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Abstract

Diabetes mellitus affects approximately 382 million individuals worldwide and is a leading cause 

of morbidity and mortality. Over 40 and nearly 80 genetic loci influencing susceptibility to type 1 

and type 2 diabetes, respectively, have been identified. Additionally, there is emerging evidence 

that some genetic variants help to predict response to treatment. Other variants confer apparent 

protection from diabetes or its complications and may lead to development of novel treatment 

approaches. Currently, there is clear clinical utility to genetic testing to find the at least 1% of 

diabetic individuals who have monogenic diabetes (e.g., maturity onset diabetes of the young and 

KATP channel neonatal diabetes). Diagnosing many of these currently underdiagnosed types of 

diabetes enables personalized treatment, resulting in improved and less invasive glucose control, 

better prediction of prognosis, and enhanced familial risk assessment. Efforts to enhance the rate 

of detection, diagnosis, and personalized treatment of individuals with monogenic diabetes should 

set the stage for effective clinical translation of current genetic, pharmacogenetic, and 

pharmacogenomic research of more complex forms of diabetes.
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Introduction

Currently, there are 382 million people living with diabetes mellitus around the world, and 

the total number is predicted to increase by over 50% over the next 20 years. Diabetes 

mellitus is a spectrum of metabolic disorders characterized by hyperglycemia. Poorly 

controlled diabetes mellitus can lead to microvascular and macrovascular complications, 

including kidney failure, blindness, amputation, and cardiovascular disease. Fortunately, 

medical advances have increased the number of treatment options for diabetes and improved 

outcomes for many individuals. However, there remains a need to determine the appropriate 

therapy for each individual, since a significant number of monotherapy treatments fail 
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within 3 years and diabetes-related morbidity and mortality continue.1,2 Additionally, 

inappropriate therapies can subject patients to increased risk of hypoglycemic events. 

Personalizing diabetes treatment based on patient genetics can improve patient care by 

decreasing the number of therapy failures and reducing the complications associated with 

diabetes mellitus.

Currently, there is little widespread implementation of personalized medicine in diabetes 

mellitus treatment. Diabetes mellitus encompasses a range of hyperglycemic conditions, 

which the American Diabetes Association (ADA) divides into four categories. The first 

category, type 1 diabetes mellitus (T1DM), is classified as an autoimmune disease with 

progressive β cell destruction, leading to polyuria, polydipsia, weight loss, and 

hyperglycemia. Individuals with type 1 diabetes eventually become completely reliant on 

non-endogenous insulin.3 In the case of true type 1 diabetes, glucose levels must be closely 

monitored and insulin levels individualized to maintain glucose homeostasis. It could be said 

that making a proper diagnosis of type 1 diabetes, including obtaining clear evidence of β 

cell destruction through the presence of auto-islet antibodies, and then prescribing 

endogenous insulin, represents a form of well-established personalized medicine that will 

not be discussed further in this review. There is also emerging evidence that oral 

medications including those used to treat type 2 diabetes may be effective adjunct therapies 

for individuals with insulin-requiring type 1 diabetes.4 Thus, some of the findings discussed 

in this review may ultimately have relevance for type 1 diabetes. Finally, there are some 40 

genes implicated in the complex etiology of type 1 diabetes, with currently unknown 

practical clinical implications.5

Most diabetes is classified in the second category, type 2 diabetes mellitus (T2DM), a 

heterogeneous group of disorders caused by some combination of insulin resistance and 

impairment of insulin secretion.6 T2DM has a range of risk factors, etiologies, and clinical 

presentations. Progress has been made in understanding the genetic etiology of T2DM, with 

nearly 80 susceptibility loci identified,7 but the use of molecular testing to customize 

treatment is not yet possible. Other risk factors (many of which themselves are partially 

influenced by genetics) include obesity, low activity, and poor diet, sometimes referred to as 

lifestyle or environmental risk factors. As the knowledge base increases, the ideal 

implementation would use genetic testing and variant analysis to help clarify the etiology of 

T2DM, the appropriate therapy for the patient, and, possibly, susceptibility testing for at-risk 

relatives and members of the general population. Future genetic testing may help to identify 

which patients with diabetes and prediabetes (elevated glucose not in the diabetic range) 

may benefit from specific lifestyle interventions and which may need pharmaceutical 

treatment as an adjunct to a healthy lifestyle. Results of studies examining genetic influences 

on response to both behavioral and pharmaceutical interventions to prevent, delay, or treat 

diabetes will be examined in this review.

A third category of diabetes encompasses forms with specific known genetic and non-

genetic etiologies, including the at least 1% of all diabetes cases which are caused by a 

defect in a single gene. These varieties of monogenic diabetes are highly penetrant and often 

have similar clinical presentations to T1DM or T2DM. Monogenic forms of diabetes 

mellitus are the low-hanging fruit in which genetic testing has already proven the ability to 
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improve treatment,8 but they are currently underdiagnosed. Clinical implementations for 

genetic diagnosis and treatment of monogenic diabetes can provide a template for translating 

genetic findings of T2DM into clinical practice in the future, and will be discussed in that 

context. The fourth category of diabetes, gestational diabetes, may have etiology in common 

with other types of diabetes and represent expression of underlying susceptibility enabled by 

pregnancy-induced insulin resistance.9

There is still a great deal of progress to be made in the field of personalized diabetes mellitus 

therapy. This review will focus on the current opportunities for implementations of 

genetically personalized medicine in diabetes mellitus, specifically monogenic diabetes, as 

well as the state of current research and potential prospects for future implementation in 

T2DM.

Monogenic diabetes mellitus: current implementation of personalized 

medicine

Some forms of monogenic diabetes already present the opportunity for implementation of 

personalized medicine. The most well-known and well-studied form of monogenic diabetes 

is maturity-onset diabetes of the young (MODY). There are currently 13 different types of 

MODY, classified by the dysfunctional gene causing the phenotype. MODY, by its classical 

definition, presents in lean individuals before the age of 25 and is inherited in an autosomal 

dominant manner while the patient still has signs of pancreatic β cell function.10 

Epidemiological studies conducted since MODY was initially defined suggest that the 

original criteria do not capture all cases.11 It is predicted that MODY makes up 1–2% of 

diabetes mellitus cases.12 However, because the presentation contains characteristics of both 

type 1 (early onset, lean body type) and type 2 (family history of diabetes, maintained 

pancreatic β cell function), it is often misdiagnosed. Misdiagnosis is especially troubling 

because the most prevalent types of MODY have specific pharmacogenetic 

recommendations based on the gene etiology.

