
RSC Advances

REVIEW
SGLT inhibitors a
R
w
P
I
a
H
i
h
S
r
i
n
H

Grant in 2014 from the Internation
Pacic Federation and a Young In
2015 from the European Athero
research is diabetes and cardiova
now he has guided 20 postgraduat

aYashodeep Institute of Pharmacy, Aurangab
bY. B. Chavan College of Pharmacy, Aura

E-mail: jnsangshetti@rediffmail.com
cSrinath Institute of Pharmaceutical Educa

Aurangabad 431136, India
dDepartment of Biochemistry, National Ins

Telangana, India – 500007
eMaratha Mandal Research Centre, Belagav
fDepartment of Pharmaceutical Chemistry, C

Po Box 2454, Riyadh 11451, Saudi Arabia

† Authors RPK and AAK contributed equa

Cite this: RSC Adv., 2020, 10, 1733

Received 23rd October 2019
Accepted 18th December 2019

DOI: 10.1039/c9ra08706k

rsc.li/rsc-advances

This journal is © The Royal Society o
s antidiabetic agents:
a comprehensive review

Rahul P. Kshirsagar,†a Abhishek A. Kulkarni,†b Rashmi S. Chouthe,c

Shahebaaz K. Pathan,b Hemant D. Une,b G. Bhanuprakash Reddy, d

Prakash V. Diwan,e Siddique Akber Ansarif and Jaiprakash N. Sangshetti *b

Diabetes is one of the most common disorders that substantially contributes to an increase in global health

burden. As ametabolic disorder, diabetes is associated with variousmedical conditions and diseases such as

obesity, hypertension, cardiovascular diseases, and atherosclerosis. In this review, we cover the scientific

studies on sodium/glucose cotransporter (SGLT) inhibitors published during the last decade. Our focus

on providing an exhaustive overview of SGLT inhibitors enabled us to present their chemical

classification for the first time.
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1. Introduction

Diabetes mellitus (DM) is a common disorder associated with
metabolic dysfunction that affects people all around the world.
In 2011, the estimated prevalence of DM was 366 million cases,
which are predicted to increase to approximately 552 million by
2030.1 The growing pervasiveness of diabetes has been linked to
an increasing global health burden over the last several
decades.2 DM is oen linked to various other chronic condi-
tions and disorders such as obesity, hypertension, cardiovas-
cular diseases or atherosclerosis, resulting in a signicant
decrease in life expectancy. It also increases the associated
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healthcare expenditure. The etiology of DM is multifaceted,
hence, its management is also a challenging task.1,2

Existing glucose-reducing treatments mostly target skeletal
muscles, liver, pancreas, adipose tissues, and the small intes-
tine. This glucose-lowering action is mediated by the direct or
indirect regulation of endogenous insulin, which further regu-
lates the utilization of tissue glucose in the patient.3 Retinop-
athy, nephropathy, and neuropathy are associated
complications (secondary microvascular complications) that
can also be avoided with these treatments. A change in lifestyle
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along with a healthy and restricted diet is benecial for long-
term metabolic control in diabetic patients, but pharmacolog-
ical assistance is frequently required for early management in
the majority of patients.4–6 Selection of the appropriate drug
mostly depends on biochemical and clinical factors. Anti-
hyperglycemic therapy is initiated only aer a careful consid-
eration of the potential risks and benets of the treatment for
the individual patient.7
2. Current therapy and its limitations

Many studies have shown that lifestyle modication along with
a restricted healthy diet can control the glycemic index in dia-
betes patients, but lifestyle modication on its own is rarely
adequate enough to achieve the required glycemic goal.
However, along with modication in lifestyle, single drug
therapy is not an assured benecial treatment for attaining
long-term glycemic control.6,7 Currently, DM treatment includes
more than 10 classes of molecules and several new ones that are
being developed. For about 40 years (from the mid-1950s to
mid-1990s), only insulin, sulfonylureas, and biguanides were
available for treatment. Other classes of DM therapeutics were
discovered and developed aer 1995.7,8

Improvement in glycemic control is the principal goal of all
antidiabetic agents. Similar to agents used in other diseases, the
mechanism of action is typically used as a criterion for cate-
gorizing antidiabetic agents. Some agents such as metformin,
sulfonylureas or insulin principally lower the fasting glucose
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level, while other agents such as a-glucosidase inhibitors,
meglitinides or prandial insulins mainly the lower postprandial
glucose level, but the remaining antidiabetics such as thiazoli-
dinediones, dipeptidyl peptidase 4 inhibitors or mixed insulins
can perform both functions.8–16

Currently available pharmacological agents can neither
control the gradual reduction in the functioning of pancreatic b-
cells nor the secretion of insulin.4,6 Accordingly, single and
combination therapy can exert the required glycemic control for
a short duration and only in a subset of patients associated with
type-2 diabetes mellitus (T2DM).5,17–19 Clinical trial programs
such as ACCORD are recommended for the most intensive gly-
cemic control, but some patients with T2DM are still unable to
attain a target HbA1c level of #7%. The reduction rate of the
HbA1c level by pharmacological agents depends on the patient's
baseline.19 In patients with a baseline HbA1c level of more than
9%, sulfonylureas or metformin can lower the fasting glucose
level along with an approximately 2.0% decline in the level of
HbA1c. The HbA1c level is reduced by approximately 0.5% in
patients with a baseline HbA1c level of less than 7.5%. The agents
(e.g. nateglinide or a-glucosidase inhibitors) that can reduce
changes in postprandial glucose are also able to decrease the
HbA1c level by about 0.4–0.8%. However, the efficiency of these
agents and the associated adverse effects limit their use for
pharmacological management in T2DM patients.18

Theoretically, insulin preparations are capable of reducing
the HbA1c level in T2DM patients to any preferred level.
However, when the insulin treatment reduces the HbA1c level
from 7.5% to 6.0%, there is also a gradual rise in the occurrence
of moderate to severe hypoglycemia. Moreover, consistent
weight gain is associated with gradually rigorous insulin
therapy using gradually increased dosing.5,19,20

Thiazolidinediones have been shown to reduce insulin
resistance. They also improve HbA1c levels when administered
in combination with other agents. However, some patients have
developed congestive heart failure (CHF) due to uid retention
caused by thiazolidinediones. Also, an increase in the frequency
of bone fractures in women is another adverse effect that is
associated with long-term treatment using
thiazolidinediones.21,22

The incidence of insulin resistance is increased in over-
weight or obese T2DM patients, thereby complicating disease
management. Persistent hyperglycemia, which is associated
with hypertension and dyslipidemia, increases the risk of
macrovascular complications (peripheral arterial disease,
myocardial infarction, and stroke). Hence, the treatment of
hypertension and dyslipidemia along with the consequences
associated with glucose-lowering therapies has amajor effect on
cardiovascular morbidity and mortality.
3. New targets of antidiabetic
therapeutics explored over the last two
decades

Over the last two decades, numerous orally administered
compounds such as sulfonylureas and biguanides have been
This journal is © The Royal Society of Chemistry 2020
developed to control the plasma glucose level in T2DM patients.
These agents target various pathways and have different adverse
effects.

3.1. The GLP1 (glucagon-like peptide 1) receptor

The GLP1 (glucagon-like peptide 1) receptor is targeted by
agonists such as liraglutide and exenatide that are distinct from
other antidiabetic agents. When the plasma glucose levels are
elevated, the GLP1 receptor agonists increase insulin and
reduce glucagon secretion. These agents are known to delay the
gastric emptying time and increase satiety, which reduces the
intake of food and thereby causes a modest loss in weight. Like
other agents, GLP1 receptor agonists are also associated with
unwanted side effects such as nausea and vomiting. Although
these symptoms generally diminish with continued treatment,
approximately 5–15% of patients have to stop using these
agents. According to the US Food and Drug Administration (US
FDA), GLP1 receptor agonists increase the risk for acute
pancreatitis and thyroid medullary carcinoma.14,23,24

3.2. Alpha-glucosidase

Alpha-glucosidase, a crucial enzyme involved in carbohydrate
metabolism, is targeted by agents such as acarbose, miglitol,
and voglibose that competitively inhibit this enzyme located in
the small intestine, thereby delaying carbohydrate absorption.
The main effect of these inhibitors is a reduction in the post-
prandial glucose level. Because the alpha-glucosidase inhibitors
have been found to alter only the postprandial glucose level but
not the fasting plasma glucose level, the treatment results in
a mild reduction in HbA1c. Their known side effects include
gastric discomfort such as atulence, diarrhea, bloating, and
abdominal cramps.25,26

3.3. Dipeptidyl peptidase 4 (DPP-4)

Dipeptidyl peptidase 4 (DPP-4) is located in the cell membrane
and functions to reduce GLP1 rapidly. Thus, suppression of
DPP-4 can be a benecial treatment. This effect is glucose-
dependent, i.e., it increases insulin secretion and simulta-
neously suppresses glucagon secretion. Sitagliptin, vildagliptin,
linagliptin, saxagliptin, and alogliptin are FDA-approved DPP-4
inhibitors.24,25,27

