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Abstract
Membrane transporters are widely expressed throughout the body, transporting
nutrients, metabolites, toxins, and drugs across cellular membranes. In drug development,
transporters are clinically important for drug absorption and disposition, and play significant
roles in pharmacokinetics and treatment response. In addition, there is a growing interest in
physiologic roles of transporters as polymorphisms in many drug transporters have been
significantly associated with human diseases. Metformin is widely used as first-line treatment of
type 2 diabetes. It exists primarily as a hydrophilic cation at physiological pHs, and therefore,
membrane transporters are involved in its intestinal absorption, tissues distribution, and renal
elimination. Multiple organic cation transporters play roles in the pharmacokinetics of metformin,
and many of them play important roles in its pharmacological response, as mediators of
metformin entry into target tissues. Here, we investigated transporters of metformin, with an
emphasis on the pharmacological and biological roles of transporters in the intestine and liver.
We characterized the human thiamine transporter (THTR-2; SLC19A3), which plays a major
role in the intestinal absorption of thiamine (Vitamin B1). We found that human THTR-2 is
capable of transporting other compounds including the drugs metformin and famotidine, and the
neurotoxin MPP+. Other chemical agents including phenformin, chloroquine, verapamil,
famotidine, amprolium, and pyrithiamine were inhibitors of hTHTR-2 mediated uptake of both
thiamine and metformin. Interestingly, previous studies from our laboratory and others identified
thiamine as an endogenous substrate for several organic cation transporters including OCT1,
OCT2, and MATE1. In our second study, we focused on the endogenous role of OCT1, which is
the major hepatic transporter for metformin. Through extensive experiments in Oct1 knockout
mice, our data support the notion that hepatic thiamine deficiency is the underlying mechanism
for the clinical phenotypes associated with reduced OCT1 function, particularly elevated LDLcholesterol and total cholesterol levels. Our data suggest that reduced OCT1-mediated thiamine
uptake in the liver leads to reduced levels of thiamine pyrophosphate, TPP, and a decreased
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activity of key TPP-dependent enzymes. As a result, there is a shift from glucose to fatty acid
oxidation in the liver, which disrupts key metabolic flux pathways. In parallel, through analysis of
published

genomewide

association

studies,

we

show

that

reduced

function

OCT1

polymorphisms are associated with several metabolic traits in humans. Taken together, our
studies suggest that changes in OCT1 activity modulate the disposition of thiamine and its
active metabolite, TPP, which results in alterations in hepatic energy metabolism, ultimately
affecting total body energy homeostasis. Finally, we developed a comparative structural model
of OCT1 that discriminates ligands from non-ligands and is the model together with an in vitro
high-throughput screening (HTS) assay to screen a drug library to explore the molecular
properties of drugs interacting with OCT1. To extend the in silico methods in predicting
endogenous metabolites that interact with OCT1, we conducted a virtual screen of 29,332
human metabolites against the structure-based model and an SAR model generated from the
HTS data. In conclusion, our findings have important implications for understanding metformin
absorption and disposition, and have expanded our understanding of the physiologic and
pathophysiologic roles of membrane transporters.
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Chapter 1
The Pharmacologic and Biologic Roles of Transporters for Metformin
Introduction
Metformin is widely used for the first-line treatment of type 2 diabetes mellitus (T2DM).
Metformin and its structurally related analog, phenfomin, are derivatives of guanidine, which
was discovered in the extracts of the plant Galega officinalis (French Iilac) in the 1920s1.
Metformin improves peripheral and liver sensitivity to insulin, reduces basal liver glucose
production, increases insulin-stimulated uptake and utilization of glucose by peripheral tissues,
decreases appetite and causes weight reduction2. In recent years, in addition to diabetes, new
indications for metformin use in clinical practice have emerged. In particular, a number of
studies have shown that metformin can positively influence multiple cardiovascular risk markers,
including serum lipid profiles, modulate inflammatory markers, and possibly reduce cancer risk26

. Because of metformin’s glucose-lowering effects, relatively low cost, generally low level of

side effects including the absence of weight gain, and its beneficial influence in cardiovascular
and metabolic disease, current guidelines from the American Diabetes Association/European
Association for the Study of Diabetes (ADA/EASD) and the American Association of Clinical
Endocrinologists/American College of Endocrinology (AACE/ACE) recommend early initiation of
metformin as a first-line drug for mono-therapy and combination therapy for patients with
T2DM1,2.
Metformin is an oral agent. With a pKa of 11.5 and low logP value of -1.43, metformin
exits very primarily as the hydrophilic cation at physiological pHs. Thus, rapid passive diffusion
of metformin through cell membranes is unlikely. Also, excretion of unchanged metformin in
urine is the major mode of elimination and metformin metabolites have not been identified7.
Further, the drug is eliminated by active tubular secretion in addition to filtration in the kidneys.
According to Biopharmaceutics Drug Disposition Classification System (BDDCS)8,9, metformin
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with the characteristic of high solubility and poor metabolism belongs to class 3, suggesting that
absorptive transporters are necessary for intestinal absorption to overcome its poor
permeability. Furthermore, the large apparent volume of distribution of metformin indicates
significant tissue uptake10-14. Therefore, transporters appear to play important roles in the
absorption, distribution and elimination of metformin. Many studies have shown that metformin
is a substrate of various polyspecific organic cation transporters including OCT1 (SLC22A1),
OCT2 (SLC22A2), OCT3 (SLC22A3), MATE1 (SLC47A1), MATE2 (SLC47A2), PMAT
(SLC29A4), and OCTN1 (SLC22A4)15-20 (Fig. 1.1). In addition, as part of my dissertation
research, along with others, I recently found that metformin is a substrate of a thiamine
transporter (THTR-2; SLC19A3)21, which may play a role in its intestinal absorption and renal reabsorption (more details are in Chapter 2). Some of these metformin transporters are expressed
in specific tissues whereas others are expressed ubiquitously (Fig. 1.2). In fact, genetic
polymorphisms in many of these transporters have been associated with inter-individual
differences in the disposition and response to metformin7,22-25.
Industry and regulatory agencies have great interest in drug transporters as many
studies have illustrated their important pharmacologic and toxicological roles26,27. In contrast, the
endogenous roles of drug transporters have been given much less attention. Recently,
metabolomic and genome-wide association studies (GWAS) have identified many metabolites
as endogenous substrates of drug transporters28-30. Variation in the levels of some of these
metabolites have been associated with human disease, which has led to a growing interest in
the physiologic roles of drug transporters. Further, it has become clear that these endogenous
metabolites may serve as biomarkers for drug-transporter interactions. This chapter will
summarize our current understanding of the pharmacological and biological roles of drug
transporters, with particular emphasis on transporters for metformin.
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Figure 1.1

Figure 1.1. Diagram of major transporters involved in metformin disposition. Arrows show the
direction of transport that has been observed in in vivo studies in mammals.

Figure 1.2.

Figure 1.2. mRNA expression level of transporters in mouse tissues. Data represent mean ±
SD, n = 3 mice (Unpublished data, Giacomini Laboratory).
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Transporters involved in metformin intestinal absorption
Metformin is primarily taken orally as the hydrochloride salt, in a tablet form. It exists
largely as a hydrophilic cationic species and has low lipid solubility. Absorption of immediaterelease formulations of metformin is largely confined to the small intestine, with negligible
absorption in the stomach or large intestine7,11,31. After oral administration, metformin is slowly
absorbed from the proximal small intestine (duodenum) and mainly excreted in the urine (>90%)
without undergoing significant biotransformation10,12. The elimination half-life of metformin
following oral dosing (6.9 hours) is much longer than the elimination half-life following its
intravenous dosing (1.7 hours), consistent with flip-flop kinetics14,32,33. Flip-flop kinetics implies
that following oral administration, the absorptive, not the elimination step, is the rate-limiting step
in its disposition10,12. Furthermore, the absorption of metformin is dose-dependent and more
metformin is absorbed after lower doses than after higher doses11. The bioavailability (F) of
metformin is reduced from 86% to 42% after oral doses of metformin ranging from 250 mg to
2000 mg10,12. These previously published data suggest that metformin absorption is mediated by
a saturable absorption process10,12,18,34,35, and are consistent with a large role of intestinal
transporters in the oral absorption of metformin.
To date, several transporters have been implicated as potentially playing a role in
metformin intestinal absorption. The plasma membrane monoamine transporter (PMAT;
SLC29A4) appears to play a role in the absorption of metformin from the gastrointestinal tract
(GI). PMAT, identified in 2004, mainly accepts structurally diverse hydrophilic organic cations as
substrates, such as 1-methyl-4-phenylpyridinium (MPP+), tetraethylammonium, serotonin,
dopamine, epinephrine, norepinephrine, guanidine, and histamine36,37. Barnes et al. found a
high level of PMAT mRNA transcripts in various segments of the human intestinal tract38, and
Xia et al. showed that the PMAT protein is primarily targeted to the apical membrane of
polarized epithelial cells in immunofluorescence studies39. In 2007, Zhou et al. performed a

!

4!

detailed characterization of PMAT-mediated metformin uptake using Madin-Darby canine kidney
(MDCK) cells stably expressing human PMAT. In their study, Zhou et al. showed that metformin
is avidly transported by PMAT, with an apparent Km of 1.32 mM. In addition, PMAT-mediated
metformin uptake was sigmoidal, with a Hill coefficient of 2.64, and it was greatly stimulated by
acidic pH, with the uptake rate being ~4-fold higher at pH 6.6 than at pH 7.4. In the intestine, the
pH in the lumen can be as low as 618. These data suggest that the naturally acidic environment
in the intestinal lumen can serve as a driving force to promote PMAT-mediated uptake of
metformin.
Transporters in the SLC22 family also appear to play a role in metformin intestinal
absorption. Both organic cation transporters, OCT1 (SLC22A1) and OCT3 (SLC22A3) are
expressed in the small intestine, and metformin is an excellent substrate of both transporters
(apparent Km of 1.47 mM for OCT140 and 1.10 mM for OCT319). OCT3 is localized to the brush
border membrane of enterocytes, and appears to play a role in metformin absorption. Using
genetically engineered mice, Chen et al. showed that Oct3 deletion significantly reduced the
bioavailability of metformin. After oral doses, a significantly lower bioavailability was observed in
Oct3 knockout mice compared with wild-type mice (0.27 versus 0.58, P <0.001) at a dose of 50
mg/kg metformin19. These data suggested that OCT3 plays an important role in metformin
absorption in vivo. OCT1 is localized to the basolateral membrane of the enterocyte, and is
suspected to play a major role metformin absorption by mediating its flux across the basolateral
membrane of enterocytes to the portal circulation9,41.
Carnitine/organic cation transporter (OCTN1; SLC22A4), another transporter within the
SLC22A family, was also previously shown to be involved in metformin absorption17,42. OCTN1
localizes to the apical membrane of enterocytes in the small intestine of mice and humans. In
vitro experiments show that OCTN1 mediates the uptake of metformin in human embryonic
kidney 293 cells transfected with the mouse OCTN1 gene though the uptake of metformin is
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much lower than the uptake of the typical substrate [3H] ergothioneine (ERGO). Significant
differences were observed in both Cmax and AUC of metformin between Octn1 knockout mice
and wildtype mice after oral administration of metformin. However, the terminal half-life of
metformin was similar between the knockout and the wildtype mice after intravenous dosing17,
suggesting the possible involvement of OCTN1 in the intestinal absorption of metformin.
Recently, Han et al. demonstrated that the serotonin reuptake transporter (SERT;
SLC6A4) transports metformin with a Km of 4 mM in vitro43. Paroxetine, a selective serotonin
reuptake inhibitor (Ki = 0.8 nM)44, inhibited OCT1-, 2-, 3-, and SERT-mediated metformin uptake
in single transporter-expressing cell systems with IC50 values of 1.0 ± 0.2 µM, 11.9 ± 1.2 µM, 6.4
± 1.3 µM, and 6.0 ± 0.6 nM, respectively. Further, SERT appears to contribute to metformin
uptake across the apical membrane in Caco-2 cell monolayers43. These data suggest that
SERT may contribute to the intestinal absorption of metformin.
Transporters involved in metformin tissue distribution
In humans, the volume of distribution (Vd) of metformin has been reported to range from
63 to 276 L after intravenous administration. After oral administration Vd /F estimated during
multiple dosing with 2000 mg metformin daily is approximately 600 L11,13,14. The large Vd
indicates significant tissue uptake of metformin,in tissues and suggests that membrane
transporters may be major determinants of the tissue distribution of metformin. In fact, in a
previous study of the pharmacokinetics of metformin, we observed a lower oral volume of
distribution (Vd/F) in the individuals carrying reduced function OCT1 allele (R61C, G401S,
420del, or G465R)23.
OCT3 also plays a role in metformin tissue distribution. The transporter is detected in
almost all tissues and is expressed at high levels in adipose tissue, lung, prostate, and skeletal
muscle in humans and rodents45,46. Further, OCT3 is expressed in the blood brain barrier,
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placenta, and salivary glands45,47,48. Using the Oct3 knockout mouse model, Chen et al. showed
a 2-fold decrease in the apparent volume of distribution of metformin in knockout compared with
wildtype mice after intravenous doses of metformin (P < 0.001)19. Similar results were observed
in another published study47. Consistent with its reduced volume of distribution, metformin
tissue-to-plasma ratios were significantly lower in the liver, muscle, and adipose tissue in
knockout mice, indicating an important role of OCT3 in tissue distribution19.
Transporters involved in metformin renal elimination
The major clearance pathway of metformin is renal elimination7,11,14. The estimated
population mean renal clearance (CLR) of metformin is 507 ± 129 mL/min in healthy adults and
diabetic patients with good renal function, which indicates that active secretion is involved7.
Metformin is a substrate of several organic cation transporters expressed in the kidney. OCT2
(SLC22A2) is mainly expressed on the basolateral membrane of renal tubular cells, where it
mediates entry of metformin into the tubule cells and, together with MATE1 and MATE2
(SLC47A1 and SLC47A2), mediates the secretion of metformin into urine49-51.
Because of functional redundancy with OCT1, which is expressed in rodent kidney (Fig.
1.3), deletion of Oct2 in mice had little effect on the pharmacokinetics of tetraethlammonium
(TEA)52. However, in Oct1 and Oct2 double-knockout mice, renal secretion of TEA was
completely abolished52. Oct1 and Oct2 together are essential for renal secretion of many
organic cations, at least in rodents. Similar results were observed in metformin
pharmacokinetics study in Oct1 and Oct2 double-knockout mice. Metformin clearance was
reduced substantially and secretion was abolished in the Oct1/2 double knockout mice. Further,
the volume of distribution was reduced 3.5-fold in the double knockout mice53. Similarly, Mate1
knockout mice exhibited a 2-fold increase in systemic exposure to metformin as compared to
their wildtype counterparts, resulting from reduced renal clearance of the drug54. In humans,
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SLC22A2 or SLC47A1/SLC47A2 polymorphisms have been shown to result in significant
variation in the pharmacokinetics and/or pharmacodynamics of metformin 24,25,49,55,56.
Collectively, the data suggest that OCT2, MATE1 and MATE2 play critical roles in the renal
secretory clearance of metformin.
Figure 1.3.

Figure 1.3. mRNA expression of Slc22a1 in mouse tissues. Data, which were generated in this
dissertation research, represent mean ± SD, n = 3 mice.

The role of OCT3 in renal elimination of metformin is less clear than its paralog, OCT2.
For example, there was a significant increase in the renal accumulation of metformin in Oct3
knockout mice after an intravenous metformin dose19. In contrast to the higher kidney levels of
metformin observed after the intravenous dose, renal accumulation of metformin was
significantly lower in the Oct3 knockout mice in comparison to wildtype mice after an oral
dose19. The study suggests that at low metformin levels (e.g., following the oral dose), OCT3
may contribute primarily to renal uptake, whereas at high metformin levels, OCT3 may
contribute to metformin efflux in the kidney. Further studies are needed to understand the role of
OCT3 in renal elimination of metformin in mice and in humans.
Transporters involved in metformin pharmacologic action
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The liver is a major site of action for metformin, which reduces hepatic glucose
production1,3,34. OCT1 and OCT3 are expressed on the sinusoidal membrane of hepatocytes
and play a major role in the uptake of metformin from blood into the hepatocytes22,57. In
particular, the hepatic accumulation of metformin was significantly greater (4.2-fold; P < 0.001)
in wildtype mice than in Oct1 knockout mice after a single oral dose of the drug. Consistent with
its lower accumulation, the activation of AMP-activated protein kinase (AMPK), a biomarker of
metformin action, was substantially reduced in livers from Oct1 knockout mice. The primary
end-therapeutic effect of metformin in the treatment of diabetes is to lower blood glucose levels.
Metformin significantly reduced fasting plasma glucose levels by more than 30% in wildtype
mice fed high-fat diets (p = 0.012) but not in the Oct1 knockout mice22. These results are
recapitulated in humans. That is, the effects of metformin on oral glucose tolerance tests were
significantly lower in individuals carrying reduced function polymorphisms of OCT122.
Furthermore, OCT1 has effects on the efficacy and toxicity of other substrate drugs58-61.
OCT3 also plays a role in the pharmacologic effects of metformin. For example,
metformin treatment significantly reduced blood glucose AUC after an oral glucose tolerance
test in wildtype but not Oct3 knockout mice19. Correspondingly, phosphorylated AMPK and
expression levels of the insulin-sensitive glucose transporter, GLUT4, increased in adipose
tissue in response to metformin in wildtype mice, but had barely detectable increases in Oct3
knockout mice19. These data suggest that OCT3 plays a major role in the uptake of metformin
into adipose tissue, thereby modulating the therapeutic effect of metformin peripherally.
Physiological roles of drug transporters
Membrane transporters have important physiological roles in regulating cellular
homeostasis as they mediate transmembrane fluxes of many metabolites, nutrients, toxins,
microbiome products, bile salts, neurotransmitters, hormones and signalling molecules.
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Understanding the endogenous roles of transporters in solute disposition can provide insightful
information into human physiology and pathology. Human genetic studies have reported that
mutations in transporters can be involved in the development of rare diseases30, whereas
common polymorphisms in transporters may be risk factors for the development of common
diseases. Drugs are often transported by xenobiotic transporters, which have broad substrate
specificities and are widely characterized as pharmacologic transporters. For these
transporters, very little is known about their endogenous substrates. Metabolomic can provide
us with an opportunity to discover endogenous substrates of transporters that have primarily
been characterized as xenobiotic transporters28,62. For example, thyroid hormones have been
shown to be endogenous substrates of organic anion transporting polypeptides (OATPs) widely
characterized as xenobiotic transporters in the liver63. Studies in Slco1b2 knockout mice and
human genetic studies of people who harbor common polymorphisms in SLCO1B1 showed
alterations in glucose metabolism, resulting from reduced hepatic uptake of thyroid hormone63.
Several ABC transporters including BSEP, MRP3 and MRP4, which are widely characterized as
human xenobiotic transporters, also transport bile salts. Drug induced liver injury (DILI) due to
cholestasis can occur as a result of inhibition of these transporters by various drugs64-66.
Recently, the JAK2 inhibitor, fedratinib, was terminated in phase III clinical trials due to
the development of Wernicke’s encephalopathy that was induced by thiamine deficiency in
some myelofibrosis patients. A later study demonstrated that fedratinib is potent inhibitor for
human thiamine transporter, SLC19A367. Previously, our laboratory identified thiamine as the
major endogenous substrate of OCT1, and Oct1 knockout were observed to be protected from
the development of fatty liver as a result of hepatic thiamine deficiency68. More discussion on
the role of OCT1 in hepatic energy metabolism will be presented in Chapter 3. These examples
highlight the potential role of transporters in drug-endogenous substrate interactions. The
interference of the membrane flux of endogenous molecules by drugs may result in the
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development of adverse effects and diseases. Therefore, more studies on the endogenous roles
of transporters and their relationships with pharmacological agents are warranted.
In this dissertation we primarily focus on the biological role of OCT1, the major hepatic
transporter for metformin. We used Oct1 knockout mouse model to study the disposition of
thiamine, a major endogenous substrate of OCT1, and its metabolic effects on hepatic and total
body energy metabolism. We explored the pharmacological roles of thiamine transporters
(SLC19A2 and SLC19A3) in the disposition of drugs, in addition to their primary function in
transporting thiamine. Furthermore, we studied the mechanism of inhibition of OCT1 through the
combination of high-throughput screening and in silico modeling.
Summary of Dissertation Chapters
Transporters as “gatekeepers” expressed on the plasma membrane of various tissues,
are highly conserved across a wide range of organisms, and play critical roles in regulating the
tissue disposition and homeostasis of endogenous solutes and drugs. Genetic variants and
small molecule inhibitors of transporters modulate drug concentrations in plasma and tissues
leading to changes in overall drug response and toxicity. Therefore, industry and regulatory
agencies have great interest in drug transporters. Numerous studies have illustrated their
important pharmacologic and toxicological roles. In contrast, the endogenous roles of
transporters, particularly drug transporters, have been given less attention. Recently,
metabolomics studies of transporters and GWAS have led to the discovery of many metabolites
as endogenous substrates of transporters, and have stimulated great interest in the physiologic
roles of drug transporters. The goal of research in this dissertation was to discover the
pharmacologic and physiologic roles of transporters in the SLC19 and SLC22 families. Below I
summarize the key findings of each chapter.
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Chapter 2. Metformin is a Substrate and Inhibitor of the Human Thiamine Transporter,
THTR-2 (SLC19A3)
The biguanide metformin is widely used as first-line therapy for the treatment of type 2
diabetes. Predominately a cation at physiological pH’s, metformin is transported by membrane
transporters, which play major roles in its absorption and disposition. Recently, our laboratory
demonstrated that organic cation transporter 1, OCT1, the major hepatic uptake transporter for
metformin was also the primary hepatic uptake transporter for thiamine, vitamin B1. In this
study, we tested the reverse, i.e., that metformin is a substrate of thiamine transporters (THTR1, SLC19A2 and THTR-2, SLC19A3). Our study demonstrated that human THTR-2, SLC19A3,
which is highly expressed in the small intestine, but not THTR-1, transports metformin (Km =
1.15 ± 0.2 mM) and other cationic compounds (MPP+ and famotidine). The uptake mechanism
for hTHTR-2 was pH and electrochemical gradient sensitive. Furthermore, metformin as well as
other drugs including phenformin, chloroquine, verapamil, famotidine, and amprolium inhibited
hTHTR-2 mediated uptake of both thiamine and metformin. Species differences in the substrate
specificity of THTR-2 between human and mouse orthologs were observed. Taken together, our
data suggest that hTHTR-2 plays a role in the intestinal absorption and tissue distribution of
metformin and other organic cations and that the transporter may be a target for drug-drug and
drug-nutrient interactions.
Chapter 3. Deficiency in the Organic Cation Transporter, OCT1, Disrupts Glucose and
Lipid Homeostasis By Altering Thiamine Disposition
A constellation of metabolic disorders including obesity, dysregulated lipids, and
elevations in blood glucose levels has been associated with cardiovascular diseases and
diabetes. Though the mechanisms are complex and not fully understood, impaired energy
metabolism is often characteristic of these diseases. Here, we show that the organic cation
transporter 1 (OCT1), widely studied as a drug transporter, plays a key role in modulating
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hepatic glucose and lipid metabolism, potentially by changing the disposition of thiamine
(vitamin B1). Deletion of Oct1 in mice resulted in reduced activity of thiamine-dependent
enzymes including pyruvate dehydrogenase (PDH), which disrupted the hepatic glucose-fatty
acid cycle, leading to a reduction in glucose utilization, increased gluconeogenesis, and altered
lipid metabolism. Consistent with the data in mice, analysis of data from published genomewide
association studies (GWAS) demonstrated that reduced function OCT1 variants were
significantly associated with higher total cholesterol, LDL cholesterol, and triglyceride levels, and
an increased risk for type 2 diabetes, phenotypes recapitulated in the Oct1 deficient mice.
Collectively, our study reveals a major role for OCT1 in total body energy homeostasis and
suggests a critical role of hepatic thiamine deficiency in the pathogenesis of metabolic disease.

