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Introduction

Human and mouse MATE1 were initially discovered in 
2005 as mammalian orthologs of the bacterial MATE fam-
ily conferring multidrug resistance (Otsuka et al. 2005). 
Subsequently, kidney-specific human MATE2K (Masuda 
et al. 2006) as well as MATE orthologs in rats and rab-
bits was identified (Terada et al. 2006; Ohta et al. 2006; 
Zhang et al. 2007) and intensely characterized. Knowledge 
regarding their tissue distribution, membrane localization 
and function has been summarized in several reviews (e.g., 
Moriyama et al. 2008; Damme et al. 2011; Nies et al. 2012; 
Motohashi and Inui 2013a).

MATE transporters mediate the efflux of organic cations 
across the luminal membrane of renal proximal tubule cells 
and the canalicular membrane of hepatocytes in exchange 
with protons and are therefore considered as the long-
searched-for proton-coupled transporters of tubular epithelia 
(Otsuka et al. 2005). Transported substrates include endog-
enous compounds such as creatinine, the vitamin thiamine 
(vitamin B1) as well as several drug agents such as the fre-
quently clinically used antidiabetic metformin and the antibi-
otics cephalexin and cephradine. An altered MATE function 
or expression may contribute to the interindividual variabil-
ity of drug disposition with consequences for drug response. 
Therefore, in recent years, a number of pharmacokinetic 
and pharmacogenetic studies in healthy volunteers as well 
as patients have been conducted particularly to elucidate the 
impact of MATEs on interindividual variability of metformin 
response. Moreover, the potential role of MATE proteins in 
renal drug–drug interaction is of increasing interest (Hillgren 
et al. 2013).

Here, we summarize the current state of knowl-
edge of molecular and functional characteristics of the 
human MATE transporters, with a particular focus on 
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tissue-specific expression, regulation, as well as substrate 
and inhibitor specificities. Furthermore, we summarize cur-
rently available data on the genetic variants of MATEs and 
discuss their potential functional impact on pharmacokinet-
ics and drug therapy.

Gene organization

Human MATE genes

The human genome contains sequences for two distinct 
MATE genes, i.e., SLC47A1 and SLC47A2, both being 
located in tandem on chromosome 17p11.2 (Otsuka et al. 
2005) (Fig. 1a). The reference transcript with the NCBI acces-
sion number NM_018242 encodes MATE1, a functional pro-
tein of 570 amino acids (NP_060712) (Otsuka et al. 2005). 
Two transcript variants of SLC47A1, SLC47A1_∆exon15 
and SLC47A1_∆exon15-16, have been detected in liver, 
kidney and other tissues (Fig. 1b and see paragraph Tis-
sue distribution and localization), which are predicted to 
encode proteins of 466 and 511 amino acids, respectively 
(Fig. 1c). The expression of the respective proteins has 
so far not been demonstrated. Moreover, the presence of 
further SLC47A1 transcript variants has been postulated 
based on mRNA and EST alignments (ENSEMBL acces-
sion numbers: ENST00000395585, ENST00000436810, 
ENST00000571335, ENST00000575023), but again, corre-
sponding proteins have not been identified yet.

For SLC47A2, four transcript variants are currently 
known, which give rise to proteins of different length 
and function (Fig. 1c): the originally identified MATE2 
(isoform 1, 602 amino acids, NP_690872) (Otsuka et al. 
2005), MATE2K lacking 36 amino acids due to alter-
native splicing of exon 7 (isoform 2, 566 amino acids, 
NP_001093116) (Masuda et al. 2006), MATE2B (219 
amino acids, BAF37007) (Masuda et al. 2006) and 
MATE2 isoform 3 (580 amino acids, NP_001243592). 
MATE2 and MATE2K are both functional proteins, 
whereas MATE2B is not functional (Masuda et al. 2006; 
Tanihara et al. 2007; Asaka et al. 2007; Komatsu et al. 
2011). No information is currently available for MATE2 
isoform 3, whose existence has been inferred from 
sequencing of candidate full-ORF clones (Strausberg 
et al. 2002) but has not yet been experimentally proven.

MATE genes in other species

Orthologs of human MATE proteins have been found in 
many other species. In the current genome builds of the 
Ensemble project covering a total of 68 species (http://
www.ensembl.org), 35 and 38 species have direct orthologs 
to human MATE1 and human MATE2, respectively. 

Figure 2a shows a phylogram of MATE proteins of spe-
cies that are commonly used as preclinical models in drug 
development, i.e., mouse, rat, rabbit and the cynomolgus 
monkey. 

All MATE1 proteins are closely related and clus-
tered in one group. Mouse Mate1 was originally cloned 
based on Genbank accession number AAH31436 (Otsuka 
et al. 2005; Hiasa et al. 2006) corresponding to cDNA 
clone BC031436. Mouse Mate1 was later designated as 
“mMate1a” because the novel variant mMate1b was iden-
tified as the true counterpart of human MATE1 (Kobara 
et al. 2008), which is now the validated reference sequence 
(NM_026183, Fig. 2b). At present, mMate1a is considered 
as nonexistent because the original cDNA clone apparently 
contained nucleotides, which are not present in the mouse 
C57BL/6J genome build 37 and resulted in frame-shift 
errors.

Of note, the so-called murine Mate2 proteins described 
by an independent research group are more closely related 
to human MATE1 than to human MATE2/2K. As previ-
ously suggested (Hiasa et al. 2007; Yonezawa and Inui 
2011b), it would be reasonable to rename them, for exam-
ple, as mouse Mate3 and rat Mate3. On the other hand, 
there are apparently no counterparts of human MATE2/2K 
in the mouse and the rat.

Protein characteristics

Post‑translational modifications

Several post-translational modifications have been pre-
dicted or experimentally proven for MATE1 and MATE2. 
The online tool PhosphoSite (Hornbeck et al. 2015) pre-
dicts two phosphorylation sites for MATE1 (Thr17-P, 
Tyr299-P) and four for MATE2 (Ser544-P, Ser586-P, 

Fig. 1  Organization of the human SLC47A1 and SLC47A2 genes. a 
Human SLC47A1 and SLC47A2 genes are located in tandem on chro-
mosome 17. Chromosome banding is from Genecards (http://www.
genecards.org); the reference tracks are from NCBI (http://www.
ncbi.nlm.nih.gov/). b While cloning SLC47A1, two novel mRNAs 
expressed in human liver and kidney are identified that lead to alter-
natively spliced SLC47A1 isoforms lacking exon 15 (predicted pro-
tein 466 amino acids) or lacking exon 15 and 16 (predicted protein 
511 amino acids) (unpublished data). The gel picture shows DNA 
fragments after PCR of kidney or liver cDNA and of plasmids encod-
ing SLC47A1 reference sequence (MATE1 plasmid), SLC47A1 iso-
form lacking exon 15 (MATE1_∆exon15 plasmid) and SLC47A1 
isoform lacking exon 15 and 16 (MATE1_∆exon15-16 plasmid). The 
same primer pair was used for all PCR reactions. c Sequence align-
ments of the already described SLC47A1 and SLC47A2 isoforms 
together with the two newly described SLC47A1 isoforms. Sequence 
alignments were constructed with Clustal Omega (Sievers et al. 2011) 
and visualized using Jalview version 2.9.0b2 (http://www.jalview.org) 
(Waterhouse et al. 2009)

▸

http://www.ensembl.org
http://www.ensembl.org
http://www.genecards.org
http://www.genecards.org
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.jalview.org
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Thr588-P, Thr594-P); the latter ones have also been iden-
tified by a high-throughput phosphoproteomics approach 
(Raijmakers et al. 2010). N-terminal acetylation was exper-
imentally shown for MATE1 (Van Damme et al. 2012). 

The functional consequences of these post-translational 
modifications are currently unknown. Neither MATE1 nor 
MATE2/2K is apparently glycosylated as predicted by Uni-
Prot (UniProt Consortium 2015).

a

b
Species Common name Designation mRNA accession Protein accession Refseq status
Homo sapiens Human hMATE1 NM_018242.2 NP_060712.2 Validated

hMATE2 NM_152908.3 NP_690872.2 Validated

hMATE2K NM_001099646.1 NP_001093116.1 Validated

hMATE2 
isoform 3

NM_001256663.1 NP_001243592.1 Validated

Macaca 
fascicularis

Cynomolgus 
monkey

cMATE1 NM_001319494.1 NP_001306423.1 Provisional

cMATE2K NM_001319593.1 NP_001306522.1 Provisional

Mus musculus House mouse mMate1 NM_026183.5 NP_080459.2 Validated

mMate2 NM_001033542.2 NP_001028714.1 Provisional

Rattus 
norvegicus

Norway rat rMate1 NM_001014118.2 NP_001014140.1 Provisional

rMate2 NM_001191920.1 NP_001178849.1 Inferred

Oryctolagus 
cuniculus

Rabbit rbMate1 NM_001109819.1 NP_001103289.1 Provisional

rbMate2K NM_001109820.2 NP_001103290.2 Provisional

Fig. 2  Phylogram of MATE proteins of different species. a Sequence 
alignments were constructed with Jalview version 2.9.0b2 (http://
www.jalview.org) (Waterhouse et al. 2009) using the BLOSUM62 
algorithm. b NCBI accession numbers of the sequences used to gen-

erate the sequence alignments in a. Refseq: reference sequence. See 
http://www.ncbi.nlm.nih.gov/books/NBK21091/table/ch18.T.refseq_
status_codes/?report=objectonly for description of the status codes

http://www.jalview.org
http://www.jalview.org
http://www.ncbi.nlm.nih.gov/books/NBK21091/table/ch18.T.refseq_status_codes/%3freport%3dobjectonly
http://www.ncbi.nlm.nih.gov/books/NBK21091/table/ch18.T.refseq_status_codes/%3freport%3dobjectonly
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Topology and structure

Because crystal three-dimensional structures of human 
MATE proteins are not available, their membrane topology 
can only be predicted by different computational methods. 

Commonly based on hydrophobicity of each amino acid, 
they calculate the probability for a stretch of amino acids 
being located in the membrane. These algorithms suggest 
that human MATE proteins have 13 transmembrane heli-
ces with an extracellular C-terminus (Zhang et al. 2007) 
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Fig. 3  Models of human MATE proteins. a Membrane topology was 
predicted using the web tool Topcons (http://topcons.net/) (Tsirigos 
et al. 2015). Lower red and higher blue lines indicate intracellu-
lar and extracellular regions of the proteins, respectively. Grey and 
white boxes indicate transmembrane helices. The Phyre2 server (Kel-
ley et al. 2015) was used to model the three-dimensional structure of 

human MATE1. The highest scoring model for human MATE1 (c) 
was achieved when modeled on the bacterial MATE protein NorM 
from Vibrio cholerae (b). In c and d, genetic variants that have been 
identified in several ethnic populations and that have functional con-
sequences are highlighted (color figure online)

http://topcons.net/
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(Fig. 3a). This has been experimentally proven initially 
for rabbit Mate1 (Zhang and Wright 2009) and subse-
quently also for MATE1 from human and mouse (Zhang 
et al. 2012). The first 12 transmembrane helices constitute 
the functional core, while the 13th transmembrane helix is 
apparently not necessary for function, but may be important 
for turnover of the protein (Zhang and Wright 2009; Zhang 
et al. 2012). An experimental verification of MATE2/2K 
topology is still lacking.

Despite the lack of three-dimensional structures of 
human MATE proteins, structures can be predicted based 
on the homology modeling using available bacterial X-ray 
structures. When using the PHYRE2 server (Kelley et al. 
2015), which enables a Web-based protein structure pre-
diction, the highest scoring homology model of human 
MATE1 was achieved when modeled on the bacterial 
MATE protein NorM from Vibrio cholerae (He et al. 2010) 
(Fig. 3b, c). Missense variants leading to reduced or abol-
ished function of human MATE1 (see paragraph Genetic 
variants in human MATEs and their clinical significance 
for drug pharmacokinetics and drug response) that have 
been described in different ethnic populations are shown on 
the predicted three-dimensional model (Fig. 3c) and topol-
ogy model (Fig. 3d).

Tissue distribution and localization

In their initial description of human MATE1 and MATE2, 
Otsuka et al. (2005) analyzed expression of both transport-
ers in 8 tissues by Northern blot analysis and identified kid-
ney, liver, skeletal muscle and kidney, respectively, as the 
major sites of expression. A subsequent systematic quanti-
tative real-time PCR analysis of 21 human tissues showed 
that MATE1 is ubiquitously expressed with additionally 
high MATE1 mRNA expression in the adrenal gland and tes-
tis (Masuda et al. 2006). More recently, MATE1 transcripts 
were also detected in synovial fibroblasts (Schmidt-Lauber 
et al. 2012) and bladder urothelium (Bexten et al. 2015). A 
systematic analysis of 48 human normal tissues (Fig. 4a) as 
well as of 20 normal human tissues with their corresponding 
tumor tissues (Fig. 4b) using tissue microarrays confirmed 
high MATE1 expression in adrenal gland, kidney and liver 
and showed a widespread expression in a large variety of 
additional tissues and tumors such as cervix, endometrium, 
uterus, testis and thyroid gland. Moreover, the transcript 
variant SLC47A1_∆exon15 was also present in all inves-
tigated tissues although at about tenfold lower levels than 
the reference variant (Fig. 4c). The kidney is the major site 
of MATE2 (Otsuka et al. 2005; Komatsu et al. 2011) and 
MATE2K expression (Masuda et al. 2006), though MATE2K 
transcripts were detected in almost all other investigated 20 
tissues at low abundance as well (Masuda et al. 2006).

