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Abstract

Potential drug–drug interactions mediated by the ATP-binding cassette (ABC) transporter and 

solute carrier (SLC) transporter families are of clinical and regulatory concern. However, the 

endogenous functions of these drug transporters are not well understood. Discussed here is 

evidence for the roles of ABC and SLC transporters in the handling of diverse substrates, 

including metabolites, antioxidants, signalling molecules, hormones, nutrients and 

neurotransmitters. It is suggested that these transporters may be part of a larger system of remote 

communication (‘remote sensing and signalling’) between cells, organs, body fluid compartments 

and perhaps even separate organisms. This broader view may help to clarify disease mechanisms, 

drug–metabolite interactions and drug effects relevant to diabetes, chronic kidney disease, 

metabolic syndrome, hypertension, gout, liver disease, neuropsychiatric disorders, inflammatory 

syndromes and organ injury, as well as prenatal and postnatal development.

What are usually considered to be ‘multispecific drug transporters’ come from two 

transporter superfamilies: the solute carrier (SLC) transporters and the ATP-binding cassette 

(ABC) transporters1. Because they have a crucial role in absorption, distribution, 

metabolism and elimination (ADME), these drug transporters are of considerable 

pharmacological significance (TABLE 1); indeed, owing to recent regulatory interest, the 

focus on these transporters has intensified1–6.

Among the clinical issues driving this heightened focus on drug transporters is the concern 

about drug–drug interactions at the level of the transporter5,6. Drugs can potentially compete 

with each other for binding to the transporter, thereby leading to unexpected changes in 

serum and tissue drug levels and possible toxic side effects. The rationale for this concern is 

based on in vitro, ex vivo and in vivo laboratory studies, as well as clinical data.

The drug transporters that have so far received greatest attention are two ABC transporters 

(namely ABCB1 (also known as P-glycoprotein (PGP) or MDR1) and ABCG2 (also known 

as BCRP)) and five SLC transporters (namely SLC22A6 (also known as OAT1 or NKT), 

SLC22A8 (also known as OAT3 or ROCT), SLC22A2 (also known as OCT2), SLCO1B1 

(also known as OATP1B1) and SLCO1B3 (also known as OATP1B3)). More recently, it 

has been suggested that the list should be expanded to include several other less-studied 
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drug transporters, such as members of the SLC47 family (also known as multidrug and toxin 

extrusion proteins (MATEs))2,6 (FIGS 1,2). Thus, it is likely that academia and industry will 

continue to study SLC and ABC transporters in the context of their roles in ADME.

However, the endogenous roles of these transporters have received much less attention. 

After briefly illustrating the importance of selected transporters in drug transport, this article 

discusses a growing body of data pertaining to their endogenous functions, including 

evidence of their roles in regulating the transport of rate-limiting metabolites, antioxidants 

and signalling molecules; the evolutionary conservation of the transporters across a wide 

range of organisms (BOX 1); their role in morphogenesis and organ development (BOX 2); 

and their potential role in remote communication between organs and organisms (BOX 3). 

Understanding what drug transporters really do could be important for appropriately 

addressing the possibility of drug–metabolite interactions in drug discovery and drug 

development, as well as for clarifying disease mechanisms.

SLC and ABC drug transporters

SLC drug transporters do not rely directly on ATP hydrolysis and are largely, but not 

exclusively, uptake transporters; that is, they are generally involved in the uptake of small 

molecules into cells7–14 (FIG. 1). By contrast, ABC drug transporters utilize ATP hydrolysis 

and function as efflux transporters1,4,8,9,15–18 (FIG. 1). Various isoforms of SLC and ABC 

drug transporters are highly expressed in epithelial cells (on apical and basolateral surfaces) 

that separate nearly all body fluid compartments (including those containing urine, 

cerebrospinal fluid or bile), as well as in brain endothelial and other cells, such as circulating 

cells in the blood1,3,4,7–17,19–23 (FIG. 1).

Many recent articles have provided summaries, often in tabular form, of the substrate 

specificities of the principal drug transporter families4,7–10,12–14,16,20,24–29. A key concept 

emerging from examining these summaries is the overlapping substrate specificities of 

individual drug transporters within the SLC and ABC transporter families, and also among 

different members of these two superfamilies (TABLE 1). For instance, SLC22A6 (OAT1) 

and SLC22A8 (OAT3) share many common organic anion substrates, as do SLC22A2 

(OCT2) and SLC47A2 (also known as MATE2) for organic cations (TABLE 1). In addition, 

there is overlap in substrate specificity among the SLC22, the SLCO (also known as OATP 

or SLC21) and the ABC subfamily C (ABCC; also known as MRP) transporters. 

Nevertheless, the academic fields of SLC drug transporters and ABC drug transporters have 

tended to be quite separate. This is often true even of families within the SLC superfamily 

(such as SLC22 and SLCO) and even within sub-families such as the organic anion 

transporters (OATs), the organic cation transporters (OCTs) and the organic cation/carnitine 

transporters (OCTNs), which all belong to the SLC22 family. Sometimes, the focus is on a 

single transporter. For instance, owing to its early discovery and relevance to resistance to 

cancer chemotherapy, the ABC drug transporter ABCB1 (P-glycoprotein; MDR1) is one of 

the best-studied mammalian transporters, from the atomic level to clinical populations18–20. 

Furthermore, drug transporter research has historically focused on a few epithelial tissues, 

such as the liver, kidney and intestine; however, with the discovery of drug transporters in 
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the olfactory epithelia, choroid plexus, blood–brain barrier, placenta, retina, testes, 

mammary glands and many other tissues, this focus is changing.

The aforementioned factors can make it challenging to define the most physiologically 

relevant transport pathway or pathways for a particular drug. For example, methotrexate can 

be transported by multiple SLC and ABC transporters of different families with different 

tissue expression patterns, such as SLC22A6 and SLC22A8 from the SLC22 family, 

SLCO1B3 from the SLCO family, and ABCG2 and ABCC transporters from the ABC 

superfamily30–33 (TABLE 1). This picture is typical of many common drugs, including 

statins and antivirals4,12,13,17,34,35 (TABLE 1). In some cases, however, there are marked 

differences in the affinities of the substrate for different transporters, in addition to their 

relatively distinct tissue expression patterns. Knockout studies and certain human clinical 

phenotypes have helped to further clarify the relative importance of particular transporters 

for a given drug or toxin33,36–43. For instance, it seems that the principal diuretic 

transporters that work in parallel on the basolateral side (in contact with the blood) of kidney 

proximal tubule cells are SLC22A6 (OAT1) and SLC22A8 (OAT3)38–40, and the main 

transporters in kidney proximal tubule cells that work in series for net excretion of the 

antidiabetic drug metformin seem to be SLC22A2 (OCT2; on the basolateral surface) and a 

MATE transporter (on the apical surface)41–43.

In vitro, in vivo and clinical data indicate that drug transporters handle a diverse set of 
drugs and toxins

Before discussing recent data regarding the endogenous physiological roles of drug 

transporters, it is worth considering the large amount of data on their role in drug and toxin 

transport. In recent years, studies in knockout mice and clinical populations have supported 

this role, which previously had mostly been based on in vitro transport studies. Here, two 

well-studied SLC transporters, SLC22A6 (OAT1) and SLC22A8 (OAT3), are used to 

illustrate the types of pharmacological and toxicological data now available for clinically 

important drug transporters.

SLC22A6 (OAT1) is the prototypical member of the OAT subfamily of SLC22 transporters. 

Before the cloning of this transporter as NKT in 1996 (REFS 44–46), there was more than 

50 years’ worth of rich physiological literature relating to processes mediated by this 

transporter, which was operationally defined as the para-aminohippurate (PAH) transporter 

and/or the probenecid-sensitive organic anion transporter47–50. Although SLC22A6 is also 

present in the choroid plexus and olfactory mucosa, most research has focused on its role in 

the kidney.

