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ABSTRACT

Purpose To evaluate the function of multidrug and toxin extru-
sion proteins (MATEs) using ' C-labeled metformin ([ CJmetfor-
min) by positron emission tomography (PET).

Methods PET was performed by intravenous bolus injection of
["' Clmetformin. Pyrimethamine at 0.5 and 5 mg/kg was intrave-
nously administered to mice 30 min prior to the scan. Integration
plot analysis was conducted for calculating liver (CLptake,iver)s Kid-
ney (Clyptake kidney) tissue uptake, intrinsic biliary (CLinpie) and
urinary (CLi,urine) €Xcretion clearances of [| ‘C]metformin.
Results Visualization by PET showed that pyrimethamine in-
creased concentrations of [ CJmetformin in the liver and kidneys,
and decreased the concentrations in the urinary bladder without
changing the blood profiles. Pyrimethamine had no effect on the
Cluptake,iver and Clypiake kidney Which were similar to the blood-
flow rate. ClLiypie With regard to the liver concentration was
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unable to be determined, but administration of 0.5 and 5 mg/kg
of pyrimethamine increased the liver-to-blood ratio to 1.6 and
2.3-fold, respectively, indicating that pyrimethamine inhibited the
efflux of [' IC:|me’tformin from the liver. CLi urine With regard to
the corticomedullary region concentrations was decreased 37
and 68% of the control by administration of 0.5 and 5 mg/kg of
pyrimethamine, respectively (P < 0.05).

Conclusions Tissue concentration based investigations using
[ Clmetformin by PET enables the functional analysis of MATEs
in the liver and kidneys.

KEY WORDS Drug-drug interactions (DDlIs) - Metformin -
Multidrug and toxin extrusion proteins (Mates) - Organic cation
transporters (Octs) - Positron emission tomography (PET)

ABBREVIATIONS

AUC The area under the concentration-time curve
Clintbile or urine  The intrinsic bile or urinary excretion clearances
Clrenal The renal clearance

Cliot The total body clearance

CLuptake,organ The uptake clearance in the liver or kidney
MATEs Human multidrug and toxin extrusion proteins
mMates Mouse multidrug and toxin extrusion proteins
OCTs Human organic cation transporters

mOcts Mouse organic cation transporters

PET Positron emission tomography

ROIs Regions of interest

Ve Extravascular space volume

VOls Volumetric regions of interest
INTRODUCTION

Metformin is an orally bioavailable biguanide medicament
widely used as an insulin sensitizer in the treatment of type 2
diabetes targeting the liver and resulting in the inhibition of



Functional analysis of mOcts and mMatel using PET

2539

gluconeogenesis and activation of AMP activated protein ki-
nase. Organic cation transporter-1 (OCT1) and multidrug
and toxin extrusion protein-1 (MATEL) account for the he-
patic uptake and subsequent canalicular efflux of hydrophilic
metformin [1-6]. The major elimination pathway of metfor-
min from the systemic circulation is urinary excretion which
involves tubular secretion mediated by OCT2 and MATEs
[7, 8]. Unlike the liver, two MATE isoforms (MATE] and
MATE2-K) are considered to mediate the efflux of metformin
in the kidneys [9-13].

Genetic polymorphisms, and drug-drug interactions
(DDIs) are known to cause inter-individual differences in the
pharmacokinetics of metformin, and thereby, the response to
metformin. OCT1 variants are associated with inter-
individual differences in the disposition of metformin, and its
glucose lowering effects in the oral glucose tolerance test [3],
whereas OCT?2 variants are associated with inter-individual
difference in the renal clearance [14]. MATEI variants have a
greater glucose-lowering response [15] than that on the phar-
macokinetics of metformin [16], whereas MATE2-K promot-
er variants oppositely reduce the pharmacological effects of
metformin as a result of affecting the pharmacokinetic mech-
anism [16]. Drugs that inhibit MATEs at their clinically rele-
vant doses, and thereby, causing DDIs in the urinary excretion
include cimetidine, pyrimethamine and trimethoprim [3, 17,
18]. Tt is difficult from a practical point of view to investigate
these interactions by conventional pharmacokinetic analysis
because of the low contribution of hepatic elimination to the
systemic elimination. Furthermore, given that the uptake pro-
cess is the rate-determining process in the overall
hepatobiliary transport and tubular secretion, variation in
the efflux activity of MATEs caused by the DDIs or by genetic
factors could show a greater impact on the tissue concentra-
tions than on the plasma concentrations [19]. Therefore, min-
imally invasive methods which can measure the tissue concen-
trations of drugs should be established for better understand-
ing of the hepatobiliary and tubular secretion of metformin.

