (Neuvonen and Kérkkéinen, 1983) and salicylic acid (Macpherson et al., 1955)
decreased by 99% and 97%, respectively. Also, after dosing of imipramine, methamphetamine,
and amitriptyline, their respective metabolites desipramine, amphetamine, and nortriptyline have
been shown up to 5-fold (Gram et al., 1971), 11-fold (Beckett and Rowland, 1965b), and 93-fold
(Karkkdinen and Neuvonen, 1986) increases in urinary excretion, respectively, in acidic urine
condition in comparison to alkaline urine condition. These findings demonstrate the pronounced
and broad significance of the urine pH effect on both drugs and metabolites.

Overall, approximately 31% of marketed drugs are significantly excreted unchanged via the kidney
(Varma et al., 2009), and 70% of marketed drugs are either monoprotic weak acids or monoprotic
weak bases (Manallack, 2007) that may have varying ionization statuses in the tubular lumen. In
addition, the mean logP of patented compounds across 18 pharmaceutical companies ranged from

3.5 to 4.5 (Leeson and St-Gallay, 2011), suggesting that the majority of drugs have a moderate to

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 20, 2020 as DOI: 10.1124/jpet.120.264994
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 264994

high intrinsic lipophilicity and therefore transcellular permeability. Together, these data suggest
that many drugs are potentially subject to significant renal clearance and effective renal passive
reabsorption that can be altered due to urine pH changes. As such, the variability of renal clearance
with urine pH can be surprisingly common. Indeed, more than a dozen drugs have been shown to
have urine pH-dependent renal excretion (Macpherson et al., 1955; Beckett and Rowland, 1965a;
c; Sharpstone, 1969; Sjoqvist et al., 1969; Gerhardt et al., 1969; Gram et al., 1971; Kiddie et al.,
1974; Chan, 1979; Neuvonen and Kéarkkainen, 1983; Muhiddin ef al., 1984; Benowitz and Jacob,
1985; Aoki and Sitar, 1988; Freudenthaler ef al., 1998). If renal excretion is an important
elimination pathway for the drug of interest, the systemic drug disposition will also be affected by
altered urine pH. For example, for weak bases memantine and flecainide, the area under the plasma
drug concentration-time curve (AUCo.inf) increased by 5.3-fold (Freudenthaler ef al., 1998) and
3.6-fold (Muhiddin et al., 1984), respectively, while for weak acids cinoxacin and chlorpropamide,
the plasma AUCy.ins decreased by 67% (Barbhaiya et al., 1982) and 81% (Neuvonen and
Karkkéinen, 1983), respectively, in alkaline urine condition in comparison to acidic urine
condition. This demonstrates that the magnitude of urine pH effect on plasma AUC could be as
significant as drug-drug interactions resulting from co-administration with a strong inhibitor or
inducer (i.e. AUC increased by 5-fold or decreased by 80%).

Given the number of known drugs affected by urine pH and the substantial magnitude of observed
urine pH effects on drug and metabolite disposition, it is striking that urine pH effects on drug and
metabolite renal and systemic disposition are not routinely examined for weak acids and bases in
clinical studies, and regulatory agencies have not developed guidelines to assess drug safety under
different urine pHs. In contrast, characterization of drug-drug interactions, food effects and disease

effects on drug disposition are required by regulatory agencies as essential components of drug
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approval process, and these interactions and effects have been explored extensively in human
subjects and simulated by models (Shebley et al., 2018) to support regulatory decision making.

In this study, we hypothesized that modeling techniques could be leveraged to understand and
predict urine pH effect on drug and metabolite disposition. To test this hypothesis, a recently
developed and verified dynamic physiologically-based mechanistic kidney model (Huang and
Isoherranen, 2018) was integrated into a parent-metabolite full body physiologically based
pharmacokinetic (PBPK) model (Huang and Isoherranen, 2020) to simulate urine pH dependent
parent-metabolite systemic disposition and urinary excretion using methamphetamine and

amphetamine as model compounds.
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Materials and Methods

Development of parent-metabolite full body physiologically based pharmacokinetic (PBPK)
structural model with mechanistic kidney model and peripheral arm vein sampling site

A 104-compartment parent-metabolite (52 compartments for each) full-body PBPK model was
developed using MATLAB and Simulink platform (R2018a; MathWorks, Natick, MA) by
merging our previously published mechanistic kidney model (Huang and Isoherranen, 2018) with
the parent-metabolite full-body PBPK model (Huang and Isoherranen, 2020), as shown in Figure
1. This model contains ten physiologically important tissue/organ compartments modeled as
perfusion-rate limited organs, two blood circulation compartments (i.e. central venous
compartment and central arterial compartment), a peripheral arm vein sampling site as previously
described (Huang and Isoherranen, 2020), a 2-compartment permeability-rate limited liver model,
and a 35-compartment mechanistic kidney model (Huang and Isoherranen, 2018). The mechanistic
kidney model was incorporated to replace the conventional perfusion-rate limited kidney
compartment, to capture the unbound filtration, active secretion, and tubular filtrate/urine pH-
dependent passive reabsorption. The mechanistic kidney model was merged with the PBPK model
by connecting the central arterial compartment to the glomerulus to create the renal inflow and
connecting the vascular compartment of the last subsegment of collecting duct to the central
venous compartment to create the renal outflow. The model file and the code script are provided

as Supplementary Material.
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Physicochemical parameters for methamphetamine and amphetamine

In this study, only dextrorotary isomers of methamphetamine and amphetamine (i.e. S(+)-
methamphetamine and S(+)-amphetamine) are discussed due to their greater psychoactive activity
compared to the levorotatory isomers. The molecular weight, pKi., and LogP wvalues of

methamphetamine (Meth) and amphetamine (Amph) were collected from www.drugbank.ca. The

plasma unbound fractions (fup) of methamphetamine and amphetamine were determined in pooled
human plasma by ultracentrifugation as previously described (Shirasaka et al., 2013). In brief,
pooled human plasma was spiked with methamphetamine and amphetamine to a final
concentration of 0.2 uM. Three 200 pL aliquots were centrifuged in 435,000 g for 90 min at 37
°C and another three 200 pL aliquots were incubated at 37 °C for 90 min. The supernatant (50 uL)
from the ultracentrifugation and the incubated samples (50 puL) were then quenched with 250 pL
of 3:1 (v/v) acetonitrile:methanol containing 100 nM methamphetamine-di; and amphetamine-di;
as internal standards and analyzed by LC-MS/MS as previously described (Wagner et al., 2017).
The experiments were conducted in triplicate on two separate days. The plasma unbound fraction
for each day was calculated as the ratio of mean free concentration (C,) in supernatant (after
ultracentrifugation) over mean total concentration (C) in plasma (after incubation). The average
value of the two experiments was used as the final plasma unbound fraction (fup).

