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ABSTRACT
Objective: The escalation of type 2 diabetes (T2D) as 
a global health crisis necessitates a shift towards per-
sonalized medicine to optimize treatment efficacy and 
minimize adverse drug reactions (ADRs). This review 
article underscores the significant role of pharmacog-
enomics in refining T2D management. We explore the 
influence of genetic variations on the pharmacokinetics 
and pharmacodynamics of commonly used antidiabetic 
drugs, including metformin, sulfonylureas, thiazolidin-
ediones, DPP-4 inhibitors, and SGLT2 inhibitors. 
Materials and methods: A systematic review of existing 
literature was carried out, concentrating on studies 
exploring personalized medicine in T2D through phar-
macogenomics. The literature search encompassed 

databases such as Medline, Scopus, Web of Science 
(WOS), and PubMed. Key insights regarding the role of 
pharmacogenomics in managing T2D were compiled 
and analyzed.
Results and conclusions: The review highlights how 
genetic polymorphisms in drug transporters, metabo-
lizing enzymes, and drug targets correlate with vari-
ations in drug response and tolerance. We advocate 
for preemptive genotyping and integration of genetic 
data into clinical decision-making, which could revo-
lutionize patient care in T2D. The future of diabetes 
treatment lies in harnessing pharmacogenomic insights 
to tailor therapeutic regimens, thereby transitioning 
from a one-size-fits-all approach to a more nuanced, 
individualized treatment strategy. With advancements 
in genomic technologies and a reduction in genotyping 
costs, the implementation of genetic testing in routine 
clinical practice is becoming increasingly viable, signal-
ing a new era in the personalized management of T2D. 
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Introduction
Type 2 diabetes (T2D) remains a global epidemic, 

characterized by significant variability in individual re-
sponses to pharmacotherapy, complicating effective 
management and control. With the increasing preva-
lence of T2D worldwide, there is a pressing need for 
personalized treatment strategies that not only enhance 
therapeutic efficacy but also minimize adverse effects. 
In this context, pharmacogenomics (PGx) — the study 
of how genes affect a person’s response to drugs — 
emerges as a transformative approach to diabetes man-
agement. This review article delves into the potential 
of pharmacogenomics to tailor treatments based on 
genetic profiles, thus revolutionizing the paradigm of 
T2D management. 

Pharmacogenomics combines the disciplines of 
pharmacology and genomics to predict how individu-
als might respond to specific drugs based on their 
genetic makeup. It holds the promise of optimizing 
drug therapy by customizing medications in a way 
that maximizes efficacy and minimizes risk, thereby 
embodying the principles of personalized medicine. By 
analyzing the interplay between genetic variants and 
drug responses, pharmacogenomics aims to identify 
the most suitable drug and dosage for each patient, 
reducing the trial-and-error approach that is often 
prevalent in diabetes treatment.

The field of pharmacogenomics distinguishes itself 
from pharmacogenetics, although the terms are often 
used interchangeably. Pharmacogenetics focuses on 
the influence of single gene variants on drug response, 
traditionally examining monogenic effects, where varia-
tions in one gene can significantly impact how a patient 
metabolizes or responds to a drug. Common examples 
include variations in genes encoding drug-metabolizing 
enzymes like the CYP450 family, which significantly in-
fluence the metabolism of various antidiabetic drugs1.

Conversely, pharmacogenomics embraces a broad-
er scope, examining the effects of multiple genes (poly-
genic influences) and how they interact with environ-
mental and lifestyle factors to affect drug response. 
This comprehensive approach is particularly vital in T2D, 
where the disease mechanism and drug reactions are 
influenced by a complex network of genetic, environ-
mental, and lifestyle factors. Pharmacogenomics, there-
fore, seeks to understand these complex interactions 
on a genome-wide scale using advanced technologies 
such as genome-wide association studies (GWAS) [1].

However, the application of pharmacogenom-
ics in clinical practice faces significant challenges, 
including the need for large-scale studies to validate 

genetic markers of drug response and the integration 
of complex genetic data into practical treatment deci-
sions. Moreover, the variability in drug response genes 
across different populations highlights the necessity for 
diverse and inclusive research that ensures the global 
applicability of pharmacogenomic discoveries.

This review aims to explore the current landscape 
of pharmacogenomics research in T2D, highlight-
ing key genetic determinants of drug response, the 
integration of pharmacogenomic data into clinical 
practice, and future directions in this field. By advanc-
ing our understanding of genetic influences on drug 
efficacy and safety in T2D, pharmacogenomics not 
only promises to enhance individual patient care but 
also to facilitate broader advancements in the field of 
personalized medicine.