Human MATE1 protein expression and localization have 
been studied in kidney, liver, placenta, adrenal gland, tes-
tis and prostate by different groups and techniques includ-
ing immunoblotting, immunohistochemistry and quantita-
tive proteomics (Otsuka et al. 2005; Masuda et al. 2006; 
Tanihara et al. 2007; Ha Choi et al. 2009; Kusuhara et al. 
2011; Komatsu et al. 2011; Motohashi et al. 2013; Ahmadi-
moghaddam et al. 2013; Wang et al. 2015) (Fig. 5). In 
human kidney, MATE1 is localized together with MATE2 
and MATE2K in the brush-border membrane of the proxi-
mal tubule epithelial cells (Otsuka et al. 2005; Masuda 
et al. 2006; Komatsu et al. 2011; Motohashi et al. 2013). 
All three MATE transporters are therefore considered to 
contribute to the renal tubular secretion of cationic drugs, 
which may enter the cells via organic cation transporter 2 
(OCT2)-mediated uptake across the basolateral membrane 
(Fig. 5a). In human and murine hepatocytes, MATE1 is 
apparently localized on the canalicular (apical) membrane 
(Otsuka et al. 2005; Kusuhara et al. 2011). Recombinant 
human MATE1 is also localized in the apical membrane 
when expressed in vitro in polarized Madin–Darby canine 
kidney cells (Sato et al. 2008; König et al. 2011). Hepatic 
MATE1 protein levels have been recently quantified by a 
quantitative proteomics approach and varied about fivefold 
in a cohort of 55 individuals (Wang et al. 2015).

Methods to study MATE function

Cell models

In proximal tubule epithelial cells, MATE proteins are 
located on the apical membrane facing the tubular lumen 
(Fig. 5a). They are physiologically functioning as efflux 
transporters moving substances out of the cells in exchange 
with protons, which are secreted into the tubular lumen by 
sodium/proton exchangers. Yet, MATE function can eas-
ily be studied in vitro using cell lines stably expressing a 
respective recombinant MATE protein. Commonly, cells 
are prepulsed with ammonia to acidify the cytosol so that 
MATE function can be measured as uptake of the com-
pounds of interest. Detailed descriptions of this method and 
other designs to measure MATE-mediated transport have 
been described in detail (Otsuka et al. 2005; Tanihara et al. 
2007; Hillgren et al. 2013). Moreover, primary renal cell 
lines and polarized tubule cell monolayers are increasingly 
used as models to study tubular excretion of drugs (Fisel 
et al. 2014).

Knockout mouse models

Knockout mouse models are powerful tools for assess-
ing the role of transporters in the context of multiple 



1561Arch Toxicol (2016) 90:1555–1584 

1 3

Fig. 4  Tissue distribution of 
SLC47A1. a Expression profil-
ing of SLC47A1 in 48 normal 
human tissues was performed 
using quantitative RT-PCR 
(TaqMan technology) and a 
commercial array compris-
ing cDNAs from 48 normal 
human tissues normalized to 
glyceraldehyde-3-phosphate 
dehydrogenase (TissueScan 
RT-PCR array, Origene Tech-
nologies, Rockville, MD) as 
described (Nies et al. 2009 and 
unpublished data). Expression 
levels were below the detection 
limit in the following 16 tissues 
and cell types: colon, duode-
num, esophagus, lymphocytes, 
mammary gland, muscle, optic 
nerve, pancreas, placenta, 
rectum, seminal vesicles, tonsil, 
ureter, urinary bladder, uvula, 
vagina. b Expression profil-
ing of SLC47A1 by TaqMan 
technology using a commercial 
array comprising cDNAs from 
18 normal and corresponding 
tumor tissues normalized to 
β-actin (Origene Technologies) 
was performed as described 
(Schaeffeler et al. 2011 and 
unpublished data). c Com-
parison of the transcript levels 
of SLC47A1 and the newly 
identified SLC47A1_∆exon15 
isoform in 18 normal human 
tissues by TaqMan technology 
using the commercial array 
described in b (unpublished 
data). 1 pituitary gland, 2 cer-
vix, 3 retina, 4 thymus, 5 small 
intestine, 6 heart, 7 stomach, 8 
skin, 9 lymph node
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transporters, metabolizing enzymes, plasma protein bind-
ing and blood flow (Degorter and Kim 2011). Because 
neither Mate2 nor Mate2K is expressed in mouse kid-
ney (Hiasa et al. 2007) (Fig. 2a), but renal expression 
of mouse Mate1 is high, Mate1 knockout mice can be 
considered as a model to study MATE1 and MATE2/2K 
deficiency in humans (Tsuda et al. 2009a; Yonezawa and 
Inui 2011b). Mate1 knockout mice are viable and fertile 
without any overt phenotypical or histological alterations 
suggesting that other transporters may compensate for 
Mate1 function in the kidney (Tsuda et al. 2009a; Li et al. 
2011). Mate1 knockout mice have been used to elucidate 
the pharmacokinetics and particularly renal elimination 
of MATE substrates such as endogenous compounds and 
xenobiotics, including the antidiabetic drug metformin, 

the anticancer agents cisplatin and flutamide, the antibac-
terial drug cephalexin and the herbicide paraquat (Tsuda 
et al. 2009a; Watanabe et al. 2010; Nakamura et al. 2010; 
Li et al. 2011; Toyama et al. 2012; Li et al. 2013a; Nakano 
et al. 2015). For example, treatment of Mate1 knockout 
mice with metformin resulted in significantly increased 
hepatic levels of metformin and led to lactic acidosis sug-
gesting that homozygous variant or compound heterozy-
gous carriers of MATE polymorphisms resulting in signifi-
cantly reduced or even abolished transporter function may 
be at risk to develop metformin-induced lactic acidosis 
(Toyama et al. 2010, 2012). Despite the usefulness of the 
Mate1 knockout mouse model, species differences in sub-
strate affinity between mouse and human MATE1 need to 
be considered (Hillgren et al. 2013).

a

Blood

Urine

OCT2

OC+

Proximal tubule 
epithelial cells

MATE1

MATE2/2K

OC+

H+

H+

OC+

b
MATE1

c

Kidney

ProstateAdrenal gland Testis

200 µm

100 µm 50 µm100 µm

Fig. 5  Localization of MATE1 in different human tissues. a Scheme 
of the localization of OCT2 and MATEs on the basolateral and lumi-
nal membranes, respectively, of proximal tubule epithelial cells. b, 
c Immunolocalization of MATE1 in the brush-border membrane 

of kidney, in cells of the adrenal gland, in Sertoli cells of the testis 
(arrows), and the glandular epithelial cells of the prostate (arrow) 
using a MATE1-specific rabbit antibody (HPA021987, Sigma-
Aldrich) (unpublished data). OC+, organic cation
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Cynomolgus monkey

In a recent study, cynomolgus monkey was evaluated as a 
surrogate model for studying human organic cation trans-
porters, including MATE1 and MATE2K. This animal 
model was suggested to have some utility for in vitro–in 
vivo extrapolations involving the inhibition of renal OCT2 
and MATEs and may be a promising tool for the risk assess-
ment of human drug–drug interactions (Shen et al. 2016).

Substrates and inhibitors

So far, more than 1000 compounds have been investigated 
whether they interact with human MATE1 and MATE2K. 
In contrast, similar comprehensive analyses have not been 
performed for MATE2, and the prototypical probe substrate 
tetraethylammonium (TEA) is currently the only known 
transported substrate (Komatsu et al. 2011). Several struc-
ture–activity relationship models have been proposed to pre-
dict whether a certain compound is a substrate, an inhibitor 
or both of MATE1 and MATE2K (Kido et al. 2011; Astorga 
et al. 2012; Wittwer et al. 2013; Morrissey et al. 2016). 
Moreover, recently a quantitative structure–pharmacokinetic 
relationship model was developed to predict renal clear-
ance of MATE substrates (Dave and Morris 2015). In gen-
eral, MATE substrates are cationic by nature or positively 
charged at physiological pH 7.4, hydrophilic, and have a 
low molecular weight. Examples include the endogenous 
substrate creatinine, the vitamin thiamine, the prototypical 
probe substrates 1-methyl-4-phenylpyridinium (MPP) and 
TEA, the antidiabetic drug metformin and the histamine H2 
receptor antagonist cimetidine as well as the herbicide para-
quat (Fig. 6). The substrate specificity of MATE is similar to 
OCT2 (encoded by SLC22A2), localized on the basolateral 
membrane of kidney proximal tubule cells (Fig. 5a), thereby 
supporting the concept that OCT2 and MATE transporters 
work in concert in the renal elimination of endogenous com-
pounds and xenobiotics (Otsuka et al. 2005; Masuda et al. 
2006; Tanihara et al. 2007; Damme et al. 2011; Morrissey 
et al. 2013; Hillgren et al. 2013; Motohashi and Inui 2013a, 
b; Chu et al. 2016). A similar functional vectorial transport 
can be assumed for the antiviral drugs acyclovir and gan-
ciclovir, which are taken up from blood into the proximal 
tubule epithelial cells via the organic anion transporter 1 
(OAT1, encoded by SLC22A6) and then excreted into the 
tubular lumen via MATE1 (Takeda et al. 2002). A functional 
interplay between the organic anion transporter 3 (OAT3, 
encoded by SLC22A8), another basolateral membrane trans-
porter of renal proximal tubule cells, and MATE1 leading 
to extensive renal secretion and insufficient drug exposure 
was probably the reason for failure of a novel oxazolidinone 
antibiotic in phase I clinical trials (Lai et al. 2010).

Zwitterionic compounds (e.g., cephalexin, cephradine, 
oxaliplatin) and anionic compounds (e.g., estrone sulfate) 
are also transported by MATEs indicating a broader sub-
strate range than OCT2. While the transport capacity of 
several substrates for MATE1 and MATE2K is quite simi-
lar, some drug agents are preferentially transported by 
MATE1 (e.g., cephalexin, cephradine, fexofenadine) or by 
MATE2K (e.g., oxaliplatin and verapamil). Table 1 gives 
an overview of MATE1 and MATE2K substrates and their 
selectivities toward the MATE transporters.

Inhibitors of MATE1 and MATE2K are generally char-
acterized by a positive charge at pH 7.4, a high LogP value 
and a median molecular weight of 349 (range 284–558) 
(Astorga et al. 2012; Wittwer et al. 2013). Table 2 sum-
marizes inhibitor selectivities for MATE1 and MATE2K. 
A higher selectivity of inhibitors for MATEs over OCT2, 
as is the case for the H2 receptor antagonist cimetidine and 
the antimalarial agent pyrimethamine (Yonezawa and Inui 
2011b), may explain clinically relevant drug–drug interac-
tions (see also paragraph Role of MATEs for toxicity and 
drug–drug interactions).

Of interest, the recent development of 11C-labeled met-
formin as positron electron tomography tracer and its appli-
cation in mice will enable the noninvasive testing of physi-
ological MATE function and MATE-mediated drug–drug 
interactions in future clinical investigations (Hume et al. 
2013; Shingaki et al. 2015; Jensen et al. 2016).

Regulation

Transcriptional regulation

The 5′ regions of the rat and human SLC47A1 genes con-
tain, instead of a TATA box, two GC-rich regions. These 
are critical for basal transcriptional activity due to bind-
ing of Sp1 as a general transcription factor (Kajiwara et al. 
2007). Additionally, the rate of human SLC47A1 tran-
scription is also regulated by AP-1 and AP2-rep, both of 
which bind in the 5′ UTR close to the transcriptional start 
site (Ha Choi et al. 2009). Finally, Nkx-2.5, SREBP-1 and 
USF-1 were identified to bind in the 5′ gene region of the 
SLC47A1 gene; they may also function as possible regu-
lators of transcription (Kim et al. 2013). Of note, genetic 
variants in either of these transcription factor binding sites 
result in altered promoter activity in vitro and partially also 
in altered MATE1 mRNA expression levels (see Paragraph 
Genetic variants in human MATEs and their clinical signif-
icance for drug pharmacokinetics and drug response).

The role of nuclear receptors, i.e., ligand-activated 
transcription factors, in regulation of human SLC47A1 
and SLC47A2 is still poorly understood, and limited data 
are available for mice. Studies using hepatocyte nuclear 
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factor 4α (Hnf4α) knockout mice showed that hepatic 
Mate1 expression depends on the presence of Hnf4α (Lu 
et al. 2010). Similar results were obtained for renal Mate1 
expression (Martovetsky et al. 2013). Whether HNF4α is 
also important for human MATE1 expression is currently 
unknown. The nuclear factors aryl hydrocarbon receptor 
(Ahr), constitutive androstane receptor (Car), nuclear fac-
tor erythroid-2-related factor 2 (Nrf2), peroxisome prolif-
erator-activated receptor alpha (Pparα) and pregnane X 

receptor (Pxr) are not involved in the hepatic regulation of 
mouse Mate1 (Lickteig et al. 2008).

The observation that the pro-inflammatory cytokines 
TNFa, IL-1b and IL-6 may decrease MATE1 mRNA and pro-
tein expression in human rheumatoid arthritis synovial fibro-
blasts suggests additional and as yet unexplored signaling 
pathways of MATE1 regulation (Schmidt-Lauber et al. 2012).

Moreover, MATE proteins may also be post-transcrip-
tionally regulated as recently suggested by in vitro studies 

Pramipexole

Creatinine Thiamine

MPP

Cimetidine

TEA

Metformin

Paraquat

Cephalexin Cephradine Estrone sulfate

Nadolol

Fig. 6  Structures of selected MATE substrates were downloaded from the publicly available ChEBI database (https://www.ebi.ac.uk/chebi/init.
do)

https://www.ebi.ac.uk/chebi/init.do
https://www.ebi.ac.uk/chebi/init.do
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using mouse Mate1, whose transport activity was nega-
tively regulated by ischemia/reperfusion-inducible protein 
(Li et al. 2013b).