Chapter 4. Discovery of Competitive and Non-competitive Ligands of the Organic Cation
Transporter 1 (OCT1; SLC22A1)
Organic cation transporter 1 (OCT1) plays a critical role in the hepatocellular uptake of
structurally diverse endogenous compounds and xenobiotics. Here, we identified competitive
and noncompetitive OCT1 interacting ligands in a library of 1,780 prescription drugs by
combining in silico and in vitro methods. Ligands were predicted by docking against a
comparative model based a eukaryotic homolog. In parallel, high-throughput screening (HTS)
was conducted using the fluorescent probe substrate ASP+ in cells overexpressing human
OCT1. Thirty OCT1 competitive ligands, defined as ligands predicted in silico as well as found
by HTS, were identified. Of the 167 ligands identified by HTS, five were predicted to potentially
cause clinical drug interactions. Finally, virtual screening of 29,332 metabolites predicted 146
competitive OCT1 ligands, of which an endogenous neurotoxin, 1-benzyl-1,2,3,4tetrahydroisoquinoline, was experimentally validated. In conclusion, by combining docking and
in vitro HTS competitive and noncompetitive ligands of OCT1 can be predicted.
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Chapter 5. Conclusions and Perspectives
In this chapter, we summarize the results of the studies in this dissertation, highlighting
major findings. In addition, we describe future studies that are needed to further understand the
pharmacological and biological roles of membrane transporters, particularly those in the SLC19
and SLC22 families.
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Chapter 2
Metformin is a Substrate and Inhibitor of the Human Thiamine Transporter, THTR-2
(SLC19A3)‡
Introduction
The biguanide metformin is widely used as first-line therapy for the treatment of type 2
diabetes, and is frequently used off-label for the treatment and prevention of various diseases
associated with metabolic syndrome1-3. Although metformin was introduced into clinical practice
in the 1950s, the mechanisms involved in its absorption, disposition, toxicity and pharmacologic
action are not fully understood. At physiological pHs, metformin exists primarily as a cation and
poorly diffuses across cellular membrane4. Thus, membrane transporters play major roles in
the drug’s absorption and disposition. Many studies have shown that metformin is a substrate
of various polyspecific organic cation transporters including OCT1 (SLC22A1), OCT2
(SLC22A2), OCT3 (SLC22A3), MATE1 (SLC47A1) and 2 (SLC4A2), PMAT (SLC29A4), and
OCTN1 (SLC22A4)5-13. Notably, these transporters are involved in the drug’s absorption (OCT3,
PMAT, and SERT (SLC6A4)14), distribution (OCT1 and others), and elimination (OCT2, MATE1,
and MATE2)4. In fact, genetic polymorphisms in many of these transporters have been
associated with inter-individual differences in the disposition and response to metformin4,11,15,16.
Recently, our laboratory demonstrated that OCT1, the major hepatic uptake transporter
for metformin was also the major hepatic uptake transporter for thiamine, vitamin B117. Notably,
our study showed that metformin treatment and deletion of Oct1 in mice had parallel actions in
the liver. That is, metformin dosing and Oct1 deletion were associated with phosphorylation of
the energy sensor, AMP-kinase (AMPK), and its downstream target acetyl-coA carboxylase
(ACC) in the livers of mice. Further, our study demonstrated that deletion of Oct1 resulted in

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
‡!Modified from Liang, X.; Chien, H.-C.; Yee, S. W.; Giacomini, M. M.; Chen, E. C.; Piao, M.; Hao, J.;
Twelves, J.; Lepist, E.-I.; Ray, A. S.; Giacomini, K. M. Metformin Is a Substrate and Inhibitor of the Human
Thiamine Transporter, THTR-2 (SLC19A3). Mol. Pharmaceutics 2015, 12 (12), 4301–4310.
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reduced levels of both metformin and thiamine in the liver, and that common nonsynonymous
polymorphisms in OCT1 exhibited reduced transport of both compounds17,18.
Based on our OCT1 studies and previous studies in the literature demonstrating that
thiamine is a substrate of many polyspecific organic cation transporters that are known
metformin transporters, e.g., OCT2, MATE1 and MATE217,19,20, we hypothesized that the
reverse may be true. That is, metformin is a substrate of thiamine transporters, THTR-1
(SLC19A2) and/ or THTR-2 (SLC19A3). These high affinity thiamine transporters are expressed
in various tissues, such as liver, intestine, kidney, placenta, and muscle21-25. Notably, THTR-2 is
the major absorptive transporter for thiamine in the intestine and was recently implicated in the
withdrawal of the Janus Kinase 2 inhibitor, fedratinib, from late-stage clinical trials26,27. In brief, a
few patients in clinical trials of fedratinib developed Wernicke’s encephalopathy, a condition
associated with thiamine deficiency. Therefore, inhibition of THTR-2 appears to be the
mechanism for this profound adverse event.
In the present study, we tested the hypothesis that THTR-2 is a transporter for metformin
and other prescription drugs and that these drugs could also inhibit the transporter resulting in
potential drug-vitamin interactions. Our data indicate that metformin, as well as other therapeutic
drugs from several pharmacologic classes, is a good substrate and inhibitor of the transporter.
The results suggest that THTR-2 plays a role in the oral absorption of metformin and various
prescription drugs. Importantly, the transporter may be a target for drug-vitamin and drug-drug
interactions.

Methods
Chemicals and reagents
All radiolabeled chemicals were purchased from American Radiolabeled Chemicals
Incorporation (St Louis, Michigan, USA), PerkinElmer (Boston, Massachusetts, USA), or
Moravek Biochemicals (Brea, CA). The specific activity of each radiolabeled chemical was:
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metformin (1,1-Dimethylbiguanide [biguanido-14C] hydrochloride) (110.2 mCi/mmol), thiamine
[3H(G)] hydrochloride (20 Ci/mmol), carnitine hydrochloride, L-[N-methyl-3H] (80 Ci/mmol),
histamine (2-(4-Imidazoyl)ethylamine dihydrochloride [3H]) ( 14.2 mCi/mmol), [3H]
norepinephrine (44.7 mCi/mmol), [3H] serotonin (hydroxytryptamine, 5-[1,2-3H] creatinine
sulfate) (20.3 mCi/mmol), [14C] TEA (tetraethylammonium) (50 mCi/mmol), [3H] MPP+ (1-methyl4-phenylpyridinium) (85.5 mCi/mmol), choline chloride [1,2-14C] (50 mCi/mmol), [14C]- guanidine
HCL (53 mCi/mmol), Famotidine [3H(G)] (20 Ci/mmol), and [14C]-aminoguanidine (57.7
mCi/mmole). Unlabeled chemicals were purchased from Sigma (USA). Fedratinib was
purchased from Selleck Chemicals (Houston, TX). Cell culture supplies were purchased from
the Cell Culture Facility (UCSF, California, USA).
Cell lines and transfection
Full length cDNAs of human SLC19A2 (NM_006996.2), human SLC19A3
(NM_025243.3), and mouse Slc19a3 (NM_030556.2) were synthesized (GenScript, Inc. NJ)
and cloned into the pBabe-puro vector. Human embryonic kidney (HEK) 293 cells were stably
transfected with the empty vector and the vector containing the genes of interest using the
Phoenix-AMPHO retrovirus system. Puromycin, 10 ug/ml, (Millipore Corporation) was used for
selection of stable clones. Single clones were selected and functionally validated. For studies in
the transiently transfected cells, full length cDNAs of human SLC22A1 and SLC19A3 were
cloned into the pcDNA5/FRT vector and human SLC6A4 (NM_001045.2) was cloned in pCMV6XL4 vector, which was purchased from OriGene Technologies, Inc. (Rockville, MD).
Transfection was performed using lipofectamine LTX (Life Technologies, Carlsbad, CA)
according to the manufacturer’s protocol. Uptake studies were performed as described below.
Transporter uptake studies
The stably overexpressing cell lines were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM H-21) supplemented with puromycin (5 ug/ml), penicillin (100 U/ml),
streptomycin (100 mg/ml), and 10% fetal bovine serum. Cells were cultured on poly-D-lysine
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coated 48-well plates for 48 hours to reach 95% confluence. Before the uptake experiments, the
culture medium was removed and the cells were incubated in Hank’s balanced salt solution
(HBSS) (Life Technology, CA) for 15 minutes at 37°C. Unless otherwise noted, chemicals,
drugs, and radiolabeled compounds were diluted in the HBSS for uptake experiments. The
details for drug concentrations and uptake time are described in the Results section and figure
legends. For the pH dependence experiments, HBSS buffer was adjusted to different pH (5, 6,
6.5, 7.4, 8, and 8.5) by adding hydrochloric acid or sodium hydroxide. For the KCl replacement
study, KCl replacement buffer (140 mM KCl, and 5.4 mM NaCl) was identical to the normal
HBSS buffer (5.4 mM KCl and 140 mM NaCl) except that the sodium and potassium were isoosmotically adjusted at pH 7.4. The uptake was performed at 37°C, and then the cells were
washed three times with ice-cold HBSS. After that, the cells were lysed with lysis buffer
containing 0.1 N NaOH and 0.1% SDS, and the radioactivity in the lysate was determined by
liquid scintillation counting. For the transporter study, the Km and Vmax were calculated by
fitting the data to a Michaelis-Menten equation using GraphPad Prism software (La Jolla, CA).
Real time RT-PCR analysis of mRNA levels in cells and tissues
Total RNA from cell lines and C57BL/6J mouse tissues were isolated using RNeasy Mini
kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. Total RNA (2 µg) from each
sample was reverse transcribed into cDNA using SuperScript VILO cDNA Synthesis kit (Life
Technologies, CA) according to the manufacturer’s protocol. cDNA from human tissues were
purchased from Clontech (Human Digestive System MTC panel, Clontech, CA). Quantitative
real-time PCR was carried out in 384-well reaction plates using 2X Taqman Fast Universal
Master Mix (Applied Biosystems, Foster City, CA), 20X Taqman specific gene expression
probes and 10 ng of the cDNA template. The reactions were carried out on an Applied
Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). The
relative expression level of each mRNA transcript was calculated by the comparative method
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(∆∆Ct method) normalized to the housekeeping gene, glyceraldhydes-3-phospate
dehydrogenase (Gapdh).
Western blotting and immunofluorescence cell staining
The cells were lysed in RIPA lysis buffer (Thermo Fisher, USA) with cOmplete mini
protease inhibitor and PhosSTOP phosphatase inhibitor following the manufacturer’s protocol
(Roche Diagnostic, Indianapolis, IN). Human kidney tissue lysate was purchased from Abcam
and human duodenum tissue lysate was purchased from GeneTex. The liver samples were
collected from patients undergoing liver biopsy at University of California, San Francisco
(UCSF) and the normal section of liver was freshly frozen and stored at -80°C. The committee
on Human Research at UCSF (Institutional Review Board (IRB) 10-01717) approved this study.
PNGase F enzyme from New England BioLabs was used to de-glycosylate the protein
according to the manufacturer’s protocol. The proteins were separated on 4-20% SDS PAGE
gels and transferred to PVDF membrane (Bio-Rad, Hercules, CA). The membranes were
blocked with Tris-buffered saline containing 0.05% Tween 20 and 5% nonfat milk for an hour
and then incubated with anti-hTHTR-2 antibody (HPA038898, Sigma; 1:1000 dilutions), antipAMPK, and anti-pACC (Cell Signaling Technology; 1:1000) overnight at 4°C. Immunoblotting
was performed following standard protocol and signals were detected by ECL
chemiluminescence reagent (GE healthcare, Piscataway, NJ). For immunofluorescence
staining, the cells were cultured on poly-D-lysine coverslips (Corning Inc., NY) overnight and
fixed in 4% paraformaldehyde (PFA) following standard procedures. The cells were then
incubated with the primary antibodies (1:1000 dilutions) overnight at 4°C, washed and incubated
with Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor 546 goat anti-mouse IgG (Life
Technology) for 1 hour at room temperature. Staining of the DNA in cell nucleus was carried out
using DAPI in Prolong Gold Antifade reagent (Life Technology, CA). The Zeiss LSM 700 with
ZEN 2012 software (Zeiss, Germany) was used to analyze.
Statistical analysis
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Unless specified, data are expressed as mean ± standard deviation (SD). Statistical
analyses were performed by unpaired Student’s t-tests to determine significant differences
between controls and treatment groups. The data were analyzed using GraphPad Prism 6.0 (La
Jolla, CA). A p-value < 0.05 was considered statistically significant.

Results
Metformin uptake in cells over-expressing human thiamine transporter 2 (hTHTR-2;
hSLC19A3)
To examine the interaction of metformin with hTHTR-2, we established a stable cell line
over-expressing the transporter as an in vitro model for our studies. Stable expression of the
transporter was confirmed by Western blotting (Fig. 2.1A) and immunofluorescence cell staining
further confirmed that the hTHTR-2 was expressed on the cell membrane (Fig. 2.1B).
Importantly, the cell line exhibited robust uptake of thiamine as a positive control (10-fold greater
than empty vector transfected cells, Fig. 2.1C). The validated cell line was used in further
experiments to determine whether various pharmaceutical agents including metformin were
substrates and inhibitors of the transporter. Compared with empty vector transfected cell lines
(EV), metformin uptake was about 4.5 fold higher in hTHTR-2 over-expressing cells (Fig. 2.1D).
Furthermore, metformin uptake was inhibited by excess unlabeled metformin (5 mM) and
fedratinib (10 µM), a selective THTR-2 inhibitor27 (Fig. 2.1E). In addition, we tested metformin
uptake in a cell line over-expressing THTR-1 (SLC19A2). Our data revealed that THTR-2, but
not THTR-1 (Fig. 2.1F and G), transported metformin. Furthermore, we tested whether
metformin treatment in terms of its phosphorylation of the energy sensor, AMP-kinase (AMPK)
and its downstream target ACC is modulated by expression of hTHTR-2. Our data show that
metformin treatment results in greater phosphorylation of both AMPK and ACC in hTHTR-2
expressing cells compared to empty vector cells (Fig. 2.1H).
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Figure 2.1

Figure 2.1. Metformin uptake and effects in cells over-expressing hTHTR-2. (A) Western
blotting showed higher hTHTR-2 expression in the HEK-hTHTR-2 over-expressing cells
compared with empty vector cells (EV). 12.5 µg total protein from cell lysate was deglycosylated by PNGase F. (B) Immunofluorescence cell staining showed that hTHTR-2 is
highly expressed in the cell membrane of the hTHTR-2 over-expressing cells. (C) 3H thiamine
(25 nM) uptake was significantly higher in HEK-hTHTR-2 over-expressing cells comparing to
empty vector (EV) transfected cells. Cells were incubated in the uptake buffer for 5 minutes. (D)

!

29!

14

C metformin (5 µM) uptake was significantly higher in HEK-hTHTR-2 over-expressing cells

compared to empty vector transfected cells. Cells were incubated in the uptake buffer for 5
minutes. (E) hTHTR-2 mediated metformin (5 µM) uptake was inhibited by excess unlabeled
metformin (5 mM) and fedratinib (10 µM). Cells were incubated in the uptake buffer for 5
minutes. (F) Thiamine and (G) Metformin uptake in cells over-expressing hTHTR-1. hTHTR-1
over-expressing cells and empty vector transfected cells were incubated in the uptake buffer
containing 25 nM 3H thiamine and 5 µM 14C metformin for 5 minutes. Fold changes are
normalized to empty vector control uptake. A representative experiment of n= 3. (H) Greater
phosphorylation of both AMPK and ACC in hTHTR-2 over-expressing cells compared to empty
vector cells in cells treated with metformin (1 mM and 2 mM) for 2 hours.

Kinetics studies of hTHTR-2 mediated metformin transport
The uptake kinetics of [3H] thiamine (Fig. 2.2A and B) and [14C] metformin (Fig. 2.2C and
D) in HEK-hTHTR-2 cells were examined. Both thiamine (Fig. 2.2A) and metformin (Fig. 2.2C)
uptake was time-dependent. Thiamine accumulated quickly in the cell line reaching a plateau at
around 5 minutes (Fig. 2.2A). In contrast, the accumulation of metformin was slower in the
stable cell line (Fig. 2.2C). Based on these studies, kinetic parameters were evaluated at 3
minutes for thiamine and 7 minutes for metformin. The uptake kinetics of thiamine exhibited
saturable characteristics (Km = 3.16 ± 0.52 µM, Vmax = 0.0407 ± 0.00197 nmol/protein mg/min;
Fig. 2.2B), and were consistent with previous studies25,27. Like thiamine, metformin also
exhibited saturable kinetic properties, however with much lower affinity and a substantially
greater maximum transport rate (Km = 1.15 ± 0.20 mM; Vmax = 2.20 ± 0.11 nmol/protein
mg/min; Fig. 2.2D). Metformin kinetic parameters were confirmed by performing experiments at
37°C and 0°C (Fig. 2.3) and using the difference in the initial accumulation rates at the two
temperatures (Km = 0.98 mM ± 0.21mM; Vmax = 1.91 ± 0.10 nmol/protein mg/min).
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Collectively, the kinetic studies revealed that hTHTR-2 is a low affinity and high capacity
transporter for metformin.
Figure 2.2

Figure 2.2. Kinetic characterization of hTHTR-2 mediated thiamine and metformin uptake. (A,
C) 3H thiamine (25 nM) uptake and 14C metformin (5 µM) uptake increased with time in HEKhTHTR-2. The linear phase of uptake was up to 5 minutes for thiamine and 15 minutes for
metformin. (B, D) The initial rate of thiamine and metformin uptake in HEK-hTHTR-2 increased
with concentration and was saturable. Cells were incubated with concentrations from 0.1 µM to
30 µM for 3 minutes for thiamine uptake. For metformin uptake, cells were incubated with
concentrations ranging from 0.03 mM to 10 mM for 7 minutes. Saturable thiamine and
metformin uptake was calculated using the difference in accumulation of each compound in
hTHTR-2 over-expressing and empty vector cells. The data were fit to a Michaelis-Menten
equation. A representative experiment of n= 3.
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Figure 2.3

Figure 2.3. Kinetic characterization of hTHTR-2 mediated metformin uptake. The initial rate of
metformin uptake in HEK-hTHTR-2 cells increased with concentration and was saturable. Cells
were incubated with concentrations ranging from 0.1 mM to 10 mM for 7 minutes at 37°C or
0°C. The saturable metformin uptake rate was calculated as the difference in accumulation
between the uptake at 37°C and 0°C and data were fit to a Michaelis-Menten equation.

