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    Chapter 3   
 Pharmacological and Toxicological 
Signifi cance of the Organic Cation 
Transporters OCT and MATE: Drug 
Disposition, Interaction and Toxicity       

       Hideyuki     Motohashi       and     Ken-ichi     Inui   

    Abstract     Organic cation transporter OCTs and multidrug and toxin extrusion 
(MATE) are involved in pharmacokinetics of various drugs. In the renal proximal 
epithelia, OCT2 mediates uptake of the drugs such as metformin or cimetidine at 
basolateral membrane, and MATE1 and MATE2-K mediated the secretion of cat-
ionic and zwitterionic drugs at brush-border membrane. In the liver, OCT1 are 
expressed on the sinusoidal membrane and MATE1 are expressed on the canalicular 
membrane. These transporters mediate the biliary excretion of drugs. The change of 
these transporter activities, caused by genetic alteration or drug–drug interaction, 
affected the pharmacokinetics of substrates. Inhibitors of the transporters reduce the 
biliary or urinary secretion of substrate drugs. In addition, OCTs and MATEs are 
involved in adverse drug reactions. For example, it was considered that renal toxici-
ties of platinum agents cisplatine or oxaliplatin were affected by substrate specifi ci-
ties of renal OCT2 and MATEs. OCTs and MATEs play important roles for drug 
effi cacies and toxicities especially in the liver and the kidney.  

  Keywords     Drug–drug interaction   •   Kidney   •   Liver   •   Renal secretion   •   Renal toxicity   
•   Platinum agents  

        Introduction 

 Membrane transporters  play   pharmacokinetic important roles in various tissues, 
such as the brain, intestine, liver and kidney. The liver and kidney are the main 
organs responsible for the excretion of drugs and their metabolites. Renal excretion 
consists of glomerular fi ltration, tubular secretion and re-absorption. Organic cation 
transporters are involved in tubular secretion [ 1 ,  2 ]. The tubular secretion of drugs 
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is mediated by a two-step membrane transport process [ 3 ] involving the basolateral 
membrane and the brush-border membrane. Organic cation transporters (OCTs) are 
expressed on the basolateral membranes of proximal tubular cells, and multidrug 
and toxin extrusion (MATE) proteins are expressed on the brush-border membrane. 
On the other hand, in the liver, OCTs are expressed on the sinusoidal membrane and 
MATEs are expressed on the canalicular membrane. These transporters are involved 
in the biliary excretion  of   cationic compounds. 

 General information about OCTs and MATEs was presented in the introduction 
Chap.   1     by G. Ciarimboli. This chapter highlights the pharmacological and toxico-
logical signifi cance of the organic cation transporters SLC22 (OCTs) and SLC47 
(MATEs), specifi cally in the kidney and the liver. In addition, the membrane trans-
port  of   victim drugs (substrate) by OCTs and MATEs can be inhibited by perpetra-
tors (inhibitor), which is the one of the main mechanisms of drug–drug interaction 
in the kidney and the liver.  

    Pharmacokinetic Signifi cance of Organic Cation Transporter 
SLC22 (OCTs) [ 4 – 14 ] 

 The transport characteristics of OCTs are similar in various species. OCT1, 2 and 
3 mediated the facilitated transport of a broad range of structurally diverse organic 
cations and are inhibited by many additional compounds, which are not transported 
[ 5 ,  15 ]. The molecular size of the typical OCT substrate is under 500, and the 
OCTs mediate the bidirectional transport of  small   hydrophilic compounds. OCTs 
transport organic cations and weak bases, which are positively charged at physio-
logical pH, in an electrogenic manner. In addition to these cations, zwitterionic 
compounds may also be the substrates transported by OCTs. The transported sub-
strates and non-transported inhibitors of individual OCT transporters overlap 
broadly (Table  3.1 ).

