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Abstract

Metformin, widely used as first-line treatment for type 2 diabetes, exists primarily as a
hydrophilic cation at physiological pHs. As such, membrane transporters play a substantial role
in its absorption, tissues distribution, and renal elimination. Multiple organic cation transporters
are determinants of the pharmacokinetics of metformin, and many of them are important in its
pharmacological action, as mediators of metformin entry into target tissues. Further, a recent
genomewide association study (GWAS) in a large multi-ethnic population implicated
polymorphisms in SLC2A2, encoding the glucose transporter, GLUT2, as important
determinants of response to metformin. Here, we describe the key transporters associated with

metformin pharmacokinetics and response.



Introduction

Metformin is among the world’s most widely prescribed drugs, and is used primarily for
the treatment of type 2 diabetes (T2D). Metformin and its structurally related analog, phenfomin,
are derivatives of guanidine, which was discovered in the extracts of the plant Galega officinalis
(French Lilac) in the 1920s'. Metformin improves peripheral and liver sensitivity to insulin,
reduces glucose production in the liver, increases insulin-stimulated uptake and utilization of
glucose by peripheral tissues, decreases appetite, and causes weight reduction®. In recent
years, new indications for metformin use in clinical practice have emerged. In particular, a
number of studies have shown that metformin can positively influence multiple cardiovascular
disease risk markers, including improvement of serum lipid profiles and modulation of

inflammatory markers, and possibly reduce risk for cancer?>.

Metformin is an oral agent. With a pKa of 11.5 and a low logP value, -1.43, metformin is
mostly ionized at physiological pHs®. Thus, rapid passive diffusion of metformin through cell
membranes is unlikely. Excretion of unchanged metformin in the urine is its major mode of
elimination, and metabolites of the drug have not been identified®. In addition to filtration in the
kidneys, the drug is eliminated by active tubular secretion. According to the Biopharmaceutics
Drug Disposition Classification System (BDDCS)’, metformin, with its high solubility and poor
metabolism, belongs to Class 3, suggesting that absorptive transporters are necessary for
intestinal absorption to overcome its poor permeability. Furthermore, the large apparent
volume of distribution of metformin indicates significant tissue uptake®*°. Thus, transporters
appear to play important roles in the absorption, distribution and elimination of metformin. Many
studies have shown that metformin is a substrate of various polyspecific organic cation
transporters, which are important determinants of pharmacokinetics, including OCT1
(SLC22A1), OCT2 (SLC22A2), OCT3 (SLC22A3), MATE1 (SLC47A1), MATE2 (SLC47A2),

PMAT (SLC29A4), and OCTN1 (SLC22A4)"° (Fig. 1.1, Table 1). In addition, a recent study



showed that metformin is a substrate of the thiamine transporter, THTR-2 (SLC19A3)", which

may play a role in its intestinal absorption and renal re-absorption.

In the last 50 years, more than 100 publications have performed or discussed metformin
pharmacokinetics studies, which Kajbaf et al. have listed and discussed in the recent review'®.
The highly variable metformin pharmacokinetic parameters may be due to variation in dose size,
dose form, subject ethnicity, genetics, study design, sample size, and analytic methods. Here,
we summarize the major properties and pharmacokinetic parameters of metformin (Table 2). In
terms of pharmacodynamics, a GWAS indicated that the glucose transporter 2, GLUT2
(SLC2A2) has a significant impact on metformin response®®. That is, genetic polymorphisms of
SLC2A2 were associated at genomewide level significance with glycemic response to the drug

in 8,000 patients with T2D.

Clearly transporters are critical in both the pharmacokinetics and pharmacodynamics of
metformin. In fact, in part based on elegant mechanistic drug-drug interaction studies carried
out in the Sugiyama laboratory, regulatory agencies recommend that metformin be used as a
probe drug in both in vitro and in vivo studies to evaluate potential drug-drug interactions that
involve the renal drug transporters, OCT2 and MATE1?*%. Though candidate gene studies
implicate genetic polymorphisms in many of the pharmacokinetic transporters in the disposition
of metformin, a large study in type 2 diabetic patients, failed to identify significant associations
between genetic variants in metformin pharmacokinetic transporters and glycemic response to
the drug®. These interesting, but seemingly contradictory studies, will be discussed in this mini-
review, which summarizes our current understanding of metformin transporters, and highlights
the transporters that play a role in metformin pharmacokinetics and pharmacodynamics

including those that mediate clinically important drug-drug interactions involving metformin.