Effects of gender

The effect of gender on Mate1 expression was system-
atically studied in mice, rats and rabbits. In mice, Mate1 
mRNA levels were significantly higher in female than male 
livers but, on the contrary, significantly lower in female kid-
neys than in males (Lickteig et al. 2008). This gender dif-
ference is apparently not caused by different estrogen levels 
(Meetam et al. 2009). No gender differences were observed 
in rats (Nishihara et al. 2007; Ma et al. 2015) and rabbits 
(Zhang et al. 2007) for renal Mate1 expression. Of interest, 
in a preliminary analysis of SLC47A1 and SLC47A2 mRNA 
levels using the publicly available TCGA data set (http://
cancergenome.nih.gov/; (Cancer Genome Atlas Research 
Network 2013), we identified no gender differences in non-
tumor human kidney (unpublished data).

Ontogeny

Although the critical importance of membrane transport-
ers in pharmacotherapy of adults has been recognized in 
recent years, much less is known about the ontogeny of 
transporters from birth to adulthood (Mooij et al. 2015; 

Brouwer et al. 2015; Elmorsi et al. 2015). While availabil-
ity of human data is limited, studies have been performed 
in mice and rats where increasing levels of renal Mate1 
mRNA expression from the fetus through the postnatal–
juvenile period were observed, finally reaching adult lev-
els (Sweeney et al. 2011; Ahmadimoghaddam et al. 2013). 
Summaries of rodent studies on hepatic and renal Mate1 
expression are given in several recent reviews (Klaassen 
and Aleksunes 2010; Brouwer et al. 2015; Elmorsi et al. 
2015). However, it is unclear whether these data are trans-
ferable and predictive for the human situation. Only one 
human study comprising only a very small set of samples 
showed increasing hepatic MATE1 mRNA expression lev-
els from neonates to older children up to adults (Klaassen 
and Aleksunes 2010).

MATE expression under pathophysiological conditions

Given the important role of MATEs in the renal excretion 
of endogenous compounds and drugs, altered expression of 
MATEs under pathophysiological conditions may be clini-
cally relevant. In rat models of chronic renal failure or acute 
kidney injury, induced by ischemia/reperfusion, Mate1 pro-
tein levels are decreased in the proximal tubules (Nishihara 
et al. 2007; Matsuzaki et al. 2008). Because liver diseases 
may result in altered expression of renal transporters in dif-
ferent animal models (Ikemura et al. 2009), the effect of 

Table 2  Selected inhibitors of human MATE1 and MATE2K and their selectivity for either transporter

* For comparison, the IC50 values of cimetidine and pyrimethamine for OCT2 are 70 µM and 10 µM, respectively (Suhre et al. 2005; Ito et al. 
2010). Tsuda et al. (2009b) reported Ki values

Inhibitor IC50 or Ki (µM) References

MATE1 MATE2K

Equal affinity to MATE1 and MATE2K Chlorhexidine 0.7 0.5 Wittwer et al. (2013)

MPP 4.7 3.3 Yee et al. (2010)

Procainamide 217 178 Tsuda et al. (2009b)

Pyrimethamine* 0.08 0.05 Ito et al. (2010)

Quinidine 29 23 Tsuda et al. (2009b)

Ranitidine 5.4 10.0 Astorga et al. (2012)

Higher affinity to MATE1 than to MATE2K Cimetidine* 1.1 7.3 Tsuda et al. (2009b)

Clonidine 8 54 Astorga et al. (2012)

Diltiazem 12.5 117 Tsuda et al. (2009b)

Imatinib 0.05 0.5 Minematsu and Giacomini (2011)

Imipramine 42 183 Tsuda et al. (2009b)

Topotecan 1.3 8.6 Wittwer et al. (2013)

Vecuronium 1.9 25.2 Wittwer et al. (2013)

Zafirlukast 1.3 7.6 Wittwer et al. (2013)

Higher affinity to MATE2K than to MATE1 Nizatidine Morrissey et al. (2016)

Pramipexole 141.4 24.1 Tsuda et al. (2009b)

TEA 40.6 14.4 Yee et al. (2010)

http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
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cholestasis, induced by bile duct ligation, on renal organic 
cation transporters was studied in rats. In contrast to 
increased levels of the uptake transporter Oct2, the expres-
sion of Mate1 protein was not affected by acute cholestasis 
(Kurata et al. 2010). The observed increased renal tubular 
secretion of cimetidine was, therefore, attributed to elevated 
levels of Oct2 rather than Mate1. In contrast, in a rat model 
of acute liver injury, induced by ischemia/reperfusion, 
renal Oct2 and Mate1 levels were both decreased resulting 
in decreased systemic and tubular secretory clearances of 
cimetidine (Ikemura et al. 2013). Moreover, renal Mate1 
and Oct2 mRNA levels were decreased in a diabetic mouse 
model and a mouse model of nonalcoholic steatohepatitis 
leading to increased plasma half-life and decreased oral 
clearance of metformin (Clarke et al. 2015). These studies 
show that MATE expression may change under different 
pathological conditions with consequences on drug dispo-
sition. Clinical studies are necessary to investigate whether 
these changes also occur in humans.

Role of MATEs for toxicity and drug–drug 
interactions

Cisplatin nephrotoxicity

MATEs, together with OCT2, play a key role in the renal 
elimination of platinum drugs (Yonezawa and Inui 2011a). 
Because cisplatin is efficiently transported by OCT2 
into the proximal tubule epithelial cells but not effluxed 
into urine by MATEs, it may accumulate within the cells 
increasing the risk of nephrotoxicity (Yokoo et al. 2007; 
Terada and Inui 2008; Nakamura et al. 2010; Fisel et al. 

2014). This is apparently not the case for oxaliplatin 
because this is a substrate for MATEs (Table 1). How-
ever, only ~30 % of patients treated with cisplatin develop 
nephrotoxicity suggesting the involvement of additional 
transporters such as copper transporters (SLC31A1) in cis-
platin disposition (Harrach and Ciarimboli 2015).

MATE‑mediated drug–drug interactions

Because the H2 receptor antagonist cimetidine and the 
antimalarial agent pyrimethamine inhibit MATEs >tenfold 
more potent than OCT2, they may cause drug–drug inter-
actions when co-administered with other MATE substrates 
such as metformin (Hillgren et al. 2013). Table 3 summa-
rizes clinical studies investigating pharmacokinetic conse-
quences on interacting drugs with MATE. In general, the 
renal clearance of the affected drug decreases, while drug 
exposure is increased. However, further clinical studies are 
warranted whether mostly moderate changes in plasma lev-
els subsequently result in clinically relevant pharmacody-
namic consequences.

Genetic variants in human MATEs and their 
clinical significance for drug pharmacokinetics 
and drug response

Identification of genetic variants and their effects 
in vitro

Pharmacokinetic studies with the Mate1 knockout mouse 
model clearly show an important role of Mate1 for renal 
drug elimination. It is therefore obvious to elucidate 

Table 3  Clinical studies investigating potential MATE-mediated drug–drug interactions

AUC, area under the plasma concentration–time curve, CLren, renal clearance

Interacting drug Affected drug/compound Clinical effect on affected drug References

Cimetidine Cephalexin 27 % decrease in CLren of cephalexin van Crugten et al. (1986)

Cimetidine Dofetilide 33 % decrease in CLren of dofetilide, 48 % increase in AUC Abel et al. (2000)

Cimetidine Fexofenadine 39 % decrease in CLren of metformin Yasui-Furukori et al. (2005)

Cimetidine Glycopyrronium 23 % decrease in CLren of glycopyrronium, 22 % increase in AUC Dumitras et al. (2013)

Cimetidine Metformin 27 % decrease in CLren of metformin, 50 % increase in AUC Somogyi et al. (1987)

Cimetidine Procainamide 44 % decrease in CLren of procainamide, 35 % increase in AUC Somogyi et al. (1983)

Cimetidine Ranitidine 40 % decrease in CLren of ranitidine van Crugten et al. (1986)

Pyrimethamine Creatinine 37 % decrease in CLren of creatinine Opravil et al. (1993)

Pyrimethamine Creatinine 20 % decrease in CLren of creatinine Kusuhara et al. (2011)

Pyrimethamine Metformin 158 % increase in AUC of metformin Oh et al. (2016)

Pyrimethamine Metformin 35 % decrease in CLren of metformin, 39 % increase in AUC Kusuhara et al. (2011)

Quinine Ritonavir 21 % increase in AUC of ritonavir Soyinka et al. (2010)

Trimethoprim Metformin 32 % decrease of CLren of metformin, 37 % increase in AUC Grün et al. (2013)

Trimethoprim Metformin 26.4 % decrease of CLren of metformin, 29.5 % increase in AUC Müller et al. (2015)
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the impact of genetic variants in human MATEs on drug 
response and/or the development of adverse drug reactions. 
Due to a variety of large-scale next-generation sequenc-
ing projects, such as the 1000 Genomes project (The 1000 
Genomes Consortium et al. 2012) and the NHLBI-GO 
Exome Sequencing Project (http://evs.gs.washington.edu/
EVS), the number of SLC47A1 and SLC47A2 genetic vari-
ants is increasing and in particular rare variants are discov-
ered. For example, the Exome Aggregation Consortium 
(ExAC) strives to aggregate exome sequencing data from 
a variety of large-scale exome sequencing projects and 
currently covers data from >60,000 unrelated individuals 
(Exome Aggregation Consortium et al. 2015). The ExAC 
database lists 207 and 206 missense variants for MATE1 
and MATE2K, respectively, most of them with minor allele 
frequencies <0.01 % (http://exac.broadinstitute.org). In 
general, the allele frequencies of missense variants are low 
and usually do not exceed 2 % in different ethnic popula-
tions. Several regulatory region and missense variants 
have been analyzed for their functional consequences in 
luciferase assays and transport assays in vitro, respectively 
(Table 4). The altered promoter activity of some regulatory 
variants could be explained by altered binding of transcrip-
tion factors such as Sp1, AP-1, Nkx-2.5, SREBP-1 and 
USF-1, to the SLC47A1 gene promoter (Kajiwara et al. 
2007; Ha Choi et al. 2009; Kim et al. 2013) and MZF-1 
to the SLC47A2 gene promoter (Choi et al. 2011). Sev-
eral missense variants showed a complete loss of function 
in vitro, i.e., MATE1-Gly64Asp, MATE1-Val480Met and 
MATE2K-Gly211Val, which was attributed to an abolished 
plasma membrane expression of the respective transporter 
(Kajiwara et al. 2009; Chen et al. 2009). By mapping the 
missense MATE1 variants on the three-dimensional struc-
ture and topology models of human MATE1 (Fig. 3c, d), 
it becomes evident that most of them are located within 
the transmembrane regions or in the last intracellular loop. 
These locations are apparently crucial for a proper MATE1 
function. This has also been shown by site-directed 
mutagenesis studies, in which cysteine, histidine and glu-
tamate residues in the transmembrane regions of human 
MATE1 and MATE2K have been identified being essential 
for substrate binding and transport activity (Asaka et al. 
2007; Matsumoto et al. 2008; Damme et al. 2011).

Genotype–phenotype correlations and clinical 
consequences of genetic variants

Because some MATE1 and MATE2K variants altered met-
formin transport function in in vitro experiments (Table 4) 
and the lack of Mate1 changed metformin pharmacokinetics 
in the knockout mouse model (Tsuda et al. 2009a), several 
studies addressed the association of SLC47A1 and SLC47A2 
genotypes with pharmacokinetic/pharmacodynamic 

http://evs.gs.washington.edu/EVS
http://evs.gs.washington.edu/EVS
http://exac.broadinstitute.org
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parameters and treatment outcome of metformin (Table 5). 
In most studies, the variants had no effects on the pharma-
cokinetic parameters of metformin. However, the SLC47A1 
regulatory region variant rs2252281 and the intronic variants 
rs2289669 and rs8065082 were repeatedly associated with 
reduced metformin response (Becker et al. 2009; Jablon-
ski et al. 2010; Stocker et al. 2013; Tkac et al. 2013; He 
et al. 2015), while the common SLC47A2 promoter variant 
rs12943590 was associated with greater metformin response 
(Choi et al. 2011; Stocker et al. 2013) in some studies. Yet, in 
other studies, the effect of the SLC47A1 variant rs2289669 
could not be replicated (Christensen et al. 2011; Klen et al. 
2014), indicating that other metformin transporters (Becker 
et al. 2010; Stocker et al. 2013; Christensen et al. 2013) and/
or non-genetic factors (Maruthur et al. 2014; Emami Ried-
maier et al. 2015) need to be considered as well.

Notably, the SLC47A1 missense variant rs111653425 
(MATE1-Ala465Val), which occurs at a low allele fre-
quency of 1.8 % in Icelanders (Table 4) and whose in vitro 
functional studies are missing, has been significantly asso-
ciated with increased serum creatinine levels.

