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Abstract

Background Hyperglycemia is an important pathogenic component in the devel-
opment of microvascular and macrovascular complications in type 2 diabetes mel-
litus. Inhibition of renal tubular glucose reabsorption that leads to glycosuria has
been proposed as a new mechanism to attain normoglycemia and thus prevent and
diminish these complications. Sodium glucose cotransporter 2 (SGLT2) has a key
role in reabsorption of glucose in kidney. Competitive inhibitors of SGLT2 have been
discovered and a few of them have also been advanced in clinical trials for the treat-
ment of diabetes.
Objective To discuss the therapeutic potential of SGLT2 inhibitors currently in
clinical development.
Key findings A number of preclinical and clinical studies of SGLT2 inhibitors have
demonstrated a good safety profile and beneficial effects in lowering plasma glucose
levels, diminishing glucotoxicity, improving glycemic control and reducing weight
in diabetes. Of all the SGLT2 inhibitors, dapagliflozin is a relatively advanced com-
pound with regards to clinical development.
Summary SGLT2 inhibitors are emerging as a promising therapeutic option for the
treatment of diabetes. Their unique mechanism of action offers them the potential
to be used in combination with other oral anti-diabetic drugs as well as with insulin.

Introduction

Type 2 diabetes mellitus (T2DM) is characterized by the
failureof bodytissues torespondto insulin(insulinresistance)
and by b-cell dysfunction that results in hyperglycemia.
Untreated hyperglycemia leads to tissue damage that results
in micro- and macrovascular pathologies (coronary heart
disease, retinopathy, nephropathy, neuropathy and stroke).[1]

It also inhibits wounds healing, thereby promoting lower
limb infections and gangrene. High glucose levels exacerbate
insulin resistance and promote b-cell damage, leading to
their apoptosis.[2,3] Even with the availability of multiple
antidiabetic drugs, including metformin, sulfonylureas,
thiazolidinediones, a-glucosidase inhibitors, glucagon like
peptide-1 agonists and dipeptidyl-peptidase-IV inhibitors,
many patients do not achieve glycemic targets. These drugs
also have numerous side effects, such as weight gain, hypogly-
cemia,fluid retention and gastrointestinal side effects (nausea,
abdominal discomfort and diarrhoea).[4] Hence, the search
for novel efficacious and safer treatment strategies is ongoing.

Sodium glucose co-transporters 2 (SGLT2) inhibitors
represent a new strategy in the treatment of diabetes. These
drugs inhibit glucose reabsorption from renal tubules,
thereby promoting urinary glucose excretion and decreasing
plasma glucose levels. These drugs have a unique mechanism

of action that is independent of pancreatic b-cell function or
modulation of tissue insulin sensitivity. Thus, they have the
potential to be used as combination therapy with other oral
antidiabetic drugs as well as insulin. A number of SGLT2
inhibitors are in various phases of preclinical and clinical
development, and dapagliflozin is the furthest advanced
compound. This article reviews the role of SGLT2 in glucose
homeostasis, SGLT2 inhibitors currently under clinical devel-
opment, their therapeutic potential and safety concerns in
the treatment of diabetes.

Glucose transport across
biological membranes

Glucose absorption at the enterocytes, reabsorption at the
renal tubules, transport across the blood–brain barrier and
uptake and release by all cells in the body is mediated by two
groups of transporters. These include glucose transporters
(GLUTs) and sodium-glucose co-transporters (SGLTs).[5]

GLUTs are facilitative or passive transporters that trans-
port glucose along the concentration gradient. They belong
to the solute carrier family 2 (SLC2) gene family, which
has 13 members: GLUT1-12 and the H+-myoinositol
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co-transporters. GLUTs are expressed in every cell of the
body.[5–7]

SGLTs transport sodium and glucose into cells using the
sodium gradient produced by sodium/potassium ATPase
pump at the basolateral cell membrane (Figure 1). These
transporters belong to the solute carrier family 5 (SLC5) gene
family, which has nine members with known functions.[7,8] Of
these, SGLT1 and SGLT2 are primarily responsible for renal
glucose reabsorption. These transporters are compared in
Table 1.[7–16]

