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Abstract 

Coordinated expression of evolutionarily conserved SLC and ABC membrane 

transporters maintains homeostatic balance within and between organs/organ systems. The 

primary physiological functions of these transporters is to 1) handle endogenous metabolites 

and toxins, 2) distribute and maintain effective intraorgan concentrations of nutrients and 

antioxidants, and 3) maintain overall systemic homeostasis.  These processes/pathways involve 

the transcellular movement of solutes across epithelial barriers by “matching” pairs of SLC and 

ABC transporters.  As described in the “Remote Sensing and Signaling Hypothesis” (Ahn and 

Nigam, 2009; Kaler et al., 2007; Kaler et al., 2006; Monte et al., 2004; Nigam et al., 2007), such 

coordinated transporter networks maintain and regulate homeostasis either through carrier 

sensing/signaling in different cells and/or organs, or via the handling/sensing and signaling of 

substrates by a set of carriers with shared substrate preferences.  In addition, these transporter 

networks are sensitive to environmental changes (i.e., substrate imbalance and injury) and we 

argue that they are integral components of overall regulatory mechanisms including hormones, 

growth factors and pheromones, and their receptors.  Uric acid and urate, carnitine, 

prostaglandins, cGMP, odorants and enterobiotic metabolites are discussed.  Xenobiotics 

hitchhike and/or potentially highjack endogenous carrier systems sometimes leading to toxic 

effects.  We postulate that transporter proteins are key in regulating concentration gradients 

and/or maintaining the metabolic composition of body compartments in the mature and possibly 

developing organism.  Moreover, these transporters may be crucial in the metabolism-related 

communication between organisms, and thus in the subtle dynamics of ecological interactions 

and maintenance of various biomes. 
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Introduction 

The ~400 solute carriers (SLCs) (He et al., 2009) and ~50 ATP-binding cassette (ABC) 

transporters (Vasiliou et al., 2009) represent two superfamilies of ancient genes in humans.  In 

general, ABC transporters are membrane-anchored proteins which utilize the energy from ATP 

hydrolysis to mediate the export of cytoplasmic solutes to the extracellular spaces.  In contrast, 

many SLC transporters are importers moving solutes from the extracellular milieu into the cell, 

either by passive diffusion along its concentration gradient, by co-transport, or counter-transport 

against its concentration gradient by co-opting the concentration gradient of another solute.  

That gradient is ultimately derived from ATP hydrolysis-driven transporters such as the 

NaKATPase pump.   

Evidence from structural, anatomical, genomic, genetic and functional studies over the 

last two decades indicates that, together, SLC and ABC solute carriers coordinately mediate the 

transepithelial movement of a wide variety of substrates, including nutrients, toxins, signaling 

molecules, neurotransmitters and xenobiotic compounds.   

Mutations or abnormal epigenetic modulation of the expression of some of these carrier 

genes have been demonstrated not only to result in disease conditions, many of which are rare 

“metabolic” syndromes, but also to confer drug resistance in cancer treatment, thereby 

suggesting a regulatory role of these transporters in maintaining homeostatic balance between 

the multiple levels of the cells, organs, organisms and their respective external environments. A 

number of the substrates are well known signaling molecules such as cyclic nucleotides, 

prostaglandins, odorants and conjugated sex steroids.  Others, such as uric acid (urate), are 

key regulators of redox states within cells and tissues.  Still others are rate-limiting 

intermediaries in bioenergetics and other “chemical” pathways while some transported 

substrates are key co-factors in essential enzymatic reactions.  

 From a systems biology perspective, the central questions in the field of transporter 

research revolve around; a) discovering exactly how these transporters function in vivo, in light 
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of a growing appreciation of their potential for ‘sensing’ fluctuations in the chemical/biochemical 

composition of their local environment (e.g. blood, CSF, amniotic fluid, urine); and b) defining 

how these functions translate to the multiple levels of systemic communication between the 

cells and organs where these transporters are present and possibly between organisms.   A 

“remote sensing and signaling hypothesis” has been proposed to explain how transporters work 

together to sense and control fluctuations in the levels of substrates found in the organism (Ahn 

and Nigam, 2009; Kaler et al., 2007; Kaler et al., 2006; Monte et al., 2004; Nigam et al., 2007). 

This hypothesis was initially based mainly on analyses of a group of organic anion transporters 

(Oat) of the Slc22 family, though the argument is broadly applicable to other SLC and ABC 

family members conventionally viewed as “drug transporters.”  The physiological substrates of 

Oats include many endogenous metabolites, toxins such as mercurials, and many commonly 

prescribed medications such as NSAID, antivirals, antihypertensives, statins and diuretics.  

This, together with the growing understanding of the complex tissue-specific expression and 

regulation of isoforms in epithelial and endothelial cells lining body fluid compartments, suggests 

that in higher organisms these transporters work together in remote communication between 

tissues and organisms.   

 The Oat transporters of the SLC22 family have some distinctive genomic, structural and 

functional features that are consistent with a key role in a broader remote sensing system. The 

Oats are often clustered together on a chromosome, likely due to tandem duplication of a 

common ancestral gene during evolution (Wu et al., 2009). The Oat genes encode transporters 

each with twelve distinctive transmembrane domains, and a significant extracellular, as well as 

an intracellular domain harboring multiple post-translational modification sites that can also be 

commonly observed in seven transmembrane G-protein coupled receptors (Srimaroeng et al., 

2008). The classical Oats, Oat1 (originally identified as NKT) and Oat3, possess the capability 

to handle a broad-spectrum of substrates, much like their counterpart of ABC family transporters 

of Mrp and Mdrs (Ahn and Nigam, 2009); however, many of the Oats are expressed in a tissue-
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specific fashion, often with greatest expression in the kidney and the choroid plexus. Oat 

isoforms can recognize and handle similar substrates; this is particularly true for those encoded 

by genes located in the same cluster.  