Conclusions

Since their initial discovery in 2005 (Otsuka et al. 2005), 
there is an increasing interest to elucidate the functional 
role of MATE1 and MATE2K as important transport 
proteins for renal and hepatic organic cation excretion. 
Both MATE transporters are now considered as the long-
searched-for proton-coupled transporters in the luminal 
membrane of proximal tubule epithelial cells. Intensive 
functional studies by several groups have revealed the 
partial overlapping substrate and inhibitor specificities of 
MATE1 and MATE2K as they are capable of transport-
ing a wide range of organic cations including a number 
of clinically relevant drugs. Since several clinical studies 
have suggested that MATEs may be involved in clinically 
relevant drug–drug interactions, both transporters are rec-
ommended to be tested during the drug development pro-
cess for clinically relevant drug–drug interactions (Hillgren 
et al. 2013). However, despite the convincing functional 
evidence of MATE transporters in in vitro and in knockout 
mouse experiments, the role of genetic variation for drug 
pharmacokinetics and for drug therapy in humans, particu-
larly for response to the intensely studied antidiabetic agent 
metformin, appears to be limited and does not resemble 
major effects observed in Mate1 knockout mouse models. 
The reason for this discrepancy may be that other factors 
may contribute substantially to the expression and function 
of MATE proteins in human such as epigenetic regulation 
(e.g., DNA methylation, microRNAs; Ivanov et al. 2014; 
Fisel et al. 2016). Moreover, in addition to MATEs, other 

drug transporters may affect drug pharmacokinetics as 
well. Thus, comparable to most intensively studied mem-
brane transporters from the ABC family (e.g., P-glycopro-
tein/ABCB1; Wolking et al. 2015), a more comprehensive 
view needs to be considered to fully understand the role of 
MATEs for drug therapy.

Acknowledgments This work was supported in part by the Robert-
Bosch Foundation, Stuttgart, Germany, the ICEPHA Grant Tübingen-
Stuttgart, Germany, and the UGPx EU H2020 Grant (#668353).

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Abel S, Nichols DJ, Brearley CJ, Eve MD (2000) Effect of cimeti-
dine and ranitidine on pharmacokinetics and pharmacodynam-
ics of a single dose of dofetilide. Br J Clin Pharmacol 49:64–71. 
doi:10.1046/j.1365-2125.2000.00114.x

Ahmadimoghaddam D, Zemankova L, Nachtigal P, Dolezelova 
E, Neumanova Z, Cerveny L, Ceckova M, Kacerovsky M, 
Micuda S, Staud F (2013) Organic cation transporter 3 (OCT3/
SLC22A3) and multidrug and toxin extrusion 1 (MATE1/
SLC47A1) transporter in the placenta and fetal tissues: expres-
sion profile and fetus protective role at different stages of gesta-
tion. Biol Reprod 88:55. doi:10.1095/biolreprod.112.105064

Asaka J, Terada T, Tsuda M, Katsura T, Inui KI (2007) Identification 
of essential histidine and cysteine residues of the H +/organic 
cation antiporter multidrug and toxin extrusion (MATE). Mol 
Pharmacol 71:1487–1493. doi:10.1124/mol.106.032938

Astorga B, Ekins S, Morales M, Wright SH (2012) Molecular deter-
minants of ligand selectivity for the human multidrug and toxin 
extrusion proteins, MATE1 and MATE-2K. J Pharmacol Exp 
Ther 341:743–755. doi:10.1124/jpet.112.191577

Becker ML, Visser LE, van Schaik RH, Hofman A, Uitterlinden AG, 
Stricker BH (2009) Genetic variation in the multidrug and toxin 
extrusion 1 transporter protein influences the glucose-lowering 
effect of metformin in patients with diabetes: a preliminary 
study. Diabetes 58:745–749. doi:10.2337/db08-1028

Becker ML, Visser LE, van Schaik RH, Hofman A, Uitterlin-
den AG, Stricker BH (2010) Interaction between polymor-
phisms in the OCT1 and MATE1 transporter and metformin 
response. Pharmacogenet Genomics 20:38–44. doi:10.1097/
FPC.0b013e328333bb11

Bexten M, Oswald S, Grube M, Jia J, Graf T, Zimmermann U, Rode-
wald K, Zolk O, Schwantes U, Siegmund W, Keiser M (2015) 
Expression of drug transporters and drug metabolizing enzymes 
in the bladder urothelium in man and affinity of the bladder 
spasmolytic trospium chloride to transporters likely involved 
in its pharmacokinetics. Mol Pharm 12:171–178. doi:10.1021/
mp500532x

Brouwer KL, Aleksunes LM, Brandys B, Giacoia GP, Knipp G, Luka-
cova V, Meibohm B, Nigam SK, Rieder M, De Wildt SN (2015) 
Human ontogeny of drug transporters: review and recommenda-
tions of the pediatric transporter working group. Clin Pharma-
col Ther 98:266–287. doi:10.1002/cpt.176

Cancer Genome Atlas Research Network (2013) Comprehensive 
molecular characterization of clear cell renal cell carcinoma. 
Nature 499:43–49. doi:10.1038/nature12222

http://dx.doi.org/10.1046/j.1365-2125.2000.00114.x
http://dx.doi.org/10.1095/biolreprod.112.105064
http://dx.doi.org/10.1124/mol.106.032938
http://dx.doi.org/10.1124/jpet.112.191577
http://dx.doi.org/10.2337/db08-1028
http://dx.doi.org/10.1097/FPC.0b013e328333bb11
http://dx.doi.org/10.1097/FPC.0b013e328333bb11
http://dx.doi.org/10.1021/mp500532x
http://dx.doi.org/10.1021/mp500532x
http://dx.doi.org/10.1002/cpt.176
http://dx.doi.org/10.1038/nature12222


1579Arch Toxicol (2016) 90:1555–1584 

1 3

Chen Y, Zhang S, Sorani M, Giacomini KM (2007) Transport of 
paraquat by human organic cation transporters and multidrug 
and toxic compound extrusion family. J Pharmacol Exp Ther 
332:695–700. doi:10.1124/jpet.107.123554

Chen Y, Teranishi K, Li S, Yee SW, Hesselson S, Stryke D, Johns 
SJ, Ferrin TE, Kwok P, Giacomini KM (2009) Genetic vari-
ants in multidrug and toxic compound extrusion-1, hMATE1, 
alter transport function. Pharmacogenomics J 9:127–136. 
doi:10.1038/tpj.2008.19

Cho SK, Chung JY (2016) The MATE1 rs2289669 polymorphism 
affects the renal clearance of metformin following ranitidine 
treatment. Int J Clin Pharmacol Ther. doi:10.5414/CP202473 
(in press)

Choi JH, Yee SW, Ramirez AH, Morrissey KM, Jang GH, Joski PJ, 
Mefford JA, Hesselson SE, Schlessinger A, Jenkins G, Castro 
RA, Johns SJ, Stryke D, Sali A, Ferrin TE, Witte JS, Kwok PY, 
Roden DM, Wilke RA, McCarty CA, Davis RL, Giacomini KM 
(2011) A common 5′-UTR variant in MATE2-K is associated 
with poor response to metformin. Clin Pharmacol Ther 90:674–
684. doi:10.1038/clpt.2011.165

Christensen MM, Brasch-Andersen C, Green H, Nielsen F, Damkier 
P, Beck-Nielsen H, Brosen K (2011) The pharmacogenetics of 
metformin and its impact on plasma metformin steady-state lev-
els and glycosylated hemoglobin A1c. Pharmacogenet Genom-
ics 21:837–850. doi:10.1097/FPC.0b013e32834c0010

Christensen MM, Pedersen RS, Stage TB, Brasch-Andersen C, 
Nielsen F, Damkier P, Beck-Nielsen H, Brosen K (2013) A 
gene–gene interaction between polymorphisms in the OCT2 
and MATE1 genes influences the renal clearance of met-
formin. Pharmacogenet Genomics 23:526–534. doi:10.1097/
FPC.0b013e328364a57d

Chu X, Bleasby K, Chan GH, Nunes I, Evers R (2016) The com-
plexities of interpreting reversible elevated serum creatinine 
levels in drug development: Does a correlation with inhibition 
of renal transporters exist? Drug Metab Dispos. doi:10.1124/
dmd.115.067694 (in press)

Chung JY, Cho SK, Kim TH, Kim KH, Jang GH, Kim CO, Park EM, 
Cho JY, Jang IJ, Choi JH (2013) Functional characterization 
of MATE2-K genetic variants and their effects on metformin 
pharmacokinetics. Pharmacogenet Genomics 23:365–373. 
doi:10.1097/FPC.0b013e3283622037

Clarke JD, Dzierlenga AL, Nelson NR, Li H, Werts S, Goedken MJ, 
Cherrington NJ (2015) Mechanism of altered metformin distri-
bution in nonalcoholic steatohepatitis. Diabetes 64:3305–3313. 
doi:10.2337/db14-1947

Cutler MJ, Urquhart BL, Velenosi TJ, Meyer zu Schwabedissen HE, 
Dresser GK, Leake BF, Tirona RG, Kim RB, Freeman DJ 
(2012) In vitro and in vivo assessment of renal drug transport-
ers in the disposition of mesna and dimesna. J Clin Pharmacol 
52:530–542. doi:10.1177/0091270011400414

Damme K, Nies AT, Schaeffeler E, Schwab M (2011) Mammalian 
MATE (SLC47A) transport proteins: impact on efflux of endog-
enous substrates and xenobiotics. Drug Metab Rev 43:499–523. 
doi:10.3109/03602532.2011.602687

Dave RA, Morris ME (2015) Quantitative structure-pharmacokinetic 
relationships for the prediction of renal clearance in humans. 
Drug Metab Dispos 43:73–81. doi:10.1124/dmd.114.059857

Degorter MK, Kim RB (2011) Use of transgenic and knockout mouse 
models to assess solute carrier transporter function. Clin Phar-
macol Ther 89:612–616. doi:10.1038/clpt.2011.2

Dumitras S, Sechaud R, Drollmann A, Pal P, Vaidyanathan S, Came-
nisch G, Kaiser G (2013) Effect of cimetidine, a model drug for 
inhibition of the organic cation transport (OCT2/MATE1) in the 
kidney, on the pharmacokinetics of glycopyrronium. Int J Clin 
Pharmacol Ther 51:771–779. doi:10.5414/CP201946

Duong JK, Kumar SS, Kirkpatrick CM, Greenup LC, Arora M, Lee 
TC, Timmins P, Graham GG, Furlong TJ, Greenfield JR, Wil-
liams KM, Day RO (2013) Population pharmacokinetics of 
metformin in healthy subjects and patients with type 2 diabetes 
mellitus: simulation of doses according to renal function. Clin 
Pharmacokinet 52:373–384. doi:10.1007/s40262-013-0046-9

Elmorsi Y, Barber J, Rostami-Hodjegan A (2015) Ontogeny of hepatic 
drug transporters and relevance to drugs used in paediatrics. 
Drug Metab Dispos. doi:10.1124/dmd.115.067801 in press

Emami Riedmaier A, Schaeffeler E, Nies AT, Mörike K, Schwab M 
(2015) Stratified medicine for the use of anti-diabetics medica-
tion in treatment of T2DM and cancer: where do we go from 
here? J Intern Med 277:235–247. doi:10.1111/joim.12330

Exome Aggregation Consortium, Lek M, Karczewski K, Minikel E, 
Samocha K, Banks E, Fennell T, O’Donnell-Luria A, Ware J, 
Hill A, Cummings B, Tukiainen T, Birnbaum D, Kosmicki J, 
Duncan L, Estrada K, Zhao F, Zou J, Pierce-Hoffman E, Cooper 
D, DePristo M, Do R, Flannick J, Fromer M, Gauthier L, Gold-
stein J, Gupta N, Howrigan D, Kiezun A, Kurki M et al (2015) 
Analysis of protein-coding genetic variation in 60,706 humans. 
bioRxiv. doi:10.1101/030338

Fisel P, Renner O, Nies AT, Schwab M, Schaeffeler E (2014) Solute 
carrier (SLC) transporter and drug-related nephrotoxicity: the 
impact of proximal tubule cell models for preclinical research. 
Expert Opin Drug Metab Toxicol 10:395–408. doi:10.1517/174
25255.2014.876990

Fisel P, Schaeffeler E, Schwab M (2016) DNA methylation of ADME 
genes. Clin Pharmacol Ther. doi:10.1002/cpt.343

Grün B, Kiessling MK, Burhenne J, Riedel KD, Weiss J, Rauch G, 
Haefeli WE, Czock D (2013) Trimethoprim–metformin interac-
tion and its genetic modulation by OCT2 and MATE1. Br J Clin 
Pharmacol. doi:10.1111/bcp.12079

Ha Choi J, Wah Yee S, Kim MJ, Nguyen L, Ho LJ, Kang JO, Hes-
selson S, Castro A, Stryke D, Johns SJ, Kwok PY, Ferrin TE, 
Goo LM, Black BL, Ahituv N, Giacomini KM (2009) Identifi-
cation and characterization of novel polymorphisms in the basal 
promoter of the human transporter, MATE1. Pharmacogenet 
Genomics 19:770–780. doi:10.1097/FPC.0b013e328330eeca

Han YH, Busler D, Hong Y, Tian Y, Chen C, Rodrigues AD (2010) 
Transporter studies with the 3-O-sulfate conjugate of 17alpha-
ethinylestradiol: assessment of human kidney drug trans-
porters. Drug Metab Dispos 38:1064–1071. doi:10.1124/
dmd.109.031526

Harrach S, Ciarimboli G (2015) Role of transporters in the dis-
tribution of platinum-based drugs. Front Pharmacol 6:85. 
doi:10.3389/fphar.2015.00085

He X, Szewczyk P, Karyakin A, Evin M, Hong WX, Zhang Q, Chang 
G (2010) Structure of a cation-bound multidrug and toxic com-
pound extrusion transporter. Nature 467:991–994. doi:10.1038/
nature09408

He R, Zhang D, Lu W, Zheng T, Wan L, Liu F, Jia W (2015) 
SLC47A1 gene rs2289669 G > A variants enhance the glucose-
lowering effect of metformin via delaying its excretion in Chi-
nese type 2 diabetes patients. Diabetes Res Clin Pract 109:57–
63. doi:10.1016/j.diabres.2015.05.003