Types of genetic variation influencing 
drug response

In the context of T2D treatment, the impact of 
genetic variation on drug response is a critical con-
sideration for tailoring effective therapies. Genetic 
variations, or pharmacogenetic traits, influence drug 
efficacy and safety, dictating personalized treatment 
approaches. These variations can be broadly catego-
rized based on their frequency in the population, the 
number of base pairs involved, their location within 
the gene, and the effects on the encoded protein. 
In a groundbreaking study involving approximately 
150,000 individuals from 5 diverse ancestry groups, 
researchers have discovered 12 rare protein-truncating 
variants in the SLC30A8 gene, which is responsible for 
encoding the islet zinc transporter ZnT8. This gene was 
already known for a common variant that impacts T2D 
susceptibility and influences glucose and proinsulin 
levels. Notably, individuals carrying these truncating 
variants exhibited a significant 65% reduction in the 
risk of developing T2D, highlighting a novel protective 
genetic mechanism. Specifically, Icelandic carriers of 
a frameshift variant (p.Lys34Serfs*50) showed nota-
bly lower glucose levels, underscoring the potential of 
targeting ZnT8 for T2D prevention. This discovery pro-
vides robust human evidence that contradicts previous 
animal models, suggesting that inhibiting ZnT8 could 
be a viable therapeutic strategy for reducing T2D risk 

[2]. This insight not only advances our understanding 
of genetic influences on diabetes but also opens new 
avenues for therapeutic intervention. This section dis-
cusses how these genetic factors affect drug response 
and highlights the relevance of understanding these 
variations in the management of T2D.
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Frequency and commonality  
of pharmacogenetic variants

Pharmacogenetic variants differ greatly in their 
frequency within populations, which can significantly 
influence the selection pressure on these genes. For 
instance, variants involved in drug metabolism often 
have no noticeable impact until a drug is administered, 
leading to a lack of natural selection against potentially 
deleterious alleles. As a result, certain pharmacogenetic 
variants are remarkably common compared to those 
associated with severe genetic disorders. An example 
relevant to diabetes treatment is the variability in the 
CYP3A5 gene, where most individuals of European de-
scent carry non-functional alleles, whereas many from 
African descent have one or more functional alleles. 
This difference can affect the metabolism of drugs 
commonly used in diabetes management, such as sul-
fonylureas, which are metabolized by CYP enzymes [1].

Size and nature of genetic variations
Genetic variations influencing drug response 

include single-nucleotide variants (SNVs), which are 
alterations of a single base pair, and copy number vari-
ants (CNVs), which involve larger segments of DNA and 
can include whole genes. For example, the number of 
functional CYP2D6 enzyme variants a person has can 
vary widely, influenced by over 100 possible SNVs and 
CNVs that might delete or duplicate the gene. Such 
variability can affect the metabolism of many drugs 
used in diabetes care, altering their effectiveness and 
risk of adverse effects [1].

Impact on protein function  
and expression

Variations can also directly alter the amino acid 
sequence of proteins, potentially leading to gains or 
losses of function. For instance, the UGT1A1*28 variant, 
which features an additional TA repeat in the promoter 
region, is associated with reduced expression of the 
enzyme in the liver [3]. This variant not only influences 
drug metabolism but is also linked to Gilbert’s syn-
drome, a condition that may complicate drug therapy in 
diabetes due to elevated bilirubin levels. Understanding 
these genetic variations is crucial for anticipating drug 
responses in diabetic patients.

Pharmacogenomic haplotypes  
and their clinical implications

The complexity of pharmacogenomic effects is 
often encapsulated in haplotypes — a series of linked 
genetic variants that tend to be inherited together. 
Haplotypes can be more predictive of drug response 
than individual SNVs due to the combined effects of 

multiple linked variants. The “star allele” nomencla-
ture is used to describe these haplotypes concisely, 
with “1” typically indicating a functional allele. For 
example, the CYP3A51 allele indicates normal enzyme 
activity, crucial for the metabolism of certain diabetes 
medications, while CYP3A5*3, common in Europeans, 
indicates a loss of function, which can alter drug pro-
cessing and efficacy [4].

Implications for diabetes management
The identification and characterization of these 

genetic variants through association studies and 
genome-wide association studies (GWAS) provide 
critical insights into patient-specific drug metabolism 
profiles. However, these studies must be followed by 
functional characterizations to confirm the causative 
links between genetic variants and drug responses [1, 
4]. Moreover, the variations in linkage disequilibrium 
patterns across populations highlight the need for pop-
ulation-specific studies to ensure the generalizability of 
pharmacogenomic applications in diabetes treatment.

By integrating pharmacogenomic data into the 
clinical management of diabetes, healthcare providers 
can better predict patient responses to various thera-
peutic agents, optimizing treatment plans to achieve 
better glycemic control while minimizing adverse 
effects. This approach not only enhances individual 
patient care but also moves the field toward a more 
nuanced and effective management strategy for T2D.