   OCT1 were originally isolated from rat kidney [ 50 ] and using knockout mice 
[ 51 ] it was demonstrated that OCT1 is  an   infl uential transporter in the  renal secre-
tion   of organic cations in rodents. In contrast to rodents, OCT1 expression levels are 
quite low in the human kidney [ 52 ]. There are also species difference in the tissue 
distribution and expression level of OCT1. One of main organs, in which OCT1 
mediates the membrane transports of drugs in humans, is the liver [ 53 ]. Here, OCT1 
is expressed on the sinusoidal membranes of hepatocytes around  the   central veins. 
Therefore,  considering its hepatic localization, OCT1 plays pivotal roles in the 
uptake of drugs  by   hepatocytes. The substrate specifi cities of OCTs, including 
OCT1, are reviewed extensively elsewhere [ 5 ]. For several drugs, which inhibit 
OCTs but are not transported, a highly inhibitory potency for OCT1 was observed 
compared with hOCT2 or hOCT3. These drugs include the glutamate receptor 
antagonist phencyclidine, the histamine receptors antagonists diphenylhydramine 
and ranitidine, the muscarinic acetylcholine receptor antagonist atropine, and the 
antidepressant desipramine. Some cations that are transported by OCT2 and OCT3 
(e.g., epinephrine, norepinephrine, and histamine) are not transported by hOCT1. 
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 OCT2 was cloned after OCT1 from the rat kidney and was later also cloned in 
human [ 17 ,  43 ,  54 ]. OCT2 is highly expressed in the rodent and human kidney. In 
the human kidney in particular, OCT2 is the most highly expressed among cation 
transporters, and OCT2 protein is expressed in all segments  of   proximal tubules [ 52 , 
 55 ]. Hence, OCT2 is thought to uptake organic cations at the basolateral membrane 
and play pivotal roles in the tubular secretion of organic cations. OCT2 and OCT1 
shares various substrate cations [ 5 ]. For example, OCT2 transports MPP, TEA, qui-
nine, and metformin with similar Km values as OCT1 and transports acetylcholine 
with an approximately fourfold lower Km value compared with OCT1 [ 5 ,  15 ]. 
Uptake by OCT2 has also been demonstrated for choline; the neurotransmitters 
dopamine, norepinephrine, epinephrine, serotonin, histamine, agmatine; the gluta-
mate receptor antagonists amantadine and memantine; the histamine H 2  receptor 
antagonists cimetidine, famotidine and ranitidine; the cytostatic cisplatin; and the 
antihypertensive drug debrisoquine. 

 In contrast to OCT1 and OCT2, OCT3 is expressed ubiquitously [ 30 ,  56 ]. OCT3 
mRNA was detected at high levels in the aorta, skeletal muscle, prostate, adrenal 
gland, salivary gland, liver, placenta, and fetal lung. OCT3 also transports sub-
strates, such as MPP, with similar Km values as OCT1 and OCT2, whereas a much 
higher Km value was measured for the translocation of TEA by OCT3 compared 
with OCT1 and OCT2 [ 5 ]. Amantadine, memantine, phenylcyclidine, clonidine, 
diphenylhydramine, atropine, procainamide and cocaine were observed to inhibit 
OCT3 with much lower affi nity compared to OCT1 and OCT2. High-affi nity inhibi-
tors of hOCT3 include disprocynium, decynium, and corticosterone.  

    Multidrug and Toxin Extrusion (MATE) Proteins [ 4 – 6 ,  57 – 60 ] 

 MATE1 was isolated as  a   mammalian orthologue of the bacterial multidrug and 
toxin extrusion family, which confers the multidrug resistance [ 28 ]. Human MATE1 
and MATE2 were identifi ed in 2005, followed by the isolation of the kidney-specifi c 
multidrug and toxin extrusion isoform MATE2-K [ 21 ]. In humans, the MATE1 is 
strongly expressed in liver, kidney and skeletal muscle and was also detected in the 
heart. [ 21 ,  28 ] MATE1 was localizes to the brush-border membrane of renal proxi-
mal tubules in the kidney [ 21 ,  55 ] and to the luminal membranes of bile canalicular 
epithelial cells in the liver. TEA uptake by MATE1 was independent of the mem-
brane potential and the extracellular sodium concentration. Since MATE1- mediated 
uptake of TEA was stimulated by opposite-directed proton gradients, MATE1 is 
supposed to be a H + /cation antiporter as suggested in the TEA uptake  by   renal 
brush-border membrane vesicles. TEA uptake by MATE1 is inhibited by a large 
variety of organic cations such as MPP, serotonin, cimetidine, quinidine, and vera-
pamil, suggesting that, much like OCTs, substrate recognition by MATE1 is poly-
specifi c [ 22 ]. 