Transporters involved in metformin intestinal absorption

Metformin is primarily taken orally as the hydrochloride salt, in a tablet form. After oral
administration, metformin is slowly absorbed from the proximal small intestine
(duodenum)™®3'32_ An inverse relationship was observed between the dose ingested and the
relative absorption. That is, a greater fraction of metformin is absorbed after lower doses than
after higher doses®. Specifically, the bioavailability (F) of metformin is reduced from 86% to 42%

after oral doses of metformin ranging from 250 mg to 2000 mg®. Though bioavailability for
most drugs is determined by absorption and metabolism in the gastrointestinal tract as
well as hepatic metabolism, because metformin is not metabolized its bioavailability is

determined primarily by intestinal absorption. These data, which suggest that metformin

9,14,33

absorption is mediated by a saturable absorption process , are consistent with a major role

of intestinal influx transporters in the oral absorption of metformin.

To date, several transporters have been implicated in metformin intestinal absorption.
The plasma membrane monoamine transporter (PMAT; SLC29A4), identified in 2004, accepts
structurally diverse hydrophilic organic cations as substrates, such as 1-methyl-4-
phenylpyridinium (MPP®), tetraethylammonium, serotonin, dopamine, epinephrine,

3435 In immunofluorescence studies®, Xia et al.

norepinephrine, guanidine, and histamine
showed that PMAT is primarily targeted to the apical membrane of polarized epithelial cells .
Kinetic studies indicate that metformin has an apparent K, of 1.32 mM for PMAT*, which is in
the range of other organic cation transporters (Table 1). In addition, PMAT-mediated metformin
uptake rate versus concentration is sigmoidal, with a Hill coefficient >2 and is greatly stimulated
by acidic pHs. The finding that metformin’s uptake rate is greater at pH 6.6 than at pH 7.4, is

consistent with intestinal physiology. For example, the pH in the intestinal lumen can be as low

as 6. These data suggest that the naturally acidic environment in the intestinal lumen can



serve as a driving force to promote PMAT-mediated uptake of metformin.

Transporters in the SLC22 family also appear to play a role in metformin intestinal
absorption. The organic cation transporters, OCT1 (SLC22A1) and OCT3 (SLC22A3), are
expressed in the small intestine, and metformin is an excellent substrate of both transporters
(apparent K, of 1.47 mM for OCT1 and 1.10 mM for OCT3) (Table 1). OCT3 is localized to the
brush border membrane of enterocytes, and appears to play a role in metformin absorption.
Using genetically engineered mice, Chen et al. showed that Oct3 deletion significantly reduced
the bioavailability of metformin'®. After oral doses, a significantly lower bioavailability was
observed in Oct3 knockout mice compared with wild-type mice at a dose of 50 mg/kg
metformin®®. These data suggested that OCT3 plays an important role in metformin absorption
in vivo. OCT1 is localized to the basolateral membrane of the enterocyte, and is suspected to
play a major role in metformin absorption by mediating its flux across the basolateral membrane

of enterocytes to the portal circulation®”,

Carnitine/organic cation transporter (OCTN1; SLC22A4), another transporter within the
SLC22A family, was also previously shown to be involved in metformin absorption*®. OCTN1
localizes to the apical membrane of enterocytes in the small intestine of mice and humans. In
vitro experiments show that OCTN1 mediates the uptake of metformin in human embryonic
kidney 293 cells transfected with the mouse OCTN1 gene though the uptake of metformin is
much lower than the uptake of the typical substrate [3H] ergothioneine (ERGO). The study

suggests the possible involvement of OCTNL1 in the intestinal absorption of metformin®3.

Additionally, Han et al. demonstrated that the serotonin reuptake transporter (SERT;
SLC6A4) transports metformin with a K., of 4 mM in vitro?*. Paroxetine, a selective serotonin
reuptake inhibitor (K; = 0.8 nM for SERT)®*, inhibited OCT1-, 2-, 3-, and SERT-mediated

metformin uptake in single transporter-expressing cell systems with ICs, values of 1.0 £ 0.2 uM,



11.9+£1.2 uM, 6.4 + 1.3 uM, and 6.0 + 0.6 nM, respectively. Further, SERT appears to
contribute to metformin uptake across the apical membrane in Caco-2 cell monolayers®. These

data suggest that SERT may contribute to the intestinal absorption of metformin.

Recently, Liang et al. demonstrated that thiamine transporter 2 (THTR-2; SLC19A3), the
main transporter for intestinal thiamine absorption, transported metformin with a K, of 1.15 mM
in cells stably expressing human THTR-2. The uptake mechanism for human THTR-2 was pH
and electrochemical gradient sensitive’’. In particular, at low pH’s metformin uptake by THTR-2
was enhanced. These data suggest that THTR-2 contributes to the intestinal absorption of
metformin, and may be a target for metformin-nutrient interactions. Taken together, a number of

transporters have involved in metformin intestinal absorption. However, the relative
contribution of individual transporters to intestinal absorption is not clear at this point,
and will depend upon their expression levels and kinetic properties. Further information
on regional expression of transporter proteins in the intestine on both basolateral and

apical surfaces and well-constructed PBPK models are needed.

