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ABSTRACT

Diabetes is a major threat to people’s health and
has become a burden worldwide. Current drugs
for diabetes have limitations, such as different
drug responses among individuals, failure to
achieve glycemic control, and adverse effects.
Exploring more effective therapeutic strategies
for patients with diabetes is crucial. Currently
pharmacogenomics has provided potential for
individualized drug therapy based on genetic
and genomic information of patients, and has
made precision medicine possible. Responses
and adverse effects to antidiabetic drugs are
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significantly associated with gene polymor-
phisms in patients. Many new targets for dia-
betes also have been discovered and developed,
and even entered clinical trial phases. This
review summarizes pharmacogenomic evidence
of some current antidiabetic agents applied in
clinical settings, and highlights potential drugs
with new targets for diabetes, which represent a
more effective treatment in the future.
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Key Summary Points

The number of patients with diabetes is
increasing and diabetes has become a
threat to people’s health, but current
drugs for diabetes have limitations.

It is crucial to explore more effective
therapeutic strategies for diabetes.

Pharmacogenomics of current antidiabetic
agents has provided potential for
individualized drug therapy and drugs
with new targets for diabetes have
potential advantages, hopefully leading to
an effective treatment of diabetes.

Investigating pharmacogenomics of
current antidiabetic drugs in greater
depth, accumulating definite clinical
evidence, and developing more drugs
according to new targets for diabetes are
necessary in the future.

INTRODUCTION

Diabetes is a chronic, metabolic disease caused
by insufficient insulin secretion, insulin resis-
tance, or both. It can be divided into six types:
type 1 diabetes (T1D), type 2 diabetes (T2D),
hybrid forms of diabetes, other specific types,
unclassified diabetes, and hyperglycemia first
detected during pregnancy [1]. People with
diabetes are at a higher risk of clinical compli-
cations such as cardiovascular disease,
retinopathy, neuropathy, and kidney disease
due to high blood glucose levels [1, 2]. Accord-
ing to the International Diabetes Federation
(IDF), in 2019 there are 463 million adult
patients with diabetes worldwide, which is
about 9.3% of adults aged 20-79 years, and in
particular there were over 116 million adult
Chinese with diabetes; and the number of
patients with diabetes is still increasing [3].
Diabetes has become a threat to people’s health
and is a major global health and social concern.

Treatment of diabetes is a timely clinical issue.
In addition to diet modulation and adequate
exercise, antidiabetic drugs are vital approaches in
the clinical management of diabetes. Currently,
several hypoglycemic agents are used in the treat-
ment of diabetes, including insulin and insulin
analogues, sulfonylureas, biguanides, glinides,
thiazolidinediones, alpha-glucosidase inhibitors,
glucagon-like peptide 1 (GLP-1) receptor agonists,
dipeptidyl peptidase 4 (DPP4) inhibitors, and
sodium-glucose cotransporter 2 (SGLT2) inhibi-
tors [4]. However, almost half of patients with
diabetes cannot achieve treatment goals, including
glycemic control, even over 10 years [5-7]. As a
result of the multiple antihyperglycemic drugs
available and the fact that the same antidiabetic
agent can lead to various therapeutic responses,
and sometimes even serious adverse effects in each
individual, there is growing uncertainty regarding
the proper selection and screening of antidiabetic
agents. Therefore the American Diabetes Associa-
tion (ADA) and the European Association for the
Study of Diabetes (EASD) recommend applications
of individualized treatment and precision medi-
cine for diabetes [8, 9]. One way to achieve preci-
sion medicine and to guide proper use of
antidiabetic agentsis to provide medicine based on
genetic information of individuals through phar-
macogenomic approaches [10, 11]. In addition,
potential new drugs for diabetes continue to
emerge; in particular, those with new targets are
expected to offer more effective treatment for
diabetes.

Hence, this review will summarizes the
pharmacogenomics of major antidiabetic drugs
and some potential new targets for treating
patients with diabetes, and explore other more
effective treatments for diabetes. This article is
based on previously conducted studies and does
not contain any studies with human participants
or animals performed by any of the authors.

DIABETES DRUGS AND THEIR
THERAPEUTIC RESPONSES

Current pharmacologic therapy for diabetes
includes oral hypoglycemic agents and insulin.
Oral hypoglycemic drugs are divided into eight
categories: sulfonylureas, biguanides, glinides,
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thiazolidinediones, alpha-glucosidase inhibi-
tors, GLP-1 receptor agonists, DPP4 inhibitors,
and SGLT2 inhibitors [4]. Although these drugs
have relevant therapeutic effects on diabetes,
their long-term maintenance of the effect has
not been achieved, and their responses in indi-
viduals also show differences [12, 13]. More-
over, some agents produce adverse effects, such
as hypoglycemia, weight gain, gastrointestinal
discomfort, urogenital infections, discomfort at
the injection site, and heart failure [4, 9].