Over the past 20 years, considerable evidence from transfected cell lines or Xenopus oocytes 

that overexpress SLC22A6 (OAT1) indicate that this transporter can bind and/or transport 

various small anionic drugs (as well as toxins and metabolites), including many antibiotics, 

nonsteroidal anti-inflammatory drugs, antivirals, diuretics, statins, antihypertensives and 

chemotherapeutic agents13,35,40,51–62. Recent studies in Slc22a6 (Oat1)-knockout mice, or 

in tissues derived from such mice, have shown impaired handling of many of these 

compounds, as well as of environmental toxins35,38,40,61–63. For example, mercury, which 

can cause kidney and nervous system toxicity and remains a major environmental concern, 
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is thought to be conjugated in vivo to cysteine (among other molecules); it is effectively 

‘handled’ by SLC22A6 in a manner similar to an organic anion57,63,64. The Slc22a6 (Oat1)-

knockout mouse kidney is notably protected from mercury toxicity because mercury 

conjugates cannot enter kidney proximal tubule cells from the blood side, owing to the lack 

of SLC22A6 in these animals63. Perfluorinated carboxylates are other examples of 

environmental toxins that are handled by SLC22A6 (REF. 65).

There is a similar concordance of in vitro and in vivo data with the other major transporter of 

organic anionic drugs and toxins, SLC22A8 (OAT3), which is closely related to SLC22A6 

(OAT1)66. Apart from its role in drug elimination, SLC22A8 is important for the renal 

handling of aristolochic acid, a dietary toxin that is thought to cause a type of chronic kidney 

disease as a result of SLC22A8-mediated uptake by kidney proximal tubule cells67. 

Although the Slc22a8 (Oat3)-knockout mouse appears healthy, it has low blood pressure, a 

finding that has prompted a closer look at salt handling, neuroendocrine and metabolic 

changes, which might affect blood pressure68. SLC22A6 and SLC22A8 have overlapping 

substrate preferences. It is also worth noting that although SLC22A6 and SLC22A8 are 

categorized as OATs, they are closely related to SLC22A1 (also known as OCT1) and 

SLC22A2 (OCT2) — which are members of the OCT subfamily of SLC22 transporters — 

and can transport some organic cations51. This may be physiologically important for 

molecules such as creatinine, which is widely used in the clinic as a marker of renal 

function69 and is transported by OCTs, MATEs and OATs69–73.

The human relevance of many of these findings is becoming clear. For years, the drug 

probenecid, which competitively inhibits SLC22A6 (OAT1) and SLC22A8 (OAT3) and, to 

a lesser extent, other drug transporters, has been used to increase the half-life of antibiotics, 

such as penicillin48 and, more recently, that of antiviral drugs74. As many drugs can bind 

SLC22A6 (OAT1) and SLC22A8 (OAT3), there has been concern about drug–drug 

interactions owing to competition at the level of the transporter; this is thought to be one 

possible explanation for the rare but potentially severe toxicity of methotrexate (a drug used 

in chemotherapy and rheumatological disease) when nonsteroidal anti-inflammatory drugs 

are concomitantly administered5,31,75–77.

In addition, coding or non-coding single-nucleotide polymorphisms (SNPs) that result in 

clinical phenotypes have been reported for SLC22A6 and SLC22A8 (REFS 39,64,78) 

(TABLE 2). Although more extensive phenotypic analyses of the effects of OAT SNPs 

needs to be performed, these limited studies seem to be consistent with the in vitro and in 

vivo knockout data on their role in drug and toxin handling. For example, polymorphisms in 

SLC22A6 (OAT1) and/or SLC22A8 (OAT3) have been associated with mercury toxicity64, 

response to diuretics and antibiotic-handling capacity39,78. Nevertheless, given their obvious 

importance in drug handling, it is somewhat surprising that more evidence has not yet 

emerged for SNPs in SLC22A6 and SLC22A8 that affect drug disposition.

More striking results have been obtained with respect to human SNPs in genes encoding 

other SLC transporters. Similar to OATs, SLCO (OATP) transporters are involved in the 

uptake of many organic anions in the liver, kidney and other tissues12,79. SNPs in SLCO1B1 

(also known as OATP1B1) are thought to cause altered handling of cholesterol-lowering 
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statins, leading to statin-induced myopathy79–82 as well as hyperbilirubinaemia83,84. 

SLC22A2 (OCT2), SLC47A1 (also known as MATE1) and SLC47A2 (also known MATE2, 

which has a kidney isoform MATE2K) are the transporters that seem to be responsible for 

much of the kidney transepithelial transport of organic cations — including the anti-diabetic 

agent metformin — from the blood to the urine; indeed, SNPs in genes encoding these 

transporters are associated with altered elimination of metformin41–43,85.

Decades of research on tumour resistance mechanisms have uncovered several mutations in 

the genes encoding the ABC efflux transporters ABCB1 (PGP; MDR1) and ABCG2 

(BCRP); notably, mutations in these genes serve as some of the primary explanatory factors 

for the resistance of certain tumours to chemotherapeutic agents86,87. Polymorphisms in 

genes encoding other ABC efflux drug transporters, such as various members of the ABCC 

(MRP) family, have also been found to affect the handling of drugs88–90.

Many of the substrates of ABCC (MRP) and other ABC drug transporters overlap with those 

handled by SLC transporters such as OATs, OCTs, OATPs (SLCOs) and MATEs (TABLE 

1). This may not be surprising when one considers what is generally believed regarding the 

physiological basis of net drug transport across polarized epithelial cells (FIG. 1). For 

instance, in a kidney proximal tubule cell, net movement of an organic anionic drug from the 

blood side (the basolateral surface) to the urinary side (the apical or luminal surface) is 

thought to involve the basolateral influx transporters SLC22A6 (OAT1) and/or SLC22A8 

(OAT3), the apical efflux ABC transporters ABCC2 (also known as MRP2) and/or ABCC4 

(also known as MRP4), and probably other apical transporters7,14,27,29,50,91. Although it will 

be important in the future to trace the fate of individual small molecules as they move from 

the blood via basolateral transporters on the plasma membrane, through the cytosol and 

subcellular compartments, and then into the urine via apical membrane transporters, this 

overall view is supported by a wide variety of biochemical and physiological data.

For other polarized epithelia (for instance, intestinal, hepatic, biliary, mammary, placental 

and retinal epithelia), a similar picture of SLC-mediated influx and ABC-mediated efflux is 

usually presented. Nevertheless, it is worth reiterating that different sets of SLC and ABC 

family members, each with distinct substrate preferences and distinct regulation, 

predominate in different tissues1; unravelling the impact of this complexity on the ability of 

tissues to handle various substrates in normal and pathological conditions is a major task for 

the field3 (FIG. 1; TABLE 3). Furthermore, given the frequent occurrence of overlapping 

substrate specificities — and the fact that functionally important coding-region SNPs in 

genes encoding members of some transporter families may not be common (and may 

perhaps only subtly affect function) — it might be most fruitful to focus on combinations of 

coding-region SNPs in genes encoding transporters that work in parallel (for example, 

SLC22A6 and SLC22A8, or SLCO1B1 and SLCO1B3) or in series (for example, OATs 

and/or SLCOs and ABCC transporters, or OCTs and MATEs)50,92. Furthermore, given the 

paucity of non-synonymous coding-region SNPs, as well as the clustering of genes for many 

drug transporters with overlapping specificity in the genome (BOX 1) — which may 

potentially lead to a degree of coordinated regulation — the study of non-coding regulatory-

region SNPs may be particularly important to understand the differences in drug 

handling22,93–95.
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Endogenous roles of drug transporters

The data discussed in the previous section highlight the pharmacological and toxicological 

importance of the many SLC and ABC ‘drug’ transporters that are expressed differently in 

epithelial and non-epithelial tissues throughout the body (FIG. 1). However, there is a 

growing body of recent data indicating that an endogenous function of these transporters is 

to regulate the transport of metabolites, nutrients, anti-oxidants, microbiome products, bile 

salts, neurotransmitters, other neuro-active molecules, hormones and signalling molecules. 

These data suggest the need for another perspective on what SLC and ABC drug 

transporters do. According to this viewpoint, the pharmaceutical and toxicological 

importance of drug transporters, and the justifiable bias of publications towards substrates of 

greater clinical interest, has meant that their physiological roles have received less 

attention7,14,34,50,96. The physiological roles of SLC and ABC drug transporters are the 

focus of the remainder of this article.