SGLT1 is chiefly responsible for the absorption of dietary
glucose from enterocytes and accounts for only 10% of renal

glucose reabsorption. SGLT1 gene mutations lead to glucose–
galactose malabsorption, which results in potentially fatal
diarrhoea,[11,12] but such adverse effects were not observed
with the SGLT1 inhibitors currently in clinical testing.[15]

SGLT2 plays a major role in renal glucose reabsorption and
accounts for approximately 90% of renal glucose reabsorp-
tion. The evidence for SGLT2 being a major pathway for renal
glucose reabsorption has been derived from the genetic
studies of individuals with familial renal glycosuria. Muta-
tions in the SLC5A2 gene encoding SGLT2 lead to familial
renal glycosuria.[17,18] This benign disorder is inherited as an
autosomal recessive trait and is characterized by isolated
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Figure 1 Diagram of proximal renal tubular cell showing secondary active transport of glucose by SGLT2. The Na+/K + ATPase pump present at baso-
lateral memebrane produces the electrochemical gradient that is used for sodium and glucose cotransport. Glucose is transported passively by GLUT2
into the interstitium. SGLT2, sodium glucose co transporter; GLUT2, glucose transporter 2.

Table 1 Comparison of SGLT1 and SGLT2 (7–16)

SGLT1 SGLT2

Site Mainly intestine, other sites include brain, skeletal and
heart muscle, liver, lungs, kidneys

Kidney

Gene encoding SLC5A1 SLC5A2
Substrate Glucose or galactose Glucose
Affinity for glucose High Low
Capacity for glucose transport Low High
Main function Dietary glucose absorption Renal glucose reabsorption
Renal location Late proximal straight tubule (S3) Early proximal convoluted tubule (S1 and S2)
Percentage of renal glucose

reabsorption
10% 90%

Mutation of encoding gene Glucose/galactose malabsorption, leading to fatal diarrhoea* Familial renal glucosuria, a benign condition
Inhibitors of transporter Selective SGLT1 inhibitors: Dapagliflozin, canagliflozin, empagliflozin etc.

advanced in clinical trialsKGA2727 (Kessei Pharmaceutical Co. Ltd)
GSK1614235/ KGA3235 (Kissei Pharmaceuticals Co. Ltd,

GlaxoSmithKline plc)

*The gastrointestinal side effects have not been reported in clinical studies. SGLT1, sodium glucose co-transporter 1; SGLT2, sodium glucose
co-transporter 2; SLC, solute carrier family.
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persistent glycosuria with normal blood glucose levels and
normal oral glucose tolerance test results.[7,17,19–21] Analyses of
23 families with index cases of renal glycosuria demonstrated
that each family had a unique mutation in the SGLT2 gene.[18]

Individuals who were found to be carriers of two mutated
alleles showed severe glycosuria.[18,22] Apart from isolated per-
sistent glycosuria, these patients were asymptomatic and did
not develop hypoglycemia, hypovolemia or electrolyte imbal-
ance. They had normal renal function tests and normal life
expectancies.[10,13,21] This benign genetic disorder is a potential
demonstration of the safety of SGLT2 inhibitors.

Renal glucose transport in health
and disease

The renal system plays a very important role in glucose
homeostasis. Blood glucose is freely filtered by the glomeruli
and is completely reabsorbed from the proximal tubules via
SGLTs in the brush border membrane. Glomeruli filter about
144 gm of glucose per 24 hours, nearly 100% of which is reab-
sorbed in the renal tubules. Glycosuria develops when the
blood glucose level reaches the renal threshold for reabsorp-
tion, which is about 8–10 mmol/l (180 mg/dl).[7]