PHARMACOGENOMICS
FOR DIABETES MELLITUS

Both genetic factors and nongenetic factors con-
tribute to different drug responses in individuals.
Pharmacogenetics and pharmacogenomics study
the association between different drug responses
and genetic factors in each individual. Gene
polymorphisms determine expression levels of
drug receptors, transporters, metabolic enzymes,
and others, which might change drug pharma-
cokinetics and pharmacodynamics. Pharmaco-
genetics is an approach in which molecular
biomarkers such as single nucleotide polymor-
phisms (SNPs) are considered in diagnostics and
therapeutic decisions [14]. Pharmacogenomics
considers genetic factors of individuals, and
guides medication selection and more efficient
use of medication according to genomic and other
“omic” information, which can improve the effi-
cacy of pharmacotherapy and reduce risks of
adverse effects [15]. Thus, precision medicine is
the practice of providing tailored treatments for
patients on the basis of individual characteristics,
including genetic, environmental, and lifestyle
factors, and itis beneficial for overcoming existing
limitations of therapeutic interventions [14, 16].
Pharmacogenomics, which studies almost all
current antidiabetic agents, is becoming a more
effective approach to prevent, classify, manage,
and treat diabetes [11].

Biguanides

Metformin is a representative drug of bigua-
nides, and it is used as the first-line treatment

for T2D as well as an optimal monotherapy
option. Currently, the hypoglycemic mecha-
nism of metformin is still unclear, but it is
generally believed that metformin reduces
glycogen output in the liver and increases glu-
cose uptake by peripheral tissues such as mus-
cle, and in turn lowers the blood glucose
through regulating AMP-activated protein
kinase (AMPK) [17]. Moreover, increasing evi-
dence indicates that the gut likely contributes
to the antidiabetic action of metformin, as
metformin has been found to inhibit glucose
absorption in the small intestinal, increase
intestinal bile acid, and modulate the compo-
sition of the gut microbiota, thereby promoting
secretion of GLP-1 and reducing blood glucose
[18, 19]. Metformin is excreted directly through
bile and urine unchanged instead of undergoing
enzyme metabolism. Absorption and excretion
of metformin are accomplished through many
transporters [20]. Therefore, current studies of
the pharmacokinetics of metformin mostly
focus on transporters that are responsible for its
uptake and excretion, including organic cation
transporters (OCTs), multidrug and toxin
extrusion transporters (MATEs), and plasma
membrane monoamine transporters (PMATS).

Metformin and Transporter Genes

After taking metformin, it is first absorbed into
intestinal epithelial cells by PMAT and OCTS3,
and then transported into the blood by OCT1.
Subsequently, metformin binds to correspond-
ing receptors and exerts its effects on various
target cells through blood circulation. Met-
formin is transported to the liver by OCT1 and
OCT3, and then transferred into bile by the
MATE1 protein. Alternatively, metformin is
eliminated through the wurine pathway, in
which metformin is absorbed by OCT2 in the
kidney and transported into the urine by
MATE1 and MATE2 (Fig. 1).

OCT1, OCT2, and OCT3 are encoded by
SLC22A1, SLC22A2, and SLC22A3 genes,
respectively, and these proteins are responsible
for transfer and uptake of metformin. OCT1 is
involved in metformin absorption in entero-
cytes and hepatic uptake. The effect of SLC22A1
polymorphisms on metformin treatment has
been extensively studied with inconsistent

I\ Adis



2524

Diabetes Ther (2020) 11:2521-2538

| tract
" Metformin
LPMATT LOCTsj
LC29A4" SI.C22A
Epithelial cell g
locn T
SLC22A1
® Blood

1OCT1 J locfs L 1OCT2 L
'sLc22a1 ‘sLc224 SLC22A

MATE1

k\/lATE1 ATE‘ZL
SL A

_—

Fig. 1 The pharmacokinetic process of metformin and the
potential effect of its pharmacogenomic genes. After
entering the gastrointestinal tract, metformin in intestinal
endothelium is absorbed into intestinal epithelial cells by
PMAT (encoded by SLC2944) and OCT3 (encoded by
SLC22A3), and transported into blood by OCT1 (en-
coded by SLC22A1). When metformin gets to the liver,
OCT1 and OCT?3 in membranes of hepatocytes take it
up, and MATE]1 (encoded by SLC47A41) transports it into
the liver where it is ultimately eliminated with bile.
Metformin also is taken up into epithelial cells of the
kidney by OCT2 (encoded by SLC2242). MATEI and
MATE2 (encoded by SLC4742) are responsible for

excretion of metformin into urine

outcomes, likely due to the different races of the
individuals. SLC22A1 15622342 polymorphism
has been reported to be associated with thera-
peutic efficacy in South Indian patients with
T2D [21]. SLC22A1 and SLC47A1 variants,
1594709 and 1s2289669, respectively, may
simultaneously affect metformin efficacy in
Chinese patients with T2D [22]. Nonsynony-
mous variants of OCT1 in Chinese and Japanese
populations may also lead to differential
responses to metformin [23, 24]. On the other

hand, no significant association has been found
between the rs628031 variant of SLC22A1 and
the effect of metformin treatment in Iranian
patients with diabetes [25].

