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ABSTRACT

TIANXIANG HAN : Interplay between Metformin and Serotonin Transport
in the Gastrointestinal Track Novel Mechanism for the Intestinal
Absorption and Adverse Effects of Metformin
(Under the dection of Dhiren R. Thakker, Ph.D.)

Metformin is a widely prescribed drug for Type Il diabetes mellitus. Previous studies
have shown that this highly hydrophilic and chargednpoundtraverses predominantly
paracellularly across the Ca&ocell monolayer, a wekstablished model for human
intestinal epithelium. However, oral bioavailabild metforminis significantly higher than
that of the paracellular probe, mannitol (~60% vs ~L@ased on thesebservationsthe
Thakker laboratory proposedfias p o hypaheésis (Proctor et al., 2008) which states that
the functional synergy between apical (AP) transporters and paracellular transport enhances
the inestinal absorption of metformi This dissertatiorwork aims to identify AP uptake
transporters of metformin, determine their polarized localization, and elucidate their roles in
theintestinalabsorptiorand adverse effects of metformin

Chemical inhibition and traporterknockdown studies revealed thabur
transporters, namelyrganic cation transporter 1 (OQT blasma membrae monoamine
transporter (PMAT),serotonin reuptake transporter (SERT) and choline -affihity
transporter (CHY contributeto AP uptake of metforminn Cace2 cells Although AP
intestinal localization of PMAT, SERT and CHT has been established, the intestinal

membrandocalization of OCT1 is ambiguous in the literature. In this diasert work,



functional andmmunostainingtudies showed th&@CTL1is localized in the AP membrane
of Cace2 cells and human and mouse intestinal epdheli

Sincethis dissertatiomlata showd for the first time that metformin is a substrate of
SERT, thein vivo role of this transporter in mediag metformn oral absorption was
investigated The SERTselective chemical inhibitor, paroxetindecreased metformin
systemic AUG.sh by 9% (p<0.05), and in mSeft mice, metformin systemic AU g, was
lowered by 6% (p<0.05).

BecauseSERT nediates the reuptake of serotonin whibdulatesgastrointestinal
(GI) functions its role in metforminmediated Gl adverse effects, such as diarrhea, was
investigatedn a mouse model Results shoed that metformininduced a 4old increase
(p<0.001) inintestinalmotility, and a50% increasg(p<0.05)in water contendf the large
intestine These effects were diminished by serotonin receptor 4 antagonist GR113808,
suggestinghat metformin could cause Gl adverse effesteeh as diarrhedy inhibiting
SERT-mediated serotonin +a@ptake and subsequent seroteimduced increased Gl

motility and watefretention.
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CHAPTER 1

INTRODUCTION

1.A. INTRODUCTION

For orally administered compounds, such as drugs and nutrients, traversing the
intestine is the first and pivotal step to entering the blood stream, a process that plays a
significant role in the absorption, and thus biological functions of tb@sgounds. The
intestinal epithelial monolayer acts as the major barrier to intestinal absorption (Figure
1.1). This monolayer is polarized into an apical (AP) side facing the intestinal lumen, and
a basolateral (BL) side facing the blood, which are rsged by a protein complex called
the tight junctions. In order to be absorbed into the blood system, compounds can pass
through the intestinal epithelium either by the paracellular or transcellular pathways
(Figure 1.2). Paracellular transport is regedaby the tight junctions, which allows
certain small and hydrophilic compounds to pass through and be absorbed. Transcellular
transport of compounds can be achieved by two processes: passive diffusion and an
active process mediated by transporter pngtei Lipophilic compounds can readily
diffuse through the cell membrane, whereas for hydrophilic compounds, transporters are
required for facilitating their transcellular transport. Conversely, some transporters such
as Rglycoprotein (Pgp), can preventhe absorption of certain compounds by effluxing

them back into the intestinal lumen.



In addition to the absorption processes through the intestinal epithelium, the
distribution and elimination of drugs are also critical processes. The Ipghiyeable
lipophilic compounds can be readily distributed into different tissues, while hydrophilic
compounds require transporters for their distribution. Furthermore, transporters play a
significant role in the elimination of drugs via the liver and kyln In the BL membrane
of hepatocytes and kidney proximal tubules, transporters mediate the uptake of their
substrates from the blood into cells, while efflux transporters in the AP membranes of
hepatocytes and proximal tubules eliminate these compouridsbile and urine,
respectively. More than 400 membrane transporters in two major superfamilies, namely
ATP-binding cassette (ABCJSchinkel and Jonker, 20P3and solute carrier (SLC)
(Hediger et al., 2004(Koepsell et al., 2007 have been annotated in humans, and play
significant roles in the absorptiodistribution, and elimination of various compounds.

Since a large portion (~40%) of orally administered drugs are organic cations or
weak bases at physiological pfMleuhoff et al., 2008 and numerous endogenous
compounds of important biologitdunctions are cations (such as monoamine
neurotransmitters and hormones), extensive attention have been focused on cation
selective transporters in the recent literat(@kmepsell et al., 2007 Figure 1.3
summarizes the major catiselective transporters expressed in the intestine, liver and
kidney (adapted fronKoepsell et al., 20Q]. This chapter reviews the roles of cationic
transporters in the absorption, distribution, and elimination, asasgdhysiological and
pharmacological functions of cationic compounds, with an emphasis on their intestinal
adverse effects and toxicity, and sets the stage for the dissertation work discussed in

subsequent chapters.



1.B. CATION-SELECTIVE TRANSPORTERS
1.B.1. Organic Cation Transporters (OCTS)

OCTs,which belong to the SLC22A family, have been most extensively studied
in the absorption, distribution and elimination of small organic catiiogpsell et al.,
2007). There are three isoforms of OCTs, namely OCT1, OCT2, and OCT3 (SLE22A1
3), which exhibit broad expression in different organs. For example, it is well established
that OCT1 and 3 arlocalized in the sinusoidal (BL) membrane of human hepatocytes,
and are responsible for the uptake of cations from the blood into the hepa{Gtgaset
al., 201Q Faber et al., 20Q0Nies et al., 2000 similarly in the kidney, OCT2 is localized
in the BL membrane of human renal proximal tubules and is responsible for the uptake of
cations from the bloo(Karbach et al., 20QMotohashi et al., 200Dkuda etal., 1996.

In the intestine, OCT3 is expressed in the AP membrane of enterocytes, and mediates the
uptake of cations from the lumen into the enterocfeepsell et al., 20QMuller et al.,
2005. The localization of OCTs ensurgir function as uptake transporters.

The majority of OCT substrates are monovalent, and comparatively small cations,
the sacalled type | organications(Meijer et al., 1999Wright, 2005, exemplified by
the prototypical substrates tetraethylammonium (TEA) and the neurotoriethlyt4-
phenylpyridinium(MPP") (Koepsell et al., 2007 In addition, OCT#teract with several
drugs, including the Hreceptor antagonist ranitidin@Bourdet et al., 2005 the
antidiabeticdrug metformin(Wang et al., 2002and the anticancer drug oxaliplatin
(Yokoo et al., 200y Recently, the divalent organic cations pentamidine and paraquat,
have been identified as substrates for OQWIihg et al., 2009pband OCT2(Chenet al.,

2007, respectively. Transport via OCTs is facilitative and driven by a negative



membrane potential inside the cell. Uptake of positively charged molecules is
thermodynamically favorable, and can produce overfold higher intracellular
concentations compared to the dose concentrafirepsell et al., 2007

1.B.2. Novel Organic Cation Transporters (OCTNS)

OCTN1 and OCTNZ2,belong to the SLC22A4 and SLC22A5 families,
respectively, and transport organic cations. OCTN1 is also considered as an
ergothioneine transporter because it transports ergothioneine much more efficiently than
TEA (Grundemann et al2009, while OCTN2is a highaffinity, sodiumdependent L
carnitine transporter that plays a key role in the cellular uptakeaarhitine(Koepsell et
al.,, 2007. Both transporters play important physiological roles by transporting
ergothioneine and-carnitine into cells. OCTNL1 is expressed in kidney, skeletal muscle,
placenta, prosta, and heart with strong expression in erythrocytes and monocytes
(Grundemann et al., 20p5and OCTN2 has been detected in kidney, heart, skeletal
muscle, intestine and placerfieamai et al., 1998 Both transporters are localized in the
AP membrane of proximal tubular epithelial cells in the kidégmai et al., 2001
Tamai et al., 2004 OCTN2 is also expressed in the AP membranes of enterocytes
(Elimrani et al., 2003Kato et al., 2008 suggesting a potential role for this transporter in
mediating the absorption of-tarnitine and cationic drug substrates. OCTN1 also
mediates the renal epation of an amino acitype drug gabapentin, and genetic
mutations of this transporter decrease the renal clearance of gabapentin in (unnams
et al., 200y. OCTN2 al so tr ansporldctam antiotigs, dr ugs
cephaloidine (Ganapathy et al., 20pGand the calcium channel blocker, verapamil

(Grube et al., 208).



1.B.3. Equilibrative Nucleoside Transporter (ENT4) (Plasma Membrane
Monoamine Transporter (PMAT))

ENT4 was originally identified by genome database analysis and assigned to the
equilibrative nucleoside transporter gene family (SLC29A4) basedeme sequence
homology (Acimovic and Coe, 2002 Following more recent studies showing the
involvement of ENT4 in facilitating the transport of organic cations such as TEA, MPP
and metformin in a Naindependent and membrane potersiahsitive manne(Engel
and Wang, 2005Zhou et al., 2007h it was renamed as plasma membrane monoamine
transporter (PMAT), recognizing its function as a polyspecific organic cation transporter.
PMAT is expressed in human small intestine and localized in the AP membrane of the
enterocytegZhou et al., 2007k indicating that it may mediate the AP uptake of cationic
drugs such asietformin in the intestine.
1.B.4.Multidrug and Toxin Extrusion Proteins (MATES)

MATEs were assigned as the SLCA47 family (SLC47A1: MATEL, SLC47A2:
MATEZ2 or MATEZ2-K) (Terada and Inui, 2008 In humansthe MATEL1 is strongly
expressed in the liver, kidney and skeletal muscle and is also detected in the heart
(Otsuka et al., 2005 whereas MATEXK is predominantly expressed in the kidney
(Masuda et al., 2006 MATEs exhibit AP lochzation in the hepatocytes and renal
tubular cells(Masuda et al., 20Q@tsuka et al., 20Q5presumptively forming vectorial
transport systems witlthe basolaterally localized OCT1 and OCT2 in the liver and
kidney. MATEs have similar substrate specificities with OCTSs, transporting TEA,
MPP", guanidine, and some cationic drug molecules like metformin and verapamil

(Masuda et al., 2008Jtsuka et al., 20Q5Tanihara et al., 20Q7However, uptake by



MATEs is independent of membrane potential and extracellular sodium concentration,
and transport including uptake and efflux is stimulated by an oppositely directed proton
gradient. Therefore, MATEare considered as catigoroton antiporters that operate in
both directiondMasuda et al., 200@tsuka et al., 2005Tranihara et al., 2007Besides
organic cations, MATEs are capable of transporting anionic estrone sulfate, acyclovir,
and ganailovir (Tanihara et al., 2007
1.B.5. Transporters of Endogenous Monoamines

Endogenous organic cations, such as monoamines, play an important role in
molecular signaling in the central nervous system (CNS) as well as in peripheral organs.
For example, Hydroxytryptamine %-HT, serotonin) regulates mood, appetite, sleep,
muscle contraction, cognitive functions, including memory and learning, as well as
digestion and bowl movemer(Berger et al.,, 208 Bertrand and Bertrand, 2010
MohammadzZadeh et al., 2008Ni and Watts, 2006 Other orgara cationic molecules,
such as dopamine, norepinephrine and choline, also play an important role in various
physiological and pharmacological functions. Generally these cations cannot traverse
biological membranes, due to the positive charge of amineyaigbbgical pH (refer to
structures in Table 1.1). Therefore, transporters for these endogenous amines contribute
to the transportation and disposition of these molecules, and play a critical role in the
functions of endogenous amines. These transpoatersalso popular targets for drug
discovery and development for various diseases. Recent studies show that the
transporters of endogenous monoamines and OCTs exhibit shared substrate specificities
(Bacq et al., 2032Duan and Wang, 201@Grundemann et al., 1998lilber et al., 200h

suggesting that the endogenous monoamine transporters may have significant potential in



the pharmacology of many cationic drugs. However, their role in the transport of
exogenous drugs hawot been extensively investigated. The primary transporters of
endogenous monoamines, and pharmacology and toxicity mediated by these transporters
are discussed below.