MODY3 is the most common form of MODY, comprising 52% of cases in the well-

characterized United Kingdom,12 though prevalence varies by ethnicity and geographic 

region. It is caused by a mutation in HNF1A, which encodes the transcription factor hepatic 

nuclear factor 1-α (HNF1-α), which promotes transcription of multiple genes related to 

glucose metabolism, insulin secretion, and insulin production. HNF1-α has 55% amino acid 

similarity with hepatic nuclear factor 4-α (HNF4-α), which is mutated in MODY1. MODY1 

makes up about 10% of MODY cases in the United Kingdom.12 HNF1-α and HNF4-α have 

also been shown to interact with each other in an epistatic manner.13 Diagnosis of MODY1 

or MODY3 is important for proper clinical therapy because those patients have been found 

to be hypersensitive to sulfonylureas.8,14,15 This hypersensitivity is due to decreased 

expression of HNF1-α and HNF4-α target genes in the liver, which leads to decreased 

uptake of sulfonylureas, resulting in sustained increased circulating levels of 

sulfonylureas.16 As a result, MODY1 and MODY3 patients need approximately one-tenth of 

the sulfonylurea dose, although this varies depending on the patient. The high sensitivity to 

sulfonylureas makes them a first-line treatment for MODY1 and MODY3.10 Patients with 

these two types of MODY remain insulin-sensitive, since the genetic etiology causes 

Kleinberger and Pollin Page 3

Ann N Y Acad Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dysfunction of pancreatic β cells. It has been demonstrated that genetic diagnosis of 

MODY1 followed by switching of treatment from insulin to sulfonylureas improved 

glycemic control as measured by %HbA1c.8

Another common cause of MODY is mutation in GCK, which encodes the enzyme 

glucokinase, causing MODY2.17 MODY2 makes up 32% of MODY diagnoses in the United 

Kingdom.12 The damaging GCK mutations cause decreased function in the glucokinase 

enzyme, which is crucial for pancreatic β cell monitoring of blood glucose levels. As a 

result, MODY2 patients present with mild hyperglycemia. Interestingly, MODY2 patients 

generally do not progress to the microvascular and macrovascular complications associated 

with diabetes mellitus at a rate greater than non-diabetic populations. As a result, MODY2 

patients do not need pharmaceutical therapy.18 However, some evidence has shown that the 

mild hyperglycemia can lead to insulin resistance,19 and gestational diabetes mellitus is 

frequent among GCK mutation carriers.20,21 In particular, the carrier status of GCK 

mutations of the mother and fetus appears important for ideal glycemic control during 

pregnancy, given that maternal GCK mutations can lead to high birth weight and, 

conversely, fetal GCK mutations can restrict birthweight.22

Another type of actionable monogenic diabetes is neonatal diabetes mellitus (NDM). NDM 

is diagnosed within the first 6 months of life in a transient or permanent form, which can 

have a number of gene etiologies including, KCNJ11, ABCC8, GCK, INS, ZFP57 and 

chromosome 6q24 paternal duplication or hypomethylation, as well as several others, such 

as EIF2AK3 and PTF1A, that cause syndromic forms. NDM is most commonly caused by 

activating mutations in KCNJ11 or ABCC8, the two genes encoding the subunits that make 

up the ATP-sensitive potassium channel in pancreatic β cells. These mutations prevent 

membrane depolarization in response to a decreased ATP:ADP ratio, resulting in decreased 

insulin secretion.23 Most patients with these mutations can be treated successfully with high-

dose sulfonylureas instead of the insulin that is the default treatment for neonatal diabetes 

and is more expensive, more invasive, less effective, and places individuals with these 

mutations at a greater risk for hypoglycemic episodes.24–26 Sulfonylureas close the same 

channels that become constitutively open owing to NDM mutations.

These cases demonstrate the value of a proper diagnosis of monogenic forms of diabetes. In 

the SEARCH for Diabetes in Youth study, it was discovered that 47 study participants 

(8.0% of those who did not have type 1–related antibodies and had endogenous insulin 

production as measured by C-peptide) had mutations in one of the three most common 

MODY genes, although only three of those individuals had a MODY diagnosis before the 

study.27 Consequently, 79% of MODY patients were on suboptimal treatment rather than 

the treatment indicated by their diagnosis. The advent and advances of next-generation 

sequencing techniques have provided the opportunity for accurate diagnoses of these genetic 

disorders. Multiple studies have demonstrated the capabilities of different sequencing 

platforms to accurately detect pathogenic variants.28,29 Before next-generation sequencing, 

most monogenic diabetes studies focused on the prevalence and characteristics of MODY1, 

MODY2, and MODY3. Although this method covers the majority of monogenic diabetes 

cases, it does not address the prevalence or characteristics of less common forms of 

monogenic diabetes. Besides MODY and NDM caused by less-common genetic etiologies, 
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there are also many other syndromic and non-syndromic forms of diabetes with monogenic 

etiologies.

Identifying individuals who can benefit from genetic testing for monogenic diabetes is 

challenging, owing to clinical overlap with other types of diabetes, incomplete knowledge of 

the full phenotypic spectrum of monogenic diabetes, and the lack of a standard accepted 

screening and diagnostic algorithm. Other challenges to patients receiving an accurate 

diagnosis are the expense of testing and lack of awareness of many providers. The American 

Diabetes Association recommends that genetic testing for monogenic diabetes be considered 

in children in four situations: (1) diabetes diagnosed in the first 6 months of life; (2) strong 

family history of diabetes without risk factors for type 2 diabetes (obesity, certain 

ethnicities); (3) mild fasting hyperglycemia (100–150 mg/dl), especially without obesity; 

and (4) diabetes without autoantibodies, obesity, or insulin resistance.6 These criteria are not 

all straightforward to apply in practice and are likely too narrow because, for example, it is 

possible for monogenic diabetes to coexist with obesity, especially where obesity prevalence 

is high.

Multiple diagnostic algorithms have been proposed to accurately predict the presence of 

monogenic diabetes.30–32 Two centers with extensive experience in the diagnosis and 

treatment of monogenic diabetes provide criteria for consideration of a monogenic diabetes 

diagnosis on their websites: the University of Exeter Medical School (diabetesgenes.org, 

which includes a link to the current International Society of Pediatric and Adolescent 

Diabetes (ISPAD) guidelines, which are cited by the ADA and are more extensive), and the 

University of Chicago Kovler Diabetes Center (http://monogenicdiabetes.uchicago.edu/). 

One of the authors of this paper (TIP), with colleagues, published a review and a suggested 

algorithm for utilizing genetic family history session to detect potential cases of monogenic 

diabetes.33

Genetic testing for monogenic diabetes should be performed using a Clinical Laboratory 

Improvement Amendments (CLIA)-certified laboratory to assure proper regulations and 

quality control metrics are observed. There are multiple testing centers available in the 

online databases available at Genetests (www.genetests.org) and the Genetic Testing 

Registry (http://www.ncbi.nlm.nih.gov/gtr/). Upon receipt of genetic results, the requesting 

physician should ensure proper result interpretation by consulting with experts in the field of 

monogenic diabetes.34 The most well-established treatment changes that can result from a 

genetic diagnosis are high-dose sulfonylureas rather than insulin for KCNJ11/ABCC8-

related diabetes (usually neonatal),26 low-dose sulfonylureas rather than insulin (especially 

at early stages) for MODY1 (HNF4A) and MODY3 (HNF1A), and no treatment for 

MODY2 (GCK).34 An exciting new progression in testing for diabetes is the incorporation 

of next-generation sequencing. Next-generation sequencing allows multiple genes to be 

sequenced in a single assay in a cost-effective manner and should provide more information 

about a broader range of gene etiologies of monogenic diabetes. This will hopefully provide 

insights into clinical indications for other forms of monogenic diabetes.