In addition, SLC22A1 variants of R61C
(rs12208357) and M420del (rs72552763) have
been shown to be associated with higher odds
of common metformin-induced gastrointestinal
adverse effect [26, 27]. SLC22A1 15622342,
1s628031, and 1s594709 polymorphisms are
significantly related to an increase in hemoglo-
bin Alc (HbAlc) levels in Mexican but not in
Jordanian patients with diabetes undergoing
metformin treatment [28, 29]. A study applying
novel imaging techniques has shown reduced
hepatic distribution in patients carrying
M420del (1s72552763) and R61C (rs12208357)
variants in SLC22A1 [30].

OCT2 (SLC22A2) is involved in transport of
metformin from the bloodstream into the kid-
ney, and mutations of OCT2 may affect clear-
ance of metformin from the blood. SLC22A2
808G>T variant has been observed to improve
glucose-lowering efficiency of metformin in
Chinese patients with T2D through delaying
transport of metformin into the kidney [31].
However, the effect of OCT2 gene polymor-
phisms on renal clearance of metformin has not
been confirmed in the Caucasian population
[32]. SLC22A2 15201919874 polymorphism is
associated with therapeutic efficacy of met-
formin with respect to HbAlc, random blood
glucose, and fasting plasma glucose (FPG) levels
in Pakistani patients [33]. Furthermore,
SLC22A2 15316019 increases average changes in
HbAlc levels in dominant and co-dominant
models in South Indian patients, but not in
Mexican and Caucasian patients with T2D
[29, 34, 35], while SLC22A2 rs10755577 and
other SNPs have no significant glycemic control
effects in Jordanian patients with T2D [28].

OCT3 (SLC22A3) is responsible for uptake of
metformin in the intestine and liver. SLC22A3
rs3088442G>A variant has shown a strong cor-
relation with metformin response in Pakistani
patients with T2D [36]. SLC22A3 rs12194182
SNP is associated with a lower mean HbAlc
level in Jordanian patients with T2D, but not in
male Caucasians [28, 32].
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MATE1 and MATE2 are multidrug and toxin
extrusion transporters encoded by SLC47A1 and
SLC47A2 genes, respectively. MATE1 is located
in the kidney and liver, and is responsible for
transporting metformin into urine and bile, and
for eliminating metformin. Population-based
cohort studies of patients with T2D have shown
that SLC47A1 152289669 polymorphism is rela-
ted to metformin responses, and carriers of the
AG or AA genotype have a maximal HbAlc
reduction, likely through delaying renal elimi-
nation of metformin or increasing basal GLP-1
[35, 37-40]. The AA genotype of both SLC47A1
(rs2289669) and SLC22A1 (rs594709) may
cooperate to increase efficacy of metformin, and
have a maximal glucose-lowering effect in Chi-
nese patients with T2D [22]. However, no asso-
ciation between the response to metformin and
the SLC47A1 (1s2289669) polymorphism has
been described in Indian and Mexican popula-
tions with T2D [29, 41].

MATE2, which is present in kidney tubules,
plays a role in metformin clearance by trans-
porting metformin into urine. Patients with
T2D and SLC47A2 rs12943590 polymorphism
GA genotype, especially those also carrying
SLC22A2 15316019 polymorphism GG geno-
type, show significantly increased average
changes in HbA1lc levels and decreased failure of
metformin treatment [34]. A study in patients
with newly diagnosed T2D from ethnically
diverse American populations has shown that
poorer glycemic responses to metformin are
significantly correlated with homozygous com-
mon 5'-untranslated region (5'-UTR) variant in
MATEZ2-K (an isoform of MATE2) [42].

PMAT is expressed in enterocytes, is encoded
by the SLC29A4 gene, and functions in the
intestinal absorption of metformin. Higher
odds of gastrointestinal intolerance have been
demonstrated in a significant proportion of
patients with T2D carrying the G allele in
SLC29A4 153889348 after metformin treatment
[26]. PMAT is also located in renal tubules and is
likely involved in renal tubular reabsorption of
metformin, as ¢.883-144A>G SNP (rs3889348)
in the SLC29A4 gene has shown significantly
increased renal clearance of metformin com-
pared to the wild-type gene in the Korean
population [43].

Metformin and Other Associated Genes
SLC2A2 encodes a glucose transporter 2
(GLUT2), which is responsible for glucose
release and may be a target of metformin to
reduce hepatic glucose output [20]. One C allele
of SLC2A2 1s8192675 SNP in patients with
newly diagnosed T2D has shown a large reduc-
tion in fasting glucose levels, and is related to
greater reduction of HbAlc in 10,577 partici-
pants of European ancestry undergoing met-
formin treatment [44, 45].

In summary, a better understanding of
polymorphisms of transporter genes for met-
formin in different races should assist more
efficient use of metformin and increase success
of diabetes treatment.