It should also be noted that research on these two aspects of transporter function does not 

need to be considered as mutually exclusive. Understanding the movement of endogenous 

molecules between tissues and body fluid compartments via individual SLC and ABC drug 

transporters could lead to new therapeutic approaches. This understanding might, for 

instance, have ramifications for selectively altering drug half-lives in particular tissues or 

body fluids (as a result of designing inhibitors of drug transporters61) or for tissue-specific 

targeting of drugs (by mimicking certain endogenous substrates). Moreover, although there 

is growing interest in drug–drug interactions at the level of the transporter, one can make 

similar arguments regarding drug–metabolite interactions, drug–toxin interactions, drug–

nutrient interactions, exogenous-metabolite–endogenous-metabolite interactions, and toxin–

metabolite interactions. Indeed, there is growing clinical concern about the metabolic and 

developmental consequences of long-term drug therapy in children29. Some of these 

metabolic and developmental effects may be due to competition among drugs and 

physiologically important metabolites, nutrients, antioxidants, hormones and/or signalling 

molecules for binding sites at the level of the transporter. The same may be true for 

environmental toxins.

The SLC22 family as example SLC transporters

Currently, a major focus of pharmacological and toxicological research on SLC transporters 

is on three families: SLCO (OATP), SLC22 (including OATs, OCTs and OCTNs) and 

SLC47 (MATEs) (FIG. 2). Here, we examine one family, SLC22, with particular emphasis 

on their role in the transport of metabolite and signalling molecules rather than of drugs and 

toxins. This SLC family, which consists of over 20 members in humans and 

rodents10–13,50,97 (TABLE 3), is particularly relevant as it contains three of the SLC drug 

transporters that are currently of regulatory interest — namely, SLC22A6 (OAT1), 

SLC22A8 (OAT3) and SLC22A2 (OCT2)3,4,6. The SLC22 family includes not only several 

multispecific drug transporters, but also a number of closely related transporters that have a 

high specificity for metabolites, antioxidants and signalling molecules. Moreover, mutations 

or SNPs in some of these transporters are associated with human metabolic disease, which is 

discussed further below (TABLE 2).
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SLC22 transporters are generally divided into anionic (OATs), cationic (OCTs) and 

zwitterionic (including carnitine transporters such as OCTNs) (TABLE 3). Despite 

substantial in vitro transport data, the endogenous function of many of these transporters in 

organ and systemic physiology is unclear. The literature heavily emphasizes the roles of 

particular OATs and OCTs as drug and/or toxin transporters. However, although OATs and 

OCTs are clearly drug and/or toxin transporters, they also seem to be important for 

regulating physiologically relevant metabolic and signalling pathways.

Although many of the other 15 or so members of the SLC22 family have the ability to 

transport a limited set of drugs, these members also seem to be specialized for the transport 

of metabolites and signalling molecules (TABLE 3). This seems to be reflected in the 

restricted tissue expression of particular family members. For example, certain SLC22 

family members are highly expressed in the olfactory mucosa (which expresses SLC22A20 

(also known as OAT6))98–100, the choroid plexus (which expresses SLC22A17)62, the liver 

(which expresses SLC22A7 (also known as OAT2)), the kidney (which expresses 

SLC22A22 (also known as OATPG) and SLC22A12 (also known as URAT1))101,102, the 

placenta (which expresses SLC22A11 (also known as OAT4))103 and the testes (which 

express several SLC22 members)99,104 (TABLE 3). Accordingly, it is interesting that 

olfactory mucosa-expressed SLC22A20 (OAT6) can bind odorants98, SLC22A7 (OAT2) 

has a preference for cyclic GMP105 and SLC22A22 (OATPG) is a high-affinity 

prostaglandin transporter102 (as are several other SLC22 transporters)14,106–108. SLC22A12 

(URAT1), which is known as RST in mice, is a transporter of uric acid14,101, and placentally 

expressed SLC22A11 (OAT4) transports sulphated sex steroids (as do SLC22A8 and 

SLC22A20)103 (TABLE 3).

Similarly, OCTs have differential tissue expression patterns; SLC22A1 (OCT1) is highly 

expressed in the liver, whereas SLC22A2 (OCT) is highly expressed in the kidney (TABLE 

3). As with the OATs, the genes encoding OCTs have been perturbed in mice and, generally, 

the knockout and in vitro transport data are concordant. For example, mice lacking both 

SLC22A1 and SLC22A2 exhibit defective secretion of organic cations by the kidney109. 

SLC22A3 (OCT3) seems to have a key role in neurotransmitter uptake in the nervous 

system10,110,111. OCTNs, which include SLC22A4 and SLC22A5 (also known as OCTN1 

and OCTN2, respectively), are highly expressed in muscle and in many other tissues, 

playing a crucial part in metabolism involving carnitine10 (TABLE 3). OCTNs also have the 

ability to transport drugs, although this seems to be more limited than that of OATs and 

OCTs. In the mammary gland, OCTNs are believed to be important for the transport of 

carnitine into breast milk, providing the neonate with a carnitine source for the β-oxidation 

of fatty acids14,112–116.

ABC transporters

With ABC drug transporters, a similar set of data as for SLC transporters exists. Although 

the most famous member of the family, ABCB1 (PGP; MDR1)117, is important in multidrug 

resistance of tumours, it also transports natural products, metabolites and signalling 

molecules4,15,118,119. Several other ABC transporters of various families can transport 

leukotrienes, bile acids, peptides, folate, uric acid, cyclic nucleotides and 
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glutathione1,15–17,120. Frequently, the substrate specificities of ABC transporters for drugs 

and metabolites overlap considerably with those of SLC family transporters — for example, 

in the case of certain ABCC (MRP), OAT and OATP substrates (TABLE 1). Although the 

structure of mammalian SLC drug transporters awaits solution, the structure of ABCB1 is 

known18, and there is a major effort in the field to understand the molecular basis of ABC 

transporter multispecificity121.

Single, double and triple ABC transporter gene-knockout animals have been generated. The 

complex studies of these knockout animals are difficult to summarize here, but animals with 

a single gene knocked out generally tend to have minimal to mild physiological changes, at 

least under basal conditions. Generally, the data from animals with single and combination 

knockouts support the case for the redundancy of certain ABC transporters in vivo from the 

viewpoint of systemic physiology, which is consistent with overlapping substrate 

preferences of the various transporters (TABLE 1). These knockout studies have, however, 

revealed pharmacokinetic alterations depending on the gene or genes deleted, the compound 

studied and the tissue of focus (for example, the brain122,123 or liver33,124–127). Sometimes, 

a gene knockout results in a change in the expression of another transporter or drug-

metabolizing enzyme, raising the possibility that the loss of one component of a 

physiological network induces compensatory changes124,128. Some of these studies are 

discussed further below.

Similar to the OATs and SLCO (OATP) transporters, many ABCC (MRP) members handle 

organic anions129. However, unlike the (usually) influx role of SLC drug transporters in the 

kidney proximal tubule, biliary tract and elsewhere, the ABCC transporters are thought to 

have a major role in the efflux of organic anionic drugs, toxins and metabolites1,129 (FIG. 1). 

As in the case of the OATs and SLCO transporters, data from knockout mice support this 

view. For example, Abcc3 (Mrp3)-knockout mice have a defect in the ability to transport 

morphine glucuronide and plant-derived compounds into bile17,126,128. In the liver, ABCC2 

(MRP2) seems to work in concert with ABCC3 (MRP3), and the deletion of one increases 

the expression of the other, supporting the notion of compensatory upregulation of one drug 

transporter as a result of the loss of another128. ABCC2 and ABCC3 also regulate the 

handling of drugs by the intestine, although acting in opposite directions3,129,130.

Clinical syndromes involving drug transporters

Mutations in the genes that encode SLC and ABC drug transporter homologues can result in 

metabolic disease (TABLE 2). As with certain drugs (for example, methotrexate, antivirals 

and statins), certain metabolites (including uric acid, indole derivatives, prostaglandins, bile 

acids, bilirubin conjugates and conjugated steroids) can be transported by multiple SLC and 

ABC drug transporters and/or their close relatives. For example, several studies in humans 

indicate that SLC22A12 (URAT1; originally discovered as RST in mice131) is involved in 

regulating uric acid levels; certain SLC22A12 mutations are associated with altered uric acid 

levels, gout and kidney stones101,132–135. Of the human SLCs, SLC22A12 is one of the most 

closely related to SLC22A6 (OAT1) and SLC22A8 (OAT3). All three transport uric acid in 

vitro, and Slc22a12 (Rst), Slc22a6 and Slc22a8 single gene-knockout mice have altered 

renal urate handling91. Nevertheless, although in vitro and in vivo data indicate that 
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SLC22A6 and SLC22A8 transport a broad range of metabolites, drugs, signalling molecules 

and toxins, SLC22A12 seems to primarily be a uric acid transporter (although it seems to 

bind and/or transport a few other substrates)4,13,91,101. Although debated, it is often 

suggested that uric acid is one of the key antioxidants in the body14,136; thus, uric acid levels 

have the potential to influence, albeit perhaps in a subtle fashion, a wide range of processes, 

including metabolism and intracellular signalling14. Some of these effects might be 

responsible for the posited role of uric acid in hypertension133,137.