The University of Maryland Center for Diabetes and Endocrinology is implementing a 

Personalized Diabetes Medicine Program (PDMP) comprising a simple screening process 
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followed by next-generation sequencing using a multi-gene panel to find and diagnose 

patients with monogenic diabetes, an effort led by one of the authors of this paper (TIP) and 

being evaluated and disseminated as part of the National Human Genome Research Institute 

(NHGRI)-funded Implementing Genomics in Practice (IGNITE) Network (ignite-

genomics.org). Patients referred by providers or screening positive on the questionnaire with 

one of the following profiles are selected for further evaluation: (1) diabetes diagnosed at < 

1 year of age; (2) diagnosed with T1DM and having a parent or child with T1DM; (3) 

diagnosed with T2DM at <30 years old; (4) diagnosed with T2DM at < 45 years of age and 

two or more first- or second-degree relatives diagnosed at < 50 years of age, or (5) presence 

of diabetes plus an extrapancreatic feature that may be indicative of a syndrome. Further 

evaluation using a combination of laboratory testing (C-peptide and IA-2 antibodies35,36) 

and family and medical history elicited by a genetic counselor is used to determine 

eligibility for testing using a 40-gene next-generation sequencing panel. Variants detected 

by the sequencing panel are confirmed clinically, and a report is generated and incorporated 

into the electronic medical record. Guidance is provided to clinicians regarding treatment 

implications, and participants are encouraged to share results and opportunities to be 

counseled and tested with at-risk family members. 33

Pharmacogenetics of oral T2DM medications

Individuals with type 2 diabetes make up by far the greatest proportion of the population 

with diabetes mellitus. The first-line medication for T2DM is metformin, a biguanide 

medication that functions by decreasing gluconeogenesis in the liver. Secondary oral 

medications include sulfonylureas, meglitinides, thiazolidinediones, glucose-like peptide-1 

(GLP-1) analogs, and dipeptidyl peptidase-4 (DPP4) inhibitors.37 Each of these medication 

classes has a different mechanism of action and different molecular interactions, and 

consequently, different genetic variants that affect function. Studies of the genetic variants 

that can alter response to oral diabetes medications have generally shown modest effects, 

some of which are contradictory. Regardless, these studies represent findings that could 

provide information about future pharmacogenetic recommendations for oral T2DM 

medications. The etiology-specific treatment recommendations for monogenic diabetes 

provide a current model of genetic diagnosis to pharmacological treatment that can be used 

for future implementation of pharmacogenetic findings into clinical recommendations. 

However, before any of these genetic associations can be implemented into clinical practice, 

further studies need to be performed to analyze the effectiveness of a priori genetic testing 

on the patient outcomes.

Metformin

Metformin is the first-line medication for T2DM because of its safety profile as an insulin-

sensitizing agent. However, it has a high variability of efficacy between patients, and it often 

needs to be supplemented with secondary agents. Metformin’s mechanism of action has not 

been well defined, and therefore its target molecules have not been analyzed for important 

pharmacogenetic variants. However, a large-scale genome-wide association study (GWAS) 

discovered that single nucleotide polymorphism (SNP) rs11212617 near the ATM locus was 

associated with reduction in HbA1c in response to metformin.38 ATM encodes the ataxia-
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telangiectasia mutated gene, a member of the phosphatidylinositol 3-kinase family important 

for cell cycle control and DNA repair. In a meta-analysis replication of this study, the 

association was confirmed, although one of the three cohorts showed no association.39 

Finally, the Diabetes Prevention Program (DPP) found that there was no association 

between rs11212617 and progression from impaired glucose tolerance to diabetes.40 This 

SNP needs further confirmation and exploration for validation and future studies into 

metformin’s mechanism of action.

On the other hand, metformin’s transport between cell types has been well characterized. 

Metformin is actively transported between tissues, but it is not metabolized before excretion. 

It is absorbed into the intestinal epithelium through the plasma membrane monoamine 

transporter (PMAT encoded by SLC29A4) and the organic cation transporter 3 (OCT3 

encoded by SLC22A3). Organic cation transporter 1 (OCT1) transports the metformin 

through the basolateral membrane of the epithelium to the bloodstream, and OCT1 is also 

responsible for uptake into hepatocytes. Metformin is transported from the bloodstream into 

the renal epithelium through organic cation transporter 2 (OCT2 encoded by SLC22A2). 

From there, metformin is excreted into the urine through the multidrug and toxin extrusion 

proteins 1 and 2 (MATE1 and MATE2 encoded by SLC47A1 and SLC47A2).41 These 

transporters have provided targets for genetic analysis.

The OCT1 gene (SLC22A1) has multiple genetic variants that are associated with decreased 

efficacy of metformin. The variants R61C (rs12208357), G401S (rs34130495), G456R 

(rs34059508), and 420del (rs72552763) have all been shown to decrease the effectiveness of 

metformin, as well as to increase renal clearance, in multiple studies.42–45 However, another 

study discovered no effects due to the R61C and 420del variants.45 The DPP discovered 

another SLC22A1 polymorphism (rs683369 encoding L160F) that affected metformin 

efficacy. The major allele of this variant was associated with a 31% risk reduction in 

diabetes incidence in metformin-treated participants, but not in those treated with placebo.46 

Variants in SLC47A1 have demonstrated an enhancing effect of metformin treatment. Two 

variants, rs2289669 and rs8065082, in linkage disequilibrium with each other, were 

separately found to produce these effects. An association between rs2289669 and decreased 

level of HbA1c in metformin users was initially observed in a pilot study.47 In another 

finding by the DPP, rs8065082 was associated with decreased incidence of T2DM in the 

metformin arm but not the placebo arm, validating the study by Becker et al.46 With further 

validation, these genetic variants associated with metformin response could be used to 

predict the efficacy of metformin treatment in patients before they take the drug.

Sulfonylureas

Sulfonylureas are insulin secretagogues that act by binding the SUR1 subunit (encoded by 

ABCC8) to close the ATP-sensitive potassium inward-rectifying channel, causing membrane 

depolarization followed by calcium influx and insulin secretion. The other subunit of the 

KATP channel is Kir6.2 (encoded by KCNJ11), which is located within close proximity to 

ABCC8 on chromosome 11.48 High-dose sulfonylureas are used to treat NDM caused by 

activating mutations in ABCC8 and KCNJ11 (and low-dose sulfonylureas are the first-line 

treatment for MODY1 and MODY3). Studies of polymorphisms of these genes have 
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discovered a common haplotype of E23K in KCNJ11 and S1369A in ABCC8, which is 

associated with T2DM.49 This haplotype has been shown to be less sensitive to sulfonylurea 

inhibition through patch-clamp analysis.50 Separately, both the E23K and S1369A 

polymorphisms have disputed associations with T2DM and sulfonylurea efficacy.51,52 Other 

genes have also been associated with response to sulfonylureas. TCF7L2, the gene with the 

strongest association with T2DM, encodes transcription factor Tcf-4, which plays a role in 

cell proliferation through the Wnt signaling pathway. The GoDARTs study found that TT 

individuals at rs12255372 of TCF7L2 were less likely to respond to sulfonylurea therapy 

than their GG counterparts.53 Likewise, carriers of the common rs1801278 variant in insulin 

receptor substrate-1 (IRS-1) have an increased rate of secondary failure to sulfonylureas in 

addition to the general increased risk of T2DM associated with the polymorphism.54 These 

genetic variations could affect the pharmacological regimens for individuals known to be 

carriers.

