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ABSTRACT
Multidrug and toxin extrusion 1 (MATE1/SLC47A1) is important
for excretion of organic cations in the kidney and liver, where it
is located on the luminal side. Although its functional and
regulatory characteristics have been clarified, its pharmacoki-
netic roles in vivo have yet to be elucidated. In the present
study, to clarify the relevance of MATE1 in vivo, targeted dis-
ruption of the murine Mate1 gene was carried out. The lack of
Mate1 expression in the kidney and liver was confirmed by
reverse transcription-polymerase chain reaction and Western
blot analysis. The mRNA levels of other organic cation trans-
porters such as Octs did not differ significantly between wild-
type [Mate1(�/�)] and Mate1 knockout [Mate1(�/�)] mice. It is
noteworthy that the Mate1(�/�) mice were viable and fertile.

Pharmacokinetic characterization was carried out using met-
formin, a typical substrate of MATE1. After a single intravenous
administration of metformin (5 mg/kg), a 2-fold increase in the
area under the blood concentration-time curve for 60 min
(AUC0–60) of metformin in Mate1(�/�) mice was observed.
Urinary excretion of metformin for 60 min after the intravenous
administration was significantly decreased in Mate1(�/�) mice
compared with Mate1(�/�) mice. The renal clearance (CLren)
and renal secretory clearance (CLsec) of metformin in
Mate1(�/�) mice were approximately 18 and 14% of those in
Mate1(�/�) mice, respectively. This is the first report to dem-
onstrate an essential role of MATE1 in systemic clearance of
metformin.

The elimination of drugs and xenobiotics is one of the key
roles of the kidney and liver. The elimination of cationic
drugs is mediated by a variety of organic cation transporters
belonging to the SLC22 and SLC47 families, primarily ex-
pressed in the kidney and liver. The SLC22 family contains
three subtypes of membrane potential-dependent organic
cation transporters [OCT1 (SLC22A1), OCT2 (SLC22A2),
and OCT3 (SLC22A3)] and two subtypes of the organic cat-

ion/carnitine transporters [OCTN1 (SLC22A4) and OCTN2
(SLC22A5)] (Inui et al., 2000; Koepsell et al., 2007). Human
OCT1 and OCT2 are highly expressed in the basolateral
membranes of the liver and kidney, respectively, and con-
tribute to the uptake of cationic drugs from blood into the
cell. Human OCT3 is expressed in various tissues, but its
expression level is lower than those of OCT1 in the liver and
OCT2 in the kidney. The SLC47 family contains two sub-
types of H�/organic cation antiporters called multidrug and
toxin extrusion 1 (MATE1/SLC47A1) and kidney-specific
MATE2-K (SLC47A2) (Terada and Inui, 2008). Human
MATE1 is mostly expressed and located in the luminal side of
the renal proximal tubules and bile canaliculi (Otsuka et al.,
2005; Masuda et al., 2006) and mediates the secretion of
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organic cations by using an oppositely directed H� gradient
as a driving force (Tsuda et al., 2009).

In mice, OCT1 and OCT2 are expressed in the basolateral
membranes of the kidney (Schweifer and Barlow, 1996;
Mooslehner and Allen, 1999) and MATE1 is expressed in the
brush-border membranes of the kidney (Otsuka et al., 2005;
Hiasa et al., 2006; Kobara et al., 2008). In the liver, OCT1
and MATE1 are expressed in the sinusoidal and canalicular
membranes, respectively (Schweifer and Barlow, 1996;
Green et al., 1999; Otsuka et al., 2005; Hiasa et al., 2006).
MATE2-K has not been identified in rodents.

To elucidate the physiological roles of OCTs, knockout
mouse models have been generated for the Oct1 and Oct2
genes. Oct1(�/�) and Oct2(�/�) mice are viable and display
no obvious phenotypic abnormalities (Jonker et al., 2001,
2003). However, Oct1(�/�) mice showed dramatically re-
duced hepatic uptake of tetraethylammonium (TEA, a proto-
typical organic cation) and metformin (Jonker et al., 2001;
Wang et al., 2002, 2003). In Oct1/2 double-knockout mice,
the renal secretion of TEA was abolished and the plasma
levels of TEA were substantially increased (Jonker et al.,
2003). Considering the differences in tissue distribution be-
tween mice and humans, a combined deficiency of Oct1 and
Oct2 better reflects the effect of OCT2 deficiency on the
kidney function in humans. These knockout animal studies
emphasize the role of OCTs in the hepatic and renal elimi-
nation and tissue distribution of cationic drugs. Although
information on apical MATE1 obtained in vitro has accumu-
lated, the roles of MATE1 in renal and hepatic function in
vivo are still not well understood. In the present study, there-
fore, we generated Mate1 knockout mice and demonstrated
the physiological and pharmacokinetic significance of
MATE1 in vivo.