Serotonin Reuptake Transporter (SERT)

SERT belongs to the SLC6A4 famil{Gelernter et al., 1993Nakamura et al.,
2000. SERT is widely expressed in many organs and tissues, subk asain, bone
marrow, placenta, heart, platelets, lung, liver, kidney, intestine, thyroid gland, parathyroid
gland, adrenal gland and pancré@elernter et al., 199%5ill et al., 2008 Mortensen et
al., 1999 Qian et al., 1995 Talvenheimo et al., 1979ade et al., 1996 The
endogenous substrate of SERT, serotonumy@roxytryptamine, refer tetructure in
Table 1.1) is a small organic cation compound. The function of SERT is in the reuptake
of extracellular serotonir(Bertrand and Bertrand, 201®Reis et al., 2009 When
serotonin is taken up into cells, it is metabolized and deactiy8jedrdsma et al., 1955
Therefore, SRT plays an important role in terminating and regulating the biological
functions of serotonin.

SERT exhibits shared substrate specificities with other Q©OT&an and Wang,
201Q Hilber et al., 200p and it has been reported that knockout of the mouse serotonin
reuptake transporter (mSert) results inragulation of mouse organic cation transporters
(mOcts)in vivo (Baganz et al., 2008hen et al., 2001 The overlapping substrate
specificitiesand interactions between OCTs and SERT suggest that SERT may play an

important role in the pharmacology of several organic cation drugs.



Norepinephrine Transporter (NET)

NET, also called noradrenaline transporter (NAT), is encoded by the §@tA3
(Kreek et al., 2005Tellioglu and Robertson, 20pland is a N& and Cl-dependent
neurotransmitter transporter that trpods the neurotransmitters norepinephrine and
dopamine from the synapse back to cytq8unisch et al., 1990 Norepinephrine and
dopamine ardoth small organic cation compoundsfér to structures iffable 1.1) that
control important biological functions. NET is mainly expressed in the CNS, and its
function is to terminate noradrenergic signaling by rapidptake of neuronally released
norepinephrine and dopamine into presynaptic terminals, thus attenuating the function of
the released norepinephrine and dopaniB@nisch et al.,, 1990 NET controls many
behavioral and physiological effects, such as mood, depression, feeding behavior,
cognition, regulation of blood pressure and heart r@@enisch et al., 1990
Consequently, NET is a target of several drugs for the treatment of a number of CNS
diseases, including depression, attenteficit hyperactivity disorder (ADHS),
substance abuse, neurodegenerative disorders (e.g., Alzheimer's diseas&insdnRar
disease]Blakely et al., 1994Bonisch and Bruss, 200Bim et al., 2008.
Dopamine Transporter (DAT)

DAT, encoded by the gene SLC64Giros et al., 1992Vandenbergh et al., 1992
is a Nd- and Cl-dependent neurotransmitter transporter that transports dopamine from
the synapse back to the cytosol. DAT is a plasma membrane protein expressed
exclusively in dopamine synglizing neurons in the CNS. It clears dopamine released in
the synapse back into the cytosol to stop the function of dopamine; therefore, it plays an

important role in regulating the amplitude and duration of dopamine sigr{Blammpon et



al., 2001 Uhl, 2003. DAT also plays a critical role in the CNS physiology and
pathology, and has been implicated in a number of doparmaiatd disorders, including
attention deficit hyperactivity disorder Par ki nsonods dibipela s e ,
disorder clinical depressiondrug abuse andlcoholism etc. (Bannon, 2005Haenisch
and Bonisch, 2011
Choline Transporter System

Choline is a hgrophilic quanternary amine with a positive charge at all
physiological pH values (refer to structure in Table 1.1). Since choline is not
endogenously synthesized in cells, sufficient cellular uptake of exogenous choline is
critical for normal functionsn both the CNS and peripheral orgdischel et al., 20056
Due to its positive charge and hydrophilicity, the transport of choline is mediated by
transporters. Choline transporter system includeshigh affinity choline transporter
(CHT, belongs to SLC5A7 family), chiak transportelike proteins 17 (CTL1-7, belong
to SLC44A17 family), and low affinity choline transport mediated by OQWischel et
al., 2006§. CHT plays an important role in the uptake of choline in the QNS et al.,
2003, and is also expressed in the AP membrane of aolepithelial cell{Harrington
et al.,, 201D CTLs have a lower affinity for choline uptake and are also expressed in the
intestine (Kouji et al., 2009 Traiffort et al., 2005 OCTs are also known to transport
choline(Lee et al., 2009Michel et al., 2006 This shared substrate specificity between
choline transporters and OCTs indicate that CHT and CTLs may also play an important

role in the transpouf other organic cations.
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1.C. CATION-SELECTIVE TRANSPORTERS IN DRUG-INDUCED TOXICITY
IN ORGANS
1.C.1. Renal Toxicity

In the kidney, organic cations may be filtrated in the glomeruli or secreted in renal
proximal tubules. Hydrophilic organic cations that do not bind to plasma proteins are
readily ultrafiltrated and may be reabsorbed in the proximal tubule. fidabsorption is
dependent on the concentrations of the respective cation in the blood and the primary
filtrate. Many endogenous cations and cationic drugs are bound to plasma proteins and
are not filtrated efficiently, and several of them are secretadefct Secretion and
reabsorption of organic cations may occur in proximal tubules, distal tubules and
collecting ducts; however, most investigations have focused only on secretion in the
proximal tubule. In the first step of secretion, organic catioegranslocated across the
BL membrane in the proximal tubule. In humans, OCT2 and OCT3 are important for the
BL uptake of cations. In the second step of secretion, organic cations are released across
the luminal membrane by the proton/cation exchangefsTBA, MATE2-K and/or
OCTN1. The proton/cation antiport mechanism used by these transporters helps to
overcome membrane potential during cation efflux. Figure 1.3 shows the major cationic
transporters involved in the drug elimination in the kid(teyepsell et al., 2007

Renal excretion appears to be one of the main determinants of the pharmacokinetics
of hydrophilic cationic drugslThe transporters mentioned above play an important role in
the renal clearance of organic cations in the proximal tubule which is a site for important
clinical drugdrug interactions (DDIs) and nephrotoxicity. For example, cimetidine

inhibits OCT2 and MAEL, which affects the renal elimination of procainamide and
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metformin(Somogyi et al., 19835 o0mogyi et al., 1987Tsuda et al., 20098 suda et al.,
2009h. Additionally, OCT2 and MATEL1 play a critical role in the renal excretion of
cisplatin, and are involved in cisplainduced nephrotoxicity(lwata et al., 2012
Nakamura et al., 20)@See discussion below in Section 1.D.).
1.C.2. Hepatotoxicity

Liver is an important organ for drug metabolism and elimination. Figure 1.3 shows
the major cationic transporters involved in the drug transport in the(Keapsell et al.,
2007. OCT1 and OCT3 are located in the sinusoidal membrane of the hepatocytes and
take up organic cations from the blofhen et al., 201(Faber et al., 20QNies et al.,
2009. These transporters mediate the first step in biliary excretion of most cationic
drugs; however, they can also mediate the release of organic cations from hepatocytes
into the blood. The excretion of organic cations across the sinusoidal membrankeinto b
is mediated by MATEL and/or by-@p (Otsuka et al., 20055chinkel and Jonker, 20D3
Decreased activity (by inhibition, polymorphisms or mutations) of OCT1 and OCT3 in
the liver will decrease hepatic uptake and impair the biliary excretion of cationic. drugs
Decreased activity of -Bp and/or MATEL1 in the biliary membrane will result in
increased intracellular concentrations of cationic drugs that are substrates of uptake
transporters, which could lead to hepatic drug accumulation and hepatotoxicity.
1.C.3.Gastrointestinal (Gl) Adverse Effects

Drugrinduced toxicity in the GI tract is not commonly seen; however, organic
cation drugs show different levels of Gl adverse effects. For exampieepressant
drugs have common Gl side effects suchiagltea, nausea and vomitifBarbui et al.,

2004 Beasley et al., 2000rindade et al., 1998 These antidepressant drugs target and
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inhibit SERT and could lead to an increase in serotonin in the intestine resulting in Gl
adverse effect@Bertrand et al., 2008 Other classes of organic cation drugs could also
lead to Gl side effects, such asethormin that induces Gl adverse effects such as
diarrhea, nausea, vomiting, bloating, and abdominal gRAouchoucha et al., 2011
Bristol-Myers-Squibb, 209 Dandona et al., 1933 Currently, the mechanism
underl ying metformi nds Gl a d mgethas eatiorecf f ect s
transporters play an important role in the intestinal absorption and accumulation of
metformin (Proctor et al., 2008 these transporters could also contribute to Gl adverse
effects. Figure 1.3 shows the magationselective transporters in the intest{keepsell
et al., 2007.
1.C.4. Tumor Toxicity

Several catiorselective transporters have been detected in various tumors and/or
tumor cells. These transporters translocate various cationic cytostatic drugs such as
cisplatin that is transported by OCT2, oxaliplatin that is transported by @ed DCT2,
and BamelUD2 (cisdiamminebiursodeoxycholateplatinum(ll) that is transported by
OCT1 (Briz et al., 2002 Zhang et al., 2006 The role of these transporters may be
critical in reaching therapeutic concentrations of chemotherapeutic agents that target
tumors. Furthermore, metformin has been shown to exhibicanter #icacy over a
broad spectrum of cancers, including breast, endometrial, ovarian, prostate, colon, gastric,
cervical and lung cancéAshinuma et al., 203Bodmer et al., 2032Zhlebowski et al.,

2012 Hanna et al., 2031 He et al., 2011Kato et al., 2012Tseng, 2012Wu et al., 2012
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Xiao et al., 2012 Studies in our laboratory shodvéhat catiorselective transporters are
required for the intracellular uptake of metformin in breast cancer cell lines in order to

have antiproliferative efficacfZhang et al., 2013
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1.D. CATION-SELECTIVE TRANSPORTERS IN TOXICITY OF
THERAPEUTIC AGENTS

Various therapeutic drugs that are organic cations exhibit toxicities and-cation
selective transporters plaignificant roles in mediating dragduced toxicity. These
compounds and the transporters involved in their toxicity are discussed below.
1.D.1. Antibiotics
Pentamidine and Furamidine @nti-parasitic)

Aromatic diamidines are used in the clinic agairastlyestage human African
trypanosomiasigBarrett et al., 2007 Carrier mediated uptake and accumulation
target parasites is crucial for thatiparasitic activity of aromatic diamidin€Barrett et
al., 2007. A recent study showed that aromatic diamidines, pentamidine and furamidine,
are good substrates for OCT1 and potent inhibitors for multiple Q®Iisg et al.,
20093. OCTZXmediated transport potentiated the cytotoxicity of diamidines. In humans,
pentamidine is mainly distributed into the liy@homas et al., 1997nd eliminated via
biliary secretion(Conte, 1991 Parenteral pentamidine therapy eisadverse drug
reactions including nephrotoxicity and hepatotoxi¢@yBrien et al., 199/ These results
suggest that OCT1 could promote the accumulation of aromatic diamidines in human
tissues, and may play an important role in diamiiticed cytotoxicity in organs that
express OCT1, such as liver. Recently, -digimidinc2-phenylindole (DAPI), an
aromatic diamidine, was identified as a substrate for MATE1 and MAJ [E2asujima
et al., 2019, which suggested that MABEmay also transport other diamidines and

mediate the renal uptake and accumulation of these diamidine drugs.
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b-lactam antibiotics
Ce p h al or -ladamnaatipioti@ calses carnitine deficiency in huméams.