Renal tubular reabsorption is known to undergo adapta-
tions in uncontrolled diabetes. There is an up-regulation
of both GLUT2 and SGLT2 in diabetes to maintain renal
tubular glucose reabsorption.[23,24] SGLT2 mRNA expression
is up-regulated in the kidneys of diabetic rats, and reversed by
lowering blood glucose levels.[7,24] In comparison to the cells
of healthy individuals, the exfoliated proximal tubular epi-
thelial cells from the fresh urine of diabetic patients express
significantly higher levels of SGLT2 and GLUT2.[25] The
increased expression of SGLT2 in uncontrolled diabetes
has practical significance, as SGLT2 inhibitors are likely to
produce a greater degree of glycosuria in the presence of
higher prevailing plasma glucose levels.[7]

Therapeutic potential of
SGLT2 inhibitors

A number of SGLT2 inhibitors are in various stages of clinical
development for the treatment of diabetes. SGLT2 inhibitors
interfere with the function of SGLT2 in proximal convoluted
tubules of kidney and induce glycosuria. Animal studies and
clinical trials have revealed that SGLT2 inhibition benefits the
diabetic state by lowering plasma glucose levels, decreasing
glucotoxicity and reducing plasma insulin and glycosylated
hemoglobin levels.[26–28] Reduction in the plasma glucose level
improves liver sensitivity to insulin. This suppresses hepatic
glucose production, leading to an improvement in the dia-
betic state.[29] By causing glycosuria, SGLT2 inhibitors not
only reduce plasma glucose levels, but also cause a net loss of
calories from the body and maintain overall negative energy
balance. This results in a reduction in adiposity and weight

loss.[30–35] In addition, these inhibitors also have a blood pres-
sure lowering effect, which might be related to their mild
diuretic and weight-reducing action.[30–32,35] As compared to
currently used antidiabetic drugs, SGLT2 inhibitors do not
stimulate insulin secretion or pose the risk of hypoglycemia
or cause gastrointestinal side effects.[28,31] The convenience of
oral administration is another advantage of this new class of
antidiabetic drugs. The novel mechanism of action suggests
their potential use in combination with other antidiabetic
agents to exert additive or synergistic effects in lowering
glucose levels in T2DM.

The efficacy of SGLT2 inhibitors is dependent on the
amount of glucose filtered through the glomeruli. As the
glomerular filtration rate (GFR) declines in renal impair-
ment, the efficacy of the SGLT2 inhibitors decreases.[36] Renal
dysfunction is a common complication of T2DM, with 35.2%
of patients having evidence of moderate to end-stage renal
impairment.[37] This implies that the therapeutic efficacy of
SGLT2 inhibitors would be limited to diabetic patients with
normal renal function or with mild renal impairment at best.
There would be a need to monitor the renal function prior
to giving this drug and during the course of therapy.[38] The
drug might even undergo a therapeutic failure with progres-
sive deterioration of renal function during the course of
treatment.[38]

Early drugs

Phlorizin, a naturally occurring b-glucoside isolated from the
bark of apple trees in 1835, was the first known SGLT inhibi-
tor.[39] It acts as a potent non-selective competitive inhibitor
of both SGLT1 and SGLT2. The principal pharmacological
action of phlorizin is to produce renal glycosuria and block
intestinal glucose absorption through the inhibition of
SGLT located in the proximal renal tubule and mucosa of the
small intestine. It has been used as a pharmaceutical tool for
physiology research for over 150 years.[39] Using euglycaemic
hyperinsulinaemic clamp studies, phlorizin was found to
normalize insulin sensitivity in pancreatectomized diabetic
rats. Administration of phlorizin caused glycosuria in these
rats, which normalized both the fasting and fed plasma
glucose levels and completely reversed insulin resistance.
When phlorizin was discontinued, hyperglycemia and insulin
resistance recurred. This was the first study which demon-
strated that hyperglycemia alone can lead to the development
of insulin resistance via glucotoxicity.[40] Phlorizin was used
in multiple studies that helped to establish that hyperglyce-
mia contributes to the development of insulin resistance and
T2DM.[10,24] However, it was not developed further because of
its non-selective SGLT inhibition and low oral bioavailability,
resulting from rapid in-vivo b-glucosidase-mediated intesti-
nal degradation.[39] Subsequently developed SGLT2 inhibi-
tors were more SGLT2 selective and resistant to intestinal
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degradation. All of these are phlorizin derivatives that are
structurally modified to increase SGLT2 selectivity and
improve oral bioavailability.

