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|dentification of Appropriate Endogenous
Biomarker for Risk Assessment of Multidrug
and Toxin Extrusion Protein-Mediated
Drug-Drug Interactions in Healthy Volunteers

Takeshi Miyake', Em1 Kimoto?, Lina Luo’, Sumathy Mathlalagan LaurenM Horlbogen ,
Ragu Ramanathan®’, Linda S. Wood , Jillian G. ]ohnson Vu H. Le*, Manoli Vourvahis’,
A. David Rodrlgues , Chieko Muto Kenichi Furihata’, Yuichi Suglyama and Hiroyuki Kusuhara™*

Endogenous biomarkers are emerging to advance clinical drug-drug interaction (DDI) risk assessment in

drug development. Twelve healthy subjects received a multidrug and toxin exclusion protein (MATE) inhibitor
(pyrimethamine, 10, 25, and 75 mg) in a crossover fashion to identify an appropriate endogenous biomarker to
assess MATE1/2-K-mediated DDI in the kidneys. Metformin (500 mg) was also given as reference probe drug

for MATE1/2-K. In addition to the previously reported endogenous biomarker candidates (creatinine and N
methylnicotinamide (1-NMN)), Nl-methyladenosine (miA) was included as novel biomarkers. 1-NMN and m*A
presented as superior MATE1/2-K biomarkers since changes in their renal clearance (CL,) along with pyrimethamine
dose were well-correlated with metformin CL changes. The CL, of creatinine was reduced by pyrimethamine,
however, its changes poorly correlated with metformin CL, changes. Nonlinear regression analysis (CL, vs. mean
total concentration of pyrimethamine in plasma) yielded an estimate of the inhibition constant (K,) of pyrimethamine
and the fraction of the clearance pathway sensitive to pyrimethamine. The in vivo K; value thus obtained was further
converted to unbound Ki using plasma unbound fraction of pyrimethamine, which was comparable to the in vitro K;
for MATEL (1-NMN) and MATE2-K (1-NMN and mlA) It is concluded that 1-NMN and m*A CL, can be leveraged as
quantitative MATE1/2-K biomarkers for DDI risk assessment in healthy volunteers.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

(1-NMN)) present as superior urinary biomarkers. Both sup-
port MATE1/2-K inhibition assessment and the generation of

| Drug-drug interactions (DDIs) involving renal MATE1/2-K
inhibition, impacting metformin pharmacokinetics, are impor-
tant. Therefore, regulators mandate clinical metformin DDI
studies when investigational drugs trigger conservative agency
DDI risk thresholds (e.g., projected peak plasma concentration
(C,..0) /in vitro MATE1/2-K half-maximal inhibitory concentra-
tion ratio > 0.1).

WHAT QUESTION DID THIS STUDY ADDRESS?

M Could an endogenous MATE1/2-K substrate serve as a
clinical biomarker to support inhibition assessment, de-risk
metformin DDI, and obviate the need for a formal DDI study?
WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M Beyond creatinine, two endogenous MATE1/2-K substrates
(N'-methyladenosine  (m'A) and N'-methylnicotinamide

in vivo inhibition constant (K)) values.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[ Perpetrator dose-dependent inhibition of renal MATE1/2-K
can be assessed using m1A and/or I-NMN. Once generated,
in vivo K, values could be input for physiologically-based phar-
macokinetic models describing metformin DDI. The output
of such models can drive the data translation (e.g., i vitro to
in vivo for MATE1/2-K inhibition) and enable decision making
(e.g., the need for/design of a metformin DDI study).
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To ensure safety in drug therapy upon concomitant use of drugs,
drug-drug interaction (DDI) risks of new chemical entities with
major drug-metabolizing enzymes and transporters are routinely
assessed in drug development by mechanism-based approaches.
Typically, such approaches involve the prediction of DDI based
on iz vitro data and clinical assessment using recommended
probe drugs.l_3 However, it is generally accepted that the use of
in vitro data can render both significant false-positive and, to a
lesser degree, false-negative predictions.4 Recently, endogenous
biomarkers, generally physiological substrates of drug-metab-
olizing enzymes and transporters, are emerging as useful tools
to advance DDI risk assessment of investigational drugs in early
phases of clinical development before conducting the clinical
DDI study using the recommended probe drugs.2’4’5 Application
of endogenous biomarkers has been expanded to encompass
complex DDIs involving multiple potential interaction sites with
investigational drug.6 Although useful, biomarkers require val-
idation and characterization in terms of their ease of analysis,
sample requirements, sensitivity, dynamic range, significant cor-
relation with pharmacokinetic parameters of probe drugs, as well
as variability (e.g., diurnal, interindividual and intra-individual
differences).*

