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Abstract

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 (THTR-1, SLC19A2, and
THTR-2, SLC19A3). Our study demonstrated that human THTR-2 (nTHTR-2), SLC19A3, which
is highly expressed in the small intestine, but not hTHTR-1, transports metformin (K, = 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 orthologues were observed. Taken together, our
data suggest that hTHTR-2 may play a role in the intestinal absorption and tissue distribution of
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metformin and other organic cations and that the transporter may be a target for drug—drug and
drug-nutrient interactions.
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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 syndrome.1=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 pH’s,
metformin exists primarily as a cation and poorly diffuses across cellular membrane.# 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), MATE2 (SLC47A2), 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, MATEL, and
MATE2).4 In fact, genetic polymorphisms in many of these transporters have been
associated with interindividual differences in the disposition and response to
metformin.411.15.16

Recently, our laboratory demonstrated that OCT1, the major hepatic uptake transporter for
metformin, was also the major hepatic uptake transporter for thiamine, vitamin B1.17
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 reduced levels of both metformin and thiamine in the liver, and
that common nonsynonymous polymorphisms in OCT1 exhibited reduced transport of both
compounds.1718
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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 MATE2,17:19.20 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 muscle,21-25
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 trials.227 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 may play 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.

MATERIALS AND METHODS

Chemicals and Reagents

All radiolabeled chemicals were purchased from American Radiolabeled Chemicals
Incorporation (St. Louis, MO, USA), PerkinElmer (Boston, MA, USA), or Moravek
Biochemicals (Brea, CA). The specific activity of each radiolabeled chemical was as
follows: metformin (1,1-dimethylbiguanide [biguanido-14C] hydrochloride) (110.2 mCi/
mmol), thiamine [3H(G)] hydrochloride (20 Ci/mmol), carnitine hydrochloride, .-[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), [4C] TEA
(tetraethylammonium) (50 mCi/mmol), [BH] MPP* (1-methyl-4-phenylpyridinium) (85.5
mCi/mmol), choline chloride [1,2-14C] (50 mCi/mmol), [**C]-guanidine HCI (53 mCi/
mmol), famotidine [3H(G)] (20 Ci/mmol), and [14C]-aminoguanidine (57.7 mCi/mmol).
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 pBabepuro 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 pg/mL (Millipore Corporation), was
used for selection of stable clones. Single clones were selected and functionally validated.
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For studies in the transiently transfected cells, full length cDNAs of human SLC22A1 and
SLC19A3 were cloned into the pcDNAS5/FRT vector and human SLC6A4 (NM_001045.2)
was cloned in pCMV6-XL4 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.

Uptake Studies

The stably overexpressing cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM H-21) supplemented with puromycin (5 pg/mL), penicillin (100 U/mL),
streptomycin (100 mg/mL), and 10% fetal bovine serum. Cells were cultured on poly-o-
lysine coated 48-well plates for 48 h to reach 95% confluence. Before the uptake
experiments, the culture medium was removed and the cells were incubated in Hanks
balanced salt solution (HBSS) (Life Technologies) for 15 min 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 Results
and figure legends. For the pH dependence experiments, HBSS buffer was adjusted to
different pHs (5, 6, 6.5, 7.4, 8, and 8.5) by adding hydrochloric acid or sodium hydroxide.
For the KCI replacement study, KCI replacement buffer (140 mM KCI, and 5.4 mM NaCl)
was identical to the normal HBSS buffer (5.4 mM KCI and 140 mM NaCl) except that the
sodium and potassium were iso-osmotically 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 K, and Vihax Were calculated by fitting the data to a Michaelis—Menten equation
using GraphPad Prism software (La Jolla, CA).

Real Time RT-PCR Analysis of mMRNA Levels in Cells and Tissues

Total RNA from cell lines and C57BL/6J mouse tissues was isolated using RNeasy Mini kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. Total RNA (2 pg) from
each sample was reverse transcribed into cDNA using SuperScript VILO cDNA Synthesis
kit (Life Technologies) according to the manufacturer’s protocol. cDNA from human tissues
was purchased from Clontech (Human Digestive System MTC panel, Clontech, Mountain
View, CA). Quantitative real-time PCR was carried out in 384-well reaction plates using 2x
Tagman Fast Universal Master Mix (Applied Biosystems, Foster City, CA), 20x Tagman
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 (AACt method) normalized to the housekeeping gene,
glyceraldehyde-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
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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
deglycosylate 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), anti-pAMPK, 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 1gG (Life Technologies) for 1 h at room
temperature. Staining of the DNA in cell nucleus was carried out using DAPI in Prolong
Gold Antifade reagent (Life Technologies). The Zeiss LSM 700 with ZEN 2012 software
(Zeiss, Germany) was used to analyze.

