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New and Emerging Research on Solute Carrier 
and ATP Binding Cassette Transporters in Drug 
Discovery and Development: Outlook From the 
International Transporter Consortium
Kathleen M. Giacomini1,* , Sook W. Yee1 , Megan L. Koleske1, Ling Zou2, Pär Matsson3, 
Eugene C. Chen4, Deanna L. Kroetz1, Miles A. Miller5, Elnaz Gozalpour6 and Xiaoyan Chu7,*

Enabled by a plethora of new technologies, research in membrane transporters has exploded in the past decade. 
The goal of this state-of-the-art article is to describe recent advances in research on membrane transporters that 
are particularly relevant to drug discovery and development. This review covers advances in basic, translational, 
and clinical research that has led to an increased understanding of membrane transporters at all levels. At the 
basic level, we describe the available crystal structures of membrane transporters in both the solute carrier 
(SLC) and ATP binding cassette superfamilies, which has been enabled by the development of cryogenic electron 
microscopy methods. Next, we describe new research on lysosomal and mitochondrial transporters as well as 
recently deorphaned transporters in the SLC superfamily. The translational section includes a summary of proteomic 
research, which has led to a quantitative understanding of transporter levels in various cell types and tissues and 
new methods to modulate transporter function, such as allosteric modulators and targeted protein degraders of 
transporters. The section ends with a review of the effect of the gut microbiome on modulation of transporter 
function followed by a presentation of 3D cell cultures, which may enable in vivo predictions of transporter 
function. In the clinical section, we describe new genomic and pharmacogenomic research, highlighting important 
polymorphisms in transporters that are clinically relevant to many drugs. Finally, we describe new clinical tools, 
which are becoming increasingly available to enable precision medicine, with the application of tissue-derived small 
extracellular vesicles and real-world biomarkers.

For over a decade the International Transporter Consortium 
(ITC) has co-authored important review and position papers that 
are relevant to transporters in drug development, focusing largely 
on drug–drug interactions (DDIs), but also including other top-
ics relevant to the role of transporters in drug absorption, distri-
bution, metabolism, and excretion (ADME) as well as response 
and toxicity.1,2 In this paper, we extend the traditional purview 
of the ITC and for the first time focus on breakthrough research 
in membrane transporters with the potential to impact current 
and future drug development. As with all ITC papers, we concen-
trate on two major superfamilies of transporters: the solute carrier 
(SLC) superfamily and ATP-binding cassette (ABC) superfamily 
and, particularly, focus on transporters with known implications 
to pharmacokinetics and pharmacodynamics. This paper reviews 
the state-of-the-art in emerging technologies that are enabling 
transporter research, the paper is organized into three major 

sections ranging from basic transporter research through transla-
tional and then clinical transporter research.

A range of breakthrough topics on transporters are co-authored 
by the ITC and published in this issue of Clinical Pharmacology 
and Therapeutics, therefore a few topics (emerging transporters of 
clinical importance,3 transcription and post-transcriptional regula-
tion,4 special populations, transporter-related drug toxicities, and 
regulatory science perspectives) were deliberately excluded from 
this state-of-the-art paper. Figure 1 depicts the topics that are dis-
cussed under each of the three major sections. Computational tools 
in support of research described in each of the sections are men-
tioned. We hope that the overview of these breakthrough topics 
along with detailed tables, figures, and supplementary information 
included in this paper will provide a rich resource for transporter 
biologists and pharmacologists interested in the future of trans-
porter research in drug development.
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BASIC TRANSPORTER RESEARCH
Enabling technologies for transporter research
In recent years, the toolbox for basic as well as translational and 
clinical transporter research has dramatically expanded. In this 
section, we highlight the major new methodologies that have 
enabled transporter research ranging from methods to study 
transport function in cell or organ based systems, through the de-
velopment of new small molecule modulators of transporter func-
tion, to new imaging modalities. Major advances have been made 
in the study of transporter function in vitro using novel technolo-
gies. For example, genome editing using clustered regularly inter-
spaced short palindromic repeats (CRISPR)-CRISPR associated 
protein 9 (Cas9), CRISPR-Cas9, and similar techniques have 
been used to develop cell models with reduced impact from con-
founding transport pathways, facilitating the delineation of the 
mechanisms involved in drug disposition.5 These methods have 
been supplemented with a widespread adoption of increasingly 
advanced culture systems in order to better mimic physiologic 
contexts and improve long-term viability to allow experiments on 
scales of weeks or months—important, for example, in toxicologic 
assessments. Technological innovations in this area of transporter 
research include various 3D culture setups, such as spheroid and 
organoid cultures, and microfluidic devices that allow controlled 
circulation of drugs, nutrients and metabolites, and intercon-
nected microtissues that mimic inter-organ communication 

in vivo. Some of these technological innovations are described 
later in this paper. Collectively, this expanded toolbox of in vitro 
models is being increasingly used in drug ADME and toxicity 
studies and holds the promise to enable further knowledge and 
advancement in understanding the roles of transporters in drug 
ADME, response, and toxicity.

In addition to the availability of new in vitro models to 
study transporters, new modalities for modulation of transport 
function—importantly, targeted protein degraders (“PROTACs”), 
which will be described later, and therapeutic oligonucleotides—
have been developed and have led to a new understanding of addi-
tional roles of transporters beyond simple transport functions.6,7 
Whereas initial applications of these emerging modalities to trans-
porters have been as tools to clarify transporter function, therapeu-
tic applications with membrane transporters as drug targets will 
likely follow in the near future.

Finally, important advances in transporter research have come 
from an increased use of imaging technologies to clarify the dy-
namics of transporter-mediated drug distribution at subcellular 
scales in vitro (e.g., using fluorescence-based and Raman imaging 
of cultured cells) and at suborgan scales in vivo (e.g., using intra-
vital fluorescence imaging, or positron or single-photon emission 
tomography techniques; Table 1).8–14 In addition, imaging at mo-
lecular scales have dramatically increased coverage of transporter 
structure space—notably driven by the advances in cryogenic 

Figure 1  Various new and emerging methodologies and technologies that are used to conduct basic, translational and clinical research on 
SLC and ABC transporters and are described in this state of the art paper. ABC, ATP-binding cassette superfamily; cryo-EM, cryogenic electron 
microscopy; MRI, magnetic resonance imaging; PET, positron emission tomography; SLC, solute carrier.
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electron microscopy (cryo-EM) imaging described below. The 
integration of time-resolved imaging data into pharmacokinetic 
models is yielding new insights into drug distribution mechanisms 
and the impact of transporter-mediated DDIs, and through the 
continuous technological advances in super-resolution imaging, 
we can expect new light shed on unresolved questions in trans-
porter research, including the impact of transporters on subcellular 
drug distribution and efficacy. The use of many of the technologies 
described here will be described in later sections.

New structures and protein dynamics
The availability of structures for membrane transporters has 
lagged behind many other classes of proteins in large part because 
of technical difficulties in isolating, purifying, and crystallizing 
membrane proteins to high resolution. However, with improve-
ments in protein purification and crystallization methods and the 
increasing availability of cryo-EM methods, many new structures 
of transporters are available. Below, we highlight new structures in 
the two major superfamilies, SLC and ABC.

Structural advancements for SLC transporters. Despite comprising 
one of the largest gene families with over 450 members categorized 

into 65 subfamilies by homology and function, SLC transporters 
are understudied15 and three dimensional structures are under-
represented in the Protein Data Bank.16 Protein structure 
determination has many uses in drug discovery and development: 
high-resolution structures can provide templates for computational 
chemistry and docking of potential ligands to drug targets, inform 
structure-activity relationships in medicinal chemistry, reveal 
allosteric sites for target modulation, or provide insight into 
molecular mechanisms of substrate translocation and inhibitory 
interactions (see review in ref. 17). Until recently, crystallography 
was the most utilized method for structure determination; 
however, multiple challenges act as a barrier to the crystallization 
of membrane proteins, including SLC transporters—for one, few 
transporters have high-fidelity antibodies.16 As recently as 2018, 
only nine mammalian SLC structures had been solved, including 
five human structures (SLC2A2 (GLUT1), SLC2A3 (GLUT3), 
SLC4A1 (Band 3), SLC6A4 (SERT), and RhCG (SLC42A3)), 
two from the cow (SLC14A1 (UT-B) and SLC25A4 (ANT1)), one 
from both the cow and rat (SLC2A5 (GLUT5)), and one from the 
mouse (LeuT).18 Since the last review of published human SLC 
transporter structures in 2018,18 structures for 25 new human SLC 
transporters have been published to our knowledge (Table  S1). 