In addition to the effects of genetic variants on target genes, variation in the enzymes 

responsible for sulfonylurea metabolism also affect drug efficacy. CYP2C9 is the major 

metabolizer of the drug class. Two polymorphisms, CYP2C9*2 (I359L) and CYP2C9*3 

(R114C) are associated with increased serum sulfonylurea levels.55 There is a risk of 

hypoglycemia in carriers of the CYP2C9*3 polymorphism, although studies have also 

shown that carriers have an increased capability to reach target HbA1c levels.56 By having 

knowledge of CYP2C9 polymorphisms, it may be possible to preemptively adjust 

sulfonylurea dosage to avoid hypoglycemic events while still maintaining the effectiveness 

of the medication.

Meglitinides

Meglitinides are another class of insulin secretagogues that also act by inhibiting the KATP 

channel to induce depolarization and insulin secretion. However, these medications act in a 

much shorter timeframe than sulfonylureas and consequently confer less risk of 

hypoglycemia. Meglitinides are rapidly metabolized by the liver.57 The transporter 

SLCO1B1 is responsible for uptake into the liver, and the c.521T>C polymorphism has been 

shown to decrease the rate of metabolism of meglitinides, but the altered pharmacokinetics 

have little physiological effect on glucose levels.58,59 Another gene, KCNQ1, contains 

intronic variant rs2237892 associated with repaglinide response. The individuals carrying a 

TT phenotype showed improved HOMA-IR and 2-hour glucose response to 48-week 

repaglinide therapy, although this effect was lost when accounting for age, gender, and body 

mass index.60 Meglitinide metabolism differs between repaglinide (by CYP2C8 and 

CYP3A4) and nateglinide (by CYP2C9). Although genetic variants in these metabolizing 

enzymes may alter pharmacokinetics of the medications, it does not appear to have major 

effects on the glucose levels of patients.61,62

Thiazolidinediones

Thiazolidinediones (TZDs) are PPAR (peroxisome proliferator–activating receptor) 

activators that act by improving insulin sensitivity and decreasing hyperglycemia by 

decreasing circulating free fatty acids. Troglitazone was withdrawn from the market due to 

hepatotoxicity, but pioglitazone and rosiglitazone are still available.63 However, these 
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medications have associated drug-specific increased risks of fluid retention, heart failure, or 

bladder cancer,64,65 indicating they should be prescribed with caution and careful 

examination of the risk/benefit ratio. Individual genotype information may be of great 

benefit for this examination, and genetic variants that predispose individuals to these side 

effects have already been discovered. The rs296766 T allele of AQP2 (aquaporin 2) and the 

rs12904216 G allele of SLC12A1 (sodium/potassium/chloride transporter) are both 

associated with edema in patients taking rosiglitazone.66 Regarding the efficacy of TZDs, 

the well-studied P12A variant in PPAR-γ has been associated with decreased fasting blood 

glucose and decreased HbA1c in response to rosiglitazone.67 Additionally, carriers of the A 

allele of rs6467136 in PAX4 showed improved response to rosiglitazone.68 This is 

significant because PAX4 has been associated with T2D through GWAS, and mutations in 

the gene can cause MODY type 9. These are also studies indicating that the *3 variant of 

CYP2C8, the major metabolizer of TZDs, has decreased insulin response, but these studies 

have generally been underpowered.69

GLP-1 analogs/DPP4 inhibitors

The newest class of oral antidiabetic medications act through the incretin signaling pathway. 

These medications include GLP-1 analogs that act as incretin mimetics and DPP4 inhibitors 

that stop the degradation of endogenous GLP-1 and gastric inhibitory peptide (GIP). 

Promoting incretin signaling induces insulin secretion, inhibits glucagon secretion, reduces 

gastric emptying, and decreases appetite.70 Because these medications have been approved 

for less than 10 years, there have been relatively few studies on the pharmacogenetics of 

incretin mimetics. However, a study in non-diabetic individuals found that SNP rs7202877 

regulates expression of the CTRB1 and CTRB2 genes for chymotrypsin, an important 

regulator of the incretin pathway.71 There is still a great need for further exploration of 

pharmacogenetics of these new medications.

SLC30A8 and zinc supplementation

An intriguing potential opportunity for translation of T2DM association data to 

pharmacogenetic applications is the SNP rs13266634 (R325W) in zinc transporter-8 

(encoded by SLC30A8). The zinc transporter was first associated with T1DM as an 

autoimmunity antigen. Through candidate assays, it was discovered to also confer risk for 

T2DM, which has since been verified through multiple studies.72 Other studies have found 

that rs13266634 may confer its risk through gene–environment interactions with decreased 

serum levels of trans-β-carotene.73 However, a recent clinical trial has shown that 

individuals carrying the variant could improve insulin response to glucose with daily zinc 

supplementation for as little as 14 days.74 Interestingly, loss-of-function variants in 

SLC30A8 have protective effects from T2DM.75 Overall, SLC30A8 represents an appealing, 

albeit complex, target for pharmacogenetic-directed therapy to reduce risk from disease-

associated variants.

Opportunities for Pharmacogenomics

Besides the pharmacogenetic studies determining how drug function is affected by genetic 

variants, a complex disease like T2DM presents the opportunity to utilize 
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pharmacogenomics for development of novel pharmacologic therapies. In particular, rare 

genetic variants can provide information about the protective or disease state physiology. 

The discovery that nonsense mutations in SLC30A8 are protective against T2DM is an 

example of a pharmacogenomic finding that could be utilized for pharmaceutical 

development.75 By targeting SLC30A8 for downregulation therapeutically, it could confer 

the T2DM-protective effects of nonsense variants. APOC3 nonsense variant R19X is 

another example of a genetic variant that could lead to future diabetes treatment methods. 

The nonsense variant decreases circulating levels of APOC3, leading to decreased levels of 

serum triglycerides and protection from coronary disease.76,77 As a result, APOC3 has 

become a target for pharmaceutical inhibition in order to prevent hypertriglyceridemia. 

Since hypertriglyceridemia is common complication of diabetes and a risk factor for 

coronary heart disease, this could a rewarding direction for diabetes drug development.78 

These are just a couple examples of how pharmacogenomics can be important for 

developing diabetes pharmacotherapeutics.

The studies presented here represent the beginning phase of personalized diabetes treatment. 