Sulfonylureas

Sulfonylureas play a role in glucose control by
promoting insulin secretion. Sulfonylureas
function through combining and closing pan-
creatic p-cell ATP-sensitive potassium channel
(Katp channel), which consists of sulfonylurea
receptor 1 (SUR1) and inward-rectifier potas-
sium ion channel (Kir6.2), and in turn leads to
depolarization of B-cell membranes as well as
opening of voltage-gated calcium channels that
are essential in insulin secretion. Sulfonylureas
include gliclazide, glibenclamide, glimepiride,
and glipizide. Most sulfonylureas are metabo-
lized by cytochrome P450 (CYP), a metabolic
enzyme in the liver. Mutations of genes
encoding for target receptors or metabolic
enzymes can affect responses to sulfonylureas in
patients with T2D (Fig. 2).

Sulfonylureas and Target Genes

SUR1, encoded by the ABCCS8 gene, is a protein
constituting the Karp channel. A significant
association between ABCCS Ser1369Ala poly-
morphisms and response to sulfonylureas has
been found by a novel association screening
method based on global probabilities in Mexi-
can patients [46]. The Ser1369Ala variant in the
ABCCS8 gene can influence the therapeutic effi-
cacy of gliclazide [47]. ABCC8 polymorphisms
in exon 16 and exon 31 are related to concen-
trations of HbAlc and triglyceride in patients

I\ Adis



2526 Diabetes Ther (2020) 11:2521-2538
\ Kr» channel (closed)
ABCC8, KCNJ11
K
fepolarization
o
400 Voltage-gated " . . ® o ¢
Blood b Pancreas Ca?* channel . Insulin .°
(opened) Catr granule o o ®
Insulin
Islet B cell

A,
@éé
Sulfonylureas Cytochrome P450 Inacti
nactive
w ———— i
’ P metabolites

Liver

Fig. 2 The action mechanism and metabolism of sulfony-
lureas and their potential pharmacogenomic genes. Sul-
fonylureas combine and close ATP-sensitive potassium
channel (Karp channel, encoded by ABCC8 gene and
KCNJI11 gene) in the membrane of pancreatic B-cells,

with T2D treated with sulfonylurea therapy
[48]. On the other hand, some studies indicate
that the Ser1369Ala (rs757110) variant in
ABCCS8 is not associated with severe hypo-
glycemia response to sulfonylurea treatment in
patients with T2D [49], and it is not related to
favorable glycemic control in patients treated
with glibenclamide [50].

KCNJ11 is located next to the ABCC8 gene
and encodes protein Kir6.2, which is another
subunit of the K,rp channel. The most studied
KCNJ11 SNPs are variants rs5219 (E23K) and
rs5215. A study among Caucasian patients has
shown that carriers of the K allele of KCNJ11
1s5219 polymorphism exhibit higher HbAlc
reduction after gliclazide treatment [51]. An
association between the KCNJ11 rs5219 variant
and effect of gliclazide treatment is also repor-
ted in the Chinese population [52]. One study
has shown a significant association between the
KCNJ11 15219 polymorphism and HblAc
reduction after sulfonylurea treatment in Mex-
icans, whereas another study shows no associ-
ation between KCNJI11 1s5219 variant and
glycemic control [46, 50]. However, KCNJ11

which leads to depolarization of membranes, and then
opens voltage-gated calcium channel. Ca®* influx stimu-
lates exocytosis of insulin granules. Sulfonylureas are
metabolized by cytochrome P450 (CYP2C9 gene) in the

liver

1s5219 and rs5215 polymorphisms have not
been found to alter risk of hypoglycemia among
patients with T2D treated with sulfonylurea
[49, 53]. One study has shown a lower risk of
severe hypoglycemia in patients with T2D and
KCNJj11 E23K polymorphism, and this variant
locus can reduce the response to sulfonylurea
therapy, which results in increased HbAlc [54].
The KCNJ11 rs5219 variant is associated with an
increased risk of sulfonylurea treatment failure
[55]. The KCNJ11 1s5219 variant is not associ-
ated with sulfonylurea therapy efficacy in Cau-
casian and Korean patients [48, 56].

Sulfonylureas and Other Associated Genes

The enzyme encoded by the CYP2C9 gene
belongs to the CYP superfamily and is involved
in metabolism of sulfonylureas. Some studies
have shown that CYP2C9 loss-of-function alle-
les (CYP2C9*2/*3 variants) are associated with
higher sulfonylurea levels and decreased risk of
therapy failure [57]. Recently, the CYP2C9*3
polymorphism was found to be associated with
favorable glycemic control in patients with T2D
treated with glibenclamide [50]. Although the
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aforementioned results have shown that
CYP2C9 polymorphisms are associated with
response to sulfonylureas, some results have
also demonstrated no significant difference
among patients with CYP2C9 variants on sul-
fonylurea treatment [49].

KCNQL1 is expressed in a wide variety of tis-
sues and encodes a pore-forming subunit of a
voltage-gated K channel (KVvLQT1) that plays a
crucial role in repolarization of the cardiac
action potential, and water and salt transport in
epithelial tissues. Genome-wide association
studies have reported that KCNQ1 is associated
with T2D. The KCNQI rs163184 variant was
found to markedly reduce FPG in patients with
diabetes on sulfonylurea treatment [58]. Two
studies from China revealed that KCNQI poly-
morphisms are associated with response to sul-
fonylurea therapy in patients with newly
diagnosed T2D [59, 60].