The blood-to-plasma ratio (B/P) of methamphetamine and amphetamine were experimentally
determined as described previously (Sager et al., 2016). Methamphetamine and amphetamine were
spiked into 3 mL of fresh human blood to a final concentration of 0.2 uM. Three 700 uL aliquots
were collected and incubated for 2 hours at 37 °C to equilibrate blood partitioning. Blood samples
(60 uL) were collected after incubation to measure blood concentration, remaining samples were

centrifuged in 1,000 g for 10 min to separate plasma and a plasma sample (60 uL) was collected

10

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 20, 2020 as DOI: 10.1124/jpet.120.264994
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 264994

to measure plasma concentration. Both blood and plasma samples (60 puL) were then quenched
with 120 pL of methanol containing 100 nM methamphetamine-di; and amphetamine-di; as
internal standards and analyzed by LC-MS/MS as previously described (Wagner et al., 2017). The
experiments were conducted in triplicate on two separate days and the blood-to-plasma ratio was
calculated as the ratio of concentration in blood sample over concentration in plasma sample. The
average value of the two experiments was used as the final blood-to-plasma ratio.

The cellular permeabilities of methamphetamine and amphetamine were measured using Madin-
Darby canine kidney (MDCK) cells (ATCC CCL-34 passage 10 to 15). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 4.5 g/L glucose, and 1% penicillin/streptomycin, at 37°C with 5% CO> in a humidified
atmosphere. Cells were seeded at a density of approximately 6.5x10* cells/cm? on 24-well
Transwell plates with 0.4 pum pore size inserts. Ninety-six hours after seeding, cells were used for
permeability assays. For the preincubation, the apical and basolateral chambers were first rinsed
twice with warm Hank’s Balanced Salt Solution (HBSS) pH 7.2, followed by acclimation to HBSS
for 15 minutes. Membrane integrity was confirmed by transepithelial electrical resistance (TEER)
measurements and monolayers with values below 200 Qxcm? were excluded from the study.
Transport assay was initiated by replacing the buffer on either apical or basolateral side with test
solutions (200 upL apical, 800 pL basolateral donor chambers) containing 1 uM of
methamphetamine or amphetamine in HBSS (pH 7.2). Samples of 100 pL. medium from the
receiver chamber were collected at 0, 20, 40, 60, 90, and 120 minutes for analysis by LC-MS/MS
using a previously published method (Wagner et al., 2017). The apparent permeability (Papp) of
methamphetamine and amphetamine across cell monolayers was calculated using eq. 1:

_dQ/dt
Papp T AxC, (1)

11
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where A is the membrane surface area (cm?) of the insert filter, Co is the initial concentration of
compound in the donor chamber (uM), and dQ/dt (umol/s) is the slope of the linear regression line
of measured drug amount in receiver chamber (Q) as a function of time (t), and represents the
amount of methamphetamine or amphetamine that crossed the monolayer per unit time. The
experiments were conducted for both apical-to-basolateral (A-to-B) and basolateral-to-apical (B-
to-A) directions in duplicates on three separate days. The average value of P.pp measured in both
directions in three experiments was used as the final apparent permeability. Detailed results are

shown in Supplementary Figures 1 and 2.

PBPK model development for methamphetamine and amphetamine

The overall workflow for model development and verification is shown in Figure 2. For the drug
model development, the clinical pharmacokinetic data of methamphetamine and amphetamine in
humans were collected from the National Center for Biotechnology Information database

(http://www.ncbi.nlm.nih.gov/pubmed) accessed on January 1%, 2019. Search keywords were

“methamphetamine OR amphetamine AND pharmacokinetics”. One iv (Li ef al., 2010) and two
po (Rowland, 1969; CDER, 2001) datasets were used as training sets for methamphetamine and
amphetamine model development, respectively. Seven (six iv and one po) and two (both po)
datasets published in 6 studies (Perez-Reyes et al., 1991; Cook et al., 1993; Mendelson et al., 1995,
2006; CDER, 2002; Harris et al., 2003) were used as test sets to verify the developed PBPK models
for methamphetamine and amphetamine, respectively. The detailed information of study
populations and study designs for all the datasets used are summarized in Supplementary Table 1.
Plasma concentration-time curves and urinary excretion profiles from these studies were digitized

using WebPlotDigitizer (version 4.2, https://automeris.io/WebPlotDigitizer).

12
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For oral drug absorption of both methamphetamine and amphetamine, compounds in the
gastrointestinal lumen were assumed to be completely dissolved and evenly distributed inside the
lumen compartment immediately upon oral administration. The drug absorption from lumen into
intestinal blood was assumed to be governed by a single absorption rate constant k., which was
set to be a sufficiently high value such that the overall absorption was intestinal blood flow
limited. This was based on the high aqueous solubility (928 mg/L and 1740 mg/L

(www.drugbank.ca)) and high permeability of methamphetamine and amphetamine. The gut

metabolism of methamphetamine and amphetamine was assumed to be negligible as both drugs
have low extraction ratios in the liver primarily mediated by CYP2D6, and CYP2D6 is not
highly expressed in the intestine (Paine ef al., 2006). As such, the fraction absorbed (F.) and
fraction escaping gut clearance (Fg) were assumed to be 1.

For the physiological model, the system-specific parameters including the physical volume and
the blood flow to each organ/tissue were collected from literature (Brown et al., 1997). The tissue-
to-plasma partition coefficients (K,) for brain, gastrointestinal tract, heart, kidney, liver, lung,
pancreas, and spleen for methamphetamine were calculated based on a published human positron
emission tomography (PET) study (Volkow et al., 2010), while the K;, values for adipose, bone,
muscle, and skin were optimized as K,=3 based on observed methamphetamine volume of
distribution at steady state (V) of 4.02 L/kg (Harris et al., 2003). Due to the structural similarity
between methamphetamine and amphetamine, the visceral organ-specific K;, values (i.e. K, for
brain, gastrointestinal tract, heart, kidney, liver, lung, pancreas, and spleen) for amphetamine were
set the same as methamphetamine. Based on the higher polarity of amphetamine in comparison to

methamphetamine, the tissue-specific K, values of adipose, bone, muscle, and skin were set as 2

13
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for amphetamine, resulting in a predicted Vs of 3.14 L/kg, versus an observed apparent Vg ranging
from 3.2 L/kg to 5.6 L/kg after oral dosing (Randall, 2004).

