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Abstract

The U.S. Food and Drug Administration (FDA), European Medicines Agency (EMA), and 

Pharmaceuticals and Medical Devices Agency (PMDA) guidances on small molecule drug-drug 

interactions (DDIs), with input from the International Transporter Consortium (ITC), recommend 

the evaluation of nine drug transporters. Although other clinically relevant drug uptake and 

efflux transporters have been discussed in ITC white papers, they have been excluded from 

further recommendation by the ITC and are not included in current regulatory guidances. These 

include the ubiquitously expressed equilibrative nucleoside transporters (ENT) 1 and ENT2, which 

have been recognized by the ITC for their potential role in clinically relevant nucleoside analog 

drug interactions for cancer patients. Although there is comparatively limited clinical evidence 

supporting their role in DDI risk or other adverse drug reactions (ADRs) compared to the nine 

highlighted transporters, several in vitro and in vivo studies have identified ENT interactions with 

non-nucleoside/-tide drugs, in addition to nucleoside/-tide analogs. Some noteworthy examples of 

compounds that interact with ENTs include cannabidiol and selected protein kinase inhibitors, 

as well as the nucleoside analogs remdesivir, EIDD-1931, gemcitabine, fialuridine. Consequently, 

DDIs involving the ENTs may be responsible for therapeutic inefficacy or off-target toxicity. 

Evidence suggests that ENT1 and ENT2 should be considered as transporters potentially involved 

in clinically relevant DDIs and ADRs, thereby warranting further investigation and regulatory 

consideration
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Introduction

Current guidances from the U.S. Food and Drug Administration (FDA), the European 

Medicines Agency (EMA), and the Pharmaceutical and Medical Devices Agency (PMDA), 

with input from white papers written by the International Transporter Consortium (ITC)1–7, 

reference nine drug transporters for evaluation of small molecule drug-drug interactions 

(DDIs) in drug discovery and development programs, namely, organic anion transporter 

(OAT) 1, OAT3, organic cation transporter (OCT) 2, organic anion transporting polypeptide 

(OATP) 1B1, OATP1B3, P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), 

multidrug and toxin extrusion protein (MATE) 1, and MATE2-K. These transporters are 

mentioned specifically due to “clinical evidence suggesting their involvement in drug 

interactions”.1 Furthermore, alterations to the expression and function of these transporters 

are linked to adverse drug reactions (ADRs) because they play a critical role in the 

disposition of many pharmacologically active molecules.8 Therefore, investigating DDIs 

and ADRs early in the discovery process is important to inform any necessary clinical 

studies and understand the magnitude of the DDI and ADR risk. However, inclusion of 

transporters into the ITC recommendations and, consequently, regulatory guidances, must be 

supported by well-documented DDIs and robust evidence of their potential role in altering 

drug efficacy and safety.

Several additional drug uptake transporters, including OATP1A2, OATP2B1, OAT2, and 

OCT1, have been proposed and evaluated as transporters of emerging clinical importance in 

the literature, although current regulatory guidances and ITC recommendations omit some of 

these transporters. The ITC excludes some of these transporters due to insufficient clinical 

evidence in support of their importance in DDIs, lack of specific in vitro probe substrates, 

or the inadequate relative contribution of these transporters to the disposition of clinically 

relevant drugs. A previous white paper from the ITC also acknowledged the potential 

clinical importance of equilibrative nucleoside transporter (ENT) 1 and ENT2, however, the 

analysis was limited to the role of the ENTs in delivering nucleoside analog antineoplastics 

to target tissues.2 However, we suggest that the current literature indicates that ENTs can 

significantly influence the absorption, distribution, metabolism, and excretion characteristics 

of clinically relevant drugs. For example, the disposition of nucleoside analog drugs like 

remdesivir and gemcitabine may be affected by ENT downregulation/dysfunction or by co-

administration of known ENT inhibitors (e.g., cannabidiol (CBD), Δ9-Tetrahydrocannabidiol 

(THC), and lorlatinib), which may lead to a reduction in drug elimination and consequently, 

increased exposure and likelihood of toxicity.9–13 Unfortunately, the lack of information 

on the ENTs compared to traditional transporters like OATP1B1 or P-gp potentially 

understates their role in drug disposition, which may have contributed to the comparative 

absence of studies characterizing their selectivity. The purpose of this review is to outline 

the general characteristics of the ENT family of transporters, the current knowledge of 

ENT-drug interactions in various in vitro models, and the important clinical implications 
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involving ENTs to advocate for expanded ADR and DDI testing paradigms that include 

these transporters in drug discovery and development studies.

General Characteristics of ENT1 and ENT2

Nucleoside and nucleobase transporters play critically important roles in the flux of 

precursors for intracellular nucleotide synthesis. There are two major families of nucleoside 

and nucleobase transporter denoted as the (1) concentrative nucleoside transporters (CNTs) 

and (2) ENTs. The sodium-dependent CNTs are predominantly expressed in specific 

tissues such as the kidneys, intestines, and heart.14–16 Since less is currently known 

about the drug interactions with these transporters compared to ENTs, they will not be 

the focus of this review. In contrast, the ENTs are widely expressed in all tissues and 

cell types and consequently, are expected to exert greater impact on the distribution of 

their substrates. The ENT family of proteins encompasses four members, designated as 

ENT1–4 in humans, nonhuman primates, rodents, canines, and other species.14 Of the 

four members, ENT1, ENT2, and ENT3 are ubiquitously-expressed, sodium-independent 

uniporters that display distinct, but overlapping substrate and inhibitor selectivity.14–16 

Excluding ENT4, the predominant physiological role for these transporters is to direct 

the movement of electroneutral nucleosides and nucleobases across membranes down their 

concentration gradients. Of the four ENTs, ENT1 and ENT2 are the most well-characterized 

family members and display relatively broad substrate selectivity. Targeted and untargeted 

transcriptomic and proteomic profiles for ENT1, ENT2, and other pharmacologically 

relevant drug transporters in various tissues and cell types has been reported.17–24 In general, 

ENT1 and ENT2 have ubiquitous but variable reported mRNA and protein expression 

throughout the human body. This is in contrast to the expression of some uptake transporters 

such as OATP1B1 or OATP1B3, which are highly expressed in certain tissues including 

the liver but remain undetectable in other tissues.19 Although basic, limited studies on the 

expression, selectivity, and roles of ENT3 and ENT4 have been performed, there remains a 

significant lack of information on these two transporters. Therefore, the rest of this review 

will focus on the roles of ENT1 and ENT2 in clinically relevant DDIs and ADRs.