vitro studies showed that this zwitteriordoug is a substrate and inhibitor of OCTN2. It
mediates AP uptake of carnitine in renal tubular cells and plays an important role in renal
reabsorption of carnitine. Competitive inhibition of OCTN2 by cephaloridine may
decrease carnitine reabsorption amnchus e it s de flactam ambotics, Ot her
cefoselis, cefepime, and cefluprenam, also inhibit OCTNZ2, but at a lower potency
(Ganapathy et al., 2000
1.D.2. Antidiabetics

Metformin is a biguanide drug that is widely used for the treatment of type 2
diabetes mellitus. Metformin and other biguanide drugs are associated with lactic
acidosis, a lethal side effect. OCTs mediate the hepatic uptake renal clearance of
metformin, and are involved in the lacic acidosis. Gl adverse effects are also common
for metfor min. A detailed discussion about
Section 1. E.
1.D.3. Anti-tumor Agents

Platinumbased chemotherapeuticugsare widelyused to treat various types of
solid tumors of prostate, bladder, colon, lung, testis and (Bainlikas and Vougiouka,
2003. Among the platinum agents, cisplatin causes severe nephrotoxicity, which is a
major hurdle in limiting its clinical applicatio(de Jongh et al., 2003 The proximal
tubule of the kidney, where multiple OCTs are expressed, is the major site of cisplatin
induced renal injuryDobyan et al., 1980 Carriermediated transport of platinum agents

in the renal tubular cells was suggested as a possible nigohéor nephrotoxicity.
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OCT2 plays an important role in the BL uptake of cisplé@marimboli et al., 2005
Ludwig et al., 20040kuda et al., 1999 anihara et al., 20Q9Secretion of cisplatin from
the tubular cells into urine is believed to be ineffective beceASEEL and MATE2K
do not transport cisplatifTanihara et al., 20Q09Yokoo et al., 200y thus the
accumulation of cisplatin causegphrotoxicity. However, MATEs transport thiess
nephrotoxicoxaliplatin (Yokoo et al., 200y which may indicatehatthese transporters
lower renal accumulation of oxaliplatin, and subsequently alleviate nephrotoxicity.
Nafamostat mesilate (NM), a seripeotease inhibitor that accumulates in the kidney,
may be responsible for the serious side effect of-iNtMiced hypskalemia. Transport
studies indicate that NM is a substrate for OCT1 and OCTZ2; thus renal accumulation of
NM can be mediated by OCTki et al., 2004.
1.D.4. Antidepressants

Antidepressants are a family of a large number of compounds that are organic
cations. In this drug family, there are mainly three classes of antidepressants that target
SERT, NET and DAT, namely,tricyclic antidepressants(TCAs), serotonin
norepnephrine reuptake inhibitors (SNRIs), asélectiveserotonin reuptake inhibitors
(SSRIs). These drugs often induce different levels of adverse effects. Since the targets
of these antidepressants are SERT, NET and DAT, these transporters could [yotential
play an important role in the adverse effects of these drugs.

TCAs are heterocyclichemical compoundsised primarily asantidepressants
They are named after theshemical structurewhich contains thregngs. TCAs can be
used for the trgenent of major depressiorgbsessive compulsive disord€@CD),

anxiety, chronic pain, and other depressive disor@&itbnan, 2007. These compounds
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can inhibit SERT, NET and DATwhich may lead toide effects of the CNS, such as
fatigue, dizziness, lightheadedness, headaches, confusion, agitestonnia nightmares,
increased anxiety, and seizu(€dliman, 200°). Recently, TCAs were largely replaced
in clinical use in most parts of the world by newer classes of antidepressants (which
typically have more favorable sigdfects profiles) such as SNRIs and SSRIs.

SNRIs are a class oéntidepressa drugs used in the treatment of severe
depression and othenood disorders Two neurotransmittergn the brain are known to
play an important role in mood, namelserotoninand norepinephrine SNRIs can
increase the concentration of these two molecute the brain, by inhibiting their
reuptake transporters SERT and NET, respectively, leading to antidepressive effects
(Dell'Osso et al., 20Q&olevzon et al 200§. The inhibition of these transporters may
also result in common adverse effects of SNRIs including loss of appetite, weight and
sleep; drowsiness, dizziness, fatigue, headaomgriasis nausea/vomiting, sexual
dysfunction, and urinary retentiofDell'Osso et al., 20Q6Kolevzon et al., 2006
Serotonin syndrome is a potentially litereateningadverse drug reactiadhat may occur
following therapeutic drug use. It is a consequence of excess serot@wigty at CNS
and peripheraserotonin receptordue to the inhibition of the transporter SEfBoyer
and Shannon, 200sbister et al., 2007

SSRIs are a class of compounds usedamtsdepressantin the treatment of
depressionanxiety disordersand somepersonality disordersSSRIs are believed to
increase thextracelluladevel of theneurotransmitteserotoninby inhibiting its reuptake
transporter SERT, thus increasing the levesarotoninin the synaptic cleft available to

bind to thepostsynaptic receptdiMandrioli et al., 2012 Typical SSRIs have a high
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affinity for SERT and low affinity foNET and DAT(Mandrioli et al., 2012 Almost all
SSRIs are known to cause one or more of these adverse effects, possibly due to the
inhibition of SERT: anhedonia apathy nausea vomiting, drowsinesssomnolence
headache bruxism tinnitus extremely vivid or strangelreams dizziness fatigue
mydriasis(pupil dilation),urinary retentionchanges in appetiteysomniaand/or changes
in sleep, weight losggain, increased risk obone fracturesand injuries, sexual
dysfunctiors, higher risk of swidal thoughtgLanden et al., 20Q%Ifson et al., 2006
1.D.5. Environmental Toxins

MPP", theprototypicalorganic cation extensively used in studies of organic cation
transporters, is the metabolite of reurotoxin, namely, -inethyl4-phenytl,2,3,6
tetrahydropyridine (MPTP). It causes selective degeneration of neurons in humans and
other primates, and is watl used to create animal models of Parkinson's disease. MPTP
is first metabolized into MPPby monoamine oxidase B and uptake of NMRRo
neurons is a key step in the neurotoxicity of MPTP and VIRich is primarily
mediated by DAT. Another toxin, pequat, is a widely used herbicide and can cause
major organ toxicities in the lung, liver, and kidney. Results from transgoatesfected
cells suggested that OCT2 and MATE1 mediate transport and enhance cytotoxicity of
paraquat, and may play an imgont role in the excretion and toxicity of paraquat in the
kidney(Chen et al., 2007

In summary cationselective transporters mediate the transport of various cationic
compounds in different organs and tissues. The uptake, distribution and accumulation of

these cations in organs may lead to toxicity and adverse effects.
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1.E. METFORMIN

Metformin, or 1,1.dimethylbiguanide, is a small, hydrophilic molecule
(MW129.16; logD at pH7.4 0f6.13) that contains a net positive charge (pKa 12.4) at
physiological pH(Saitoh et al., 2004(refer to structure in Table 1.1). Because of its
hydrophilic physicochemical properties, it cannot traverse cell membranes; however, its
high oral bioavailability suggests that catiselective transporters play a eoin its
intestinal absorption. Because metformin has been used as a model cationic compound to
study the functions of cationic transporters, this dissertation work is focused on this
molecule to study the role of cationic transporters in its pharmadmsne
pharmacodynamics and adverse effects.

Metformin was first synthesized by Werner and Bell in 192%krner and Bell,
1921), and was introduced as an oral treatment for Type Il diabetes by Dr. Jean Sterne in
1957 in FrancéBailey and Day, 1989 Commercial use of metformin first occurred in
the United Kingdom as an oral antihyperglycemic agent for treatment of mature onset
diabetes in 1958Hadden, 205). In Europe, metformin was widely used from 1970s
(Bailey and Day, 2004 This drug was approved for use in Canada in 1972 and was
introduced in the United States in 1994ucis, 1983. Today, metformin is widely
prescribed worldwide. In 2011, there were 59 million metformin prescriptesued in
the US (Report by the IMS Institute for Healthcare Informatics, 2012).
1.E.1 Mechanism of Action
Metformin is an antihyperglycemic agent which improves glucose tolerance and

lowers plasma glucose in patients with type 2 diabgiesmann et al., 1994ackson et

al., 1987 Lord et al., 1983Sambol et al., 1996b Its glucose lowering effect in healthy
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patients was not significagSambol et al., 1996pband treatment did not cause clinical
hypoglycemia or hyperinsulinem{@ailey & al., 1989, suggesting that metformin is an
insulin sensitizer rather than a hypoglycemic drug. The mechanism of its effects include
decreasing hepatic glucose production, decreasing intestinal absorption of glucose, and
improving insulin sensitivityy increasing peripheral glucose uptake and utilization.

The liver is the major site of metformin action, where it inhibits hepatic
gluconeogenesis. Metformin reduced hepatic glucose output and lactate gluconeogenesis
in patients with type 1l diabetéblundal etal., 200Q Jackson et al., 198Btumvoll et al.,

1995. The intestine also mediates a significant portion of the overall glucose lowering
effects of metformin, and published reports suggest that it increases systemic glucose
uptake in the itestine (Bailey et &, 1994 Gontier et al., 2008Walker et al., 2005
Wilcock and Bailey, 1991 A study by Stepensky et al. reported that portal
administration of metformin significantly reduced ovetdtiod glucosdowering effects

in relation to intraduodenal administration of the dr($tepensky et al., 20D2
Therefore, the intestine appears to play a role in the pharmacology of metformin. The
skeletal muscle is another major organ respoasfbl metforminmediated glucose
lowering effects. Metformin stimulates recruitment of glucose transporters (in particular
GLUT4) to the plasma membrane of skeletal muéCGlarvey et al., 1988Garvey et al.,

1998 and increases glucose utilizatiqgdohnson et al., 1993Vusi et al., 2002
Additionally, in adipose tissue, metformin decreases lipolysis, which lowers the
concentration of free fatty acids in the plasma and attenuates insulin res(&aungen

et al., 2010Palanivel and Sweeney, 200®en et al., 2006
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The main cell ul ar tadenogiretmonophospmaetivhtedr mi n

protein kinase (AMPK)Zhou et al., 2001 which plays an important role in cellular
energy control. Published reports suggest thmetformin mediates its pharmacologic
action through indirect activation of AMRKavolving thecellular signalingcomplex | of
the respiratory chain in mitochondijanedda et al., 2008Hawley et al., 2002Lenhard
et al., 19970wen etal., 2000.
1.E.2. Clinical Pharmacokinetics

Metformin is an orally administered aifityperglycemic agent that is dosed as an
immediate release formulation GLUCOPHA®ETablets and Extendeelease
GLUCOPHAGE® XR Tablets, from 500 to 1000 m(Bristol-Myers-Squibb, 2009
Maximal daily doses for immediate and extended formulations are 2550 mg @@d 20
mg, respectively(Bristol-MyersSquibb, 2002 The drug does not bind to plasma
proteinsin vivo or in vitro (Pentikainen et al., 1979 ucker et al., 1981 Furthermore,
metformin undergoes negligible metabolism (e.g. < 20%, mainly by hepatic metgbolism
and is excreted primarily unchang@dicker et al., 1981
Intravenous Administration

Metformin administered as a bolugravenous dose is rapidly cleared from the
body with an intravenous plasma REfé (t1.p of approximately 2 hour@Pentikainen et
al., 1979. The majority of metformin is excreted in the urine unchanged with the percent
of dose recovered ranging from-800% (Pentikainen et al., 1979 ucker et al., 1981
Renal clearance represented total clearance of metformin following intravenous

administration, and was approximately-fddd higher than creatinine clearance
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(Pentikainen et al., 1979 ucker et al., 198lindicating active tubular secretion in its
elimination.
Oral Administration