The role of pharmacogenes  
in drug response

Pharmacogenes play a pivotal role in the body’s 
response to medications by determining drug effects 
and concentrations. These genes encode for enzymes, 
transporters, and drug targets that are integral to phar-
macokinetics — the movement of drugs through the 
body — and pharmacodynamics, which concerns the 
effects drugs have on the body. For instance, variations 
in the CYP2C9 gene affect the metabolism of Warfa-
rin, a widely used anticoagulant, which can lead to 
differences in drug efficacy and safety profiles among 
individuals. Likewise, genetic differences in SLCO1B1 
can alter the transport and hence the impact of simv-
astatin, which is used to control hyperlipidemia. These 
pharmacogenomic variations also extend to the drug 
targets themselves, such as VKORC1 with warfarin, 
where genetic differences can influence the drug’s 
anticoagulant effect. The intricacies of these interac-
tions become even more pronounced when consider-
ing adverse drug reactions, which can be categorized 
as immune-mediated or non-immune. For example, 
genetic variants in HLA-B5701 are associated with hy-
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persensitivity to abacavir, while variants in HLA-B5801 
are linked to severe skin reactions with allopurinol 

[5]. Such knowledge is instrumental in anticipating 
individual responses to pharmacotherapy, emphasiz-
ing the need for genetic screening prior to prescribing 
certain medications.

Genetic variability and drug metabolism
The genetic blueprint of an individual significantly 

influences their capacity to metabolize drugs. This pro-
cess is highly heritable, and certain genetic phenotypes 
are associated with varying degrees of metabolism 
efficiency, categorized as poor, intermediate, or nor-
mal metabolizers. A classic example is the CYP2C19 
gene, where different haplotypes, referred to as “star 
alleles,” can profoundly affect the enzyme’s function-
ality. The CYP2C191 allele is associated with normal 
function, whereas the CYP2C192 and 3 alleles result in 
no enzyme activity. Conversely, the CYP2C1917 allele 
leads to increased enzyme expression and potentially 
ultra-rapid drug metabolism. These genetic variations 
can have significant implications for the efficacy and 
safety of drugs metabolized by CYP2C19, such as 
certain anticonvulsants and antiplatelet agents [1]. 
Large-scale studies, including twin studies, have un-
derlined the genetic underpinnings of these metabolic 
traits, which has substantial ramifications for person-
alized medicine, especially in the context of diabetes, 
where pharmacotherapy is a cornerstone of disease 
management.

A framework for evaluating PGx  
in type 2 diabetes

To harness the full potential of pharmacogenomics 
in the context of T2D, a structured approach to evaluate 
its impact on drug therapy is essential. The provided 
framework delineates the variation in pharmacokinetic 
and pharmacodynamic responses, as well as genetic 
predisposition to diabetes itself. For example, the ge-
netic makeup affecting drug transport and metabolism 
can lead to variations in treatment efficacy, such as 
the intolerance seen in some patients to metformin, 
a first-line T2D medication. Similarly, the genetic fac-
tors contributing to the disease’s etiology, such as 
those influencing the risk of developing diabetes, have 
been linked to disparate pharmacogenomic effects in 
monogenic versus polygenic forms of diabetes. Large 
PGx effects are observed in monogenic diabetes due to 
the direct association with single-gene defects, while 
smaller PGx effects are seen with polygenic T2D. Ad-
ditionally, the genetic determinants of drug targets and 
downstream action can inform the selection of thera-
pies, such as sodium-glucose cotransporter-2 (SGLT2) 

inhibitors, where moderate PGx effects are possible [6]. 
This framework underscores the complexity of evaluat-
ing PGx in T2D and the necessity for a comprehensive 
understanding of genetic influences to optimize phar-
macotherapy for individual patients.

Together, these insights underscore the intricate 
connections between genetic variation and drug re-
sponse in T2D management. They provide a blueprint 
for integrating pharmacogenomic data into clinical 
practice, paving the way for more personalized, effec-
tive, and safe treatment strategies.

Genetic variability and its impact  
on metformin efficacy in type 2 diabetes

Metformin operates through complex pharma-
cokinetic processes influenced significantly by genetic 
polymorphisms in transporter genes. The absorption 
and distribution of metformin are mediated by various 
organic cation transporters (OCTs) and multidrug and 
toxin extrusion proteins (MATEs), which are encoded 
by the SLC22 and SLC47 gene families, respectively 

[7]. Notably, the SLC22A1 gene, encoding OCT1, plays 
a pivotal role in metformin’s hepatic uptake, with 
polymorphisms such as rs622342 significantly affect-
ing therapeutic efficacy in different ethnic groups. For 
instance, this polymorphism has been associated with 
varied responses in South Indian and Chinese patients 
with T2D, indicating a differential impact on metform-
in’s glucose-lowering effect [8, 9].

Furthermore, the impact of genetic variations 
extends to other transporter genes like SLC22A2 and 
SLC22A3, which encode OCT2 and OCT3, respectively. 
These transporters facilitate the renal and hepatic up-
take of metformin. Studies have shown that polymor-
phisms in these genes can alter the pharmacokinetics 
of metformin, influencing its clearance from the blood-
stream and consequently its efficacy in lowering blood 
glucose levels. For example, the SLC22A2 808G>T vari-
ant has been observed to enhance the glucose-lowering 
efficiency of metformin in Chinese patients by delaying 
its renal transport [10].

