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ABSTRACT

The human solute carrier 22 family (SLC22), also termed the
organic ion transporter family, consists of 28 distinct multi-mem-
brane spanning proteins, which phylogenetically cluster together
according to their charge specificity for organic cations (OCTs),
organic anions (OATs), and organic zwitterion/cations (OCTNs).
Some SLC22 family members are well characterized in terms of
their substrates, transport mechanisms, and expression patterns,
as well as their roles in human physiology and pharmacology,
whereas others remain orphans with no known ligands. Pharmaco-
logically, SLC22 family members play major roles as determinants
of the absorption and disposition of many prescription drugs, and
several, including the renal transporters, OCT2, OAT1 and OAT3,
are targets for many clinically important drug-drug interactions. In
addition, mutations in some of these transporters [SLC22A5
(OCTN2) and SLC22A12 (URAT1)] lead to rare monogenic disor-
ders. Genetic polymorphisms in SLC22 transporters have been
associated with common human disease, drug response, and vari-
ous phenotypic traits. Three members in this family were deor-
phaned very recently: SLC22A14, SLC22A15, and SLC22A24, and

found to transport specific compounds, such as riboflavin
(SLC22A14), anti-oxidant zwitterions (SLC22A15) and steroid con-
jugates (SLC22A24). Their physiologic and pharmacological roles
need further investigation. This review aims to summarize the sub-
strates, expression patterns and transporter mechanisms of indi-
vidual SLC22 family members and their roles in human disease and
drug disposition and response. Gaps in our understanding of
SLC22 family members are described.

SIGNIFICANCE STATEMENT

In recent years, three members of the SLC22 family have been
deorphaned and found to play important roles in the transport
of diverse solutes. New research has furthered our understand-
ing of the mechanisms, pharmacological roles, and clinical
impact of SLC22 transporters. This minireview provides an
overview of the physiologic and pharmacologic roles and
impact of genetic variants in the SLC22 family on disease and
drug response, and summarizes recent studies deorphaning
SLC22 family members.

Introduction

The human solute carrier superfamily (SLC) now consists of
465 genes encoding multi-membrane spanning proteins that clus-
ter together into 65 distinct families based upon sequence homol-
ogy (Meixner et al., 2020). Most of the proteins with known
function serve as facilitated or secondary active membrane trans-
porters. Of the 65 families, the SLC22 family, known as the
organic ion transporter family, is among the largest, with 28 mem-
bers that cluster together phylogenetically based on charge specif-
icity (Fig. 1). Pharmacologically, many members of the SLC22
family play key roles in pharmacokinetics and drug disposition,
including organic anion transporters (OATs) and organic cation
transporters (OCTs). In addition, mutations in several of the

transporters lead to rare monogenic disorders. Although most of
the transporters have known biologic functions as is evident
through cellular assays, studies in genetically engineered mice,
and human genetic studies (Fig. 2), there remain 10 orphans in the
family, that is, genes encoding proteins with no known function.
In this minireview, following a description of the SLC22 family,
including phylogenetic relationships among family members, indi-
vidual transporters in each of the charge-specific groups (anion,
cation and zwitterion) are briefly described, including their sub-
strate selectivity, transport mechanism, and tissue distribution. A
section on the role of SLC22 family members in pharmacogenomics and
as targets of drug-drug interactions is included. Finally, following a brief
description of monogenetic disorders caused by mutations in two SLC22
family members (organic cation transporter novel [OCTN] 2 (SLC22A5)
and uric acid reabsorptive transporter [URAT] 1 (SLC22A12)), a per-
spective on future research in the SLC22 family is provided.

Brief Historical Perspective

The SLC22 family belongs to the major facilitator superfamily (MFS).
In the human genome, the SLC22 family includes 28 members: 23
SLC22A family members and five atypical SLC22B, which are
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designated synaptic vesicle proteins (SV2A-C) and synaptic vesicle 2-
related proteins (SVOP and SVOPL) (Fig. 1) (Perland et al., 2017; Meix-
ner et al., 2020). In 2004, the phylogenetic tree of the human SLC22
family only included 18 members (Koepsell and Endou, 2004). However,
in 2007, the family was expanded to include vesicular proteins SV2 and
SVOP, the unknown substrate transporters on chromosome 11q12.3, and
others (Jacobsson et al., 2007; Fredriksson et al., 2008; Wu et al., 2009).
Recently, a member, MFSD10, was annotated as SLC22A32, resulting
in the current 28 members in the human SLC22 family (Meixner et al.,
2020). All share a predicted 12-transmembrane domain structure with
a large extracellular loop between transmembrane domain 1 and trans-
membrane domain 2 (Fredriksson et al., 2008). With the exception of
MFSD10, which was crystallized in an outward-facing state at 2.6 Å res-
olution by X-ray crystallography (Pascoa et al., 2021), no other SLC22
family member has been crystallized or structurally resolved.
In 1994, the rat organic cation transporter (Oct1), Slc22a1, was the

first member in the SLC22 family to be molecularly identified through
expression cloning (Grundemann et al., 1994). Subsequently, in 1997,
the human ortholog SLC22A1 (OCT1) and a paralog, SLC22A2
(OCT2), were identified (Gorboulev et al., 1997; Zhang et al., 1997).
Soon after the identification of OCT1 and OCT2, two zwitterion trans-
porters, OCTN1 (SLC22A4) and OCTN2 (SLC22A5), were cloned and
characterized (Tamai et al., 1997; Wu et al., 1998). OCTN1 was at first
thought to be a weak carnitine transporter and was later found to be an
excellent transporter of ergothioneine (Grundemann et al., 2005).
OCTN2 was immediately recognized as an important carnitine trans-
porter in the intestine and kidney and was later discovered to be
responsible for carnitine transporter deficiency (Nezu et al., 1999), a
life-threatening autosomal recessive human disorder. Although it was
reported that a novel kidney transporter in mice existed in 1997
(Lopez-Nieto et al., 1997), the human organic anion transporters were
identified and functionally characterized in 1999 [SLC22A6 (OAT1)

and SLC22A8 (OAT3)] (Race et al., 1999) and in 2001 [SLC22A7
(OAT2)] (Sun et al., 2001) (Fig. 2, Supplemental Table 1).
After publication of the sequence of the human genome in 2001,

many more organic ion transporters in the SLC22 family were cloned
and characterized. In 2003, the HapMap Consortium developed the first
human genome-wide maps of common variation in three major ances-
tral populations(International HapMap, 2003; Claussnitzer et al., 2020).
From 2000 to 2015, investigators associated with the Pharmacogenom-
ics of Membrane Transporters project, funded by the National Institutes
of Health (NIH) identified and functionally characterized genetic var-
iants in membrane transporter genes, including many members of the
SLC22 family (Fig. 2) (Shu et al., 2006; Kroetz et al., 2010). Variants
were identified in DNA samples from four major ethnic groups (Fig. 2,
Supplemental Table 1).
Direct species orthologs of most of the genes in the human SLC22A

and SLC22B family exist; however, some of the genes have no direct
species orthologs (Fig. 1 and 2). For example, the genes in the human
chromosomal region 11q12.3 (hg38, chr11:63,079,940-63,410,294),
which includes SLC22A9, SLC22A10, SLC22A24, and SLC22A25
have low sequence identity to the parallel mouse syntenic region local-
ized on mouse chromosome 19. Notably, the genes in mouse chromo-
some 19 (chr19:7,643,247-8,392,204, mm39) are designated as
Slc22a19, Slc22a26, Slc22a27, Slc22a28, Slc22a29, and Slc22a30 (Wu
et al., 2009) and lack direct human orthologs. In addition, the orphan
transporter SLC22A31 has no mouse ortholog. Conversely, the mouse
transporters Slc22a21 (Octn3) and Slc22a20 (Oat6) (Wu et al., 2015a)
have no human orthologs. In fact, the human SLC22A20 is annotated
as a pseudogene by the National Center for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/nuccore/NR_033396.1).
The major events that involved the discovery and characterization of

members of the human SLC22 family are shown in Fig. 2, which
begins with discovery of the molecular identities of members of the

Fig. 1. Phylogeny tree analysis of the 28 members of the human solute carrier 22A and solute carrier 22B family using their amino acid sequences available from Uni-
prot (uniport.org).
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SLC22 family and includes functional characterization of their polymor-
phisms, knockout mice, and recent deorphaning studies.

Key Recent Advances

In this section, we summarize the function, tissue distribution and
transport mechanisms of individual transporters in the SLC22 family.
Further, we describe recent advances in deorphaning members of the
SLC22 family, and present new information on genomics, pharmacoge-
nomics and disease genetics of members of the SLC22 family.

Organic Cation Transporters: Function; Tissue Distribution and
Transport Mechanism
Three transporters with known preference for organic cations are

members of the SLC22 family: OCT1 (SLC22A1), OCT2 (SLC22A2),
and OCT3 (SLC22A3). In the human genome, the genes encoding these
transporters are located on chromosome 6 and are about 70% identical
to one another. Localized primarily to the plasma membrane, OCT1,
OCT2 and OCT3 are facilitated transporters that are independent of
sodium or proton gradients. These transporters have been extensively
studied and excellent review articles have been recently published (Lai
et al., 2018; Koepsell, 2020; Samodelov et al., 2020; Koepsell, 2021b;
Koepsell, 2021a). Their function, tissue distribution and substrate selec-
tivity are briefly summarized below.

OCT1 (SLC22A1). As the first member of the human SLC22 fam-
ily to be cloned and functionally characterized (Fig. 2), OCT1 is among
the most highly expressed SLC transporters in the human liver (Fig. 3,
Supplemental Table 2). Studies have shown significant correlation of
OCT1 transcript and protein levels in liver tissues or hepatocytes (Nies
et al., 2009; Fattah et al., 2017) and OCT1 protein expression is lower
in neonates and significantly higher in adults (Prasad et al., 2016). In
contrast, OCT1 has extremely low expression levels in all other tissues
except whole blood, where its expression levels are detectable and
higher than its two paralogs, OCT2 and OCT3. Proteomic studies
showed protein expression levels of OCT1 in the small intestine
although much lower levels than other known transporters, such as
OATP2B1 (Drozdzik et al., 2019; Kiss et al., 2021). OCT1 promiscu-
ously transports structurally diverse organic cations, including naturally
occurring compounds, such as thiamine (vitamin B1) and histamine,
and many synthetic drugs (e.g., metformin and sumatriptan) (Table 1).
The transport mechanism is bidirectional and is driven by the substrate
concentration and potential difference across the plasma membrane
(Fig. 4). Inhibitors of the transporter include a diverse array of prescrip-
tion drugs (Ahlin et al., 2011; Chen et al., 2017; Meyer et al., 2019;
Koepsell, 2021b). Canonical substrates of OCT1 used in functional
assays in cells are TEA (tetraethylammonium) and MPP1 (N-methyl-
pyridinium). ASP1 (4-(4-(dimethylamino)styryl)-N-methylpyridinium
iodide) has been used as a fluorescent substrate of the transporter and

Fig. 2. Timeline showing main key discoveries and events in research on the solute carrier 22 family. See Supplemental Table 1 for references. Figure was created
with Biorender.com.
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its paralogs (Gorboulev et al., 1997; Zhang et al., 1997; Ciarimboli
et al., 2004). Canonical inhibitors of OCT1, which can be used in cellu-
lar assays, include verapamil and quinidine.
OCT2 (SLC22A2). In contrast to OCT1, with its primary

expression in the liver, OCT2 is highly expressed in the kidney,
where it is localized to the basolateral membrane of the renal
tubule. OCT2 expression in the kidney is largely in the proximal
tubule (Fig. 3), but it is also present in the l of Henle and distal
tubule (Humphreys, 2021). Targeted proteomic studies showed
high abundance of OCT2 in human kidney and a strong correlation
between transcript and protein levels of OCT2 in the kidney
(Cheung et al., 2019). Similarly, to OCT1, OCT2 protein levels
are lower in neonates (Cheung et al., 2019) but similar across chil-
dren, adolescents, and adults (Li et al., 2019). It works in concert
with apical membrane transporters, e.g., multi-drug and toxin
extrusion proteins (MATEs, SLC47), to mediate secretory flux
from blood to urine of many basic drugs. The substrate selectivity
of OCT2 overlaps extensively with OCT1. That is, the transporter
interacts with structurally diverse basic drugs and naturally occur-
ring amines. Canonical substrates of OCT2 include the anti-dia-
betic drug metformin and the anti-cancer drug cisplatin. OCT2 is
thought to play major roles in the renal elimination of basic drugs
and the renal toxicity of cisplatin. Canonical inhibitors include
cimetidine, trimethoprim, and pyrimethamine (Koepsell, 2020);
however, these compounds also inhibit MATEs, albeit with differ-
ent kinetic properties. Thus, in a clinical situation or in vivo in
animals, it is often difficult to pinpoint the transporter implicated
in a renal drug-drug interaction.
OCT3 (SLC22A3). In contrast to both OCT1 and OCT2, which are

highly expressed in a single tissue, OCT3 is expressed in many tissues,
including arterial tissues, tibial nerve, prostate, ovaries, and uterus (Fig.
3). It is also expressed in tissues important in drug absorption and elimi-
nation, including the liver, kidney, and intestine, in both transcript and
proteomic studies (Nies et al., 2009; Drozdzik et al., 2019; Oswald
et al., 2019). In the intestine, OCT3 appears to be localized to the apical

membrane and to play a role in drug absorption (Chen et al., 2015),
whereas in the liver and kidney, the transporter appears to co-localize
with its paralogs, OCT1 and OCT2 on the basolateral membrane. In
organs of elimination, OCT3 is expressed at substantially lower levels
than its paralogs, suggesting that it plays a lesser role in the elimination
of most drugs. Like OCT1 and OCT2, the transport mechanism for
OCT3 is facilitated and based on the electrochemical gradient across
the plasma membrane. The substrate selectivity of OCT3 overlaps sub-
stantially with OCT1 and OCT2. Endogenously, the transporter appears
to be involved in the reuptake of catecholamines, thus regulating local
concentrations of neurotransmitters in the vicinity of their receptors
(Song et al., 2019). In cancer, inhibition of OCT3 transport has been
shown to be protective against doxorubicin-induced cardiac injury
(Huang et al., 2021). In addition, loss of OCT3 appears to play a role in
promoting hepatic fibrosis, where Oct3�/� mice showed increasing
expression levels of transforming growth factor b1 (both protein and
mRNA), as well as upregulation of transforming growth factor b-depen-
dent genes (Vollmar et al., 2019).

Organic Anion Transporters: Function, Tissue Distribution, and
Transport Mechanism
The human organic anion transporter subfamily of the SLC22 family

consists of eight transporters: OAT1 (SLC22A6), OAT2 (SLC22A7),
OAT3 (SLC22A8), OAT4 (SLC2A11), OAT7 (SLC22A9), OAT10
(SLC22A13), SLC22A24, and URAT1 (SLC22A12). SLC22A24,
which was recently deorphaned, will be described in the section Recent
Deorphaning Studies of Transporters in the SLC22A Family. Localized
primarily to the plasma membrane, these transporters have distinct
mechanisms to mediate transmembrane flux of their substrates. Below,
their function, specificity, tissue distribution and other molecular charac-
teristics are described. Excellent reviews, which describe most of these
transporters, have been recently published (Nigam, 2015; Nigam, 2018;
Kuang et al., 2021; Zhang et al., 2021).
OAT1 (SLC22A6). The first member of the organic anion trans-

porter subfamily, OAT1 is highly and predominantly expressed in the

Fig. 3. Transcriptomic measurements of 28 members in the solute carrier 22 family across 54 tissues. Transporters which have similar transcriptomic profiles are clus-
tered closer together. For example, major facilitator superfamily D10 and solute carrier 22A17 are expressed at high abundance (darker blue) across almost all tissues
and thus are next to each other. See Supplemental Table 2 to obtain the median transcripts per kilobase million values for each transporter and tissue. The data used
in this figure were obtained from the Genotype-Tissue Expression (GTEx) Multi Gene Query page (https://www.gtexportal.org/home/multiGeneQueryPage) (GTEx
Consortium, 2020). This visualization page allows a user to enter a list of genes and to display the expression in a heat map across tissues. The heat map is generated
using the hierarchical clustering method described in https://gtexportal.org/home/home/news?id=360 (section 2018-04-04). The GTEx Project was supported by the
Common Fund of the Office of the Director of the National Institutes of Health, and by National Cancer Institute, National Human Genome Research Institute,
National Heart, Lung, and Blood Institute, National Institute on Drug Abuse, National Institute of Mental Health, and National Institute of Neurological Disorders and
Stroke.
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TABLE 1

Substrates, membrane localization, genetic polymorphisms, and associated phenotypes of transporters in the solute carrier 22 family
Data not available or not known is noted as unknown.