IRS1 encodes insulin receptor substrate 1
that plays a key role in the insulin receptor
signaling pathway. Some studies have found
that Caucasian patients with T2D with the IRS1
Arg972 (rs1801278) polymorphism have a sig-
nificantly increased risk of secondary failure to
sulfonylurea [61, 62]; IRS1 Arg972 carriers also
have significantly higher HbAlc levels [62].

The transcription factor 7 like 2 (TCF7L2)
gene is considered the strongest risk factor for
T2D. The gene encodes a transcription factor
that is involved in the WNT signaling pathway,
which is associated with pancreatic islet p-cells.
An association has been reported between its
common variants (rs7903146 and rs12255372)
and sulfonylurea treatment. TCF7L2 variants
influence response to sulfonylureas in patients
with T2D by reducing HbAlc and FPG levels,
which establishes that genetic variation could
predict response to therapy in T2D [63]. In
contrast, no significant differences are observed
in patients with T2D with TCF7L2 rs7903146
and 1s12255372 variants receiving sulfonylurea
treatment [50, 56].

Glinides

Glinides, a type of insulin secretagogue con-
sisting of repaglinide, nateglinide, and

mitiglinide, act on the Karp channel on the
pancreatic islet B-cell membrane to stimulate
insulin secretion and to reduce blood glucose
levels. The structure of the glinides class is dif-
ferent from that of sulfonylureas. Glinides exert
faster effects but with shorter duration than
sulfonylureas, even though they work by a
similar mechanism. Pharmacogenomics studies
on glinides have mainly focused on repaglinide
and has mostly been conducted in the Chinese
population.

Glinides and Target Genes

Glinides absorbed into the blood bind to the
Karp channel, which consists of SUR1 (encoded
by the ABCCS8 gene) and Kir6.2 (encoded by the
KCNJ11 gene). Patients carrying the CT geno-
type of the ABCC8 151801261 SNP exhibit sig-
nificant reduction in FPG and HbA1c compared
with those with the CC genotype [64]. Patients
with the homozygous CC genotype in the
exon 16-3 T/C variant (rs1799854) of the
ABCCS8 gene show reduced homeostasis model
assessment of insulin resistance (HOMA-IR),
suggesting that repaglinide improves insulin
sensitivity in these patients [65]. Moreover,
patients with the K allele of the KCNJ11 E23K
(rs5219) variant show significantly reduced
HbA1lc and postprandial plasma glucose (PPG)
levels compared with those with the homozy-
gous EE genotype, which indicates that E/K and
K/K genotypes are associated with more favor-
able responses to repaglinide in stimulating
insulin secretion [65]. Analogously, patients
with at least one A allele of the KCNJ11 rs5219
polymorphism have significantly decreased
PPG, FPG, and HbAlc levels [66].

Glinides and Transporter Gene

Before glinides are metabolized in the liver, they
are transported into hepatocytes by transporter
organic anion-transporting polypeptide 1B1
(OATP1B1) transporter, which is an organic
anion-transporting polypeptide encoded by the
solute carrier organic anion transporter family
member 1 (SLCO1B1) gene. SLCO1B1 ¢.521T>C
polymorphism is associated with increased Cpax
(peak plasma concentration) of repaglinide in
healthy Chinese and Caucasian volunteers
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[67, 68]. The effect of SLCO1B1 c¢.521T>C
polymorphism on increased Cp,x and area
under the curve of plasma concentration (AUC)
of repaglinide persists throughout relevant dose
ranges [69]. SLCO1B1*1B/*1B genotype shows a
strong correlation with lower plasma concen-
trations of repaglinide and higher clearance of
repaglinide in Finnish and Chinese individuals
[70, 71]. Moreover, the SLCO1B1 polymorphism
affects the extent of interactions between
OATP1B1 inhibitors and repaglinide in Chinese
individuals [68].

Glinides and Other Associated Genes

KCNQ1, also expressed in pancreatic islet B-
cells, encodes a voltage-gated K* channel and is
responsible for repolarization of the action
potential in cardiac muscle. Patients with the
1s2237892 T allele and rs2237895 C allele of the
KCNQ1 gene are more likely to have a favorable
response to repaglinide [72]. CT and TT geno-
types of the KCNQI rs2237892 polymorphism
are significantly associated with reduction in
FPG, PPG, HOMA-IR, HbAlc, and low-density
lipoprotein cholesterol (LDL-c), and with
increase in postprandial serum insulin (PINS)
compared with the homozygous CC genotype
[73]. Compared with other genotypes, lower 2-h
postprandial glucose levels are found in patients
with the TT genotype of the rs2237892 poly-
morphism [74].

TCF7L2 is a T2D susceptibility gene and is
associated with function of pancreatic p-cells.
Chinese patients with the TT genotype of the
TCF7L2 rs290487(C/T) polymorphism show a
more favorable response in terms of fasting
serum insulin, triglyceride, and LDL-c levels,
which may indicate that these polymorphisms
are more sensitive to repaglinide [66].