A growing body of data suggests a transporter-mediated mechanism of communication 

between cells and organs in the same individual, as well as communication between individuals, 

and even between species (Ahn and Nigam, 2009). Expression patterns during development 

suggest potential roles in organogenesis. This mini-review summarizes recent advancements in 

the field and highlights the emerging remote sensing and signaling perspective for these ABC 

and SLC transporters in the context of several substrates whose handling is well-understood 

and important in clinical contexts. We will examine recent advances in the settings of urate, 

carnitine, and enterobiome metabolite handling, as well as injury models, and recent data on 

their potential role in remote communication between individuals and species. The evidence 

suggests that these carrier proteins can not only mediate the movement of substrates across an 

epithelial barrier, but can somehow also “sense” related SLC and ABC transporters in barrier 

organs in a manner somewhat analogous to that observed in the hormonal feedback 

mechanism to maintain biochemical balance in the organism’s internal environment. It appears 

that the transporter networks act in parallel and collectively with the other regulatory systems of 

endocrine and autonomous nervous systems to coordinately maintain homeostasis. Indirect 

connections to signaling via G-protein coupled receptors (GPCRs) are also emerging.  The 

following examples are discussed to emphasize the variegated role of transporters in the 

context of a multi-level coordinated and regulated system that may play a role in remote sensing 

and signaling enabling communication between cells, organs and organisms. 

 

Urate handling 
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Uric acid is the primary nitrogenous end product of protein and purine metabolism in 

many animals, including humans. In mammals other than humans and higher primates, the 

enzyme uricase oxidizes uric acid to the water-soluble compound, allantoin, which is excreted in 

urine in order to maintain the relatively low uric acid levels found in plasma.  In humans and 

higher primates, however, functional uricase enzyme is not present, and the primary route of 

uric acid elimination is by active secretion into the urine by the proximal tubule cells of the 

kidney (Keebaugh and Thomas, 2010).  Compared to most other mammals, humans have 

relatively higher uric acid levels in their blood that range between 3.6 mg/dL and 8.3 mg/dL.  

Although the advantage of this elevated level of uric acid has been debated, it is commonly 

thought to benefit humans by functioning as an anti-oxidant. In addition, the loss of functional 

uricase in higher primates and humans is paralleled evolutionarily by the loss of the ability to 

synthesize ascorbic acid, which is also a potent antioxidant.  Thus, uric acid may have replaced 

ascorbic acid as an endogenous antioxidant agent; over half the antioxidant capacity of blood 

plasma could potentially come from uric acid (Foti and Amorati, 2009).   

 Uric acid may also be neuroprotective. It has been suggested that elevated levels of 

blood urate reduce the risk of developing Parkinson’s disease, and thus seems to correlate with 

slower disease progression (Elbaz and Moisan, 2008).  Nevertheless, high uric acid 

concentrations can be toxic, and thus while high plasma uric acid may be protective in some 

circumstances by acting as a trap for free-radicals, hyperuricemia is actually a risk factor for 

several metabolic syndromes (Heinig and Johnson, 2006; Puig and Martinez, 2008; Sachs et 

al., 2009).   At physiological pH, the solubility threshold of uric acid is 6.7 mg/dl, which is in the 

mid-range of concentrations found in humans; thus, many people with uric acid levels in the 

“high normal” range may live with supersaturated plasma uric acid.  Such individuals appear 

predisposed to the formation of uric acid crystals and some common metabolic syndromes such 

as gout and nephrolithiasis.  Hyperuricemia is also associated with Lesch-Nyhan disease, an X-
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linked recessive condition affecting male children beginning in the first year of life (Nyhan, 

1968).  

Because humans live with a nearly saturated or supersaturated level of plasma uric acid, 

regulation of its concentration is critical.  This is suggested by the number of genes, particularly 

transporters, involved in its handling, as revealed by GWAS studies of hyperuricemia (Table 1) 

(Dehghan et al., 2008; Doring et al., 2008; Kolz et al., 2009; Li et al., 2007; Vitart et al., 2008). 

For example, SLC22A12, predominantly expressed in the apical membrane of the proximal 

tubule cells in the kidney and closely related to Oat1 and Oat3, mediates the initial uric acid 

reabsorption from the ultrafiltrate, a critical step in maintaining blood uric acid levels. Initially 

identified in mice as Rst, its human ortholog is known as URAT1. Mutations or SNPs in this 

transporter gene have been found to predispose the individuals to hypouricemia, a condition 

particularly observed in the Japanese population (Komatsuda et al., 2006).  

 Urate can be handled by more than one transporter. Another uric acid transporter 

SLC22A11 found predominantly in the placenta and in kidney has also been associated with 

perturbed uric acid levels (Hagos et al., 2007). Both SLC22A11 and SLC22A12 transport urate 

across the cell membrane.  SLC22A11 is a “sister” gene of SLC22A12, situated in cis 

conformation less than 20 kb from SLC22A12 on human chromosome 11.  It is thought that this 

was generated through tandem duplication of an ancestral gene during evolution, suggesting a 

potential similar functionality of the genes. Paired or sister genes are a common feature in the 

SLC22 family (Wu et al., 2009).  For example, SLC22A6/OAT1 and SLC22A8/OAT3 are also 

paired on human chromosome 11, less than 1Mb from the SLC22A11 and SLC22A12 pair 

(Eraly et al., 2003b).  Although they have not been associated in GWAS studies with 

hyperuricemia so far, both SLC22A6/OAT1 and SLC22A8/OAT3 are able to handle urate. Urate 

handling was disturbed in Slc22a6/Oat1, Slc22a8/Oat3 and Slc22a12 (Rst in mouse) knockout 

mice (Eraly et al., 2008). These urate transporters, which are expressed in different cells and in 
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different tissues, provide a basis for the complex handling of urate and are possibly connected 

“sensing” urate in the context of altered oxidative states. 

 Along these lines, it is interesting to note that the expression of SLC22A6/OAT1 and 

SLC22A8/OAT3 genes is coordinately regulated. In mice, deletion of either one of the pair 

results in reduced renal expression of the other transporter although this could be due to the 

gene targeting approaches used (Eraly et al., 2006; Sweet et al., 2002).  Thus, while the 

mechanism for this coordinated regulation remains to be explained, it is possible that a 

feedback epigenetic regulation exists, given that both Oat1 and Oat3 are broad-spectrum 

transporters and many substrates such as urate can be handled by either or both Oat1 and 

Oat3. In addition, Slc22a6 and Slc22a8 are the next two closest homologues of Slc22a12 in 

mouse genome (Wu et al., 2009). 