3.4. Peroxisome proliferator-activated receptor (PPAR-g)

Peroxisome proliferator-activated receptor (PPAR-g) is another
target for diabetes treatment. By a corresponding agonist effect
on muscles; PPAR-g activation enhances insulin sensitivity and
increases glucose uptake because glucose homeostasis is
maintained by adipose tissues in the human body. Aer
attaching with a ligand or an agonist like thiazolidinediones,
PPAR-g becomes activated and forms a retinoid X-receptor
(RXR) complex. The PPAR-g–RXR complex then binds to
a specic DNA sequence motif, the peroxisome proliferator
response element, of certain target genes to regulate their
expression. Thiazolidinediones (or glitazones) induce insulin
sensitivity mainly by acting on PPAR-g.28
RSC Adv., 2020, 10, 1733–1756 | 1735
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3.5. 11b-Hydroxysteroid dehydrogenase-1 (11b HSD-1)

11b-Hydroxysteroid dehydrogenase-1 (11b HSD-1) converts
cortisone to cortisol. Cortisol stimulates glucocorticoid recep-
tors and plays an important role in diabetes. An elevated blood
level of cortisol results in a decrease in glucose and fat metab-
olism and, hence, escalates blood glucose and fat levels,
contributing to insulin resistance. Inhibition of 11b HSD-1 by
carbenoxolone, a peptic ulcer drug, has been experimentally
demonstrated. According to one study, 11b HSD-1 activity was
found to be higher in T2DM subjects.29,30
3.6. Glutamine fructose-6-phosphate amidotransferase
(GFAT)

Glutamine fructose-6-phosphate amidotransferase (GFAT) is an
enzyme that mainly functions in the hexosamine biosynthetic
pathway (HBP). Two important effects in diabetes, the devel-
opment of glucose-induced insulin resistance and vascular
complications, are linked to the HBP. GFAT activity in the HBP
induces growth factor synthesis.31 GFAT affects uridine
diphosphate N-acetylglucosamine (UDP-GlcNAc) synthesis as
the product of HBP. Hence, GFAT has attracted attention as
a therapeutic target for T2DM treatment.32
3.7. Protein tyrosine phosphatase 1B (PTP1B)

Protein tyrosine phosphatase 1B (PTP1B) is involved in cellular
tyrosine phosphorylation. PTP1B inhibitors may act as a new
type of agent that sensitize insulin as a treatment in diseases
such as diabetes, obesity, and cardiovascular disorders.33
3.8. G-protein coupled receptor (GPR)

G-protein coupled receptor (GPR) represents another antidiabetic
target; activation of GPR120 and subsequent GPRs mediates GLP1
secretion, which generally stimulates insulin secretion. Thus,
targeting the GPR is a possibility to inhibit glucagon secretion by
stimulating insulin secretion; therefore, GPR is considered as one
of the possible drug targets for diabetes treatment.34
3.9. Glucose transporter type 4 (GLUT4)

Glucose transporter type 4 (GLUT4) facilitates the transport of
glucose into the cells in response to insulin, thereby contrib-
uting to the homeostasis of glucose. Importantly, mutations in
GLUT4 are associated with T2DM. Hence, there is also an
increased interest in exploring GLUT4 as a therapeutic target for
diabetes treatment.35
3.10. Sodium/glucose cotransporters (SGLTs)

Sodium/glucose cotransporters (SGLTs) belongs to
a membrane protein family that facilitates the transport of
compounds such as glucose, amino acids, and vitamins, as
well as various ions through the proximal convoluted tubules
(PCT) and intestinal epithelium. The sodium/glucose
cotransporter 2 (SGLT2) is mainly expressed in the kidneys.
Nearly 90% of glucose transported by SGLTs gets reabsorbed
in the kidneys, and, therefore, SGLT2 is of great interest in the
1736 | RSC Adv., 2020, 10, 1733–1756
eld of diabetes treatment. Inhibition of these transporters
blocks glucose reabsorption, leading to glycosuria. This
mechanism is a promising therapeutic approach to improve
glycemic control in DM patients.36

4. Need for new targets

Even with the impressive developments in effective therapeutic
methods and modern medicines, the search for promising dia-
betes therapies is still a major ongoing task. Many efforts have
been made to improve insulin action on its target tissue and to
identify lead compounds that effectively enhance insulin secretion
by b cells. Research groups are searching for safer, more conve-
nient, and economical methods to treat diabetes by assessing the
antidiabetic activity of natural products and synthetic derivatives
on various proteins as novel therapeutic targets.37,38

To improve diabetes management, the discovery and devel-
opment of new antidiabetic therapeutics should be pursued.
Currently, with the exception of a-glucosidase inhibitors, most
antidiabetic agents employ an insulin-dependent mechanism.
Importantly, sodium/glucose cotransporter-2 (SGLT2) inhibi-
tors have been identied as novel agents for diabetes treatment.
They improve the elimination of glucose through urine (urinary
glucose excretion, UGE), which decreases renal glucose reab-
sorption inside the nephron. Because the mechanism of action
employed by SGLT2 inhibitors does not involve insulin, these
inhibitors can be administered at any stage of T2DM. SGLT2
inhibitors have also been found to exert a promising efficacy in
insulin-resistance and b-cell-dysfunction cases, providing an
exceptional treatment option in diabetes management.39

5. Sodium/glucose cotransporter
(SGLT)

Crane was the rst scientist to present the active cotransport
concept by describing that the deposition of glucose at the
brush border of epithelial cells of the intestine is associated
with the transport of sodium ions downward of their
gradient.38,40 The rst identied cotransporter proteins medi-
ating sodium/glucose and sodium/proline transport were found
on the intestinal brush border in rabbits.41

In animal and bacterial cells, more than 220 members of the
SGLT family (gene symbol, SLC5A) have been identied to date.
In humans, from the epithelial cells to the nerve cells of the
central nervous system (CNS), eleven genes encoding members
of the SGLT family have been identied. From these eleven
genes, studies using heterologous expression systems have
revealed the function of nine:

� Sodium/chloride/choline cotransporter.
� Anion transporter.
� Glucose-activated ion channel.
� Six (tightly coupled) sodium/substrate cotransporters42

5.1. SGLT1

The membrane-bound protein SGLT1 has a mass of 75 kDa and
is encoded by the SLC5A1 gene. It is mainly found in the cell
This journal is © The Royal Society of Chemistry 2020



Fig. 1 Crystal structure of the SGLT protein.
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membranes in the small intestine, kidney (renal proximal
tubule), and heart. The transport of sodium and glucose by this
protein occurs at a ratio of 2 : 1. SGLT1 has a high affinity for
glucose and galactose, but possesses a low capacity to transport
them. In the gastrointestinal tract (GIT), SGLT1 serves as a vital
transporter for glucose uptake, but its effect on the kidneys has
been found to be less signicant (approximately 10% reab-
sorption of glucose has been observed). Mutations in the SGLT1
gene cause a genetic disorder known as glucose-galactose
malabsorption (GGM). In newborn infants, this rare auto-
somal recessive disease leads to life-threatening diarrhea.
However, the withdrawal of dietary sugars such as glucose,
galactose, and lactose typically stops diarrhea, which rebounds
if these dietary sugars are reintroduced in the diet. Researchers
have developed an interest in SGLT1 because it has been
hypothesized that the inhibition of this transporter could
decrease the gastrointestinal glucose uptake and may also
induce weight loss or reduce postprandial hyperglycemia.42,43
5.2. SGLT2

SGLT2 as a second membrane-bound SGLT family member is
encoded by SLC5A2 in humans. It has a high capacity but low
affinity for glucose and galactose; the transport occurs at a stoi-
chiometric ratio of 1 : 1 of the sodium ion to the sugar molecule,
which differentiates SGLT2 from SGLT1. It has been shown that
SGLT2 ismostly expressed in the kidneys where it functions as the
most important transporter (reabsorbs about 90% glucose). In the
initial segment of the proximal tubule in the kidneys, the glucose
transport is driven during tubular ltration by the reabsorption of
sodium ions along their electrochemical gradient via a mecha-
nism that is called secondary active transport. Accordingly, high
levels of SGLT2 have been found in the initial segment of the
proximal tubule. This transporter has gainedmuch interest in the
diabetes eld because of its much involvement in the glucose
reabsorption process inside the kidneys.42,44,61
5.3. SGLT3

SGLT3 is the third membrane-bound protein, which is encoded
by the SLC5A4 gene. The glucose transport occurs at the same
sodium to glucose stoichiometry as that of SGLT1. This protein
is mostly found in skeletal muscles, the small intestine, the
kidneys, and cholinergic neurons. Human SGLT3 is a basic
glucose-gated ion channel present in the cell membranes of the
muscles and the neuronal membranes but it generally does not
act as a sodium/glucose transporter.42,44
Table 1 Genes, substrates and tissue distribution of SGLT proteins42