 MATE2-K is highly expressed in the human kidney and is localized to the brush- 
border membrane  in   proximal tubules [ 21 ,  55 ]. When expressed in HEK293 cells, 
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MATE2-K behaves as a H +  gradient-dependent TEA antiporter. MATE2-K is con-
sidered to be the active MATE2 variant in the human kidney. MATE2-K is a poly-
specifi c H + /cation antiporter that transports TEA, cimetidine, MPP, procainamide, 
metformin and NMN, creatinine, guanidine, quinidine, thiamine, and verapamil. 

 MATE1 and MATE2-K transport typical organic cations such as TEA, cimeti-
dine, MPP, and the antiarrhythmic drug procainamide. All of these compounds were 
demonstrated to be substrates for H + /organic cation antiporters characterized in 
brush-border membrane vesicles. Zwitterionic β-lactam antibiotics such as cepha-
lexin and cephradine are effectively transported by MATE1 [ 32 ], and the results 
were also consistent with the transport experiments performed using renal brush- 
border membrane vesicles. A platinum anticancer agent, oxaliplatin, was a better 
substrate for MATE2-K rather than for MATE1. The pharmacokinetic and toxicoki-
netic signifi cance of oxaliplatin transport is discussed below in the section “ Renal 
Toxicity   of Platinum Agents”. With a few exceptions, the substrate specifi cities of 
MATE1 and MATE2-K are generally similar.  

    Pharmacokinetic Roles of Organic Cation Transporters 
in the Liver [ 5 ,  53 ,  61 – 63 ] 

 Many endogenous or exogenous organic compounds, which are positively charged 
at physiological pH, are handled in the liver. Many of these compounds are  highly 
  hydrophilic, and therefore cannot passively diffuse across the plasma membrane. 
Hence, it has been considered that the membrane transport system is thought to be 
necessary for the translocation of these compounds. Based on their structural char-
acteristics, organic cations are classifi ed into two categories.    Type I organic cations 
are small and highly hydrophilic, usually below 500 Da. Several quaternary ammo-
nium compounds, such as TEA and MPP + , are considered as typical type I cations. 
   Type II organic cations are bulky and less hydrophilic, and are often polyvalent 
compounds.  D -tubocurarine and quinine are the typical type II cations. 

 OCT1, as well as other OCT isoforms, translocates organic cations in an electro-
genic manner that is independent of Na +  or H +  gradients. OCT1 is localizes to the 
sinusoidal membrane of bile canalicular epithelial cells, and mediates the uptake of 
endogenous and xenobiotic cations into hepatocytes, which is the fi rst step in the 
excretion or detoxifi cation of many drugs. Importantly, OCT1 transports metfor-
min, a biguanide antidiabetic agent that is widely used to treat type 2 diabetes. 
Metformin is a hydrophilic organic cation and OCT1 is responsible for the uptake 
of metformin into the hepatocytes. The main pharmacological activity  of   metformin 
is to decrease gluconeogenesis in the liver, which reduces blood glucose levels. 
Therefore, the transport activity of OCT1 in the sinusoidal membrane is important 
for the clinical effi cacy of metformin. Another example of drug transported by 
OCT1 is lamivudine, a cytidine analog whose active metabolites prevent hepatitis  B 
virus replication   in the liver. Lamivudine is effi ciently taken into hepatocytes by 
OCT1. 
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  O -Desmethyltramadol is an opioid analgesic and the main active metabolite of 
tramadol, which is demethylated by CYP2D6 in the liver.  O -Desmethyltramadol, 
but not tramadol, is transported by OCT1. Volunteers with loss-of-function OCT1 
polymorphisms were reported to have signifi cantly higher plasma concentrations of 
 O -desmethyltramadol and signifi cantly prolonged miosis, a surrogate marker of 
 opioidergic effects  . Interindividual differences observed in the OCT1 expression 
and/or activity levels affect pharmacokinetics of  O -desmethyltramadol and thus the 
effi cacy of tramadol treatment [ 62 ]. 

