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A B S T R A C T

Background: Diabetes Mellitus is a spreading pandemic to the countries around the globe, despite of
scientific breakthroughs and better healthcare facilities. Sodium-Glucose Co-Transporter Type 2 inhibitors
(SGLT2i) are the latest class of oral anti-hyperglycemic agents that have been approved for the treatment
of type II diabetes mellitus.
Aim: In this review, we have comprehended the evidence for antidiabetic and extra-glycaemic effects of
SGLT2i.
Materials and Methods: The information is collected based on safety trials, randomized controlled trials
(RCT), meta-analyses and real-world data.
Results: SGLT2i are rapidly establishing their role in the treatment of diabetes mellitus. The beneficial
effects extend beyond glycaemic control, impressive cardio protective and Reno protective effects and
included improvement in blood pressure, uric acid concentrations, body weight and oxidative stress.
Conclusion: Especially in patients with type 2 diabetes, SGLT2 inhibitors may be another option in those
patients requiring additional glucose lowering and in those with acceptable risk factors. More research on
the long term outcomes of SGLT2i is warranted.

© This is an open access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/) which permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.

1. Introduction

Globally, in past three decades, cases of diabetes mellitus
has quadrupled. Diabetes mellitus is the ninth major cause
of death.1 Every one person in 11 adult populations
worldwide now have diabetes mellitus. Amongst this, 90%
of adult population suffer from type 2 diabetes mellitus
(T2DM). Its is not surprising to note that Asia is a major
area of the rapidly emerging T2DM global epidemic.
China and India are the new top two cynosures for this
global epidemic.1Global burden of T2DM is expected to
increase to 578 million (10.2%) by 2030 and to 700
million (10.9%) by 2045.2 Type 2 diabetes (T2D) is an
endocrinal metabolic disease commonly presented with
obesity, hypertension, dyslipidaemia, non-alcoholic fatty
liver disease (NAFLD) and hyperuricemia as defined by the
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American Diabetes Association (ADA).3 Development of
complications like cardiovascular (CV) and renal disease,
are the key determinants of hospitalizations, morbidity, and
mortality in T2DM.4,5 Cardiovascular disease (CVD) is the
leading cause of death in people with T2DM.6

Through this review, we aim to endow physicians in
making informed decisions for choosing and prescribing
Sodium-Glucose Co-Transporter Type 2 (SGLT2) inhibitors
(SGLT2i) that best suits their patient which may vary
according to duration of existing Diabetes mellitus (DM),
presence of any CV history, heart or renal failure, and
any other co-morbidity.The information is collected based
on safety trials, randomized controlled trials (RCT), meta-
analyses and real-world data.
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2. Diabetes Mellitus- Current Comprehensive
Approach

Number of conditions like severity of hyperglycaemia,
risks of hypoglycaemia, body mass index, hepatic and
renal associated functions can affect the selection and
application of a glucose lowering therapy. Even patient
related factors like, ability to self monitor the blood
glucose level, and medication cost also affect the choice
of drugs. However, immediate requirement to act with a
well defined strategy has to be put forth for this disease
with its multiple complications. Achievement of complete
glycaemic regulation by assessment of present glycaemic
status is the ultimate goal of the underlying platform.
Analysis of the associated disorder would help providing
the healthcare facilities to the affected people. Known
pathogenic disturbances of the disease are targeted either by
reducing the deterioration of β-cell function or improving
insulin sensitivity. In recent years, treatment strategies have
focused on the development of novel therapeutic options
that will provide long and good glucose control. This
may further even help in blunting of disease progression.
Optimal management of type 2 diabetes should include
early initiation of therapy using multiple drugs having
different mechanisms of action.

ADA 2021 guidelines stat that metformin must be
the first drug of choice to be started for every patient
with T2DM. Further, ADA demands the selection of the
second agent added on metformin, in T2DM with CV
disease and if there is presence of Chronic kidney disease
(CKD).7 Older antidiabetic agents such as metformin,
thiazolidinediones, sulfonylureas and meglitinides,
dipeptidyl peptidase inhibitors are proved drugs for
tight glycemic control. These drugs have evidently shown
reductions in microvascular complications. No major
effect on macro vascular disease was observed though.8

Moreover, pharmacotherapy of T2DM also includes range
of deleterious side effects like proliferative retinopathy
with insulin,9 edema, and heart failure hospitalizations
especially with thiazolidinediones and hypoglycaemia
especially with sulfonylureas.10 Therefore, in 2008 United
States Food and Drug Administration (FDA) asked for CV
outcomes trials for novel antihyperglycaemic medications
to provide data on safety of the medications. FDA ensured
that new drugs for the treatment of T2DM would not
increase the risk for myocardial infarction or CV death.11

Therefore, the idea of a more comprehensive approach to
cardiovascular risk management in T2DM has emerged as
an interesting approach. The latest 2021 guidelines of ADA
recommend a personalized approach with the two latest
classes of antidiabetic medications, glucagon peptide-1
receptor agonists (GLP1-RA) and SGLT2i.7 The inhibition
of SGLT2 was introduced 130 years ago by Belgian
and French scientists, hence is not a novel approach.12

Few of the oral agents are approved for the treatment of

T2DM by the U.S. Food and Drug Administration and the
European Medicines Agency: Canagliflozin, Dapagliflozin,
Empagliflozin, Ertugliflozin and Sotagliflozin.

