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Introduction

Pharmacogenetic studies of anti-diabetic drugs have focused largely on metformin, which 

is now first-line therapy for type 2 diabetes. Prior to 2011, metformin pharmacogenetics 

studies were largely based on candidate genes, focused on genes encoding transporters that 

are involved in metformin pharmacokinetics. Since 2011, several genome wide association 

studies (GWAS) have been published, in large multi-ethnic cohorts. These studies have 

revealed some genes at genome-wide level significance, which are associated with glycemic 

response to metformin in patients with Type 2 diabetes. For other anti-diabetic drugs, there 

have been few pharmacogenetic studies, and all have been focused on candidate genes. 

In general, the studies have been small and largely centered on associations between drug 

metabolizing enzymes and transporters with the pharmacokinetics or pharmacodynamics 

of the drugs. In this chapter, we begin by reviewing the pharmacogenetic studies of 

metformin disposition and response, mostly focused on pharmacogenetic associations in 

healthy volunteers and diabetic patients on metformin. Afterwards we include a brief 

review of pharmacogenetics studies of other classes of anti-diabetic drugs including 

sulfonylureas, thiazolidinediones, meglinitides, acarbose and SGLT2 inhibitors (Figure 1). A 

brief conclusion is included.

DISCOVERY OF GENETIC LOCI RELATED TO METFORMIN RESPONSE 

THROUGH GENOMEWIDE APPROACHES

Genomewide association studies (GWAS) have revealed many loci, genes and individual 

SNPs, which are critical for therapeutic and adverse drug response and drug disposition. A 

recent commentary reported that only 216 pharmacogenomics GWAS are available in the 

GWAS Catalog (MacArthur et al., 2017), and that the majority of the pharmacogenomic 

GWAS have focused on drugs used in the treatment of cancer, neuropsychiatric disorders 

and cardiovascular diseases (Giacomini et al., 2017). One of the major challenges to 

pharmacogenomic GWAS has been sample size. In particular, pharmacogenomic phenotypes 

are more difficult to obtain than phenotypes for other human traits, since multiple kinds 

of information are needed to assess drug response. For example, drug dosage, adherence 
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to medications, and baseline and on-drug measurements of the phenotype of interest, need 

to be collected in each individual for a robust study. This information may be difficult 

to procure in large numbers of patients. Thus, to enhance sample size of primary and 

replication cohorts, several pharmacogenomics consortia have been established. These 

include the International Consortium on Lithium Genetics (Schulze et al., 2010), the 

International SSRI Pharmacogenomics Consortium (ISPC) (Biernacka et al., 2015), the 

Pharmacogenetics of Drug-Induced Liver Injury group (DILIGEN) (Urban et al., 2017), 

and the Pharmacogenomics in Childhood Asthma (PiCA) Consortium (Farzan et al., 

2017). For anti-diabetic drugs, two consortia largely centered on metformin genetics, 

have been established: the metformin genetics consortium, MetGen (http://www.pgrn.org/

metgen.html) and the DIRECT (DIabetes REsearCh on patient straTification) (http://

www.direct-diabetes.org/). The effort of MetGen consortium is to engage researchers 

from around the world who have datasets for metformin and also other anti-diabetic 

drugs to enhance the discovery of genetic biomarkers of clinical response to antidiabetic 

drugs. Importantly, this consortium encourages the inclusion of other ethnic populations 

in metformin and other anti-diabetic drug pharmacogenomics studies. MetGen has already 

published GWAS focused on metformin, which are described below.

In terms of identification of genetic factors that associate with response to anti-diabetic 

drugs, only two GWAS have been published. Both studies focused on metformin and one 

involved the MetGen consortium (K. Zhou et al., 2011), (K. Zhou et al., 2016). Given that 

over 100 risk alleles for Type 2 diabetes have been discovered, with the inclusion of clinical 

data collected from diverse ethnic populations (Florez, 2017)(Flannick & Florez, 2016), the 

fact that genomewide association methods have only been applied to metformin response 

underscores the immense need for pharmacogenomics GWAS in patients on anti-diabetic 

drugs.

In both of the metformin GWAS focused on response, retrospective observational 

approaches, using information in the electronic health record (EHR) were employed. For 

response measurements, glycated hemoglobin (HbA1c), a reliable biomarker for assessing 

average plasma glucose levels, was obtained from the EHR. The first metformin GWAS, 

published in 2011 (K. Zhou et al., 2011), identified genetic determinants of metformin 

response, where response was defined as achieving the treatment target goal of < 7% HbA1c 

level within 18 months after starting metformin. The study identified a SNP, rs11212617, 

in a locus, which included ATM (Ataxia-Telangiectasia). The C-allele of rs11212617 was 

associated with treatment success (n = 3,920 European ancestry, P = 2.9 × 10−9, odds 

ratio = 1.35, 95% CI 1.22–1.49). Further replication of the SNP revealed a significant 

association in a meta-analysis of five cohorts of European ancestry (van Leeuwen et al., 

2012), and conflicting results in other ethnic groups (Shokri et al., 2016),(Y. Zhou et al., 

2014). However, in prediabetes patients, the SNP did not appear to be associated with 

response to metformin (Florez et al., 2012).

Since the discovery of the association of ATM with metformin response, several follow-up 

studies have been performed to evaluate (a) the effect of metformin in cultured cells on 

the activation or phosphorylation of ATM and its downstream targets (Storozhuk et al., 

2013; Vazquez-Martin, Oliveras-Ferraros, Cufi, Martin-Castillo, & Menendez, 2011,{Feng, 
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2015 #224), (Corominas-Faja et al., 2012), (Woods, Leiper, & Carling, 2012); (b) the effect 

of patients with ATM mutations on glucose-insulin homeostasis and indices of insulin 

secretion and sensitivity (Connelly et al., 2016); (c) the association of ATM variants with 

metformin response in pre-diabetic patients (Florez et al., 2012) and in patients with 

polycystic ovary syndrome (Pedersen, Stage, Glintborg, Andersen, & Christensen, 2018). 