Materials and Methods
Materials. Metformin hydrochloride was obtained from Sigma-

Aldrich Co. (St. Louis, MO). All other chemicals used were of the
highest purity available.

Animals. Animal experiments were conducted in accordance with
the Guidelines for Animal Experiments of Kyoto University. All pro-
tocols were approved by the Animal Research Committee, Graduate
School of Medicine, Kyoto University. In the present study, male and
female mice were mated with each genotype to obtain the adequate
sample size. All animals used in the present experiments were male
Mate1(�/�) (wild-type), Mate1(�/�) (heterozygous) or Mate1(�/�)
(homozygous) mice with the same genetic background (C57BL/6),
between 7 and 20 weeks of age. The mice were kept in a temperature-
controlled environment with a 12-h light/dark cycle and received a
standard diet and water ad libitum.

Construction of the Targeting Vector. Mouse Mate1 genomic
DNA sequences were cloned from a C57BL/6-derived genomic DNA
and subcloned into the pPNT vector. A 1.8-kb fragment containing
exon 1 was deleted from this construct and replaced with a 1.9-kb
fragment with phosphoglycerate kinase 1 promoter and neomycin-
resistance gene (PGKp-neor) cassette. A selectable thymidine kinase
gene (tk) was added at the 3� arm. The orientation and sequence were
verified by restriction analyses.

Generation of Mate1 Knockout Mice. The targeting vector was
linearized and electroporated into an embryonic stem (ES) cell line
derived from the C57BL/6 mouse strain (Mishina and Sakimura,
2007). Stable clones were selected for resistance to G418. Of 233
G418-resistant clones, six were correctly targeted, as confirmed ho-
mologous recombination by Southern blot analysis with 5�, 3�, and

neo probes. Hybridization of PvuII-digested genomic DNA with a 5�
probe resulted in a wild-type band of 9.0 kb and a mutated band of
6.4 kb. Hybridization of NcoI-digested genomic DNA with a 3� probe
resulted in a wild-type band of 10.9 kb and a mutated band of 7.8 kb.
Blastocysts obtained by aggregation of ICR morula-stage embryos
and three different ES cells were transferred to recipient uterus after
3 days of pseudopregnancy. Chimeric male mice were mated with
C57BL/6 female mice, and offspring (F1) were genotyped by South-
ern blot analysis. F2 homozygous mutant mice were then generated
by intercrossing F1 heterozygous male and female mice. F2 mice
were genotyped by Southern blot analysis of genomic DNA isolated
from tail biopsies. In this study, the ES cell line has the pure
C57BL/6 genetic background (Mishina and Sakimura, 2007), and
therefore we did not perform the back-crossing, which is generally
carried out in the generation of knockout mice using 129-derived ES
cells and C57BL/6 mice.

Reverse Transcription-Polymerase Chain Reaction and Real-
Time PCR. Total RNA was isolated from kidney and liver of mice with
the RNeasy Mini Kit (QIAGEN, Hilden, Germany). The total RNA (500
ng) was reverse-transcribed, and the reaction mixtures were used for
PCR and real-time PCR. These single-stranded DNA fragments were
amplified according to the following profile immediately after an initial
3-min denaturation step at 95°C: 95°C for 30 s, 54°C for 30 s, 72°C for
120 s, 25 cycles for Mate1 in the kidney and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) in the kidney and liver, or 30 cycles
for Mate1 in the liver. The specific primer sets for Mate1 and Gapdh are
shown in Table 1. The amplified PCR products were separated in a 1%
agarose gel and stained with ethidium bromide. Real-time PCR was
performed with an ABI PRISM 7700 (Applied Biosystems, Foster City,
CA), as described previously (Shimakura et al., 2006). The primer-probe
set for mouse Mate2 is summarized in Table 1. The following TaqMan
Gene Expression Assays were purchased from Applied Biosystems:
Oct1, Mm00456303_m1; Oct2, Mm00457295_m1; Oct3, Mm00488294_
m1; Octn1, Mm00457739_m1; Octn2, Mm00441468_m1; Octn3,
Mm00490650_m1. Gapdh mRNA was also measured as an internal
control with TaqMan Rodent GAPDH Control Reagent (Applied
Biosystems).