SLC22 (Membrane
Localization)a Selected Substrates

Drugs (Levels or
Response) Associated

with Genetic
Polymorphisms

Metabolite Levels
Associated with

Genetic
Polymorphismsb

Common Disease or
Traits Associated with

Genetic
Polymorphismsb

Phenotypes of
Knockout Mice

SLC22A1 (Plasma
membrane)

thiamine, MPP1,
metformin,
oxaliplatin, TEA,
sumatriptan,
ondansetron,
morphine

Metformin, morphine,
ondansetron,
sumatriptan,
amitriptyline,
tramadol, fenoterol

Isobutyrylcarnitine,
other acylcarnitine

Lipid levels,
cardiovascular
disease

(i) Altered
pharmacokinetics
of metformin in
Oct1/Oct2 double
knockout mice; (ii)
Oct1�/� showed
reduced liver size,
increased body
weight and
changes in lipids
levels; (iii)
increased plasma
levels of several
organic cation
drugs in Oct1/Oct2
knockout mice

SLC22A2 (Plasma
membrane)

thiamine, metformin,
atenolol,
propranolol,
oxaliplatin, cisplatin,
TEA, MPP1,
dopamine,
histamine, sulpiride

Metformin,
gabapentin,
cisplatin

Unknown metabolite
(X-12798),
creatinine, N1-
methyladenosine

Estimated GFR,
serum creatinine

(i) Significantly
reduced renal
secretion of
organic cations;
(ii) Oct2�/� mice
showed significant
reduction in brain
tissue
concentrations of
norepinephrine and
serotonin; (iii)
protected from
cisplatin-induced
nephrotoxicity and
ototoxicity; (iv)
reduced metformin
renal clearance,
reduced volume of
distribution in
Oct1/Oct2 double
knockout mice

SLC22A3 (Plasma
membrane)

TEA, histamine,
serotonin,
norepinephrine,
dopamine,
metformin

Metformin Creatinine Lipid levels,
cardiovascular
disease, prostate
cancer, fat mass/
body weight

(i) Upon
norepinephrine
administration,
Oct3�/� induces
higher body
temperature,
thermogenesis, and
lipolysis; (ii) upon
induction of
middle cerebral
artery, Oct3�/�

showed significant
increased
histamine content
in ischemic cortex;
(iii) Oct3�/� mice
and Oct3�/�

pregnant mice
showed significant
differences in
metformin
pharmacokinetic;
(iv) Upon bile
duct ligation and
carbon
tetrachloride
induced cirrhosis,
Oct3�/� developed
more fibrosis; (v)
Catecholamine
uptake by Oct3 is
important in

SLC22 Family 1197
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TABLE 1 continued

SLC22 (Membrane
Localization)a Selected Substrates

Drugs (Levels or
Response) Associated

with Genetic
Polymorphisms

Metabolite Levels
Associated with

Genetic
Polymorphismsb

Common Disease or
Traits Associated with

Genetic
Polymorphismsb

Phenotypes of
Knockout Mice

activation of beta1
adrenergic receptor
stimulation; (vi)
Oct3�/� is
protected from
doxorubicin-
induced
cardiotoxicity;
(vii) https://www.
mousephenotype.
org/data/genes/
MGI:1333817

SLC22A4 (Plasma
membrane and
mitochondria)

ergothioneine,
gabapentin,
cytarabine, betaine,
TEA,
homostachydrine,
sulpiride

Gabapentin Acylcarnitine,
carnitine,
ergothioneine

Crohn's disease,
hematologic traits

(i) Upon epileptic
seizures induced,
Octn1�/� has
lower seizure
score; (ii)
Oxidative stress
indicators were
increased in
Octn1�/� mice;
(iii) reduced
absorption of 5-
aminosalicylic acid
in Octn1�/� upon
oral administration
to mice; (iv) LPS-
stimulation
increase
interleukin in
microglia cultured
from Octn1�/�;
(v) https://www.
mousephenotype.
org/data/genes/
MGI:1353479

SLC22A5 (Plasma
membrane)

carnitine, pyrilamine,
TEA, betaine, 3-
(18)F-l-a-methyl-
tyrosine, sulpiride,
mildronate,
oxaliplatin

Unknown Acylcarnitine,
carnitine,
acetylcarnitine,
ergothioneine

Asthma, hematologic
traits, body mass

(i) Homozygous
knockout
(preweaning
lethality), carnitine
deficiency; (ii)
Octn2�/� mice
altered pyrilamine
disposition (iii)
https://www.
mousephenotype.
org/data/genes/
MGI:1329012

SLC22A6 (Plasma
membrane)

PAH, indoxyl sulfate,
alpha ketoglutaric a
acid, uric acid,
tenofovir, 3-(18)F-l-
a-methyl-tyrosine,
acamprosate,
adefovir, cidofovir

Unknown Uric acid Unknown (i) Reduced renal
clearance of
organic anions
(e.g., para-amino
hippuric acid,
furosemide) in
Oat1�/�mice; (ii)
Differentiated
levels of
metabolites,
including uremic
solutes in different
tissues, plasma and
urine of Oat1�/�.

SLC22A7 (Plasma
membrane)

cGMP, cAMP, estrone
sulfate, tenofovir,
orotic acid,
creatinine, uric acid,
warfarin

Anthracycline-
induced
cardiotoxicity

Uric acid, creatinine Glomerular filtration
rate, blood
pressure, pulse
pressure, stroke

No data

SLC22A8 (Plasma
membrane)

estrone sulfate,
estradiol
glucuronide, indoxyl
sulfate, uric acid,

Cefotaxime Pregnanediol-3-
glucuronide

Unknown (i) Differentiated
levels of
metabolites in
plasma and urine
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TABLE 1 continued

SLC22 (Membrane
Localization)a Selected Substrates

Drugs (Levels or
Response) Associated

with Genetic
Polymorphisms

Metabolite Levels
Associated with

Genetic
Polymorphismsb

Common Disease or
Traits Associated with

Genetic
Polymorphismsb

Phenotypes of
Knockout Mice

tetradecanedioc acid,
cefotaxime, 17alpha-
Ethinylestradiol-3-
O-Sulfate,
sitagliptin,
enalaprilat

of Oat3�/� mice;
(ii) https://www.
mousephenotype.
org/data/genes/
MGI:1336187

SLC22A9 (Plasma
membrane)

estrone sulfate,
dehydroepian-
drosterone 3-O-
sulfate, ochratoxin
A, pravastatin

Unknown Uric acid, thyroxine Unknown No ortholog in mouse

SLC22A11 (Plasma
membrane)

estrone sulfate,
dehydroepian-
drosterone 3-O-
sulfate, ochratoxin
A, uric acid,
levocetirizine,
perfluorooctanoate,
17alpha-
Ethinylestradiol-3-
O-Sulfate,
enalaprilat

Unknown Uric acid Gout No ortholog in mouse

SLC22A12 (Plasma
membrane)

estrone sulfate, uric
acid,
perfluorooctanoate

Unknown Uric acid Gout (i) Double knockout
mice Urat1 and
uricase (Uox) is a
suitable mouse
model of renal
hypouricemia
Type 1.

SLC22A13 (Plasma
membrane)

nicotinic acid, uric
acid, 3-(18)F-l-
a-methyl-tyrosine,
glutamate, aspartate

Unknown Unknown Unknown No data

SLC22A14
(mitochondrial)

riboflavin Unknown Unknown Unknown (i) Defective fatty
acid oxidation in
Slc22a14�/�

spermatozoa; (ii)
Lower intracellular
pH of Slc22a14�/�

sperm and no
changed increased
in pH upon
addition of
bicarbonate.

SLC22A15 (Plasma
membrane)

ergothioneine,
carnitine, MPP1,
carnosine, creatine,
betaine,
dimethylglycine
gabapentin

Unknown Triacylglycerol Unknown https://www.
mousephenotype.
org/data/genes/
MGI:3607704

SLC22A16 (Plasma
membrane)

carnitine,
dimethylglycine,
betaine, doxorubicin

(i) Platinum-based
chemotherapy; (ii)
5-fluorouracil,
doxorubicin,
cyclophosphamide;
(iii) doxorubicin
and
cyclophosphamide

Acylcarnitine Hematologic traits Not available

SLC22A17 (Plasma
membrane)

Substrates unknown, it
is known as a
receptor for
lipocalin-2, an
adipocytokine.

Anthracycline-
induced
cardiotoxicity

Unknown Obese/overweight Homozygous
knockout
(preweaning
lethality); https://
www.
mousephenotype.
org/data/genes/
MGI:1926225

SLC22A24 (Plasma
membrane)

estrone sulfate,
estradiol
glucuronide,
taurocholic acid,
methotrexate

Unknown Progesterone, steroid
glucuronide

Conotruncal heart
defect

No ortholog in mouse
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human kidney (Fig. 3). To handle the high plasma levels of organic
anions, the transporter is exclusively localized to the basolateral mem-
brane of the proximal tubule (Breljak et al., 2016; Humphreys, 2021).
Proteomic studies showed significant correlation with transcript levels
and high abundance in the kidney (Nakamura et al., 2016; Cheung
et al., 2019; Li et al., 2019; Oswald et al., 2019). The mechanism by
which OAT1 transports its solutes across the plasma membrane is
through exchange with the dicarboxylic acid, alpha-ketoglutarate, which
is transported into the renal epithelia by sodium-dependent transporters

in the SLC13 family. Thus, the transport mechanism is considered to be
tertiary active. That is, the primary active transporter, sodium-potassium
ATPase, creates an inwardly-directed sodium gradient, which in turn,
drives the intracellular accumulation of alpha-ketoglutarate. Alpha-keto-
glutarate then flows down its concentration gradient in the efflux direc-
tion via OAT1 in exchange for an OAT1 substrate (in the influx
direction) (Lu et al., 1999; Uwai et al., 2017). Typical substrates of
OAT1 include drugs (e.g., penicillins, cephalosporins, non-steroidal
inflammatory drugs, and anti-viral drugs), toxins (ochratoxin), and a

TABLE 1 continued

SLC22 (Membrane
Localization)a Selected Substrates

Drugs (Levels or
Response) Associated

with Genetic
Polymorphisms

Metabolite Levels
Associated with

Genetic
Polymorphismsb

Common Disease or
Traits Associated with

Genetic
Polymorphismsb

Phenotypes of
Knockout Mice

SLC22A32
(MFSD10)
(Plasma
membrane)

diclofenac Unknown Unknown Unknown https://www.
mousephenotype.
org/data/genes/
MGI:1915544

aMembrane localization information is from https://opendata.cemm.at/gsflab/slcontology/.
bGenetic polymorphisms of these transporters that are associated with metabolites levels and with common diseases or human traits are obtained from the GWAS Catalog (https://www.ebi.
ac.uk/gwas/) and from the list of published GWAS with metabolomics (http://www.metabolomix.com/list-of-all-published-gwas-with-metabolomics/). Among the members in the solute car-
rier (SLC) 22A family, SLC22A10, SLC22A18, SLC22A23, SLC22A25, and SLC22A31 have no information about their interactions with any substrates or phenotypes in knockout mouse
and therefore are not included in this table. The references supporting information for each of the transporters are listed below.
SLC22A1: (Tzvetkov et al., 2011; Higgins et al., 2012; Tzvetkov et al., 2012; Tzvetkov et al., 2013; Chen et al., 2014; Matthaei et al., 2016; Balyan et al., 2017; Kim et al., 2017; Liang
et al., 2018; Tzvetkov et al., 2018; Morse et al., 2020; Matthaei et al., 2021)
SLC22A2: (Jonker et al., 2003; Song et al., 2008; Chen et al., 2009; Filipski et al., 2009; Zolk et al., 2009; Ciarimboli et al., 2010; Bacq et al., 2012; Higgins et al., 2012; Shin et al., 2014;
Yin et al., 2016; Gorski et al., 2017; Li et al., 2017; Miyake et al., 2019; Clemens et al., 2020; Costa et al., 2021)
SLC22A3: (Zhu et al., 2012; Lee et al., 2014; Chen et al., 2015; Shirasaka et al., 2016; Wang et al., 2016; Lee et al., 2018; Song et al., 2019; Vollmar et al., 2019; Huang et al., 2021;
Wang et al., 2021)
SLC22A4: (Grundemann et al., 2005; Taubert et al., 2005; Urban et al., 2008; Shimizu et al., 2015; Li et al., 2017; Shinozaki et al., 2017; Ishimoto et al., 2018; Tschirka et al., 2018; Nish-
iyama et al., 2020)
SLC22A5: (Grigat et al., 2009; Kato et al., 2009; Jong et al., 2011; Wei et al., 2016; Li et al., 2017)
SLC22A6: (Ho et al., 2000; Eraly et al., 2006; Wikoff et al., 2011; Zou et al., 2018; Antonescu et al., 2020; Bush et al., 2020)
SLC22A7: (Cropp et al., 2008; Lepist et al., 2014; Shen et al., 2015; Visscher et al., 2015; Bi et al., 2018)
SLC22A8: (Chu et al., 2007; Han et al., 2010; Vallon et al., 2012; Yee et al., 2013; Bush et al., 2017; Bush et al., 2020; Smeets et al., 2020)
SLC22A9: (Shin et al., 2007; Emami Riedmaier et al., 2016; Mathialagan et al., 2018; Gunja�ca et al., 2019; Boocock et al., 2020)
SLC22A11: (Ugele et al., 2008; Nakagawa et al., 2009; Han et al., 2010; Yang et al., 2010; Noguchi et al., 2017; Skwara et al., 2017; Smeets et al., 2020)
SLC22A12: (Yang et al., 2010; Hosoyamada et al., 2016; Tin et al., 2018; Cha et al., 2019; Chung and Kim, 2021)
SLC22A13: (Schulz et al., 2014; Wei et al., 2016)
SLC22A14: (Maruyama et al., 2016; Ito et al., 2021; Kuang et al., 2021)
SLC22A15: (Zhu et al., 2019; Yee et al., 2020; Fang et al., 2021)
SLC22A16: (Enomoto et al., 2002b; Okabe et al., 2005; Bray et al., 2010; Tecza et al., 2018; Takeuchi et al., 2020; Cui et al., 2021)
SLC22A17: (Visscher et al., 2015; Lee et al., 2016; Kim et al., 2019; Jaberi et al., 2021)
SLC22A24: (Ruth et al., 2016; Long et al., 2017; Yee et al., 2019)
SLC22A32: (Ushijima et al., 2008)

Fig. 4. Classification of solute carrier transport mechanisms. Circles depict substrate. The arrows show the general direction of flux. Triangles represent sodium and
hexagons represent anions, which may include organic anions, such as glutaric acid. Sodium and anions are ions that provide a driving force for transport by moving
down their concentration gradients. Examples of transporters in the solute carrier 22 family that function to move substrates across the plasma membrane by one of
the mechanisms (passive transport or secondary active transport) from high to low concentrations are shown in the figure. Secondary active solute carrier transport can
be classified further into co-transport (symport) and antiport. Figure was created with Biorender.com.
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range of compounds derived from gut bacterial or human metabolism,
such as uric acid, para-amino hippuric acid, and indoxyl sulfate (Table
1). Like OCT2, the transporter is a target for renal drug-drug interac-
tions, and therefore is studied extensively during drug development
(Giacomini et al., 2010; Zamek-Gliszczynski et al., 2018).
OAT3 (SLC22A8). Similar to OAT1, OAT3 is highly and predomi-

nantly expressed in the human kidney, with much lower levels of
expression in other tissues (Fig. 3). Proteomic studies showed similar
abundance of OAT1 and OAT3 in the kidney, with lower expression
levels in the neonates (Cheung et al., 2019; Li et al., 2019; Oswald
et al., 2019). Its high levels of expression in the kidney is consistent
with the transporter’s role in eliminating many naturally occurring and
synthetic compounds (Nigam, 2015; Nigam, 2018; Kuang et al., 2021;
Zhang et al., 2021). Single-cell RNA-seq data place OAT3 in all three
segments of the proximal tubule (S1, S2 and S3) (Humphreys, 2021),
and, along with OAT1, OAT3 has been localized to the basolateral
membrane serving in the secretion of its substrates (Breljak et al.,
2016). In the choroid plexus, the transporter appears to move its sub-
strates from the CSF back to the blood (Uchida et al., 2020). Like
OAT1, OAT3 is a tertiary active transporter moving its substrates into
the proximal tubule cells in exchange for alpha-ketoglutarate (Burck-
hardt et al., 2005; Burckhardt, 2012; Uwai et al., 2017) (Fig. 4). Phar-
macologically, OAT3 interacts with structurally diverse organic anions
and has overlapping but broader substrate specificity compared with
OAT1 (Table 1). Recent studies suggest that both OAT1 and OAT3
potently interact with drug metabolites, including sulfate and glucuro-
nide conjugates as well as oxidized metabolites (Wu et al., 2017; Zou
et al., 2021); however, OAT3 has a broader selectivity for metabolites
than OAT1 (Astorga et al., 2011). Consistently, OAT3, in contrast to
OAT1, can interact potently with certain non-anionic compounds,
including some basic drugs, such as cimetidine, where it may play a
role in their renal elimination (Tahara et al., 2005).
OAT2 (SLC22A7). In contrast to OAT1 and OAT3, which have a

predominant localization to the kidney, OAT2 is expressed abundantly
in both the kidney and liver, with lower levels of expression in other tis-
sues and organs (Fig. 3). This is similar to proteomic studies of the liver
and kidney (Nakamura et al., 2016; Oswald et al., 2019). The trans-
porter interacts with many organic anions such as para-aminohippuric
acid, and various anti-viral drugs, as well as other compounds. For
example, OAT2 is also capable of transporting various nucleobases,
nucleosides, and nucleotides, including the cyclic nucleotide cGMP as
well as nucleoside analog drugs (e.g., ganciclovir, warfarin) (Bi et al.,
2018; Mathialagan et al., 2018). Recent studies suggest that the trans-
porter works with other hepatic uptake transporters to mediate drug dis-
position (Zamek-Gliszczynski et al., 2018). Its role can be distinguished
from other liver organic anion transporters with the use of a specific
inhibitor, ketoprofen (Bi et al., 2019), and penciclovir has been pro-
posed as a specific substrate for use in human hepatocytes (Mathialagan
et al., 2018).
OAT4 (SLC22A11). Most highly homologous to URAT1 (SLC22A12)