The hepatic clearances of methamphetamine and amphetamine were modeled based on in vivo
human data. Methamphetamine has an observed systemic clearance of 18.0 L/hr (Li et al., 2010)
and an observed renal clearance of 8.09 L/hr (Li et al., 2010) after intravenous administration.
Amphetamine has an observed oral clearance of 15.8 L/hr (CDER, 2001) and an observed renal
clearance of 7.14 L/hr (Rowland, 1969). As a result, the hepatic clearances of methamphetamine
and amphetamine were calculated as 9.91 L/hr and 7.41 L/hr, respectively, based on the
assumption that F, and Fg are equal to 1 for amphetamine. The intrinsic metabolic clearances of
methamphetamine and amphetamine were back-calculated as 14.4 and 9.87 L/hr respectively
based on measured plasma unbound fraction, blood-to-plasma ratio, and the well-stirred hepatic
clearance model (Wilkinson and Shand, 1975).

The mechanistic kidney model was used to simulate the renal clearance of methamphetamine and
amphetamine. The experimentally determined human plasma unbound fraction (fup) and the
permeability in the MDCK cells were used as model inputs to simulate unbound filtration and
passive reabsorption processes as previously described (Huang and Isoherranen, 2018). Without
incorporating active secretion, the mechanistic kidney model predicted CL; values of 2.9 L/hr and
3.2 L/hr for methamphetamine and amphetamine, respectively, which are significantly below the
observed values (8.09 L/hr for methamphetamine (Li et al., 2010) and 7.14 L/hr for amphetamine
(Rowland, 1969)). Therefore, an active secretion component was added to the mechanistic kidney
model to simulate methamphetamine and amphetamine renal clearances based on the previous
characterization of methamphetamine and amphetamine as OCT2 and MATE substrates (Wagner

et al.,2017). Due to the low confidence of in vitro and in vivo renal transporter quantification and

14
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expression, the active secretion clearances of methamphetamine and amphetamine were optimized
with respect to the observed renal clearance (i.e. 8.09 L/hr for methamphetamine (Li et al., 2010)
and 7.14 L/hr for amphetamine (Rowland, 1969)) assuming equal apical and basolateral secretion
and uniform distribution of active secretion among the three subsegments of proximal tubule in
the model. All the detailed physicochemical and pharmacokinetic values used in the models are

listed in Table 1.

Verification of methamphetamine and amphetamine PBPK models

All simulations were performed using MATLAB and Simulink platform (R2018a; MathWorks,
Natick, MA) with the same route of administration and the same dosage regimen as reported in
the corresponding clinical studies (Supplementary Table 1), assuming a representative population
with average physiology. The renal tubular filtrate pH gradient for a representative population is
shown in Supplementary Table 2 with a urine pH value of 6.5 under uncontrolled (i.e. normal)
condition. The overall model development and verification workflow was adapted from previous
studies (Huang et al., 2017; Cheong et al., 2019), and is shown schematically in Figure 2. To verify
the methamphetamine model, methamphetamine plasma concentration-time profiles were
simulated after intravenous and oral dosing and compared to the observed data from 7 test sets (6
iv and 1 po dosing) published in 5 studies (Perez-Reyes et al., 1991; Cook et al., 1993; Mendelson
et al., 1995, 2006; Harris et al., 2003). These studies were not used in model development. For
amphetamine model verification, the amphetamine plasma concentration-time profiles were
simulated after oral dosing and compared to the observed data from 2 test datasets (CDER, 2002)
that were not used in model development. All simulated plasma concentrations were sampled from

peripheral arm vein sampling site which was developed and verified previously (Huang and

15
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Isoherranen, 2020) to match with the sampling site in the observed PK studies. To assess model
performance, absolute average fold error (AAFE) was calculated according to equation 2.
Furthermore, the area under the simulated plasma concentration-time curve (AUC) was calculated
using trapezoidal method and compared to the observed AUC. The ratio between the simulated
and observed AUC was calculated to assess the fold-difference between the two. The calculated
AAFE and AUC ratio had to be within 0.8-to-1.25-fold (model acceptance criterion) for the

simulation to be considered successful.

Simulated

lZ|l
AAFE = 10n 0910 pserved (2)

Simulation and verification of urine pH effect on renal excretion and systemic disposition of
methamphetamine and amphetamine

To evaluate whether the verified full body PBPK model could be applied to predict urine pH effect
on plasma concentration-time profile and urinary drug excretion of methamphetamine and
amphetamine, methamphetamine disposition was simulated under two different urine pH
conditions in contrast to the default uncontrolled urine pH (i.e. urine pH = 6.5). For acidic urine
pH, the tubular filtrate pH was set to decrease in a stepwise manner from 7.2 at the first proximal
tubule subsegment to 5.0 at the last collecting duct subsegment. For alkaline urine pH, the tubular
filtrate pH was set to increase in a stepwise manner from 7.4 at the first proximal tubule
subsegment to 8.0 at the last collecting duct subsegment. Detailed renal tubular filtrate pH gradient
setups used in the modeling are shown in Supplementary Table 2.

The amount of drug excreted in urine with time and the plasma concentration-time profile for
methamphetamine were simulated at each of the three urine pH conditions after oral dosing of 11

mg methamphetamine base. The simulated urinary excretion versus time profiles were compared

16
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to observed data from three test sets corresponding to the three urine pH conditions (Beckett and
Rowland, 1965c). Due to the limited number of subjects in the observed data (n=1), a 2-fold
acceptance criterion of AAFE was used as the acceptance criterion when the simulated population
representative was compared to the individual observed data. The 2-fold criterion was selected
given the reported inter-individual variability (coefficient of variance: 56%) in methamphetamine
renal clearance (Kim et al., 2004). The 2-fold range is a conservative criterion provided renal
clearance follows log-normal distribution, where 95% of individuals have a renal clearance within
2.53-19.5 L/hr, yielding a 2.77-fold difference between the upper/lower limit and the geometric
mean. The simulation results of the urine pH effect on methamphetamine urinary excretion were
also compared to another clinical study (Beckett and Rowland, 1965b) as a second set of
verification. Because the observed plasma concentration-time data for methamphetamine were not
available under the basic and acidic urine pH conditions, simulated and observed plasma
concentrations were not compared.