These studies highlight the importance of follow-up studies to elucidate the mechanisms by 

which ATM modulates response to metformin in diabetes and other conditions. However, 

two independent studies showed that the ATM inhibitor, KU-55933 used to elucidate the 

mechanism by which ATM modulates response to metformin, reduces metformin uptake 

(Yee, Chen, & Giacomini, 2012), (Woods et al., 2012), and in particularly, inhibits OCT1, 

the primary transporter for metformin in liver cells (Yee et al., 2012). Since metformin 

uptake via OCT1 was shown to be independent of ATM (Yee et al., 2012), the studies 

question the effect of ATM on modulating response to metformin via activation of AMPK, 

and suggest that other mechanisms may be involved (Yee et al., 2012),(Woods et al., 2012).

Five years after the first GWAS of clinical response to metformin in people with type 2 

diabetes, a second GWAS involving MetGen was published. The study identified a minor 

C-allele in an intron SNP (rs8192675) of a glucose transporter, GLUT2, SLC2A2, which 

was associated with greater change in HbA1c from baseline (Table 1) as a quantitative 

trait in discovery and replication cohorts (K. Zhou et al., 2016). A meta-analysis of the 

SNP was performed in MetGen (http://www.pgrn.org/metgen.html), which included over 

10,000 participants in 10 cohorts from Europe and the United States. Strikingly, the results 

reached genomewide level significance in both models of change in HbA1c (on metformin) 

adjusted (beta 0.075, p=2.0×10−8) and non-adjusted (beta 0.17, p=6.6×10−14) with baseline 

HbA1c (n=10,557). Since SLC2A2 is known to play a role in the development of type 

2 diabetes and to have an effect on fasting glucose, genetic variation in the transporter 

may impact the glucose-lowering effect of anti-diabetic therapy. The result showed that 

the SNP that associated with higher baseline HbA1c was associated with greater HbA1c 

reduction after initiation of metformin. This phenomenon has been observed in other 

pharmacogenetic studies, where a SNP, which has an effect on a baseline trait, also impacts 

drug response. For example, SNPs in PCSK9 and APOE, which are associated with baseline 

LDL-C levels, are also significantly associated with LDL-C reduction and fractional LDL-C 

reduction in response to rosuvastatin (Chasman et al., 2012). These studies suggest that 

pharmacogenomic studies of drug response should consider SNPs known to be associated 

with disease as those SNPs may also play a role in drug response. Further, the studies 

suggest that performing the association analyses with and without adjusting for baseline 

is important particularly for genes known to play a role in baseline trait measured. Other 

results worth mentioning from the more recent GWAS of metformin response (K. Zhou et 

al., 2016) include:

• The rs8192675 minor C-allele of SLC2A2 was associated with lower expression 

levels of SLC2A2 in the human liver.

• There was a stronger HbA1c reduction induced by metformin in individuals who 

were obese (BMI ≥ 30 kg/m2) and who harbored the C-allele of rs8192675 

compared to individuals with the C-allele but who have BMI < 30 kg/m2.
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• The rs8192675 minor C-allele of SLC2A2 was associated with metformin 

response in non-European populations. The combined p-values in the non-

European populations were p=0.006 and p=0.005 in baseline adjusted and non-

adjusted models, respectively. Both models showed that the minor C-allele was 

associated with greater HbA1c reduction upon metformin treatment, similar to 

the results obtained in the European cohorts.

The fact that GLUT2 is the major transporter for hepatic glucose output (Seyer et al., 

2013) and metformin has a primary pharmacologic effect of reducing hepatic glucose output 

(Madiraju et al., 2014), (Foretz et al., 2010)suggests a strong mechanism by which the 

variant may modulate response to metformin. Further studies are warranted to replicate these 

findings and to elucidate whether genetic information can be used in precision medicine to 

guide therapy with metformin.

GENOMEWIDE SCREENING TO ELUCIDATE METFORMIN ACTION 

THROUGH IN VITRO ASSAYS

The mechanism of action of metformin is complex. In brief, the drug appears to reduce 

mitochondrial energy production via inhibition of complex 1. The lower levels of ATP 

(and higher AMP to ATP ratio) lead to phosphorylation or activation of the energy sensor, 

AMP-Kinase, AMPK (G. Zhou et al., 2001). The molecular components LKB1/STK11 and 

ATM have been shown to play a role in the phosphorylation of AMPK in the presence 

of metformin, though these are not direct targets of metformin (Foretz & Viollet, 2011). 

Activation of AMPK results in reduced gluconeogenesis, increased insulin sensitivity, and 

enhanced peripheral glucose uptake. There is also evidence to suggest that metformin 

inhibits hepatic gluconeogenesis independent of the LKB1/AMPK pathway(Foretz et al., 

2010). Another way by which gluconeogenesis is reduced is by increased AMP levels 

which functions as a key signaling mediator that inhibits CAMP-PKA signaling through 

suppression of adenylate cyclase , by allosteric inhibition of fructose 1,6 bisphosphatase 

and by activation of AMPK (Rena, Pearson, & Sakamoto, 2013). Metformin also likely 

has beneficial effects beyond the treatment of type 2 diabetes. An increasing number 

of observational studies suggest that treatment with metformin (relative to other glucose-

lowering therapies) is associated with reduced risk of cancer(Giovannucci et al., 2010).