The kidneys are essential organs for eliminating drugs and me-
tabolites into the urine from the blood circulation. In addition
to glomerular filtration, drugs are eliminated into the urine by
drug transport systems in the proximal tubules, which consist of
OCT2, and MATE1 and MATE2-K mediating the uptake and
subsequent efflux of water-soluble cationic compounds, respec-
tively.7_9 An oral antidiabetic, metformin, is a well-characterized
substrate of these transporters, and serves as a typical probe for as-
sessing potential OCT2 and/or MATE1/2-K associated DDIs."?
In addition, endogenous metabolites, such as creatinine and V' L
methylnicotinamide (1-NMN), have been also identified as sub-
strates of OCT2 and MATEs.!'~!° Creatinine clearance serves asan
index of kidney function.'® On the other hand, drugs known to be
inhibitors of OCT2 and MATEs have been shown to cause revers-

17,18

ible elevation of serum creatinine without kidney injury, such

as cimetidine, trimethoprim, and pyrimethamine that also reduce
the renal clearance of metformin at their therapeutic doses.?
The 1-NMN, an endogenous metabolite of nicotinamide (also
known as vitamin B3 or niacin) formed by N—meht:ylation,23 is
also known to be secreted into the urine by renal organic cation
transportcrs.ls’24 Additionally, based on the genomewide associ-
ation study of serum metabolite profilc:s,25 we recently identified
Nl—mcthyladenosine (mlA), which is considered derived from
transfer RNA,26 as a novel endogenous substrate of OCT2 and
MATEI1/2-K that undergoes significant tubular secretion in the
kidneys of humans.”” Administration of DX-619, an inhibitor of
OCT2 and MATE1/2-K,*® delayed the elimination of m'A in
monkcys,27 supporting that it can serve as a DDI biomarker.
Correlation of the pharmacokinetic parameters, such as clear-
ance or area under the plasma concentration time curve (AUC),
between endogenous substrates and the typical probe drug when
transporters are inhibited in the presence of a perpetrator in a
dosc—dependent manner is an important criterion to convince in-
vestigators of the appropriateness of a particular biomarker.””*° To
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date, however, no such data are available for biomarkers of renal
OCT2 and MATE1/2-K. Therefore, we designed a clinical study
to examine the dose-dependent effect of pyrimethamine on the
pharmacokinetic parameters of MATE1/2-K substrates in a cross-
over fashion. Pyrimethamine is a potent MATE1/2-K inhibitor
characterized by its long climination half-life (ca. 100 hours) in hu-
mans, which provides constant inhibition of MATE1/2-K during
a metformin DDI st:udy.19 In carlier clinical studies with healthy
subjects, the pyrimethamine dose was 50 mg (single dose), which
caused a slight reduction in renal clearance (CL,) of metformin (at
most, 35% inhibition),19 but a reduction of CL, by 70% that rep-
resented an almost complete inhibition of I-NMN renal secretory
clearance.’® In a later study by Oh ez al.?’ two doses of pyrimeth-
amine 50 mg administered 12 hours apart resulted in stronger im-
pact on metformin AUC and CL. Based on these clinical studies,
pyrimethamine was given orally at 3 different doses, 10, 25, and
75 mg to explore the dose-dependent inhibition of renal organic
cation transporters. In this regard, the use of biomarkers to assess
the dose-dependent inhibition of liver (OATP1B by rifampicin)
and renal (OAT by probenecid) transporters has already been de-
scribed.??72! In addition to MATE1/2-K substrates, the AUC and
CL, of pyridoxic acid (PDA) was also determined to examine the
effect of pyrimethamine on renal organic anion transporters.

METHODS

Chemicals

All authentic compounds, reagents, and organic solvents were of a com-
mercially available analytical grade. Purchase sources of authentic com-
pounds are listed in Supplementary Methods.

Clinical study design

This study was conducted following the Clinical Trials Act, Japan. The
study protocol was reviewed by Certified Review Board, the Graduate
School of Medicine, The University of Tokyo (CRB3180024). The study
is registered as the specified clinical trial in Japan Registry of Clinical
Trials (https://jrct.niph.go.jp/en-latest-detail J/RCTs031180125).
Weritten informed consent was provided by all participants prior to their
inclusion in the study. The study was an open-label, dual-sequence, four-
phase crossover study in 12 healthy Japanese male participants. The
schedules of dosing and sampling are both described in Supplementary
Methods.