Human gene Protein Substrates

SLC5A1 SGLT1 Glucose and galactose
SLC5A2 SGLT2 Glucose
SLC5A4 SGLT3 Na+ (H+)
SLC5A8 SGLT4 —
SLC5A9 SGLT5 —
SLC5A10 SGLT6 Chiro-inositol, myo-inositol, glucose and

This journal is © The Royal Society of Chemistry 2020
The available information on the SGLT4, SGLT5, and SGLT6
proteins is still insufficient. The tissue distribution, substrates,
and encoding genes of the discussed SGLT proteins are
provided in Table 1.42
5.4. Pathology

GGM is a principal genetic disorder that is linked to the SGLT
family of genes. It is a rare autosomal recessive disease that occurs
in newborn infants, where mutations in the SGLT1 gene cause
life-threatening diarrhea. However, diarrhea can be managed by
the withdrawal of dietary sugars, such as glucose, galactose, and
lactose, but it can quickly recur aer the reintroduction of these
sugars.43 SGLT2 is a principal transporter found in the kidneys,
which are associated with glucose reabsorption, hence, conrm-
ing why autosomal recessive renal glycosuria occurs in diabetes
patients. DNA sequencing was conducted on two younger
brothers and their parents to investigate the formation of two
mutations, a homozygous nonsense mutation and a heterozygous
mutation, which both occurred in exon 11 of SGLT2.42,44
5.5. Structure and functions of SGLT

5.5.1 Crystal structure. The crystal structure of SGLT was
derived from Vibrio parahaemolyticus as it shows 60% similarity
(32% sequence identity) to human SGLT1 (Fig. 1). The model of
the SGLT structure predicts 14 transmembrane a-helices (TMH)
and features NH2-terminal and a COOH-terminal halves.
Studies on this type of transporters indicate that the NH2-
terminal half carries the sodium ion whereas the COOH-
Tissue distribution

Small intestine, kidney and heart
Kidney
Small intestine, skeletal muscle, kidney, uterus and testis
Small intestine, kidney, liver, lung and brain
Kidney

xylose Small intestine, kidney, liver, heart, lung and brain

RSC Adv., 2020, 10, 1733–1756 | 1737
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terminal half carries the sugar moiety. NH2-terminal binding of
a sodium ion induces a conformational change in the protein to
permit sugar binding and translocation. Furthermore, these
studies postulated that the TMHs numbered 10–13 are critical
for maintaining the sugar translocation pathway in SGLT1.44,45

Researchers identied two important binding sites in the
crystal structure, i.e. the galactose and Na+ binding sites. The
function of the galactose binding site is to identify the precise
point of reference and location of the sugar molecule. The galac-
tose binding site is located in between hydrophobic residues of the
intracellular and extracellular gates. Owing to the densitometric
similarity betweenNa+ andwater, it is difficult to locate the sodium
binding site precisely on vSGLT. Researchers have claimed that the
sodium binding site is located at the crossing of the TM2 and TM9
helices and is 10 Å away from the substrate-binding site on the
basis of sequence alignment studies on the LeuT structure.45b

5.5.2 Functions. In a mutagenesis analysis of SGLT1, the
residues at positions 457, 468, and 499 were replaced by cyste-
ines, which make the transporter susceptible to meth-
anethiosulfonate (MTS), but only when the transporter is in the
C2 conformation. If the MTS reaction is performed either with
glucose/phlorizin in the presence/absence of sodium ions or in
the presence of sodium ions alone (when there is a depolariza-
tion of themembrane potential), the accessibility of the cysteine
residues to MTS is found to be blocked. The probability of the
protein to adopt the C2 conformation is directly proportional to
the accessibility of these residues (457, 468, and 499) to MTS.
The main conclusion of these experiments was that the trans-
porter residues 457, 468, and 499 are critical for maintaining
the translocation pathway, which is accessible in C2 confor-
mation.44,46,47 MTS reagents can react with these critical resi-
dues, but phlorizin can block the entry of sugar derivatives
towards them. It is suggested that the sodium ion creates a large
conformational change by rotating (tilting) one or more TMHs
in the 10–13 helical bundle. In the cell, the translocation of
sugar generally needs a substantial change in the helical rota-
tion, which results in the cotransportation of water and urea.
Under these conditions, the stoichiometry of sodium ion-
s : glucose : water in such transport has been found to be
2 : 1 : 250.44,47,48

5.5.3 Role in diabetes. Although the kidneys employ
various mechanisms to maintain glucose levels, this primarily
occurs by glomerular ltration and reabsorption mechanisms
in the kidneys.44,49 To determine urinary glucose excretion
(UGE), the reabsorbed glucose is subtracted from the total
amount of ltered glucose. It has been observed that in
a healthy adult, approximately 180 g per day of glucose is
generally ltered. However, aer ltration, the glucose gets
reabsorbed almost completely and only a very low amount
(below 1%) gets eliminated in the urine.50,51

Glucose reabsorption consists of several steps, involving
various mechanisms. Tubular epithelial cells must carry ltered
glucose from the tubule. This ltered glucose is further carried
into the peritubular capillary through basolateral membranes.
Loss of glucose does not normally occur through the urine
under non-diabetic conditions (when the glucose load is
normal). But, whenever the renal glucose threshold is exceeded,
1738 | RSC Adv., 2020, 10, 1733–1756
UGE occurs. However, to trigger this process, there is no set
threshold value for plasma glucose which in most individuals
found at approximately 200 mg dL�1.52

During the reuptake from urine (governed by the SGLTs),
glucose is transported to tubular or luminal epithelial cells.
Numerous members of the SGLT protein family that are present
in the cell membrane facilitate the movement of several vital
constituents such as glucose, amino acids, ions or vitamins
through renal tubules and luminal epithelial cells.42,53 The
SGLT1 and SGLT2 transporters are important members of this
family. SGLT1 is the principal transporter in the GIT respon-
sible for glucose absorption. However, in the kidneys (S3
segment of proximal tubule), SGLT1 reabsorbs only about 10%
of the glucose.

SGLT2 as another transporter has a high capacity and a low
affinity for the substrate. SGLT2 is mostly found in the kidneys
where most of the glucose (approximately 90%) gets reab-
sorbed. SGLT2 interacts and binds both glucose molecules and
sodium ions of the tubular ltrate to facilitate secondary active
transport. This type of glucose transport across the membrane
is coupled to the movement of sodium ions, which drive the
transport along the electrochemical sodium ion gradient
between the tubular ltrate and the cell.51

Once SGLT2 has mediated the glucose transport into the
luminal epithelial cells, the glucose molecules are then passed
through the basolateral cell membrane (facilitated diffusion)
and again back into the peritubular capillary. Glucose trans-
porters (GLUTs) such as GLUT1 (present in the late proximal
tubule) and GLUT2 (present in the early proximal tubule) are the
main transporters involved in this facilitated diffusion.54 It has
been previously reported that glucose reabsorption is higher in
insulin-treated diabetic patients than in healthy subjects.55 In
addition, diabetic patients show increased SGLT2 expression in
renal proximal tubular cells.56

6. SGLT inhibitors

Phlorizin, a chalcone compound, was originally identied as
a natural nonspecic inhibitor of SGLT1 and SGLT2. It was rst
isolated from apple tree bark by French researchers before the
1850s. Research on phlorizin has shown that the inhibition of
SGLT may have an application as a possible strategy for treating
diabetes. Because of its major effects, such as decreasing urinary
glucose reuptake and increasing the renal elimination of glucose,
phlorizin lowers the risks of hyperglycemia and glucotoxicity.
However, although phlorizin causes nonselective inhibition of
SGLT1 (at the intestinal brush border), it was not found to be an
appropriate antidiabetic agent because it induces GGM as a side
effect on the GIT and has poor oral bioavailability.57–59

Moreover, a hydrolyzed phlorizin metabolite, phloretin, was
found to block GLUT1 and interfere with glucose uptake in various
tissues. Inhibitors help to reveal the role of SGLTs in certain
inherited and acquired disorders, such as GGM in the small
intestine (involves SGLT1) and glycosuria in the renal system
(involves SGLT2). Various studies on these defects led to the
discovery of the molecular mechanism employed by the SGLTs
and their function in the pathophysiology of diabetes.52,58,60
This journal is © The Royal Society of Chemistry 2020
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Before the mid-20th century, phlorizin was considered to be
responsible for blocking the glucose uptake of red blood cells
(RBCs) in the kidneys and small intestine. However, in the late
20th century, aer the studies on SGLT2, newer reports
described the impact of phlorizin-generated glycosuria on the
renal system and its mechanism.39,61 Also, aer the discovery of
T-1095 in the 1990s, the pioneering work by Tanabe Seiyaku
inspired by the natural SGLT inhibitor phlorizin, multiple
classes of the scaffolds were extensively explored, and huge
numbers of the SGLT inhibitors have since been reported by
many pharmaceutical companies.61