In the proximal tubule of the kidney, unlike the SLC22A11/SLC22A12 paired genes 

which are apically localized mediating the absorption from glomerular ultrafiltrate, the 

SLC22A6/SLC22A8 paired genes are basolaterally localized and mediate the initial uptake of 

organic anions (including urate) from the blood.  For excretion from the apical side of the renal 

epithelial cell, ABCG2 is also involved in urate excretion and has been implicated to be 

associated with hyperuricemia (Table 1).  Together, these genes may mediate the vectorial 

movement of active excretion of urate and other solutes from blood to urine (Wright et al., 

2010). 

 Urate handling illustrates how several SLC and ABC genes work together to handle 

urate in humans via their functioning as apical and basolateral proximal tubule cell urate 

transporters that are regulated and responsible for disease when mutations in transporter genes 

occur. Genetic, genomic, biochemical and functional characteristics of the paired 

SLC22A6/OAT1 and SLC22A8/OAT3 genes thus raises the interesting possibility that these 

transporters are connected via a “sensing” of shared substrates, which in turn, could potentially 

modulate gene expression.  It is possible that this “sensing” connection acts locally to provide 
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some level of redundancy in the handling of shared substrates, a phenomenon that has been 

observed in the genetic models of Oat1 deletion and Oat3 deletion, as well as in knockouts of 

the Octs, another set of paired/clustered organic cation transporter genes in the Slc22 family 

(Jonker et al., 2003).  It is possible that this connection could act to signal remotely between 

organs.  For example the SLCs and ABCs, which are expressed in barrier epithelia at the 

interface of fluid compartments in a wide variety of organs, including the brain, eye, ear, liver 

and kidney, are charged with handling a number of circulating endogenous metabolites and/or 

toxins.  These endogenous substrates generated in one organ could be secreted into the 

circulation via a set of solute carriers. In turn the endogenous substrates could be transported 

and eliminated from the body via urine in the kidney by another set of SLC/ABC transporters.  

According to this view, the SLCs and ABCs in the kidney maintain the organism’s (whole body 

blood circulation) substrate homeostasis while the transporters in the target (remote) organs 

maintain the substrate homeostasis locally.  This coordinated substrate handling can also be 

achieved by more than one transporter (either an SLC-SLC combination or an ABC-ABC or 

SLC-ABC combination) with shared substrate specificity.  For example, in the case of urate 

handling, urate generated in the fetus is likely handled by SLC22A11 (preferentially expressed 

in placenta) for the movement of urate into the blood of the mother, which is than handled by 

SLC22A12 in the maternal kidney to maintain urate homeostasis. 

 Examination of the expression of urate handling genes further supports this notion of a 

tissue-specific urate handling and sensing mechanism. Table 1 is partly derived from 

hyperuricemia GWAS and NCBI human EST databases. Higher EST counts can be found for 

most of the carrier genes in discrete organs. There are several genes coding for human 

membrane proteins related to urate handling, SLC2A9, SLC16A9, SLC17A1, SLC17A3, 

SLC22A11, SLC22A12 (URAT1), ABCG2, and PDZK1 (Wright et al., 2010). A common feature 

of these transporters/membrane proteins is that the kidney, a major site of expression, is the 

primary organ charged with the excretion of urate.  Known physiological and presumably 
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epigenetic regulation in the kidney results in a narrow range of blood urate concentrations.  In 

addition to the kidney, each of these transporters may also have other preferred organs of 

expression; SLC2A9 is also expressed in the ovary and bone; SLC16A9 is expressed in the 

parathyroid gland; SLC17A1 is in the liver; SLC17A3 is in the brain; and SLC22A11 is in the 

placenta. These distinctive expression patterns suggest the intriguing but unproven possibility 

that urate levels in a particular organ and in the kidney are coordinately regulated via a remote 

communication of urate concentration, possibly by sensing the cell or tissue oxidation state, 

which is potentially tied to the regulation of the expression of the respective transporters.  

Presumably the result of urate concentration sensing and subsequent regulation of transporter 

expression ultimately maintains urate homeostasis and the appropriate oxidative states in 

organs and in the circulation.  One expects that, as with other SLC and ABC multispecific 

transporters, stress or injury to one organ may alter urate handling and urate transporter 

expression (in another organ), but this remains to be systematically tested. 

Nevertheless, it is clear that active uric acid handling employs a number of apical and 

basolateral SLC and ABC transporters in an organ-specific manner and reflects the dualistic 

nature of uric acid in physiology and pathology.  Uric acid handlers/transporters in different 

organs not only help to maintain the balance of plasma uric acid, but they might also play a key 

role in preventing uric acid crystal formation within various organs.  For example, the 

hyperuricemia-associated transporter SLC2A9, implicated by GWAS, is not only expressed in 

the kidney (on both the apical and basolateral aspects of proximal tubule cells and thus may be 

able to mediate the vectorial absorption of some urate in the nephron), but is also expressed in 

a number of other tissues (Table 1)  (Cheeseman, 2009).   As an antioxidant, higher level of 

urate benefits the organism.  Because it is at or near the saturation state for crystal formation, it 

can be detrimental to the organism. Thus, sensing and handling of uric acid in each individual 

organ, as well maintaining overall urate homeostasis become critical.  In cells, tissues, and body 
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fluids, presumably all this regulates the oxidative state upon which so many essential metabolic 

reactions and signaling events depend. 

Some recently published work raised the possibility that multiple SLC22 genes sense 

urate levels. While urate handling by solute carriers has been established genetically, the extent 

of epigenetic regulation is unclear.  Simiao is one of the more frequently prescribed traditional 

Chinese medicines used to treat the symptoms of gouty arthritis (Shi et al., 2008).  The effective 

ingredient of the pill is not known, but the pill has been shown to be a successful uricosuric in 

experimental mice that affects the expression of renal organic ion transporters (Hu et al., 2010). 

