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ABSTRACT 

Characterization of Influx Transporters in the Blood-Brain Barrier: Implications for Drug 

Delivery 

Lawrence Lin 

 

Membrane transport proteins of the solute carrier (SLC) and ATP-binding cassette (ABC) 

superfamilies have been found to play essential roles in the absorption, distribution and 

elimination of drugs.  However, much of the pharmacologic research on transporters has focused 

primarily on the intestine, liver and kidney.  Here we focus on transporters in the blood-brain 

barrier (BBB), a complex barrier that limits penetration of most molecules from the blood into 

the brain.  Research on transporters in the BBB has historically been centered on the ABC 

transporters that prevent drug entry into the brain, but recent advances suggest that SLC 

transporters may play an important role in mediating the uptake of many pharmacologic agents 

into the central nervous system (CNS).  The goal of this dissertation research was to understand 

the role and function of several SLC transporters in the BBB, including the amino acid 

transporter LAT1, the organic cation transporter MATE1, the amine transporters OCT1, OCT3 

and SERT, and the organic anion transporters OATP1A2 and OATP2B1.  We performed 

inhibition and substrate screens using stably-transfected cell lines against a library of CNS-active 

drugs.  We were able to identify four novel, structurally-diverse inhibitors of LAT1 and 

developed a rat perfusion model to test LAT1 substrates for in vivo relevance.  For MATE1, we 

found that the majority of compounds tested from our library were inhibitors of MATE1, and 

identified 15 novel substrates, suggesting that MATE1 may be involved in the disposition of 

these drugs. Since organic anion transporting polypeptides are known to play a role in the influx 
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of molecules into the brain, we performed substrate screens and identified 24 novel substrates of 

OATP1A2, most of which are cationic drugs.  About one-third of the OATP1A2 substrates were 

also substrates of its rodent ortholog, rat Oatp2.   Finally, we found that at high concentrations, 

metformin is able to inhibit the uptake of two CNS active monoamines, histamine and serotonin, 

by OCT1, OCT3 and SERT. Though further studies are clearly needed, we posit that reduced 

absorption of the two monoamines as a result of metformin’s effects on OCT1, OCT3 and SERT 

may contribute to the gastrointestinal side effects associated with metformin use.  The research 

presented here has important implications for CNS drug delivery, as our results have expanded 

the chemical space, particularly the known substrates, of several transporters expressed in the 

BBB. 
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CHAPTER ONE 

Membrane Transporters in Drug Absorption, Disposition and Targeting 

 

Introduction to Membrane Transporters 

Hydrophilic compounds, including charged molecules, cannot readily diffuse across 

membranes, and thus rely on channels, pumps or transporters to move in and out of cells and 

subcellular organelles. Transporters are membrane-bound proteins that mediate the translocation 

of small molecules across biological membranes. Given their essential role, it is not surprising 

that about five percent of all human genes are thought to encode for proteins with transport 

function1. Membrane transporters are widely expressed throughout the body, most notably in the 

epithelia of major organs such as the liver, intestine, kidney, and in endothelia of organs with 

barrier functions, such as the brain, testes and placenta. Different transporters are localized to the 

plasma membrane, as well as to membranes that comprise various subcellular organelles, thus 

ensuring regulated delivery of required substrates and thereby cellular homeostasis. Many 

transporters are also expressed in an organ-specific manner, and facilitate the entry and 

elimination of endogenous and xenobiotic compounds. 

The two main transporter superfamilies are the ATP-binding cassette (ABC) and solute 

carrier (SLC) superfamilies. ABC transporters harness energy from ATP hydrolysis and function 

as efflux transporters to move solutes against the concentration gradient. SLC transporters, 

meanwhile, are predominantly facilitative or secondarily-active, and use an electrochemical 

gradient to facilitate the movement of substrates across membranes or ion gradients generated by 

ATP-dependent pumps to transport substrates against the concentration gradient.  
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SLC Transporters Play Important Roles in the Human Body 

In humans, there are 395 membrane-spanning SLC transporters that are organized into 52 

families. SLC transporters interact with a diverse array of substrates, including inorganic and 

organic ions1,2 and range in specificity — from highly selective transporters that interact with a 

narrow group of substrates, such as amino acid transporters in the SLC7 family3,4, to transporters 

that accept a broad range of chemically diverse substrates such as organic anion transporters in 

the SLCO family5,6. Even within a family, such as SLC22, various transporters may differ in 

their specificity. For example, urate transporter 1 (URAT1, SLC22A12) is selective for uric acid 

whereas organic anion transporter 1 (OAT1, SLC22A6) tolerates a wide range of organic anions, 

including various antibiotics, antiviral drugs and endogenous molecules7.  Both are distinct from 

organic cation transporter 1 (OCT1, SLC22A1), which prefers organic cations.   

Members of the SLC transporter families are important in human physiology. For 

example, amino acids, which are needed for protein synthesis, are absorbed and reabsorbed by 

transporters of the SLC1, SLC3, SLC6, SLC7, SLC25 and SLC36 families, many members of 

which are expressed in the intestine and kidney. In the intestine, amino acids are absorbed from 

the lumen into the body; in the kidney, amino acids that are filtered out of the bloodstream by the 

glomerulus are reabsorbed in the proximal tubule by many of the same transporters that are 

involved in intestinal absorption8. Glucose requires members of the SLC2, SLC5 and SLC50 

families for intestinal absorption, renal reabsorption and uptake into neurons, erythrocytes, 

hepatocytes and other cell types9,10. Metals often serve as essential cofactors for important 

enzymes, but toxicities may occur when they are present at too high concentrations. Zinc 

transporters of the SLC30 and SLC39 families and iron transporters of the SLC11 and SLC40 

families regulate zinc and iron levels in the body, respectively. Similarly, water-soluble vitamins 
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are essential for various processes but require transporters for cellular uptake; for example, 

SLC19 family members transport folate and thiamine, SLC46 family members transport folate 

and the SLC52 family transports riboflavin. In the brain, neurotransmitters released into the 

synapse are taken back into presynaptic neurons through SLC1 and SLC6 transporters. 

 

Transporters in Drug Development 

In drug development, there is great interest in transporters from both families. Some 

drugs taken orally rely on transporters to be taken up into enterocytes for absorption into the 

systemic circulation.  Many drugs interact with uptake and efflux transporters in hepatocytes and 

proximal tubule cells that are involved in their elimination.  Further, transporters are involved in 

targeting drugs to various tissues that play a role in drug efficacy and toxicity.  Transporters 

often work together to regulate the transport of compounds throughout the body, thus playing an 

important role in the absorption, distribution and elimination (ADME) of structurally and 

pharmacologically diverse drugs.  As transporters are especially abundant in barrier tissues and 

organs involved in the absorption and elimination of drugs, drug-drug interactions may occur at 

these sites, resulting in changes in ADME that may change the efficacy and/or safety profile of a 

given drug.  For example, the package label for cidofovir warns that it can cause severe 

nephrotoxicity, and advises prescribers to administer probenecid concurrently to block its uptake 

into the renal cells through organic anion transporters (OATs).  As the endogenous role of SLC 

transporters are often still not yet recognized, one must also consider drug interactions with 

nutrients and other molecules found in the body through diet.  In one such example, it has been 

reported that grapefruit juice is able to potently inhibit fexofenadine uptake mediated by the 

organic anion transporting polypeptide 1A2 (OATP1A2, SLCO1A2)11. 
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The U.S. Food and Drug Administration has developed guidance documents for the 

pharmaceutical industry listing transporters thought to be clinically important in drug absorption 

and disposition, as well as a framework for the studies needed to determine if a drug-drug 

interaction may occur that can underlie drug toxicities.  The 2010 white paper from the 

International Transporter Consortium lists P-glycoprotein (P-gp, ABCB1), breast cancer 

resistance protein (BCRP, ABCG2), organic cation transporters (OCTs) and organic anion 

transporters (OATs), and organic anion transporting polypeptides (OATPs) as transporters 

against which new molecular entities should be screened12.  In 2012, the bile salt export pump 

(BSEP, ABCB11) and multidrug and toxin extrusion transporters (MATEs, SLC47 family) were 

suggested to be added to the FDA guidance based on additional scientific data13.  As our 

knowledge of drug transporters grows, it is likely that even more transporters will be found to be 

clinically important in inducing drug-drug interactions and thus added to this list. 

 

The Blood-Brain Barrier 

The central nervous system (CNS) is protected against many chemical insults by two 

diffusion barriers that restrict the entrance of molecules in the blood into the brain, the blood-

brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB).  These barriers help to 

regulate and maintain the extracellular environment in the brain for optimal neuronal function, 

and also help to protect the brain from chemical toxins and other unwanted compounds. This 

interface between brain and systemic circulation is crucial not only for regulating brain exposure 

to xenobiotics in the blood, but also to facilitate the influx of nutrients and other endogenous 

metabolites into the brain to sustain the high metabolic demands of the CNS, controlling their 

concentrations and effects in the CNS.  Defects in the BBB have been associated with human 



5 
 

diseases such as stroke, septic encephalopathy, HIV-induced dementia, multiple sclerosis and 

Alzheimer’s disease14. 

The BCSFB is primarily located in the choroid plexus, which produces cerebrospinal 

fluid.  However, in most regions of the brain, extracellular fluid is separated from circulating 

blood by the BBB, which is comprised of specialized endothelial cells that are joined by tight 

junctions and characterized by high transendothelial electrical resistance, minimal pinocytosis 

and transcytosis, lack of fenestrations and polarized cells with distinct luminal and abluminal 

components (Figure 1.1).    While small hydrophobic molecules may be able to freely diffuse 

across the membrane of cells that form the BBB, most compounds require the activity of influx 

transporters in order to enter the brain.  This primarily includes transporters of the SLC 

superfamily family that bring in glucose, organic acids, hormones, ions and amino acids such as 

tyrosine, tryptophan and histidine that are precursors of neurotransmitters.  Over 60% of known 

SLC transporters have been found at the blood-brain barrier and blood-CSF barriers15. In 

addition, many ABC efflux transporters are preferentially expressed at the BBB at high levels16.  

In order for compounds to fully cross the blood-brain barrier, they must cross both the luminal 

and abluminal membranes of brain endothelial cells, and transporter expression can be different 

on either membrane.   
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Figure 1.1. Transport of molecules at the blood-brain barrier.  Tight junctions (orange circles) 

and efflux transporters (green cylinders with arrows pointing toward blood vessel) limit 

paracellular movement.  Molecules (purple triangles) can either diffuse across the membrane if 

they are small and lipophilic, or require transporters (green cylinders) for entry into the brain.  

Arrows indicate the direction of transport. 

 

 

Efflux Transporters and Drug-Drug Interactions at the Blood-Brain Barrier 

While many SLC transporters help to bring compounds into the brain, ABC transporters 

primarily restrict entry by pumping compounds out of the brain, particularly hydrophobic 

molecules that may have diffused in.  Of prime importance is P-glycoprotein (P-gp, ABCB1), 

which is involved in the efflux transport of xenobiotics at the blood-brain barrier on both the 

luminal and abluminal membranes, and elsewhere in the body, primarily in excretory organs 

such as the intestine, liver and kidney. In addition, it has been previously reported that P-gp 

expression is upregulated in a variety of tumor types.  Hundreds of substrates have been reported 

to be a substrate of P-gp, including anticancer agents, beta-blockers, immunosuppressants, 

among others17.  As P-gp can be a major barrier to drug delivery to the brain, specific inhibitors 
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that block P-gp have been developed that can be co-administered with another drug in order to 

enhance its bioavailability and access to the site of action.  For example, administration of 

elacridar, a potent P-gp inhibitor, in mice resulted in a five-fold increase in brain paclitaxel 

uptake18.  The brain/plasma concentration ratio of nelfinavir increased 26-fold in rats with 

concurrent administration of another P-gp inhibitor, zosuquidar19.   

Other ABC transporters such as the multidrug resistance-associated protein (MRP family) 

transporters and breast cancer resistance protein (BCRP, ABCG2) perform a similar function in 

the efflux of xenobiotics from the brain.  Given that many SLC transporters are capable of 

transporting xenobiotics, it is not surprising that some SLC transporters also function as efflux 

transporters in the brain.  For example, organic anion transporter 1 (OAT1, SLC22A6) and 

organic anion transporter 3 (OAT3, SLC22A8) are known to transport valacyclovir, zidovudine, 

mercaptopurine, methotrexate and valproic acid20, and have been detected in the human choroid 

plexus or BCSFB21.  The brain/plasma concentration ratio of 6-mercaptopurine increased 4.4-

fold in rats with concurrent administration of probenecid and p-aminohippuric acid, known OAT 

inhibitors22.   

These results suggest the possibility of transporter mediated drug-drug interactions at the 

blood-brain barrier.  However, due to the difficulty of obtaining brain drug concentration levels 

in humans, most of these studies have been performed in rodent models.  One non-invasive 

method to study drug levels in human patients is through the use of PET imaging.  In a 2005 

study, it was reported that the AUCbrain/AUCblood ratio of 11C-verapamil increased by 88 percent 

in the presence of cyclosporine, a P-gp inhibitor23.  However, whether clinically-relevant 

pharmacological modulation of efflux transport occurs at the human blood-brain barrier is still 

up for debate24.  Nevertheless, development of a P-gp inhibitor remains a priority of the 
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pharmaceutical industry; a search for the term “P-gp inhibitor” on the ClinicalTrials.gov website 

returned 82 studies as of May 1, 2015. 

 

Influx Transporters at the Blood-Brain Barrier 

Previous research on transporters expressed at the blood-brain barrier has primarily 

focused on P-glycoprotein, as it has been well characterized in other tissues such as the liver and 

kidney.  Meanwhile, not as much is known about SLC transporters and the endogenous role that 

they play in the body, let alone their function with xenobiotics.  One potential challenge is the 

isolation of the BBB from other cell types that are present in the brain, such as neurons, 

astrocytes and pericytes.  Methods involving mechanical homogenization, density gradient 

centrifugation with dextran, and sieves have been successfully used for specific cell isolation25,26.  

More recently, laser capture microdissection using an antibody specific to endothelial cells has 

been used to enhance microvessel isolation by limiting contamination from other cell types27. 

There have been several studies aimed at identifying genes expressed at the rodent BBB 

using a variety of approaches, including suppression subtractive hybridization28, serial analysis 

of gene expression29, and microarray approaches30.  Purification and analysis of endothelial cells 

from the murine brain, liver and lung have shown a BBB-specific transcriptome30.  Our 

laboratory used real-time PCR to profile the expression of 359 SLC and 49 ABC transporters 

from two human brain samples, and we were able to detect the expression of 244 SLC and 42 

ABC transporters in isolated brain microvessels3. Furthermore, a proteomic profiling approach 

using liquid chromatography-tandem mass spectrometry has also been used to quantify protein 

expression of transporters and receptors at the BBB31.  While efforts to develop a census of 
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transporters at the BBB are underway, a more in-depth look at specific SLC transporters at the 

BBB and their function in bringing drugs into the CNS is lacking. 

 

Uptake of Drugs into the Brain  

Development of CNS drugs has faced considerable challenges that have reduced success 

rates relative to the development of drugs for non-CNS indications.  The challenges that have 

limited the successful development of CNS active drugs include an incomplete understanding of 

the BBB that restricts entry of many small- and large-molecule drugs, and in particular, an 

incomplete understanding of the transporters that populate the BBB and are involved in moving 

molecules in and out of the brain.  Many CNS-active drugs have been on the market for many 

years, yet there is a paucity of understanding how these drugs cross the blood-brain barrier into 

the brain.  It is generally accepted that the majority of drugs simply diffuse across the BBB; for 

example, Lipinski’s “Rule of Five” generally focuses on lipophilicity and hydrogen-bond 

formation, properties focused on determining if a compound is subject to passive diffusion across 

lipid bilayers32.  However, analyses of their physicochemical properties suggest that this is 

unlikely to be the case due to their high molecular weights, hydrophilicity or charge at pH 7.4.  

Furthermore, highly lipophilic drugs are often substrates of ABC efflux transporters, which can 

dramatically limit their brain penetration. 

Wu and Benet developed the Biopharmaceutics Drug Disposition Classification System 

(BDDCS) in order to simplify classification of drugs to predict in vivo pharmacokinetic behavior 

from in vitro studies, as well as increase the number of Class 1 (high solubility, extensively 

metabolized) drugs eligible for bioequivalence study waivers33,34.  A follow-up study confirmed 

the utility of this classification system as applied to 927 drugs35, and it has been suggested that 
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new molecular entities be classified using BDDCS in order to easily predict potential drug-drug 

interactions, especially as BDDCS classes may be predicted computationally using molecular 

structure information alone36.  Under this classification system, transporters are likely to be 

essential for a compound getting to a site of action for class 3 (high solubility and low 

metabolism) and class 4 (low solubility and low metabolism) compounds37.  Broccatelli et al. 

found that the use of BDDCS was able to accurately predict CNS drug disposition for more than 

90% of drugs in their dataset38. 

 

In vitro and in vivo Models of Blood-Brain Barrier Transport 

There exist several in vitro models that can be used for studying transporters at the BBB, 

but each suffers from significant limitations.  Stably-transfected cell lines are useful in studying 

the function and characteristics of a particular transporter, but do not represent the actual 

expression of a transporter at the BBB or allow for the study of multiple transporters 

simultaneously.  Transporters are typically transfected into easy to grow cell lines that are not of 

brain origin, which limits their accuracy in modeling the BBB.  Furthermore, depending on the 

mechanism of transport, additional experimental consideration may be required for good 

performance in an uptake study; the study of pH-dependent transporters such as MATE1 may 

require lowering of intracellular pH using ammonium chloride pretreatment.  Brain capillary 

endothelial cells from primary cells or derivative cell lines may be used to study multiple 

transporters at once, but often lose transporter expression and activity over time and can be 

difficult to work with.  These cells also may not efficiently form tight junctions once removed 

from the brain or polarize correctly.  One promising model uses embryonic stem cells that are 
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differentiated into endothelial cells and cocultured with astrocytes, and show high 

transendothelial electrical resistance and appropriate expression of transporters39. 

Animal models can also be used to study transporters at the BBB.  For instance, they are 

often used to calculate the drug concentration ratio between brain interstitial fluid and plasma at 

steady state (Kp,uu). If passive diffusion processes dominate, the ratio will be close to 1, whereas 

if the drug is actively pumped out of the brain by efflux transporters, it will be less than 1.  The 

converse is also true, if a drug accumulates in the brain through uptake transporters, then the 

Kp,uu value will be greater than 1.  There are a few transporter-knockout rat and mouse models 

currently available, but again this only allows for the study of one transporter at a time, and 

systemic effects resulting from a transporter’s absence from other tissues may be a confounding 

factor. Perfusion models have also been developed to study brain uptake directly in animals, but 

generally necessitates the use of chemical inhibitors that may or may not be specific to a 

transporter or interest and have undesired off-target effects. 

 

Focus of Dissertation and Key Questions 

This dissertation primarily focuses on influx transporters at the BBB.  The BBB remains 

a significant challenge to CNS drug development.  Membrane transporters are known to be 

present at the blood-brain barrier, and likely play a role in the distribution, efficacy and toxicity 

of drugs in the CNS.  Though considerable information is available about the role of efflux 

transporters in the BBB, notably BCRP and P-gp, little is known about influx transporters.  Our 

laboratory recently quantified mRNA expression levels of influx and efflux transporters at the 

blood-brain barrier using quantitative real-time polymerase chain reaction.  We were able to 

compare expression of 359 SLC transporters in isolated human brain microvessels with whole 
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brain as well as kidney and liver tissue.  We identified several transporters previously not known 

to be in the BBB (e.g., OCT3), at both the mRNA and protein levels.  We also identified a 

number of SLC transporters that had significantly greater expression levels in microvessel 

preparations from human brain samples relative to the whole brain homogenates.  These 

transporters included LAT1 (SLC7A5), OCTN2 (SLC22A5), and OATP1A2 (SLCO1A2).  It 

was determined that drug transporters with known important roles in renal and hepatic drug 

disposition were expressed at similar or higher levels in the human BBB16.  

In this dissertation, we considered the role of transporters in drug development and 

discuss how current drugs target SLC transporters and how future drugs can be developed that 

target other SLC transporters for the treatment of human disease.  We performed experiments 

aimed at understanding the role of the following transporters in the BBB: the amino acid 

transporter LAT1 (SLC7A5), the organic cation transporters OCT3 (SLC22A3) and MATE1 

(SLC47A1), and the organic anion transporters OATP1A2 and OATP2B1 (Figure 1.2).  The 

pharmacologic role of these transporters in the BBB has not been well characterized.  In Table 

1.1 below, we provide a summary of the substrate specificity and tissue distribution of each of 

these transporters. In this dissertation, we primarily used a library of CNS active drugs from a 

variety of therapeutic classes, as shown in Table 1.2. 
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Figure 1.2. Transporter expression at the BBB.  For each transporter, we show the enrichment of 

its expression in the BBB, i.e., the fold expression in isolated human brain microvessels over 

whole brain, as well as the percent expression relative to housekeeping genes.  Higher 

enrichment values suggest a greater role of the transporter in the BBB relative to the brain. 
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Table 1.1. Summary of substrate specificity and tissue distribution for selected transporters in 

the blood-brain barrier. 

 

 
Gene Reported Substrates Tissue Distribution 

LAT1 SLC7A5 gabapentin, pregabalin, melphalan, 
baclofen  BBB, colon, placenta, testes 

MATE1 SLC47A1 cimetidine, metformin, topotecan, 
procainamide, acyclovir  

BBB, kidney, adrenal gland, liver, 
muscle, testes 

OCT3 SLC22A3 metformin, clonidine, desipramine, 
imipramine, procainamide  ubiquitous 

OATP1A2 SLCO1A2 
pitavastatin, rosuvastatin, digoxin, 
fexofenadine, imatinib, levofloxacin, 
methotrexate, saquinavir  BBB, intestine, liver, kidney 

OATP2B1 SLCO2B1 rosuvastatin, fluvastatin, fexofenadine, 
estrone sulfate, bromosulphalein BBB, liver, intestine, heart 
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Table 1.2. CNS-active drugs in our drug library, grouped by therapeutic class. 
 

Sedatives Antipsychotics Antidepressants Opioids Antiepileptics Vasoactive Parkinson’s Alzheimer 

Alprazolam Amisulpride Amfebutamone Apomorphine Carbamazepine Eletriptan Amantadine Aniracetam 

Bromazepam Aripiprazole Atomoxetine Buprenorphine Ethosuximide Frovatriptan Bromocriptine Donepezil 

Brotizolam Chlorpromazine Buspirone Fentanyl Felbamate Lofexidine Budipine Galantamine 

Clonazepam Clozapine Citalopram Hydrocodone Lamotrigine Nimodipine Cabergoline Minaprine 

Diazepam Haloperidol Clomipramine Levomethadyl 
(LAAM) Meprobamate Riluzole Carisoprodol Moclobemide 

Eszopiclone Nemonapride Duloxetine Morphine Oxcarbazepine Sumatriptan Cyclobenzaprine Rasagiline 

Lorazepam Olanzapine Escitalopram Oxycodone Phenytoin Verapamil Nicergoline Rivastigmine 

Midazolam Paliperidone Fluoxetine Remifentanil Tiagabine Vinpocetine Pergolide Selegiline 

Propofol Perospirone Fluvoxamine Tramadol Topiramate Zolmitriptan Pramipexole Tacrine 

Quazepam Quetiapine Indeloxazine Dextropropoxyphene Valproic Acid  Ropinirole Terguride 

Ramelteon Risperidone Milnacipran Propoxyphene Vigabatrin  Talipexole  
Thiopental Sertindole Mirtazapine  Zonisamide    
Zaleplon Sulpiride Nortriptyline  Levetiracetam  Other Addictive 

Behavior 
Zolpidem Ziprasidone Paroxetine    Diphenhydramine Acamprosate 

 Zotepine Reboxetine    Gabapentin Flumazenil 

  Sertraline Antiemetics Stimulants Cannabinoids Pregabalin Nalmefene 

  Doxepin Aprepitant Amphetamine Cannabidiol Piracetam Naltrexone 

  Trazodone Cevimeline Caffeine Dronabinol Modafinil Nicotrol 

  Tianeptine Metoclopramide Dexmethyl-
phenidate Rimonabant Ropivacaine Varenicline 

  Venlafaxine Tropisetron Methylphenidate    
 
 
 
 
 
The major questions addressed in this dissertation were: 

1. Are any of the CNS active drugs shown in Table 1.2 inhibitors of BBB transporters at 

concentrations that are achieved clinically? 