Positron emission tomography (PET) enables minimally
invasive analysis of drug concentrations in tissues with high
sensitivity and good spatio-temporal resolution, allowing di-
rect measurement of the intra-tissue distribution of drugs [20].
We have established several PET probes for studying drug
transporters and demonstrated the usefulness of these probes
in pharmacokinetic and DDI studies in animals and humans,
such as [''C]dehydropravastatin and (15R)-16-m-["'C]tolyl-
17,18,19,20-tetranorisocarbacyclin methyl ester ((15R-
)-[''C]TIC-Me) for OATP1BI and multidrug resistance-
associated protein 2 (MRP2) [21-24], [''C]telmisartan for
OATPIB3 [25], [''C]SC-62807 for breast cancer resistance
protein (BCRP) [26], and R-[''C]verapamil and
[''Closeltamivir for P-glycoproteins (P-gp) [27]. Because of
negligible metabolism in the body and the specificity of the
organic cation transporters, metformin was considered to be a

promising probe for investigating OCTs and MATEs. We
were able to successfully develop [''C]metformin as a new
PET probe [28].

Here, we used PET to visually determine the tissue uptake
and subsequent efflux clearances of [''CJmetformin in the
liver and kidney that relate to the transport activities of mOcts
and mMatel in mice pretreated with pyrimethamine, a potent
inhibitor of MATEL [2]. We demonstrated the pharmacoki-
netics of [''C]metformin as a PET probe for analysis of the
hepatic and renal organic cation transport systems based on
the tissue concentrations.

MATERIALS AND METHODS
Materials

Metformin was purchased from Alexis Biochemicals (San
Diego, CA, USA). [''C]Metformin in Fig. 1 was synthesized
according to a procedure reported previously [28]. The ra-
diochemical and chemical purities of [''C]metformin were
assessed by high-performance liquid chromatography and
were found to be greater than 99.7+0.6% and 78.0%
18.4%, respectively. The purified fraction was recovered in
approximately 4 mL of 40 mM ammonium acetate. The spe-
cific radioactivity was 6.181+4.08 GBq/pmol at the time of
injection. Pyrimethamine was purchased from MP Biomedi-
cals (Santa Ana, CA, USA).

Animals

Male ddY mice weighing 32-36 g (6—7 weeks old; n=3—4 for
each set of experiments) were purchased from Japan SLC Inc.
(Hamamatsu, Shizuoka, Japan). All experimental protocols
were approved by Ethics Committee on Animal Care and
Use of RIKEN Center for Life Science Technologies and
were performed in accordance with the Principles of Labora-
tory Animal Care (NIH publication no. 85-23, revised 1985).

PET Scans

All PET scans were performed as described previously using a
microPET Focus220 scanner (Siemens, Knoxville, TN, USA)

NH NH

AN

H,N” N7 N
H |
CHs

Fig. I Chemical structure of ['' CJmetformin.
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designed for laboratory animals [28]. Briefly, mice were kept
anesthetized with a mixture of 1.5% isoflurane and nitrous
oxide:oxygen (7:3); their body temperature was maintained
at 37°C and they were placed on the PET scanner gantry.
At the start of the emission scan, [''C]metformin was admin-
1stered as a single bolus via the tail vein within 1-2 s at a dose of
171£64 MBq/kg in 150-200 pL of 40 mM ammonium ac-
etate. The chemical amount of [''C]metformin for the intra-
venous bolus injection was calculated as 1.42+0.58 nmol/
body (0.18£0.07 pg/body).

For the functional analysis of mOcts and mMatel, at
30 min before the administration of [''C]metformin, mice
were given an intravenous bolus injection of 0.5 or 5 mg/kg
of pyrimethamine, which was dissolved at a concentration of
0.1 or 1.0 mg/mL in saline containing a mixture of 5% etha-
nol and 5% polyoxyethylene [20] sorbitan monooleate
(Tween 80). Control mice received an intravenous injection
of vehicle alone. An emission scan was performed for 30 min
and sorted into 26 dynamic sinograms according to the follow-
ing sequence: 12X5s,3X20s,3X60s,5%120s,and 3300 s.

