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Background
Metformin is a first-line therapy for type 2 diabetes mellitus (T2DM, formerly ‘non-insulin-
dependent diabetes mellitus’), and is one of the most commonly prescribed drugs
worldwide. As a biguanide agent, metformin lowers both basal and postprandial plasma
glucose (PPG) [1,2]. It can be used as a monotherapy or in combination with other
antidiabetic agents including sulfonylureas, α-glucosidase inhibitors, insulin,
thiazolidinediones, DPP-4 inhibitors as well as GLP-1 agonists. Metformin works by
inhibiting the production of hepatic glucose, reducing intestinal glucose absorption, and
improving glucose uptake and utilization. Besides lowering the blood glucose level,
metformin may have additional health benefits, including weight reduction, lowering plasma
lipid levels, and prevention of some vascular complications [3]. As the prevalence of obesity
in the USA increases, the use of metformin is also increasing. Metformin is also used for
other indications such as polycystic ovary syndrome (PCOS) [1]. Metformin is well
tolerated by the majority of patients. However, the glycemic response to metformin is quite
variable. Some patients respond extremely well, whereas others show no benefit [4]. This
summary briefly reviews the pharmacokinetics of metformin (Fig. 1) and highlights genes
mediating the diverse pharmacological responses to metformin treatment (Fig. 2).
Knowledge of these pathways may help identify the genetic markers to predict variations in
response as well as aid the tailoring of metformin therapy.

Pharmacokinetics
Metformin is not metabolized [5] and is excreted unchanged in the urine, with a half-life of
~5 h [6]. The population mean for renal clearance (CLr) is 510±120 ml/min. Active tubular
secretion in the kidney is the principal route of metformin elimination. The drug is widely

© 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins

Correspondence to Teri E. Klein, PhD, Department of Genetics, Stanford University Medical Center, Stanford University, 1501
California Ave, Palo Alto, CA 94304, USA Tel: + 1 650 725 0659; fax: + 1 650 725 3863; feedback@pharmgkb.org.

Li Gong and Srijib Goswami contributed equally to the writing of this article.

Conflicts of interest
There are no conflicts of interest.

NIH Public Access
Author Manuscript
Pharmacogenet Genomics. Author manuscript; available in PMC 2013 November 01.

Published in final edited form as:
Pharmacogenet Genomics. 2012 November ; 22(11): 820–827. doi:10.1097/FPC.0b013e3283559b22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distributed into body tissues including the intestine, liver, and kidney by organic cation
transporters [6]. There is a large interindividual variability in metformin pharmacokinetics
as measured by differences in trough steady-state metformin plasma concentration ranging
from 54 to 4133 ng/ml [7].

The intestinal absorption of metformin may be primarily mediated by plasma membrane
monoamine transporter (PMAT, encoded by gene SLC29A4), which is expressed on the
luminal side of enterocytes [8] (Fig. 1). However, there are currently no in-vivo data on the
role of PMAT in the disposition and pharmacological effect of metformin. OCT3 (gene
SLC22A3) is also expressed on the brush border of the enterocytes and may contribute to
metformin uptake [6,9]. In addition, OCT1 (gene SLC22A1), which is expressed on the
basolateral membrane and cytoplasm of the enterocytes, may facilitate the transfer of
metformin into the interstitial fluid [9]. The role of OCT1 and OCT3 in the intestinal
transport of metformin remains to be defined.

The hepatic uptake of metformin is mediated primarily by OCT1 (SLC22A1) and possibly
by OCT3 (SLC22A3). Both transporters are expressed on the basolateral membrane of
hepatocytes [6,10–12]. In Oct1-deficient mice, the hepatic metformin concentration in the
liver is significantly lower than that in control mice, suggesting that OCT1 is essential for
the hepatic uptake of metformin [13]. In addition, the glucose-lowering effects of metformin
were completely abolished in the Oct1-deficient mice. Metformin is also a good substrate
for human multidrug and toxin extrusion 1 (MATE1, encoded by the gene SLC47A1) and
MATE2-K (gene SLC47A2) [10,14–16]. MATE1 (SLC47A1) is highly expressed in the
liver, kidney, and skeletal muscle [17], and may contribute toward the excretion of
metformin from both the liver and the kidney. However, the role of MATE1 in hepatic
secretion has been questioned, as biliary excretion of metformin seems to be insignificant in
humans [6]. Data from a Mate1 knockout mouse study suggest that, at least in rodents,
biliary excretion of metformin occurs [18].