Oral administration of single doses ranging frd®5 to 1.5 g has been
investigated. The maximal plasma concentratioR.§®f metformin for 0.25 g and 1.5
g tablets was 0.59 £0.24 and 3.10 £0.93 pg/mL , respectively, and the oral plasma half
life (t12,p of metformin ranged between 2 and 6 hounsh a mean halfife of 4 hours
(Somogyi et al., 1987Tucker et al., 1981 Determined by deconvolution analysis, the
absorptive halfife (t124n for a 0.5 g oral dose was significantly greater for the dose
equivalent intravenous elimination hdife (t; ; } (Bentikainen eal., 1979, indicating
that the elimination rate during oral administration likely represented the rate of
absorption. Thus hdtofpadr kiimeun cer, g ovdise r fef laibs
limiting step to its elimination following oral adminiation.
Intestinal Absorption

The GI absorption of metformin is high considering its net positive charge and
significant hydrophilicity at physiological pH values (refer to structure in Table 1.1).
Absolute oral bioavailability of metformin ranges betwe#0-60% (Karttunen et al.,
1983 Noel, 1979 Pentikainen, 1986Pentikainen et al., 197Jucker et al., 1981 In
addition, metformin absorption was dedependent, with greater percent of the drug
being absorbed at low dose in relation to high dbsmel, 1979 Sambol et al., 1996a
Sambol et al.,, 1996bTucker et al., 1981 Furthermore, Vidon et al. reported that
metformin requires the entire length of the intestine for its absorgtaion et al.,

1988. Proctor et al. tadied the absorption mechanism of metformin in Caaoell
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monolayers, a cellular model of human intestinal epithelium, and found that AP uptake
and efflux of metformin are saturable and efficient, while the BL uptake and efflux are
linear and inefficient and that metformin is predominately absorbed through the
paracellular pathwayProctor et al., 2008 However, compared to mannitol, which is
exclusively absorbed by the paracellular route and has a bioavailability of 16%
(Artursson and Karlsson, 199Imetformin shows an unusually high bioavailability of
~60 %. To explain metforminds unusually
Proctor et al. that the bidirectional catiselective transport mechanism(s) e AP
membrane of Cae@ cell monolayers mediates efficient absorption of metformin by a
cycling mechanism between the extracellular AP compartment and the intracellular
space; this cycling provides the drug repeated opportunities to be absorbed theough t
paracellular routéProctor et al., 2008 Figure 1.4). However, the transporters involved
in mediating the passage of metformin across the AP membrane of the intestinal
epithelium have thus far not been identified. Theseitation work discussed in Chapter
2 focuses on the identification of specific AP uptake transporters of metformin in
enterocytes.
Distribution and Elimination

In humans, metformin accumulates in the small integ@adey et al., 200Band
in the liver(Shu et al., 2008 In mice, metformin is known to accumulate mostly in the
stomach, liver, small intestinene kidneys and to a lesser extent the heart, skeletal
muscle, and white adipose tisq¥&ang et al., 2002Vilcock and Bailey, 1994Wilcock
et al.,, 199) The reported values of the volume of distribution of metformin are highly

variable ranging between 60 and 28{Noel, 1979 Pentikainen et al., 1979 ucker et
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al., 19821, which is high considering its hydrophilic physicochemical properties.
Metformin is primarily excreted unchanged in the urine by active tubular sec(i&teh

1979 Pentikainen et al., 197%ambol et b, 1996k Tucker et al., 1981 Cation
selective transporters play an important role in its distribution and elimination, especially
in the liver and kidney. The transporterssvol ved i n metfor mi nés
and elimination are illustrated in Figure 1.5.

1.E.3. DrugDrug Interactions (DDIs)

DDIs with metformin therapy are mainly mediated by transporters. It has been
reported that cimetidine, ajHeceptor antgonist, and cephalexin, a first generation
cephalosporin antibiotic, could significantly increase metformin exposure and reduce the
renal clearance of metformi@dayasagar et al., 2003omogyi et al., 1987 suggesting
cimetidine and cephalexin inhibiting cation transporters responsible for metformin active
tubular ®cretion in the kidnegTsuda et al., 2009b DDIs are not commonly seen in the
absorption of metformin.

1.E.4. Toxicity and Adverse Events
Lactic Acidosis

Metformin treatment could lead @ rare but fatal adverse effect, namely lactic
acidosis, in approximately-20 incidents per 100,000 patieygars, with a mortality rate
of approximately 50%Brown et al., 1998Misbin et al., 1998 Metformininduced
lactic acidosis could lead to severe metabolic acidosis (serum pH < 7.35),
hyperlactataemia (serum lactate >5mM), and high serum lactate/pyruvat@A\sszm et
al., 1977 Seidowsky et al., 2009 Even thouly the mechanisms of metforminduced

lactic acidosis are not fully understood, the accumulation of this drug in the liver and
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intestine leading to increased lactate production could be implicated in this phenomenon
(Bailey et al., 2008Wang et al., 2003
Gl Adverse Effects

Common adverse effects of metformin are in the Gl tract, such as diarrhea, nausea,
abdominal discomfor(Bailey and Nattrass, 1988ristol-Myers-Squibb, 2002 Other
side effects have been reported to be metallic taste and altered alpsofptitamin B>
and folic acid, possibly due to the Gl stress and malfun¢Bailey and Nattrass, 1988
These Gl adverse effects oktformin are considerably commofor example, diarrhea
occurs in more than 50% of the patients taking GLUCOPHAGRusea/vomiting in
approximately 25% of the patien{Bristol-Myers-Squibb, 2009 Other events such as
flatulence, indigestion, abdominal discomfort were seen in more than 5% of the patients,
and Table 1.2 summarizes these adversecestfof GLUCOPHAGE during a clinical
study in patients with type 2 diabet@ristol-Myers-Squibb,2009. Due to the wide
usage of metformin and the high occurrence rate of the intestinal adverse effects, millions
of patients suffer from metformimediated Gl distress. In severe cases, about 5% of the
patients, these adverse effects lead to disgoation of metformin treatmer{Bailey,
1992 Dandona et al., 198K&rentz et al., 1994

To date, there is no direct evidence that explains the underlying mechanism of the
Gl adverse effects of metformin. Several hypses have been proposed to explain the
mechanism of the intestinal adverse effects of metformin, such as alteration of bile salt
metabolism and circulatiorfCarter et al., 20QZXarter et al., 20Q3Caspary et al., 1977
Scarpello et al., 1998 change in the level of ghrel{ipoogue et al., 20QKadoglou et

al., 2010 Kusaka et al., 2008 change of glucagelike peptidel(GLP-1) (Cuthbertson
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et al.,, 2011 Mannucci et al.,, 20Q1Mannucci et al., 2004 and increase of serotonin
release (Cubeddu et al., 2000 However, these studies were inconclusive or
contradictory; hence the enhanisms underlying the Gl adverse effects of metformin
remain unclear. As mentioned earlier in Section 1.B., transporters could potentially play
a role in the adverse effects and toxicity of the drug. However, this area has not been
thoroughly investigted. In this dissertation, the role of SERT in metformadiated

adverse effects was studied, and the results are presented in Chapter 5.
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1.F. RATIONALE AND OVERVIEW OF PROPOSED RESEARCH

Cationselective transporters play an important rake the pharmacokinetics,
pharmacology, toxicity and adverse effects of cationic drugs, as discussed earlier in this
chapter. As a typical small organic cation, metformin has been investigated as a model
drug of the research of catiselective transportersdowever, even though it is widely
used in clinic and investigated in research, the mechanisms underlying its intestinal
absorption and adverse effects are still unclear.

Previous studies from the Thakker laboratory have shown that metforwensia
predominantly paracellularly across C&ocell monolayers(Proctor et al., 2008
However, its oral bioavailability is significantly higher than that of the paracellular probe
mannitol (4060% vs ~16%JArtursson and Karlsson, 199%arttunen et al., 198Noel,

1979 Pentikainen, 198&entikainen et al., 197Jucker et al., 1981 This discrepancy

was resolved by a hgthesis proposed by Proctor et al. (2008) that the functional
synergy between AP transporters and paracellular transport significantly enhanced the
overall absorption of metformi(Proctor et al., 2008 The transporters inveéd in the

AP uptake of metformin have not been identified (Figure 1l@gntifying the specific
transporters involved in this process and determining their cellular localization could
enable us to further investigate the intestinal absorption mechathsmallow for an
unexpectedly high oral bioavailability of a hydrophilic cationic drug. This knowledge
will significantly improve our understanding of the oral absorption mechanism of
metformin, and could be applied to the oral absorption mechanismthef cationic
drugs. In addition, the mechanisms underlying the common GI adverse effects of

metformin are currently unknown. Identifying the intestinal transporters of metformin
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will also enable us to investigate whether specific intestinal transpareisvolved in
the Gl adverse effects of metformiiiherefore, the present study aims to identify these
cationselective transporters and determine the role of transporters in the intestinal
adverse effects of metformin, based on the hypotheses that:
(1) Specific catiorselective transporter(s) mediates the AP uptake of metformin in
Cacoe2 cell monolayers and enterocytes, and plays a role in the oral absorption of
metformin
(2) The intestinal adverse effects of metformin, such as diarrhea, are caused by
metforminmediated inhibition of SERT, which decreases serotonin reuptake thus
increasing intestinal serotonin concentration; the increased intestinal concentrations of
serotonin causes increased Gl motility and accompanying side effects like diarrhea and
Gl discomfort.

The following specific aims were designed to test these hypotheses:
Specific Aim 1: Determine the AP transporters involved in metformin uptake in Qaco
cell monolayers.
la. Develop a new chemical inhibition strategy usipgcific and nosspecific inhibitors
of cationselective transporters.
1b. Using the novel chemical inhibition scheme developed in Aim 1a, identify specific
transporters of metformin in Ca¢bcell monolayers.
1c. Using shRNA technology, confirm the finds of the chemical inhibition studies
about the role of transporters in the AP uptake of metformin in-2aedl monolayers.
Specific Aim 2 Determine the cellular localization of OCT1 (mOctl) in Gacoell

monolayers, and human and mouse intestinaldéss
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2a. Assess the functional activity of OCT1 in the AP and BL membrane by studying
uptake of the OCT-5pecific substrate, pentamidine, in C&aell monolayers, and in
human and mouse intestinal tissues.

2b. Determine the localization of OCT1 (mOctln ill three systems, using
immunochemical staining and confocal microscopy.

Specific Aim 3 Investigate the role of SERT in metformin oral absorption in a mouse
model.

3a. Determine the inhibitory profile of paroxetine towards mouse caétattive
transprters; and using the selective inhibitory concentration of paroxetine toward mSert,
investigate the role of mSert in the intestinal absorption of metformin in mice.

3b. Confirm the role of mSert in the intestinal absorption of metformin using mSert
knockaut mice.

Specific Aim 4: Determine the role of SERT (mSert) in the intestinal adverse effects of
metformin.

4a. Determine the inhibitory profile of metformin towards SERT, using S&Ffessing
cells.

4b. Assess inhibitory potency of metformin toward smmm AP uptake in Cac@ cell
monolayers.

4c. Demonstrate the effect of the inhibition of SER&diated uptake of serotonin by

metformin on intestinal motility and water retention in mice.
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Table 1.1.

Chemical structues of selected organic cations.