Analysis of PET Imaging Data

PET images were reconstructed using Siemens microPET
manager 2.4.1.1 by Fourier Rebinning and standard 2D fil-
tered back projection using a Ramp filter with a cut-off at the
Nyquist frequency. Regions of interest (ROIs) were automat-
ically defined on the right ventricle, liver, kidneys, and urinary

Fig. 2 Identification of the renal
pelvis and corticomedullary regions
in the kidney on PET images after
intravenous bolus administration of
['' Clmetformin to mice.
Representative transverse, sagittal,
and coronal plane of PET images in
the abdominal region of mice after
intravenous bolus administration of
["'Clmetformin. Images of frame
#6 and 20 corresponds to 30 and
500 s after administration,
respectively. RC and LC, right and
left corticomedullary regions; RP
and LR right and left pelvis; RWK
and LWK; right and left whole
kidney; Li, liver.

Frame #6
[30sec]

Frame #20
[500sec]
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bladder using the isocontouring tool in the PMOD program
(ver. 3.3, PMOD Technologies Ltd., Zurich, Switzerland), as
described previously [22]. Briefly, ROIs were automatically
drawn on tissue images at each frame in which these tissues
could be easily identified. The defined ROIs were then man-
ually corrected by fitting the images of each tissue slice and
time frame without overlapping any of the defined ROIs. All
ROIs were combined and changed to volumetric regions of
interest (VOIs). In this study, the kidneys were subdivided into
two regions, the renal pelvis and corticomedullary regions.
The VOIs of the pelvis were defined at around frame #20
(500 s), during which the radioactivity migrated to the pelvis.
The VOIs for the corticomedullary region were defined at
around frame #6 (30 s) with several spheres on the region
external of the pelvis in both kidneys (Fig. 2). Time-
radioactivity curves for each tissue and region were construct-
ed by normalizing decay-corrected time-radioactivity mea-
surements to the injected activity (% IA) of [''C]metformin.

Analysis of Blood Samples

Samples of venous blood were collected from mice at 5, 15,
and 30 min, and the radioactivity in blood was measured by a
1470 Wizard Automatic Gamma Counter (PerkinElmer Life
and Analytical Sciences, Waltham, MA, USA). Consistent
with our previous investigation [28], no radioactive metabo-
lites of [''C]metformin were observed in the urine, blood, or
liver homogenates, indicating that [''C]metformin did not

Coronal
plane

Sagittal
plane
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undergo any metabolism or degradation in the experimental
mice and that the radioactivity obtained from the PET imag-
ing data represented [''C]metformin [28]. The radioactivity
in blood was compared to that obtained from the PET imag-
ing data analysis on the right ventricle. Time-radioactivity
curves for right ventricle was well fit to the radioactivity in
blood counted by gamma-counter (Supplemental Fig. 1).
The curves were fitted by 2-compartent model and the calcu-
lated value was used for the kinetic analysis. The blood sample
in the pyrimethamine-pretreatment group at the end of the
PET scan was determined the plasma pyrimethamine concen-
tration. Plasma samples were mixed with a 5-fold volume of
acetonitrile and centrifuged at 14,000 rpm for 2 min at 4°C.
The resulting supernatants were evaporated, reconstituted
with mobile phase, and then analyzed by liquid
chromatography/mass spectrometry (Thermo Scientific, San
Jose, CA, USA).

Kinetic Analysis

The total body clearance (CLyy piood) and the renal clearance
with respect to the blood concentration (CLycpalpiood) Were
calculated using the following equations:

CLiotblood = Dose/AUC)-30.biood
CLicnatblood = X30,urine/AUC0-30 plood

where Dose and X3 ine répresent the radioactivity amount
of ["'C]metformin administered and that associated with uri-
nary bladder from 0 to 30 min, respectively. AUCq_30 piood
represents the area under the radioactivity-time curve in the
right ventricle fitted by 2-compartment model as blood profile.