Transporters involved in metformin tissue distribution

In humans, the volume of distribution (V) of metformin has been reported to range from
63 to 276 L after intravenous administration. After oral administration V4 /F estimated during
multiple dosing with 2000 mg metformin daily is approximately 600 L3'°*°. The large V4
indicates significant tissue uptake of metformin and suggests that membrane transporters may
be major determinants of the tissue distribution of metformin. In fact, in a previous study of the
pharmacokinetics of metformin, we observed a lower oral volume of distribution (V4/F) in the
individuals carrying reduced function alleles of OCT1 (R61C, G401S, 420del, or G465R), an

important hepatic transporter*.



OCT3 also plays a role in metformin tissue distribution. The transporter is detected in
almost all tissues and is expressed at high levels in adipose tissue, lung, prostate, and skeletal
muscle in humans and rodents***%. Further, OCT3 is expressed in the blood brain barrier,

placenta, and salivary glands****

. Using the Oct3 knockout mouse model, Chen et al. showed a
2-fold decrease in the apparent volume of distribution of metformin in knockout compared with
wildtype mice after intravenous doses of metformin®®. Similar results were observed in another
published study*. Consistent with its reduced volume of distribution, metformin tissue-to-plasma
ratios were significantly lower in the liver, muscle, and adipose tissue in knockout mice,
indicating an important role of OCT3 in tissue distribution'®. Additionally, recent whole-body PET
imaging study in humans showed that **C-metformin was primarily taken up in the liver, kidney,
urinary bladder, and to a lesser extent in the salivary glands, skeletal muscle, and intestines™®.
Mechanistic studies in mice showed that **C-metformin uptake in the kidney and liver increased
in the presence of the MATE-selective inhibitor, pyrimethamine, suggesting an important role of
MATESs in the pharmacokinetics of metformin®’. Taken together, data from animal and human

studies demonstrate that metformin has a broad tissue distribution and that transporters play an

important role in the distribution of the drug.

Transporters involved in metformin renal elimination

The major clearance pathway of metformin is renal elimination®®*°. As noted earlier,
metformin is cleared in the kidney by both filtration in the glomerulus and tubular secretion.
The estimated population mean renal clearance (CLg) of metformin is 507 + 129 mL/min in
healthy adults and diabetic patients with good renal function, consistent with active tubular
secretion®. Metformin is a substrate of several organic cation transporters expressed in the
kidney. OCT2 (SLC22A2) is mainly expressed on the basolateral membrane of renal tubule
cells, where it mediates entry of metformin into the tubule cells and, together with MATE1

(SLC47A1) and MATE2 (SLC47A2), mediates the secretion of metformin into urine?4¢-8,



A number of drug-drug interaction studies have demonstrated a role for MATE1 in
metformin renal elimination?®2°“**°_ An elegant in vitro and in vivo studies from the Sugiyama
laboratory, clarified previously confusing data. That is, his research group determined that the
H2-receptor antagonist, cimetidine, previously thought to be an OCT2 inhibitor, reduced
metformin renal clearance by inhibiting MATEs predominantly®. Further, pyrimethamine, an
antimalarial drug and a selective inhibitor of MATESs (over OCT2) reduced metformin renal
clearance®®*2, Surprisingly, in a recent study of the effect of the H2-receptor antagonist,
famotidine on metformin pharmacokinetics, there was some evidence that the renal clearance of
metformin increased after famotidine®, consistent with the drug inhibiting a re-absorptive
transporter for metformin in the kidney. Though speculative, the transporter may be THTR-2, as
discussed previously, because of its role as a re-absorptive transporter®’. In addition to drug-
drug interaction studies, which have provided mechanistic information on the transporters
involved in metformin renal elimination, human genetic studies have contributed immensely to
our understanding of transporters involved in metformin renal elimination. In particular, in
candidate gene studies in healthy volunteers, SLC22A2 and SLC47A1/SLC47A2
polymorphisms have been associated with changes in the pharmacokinetics and/or

pharmacodynamics of metformin®*>°.