The urinary excretion and plasma concentration-time profile for amphetamine were simulated
similarly under uncontrolled, acidic, and alkaline urine conditions after oral dosing of 11 mg
amphetamine base. The percentage of amphetamine dose excreted into urine was calculated by
dividing the cumulative amount excreted into urine by dose. The amount excreted into urine was
considered over 48 hours for uncontrolled urine pH and 16 hours for acidic and alkaline urine pH
as described in the observed study, and compared to observed data from respective test datasets
(Beckett and Rowland, 1965a). The effect of altered urine pH on amphetamine urinary excretion
was evaluated based on the percent change in urinary excretion (amount of amphetamine excreted)
under either acidic or alkaline urine in comparison to the urinary excretion when urine pH was not

controlled (simulated urine pH = 6.5). The ratio of the predicted to observed percent change in
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urinary excretion with altered urine pH was calculated. A 2-fold acceptance criterion, similar to
what has been used for drug-drug interaction studies (Sager et al., 2015), was applied to this ratio
to determine whether the simulation was successful. Additionally, simulated plasma
concentration-time profile for amphetamine under uncontrolled and acidic urine conditions was
compared to the observed data from four test datasets (Beckett et al., 1969). Due to the limited
number of subjects in the observed data (n=2), a 2-fold acceptance criterion of AAFE was used

when comparing the simulated population mean results to the individual observed data.

Verification of methamphetamine-amphetamine parent-metabolite model

The methamphetamine-amphetamine parent-metabolite model was established based on the
individual compound models using previously developed PBPK model (Huang and Isoherranen,
2020). Amphetamine formation from methamphetamine was modeled to occur within the liver
compartment. The hepatic formation clearance of amphetamine from methamphetamine was
calculated as 3.29 L/hr using the data from a clinical study reporting the AUC ratio of amphetamine
to methamphetamine (ratio = 0.208) after iv dosing of methamphetamine (Newton et al., 2005)
and observed amphetamine oral clearance of 15.8 L/hr (CDER, 2001) based on a previous method
(Lane and Levy, 1980).

To verify the methamphetamine-amphetamine parent-metabolite kinetic model, amphetamine
plasma concentration-time profiles as a metabolite of methamphetamine after intravenous
administration of methamphetamine were simulated and compared to the observed data from 4 test
sets (Cook et al., 1993; Harris et al., 2003; Mendelson et al., 2006). To evaluate the model, a 0.8-
to-1.25-fold acceptance criterion was applied to the AAFE to determine whether the simulation

was successful. All simulations were performed with the same route of administration and same
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dosage as reported in the corresponding studies (Supplementary Table 1) and all simulated plasma
concentrations were sampled from the peripheral arm vein sampling site.

To test whether the verified parent-metabolite model can capture the methamphetamine-
amphetamine urinary kinetics under different urine pH conditions, simulation results were
compared to observed urinary concentration ratio (Oyler ef al., 2002) and excretion data (Kim et
al., 2004). First, the urinary concentration of methamphetamine and amphetamine were simulated
under uncontrolled urine pH (urine pH = 6.5) after 4 consecutive oral doses of 10 or 20 mg
methamphetamine. The urinary metabolite/parent concentration ratio was calculated as the ratio
of amphetamine to methamphetamine urinary concentration, and the ratio was compared to the
observed data (Oyler et al., 2002). Since the observed data were reported only from a single subject
after 10 or 20 mg doses, a 2-fold acceptance criterion for the calculated AAFE was used to
determine whether the simulation was successful. For extrapolation, we also simulated the urinary
metabolite/parent concentration ratio under acidic and alkaline urine conditions. As the observed
urinary metabolite/parent ratio data were not available under the acidic and alkaline urine pH
conditions, no comparisons between simulated and observed urinary concentrations were done for
these two conditions. Second, the amount of methamphetamine and amphetamine excreted in urine
was simulated under uncontrolled urine pH (urine pH = 6.5) after 4 consecutive doses of 10 mg
methamphetamine. The percentage of methamphetamine dose excreted into urine as
methamphetamine or amphetamine was calculated by dividing cumulative amount of
methamphetamine and amphetamine excreted into urine over 16 days by methamphetamine dose.
The urinary metabolite/parent excretion ratio was calculated by dividing the urinary excretion of

amphetamine with the urinary excretion of methamphetamine. The simulated percentage of
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urinary excretion of methamphetamine and amphetamine, and the metabolite/parent ratio were

compared to observed data from 13 individuals (Kim ez al., 2004).
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Results

Development and verification of methamphetamine and amphetamine drug models

Human plasma unbound fraction, blood-to-plasma ratio, and MDCK cellular permeability were
experimentally determined for methamphetamine and amphetamine and used in the PBPK model.
The fup value was 0.77 (£0.03) for methamphetamine and 0.82 (£0.09) for amphetamine. The
blood-to-plasma ratio was 1.04 (£0.07) for methamphetamine and 1.04 (+0.06) for amphetamine,
suggesting some distribution into the red blood cells. The MDCK cellular permeability was
29.1x10°% (£5.75) cm/s for methamphetamine and 26.9x10° (£4.42) cm/s for amphetamine
(Supplementary Figures 1 and 2), indicating a high permeability for both compounds.

The methamphetamine (Figure 3) and amphetamine (Figure 4) drug models were independently
verified using the observed plasma concentration-time data from seven methamphetamine test sets
(six 1v dosing and one oral dosing) (Perez-Reyes et al., 1991; Cook et al., 1993; Mendelson et al.,
1995, 2006; Harris et al., 2003) and two amphetamine oral dosing test sets (CDER, 2002),
respectively. The AAFE values for methamphetamine (Figure 3) and amphetamine (Figure 4)
plasma concentration-time data in the test sets ranged from 1.04 to 1.19 and the predicted over
observed AUC ratios ranged from 0.87 to 1.11 (Supplementary Table 1 and Supplementary Figure
3). A plot showing the relationship between predicted and observed concentrations for the
simulated studies is also shown in Supplementary Figure 3. Both evaluation metrics met the
stringent 0.8-to-1.25-fold model acceptance criterion demonstrating successful model verification

and high confidence on the model parameter inputs for both methamphetamine and amphetamine.
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Simulation and verification of urine pH effect on renal excretion and systemic disposition of
methamphetamine and amphetamine