The first orally available phlorizin derivative reported was
T-1095. This drug was not progressed further because of its
non-selective SGLT inhibition.[10,41] Sergiflozin and remigli-
flozin, the potent SGLT2 inhibitors subsequently synthesized,
were tested in preclinical and clinical studies.Both these drugs
were progressed to phase 1 clinical testing, but their further
development was not pursued because of their unfavou-
rable pharmacokinetic profile.[42] These drugs contained
O-glucoside linkages that made them susceptible to hydrolysis
by intestinal b-glucosidase, thus reducing their plasma half-
life.[42] Oral administration of a single dose of sergiflozin
etabonate to healthy volunteers and T2DM patients produced
a dose-related glycosuria under fasting conditions as well as
following glucose loading, without affecting urinary electro-
lyte excretion or fluid balance.[43] This single dose of sergli-
flozin did not significantly affect fasting plasma glucose
levels but produced transient attenuation of the plasma
glucose area under the curve (AUC) following glucose
challenge.[43] Sergiflozin treatment for 14 days also produced a
significant weight reduction as compared to placebo (sergli-
flozin 500 mg three times a day = -1.55 kg and 1000 mg three
times a day = -1.74 kg) in healthy obese or overweight indi-
viduals.[44] Remogliflozin etabonate administration for 12
days in patients with T2DM produced a significant reduction
in fasting plasma glucose levels (remigliflozin 1000 mg twice
a day = -2.3 mmol/l) and weight (remogliflozin 1000 mg four
times a day = -2.6 kg) as compared to placebo.[31,45]

Drugs currently in clinical trials

Dapagliflozin

Dapagliflozin (developed by Bristol – Myers Squibb and
AstraZeneca) is the furthest advanced compound in clinical
development belonging to the SGLT2 inhibitor class. It has
favourable pharmacokinetic profile as compared to earlier
agents. The C-aryl glycosidic linkage present in dapagliflozin
confers resistance to degradation by intestinal b-glucosidase
enzymes.[46] Consequently, it is orally effective and has a long
duration of action that suppresses both postprandial and
fasting hyperglycemia for 24 h on once-daily dosing.[42,46]

It also has approximately 1200 times more selectivity for
SGLT2 than SGLT1.[27]

Dapagliflozin has shown promising results in various pre-
clinical and clinical studies of T2DM. Administration of a
single dose of dapagliflozin induced renal glucose excretion
in normal and diabetic rats without causing hypoglycemia.[27]

It also improved glucose tolerance in normal rats, and
reduced hyperglycemia in Zucker diabetic fatty (ZDF) rats.[27]

Chronic treatment with dapagliflozin for 2 weeks signifi-
cantly lowered fasting and fed glucose levels in ZDF rats and

resulted in a significant increase in glucose utilization rate,
accompanied by a significant reduction in hepatic glucose
production.[27] This promising evidence of efficacy in animal
models led to further clinical investigations in humans.

In clinical studies, treatment with oral dapagliflozin (either
as monotherapy or in combination with other antidiabetic
drugs) significantly reduced fasting plasma glucose levels,
improved glycemic control and decreased weight in T2DM
patients (Table 2[30–35,47–50]). There was also a reduction
in mean systolic and diastolic blood pressure due to its
diuretic action.[30–32,35] This reduction in blood pressure
was seen without an increased incidence of orthostatic
hypotension.[30–32,35] In a few studies, dapagliflozin treatment
also increased plasma high density lipoprotein (HDL) choles-
terol levels and decreased plasma triglyceride levels.[30,32]