Quantification of test compounds by liquid chromatography
with tandem mass spectrometry

Plasma and urine samples analyzed by liquid chromatography with tan-
dem mass spectrometry were prepared by protein precipitation as de-
scribed previously.”” All compounds were separated and detected using
the QTRAPS500 system (AB SCIEX, Toronto, Canada) equipped
with the Nexera X2 LC system (Shimadzu, Kyoto, Japan), operated in
electrospray ionization mode. Analyte quantification was performed
using Analyst version 1.7 (Sciex, Toronto, ON, Canada). Creatinine and
1-NMN were analyzed using creatinine-d3 and I-NMN-d3 as internal
standards, respectively. The conditions of liquid chromatography, mul-
tiplc reaction monitoring precursor/product ion transitions are summa-
rized in Supplementary Methods.

Pharmacokinetic analysis in the human clinical study

The area under the plasma concentration—time curve from zero to
24 hours (AUC ,,) was determined with the linear trapezoidal rule.
However, the AUC of 1-NMN was calculated from time zero to 12 hours
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postdose given that plasma concentrations of 1-NMN showed significant
intraday variation, and AUC during 12-24 hours was determined only
at 2 timepoints (12 and 24 hours), thus potentially impacting interpre-
tation of CL .

The CL, regarding plasma concentration of test compounds was deter-
mined by dividing the amount excreted into the urine from 0 to 24 hours

(X_;..) by the AUC value. For 1-NMN, AUC and the amount excreted
into the urine from 0 to 12 hours were used.
CL. = Xurine
" AUC

K, app (apparent inhibition constant of pyrimethamine as the total concen-
tration) and f}y, (the fraction sensitive to inhibition by pgrlmethamme)
were obtained by iterative nonlinear least squares method™® (Prism8 ver-
sion 8.4.1; GraphPad Software, La Jolla, CA) using the followmg equation
under constraint of 0 < fj,yp < 1 and K, > O where C represents the
mean plasma concentrations of pyrlmethamme in each sub)ect

fI"YR

CL, ratio= C.JK
l app

(1 _fPYR) :

C, was obtained by dividing AUC pyrimethamine with the duration time
(12 hours for 1-NMN, otherwise 24 hours).

Statistical analysis

Natural log-transformed of all parameters were analyzed by cohort
using a mixed effect model with treatment as a fixed effect and sub-
ject as a random effect. Estimates of the adjusted mean differences
(test-reference) and corresponding 90% confidence intervals (Cls) for
AUC and CL_ were obtained from the model. The adjusted mean dif-
ferences and 90% CIs for the differences were exponentiated to pro-
vide estimates of the ratio of adjusted geometric means (test/reference)
and 90% CI for the ratios. The control phase (metformin alone) was
the reference treatment for all analyses except for the assessment of
metformin’s impact on biomarkers, in which the baseline phase (pla-
cebo) was the reference. The values of plasma concentration and CL,
are presented as the mean + SEM.

RESULTS

Participant demographics

Twelve healthy male Japanese participants were enrolled into the
study. The range for age, body mass index, height, and weight
was 23-38 years, 20.9-24.1 kg/m?, 165-183 cm, and 59.5-
75.8 kg, respectively. The participants did not manifest any ab-
normality by medical examination or blood or biochemical tests
at baseline.

Pyrimethamine plasma concentrations

Time profiles of the plasma concentrations of pyrimethamine are
shown in Figure S1. The mean plasma concentrations (C, ) were
0.287 +0.024, 0.781 + 0.031, and 2.47 + 0.18 pM (mean + SEM)
when the volunteers received 10, 25, and 75 mg single doses of py-
rimethamine, respectively. The maximum plasma concentrations
(C,,,.) were 0.390 + 0.047, 1.06 + 0.14, and 3.15 % 0.072 pM
(mean + SEM), respectively.