Structural and Functional Characteristics of ENT1 and ENT2

Human ENT1 is a 456-residue protein with 11 transmembrane helices that shares 78% 

and 79% sequence identity with the 457-residue rat and 460-residue mouse orthologs, 

respectively.25–27 ENT1 primarily transports endogenous purine and pyrimidine nucleosides, 

some nucleobases, and nucleoside/-tide analog drugs.28, 29 Similarly, human ENT2 is a 

456-residue protein with 11 transmembrane helices that shares 88% sequence identity with 

the 456-residue mouse and rat orthologs.25, 30 However, human ENT1 and ENT2 only share 

47% sequence identity, suggesting they may play different physiological roles. As expected, 

ENT2 also transports purine and pyrimidine nucleosides, nucleobases, and nucleoside/-tide 

analog drugs with differing selectivity compared to ENT1.13, 28, 29, 31–33 Furthermore, 

ENT1 and ENT2 are predominantly expressed along the apical or basal membranes 

of polarized cells in many tissues, although expression on nuclear, mitochondrial, and 

lysosomal membranes has been reported.16, 34–37 These differences are important to 

consider when assessing the distribution of nucleoside/-tide analog drugs in various tissues. 
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Notably, ENT1 is highly sensitive to the nontransported inhibitor, NBMPR, with a Ki in 

the nanomolar range. Although ENT2 is insensitive to low micromolar concentrations of 

nitrobenzylthioinosine (NBMPR), high micromolar concentrations of NBMPR exerts an 

observable inhibitory effect on ENT2-mediated transport.25–27

Recently, a crystal structure for human ENT1 bound to the inhibitors, NBMPR or dilazep, 

was reported in the literature.38 Interestingly, comparison of the binding sites for NBMPR 

and dilazep showed they were both shared and that several distinct amino acid residues that 

interacted with these molecules. Specifically, the Gln158 residue interacted with NBMPR 

and dilazep; however, Met33 and Phe307 only interacted with dilazep.38 The nearby Gly154 

residue has been shown to be critical for NBMPR sensitivity in human ENT1 but the 

equivalent residue in ENT2 is a serine.38, 39 It has been suggested that the binding of 

NBMPR to the unique, central binding site in ENT1 prevents the protein from changing 

conformation from the outward-occluded position to the inward position. As a result, this 

is likely a substrate-independent mechanism because it prevents ENT1 from completing a 

transport cycle. While ENT2 lacks a Gly154 residue, NBMPR likely binds in the same 

location to prevent a substrate from being transported. Thus, the inhibitory potency of 

NBMPR is likely to be substrate-independent, given its unique hydrophobic binding site in 

ENT1 (and ENT2).

Other residues, such as Asn30, Met84, Phe334, and Asn338, are also important for the 

inhibitor sensitivity of ENT1.40–42 Through molecular docking simulations, Asp341 and 

Arg345 in ENT1 were found to be important in establishing interaction with the substrate, 

adenosine, but not with the inhibitor, dilazep.41 Further molecular docking studies, along 

with pharmacophore modeling of ENT1 substrates or inhibitors, should provide insight into 

the selectivity of this transporter.32, 33 While mutational analyses have been performed with 

human ENT2 to characterize its inhibitor sensitivity, a crystal structure for this transporter is 

still unavailable.43, 44 Because human ENT1 and ENT2 only share 47% sequence identity, 

only some amino acid residues are conserved between the two transporters, highlighting 

their distinct differences in substrate/inhibitor selectivity and specificity (Tables S1 and 

S2).42 However, importantly, many of these human ENT residues are conserved across 

various species, suggesting that compound selectivity across species may be similar.42 A 

summary of the key characteristics of human ENT1 and ENT2 compared to each other and 

with other common ADME uptake transporters (i.e., CNTs, OCTs, OATs, and OATPs) are 

presented in Table 1.

Cellular and Subcellular Localization of ENT1 and ENT2

The cellular and subcellular localization of the ENTs in different tissues is an important 

factor to consider when evaluating the disposition of endogenous nucleosides/-bases and 

xenobiotics. Although ENTs are ubiquitously expressed transporters, they can localize 

to different sides of polarized plasma membranes and/or on organelle membranes. For 

example, human ENT1 and ENT2 localize to the plasma membrane and nuclear membrane 

of BeWo cells.45 Furthermore, human ENT1 can localize to the mitochondrial membrane in 

heterologously expressing MDCK cells and human hepatocytes (Figure 1A).46, 47 Human 

ENT1 has also been detected in human liver and kidney microsomes, suggesting it may be 
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present in the endoplasmic reticulum.48 ENT expression at both the plasma membrane and 

organelle membranes may provide a direct path to deliver therapeutics from the blood to the 

cytoplasm and then to certain organelles. For example, direct delivery of therapeutics to the 

mitochondria of cancer cells to disrupt mitochondrial metabolism via ENTs is a therapeutic 

strategy to treat cancers.

Apart from organelle expression, ENT1 and ENT2 are highly expressed at the plasma 

membranes in various cell types where they serve their primary function. Hepatocytes 

mediate the uptake of compounds from the portal blood across the sinusoidal/basolateral 

membrane into the cytoplasm, where they can be metabolized and excreted into the 

bile at the canalicular/apical membrane or back into the blood. In human hepatocyte 

sandwich cultures, ENT1 localized to both the canalicular/apical and sinusoidal/basolateral 

membranes, whereas ENT2 was only observed at the sinusoidal/basolateral membrane 

(Figure 1A).49 This is largely consistent with the observation that ENT1 and ENT2 are 

highly expressed in hepatocytes and in endothelial and Kupffer cells, although subcellular 

localization was indiscernible, using in situ hybridization.35 Nevertheless, ENT1 and ENT2 

provide a transepithelial transport pathway for some compounds to cross through each side 

of a hepatocyte for recirculation or biliary elimination as an unmetabolized compound or 

metabolite.