Moreover, the SLC47A1 and SLC47A2 genes, en-
coding MATE1 and MATE2, are crucial for the excretion 
of metformin into urine and bile. Polymorphisms in 
these genes, such as SLC47A1 rs2289669, have been 
linked to significant differences in metformin response, 
with some variants associated with improved glycemic 
control through delayed renal elimination or increased 
basal glucagon-like peptide-1 (GLP-1) levels [11, 12]. 
Understanding these genetic influences is essential 
for tailoring metformin therapy to individual patients, 
potentially enhancing therapeutic outcomes and mini-
mizing side effects.
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Table 1 provides an overview of how different 
polymorphisms in key transporter genes can influence 
the effectiveness of metformin in managing T2D across 
various ethnic groups, highlighting the importance of 
personalized medicine.

Genetic influences on sulfonylurea  
efficacy and metabolism  
in type 2 diabetes management

Sulfonylureas are a critical class of medications used 
in the management of T2D by enhancing insulin secre-
tion. This class of drugs operates by targeting and closing 
the ATP-sensitive potassium channels (KATP channels) 
located on the membranes of pancreatic beta cells. These 
channels are composed of 2 main subunits: sulfonylurea 
receptor 1 (SUR1), which is encoded by the ABCC8 gene, 
and the inward-rectifier potassium ion channel (Kir6.2), 
encoded by the KCNJ11 gene. The closure of these chan-
nels leads to cellular depolarization and subsequent in-
sulin release via calcium channel activation [13].

Significant genetic variations in these target 
genes, such as the ABCC8 gene, can markedly influ-
ence the response to sulfonylurea drugs. For instance, 
the Ser1369Ala polymorphism in the ABCC8 gene 
has been associated with differential therapeutic ef-
ficacy in various ethnic populations [14]. Research has 
demonstrated that this specific variant can impact the 
effectiveness of gliclazide, a common sulfonylurea, 
with notable associations found in Chinese patients, 
suggesting a significant modulation of drug response 
based on genetic makeup [15, 16]. However, other 
studies have provided conflicting results, indicating 

that the same polymorphism might not universally 
affect the response to sulfonylurea treatment across 
different populations [13].

In addition to the SUR1 gene, the KCNJ11 gene 
encoding Kir6.2 also exhibits polymorphisms that af-
fect sulfonylurea efficacy. The E23K variant of KCNJ11 
is particularly noteworthy; studies have shown it can 
influence both the risk of hypoglycemia and overall 
therapeutic response to sulfonylureas. For example, 
this polymorphism was associated with higher HbA1c 
reduction following gliclazide treatment in Caucasian 
populations and varied responses in treatment efficacy 
and hypoglycemia risk among different ethnic groups 
[15, 17].

Furthermore, the metabolism of sulfonylureas is 
predominantly facilitated by the cytochrome P450 en-
zymes, specifically CYP2C9, in the liver. Polymorphisms 
in the CYP2C9 gene, such as the *2 and *3 variants, 
have been found to significantly alter the pharmacoki-
netics of sulfonylureas. These genetic variants can lead 
to higher drug concentrations and prolonged drug 
activity, thereby modifying the risk of therapy failure 
and potentially enhancing glycemic control in patients 
treated with these drugs [18].

These insights underscore the crucial role of ge-
netic profiling in optimizing the management of T2D 
with sulfonylureas. Understanding individual genetic 
differences in the ABCC8, KCNJ11, and CYP2C9 genes 
provides a foundational basis for personalized medi-
cine approaches, aiming to tailor treatments according 
to patient-specific genetic backgrounds to maximize 
therapeutic efficacy and minimize adverse effects.

Table 1. The Impact of Genetic Polymorphisms on Metformin Pharmacokinetics and Therapeutic Response

Gene Protein Function in Metformin 

transport

Polymorphism Impact on metformin response Notable ethnic  

variation

SLC22A1 OCT1 Hepatic uptake of met-

formin

rs622342 Affects therapeutic efficacy; linked to 

varied glucose-lowering effects

Significant in South 

Indian, Chinese

SLC22A2 OCT2 Renal uptake of met-

formin

808G>T Enhances glucose-lowering efficiency 

by delaying renal transport

Notable in Chinese

SLC22A3 OCT3 Uptake in intestine and 

liver

Various Influence on therapeutic efficacy varies 

with specific polymorphisms

Varies by ethnicity

SLC47A1 MATE1 Excretion into urine 

and bile

rs2289669 May improve glycemic control through 

delayed renal elimination

Varied responses in dif-

ferent populations

SLC47A2 MATE2 Renal excretion of met-

formin

Various Linked to changes in HbA1c levels and 

treatment failure rates

Significant in diverse 

populations

SLC29A4 PMAT Intestinal absorption of 

metformin

Various Associated with gastrointestinal intoler-

ance and renal clearance

Significant in Korean
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Genetic variability and glinide response 
in diabetes treatment