2. Do any of these CNS active drugs utilize BBB membrane transporters for brain uptake 

into the CNS?   

3. Can in vivo evidence show that transporters play an important role in transporting drugs 

into the brain? 
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In this dissertation, we primarily used a human embryonic kidney cell line (HEK-293) 

stably transfected with different SLC transporters known to be expressed at the blood-brain 

barrier.  We performed inhibition and substrate screening assays to understand if drugs known to 

have central nervous system activity were in fact inhibitors or substrates of these transporters.  

We further characterized the transport kinetics of these drugs for each transporter.  We also 

developed and used rat perfusion models to demonstrate that these transporters play an important 

role in the brain uptake of these drugs in a whole organism. 

 

Summary of Dissertation Chapters 

Transporters mediate drug absorption, distribution, metabolism and elimination (ADME) 

mechanisms throughout the body by controlling the ability of a drug to cross lipid bilayers in and 

out of tissues and cells.  Their importance in the body suggests that they might be a good target 

for drug development.  At the BBB, transporters are present at both the luminal and abluminal 

membranes, where influx transporters bring nutrients into the brain and efflux transporters keep 

out xenobiotics and drugs. The goals of this dissertation are to further study the role of 

transporters recently identified at the BBB and identify new ligands of these transporters to gain 

a greater understanding of the role of these transporters in moving drugs in and out of various 

tissues.  We focused on transporters from four classes of uptake transporters: the amino acid 

transporter LAT1, the organic cation transporter MATE1, the amine transporters OCT1, OCT3 

and SERT, and the organic anion transporters OATP1A2 and OATP2B1. 
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Chapter 2. Solute Carrier Transporters as Therapeutic Targets 

Solute carrier (SLC) transporters play important roles in the body in the handling of 

endogenous substrates and xenobiotics, and defects in these transporters often result in human 

disease.  Studies of Mendelian diseases caused by defects in SLC transporters have revealed new 

information about the function of many of these transporters, and genome-wide association 

studies have implicated transporters in various diseases.  While some currently marketed drugs 

already target SLC transporters, namely diuretics, antidepressants and antidiabetics, we present 

major opportunities for developing drugs that target transporters for new indications, such as 

gout, liver disease and cancer.  We also discuss some potential strategies that may be used in the 

targeting of SLC transporters for therapeutic purposes, including enhancement/inhibition of 

transporter function, development of substrates that circumvent transporters, and gene therapy to 

restore transporter function. 

 

Chapter 3. Identification of Novel Ligands of the L-Type Amino Acid Transporter 1 

(LAT1) 

Amino acids are essential to the function of the human body, and one of the major 

transport systems for large neutral amino acids is LAT1.  In addition to being overexpressed in 

various cancers, LAT1 expression has also been found to be enhanced at the blood-brain barrier.  

We screened a library of CNS-active drugs using a LAT1-overexpressing cell line to identify 

novel ligands of this transporter.  We were able to identify several new inhibitors of LAT1, 

namely duloxetine, paroxetine, fluphenazine and clomipramine.  In addition, we performed 

trans-stimulation assays to find novel substrates of LAT1.  While we were unable to demonstrate 
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that any of our compounds were indeed substrates of LAT1, identification of four new inhibitors 

suggests that the chemical space of this transporter is larger than previously anticipated. 

 

Chapter 4. Identification of Novel Substrates of the Organic Cation Transporter, MATE1 

Organic cation transporters are known to participate in ADME of various drugs in a 

variety of tissues, notably the kidney and liver.  MATE1 has been shown to play an important 

role in the kidney in mediating elimination of various drugs, and drug-drug interactions have 

been demonstrated when multiple drugs that inhibit MATE1 are taken concurrently.  In this 

study, we screened a library of CNS-active drugs and identified multiple novel substrates of 

MATE1, including bromocriptine, buprenorphine, caffeine, chlorpromazine, cyclobenzaprine, 

diphenhydramine, frovatriptan, levetiracetam, riluzole, rizatriptan, rocuronium, sulpiride, 

sumatriptan, talipexole, tramadol, triprolidine, valproic acid and zolmitriptan.  We show that 

sulpiride is taken up by MATE1 with a Vmax of 0.213 µmol/min/µg protein and Km of 7.6 µM. 

These results have great implications; MATE1 may be involved in the renal clearance of many 

of these drugs, which was previously unknown. 

 

Chapter 5. Prediction and Testing of Enzyme and Transporter Off-Targets for Metformin 

In this chapter, we look at the role of some BBB transporters in other tissues.  Metformin 

is an established first-line treatment for patients with type 2 diabetes.  Despite its beneficial 

effects, metformin causes gastrointestinal (GI) side effects that limit the use of the 

drug.  Histamine and serotonin have potent effects in the GI tract.  Using chemoinformatic and 

experimental methods, we show that metformin interacts with amine transporters that transport 

histamine and serotonin (OCT1, OCT3 and SERT) and intestinal diamine oxidase (DAO), which 
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plays a role in histamine disposition.  We found that metformin inhibited histamine and serotonin 

uptake by OCT1, OCT3 and SERT in a dose-dependent manner, with inhibition of OCT1-

mediated histamine uptake most potent (Ki = 1.5 mM).  Using Similarity Ensemble Approach, 

we predicted that metformin interacts with diamine oxidase (DAO) and in vitro experiments 

validated this prediction. The Ki of metformin for DAO (8.6 ± 3.1 mM) was in the expected 

range of intestinal concentrations of metformin after therapeutic doses.   These results 

demonstrate that metformin inhibits intestinal amine transporters and DAO, suggesting a 

possible mechanism for metformin-associated side effects. 

 

Chapter 6. Identification of Novel Substrates of the Organic Anion Transporting 

Polypeptide 1A2 (OATP1A2) 

The blood-brain barrier (BBB) represents a significant barrier for drugs to cross from 

systemic circulation into the brain.  However, uptake transporters including members of the 

organic anion transporting polypeptide family have been localized at the BBB and are known to 

transport drugs and other xenobiotics.  Screening a library of 103 CNS-active drugs against both 

OATP1A2 and OATP2B1, we identified 24 novel substrates of OATP1A2, including 

amfebutamone, R-apomorphine, buprenorphine, donepezil, escitalopram, fluvoxamine, 

galantamine, haloperidol, lamotrigine, lofexidine, methylphenidate, L-threo-methylphenidate, 

minaprine, mirtazapine, moclobemide, olanzapine, pimozide, propranolol, rivastigmine, 

varenicline, ropinirole, sulpiride, tramadol and trazodone.  Many of these novel substrates are 

basic drugs, suggesting that OATP1A2 has an important role in the disposition of organic 

cations.  We also determined kinetic parameters (Km and Vmax) of several of these drugs for 

OATP1A2. Approximately one third of the novel substrates were found to also be substrates of 
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the closest rodent ortholog of OATP1A2, Oatp2.   In contrast to OATP1A2, OATP2B1 had 

limited interactions with the CNS active drugs, i.e., none of the compounds in our library were 

found to be substrates of OATP2B1. These results provide further insight into the substrate 

specificity of OATP transporters and implicate OATP1A2 in the brain uptake of many drugs. 
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CHAPTER TWO 

Solute Carrier Transporters as Therapeutic Targets 

 

Introduction 

Given the key physiological roles of solute carrier transporters, it is not surprising that 

mutations in these genes have been associated with human disease. Mutations in 20% of the 

genes encoding known SLC transporters in humans have been associated with Mendelian 

disease, and it is likely that mutations in more SLC transporters will be found to be causal for 

some of the remaining half of Mendelian diseases with no known cause (Figure 2.1). The 

defective transporters or transporter deficiencies that cause these diseases result in a wide variety 

of symptoms that affect almost all organ systems; although some of these diseases are considered 

to be benign, others cause serious illness and death (Figure 2.2). 

 

 

Figure 2.1. SLC transporters implicated in Mendelian disease, grouped by substrate type. A total 

of 84 solute carrier (SLC) transporters have been implicated in Mendelian diseases. The number 

in each segment indicates the number of transporters. 
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Figure 2.2. Overview of the different types of mutations in SLC transporter genes, and their 

effects. Transcription occurs in the nucleus and translation in the ribosomes. Normally folded 

proteins translocate in vesicles across the endoplasmic reticulum and to the Golgi apparatus. 

Once through the Golgi, proteins are trafficked to the cell surface membrane, where they fuse to 

the plasma membrane to form the functional solute carrier (SLC) transporter. Mutations in the 

gene encoding the transporter may result in poor transporter function owing to several different 

factors. First, improper translation could result in a misfolded protein. In this case, the misfolded 

protein may be ubiquitylated and degraded in the proteasome. Second, the SLC transporter 
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protein may not be trafficked to the cell surface membrane. Finally, mutations in the gene could 

cause an intracellular accumulation of the misfolded protein, resulting in abnormal intracellular 

signalling and initiation of the unfolded protein response to degrade the protein. Drugs can affect 

any of the various steps to alter transport function. For example, riluzole increases the RNA 

transcript levels of excitatory amino acid carrier 1 (EAAC1), ultimately resulting in an enhanced 

uptake of glutamate from the neuronal synapse. 

 
 
 

SLC transporter gene polymorphisms that are associated with common disease have 

generally been identified through the genotyping of candidate genes or from genome-wide 

association studies (GWASs). Examples of transporter genes of which polymorphisms have been 

associated with human traits or disease include: SLC22A4 and SLC22A5, which are associated 

with inflammatory bowel disease1–3; SLC2A9, SLC22A11 and SLC22A12, which are associated 

with gout and uric acid levels4–6; SLCO1B1 and SLCO1B3, which are associated with high 

bilirubin levels7–10; and SLC24A5 and SLC45A2, which are associated with skin color11,12. Many 

of the polymorphisms implicated in human disease are non-synonymous —that is, they cause 

amino-acid substitutions in the encoded transporter that reduce transporter function or expression 

levels. For example, non-synonymous variants of the uric acid transporters encoded by SLC2A9, 

SLC22A11 and SLC22A12 show reduced uric acid transport13. A reduced-function variant will 

reabsorb less uric acid from the urine. As a result, hypouricemia can occur, thus reducing the risk 

of gout. Polymorphisms in the genes encoding the hepatic transporters OATP1B1 (SLCO1B1) 

and OATP1B3 (SLCO1B3) provide a second example. These transporters are responsible for the 

uptake of conjugated bilirubin — the metabolic breakdown product of heme catabolism — into 

hepatocytes14. From there, it is excreted into the bile. Common polymorphisms in the genes of 
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transporters that are involved in the hepatic bilirubin elimination pathway may lead to 

hyperbilirubinemia and jaundice. Moreover, the complete loss of the genes encoding OATP1B1 

and OATP1B3 results in a rare disease known as Rotor syndrome15. This example, wherein a 

common reduced-function gene polymorphism is associated with a less serious phenotype, 

whereas a rare, more severe defect in the same gene causes a Mendelian disease, is not 

uncommon in human genetic studies.  

There have been several transporters discovered through GWA studies that were not 

previously known to be important in human disease, including: SLC30A8, a pancreatic beta-cell-

specific zinc transporter, a genetic polymorphism of which has been associated with diabetes16,17; 

SLC14A1, a urea transporter, variants of which have been associated with bladder cancer18; 

SLC4A7, a bicarbonate transporter for which certain polymorphisms have been associated with 

abnormal blood pressure19,20 or with breast cancer21; and SLC35F3, a nucleoside-sugar 

transporter that also transports thiamine, some polymorphisms of which have been associated 

with increased blood pressure and predicted to cause disturbances in cardiac and autonomic 

function22. Variants in SLC30A8 have been associated with type 2 diabetes in several GWA 

studies and across different ethnic groups. A non-synonymous variant in SLC30A8, with a high 

allele frequency (>25% in Caucasians and Asians), Arg325Trp (rs13266634), was identified 

through a GWAS16. This risk allele, p.Arg325Trp, is associated with reduced susceptibility to 

type 2 diabetes and higher zinc transport activity. It was later demonstrated in Slc30a8-knockout 

mice that the transporter plays a role in transporting zinc ions from the cytoplasm into insulin 

granules23, and further studies suggested that zinc may have an important role as an endogenous 

regulator of insulin homeostasis24,25. Furthermore, although Slc30a8-deficient mice exhibit 

phenotypic variability, they generally show lower blood-insulin levels and increased insulin 
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clearance26. Interestingly, a recent paper by Flannick et al.27 demonstrated that carriers of loss-

of-function and rare missense variants in SLC30A8 were at reduced risk for type 2 diabetes. The 

group performed sequencing or genotyping on over 150,000 individuals and demonstrated that 

loss-of-function missense SLC30A8 variants that led to truncation of the transporter protein 

actually protected individuals from type 2 diabetes. Overall, these human genetic studies suggest 

that SLC30A8 could be a potential target for the treatment and/or prevention of type 2 diabetes.  

Several classes of marketed drugs target well-known SLC transporters, such as 

neurotransmitter transporters, and human genetic studies have provided powerful insights into 

the roles of more recently characterized SLC transporters in both rare and common diseases, 

indicating a wealth of new therapeutic opportunities.  Many SLC transporters have been 

identified as ‘druggable’— that is, they contribute to a disease phenotype and could be 

modulated by drugs28.  In Table 2.1, we list transporters implicated in Mendelian disease that 

may potentially be targets of new drugs.  Databases29–33 such as the Sophic Integrated Druggable 

Genome Database, the DrugBank database and recent review articles30,34 provide useful and 

detailed information about already approved drugs that target SLC transporters for various 

diseases. In this chapter, we provide several examples of approved drug classes for which the 

primary mechanisms of action involve inhibition of SLC transporters and highlight several other 

examples of transporters that are being targeted by drugs in development.  We conclude with a 

discussion of potential strategies through which transporters may be a drug target.  
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Table 2.1. SLC transporters implicated in Mendelian diseases that may potentially be targets of 

new drugs.  

 

Substrate Class Protein 
(gene) 

Disease  
(disease prevalence) Current or Potential Drug Target 

Neurotransmitter EAAT1 
(SLC1A3) Episodic Ataxia Type 6 (N/A) 

• Riluzole, which facilitates SLC1A3, is used for ALS35. 
• Loss of EAAT1 has been found in patients with amyotrophic lateral 

sclerosis36. 
• EAAT1 is upregulated in chronic brain ischemia37. 
• EAAT1 inhibitors have been developed as pharmacological tools38–40.  

Glucose GLUT1 
(SLC2A1) 

GLUT1 Deficiency Syndrome / 
Dystonia 9 / Dystonia 18 
(1:90,000 in Australia) 

• Triheptanoin is in Phase II trials to treat GLUT1 deficiency syndrome 
(NCT02036853, NCT02018315).  

• GLUT1 expression levels are correlated to [18F] 2-fluoro-2-deoxy-D-
glucose uptake values41,42. 

• A small molecule inhibitor of GLUT1 was found to inhibit cancer cell 
growth in vitro and in vivo43. 

Glucose SGLT1 
(SLC5A1) 

Glucose-Galactose 
Malabsorption (300 cases to 
date) 

• Several inhibitors of SGLT1 and/or SGLT2 have been approved to 
treat type 2 Diabetes, including canagliflozin, dapagliflozin and 
empagliflozin44,45. Tofogliflozin and ipragliflozin are approved for use 
in Japan. 

• Clinical trials are ongoing for other SLC5A1 and SLC5A2 inhibitors 
including: remogliflozin in Phase I trials (NCT01571661, 
NCT00519480, NCT00376038), GSK1614235 in Phase I trials 
(NCT01607385), sotagliflozin in Phase II trials (NCT01742208, 
NCT00962065, NCT01376557) and ertugliflozin in Phase III trials 
(NCT01986881, NCT01999218, NCT01958671, NCT01986855, 
NCT02036515, NCT02226003) 

 

Glucose SGLT2 
(SLC5A2) 

Familial Renal Glucosuria 
(0.16-6.3% in US46)   See above. 

Thyroid NIS 
(SLC5A5) 

Thyroid Dyshormonogenesis 
(1:100,000 newborns) 

A PET imaging probe, [99mTc]-pertechnetate is being studied for 
imaging and radioiodine therapy by NIS47,48. 

Neurotransmitter NET 
(SLC6A2) Orthostatic Intolerance (N/A)  

Many antidepressants, including fluoxetine, citalopram, sertraline, 
venlafaxine, and duloxetine target neurotransmitter reuptake 
transporters including NET, DAT and SERT. 
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Neurotransmitter DAT 
(SLC6A3) 

Infantile Parkinsonism-
Dystonia (8 cases to date49) 

• See above. 
• A radioligand for DAT, (1R)-2beta-Carbomethoxy-3beta-(4-

[123I]iodophenyl)tropane ([123I]beta-CIT), could be used clinically as a 
nuclear imaging marker for Parkinson's disease50,51. 

Neurotransmitter GLYT2 
(SLC6A5) Hyperekplexia (<1:1,000,000) Inhibitors of GlyT2 may be used for the glycinergic control of pain52 or 

overactive bladder53. 

Miscellaneous CRTR 
(SLC6A8) 

Cerebral Creatine Deficiency 
Syndrome (0.3-3.5% in males) 

Creatine analogues may be used to enhance creatine levels in the 
brain54–56. 

Inorganic Ions NHE6 
(SLC9A6) 

Christianson Syndrome (<30 
cases to date57)  

This transporter is upregulated in tumor cells under hypoxic 
conditions58,59. 

Miscellaneous ASBT 
(SLC10A2) 

Primary Bile Acid 
Malabsorption (N/A) 

• ASBT is a potential drug target in diabetes and in individuals with 
hyper-triglyceride levels60,61.  

• Drugs can be conjugated to bile acids to target ASBT to enhance drug 
uptake into intestine62,63.  

• Several inhibitors of ASBT are in development. LUM001 is in Phase II 
trials for cholestatic liver diseases (NCT02057718, NCT01904058, 
NCT02057692, NCT02117713, NCT02061540). SHP626 will begin a 
Phase I trial in 2015 for the treatment of NASH (NCT02287779). 
Elobixibat is in Phase II trials for chronic idiopathic constipation 
(NCT01895543). A4250 is in Phase II trials for PBC (NCT02360852). 

Inorganic Ions NKCC2 
(SLC12A1) 

Bartter Syndrome Type I 
(1:1,000,000) Diuretic drugs such as bumetanide and furosemide inhibit SLC12A1. 

Miscellaneous MCT1 
(SLC16A1) 

Erythrocyte Lactate 
Transporter Defect (N/A) 

• MCT1 is upregulated in cancer64,65. Inhibitors of MCT1 may be used as 
a target for immunosuppression or cancer64,66,67. 

• A SLC16A1 inhibitor, AZD3965, is in Phase I trials for patients with 
cancer (NCT01791595). 

Neurotransmitter VGLUT3 
(SLC17A8) 

Autosomal Dominant 
Deafness Type 25 (N/A) 

VGLUT inhibitors block the uptake of glutamate into vesicles and reduce 
excitotoxic events to prevent acute CNS injury and chronic 
neurodegenerative disease68–70. 
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Vitamin THTR2 
(SLC19A3) 

Thiamine Metabolism 
Dysfunction Syndrome 2 
(N/A) 

A Janus Kinase 2 inhibitor, fedratinib, led to thiamine deficiency and 
Wernicke’s encephalopathy, resulting in the withdrawal of the drug 
during Phase III trials71. 

Urea Cycle URAT1 
(SLC22A12) 

Renal Hypouricemia 1 (2.37% 
in Japan72) 

• Lesinurad, a URAT1 inhibitor, is FDA-approved for the treatment of 
gout. 

• Clinical trials are ongoing for other URAT1 inhibitors, including 
RDEA3170 in Phase II trials (NCT01927198) and KUX-1151 in Phase II 
trials (NCT01927198)73.  

Miscellaneous CACT 
(SLC25A20) 

Carnitine-Acylcarnitine 
Translocase Deficiency (N/A) Statins, fibrates and retinoic acid upregulate CACT gene expression74. 

Thyroid PDS 
(SLC26A4) 

Pendred Syndrome (7.5% of 
congenital deafness75) 

PDS plays an important role in the distal tubule salt reabsorption and 
nay represent a novel target for a new diuretic76. 

Glucose 
G6PT1, 
SPX4 
(SLC37A4) 

Glycogen Storage Disease 
Type Ib / Ic (1:100,00077) 

Mice with glycogen storage disease type-Ia show increased G6TP1 
mRNA levels after a 24-hour fast. Gene therapy to restore G6PT function 
has been shown in these mice78,79. 

Miscellaneous FLVCR1 
(SLC49A1) 

Posterior Column Ataxia With 
Retinitis Pigmentosa (20 
cases to date80) 

Inhibition of FLVCR results in decreased heme export in an erythroid cell 
line, yet FLVCR knockout mice develop iron overload at microphages81. 

 
 

 

SLC12 Transporters as Targets of Diuretic Drugs 

Diuretics are important drugs used to treat hypertension and heart failure. The discovery 

of the first diuretic, chlorothiazide (which belongs to the thiazide class), in 1957 was followed by 

the discoveries of the loop diuretics bumetanide and furosemide. Later, Wiley and Cooper 

observed that furosemide inhibits the influx and efflux of sodium and potassium in human red 

blood cells, and concluded that the drug inhibits the co-transport of sodium and potassium82. In 

addition, using isolated perfused rabbit kidney tubules, Burg and co-workers described the 

inhibitory effect of furosemide on active chloride transport in the thick ascending limbs of 

Henle’s loop, which results in decreased net absorption of sodium chloride and a decrease in 
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electrical potential (more positive electrical potential) in tubule cells83. Sodium–chloride co-

transport was recognized in 1970s and has since been studied in a wide variety of animal cells 

and tissues.  

The role of a sodium–chloride co-transporter is to maintain and regulate cell volumes and 

ion gradients; thus, diuretics that inhibit such co-transporters in the renal tubules decrease 

extracellular fluid volume and regulate electrolyte levels in the body84. The functional expression 

of the Na-K-Cl cotransporter in HEK293 kidney cells was first revealed by Xu et al.85, who used 

radiolabelled rubidium as a tracer for potassium movement and showed that cells transfected 

with the Na–K–Cl co-transporter had greater influx of 86Rb, which was inhibited by bumetanide, 

a loop diuretic. Consequently, it was established that diuretics inhibit the sodium–potassium 

cotransporter NKCC2 (SLC12A1) to reduce sodium reabsorption in the thick ascending limb of 

the Loop of Henle. The reduction in sodium reabsorption results in increased sodium levels in 

the tubule fluid and a corresponding loss of body water, thus increasing urine production and 

decreasing blood volume.  

Interestingly, mutations in the gene coding for NKCC2 (SLC12A1), which is expressed 

only in the kidney were found to cause Bartter’s syndrome, an inherited hypokalemic alkalosis 

featuring hypercalciuria and severe volume depletion86. Moreover, mutations in the gene 

encoding the sodium-chloride cotransporter TSC (SLC12A3; normally expressed in the renal 

distal tubule) were found to cause Gitelman syndrome, in which patients present with 

hypokalemic alkalosis and abnormalities in electrolyte homeostasis87. Unlike NKCC2, which is 

sensitive to loop diuretics such as bumetanide, but insensitive to thiazides, TSC is sensitive to the 

thiazides chlorothiazide and hydrochlorothiazide, but is insensitive to loop diuretics. At high 

doses, thiazides are used to relieve systemic and pulmonary edema due to chronic heart failure 
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and, at lower doses, to reduce blood pressure. One of the major adverse effects of thiazides and 

loop diuretics is hypokalemia, which is especially dangerous in patients with severe 

cardiovascular disease. Furthermore, high doses of thiazides can also cause hyperuricemia. One 

possible explanation for this effect is that diuretics may inhibit renal transporters such as OAT1 

(SLC22A6), OAT3 (SLC22A8), NPT1 (SLC17A1), and NPT4 (SLC17A3) that are involved in 

uric acid secretion, and thus increase serum uric acid levels88,89.  