Compaund Name Structure
NH NH
Metformin \N)J\NJJ\NHZ
| H
HO
Serotonin
l
HN NH;
OH
NH;
: : R
Norepinephrine ®
HO
OH

Dopamine

Choline

HO mNHz
HO
|
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Table 1.2. Most common adverse reactions (>5.0 %) in a placebmntrolled clinical

study of GLUCOPHAGE® monotherapy (Bristol-Myers-Squibb, 2009

GLUCOPHAGE
Placebqn=145)
Adverse Reaction Monotherapy (n=141)
% of Patients % of Patients
Diarrhea 53.2 11.7
Nausea/Vomiting 25.5 8.3
Flatulence 12.1 5.5
Asthenia 9.2 5.5
Indigestion 7.1 4.1
Abdominal Discomfort 6.4 4.8
Headache 5.7 4.8
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Lumen
(AP)

Cell Cell

Figure 1.1. Intestinal epithelial monolayer is the major barrier for absorption of

drugs and nutrients. (Adapted from http://www.abbysenior.com/biology).
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Figure 1.2. Intestinal absorption pathways.Paracellular transport (through tight
junctions) and transcellular transport (passive diffusions and transpuwtiated

transport).
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Figure 1.3. Cationselective transporter expression in the intestine, liver, and

kidney. Adapted fromKoepsell et al., 2007

34



Metformin  -umen (AP) |Lumen (AP) ——

o . “ ;
.'.za:°)?°‘_—>. Apical Uptake/Efflux :-..: g = -
4% _sews v Apical Uptake Transporter e%6.% o0
"3 % vy Transporter g
2 (4 S I
1 — .
B P;ncglwl:w Flux AP Efflux & Paracellular Flux
Paracellular Flux =
Blood (BL) Blood (BL)
N ————————
Intestinal Transit Intestinal Transit
Figurel . 4 . ASponge hypothesiso pistatgsthatéhd by

functional synergy between AP transporters and paracellular transport enhances the

overall intestinal absorption of metformiRroctor et al., 2008
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Figure 1.5. Metformin transporters in the intestine, liver and kidney.(Kimura etal.,

2005 Nies et al., 2009Tsuda et al., 2009Zhou et al., 2007a
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Figure 1.6. Unknown metformin transporters involved in its AP uptake and efflux

in the intestine, and their contributions to overall absorption.
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CHAPTER 2
FOUR CATION -SELECTIVE TRANSPORTERS ARE INVOLVED IN THE
APICAL UPTAKE AND ACCUMULATION OF METFORMIN IN CACO -2
CELL MONOLAYERS

2.A. OVERVIEW

Metformin is the frontline therapy for Type Il diabetes mellitus. Thal
bioavailability of metformin is unexpectedly higilout 606, given its hgrophilicity
and positive charge at all physiologic pH values. Previtusies in Cac@ cell
monolayers, a cellular model of the human intestinal epithelium, showed that although
metformin traverses predominantly (90%) via the paracellular route, ¢aleative
transporters contribute to its cellular apical (AP) uptake (Proctor et al., 2008). Based
on these findingPr oct or et al . proposed a fisponge
functional synergy between AP transporters and paracellular trarsgmahces the
intestinal absorption of metformi(Proctor et al., 2008 and subsequently, its oral
bioavailability. Since the major AP intestinal transporters of metformin have not been
determined, this study aimed at identifyi these transporters in the C&aell
monolayers.

[**C]metformin AP uptake and chemical inhibition studies revealed that the
organic cation transporter 1 (OCT1) and the plasma membrane monoamine transporter
(PMAT) are two major metformin AP transpadein the Cace cell monolayers.

Functional studies in stable OCkhockdown and PMAJknockdown Cace? clones,
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generated by sequenspecific ShRNA technology, confirmed the role of these two
transporters in metformin AP uptake. Two additional caselctive transporters,
namely, the serotonin transporter (SERT) and choline transporter (CHT) were also
investigated for their contributions to metformin AP uptake in the Qacell
monolayers. A novel and complete chemical inhibition scheme confirme@@igt,
PMAT, SERT and CHT contribute to ~25%, ~20%, ~20% and ~15% of metformin AP

uptake in Cac@ cell monolayers, respectively.
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2.B. INTRODUCTION

Metformin is a widely prescribed arttiyperglycemic agent for the treatment of
Type Il diabetes mellitusDespite its reputation as the front line ashiibetic agent, little
is known about the intestinal absorption mechanism of this very hydrophilic and charged
drug. Metformin is a polar hydrophilic molecule (logD at pH7.4®fL3) that contains a
net paitive charge (pKa 12.4) at physiological g&aitoh et al., 2004 Consequently,
the physiochemical properties of metformin prohibit efficient membrane pbiliheay
passive diffusion, which should result in poor intestinal absorption unless its intestinal
absorption is mediated by transporteMetformin exhibits high but vaable oral
bioavailability 4660% (Pentikainen et al., 1979 ucker et al., 1981)band undergoes
AfdHil ppd ki net iiangs,the mtdimiting step nits elimmation following
oral administration(Pentikainen et al., 1979Tucker et al., 198)a Further, oral
absorption of metformin is doskependat (Karttunen et al., 1983Noel, 1979
Pentikainen, 198@entikainen et al., 1979 ucker et al., 198)a Hence, it appears that
oral absorption of mé&irmin is mediated by transporters.

Mechanisms of the intestinal absorption of metformirave been studied in the
well-established model of intestinal epithelium, the C2aamell monolayergProctor et
al.,, 2009. The study Bowed that ratformin was taken up across the AP membrane of
the Cace2 cells efficiently by bidirectional catieselective transporter(syluring
absorptive transportHowever, metformin efflux across the basolateral (BL) membrane
of Cace2 cell monolayersvas inefficient, resulting in the accumulation of metformin in
the Cace2 cells. The cellular kinetic studies revealed that absorptive transport of

metformin was pr e dibeparacelalardute (Proctor e &.9208). v i a

56



However, the oral bioavailability of metformin is significantly higher than that of the
paracellular probe mannitol (16%Artursson and Karlsson, 1991suggesting that the
absorption of metformin may be enhanced by other mechanisingas hypothesized
that the bidirectional catieselective transport mechanism(s) on the AP membrane of
Caco2 cell monolayers mediates efficient absorption of metformin by creating a cycling
mechanism between the extracellular AP compartment and the ihil@acepace that
provides the drug repeated opportunities to be absorbed through the paracellular route
(Proctor et al., 2008 Thus the transporters that mediate the movement of metformin
across the AP membrane of the intesti epithelium play an indirect role in the
absorptive transport of metformin by facilitating its uptake and accumulation in the
intestinal epithelium as well as its cycling between enterocytes and intestinal lumen.
The Cace2 cell monolayers, like the huam intestine.express several cation
selective transporters that are potentially tégpaf transporting metforminThe present
study was undertaken to identify the catgmiective transporters that facilitate AP uptake
in the Cace2 cell monolayers anluman intestinal epithelium and to determine their
relative contribution toward metformin AP uptake. To achieve thispmbination of
chemical inhibitorsvere employed, individually and as a cocktatl,concentrations that
selectively inhibit transpogt activity of one or more transporters suspected to be
involved in the uptake of metformin. Using this simple and cost effective techmeme
known transporters of metformjnorganic cation transporter (OCT) 1, and plasma
membrane monoamine transporfBMAT) were identified as important contributors of
metformin AP uptakeln addition,two previously unidentified transporters of metformin,

serotonin reuptake transporter (SERT) and a choline high affinity transporter (CHT),
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were found to bénvolved inthe uptake of the drug across the AP membrar@aoB2

cell monolayers The findings presented here advance our understanding of the processes
responsible for the absorption of metformin and potentially dilgdrophilic drugs with
permanent charge athysiologic pH valuesand help identify potential sources of
variability observed in the pharmacokinetics and pharmacodynamics of metformin.
Additionally, these studies help refine our understanding of the transpofteasionic

drugs that aractive inthe commonly employed Ca@cell model and the intestine.
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2.C. MATERIAL AND METHODS
Materials

Eagleds mini mum essentg &0 sme dglutamate@bME M)
F-12 Nutrient Mixture, HEPES (1M), penicilistreptomyciramphotericin B solution
(100x), nomessential amino acids (100x), geneticiBuperScript Ill First-Strand
Synthesis SuperMix, TagMarf Gene Expression Master Mix, andagMarf Gene
Expression Assays for OCT1, 2, 3, PMAT, MATEL, 2, SERT, CHT, CTL1, 2, 3, 4,5
were obtained from Invitrogen Corporation (¢
solution (HBSS) with calcium and magnesium was purchased from Mediatech, Inc.
(Mannassas, VA, USA). Hygromycin B solution was obtained from Roche Applied
Science (Indianapolis, IN, USA). Total RNA from normal human intestinal tissue was
purchased from Zyagen (San Diego, CA, USA). Fetal bovine serum (FBS), Dialyzed
FBS (MWCO 10,00Q) trypsirEDTA (1X), and all chemicals (unless mentioned
otherwise) were purchased from Sig#arich (St. Louis, MO, USA). [’C]Metformin
was purchased from Moravek Biochemicals and Radiochemicals (Brea, CA, USA).
[*H]Serotonin was purchased from Petkimer (Waltham, MA, USA). OCTB,
OCTN2, and mock transfected Chinese Hamster Ovarian (CHO) cells were previously
generated and characterized in our laborafiting et al., 2009 The Cace? (HTB-37)
cell line was obtained from the American Type Culture Collection (Manassas, VA,
USA). SERTtransfected Human Embryonic Kidney 293 (HEK 293) cells were provided
by Dr. Randy Blakely from Vanderbilt University (Nashville, TN, USA). Control HEK
293 cells were purchased from the Tissue Culture Facility at the University of North

Carolina at Chapel il (Chapel Hill, NC, USA).
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Methods
Cultur ing of OCT Expressing CHOcells, Cace2 Cells, and SERTexpressing HEK
293 Cells

Chinese Hamster Ovary (CHO) cells stably expressing OCT1, OCT2, OCT3,
OCTNZ2, and vectaecontrol cells (mock) were culturezhd transport experimenigere
performedas described previous(ving et al., 2009 Briefly, cells were cultured in
F12 Nutrient Mix supplemented with 10% FBS, 100 units/ml penicillin, 100 pg/ml
streptomycin, and 0.25 pg/ml amphotericin B with additional 500 pg/ml geneticin for
OCT1-3 and mockCHO cells or 200 pg/ml hygromycin B for OCTNEZHO cells. The
cells were passaged following 90% confluency using tryR&TA, and plated at a
1:20 ratio in 75cny’ T-flasks.

Caco?2 cells were cultured as described previoBiyoctor et al., 2008 Briefly,

the cells (passage numbers 30 to 40) were seeded at a density of 60,000%catis/cm

polycarbonate membranes of Transwell sE. Th
following seeding and every other day thereaft€ell monolayers with transepithelial
el ectrical resi st anwee usgd feratperimentatioraai-283 00 Y Tc n
days post seeding.