Statistical Analysis

RESULTS

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.

Metformin Uptake in Cells Overexpressing Human Thiamine Transporter 2 (hnTHTR-2;

hSLC19A3)

To examine the interaction of metformin with hTHTR-2, we established a stable cell line
overexpressing the transporter as an in vitro model for our studies. Stable expression of the
transporter was confirmed by Western blotting (Figure 1A), and immunofluorescence cell
staining further confirmed that the hnTHTR-2 was expressed on the cell membrane (Figure
1B). Importantly, the cell line exhibited robust uptake of thiamine as a positive control (10-
fold greater than empty vector transfected cells, Figure 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
overexpressing cells (Figure 1D). Furthermore, metformin uptake was inhibited by excess
unlabeled metformin (5 mM) and fedratinib (10 uM), a selective THTR-2 inhibitor? (Figure
1E). In addition, we tested metformin uptake in a cell line overexpressing THTR-1
(SLC19A2). Our data revealed that THTR-2, but not THTR-1 (Figure 1G), transported
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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 (Figure 1H).

Kinetics Studies of hTHTR-2 Mediated Metformin Transport

The uptake kinetics of [3H] thiamine (Figures 2A and 2B) and [*C] metformin (Figures 2C
and 2D) in HEK-hTHTR-2 cells were examined. The uptake of both thiamine (Figure 2A)
and metformin (Figure 2C) was time dependent. Thiamine accumulated quickly in the cell
line, reaching a plateau at around 5 min (Figure 2A). In contrast, the accumulation of
metformin was slower in the stable cell line (Figure 2C). Based on these studies, kinetic
parameters were evaluated at 3 min for thiamine and 7 min for metformin. The initial kinetic
studies using low thiamine concentrations ranging from 3 nM to 125 nM2° did not result in a
saturable uptake of thiamine (Figure SP-1A). However, the uptake kinetics of thiamine
exhibited saturable characteristics at higher concentrations of thiamine (K, = 3.16 + 0.52
UM, Vmax = 0.0407 + 0.00197 nmol/protein mg/min; Figure 2B), and were consistent with
previous studies.2>27 Like thiamine, metformin also exhibited saturable kinetic properties,
however with much lower affinity and a substantially greater maximum transport rate (K, =
1.15 £ 0.20 mMM; Vpax = 2.20 = 0.11 nmol/protein mg/min; Figure 2D). Metformin kinetic
parameters were confirmed by performing experiments at 37 and 0 °C (Figure SP-1B) and
using the difference in the initial accumulation rates at the two temperatures (K, = 0.98 mM
+0.21 mM; Vpax = 1.91 + 0.10 nmol/protein mg/min). Collectively, the kinetic studies
revealed that hTHTR-2 is a low affinity and high capacity transporter for metformin.

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 [4C] metformin (5 pM) was added to uptake buffers, which were adjusted to various
pH’s 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 (Figures 3A
and 3B). To investigate the effect of the transmembrane electrochemical gradient on
accumulation of metformin in the cell line overexpressing 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 min incubation. In the normal uptake
buffer, the intracellular metformin concentration was 15.7 uM; while in the KCI replacement
buffer, the intracellular metformin concentration was 6.3 UM, which was 60% less in
cellular concentration compared to the normal uptake buffer (Figure SP-2A). In addition, the
thiamine uptake was reduced in cells preincubated with cardiac glycosides as well as the
Nat/K*-ATPase inhibitors digoxin and ouabain,28-30 and the inhibition appeared to be time
and dose dependent (Figures SP-2B and SP-2C). These data suggest that metformin
accumulation in cells overexpressing hTHTR-2 is sensitive to membrane potential.
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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). The
MRNA level of THTR-2 was highest in the liver and duodenum, followed by jejunum,
ileum, ileocecum, colon, rectum, cecum, and stomach (Figure 4A). The protein expression
of THTR-2 in human liver and duodenum was confirmed by Western blotting (Figure 4B).
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 (Figure 4A). The data show that, in the duodenum, mRNA levels of THTR-2
were the most abundant; whereas in the liver, as previously shown,1” OCT1 mRNA
transcripts were most abundant. These data suggest that hnTHTR-2 plays a role in intestinal
thiamine and metformin absorption.

hTHTR-2 Mediated Interaction Between Biguanides and Thiamine

Interactions

To further investigate the interaction of metformin with hTHTR-2, we performed an
inhibition study of thiamine uptake with metformin and its analogue, phenformin. Various
concentrations of metformin (0.01-10 mM) or phenformin (0.01-5 mM) were used in the
uptake buffer, which contained 25 nM [3H] thiamine. As shown in Figures 5A and 5B,
hTHTR-2 mediated thiamine uptake was inhibited by both metformin (1C5q = 680 + 140
uM) and phenformin (ICgq = 244 £ 28.4 uM). To test the reverse inhibition, various
concentrations of thiamine (0.01-10 uM) were included in the uptake buffer, which
contained 5 uM [14C] metformin. As shown in Figure 5C, hTHTR-2 mediated metformin
uptake was potently inhibited by thiamine (ICsg = 1.03 £ 0.12 pM).