Urea transporters (UTs) of the SLC14 family also play an important role in the recycling 

of urea and in concentrating urine. As a result, several research groups are screening for small-

molecule inhibitors to target UTs, particularly UT-B (SLC14A1) and UT-A (SLC14A2). Such 

inhibitors cause an increase in urine output due to decreased urea concentrations in the 

urine46,112,113. Perhaps in the near future, a new class of diuretics that inhibit UT-B and UT-A 

transporters will be developed. 

 

SLC6 Transporters as Targets of Neuropsychiatric Drugs 

Drugs for treating depression can be classified according to their presumed targets, which 

may be transporters. For example, the monoamine-reuptake inhibitors — which include the 

serotonin-selective reuptake inhibitors (SSRIs) and noradrenaline-reuptake inhibitors (NRIs) — 

inhibit neurotransmitter transporters. Over the past several decades, the development of novel 

antidepressants has moved from ‘discovery by chance’ to single-target strategies, and then to 

multiple-target strategies. Several transporters in the SLC6 family have important roles in the 

uptake of monoamines in the synapses of the central nervous system (CNS). These include NET 

(SLC6A2), DAT (SLC6A3) and SERT (SLC6A4), which are transporters for noradrenaline 

(NE), dopamine (DA) and serotonin (5-HT), respectively, although they all exhibit overlapping 
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substrate specificity. Inhibition of these transporters by drugs reduces clearance of the 

neurotransmitter monoamines from the synapse, thus increasing their dwell time in the synaptic 

cleft. The resulting increased concentrations of the monoamines in the synaptic cleft enhance 

receptor occupancy, leading to increased activation of ligand-gated ion channels and modulation 

of G protein-coupled receptor signaling90. However, the downstream mechanisms by which such 

drugs ultimately exert antidepressant effects (which can take weeks to become apparent) are not 

yet clear91.  

The first-generation tricyclic antidepressants (TCAs) inhibit 5-HT and NE reuptake, but 

also interact with other targets in the CNS. In the 1960s, several investigators showed that TCAs 

such as imipramine competitively inhibit 5-HT and NE uptake in several tissue types, including 

platelet-rich plasma, brain slices and synaptosomes. TCAs were used as the primary treatment 

for depression until the FDA’s approval of the first SSRI, fluoxetine, in 1987. Fluoxetine was 

found to inhibit serotonin uptake into rat brain synaptosomes, without inhibiting uptake of 

noradrenaline into rat hearts92,93.  

Since the discovery of fluoxetine and other SSRIs, other classes of compounds that affect 

neurotransmitter reuptake have been developed. For example, serotonin–noradrenaline reuptake 

inhibitors (SNRIs), such as venlafaxine, are a newer class of antidepressants that selectively 

target two transporters, NET and SERT. The use of SSRIs and SNRIs has also expanded to other 

neuropsychiatric disorders such as anorexia nervosa, bulimia nervosa, obsessive-compulsive 

disorder, relief of menopausal symptoms, panic disorders and anxiety disorders. 

Another therapeutic target for the treatment of neuropsychiatric disorders is the vesicular 

monoamine transporter 2, which transports monoamines from the cellular cytosol into synaptic 

vesicles. An inhibitor of VMAT2 (SLC18A2), tetrabenazine, is currently FDA-approved for the 
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treatment of hyperkinetic disorders associated with Huntington disorder94, and others are in 

clinical development, including NBI-98854 (Neurocrine) in Phase III trials for dyskinesia 

(NCT02274558) and a natural product, lobeline, in Phase II trials for the treatment of attention 

deficit hyperactivity disorder in adults (NCT00664703). VMAT2 inhibitors may also be 

developed for the treatment of psychostimulant abuse and addiction95. 

 

Glucose Transporter Inhibitors 

The SGLT2 (SLC5A2) transporter, which has low affinity and high capacity for glucose, 

plays a major part in renal glucose reabsorption, whereas the high-affinity, low capacity SGLT1 

(SLC5A1) transporter has a major role in glucose absorption in the small intestine96. Mimicking 

the effects of a loss-of-function mutation in SGLT2, SGLT2 inhibitors enhance renal glucose 

excretion and consequently lower plasma glucose levels. Many companies have been developing 

drugs that target SGLT1 and SGLT2 for type 2 diabetes (T2D), in which patients exhibit 

hyperglycemia owing to insulin resistance. In such programs, compound libraries were screened 

for lead compounds inhibiting glucose uptake in cell lines that stably expressed human SGLT1 

or SGLT297,98. Once the lead compounds were identified, their in vivo effects were determined in 

murine and other animal models to confirm that the compound could increase urinary glucose 

excretion by inhibiting renal glucose reabsorption. Importantly, oral glucose tolerance tests in 

diabetic rats revealed that these animals were responsive to treatment with SGLT2 inhibitors99. 

Moreover, T2D patients treated with the SGLT2 inhibitor empagliflozin showed improved beta 

cell function and insulin sensitivity of tissue glucose uptake. Chronic dosing with empagliflozin 

for four weeks in these patients led to a significant decline in both HbA1c and fasting glucose 

levels100. 
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Canagliflozin (developed by Johnson and Johnson) was the first SGLT2 inhibitor to be 

approved by the FDA in 2013, and was followed by dapagliflozin (Bristol-Myers 

Squibb/AstraZeneca) and empagliflozin (Boehringer Ingelheim/Eli Lilly) in 2014. All three 

drugs are being prescribed as second-line therapy for patients whose diabetes is inadequately 

controlled by a single antidiabetic agent101. Tofogliflozin (Chugai/Sanofi/Kowa) and 

ipragliflozin (Astellas/Kotobuki) have both been approved for the treatment of T2D in Japan, and 

both have active Phase IV trials ongoing (Tofogliflozin: NCT02201004, NCT0228469; 

Ipragliflozin: NCT02291874, NCT02175784). Other SGLT1 and/or SGLT2 inhibitors are being 

studied in early- and late-phase clinical studies either alone or in combination with metformin 

(which suppresses glucose production by the liver)102–104. These SGLT inhibitors include 

remogliflozin (GlaxoSmithKline) in Phase I trials (NCT01571661, NCT00519480, 

NCT00376038), GSK1614235 (GlaxoSmithKline) in Phase I trials (NCT01607385), 

sotagliflozin (Lexicon) in Phase II trials (NCT01742208, NCT00962065, NCT01376557), and 

ertugliflozin (Merck/Pfizer) in Phase III trials (NCT01986881, NCT01999218, NCT01958671, 

NCT01986855, NCT02036515, NCT02226003). In addition to having notable effects on 

reducing plasma glucose levels and increasing urinary glucose excretion, SGLT2 inhibitors have 

also been associated with weight loss and lowering of blood pressure, owing to their osmotic 

diuretic effects105. 

 

Uric Acid Transporter Inhibitors 

Gout is the most common inflammatory arthritic disease, and has been increasing in 

prevalence in the United States and in other countries, in part as a consequence of the obesity 

epidemic106. Gout is caused by the accumulation of monosodium urate monohydrate crystals in 
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the joints and soft tissue, as a result of hyperuricemia. Most current treatments for gout generally 

target the inflammation that occurs during an acute gout attack, or reduce uric acid production by 

inhibiting the enzymes involved (for example, allopurinol, which inhibits xanthine oxidase); 

however, many patients fail to respond to these treatments or suffer from serious side effects (for 

instance, allopurinol can cause drug-hypersensitivity reactions)107.  

Recent advances in the understanding of uric acid transporters, through GWA studies and 

other studies, have opened the door for the development of novel compounds that target these 

transporters in the kidney as a way to block reuptake of uric acid and thereby promote 

elimination of uric acid in the urine. The main uric acid reabsorption transporters include 

URAT1 (SLC22A12) and GLUT9 (SLC2A9), which are expressed in the proximal tubule, 

although other transporters have also been identified that transport urate or that have been 

associated with gout107,108. Although probenecid, which has been used for decades, blocks uric 

acid reabsorption through organic anion transporters, several novel compounds are currently in 

development for this indication that are more selective, and most target URAT1. Lesinurad, a 

URAT1 inhibitor developed by Ardea Bioscience/AstraZeneca was recently approved by the 

European Medicines Agency in 2015 for the treatment of hyperuricemia in combination with 

xanthine oxidase inhibitors in gout patients (NCT01808144, NCT01510158, NCT01493531). 

Another URAT1 inhibitor, RDEA3170, is also being developed by AstraZeneca and completed 

Phase II trials (NCT01927198)73. Meanwhile, Pfizer recently licensed KUX-1151 from Kissei 

Pharmaceutical; this dual xanthine oxidase and URAT1 inhibitor is currently recruiting for a 

Phase II trial in Japan (NCT02190786). Since URAT1 inhibitors selectively inhibit URAT1 and 

reduce uric acid reabsorption in the kidney, their effects mimic those observed in patients with 

URAT1 mutations that lead to renal hypouricemia type 1.  
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Glycine Transporter Inhibitors 

In the CNS, glycine has important roles in neuronal inhibition and excitation. It functions 

as an inhibitory neurotransmitter by activating ionotropic glycine receptors, enabling an influx of 

chloride ions and hyperpolarization of the post-synaptic membrane. Glycine also binds to 

excitatory N-methyl-D-aspartate (NMDA) receptors to enable receptor activation by 

glutamate109. The glycine transporters GlyT1 (SLC6A9) and GlyT2 (SLC6A5) on neurons, 

astrocytes and glial cells regulate levels of extracellular glycine in the brain, and thereby regulate 

NMDA-receptor activity. According to the glutamate hypothesis of schizophrenia, symptoms of 

the disease are caused by deficient glutamatergic (NMDA) signaling, and so GlyT1 inhibitors 

have been developed to inhibit glycine reuptake and increase levels of glycine at NMDA 

receptors to enhance NMDA signaling in this disorder.  

Bitopertin, a highly selective and potent GlyT1 inhibitor developed by Roche, is furthest 

along in development110. However, several Phase III studies of bitopertin in schizophrenia 

(NCT01235559, NCT01235585, NCT01192906, NCT011928880) failed to reach their primary 

end point, leaving bitopertin with an uncertain future. Nevertheless, there is a Phase II trial 

currently ongoing using bitopertin with SSRIs in patients with obsessive-compulsive disorder 

(NCT01674361). The GlyT1 inhibitor PF-04958242 is still listed in Pfizer’s Phase I pipeline and 

has an active Phase I study ongoing (NCT02341482), but the development of several other 

investigational GlyT1 inhibitors for the treatment of schizophrenia, including compounds from 

Pfizer, GlaxoSmithKline, Amgen, Merck, Johnson & Johnson and Sanofi appears to have 

stopped. However, there is evidence from animal models that GlyT2 inhibitors reduce pain in 

animal models of chronic pain, and thus there is probably work ongoing now in the development 

of partial GlyT2 inhibitors that can be used for pain relief without serious side effects111. One 
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such compound, VVZ-149, a dual inhibitor of GlyT2 and 5HT2A, is under development by 

Vivozon and completed a Phase I study in 2014 (NCT01905410). 

 

Bile Acid Transporter Inhibitors 

Bile acids are the main components of bile and their primary function is to solubilize fat 

and other dietary nutrients, although they can also function as signaling molecules112. New bile 

acids are synthesized in the liver from cholesterol through the action of the rate-limiting enzyme 

CYP7A1. Bile acid uptake and efflux transporters in the intestine and liver play key roles in the 

highly efficient enterohepatic recycling pathway, through which over 90% of the total pool of 

bile acids are reabsorbed from intestine and transported back to the liver via portal circulation113. 

The apical sodium-dependent bile acid cotransporter, ASBT (SLC10A2) mediates the 

reabsorption of bile acids from the lumen of the intestine114. Inhibition of bile acid reabsorption 

in the intestine would result in a loss of bile acids and increased conversion of cholesterol to bile 

acid in the liver, thereby lowering circulating cholesterol levels and potentially ameliorating or 

preventing the progression of cardiovascular disease. Thus, not surprisingly, inhibiting ASBT 

has received a substantial amount of attention as a potential therapeutic strategy for lowering 

cholesterol61 and several pharmaceutical companies are developing potent and specific inhibitors 

of ASBT as therapeutic agents with this aim114. Interestingly, the rare genetic disorder primary 

bile acid malabsorption (PBAM) syndrome is caused by loss-of-function mutations in ASBT115. 

Those who have this disorder suffer from chronic diarrhea and fat-soluble vitamin deficiency 

and, importantly, exhibit lower plasma cholesterol levels115.  

Given the potency and efficacy of the statins, as well as newer agents such as ezetimibe 

that target cholesterol absorption in the intestine, the extent of clinical benefit from ASBT 
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inhibition (relative to the potential side effects) remains to be clarified. However, there now 

appears to be more-compelling evidence for targeting ASBT for cholestatic liver diseases such as 

primary biliary cirrhosis (PBC), for which treatment options have been limited. LUM001, an 

ASBT inhibitor developed by Lumena Pharmaceuticals (now Shire), is currently in Phase II 

clinical trials for the treatment of cholestatic liver diseases, including PBC116 (NCT02057718, 

NCT01904058, NCT02057692, NCT02117713, NCT02061540). Another ASBT inhibitor 

developed by Shire, SHP626, is scheduled to start Phase I trials in 2015 for the treatment of 

nonalcoholic steatohepatitis in overweight adults (NCT02287779). Albiero Pharma is also 

currently developing ASBT inhibitors of its own — elobixibat is in Phase III trials for chronic 

idiopathic constipation (NCT01895543). A4250 (Albireo) received orphan drug designation 

from the FDA in 2012 for the treatment of progressive familial intrahepatic cholestasis (PFIC) 

and PBC and is currently in Phase II trials in PBC patients (NCT02360852). It is likely that there 

are other pharmaceutical companies pursuing ASBT as a therapeutic target for cholestatic liver 

disease, as many have done so for reducing cholesterol.  

Because bile acids promote the secretion of intestinal incretin peptides (such as glucagon-

like peptide 1, GLP-1), which in turn stimulate pancreatic insulin secretion, inhibition of ASBT 

may also be a viable strategy for the treatment of type 2 diabetes117. GlaxoSmithKline recently 

completed a Phase II study using GSK2330672 with metformin to treat diabetic patients in 2015 

(NCT02202161). Furthermore, targeting ASBT has also been proposed as a prodrug strategy for 

compounds that have poor oral bioavailability, as an active drug molecule could be coupled with 

a bile acid moiety that would increase the absorption of the drug in the intestine63. 
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Nutrient Transporter Inhibitors  

Tumor cells have an increased demand for nutrients, owing to their rapid proliferation 

and growth. However, many amino acids and carbohydrates are too polar to diffuse across cell 

membranes, and thus require transporter proteins for cellular uptake. In theory, tumor growth can 

be controlled by starving the cells of the metabolic precursors needed for sustained growth. Such 

an approach can be used to selectively kill tumor cells, which are generally locked into a state of 

rapid growth by oncogenes and are thus more sensitive to starvation than normal cells. 

Moreover, nutrient transporters have been found to be overexpressed in a wide variety of 

cancers118. To date, no anticancer drug has been developed to specifically inhibit a nutrient 

transporter with the explicit goal of controlling cell growth. However, inhibition of key nutrient 

transporters such as the glucose transporters of the SLC2 and SLC5 families, amino acid 

transporters of the SLC7 family, and lactate transporters of the SLC16 family may be a 

reasonable approach for discovering new anticancer drugs119. 

As glucose is the primary energy source in most cells, it is no surprise that glucose 

transporters such as GLUT1 (SLC2A1) are often overexpressed in tumor cells in a variety of 

tissues120,121. Indeed, 18FDG-PET imaging, which is used to detect and stage tumors, is based on 

the rate of cellular glucose uptake. However, with increased glycolysis comes an increase in the 

generation of lactate, which cells need to remove to maintain cellular pH levels. There is often 

also an upregulation of lactate transporters (such as MCT1 (SLC16A1))122,123, or transporters 

important in pH regulation (such as NHE1 (SLC9A1))59,124 in cancer cells.  

Various research groups have identified MCT1 inhibitors. For example, Cancer Research 

UK’s MCT1 inhibitor AZD3965 is currently in Phase I clinical trials for patients with advanced 

solid tumors or lymphoma (NCT01791595). Similarly, amino acid transporters (such as LAT1 
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(SLC7A5) 125,126, ASCT2 (SLC1A5)127 and xCT (SLC7A11)128) are also overexpressed in a 

variety of tumors and may be potential anticancer targets. Sulfasalazine, which was initially 

developed as an anti-inflammatory drug to treat rheumatoid arthritis, was later found to inhibit 

xCT129 and has anticancer effects in various cancer xenograft models128. As our understanding of 

the importance of transporters in tumor cell metabolism increases, it is very likely that the 

development of anticancer drugs that target different nutrient transporters will continue. 

 

SLC-targeting Imaging Agents 

Positron emission tomography (PET) imaging probes, some of which exploit SLC 

transporters for uptake into cells, are widely used in the clinic, particularly in diagnosing 

disease130. [18F]-fluoro-2-deoxy-D-glucose (18F-FDG), a widely used PET probe, is transported 

into cells via GLUT1, which is upregulated in many cancers. GLUT1 upregulation, which 

enables higher 18F-FDG uptake in tumor cells, is frequently associated with poor cancer 

prognosis131,132. 

Besides cancer diagnosis, several PET probes that inhibit SLC transporters are in clinical 

development for guiding drug treatment in other disorders. For example, PET radioligands that 

inhibit SERT, DAT or NET can provide information on occupancy of these neurotransmitter 

transporters by various drugs in patients with depression to understand mechanisms of 

nonresponse to drug therapies133–135. Another interesting use of PET imaging is the detection of 

monoaminergic degeneration in Parkinson’s disease using 18F-9-fluoroprolyl-(+)-

dihydrotetrabenazine (18F-DTBZ), a radioligand targeting VMAT2, which transports monoamine 

neurotransmitters from the neuronal cytosol into synaptic vesicles. As VMAT2 density is 

correlated with the integrity of dopaminergic neurons in the brain, measuring VMAT2 
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occupancy using 18F-DTBZ enables early diagnosis and monitoring of Parkinson disease136. This 

imaging agent is currently in Phase II trials as an in vivo biomarker for Parkinson disease 

(NCT0128347). As VMAT2 can be a marker of islet beta cells, observational studies using the 

same agent are ongoing to measure beta cell mass in healthy individuals and patients with 

diabetes (NCT02236754, NCT00771576). Similarly, an imaging probe for the vesicular 

acetylcholine transporter VAChT is currently under investigation to assist in the detection of 

early Alzheimer’s disease137, which typically leads to deficits in acetylcholine transmission.  

Drug–drug interactions can also be studied using PET imaging by administering a 

radiolabelled drug known to be a transporter substrate in conjunction with an unlabeled drug138. 

In this way, an interaction between a substrate and an inhibitor of a transporter may be observed 

in multiple organs simultaneously. For example, [11C]-metformin may be used as a PET probe to 

study drug-drug interactions mediated by MATE1 in the liver and kidney139. 

 

Strategies for Targeting SLC Transporters 

  

Inhibition of Transporter Function 

Most current drugs — as well as novel drugs in clinical trials — that modulate SLC 

transporters do so by inhibiting transporter activity.  For diseases in which decreased transporter 

activity leads to a potentially beneficial effect, high-throughput screening (HTS) of large 

compound libraries using cell lines that overexpress the transporter of interest can be used to 

discover lead molecules140,141.  

Many SLC transporters may function in both influx and efflux of their substrates, and the 

net direction of flux across a cellular membrane is dependent on the substrate gradient (or in the 
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case of secondary or tertiary transporters, the gradient of the co- or counter-transported ions). 

Because of their simplicity, influx assays are frequently used in screening studies. In particular, 

cells that are grown on solid support are typically used to screen for inhibitors that prevent the 

uptake or influx of a fluorescent substrate probe142–144. Even for transporters that require a co- or 

counter-transported ion, the assays may be set up in the influx mode for convenience. For 

example, a high concentration of extracellular sodium may be used to drive the influx of a 

fluorescent probe, or the cells may be pre-loaded with a counterion to drive fluorescent probe 

influx. For transporters that are primarily efflux transporters, such as the ATP-binding cassette 

transporters ABCB11, ABCC2 and ABCG2, a vesicular-transport assay is frequently used. 

Instead of adherent cells, membrane fractions that contain inside-out vesicles are prepared from 

cells that overexpress the efflux transporter145–148. 

A fluorescent or radiolabelled substrate probe that can be quantitatively measured is 

added to each well in the presence and absence of each test compound to determine the 

transporter-inhibiting activity of the compounds. The concentration of the substrate probe and 

uptake time that give the best Z’ assay sensitivity factor will be selected; a Z’ > 0.8 will be ideal 

for high-throughput screening, although Z’ > 0.5 is also acceptable149. Such methods have been 

used to screen thousands of compounds in HTS campaigns. However, HTS also suffers from 

limitations. One commonly observed issue relates to assay interference, whereby aggregation of 

a test compound that causes protein sequestration or non-specific inhibition results in a false-

positive ‘hit’; this problem affects 1.7–1.9% of total compounds in compound libraries150–152. 

Another problem arises from the interference of fluorescent test compounds or contaminating 

particulate matter with the measurement of the fluorescent substrate probe. A ‘pre-read’ control 

measurement after the addition of the test compound but prior to substrate addition can prevent 
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this problem. Use of an orange or red fluorophore as the substrate also helps to avoid this 

interference, as fluorescence and spurious light emissions from test compounds have been found 

to be more likely to occur at shorter wavelengths150.  

The structure of identified potential inhibitors can be modified to produce more potent or 

selective molecules. Pharmacophore modelling and quantitative structure–activity relationship 

(QSAR) modelling may be used to engineer better compounds with more desirable 

properties153,154. Novel inhibitors for many transporters have been identified through these 

methods, including inhibitors of ASBT (SLC10A2)155,156, EAAT3 (SLC1A1)157, DAT 

(SLC6A3), SERT (SLC6A4), NET (SLC6A2)158–160 and VGLUT2 (SLC17A6)69. For example, 

the O-spiroketal C-arylglucoside scaffold — which forms the basis of tofogliflozin, a selective 

SGLT2 inhibitor recently approved in Japan for the treatment of diabetes — was found by 

pharmacophore modelling of SGLT2 inhibitors and a search of the Cambridge Structural 

Database161.  

Homology modelling and docking have been used widely to identify and optimize lead 

compounds. As the crystal structures of SLC transporters from various species become 

increasingly available162,163, homology models of human orthologues are being constructed that 

can be used in molecular-docking studies to design more-selective transporter inhibitors. These 

methods have been successfully used to identify binding sites, accurately predict inhibitory 

actions of already prescribed drugs on SLC transporters and identify potent transporter inhibitors 

for treating diseases164–166. For example, high-throughput docking of the glutamate-binding site 

on the Pyrococcus horikoshii glutamate transporter homologue has been used to identify a potent 

inhibitor of EAAT2 (SLC1A2)167, and the crystal structure of the same concentrative nucleoside 

transporter from Vibrio cholerae was used to identify a selective anticancer drug168,169. The 
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crystal structures of bacterial homologs of neurotransmitter transporters bound to antidepressant 

drugs have been recently elucidated, allowing researchers to identify the amino-acid residues that 

comprise the binding sites of these transporters170–172. Such information may be implemented to 

design and synthesize more potent serotonin- and/or norepinephrine-reuptake inhibitors173.  