3. SGLT2 inhibition- Physiology

Several types of SGLT proteins have been identified as
proteins functioning independently of insulin. Inhibition of
these proteins resulted in changes that favourably improved
carbohydrate metabolism, thus became an attractive topic
for the treatment for diabetes mellitus.13

Of all the filtered glucose in the kidney tubules and
almost all of it gets reabsorbed by SGLT2 proteins expressed
in the proximal convoluted tubule of the kidneys. They are
located in the early S1 segment of the proximal tubule. They
are totally responsible for the reabsorption of 80%–90% of
filtered glucose in the kidneys. SGLT1s are also located
in the S2/S3 segment of proximal tubule reabsorb and
are meant to reabsorb the remaining 10%–20% of filtered
glucose. Thus, glucose that escapes SGLT2 is reabsorbed
by SGLT1 in more distal tubular segments.14

SGLT2 and SGLT1 transporters are an ideal target for
the treatment of diabetes because they are responsible for
roughly all of filtered glucose reabsorption.15 In patients
with type 2 diabetes, threshold for reabsorption of glucose
is usually observed to be on a higher side and the expression
of the SGLT2 can be up-regulated causing an adaptive
response that worsens hyperglycaemia.16 SGLT2 inhibition
can almost reduce this threshold to as low as 40 to 120
mg/dL.17The mode of action of SGLT2i is independent of
insulin and unlike any other anti-diabetic agents.18

Fig. 1: Cotransport of glucose and sodium by SGLT1 and SGLT2
in the PCT.19

4. SGLT2 Inhibitors

Very few SGLT2 inhibitors have been approved for
the treatment of type 2 diabetes. Few oral agents
that are approved for the treatment of T2DM by
the U.S. FDA and the European Medicines Agency
include Canagliflozin, Dapagliflozin, Empagliflozin,
Ertugliflozin and Sotagliflozin. They have been approved
for mono, dual, and triple therapy.20 Combination
drugs approved by the FDA: Canagliflozin/Metformin,
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Dapagliflozin/Metformin, Empagliflozin /Metformin and
Empagliflozin /Linagliptin.21There are several other similar
compounds in the pipeline that may be approved in this
class.

4.1. Dapagliflozin

In a study, after 24 weeks of intervention, the administration
of Dapagliflozin 1, 2.5 and 5 mg once daily resulted
in a reduction of HbA1c by 0.68%, 0.72%, and 0.82%,
respectively.22Treatment with Dapagliflozin versus placebo
resulted in greater reductions in HbA1c (−0.67% with
2.5 mg, −0.70% with 5 mg and −0.84% with 10 mg)23

Dapagliflozin has been also experimented as add-on
therapy with glimepiride 4 mg/day. It was a 24-week,
randomized, double-blind, placebo-controlled, parallel-
group, international, multicentre trial enrolled patients with
uncontrolled T2DM [haemoglobin A1c (HbA1c) 7–10%]
receiving sulphonylurea monotherapy. In this trial, at 24
weeks, HbA1c adjusted mean changes from baseline for
placebo versus dapagliflozin 2.5/5/10 mg groups were
−0.13 versus −0.58, −0.63, −0.82%, respectively (all
p < 0.0001 vs. placebo). Corresponding fasting plasma
glucose values were −0.11, −0.93, −1.18, −1.58 mmol/l,
respectively. In placebo versus dapagliflozin groups, serious
adverse events were 4.8 versus 6.0–7.1%; events suggestive
of genital infection 0.7 versus 3.9–6.6%; hypoglycaemic
events 4.8 versus 7.1–7.9%; and events suggestive of urinary
tract infection 6.2 versus 3.9–6.9%. No renal infections
were reported.24

4.2. Canagliflozin

Efficacy of Canagliflozin was assessed in a meta-analysis
of 6 RCTs in subjects who were treated with metformin
monotherapy. Administration of Canagliflozin 100 and 300
mg reduced HbA1c by 0.59% and 0.74%, respectively.
Similarly, reduction in FPG was by 27 mg/dL and
by 32 mg/dL, respectively. Nevertheless, hypoglycaemic
events were significantly higher when added on insulin or
Sulphonylurea.25

4.3. Empagliflozin

In a multicentric, randomised, placebo-controlled, phase 3
trial, Empagliflozin ’s effect on glycaemia was observed.
Adults (aged ≥18 years) who had not received oral or
injected anti-diabetes treatment in the previous 12 weeks,
with HbA1c concentrations of 7-10% were randomly
allocated patients with a computer-generated random
sequence into placebo, empagliflozin 10 mg, empagliflozin
25 mg, or sitagliptin 100 mg once daily for 24 weeks. After
24 weeks of intervention, HbA1c was reduced by 0.74% for
Empagliflozin 10 mg, by 0.85% for Empagliflozin 25 mg,
by 0.73% in Sitagliptin arm.26