Genome-wide association studies, as well as other studies, indicate that several additional 

transporters might have a role in regulating levels of uric acid in humans132–135. Of these, 

one of the most strongly implicated is the broadly expressed transporter ABCG2 (BCRP)132. 

This is one of the best-known ABC drug transporters and can transport, among other 

molecules, chemotherapeutic agents4,19,89 and, in addition to uric acid, other substrates of 

metabolic importance, such as riboflavin138. ABCG2 seems to be important in intestinal uric 

acid transport139,140 and, together with SLC22A12 (URAT1) and other kidney drug 

transporters, regulates uric acid homeostasis141–144. Intriguingly, intestinal ABCG2 

expression is affected by loss of kidney mass144. Also involved in uric acid transport are the 

hexose transporter SLC2A9 and the phosphate transporters of the SLC17 family132,145. 

Thus, distinctions tend to blur as one considers how classic drug transporters cooperate with 

metabolite transporters to regulate uric acid homeostasis.

There are other examples of associations of ABC and SLC drug transporters with metabolic 

disorders. Mutations in SLC22A5 (also known as OCTN2), a gene that encodes a 

zwitterionic transporter of the same family as OATs and OCTs, cause systemic carnitine 

deficiency, leading to cardiomyopathy and other problems146–148. Moreover, variants of 

SLC22A4 (OCTN1) and SLC22A5 (also known as OCTN2) play a part in several 

inflammatory diseases148–151, although other SLC22 transporters probably also transport 

carnitine10,152,153. ABCC2 (MRP2) is a drug and metabolite transporter expressed in the 

liver, kidney and intestine that is involved in transport of bilirubin glucuronide124; mutations 

in ABCC2 result in Dubin–Johnson syndrome, which presents with conjugated 

hyperbilirubinaemia154 (TABLE 2). In addition, ABC and SLC transporters exhibit altered 

expression or function in several acute and chronic liver diseases or animal models of 

disease, and such changes may be of pathophysiological importance in certain instances155. 

Nevertheless, one must be careful in comparing animals and humans; a number of drug 

transporter isoforms are species specific, and expression patterns, as well as the 

physiological substrates and/or affected pathways, may be different. For example, there are 

differences in the pathways that regulate uric acid levels between animals and 

humans14,91,133,156.

Metabolomics analyses and metabolic reconstructions of knockouts

Although studies in knockout mice and knockout tissue have confirmed the importance of 

SLC and ABC drug transporters in the handling of many drugs and toxins as predicted by in 

vitro studies17,32,33,35–38,40,52,62,63,127,128,157,158, more extensive physiological analysis is 

needed. Evidence from targeted and untargeted metabolomics analyses in certain 

transporter-knockout animals, supplemented by in vitro transport studies, is beginning to 
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support the view that drug transporters normally function in the systemic physiology of key 

metabolites, antioxidants, nutrients, microbiome-derived compounds, neuroactive molecules 

and signalling molecules38,61,91,128,159. This includes, in the case of the Slc22a6 (Oat1)-

knockout and Slc22a8 (Oat3)-knockout animals, many important metabolites, such as citric 

acid cycle intermediates, uric acid, creatinine, gut microbiome products, flavonoids, 

signalling molecules and the so-called uraemic toxins of chronic kidney disease38,61,159,160 

(TABLE 4). Metabolomics analyses also suggest that OATs have a central role in 

modulating oxidative metabolism, which is consistent with previous mechanistic studies that 

indicated the essential role of α-ketoglutarate in organic anion transport161. Similarly, Slco-

knockouts and transgenic rodents that overexpress an OATP have alterations in metabolites 

that overlap with those of the Oat-knockout animals162–164. In vivo and in vitro data also 

indicate that multiple SLCO transporters and OATs play a key part in the hepatic and renal 

handling of bile acids165. Certain SLCO transporters can also transport thyroid hormones166; 

SLCO1C1 (also known as OATP1C1) is found in the brain capillary endothelium, and the 

Slco1c1 knockout seems to have alterations consistent with mild hypothyroidism in the 

central nervous system (CNS)167.

Metabolomics studies in mice lacking ABCC3 (MRP3) suggest that this ABC transporter 

transports glucuronide conjugates of phytochemicals168. Along with defects in the handling 

of the anticancer drug topotecan, the Abcg2 (Bcrp)-knockout mouse is also defective in the 

handling of plant compounds and of at least one dietary carcinogen169,170. These mice also 

have defects in the secretion of xenobiotics, as well as riboflavin, into breast milk and 

bile138,170–172, whereas Abcc2 (Mrp2)-knockout mice have defects in the excretion of 

bilirubin and its conjugates124, as well as altered intestinal absorption130,173. To fully assess 

their roles in the handling of endogenous substrates and in physiological processes, 

additional metabolomics work needs to be carried out on the ABC and SLC drug transporter 

knockouts. So far, the accumulated data indicate that significant metabolic changes occur 

after the loss of certain members of both superfamilies.

In a limited number of instances, there are metabolomics and microarray data from a drug 

transporter knockout mouse. Systems biology approaches to metabolic pathway 

reconstruction (for instance, genome-scale metabolic reconstruction) have advanced 

considerably in recent years174–176. Using such approaches, it has been possible to build and 

partly validate metabolic networks that are centred on a particular drug transporter159,177 

(FIG. 3). In this way, it has been shown that SLC22A6 (OAT1) and SLC22A8 (OAT3) are 

directly or indirectly connected to many metabolic pathways, including those involved in the 

citric acid cycle, and polyamine, nucleotide and fatty-acid metabolism. Although these types 

of analyses are not without limitations, they suggest that there is a whole set of unexplored 

potential drug–metabolite interactions that may help to explain metabolic alterations and 

other side effects. Drug–metabolite interactions could be due to direct competition between 

a metabolite and a drug at the level of the transporter; however, drug-induced metabolic 

changes could also be the result of indirect (secondary) effects on metabolism, which are 

due to competition between a drug that is transported by a transporter and a key metabolic 

intermediate that is part of a larger metabolic pathway. These effects could influence the 

extracellular and/or intracellular concentration of one or more key metabolites in an 
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unexpected way, thereby altering an entire metabolic pathway or set of pathways. Once 

comprehensive metabolomics and gene-expression data become available for all of the SLC 

and ABC drug transporter knockouts, it will be possible to perform similar reconstructions. 

On the basis of the types of data discussed in this article, it already seems reasonable to 

incorporate certain SLC and ABC ‘drug’ transporters into standard representations of 

metabolic pathways.

The implications of metabolomics studies and metabolic reconstructions from knockout 

mice may help us to more fully understand drug-induced metabolic syndromes such as those 

that occur with chronic treatment for HIV (which involves drugs that are transported by both 

SLC and ABC transporters)52,178–180 or long-term diuretic therapy (which involves 

SLC22A6- and SLC22A8-mediated transport)40,181. Without metabolic reconstructions, it 

may be difficult to determine the extent to which drug transporters are involved in normal 

metabolism and to systematically study potential drug–metabolite interactions and their 

broader metabolic consequences.

Drug transporters in the handling of dietary compounds and microbial metabolites

The metabolomics data from knockout mice also highlight the in vivo importance of SLC 

and ABC drug transporters in the elimination of dietary compounds, gut microbiome 

products and their phase I and phase II metabolites into bile and urine61,159,168. Future 

metabolomics studies of knockout animals will surely reveal many more examples of the 

parallels between the gut–liver–biliary tract axis and the gut–liver–kidney axis in the 

handling of metabolites in normal and disease contexts.