Analysis of renal expression of SLC genes in Simiao treated mice revealed decreased 

expression of Slc22a12/Rst and Scl2a9. Both have been implicated in mediating the 

reabsorption of urate from ultrafiltrates and consequently increasing the urinary urate excretion.  

In addition to the well-established organic anion urate handling pathway, administration of the 

Simiao pill also lead to increased expression of other renal solute carriers of the Scl22 family, 

These results suggest: 1,) the expression of urate transporters can be modulated by uricosuric 

agents and; 2,) there may be cross-talk between classical renal organic anion and urate 

handling pathways.  

 The complex regulation of uric acid is only beginning to be understood.  Available 

genetic, functional and expression profiling data suggest urate handling is regulated at levels of 

the cell, tissue, organ, and organism. Coordinated urate handling at these levels through 

substrate/urate sensing, signaling and transporter regulation works to maintain homeostasis 

(Figure 1). Optimal urate handling at these multiple levels may maximize its metabolic capacity 

and anti free-radical functionality by creating an optimal redox environment for key enzymatic 

reactions and signal transduction events while minimizing the serious side effect of cell toxicity.  

 

Carnitine handling 
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Carnitine (3-hydroxy-4-(trimethylazaniumyl) butanoate), a natural product synthesized 

from lysine and methionine in liver and kidney, plays a critical role in the generation of metabolic 

energy due to its ability to facilitate the movement of fatty acids into mitochondria.  Carnitine is 

also available from the diet after being absorbed in the intestine, and distributed by active 

transport into the cells of muscle, heart and others.  High concentrations of carnitine are present 

in heart and other organs, and these processes of preferential distribution are mediated by 

carnitine transporters of SLC22 family, particularly SLC22A5/OCTN2.  

 SLC22A5 is strongly expressed in skeletal muscle, intestine, liver, kidney, heart, 

placenta and other organs. SLC22A5 encodes a gene product with 12 transmembrane domains 

which mediates cellular absorption of small molecule organic cations and serves as a high 

affinity sodium-dependent carnitine transporter.  Genetic mutations in the coding and non-

coding regions of SLC22A5 have been implicated in systemic primary carnitine deficiency (Nezu 

et al., 1999).   Mice with genetic deletion of the SLC22A5 gene (Shekhawat et al., 2007) 

develop enlarged fatty livers, hypertrophic cardiomyopathy, steatosis with cellular accumulation 

of fatty acid in other organs, and intestinal villous atrophy, similar to that observed in human 

cases with SLC22A5 mutations.  This suggests that carnitine transporter-dependent cellular 

oxidation of fatty acids in mitochondria is essential. 

 Similar to urate, both SLC and ABC transporters regulate carnitine levels. Absorption of 

carnitine from dietary sources occurs in the small intestine.  Initially, uptake of carnitine from the 

lumen of the intestine across the apical membrane into the enterocyte is mediated in a sodium-

dependent manner (Kato et al., 2006). Subsequent movement across the basolateral 

membrane of the enterocyte and into the circulation is mediated by Mrp3 and Abca1 (Klaassen 

and Aleksunes, 2010).  These are ABC family cellular exporters with broad substrate 

specificities, and here the apical absorption may be the rate-limiting step.  Enteric absorption of 

carnitine from diet may be saturatable at 2 g daily, suggesting a feedback mechanism that 

maintains balance of absorption and excretion (Rebouche and Seim, 1998).  
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 In the heart, SLC22A5 is expressed in cardiomyocytes (Iwata et al., 2008).  Slc22a5 

mutant mice develop progressive cardiomyopathy, similar to what is observed in patients with 

primary carnitine deficiency resulting from mutations in SLC22A5.   Even mice heterozygous for 

Slc22a5 deficiency demonstrated a cardiovascular phenotype under stress (Takahashi et al., 

2007), supporting the notion that carnitine uptake in cardiomyocytes is important in maintaining 

cardiac function.  

 In the kidney, the SLC22A5 gene product is located on the apical membrane of proximal 

tubule cells. As for other organic cation substrates, SLC22A5 mediates the absorption of 

carnitine from renal ultrafiltrate into the proximal tubule epithelial cells. Similar to uric acid 

absorption, renal carnitine handling is a critical step in maintaining systemic carnitine 

homeostasis.  The systemic balance of L-carnitine is primarily maintained by renal excretion and 

disturbances in its handling would presumably cause other remote organ dysfunctions in heart, 

muscle and placenta. Carnitine handling represents another potential example of remote 

sensing and signaling where homeostasis in remote target organs is regulated coordinately.  

Another organ with strong expression of Slc22a5 is the placenta which is found in the 

apical surface of syncytiotrophoblasts (Grube et al., 2005). The absorption of carnitine by the 

placenta is sodium-dependent and can be inhibited by Slc22a5 inhibitors, including some 

antiseizure drugs taken by pregnant women (Grube et al., 2005).  In Slc22a5-deficient mice, the 

levels of carnitine in the fetus and placenta are reduced, while the enzymes involved in 

metabolic oxidation and energy generation are increased (perhaps in an attempt to compensate 

for the loss of carnitine).  This suggests that Slc22a5 plays a major role in the delivery of 

carnitine to the fetus and that disruption of the fetal carnitine supply, either by genetic 

modification/mutations in transporters involved in its handling or inhibition of its absorption 

(which may occur in mothers using antiseizure drugs during pregnancy (Grube et al., 2005)) 

increases the risk of fetal developmental defects.  
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 Importantly, L-carnitine is an essential nutrient for newborn infants since the mechanism 

of its biosynthesis is not fully developed until later in postnatal development. The primary source 

of carnitine for a newborn is from mother’s milk (Sandor et al., 1982). As discussed earlier, the 

intestine has an avid carnitine absorption system of solute carriers of SLC and ABC families. 

Similarly, carnitine is handled by a network of transporters in the mammary gland featuring 

SLC22A5, SLC22A4 and SLC22A3 (Kwok et al., 2006). The carnitine produced in the mammary 

gland is excreted into the milk, and then be absorbed in the baby’s intestine.  Mother’s milk is 

the only source of carnitine for the newborn infant and is required for the beta oxidation of fatty 

acids. This process of carnitine transfer from mother to infant represents a coordinated 

mechanism of solute handling via SLC and ABC transporters between individuals. 