The effect of pH and electrochemical gradient on hTHTR-2 mediated metformin transport
To investigate the effect of pH on the hTHTR-2 transporter uptake, [3H] thiamine (25 nM)
or [14C] metformin (5 µM) was added to uptake buffers, which were adjusted to various pHs
ranging between 5 and 8.5. Both thiamine and metformin uptake increased as the buffer pH
was raised from 5 to 7.4, and then plateaued between pH 7.4 and 8.5 (Fig. 2.4A and B). To
investigate the effect of the transmembrane electrochemical gradient on accumulation of
metformin in the cell line over-expressing hTHTR-2, sodium was replaced by equimolar
concentrations of potassium in the uptake buffer at pH 7.4 and intracellular concentrations of
metformin were measured after 20 minutes incubation. In the normal uptake buffer, the
intracellular metformin concentration was 15.7 µM; while in the KCl replacement buffer, the
intracellular metformin concentration was 6.3 µM, which was 60% less in cellular concentration
compared to the normal uptake buffer (Fig. 2.5A). In addition, the thiamine uptake was reduced
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in cells pre-incubated with cardiac glycosides as well as the Na+/K+-ATPase inhibitors digoxin
and ouabain28-30, and the inhibition appeared to be time and dose dependent (Fig. 2.5B and C).
These data suggest that metformin accumulation in cells over-expressing hTHTR-2 is sensitive
to membrane potential.
Figure 2.4

Figure 2.4. The effect of pH on hTHTR-2 mediated metformin uptake. (A) 3H thiamine (25 nM)
or (B) 14C metformin (5 µM) were included in the uptake buffer adjusted to pH 5, 6, 6.5, 7.4, 8,
and 8.5 and the cells were incubated for 5 minutes. Empty squares represent the uptake in
HEK-empty vector cells and black circles represent the uptake in HEK-THTR-2 cells. A
representative experiment of n= 2.
Figure 2.5
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Figure 2.5. The effect of electrochemical gradient on hTHTR-2 mediated uptake. (A) Cells were
incubated in normal HBSS buffer with 140 mM NaCl and 5.4 mM KCl (empty bar) or KCl
replacement buffer with 140 mM KCl and 5.4 mM NaCl (black bar) for 20 minutes. Data are
presented as the difference in intracellular concentrations between hTHTR-2 over-expressing
and empty vector cells. (B) Cells were pre-incubated with digoxin (30 µM, 10 µM, 3 µM, 300 nM,
30 nM, and 0 (control)) or (C) ouabain (30 µM, 3 µM, 300 nM, 30 nM, 3 nM and 0 (control)) for
no, 1 or 2 hours pre-incubation before exposure to uptake buffer. Data are presented as the
difference between hTHTR-2 over-expressing and empty vector cells. A representative
experiment of n= 2.

THTR-2 mRNA and protein expression in the gastrointestinal tract
To assess the mRNA expression pattern of THTR-2 in the human gastrointestinal tract,
a panel of cDNAs from different segments of the intestinal tract was used (Clontech, CA). The
mRNA level of THTR-2 was highest in the liver and duodenum, followed by jejunum, ileum,
ileocecum, colon, rectum, cecum, and stomach (Fig. 2.6A). The protein expression of THTR-2 in
human liver and duodenum was confirmed by Western blotting (Fig. 2.6B). For comparison,
THTR-1 (SLC19A2) and transporters known to interact with metformin, i.e., OCT1 (SLC22A1),
OCT2 (SLC22A2), and MATE1 (SLC47A1)17,19,20 were included in the study (Fig. 2.6A). The
data show that in the duodenum, mRNA levels of THTR-2 were the most abundant; whereas in
the liver, as previously shown17, OCT1 mRNA transcripts were most abundant. These data
suggest that hTHTR-2 plays an important role in intestinal thiamine and metformin absorption.
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Figure 2.6

Figure 2.6. Human THTR-2 mRNA and protein expression in various tissues. (A) The relative
mRNA levels of SLC19A2, SLC19A3, SLC22A1, SLC22A2, and SLC47A1 were determined by
real-time PCR. The mRNA expression level of SLC19A2 in colon was set to 100%. Pooled
samples were from 5 to 39 Caucasians. B) Representative western blot: hTHTR-2 protein
expression in human liver (samples from Giacomini’s lab), duodenum (pool samples from
GeneTex), and kidney (pool samples from Abcam) was determined by western blotting.

hTHTR-2 mediated interaction between biguanides and thiamine
To further investigate the interaction of metformin with hTHTR-2, we performed an
inhibition study of thiamine uptake with metformin and its analog, phenformin. Various
concentrations of metformin (0.01 mM - 10 mM) or phenformin (0.01 mM - 5 mM) were used in
the uptake buffer, which contained 25 nM [3H] thiamine. As shown in Fig. 2.7A and B, hTHTR-2
mediated thiamine uptake was inhibited by both metformin (IC50 = 680 ± 140 µM) and
phenformin (IC50 = 244 ± 28.4 µM). To test the reverse inhibition, various concentrations of
thiamine (0.01 µM – 10 µM) were included in the uptake buffer, which contained 5 µM [14C]
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metformin. As shown in Fig. 2.7C, hTHTR-2 mediated metformin uptake was potently inhibited
by thiamine (IC50 = 1.03 ± 0.12 µM).

Figure 2.7

Figure 2.7. hTHTR-2 mediated interaction between biguanides and thiamine. 3H thiamine (25
nM) was co-incubated in uptake buffer containing a range of metformin concentrations (0.01
mM - 10 mM) (A) or phenformin concentrations (0.01 mM - 5 mM) (B) for 5 minutes. (C) 14C
metformin was co-incubated in uptake buffer containing a range of thiamine concentrations
(0.01 µM - 10 µM) for 3 minutes. The IC50 was calculated by fitting the data to a nonlinear
regression curve. A representative experiment of n= 2.

Interactions between various organic cations and THTR-2
A previous study in our laboratory showed that thiamine was a major endogenous
substrate of OCT1 and that the vitamin was also a substrate of other SLC transporters that are
well-established transporters for structurally diverse prescription drugs17,19. Therefore, in this
study, we hypothesized that the reverse may be true. That is, the thiamine specific transporter,
THTR-2 may also interact with various xenobiotics and particularly various prescription drugs.
To this end, we tested various organic cations and bases including prescription drugs as
substrates and inhibitors of hTHTR-2. The data demonstrated that the neurotoxin, which is also
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a canonical substrate of several organic cation transporters, 1-methyl-4-phenylpyridinium
(MPP+) and the histamine H2-receptor antagonist, famotidine were substrates of hTHTR-2 (Fig.
2.8A and B). Other organic cations including histamine, tetraethylammonium (TEA), serotonin,
carnitine, choline, norepinephrine, guanidine, and aminoguanidine were not found to be
substrates of hTHTR-2 (Fig. 2.9). However, several anti-thiamine analogs (amprolium and
pyrithiamine) and prescription drugs (chloroquine, verapamil, and famotidine) were shown to be
inhibitors of hTHTR-2-mediated thiamine and metformin uptake (Fig. 2.8C and D).
Figure 2.8

Figure 2.8. The interaction of various organic cations with human THTR-2. (A) hTHTR-2
over-expressing and empty vector transfected cells were incubated with 3H MPP+ in the
absence (control) or presence of fedratinib (100 µM) for 10 minutes. (B) hTHTR-2 overexpressing and empty vector transfected cells were incubated with 3H famotidine in the absence
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or presence of fedratinib (100 µM) for 10 minutes. (C, D) hTHTR-2 over-expressing and empty
vector transfected cells were incubated with 3H thiamine (25 nM) or 14C metformin (5 µM) alone
(control) or in the presence of chloroquine (1 mM), verapamil (1 mM), famotidine (1 mM),
amprolium (1 mM), and pyrithiamine (200 µM) for 5 minutes. A representative experiment of n=
2.
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Figure 2.9

Figure 2.9. Radiolabeled uptake of various organic cations in hTHTR-2 over-expressing cells.
Cells were incubated in the uptake buffer containing radiolabeled compounds for 5 minutes.

Uptake studies in cells over-expressing murine thiamine transporter 2 (mTHTR-2;
mSlc19a3)
To understand whether mouse THTR-2 also plays a role in metformin uptake in vivo, we
constructed and characterized a stable mTHTR-2 over-expressing cell line (HEK-mTHTR-2).
The uptake of [3H] thiamine but not metformin in the over-expressing mTHTR-2 cell line was
higher than the empty vector transfected cells (Fig. 2.10A and B). Further, though metformin
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inhibited thiamine uptake via hTHTR-2, the drug did not significantly inhibit mTHTR-2 mediated
thiamine uptake even at concentrations as high as 10 mM (Fig. 2.10C). Similarly, fedratinib was
a less potent inhibitor of the mouse THTR-2 ortholog compared with the human ortholog (22.2 ±
3.99 µM vs. 1.88 ± 0.38 µM). Furthermore, both famotidine and MPP+ showed substantially less
accumulation (over empty vector cell lines) in cell lines stably expressing mTHTR-2 compared
with those expressing the human transporter, hTHTR-2 (Fig. 2.10E and F). Collectively, the
data suggest that in comparison to the human THTR-2, the mouse ortholog has a narrower
substrate specificity.
Figure 2.10
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Figure 2.10. Functional characterization of mouse THTR-2. (A) 3H thiamine (25 nM) uptake was
significantly higher in mHEK-hTHTR-2 over-expressing cells comparing to empty vector
transfected cells. Cells were incubated in the uptake buffer for 10 minutes. (B) mTHTR-2 overexpressing and empty vector transfected cells were incubated with 14C metformin (5 µM) in the
absence or presence of fedratinib (100 µM) for 10 minutes. (C, D) 3H thiamine (25 nM) was coincubated with a range of metformin (0.01 mM - 10 mM) or fedratinib (0.01 µM - 30 µM) for 5
minutes. Background uptake in empty vector transfected cells was subtracted from the uptake in
the mTHTR-2 cells and the difference was fit to a nonlinear regression curve. A representative
experiment of n= 3. (E) 3H famotidine (25 nM) and (F) 3H MPP+ (6 nM) uptake in mTHTR-2
over-expressing cells. Cells were incubated in the uptake buffer containing 3H MPP+ or 3H
famotidine 10 minutes. A representative experiment of n= 2.

Discussion and Conclusion
The major findings of our study are that the human vitamin B1 (thiamine) transporter,
hTHTR-2, transports metformin and that metformin as well as other xenobiotics including
phenformin, chloroquine, verapamil, famotidine, amprolium, and pyrithiamine inhibit hTHTR-2
mediated uptake of both thiamine and metformin. This is the first study to demonstrate that
metformin is a substrate of hTHTR-2, and the transporter also transports famotidine and MPP+.
Our findings suggest that the transporter may be a target for drug-drug and drug-nutrient
interactions. Notable species differences in the specificity of THTR-2 between human and
mouse orthologs were observed.
Metformin, as an insulin-sensitizer is among the most widely prescribed drugs for type 2
diabetes. Under physiological conditions, metformin with a pKa of 11.5 and log P of -1.43,
predominantly exists as a cation (> 99.9%) and therefore requires transporters to cross
biological membranes4. Many studies have shown that metformin is a substrate of polyspecific
organic cation transporters such as OCT1, OCT2, OCT3, PMAT, MATE1, MATE2, and OCTN1,
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(Table 2.1)7-13, and that these transporters play important roles in the absorption, hepatic
uptake, tissue distribution, and renal excretion of the drug4. A summary of apparent Km values
along with tissue distribution of known metformin transporters, including THTR-2 (current study)
is presented in Table 2.1. Notably, the Km value of metformin for hTHTR-2 is within the range of
Km values for established metformin transporters.
Table 2.1. Summary of metformin transporters
Transporter name
THTR-2 (SLC19A3)
OCT1 (SLC22A1)
OCT2 (SLC22A2)
OCT3 (SLC22A3)

Km (mM)
1.15
1.47
1.07
1.10

Major Tissues
Reference
Intestine and Liver
Current study
13,42
Liver and Kidney
43
Kidney
10
Multiple tissues (liver, skeletal
muscle, fat, and brain)
11
MATE1 (SLC47A1)
0.23
Kidney and Liver
12
MATE2 (SLC47A2)
1.05
Kidney
9
PMAT (SLC29A4)
1.32
Intestine
8
OCTN1 (SLC22A4)
NA*
Gastrointestinal tract
14
SERT (SLC6A4)
4
Intestine
* No Km was reported. Significant uptake in overexpressing cells compared to mock cells. 8
Consistent with previous studies, our data show that THTR-2 expression levels were
highest in the duodenum25. Importantly, our study showed that transcript levels of THTR-2 in
the duodenum were higher than levels of THTR-1 as well as the metformin transporters, OCT1,
OCT2, MATE1, and SERT (Fig. 2.6A and Fig. 2.11A). A recently published study demonstrated
that the human serotonin transporter (SERT, SLC6A4) transports metformin and suggested that
it plays a role in metformin intestinal absorption14. However, we did not observe significant
metformin uptake in the overexpressing human SERT cell line (gift from Dr. Randy Blakely)
though robust uptake of serotonin was observed (Fig. 2.11B). We also did not observe
significant metformin uptake in HEK cells transiently transfected with the cDNA of SLC6A4
(SERT), however significant metformin uptake was observed in HEK cells transiently
transfected with the cDNAs of SLC22A1 and SLC19A3 (Fig. 2.11C). Together, our data showed
that metformin is a poor substrate of SERT compared with OCT1 and THTR-2. Though both
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THTR-1 and THTR-2 are involved in dietary absorption of thiamine in the intestine, previous
studies suggest that THTR-2 alone can fulfill normal vitamin B1 absorption requirements in
conditions associated with THTR-1 dysfunction23. Furthermore, THTR-2 deficient, but not
THTR-1 deficient mice exhibit significantly reduced intestinal thiamine uptake compared to their
wildtype littermates23,31. Confocal microscopy of polarized cells shows that THTR-2 is expressed
apically, whereas THTR-1 has higher expression levels on the basolateral membrane32.
Collectively, these data suggest that THTR-2 plays a major role in mediating the first-step in
thiamine absorption, from lumen to enterocyte, whereas THTR-1 plays a more important role in
the translocation of thiamine from the enterocyte into the portal circulation. Our data also
suggest that THTR-2 can mediate the first step in the intestinal absorption of metformin;
however, further studies are needed to understand the contribution of THTR-2 to metformin
absorption in the context of other intestinal transporters of metformin.
Figure 2.11
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Figure 2.11. Metformin uptake in human SERT overexpressing cells. (A) The relative mRNA
levels of SLC19A2, SLC19A3, SLC6A4, SLC22A1, SLC22A2, and SLC47A1 were determined
by real-time PCR. The mRNA expression level of SLC19A2 in colon was set to 100%. Data are
presented as mean ± SD and pooled samples are from 5 to 39 individuals. (B) Stably
overexpressing human SERT HEK cells were incubated in the uptake buffer containing 3H
serotonin (positive control) or 14C metformin with or without 50 µM desipramine for 10 minutes.
(C) Transient transfected SERT (pCMV6-XL4 vector), hOCT1 (pcDNA5/FRT vector), and
hTHTR-2 (pcDNA5/FRT vector) HEK cells were incubated in the uptake buffer containing 3H
serotonin (positive control) or 14C metformin for 10 minutes. A representative experiment of n=
3.
Though previous studies have indicated that THTR-2 is a thiamine specific transporter33,
our study provides the first demonstration that synthetic compounds including metformin,
famotidine, and MPP+ are also substrates of the transporter. Consistent with previous studies
demonstrating pH dependence of thiamine uptake34, our data showed that the uptake of both
metformin and thiamine increases with increasing pH (Fig. 2.4). Previous studies suggested
that a thiamine/ H+ antiport mechanism characterized thiamine uptake in intestinal brush border
membrane vesicles35,36. However, we did not observe a thiamine/ H+ antiport uptake mechanism
for THTR-2 in the cells stably expressing the transporter though proton antiport mechanisms
were observed for MATE1 (Fig. 2.12). Our data suggest that the previously observed thiamine/
H+ antiport mechanism in isolated brush border membrane vesicles is not mediated by THTR-2.
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Figure 2.12

Figure 2.12. The effect of pre-incubation with ammonium chloride on hTHTR-2 mediated
thiamine and metformin uptake. Cells were pre-incubated with HBSS buffer in the absence
(white bar) or presence (black bar) of ammonium chloride (30 mM) for 30 minutes before
exposure to uptake buffer. hMATE1 stable over-expressing cells (A) were incubated with 14C
metformin (5 µM) for 5 minutes. hTHTR-2 over-expressing cells were incubated with 3H
thiamine (25 nM) (B) and 14C metformin (5 µM) (C) for 5 minutes. A representative experiment
of n= 2.

Based on our data showing that THTR-2 exhibited a broader substrate specificity than
had been shown in previous studies, we hypothesized that the transporter was a target for drugdrug and drug-vitamin interactions. Our data indicated that that metformin and phenformin
inhibited thiamine uptake with IC50’s of 680 µM and 244 µM, respectively (Fig. 2.7A and B). In
patients taking 1 g oral doses, metformin concentrations in the gastrointestinal (GI) lumen are
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estimated to be 24 mM assuming 250 ml GI fluid. The estimated GI concentrations of metformin
and phenformin are > 10-fold higher than these IC50 values, suggesting that at therapeutic
doses, the drugs may cause clinically relevant transporter-mediated interaction37,38. Since
thiamine deficiency is associated with lactic acidosis39,40, this observation may suggest an
alternate mechanism to mitochondrial complex 1 inhibition for metformin and phenformin
associated lactic acidosis41. That is, metformin may reduce thiamine absorption leading to
reduced thiamine levels. In addition, other synthetic analogs including the prescription drugs,
chloroquine, verapamil, and famotidine may also lead to reduced thiamine absorption (Fig. 2.8C
and D). Though vitamin transporters are not on the list of transporters that commonly mediate
clinically relevant drug-drug interactions37,38, the recent failure of fedratinib in phase III clinical
trials due to occurrences of Wernicke’s encephalopathy in a handful of patients suggests that
SLC19A3 should be considered a potential new target for drug-vitamin interactions27. Though
other drugs tested as inhibitors of THTR-2 in our study were less potent than fedratinib, several
of the drugs including metformin inhibited THTR-2 at concentrations that would be achieved in
the GI tract after clinical doses. Interestingly, we also observed the reverse situation. That is,
thiamine inhibited hTHTR-2 mediated metformin uptake at low concentrations (IC50=1.03 ± 0.12
µM) (Fig. 2.7C). Importantly, after thiamine supplementation (25 mg – 100 mg), intestinal
concentrations of thiamine are predicted to be between 0.3 mM to 1.2 mM37. Thus, our study
suggests that THTR-2 may be a target for drug-vitamin or vitamin-drug interactions, which may
depend on the dose of metformin and thiamine.
In conclusion, our study demonstrates that human THTR-2 transports metformin, and
may play a role in its absorption and indeed the absorption of other basic drugs after oral
dosing. The finding that at concentrations in the gastrointestinal tract achievable after oral
dosing, metformin as well as other drugs inhibited THTR-2 mediated uptake of thiamine and
metformin suggests that the transporter may be an important target for drug-drug and drug-

!