Studies in genetically engineered mice have complemented and extended human
genetic and drug-drug interaction studies focused on metformin. In an Oct1/2 double-knockout
mice, metformin clearance is reduced substantially and secretion is totally abolished in the
double knockout mice. Further, the volume of distribution is reduced 3.5-fold in the double
knockout mice®’. Similarly, Matel knockout mice exhibit a 2-fold increase in systemic exposure
to metformin as compared to their wildtype counterparts, presumably as a result of reduced
renal clearance of the drug.48 In addition, lactic acidosis, a severe adverse effect of metformin,

is associated with increased metformin exposure. Reduced MATE function has been shown to



cause elevations in metformin concentrations, which represents a risk factor for metformin-
induced lactic acidosis®. Collectively, the data suggest that OCT2, MATE1 and MATE2 play

critical roles in the renal secretory clearance and toxicity of metformin.
Transporters involved in metformin pharmacologic action

In terms of pharmacodynamics, studies in mice have demonstrated important roles for
organic cation transporters. In particular, the liver is a major site of action for metformin, which
reduces hepatic glucose production***?, OCT1 and OCT3 are expressed on the sinusoidal
membrane of hepatocytes and play a major role in the uptake of metformin from blood into the
hepatocytes®. In 2002, elegant studies from the Sugiyama group showed that OCT1 is
responsible for the hepatic uptake and intestinal distribution of metformin®®®* Further, reduced
hepatic metformin concentrations have been shown to affect metformin response in mice®. In
particular, the hepatic accumulation of metformin was significantly greater in wildtype mice than
in Octl knockout mice after a single oral dose of the drug. Consistent with its lower
accumulation, the activation of AMP-activated protein kinase (AMPK), a biomarker of metformin
action, was substantially reduced in livers from Octl knockout mice. Metformin significantly
reduced fasting plasma glucose levels by more than 30% in wildtype mice fed high-fat diets but

not in the Oct1 knockout mice®°.

In addition to OCT1, OCT3 plays a role in the pharmacologic effects of metformin.
Again, studies in genetically engineered mouse study have strongly suggested that metformin
has therapeutic effects in peripheral tissues. For example, metformin treatment significantly
reduced blood glucose AUC after an oral glucose tolerance test in wildtype but not Oct3
knockout mice'®. Correspondingly, phosphorylated AMPK and expression levels of the insulin-
sensitive glucose transporter, GLUT4, increased in adipose tissue in response to metformin in

wildtype mice, but to a much lesser extent in Oct3 knockout mice®. Interestingly, Lee et al.

10



demonstrated that OCT3 is highly expressed in salivary glands and plays a role in metformin
accumulation in salivary glands, which may induce taste disturbances associated with the
drug™. These data suggest that OCT3 plays a major role in the uptake of metformin into
multiple tissues, thereby modulating the therapeutic and toxicological effects of metformin

peripherally.

In terms of metformin pharmacologic action, human genetic studies associating
transporters and glycemic response have shown complex and somewhat contradictory results
41545365 \which may due to differences in study design, sample size, and different end-point
measurements. Recently, in a large meta-analysis in almost 8,000 patients with T2D, Duijic et
al. showed that polymorphisms in transporters involved in metformin pharmacokinetics
(SLC22A1, SLC22A2, SLC22A4, SLCA47AL, and SLC47A2) have no significant impact on
glycemic response to the drug®. Though transporters clearly play a role in metformin
pharmacokinetics, and indeed genetic polymorphisms in various transporters may modulate the
pharmacokinetics of metformin, they do not appear to be critical to the pharmacodynamics of
the drug in diabetic populations. Recently, in a large human genome-wide association study
(GWAS), Zhou et al. showed a strong association between SLC2A2 genetic variants and
glycemic response to metformin (HbAlc reduction) in diabetic patients®. GLUT2 is highly
expressed in the liver and plays an important role in glucose homeostasis®®. The generally
accepted role of GLUT2 in the liver is to take up glucose following meals and to release glucose
into the blood during fasting. Previous studies have shown that one of the major actions of
metformin is inhibition of hepatic gluconeogenesis. Though speculative, GLUT2, which is
responsible for the last step (glucose release) in the gluconeogenesis pathway, may be a target
of metformin. That is, metformin may reduce its function (or expression) resulting in reduced

hepatic glucose output. Individuals with reduced function variants of SLC2A2 may be

particularly sensitive to this effect and respond better. Further studies to understand the

11



underlying mechanism of GLUTZ2 in metformin action and genetic variants in GLUT2 on

modulation of metformin action are warranted.

Conclusion

Clearly the available data today provide strong evidence that multiple membrane transporters
are critical determinants of the absorption, disposition and pharmacologic action of metformin.
Given that metformin is transported into different tissues by various transporters and has
pharmacologic effects in the liver as well as in peripheral tissues, combined factors that
modulate transport function including genetic polymorphisms, concomitant medications, and
underlying disease may contribute to metformin response. Dr. Yuichi Sugiyama and his
colleagues have contributed immensely to our understanding of the mechanisms of metformin
transport. Their groundbreaking studies identifying OCT1 as the major liver transporter for
metformin, together with their elegant studies focused on understanding the mechanisms of
transporter-mediated drug-metformin interactions paved the way to our current understanding of
the pharmacologic mechanisms of one of the world’s most widely prescribed drugs. We look
forward to new studies from his group and others applying computational methods to analyze

and predict the complex pharmacokinetics and pharmacodynamics of metformin.
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Figure Legend

Figure 1.1. Diagram of major transporters involved in metformin disposition. Arrows show the

direction of transport that has been observed in in vivo studies in mammals.