in the SLC22 family (Fig. 1), OAT4 is highly and selectively expressed in
the kidney; however, its transcript and proteomic levels are more akin to
OCT2 than to the much higher levels of OAT1 or OAT3 (Fig. 3) (Li et al.,
2019) . Unlike OAT1, OAT2 and OAT3, OAT4 has an apical localization
in the proximal tubule where it plays a role in renal reabsorption (Miyazaki
et al., 2005). It appears to be localized to segments 1 and 3 of proximal
tubule epithelial cells and at lower levels in other cell types in the kidney
(Humphreys, 2021). The transporter is also found in human placenta, where
it appears to be responsible for the removal of sulfated conjugates of steroids
from the fetus (Ugele et al., 2003). OAT4 also exhibits a diverse substrate
specificity with a preference for organic anions. Typical substrates include
uric acid, the toxin ochratoxin A, and estrone sulfate (Table 1). Studies

showed that substitution of chloride in the uptake buffer enhanced uptake of
estrone sulfate in cells expressing OAT4 (Hagos et al., 2007). Recent studies
showed that OAT4 efflux glutamate and aspartate, similar to OAT10
(Skwara et al., 2017). There is no mouse ortholog for this gene.
OAT7 (SLC22A9). OAT7 has not been well-studied. It is expressed

in the liver at approximately 6% of the transcript levels of OAT2
according to GTEx portal, with lower expression levels in the brain and
negligible expression levels in other tissues (Fig. 3). Protein levels of
OAT7 in the human liver showed similar abundance as OAT2 (Vild-
hede et al., 2018). Specific substrates for the transporter have been diffi-
cult to identify. Recent studies have demonstrated that estrone 3-O-
sulfate and dehydroepiandrosterone 3-O-sulfate are excellent substrates
but not specific, as OATPs are known to take up sulfated steroids
(Mathialagan et al., 2018). Orthologs of OAT7 are found in primates
but not rodents.
OAT10 (SLC22A13). With its highest expression levels in the kid-

ney according to GTEx (Fig. 3), OAT10 has been the subject of recent
studies of uric acid disposition (Wang et al., 2020a). The transporter has
been recognized as a uric acid reabsorptive transporter localized to the
apical membrane of the renal tubule (Burckhardt, 2012; Otani et al.,
2020). Single-cell RNA-seq data, however, suggest that in comparison
with URAT1 (SLC22A12), OAT10 is expressed at much lower levels in
the proximal tubule (Humphreys, 2021). The transporter has a high
affinity for nicotinic acid and a lower affinity for uric acid (Bahn et al.,
2008). It also takes up the typical OAT substrate, para-amino hippuric
acid, with optimal uptake at pH 5, suggesting that it may act as a pro-
ton-organic anion symporter.
URAT1 (SLC22A12). With higher transcript and protein expression

levels in the kidney and much lower levels in other tissues, URAT1 is a
selective uric acid transporter (Fig. 3) (Nakamura et al., 2016; Cheung
et al., 2019). Expressed on the apical membrane of the renal proximal
tubule, URAT1, together with other transporters, serves in the reabsorp-
tion of uric acid. The transporter acts as an anion exchanger taking up
uric acid in exchange for inorganic (e.g., Cl-) and organic anions (e.g.,
lactate, nicotinate). It is the target of many uricosuric drugs including
lesinurad and newer drugs (Bardin and Richette, 2018). URAT1 has
been extensively discussed in many review articles on gout and uric
acid disposition (see Koepsell, 2013; Nigam and Bhatnagar, 2018;
Dong et al., 2019) and therefore will not be further reviewed here.

Zwitterion Transporters: Function, Tissue Distribution, and Transport
Mechanism
Four family members, which primarily transport zwitterions cluster

together phylogenetically in the human SLC22 family. These include
OCTN1 (SLC22A4), OCTN2 (SLC22A5), SLC22A15, and SLC22A16
(fly-like putative transporter 2). SLC22A15 was recently deorphaned
(see section Recent Deorphaning Studies of Transporters in the
SLC22A Family). As with other SLC22 family members, the transport-
ers all contain 12 transmembrane domains and a large extracellular loop
between the first and second transmembrane domain. A few review
articles about OCTNs have been recently published (Pochini et al.,
2019; Betterton et al., 2021; Sweet, 2021). Below, we briefly describe
OCTN1, OCTN2, and SLC22A16.
OCTN1 (SLC22A4). OCTN1 is expressed in a variety of tissues

throughout the body and in particular, in whole blood (Fig. 3). Protein
expression levels of OCTN1 in the kidney are lower than OCT2 and
OATs (Li et al., 2019) and its protein is also expressed in the small
intestine (Nakamura et al., 2016). OCTN1 is sometimes termed the
ergothioneine transporter (Grundemann et al., 2005). Ergothioneine is a
naturally occurring zwitterion, which is derived from fungi and some
bacterial species. Its levels in whole blood are dependent on OCTN1
expression, consistent with a major role of OCTN1 in ergothioneine
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disposition. Ergothioneine is thought to function as an important anti-
oxidant in the body. Though not a true vitamin with a deficiency syn-
drome, ergothioneine has been proposed to be a “longevity” vitamin
(Ames, 2018) because of its potent anti-oxidant activity and high levels
in the human body. OCTN1 transports ergothioneine in a sodium-
dependent fashion, thus promoting the intracellular accumulation of
ergothioneine in tissues in which it is expressed. In addition, OCTN1
transports various organic cations, including choline, acetylcholine and
tetraethylammonium (Pochini et al., 2019). There are some data sug-
gesting that the transporter may function biologically in the release of
acetylcholine. OCTN1 appears to have a complex transport mechanism
that depends on both the direction of transport (influx or efflux) as well
as the charge of its substrates. In particular, though influx of ergothio-
neine is sodium-dependent, influx of acetylcholine, a cation, is inhibited
by sodium. In contrast, acetylcholine efflux is not sodium-sensitive.
Proteoliposomes have been used to characterize OCTN1 function,
which provides excellent support for its transport mechanism as well
as its substrate selectivity (Pochini et al., 2019). Drugs that have been
identified as substrates of OCTN1 include metformin, sulpiride, gaba-
pentin, and cytarabine, although these substrates are controversial
(Tschirka et al., 2018) (Table 1).
OCTN2 (SLC22A5). In contrast to OCTN1, OCTN2 is primarily a

carnitine transporter. The transporter gene is located together with
OCTN1 in a locus on chromosome 5. With ubiquitous expression in
most tissues in the body, including the proximal tubule and intestine
(Kato et al., 2006), OCTN2 serves in carnitine homeostasis providing
70 to 80% of the body’s supply of carnitine through intestinal dietary
absorption and renal reabsorption mechanisms. In humans, transport of
carnitine across the intestinal basolateral membrane transporter is not
well-established. Studies suggest that the rodent ortholog of OCTN3,
which is localized to the basolateral membrane in intestinal epithelia,
may play a role in carnitine absorption (Duran et al., 2005; Garcia-
Miranda et al., 2005). The remainder of the body’s carnitine is synthe-
sized. Essential in fatty acid oxidation, carnitine is needed by virtually
all tissues. Carnitine transporter deficiency (CTD) is an autosomal reces-
sive disease caused by mutations in OCTN2 (see section Rare Diseases
Involving Mutations in SLC22 Family). OCTN2 is a sodium co-trans-
porter and serves in carnitine influx. It also interacts with carnitine acyl
esters as well as various synthetic molecules. The transporter can serve
in a sodium-independent fashion in efflux of its substrates and in partic-
ular, acyl-carnitine esters when their intracellular concentrations exceed
their extracellular concentrations. Drugs that are substrates of OCTN2
include mildronate and sulpiride (Grigat et al., 2009; Li et al., 2017)
(Table 1). OCTN2 and CTD have been the subject of many review
articles (Longo, 2016; Almannai et al., 2019; Pochini et al., 2019).
Fly-like Putative Transporter 2 (SLC22A16). Sometimes termed

CT2 or fly-like putative transporter, SLC22A16 is a high-affinity carni-
tine transporter (Enomoto et al., 2002b). Only a few studies characteriz-
ing the function of SLC22A16 have been published (Table 1). The
transporter is highly expressed in human testes, with much lower levels
of expression in other tissues. It appears to be localized to Sertoli cells
within the testis and to the luminal membrane of epididymal epithelium.
Carnitine is essential in the regulation of motility of spermatozoa as
well as to their maturation. Because of its polarity, carnitine clearly
needs a transporter to foster its intracellular accumulation. In the testes,
SLC22A16 is a highly specialized transporter. SLC22A16-mediated
carnitine uptake is inhibited by acyl-carnitine derivatives as well as
betaine. SLC22A16 is over-expressed in some cancers, such as acute
myeloid leukemia (Wu et al., 2015b), and its over-expression is tied to
the growth and viability of the tumor cells, suggesting that it may be a
viable target for the treatment of cancers.

SLC22B Synaptic Vesicular Glycoprotein 2
The SLC22B subfamily is comprised of three synaptic vesicle glyco-

protein 2 members [SV2A (SLC22B1), SV2B (SLC22B2) and SV2C
(SLC22B3)] and SVOPL and SVOP. These proteins are most closely
aligned with SLC22A18 and MFSD10 in the SLC22 family. Multiple
sequence alignments of the five SLC22B family members with MFSD10
and SLC22A18 result in approximately �13 to 19% identity, sug-
gesting that SLC22A and SLC22B are related but do not meet the
25% criteria for sequence homology of family members. The SV2
family has recently been reviewed (Janz et al., 1998; Bartholome
et al., 2017; Stout et al., 2019) and is briefly described here. Consis-
tent with other SLC22 family members, SV2 family members are
12-transmembrane proteins, which have about 65% sequence homol-
ogy with one another. These proteins are expressed in secretory
vesicles, such as synaptic vesicles, and seem to be important in neu-
rotransmission, yet their exact function remains unknown (Bajjalieh
et al., 1993; Crowder et al., 1999). Nevertheless, the proteins, and in
particular SV2A, have been targeted by small molecules. For exam-
ple, levetiracetam targets SV2A to treat epilepsy. The drug was
approved for clinical use before its target was identified. Within the
brain, the three proteins have distinct expression patterns, with
SV2A being the most ubiquitous followed by SV2B which is found
primarily in the trigeminal and motor nuclei followed by SV2C,
which is found in the striatum, midbrain, and ventral pallidum.
Despite extensive experimentation, the precise function of these pro-
teins is unknown. The proteins have been thought to function in
vesicular transport similar to the monoamine transporters in the
SLC18 family; however, to date, evidence for vesicular transport
function has not been found. SV2A has been shown to transport
galactose when vesicles are fused with the plasma membrane
(Madeo et al., 2014). SV2 proteins in vesicles that are fused to the
plasma membrane may interact with botulinum and tetanus neurotox-
ins (Dong et al., 2006; Stout et al., 2019). The three proteins are
implicated in Alzheimer’s disease and Parkinson’s disease67,
although until their precise functions are identified, the mechanisms
for their roles in neurodegeneration will remain elusive. SVOP
(SLC22B4) and SVOPL (SLC22B5) are more distantly related to
SV2, but nevertheless in the SLC22B family. The proteins are both
vesicular. SVOP has been studied in knockout mice and is clearly
not essential for the fertility or viability of the mice, which have no
obvious phenotypes (Yao et al., 2013). Like SV2A, SVOP is ubiqui-
tously expressed in all brain regions. SVOPL is a paralog of SVOP
(Jacobsson et al., 2007). Little is known about the gene and protein;
however, the gene appears to be maternally imprinted with the pater-
nal allele inactivated through DNA methylation (Yao et al., 2013).
Expressed earlier in development, SVOPL expression levels in the
brain decline with aging.

Recent Deorphaning Studies of Transporters in the SLC22A
Family
Among the 28 members of the SLC22 family, ten are orphans. Six of

the orphans are SLC22A members and four are atypical SLC22B mem-
bers. These ten orphan transporters have no known substrates. Three of
the 28 SLC22 members were deorphaned in the last few years (Fig. 2).
These are SLC22A24 (Yee et al., 2019), SLC22A15 (Yee et al., 2020)
and SLC22A14 (Kuang et al., 2021). Notably, untargeted metabolomic
approaches were used as the primary method to identify substrates of
these recently deorphaned transporters. Other methods were used in the
deorphaning studies, for example, microscopy methods to localize the
transporter as well as structural method to detect the charge specificity
of the transporters.
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SLC22A24. In the phylogeny tree, SLC22A24 clusters with the
organic anion transporters, SLC22A6, SLC22A8, SLC22A11, and
SLC22A12. SLC22A24 substrates were discovered using a combination
of genome-wide association metabolomic studies (GWAS-metabolo-
mic) and untargeted metabolomic methods in HEK293 cells overex-
pressing SLC22A24 (Yee et al., 2019). In the GWAS-metabolomic
studies, a common nonsense mutation in SLC22A24, p.Tyr501Ter was
found to be associated at genome-wide levels of significance with lower
plasma levels of three steroid metabolites, progesterone, etiocholanolone
glucuronide, and androsterone glucuronide. In the untargeted metabolo-
mic studies, cells recombinantly expressing SLC22A24 were exposed
to media containing fetal bovine serum and found to take up several ste-
roid sulfate and glucuronide conjugates, bile acids and dicarboxylic
acids. The transport mechanism was determined to be independent of
sodium and involve exchange with glutaric acid. Because the variant,
p.Tyr501Ter is common, transcript levels of SLC22A24 are difficult to
detect presumably because of nonsense mediated decay. However,
according to data from single cell RNAseq (Humphreys, 2021),
SLC22A24 is expressed in segment 3 of the renal proximal tubule. Fur-
ther, because the p.Tyr501Ter, which was found to be non-functional,
was associated with reduced plasma levels of steroid conjugates, the
transporter was presumed to function in the reabsorption of its sub-
strates and play a role in steroid homeostatic mechanisms. Sequencing
studies have revealed that approximately 50–80% of individuals in all
populations have at least one allele of SLC22A24 containing the non-
sense polymorphism (rs11231341), suggesting the transporter is disap-
pearing from the human genome. In fact, SLC22A24 was also found to
have interesting evolutionary pattern, with great apes having a direct
ortholog of SLC22A24 but old and new world monkeys lacking a direct
ortholog. Further, the gene was not found in many mammals, but was
found in mice, lemurs, horses, and rats. However, species differences in
the substrate specificity of the SLC22A24 orthologs were notable, sug-
gesting that the transporter is under evolution pressure. Future studies
are needed to determine the membrane localization of SLC22A24 and
its pharmacological role in drug disposition.
SLC22A15. In the phylogenetic tree, SLC22A15 clusters together

with zwitterion transporters, SLC22A4, SLC22A5 and SLC22A16. To
deorphan this transporter, untargeted metabolomic approaches were
used in cells recombinantly expressing SLC22A15. These approaches
showed that SLC22A15 transports zwitterions such as ergothioneine,
carnitine, betaine, as well as to a lesser extent cations including MPP1
and neurotransmitters. Prior to characterization of SLC22A15 (Yee
et al., 2020), only SLC22A4 was a known specific ergothioneine trans-
porter (Grundemann et al., 2005); however, questions remained about
how ergothioneine, a hydrophilic zwitterion found in abundance in the
brain, entered brain parenchyma. The deorphaning studies show that
SLC22A15 transports ergothioneine, but with a higher Km (affinity)
than SLC22A4. Like SLC22A4, SLC22A15 transports its substrates in
a sodium dependent fashion, and is thus able to concentrate its sub-
strates intracellularly. Though both transporters are expressed in multi-
ple tissues, SLC22A15 is expressed more abundantly in various regions
of the brain (Fig. 3) suggesting it may play a role in the CNS disposi-
tion of ergothioneine and carnosine, two important anti-oxidants.
SLC22A15 has been shown to play a role in cell proliferation (Zhu
et al., 2019; Fang et al., 2021).
SLC22A14. SLC22A14 is a specific transporter in the testes. Male

Slc22a14 knockout mice and also male mice with a deletion on chromo-
some 9, which includes Slc22a14 along with several other genes, are
phenotypically infertile (Runkel et al., 2008; Maruyama et al., 2016).
However, the mechanism for the infertility remained unclear until a
recently published deorphaning study revealed the substrate of
SLC22A14 (Kuang et al., 2021). Unlike SLC22A15 and SLC22A24,

which are expressed on the plasma membrane, SLC22A14 and its
mouse ortholog Slc22a14 are expressed in the mitochondria. Therefore,
mitochondrial lysates from HEK293 cells overexpressing empty vector,
and human and mouse SLC22A14 were isolated and subject to untar-
geted metabolomic analyses (Kuang et al., 2021). Riboflavin was the
top metabolite and was present at significantly higher levels in the mito-
chondrial lysate from HEK293 cells overexpressing human or mouse
SLC22A14 compared with empty vector. Other metabolites relevant to
the role of riboflavin in energy metabolism were also modulated. These
include fatty acids and triacylglycerides. In further elegant studies, the
mechanisms by which riboflavin deficiency in Slc22a14 knockout mice
caused infertility were revealed and included reduced sperm motility
leading to infertility. It is not known whether SLC22A14 transports
other anions that may overlap with SLC22A13 since they cluster
together phylogenetically (Fig. 1).