45!

vitamin interactions. Future studies investigating the role of THTR-2 in drug safety and efficacy
are clearly warranted.
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Chapter 3
Deficiency in the Organic Cation Transporter, OCT1, Disrupts Glucose and Lipid
Homeostasis By Altering Thiamine Disposition‡

Introduction
Organic cation transporter 1 (OCT1; SLC22A1), which is highly expressed in the liver, is
responsible for the hepatic uptake of many drugs including the opiate agonist, morphine and the
anti-diabetic drug, metformin1-3. In humans, reduced function polymorphisms of OCT1 have
been associated with changes in the pharmacokinetics of several drugs2-4. Though the
pharmacologic role of OCT1 is well established, its endogenous role is less understood.
Previously, through metabolomic studies in Oct1-/- mice and in cells overexpressing human
OCT1, our laboratory identified thiamine, vitamin B1, as a major endogenous substrate for
OCT15. Thiamine plays a key role in energy generation. In particular, its active metabolite,
thiamine pyrophosphate (TPP), is an essential cofactor for several metabolic enzymes,
including pyruvate dehydrogenase (PDH), α-ketoglutarate dehydrogenase (α-KGDH), and
transketolase (TK), which have fundamental roles in regulating cellular energy metabolism6.
Thiamine deficiency can lead to beriberi and Wernicke-Korsakoff syndrome6-8. Although
thiamine is fortified in many food products nowadays9, thiamine deficiency is often found in the
elderly and people with alcoholism, HIV/AIDS, diabetes, and those who have undergone
bariatric surgery10-14.
In our previous study, we found that in comparison to wildtype mice, Oct1-/- mice have
significantly reduced hepatic triglyceride (TG) content and are protected from hepatic steatosis5.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
‡!Modified from!Liang, X.; Yee, S. W.; Chen, E. C.; Luo, Q.; Chien, H.-C.; Zou, L.; Piao, M. Chen, L.;
Calvert, M.E.; King, S.; Norheim, F.; Abad, J.; Krauss, R.M.; Giacomini, K.M. Deficiency in the Organic
Cation Transporter, OCT1, Disrupts Glucose and Lipid Homeostasis By Altering Thiamine Disposition.
(Submitted to Nat. Commun.; In review).
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The lower hepatic TG levels apparently result from increased phosphorylation of AMP-kinase
(AMPK) and its downstream target acetyl-CoA carboxylase (ACC), which leads to a greater rate
of fatty acid β-oxidation in the liver of Oct1-/- mice5. Overall our earlier study suggested that
OCT1 deficiency has beneficial effects on lipid metabolism. However, in recent human genetic
studies, polymorphisms in the OCT1 locus have been linked to traits that accompany lipid and
metabolic disorders such as elevated plasma LDL and total cholesterol levels as well as
increased risk for developing Type 2 diabetes15-17. Collectively, these data suggest that OCT1
has a complex role in hepatic energy utilization and that further mechanistic studies are
warranted.
Here, we hypothesize that reduced OCT1 function leading to changes in thiamine
disposition modulates the activity of multiple enzymes and the levels of key metabolites involved
in glucose and lipid metabolism, which in turn affect whole body energy homeostasis. Through
extensive experiments in Oct1-/- mice, our data show that Oct1 deficiency results in substantial
changes in hepatic energy metabolism, i.e. reduction in glucose utilization, increased
gluconeogenesis, and alterations in lipid metabolism. In parallel, through analysis of published
genomewide association studies (GWAS), we show that reduced function OCT1 polymorphisms
associate with several metabolic traits in humans. Collectively, our studies suggest that
changes in OCT1 activity modulate the disposition of thiamine and its active metabolite, TPP,
which results in alterations in hepatic energy production as well as glucose and lipid
metabolism, ultimately affecting total body energy homeostasis.
Methods
Animal studies
All experiments on mice were approved by the Institutional Animal Care and Use
Committee of UCSF. Oct1-/- mice were generated as previously described1 and backcrossed
more than 10 generations to FVB/N background. Mice were housed in a pathogen-free facility
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with a 12-hour light and 12-hour dark cycle and given free access to food and water. In 5 or 6
weeks old, experimental mice were fed with thiamine control diet TD.09549 (thiamine 5 mg/kg)
containing 17.5% protein, 65.8% carbohydrate, and 5.0% fat by weight (Envigo, Madison, WI).
Other thiamine diets contained the same composition as the thiamine control diet, but differed in
thiamine levels (thiamine deficient diet TD.81029, 0 mg/kg; adjusted thiamine diet TD.120472,
25 mg/kg; TD.140164, 50 mg/kg; TD.150075, 250 mg/kg). High fat diets, TD.140481, contained
5mg/kg thiamine, 17.9%, 48.8% carbohydrate, and 21% fat by weight. The periods of dietary
treatments and time for mouse sacrifice are indicated in the Results section and Figure legends.
The animal studies were conducted in male mice; however, overall body weight and liver weight
were assessed in female mice.
Body composition and metabolic cages
Before and during dietary treatment, body composition was determined by either
quantitative magnetic resonance on the EchoMRI-3in1 body composition analyzer (EchoMRI,
Houston, TX) or by dual-energy x-ray absorptiometry (DEXA). For DEXA, live animals were
anesthetized with isoflurane and scanned on the Lunar PIXImus densitometer (Lunar PIXImus
Corporation Headquarters, Madison, WI). After 8 weeks diet treatment, mice were placed in
single housing cages for 3 days before initiating the comprehensive laboratory animal
monitoring system (CLAMS) (Columbus Instruments, Columbus, OH) experiments. CLAMS was
used to monitor food and water intake, oxygen consumption (VO2) and carbon dioxide
production (VCO2), and locomotor activities for a period of 96 hours. All these experiments were
performed in the Diabetes and Endocrinology Research Center Mouse Metabolism Core at
UCSF.
In vivo studies
Blood glucose levels from mice were measured using the FreeStyle Freedom Lite blood
glucose meter (Abbott Laboratories, Chicago, IL) in samples obtained by the tail milking
method. For oral glucose tolerance tests (OGTT), mice were fasted for 5 hours and dosed with
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glucose 2 g/kg (Sigma-Aldrich, St. Louis, MO) by oral gavage. For insulin tolerance tests, mice
were fasted for 5 hours and dosed with 0.75 U/kg humulin R insulin 100 U/ml (Henry Schein
Animal Health, Dublin, OH) by intraperitoneal injection. Blood was sampled at 0, 15, 30, 60, 90,
and 120 minutes. For pyruvate tolerance tests, mice were fasted for overnight 16 hours and
dosed with pyruvate 2 g/kg (Sigma-Aldrich, St. Louis, MO) by intraperitoneal injection. Blood
was sampled at 0, 15, 30, 60, 90, 120, 150, and 180 minutes.
Tissue staining and histology
For adipose tissues and liver glycogen staining, mice were fasted for 16 hours and
perfused with 20 ml 4% paraformaldehyde (PFA) in PBS. Epididymal fat pad, retroperitoneal
adipose tissues, and liver were incubated in 4% PFA for 48 hours at 4 °C and transferred to
70% ethanol. For Oil Red-O staining in liver, mice were fasted for 16 hours and perfused with 10
ml PBS. Livers were fixed via sucrose infiltration steps prior to freezing. After incubating in 30%
sucrose in PBS at 4 °C for 24 hours, tissues were frozen in OCT molds. Fixed or frozen tissues
were transferred to histology and light microscopy core at Gladstone Institutes for staining,
imaging, and analysis. For the cell-size analysis, hematoxylin and eosin-stained paraffinembedded sections of mouse adipose tissues were imaged using a Nikon Eclipse E600 upright
microscope equipped with a Retiga camera (QImaging, Vancouver, BC, Canada) and a Plan
Fluor 20x / 0.3NA objective. For each sample, four independent fields were imaged for analysis
and adipocyte size was determined using ImageJ (v.2.0.0-rc-3) software (US National Institutes
of Health) and the Tissue Cell Geometry macro (http://adm.irbbarcelona.org/image9j9fiji). For
quantifying the lipid droplets, Oil Red-O stained frozen sections of mouse liver were imaged as
above. For each sample, four independent fields were imaged for analysis. RGB images were
then color thresholded to Oil Red-O, and the total area of ORO-positive pixels was summed for
each image using the Analyze Particles function was run. For quantifying the glycogen levels in
liver sections, Periodic-Acid Schiff’s stained mouse liver was imaged as above. For each
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sample, four independent fields were imaged and the mean intensity and integrated density
values were averaged for each image using the Analyze Particles function.
Metabolic parameters measurements
Mice were sacrificed and blood was collected via posterior vena cava to BD microtainer
tubes with dipotassium EDTA (365974) or heparin (365985). Plasma was sent to the Clinical
Laboratory of San Francisco General Hospital for measurement of total, LDL, and HDL
cholesterol and triglycerides. Plasma was send to Children's Hospital Oakland Research
Institute for the measurement of lipoprotein particles size, as described previously18. Glucose
(GAGO20), glycogen (MAK016), free fatty acid (MAK044), acetyl-Coenzyme A (MAK039),
glucose-6-phosphate (MAK014) quantification kits were purchase from Sigma-Aldrich (St. Louis,
MO). Pyruvate (ab65342), cholesterol (ab102515), and triglyceride (ab65336) quantification kits
were purchase from Abcam (Cambridge, MA). Plasma insulin was measure by ELISA (EMINS)
from Thermo Fisher Scientific (Waltham, MA). Plasma was sent to Molecular MS Diagnostics,
Inc. (Warwick, RI) for thiamine quantification as previously described5.
Western blot analysis
Tissues were homogenized in CelLytic MT lysis buffer (Sigma-Aldrich, St. Louis, MO)
with cOmplete ULTRA protease inhibitor tablet and PhosSTOP phosphatase inhibitor tablet
freshly added (Roche). After normalization, equal protein amounts from each sample were
loaded in to 4-20% criterion Tris-HCl gel (Bio-Rad, Hercules, CA) and run at 110 V. Protein was
transferred to EMD milllipore immobilon PVDF membranes at 100 V for 1 hour at 4 °C using the
criterion blotter. Individual proteins were detected with the specific antibodies: glycogen
synthase (15B1) (#3886; 1:1000 dilution), phospho-glycogen synthase (Ser641) (#3891, 1:1000
dilution), phospho-acetyl-CoA carboxylase (Ser79) (#3661; 1:2000 dilution), AMPKα (23A3)
(#2603, 1:1000 dilution), phospho-AMPKα (Thr172) (#2535; 1:1500 dilution) were purchased
from Cell Signaling Technology (Danvers, MA). Anti-PDH-E1α (pSer232) (#AP1063; 1:2000
dilution) and Anti-PDH-E1α (pSer300) (#AP1064; 1:2000 dilution) were purchased from EMD
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Millipore (Billerica, MA). PDH-E1α (D-6) (#sc-377092; 1:200 dilution) and β-actin (C4) (#sc47778; 1:4000 dilution) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). AntiPYGL (#ab198268; 1:1000 dilution) was purchased from Abcam (Cambridge, MA). Anti-Glut2
(#600-401-GN3; 1:1000 dilution) was purchased from Rockland (Limerick, PA). Primary
antibodies were incubated overnight at 4 °C. Secondary antibodies, goat anti-rabbit IgG-HRP
(#sc-2030; 1:5000; Santa Cruz Biotechnology, Inc.) and anti-mouse IgG-HRP (#7076; 1:5000;
Cell Signaling Technology), were incubated for 2 hour at room temperature. Either Amersham
ECL western blotting detection reagent (RPN2106) or ECL Prime Western blotting detection
reagents (RPN2232) were used for detection. Membranes were imaged by ProteinSimple
western blot imaging system (San Jose, CA). For the quantification of Western blot bands, the
ImageJ (US National Institutes of Health) method was used.
Gene expression analysis
Total RNA from mouse tissues or cell lines was isolated using RNeasy Mini kit (Qiagen,
Valencia, CA). Total RNA (2 µg) from each sample was reverse transcribed into cDNA using
SuperScript VILO cDNA Synthesis kit (Life Technologies, CA). Quantitative real-time PCR was
carried out in 384-well reaction plates using 2X Taqman Fast Universal Master Mix (Applied
Biosystems, Foster City, CA), 20X Taqman specific gene expression probes and 10 ng of the
cDNA template. The reactions were carried out on an Applied Biosystems 7900HT Fast RealTime PCR System (Applied Biosystems, Foster City, CA). The relative expression level of each
mRNA transcript was calculated by the comparative method (∆∆Ct method) normalized to the
housekeeping gene, β-actin.
Transporter uptake studies
The stably overexpressing pcDNA5 empty vector, mouse OCT1, human OCT1reference, OCT1-420 del, and OCT1-420 del+G465R cell lines were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM H-21) supplemented with hygromycin B (100 ug/ml) (Thermo
Fisher Scientific, Waltham, MA), penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% fetal
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bovine serum. Cell culture supplies were purchased from the Cell Culture Facility (UCSF,
California, USA). Cells were cultured on poly-D-lysine coated 96-well plates for 24 hours to
reach 95% confluence. Before the uptake experiments, the culture medium was removed and
the cells were incubated in Hank’s balanced salt solution (HBSS) (Life Technology, CA) for 15
minutes at 37°C. Radiolabeled thiamine [3H(G)] hydrochloride (20 Ci/mmol) was purchased
from American Radiolabeled Chemicals Incorporation (St Louis, MO). Thiamine hydrochloride
was purchased from Sigma-Aldrich (St. Louis, MO). Chemicals and radiolabeled compounds
were diluted in the HBSS for uptake experiments. The details for drug concentrations and
uptake time are described in the Results section and Figure legends. The uptake was
performed at 37°C, and then the cells were washed three times with ice-cold HBSS. After that,
the cells were lysed with buffer containing 0.1 N NaOH and 0.1% SDS, and the radioactivity in
the lysate was determined by liquid scintillation counting. For the transporter study, the Km and
Vmax were calculated by fitting the data to a Michaelis-Menten equation using GraphPad Prism
software 6.0 (La Jolla, CA).
Mining genetic association studies to identify phenotypes associated with SLC22A1
reduced function variants
Various publicly available databases were used to determine whether there are
significant genetic associations of SLC22A1 reduced function variants with human diseases and
traits. The following databases were used: GWAS Catalog, dbGAP Association Results
Browser, GRASP: Genome-Wide Repository of Associations Between SNPs (PMID: 25428361),
GIANT Consortium, Type 2 Diabetes Knowledge Portal, and Phenotypes and Genome Wide
Associations Studies for Lipid Genetics. The first three databases, GWAS Catalog, dbGAP
Association Results Browser, and GRASP provide an easy to use interface to allow first step
information gathering of the types of human diseases and traits that have been reported in all
published GWAS. Based on the results from the three databases, other specific databases
relevant to the findings were then used. This includes searching for specific databases that
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have the GWAS summary statistics (beta-coefficient and p-values). These are: GIANT
Consortium for body weight, Type 2 Diabetes Knowledge Portal for glucose and insulin traits,
and Phenotypes and Genome Wide Associations Studies for Lipid Genetics for the lipids traits.
These databases allow investigators to download the association studies for obtaining the pvalues and the beta-coefficients for the associations. In this study, we focused our search to the
known reduced function non-synonymous variants of OCT1 (SLC22A1): R61C (rs12208357),
G401S (rs34130495), 420Del (rs202220802) (rs662138 and rs1564348 which are in linkage
disequilibrium to 420Del with r2 ≥ 0.77, D’ > 0.95) and G465R (rs34059508).
Statistical analysis
All mice were randomly assigned to the control or each treatment group. No statistical
method was used to predetermine sample size, and sample size was determined on the basis
of previous experiments. Numbers of mice for each experiment are indicated in Figure legends.
Mice that were dead or sick before the end of experiments were excluded from the final
analysis. Investigators were not blinded during experiments. Data were expressed as mean ±
standard error of the mean (mean ± s.e.m.). Appropriate statistical analyses were applied, as
specified in the Figure legends. Data were analyzed using GraphPad Prism software 6.0 (La
Jolla, CA). Differences were considered statistically significant at p < 0.05. *P<0.05, **P<0.01
and ***P<0.001.

Results
Deletion of Oct1 altered hepatic and peripheral energy homeostasis
Consistent with previous studies, deletion of Oct1 protected the mice from hepatic
steatosis5 (Fig. 3.1A). In the current study, we extended our previous analysis to glucose
metabolism and observed that glycogen content was 3.3-fold greater in livers from Oct1-/- mice
compared to livers from Oct1+/+ mice after an overnight fast (Fig. 3.1A). Consistent with these
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results, hepatic glucose levels in Oct1-/- mice were 5.9-fold higher (p = 0.0006) compared to
Oct1+/+ mice (Fig. 3.1B). Significantly greater body weights were observed for Oct1-/- mice
compared to their wildtype counterparts starting at the age of 6 weeks (Fig. 3.1C). Body
composition also differed with DEXA scans showing a higher percent of body fat in Oct1-/compared to Oct1+/+ mice (p = 0.001) (Fig. 3.1D). Consistent with the greater proportion of body
fat, Oct1-/- mice had greater epididymal fat pad weights and reduced liver weight compared to
Oct1+/+ mice (p < 0.0001) (Fig. 3.1E and F).
Figure 3.1

Figure 3.1. Oct1 deletion altered energy homeostasis in vivo. Beginning at 5 weeks, mice were
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treated with a thiamine control diet. (A) Representative images of ORO and PAS staining of
mouse livers (n = 3 per genotype), Scale bars = 100 µm. Quantified hepatic triglyceride (TG) (n
= 4 per genotype) and glycogen levels (n = 10 per genotype) in mice fasted 16 hours overnight.
(B) Quantified hepatic glucose for mice fasted 16 hours overnight (n = 10 per genotype) (C)
Body weight of mice from ages 4 to 14 weeks (n = 12 to 24 per genotype at each time point).
(D) Representative images for body composition measured by DEXA (n = 6 per genotype).
Percent of total body fat and percent of fat in the region indicated by the green square (n = 6 per
genotype). (E) Representative images and weights of epididymal fat pads (n = 14 per
genotype). (F) Percent of epididymal fat pad weight and liver weight to total body weight (n = 14
per genotype). Data were analyzed by unpaired 2-tailed Student’s t test.

To further assess the potential mechanism leading to increased weight gain in Oct1-/mice, we analyzed energy expenditure, food intake, and activity by the comprehensive
laboratory animal monitoring system (CLAMS). Before placing the mice into the CLAMS, the
body composition of all mice was measured by EchoMRI. As shown in Fig. 3.2A, Oct1-/- mice
had greater fat and lower lean mass in comparison to Oct1+/+ mice (p < 0.0001). When
normalized to total body weight Oct1-/- mice had significantly lower respiratory O2 consumption
and energy expenditure (Fig. 3.2B and C), indicating lower metabolic rates of Oct1-/- mice in
comparison to Oct1+/+ mice. These data are consistent with the lower lean mass of the Oct1-/mice compared to Oct1+/+ mice, since lean mass contributes more to energy expenditure than
more inert tissue, such as adipose tissue19,20. In fact, no differences in respiratory O2
consumption or energy expenditure normalized to lean mass were observed between Oct1+/+
and Oct1-/- mice (Fig. 3.2D and E). Thus, the differences in metabolic rate between Oct1+/+ and
Oct1-/- mice appear to be due to significant differences in body composition. Additionally, our
Oct1-/- mice had no difference in activity, but had slightly lower food intake and RER
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(Respiratory Exchange Ratio) during the dark cycle compared to Oct1+/+ mice (Fig. 3.2F-H).
Collectively, our data suggest that Oct1 deletion has a significant effect on hepatic and
peripheral energy homeostasis.
Figure 3.2
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Figure 3.2. Characterization of body composition and energy expenditure. (A) Body
composition of 12 week old mice measured by EchoMRI before CLAMS (n = 12 per genotype).
(B) Respiratory O2 consumption normalized by total body weight for 96 hours and calculated
area under the curve (AUC) (n = 12 per genotype). (C) Energy expenditure normalized by total
body weight for 96 hours and calculated AUC (n = 12 per genotype). (D) Respiratory O2
consumption normalized by lean body weight for 96 hours and calculated AUC. (E) Energy
expenditure normalized by lean body weight for 96 hours and calculated AUC. (F) Activity
counts for 96 hours, and associated summary of activity. (G) Food intake. (H) Respiratory
Exchange Ratio, RER = VCO2 / VO2. (n = 12 per genotype). Data were analyzed by unpaired 2tailed Student’s t test.

Deletion of Oct1 altered thiamine disposition and protected mice from beriberi
Previously, our laboratory determined that thiamine was a major endogenous substrate
of OCT15. In extracts of liver isolated from Oct1-/- mice, the levels of thiamine metabolites, TPP
and TMP, were reduced about 62% and 50%, respectively in comparison to their levels in liver
extracts from Oct1+/+ mice5. We hypothesized that the systemic plasma levels of thiamine would
be higher in Oct1-/- mice as a result of reduced hepatic extraction of dietary thiamine (Fig. 3.3A).
As expected, Oct1-/- mice had significantly higher plasma levels of thiamine (Fig. 3.3B).
compared to Oct1+/+ mice on a thiamine controlled diet and thiamine-enriched diets. In addition,
Oct1 deletion preserved plasma thiamine levels in mice on thiamine deficient diets (Fig. 3.3C).
Thiamine deficiency is associated with life-threatening diseases, such as beriberi and WernickeKorsakoff syndrome6,8. We hypothesized that preserved circulating thiamine levels would delay
the development of severe thiamine deficiency syndromes and increase the rate of survival
when mice were challenged with a thiamine deficient diet. As shown in Fig. 3.3D, there was a
significant delay in the initial death and improvement in the overall survival of Oct1-/- mice (p =
0.012, Gehan-Breslow-Wilcoxon test; p = 0.018, log-rank text) compared to Oct1+/+ mice.
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In human populations, the OCT1 gene is highly polymorphic4,21. Many loss-of-function
polymorphisms of OCT1 have been characterized and found to affect hepatic uptake of drugs
leading to altered treatment response1,4. Here, in the uptake studies, cells expressing human
OCT1 genetic variants (420Del or 420Del+G465R) had significantly reduced uptake of thiamine
compared to the reference allele (Fig. 3.3E) though they have comparable levels of OCT1
transcript (Fig. 3.3F). In kinetic studies performed at 4 min, the Vmax of thiamine in cells
expressing hOCT1-420Del was 70% lower than in cells expressing the hOCT1-Ref (1.80 ± 0.09
nmol/mg protein/min vs. 5.36 ± 0.30 nmol/mg protein/min) (Fig. 3.3G). Collectively, alterations in
OCT1 function through genetic polymorphisms affect thiamine uptake.
Figure 3.3

Figure 3.3. Oct1 function modulated thiamine disposition in vivo and in vitro. (A)
Scheme: deletion of Oct1 reduces hepatic uptake of thiamine and increases plasma thiamine
levels. (B, C) Plasma thiamine concentration (n = 6 per genotype on a control diet and thiamine
enriched diets; n = 7 per genotype on a thiamine deficient (TD) diet). (D) Survival curves for
mice on TD diets (n = 7 for Oct1+/+ mice and 9 for Oct1-/- mice), (Gehan-Breslow-Wilcoxon test
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and log-rank text were used for analysis) (E) Representative graph of thiamine uptake in cells
stably expressing empty vector (EV), mouse OCT1 (mOCT1), human OCT1 reference (hOCT1Ref), human OCT1 with methinone420 deletion (hOCT1-420Del), and human OCT1 with
mutation in glycine465-to-arginine in addition to 420Del (hOCT1-420Del+G465R); A total of 25
nM thiamine was included in the uptake buffer. (F) Oct1 mRNA expression levels of cells stably
expressing EV, hOCT1-Ref, hOCT1-420Del, and hOCT1-420Del+G465R (n = 3 wells per cell
line). (G) Representative graph of thiamine kinetics in cells expressing hOCT1-Ref and hOCT1420Del; concentrations ranged from 25 nM to 2 mM; uptake was performed for 4 min. n = 3
replicated wells; two separate experiments were performed for the in vitro studies. Data were
analyzed by unpaired 2-tailed Student’s t test.