SERT-transfected HEK 293 cells and contrpérental HEK 293 lines were
maintained in monolayer cultures in-86¢ flasks in an atmosphere of 5% €& 37 €
as described previously (Qian et al , 1997) .
modi fi ed Eagl eds medi um ¢ winet serum (MWMEO: 1 0% di a

10,000; from Sigma), 2 mM glutamine, 100 units/ml penicillin, and 100 mg/ml

streptomycin within 10 passages. Culture medium for the transfected cell line was
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supplemented with geneticin (250 mg/ml). Cells were seeded orDPighine coded
24-well plates at 100,000 cells/well 4& hr before experimentation.
Metformin Transport Experiments in CHO Cells

Transport experiments using CHO cells were performed as described previously
(Ming et al., 2009 Briefly, CHO cells were seeded at 100,000 cell$/anrsterile 24
well polycarbonate plates and transport experiments were performed between®ays 5
post seeding. CHO cell monolayers were preincubated with transport buffer (HBSS with
25 mM D-glucose and 10 mM HEPES, pH 7.2) for 30 min at 37€. Uptake experiments
were intiated by replacing the buffer solution with 300L of dosing solution. Uptake
was terminated at the indicated time points by aspirating the donor solution and washing
the monolayer 3X with 1 mL of 4€ transport buffer. The cell monolayers were allowed
to dry and 500 L of lysis buffer (0.1 N NaOH with 0.1% SDS) was added to each well.
Plates were shaken for 3 hr to ensure total lysis of the cell monolayer. Protein content of
the cell lysate was determined by the bicinchoninic acid (BCA) protein aBsayH,
Rockford, IL, USA) with bovine serum albumin as a standard. Radiolabeled compound
in the cell lysate was analyzed by liquid scintillation spectrometry and the rate of initial
uptake of each compound was determined. The uptake rate for metfqrtake unto
mock CHO cells was subtracted from the uptake rates obtained in eackeXp(&Esing
cell line to obtain a corrected uptake rate reflective of only the caneeliated transport
of metformin.
Metformin AP U ptake in Caca2 Cell Monolayers

Initial AP uptake of metformin was performed using methods outlined previously

(Proctor et al., 2008with minor deviations. Inhibition of initial *fC]metformin
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[0.15Ci/mL, 10pM, 5 min] AP uptake in Cac@ cells was pdormed in the absence
(control) or presence of cimetidine [5uM], mitoxantrone [25uM], corticosterone
[150pM], desipramine [200pM], MPP [5mM], paroxetine [0.1pM], and
hemicholinium3 (HC3) [1uM]. Cell monolayers were preincubated for 30 min in
transport biffer in the presence of inhibitors outlined above or vehicle control bathing
both the AP and BL compartments. AP uptake experiments were initiated by replacing
the buffer solution in the AP donor compartment with transport buffer containing the
substratein the presence of an inhibitor or vehicle control. Uptake was terminated
during the initial linear uptake rge in Cace2 cell monolayerg5 min] by washing the
cell monolayers with 0.75mL of 4€ transport buffer three times in each compartment.
The @Il monolayers were allowed to dry, excised from the insert, lysed and analyzed as
above, and the rate of initial uptake of metformin was determined.
SERT-HEK 293 Cell Transport Experiments

Uptake of {*C]metforminby SERT was determined idicated time in SERT
transfected HEK 293 cells and corrected f8€]metformin uptake in control HEK 293
cells. Following uptake, the cells were washed 3X with 4€ transport buffer, and 500
I of lysis buffer was added to the wells and incubated forr 3vith shaking, and
metformin apparent kinetic parameters were determingt~463 mM and W,ax~400
nmol/min/mg protein). To determine whether this low affinity was due to surface
binding of metformin, afC]metformin surface binding assay was performéthe
cells were washed with 1M unradiolabeled metformin following the 4€ transport
buffer wash, and the amount of surface boufi€]fmetformin released into the wash

solution was quantified. After washing with metformin solution, the cells were lysed as
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described above and"C]metformin intrinsic cellular uptake was quantified by
scintillation spectrometry, and the intrinsic kicgtarameters were determined.
Generation of OCT1- and PMAT -Knockdown Caco2 Clones

Three OCTispecific small intdering RNA (SiRNA) sequences (Sigma) were

evaluated for their ability to silence OCT1 gene expression. Sequence 1 (sense strand:

5 &SCUAUGAAGUGGACUGGAA3 06 ; antisense -strand:
UUCCAGUCCACUUCAUAGG3 6 ) and Sequence 3- (sense
CCAUCUGUGUGGGCAUCGWS 6 ; antisense -strand:

ACGAUGCCCACACAGAUGG3 0) had the highest gene sil e
shown). The PMATls peci fic si RNA sequen-ce (ser
CAGCUUCAUCACGGACGUGS 0 ; antisense strand:
CACGUCCGUGAUGAAGCUG3 6) was obt ai nrepdris(Enged e alpubl i s he
2004. The antisense and sense ofigoleotides were linked together with a hairpin

loop, and annealed with the respective complementary DNA oligonucleotides. Each

resulting doublestranded DNA was inserted into the BamHI and Hindlll sites of the
pRNATIN-H1.2/Hygro vector (GenScript, Piseatay, NJ) to generate the short hairpin

RNA (shRNA) plasmid (Figur@.S.1). Cacao2 cells at 90% confluence were transfected

with the shRNA plasmid, using the Nucleofector System (Amaxa, Gaithersburg, MD)
according to the man uctaatswere rsedectédswithpOr2 eng/mic o |
hygromycin B for 3 weeks, and screened by quantitativetiraal PCR for OCT1 or

PMAT expression. Three clones from each sequence with the lowest gene expression,

normal morphology and growth rate were chosen for fuftireational studies.
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Quantitative Real Time-Polymerase Chain Reaction (QRTPCR)

The mRNA expression of human OGB1PMAT, MATE1-2, CHT, and CTL15
relative to 18s rRNA (18s) in Cacells and human intestine was determined using
gRT-PCR analysis. qRPCR experiments were conducted using established methods
(Holmes et al., 2006with minor deviations. Total RNA was isolated from Gacoell
monolayers and human intestinal tissue using RNeasy Plus Mini BBNA was
synthesized from total RNAS [g) using Superscript Il reverse transcriptalseifrogen
Corporation, Carlsbad, CA, USA). An equal amount of RNA was included inRTNo
control for each separate RNA sample. Reaé PCR was performed with 1:20
dilutions of the cDNA (in triplicate). Quantitative PCR reactions (25\L total volume)
were performed usingagMarf® Gene Expression Assayer quantitative PCR with
primer pairs at 0.75 M final reaction concentration, and 5 L of cDNA orT¢mnplate
negative control. RIPCR amplification was performed in an Applied Biosystems 7500
RealTime PCR System (Applied Biosystems, Inc. Foster City, CA, USAN. gene
products were amplified above the fluorescent threshold by cycle 45 in the cDNA
sample. The expression of the 18s housekeeping gene was determined in-€4CR RT
experiment and serveds the normalization control. cDNA preparation, fluorescent
threshold, and PCR conditions remained constant in order to calculate the expression of
transporter genes relative to 18s rRNA. Relative expression values were calculated by
2%, wh @& ¥ (€ 1860 Ci, gend-

Data Analysis

A MichaelisMenten equation with one smable component was fit to the

corrected uptake rate data obtained in CHO cell experiments, which represente@ only th
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carriermediatedransport, described by the following expression:

v = Vimax*©) »
(Km+C)

where C is the metformin concentratidfiax Is the maximal velocity, anH, is the
MichaelisMenten constant.

Inhibitory potency (e.glCso value) was determined for each inhibitor across
the transporter expressing cell line. The following equation was fit to the corrected
uptake data:

V= Vo

) g”l. a| g2
N e
6 88/%09 B

whereV is the uptake rate in the presence of inhibitorV\f}]is the uptake rate in the

(2)

absence of inhibitoldCsg is the inhibitor concentration to achieve 50% inhibition, and
n is the Hill coefficient. Uptake kinetic model aif@s, curve model estimates were
obtained by notinear regression analysis by GraphPagmR 5 (La Jolla, CA, USA).

ICso data for transporter expressing cells and Caaaptake data were reported
relative to the control. Statistical significance was evaluated byvageanalysis of
variance (ANOVA) followed by Bonferroni pos$ioc test unles otherwise noted.
Data represent mean + S.D; n=3 unless otherwise noted, *p<0.05, **p<0.01,

***n<0.001 compared to the control, #p<0.05 compared to each other.
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2.D. RESULTS
Inhibition of OCT1-, OCT2-, and OCT3mediated Metformin Uptake in CHO
Cells by a Panel of CationSelective Inhibitors

The K, valuesfor cellular uptake of metformiwia the most commorrcation
selectivetransporters, OCTFB and OCTN2vere estimated Using OCT2, OCT2, and
OCT3(singly) expressing CHO cells, metformin was shown to be a substrate for all
three transporters with apparéfy; values of 3.1 +0.3, 0.6 £0.03, and 2.6 £0.2 mM,
respectively Figure 2.S.9. (Proctor,2010. This confirms previous reports outlining
substrate affinities of these tigporters for metforminKoepsell et al., 2007 In
contrast, metformin uptake into OCTNXpressing CHO cells was inefficient and not
significantly different from uptake into the mock CH®Ils (Figure 2.S.2(Proctor,
2010, thus providing evidence thatetformin is not a substrate for OCTNherefore,
this transporter was omitted in the subsequetutiies evaluating the mlof cation
selective transporters in the AP uptake of metformin into €acell monolayers The
ICs0 curves generated for inhibition of metformin uptake thy OCT inhibitors,
mitoxantrone, corticosterone, cimetidine and desipramime OCTZ, OCT2, and
OCT3expressing CHO cells are shown in Fig@dA-D, and the ICsy values are
summarized in Tabl®.1l. Uptake (initial rate) of metformin into the three OGT
expressing cells was inhibited in a concentradtependent manner by the four
inhibitors. Mitoxantrone, reported to be an OG3gecific inhibitor (Koepsell et al.,
2007, was a potent inhibitor of OCT1 with &8s value of 3.0 £0.8 M, which is 40
to 60fold lower than the estimatels, values for OCT2 andCT3 (Figure2.1A,

Table 2.1). Corticosterone and desgmine were also strong inhibitors of OGT1
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mediated metformin transport at the same relative inhibitory potency@geralues <
10uM), although not as selective for OCT1 as mitoxantrone.  Corticosterone and
desipramine were the most potent OCT2 irthilsi with1Cs values estimated to be less
than 3M (Figure2.1B and D, Table€.1). The ICs values forinhibition of OCT1, 2
and 3by cimetidine, gootent inhibitor ofyet another cation transporter, multidrug and
toxin extrusion MATE)1 transporter, wag0- to 20fold lower than thaeportedICsg
valuefor MATEL (1.1 £0.3 M) (Figure2.1C, Table2.1) (Proctor, 2010Tsuda et al.,
2009.
Identification of AP Transporters of Metformin Using a Novel Chemical Inhibition
Scheme in Cace? Cell Monolayers

The experimentally derived inhibition data for OG31lby mitoxantrone,
cimetidine, corticosterone and desipramine (FigRreA-D), as well as previously
reported inhibition data for MATE{Tsuda et al., 200%nd PMAT (Engel and Wang,
2005 enabledthe selection of inhibitors aritie development of a scheme to use these
transporters singly or as a cocktéd estimate the relative contributions of these
transportersin the AP uptake of metformin in Cace? cell monolayers The
concentration selected for each inhibitor was at ledetddgreater than the estimated
ICso value for metformin uptake thattransporter, and at leastf@d less than th&Csg
values for other metformin transporters. At the selected inhibitor concentrations, the
target transporters were inhibited by >80% with no significant (<20%) inhibition of the
other transporters. Figu21E depicts the chemical inhibition scheme empioye
elucidating the involvement of specific catiealective transporters in the AP uptake of

metformin in Cace? cell monolayerg¢Proctor, 2011
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Utilizing the novel chemical inhibitioscheme, metformin AP uptake in Cazo
cells was evaluated in the presence and absence of inhiditdrpresented in Figure
2.1F Inhibition by cimetidine had no effect on the AP uptake of metformin in-Qaco
cells, which eliminated the contribution of MA&1l in mediating AP uptake of
metformin. Mitoxantrone significantly decreased the AP uptake of metformin to 74 +
8% (p<0.01) of the control, suggesting that OCT1 contributes to ~25% of the AP uptake
of metformin. Similarly, corticosterone inhibited APtake of metformin by ~25%,
reducing the AP uptake to 73 +3% (p<0.01). The inhibitory effects of mitoxantrone
and corticosterone on metformin uptake into G2accell monolayers were not
significantly different,suggestinghat OCT2 and 3 were likely natvolved in the AP
uptake of metformin. Desipramine reduced the AP uptake of metformin by ~65%
(p<0.001), which is an additional ~40% reduction in metformin AP uptake to the ~25%
reduction observed with corticosterone. These data suggest that PMAT ralsdoutes
to the AP uptake of metformin in Ca@ocell monolayerg¢Figure 2.1 D and E) MPP
which inhibits all transportemediated uptake, reduced metformin uptake by ~80%,
indicating thatnonspecific binding or uptake via passive diffusion may countalto
~20% ofthe signal fometformin AP uptake The significant difference (p<0.05) in the
inhibitory effects of desipramine and MPRuggests that there may be another
unknown transporter(s) involved in the AP uptake of metformin in Qaaell
monolayers (Proctor, 2010 In summary, OCT1 and PMAT were identified as major
contributors to the AP uptake of metformin in C&agell monolayers, and possible

role of anunknown transportesjin the AP uptake of metformwas uncovered
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Serotonin Reuptake Transporter (SERT)and Choline High-affinity Transporter
(CHT) Contribute to the AP Uptake of Metformin in Caco-2 Cell Monolayers

To determine which transpor{ej wasinvolved n the AP uptake other than
OCT1 and PMAT, metforminds affinity for
was evaluated, as SERT is known to be able to transport organic cations and expressed
in Cace2 cells (Hilber et al., 2005 Martel et al., 2003Seidel et al., 2005 Time-
dependent and concentratidapendent upke of metformin in SERT singly
transfected HEK 293 cells (SERAEK 293) was determined relative to metformin
uptake in control HEK 293 cells. Metformin uptake in SEREK 293 cells showed
linearity up to 2 min following whichhe uptake was saturable hile metformin uptake
in control HEK 293 cells was significantly lower and linear up to 30 min (Fig2w).
Concentratiordependent uptake of metformin by SERT indicated that metformin was a
substrate of SERT with an appar&ptvalue of approximately.d mM (Figure2.2B).