Glinides, notably repaglinide, are medications 
used to stimulate insulin release in diabetic patients 
by targeting the ATP-sensitive potassium (KATP) chan-
nels on pancreatic β-cell membranes. These channels 
consist of SUR1 and Kir6.2 subunits, encoded by 
the ABCC8 and KCNJ11 genes, respectively. Detailed 
pharmacogenomic research indicates that specific 
genetic variants in these genes markedly influence 
the therapeutic response to glinides. Specifically, the 
ABCC8 rs1801261 single nucleotide polymorphism 
(SNP) exhibits variable effects based on its alleles; 
patients with the CT genotype show significant reduc-
tions in fasting plasma glucose (FPG) and hemoglobin 
A1c (HbA1c) levels compared to those with the more 
common CC genotype [19, 20]. Additionally, the CC 
genotype of the ABCC8 rs1799854 SNP is linked to 
improved insulin sensitivity, as shown by lower values 
in the homeostasis model assessment of insulin resist-
ance (HOMA-IR). Similarly, for the KCNJ11 E23K variant 
(rs5219), individuals carrying the K allele (either E/K 
or K/K genotypes) have significantly reduced HbA1c 
and postprandial glucose levels, indicating a more 
favorable pharmacological response to repaglinide 
[21, 22]. These findings emphasize the necessity of 
integrating genetic testing into the treatment plan-
ning for diabetes, as they confirm that genetic poly-
morphisms can substantially alter drug efficacy and 
patient outcomes. This tailored approach to diabetes 
management could lead to more precise and effective 
treatment strategies, enhancing therapeutic success 
rates and patient quality of life.

Pharmacogenomic insights into  
thiazolidinediones

The pharmacogenomics of thiazolidinediones 
(TZDs), which encompasses pioglitazone and rosigli-
tazone, has garnered attention due to its impact on 
the therapeutic outcomes in T2D management. These 
drugs, functioning as insulin sensitizers, are metabo-
lized primarily by cytochrome P450 enzymes, particular-
ly CYP2C8. Notably, the CYP2C83 haplotype, character-
ized by rs11572080 and rs10509681 polymorphisms, 
is associated with a decreased rosiglitazone area under 
the curve (AUC) and an altered risk of edema, while the 
CYP2C811 variant, marked by the rs78637571 stop-
gain mutation, heightens rosiglitazone bioavailability. 
The rs11572103 variant, indicative of CYP2C8*2, also 
influences pioglitazone pharmacokinetics, particularly 
in African Americans [23, 24]. PPARG, the target re-
ceptor for TZDs, harbors the Pro12Ala polymorphism 
(rs1801282), consistently linked with a lower T2D risk 
and improved responses to pioglitazone, as shown by 
enhancements in fasting glucose, HbA1c, and triglyc-
erides, although some studies contest this association. 
PPARGC1A variants such as Thr394Thr (rs2970847) 
and Gly482Ser (rs8192678) have been shown to have 
an influence on rosiglitazone response in Chinese T2D 
patients, but with no significant effect noted with pi-
oglitazone [25, 26]. In the adiponectin encoding gene 
ADIPOQ, the rs266729 variant upstream of the gene 
correlates with better pioglitazone response, and the 
synonymous T45G polymorphism (rs2241766) is as-
sociated with pioglitazone response in Southern Chi-
nese T2D patients. The intronic SNP rs1501299 also 
associates with fasting glucose and HbA1c reductions 

Table 2. Pharmacogenomic Variants and Their Clinical Impact on Thiazolidinedione Therapy in Type 2 Diabetes [29]

Gene SNP Alleles Clinical significance of variant Adverse effect

CYP2C8 rs10509681 C/T Influences pharmacokinetics of TZDs, related to edema Edema

rs78637571 C/A Affects rosiglitazone pharmacokinetics, associated with hypoglycemia Hypoglycemia

rs11572103 A/T Modulates pioglitazone pharmacokinetics  —

rs11572080 A/G Alters rosiglitazone response and risk of edema Edema

PPARG rs1801282 C/G Associated with TZD response, impacts FPG, HbA1c, TG  —

PPARGC1A rs8192678 A/G Influences response to rosiglitazone  —

rs2970847 C/T Related to rosiglitazone response  —

ADIPOQ rs266729 C/G Related to improved TZD response, affects FPG, HbA1c  —

rs2241766 A/C Associated with rosiglitazone response, impacts FPG, HbA1c  —

rs1501299 G/T Linked to changes in fasting glucose and HbA1c post-rosiglitazone therapy  —

FPG — fasting plasma glucose; HbA1C — glycated hemoglobin; SNP — single nucleotide polymorphisms; TG — triglycerides; TZDs — thiazolidinediones
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post-rosiglitazone therapy [27, 28]. These genetic find-
ings inform the pharmacogenomic landscape of TZD 
responsiveness, indicating the potential of personalized 
medicine in enhancing the management of T2D by tai-
loring treatments based on individual genetic profiles.

Table 2 is simplified for clarity and focuses on the 
clinical implications of the genetic variants on the ef-
ficacy and side effects of TZD therapy in patients. The 
term “—” is used where there is no direct adverse effect 
mentioned or the effect is not clearly defined.

Genetic determinants of response to DPP-4 inhibi-
tors and GLP-1 receptor agonists

In the treatment landscape of T2D, dipeptidyl 
peptidase 4 (DPP-4) inhibitors and GLP-1 receptor ago-
nists have emerged as effective modalities, known for 
their low hypoglycemia risk and beneficial impact on 
patients’ quality of life. These agents exploit the incre-
tin pathway: DPP-4 inhibitors prolong the activity of 
incretins like GLP-1 and gastric inhibitory polypeptide 
(GIP) by preventing their rapid degradation, while GLP-1 
receptor agonists directly stimulate the GLP-1 receptor, 
enhancing glucose-mediated insulin secretion.