Deletion of Oct1 disrupted hepatic glucose metabolism
Consistent with our previous study5, livers of Oct1-/- mice had increased phosphorylated
AMPK and phosphorylated ACC (Fig. 3.4A). Our previous studies indicated that Oct1 deletion
resulted in reduced hepatic thiamine levels and levels of TPP5, the co-factor of pyruvate
dehydrogenase (PDH). Previous studies have shown that reduced TPP levels directly affect the
activity of PDH22-24. As PDH plays a key role in energy metabolism linking glycolysis to the
tricarboxylic acid cycle (TCA) and fatty acid metabolism25, we hypothesized that the activity of
hepatic PDH was impaired in Oct1-/- mice. Because phosphorylation of PDH results in inactive
forms of the enzyme26, we measured levels of phosphorylated PDH (at two phosphorylation
sites, Ser232 and Ser300) and mRNA levels of pyruvate dehydrogenase kinases 4 (PDK4). Both
phosphorylated PDHs and PDK4 transcripts were significantly higher in livers from Oct1-/- mice
(Fig. 3.4B). In addition, in Oct1-/- mice, glycogen synthase (GS) and glucose transporter 2
(Glut2) were present at significantly higher levels (Fig. 3.4C). Though glycogen phosphorylase
(PYGL), which plays a key role in breakdown of hepatic glycogen, was also expressed at higher
levels, the ratio of GS to PYGL was significantly higher in livers from Oct1-/- mice (Fig. 3.4C and
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D). These data suggest that Oct1-/- mice had higher rates of glycogen synthesis, which could
explain the higher hepatic glycogen content in Oct1-/- mice.

Figure 3.4

Figure 3.4. Deletion of Oct1 altered hepatic glucose metabolism. Mice were fasted overnight or
as indicated. (A) Representative Western blots of phosphorylated AMPK, phosphorylated ACC,
AMPK, and β-Actin in mouse liver. (B) Representative Western blots of phosphorylated PDH,
total PDH, and β-Actin in mouse liver. Pdk4 mRNA expression. (C) Representative Western
blots of GS, PYGL, Glut2, and and β-Actin in mouse liver. (D) Quantification of the Western
blots is shown in the right panel (n = 8 to 10 mice per genotype). (E) Hepatic glucose-6phosphate levels. (n = 6 per genotype). (F) Western blot of GS-p641, GS, and loading control βactin. Data were analyzed by unpaired 2-tailed Student’s t test.

Our data suggested that livers from Oct1-/- mice would have less activity of PDH, which
in turn would result in a lower rate of conversion of pyruvate to acetyl-CoA entering the TCA
cycle27,28 and thus an overall reduction in oxidative phosphorylation of glucose5. We
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hypothesized that the reduction of oxidative phosphorylation of glucose would increase the
accumulation of the intermediates of gluconeogenic substrates. These intermediates would
lead to increased gluconeogenesis as glycolysis and gluconeogenesis are reciprocally regulated
and highly depend on the availability of gluconeogenic substrates29,30. We observed that the
levels of glucose-6-phosphate (G6P), a strong allosteric activator of GS31, were 2.3-fold (p <
0.0001) higher in the livers of Oct1-/- mice (Fig. 3.4E). In addition, the ratio of phosphorylated GS
to total GS was significantly lower in Oct1-/- mice (Fig. 3.4F), consistent with a higher activity of
GS in Oct1-/- mice. To further investigate the role of OCT1 in hepatic glucose metabolism, we
performed three standard tests related to glucose homeostasis32. In the glucose tolerance test
(GTT), the blood glucose rose following oral glucose dosing and fell back to normal in both
Oct1+/+ and Oct1-/- mice though the Oct1-/- mice had higher blood glucose levels at baseline.
After adjusting for baseline, there was no difference between Oct1+/+ and Oct1-/- mice in
response to a bolus dose of glucose (Fig. 3.5A). The GTT indicated that both Oct1+/+ and Oct1-/mice could produce insulin in response to rising glucose. In contrast, pyruvate tolerance tests
(PTT) were different between Oct1+/+ and Oct1-/- mice (Fig. 3.5B). In particular, blood glucose
was significantly higher at each time point after pyruvate injection in Oct1-/- mice, which
suggested that Oct1-/- mice had higher rates of hepatic gluconeogenesis. In the insulin tolerance
test (ITT), there was a trend toward higher blood glucose levels after insulin injection in the
Oct1-/- mice and an overall greater glucose AUC (Fig. 3.5C). Blood glucose levels are
maintained by glucose uptake mainly in peripheral tissues and glucose output primarily from the
liver33. Data from the PTT suggested that the knockout mice had significantly higher hepatic
gluconeogenesis, which may have contributed to the higher glucose exposure in Oct1-/- mice
following the ITT.
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Figure 3.5

Figure 3.5. Three standard tests related to glucose homeostasis. (A) GTT in mice fasted for 5
hours, adjusted for baseline, and associated glucose AUC. (n = 6 per genotype). (B) PTT in
mice fasted for 16 hours, adjusted for baseline, and associated glucose AUC. (n = 6 per
genotype). (C) ITT in mice fasted for 5 hours and associated glucose AUC. (n = 6 per
genotype). Data were analyzed by unpaired 2-tailed Student’s t test.

Thiamine deficiency impaired glucose metabolism
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The studies above suggested that Oct1-/- mice have altered hepatic glucose metabolism,
which results from changes in the expression levels or activities of metabolizing enzymes and
availability of intermediate gluconeogenic substrates. To understand the role of thiamine in
regulating glucose metabolism, age-matched mice were placed on dietary chow containing
three different doses of added thiamine, following the experimental design shown in Fig. 3.6A.
Wildtype mice fed a thiamine deficient diet (TD) for 10 days had higher levels of hepatic
glycogen, hepatic glucose, and plasma glucose compared to mice fed control diets (Fig. 3.6BD). In contrast, varying thiamine content in the diet resulted in no significant differences in
hepatic glycogen, hepatic glucose or plasma glucose levels among Oct1-/- mice (Fig. 3.6B-D).
Further, wildtype mice fed thiamine deficient diets had similar levels of hepatic glycogen, hepatic
glucose, and plasma glucose as Oct1-/- mice irrespective of the thiamine content in their diets,
consistent with the idea that Oct1 deficiency mimics thiamine deficiency in wildtype mice. Levels
of G6P, an activator of GS, were significantly higher in livers from wildtype mice fed a thiamine
deficient diet, and were comparable to liver levels of G6P in Oct1-/- mice irrespective of thiamine
content in the diet (Fig. 3.6E). As shown by Western blotting (Fig. 3.6F), livers from Oct1-/- mice
in the control thiamine diet group and from both Oct1+/+ mice and Oct1-/- mice in the TD group
had higher GS and Glut2 protein levels compared to Oct1+/+ mice in the thiamine control group.
Taken together, our data suggest that thiamine deficiency impairs glucose metabolism in
wildtype mice and that Oct1 deficiency phenocopies thiamine deficiency in wildtype mice. As the
amount of thiamine required for normal function in metabolizing glucose is met, further
increasing dietary thiamine, as in high thiamine treatment group, may not provide additional
effects.
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Figure 3.6

Figure 3.6. Different thiamine treatments affecting glucose metabolism. (A) Scheme of
experimental design. Two groups of mice (Group-1 and Group-2) were treated with a thiamine
controlled diet (CD) or a high thiamine (HT) (Group-3) diet to the end of the experiment, and the
third group of mice (Group-2) was treated with a thiamine-controlled diet but switched to a
thiamine deficient diet (TD) for 10 days. After dietary treatment, mice were fasted overnight for
16 hours before sacrifice. (n = 4 per genotype in each treatment). (B) Hepatic glycogen content
quantification. (C) Hepatic glucose content quantification. (D) Plasma glucose quantification. For
CD, TD and HT indicate diet received by the mice during the final 10 days of treatment. (E)
Hepatic glucose-6-phosphate content quantification. (F) Representative Western blots of protein
expression in enzymes involved in energy metabolism; protein was pooled from 4 mice per
genotype. Data were analyzed by ordinary one-way ANOVA and p-value is stated, and
Dunnet`s post hoc test is used to compare to the control (CD) group for B, C, and D. Data were
analyzed by unpaired 2-tailed Student’s t test for E.
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Oct1-/- mice had higher adiposity and altered lipid metabolism
Oct1-/- mice exhibited increased adiposity, and examination of fat cells through staining
revealed significantly larger adipose cells in the epididymal fat pad (eWAT, p = 0.004) and a
trend toward larger adipose cells in retroperitoneal adipose tissue (rpWAT) from Oct1-/- mice
(Fig. 3.7A). To probe the mechanism of increasing adiposity and adipose cell size in the Oct1-/mice, we measured the mRNA expression levels of genes related to adipose metabolism. Fat
gain may be due to imbalances between rates of triglyceride synthesis and lipolysis. The mRNA
expression of Pnpla2 and Lipe, involved in adipose lipolysis was reduced in adipose tissue from
Oct1-/- mice compared to adipose tissue from Oct1+/+ mice (Fig. 3.7B). In contrast, levels of
genes involved in triglyceride synthesis were similar between the two strains of mice (Fig. 3.7C).
Pnpla2 (coding for adipose triglyceride lipase, ATGL), Lipe (coding for hormone sensitive lipase,
HSL), and Mgll (coding for monoglyceride lipase, MGLL) are responsible for three major steps in
mobilizing fat through hydrolysis of TGs to release free fatty acids from the adipocytes34. Lower
expression levels of these genes are consistent with lower rates of lipolysis in adipose tissue
from Oct1-/- mice. Insulin has antilipolytic effects in adipose tissue, regulating ATGL expression
and promoting lipid synthesis, and chronic insulin treatment results in increased adipose
mass35,36. Corresponding to the higher levels of glucose (Fig. 3.7D), we observed higher
circulating levels of insulin in the Oct1-/- mice (Fig. 3.7E-H), which suppressed lipolysis.
Furthermore, fasting free fatty acid levels were lower in the plasma of Oct1-/- mice (Fig. 3.7I),
which may reflect the lower rates of lipolysis in adipose tissue37. Data in Oct1 knockout mice
were corroborated by data from inbred strains of mice. In particular, Oct1 mRNA levels in the
liver inversely associated with percent fat growth and fat mass among various strains of mice
(Table 3.1).
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Figure 3.7

Figure 3.7. Deletion of Oct1 modulated lipid metabolism. (A) H&E staining of adipose tissues
and adipose cell size quantification (n = 3 per genotype). (B) mRNA expression of Pnpla2, Lipe,
and Mgll in epididymal fat pads of mice fasted for 5 hours (n = 5 per genotype). (C) mRNA
expression of genes involved in energy metabolism in epididymal fat pads in mice fasted 5
hours (n = 5 per genotype). (D) Blood glucose levels (n = 6 per genotype). (E) Plasma insulin
levels (n = 9 or 10 per genotype in 5-hour fasted group; n = 4 per genotype in 16-hour fasted
group). (F) Correlation between blood glucose and plasma insulin levels. (G) Correlation
between plasma insulin and plasma free fatty acid levels. (H) Correlation between plasma
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insulin levels and epididymal fat pad mass. (I) Plasma free fatty acids levels in mice fasted for 5
hours (n = 9 or 10 per genotype). Data were analyzed by unpaired 2-tailed Student’s t test.

Table 3.1. Summary of association results for liver Slc22a1 mRNA expression with
relevant traits among inbred strains of mice.
Sex
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Female
Female
Female
Female

Tissue
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver

Gene
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1
Slc22a1

Trait
Liver Wt
Liver/NMR_Mass_8wks
Triglycerides (liver)
Fat Mass_Percent Growth_2 to 4 wks
Fat Mass_Percent Growth_2 to 8 wks
Fat Mass_Percent Growth_2 to 6 wks
Fat Mass_Percent Growth_4 to 8 wks
Fat Mass_Percent Growth_6 to 8 wks
BF_Percent Growth_0 to 4 wks
BF_Percent Growth_0 to 6 wks
BF_Percent Growth_0 to 8 wks
BF_Percent Growth_2 to 4wks
BF_Percent Growth_2 to 6wks
BF_Percent Growth_2 to 8wks
BF_Percent Growth_6 to 8 wks
Gonadal Fat Wt
Visceral Fat
Visceral Fat/NMR_Mass_8wks
Gonadal_Fat/NMR_Mass_8wks

bicor
0.28710
0.22799
0.28966
-0.20046
-0.24932
-0.21814
-0.20299
-0.26390
-0.20476
-0.21771
-0.23787
-0.26685
-0.27034
-0.29944
-0.25616
-0.21670
-0.19663
-0.19662
-0.21762

p value
0.00001
0.00055
0.00195
0.00361
0.00022
0.00163
0.00243
0.00008
0.00249
0.00128
0.00033
0.00011
0.00008
0.00001
0.00014
0.00176
0.00472
0.00472
0.00168

* The data were obtained from previous studies conducted by Aldon J. Lusis laboratory65-67.
Correlations were calculated with the biweight midcorrelation (bicor), which is robust to outliers
and was used in the studies performed by Aldons J. Lusis laboratory65. A positive bicor means
that the higher expression level of Slc22a1 mRNA is associated with higher levels of the
measured trait. A negative bicor means that the higher expression level of Slc22a1 mRNA is
associated with lower levels of the measured trait.
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We then examined the levels of fasting total cholesterol, HDL cholesterol, LDL
cholesterol, and TG in plasma samples from the two strains of mice. Notably, Oct1-/- mice had
higher plasma levels of total cholesterol and LDL cholesterol compared to Oct1+/+ mice, without
significant differences in triglyceride and HDL cholesterol (Fig. 3.8A). The increase in LDL was
due primarily to smaller LDL particles (Fig. 3.8B). We observed no differences in the transcript
levels of lipoprotein lipase (Lpl) and low density lipoprotein receptor (Ldlr) in livers from Oct1+/+
mice and Oct1-/- mice. However, livers from Oct1-/- mice had higher transcript levels of 3hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), and Acyl-CoA: cholesterol acyltranferase 2
(Acat2) (Fig. 3.8C). Consistent with lower activity of PDH, pyruvate levels were significantly
higher in the livers from Oct1-/- mice as less pyruvate was converted to acetyl-CoA.
Interestingly, contrary to our expectation, Oct1-/- mice had higher levels of acetyl-CoA in their
livers (Fig. 3.8D and E). The higher accumulated acetyl-CoA may have resulted from higher
fatty acid β-oxidation in Oct1-/- mice25,28. Our data suggest that up-regulation of enzymes
involved in cholesterol synthesis and higher levels of the substrate precursor, acetyl-CoA, in the
liver of Oct1-/- mice result in alterations in hepatic cholesterol metabolism leading to increased
production of LDL particles. Further, lower thiamine levels were correlated with higher levels of
cholesterol in plasma and liver in male mice from various inbred strains of mice (Table 3.2 and
Fig. 3.9).
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Figure 3.8

Figure 3.8. Deletion of Oct1 affected cholesterol metabolism. (A) Lipid panel showing plasma
lipid levels in mice fasted for 5 hours (n = 9 or 10 per genotype). (B) Fractionation of the
lipoprotein particles by size (n = 9 or 10 per genotype). (C) mRNA expression of genes involved
in cholesterol metabolism in mouse livers fasted 5 hours (n = 5 per genotype). (D) Hepatic
pyruvate levels (n = 4 per genotype in 5-hour fasted group; n = 6 per genotype in 16-hour fasted
group). (E) Hepatic acetyl-CoA levels (n = 4 per genotype in 5-hour fasted group; n = 6 per
genotype in 16-hour fasted group). Data were analyzed by unpaired 2-tailed Student’s t test.
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Table 3.2: Summary of association results for plasma thiamine with relevant traits among
inbred strains of mice.
Mouse Sex
Male
Male
Male
Male
Male
Male

Metabolite Name
Thiamine
Thiamine
Thiamine
Thiamine
Thiamine
Thiamine

Trait Name
LDL
Unesterified cholesterol
Total cholesterol
Esterified cholesterol
HDL
Liver total cholesterol

bicor
-0.324612972
-0.274601974
-0.247459141
-0.246770177
-0.207385229
-0.204359937

P-value
0.00150
0.00773
0.01678
0.01710
0.04730
0.04942

* The data were obtained from previous studies conducted by Aldon J. Lusis laboratory66,67.
Correlations were calculated with the biweight midcorrelation, which is robust to outliers and
was used in the studies performed by Aldons J. Lusis laboratory65. A negative biweight
midcorrelation (bicor) means that the higher plasma thiamine levels in the inbred strains mice is
associated with lower levels of the measured trait.

Figure 3.9
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Figure 3.9. Correlation of plasma thiamine levels with plasma lipid traits in inbred strains of
mice. (A) Correlation between plasma levels of thiamine and plasma LDL. (B) Correlation
between plasma thiamine levels and plasma unesterified cholesterol. (C) Correlation between
plasma thiamine levels and plasma esterified cholesterol. (D) Correlation between plasma
thiamine levels and plasma total cholesterol. The figures were plotted using Pearson and
Spearman correlation.

OCT1 reduced function variants are strongly associated with human lipid levels
To determine the biological relevance of our findings in mice to humans, we mined
relevant phenotypes through examination of the literature and publicly available datasets. The
data are summarized in Table 3.3. The GWAS Catalog, dbGAP Association Results Browser,
and GRASP identified two major phenotypes (total cholesterol and LDL cholesterol levels) that
were associated with genetic variants in SLC22A1 (OCT1), rs662138 and rs1564348, at
genomewide level significance (p<5x10-8). Using HaploReg v4.1 to obtain linkage
disequilibrium information from 1000 Genomes Project, we noted that these two SNPs are in
linkage with the 420Del in OCT1, a common genetic variant that showed reduced thiamine
uptake and altered kinetics (Fig. 3.3E and G). Thus, the results suggest that reduced OCT1
function is significantly associated with higher total cholesterol and higher LDL levels. The
GRASP database identified other phenotypes with significant, but weaker, p-values, relevant to
glucose traits and coronary artery disease. As a result of the initial findings, we searched other
publicly available databases relevant to diabetes, lipids, and body weight for confirmation and
additional information. In the Global Lipids Genetics Consortium database, we identified other
supporting information that the reduced function OCT1 non-synonymous variants, OCT1-420
Del, OCT1-R61C or OCT1-G465R, showed significant associations with higher total cholesterol,
LDL cholesterol and/or triglyceride levels (Table 3.3). None of the above databases have data
on OCT1-G401S; therefore, no information was obtained for this reduced function variant. In the
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Type 2 Diabetes Knowledge Portal, weaker, but significant associations (p<0.05) between
OCT1 reduced function variants and higher 2-hour glucose, higher fasting insulin, increased risk
for type 2 diabetes, increased risk for coronary artery disease and higher BMI were cataloged.
We performed burden test analysis using the data available in the portal. Interestingly, in the
analysis where we include possibly or probably deleterious missense or protein truncating
variants of OCT1, we observed strong associations of the reduced function OCT1 variants with
increased body weight (p-values=0.0002-0.0005, beta = 0.23-0.3). When we performed a
similar burden test analysis with Type 2 diabetes, the significance was weaker and only when
we included only protein truncating variants of OCT1 (p-value = 0.015, Odds ratio = 2.10).

Table 3.3. Summary of the association of reduced function OCT1 variants with various
phenotypes through examination of publicly available datasets.
SNP (Amino Acid
Change) Major >
Minor Allele
(Allele Frequency
in #Europeans)

Phenotype

Results Associated
with Minor Allele

P-value, Betacoefficient or
Odds Ratio
(##Sample
Size)

rs202220802
(420del) ATG >
Del. (r2=1 and D’=1
rs662138)
(18%)

Total
cholesterol

Higher total
cholesterol

LDL
cholesterol

Higher LDL
cholesterol

Triglycerides

Higher triglycerides

Glucose

Higher 2-hour
glucose

p = 2.0x10-18
beta = 0.04
N = 179,248
p = 1.7x10-15
beta = 0.04
N=165,133
p = 0.0033
beta = 0.014
N=169,785
p = 0.028
beta = 0.058
N=15,234

BMI

A trend towards
higher BMI
Higher odds ratio for
developing coronary
artery disease
Higher odds ratio for
developing type 2
diabetes

Coronary
artery disease
rs34059508
(G465R) G>A
(2%)
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Type 2
diabetes
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P=0.0016
OR = 1.04
p = 0.032
OR = 1.43

References
(see
footnote
for
references
a-d)
a, b, 15,16
a, b, 15,16
a, b, 15,16
b, c, 17
e

GIANT
GWAS
b
b

Fasting insulin

Higher fasting insulin

Triglycerides

Higher triglycerides

Coronary
artery disease

Total
cholesterol

Higher odds ratio for
developing coronary
artery disease
A trend towards
higher hip
circumference and
waist-hip-ratio
Higher total
cholesterol

LDL
cholesterol

Higher LDL
cholesterol

Triglycerides

Higher triglycerides

BMI

Higher BMI

Waist-Hip
Ratio

A trend towards
higher hip
circumference, waist
circumference, and
waist-hip-ratio
A trend towards
higher fasting
glucose
Higher BMI

Waist-Hip
Ratio
rs12208357 (R61C)
C>T
(6%)

Glucose

p = 0.0064
beta = 0.35
p = 0.0071
beta = 0.24
P=0.03
OR = 1.08

b
b
b
b

BMI (13K
exome
analysis)
p = 1.3x10-8
beta = 0.058 N
= 92,397
p = 6.6x10-10
beta = 0.067
N = 82,922
p = 0.00051
beta = 0.035
N=86,546
p = 0.0383
beta = 0.0697

Burden Testing of
BMI
p = 0.0002 –
Possibly or
0.0005
Probably
beta = 0.23 –
Deleterious OCT1
0.30
Variants
#
EUR: European ancestry from HapMap or 1000 Genomes Project (dbSNP,

d, 15
d, 15
d, 15
b

BMI (13K
exome
analysis)
b
BMI (13K
exome
analysis)
b

BMI (13K
exome
analysis)
b
BMI (13K
exome
analysis)

http://www.ncbi.nlm.nih.gov/SNP/)
##

Sample Size: Information available only for data that were extracted from summary statistics

of the genomewide association studies.