References

1.

Pernicova |, Korbonits M. Metformin--mode of action and clinical implications for diabetes

and cancer. Nat Rev Endocrinol. 2014;10(3):143-156.

Rojas LBA, Gomes MB. Metformin: an old but still the best treatment for type 2 diabetes.

Diabetol Metab Syndr. 2013;5(1):6.

Cicero AF, Tartagni E, Ertek S. Metformin and its clinical use: new insights for an old drug

in clinical practice. Arch Med Sci. 2012.

Kita Y, Takamura T, Misu H, et al. Metformin prevents and reverses inflammation in a

non-diabetic mouse model of nonalcoholic steatohepatitis. PLoS ONE. 2012;7(9):e43056.

Nath N, Khan M, Paintlia MK, Singh |, Hoda MN, Giri S. Metformin attenuated the
autoimmune disease of the central nervous system in animal models of multiple sclerosis.

J Immunol. 2009;182(12):8005-8014.

Graham GG, Punt J, Arora M, et al. Clinical pharmacokinetics of metformin. Clin

Pharmacokinet. 2011;50(2):81-98.

Wu C-Y, Benet LZ. Predicting drug disposition via application of BCS:
transport/absorption/ elimination interplay and development of a biopharmaceutics drug

disposition classification system. Pharm Res. 2005;22(1):11-23.

13



10.

11.

12.

13.

14.

15.

16.

Tucker GT, Casey C, Phillips PJ, Connor H, Ward JD, Woods HF. Metformin kinetics in
healthy subjects and in patients with diabetes mellitus. Br J Clin Pharmacol.

1981;12(2):235-246.

Scheen AJ. Clinical pharmacokinetics of metformin. Clin Pharmacokinet. 1996;30(5):359—

371.

Pentikainen PJ, Neuvonen PJ, Penttila A. Pharmacokinetics of metformin after

intravenous and oral administration to man. Eur J Clin Pharmacol. 1979;16(3):195-202.

Jonker JW, Wagenaar E, Mol CA, et al. Reduced hepatic uptake and intestinal excretion
of organic cations in mice with a targeted disruption of the organic cation transporter 1

(Octl [Slc22al]) gene. Mol Cell Biol. 2001;21(16):5471-5477.

Shu Y, Leabman MK, Feng B, et al. Evolutionary conservation predicts function of
variants of the human organic cation transporter, OCT1. Proc Natl Acad Sci USA.

2003;100(10):5902-5907.

Nakamichi N, Shima H, Asano S, et al. Involvement of carnitine/organic cation transporter
OCTN1/SLC22A4 in gastrointestinal absorption of metformin. Nakamichi N, Shima H,

Asano S, et al., eds. J Pharm Sci. 2013;102(9):3407-3417.

Zhou M, Xia L, Wang J. Metformin Transport by a Newly Cloned Proton-Stimulated
Organic Cation Transporter (Plasma Membrane Monoamine Transporter) Expressed in

Human Intestine. Drug Metab Dispos. 2007;35(10):1956-1962.

Chen EC, Liang X, Yee SW, et al. Targeted disruption of organic cation transporter 3

attenuates the pharmacologic response to metformin. Mol Pharmacol. 2015;88(1):75-83.

Masuda S, Terada T, Yonezawa A, et al. Identification and functional characterization of

14



17.

18.

19.

20.

21.

22.

23.

24.

a new human kidney-specific H+/organic cation antiporter, kidney-specific multidrug and

toxin extrusion 2. J Am Soc Nephrol. 2006;17(8):2127-2135.

Liang X, Chien H-C, Yee SW, et al. Metformin Is a Substrate and Inhibitor of the Human
Thiamine Transporter, THTR-2 (SLC19A3). Molecular Pharmaceutics.

2015;12(12):4301-4310.

Kajbaf F, De Broe ME, Lalau JD. Therapeutic Concentrations of Metformin: A Systematic

Review. Clin Pharmacokinet. 2016.

Zhou K, Yee SW, Seiser EL, et al. Variation in the glucose transporter gene SLC2A2 is

associated with glycemic response to metformin. Nat Genet. August 2016.