Polymorphisms within the genes encoding the 
GIP receptor (GIPR) have been identified, such as 
rs13306399 (Cys46Ser), which alters GIP binding, and 
rs13306403 (Arg316Leu), which reduces GIP sensitiv-
ity in beta cells [30]. The rs1800437 polymorphism is 
linked to cardiovascular disease incidence and affects 
the receptor’s signaling dynamics, with implications for 
incretin-based therapies [31]. Additionally, the intronic 
variant rs10423928 in the GIPR gene may influence 
the receptor’s function and has been associated with 
changes in glucose levels and body composition mark-
ers in response to incretin effects [32].

For the GLP-1 receptor, the rs367543060 
(Thr149Met) variant is noteworthy for its functional 

impact in vitro and on insulin response to GLP-1 in 
vivo [33]. The rs6923761 (Gly168Ser) SNP presents 
a complex picture: it is associated with a reduced 
insulin response to GLP-1, but it predicts greater effi-
cacy of liraglutide treatment and favorable changes in 
weight and metabolic profiles. The haplotype including 
rs6923761 and rs10305420 (Pro7Leu) further illustrates 
the nuanced genetic impact on treatment efficacy with 
liraglutide [34]. Other variants such as rs3765467 (Arg-
131Gln) and rs10305492 (Ala316Thr) have been linked 
to beta-cell responsiveness and fasting glucose levels, 
respectively.

KCNQ1 gene polymorphisms also exhibit associa-
tions with GLP-1 and GIP release and responses to DPP-4 
inhibitor treatment, as exemplified by the rs163184 G 
allele’s association with lower HbA1c reduction. This 
reflects findings across different ethnicities and un-
derscores the gene’s role in both incretin release and 
insulin secretion.

Notably, TCF7L2, which may influence GLP-1 
synthesis, harbors variants such as rs7903146 and 
rs12255372 that could attenuate GLP-1 action on 
beta cells [35], as shown by differential responses to 
the DPP-4 inhibitor linagliptin. This finding, however, 
is not uniformly supported across studies.

These genetic insights accentuate the importance 
of personalized medicine in T2D. By understanding 
the genetic determinants that modulate the response 
to DPP-4 inhibitors and GLP-1 receptor agonists, clini-
cians can better tailor treatments, improving efficacy 
and minimizing adverse effects, thereby advancing the 
paradigm of individualized therapy in diabetes care.

Table 3 encapsulates genetic variations that have 
been identified as influencing the efficacy and re-
sponse to DPP-4 inhibitor therapy and GLP-1 receptor 
agonists. The GIPR gene’s SNPs have been associated 

Table 3. Genetic Variants Influencing Response to DPP-4 Inhibitors and GLP-1 Receptor Agonist Therapies in Type 2 Dia-
betes [29]

Gene SNP Alleles Chromosomal  

region

Molecular function Clinical impact on therapy

GIPR rs13306399 C/G 19q13.32 Missense Cys46Ser Alters GIP binding, affects GIP sensitivity

GIPR rs13306403 G/T 19q13.32 Missense Arg316Leu Decreases GIP sensitivity

GIPR rs1800437 C/G 19q13.32 Missense Glu354Gln Reduces GIPR signaling, linked to CVD

GLP1R rs10305420 C/T 6p21.2 Missense Pro7Leu Modulates response to liraglutide

GLP1R rs6923761 A/G 6p21.2 Missense Gly168Ser Influences DPP-4i efficacy, alters liraglutide response

KCNQ1 rs163184 C/A 11p15.4 – Affects HbA1c reduction from DPP-4i treatment

TCF7L2 rs7903146 C/T 10q25.2 – May reduce GLP-1 action on beta cells, influences 

response to linagliptin

CVD — cardiovascular disease; DPP-4i — dipeptidyl peptidase 4 inhibitor; GIP — gastric inhibitory polypeptide; GIPR — gastric inhibitory polypeptide recep-
tor; GLP-1 — glucagon-like peptide-1; SNP — single nucleotide polymorphisms
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with variations in the sensitivity and expression of GIP, 
which are essential for the incretin effect utilized by 
these therapeutic agents. Variants in the GLP1R gene, 
such as rs10305420 and rs6923761, show differential 
responses to liraglutide treatment and general DPP-4 
inhibitor responses, influencing therapy outcomes. 
The KCNQ1 and TCF7L2 gene variants also play a role 
in treatment efficacy, indicating potential areas where 
personalized medicine can optimize T2D management 
by considering individual genetic backgrounds. Ad-
verse effect like cardiovascular disease (CVD) is noted 
as a concern for the rs1800437 SNP in the GIPR gene.