Full datasets are available from:
a

http://csg.sph.umich.edu//abecasis/public/lipids2010/

b

http://www.type2diabetesgenetics.org/home/portalHome
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c

http://www.magicinvestigators.org!

d

http://csg.sph.umich.edu//abecasis/public/lipids2013/

e

http://portals.broadinstitute.org/collaboration/giant/index.php/GIANT_consortium_data_

files

Discussion and Conclusion
Our results suggest that OCT1, which has received great attention as a drug transporter,
plays a critical role in modulating glucose and lipid metabolism, and that changes in OCT1
function affect whole body energy homeostasis. In a previous study, we identified thiamine as a
major endogenous substrate of OCT1 and showed that Oct1 deletion resulted in reduced
hepatic thiamine and TPP levels5. Our earlier study suggested that OCT1 may be a viable drug
target for treatment of fatty liver disease. However, in the current study, through extensive
characterization of the liver and examination of additional phenotypes, our data provide
compelling evidence that Oct1 deficiency leads to a constellation of diverse effects on energy
metabolism. Our data support the notion that hepatic thiamine deficiency is the underlying
mechanism for the phenotypes associated with reduced OCT1 function. Five major effects of
OCT1 deficiency emerge from the current study: (1) a shift in the pathway of energy production
from glucose to fatty acid oxidation due to lower activity of key thiamine-dependent enzymes in
the liver; (2) increased gluconeogenesis and hepatic glucose output with associated increases
in liver glycogen and glucose levels; (3) increased peripheral adiposity stemming from
alterations in energy metabolism; (4) changes in hepatic cholesterol homeostasis and plasma
lipids that may contribute to cardiovascular disease risk; and (5) beneficial effects on lifethreatening thiamine deficiency syndromes.
As the major energy-generating organ, the liver has high metabolic flexibility in selecting
different substrates to use in energy production in response to various metabolic conditions. The
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glucose-fatty acid cycle, first proposed by Randle in 1963, plays a key role in regulating liver
metabolic fuel selection, and impairment in metabolic flexibility contributes to insulin resistance
and metabolic syndrome25,27,38-40. Many studies have shown that there is a failure to shift from
fatty acid to glucose oxidation during the transition from fasting to feeding in individuals with
obesity or diabetes28,41. We observed lower hepatic steatosis (Fig. 3.1A) largely due to
increases in fatty acid oxidation in the liver5,29,42,43. Importantly, the observation that the Oct1-/mice had significantly lower respiratory exchange ratios (RER) during the dark cycle than their
wildtype counterparts suggests that overall, Oct1-/- mice have a greater reliance on energy
production from fatty acids over glucose during feeding than wildtype mice44,45 (Fig. 3.2H). PDH
is the key enzyme switch for the glucose-fatty acid cycle25,40,46. Thus alterations in its activity by
reduced levels of the co-factor TPP in Oct1-/- mice (Fig. 3.4B) disrupt the hepatic glucose-fatty
acid cycle resulting in an impairment of hepatic energy homeostasis. In livers from Oct1
deficient mice, β-oxidation of fatty acids becomes a major source of energy production, leading
to impaired homeostasis in both lipid and carbohydrate metabolism.
In both the current study and our previous study5 we observed increased levels of
phosphorylated AMPK and its downstream target, ACC, in livers from Oct1-/- mice compared to
livers from wildtype mice, indicative of a lower hepatic energy status in the knockout mice. As a
result, fatty acid β-oxidation was stimulated in the livers from Oct1-/- mice. However, as was
evident by lower hepatic ATP content5, the increased rates of fatty acid oxidation were not
sufficient to compensate for normal rates of ATP production. Reduced glucose oxidation5 as
well as a reduction in flux through the TCA cycle due to reduced activity of α-KGDH, another
TPP-associated enzyme, may have contributed to the lower ATP production. Consistent with a
lower flux through the TCA cycle as well as increases in β-oxidation of fatty acids, we observed
higher levels of acetyl-CoA in livers from Oct1-/- mice. Studies have shown that acetyl-CoA
allosterically inhibits PDH, which results in further inhibition of glucose utilization28,39,46. Thus, in

!

81!

the livers from Oct1-/- mice, this loop continued to stimulate fatty acid β-oxidation, which further
suppressed hepatic glucose utilization, shifting the major energy source from glucose to fatty
acids.
Increases in hepatic glycogen and glucose content in the Oct1-/- mice (Fig. 3.1A and B),
were likely due to changes in intermediary metabolites resulting directly from alterations in the
activity of the TPP-dependent enzyme, PDH (Fig. 3.4B). Reduced PDH activity resulted in
higher levels of pyruvate in the liver of Oct1-/- mice (Fig. 3.8B), which is consistent with results
from previous studies46,47. Higher pyruvate levels can drive hepatic gluconeogenesis resulting
in increased hepatic glucose production, and associated increases in hepatic glucose and
glycogen levels29,30,33. Whereas our data suggested that the glycogen accumulation in the livers
of Oct1-/- mice resulted from changes in key intermediate metabolites that are involved in
hepatic energy metabolism, other regulatory paths such as hormonal, transcriptional, and neural
regulation need to be further studied.
Oct1-/- mice exhibited increased adiposity, which was more likely due to downstream
effects of reduced transporter expression in the liver, rather than in extra-hepatic tissues4,21.
Consistent with the increased adiposity observed in the Oct1-/- mice, hepatic expression levels
of Oct1 are inversely correlated with fat growth and fat mass in inbred strains of mice (Table
3.1). Further, in the Oct1 knockout mice, high insulin levels, associated with high levels of
circulating glucose, may have suppressed lipolysis in the adipose tissue. Chronic insulin
treatment has been shown to result in increased adipose mass due to suppression of
lipolysis35,36, and in the current study a high correlation between plasma insulin levels and fat
mass in both wildtype and Oct1-/- mice (Fig. 3.7H) was observed. Further, high insulin levels
have been associated with low expression levels of the lipolytic enzyme, Pnpla2, in adipose
tissue35, consistent with results in the Oct1-/- mice (Fig. 3.7B), which is in agreement with the
increased adiposity in these mice. In addition, high hepatic glycogen levels may have
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contributed to the increased adiposity. In particular, hepatic glycogen levels regulate the
activation of the liver-brain-adipose axis48. Glycogen shortage during fasting triggers liver-brainadipose neurocircuitry that results in stimulation of fat utilization. In contrast, in mice with
elevated liver glycogen resulting from overexpression of GS or knockdown of PYGL, the liverbrain-adipose axis action is turned off, which preserves fat mass48. The greater stores of
glycogen in the livers of Oct1-/- mice may have shut off the liver-brain-adipose axis, contributing
to the increased peripheral adiposity in the mice. Overall, our data in Oct1-/- mice suggest that
OCT1 plays a key role in regulation of peripheral metabolism, likely due to its effects on
circulating glucose and insulin as well as increased stores of hepatic glycogen triggering a
feedback loop mechanism between the liver, the brain and the adipose tissue.
Parallels between phenotypes observed in genomewide association studies (GWAS) in
humans, and those in the Oct1-/- mice were striking. High plasma LDL and total cholesterol
levels were observed in individuals with reduced function polymorphisms of OCT1 (Table 3.3)
as well as in the Oct1-/- mice (Fig. 3.8A and B). In particular the Oct1-/- mice have increased
levels of small dense LDL particles (Fig. 3.8B), which in humans are predictive of increased risk
of cardiovascular disease49, and are a characteristic feature of the dyslipidemia associated with
excess adiposity50 and insulin resistance51 We speculate that the increased LDL levels in Oct1-/mice may result from a relative deficiency of hepatic thiamine. Specifically, livers from rats with
thiamine deficiency have been shown to have lower triglyceride, but higher cholesterol
content52, consistent with our data in inbred strains of mice in which inverse correlations were
observed between plasma thiamine and cholesterol levels in both plasma and liver (Table 3.2
and Fig. 3.9). Published studies in animals and humans suggest that thiamine supplementation
may improve blood lipid profiles53-55. Higher levels of the precursor for cholesterol synthesis,
acetyl-CoA, as well as higher expression levels of enzymes involved in cholesterol synthesis43,56
(Fig. 3.8C), potentially leading to greater rates of hepatic cholesterol production, could have
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contributed to the higher cholesterol and LDL levels in plasma. Though we were unable to
detect differences in total hepatic cholesterol content between Oct1+/+ mice and Oct1-/- mice
corresponding to the observed differences in plasma cholesterol levels between the mouse
strains, many factors that can modulate hepatic cholesterol content57,58 including perhaps
increased export need further investigation. Further studies are warranted to investigate the
mechanisms underlying the effects of reduced OCT1 function, as well as thiamine
bioavailability, on cholesterol and lipoprotein metabolism.
In addition to the metabolic changes that were observed in Oct1-/- mice, they were found
to survive substantially longer on thiamine deficient diets. This may have been due to their
higher systemic levels of thiamine (Fig. 3.3C), which would spare essential organs such as the
brain and heart from thiamine deficiency, as well as to their increased adiposity (Fig. 3.1D and
E) which could protect the mice from the starvation that ensues from thiamine deficiency59-61.
Nevertheless the results have implications for human ancestors who harbored reduced function
genetic polymorphisms of OCT1. Today thiamine deficiency is associated with aging, diabetes,
alcoholism, and poor nutritional status10,12-14. In the setting of thiamine deficiency, OCT1
reduced function polymorphisms today would have mixed effects. On the one hand individuals
who harbored reduced function variants would have higher systemic levels of thiamine, which
may protect essential organs from thiamine depletion. On the other hand, the individuals would
have low hepatic thiamine levels, which may predispose them to the deleterious effects of
dysregulated plasma lipids and to obesity and diabetes (Table 3.3). In fact, lower thiamine levels
have been reported in individuals with diabetes12,13 and as noted, some studies have shown that
high dose thiamine supplementation has beneficial effects on diabetes62-64.
Overall the current study shows that OCT1 deficiency triggers a constellation of effects
on hepatic and overall energy homeostasis (Scheme in Fig. 3.10). That is, reduced OCT1mediated thiamine uptake in the liver leads to reduced levels of TPP and a decreased activity of
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key TPP-dependent enzymes, notably PDH and α-KGDH. As a result, there is a shift from
glucose to fatty acid oxidation, which leads to imbalances in key metabolic intermediates,
notably elevated levels of pyruvate, G6P, and acetyl-CoA. Because of these imbalances,
metabolic flux pathways are altered leading to increased gluconeogenesis and glycogen
synthesis in the liver. In addition, the increased acetyl-CoA levels along with elevated
expression levels of key enzymes involved in cholesterol synthesis likely contribute to increases
in plasma levels of total and LDL cholesterol observed in mice with Oct1 deficiency and in
humans with reduced function genetic polymorphisms of OCT1. Though many of the details of
the mechanisms have still to be worked out, our study provides critical insights into the role of
thiamine in the liver in maintaining metabolic balance among energy metabolism pathways.
Finally, our studies provide mechanistic insights into findings from GWAS implicating reduced
function variants in the SLC22A1 locus as risk factors for lipid disorders and diabetes.

Figure 3.10

Figure 3.10. Scheme of overall mechanism. The scheme illustrates how OCT1
deficiency affects disposition of thiamine and hence triggers a constellation of effects on hepatic
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and overall energy homeostasis.
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Chapter 4
Discovery of Competitive and Non-competitive Ligands of the Organic Cation
Transporter 1 (OCT1; SLC22A1)‡
Introduction
Organic cation transporter 1 (OCT1, SLC22A1), a polyspecific membrane transporter is
among the most abundantly expressed transporters in human liver. Localized to the sinusoidal
membrane of hepatocytes, OCT1 mediates the hepatic uptake of a diverse array of small
positively charged hydrophilic compounds, including many endogenous bioactive amines1 (e.g.,
dopamine, histamine, and serotonin).

Recently, we identified OCT1 as a high capacity

transporter of thiamine in the liver, and showed that the transporter plays a key role in
modulating hepatic energy status and lipid content2.
Although the transporter clearly has important endogenous functions2,3, OCT1 has been
characterized primarily as a drug transporter, capable of transporting a wide variety of
prescription drugs, including the anti-diabetic drug, metformin, and the opioid analgesic,
morphine.

Genetic variants of OCT1 with reduced function have been associated with

decreased response to metformin4 as well as high systemic plasma levels of morphine and the
active metabolite of the opioidergic drug, tramadol5.

Further, administration of the calcium

channel blocker, verapamil (a potent inhibitor of OCT1), has been shown to reduce response to
metformin, presumably through reducing hepatic drug levels6. In recognition of its critical role in
drug disposition and response, OCT1 was included in a group of transporters of clinical
importance by the International Transporter Consortium7. In 2012, the European Medicines
Agency (EMA) recommended in vitro inhibition studies against OCT1 for investigational drugs in
its Guidance on the Investigation of Drug Interactions8.

‡

1

1

1

Modified from Chen, E.C. ; Khuri, N. ; Liang, X. ; Stecula, A.; Chien, H.-C.; Yee, S.W.; Huang, Y.; Sali,
A.; Giacomini, K.M. Discovery of Competitive and Noncompetitive Inhibitors of the Organic Cation
Transporter 1 (OCT1; SLC22A1). J. Med. Chem. (In revision).
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To date, more than 50 inhibitors of OCT1 transport have been identified by in
vitro inhibition studies using radioactive or fluorescent probe substrates9,10. However, these
studies have not identified the mechanisms by which inhibitors modulate OCT1 transport.
Growing evidence suggests that OCT1-mediated transport can be inhibited in a “substratedependent” manner due to the presence of multiple, possibly overlapping binding sites on the
protein11. Identification and characterization of OCT1 ligands could be facilitated by the
availability of an atomic structure. However, the three-dimensional structure of human OCT1 or
its mammalian orthologs has not yet been determined. Although several residues important for
substrate binding have been reported and rationalized with OCT1 comparative models built
using atomic structures of bacterial homologs12-17, accurate prediction of the binding site(s)
remains challenging because of the low sequence identity between bacterial proteins and
human OCT1. Recently, a structure of a high-affinity phosphate transporter (PiPT) from the
fungus Piriformospora indica was determined by X-ray crystallography18. The transporter shares
approximately 20% sequence identity with human solute carrier (SLC) transporters, especially
within the SLC22 family, thus providing a new opportunity for comparative modeling of OCT1
and virtual screening18.
We used a combination of in silico and HTS methods to identify prescription drugs and
endogenous metabolites that are ligands of OCT1, with the goals of predicting clinical drug
interactions and understanding their interaction with OCT1 protein. To this end, we screened a
prescription drug library in silico for compounds that interact with a predicted binding site on
OCT1, using comparative structure modeling and virtual docking. In parallel, we conducted
HTS for inhibitors of OCT1-mediated transport of the fluorescent ligand, ASP+, against the same
prescription drug library. We identified 167 ligands in the screened library and predicted 30
competitive ligands. Moreover, we showed that by combining structure-guided ligand discovery
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with structure-activity relationship models from HTS data, competitive ligands of OCT1 could be
predicted from endogenous and exogenous metabolites.

Methods
Chemicals
The MicroSource Pharmakon compound library (Gaylordsville, CT) was obtained
through the Small Molecular Discovery Center at University of California, San Francisco (San
Francisco, CA). 4-(4-(Dimethylamino)styryl)-N-methylpyridinium iodide was purchased from
Molecular Probes (Grand Island, NY). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). All chemicals used in the studies are purchased from commercial vendors and
with 98% or higher purity. All cell culture media and supplements were purchased from Life
Technologies (Carlsbad, CA) except fetal bovine serum, which was purchased from GE
Healthcare Life Sciences (South Logan, UT).
Cell Culture
Human embryonic kidney (HEK-293) cell line stably overexpressing OCT1 was
established previously in our laboratory (2). The cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM H-21) supplemented with 75 µg/ml of hygromycin B, penicillin (100
U/ml), streptomycin (100 mg/ml), and 10% fetal bovine serum in a humidified atmosphere with
5% CO2 at 37°C.
In Vitro Uptake Studies
HEK-293 cells overexpressing OCT1 were seeded in black, clear bottom poly-D-lysine
coated 96-well plates (Greiner Bio-One, Monroe, NC) and allowed to grow for 48 hours until
approximately 90% confluency. For uptake kinetics study, cells were incubated with HBSS
containing serial dilution of ASP+ for 2 minutes at 37°C. At the end of experiments, the media
were aspirated and the cells were washed twice with ice-cold HBSS containing 50 µM
spironolactone. The Km and Vmax were calculated by fitting the data to Michaelis-Menten
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equations. For time course study, cells were incubated with HBSS containing 2 µM ASP+ at
37°C. At various time points, the experiment was stopped as previously described. For IC50
determination, cells were incubated with HBSS containing 2 µM ASP+ and serial dilution of
inhibitors for 2 minutes at 37°C. IC50 was determined using appropriate curve fitting. For
Lineweaver-Burk plots, cells were incubated with HBSS containing serial dilution of ASP+ and
the inhibitor of interest at 4 different fixed concentration for 2 minutes at 37°C. The reciprocal
value of ASP+ uptake at each inhibitor concentration was fitted with linear regression. The signal
of ASP+ was measured using an Analyst AD plate reader (Molecular Devices, Sunnyvale, CA)
with excitation and emission filters tuned at 485 and 585 nm wavelength, respectively. All
statistical analysis and curve fitting were done using GraphPad Prism software (La Jolla, CA).
High-throughput Screening
The high throughput screen was performed at the Small Molecule Discovery Center at
the University of California, San Francisco. HEK-293 cells overexpressing OCT1 were seeded
in black, clear bottom poly-D-lysine coated 96-well plates (Greiner Bio-One, Monroe, NC) and
allowed to grow for 48 hours until approximately 90% confluency using methods established
previously19. Cells were incubated with HBSS containing 2 µM ASP+ and 20 µM of test
compounds at ambient temperature for approximately 2 minutes. At the end of the experiment,
media were aspirated and cells were washed twice with HBSS containing 50 µM spironolactone.
Nonspecific transport was determined in wells on each assay plate using 100 µM spironolactone
as OCT1 inhibitor. The screen was carried out with a Biomek FXp liquid handler (Beckman
Coulter, Brea, CA). Fluorescence was measured as previously described.

OCT1 structure modeling and docking

Human OCT1 was modeled based on the 2.9 Å structure of a high-affinity phosphate
transporter PiPT, from Piriformospora indica, crystallized in an inward-facing occluded state with
bound phosphate13. The template was selected based on the shared MFS fold assignment20,
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structure quality, sequence similarity to OCT1, and the ligand-bound conformation. The
sequence alignment was obtained by a manual refinement of gaps in the output from the
PROMALS3D21 and MUSCLE

22

servers. One hundred models were generated using the

“automodel” class of MODELLER 9.1423, and the normalized discrete optimized protein energy
(zDOPE) potential14. The top scoring model was used to predict putative binding sites with the
FTMap web server24. Two of the predicted bindings sites were identified in the translocation
cavity between the two domains13. ASP+ probe substrate was docked against the two binding
sites with UCSF DOCK 3.6.25,26. The size of the docking box was 38 x 40 x 38 angstroms. The
pose with the best docking score was used as the template for another round of comparative
modeling by MODELLER 9.14, generating 100 new models of OCT1. Each of the models was
then evaluated for ligand enrichment from a set of challenging decoys based on enrichment
curves and corresponding logAUC values27,28. Sixty decoys were generated using the Database
of Useful Decoys (DUD)29 for each of the selected experimentally validated substrates of OCT1.
The best scoring model was used for subsequent virtual screening. Compounds in the
Pharmakon library were downloaded from the ZINC database and docked against the predicted
binding site on the comparative model, using UCSF DOCK 3.6. A negative DOCK score
predicts a favorable interaction with the transporter, while a positive score predicts an
unfavorable (or unlikely) intermolecular interaction. Normalized docking scores were computed
by subtracting the average docking score of all compounds (including the nonbinders) from the
docking score of an individual compound and dividing by the standard deviation of all docking
scores. Online web server PAINS-Remover was used to check Pharmkon compounds for the
likelihood of interference in screening30. None of the 1780 compounds was reported as a pan
assay interference compound.