The uptake of metformin from circulation into renal epithelial cells is primarily facilitated
by OCT2 (gene SLC22A2) [10], which is expressed predominantly at the basolateral
membrane in the renal tubules. Renal excretion of metformin from the tubule cell to the
lumen is mediated through MATE1 (SLC47A1) and MATE2-K (SLC47A2) [14,15,19,20].
MATE1 and MATE2-K are expressed in the apical membrane of the renal proximal tubule
cells, and studies in healthy individuals suggest that they contribute to the renal excretion of
metformin [21]. OCT1 also appears to be expressed on the apical and subapical domain side
of both the proximal and the distal tubules in the kidney, and may play an important role in
metformin reabsorption in kidney tubules [22]. PMAT (gene SLC29A4) is expressed on the
apical membrane of renal epithelial cells, and may play a role in the renal reabsorption of
metformin [23]. However, there are no in-vivo data as yet supporting this role. In addition,
P-gp (gene ABCB1) and BCRP (gene ABCG2) are involved in the efflux of metformin
across placental apical membranes [24].

As metformin is not metabolized in the liver, drug–drug interactions through the inhibition
of metformin transporters (OCTs and MATEs) are clinically relevant. Genetic
polymorphisms in these transporter genes are also likely to have a direct impact on
metformin pharmacokinetics and variability in drug responses (see the Pharmacogenomics
section). Recent drug–drug interaction studies suggest that proton-pump inhibitors inhibit
metformin uptake in vitro by inhibiting OCT1, OCT2, and OCT3 [25]. Oral antidiabetic
drugs repaglinide and rosiglitazone also inhibited OCT1-mediated metformin transport in
vitro [26]. The H2 blocker cimetidine is associated with reduced renal tubular secretion and
increased systemic exposure to metformin when both drugs are coadministered [27].
Inhibition of MATEs, but not OCT2 [28], is the likely mechanism underlying the drug–drug
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interactions with cimetidine in renal elimination [20]. A recent study suggests the potential
for a transporter-mediated drug–drug interaction between metformin and specific tyrosine
kinase inhibitors (e.g. imatinib, nilotinib, gefitinib, and erlotinib), which may have clinical
implications in the disposition, efficacy, and toxicity of metformin [29].

Pharmacodynamics
Metformin lowers both basal and PPG. It works mainly by suppressing excessive hepatic
glucose production, through a reduction in gluconeogenesis [30]. Other potential effects of
metformin include an increase in glucose uptake, an increase in insulin signaling, a decrease
in fatty acid and triglyceride synthesis, and an increase in fatty acid β-oxidation. Metformin
may also increase glucose utilization in peripheral tissues, and possibly reduce food intake
and intestinal glucose absorption. As metformin does not stimulate endogenous insulin
secretion, it does not cause hypoglycemia or hyperinsulinemia, which are common side
effects associated with other antidiabetic drugs.