6.1. Current drugs in the market

Recently, the FDA approved several SGLT2 inhibitors, such as
canagliozin, empagliozin dapagliozin and more recently,
ertugliozin. Treatment with these therapeutics should be
accompanied by an improved diet and exercise regimen to
reduce the blood sugar levels in T2DM patients. These medi-
cines are available as a single therapy or in combination with
other antidiabetic agents such as metformin.62

6.1.1 Canagliozin. Janssen, a division of Johnson &
Johnson, is licensed for marketing the rst FDA-approved
SGLT2 inhibitor called canagliozin (Mitsubishi Tanabe
Pharma), which was approved in 2013. Canagliozin is catego-
rized under the gliozin class, the mechanism of action of
which is based on the inhibition of glucose reuptake inside the
proximal tubules of the kidneys.63

In extensive placebo-controlled trials, canagliozin doses of
100 and 300 mg per day were evaluated as a single therapy and
also in combination with other antidiabetic agents. At both
doses, canagliozin caused statistically signicant declines in
HbA1c from the baseline relative to the placebo when used as
a single therapy and also in combination with sulfonylureas,
metformin, metformin plus pioglitazone, metformin plus sulfo-
nylurea, and insulin. When used as a single therapy, the reduc-
tions from the HbA1c baseline at a dose of 100 and 300 mg were
�0.91 and �1.16, respectively, as placebo-subtracted HbA1c.
When canagliozin was administered in combination with other
antidiabetic therapeutics, the placebo-subtracted difference
ranged from �0.62 to �0.92 (excluding special populations such
as elderly and renally impaired subjects). An average 0.4% to
3.3% reduction in weight acrossmultiple trials of 100 and 300mg
canagliozin treated patients was another observation recorded.
Average reductions in systolic blood pressure (SBP) by 0.1 to 7.9
mmHg along with increased HDL-C relative to the placebo were
also observed across trials. Inconsistent changes in triglycerides
were modest. Any effect on these two lipid parameters of cana-
gliozin was countered by the elevation of the LDL-C level
ranging from 4.6–12% for a dose of 300 mg and 2–8% for a dose
of 100 mg.62,64

Treatment with canagliozin and other SGLT-2 inhibitors
has some adverse effects, such as elevation in thirst, urination,
and LDL cholesterol, as well as episodes of low blood pressure
and the increased occurrence of urogenital infections. Hence,
canagliozin is contraindicated in people with renal insuffi-
ciency, decreased glomerular ltration rate (GFR) or renal
problems.64
This journal is © The Royal Society of Chemistry 2020
The FDA had additional concerns about the cardiovascular
safety of canagliozin. More cardiovascular events were
observed in canagliozin-receiving patients (0.45%) during the
initial 30 days of study compared to those in placebo-receiving
patients (0.07%), suggesting an increased cardiovascular risk
during the early treatment period. Furthermore, subjects
receiving canagliozin appeared to have an increased risk of
stroke. However, this risk was not statistically signicant.62

The FDA issued a warning in May 2015 that canagliozin and
certain SGLT2 inhibitors may induce the development of
ketoacidosis (increased acid levels in the blood). In September
2015, the FDA also issued a drug safety communication for
canagliozin stating that decreased bone density can occur,
resulting in probable risks of bone fracture. This fact was
already included in the adverse reactions of the drug and had
been provided to health care professionals (to assess this issue
before prescribing) and to patients (to immediately report any
fractures that occurred during therapy).65

In December 2015, the FDA also gave information on the
addition of new warnings on the canagliozin label about
urinary tract infections and elevated blood acid levels due to the
risk of dehydration with diuretic drugs.62,65 In 2017, canagli-
ozin showed favourable cardiovascular effects in a clinical
study consisting of 666 T2DM patients.62
6.1.2 Empagliozin (EMPA). Boehringer Ingelheim and Eli
Lilly and Company together developed empagliozin (Jar-
diance), another SGLT2 inhibitor belonging to the gliozin
class, which was approved in 2014.66

Empagliozin contains a C-glucoside with similarity to that
in phlorizin (the glucose and aglycone groups are linked by
a carbon–carbon bond ensuring efficient oral administration
and the bypassing of GIT degradation). In addition, the drug is
more selective for SGLT2 (by more than 25 � 102-fold) along
with it having only minimal adverse reactions on the GIT.66

According to statistical data obtained from empagliozin
combination studies, a marked decline in systolic blood pressure
(SBP) and body weight was observed as compared to those of the
placebo treatment. Different combinations such as metformin,
metformin plus sulfonylurea, pioglitazone, and pioglitazone plus
metformin were included in these combination studies. When
empagliozin with or without metformin at doses of 10 or 25 mg
were included in a multidose regimen of insulin, it showed
a marked loss in body weight and a nonsignicant decrease in
RSC Adv., 2020, 10, 1733–1756 | 1739
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SBP. In combination with metformin, a dose of 25 mg of empa-
gliozin showed amarked loss in body weight and SBP compared
to those in glimepiride-treated subjects. However, in these
combination studies, empagliozin was also linked to a minor
elevation in LDL-C and HDL-C levels.62,66

The post-marketing clinical trial “EMPA-REG OUTCOME”
released in August 2015 and in January 2019 indicated that the
inclusion of empagliozin in standard care can reduce the risk of
stroke, myocardial infarction, and cardiovascular death. Urogenital
infectionswere the commonadverse reactions that were found to be
associated with the use of empagliozin in the treatment of DM.66

6.1.3 Dapagliozin. Dapagliozin as the nextmember of the
gliozin class used to treat T2DMwas developed by Bristol-Myers
Squibb under the trade names Farxiga™ and Forxiga™ (in
partnership with AstraZeneca). Initially, in July 2011, the FDA
rejected the approval untilmore data were available. And later, on
January 8, 2014, the FDA approved dapagliozin for glycemic
control in diabetes patient, along with diet and exercise. In
October 2014, the FDA also approved a combination therapy of
dapagliozin and metformin hydrochloride (Xigduo™).67

Adverse effects associated with the treatment of dapagli-
ozin include heavy glycosuria, which may be up to 70 g per day
occasionally, tiredness with rapid weight loss (leading to
dehydration), and an increased risk of diabetic ketoacidosis
(DKA). Existing infections due to diabetes, mostly urinary tract
infections and candidiasis, become worse upon an increase in
glucose in the urine.67,68
Canagliozin, empagliozin, dapagliozin and ertugliozin
are now on the market in the US and EU. Ipragliozin, tofogli-
ozin, and luseogliozin were approved in Japan as the rst
national approval granted in the world. Other drug candidates
such as sotagliozin had successfully completed the phase III
clinical trial, but in early 2019, was rejected as an adjunct to
insulin for T1DM (type 1 diabetes mellitus). In addition, various
drug combinations containing SGLT2 inhibitors along with
1740 | RSC Adv., 2020, 10, 1733–1756
other oral antidiabetic agents are currently in clinical develop-
ment and are being rigorously tested in clinical trials.62,66,68

6.1.4 Ipragliozin. In January 2014, ipragliozin was
approved rst in Japan as an orally administered SGLT2
inhibitor under the brand name Suglat. Ipragliozin is being
used as a treatment for T2DM either alone or as an add-on to
various other anti-hyperglycemic agents such as metformin
(sulfonylurea), DPP-4 inhibitors or nateglinide (a-glucosidase
inhibitor) and pioglitazone.69,70 25 and 50 mg tablets of ipra-
gliozin have been approved, administered as a dose of 50 mg
per day either before or aer breakfast. The ipragliozin dose
can be increased up to 100 mg per day if 50 mg is found to be
insufficient. Ipragliozin approval was based on the results of
various trials that were conducted in Japan. One such trial was
a pivotal phase III clinical trial, which was carried out in
patients with insufficient glycemic control. It was included in
a total of six trials of ipragliozin in combination with other
anti-hyperglycemic agents (listed below).67,69

(1) Ipragliozin + metformin (randomized, placebo-
controlled trial).

(2) Ipragliozin + a-glucosidase inhibitors, such as voglibose,
miglitol or acarbose (uncontrolled 52 week open-label trial).

(3) Ipragliozin + pioglitazone (randomized, double-blind,
placebo-controlled trial).

(4) Ipragliozin + nateglinide (uncontrolled open-label trial).
(5) Ipragliozin + sulfonylurea, such as gliclazide, glibenclamide

or glimepiride (randomized, double-blind, placebo-controlled trial).
(6) Ipragliozin + DPP-4 inhibitors, such as vildagliptin,

saxagliptin, sitagliptin or alogliptin.
Ipragliozin was also explored in phase III monotherapy

studies in Japanese patients with T2DM, in:
(1) An uncontrolled, open-label, six-month trial.
(2) Randomized, double-blind, placebo-controlled trials.
(3) A 52 week study comparing the effects of pre-meal and

post-meal administration along with evaluating its long-term
safety and efficacy.