Chronic kidney disease is associated with the accumulation of small-molecule uraemic 

toxins, which are potentially toxic to cells and tissues via several mechanisms182–184. Many 

uraemic toxins are substrates of OATs, SLCOs (OATPs), ABCCs (MRPs) and other drug 

transporters, and some originate in the gut microbiome and are then modified by hepatic 

drug-metabolizing enzymes into more toxic compounds185. More than 100 putative uraemic 

toxins have been identified. These include indole derivatives, hippurate, kynurenine, 

polyamines and other molecules183,184. Although associated with toxicity, many of these 

molecules have important physiological roles: some are important metabolic intermediates; 

some have the potential to affect redox state, an ability demonstrated by indoxyl sulphate 

and uric acid; others can influence cell growth, as exemplified by polyamines; and some 

may act as ligands for signalling mediated by G protein-coupled receptors in remote tissues 

(kynurenine in the CNS and in other tissues186,187). Thus, in the uraemic syndrome of 

chronic kidney disease — a complex disorder of metabolism and other cellular processes — 

compounds that are derived from the gut microbiome that are absorbed, distributed, 

metabolized and eliminated by SLC and ABC drug transporters have the potential to 

remotely alter metabolic pathways, cellular redox state and signalling events. Indeed, indole 

derivatives may be causally important in the uraemic syndrome188. Intriguingly, structurally 

related molecules have an important role in normal plant physiology and morphogenesis, 

and are substrates for plant ABC transporters189–191 (BOX 2).

The symptoms of severe chronic kidney disease can vary considerably, and this may be 

partly due to different levels of uraemic toxins182,184,192; it would not be surprising if, 
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ultimately, polymorphisms in multiple SLC and ABC drug transporters were shown to partly 

predict variation in the severity of the uraemic syndrome of chronic kidney disease, 

including the CNS symptoms. Thus far, metabolomics studies in knockout mice indicate the 

likely involvement of OATs and SLCOs (OATPs) in the handling of uraemic 

toxins61,159,163. Recent research also suggests a connection between metabolic alterations 

observed in diabetic kidney disease and the function of SLC22A6 (OAT1) and SLC22A8 

(OAT3)193. Many metabolites associated with diabetes, metabolic syndrome and hepatic 

disease are also potential substrates for OATs, SLCO transporters, ABCC transporters, and 

other SLC and ABC drug transporters155,193–195. SNPs in the genes encoding these 

transporters could modulate the levels of metabolites of pathophysiological importance in 

diabetes, hepatobiliary syndromes and other diseases. Such interactions could help to 

explain the variability in clinical presentation and outcome of complex metabolic diseases.

Beyond the gut–liver–biliary axis and the gut–liver–kidney axis, there are many such 

‘highways’ in the body through which the movement of small molecules involved in 

signalling is regulated by drug transporters. Given that drug transporters are highly 

expressed in the choroid plexus and the blood–brain barrier62,110,196,197 (FIG. 1), 

metabolomics analyses of drug-transporter-knockout brain tissue and cerebrospinal fluid, as 

well as plasma, will be important. Within various cells and structures of the CNS, there are 

also many SLC and ABC transporters, including those related to the drug transporters 

discussed here. SLC22A3 (OCT3), for instance, is expressed in the brain, where it is 

involved in neurotransmitter uptake, and it may be a therapeutic target for certain neuro-

psychiatric disorders111. Thus, it will be very interesting to trace, in detail, the movement of 

substrates through the blood–brain barrier–CNS–choroid plexus axis. This should help to 

provide a firmer foundation for small-molecule drug therapy for CNS disorders and for 

understanding changes in the cerebrospinal fluid as a result of drug treatment, as well as in 

metabolic disease.

Do SLC and ABC drug transporters participate in a larger remote communication system?

There is a need to try to connect the disparate types of data described above to aim for a 

broader biological understanding of the roles of SLC and ABC transporters that could have 

clinical ramifications. After all, whether we are considering pharmacology, toxicology, 

physiology, metabolic disease or organ development and maturation (BOX 2), we are 

discussing roughly the same set of 20–40 drug transporters (or their close relatives) that 

handle structurally similar small molecules. Furthermore, whether for a metabolite such as 

uric acid or a drug such as methotrexate, it is now evident that the systemic picture often 

depends on multiple SLC and ABC drug transporters, expressed differentially in tissues and 

regulated in a complex fashion (such as through transcription, sorting and phosphorylation).

The ‘remote sensing and signalling’ hypothesis (the main points of which are summarized in 

BOX 3) aims to provide a systems-level understanding of drug transporters that goes beyond 

the mere shuttling of molecules and suggests that these transporters regulate metabolism and 

signalling within and between different cells (epithelial and non-epithelial cells), tissues and 

body fluid compartments — and possibly between organisms as well (for instance, between 

a mother and her nursing neonate, or between the gut microbiome and its host)7,14,50,98. This 
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hypothesis aims to provide another perspective on drug transporters in normal biology and 

in acute or chronic disease states — and to reconcile non-pharmacological, non-

toxicological data on drug transporters and their close relatives. However, this different 

perspective could have a major impact on understanding toxicity from drugs and 

environmental toxins. The details of the hypothesis, possible molecular mechanisms and 

potentially relevant examples of remote sensing and signalling have been considered 

elsewhere, mostly in the context of OAT biology7,11,14,50,96,198.

Some of the initial experimental results that led to the formulation of a broader hypothesis 

came from the discovery of SLC22A20 (OAT6) — an apparent odorant transporter in the 

olfactory epithelium of mice — which is closely related to SLC22A6 (OAT1) and SLC22A8 

(OAT3)98,99. It was found that some of the highest affinities of tested SLC22A20 substrates 

were for volatile organic anion odorants that are apparently excreted into the urine via OATs 

in the kidney98. This observation led to the speculation, still unsubstantiated, that olfactory 

SLC22A20 might, in parallel with odorant receptors involved in olfaction, play a part in the 

‘sensing’ by one organism (for instance, a dog) of volatile organic anion odorants excreted 

into the urine by another organism (such as another dog or a cat) — and thus the idea of 

inter-organismal and interspecific remote sensing and signalling arose7,14. Moreover, gut 

microbiome (also referred to as the enterobiome14,61) products that can affect metabolism 

and signalling in different tissues throughout the body are handled in the intestine by SLC 

and ABC transporters and accumulate in drug-transporter-knockout animals61,159. This 

observation seems to be an example of remote, interspecific communication that is mediated 

by drug transporters. Taking this one step further, there are potential examples of 

metabolites initially derived from the gut microbiome (for example, propionate)199 that may 

be excreted into the urine by drug transporters and that can activate odorant receptors14,50,98.

Moreover, SLC and ABC drug transporters may have a role in responding to pathological 

states96,155,200. After injury to the liver, SLC and ABC drug transporters in the kidney 

exhibit altered expression201, whereas loss of kidney tissue or function can affect the 

expression of liver transporters202,203. The mechanisms underlying this and other types of 

inter-organ communication remain unclear but have been considered in the context of 

remote sensing and signalling7,11,14,50,96,198,204. As mentioned, the hypothesis has so far 

been developed and interpreted almost entirely from the viewpoint of the expression patterns 

and function of various OAT isoforms; nevertheless, even with OATs, substantial amounts 

of additional data need to be gathered7,14,50. Insight into the potential relevance of this 

hypothesis to inter-organ communication via various drug transporters may be gained from 

the generation of different combinations of ABC and SLC drug-transporter-knockout 

animals that can be used to create well-described physiological models of disease (for 

example, partial hepatectomy, partial nephrectomy, bile-duct ligation, models of diabetes 

and acute injury), followed by detailed functional characterization, metabolomics, 

transcriptomics and other ‘omics’ analyses. More analyses of haematological, immune and 

other non-epithelial cells are warranted. Further exploration of the remote sensing and 

signalling hypothesis will probably also benefit from physiological and developmental 

studies in model organisms such as flies, worms, sea urchins and plants204–206 (BOX 2).