Table 1  Recent examples of in vivo imaging modalities enabling transporter researcha

Technique Species Imaging scale
Examples of transporter 

applications Reference

Intravital microscopy Mouse (human xenograft) Single-cell Single-cell pharmacology of 
MDR1 inhibitors in mouse 

xenografts

8

Mouse Single-cell BSEP function in hepatocytes 
of live mice

9

Mouse Single-cell Wnt-dependent hepatobiliary 
function in mouse model of 

cholestatic liver disease

122

PET Human Sub-organ 11 C-Csar bile acid PET in 
patients with cholestasis

10

Human, mouse Sub-organ ABCB1/ABCG2 substrate 
[11C]tariquidar in healthy 
volunteers and wild-type, 

Abcb1a/b(−/−), Abcg2(−/−), and 
Abcb1a/b(−/−)Abcg2(−/−) mice

11

SPECT Human Organ/sub-organ 99mTc-mebrofenin imaging 
in patients with NASH, 

compared with SLCO and 
MRP2 polymorphisms

12

Bioluminescence Mouse Organ/sub-organ ABCG2-mediated BBB efflux 
using D-luciferin in mice

123

MRI Mouse Sub-organ Oatp—mediated hepatobiliary 
transport and dysfunction in 
diabetes using DCE-MRI of 

gadoxetate disodium in mice

13

Photoacoustic imaging Mouse (human xenograft) Sub-organ OATP1B3-mediated uptake 
of indocyanine green for 
photoacoustic imaging 

contrast in mice

14

BBB, blood brain barrier; BSEP, bile salt export pump; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; MRI, magnetic resonance imaging; 
NASH, nonalcoholic steatohepatitis; PET, positron emission tomography; SPECT, single photon emission computed tomography.
aFurther examples of imaging modalities applied in transporter research were listed in ref.124
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The most recently published strucures are highlighted in Table 2. 
Transport mechanisms, which include rocker switch, alternative 
access, and elevator models, have been reviewed recently.16 
Interestingly, most structures are not monomers, instead solved 
as homodimers, homotrimers, heterodimers, or heterotetramers, 
possibly reflecting a crystallization bias for SLC transporters. 
Cryo-EM has been emerging as the most common technique for 
solving SLC structures. Structures have been determined with 
and without ligands and with the inward-facing (i.e., pore open 
toward the cytosol) conformation being the most prevalent. It 
has been noted that some apo structures prefer the inward-facing 
conformation, as in the case of EAAT3 (SLC1A1).19 A variety of 
protein folds are observed, including two of the most common 
structural categories: the LeuT fold named for the bacterial 
homolog of the sodium-dependent leucine transporter with two 
inverted structural repeats of 5 transmembrane domains each for 
a total of 10 transmembrane domains, and the major faciliator 
superfamily (MFS) fold whereby 12 transmembrane domains can 
be classified into either N- or C-terminal domains with pseudo-
symmetry between the two terminal domains.

Although structures for most human SLC transporters have 
yet to be solved, non-human structures exist for eukaryotic homo-
logues of some clinically important transporters. Of note, a num-
ber of eukaryotic plant multidrug and toxin exclusion (MATE) 
structures were solved in recent years with ~ 32% protein sequence 
identity to the human MATE transporter (MATE1, SLC47A1),20 
which as an efflux transporter has important roles in drug dispo-
sition and excretion. Additionally, the chicken structure of the 
proton-coupled folate transporter (SLC46A1) was solved with 
54% protein sequence identity to the human proton-coupled fo-
late transporter, relevant in the transport of anti-folate drugs like 
methotrexate and pemetrexed.21

Despite the uptick of human SLC structures solved in recent 
years, experimental techniques used to solve protein structures 
remain time and cost intensive. Artifical intelligence has the po-
tential to bridge the gap between proteins with solved structures 
and those that are yet to be solved. Recent advances have enabled 
highly accurate 3D structural prediction of proteins, such as with 
DeepMind’s AlphaFold algorithm,22 which uses deep neural net-
works to predict the structure of a protein based on the primary 
amino acid sequence and has been applied to predict the structure 
of SLC transporters. For example, Killer et al. determined the 
structure of human PepT2 by cryo-EM (Table 2) and compared 
it to the structure predicted by AlphaFold2. Interestingly, the 
AlphaFold2 structure for PepT2 in the inward-facing open apo 
state was similar to the cryo-EM determined PepT2 structure in 
the inward-facing partially occluded substrate bound state. The 
authors used the AlphaFold2 structure’s apo state to complement 
their understanding of the molecular shifts necessary for cytoplas-
mic release of the substrate and in the refinement of a large extra-
cellular domain of PepT2 for which cryo-EM had poor resolution. 
With several transporters bearing clinical relevance in drug dispo-
sition and over 100 SLC transporters implicated in disease, artifi-
cal intelligence -predicted structures have the potential to enable 
structure-based drug discovery with molecular docking and other 
techniques and revolutionize novel therapies for rare diseases. Low 

resolution cryo-EM structures have recently been combined with 
modeling to guide drug discovery.23

Structural advancements for ABC transporters. For ABC trans
porters, cryo-EM has provided a powerful tool for solving multiple 
structures at the atomic level (reviewed in refs. 24, 25). In this section, 
we summarize the structures of the two most studied transporters, P-gp 
(ABCB1) and BCRP (ABCG2), which play critical roles in drug efflux. 
Their structures have been captured in the apo state and in nucleotide-, 
substrate-, and inhibitor-bound states, revealing important features 
of the catalytic transport cycle and determinants of substrate and 
inhibitor recognition. Vincristine- and paclitaxel-bound structures of 
P-gp revealed that substrate binding induces an occluded conformation 
accompanied by closure of the nucleotide binding domains.26,27 The 
binding cavity is globular in shape and allows substrate binding in 
multiple orientations. P-gp structures which are elacridar-, tariquidar-, 
and zosuquidar-bound revealed multiple binding sites for these potent 
inhibitors, with two inhibitor molecules bound in each structure.26 
Elacridar and tariquidar both adopt a globular conformation that 
binds within the substrate binding cavity and a second L-shaped 
conformation that binds at the intersection between the central cavity 
and a cytoplasmic gate in an “access tunnel” which allows access of 
solutes in the cytoplasm to the central cavity. This suggests that binding 
of a second inhibitor molecule outside the central cavity engages 
additional regions of the transporter in a noncompetitive fashion, 
accounting for their observed potent inhibition. An ATP-bound 
structure of P-gp captured an outward facing conformation, consistent 
with ATP binding, and not hydrolysis, being the determining step 
for substrate release on the extracellular side.28 Structures of BCRP 
have revealed some key differences between ABC transporters with 
pseudo-symmetric halves encoded by a single gene and those that 
must homodimerize to generate a functional protein. The substrate 
binding cavity is more slit-like and lies on the two-fold symmetry axis 
of the BCRP dimer, with a leucine plug at the top of the binding cavity 
formed by L554 of opposing monomers.29,30 Substrates lie between 
opposing phenyl rings of F439, consistent with its preference for flat 
polycyclic structures. Upon ATP binding, the leucine plug is opened 
to allow substrate release.29,30 Two molecules of more potent inhibitors, 
like MZ29, and a single molecule of a larger inhibitor, like MB136, can 
fill the complete binding cavity, locking the transporter in an inward-
facing conformation that prevents substrate access.31 BCRP structures 
obtained under turnover conditions with estrone-3-sulfate or topotecan 
identified 2 distinct states, with a more closed conformation favored 
for the smaller endogenous substrate and a more open conformation 
favored for the larger drug, consistent with the higher rate of transport 
for the conjugated estrone.30 These structures also revealed movement 
of the polymorphic R482 residue upon binding of substrate and 
ATP that indirectly influence substrate interactions with F439.30 
Collectively, the results of these structural studies will facilitate the 
design of more potent and selective inhibitors and provide a framework 
for interpretation of polymorphic variants. Other references to crystal 
structures of human ABC transporters are available in Table S2.