The production and handling of carnitine can be regulated systemically between organs. 

Under normal physiological conditions, the primary site of carnitine production is in the liver. 

During lactation, the production of carnitine in the mammary gland increases, apparently at the 

expense of production in the mother’s liver which is also accompanied by reduced hepatic 

enzymatic and transcriptional activity, as well as solute carrier activities associated with 

carnitine synthesis and handling (Gutgesell et al., 2009). This complex physiological regulation 

of carnitine synthesis and handling is necessary to provide the infant with carnitine for beta-

oxidation and energy production to utilize fatty acids. In this instance of carnitine production, 

transfer from mother to infant, and carnitine utilization in the infant, all via solute carrier 

networks, mediates the enzymatic activities between and within cells of the mother and the 

infant (Figure 2). 

 

Enterobiome metabolite handling between organs 

 

 The intestine is a large organ averaging 26 feet in length in adult humans. The primary 

functions of this organ are for food processing, nutrient absorption, and waste disposal. These 
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functions are largely processed by a complex microflora ecosystem. The end products of this 

process include small molecule nutrients, as well as toxins, which can be taken up by the 

epithelial solute carrier system (Cheng and Klaassen, 2009). Absorbed small molecule nutrients 

in the circulation can then be used by other organs for metabolism, while the toxins can be 

further metabolized, particularly in liver and kidney, for disposition. Integral to these processes 

of solute movement crossing epithelial barriers are the organic solute carriers.  

Similar to the other sensing, signaling, and handling systems for urate and carnitine 

described in previous sections, there is significant overlap of the expression of the transporters 

in intestine and other organs. For enterocyte uptake, Octs and Octns are important for organic 

cations; and Oatps (SLC21) for organic anions. Among the exporters, Mdrs, Mrps and ABCG2 

are expressed in intestine. Expression of these transporters can also be found in liver and 

kidney (For review, see Klaassen, 2010). From a whole body perspective, this raises the 

possibility that the uptake of small molecule nutrients and toxins in the intestine can be handled 

by the same carriers in the other organs such as liver and kidney. Alternatively, enterobiome 

substrates can be handled with a “mix and match” of transporters in liver or kidney, given that 

most of these transporters have broad-spectrum and overlapping substrate specificities (Ahn et 

al., 2009; Kaler et al., 2007; Truong et al., 2008). Furthermore, an enterobiotic or an enteric 

toxin picked up in the intestine by a set of carriers (e.g. an organic anion absorbed by Oatp1a5) 

can be metabolized in the liver, and then excreted in the kidney by the Oats (Wikoff et al., 

2009). Antibiotics would apparently dramatically change the levels of these substrates in varying 

body compartments.   

 The intestine is also the first site for metabolism of ingested nutrients and drugs. 

Mdr1/Abcb1/P-gp, the best studied drug resistant carriers, has been linked to this process. 

Abcb1 is located on the villi of the enterocytes and exports substrates back to the lumen. Strong 

expression of the metabolizing enzyme Cyp3a4 is also found in the intestine suggesting Cyp3a4 

and Abcb1 may work together (Bruyere et al., 2010). Indeed, there is significant overlap of 
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substrate specificities between Cyp3a4 and Abcb1 suggesting potentially both are involved in 

handling of the same substrates or their metabolites. In addition, the expressions of both genes 

can be coordinately regulated in the intestine, further supporting the notion that solute carriers 

and metabolizing enzymes work together in substrate handling (Benet et al., 1999). For 

example, the expressions of both Cyp3a and Abcb1 can be upregulated in the intestine by 

dexamethasone, consequently affecting the bioavailability of their common substrate indinavir 

(Lin et al., 1999). 

Abcb1 and Cyp3a are also found in the liver. This is consistent with the notion that 

substrates excreted from one organ can be recognized and processed in another organ by the 

same (or a related) set of genes. Indeed, more than half of the ingested cyclosporine, an 

immunosuppressive agent, is metabolized in the enterocytes of the intestine and some of the 

biotransformation also occurs in the liver hepatocytes (Serkova et al., 2004). 

 An exogenous substrate or toxin may be initially absorbed into the enterocyte by a Slc 

transporter such as an Oatp (SLC21) or Octn (SLC22) because the substrate may conform to 

the specificities of the importer. As a defensive mechanism, a first level of metabolism of 

oxidation may occur in the cytoplasm with P450 enzymes while the apical exporters of Mdrs 

pump it back to the lumen of the intestine. The remainder of the substrate escapes to the blood 

circulation. It is again picked up by the hepatocyte through the Oatps, where the same set of 

P450 and solute carriers modifies the substrate in detoxification reactions (Figure 3). This relay 

system is another example of organ-organ communication with linkage of enzymatic activities 

together with transporter mediated activities that are regulated by hormones and other 

mediators of signaling. 

 

Implications of toxin sensing and handling in tissue injury 
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Acute kidney injury (AKI) is characterized by rapid progressive reduction in renal function 

with decreased glomerular filtration rate. Indoxyl sulfate (IS) is one of many potential uremic 

toxins accumulated in the blood during renal failure. Indoxyl sulfate is an endogenous substrate 

of Slc22a6/Oat1; as well as a substrate for Slc22A8/Oat3. Together, SLC22A6 and SLC22A8 

uptake mediate the initial step of organic anion secretion in the kidney (Nigam et al., 2007). 

Reduction in expression of these transporter genes have been reported in initial stages of 

ischemic AKI, followed by regaining of expression in parallel with recovery of renal function 

during reperfusion in rodent models (Di Giusto et al., 2008).  

 Disturbance of homeostasis can also induce coordinated changes of transporter gene 

expression in remote organs, perhaps through epigenetic signaling mechanisms. In a hepatic 

ischemia-reperfusion model, injury to the liver reduced the hepatic expression of Abcc2/Mrp2, 

while its expression was up regulated in the kidney (Tanaka et al., 2008). This inter-organ 

regulation suggests a potential compensatory mechanism that increased transporter capacity in 

the kidney that may handle the excretory or metabolic capacity lost in hepatic ischemia settings. 