To determine whether SERT contributes to the AP uptake of metformin in Caco

2 cell monolayers,inhibition of metformin uptake in SERMEK 293 cells was
examined in the presence or absence of varying concentrations of paroxetine, a
septonin selective reuptake inhibitor (SSRI) with a repoigdor SERT of 0.8 nM
(Owens et al., 1997 To determine whether paroxetine can also inhibit other
transporters, metformin uptake in singly transfected cells expressing OCT1pR, 3,
SERT was determined in the presence of varying concentrations of paroxetine (Figure
2.2C). ThelCspvalues for OCTL1, 2, 3 and SERT are 0.99 £0.16 M, 11.92 +1.24 iV,

6.43 +1.27 M, and 5.96 £ 0.60 nM, respectively. In subsequent experiments, a
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paroxetine concentration of 0.1yM was used to selectively inhibit SERT, without
inhibiting OCTs(Table 2.1)

The contribution of SERT tonetformin AP uptake in Caed cell monolayers
was evaluated using chemical inhibitors at fixed concentraoitlined in the modified
chemical inhibition scheme (Figure.2B) with results presented in Figure2g.
Similar to he results presented in Figure R.Imitoxantrone inhibited AP uptake of
metformin by ~25%, suggesting that OCT1 was responsible &##~& metformin AP
uptake. However,if mitoxantrone inhibits SERTthe contribution of OCT1 toward
metformin AP uptake into Caed cell monolayers would be overestimated. Therefore,
metformin uptakento SERT-expressing cellsvasmeasured in the presenakvarying
concentrations of mitoxantrone. Our results showed thalGkevalue estimated for
mitoxantrone was 977.2 + 1.2 M (Figure .2.3., Table 2)1 suggesting that
mitoxantrone at 25pM likely inhibited only OCT1 and did not significantly inhibit
SERT. The selective inhibitoof SERT, paroxeting decreased metformin AP uptake
into Cace2 cell monolayerdy ~20%,which suggests that SERT is responsible for
~20% of metformin AP uptake.ln light of the nearly 20% contribution by SERT
toward metforrm AP uptake into the Caed cell monolayers, it was necessary te re
evaluate ar resultsin Figure 2.1F, whiclshowed that desipramine at 200pM inhibited
OCT1, 2, 3 and PMAT . Published reports indicate that desipramine also inhibits SERT
with aK; valueof 54 +4.2 nM. (Barker et al., 1994 Therefore, the ~65% decrease in
metformin AP uptake by desipramine suggests that OCT1, PMAT and SERT together
are esponsible for ~65% of metformin AP uptake, with relative contributions of ~25%,

~20%, and ~20%, respectively. However, since ~15% of the AP uptake of metformin
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was unaccounted for based on the inhibition studies with MRPead us to conclude
that yet another unknown transporteras likely involved in the AP uptake of
metformin in Cace? cell monolayers.

Based on the structural similarity of metformin to choline (permanently charged
nitrogen functionality plus smakllydrophilic molecule), choline transporter system was
considered as a possible candida@holing an essential nutrienis taken up by the
choline transporter system, which includes the chdiigé-affinity transporter (CHT)
and choline transportéirke proteins (CTL315). The doline highaffinity transporter
(CHT) plays an important role in the uptake of choline in the Q% et al., 2008
and is &0 expressed in the AP membrane of colonic epithelial @d#srington et al.,
2010. Studies have shown that a selective CHT inhibitor, hemicholh8yHC3) can
inhibit CHT with higher potencylCso = 4 nM) thanCTLs (~100uM) (Apparsundaram
et al., 2000 Lockman and Allen, 2002 To determine whether HC3 can also inhibit
OCTs and SERT, the inhibitory profiles of HC3 on OCTs and SERT were investigated.
Figure 2.3A shows the inhibitory éécts of HC3 on OCTB and SERT. ThéeCs
values for OCT1, 2, 3 and SERT are 112.20 £1.45 (M, 131.83 +1.41 M, 524.81 +
1.65 M, 70.80 +£1.19 M, respectively (Table 2.1)Therefore, 1M HC3 can be used
to selectively inhibit CHT without affecting thether transporters. A modified
chemical inhibition scheme (Figur23B) was implemented to examine if choline
transporters were involved in the AP uptake of metformin in @acells. HC3 caused
a ~15% decrease in the AP uptake of metformin relativendra cells (Figure2.3C).
Combining desipramine and HC3 inhibited ~80% of the AP uptake of metformin, which

was not significantly different from the inhibitory effect of 5mWPP" (Figure 2.3C).
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These results strongly suggested the involvement of CHil, avrelative contribution
of ~15% in the AP uptake of metformiwhich combined with OCT1, PMAT, and
SERT accounts for all of the carderediated transport of metformin across the AP
membrane in Cae@ cell monolayers.
Stable Knockdown of OCT1 and PMAT by shRNA Reduced AP Uptake of
Metformin in Caco-2 Cell Monolayers

Since the contribution of PMAT toward metformin AP uptake into the Qacell
monol ayers has been determined fby differe
inhibition of metformn uptake with a PMAJselective transporter, th&MAT
(shRNA)}knockdown Cac&@ cloneswere developed to evaluatee reduction of
metformin uptake associated with the reduction in PMAT expressiorOCT1-
knockdown clones were also generated to provide iiy@sontrol, since inhibition of
metformin uptake by reduced OCT1 expression can be directly compared with the
inhibition of uptake due to an OC3sElective inhibitor. Mtformin uptake was studied
in OCTX and PMATknockdown Cace clones. Three OCT1 kockdown clones,
namely construct 1 clone 43-4B) and construct 3 clones 21 and 272{3and 327),
and three PMAT knockdown clones (2, 9, 24) were selected for functional studies based
on the extent of transport&nockdown, normal morphology, and gréwtate. OCT1
and PMAT mRNA expression in the respective knockdown cloagdetermined by
gRT-PCR was significantly attenuatgéFigure2.4A and B). AP uptake of metformin
in the OCT1 and PMATknockdown Cace clones was decreased by ~20% and
~40%, respectively (Figurea4C and D). These results confirm the involvement of

OCT1 and PMAT in the AP uptake of metformin in C&oell monolayes.
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Transporter mMRNA Expression in Caca2 Cell Monolayers and Human Intestinal
Tissue

The gene expression levels of OCT1, PMAT, SERT and CHT, as well as other
cationselective transporters in Caocells and human intestinal tissue were evallia
by gRT-PCR. Results are shown in Figd®A-B. In Cace2 cells, CTLs and SERT
are the most highly expressed transporters relative to other-satiEetive transporters
examined, with PMAT and OCT3 also highly expressed. O©KT2, MATEs, and
CHT have low but detectable levels of expression. In human intestinal tissue, OCT3
and PMAT are highly expressed relative to the other transporters. SERT and CTLs are
also expressed although their expression levels are not as high as that observed in Caco
2 cell monolayers. OCT2, MATE2 and CHT mRNA expression was not detected in
human intestineOCT1 is expressed at low levels in both G&ccell monolayers and

human intestinal epithelium.
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2.E. DISCUSSION

Previous studies have shown that casefectivetransporter(s) are involved in
the AP uptake and subsequent accumulation of metformin in theestabllished human
intestinal epithelial cell model, the Ca2ocell monolayergProctor et al., 2008 It was
hypothesized thathe bidirectional transport processes on the AP membrane ofZaco
cells and inefficient BL efflux work synergistically with the paracellular transport to
enhance the overall absorption of this widely prescribeddseietic drugnetformin

OCT1-3 and OON1-2, as well as other catieselective transporters such as
PMAT and MATE1 could be potential contributors to the intestinal absorption of
metformin. The goal of thistudywas toidentify the specific transporter(s) responsible
for the uptake of metfonin across théAP membrane of the established intestinal cell
model, Cace? cell monolayers, and to estimate their relative contribution to the AP
uptake of metformin However, the wide substrate specificity of catsahective
transporters towards metfom and the potential for multiple transporter expression on
the AP membrane in Ca& cells presented a challenge to elucidating the specific
transporter(s) responsible for AP uptake of metformin. To address this problem, a novel
chemical inhibition apmrach was implemented to estimate the relative contribution of
each candidate transporter to the AP uptake of metformin in-Zamdl monolayers
(Figure 21E). Chemical inhibition in the traditional or more classical sense was
employed when possible, wigeone specific inhibitor is used to assess the function of
one candidate transporter. However, this approach is often not feasible, especially in the
case of catiorselective transporters where the inhibition curves often overlap across

different isotypesor in cases with newly cloned transporters where the substrate or
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inhibitor profiles are not widely established (e.BMAT). Briefly, here is how the
inhibition scheme worksmitoxantrone at 25 M should selectively inhibit OCT1,
whereascimetidine at M should selectively inhibit MATE1 without inhibiting other
transportersand corticosterone at 150 M should inhibit OCT1aRd3. The difference
between metformin uptake in the presence of corticosterone or mitoxantrone was used to
determine the conbutions of OCT2 and 3. Since desipramine at 200 pM can inhibit all
the listed candidate transporters, the contribution of PMAT can be elucidated by
assessing the difference in metformin uptake in the presence of despiramine or
corticosterongassuminghat OCT13 and PMAT account for all of the metformin AP
uptake Finally, studies with MPPat 5mM were performed to completely abolish all
carriermediated transporfSato et al., 2008 therefore, the difference in inhibition of
metformin uptake by MPPand desipramine would indicate the contribatiof other
unknown transporters, if any, in the AP uptake of metformimoughthis novel use of

both single inhibitors and combinations of inhibitatsyas demonstrate that twknown
cationselective transporters of metformin, OCT1 and PMAT, and fweviously
unidentified transporters of metformin, SERT and CHT, were responsible for the AP
uptake of metformin in Caed cells. Gene expression data demonstrated that each of the
four transporters identified above were expressed in both-Eaetis aswell as human
intestine (Figure.5). However, as is the caséien gene expression of each transporter
poorly correlated with transporter activity.Further @antitative analysis of these
transporters in Caed cells and intestine is warranted to actalyaassess the expression

in relation to functional activity.
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The first step to determine the AP transporters involved in uptake of metformin
in Cacae?2 cells was to generate a list of candidate transporters that have been previously
reported to trangpt metformin or similar catiotransportershat arelikely candidates
as metformin transporters and that expressed in Caed cells and in the intestine.
These initially included OCTB, OCTN2, MATE1, and PMAT (Figur2.1E); however
uptake studies wh metformin in OCTNzexpressing CHO cells revealed that
metformin is not a substrate for this transportégyre 2.S.2. This novel finding is
highly significant in that it rules out metformin transport by one of the most highly
expressed AP catiesekctive transporters present in both Gacgells and human
intestine(Elimrani et al., 200Bas well as the heart, liver, and kidngiilgendorf et al.,

2007 Tamai et al., 1998Wu et al., 1999 Inhibition studies with carefully selected
concentrations of cimetidine, mitoxantrone, corticosterone, and desipramine indicated
that OCT1 and PMAT were involved in the AP uptake of metformin, ruling out
candidates OCT2, OCT3, and MATEL1 (Figar&F).