Another major route for drug elimination is through the kidneys. In human kidneys, ENT1 

localizes to the brush border/apical and basolateral membranes of proximal tubule epithelial 

cells of the nephron35, 50, which is consistent with earlier observations of brush border/

apical and basolateral expression of heterologously expressed human ENT1 in polarized 

MDCK cells (Figure 1B).51 Intracellular and basolateral membrane expression of human 

ENT1 and ENT2 was also found in distal tubule epithelial cells but staining for ENT2 

was not observed in proximal tubules35, although it would likely localize to the basolateral 

membrane if expressed.51 In the loop of Henle and collecting ducts, ENT1 is expressed 

at both the apical and basolateral membranes.50 Consequently, endogenous and exogenous 

ENT1 substrates can enter and exit through the blood or tubular fluid along the entire renal 

tubule based on their concentration gradients.

ENT1 expression in the human small intestine is predominantly concentrated to the crypt 

cells, with minimal expression at the brush border/apical membranes of enterocytes.35 This 

finding matches early functional studies in human intestinal epithelial cells that suggested 

ENT1 is absent from the brush border/apical membrane but may be present at the basolateral 

membrane, along with ENT2 (Figure 1C).52 These previous studies hypothesized that ENT1 

and ENT2 are involved in nucleoside salvaging from the extracellular fluid at the basolateral 

membrane. In the colon, it has been suggested that ENT1 and ENT2 are functionally 

expressed at the basolateral membrane, based on observations in Caco-2 and T84 cells 

(Figure 1C).53–55 Thus, ENTs at the basolateral membrane are seemingly responsible for 

managing endogenous nucleoside homeostasis in the intestine but not nucleoside absorption 

from dietary intake. Nucleoside and nucleoside analog absorption from dietary sources 

is likely mediated by the CNTs expressed along the brush border/apical membranes of 

enterocytes.35 However, drugs that are ENT substrates can still access the intestinal epithelia 

through the circulatory system.
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High expression of ENT1 and ENT2 has also been observed in other tissues, including 

the brain, testes, and placenta.17–19, 22–24, 26, 34, 36, 56–63 Brain microvascular endothelial 

cells express ENT1 and ENT2; however, their exact subcellular localization is debatable, 

with some studies suggesting apical/luminal membrane expression based on functional 

experiments (Figure 1D).17, 22–24, 59, 63, 64 This would permit substrate access into the 

microvascular endothelial cells, although another nucleoside transporter is necessary to 

complete the transcellular transport pathway. It has been suggested that ENT2 is expressed 

at the basolateral/abluminal membrane in rats; however, there is no human data to 

confirm these observations.63 Within human brain tissue, ENT1 protein was found in 

the temporal and occipital cortex, thalamus, midbrain, and the caudate nucleus, putamen, 

and globus pallidus regions of the basal ganglia.57 On the other hand, ENT2 protein was 

primarily observed in the cerebellum, brainstem, pons, midbrain, medulla, and thalamus.57 

Subcellular localization of ENT1 and ENT2 was not determined in that study and currently 

remains unknown. ENT1 and ENT2 are expressed in the lung58, 60–62 with one study 

suggesting apical membrane expression at the olfactory epithelium and weak expression 

in the respiratory epithelium in rats.65 However, further studies are necessary to determine 

their cellular and subcellular location in human respiratory tissues. In the testes, ENT1 

is primarily localized to the basal membrane and ENT2 localized to the apicolateral 

membrane of Sertoli cells, which comprise the blood-testis barrier (Figure 1E).36 This 

testicular expression pattern may provide a transepithelial transport pathway for some 

compounds to access the seminiferous tubule lumen and affect spermatogenesis. Placental 

ENT1 and ENT2 expression has been shown at the apical/brush border membrane of 

syncytiotrophoblasts but are largely absent from the basolateral membranes (Figure 1F).34, 

35, 56 However, a more recent study has shown that ENT2 is localized to the basolateral 

membrane of syncytiotrophoblasts.66 Collectively, drugs that are ENT substrates can be 

widely distributed throughout the body.

Modeling ENT1- and ENT2-Mediated Transport and Disposition

Nucleoside/-tide analog drugs have a long history of success in treating diseases, including 

bacterial and viral infections, select cancers, rheumatic disorders, as well as being used 

as platelet aggregation inhibitors. Most nucleoside/-tide analogs are used as antivirals or 

antineoplastics due to their ability to inhibit genomic replication of viruses or cancer cells. 

However, many of these drugs are hydrophilic and exhibit poor membrane permeability 

without assistance from transporters, and yet are prodrugs that must be intracellularly 

metabolized into their active metabolites. A selection of clinically-relevant nucleoside/-tide 

analog drugs, their respective pharmacological function, and their published interactions 

with human ENTs are listed in Table S1. There are conflicting reports on the interaction 

between nucleoside/-tide analogs or non-nucleoside/-tide drugs and the ENTs; however, 

it is possible that these differences are a consequence of evaluating ENT function in 

different model systems. One major limitation in some of these studies is that the effects of 

competitive ENT substrates and (nontransported) inhibitors on transport of a model substrate 

are generally indistinguishable. As a result, some studies may incorrectly report ENT 

substrates as inhibitors, depending on experimental design; substrates can act as competitive 

inhibitors and some inhibitors may be unreported substrates. In this review, drugs that are 
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known to be transported by an uptake/efflux transporter are denoted as “substrates,” and 

drugs that are only known to inhibit transporter-mediated uptake as “inhibitors”, although 

they may still prove to be substrates.

An example of this is abacavir, which has been reported as an ENT1 substrate56 and a 

nontransported ENT1 and ENT2 inhibitor.31 Uptake of [3H]abacavir in the presence or 

absence of NBMPR was measured in both studies, although different cell models were 

used in each study. Interestingly, Cerveny et al. found that abacavir was an ENT1 substrate 

in BeWo cells and in microvillous plasma membrane vesicles isolated from human term 

placentas, but it was not a substrate in fresh human placental villous fragments based on 

the inhibitory capacity of NBMPR or a molar excess of uridine.56 As a positive control, 

ENT1 was shown to be involved in [3H]adenosine uptake in each cell model, eliminating the 

argument that ENT1 was simply not expressed in fresh human placental villous fragments. 

Furthermore, the effect of NBMPR was different in each model, indicating model-specific 

responses to [3H]adenosine and [3H]abacavir exposure instead of ENT-specific responses. 