Nigam Page 13

Nat Rev Drug Discov. Author manuscript; available in PMC 2016 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although there is evidence for the substrate induction of drug transporters in cells and 

periods of developmental responsiveness to substrates and hormones207, the actual sensors 

in the communication system are not understood. There is a growing body of data on the 

basic mechanisms of transcriptional and post-transcriptional regulation of drug transporters 

that may prove relevant22,95,208,209. These mechanisms conceivably involve hormones, 

growth factors and small molecules (some of which are sometimes substrates of the 

transporters) that are known to be important in tissue recovery and regeneration. Indeed, 

recent in vitro and older in vivo physiological studies suggest that the neuroendocrine, 

cytokine and growth factor regulatory systems operate alongside the broader system of SLC 

and ABC transporters, which are involved in the transport of drugs, toxins, metabolites, 

nutrients, hormones, antioxidants, vitamins and signalling molecules, and, in many respects, 

the various systems seem to interact7,14,50,159,166. Cyclic nucleotides, prostaglandins and 

hormones — good substrates for several drug transporters — have well-documented roles in 

physiology. Transcriptional programmes are frequently activated by nuclear receptors that 

are known to bind certain endogenous substrates (for example, bile acids, fatty acids, 

eicosanoids and gut microbial products). All of these substrates are transported by SLC 

and/or ABC drug transporters and their close relatives. For example, in the liver and kidney, 

nuclear receptors seem to regulate the expression of drug transporters in addition to that of 

numerous phase I and phase II drug-metabolizing enzymes1,22,95,210.

Thus, remote sensing and signalling by SLC and ABC drug transporters in different tissues 

might represent an essential regulatory system that works along with the neuroendocrine, 

cytokine and growth factor systems to maintain and restore homeostasis. Importantly, the 

understanding of the roles of drug transporters in restoring homeostasis might be a place at 

which the toxicological and the physiological views could be reconciled. For instance, 

similar (or overlapping) sets of transporters might be required to both eliminate toxins that 

cause injury and, after injury, to restore the normal physiology involved in remote sensing 

and signalling, by regulating the movement of metabolites, signalling molecules, 

antioxidants and nutrients. Beyond inter-organ and inter-organismal communication, an 

ecological perspective with SLC and ABC drug transporters playing a central role is 

implied, but remains to be explored14.

Concluding perspectives

There is a growing concern about drug toxicities related to interactions with SLC and ABC 

drug transporters. With the current focus by industry, regulatory agencies and academic 

institutions on mechanisms of drug elimination and distribution, as well as drug–drug 

interactions, it seems that the already substantial literature on the roles of SLC and ABC 

transporters in drug transport will continue to increase rapidly. This article is partly 

motivated by the concern that this may further skew the focus on SLC and ABC drug 

transporters towards the transport of drugs and away from what might prove to be very 

interesting endogenous biological roles. That said, in light of the types of data discussed 

here, one might argue that a deeper understanding of these transporters in metabolic 

pathways, systems physiology and morphogenesis will ultimately shed light on unexplained 

side effects of drugs and complex disease states. Considered in the context of recent genetic 

information on human metabolic diseases (such as those affecting uric acid), the metabolite 
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transport data and metabolomics analyses of knockout animals suggest that genetic variants 

of one or more SLC and ABC drug transporters could exert a modifying influence in 

common diseases such as obesity, diabetes, metabolic syndrome, chronic kidney disease, 

chronic liver disease and inflammatory states, as well as in recovery from acute tissue 

injury.

Consequently, it is crucial to remain cognizant of the endogenous functions of these 

transporters and their participation in systemic physiology. It is also evident from a few of 

the instances presented here that some of these physiological functions of SLC and ABC 

drug transporters are closely tied to metabolic pathways involving phase I and phase II drug-

metabolizing enzymes. It may be that what we often call ‘ADME’ is largely the co-opting 

by drugs of SLC and ABC transporter-mediated pathways that are part of a larger remote 

sensing and signalling system — or something akin to this — that works in parallel with the 

neuroendocrine, cytokine and growth factor systems. If so, perhaps a significant proportion 

of the vast number of the adverse reactions to drugs reported in the Physician’s Desk 

Reference211 represent manifestations of drug–metabolite interactions at the level of SLC 

and ABC drug transporters — and the upstream and downstream consequences that result 

from the dysregulation of metabolism and signalling pathways as well as of remote 

communication. Exploration of the functional relationships between drug transporters, 

growth factors and the hormonal system may further help to explain unexpected side effects 

that go beyond simple drug–drug interactions and drug–metabolite interactions.

Evolutionary analyses might make it easier to reconcile the physiological roles of drug 

transporters with their roles in xenobiotic handling. It is clear that drug transporters play an 

essential part in the elimination of many environmental toxins, such as heavy metals63,64 

and aristolochic acid67, as well as many of the man-made toxins of concern to governmental 

and non-governmental agencies65. More studies also seem necessary to analyse the function 

of drug transporters (BOX 1) in the comparative physiologies of flies, worms, fish, mice, 

humans and possibly even plants.

Equally important, and intriguing, is the production of endogenous toxins by the gut 

microbiome that are, as shown in knockout mice and in vitro studies, eliminated by drug 

transporters such as OATs and ABCC transporters. As mentioned above, some of these are 

uraemic toxins that are associated with chronic kidney disease. Whether the driving force in 

higher organisms for the evolution of SLC and ABC drug transporters (and perhaps even of 

a remote sensing and signalling system) was the need to deal with natural environmental 

toxins, gut microbial metabolites and toxins, or metabolic requirements may remain a 

‘chicken or egg’ story, but with the availability of vast numbers of genomes and the ability 

to mine big data in novel ways, a plausible scenario may soon emerge.
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Box 1

Evolutionary conservation and clustering of drug transporters

Many solute carrier (SLC) and ATP-binding cassette (ABC) transporters are conserved 

evolutionarily, although further back in phylogeny it is often difficult to assign the 

particular orthologue212. In bacteria, the main role of the closest, albeit still very distant, 

relatives of mammalian drug transporters seems to be the transport of nutrients, 

metabolites and toxic substances213. Among what are termed multidrug-resistance 

transporters, certain bacterial transporters, such as NorM, seem to be structurally and 

functionally homologous to their mammalian SLC counterparts, the SLC47 family of 

multidrug and toxin extrusion proteins (MATEs)214. In mammals, many genes for SLC 

and ABC subfamily members are found in pairs and clusters215,216, which presumably 

arose through gene duplication216. For example, among the genes of SLC drug 

transporters of current regulatory interest, those that encode organic cation transporters 

(OCTs), organic anion transporters (OATs) and organic anion transporting polypeptides 

(OATPs) exist in gene clusters12,215,217.

The figure shows a three-member OCT cluster (top panel), a six-member OAT cluster 

(middle panel) and a five-member OATP cluster (bottom panel) in humans. Beneath each 

cluster is a schematic representation of the location of the cluster on the corresponding 

human chromosome217. In the mouse genome, certain duplications in the OAT cluster — 

which consists of eight members — seem to be evolutionarily recent216, raising the 

possibility of active selection. The clustering has also been suggested to relate to the 

coordinated expression of transporter genes in close proximity within the same tissue (for 

example, within the kidney, choroid plexus or liver)215. Nevertheless, some genes in the 

OCT, OAT and OATP clusters are co-expressed in certain tissues, whereas in other 

tissues this is not so (FIG. 1; TABLE 3). Thus, if there is a relationship between the gene 

clustering and tissue expression patterns, it may not be straightforward.
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Box 2

Developmental roles of SLC and ABC drug transporters

Because of the focus on the pharmacological and toxicological roles of solute carrier 

(SLC) and ATP-binding cassette (ABC) transporters in mature mammalian organs, less 

attention has been given to their developmental expression patterns. These patterns were 

noted early on46, and there is high expression of a number of these transporters in 

developing neural and other tissues, which changes considerably during organ 

development21,56,218. Such observations have raised the possibility that drug transporters 

play a part in mammalian morphogenesis56. Given the ability of drug transporters to 

transport cyclic nucleotides, prostaglandins and other molecules of potential 

morphogenetic importance, their role in mammalian morphogenesis is worthy of further 

study. In Drosophila, the ABC transporter gene mdr49 is essential for early 

development219. Certain fly SLC22 homologues have been speculated to play a part in 

development as well220. In the sea urchin, ABC transporters have also been suggested to 

have a developmental role206, whereas in plants, ABC transporters with identified small-

molecule substrates (that are similar in structure to those transported by mammalian ABC 

and SLC drug transporters) have an important role in development and physiology (for 

example, in auxin transport)189–191,221. ABC transporters also seem to be of 

developmental importance in Dictyostelium222. Thus, in non-mammalian model 

organisms, there is accumulating evidence for a developmental role for drug transporter-

like genes, possibly resulting from the transport of small-molecule and/or peptide 

morphogens.