Kimura N, Masuda S, Tanihara Y, et al. Metformin is a superior substrate for renal
organic cation transporter OCT2 rather than hepatic OCT1. Drug Metab Pharmacokinet.

2005;20(5):379—386.

Li S, Chen Y, Zhang S, More SS, Huang X, Giacomini KM. Role of organic cation
transporter 1, OCTL1 in the pharmacokinetics and toxicity of cis-
diammine(pyridine)chloroplatinum(ll) and oxaliplatin in mice. Pharm Res.

2011;28(3):610-625.

Choi M-K, Jin Q-R, Jin H-E, et al. Effects of tetraalkylammonium compounds with
different affinities for organic cation transporters on the pharmacokinetics of metformin.

Biopharm Drug Dispos. 2007;28(9):501-510.

Chen Y, Teranishi K, Li S, et al. Genetic variants in multidrug and toxic compound

extrusion-1, hMATEL, alter transport function. Pharmacogenomics J. 2009;9(2):127-136.

Han T, Proctor WR, Costales CL, Cai H, Everett RS, Thakker DR. Four Cation-Selective

15



25.

26.

27.

28.

29.

30.

Transporters Contribute to Apical Uptake and Accumulation of Metformin in Caco-2 Cell
Monolayers. Journal of Pharmacology and Experimental Therapeutics. 2015;352(3):519—-

528.

Gong L, Goswami S, Giacomini KM, Altman RB, Klein TE. Metformin pathways:
pharmacokinetics and pharmacodynamics. Pharmacogenet Genomics. 2012;22(11):820—

827.

Hume WE, Shingaki T, Takashima T, et al. The synthesis and biodistribution of
[(11)C]metformin as a PET probe to study hepatobiliary transport mediated by the multi-
drug and toxin extrusion transporter 1 (MATEL) in vivo. Bioorg Med Chem.

2013;21(24):7584-7590.

Shingaki T, Hume WE, Takashima T, et al. Quantitative Evaluation of mMatel Function
Based on Minimally Invasive Measurement of Tissue Concentration Using PET with

[(11)C]Metformin in Mouse. Pharm Res. 2015;32(8):2538-2547.

Kusuhara H, Ito S, Kumagai Y, et al. Effects of a MATE protein inhibitor, pyrimethamine,
on the renal elimination of metformin at oral microdose and at therapeutic dose in healthy

subjects. Clinical Pharmacology &amp; Therapeutics. 2011;89(6):837-844.

Ito S, Kusuhara H, Yokochi M, et al. Competitive inhibition of the luminal efflux by
multidrug and toxin extrusions, but not basolateral uptake by organic cation transporter 2,
is the likely mechanism underlying the pharmacokinetic drug-drug interactions caused by
cimetidine in the kidney. Journal of Pharmacology and Experimental Therapeutics.

2012;340(2):393-403.

Dujic T, Zhou K, Yee SW, et al. Variants in pharmacokinetic transporters and glycemic

response to metformin: A metgen meta-analysis. Clinical Pharmacology &amp;

16



31.

32.

33.

34.

35.

36.

37.

38.

39.

Therapeutics. November 2016.

Sambol NC, Chiang J, Lin ET, et al. Kidney function and age are both predictors of

pharmacokinetics of metformin. J Clin Pharmacol. 1995;35(11):1094-1102.

Klepser TB, Kelly MW. Metformin hydrochloride: an antihyperglycemic agent. Am J

Health Syst Pharm. 1997;54(8):893-903.

Proctor WR, Bourdet DL, Thakker DR. Mechanisms underlying saturable intestinal

absorption of metformin. Drug Metabolism and Disposition. 2008;36(8):1650-1658.

Engel K, Zhou M, Wang J. Identification and characterization of a novel monoamine

transporter in the human brain. J Biol Chem. 2004;279(48):50042-50049.

Engel K, Wang J. Interaction of Organic Cations with a Newly Identified Plasma

Membrane Monoamine Transporter. Molecular pharmacology; 2005.

Xia L, Engel K, Zhou M, Wang J. Membrane localization and pH-dependent transport of a
newly cloned organic cation transporter (PMAT) in kidney cells. Am J Physiol Renal

Physiol. 2007;292(2):F682—F690.

Estudante M, Morais JG, Soveral G, Benet LZ. Advanced Drug Delivery Reviews.

Advanced Drug Delivery Reviews. 2013;65(10):1340-1356.

Miiller J, Lips KS, Metzner L, Neubert R. Drug specificity and intestinal membrane

localization of human organic cation transporters (OCT). Biochemical .... 2005.

Owens MJ, Morgan WN, Plott SJ, Nemeroff CB. Neurotransmitter receptor and
transporter binding profile of antidepressants and their metabolites. J Pharmacol Exp

Ther. 1997;283(3):1305-1322.