Effect of pyrimethamine on the pharmacokinetics of
metformin

The effect of pyrimethamine on the AUC geometric mean ratio
(£ 90% CI) showed clear separation for metformin (Table 1).
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Pyrimethamine 25 mg and 75 mg were shown to increase met-
formin AUC by 24% and 69%, respectively, although no impact
was observed with pyrimethamine 10 mg (Table 1). However, py-
rimethamine 10 mg, 25 mg, and 75 mg decreased metformin CL,
(Figure 1b) by 12%, 34%, and 55%, respectively (Table 1). The
greatest impact on the urinary excretion of metformin occurred
over 0—4 hours postdose (Figure 1a). Effect of pyrimethamine on
other pharmacokinetic parameters are summarized in Table S1.

Effect of pyrimethamine on the pharmacokinetics of
endogenous compounds

Plasma concentration profiles and urinary excretion of m'A,
creatinine, and 1-NMN following each dose of pyrimethamine
are summarized in Figure 2. Under control conditions (met-
formin alone), plasma concentrations of m'A and creatinine
were almost identical throughout the day, whereas those of
1I-NMN exhibited marked intraday variation. Differences in
m!A, creatinine, and I-NMN concentrations were also observed
between the baseline and control phases of the study (Table 1;
Figure 2). The AUC ratio was unchanged or slightly higher in
the pyrimethamine-treated groups for m'A and creatinine, re-
spectively, whereas the AUC ratio of 1-NMN was rather lower
in the pyrimethamine-treated groups (Table 1; Figure 3a). The
CL, of m'A, I-NMN, and creatinine were decreased in a dose-
dependent manner, although creatinine CL, showed no further
decrease beyond the 25 mg dose level (Table 1; Figure 3a).

The CL_of 1-NMN was calculated using the plasma and urine
date from time 0 to 12 hours because of sparse blood sampling be-
tween 12 and 24 hours to obtain reliable AUC. Correlation of CL
calculated from time 0 to 12 or 24 hours are shown in Figure S2.

Correlation on the pharmacokinetics of metformin and
endogenous compounds

The CL, ratio (+PYR/control) of endogenous compounds was
compared with that of metformin and pairwise Pearson correla-
tion coefficients () were calculated (Figure 3b). The m'A and
1-NMN showed positive and good correlations with metformin
(72 > 0.5), whereas correlation between creatinine and metformin
was not observed (7> = 0.11).

Nonlinear regression analysis of CL, ratio and pyrimethamine
C

av
The relationship between CL,_ ratio and pyrimethamine C_ (total
concentration in plasma) was analyzed to obtain estimates of appar-

ent inhibition constant (K. ) and fraction sensitive to inhibition

by pyrimethamine (fPYR, Figure 4). Curve fitting-based estlmates of
l . p and fPYR are shown in Table 2. The CL, of metformin, m'A,

I-NMN appeared to be decreased accordmg to pyrimethamine

Cav' The fpyg

(~ 0.8), whereas that of creatinine was much smaller (0.26).

of metformin, m'A, and 1-NMN was almost identical

Determination of in vitro K, values of pyrimethamine

For the comparison with iz vivo K " values the in vitro K, val-
ues of pyrimethamine for OCTZ and MATEI1/2- K—medlated
substrate uptake were determined (Table 2; Figure 5). MATE1-
mediated m'A uptake and MATE1/2-K-mediated creatinine
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Figure 1 Effect of pyrimethamine on the plasma concentrations, and amount excretion of metformin (a), and renal clearance (b). Plasma
concentrations and urinary excretion of metformin were determined in the subjects treated with or without pyrimethamine (10, 25, and 75 mg).
Each symbol represents the mean and SEM (n = 12). Urinary excretion during the intervals designated was shown in box-and-whisker plot. (b)
Renal clearance determined in healthy volunteers treated with or without an oral dose of pyrimethamine (10, 25, and 75 mg) were shown in

box-and-whisker plots. +PYR, pyrimethamine administrated group.

uptake could not be observed in our expression system. The ab-
solute values of the uptake are summarized in Table $3. After
correction of the unbound fraction of pyrimethamine in the
plasma (0. 13%%), the K, was similar to the in vitro K, values
of metformin, m'A, an(f 1-NMN for MATEI and MATE2-K
(Table 2).