 The serotonin receptor antagonists, ondansetron and tropisetron, are used to treat 
nausea and vomiting caused by chemotherapy. These compounds are taken up into 
hepatocytes by OCT1 and are subsequently metabolized and inactivated by CYP 
enzymes, mainly CYP2D6. This pathway is a major detoxifi cation route for ondan-
setron and tropisetron. OCT1 plays a crucial role in the fi rst-pass effect through the 
liver and hence in the bioavailability of other  cationic drugs   such as amantadine, 
levodopa and pramipexole; cimetidine, ciprofl oxacin and other fl uoroquinolones, 
furamidine and pentamidine; lamotrigine, sulpiride, and zalcitabine. Most type II 
organic cations, which are typically hydrophobic, bulky, and polyvalent, such as 
atropine, decynium-22, prazosin, quinine, and  D -tubocurarine, are inhibitors but not 
substrate of OCT1. Some exceptions include the clinically used type II organic cat-
ions quinidine, pancuronium, and rocuronium, which are all transported by OCT1. 

 MATE1 mediates the excretion of organic cations across the biliary membrane 
into the bile. MATE1 defi ciency in the biliary membrane will results in increased 
intracellular concentrations  of   cationic drugs that are substrates of OCT1. This may 
lead to the increased hepatotoxicity of drugs. Hume et al. developed a new positron 
emission tomography probe,  11 C-labelled metformin, to study hepatobiliary transport 
mediated by MATE1 [ 63 ]. This probe may be useful for non-invasively studies aimed 
at evaluating the in vivo function of hepatobiliary transport and drug–drug interac-
tions, mediated by MATE1 in clinical investigations. Toyama et al. [ 64 ] reported that 
MATE1 dysfunction caused a marked elevation in the metformin concentration in the 
liver and led to lactic acidosis, suggesting that this homozygous MATE1 variant 
could be one of the risk factors for metformin-induced lactic acidosis.  

    Pharmacokinetic Roles of Organic Cation Transporters 
in the Kidney [ 1 ,  4 ,  57 – 59 ] 

 The kidney is one of the main organs responsible for the excretion of  drugs and 
xenobiotics  . Renal excretion is one of the determinants for the pharmacokinetics of 
cationic drugs and consists of three steps; glomerular fi ltration, tubular secretion 
and re-absorption. The secretion of xenobiotics is an important physiological func-
tion of the  renal proximal tubules  . Drugs are actively secreted via two distinct sys-
tems at the brush-border and basolateral membranes of tubular epithelial cells. 
Transport studies using isolated membrane vesicles and cultured renal epithelial 
cells characterized two distinct  classes of organic cation transporters  . Electrogenic 

H. Motohashi and K.-i. Inui



83

transporter is facilitated by an internal negative membrane potential at the basolat-
eral membranes and electroneutral transporter is driven by the transmembrane H +  
gradient (H + /organic cation antiporter) at the brush-border membranes, which is 
dominated by a H + /organic cation antiport process. A prototype substrate, TEA, has 
been used for the functional characterization of these organic cation transport sys-
tems in the kidney. There are two  SLC protein families   involved in cationic drug 
secretion, including OCT2 at the basolateral membrane and MATEs at the brush- 
border membrane. OCT2 and MATEs can transport a variety of structurally unre-
lated organic cations. 

 The substrate specifi city, membrane localization and driving forces indicated 
that OCT2 and MATE1 or MATE2-K coordinate the tubular secretion of cationic 
drugs from blood to urine. Double-transfected Madin-Darby canine kidney cells 
have been used as an in vitro model for the vectorial transport of cationic drugs 
across human epithelial cells [ 65 ]. In these cells, OCTs are expressed on the baso-
lateral membrane and MATEs are on the apical membrane. Indeed, TEA was trans-
ported unidirectionally from the basolateral to apical side of the membrane in these 
double transfectants. In addition to TEA, the clear directional transport of procain-
amide and quinidine was also shown in the double transfectants. Procainamide and 
quinidine are actively secreted via the renal tubules into the urine suggesting that 
these drugs are substrates of membrane transporters. However, due to the  lipophilic-
ity   of these compounds, it was diffi cult to detect the uptake of procainamide and 
quinidine by OCT- or MATE-expressing cells. Therefore, the double-transfected 
cells overcome the technical limitations of prior uptake experiments. These cells are 
convenient for in vitro examination to clarify the renal tubular secretion of cationic 
drugs in humans. Furthermore, OCT2 and MATEs in the proximal tubule are the 
sites of clinically important drug–drug interactions. For example, therapeutic doses 
of cimetidine decrease the renal elimination of procainamide. Double-transfected 
cells are thus also useful for the examining of drug–drug interactions. Details of 
drug–drug interactions are described below in section “ Drug–Drug Interactions   of 
Cationic Compounds in the Kidney”. 