17



40.

41.

42.

43.

44,

45,

46.

47.

Sirtori CR, Franceschini G, Galli-Kienle M, et al. Disposition of metformin (N,N-

dimethylbiguanide) in man. Clinical Pharmacology & Therapeutics. 1978;24(6):683-693.

Shu Y, Brown C, Castro RA, et al. Effect of Genetic Variation in the Organic Cation
Transporter 1, OCT1, on Metformin Pharmacokinetics. Clinical Pharmacology &amp;

Therapeutics. 2008;83(2):273-280.

Kekuda R, Prasad PD, Wu X, et al. Cloning and functional characterization of a potential-
sensitive, polyspecific organic cation transporter (OCT3) most abundantly expressed in

placenta. J Biol Chem. 1998;273(26):15971-15979.

Bleashy K, Castle JC, Roberts CJ, et al. Expression profiles of 50 xenobiotic transporter
genes in humans and pre-clinical species: a resource for investigations into drug

disposition. Xenobiotica. 2006;36(10-11):963—988.

Lee N, Duan H, Hebert MF, Liang CJ, Rice KM, Wang J. Taste of a pill: organic cation
transporter-3 (OCT3) mediates metformin accumulation and secretion in salivary glands.

J Biol Chem. 2014;289(39):27055-27064.

Gormsen LC, Sundelin El, Jensen JB, et al. In Vivo Imaging of Human 11C-Metformin in
Peripheral Organs: Dosimetry, Biodistribution, and Kinetic Analyses. J Nucl Med.

2016;57(12):1920-1926.

Jonker JW, Wagenaar E, Van Eijl S, Schinkel AH. Deficiency in the organic cation
transporters 1 and 2 (Oct1/Oct2 [Slc22al/Slc22a2]) in mice abolishes renal secretion of

organic cations. Mol Cell Biol. 2003;23(21):7902—7908.

Matsushima S, Maeda K, Inoue K, et al. The inhibition of human multidrug and toxin

extrusion 1 is involved in the drug-drug interaction caused by cimetidine. Drug

18



48.

49.

50.

51.

52.

53.

54.

55.

Metabolism and Disposition. 2009;37(3):555-559.

Tsuda M, Terada T, Mizuno T, Katsura T, Shimakura J, Inui K-I. Targeted disruption of
the multidrug and toxin extrusion 1 (matel) gene in mice reduces renal secretion of

metformin. Mol Pharmacol. 2009;75(6):1280-1286.

Motohashi H, Inui K-I. Organic cation transporter OCTs (SLC22) and MATEs (SLC47) in

the human kidney. AAPS J. 2013;15(2):581-588.

Lepist E-I, Ray AS. Renal Transporter-Mediated Drug-Drug Interactions: Are They

Clinically Relevant? J Clin Pharmacol. 2016;56 Suppl 7:S73-S81.

Ito S, Kusuhara H, Kuroiwa Y, et al. Potent and specific inhibition of mMatel-mediated
efflux of type | organic cations in the liver and kidney by pyrimethamine. Journal of

Pharmacology and Experimental Therapeutics. 2010;333(1):341-350.

Yonezawa A, Inui K-I. Importance of the multidrug and toxin extrusion MATE/SLC47A
family to pharmacokinetics, pharmacodynamics/toxicodynamics and pharmacogenomics.

Br J Pharmacol. 2011;164(7):1817-1825.

Hibma JE, Zur AA, Castro RA, et al. The Effect of Famotidine, a MATE1-Selective
Inhibitor, on the Pharmacokinetics and Pharmacodynamics of Metformin. Clin

Pharmacokinet. November 2015.

Stocker SL, Morrissey KM, Yee SW, et al. The effect of novel promoter variants in
MATE1 and MATE2 on the pharmacokinetics and pharmacodynamics of metformin.

Clinical Pharmacology & Therapeutics. 2013;93(2):186-194.

ChenY, Li S, Brown C, et al. Effect of genetic variation in the organic cation transporter 2

on the renal elimination of metformin. Pharmacogenet Genomics. 2009;19(7):497-504.

19



56.

57.

58.

59.

60.

61.

62.

Shikata E, Yamamoto R, Takane H, et al. Human organic cation transporter (OCT1 and
OCT2) gene polymorphisms and therapeutic effects of metformin. J Hum Genet.

2007;52(2):117-122.

Higgins JW, Bedwell DW, Zamek-Gliszczynski MJ. Ablation of both organic cation
transporter (OCT)1 and OCT?2 alters metformin pharmacokinetics but has no effect on
tissue drug exposure and pharmacodynamics. Drug Metabolism and Disposition.

2012;40(6):1170-1177.