Recently deorphaned transporters
Transporters designated “orphans” lack information about their 
substrates or ligands. In recent years, increasing numbers of papers 
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have described the deorphaning of transporters in the SLC super-
family. The relevance of SLC transporters in drug discovery has 
been increasingly recognized, given their emerging roles as drug 
targets.32 The knowledge of their physiological function and sub-
strate specificity will help to understand their therapeutic poten-
tial and potential roles in drug disposition and toxicity. Among 
the 446 SLC transporters in the human genome, ~ 122 have un-
known substrates, as annotated in this SLC annotation resource, 
https://opend​ata.cemm.at/gsfla​b/slcon​tolog​y/.15 In contrast, in-
formation on substrates for the majority of the 48 members of 
the ABC superfamily in the human genome is available except for 
members in the ABC subfamily E and F, which do not have trans-
membrane domains (see review in ref. 33). These proteins seem to 
regulate protein synthesis and expression (Table S2) and seem to 
be devoid of transport activity. Of the 48 ABC transporters with 
known functions, many have multiple ligands with 11 playing crit-
ical roles in multidrug resistance (see review in ref. 34).

The successful identification of ligands for orphan transporters 
has relied on a plethora of methodologies and technologies. Of 
these, human genetic association studies have provided a power-
ful method to begin to identify substrates of orphan transporters, 
particularly when mutations in orphan transporters have been as-
sociated with changes in the systemic or tissue levels of metabolites 
or inorganic ions (see review in ref. 32). Deorphaning several or-
phan transporters began with associations of the genetic polymor-
phisms or mutations in the transporters with various metabolites, 
which were subsequently tested as substrates of the transporters 
(Table S3). Several examples highlighted below illustrate the ap-
proaches to deorphan SLCs and identify their potential pharmaco-
logical relevance (see more references related to these transporters 
in Table S3).

•	 Using metabolomic genomewide association studies (GWAS), 
substrates for two previous orphan transporters, SLC16A9 
and SLC22A24, were identified. Deorphaning both trans-
porters began by testing metabolites associated with genetic 
polymorphisms in the transporters in metabolomic GWAS. 
Polymorphisms in SLC16A9 were associated with uric acid 
and carnitine levels and the transporter was shown to transport 
both ligands in cellular assays. A stop codon in SLC22A24 was 
associated with low systemic levels of steroid conjugates in me-
tabolomic GWAS and the transporter was shown to potently 
transport steroid glucuronides.35

•	 Using GWAS for human disease and in particular associations 
of genetic polymorphisms in SLC16A11 with type 2 diabetes 
in Mexican subjects,36 researchers identified pyruvate as a sub-
strate of SLC16A11 explaining the mechanisms for the associ-
ation with type 2 diabetes.37 Recently, follow-up studies have 
shown that the orphan transporter SLC16A13, which is located 
next to SLC16A11 on chromosome 17p13.1, is a lactate trans-
porter and also plays a role in type 2 diabetes.38

•	 Using knockout mice, riboflavin was identified as the major 
substrate of SLC22A14, which was an orphan at the time.39 
Detailed studies showed that riboflavin plays an important 
role in the testis and reduced uptake of riboflavin in male 
SLC22A14 knockout mice resulted in infertility.G
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•	 Using in silico analysis, the gene SLCO1B7 previously consid-
ered as pseudogene, was predicted to have 11 transmembrane 
domains. The gene was cloned and overexpressed in HeLa 
cells.40 In vitro studies showed that SLCO1B7 shared similar 
substrates as SLCO1B1 and SLCO1B3 (e.g., DHEAS and es-
tradiol glucuronide).40 SLCO1B7 is expressed on the plasma 
membrane and in the smooth endoplasmic reticulum of hepato-
cytes and potentially plays a role in accumulation of drugs, such 
as ezetimibe in the endoplasmic reticulum.40

In addition to genetic methods, other approaches have 
been applied in deorphaning transporters. For example, the 
RESOLUTE Consortium41 deorphaned SLC25A51 using a 
genetic interactions approach to infer gene function in a “guilt-
by-association” principle.42,43 The group used the human cell 
line HAP1, where the isogenic cell lines lacking 1 of 141 highly 
expressed SLC genes were combined with a CRISPR/Cas9 li-
brary targeting 390 SLC genes. This large resource resulted in 
>  55,000 SLC-SLC combinations and was used to develop a 
hypothesis for the substrates and function of the previous or-
phan transporter, SLC25A51. Based on the genetic interaction 
network, the group followed up with various experiments, such 
as targeted metabolomics and various measurements in mito-
chondria, to show that SLC25A51 plays an important role in 
determining nicotinamide adenine dinucleotide (NAD+) levels 
in mitochondria (Table S3).

In general, orphan transporters within a family transport sim-
ilar substrates as other family members. However, just testing 
similar substrates of family members to deorphan a transporter is 
often not fruitful, likely because if it were, the transporter would 
have been deorphaned already. For example, although SLC10A1 
and SLC10A2 are known bile acid transporters, their paralogs, 
SLC10A5 and SLC10A7, did not transport bile acids in an at-
tempt to deorphan these transporters.44 The challenges to deor-
phan these transporters may require more complex methodologies 
or multiple experimental conditions to identify their substrates. 
It is worthwhile pointing out that assignment of transporters to 
protein (sub)families is done based on overall sequence similarity, 
whereas substrate selectivity is determined by the small subset of 
amino acids in the translocation pathway. Emerging measured and 
predicted structure for orphan transporters will thus likely prove 
important for deorphanization. In addition, if the transporters 
are not expressed on the plasma membrane, such as SLC25A1, 
SLC22A14, and MFSD12, different methods are needed to study 
transporter function (Table S3).

Lysosomal and mitochondrial transporters
The majority of the membrane transporter proteins in the ABC 
and SLC superfamilies are expressed on the plasma membrane. 
However, there are several transporters that are specifically ex-
pressed on lysosomal or mitochondrial membranes. These include 
members of the ABCA (e.g., ABCA2 and ABCA3 in the lyso-
somes) and ABCB (e.g., ABCB7 and ABCB8 in mitochondria), 
family and members of the SLC15 (e.g., SLC15A3 and SLC15A4 
in lysosome), and SLC29 (e.g., SLC29A3 in lysosomes) families. 
In addition, the majority of the 53 members of the SLC25 family 

are mitochondrial transporters (https://opend​ata.cemm.at/gsfla​
b/slcon​tolog​y/#explore; Table  S2).45 This review will highlight 
recent progress on studying lysosomal and mitochondrial trans-
porters. For further information, we recommend these review 
articles focused on diseases caused by mutations in lysosomal 
transporters,46 diseases caused by mutations in SLC25 family 
members47 and general reviews on the SLC25 family,48 and on ly-
sosomal transporters.45