Different genomewide approaches using in vitro cell based assays have been used to identify 

genes associated with metformin action (Luizon et al., 2016),(Niu et al., 2016). For example, 

RNA-seq and ChIP-seq (chromatin immunoprecipitation with massively parallel DNA 

sequencing) have been used to identify genes and DNA regions regulated by metformin 

after exposing primary human hepatocytes to metformin. These methods demonstrated 

that the transcript levels of ATF3, a transcription factor that plays an important role in 

modulating glucose homeostasis, are significantly increased by metformin (Luizon et al., 

2016),(Jadhav & Zhang, 2017). Further the studies also add mechanistic support to the 

finding that rs11212617 in the ATM gene is associated with response to metformin. That 

is, the SNP lies in an important enhancer region which is regulated by treatment with 

metformin (K. Zhou et al., 2011), (Luizon et al., 2016). Application of GWAS to 266 human 

lymphoblastoid cell lines treated with metformin resulted in the identification of genetic 

Srinivasan et al. Page 4

Adv Pharmacol. Author manuscript; available in PMC 2024 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biomarkers associated with metformin cytotoxicity (Niu et al., 2016). Some of the genes 

identified in the cytotoxicity assays may also influence metformin’s anti-diabetic actions 

through common pathways, such as the LKB1/AMPK pathway and PI3K/mTOR signaling 

pathway which are important for cellular growth as well as energy homeostasis (Niu et al., 

2016), (Snima, Pillai, Cherian, Nair, & Lakshmanan, 2014). For example, STUB1, a E3 

ubiquitin ligase, is involved in activation of AMPK through the LKB pathway (Niu et al., 

2016).

STUDIES RELATED TO METFORMIN CANDIDATE GENES

Prior to the onset of GWAS that offered the ability to interrogate the entire genome, research 

related to metformin pharmacogenetics was limited to pre-existing biological knowledge 

of metformin through a candidate gene approach. Studies were mainly centered on the 

cellular transporters that regulated metformin disposition, and the majority of work focused 

on organic cation transporters. In order to understand the role of candidate genes in 

metformin response, it is helpful to have an understanding of the pharmacokinetics and 

pharmacodynamics of metformin.

Metformin Pharmacokinetics

Metformin is a hydrophilic molecule that diffuses poorly across biological membranes. 

As such, for its disposition, metformin requires membrane transporters, and in particular, 

organic cation transporters in the intestine, liver and kidney. Metformin is excreted 

unchanged in the urine and has an elimination half-life of approximately 5 hours in 

patients with normal renal function. Metformin is primarily eliminated through active 

tubular secretion in the kidney. The oral absorption, hepatic uptake and renal excretion 

of metformin are largely mediated by organic cation transporters (OCTs) (Graham et al., 

2011). Though the exact transporters that contribute to the absorption, distribution and 

elimination of metformin in patients are not known, in vitro studies and studies in animal 

models provide support for several transporters. For example, the intestinal absorption of 

metformin may involve the plasma membrane monoamine transporter (PMAT encoded by 

gene SLC29A4), the organic cation transporter 3 (OCT3 encoded by gene SLC22A3), the 

thiamine transporter (THTR2 encoded by SLC19A3) (Liang et al., 2015) and the serotonin 

transporter (SERT encoded by SLC6A4)(Han et al., 2015; M. Zhou, Xia, & Wang, 2007). 

These transporters are expressed on the luminal membrane of enterocytes. To mediate flux 

from the enterocyte into the portal circulation, OCT1 (gene SLC22A1), which is expressed 

on the basolateral surface, appears to be involved. For hepatic distribution of metformin 

to targets in the liver, evidence in OCT1 knockout mice and humans using imaging of 

11C-metformin suggests that OCT1 (SLC22A1) is primarily involved (Jensen et al., 2016; 

Sundelin et al., 2017). Additionally, in OCT1 deficient mice the glucose lowering effects 

of metformin are completely abolished (Shu et al., 2007). Metformin excretion into bile 

appears to involve multidrug and toxin extrusion 1 (MATE1 encoded by SLC47A1) (Otsuka 

et al., 2005), though in humans the bulk of metformin is excreted unchanged into the urine 

(Graham et al., 2011). The uptake of metformin from the circulation into renal epithelial 

cells is primarily facilitated by OCT2 (SLC22A2) located on the basolateral membrane 

of renal proximal tubule cells (Takane, Shikata, Otsubo, Higuchi, & Ieiri, 2008). MATE1 
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(SLC47A1) and MATE2-K (SLC47A2), expressed on the apical membrane appear to be 

responsible for excretion of metformin into urine (Masuda et al., 2006; Otsuka et al., 2005; 

Tanihara et al., 2007). OCT1 and PMAT are also expressed on the apical membrane of renal 

epithelial cells and these transporters may also play a role in metformin renal disposition 

(Gong, Goswami, Giacomini, Altman, & Klein, 2012).

Metformin pharmacodynamics

Metformin lowers both fasting and post-prandial glucose levels primarily by reducing 

excessive hepatic glucose production through suppression of gluconeogenesis. Metformin 

may also increase peripheral glucose utilization and has downstream effects on decreasing 

fatty acid and triglyceride production (Hundal et al., 2000; Rena et al., 2013). As metformin 

does not stimulate endogenous insulin production, it does not cause hypoglycemia, which is 

an adverse effect that is associated with several anti-diabetic medications.

The molecular mechanisms of metformin action are described above. Below we describe 

candidate gene studies that have provided information on genes, proteins and pathways 

involved in the absorption, disposition and response to metformin in healthy volunteers and 

in patients with type 2 diabetes (Table 1).

OCT1—The most studied transporter in relation to metformin genetics and disposition is 

OCT1, which is essential for the hepatic uptake of metformin. OCT1 is encoded by the gene 

SLC22A1 which is highly polymorphic and a number of coding missense SNPs affect its 

activity (Kerb et al., 2002; Leabman et al., 2002; Sakata et al., 2004; Shu et al., 2003). In 

a study of 20 healthy volunteers, it was demonstrated that the presence of at least one of 

four reduced function variants (R61C/rs12208357, G401S/rs34130495, 420del/rs72552763 

and/or G465R/rs34059508) attenuates the effects of a short course of metformin on glucose 

tolerance tests (Shu et al., 2007). A follow up study demonstrated that individuals carrying 

any of the reduced function OCT1 alleles showed a higher area under the concentration-time 

curve (AUC), higher peak serum concentration (Cmax), and a lower volume of distribution 

compared to individuals carrying wild-type alleles (Shu et al., 2008). A subsequent study in 