In contrast to the current opportunity for personalized medicine in treatment of monogenic 

diabetes, the field of personalized diabetes therapeutics for T2DM still needs to mature 

greatly before clinical implementation is possible. Currently observed pharmacogenetic 

associations are promising but require expansion made possible by falling costs of large-

scale genotyping and sequencing and replication in well-designed clinical trials. Meanwhile, 

expanding implementation of the available opportunities for clinical implementation in 

monogenic diabetes will provide a model for future implementation of personalized T2DM 

medicine.

Genetic interaction with lifestyle factors

Gene–environment interaction is the interplay of genetic factors and non-genetic factors to 

influence a phenotypic outcome. The pharmaceutical interventions discussed previously are 

an example of a non-genetic factor in such an interaction, but another important issue in the 

field of diabetes mellitus is the relationship between diabetes-associated genetic variants and 

lifestyle. Alteration of lifestyle through diet and exercise change is the first preventive 

measure against diabetes onset.37 Some are able to stop the progression toward diabetes, 

while others progress despite changing their lifestyle. It would be a powerful tool to 

determine if genetic risk variants maintain their associations despite environmental changes 

and which ones have altered risk associations due to non-genetic factors. Similarly, gene–

environment interaction studies could be used to determine the most effective type of 

lifestyle change based on an individual’s profile of genetic risk variants. Some studies have 

already begun to perform these analyses, as they examined at-risk individuals in their 

progression toward T2DM.

One of the leading studies for measuring gene–environment interactions is the DPP. This 

large multicenter trial studied whether lifestyle modification or metformin therapy was able 

to prevent progression to T2DM in individuals with risk factors for the disease. One of the 

primary discoveries determined that the environment altered the association with T2DM of 

the rs12255372 and rs7903146 SNPs in strong linkage disequilibrium in the TCF7L2 locus. 
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It was shown that the risk alleles conferred a stronger effect in the placebo group than in 

either the metformin-treated group or the lifestyle-intervention group.79 This provided 

evidence that the genetic predisposition for T2DM could effectively be decreased through 

either type of therapy, particularly lifestyle changes. Additionally, the DPP observed 

nominally differential improvement of β cell function due to troglitazone therapy or lifestyle 

changes based on the presence of the protective rs10811661 SNP in the CDKN2A/B locus.80 

The DPP study is unique in that it provided large enough sample sizes to have the power to 

detect gene–environment interactions in a prospective study that incorporated lifestyle 

intervention.

The Finnish Diabetes Prevention Study (DPS), although not as large as the DPP, was also 

able to determine interactions between genetics and environment in progression toward 

T2DM. They showed that lower levels of moderate-to-vigorous physical activity in 

individuals homozygous for common SNPs in SLC2A2 (rs5393, rs5394, or rs5404) or 

ABCC8 (rs3758947) were 2.6–3.7 times more likely to progress from impaired glucose 

tolerance to T2DM. The DPS also discovered complex interplay of the ADRA2B 

polymorphism 12Glu9. They found that carriers of the 12Glu polymorphism had decreased 

risk of T2DM in response to increased leisure-time physical activity. However, homozygous 

9Glu9 individuals had greater risk reduction due to dietary changes.81 These interesting and 

intricate results illustrate the complexity of gene–environment interactions.

Gene–environment interactions hold a great deal of promise for explaining more of the 

heritability of diabetes mellitus. However, strong studies focusing on this topic have not 

been aggressively pursued. This is likely due to the fact that most studies would be 

underpowered because of the stratification of sample size by addition of another variable 

and multiple hypothesis–testing correction. On top of the difficulty of attaining sufficient 

power, it is also extremely difficult to validate findings through replication in different 

cohorts because of the difficulty of recreating the same gene–environment interaction. 

Finally, confounders and bias are widespread in attempts to collect large populations with 

measured environmental contact, which can create false-positive results. Despite these 

challenges, the field is moving forward with techniques such as joint meta-analysis, 

selective sampling, and nested case-cohort studies. These topics are further explored in 

excellent review articles.82,83

Future prospective

Well-characterized forms of monogenic diabetes already present underutilized opportunities 

for personalized medicine. A complex disease such as T2DM presents challenges in 

implementation of personalized medicine. There is a growing knowledge base regarding the 

role of genetic variation in T2DM etiology and treatment response; however, the complexity 

of this disease (itself in reality a group of diseases), the number of treatment options, and the 

limited number of clinical trials providing adequate design and power to detect and replicate 

pharmacogenetic associations are obstacles to overcome. Ever-decreasing prices of genetic 

sequencing and the growing number of large diabetes research consortia such as Go-T2D, 

T2D-GENES, and DIAGRAM and emerging comparative effectiveness trials such as the 

Glycemia Reduction Approaches in Diabetes (GRADE) Study (https://
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portal.bsc.gwu.edu/web/grade) are expected to provide the necessary data. Once a scientific 

evidence base is gathered for pharmacogenetic markers, implementation studies will be 

needed to determine the most effective way to realistically incorporate testing into medical 

care in the context of complex healthcare systems. These unfolding opportunities, in 

addition to current implementation of genetic testing for monogenic diabetes, provide a 

promising outlook of the future of personalized medicine in diabetes.

Conclusions

The incidence and prevalence of the diabetes mellitus epidemic around the world are 

currently at all-time highs. Despite medical advances, many people still suffer high rates of 

complications. Through pharmacogenetics, it is possible to usher personalized medicine into 

the field of diabetes. Certain types of monogenic diabetes already present an excellent 

opportunity to practice personalized medicine. Proper genetic diagnosis and appropriate 

pharmacological treatment of these patients often prevent unnecessary insulin therapy, 

simplify and increase efficacy of treatment, and create opportunities for prediction and 

personalized treatment of diabetes in family members. Current epidemiological studies are 

also pushing forward the field of pharmacogenetics of more genetically complex forms of 

T2DM. Although more work needs to be performed, there are already promising examples, 

such as zinc supplementation for rs13266634 risk allele carriers in SLC30A8. 

Pharmacogenomic discoveries, like the SLC30A8 and APOC3 loss-of-function mutations, 

are providing physiological models that can be mimicked in the drug discovery process. 

Finally, the emerging field of gene–environment interactions will progress to provide 

information about how individuals can tailor their environment to either complement or 

subvert their genetic predispositions. Many of these exciting developments in the field of 

personalized medicine for diabetes will likely translate into clinical practices to individualize 

therapy that will improve the patient experience and public health.

Acknowledgments

Funding provided by the NIH (U01 HG007775) as part of the IGNITE Network, and by NIH R01 DK72041 and 
R01 NIH HL104193.