Hiasa M, Matsumoto T, Komatsu T, Moriyama Y (2006) Wide vari-
ety of locations for rodent MATE1, a transporter protein that 
mediates the final excretion step for toxic organic cations. 
Am J Physiol Cell Physiol 291:C678–C686. doi:10.1152/
ajpcell.00090.2006

Hiasa M, Matsumoto T, Komatsu T, Omote H, Moriyama Y (2007) 
Functional characterization of testis-specific rodent multidrug 
and toxic compound extrusion 2, a class III MATE-type poly-
specific H +/organic cation exporter. Am J Physiol Cell Physiol 
293:C1437–C1444. doi:10.1152/ajpcell.00280.2007

http://dx.doi.org/10.1124/jpet.107.123554
http://dx.doi.org/10.1038/tpj.2008.19
http://dx.doi.org/10.5414/CP202473
http://dx.doi.org/10.1038/clpt.2011.165
http://dx.doi.org/10.1097/FPC.0b013e32834c0010
http://dx.doi.org/10.1097/FPC.0b013e328364a57d
http://dx.doi.org/10.1097/FPC.0b013e328364a57d
http://dx.doi.org/10.1124/dmd.115.067694
http://dx.doi.org/10.1124/dmd.115.067694
http://dx.doi.org/10.1097/FPC.0b013e3283622037
http://dx.doi.org/10.2337/db14-1947
http://dx.doi.org/10.1177/0091270011400414
http://dx.doi.org/10.3109/03602532.2011.602687
http://dx.doi.org/10.1124/dmd.114.059857
http://dx.doi.org/10.1038/clpt.2011.2
http://dx.doi.org/10.5414/CP201946
http://dx.doi.org/10.1007/s40262-013-0046-9
http://dx.doi.org/10.1124/dmd.115.067801
http://dx.doi.org/10.1111/joim.12330
http://dx.doi.org/10.1101/030338
http://dx.doi.org/10.1517/17425255.2014.876990
http://dx.doi.org/10.1517/17425255.2014.876990
http://dx.doi.org/10.1002/cpt.343
http://dx.doi.org/10.1111/bcp.12079
http://dx.doi.org/10.1097/FPC.0b013e328330eeca
http://dx.doi.org/10.1124/dmd.109.031526
http://dx.doi.org/10.1124/dmd.109.031526
http://dx.doi.org/10.3389/fphar.2015.00085
http://dx.doi.org/10.1038/nature09408
http://dx.doi.org/10.1038/nature09408
http://dx.doi.org/10.1016/j.diabres.2015.05.003
http://dx.doi.org/10.1152/ajpcell.00090.2006
http://dx.doi.org/10.1152/ajpcell.00090.2006
http://dx.doi.org/10.1152/ajpcell.00280.2007


1580 Arch Toxicol (2016) 90:1555–1584

1 3

Hillgren KM, Keppler D, Zur A, Giacomini KM, Stieger B, Cass CE, 
Zhang L (2013) Emerging transporters of clinical importance: 
an update from the international transporter consortium. Clin 
Pharmacol Ther 94:52–63. doi:10.1038/clpt.2013.74

Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham V, Skr-
zypek E (2015) PhosphoSitePlus 2014: mutations, PTMs and 
recalibrations. Nucleic Acids Res 43:D512–D520. doi:10.1093/
nar/gku1267

Hume WE, Shingaki T, Takashima T, Hashizume Y, Okauchi T, 
Katayama Y, Hayashinaka E, Wada Y, Kusuhara H, Sugiy-
ama Y, Watanabe Y (2013) The synthesis and biodistribution 
of [(11)C]metformin as a PET probe to study hepatobiliary 
transport mediated by the multi-drug and toxin extrusion trans-
porter 1 (MATE1) in vivo. Bioorg Med Chem 21:7584–7590. 
doi:10.1016/j.bmc.2013.10.041

Ikemura K, Iwamoto T, Okuda M (2009) Altered functions and 
expressions of drug transporters in liver, kidney and intestine 
in disorders of local and remote organs: possible role of oxida-
tive stress in the pathogenesis. Expert Opin Drug Metab Toxicol 
5:907–920. doi:10.1517/17425250903008525

Ikemura K, Nakagawa E, Kurata T, Iwamoto T, Okuda M (2013) 
Altered pharmacokinetics of cimetidine caused by down-reg-
ulation of renal rat organic cation transporter 2 (rOCT2) after 
liver ischemia-reperfusion injury. Drug Metab Pharmacokinet 
28:504–509. doi:10.2133/dmpk.DMPK-13-RG-021

Imamura Y, Murayama N, Okudaira N, Kurihara A, Inoue K, Yuasa 
H, Izumi T, Kusuhara H, Sugiyama Y (2013) Effect of the fluo-
roquinolone antibacterial agent DX-619 on the apparent forma-
tion and renal clearances of 6beta-hydroxycortisol, an endog-
enous probe for CYP3A4 inhibition, in healthy subjects. Pharm 
Res 30:447–457. doi:10.1007/s11095-012-0890-6

Ito S, Kusuhara H, Kuroiwa Y, Wu C, Moriyama Y, Inoue K, Kondo T, 
Yuasa H, Nakayama H, Horita S, Sugiyama Y (2010) Potent and 
specific inhibition of mMate1-mediated efflux of type I organic 
cations in the liver and kidney by pyrimethamine. J Pharmacol 
Exp Ther 333:341–350. doi:10.1124/jpet.109.163642

Ito S, Kusuhara H, Kumagai Y, Moriyama Y, Inoue K, Kondo T, 
Nakayama H, Horita S, Tanabe K, Yuasa H, Sugiyama Y (2012) 
N-Methylnicotinamide is an endogenous probe for evaluation 
of drug–drug interactions involving multidrug and toxin extru-
sions (MATE1 and MATE2-K). Clin Pharmacol Ther 92:635–
641. doi:10.1038/clpt.2012.138

Ivanov M, Barragan I, Ingelman-Sundberg M (2014) Epigenetic 
mechanisms of importance for drug treatment. Trends Pharma-
col Sci 35:384–396. doi:10.1016/j.tips.2014.05.004

Jablonski KA, McAteer JB, de Bakker PI, Franks PW, Pollin TI, 
Hanson RL, Saxena R, Fowler S, Shuldiner AR, Knowler WC, 
Altshuler D, Florez JC (2010) Common variants in 40 genes 
assessed for diabetes incidence and response to metformin and 
lifestyle intervention in the diabetes prevention program. Diabe-
tes 59:2672–2681. doi:10.2337/db10-0543

Jensen JB, Sundelin EI, Jakobsen S, Gormsen LC, Munk OL, Frokiaer 
J, Jessen N (2016) [11C]-metformin distribution in the liver and 
small intestine using dynamic PET in mice demonstrates tissue-
specific transporter dependency. Diabetes. doi:10.2337/db16-0032

Joerger M, van Schaik RH, Becker ML, Hayoz S, Pollak M, Cath-
omas R, Winterhalder R, Gillessen S, Rothermundt C (2015) 
Multidrug and toxin extrusion 1 and human organic cation 
transporter 1 polymorphisms in patients with castration-resist-
ant prostate cancer receiving metformin (SAKK 08/09). Pros-
tate Cancer Prostatic Dis 18:167–172. doi:10.1038/pcan.2015.8

Kajiwara M, Terada T, Asaka J, Ogasawara K, Katsura T, Ogawa O, 
Fukatsu A, Doi T, Inui K (2007) Critical roles of Sp1 in gene 
expression of human and rat H +/organic cation antiporter 
MATE1. Am J Physiol Renal Physiol 293:F1564–F1570. 
doi:10.1152/ajprenal.00322.2007

Kajiwara M, Terada T, Ogasawara K, Iwano J, Katsura T, Fukatsu 
A, Doi T, Inui K (2009) Identification of multidrug and toxin 
extrusion (MATE1 and MATE2-K) variants with complete 
loss of transport activity. J Hum Genet 54:40–46. doi:10.1038/
jhg.2008.1

Kajiwara M, Masuda S, Watanabe S, Terada T, Katsura T, Inui K 
(2012) Renal tubular secretion of varenicline by multidrug and 
toxin extrusion (MATE) transporters. Drug Metab Pharmacoki-
net 27:563–569. doi:10.2133/dmpk.DMPK-11-RG-156

Kato K, Mori H, Kito T, Yokochi M, Ito S, Inoue K, Yonezawa A, Kat-
sura T, Kumagai Y, Yuasa H, Moriyama Y, Inui K, Kusuhara H, 
Sugiyama Y (2014) Investigation of endogenous compounds for 
assessing the drug interactions in the urinary excretion involv-
ing multidrug and toxin extrusion proteins. Pharm Res 31:136–
147. doi:10.1007/s11095-013-1144-y

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ (2015) 
The Phyre2 web portal for protein modeling, prediction and 
analysis. Nat Protoc 10:845–858. doi:10.1038/nprot.2015.053

Kido Y, Matsson P, Giacomini KM (2011) Profiling of a prescription 
drug library for potential renal drug–drug interactions mediated 
by the organic cation transporter 2. J Med Chem 54:4548–4558. 
doi:10.1021/jm2001629

Kim TH, Kim KH, Park HJ, Kim S, Choi JH (2013) Identification and 
functional characterization of novel MATE1 genetic variations 
in Koreans. Biochem Biophys Res Commun 434:334–340. 
doi:10.1016/j.bbrc.2013.03.072

Klaassen CD, Aleksunes LM (2010) Xenobiotic, bile acid, and cho-
lesterol transporters: function and regulation. Pharmacol Rev 
62:1–96. doi:10.1124/pr.109.002014

Klen J, Goricar K, Janez A, Dolzan V (2014) The role of genetic 
factors and kidney and liver function in glycemic control in 
type 2 diabetes patients on long-term metformin and sul-
phonylurea cotreatment. Biomed Res Int 2014:934729. 
doi:10.1155/2014/934729

Knop J, Hoier E, Ebner T, Fromm MF, Muller F (2015) Renal tubu-
lar secretion of pramipexole. Eur J Pharm Sci 79:73–78. 
doi:10.1016/j.ejps.2015.09.004

Kobara A, Hiasa M, Matsumoto T, Otsuka M, Omote H, Moriyama Y 
(2008) A novel variant of mouse MATE-1 H +/organic cation 
antiporter with a long hydrophobic tail. Arch Biochem Biophys 
469:195–199. doi:10.1016/j.abb.2007.10.010

Komatsu T, Hiasa M, Miyaji T, Kanamoto T, Matsumoto T, Otsuka 
M, Moriyama Y, Omote H (2011) Characterization of the 
human MATE2 proton-coupled polyspecific organic cation 
exporter. Int J Biochem Cell Biol 43:913–918. doi:10.1016/j.
biocel.2011.03.005

König J, Zolk O, Singer K, Hoffmann C, Fromm M (2011) Double-
transfected MDCK cells expressing human OCT1/MATE1 
or OCT2/MATE1: determinants of uptake and transcellular 
translocation of organic cations. Br J Pharmacol 163:546–555. 
doi:10.1111/j.1476-5381.2010.01052.x

Kurata T, Muraki Y, Mizutani H, Iwamoto T, Okuda M (2010) Ele-
vated systemic elimination of cimetidine in rats with acute 
biliary obstruction: the role of renal organic cation transporter 
OCT2. Drug Metab Pharmacokinet 25:328–334. doi:10.2133/
dmpk.DMPK-10-RG-004

Kusuhara H, Ito S, Kumagai Y, Jiang M, Shiroshita T, Moriyama 
Y, Inoue K, Yuasa H, Sugiyama Y (2011) Effects of a MATE 
protein inhibitor, pyrimethamine, on the renal elimination of 
metformin at oral microdose and at therapeutic dose in healthy 
subjects. Clin Pharmacol Ther 89:837–844. doi:10.1038/
clpt.2011.36

Lai Y, Sampson KE, Balogh LM, Brayman TG, Cox SR, Adams 
WJ, Kumar V, Stevens JC (2010) Preclinical and clinical evi-
dence for the collaborative transport and renal secretion of 
an oxazolidinone antibiotic by organic anion transporter 3 

http://dx.doi.org/10.1038/clpt.2013.74
http://dx.doi.org/10.1093/nar/gku1267
http://dx.doi.org/10.1093/nar/gku1267
http://dx.doi.org/10.1016/j.bmc.2013.10.041
http://dx.doi.org/10.1517/17425250903008525
http://dx.doi.org/10.2133/dmpk.DMPK-13-RG-021
http://dx.doi.org/10.1007/s11095-012-0890-6
http://dx.doi.org/10.1124/jpet.109.163642
http://dx.doi.org/10.1038/clpt.2012.138
http://dx.doi.org/10.1016/j.tips.2014.05.004
http://dx.doi.org/10.2337/db10-0543
http://dx.doi.org/10.2337/db16-0032
http://dx.doi.org/10.1038/pcan.2015.8
http://dx.doi.org/10.1152/ajprenal.00322.2007
http://dx.doi.org/10.1038/jhg.2008.1
http://dx.doi.org/10.1038/jhg.2008.1
http://dx.doi.org/10.2133/dmpk.DMPK-11-RG-156
http://dx.doi.org/10.1007/s11095-013-1144-y
http://dx.doi.org/10.1038/nprot.2015.053
http://dx.doi.org/10.1021/jm2001629
http://dx.doi.org/10.1016/j.bbrc.2013.03.072
http://dx.doi.org/10.1124/pr.109.002014
http://dx.doi.org/10.1155/2014/934729
http://dx.doi.org/10.1016/j.ejps.2015.09.004
http://dx.doi.org/10.1016/j.abb.2007.10.010
http://dx.doi.org/10.1016/j.biocel.2011.03.005
http://dx.doi.org/10.1016/j.biocel.2011.03.005
http://dx.doi.org/10.1111/j.1476-5381.2010.01052.x
http://dx.doi.org/10.2133/dmpk.DMPK-10-RG-004
http://dx.doi.org/10.2133/dmpk.DMPK-10-RG-004
http://dx.doi.org/10.1038/clpt.2011.36
http://dx.doi.org/10.1038/clpt.2011.36