Inhibition of OAT1 and OAT3 by pyrimethamine

As a negative control, we determined the CL, of PDA, a pyridoxine
metabolite. Renal OATs, OAT1 and OAT3, are considered to medi-
ate tubular secretion of PDA.>*** Pyrimethamine is a weak OAT1
and OAT?3 inhibitor at its therapeutic dose with half-maximal inhib-
itory concentration of 241 + 55 uM and 9.69 + 2.27 uM, respectively
(Figure S3). Low inhibition potency to OAT?3 was consistent with
* Pyrimethamine decreased the AUC of PDA in
adose-dependent manner, but was shown to weakly inhibit the PDA
CL, (22% decrease) at the highest dose (Table 1 and Figure S4).

our Pl‘CViOllS rcport.3

Effect of transporter genotype on the plasma concentrations
of the probe drugs and endogenous substrates

Genetic polymorphisms have been reported to alter the kinetics
of OCT2 and MATE substrate drugs. As such, genetic polymor-
phisms were assessed and pharmacokinetic profiles were segregated
in terms of subject genotype. None of the tested polymorphisms,
OCT2 15316019, MATEI1 152289669, rs2453579, rs2252281, and
MATE2-K 1512943590, provided significant separation (Figure S5).

DISCUSSION
OCT?2 and MATE1/2-K play a pivotal role in the renal elimi-
nation of water-soluble cationic compounds. This study aimed
to identify endogenous biomarkers appropriate for assessing
MATEL1/2-K inhibition by examining the effect of increasing
doses of pyrimethamine on their CL_in comparison to met-
formin, a frequently used clinical probe to examine iz vivo inhibi-
tion of either or both OCT2 and MATE1/2-K.

The decreases in metformin CL_ supported the dose-depen-
dent inhibition of MATE1/2-K by pyrimethamine (Table 1;

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 109 NUMBER 2 | February 2021

Figure 1). In addition, pyrimethamine may weakly inhibit the
oral absorption of metformin because the amount recovered in
the urine over 24 hours divided by the dose (f,) and bioavail-
ability (F) were lower at the highest pyrimethamine dose com-
pared in this phase (Table S1). The effect of pyrimethamine on
the AUC and CL, differed across the endogenous compounds
(Table 1). A minimal increase in AUC was observed for creat-
inine and m'A despite significant dose-dependent reductions
in CL_ (Figure 3). Therefore, consideration should be given
to these biomarkers for further analysis. Metformin adminis-
tration negligibly impacted the CL, of NMN, m'A, and creat-
inine (< 7%; Figure 3a). It was evident that there was a notable
difference in 1-NMN AUC, but not m'A and creatinine AUC,
between the baseline and control phases (Figure 3a). Without
mass balance data, it is not practical to address the underlying
mechanism. Because the plasma concentrations of 1-NMN in
the baseline phases were almost similar to those in pyrimeth-
amine-treated phases during the duration to calculate AUC
(Figure 2c), metformin administration may accompany with
increments of 1-NMN AUC by unknown mechanism, which
was diminished by pyrimethamine administration. It is also pos-
sible that there happened to be interday variation in the supply
of 1-NMN as well as its precursor nicotinamide. The plasma
concentrations of 1-NMN did not show a continuous increase
for hours in this study, which was reported by Mueller ez al.®
although the subjects were fasted in both studies when they re-
ceived drug administration. Of note, the same author’s value for
metformin CL_was like the result in this study after normaliza-
tion of the body weights of the participants (9%). In contrast,
the CL, of 1-NMN reported previously®® was a 38% smaller
value by unknown reason. Further studies are necessary to elu-
cidate if ethnicity of participants can be critical in selection of
appropriate MATE1/2-K biomarkers.

Unlike m'A and 1-NMN, a reduction in CL, of creatinine
appeared to reach a plateau at 25 mg pyrimethamine dose
(Figure 2; Figure 3a). Consequently, the CL_ ratio of m'A
and I-NMN was reasonably correlated with that of metformin