Dapagliflozin was well tolerated in clinical trials. The most
common side effect of dapagliflozin was an increased inci-
dence of genital infections and urinary tract infections
(UTI).[30–35,47–50] Genital infections were dose dependent. The
incidence rates of genital infections with dapagliflozin dose
2.5, 5 and 10 mg were 5.8%, 7% and 7%, respectively, as
compared to only 2.3% with placebo.[51] These were more
common in females in the form of vulvovaginal mycotic
infection.[38] Genital infections responded satisfactorily to
standard treatment and led to discontinuation of study medi-
cation only in a few patients. More patients in the dapagli-
flozin group reported events suggestive of UTI as compared
to those treated with placebo. The risk of UTI was not related
to dose and duration of the treatment. The incidence rates of
UTI with dapagliflozin dose 2.5, 5 and 10 mg were 4.2%,
7.3% and 6.5%, respectively, as compared to 4.5% with pla-
cebo.[51] Like genital infections, UTIs were also more common
in females. Most cases were mild to moderate in intensity and
resolved with standard medication. Pyelonephritis was an
uncommon event and occurred at equal rates in both placebo
and dapagliflozin-treated groups (0.1% in both groups).[38]

Although these common side effects of dapagliflozin were
not serious in nature, their long-term effect on renal function
and reproduction remains to be investigated.

Serious but rare side effects of dapagliflozin include cancer
development and hepatotoxicity.[38] The safety data pooled
from T2DM patients enrolled in phase 2b and 3 clinical trials
revealed an increased incidence of bladder and breast can-
cer.[38] A total of 9 cases of bladder cancer were reported out
of 5478 patients in the study group, as compared to 1 case out
of 3156 patients in the control group (0.3% of patients in
dapagliflozin group as compared to 0.05% of patients in the
control group). Also, there were 9 cases of breast cancer out of
2223 women in the study group as compared to 1 case in 1053
women in the control group (0.4% of women on dapagliflozin
as compared to 0.1% of women in the control group). Given
the lack of statistical significance of the breast and bladder
cancer observation (P = 0.15 and P = 0.27,respectively) at this
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time, it is still unclear whether this is due to the carcinogenic
potential of the drug or an imbalance of some baseline risk
factor between the study and control groups.[52] These findings
require further investigation as neither bladder nor breast
tissueexpressSGLT2transporters.[16] Moreover,rigorous2-year
carcinogenic studies in animals failed to demonstrate any
neoplastic activity.[16] Breast and especially bladder cancers
take many years to develop, whereas the exposure to dapagli-
flozin was short (generally �1 year).[16] In addition, there could
have been a detection bias for bladder cancer, as frequent urine
analyses in the treatment group (due to increased incidence
of UTI) may have led to the discovery of microscopic hema-
turia.[52] Similarly, weight loss in the treatment group may
have lead to a relatively easier location of breast lump, thus
increasing the rate of diagnosis of carcinoma breast.[52]

Five cases in the Phase 2b and 3 clinical trial data pool were
found to have elevated values of liver enzymes suggesting liver
injury (laboratory values of aspartate aminotransferase or
alanine aminotransferase more than three times the upper
limit of normal in addition to elevation of total bilirubin
greater than twice the upper limit of normal).[38] An adequate
explanation for these biochemical abnormalities could be
identified in only one case. This was classified as a ‘probable
diagnosis of mild to moderately severe dapagliflozin-induced
liver injury’.[38]

In clinical trials of dapagliflozin, a low risk of hypoglycemic
episodes has been reported since this group of drugs acts
selectively targeting the renal glucose transporters without
affecting the counter regulatory hormones.[30–35,50] In a meta-
analysisof randomizedcontrolledtrialsof dapagliflozin,itwas
found that the overall incidence of major hypoglycemic events
did not exceed 1% and was not significantly increased by dapa-
gliflozin treatment.[53] However, the risk of mild hypoglycemic
events, generally not leading to the discontinuation of the
drug, was reported more frequently with dapagliflozin com-
pared to placebo. Further analysis of data revealed that this
increasedriskwasnotdoserelatedandcouldonlybeexplained
by co-administration of insulin.[48,53] These results imply that
although the risk of hypoglycemia with use of these drugs is
low, it is important to investigate this risk when these drugs are
administered in combination with other antidiabetic agents.