Although the signaling pathway mediating this adaptation is not clearly defined, this cross-organ 

solute carrier regulation is presumably mediated epigenetically, potentially by pathways 

involving growth factors and /or cytokines known to be expressed in injured and remote organs 

(Nigam and Lieberthal, 2000).  

 Circulating uremic toxins, such as indoxyl sulfate, 3-carboxy-4-methyl-5-propyl-2-

furanpropionate (CMPS), indoleacetate, and hippurate, in renal failure settings can actually 

accumulate in the proximal tubule cell and aggravate renal dysfunction. In addition to their ability 

to directly compete with endogenous substrates, they can also potentially affect nonrenal drug 

handling, particularly in the liver by alteration in the expression of organic ion transporters of the 

SLC22, SLC21 and the ABC family of carriers (Dreisbach, 2009). Oats, Octs, Oatps and 

Mrp1/ABCC1 have been implicated. Changes in their expression probably affects the 

bioavailability of endogenous substrates and toxins as well as xenobiotics for phase II 
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metabolism in liver as well as in kidney cells (Sun et al., 2006). In hepatocytes treated with 

uremic toxins of IS or CMPS, the expression of Oatp transporters is reduced (Sun et al., 2006). 

The decreased expressions of these transporters is also observed in models of chronic renal 

failure in rats (Di Giusto et al., 2008). In addition, decreased Mrp transport can also be observed 

in the intestines of these rats, suggesting that the absorption of xenobiotics as well as 

enterobiotic substrates may also be adversely affected in chronic renal failure.  Direct 

competition by uremic solutes for drug binding on SLC and ABC transporters is also a 

possibility. 

As with urate and carnitine, the larger solute carrier network may be quite complex. 

Precursors of IS are derived from dietary amino acid tryptophan, which is then metabolized into 

indole in the intestine by bacterial tryptophanase, and then moved across the intestinal barrier 

into the blood. Circulating indole is then absorbed into hepatocyte and metabolized to IS, which 

is handled by Oats and Oatps and also (as described above) affects SLC and ABC transporter 

expression. It is clear that one of the functions of this ’transporter” network is to handle/distribute 

dietary or enterobiotic solutes across multiple barriers in the body which may serve as nutrient 

for the cell or be metabolized. Because of their importance to cellular functions and toxicity, this 

solute handling process is likely to be monitored and regulated, and sensing and signaling by 

solute carriers is likely to be integral to this process (Figure 4). 

 

Interaction of SLC and ABC transporters with other signaling pathways 

 

Second messenger molecules. It is becoming evident that the solute transporters in 

remote organs are communicating with each other, and their expression and activities are 

systematically regulated. These SLC and ABC transporters can also serve as regulators of 

other signaling pathways. cGMP is a second messenger mediating cellular responses to a 

variety of surrounding stimuli.  It is also a high affinity substrate for human OAT2 
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(SLC22A7/OAT2). Pharmacogenetic analysis of the SLC22A7 and pharmacokinetic analysis of 

its gene products suggest it plays a role in mediating the balance of intra/extra cellular cGMP, 

and consequently regulates this second messenger signaling pathway (Cropp et al., 2008).  In 

addition, cGMP can serve as an intracellular substrate modulating the expression/activities of 

other organic ion transporters of the SLC22 family (Schlatter et al., 2002). This cross-talk 

between different SLC transporters through a transported signaling molecule remains to be 

explored. 

 On the other hand, second messenger systems can regulate the transporter activities as 

well. The intracellular domains of the solute carriers harbor sites for enzymatic modifications 

mediated by classical signaling pathways. For example, phosphorylation of SLC22A6 and 

SLC22A8 promotes transporter activity by mobilizing the OATs from intracellular sites (Barros et 

al., 2009; Srimaroeng et al., 2008).   

 Prostaglandins. Handling of prostaglandins is another example of how a signaling 

pathway and so-called drug transporter may be intertwined. Prostaglandins are a group of fatty 

acid derivatives containing 20 carbon atoms with a 5-carbon ring. As signaling molecules, 

prostaglandins exert their diverse physiological regulations through the binding of cell-

membrane anchored seven-transmembrane G-protein coupled receptors located on various cell 

types. For example, prostaglandin E2 can bind EP1 receptor to elicit smooth muscle 

contraction, bind to EP2 to mediate vasodilatation, and bind to EP3 to mediate uterus 

contraction during pregnancy. Thus, prostaglandins are strong physiological regulators 

functioning as classic GPCR receptor ligands and their levels must be strictly regulated. 

 Prostaglandins are produced in most organs and tissues. They are considered to be 

local hormones acting in a paracrine or autocrine fashion. Releasing of prostaglandins from the 

cell was once believed to occur through passive diffusion because of their high lipophilicities. It 

is now clear that the release of many prostaglandins is mediated by transporters, particularly, 

MRP4/ABCC4. Other ABC transporters may also play a role in the release of cellular 
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prostaglandins. On the other hand, there are multiple prostaglandin importers of SLC families 

involved in the cellular uptake of certain prostaglandins. The first prostaglandin importer 

identified was prostaglandin transporter PGT/SLCO2A1 (Kanai et al., 1995). PGT is an organic 

anion transporter of the SLCO family. Several more have since been identified including the 

Oats of the SLC22 family. Their tissue distribution appears consistent with the fact that 

prostaglandins, which act via paracrine or autocrine regulations that are able to be removed 

locally to keep the systemic circulating levels low. The recent identification of a renal specific 

prostaglandins transporter, OAT-PG in the SLC22 family, suggests how the uptake and 

elimination may be coordinately handled (Shiraya et al., 2010). Unlike other PG transporters, 

OAT-PG has narrower substrate specificities with a preference for PGE2, PGF2a and PGD2. 

Upon the uptake of these substrates in the proximal tubule cells, the PGs can be rapidly 

inactivated by cytoplasmic 15-hydroxyprostaglandin dehydrogenase to generate 15-keto-PGE2. 

This represents a case of local PG handling by combining ligand signaling through a GPCR 

receptor, uptake by SLC transporters, and inactivation by metabolism.  