Western Blot Analysis. Polyclonal antibody was raised against a
synthetic peptide corresponding to the intracellular domains of
mouse MATE1 (CQQAQVHANLKVN, 466–478) (Masuda et al.,
2006). The brush-border membrane fractions from mouse kidneys
were prepared the same as brush-border membrane vesicles from rat
kidney (Maeda et al., 1993). The membrane fractions were sus-
pended in buffer (100 mM mannitol and 10 mM HEPES-KOH, pH
7.5) and solubilized in NuPAGE LDS sample buffer (Invitrogen,
Carlsbad, CA). The samples were separated by SDS-polyacrylamide
gel electrophoresis (4–12% NuPAGE Novex Bis-Tris Gel; Invitrogen)
and transferred to polyvinylidene difluoride membranes (PVDF

TABLE 1
Primer sets and probe for RT-PCR and real-time PCR
Each position is from the sequence in the GenBank database.

Gene Names
(Accession No.) Position Sequences (5� to 3�)

For RT-PCR
Mouse Mate1

(NM_026183)
Forward primer 18 to 35 ACGGAGGCCACATGGAAC
Reverse primer 2036 to 2017 TCCACTCCAGAGCATCTCCT

Mouse Gapdh
(NM_008084)

Forward primer 70 to 90 CAGTGCATCTTCTTGTGCAGT
Reverse primer 1238 to 1218 TGTGAGGGAGATGCTCAATGT

For real-time PCR
Mouse Mate2

(NM_001033542)
Forward primer 1521 to 1540 TTCGAGCTGGGCTAAAAAGC
Reverse primer 1589 to 1568 CTCTTTCCAAGATGGGCAGATC
TaqMan probe 1542 to 1566 CCAAGGAGTTGATACCCACGCCAGC
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membrane 0.2 �m; Invitrogen) using an XCell II Blot Module (In-
vitrogen) according to the manufacturer’s instructions. The blots
were blocked with 5% nonfat dry milk in Tris-buffered saline (20 mM
Tris and 137 mM NaCl) containing 0.5% Tween 20. The blots were
then incubated overnight at 4°C with primary antibody for mouse
MATE1 (1:1000 dilution) or villin (1:1000 dilution; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA). The bound antibody was detected
on X-ray film by enhanced chemiluminescence with horseradish
peroxidase-conjugated anti-rabbit IgG (for mouse MATE1) or anti-
goat IgG (for villin) antibodies and cyclic diacylhydrazides (GE
Healthcare, Chalfont St. Giles, Buckinghamshire, UK). Villin was
examined as a positive control.

Histopathological and Blood Biochemical Analyses. Tissues
for histopathological analysis were collected from three each of
Mate1(�/�) and Mate1(�/�) mice and processed for hematoxylin
and eosin staining. Standard blood biochemical analysis of plasma
was performed with a Fuji DRI-CHEM 3500V (Fujifilm Medical Co.,
Ltd., Tokyo, Japan).

Pharmacokinetic Experiments. Mice were anesthetized with
an intraperitoneal administration of 50 mg/kg sodium pentobarbital.
A catheter was inserted into the right jugular vein with polyethylene
tubing (Intramedic PE-10; BD Biosciences, San Jose, CA) for drug
administration. Urine was collected from the urinary bladder cath-
eterized with SP-31 tubing (Natsume Seisakusho, Tokyo, Japan).
Thereafter, 5 mg/kg metformin and 146 mg/kg mannitol were admin-
istered as a bolus via the jugular vein. Then, 1% mannitol was
administered to maintain a sufficient and constant urine flow rate by
continuous infusion at 0.35 ml/h using an automatic infusion pump
(Harvard Apparatus, Inc., Holliston, MA). Blood samples were col-
lected from both femoral veins at 1, 5, 15, and 30 min and from the