Lysosomal transporters. Lysosomes are important membrane-
bound enclosed organelles which contain an internal acidic 
environment (pH 5) and a variety of acid hydrolases to degrade 
materials that accumulate within their intra-organelle space.49 
Mutations in genes expressed in lysosomes result in various lysosome 
disorders.46 The majority of proteins expressed in lysosomes are 
lysosomal hydrolases49; however, ~  33 proteins from the ABC 
or SLC superfamilies are also expressed in lysosomes (Table  S2, 
https://opend​ata.cemm.at/gsfla​b/slcon​tolog​y/). Methods used to 
identify and characterize lysosomal transporters include (i) confocal 
microscopy using lysosomal membrane markers (e.g., LAMP1)50; 
(ii) site-directed mutagenesis to mutate lysosomal sorting motifs 
(e.g., two dileucine motifs found in the lysosomal sorting consensus 
sequence, (D/E)XXXL(L/I) (Asp/Glu-X-X-X-Leu-Leu/Ile, where 
X indicates any amino acid), allowing lysosomal transporters to be 
expressed and then characterized on the plasma membrane). These 
methods have been used to functionally characterize SLC15A3, 
SLC15A4, SLC17A5, and SLC29A351–53; (iii) purification of 
lysosomal transporters and expression in proteoliposomes has been 
used to characterize lysosomal transporters (e.g., Niemann-Pick C1 
(NPC1) and SLC65)54; (iv) isolation of lysosomes (melanosomes) 
from melanoma cells with and without knockdown of the 
transporter gene has been used to functionally characterize the 
lysosomal transporter, MFSD12.55 This latter study revealed that 
loss of MFSD12 reduced melanosomal cystine and cysteinyldopas 
levels and resulted in differences in skin pigmentation, as previously 
identified from GWAS (Table S3); and (v) untargeted metabolomics 
has been used to profile the plasma and urine from SLC29A3 wild 
type and knockout mice. SLC29A3 is a lysosomal transporter 
that transports nucleoside analogs52 and has recently been shown 
to transport bile acids, providing a potential mechanism for the 
association of SLC29A3 mutations with human genetic disorders.56

The role of membrane transporters in facilitating lysosomal 
sequestration of drugs is worth mentioning. The acidic environ-
ment in lysosomes acts as a sink for weakly basic drugs. Studies 
have shown that transporters in the lysosome play a role in drug 
resistance. Examples of drugs that are known to sequester into 
lysosomes include hydroxychloroquine57 and imatinib.58 ABC 
transporters play an active role in lysosome-mediated drug resis-
tance especially for a number of anti-cancer drugs (e.g., daunoru-
bicin and doxorubicin, for a review see ref. 59). For example, the 
lysosomal transporter ABCA3 contributes to imatinib intrinsic 
resistance by facilitating sequestration of imatinib in lysosomes of 
leukemia cells.58 Mutations or polymorphisms in lysosomal trans-
porters that are implicated in human diseases present an opportu-
nity for drug targeting. For example, polymorphisms in SLC15A4 
are associated with autoimmune diseases. Using Slc15a4 knockout 
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mice, researchers showed a reduction in inflammatory biomarkers, 
such as interferons and interleukins, and in the development of sys-
temic lupus erythematosus.60

Mitochondrial transporters. Similarly, mitochondria are also 
essential organelles in cells playing critical role in energy 
production, apoptosis, cellular metabolism, and more. There 
are ~  65 members in the ABC or SLC superfamilies which are 
mitochondrial transporters. These include the majority of the 53 
members of the SLC25 family as well as members of the SLC8B, 
SLC55, and SLC56 family. In addition, the ABC transporters, 
ABCB7, ABCB8, and ABCB10 are found in mitochondria.48 
Members in the SLC25 family play critical roles as carriers on 
the inner mitochondrial membrane to transport substrates, such 
as ADP/ATP, amino acids, ornithine, carnitine, and thiamine 
pyrophosphate. The Kunji laboratory and colleagues have 
developed protocols for expression and purification of human 
mitochondrial membrane proteins in S. cerevisiae and Lactococcus 
lactis.61 In brief, following expression in these organisms, 
methods to characterize mitochondrial reference and mutant 
transporters include isolation of membranes containing the 
proteins from Lactococcus strains, preparation of liposomes, 
and mixing membranes from lactococcal strains with liposomes 
to create membrane vesicle fusions, which can then be used 
in transporter assays. These studies have been widely used for 
studying mitochondrial transporters (e.g., SLC25A1, SLC25A4, 
and SLC25A21).62–64 Commonly used methods to determine 
the localization of mitochondrial transporters are to co-transfect 
a GFP chimera transporter cDNA with the cDNA of the 
mitochondrial marker, COX865 and determine the transporter 
expression levels after isolating mitochondrial fractions.66

Mutations in mitochondrial transporters are known to cause 
many diseases (for a review see ref. 47), furthermore, drug-induced 
mitochondrial toxicity has been well-recognized to affect the liver, 
kidneys, and heart (see review ref. 67). Transporters in the ABC 
and SLC superfamily play critical roles in modulating intracellular 
concentrations of drugs and toxins and as such play roles in mito-
chondrial toxicity. Commonly used drugs for cholesterol lowering, 
diabetes, and antibiotics are known to interfere with mitochon-
drial function and cause drug toxicity. Mitochondrial toxicity is 
one of the causes of drug-induced liver injury and drug-induced 
cardiotoxicity. The ABC transporter, BSEP (ABCB11), a plasma 
membrane transporter, plays a critical role in the efflux of bile acids 
from hepatocytes. Accumulation of bile acids in hepatocytes can 
occur by inhibiting BSEP. For example, troglitazone is a drug that 
inhibits BSEP and causes bile acid accumulation and drug-induced 
liver injury.68 Similarly, drugs can induce cardiotoxicity through 
mitochondrial toxicity in cardiac cells. Through controlling in-
tracellular levels of doxorubicin, several transporters have been 
implicated in its cardiotoxicity, for example, SLC22A3 (OCT3)69 
and ABCC1.70 The mitochondrial accumulation of fialuridine, a 
nucleoside drug which caused severe hepatoxicity was shown to be 
mediated by SLC29A1 (ENT1), a transporter that is expressed in 
both mitochondrial and plasma membranes.65

There is growing interest among researchers to determine 
whether drug-induced mitochondrial toxicity is due to inhibition 

of mitochondrial transporters.71 For example, prescription drug 
inhibitors of ADP/ATP carriers, SLC25A4 and SLC25A5, may 
cause mitochondrial toxicity by triggering mitochondrial apop-
tosis.72,73 The development of inhibitors of the mithochondrial 
pyruvate carrier (MPC1; SLC54) to treat hair loss also represents 
a new area of research.74 Candidate MPC inhibitors were able to 
increase hair growth in shaved mice and also to inhibit oxygen con-
sumption in the presence of pyruvate.74

TRANSLATIONAL TRANSPORTER RESEARCH
Proteomic information on expression levels of membrane 
transporters
For many years, expression levels of transporters in various tis-
sues were assessed based solely on their mRNA levels, first qual-
itatively through Northern blotting, then more quantitatively 
through reverse transcription polymerase chain reaction meth-
ods followed by RNAseq. However, recently, technological ad-
vances have led to quantitative measurements of actual protein 
levels (proteomics) and not simply transcript levels in various 
tissues.75 Proteomic methods are increasingly transitioning from 
targeted proteomics, in which selected proteins of interest are 
quantified to global proteomics, in which the levels of all quan-
tifiable proteins in a sample are assessed.75 Proteomic methods 
have been applied to assess the expression levels of transporters 
in various tissues and within tissues, to specific cell types, greatly 
enhancing our understanding of the physiologic and pharma-
cologic mechanisms of drug transport. In the Supplementary 
Material S1, we provide an overview of the emerging knowledge 
of transporter protein expression levels in key ADME-related or-
gans, such as the intestines, liver, and kidneys followed by a short 
description of transporter proteomics in the blood brain barrier 
(BBB) and other tissues.

Novel methods for modulation of transporter activity
With the emerging efforts in targeting transporters for therapeu-
tic drug development, there is growing interest in developing novel 
methods and reagents for modulation of their activity. In this brief 
section, these methods and strategies are described.