103 healthy volunteers found that G465R was associated with increased renal clearance and 

decreased hepatic uptake. However, the reduced function allele did not lead to differences in 

metformin AUC (Tzvetkov et al., 2009). In a large retrospective observation study of 1531 

subjects with type 2 diabetes assembled by GoDARTS, the two most common reduced 

function polymorphisms (R61C and M420del) were not associated with four different 

measures of clinical response whether defined as initial HbA1c reduction, odds of achieving 

a target HbA1c of less than 7%, average HbA1c or hazard of monotherapy failure. It is 

important to note that since the study was observational, the metformin dose, prescription 

of other anti-diabetic agents and timing of HbA1c measurements were at the discretion 

of the prescribing clinician (K. Zhou et al., 2009). In the South Danish Diabetes Study, 

which is a prospective interventional study of 159 participants, both trough and steady state 

metformin concentrations and 6 month change in HbA1c were lower with increasing number 

of reduced-function alleles (i.e., R61C, G401S, M420del and G465R) (Christensen et al., 

2011). In terms of response, the retrospective Rotterdam study reported the association 

of SLC22A1 intronic SNP rs622342 with metformin response in subjects with type 2 
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diabetes (Becker et al., 2009b), but this association was not observed in several later studies 

(Christensen et al., 2011; Jablonski et al., 2010; Tkac et al., 2013). Despite consistent data 

from various studies (Shu et al., 2008) (Tzvetkov et al., 2009) 22,(Sundelin et al., 2017) 

that OCT1 reduced function variants are associated with metformin pharmacokinetics, their 

role in metformin response has not been observed in some studies (K. Zhou et al., 2009) 

including the recent large observational study in diabetic patients sponsored by MetGen 

(Dujic et al., 2017). Reasons for this discrepancy may be related to differences in analysis 

of the data or the fact that genes involved in the pharmacokinetics of metformin do not 

contribute much to variation in the pharmacodynamics of the drug.

OCT2—The renal transporter OCT2 appears to have less functional variation than OCT1 

and the effect of variation in OCT2 with respect to metformin has been studied to a lesser 

extent than OCT1. A study of 15 healthy Chinese participants showed that the reduced-

function 808G>T polymorphism (Ala270Ser) was associated with reduced metformin 

renal tubular clearance and that in the presence of cimetidine, metformin clearance was 

decreased in all participants, but the decrease was significantly lower in homozygous TT 

participants compared to GG participants (18.7 vs. 48.2%, P=0.029)(Wang, Yin, Tomlinson, 

& Chow, 2008). Similarly, a study in Korean healthy participants showed that reduced-

function genetic variants of OCT2 (596C>T, 602C>T, and 808G>T) were associated with 

higher peak plasma concentration and area under the curve measurements and lower renal 

clearance (Song et al., 2008). In contrast, in a study of 23 healthy volunteers of Caucasian 

and African-American ancestries, though an association between the renal clearance of 

metformin and 808G>T was observed, the direction of effect was the opposite and subjects 

who were homozygous for the reference allele 808G>G (P<0.005) had reduced renal 

clearance of metformin (Chen et al., 2009). The reasons for these differences are likely 

related to small sample sizes and differences in the ethnicities of the participants. Studies 

of association between genetic variation in OCT2 and metformin response have not shown 

positive results (Christensen et al., 2011; Jablonski et al., 2010).

MATE1 and MATE2—Studies have examined the effects of promoter variants in both 

MATE1 and MATE2 on variation in metformin disposition and response. In a study 

of 57 healthy volunteers who received metformin, the renal and secretory clearances of 

metformin were higher in carriers of MATE2 variants who also carried the reference alleles 

for MATE1. Additionally, 145 patients with type 2 diabetes carrying the MATE1 variant 

showed enhanced response to metformin (Stocker et al., 2013). In the Rotterdam study, the 

intronic SNP rs2289669 in MATE1 was associated with change in HbA1c after metformin 

initiation, with the minor allele enhancing the reduction in HbA1c (Becker et al., 2009a). 

Similar findings were observed in Tkac et al (Tkac et al., 2013) and in the Diabetes 

prevention program where rs8065082 in MATE1 which is in high linkage disequilibrium 

with rs2289669 was associated with lower diabetes incidence in the metformin arm and not 

in the placebo arm in subjects who were at risk for the development of diabetes (Jablonski 

et al., 2010). However, this finding was not observed in the South Danish Diabetes Study 

(Christensen et al., 2011; Dujic et al., 2017) or in a large meta-analysis conducted by the 

Metformin Genetics (MetGen) Consortium.
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Overall, the results of genetic associations between transporters and pharmacokinetics of 

metformin have led to conflicting results. Differences in data analyses, study design and 

in the characteristics of the participants such as their ethnicities or disease status, may 

have led to some of the discrepancies among studies. Most of the studies have been small 

and underpowered, so clearly larger well-powered studies in multiple ethnic groups are 

needed to understand which variants and genes may associate with the pharmacokinetics of 

metformin.

GENETIC STUDIES OF OTHER ANTI-DIABETIC DRUGS

Sulfonylureas

Sulfonylureas are among the most widely used anti-diabetic drugs and act by directly 

stimulating insulin secretion from the pancreatic beta cells. Serious side effects of these 

drugs are hypoglycemia and weight gain. Sulfonylureas were previously considered as 

a first line treatment for type 2 diabetes, but now are mainly used as a second line 

treatment in combination with metformin (Marathe, Gao, & Close, 2017; Nathan et al., 

2009). Sulfonylureas stimulate insulin secretion by binding to the ATP-sensitive potassium 

channel (KATP) which is composed of four subunits of the sulfonylurea receptor (SUR1, 

ABCC8) and four subunits of the potassium inward rectifier channel (Kir) 6.2. Sulfonylurea 

binding leads to closure of the KATP channel which alters the resting potential of the cell, 

leading to calcium influx and stimulation of insulin secretion (Thule & Umpierrez, 2014). 