After the successful verification of the methamphetamine systemic model, methamphetamine
urinary excretion was simulated as a function of time under different urine pH conditions. The
goal of these simulations was to test whether the effect of urine pH on methamphetamine excretion
could be simulated using the full body PBPK model coupled with the mechanistic kidney model.
Our simulations show that methamphetamine urinary excretion when urine is acidic (Figure 5a red
dashed curve) significantly exceeds the excretion when urine is alkaline (Figure 5a blue dotted
curve), and that the simulated urinary excretion profile of methamphetamine under alkaline or
acidic urine agrees with the observed data in human (Beckett and Rowland, 1965c¢). The simulated
excretion of methamphetamine with urine pH of 6.5 (Figure 5a black solid curve) is in between
the acidic and alkaline urine conditions (Figure 5a red and blue). The urine pH of 6.5 was selected
to represent the estimated urine pH in individuals when urine pH is not controlled. The calculated
AAFE values met the 2-fold model acceptance criterion under all three urine pH conditions (Figure
5a). The urine pH effect on urinary excretion was also simulated and compared to a second
observed study, shown in Supplementary Figure 4. The percent dose excreted in urine as
methamphetamine was successfully captured under all three urine pH conditions, with all
calculated AAFE values meeting the 2-fold model acceptance criterion (Supplementary Figure 4).
The urine pH effect on methamphetamine systemic disposition was also simulated (Figure 5b) to
explore the effect of changes in urine pH on methamphetamine exposure and half-life. The
calculated plasma methamphetamine AUCy.inr values under alkaline, uncontrolled, and acidic urine
conditions were 970, 542, and 284 pgxhr/L, respectively, after an oral dose of 11 mg

methamphetamine base, illustrating a dramatic impact of urine pH on methamphetamine systemic
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exposure. The simulated plasma concentrations of methamphetamine were highest when urine was
alkaline, followed by uncontrolled urine pH (urine pH = 6.5), and the plasma concentrations of
methamphetamine were the lowest when urine was acidic (Figure 5b).

Similar to methamphetamine, urine pH also plays a significant role in amphetamine urinary
excretion (Beckett and Rowland, 1965a). To recapitulate the urine pH effect on amphetamine renal
disposition, the urinary excretion of amphetamine was simulated under three different urine pH
conditions (Figure 6a). Compared to uncontrolled urine pH condition (urine pH = 6.5), alkaline
urine condition was predicted to result in a 97% decrease of urinary excretion of amphetamine,
while the observed decrease was 91%, resulting in a predicted over observed ratio of 1.07-fold
meeting the acceptance criterion of 2-fold. On the other hand, urine acidification was predicted to
result in a 48% increase of urinary excretion of amphetamine when compared to uncontrolled urine
pH condition, while the observed increase was 75%, resulting in a predicted over observed ratio
of 0.64-fold meeting the acceptance criterion of 2-fold.

The urine pH effect on amphetamine systemic disposition was also simulated (Figure 6b and 6c¢)
and compared to the observed data (Beckett ef al., 1969). The AAFE values for the simulations of
acidic and uncontrolled urine pH met the 2-fold model acceptance criterion (Figure 6b and 6c).
The 2-fold criterion was used due to the small sample size in the observed studies (n=2).
Unfortunately, clinical data regarding the alkaline urine pH effect on amphetamine systemic
disposition were not available, and hence no verification was conducted for this condition. Based
on the simulations using the verified amphetamine model, the plasma amphetamine AUCy.inf
values under alkaline, uncontrolled, and acidic urine conditions were 1325, 692, and 361 pgxhr/L,
respectively, after an oral dose of 11 mg amphetamine base, demonstrating a dramatic impact of

urine pH on amphetamine systemic exposure.
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Simulation and verification of plasma and urinary methamphetamine-amphetamine parent-
metabolite Kinetics

After the successful verification of methamphetamine (Figure 3) and amphetamine (Figure 4)
models, the parent-metabolite link was established to allow for simulation of amphetamine
disposition as a metabolite of methamphetamine. To verify the methamphetamine-amphetamine
parent-metabolite model, amphetamine plasma concentration-time profiles were simulated as a
metabolite after iv dosing of methamphetamine and compared to observed data. As shown in
Figure 7, all AAFE values were within the 0.8-to-1.25-fold acceptance criterion, indicating the
parent-metabolite linkage between methamphetamine and amphetamine was successfully
established and verified.

To evaluate the applicability of the wverified parent-metabolite model to capture the
methamphetamine-amphetamine urinary kinetics, the urinary metabolite/parent concentration
ratio was simulated under uncontrolled urine pH (urine pH=6.5) and compared to the observed
data (Oyler et al., 2002) from a single subject after 4 consecutive doses of 10 mg or 20 mg
methamphetamine (Figure 8). The AAFE values for these simulations were within the 2-fold
acceptance criterion, which was used due to the small sample size (n=1). The urinary
metabolite/parent concentration ratio was also simulated under acidic and alkaline urine conditions
to explore the impact of varying urine pH on this measure. The simulation results show that the
urinary metabolite/parent concentration ratio can be affected by urine pH. Particularly, alkaline
urine resulted in a higher urinary Amph/Meth ratio. In addition, the percent dose excreted in urine
as methamphetamine and amphetamine was also simulated under uncontrolled urine pH (urine pH

= 6.5) and compared to the observed data (Figure 9). The observed mean percent dose excreted in

24

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 20, 2020 as DOI: 10.1124/jpet.120.264994
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 264994

urine as methamphetamine and amphetamine were 41.3% and 9.8%, respectively, while the
predicted values were 40.6% and 8.2% respectively. The observed
amphetamine/methamphetamine ratio in urine was 0.26 while the predicted ratio was 0.20. The
predicted/observed values were all within the 2-fold acceptance criterion. Together, these data
suggest successful application of the model to simulate systemic and urinary parent-metabolite