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 drugs.1”-1° 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 xenaobiotics and particularly various
prescription drugs. To this end, we tested various organic cations and bases including
prescription drugs as substrates and inhibitors of hnTHTR-2. The data demonstrated that the
neurotoxin, which is also a canonical substrate of several organic cation transporters, 1-
methyl-4-phenylpyridinium (MPP™) and the histamine H2-receptor antagonist famotidine
were substrates of hnTHTR-2 (Figures 6A and 6B, respectively). Other organic cations
including histamine, tetraethylammonium (TEA), serotonin, carnitine, choline,
norepinephrine, guanidine, and aminoguanidine were not found to be substrates of hnTHTR-2
(Figure SP-3). However, several antithiamine analogues (amprolium and pyrithiamine) and
prescription drugs (chloroquine, verapamil, and famotidine) were shown to be inhibitors of
hTHTR-2-mediated thiamine and metformin uptake (Figures 6C and 6D).
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Uptake Studies in Cells Overexpressing Murine Thiamine Transporter 2 (INTHTR-2;

mSlic19a3)

To understand whether mouse THTR-2 also plays a role in metformin uptake in vivo, we
constructed and characterized a stable mTHTR-2 overexpressing cell line (HEK-mTHTR-2).
The uptake of [3H] thiamine but not metformin in the overexpressing mTHTR-2 cell line
was higher than in the empty vector transfected cells (Figures 7A and 7B). Further, though
metformin 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 (Figure 7C).
Similarly, fedratinib was a less potent inhibitor of the mouse THTR-2 orthologue compared
with the human orthologue (22.2 + 3.99 uM vs 1.88 + 0.38 uM) (Figure 7D). 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, hnTHTR-2 (Figures 7E and 7F). Collectively, the data suggest that, in
comparison to the human THTR-2, the mouse orthologue has a narrower substrate
specificity.

DISCUSSION

The major findings of our study are that the human vitamin B1 (thiamine) transporter,
hTHTR-2, transports metformin and that metformin and 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 orthologues were observed.

Metformin, as an insulin-sensitizer, is among the most widely prescribed drugs for type 2
diabetes. Under physiological conditions, metformin with a pK, of 11.5 and log P of -1.43
predominantly exists as a cation (>99.9%) and therefore requires transporters to cross
biological membranes.# Many studies have shown that metformin is a substrate of
polyspecific organic cation transporters such as OCT1, OCT2, OCT3, PMAT, MATEL,
MATE2, and OCTN1 (Table 1),7-13 and that these transporters play important roles in the
absorption, hepatic uptake, tissue distribution, and renal excretion of the drug.* A summary
of apparent K, values along with tissue distribution of known metformin transporters,
including THTR-2 (current study), is presented in Table 1. Notably, the K, value of
metformin for nTHTR-2 is within the range of K, values for established metformin
transporters.

Consistent with previous studies, our data show that THTR-2 expression levels were highest
in the duodenum.2® 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, MATEL, and SERT (Figure 4A and Figure SP-4A). A recently published study
demonstrated that the human serotonin transporter (SERT, SLC6A4) transports metformin
and suggested that it plays a role in metformin intestinal absorption.14 However, we did not
observe significant metformin uptake in the overexpressing human SERT cell line (gift from
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Dr. Randy Blakely) though robust uptake of serotonin was observed (Figure SP-4B). 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 (Figure SP-4C).
Together, our data showed that metformin is a poor substrate of SERT compared with OCT1
and THTR-2. Though both 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 dysfunction.23
Furthermore, THTR-2 deficient but not THTR-1 deficient mice exhibit significantly reduced
intestinal thiamine uptake compared to their wild-type littermates.23:31 Confocal microscopy
of polarized cells shows that THTR-2 is expressed apically, whereas THTR-1 has higher
expression levels on the basolateral membrane.32 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.