Sulfonylureas are metabolized in the liver primarily by the polymorphic cytochrome P450 

isoenzyme 2C9 encoded by CYP2C9. Substitution of arginine with cysteine at amino acid 

position 144 (Arg144Cys) and isoleucine with leucine at position 359 (Ile359Leu) gives 

rise to mutant alleles CYP2C9*2 and CYP2C9*3 respectively which have reduced catalytic 

activity when compared to the wild-type CYP2C9*1.

Several studies have investigated the effect of genetic variation in CYP2C9 (the rate limiting 

step of metabolism) on the pharmacokinetics and pharmacodynamics of sulfonylureas. 

Studies in healthy subjects show that reduced function alleles of CYP2C9 are associated 

with increased plasma concentrations and decreased clearance of sulfonylureas after 

oral administration. While small-scale studies have shown differences in sulfonylurea 

metabolism, studies on actual measured drug response are few. In a large retrospective study 

of 1073 subjects from GoDARTs, carriers of loss of function CYP2C9*2 or CYP2C9*3 

alleles had a 3.4 fold increased likelihood of achieving therapeutic target effects on blood 

glucose compared to carriers of the wild type alleles. This translated to a 0.5% greater 

HbA1c reduction in individuals with the variant CYP2C9 alleles (K. Zhou et al., 2010). In 

addition to CYP2C9 polymorphisms, CYP2C19 polymorphisms have been reported to be 

influential in gliclazide pharmacokinetics (Y. Zhang et al., 2007), (Shao et al., 2010).

The identification of SU-binding sites SUR1 and Kir6.2 (encoded by ABCC8 and KCNJ11, 

respectively) has led to various pharmacogenetic explorations of variations in these genes. 

Non-synonymous variants E23K in KCNJ11 and S1369A in ABCC8 form a haplotype and 

pharmacogenetic studies of these variants show conflicting results. Association of S1369A 

with glycemic control has been reported in 115 Chinese patients who were on gliclazide for 

8 weeks with carriers of the minor allele demonstrating a greater reduction in HbA1c than 
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the wild type carriers (Zhang, Liu, Kuang, Yi, & Xing, 2007). In a study that investigated 

the effect of the E23K variant KCNJ11 gene on gliclazide modified release treatment in 

108 newly diagnosed patients with type 2 diabetes mellitus, at baseline, patients with the 

KK genotype had higher blood glucose and lower serum insulin levels after oral glucose 

administration than patients with the EE and EK genotypes (P < 0.05 for all). During 

treatment, individuals with the KK genotype had lower fasting glucose levels and were 

more likely to attain the target fasting glucose level than E allele carriers suggesting that 

the KCNJ11 E23K variant is associated with a greater effect of sulphonylurea treatment in 

newly diagnosed Chinese patients with type 2 diabetes (Li et al., 2014). However, results 

from UKPDS are conflicting. In this study they evaluated 364 subjects with type 2 diabetes 

randomized to sulfonylurea treatment and determined that the presence of the K allele in 

E23K did not predict failure to treatment with sulfonylureas at 1 year (Gloyn et al., 2001).

The KCNQ1 gene encodes the pore-forming subunit of a voltage-gated K+ channel 

(KvLQT1) and studies have indicated that KCNQ1 polymorphisms are related to impaired 

insulin secretion (Hu et al., 2009) and type 2 diabetes in several GWAS (see GWAS Catalog 

(https://www.ebi.ac.uk/gwas/home). A study evaluated the effect KCNQ1 genotype on 

sulphonylurea therapy in addition to metformin therapy on glycemic control in 87 patients 

with type 2 diabetes. The results showed that carriers of the T-allele achieved significantly 

lower fasting glucose levels in compared with patients with the GG genotype (6.95±0.13 vs. 

7.50±0.21 mmol/l, P =0.033)(Schroner et al., 2011).

The TCF7L2 gene is strongly associated with the development of type 2 diabetes with 

one of the highest effect sizes for common variants (Grant et al., 2006; Helgason et al., 

2007). Several studies have focused on the rs7903146 variant in TCF7L2 as a determinant 

of drug response. In a large GoDARTs retrospective study of subjects with type 2 diabetes, 

of 901 users of sulfonylureas, homozygotes for the type 2 diabetes T risk allele at TCF7L2 
rs7903146 were less likely to respond to sulfonylureas, with an odds ratio of failure of 1.73 

(95% CI 1.11–2.70, P=0.015)(Pearson et al., 2007). This was in contrast to results from 

the Study to Understand the Genetics of the Acute Response of metformin and glipizide in 

humans (SUGAR-MGH) study where 608 participants who were healthy or at risk for type 2 

diabetes were given a single dose of 5 mg of glipizide with biochemical data measured after 

the dose. Results from SUGAR-MGH showed that the T allele of rs7903146 at TCF7L2 was 

associated with a significantly shorter time and a steeper slope to trough glucose levels after 

glipizide administration(Srinivasan et al., 2018). These contrasting results suggest that it is 

possible that the genotype has a differential effect in subjects in whom diabetes has not yet 

developed compared with subjects with established type 2 diabetes, in whom some degree of 

beta cell failure may have already occurred.

Thiazolidinediones

The thiazolidinediones (TZDs) are a group of drugs that increase insulin sensitivity by 

acting on adipose tissue, muscle, and liver to increase glucose utilization and decrease 

glucose production. The mechanism by which the thiazolidinediones exert their effect is not 

fully understood but is thought to relate to activation of one or more peroxisome proliferator-

activated receptors (PPARs), which regulate gene expression in response to ligand binding. 
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Hepatic uptake of TZDs is mediated by OATP1B1 and TZDs are metabolized by CYP2C8. 