References

1. Turner RC, Cull CA, Frighi V, et al. Glycemic control with diet, sulfonylurea, metformin, or insulin 
in patients with type 2 diabetes mellitus: progressive requirement for multiple therapies (UKPDS 
49). UK Prospective Diabetes Study (UKPDS) Group. JAMA. 1999; 281:2005–2012. [PubMed: 
10359389] 

2. Riedel AA, Heien H, Wogen J, et al. Loss of glycemic control in patients with type 2 diabetes 
mellitus who were receiving initial metformin, sulfonylurea, or thiazolidinedione monotherapy. 
Pharmacotherapy. 2007; 27:1102–1110. [PubMed: 17655510] 

3. Chiang JL, Kirkman MS, Laffel LM, et al. Type 1 diabetes through the life span: a position 
statement of the American Diabetes Association. Diabetes Care. 2014; 37:2034–2054. [PubMed: 
24935775] 

4. Lebovitz HE. Adjunct therapy for type 1 diabetes mellitus. Nat. Rev. Endocrinol. 2010; 6:326–334. 
[PubMed: 20404854] 

5. Pociot F, Akolkar B, Concannon P, et al. Genetics of type 1 diabetes: what's next? Diabetes. 2010; 
59:1561–1571. [PubMed: 20587799] 

Kleinberger and Pollin Page 12

Ann N Y Acad Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://https://portal.bsc.gwu.edu/web/grade


6. American Diabetes Association. (2) Classification and diagnosis of diabetes. Diabetes Care. 2015; 
38(Suppl):S8–S16. [PubMed: 25537714] 

7. Hara K, Shojima N, Hosoe J, et al. Genetic architecture of type 2 diabetes. Biochem. Biophys. Res. 
Commun. 2014; 452:213–220. [PubMed: 25111817] 

8. Shepherd M, Shields B, Ellard S, et al. A genetic diagnosis of HNF1A diabetes alters treatment and 
improves glycaemic control in the majority of insulin-treated patients. Diabet. Med. 2009; 26:437–
441. [PubMed: 19388975] 

9. American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care. 
2014; 37(Suppl 1):S81–90. [PubMed: 24357215] 

10. Hattersley A, Bruining J, Shield J, et al. The diagnosis and management of monogenic diabetes in 
children and adolescents. Pediatr. Diabetes. 2009; 10(Suppl 12):33–42. [PubMed: 19754616] 

11. Bellanne-Chantelot C, Levy DJ, Carette C, et al. Clinical characteristics and diagnostic criteria of 
maturity-onset diabetes of the young (MODY) due to molecular anomalies of the HNF1A gene. J. 
Clin. Endocrinol. Metab. 2011; 96:E1346–51. [PubMed: 21677039] 

12. Shields BM, Hicks S, Shepherd MH, et al. Maturity-onset diabetes of the young (MODY): how 
many cases are we missing? Diabetologia. 2010; 53:2504–2508. [PubMed: 20499044] 

13. Boj SF, Petrov D, Ferrer. J. Epistasis of transcriptomes reveals synergism between transcriptional 
activators Hnf1alpha and Hnf4alpha. PLoS Genet. 2010; 6:e1000970. [PubMed: 20523905] 

14. Pearson ER, Liddell WG, Shepherd M, et al. Sensitivity to sulphonylureas in patients with 
hepatocyte nuclear factor-1alpha gene mutations: evidence for pharmacogenetics in diabetes. 
Diabet. Med. 2000; 17:543–545. [PubMed: 10972586] 

15. Jesic MD, Sajic S, Jesic MM, et al. A case of new mutation in maturity-onset diabetes of the young 
type 3 (MODY 3) responsive to a low dose of sulphonylurea. Diabetes Res. Clin. Pract. 2008; 
81:e1–3. [PubMed: 18433912] 

16. Boileau P, Wolfrum C, Shih DQ, et al. Decreased glibenclamide uptake in hepatocytes of 
hepatocyte nuclear factor-1alpha-deficient mice: a mechanism for hypersensitivity to sulfonylurea 
therapy in patients with maturity-onset diabetes of the young, type 3 (MODY3). Diabetes. 2002; 
51(Suppl 3):S343–8. [PubMed: 12475773] 

17. Vionnet N, Stoffel M, Takeda J, et al. Nonsense mutation in the glucokinase gene causes early-
onset non-insulin-dependent diabetes mellitus. Nature. 1992; 356:721–722. [PubMed: 1570017] 

18. Ajjan RA, Owen KR. Glucokinase MODY and Implications for Treatment Goals of Common 
Forms of Diabetes. Curr. Diab Rep. 2014; 14 559-014-0559-0. 

19. Clement K, Pueyo ME, Vaxillaire M, et al. Assessment of insulin sensitivity in glucokinase-
deficient subjects. Diabetologia. 1996; 39:82–90. [PubMed: 8720607] 

20. Ellard S, Beards F, Allen LI, et al. A high prevalence of glucokinase mutations in gestational 
diabetic subjects selected by clinical criteria. Diabetologia. 2000; 43:250–253. [PubMed: 
10753050] 

21. Shehadeh N, Bakri D, Njolstad PR, et al. Clinical characteristics of mutation carriers in a large 
family with glucokinase diabetes (MODY2). Diabet. Med. 2005; 22:994–998. [PubMed: 
16026363] 

22. Shields BM, Spyer G, Slingerland AS, et al. Mutations in the glucokinase gene of the fetus result 
in reduced placental weight. Diabetes Care. 2008; 31:753–757. [PubMed: 18184897] 

23. Flanagan SE, Clauin S, Bellanne-Chantelot C, et al. Update of mutations in the genes encoding the 
pancreatic beta-cell K(ATP) channel subunits Kir6.2 (KCNJ11) and sulfonylurea receptor 1 
(ABCC8) in diabetes mellitus and hyperinsulinism. Hum. Mutat. 2009; 30:170–180. [PubMed: 
18767144] 

24. Dupont J, Pereira C, Medeira A, et al. Permanent neonatal diabetes mellitus due to KCNJ11 
mutation in a Portuguese family: transition from insulin to oral sulfonylureas. J. Pediatr. 
Endocrinol. Metab. 2012; 25:367–370. [PubMed: 22768671] 

25. Siklar Z, Ellard S, Okulu E, et al. Transient neonatal diabetes with two novel mutations in the 
KCNJ11 gene and response to sulfonylurea treatment in a preterm infant. J. Pediatr. Endocrinol. 
Metab. 2011; 24:1077–1080. [PubMed: 22308870] 

26. Pearson ER, Flechtner I, Njolstad PR, et al. Switching from insulin to oral sulfonylureas in patients 
with diabetes due to Kir6.2 mutations. N. Engl. J. Med. 2006; 355:467–477. [PubMed: 16885550] 

Kleinberger and Pollin Page 13

Ann N Y Acad Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Pihoker C, Gilliam LK, Ellard S, et al. Prevalence, characteristics and clinical diagnosis of 
maturity onset diabetes of the young due to mutations in HNF1A, HNF4A, and glucokinase: 
results from the SEARCH for Diabetes in Youth. J. Clin. Endocrinol. Metab. 2013; 98:4055–4062. 
[PubMed: 23771925] 

28. Ellard S, Lango Allen H, De Franco E, et al. Improved genetic testing for monogenic diabetes 
using targeted next-generation sequencing. Diabetologia. 2013; 56:1958–1963. [PubMed: 
23771172] 