1581Arch Toxicol (2016) 90:1555–1584 

1 3

(OAT3/SLC22A8) and multidrug and toxin extrusion protein 
1 (MATE1/SLC47A1). J Pharmacol Exp Ther 334:936–944. 
doi:10.1124/jpet.110.170753

Lee JH, Lee JE, Kim Y, Lee H, Jun HJ, Lee SJ (2014) Multidrug and 
toxic compound extrusion protein-1 (MATE1/SLC47A1) is a 
novel flavonoid transporter. J Agric Food Chem 62:9690–9698. 
doi:10.1021/jf500916d

Lepist EI, Zhang X, Hao J, Huang J, Kosaka A, Birkus G, Murray 
BP, Bannister R, Cihlar T, Huang Y, Ray AS (2014) Contribu-
tion of the organic anion transporter OAT2 to the renal active 
tubular secretion of creatinine and mechanism for serum cre-
atinine elevations caused by cobicistat. Kidney Int 86:350–357. 
doi:10.1038/ki.2014.66

Li Q, Peng X, Yang H, Wang H, Shu Y (2011) Deficiency of multid-
rug and toxin extrusion 1 enhances renal accumulation of para-
quat and deteriorates kidney injury in mice. Mol Pharm 8:2476–
2483. doi:10.1021/mp200395f

Li Q, Guo D, Dong Z, Zhang W, Zhang L, Huang SM, Polli JE, Shu 
Y (2013a) Ondansetron can enhance cisplatin-induced nephro-
toxicity via inhibition of multiple toxin and extrusion proteins 
(MATEs). Toxicol Appl Pharmacol 273:100–109. doi:10.1016/j.
taap.2013.08.024

Li Q, Yang H, Peng X, Guo D, Dong Z, Polli JE, Shu Y (2013b) 
Ischemia/Reperfusion-inducible protein modulates the function 
of organic cation transporter 1 and multidrug and toxin extru-
sion 1. Mol Pharm 10:2578–2587. doi:10.1021/mp400013t

Li L, Tu M, Yang X, Sun S, Wu X, Zhou H, Zeng S, Jiang H (2014) 
The contribution of human OCT1, OCT3, and CYP3A4 to niti-
dine chloride-induced hepatocellular toxicity. Drug Metab Dis-
pos 42:1227–1234. doi:10.1124/dmd.113.056689

Lickteig AJ, Cheng X, Augustine LM, Klaassen CD, Cherrington 
NJ (2008) Tissue distribution, ontogeny and induction of the 
transporters Multidrug and toxin extrusion (MATE) 1 and 
MATE2 mRNA expression levels in mice. Life Sci 83:59–64. 
doi:10.1016/j.lfs.2008.05.004

Lu H, Gonzalez FJ, Klaassen C (2010) Alterations in hepatic mRNA 
expression of phase II enzymes and xenobiotic transporters 
after targeted disruption of hepatocyte nuclear factor 4 alpha. 
Toxicol Sci 118:380–390. doi:10.1093/toxsci/kfq280

Ma YR, Qin HY, Jin YW, Huang J, Han M, Wang XD, Zhang GQ, 
Zhou Y, Rao Z, Wu XA (2015) Gender-related differences in the 
expression of organic cation transporter 2 and its role in urinary 
excretion of metformin in rats. Eur J Drug Metab Pharmacoki-
net. doi:10.1007/s13318-015-0278-1

Martinez-Guerrero LJ, Wright SH (2013) Substrate-dependent inhibi-
tion of human MATE1 by cationic ionic liquids. J Pharmacol 
Exp Ther 346:495–503. doi:10.1124/jpet.113.204206

Martovetsky G, Tee JB, Nigam SK (2013) Hepatocyte nuclear factors 
4a and 1a (Hnf4a and Hnf1a) regulate kidney developmental 
expression of drug-metabolizing enzymes and drug transport-
ers. Mol Pharmacol. doi:10.1124/mol.113.088229

Maruthur NM, Gribble MO, Bennett WL, Bolen S, Wilson LM, Bal-
akrishnan P, Sahu A, Bass E, Kao WH, Clark JM (2014) The 
pharmacogenetics of type 2 diabetes: a systematic review. Dia-
betes Care 37:876–886. doi:10.2337/dc13-1276

Masuda S, Terada T, Yonezawa A, Tanihara Y, Kishimoto K, Katsura 
T, Ogawa O, Inui KI (2006) Identification and functional char-
acterization of a new human kidney-specific H +/organic cation 
antiporter, kidney-specific multidrug and toxin extrusion 2. J 
Am Soc Nephrol 17:2127–2135. doi:10.1681/ASN.2006030205

Matsson EM, Eriksson UG, Palm JE, Artursson P, Karlgren M, 
Lazorova L, Brannstrom M, Ekdahl A, Duner K, Knutson L, 
Johansson S, Schutzer KM, Lennernas H (2013) Combined 
in vitro-in vivo approach to assess the hepatobiliary disposition 
of a novel oral thrombin inhibitor. Mol Pharm 10:4252–4262. 
doi:10.1021/mp400341t

Matsumoto T, Kanamoto T, Otsuka M, Omote H, Moriyama Y 
(2008) Role of glutamate residues in substrate recognition 
by human MATE1 polyspecific H +/organic cation exporter. 
Am J Physiol Cell Physiol 294:C1074–C1078. doi:10.1152/
ajpcell.00504.2007

Matsushima S, Maeda K, Inoue K, Ohta KY, Yuasa H, Kondo T, 
Nakayama H, Horita S, Kusuhara H, Sugiyama Y (2009) The 
inhibition of human multidrug and toxin extrusion 1 is involved 
in the drug–drug interaction caused by cimetidine. Drug Metab 
Dispos 37:555–559. doi:10.1124/dmd.108.023911

Matsuzaki T, Morisaki T, Sugimoto W, Yokoo K, Sato D, Nonogu-
chi H, Tomita K, Terada T, Inui KI, Hamada A, Saito H (2008) 
Altered pharmacokinetics of cationic drugs caused by down-
regulation of renal rOCT2 (Slc22a2) and rMATE1 (Slc47a1) in 
ischemia/reperfusion-induced acute kidney injury. Drug Metab 
Dispos 36:649–654. doi:10.1124/dmd.107.019869

Meetam P, Srimaroeng C, Soodvilai S, Chatsudthipong V (2009) Role 
of estrogen in renal handling of organic cation, tetraethylammo-
nium: in vivo and in vitro studies. Biol Pharm Bull 32:1968–
1972. doi:10.1248/bpb.32.1968

Meyer zu Schwabedissen HE, Verstuyft C, Kroemer HK, Becque-
mont L, Kim RB (2010) Human multidrug and toxin extrusion 
1 (MATE1/SLC47A1) transporter: Functional characterization, 
interaction with OCT2, and single nucleotide polymorphisms. 
Am J Physiol Renal Physiol 298:F997–F1005. doi:10.1152/
ajprenal.00431.2009

Minematsu T, Giacomini KM (2011) Interactions of tyrosine kinase 
inhibitors with organic cation transporters and multidrug and 
toxic compound extrusion proteins. Mol Cancer Ther 10:531–
539. doi:10.1158/1535-7163.MCT-10-0731

Misaka S, Knop J, Singer K, Hoier E, Keiser M, Muller F, Glaeser H, 
Konig J, Fromm MF (2016) The non-metabolized beta-blocker 
nadolol is a substrate of OCT1, OCT2, MATE1, MATE2-K 
and P-glycoprotein, but not of OATP1B1 and OATP1B3. Mol 
Pharm. doi:10.1021/acs.molpharmaceut.5b00733

Mooij MG, Nies AT, Knibbe CAJ, Schaeffeler E, Tibboel D, Schwab 
M, De Wildt SN (2015) Development of human membrane 
transporters: drug disposition and pharmacogenetics. Clin Phar-
macokinet. doi:10.1007/s40262-015-0328-5

Moriyama Y, Hiasa M, Matsumoto T, Omote H (2008) Multid-
rug and toxic compound extrusion (MATE)-type proteins 
as anchor transporters for the excretion of metabolic waste 
products and xenobiotics. Xenobiotica 38:1107–1118. 
doi:10.1080/00498250701883753

Morrissey KM, Stocker SL, Wittwer MB, Xu L, Giacomini 
KM (2013) Renal transporters in drug development. 
Annu Rev Pharmacol Toxicol 53:503–529. doi:10.1146/
annurev-pharmtox-011112-140317

Morrissey KM, Stocker SL, Chen EC, Castro RA, Brett CM, Giaco-
mini KM (2016) The effect of nizatidine, a MATE2 K selective 
inhibitor, on the pharmacokinetics and pharmacodynamics of 
metformin in healthy volunteers. Clin Pharmacokinet 55:495–
506. doi:10.1007/s40262-015-0332-9

Motohashi H, Inui K (2013a) Multidrug and toxin extrusion fam-
ily SLC47: physiological, pharmacokinetic and toxicokinetic 
importance of MATE1 and MATE2-K. Mol Aspects Med 
34:661–668. doi:10.1016/j.mam.2012.11.004

Motohashi H, Inui KI (2013b) Organic cation transporter OCTs 
(SLC22) and MATEs (SLC47) in the human kidney. AAPS J 
15:581–588. doi:10.1208/s12248-013-9465-7

Motohashi H, Nakao Y, Masuda S, Katsura T, Kamba T, Ogawa O, 
Inui KI (2013) Precise comparison of protein localization 
among OCT, OAT, and MATE in human kidney. J Pharm Sci 
102:3302–3308. doi:10.1002/jps.23567

Müller F, König J, Glaeser H, Schmidt I, Zolk O, Fromm MF, Maas 
R (2011) Molecular mechanism of renal tubular secretion of the 

http://dx.doi.org/10.1124/jpet.110.170753
http://dx.doi.org/10.1021/jf500916d
http://dx.doi.org/10.1038/ki.2014.66
http://dx.doi.org/10.1021/mp200395f
http://dx.doi.org/10.1016/j.taap.2013.08.024
http://dx.doi.org/10.1016/j.taap.2013.08.024
http://dx.doi.org/10.1021/mp400013t
http://dx.doi.org/10.1124/dmd.113.056689
http://dx.doi.org/10.1016/j.lfs.2008.05.004
http://dx.doi.org/10.1093/toxsci/kfq280
http://dx.doi.org/10.1007/s13318-015-0278-1
http://dx.doi.org/10.1124/jpet.113.204206
http://dx.doi.org/10.1124/mol.113.088229
http://dx.doi.org/10.2337/dc13-1276
http://dx.doi.org/10.1681/ASN.2006030205
http://dx.doi.org/10.1021/mp400341t
http://dx.doi.org/10.1152/ajpcell.00504.2007
http://dx.doi.org/10.1152/ajpcell.00504.2007
http://dx.doi.org/10.1124/dmd.108.023911
http://dx.doi.org/10.1124/dmd.107.019869
http://dx.doi.org/10.1248/bpb.32.1968
http://dx.doi.org/10.1152/ajprenal.00431.2009
http://dx.doi.org/10.1152/ajprenal.00431.2009
http://dx.doi.org/10.1158/1535-7163.MCT-10-0731
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00733
http://dx.doi.org/10.1007/s40262-015-0328-5
http://dx.doi.org/10.1080/00498250701883753
http://dx.doi.org/10.1146/annurev-pharmtox-011112-140317
http://dx.doi.org/10.1146/annurev-pharmtox-011112-140317
http://dx.doi.org/10.1007/s40262-015-0332-9
http://dx.doi.org/10.1016/j.mam.2012.11.004
http://dx.doi.org/10.1208/s12248-013-9465-7
http://dx.doi.org/10.1002/jps.23567


1582 Arch Toxicol (2016) 90:1555–1584

1 3

antimalarial drug chloroquine. Antimicrob Agents Chemother 
55:3091–3098. doi:10.1128/AAC.01835-10

Müller F, König J, Hoier E, Mandery K, Fromm MF (2013) Role of 
organic cation transporter OCT2 and multidrug and toxin extru-
sion proteins MATE1 and MATE2-K for transport and drug 
interactions of the antiviral lamivudine. Biochem Pharmacol 
86:808–815. doi:10.1016/j.bcp.2013.07.008

Müller F, Pontones CA, Renner B, Mieth M, Hoier E, Auge D, 
Maas R, Zolk O, Fromm MF (2015) N(1)-methylnicotina-
mide as an endogenous probe for drug interactions by renal 
cation transporters: studies on the metformin–trimethoprim 
interaction. Eur J Clin Pharmacol 71:85–94. doi:10.1007/
s00228-014-1770-2

Nakamura T, Yonezawa A, Hashimoto S, Katsura T, Inui KI (2010) 
Disruption of multidrug and toxin extrusion MATE1 potentiates 
cisplatin-induced nephrotoxicity. Biochem Pharmacol 80:1762–
1767. doi:10.1016/j.bcp.2010.08.019

Nakano K, Ando H, Kurokawa S, Hosohata K, Ushijima K, Takada 
M, Tateishi M, Yonezawa A, Masuda S, Matsubara K, Inui K, 
Morita T, Fujimura A (2015) Association of decreased mRNA 
expression of multidrug and toxin extrusion protein 1 in periph-
eral blood cells with the development of flutamide-induced 
liver injury. Cancer Chemother Pharmacol 75:1191–1197. 
doi:10.1007/s00280-015-2743-6