The liver and kidney uptake clearances of [''C]metformin
(CLypake giver and CLpiae kidney) Was estimated by the integra-
tion plot method [23] using the VOIs in the liver and
corticomedullary region of the kidney and the radioactivity
curves in the right ventricle encompassing approximately 5—
45 s in the liver and 10-50 s in the corticomedullary region of
the kidney in the linear range of the plot after [''C]metformin
administration. Values for both CLypke were calculated
using the following equation:

Xt,organ/ct,blood = CL’uptakc X AUCO*t,blood/Ct,blood + VE

where X ;roan represents the amount of radioactivity per g
tissue in the liver or corticomedullary region of the kidney at
time 7, as determined by PET imaging data analysis. C, pjo0d
represents the concentration of radioactivity in the right ven-
tricle fitted by 2-compartment model as blood profile at time ¢,
as determined by PET imaging data analysis. CLypke repre-
sents the uptake clearance of [''C]metformin in the liver or

kidney, and AUC . p1ooa represents the area under the
radioactivity-time curve in the right ventricle fitted by 2-
compartment model as blood profile from time 0 to time &
The CLypake value can be obtained from the linear part of the
slope at the beginning of the plot of X ,igan/Cy plooaversus
AUC_ blood’ Ciplood- VE 18 calculated as the y-intercept of
the integration plot.

The intrinsic urinary excretion clearance of [''C]metfor-
min in the kidney (CLiyurine) Was also estimated by the inte-
gration plot method [26] using the corticomedullary region of
kidney and time-radioactivity curves in the urinary bladder
encompassing 45 s—6 min in the linear range of the plot after
[] 1C]metformin administration. Values for CLiy yrine Were
calculated using the following equation:

Xt,urinc = CLint,urinc X AUCO*t,can{comcduHa + VE

where X, ine represents the amount of radioactivity in the
urinary bladder at time ¢, as determined by PET image anal-
ysis. CLiy urine represents the intrinsic urinary excretion clear-
ance of [1 ]C] metformin in the kidney, and AUC_ ¢oricomedulia
represents the area under the radioactivity-time curve in the
corticomedullary region of kidney from time O to time 7 The
CLine.urine value can be obtained from the slope of the plot of
Xe.urineversus AUC ¢ corticomedulla- VE 18 calculated as the y-
intercept of the integration plot.

Statistical Analysis

All values are presented as the mean+ SD. Ordinary one-way
ANOVA was used for comparisons. In the case of significant
differences, post hoc Tukey’s multiple comparisons test with a
single pooled variance were performed. Differences were con-
sidered significant at P<0.05.

RESULTS

Distribution of Radioactivity in the Abdominal Region
After Intravenous Administration of ['' C]Metformin

Maximum intensity projection PET images of the distribution
of radioactivity in the abdominal region after intravenous ad-
ministration of [''C]metformin with or without pyrimeth-
amine pretreatment are shown in Fig. 3. The radioactivity
determined in this study was associated with unmetabolized
[''C]metformin, since [''C]metformin does not undergo any
biotransformations in mice [28]. In control mice (Fig. 3a), the
majority of the radioactivity was detected in the liver, kidneys,
and urinary bladder at 2 min postadministration. Subsequent-
ly, the radioactivity increased in the urinary bladder while the
radioactivity in the kidneys, liver, and intestine gradually

@ Springer
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Fig. 3 Color-coded PET images of
the abdominal region of mice after
intravenous bolus administration of
['' Clmetformin. Representative
coronal maximum intensity
projection PET images of
radioactivity in the abdominal region
of mice after intravenous bolus
administration of [‘ 'C]metformin.
Images were captured at 2, 5, 15,
and 30 min in (@) control mice and
mice pretreated with (b) 0.5 and (c)
5 mg/kg of pyrimethamine. A,
anterior direction; F posterior
direction; RY, right ventricle; Li, liver;
LWK, left whole kidney; RWK, right
whole kidney; In, intestine; UB,
urinary bladder.

decreased until the end of the scan. Pyrimethamine increased
the retention of radioactivity in the kidneys and liver in a dose-
dependent manner, whereas it decreased the level of radioac-
tivity in the urinary bladder (Fig. 3b and c). The plasma con-
centrations of pyrimethamine during the PET scan were 0.38
+0.25 and 3.7 £ 1.2 puM with pyrimethamine doses of 0.5 and
5 mg/kg at the end of experiment (30 min), respectively, by
liquid chromatography-mass spectrometry analysis. Taking
the unbound fraction of pyrimethamine in plasma (8.1%,
[2]) into consideration, the corresponding unbound concen-
trations were 0.031 and 0.3 pM, the levels which are similar to
or above the K; value for mMatel (0.04 uM) but below the K;
values for mOctl/2 (36 uM) [2].