kinetics.
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Discussion

The effect of urine pH on renal excretion of drugs has been observed for a multitude of drugs in
humans (Macpherson et al., 1955; Beckett and Rowland, 1965a; c; Sharpstone, 1969; Sjoqvist et
al., 1969; Gerhardt et al., 1969; Gram et al., 1971; Kiddie et al., 1974; Chan, 1979; Muhiddin et
al., 1984; Benowitz and Jacob, 1985; Aoki and Sitar, 1988; Freudenthaler ez al., 1998). In addition,
a plethora of medications and disease states have been reported to cause changes in urine pH (Cook
et al., 2007). For example, acetazolamide which was indicated for glaucoma and edema has been
shown to increase urinary pH in humans from 5.5 to 7.6 (Moviat et al., 2006). In contrast,
cholestyramine, indicated for hypercholesterolemia, was shown to induce metabolic acidosis and
therefore can decrease urinary pH to as low as 4.8 (Eaves and Korman, 1984). Further, urine
acidification is observed with diabetes, obesity, and chronic kidney disease (Maalouf et al., 2004,
2010; Nakanishi et al., 2012), and urine alkalinization is observed with vomiting and urinary tract
infection (Yi et al., 2012; Lai et al., 2019). Therefore, the potential impact of co-medications and
comorbidities on urine pH and consequently renal drug clearance can be commonplace and
profound. Nonetheless, the overall effect of altered urine pH on urinary drug concentrations,
excretion profiles, systemic exposure, and the subsequent clinical consequences has been
underappreciated. In this study, we hypothesized that in silico modeling could be used to
understand and predict the effects of altered urine pH on drug and metabolite renal and systemic
disposition. The goal of this study was to integrate the verified mechanistic kidney model (Huang
and Isoherranen, 2018) with a parent-metabolite full body PBPK model (Huang and Isoherranen,
2020) to examine the applicability of the final model to predict the effect of varying urine pH on
renal clearance and systemic exposure to assess the potential clinical consequences, using

methamphetamine and amphetamine as model compounds.
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Currently, the urine pH effect on renal clearance and systemic disposition have rarely been
considered when using in silico techniques to simulate drug and metabolite disposition. For studies
that specifically explore urinary excretion as a function of time, the urinary excretion profiles were
mostly simulated using simple first order urinary kinetics (Ortiz et al., 2014; Phillips et al., 2014,
Adachi et al., 2015; Marchand et al., 2015; Yang et al., 2015) governed by a fixed observed value
such as elimination rate constant. Although these models may have successfully recapitulated the
observed data, they cannot be extrapolated to untested or altered scenarios due to their non-
mechanistic nature when simulating urinary kinetics. In contrast, mechanistic modeling can be
used to extrapolate drug disposition from known settings to unstudied scenarios such as unstudied
populations and unstudied drug co-administration (Wagner et al., 2015; Huang et al., 2017; Zhang
et al.,2017; Hanke et al., 2018), and likely to unstudied urine pH conditions.

Recently, the MechKiM model embedded in the Simcyp platform was used to predict renal
clearance and urine pH effects on renal clearance (Matsuzaki ef al., 2019). In that study, seven
compounds were used as the test set to examine model performance, and the simulations were
conducted assuming uniform renal tubular filtrate pH throughout all renal segments. The overall
simulation results under the uncontrolled urine pH condition showed AAFE values ranging from
2.87 (assuming uniform tubular filtrate pH = 6.2) to 3.62 (assuming uniform tubular filtrate pH =
7.4). In comparison, our mechanistic kidney model which assumes a tubular pH gradient across
different tubular segments showed superior performance for a set of 35 non-neutral test compounds
with AAFE values of 1.83, 1.82, and 1.46 for weak bases, weak acids, and zwitterions, respectively
(Huang and Isoherranen, 2018). This better performance could be due to our strategy to use a
stepwise gradient for renal tubular filtrate pH to account for the naturally continuous acidification

process of tubular filtrate, although other differences such as microvilli consideration and a larger
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number (11 vs 7) of tubular compartments in our model may also contribute to our better
performance. Further, the previous study (Matsuzaki et al., 2019) showed a relatively insensitive
response of simulated renal clearance to urine pH changes. For example, their simulated
amphetamine renal clearance did not change with urine pH between 5 and 8, which is inconsistent
with the observed dramatic changes (Beckett and Rowland, 1965a; Beckett et al, 1969).
Conversely, our model accurately recapitulated the renal excretion of methamphetamine and
amphetamine under acidic (urine pH = 5.0), uncontrolled (urine pH = 6.5), and alkaline (urine pH
= 8.0) urine conditions (Figure 6), and was previously shown to capture the varying renal clearance
of salicylic acid and memantine as a function of urine pH (Huang and Isoherranen, 2018). We
confirmed the importance of the stepwise gradient via an in-house head-to-head comparison of the
urinary methamphetamine excretion using our stepwise pH gradients and the previously published
(Matsuzaki et al., 2019) constant pH value. The constant pH value approach failed to recapitulate
the observed data under uncontrolled (AAFE = 2.2 or 6.5) and alkaline urine condition (AAFE =
13.6) (Supplementary Figure 5) while the stepwise pH gradient approach successfully (AAFE <
2) simulated methamphetamine urinary excretion (Supplementary Figure 4). Together, these
results support that our PBPK model and strategy can capture the mathematical relationship
between urine pH and the corresponding apparent permeability, passive reabsorption, and renal
clearance successfully. More examination using additional dataset is warranted for further
validation of the full model.

Altered urine pH may also affect the systemic exposure of drugs and their metabolites if renal
clearance is an important elimination pathway. For example, amphetamine plasma AUC was
decreased by approximately 50% under acidic urine pH condition compared to uncontrolled urine

pH condition (Beckett et al., 1969), and as urine pH is known to affect the renal clearance for many
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drugs, such effects on drug AUC can be common. The modeling and simulation workflow
presented here offers a feasible approach to predict whether the drug exposure is sensitive to
changes in urine pH. To do this, it is important to construct both urine pH-sensitive mechanistic
kidney model and a full body PBPK model that captures drug absorption, distribution, and other
pathways of elimination such as hepatic metabolism and biliary excretion. In this study, we first
verified the full body PBPK model for methamphetamine (Figure 3) and amphetamine (Figure 4),
and then verified the urine pH effect on renal excretion (Figure 5a and 6a), to ultimately simulate
the urine pH effect on plasma AUC for methamphetamine (Figure 5b) and amphetamine (Figure
6b and 6¢). Based on the simulations, we also predicted that urine alkalinization can increase
plasma AUC of methamphetamine and amphetamine by about 100% in comparison to
uncontrolled urine pH due to increased passive reabsorption and decreased renal clearance
(Figures 5 and 6). Collectively, we showed a modeling workflow that can serve as a robust and
cost-effective method to assess how drug AUC is altered when urine pH is changed due to co-
medications or disease states.