The molecular mechanisms underlying metformin action appear to be complex and remain a
topic of considerable debate. However, there is general agreement that the administration of
metformin results in the phosphorylation and activation of AMP-activated protein kinase
(AMPK) in the liver, which in turn may lead to diverse pharmacologic effects, including
inhibition of glucose and lipid synthesis [2,31]. Although the specific route of AMPK
phosphorylation is not yet clear, the molecular components LKB1/STK11 and ATM have
been shown to play a role in the phosphorylation of AMPK in the presence of metformin
[31] (Fig. 2). However, ATM, LKB1, and AMPK are not the direct targets of metformin
[32]. A recent study using liver-specific AMPK-knockout mice has shown that inhibition of
hepatic glucose production by metformin is preserved, suggesting that metformin may
inhibit hepatic gluconeogenesis in an LKB1-independent and AMPK-independent manner
[33]. The findings from this study are yet to be replicated, and therefore, the role of AMP
kinase in the inhibition of gluconeogenesis can still be considered. In a separate study in
Oct-1-knockout mice, metformin both activated AMPK and reduced gluconeogenesis [13].
A separate group has also concluded that metformin inhibits hepatic gluconeogenesis
through AMPK-dependent regulation of SHP [34]. Therefore, a reduction in
gluconeogenesis may occur both ways, in an AMPK-dependent and an AMPK-independent
manner. Although the direct target is not fully elucidated, metformin specifically inhibits
complex I of the mitochondrial respiratory chain, suggesting that this inhibition may activate
AMPK by increasing the cellular AMP: ATP ratio [32,35–37]. AMPK is a major cellular
regulator of lipid and glucose metabolism. The activated AMPK phosphorylates and
inactivates HMG-CoA reductase (encoded by gene HMGCR), MTOR (target of rapamycin);
ACC-2 (encoded by gene ACACB); ACC (encoded by gene ACACA), glycerol-3-phosphate
acyltransferase (encoded by gene GPAM); and carbohydrate response element-binding
protein [31,38]. The activation of AMPK by metformin also suppresses the expression of
SREBP-1 (encoded by gene SREBF1), a key lipogenic transcription factor [39].
Phosphorylated AMPK also activates SiRT1 and increases Pgc-1a (encoded by gene
PPARGC1A) expression in the nucleus, leading to the downstream activation of
mitochondrial biogenesis. Metformin disrupts the coactivation of PXR with SRC1, resulting
in the downregulation of CYP3A4 gene expression [40]. Finally, activated AMPK results in
an increase in glucose uptake in skeletal muscle by increasing the GLUT4 (encoded by gene
SLC2A4) translocation activity [13]. The overall pharmacological effect of AMPK
activation in the liver includes the stimulation of fatty acid oxidation with inhibition of
cholesterol and triglyceride synthesis. Peripheral effects include the stimulation of fatty acid
oxidation and glucose uptake in skeletal muscle as well as a systemic increase in insulin
sensitivity [35]. However, the role of metformin in insulin-mediated glucose uptake has
been debated [41].
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Given the increased risk of cancer in T2DM patients, metformin has also been evaluated for
its tumor suppression ability and its potential to protect from cancer [42]. Population studies
have shown that metformin is associated with a significant reduction of neoplasia in multiple
cancer types (cancer of the breast and prostate, in particular) [43]. Metformin may also
inhibit the growth of cancer cells. The mechanisms underlying this protective effect are not
well understood and may involve the activation of multiple pathways [2,42]. The cell cycle
arrest in metformin-treated breast cancer cells seems to involve the activation of AMPK and
down-regulation of cyclin D1, and requires p27Kip1 or p21Cip1 [44,45]. Metformin was
reported to suppress HER2 (ERBB2) oncoprotein overexpression through inhibition of the
mTOR effector p70S6K1(RPS6KB1) in human breast carcinoma cells [46].

Pharmacogenomics
The role of genetic factors in predicting response variations to metformin has been the
subject of many investigations. Multiple studies have reported associations between
genomic variations of metformin transporters and its pharmacokinetics and response, and a
few have explored the role of pharmacodynamic genes/variants in drug efficacy (Table 1).
However, the clinical relevance of these variants remains to be established in large-scale
studies. Currently, no validated genetic predictor is being used in the clinic.

Over the past few years, considerable progress has been made in understanding the effect of
common genetic polymorphisms in transporter genes on the modulation of metformin
pharmacokinetics. Considerable work has been carried out with the organic cation
transporter family (SLC22A family) (reviewed by Nies et al. [58]). OCT1 (gene SLC22A1)
is essential for the hepatic uptake of metformin [6]. In one study with 20 healthy volunteers,
several genetic variants of OCT1: R61C (rs12208357), G401S (rs34130495), 420del
(rs142448543 or rs34305973 or rs35191146), and G465R (rs34059508) exerted a significant
effect on the pharmacokinetics of metformin after oral administration. Individuals carrying
any of the reduced function OCT1 alleles showed a higher area under the concentration–
time curve (AUC), higher Cmax, and a lower Vz compared with individuals carrying wild-
type alleles [47]. A subsequent study in 103 healthy Caucasian men showed the impact of
these low-activity alleles on pharmacokinetics, with increased CLrs and decreased hepatic
uptake. However, unlike the earlier study, the reduced function allele did not lead to
differences in metformin exposure (AUC) [22]. A recent study by Christensen et al. [7] has
shown that reduced functional alleles of OCT1 were associated with decreased trough
steady-state concentration of metformin and reduction in the absolute decrease in HbA1c
during the initiation as well as maintenance period of the treatment. Overall, replication of
OCT1 low-activity alleles in governing metformin disposition highlights the importance of
these genetic variants in pharmacokinetics and may be taken into consideration for
metformin therapy.