Toyama K, Yonezawa A, Masuda S, et al. Loss of multidrug and toxin extrusion 1
(MATEL1) is associated with metformin-induced lactic acidosis. Br J Pharmacol.

2012;166(3):1183-1191.

Shu Y, Sheardown SA, Brown C, et al. Effect of genetic variation in the organic cation

transporter 1 (OCT1) on metformin action. J Clin Invest. 2007;117(5):1422-1431.

Wang D-S, Jonker JW, Kato Y, Kusuhara H, Schinkel AH, Sugiyama Y. Involvement of
organic cation transporter 1 in hepatic and intestinal distribution of metformin. J

Pharmacol Exp Ther. 2002;302(2):510-515.

Jensen JB, Sundelin El, Jakobsen S, et al. [11C]-Labeled Metformin Distribution in the
Liver and Small Intestine Using Dynamic Positron Emission Tomography in Mice
Demonstrates Tissue-Specific Transporter Dependency. Diabetes. 2016;65(6):1724—

1730.

Shu Y, Sheardown SA, Brown C, et al. Effect of Genetic Variation in the Organic Cation
Transporter 1, OCT1, on Metformin Pharmacokinetics. Clinical Pharmacology &

Therapeutics. 2007;117(2):1422-1431.

20



63.

64.

65.

66.

Becker ML, Visser LE, van Schaik RHN, Hofman A, Uitterlinden AG, Stricker BHC.
Genetic variation in the multidrug and toxin extrusion 1 transporter protein influences the
glucose-lowering effect of metformin in patients with diabetes: a preliminary study.

Diabetes. 2009;58(3):745-749.

Choi JH, Yee SW, Ramirez AH, et al. A Common 5T1UTR Variant in MATE2[1K Is
Associated With Poor Response to Metformin. Clinical Pharmacology &amp;

Therapeutics. 2011;90(5):674—684.

Zhou K, Donnelly LA, Kimber CH, et al. Reduced-function SLC22A1 polymorphisms
encoding organic cation transporter 1 and glycemic response to metformin: a GoDARTS

study. Diabetes. 2009;58(6):1434—-1439.

Burcelin R, Dolci W, Thorens B. Glucose sensing by the hepatoportal sensor is GLUT2-

dependent: in vivo analysis in GLUT2-null mice. Diabetes. 2000;49(10):1643-1648.

21



Table 1. Summary of Metformin Transporters

Transporter name Km Major Tissues Reference
(mM)
THTR-2 (SLC19A3) 1.15 Intestine and Liver Liang et al. 2015*'
OCT1 (SLC22A1) 1.47 Liver and Kidney Kimura et al. 20(2)1520; Li et al.
2011
OCT2 (SLC22A2) 1.07 Kidney Choi et al. 2007%
OCT3 (SLC22A3) 1.10 Multiple tissues (liver, Chen et al. 2015"
skeletal muscle, fat,
and brain)
MATE1 (SLC47A1) 0.23 Kidney and Liver Chen et al. 2009%°
MATE2 (SLC47A2) 1.05 Kidney Masuda et al. 2006"°
PMAT (SLC29A4) 1.32 Intestine Zhou et al. 2002*
OCTN1 (SLC22A4) NA* Gastrointestinal tract Nakamichi et al. 2013"
SERT (SLC6A4) 4 Intestine Han et al. 2015*

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

* Table is modified from a previous publication’.



Table 2. Summary of Metformin Properties and Pharmacokinetic Parameters

Parameters Values References
Molecular weight (base free), g/mol 129.16 Graham et al., 2011°
logP -1.43 Graham et al., 2011°
pKa 2.8,11.5 Graham et al., 2011°
Protein binding negligible DrugBank
Bioavailability (F), % 55 Graham et al., 2011°
Volume of distribution (Vy), i.v., L 63 to 276 Graham et al., 2011°
Apparent volume of distribution (Vd/F), ~ 600 Graham et al., 2011°
oral, L
Renal clearance (CL;), mL/min ~ 500 Graham et al., 2011°% Gong et al.,
2012%; DrugBank
Apparent total clearance (CL/F), oral, ~ 1140 Graham et al., 2011°% DrugBank
mL/min
Plasma half-life (ti2, plasma), h 5t06 Graham et al., 2011°% Gong et al.,
2012%; DrugBank
Blood half-life (t12, biood), N 17 to 20 Graham et al., 2011°% DrugBank
Average plasma concentration at steady 1.4 Graham et al., 2011°% DrugBank
state, Caye, ss, Mg/L
Therapeutic concentration, mg/L 0.129 to Kajbaf et al., 2016™
90

* DrugBank (https://www.drugbank.ca/drugs/DB00331).
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