Pharmacogenetics of SLC22 Transporters
Genetic polymorphisms in the coding and non-coding regions of ten

members in the SLC22 family have been discovered and functionally
characterized (Fig. 2, Supplemental Table 1). At about the same time as
the publication of the draft human genome sequence, common genetic
variants in SLC22A1 and SLC22A2 were discovered through sequenc-
ing approximately 200 DNA samples from ethnically diverse popula-
tions. These variants were functionally characterized to determine their
effects on transporter activity or expression levels (Kerb et al., 2002;
Leabman et al., 2002; Leabman et al., 2003). Several of these coding
variants have been significantly associated with drug disposition in can-
didate gene studies (Supplemental Table 1) (Yee et al., 2018). The first
candidate gene study of an SLC22 family member was performed by
the Giacomini Laboratory to determine the effect of OCT1 reduced
function variants (p.R61C, p.G401S, p.M420Del, p.G465R) on metfor-
min disposition and response (Shu et al., 2007; Shu et al., 2008). Since
then, many other studies have documented the impact of reduced func-
tion variants in OCT1 on the disposition, toxicity, and response of a
wide range of basic drugs. These include metformin (Song et al., 2008),
morphine (Tzvetkov et al., 2013; Balyan et al., 2017), ondansetron
(Tzvetkov et al., 2012), sumatriptan (Matthaei et al., 2016), and, more
recently, amitriptyline (Matthaei et al., 2021). Importantly, these
reduced function variants are common in individuals of European
ancestry, which range from 2% (OCT1 p.G401S) to 18% (OCT1 p.
M420Del). Though absent in East Asians, OCT1 p.M420Del is present
other ethnic groups, albeit at variable allele frequencies (African ances-
try 5%, Latino 29%, South Asians 15%, Central Asia 20%, Middle
East 10%) (Seitz et al., 2015). The common missense variant in East
Asian is OCT1 p.P341, although predicted to be deleterious, but did not
show any functional differences among the substrates screened (Shu
et al., 2007; Seitz et al., 2015). This growing body of literature led the
International Transporter Consortium to designate polymorphisms in
OCT1, along with OATP1B1 (SLCO1B1) and breast cancer resistance
protein (ABCG2), as important determinants of drug disposition and
response (Yee et al., 2018).
Unlike OCT1 which has many common missense polymorphisms,

other members of the SLC22 family have fewer common missense var-
iants and only a few of these have shown significant associations with
drug disposition or response. Although the missense variant OCT2
p.A270S (rs316019) has been widely studied, the effect of this variant
is inconsistent across different ethnic groups with respect to metformin
disposition (Wang et al., 2008; Chen et al., 2009; Tzvetkov et al., 2009;
Zolk et al., 2009; Yoon et al., 2013; Moon et al., 2018; Kuhlmann
et al., 2021) and is weakly or not associated with the disposition of
other drugs (Borghetti et al., 2019; Yamamoto et al., 2019; Costa et al.,
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2021). The allele frequency of OCT2 p.A270S ranges from 5% in
Latino to 15% in African American (https://gnomad.broadinstitute.org/).
However, SLC22A2 polymorphisms, including rs316019, have shown

significant associations with serum creatinine and estimated glomerular fil-
tration rate in genomewide association studies, perhaps due to larger sam-
ple sizes, usually of at least 5000 individuals (Shin et al., 2014; Pattaro
et al., 2016; Gorski et al., 2017; Kanai et al., 2018). The impact of genetic
variations in organic cation transporters on drug disposition has been
recently reviewed (Koepsell, 2020; Zazuli et al., 2020; Kolz et al., 2021).
Genetic variants in other SLC22 family have also been studied (see

Table 1).

Drug-Drug Interactions Involving SLC22 Family Members
The SLC22 family is among the most important families in mediat-

ing clinically relevant drug-drug interactions. In particular, three trans-
porters in the family, all expressed in the kidney, are studied
extensively as targets for drug-drug interactions during drug develop-
ment: OCT2 (SLC22A2), OAT1 (SLC22A6), and OAT3 (SLC22A8)
(Giacomini et al., 2010; Zamek-Gliszczynski et al., 2018) (Table 2).
Another transporter in the family, OCT1 (SLC22A1) is considered a
potential target for hepatic drug-drug interactions and is increasingly
being studied during drug development (Zamek-Gliszczynski et al.,
2018). Guidance from regulatory authorities include methods for per-
forming standardized cellular uptake assays to assess the interaction and
inhibition potency of a new drug with the three transporters (OAT1,
OAT3, and OCT2). The inhibition potency (IC50) is compared with
clinical plasma concentrations of the unbound drug to predict the liabil-
ity of the drug to cause a clinical drug-drug interaction. If the expected
unbound plasma concentrations exceed 0.1 x IC50, a clinical drug-drug
interaction study should be considered (Giacomini et al., 2010). For
both in vitro and clinical studies, appropriate assay conditions, and
probe substrates and inhibitors should be used (Sudsakorn et al., 2020).
In addition to these renal transporters, OCT1 is being increasingly rec-
ognized as a potential target for clinical drug-drug interactions (Zamek-
Gliszczynski et al., 2018), and, as noted in the previous section, the
transporter has several polymorphisms that may affect drug disposition
and response (Matthaei et al., 2016; Tzvetkov et al., 2018; Yee et al.,
2018). Hypothetically, prescription drug inhibitors of the transporter,
which would phenocopy the reduced function polymorphisms, may also
lead to drug-drug interactions.

Rare Diseases Involving Mutations in SLC22 Family
Common and rare genetic variants in membrane transporters influ-

ence various traits as well as the onset and progression of human dis-
ease (Lin et al., 2015; Huizing and Gahl, 2020; Juan-Carlos et al., 2021;
Kabra and Singh, 2021). Here, we focus on members in the SLC22
family, which are associated with human disease. In particular, rare
mutations in SLC22A5 (OCTN2) and SLC22A12 (URAT1) are causal
for carnitine transporter deficiency (CTD) and renal hypouricemia,
respectively (Nezu et al., 1999; Enomoto et al., 2002a). Both disorders
are inherited in an autosomal recessive manner, where two alleles con-
taining reduced function variants are needed to cause the disease. Cur-
rently, several databases annotate the mutations found in sequencing:
LOVD (https://www.lovd.nl/) and ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/).
CTD is tested for biochemically as part of newborn screening in Cali-

fornia and other states and countries (Gallant et al., 2017). One of the
more common mutations among individuals with CTD is p.Pro46Ser
(Frigeni et al., 2017). Patients with untreated CTD present with various
clinical symptoms, including cardiomyopathy, fatty liver, and hypogly-
cemia (Magoulas and El-Hattab, 2012). Over 90 mutations in SLC22A5

have been functionally characterized for their effects on carnitine uptake
(Frigeni et al., 2017).
Most mutations that are causal for the disease are associated with

reduced function, and many are complete loss of function variants.
Methods to characterize the effect of OCTN2 mutations include isotopic
uptake studies of carnitine in cells recombinantly expressing OCTN2
(e.g., HEK293, CHO cells), uptake studies in fibroblasts from individual
patients with CTD (Urban et al., 2006; Frigeni et al., 2017), and micros-
copy studies in cells expressing GFP-tagged OCTN2 (Lamhonwah and
Tein, 1999; Wang et al., 1999; Ferdinandusse et al., 2019).
Renal hypouricemia occurs as a result of rare mutations in SLC22A12.

Hypouricemia is not considered deleterious to individuals and, in fact, is
often beneficial. Notably, SLC22A12 (URAT1) is a target for the treat-
ment of hyperuricemia (gout) (Reginato et al., 2012). Individuals with
two alleles containing reduced function variants of SLC22A12 have renal
hypouricemia. Hypouricemia is characterized by low levels of uric acid
in the plasma but high levels of uric acid in the urine, which can cause
urolithiasis, and potentially lead to acute kidney injury (Chung and Kim,
2021). The most common mutations found in patients with renal hypouri-
cemia are SLC22A12 p.Trp258Ter and p.Arg90His, which are found in
East Asians (Cha et al., 2019). Other mutations associated with renal
hypouricemia found in other ethnic groups have been identified in various
case studies (Claverie-Martin et al., 2018; Vidanapathirana et al., 2018).
Functional studies to characterize the missense variants have been
conducted and in general, show reduced uptake of uric acid in cells
expressing the variant transporters and poor localization of the mutant
transporters to the plasma membrane (Tasic et al., 2011; Claverie-Martin
et al., 2018).
In addition to rare mutations in the transporters in the SLC22 family

that are causal for human disease, common variants in several SLC22
transporters have been associated with more common disease (Table 1).
For example, common polymorphisms in SLC22A5 and SLC22A12 are
significantly associated with carnitine and uric acid levels respectively
in multiple metabolomic genomewide association studies (Rhee et al.,
2013; Shin et al., 2014; Chen et al., 2020). These polymorphisms have
also been associated with common diseases relevant to carnitine (e.g.,
body mass) (Hubel et al., 2019) and uric acid (i.e., gout) (Tin et al.,
2011). Furthermore, low-frequency damaging variants in SLC22A12
have been significantly associated with reduced gout risk (Tin et al.,
2018). In Table 1, we provide references and information about associa-
tions of polymorphisms in SLC22 family members with human traits
and diseases as well as information from knockout mice.

Current Challenges, Knowledge Gaps, and Future Directions
The SLC22 family is increasingly recognized for its critical roles in

human pharmacology and biology. As mediators of drug-drug interac-
tions and pharmacogenomic phenotypes, transporters in this family have
been highly studied. Nevertheless, there remain important gaps in our
understanding of this transporter family. In particular, structural informa-
tion of mammalian SLC22 orthologs are lacking, making it difficult to
understand the precise mechanisms of substrate binding and release and
rendering docking studies for drug discovery purposes not possible. Fur-
ther, there remain 10 orphan transporters in the human SLC22 family, in
which no substrates or transport mechanisms have been identified. These
orphan transporters are SLC22A10, SLC22A17, SLC22A18, SLC22A23,
SLC22A25, SLC22A31, SV2B, SV2C, SVOP, and SVOPL. Some of
these orphan transporters are associated with human disease, yet their
mechanisms for association remain unresolved. For example, SLC22A17
is also known as lipocalin-2 receptor. In 2005, Devireddy et al. showed
that Slc22a17 [a murine receptor for 24p3 (lipocalin)] is involved in
endocytosis of iron which may represent its biologic function (Devireddy
et al., 2005). However, SLC22A17 has been studied in various systems
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in relation to its role in cancer prognosis (Miyamoto et al., 2016; Chi
et al., 2020; Wang et al., 2020b; Wei et al., 2020), kidney disease (Lange-
lueddecke et al., 2012), and obesity (Kim et al., 2019; Suzuki et al.,
2021). It is not clear whether these traits are related to its role in endocy-
tosis of iron. Other orphan transporters, in particular SLC22A18 and
SLC22A23, have been shown to play a role in cancer resistance (Chen
et al., 2011; Ekizoglu et al., 2018; Ito et al., 2018; Yang et al., 2018). In
addition, SLC22A18 plays a role in lipid metabolism, whereas genetic
polymorphisms in SLC22A23 are associated with inflammatory bowel
disease (Serrano Leon et al., 2014; Naito et al., 2018) and quetiapine-
induced QT prolongation (Aberg et al., 2012). Efforts are needed to iden-
tify substrates of these orphan transporters to understand the mechanisms
for these associations. Attempts to identify transporter ligands for
SLC22A17 and SLC22A23 have not been successful, perhaps because
these transporters function primarily in endocytosis (Bennett et al., 2011).
The mechanisms for many associations of polymorphisms in SLC22 fam-
ily members with human traits and disease need to be identified, as many
associations have been made in human genetic studies but mechanistic
information is lacking. Finally, genetic polymorphisms and mutations
need functional annotation to understand and predict their impact in
human disease and drug response.

Conclusions

The SLC22 family is of great pharmacological and physiologic
importance. Most members of the family are highly promiscuous, trans-
porting a diverse array of substrates but having charge specificity for
organic anions, cations and zwitterions. This promiscuity as well as

their high expression levels in organs of elimination results in the criti-
cal roles of many of these transporters (e.g., OCT1, OCT2, OAT1, and
OAT3) in pharmacokinetics, pharmacogenetics and as targets for drug-
drug interactions. Some of the transporters, OCTN2 and URAT1, how-
ever, have a narrow substrate selectivity transporting essential solutes,
such as carnitine and uric acid, and leading to their roles in human dis-
ease. Future research should be focused on functional genomics of
SLC22 transporters important in pharmacogenomics and human disease,
deorphaning the many orphan transporters in both the SLC22A and
SLC22B subfamilies, further understanding the biologic and pharmaco-
logical roles of these transporters, including their roles in remote sens-
ing and signaling (Nigam and Bush, 2019; Nigam et al., 2020),
developing tools for modulating their function, and elucidating struc-
tures to enable drug discovery as well as a complete understanding of
their transport mechanisms.

Authorship Contributions
Wrote or contributed to the writing of the manuscript: Yee, Giacomini.

References

Aberg K, Adkins DE, Liu Y, McClay JL, Buksz�ar J, Jia P, Zhao Z, Perkins D, Stroup TS, Lieberman
JA, et al. (2012) Genome-wide association study of antipsychotic-induced QTc interval prolonga-
tion. Pharmacogenomics J 12:165–172.

Aherne GW, Piall E, Marks V, Mould G, and White WF (1978) Prolongation and enhancement of
serum methotrexate concentrations by probenecid. BMJ 1:1097–1099.

Ahlin G, Chen L, Lazorova L, Chen Y, Ianculescu AG, Davis RL, Giacomini KM, and Artursson
P (2011) Genotype-dependent effects of inhibitors of the organic cation transporter, OCT1: pre-
dictions of metformin interactions. Pharmacogenomics J 11:400–411.

Almannai M, Alfadhel M, and El-Hattab AW (2019) Carnitine Inborn Errors of Metabolism. Mol-
ecules 24:18.

TABLE 2

Substrates, inhibitors, and biomarkers of SLC22 transporters that are potential targets for drug-drug interactions. Table 2 lists the canonical in vitro substrates and inhibitors
of the three SLC22 family members that are targets for drug-drug interactions, along with clinical substrates and inhibitors that have been recommended by the US Food

and Drug Administration (see https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers#Table5–2).
In addition, the International Transporter Consortium has recommended a set of biomarkers for each of these transporters (Chu et al., 2018). These biomarkers are endoge-
nous substrates of the transporters and can be measured during clinical studies to assess the effect of candidate drugs on the transporter. Changes in the levels of the bio-

markers in the presence of a new drug indicates that the drug may potentially inhibit the transporter and cause a transporter-mediated clinical drug-drug interaction.

Transporter In Vitro Substrates In Vitro Inhibitors Clinical Substrates
Clinical

Inhibitorsa Biomarkersb References

OAT1 Adefovir, PAH,
Cidofovir,
Tenofovir

Benzylpenicillin,
Probenecid

Adefovir,
Cefaclor,
Ceftizoxime,
Famotidine,
Furosemide,
Ganciclovir,
Methotrexate,
Oseltamivir
Carboxylate,
Penicillin G

PAH,
Probenecid,
Teriflunomide

Taurine, kynurenic
acid

(Honari et al., 1977;
Aherne et al.,
1978; Laskin
et al., 1982;
Inotsume et al.,
1990; Cimoch
et al., 1998;
Wattanagoon
et al., 2009;
Wiebe et al.,
2020; Tang et al.,
2021)

OAT3 Benzylpenicillin,
Estrone-3-
sulfate,
Methotrexate,
Pravastatin

Benzylpenicillin,
Probenecid

6bHC,GCDCA-S,
kynurenic acid

OCT2 Metformin,
MPP1, TEA

Cimetidine Metformin Cimetidine,
Dolutegravir,
Isavuconazole,
Ranolazine,
Trimethoprim,
Vandetanib

N1-methylnicot-
inamide
(NMN),
creatinine,

(Somogyi et al.,
1987; Kusuhara
et al., 2011; Grun
et al., 2013;
Johansson et al.,
2014; Muller
et al., 2015; Zack
et al., 2015; Song
et al., 2016;
Yamazaki et al.,
2017; Wiebe
et al., 2020)

6bHC, 6b-hydroxycortisol; GCDCA-S, glycochenodeoxycholate- 3-O-sulfate; MPP1, 1-methyl-4phenypyridinium; PAH, p-aminohippurate; TEA, tetraethylammonium.
aClinical Inhibitors of OCT2 are generally more potent inhibitors of MATE1 and MATE2-K and likely act via inhibition of those transporters rather than OCT2. Data from: https://
www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers#Table5–2
bIncluding recommendations from the International Transporter Consortium (ITC) (Chu et al., 2018)

SLC22 Family 1205

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers#table5-2
http://dmd.aspetjournals.org/


Ames BN (2018) Prolonging healthy aging: Longevity vitamins and proteins. Proc Natl Acad Sci
USA 115:10836–10844.

Antonescu IE, Karlgren M, Pedersen ML, Simoff I, Bergstr€om CAS, Neuhoff S, Artursson P, Stef-
fansen B, and Nielsen CU (2020) Acamprosate Is a Substrate of the Human Organic Anion
Transporter (OAT) 1 without OAT3 Inhibitory Properties: Implications for Renal Acamprosate
Secretion and Drug-Drug Interactions. Pharmaceutics 12:390.

Astorga B, Wunz TM, Morales M, Wright SH, and Pelis RM (2011) Differences in the substrate
binding regions of renal organic anion transporters 1 (OAT1) and 3 (OAT3). Am J Physiol
Renal Physiol 301:F378–F386.

Bacq A, Balasse L, Biala G, Guiard B, Gardier AM, Schinkel A, Louis F, Vialou V, Martres MP,
Chevarin C, et al. (2012) Organic cation transporter 2 controls brain norepinephrine and seroto-
nin clearance and antidepressant response. Mol Psychiatry 17:926–939.