abdominal aorta at 60 min after drug administration. Urine was
collected for 60 min after drug administration. At the end of the
experiment, the kidney and liver were removed to determine the
tissue concentration of metformin. The concentrations of metformin
in plasma, urine, the renal homogenate, and the hepatic homogenate
were determined by high-performance liquid chromatography
(HPLC) (Kimura et al., 2005). The plasma samples were obtained by
centrifugation of blood. Plasma or urine (25 �l) was deproteinized by
adding 50 �l of methanol. The samples were centrifuged and super-
natants from plasma or urine were diluted 4- or 200-fold with saline,
respectively. The supernatants were filtered through a filter
(SGJVL; 0.45 �m; Millipore, Billerica, MA) and injected (50 �l) into
the HPLC system. The excised tissues were gently washed, weighed,
and homogenized in 9 volumes of saline. Homogenates (150 �l) were
deproteinized by adding 300 �l of methanol, and the samples were
centrifuged. The supernatants were filtered through a Millipore
filter (SGJVL, 0.45 �m) and injected (50 �l) into the HPLC system.
The levels of creatinine in plasma and urine at 60 min were deter-
mined with the Jaffé reaction with an assay kit from Wako Pure
Chemical Industries (Osaka, Japan).

Determination of Pharmacokinetic Parameters. A conven-
tional two-compartmental analysis was used to investigate the
plasma concentration-time profiles of metformin after the intrave-
nous administration in mice using WinNonlin version 5.2.1 (Phar-
sight Corporation, Mountain View, CA). Pharmacokinetic parame-
ters, the area under the blood concentration-time curve from time 0
to infinity (AUC�), total body clearance (CLtot), central volume of
distribution (V1), intercompartmental clearance (Q), and volume of
distribution at steady state (Vdss), were calculated by the nonlinear
least-squares method. The AUC until 60 min (AUC0–60) was deter-

Fig. 1. Targeted disruption of the mouse Mate1 gene by
homologous recombination. A, in the diagrams of the
wild-type and mutant alleles, exons are indicated by
closed boxes. In the targeting construct, exon 1 was
replaced with a PGKp-neor cassette. Only relevant re-
striction sites are indicated. For Southern blot analysis,
5� and 3� probes were used on PvuII- and NcoI-digested
genomic DNA, respectively. Sizes of diagnostic restric-
tion fragments for wild-type and targeted alleles are
indicated. B, Southern blot analysis of genomic DNA
from mouse tail biopsy samples by digestion with PvuII
and hybridization with the 5� probe (left) and with NcoI
and hybridization with the 3� probe (right).
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mined by the trapezoidal rule. Renal clearance (CLren) of metformin
was obtained by dividing the amounts of metformin eliminated into
urine during 60 min by the AUC0–60. The renal secretory clearance
(CLsec) of metformin was calculated by subtracting creatinine clear-
ance (Ccr) from CLren, assuming that the protein binding of met-
formin in plasma is negligible (Sirtori et al., 1978; Pentikäinen et al.,
1979). The nonrenal clearance (CLnr) of metformin was calculated by
subtracting CLren from CLtot. The renal tissue clearance (CLtissue, r) and
hepatic tissue clearance (CLtissue, h) of metformin were calculated
by dividing the tissue accumulation of metformin at 60 min by the
AUC0–60.

Statistical Analysis. All data were expressed as the mean � S.D.
Data from real-time PCR were analyzed statistically with the one-
way analysis of variance followed by Dunnett’s test. Data from blood
biochemical analysis and pharmacokinetic analysis were analyzed
statistically using the unpaired t test.

Results
Targeted Disruption of the Mate1 Gene. The mouse

Mate1 gene was disrupted by replacing the coding region of
exon 1 with a PGKp-neor cassette via homologous recombi-
nation in ES cells (Fig. 1A). Correct targeting of the Mate1
locus in ES cell clones was determined by Southern blot
analysis (data not shown). Chimeric mice were generated
from ES cells and mated with C57BL/6 mice, resulting in
germ line transmission, which was proven by Southern blot
analysis (data not shown). Heterozygous male and female
mice were mated to produce wild-type and Mate1 knockout
mice. The targeted Mate1 allele was detected in these off-
spring by Southern blot analysis of genomic DNA isolated
from tail biopsies (Fig. 1B).