Though previous studies have indicated that THTR-2 is a thiamine specific transporter,33
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 uptake,3* our data showed that the uptake of both
metformin and thiamine increases with increasing pH (Figure 3). Previous studies suggested
that a thiamine/H™ antiport mechanism characterized thiamine uptake in intestinal brush
border membrane vesicles.3>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 MATEL (Figure SP-5). Our data suggest that the previously
observed thiamine/H* antiport mechanism in isolated brush border membrane vesicles is not
mediated by THTR-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 drug—
drug and drug-vitamin interactions. Our data indicated that metformin and phenformin
inhibited thiamine uptake with 1Cgy’s of 680 UM and 244 uM, respectively (Figure 5A and
5B). In patients taking 1 g oral doses, metformin concentrations in the gastrointestinal (GI)
lumen are estimated to be 24 mM assuming 250 mL of GI fluid. The estimated Gl
concentrations of metformin and phenformin are >10-fold higher than these ICgq values,
suggesting that, at therapeutic doses, the drugs may cause clinically relevant transporter-
mediated interaction.37:38 Since thiamine deficiency is associated with lactic acidosis,3940
this observation may suggest an alternate mechanism to mitochondrial complex 1 inhibition
for metformin and phenformin associated lactic acidosis.*! That is, metformin may reduce
thiamine absorption leading to reduced thiamine levels. In addition, other synthetic
analogues including the prescription drugs, chloroquine, verapamil, and famotidine may also
lead to reduced thiamine absorption (Figures 6C and 6D). Though vitamin transporters are
not on the list of transporters that commonly mediate clinically relevant drug—drug

Mol Pharm. Author manuscript; available in PMC 2016 December 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liang et al.

Page 10

interactions,37:38 the recent failure of fedratinib in phase 111 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 interactions.2” Notably, in some patients
Wernicke’s syndrome disappeared upon thiamine administration. No information is
available about the plasma thiamine levels during fedratinib treatment or following thiamine
administration. Therefore, it is not known whether the drug’s effects were on thiamine
absorption or its uptake into various tissues including the central nervous system (CNS). It is
possible that fedratinib inhibits hnTHTR-2-mediated uptake of thiamine in the intestine, CNS,
and various peripheral tissues. 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 Gl tract after clinical doses.
Interestingly, we also observed the reverse situation. That is, thiamine inhibited hTHTR-2
mediated metformin uptake at low concentrations (IC5g = 1.03 + 0.12 pM) (Figure 5C).
Importantly, after thiamine supplementation (25-100 mg), intestinal concentrations of
thiamine are predicted to be between 0.3 mM and 1.2 mM.37 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—
vitamin interactions. Future studies investigating the role of THTR-2 in drug safety and
efficacy are clearly warranted.
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Figure 1.

Metformin uptake and effects in cells overexpressing hTHTR-2. (A) Western blotting
showed higher hTHTR-2 expression in the HEK-hTHTR-2 overexpressing cells compared
with empty vector cells (EV). 12.5 pg of total protein from cell lysate was deglycosylated by
PNGase F. (B) Immunofluorescence cell staining showed that hnTHTR-2 is highly expressed
in the cell membrane of the hTHTR-2 overexpressing cells. (C) 3H thiamine (25 nM) uptake
was significantly higher in HEK-hTHTR-2 overexpressing cells compared to empty vector
(EV) transfected cells. Cells were incubated in the uptake buffer for 5 min. (D) 14C
metformin (5 uM) uptake was significantly higher in HEK-hTHTR-2 overexpressing cells
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compared to empty vector transfected cells. Cells were incubated in the uptake buffer for 5
min. (E) hTHTR-2 mediated metformin (5 uM) uptake was inhibited by excess unlabeled
metformin (5 mM) and fedratinib (10 uM). Cells were incubated in the uptake buffer for 5
min. (F) Thiamine and (G) metformin uptake in cells overexpressing hTHTR-1. hTHTR-1
overexpressing cells and empty vector transfected cells were incubated in the uptake buffer
containing 25 nM 3H thiamine and 5 uM 14C metformin for 5 min. Fold changes are
normalized to empty vector control uptake. Results shown are the mean + SD for a
representative experiment of n = 3. (H) Greater phosphorylation of both AMPK and ACC in
hTHTR-2 overexpressing cells compared to empty vector cells in cells treated with
metformin (1 mM and 2 mM) for 2 h.
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Figure2.
Kinetic characterization of hTHTR-2 mediated thiamine and metformin uptake. (A, C) 3H