 OCT2 may be involved in the renal excretion of a variety of  drugs  , such as the 
neurotransmitters dopamine, epinephrine and serotonin; agonists and antagonists of 
various receptors; various blockers of ion channels and transporters; and various 
other drugs, including a variety of psychoactive compounds. For example, OCT2 is 
important for the renal excretion of metformin, a biguanide that is used in the  treat-
ment   of type-II diabetes and in polycystic ovary syndrome. Metformin is almost 
entirely excreted into the urine without being metabolized, but a portion of metfor-
min is also excreted in bile. Metformin is mainly eliminated by glomerular fi ltration 
and tubular secretion, and OCT2, MATE1 and MATE2-K are involved in the tubular 
secretion of metformin. Lactic acidosis is a fatal adverse effect of metformin and its 
occurrence cannot be predicted in patients presymptomatically. Decreased renal 
excretion of metformin may lead to increased plasma levels. Increased concentra-
tion of metformin in the liver may lead to the excessive inhibition of mitochondrial 
respiratory enzymes and may cause lactic acidosis. Reduced OCT2 and/or MATEs 
activity in vivo, for example, through inhibition by the concomitant drugs or through 
renal impairments, may increase the risk of lactic acidosis. 
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 To clarify the pharmacokinetic role of MATE1 in vivo, Tsuda et al. carried out 
the targeted disruption of the murine Mate1 gene [ 66 ]. After a single intravenous 
administration of metformin, the area under the blood concentration-time curve of 
metformin in Mate1-knockout mice showed a twofold increase. The urinary excre-
tion of metformin after intravenous administration was also signifi cantly decreased 
in Mate1-knockout mice. The report demonstrated an essential role for MATE1 in 
the systemic clearance of  metformin  . [ 66 ] Toyama et al. reported that signifi cantly 
higher blood lactate levels and lower pH and HCO3 -  levels were observed in Mate1- 
knockout mice 7 days after metformin administration in the drinking water [ 64 ,  67 ]. 
In the knockout mice, dysfunctional Mate1 caused a remarkable elevation in the 
concentration of metformin in the liver and led to lactic acidosis. These results sug-
gested that homozygous but not heterozygous MATE1 variants are risk factors for 
metformin-induced lactic acidosis. 

 Choi et al. characterized genetic variants of MATE2-K and determined their 
association with the response to metformin. [ 68 ] Four nonsynonymous variants and 
four variants in the MATE2-K basal promoter region were identifi ed from ethnically 
diverse populations. Two nonsynonymous variants, including c.485C>T 
(Pro162Leu) and c.1177G>A (Gly393Arg), were shown to be associated with sig-
nifi cantly lower metformin uptake and a reduction in  protein levels   when expressed 
in HEK293 cells. MATE2-K basal promoter haplotypes containing the most com-
mon variant, g.−130G>A (>26 % allele frequency), were associated with signifi -
cantly increase in promoter activity and reduced binding to the transcriptional 
repressor myeloid zinc fi nger 1. Diabetic patients who were homozygous for 
g.−130A had signifi cantly poorer responses to metformin treatment than carriers of 
the reference allele when assessed for the relative change in glycated hemoglobin 
(HbA1c). Choi et al. suggested that MATE2-K plays a role in the antidiabetic 
response to metformin and that the next challenge in pharmacogenomic research is 
to improve the outcome for patients through this pathway. 

 Tzvetkov et al. examined the effects of genetic polymorphisms in OCT1, OCT2, 
OCT3, OCTN1, and MATE1 on the pharmacokinetics of metformin in healthy male 
Caucasians [ 69 ]. Low-activity genotypes of OCT1 were related to an increase in the 
 renal clearance   of metformin. It is possible that OCT1 dysfunction indirectly affects 
the renal clearance of organic cations in humans.  