Studies in healthy volunteers have tested the effect of genetic variants in OCT2 (gene
SLC22A2) on metformin pharmacokinetics. Genetic variants of OCT2 [c.596C > T, c.602C
> T, and c.808G > T (rs316019)] were associated with differences in pharmacokinetics,
compared with the reference genotype, with an increase in AUC and Cmax and a decrease in
CLr [49]. A follow-up study in 15 healthy Chinese participants showed that rs316019 (808G
> T) is associated with a reduced CLr, but not overall drug exposure [28]. Interestingly, in a
separate healthy volunteer study including White and African-Americans, individuals
heterozygous for the variant 808G/T had higher metformin CLrs than the reference group
[50]. Similar to OCT1, the impact of OCT2 genetic variants is replicated, strongly
suggesting the importance of these alleles in determining metformin exposure. Genetic
variants of MATE1 or MATE2K have not yet been clinically associated with differences in
metformin pharmacokinetics. However, in one healthy volunteer study, the administration of
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a MATE inhibitor, pyrimethamine, caused significant increases in metformin Cmax and
AUC [21]. In-vivo studies have also shown the importance of the rodent Mate1 in
modulating the pharmacokinetics of metformin through gene knockout [19].

In addition to pharmacokinetics, a number of studies have been carried out examining the
role of genetic variants in metformin pharmacodynamics and response. Despite having an
effect on CLr, well-established genetic polymorphisms of OCT1 and OCT2 that alter
metformin disposition do not sufficiently explain the broad variation in clinical efficacy
[59,60]. A pharmacogenetic study in healthy volunteers showed significant clinical effects
of reduced function OCT1 variants (R61C, G401S, 420del, and G465R), causing an
impaired response to a glucose tolerance test [13]. A prospective study carried out in
patients with PCOS concluded that genetic variations in OCT1 may be associated with
heterogeneity in the metabolic response to metformin [48]. Interestingly, the minor allele of
an intronic variant of MATE1/SLC47A1, rs2289669 G > A, was significantly associated
with a greater reduction in hemoglobin A1c (HbA1c), in a cohort of 116 metformin users,
despite the lack of an association between the polymorphism and metformin CLr or other
pharmacokinetic parameters [51]. In a meta-analysis by Jablonski et al. [52], the minor allele
of rs8065082, a single-nucleotide polymorphism (SNP) in LD with MATE1 intronic SNP
rs2289669, was associated with a reduced incidence of diabetes in patients taking
metformin. A recent study by Choi et al. [53] also observed the association between this
MATE1 intronic variant with a change in the HbA1c level, almost at the level of statistical
significance. This evidence, along with the relatively large sample sizes, lends strong
support for the functional impact of this MATE1 intronic variant. However, the missing link
between pharmacokinetics and a reduction in HbA1c requires further research on this SNP
and its mechanistic role.

Recently, a study by Choi et al. [53] showed that diabetic patients who were homozygous
for g.-130G > A (rs12943590) in MATE2-K showed a significantly poorer response to
metformin treatment, assessed by the relative change in glycated hemoglobin. In addition to
the aforementioned transporters, the effect of variations in OCT3 has also been investigated.
An in-vitro study showed that OCT3 (gene SLC22A3) may also play a role in the
therapeutic action of metformin [11]. OCT inhibitors such as OCT3-specific short hairpin
RNA significantly reduced the activating effect of metformin on AMPK in skeletal muscle
cells. Also, genetic variants of OCT3 [T400I (rs8187725), V423F, and T44M (rs8187715)]
significantly impacted metformin uptake and kinetics. In addition to transporters, an SNP in
serene racemase (SRR), rs391300, showed an association with serum fasting plasma
glucose, PPG, and cholesterol in 402 Chinese patients and 171 healthy controls taking
metformin [54]. This discovery, although yet to be replicated, is promising for the discovery
of other genetic variants that may affect clinical outcome. Finally, the exploration of gene–
gene interaction may be a promising new area of research. In a study by Becker et al. [61],
an interaction between two polymorphisms, rs622342 in OCT1 and rs2289669 in MATE1,
was reported, suggesting that interactions between genes in the metformin pathway may
impact metformin response. However, this study is small and the importance of the epistatic
mechanism remains to be replicated.

The first genome-wide association study on metformin response by GoDARTs and UKPDS
and WTCCC2 investigated 1024 Scottish individuals with T2DM, and was replicated in two
cohorts including 1783 Scottish individuals and 1113 individuals from a UK prospective
study [55]. The study found that common variants near the ATM (ataxia telangiectasia
mutated) locus were associated with a glycemic response to metformin. The genes near this
locus include CUL5, NPAT, C11org65, EXPH5, ACAT1, and KDELC2. The minor allele
(C) of the most strongly associated SNP, rs11212617, had a population frequency of 44%
and was associated with treatment success (achieving HbA1c < 7%). In the meta-analysis,
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SNP rs11212617 was significantly associated with treatment success with an odds ratio of
1.35. Despite the strong association, the SNP only accounts for 2.5% of the observed
variability in glycemic response. ATM was selected as a causative gene because of its role
in insulin resistance, increased risk of diabetes, and its role in AMPK activation.
Furthermore, in-vitro functional studies performed by this group showed that inhibition of
ATM by a chemical inhibitor (KU-55933) attenuated the metformin-induced
phosphorylation and activation of AMPK. However, recent data suggest that this ATM
inhibitor also inhibits OCT1 and may have acted through inhibition of metformin uptake
rather than inhibition of ATM [62]. Overall, this recent finding suggests that the effect of
ATM on activating AMPK and altering pharmacological outcomes is not conclusive.

