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Abstract

The SLC22 transporter family consists of more than two dozen members, which are expressed in 

the kidney, the liver, and other tissues. Evolutionary analysis indicates that SLC22 transporters fall 

into at least six subfamilies: OAT (organic anion transporter), OAT-like, OAT-related, OCT 

(organic cation transporter), OCTN (organic cation/carnitine transporter), and OCT/OCTN-related. 

Some—including OAT1 [SLC22A6 or NKT (novel kidney transporter)] and OAT3 (SLC22A8), as 

well as OCT1 (SLC22A1) and OCT2 (SLC22A2)—are widely studied drag transporters. 

Nevertheless, analyses of knockout mice and other data indicate that SLC22 transporters regulate 

key metabolic pathways and levels of signaling molecules (e.g., gut microbiome products, bile 

acids, tricarboxylic acid cycle intermediates, dietary flavonoids and other nutrients, 

prostaglandins, vitamins, short-chain fatty acids, urate, and ergothioneine), as well as uremic 

toxins associated with chronic kidney disease. Certain SLC22 transporters—such as URAT1 

(SLC22A12) and OCTN2 (SLC22A5)—are mutated in inherited metabolic diseases. A new 

systems biology view of transporters is emerging. As proposed in the remote sensing and signaling 

hypothesis, SLC22 transporters, together with other SLC and ABC transporters, have key roles in 

interorgan and interorganism small-molecule communication and, together with the 

neuroendocrine, growth factor–cytokine, and other homeostatic systems, regulate local and whole-

body homeostasis.
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INTRODUCTION

SLC22 transporters have a central role in moving small molecule endogenous metabolites, 

drugs, and toxins (exogenous and endogenous) between tissues and interfacing body fluids 

(e.g., the kidney proximal tubule, hepatocytes, the choroid plexus) (Figure 1) (1–7). Due to 

the pharmaceutical importance of SLC22 transporters, they are one of the best-studied SLC 
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families from the viewpoint of drug handling. However, considerable recent data support an 

essential role in whole-organism physiology, including interorgan and interorganism 

communication.

The existence of the family, now known as SLC22, was first proposed in 1997 (8) when the 

gene for organic anion transporter 1 (OAT1, SLC22A6), originally designated NKT (novel 

kidney transporter), was first cloned (8); at that time, it was shown to be homologous to the 

previously identified NLT (novel liver transporter) (9), now called OAT2 (SLC22A7), and 

organic cation transporter 1 (OCT1, SLC22A1), which had been reported in 1994 (10). 

Although many reviews have generally discussed each family member in order of its 

numeral designation as an SLC22 (e.g., SLC22A1, SLC22A2, SLC22A3, SLC22A4) or 

after separation into OAT, OCT, OCTN (organic cation/carnitine transporter), and other 

subfamilies, this approach tends to be as much historical as based on structural or functional 

relatedness. As presented in Table 1, it is evident that there are many cases in which some of 

the most structurally related transporters—such as SLC22A6 (OAT1), SLC22A8 (OAT3), 

SLC22A12 (URAT1), and SCL22A20 (OAT6)—carry numerical designations that do not 

necessarily reflect underlying similarities. If considered in numerical order, these similarities 

can quickly become confusing, even to those working in the field.

In the absence of full functional and/or structural characterization of all, or nearly all, 

SLC22 family members, another approach is to describe and discuss family members in 

terms of evolutionary relatedness, which is presumed to reflect to a significant degree the 

underlying structural or functional similarity (11). This has the additional advantage of 

placing orphan or understudied members of the SLC22 family in relation to better-studied 

members, suggesting possible functions for the orphan family members.

Recent evolutionary studies make it possible to present and discuss the family in this way 

(11), and this is the approach taken here. Thus, on the basis of evolutionary analysis, the 

SLC22 family can be divided into at least six subclades or subfamilies (Figure 2): (a) OAT 

(SLC22A6, SLC22A7, SLC22A8, SLC22A9, SLC22A10, SLC22A11, SLC22A12, 

SLC22A19, SLC22A20, SLC22A22, SLC22A24, SLC22A25, SLC22A26, SLC22A27, 

SLC22A28, SLC22A29, SLC22A30), (b) OAT-like (SLC22A13, SLC22A14), (c) OAT-

related (SLC22A17, SLC22A18, SLC22A23, SLC22A31), (d) OCT (SLC22A1, SLC22A2, 

SLC22A3), (e) OCTN (SLC22A4, SLC22A5, SLC22A21), and (f) OCT/OCTN-related 

(SLC22A15, SLC22A16). Again, by focusing on these evolutionarily distinct groups of 

SLC22 genes, it may be easier to appreciate functional similarities and differences within 

and between subfamilies, as well as to identify areas worthy of further study. [Although we 

may use the term SLC22 transporters to refer to the family in general, it should be noted that 

transport capacity has not been established for each of the family members and, in at least 

one case, it has been argued that despite some sequence similarity, the gene SLC22A18 may 

not be a legitimate family member (11).]

Although we will discuss the medical, pharmacological, and toxicological relevance of each 

transporter (to the extent that these are reasonably well established), our overall focus will be 

on conveying the fundamental physiological relevance of single transporters or groups of 

transporters in the handling of endogenous metabolites and signaling molecules. This is in 
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accordance with recent calls for more systems biology approaches to the SLC and ABC 

transporters (1, 12, 13). Indeed, in certain systems biology analyses, SLC22 appears to be at 

the center of a transporter interaction network involving many other SLC families in 

different organs (13). Thus, with a particular emphasis on the role of various SLC22 

transporters in remote interorgan and interorganism communication, the discussion will be 

framed by the remote sensing and signaling hypothesis, which is summarized below.

THE PHYSIOLOGICAL ROLE OF SLC22 TRANSPORTERS: THE REMOTE 

SENSING AND SIGNALING HYPOTHESIS

SLC22 transporters are highly conserved throughout evolution and are expressed in different 

sites (or at different levels) during prenatal development compared with adulthood, 

suggesting a physiological role in embryogenesis (14, 15). Even in the adult, some SLC22 

transporters are highly expressed in tissues not usually associated with drug elimination 

[e.g., OAT6 in the olfactory epithelium, various OCTs in the central nervous system (CNS)]. 