This raises an important concern when interpreting conflicting observations on ENT-

substrate/inhibitor interactions. Contrasting with these observations, a study conducted by 

our group using ENT-expressing HeLa cells demonstrated that uptake of [3H]abacavir was 

uninhibited by NBMPR, uridine, or unlabeled abacavir31, suggesting abacavir does not enter 

cells by a transporter-mediated mechanism, but by passive diffusion. Similarly, zidovudine 

was shown to be a substrate of ENT2 and 3 in several studies67, 68, an ENT1 and ENT2 

inhibitor (but was transported by other unknown transporters) in another study31, or did not 

interact with ENT1 and ENT2 at all.69 Consequently, the differences between these studies 

indicate that standardized cell models and testing regimens are necessary to study ENT 

selectivity, which warrants further analysis. Because the ENTs are ubiquitously expressed, 

there are no standardized in vitro models to study ENT-mediated transport and inhibition.

Recently, novel ENT1 and ENT2 CRISPR/Cas9 knockout HeLa S3 cell lines were 

generated to study the selectivity profiles of these two transporters separately.33 These 

knockout models are especially useful since the contribution of the CNTs to nucleoside 

and nucleobase transport in HeLa S3 cells is negligible.11, 13, 31–33 Importantly, statistically 

significant inhibitory interactions between competitive substrates or inhibitors on ENT2-

mediated uridine uptake were still clearly distinguishable from the background signal in 

those cells. Another recent study generated a pair of CRISPR/Cas9 knockout cell lines 

for ENT1 and ENT2 using HAP1 cells.70 This cell line exhibited the same lack of CNT-

mediated transport of uridine as the HeLa S3 knockout cell lines described previously, 

which is ideal for studying ENT function. These ENT1 and ENT2 knockout models are 

especially useful for high-throughput drug-transporter interaction analyses for preclinical 

studies. Furthermore, HeLa cells exhibit low expression of endogenous transporters71, 

although the clonal HeLa S3 cell line may exhibit different genotypical and phenotypical 

characteristics. Some groups have opted to use ENT1 and ENT2 cDNA/cRNA-injected 

Xenopus laevis oocytes, but this model system is comparatively inconvenient and provides 

low throughput compared to conventional in vitro assays.26, 30, 72–74 A yeast overexpression 

system for human ENT1 and ENT2 has also been reported, although the 50% inhibitory 

concentration (IC50) data obtained using these cells was significantly different compared 

to other in vitro systems in the same study.10, 70, 75–77 Consequently, the data obtained 
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from this yeast model to predict DDI risks or ADRs would be misleading. Another high-

throughput approach is to overexpress ENT1 or 2 in nucleoside transporter-deficient cells 

like the PK15 cell lines designed by Ward et al.78 This approach could solve the throughput 

issue compared to injected oocytes; however, endogenous transporters may still interact with 

certain test compounds and obfuscate ENT-specific transport. Given the advancement of 

gene editing technologies like CRISPR/Cas9, it may be ideal to use in vitro models that 

selectively overexpress or knock down the ENT1, ENT2, and other nucleoside transporters 

(e.g., CNTs).

Nevertheless, once ENT-specific drug interactions have been identified, validation in 

primary and immortalized cell lines derived from tissues can follow because ENTs are 

ubiquitously expressed and are functionally essential. For example, Jouan et al. observed 

89% of uridine uptake in human lung carcinoma A549 cells was mediated by ENT1 based 

on pharmacological inhibition by NBMPR, and the remainder was primarily attributed to 

ENT2 with negligible contribution by the CNTs or passive diffusion.70 Inhibitable ENT-

mediated adenosine uptake has also been shown in the bronchial BEAS-2B cell line.79 

These observations complement early studies conducted by Plagemann et al. with the 

then-unnamed ENTs.80, 81 In the testes, Sertoli cells functionally express both ENT1 and 

ENT2, although ENT1 is the predominant transporter.21, 36, 82 Also, placental microvillous 

membrane vesicles of syncytiotrophoblasts, fresh placental villous fragments, and the 

placental BeWo cell line can support ENT-mediated nucleoside uptake.45, 56, 69, 73, 74 The 

commonly used human hepatoma HepaRG cell line and primary human hepatocytes have 

been reported to functionally express ENT1 and ENT283, and as described earlier, ENT1 

and ENT2 also mediate nucleoside uptake in colonic carcinoma-derived Caco-2 and T84 

cells.37, 53, 55 Importantly, other primary cells or cell lines can be used, depending on 

preclinical study demands, but initial studies should be performed with a standardized cell 

model to identify ENT-specific interactions before moving onto tissue-specific cell types.

Because the ENTs can facilitate the disposition of antineoplastic and antiviral therapeutics, 

they can be used to deliver therapeutics for the treatment of viral infections (e.g., human 

immunodeficiency, Zika, Ebola, and SARS-CoV-2 viruses) and refractory or relapsing 

cancers (e.g., leukemias) in pharmacological and immunological sanctuary sites like the 

testes.84–88 Clofarabine is typically used to treat pediatric patients with refractory or 

relapsed acute lymphoid/myeloid leukemias82 and has the potential to cross blood-testis 

barrier through the ENT1 and ENT2 transepithelial transport pathway (Figure 1E).36 

Clofarabine is a documented ENT substrate and inhibitor33, 89, and has been used as a 

probe ENT substrate to demonstrate the contribution of ENTs to the testicular disposition 

of clofarabine in Sertoli cells and in rats.82 In Miller et al., after observing a decrease in 

clofarabine uptake in the presence or absence of NBMPR using in vitro models, the in 
vivo disposition of that molecule across the rat blood-testis barrier was further explored.82 

Rats were dosed NBMPR-P, the phosphorylated prodrug of NBMPR, via IP injection at 10 

mg/kg in 7.5% DMSO in sterile saline or vehicle 20 minutes before clofarabine, lamivudine, 

or vehicle control dosing. This was followed by dosing with clofarabine at a dose that 

would achieve detectable levels of compound in plasma and testes or at a therapeutically 

relevant dose based on preliminary experiments.82 A second group dosed with lamivudine, 

which is known to not interact with the ENTs, was included as a control. The plasma 
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concentrations of NBMPR and each probe drug were monitored in addition to testicular 

tissue concentrations. In whole, clofarabine is an example of an ENT substrate with clinical 

importance relating to therapeutic efficacy rather than having a potential DDI risk since 

Imax/IC50 values are less than 0.1 for ENT1, and the Imax/IC50 for ENT2 encompasses a 

wide range of values (Figure 2, Table S1). Nucleoside/-tide analog therapeutics such as 

clofarabine that can reach sanctuary sites may reduce the need for other cancer treatment 

options (e.g., orchiectomy and radiotherapy) or reduce the sexual transmission of some 

viruses. However, importantly, this strategy can be applied to other test compounds to 

evaluate their ability to cross the blood-testis barrier via the ENTs or be adapted to study 

ENT-mediated drug disposition to other tissues.