Dapagliflozin treatment was associated with a dose-
dependent increase in hematocrit and blood urea nitrogen
levels, suggesting volume depletion.[30,35,47] Dehydration and
hypovolemia might put the patients at increased risk of thro-
moembolic events.[38] The clinical relevance of this side effect
is yet to be established, especially in elderly patients and
patients on antihypertensive therapy and diuretics.[38] There
was also a dose-dependent decrease in serum uric acid levels
with dapagliflozin treatment reported in few clinical tri-
als.[30,35,47] The clinical relevance of this finding is unknown,
although an association between glucosuria and increased
renal uric acid clearance has been reported in some studies.[54]

The finding of increased trabecular bone mass by dapagli-
flozin in animal studies led to a more critical assessment of
the risk of fractures in clinical trials.[36] The data gathered
from phase 2b and 3 clinical trials demonstrated no signifi-
cant effect on bone loss or increased risk of fracture.[36,38] In
a few studies, an increase in levels of serum magnesium,
phosphate and parathyroid hormone was found.[30,35,47]

These electrolyte changes were statistically insignificant. The
long-term effect of dapagliflozin on bone health remains to
be investigated.

Dapagliflozin has completed phase 3 clinical trials as a
once-daily oral treatment for T2DM. Its New Drug Applica-
tion (NDA) has recently been reviewed by the US Food and
Drug Administration (FDA). Citing fears of cancer develop-
ment, the Endocrinologic and Metabolic Drugs Advisory
Committee of FDA has voted against the approval of the
drug.[55] The FDA panel stated that ‘based on evaluation of the
Surveillance Epidemiology and End Results (SEER) database
and review of the literature on the incidence of these cancers
in T2DM, it was determined that the number of observed
breast and bladder cancers in the dapagliflozin-treated group
exceeded the expected number of cases in the general T2DM
population’.[38] Other safety issues reviewed by the FDA panel
included a possible hepatotoxicity risk and increased inci-
dence of genitourinary infections by the drug.[38]

The FDA advisory panel also questioned the efficacy of the
druginrenal impairment.[38] Patientswithsevererenal impair-
ment (GFR<30 ml/min/1.73 m2) were excluded from large
controlled clinical trials. Hence, the efficacy and safety data
could not be extracted from these patients. Clinical trials con-
ducted to assess the efficacy of dapagliflozin in patients with
moderate renal impairment (GFR = 30 ml/min/1.73 m2 to
59 l/min/1.73 m2) demonstrated no statistical significant dif-
ference in attaining glycemic control by either placebo or
dapagliflozin at the end of the treatment period.[36,38] These
observations restrict the use of dapagliflozin to diabetic
patients with normal renal function or patients with mild
renal impairment. The FDA panel discussed the need for
monitoring the renal function prior to or during the course of
therapy. They also argued that as T2DM patients are at risk of
worsening renal function over the course of their disease, the
secondary failure of glycemic control might reflect a failure of
dapagliflozin efficacy and require discontinuation of drug.
This would be in contrast to the common practice of adding
drugswithcomplementaryeffects inuncontrolleddiabetes.[38]

Based on these safety and efficacy concerns, the FDA
advisory panel has delayed the approval of the drug, asking
the manufacturers to submit the additional clinical data of
dapagliflozin to allow a better assessment of its benefit–risk
profile.[56]

Despite a setback from the FDA, dapagliflozin has received
a positive opinion from the Committee for Medicinal Pro-
ducts (CHMP) of the European Medicine Agency (EMEA),
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which will now be reviewed by the European commission.[57]

Dapagliflozin (Forxiga 5 mg/10 mg once daily) is intended
to be approved for adult patients with type 2 diabetes to
improve glycaemic control, as a monotherapy in metformin-
intolerant patients as an adjunct to diet and exercise, and in
combination with other glucose-lowering drugs, including
insulin, when these, together with diet and exercise, do not
provide adequate glycaemic control.[57]