Nies AT, Koepsell H, Winter S, Burk O, Klein K, Kerb R, Zanger 
UM, Keppler D, Schwab M, Schaeffeler E (2009) Expression 
of organic cation transporters OCT1 (SLC22A1) and OCT3 
(SLC22A3) is affected by genetic factors and cholestasis in 
human liver. Hepatology 50:1227–1240. doi:10.1002/hep.23103

Nies AT, Damme K, Schaeffeler E, Schwab M (2012) Multidrug and 
toxin extrusion (MATE) proteins as transporters of antimicro-
bial drugs. Expert Opin Drug Metab Toxicol 8:1565–1577. doi:
10.1517/17425255.2012.722996

Nishihara K, Masuda S, Ji L, Katsura T, Inui K (2007) Pharmacoki-
netic significance of luminal multidrug and toxin extrusion 1 in 
chronic renal failure rats. Biochem Pharmacol 73:1482–1490. 
doi:10.1016/j.bcp.2006.12.034

Nishimura K, Ide R, Hirota T, Kawazu K, Kodama S, Takesue H, Ieiri 
I (2014) Identification and functional characterization of novel 
nonsynonymous variants in the human multidrug and toxin 
extrusion 2-K. Drug Metab Dispos 42:1432–1437. doi:10.1124/
dmd.114.056887

Noetzli M, Guidi M, Ebbing K, Eyer S, Wilhelm L, Michon A, 
Thomazic V, Alnawaqil AM, Maurer S, Zumbach S, Giannako-
poulos P, von Gunten A, Csajka C, Eap CB (2013) Population 
pharmacokinetic study of memantine: effects of clinical and 
genetic factors. Clin Pharmacokinet 52:211–223. doi:10.1007/
s40262-013-0032-2

Oh J, Chung H, Park SI, Yi SJ, Jang K, Kim AH, Yoon J, Cho JY, 
Yoon SH, Jang IJ, Yu KS, Chung JY (2016) Inhibition of the 
multidrug and toxin extrusion (MATE) transporter by pyrimeth-
amine increases the plasma concentration of metformin but 
does not increase antihyperglycaemic activity in humans. Dia-
betes Obes Metab 18:104–108. doi:10.1111/dom.12577

Ohta KY, Inoue K, Hayashi Y, Yuasa H (2006) Molecular identifica-
tion and functional characterization of rat multidrug and toxin 
extrusion type transporter 1 as an organic cation/H + antiporter 
in the kidney. Drug Metab Dispos 34:1868–1874. doi:10.1124/
dmd.106.010876

Ohta KY, Inoue K, Yasujima T, Ishimaru M, Yuasa H (2009) Func-
tional characteristics of two human MATE transporters: kinetics 
of cimetidine transport and profiles of inhibition by various com-
pounds. J Pharm Pharm Sci 12:388–396. doi:10.18433/J3R59X

Opravil M, Keusch G, Luthy R (1993) Pyrimethamine inhibits renal 
secretion of creatinine. Antimicrob Agents Chemother 37:1056–
1060. doi:10.1128/AAC.37.5.1056

Otsuka M, Matsumoto T, Morimoto R, Arioka S, Omote H, Moriy-
ama Y (2005) A human transporter protein that mediates the 
final excretion step for toxic organic cations. Proc Natl Acad Sci 
USA 102:17923–17928. doi:10.1073/pnas.0506483102

Pattaro C, Kottgen A, Teumer A, Garnaas M, Boger CA, Fuchsberger 
C, Olden M, Chen MH, Tin A, Taliun D, Li M, Gao X, Gor-
ski M, Yang Q, Hundertmark C, Foster MC, O’Seaghdha CM, 
Glazer N, Isaacs A, Liu CT, Smith AV, O’Connell JR, Strucha-
lin M, Tanaka T, Li G, Johnson AD, Gierman HJ, Feitosa M, 
Hwang SJ, Atkinson EJ et al (2012) Genome-wide association 
and functional follow-up reveals new loci for kidney function. 
PLoS Genet 8:e1002584. doi:10.1371/journal.pgen.1002584

Raijmakers R, Kraiczek K, de Jong AP, Mohammed S, Heck AJ 
(2010) Exploring the human leukocyte phosphoproteome using 
a microfluidic reversed-phase-TiO2-reversed-phase high-perfor-
mance liquid chromatography phosphochip coupled to a quad-
rupole time-of-flight mass spectrometer. Anal Chem 82:824–
832. doi:10.1021/ac901764g

Sato T, Masuda S, Yonezawa A, Tanihara Y, Katsura T, Inui KI (2008) 
Transcellular transport of organic cations in double-transfected 
MDCK cells expressing human organic cation transporters 
hOCT1/hMATE1 and hOCT2/hMATE1. Biochem Pharmacol 
76:894–903. doi:10.1016/j.bcp.2008.07.005

Schaeffeler E, Hellerbrand C, Nies AT, Winter S, Kruck S, Hofmann 
U, van der Kuip H, Zanger UM, Koepsell H, Schwab M (2011) 
DNA methylation is associated with downregulation of the 
organic cation transporter OCT1 (SLC22A1) in human hepato-
cellular carcinoma. Genome Med 3:82. doi:10.1186/gm298

Schmidt-Lauber C, Harrach S, Pap T, Fischer M, Victor M, Heitz-
mann M, Hansen U, Fobker M, Brand SM, Sindic A, Paven-
stadt H, Edemir B, Schlatter E, Bertrand J, Ciarimboli G (2012) 
Transport mechanisms and their pathology-induced regulation 
govern tyrosine kinase inhibitor delivery in rheumatoid arthritis. 
PLoS ONE 7:e52247. doi:10.1371/journal.pone.0052247

Shen H, Liu T, Morse BL, Zhao Y, Zhang Y, Qiu X, Chen C, Lewin 
AC, Wang XT, Liu G, Christopher LJ, Marathe P, Lai Y (2015) 
Characterization of organic anion transporter 2 (SLC22A7): a 
highly efficient transporter for creatinine and species-depend-
ent renal tubular expression. Drug Metab Dispos 43:984–993. 
doi:10.1124/dmd.114.062364

Shen H, Liu T, Jiang H, Titsch C, Taylor K, Kandoussi H, Qiu X, 
Chen C, Sukrutharaj S, Kuit K, Mintier G, Krishnamurthy P, 
Fancher RM, Zeng J, Rodrigues AD, Marathe P, Lai Y (2016) 
Cynomolgus monkey as a clinically relevant model to study 
transport involving renal organic cation transporters: in vitro 
and in vivo evaluation. Drug Metab Dispos 44:238–249. 
doi:10.1124/dmd.115.066852

Shingaki T, Hume WE, Takashima T, Katayama Y, Okauchi T, 
Hayashinaka E, Wada Y, Cui Y, Kusuhara H, Sugiyama Y, Wata-
nabe Y (2015) Quantitative evaluation of mMate1 function 
based on minimally invasive measurement of tissue concentra-
tion using PET with [(11)C]metformin in mouse. Pharm Res 
32:2538–2547. doi:10.1007/s11095-015-1642-1

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez 
R, McWilliam H, Remmert M, Soding J, Thompson JD, Hig-
gins DG (2011) Fast, scalable generation of high-quality protein 
multiple sequence alignments using Clustal Omega. Mol Syst 
Biol 7:539. doi:10.1038/msb.2011.75

Somogyi A, McLean A, Heinzow B (1983) Cimetidine-procainamide 
pharmacokinetic interaction in man: evidence of competi-
tion for tubular secretion of basic drugs. Eur J Clin Pharmacol 
25:339–345. doi:10.1007/BF01037945

Somogyi A, Stockley C, Keal J, Rolan P, Bochner F (1987) Reduction 
of metformin renal tubular secretion by cimetidine in man. Br 
J Clin Pharmacol 23:545–551. doi:10.1111/j.1365-2125.1987.
tb03090.x

http://dx.doi.org/10.1128/AAC.01835-10
http://dx.doi.org/10.1016/j.bcp.2013.07.008
http://dx.doi.org/10.1007/s00228-014-1770-2
http://dx.doi.org/10.1007/s00228-014-1770-2
http://dx.doi.org/10.1016/j.bcp.2010.08.019
http://dx.doi.org/10.1007/s00280-015-2743-6
http://dx.doi.org/10.1002/hep.23103
http://dx.doi.org/10.1517/17425255.2012.722996
http://dx.doi.org/10.1016/j.bcp.2006.12.034
http://dx.doi.org/10.1124/dmd.114.056887
http://dx.doi.org/10.1124/dmd.114.056887
http://dx.doi.org/10.1007/s40262-013-0032-2
http://dx.doi.org/10.1007/s40262-013-0032-2
http://dx.doi.org/10.1111/dom.12577
http://dx.doi.org/10.1124/dmd.106.010876
http://dx.doi.org/10.1124/dmd.106.010876
http://dx.doi.org/10.18433/J3R59X
http://dx.doi.org/10.1128/AAC.37.5.1056
http://dx.doi.org/10.1073/pnas.0506483102
http://dx.doi.org/10.1371/journal.pgen.1002584
http://dx.doi.org/10.1021/ac901764g
http://dx.doi.org/10.1016/j.bcp.2008.07.005
http://dx.doi.org/10.1186/gm298
http://dx.doi.org/10.1371/journal.pone.0052247
http://dx.doi.org/10.1124/dmd.114.062364
http://dx.doi.org/10.1124/dmd.115.066852
http://dx.doi.org/10.1007/s11095-015-1642-1
http://dx.doi.org/10.1038/msb.2011.75
http://dx.doi.org/10.1007/BF01037945
http://dx.doi.org/10.1111/j.1365-2125.1987.tb03090.x
http://dx.doi.org/10.1111/j.1365-2125.1987.tb03090.x


1583Arch Toxicol (2016) 90:1555–1584 

1 3

Soyinka JO, Onyeji CO, Omoruyi SI, Owolabi AR, Sarma PV, 
Cook JM (2010) Pharmacokinetic interactions between 
ritonavir and quinine in healthy volunteers following con-
current administration. Br J Clin Pharmacol 69:262–270. 
doi:10.1111/j.1365-2125.2009.03566.x

Stocker SL, Morrissey KM, Yee SW, Castro RA, Xu L, Dahlin A, 
Ramirez AH, Roden DM, Wilke RA, McCarty CA, Davis RL, 
Brett CM, Giacomini KM (2013) The effect of novel pro-
moter variants in MATE1 and MATE2 on the pharmacokinet-
ics and pharmacodynamics of metformin. Clin Pharmacol Ther 
93:186–194. doi:10.1038/clpt.2012.210

Strausberg RL, Feingold EA, Grouse LH, Derge JG, Klausner RD, 
Collins FS, Wagner L, Shenmen CM, Schuler GD, Altschul 
SF, Zeeberg B, Buetow KH, Schaefer CF, Bhat NK, Hopkins 
RF, Jordan H, Moore T, Max SI, Wang J, Hsieh F, Diatchenko 
L, Marusina K, Farmer AA, Rubin GM, Hong L, Stapleton M, 
Soares MB, Bonaldo MF, Casavant TL, Scheetz TE et al (2002) 
Generation and initial analysis of more than 15,000 full-length 
human and mouse cDNA sequences. Proc Natl Acad Sci USA 
99:16899–16903. doi:10.1073/pnas.242603899

Strobel J, Müller F, Zolk O, Endress B, König J, Fromm MF, Maas 
R (2013) Transport of asymmetric dimethylarginine (ADMA) 
by cationic amino acid transporter 2 (CAT2), organic cation 
transporter 2 (OCT2) and multidrug and toxin extrusion pro-
tein 1 (MATE1). Amino Acids 45:989–1002. doi:10.1007/
s00726-013-1556-3

Suhre WM, Ekins S, Chang C, Swaan PW, Wright SH (2005) Molecu-
lar determinants of substrate/inhibitor binding to the human and 
rabbit renal organic cation transporters hOCT2 and rbOCT2. 
Mol Pharmacol 67:1067–1077. doi:10.1124/mol.104.004713

Sveinbjornsson G, Mikaelsdottir E, Palsson R, Indridason OS, Holm 
H, Jonasdottir A, Helgason A, Sigurdsson S, Jonasdottir A, Sig-
urdsson A, Eyjolfsson GI, Sigurdardottir O, Magnusson OT, 
Kong A, Masson G, Sulem P, Olafsson I, Thorsteinsdottir U, 
Gudbjartsson DF, Stefansson K (2014) Rare mutations associat-
ing with serum creatinine and chronic kidney disease. Hum Mol 
Genet 23:6935–6943. doi:10.1093/hmg/ddu399

Sweeney DE, Vallon V, Rieg T, Wu W, Gallegos TF, Nigam SK (2011) 
Functional maturation of drug transporters in the developing, 
neonatal, and postnatal kidney. Mol Pharmacol 80:147–154

Takeda M, Khamdang S, Narikawa S, Kimura H, Kobayashi Y, Yama-
moto T, Cha SH, Sekine T, Endou H (2002) Human organic 
anion transporters and human organic cation transporters medi-
ate renal antiviral transport. J Pharmacol Exp Ther 300:918–
924. doi:10.1124/jpet.300.3.918

Tanihara Y, Masuda S, Sato T, Katsura T, Ogawa O, Inui KI (2007) 
Substrate specificity of MATE1 and MATE2-K, human multi-
drug and toxin extrusions/H(+)-organic cation antiporters. Bio-
chem Pharmacol 74:359–371. doi:10.1016/j.bcp.2007.04.010