Alternative approaches to evaluate in vivo drug disposition such as the use of ENT-knockout 

rodents is plausible64, 90–92, although knocking out ENT1 or ENT2 in mice results in an 

array of physical, physiological, and behavioral changes.58, 60, 64, 90, 93–97 Nevertheless, 

both ENT1- and ENT2-null mice remain viable and can be powerful tools to evaluate 

ENT-mediated drug disposition in vivo. In Paproski et al., wild-type mice dosed with 

[18F]3′-deoxy-3′-fluorothymidine ([18F]FLT, a positron emission tomography radiotracer 

and substrate for ENT1, ENT2, CNT1, and CNT3) exhibited widespread distribution of 

the compound into many tissues including the liver, kidney, heart, muscle, and lungs.64 

Conversely, in wild-type mice pretreated with 15 mg/kg NBMPR-P or ENT1-null mice, 

the disposition of [18F]FLT to several tissues (i.e., liver, kidney, heart, etc.) exhibited a 

statistically significant decrease. Interestingly, there was a considerable increase in the 

disposition of [18F]FLT to the bone, bone marrow, and spleen, which was attributed to the 

expression of CNT1 and CNT3 in these tissues. It is also possible that ENT2 contributed 

to a portion of [18F]FLT uptake in some tissues because maximum plasma concentrations 

(Cmax) of NBMPR were likely high enough to partially inhibit its activity like in Miller 

et al.82 Similarly, in Endres et al., the tissue distribution of ribavirin was significantly 

altered in ENT1-null mice compared to their wild-type counterparts.92 This observation is 

in agreement with previous studies that have described ribavirin as a substrate of ENT1 

(Table S1).32, 67, 68, 72, 74, 98, 99 These ENT1-knockout animal models can also be helpful 

in identifying other novel transport pathways that support the uptake of some drugs in vivo. 

For example, Anderson et al. observed that despite strong evidence that cytarabine is a 

substrate of ENT1 and ENT2 (Table S1)67, 91, 98–100, genetic or pharmacological removal 

(NBMPR inhibition) of the transporter in mice had no effect on systemic disposition of 

the drug.91 Instead, the authors hypothesized that there are one or more carrier-mediated 

mechanisms for cytarabine uptake that can be inhibited by NBMPR in mice and are not 

ENT1, OCTN1, OATP1B2, or MATE1. It is also unlikely that ENT2 may have played a role, 

given the administration of a 100 mg/kg oral dose of NBMPR prior to cytarabine dosing, 

although NBMPR Cmax values were not reported. At the present, there have been no reports 

of disposition studies performed in ENT2-null animal models, despite playing a major role 

in the disposition of many drugs (Table 1, Table S1).

Clinical Implications Involving ENT1 and ENT2

Efforts to identify the clinical relevance of ENTs have been largely limited to evaluating 

their interactions with nucleoside/-tide analog drugs; however, recent discoveries have 
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pointed out that non-nucleoside/-tide drugs also interact with these transporters. A notable 

non-nucleoside/-tide inhibitor of ENT1 is CBD, which inhibits the transporter with a Ki 

< 250 nM and IC50 values for transport inhibition between 120 – 420 nM.9, 12 CBD is 

one of the primary active cannabinoids in cannabis plants, which has garnered widespread 

popularity as a recreational and medicinal drug in the United States and other countries. 

One study found that a ~19.2 mg smoke-inhaled dose of CBD reached a mean Cmax of 

350 nM after 3 minutes with a mean half-life of about 31 hours in a five-patient cohort.101 

Typical recreational and medicinal dosages of CBD are much higher due to its poor oral 

and inhalation bioavailability.102–104 A systematic review of CBD pharmacokinetic studies 

showed mean Cmax values ranging from sub-nanomolar to 2.00 μM, depending on the route 

of administration and dose102; however, most of the studies reported in this review used 

<20 mg single doses. Various clinical trials have evaluated the effectiveness and tolerability 

of single or consecutive daily doses of CBD (up to 1500 mg) for the treatment of various 

conditions.103, 104 In a cross-sectional study on 387 recreational CBD users, 29.5% reported 

using less than 24 mg per day with 60.2% using 25 mg or more per day.105 Collectively, 

these CBD dosages would achieve Cmax values that are expected to significantly exceed 2.00 

μM and, consequently, the Ki/IC50 of ENT1. Assuming a Cmax of 2.00 μM (which is within 

the normal range of concentrations for medicinal and recreational use), the Imax,u/IC50 ratio 

for CBD (Figure 2, Table S2) indicate that it would be expected to cause a DDI when 

mainstream CBD products are concurrently used with therapies (e.g., antineoplastics and 

antivirals) that rely on ENT transport, because they may lower the therapeutic efficacy of 

these drugs. Interestingly, the primary active cannabinoid, THC, was also found to inhibit 

ENT1-mediated adenosine and thymidine transport with IC50 values ranging from 0.17 – 

0.48 μM; however, it is unknown if it directly binds to and inhibits ENT1 like CBD.9 Based 

on a mean Cmax of 0.200 μM for THC (Figure 2, Table S2), the Imax,u/IC50 ratio suggests 

that it would not be a perpetrator in ENT DDIs. Additional preclinical and clinical studies 

are warranted to support these hypotheses, given the relatively potent IC50 values for CBD 

and THC, as well as the predicted DDI risk of CBD with ENTs.