Other SGLT 2 inhibitors in clinical trials

A number of SGLT2 inhibitors are currently in phase 2/3
clinical trials, including canagliflozin, empagliflozin (BI
10773), ipragliflozin (ASP 1941), luseogliflozin (TS 071),
LX4211, tofogliflozin (CSG 452), ertugliflozin (PF04971729)
and EGT 1474 (Tables 3 and 4).[15,58–75] LX4211 is a dual
SGLT2/ SGLT1 inhibitor (lesser extent of SGLT1 inhibition as
compared to SGLT2).[15] It inhibits both glucose reabsorption
by the kidney and glucose absorption by the small intestine. It
thus produces rapid and robust decreases in fasting plasma
glucose, improvements in postprandial glycemic control
and reductions in haemoglobin A1c (HbA1c).[15] The HbA1c
reductions achieved with LX4211 after 4 weeks of treatment
were comparable to those achieved by other SGLT2 inhibitors
at 12 weeks of treatment.[15,52] In this short-term clinical trial
there were no reports of severe gastrointestinal adverse effects
due to SGLT1 inhibition.[15]

SGLT 2 antisense oligonucleotide

ISIS – 388626 (developed by Isis Pharmaceuticals) represents
a novel approach to SGLT2 inhibition. It is an antisense oligo-
nucleotide (ASO) designed to block the expression of the
SGLT2 gene in vivo. Administration of ISIS – 388626 once
weekly yielded an approximately 80% reduction of renal
SGLT2 mRNA expression without affecting SGLT1 expres-
sion.[76] It was safe and effective during 6-week studies in
dogs, 3-month studies in Sprague–Dawley (SD) rats and
6-month studies in ZDF rats. In ZDF rats a marked decrease
in plasma glucose was attained after once-a-week injection

for 4 weeks and this effect was maintained throughout
the 6-month study (saline: 695 � 46 mg/dl; ASO-treated:
382 � 48 mg/dl), with a significant reduction in HbA1c
(saline: 10.9 � 0.3%; ASO-treated: 6.3 � 0.8%). ISIS 388626
also slowed progression of ocular cataract formation, glom-
erular kidney and pancreatic islet cell deterioration.[10,76] This
drug is in the early phase of clinical testing.[75] The current
clinical development of ISIS 388626 is not known.

Conclusion

Inhibition of SGLT2 glucose transporter is a new therapeutic
approach for the treatment of T2DM. Administration of
SGLT2 inhibitors reduces both preprandial and postprandial
blood glucose levels, decreases glucotoxicity, reduces glycosy-
lated hemoglobin and causes weight reduction. The clinical
trials of the most advanced SGLT2 inhibitor, dapagliflozin,
have shown therapeutic benefits in attaining glycemic
control, lowering plasma glucose levels and reducing weight
in T2DM patients. Apart from these effects, there is also a
positive beneficial effect on blood pressure and lipid profile.
A unique mechanism of action of SGLT2 inhibitors offers
them a potential to be used in combination with other oral
antidiabetic drugs and with insulin. However, as the efficacy
of these drugs is dependent on glomerular filtration, these
therapeutic benefits are limited to a subset of diabetic patients
with normal renal function or patients with mild renal dys-
function. Increased incidence of breast and bladder cancer
and its hepatotoxic potential are safety concerns overshadow-
ing the potential therapeutic benefits of the drug. However,
further investigations are required to confirm these safety
issues. Notwithstanding these issues, a number of SGLT2
inhibitors currently in clinical trials are showing promising
efficacy and safety profile.
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Table 3 SGLT2 inhibitors currently in clinical development (58–66)

Drug candidate Manufacturing company Clinical development phase

Canagliflozin Johnson & Johnson NDA submitted to US-FDA
Empagliflozin (BI 10773) Boehringer Ingelheim Phase 3
Ipragliflozin (ASP 1941) Astella Pharma. Inc. Phase 2/3
LX 4211* Lexicon Pharmaceuticals Phase 2
Luseogliflozin (TS071) Taisho Pharmaceuticals Co. Ltd Phase 3
Tofogliflozin (CSG452) Chugai Pharmaceuticals Phase 3
Ertugliflozin (PF 04971729) Pfizer Phase 2
EGT1474 Theracos Inc. Phase 1
ISIS 388626 Isis Pharmaceuticals Phase 1

*Lx4211 is a dual sodium- glucose co-transporter 1 and SGLT2 inhibitor. FDA, Food and Drug Administration; NDA, New Drug Application.
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