In the US and EU, as well as in other countries, ipragliozin
passed phase II clinical trials for the treatment of T2DM, in
combination withmetformin or administered alone. Very recently,
in December 2018, Astellas Pharma and Kotobuki pharmaceutical
Co. Ltd. got approval for Suglat for the additional indication of
T1DM in Japan.69,70 Aer in vitro pharmacological studies, ipragli-
ozin was found to inhibit SGLT2 competitively and also have high
selectivity for SGLT2 over other members of the SGLT family.69

6.1.5 Tofogliozin. Tofogliozin, an orally administered
SGLT2 inhibitor, was developed by Chugai Pharmaceuticals (Japan)
and approved in 2014 for the treatment of adult patients suffering
This journal is © The Royal Society of Chemistry 2020
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from T2DM. Chugai Pharmaceuticals is tied up to a tofogliozin co-
development license agreement (2012) with Sano K. K. and Kowa.
Tofogliozin will be marketed in Japan under the trade name
Apleway by Sano and as Deberza by Kowa. It can be administered
as a single drug therapy or as an add-on with various anti-
hyperglycemic drugs. A single dose of 20 mg per day has been
approved and it should be taken either before or aer breakfast.71,72

Tofogliozin was approved aer phase III trials in a total of
approximately 800 Japanese T2DM patients. In the rst study,
a single daily dose of 20 or 40mgwas administered to 194 patients
with an improper diet and poor exercise response. In the second
study, the same tofogliozin doses in addition to various orally
administered anti-hyperglycemic agents (sulfonylurea, biguanide,
thiazolidinedione, a-glucosidase inhibitor or DPP4 inhibitor)
were administered to around 600 patients with insufficient/poor
glycemic control along with an improper diet and poor exercise
habits. Japan also conducted a six-month phase II/III clinical trial
(randomized and double-blind, placebo-controlled) of single
tofogliozin therapy in 10, 20, and 40 mg doses accompanied by
an appropriate diet and exercise plan. The trial was conducted on
230 T2DM patients with insufficient glycemic control.

Tofogliozin was initially licensed to Roche in 2007, but
Roche returned its research and development rights to Chugai
in 2011.71,73 The former licensee, i.e., Roche, had also contrib-
uted to the development of tofogliozin. Roche conducted three
phase I clinical trials along with a three-month multinational
phase II clinical trial on around 400 patients with T2DM.72
6.1.6 Luseogliozin. Japan also developed luseogliozin
(Luse), a selective SGLT2 inhibitor. It was the rst SGLT2 inhib-
itor to get approval for marketing as oral tablets in 2014. Although
the approved doses of luseogliozin are 2.5 and 5 mg per day,
a starting dose of 2.5 mg per day is generally recommended. This
dose may be increased to a daily single dose of 5 mg if optimal
results are not achieved with the former dose. Luseogliozin was
approved aer conducting a series of four phase III clinical trials
and evaluating its efficacy in Japanese patients with T2DM. In two
clinical trials, luseogliozin was administered with other anti-
hyperglycemic agents (in patients, initially treated with luseogli-
ozin alone, who had suboptimal glycemic control); in two other
trials, luseogliozin was evaluated as a single therapy.

In Japan, Novartis led a marketing license agreement for
luseogliozin (2012). According to the terms and conditions of this
agreement, Taisho Pharmaceutical is authorized to manufacture
luseogliozin. However, it will be marketed by Taisho as well as by
Novartis.73–75 Luseogliozin was found to decrease HbA1c, fasting
This journal is © The Royal Society of Chemistry 2020
plasma glucose levels, and body weight when administered long-
term both as a single therapy and as an add-on with other oral
anti-hyperglycemic drugs in patients with T2DM.73

6.1.7 Ertugliozin. Phase III studies of ertugliozin con-
ducted by Merck in partnership with Pzer met the initial
endpoints for the development of an oral SGLT2 inhibitor in
T2DM treatment. When compared to placebo, signicant
HbA1C reductions of 0.69% and 0.76% were observed using
doses of 5 and 15 mg, respectively. Researchers also observed
that ertugliozin in combination with sitagliptin reduced
HbA1C to less than 7.0% compared to that of ertugliozin or
sitagliptin administrated individually. In 2017, ertugliozin
(Steglatro) got its approval from the FDA.62,76,77
6.1.8 Sotagliozin and sergliozin. In 2015, Lexicon Phar-
maceuticals and Sano collaborated and signed a license
agreement according to which Sano obtained the rights to
have worldwide royalties and also be licensed to develop,
manufacture, and commercialize sotagliozin. Under this
collaboration, all clinical development activities related to
T1DM will be conducted by Lexicon, whereas Sano will
perform all clinical developments related to T2DM and will
commercialize sotagliozin worldwide for DM treatment.78,79

In 2016, Lexicon Pharmaceuticals reported that the phase III
clinical trial of sotagliozin in patients with T1DM demonstrated
a marked decrease in HbA1C. The results of a 24 week treatment
suggested that a single dose of 200 mg per day of sotagliozin
reduces HbA1C from the baseline by up to 0.43%, while a single
dose of 400 mg per day reduces HbA1C by up to 0.49%, compared
to the placebo that reduced HbA1C by only 0.08%. Importantly,
this improvement in HbA1C in T1DM patients is statistically
signicant and clinically meaningful, and is not associated with
severe hypoglycemia. Glucose absorption in the GIT occurs
through SGLT1 and reuptake of glucose in the kidneys is facilitated
by SGLT2. Sotagliozin was also the rst in its class to inhibit both
RSC Adv., 2020, 10, 1733–1756 | 1741



RSC Advances Review
SGLT1 and SGLT2.78,79 In 2019, sotagliozin was rejected by the US
FDA for the treatment of T1DM.68 Another candidate, sergliozin,
did not undergo further development aer phase II.
More recently, due to cases for risk of DKA observed in studies
on T1DM patients receiving SGLT inhibitors, an international
consensus report was published in which recommendations were
provided so as to safeguard the use of SGLT inhibitors mainly
with respect to DKA in these patients. Goldenberg et al. have also
suggested a “STOP DKA protocol” in which a risk overcoming
strategy is given to reduce DKA in patients receiving SGLT
inhibitors (Fig. 2).68
6.2. Chemical classication of SGLT1/SGLT2 inhibitors

6.2.1 Glucosides (including C, O, N glucosides)
6.2.1.1 Triazoles. Substituted 1,2,3- and 1,2,4-triazoles are

core structures found in various therapeutics such as antiviral,
antiallergic, anti-HIV, and antibacterial agents.
Fig. 2 Chemical classification of SGLT1/SGLT2 inhibitors.
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Banerjee et al. synthesized an L-rhamnose-derived glucoside
series with aliphatic C-nucleosides coupled to the 1,2,3-triazole
nucleus. Step-by-step synthesis of L-rhamnose (a b-ketoester)
was carried out under treatment with a variety of aromatic
azides to produce 1,2,3-triazole derivatives with better yields. A
screen of these derivatives using a glucose-uptake assay (for
assessing SGLT1 and SGLT2 inhibition) identied a p-nitro-
phenyl derivative (1) as a highly potent SGLT2 inhibitor with an
IC50 value of 125.9 nM.80–82
Wang et al. used ‘click chemistry’ to synthesize tri-
azolylmethylaryl glucosides and assessed their effect on gluco-
suria. They discovered C-glucosides (2) containing a triazole
aglycon core as novel SGLT2 inhibitors. These compounds were
synthesized via cycloaddition reactions involving azides and
alkynes in the presence of copper as a catalyst. The newly
synthesized triazole C-glucosides were tested for their effect on
UGE. Nearly all of the synthesized compounds were found to
increase UGE when administered to Sprague Dawley (SD) rats,
and they also enlarged the urine volume to a lesser extent than
dapagliozin.82

Wu and Ye et al. carried out reactions between triazoles and
carbohydrates in the presence of copper thiocyanide as
a catalyst to prepare a novel N-glycoside series. The synthesis
of these N-glycoside derivatives was done via click reactions
and chemistry similar to the Ullmann reaction. The new
derivatives were tested in a cell-based assay for glucose
transport inhibition using the drug dapagliozin as a control.
The analysis demonstrated that compounds containing a tri-
azole moiety combined with N-glucosides or N-galactosides (3
and 4) exerted a strong inhibitory activity in this assay (at
a concentration of 100 nM).83

Du et al. synthesized novel, non-phlorizin-based SGLT2
inhibitors and tested them in a glucose transporter assay.
This journal is © The Royal Society of Chemistry 2020
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Compound (5) was found to be the most potent inhibitor
(IC50 ¼ 10 nM) when tested against human SGLT2.
Compound (5) also displayed selectivity against hSGLT1
(IC50 ¼ 9 mM). When the compound was tested in rats, low
microsomal stability and increased clearance was
observed.84

The SAR analysis of this series indicated that compounds
containing benzooxazinone attached to an aromatic group were
potent hSGLT2 inhibitors; cyanide or pyridine (polar groups)
linked to the C-8 position of benzooxazinone were tolerated by
this moiety. Most of the inhibitors such as compound (6) (IC50