 

Enhancement of Transporter Function 

For the vast majority of Mendelian diseases for which causal variants in the genes coding 

for SLC transporters result in loss of transporter function, compounds that enhance the function 

of the affected transporter are needed; these compounds are also of interest in the treatment of 

common diseases. To our knowledge, no current drugs were originally developed specifically to 

activate SLC transporters. Riluzole, a drug used to treat amyotrophic lateral sclerosis (ALS), 

inhibits glutamate release, thereby preventing glutamate-induced activation of sodium channels 

on postsynaptic neurons and reducing excitotoxicity174. However, riluzole was later found to 

enhance the transport activity of EAAT1 (SLC1A3), which takes up extracellular glutamate from 

the synapse and thus reduces glutamate levels in the synaptic cleft35,175. Another study showed 

that riluzole stimulates glutamate uptake by increasing EAAC1 (SLC1A1) transcript levels in 

astroglial cells176, although the exact mechanism for this effect is not fully understood.  

There is interest in identifying additional targets to increase glutamate clearance. 

Similarly to EAAT1, the major glutamate transporter in astrocytes, EAAT2, reduces glutamate 

levels in the synaptic cleft, thereby attenuating excitotoxicity. Some examples of 

neurodegenerative diseases that could benefit from upregulated EAAT2 function include 

Alzheimer’s disease, amyotrophic lateral sclerosis, and Parkinson’s disease — all of which have 

been associated with decreased EAAT2 protein expression levels177,178 — as well as epilepsy, 
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stroke and neurotrauma179. Therefore, developing a drug that enhances EAAT2 activity 

represents a promising approach in CNS drug development180. Two approaches are currently 

being used to identify enhancers of EAAT2. First, a HTS assay that uses a reporter gene that 

contains the EAAT2 promoter upstream of the luciferase gene has found that several currently 

prescribed drugs, such as ceftriaxone, increased luciferase transcript levels181. Second, an 

astrocyte-based enzyme-linked immunosorbent assay can screen large compound libraries for 

molecules that can induce translation of silenced EAAT2 transcripts, as the expression of EAAT2 

protein is highly regulated at the translational level by extracellular factors182.  

These and other screening technologies — for example, high-throughput fluorescence 

assays — could be used to identify compounds that enhance SLC transporter activity. The 

development of drugs that enhance the activity of CFTR (ABCC7), the ATP-binding cassette 

transporter that is defective in cystic fibrosis, could provide a model for the identification of 

small molecules that may rescue mutated SLC transporters. Small-molecule therapies for 

modulating CFTR fall into two categories: potentiators and correctors. Various assays have been 

developed to identify potentiators and correctors.  Ivacaftor, the first U.S. Food and Drug 

Administration-approved drug to target a specific CFTR mutant, CFTR-G551D, acts as a 

potentiator; it increases the activity of CFTR-G551D, which is already present on the plasma 

membrane, by increasing the probability of the open state of the CFTR channel183. By contrast, 

correctors enhance the trafficking of mutant proteins to the plasma membrane, such as the most 

common disease-causing mutant protein, CFTR-F508del. Early clinical results suggest that the 

combination of a corrector and a potentiator results in enhanced efficacy in the treatment of 

individuals with cystic fibrosis who harbor the CFTR-F508del mutation184.  
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Circumventing Transporters 

Another potential therapeutic strategy for treatment of rare disease caused by mutant SLC 

transporters is to develop substrates that circumvent transporters. SLC transporter gene mutations 

that lead to Mendelian disease often also lead to low levels of an essential nutrient, such as 

thiamine or carnitine, in specific tissues. Therapies that circumvent the use of the mutant 

transporter may be developed. For example, creation of a hydrolyzable hydrophobic derivative of 

an essential nutrient that is normally hydrophilic may result in enhanced permeability of the 

nutrient. Thus, the hydrophobic derivative would enter the cell (without the aid of a transporter) 

where it would undergo hydrolysis and release the nutrient, thus enhancing the availability of the 

nutrient in the cell to treat, for instance, thiamine deficiency185. However, a potential problem in 

the development of diffusible analogs that circumvent transporters may be the low cellular 

availability of the analogue. For example, many transporters are secondary-active and therefore 

concentrate their substrates intracellularly, whereas diffusible analogues may not accumulate to 

the same extent. Furthermore, hydrophobic diffusible analogs may be substrates for efflux pumps 

of the ABC transporter families, such as P-glycoprotein, that preferentially handle hydrophobic 

substrates and may therefore exhibit poor cellular availability. Finally, diffusible analogues may 

distribute widely into body tissues, rather than selectively targeting the tissues of greatest need 

(for example, in the case of carnitine deficiency, the liver).  

 

Gene Therapy 

Gene therapy, in principle, may be a strategy for the treatment of diseases caused by 

mutant transporter proteins. Several animal studies have provided proof of concept. For example, 

Yiu et al. infused an adenoviral vector containing the human glucose-6-phosphate transporter 
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gene (G6PT) into G6pt-deficient mice (which recapitulate the human glycogen-storage disease 

type Ib186 that is attributable to mutations in G6PT (SLC37A4)). The gene therapy restored G6PT 

expression in various tissues, including the liver; normalized serum-glucose and -lipid profiles; 

and reduced glycogen deposition in the liver. Though historically fraught with issues, gene 

therapy may become a viable strategy for the treatment of Mendelian disorders involving 

defective membrane transporters as more advanced methods are applied.  

 

Future Directions 

SLC transporters represent a plethora of new therapeutic targets for rare diseases, and 

may be particularly amenable to small-molecule targeting. Of importance, many SLC 

transporters are expressed on the cell surface and hence are targetable by both small molecules 

and therapeutic antibodies. Further, there are many examples of SLC transporters that are targets 

of already approved drugs, as well as of drugs in development. Several challenges remain, 

however, for targeting SLC transporters. Although 92% of known drug-target structures have 

been deposited in the Protein Data Base (PDB), most SLC transporters have not been 

crystallized, thus limiting computer-aided drug discovery efforts162. Moreover, many SLC 

transporters remain orphans, with unknown function and unknown substrates. Finally, SLC 

transporters located in intracellular compartments may not be as amenable to drug targeting. For 

example, to our knowledge, the SLC25 family of mitochondrial transporters, some of which are 

associated with Mendelian disease, have not yet been targeted.  

Despite these obstacles, the potential for discovering inhibitors of transporters or 

modulating transporter activity is enormous. The development of small molecules that can target 

specific amino-acid substitutions in the ABC transporter CFTR suggests that efforts to target 
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mutant SLC transporters may be possible. In some rare diseases, hydrophobic nutrient-

derivatives that can circumvent dysfunctional membrane transporters could be used to deliver 

necessary nutrients to cells. A comprehensive understanding of the mechanisms responsible for 

rare and common diseases — including the function of the transporters and the pathways in 

which they act — will be crucial for recognizing other proteins that may be therapeutically 

targeted.  
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CHAPTER THREE 

Identification of Novel Ligands of the L-Type Amino Acid Transporter 1 (LAT1) 

 

Introduction 

Amino acids are essential building blocks of proteins but require transporters in order to 

cross the plasma membrane.  One of the major transporters for large neutral amino acids is the L-

type amino acid transporter 1 (LAT1, SLC7A5).  Found in a heterodimer with 4F2hc (SLC3A2), 

LAT1 is a sodium-independent obligatory exchanger that primarily transports large neutral 

amino acids such as leucine, isoleucine, tryptophan, tyrosine and phenylalanine.  Expressed in 

various tissues across the body, LAT1 has been detected particularly in tissues with barrier 

functions, including the colon1, placenta2, the blood-retinal barrier3 and the blood-brain barrier 

(BBB)4.  Interestingly, LAT1 has been found to be highly expressed in various cancer cell lines5, 

and enhanced expression has been correlated with poor prognosis in patients with different 

cancer types6–9. 

In addition to protein synthesis, amino acids are used in biosynthetic pathways for 

neurotransmitters such as dopamine, norepinephrine, epinephrine, histamine and serotonin. For 

example, phenylalanine and tyrosine can be used in the synthesis of dopamine and 

norepinephrine, whereas serotonin is derived from tryptophan.  It is not surprising, then, that 

LAT1 was found to be one of the most highly expressed transporters in the blood-brain barrier4.  

At the blood-brain barrier, LAT1 has been localized to both the luminal and abluminal 

membranes of the bovine10 and rodent11 blood-brain barrier, though its exact localization in the 

human BBB has not yet been determined.  LAT1 is believed to primarily serve as an influx 
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transporter and is the most important transporter of neutral amino acids from the blood to the 

brain12. 

In addition to its role in amino acid transport, LAT1 is known to transport several drugs, 

including melphalan13, levodopa14, gabapentin15 and baclofen16.  Its high expression level and 

presence on both membranes of the blood-brain barrier make it an attractive target for drug 

delivery, through which otherwise brain-impenetrable drugs could gain access to the central 

nervous system.  One potential strategy of targeting a drug to the brain through LAT1 may 

involve creating a drug conjugated to an amino acid; this technique has been successfully 

demonstrated to enhance brain penetration of various drugs in rats17,18. 

Recent studies using molecular models suggest that LAT1 may be capable of transporting 

other compounds beyond amino acid derivatives16,19.  Identification of novel LAT1 substrates 

may provide information on the mechanisms through which drugs enter the brain, and help guide 

the development of novel therapeutics that utilize LAT1 as a drug delivery platform into the 

brain.  Furthermore, identification of novel LAT1 inhibitors may help to expose potential drug-

drug interactions and optimize drug dosing strategies. Notably, for many approved CNS-active 

drugs, the mechanism of transport across the BBB is not known. 

In this study, novel ligands of LAT1 were identified through multiple approaches in order 

to expand the known chemical space of this transporter that is highly-expressed in the brain.  

First, a library of 115 CNS-active small molecule drugs was screened to identify chemical 

inhibitors of LAT1.  Compounds that showed inhibition activity were further tested as substrates 

using cellular uptake studies with LC/MS/MS quantification.  In addition, a trans-stimulation 

assay was developed and a subset of non-LAT1 inhibitors was tested as potential substrates of 
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LAT1.  Finally, an in situ rat perfusion model was developed which can be used to test the in 

vivo relevance of new LAT1 substrates at the blood-brain barrier. 

 

Materials and Methods 

 

Chemicals. Of the 115 CNS-active compounds that were tested, 47 compounds were obtained 

from Pfizer (Groton, CT).  The remaining 68 compounds were purchased from various sources, 

including Sigma Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA), Spectrum Chemical 

Manufacturing Corporation (New Brunswick, NJ), Santa Cruz Biotechnology (Santa Cruz, CA), 

Enzo Life Sciences (Farmingdale, NY) and TCI America (Portland, OR).  2-aminobicyclo-

(2,2,1)-heptane-2-carboxylic acid (BCH) was purchased from Sigma Aldrich (St. Louis, MO).  

Cell culture media (DMEM H-21), blasticidin and the Pierce BCA Protein Assay Kit were 

purchased from Life Technologies (Grand Island, NY).  Fetal bovine serum, 

penicillin/streptomycin, non-essential amino acids, L-glutamine, and Fungizone were obtained 

from the University of California San Francisco Cell Culture Facility.  [3H]-gabapentin was 

purchased from PerkinElmer (Waltham, MA).  Krebs-Henseleit powder was purchased from 

Sigma Aldrich (St. Louis, MO). 

 

Cell Culture. Stably-transfected and inducible HEK-hLAT1 cells were generously provided by 

Pfizer.  These cells were grown and maintained in Dulbecco's Modified Eagle Medium (DMEM) 

H-21 media supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 units/mL 

streptomycin, 1 µg/mL Fungizone, 2 mM L-glutamine and 3 µg/mL blasticidin.  Cells were 

grown at 37 °C in a humidified incubator with 5% CO2. 
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Inhibition Screen and IC50 Determinations. HEK-hLAT1 cells were grown on poly-D-lysine 

coated 96-well plates in DMEM medium described above to at least 90% confluence at 48 hours 

post-seeding. Twenty-four hours before the experiment, cells were treated with 1 µg/mL 

doxycycline and 2 mM sodium butyrate to induce expression of hLAT1. On the day of the 

experiment, cells were preincubated in pre-warmed, sodium-free choline buffer (140 mM choline 

chloride, 2 mM potassium chloride, 1 mM magnesium chloride, 1 mM calcium chloride, 1 M 

Tris) for 10 minutes. The buffer was removed and replaced with uptake buffer (sodium-free 

choline buffer containing 6 nM of [3H]-gabapentin) and each inhibitor at 200 µM. For IC50 

determinations, varying concentrations of each inhibitor were added, from 15 µM to 2 mM.  

Uptake was performed at 37 °C for 3 minutes, and then terminated by washing the cells twice 

with ice-cold choline buffer.  Cells were lysed by the addition of 100 µL of lysis buffer (0.1 N 

NaOH, 0.1% SDS) and allowed to sit at room temperature for 3 hours.  Intracellular radioactivity 

was determined by scintillation counting on a Topcount NXT Scintillation Counter (Packard).  

Results were analyzed using Graphpad Prism 5.0. 

 

Trans-stimulation Studies. HEK-hLAT1 cells were grown on poly-D-lysine coated 24-well 

plates in DMEM medium described above to at least 90% confluence at 48 hours post-seeding. 

Twenty-four hours before the experiment, cells were treated with 1 µg/mL doxycycline and 2 

mM sodium butyrate to induce expression of hLAT1. On the day of the experiment, cells were 

washed with pre-warmed, sodium-free choline buffer (140 mM choline chloride, 2 mM 

potassium chloride, 1 mM magnesium chloride, 1 mM calcium chloride, 1 M Tris), then 

incubated in the same pre-incubation solution containing 6 nM of [3H]-gabapentin.  After 30 

minutes, the pre-incubation solution was quickly removed and cells were washed twice with 
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sodium-free choline buffer.  Fresh sodium-free choline buffer containing each of the tested 

compounds at 2 mM were added to the cells, and an aliquot of the buffer was obtained at 5 

seconds, 1 minute and 3 minutes after addition of the test compound.  The extracellular 

radioactivity in each aliquot was determined by scintillation counting on a LS6500 Scintillation 

Counter (Beckman Coulter).  The efflux rate was determined by graphing each time point on a 

line and averaging the slope of four technical replicates per time point.  Compounds dissolved in 

a DMSO stock were tested separately from compounds dissolved in water. 

 

Uptake Studies Using LC/MS/MS Quantitation. HEK-hLAT1 cells were grown on poly-D-

lysine coated 24-well plates in DMEM medium described above to at least 90% confluence at 

least 48 hours post-seeding. Twenty-four hours before the experiment, cells were treated with 1 

µg/mL doxycycline and 2 mM sodium butyrate to induce expression of hLAT1. Empty vector 

control cells were treated with sodium butyrate only.  On the day of the experiment, cells were 

preincubated in pre-warmed, sodium-free choline buffer (140 mM choline chloride, 2 mM 

potassium chloride, 1 mM magnesium chloride, 1 mM calcium chloride, 1 M Tris) for 10 

minutes.  The buffer was removed and replaced with uptake buffer (sodium-free choline buffer 

containing 5 µM of the test compound).  Samples with inhibitor included the addition of 2 mM 

BCH.  Uptake was performed at 37 °C for 3 minutes and then terminated by washing the cells 

twice with ice-cold HBSS.  Plates containing cells were dried overnight at 4 °C.  Samples were 

extracted by adding 200 µL of ice-cold methanol for 10 minutes, followed by two 10-minute 

incubations with 200 µL of 70:30 methanol:water.  The methanol:water solution was pooled in a 

96-well plate and evaporated in a Savant centrifugal evaporator overnight.  Dried plates were 

sent to York Bioanalytical Solutions (York, UK) for quantitation by liquid chromatography-
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tandem mass spectrometry (LC/MS/MS).  Results were normalized by protein content as 

determined with a Pierce BCA Protein Assay Kit (Life Technologies) and analyzed using 

Graphpad Prism 5.0. 

 

Rat Perfusion Studies. Adult Sprague-Dawley rats approximately 12-16 weeks of age were 

anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine.  A 

catheter was inserted into the left interior carotid artery and the external carotid artery was 

ligated shut.  Animals were then infused with the infusion solution, which consisted of Krebs-

Henseleit buffer at pH 7.4, warmed to 37 °C and bubbled with a mixture of 5% CO2 and 95% O2.  

The infusion solution included 0.5 µCi/mL of [3H]-gabapentin and 0.2 µCi/mL of [14C]-inulin as 

a vascular marker, with or without the addition of 2 mM BCH as an inhibitor.  The infusion 

pump was set to infuse 8 mL of the infusion solution in one minute.  Animals were decapitated 

immediately following infusion and the brain was removed from the skull, bisected with a razor 

blade into the left and right hemispheres, and incubated in 2.5 mL Solvable tissue solubilizer 

(PerkinElmer) overnight at 50 °C.  The radioactivity in each sample was determined by 

scintillation counting on a LS6500 Scintillation Counter (Beckman Coulter). 

 

Results 

 

Validation of HEK-hLAT1 Cell Line.  Gabapentin is a known substrate of LAT1.  Cells treated 

with doxycycline and sodium butyrate to induce expression of LAT1 showed significantly higher 

uptake of [3H]-gabapentin, compared with cells treated with sodium butyrate only (marked as 

EV).  Linear uptake kinetics of [3H]-gabapentin was observed through 3 minutes (Figure 3.1A).  
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The Km of LAT1 for gabapentin was determined to be 49 µM using non-linear regression (Figure 

3.1B and Figure 3.1C).  BCH, a known LAT1 inhibitor, was found to significantly reduce 

gabapentin uptake at 2 mM (data not shown).  These results validate the HEK-hLAT1 cell line as 

an in vitro model for studying LAT1-mediated uptake. 

 

 

 

 

Figure 3.1. Validation of HEK-hLAT1 cell line. (A) LAT1-mediated uptake of [3H]-gabapentin 

shows linear uptake kinetics up to 3 minutes. (B) Uptake of [3H]-gabapentin in HEK-hLAT1 

cells (Km = 49 µM). (C) Same data as (B), but shown on a linear graph. 
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Inhibition screen for LAT1 Inhibitors Identified Novel Inhibitors. A total of 115 compounds 

were screened at 200 µM for the ability to inhibit LAT1-mediated [3H]-gabapentin uptake 

(Figure 3.2A and Figure 3.2B).  Data were normalized such that the uptake of [3H]-gabapentin 

without the addition of an inhibitor was determined to be 100%.  The positive control contained 

2 mM BCH, a known LAT1 inhibitor.  Eleven compounds were found to inhibit LAT1 greater 

than 50% at 200 µM, including fluphenazine, clonazepam, chlorpromazine, gabapentin, LAAM, 

fluoxetine, clomipramine, duloxetine, sertraline, paroxetine, and cyclobenzaprine. Gabapentin is 

a known substrate of LAT1 and thus served as an additional positive control.  In addition, some 

compounds (e.g., buspirone) enhanced [3H]-gabapentin uptake via LAT1.  Several studies in the 

literature have demonstrated that buspirone improves the pharmacologic action of gabapentin20. 

Though various mechanisms have been proposed for this effect, it is possible that buspirone 

enhances BBB uptake of gabapentin in vivo, contributing to the improved efficacy of the drug.  
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Figure 3.2. Inhibition screen for LAT1 inhibitors. Compounds are sorted by percent of inhibition 

of [3H]-gabapentin uptake from highest to lowest.  The results were split into two graphs, 3.2A 

and 3.2B, for ease of viewing. 
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Kinetic Determination of LAT1 Inhibitors.  For several of the compounds that showed greater 

than 50% inhibition of LAT1-mediated [3H]-gabapentin uptake, kinetic studies were performed 

to determine the IC50 values.  Duloxetine (IC50 = 578 µM, 95% CI: 329-1013 µM) (Figure 3.3A), 

paroxetine (IC50 = 481 µM, 95% CI: 387-599 µM) (Figure 3.3B), fluphenazine (IC50 = 725 µM, 

95% CI: 71-7434 µM) (Figure 3.3C) and clomipramine (IC50 = 383 µM, 95% CI: 285-516 µM) 

(Figure 3.3D) were all found to be novel inhibitors of LAT1, with an IC50 value similar to that of 

a known LAT1 substrate, pregabalin (IC50 = 405 µM, 95% CI: 231-711 µM) (Figure 3.3E). 
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Figure 3.3. Kinetic characterization of LAT1 inhibitors.  IC50 curves are shown for (A) 

duloxetine, (B) paroxetine, (C) fluphenazine and (D) clomipramine. (E) The IC50 values are 

similar to the IC50 of a known LAT1 substrate, pregabalin. 
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Novel LAT1 Inhibitors Were Not Substrates of LAT1. Following up on the inhibition screen 

results, duloxetine, paroxetine, fluphenazine and clomipramine were tested as substrates of 

LAT1 in an uptake assay using LC/MS/MS quantitation (Figure 3.4).  None of the compounds 

showed increased uptake in LAT1-overexpressing cells compared to empty vector, nor uptake 

that was inhibited by the presence of 2 mM BCH, a known LAT1 substrate. 
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Figure 3.4. Testing of identified inhibitors as LAT1 substrates. Cells were exposed to 5 µM of 

(A) duloxetine, (B) paroxetine, (C) fluphenazine and (D) clomipramine for 3 minutes, then 

samples were extracted and quantified by LC/MS/MS.  The presence of 2 mM BCH did not 

inhibit uptake of any of these compounds. 
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Trans-stimulation Assays Identified Some Compounds Capable of Enhancing Efflux of a 

Known LAT1 Substrate.  Since the trans-stimulation assay is sensitive to DMSO 

concentrations, water-soluble compounds were tested separately from compounds in a DMSO 

stock solution.  Twenty-one water-soluble compounds and 13 compounds in a DMSO stock 

solution were tested separately in the trans-stimulation assay.  For the trans-stimulation assay 

with water-soluble compounds, gabapentin and leucine were used as positive controls and 

glycine and no drug were used as the negative controls.  The positive controls show an average 

efflux rate of 0.74 fmol/min, whereas the negative controls had an average efflux rate of 0.26 

fmol/min.  Several water-soluble compounds were identified that were able to trans-stimulate the 

efflux of [3H]-gabapentin (efflux rate > 0.35 fmol/min), including ethosuximide, vigabatrin, 

clonazepam, ropinirole, and methylphenidate (Table 3.1A).  For the trans-stimulation assay with 

compounds dissolved in DMSO, gabapentin was the positive control and no drug was the 

negative control. Gabapentin showed an efflux rate of 0.19 fmol/min whereas the no drug 

negative control showed an efflux rate of 0.11 fmol/min.  Lamotrigine, varenicline, mirtazapine, 

vinpocetine, zolpidem and fluvoxamine were able to trans-stimulate the efflux of [3H]-

gabapentin when the compound was exposed to the cells extracellularly (efflux rate > 0.15 

fmol/min).  These results suggest that some of the compounds might be substrates of LAT1 since 

they are able to stimulate efflux of gabapentin in LAT1-overexpressing cells. 
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Table 3.1A. Trans-stimulation assay of compounds dissolved in water.  Positive controls 

(gabapentin and leucine) are shown in green, bold text and negative controls (no drug and 

glycine) are shown in red, bold text.  A positive result was defined as having an efflux rate 

greater than or equal to 0.35 fmol/minute. 