Quantitative Biodistribution Profiles of ['' C]Metformin
in Mice
Time-radioactivity curves in the right ventricle fitted using a

2-compartment model showed that pyrimethamine did not

affect the concentration of [''C]metformin in the blood

@ Springer
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(Fig. 4a), total body clearance (CL piood) and the area under
the time-radioactivity profiles (AUC) in blood (Table I). The
data was comparable to the radioactivity in blood samples
determined by gamma-counter (Supplemental Fig. 1). In con-
trast, pretreatment with pyrimethamine resulted in a decrease
in the cumulative radioactivity in the urine, which was esti-
mated from the PET imaging data by examining VOIs on the
urinary bladder (Fig. 4b), between control mice and mice
treated with 5 mg/kg pyrimethamine (P<0.05). The renal
clearance (CLyeparplood) Was slightly decreased by treatment
of pyrimethamine, with no significance (Table I).
Time-radioactivity curves in the liver are shown in Fig. 5a.
Pyrimethamine increased the concentration profiles of
[''C]metformin dose dependently, and the AUC in the liver
showed significance between control mice and mice treated
with 0.5 and 5 mg/kg pyrimethamine (P<0.01 and 0.001),
respectively (Table I). Time-radioactivity curves in the whole
kidney are shown in Fig. 5b. Pyrimethamine increased the
concentration profiles of [''C]Jmetformin with similar degree
on both treatments. Histologically, the kidney consists of a
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Fig. 4 Blood and urinary bladder content time-radioactivity curves deter-
mined after intravenous bolus administration of ['' Clmetformin to mice. Total
radioactivity profiles were determined 30 min after mice received an intrave-
nous bolus administration of [ ' Cmetformin. Profiles for the (a) right ventricle
as blood and (b) urinary bladder were determined by PET imaging analysis
(n=3, 4 and 3 in control mice and mice treated with 0.5 and 5 mg/kg of
pyrimethamine, respectively). Symbols represent control (open circles) mice
and mice treated with 0.5 and 5 mg/kg of pyrimethamine (open triangles and
squares, respectively) 30 min prior to PET scanning. A solid, dotted, and broken
line on the blood profiles describes the fitting line using 2-compartment model
in control mice and mice treated with 0.5 and 5 mg/kg of pyrimethamine,
respectively.

number of complex components. Therefore, the renal regions
were defined further by analyzing separately the
corticomedullary region and the renal pelvis. The cortex
and the medulla, collectively referred to as the
corticomedullary region, are external to the pelvis, and the
pelvis, located in the central region of the kidney, is involved
in collecting the urine. The radioactivity in the
corticomedullary region of the kidney showed a low deviation
compared with the whole kidney. Moreover, as compared

Table |  Pharmacokinetic Parameters Obtained by PET
Control Pyrimethamine
(=3)
0.5 mgkg 5 mgkg
(n=4) (n=3)
AUCO—BO‘b\ood (%Dosemin/mL) 36%2 33+5 37%2
Cliotblood (ML/Minkg) 84+7 94+ 16 79+7
Xo-30.urine (P6Dose) 70%5 60+3 57+£8%*
Clreralplood (ML/min/kg) 59+9 57+7 45+9
AUCo 30 jver 60+9 120+ [4 %% |46+ |3 e
(%D ose'min/g tissue)
AUCO—3O,cor‘ticomedula 86+ 16 150+ 19 * 205 £42 **
(%Dose'min/g tissue)
CLuptake,Iiver (mL/mln/kg) 61+0.6 58+ 16 57+6
(mL/min/g tissue) [.1+0.03 1.1+03 1.0£0.2
Ve ver (ML/Ag) 7.1x60 85%55 44+58
XBO,Iiver/C:iO,blood (mL/g tissue) 27+1.5 43+1.0 6.1+1.8
CLuptake kidney (ML/mMin/kg) 45+ 11 6022 48+ 14
(mL/min/g tissue)  3.1+=0.6  3.9+09 3.0=0.7
VE kidney (ML/kg) 59+73 5162 62+6.6
><3O,corticomedul\a/CBO,blood 29+1.6 6424 7021
(mL/g tissue)
Clint urine (ML/min/kg) 38x7 247 ** 1243 %0k T