New ligands and chemical probes of transporters. Our knowledge 
of the SLC superfamily has been limited by the lack of available 
tools and, in particular, chemical probes that modulate 
transporter function.76 In fact, of the 20 families in the SLC 
superfamily that have been targeted by new compounds in 
the last few years, only four represent previously untargeted 
transporter families.76 The vast majority represent an established 
cadre of transporter families that have been studied for many 
years (e.g., SLC5 family), which includes the sodium dependent 
glucose transporters, SGLT1 and SGLT2. However, interesting 
approaches have led to the discovery of novel inhibitors for 
some of these well-studied transporters. These approaches 
include unbiased cell-based high throughput screening for 
pathway inhibitors, 3D microarrays, and homology modeling 
coupled with virtual screening. These methods have led to the 
discovery of inhibitors of nutrient transporters in cancer cells, 
which represents a vibrant area of drug discovery. For example, 

REVIEW



VOLUME 112 NUMBER 3 | September 2022 | www.cpt-journal.com548

chromopynone and indomorphan derivatives as inhibitors of the 
glucose transporter (SLC2A1), an attractive target in tumors, 
have been discovered using target agnostic high throughput 
screening coupled with structure-activity relationships. Other 
areas of active targeting of SLC transporters include targeting 
neurotransmitter transporters in the SLC1 and SLC6 families 
for treatment of multiple diseases that may be associated with 
mutations in the transporters.76

Allosteric modulators and pharmacochaperones. Enhancers 
of transporter function are greatly needed especially for the 
over 100 rare genetic disorders that are caused by reduced or 
nonfunctional mutations in SLC transporters.32 Recent studies 
have focused on the development of positive allosteric modulators 
for the glutamate transporter, SLC1A2 (EAAT2) with the 
goal to enhance neuroprotection by increasing the reuptake 
of the excitatory amino acid, glutamate. A high-resolution 
pharmacophore model of EAAT2 was created and four small 
molecule enhancers were discovered and tested. Their putative 
mechanism was thought to be enhancement of EAAT2-mediated 
glutamate translocation rate without affecting its binding, 
consistent with an allosteric mechanism.77 These exciting results 
bode well for the development of positive allosteric modulators 
for other transporters. Pharmacochaperones have received a great 
amount of attention in the literature for a variety of membrane 
proteins. Although pharmacochaperones have not been greatly 
applied to SLC mutant transporters, derivatives of the natural 
product, ibogaine, have been developed and found to enhance the 
activity of misfolded mutants of the dopamine transporter, DAT 
(SLC6A3).78 These promising results bode well for the future of 
the development of pharmacochaperones for SLC transporters 
(see review in ref. 79).

Targeted degradation of SLC transporters. Knocking down 
the function of SLC transporters represents a critical tool 
for understanding their biological roles. However, there are 
significant limitations of many technologies designed to 
knockdown gene function. Most importantly, loss of one gene 
leads to compensatory adaption by other genes; therefore, the 
effect of gene loss cannot be accurately evaluated particularly 
in the context of dynamic and rapid processes, such as cellular 
metabolism. Recent techniques for targeted degradation of 
specific proteins have been evaluated and one such technique, 
heterobifunctional small-molecule degraders or PROTACs 
(proteolysis-targeting chimeras) has been recently applied to 
control the abundance of a number of transporters including 
SLC38A2 and various members of the SLC9 family.6 In brief, 
the method applied-dTAG PROTACs-involves tagging the 
SLC transporter with a mutated FKBP (FK506-Binding 
Protein) domain. The dTAGed protein is subject to degradation 
by bispecific degrader ligands that simultaneously bind to 
dTAG and to an E3 ligase. The induced molecular proximity 
leads to polyubiquination of the transporter and subsequent 
degradation by the proteosome.6 These proof of concept 
studies will undoubtedly lead to a new understanding of SLC 
transporter biology.

The role of the gut microbiome in human drug transporter 
regulation
Increasingly, evidence has been obtained suggesting that the 
human gut microbiome affects pharmacokinetics through micro-
bial biotransformation, resulting in drug activation,80 inactiva-
tion,81 and toxicity.82 These microbial transformed products may 
modulate transporter function through induction of expression, 
or inhibition or enhancement of activity. Alternatively, microbes 
may metabolize parent compounds that modulate transport 
function to metabolites with no effect on membrane transport-
ers. However, to date, interactions between the gut microbiome 
and drug transporters are poorly understood. This section aims 
to summarize the current understanding of the interaction of the 
gut microbiome with human membrane transporters, with em-
phasis on clinically relevant drug transporters from the SLC and 
ABC superfamilies (Figure 2). This information is critical for un-
derstanding individual variability in drug response and achieving 
optimal drug therapy.

Microbiome-mediated metabolism of xenobiotics and membrane 
transporter function. Numerous studies have shown that 
xenobiotics, such as diet, drugs, drug metabolites, and excipients 
undergo microbial biotransformation. The inactivation of the 
cardiac drug digoxin81 and the Parkinson’s disease medication, 
levodopa,83 and the reactivation of the cancer drug irinotecan,82 
demonstrated that the gut microbiome affects pharmacokinetics and 
pharmacodynamics in humans (Table S4). Notably, a recent study 
showed that about two thirds of the assayed 271 orally administered 
drugs are chemically modified in vitro by at least one strain of human 
gut bacteria.84 Although it is well established that drug metabolites 
formed by human enzymes can be substrates and inhibitors of drug 
transporters, few studies have examined the relationship between 
drug metabolites formed by gut microbiota and drug transporters. 
Further, excipients, which are formulated with oral drug products, 
may also undergo metabolism by the gut microbiome. Recently, it 
was shown that azo dyes, commonly included in drug products 
and metabolized by gut microbiota, inhibited the intestinal uptake 
transporter, OATP2B1, resulting in decreased absorption of the 
antihistamine drug, fexofenadine in mice.85 Although the azo dyes 
themselves inhibited OATP2B1, their metabolites derived from 
the microbiota did not, suggesting a complex interplay between 
gut metabolism of azo dyes and transporter inhibition. These 
studies suggest that drugs and excipients may be metabolized in 
the gut by microbes and that both the parent compounds or the 
metabolites may interact with intestinal transporters as substrates or 
through inhibition or induction. Further studies are warranted to 
determine whether gut microbiota-derived compounds (parent and 
metabolites) affect drug transporter activity in a clinical setting.

Microbiome-derived endogenous compounds and membrane 
transporter function. The gut microbiome has co-evolved with 
humans for thousands of years and, as such, plays a critical 
role in human physiology and diseases by regulating the 
development and function of the immune, metabolic, and 
nervous systems. One of the prominent examples is bile salt 
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biotransformation by human intestinal bacteria. Secondary bile 
acids, produced solely by intestinal bacteria, can accumulate 
to high levels and may contribute to the pathogenesis of colon 
cancer, gallstones, and other gastrointestinal diseases.86 Studies 
show that glycine- or taurine-conjugated secondary bile acids, 
such as glycolithocholic acid and taurolithocholic acid, are 
substrates of OATP1B1 and OATP1B3 with Km values <1 µM87 
(Table S4). Interestingly, higher levels of several secondary bile 
acids in humans have been correlated with increased plasma 
concentrations of the cholesterol lowering drug, simvastatin.88 
These data suggest that secondary bile acids may decrease 
OATP1B1-mediated simvastatin acid uptake in hepatocytes 
resulting in higher plasma exposure. Further mechanistic 
studies are needed to extend our understanding of the impact 
of microbial biotransformation of endogenous compounds on 
drug transporter activities.

Gut microbiome and expression of membrane transporters. Several 
studies have examined the impact of the gut microbiome on 
the expression of membrane transporters, using germ-free 
mice or animals treated with antimicrobial agents.89,90 These 
studies have shown that gene or protein expression levels of 

Bcrp1 and Mdr1a decreased89 and increased,90 respectively, 
in these microbiome-lacking animal models. More studies are 
needed to confirm these findings in humans. Although several 
approaches, such as biopsies from patients, organoids, the gut 
on a chip model, and human cell cultures, have been applied to 
examine the influence of the gut microbiome on human gene 
expression,91 many more studies are needed to fully understand 
the impact of the gut microbiome on expression levels of 
membrane transporters in humans.

In summary, emerging evidence suggests that metabolism of drugs 
and excipients by the gut microbiome affects membrane transporter 
function in humans and that the gut microbiome itself plays a criti-
cal role in regulation of expression levels of human intestinal trans-
porters. To translate these observations into clinical applications, 
further studies are needed to understand the complex interactions 
between gut microbiome composition, microbial biotransforma-
tion of chemicals, and their impact on transporter expression and 
function in humans. See Table S4 for more examples and references.