 

 

Efflux Rate 
(fmol/min) 

Standard 
Deviation 

(fmol/min) 
Gabapentin 0.83 0.26 
Leucine 0.64 0.43 
Glycine 0.26 0.20 
No Drug 0.26 0.02 
Ethosuximide 0.91 0.86 
Vigabatrin 0.54 0.20 
Clonazepam 0.49 0.13 
Ropinirole 0.47 0.13 
Methylphenidate 0.36 0.07 
Atomoxetine 0.31 0.06 
LAAM 0.29 0.05 
Fluphenazine 0.26 0.14 
Fentanyl 0.23 0.03 
Venlafaxine 0.18 0.11 
Tramadol 0.18 0.13 
Clomipramine 0.17 0.06 
Duloxetine 0.12 0.08 
Acamprosate 0.11 0.20 
Buprenorphine 0.11 0.06 
Caffeine 0.11 0.11 
Piracetam 0.10 0.08 
Talipexole 0.09 0.17 
Paroxetine 0.08 0.05 
Hydrocodone 0.06 0.05 
Valproic Acid -0.12 0.04 
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Table 3.1B. Trans-stimulation assay of compounds dissolved in DMSO.  The positive control 

(gabapentin) is shown in green, bold text and negative control (no drug) is shown in red, bold 

text.  A positive result was identified as having an efflux rate greater than 0.15 fmol/minute. 

 

  
Efflux Rate 
(fmol/min) 

Standard 
Deviation 

(fmol/min) 
Gabapentin 0.19 0.12 
No Drug 0.11 0.06 
Lamotrigine 0.37 0.24 
Varenicline 0.35 0.13 
Mirtazepine 0.31 0.06 
Vinpocetine 0.26 0.07 
Zolpidem 0.21 0.17 
Fluvoxamine 0.21 0.14 
Topiramate 0.14 0.06 
Ramelteon 0.14 0.03 
Zaleplon 0.13 0.12 
Escitalopram 0.07 0.07 
Levetiracetam 0.06 0.07 
Moclobemide 0.05 0.04 
Brontizolam 0.04 0.09 

 
 

LC/MS/MS Follow-Up Studies Did Not Identify Novel Substrates.  A cellular uptake assay 

was performed on compounds that were found to be potential hits in the trans-stimulation assay, 

and intracellular concentrations of each of these compounds were quantified using LC/MS/MS.  

Gabapentin, our positive control, was the only compound found to be a substrate of LAT1, such 

that uptake was significantly reduced in EV cells as well as in the presence of the inhibitor 

(Figure 3.5).  Concentrations of vigabatrin, valproic acid and ethosuximide were determined to 

be below the limit of quantitation for the instrument, thus it was not possible to definitively 

determine whether these three compounds are or are not LAT1 substrates. 
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Figure 3.5. Uptake of potential substrates in LAT1-overexpressing cells.  Gabapentin was the 

positive control and the only compound tested that is shown to be a LAT1 substrate.  Vigabatrin, 

valproic acid and ethosuximide levels were below the limit of quantitation. 
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BCH is Able to Block Brain Uptake of Gabapentin in a Rat Perfusion Model. Our rat 

perfusion assay shows that gabapentin enters the brain and that this entry can be blocked with a 

LAT1-specific inhibitor, BCH (Figure 3.6).  Diazepam is used as the diffusion control, and 

shows a high Brain Uptake Index (BUI) of 47.44.  Gabapentin does not diffuse across the BBB 

but it still able to enter the CNS, therefore showing a lower BUI of 14. However, the BUI drops 

to 14% of control with the addition of BCH, indicating that brain uptake of gabapentin can be 

almost completely blocked with BCH.  The novel LAT1 inhibitor clomipramine was also 

demonstrated to reduce BUI to 21% of control.  Inulin is used as a vascular marker control and is 

normalized to a BUI of 1.  This validates this in situ perfusion model as a way to study uptake of 

LAT1 substrates in vivo, and demonstrates that clomipramine is an inhibitor of LAT1 in the 

brain. 
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Figure 3.6. Development of a rat perfusion assay shows that BCH is able to block gabapentin 

brain uptake. Diazepam is used as the diffusion marker and inulin is used as the vascular marker.  

The Brain Uptake Index (BUI) reflects brain uptake, and drops from 14 to 1.9 for gabapentin in 

the presence of BCH.  One of the novel LAT1 inhibitors, clomipramine, was also able to block 

brain uptake of gabapentin. 
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Discussion 

LAT1 is one of the most highly-expressed transporters at the blood-brain barrier, where it 

plays a role in the influx of amino acids and various drugs into the brain.  Delivery of amino 

acid-conjugate drugs through LAT1 has been proposed as a strategy to enhance brain penetration 

for drugs with CNS targets.  However, the lack of a published crystal structure for human LAT1 

has limited the use of computational methods such as molecular docking to identify new ligands 

of this transporter.  Studies are needed to gain a better understanding of LAT1’s substrate 

specificity, as well as to identify inhibitors of LAT1 that may interfere with the use of drugs that 

utilize this transporter for absorption in the intestine or distribution to the site of action.  

Understanding transporters responsible for absorption or distribution at biological barriers could 

be relevant for treatment outcome. 

In this study, inhibition assays, cellular uptake studies and trans-stimulation assays were 

used on a library of 115 CNS-active drugs to identify novel ligands of LAT1 with the goal of 

exploring the chemical space of this highly-expressed transporter.  An in situ rat perfusion model 

was also developed that can be used to test the in vivo relevance of LAT1 substrates.  The 

inhibition screen found that the majority of compounds in our library were unable to inhibit 

LAT1 (Figure 3.2).  Our key finding is the discovery and characterization of four novel, 

structurally-diverse inhibitors of LAT1, which include the antidepressant drugs duloxetine (IC50 

= 578 µM), paroxetine (IC50 = 481 µM) and clomipramine (IC50 = 383 µM), as well as the 

antipsychotic drug fluphenazine (IC50 = 725 µM) (Figure 3.3 and Figure 3.7). 
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Figure 3.7. Substrates and inhibitors of LAT1.  Gabapentin (A) and leucine (B) are both known 

substrates of LAT1.  Duloxetine (C), paroxetine (D), clomipramine (E) and fluphenazine (F) 

were identified as novel LAT1 inhibitors. 

 

 

The major drug currently known to be transported by LAT1 is levodopa, which is a 

dopamine prodrug used to treat Parkinson’s disease.  However, clinical response to levodopa has 

been reported to diminish immediately following ingestion of high-protein meals consisting of 

large neutral amino acids, resulting in inadequate control of Parkinson’s symptoms21.  A study in 

monkeys found that administration of a high-protein meal or intravenous infusion of large 

neutral amino acids prior to administration of levodopa reduced the transport of levodopa into 

the brain22.  Inhibition of LAT1 by dietary factors or by other drugs may therefore result in 

clinically-significant pharmacokinetic changes that affect treatment efficacy.  Of particular note, 

Parkinson’s disease is frequently complicated by depression, with a reported prevalence of 31 
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percent in Parkinson’s disease patients23.  It is therefore possible that both levodopa as well as 

the antidepressant drugs identified as LAT1 inhibitors are dosed concomitantly in Parkinson’s 

disease patients, resulting in impaired transport of either drug through LAT1.  While not likely to 

occur at the blood-brain barrier due to the relatively high concentrations needed to inhibit LAT1, 

reduction in levodopa absorption in the gastrointestinal tract by concomitant administration of 

antidepressant drugs may occur.  In particular, estimated intestinal concentrations (oral dose/250 

mL intestinal fluid content) are considerably higher than plasma concentrations of these drugs.  

Further, LAT1 is expressed in the intestine and may contribute to the absorption of levodopa.    

As LAT1 is frequently upregulated in cancer and enhances nutrient utilization, 

development of novel LAT1 inhibitors as antitumor agents is currently underway24–26.  In 

contrast to standard chemotherapies that target all rapidly-dividing cells, molecular-targeted 

compounds may show increased selectivity for tumor cells, thus increasing efficacy and 

decreasing adverse effects.  It has been previously reported that two selective LAT1 inhibitors 

were found to inhibit tumor cell growth in both cultured cells as well as in a xenograft mouse 

model26.  Although the inhibitors identified in this study inhibited LAT1 at a higher 

concentration than the inhibitors previously tested as anticancer agents, a better understanding of 

the structure-activity relationship of LAT1 inhibitors will invariably be useful in the 

development of novel LAT1 inhibitors as anticancer agents. 

Using a trans-stimulation assay, several compounds were identified that were potentially 

LAT1 substrates due to their ability to enhance the efflux of gabapentin in a LAT1-

overexpressing cell line (Table 3.1).  A subsequent cellular uptake assay using LC/MS/MS 

quantification failed to confirm any new substrates of LAT1 (Figure 3.5).  However, the most 

promising compounds from the trans-stimulation assay (ethosuximide and vigabatrin) were not 
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detectable due to limitations of our instrumentation and assay.  Additional studies to conclusively 

determine if these compounds are in fact LAT1 substrates are clearly warranted.  Finally, an in 

situ rat perfusion model was developed that may be useful in testing LAT1 substrates for in vivo 

relevance; a LAT1 inhibitor was shown to be able to dramatically reduce uptake of a known 

LAT1 substrate into the brain (Figure 3.6). 
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CHAPTER FOUR 

Identification of Novel Substrates of the Organic Cation Transporter, MATE1 

 

Introduction 

Many oral drugs are cationic or weak bases at physiological pH, and organic cation 

transporters often mediate their absorption, distribution and elimination in the body.  In the 

kidney, organic cation transporters (OCTs) and multidrug and toxin extrusion proteins (MATEs) 

have been shown to act in concert with each other in the excretion of drugs from the body, as 

both families of transporters show overlapping substrate and inhibitor specificities1,2.  These 

transporters are known to transport a wide variety of xenobiotics, including commonly used 

drugs such as the anti-diabetic drug metformin, anticancer platinum compounds, the anti-ulcer 

medication cimetidine, the antiviral agent lamivudine and others3, and it is generally believed 

that apical MATEs mediate the efflux of substrates taken up by basolateral OCT1 and OCT24.  

The MATE family of transporters transport substrates in a sodium-independent, pH-

dependent manner, and consist of multidrug and toxin extrusion protein 1 (MATE1, SLC47A1) 

and multidrug and toxin extrusion protein 2 (MATE2, SLC47A2) that exist in multiple 

alternatively spliced variants, MATE2, MATE2-B and MATE2-K.  MATE2-K is a functional 

variant, expressed almost exclusively in the kidney3.  Both MATE1 and MATE2-K share similar 

substrate specificity5.  The broad substrate specificity of these transporters can result in known 

drug-drug interactions.  For example, the OCT/MATE inhibitor cimetidine has been found to 

decrease the renal tubular secretion of ranitidine6, procainamide7, dofetilide8, varenicline9,  

metformin10 and fexofenadine.  Cimetidine shows a higher affinity for the MATE transporters 

than OCT2, suggesting that drug-drug interactions involving cimetidine previously attributed to 
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inhibition of OCT2 may also be due to potent MATE1 inhibition11.  However, because the 

studies are performed in vivo in humans, it is difficult to establish the precise proteins 

responsible for the interactions. 

The 2010 white paper from the International Transporter Consortium recommended that 

seven transporters (including OCT2) be studied in vitro to determine the potential for clinical 

drug-drug interactions12.  An update from the International Transporter Consortium in 2013 

recommended that in addition to the seven transporters, new molecular entities be evaluated as 

potential substrates or inhibitors of the MATE transporters, which are known to participate in 

biliary and renal excretion of a number of drugs13.  It has been previously reported that 

administration of the MATE inhibitor pyrimethamine significantly reduces the renal clearance of 

metformin in healthy subjects14.  It has also been hypothesized that loss of function mutations in 

SLC47A1 (MATE1) may induce lactic acidosis in patients treated with metformin, based on 

studies using MATE1 knockout mice15.  It is clear that MATE1 can be an important factor in 

mediating the transport of drugs across biological membranes. 

Our laboratory has previously performed a high-throughput screen using a prescription 

drug library for MATE1 inhibitors16, and while the screen provides information about this 

transporter’s inhibitor specificity, to our knowledge no large screen of MATE1 substrates has 

been reported.  In this study, several novel inhibitors and substrates of MATE1 were identified.  

First, a library of 86 CNS-active small molecule drugs was screened to identify inhibitors of 

MATE1.  Compounds that showed inhibition activity were further tested as substrates using 

cellular uptake studies with LC/MS/MS quantification.  Multiple novel substrates of MATE1 

were identified, including the anti-psychotic medication, sulpiride.  Because of its expression in 

the liver, kidney, skeletal muscle, adrenal gland, testis and blood-brain barrier3,17, these data 
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suggest that MATE1 plays a role in the elimination and tissue distribution of these novel 

substrates.  

 

Materials and Methods 

 

Chemicals. In the library of 86 CNS-active compounds, 47 compounds were obtained from 

Pfizer (Groton, CT).  The remaining 39 compounds were purchased from various sources, 

including Sigma Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA), Spectrum Chemical 

Manufacturing Corporation (New Brunswick, NJ), Santa Cruz Biotechnology (Santa Cruz, CA), 

Enzo Life Sciences (Farmingdale, NY), and TCI America (Portland, OR).  Cell culture media 

(DMEM H-21), hygromycin B, Hank’s Buffered Salt Solution (HBSS), phosphate buffered 

saline (PBS), 4-(4-Diethylaminostyryl)-1-methylpyridinium iodide (ASP+) and the Pierce BCA 

Protein Assay Kit were purchased from Life Technologies (Grand Island, NY).  Fetal bovine 

serum and penicillin/streptomycin were obtained from University of California San Francisco 

Cell Culture Facility.  Cimetidine was purchased from Sigma Aldrich (St. Louis, MO).  [3H]-

sulpiride was purchased from American Radiolabeled Chemicals (St. Louis, MO). 

 

Cell Culture. Flp-In HEK cells stably transfected with human MATE1 (HEK-hMATE1) were 

previously established in our laboratory16.  These cells were grown and maintained in Dulbecco's 

Modified Eagle Medium (DMEM) H-21 media supplemented with 10% fetal bovine serum, 100 

units/mL penicillin, 100 units/mL streptomycin, and 100 µg/mL hygromycin B.  Cells were 

grown at 37 °C in a humidified incubator with 5% CO2. 
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Inhibition Screen. HEK-hMATE1 cells were grown on poly-D-lysine coated 96-well plates in 

DMEM medium described above to at least 90% confluence at 48 hours post-seeding. Cells were 

washed once then preincubated for 30 minutes in HBSS buffer (pH 6.5) containing 30 mM 

ammonium chloride.  Each of the tested compounds (20 µM to 500 µM) were added to HBSS 

containing 2 µM ASP+, which was then added to the cells for 90 seconds.  The reaction was 

terminated by washing the cells twice with ice-cold HBSS containing 500 µM cimetidine.  The 

plate was dried overnight and read in a Tecan Genios Pro fluorescence microplate reader with an 

excitation filter at 485 nm and emission filter at 585 nm. 

 

Uptake Studies Using LC/MS/MS Quantitation. HEK-hMATE1 cells were grown on poly-D-

lysine coated 24-well plates in DMEM medium described above to at least 90% confluence at 

least 48 hours post-seeding.  Cells were washed and preincubated for 30 minutes in HBSS buffer 

(pH 6.5) containing 30 mM ammonium chloride.  The buffer was removed and replaced with 

uptake buffer (HBSS containing 5 µM of the test compounds). Uptake was performed at 37 °C 

for various time points up to 2 minutes, and then was terminated by washing the cells twice with 

ice-cold HBSS containing 500 µM cimetidine.  The inhibitor used was 10 µM pyrimethamine.  

Plates containing cells were dried overnight at 4°C.  Samples were extracted by adding 200 µL 

of ice-cold methanol for 10 minutes, followed by two 10-minute incubations with 200 µL of 

70:30 methanol:water.  The methanol:water solution was pooled in a 96-well plate and 

evaporated off in a Savant centrifugal evaporator overnight.  Dried plates were sent to York 

Bioanalytical Solutions (York, UK) for quantitation by liquid chromatography-tandem mass 

spectrometry (LC/MS/MS).  Results were normalized by protein content as determined with a 

Pierce BCA Protein Assay Kit (Life Technologies) and analyzed using Graphpad Prism 5.0. 
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Sulpiride Uptake Studies. HEK-hMATE1 cells were grown on poly-D-lysine coated 24-well 

plates in DMEM medium described above to at least 90% confluence at 48 hours post-seeding. 

Cells were washed and preincubated for 30 minutes in HBSS buffer (pH 6.5) containing 30 mM 

ammonium chloride.  The buffer was removed and replaced with uptake buffer (HBSS 

containing 6 nM of [3H]-sulpiride). Uptake was performed at 37 °C for various time points up to 

1 hour, and then was terminated by washing the cells twice with ice-cold HBSS.  Cells were 

lysed by the addition of 0.1 N NaOH and 0.1% SDS, and intracellular radioactivity was 

determined by scintillation counting on a LS6500 Scintillation Counter (Beckman Coulter) and 

normalized by protein content per well, as determined using a Pierce BCA Protein Assay Kit 

(Life Technologies).  Results were analyzed using Graphpad Prism 5.0. 

 

Rat Perfusion Studies. Adult Sprague-Dawley rats approximately 12-16 weeks of age were 

anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine.  A 

catheter was inserted into the left interior carotid artery and the external carotid artery was 

ligated shut.  Animals were then infused with the infusion solution, which consisted of Krebs-

Henseleit buffer at pH 7.4, warmed to 37 °C and bubbled with a mixture of 5% CO2 and 95% O2.  

The infusion solution included 0.5 µCi/mL of [3H]-sulpiride and 0.2 µCi/mL of [14C]-inulin as a 

vascular marker, with or without the addition of 10 µM pyrimethamine as an inhibitor.  The 

infusion pump was set to infuse 8 mL of the infusion solution in one minute.  Animals were 

decapitated immediately following infusion and the brain was removed from the skull, bisected 

with a razor blade into the left and right hemispheres, and incubated in 2.5 mL Solvable tissue 

solubilizer (PerkinElmer) overnight at 50°C.  The radioactivity in each sample was determined 

by scintillation counting on a LS6500 Scintillation Counter (Beckman Coulter). 
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Rat Microvessel Isolation and Staining. Brain microvessels were isolated from rat brain as 

previously described18,19.  Briefly, rat brain tissue was manually homogenized using a Potter-

Elvehjem tissue homogenizer in 5 volumes of ice-cold HBSS buffer. After centrifugation for 5 

minutes at 1,000 x g, the pellet was suspended in 10 mL of a 15% dextran solution and 

centrifuged for 15 minutes at 2,500 x g to remove neuronal contaminants. The resulting pellet 

was suspended in HBSS buffer and sequentially passed through a 100-micron nylon mesh and a 

20-micron nylon mesh.  The microvessels retained on the 20-micron mesh were collected, 

visualized on an EVOS XL Core microscope (Life Technologies) and fixed in 4% 

paraformaldehyde for 15 minutes on a glass slide.  After several washes with PBS, slides were 

blocked with a solution of 10% normal donkey serum in PBS containing 0.05% Tween-20 for 1 

hour, and incubated overnight in PBS containing 5% normal donkey serum and a rMATE1 

antibody (Alomone Labs).  Slides were washed with PBS and incubated with an Alexa Fluor 488 

anti-rabbit secondary antibody for 1 hour, then mounted with ProLong Gold Antifade Mountant 

with DAPI (Life Technologies).  Fluorescent imaging was performed on a Zeiss AxioImager M1 

microscope with an AxioCam Mrm camera (Carl Zeiss Microscopy). 
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Results 

 

Validation of HEK-hMATE1 Cell Line.  ASP+ is a known substrate of MATE1.  Stably-

transfected MATE1 cells (HEK-hMATE1) showed significantly greater uptake of ASP+ 

compared with empty vector cells with linear kinetics at time points up to 1 minute (Figure 

4.1A).  Due to technical limitations, 90 seconds was selected as the time point to perform 

inhibition studies.  The Vmax of ASP+ for MATE1 was determined to be 34.5 ± 2.7 

pM/minute/µg protein, whereas the Km of ASP+ for MATE1 was determined to be 34.1 ± 6.4 µM 

(Figure 4.1B).  Cimetidine was a strong inhibitor of MATE1-mediated ASP+ uptake, with an 

IC50 of 1.2 ± 0.25 µM (Figure 4.1C). These results validate the HEK-hMATE1 cell line as an in 

vitro model for studying MATE1-mediated uptake. 

 

 

 

 

Figure 4.1. Validation of HEK-hMATE1 cell line. (A) MATE1-mediated uptake of ASP+ at time 

points up to 3 minutes. (B) Uptake of ASP+ by MATE1 (Vmax = 34.5 ± 2.7 pM/minute/µg protein 

and Km = 34.1 ± 6.4 µM). (C) Cimetidine is a good inhibitor of MATE1 (IC50 = 1.2 ± 0.25 µM). 
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Inhibition Screen for Novel Inhibitors of MATE1. Eighty-six compounds were screened at 

200 µM for the ability to inhibit MATE1-mediated ASP+ uptake (Figure 4.2A and Figure 4.2B).  

Data were normalized such that the uptake of ASP+ without the addition of an inhibitor was 

determined to be 100%.  The positive control used was 200 µM cimetidine, a known MATE1 

inhibitor.  The majority of the CNS active compounds were able to inhibit MATE1 greater than 

50% at 200 µM, probably because the compound library is over-represented with hydrophobic 

basic drugs, which are known to be inhibitors of MATE116,20–23.  Subsequent studies screened 

most of these compounds at multiple additional concentrations, including 20, 50, 200 and 500 

µM.  Results are shown by categorizing compounds based on their inhibition potency (Figure 

4.3).  
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Figure 4.2. Inhibition screen for MATE1 inhibitors. Compounds are sorted by percent of 

inhibition of ASP+ uptake from highest to lowest.  The results were split into two graphs, A and 

B, for ease of viewing. 
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Figure 4.3. Follow-up inhibition screening for MATE1 inhibitors. Compounds were grouped 

into categories based on their ability to inhibit MATE1-mediated ASP+ uptake.  
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Initial Identification of MATE1 Substrates.  Following up on the inhibition screen results, 

each compound that was found to have MATE1 inhibitory activity was tested for uptake in 

HEK-hMATE1 and empty vector control cells.  Eighteen novel substrates of MATE1 were 

identified, including bromocriptine (Figure 4.4A), buprenorphine (Figure 4.4B), caffeine (Figure 

4.4C), chlorpromazine (Figure 4.4D), cyclobenzaprine (Figure 4.4E), diphenhydramine (Figure 

4.4F), riluzole (Figure 4.4G), rizatriptan (Figure 4.4H), sulpiride (Figure 4.4I), talipexole (Figure 

4.4J), tramadol (Figure 4.4K), frovatriptan (Figure 4.5A), levetiracetam (Figure 4.5B), 

rocuronium (Figure 4.5C), sumatriptan (Figure 4.5D), triprolidine (Figure 4.5E), valproic acid 

(Figure 4.5F) and zolmitriptan (Figure 4.5G).  Uptake in the HEK-MATE1 cell line was 

inhibited in the presence of a MATE1 inhibitor, pyrimethamine, for several compounds (Figure 

4.4A-K), providing additional evidence that these compounds are substrates of MATE1. For 

several substrates, the uptake was considerably lower in cells expressing MATE1 in the presence 

of pyrimethamine than in the EV cells.  It is possible that pyrimethamine at 10 µM inhibited 

other transporters endogenously expressed in HEK cells. The Ki of pyrimethamine for MATE1 is 

around 100 nM, but at 10 µM pyrimethamine inhibits other transporters24.  For some substrates, 

the uptake in the MATE1 cells in the presence of pyrimethamine was greater than the uptake in 

EV cells. In this case, pyrimethamine may not have fully inhibited the drug uptake by MATE1 at 

the concentrations of substrates used in the uptake studies. 
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Figure 4.4. Compounds identified as substrates of MATE1 by uptake studies using LC/MS/MS 

quantitation. Uptake was found to be higher in HEK-MATE1 cells as opposed to empty vector 

cells for  (A) bromocriptine, (B) buprenorphine, (C) caffeine, (D) chlorpromazine, (E) 

cyclobenzaprine, (F) diphenhydramine, (G) riluzole, (H) rizatriptan, (I) sulpiride, (J) talipexole 

and (K) tramadol.  Uptake in the HEK-MATE1 cell line was inhibited in the presence of a 

MATE1 inhibitor, pyrimethamine. 
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Figure 4.5. Compounds identified as substrates of MATE1 by uptake studies using LC/MS/MS 

quantitation. Uptake was found to be higher in HEK-MATE1 cells as opposed to empty vector 

cells for (A) frovatriptan, (B) levetiracetam, (C) rocuronium, (D) sumatriptan, (E) triprolidine, 

(F) valproic acid and (G) zolmitriptan. 