Thiazolidinediones

Thiazolidinediones, a class of peripheral insulin
sensitizer that consists of pioglitazone and
rosiglitazone, cooperate with nuclear peroxi-
some proliferator-activated receptory (PPARY)
in the peripheral tissue, and mediates tran-
scription of genes related to glucose metabo-
lism, and in turn enhances peripheral tissue

sensitivity to insulin to lower blood glucose
[75]. Thiazolidinediones modulate glucose but
do not target pancreatic islet p-cells.

Thiazolidinediones and Transporter Gene
SLCO1B1 encodes the hepatic drug transporter
OATP1B1, which may participate in transport-
ing thiazolidinediones from the blood into the
liver, and plays a role in thiazolidinedione
metabolism. The SLCOI1B1 521T>C variant
shows a substantial association with an
enhanced glycemic response in rosiglitazone-
treated patients with T2D, but no statistically
significant difference has been found in the
pharmacokinetics of thiazolidinediones in
healthy volunteers [76-78].

Thiazolidinediones and Target Gene

PPARy is a nuclear hormone receptor that is
encoded by the peroxisome proliferator-acti-
vated receptory gene (PPARG). The Prol2Ala
(rs1801282) polymorphism is the most com-
mon variation in the PPARG and also an asso-
ciated risk factor for T2D. A potential
association between the Prol2Ala polymor-
phism and better therapeutic response to
pioglitazone has been consistently reported in
different populations, including those from
South Indian, China, Iran, and menopausal
women in Mexico [79-82]. However, some
studies demonstrate statistically non-significant
differences between the response to thiazo-
lidinedione and the Prol2Ala polymorphism
(83, 84].

Other Antidiabetic Agents and Associated
Genes

Some other antidiabetic agents including o-
glucosidase inhibitors, GLP-1 receptor agonists,
DPP4 inhibitors, and SGLTZ2 inhibitors have not
shown strong pharmacogenomic evidence.
a-Glucosidase inhibitors, working as a
hypoglycemic drug for patients with T2D, act in
the intestinal tract and delay absorption of
complex carbohydrates by inhibiting a-glucosi-
dases in the upper gastrointestinal tract [85].
The STOP-NIDDM trial assessed the association
between treatment with acarbose, an «-
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glucosidase inhibitor, and PPAR-alpha (PPARA),
PPAR-gamma?2 (PPARGZ2), PPAR-gamma coacti-
vator lalpha (PPARGCI1A), and hepatic nuclear
factor 4alpha (HNF4A) SNPs without tests in
clinic [86].

GLP-1, an incretin hormone that can be
degraded by the DPP4 enzyme, stimulates
insulin secretion, inhibits glucagon secretion in
a glucose-dependent way, and delays gastric
emptying (GE) [87]. GLP-1 receptor is expressed
in a number of organs, such as the pancreas.
GLP-1 receptor agonists, including exenatide,
liraglutide, albiglutide, dulaglutide, lixisen-
atide, and semaglutide, are resistant to DPP4-
mediated inactivation and are applied to the
treatment of diabetes. The drug target gene
GLPIR is the main focus in pharmacogenetic
studies of GLP-1 receptor agonists. Some studies
have shown that the carriers of the A allele in
GLPIR 156923761 have a propensity for a greater
decrease in weight or a greater delay in GE after
treatment with GLP-1 receptor agonists [88, 89].
On the other hand, glycemic and weight
response to exenatide have been consistently
confirmed as an association with the GLPIR
1s6923761 variant in overweight patients with
T2D from China [90]. However, another study
indicates that GLPIR gene polymorphisms have
no significant correlations with the response of
treatment with GLP-1 analogue in patients with
T2D [91]. In addition, the gene TCF7L2
1s7903146 variant also shows inconsistent
results in pharmacogenetic studies of GLP-1
receptor agonists [88, 92].

The incretin hormones including GLP-1 and
glucose-dependent insulinotropic polypeptide
(GIP) are rapidly degraded by DPP4. DPP4
inhibitors including alogliptin, sitagliptin,
linagliptin, and vildagliptin promote insulin
secretion by preventing inactivation of the
incretin hormones. There are a few gene vari-
ants correlated to DPP4 inhibitor treatment.
Two studies among Caucasian patients have
shown that the GLPIR 156923761 (Gly168Ser)
variant is associated with a smaller reduction in
HbAlc after gliptin therapy [93, 94]. Genetic
variation of GLPIR rs3765467 is associated with
DPP4 inhibitor efficacy in Korean patients with
T2D [95]. Moreover, some other gene variants
are also reported to be associated with the

response to DPP4 inhibitors, including KCNJj11
152285676, KCNQI1 rs163184, and TCF7L2 vari-
ants [96-98].