    Drug–Drug Interactions of Cationic Compounds 
in the Kidney [ 23 ,  39 ,  65 ,  70 ] 

 Drug–drug interactions are among the serious disturbances that render pharmaco-
therapies unsuccessful. In renal excretion, cationic perpetrators can reduce the 
 renal secretion   of victim drugs, resulting in severe adverse reactions due to eleva-
tions in the plasma concentrations. OCTs and MATEs are independent sites for 
 drug–drug interactions   between cationic drugs (Fig.  3.1 ). Perpetrator drugs exhibit 
considerable differences in the inhibitory potency with respect to MATE and OCT2 
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(Table  3.1 ). For example, pyrimethamine markedly inhibits MATEs, whereas it 
negligibly inhibited OCT transport activity at its clinically relevant dose.

   Cimetidine has been well known to reduce the renal excretion of other cationic 
drugs. For example, the excretion of procainamide was inhibited by concomitant 
cimetidine administration. The drug interactions between cimetidine and metformin 
were assessed using double-transfected kidney cells that stably expressed OCT2 
and MATE1 as an in vitro model of proximal tubular epithelial cells [ 20 ]. The 
results from the investigation of the blood concentrations at clinical doses suggested 
that apical MATE1 is the site of drug interactions whereby cimetidine inhibits other 
cationic compounds in proximal tubular epithelial cells in clinical situations. Similar 
conclusions were reached by other groups. Recently, Ito et al. concluded that com-
petitive OCT2 inhibition is unlikely to underlie the drug–drug interaction caused by 
cimetidine in the renal elimination of cationic drugs and that the competitive inhibi-
tion of MATEs by cimetidine is likely to be important in vivo at clinical doses [ 23 , 
 70 ]. The conclusion based on the reason that cimetidine interacts with higher affi n-
ity with MATEs than with OCT1. 

 Kusuhara et al. conducted a microdose study of metformin to investigate the 
predictability of drug–drug interactions at the  therapeutic doses   [ 39 ]. Healthy sub-
jects received microdoses and therapeutic doses of metformin, along with a potent 
and competitive MATE inhibitor, pyrimethamine, in a crossover fashion. 
Pyrimethamine signifi cantly reduced the renal clearance of metformin and caused 
signifi cant increases in the plasma concentrations of metformin. Pyrimethamine 
also increased the plasma concentration of creatinine, which is an endogenous sub-
strate secreted by proximal tubules. They considered that the drug–drug interaction 
was attributed to the inhibition of MATE proteins by pyrimethamine. Pyrimethamine 
is considered to be a useful tool as an in vivo inhibitor of MATE proteins. Ito et al. 

Cimetidine
Famotidine
Ranitidine
Levofloxacine
etc.

Interaction Affinity Substrate

MATE > OCT2

MATE < OCT2OCT2
H+

MATEs

OCT2MATEs

Metformine
Procainamide
Quinidine
Amantadine
etc.

Renal accumulation: ↑

Blood concentration:↑ or →

Renal accumulation: ↓

Blood concentration:↑

H+

  Fig. 3.1    Scheme of drug–drug interaction at renal proximal epithelia       
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reported the usefulness of  N -methylnicotinamide as an endogeneous probe for eval-
uating  drug–drug interactions   involving MATE1 and MATE2-K. NMN is an endog-
enous substrate of MATE1 and MATE2-K, as well as OCT2. NMN uptake by 
human brush-border membrane vesicles with proton gradients was reported to be 
saturable and completely inhibited by low concentrations of pyrimethamine. NMN 
has been suggested for use as an internal probe to evaluate drug–drug interactions 
in renal tubular secretion. 

 Minematu and Giacomini reported interactions of tyrosine kinase inhibitors with 
OCTs and MATEs [ 48 ]. In their report, IC 50  values were estimated for eight TKIs 
(imatinib, dasatinib, nilotinib, gefi tinib, erlotinib, sunitinib, lapatinib, and sorafenib) 
on metformin transport by OCT1, OCT2, OCT3, MATE1 and MATE2-K. The esti-
mated IC 50  values were comparable to the maximum clinical concentrations of 
unbound TKIs in plasma. Imatinib, nilotinib, gefi tinib, and erlotinib exerted selec-
tively potent inhibitory effects on MATE1, OCT3, MATE2-K, and OCT1, respec-
tively. Major metabolites of several TKIs showed IC 50  values similar to those for 
unmodifi ed TKIs. TKIs may therefore possibly affect the disposition, effi cacy, and 
toxicity of drugs that are substrates of these transporters. 