 

 

 

 



133 
 

Identification of Sulpiride as a MATE1 Substrate. From the set of novel substrates of MATE1 

identified through substrate screening, sulpiride was selected for further characterization.  

Uptake studies were performed using [3H]-sulpiride, and sulpiride uptake in HEK-hMATE1 cells 

was ablated in the presence of a MATE1 inhibitor or at 4 ºC (Figure 4.6A).  In addition, 

concentration-dependent sulpiride uptake in HEK-MATE1 cells was observed and at low 

concentrations, transporter-mediated uptake surpasses passive diffusion, with a Vmax of 0.213 

µmol/min/µg protein (95% CI: 0.18-0.24 µmol/min/µg protein) and Km of 7.6 µM (95% CI: 2.8-

12.4 µM) (Figure 4.6B). 
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Figure 4.6. Sulpiride is a substrate of human MATE1. (A) [3H]-sulpiride uptake is significantly 

higher in stably-transfected MATE1 cells than in empty vector cells.  Uptake in stably-

transfected MATE1 cells can be ablated at 4 degrees or in the presence of the MATE1 inhibitor 

pyrimethamine. (B) Concentration curve of [3H]-sulpiride uptake shows that at low 

concentrations, transporter-mediated uptake surpasses passive diffusion. 
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Rat Perfusion Model Did Not Show Evidence of Facilitated Brain Uptake of Sulpiride by 

MATE1.  Our rat perfusion assay shows that sulpiride brain penetration was not inhibited by the 

MATE1 inhibitor pyrimethamine (Figure 4.7).  Diazepam is used as the diffusion control, and 

shows a high Brain Uptake Index (BUI).  However, BUI values are low for sulpiride both in the 

presence and absence of the MATE1 inhibitor pyrimethamine, and there is no significant 

difference between the two groups.  Inulin is the vascular marker control and is normalized to a 

BUI of 1. 

 

 

 

Figure 4.7. Sulpiride does not enter the brain in a rat perfusion model. Using diazepam as the 

diffusion marker and inulin as a vascular marker, sulpiride uptake is very low, with no 

significant difference in the presence and absence of the MATE1 inhibitor, pyrimethamine. 
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rMATE1 is Detected in Rat Brain Microvessels. As the rat perfusion model showed low brain 

penetration of sulpiride, rMATE1 was confirmed to be expressed in rat brain endothelial cells.  

Through a series of isolation and purification steps, rat brain microvessels were successfully 

isolated (Figure 4.8A). These vessels were then stained using an antibody for rMATE1 and 

protein was detected by immunofluorescence (Figure 4.8B).  rMATE1 is stained in green and 

nuclei are stained in blue with DAPI.  Notably, rather than a strong, consistent signal as expected 

for proteins expressed on the plasma membrane, a weak, punctate pattern was observed, perhaps 

consistent with an endosomal or sub-plasma membrane compartment for the transporter.   

 

 

 

 

Figure 4.8. Imaging of isolated rat brain microvessels. (A)  Bright field image (20X) of rat brain 

microvessels immediately after isolation from rat brain tissue. (B) Immunofluorescence 

microscopy (60X) showing positive MATE1 staining (green) in an isolated rat brain microvessel. 

Blue stain is DAPI. 
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Discussion 

MATE1 has been found to be important in mediating drug transport in the kidney.  The 

International Transporter Consortium recommends that new molecular entities be evaluated as 

potential substrates or inhibitors of the MATE transporters in order to identify potential drug-

drug interactions. While inhibitors of MATE1 have been identified in high-throughput screening 

studies, only a limited number of studies have identified substrates of the transporter despite its 

known role in mediating drug-drug interactions.  The broad tissue distribution of MATE1 

suggests that in addition to mediating the elimination of drugs in the kidney, MATE1 may also 

participate in the tissue distribution of drugs. 

In this study, inhibition assays and cellular uptake studies were used on a library of 86 

CNS-active drugs to identify novel ligands of MATE1, especially novel substrates.  Not 

surprisingly, the inhibition screen found that the majority of compounds in our library were 

inhibitors of MATE1 (Figure 4.2 and Figure 4.3).  Previous studies have indicated that 

hydrophobicity and a positive charge are important contributors to MATE1 binding20–22,25,26 and 

a proposed structural model of MATE1 features a large pore that contains hydrophobic and 

negatively charged residues, suggesting that hydrophobic and cationic molecules are favored.  

The composition of our CNS-active library is over-represented by compounds with these 

characteristics, with 60 percent of the molecules being basic compounds and half of the 

molecules having cLogP values > 3.  In contrast, the ICONIX library contains 910 FDA-

approved drugs, of which only a third are reported to be basic drugs16.  The identification of 

potent inhibitors of MATE1 is significant, as inhibition of MATE1 may cause drug-drug 

interactions that lead to drug accumulation in the kidney, resulting in nephrotoxicity. 
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Cellular uptake studies further identified several novel substrates of MATE1, including 

bromocriptine, buprenorphine, caffeine, chlorpromazine, cyclobenzaprine, diphenhydramine, 

riluzole, sulpiride, talipexole, tramadol, levetiracetam, rocuronium, triprolidine and valproic acid 

(Figure 4.4 and Figure 4.5).  Four triptan drugs were identified as novel substrates of MATE1: 

rizatriptan, frovatriptan, sumatriptan and zolmitriptan.  Eletriptan and naratriptan were also tested 

but they did not appear to be substrates of MATE1.  While all triptan drugs share the same 

mechanism of action, their pharmacokinetic properties can be very different: oral bioavailability 

ranges from 14% (sumatriptan) to 74% (naratriptan) and elimination half-life ranges from 2 

hours (sumatriptan/rizatriptan) to 25 hours (frovatriptan)27.  As MATE1 is known to be highly 

expressed on the luminal membrane of proximal tubular cells3, these data suggest that MATE1 

plays a role in active renal elimination of these triptan drugs.  For most triptan drugs, renal 

clearance is greater than the product of the fraction of the drug unbound to protein and 

glomerular filtration rate, suggesting that active secretion is the predominant mechanism in the 

kidney (Table 4.1).  Of the four MATE1 substrates, frovatriptan represents the only exception, 

with its net renal clearance being less than filtration clearance.  However, renal clearance of 

frovatriptan occasionally exceeds GFR immediately post dose, suggesting that at high 

concentrations the drug may undergo net active secretion in the kidney28.  It is possible that 

frovatriptan interacts with a reabsorptive transporter, which leads to its low renal clearance, and 

though the compound may be actively cleared by MATE1 in the kidney, reabsorption generally 

predominates. 
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Table 4.1. Pharmacokinetic properties of triptan drugs. Data obtained from MicroMedex 

Healthcare Series (Truven Health Analytics, Ann Arbor, MI). 

 

 fe
1 fu

2 CLR  
(mL/min) 

Secretory Clearance  
(mL/min) 

Rizatriptan 16% 86% 400 296 
Frovatriptan 32% 85% 82 0 
Sumatriptan 42% 79-86% 272 177 
Zolmitriptan 8% 75% 367 277 
Eletriptan 9% 15% 65 47 
Naratriptan 50% 69-72% 220 133 

1fe = fraction excreted unchanged in urine; 2fu = fraction unbound in plasma 
 

 

Triptan drugs have been suggested to cross the blood-brain barrier through the organic 

anion transporting polypeptide 1A2 (OATP1A2, SLCO1A2)29.  In a previous publication from 

our laboratory, we identified MATE1 at the human blood-brain barrier17. This suggests that 

MATE1 may also play a role in brain penetration of some triptans and other drugs.  While it is 

unclear whether triptan drugs need to cross the blood-brain barrier to achieve their 

antinociceptive effects, studies suggest that CNS adverse effects are attributable to triptans 

crossing into the brain30.  Another mechanism through which drugs get into the brain is by 

crossing the blood-cerebrospinal fluid barrier, BCSFB, through the choroid plexus.  Much like 

the blood-brain barrier, cells of the choroid plexus exhibit tight junctions with enhanced 

expression of drug metabolizing enzymes and transporters. In a recent paper, medium-high 

MATE1 transcription was detected in primate choroid plexus that increased during gestation31.  

Therefore, even if MATE1 is found to play a minor role at the human blood-brain barrier, it 

could still play a role in brain drug penetration through the BCSFB and choroid plexus.  Further 
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studies are required to explore the characteristics of MATE1-mediated triptan uptake, 

particularly into the brain. 

Following identification of several novel substrates of MATE1, the selective dopamine 

receptor D2 blocker sulpiride was chosen for follow-up studies.  Given its low membrane 

permeability (Kp,uu < 0.1), transporters are likely required for its uptake into the brain, the site of 

action.  Sulpiride has been previously reported to be a substrate of the organic cation transporters 

OCT1 and OCT2, and the authors suggest that sulpiride enters the brain through organic cation 

transporters32.  In this study, both time- and concentration-dependent uptake of sulpiride was 

observed through MATE1, with a Vmax of 0.213 µmol/min/µg protein and Km of 7.6 µM (Figure 

4.6A-B).  The uptake of sulpiride was inhibited by the addition of a known MATE1 inhibitor, 

pyrimethamine.  Since the maximal plasma concentration after oral administration of 100 mg 

sulpiride is only 0.29 µM33, transport in vivo by MATE1 will not be saturated.  Sulpiride was not 

shown to enter the brain in a rat perfusion assay (Figure 4.7), but this may be attributable to 

interspecies differences.  A recent study quantified hMATE1 protein expression in human 

choroid plexus but rMATE1 was below the limit of quantitation in rat choroid plexus, indicating 

at least 5.98-fold higher expression in human choroid plexus than in rats34.  Furthermore, the 

signal in microvessels from rat brain was not as strong as expected for a membrane transporter 

but rather showed a punctate pattern, suggesting that rMATE1, while expressed, may not be 

functionally located at the plasma membrane (Figure 4.8). 

In conclusion, we report eighteen novel substrates of MATE1 that are CNS-active drugs, 

and we believe that MATE1 plays a role in the renal disposition and tissue distribution of these 

compounds.  Given that MATE1 has been reportedly expressed at both the human blood-brain 

and blood-cerebrospinal fluid barriers, MATE1 may also be involved in the brain penetration of 
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some of these CNS-active drugs.  These findings enhance understanding of the substrate 

specificity of this clinically-important transporter. 
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CHAPTER FIVE 

Prediction and Validation of Enzyme and Transporter Off-Targets for Metformin 

 

Introduction 

Organic cation transporters are known to transport a variety of drugs and endogenous 

molecules such as serotonin and histamine1–5.  Organic cation transporter 1 (OCT1, SLC22A1) is 

primarily expressed in the liver, organic cation transporter 2 (OCT2, SLC22A2) is primarily 

expressed in the kidney and organic cation transporter 3 (OCT3, SLC22A3) is expressed 

ubiquitously in various tissues6.  All three transporters have also been detected at the blood-brain 

barrier using antibodies against these transporters in isolated human brain microvessel 

endothelial cells7,8.  Substrates of organic cation transporters have also been found to inhibit the 

serotonin reuptake transporter (SERT, SLC6A4)9, and SERT knockout mice show upregulation 

of OCT transporters10, suggesting that OCTs and SERT may work in concert in the transport of 

organic cations11.  In this chapter, we explore the role that organic cation transporters detected at 

the blood-brain barrier can play in other barrier tissues, namely, the intestine. 

Metformin, a biguanide, is used worldwide as first-line therapy for the treatment of type 2 

diabetes, and acts primarily in the liver to reduce gluconeogenesis12,13.  However, 30-50% of 

patients on metformin report gastrointestinal (GI) side effects, such as diarrhea and bloating14–17. 

These GI side effects are generally dose-dependent, and for the majority of patients, subside after 

several doses.  In approximately 5% of patients, these side effects are severe enough to warrant 

discontinuation of the drug, and these patients switch to other anti-diabetic drugs. Several 

hypotheses as to the causes of these metformin-induced GI side effects have been proposed, 

including malabsorption of bile salts in the ileum18, increased serotonin release from human gut 
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mucosa19, increased gastrointestinal hormone levels and increased gastric acid secretion20.  A 

recent study showed that patients on metformin with concomitant use of other medications 

known to inhibit OCT1 were more likely to be metformin-intolerant, and that people carrying 

reduced-function mutations in OCT1 variants were also more likely to be intolerant to 

metformin21.   

Signaling molecules such as histamine and serotonin can bind to receptors in the GI tract 

to regulate normal physiologic function.  Histamine receptors are highly expressed in the 

gastrointestinal tract.  Interactions of histamine with H1 receptors regulate intestinal smooth 

muscle contraction and with H2 receptors stimulate gastric acid secretion.  In contrast, histamine 

interactions with H3 receptors may inhibit gastric acid secretion, whereas histamine interactions 

with H4 receptors have been implicated in immune-mediated responses in gut inflammation22–24.  

Given the important roles that histamine plays in the gastrointestinal tract, it is not surprising that 

when histamine levels increase due to impaired histamine degradation or ingestion, GI effects 

such as nausea, vomiting and diarrhea can occur25.  

Most of the serotonin in the body is produced in the gastrointestinal tract, where the 

monoamine plays an important role in the regulation of gastrointestinal physiology26. Primarily 

stored in enterochromaffin (EC) cells of the mucosal epithelium, serotonin release activates 

intrinsic and extrinsic sensory GI neurons, leading to gut motility, secretion and sensation26,27.  

Defective serotonergic signaling has been implicated in a number of GI disorders, and small 

molecules that interact with serotonin receptors have been developed to treat GI symptoms28.  

The primary serotonin transporter, SERT, is responsible for the reuptake of extracellular 

serotonin in order to terminate serotonergic signaling. SERT knockout mice were observed to 

have increased stool water and colon motility when compared to wildtype mice10.  Further, many 
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drugs, including many antidepressants that inhibit SERT cause GI adverse effects, suggesting 

that inhibition of the transporter may produce undesired GI effects29. 

The goal of this study was to determine the effect of metformin on modulating the uptake 

of histamine and serotonin through amine transporters expressed in intestinal cells.  Inhibition 

studies were performed using metformin to determine its effect on the uptake of serotonin or 

histamine through OCT1, OCT3 and SERT. In addition, the Similarity Ensemble Approach 

(SEA)30–34, a chemoinformatic method, predicted that metformin interacts with another protein 

involved in intestinal histamine disposition, diamine oxidase (DAO, ABP1).  Collectively, these 

data suggest that metformin interacts with proteins involved in the intestinal disposition of 

serotonin and histamine at clinically relevant intestinal concentrations and that such interaction 

may ultimately contribute to the GI side effects associated with the drug. 

 

Materials and Methods 

 

Chemicals. All compounds (metformin, aminoguanidine, histamine, 5-hydroxytryptamine (5-

HT, serotonin), putrescine, dianisidine, Tris, 2-(N-morpholino)ethanesulfonic Acid (MES), acetic 

acid, porcine diamine oxidase and peroxidase) were purchased from Sigma Aldrich (St. Louis, 

MO).  Cell culture media (DMEM H-21), fetal bovine serum, penicillin/streptomycin, 

hygromycin B and Hank's Balanced Salt Solution (HBSS) were obtained from the University of 

California San Francisco Cell Culture Facility. [14C]-Metformin (MC 2043) was purchased from 

Moravek Biochemicals (Brea, CA); [3H]-histamine (ART 1432) and [3H]-5-hydroxytryptamine 

(5-HT) (ART 0350) were purchased from American Radiolabeled Chemicals, Inc. (St. Louis, 

MO). 
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Cell Culture. Human embryonic kidney (HEK-293) Flp-In-293 cells stably transfected with the 

full-length reference human OCT1 cDNA (HEK-hOCT1), OCT3 cDNA (HEK-hOCT3), and the 

empty vector (HEK-EV) were established previously in our laboratory3,35,36. Stably transfected 

HEK-293 cells were maintained in Dulbecco's modified eagle medium (DMEM) H-21 medium 

supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 units/mL streptomycin, 

and 150 µg/mL hygromycin B.  HEK-293 cells transiently transfected with the full-length 

reference SERT cDNA (HEK-hSERT) was established by transfecting 500 ng/well of pCMV6-

XL4 vector containing the full-length transporter cDNA (NM_001045.2) from Origene 

(Rockville, MD) into HEK-293 cells using Lipofectamine LTX from Life Technologies (Grand 

Island, NY) per manufacturer instructions. The expression level of each transporter mRNA in 

each transfected HEK-293 cell line was verified by quantitative RT-PCR. HEK-293 cells that 

were used for transient transfection were cultured in the above medium but without the selection 

antibiotic, hygromycin B. All cell lines were grown at 37 °C in a humidified atmosphere with 

5% CO2. 

 

Transporter Inhibition Studies.  Transporter inhibition studies were performed using HEK-293 

cells expressing the vector only (HEK-EV), SLC22A1 (OCT1), SLC22A3 (OCT3) or SLC6A4 

(SERT). Briefly, transfected cell lines were grown on poly-D-lysine coated 24-well plates in 

DMEM H-21 medium supplemented with 10% fetal bovine serum to at least 90% confluence 

(16-48 hours post seeding).  For uptake studies, HEK-EV, HEK-hOCT1, HEK-hOCT3 and 

HEK-hSERT were preincubated in Hank's balanced salt solution (HBSS; 5.4 mmol/L potassium 

chloride, 0.44 mmol/L monobasic potassium phosphate, 4.2 mmol/L sodium bicarbonate, 137 

mmol/L sodium chloride, 0.34 mmol/L dibasic sodium phosphate, 5.6 mmol/L D-glucose, 1.3 
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mmol/L calcium chloride, 0.49 mmol/L magnesium chloride, 0.41 mmol/L magnesium sulfate, 

pH 7.4) for 15-20 minutes. The buffer was removed and replaced with uptake buffer (HBSS 

containing 10 nM unlabeled histamine and a trace amount of [3H]-histamine or 10 nM unlabeled 

serotonin and trace amount of [3H]-5-hydroxytryptamine). Uptake was performed at 37 °C for a 

designated period of time for which linear uptake was observed, then cells were washed twice 

with ice-cold HBSS.  To determine the inhibition of the uptake, the cells were simultaneously 

exposed to the substrate (histamine or serotonin) and metformin at various concentrations (0, 1, 

5, 10, 15 and 30 mM). Cells were lysed by the addition of 0.1 N NaOH and 0.1% SDS, and 

intracellular radioactivity was determined by scintillation counting on a LS6500 Scintillation 

Counter (Beckman Coulter) and normalized by protein content per well, as determined using a 

Pierce BCA Protein Assay Kit (Life Technologies).  The transport activity of metformin and 

serotonin in transfected cell lines were compared to the HEK-EV cell line in every transport 

assay.  Results were analyzed using Graphpad Prism 5.0. 

 

Similarity Ensemble Approach (SEA). SEA (http://sea.bkslab.org/) predictions were calculated 

as previously described34,37 using RDKit (http://rdkit.org) ECFP4 (Morgan) fingerprints. For the 

SEA target panel, subsets of ChEMBL-14 and ChEMBL-16 were used, extracted as previously 

described31, and ligand structures were prepared using the ChEMBL standardiser 

(https://github.com/flatkinson/standardiser). Small SEA p-values (for ChEMBL-14 predictions) 

and expectation values (E-values; for ChEMBL-16 predictions) denote relationships between 

drugs and ligand sets that were stronger than would be expected by random chance alone. High 

maximum Tanimoto coefficients (Max Tc) reflect high pair-wise chemical structural similarities 

between the drug and its closest ligand neighbor annotated to the predicted target. A maximum 

http://sea.bkslab.org/
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Tc of 1.00 means that a drug has already been reported within the ChEMBL database to bind to 

the predicted target.  

 

Diamine Oxidase Assay. Metformin was tested for inhibition of porcine kidney diamine oxidase 

(E.C. number 1.4.3.6, Sigma-Aldrich).  Stocks of the compounds were prepared in purified water 

or in 50 mM phosphate buffer and subsequently diluted into a three-component, constant ionic 

strength buffer38 (50 mM acetic acid, 50 mM MES and 100 mM Tris final concentrations) to 

yield a final reaction volume of 1 mL. This buffer helped to alleviate the previously reported 

ionic strength effects on DAO activity39.  In addition to the buffer, assays for diamine oxidase 

contained 0.15 mg/mL O-dianisidine, 100 pyrogallol units/mL peroxidase, 24 µUnits/mL 

diamine oxidase, and 0-100 mM putrescine and 0-100 mM metformin.  All reagents and water 

were added to the cuvette and the reactions were incubated at 37 °C for 5 minutes and the 

reaction was initiated by the addition of diamine oxidase. Assays were performed at 37 °C, pH 

7.0.  Data acquisition was performed by a Hewlett Packard HP8453a spectrophotometer using 

kinetic mode with UV−Vis ChemStation software (Agilent Technologies). The rate of reaction 

was monitored spectrophotometrically at 440 nm. Activity was measured in triplicate for six 

different concentrations of metformin.  The assay was repeated on two different days. 

Dose−response curves were plotted, and Ki values were calculated using Graphpad Prism 6 

(Graphpad, San Diego, CA), using a sigmoidal dose−response curve analysis with variable slope. 

During the curve fitting process, the inhibition constant was defined as a global parameter.  The 

Ki values reported for metformin represent the best-fit values for the respective data sets.  
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Results 

 

Metformin-mediated Inhibition of Histamine and Serotonin Uptake by OCT1, OCT3 and 

SERT. Various concentrations of metformin were used to determine its potency in inhibiting 

OCT1, OCT3 and SERT in overexpressing cell lines.  Figure 5.1 shows the effects of various 

concentrations of metformin on inhibition of transporter-mediated serotonin uptake (Figure 5.1a, 

c and e) and histamine uptake (Figure 5.1b and d).  Among the three transporters tested, 

metformin inhibited OCT1 most potently, with IC50 of 1.46 ± 0.14 mM and 1.46 ± 0.06 mM for 

serotonin and histamine, respectively (Figure 5.1f).  In contrast, metformin had a lower potency 

(<50% at 10 mM) in inhibiting monoamine uptake by OCT3 and SERT (Figure 5.1, c-e).  

Verapamil was used as a positive control of inhibition of OCT1, corticosterone was used as the 

positive control of OCT3 inhibition, and desipramine was the positive control for inhibition of 

SERT uptake. 
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Figure 5.1.  Inhibition of serotonin- and histamine-mediated uptake through OCT1, OCT3 and 

SERT by metformin.  HEK-293 cells stably expressing OCT1 (a, b, f) or OCT3 (c, d) were used 

for serotonin and histamine uptake.  HEK293 cells transiently expressing SERT (e) were used 

for serotonin uptake.  Various concentrations of metformin were used for the inhibition studies 

and validated inhibitors of the transporter were used as controls. 

 

 

Using SEA to Predict Metformin Off-targets. SEA was used to predict whether metformin 

might bind to any unreported molecular targets. Of the approximately 2,100 protein targets 

present in ChEMBL-16, SEA predicted that metformin would bind to only one: diamine oxidase 

(DAO, also known as ABP1). Notably, aminoguanidine has a similar structure to metformin and 

is a potent inhibitor of diamine oxidase (Table 5.1), but inhibition of DAO activity by metformin 

has not been previously reported. Diamine oxidase is highly expressed in the gut40,41 and 

metabolizes polyamines such as putrescine and histamine; for the latter, it is one of only two 

enzymes to do so.  Diamine oxidase plays an important role in degrading exogenous polyamines, 

and reduced levels of DAO have been associated with histamine intolerance and allergy42–45.  