Structure-activity relationship modeling of OCT1 inhibition
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Two-dimensional structure files of the1,780 compounds from the Pharmakon library
were also downloaded from the ZINC database. 2,900 molecular descriptors and charge (pH
7.4) for each compound were computed using PaDEL software26 and ChemAxon cxcalc
program (http://www.chemaxon.com), respectively. Non-informative descriptors (i.e., molecular
descriptors with near zero variance and redundant descriptors defined by a correlation higher
than 0.95 to an accepted descriptor) Next, information content and correlation between
descriptor values and percent inhibition of 1,780 compounds were computed with the cfs
filtering algorithm in the FSelector package 31 in R and 21 most informative descriptors were
retained for further modeling. Percent inhibition values determined by HTS were discretized into
two outcomes. Values of at least 50% were mapped to ‘1’ (i.e., ligand) and values of less than
50%, including negative values, were mapped to ‘0’ (i.e., non-ligand). Binary SAR models were
built with the RF algorithm32. Their accuracy was estimated using a double loop five-fold crossvalidation19 protocol in the caret package in R. To evaluate the accuracy of models, the average
area under the Receiver Operating Characteristic curve (auROC) was computed from 100
repeated double-loop cross-validation runs. For prospective validation, 21 molecular descriptors
for 183 compounds10 were computed and SAR models were optimized by repeated 5-fold crossvalidation. The model was employed to predict inhibition values for the 1,780 compounds in the
Pharmakon library.
Virtual Screening against HMDB library
For virtual screening, molecular structure files of the HMDB compounds were
downloaded from the ZINC database33 and 21 molecular features were computed for each
compound. The ligand score ranging between 0 and 1 was computed for each compound by
SAR-I. Compounds with the ligand score higher than 0.4 were labeled as ligands. In parallel,
each compound was docked against predicted binding sites on the OCT1 transporter using
UCSF DOCK 3.6. Normalized docking scores were computed by subtracting the average
docking score of all docked compounds from the docking score of a compound and dividing by
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the standard deviation of all docking scores. Compounds with normalized docking scores less
than -1 and ligand scores greater than 0.4 were labeled as competitive inhibitors.

Pairwise compound similarity computation and clustering

The MayaChemTools (http://www.mayachemtools.org) package was used to compute
two-dimensional Extended Connectivity Fingerprints (ECFP) and pairwise Tanimoto coefficients.
The hclust function from the stats library33 was used to perform hierarchical compound
clustering.

Results

Comparative model of OCT1 and its validation by docking of known substrates

We modeled human OCT1 based on the 2.9 Å structure of a high-affinity phosphate
transporter PiPT, from Piriformospora indica, crystallized in an inward-facing occluded state with
a bound substrate18 (Protein Data Bank ID 4J05). The best scoring 3-dimensional model was
selected using the normalized discrete optimized protein energy (zDOPE) potential34. The
zDOPE score of -0.22 suggests that 60% of its C-alpha atoms are within 3.5 Å of their correct
positions35. The model includes all 12 transmembrane helices (TMHs), organized into the Nand C-terminal domains, and putative binding sites were identified in the translocation cavity
between the two domains.13 The following regions were not modeled: a large extracellular loop
between TMHs 1 and 2, an intracellular loop between TMHs 6 and 7, and the intracellular Nand C-termini. While these regions may play a role in OCT1 homo-oligomerization, studies in
rat showed that homo-oligomerization does not affect substrate affinity and transport function36.
Because ASP+ was used as a probe substrate, we first docked ASP+ into two predicted binding
sites and selected the site with the best score (-6.08) for all subsequent docking. Next, we
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validated the accuracy of the comparative model of the OCT1 transporter by confirming that (1)
known OCT1 substrates docked favorably against the predicted binding site and (2) residues
implicated in OCT1 transport

12,14,16,17

were localized in the predicted binding site, as follows.

First, we docked 15 known OCT1 endogenous and drug substrates against the predicted
binding site (Fig. 4.1A). Twelve out of fifteen substrates (80%) had favorable (negative) docking
scores, ranging from -24.44 for acyclovir to -2.88 for oxaliplatin (Fig. 4.1B and Table 4.1).
Positive scores for the three compounds (e.g., prostaglandins and pentamidine) resulted from
steric clashes between ligand and transporter atoms, indicating that either the predicted binding
site is too small to accommodate larger OCT1 ligands or that these compounds bind at a
different site in the translocation pore. We also performed an enrichment analysis of docked
substrates and decoys and computed a logAUC metric of 22.94, which suggests docking
accuracy comparable to previously reported virtual screening experiments for human SLC
transporters37,38. Second, we analyzed favorable docking poses to determine the frequency of
predicted hydrogen bonds between binding site residues and substrate molecules. Thirteen
residues in TMH 4, 10, and 11 formed hydrogen bonds with substrate molecules (Fig. 4.1A).
Previous mutagenesis studies and homology modeling efforts suggested that these residues
are important for substrate binding and OCT1-mediated transport in other species12-17. In
particular, negatively charged D474 is important for interactions with positively charged OCT1
substrates. Additionally, in rat, mutations of Y221 and D474 resulted in the reduced uptake of
tetraethylammonium (TEA)16. Finally, docked substrates formed non-covalent interactions with
W217, T225, I449, and Q447 in TMH 4, 10, and 11. The equivalent residues in rat have also
been implicated in ligand-transporter interactions17.
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Figure 4.1.
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Figure 4.1. Predicted binding site of OCT1 and representative substrates. (A) Thirteen residues
(S29, F32, C36, N156, Y221, F273, W354, Y361, I446, S358, C450, C473, and D474) formed
hydrogen bonds with docked substrate molecules. Six residues in the predicted binding site,
W217, F244, I449, D357, Q447, and G476 participated in non-covalent and/or polar substratetransporter interactions. OCT1 residues are shown as cornflower blue sticks. Structures of 12
favorably docked known OCT1 substrates are shown as orange sticks. Oxygen, nitrogen, sulfur,
and hydrogen atoms are depicted in red, dark blue, yellow, and white, respectively. (B) 2D
structures of representative OCT1 substrates are drawn using MarvinView 14.7.7.0
(Chemaxon).

Table 4.1. Summary of 15 substrates used to validate OCT1 docking site.
CID
2022

Name
Acyclovir

Smiles
C1=NC2=C(N1COCCO)NC(=NC2=O)N

4091

Metformin

CN(C)C(=N)N=C(N)N

-21.64

39484
3454

MPP+
Ganciclovir

C[N+]1=CC=C(C=C1)C2=CC=CC=C2
C1=NC2=C(N1COC(CO)CO)NC(=NC2=O)N

-20.29
-18.71
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DOCK score
-24.44

457

N(1)methylnicotinamide

C[N+]1=CC=CC(=C1)C(=O)N

-14.24

5816

Epinephrine

CNCC(C1=CC(=C(C=C1)O)O)O

-11.49

305

Choline

C[N+](C)(C)CCO

5413
681

TEA
Dopamine

CC[N+](CC)(CC)CC
C1=CC(=C(C=C1CCN)O)O

-10.47
-6.40

5333955

ASP+

-6.08

439260

Norepinephrine

C[N+]1=CC=C(C=C1)C=CC2=CC=C(C=C2)N(
C)C.[I-]
C1=CC(=C(C=C1C(CN)O)O)O

6857599

Oxaliplatin

C1CCC(C(C1)N)N.C(=O)(C(=O)O)O.[Pt+2]

-2.88

4735

Pentamidine

5280363

Dinoprost

5280360

Dinoprostone

C1=CC(=CC=C1C(=N)N)OCCCCCOC2=CC=
C(C=C2)C(=N)N
CCCCCC(C=CC1C(CC(C1CC=CCCCC(=O)O
)O)O)O
CCCCCC(C=CC1C(CC(=O)C1CC=CCCCC(=
O)O)O)O

-11

-5.69

103.78
128.26
171.01

Prediction of new ligands by virtual screening and validation by HTS

We predicted new ligands of OCT1 by docking each one of the 1,780 compounds in the
Pharmakon drug library against the predicted binding site on the OCT1 model. From the 1,780
compounds, 471 putative OCT1 ligands were predicted (normalized docking scores less than 1). These predictions were then tested by HTS of the entire Pharmakon library. The HTS
assay relied on the uptake of the fluorescent substrate ASP+ by OCT1 overexpressing HEK
cells to assess the activity of the transporter10,19. The uptake of ASP+ was linear for the first 5
minutes, and the Km was determined to be 21.2 µM (Fig. 4.2A and B). Thus, a substrate
concentration of 2 µM was used to minimize the effect of substrate concentration on the IC50
values and an incubation time of 2 minutes was used to measure the initial rate of uptake. The
average Z-prime score of the HTS was 0.80, indicating an reproducible assay39. Of the 1,780
Pharmakon compounds, 167 compounds (9%) were determined to be OCT1 inhibitors (Fig.
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4.2C), defined as compounds that inhibited 50% or more of ASP+ uptake at 20 µM.

Drugs

known to inhibit OCT1 activity at 20 µM were generally confirmed by the screen. Of the 167
compounds, 30 were also predicted as inhibitors by virtual screening. The overall accuracy of
virtual screening was 70%. The sensitivity and specificity of predictions were 77% and 12%.
The low specificity is not surprising because the docking pipeline was executed in a fully
automated fashion; in contrast, typical structure-based virtual screening involves manual postdocking selection of ligand poses37,38,40.

Figure 4.2.
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Figure 4.2. Uptake of ASP+ and HTS screening data. (A) Time-dependent ASP+ uptake in HEK
cells overexpressing OCT1 (!) or empty vector ("). (B) Overexpressing OCT1 increases ASP+
uptake in HEK cells. ASP+ uptake studies were conducted in HEK cells overexpressing OCT1 or
empty vector. Cells were incubated with increasing concentrations of ASP+ for 2 minutes. The
uptake kinetic parameters (Results) were calculated using the difference in ASP+ accumulation
between cells overexpressing OCT1 and empty vector cells. Data represent mean ± SD, n = 6
per data point. (C) Distribution of inhibition values from HTS of 1,780 compounds. A total of 167
Inhibitors were identified among the 1,780 Pharmakon compounds. (D) The distribution of the
167 inhibitors in various pharmacological classes.

We examined compounds predicted to be OCT1 ligands by the comparative model, but
not identified as inhibitors by HTS.

In view of the published literature, we identified 13

previously reported substrates and 5 inhibitors of OCT1. Among these predicted ligands,
cimetidine (rank #21), metformin (rank #84), and thiamine (rank #200) inhibited OCT1-mediated
uptake of ASP+ by 4.13%, 11.1%, and -1.5%, respectively. The docking poses of all three
compounds predicted favorable interaction with the comparative model; in particular, metformin
and cimetidine formed hydrogen bonds with Asp474 (Fig. 4.3A and B). The inability of HTS to
identify some of the previously reported ligands can be explained by their OCT1 affinity, which is
much weaker than that of ASP+.

For example, the reported IC50 values of cimetidine and

metformin for inhibition of OCT1-mediated transport of YM155 and MPP+ were 149 µM and
1,230 µM, respectively41,42, and the IC50 of thiamine was determined to be 4.1 mM (Fig. 4.4).
Because our HTS assay measured inhibition of OCT1 activity by test compounds at 20 µM, it
was unable to identify ligands such as cimetidine, metformin, and thiamine.
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Figure 4.3
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Figure 4.3. Docking results and physicochemical properties of OCT1 ligands in the Pharmakon
library. Compounds are shown in orange sticks and hydrogen bonds as black dotted lines. (A)
The predicted pose of metformin and its hydrogen bond with aspartic acid residue 474. (B)
Predicted pose of cimetidine and its hydrogen bonds with D474 and S29. (C) Differences in
distribution of physicochemical properties for predicted competitive (n=30) and non-competitive
(n=137) inhibitors of OCT1. Only significantly different distributions are shown (Student t-test pvalue < 0.05).
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Figure 4.4. The effect of thiamine on the uptake of ASP+ by OCT1. (A) Thiamine inhibited
ASP+ uptake by OCT1 and the IC50 was determined at 4.1 mM. (B) The inhibitory effect of
thiamine at at 0 µM (!), 20 µM ("), 1000 µM (!), 5 mM (") against increasing concentrations
of ASP+ showed that thiamine inhibited OCT1 competitively. Data represent mean ± SD, n = 3
per data point.

HTS identified tricyclic antidepressants, antihistamines, and α-adrenergic receptor
agonists, agreeing with previously published results10. HTS also identified a high proportion of
ligands from other drug classes, including calcium channel blockers, β-adrenergic receptor
agonists/antagonists, and muscarinic acetylcholine receptor agonists/antagonists (Fig. 4.2D).
Selected hits from different classes of drugs were validated in vitro (Fig. 4.5 and Table 4.2).
Finally, HTS identified drugs that were less studied to interact with OCT1, including carvedilol43
(an anti-hypertensive medication) and ethopropazine (an anti-Parkinsonian agent). Selected hits
not known previously to interact with OCT1 were validated by determining their IC50 values in
vitro (Fig. 4.6). Analysis of the physicochemical properties showed that OCT1 ligands tend to
have fewer hydrogen bond donors and acceptors and are less polar, but more lipophilic than
non-ligands (Fig. 4.7). As expected, ligands were more likely to be positively charged (Fig. 4.7).
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Figure 4.5.

Figure 4.5. Selected inhibition studies of OCT1 ligands and their estimated IC50. Data represent
mean ± SD, n = 6 per data point.

Table 4.2. Summary of IC50 for selected inhibition studies.
Name

IC50 µM

IC50, 95% Confidence Intervals

Ketoconazole
Closantel
Dobutamine
Alfuzosin

2.60
3.00
4.17
14.87

2.49 to 2.78
2.83 to 3.18
3.73 to 4.67
11.92 to 18.54
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Erlotinib
Carbetapentane
Clotrimazole
Bithionol
Carvediolol
Clonidine
Trimethoprim
Guanabenz
Pyrimethamine
Dichlorophene
Imipramine
Cloperastine
Dextromethorphan
Propafenone
Tacrine
Ethopropazine
Nitroprusside
Sunitinib
Desipramine
Doxepin
Camylofine
Thiamine

16.24
1.55
11.97
2.23
3.43
18.98
50.68
4.85
13.57
8.41
7.95
14.89
10.45
15.54
21.72
20.46
43.84
6.10
9.18
11.19
9.12
4354

11.34 to 23.26
1.19 to 2.02
9.97 to 14.38
1.98 to 2.52
3.02 to 3.90
15.82 to 22.77
41.47 to 61.93
4.17 to 5.64
10.74 to 17.14
6.612 to 10.69
5.912 to 10.68
14.00 to 15.83
8.66 to 12.61
14.04 to 17.20
18.77 to 25.14
18.31 to 22.86
38.08 to 50.46
5.47 to 6.79
8.08 to 10.41
9.89 to 12.66
8.03 to 10.36
3704 to 5119
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Figure 4.6. Selected inhibition studies of previously unknown OCT1 ligands and their estimated
half maximal inhibitory concentration (IC50), with 95% confidence limits in parenthesis. (A)
Alfuzosin, an α1 adrenergic receptor antagonist. IC50= 14.9 (11.9; 18.5) µM. (B) Bithionol, an
anthelmintic. IC50= 2.2 (2.0; 2.5) µM. (C) Camylofine, an anti-muscarinic. IC50= 9.1 (8.0; 2.5) µM.
(D) Carbetapentane, an antitussive. IC50= 1.6 (1.2; 2.0) µM. (E) Carvedilol, a nonselective β/α1
adrenergic receptor antagonist. IC50= 3.4 (3.0; 3.9) µM. (F) Dobutamine, a Sympathomimetic.
IC50= 2.2 (2.1; 2.3) µM. Data represent mean ± SD, n = 6 per data point.
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Figure 4.7. Differences in physicochemical properties of 167 inhibitors and 1,613 nonhibitors.
Boxplots of MW: molecular weight, HA: number of heavy atoms, MV: molecular volume, HBD:
number of hydrogen bond donors, HBA: number of hydrogen bond acceptors, RB: number of
rotatable bonds, SLogP, TPSA: total polar surface area, and Charge at pH 7.4. Statistically
significant differences were estimated using Student’s t-test. Distributions of HBD, HBA, SLogP,
TPSA, and charge were significantly different between inhibitors and noninhibitors (p-value <
0.0001).

Prediction of competitive ligands

Thirty of the 1,780 compounds in the library were identified as ligands by both virtual
screening and HTS. Because docking was performed against the predicted binding site, we
hypothesize that it can only identify competitive inhibitors or substrates. In contrast, HTS can
identify both competitive and non-competitive inhibitors or substrates. Thus, the 30 compounds
that were identified with both methods are likely to be competitive inhibitors or even substrates.
If docking is accurate, the remaining 137 compounds are likely to bind non-competitively. To
validate these predictions, Lineweaver-Burk plots were constructed for selected compounds in
each class (Fig. 4.8). Tacrine and ethopropazine, neither previously known to inhibit OCT1,
were confirmed to be competitive inhibitors of ASP+ and metformin uptake by OCT1 (Fig. 4.8A
and B, Fig. 4.9). Furthermore, we assessed the relative competitiveness of these inhibitors by
calculating Kis (the dissociation constant for the transporter-inhibitor complex) and Kii (the
dissociation constant for transporter-substrate-inhibitor complex) using previous published
methods44. The ratios of Kii and Kis for 14 compounds are summarized in Table 4.3. A larger Kii /
Kis value indicates a mode of inhibition that is relatively more competitive, whereas a lower Kii /
Kis value reflects less competitiveness. Our Kii / Kis values were from 1.26 to 95.62 (Table 4.3).
Thiamine had the highest value of Kii / Kis, which indicated that it competitively inhibits ASP+
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uptake. In addition, thiamine has been validated as an OCT1 substrate in our previous
publication2. Among the 14 compounds, compounds that were predicted to be competitive
inhibitors resulted in relatively higher Kii / Kis, whereas those that were predicted to be
noncompetitive inhibitors had lower Kii / Kis values.

Figure 4.8.

Figure 4.8. Lineweaver-Burk plots for discriminating between competitive and non-competitive
inhibitors of OCT1. The inhibitory effects of selected inhibitors at various concentrations
(!<"<!<") were measured with increasing concentration of ASP+. (A) The inhibitory effect of
tacrine on ASP+ uptake by OCT1. (B) The inhibitory effect of ethopropazine on ASP+ uptake by
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OCT1. (C) The inhibitory effect of clonidine on ASP+ uptake by OCT1. (D) The inhibitory effect
of pyrimethamine on ASP+ uptake by OCT1. (E) The inhibitory effect of trimethoprim on ASP+
uptake by OCT1. (F) The inhibitory effect of dichlorophene on ASP+ uptake by OCT1.(G) The
inhibitory effect of alfuzosin on ASP+ uptake by OCT1. (H) The inhibitory effect of clotrimazole
on ASP+ uptake by OCT1. (I) The inhibitory effect of imipramine on ASP+ uptake by OCT1. (J)
The inhibitory effect of dextromethorphan on ASP+ uptake by OCT1. (K) The inhibitory effect of
propafenone on ASP+ uptake by OCT1. (L) The inhibitory effect of carvedilol on ASP+ uptake by
OCT1. Data represent mean values, n = 3 per data point. Error bars were not plotted in the
other panels because they would obscure the data points.

Figure 4.9.

Figure 4.9. Lineweaver-Burk plots for discriminating between competitive and non-competitive
inhibitors of OCT1 mediated metformin uptake. The inhibitory effects of selected inhibitors at
various concentrations (!<"<!<") were measured with increasing concentration of metformin.
Data represent mean values, n = 3 per data point.

Table 4.3. The ratios of Kii and Kis for selective inhibitors.
Name

Kii/ Kis

Imipramine
Clotrimazole
Detromethorphan
Carvedilol
Propafenone

1.26
1.27
1.44
1.82
2.19
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Alfuzosin
Dichlorophene
Ethopropazine
Trimethoprim
Pyrimethamine
Tacrine
1BnTIQ
Clonidine
Thiamine

2.27
3.48
5.88
7.29
8.04
10.05
14.60
58.40
95.62

Physicochemical properties of putative competitive and non-competitive Inhibitors

We analyzed physicochemical properties of 30 putative competitive and 137 noncompetitive ligands. Our analysis revealed that non-competitive ligands were significantly larger
and more hydrophobic than competitive ligands (Fig. 4.3C), predicting that the two types of
ligands might bind to different sites on the transporter.
In liver, several Solute Carrier (SLC) transporters participate in uptake of drugs across
the sinusoidal membrane into hepatocytes. A comparison of our HTS result with those for two
other liver uptake transporters45,46, OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3), allowed
us to identify OCT1-selective versus pan-inhibitors (i.e., compounds that inhibited transport of all
three liver transporters). Fifty compounds inhibited the three liver transporters, whereas 112
inhibited OCT1 only. As expected, differences in charge were significant (Student t-test pvalues < 0.05; Fig. 4.10). Additionally, we found that OCT1 inhibitors were significantly smaller
and less hydrophobic (Student t-test p-values < 0.05). This result showed that multi-way
comparison of HTS data of several transporters can help in identifying compounds that are
selective for a specific transporter and underscores the need for HTS of additional SLC
transporters.
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Figure 4.10. Differences in physicochemical properties of OCT1-selective inhibitors and
paninhibitors. Only the distributions of statistically significant properties are shown (Student ttest p-value < 0.05).

We next determined the fraction of inhibitors with different predicted inhibitory
mechanisms among the OCT1-selective inhibitors and pan-inhibitors. Eight compounds
inhibited OCT1 and OATP1B1, but not OATP1B3. Of these 8 compounds, only ethacridine
lactate was predicted to competitively inhibit OCT1. Likewise, only 2 out of 10 OCT1/OATP1B3
inhibitors were predicted to inhibit OCT1 competitively and only 2 predicted competitive
inhibitors were identified among 30 pan-inhibitors.