3D cell culture and microphysiological systems
The rapid advances in cell biology, tissue engineering, and mi-
crofabrication technologies have enabled the development of 

Figure 2  Interactions of representative gut microbial metabolites with membrane transporters. Membrane transporters expressed in 
epithelial cells of the intestines, liver, kidneys, and in the endothelium of the blood–brain barrier are shown in the shaded circles. The 
arrow represents the net direction of substrate movement for each transporter. The green color circles represent transporters with known 
interactions with indoxyl sulfate, the precursor of which, indole, is exclusively produced by gut microbes. The orange color represents 
transporters known to interact with trimethylamine N-oxide, the precursor of which, trimethylamine, is exclusively produced by gut microbes. 
The blue color represents transporters known to interact with SN-38, which is formed in the intestine by microbial glucuronidases. The purple 
color represents the transporters that interact with at least two of the microbial metabolites (or host derivatives). The grey color represents 
additional membrane transporters that are well-known for playing important roles in drug/nutrient disposition, but are not currently known to 
interact with the aforementioned gut microbial metabolites.
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state-of-the-art 3D cell culture models, such as spheroids, organ-
oids, scaffolds, and microphysiological system (MPS; also known 
as organs-on-chips). Compared with traditional 2D cell models, 
these novel 3D cell systems, with varying levels of complexity, can 
better recapitulate morphological, microenvironmental, and func-
tional features of human tissues, and therefore have demonstrated 
great promise as next generation in vitro tools to investigate phys-
iology and disease mechanisms, drug disposition, toxicity, and 
response.92,93 To date, a variety of 3D cell models and MPS, as 
stand-alone or interconnected organ systems, have been developed 
to represent major human ADME-related organs, such as the liver, 
gut, kidneys, and BBB. Their key features, limitations, and poten-
tial applications in drug discovery and development have been ex-
tensively reviewed.92,94

With increasing recognition of the clinical implications of 
transporters in drug disposition, toxicity, and efficacy, recapitu-
lating or retaining the expression and functional activity of drug 
transporters in 3D-cell culture models are critically important.95,96 
Compared with spheroids and organoids, which are in microstruc-
tures, MPS provides a compartmentalized platform and is more 
suitable to study vectorial transport of substrates across apical and 
basolateral compartments of polarized cells mediated by multiple 
transporters in a dynamic, physiologically relevant microenviron-
ments. Furthermore, MPS can be designed to incorporate multiple 
cell types to create more organ-like models and allow interconnec-
tivity between different organ platforms to study transporter activ-
ity across different organ systems.

Currently, the characterization and validation of these 3D 
models in ADME settings largely focus on the end points of mor-
phologic features, gene expression profile, and metabolic activity, 
whereas the evaluation of transporters is still emerging, in partic-
ular at the functional level.95,96 In Table 3, we summarized recent 
examples of liver, gut, kidney, and brain 3D/MPS platforms with 
the focus on the expression and functional characterization of drug 
transporters, as well as their applications and limitations for trans-
porter research. For example, in a recently developed human du-
odenum intestine-Chip97 established from the organoid-derived 
cells of three independent donors, mRNA expression of major in-
testinal efflux (P-gp, BCRP, MRP2, and MRP3) and uptake trans-
porters (PepT1, OATP2B1, OCT1, and SLC40A1) on day 8 of 
chip culture are comparable to those in the freshly isolated human 
duodenum tissue. The luminal localization P-gp and BCRP, and 
functional activity P-gp were also demonstrated. These data sug-
gest that this model could improve in vitro to in vivo extrapolation 
for better predictions of human intestinal absorption mediated 
by these transporters. In another example, primary human kidney 
proximal tubule cells cultured in a dual channel proximal tubule-
on-a-chip model retained epithelial polarization and functional 
activity of basolateral localized uptake transporter OCT2.98 This 
was demonstrated by the observation that cisplatin, a substrate of 
OCT2, induced renal toxicity when perfused from the basolateral, 
but not from the apical compartment, suggesting the dual-channel 
construction of renal MPS are physiologically and mechanistically 
relevant models to study renal transporter related toxicity. Last, it 
has been widely recognized that transporters expressed at the BBB 
play critical roles in modulating brain penetration of drugs. Given 

the complex nature of the brain microvasculature, MPS mod-
els could offer significant advantages over existing in vitro BBB 
models to study transporter function in a more in vivo relevant 
environment by incorporating shear stress and multiple cell types. 
Recently, various cell types of the neurovascular unit differentiated 
from induced pluripotent stem cells were used to create isogenic 
BBB models. These models can be made with induced pluripotent 
stem cells derived from healthy and diseased patients and promise 
the attractive aspect of studying BBB transporter and barrier func-
tions in relevant physiological contexts.99 However, the characteri-
zation of the expression and activity of transporters in these models 
is still limited, and further evaluation is warranted.

As an emerging technology, 3D cell culture and MPS systems 
still have limitations and challenges for transporter studies, espe-
cially for quantitative in vitro to in vivo extrapolation. Whereas 
many transporter gene expression profiling data are promising, 
transporter characterization at protein and functional levels are 
still limited. Unlike conventional in vitro transporter models, de-
termining transporter kinetic parameters—such as initial uptake/
efflux rates—may not be feasible in current MPS models due to the 
small sample volume and low flow rates of the incubation media. 
On the other hand, it may be more applicable to study transport 
activity at the steady-state condition in MPS models. Nonspecific 
binding of lipophilic drugs to cells and microfluidic devices further 
complicates the accurate measurement drug concentrations and 
the determination of kinetic parameters. Optimization of assay 
conditions and development of in silico mechanistic modeling for 
MPS settings are needed in order to apply these systems for quan-
titative prediction of transporter-mediated effects. Furthermore, 
there are remarkable differences in 3D cell culture and MPS sys-
tems in terms of the design of the platforms, types of materials, cell 
sources, and extracellular matrices, which makes it challenging to 
standardize the assays and obtain reproducible data across different 
systems. Finally, the generation of parameters for use in predictive 
physiologically-based pharmacokinetic models will require repro-
ducible 3D cultures, conditions, and results. Until that time, it is 
likely that well-defined 2D cultures will continue to be used.

CLINICAL TRANSPORTER RESEARCH
Pharmacogenomics and functional genomics of transporters

Pharmacogenomics of transporters. Several recent reviews have 
been published on the effects of polymorphisms in transporters 
on drug disposition and response.2 Notably, eight GWAS 
reporting significant associations (P  <  5  ×  10−8) between 
transporter polymorphisms and drug response or disposition 
were cited in the 2018 review on transporter polymorphisms 
published by the ITC.2 Since then, a few additional GWAS 
have been published that further support the evidence that 
reduced function polymorphisms in SLCO1B1 and ABCG2 are 
associated with statin toxicity and disposition and allopurinol 
response, respectively (Table  S3). Recently, GWAS meta-
analysis identified an SLCO1B1 locus associated with greater 
reduction in HbA1c upon sulfonylurea treatment in patients 
with type 2 diabetes.100 Unlike other pharmacogenomic 
GWAS where SLCO1B1 p.V174A polymorphism is the 
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significant single-nucleotide polymorphism (SNP) in the 
locus, this study identified an intronic SNP, rs10770791, with 
weak linkage disequilibrium with p.V174A. Association of 
ABCG2 polymorphisms with caffeine consumption is a new 
finding (Table S5). Caffeine, a purine with a similar structure 
to uric acid, has previously been reported to inhibit BCRP.101 
Interestingly, the ABCG2 missense variant, p.Q141K, strongly 
associated with reduced caffeine consumption, presumably 
due to higher levels of caffeine, which resulted in a feedback 
mechanism that reduced caffeine intake. The higher caffeine 
levels were a result of increased absorption in individuals with 
p.Q141K. In the previous ITC review, the effect of multiple 
missense variants of SLC22A1 encoding OCT1 on the 
pharmacokinetics and response to several prescription drugs 
were cited.2 Since then, SLC22A1 missense variants have been 
found to be significantly associated with other phenotypes, 
including proguanil’s active metabolite, cycloguanil102 
(Table  S5). Recent significant associations of polymorphisms 
in ABCG2, SLCO1B1, and SLC22A1 with drug response or 
disposition from GWAS or genotype to phenotype studies are 
summarized in Table  S5. Other ABC and SLC transporters 
that have been associated with pharmacogenomics traits 
in GWAS include ABCB1 (dabigatran plasma levels and 
chemotherapy-induced alopecia), SLCO1A2 (rocuronium 
dose requirement), SLC16A5 (cisplatin-induced ototoxicity in 
patients with testicular cancer), and SLC38A7 (anastrozole 
levels) are shown in Table S5.