* #k ek £ <0.05, 0.01, and 0.001 to control mice, respectively
T; P<0.05 to mice pretreated by 0.5 mg/kg pyrimethamine

The conversion of CL,ptake,organ in ML/min/kg was calculated from the
CLuptake,organ i ML/min/g tissue multiplying by actual tissue weight (g) at the
end of the assay and dividing the body weight of mice (kg)

with the control group, pretreatment with pyrimethamine
led to a dose-dependent elevation in the radioactivity in the
corticomedullary region of the kidney (Fig. 5¢). The AUC in
the corticomedullary region of the kidney showed significance
between control mice and mice treated with 0.5 and 5 mg/kg
pyrimethamine (<0.05 and 0.01), respectively (Table I). In
contrast, a large deviation in time-radioactivity curve values
were observed for the pelvis (Fig. 5d). Most of the radioactivity
profiles of [''CJmetformin in the pelvis could be associated
with the urine shown a large deviation.

Pharmacokinetic Analysis of PET Imaging Data
for the Liver and Kidney Uptake and Urinary Excretion
of [''C]Metformin in Mice

Integration plots were drawn to calculate the liver uptake
(CLypake tiver), Kidney uptake (CLypake kidney) and intrinsic uri-
nary excretion (CLiy urine) clearances of [l 1C] metformin,
which represent the uptake and intrinsic efflux activity across
the basal and apical membrane in the liver and
corticomedullary region of the kidney, respectively (Fig. 6).
The CLypake liver and extracellular volume in the liver (Vg jiver)
values at the beginning of the plot were similar among groups

@ Springer
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Fig. 5 Time-radioactivity curves in (a)
the liver and kidney determined
after intravenous bolus
administration of ['' CJmetformin.
Total radioactivity profiles for the (a)
liver and (b) whole kidney, (c)
corticomedullary region and (d)
renal pelvis of the kidneys were
determined by PET imaging analysis
30 min after mice received an
intravenous bolus administration of
["' Clmetformin. Symbols represent
control (0= 3; open circles) mice
and mice treated with 0.5 and

5 mg/kg of pyrimethamine (n =4
and 3; open triangles and squares,

%IlAlg tissue

respectively) 30 min prior to PET
scanning.

Time (min)

%IlAltissue

Time (min)

Time (min)

and the CL,_  were nearly two-thirds of the hepatic blood
flow rate in mice (90 mL/min/kg) [29]. When the integration
plot for the liver was kept drawing until 30 min of the end of
the assay, the plot reached the plateau. The X,/ Cpiooq at
30 min was increased by the treatment of 0.5 and 5 mg/kg
pyrimethamine (Fig. 6a and Table I).

The CLyptake kidney Values and extracellular volume of the
corticomedullary region in the kidney (Vg corgcomedulla) at the
beginning of the plot were also similar among groups and
closed to the renal blood flow rate in mice (65 mL/min/kg)
[29]. The CLypeake kidney Per kg was similar to the ClLypake fiver
per kg in each group. But the Clypake kidney PET g tissue was
approximately 3-fold higher than the CLypake jiver PCT g tissue
in each group. The profile of X 4comedutta’ Chlooq 2t 30 min
was increased by the treatment of 0.5 and 5 mg/kg pyrimeth-
amine, and the profiles were different from that in the liver
and slightly inclined at the end of the assay (30 min) (Fig. 6b
and Table I).

@ Springer
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In CLin¢urine, the pretreatment with 0.5 mg/kg of pyri-
methamine resulted in decreases of 37% in the CLiy yrine to
control mice (P<0.01). That with 5 mg/kg of pyrimethamine
decreased of 68% in the CLjy yine to control mice (P<0.001).
The decrease in the CLiy yrine iIn mice between pretreated
with 0.5 and 5 mg/kg of pyrimethamine was also significant
(P<0.05) (Fig. 6¢ and Table I).