511



ARTICLE

m'A
(a)
. -~ +PYR 10 mg
< 140 =<~ baseline = +PYR25mg 209 E=m baseline
= -O- control -+ +PYR75mg = Metformin 500 mg 250
8 15+ = +PYR 10 mg
= 3 +PYR 25 mg __ 2001
& S s +PYR 75 mg 8 £
@ 2 40 ] E 150- %1
(%] ® -
5 £ $ g 100
o ] PO
: 3 o
) 51%; ;é é ©
e L ? ? 50+
g I O
o o4 T T T T T 1 0 T T T T 0+—r—T—T—Tr
0 4 8 12 16 20 24 0-4 h 4-8 h 8-12 h 12-24 h *\Qe O O P A2
Time (hrs) Urine collection interval Q&“ PYR dose (mg)
Creatinine
(b)
< 140+ - +PYR10mg 121
%. X ggrs]teljg?e -# +PYR 25 mg E= baseline 2001
= -+ +PYR 75 mg { =3 Metformin 500 mg
o 1207 = =31 +PYR10mg 150-
8 % S - +PYR 25 mg § =15
£ 100 E =Y +PYR 75 mg H £
[ - 1 2 100+
2 ° E
8 80 £ 4 & é% é E
S 44
© X Ié O 50
x5 R T
|
o o0+ v T T v 7 1 0 7 7 7 r o7
0 4 8 12 16 20 24 0-4 h 4-8 h 8-12 h 12-24 h \00 NI .-f) A2
AN
Time (hrs) Urine collection interval O,p“’ PYR dose (mg)
© 1-NMN
. - baseline @ +PYR 10 mg
s 120 -O- control -® +PYR25mg 25 EE baseline 800-
£ -+ +PYR75mg 3 Metformin 500 mg
c 20 = +PYR 10 mg
=] e +PYR 25 mg 600+
® o =Y +PYR 75 mg <
€ € 154 S
g = 2 400
@ £
5 £ 10 ] =
o > ] I
© x é (S] 200+
£ 5 =]
: %é 818, &%
8 LB'BL. & @é
o J
0 L] L] L) L] L] L] 1 o T 0
0 4 8 12 16 20 24 0-4h 48h 812h 12-24 h \Qe o © qf;,\‘o
AN
Time (hrs) Urine collection interval &a‘?‘ PYR dose (mg)

Figure 2 Effect of pyrimethamine on the plasma concentration-time profiles and amount excreted into the urine and CL, of endogenous OCT2/
MATE substrates. Plasma concentrations of m*A (a), creatinine (b), and 1-NMN (c) were determined at designated t|mes in healthy volunteers
in the baseline phase, and drug treatment phases (metformin with or without an oral dose of pyrimethamine 10, 25, and 75 mg). Each symbol
represents the mean and SEM (n = 12). Amounts excreted into the urine during the intervals designated and CL, were shown in box-and-
whisker plot. m A, N- methyladenosine; 1-NMN, N -methylnicotinamide; +PYR, pyrimethamine administration; CL renal clearance.

according to the degree of transporter inhibition, whereas cor-
relation of creatinine CL_ was poor (Figure 3b). Furthermore,
nonlinear regression analys1s provided estimates of K, aop values
of pyrimethamine, which were similar between metformm and
the endogenous compounds (m'A and 1-NMN), and also to the
in vitro K, values for MATE1/2-K after correction of K, for
the plasma unbound fraction of pyrimethamine (0 13; Table 2).
These results convincingly demonstrate that m 'A and 1I-NMN
are quantitative biomarkers for MATE1/2-K-mediated DDI.
Considering the long half-life of pyrimethamine in the plasma
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(Figure S1), mean plasma concentrations (Cav) were used in
this analysis. Because we have used C___for the analysis of other
transporters, such as OATP 1B1/3-mediated DDI caused by
a single dose of rifampicin,36 the analysis using the maximum
pyrimethamine concentrations were also conducted. In this in-
stance, it was determined that the fitted parameters were not
greatly affected (Figure S6).

The reason for the substrate dependence in the dose-depen-
dent effect of pyrimethamine on CL_between creatinine and

other substrates remains unknown. Previously, the K; values of
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Figure 3 Effect of pyrimethamine on AUC ratio and CL, ratio, and correlation between CL, ratio of endogenous OCT2/MATE substrates
against that of metformin. (a) AUC ratio and CL, ratio W|th 90% confidence intervals were shown Data were taken from Table 1. (b) The
correlation of the CL, ratio among the test compounds is shown with correlation coefficient and P value. m*A, N* -methyladenosine; 1-NMN,

N- methylnlcotlnamlde AUC, area under the curve; CL,, renal clearance;

pyrimethamine for MATE1 and MATE2-K-mediated creatinine
uptake were reported as 0.17 and 0.22 pM, rcspcctivcly.37 Such
results are not too different from the corresponding values deter-
mined in this study using other test substrates (Table 2). OAT2
has also been reported as a creatinine transporter in the kidneys,
however, the inhibition potency of pyrimethamine for OAT2 was
very weak (half-maximal inhibitory concentration > 100 pM) to
account for this substrate df:pf:nclc:xmz.37’38 Perhaps most impor-
tantly, the low contribution of the tubular secretion to the uri-
nary excretion (f,yp, 26%) may limit application of creatinine to
such quantitative analysis, when compared with other compounds
(Table 2).