When considered together, the roughly thirty SLC22 transporters have broad substrate 

specificity, ranging from organic anions to organic zwitterions and organic cations, as well 

as other molecules (16–18). Mutations in at least two transporters (SLC22A12 or URAT1; 

SLC22A5 or OCTN2) are associated with metabolic diseases related to urate and carnitine 

handling that are inherited along classic Mendelian lines (19, 20). Metabolomics data from 

various SLC22 transporter knockouts indicate that, in some cases, they have a central role in 

modulating the levels of endogenous metabolites and signaling molecules—including those 

derived from the activity of the gut microbiome—in the plasma, as well as other body fluids 

(21–26). Many of these metabolites and signaling molecules have well-described roles in 

cell, organ, interorgan, and interorganism communication (12, 27). Based on in vitro and 

other data, other transporters appear to be relatively selective transporters of urate (URAT1), 

prostaglandins (OATPG), odorant-type molecules (OAT6 or SLC22A20), or carnitine and 

ergothioneine (OCTN1) (19, 28–31). Other transported molecules (e.g., bile acids, α-

ketoglutarate, and β-hydroxybutyrate) are involved in metabolite signaling via G protein-

coupled receptors and epigenetic and other modifications capable of altering the 

transcriptional state of cells.

All of this suggests that the highly publicized role of SLC22 transporters (particularly OAT1, 

OAT3, OCT1, and OCT2) as drug transporters is somewhat misleading, and we must ask, 

“What do drug transporters really do?” Despite the type of evidence discussed above, even 

now the biological perspective seems to be mostly ignored, especially considering the 

attention that these transporters receive from the pharmaceutical industry and the US Food 

and Drug Administration (FDA), as well as other regulatory agencies (32–34). For these 

transporters are very much a part of organ and systemic physiology, as well as 

pathophysiology (4, 12, 35–39).

Beginning in 2006, an alternative view of the biological role of SLC22 drug transporters—

and, indeed, all SLC and ABC drug transporters—began to be developed based on the 

endogenous functions of these widely expressed transporters of metabolites and signaling 

molecules, and their roles in interorgan and interorganism communication (for example, gut 
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microbiome–gut–plasma–liver–kidney–urine, or gut microbiome–gut–plasma–blood–brain 

barrier–CNS–cerebrospinal fluid) (1, 12, 16, 18, 27, 30). This theory, which now seems to 

be supported by a wide variety of converging data—such as that surveyed above and detailed 

below—is now called the remote sensing and signaling hypothesis (Figure 3). It has been 

discussed in detail elsewhere (1, 12, 18, 27); here, we focus on its particular relevance to 

SLC22 transporters and use it as a framework for the remainder of this review.

Recent systems biology analyses suggest that SLC22 might be a superhub among all SLC 

transporters in that it sits at, or near the center of, a larger SLC transporter network that 

connects to a wide variety of SLC transporters regulating various aspects of metabolism and 

expressed in many different organs (13). Moreover, metabolic reconstructions (explained 

below) of transcriptomics and metabolic data derived from Oat1 and Oat3 knockout mice 

indicate broad effects on many biological pathways involved in metabolism and signaling 

throughout the body (21, 24–26, 40). Although some SLC22 transporters (i.e., OAT1, OAT3, 

OCT1, and OCT2) are multispecific (for both metabolites and drugs), others have limited 

specificity (e.g., OAT6 for odorants, URAT1 for urate, OATPG for prostaglandins, OCTN2 

for carnitine, and OCTN1 for ergothioneine). Nevertheless, multispecific OATs can also 

transport odorants, urate, prostaglandins, and carnitine (or its metabolites).

Early on (e.g., 2006–2009), one potential example of remote sensing and signaling—still 

hypothetical but circumstantially supported by transport data, expression patterns, and 

knockout metabolomics data—was proposed as follows (16, 29, 30). The gut microbiome 

produces odorants that are transported by SLC22 and other multi-, oligo-, and monospecific 

transporters along the gut–liver–kidney axis such that these volatile odorants enter the urine 

via OAT1 and OAT3 (23, 26). Once volatilized, these odorants can potentially interact with 

OAT6 (which has a high affinity for certain odorants), odorant receptors, or both, in the 

olfactory mucosa of an animal of the same or different species (e.g., mouse, cat, dog) (16, 

29, 30). The expected, but unproven, behavioral consequence might be that this molecular 

mechanism of interorgan and interorganism communication (e.g., gut bacteria to mouse gut–

liver–kidney axis to urine to cat olfactory system) affects the behavioral interactions of mice, 

cats, and dogs.

Although the previous, somewhat hypothetical, example provides insight into how remote 

sensing and signaling via SLC22 and other transporters might work through interorgan and 

interorganism communication, a validated, and somewhat surprising, example comes from 

the renal and extrarenal handling of uric acid in the setting of hyperuricemia (or gout) in the 

absence versus the presence of kidney disease (35, 41, 42). The human and nonhuman in 

vivo evidence supporting this example (described below) demonstrates how multispecific 

(OAT1, OAT3) and more specific (URAT1, OAT4) renal SLC22 transporters work together 

(and with members of other transporter families such as ABCG2 and SLC2A9) to regulate 

uric acid levels. In the setting of kidney disease, the function of an intestinal uric acid 

transporter, ABCG2, becomes considerably more important (35, 41, 42). This supports a 

mechanism for remote communication between the dysfunctional kidney and the intact 

intestine to regulate uric acid levels when the normal renal elimination of this potentially 

toxic organic anion is affected by declining kidney function, thereby averting more severe 

renal and nonrenal pathology due to high uric acid levels. It also begs the question about 
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mechanisms of transporter-mediated remote communication between different organs in the 

service of maintaining homeostasis (including SLC and ABC transporters); as discussed 

below, potential molecular mechanisms are beginning to emerge.