DISCUSSION

We assessed the tissue concentration-based pharmacokinetics
of [''C]metformin for analysis of the hepatic and renal organ-
ic cation transport system, particularly that involving mOcts
and mMatel, by PET in mouse as feasibility study for future
clinical study.

The biodistribution of [''C]metformin in mice, by PET,
shows extensive localization in the bladder followed by the
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Fig. 6 Integration plot analysis of the liver and kidney after intravenous bolus
administration of [''CJmetformin in mice. Integration plots after mice received
an intravenous bolus administration of ['' CJmetformin were constructed for
the uptake clearance in the (@) liver; and (b) corticomedullary region of the
kidney to the end of the assay. Inset Fig. 6a and b describes the early phase of
the plot between 5-45, and 10-50 s, respectively. (c) The intrinsic urinary
excretion clearance using integration plot analysis were constructed by the
corticomedullary region of the left and right kidneys and the cumulative radio-
activity in the contents of the urinary bladder. Symbols represent control (n =
3; dircles in red) mice and mice treated with 0.5 and 5 mg/kg of pyrimeth-
amine (n =4 and 3; triangles in blue and squares in green, respectively) 30 min
prior to PET scanning.

kidney, and to lesser degree to the liver (Fig. 3). Pyrimeth-
amine increased the concentrations of [''Cmetformin both
in the liver and kidneys and decreased that in the urinary
bladder in a dose dependent manner (Fig. 3). Blood concen-
trations of [''CJmetformin shows bi-phasic disappearance;

rapid elimination from the systemic circulation for 1 min after
the intravenous bolus injection (Fig. 4a). The fraction of
[''C]metformin that accumulated in the urinary bladder dur-
ing 30 min was similar to that recovered into the urine 60 min
after intravenous bolus injection of non-radiolabeled metfor-
min [30], supporting that the amount of [''C]metformin in
the urinary bladder is regarded as that excreted into the urine.
Pyrimethamine showed only a negligible effect on the blood
concentrations, whereas the amount excreted into the bladder
was only slightly decreased. Consequently, the CLyenal plood
was unchanged by pyrimethamine administration (Table I).
The concentrations in the liver and kidney reached maximum
values shortly after the injection (Fig. 5a and b). Pyrimeth-
amine did not affect the maximum concentrations of
[''C]metformin in the liver and kidney, but clearly prolonged
the retention probably due to the decline of the net efflux
process in these organs.

To determine the tissue uptake and subsequent efflux
clearances, integration plot analysis was conducted using the
PET imaging data. The CLypie of [HC]metformin in the
liver and kidneys indicates the activities of mOcts. These were
similar to their own organ blood-flow rates, indicating exten-
sive tissue uptake activities both in the liver and kidney, and
this parameter was not affected by pyrimethamine. The in-
trinsic biliary excretion clearance of [''C]metformin with re-
gard to the liver concentration was unable to be estimated
because of the low radioactivity associated with gall bladder
and small intestine; however, the fact that pyrimethamine in-
creased the liver-to-blood ratio, indicates the net efflux of
[''C]metformin from the liver was significantly inhibited by
pyrimethamine. In contrast, the intrinsic urinary excretion
clearance (CLiy yrine) of [l 1C] metformin could be determined,
and it was significantly decreased by pyrimethamine, indicat-
ing a significant inhibition of the efflux of [''C]metformin
mediated by mMatel in the kidney.

The initial % of injected activity per unit tissue weight in
the corticomedullary region of the kidney (17-28% within
2 min) was approximately 3-fold higher than that in the liver
(6-8% within 5 min) (Fig. 5a and c), and that the Clypake,
kidney PET g tissue was also approximately 3-fold higher than
the CLypiake,tiver per g tissue (Table I). Because of the differ-
ence in the tissue size, CLpake jiver (Per body) was similar to
CLypiake kidney 1 the body. Notably, CLypke giver (Per body)
was similar to the blood flow rate despite the negligible con-
tribution of biliary excretion into the bile (<1%) [2]. Thus,
metformin may undergo significant sinusoidal efflux in the
liver. In fact, Zamek-Gliszczynski ¢f al. reported that metfor-
min preloaded into the liver was mainly secreted into the out
flow by wn situ liver perfusion [31]. The effect of pyrimeth-
amine on the liver concentrations of metformin may involve
an inhibition of sinusoidal efflux as well as canalicular efflux.