Homozygous carriers of the gain of function allele for CYP2C8, CYP2C8*3 coding for 

the Arg139Lys and Lys399Arg amino acid substitutions have lower rosiglitazone plasma 

concentrations and higher weight adjusted clearance when compared to wild type carriers 

(Aquilante et al., 2008; Kirchheiner et al., 2006). In addition to the role of OATP1B1 

encoded by SLCO1B1 and CYP2C8 in thiazolidinediones pharmacokinetics, a recent study 

in 833 Scottish patients showed that CYP2C8*3 and OATP1B1 non-synonymous variant 

(Val174Ala, rs4149056) alters drug efficacy (Dawed et al., 2016). In particular, gain 

of function CYP2C8*3 was associated with reduced glycemic response to rosiglitazone 

(P=0.01) and less weight gain (P=0.02) (27271184), which is in agreement with the effect 

of this variant to cause increase drug clearance and lower plasma levels (Aquilante et al., 

2008; Kirchheiner et al., 2006). PPARG is a target of TZDs and has been explored in 

pharmacogenetic investigations. A study in 250 Chinese patients showed that carriers of 

the minor allele of variant rs1801282 in PPARG had a higher odds of being responders 

to pioglitazone when compared to carriers of wild type alleles (Hsieh et al., 2010). 

Studies have also looked at other adipokinins including adiponectin, leptin, resistin and 

tumor-necrosis-factor-alpha based on the role they play in insulin resistance with variable 

results obtained. A study of 42 Chinese patients with type 2 diabetes treated with 12 

weeks of rosiglitazone monotherapy demonstrated an attenuated effect of rosiglitazone on 

fasting glucose, 2 hour glucose and HOMA-IR values in subjects with adiponectin variant 

C-11377G(rs266729) CG and GG genotypes compared to CC genotype, however, the 

effects were enhanced in patients with the diplotype C-11377( rs266729)/ T45G(rs2241766) 

CGTT in adiponectin (Sun et al., 2008). The investigators also evaluated the impact of 

genetic polymorphisms of leptin and TNF-alpha on rosiglitazone response in the same 

group of subjects. They found an enhanced rosiglitazone effect in patients with G-2548A 

(rs7799039)AA genotype of leptin on on fasting and 2 hour insulin values compared with 

GG and GA genotypes. They also showed an attenuated rosiglitazone effect in patients 

with GA andAA genotypes of TNF-alpha G-308A (rs1800629_ on fasting insulin values 

compared with GG genotype (Liu et al., 2008).

Meglinitides

The meglitinides, repaglinide and nateglinide, are short-acting glucose-lowering drugs that 

are structurally distinct from sulfonylureas and exert their effects via different pancreatic 

beta cell receptors, but they act similarly by regulating adenosine triphosphate (ATP)-

sensitive potassium channels (K-ATP channels) in pancreatic beta cells, thereby increasing 

insulin secretion. Meglitinides have a rapid onset and short duration of action. They are 

transported into the liver by OATP1B1 encoded by SLCO1B1 after which metabolism 

occurs via CYP family isoenzymes. There have been a few pharmacogenetic studies 

of meglinitides. Genetic polymorphisms in CYP2C8 has been found to be associated 

with reduced plasma concentrations of repaglinide (Niemi et al., 2003). Repaglinide 

pharmacokinetics has also been shown to be modulated by genetic variants in SLCO1B1 

(Kalliokoski, Backman, Neuvonen, & Niemi, 2008). Several candidate genes studies have 

evaluated the effect of genetic variantion in genes implicated in type 2 diabetes risk on 

response to meglinitides (Semiz, Dujic, & Causevic, 2013). These include SNPs in KCNQ1 
((Dai et al., 2012; W. Yu et al., 2011)), SLC30A8 (Huang et al., 2010), TCF7L2 and 
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KCNJ11 ((M. Yu et al., 2010)). However, these studies have small sample size and were 

performed only in Chinese patients with type 2 diabetes and therefore the results cannot be 

extrapolated to other populations.

Acarbose

The alpha-glucosidase inhibitor, acarbose, when taken orally, inhibits the upper 

gastrointestinal enzymes (alpha-glucosidases) that convert complex polysaccharide 

carbohydrates into monosaccharides in a dose-dependent fashion thereby slowing the 

absorption of glucose. Interactions between acarbose and PPAR-alpha (PPARA) with PPAR-

gamma2 (PPARG2), PPAR-gamma coactivator 1alpha (PPARGC1A), and hepatic nuclear 

factor 4alpha (HNF4A), were evaluated in the STOP-NIDDM trial with modest associations 

revealed (Andrulionyte, Kuulasmaa, Chiasson, & Laakso, 2007). The clinical significance of 

these associations remain to be tested.

SGLT2 inhibitors (Gliflozins)

SGLT2 inhibitors are a new class of drugs that promote the renal excretion of glucose and 

thereby modestly lower elevated blood glucose levels in patients with type 2 diabetes. They 

are mainly eliminated through O-glucouronidation by uridine diphosphate glucuronosyl 

transferases. A study of 134 subjects including both healthy and subjects with type 2 

diabetes demonstrated that carriers of reduced function variant, UGT1A9*3 and UGT2B4*2 

had an increased plasma concentration of canagliflozin, an SGLT2 inhibitor when compared 

to carriers of the wild type alleles (Francke et al., 2015). Recently, a cross-sectional study 

in a population at risk for type 2 diabetes in which 603 subjects received empagliflozin, 

an SGLT2 inhibitor and 305 received placebo showed no association of common SLC5A2 
variants that encode SGLT2 with empagliflozin response (Zimdahl et al., 2017).

Glucagon-like peptide-1 (GLP-1) based therapies

GLP-1-based therapies (eg, GLP-1 receptor agonists, dipeptidyl peptidase-4 [DPP-4] 

inhibitors) are a very promising group of drugs that affect glucose control through several 

mechanisms, including enhancement of glucose-dependent insulin secretion, slowed gastric 

emptying, and reduction of postprandial glucagon and of food intake. There are very few 

pharmacogenetic studies of GLP-1 based therapies. In a study of the association of TCF7L2 
on the response to treatment with the DPP-4 inhibitor linagliptin in 61 patients with type 2 

diabetes, no significant treatment differences were seen between non risk variant CC carriers 

and heterozygous CT subjects, although HbA1c response was reduced in homozygous TT 

subjects when compared with CC subjects (Zimdahl et al., 2014)

Pharmacogenetics of adverse reactions and off target effects of anti-diabetic drugs

In addition to studies of pharmacokinetics and response, there have been candidate gene 

studies studies of pharmacogenetics of adverse reactions to anti-diabetic drugs. The most 

common side effect of metformin therapy is gastrointestinal distress with symptoms of taste 

alteration, nausea, abdominal discomfort , diarrhea or mild anorexia. Metformin therapy can 

cause gastrointestinal distress in upto 40 % of patients on treatment and around 5% of 

patients have to discontinue metformin because of side effects (C. J. Bailey, 2015), A study 
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of adverse effects by GoDARTS investigators was undertaken in 1915 participants with 

type 2 diabetes who had evidence of metformin intolerance including gastrointestinal side 

effects and the need to discontinue the drug and 251 subjects who were metformin tolerant. 