The remote sensing and signaling hypothesis will not only be the framework through which 

we view what follows regarding SLC22 transporters, but it is also discussed as a corrective 

to the tremendous bias of viewing these transporters as drug transporters, which often 

overlooks the well-established biological roles of these and other SLC and ABC drug 

transporters in local as well as systemic physiology and pathophysiology involving 

endogenous metabolites and signaling molecules. Nevertheless, the implications of the 

remote sensing and signaling hypothesis are quite far-ranging—including considering how 

the network of multispecific, oligospecific, and monospecific transporters throughout the 

body integrates with other physiological systems, such as the endocrine, growth factor–

cytokine, and autonomic systems to maintain homeostasis—and these implications have 

been discussed elsewhere in detail (1, 12, 18, 27).

CLASSIFYING SLC22 TRANSPORTERS BASED ON EVOLUTIONARY 

RELATEDNESS

When OAT1 was discovered as NKT in 1996–1997 (43), it was noticed that NKT was 

homologous to two other genes in the database that had not previously been linked: OCT1 

and NLT (now OAT2). Thus, a new family was proposed, consisting of these three genes 

likely to be involved in organic anion transport, organic cation transport, or both (8). With 

the subsequent identification of more than two dozen other SLC22 transporters, SLC22 

became a family that in humans and rodents comprises approximately 30 members (Table 

1).

SLC22 transporters are conserved in nonmammalian model organisms, such as fly, worm, 

zebrafish, and sea urchin (11, 44, 45). Although it is not always possible to trace back the 

orthologous gene from humans or rodents to more ancient species, it is possible to determine 

whether the gene is a member of the SLC22 transporter family and, often, whether it is a 

member of the OAT or OCT clades. In some cases, it is also possible to link the ancient gene 

to one of the six subclades, or subfamilies, that are described below.

From an evolutionary standpoint, SLC22 divides into two major clades: the large OAT clade 

(23 members) and the smaller OCT clade (8 members). Each of these clades subdivides into 

three subclades, resulting in six groups distinguished by sequence homology through 

evolution, an apparent common ancestral gene, subclade-selective amino acid sequence 

motifs, or a combination of these (11). Below, the physiology, pharmacology, and toxicology 

of each group (SLC22 subclade) are described in more detail. SLC22 is one of the best-

studied transporter families and has hundreds of drug, toxin, nutrient, and metabolite 

ligands; it is beyond the scope of this review to enumerate all of these, and the focus here is 

on the largely neglected area of endogenous ligands that are important in normal physiology 

and disease. For lists of in vitro and in vivo drugs and metabolites the reader is referred to 

various reviews and original knockout metabolomics papers (1–7, 17, 18, 22–24, 25, 26, 43).
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OAT Group

By far, the best-studied members of the OAT group are OAT1 and OAT3 (5, 18, 46, 47). This 

is due to their great pharmaceutical importance, as indicated by FDA guidelines that list 

these two transporters among several SLC and ABC drug transporters that are to be tested 

for the transport of new drugs (32). As far as common drugs are concerned, it has not been 

easy to identify clear differences between the substrate specificity of OAT1 and OAT3, 

although a recent study employing machine learning methods, along with other studies, has 

indicated that OAT3 has a greater preference for some drugs with a slightly cationic 

character (16, 48, 49). However, the in vitro data on metabolite transport for OAT1 and 

OAT3, as well as data from metabolomics of the knockouts, are beginning to suggest major 

differences in endogenous substrate specificity, with OAT1 handling smaller molecules [e.g., 

TCA (tricarboxylic acid) cycle intermediates] and OAT3 able to handle larger, more 

hydrophobic molecules with multiple rings (e.g., bile acids and flavonoids) (18, 22–26).

The OAT subclade includes a number of transporters that appear to be much more selective 

in their substrate preference. For example, URAT1, which was originally identified in mouse 

as renal-specific transporter (Rst) (50), is a major renal uric acid transporter expressed in the 

apical membrane of the proximal tubule (51) (discussed in more detail below).

OAT2 was originally identified as NLT (9), and it was this OAT that, along with OAT1 

(originally NKT) and OCT1, made it possible to propose the existence of the SLC22 

transporter family based on sequence homology (8). OAT2 is highly expressed in the liver 

and in the kidney (52). Although it transports some drugs (as do many of the other OATs, 

apart from OAT1 and OAT3), among its most intriguing substrates are cyclic nucleotides 

[e.g., cyclic guanosine monophosphate (cGMP)] (53). Thus, it is possible that, as with 

MRP4 (ABCC4) (54), this drug transporter plays a part in modulating signal transduction 

pathways.

Another interesting OAT, from the perspectives of both substrate selectivity and expression, 

is OAT6 (SLC22A20) (16, 29, 30, 55, 56), which is closely related to OAT1 and OAT3 and 

is expressed primarily in the olfactory epithelium (30), as well as the testes (57). Given its 

olfactory expression pattern, it is particularly noteworthy that OAT6 interacts at relatively 

high affinity (compared with other OATs) with a number of well-known odorant molecules 

(e.g., benzoate, heptanoate) and has sequence similarity to certain odorant receptors (56). 

Although the role (if any) of OAT6 in olfaction remains to be fully explored, some 

possibilities are discussed below.

OAT-Like Group

This subclade is not well studied, but based on in vitro assays as well as human association 

studies (58, 59), OAT10 (SLC22A13) appears to be a urate transporter. It also appears to 

transport nicotinate (59).

OAT-Related Group

SLC22A17 is interesting for multiple reasons. It has high expression in the choroid plexus, a 

tissue that also expresses other SLC22 family members, including OAT1 and OAT3 (60). Its 
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actual substrate is not well understood, although it has been proposed to participate in iron 

transport via functioning as a receptor for lipocalin (NGAL) (61). SLC22A18 is, arguably, 

an outlier among SLC22 transporters, not only in this subclade but also in the SLC22 family 

as a whole. By amino acid sequence, it appears related to the bacterial drug–proton 

antiporters (11). Much more work needs to be done to understand the endogenous function 

of transporters in this intriguing subclade.

OCT Group

OCT1, OCT2, and OCT3 have substantially different tissue distributions, although they 

overlap in some tissues (62, 63). From the general viewpoint of organ function, the major 

liver OCT is OCT1; the major kidney OCT is OCT2; and OCT3, although expressed in liver 

and kidney, has received attention because of its potential importance in neurotransmitter 

uptake in the CNS (64).