Bahn A, Hagos Y, Reuter S, Balen D, Brzica H, Krick W, Burckhardt BC, Sabolic I, and Burck-
hardt G (2008) Identification of a new urate and high affinity nicotinate transporter, hOAT10
(SLC22A13). J Biol Chem 283:16332–16341.

Bajjalieh SM, Peterson K, Linial M, and Scheller RH (1993) Brain contains two forms of synaptic
vesicle protein 2. Proc Natl Acad Sci USA 90:2150–2154.

Balyan R, Zhang X, Chidambaran V, Martin LJ, Mizuno T, Fukuda T, Vinks AA, and Sadhasivam
S (2017) OCT1 genetic variants are associated with postoperative morphine-related adverse
effects in children. Pharmacogenomics 18:621–629.

Bardin T and Richette P (2018) Novel uricosurics. Rheumatology (Oxford) 57 (suppl_1):i42–i46.
Bartholome O, Van den Ackerveken P, S�anchez Gil J, de la Brassinne Bonardeaux O, Leprince P,
Franzen R, and Rogister B (2017) Puzzling Out Synaptic Vesicle 2 Family Members Functions.
Front Mol Neurosci 10:148.

Bennett KM, Liu J, Hoelting C, and Stoll J (2011) Expression and analysis of two novel rat organic
cation transporter homologs, SLC22A17 and SLC22A23. Mol Cell Biochem 352:143–154.

Betterton RD, Davis TP, and Ronaldson PT (2021) Organic Cation Transporter (OCT/OCTN)
Expression at Brain Barrier Sites: Focus on CNS Drug Delivery. Handb Exp Pharmacol
266:301–328.

Bi YA, Costales C, Mathialagan S, West M, Eatemadpour S, Lazzaro S, Tylaska L, Scialis R,
Zhang H, Umland J, et al. (2019) Quantitative Contribution of Six Major Transporters to the
Hepatic Uptake of Drugs: “SLC-Phenotyping” Using Primary Human Hepatocytes. J Pharma-
col Exp Ther 370:72–83.

Bi YA, Lin J, Mathialagan S, Tylaska L, Callegari E, Rodrigues AD, and Varma MVS (2018)
Role of Hepatic Organic Anion Transporter 2 in the Pharmacokinetics of R- and S-Warfarin:
In Vitro Studies and Mechanistic Evaluation. Mol Pharm 15:1284–1295.

Boocock J, Leask M, Okada Y, Matsuo H, Kawamura Y, Shi Y, Li C, Mount DB, Mandal AK,
Wang W, et al.; Asian Genetic Epidemiology Network (AGEN) Consortium (2020) Genomic
dissection of 43 serum urate-associated loci provides multiple insights into molecular mecha-
nisms of urate control. Hum Mol Genet 29:923–943.

Borghetti A, Calcagno A, Lombardi F, Cusato J, Belmonti S, D’Avolio A, Ciccarelli N, La Monica
S, Colafigli M, Delle Donne V, et al. (2019) SLC22A2 variants and dolutegravir levels correlate
with psychiatric symptoms in persons with HIV. J Antimicrob Chemother 74:1035–1043.

Bray J, Sludden J, Griffin MJ, Cole M, Verrill M, Jamieson D, and Boddy AV (2010) Influence of
pharmacogenetics on response and toxicity in breast cancer patients treated with doxorubicin
and cyclophosphamide. Br J Cancer 102:1003–1009.

Breljak D, Ljubojevi�c M, Hagos Y, Micek V, Balen Eror D, Vrhovac Maduni�c I, Brzica H, Karaica
D, Radovi�c N, Kraus O, et al. (2016) Distribution of organic anion transporters NaDC3 and
OAT1-3 along the human nephron. Am J Physiol Renal Physiol 311:F227–F238.

Burckhardt BC, Lorenz J, Kobbe C, and Burckhardt G (2005) Substrate specificity of the human
renal sodium dicarboxylate cotransporter, hNaDC-3, under voltage-clamp conditions. Am J
Physiol Renal Physiol 288:F792–F799.

Burckhardt G (2012) Drug transport by Organic Anion Transporters (OATs). Pharmacol Ther
136:106–130.

Bush KT, Singh P, and Nigam SK (2020) Gut-derived uremic toxin handling in vivo requires
OAT-mediated tubular secretion in chronic kidney disease. JCI Insight 5: e133817.

Bush KT, Wu W, Lun C, and Nigam SK (2017) The drug transporter OAT3 (SLC22A8) and endog-
enous metabolite communication via the gut-liver-kidney axis. J Biol Chem 292:15789–15803.

Cha DH, Gee HY, Cachau R, Choi JM, Park D, Jee SH, Ryu S, Kim KK, Won HH, Limou S,
et al. (2019) Contribution of SLC22A12 on hypouricemia and its clinical significance for
screening purposes. Sci Rep 9:14360.

Chen EC, Khuri N, Liang X, Stecula A, Chien HC, Yee SW, Huang Y, Sali A, and Giacomini
KM (2017) Discovery of Competitive and Noncompetitive Ligands of the Organic Cation
Transporter 1 (OCT1; SLC22A1). J Med Chem 60:2685–2696.

Chen EC, Liang X, Yee SW, Geier EG, Stocker SL, Chen L, and Giacomini KM (2015) Targeted
disruption of organic cation transporter 3 attenuates the pharmacologic response to metformin.
Mol Pharmacol 88:75–83.

Chen G, Shriner D, Doumatey AP, Zhou J, Bentley AR, Lei L, Adeyemo A, and Rotimi CN
(2020) Refining genome-wide associated loci for serum uric acid in individuals with African
ancestry. Hum Mol Genet 29:506–514.

Chen L, Shu Y, Liang X, Chen EC, Yee SW, Zur AA, Li S, Xu L, Keshari KR, Lin MJ, et al.
(2014) OCT1 is a high-capacity thiamine transporter that regulates hepatic steatosis and is a tar-
get of metformin. Proc Natl Acad Sci USA 111:9983–9988.

Chen LH, Kuo WH, Tsai MH, Chen PC, Hsiao CK, Chuang EY, Chang LY, Hsieh FJ, Lai LC,
and Chang KJ (2011) Identification of prognostic genes for recurrent risk prediction in triple
negative breast cancer patients in Taiwan. PLoS One 6:e28222.

Chen Y, Li S, Brown C, Cheatham S, Castro RA, Leabman MK, Urban TJ, Chen L, Yee SW,
Choi JH, et al. (2009) Effect of genetic variation in the organic cation transporter 2 on the renal
elimination of metformin. Pharmacogenet Genomics 19:497–504.

Cheung KWK, van Groen BD, Spaans E, van Borselen MD, de Bruijn ACJM, Simons-Oosterhuis
Y, Tibboel D, Samsom JN, Verdijk RM, Smeets B, et al. (2019) A Comprehensive Analysis of
Ontogeny of Renal Drug Transporters: mRNA Analyses, Quantitative Proteomics, and Localiza-
tion. Clin Pharmacol Ther 106:1083–1092.

Chi Y, Remsik J, Kiseliovas V, Derderian C, Sener U, Alghader M, Saadeh F, Nikishina K, Bale
T, Iacobuzio-Donahue C, et al. (2020) Cancer cells deploy lipocalin-2 to collect limiting iron in
leptomeningeal metastasis. Science 369:276–282.

Chu X, Liao M, Shen H, Yoshida K, Zur AA, Arya V, Galetin A, Giacomini KM, Hanna I, Kusuhara
H, et al.; International Transporter Consortium (2018) Clinical Probes and Endogenous Biomarkers
as Substrates for Transporter Drug-Drug Interaction Evaluation: Perspectives From the International
Transporter Consortium. Clin Pharmacol Ther 104:836–864.

Chu XY, Bleasby K, Yabut J, Cai X, Chan GH, Hafey MJ, Xu S, Bergman AJ, Braun MP, Dean
DC, et al. (2007) Transport of the dipeptidyl peptidase-4 inhibitor sitagliptin by human organic
anion transporter 3, organic anion transporting polypeptide 4C1, and multidrug resistance P-gly-
coprotein. J Pharmacol Exp Ther 321:673–683.

Chung S and Kim GH (2021) Urate Transporters in the Kidney: What Clinicians Need to Know.
Electrolyte Blood Press 19:1–9.

Ciarimboli G, Deuster D, Knief A, Sperling M, Holtkamp M, Edemir B, Pavenst€adt H,
Lanvers-Kaminsky C, am Zehnhoff-Dinnesen A, Schinkel AH, et al. (2010) Organic
cation transporter 2 mediates cisplatin-induced oto- and nephrotoxicity and is a target
for protective interventions. Am J Pathol 176:1169–1180.

Ciarimboli G, Struwe K, Arndt P, Gorboulev V, Koepsell H, Schlatter E, and Hirsch JR (2004)
Regulation of the human organic cation transporter hOCT1. J Cell Physiol 201:420–428.

Cimoch PJ, Lavelle J, Pollard R, Griffy KG, Wong R, Tarnowski TL, Casserella S, and Jung D
(1998) Pharmacokinetics of oral ganciclovir alone and in combination with zidovudine, didano-
sine, and probenecid in HIV-infected subjects. J Acquir Immune Defic Syndr Hum Retrovirol
17:227–234.

Claussnitzer M, Cho JH, Collins R, Cox NJ, Dermitzakis ET, Hurles ME, Kathiresan S, Kenny
EE, Lindgren CM, MacArthur DG, et al. (2020) A brief history of human disease genetics.
Nature 577:179–189.

Claverie-Martin F, Trujillo-Suarez J, Gonzalez-Acosta H, Aparicio C, Justa Roldan ML, Stibur-
kova B, Ichida K, Mart�ın-Gomez MA, Herrero Go~ni M, Carrasco Hidalgo-Barquero M, et al.;
RenalTube Group (2018) URAT1 and GLUT9 mutations in Spanish patients with renal hypouri-
cemia. Clin Chim Acta 481:83–89.

Clemens E, Broer L, Langer T, Uitterlinden AG, de Vries ACH, van Grotel M, Pluijm SFM,
Binder H, Byrne J, Broeder EVD, et al.; PanCareLIFE consortium (2020) Genetic variation of
cisplatin-induced ototoxicity in non-cranial-irradiated pediatric patients using a candidate gene
approach: The International PanCareLIFE Study. Pharmacogenomics J 20:294–305.

Costa ACC, de Lima Benzi JR, Yamamoto PA, de Freitas MCF, de Paula FJA, Zanelli CF,
Lauretti GR, and de Moraes NV (2021) Population pharmacokinetics of gabapentin in
patients with neuropathic pain: Lack of effect of diabetes or glycaemic control. Br J Clin
Pharmacol 87:1981–1989.

Cropp CD, Komori T, Shima JE, Urban TJ, Yee SW, More SS, and Giacomini KM (2008)
Organic anion transporter 2 (SLC22A7) is a facilitative transporter of cGMP. Mol Pharmacol
73:1151–1158.

Crowder KM, Gunther JM, Jones TA, Hale BD, Zhang HZ, Peterson MR, Scheller RH, Chavkin
C, and Bajjalieh SM (1999) Abnormal neurotransmission in mice lacking synaptic vesicle pro-
tein 2A (SV2A). Proc Natl Acad Sci USA 96:15268–15273.

Cui L, Huang J, Zhan Y, Qiu N, Jin H, Li J, Huang H, and Li H (2021) Association between the
genetic polymorphisms of the pharmacokinetics of anthracycline drug and myelosuppression in
a patient with breast cancer with anthracycline-based chemotherapy. Life Sci 276:119392.

Devireddy LR, Gazin C, Zhu X, and Green MR (2005) A cell-surface receptor for lipocalin 24p3
selectively mediates apoptosis and iron uptake. Cell 123:1293–1305.

Dong M, Yeh F, Tepp WH, Dean C, Johnson EA, Janz R, and Chapman ER (2006) SV2 is the
protein receptor for botulinum neurotoxin A. Science 312:592–596.

Dong Y, Zhao T, Ai W, Zalloum WA, Kang D, Wu T, Liu X, and Zhan P (2019) Novel urate
transporter 1 (URAT1) inhibitors: a review of recent patent literature (2016-2019). Expert Opin
Ther Pat 29:871–879.

Drozdzik M, Busch D, Lapczuk J, M€uller J, Ostrowski M, Kurzawski M, and Oswald S (2019)
Protein Abundance of Clinically Relevant Drug Transporters in the Human Liver and Intestine:
A Comparative Analysis in Paired Tissue Specimens. Clin Pharmacol Ther 105:1204–1212.

Dur�an JM, Peral MJ, Calonge ML, and Ilund�ain AA (2005) OCTN3: A Na1-independent L-carni-
tine transporter in enterocytes basolateral membrane. J Cell Physiol 202:929–935.

Ekizoglu S, Seven D, Ulutin T, Guliyev J, and Buyru N (2018) Investigation of the SLC22A23
gene in laryngeal squamous cell carcinoma. BMC Cancer 18:477.

Emami Riedmaier A, Burk O, van Eijck BA, Schaeffeler E, Klein K, Fehr S, Biskup S, M€uller S,
Winter S, Zanger UM, et al. (2016) Variability in hepatic expression of organic anion trans-
porter 7/SLC22A9, a novel pravastatin uptake transporter: impact of genetic and regulatory fac-
tors. Pharmacogenomics J 16:341–351.

Enomoto A, Kimura H, Chairoungdua A, Shigeta Y, Jutabha P, Cha SH, Hosoyamada M, Takeda
M, Sekine T, Igarashi T, et al. (2002a) Molecular identification of a renal urate anion exchanger
that regulates blood urate levels. Nature 417:447–452.

Enomoto A, Wempe MF, Tsuchida H, Shin HJ, Cha SH, Anzai N, Goto A, Sakamoto A, Niwa T,
Kanai Y, et al. (2002b) Molecular identification of a novel carnitine transporter specific to human
testis. Insights into the mechanism of carnitine recognition. J Biol Chem 277:36262–36271.

Eraly SA, Vallon V, Vaughn DA, Gangoiti JA, Richter K, Nagle M, Monte JC, Rieg T, Truong
DM, Long JM, et al. (2006) Decreased renal organic anion secretion and plasma accumulation
of endogenous organic anions in OAT1 knock-out mice. J Biol Chem 281:5072–5083.

Fang X, Liu Y, Xiao W, Zhao N, Zhu C, Yu D, and Zhao Y (2021) Prognostic SLC family genes
promote cell proliferation, migration, and invasion in hepatocellular carcinoma. Acta Biochim
Biophys Sin (Shanghai) 53:1065–1075.

Fattah S, Shinde AB, Matic M, Baes M, van Schaik RHN, Allegaert K, Parmentier C, Richert L,
Augustijns P, and Annaert P (2017) Inter-Subject Variability in OCT1 Activity in 27 Batches of
Cryopreserved Human Hepatocytes and Association with OCT1 mRNA Expression and Geno-
type. Pharm Res 34:1309–1319.

Ferdinandusse S, Te Brinke H, Ruiter JPN, Haasjes J, Oostheim W, van Lenthe H, IJlst L, Ebberink
MS, Wanders RJA, Vaz FM, et al. (2019) A mutation creating an upstream translation initiation
codon in SLC22A5 5'UTR is a frequent cause of primary carnitine deficiency. Hum Mutat
40:1899–1904.

Filipski KK, Mathijssen RH, Mikkelsen TS, Schinkel AH, and Sparreboom A (2009) Contribution
of organic cation transporter 2 (OCT2) to cisplatin-induced nephrotoxicity. Clin Pharmacol
Ther 86:396–402.

Fredriksson R, Nordstr€om KJ, Stephansson O, H€agglund MG, and Schi€oth HB (2008) The solute
carrier (SLC) complement of the human genome: phylogenetic classification reveals four major
families. FEBS Lett 582:3811–3816.

Frigeni M, Balakrishnan B, Yin X, Calderon FRO, Mao R, Pasquali M, and Longo N (2017) Func-
tional and molecular studies in primary carnitine deficiency. Hum Mutat 38:1684–1699.

Gallant NM, Leydiker K, Wilnai Y, Lee C, Lorey F, Feuchtbaum L, Tang H, Carter J, Enns GM,
Packman S, et al. (2017) Biochemical characteristics of newborns with carnitine transporter
defect identified by newborn screening in California.Mol Genet Metab 122:76–84.

1206 Yee and Giacomini

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Garc�ıa-Miranda P, Dur�an JM, Peral MJ, and Ilund�ain AA (2005) Developmental maturation and
segmental distribution of rat small intestinal L-carnitine uptake. J Membr Biol 206:9–16.

Gorboulev V, Ulzheimer JC, Akhoundova A, Ulzheimer-Teuber I, Karbach U, Quester S, Baumann
C, Lang F, Busch AE, and Koepsell H (1997) Cloning and characterization of two human poly-
specific organic cation transporters. DNA Cell Biol 16:871–881.

Gorski M, van der Most PJ, Teumer A, Chu AY, Li M, Mijatovic V, Nolte IM, Cocca M, Taliun
D, Gomez F, et al. (2017) 1000 Genomes-based meta-analysis identifies 10 novel loci for kid-
ney function. Sci Rep 7:45040.

Grigat S, Fork C, Bach M, Golz S, Geerts A, Sch€omig E, and Gr€undemann D (2009) The carnitine
transporter SLC22A5 is not a general drug transporter, but it efficiently translocates mildronate.
Drug Metab Dispos 37:330–337.

Gr€un B, Kiessling MK, Burhenne J, Riedel KD, Weiss J, Rauch G, Haefeli WE, and Czock D
(2013) Trimethoprim-metformin interaction and its genetic modulation by OCT2 and MATE1
transporters. Br J Clin Pharmacol 76:787–796.