Analyses of Mate1 mRNA and MATE1 Protein Ex-
pression. To verify that the targeting event resulted in a
Mate1 null mutation, the lack of expression of Mate1 mRNA
and MATE1 protein was determined. No Mate1 mRNA ex-
pression was detected in the kidney (Fig. 2A) and liver (Fig.
2B) of Mate1(�/�) mice by RT-PCR. Western blot analysis
demonstrated that MATE1 protein was undetectable in renal
brush-border membranes of Mate1(�/�) mice (Fig. 2C).

Analyses of mRNA Expression of Organic Cation
Transporters. To clarify whether mRNA levels of other
organic cation transporters are changed in Mate1(�/�) mice,
the mRNA expression of seven organic cation transporters in
the kidney and liver was investigated by real-time PCR. As
shown in Fig. 3A, no differences in mRNA levels of Oct1,
Oct2, Octn1 and Octn2 in the kidney were observed among
Mate1(�/�), Mate1(�/�), and Mate1(�/�) mice. Mate2,
Oct3, and Octn3 mRNA expression was little observed in the
kidney. In the liver, no differences in the expression of Oct1
and Octn2 mRNA were observed among Mate1(�/�),
Mate1(�/�), and Mate1(�/�) mice (Fig. 3B). Mate2, Oct2,
Oct3, Octn1, and Octn3 mRNA expression was little observed
in the liver.

Initial Phenotypic Analyses. Mate1(�/�) mice were
found to be viable, fertile and of normal body weight. His-
topathological examinations excluded any genotype-related
abnormalities in 18 tissues (adrenal, bladder, cerebellum,
cerebrum, duodenum, esophagus, heart, ileum, jejunum, kid-
ney, liver, pancreas, pituitary gland, spleen, stomach, testis,
thyroid, and trachea; data not shown). Blood biochemical
analyses revealed significant elevations of plasma creatinine
and blood urea nitrogen (BUN) levels in Mate1(�/�) mice.

Other parameters showed no significant changes between
Mate1(�/�) and Mate1(�/�) mice (Table 2).

Pharmacokinetics of Metformin in Mate1(�/�) and
Mate1(�/�) Mice. We then compared pharmacokinetic pro-
files of metformin, a typical substrate of MATE1, in
Mate1(�/�) and Mate1(�/�) mice. The plasma concentration
of metformin was markedly elevated in Mate1(�/�) mice
compared with Mate1(�/�) mice (Fig. 4). Furthermore, uri-
nary excretion of metformin for 60 min after the intravenous
administration was significantly decreased in Mate1(�/�)
mice (Fig. 5). Table 3 summarizes the pharmacokinetic pa-
rameters of metformin in Mate1(�/�) and Mate1(�/�) mice.
The AUC0–60 for metformin in Mate1(�/�) mice was 2-fold
higher than that in Mate1(�/�) mice. The CLtot of metformin
was significantly decreased in Mate1(�/�) mice compared
with Mate1(�/�) mice. The CLren of metformin in
Mate1(�/�) mice was approximately 18% of that in

Fig. 2. Mate1 mRNA and MATE1 protein expression in Mate1(�/�),
Mate1(�/�), and Mate1(�/�) mice. RT-PCR analyses for mouse Mate1 in
the kidney (A) and liver (B). Total RNA isolated from mice kidney and
liver was reverse-transcribed, and the synthesized cDNA was amplified
using a set of specific primers for Mate1 or Gapdh. The PCR products of
2019 bp that corresponded to Mate1 were separated by 1% agarose gel
electrophoresis, and stained with ethidium bromide. The quality of the
sample RNA was also checked by RT-PCR for Gapdh as an internal
control. C, Western blot analysis of MATE1 in renal brush-border mem-
branes of Mate1(�/�), Mate1(�/�), and Mate1(�/�) mice. Renal brush-
border membranes (20 �g) were separated by SDS-polyacrylamide gel
electrophoresis (4–12%) and blotted onto polyvinylidene difluoride mem-
branes. The antiserum for mouse MATE1 (1:1000) was used as a primary
antibody. A horseradish peroxidase-conjugated anti-rabbit IgG antibody
was used for detection of bound antibodies, and the strips of blots were
visualized by chemiluminescence on X-ray film. The arrowhead indicates
the position of mouse MATE1.
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Mate1(�/�) mice, whereas the CLnr was not significantly
changed. There were modest differences in Ccr between
Mate1(�/�) and Mate1(�/�) mice. The CLsec of metformin in
Mate1(�/�) mice was approximately 14% of that in
Mate1(�/�) mice. The Q, V1, and Vdss of metformin were not
changed between Mate1(�/�) and Mate1(�/�) mice.