The drug substrate specificities for OCT1 and OCT2 are similar, and machine learning 

studies have not been able to consistently identify molecular features that predispose to 

being transported by OCT1 versus OCT2 (49). With respect to endogenous function, OCT1 

is also capable of transporting polyamines, thiamine, and carnitine, and OCT2 is capable of 

interacting with dopamine, creatinine, and acetylcholine (65).

OCTN Group

OCTN1 is likely to be primarily an ergothioneine and carnitine transporter (28) and 

expressed in the kidney, intestine, liver, and other tissues. OCTN2, a well-established 

carnitine transporter, is highly expressed in the kidney, with some expression in the intestine, 

placenta, and other tissues (66).

OCT/OCTN-Related Group

From the viewpoint of amino acid sequence homology and evolution, SLC22A15 and 

SLC22A16, originally described, respectively, as FLIPT (fly-like putative transporter)-1 and 

FLIPT2, appear most closely related to the OCTN subclade of carnitine transporters (67). 

These transporters—expressed in the kidney and other tissues—-are not well studied, but 

there is some in vitro evidence to suggest that they, particularly FLIPT2 (SLC22A16), can 

interact with carnitine (68) and drugs such as bleomycin (69).

PHARMACOLOGICAL AND TOXICOLOGICAL ROLES BASED ON MOUSE 

SLC22 KNOCKOUTS

Of the SLC22 transporter murine knockouts, the following have been studied in detail: 

knockouts of Oct1 (Slc22a1), Oct2 (Slc22a2), Oct3 (SLC22a3), Octn1 (Slc22a4), Octn2 
(Slc22a5), Oat1 (Slc22a6), Oat3 (Slc22a8), and Rst (Urat1, Slc22A12) (22–24, 70–77). 

Below are highlighted some of the key findings from the knockouts related to the 

pharmacological and toxicological roles of SLC22 transporters; later, the intriguing 

physiological insights from the knockouts are discussed.
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OAT Subclade

As expected, the deletion of Oat1 results in diminished renal handling of its prototypical 

organic anion substrate para-amino hippurate (PAH) (22), and the deletion of Oat3 likewise 

results in diminished handling of prototypical organic anions (e.g., estrone sulfate) by the 

kidney (75).

Generally, the loss of Oat1 or Oat3 has similar effects on many drugs. The loss of Oat1 or 

Oat3 results in a blunted natriuretic response to loop and thiazide diuretics, whereas this is 

not seen when Rst (Urat1) is deleted (Figure 4) (71, 78). OAT1 and OAT3 take up these 

albumin-bound diuretics into the cells of the proximal tubule of the kidney, whereupon they 

are eliminated into the lumen of the tubule. They then act on transporters in the loop of 

Henle and the distal convoluted tubule to inhibit net sodium reabsorption. Thus, the deletion 

of either of these two genes leads to a substantial loss of the effect of loop and thiazide 

diuretics.

The loss of OAT1 or OAT3 also leads to diminished renal uptake of a number of antiviral 

drugs (79, 80). A similar effect is seen in the choroid plexus (60). Indeed, OAT1 and OAT3 

appear to be major uptake transporters for many of the antivirals used alone or in 

combination to treat HIV and other viral infections. The Oat3 knockouts have also been 

shown to have diminished renal excretion of antibiotics, including the β-lactams and 

fluoroquinolones (81, 82).

OAT3 is also expressed in the brain capillary endothelium (83, 84), and studies in the Oat3 
knockout have shown that compounds entering the brain attain higher levels, presumably 

because Oat3 is unable to transport these compounds across the endothelium from the brain 

to the blood (85).

Mercury toxicity remains a major environmental concern, and the OATs have been 

implicated in transporting mercury (often conjugated to glutathione or cysteine in plasma); 

these conjugates act as if they are organic anions (86). The kidney is a major site of mercury 

toxicity due to the uptake of organic mercurial conjugates into the highly vulnerable 

proximal tubule cells via OATs. Consistent with this, the Oat1 knockout is well protected 

from damage caused by mercurials (39). Although the Oat3 knockout was not tested, the 

striking renal protection from mercury toxicity in the Oat1 knockout suggests that Oat1 may 

be relatively more important in handling organic mercurials. Oat3, however, appears to play 

a major part in the renal elimination of aristolochic acid, one of the presumed causative 

agents of Balkan endemic nephropathy (87), and the results of knockout studies are 

consistent with the notion that uptake via Oat3 mediates aristolochic acid nephropathy (88, 

89).

The knockout of the Urat1 (Rst) gene results in altered renal handling of uric acid, which 

would be expected based on the human disease phenotype of the mutated URAT1 gene (71). 

The knockout of Oat1 and Oat3 also results in altered uric acid handling. Thus, when OAT4 

and OAT10 are included, at least five SLC22 transporters appear to be important for uric 

acid handling. Nevertheless, the knockout phenotype with respect to uric acid for Urat1, as 

well as for Oat1 and Oat3, was not as great as expected, and it was suggested at the time that 
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other transporters must be as, or more, important in urate handling (71). Subsequently, 

human studies indicated that among the key urate transporters are SLC2A9 and ABCG2 (90, 

91), with ABCG2 becoming particularly important in the setting of renal dysfunction (35). 

In addition, SLC17 transporters appear to have a role in urate handling (35, 51, 92, 93).

OCT Subclade

Oct1 and Oct2 have been deleted singly and together. The Oct1 knockout has an altered 

uptake of prototypical organic cations (e.g., tetraethylammonium) into the liver, as well as its 

altered excretion into the intestinal lumen (73). In addition, there is a defect in metformin 

handling (76). In the Oct2 knockout, renal handling of organic cations is impaired, and this 

is also seen in the double knockout of Oct1 and Oct2 (74). Moreover, the double knockout 

kidney is less susceptible to cisplatin toxicity (72).

Consistent with Oct3’s role in transporting biogenic amines and neurotransmitters, Oct3 
knockout mice demonstrate neurobehavioral abnormalities in response to particular stimuli 

(77). The deletion of Oct2, which can also transport neurotransmitters, has also been 

reported to affect behavior in mice, and the brains of these mice have altered 

neurotransmitter levels (70, 94).