Gr€undemann D, Gorboulev V, Gambaryan S, Veyhl M, and Koepsell H (1994) Drug excretion
mediated by a new prototype of polyspecific transporter. Nature 372:549–552.

Gr€undemann D, Harlfinger S, Golz S, Geerts A, Lazar A, Berkels R, Jung N, Rubbert A, and
Sch€omig E (2005) Discovery of the ergothioneine transporter. Proc Natl Acad Sci USA
102:5256–5261.

GTEx Consortium (2020) The GTEx Consortium atlas of genetic regulatory effects across human
tissues. Science 369:1318–1330.

Gunja�ca I, Matana A, Boutin T, Torlak V, Punda A, Pola�sek O, Boraska Perica V, Hayward C,
Zemunik T, and Barbali�c M (2019) Genome-wide association meta-analysis for total thyroid
hormone levels in Croatian population. J Hum Genet 64:473–480.

Hagos Y, Stein D, Ugele B, Burckhardt G, and Bahn A (2007) Human renal organic anion trans-
porter 4 operates as an asymmetric urate transporter. J Am Soc Nephrol 18:430–439.

Han YH, Busler D, Hong Y, Tian Y, Chen C, and 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.

Higgins JW, Bedwell DW, and Zamek-Gliszczynski MJ (2012) Ablation of both organic cation
transporter (OCT)1 and OCT2 alters metformin pharmacokinetics but has no effect on tissue
drug exposure and pharmacodynamics. Drug Metab Dispos 40:1170–1177.

Ho ES, Lin DC, Mendel DB, and Cihlar T (2000) Cytotoxicity of antiviral nucleotides adefovir
and cidofovir is induced by the expression of human renal organic anion transporter 1. J Am
Soc Nephrol 11:383–393.

Honari J, Blair AD, and Cutler RE (1977) Effects of probenecid on furosemide kinetics and natri-
uresis in man. Clin Pharmacol Ther 22:395–401.

Hosoyamada M, Tsurumi Y, Hirano H, Tomioka NH, Sekine Y, Morisaki T, and Uchida S (2016)
Urat1-Uox double knockout mice are experimental animal models of renal hypouricemia and
exercise-induced acute kidney injury. Nucleosides Nucleotides Nucleic Acids 35:543–549.

Huang KM, Zavorka Thomas M, Magdy T, Eisenmann ED, Uddin ME, DiGiacomo DF, Pan A,
Keiser M, Otter M, Xia SH, et al. (2021) Targeting OCT3 attenuates doxorubicin-induced car-
diac injury. Proc Natl Acad Sci USA 118: e2020168118.

H€ubel C, Gaspar HA, Coleman JRI, Finucane H, Purves KL, Hanscombe KB, Prokopenko I, Graff
M, Ngwa JS, Workalemahu T, et al.; MAGIC investigators; Eating Disorders Working Group
of the Psychiatric Genomics Consortium; Major Depressive Disorder Working Group of the
Psychiatric Genomics Consortium; Schizophrenia Working Group of the Psychiatric Genomics
Consortium; Tourette Syndrome/Obsessive-Compulsive Disorder Working Group of the Psychi-
atric Genomics Consortium (2019) Genomics of body fat percentage may contribute to sex bias
in anorexia nervosa. Am J Med Genet B Neuropsychiatr Genet 180:428–438.

Huizing M and Gahl WA (2020) Inherited disorders of lysosomal membrane transporters. Biochim
Biophys Acta Biomembr 1862:183336.

Humphreys BD (2021) Kidney Interactive Transcriptomics.
Inotsume N, Nishimura M, Nakano M, Fujiyama S, and Sato T (1990) The inhibitory effect of pro-
benecid on renal excretion of famotidine in young, healthy volunteers. J Clin Pharmacol
30:50–56.

International HapMap Consortium (2003) The International HapMap Project. Nature 426:789–796.
Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL, Chu X, Dahlin A, Evers R,
Fischer V, Hillgren KM, et al.; International Transporter Consortium (2010) Membrane trans-
porters in drug development. Nat Rev Drug Discov 9:215–236.

Ishimoto T, Nakamichi N, Nishijima H, Masuo Y, and Kato Y (2018) Carnitine/Organic Cation
Transporter OCTN1 Negatively Regulates Activation in Murine Cultured Microglial Cells. Neu-
rochem Res 43:116–128.

Ito M, Unou M, Higuchi T, So S, Ito M, and Yogo K (2021) Dysregulation of intracellular pH is a
cause of impaired capacitation in Slc22a14-deficient mice. Reproduction 163:23–32.

Ito S, Fujino Y, Ogata S, Hirayama-Kurogi M, and Ohtsuki S (2018) Involvement of an Orphan
Transporter, SLC22A18, in Cell Growth and Drug Resistance of Human Breast Cancer MCF7
Cells. J Pharm Sci 107:3163–3170.

Jaberi SA, Cohen A, D’Souza C, Abdulrazzaq YM, Ojha S, Bastaki S, and Adeghate EA (2021)
Lipocalin-2: Structure, function, distribution and role in metabolic disorders. Biomed Pharmac-
other 142:112002.

Jacobsson JA, Haitina T, Lindblom J, and Fredriksson R (2007) Identification of six putative
human transporters with structural similarity to the drug transporter SLC22 family. Genomics
90:595–609.

Janz R, Hofmann K, and S€udhof TC (1998) SVOP, an evolutionarily conserved synaptic vesicle
protein, suggests novel transport functions of synaptic vesicles. J Neurosci 18:9269–9281.

Johansson S, Read J, Oliver S, Steinberg M, Li Y, Lisbon E, Mathews D, Leese PT, and Martin P
(2014) Pharmacokinetic evaluations of the co-administrations of vandetanib and metformin,
digoxin, midazolam, omeprazole or ranitidine. Clin Pharmacokinet 53:837–847.

Jong NN, Nakanishi T, Liu JJ, Tamai I, and McKeage MJ (2011) Oxaliplatin transport mediated by
organic cation/carnitine transporters OCTN1 and OCTN2 in overexpressing human embryonic
kidney 293 cells and rat dorsal root ganglion neurons. J Pharmacol Exp Ther 338:537–547.

Jonker JW, Wagenaar E, Van Eijl S, and Schinkel AH (2003) Deficiency in the organic cation
transporters 1 and 2 (Oct1/Oct2 [Slc22a1/Slc22a2]) in mice abolishes renal secretion of organic
cations. Mol Cell Biol 23:7902–7908.

Juan-Carlos PM, Perla-Lidia PP, Stephanie-Talia MM, M�onica-Griselda AM, and Luz-Mar�ıa TE
(2021) ABC transporter superfamily. An updated overview, relevance in cancer multidrug resis-
tance and perspectives with personalized medicine. Mol Biol Rep 48:1883–1901.

Kabra R and Singh S (2021) Transporter proteins and its implication in human diseases. Adv Pro-
tein Chem Struct Biol 124:1–21.

Kanai M, Akiyama M, Takahashi A, Matoba N, Momozawa Y, Ikeda M, Iwata N, Ikegawa S, Hir-
ata M, Matsuda K, et al. (2018) Genetic analysis of quantitative traits in the Japanese population
links cell types to complex human diseases. Nat Genet 50:390–400.

Kato S, Kato Y, Nakamura T, Sugiura T, Kubo Y, Deguchi Y, and Tsuji A (2009) Genetic defi-
ciency of carnitine/organic cation transporter 2 (slc22a5) is associated with altered tissue distri-
bution of its substrate pyrilamine in mice. Biopharm Drug Dispos 30:495–507.

Kato Y, Sugiura M, Sugiura T, Wakayama T, Kubo Y, Kobayashi D, Sai Y, Tamai I, Iseki S, and
Tsuji A (2006) Organic cation/carnitine transporter OCTN2 (Slc22a5) is responsible for carni-
tine transport across apical membranes of small intestinal epithelial cells in mouse. Mol Phar-
macol 70:829–837.

Kerb R, Brinkmann U, Chatskaia N, Gorbunov D, Gorboulev V, Mornhinweg E, Keil A, Eichel-
baum M, and Koepsell H (2002) Identification of genetic variations of the human organic cation
transporter hOCT1 and their functional consequences. Pharmacogenetics 12:591–595.

Kim HI, Raffler J, Lu W, Lee JJ, Abbey D, Saleheen D, Rabinowitz JD, Bennett MJ, Hand NJ,
Brown C, et al. (2017) Fine Mapping and Functional Analysis Reveal a Role of SLC22A1 in
Acylcarnitine Transport. Am J Hum Genet 101:489–502.

Kim MJ, Kim JH, Kim MS, Yang HJ, Lee M, and Kwon DY (2019) Metabolomics Associated
with Genome-Wide Association Study Related to the Basal Metabolic Rate in Overweight/
Obese Korean Women. J Med Food 22:499–507.

Kiss M, Mbasu R, Nicolaï J, Barnouin K, Kotian A, Mooij MG, Kist N, Wijnen RMH, Ungell
AL, Cutler P, et al. (2021) Ontogeny of Small Intestinal Drug Transporters and Metabolizing
Enzymes Based on Targeted Quantitative Proteomics. Drug Metab Dispos 49:1038–1046.

Koepsell H (2013) The SLC22 family with transporters of organic cations, anions and zwitterions.
Mol Aspects Med 34:413–435.

Koepsell H (2020) Organic Cation Transporters in Health and Disease. Pharmacol Rev 72:253–319.
Koepsell H (2021a) General Overview of Organic Cation Transporters in Brain. Handb Exp Phar-
macol 266:1–39.

Koepsell H (2021b) Update on drug-drug interaction at organic cation transporters: mechanisms,
clinical impact, and proposal for advanced in vitro testing. Expert Opin Drug Metab Toxicol
17:635–653.

Koepsell H and Endou H (2004) The SLC22 drug transporter family. Pflugers Arch 447:666–676.
K€olz C, Schaeffeler E, Schwab M, and Nies AT (2021) Genetic and Epigenetic Regulation of
Organic Cation Transporters. Handb Exp Pharmacol 266:81–100.

Kroetz DL, Yee SW, and Giacomini KM (2010) The pharmacogenomics of membrane transporters
project: research at the interface of genomics and transporter pharmacology. Clin Pharmacol
Ther 87:109–116.

Kuang W, Zhang J, Lan Z, Deepak RNVK, Liu C, Ma Z, Cheng L, Zhao X, Meng X, Wang W,
et al. (2021) SLC22A14 is a mitochondrial riboflavin transporter required for sperm oxidative
phosphorylation and male fertility. Cell Rep 35:109025.

Kuhlmann I, Arnspang Pedersen S, Skov Esbech P, Bjerregaard Stage T, Hougaard Christensen
MM, and Brøsen K (2021) Using a limited sampling strategy to investigate the interindividual
pharmacokinetic variability in metformin: A large prospective trial. Br J Clin Pharmacol
87:1963–1969.

Kusuhara H, Ito S, Kumagai Y, Jiang M, Shiroshita T, Moriyama Y, Inoue K, Yuasa H, and
Sugiyama Y (2011) Effects of a MATE protein inhibitor, pyrimethamine, on the renal elimina-
tion of metformin at oral microdose and at therapeutic dose in healthy subjects. Clin Pharma-
col Ther 89:837–844.

Lai RE, Jay CE, and Sweet DH (2018) Organic solute carrier 22 (SLC22) family: Potential for
interactions with food, herbal/dietary supplements, endogenous compounds, and drugs. Yao Wu
Shi Pin Fen Xi 26 (2S):S45–S60.

Lamhonwah AM and Tein I (1999) GFP-Human high-affinity carnitine transporter OCTN2 pro-
tein: subcellular localization and functional restoration of carnitine uptake in mutant cell lines
with the carnitine transporter defect. Biochem Biophys Res Commun 264:909–914.

Langelueddecke C, Roussa E, Fenton RA, Wolff NA, Lee WK, and Th�evenod F (2012) Lipocalin-
2 (24p3/neutrophil gelatinase-associated lipocalin (NGAL)) receptor is expressed in distal neph-
ron and mediates protein endocytosis. J Biol Chem 287:159–169.

Laskin OL, de Miranda P, King DH, Page DA, Longstreth JA, Rocco L, and Lietman PS (1982)
Effects of probenecid on the pharmacokinetics and elimination of acyclovir in humans. Antimi-
crob Agents Chemother 21:804–807.

Leabman MK, Huang CC, DeYoung J, Carlson EJ, Taylor TR, de la Cruz M, Johns SJ, Stryke D,
Kawamoto M, Urban TJ, et al.; Pharmacogenetics Of Membrane Transporters Investigators
(2003) Natural variation in human membrane transporter genes reveals evolutionary and func-
tional constraints. Proc Natl Acad Sci USA 100:5896–5901.

Leabman MK, Huang CC, Kawamoto M, Johns SJ, Stryke D, Ferrin TE, DeYoung J, Taylor T,
Clark AG, Herskowitz I, et al.; Pharmacogenetics of Membrane Transporters Investigators
(2002) Polymorphisms in a human kidney xenobiotic transporter, OCT2, exhibit altered func-
tion. Pharmacogenetics 12:395–405.

Lee M, Kwon DY, Kim MS, Choi CR, Park MY, and Kim AJ (2016) Genome-wide association
study for the interaction between BMR and BMI in obese Korean women including overweight.
Nutr Res Pract 10:115–124.

Lee N, Duan H, Hebert MF, Liang CJ, Rice KM, and Wang J (2014) Taste of a pill: organic cation
transporter-3 (OCT3) mediates metformin accumulation and secretion in salivary glands. J Biol
Chem 289:27055–27064.

Lee N, Hebert MF, Wagner DJ, Easterling TR, Liang CJ, Rice K, and Wang J (2018) Organic Cat-
ion Transporter 3 Facilitates Fetal Exposure to Metformin during Pregnancy. Mol Pharmacol
94:1125–1131.

Lepist EI, Zhang X, Hao J, Huang J, Kosaka A, Birkus G, Murray BP, Bannister R, Cihlar T,
Huang Y, et al. (2014) Contribution of the organic anion transporter OAT2 to the renal active
tubular secretion of creatinine and mechanism for serum creatinine elevations caused by cobici-
stat. Kidney Int 86:350–357.

Li CY, Hosey-Cojocari C, Basit A, Unadkat JD, Leeder JS, and Prasad B (2019) Optimized Renal
Transporter Quantification by Using Aquaporin 1 and Aquaporin 2 as Anatomical Markers:
Application in Characterizing the Ontogeny of Renal Transporters and Its Correlation with
Hepatic Transporters in Paired Human Samples. AAPS J 21:88.

Li L, Weng Y, Wang W, Bai M, Lei H, Zhou H, and Jiang H (2017) Multiple organic cation trans-
porters contribute to the renal transport of sulpiride. Biopharm Drug Dispos 38:526–534.

Liang X, Yee SW, Chien HC, Chen EC, Luo Q, Zou L, Piao M, Mifune A, Chen L, Calvert ME,
et al. (2018) Organic cation transporter 1 (OCT1) modulates multiple cardiometabolic traits
through effects on hepatic thiamine content. PLoS Biol 16:e2002907.

SLC22 Family 1207

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Lin L, Yee SW, Kim RB, and Giacomini KM (2015) SLC transporters as therapeutic targets:
emerging opportunities. Nat Rev Drug Discov 14:543–560.

Long T, Hicks M, Yu HC, Biggs WH, Kirkness EF, Menni C, Zierer J, Small KS, Mangino M,
Messier H, et al. (2017) Whole-genome sequencing identifies common-to-rare variants associ-
ated with human blood metabolites. Nat Genet 49:568–578.

Longo N (2016) Primary Carnitine Deficiency and Newborn Screening for Disorders of the Carnitine
Cycle. Ann Nutr Metab 68 (Suppl 3):5–9.

Lopez-Nieto CE, You G, Bush KT, Barros EJ, Beier DR, and Nigam SK (1997) Molecular cloning
and characterization of NKT, a gene product related to the organic cation transporter family that
is almost exclusively expressed in the kidney. J Biol Chem 272:6471–6478.

Lu R, Chan BS, and Schuster VL (1999) Cloning of the human kidney PAH transporter: narrow
substrate specificity and regulation by protein kinase C. Am J Physiol 276:F295–F303.

Madeo M, Kov�acs AD, and Pearce DA (2014) The human synaptic vesicle protein, SV2A, func-
tions as a galactose transporter in Saccharomyces cerevisiae. J Biol Chem 289:33066–33071.

Magoulas PL and El-Hattab AW (2012) Systemic primary carnitine deficiency: an overview of
clinical manifestations, diagnosis, and management. Orphanet J Rare Dis 7:68.

Maruyama SY, Ito M, Ikami Y, Okitsu Y, Ito C, Toshimori K, Fujii W, and Yogo K (2016) A crit-
ical role of solute carrier 22a14 in sperm motility and male fertility in mice. Sci Rep 6:36468.

Mathialagan S, Costales C, Tylaska L, Kimoto E, Vildhede A, Johnson J, Johnson N, Sarashina T,
Hashizume K, Isringhausen CD, et al. (2018) In vitro studies with two human organic anion
transporters: OAT2 and OAT7. Xenobiotica 48:1037–1049.

Matthaei J, Brockm€oller J, Steimer W, Pischa K, Leucht S, Kullmann M, Jensen O, Ouethy T,
Tzvetkov MV, and Rafehi M (2021) Effects of Genetic Polymorphism in CYP2D6, CYP2C19,
and the Organic Cation Transporter OCT1 on Amitriptyline Pharmacokinetics in Healthy Vol-
unteers and Depressive Disorder Patients. Front Pharmacol 12:688950.