The urine pH effect also impacts the interpretation of urinary concentration data. At present, the
urinary concentrations of drugs and metabolites have been widely used for understanding drug
pharmacokinetics, for phenotyping human subjects for certain metabolizing enzymes (Wedlund et
al., 1984; Chladek et al., 2000; Vogl et al., 2015), and for testing and screening for illicit drug use
(Fabbri, 2003; Moeller et al., 2017). As shown in Figures 5 and 6, the changes in urine pH will
change the renal excretion and therefore urinary concentration-time profile. Further, simulations
in Figure 8 suggest that urinary metabolite/parent ratio can also be influenced by urine pH changes.
Currently, urine samples collected at a single time point often serve as the direct proxy for data

interpretation, without the quantitative consideration of the confounding effect of different urine
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pHs on urinary disposition. As such, analysis of drug concentrations in the collected urine samples
may lead to misinterpretation and suboptimal decision making. The modeling and simulation
approach described here, together with the measurement of urine pH values, can aid in interpreting
urinary excretion data and help to minimize false negative and false positive readings.

In conclusion, this study shows that the previously developed and verified mechanistic kidney
model together with the full body parent-metabolite PBPK model can accurately predict the effect
of urine pH on methamphetamine and amphetamine renal clearance, plasma concentration-time
profile and systemic and urinary parent-metabolite kinetics. These results suggest that mechanistic
PBPK models can be generally applied to predict the potential impact of co-medications and
comorbidities on parent-metabolite renal and systemic disposition due to altered urine pH. The
modeling workflow and approach established here is likely to be useful in assessing the sensitivity
of new compounds’ disposition to changes in urine pH, especially for weak acids and bases that

have substantial permeability.
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Figure Legends

Figure 1. Structure of the developed mechanistic kidney-integrated parent-metabolite full
body PBPK model. Schematic presentation of the physiologically based parent-metabolite
pharmacokinetic model with a mechanistic kidney model and peripheral arm vein sampling site
incorporated. The renal artery that connects central artery to the entrance of the mechanistic kidney
model is shown in red dashed lines. The renal vein that connects the exit of mechanistic kidney
model to the central venous compartment is shown in blue dashed lines. The transporter-mediated
active secretion or active reabsorption is shown in black dotted arrows. The bidirectional pH-
dependent passive diffusion is shown in double arrows. The peripheral arm vein sampling sites are
shown in orange with forearm anastomoses shown in magenta. The intravenous and oral dosing
are shown in green. Qxidney, renal blood flow; Qurine, urine formation flow; GFR, glomerular

filtration rate; 1, the number of subsegment each segment is divided into.

Figure 2. The overall workflow for developing and verifying the full body parent-metabolite
PBPK model of methamphetamine and amphetamine for the simulation of urine pH-dependent
systemic disposition and urinary excretion. Meth, methamphetamine. Amph, amphetamine. fu,
unbound fraction in plasma. B/P, blood-to-plasma ratio. MDCK, Madin-Darby canine kidney.
Papp, experimentally determined apparent cellular permeability. CLjy, total body clearance
measured after intravenous dosing. CL;,, total body clearance measured after oral dosing. CL,
renal clearance. PET, positron emission tomography. AAFE, absolute average fold error. M/P,

metabolite-to-parent ratio.
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Figure 3. Simulation of methamphetamine (Meth) plasma concentration-time profile after
iv dosing. Methamphetamine plasma concentration-time profiles were simulated after
intravenous dosing and the simulated plasma concentrations (shown in red) were compared to
the observed data (shown in blue) from 6 different test sets. The calculated AAFE value for each
dataset is shown in each panel. The observed data for methamphetamine are from (a) (Cook et
al., 1993), (b) (Mendelson et al., 1995), (c¢) (Harris et al., 2003), (d) (Harris et al., 2003), (e)

(Mendelson ef al., 2006), and (f) (Mendelson et al., 2006).

Figure 4. Simulation of methamphetamine (Meth) and amphetamine (Amph) plasma
concentration-time profiles after oral dosing. Methamphetamine and amphetamine plasma
concentration-time profiles were simulated after oral dosing and the simulated plasma
concentrations (red lines) were compared to the observed data (blue circles) from 3 different test
sets. The calculated AAFE value for each dataset is shown in each panel. The observed data for
methamphetamine (a) are from (Perez-Reyes et al., 1991), and the observed data for amphetamine

(b and ¢) are from (CDER, 2002).

Figure 5. Simulation of the urine pH effect on methamphetamine urinary excretion and
plasma concentration-time profile of methamphetamine (Meth). Methamphetamine urinary
excretion profiles (a) and plasma concentration-time profiles (b) were simulated after 11 mg
methamphetamine oral administration under acidic urine pH condition (red dashed curves),
uncontrolled urine pH condition (black solid curves), and alkaline urine pH condition (blue dotted
curves). Simulated methamphetamine urinary excretion as a function of time was compared to

observed data (N=1) under 3 different urine conditions (Beckett and Rowland, 1965¢) shown in
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red squares (acidic urine), black circles (uncontrolled pH urine), and blue triangles (alkaline urine).

The calculated AAFE values for all three urine conditions are shown in the insets.

Figure 6. Simulation of the effect of urine pH on the urinary excretion and plasma
concentration-time profile of amphetamine. Amphetamine urinary excretion over 48 hours
(uncontrolled urine pH shown in black), 16 hours (alkaline urine pH shown in blue), and 16
hours (acidic urine pH shown in red) was simulated after 11 mg amphetamine oral administration
(a). The observed individual data of amphetamine excretion are shown in circles (Beckett and
Rowland, 1965a). The mean simulated amount (as percent of dose) of amphetamine excreted in
urine under each urine pH condition is shown in triangles with 2-fold error bars. Simulated
(curves) amphetamine plasma concentration-time profiles (b and c) are shown in comparison to
the observed (open symbols, (Beckett ef al., 1969)) data in two individual subjects under
uncontrolled urine pH (black symbols and solid curve), acidic urine pH (red symbols and dashed
curve), and alkaline urine pH (blue dotted curve) after 11 mg oral administration of
amphetamine. The calculated AAFE values for each individual subject are shown. AAFEu,
represents the calculated AAFE comparing simulated and observed amphetamine plasma
concentrations under uncontrolled urine pH. AAFE.ciq represents the calculated AAFE

comparing simulated and observed amphetamine plasma concentrations under acidic urine pH.

Figure 7. Simulation of plasma amphetamine concentration-time profile as a metabolite after
iv dosing of methamphetamine. Amphetamine plasma concentration-time profiles were
simulated (shown in red curves) as the metabolite of methamphetamine after iv dosing of
methamphetamine and compared to the observed data (shown in blue circles) from 4 test sets. The

calculated AAFE values were all within the 0.8-to-1.25-fold range. The observed data of
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amphetamine are from (a) (Cook et al., 1993), (b) (Harris et al., 2003), (c) (Mendelson et al., 2006),

(d) (Mendelson et al., 2006).