METABOLOMICS OF MOUSE KNOCKOUTS OF SEVERAL SLC22 GENES 

CLARIFIES THEIR ENDOGENOUS FUNCTION

To varying degrees, targeted and untargeted metabolomics analyses have been performed, 

mainly on the plasma of several OCT, OAT, and OCTN knockouts. Those analyses that have 

provided additional insight into endogenous functions (and not extensively discussed 

elsewhere in this review) are highlighted here.

OAT1

From a metabolomics standpoint, a considerable amount of data about the Oat1 knockout 

are available (22, 23, 25). In general, metabolites involved in energy metabolism are altered, 

as well as odorant molecules and a number of metabolites derived from the gut microbiome 

that are, in the setting of kidney disease, associated with uremic toxicity (e.g., indoxyl 

sulfate, hippurate, p-cresol sulfate). Some of these molecules have undergone modification 

by phase 2 enzymes in the liver, giving rise to the notion that OATs are key players in the 

gut–liver–kidney axis. The metabolomics data also suggest an important role for Oatl in 

proximal tubule metabolism, including the TCA cycle (22).

OAT3

Current metabolomics data suggest that OAT3, even more than OAT1, is involved in the gut–

liver–kidney axis. OAT3 handles dietary compounds, including flavonoids, and molecules 

that are derived from phase 1 and phase 2 liver metabolism (e.g., hydroxylation, sulfation, 

glucuronidation, acetylation). As with the Oat1 knockout, the Oat3 knockout accumulates 

many gut microbiome products and uremic toxins of chronic kidney disease (25, 26). There 

is also a suggestion that OAT3 is responsible for transporting some molecules involved in 
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sialic acid metabolism. Taken together with the Oat1 knockout, the Oat3 metabolomics 

supports the concept that although the physiological roles of these two transporters overlap, 

OAT1 is likely more important in proximal tubule energy metabolism and OAT3 is likely 

more important in the flow of metabolites through the gut–liver–kidney axis (26). 

Furthermore, even though it has been difficult to distinguish OAT1 and OAT3 drug 

preferences on the basis of the physiochemical characteristics, metabolites accumulating in 

the Oat1 and Oat3 knockouts are distinguishable as a group on the basis of molecular 

weight, size, and number of rings (26).

OCT1

Metabolomics analyses of the Oct1 knockout have revealed altered levels of thiamine, and it 

is believed that defective transport of the latter metabolite modulates liver steatosis when the 

Oct1 knockout is crossed with leptin-deficient mice (95).

METABOLIC RECONSTRUCTION OF THE OAT1 KNOCKOUT FROM OMICS 

DATA

Genome-scale metabolic reconstructions based on transcriptomics data have been 

successfully applied in lower organisms to make predictions about metabolic pathways 

affected by perturbation, and these are increasingly being applied to mammalian models and 

human clinical contexts (96, 97). To create an OAT1-centered metabolic network, 

transcriptional changes in the Oat1 knockout mouse compared with the wild type were used 

to reconstruct the metabolic pathways likely to be affected by chronic loss of OAT1 function 

(21, 40). Many of the predictions were validated based on in vitro metabolite transport data 

and in vivo metabolomics data from the Oat1 knockout mouse. This information was used to 

construct a partly validated OAT1-centered metabolic network and pathway, and enrichment 

analysis implicated a number of metabolic pathways, including those involved in tryptophan 

metabolism, the TCA cycle, purine and pyrimidine metabolism, fatty acids, prostaglandins, 

amino acids, vitamins, odorants, and polyamines (see the sidebar titled Top Pathways 

Affected by OAT1 Loss in Knockout Mice) (40). This type of approach can potentially be 

used to create tentative drug transporter–centered networks for OAT3, various OATPs 

(organic anion transporting polypeptides; SLCO), MRPs, and other SLC and ABC 

transporters, and this approach has the potential to provide a general picture of how multiple 

drug transporters regulate endogenous metabolism involving organic anion metabolites and 

signaling molecules. Maps such as these not only help to explain the biology regulated or 

modulated by SLC and other drug transporters but also begin to explain the broader effects 

of one or more organic anionic drugs on metabolism beyond simple competition at the site 

of the transporter. Much remains to be done in this area, and the modeling techniques are 

rapidly improving.

TRANSCRIPTIONAL REGULATION OF SLC22 TRANSPORTERS

Coordination of interorgan crosstalk involving SLC and ABC transporters requires one or 

(likely) many mechanisms of integration. Apart from substrate stimulation/inducibility (98) 

and regulation facilitated by the molecular and cellular mechanisms mediated by hormones 
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and genetic factors (particularly in the setting of organ dysfunction) (1, 4, 12, 18), 

transcriptional regulation by nuclear receptors that may bind small-molecule substrates of 

transporters is another potential mechanism with which to explain coordination of remote 

interorgan or interorganism communication. The transcriptional regulation of several SLC22 

transporters has been studied in some detail in cultured cells, in ex vivo tissue preparations, 

and in vivo using knockouts (99–101). The hepatocyte nuclear factors, HNF4α and HNF1α, 

which have been shown to regulate many drug-metabolizing enzymes in the liver and other 

tissues, figure prominently in the regulation of several SLC22 transporters, including OAT1, 

OAT3, URAT1, and OCT1. This appears to be true of mature as well as developing cells and 

tissues. For example, by chromatin immunoprecipitation sequencing (ChIP-seq) analysis it 

can be demonstrated that OAT1 and OAT3 gene regulatory regions have high binding of 

HNF4α (101). When HNF4α, sometimes with HNF1α, is introduced into cultured cells, the 

messenger RNA levels of OAT1, OAT3, URAT, and OCT1 (as well as certain ABC 

transporters and MATEs) are increased to varying degrees (100, 101). This indicates that 

HNF4α and HNF1α have key roles in regulating these SLC22 transporters. Bioinformatics 

analyses have implicated other nuclear receptors and transcription factors in the regulation 

of SLC22 transporters, but these have not been analyzed in detail (101).

An endogenous ligand of HNF4α has been identified as linoleic acid (102). A number of 

fatty acids that bind nuclear receptors accumulate in certain SLC22 and other SLC and ABC 

transporter knockouts (1, 7), which raises the possibility that molecules taken up by a 

transporter can regulate the expression of the same or different SLC and ABC transporters—

which, in turn, enables the cell to transport a variety of metabolites and signaling molecules. 