The top prescription drugs predicted to target DAO were identified (Table 5.2). 
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Table 5.1. Metformin off-target prediction. Tc: Tanimoto coefficient.  The Tc calculates the 

number of on bits in common between fingerprints divided by the total number of non-

overlapping on bits between fingerprints. 

 

 
Drug Closest Ligand for 

Predicted Target 
Predicted 

Target 
SEA  

E-value 
Closest (Max) Tc 

Metformin

 

Aminoguanidine

 

DAO 
(ABP1) 

7.4x10-5 0.35 Tc 
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Table 5.2. Top prescription drugs predicted to target DAO. Drug names in red are reported to 

bind DAO in the literature. 

 

 

 Drug DAO SEA 
E-value1 

Affinity Bin2 
(μM) Max Tc3 Literature IC50 

1 Berenil 

 

4.4x10-30 
(rat)a 

 

10 
 

0.36 Tc 
 

13 ± 1 nMb 

2 Aminoguanidine

 

1.8x10-19 
 

1 
 

1.00 Tc 
(known in 
ChEMBL) 

 

10 - 150 nMc 

3 Isoniazid 

 

1.1 x10-16 a 
 

1 
 

0.28 Tc 
 

970 ± 50 μMb 

4 Guanabenz acetate

 

6.8x10-14 (rat) 
 

10 
 

0.38 Tc 
 

5.1 ± 0.8 μMc 
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5 Pentamidine

 

2.2 x10-8 (rat)a 
 

10 
 

0.29 Tc 
 

0.29 - 3 μMb 

6 4-Aminopyridine

 

4.4x10-5 
 

1 
 

0.36 Tc 
 

- 

7 Metformin

 

7.4x10-5 
 

1 
 

0.35 Tc 
 

- 

8 Guanethidine sulfate

 

3.5 x10-4 
 

1 0.32 Tc 
 

- 

9 Tegaserod

 

4.8 x10-4 (rat) 
 

10 0.44 Tc; 
 

- 

10 Cimetidine

 

Not predicted 
 

- 
 

- 
 

90 ± 14 μMb 
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11 Clonidine 

 

Not predicted 
 

- 
 

- 
 

100 ± 8 μMc 

 
aPredicted using ChEMBL-14 (p-value) instead of ChEMBL-16 (E-value). bIC50 values 

(concentrations that inhibit DAO by 50%) were obtained from literature46. cIC50 values were 

obtained from the literature47–52.  1E-value: This is derived from a statistical model that presents 

the probability of observing this raw score by random chance alone. The model is similar to that 

underlying BLAST34. The smaller the E-value, the stronger it is, and this indicates strong overall 

chemical structural similarity between two sets of compounds. 2Affinity Bin: The ligands for 

each protein target that is used as a reference (e.g., DAO) are subdivided ("binned") by the log of 

their affinities, and a SEA calculation is run independently against each bin. Thus, when asking 

whether a particular compound has a strong SEA E-value for DAO, we first compute the E-value 

for the compound against DAO at 1 nM, DAO at 10 nM, ..., DAO at 10 µM, and finally report 

the affinity bin at which DAO achieves its strongest E-value for the compound of interest. This 

may be thought of as an approximate prediction of the compound's expected binding affinity at 

the target, but this interpretation has not yet been tested at scale. 3Tc: Tanimoto coefficient. The 

Tc calculates the number of "on" bits in common between two fingerprints, divided by the total 

number of non-overlapping "on" bits between them. It is an overall measure of the similarity 

between any two molecular fingerprints, on a 0.0 (completely dissimilar) to 1.0 (completely 

similar) scale. 
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In vitro Analysis of Diamine Oxidase Inhibition. In an enzymatic assay, metformin inhibited 

porcine DAO with mixed-type inhibition, with a Ki value of 8.6 ± 3.1 mM (Figure 5.2). 

Meanwhile, aminoguanidine, a known inhibitor of DAO, inhibited porcine DAO >80% at 100 

μM in the presence of putrescine (100 μM) as the substrate.  It has been previously reported that 

phenformin, a biguanide and a predecessor of metformin, inhibits diamine oxidase with Ki of 4 

mM51.  Both this result and the activity of aminoguanidine support the reliability of the assay.  

Whereas 9 mM is a high concentration, metformin is a small molecule (MW 129.16 g/mol) and a 

polar drug (i.e. bearing at least one and possibly two positive charges), and concentrations higher 

than this are thought to be reached in the human intestine upon standard dosing53,54.  

 

 

 

 

Figure 5.2. Lineweaver-Burk plot showing mixed inhibition of porcine diamine oxidase by 

metformin at 37 °C.   A three-component, constant ionic strength buffer (MES, Tris and acetic 

acid, pH 7.0) was used. The Ki of metformin is 8.6 ± 3.1 mM. 
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Discussion  

Metformin is one of the most widely prescribed drugs worldwide due to its efficacy in 

treating patients with type 2 diabetes.  Its major adverse effects are gastrointestinal and include 

diarrhea, nausea, vomiting and bloating.  Several studies have reported that up to 50% of patients 

on metformin have one or two of these symptoms14–17, and in one recent study, Dujic et al. 

reported that approximately 5% of patients treated with metformin exhibit intolerance due to 

gastrointestinal symptoms that leads to discontinuation of the drug21. 

Our group and others have shown that the organic cation transporters, OCT1 and OCT3, 

as well as the serotonin transporter, SERT, play a role in the uptake of serotonin and histamine as 

well as metformin1,3,11.  In the intestine, these transporters appear to be involved in the influx of 

their substrates from the lumen into the intestinal epithelial cells or the transport between the 

blood and intestinal epithelial cells.  Thus, the transporters are thought to be important 

determinants of the disposition of signaling molecules (e.g., histamine and serotonin) and as such 

play a role in gastrointestinal physiology.  Notably, both histamine and serotonin have important 

roles in gastrointestinal physiology and pathophysiology25,26.  For example, extrinsic sensory 

neurons activated by serotonin initiate sensations from the bowel, which may lead to nausea and 

bloating27,28,55.  Similarly, histamine also plays important roles in gut motility and 

gastrointestinal symptoms25. In this study, it is hypothesized that metformin inhibits intestinal 

transporters and enzymes known to function in the disposition of these important monoamines.  

Our inhibition studies of serotonin and histamine uptake via OCT1, OCT3 and SERT 

showed that metformin inhibits OCT1 more potently than the other two transporters (Figure 5.1).  

Previously, we showed that metformin can competitively inhibit the uptake of thiamine through 

OCT1 (IC50 ~ 1.4 mM), which may lead to alterations in thiamine disposition1.  Since the 
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primary mechanisms by which serotonin and histamine are cleared are through cellular uptake 

and subsequent intracellular degradation, inhibition of these transporters by metformin may 

result in higher extracellular concentrations, particularly in the intestinal lumen, thereby 

enhancing or prolonging serotonergic or histaminergic signaling in the intestine.  These effects 

may result in gastrointestinal side effects.  Because metformin doses are high, its predicted 

concentrations in the intestinal lumen are about 10 to 20 mM; thus the drug would not have to 

interact potently with intestinal targets to exhibit pharmacologic effects in the intestinal tract in 

vivo56.  Our data clearly show that at concentrations achievable in the GI tract, metformin can 

inhibit OCT1-mediated transport of both serotonin and histamine (Figure 5.1).  Thus, though 

speculative, it is possible that metformin modulates levels of these monoamines in the GI tract, 

contributing to its adverse effects in the gut.  Histamine from the diet or synthesized from L-

histidine is metabolized by DAO to N-methylhistamine, which is an inactive histamine 

metabolite.  In addition, serotonin, which is synthesized from tryptophan, is stored in 

enterochromaffin cells and released into the blood via the serotonin transporter.  A recent study 

suggests that SERT is localized on the apical and basolateral membrane of enterocytes and plays 

a role in metformin and serotonin uptake57. Diamine oxidase (DAO) plays an important role in 

enterocytes to remove histamine and putrescine from diet. Other transporters not shown may also 

contribute to serotonin or histamine disposition (Figure 5.3). 
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Figure 5.3.  Localization of organic cation transporters (OCT1 and OCT3) and the serotonin 

transporter (SERT) in enterocytes and enterochromaffin cells.  Histamine (red squares) from diet 

and metformin (orange circles) are transported into cells via OCT3. Transport of histamine, 

serotonin (blue triangles) or metformin across the basolateral membrane is likely mediated by 

OCT1 or SERT.  The bidirectional arrows show that the molecules could be transported into or 

out of the cells depending on the concentrations of the molecules inside and outside the cells. 

The green cylinder represents OCT3, the yellow cylinder represents OCT1 and the blue cylinder 

represents SERT. 
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This idea is supported by a recent publication, in which patients with reduced function 

non-synonymous variants (R61C, G401S, 420del, G465R) in OCT1 were found to be more 

likely to have metformin-induced gastrointestinal side effects.  Furthermore, in a large cohort of 

type 2 diabetic patients on metformin, it was reported that patients with concomitant use of 

medications known to inhibit OCT1 activity (e.g. calcium channel blockers, proton pump 

inhibitors, and alpha-adrenergic blockers) were more likely to be metformin intolerant21. Thus, it 

is possible that OCT1 genetic variants or concomitant use of prescription drugs that are OCT1 

inhibitors may exacerbate metformin gastrointestinal side effects through effects on histamine or 

serotonin. Recent genomewide association studies of the human metabolome suggest an 

important link between OCT1 and serotonin.  In particular, Shin et al., observed a strong 

association between the reduced-function OCT1 variant, rs683369, with serotonin levels, 

suggesting that OCT1 is involved in the systemic disposition of serotonin58.  Serotonin and other 

5-HT3 agonists through interactions with 5-HT3 receptors are associated with vomiting and 

diarrhea in rodents59. Thus, through inhibition of OCT1, metformin may modulate intestinal or 

systemic levels of serotonin, which may contribute to the GI side effects of the drug.  Metformin 

also inhibited serotonin uptake by OCT3 and SERT but at much higher concentrations (>30 mM 

to inhibit 50% of serotonin or histamine) (Figure 5.1).  These transporters may also play a role in 

serotonin (and histamine) disposition and actions in the body. Other organic cation transporters 

in intestinal epithelial cells, for example, PMAT (SLC29A4), which transports monoamines4, 

and MATE1 (SLC47A1) were not examined in this study. 

Metformin was tested as an inhibitor of other proteins involved in histamine disposition.  

Beginning with a chemoinformatic approach (SEA), we predicted one target for metformin with 

E-value < 10-4, the enzyme diamine oxidase (Table 5.1).  It is known that DAO is involved in 



166 
 

metabolism of putrescine and histamine to their inactive metabolites (Figure 5.3).  Previous 

studies have demonstrated that genetic polymorphisms in DAO and serum DAO activity are 

associated with food intolerance and polyamine levels43,44,58.  Inhibition of DAO by metformin 

could therefore lead to aberrant histamine levels in the intestine and cause metformin-induced GI 

side effects.  Though metformin was not as potent of an inhibitor of DAO as compared with 

OCT1 (IC50= 8.6 mM for DAO vs 1.5 mM for OCT1), it is still possible that inhibition of DAO 

occurs in vivo based on its estimated intestinal concentrations (10 to 20 mM).  Further studies are 

needed to assess the in vivo effects of metformin on proteins involved in the disposition of 

histamine and serotonin. 
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CHAPTER SIX 

Identification of Novel Substrates of the Organic Anion Transporting Polypeptide 1A2 

(OATP1A2) 

 

Introduction 

The blood-brain barrier (BBB) represents a major impediment for most compounds to 

enter the brain.  The presence of tight junctions limits paracellular movement of most molecules, 

and the high expression levels of drug efflux transporters limit the penetration of lipophilic 

compounds that would ordinarily diffuse across the lipid bilayer.  However, in order for the brain 

to obtain the nutrients it needs, uptake transporters are also highly expressed at the BBB.  One 

family of transporters found to be expressed at the BBB is the organic anion transporting 

polypeptides (OATPs).  OATPs have been implicated in the disposition of endogenous substrates 

such as bilirubin, steroid hormones and bile salts, as well as xenobiotics including fexofenadine, 

methotrexate1, statins2, triptans3 and opioid analgesic peptides.  OATPs transport a broad range 

of compounds, though most tend to be anionic.  Their broad substrate specificity and importance 

in hepatic drug uptake is reflected by the fact that regulatory agencies require screening of new 

molecular entities against two of the transporters in this family, OATP1B1 and OATP1B3.  

While OATP transporters are known to be ATP- and sodium-independent, the driving force for 

transport is still unknown4.   

In a previous publication from our laboratory, OATP1A2 and OATP2B1 were found to 

be highly enriched in isolated human brain microvessels, and were the most prevalent OATPs 

expressed at the human BBB5.  Both OATP1A2 and OATP2B1 have been localized to the 

luminal membrane of the BBB6,7.  In a previous report, substrates of Oatp2 (Oatp1a4), a rodent 



178 
 

ortholog of human OATP1A2, inhibited the brain influx of D-Penicillamine(2,5)-enkephalin 

(DPDPE) in mice, suggesting that Oatp2 functions as an influx transporter at the BBB8.  Given 

the extent of its broad substrate specificity and high expression at the BBB, OATP1A2 and 

OATP2B1 may play an important role in the uptake of drugs to the brain.  

In this study, a library of 103 CNS-active small molecule drugs (Table 6.1) was screened 

to identify novel substrates of OATP1A2 and OATP2B1, two of the most highly expressed anion 

transporters at the human blood-brain barrier.  Twenty-four novel substrates of OATP1A2 were 

identified, and kinetic studies were performed to further understand their interactions with this 

transporter.  Interestingly, none of the compounds in this library were found to be substrates of 

OATP2B1.  As there is not a single clear rodent ortholog for each of the human OATPs, each of 

the 24 newly-identified substrates of OATP1A2 were tested in a rat Oatp2 cell line, and 

approximately one-third were also found to be substrates of Oatp2.  As OATP1A2 has been 

previously reported to participate in the brain influx of some drugs, these data suggest that some 

of the novel substrates identified here enter the brain through OATP1A2. 
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Table 6.1. List of 103 compounds tested from CNS-active library. 

 

Acamprosate Diphenhydramine Lofexidine Phenytoin Tadalafil 
Amantadine Donepezil L-T-Methylphenidate Pimozide Talipexole 
Amfebutamone Duloxetine Memantine Piracetam Thiopental 
Aniracetam Eletriptan Meperidine Pramipexole Tiagabine 
Aprepitant Escitalopram Methylphenidate Pregabalin Tianeptine 
Aripiprazole Ethosuximide Metoclopramide Propranolol Topiramate 
Atomoxetine Felbamate Milnacipran Quetiapine Tramadol 
BCH Fentanyl Minaprine Ramelteon Trazodone 
Bromocriptine Flumazenil Mirtazapine R-Apomorphine Triprolidine 
Brotizolam Fluoxetine Moclobemide Riluzole Tropisetron 
Buprenorphine Fluphenazine Modafinil Rimonabant Valproic Acid 
Bupropion Fluvoxamine Naratriptan Risperidone Varenicline 
Buspirone Frovatriptan Nemonapride Rivastigmine Venlafaxine 
Cabergoline Gabapentin Nimodipine Rizatriptan Verapamil 
Caffeine Galantamine Nortriptyline Ropinirole Vigabatrin 
Carbamazepine Gemcitabine Olanzapine S-Apomorphine Vinpocetine 
Chlorpromazine Haloperidol Oxcarbazepine Sertindole Zaleplon 
Cidoxepin Hydrocodone Oxycodone Sertraline Ziprasidone 
Clomipramine LAAM Paliperidone Sulpiride Zolmitriptan 
Clozapine Lamotrigine Paroxetine Sumatriptan Zonisamide 
Cyclobenzaprine Levetiracetam Pergolide Tacrine   
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Materials and Methods 

 

Chemicals. In the library of 103 CNS-active compounds, 47 compounds were obtained from 

Pfizer (Groton, CT).  The remaining 56 compounds were purchased from various sources, 

including Sigma Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA), Spectrum Chemical 

Manufacturing Corporation (New Brunswick, NJ), Santa Cruz Biotechnology (Santa Cruz, CA), 

Enzo Life Sciences (Farmingdale, NY) and TCI America (Portland, OR).  Cell culture media 

(DMEM H-21), blasticidin, GlutaMAX and the Pierce BCA Protein Assay Kit were purchased 

from Life Technologies (Grand Island, NY).  Fetal bovine serum, penicillin/streptomycin, non-

essential amino acids (NEAA), sodium pyruvate, hygromycin B and HEPES were obtained from 

the University of California San Francisco Cell Culture Facility.  [3H]-estrone sulfate and [3H]-

Enkephalin (DPDPE) and was purchased from PerkinElmer (Waltham, MA). 

 

Cell Culture. Stably-transfected and inducible HEK-hOATP1A2 and HEK-rOatp2 cells were 

generously provided by Pfizer, and stably-transfected CHO-OATP2B1 cells were obtained from 

Optivia Biotechnology (Menlo Park, CA).  These cells were grown and maintained in Dulbecco's 

Modified Eagle Medium (DMEM) H-21 supplemented with 10% fetal bovine serum, 100 

units/mL penicillin, 100 units/mL streptomycin, 2 mM GlutaMAX, 1 mM sodium pyruvate, 25 

mM HEPES and 1X NEAA. The selection agent used was 3 µg/mL blasticidin for HEK-

hOATP1A2 and HEK-rOatp2 and 100 µg/mL hygromycin B for CHO-OATP2B1.  Cells were 

grown at 37 °C in a humidified incubator with 5% CO2. 
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Substrate Screen Using LC/MS/MS Quantitation. HEK-hOATP1A2, CHO-OATP2B1 or 

HEK-rOatp2 cells were grown on poly-D-lysine coated 24-well plates in DMEM medium 

described above to at least 90% confluence at least 48 hours post-seeding.  For the HEK-

hOATP1A2 and HEK-rOatp2 cells, 24 hours before the experiment, cells were treated with 1 

µg/mL doxycycline and 2 mM sodium butyrate to induce expression of hOATP1A2 or rOatp2.  

Cells were washed and preincubated for 30 minutes in HBSS buffer, pH 7.4.  The buffer was 

removed and replaced with uptake buffer (HBSS containing 5 µM of the test compounds). 

Uptake was performed at 37 °C for 3 minutes, and then was terminated by washing the cells 

twice with ice-cold HBSS.  The inhibitor used was 100 µM verapamil for OATP1A2 and 

OATP2B1, and 200 µM digoxin for rOatp2.  Plates containing cells were dried overnight at 4°C.  

Samples were extracted by adding 200 µL of ice-cold methanol for 10 minutes, followed by 

scraping the cells with a plastic cell lifter and two 10-minute incubations with 200 µL of 70:30 

methanol:water.  The methanol:water solution were pooled in a 96-well plate and evaporated off 

in a Savant centrifugal evaporator overnight.  Dried plates were sent to York Bioanalytical 

Solutions (York, UK) for quantitation by liquid chromatography-tandem mass spectrometry 

(LC/MS/MS).  Results were normalized by protein content as determined with a Pierce BCA 

Protein Assay Kit (Life Technologies) and analyzed using Graphpad Prism 5.0. 

 

Determination of Kinetic Parameters Using LC/MS/MS Quantitation. HEK-hOATP1A2 

cells were grown on poly-D-lysine coated 24-well plates in DMEM medium described above to 

at least 90% confluence at least 48 hours post-seeding.  Twenty-four hours before the 

experiment, cells were treated with 1 µg/mL doxycycline and 2 mM sodium butyrate to induce 

expression of hOATP1A2.  Cells were washed and preincubated for 30 minutes in HBSS buffer, 
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pH 7.4.  The buffer was removed and replaced with uptake buffer (HBSS containing 0.7 to 1500 

µM of the test compounds). Uptake was performed at 37°C for 3 minutes, and then was 

terminated by washing the cells twice with ice-cold HBSS.  Plates containing cells were dried 

overnight at 4°C.  Samples were extracted by adding 200 µL of ice-cold methanol for 10 

minutes, followed by scraping the cells with a plastic cell lifter and two 10-minute incubations 

with 200 µL of 70:30 methanol:water.  The methanol:water solution was pooled in a 96-well 

plate and evaporated off in a Savant centrifugal evaporator overnight.  Dried plates were sent to 

York Bioanalytical Solutions (York, UK) for quantitation by liquid chromatography-tandem 

mass spectrometry (LC/MS/MS).  Results were normalized by protein content as determined 

with a Pierce BCA Protein Assay Kit (Life Technologies) and analyzed using Graphpad Prism 

5.0. 

 

Results 

 

Validation of HEK-hOATP1A2 and CHO-OATP2B1 Cell Lines.  Estrone sulfate is a known 

substrate of OATP transporters, and in particular, of both OATP1A2 and OATP2B1.  We 

previously determined that uptake of [3H]-estrone sulfate in both cell lines was linear at 3 

minutes and selected that as the uptake time (data not shown).  In Figure 6.1A, cells treated with 

doxycycline and sodium butyrate to induce expression of OATP1A2 showed significantly higher 

uptake of [3H]-estrone sulfate, compared with cells treated with sodium butyrate only (marked as 

EV).  Similarly, CHO-OATP2B1 cells take up more [3H]-estrone sulfate than CHO-EV cells.  

Treatment with 100 µM verapamil was sufficient to inhibit both OATP1A2 (Figure 6.1A) and 
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OATP2B1 (data not shown).  These results validate use of the HEK-hOATP1A2 and CHO-

OATP2B1 cell lines. 

 

 

 

 

 

 

Figure 6.1. Validation of HEK-hOATP1A2 and CHO-OATP2B1 cell lines. (A) Uptake of [3H]-

estrone sulfate in induced HEK-hOATP1A2 cells and control (not induced) cells (EV).  

Verapamil (100 µM) inhibits uptake of [3H]-estrone sulfate. (B) Uptake of [3H]-estrone sulfate in 

CHO-OATP2B1 cells and control CHO-EV cells.  All uptakes were performed at 3 minutes. 

 

 

Identification of Novel Substrates of OATP1A2.  A cellular uptake assay using HEK-

hOATP1A2 cells was performed on all 103 compounds in the CNS-active library.  From this 

library, frovatriptan, naratriptan, sumatriptan, verapamil and zolmitriptan were all previously 

known to be substrates of OATP1A2 and therefore served as positive controls in this screen.  
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Significant uptake of all five compounds was observed in induced HEK-hOATP1A2 cells, and 

this uptake was inhibited by verapamil (100 µM) (Figure 6.2).  In addition, twenty-four 

additional novel substrates of OATP1A2 were identified, including amfebutamone, R-

apomorphine, buprenorphine, donepezil, escitalopram, fluvoxamine, galantamine, haloperidol, 

lamotrigine, lofexidine, methylphenidate, L-threo-methylphenidate, minaprine, mirtazapine, 

moclobemide, olanzapine, pimozide, propranolol, rivastigmine, ropinirole, sulpiride, tramadol, 

trazodone and varenicline (Figures 6.3, A-X). 

 

 

 

 

Figure 6.2. Positive controls in the OATP1A2 uptake screen. (A) Frovatriptan, (B) naratriptan, 

(C) sumatriptan, (D) verapamil and (E) zolmitriptan have all been previously reported to be 

substrates of OATP1A2.  Uptake was found to be higher in induced HEK-hOATP1A2 cells as 

opposed to not induced control cells (EV).  Addition of the OATP inhibitor verapamil resulted in 

significant inhibition of uptake. 
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Figure 6.3. Potential substrates of OATP1A2 identified using a substrate screen.  Test 

compounds were added to the cells at 5 µM and intracellular concentrations were determined by 

LC/MS/MS quantitation.  Cellular uptake was found to be higher in induced OATP1A2 cells as 

opposed to uninduced empty vector control cells for (A) amfebutamone, (B) R-apomorphine, (C) 

buprenorphine, (D) donepezil, (E) escitalopram, (F) fluvoxamine, (G) galantamine, (H) 

haloperidol, (I) lamotrigine, (J) lofexidine, (K) methylphenidate, (L) L-threo-methylphenidate, 

(M) minaprine, (N) mirtazapine, (O) moclobemide, (P) olanzapine, (Q) pimozide, (R) 

propranolol, (S) rivastigmine, (T) ropinirole, (U) sulpiride, (V) tramadol, (W) trazodone and (X) 

varenicline.  Addition of a known OATP1A2 inhibitor, verapamil, reduced uptake in the HEK-

hOATP1A2 cell line.  All uptakes were performed at 3 minutes. 