In addition to CBD and THC, a variety of non-nucleoside/-tide drugs also inhibit ENT 

function. Many protein kinase inhibitors (PKIs) including imatinib, gefitinib, and vandetanib 

are potent inhibitors of ENTs (Table S2). Additional IC50 studies for PKIs and the ENTs 

are needed, and are particularly important as PKIs, including gefitinib and vandetanib, have 

been suggested for combination therapies with select nucleoside analogs. For example, 

gemcitabine is the standard therapy for many types of cancers and has been shown to be an 

in vitro and in vivo substrate of ENT1–3 with less than 10% bound to plasma proteins.67, 

68, 100, 106–109 Notably, patients with low ENT1 expression in cancerous cells receiving 

gemcitabine treatment has been associated with significantly lower survival rates.110–112 

Michaelis constants (Kt) for gemcitabine range from 0.500 – 329 μM for human ENT1 

and 1.50 – 740 μM for ENT2 depending on experimental models.106, 108, 109 Although 

this is a wide range of Kt values, they encompass the mean Cmax values of up to 155 

μM (Imax,u = 140 μM) for gemcitabine in humans113–115 and support the notion that the 

ENTs are relevant mediators of in vivo gemcitabine transport. Mean Cmax values at steady 

state for gefitinib are approximately 1.04 μM in healthy adults, but it can reach nearly 5 

μM in pediatric patients based on independent studies and clinical trials (NCT00042991, 
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NCT01610336, and NCT01982955).116–119 The mean Cmax for vandetanib is slightly higher 

at approximately 1.80 μM.120 Approximately 91% and 83 – 96% of gefitinib and vandetanib 

is bound to plasma proteins, respectively.119, 120 Reported IC50 values for gefitinib and 

vandetanib using various in vitro ENT1 models range from 2.00 – 14.0 and 11.0 – 37.0 

μM, although there may be inconsistencies with these IC50 values due to the experimental 

model. (Table S2).10, 70, 75–77 Based on the Imax,u/IC50 ratios (values ≥ 0.1 are considered at 

risk for DDIs, Figure 2, Table S2) used to predict in vivo transporter inhibition referenced 

by regulatory guidances1, 6, 7, it is unlikely that these gefitinib-gemcitabine and vandetanib-

gemcitabine combination therapies failed due to DDIs with the ENTs. Notably, there is a 

predicted risk of clinical DDIs for some PKIs, but not all, based on the Imax,u/IC50 ratios for 

erlotinib, lorlatinib, nilotinib, and pacritinib (Figure 2, Table S2). This observation suggests 

that there are unique structural features of these PKIs that allow them to act as ENT 

inhibitors, which are not present in other molecules.

It is important to note that if the reported IC50 values for gefitinib and vandetanib are 

much lower than observed for other PKIs, this ENT DDI hypothesis may partially explain 

why the gefitinib-gemcitabine or vandetanib-gemcitabine combination therapies did not 

demonstrate improved efficacy in patients with advanced non-small-cell lung cancer or 

locally advanced/metastatic pancreatic cancer, respectively, over gemcitabine alone.121, 122 

For example, imatinib is reported to have an IC50 of 110 μM for human ENT1 and 230 

μM for ENT2 using a yeast overexpression model, which is in stark contrast to significantly 

lower ENT1 IC50 (16.0 μM) using human lymphoblastic CEM cells in the same study77 and 

the unpublished findings in our group using HeLa S3 knockout cell lines (13.4 μM for ENT1 

and 5.72 μM for ENT2). Furthermore, erlotinib is has an IC50 of 34.0 μM for human ENT1 

in a yeast overexpression model, but ranges from 1.60 – 6.00 μM in mammalian cell lines.10 

Consequently, these significantly different IC50 values and incomplete datasets makes it 

difficult to predict the risk of DDIs for certain PKIs and the ENTs at present. Nonetheless, 

it is clear that some PKIs may be involved in ENT-associated DDIs and further investigation 

into a wider array of PKIs is urged.

While clinical DDI studies with ENT perpetrator and victim drugs are limited, there is 

some evidence suggesting that ENT perpetrator drugs cause an increase in adenosine plasma 

levels. It is conceivable that these drugs are inhibiting ENT-mediated uptake of adenosine 

(and other endogenous nucleosides) in many tissues and cell types, including erythrocytes. 

For example, nimodipine is a potent inhibitor of ENT1 and is a drug at risk of causing a 

clinical DDI with ENT substrate drugs (Figure 2, Table S2). Nimodipine has been shown 

to increase plasma levels of adenosine in humans, which is speculated to be attributed 

to its inhibitory effect on nucleoside transporters (e.g., ENTs).123 While it is not a drug 

predicted to be at risk of causing a clinical DDI, ticagrelor also causes a significant increase 

in adenosine plasma levels in humans (Figure 2, Table S2).124 This is a signfiicant concern 

if current in vitro models for the ENTs are unable to predict clinical DDIs. Nevertheless, it 

is possible that the pharmacokinetics of an ENT victim drug administered concomitantly or 

consecutively could be negatively affected by perpetrator drugs like nimodipine or ticagrelor.

Nucleoside/-tide analog drugs are the predominant molecules studied in the context of 

ENT function. Due to the ubiquitous expression of the ENTs, nucleoside/-tide analog drugs 
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can be widely distributed to many tissues. However, pathophysiological alterations to ENT 

expression and function can have severe effects on the absorption, distribution, metabolism, 

and excretion of these xenobiotics. Two of the most recent nucleoside/-tide analog drugs 

are remdesivir and molnupiravir, which were granted FDA emergency use authorization for 

the treatment of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory 

disease coronavirus 2 (SARS-CoV-2).125, 126 Remdesivir and molnupiravir are prodrugs 

that must undergo metabolic transformation into their active metabolites. Molnupiravir is 

not stable in plasma and is rapidly converted into EIDD-1931, which does not bind to 

plasma proteins.127 On the other hand, remdesivir is highly bound to plasma proteins (88–

93.6%), whereas its metabolite GS-441524 is only 2% bound.128 Interestingly, remdesivir 

can passively diffuse across membranes but has also been shown to be a substrate of 

ENT1, ENT2, OATP1B1, and P-gp13, 129, as well as an inhibitor of OATP1A2, OATP1B3, 

OATP2B1, OCT1, and MATE1.129, 130 The study conducted by Nies et al. concluded that 

while remdesivir is a substrate for OATP1B1, the low uptake rates suggest that OATP1B1 is 

unlikely to play a major role in hepatocellular uptake.130

Remdesivir was a relatively potent inhibitor of ENT-mediated uridine transport with an IC50 

of 39 μM for ENT1 and 77 μM for ENT2; however, it had an estimated Michaelis constant 