Figure 8. Simulation of the time course of metabolite to parent
(amphetamine/methamphetamine) urinary concentration ratio after multiple oral doses of
methamphetamine. Amphetamine/methamphetamine urinary ratio was simulated under acidic
urine pH condition (red curves), uncontrolled urine pH condition (black curve), and alkaline
urine pH condition (blue curve) after 4 consecutive oral doses of methamphetamine and
compared to the observed urinary ratio (black circles) from 2 test sets (Oyler ef al., 2002) with
10 mg dose (panel a) and 20 mg dose (panel b) under uncontrolled urine pH condition. The
calculated AAFE values comparing simulation and observation under uncontrolled urine pH

condition are shown in insets.

Figure 9. Simulation of the amount of methamphetamine and its metabolite amphetamine
excretion into urine (as a percent of methamphetamine dose) after multiple oral dosing of
methamphetamine. Panel (a) shows the simulated fraction (in red square with two-fold error
bars) of methamphetamine dose excreted into urine as methamphetamine and amphetamine
(expressed as a percent of methamphetamine dose) after 4 oral doses of 10 mg methamphetamine
and assuming urine pH of 6.5 to mimic uncontrolled urine pH. The simulated Amph/Meth
urinary excretion ratio (in red square with two-fold error bars) based on the data presented in (a)
is shown in panel (b). The observed data (Kim et al., 2004) for individual subjects are shown in

blue circles and observed means are shown in blue triangles.
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Table 1. Physicochemical and pharmacokinetic parameters of methamphetamine and

amphetamine used in the full body parent-metabolite PBPK model with the integrated

mechanistic kidney model and peripheral arm vein sampling site.

Parameter Methamphetamine Amphetamine
Physicochemical
Molecular weight (g/mol) 149.23* 135.21*
Compound type Base® Base®
pKa 10.21* 10.01*
LogP 2.23¢ 1.85°
fup 0.77° 0.82°
B/P 1.04° 1.04°
MDCK cellular permeability (10 cm/s) 29.1° 26.9°
Absorption
ka (hr") 50 5¢
Fa 1° 1°
Fq 1° 1°
Distribution
Kop.adipose 3d 24
Kp.bone 3¢ 24
Kp.brain 9.67° 9.67¢
Kp.gastrointestinal tract 25.2¢ 25.2¢
Kp.heart 5.21° 5.21¢
Kop.kidney 14.5¢ 14.5°¢
Kop.tiver 25¢ 25¢
Kop,tung 6.94° 6.94¢
Kp,muscle 3¢ 24
Kp.pancreas 12.7¢ 12.7¢
Kp,skin 3¢ 24
Kop.spicen 11° 11e
Metabolism
CLuotal (L/hr) 18.0" (i.v.) 15.8% (p.o.)
CLn (L/hr) 9.91" 741"
CLintrinsic (L/hr) 14.4" 9.87"
CL¢ (L/hr) - 3.291
Excretion
CL:(L/hr) 8.09" 714
CLsection (L/hr) 48% (16x3) 30% (10%3)
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fup, fraction unbound in plasma; B/P, blood-to-plasma ratio; MDCK, Madin-Darby canine kidney;
k., absorption rate constant from gut lumen to blood; F., fraction absorbed; Fg, fraction passed the
enterocyte; Kp, tissue-to-plasma partition coefficient for specific organ/tissue; CLotal, total body
clearance (intravenous administration for methamphetamine; oral administration for
amphetamine); CLy, hepatic clearance; CLinuinsic, metabolic intrinsic clearance; CL¢, formation
clearance; CL;, renal clearance; CLscciion, renal active secretion clearance at proximal tubule

(clearance value of each proximal subsegment S1, S2, and S3)?Collected from www.drugbank.ca,

®Measured from experiments, ‘Assumed as described in Materials and Methods, ‘Optimized as
described in Materials and Methods, ¢(Volkow et al., 2010), ‘(Li et al., 2010), 3(CDER, 2001),
"Derived as described in Materials and Methods> ‘Derived based on (Lane and Levy, 1980; CDER,

2001; Newton et al., 2005), ((Rowland, 1969), ¥Optimized as described in Materials and Methods
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Model Development

Development of mechanistic
PBPK structural model
*  Full body physiology
¢ Mechanistic kidney model

* f,p B/P,and MDCK P,,, were experimentally measured
* CL, ClL,, and CL, were from human PK studies
=+ Distribution parameters were from human PET scan study
: « Renal active secretions were optimized using mechanistic kidney
i model based on f

Development of Meth and Amph drug model

“sssssssnsnnnnnns®

* Simulation of plasma concentration-time = * AAFE < 1.25 at study level

profile of Meth and Amph as parent r \ Results:

= drugs under uncontrolled urine pH * AAFE:1.04-1.19

: * Verification using 7 test sets for Meth - \ J Conclusion:

:_ and 2 test sets for Amph : =+ Successful verification of Meth and
: Amph systemic models

* Peripheral sampling site ., MDCK P,.., and observed CL,
Model Verification
ST REEEEEEEEEsEEsEsEEsEEsEsEEsEEEEEEEEEEu. . Pre-defined criteria:
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Simulation of urinary excretion and . Pre-defined criteria:
systemic disposition of Meth and Amph - / \ * AAFE <2 atindividual level
: under controlled acidic and alkaline . Results:
: urine pH + * AAFE:1.11-1.86
¢« Verification using 6 test sets for Meth & \ J . Conclusion:
*  and 7 test sets for Amph : ¢« Successful application

Model Application

e s e e B e e :  Pre-defined criteria:

¢ AAFE < 1.25 at study level and

: Simulation of Amph systemic disposition / \ AGSH
¢ and urinary M/P ratio as a metabolite - AAFE <2 at individual level

-

after dosing Meth under uncontrolled ¢ Results:
* urine pH \ J =+ AAFE:1.12-1.23 at study level and
i« Verification using 7 test sets : 1.25-1.60 at individuallevel
B aciainaiscaiesauisne ansasuiaua Rt Conclusion:

* Successful application

Future implementation of this model to
: predict the effect of altered urine pH on
= urinary and systemic disposition of new
drugs and metabolites due to co-
medications and comorbidities

Figure 2.
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Observed 75% 1
Predicted 48% 1
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