 The  International Transporter Consortium (ITC),   which includes members from 
academia, industry, and the US Food and Drug Administration (FDA), was formed 
in 2007. The ITC aimed to determine which transporters are determinants of phar-
macokinetics, to discuss method for characterizing drug-transporter interactions, 
and to propose preclinical and clinical studies of transporter-mediated drug interac-
tions for drug development. In 2010, the ITC published a white paper and the white 
paper identifi ed seven transporters involved in clinical drug–drug interactions. 
OCTs were included among these transporters of white paper. The white paper rec-
ommended that these transporters should be studied in vitro to determine the poten-
tial of clinical drug–drug interactions. The European Medicines Agency also 
included recommendations on transporters in its published drug interaction guide-
lines. Based on the second ITC transporter workshop in 2012,  the   ITC identifi ed 
additional transporters of emerging importance in pharmacokinetics, drug interfer-
ence with the transport of endogenous compounds, and drug–drug interactions in 
humans. MATEs were added because of their importance in the excretion of organic 
cations into bile and urine. A comparison of the concentration of an inhibitor and its 
inhibitory potency toward a transporter predicts the likelihood of clinical drug–drug 
interactions [ 71 ,  72 ].  

    Renal Toxicity of Platinum Agents [ 58 ,  73 ,  74 ] 

 Due to the vast renal blood fl ow and accumulation via uptake mechanisms, the kid-
ney experiences far greater exposure to the xenobiotics than other organs. Therefore, 
the cytotoxic effects of these drugs easily damage  the   renal cells. Platinum- based 
drugs are anticancer agents and are used individually or in combination with 
other antitumor and/or radiation therapies for the many human malignancies. 
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Platinum-based chemotherapies have widely been used to treat solid tumors since 
the 1970s. However, renal impairment induced by  cisplatin  , the fi rst of these 
compounds and typical platinum antitumor agent, is severe and limits cisplatin 
based chemotherapy. 

 Cisplatin, carboplatin, oxaliplatin, and nedaplatin are currently used to treat solid 
tumors. Of these drugs, only cisplatin induces nephrotoxicity with a higher accumu-
lation in the kidney. Many groups have reported differential transport of platinum 
compounds by OCT2 [ 75 ]. OCT2 signifi cantly increases the accumulation of oxali-
platin, ormaplatin, tetraplatin, transplatin and cisplatin but not carboplatin and 
nedaplatin [ 36 ]. Furthermore, OCT2-mediated oxaliplatin and cisplatin accumula-
tion was time and concentration dependent, and OCT2 expression enhanced the 
sensitivity to oxaliplatin and cisplatin cytotoxicity. Many studies indicated that a 
kidney-specifi c OCT2 was the determining factor in cisplatin-induced nephrotoxic-
ity, mediating the renal uptake of cisplatin. In contrast, the low-nephrotoxic plati-
num agents, carboplatin and nedaplatin, are not transported by OCT2. However, 
whereas oxaliplatin was revealed to be a good substrate for OCT2, it is not nephro-
toxic. MATEs have been postulated to protect against oxaliplatin-induced nephro-
toxicity by mediating the effl ux of this agent from intracellular compartments. 
Marked transport of oxaliplatin by MATE2-K has been observed. MATE2-K may 
mediate the effl ux of  oxaliplatin   from renal epithelial cells and protect these cells 
from platinum toxicity. These results clearly demonstrate the relationship between 
the renal pharmacokinetics and nephrotoxicity of platinum agents. 

 The nephrotoxicity of platinum agents is related to MATE and OCT (Fig.  3.2 ) 
[ 58 ]. Nakamura et al. investigated the role of MATE1 in the nephrotoxicity of cis-
platin both in vivo and in vitro [ 74 ]. The intraperitoneal administration of cisplatin 
signifi cantly reduced lifespan of Mate1-knockout mice compared with wild-type 
mice. The plasma concentration and renal accumulation of cisplatin were also 
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  Fig. 3.2    Renal transport of platinum agents at renal proximal tubules       
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higher in the  knockout mice  . Furthermore, the combination of pyrimethamine with 
cisplatin elevated serum creatinine and BUN levels. MATE1 is thus thought to 
mediate the translocation of cisplatin and is involved in attenuating cisplatin- 
induced nephrotoxicity via disposition of cisplatin.