From the viewpoint of the remote sensing and signaling hypothesis, this is a potential 

mechanism for connecting nuclear receptor signaling to transport activity, presumably in the 

service of small molecule homeostasis regulated by the network of SLC and ABC 

transporters in different tissues lining different body fluid compartments, as well as the 

neuroendocrine system (1, 12, 18, 27).

DEVELOPMENT AND REGENERATION

SLC22 transporters are expressed during much of prenatal development and often in 

different sites in the developing embryo when compared with adults, including in the 

developing CNS, cardiovascular system, intestine, and bone (15). Indeed, this finding gave 

rise to the hypothesis that these drug transporters might have inherent biological roles. In the 

embryo, this could include transporting morphogenetic molecules (e.g., cyclic nucleotides, 

prostaglandins, or various activators of signaling pathways) or key metabolites (e.g., folate) 

into specific embryonic tissues. Or the transporters could subserve some function (e.g., 

signal transduction) independent of transport. In addition, the likely carnitine transporter 

FLIPT1 (SLC22A15) is expressed in developing brain, kidney, and lung, whereas other 

SLC22 transporters have high expression in the embryonic liver (67). Despite the high 

embryonic expression of various SLC22 transporters, single Slc22 transporter knockouts 

generally undergo normal development and postnatal maturation; thus, the embryonic roles 

of various SLC22 transporters require further investigation.
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In the maturing organ—for instance, in the developing kidney—the SLC22 transporters are 

usually expressed at midgestation, and there is a gradual rise in the expression of transcript 

during development (14, 103–105). After birth, there is a rapid rise in transcript expression 

in the developing kidney until the late neonatal to early juvenile period, whereupon 

expression tends to level off during the late juvenile period and remains steady throughout 

adulthood (104). This has been best studied in the context of the organic anion transporters 

Oat1 and Oat3 in which, in addition to transcript expression, postnatal PAH transport has 

been analyzed in wild-type and knockout animals (104). Functional maturation of the 

proximal tubule, as measured by PAH transport, generally parallels transcript levels. In the 

developmental context, as in the adult context, HNF4α and HNF1α seem to be key 

mediators of the transcription of several SLC22 transporters of the OAT and OCT families 

(99, 101). There is also evidence from transduced mouse embryonic fibroblasts to suggest 

that for expression of the full complement of renal transporters, it may be necessary to 

suppress the liver transporter transcriptional program (100).

Regeneration is sometimes held to recapitulate aspects of development, and it is worth 

noting that a number of studies have examined the transcriptional and posttranscriptional 

changes of various OATs in the setting of acute renal injury and recovery models (106, 107). 

In general, there appears to be an acute drop in OAT expression followed by a later rise that 

sometimes overshoots basal adult expression before settling down to normal levels. 

Fragments of certain OATs have been detected in the urine after injury and are being studied 

as potential biomarkers for acute kidney injury (108).

ROLE OF SIGNALING PATHWAYS IN CELLULAR REGULATION AND 

FUNCTION OF SLC22 TRANSPORTERS

Over the years, a considerable amount of data have accumulated on the intersection of 

transporters with signaling and sorting pathways, and this is true of SLC22 transporters as 

well (109, 110). These transporters undergo covalent modifications, such as 

phosphorylation, including tyrosine phosphorylation by Src family kinases, which can affect 

OCT function (111). Other kinases, such as PKC, can affect trafficking (112–114). There are 

also strong data on the association of SLC22 transporters such as URAT1 with PDZK1 

domains, which is important in membrane localization and function (115). Indeed, one of 

the mutations that affects human uric acid levels is caused by a defect in the association of 

URAT1 with PDZK1 (116).

In addition, certain SLC22 transporters, such as the olfactory transporter OAT6, have been 

found to have strong sequence similarity to parts of odorant receptors, which are G protein–

coupled receptors (56). Although much of the similarity appears to be in what are presumed 

to be common odorant binding sites, this has raised the question as to whether one or more 

SLC22 transporters can function as a transceptor, as occurs in the case of nutrient 

transporters in bacteria and higher organisms. This intriguing possibility remains to be 

studied in detail.

Reports support the importance of SLC22A17 in acting indirectly in iron transport; 

apparently, this transporter is actually a receptor for NGAL, also known as LCN2R, and is 
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involved in the endocytosis of iron-free and iron-bound lipocalin (61). Because of the broad 

importance of iron and lipocalin in physiology and cell differentiation, SLC22A17 provides 

an interesting example of how SLC22 transporters may function in unexpected ways beyond 

those we associate with the classic OATs, OCTs, and OCTNs.

Thus, there are many ways in which classical signaling pathways can affect SLC22 

transporter sorting, localization, and function. The examples of SLC22A17 and possibly 

OAT6 (SLC22A20) suggest novel roles of these transporters in homeostasis that remain to 

be fully explored. This is particularly interesting from the perspective of the remote sensing 

and signaling hypothesis, which explicitly emphasizes the intersection of classical 

neuroendocrine and growth factor–cytokine–dependent signaling pathways with the 

endogenous physiological roles of SLC and ABC transporters in interorgan communication 

for the purpose of maintaining the homeostasis of small molecules important to organ and 

systemic metabolism, as well as signaling in normal and disease states.

CLINICAL SLC22-ASSOCIATED SYNDROMES

OAT Subclade

Early on, nonsynonymous single-nucleotide polymorphisms (SNPs) in the coding regions of 

OAT1, OAT3, and URAT1 were found to be relatively uncommon (117), but SNPs were 

much more common in the noncoding regions of these genes (118). Consistent with 

knockout and in vitro studies, SNPs in OAT1 and OAT3 have been implicated in mercury 

toxicity (in miners), diuretic responsiveness, and β-lactam antibiotic handling (in an East 

Asian population) (119–121).

URAT1, originally discovered as Rst in mice, was rediscovered in Japanese patients with 

exercise-induced uric acid stones (122). These patients have a mutation in URAT1. 