Moreover, as the placenta expresses many drug transporters223, it is probable that 

maternal small molecules, of physiological as well as toxicological significance, cross the 

maternal–fetal barrier in mammals via a set of SLC and ABC transporters. Furthermore, 

it is at least conceivable that a different set of drug transporters that is transiently 

expressed in developing tissues can take up and/or extrude these molecules. This could 

be important in maternal–fetal small-molecule-mediated communication and may 

represent a mechanism by which toxins (including certain drugs) to which the mother is 

exposed have developmental consequences for the fetus.29,56

During postnatal development, there is another phenomenon that is potentially relevant to 

xenobiotic handling in young children. Several drug transporters in the kidney, together 

with those in the hepatobiliary system, are responsible for the elimination of endogenous 

and exogenous toxins — including drugs that are given to newborns — that are modified 

by hepatic drug-metabolizing enzymes (for instance, by sulphation or 

glucuronidation)185,224. In developing animal organs such as the kidney and liver, the 

expression of drug transporters and drug-metabolizing enzymes is relatively low at birth 

and then increases considerably during the postnatal period and through juvenile 

stages21,29,225–227.

Low drug transporter expression may be a particularly important issue in premature 

infants29,224. It may be that there is some type of remote communication between the 

liver and kidney to ensure that the neonatal kidney can excrete potentially toxic 
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metabolites produced by hepatic drug-metabolizing enzymes. Earlier physiological 

studies indicated that there may be a postnatal ‘developmental window’ of regulation for 

renal drug elimination207. There is evidence for substrate inducibility and hormone-

mediated regulation of postnatal drug transporter function21,29,207,228. Delineation of 

these physiological mechanisms could be helpful for designing therapeutic approaches to 

enhance organ maturation in premature infants; for example, by using small molecules 

that can induce drug transporter expression in the kidney, liver and biliary tract.
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Box 3

Remote sensing and signalling by ABC and SLC drug transporters

The ‘remote sensing and signalling’ hypothesis proposes that ATP-binding cassette 

(ABC) and solute carrier (SLC) drug transporters that are expressed in different cells and 

tissues — particularly those interfacing with body fluids — help coordinate the efflux 

and influx of small molecules involved in signalling, the regulation of cellular redox and 

nutritional states, and the rate-limiting or key steps in metabolism7,14,50. The hypothesis 

implies that a ‘sensing’ mechanism exists to enable the active regulation during normal 

physiology of ABC and SLC transporter expression and/or function in different cells and 

tissues, thereby fostering remote communication via small molecules between different 

cells and tissues. This remote sensing and signalling system has loose similarities with 

and works in parallel with other well-studied regulatory systems that are centred around 

hormones, cytokines and growth factors (see the figure, part a; dashed arrows indicate 

crosstalk between the SLC and ABC transporter system and the other systems; for 

simplicity, the crosstalk between the other systems is not shown).

Similar to these systems, the remote sensing and signalling system consisting of ABC 

and SLC drug transporters is proposed to have a complex organization and emergent 

properties, particularly after perturbation. In this latter scenario, the perturbed state is 

sensed as a result of metabolic, nutritional or redox alterations; this leads to changes in 

sets of ABC and SLC drug transporters in different tissues through altered activity and/or 

expression levels and thereby helps to restore tissue function and normal systemic 

physiology (including normal remote communication). Notably, the action of growth 

factors, cytokines and neuroendocrine influences on the regulation of drug transporters 

may be particularly important in acute and chronic disease states. Consequently, all of 

these regulatory systems are both parallel and interacting systems.

In this way, levels of small molecules involved in signalling and metabolism — such as 

prostaglandins, cyclic nucleotides, G protein-coupled receptor ligands, antioxidants, 

hormones, nutrients, rate-limiting small metabolites and nuclear receptor ligands — can 

be actively regulated in distinct cells, tissues and body fluids, thereby effecting both local 

and global physiological alterations. The multispecificity of ABC and SLC transporters, 

as well as their differential and modifiable tissue expression and/or trafficking profiles, 

may provide flexibility for restoring homeostasis after injury to a particular organ and in 

other dynamic settings, such as during organ development7,14,56,96,198 (BOX 2).

More detailed discussions of the remote sensing and signalling hypothesis and/or 

potential examples (mostly related to organic anion transporters (OATs)), have been 

provided elsewhere7,11,14,34,50,96,198,204,229. In addition to inter-organ communication, 

this hypothesis also emphasizes the role of ABC and SLC drug transporters and their 

close relatives in inter-organismal communication (see the figure, part b), such as the 

regulated, drug-transporter-mediated movement of small molecules across the intestine, 

enabling communication of the body with the gut microbiome61,159. These transporters 

and/or their close relatives also regulate the movement of volatile odorants into the urine, 

as well as the movement of key metabolites and/or signalling molecules into breast milk 
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or across the placental barrier7,14,98,112,116,223. Information, in the form of small 

molecules that reflect (and affect) cell states and/or tissue physiology, can therefore be 

transmitted to other cells, organs and/or other organisms of the same or different species 

via transported substrates (see the figure, part b).
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Figure 1. SLC and ABC drug transporters are expressed in most epithelial barriers
Barrier epithelia play a major part in homeostasis by regulating the transcellular movement 

of solutes between body fluid compartments (for instance, between blood and urine, blood 

and cerebrospinal fluid, or blood and bile). Members of the solute carrier (SLC) and ATP-

binding cassette (ABC) transporter families have been found in a variety of barrier epithelial 

cells (as well as in other cell types), where they regulate the movement of small-molecule 

xenobiotics (such as drugs and toxins) and endogenous metabolites into and out of the 

various tissues and fluid compartments. Examples of the arrangement of drug transporters 

within several different barrier epithelial cell types are depicted here. These transporters 

maintain homeostasis and mediate processes important for pharmacokinetics and 

toxicokinetics. Although the subsets of drug transporters that are expressed vary depending 

on the tissue, the movement of small-molecule substrates between body fluid compartments 

requires the activity of both SLC (generally influx) and ABC (efflux) transporters. Selected 

members of the SLC family (namely, organic anion transporters (OATs), organic anion-

transporting polypeptides (OATPs), organic cation transporters (OCTs), organic cation/

carnitine transporters (OCTNs) and multidrug and toxin extrusion proteins (MATEs)) are 

shown in blue boxes, and members of the ABC family (multidrug-resistance proteins 

(MDRs), breast cancer-resistance protein (BCRP) and multidrug-resistance-associated 

proteins (MRPs)) are shown in green boxes. In certain cases, specific tissue expression has 

only been clearly established in humans or mice, and localization to apical or basolateral 

surfaces remains tentative. Note that in this figure, the common names of the transporters 

are used; for formal designations, please refer to the main text, tables and/or FIG. 2. Many 

other SLC and ABC drug transporters and their relatives are also expressed in these tissues 

but are not shown here.
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Figure 2. SLC and ABC drug transporters that have been implicated in the handling of 
xenobiotics and drugs
Members of the solute carrier (SLC) and ATP-binding cassette (ABC) transporter families 

with roles in the absorption, disposition and elimination of xenobiotics and drugs have 

formal SLC and ABC designations as well as other designations that are commonly used in 

the field. The designations of many SLC and ABC drug transporters discussed in this article 

are clarified in this diagram. Within the SLC superfamily, members of the SLCO (also 

known as OATP and SLC21), SLC22 and SLC47 families have been shown to have key 

roles in drug transport. Transporters in the SLC22 family that are implicated in drug 

transport include members of the organic cation transporter (OCT), organic cation/carnitine 

transporters (OCTN) and organic anion transporter (OAT) families, as well as the uric acid 

transporter, URAT1 (SLC22A12). The SLC47 family has two members — SLC47A1 (also 

known as MATE1) and SLC47A2 (also known as MATE2, which has a kidney isoform 

MATE2K) — that have been implicated in drug transport. ABC transporters that have been 

implicated in drug handling can be divided into three subfamilies — namely, ABCB1 (also 

known as P-glycoprotein (PGP) or MDR1), the multidrug resistance-associated proteins 