¼ 3 nM; solubility ¼ 1.1 mg mL�1) and compound (7) (IC50 ¼
12 nM; solubility ¼ 64 mg mL�1) exhibited improved efficacy
compared to that of the early lead compound (5).84

6.2.1.2 Indole derivatives. Substitution of D-xylose by glucose
joined with an indole at the third position resulted in N-indolyl
xylosides, which exhibited potent SGLT2 inhibitor activity.
Moreover, C-indolyl glucoside derivatives were also found to be
good SGLT2 inhibitors.85
This journal is © The Royal Society of Chemistry 2020
Zhang et al. prepared indole-O- andC-glucosides bymodifying
previously reported blood-glucose lowering compound (8). In
vitro testing of the new compounds for inhibitory activity against
SGLT1 and SGLT2 using cell-based assays identied compounds
(9) and (10) as the most potent SGLT2 inhibitor and SGLT1/
SGLT2-mixed inhibitor, respectively. Both compounds were
further tested for efficacy in ZDF (Zucker diabetic fatty) male rats.
The pharmacokinetic parameters of the two new inhibitors were
found to be similar to those of compound (8) but neither was as
effective as the original compound. Compounds (9) and (10) were
also found to have similar UGE efficacy. The SAR analysis showed
that shortening the linker to the 2,3-dihydrobenzofuran moiety
within compound (9) to create compound (11) abolished the
SGLT2 inhibitory activity, whereas a modication of the 2,3-
dihydrobenzofuran moiety with another aromatic group typically
generated compounds with potent SGLT2 inhibitory activity. The
study also indicated that anomeric oxygen (glycosidic oxygen) is
important for SGLT inhibitory activity and its loss creates C-
glucosides with reduced biological activity.85
RSC Adv., 2020, 10, 1733–1756 | 1743
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Chu et al. synthesized N-indolyl glucoside compounds and
tested them in vitro for inhibitory activity against human SGLT2
expressed in Chinese hamster ovary cells using phlorizin as
a reference compound. The SAR analysis revealed that varying
the C6-glucose substituent improves the antidiabetic activity.
Among the synthesized compounds, compound (12) with C6-
amide substitution was found to be a good inhibitor of hSGLT2
(compound 12, EC50 � 42 nM; phlorizin, EC50 � 123 nM) but
with a reduced selectivity towards hSGLT1 (compound 12, EC50

� 1412 nM; phlorizin, EC50 � 153 nM). This compound also
displayed efficacy in vivo.86

Li et al. synthesized an N-glycoside indole (13) using
a different route as described by the Mitsubishi Tanabe
Pharma Corporation, where the original compound was
discovered. The steps of this new route included the Vilsmeier
alkylation and coupling via the Grignard reaction. Compound
(13) was obtained in a good yield (more than 70%) and further
derivatized using the Friedel–Cras reaction to create
compound (14). Both compounds were found to be potent
SGLT inhibitors.87
Lee et al. synthesized and developed a series of indolyl xyloside
derivatives. The researchers developed this concept from lead C-
glucosides containing a C-glycosidic linkage. They observed that the
C-glycosidic linkage is critical for the biological activity of these
compounds because it cannot be hydrolyzed by gastrointestinal
glucosidase, which eliminated the process of conversion of these
inhibitors in the GIT. To synthesize novel SGLT inhibitors, potent
indolyl xyloside derivatives were created by substituting the glucose
of C-glucosides with D-xylose joined to the 3rd position of the indolyl
moiety. Among the newly synthesized derivatives, compound (15)
was the most potent SGLT2 inhibitor (EC50 ¼ 47 � 3 nM against
SGLT2 and EC50 ¼ 282 � 11 nM against SGLT1), whereas
compound (16) was the most potent SGLT1 inhibitor (EC50 ¼ 50 �
11 nM against SGLT2 and EC50 ¼ 55 � 5 nM against SGLT1).
Compound (16) was also more potent than reference compound
dapagliozin (EC50¼ 2.4� 0.6 nMagainst SGLT2 and EC50¼ 593�
176 nM against SGLT1). The SAR study indicated that the ‘N’ of the
indolylmoiety attached to the paraposition of the cyclopropylphenyl
1744 | RSC Adv., 2020, 10, 1733–1756
group and a substitution at the 7th position of the indolyl moiety
(compounds 15 and 16) were important for optimal inhibition. An in
vivo study showed that compound (15) is metabolically stable with
a low clearance rate along with a good anti-hyperglycemic activity
(>35% reduction in the blood glucose level in diabetic rats by
compound 15 as compared to that by a reference drug).88
6.2.1.3 Thiophene derivatives. Lee et al. designed and
synthesized two different types of C-aryl glucoside derivatives
containing a thiophene ring and evaluated them as inhibitors of
SGLT2. Among these derivatives, compound (17), a 5-chloro-
substituted 4-ethylbenzylthiophene, was found to be the most
potent inhibitor with an IC50 value of 4.47 nM. This result indi-
cates that an alkyl chain (with an appropriate number of carbon
atoms) attached at the 4th position of the benzyl group helped to
achieve good in vitro activity against hSGLT2 when tested.89

Nomura et al. synthesized various derivatives by replacing the
benzene ring in canagliozin with different moieties such as pyri-
dine, pyrimidine, and ve-membered thiophene-coupled hetero-
arenes. The researchers found that most of the 3-pyridyl, 2-
pyrimidyl ve-membered thiophene-coupled heteroarenes exhibi-
ted good antidiabetic activity against SGLT2. The most potent
derivative was compound (18), which showed strong inhibitory
activity against SGLT2 (IC50 ¼ 2 nM) that was similar to that
exhibited by canagliozin (IC50 ¼ 2.2 nM). When tested in vivo at
a dose of 30 mg per kg in male rats, aer one day of treatment,
compound (18) had a UGE of 2666 mg per 200 g whereas canagli-
ozin had a UGE of 3696 mg per kg at the same dose.90
This journal is © The Royal Society of Chemistry 2020
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6.2.1.4 Pyrazole glucopyranoside. Fushimi et al. synthesized
a novel series of b-D-glucopyranoside derivatives containing
hydrophilic substitutions at the phenyl ring and assayed them for
SGLT1 inhibitory activity. Among the synthesized derivatives,
compound (19) displayed signicantly stronger activity (IC50 ¼
50 nM against SGLT1) and low permeability compared to those of
the initial lead compound reported by the authors. The in vivo
efficacy of compound (19) was demonstrated by its improved
carbohydrate tolerance in diabetic rats compared to that of the
clinically used reference compound acarbose, an a-glucosidase
inhibitor.91
6.2.1.5 Pyridazine. Lee et al. designed and synthesized C-
glucosides with a pyridazine ring attached as an aromatic substi-
tution at a carbon position of the glucoside. Among the evaluated
derivatives, compounds (20) and (21) displayed the most potent
activity against SGLT2 with IC50 values of 11.4 and 13.4 nM,
respectively. Moreover, compound (21), containing a methylthio
moiety, exhibited signicant in vivo activity in normal SD rats.92

The researchers also designed and synthesized novel pyr-
idazinyl derivatives. They reported the attachment of a pyr-
idazine ring at the 1st carbon (anomeric carbon) of the D-
This journal is © The Royal Society of Chemistry 2020
glucopyranose moiety using a stereoselective approach. The
resulting compound (22) was examined for biological activity
using an in vitro SGLT2 inhibition assay, where (22) had an IC50

value of 610 nM.93

6.2.1.6 Thiazole and thiadiazole. Lee et al. worked on a lead
optimization that resulted in the synthesis of a new thiazole
core bearing a furanyl moiety. All compounds of this series
exhibited in vitro antidiabetic activity against SGLT2 in the
nanomolar range from which compounds (23) and (24),
featuring a benzene ring with alkoxy and hydroxy substitutions
at the ortho position, respectively, were found to be the most
potent inhibitors. The IC50 value was 0.934 nM for compound
(23) and 0.797 nM for compound (24).94

Lee et al. also coupled perbenzyl gluconolactone 9 with 2-
lithiothiazole and therefore synthesized a novel series of thia-
zole analogues. During synthesis, the thiazole ring is linked to
the C-glucoside (using 2-lithiated thiazole) and the C-4 or C-5
position of the thiazole gains a halogen attachment. Aer in
vitro evaluation of these derivatives, using the SGLT2 inhibition
assay, the authors reported that the novel benzylthiazolyl
RSC Adv., 2020, 10, 1733–1756 | 1745
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derivatives can be tested as potential SGLT2 inhibitors useful
for pharmacotherapy. Compound (25) was found to be the most
potent inhibitor of the series with an IC50 value of 121 nM.93