29. Bonnefond A, Philippe J, Durand E, et al. Highly sensitive diagnosis of 43 monogenic forms of 
diabetes or obesity through one-step PCR-based enrichment in combination with next-generation 
sequencing. Diabetes Care. 2014; 37:460–467. [PubMed: 24041679] 

30. Carroll RW, Murphy R. Monogenic diabetes: a diagnostic algorithm for clinicians. Genes (Basel). 
2013; 4:522–535. [PubMed: 24705260] 

31. Pinelli M, Acquaviva F, Barbetti F, et al. Identification of candidate children for maturity-onset 
diabetes of the young type 2 (MODY2) gene testing: a seven-item clinical flowchart (7-iF). PLoS 
One. 2013; 8:e79933. [PubMed: 24244580] 

32. Fajans SS, Bell GI. MODY: history, genetics, pathophysiology, and clinical decision making. 
Diabetes Care. 2011; 34:1878–1884. [PubMed: 21788644] 

33. Stein SA, Maloney KL, Pollin TI. Genetic Counseling for Diabetes Mellitus. Curr. Genet. Med. 
Rep. 2014; 2:56–67. [PubMed: 25045596] 

34. Ellard S, Bellanne-Chantelot C, Hattersley AT, et al. Best practice guidelines for the molecular 
genetic diagnosis of maturity-onset diabetes of the young. Diabetologia. 2008; 51:546–553. 
[PubMed: 18297260] 

35. McDonald TJ, Colclough K, Brown R, et al. Islet autoantibodies can discriminate maturity-onset 
diabetes of the young (MODY) from Type 1 diabetes. Diabet. Med. 2011; 28:1028–1033. 
[PubMed: 21395678] 

36. Jones AG, Hattersley AT. The clinical utility of C-peptide measurement in the care of patients with 
diabetes. Diabet. Med. 2013; 30:803–817. [PubMed: 23413806] 

37. American Diabetes Association. Standards of medical care in diabetes--2014. Diabetes Care. 2014; 
37(Suppl 1):S14–80. [PubMed: 24357209] 

38. van, Leeuwen N.; Nijpels, G.; Becker, ML., et al. A gene variant near ATM is significantly 
associated with metformin treatment response in type 2 diabetes: a replication and meta-analysis 
of five cohorts. Diabetologia. 2012; 55:1971–1977. [PubMed: 22453232] 

39. GoDARTS and UKPDS Diabetes Pharmacogenetics Study Group, Wellcome Trust Case Control 
Consortium 2. Zhou K, et al. Common variants near ATM are associated with glycemic response 
to metformin in type 2 diabetes. Nat. Genet. 2011; 43:117–120. [PubMed: 21186350] 

40. Florez JC, Jablonski KA, Taylor A, et al. The C allele of ATM rs11212617 does not associate with 
metformin response in the Diabetes Prevention Program. Diabetes Care. 2012; 35:1864–1867. 
[PubMed: 22751958] 

41. Graham GG, Punt J, Arora M, et al. Clinical pharmacokinetics of metformin. Clin. Pharmacokinet. 
2011; 50:81–98. [PubMed: 21241070] 

42. Shu Y, Brown C, Castro RA, et al. Effect of genetic variation in the organic cation transporter 1, 
OCT1, on metformin pharmacokinetics. Clin. Pharmacol. Ther. 2008; 83:273–280. [PubMed: 
17609683] 

43. 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; 117:1422–1431. [PubMed: 17476361] 

44. Tzvetkov MV, Vormfelde SV, Balen D, et al. The effects of genetic polymorphisms in the organic 
cation transporters OCT1, OCT2, and OCT3 on the renal clearance of metformin. Clin. Pharmacol. 
Ther. 2009; 86:299–306. [PubMed: 19536068] 

45. 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; 58:1434–1439. [PubMed: 19336679] 

46. Jablonski KA, McAteer JB, de Bakker PI, et al. Common variants in 40 genes assessed for diabetes 
incidence and response to metformin and lifestyle intervention in the diabetes prevention program. 
Diabetes. 2010; 59:2672–2681. [PubMed: 20682687] 

Kleinberger and Pollin Page 14

Ann N Y Acad Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Becker ML, Visser LE, van Schaik RH, et al. 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; 58:745–749. [PubMed: 19228809] 

48. Inagaki N, Gonoi T, Clement JP 4th, et al. Reconstitution of IKATP: an inward rectifier subunit 
plus the sulfonylurea receptor. Science. 1995; 270:1166–1170. [PubMed: 7502040] 

49. Florez JC, Jablonski KA, Kahn SE, et al. Type 2 diabetes-associated missense polymorphisms 
KCNJ11 E23K and ABCC8 A1369S influence progression to diabetes and response to 
interventions in the Diabetes Prevention Program. Diabetes. 2007; 56:531–536. [PubMed: 
17259403] 

50. Lang VY, Fatehi M, Light PE. Pharmacogenomic analysis of ATP-sensitive potassium channels 
coexpressing the common type 2 diabetes risk variants E23K and S1369A. Pharmacogenet 
Genomics. 2012; 22:206–214. [PubMed: 22209866] 

51. Sato R, Watanabe H, Genma R, et al. ABCC8 polymorphism (Ser1369Ala): influence on severe 
hypoglycemia due to sulfonylureas. Pharmacogenomics. 2010; 11:1743–1750. [PubMed: 
21142918] 

52. Sesti G, Laratta E, Cardellini M, et al. The E23K variant of KCNJ11 encoding the pancreatic beta-
cell adenosine 5'-triphosphate-sensitive potassium channel subunit Kir6.2 is associated with an 
increased risk of secondary failure to sulfonylurea in patients with type 2 diabetes. J. Clin. 
Endocrinol. Metab. 2006; 91:2334–2339. [PubMed: 16595597] 

53. Pearson ER, Donnelly LA, Kimber C, et al. Variation in TCF7L2 influences therapeutic response 
to sulfonylureas: a GoDARTs study. Diabetes. 2007; 56:2178–2182. [PubMed: 17519421] 

54. Sesti G, Marini MA, Cardellini M, et al. The Arg972 variant in insulin receptor substrate-1 is 
associated with an increased risk of secondary failure to sulfonylurea in patients with type 2 
diabetes. Diabetes Care. 2004; 27:1394–1398. [PubMed: 15161794] 

55. Holstein A, Plaschke A, Ptak M, et al. Association between CYP2C9 slow metabolizer genotypes 
and severe hypoglycaemia on medication with sulphonylurea hypoglycaemic agents. Br. J. Clin. 
Pharmacol. 2005; 60:103–106. [PubMed: 15963101] 

56. Zhou K, Donnelly L, Burch L, et al. Loss-of-function CYP2C9 variants improve therapeutic 
response to sulfonylureas in type 2 diabetes: a Go-DARTS study. Clin. Pharmacol. Ther. 2010; 
87:52–56. [PubMed: 19794412] 