Tarasova L, Kalnina I, Geldnere K, Bumbure A, Ritenberga R, Niki-
tina-Zake L, Fridmanis D, Vaivade I, Pirags V, Klovins J (2012) 
Association of genetic variation in the organic cation transport-
ers OCT1, OCT2 and multidrug and toxin extrusion 1 transporter 
protein genes with the gastrointestinal side effects and lower BMI 
in metformin-treated type 2 diabetes patients. Pharmacogenet 
Genomics 22:659–666. doi:10.1097/FPC.0b013e3283561666

Terada T, Inui KI (2008) Physiological and pharmacokinetic roles of 
H(+)/organic cation antiporters (MATE/SLC47A). Biochem 
Pharmacol 75:1689–1696. doi:10.1016/j.bcp.2007.12.008

Terada T, Masuda S, Asaka J, Tsuda M, Katsura T, Inui K (2006) 
Molecular cloning, functional characterization and tissue distri-
bution of rat H +/organic cation antiporter MATE1. Pharm Res 
23:1696–1701. doi:10.1007/s11095-006-9016-3

The 1000 Genomes Consortium, Abecasis GR, Auton A, Brooks LD, 
DePristo MA, Durbin RM, Handsaker RE, Kang HM, Marth 
GT, McVean GA (2012) An integrated map of genetic variation 

from 1,092 human genomes. Nature 491:56–65. doi:10.1038/
nature11632

Tkac I, Klimcakova L, Javorsky M, Fabianova M, Schroner Z, Her-
manova H, Babjakova E, Tkacova R (2013) Pharmacogenomic 
association between a variant in SLC47A1 gene and therapeutic 
response to metformin in type 2 diabetes. Diabetes Obes Metab 
15:189–191. doi:10.1111/j.1463-1326.2012.01691.x

Toyama K, Yonezawa A, Tsuda M, Masuda S, Yano I, Terada T, 
Osawa R, Katsura T, Hosokawa M, Fujimoto S, Inagaki N, 
Inui KI (2010) Heterozygous variants of multidrug and toxin 
extrusions (MATE1 and MATE2-K) have little influence on the 
disposition of metformin in diabetic patients. Pharmacogenet 
Genomics 20:135–138. doi:10.1097/FPC.0b013e328335639f

Toyama K, Yonezawa A, Masuda S, Osawa R, Hosokawa M, Fuji-
moto S, Inagaki N, Inui K, Katsura T (2012) Loss of multidrug 
and toxin extrusion 1 (MATE1) is associated with metformin-
induced lactic acidosis. Br J Pharmacol 166:1183–1191. 
doi:10.1111/j.1476-5381.2012.01853.x

Tsirigos KD, Peters C, Shu N, Kall L, Elofsson A (2015) The TOP-
CONS web server for consensus prediction of membrane pro-
tein topology and signal peptides. Nucleic Acids Res 43:W401–
W407. doi:10.1093/nar/gkv485

Tsuda M, Terada T, Mizuno T, Katsura T, Shimakura J, Inui KI 
(2009a) Targeted disruption of the multidrug and toxin extrusion 
1 (Mate1) gene in mice reduces renal secretion of metformin. 
Mol Pharmacol 75:1280–1286. doi:10.1124/mol.109.056242

Tsuda M, Terada T, Ueba M, Sato T, Masuda S, Katsura T, Inui KI 
(2009b) Involvement of human multidrug and toxin extrusion 
1 in the drug interaction between cimetidine and metformin 
in renal epithelial cells. J Pharmacol Exp Ther 329:185–191. 
doi:10.1124/jpet.108.147918

Tzvetkov MV, Vormfelde SV, Balen D, Meineke I, Schmidt T, Sehrt 
D, Sabolic I, Koepsell H, Brockmöller J (2009) The effects 
of genetic polymorphisms in the organic cation transporters 
OCT1, OCT2, and OCT3 on the renal clearance of metformin. 
Clin Pharmacol Ther 86:299–306. doi:10.1038/clpt.2009.92

UniProt Consortium (2015) UniProt: a hub for protein information. 
Nucleic Acids Res 43:D204–D212. doi:10.1093/nar/gku989

van Crugten J, Bochner F, Keal J, Somogyi A (1986) Selectivity of the 
cimetidine-induced alterations in the renal handling of organic 
substrates in humans. Studies with anionic, cationic and zwit-
terionic drugs. J Pharmacol Exp Ther 236:481–487

Van Damme P, Lasa M, Polevoda B, Gazquez C, Elosegui-Artola A, 
Kim DS, De Juan-Pardo E, Demeyer K, Hole K, Larrea E, Tim-
merman E, Prieto J, Arnesen T, Sherman F, Gevaert K, Aldabe 
R (2012) N-terminal acetylome analyses and functional insights 
of the N-terminal acetyltransferase NatB. Proc Natl Acad Sci 
USA 109:12449–12454. doi:10.1073/pnas.1210303109

Wang L, Prasad B, Salphati L, Chu X, Gupta A, Hop CE, Evers R, 
Unadkat JD (2015) Interspecies variability in expression of 
hepatobiliary transporters across human, dog, monkey, and rat 
as determined by quantitative proteomics. Drug Metab Dispos 
43:367–374. doi:10.1124/dmd.114.061580

Watanabe S, Tsuda M, Terada T, Katsura T, Inui KI (2010) Reduced 
renal clearance of a zwitterionic substrate cephalexin in 
MATE1-deficient mice. J Pharmacol Exp Ther 334:651–656. 
doi:10.1124/jpet.110.169433

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ 
(2009) Jalview Version 2—a multiple sequence alignment edi-
tor and analysis workbench. Bioinformatics 25:1189–1191. 
doi:10.1093/bioinformatics/btp033

Winter TN, Elmquist WF, Fairbanks CA (2011) OCT2 and MATE1 
provide bidirectional agmatine transport. Mol Pharm 8:133–
142. doi:10.1021/mp100180a

Wittwer MB, Zur AA, Khuri N, Kido Y, Kosaka A, Zhang X, Mor-
rissey KM, Sali A, Huang Y, Giacomini KM (2013) Discovery 

http://dx.doi.org/10.1111/j.1365-2125.2009.03566.x
http://dx.doi.org/10.1038/clpt.2012.210
http://dx.doi.org/10.1073/pnas.242603899
http://dx.doi.org/10.1007/s00726-013-1556-3
http://dx.doi.org/10.1007/s00726-013-1556-3
http://dx.doi.org/10.1124/mol.104.004713
http://dx.doi.org/10.1093/hmg/ddu399
http://dx.doi.org/10.1124/jpet.300.3.918
http://dx.doi.org/10.1016/j.bcp.2007.04.010
http://dx.doi.org/10.1097/FPC.0b013e3283561666
http://dx.doi.org/10.1016/j.bcp.2007.12.008
http://dx.doi.org/10.1007/s11095-006-9016-3
http://dx.doi.org/10.1038/nature11632
http://dx.doi.org/10.1038/nature11632
http://dx.doi.org/10.1111/j.1463-1326.2012.01691.x
http://dx.doi.org/10.1097/FPC.0b013e328335639f
http://dx.doi.org/10.1111/j.1476-5381.2012.01853.x
http://dx.doi.org/10.1093/nar/gkv485
http://dx.doi.org/10.1124/mol.109.056242
http://dx.doi.org/10.1124/jpet.108.147918
http://dx.doi.org/10.1038/clpt.2009.92
http://dx.doi.org/10.1093/nar/gku989
http://dx.doi.org/10.1073/pnas.1210303109
http://dx.doi.org/10.1124/dmd.114.061580
http://dx.doi.org/10.1124/jpet.110.169433
http://dx.doi.org/10.1093/bioinformatics/btp033
http://dx.doi.org/10.1021/mp100180a


1584 Arch Toxicol (2016) 90:1555–1584

1 3

of potent, selective MATE1 inhibitors through prescription drug 
profiling and computational modeling. J Med Chem 56:781–
795. doi:10.1021/jm301302s

Wolking S, Schaeffeler E, Lerche H, Schwab M, Nies AT (2015) 
Impact of genetic polymorphisms of ABCB1 (MDR1, P-gly-
coprotein) on drug disposition and potential clinical implica-
tions: update of the literature. Clin Pharmacokinet 54:709–735. 
doi:10.1007/s40262-015-0267-1

Yasui-Furukori N, Uno T, Sugawara K, Tateishi T (2005) Different 
effects of three transporting inhibitors, verapamil, cimetidine, 
and probenecid, on fexofenadine pharmacokinetics. Clin Phar-
macol Ther 77:17–23. doi:10.1016/j.clpt.2004.08.026

Yasujima T, Ohta KY, Inoue K, Ishimaru M, Yuasa H (2010) Evalu-
ation of DAPI as a fluorescent probe substrate for rapid assays 
of the functionality of human multidrug and toxin extru-
sion proteins. Drug Metab Dispos 38:715–721. doi:10.1124/
dmd.109.030221

Yee SW, Chen L, Giacomini KM (2010) Pharmacogenomics of mem-
brane transporters: past, present and future. Pharmacogenomics 
11:475–479. doi:10.2217/pgs.10.22

Yin J, Duan H, Shirasaka Y, Prasad B, Wang J (2015) Atenolol renal 
secretion is mediated by human organic cation transporter 2 
and multidrug and toxin extrusion proteins. Drug Metab Dispos 
43:1872–1881. doi:10.1124/dmd.115.066175

Yokoo S, Yonezawa A, Masuda S, Fukatsu A, Katsura T, Inui K (2007) 
Differential contribution of organic cation transporters, OCT2 
and MATE1, in platinum agent-induced nephrotoxicity. Bio-
chem Pharmacol 74:477–487. doi:10.1016/j.bcp.2007.03.004

Yonezawa A, Inui K (2011a) Organic cation transporter OCT/
SLC22A and H(+)/organic cation antiporter MATE/SLC47A 
are key molecules for nephrotoxicity of platinum agents. Bio-
chem Pharmacol 81:563–568. doi:10.1016/j.bcp.2010.11.016

Yonezawa A, Inui KI (2011b) Importance of the Multidrug and Toxin 
Extrusion MATE/SLC47A family to pharmacokinetics, pharma-
codynamics/toxicodynamics and pharmacogenomics. Br J Phar-
macol 164:1817–1825. doi:10.1111/j.1476-5381.2011.01394.x

Yonezawa A, Masuda S, Yokoo S, Katsura T, Inui KI (2006) Cispl-
atin and oxaliplatin, but not carboplatin and nedaplatin, are 
substrates for human organic cation transporters (SLC22A1-3 
and MATE family). J Pharmacol Exp Ther 319:879–886. 
doi:10.1124/jpet.106.110346

Yoon H, Cho HY, Yoo HD, Kim SM, Lee YB (2013) Influences of 
organic cation transporter polymorphisms on the population 
pharmacokinetics of metformin in healthy subjects. AAPS J 
15:571–580. doi:10.1208/s12248-013-9460-z

Zhang X, Wright SH (2009) MATE1 has an external COOH terminus, 
consistent with a 13-helix topology. Am J Physiol Renal Physiol 
297:F263–F271. doi:10.1152/ajprenal.00123.2009

Zhang X, Cherrington NJ, Wright SH (2007) Molecular identification 
and functional characterization of rabbit MATE1 and MATE2-
K. Am J Physiol Renal Physiol 293:F360–F370. doi:10.1152/
ajprenal.00102.2007

Zhang X, He X, Baker J, Tama F, Chang G, Wright SH (2012) Twelve 
transmembrane helices form the functional core of mamma-
lian multidrug and toxin extruder 1 (MATE1). J Biol Chem 
287:27971–27982. doi:10.1074/jbc.M112.386979

http://dx.doi.org/10.1021/jm301302s
http://dx.doi.org/10.1007/s40262-015-0267-1
http://dx.doi.org/10.1016/j.clpt.2004.08.026
http://dx.doi.org/10.1124/dmd.109.030221
http://dx.doi.org/10.1124/dmd.109.030221
http://dx.doi.org/10.2217/pgs.10.22
http://dx.doi.org/10.1124/dmd.115.066175
http://dx.doi.org/10.1016/j.bcp.2007.03.004
http://dx.doi.org/10.1016/j.bcp.2010.11.016
http://dx.doi.org/10.1111/j.1476-5381.2011.01394.x
http://dx.doi.org/10.1124/jpet.106.110346
http://dx.doi.org/10.1208/s12248-013-9460-z
http://dx.doi.org/10.1152/ajprenal.00123.2009
http://dx.doi.org/10.1152/ajprenal.00102.2007
http://dx.doi.org/10.1152/ajprenal.00102.2007
http://dx.doi.org/10.1074/jbc.M112.386979

	Structure and function of multidrug and toxin extrusion proteins (MATEs) and their relevance to drug therapy and personalized medicine
	Abstract 
	Introduction
	Gene organization
	Human MATE genes
	MATE genes in other species

	Protein characteristics
	Post-translational modifications
	Topology and structure

	Tissue distribution and localization
	Methods to study MATE function
	Cell models
	Knockout mouse models
	Cynomolgus monkey

	Substrates and inhibitors
	Regulation
	Transcriptional regulation
	Effects of gender
	Ontogeny
	MATE expression under pathophysiological conditions

	Role of MATEs for toxicity and drug–drug interactions
	Cisplatin nephrotoxicity
	MATE-mediated drug–drug interactions

	Genetic variants in human MATEs and their clinical significance for drug pharmacokinetics and drug response
	Identification of genetic variants and their effects in vitro
	Genotype–phenotype correlations and clinical consequences of genetic variants

	Conclusions
	Acknowledgments 
	References