(MRPs) of the ABCC family, and the breast cancer-resistance protein (BCRP; also known as 

ABCG2). Other transporters have also been implicated in drug transport but are not 

discussed in this article1.
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Figure 3. Reconstruction of metabolic networks from large-scale ‘omics’ data implicates drug 
transporters in metabolic pathways
a | One type of computational approach based on ‘omics’ data for connecting transporters 

and metabolic pathways is schematically represented. In this strategy, transcriptomic data 

derived from transporter knockout mice are analysed using genome-scale metabolic 

reconstruction tools159,174–177. This approach can be used to support a potential linkage 

between a specific transporter and certain metabolic pathways that can be further validated 

by in vitro and other assays. Metabolomics data from knockout mice are also very valuable 

for supporting predictions. An approach related to this was used to link SLC22A6 (OAT1)-

mediated transport to several metabolic pathways177. A number of other approaches have 

also been developed174 (not shown). b | The type of combined computational–wet-lab 

approach schematized in part a, once performed for multiple ATP-binding cassette (ABC) 

and solute carrier (SLC) drug transporters, may enable novel interpretations of the role of 

drug transporters in whole-body physiology, as well as in intracellular metabolism in 

specific tissues.
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Table 1

Examples of drugs that interact with multiple ABC and SLC drug transporters

Drug
(type of drug)

Transporter name* Refs

ABC SLC22 SLCO SLC47

Methotrexate
(anticancer,
antirheumatic)

• ABCC1
• ABCC2
• ABCC3
• ABCC4
• ABCC5
• ABCG2

• SLC22A6
• SLC22A8
• SLC22A11

• SLCO1A2
• SLCO1B3

– 4,30–33,
36,76,77,
230,231

Acyclovir
(antiviral)

– • SLC22A1
• SLC22A6
• SLC22A7
• SLC22A8

– • SLC47A1
• SLC47A2

4,35,62,
232,233

Adefovir
(antiviral)

ABCC4 SLC22A6 – – 4,52,
234–236

Pravastatin
(statin)

ABCB11 • SLC22A8
• SLC22A11

• SLCO1B1
• SLCO2B1

– 4,55,
237–242

Rosuvastatin
(statin)

ABCG2 SLC22A8 • SLCO1A2
• SLCO1B1
• SLCO1B3
• SLCO2B1

– 4,53,
243–245

Cimetidine
(histamine
H2 receptor
antagonist)

– • SLC22A2
• SLC22A8

– • SLC47A1
• SLC47A2

4,55,201,
246–249

Metformin
(antidiabetic)

– • SLC22A1
• SLC22A2
• SLC22A3

– • SLC47A1
• SLC47A2

4,41,42,
249–252

‘–’, not available, not applicable or insufficient information; ABC, ATP-binding cassette; SLC, solute carrier; SLCO, solute carrier organic anion.

*
The common names of the transporters in the table are shown in brackets in the following list: ABCC1 (MRP1); ABCC2 (MRP2); ABCC3 

(MRP3); ABCC4 (MRP4); ABCC5 (MRP5); ABCB11 (BSEP); ABCG2 (BCRP); SLC22A1 (OCT1); SLC22A2 (OCT2); SLC22A3 (OCT3); 
SLC22A6 (OAT1); SLC22A8 (OAT3); SLC22A11 (OAT4); SLCO1A2 (OATP1A2); SLCO1B1 (OATP1B1); SLCO1B3 (OATP1B3); SLCO2B1 
(OATP2B1); SLC47A1 (MATE1); SLC47A2 (MATE2).
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Table 2

Established or potential clinical associations with drug transporter genes*

Gene name
(alternative name)

Association Refs

SLC22A2 (OCT2) Metformin concentration, platinum-based drug toxicity 41,42,
253,254

SLC22A4 (OCTN1) Inflammatory disease 149-151

SLC22A5 (OCTN2) Systemic carnitine deficiency, inflammatory disease 146,147,
150,151

SLC22A6 (OAT1) Mercury concentration, diuretic response 39,64

SLC22A8 (OAT3) Mercury concentration, diuretic response, antibiotic
handling

39,64,78

SLC22A12 (URAT1) Hypouricaemia, hyperuricaemia 101,132

SLC47A1 (MATE1) Metformin concentration 42,43

SLCO1B1 (OATP1B1) Hyperbilirubinaemia, statin-induced myopathy 80 – 84

ABCB1 (MDR1) Chemotherapy resistance, inflammatory bowel disease 86,255,256

ABCC2 (MRP2) Dubin–Johnson syndrome 154

ABCG2 (BCRP) Chemotherapy resistance, hyperuricaemia 86,87,132

*
Includes data from the Online Mendelian Inheritance in Man (OMIM) Database (2014).
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Table 3

The SLC22 transporter genes

Gene name Common name(s) Tissue distribution Examples of interacting
compounds

SLC22A1 OCT1 Liver, small intestine Cationic drugs, polyamines

SLC22A2 OCT2 Kidney, small
intestine

Cationic drugs, acetylcholine,
dopamine

SLC22A3 OCT3 Heart, skeletal
muscle, CNS

Cationic drugs, epinephrine

SLC22A4 OCTN1 Kidney, intestine Carnitine, acetylcholine

SLC22A5 OCTN2 Skeletal muscle,
kidney

Carnitine, choline

SLC22A6 OAT1 Kidney, choroid
plexus

Anionic drugs, α-ketoglutarate,
indoxyl sulphate

SLC22A7 OAT2 Liver, kidney Anionic drugs, cyclic GMP

SLC22A8 OAT3 Kidney, choroid
plexus, testes

Anionic drugs, oestrone
sulphate, flavonoids

SLC22A9 OAT7 Liver Oestrone sulphate

SLC22A10 – Liver –

SLC22A11 OAT4 Placenta, kidney Urate, oestrone sulphate

SLC22A12 URAT1 and RST Kidney Urate

SLC22A13 OAT10 Kidney, brain, colon Organic anions, urate

SLC22A14 OCTL2 Kidney, colon –

SLC22A15 FLIPT1 Kidney, brain, liver –

SLC22A16 FLIPT2, CT2 and OCT6 Testes Carnitine

SLC22A17 BOIT and BOCT1 Brain, choroid plexus –

SLC22A18 BWR1A and IMPT1 Kidney –

Slc22a19 Oat5 – Oestrone sulphate

SLC22A20 OAT6 Olfactory Odorants

Slc22a21 Octn3 – –

Slc22a22 Oatpg – Prostaglandins

SLC22A23 – Brain, liver –

SLC22A24 – – –
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Gene name Common name(s) Tissue distribution Examples of interacting
compounds

SLC22A25 UST6 Liver –

SLC22A31 – Larynx, prostate –

‘–’, not available, not applicable or insufficient information; CNS, central nervous system. Note: information was collated from reviews and 
references cited in this article, including REFS 10,13,14,50,75,110.
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Table 4

Selected metabolic alterations in knockout or transgenic rodents

Gene name (alternative name) Metabolites (alternative name) Refs

Slc22a6 (Oat1) 3-Hydroxybutyrate 38

Benzoate 38

2-Hydroxy-3-methylvalerate 38

2-Oxoglutarate (α-ketoglutarate) 38

Indoxyl sulphate 61

Indole lactic acid 61

Kynurenine 61

Pantothenic acid 61

Urate 61

Thymidine 61

Orotic acid 61

Amino-cresol sulphate 61

Slc22a8 (Oat3) Pongamoside A 159

9-Amino-nonanoic acid 159

Flavin mononucleotide 68

Thymidine 68

Urate 91

Slco1a1 (Oatp1a1) Trimethylamine 162

Gulonate 162

Isethionic acid 162

Slco1a4 (Oatp1a4) Trimethylamine 162

Isethionic acid 162

SLCO4C1 (OATP4C1)* Asymmetric dimethylarginine 163

Guanidinosuccinic acid 163

Trans-aconitate 163

Abcc3 (Mrp3) Enterodiol–glucuronide 168
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Gene name (alternative name) Metabolites (alternative name) Refs

Secoisolariciresinol–glucuronide 168

Enterolactone–glucuronide 168

*
Human transporter gene transgenically overexpressed in the rat kidney.
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