The variance in the accumulation of radioactivity in the
kidney in IFig. 5b occurred in the region that likely corresponds
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to the renal pelvis, where the urine is temporarily concentrat-
ed. Including the radioactivity in this region will lead to an
overestimation of the actual radioactivity subjected to uptake
into the kidney or efflux into the urine. We therefore assigned
VOIs for the corticomedullary region and pelvis separately in
the subsequent analyses (Fig. 5c¢ and d). The resulting time
profiles of radioactivity in the kidneys were clearly differenti-
ated between the pyrimethamine pretreatment groups, in
which the AUCs in mice pretreated with 0.5 and 5.0 mg/kg
of pyrimethamine resulted in increases of 74 and 138% to
control mice (P<0.05 and 0.01 in 0.5 and 5.0 mg/kg of pyri-
methamine, respectively). For the quantitative integration plot
analysis for mMatel activity in the kidney, the CLiy yrine Was
defined using the sum of the AUCs for the left and right
corticomedullary regions, because the cumulative radioactiv-
ity associated with the urinary bladder represents the total
radioactivity excreted from the left and right kidneys. The
CLine urine significantly decreased along with an increasing py-
rimethamine dose (Fig. 6¢ and Table I). The moderate inhi-
bition of mMatel observed following pretreatment with pyri-
methamine at a dose of 0.5 mg/kg is consistent with our pre-
vious estimation (63% inhibition) [2]. Pretreatment with
5.0 mg/kg of pyrimethamine decreased ClLi, yyine to 32% of
that in control mice. Ito ¢t al. reported that the amount of
metformin excreted into the urine by glomerular filtration
was approximately 30%, accounting for minor fraction of
the net urinary excretion [2]. Based on the renal clearance
of metformin and the glomerular filtration rate, giving a
5 mg/kg of pyrimethamine to mice might fully inhibit (32%
to control mice) the mMatel activity at the renal tubules.
Clinical PET study may enable the estimation of the function
of MATE:s in the kidneys in more detail, since the regions in
the kidneys are able to be identified easily due to the organ
size.

Compounds that interact with mMatel could affect the
tissue concentrations of drugs to a greater degree than they
affect the blood concentrations (Fig. 5), thereby enhancing the
drug’s effect when targets are located intracellularly. The
pharmacological target tissue of metformin is the liver where
OCT1 and MATE] determine its pharmacological effect
[1-6]. Genetic factors of OCT1 and MATEI have been re-
ported that influence the pharmacokinetics and pharmacody-
namics [16]; however, we lack quantitative information of
their i viwo effect on the hepatobiliary transport formed by
OCT1 and MATEI in humans. Moreover, the nephrotoxic
effect of cisplatin was enhanced in mice when mMatel 1is
inhibited by pyrimethamine [32]. As the measurement of plas-
ma concentrations and urinary excretion is insufficient, a min-
imally invasive method for measuring tissue concentrations,
such as PET, would be highly valuable in enhancing our un-
derstanding of the pharmacokinetic factors underlying inter-
individual differences in drug responses. Clinical studies using
[''C]metformin would also contribute to better understanding
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the factors causing interindividual differences in hepatobiliary
transport.

In the present study, the inhibition of mMatel, rather than
inhibition of mOct2, was actually the underlying mechanism,
as we hypothesized [33]. It is believed that inhibition of
basolateral uptake by OCT?2 is the mechanism underlying
drug interactions involving cimetidine. In fact, as the renal
clearance of metformin is blood-flow limited [2], it precludes
the evaluation of basolateral uptake activity in this study, al-
though in humans, the CL,,, of metformin is not blood-flow
limited [4, 34]. [''C]Metformin will therefore enable the in-
vestigation of the basolateral uptake process mediated by
OCT?2 in humans, and a clinical PET study using [''C]met-
formin may provide concrete evidence supporting our hy-
pothesis. In conclusion, we have demonstrated that a minimal-
ly invasive and an intracellular concentration-based PET im-
aging analyses with ['' C]metformin enables elucidation of the
function of mMatel in the kidney i vivo. ['' C]Metformin is a
promising PET probe for evaluating the functions of OCTs
and MATEs in future drug development and clinical studies.
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