   Li et al. also reported corresponding results showing that ondansetron enhanced 
cisplatin-induced nephrotoxicity by inhibiting MATEs as well as pyrimethamine 
[ 42 ]. In cells that stably express OCT2 and MATEs, ondansetron was shown to 
inhibit both OCT2 and MATEs. Ondansetron signifi cantly increased the renal accu-
mulation of cisplatin and induced more severe  pathohistological damage  . Increased 
serum levels of creatinine and BUN, as well as changes in two molecular biomark-
ers of kidney injury, were indicative of cisplatin-induced nephrotoxicity in 
ondansetron- treated mice. Therefore, the potent inhibition of MATEs likely 
enhances the nephrotoxicity associated with cisplatin treatment. The potential neph-
rotoxic effects of combining the chemotherapeutic cisplatin with MATE inhibitors 
such as the antiemetic 5-hydroxytryptamine-3 receptor antagonists, should be 
investigated in patients. 

 However, whether the effi cacy and/or toxicity of platinum agents are infl uenced 
by OCT or MATE transport activity in vivo has remained controversial. OCT2 
mRNA expression in clinical ovarian cancer specimens was low and was not cor-
related with the treatment outcomes of platinum-based regimens. OCT2 is a critical 
determinant in the uptake and cytotoxicity of various platinum compounds, particu-
larly oxaliplatin in vitro. However, the effects of OCT2 expression on the results of 
 chemotherapy   should be carefully considered. Sprowl et al. reported the infl uence 
of the OCT2 inhibitor cimetidine on the antitumor effi cacy and systemic clearance 
of cisplatin [ 76 ]. In their reports, cimetidine affected the uptake and cytotoxicity of 
cisplatin in cultured ovarian cancer cells with highly OCT2 expression. In contrast, 
the antitumor effi cacy of cisplatin in mice bearing luciferase-tagged IGROV-1 xeno-
grafts was unaffected by cimetidine. Data obtained from 18 patients receiving cis-
platin in a randomized crossover study with or without cimetidine revealed that 
cimetidine did not alter exposure to unbound cisplatin, a marker of antitumor effi -
cacy. Iwata et al. reported the effects of genetic variants of OCT2 and MATE1 on 
cisplatin-induced adverse events in patients [ 77 ]. They concluded that the 808G>T 
SNP in OCT2 ameliorated CDDP-induced nephrotoxicity without altering disposi-
tion, whereas the rs2289669 G>A SNP in MATE1 had no effect on CDDP toxicity. 
These results support the future clinical exploration of OCT2 and MATEs inhibitors 
as specifi c modifi ers of  cisplatin-induced nephrotoxicity  . 

 In addition to the kidney, Sprowl et al. reported that oxaliplatin-induced neuro-
toxicity is also dependent on OCT2 [ 78 ]. Peripheral neurotoxicity is one of dose- 
limiting factors in the clinical use of oxaliplatin. OCT2 was found to be expressed 
on  dorsal root ganglia cells   in the nervous system, where oxaliplatin is known to 
accumulate. The cellular uptake of oxaliplatin was stimulated by the overexpression 
of human OCT2, and DNA platination and oxaliplatin-induced cytotoxicity were 
increased. Furthermore, genetic or pharmacologic knockout of Oct2 protected mice 
from acute oxaliplatin-induced neurotoxicity. These fi ndings provide a rationale for 
the development of targeted approaches to mitigate this debilitating toxicity.  
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    Summary 

 Among organic cation transporters OCT2, MATE1 and MATE2-K play pivotal 
roles in the renal tubular handling of various drugs. On the other hand, OCT1 and 
MATE1 are among the determinants of biliary excretion as well as hepatic detoxifi -
cation. These transporters are the sites of drug–drug interaction, and differences in 
substrate affi nities between OCTs and MATEs lead to different outcomes for each 
DDI. In addition, drug-induced kidney impairments were affected by OCT2 and 
MATE1 or MATE2-K activity. Information on these transporters is critical for the 
developing effective and safe pharmacotherapies.     
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