Increasingly, pharmacogenomic GWAS have involved larger 
sample sizes, multiple ethnic groups and functional genomics. For 
example, the discovery of the association of an SLC2A2 intronic 
variant with metformin response was made possible by a sample size 
of > 10,000, multiple ethnic groups, and a large meta-analysis.103 
Phenotypic data extracted from the electronic health records from 
various clinical centers were combined in the meta-analysis.

The well-characterized reduced function ABCG2-Q141K 
(rs2231142) and SLCO1B1-V174A (rs4149056) are present 
at very low allele frequencies (~  1–5%) in African populations. 
Interestingly, recent studies have demonstrated that other SNPs in 
SLCO1B1 are associated with various phenotypes in the African 
population. For example:

•	 SLCO1B1 rs114419265 (in strong linkage to SLCO1B1 p.Gly-
488Ala) is strongly associated with the SLCO1B1 biomarker, 
glycochenodeoxycholate glucuronide in African populations.104 
This variant is specific to populations of African ancestry.

•	 SLCO1B1 loss-of-function variant (c.481+1G>T; rs77271279) 
is strongly associated with the SLCO1B1 biomarker, hexade-
canedioic acid in African Americans.105 This variant is spe-
cific to African Americans and the reduced function variant 
is associated with higher levels of the biomarker (beta = 0.38, 
P = 2.2 × 10−9).

There are increasing numbers of studies supporting the associ-
ation of the SLCO1B1 reduced function variant, rs4149056 with 
statin levels and statin-induced myopathy. Hopefully, in the future, 
African ancestry-specific variants in SLCO1B1 will be assessed 

for their effects on statin levels and toxicity in this understudied 
population.

Functional genomics of transporters. Recent advances in technologies 
have resulted in new information on the function of genetic variants in 
transporters. For example, next generation sequencing together with 
high-throughput functional readouts have been used to determine 
the function of hundreds to thousands of genetic variants in a variety 
of genes. These methods developed by Fowler and colleagues have 
been applied to various drug metabolizing enzymes and transporters, 
such as OATP1B1.106 Over 130 missense variants in OATP1B1 were 
functionally characterized in a single experiment to elucidate the 
expression of the GFP-tagged OATP1B1 to identify mutations that 
caused significantly reduced expression of GFP.

The availability of a CRISPR-Cas9 library targeting 390 human 
SLC genes utlized by Superti-Furga and colleagues allowed ge-
netic screening to elucidate SLC transporter function.42,107 This 
resource has also been used successfully to determine cell cytotox-
icity of various anti-cancer drugs upon targeting each of the SLC 
genes. The results showed that artemisinin toxicity was dependent 
on the expression SLC11A2 and SLC16A1 and the sensitivity 
to cisplatin was dependent on the expression of SLC35A2 and 
SLC38A5.107 Motivated by the increasing potential to discover 
SLCs as drug targets, the RESOLUTE consortium has made 
significant progress in developing accessible SLC tools, reagents, 
and protocols. These tools and reagents include codon-optimized 
cDNAs for SLC transporters, antibodies, and transcriptomic and 
proteomic information.41

Electronic health record biomarkers and transporter-
mediated drug–drug interactions
In 2018, the ITC published a perspective on endogenous sub-
strates of transporters as biomarkers to monitor DDIs during early 
phases of drug development.108 Since then, many studies have been 
published demonstrating the use of biomarkers for transporters in 
the liver and kidneys to predict or validate transporter-mediated 
DDIs.109 However, because regulatory authorities did not require 
studies of transporter-mediated DDIs besides P-gp until 2012, 
many current drugs on the market have never been studied as po-
tential perpetrators of transporter-mediated DDIs. Such studies 
are urgently needed. Recently, 25 drugs in clinical repurposing 
trials for the treatment of coronavirus disease 2019 (COVID-19) 
were evaluated as potential perpetrators of transporter-mediated 
DDIs.110 Interactions of the drugs with 11 drug transporters, 
including the 9 transporters recommended for study by the US 
Food and Drug Administration (FDA) were characterized in 
standardized in vitro assays. The in vitro half-maximal inhibitory 
concentrations were then compared with the relevant clinical con-
centrations of the drugs and criteria recommended by the FDA 
were applied to predict clinical DDIs. The results were striking, 
demonstrating that many of these drugs interact with multiple 
transporters at clinically relevant concentrations suggesting po-
tential to perpetrate clinical DDIs. In fact, 20 of the 25 drugs met 
the FDA criteria to trigger consideration of a clinical DDI trial. 
Notably, 40 potential clinical DDIs were predicted for the 14 
compounds that were approved before 2010.
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The above studies were then validated with the use of biomark-
ers commonly reported in electronic health records. These real-
world biomarkers typically represent solutes that are substrates of 
transporters and are routinely measured during clinical care. For 
example, uric acid is a known substrate of BCRP (ABCG2) and 
is routinely measured in people with suspected or actual inflam-
matory arthritis and gout. In the COVID-19 drug study, silde-
nafil, which is used to treat pulmonary hypertension associated 
with later stages of COVID-19, was shown to inhibit BCRP at 
concentrations, which are expected to be achieved in the intestines 
following therapeutic doses. Indeed, uric acid levels in patients on 
sildenafil were significantly increased compared with age, sex, and 
diagnosis matched patients not on sildenafil.110 Control studies 
validating uric acid as a real-world biomarker were performed in 
studies that showed that cyclosporin and eltrombopag, the FDA 
recommended clinical inhibitors of BCRP,111 were associated with 
elevated uric acid levels. Collectively, these data suggest that uric 
acid could be a potential biomarker to predict DDIs mediated by 
BCRP. This new finding from real-word data is exciting as endog-
enous biomarkers to predict BCRP-mediated DDIs have not yet 
been idenfied. Further studies are needed to characterize the sensi-
tivity and selectivity of uric acid as the biomarker for BCRP DDI 
evaluation. Other biomarkers commonly measured in electronic 
health records include bilirubin for OATP1B1 and creatinine for 
OCT2/MATE1 (Table  4). Biomarkers shown in Table  4 have 
been validated in clinical genetic studies as being associated with 
reduced function polymorphisms of the transporters.110,112–114

Beyond drug transporters, genetic variants in other transport-
ers not generally involved in drug absorption or disposition have 
been associated with plasma levels of various endogenous solutes, 
including a number of amino acids, oligopeptides, neurotrans-
mitters, and heavy metals.35–38 Many of these solutes are not rou-
tinely measured in a clinical care setting and, therefore, cannot be 
used in observational studies. However, these solutes may serve as 

indicators of transporter activity or perturbations in transporter 
activity, for example, in the presence of prescription drugs to as-
sess the effects of drugs on important micro and macro nutrient 
transporters.