Subsequently, SNPs in URAT1 were found to be associated with hyperuricemia, although it 

now appears, based on a number of genome-wide association studies, that SNPs in ABCG2 

and SLC2A9 are at least as important in various populations studied (123). Among SLC22 

transporters, SNPs in OAT1, OAT3, and OAT4 have also been shown to have effects on uric 

acid levels, although these effects are much more modest than those of the aforementioned 

transporters (117).

OATs have been implicated in diabetic nephropathy, which appears to have reduced 

expression of OAT1 and OAT3 and a metabolic profile in affected patients that resembles 

that seen in the OAT knockout mice (124). OAT3 has also been implicated in gestational 

diabetes through an interesting mechanism possibly consistent with the remote sensing and 

signaling hypothesis (125). CMPF (3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid), 

derived from dietary and gut microbiome sources, crosses the intestine and enters the blood, 

whereupon it is taken up by OAT3 in the pancreatic β-cells and, via its effect on redox state, 

alters insulin secretion (125). This appears to be an example of remote interorgan (if not 

interorganism) communication via drug transporters leading to aberrant signaling and 

metabolic disease.
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OCTN Subclade

Systemic carnitine deficiency, an autosomal recessive disease that results in cardiomyopathy, 

skeletal myopathy, and metabolic abnormalities, results from a mutation in OCTN2 (126). 

Thus, renal reabsorption of carnitine is blocked, leading to renal wasting and lower plasma 

levels of carnitine, which is necessary for mitochondrial oxidation of fatty acids and 

generating acetyl coenzyme A (127). SNPs in OCTN1 and OCTN2 are also associated with 

inflammatory syndromes, including inflammatory bowel disease and rheumatoid arthritis 

(128–130).

TOXINS, UREMIC SOLUTES, NEUROTRANSMITTERS, AND CREATININE

OAT Subclade

OAT3 is a transporter of ochratoxin A and aristolochic acid, dietary compounds that have 

been implicated in Balkan endemic nephropathy, which is associated with malignancy in the 

lower urinary tract (87, 131). As with several other nephrotoxins (i.e., organic mercurial or 

cephaloridine, which is no longer used), these dietary toxins enter the proximal tubule via 

OAT3 (and OAT1 in the case of mercury and cephaloridine), whereupon they cause tubular 

damage (47, 88, 132).

Among endogenous toxins, both OAT1 and OAT3 have received a great deal of attention 

because they appear to be the major transporters of small molecule uremic toxins, such as 

indoxyl sulfate, p-cresol sulfate, CMPF, and many others (23–25, 47, 133). These molecules 

accumulate in the serum of the Oat1 and Oat3 knockouts. Interestingly, trimethylamine N-

oxide (TMAO), a uremic toxin associated with cardiovascular morbidity (134), accumulates 

in the Oat3 knockout (26), although it is not clear whether it can act as a substrate for OAT3. 

Many of these uremic toxins are tryptophan metabolites derived from gut microbial flora; 

they cross the intestine and enter the blood. Some are modified by phase 1 (e.g., 

hydroxylation) or phase 2 (e.g., sulfation, glucuronidation) enzymes in the liver, resulting in 

potentially toxic compounds, such as indoxyl sulfate (23, 25, 26). This compound is one of 

several uremic toxins responsible for the uremic syndrome of chronic kidney disease (CKD). 

Uremic toxins are thought to perturb overall metabolism and result in pathology in the CNS, 

heart, pericardium, peripheral nerves, skeletal muscle, and other tissues. Indoxyl sulfate also 

enters the proximal tubule via the OATs, where it appears to accelerate the progression of 

CKD (133, 135). Thus, there have been efforts to diminish levels of indoxyl sulfate in CKD 

patients; one such effort tried oral delivery of intestinal sorbents of indole compounds (e.g., 

AST-120) (135, 136).

Other uremic toxins derived from the gut flora and diet are unmodified by the liver but, 

nonetheless, appear to enter tissues and cells affected in the uremic syndrome of CKD. Some 

of these, such as kynurenine, can affect signaling in many tissues, including the CNS (137); 

others, such as CMPF, affect metabolism (125). Tubular secretion may become more 

important as renal function declines (138, 139). As indicated by knockout and in vitro data, 

many of these compounds, such as indoxyl sulfate, are eliminated by OAT1, OAT3, or both 

(23, 24). Thus, the pathophysiology of uremia appears to be, in part, the result of disordered 

remote sensing and signaling (1, 12, 18, 25, 27). This pathophysiology involves 
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interorganism communication (e.g., between gut microbes and host) and interorgan 

communication (e.g., the gut–liver–kidney axis), and it is mediated through metabolites, 

signaling molecules, and endogenous toxins transported in and out of tissues (e.g., in the 

CNS) and body fluid compartments by OATs and other multispecific and monospecific 

transporters.

Although it is not entirely clear which are the main renal transporters determining the 

secretion of creatinine, a classical marker of renal function that is sometimes listed as a 

uremic toxin, both OCTs and OATs have been implicated by in vitro studies, knockout 

mouse studies, or both (140–143).

OCT Subclade

Certain SNPs in OCT1 can alter the hepatic uptake of metformin, an antidiabetes drug, 

thereby diminishing its efficacy (144). As mentioned above, OCTs are also important 

creatinine transporters (136, 137).

OCT3 is expressed in the brain, as well as in the kidney and liver. In the brain, it is expressed 

in the cortex and hippocampus and believed to be important in the extraneuronal reuptake of 

neurotransmitters (145). Likewise, OCT2, which is expressed in the limbic system as well as 

in the kidney, is also capable of transporting biogenic amines (70). Because of their CNS 

expression and ability to transport neurotransmitters, as well as the knockout behavioral 

phenotypes described above, these genes are receiving attention as potential targets for the 

treatment of anxiety disorders and depression.

CLOSING COMMENTS ON UNDERSTANDING SLC22 TRANSPORTERS 

FROM THE PERSPECTIVE OF REMOTE SENSING AND SIGNALING

It is increasingly clear that SLC22 transporters have an important endogenous function and 

that the subdivision of the transporters into subclades, as described here, provides a novel 

way to connect their evolutionary history, sequence homology, and endogenous function. 