In addition, the researchers designed and synthesized 1,3,4-
thiadiazole coupled C-aryl glucosides from commercially avail-
able perbenzylated gluconolactone and evaluated them as
SGLT2 inhibitors. Among the heterocycle-containing deriva-
tives, the compounds (26), (27), and (28) exhibited signicant in
vitro inhibitory activity against SGLT2 with IC50 values of 4.06,
7.03, and 3.51 nM, respectively.96
The SAR analysis indicated that replacement of the benzene
ring attached at the distal end of dapagliozin by 1,3,4-oxa-
diazole decreased the antidiabetic activity, whereas the 1,3,4-
thiadiazole ring increased it. Furthermore, the substitution of
an aliphatic linear chain on the thiadiazole ring decreased the
activity and a bulkier group resulted in a complete loss of the
activity. If halogen-like small lipophilic substituents were
introduced at the C-40 position of the benzene ring (directly
attached to C-glucoside), the antidiabetic activity was improved.
Because the most potent inhibitors contain a pyrazine, furan or
thiophene ring [compound (26) contains a pyrazine ring,
compound (27) contains a 2-furan ring, and compound (28)
contains a 3-thiophene ring], these heterocycles are important
for strong inhibitory activity against SGLT2.95,96

6.2.1.7 Spirocyclic derivatives. Lv et al. prepared a novel
series of C-arylglucosides with a spiroketal ring attached at the
ortho position. This series was tested in vitro against SGLT1 and
SGLT2 using a cell based assay. Among the evaluated deriva-
tives, compounds (29) and (30) were identied as the most
effective inhibitors with IC50 values of 0.3 and 3.8 nM against
SGLT2 and IC50 values of 3.1 and 0.7 mM against SGLT1,
respectively. Compound (29) was found to be the more potent
compound against SGLT2, whereas compound (30) was more
potent against SGLT1 compared to that of the reference
compound dapagliozin (IC50 ¼ 6.7 nM and 0.89 mM against
SGLT2 and SGLT1, respectively). According to this report, the
spiro[isobenzofuran-1,20-pyran] core with a chlorine substitu-
tion at the C-4 position of the B ring displayed signicant
antidiabetic activity. Administration of compound (30) in mice
elevated glucosuria and reduced the blood glucose levels.97

Xu and Chen et al. synthesized two series of O-spiro-C-aryl
glucosides where the spiro group was attached to the 20 and 60
1746 | RSC Adv., 2020, 10, 1733–1756
positions of the C-aryl glucosides. The compounds (1 mM) were
tested against SGLT1 and SGLT2 in vitro; the C-aryl glycoside
derivatives containing the 60-O-spiro substitution showed the
highest inhibitory activity against SGLT2. However, the 20-O-spiro
derivatives were not effective against the same transporter. Two
60-O-spiro derivatives, compounds (31) and (32), were identied
as potent SGLT2 inhibitors, with IC50 values of 71 and 6.6 nM,
respectively. Furthermore, compound (32) was found to be as
effective as the reference compound dapagliozin (IC50 ¼ 6.7
nM). The SAR showed that the substituent at the 40 position of the
rst phenyl ring was crucial for potent SGLT2 inhibitory activity;
specically, compound (31) without this substitution is 10 times
less potent than compound (32) with a chlorine substituent at the
40 position of the rst phenyl ring.98
Robinson et al. prepared a series of C-5 spiro derivatives. By
assessing their in vitro activity, some compounds, specically
(33), (34), (35), (36), and (37), were found to possess potent
inhibitory activity against SGLT2 (Table 2).99 Moreover, two
compounds (35), and (37) also showed good in vivo efficacy in
rats. Interestingly, the 5th position is the only position at which
removal of the hydroxyl group does not cause any signicant
loss of SGLT2 inhibitory activity.99

Mascitti et al. also synthesized C-glycoside derivatives with
spirocycle substituents at the 5th position of the pyranose ring
using a one-pot aldol-Cannizzaro type reaction and spiro oxetane
production (using pentaol C-glycoside as a substrate). Evaluation
of these derivatives for inhibitory activity and selectivity against
SGLT1 and SGLT2 identied compounds (37), (38) and (39) as
promising SGLT2 inhibitor candidates with IC50 values of 6.6 �
2.5, 14 and 3.4 � 0.8 nM, respectively. Also, it was observed that
removal of the H-bond-donor at the C-5 position does not affect
the potency and selectivity of candidates towards SGLT2.

However, in the case of azetidine, substituting an H-bond-
donor at the C-5 position was not tolerated since this substi-
tution resulted in a decrease in the SGLT2-inhibitory activity.100

6.2.1.8 C-aryl glucoside derivatives. Xu and Chen et al.
synthesized a series of C-aryl glucosides with substitutions at the
second carbon. These glucoside derivatives were tested in vitro for
inhibitory activity against SGLT1 and SGLT2 using a cell-based
assay. From the evaluated derivatives, the compounds (40) and
(41) exhibited strong inhibitory activity against SGLT1 and
SGLT2. Their IC50 values were 0.9 nM (compound 40) and 1.2 nM
This journal is © The Royal Society of Chemistry 2020



Table 2 In vitro evaluation results of compounds 33–37 against
SGLT2 (ref. 99)

Compound IC50 (nm)

33 2.4 � 0.5
34 5.1
35 3.0 � 0.5
36 7.9 � 3.5
37 6.6 � 2.5
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(compound 41) against SGLT2 and >2 nM (compound 40) and
>4.2 nM (compound 41) against SGLT1. According to the in vitro
tests, compound (40) exhibited 7 times stronger inhibitory
activity and 11 times better selectivity against SGLT2 compared to
those of the reference compound dapagliozin and one
compound that had been synthesized previously by the authors.
Furthermore, the authors reported that introducing a substituent
at the 2nd carbon (ortho position) of the benzene ring adjacent to
the glycosidic linkage not only increased the SGLT2-inhibitory
activity but also improved the selectivity of the respective
compounds for SGLT2 over SGLT1.101

Lee et al. designed and synthesized C-aryl glucoside derivatives
of dapagliozin containing a macrocycle with the goal of creating
new SGLT2 inhibitors. Two diverse synthetic schemes, intra-
molecular alkylation (OH ¼ nucleophile and R from R–X ¼ elec-
trophile) and olen metathesis (involving ring closure in the
presence of a Grubbs catalyst), were implemented to achieve
macrocyclization of dapagliozin between the 6th position of the
pyranose ring and the ortho position of the benzene ring (which
This journal is © The Royal Society of Chemistry 2020
was directly attached to a sugar moiety). The derivatives were
tested in vitro for inhibitory activity against SGLT2 using a cell-
based assay with dapagliozin as a reference compound (IC50 ¼
1.35� 0.15 nM). In this assay, compound (42) was themost potent
compound with an IC50 value of 0.778 nM against SGLT2.
Compound (43) also exhibited strong anti-SGLT2 activity (IC50 ¼
0.899 nM) in the in vitro assay, but it was only moderately active
when tested in SD rats. However, themacrocyclization between the
sugar and the proximal phenyl ring was crucial for the inhibitory
activity against SGLT2. Also, a methylthiophene or ethoxybenzene
substituent at the central ring of the dioxacyclopentadecine mac-
rocycle contributed to the best in vitro inhibition of SGLT2.102

Li et al. prepared dioxa-bicyclo C-aryl glucoside derivatives,
which were analyzed in vitro for inhibitory activity against
hSGLT2 using a cell-based assay. Among the newly synthesized
derivatives, only compound (44) was found to be effective
against SGLT2 with an IC50 value of 700 nM. The authors further
reported that changing the oxygen position resulted in a loss in
the SGLT2 inhibitory activity.103
RSC Adv., 2020, 10, 1733–1756 | 1747
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6.2.1.9 Azuline derivatives. Ikegai and Imamura et al. evalu-
ated the in vitro anti-hSGLT1 and anti-hSGLT2 activities (Chinese
hamster ovary cells) of a newly synthesized series of C-glucoside
derivatives containing azulene rings attached to the benzene ring
present on the sugar moiety. Among the new derivatives,
compounds (45) and (46) were active against hSGLT2 (IC50 ¼ 22
and 8.9 nM, respectively) and more selective towards hSGLT2
with a selectivity index over hSGLT1 of 590 and 280 times,
respectively. The most potent compound (46) also showed good
in vivo activity when tested in diabetic rats and mice. The SAR
analysis indicated that attaching a hydroxyl group at the 6th

position of the benzene ring linked to the pyranose ring (ortho
position) resulted in a more active compound (46), indicating
that even the pyranose ring with an ortho substitution can
improve the anti-SGLT2 activity. As a result of the SAR, the
monocholine compound (47), which was derived from
compound (46), was selected for further clinical development.104

6.2.1.10 Isoquinoline derivatives. Liu et al. synthesized C-aryl
glucoside derivatives containing a tetrahydroisoquinoline
ring attached to the ortho position of the sugar moiety. The
authors examined these derivatives in vitro for their inhibitory
1748 | RSC Adv., 2020, 10, 1733–1756
activity against SGLT2 using a cell-based assay. Among the
evaluated derivatives, compound (48) was found to be the
most potent inhibitor, reducing the SGLT2 activity by 81.7%,
which was similar to the inhibition determined for the
reference compound dapagliozin (85.4% inhibition of
SGLT2). The SAR study indicated that the presence of
electron-withdrawing or -donating groups at the 4th position
of the aromatic ring attached to the indolyl core further
increased the in vitro anti-SGLT2 activity.105