Matthaei J, Kuron D, Faltraco F, Knoch T, Dos Santos Pereira JN, Abu Abed M, Prukop T,
Brockm€oller J, and Tzvetkov MV (2016) OCT1 mediates hepatic uptake of sumatriptan and
loss-of-function OCT1 polymorphisms affect sumatriptan pharmacokinetics. Clin Pharmacol
Ther 99:633–641.

Meixner E, Goldmann U, Sedlyarov V, Scorzoni S, Rebsamen M, Girardi E, and Superti-Furga G
(2020) A substrate-based ontology for human solute carriers. Mol Syst Biol 16:e9652.

Meyer MJ, Neumann VE, Friesacher HR, Zdrazil B, Brockm€oller J, and Tzvetkov MV (2019)
Opioids as Substrates and Inhibitors of the Genetically Highly Variable Organic Cation Trans-
porter OCT1. J Med Chem 62:9890–9905.

Miyake T, Mizuno T, Takehara I, Mochizuki T, Kimura M, Matsuki S, Irie S, Watanabe N, Kato
Y, Ieiri I, et al. (2019) Elucidation of N 1-methyladenosine as a Potential Surrogate Biomarker
for Drug Interaction Studies Involving Renal Organic Cation Transporters. Drug Metab Dispos
47:1270–1280.

Miyamoto T, Kashima H, Yamada Y, Kobara H, Asaka R, Ando H, Higuchi S, Ida K, Mvunta
DH, and Shiozawa T (2016) Lipocalin 2 Enhances Migration and Resistance against Cisplatin
in Endometrial Carcinoma Cells. PLoS One 11:e0155220.

Miyazaki H, Anzai N, Ekaratanawong S, Sakata T, Shin HJ, Jutabha P, Hirata T, He X, Nonoguchi
H, Tomita K, et al. (2005) Modulation of renal apical organic anion transporter 4 function by
two PDZ domain-containing proteins. J Am Soc Nephrol 16:3498–3506.

Moon SJ, Oh J, Lee SH, Choi Y, Yu KS, and Chung JY (2018) Effect of plasma membrane mono-
amine transporter genetic variants on pharmacokinetics of metformin in humans. Transl Clin
Pharmacol 26:79–85.

Morse BL, Kolur A, Hudson LR, Hogan AT, Chen LH, Brackman RM, Sawada GA, Fallon JK,
Smith PC, and Hillgren KM (2020) Pharmacokinetics of Organic Cation Transporter 1 (OCT1)
Substrates in Oct1/2 Knockout Mice and Species Difference in Hepatic OCT1-Mediated Uptake.
Drug Metab Dispos 48:93–105.

M€uller F, Pontones CA, Renner B, Mieth M, Hoier E, Auge D, Maas R, Zolk O, and Fromm MF
(2015) N(1)-methylnicotinamide as an endogenous probe for drug interactions by renal cation
transporters: studies on the metformin-trimethoprim interaction. Eur J Clin Pharmacol 71:85–94.

Naito T, Yokoyama N, Kakuta Y, Ueno K, Kawai Y, Onodera M, Moroi R, Kuroha M, Kanazawa
Y, Kimura T, et al. (2018) Clinical and genetic risk factors for decreased bone mineral density
in Japanese patients with inflammatory bowel disease. J Gastroenterol Hepatol 33:1873–1881.

Nakagawa H, Terada T, Harada KH, Hitomi T, Inoue K, Inui K, and Koizumi A (2009) Human
organic anion transporter hOAT4 is a transporter of perfluorooctanoic acid. Basic Clin Pharma-
col Toxicol 105:136–138.

Nakamura K, Hirayama-Kurogi M, Ito S, Kuno T, Yoneyama T, Obuchi W, Terasaki T, and Ohtsuki
S (2016) Large-scale multiplex absolute protein quantification of drug-metabolizing enzymes and
transporters in human intestine, liver, and kidney microsomes by SWATH-MS: Comparison with
MRM/SRM and HR-MRM/PRM. Proteomics 16:2106–2117.

Nezu J, Tamai I, Oku A, Ohashi R, Yabuuchi H, Hashimoto N, Nikaido H, Sai Y, Koizumi A,
Shoji Y, et al. (1999) Primary systemic carnitine deficiency is caused by mutations in a gene
encoding sodium ion-dependent carnitine transporter. Nat Genet 21:91–94.

Nies AT, Koepsell H, Winter S, Burk O, Klein K, Kerb R, Zanger UM, Keppler D, Schwab M,
and 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.

Nigam SK (2015) What do drug transporters really do? Nat Rev Drug Discov 14:29–44.
Nigam SK (2018) The SLC22 Transporter Family: A Paradigm for the Impact of Drug Transport-
ers on Metabolic Pathways, Signaling, and Disease. Annu Rev Pharmacol Toxicol 58:663–687.

Nigam SK and Bhatnagar V (2018) The systems biology of uric acid transporters: the role of
remote sensing and signaling. Curr Opin Nephrol Hypertens 27:305–313.

Nigam SK and Bush KT (2019) Uraemic syndrome of chronic kidney disease: altered remote sens-
ing and signalling. Nat Rev Nephrol 15:301–316.

Nigam SK, Bush KT, Bhatnagar V, Poloyac SM, and Momper JD (2020) The Systems Biology of
Drug Metabolizing Enzymes and Transporters: Relevance to Quantitative Systems Pharmacol-
ogy. Clin Pharmacol Ther 108:40–53.

Nishiyama M, Nakamichi N, Yoshimura T, Masuo Y, Komori T, Ishimoto T, Matsuo JI, and Kato
Y (2020) Homostachydrine is a Xenobiotic Substrate of OCTN1/SLC22A4 and Potentially Sen-
sitizes Pentylenetetrazole-Induced Seizures in Mice. Neurochem Res 45:2664–2678.

Noguchi S, Nishimura T, Mukaida S, Benet LZ, Nakashima E, and Tomi M (2017) Cellular
Uptake of Levocetirizine by Organic Anion Transporter 4. J Pharm Sci 106:2895–2898.

Okabe M, Unno M, Harigae H, Kaku M, Okitsu Y, Sasaki T, Mizoi T, Shiiba K, Takanaga H,
Terasaki T, et al. (2005) Characterization of the organic cation transporter SLC22A16: a doxo-
rubicin importer. Biochem Biophys Res Commun 333:754–762.

Oswald S, M€uller J, Neugebauer U, Schr€oter R, Herrmann E, Pavenst€adt H, and Ciarimboli G
(2019) Protein Abundance of Clinically Relevant Drug Transporters in The Human Kidneys. Int
J Mol Sci 20:5303.

Otani N, Ouchi M, Kudo H, Tsuruoka S, Hisatome I, and Anzai N (2020) Recent approaches to
gout drug discovery: an update. Expert Opin Drug Discov 15:943–954.

Pascoa TC, Pike ACW, Bushell SR, Quigley A, Mukhopadhyay SMM, Burgess-Brown NA, and
Carpenter EP (2021) Major facilitator superfamily domain-containing protein 10 (MFSD10) A
Target Enabling Package (TEP) (Version 1).

Pattaro C, Teumer A, Gorski M, Chu AY, Li M, Mijatovic V, Garnaas M, Tin A, Sorice R, Li Y,
et al. (2016) Genetic associations at 53 loci highlight cell types and biological pathways relevant
for kidney function. Nat Commun 7:10023.

Perland E, Bagchi S, Klaesson A, and Fredriksson R (2017) Characteristics of 29 novel atypical
solute carriers of major facilitator superfamily type: evolutionary conservation, predicted struc-
ture and neuronal co-expression. Open Biol 7: 170142.

Pochini L, Galluccio M, Scalise M, Console L, and Indiveri C (2019) OCTN: A Small Transporter
Subfamily with Great Relevance to Human Pathophysiology, Drug Discovery, and Diagnostics.
SLAS Discov 24:89–110.

Prasad B, Gaedigk A, Vrana M, Gaedigk R, Leeder JS, Salphati L, Chu X, Xiao G, Hop C, Evers
R, et al. (2016) Ontogeny of Hepatic Drug Transporters as Quantified by LC-MS/MS Proteo-
mics. Clin Pharmacol Ther 100:362–370.

Race JE, Grassl SM, Williams WJ, and Holtzman EJ (1999) Molecular cloning and characteriza-
tion of two novel human renal organic anion transporters (hOAT1 and hOAT3). Biochem Bio-
phys Res Commun 255:508–514.

Reginato AM, Mount DB, Yang I, and Choi HK (2012) The genetics of hyperuricaemia and gout.
Nat Rev Rheumatol 8:610–621.

Rhee EP, Ho JE, Chen MH, Shen D, Cheng S, Larson MG, Ghorbani A, Shi X, Helenius IT,
O’Donnell CJ, et al. (2013) A genome-wide association study of the human metabolome in a
community-based cohort. Cell Metab 18:130–143.

Runkel F, Aubin I, Simon-Chazottes D, B€ussow H, Stingl R, Miething A, Fukami K, Nakamura
Y, Gu�enet JL, and Franz T (2008) Alopecia and male infertility in oligotriche mutant mice are
caused by a deletion on distal chromosome 9. Mamm Genome 19:691–702.

Ruth KS, Campbell PJ, Chew S, Lim EM, Hadlow N, Stuckey BG, Brown SJ, Feenstra B, Joseph
J, Surdulescu GL, et al. (2016) Genome-wide association study with 1000 genomes imputation
identifies signals for nine sex hormone-related phenotypes. Eur J Hum Genet 24:284–290.

Samodelov SL, Kullak-Ublick GA, Gai Z, and Visentin M (2020) Organic Cation Transporters in
Human Physiology, Pharmacology, and Toxicology. Int J Mol Sci 21: 7890.

Schulz C, Fork C, Bauer T, Golz S, Geerts A, Sch€omig E, and Gr€undemann D (2014) SLC22A13
catalyses unidirectional efflux of aspartate and glutamate at the basolateral membrane of type A
intercalated cells in the renal collecting duct. Biochem J 457:243–251.

Seitz T, Stalmann R, Dalila N, Chen J, Pojar S, Dos Santos Pereira JN, Kr€atzner R, Brockm€oller
J, and Tzvetkov MV (2015) Global genetic analyses reveal strong inter-ethnic variability in the
loss of activity of the organic cation transporter OCT1. Genome Med 7:56.

Serrano Le�on A, Amir Shaghaghi M, Yurkova N, Bernstein CN, El-Gabalawy H, and Eck P
(2014) Single-nucleotide polymorphisms in SLC22A23 are associated with ulcerative colitis in
a Canadian white cohort. Am J Clin Nutr 100:289–294.

Shen H, Liu T, Morse BL, Zhao Y, Zhang Y, Qiu X, Chen C, Lewin AC, Wang XT, Liu G, et al.
(2015) Characterization of Organic Anion Transporter 2 (SLC22A7): A Highly Efficient Trans-
porter for Creatinine and Species-Dependent Renal Tubular Expression. Drug Metab Dispos
43:984–993.

Shimizu T, Kijima A, Masuo Y, Ishimoto T, Sugiura T, Takahashi S, Nakamichi N, and Kato Y
(2015) Gene ablation of carnitine/organic cation transporter 1 reduces gastrointestinal absorption
of 5-aminosalicylate in mice. Biol Pharm Bull 38:774–780.

Shin HJ, Anzai N, Enomoto A, He X, Kim DK, Endou H, and Kanai Y (2007) Novel liver-specific
organic anion transporter OAT7 that operates the exchange of sulfate conjugates for short chain
fatty acid butyrate. Hepatology 45:1046–1055.

Shin SY, Fauman EB, Petersen AK, Krumsiek J, Santos R, Huang J, Arnold M, Erte I, Forgetta
V, Yang TP, et al.; Multiple Tissue Human Expression Resource (MuTHER) Consortium
(2014) An atlas of genetic influences on human blood metabolites. Nat Genet 46:543–550.

Shinozaki Y, Furuichi K, Toyama T, Kitajima S, Hara A, Iwata Y, Sakai N, Shimizu M, Kaneko
S, Isozumi N, et al. (2017) Impairment of the carnitine/organic cation transporter 1-ergothio-
neine axis is mediated by intestinal transporter dysfunction in chronic kidney disease. Kidney Int
92:1356–1369.

Shirasaka Y, Lee N, Zha W, Wagner D, and Wang J (2016) Involvement of organic cation trans-
porter 3 (Oct3/Slc22a3) in the bioavailability and pharmacokinetics of antidiabetic metformin in
mice. Drug Metab Pharmacokinet 31:385–388.

Shu Y, Brown C, Castro RA, Shi RJ, Lin ET, Owen RP, Sheardown SA, Yue L, Burchard EG,
Brett CM, et al. (2008) Effect of genetic variation in the organic cation transporter 1, OCT1, on
metformin pharmacokinetics. Clin Pharmacol Ther 83:273–280.

Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, Ianculescu AG, Yue L, Lo JC,
Burchard EG, et al. (2007) Effect of genetic variation in the organic cation transporter 1 (OCT1)
on metformin action. J Clin Invest 117:1422–1431.

Shu Y, Urban TJ, Leabman MK, Fujita T, Erdman AR, Lagpacan LL, Brown C, Castro RA,
Huang CC, Stryke D, et al. (2006) PharmGKB submission update: V. PMT submissions of
genetic variation in SLC22 family transporters. Pharmacol Rev 58:3–4.

Skwara P, Sch€omig E, and Gr€undemann D (2017) A novel mode of operation of SLC22A11:
Membrane insertion of estrone sulfate versus translocation of uric acid and glutamate. Biochem
Pharmacol 128:74–82.

Smeets NJL, Litjens CHC, van den Heuvel JJMW, van Hove H, van den Broek P, Russel FGM,
Koenderink JB, and de Wildt SN (2020) Completing the Enalaprilat Excretion Pathway-Renal
Handling by the Proximal Tubule. Pharmaceutics 12:935.

Somogyi A, Stockley C, Keal J, Rolan P, and Bochner F (1987) Reduction of metformin renal
tubular secretion by cimetidine in man. Br J Clin Pharmacol 23:545–551.

Song IH, Zong J, Borland J, Jerva F, Wynne B, Zamek-Gliszczynski MJ, Humphreys JE, Bowers
GD, and Choukour M (2016) The Effect of Dolutegravir on the Pharmacokinetics of Metformin
in Healthy Subjects. J Acquir Immune Defic Syndr 72:400–407.

Song IS, Shin HJ, Shim EJ, Jung IS, Kim WY, Shon JH, and Shin JG (2008) Genetic variants of
the organic cation transporter 2 influence the disposition of metformin. Clin Pharmacol Ther
84:559–562.

1208 Yee and Giacomini

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Song W, Luo Q, Zhang Y, Zhou L, Liu Y, Ma Z, Guo J, Huang Y, Cheng L, Meng Z, et al.
(2019) Organic cation transporter 3 (Oct3) is a distinct catecholamines clearance route in adipo-
cytes mediating the beiging of white adipose tissue. PLoS Biol 17:e2006571.

Stout KA, Dunn AR, Hoffman C, and Miller GW (2019) The Synaptic Vesicle Glycoprotein 2:
Structure, Function, and Disease Relevance. ACS Chem Neurosci 10:3927–3938.

Sudsakorn S, Bahadduri P, Fretland J, and Lu C (2020) 2020 FDA Drug-drug Interaction Guid-
ance: A Comparison Analysis and Action Plan by Pharmaceutical Industrial Scientists. Curr
Drug Metab 21:403–426.

Sun W, Wu RR, van Poelje PD, and Erion MD (2001) Isolation of a family of organic anion trans-
porters from human liver and kidney. Biochem Biophys Res Commun 283:417–422.

Suzuki H, Nakamura Y, Matsuo K, Imaeda N, Goto C, Narita A, Shimizu A, Takashima N, Matsui
K, Miura K, et al. (2021) A genome-wide association study in Japanese identified one variant
associated with a preference for a Japanese dietary pattern. Eur J Clin Nutr 75:937–945.

Sweet DH (2021) Organic Cation Transporter Expression and Function in the CNS. Handb Exp
Pharmacol 266:41–80.

Tahara H, Kusuhara H, Endou H, Koepsell H, Imaoka T, Fuse E, and Sugiyama Y (2005) A spe-
cies difference in the transport activities of H2 receptor antagonists by rat and human renal
organic anion and cation transporters. J Pharmacol Exp Ther 315:337–345.

Takeuchi A, Oguri T, Fukuda S, Sone K, Kagawa Y, Uemura T, Takakuwa O, Maeno K, Fuku-
mitsu K, Kanemitsu Y, et al. (2020) Variants of SLC22A16 Predict the Efficacy of Platinum
Combination Chemotherapy in Advanced Non-small-cell Lung Cancer. Anticancer Res
40:4245–4251.

Tamai I, Yabuuchi H, Nezu J, Sai Y, Oku A, Shimane M, and Tsuji A (1997) Cloning and charac-
terization of a novel human pH-dependent organic cation transporter, OCTN1. FEBS Lett
419:107–111.

Tang J, Shen H, Zhao X, Holenarsipur VK, Mariappan TT, Zhang Y, Panfen E, Zheng J, Humphreys
WG, and Lai Y (2021) Endogenous Plasma Kynurenic Acid in Human: A Newly Discovered Bio-
marker for Drug-Drug Interactions Involving Organic Anion Transporter 1 and 3 Inhibition. Drug
Metab Dispos 49:1063–1069.

Tasic V, Hynes AM, Kitamura K, Cheong HI, Lozanovski VJ, Gucev Z, Jutabha P, Anzai N, and
Sayer JA (2011) Clinical and functional characterization of URAT1 variants. PLoS One
6:e28641.