Figure 6, A and B, shows the renal and hepatic concentra-
tions of metformin in Mate1(�/�) and Mate1(�/�) mice at 60
min after the intravenous administration of metformin. The
metformin concentrations in the kidney and liver were sig-
nificantly elevated in Mate1(�/�) mice compared with
Mate1(�/�) mice. To correct the tissue concentrations by
plasma concentration, tissue clearance was determined by
dividing the tissue concentration of metformin at 60 min by
the AUC0–60. As shown in Fig. 6, C and D, CLtissue, r and
CLtissue, h of metformin were also significantly increased in
Mate1(�/�) mice.

Discussion
Previous studies using renal brush-border membrane ves-

icles, cultured renal cell lines, and heterologous expression
systems of MATE1 provided indirect evidences for pharma-

cokinetic importance of H�/organic cation antiporters for
renal secretion process of organic cations. The present phar-
macokinetic analysis revealed that plasma and renal concen-
tration of metformin were markedly elevated in Mate1(�/�)
mice compared with Mate1(�/�) mice (Figs. 4 and 6A). Uri-
nary excretion of metformin for 60 min after the intravenous
administration was significantly decreased in Mate1(�/�)
mice (33% of dose) compared with Mate1(�/�) mice (79% of
dose) (Fig. 5). The CLtissue, r of metformin was also signifi-

Fig. 3. Organic cation transporters mRNA expression in the kidney (A)
and liver (B). Total RNA isolated from the kidney and liver of Mate1(�/�)
(�), Mate1(�/�) (u), and Mate1(�/�) (f) mice was reverse-transcribed
and mRNA levels of seven organic cation transporters were determined
by real-time PCR with the oligonucleotides summarized in Table 1 and
under Materials and Methods using an ABI PRISM 7700 sequence de-
tector. The results corrected by Gapdh levels are mean � S.D. for three
mice among each genotype.

TABLE 2
Blood biochemical parameters of Mate1(�/�) and Mate1(�/�) mice
Each value represents the mean � S.D. for six mice.

Parameter �/� �/�

Total protein (g/dl) 3.9 � 0.1 3.3 � 0.6
Albumin (g/dl) 2.0 � 0.1 1.7 � 0.3
Creatinine (mg/dl) 0.1 � 0.0 0.3 � 0.1***
BUN (mg/dl) 26.1 � 0.8 30.5 � 1.6***
Uric acid (mg/dl) 0.6 � 0.4 0.6 � 0.3
Glucose (mg/dl) 253 � 29 254 � 20
Total cholesterol (mg/dl) 58 � 3 66 � 11
Triglyceride (mg/dl) 87 � 29 98 � 19
HDL (mg/dl) 46 � 7 47 � 7
Sodium (mEq/l) 140 � 7 133 � 22
Potassium (mEq/l) 4.0 � 0.5 3.8 � 0.7
Chloride (mEq/l) 106 � 6 99 � 18
Phosphorus (mg/dl) 7.8 � 0.6 8.3 � 1.2
Magnesium (mg/dl) 1.9 � 0.3 2.0 � 0.2
ALP (U/l) 486 � 67 466 � 52
CPK (U/l) 67 � 14 70 � 9
AST (U/l) 33 � 4 36 � 8
ALT (U/l) 25 � 4 27 � 6
�-GTP (U/l) 3 � 1 4 � 1
LAP (U/l) 39 � 3 40 � 2
Amylase (U/l) 2812 � 645 2884 � 553
LDH (U/l) 246 � 72 221 � 24
Total bilirubin (mg/dl) 0.3 � 0.1 0.3 � 0.1

BUN, blood urea nitrogen; HDL, high-density lipoprotein; ALP, alkaline phos-
phatase; CPK, creatine kinase; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; �-GTP, �-glutamyltranspeptidase; LAP, leucine aminopeptidase;
LDH, lactate dehydrogenase.