 

 

Kinetic Determination of OATP1A2 Substrates.  Kinetic parameters were determined for 

many of the compounds identified as substrates in the OATP1A2 substrate uptake screen.  Figure 

6.4 shows the fitted curves using the Michaelis-Menten equation and depicts both the passive 

and OATP1A2-mediated components of uptake for buprenorphine (Figure 6.4A), fluvoxamine 

(Figure 6.4B), haloperidol (Figure 6.4C), lamotrigine (Figure 6.4D), minaprine (Figure 6.4E), 

mirtazapine (Figure 6.5F), moclobemide (Figure 6.4G), olanzapine (Figure 6.4H), rivastigmine 

(Figure 6.4I), ropinirole (Figure 6.4J), tramadol (Figure 6.4K), sulpiride (Figure 6.4L), trazodone 

(Figure 6.4M) and varenicline (Figure 6.4N).  The Vmax and Km for each compound for the 

OATP1A2 transporter are shown in Table 6.2. 
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Figure 6.4. Kinetic determination of OATP1A2-mediated uptake for selected compounds.  Each 

data point represents the average of three replicates.  The Michaelis-Menten equation was used 

to fit linear and nonlinear regression lines representing the passive and OATP1A2-mediated 

uptake.  Transport kinetic graphs are shown for (A) buprenorphine, (B) fluvoxamine, (C) 

haloperidol, (D) lamotrigine, (E) minaprine, (F) mirtazapine, (G) moclobemide, (H) olanzapine, 

(I) rivastigmine, (J) ropinirole, (K) tramadol, (L) sulpiride, (M) trazodone and (N) varenicline.  

Lines with the circle correspond to the uninduced cell line, lines with the square correspond to 

the total uptake in the induced HEK-hOATP1A2 cell line, and the line with the triangle 

correspond to the uptake in the difference between the induced HEK-hOATP1A2 and the 

uninduced cell line.  All uptakes were performed at 3 minutes. 
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Table 6.2. Kinetic determination of OATP1A2-mediated uptake for selected compounds.  

Uptake data was fit to the Michaelis-Menten equation to determine the Vmax and Km of 

OATP1A2-mediated uptake for each compound.  Uptake was performed at 3 minutes but results 

shown are normalized on a per minute basis. 

 

 Vmax  

(nmol/mg protein/min) 
Km  

(µM) 

Buprenorphine 56.7 
(95% CI: 136.7-203) 

370 
(95% CI: 173-567) 

Fluvoxamine 51.7 
(95% CI: 110-200) 

799 
(95% CI: 302-1297) 

Haloperidol 30.6 
(95% CI: 57.8-126) 

370 
(0-747) 

Lamotrigine 4.9 
(95% CI: 11.9-17.6) 

238 
(95% CI: 98-378) 

Minaprine 6.1  
(95% CI: 16.6-19.8) 

204  
(95% CI: 147-261) 

Mirtazapine 40.7 
(95% CI: 57.5-187) 

673 
(95% CI: 0-1483) 

Moclobemide 2.3 
(95% CI: 4.1-9.5) 

432 
(95% CI: 0-878) 

Olanzapine 19.2 
(95% CI: 25-90) 

52.1 
(95% CI: 0-166) 

Rivastigmine 30.2 
(95% CI: 54.4-127) 

458 
(95% CI: 0-933) 

Ropinirole 42 
(95% CI: 75.5-177) 

1227 
(95% CI: 310-2144) 

Sulpiride 19.2 
(95% CI: 41.2-73.8) 

434 
(95% CI: 116-753) 

Tramadol 1.5  
(95% CI: 1.6-7.2) 

85.2 
(95% CI: 0-245) 

Trazodone 8.8 
(95% CI: 15.6-40) 

886 
(95% CI: 140.7-1631) 

Varenicline 22 
(95% CI: 51.2-80.5) 

529 
(95% CI: 240.7-818) 
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Screen for Novel OATP2B1 Substrates. A cellular uptake assay was performed using CHO-

OATP2B1 cells on all 103 compounds in the CNS-active library. Though one of the positive 

controls, rosuvastatin uptake was below the limit of quantitation of our assay in both CHO-

OATP2B1 and CHO-EV cells; in contrast, increased uptake of pitavastatin in CHO-OATP2B1 

cells compared with CHO-EV cells was observed (Figure 6.5).  For all other compounds in this 

library, there was no difference in uptake in CHO-OATP2B1 cells as compared with CHO-EV 

cells, suggesting that none of the other compounds tested were substrates of OATP2B1. 
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Figure 6.5. Testing of the CHO-OATP2B1 cell line.  Uptake of pitavastatin was determined in 

the CHO-OATP2B1 and CHO-EV cell lines using LC/MS/MS.  OATP2B1 cells were found to 

uptake more pitavastatin than CHO-EV cells, as expected.  
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Human OATP1A2 Shares Some Substrate Similarity with Rodent Oatp2.  To better 

understand the rodent orthologs of human OATP transporters, each of the 24 novel substrates 

identified in the OATP1A2 substrate screen was tested in a cell line overexpressing rat Oatp2.  

The function of the rOatp2 cell line was validated by testing uptake of a known Oatp2 substrate, 

DPDPE, at 5 minutes and cells that expressed Oatp2 showed increased uptake of [3H]-DPDPE 

(Figure 6.6A).  Lofexidine (Figure 6.6B), mirtazapine (Figure 6.6C), pimozide (Figure 6.6D), 

pyrilamine (Figure 6.6E), rivastigmine (Figure 6.6F), rocuronium (Figure 6.6G), tramadol 

(Figure 6.6H) and vinpocetine (Figure 6.6I) were all identified as substrates of rat Oatp2.  

Rocuronium (Figure 6.6G) has been previously reported to be a rOatp2 substrate and was 

therefore used as a positive control9.  Furthermore, digoxin (200 µM) was able to inhibit the 

uptake of these compounds through rOatp2. 
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Figure 6.6. Identification of novel substrates of rOatp2.  Uptake of each of the novel OATP1A2 

substrates was tested in a rat Oatp2 cell line using LC/MS/MS.  (A) The function of the rOatp2 

cell line was validated by testing uptake of a known substrate, [3H]-DPDPE, at 5 minutes.  

Increased uptake of (B) lofexidine, (C) mirtazapine, (D) pimozide, (E) pyrilamine, (F) 

rivastigmine, (G) rocuronium, (H) tramadol and (I) vinpocetine demonstrates that these 

compounds are likely substrates of rOatp2.  The known inhibitor of rOatp2 used was digoxin at 

200 µM, which was sufficient to inhibit uptake of these nine compounds. 
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Discussion 

Organic anion transporting polypeptides have been implicated in the transport of many 

drugs in different body tissues, including the brain, kidney and liver.  As OATP1A2 and 

OATP2B1 are the most highly expressed transporters at the BBB, a library of 103 CNS-active 

compounds was tested to determine if some of these drugs could be taken up into the brain by 

either OATP1A2 or OATP2B1.  The goal of this study was to identify a role for OATPs in the 

brain penetration of drugs and expand the chemical space of these transporters. 

Consistent with a previous report3, triptan drugs were found to be substrates of 

OATP1A2 (Figure 6.2).  Furthermore, a surprisingly large number of other compounds in this 

library, 24 out of 103, were substrates of OATP1A2.  These drugs included the antidepressants 

amfebutamone, escitalopram, fluvoxamine, minaprine, mirtazapine, moclobemide and trazodone; 

the Parkinson’s drugs R-apomorphine, rivastigmine and ropinirole; the opioid analgesics 

buprenorphine and tramadol; the Alzheimer’s drugs donepezil and galantamine; the 

antipsychotics haloperidol, olanzapine, pimozide and sulpiride; the anticonvulsant lamotrigine; 

the anti-addictive drugs lofexidine and varenicline; the stimulant methylphenidate and its 

enantiomer L-threo-methylphenidate; and the beta-blocker propranolol (Figure 6.3). Reflecting 

the composition of this library (61% basic, 31% neutral, 5% zwitterionic), it was observed that of 

the 24 novel substrates, most were basic drugs with the exception of the neutral drugs 

amfebutamone, lamotrigine, minaprine and moclobemide.  Though a recognized transporter for 

anionic drugs, OATP1A2 has been previously found to transport some basic drugs9.  

The opioid analgesic tramadol has been reported to have wide variability in its 

pharmacokinetic and pharmacodynamics properties, even within subgroups categorized by 

CYP2D6 activity, suggesting the involvement of other genes in explaining this effect.  As 
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tramadol is almost completely protonated at physiological pH (pKa 9.6), its uptake into the brain 

is likely dependent on uptake transporters at the BBB; however, passive diffusion of the 

unionized species may also contribute to its brain uptake.  Furthermore, tramadol has been found 

to accumulate in the brain with a Kp,uu value of 2.2510, and is not a substrate of P-glycoprotein 

(P-gp)11.  However, previous attempts to identify the transporter(s) responsible for its uptake 

have not been successful; a recent literature review found no studies that reported a correlation 

between tramadol’s pharmacologic effect and polymorphisms in the transporters P-gp, OCT1, 

SERT, or NET12.  One study found a significant efflux ratio of the two tramadol enantiomers 

(2.2 and 1.9) at pH 6.8, but this effect was abolished at pH 7.411.  We previously reported that 

OATP1A2-mediated uptake of organic anions is pH-dependent, with increased activity at lower 

pH1.  Therefore, OATP1A2 may play a role in tramadol’s brain penetration.  In this study, 

tramadol was found to be one of the best substrates of OATP1A2 of all 24 compounds, with a 

Km of 85.2 µM and Vmax of 1.5 nmol/mg protein/minute. 

The entire CNS-active drug library was also screened against OATP2B1, another OATP 

transporter highly expressed at the BBB.  No new substrates of OATP2B1 were identified from 

this CNS-active drug library.  A previous report found that OATP2B1 is a low-affinity, highly 

selective, low pH transporter of antifolate compounds13.  However, the authors note that had 

OATP2B1 been screened at neutral pH, no transport activity would have been detected for any of 

the folate compounds tested.  This may explain, in part, why no novel substrates of OATP2B1 

were identified in this screen. That is, this screen was intended to identify substrates of the 

transporter that function at pH 7.4. Furthermore, OATP2B1-mediated BSP transport is entirely 

independent of extracellular pH over a range of 5.5 to 7.4, and BSP has the highest affinity for 
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OATP2B113.  These data suggest that screening the transporter will yield different results 

depending on the pH used in the screen.   

A significant amount of gene duplication and divergence has occurred in the OATP 

family such that the human OATPs do not always have a direct ortholog in rodents.  This is 

especially true for human OATP1A2, which has five rodent orthologs- Oatp1a1, Oatp1a3 (rat 

only), Oatp1a4 and Oatp1a54.  The closest rat ortholog, Oatp2 (Oatp1a4) shares only 72% gene 

homology with OATP1A214.  Additional studies have shown that for transporters of this family, 

the transport properties cannot be predicted from amino acid sequence similarities between 

human and rodent15.  Therefore, each of the novel substrates of OATP1A2 was tested in a rOatp2 

cell line to determine the species-dependent differences between human OATP1A2 and rat 

Oatp2 (Figure 6.6).  Some species-specific differences between OATP1A2 and rOatp2 were 

observed with only 33% overlap between substrates of the two transporters; lofexidine, tramadol, 

rivastigmine, mirtazapine, rocuronium, pimozide, pyrilamine and vinpocetine were also 

identified as substrates of rOatp2 whereas the remaining 16 novel substrates of OATP1A2 were 

not found to be substrates of rOatp2.  Further testing is necessary to determine the differences in 

the substrate specificity and transport activity of the OATP1A2 and rOatp2 transporters. 

In conclusion, twenty-four novel substrates of OATP1A2 that are CNS-active drugs have 

been identified, and OATP1A2 may be the mechanism by which these drugs enter the brain.  

Kinetic values for several of these drugs for OATP1A2 are reported here, and each drug was also 

tested in a cell line that overexpresses rat Oatp2, the closest rodent ortholog.  These findings 

suggest a role for OATP1A2 in mediating the influx of CNS-active drugs into the brain, and 

enhance our understanding of the substrate specificity of several members of the organic anion 

transporting polypeptide family. 
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CHAPTER SEVEN 

Conclusions 

 

Membrane transporters play critical roles in human physiology and pathology.  In 

addition, transporters play important pharmacological roles, and for the last two decades, there 

has been substantial interest in determining the role of transporters in the absorption, distribution 

and elimination of drugs and other xenobiotics.  Regulatory agencies have been increasingly 

interested in transporter-mediated drug-drug interactions (DDIs), and have released guidance 

documents that require in vitro DDI studies for new molecular entities that are likely to interact 

with hepatic and renal transporters- starting with the US Food and Drug Administration in 2012, 

the European Medicines Agency in 2013, and the Japanese Ministry of Health, Labour, and 

Welfare in 2014.  It is therefore essential that current knowledge of transporter biology be 

expanded as transporters are identified as increasingly important in drug development. 

Both the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier (BCSFB) limit 

access of drugs to the brain, and feature tight junctions with enhanced expression of drug 

metabolizing enzymes and transporters.  Therefore, compounds generally can only transverse the 

barrier by passive diffusion in the case of small lipophilic molecules, or carrier-mediated 

transport.  While ATP-binding cassette (ABC) transporters usually participate in the active efflux 

of compounds from the brain, solute carrier (SLC) transporters often play important roles in the 

influx of molecules into the brain.  In this dissertation, we focused on the role of SLC 

transporters in the influx of compounds into the brain and other tissues. 

SLC transporters at the BBB and BCSFB have been previously demonstrated to 

participate in the brain influx of levodopa1, gabapentin2, valproic acid3, triptans4, statins5, H1 
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antagonists6, and various acidic drugs7.  Furthermore, previous work in our laboratory identified 

novel transporters at the blood-brain barrier8.  However, many questions regarding the role of 

SLC transporters at the blood-brain barrier remain unanswered.  The exact mechanism through 

which many central nervous system (CNS)-active drugs cross the BBB is still unknown, and 

some drugs such as fentanyl9 and pentazocine10 show high brain penetration despite active efflux 

by P-glycoprotein, suggesting the presence of a high-efficiency influx transporter yet to be 

identified. 

The study of membrane transporter proteins has historically been challenging due to its 

membrane localization, amphipathic characteristics, and relatively low abundance in various 

tissues.  However, the development of molecular cloning techniques has helped to establish 

essential tools for the study of these transporters.  Whereas there have been several studies that 

have used high-throughput screening techniques to identify novel inhibitors of key transporters, 

few research groups have attempted screening for novel substrates of these transporters, likely 

due to technical and cost limitations.  The primary goal of this research was to identify new 

substrates and inhibitors of SLC transporters previously identified at the blood-brain barrier.  

Below a summary of the key findings in each of the chapters is presented together with a short 

perspective of future research. 

 

Chapter 2: Solute Carrier Transporters as Therapeutic Targets 

Chapter 2 focused on targeting solute carrier (SLC) transporters to treat human disease. 

Though much of the literature in transporter pharmacology has centered on the role of 

transporters in pharmacokinetics and drug-drug interactions, recent studies suggest that 

transporters represent an exciting group of proteins that can be targeted by pharmacologic agents 
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to treat human disease.  In particular, studies of Mendelian diseases caused by defects in SLC 

transporters have revealed new information about the function of many of these transporters, and 

genome-wide association studies have implicated transporters in various diseases.  At present, 

several classes of marketed drugs target SLC transporters as their primary mechanism of action, 

including loop and thiazide diuretics, serotonin and/or noradrenaline selective reuptake inhibitor 

antidepressants and recently approved SGLT2 inhibitors for the treatment of type 2 diabetes.  

Clearly, there are major opportunities in developing drugs that target transporters for a wide 

variety of indications, such as gout, neurological disorders, liver disease and cancer.  Imaging 

agents that utilize SLC transporters may also have clinical utility in the diagnosis of Parkinson’s 

disease and Alzheimer’s disease.  Drugs that target SLC transporters may inhibit the transporter, 

enhance the transport function, circumvent the defective transporter, or restore function of a 

defective transporter through gene therapy.  Future research focused on targeting SLCs is needed 

to broaden the therapeutic armamentarium for the prevention and treatment of human disease. 

 

Chapter 3: Identification of Novel Ligands of the L-Type Amino Acid Transporter 1 

(LAT1) 

Amino acids are essential to the function of the human body, and one of the major 

transport systems for large neutral amino acids is LAT1.  In addition to being overexpressed in 

various cancers, LAT1 expression has also been found to be enriched at the blood-brain barrier.  

We screened a library of 115 CNS-active drugs using a LAT1-overexpressing cell line to identify 

novel ligands of this transporter.  We identified four new, structurally-diverse inhibitors of LAT1 

and performed kinetic studies to determine their potency of LAT1 inhibition.  The antidepressant 

drugs duloxetine, paroxetine and clomipramine were found to inhibit LAT1 with an IC50 of 578 
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µM, 481 µM and 383 µM, respectively, and the antipsychotic drug fluphenazine was found to 

inhibit LAT1 with an IC50 of 725 µM.  Though these concentrations are too high to produce 

inhibition of LAT1 at the BBB in vivo, the finding that these drugs inhibit LAT1 suggests that 

the transporter has a much greater chemical space than previously anticipated.  Clearly, future 

research to discover new ligands for LAT1 may greatly enhance treatment of CNS disorders. 

 

Chapter 4: Identification of novel substrates of the organic cation transporter, MATE1 

Organic cation transporters are known to participate in the absorption, distribution and 

elimination of various drugs in a variety of tissues, notably in the kidney and liver.  MATE1 has 

been shown to play an important role in the kidney in mediating the elimination of various drugs, 

and drug-drug interactions have been demonstrated clinically when multiple drugs that inhibit 

MATE1 are taken concurrently.  In this study, we screened a library of 86 CNS-active drugs and 

identified multiple novel substrates of MATE1, including bromocriptine, buprenorphine, 

caffeine, chlorpromazine, cyclobenzaprine, diphenhydramine, frovatriptan, levetiracetam, 

riluzole, rizatriptan, rocuronium, sulpiride, sumatriptan, talipexole, tramadol, triprolidine, 

valproic acid and zolmitriptan. We also show that the atypical antipsychotic drug sulpiride is 

taken up by MATE1 with a Vmax of 0.213 µmol/min/µg protein and Km of 7.6 µM. These results 

suggest that MATE1 may be involved in the renal clearance and drug distribution of many of 

these drugs in tissues where MATE1 is expressed, including the blood-brain and blood-

cerebrospinal fluid barriers.  Importantly, our study demonstrates that the substrate space for 

MATE1 is larger than previously anticipated and that targeting the transporter with a variety of 

ligands including anions, cations and zwitterions is achievable. Future studies should focus on 
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identifying the precise role of MATE1 in both the BBB and the BCSFB so that the transporter 

may be exploited in the development of new therapeutic agents. 

 

Chapter 5: Prediction and Validation of Enzyme and Transporter Off-Targets for 

Metformin 

Metformin is an established first-line treatment for patients with type 2 diabetes.  Despite 

its beneficial effects, metformin causes gastrointestinal (GI) side effects that limit the use of the 

drug.  Histamine and serotonin have potent effects in the GI tract.  Using chemoinformatic and 

experimental methods, we show that metformin interacts with amine transporters that transport 

histamine and serotonin (OCT1, OCT3 and SERT) and intestinal diamine oxidase (DAO), which 

plays a role in histamine disposition.  We found that metformin inhibited histamine and serotonin 

uptake by OCT1, OCT3 and SERT in a dose-dependent manner, with inhibition of OCT1-

mediated histamine uptake being most potent (Ki = 1.5 mM).  Using Similarity Ensemble 

Approach, we predicted that metformin interacts with diamine oxidase, which was validated 

experimentally in vitro. The Ki of metformin for DAO (8.6 ± 3.1 mM) was within the expected 

range of intestinal concentrations of metformin after therapeutic doses.   These results 

demonstrate that metformin inhibits intestinal amine transporters and DAO, and suggest a 

possible mechanism for metformin-associated side effects.  Clearly, future research should focus 

on determining whether the inhibition of organic cation transporters or DAO in the intestinal 

tract is important in the gastrointestinal side effects of the drug clinically.  
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Chapter 6: Identification of Novel Substrates of the Organic Anion Transporting 

Polypeptide 1A2 (OATP1A2) 

The blood-brain barrier (BBB) represents a significant barrier for drugs to cross from 

systemic circulation into the brain.  However, uptake transporters including members of the 

organic anion transporting polypeptide family have been localized at the BBB and are known to 

transport drugs and other xenobiotics.  Screening a library of 103 CNS-active drugs against both 

OATP1A2 and OATP2B1, we identified 24 novel substrates of OATP1A2, including 

amfebutamone, R-apomorphine, buprenorphine, donepezil, escitalopram, fluvoxamine, 

galantamine, haloperidol, lamotrigine, lofexidine, methylphenidate, L-threo-methylphenidate, 

minaprine, mirtazapine, moclobemide, olanzapine, pimozide, propranolol, rivastigmine, 

ropinirole, sulpiride, tramadol, trazodone and varenicline.  Many of these novel substrates are 

cationic drugs, even though OATP1A2 is known primarily as an anion transporter.  We also 

determined kinetic parameters (Km and Vmax) of several of these drugs for OATP1A2.  

Surprisingly, none of the compounds in our library were substrates of OATP2B1.  All new 

OATP1A2 substrates were also tested as substrates of the closest rodent ortholog, Oatp2, and 

roughly a third were substrates of both transporters.  These results provide further insight into the 

substrate specificity of OATP transporters and implicate OATP1A2 in the brain uptake of several 

drugs. 

 

Challenges and Future Directions 

The work performed in this dissertation has dramatically expanded knowledge of solute 

carrier transporters, particularly by identifying many novel substrates of transporters already 

known to be important in the body.  We have observed that identification of inhibitors using 
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high-throughput screening methodologies, as previously reported, is not sufficient in 

understanding the full chemical space of the transporter, as there is often not a clear overlap 

between compounds identified as inhibitors and compounds that are substrates.  Therefore, new 

methodologies need to be developed that allow for the fast and efficient identification of novel 

substrates of these transporters. 

We have identified multiple new substrates for several SLC transporters, and expanded 

their known chemical space.  As most of the studies that we have performed utilized transporter-

overexpressing cell lines, we are unable to fully comment on the in vivo relevance of these 

findings, especially as it is known that in many tissues multiple transporters often work together, 

as in the case of OCTs and MATEs11.  We propose new mechanisms of tissue distribution and 

elimination for a number of CNS-active drugs, but additional studies are still needed to validate 

our findings.  

Within the past 10 years, nine new SLC families have been identified and nearly 100 new 

human SLC genes have been recognized.  Presently, crystal structures of transporters represent 

less than one percent of available 3D-resolved structures in the Protein Data Bank12, but crystal 

structures and molecular models of SLC transporters are increasingly available13,14.  We believe 

that the number of substrates identified for various transporters will continue to grow in the 

coming years, especially as computational methodologies improve.  Furthermore, as our 

knowledge of transporters increases, we expect that regulatory agencies will require additional 

transporter studies of new molecular entities, and that the pharmaceutical companies will begin 

to develop novel, first-in-class drugs that target transporters for the treatment of human disease. 
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