In addition to the treatment of diabetes, metformin is used in the treatment of insulin
resistance in individuals with PCOS. A small study has shown that a polymorphism in LKB/
STK11 (rs8111699) is associated with ovulatory response to treatment with metformin alone
in a prospective randomized trial, with the C allele associated with a significantly decreased
chance of ovulation in PCOS women treated with metformin [56,57].

Conclusion
Although many new drugs have been developed for T2DM, metformin is still widely
accepted as the first-line therapy because of its low incidence of microvascular and
macrovascular events and its beneficial effects on plasma lipids and body weight. There is
no validated genetic predictor to metformin response or pharmacokinetics, and epistatic
mechanisms (gene–gene interactions) may be important [61]. Investigation of genetic
variants in specific patient populations (e.g. stratification by ethnicity) as well as the
investigation of gene–gene and gene–environment interactions may elucidate important
polymorphisms. Furthermore, with advancements in sequencing platforms, whole exome or
genome sequencing will facilitate the investigation of rare variants, copy number variants,
insertions, deletions, and other genetic variants that may play a significant role in metformin
pharmacokinetics and response.
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Fig. 1.
Pharmacokinetics pathway of metformin. Stylized cells depicting genes involved in the
transport and clearance of metformin. A fully interactive version is available online at http://
www.pharmgkb.org/pathway/PA165948259. PD, pharmacodynamics.
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Fig. 2.
Pharmacodynamics pathway of metformin. Stylized cells depicting the mechanism of action
of metformin. A fully interactive version is available online at http://www.pharmgkb.org/
pathway/PA165948566.
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Table 1

Summary of the genes and variants involved in metformin pharmacogenomics

Genes Variant Associated phenotype

SLC22A1 (OCT1) Reduced function alleles: R61C
(rs12208357), G401S (rs34130495),
420del (rs142448543 or rs34305973

or rs35191146), and G465R
(rs34059508)

High AUC, higher Cmax, and lower oral volume of distribution (V/F) [47]

Impaired response to a glucose tolerance test [47]

Increased CLr and decreased hepatic uptake, no exposure changes (AUC)
[22]

Reduced lipid response (total CHO and triglycerides) and insulin responses
to metformin in women with PCOS [48]

rs72552763 deletion, rs34130495 and
other reduced function alleles

Reduced trough metformin steady-state concentration, and association with
the initial absolute decrease in HbA1c [7]

SLC22A2 (OCT2) 596C>T, 602C>T, and 808G>T
(rs316019)

Increase in AUC and Cmax and a decrease in CLr [49]

rs316019 (808G>T) Reduced CLr but no effect on overall drug exposure [28]

rs316019 (808G>T) Higher metformin CLrs [50]

SLC22A3 (OCT3) T400I (rs8187725), V423F and T44M
(rs8187715)

Impacted metformin uptake and AMPK activation in skeletal muscle cells
[11]

SLC47A1 (MATE1) rs2289669 Reduction in HbA1c [51]

No observed association with metformin CLr or other pharmacokinetic
parameters [51]

rs8065082 Reduced diabetes incidence [52]

SLC47A2 (MATE2K) rs12943590 (–130G>A) Poorer response to metformin treatment, assessed by the relative change in
glycated hemoglobin [53]

SRR rs391300 Associated with levels of FPG, PPG, and CHO [54]

ATM rs11212617 Associated with metformin treatment success (Hba1c<7%) [55]

LKB/STK11 rs8111699 C allele associated with a significantly decreased chance of ovulation in
PCOS women [56,57]

AMPK, AMP-activated protein kinase; AUC, area under the concentration–time curve; Cmax, maximal plasma concentration; CHO, cholesterol;

CLr, renal clearance; FPG, fasting plasma glucose; HbAlc, hemoglobin A1c; PCOS, polycystic ovary syndrome; PPG, postprandial plasma

glucose.
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