*** P � 0.001, significantly different from Mate1(�/�) mice.

Fig. 4. Plasma concentration profile of metformin in Mate1(�/�) (E) and
Mate1(�/�) (F) mice. Metformin at 5 mg/kg and mannitol at 146 mg/kg
were administered as a bolus via the jugular vein. Then, 1% mannitol was
administered to maintain a sufficient and constant urine flow rate by
continuous infusion at 0.35 ml/h using an automatic infusion pump.
Thereafter, blood samples were collected at the time points indicated.
Metformin levels in the blood samples were determined by HPLC. Each
point represents the mean � S.D. for six mice of each genotype. �, P �
0.05; ���, P � 0.001, significantly different from Mate1(�/�) mice.
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cantly increased in Mate1(�/�) mice (Fig. 6C), although
mRNA levels of Oct1 and Oct2, transporting metformin from
blood into the cells, in the kidney were not changed between
Mate1(�/�) and Mate1(�/�) mice (Fig. 3A). Furthermore, as
shown in Table 3, pharmacokinetic analysis demonstrated
the significant decrease of the CLtot, CLren, and CLsec of
metformin in Mate1(�/�) mice, whereas the CLnr, Q, V1, and
Vdss were little affected by the lack of MATE1 protein. Taken
together, in the present study, we determined for the first
time that MATE1 plays crucial roles in the renal secretion
process of metformin in vivo.

It has been reported that the lack of OCT1 protein did not
affect the plasma concentration of metformin, but the hepatic
concentration of metformin was significantly reduced in
Oct1(�/�) mice (Wang et al., 2002, 2003; Shu et al., 2007). A
decrease of the hepatic uptake of metformin caused a reduc-
tion in the effect of metformin on AMP-activated protein
kinase phosphorylation and gluconeogenesis, and the glu-
cose-lowering effects of metformin were completely abolished
(Shu et al., 2007). These findings suggested that the lack of
transport activity of OCT1 affects not only the pharmacoki-
netics but also the therapeutic actions of cationic drugs.
Regarding the Mate1(�/�) mice, the concentration of met-

formin was elevated in the liver (Fig. 6B), suggesting that
Mate1(�/�) mice may cause greater glucose-lowering effects
of metformin than Mate1(�/�) mice. Our group recently
identified five nonsynonymous coding single nucleotide poly-
morphisms (SNPs) encoding MATE1 (V10L, G64D, A310V,
D328A, and N474S) and an SNP in the promoter region of
MATE1 gene (�32G�A) that affects the promoter activity
(Kajiwara et al., 2007, 2009). In their coding SNPs, the three
variants (G64D, A310V, and D328A) showed significantly
decreased in the transport activity of metformin. Another
group also identified six nonsynonymous coding SNPs encod-
ing MATE1 (Chen et al., 2009). Furthermore, it was reported
that the rs2289669G�A SNP located in an intron of MATE1
gene is associated with a reduction in HbA1c level in patients
with diabetes mellitus who received metformin therapy, sug-
gesting that MATE1 may have an important role in the
pharmacokinetics and pharmacodynamics of metformin
(Becker et al., 2009). By using Mate1(�/�) mice, the relation-
ship between the pharmacological effects of metformin and
the transport activity of MATE1 would be clarified.

Fig. 5. Urinary excretion of metformin in Mate1(�/�) (open column) and
Mate1(�/�) (closed column) mice. Metformin and mannitol administra-
tion was carried out as described in Fig. 4. Urine was collected for 60 min
after the drug administration. Metformin levels in the urine samples
were determined by HPLC. Each column represents the mean � S.D. for
six mice. ���, P � 0.001, significantly different from Mate1(�/�) mice.

TABLE 3
Pharmacokinetic parameters of metformin and Ccr in Mate1(�/�) and
Mate1(�/�) mice
The CLren of metformin was obtained by dividing the amounts of metformin elimi-
nated into urine during 60 min by the AUC0–60. The CLsec of metformin was
calculated by subtracting Ccr from CLren, assuming that the protein binding of
metformin in plasma is negligible. The CLnr of metformin was calculated by sub-
tracting CLren from CLtot. Each value represents the mean � S.D. for six mice.