The absolute value of m'A CL, under control conditions was
only 1.3-fold greater than the corresponding creatinine clearance,

Metformin

1.5

CL, Ratio

1 2 3
PYRC,, (uM)

3
PYR C,, (uM)

Figure 4 Nonlinear regression analysis CL, ratio of the test compounds and pyrimethamine C,,. K;

PYR, pyrimethamine.

and 1.7-fold greater than the creatinine clearance at 75 mg, which
could approximate glomerular filtration rate. Assuming this rep-
resents contribution of the tubular secretion (41%), it could
not account for f,yp (Table 2). Because CL_ of m'A at the
highest pyrimethamine dose was below the CL_ of creatinine
(Table 1; Figure 2), m'A may undergo reabsorption from the
urine. Considering that m'A is an adenosine metabolite, a nucleo-
side transport system might account for such reabsorption. Indeed,
it has been suggested that m'A is a substrate of SLC29A1/equili-
brative nucleoside transporter 1 in HEK293 cells.”” However, it
has been confirmed that the inhibitory effect of pyrimethamine on
this transporter is minimal (Figure $3).

Given that the AUC of m'A and 1-NMN were not increased
along with CL_ reduction (Figure 2), their major elimination

Creatinine 1-NMN
1.51 1.6-
[ ]

o 1.04
5 - b
x A
_T A A
O 0.5+

0.0 7 T T 1 0.0 T 7 7 1

0 1 2 3 4 0 1 2 3 4
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of pyrimethamine with regard to C,,

and f,,, . were determined by iterative nonllnear regressmn analysis, as described in Methods ngld lines represent the fitted lines. The fltted

parameters were summarized in Table 2. 1-NMN, N -methylnicotinamide; C_,
apparent inhibition constant of pyrimethamine as the total concentration; PYR, pyrimethamine.

sensitive to inhibition by pyrimethamine; K; app’
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mean plasma concentration; CL, renal clearance; fpp, fraction
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Table 2 Kjapp with regard to pyrimethamine C_, f;

av’

pyr» @nd in vitro K; of test compounds

Clinical data In vitro K; (pM)
Compound Ki appr BM fovr 0CT2 MATE1L MATE2-K
Metformin 1.05 £ 0.39 (0.137) 0.766 + 0.103 37.9+5.6 0.154 = 0.029 0.0941 = 0.016
N*-methyladenosine 1.94 £ 0.96 (0.252) 0.792 £ 0.188 0.466 + 0.043 ND 0.0680 £ 0.015
Creatinine 0.0914 + 0.0661 0.260 + 0.026 1.57 £0.24 ND ND
(0.0119)
N*-methylnicotinamide? 1.37 £ 0.63 (0.178) 0.863 + 0.157 41.2+9.1 0.125 £ 0.026 0.0821 + 0.018

K;‘,app

and f,,, were determined by iterative nonlinear regression analysis using renal clerance ratio, and average pyrimethamine concentrations, as described in

the Methods. In vitro K; were determined by iterative nonlinear regression analysis using the data shown in Figure 5. Number in the parenthesis represents the

Ki,app
sensitive to inhibition by pyrimethamine; K,
determined.

“CL, calculated from time zero to 12 hours was used in the analysis.

inhibition constant; Kr,appv

pathway is unlikely to be urinary excretion, as unchanged form
through pyrimethamine may also affect the synthesis of 1-NMN.
Even though urinary excretion is not major for I-NMN and m'A,
it is still possible to use changes in their CL_as an index of MATE
inhibition. High metabolic activity of 1-NMN in human hepato-
cytes was previously reported.” Urinary excretion of 1-NMN
was decreased along with an increase in the replacement index of
human hepatocytes in human hepatocytes transplanted chimeric
mice, suggesting the hepatic metabolism is the major elimination
pathway of 1-NMN. As observed for OCT?2, pyrimethamine un-
likely inhibits OCT1-mediated hepatic uptake of I-NMN at the
doses in this study, considering its K, for OCT1 . The major elim-
ination pathway of m' A remains undefined in humans although its
concentration in serum was associated with OCT2 single-nucleo-
tide polymorphism.”’