SGLT2 inhibitors: a shift in diabetes mana-
gement and pharmacogenomic insights

SGLT2 inhibitors represent a significant advance-
ment in the management of T2D, providing a mecha-
nism to lower glucose levels with a lower risk of hy-
poglycemia and improving life quality for patients. 
Initially discovered through phlorizin, a non-selective 
SGLT inhibitor derived from apple tree bark, the devel-
opment of selective SGLT2 inhibitors like dapagliflo-
zin, canagliflozin, empagliflozin, and ertugliflozin has 
revolutionized diabetes therapy. These modern drugs, 
structurally related to phlorizin, have minimal adverse 
effects and have proven to be highly effective in en-
hancing glycemic regulation and inducing weight loss 
through increased glucose elimination in urine.

Dapagliflozin stands out as a potent, orally active 
SGLT2 inhibitor that competes with glucose at the 
renal binding site, thereby blocking glucose reabsorp-
tion and promoting its excretion. This process is dose-

dependent, leading to significant glucose excretion 
and serum uric acid reduction, with a noted oral bio-
availability of 78% [36]. Despite its benefits, the use of 
dapagliflozin is carefully monitored due to possible side 
effects such as genital infections, vertigo, hypotension, 
and potential renal function deterioration. The drug’s 
metabolism primarily involves oxidative reactions and 
glucuronidation, excluding the involvement of CYP 
isoenzymes, and its elimination is facilitated through 
both renal and biliary pathways.

Pharmacogenetic studies have delved into the 
interindividual variations in response to dapagliflozin. 
Notably, the WFS1 gene, coding for a transmembrane 
protein implicated in cellular homeostasis and calcium 
signaling, has been associated with weight loss in pa-
tients treated with dapagliflozin [37, 38]. Another gene, 
PNPLA3, related to lipid metabolism and NAFLD risk, 
has shown an interaction with the treatment’s efficacy, 
especially regarding liver fat content [39].

Canagliflozin, another FDA-approved SGLT2 inhibi-
tor, has been linked to a reduced risk of cardiovascular 
events and end-stage kidney disease. Its glucose-low-
ering action is dose-dependent, and its oral bioavail-
ability is 65%. Metabolized into inactive O-glucuronide 
metabolites by UGT1A9 and UGT2B4, canagliflozin is 
also affected by genetic polymorphisms that influence 
the rate of glucuronidation and therapeutic responses. 
For instance, carriers of the UGT1A9*3 allele exhibit 
increased plasma exposure to the drug, suggesting 
a heightened sensitivity [40, 41].

Empagliflozin, known for its high selectivity for 
SGLT2, is notable for reducing cardiovascular mor-

Table 4. Pharmacogenomic Influences on SGLT2 Inhibitor Efficacy and Metabolism [43]

Gene SNP (rs number) Clinical impact of genetic variation Drug association Notes on drug efficacy or 

metabolism

WFS1 rs10010131 Carriers of the A allele exhibit a decrease in 

body weight

Dapagliflozin Weight reduction more pro-

nounced in individuals with 

two A alleles

PNPLA3 rs738409 Associated with variations in liver fat content. 

CG/GG genotype linked with higher reduction 

in liver PDFF with combined therapy

Dapagliflozin + ome-

ga-3-carboxylic acids

Lower reduction in liver 

PDFF with dapagliflozin 

alone

UGT1A9 rs72551330 Higher dose-normalized steady-state AUC 

(AUC_ss) and lower M/P ratio for M5 metabo-

lite

Canagliflozin Indicates increased plasma 

exposure to canagliflozin in 

carriers

UGT2B4 rsNot provided Higher dose-normalized AUC_ss and lower M/P 

ratio for both metabolites

Not specified Suggests variation in me-

tabolism efficiency

SLC5A2 rs3116650, 

rs3116149, 

rs11646054

Changes in systolic blood pressure and fasting 

postprandial glucose levels

Empagliflozin Allelic variations correspond 

to changes in drug efficacy 

and metabolic response

AUC — area under curve; PDFF — proton density fat fraction; SNP — single nucleotide polymorphisms
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tality in T2D patients. The drug demonstrates high 
oral bioavailability and is extensively metabolized by 
UGT isozymes, with its pharmacokinetic and dynamic 
profiles being affected by genetic variants within the 
SLC5A2 gene, which can alter patient responses, includ-
ing blood pressure regulation and glucose levels [42].

In conclusion, the pharmacogenomics of SGLT2 
inhibitors highlight the crucial role of genetic varia-
tions in dictating drug responses and potential adverse 
effects in T2D management. Personalized medicine 
approaches, therefore, necessitate an integration of 
genetic testing to tailor treatments, mitigate risks, and 
optimize clinical outcomes in diabetes care.

Table 4 captures the genetic variants across differ-
ent genes that influence the pharmacodynamics and 
pharmacokinetics of various SGLT2 inhibitors. It high-
lights the impact of specific SNPs on clinical outcomes 
such as body weight, liver fat content, and metabolic 
changes such as glucose and uric acid levels. It is noted 
that while certain SNPs are directly linked to the me-
tabolism of the drugs (UGT1A9 and UGT2B4), others 
(WFS1, PNPLA3, and SLC5A2) influence the response 
to the drugs, demonstrating the complex nature of 
pharmacogenomics in diabetes treatment.