Parameter �/� �/�

AUC0–60 (�g � min/ml) 108.7 � 17.0 257.2 � 39.6***
AUC� (�g � min/ml) 126.3 � 23.3 525.7 � 152.4**
CLtot (mL/min/kg) 40.7 � 7.0 10.2 � 2.7***
CLren (mL/min/kg) 37.2 � 8.5 6.6 � 1.3***
CLnr (mL/min/kg) 3.5 � 5.3 3.6 � 2.0
CLsec (mL/min/kg) 31.8 � 7.3 4.3 � 1.2***
Q (mL/min/kg) 70.6 � 22.5 59.5 � 9.1
V1 (mL/kg) 392 � 62 334 � 88
Vdss (mL/kg) 994 � 192 853 � 245
Ccr (mL/min/kg) 5.4 � 2.9 2.2 � 0.8*

* P � 0.05, significantly different from Mate1(�/�) mice.
** P � 0.01, significantly different from Mate1(�/�) mice.
*** P � 0.001, significantly different from Mate1(�/�) mice.

Fig. 6. Tissue distribution (A, B) and tissue clearance (C, D) of metformin
in Mate1(�/�) (�) and Mate1(�/�) (f) mice. Metformin and mannitol
administration was carried out as described in Fig. 4. The kidney (A and
C) and liver (B and D) were removed to determine the tissue concentra-
tion of metformin at 60 min after the drug administration. Metformin
levels in the tissue samples were determined by HPLC. The CLtissue, r and
CLtissue, h of metformin were calculated by dividing the tissue accumula-
tion at 60 min by the AUC0–60. Each column represents the mean � S.D.
for six mice. ��, P � 0.01; ���, P � 0.001, significantly different from
Mate1(�/�) mice.
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In this study, Mate1(�/�) mice were found to be viable,
fertile, and of normal body weight. Furthermore, no histo-
pathological differences were observed between Mate1(�/�)
and Mate1(�/�) mice. On the other hand, blood biochemical
analysis revealed significant elevations of plasma creatinine
and BUN levels in Mate1(�/�) mice (Table 2). In the phar-
macokinetic study, the Ccr of Mate1(�/�) mice was mildly
decreased compared with that of Mate1(�/�) mice (Table 3).
These data may indicate that mild nephropathy occurred in
the Mate1(�/�) mice. Long-term follow-up under various
conditions could clarify the influence of the lack of MATE1
protein on the renal function.

It has been reported that the expression levels of multidrug
resistance protein 4 (Mrp4/Abcc4) mRNA and protein in the
kidney were increased in Mrp2 (Abcc2) knockout mice (Chu
et al., 2006; Vlaming et al., 2006). The induction of Mrp4
expression has been considered a compensatory mechanism
induced by the absence of Mrp2 because MRP2 and MRP4
have similar substrate specificity. In the present study, the
clear compensatory regulation of other organic cation trans-
porters was not observed in the kidney and liver (Fig. 3, A
and B). These results suggest that Mate1(�/�) mice are an
appropriate model for characterizing the pharmacokinetic
roles of MATE1 in vivo because expression levels of other
organic cation transporters with similar substrate specificity
to MATE1 were not changed.

There are two mouse MATE1 variants, MATE1a and
MATE1b (Otsuka et al., 2005; Hiasa et al., 2006; Kobara et
al., 2008), consisting of 532 and 567 amino acid residues,
respectively. Mammalian MATE transporters commonly pos-
sess a long hydrophobic tail at the carboxyl terminal (Otsuka
et al., 2005; Ohta et al., 2006; Terada et al., 2006; Zhang et
al., 2007), but MATE1a is an exception and lacks such a
sequence. On the other hand, MATE1b has almost the same
carboxyl terminal amino acid sequence as the human, rat
and rabbit MATE1 proteins, and has been considered the
true counterpart of the MATE1 group. In the present study,
we generated Mate1 knockout mice, disrupting the Mate1
gene by replacing the coding region of the first exon with a
PGKp-neor cassette. Therefore, a complete absence of
MATE1a and MATE1b proteins is expected in Mate1 knock-
out mice. Western blot analysis using MATE1 antibody,
which can recognize both MATE1a and MATE1b proteins,
demonstrated that MATE1 protein was undetectable in the
kidney of Mate1(�/�) mice (Fig. 2C).

In conclusion, we generated Mate1 knockout mice for the
first time and demonstrated that this transporter plays cru-
cial roles in the renal clearance of metformin, a typical sub-
strate of MATE1. These results suggest that MATE1 plays
an important role in the secretion of organic cations from the
kidney.
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