As new antidiabetic drugs, SGLT2 inhibitors
including dapagliflozin, empagliflozin, ertugli-
flozin, and canagliflozin target and restrain
SGLT2, which is responsible for glucose reab-
sorption in the proximal renal tubule, and cause
loss of glucose through urine and a reduction in
serum glucose. SGLT2 is encoded by the SLC5A2
gene, but the SNPs of SLC5A2 have not shown a
significant association with response to treat-
ment with empagliflozin in a pharmacogenetic
study [99]. Uridine diphosphate glucuronosyl-
transferase (UGT) isozymes are involved in the
metabolic elimination pathway for SGLT2
inhibitors, and an increase in exposure of
plasma canagliflozin is observed in carriers with
UGT1A9*3 or UGT2B4*2 [100].

In summary, pharmacogenomics studies
conducted worldwide have involved almost all
current antidiabetic agents but have primarily
focused on commonly used drugs such as met-
formin and sulfonylureas. These findings indi-
cate that some gene polymorphisms are
significantly related to response to antidiabetic
drugs. Accumulating clinical studies, even
though showing variations, have provided new
research directions in precision medicine for
diabetes in the future.

POTENTIAL THERAPEUTIC DRUGS
WITH NEW TARGETS FOR DIABETES

[t is critical to improve the therapeutic effects of
current antidiabetic drugs, decrease the risk of
adverse effects, and even fundamentally reverse
the development of diabetes through discover-
ing and developing new targets. Currently,
many potential antidiabetic agents with new
targets are undergoing clinical trials; these
agents may become new treatment approaches
for diabetes and provide more therapeutic
options for patients with diabetes.
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Glucokinase Activators

Glucokinase (GK), which is mainly present in
pancreatic cells and hepatic cells, is a hexoki-
nase that phosphorylates glucose to glucose-6-
phosphate (G6P), which is a limiting step in
catalytic transformation. In the pancreas, glu-
cokinase senses and mediates glucose levels. It
also promotes insulin release and reduces glu-
cagon secretion when glucose concentration is
high. In the liver, glucokinase facilitates glucose
uptake and hepatic glycogen synthesis through
phosphorylation, thereby subsequently lower-
ing blood glucose. Glucokinase in hepatocytes
is inhibited by glucokinase regulatory protein
(GKRP). When blood glucose is too high or too
low, GKRP will release or bind to glucokinase,
which maintains glucose homeostasis [101]. In
general, activating glucokinase in the pancreas
and liver is beneficial in lowering blood glucose;
thus, glucokinase modulation could be a treat-
ment approach for diabetes.

As a potential diabetes treatment approach,
research attention has been paid to glucokinase
activators (GKAs). However, the existence of
adverse effects such as hypoglycemia, increased
triglycerides, and diminishing hypoglycemic
efficacy has hindered development of GKAs as
new drugs for diabetes [102, 103]. A dual-acting
full GKA, dorzagliatin (HMS5552), and a liver-
selective GKA, TTP399, have overcome these
limitations and demonstrated a favorable
hypoglycemic effect, adequate tolerance, and
improved safety profile as well as no weight
gain. Phase II clinical trials of both GKAs have
been successfully completed [103, 104-106].
Compared with currently available drugs, GKA
is a target in a novel and unique physiological
pathway and is expected to supplement current
agents.

11-p-Hydroxysteroid Dehydrogenase 1
Inhibitors

11-B-Hydroxysteroid dehydrogenase 1 (11-B-
HSD1), an enzyme mainly expressed in the liver
and adipose tissue, catalyzes the conversion of
inactive cortisone to active cortisol, which can
bind and activate the glucocorticoid receptor.

Excess systemic glucocorticoid results in visceral
obesity, insulin resistance, glucose intolerance,
dyslipidemia, hypertension, and increased car-
diovascular risk [107]. Numerous studies have
reported that 11-B-HSD1 expression and activity
in the adipose tissue and liver are associated
with obesity, insulin resistance, dyslipidemia,
and metabolic syndrome [107, 108]. Therefore,
11-B-HSD1 inhibitors might reduce cortisol and
glucocorticoid levels, and improve diabetes
management.

INCB013739, MKO0916, and selective inhibi-
tors PF-915275 and BI 135585 have entered
clinical trials, and have been found to be safe
and well tolerated in patients with diabetes
[108, 109]. In addition, in a diabetic mouse
model, the selective 11-p-HSD1 inhibitor INU-
101 enhanced insulin sensitivity, lowered fast-
ing blood glucose level, reduced body weight,
ameliorated the lipid profile, and is therefore
considered a novel drug candidate for T2D
treatment [110]. Compared with current
antidiabetic agents, 11-p-HSD1 inhibitors may
have a major advantage of weight loss or a lack
of weight gain, which is beneficial for compo-
nents of metabolic syndromes such as dyslipi-
demia, obesity, and hypertension [108, 111].

G-Protein-Coupled Receptor 119 Agonists

G-protein-coupled receptor 119 (GPR119), a
new therapeutic target for diabetes, is highly
expressed in both pancreatic p-cells and
intestinal endocrine cells. GPR119 activation
has been found to stimulate insulin secretion
through a glucose-dependent pathway in pan-
creatic B-cells, and to promote GLP-1 release in
the gastrointestinal tract, and in turn improves
blood glucose control [112, 113]. GPR119 ago-
nists might have an advantage in preserving or
enhancing pancreatic p-cell function in patients
with T2D [112, 114].