What would happen if the PG is allowed to accumulate in the circulation? In humans, the 

circulating PGE2 is very low in the low nanomolar range during resting states (Sanchez-Moreno 

et al., 2004). Upon cytokine stimulation or fever the level of circulating PGE2 can increase up to 

4-fold. This elevated level of PGE2 is sufficient to trigger PG transporters. Some of these have a 

Km in the low nanomolar range. In fact, cytokines increase the level of PGE2 in the blood as 

well as in CSF, which is likely due to entry of PGE2 into the cerebral ventricle from the 

peripheral circulation (Davidson et al., 2001). Interestingly, multiple OATs, including Oat3, are 

highly expressed in the choroid plexus, and Oat3 knockouts have decreased choroid plexus 

handling of organic anions. Higher levels of PGE2 in the central nervous system, particularly in 

the hypothalamus, could conceivably alter thermoregulation (Sauvant et al., 2006). Thus, SLC 

and ABC transporters both transport classical signaling molecules such as cGMP and 

prostaglandins (and indeed have evolved specific transporters for them) and also are regulated 
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by these signaling molecules at both the level of the transporter function and also epigenetically 

(Miller, 2010; Sauvant et al., 2006).  

 

Perspective on remote signaling via SLC and ABC transporters 

 

How should we view the sensing and signaling by SLC and ABC transporters from the 

perspective of systemic physiological metabolites and regulatory molecules like urate, carnitine, 

cGMP and prostaglandins? Taking neuroendocrine regulation as an example, hormones 

released from pituitary gland under the influence of hypothalamic stimuli enter the blood stream, 

reach the target organ, interact with respective receptors, and then exert an effect through a 

second messenger system of the target cell. Somewhat analogously, the transporter system 

(comprised of SLCs and/or ABCs) will obtain a substrate, generated or absorbed, in an organ 

(such as urate in the intestines), distribute it to its target organ, and carry out its function with 

cells (regulating redox state). The level of circulating urate is regulated through sensing and 

excretion/reabsorption control in the renal proximal tubules. This sensing and regulation 

appears to be relatively autonomous, and may not involve regulation by the central nervous 

system. And similar arguments can be made for carnitine, cGMP and prostaglandins. 

Functionally, this process resembles that of the autonomous nervous systems in regulation of 

lung respiration rate, heart rate, blood pressure and endocrine secretion, all of the fundamental 

processes to maintain homeostasis (Figure 5).  

Finally, a number of studies have demonstrated spatiotemporal patterns of SLC and 

ABC multispecific transporters consistent with a potential role in organ development or 

differentiation. For example, a number of studies of SLC22 genes have revealed transient or 

early developmental expression in certain organs or shown high expression in the embryo 

compared to the adult (Eraly et al., 2003a; Pavlova et al., 2000; Sweet et al., 2006; Wu et al., 

2009). While the role of these transporters in development needs to be explored in more detail, 
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one possibility is that they transport key small molecules, such as cyclic nucleotides, 

prostaglandins or conjugated steroids, involved in morphogenesis or differentiation.  

 

Intra and Inter-species sensing and handling of signaling molecules 

 

Olfactory receptor expressions in non-nasal epithelial tissues. Olfactory receptor (OR) 

genes constitute possibly the largest single family in human genome, with expression mainly in 

the nasal epithelial mediating the sense of smell. Transcriptomic profiling has revealed the 

presence of “olfactory” receptors in non-nasal tissues. For example, a recent microarray 

analysis of human OR described 58 OR in the liver, 108 in heart, 83 in testis and 93 in the lung. 

The expression patterns of some of these genes are found to be conserved in chimpanzee, 

consistent with the possibility that these OR genes may be functional in these tissues (De la 

Cruz et al., 2009). The non-nasal expression of OR has been referred to as ectopic expression 

(Feldmesser et al., 2006; Zhang et al., 2007). However, more evidence is emerging suggesting 

that these ORs may mediate the signaling responses of ligands in the organs where they are 

expressed. The question therefore arises as to whether the odorant signaling ligand/molecules 

can reach internal organs, and if so, how? 

 An organic anion transporter of the Slc22 family, Slc22a20/Oat6, has restricted 

expression in nasal epithelial as well as in testis (Monte et al., 2004). Detailed analysis of its 

substrate preferences suggests that Oat6 can mediate the uptake of small odorant organic 

anion signaling molecules, as well as estrone sulfate (Kaler et al., 2006) and 

dehydroepiandrosterone sulfate (DHEAS). It has been suggested that these volatile signaling 

molecules derived from urine could be absorbed by organic anion transporters (Oat6 and/or 

Oat3) located on nasal epithelial cells; and then can be presented to olfactory neurons to elicit 

neuronal responses. An alternative route would transfer these molecules to the circulatory 

system for presentation to the remote internal organs where the ORs have also been shown to 
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be expressed, for example, testis (Kaler et al., 2006).  At the remote organ, the signaling of the 

same odorant/solute could be mediated by the same OR interacting with the “olfactory” 

molecule in the nasal epithelium.  However, the levels of steroid-derivatives need to be 

regulated. It appears that the same Oat (Oat6) in Sertoli cells may provide a critical link 

mediating testicular steroidogenesis (Schnabolk et al., 2010). This example illustrates a 

potential mechanism of remote sensing and handling of signaling molecules important for the 

propagation and survival of the species.  

 Can the metabolites secreted in the urine/feces from an animal (rodent) be picked up by 

the organic ion transporters of a predator animal (cat) or a potential mate?  This notion is 

supported by the fact that the molecular signatures of molecules which convey social cues in 

mouse urine share a number of intrinsic characteristics of Oat6 and Oat1 substrates, including  

low molecular weight, moderate hydrophobicity and a negative electric charge.  Moreover, a 

recent study found that some of radio-labeled olfactory ligands/substrates from a urine sample 

were present in the brain (Hsu et al., 2008; Meeks et al., 2010), and perhaps, the limbic system, 

of another animal exposed to the urine sample.  Thus, while the mechanism of this transport is 

not understood, these findings do provide circumstantial support for the hypothesis proposed 

above.  