We also determined CL_for PDA, a recently identified OAT1
and OAT3 endogenous biomarker,”* in the same subjects to ex-
clude the possibility of nonspecific inhibition of the kidney func-
tion by pyrimethamine (Table 1; Figure S4). Based on i vitro
inhibition data, pyrimethamine is a weak inhibitor of OAT1 and
OAT3 (Figure S3). Consistently, pyrimethamine showed only a
weak inhibitory effect on CL_of PDA at the highest dose, sup-
porting the specificity of pyrimethamine for MATE1/2-K in the

Metformin m'A
150+ ® OCT2 -
_ " m wATED A mATERK _ "6 oc2 4 wate2k
£ g
c -
3 1004~ - S 1004
s s
X X
g 50 fg’ 50—
s n s
s ° 2
0— 0-— Frrm—rr—rr—r
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corrected by the unbound fraction of pyrimethamine in the plasma (0.13). Each parameter represents the fitted parameter with computer calculated SD.
K; was calculated from ICg, assuming IC, approximates K; when substrate concentration is lower than the K. C

o Mean plasma concentration; fy,p, fraction

apparent inhibition constant of pyrimethamine as the total concentration; ND, not

kidneys (Table 1; Figure S4). This approach expands the applica-
tion of endogenous biomarkers in assessing DDIs. Dosing several
probe drugs in a cocktail is a way to assess the DDI risk of multi-
ple transporters simultancously in the same subjf:ct.lﬂ’42 However,
equivalence of the pharmacokinetic parameters of probe drugs
between single dose and simultancous dosing as a cocktail would
need to be validated prior to its use.”? Leveraging of multiplexed
endogenous biomarkers is one possible way to facilitate simulta-
neous DDI assessment across multiple drug transporters early in
clinical development without the potential need for DDI studies
with individual probes or probe drug cocktails.

As described, this study highlighted the difference in pyrimeth-
amine dose response across different endogenous MATE1/2-K sub-
strates to identify the appropriate endogenous biomarker for these
transporters, and presented integrative analysis of the dose depen-
dence by nonlinear regression analysis. The CL, of -'NMN and m'A
showed similar performance as DDI biomarkers for MATE1/2-K,
however, because neither I-NMN nor m'A present as plasma bio-
markers, it is essential to collect urine with appropriate intervals
considering the elimination half-life of the investigational drug in
question, which is a limiting factor for their application to drug de-
velopment. In addition, because diurnal change in the plasma con-
centration of 1-NMN was more evident than that of m'A, plasma

creatinine-d3 1-NMN
® 0OCT2

_ 150 e OCT2 s 1501 m \MATE1 A MATE2K
2 g L e°
c | c +
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Figure 5 Effect of pyrimethamine on OCT2, MATE1, and MATE2-K. Uptake of metformin (10 pM), m*A (100 pM), creatinine-d3 (100 pM), and
1-NMN (10 pM) was determined in the presence of pyrimethamine at various concentration in the stable expression system of OCT2, MATE1,
and MATE2-K using HEK293 cells. Incubation time was 2 minutes except for m'A (30 minutes) to determine the uptake. Absolute values of
the uptake are summarized in Table $3. Each symbol represents the mean and SEM (n = 3). Rigid lines represent the fitted line. Nonlinear
regression analysis was conducted as described in Supplementary Methods. 1-NMN, Nl—methylnicotinamide; m*A, Nl—methyladenosine; PYR,
pyrimethamine.
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sampling at multiple timepoints between 12 and 24 hours postdose
is warranted to calculate reliable CL_ values if a 24-hour assessment
is needed. In this regard, as previously described for OATPIB, it is
envisioned that physiologically-based pharmacokinetic (PBPK)
model-based analysis will aid the design of clinical studies.*! A PBPK
model for metformin has already been constructed and it is able to
describe the metformin-cimetidine DDI involving MATE1 inhi-
bition.*? Likewise, the construction of PBPK models for 1-NMN
and m'A will advance the prediction of OCT2 and MATE1/2-K-
mediated DDI in drug development.

In conclusion, the present study assessed the performance
of creatinine, 1-NMN, and m'A as candidate OCT2 and
MATE1/2-K biomarkers, and strongly supports the ratio-
nale to leverage the CL_of 1-NMN and m'A as quantitative
MATE1/2-K biomarkers for the DDI risk assessment in healthy
volunteers. Further studies are required to assess the perfor-
mance of both 1-NMN and m'A clinical biomarkers for perpe-
trator drugs that present different OCT2, MATE1, MATE2-K

inhibition signatures vs. pyrimethamine.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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