Initially it was assumed that the five candidate transporters depicted in Figure
2.1E would account for the majority of the carsieediated transport of metformin
across the AP membrane in Cdaells. Howeverthe chemical inhibition scheme
(Figure 2.1E) revealed that thesas a significant carriemediated uptake unaccounted
for (Figure2.1F), suggestinghat there were other transporter(s) involved. That led us
to look at other proteins known to transport cations, such as the serotonin reuptake
transporter (SERT, SLC6A4), as a potential transporter involved in the AP uptake of
metformin. SERT is expssed on both the AP and BL membranes, buéxpeession

on theAP side is predominant in the intestine and C2acells (Wade, Chen et al. 1996;
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Martel, Monteiro et al. 2003; Gill, Pant et al. 2008), and functions in the inward (e.g.
uptake) directionNelson and Rudnick, 1979 As its name implies, the endogenous
substrate of SERT is serotonin. However, recent studies showed that SERT and other
organic cation transporters have shared substrate specificities. Duan and Wang showed
that in OCT3 and PMAT-transfected HEK 293 cells, OCT3d PMAT can uptake
serotonin(Duan and Wang, 20)0 Additionally, Hilber et al. showed that in SERT
transfected HEK 293 cells, SERT cartak®e several organic cations, such as tyramine,
MPP', parachloroamphetamin¢Hilber et al., 2005 Based on its AP localization in
the intestine and similar substrate affinities to known transporters of metformin, the role
of SERT in AP uptake of metformin was investigated.

In this report, metfomin was demonstrated to be a substrate for SERT with an
apparenK,, of approximately 4 mM, which is approximately the same affinityhas
of OCT1 and OCT3 for metformin. To the best of our knowledge, this is the first report
of metformin being transpted by SERT. To determine the role of this transporter in
the AP uptake of metformin in Caéocells, transport experiments were performed in
the presence of paroxetine, a potent serotonin selective reuptake inhibitor (SSRI), at a
concentration that didat inhibt OCT1-3 (Figure 2.2C and Table 3.1 Lacking the
PMAT singly transfected cell line, the inhibition of paroxetine on PMAT remains
unknown. However, studies in mouse Pmat (mPmat) singly transfected cells showed
that paroxetine can inhibit mPmaitlwan1Csy of ~25uM (data not shown). Based on
87% sequence homology between mouse and human PMAT (from BLAST analysis at
National Center for Biotechnology Information), it is a reasonable assumption that 0.1

M paroxetine would not inhibit PMAT functionsignificantly.  Furthermore,
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mitoxantrone inhibited SERT only at a high concentrati@o(~ 1mM, Figure2.S.3.
and Table 2.1 Therefore, mitoxantrone can still be used to selectively inhibit GET1
the presence of other metformin transporters including SER$tudy by Barker et al.
reported that desipramine inhibited SERT withoK54 £4.2 nM. (Barkeret al., 1994
Therefore, studies with desipramine represented not only inhibition of OCd1 an
PMAT, but also SERT (Table 2.1 By employing a modified chapal inhibition
scheme (Figure 2.2Dit was shown that SERT accounted for ~20% of theupiidke of
metformin (Figure 2.2B. Taking into account the effects of desipramine on SERT
function, the contribution of PMAT was estimated to be 20% by subtracting the
contributions of OCT1 (25%) and SERT (20%) from the 65% reduction in overall
transpat relative to control (Figure 2.9E Furthermorea significantdifference (~15%)
in metformin uptake between desipramine and MiR&icated that there may yet be
another unknown transporter(s) involved in the AP uptake of metformin inZeelts.
Choline, a quaternary amine with a permanent charge, is an essential nutrient that
is absorbed through the intestine via passive and cangdrated processéblerzberg
and Lerner, 197 amath et al., 20QXuczler et al., 197;7Sanford and Smyth, 19Y.1
The choline transporter system, whialcludes cholinénigh-affinity transporter (CHT)
and choline transportdike proteins (CTLs)plays a significant role in the absorption
process of choline and may play a role in the AP uptake of metformin. A specific
inhibitor of CHT, hemicholiniun3 (HC3) (Cso valueof 4 nM (Apparsundaram et al.,
2000, was used to estimate the contribution of CHT in metformin AP uptake inZaco
cells. The inhibition profiles of HC3 on the other transporters involved were assessed

to ensure that the concentration selected was specific for CHT arfdrnoCTs or
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SERT (Figure2.3A). HC3 can inhibit mPmat withCso ~ 100uM (data not shown);
therefore it is likely that PMAT should not be inhibited by low concentrations of HC3.
Including CHT into the new chemical inhibition scheme (FigkBB), the APuptake

of metformin in Cace? cells was examined. It was found that HC3 reduced the AP
uptake of metformin by ~15%, supporting a role of CHT in metformin transport. In
addition, inhibition with the mixture of desipramine and HC3 completely abolished the
entire carrietrmediated uptake of metformin in Ca2ccells, reducing the uptake to the
level of MPP. Direct evidence for CHT involvement in metformin transport is still
lacking; however, the inhibition data by HC3 strongly suggests the involvemdris of t
transportein the AP uptake of metformin into the Ca2aell monolayers In addition

to CHT, there also are low affinity choline transpotikee proteins (CTL15) that are
highly expressed in the intestine; however these proteins are not asvsetwiti
inhibition by HC3 (Cso values ranging in the 100M rangfd.ockman and Allen,
2002); thus these transporters likely are not involved in angtin AP uptake. Future
studies on metformin uptake using CHT singly transfected eglls conclusively
demonstrate that metformin is capable of being transported by CHT.

Of the four transporters implicated, only PMAT was determined based on
exclusion without the use of a selective inhibitor to directly assess its role in the AP
uptake of metformin in Cae® cell monolayers. To confirm the involvement of PMAT
and the accacy of our chemical inhibition scheme, stable PMAShRNA)-
knockdown Cace cloneswere generatedsing an established siRNA sequefiEagel
et al., 2004 OCT1 (shRNA)-knockdown Cace? cloneswere also generated and used

as positive control In both OCT1 and PMAT-knockdown cells, the AP uptake of
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metformin wasdecreased by ~20% and ~40%, respectively (Figw€&-D). The latter
finding is novel in that it is the first report of PMAT expression and function in-2aco
cells. Together, these studies confirm the chemical inhibition data demonstrating OCT1
and PMAT are two contributors to the cati@elective AP uptake of metformin in
Cace?2 cells. The contribution of OCT1 in the AP metformin uptake into the €aco
cell monolayers as determined by selective inhibition of OCT1 by mitoxantrone was
similar to that degrmined using the OCTénockdown Cace cell clone.However, the
contribution of PMAT was overestimated in the PMAShRNA)-knockdownCacoe?2

cells in relation to the contribution estimated using chemical inhibition (e.g. 40% vs.
20%). This was likely du® single clone differences in relation to the heterogeneous
population of the control Caed cells in the function of transporters other than PMAT.
This further highlights the utility of chemical inhibition in regards to identifying
transporters involein Cace?2 cells or intestinal enterocytes.

In conclusion, the data presented in this report support the involvehmecT1,
PMAT, SERT andCHT in the AP uptake of metformin in Ca@ocells. A schematic
representation of the transportersalwed in the AP uptake of metformin in Ca2acell
is presented in Figur26. This is the first report of as many as four transporters being
involved in the AP uptake of metformin into the C&aell monolayers, and by
inference into the intestinal epé@lium. This is a remarkable finding considering that
metformin is in clinical use for decades without any recognition that its intestinal
absorption is likely to be mediated by any intestinal transporter, let alone four
transporters.Identification ofthe intestinal transporters that facilitate metformin uptake

will provide insight into the mechanisms responsible for the -dependent and
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variable absorptior{Noel, 1979 Tucker et al., 198)a intestinal accumulationand
associated pharmacolog@Bailey et al., 2008Stepensky et al., 20p®f metformin A
striking finding in this report is the presence of several metformin transporters present
on the AP membrane of Ca@ocells and conceivably in the intestine, which may be a
reason that there are not many known intestinal -drug interactionsinvolving

met f or min absorption. However, t he hi gh
administered may result in intestinal DDIs for other cationic drugs or nutrients with
more selective affinities for the transporters identified hé&ieally, the novel chemical
inhibition scheme outlined here could be used to elucidate the contributions of cation
selective transporters involved in metformin or other promiscuous substrates in other
cell lines, tissues, or organs and can help identify, as shown here, previoukiplead:

or unknown transporterd.he use of a cocktail of inhibitors in a chemical inhibition
scheme that provided an estimate of the relative contribution of four metformin
transporters, including that of PMAT for which no selective inhibitor is availabla
significant contribution of this work. It opens up the possibility of elucidating the role
of individual transporters in the uptake of drugs in tissues that express multiple
transporters of a drug even when selective inhibitors for all the traasporvolved are

not known or available.
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Table 2.1. Experimental and literature reported ICso values for chemical

inhibitors .
ICs, Values
Mean + S.D. (uM)
Inhibitor OCT1 OCT2 OCT3 SERT CHT CTLs
Mitoxantrone 3.0+ 0.8 135 + 12 174 + 19 977.2 + 1.2 N/A N/A
Cimetidine 209 + 14 16.6 + 1.3 9.8 £ 1.3 N/A N/A N/A
Corticosterone 32+05 1.3 0.1 0.15 + 0.05 N/A N/A N/A
Paroxetine 0.99 + 0.16 11.92 + 1.24 6.43 + 1.27 | 0.00596 + 0.0006 N/A N/A
Desipramine 22+ 04 2.4+ 0.2 3.8+03 |0.054 £ 0.0042 1 N/A N/A
HC3 112.20 + 1.45 | 131.83 + 1.41 [524.81 + 1.65| 70.80 + 1.19 0.004 21 | ~100B!

N/A: Not available. Refaences: [1](Barker et al., 1994 [2] (Apparsundaram et al.,

2000. [3] (Lockman and Allen, 2002
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Figure 2.1. Elucidation of metformin AP uptake transporter(s) through a novel
chemical inhibition scheme. Inhibition profiles (Cso curves) of mitoxantroneA),
corticosteroneR), cimetidine C) and desipraminel)) on metformin uptake [10LM, 5
min] by OCTZ23 in transporter singhexpressing CHO cells Data represent mean *
S.D., n3. 1Cso curves were fit to corrected uptake datathe presence of varying
concentrations of each inhibitor. E)( Chemical inhibition scheme to determine the
contributions of transporters to metformin AP uptake in Cacells. E) Inhibition of
metformin [10pM] initial AP uptake[5 min] in the presencef chemical inhibitors
outlined inE. Data represent mean +S.D., n=3. *p<0.0Gt*p<0.001 compared to

control. #p<0.0fompared to each oth@roctor, 201D
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Figure 2.2. SERT is ametformin transporter and contributes to the AP uptake of
metformin in Caco-2 cell monolayers. (A)Time-dependent uptake of metformiit

piM] in SERT- transfected HEK 293 cells (closed symbols) and HEK 293 control cells
(open symbols).(B) Concentratiordependent uptake of metformi@ min|] in SERTF

HEK 293 cells, corrected for surface binding and uptake of metformin in control HEK
293 cells. A MichaeligMenten equation with one saturable component was fit to the
corrected uptake rate data obtained in CEHIl experiments and the estimatig,
values are presentedC) Inhibition profiles (IGo curves) ofparoxetine on metformin
uptake [10uM, 5 min]by OCTs and SERT(D) Modified chemical inhibition scheme
for OCT1, PMAT and SERT(E) Inhibition of metformin AP uptake [10pM, 5 minin

the presence of inhibitors outlined in E. Data represent mean +S.D., 1p=<3.05,

**p<0.01, ***p<0.001 compared to control. #p<0.86mpared to each other
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