Many GPR119 agonists, such as PSN821,
GSK1292263, MBX-2982, and LEZ763, have
been developed and entered clinic trials, but
later discontinued because of some limitations
and adverse events [113]. Phase II clinical trials
of the GPR119 agonist DS-8500a have been
completed, and DS-8500a is expected to be a
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Table 1 Potential drugs with new targets for diabetes

Class Typical Hypoglycemic mechanism Completed phase  Advantage(s)
drug(s) of clinical trial
GKAs Dorzagliatin Sense glucose level Phase II As a novel and unique
(HMSS5552)  Mediates secretion of physiological pathway
TTP399 insulin and glucagon
1 Glucose uptake and
hepatic glycogen synthesis
11-B-HSD1 BI 135585 | Active cortisol and Phase I Weight loss or a lack of weight
inhibitors glucocorticoid gain
GPR119 agonists DS-8500a 1 Insulin secretion Phase 1I Dual action mechanism
1 GLP-1 release Favorable blood glucose control
Preserve pancreatic B-cell
Glucagon PF-06291874 | Gluconeogenesis and Phase II Significant glucose lowering
receptor LGD-6972 glycogenolysis effects
antagonists

1Glycogen synthesis

No severe hypoglycemia

Reduce risk of metabolic
disorders and demand for

insulin

promising treatment for diabetes. Clinical
studies have shown a greater reduction in FPG,
postprandial glucose, and 2-h postprandial
glucose compared with placebo, and the afore-
mentioned effects do not diminish. Moreover,
total cholesterol, LDL-c, and triglycerides are
significantly decreased in the DS-8500a group.
DS-8500a enhances insulin secretory capacity of
pancreatic B-cells and is well tolerated without
major adverse events, hypoglycemia, or dis-
continuation due to adverse events among
Japanese patients with T2D, which provides
support for conducting further phase III clinical
studies [114-117]. GPR119 agonists provide
favorable blood glucose control through a dual
action mechanism and have the potential to
preserve pancreatic p-cell function [112].

Glucagon Receptor Antagonists

Glucagon is secreted by pancreatic a-cells; it
mainly  promotes  gluconeogenesis and

glycogenolysis and inhibits glycogen synthesis
in the liver in order to increase blood glucose
levels. Glucagon and insulin are antagonistic,
and their interaction maintains the stability of
blood glucose. Glucagon suppression reduces
hyperglycemia. After glucagon receptor knock-
out or inhibition, mice with insulin deficiency
or resistance have shown blood glucose levels
similar to those of normal mice [118, 119].
Glucagon antagonists exert significant glucose-
lowering effects, which cannot be achieved by
many current hypoglycemic drugs.
Furthermore, the antagonistic effect of glu-
cagon reduces the demand for insulin, the rate
of long-term complications, and the risk of
metabolic disorders of diabetes [120, 121].
Phase IT clinical trials of PF-06291874 (Pfizer)
and LGD-6972 (Ligand Pharmaceuticals), which
are small-molecule glucagon receptor (GCGr)
antagonists, are completed. Moreover, mono-
clonal antibodies against GCGr, including
LY2786890 (Eli Lilly), PF-06293620 (RN909,
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Pfizer), and REMD-477 (REMD Biotherapeutics),
and antisense oligonucleotides including ISIS-
GCGRRx (ISIS 449884, Ionis Pharmaceuticals)
and ISIS 325568 have also successfully entered
clinic studies [122]. Though these clinical trials
have shown some degree of inhibition of GCGr,
risks and safety concerns have been reported.
Nevertheless, because no severe hypoglycemia
event has been reported, glucagon receptor
antagonists may be an effective treatment for
T2D and are expected to be capable of targeting
multiple and complementary pathways
[121-123].

In general, phase II clinical trials of a number
of drugs have been initiated or completed.
These drugs have novel targets and unique
pathways of action and advantages in treating
diabetes (Table 1). They represent advances in
diabetes treatment and will be beneficial for the
treatment of diabetes.

CONCLUSION AND FUTURE
RESEARCH DIRECTIONS

Pharmacogenomics studies have been con-
ducted on almost all current antidiabetic
agents, with a focus on commonly used drugs
such as metformin and sulfonylureas. Pharma-
cogenomic studies have demonstrated the
important role of these drugs in the treatment
of diabetes, and have provided references for
precision medicine for diabetes in the future.
Many drugs with new targets for diabetes have
also been developed; some of them have
entered clinical trials and have potential
advantages, which will make up for shortcom-
ings of current therapeutic drugs and provide
more treatment choices to patients with dia-
betes. There is still a long way to go to improve
diabetes treatment to achieve therapeutic goals
better and faster. Investigating pharmacoge-
nomics of all antidiabetic agents in greater
depth, accumulating definite clinical evidence,
and developing more drugs according to new
targets for diabetes are necessary in the future.
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