Taubert D, Grimberg G, Jung N, Rubbert A, and Sch€omig E (2005) Functional role of the 503F
variant of the organic cation transporter OCTN1 in Crohn’s disease. Gut 54:1505–1506.

Tecza K, Pamula-Pilat J, Lanuszewska J, Butkiewicz D, and Grzybowska E (2018) Pharmacoge-
netics of toxicity of 5-fluorouracil, doxorubicin and cyclophosphamide chemotherapy in breast
cancer patients. Oncotarget 9:9114–9136.

Tin A, Li Y, Brody JA, Nutile T, Chu AY, Huffman JE, Yang Q, Chen MH, Robinson-Cohen C,
Mac�e A, et al. (2018) Large-scale whole-exome sequencing association studies identify rare
functional variants influencing serum urate levels. Nat Commun 9:4228.

Tin A, Woodward OM, Kao WH, Liu CT, Lu X, Nalls MA, Shriner D, Semmo M, Akylbekova
EL, Wyatt SB, et al.; CARe and CHARGE Consortia (2011) Genome-wide association study
for serum urate concentrations and gout among African Americans identifies genomic risk loci
and a novel URAT1 loss-of-function allele. Hum Mol Genet 20:4056–4068.

Tschirka J, Kreisor M, Betz J, and Gr€undemann D (2018) Substrate Selectivity Check of the Ergo-
thioneine Transporter. Drug Metab Dispos 46:779–785.

Tzvetkov MV, dos Santos Pereira JN, Meineke I, Saadatmand AR, Stingl JC, and Brockm€oller J
(2013) Morphine is a substrate of the organic cation transporter OCT1 and polymorphisms in
OCT1 gene affect morphine pharmacokinetics after codeine administration. Biochem Pharmacol
86:666–678.

Tzvetkov MV, Matthaei J, Pojar S, Faltraco F, Vogler S, Prukop T, Seitz T, and Brockm€oller J
(2018) Increased Systemic Exposure and Stronger Cardiovascular and Metabolic Adverse Reac-
tions to Fenoterol in Individuals with Heritable OCT1 Deficiency. Clin Pharmacol Ther
103:868–878.

Tzvetkov MV, Saadatmand AR, Bokelmann K, Meineke I, Kaiser R, and Brockm€oller J (2012)
Effects of OCT1 polymorphisms on the cellular uptake, plasma concentrations and efficacy of
the 5-HT(3) antagonists tropisetron and ondansetron. Pharmacogenomics J 12:22–29.

Tzvetkov MV, Saadatmand AR, L€otsch J, Tegeder I, Stingl JC, and Brockm€oller J (2011) Geneti-
cally polymorphic OCT1: another piece in the puzzle of the variable pharmacokinetics and phar-
macodynamics of the opioidergic drug tramadol. Clin Pharmacol Ther 90:143–150.

Tzvetkov MV, Vormfelde SV, Balen D, Meineke I, Schmidt T, Sehrt D, Saboli�c I, Koepsell H,
and Brockm€oller J (2009) The effects of genetic polymorphisms in the organic cation transport-
ers OCT1, OCT2, and OCT3 on the renal clearance of metformin. Clin Pharmacol Ther
86:299–306.

Uchida Y, Goto R, Takeuchi H, Łuczak M, Usui T, Tachikawa M, and Terasaki T (2020) Abundant
Expression of OCT2, MATE1, OAT1, OAT3, PEPT2, BCRP, MDR1, and xCT Transporters in
Blood-Arachnoid Barrier of Pig and Polarized Localizations at CSF- and Blood-Facing Plasma
Membranes. Drug Metab Dispos 48:135–145.

Ugele B, Bahn A, and Rex-Haffner M (2008) Functional differences in steroid sulfate uptake of
organic anion transporter 4 (OAT4) and organic anion transporting polypeptide 2B1
(OATP2B1) in human placenta. J Steroid Biochem Mol Biol 111:1–6.

Ugele B, St-Pierre MV, Pihusch M, Bahn A, and Hantschmann P (2003) Characterization and
identification of steroid sulfate transporters of human placenta. Am J Physiol Endocrinol Metab
284:E390–E398.

Urban TJ, Brown C, Castro RA, Shah N, Mercer R, Huang Y, Brett CM, Burchard EG, and Giacomini
KM (2008) Effects of genetic variation in the novel organic cation transporter, OCTN1, on the renal
clearance of gabapentin. Clin Pharmacol Ther 83:416–421.

Urban TJ, Gallagher RC, Brown C, Castro RA, Lagpacan LL, Brett CM, Taylor TR, Carlson EJ,
Ferrin TE, Burchard EG, et al. (2006) Functional genetic diversity in the high-affinity carnitine
transporter OCTN2 (SLC22A5). Mol Pharmacol 70:1602–1611.

Ushijima H, Hiasa M, Namba T, Hwang HJ, Hoshino T, Mima S, Tsuchiya T, Moriyama Y, and
Mizushima T (2008) Expression and function of TETRAN, a new type of membrane trans-
porter. Biochem Biophys Res Commun 374:325–330.

Uwai Y, Kawasaki T, and Nabekura T (2017) D-Malate decreases renal content of a-ketoglutarate,
a driving force of organic anion transporters OAT1 and OAT3, resulting in inhibited tubular
secretion of phenolsulfonphthalein, in rats. Biopharm Drug Dispos 38:479–485.

Vallon V, Eraly SA, Rao SR, Gerasimova M, Rose M, Nagle M, Anzai N, Smith T, Sharma K,
Nigam SK, et al. (2012) A role for the organic anion transporter OAT3 in renal creatinine secre-
tion in mice. Am J Physiol Renal Physiol 302:F1293–F1299.

Vidanapathirana DM, Jayasena S, Jasinge E, and Stiburkova B (2018) A heterozygous variant in
the SLC22A12 gene in a Sri Lanka family associated with mild renal hypouricemia. BMC
Pediatr 18:210.

Vildhede A, Kimoto E, Rodrigues AD, and Varma MVS (2018) Quantification of Hepatic Organic
Anion Transport Proteins OAT2 and OAT7 in Human Liver Tissue and Primary Hepatocytes.
Mol Pharm 15:3227–3235.

Visscher H, Rassekh SR, Sandor GS, Caron HN, van Dalen EC, Kremer LC, van der Pal HJ, Rog-
ers PC, Rieder MJ, Carleton BC, et al.; CPNDS consortium (2015) Genetic variants in
SLC22A17 and SLC22A7 are associated with anthracycline-induced cardiotoxicity in children.
Pharmacogenomics 16:1065–1076.

Vollmar J, Kim YO, Marquardt JU, Becker D, Galle PR, Schuppan D, and Zimmermann T (2019)
Deletion of organic cation transporter Oct3 promotes hepatic fibrosis via upregulation of TGFb.
Am J Physiol Gastrointest Liver Physiol 317:G195–G202.

Wang G, Zuo T, and Li R (2020a) The mechanism of Arhalofenate in alleviating hyperuricemia-
Activating PPARc thereby reducing caspase-1 activity. Drug Dev Res 81:859–866.

Wang L, Chen J, Zeng Y, Wei J, Jing J, Li G, Su L, Tang X, Wu T, and Zhou L (2016) Functional
Variant in the SLC22A3-LPAL2-LPA Gene Cluster Contributes to the Severity of Coronary
Artery Disease. Arterioscler Thromb Vasc Biol 36:1989–1996.

Wang M, Li Z, Peng Y, Fang J, Fang T, Wu J, and Zhou J (2020b) Identification of immune cells
and mRNA associated with prognosis of gastric cancer. BMC Cancer 20:206.

Wang Y, Shi Q, Li M, Zhao M, Reddy Gopireddy R, Teoh JP, Xu B, Zhu C, Ireton KE, Sriniva-
san S, et al. (2021) Intracellular b1-adrenergic receptors and organic cation transporter 3 mediate
phospholamban phosphorylation to enhance cardiac contractility. Circ Res 128:246–261.

Wang Y, Ye J, Ganapathy V, and Longo N (1999) Mutations in the organic cation/carnitine trans-
porter OCTN2 in primary carnitine deficiency. Proc Natl Acad Sci USA 96:2356–2360.

Wang ZJ, Yin OQ, Tomlinson B, and Chow MS (2008) OCT2 polymorphisms and in-vivo renal
functional consequence: studies with metformin and cimetidine. Pharmacogenet Genomics
18:637–645.

Wattanagoon Y, Stepniewska K, Lindegårdh N, Pukrittayakamee S, Silachamroon U, Piyaphanee
W, Singtoroj T, Hanpithakpong W, Davies G, Tarning J, et al. (2009) Pharmacokinetics of
high-dose oseltamivir in healthy volunteers. Antimicrob Agents Chemother 53:945–952.

Wei J, Gao X, Qin Y, Liu T, and Kang Y (2020) An iron metabolism-related SLC22A17 for the
prognostic value of gastric cancer. OncoTargets Ther 13:12763–12775.

Wei L, Tominaga H, Ohgaki R, Wiriyasermkul P, Hagiwara K, Okuda S, Kaira K, Kato Y, Oriuchi
N, Nagamori S, et al. (2016) Transport of 3-fluoro-L-a-methyl-tyrosine (FAMT) by organic ion
transporters explains renal background in [(18)F]FAMT positron emission tomography. J Phar-
macol Sci 130:101–109.

Wiebe ST, Giessmann T, Hohl K, Schmidt-Gerets S, Hauel E, Jambrecina A, Bader K, Ishiguro
N, Taub ME, Sharma A, et al. (2020) Validation of a drug transporter probe cocktail using the
prototypical inhibitors rifampin, probenecid, verapamil, and cimetidine. Clin Pharmacokinet
59:1627–1639.

Wikoff WR, Nagle MA, Kouznetsova VL, Tsigelny IF, and Nigam SK (2011) Untargeted metabo-
lomics identifies enterobiome metabolites and putative uremic toxins as substrates of organic
anion transporter 1 (Oat1). J Proteome Res 10:2842–2851.

Wu W, Baker ME, Eraly SA, Bush KT, and Nigam SK (2009) Analysis of a large cluster of
SLC22 transporter genes, including novel USTs, reveals species-specific amplification of sub-
sets of family members. Physiol Genomics 38:116–124.

Wu W, Bush KT, Liu HC, Zhu C, Abagyan R, and Nigam SK (2015a) Shared ligands between
organic anion transporters (OAT1 and OAT6) and odorant receptors. Drug Metab Dispos
43:1855–1863.

Wu W, Bush KT, and Nigam SK (2017) Key role for the organic anion transporters, OAT1 and
OAT3, in the in vivo handling of uremic toxins and solutes. Sci Rep 7:4939.

Wu X, Prasad PD, Leibach FH, and Ganapathy V (1998) cDNA sequence, transport function, and
genomic organization of human OCTN2, a new member of the organic cation transporter fam-
ily. Biochem Biophys Res Commun 246:589–595.

Wu Y, Hurren R, MacLean N, Gronda M, Jitkova Y, Sukhai MA, Minden MD, and Schimmer
AD (2015b) Carnitine transporter CT2 (SLC22A16) is over-expressed in acute myeloid leuke-
mia (AML) and target knockdown reduces growth and viability of AML cells. Apoptosis
20:1099–1108.

Yamamoto PA, Benzi JRL, Azeredo FJ, Dach F, Ianhez J�unior E, Zanelli CF, and de Moraes NV
(2019) Pharmacogenetics-based population pharmacokinetic analysis of gabapentin in patients
with chronic pain: Effect of OCT2 and OCTN1 gene polymorphisms. Basic Clin Pharmacol
Toxicol 124:266–272.

Yamazaki T, Desai A, Goldwater R, Han D, Lasseter KC, Howieson C, Akhtar S, Kowalski D,
Lademacher C, Rammelsberg D, et al. (2017) Pharmacokinetic interactions between isavucona-
zole and the drug transporter substrates atorvastatin, digoxin, metformin, and methotrexate in
healthy subjects. Clin Pharmacol Drug Dev 6:66–75.

Yang B, Ma YB, and Chu SH (2018) Silencing SATB1 overcomes temozolomide resistance by
downregulating MGMT expression and upregulating SLC22A18 expression in human glioblas-
toma cells. Cancer Gene Ther 25:309–316.

Yang CH, Glover KP, and Han X (2010) Characterization of cellular uptake of perfluorooctanoate
via organic anion-transporting polypeptide 1A2, organic anion transporter 4, and urate trans-
porter 1 for their potential roles in mediating human renal reabsorption of perfluorocarboxylates.
Toxicol Sci 117:294–302.

Yao J, de la Iglesia HO, and Bajjalieh SM (2013) Loss of the SV2-like protein SVOP produces no
apparent deficits in laboratory mice. PLoS One 8:e68215.

Yee SW, Brackman DJ, Ennis EA, Sugiyama Y, Kamdem LK, Blanchard R, Galetin A, Zhang L, and
Giacomini KM (2018) Influence of transporter polymorphisms on drug disposition and response: a
perspective from the international transporter consortium. Clin Pharmacol Ther 104:803–817.

Yee SW, Buitrago D, Stecula A, Ngo HX, Chien HC, Zou L, Koleske ML, and Giacomini KM
(2020) Deorphaning a solute carrier 22 family member, SLC22A15, through functional genomic
studies. FASEB J 34:15734–15752.

Yee SW, Nguyen AN, Brown C, Savic RM, Zhang Y, Castro RA, Cropp CD, Choi JH, Singh D,
Tahara H, et al. (2013) Reduced renal clearance of cefotaxime in asians with a low-frequency
polymorphism of OAT3 (SLC22A8). J Pharm Sci 102:3451–3457.

Yee SW, Stecula A, Chien HC, Zou L, Feofanova EV, van Borselen M, Cheung KWK, Yousri
NA, Suhre K, Kinchen JM, et al. (2019) Unraveling the functional role of the orphan solute car-
rier, SLC22A24 in the transport of steroid conjugates through metabolomic and genome-wide
association studies. PLoS Genet 15:e1008208.

SLC22 Family 1209

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Yin J, Duan H, and Wang J (2016) Impact of substrate-dependent inhibition on renal organic cat-
ion transporters hOCT2 and hMATE1/2-K-mediated drug transport and intracellular accumula-
tion. J Pharmacol Exp Ther 359:401–410.

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

Zack J, Berg J, Juan A, Pannacciulli N, Allard M, Gottwald M, Zhang H, Shao Y, Ben-Yehuda O,
and Jochelson P (2015) Pharmacokinetic drug-drug interaction study of ranolazine and metfor-
min in subjects with type 2 diabetes mellitus. Clin Pharmacol Drug Dev 4:121–129.

Zamek-Gliszczynski MJ, Taub ME, Chothe PP, Chu X, Giacomini KM, Kim RB, Ray AS,
Stocker SL, Unadkat JD, Wittwer MB, et al.; International Transporter Consortium (2018)
Transporters in drug development: 2018 ITC recommendations for transporters of emerging
clinical importance. Clin Pharmacol Ther 104:890–899.

Zazuli Z, Duin NJCB, Jansen K, Vijverberg SJH, Maitland-van der Zee AH, and Masereeuw R
(2020) The impact of genetic polymorphisms in organic cation transporters on renal drug dispo-
sition. Int J Mol Sci 21:6627.

Zhang J, Wang H, Fan Y, Yu Z, and You G (2021) Regulation of organic anion transporters: Role
in physiology, pathophysiology, and drug elimination. Pharmacol Ther 217:107647.

Zhang L, Dresser MJ, Gray AT, Yost SC, Terashita S, and Giacomini KM (1997) Cloning
and functional expression of a human liver organic cation transporter. Mol Pharmacol
51:913–921.

Zhu G, Qian M, Lu L, Chen Y, Zhang X, Wu Q, Liu Y, Bian Z, Yang Y, Guo S, et al. (2019) O-
GlcNAcylation of YY1 stimulates tumorigenesis in colorectal cancer cells by targeting
SLC22A15 and AANAT. Carcinogenesis.

Zhu P, Hata R, Ogasawara M, Cao F, Kameda K, Yamauchi K, Schinkel AH, Maeyama K, and
Sakanaka M (2012) Targeted disruption of organic cation transporter 3 (Oct3) ameliorates ische-
mic brain damage through modulating histamine and regulatory T cells. J Cereb Blood Flow
Metab 32:1897–1908.

Zolk O, Solbach TF, K€onig J, and Fromm MF (2009) Functional characterization of the human
organic cation transporter 2 variant p.270Ala>Ser. Drug Metab Dispos 37:1312–1318.

Zou L, Matsson P, Stecula A, Ngo HX, Zur AA, and Giacomini KM (2021) Drug metabolites
potently inhibit renal organic anion transporters, OAT1 and OAT3. J Pharm Sci 110:347–353.

Zou L, Stecula A, Gupta A, Prasad B, Chien HC, Yee SW, Wang L, Unadkat JD, Stahl SH, Fenner
KS, et al. (2018) Molecular mechanisms for species differences in organic anion transporter 1,
OAT1: implications for renal drug toxicity. Mol Pharmacol 94:689–699.

Address correspondence to: Kathleen M. Giacomini, Department of Bioengi-
neering and Therapeutic Sciences, Schools of Pharmacy and Medicine, Univer-
sity of California San Francisco, 1550 4th Street, Mission Bay, RH 584, San
Francisco, CA 94158. E-mail: kathy.giacomini@ucsf.edu

1210 Yee and Giacomini

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

mailto:kathy.giacomini@ucsf.edu
http://dmd.aspetjournals.org/