(Kt) for transport of 2.0 μM for ENT1 and 41 μM for ENT2.13 These values suggest that 

remdesivir is a better substrate and inhibitor of ENT1 than ENT2. Notably, the Cmax for a 

single 200 mg IV dose and multiple 100 mg IV doses of remdesivir is 7.27 μM and 3.70 

μM, respectively.128, 131 Based on the calculated maximum unbound plasma concentration 

(Imax,u) for a single dose of remdesivir of 0.67 μM, and 0.030 μM for multiple doses, 

remdesivir may not be a clinically relevant substrate for ENT2 compared to ENT1. It is 

also possible that ENT2 has a high capacity for remdesivir transport (and, potentially, high 

intrinsic clearance), which could compensate for its lower affinity in a clinical setting. On 

the other hand, molnupiravir was a poor inhibitor of ENT1 and ENT2 with an IC50 of 

701 μM for ENT1 and 851 μM for ENT2, but its primary active metabolite, EIDD-1931 

was a slightly more potent inhibitor with an IC50 of 259 μM for ENT1 and 467 μM for 

ENT2.13 In the same study, EIDD-1931 was shown to be a substrate of ENT1 and ENT2 

with an estimated Kt of 1.5 μM for ENT1 and 76 μM for ENT2, but molnupiravir was not.13 

EIDD-1931 has a mean Cmax of 9.02 μM in healthy patients and 7.08 μM in COVID-19 

patients after multiple 800 mg oral doses, which means that ENT1 may have significant 

interactions at clinically relevant concentrations.127 EIDD-1931 is also a substrate of CNT1, 

CNT2, and CNT3, whereas molnupiravir is a substrate for only CNT1 (and neither a 

substrate nor inhibitor of CNT2, CNT3, OATP1B1, OATP1B3, OCT1, OCT2, OAT1, OAT3, 

MATE1, MATE2K, multidrug resistance-associated protein 2, P-gp, or BCRP).127, 132 

Interestingly, “the lack of clinically significant CNT- or ENT-mediated DDIs reported in 

the literature” is cited as a reason for not anticipating clinical DDIs with molnupiravir and 

EIDD-1931 in the FDA emergency use authorization review.127 However, the lack of interest 

in evaluating the ENTs outside of nucleoside/-tide analog drugs may have contributed to this 

conclusion and thus, calls for further investigation into the ENT-associated DDI and ADR 

potential of xenobiotics.

While the tissue distribution of remdesivir and EIDD-1931 would be expected to be 

enhanced given their moderate passive permeability and the ubiquitous expression of 
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ENT1 and ENT2, these therapeutics do not exhibit favorable clinical outcomes despite 

positive readouts in preclinical studies and early clinical trials.133–136 This phenomenon 

is potentially due to ENT downregulation58, 62, 137, 138 and increased secretion of the 

competitive substrate, adenosine58, 139, in the lungs of COVID-19 patients, which may 

adversely affect the disposition of remdesivir, molnupiravir, and their metabolites to the 

pulmonary cells of infected individuals.11 Furthermore, Acute lung injury and tissue hypoxia 

are typical complications in patients infected with SARS-CoV-2.137, 138 Interestingly, acute 

lung injury is known to increase NF-κB expression and extracellular adenosine levels as 

an anti-inflammatory response, where NF-κB represses ENT expression and adenosine 

competes for uptake.58, 139 During tissue hypoxia, HIF-1α levels are significantly elevated, 

which also leads to ENT1 repression.62 Further in vivo studies are warranted to link these 

two observations and establish the clinical importance of the ENTs in COVID-19 antiviral 

delivery to the lungs of SARS-CoV-2 patients. These complications can trigger hypoxic 

and inflammatory responses in the pulmonary epithelia.140 Together, these observations are 

highly suggestive that pathophysiological alterations to ENT expression and function can 

adversely affect the absorption, distribution, metabolism, and excretion of some compounds.

In addition to remdesivir and molnupiravir, there are many other nucleoside/-tide analogs 

in or approaching clinical trials such as the recent investigational new drug, galidesivir.141 

Like remdesivir and molnupiravir, galidesivir was repurposed to treat COVID-19; however, 

clinical trials were unsuccessful, and the focus shifted towards targeting other infectious 

diseases including the Marburg virus.141 Potential interactions between galidesivir and the 

human ENTs have yet to be defined, although it is highly likely, given the findings from 

previous studies with structurally related analogs (Table S1). Interactions between other 

widely used nucleoside/-tide analog drugs include adefovir, sofosbuvir, and valaciclovir and 

the human ENTs are also currently unknown. However, this absence of evidence does not 

rule out the possibility that the ENTs may interact with these nucleoside/-tide analogs. 

Further evaluation of ENT interactions with these clinically relevant nucleoside/-tide analogs 

is necessary and may improve the development of future drug candidates. Many of the 

drugs listed in Tables 1 and 2 interact with one or more human ENTs as a substrate or an 

inhibitor, suggesting that the ENTs may also be involved in unsafe DDIs for the untested 

drugs or other non-nucleoside/-tide drugs. These findings support the notion that ENTs 

may be involved in clinically important drug interactions with remdesivir, molnupiravir 

(EIDD-1931), and other drugs, which requires further scrutiny in drug discovery and 

development.

While the intention of drug discovery and development programs is to design therapeutics 

that safely treat diseases or disorders, there is always a risk of off-target toxicity and other 

ADRs that need to be predictable. The most infamous example of a nucleoside analog which 

failed in clinical trials due to severe hepatotoxicity and myopathy that was not predicted 

by preclinical animal toxicity studies is fialuridine.142–144 Fialuridine was designed to 

treat chronic hepatitis B virus infection and demonstrated success in decreasing hepatitis 

B viral DNA levels in the blood of patients early into treatment during phase II clinical 

trials.143 However, severe side effects began to appear after 9 weeks of treatment, which 

ultimately led to the deaths of 5 out of 15 patients and an additional 2 patients requiring 

liver transplants.142, 143 It was found that fialuridine-induced hepatotoxicity and myopathy 
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was associated with widespread mitochondrial damage143, which was later attributed to 

mitochondrial uptake by ENT1 and its incorporation into mitochondrial DNA via its 3’-

hydroxyl moiety.46, 47 Kinetic parameters for ENT1 transport of fialuridine are unknown; 

however, it does inhibit ~45% of ENT1-mediated uridine transport at 50 μM, its uptake is 

completely inhibited by 10 μM NBMPR, and is described as an “excellent substrate” of 

ENT1.46 Although fialuridine is not an exceptionally potent inhibitor of ENT1-mediated 

transport, its uptake into cells and through mitochondria is only reliant on its concentration 

gradient. The mean Cmax for a single 5 mg dose of fialuridine in healthy adults is 

approximately 0.640 μM145, although the patients in phase II clinical trials received a 0.1 or 

0.25 mg/kg (6 or 15 mg, assuming a body weight of 60 kg) dose of fialuridine per day.142, 

143 Furthermore, initial estimates for the half-life of fialuridine in humans ranged from 1 – 

4 hours but a later pharmacokinetic study revealed a more accurate elimination half-life of 

28 – 30 hours.142, 145 Consequently, these patients likely had higher mean Cmax values over 

their treatment period, resulting in greater and longer exposure to this drug.