6.2.2 Non-glucosides. Benzothiazinone and benzoox-
azinone derivatives were synthesized and evaluated by Li et al.
for their potential inhibitory activity against SGLT2. The
authors identied compound (49) as a target molecule in high
throughput screening (HTS). Compound (49) showed an IC50

value of 1.4 mM against hSGLT2 (when tested in vitro using
a Chinese hamster ovary cell-based assay). Derivatization of
compound (49) resulted in a series of compounds containing
benzothiazinone and benzooxazinone cores. From these
compounds, compounds (50) and (51) possessed the highest
activity. Compound (50) had IC50 values of 0.009 and 9.14 mM
and compound (51) had IC50 values of 0.010 and 6.29 mM
against SGLT2 and SGLT1, respectively. The researchers further
reported that N-substituents on triazole and chloro substitu-
tions at the 6th and 8th position of the benzooxazinone and
benzothiazinone rings were found to be important for anti-
SGLT2 activity.106

6.2.3 Miscellaneous. Qing et al. described the design and
synthesis of dapagliozin derivatives with a geminal diuoro
substitution at the C-4 position. In vitro evaluation of these
compounds for inhibitory activity against SGLT2 resulted into
identication of certain compounds with very potent inhibitory
activity (IC50 < 0.60 nM) when compared with the activity of the
reference compound dapagliozin (IC50 ¼ 1.98 nM). The most
potent derivative was compound (52) with an IC50 value of
0.35 nM. The SAR analysis indicated that the presence of a strong
This journal is © The Royal Society of Chemistry 2020



Review RSC Advances
electron withdrawing group such as triuoromethyl results in
a decrease in the activity, whereas geminal diuoro substituents
at the C-4 position of dapagliozin resulted in potent anti-SGLT2
activity.107

Zhao and Wang et al. reported the synthesis of C-glucosides
with geminal dimethyl substitution and their evaluation as
SGLT2 inhibitors (53). The synthesis of these compounds
included a Friedel–Cras alkylation (as the main step) reaction
using anhydrous AlCl3 as a catalyst. When tested in mice, these
compounds showed good anti-hyperglycemic efficacy but they
were less potent than the reference compound dapagliozin.108
Kakinuma et al. prepared derivatives of D-glucitol linked to
C-phenyl rings and a pyranose-like ring with the oxygen atom
replaced by a sulfur atom. These compounds were tested in
vitro against SGLT1 and SGLT2 using a cell-based assay. From
these compounds, compound (54) was found to be the most
potent with an IC50 value of 2.26 nM along with a 1650 times
stronger selectivity over SGLT1. The in vivo results of this
compound were also promising, which initiated the testing of
this compound in clinical trials (it reached Phase II clinical
trials).109

Lansdell et al. were the rst to work on the design and
synthesis of uorophore-conjugated SGLT2 basic pharmaco-
phore molecules as promising SGLT2 inhibitors. They tested
these compounds in vitro for inhibitory activity against SGLT2
and identied compound (55) as the most potent inhibitor in
this series, with an IC50 value of 55 nM, which was ten times
more potent than the reference compound phlorizin (IC50¼ 752
nM). According to this report, for optimum potency of the
synthesized molecules, the mode by which the uorophore
binds with the SGLT2 basic pharmacophore was identied as
the most essential aspect. In addition, the report indicated that
alkyl substituents, such as propyl (–C3H7) and butyl (–C4H9)
when introduced on nitrogen, increased the size of the amide,
which resulted in a reduction in potency.110
This journal is © The Royal Society of Chemistry 2020
Wang and Shen et al. reported on nine compounds derived
from sergliozin-A. Aer performing alterations to the O-gluco-
side chain, a 4-O methyl derivative (56) was found to be phar-
macokinetically stable with good pharmacodynamic potency.111
Tsujihara and Saito et al. synthesized and evaluated derivatives
of 40-dehydroxyphlorizin substituted on the B ring. The
researchers indicated that a small alkyl group substitution at the
40 position increases the biological activity of these derivatives.
Thus, compound (57) was found to be the most potent SGLT
inhibitor among the new series. The researchers also prepared
prodrugs that were susceptible to hydrolysis by a b-glucosidase in
the GIT. Among the prodrugs, compound (58) had very benecial
features when tested in mice, such as a decreased hyperglycemia
and the inhibition of blood sugar level increase. Finally, the report
indicated that compound (57) displayed therapeutic efficacy in
the treatment of non-insulin-dependent DM.112
RSC Adv., 2020, 10, 1733–1756 | 1749
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Aer synthesizing novel N-glucoside derivatives, Nomura
et al. evaluated them for their inhibitory activity against
hSGLT2. Among the evaluated compounds, compound (59)
containing an N-glucoside attached to the indolyl core exhibited
good in vitro activity with an IC50 value of 7.1 nM.113
6.3. SGLT inhibitors from natural sources

As described earlier, phlorizin was the rst natural substance
that displayed SGLT inhibitory activity.57,59 Among the
compounds that Sato et al. identied in the methanol
extract prepared from dried roots of the Chinese plant
Sophora avescens, three isoavonoids, formononetin (60),
maackiain (61) and variabilin (62), exhibited selective activity
against SGLT 2, whereas another avone, L-kurarinone (63), was
the most potent inhibitor of both SGLT1 (IC50 ¼ 10.4 mM) and
SGLT2 (IC50 ¼ 1.7 mM).114 Furthermore, Yang et al. also isolated
several compounds from the same plant species and found that
compound (64) possessed the most potent SGLT2 inhibitory
activity (IC50 ¼ 2.6 � 0.18 mM).115
Compound (65) was identied as the most potent compound
among the constituents of the bark of the tree Acer nikoense,
isolated by Morita et al. Compound (65) showed IC50 values of
26 and 43 mM against SGLT1 and SGLT2, respectively.116
1750 | RSC Adv., 2020, 10, 1733–1756
Natural stilbenes were isolated from the dried bark of the
tree Gnetum gnemonoides by Shimokawa et al. Among these
compounds, gneyulin A (66) was found to be the most active
inhibitor against both SGLT1 and SGLT2, with IC50 values of 27
and 25 mM, respectively (Table 3).116
This journal is © The Royal Society of Chemistry 2020



Table 3 Patents on SGLT inhibitors

Sr No. Patent no. (patent family) Applicant/assignee Filling year Title Country

1 WO2016041470A1
(CN107108539A)

National Institute of
Biological Sciences, Beijing

2015 SGLT2 inhibitors117 China

2 WO2015173584A1
(EP3142661A1a,
US20170135981A1b,
JP2017515908Aa,
TW201607540Aa,
CN106714796Aa)

AstraZeneca AB 2015 Method for suppressing
glucagon secretion of an
SGLT2 inhibitor118

Europe, United
States, Japan,
Taiwan, China

3 WO2014159151A1
(US9573959B2,
EP3466431A1a,
EP2968375B1)

MSD International GmbH 2014 Methods for preparing SGLT2
inhibitors119

United States,
Europe

4 WO2012163990A1
(EP2714052B1,
US20180177794A1a)

Boehringer Ingelheim
International GmbH

2012 SGLT2 inhibitors for treating
metabolic disorders in
patients treated with
neuroleptic agents120

Europe, United
States

5 WO2010048358A2
(US20100167988A1b)

Auspex Pharmaceutical,
Inc.

2010 Ethoxyphenylmethyl
inhibitors of SGLT2 (ref. 121
and 122)

United States

6 WO2010012153A1
(CN101638423B)

Changzhou Multiple
Dimension Institute of
Industry Technology

2009 New phlorizin derivatives
having SGLT2 inhibitory
activity: useful for treating
metabolic diseases such as
diabetes and diabetic
complications122,123

China

a Under prosecution. b Abandoned.
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7. Conclusions

DM is a major chronic disease associated with metabolism that
affects a large proportion of the world population. It is linked to
other medical conditions and disorders such as obesity, hyper-
tension, cardiovascular diseases, and atherosclerosis. In most
cases, the DM management period includes the entire lifespan of
a diabetic person, requiring a multidisciplinary approach that
involves lifestyle changes, medical treatments such as antidiabetic
therapies, and input from various persons with different back-
grounds (e.g., health-related professionals, dieticians, exercise
instructors, awareness educators, and support from family and
society). We intended to cover all published information on SGLTs
as targets for DM treatment and the compounds with inhibitory
activity against the SGLTs, including current drugs, drugs in the
pipeline, and drugs in clinical development. We sorted the current
and potential therapeutics into chemical classes that we identied
from the various reports. In this review, a systematic overview of
the research published over the last 10 years in the area of SGLT
inhibition as an antidiabetic target is provided to serve as
a comprehensive resource for the scientic community.
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