Their results showed that the presence of two or more reduced function alleles of OCT1 

(at R61C, C88R/rs55918055, G401S, M420del or G465R) increased the odds of metformin 

intolerance by more than two-fold. Further, concomitant use of OCT1 inhibiting medications 

such as verapamil, citalopram or proton pump inhibitors increased the odds by four-fold, 

presumably by increasing metformin concentrations in the intestine (Dujic et al., 2015). 

Hypoglycemia is the most common side effect of sulfonylureas. Loss of function CYP2C9 

variants have been associated with increased drugs levels of gliclazide with significantly 

increased risk of hypoglycemia (Gokalp et al., 2011). The DREAM (Diabetes REduction 

Assessment with Ramipril and rosiglitazone Medication) trial evaluated adverse effects of 

rosiglitazone on edema in 4197 partcipants. A single SNP rs6123045 in NFATC2 was 

significantly associated with edema and the interaction between the SNP and rosiglitazone 

for edema was significant (S. D. Bailey et al., 2010). Studies are required to evaluate the 

pharmacogenetics of adverse effects of other newer drugs such as SGLT2 inhibitors and 

incretin based therapies.

Few studies have evaluated the pharmacogenetics factors involved in off-target effects of 

anti-diabetic drugs. In addition to its beneficial effect on glycemic control, metformin has 

been shown to have cardiovascular benefit in patients with type 2 diabetes (Lamanna, 

Monami, Marchionni, & Mannucci, 2011). A small Russian study of 52 subjects evaluated 

the type 2 diabetes associated PPRA-gamma2 pro12Ala polymorphism in relation to 

metformin therapy in patients with coronary heart disease and metabolic syndrome or 

type 2 diabetes. They found that patients with coronary artery disease who carried the Pro 

allele showed a significant metformin-induced reduction in weight, waist circumference, 

body mass index, and plasma levels of cardiovascular markers incuding total cholesterol, 

C-peptide, and cytokines, such IL-1beta, IL-6, IL-8, and TNF-alpha. Further studies are 

clearly needed to evaluate the pharmacogenetics of off-target effects of metformin and other 

anti-diabetic drugs(Lavrenko, Shlykova, Kutsenko, Mamontova, & Kaidashev, 2012).

Conclusions

In summary, there are few pharmacogenomics studies of anti-diabetic drugs other than 

metformin. For metformin, two GWAS have been conducted and have revealed that 

genetic variants in ATM and SLC2A2 are associated with response to the drug in large 

populations of patients with Type 2 diabetes treated with metformin. Though these results 

need replication in additional cohorts, they pave the way for precision medicine in guiding 

selection and dosing of metformin in diabetic patient populations. Candidate gene studies 

focused on metformin pharmacokinetics have been small, and there is a clear need for 

larger studies to identify the genes that play a role in variation in pharmacokinetics of the 

drug. Pharmacogenomic studies are clearly needed for other anti-diabetic drugs beyond 

metformin, as to date, most pharmacogenomic studies of other anti-diabetic drugs are 

small and focused on candidate genes. The goal of precision medicine is to tailor medical 

therapy according to patient characteristics to achieve optimal therapeutic response while 

minimizing adverse effects. For precision medicine to be used in guiding selection of anti-
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diabetic drugs for individual patients based on genetic (and other) factors, there is a clear 

need for larger studies focused on efficacy of both metformin and other anti-diabetic drugs. 

In addition, because many anti-diabetic drugs are associated with dose-limiting toxicities, 

further studies are needed to identify the genetic factors that underlie adverse drug reactions 

in order to enhance the optimal selection of drug and dose in the treatment of type 2 

diabetes.
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FIGURE 1. 
MAJOR SITES OF ACTION OF ANTI-DIABETIC DRUGS AND GENES ASSOCIATED 

WITH PHARMACOKINETICS OR CLINICAL RESPONSE

Note: Listed drugs may have other secondary sites of action
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TABLE 1:

GENES ASSOCIATED WITH METFORMIN PHARMACOKINETICS OR RESPONSE

Gene Study Population Metformin dose Variant Phenotype

SLC22A1 (OCT1) 20 healthy volunteers 2 doses 1000mg 
and 850 mg

R61C 
(rs12208357), 
G401S 
(rs34130495), 
420del 
(rs72552763 and 
G4665R/
rs34059508)

Impaired response to oral glucose tolerance 
test (Shu et al., 2007)

20 healthy volunteers 2 doses 1000mg 
and 850 mg

R61C 
(rs12208357), 
G401S 
(rs34130495), 
420del 
(rs72552763 and 
G4665R/
rs34059508)

Higher AUC, higher Cmax, lower oral 
volume of distribution (Shu et al., 2008)

103 healthy male 
Caucasian volunteers

1 dose of 500 mg G465R Increased renal clearance and decreased 
hepatic uptake (Tzvetkov et al., 2009)

1531 GoDARTS 
subjects with type 2 
diabetes

Average dose 1260 
mg/day

R61C and M420del No effect on HbA1c reduction(K. Zhou et 
al., 2009)

159 Danish South 
Danish Diabetes Study 
participants with type 2 
diabetes

1000 mg twice a 
day

R61C 
(rs12208357), 
G401S 
(rs34130495), 
420del 
(rs72552763 and 
G4665R/
rs34059508)