57. McLeod JF. Clinical pharmacokinetics of nateglinide: a rapidly-absorbed, short-acting 
insulinotropic agent. Clin. Pharmacokinet. 2004; 43:97–120. [PubMed: 14748619] 

58. Kalliokoski A, Neuvonen M, Neuvonen PJ, et al. Different effects of SLCO1B1 polymorphism on 
the pharmacokinetics and pharmacodynamics of repaglinide and nateglinide. J. Clin. Pharmacol. 
2008; 48:311–321. [PubMed: 18187595] 

59. Cheng Y, Wang G, Zhang W, et al. Effect of CYP2C9 and SLCO1B1 polymorphisms on the 
pharmacokinetics and pharmacodynamics of nateglinide in healthy Chinese male volunteers. Eur. 
J. Clin. Pharmacol. 2013; 69:407–413. [PubMed: 22842957] 

60. Yu W, Hu C, Zhang R, et al. Effects of KCNQ1 polymorphisms on the therapeutic efficacy of oral 
antidiabetic drugs in Chinese patients with type 2 diabetes. Clin. Pharmacol. Ther. 2011; 89:437–
442. [PubMed: 21289621] 

61. Kirchheiner J, Meineke I, Muller G, et al. Influence of CYP2C9 and CYP2D6 polymorphisms on 
the pharmacokinetics of nateglinide in genotyped healthy volunteers. Clin. Pharmacokinet. 2004; 
43:267–278. [PubMed: 15005635] 

62. Tomalik-Scharte D, Fuhr U, Hellmich M, et al. Effect of the CYP2C8 genotype on the 
pharmacokinetics and pharmacodynamics of repaglinide. Drug Metab. Dispos. 2011; 39:927–932. 
[PubMed: 21270106] 

63. Yokoi T. Troglitazone. Handb. Exp. Pharmacol. 2010; (196):419–35. doi: 419-435. [PubMed: 
20020270] 

64. Singh S, Loke YK, Furberg CD. Long-term risk of cardiovascular events with rosiglitazone: a 
meta-analysis. JAMA. 2007; 298:1189–1195. [PubMed: 17848653] 

65. Lewis JD, Ferrara A, Peng T, et al. Risk of bladder cancer among diabetic patients treated with 
pioglitazone: interim report of a longitudinal cohort study. Diabetes Care. 2011; 34:916–922. 
[PubMed: 21447663] 

Kleinberger and Pollin Page 15

Ann N Y Acad Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



66. Chang TJ, Liu PH, Liang YC, et al. Genetic predisposition and nongenetic risk factors of 
thiazolidinedione-related edema in patients with type 2 diabetes. Pharmacogenet Genomics. 2011; 
21:829–836. [PubMed: 21934636] 

67. Kang ES, Park SY, Kim HJ, et al. Effects of Pro12Ala polymorphism of peroxisome proliferator-
activated receptor gamma2 gene on rosiglitazone response in type 2 diabetes. Clin. Pharmacol. 
Ther. 2005; 78:202–208. [PubMed: 16084854] 

68. Chen M, Hu C, Zhang R, et al. Association of PAX4 genetic variants with oral antidiabetic drugs 
efficacy in Chinese type 2 diabetes patients. Pharmacogenomics J. 2014; 14:488–492. [PubMed: 
24752311] 

69. Hruska MW, Amico JA, Langaee TY, et al. The effect of trimethoprim on CYP2C8 mediated 
rosiglitazone metabolism in human liver microsomes and healthy subjects. Br. J. Clin. Pharmacol. 
2005; 59:70–79. [PubMed: 15606443] 

70. Nauck MA. Incretin-based therapies for type 2 diabetes mellitus: properties, functions, and clinical 
implications. Am. J. Med. 2011; 124:S3–18. [PubMed: 21194578] 

71. 't Hart LM, Fritsche A, Nijpels G, et al. The CTRB1/2 locus affects diabetes susceptibility and 
treatment via the incretin pathway. Diabetes. 2013; 62:3275–3281. [PubMed: 23674605] 

72. Hertel JK, Johansson S, Raeder H, et al. Genetic analysis of recently identified type 2 diabetes loci 
in 1,638 unselected patients with type 2 diabetes and 1,858 control participants from a Norwegian 
population-based cohort (the HUNT study). Diabetologia. 2008; 51:971–977. [PubMed: 
18437351] 

73. Patel CJ, Chen R, Kodama K, et al. Systematic identification of interaction effects between 
genome- and environment-wide associations in type 2 diabetes mellitus. Hum. Genet. 2013; 
132:495–508. [PubMed: 23334806] 

74. Maruthur NM, Clark JM, Fu M, et al. Effect of zinc supplementation on insulin secretion: 
interaction between zinc and SLC30A8 genotype in Old Order Amish. Diabetologia. 2014; 
58:295–303. [PubMed: 25348609] 

75. Flannick J, Thorleifsson G, Beer NL, et al. Loss-of-function mutations in SLC30A8 protect against 
type 2 diabetes. Nat. Genet. 2014; 46:357–363. [PubMed: 24584071] 

76. Pollin TI, Damcott CM, Shen H, et al. A null mutation in human APOC3 confers a favorable 
plasma lipid profile and apparent cardioprotection. Science. 2008; 322:1702–1705. [PubMed: 
19074352] 

77. TG and HDL Working Group of the Exome Sequencing Project, National Heart, Lung,and Blood 
Institute. Crosby J, Peloso GM, et al. Loss-of-function mutations in APOC3, triglycerides, and 
coronary disease. N. Engl. J. Med. 2014; 371:22–31. [PubMed: 24941081] 

78. Fitzgerald K, Borodovsky A, Querbes W, et al. Abstract 7: A Subcutaneous, Potent and Durable 
RNAi Platform Targeting Metabolic Diseases, Genes PCSK9, ApoC3 and ANGPLT3. 
Arteriosclerosis, Thrombosis, and Vascular Biology. 2014; 34:A7–A7.

79. Florez JC, Jablonski KA, Bayley N, et al. TCF7L2 polymorphisms and progression to diabetes in 
the Diabetes Prevention Program. N. Engl. J. Med. 2006; 355:241–250. [PubMed: 16855264] 

80. Moore AF, Jablonski KA, McAteer JB, et al. Extension of type 2 diabetes genome-wide 
association scan results in the diabetes prevention program. Diabetes. 2008; 57:2503–2510. 
[PubMed: 18544707] 

81. Laaksonen DE, Siitonen N, Lindstrom J, et al. Physical activity, diet, and incident diabetes in 
relation to an ADRA2B polymorphism. Med. Sci. Sports Exerc. 2007; 39:227–232. [PubMed: 
17277585] 

82. Franks PW. Gene x environment interactions in type 2 diabetes. Curr. Diab Rep. 2011; 11:552–
561. [PubMed: 21887612] 

83. Franks PW, Pearson E, Florez JC. Gene-environment and gene-treatment interactions in type 2 
diabetes: progress, pitfalls, and prospects. Diabetes Care. 2013; 36:1413–1421. [PubMed: 
23613601] 

Kleinberger and Pollin Page 16

Ann N Y Acad Sci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