Tissue-derived plasma small extracellular vesicles
Small extracellular vesicles (sEVs), such as exosomes (30–150 nm 
diameter), are secreted by most organs into the systemic circula-
tion, and are present in biological fluids, such as plasma, serum, 
urine, breast milk, saliva, bile, and feces. Exosomal cargo contains 
proteins, DNA species (mitochondrial and nuclear DNA), RNA 
species (mRNA, microRNA, and lncRNA), lipids, and metab-
olites derived from the originating organs.115 As such, exosomes 
carry unique signals from their originating organs. Exosomes can 
be isolated by various methods/techniques, such as differential 
ultracentrifugation, size-exclusion chromatography, ultrafiltra-
tion, polyethylene glycol-based precipitation, microfluidics-based 
nanofiltration and immunoaffinity capture, and immunopre-
cipitation116 (Figure  3). Since the discovery of exosomes in 
1983,117 many studies have demonstrated their promising utility 
as mediators of intercellular communication, biomarkers of vari-
ous diseases, and potential therapeutic targets and drug delivery 
carriers.118

Very recently, potential applications of tissue-derived plasma 
sEVs as a liquid biopsy to understand drug metabolizing enzyme 
(DME) and transporter profiles in ADME-related organs have 
emerged, and were summarized in a review article by Rodrigues 
and Rowland.115 The sEVs for ADME-related purposes are par-
ticularly useful as there are limitations to the feasibility of di-
rectly measuring the protein expression and functional activity of 
transporters and DMEs in tissues during clinical studies. Hence, 
profiling and quantifying functional proteins of transporters and 
DMEs in isolated sEVs derived from ADME-related tissues can 
potentially serve as a methodology to understand interindividual 
variability in pharmacokinetics, address complex DDIs involving 
DMEs and transporters, and evaluate the impact of age and dis-
eases on the expression and ultimately the functional activity of 
ADME-related proteins in different tissues.

Several recent examples have illustrated the value of sEVs 
in transporter research and their potential application in drug 
development. Achour et al.119 isolated plasma exosomes from 
the blood samples collected from 29 patients with liver cancer. 
The mRNA or protein expression of multiple enzymes and 
transporters in plasma exosomes and matched liver samples was 
measured. To normalize for the variability in exosome shedding 
from liver to blood among individuals, a shedding factor was 
used based on the measurement of plasma RNA of 13 liver-
specific markers. A good correlation was observed between 
normalized plasma exosome mRNA levels and protein expres-
sion in matched liver tissues for 4 transporters (OATP1B1, 
MRP2, P-gp, and BCRP) and 12 DMEs. This work suggests 
that plasma exosomes are promising tools to determine the vari-
ability in expression of hepatic transporters and enzymes in hu-
mans. Rodrigues et al.120 isolated liver-specific sEVs in human 
serum samples using a novel two-step method, which included 
the use of size exclusion chromatography to obtain global 

Table 4  Potential biomarkers commonly reported in EHRs 
that could be used for study of transporter-mediated drug–
drug interactions

Transporter

Potential 
real-world 

biomarkers
Validation (genetic or 

inhibitor studies) References

BCRP Uric acid Genetic and inhibitor 110,112

OATP1B1 Bilirubin Genetic and inhibitor 110

OATP1B3 Bilirubin Genetic and inhibitor 110

OCT1a Cholesterol, 
Triglycerides

Genetic 113

OCT2 Creatinine Genetic and inhibitor 110

MATE1 Creatinine Genetic and inhibitor 110

OAT1 Uric Acid Genetic 114

OAT3 Uric Acid Genetic 114

EHR, electronic health record.
 aOCT1 is not currently included in the US Food and Drug Administration 
(FDA) draft guidance for transporter-mediated drug–drug interaction studies. 
However, the International Transporter Consortium (ITC) has previously 
recommended that OCT1 be evaluated as a mediator of clinical DDI based on 
mounting evidence.1
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EVs, followed by incubating the global EVs with the beads 
coated with a biotin labelled anti-asiaglycoprotein receptor 1 
(ASGR1) polyclonal antibody. ASGR1 is highly enriched in 
the liver and serves as a vector protein for the immunocapture 
of hepatic sEVs. The data confirmed the induction of CYP3A4 
but the lack of induction of hepatic OATP1B1 and −1B3, fol-
lowing multiple doses of rifampin, a well-known inducer for 
CYP3A and P-gp. BCRP, primarily expressed in the intestines 
and liver, can limit intestinal absorption and biliary excretion 
of substrates. Expression of a microRNA called miR-328 has 
been shown to negatively correlate with BCRP mRNA and pro-
tein levels.121 In one study, intestinal-derived exosomal miR-
328 was isolated from plasma using immunoprecipitation. The 
change of intestinal exosomal miR-328 correlated with plasma 
area under the curve (AUC) of sulfasalazine, a substrate of 
BCRP, in a clinical study,121 suggesting that intestine-derived 
exosomal miR-328 could be a potential biomarker to estimate 
intestinal BCRP function in humans.

As exploration of sEVs in ADME and transporter research is 
still at a very early stage, there are considerable technical chal-
lenges and knowledge gaps in the isolation, quantification, and 
integration of exosomal data with other ADME-related data for 
quantitative translation. Importantly, it is critical to develop 

reliable and robust methods to isolate plasma exosomes spe-
cific for selected tissues, such as the liver, intestines, kidneys, 
and brain, in order to deconvolute the change of transporter 
expression/function in multiple tissues (e.g., liver vs. gut for 
BCRP). Isolation and characterization of exosomes are labor 
intensive, the availability of well-validated commercial isola-
tion kits will ultimately promote the broader use of exosome 
data in drug development. Plasma exosomes have relatively low 
expression of transporters, which require the development of 
highly sensitive methods to detect their mRNA and protein 
expression. Furthermore, it remains challenging to study func-
tional activity of transporters using exosomes. To begin to use 
exosomal data for quantitative prediction of ADME profiles of 
drugs, specific ADME-related proteins need to be measured in 
exosomes harvested from plasma samples from many individ-
uals to understand between and within subject variability, as 
well as the factors associated with the variability. Importantly, 
correlation with protein expression in relevant tissues needs to 
be established.

Overall, sEVs have emerged as a novel next generation tool, 
which can provide rich information on ADME and transporter-
related genes and proteins in various tissues. Exosome-based ap-
proaches, integrated with in vitro, preclinical, clinical studies, 

Figure 3  Concept of tissue derived plasma small extracellular vesicles and methods for their isolation. Tissue-derived small extracellular 
vesicles are derived from organs in the body and circulate. Methods to isolate them from the circulating plasma are shown. sEVs, small 
extracellular vesicles.
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and mechanistic modeling holds great promise to advance our 
understanding and the capability for quantitative prediction 
of the impact of transporters on pharmacokinetics, DDIs, effi-
cacy, and toxicity of drugs in healthy and special populations. 
Further characterization and validation of sEVs is required to de-
fine their utility and limitation in transporter research and drug 
development.

CONCLUSIONS
In conclusion, dramatic breakthroughs in the past 5  years 
have enabled research at all levels of transporter biology. In 
the basic area, new structures have paved the way to under-
standing transporter-ligand interactions at a molecular level. 
It is envisioned that future research will continue to employ 
cryo-EM methods to understand transporter ligand interac-
tions for many of the transporters in both the SLC and ABC 
superfamiles and that these structures will be used in develop-
ing novel therapeutics. The substrates of transporters previously 
designated as orphans are rapidly being discovered and vali-
dated using novel metabolomic and genomic methods. Many of 
these newly deorphaned transporters may play critical roles in 
drug absorption, disposition and response. Future research will 
focus on deorphaning additional transporters and the biological 
roles of recently deorphaned transporters in human physiology 
and pathophysiology and in pharmacokinetics and pharmaco-
dynamics. Simultaneously, new information about previously 
understudied transporters in lysosomes and mitochondria is ac-
cumulating as technologies have advanced for the isolation and 
study of transporters in these subcellular organelles. In the next 
decade, new studies on transporters in subcellular organelles and 
their roles as determinants of cellular and subcellular levels of 
drugs and endogenous ligands will be performed. Translational 
tools are being developed and applied to probe and modulate 
transporter function in vivo, to model transporter-mediated 
drug disposition in three-dimensions, and to quantify protein 
levels of individual transporters in various tissues. Research in 
the 3D models will continue to evolve and it is envisioned that 
those models will be used in drug development to more pre-
cisely understand drug absorption and elimination. A nascent 
understanding of the role of the microbiome in modulating the 
expression levels of transporters as well as in producing metab-
olites that may inhibit or induce transporters is emerging and 
will continue to emerge. Finally, new clinical tools will continue 
to become available to enable precision medicine, with the ap-
plication of sEVs, real-world biomarkers, and DNA testing for 
transporter polymorphisms.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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