The SLC22 transporter family is highly connected to other SLC transporter families 

involved in key metabolic and signaling processes, and the remote sensing and signaling 

hypothesis (1, 12, 16, 18, 27) proposes that these drug and nondrug SLC and ABC 

transporters—expressed in diverse epithelial and endothelial cells (among others), which 

line body fluid compartments (e.g., urine, amniotic fluid, bile) or important tissue interfaces 

(e.g., the blood-brain barrier)—are part of a large, endogenous interorgan and interorganism 

communication network that is intertwined with traditional homeostatic networks, such as 

the neuroendocrine and growth factor–cytokine systems. The theory implies that the 

fundamental biology underlying pharmacokinetics needs to be rewritten from the 

perspective of endogenous physiology, and it broadly expands the role of drug transporters 

in human and nonhuman homeostasis.
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TOP PATHWAYS AFFECTED BY OAT1 LOSS IN KNOCKOUT MICE

This list is adapted from Reference 40.

∎TCA cycle

∎Tyrosine metabolism

∎Alanine, aspartate, and glutamate metabolism

∎Butanoate metabolism

∎Arginine and proline metabolism

∎Tryptophan metabolism

∎Nicotinate and nicotinamide metabolism

∎Valine, leucine, and isoleucine degradation

∎Nitrogen metabolism

∎Glyoxylate and dicarboxylate metabolism

∎Propanoate metabolism

∎Glycine, serine, and threonine metabolism

∎Purine metabolism

∎Pyrimidine metabolism
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Figure 1. 
SLC22 transporters in epithelial tissues. SLC22 transporters tend to have 12 transmembrane 

domains (numbered blue cylinders). SLC22 transporters are mostly expressed in epithelial 

tissues, such as the proximal tubule of the kidney, hepatocytes, cells of the choroid plexus, 

and the olfactory epithelium. They tend to be uptake transporters, often expressed on the 

basolateral (blood) side of the polarized epithelial cell, although certain transporters are 

expressed on the apical side. Figure adapted from Reference 146. Abbreviations: G, 

glycosylation sites; P, PKC phosphorylation sites.
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Figure 2. 
The six subfamilies of SLC22 transporters. Evolutionary analysis indicates that SLC22 

transporters are highly conserved and found in fly, worm, sea urchin, and other organisms. 

The SLC22 family consists of two major clades: OAT (organic anion transporter) and OCT 

(organic cation transporter). Each of these clades can be further divided into three subclades, 

designated as OAT, OAT-like, OAT-related, OCT, OCTN (organic cation/carnitine 

transporter), and OCT/OCTN-related.
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Figure 3. 
The role of SLC22 transporters in remote sensing and signaling. The remote sensing and 

signaling hypothesis argues that SLC22 transporters and other SLC and ABC drug and 

nondrug transporters are part of a large interorgan and interorganism small-molecule 

communication network that maintains homeostasis in epithelial and nonepithelial tissues 

and body fluid compartments, such as blood, bile, cerebrospinal fluid, and urine. This 

remote sensing and signaling system in SLC and ABC transporters is hypothesized to work 

in parallel with the neuroendocrine and growth factor–cytokine systems and is, indeed, 

intertwined with them. Figure adapted from Reference 1. Abbreviation: CNS, central 

nervous system.
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Figure 4. 
Loss of diuretic response in Oat knockout mice. A number of SLC22 transporters have been 

deleted in mice, and the pharmacological and toxicological responses of knockout mice have 

been studied in detail. After the deletion of either (a) Oat1 or (b) Oat3—which are known to 

transport diuretics in vivo—the natriuretic (urine sodium excretion) response to either loop 

or thiazide diuretics is blunted. This is not seen in the deletion of the closely related (c) 

Urat1 (Rst), which is primarily a renal urate transporter. Figure adapted from References 22 

and 78. Abbreviations: ED50, half-maximal effective dose; IV, intravenous; Rst, renal 

specific transporter; UNaV, urinary sodium excretion.
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Table 1

SLC22 transporter family

Gene symbol Common name Alias Substrates Expression

SLC22A1 OCT1 Cationic drugs
Putrescine
Thiamine
Carnitine

Liver
Small intestine

SLC22A2 OCT2 Cationic drugs
Acetylcholine
Dopamine
Creatinine

Kidney
Small intestine

SLC22A3 OCT3 EMT
EMTH

Cationic drugs
Epinephrine

Heart
Skeletal muscle
Central nervous system

SLC22A4 OCTN1 ETT Ergothioneine
Carnitine
Acetylcholine

Kidney
Intestine

SLC22A5 OCTN2 Carnitine
Choline

Skeletal muscle
Kidney

SLC22A6 OAT1 NKT Anionic drugs
α-Ketoglutarate
Indoxyl sulfate
p-Cresol sulfate
Urate

Kidney
Choroid plexus

SLC22A7 OAT2 NLT Anionic drugs
cGMP (cyclic guanosine monophosphate)
Creatinine

Liver
Kidney

SLC22A8 OAT3 ROCT Anionic drugs
Estrone sulfate
Bile acids
Flavonoids
Creatinine

Kidney
Brain
Retina
Testis

SLC22A9 OAT7 Estrone sulfate Liver

SLC22A10 Liver

SLC22A11 OAT4 Urate
Estrone sulfate

Placenta
Kidney
Brain

SLC22A12 URAT1 RST Urate Kidney

SLC22A13 OAT10 ORCTL3 Organic anions
Urate

Kidney
Brain
Colon

SLC22A14 Oct12 ORCTL4 Kidney
Colon

SLC22A15 FLIPT1 Kidney
Brain
Liver

SLC22A16 FLIPT2 CT2
OCT6

Carnitine
Drugs

Testis
Bone marrow

SLC22A17 BOIT BOCT1
24p3R

Brain
Choroid plexus

SLC22A18 ORCTL2 IMPT1 Kidney

Slc22a19 Oat5 Estrone sulfate

SLC22A20 OAT6 Odorants Olfactory (mouse)

Slc22a21 Octn3
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Gene symbol Common name Alias Substrates Expression

Slc22a22 OatPG Prostaglandin

SLC22A23 Boct2 Brain
Liver

SLC22A24 NET46

SLC22A25 UST6 Liver

SLC22A31 Larynx
Prostate
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