Interestingly, 22 out of 30 predicted

competitive ligands of OCT1 (73%) were found among the OCT1-selective inhibitors. That is,
these 22 were not inhibitors of OATP1B1 or OATP1B3. In contrast, only 5 out 30 predicted
competitive ligands (16%) were also inhibitors of OATP1B1 and OATP1B3 (the remaining 3
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compounds were not screened in OATP1B1/B3 HTS). This finding not only supports the
accuracy of our comparative model, but also highlights the importance of combining structureguided ligand discovery with HTS. By combining experimental HTS with docking against
comparative model of OCT1, we can efficiently predict competitive OCT1-selective inhibitors
with 73% accuracy.

Therefore, a structure-guided approach greatly accelerates the

identification of selective inhibitors and provides valuable information for drug-drug interaction
studies, compared to the conventional trial-and-error approach. Pan-inhibitors, OCT1/OATP1B1
and OCT1/OATP1B3 inhibitors were enriched for non-competitive inhibitors compared to OCT1selective inhibitors.

Structure-activity modeling and validation

Data from our OCT1 HTS experiment was used as a training set to construct a binary
structure-activity relationship (SAR) model correlating molecular features of 1,780 compounds
from Pharmacon library with their inhibitory activities, discretized into two classes: inhibitors and
non-inhibitors. The Random forest (RF) algorithm
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was employed to build an ensemble

classifier (SAR-I). We evaluated the accuracy of the SAR-I model (i.e., the area under the
Receiver Operating Characteristic curve (auROC)), by 100 repeated cross-validation runs (Fig.
4.11A). The average auROC of RF classifiers in this retrospective validation was 0.89±0.3. This
accuracy is comparable to the accuracies of retrospective validation of SAR models for other
transporters19,47. In addition, we estimated the accuracy of RF-based SAR models in
prospective validation as follows. First, we used molecular features and inhibitory outcomes of
183 compounds from a small previously published OCT1 inhibition screen10 to develop a new
SAR model (SAR-II). Next, SAR-II was utilized to predict the class of the 1,780 Pharmakon
compounds. The auROC for this prospective validation was 0.84 (Fig. 4.11B). Thus, the
decrease in accuracy measures between retrospective and prospective validation was only 5%,
strongly suggesting that our OCT1 SAR-I model is highly accurate (approximately 84%). We
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also used SAR-II model to predict the sensitivity and specificity of the classifier at different cutoff
values (Fig. 4.11C). The sensitivity and specificity of SAR-II model at a cutoff value of 0.6 were
respectively 92% and 43%; at a cutoff value of 0.4, they were 82% and 65%, respectively.
Finally, the observed and SAR-II predicted classification scores of the 1,780 Pharmakon
compounds were moderately correlated (Pearson correlation coefficient of 0.50; Fig. 4.11D).
These results suggest that SAR models can accurately predict OCT1 ligands by virtual
screening.
Figure 4.11.
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Figure 4.11. Results of structure-activity relationship modeling. (A) ROC curves for 100
retrospective cross-validation runs. Average ROC curve is shown in black. ROC curve of a
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random classifier is shown as a read dotted line. (B) ROC curve for the SAR model tested in
prospective validation of 1,780 predicted inhibition values. Performance at different cutoff values
(shown on the right y-axis) are indicated by rainbow colors. (C) Accuracy of classification of
1,780 compounds using SAR-II model as a function of cutoff. A cutoff of 0.38 is indicated by the
red dotted line. (D) Observed vs. predicted inhibition values for 1,780 compounds. Two
classification cutoffs are drawn vertically and HTS classification cutoff is drawn horizontally.

Virtual screening of endogenous and drug metabolites

In addition to searching for OCT1 ligands among the 1,780 prescription drugs, we
applied our structure-based and SAR model methods to predict OCT1 ligands among a larger
set of 29,332 endogenous and drug metabolites in the Human Metabolome Database
(HMDB)48. 864 out of 29,332 (3%) of compounds docked favorably. We then computed ligandOCT1 interaction values for the 864 compounds using the SAR-I model, allowing us to predict
146 competitive ligands. Among these 146 compounds, 1-Benzyl-1,2,3,4-tetrahydroisoquinoline
(1BnTIQ), an endogenous amine present at high level in the cerebrospinal fluid of Parkinson’s
disease patients49,50, docked favorably against OCT1 (rank #14) and had an SAR-I inhibition
score of 0.48. 1BnTIQ inhibited OCT1 at 82.1 µM, and Lineweaver-Burk plot confirmed that
1BnTIQ inhibited OCT1 competitively (Fig. 4.12). This validation suggests that combined
docking and SAR-I virtual screening can accurately predict OCT1 metabolite ligands, in addition
to prescription drug ligands.
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Figure 4.12.

Figure 4.12. The inhibitory effects of 1BnTIQ on OCT1 transport. (A) 1BnTIQ inhibited ASP+
uptake by OCT1 and the IC50 was determined to be 82.1 µM. (B) The inhibitory effect of 1BnTIQ
on ASP+ uptake by OCT1 indicated competitive inhibition. Data represent mean ± SD, n = 3 per
data point.
Discussion and Conclusion
OCT1, a protein of great pharmacologic interest, transports a wide array of drugs into
and out of the liver, and thus serves as a major determinant of drug metabolism and action.
Because of its clinical importance, OCT1 has become a focus of many pharmacogenomics and
drug interaction studies, which have prompted the EMA to recommend that all new drugs
undergo in vitro testing to assess their liability to interact with OCT18. The goals of the current
study were (i) to develop robust computational models to predict the interaction of new
molecular entities with OCT1, and (ii) to use a combination of experimental and computational
approaches to identify prescription drug and metabolite ligands of OCT1. By combining in silico
and in vitro approaches, we sought to gain information about whether a ligand binds
competitively or non-competitively on OCT1.
Three major findings emerged from the current studies. First, a comparative structure
model of OCT1 successfully discriminated ligands from non-ligands of the transporter. Second,
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by combining molecular docking and HTS approaches, we were indeed successful in
determining whether a ligand interacts competitively or non-competitively with the transporter.
Third, we identified 30 and 137 prescription drugs as competitive and non-competitive ligands of
OCT1, respectively, including drugs not known to interact with the transporter. We now discuss
each one of these findings in turn.
Accurate prediction of inhibitors and substrates of OCT1 is challenging. First, although
several atomic structures have been resolved for bacterial members of the Major Facilitator
Superfamily of transporters, low sequence identity between bacterial homologs and human
OCT1 casts doubt on the accuracy of comparative models built using these structures as
templates16. Second, OCT1 is considered a polyspecific transporter that transports compounds
of different sizes and molecular features.

For example, OCT1 mediates the uptake of

compounds ranging from small cations such as tetraethylammonium, monoamines (metformin),
chemotherapy drugs (oxaliplatin), to hormone-like lipid compounds (prostaglandin E1)4,51-53.
This broad specificity may result in inaccurate docking and SAR models. For example, ligandbased models may under-predict ligands, especially in chemical spaces unsampled by the
training set. Similarly, docking generally does not consider multiple binding sites, which are
characteristic of polyspecific transporters. Finally, docking also depends on the accuracy of the
target structure and therefore, a combination of several computational and experimental
validation experiments should be performed to ascertain the applicability of a homology model
for docking.
Here, we built a comparative model of human OCT1 in an inward-facing occluded
conformation, using a recently determined structure of its eukaryotic homolog, a phosphate
transporter from Piriformospora indica (PipT)18. We confirmed that 80% of known structurally
diverse substrates can be docked favorably against the predicted binding site (Table 4.1).
Three compounds that had unfavorable docking scores against this binding site had steric
clashes with side chains of the binding cavity, underscoring the need for modeling transporters
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in alternative conformations.

Unfortunately, there are no template structures for alternative

conformations of OCT1 and molecular dynamics simulations still lack computing power to model
conformational changes of transporters. The average pairwise Tanimoto coefficient of
substrates used to validate the predicted binding site was 0.33, indicating that the compounds
were structurally unrelated (Fig. 4.13). In an unbiased validation of the OCT1 comparative
model, we docked 1,780 compounds from the Pharmakon library and validated 70% of
predicted binders and non-binders in vitro.

Previous SAR and pharmacophore models of

OCT1-ligand interactions identified hydrophobicity and charge as the main physicochemical
properties required for inhibition10,54,55.

Our screening results confirmed that charge and

hydrophobicity positively correlated with inhibitory activity of compounds (Fig. 4.7). In addition,
ligands had fewer hydrogen bond donors and acceptors and were less polar than non-ligands.
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Figure 4.13. 2D dissimilarity clustering of 15 known substrates of OCT1. Dissimilarity (i.e., 1 –
pairwise Tanimoto similarity) between known OCT1 substrates is shown on the y-axis. The
labels in the dendrogram denote PubChem CIDs of 15 known OCT1 substrates, which were
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used to validate the binding site on comparative OCT1 model. Compounds with dissimilarity
score less than 0.4 are considered similar.

It has been frequently assumed that inhibition of SLC-mediated transport is primarily
competitive, although some recent studies have challenged this assumption by showing that
competitive, noncompetitive, and mixed type inhibition can also occur11,56-58. The International
Transporter Consortium recently pointed out that the lack of understanding of inhibition
mechanisms remains a limiting factor in transporter studies in drug development59. We showed
that inhibitors of OCT1-mediated ASP+ transport can be divided into two groups based on their
docking scores against the OCT1 model. Predicted competitive inhibitors of ASP+ transport are
compounds that are identified by experimental screening as well as predicted by virtual
screening against the predicted substrate binding site; our assay and calculation do not
distinguish between competitive inhibitors and substrates. In contrast, predicted non-competitive
inhibitors are compounds that are identified by experimental screening as well as predicted not
to bind by virtual screening.

Competitive ligands were significantly smaller and less

hydrophobic than the non-competitive ligands (Fig. 4.3C). Because we modeled OCT1 in an
inward-facing occluded conformation, we predict competitive ligands from only those
compounds that fit into the compact translocation cavity. In addition, a broad range of Kii / Kis
(Table 4.3) suggested various degrees of competitiveness among these inhibitors. Some of the
inhibitors may bind to another binding cavity, or to alternative OCT1 conformations, and these
will not be predicted as competitive ligands by our docking approach. Furthermore, interactions
with OCT1 have been shown to be ligand dependent11. We used ASP+ as our primary probe
substrate in this study, but the mechanism of ligand-dependent interaction will be needed to be
further investigated.
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Additionally, we showed that 87% of predicted competitive ligands were selective for
OCT1. In contrast, only 13% of predicted competitive ligands were identified among inhibitors of
three hepatic uptake transporters OCT1, OATP1B1, and OATP1B3. This result provides further
confidence in the accuracy of the comparative model and its ability to predict competitive
ligands.
To predict competitive ligands in large virtual library of potential ligands, we combined
the SAR model (built using our HTS data) and docking against a comparative OCT1 model.
Indeed, 146 putative competitive ligands among endogenous and exogenous metabolites were
predicted in the HMDB library; one of them, 1BnTIQ, was experimentally tested and validated
(Fig. 4.12). 1BnTIQ is an endogenous amine detected in human cerebrospinal fluid that
accumulates in patients with Parkinson’s disease49 and is able to induce parkinsonism in both
mice and monkeys20,21. 1BnTIQ inhibits complex I in the mitochondria and induces
dopaminergic death in the same manner as MPP+, a neurotoxin also known to induce
parkinsonism. Structurally similar to MPP+, 1BnTIQ is hydrophilic and requires an uptake
mechanism to enter cells. A likely uptake mechanism is suggested by our identification of
1BnTIQ as an OCT1 ligand.
Because of the critical role OCT1 plays in drug disposition and response, efforts have
been made to identify and characterize OCT1 inhibitors. For example, 20 pharmacologically
diverse antidepressants and 14 antipsychotics were screened using an OCT1 mediated
radiolabeled MPP+ uptake assay, identifying drugs that could potentially inhibit 50% or more
OCT1 activity in the brain9. In another study, 191 drugs from various sources were compiled,
followed by a medium-throughput identification of 62 inhibitors10.
In this study, we conducted an extensive HTS of 1,780 drugs that have reached at least
clinical trials in the United States or are marketed in Europe and/or Asia. We were able to
confirm most of the previously known inhibitors. We also estimate that we identified at least 100
compounds previously unknown to interact with the transporter. Moreover, we grouped the
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identified

OCT1

ligands

into

therapeutic

classes,

including

tricyclic

antidepressants,

antihistamines, steroids, and α-adrenergic receptor agonists, all of which were previously
reported to be more likely to interact with OCT110. Our HTS also identified additional drug
classes

that

were

enriched

in

OCT1

ligands,

including

β-adrenergic

receptor

agonists/antagonists, calcium channel blockers, and muscarinic acetylcholine receptors
agonists/antagonists. Among the inhibitors identified by HTS, select compounds were validated
by determining their IC50 values (Fig. 4.5 and Table 4.2).

Five of them (carbetapentane,

carvedilol, erlotinib, griseofulvin, and ketoconazole) had IC50 values that were at least 10% of
their maximum plasma concentrations achieved after therapeutic doses of the drug (Table 4.4).
These estimates suggest the possibility of clinical drug-drug interactions with OCT1 substrates.
Further OCT1 inhibitors may potentially have beneficial effects on hepatic steatosis2. With the
exception of erlotinib and ketoconazole, the drugs noted here were newly identified OCT1
ligands.

We also estimated their IC50 for mouse OCT1 and other two human SLC uptake

transporters (OCT2 and MATE1) (Table 4.5).

Table 4.4. Identified OCT1 inhibitors that could cause drug-drug interactions.
Name

IC50*, µM

CMAX †, µM

CPortal Vein ‡

CMAX / IC50

Carbetapentane

1.6

0.2

N.A.

0.12

Carvedilol

3.4

0.4

0.7

0.12

Erlotinib

16.2

4.8

7.0

0.30

Griseofulvin

7.3

4.5

4.6

0.62

Ketoconazole

2.6

6.6

10.0

2.54

* IC50 is the estimated half maximal inhibitory concentration.
† CMAX values were obtained from http://www.micromedexsolutions.com/
‡ CPortal Vein values were calculated based on equation previously described60
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Table 4.5. Comparison of IC50 of OCT1 inhibitors in 4 different cell lines.

Name

HEK-hOCT1

HEK-hOCT2

HEK-hMATE1

HEK-mOCT1

Carbetapentane

1.6

2.7

45.8

0.7

Carvedilol

3.4

12.1

57.7

2.6

Erlotinib

16.2

3.3

650.5

6.5

Griseofulvin

7.3

136.3

105.6

24.0

Ketoconazole

2.6

2.1

2.7

0.7

* IC50 (µM) is the estimated half maximal inhibitory concentration.
** IC50 is the average of two independent experiments

In conclusion, we developed a comparative structural model of OCT1 that discriminates
ligands from non-ligands, and used the model together with an in vitro HTS assay.

By

combining the two approaches, we were able to predict whether a ligand binds competitively or
non-competitively. The structure-guided approach also accurately predicted inhibitors specific to
OCT1 rather than two other hepatic drug transporters, OATP1B1 and OATP1B3. Finally, we
conducted a virtual screen against a metabolite library using both comparative and SAR models
built from HTS data, and accurately identified and validated the parkinsonism-producing
neurotoxin, 1BnTIQ, as a competitive inhibitor of OCT1.
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Chapter 5
Conclusion and Perspective
Membrane transporters are widely expressed throughout the body, most notably
in the epithelia of major organs, such as the liver, intestine, kidney, and organs with
barrier functions including the brain, testes, and placenta. Transporters are localized to
the plasma membrane, as well as to membranes of various subcellular organelles1. To
date, more than 400 membrane transporters in two major superfamilies, ATP-binding
cassette (ABC) and solute carrier (SLC), have been annotated in the human genome2.
Transporters have important roles in mediating the disposition of a wide array of
substrates including nutrients, metabolites, toxins, and drugs across cellular membrane.
Transporters function as components of a larger system of remote communication
between cells, organs, body fluid compartments and perhaps even among organisms3.
In the past 20 years, transporters are increasingly recognized for their critical roles in
ADME of drugs, and as sites for DDIs, which may result in safety issues. Therefore,
regulatory agencies have developed guidances for the conduct of in vitro transporter
studies to inform transporter-mediated DDIs clinical studies, with particular emphasis on
selected transporters in the intestine, liver, and kidney2.
Metformin is widely used as first-line therapy for the treatment of type 2 diabetes.
Predominately a cation at physiological pHs, metformin is transported by multiple
membrane transporters, which play major roles in its absorption, distribution, and
elimination4. Genetic variations or concomitant use of inhibitors of these transporters
affect pharmacokinetics and drug response to metformin4,5. In this dissertation, we have
summarized previously known metformin transporters and identified a new transporter
for metformin, which may play a role in its intestinal absorption (Chapter 2). The major
findings of our study in Chapter 2 are that the human vitamin B1 (thiamine) transporter,
hTHTR-2, transports metformin and that metformin as well as other xenobiotics including
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phenformin, chloroquine, verapamil, famotidine, amprolium, and pyrithiamine inhibit
hTHTR-2 mediated uptake of both thiamine and metformin. Though previous studies
have indicated that THTR-2 is a thiamine specific transporter6, our study provides the
first demonstration that synthetic compounds including metformin, famotidine, and MPP+
are also substrates of the transporter. Our study demonstrates that human THTR-2
transports metformin, and may play a role in its absorption and indeed the absorption of
other basic drugs after oral dosing. Our data suggest that the transporter may be an
important target for drug-drug and drug-vitamin interactions. Future studies investigating
the role of THTR-2 in drug safety and efficacy are warranted.
OCT1 is widely recognized as the major hepatic metformin transporter that also
has an important role in the disposition of many other drugs drugs7-9. Though the
pharmacologic role of OCT1 is well established, its endogenous role is less understood.
Previously, our laboratory demonstrated that in addition to its role as a drug transporter,
OCT1 has a major physiological role in mediating the influx of dietary thiamine into the
liver. Thiamine is an essential nutrient, which is required in energy metabolism. In
Chapter 3, through extensive characterization of an Oct1 knockout mouse, we showed
that Oct1 deficiency results in a constellation of diverse effects on energy metabolism.
Our data suggested that reduced OCT1-mediated thiamine uptake in the liver leads to
reduced levels of TPP and a decreased activity of key TPP-dependent enzymes, notably
PDH and α-KGDH. As a result, there is a shift from glucose to fatty acid oxidation, which
leads to imbalances in key metabolic intermediates, notably elevated levels of pyruvate,
G6P, and acetyl-CoA. Because of these imbalances, metabolic flux pathways are
altered leading to increased gluconeogenesis and glycogen synthesis in the liver. In
addition, the increased acetyl-CoA levels along with elevated expression levels of key
enzymes involved in cholesterol synthesis likely contribute to increases in plasma levels
of total and LDL cholesterol observed in mice with Oct1 deficiency. In addition, through
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mining publicly available datasets and conducting literature searches, we noted that
OCT1 reduced function variants are associated at genomewide level significance (p <
5x10-8) with increased plasma LDL-cholesterol and total cholesterol levels, and in some
studies, with increased plasma glucose and triglyceride levels. Taken together, our data
provide evidence for the mechanisms responsible for these metabolic traits in both
humans and mice. Our extensive studies described in Chapter 3 show that OCT1
function can have important effects on hepatic and total body energy homeostasis by
modulating the disposition of its endogenous substrate, thiamine. These results suggest
that drug interactions mediated by OCT1 may result in deleterious effects on plasma
lipids and glucose levels.
To further explore drugs interacting with OCT1, we developed a comparative
structural model of OCT1 that discriminates ligands from non-ligands, and used the
model together with an in vitro HTS assay to screen a drug library (Chapter 4). Among
the 1,780 drugs screened, we identified 30 competitive inhibitors and 137 noncompetitive inhibitors. Select inhibitors from both groups were experimentally tested and
the mechanism of inhibition was validated. To extend the in silico methods in predicting
endogenous metabolites that interact with OCT1, we then virtually screened 29,332
human metabolites against the structure-based model and an SAR model generated
from the HTS data. Among the metabolites,, we predicted 146 competitive OCT1
ligands. 1-Benzyl-1,2,3,4-tetrahydroisoquinoline (1BnTIQ), an endogenous neurotoxin
associated with Parkinson’s disease, was experimentally validated. Future studies aimed
at validating these predicted hits in vivo, and characterizing the potential drug-drug/
metabolites interactions in humans are needed.
In summary, this dissertation expands our knowledge of the biological and
pharmacological roles of transporters. Notably, we found that the well-characterized
thiamine transporter, ThTR2 (SLC19A3) is able to transport pharmacological agents,
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which may be an important target for drug-vitamin interactions. In addition, we
demonstrated that OCT1 has an important physiological role in regulating the glucose
and fatty acid cycle, resulting from modulating the disposition of its endogenous
substrate, thiamine. We developed a novel approach combining in vitro and in silico
methods to characterize the mechanism of inhibition for ligands of OCT1. This
dissertation not only reinforced evidence that membrane transporters play important
roles in modulating the pharmacokinetics and pharmacodynamics of drugs, but also
suggested that they are critical in disease progression. Clearly multiple transporters may
participate in the absorption and disposition of any single drug. Thus, systemic level
approaches (e.g., in vitro tools coupled with in silico models) to analyze and predict the
effects of transporters on pharmacokinetics and pharmacodynamics are warranted.
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