Importantly, preclinical toxicity studies in rodents were unable to predict this severe human 

hepatic mitotoxicity and myopathy because, unlike human ENT1, mouse and rat ENT1 are 

not trafficked to the mitochondrial membrane.46, 47 This is because the rodent orthologs lack 

the mitochondrial targeting sequence Pro71, Glu72, and Asn74 (PEXN motif) present in 

human ENT1.47 Instead, the PEXN motif is substituted with Pro71, Asp72, and Ser74 in 

rodents. Interestingly, the PEXN motif is present in canines and cynomolgus monkeys, but 

not in rabbits or pigs. Although 70-day fialuridine dosing regimen in F-344 rats did cause 

increased levels of apoptosis and nuclear atypia in the liver, clinical signs were not observed, 

consistent with a lack of a mitochondrial ENT1-mediated uptake mechanism.144 On the 

other hand, 90-day fialuridine dosing in beagle dogs and 30-day dosing in rhesus monkeys 

did not produce any hepatotoxic effects.144 It is possible that the lack of hepatotoxicity 

observed in beagle dogs and rhesus monkeys may be partially explained by the delayed toxic 

effect of fialuridine, because the first patient to suffer liver failure had been treated for over 

10 weeks in a 24-week daily dosing clinical trial and the duration of the toxicity studies in 

some of these preclinical species was insufficient.142, 143 While beagle dogs were treated 

for 90 days, species differences in the rates of fialuridine uptake, phosphorylation into its 

active metabolite, and incorporation into replicating DNA (occurrence and rate of DNA 

synthesis varies) may provide additional explanation for these observations. Fialuridine 

is an interesting example of a clinically important molecule, which has a severe and 

unusual mechanism of toxicity that is reliant on ENT-mediated transport into mitochondria 

and not predictable in certain species like rodents. However, it is also important to note 

that severe clinical hepatotoxicity is not limited to fialuridine and is observed with other 

structurally similar molecules such as clevudine and clofarabine, as they are directly 

involved in mitochondrial dysfunction.146–150 In clinical trials for clofarabine, nine patients 

died due to multi-organ failure (associated with liver, kidney, small intestine, and colon 

toxicity), myopathy, and sepsis.146, 150 Thus, it stands to reason that the mechanism in 

which clevudine and clofarabine can cross the mitochondrial membrane to exert their 

pharmacological function and toxicity is through ENT1-mediated transport. Together, these 

findings highlight the unique and challenging issues when translating the findings from 

certain preclinical models to humans. Furthermore, these observations point to the clinical 
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importance of the ENTs, which must be accounted for through additional ADR and DDI 

testing paradigms.

Conclusions

The FDA, EMA, and PMDA drug interaction guidances1, 6, 7 provide recommendations, 

based in part from input provided by ITC white paper recommendations, for assessing 

transporter-mediated DDIs and serve as the standard for drug discovery and development 

programs. As a result, many transport studies have an implicit bias towards assessing OAT1, 

OAT3, OCT2, OATP1B1, OATP1B3, P-gp, BCRP, MATE1, and MATE2-K. While these 

transporters are critical for the disposition of many molecules, we believe that the current 

data suggests that ENTs may also be involved in important ADRs and DDIs. Despite 

the ITC previously acknowledging ENT1 and ENT2 as transporters with potential clinical 

relevance2, there are fewer studies characterizing ENT function compared to many other 

transporters. ENT1 and ENT2 are involved in the transport of clinically relevant nucleoside/-

tide analog drugs, such as remdesivir, EIDD-1931, fialuridine, and gemcitabine, that are 

used to treat a range of indications from viral infections to cancers (Table S1). Furthermore, 

ENT1 has known inhibitory interactions with non-nucleoside/-tide drugs including PKIs 

such as gefitinib, lorlatinib, and other commonly used drugs, like CBD, at clinically relevant 

concentrations (Table S2). Consequently, there could be a significant risk of clinical DDIs 

that increase toxicity and/or decrease overall therapeutic efficacy when certain inhibitors 

are taken in combination with ENT substrates. In summary, greater recognition of ENTs 

as transporters potentially implicated in clinical DDIs or ADRs will encourage further 

investigative studies into their selectivity and clinical relevance and thereby improve drug 

discovery and development programs.
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Figure 1: Tissue localization of human ENT1 and ENT2.
Localization of ENT1 and/or 2 in human (A) hepatocytes, (B) kidney proximal tubule 

epithelial cells, (C) enterocytes of the small and large intestine, (D) microvascular 

endothelial cells of the blood-brain barrier, (E) Sertoli cells of the blood-testis barrier, 

and (F) placental syncytiotrophoblasts. ENTs are bidirectional transporters that support 

nucleoside/-tide transport down their concentration gradients. ENT1/2 localization in brain 

microvascular endothelial cells and ENT2 localization in kidney proximal tubule epithelial 

cells or placental syncytiotrophoblasts remains unclear. Figure created with Biorender.com.

Hau et al. Page 24

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Biorender.com/


Figure 2: Predicted DDI risk of clinically relevant drugs for human ENT1 and ENT2.
A range of calculated Imax,u/IC50 values for clinically relevant drugs with human (A) ENT1 

or (B) ENT2 are graphically summarized based on available information. The dotted line 

indicates Imax,u/IC50 = 0.1 and drugs predicted to be at risk of in vivo DDIs (Imax,u/IC50 

≥ 0.1) are indicated in red. Refer to Tables S1 and S2 for full data sets and associated 

references.
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