Decrease in trough-steady state metformin 
concentration and less change in HbA1c 
over 6 months (Christensen et al., 2011)

1915 metformin 
tolerant and 251 
metformin intolerant 
GoDARTS participants

Average dose 1000 
mg/day

R61C 
(rs12208357), 
G401S 
(rs34130495), 
420del 
(rs72552763 and 
G4665R/
rs34059508)

2 reduced function alleles associated with 
metformin intolerance. Higher odds of 
intolerance in the presence of OCT-1 
interacting drugs (Dujic et al., 2015)

102 subjects with 
type 2 diabetes from 
Rotterdam Study

Average dose 677 
mg/day

rs622342 Less reduction in HbA1c level(Becker et al., 
2009b)

148 drug naïve 
Caucasian patients with 
type 2 diabetes

Average dose ~ 
1400mg/day

rs622342 No effect on HbA1c reduction (Tkac et al., 
2013)

990 multi-ethnic DPP 
participants with pre-
diabetes

850 mg twice a day rs622342 No evidence of interaction with metformin 
(Jablonski et al., 2010)

SLC22A2(OCT2) 15 healthy Chinese 
participants

A single dose of 
500 mg

808G>T Reduced metformin renal tubular clearance 
(Wang et al., 2008)

26 healthy Korean 
subjects

A single dose 
of 500 mg of 
metformin

596C>T, 602C>T, 
and 808G>T

Higher Cmax, AUC and lower renal 
clearance (Song et al., 2008)

23 healthy Caucasian 
and African American 
volunteers

A single dose 
of 850 mg of 
metformin

808G>T Decreased renal clearance and renal 
clearance by secretion of metformin (Chen 
et al., 2009)

371 Danish participants 
with type 2 diabetes 
from South Danish 
Diabetes Study

1000 mg twice a 
day

rs316019 No effect on metformin concentration or 
HbA1c response (Christensen et al., 2011)
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Gene Study Population Metformin dose Variant Phenotype

990 multi-ethnic DPP 
participants with pre-
diabetes

850 mg twice a day rs316019 No evidence of interaction with metformin 
(Jablonski et al., 2010)

SLC47A1(MATE1) 
and 
SLC47A2(MATE2)

57 healthy volunteers 2 doses 1000mg 
and 850 mg

rs2252281 
(MATE1)
rs12943590 
(MATE2)

Renal and secretory clearance of metformin 
higher in MATE2 carriers who were 
MATE1 reference. Enhanced OGTT 
response with MATE1, reduced response 
with MATE2 (Stocker et al., 2013)

145 patients with type 
2 diabetes

Average dose 938 
mg/day

rs2252281 
(MATE1)

Greater change in HbA1c level with 
MATE1(Stocker et al., 2013)

253 Caucasian and 
African American 
subjects with type 2 
diabetes

Average dose 938 
mg/day

rs12943590 
(MATE2-K)

Less reduction in HbA1c (Choi et al., 2011)

116 Caucasian subjects 
with type 2 diabetes

Average dose 741 
mg

rs2289669 
(MATE1)

Decrease in HbA1c (Becker et al., 2009a)

148 drug naïve 
Caucasian patients with 
type 2 diabetes

Average dose ~ 
1400mg/day

rs2289669 
(MATE1)

Greater reduction in HbA1c(Tkac et al., 
2013)

990 multi-ethnic DPP 
participants with pre-
diabetes

850 mg twice a day rs8065082 (In LD 
r2 0.8 with 
rs2289669) 
(MATE1)

Poorer response to metformin(Jablonski et 
al., 2010)

371 Danish participants 
with type 2 diabetes 
from South Danish 
Diabetes Study

1000 mg twice a 
day

rs2252281, 
rs2289669 
(MATE1)
rs34399035 
(MATE2)

No effect on metformin concentration or 
change in HbA1c (Christensen et al., 2011)

ATM 1,024 Scottish subjects 
with type 2 diabetes 
(GWAS Discovery 
cohort)
2,896 Caucasian 
subjects with type 2 
diabetes (2 Replication 
cohorts)

The average daily 
dose during the 3 
months prior to the 
minimum HbA1c 
was achieved

rs11212617 (intron 
of C11orf65), in 
LD with r2>0.8 
with SNPs in 
several genes 
including ATM, 
NPAT, KDELC2.

Minor C-allele of rs11212617 is associated 
with treatment success (K. Zhou et al., 
2011). Treatment success was defined as 
achieving HbA1c <7% in the first 18 
months of metformin initiation (n = 3,920, 
P = 2.9×10−9, odds ratio = 1.35).

SLC2A2 (GLUT2) 3,103 Scottish subjects 
with type 2 diabetes 
(GWAS Discovery 
cohort)
7,454 Caucasian 
subjects with type 2 
diabetes (9 Replication 
cohorts)
2,526 Non-European 
subjects with type 2 
diabetes (3 different 
ethnic groups)

The average daily 
dose during the 3 
months prior to the 
minimum HbA1c 
was achieved

rs8192675 (intron 
of SLC2A2)

Minor C-allele of rs8192675 is associated 
with greater response to metformin 
(K. Zhou et al., 2016). Response to 
metformin was defined as baseline HbA1c 
minus the minimum treatment HbA1c 
in the first 18 months of metformin 
initiation (n = 10,557 Caucasians, P = 
2.0×10−8, beta = 0.075 (baseline-adjusted 
model); P=6.6×10−14, beta=0.17 (baseline 
non-adjusted model)). Also significant in 
the combined non-European subjects (n = 
2,566 Non-Europeans, P = 0.006, beta = 
0.077 (baseline-adjusted model); P = 0.005, 
beta = 0.15 (baseline non-adjusted model)).
Minor C-allele of rs8192675 is associated 
with lower SLC2A2 transcript levels in 
human liver tissue samples (n=1,226, 
P<5×10−8)) and other tissues (fibroblasts, 
islet, intestine) (K. Zhou et al., 2016)
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