Analysis of the substrate specificities of Slc22a20/Oat6 is interesting in that, like its 

homologues of Oat3 or Oat1, Oat6 has a broad substrate specificity (Kaler et al., 2006). 

However, its expression is rather tissue specific, primarily found in the nasal epithelia. 

Interestingly, Oat6 has more selectivity for volatile organic anions including those known to 

function as odorants (Ahn et al., 2009). Emerging structural analyses of the transporters as well 

as pharmacophore modeling of substrates suggest that there are multiple small molecule 

binding sites/pathways mediating the transmembrane processes of different groups of organic 

ions depending on the size, charges and polarities (Ahn et al., 2009).  Nevertheless, how (or if) 
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these carriers mediate the initial steps of inter-individual (or inter-species) sensing and signaling 

remains to be elucidated (Figure 6).  

 

Summary 

 

As one of the largest gene superfamilies in the human genome, the SLC family, along 

with the ABC transporter family, coordinately maintains the solute balance between multiple 

compartments separated by an epithelium in individual organs, as well as homeostasis 

systematically (Figure 7). The genes regulating transporter proteins are evolutionary conserved; 

their homologues can be traced back to worms and flies. The evidence increasingly suggests 

that the primary function of the carriers is to handle endogenous metabolites and toxins, to 

distribute and maintain effective concentration of nutrients and antioxidants in the organ, and to 

maintain overall system homeostasis. These processes/pathways are centered on transcellular 

movement of solutes crossing a single layer of epithelial cells by “matching” pairs of SLC 

importers and ABC exporters. Homeostasis is accomplished through coordinated transporter 

networks either through the sensing and signaling by the same carriers in different cells or 

organs, or by handling, sensing and singling of the same substrates by a set of carriers with 

shared substrate preferences. Thus, these transporter proteins are crucial in maintaining 

physiologically normal metabolic profiles in various compartments (at the cellular level and 

between organs) as the organism continues to interact with the environment (nutrients, toxins, 

and other organisms). Moreover, these transporters are sensitive to changes in metabolic 

profiles as a result of changes in the external environment as evinced in the case of toxicant-

induced injuries to organs. At the ecological level, the role of the transporters is crucial for the 

communication between various organisms as most living systems primarily communicate 

through metabolic byproducts that act as substrates, e.g. pheromones. These networks, which 

are regulated by hormones and growth factors, are sensitive to environmental changes that 
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include substrate imbalance, injury, and xenobiotics, which can “highjack” and impact the 

existing endogenous carrier systems.   
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Figure legend 

 

Figure 1. Diagram depicting remote sensing and signaling mechanism amongst organs 

mediating urate handling. Urate is either absorbed in intestines or synthesized in the liver. Its 

absorption, distribution and excretion are mediated by a battery of solute carriers in individual 

organs to achieve balance and homeostasis in the cell, organ, and at the system level.   

 

Figure 2. L-Carnitine and its carrier SLC22A5 mediated sensing and signaling amongst organs, 

and between mother and infant. Liver is the primary site of L-Carnitine biosynthesis. Circulating 

L-Carnitine is distributed/transported through its carriers, primary SLC22A5, depicted here, and 

others to the target organs.  The synthesis and distribution of L-Carnitine is regulated 

physiologically. For example, during lactation, L-Carnitine is preferentially distributed to the 

nursing mother’s breast through increased expression of its carriers at the expense of the liver, 

as mother’s milk is the only source of carnitine for the infant and is essential for the 

survival/growth of the baby. 

 

Figure 3. Diagram depicting iterative enzymatic-carriers mediated organic anion solute handling 

in intestine and in liver. 

 

Figure 4. Flow diagram depicting distribution and handling of enterobiome metabolites by solute 

carriers. 

 

Figure 5. The solute carrier mediated remote sensing and signaling mechanism of solute 

handling maintains balance and homeostasis at multiple levels. This process resembles other 

regulatory mechanisms of autonomous nervous systems and endocrine systems. 
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Figure 6. Speculative diagram of roles of odorant transporters such as Oats(Oat6) in proposed 

remote communication. The odorants/volatile steroid derivatives from the environment 

(including intra- and inter- species sensing) can be, after eliciting  an odorant response (via 

odorant receptors) in the olfactory mucosa, recycled/delivered to internal organs to trigger 

remote responses.  We speculate that these responses might be manifested as neuronal 

signaling, perhaps in the limbic system, or a signaling response in a remote organ (testis, 

adrenal gland, liver, kidney etc.) mediated by non-olfactory odorant receptors. These signaling 

molecules can conceivably then be excreted by kidney, large intestine or sweat gland, where 

they can potentially be involved in the subsequent round of remote sensing. The handling of 

these molecules is dependent on the combination of SLC and ABC transporters, and their 

localization and expression. 

 

Figure 7. Diagram depicting solute carriers mediated communications within cell, between 

organs, between individuals of the same species and between individuals of different species. 
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Table 1. Tissue and developmental preferential expressions of genes associated with 

hyperuricemia. 

Gene Adult Tissue Expression Developmental Stages Tumor 
SLC2A9 Kidney, Ovary, Bone Adult and Fetus Ovarian and Uterine Tumor, and Chondrosarcoma 

SLC16A9 Parathyroid Gland, Kidney Embryonic Body, Fetus and Adult Non-neoplasia, Head and Neck Tumor 
SLC17A1 Kidney, Liver Fetus Kidney Tumor and Normal 
SLC17A3 Kidney, Brain Fetus Normal 

SLC22A11 Placenta, Kidney Juvenile, Adult and Fetus Normal Tissues and Liver Tumor 
SLC22A12 Kidney,  Adult Normal 

ABCG2 Placenta, Pharynx, Brain, Kidney Juvenile, Neonate, Adult and Blastocyst  Bladder Carcinoma, Germ Cell Tumor, and Non-neop

GCKR 

 Liver Fetus Normal 
LRRC16A Lung, Intestine, Brain and Kidney Adult and Fetus Normal Tissues and Colorectal Tumor 

PDZK1 Kidney, Liver and Brain Adult and Fetus Normal 
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