thiamine (25 nM) uptake and 14C metformin (5 uM) uptake increased with time in HEK-
hTHTR-2. The linear phase of uptake was up to 5 min for thiamine and 15 min for
metformin. Data obtained from HEK-hTHTR-2 are represented by close symbols and from
empty vector cells by open symbols. (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 pM to 30 uM for 3 min for thiamine uptake. For
metformin uptake, cells were incubated with concentrations ranging from 0.03 mM to 10
mM for 7 min. Saturable thiamine and metformin uptake was calculated using the difference
in accumulation of each compound in hTHTR-2 overexpressing and empty vector cells. The
data were fit to a Michaelis—Menten equation. Data shown are the mean + SD for a
representative experiment of n= 3.
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Figure 3.
Effect of pH on hTHTR-2 mediated metformin uptake. (A) 3H thiamine (25 nM) or (B) 14C

metformin (5 uM) was included in the uptake buffer adjusted to pHs 5, 6, 6.5, 7.4, 8, and
8.5, and the cells were incubated for 5 min. Empty squares represent the uptake in HEK-
empty vector cells and black circles represent the uptake in HEK-hTHTR-2 cells. Data
shown are the mean + SD for a representative experiment of n = 2.
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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%. Data are

presented as mean + SD, and 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.
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Figureb.
hTHTR-2 mediated interaction between biguanides and thiamine. 3H thiamine (25 nM) was

coincubated in uptake buffer containing a range of metformin concentrations (0.01-10 mM)
(A) or phenformin concentrations (0.01-5 mM) (B) for 5 min. (C) 14C metformin was
coincubated in uptake buffer containing a range of thiamine concentrations (0.01-10 pM)
for 3 min. The IC5q was calculated by fitting the data to nonlinear regression curve. Data
shown are the mean + SD for a representative experiment of n = 2.
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Figure®6.
Interaction of various organic cations with human THTR-2. (A) hTHTR-2 overexpressing

and empty vector transfected cells were incubated with 3H MPP* in the absence (control) or
presence of fedratinib (100 pM) for 10 min. (B) hTHTR-2 overexpressing and empty vector
transfected cells were incubated with 3H famotidine in the absence or presence of fedratinib
(100 uMm) for 10 min. (C, D) hTHTR-2 overexpressing and empty vector transfected cells
were incubated with 3H thiamine (25 nM) or 14C metformin (5 pM) alone (control) or in the
presence of chloroquine (1 mM), verapamil (1 mM), famotidine (1 mM), amprolium (1
mM), and pyrithiamine (200 uM) for 5 min. Data shown are the mean + SD for a
representative experiment of n = 2.
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Figure?7.

Functional characterization of mouse THTR-2 (MTHTR-2). (A) 3H thiamine (25 nM) uptake
was significantly higher in HEK-mTHTR-2 overexpressing cells compared to empty vector
transfected cells. Cells were incubated in the uptake buffer for 10 min. (B) mTHTR-2
overexpressing and empty vector transfected cells were incubated with 14C metformin (5
1M) in the absence or presence of fedratinib (100 pM) for 10 min. (C, D) 3H thiamine (25
nM) was coincubated with a range of metformin (0.01-10 mM) or fedratinib (0.01-30 uM)
concentrations for 5 min. Background uptake in empty vector transfected cells was
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subtracted from the uptake in the mTHTR-2 cells, and the difference was fit to a nonlinear
regression curve. Data shown are the mean + SD for a representative experiment of n= 3.
(E) 3H famotidine (25 nM) and (F) 3H MPP* (6 nM) uptake in mTHTR-2 overexpressing
cells. Cells were incubated in the uptake buffer containing 3H MPP* or 3H famotidine for 10
min. Data shown are the mean £ SD for a representative experiment of n= 2.
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Table 1

Summary of Metformin Transporters

transporter Km

name (mM) major tissues reference

THTR-2 (SLC19A3) 1.15 intestine and liver current study

OCT1 (SLC22A1) 1.47  liver and kidney Kimura et al. 2005'3; Li et al. 201142
OCT2 (SLC22A2) 1.07 kidney Choi et al. 200743
OCT3 (SLC22A3) 1.10 multiple tissues (liver, skeletal muscle, fat, and brain)  Chen et al. 20150
MATEL (SLC47A1) 023  kidney and liver Chen et al. 2009'*
MATE2 (SLC47A2) 1.05  kidney Masuda et al. 200612
PMAT (SLC29A4) 1.32 intestine Zhou et al. 2002°
OCTN1 (SLC22A4) na@  Gltract Nakamichi et al. 20132
SERTD (sLceAd) 4 intestine Han et al. 20154

a . . .
No Km was reported. Significant uptake in overexpressing cells compared to mock cells.8

b . .
Data not reproduced in our laboratory (see Figure SP-4B).
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