Embracing genomic diversity  
in diabetes care

As we decode the genetic intricacies underlying 
T2D, it is imperative to harness the power of pharma-
cogenetics to steer clinical decision-making towards 
a more personalized approach. The therapeutic land-
scape of T2D is complex, as is its genetic underpinning, 
but significant strides have been made to elucidate 
how genetic variability can influence treatment out-
comes.

Metformin: bridging genes  
and gastrointestinal tolerance

Metformin, the cornerstone of T2D management, 
presents a unique case where genetic variations in 
transporters like OCT1 (SLC22A1), PMAT (SLC29A4), 
and SERT (SLC6A4) significantly influence drug toler-
ance. Approximately 5–10% of patients experience 
gastrointestinal intolerance to metformin, which may 
stem from the high concentrations of the drug in the 
enterocytes, altered gut microbiota, or interference 
with bile acid reabsorption. Variants in the aforemen-
tioned transporters not only modulate the drug’s ab-
sorption and distribution but also the risk of intoler-
ance, underscoring the need for genetic considerations 
in metformin therapy.

Sulfonylureas and the KATP channel:  
a genetic conundrum 

Sulfonylureas operate by stimulating insulin secre-
tion via the KATP channel, but genetic variations like 
those in ABCC8/KCNJ11 and TCF7L2 influence their 
effectiveness and safety. The response to sulfonylu-
reas is significantly better in individuals with slower 
CYP2C9 metabolism, exemplifying how genetic factors 
can inform drug dosing and efficacy. The challenge 
remains in leveraging these insights to mitigate ad-
verse effects such as hypoglycemia while optimizing 
glycemic control.

Thiazolidinediones: navigating through 
genetic metabolism

For TZDs, the metabolic process governed by 
CYP2C8 and SLCO1B1 is critical. Genetic variants in-
fluencing these enzymes can modify the therapeutic 
effects and side effects of TZDs, as seen with rosiglita-
zone. This understanding could direct the choice of spe-
cific TZDs and predict weight gain responses in patients.

DPP-4 inhibitors: uncovering genotype-
-influenced efficacy 

DPP-4 inhibitors have shown variability in HbA1c 
reduction due to genetic differences near the CTRB1/2 
gene. This variance elucidates the potential for geno-
type-guided therapy for DPP-4 inhibitors, highlighting 
the nuanced interplay between genetic makeup and 
drug response.

Tailoring diabetes care by SGLT 2  
inhibitors with genetic insights 

Dapagliflozin, a SGLT2 inhibitor, offers an illustra-
tive case of the potential for tailored medication based 
on genetic insights. The WFS1 gene, associated with the 
regulation of cellular homeostasis, when bearing the 
rs10010131 variant, can predict the degree of weight 
loss a patient might experience with dapagliflozin. 
Similarly, the PNPLA3 gene, with its rs738409 SNP, has 
been linked with changes in liver fat content, suggest-
ing a nuanced interaction with dapagliflozin’s efficacy, 
particularly when combined with omega-3 carboxylic 
acids in patients with specific genotypes like CG/GG. In 
the metabolism of canagliflozin, genetic variants like 
UGT1A93 (rs72551330) and UGT2B42 demonstrate 
their significance by modulating drug exposure and 
metabolism, highlighting the profound impact genetic 
variations have on therapeutic outcomes. Empagliflo-
zin’s response is similarly influenced by genotypic varia-
tions in SLC5A2, with SNPs like rs3116650, rs3116149, 
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and rs11646054 linked to modifications in blood pres-
sure and glucose levels.

The dawn of preemptive genotyping
As the field progresses, the case strengthens for 

the implementation of preemptive genotyping, which 
could enable the embedding of genetic data within 
medical records. This advancement would transform 
clinical decision-making, providing healthcare profes-
sionals with valuable insights into genetic predisposi-
tions that may impact the choice and dosage of T2D 
medications. It underscores a shift towards a model in 
which genetic data informs the prescription process, 
aiming to enhance therapeutic benefits and reduce 
the risk of ADRs.

Conclusions 
A new paradigm in type 2 diabetes  
management

The future of diabetes treatment pivots on the 
integration of pharmacogenetics into the standard of 
care, marrying genetic data with clinical judgment to 
provide tailored treatments. While the genetic architec-
ture of T2D is complex, driven by multiple variants with 
small effects, the clinical relevance of pharmacogenetic 
interactions cannot be overlooked. The emergence of 
low-cost genotyping platforms has paved the way for 
preemptive genotyping, making it feasible to consider 
genetic factors in real-time prescribing decisions.

The successful adoption of this paradigm will 
require a concerted effort to standardize processes 
that facilitate the use of genetic information in clinical 
settings. With the incorporation of preemptive panel 
genotyping and clinical decision support tools that syn-
thesize genetic and phenotypic data, a future in which 
personalized medicine is the norm for T2D manage-
ment is within reach. The implications are profound: 
a redefined approach to diabetes care where therapy is 
finely tuned to the individual’s genetic profile, fulfilling 
the promise of truly personalized medicine in the era 
of pharmacogenomics.
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