4.4. Ertugliflozin

When Ertugliflozin was compared with glimepiride in terms
of glycemic control in patients with T2DM inadequately
controlled with metformin. The change in HbA1c was
−0.6%, −0.6%, and −0.7% in the Ertugliflozin 15 mg, 5
mg, and glimepiride groups, respectively. In addition, the
incidence of symptomatic hypoglycaemia was higher with
glimepiride. Hence, Ertugliflozin was found non-inferior to
glimepiride in reducing HbA1c when added to metformin in
patients with T2DM. Extension of this study had confirmed
this findings.27

4.5. Sotagliflozin

Sotagliflozin is a dual sodium–glucose co-transporter-2 and
1 (SGLT2/1) inhibitor for the treatment of both type 1 and
T2DM. The drug has a dual action. It blunts and delays
absorption of glucose from the gastrointestinal tract. Also it
hampers the reabsorption of glucose in the proximal tubule
of the kidney, respectively.28

The efficacy of sotagliflozin as a treatment for
inadequately controlled T1DM has been assessed in the in
Tandem clinical trial program. Tandem was a double-blind
placebo-controlled phase III clinical trial. More than 3000
patients were recruited. Sotagliflozin 200 and 400 mg/day
significantly reduced HbA1C levels [0.36 and 0.41% least
squares mean (LSM) reduction vs. placebo, respectively
(both p < 0.001)] from a mean baseline of 7.57%
and improved diabetes treatment satisfaction questionnaire
scores in both active treatment groups (p < 0.001)] at the 24-
week endpoint. Net clinical benefit at week 52, were HbA1C
< 7.0%. This was without severe hypoglycaemia or diabetic
ketoacidosis. Sotagliflozin was recently approved for use as
an adjunct to insulin in T1DM, who have failed to achieve
adequate glycaemic control despite optimal insulin therapy
in the European Union. However, the FDA Endocrinologic
and Metabolic Drugs Advisory Committee was divided,
citing concerns regarding diabetic ketoacidosis, leading the
FDA to issue a safety report for this indication in the USA.29

5. SGLT2 inhibitors- Benefits

5.1. Cardiovascular and renal benefits

In cardiovascular and renal outcomes trials, reduction in
major adverse cardiovascular events and hospitalization for
heart failure were evidently seen by SGLT2i.30,31 All renal
parameters like progression of albuminuria, doubling of
serum creatinine, initiation of renal replacement therapy or
death due to renal disease were found to be reduced, further
supporting this finding. Interestingly, these effects appeared
were independent of glucose-lowering efficacy. Large
observational studies have confirmed all these findings.32,33
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Fig. 2: Intestinal effects of SGLT-1 inhibition by Sotagliflozin29

In view of the robustness of these findings, current
ADA 2020 Guidelines, recommend that patients with T2D
and CVD or at high renal risk should receive an SGLT2
inhibitor.7

The CV safety of Empagliflozin was assessed in
Empagliflozin Cardiovascular Outcome Event Trial in Type
2 Diabetes Mellitus Patients (EMPAGLIFLOZIN -REG
OUTCOME). 7020 patients with T2DM and coronary or
cerebrovascular disease were randomized to receive two
different doses of Empagliflozin (10, 25 mg) or placebo.
The median observation period was 3.1 years. Patients
received lipid-lowering medication, antiplatelet and renin-
angiotensin-aldosterone system inhibitors. Treatment with
Empagliflozin resulted in a 38% reduction of death from CV
causes.18

In CV trial of dapagliflozin, the results of the
Dapagliflozin Effect on Cardiovascular Events (DECLARE-
TIMI 58) are evident. A total of 17,160 patients with
T2DM and established atherosclerotic CV disease disease
were randomized to receive either Dapagliflozin 10 mg
or placebo. Treatment was given for median period of
4.2 years. Treatment with Dapagliflozin resulted in a
17% reduction of the composite outcome of CV death
or hospitalization for HF. Also, Dapagliflozin reduced the
composite renal outcome by 24% (≥40% decrease in eGFR
to <60 mL/min/1.73 m2, new end-stage renal disease, or
death from renal or CV causes).30

The CANVAS (Canagliflozin Cardiovascular
Assessment Study) Program trial was also conducted to
assess the CV safety of Canagliflozin. It was a combination
of two sub-studies: the CANVAS and the CANVAS-R study
(CANVAS-Renal). With the merge of these two studies,
the effect of two different doses of Canagliflozin (100 and

300 mg) versus placebo on CV disease was examined.
The mean follow-up was 3.6 years. Significant reduction
(by 14%) of the composite 3 Point-MACE (CVD events,
admission for HF, cardiac death) primary endpoint in the
group receiving Canagliflozin was demonstrated in the
study.31 Meta-analysis of the EMPAGLIFLOZIN -REG
OUTCOME, the CANVAS Program, and the DECLARE-
TIMI 58 trials had evidently revealed significant findings
about efficacy oh these drugs. SGLT2i reduced major
cardiac events (MI, stroke, or CV death) significantly by
11%. On the other hand, SGLT2i reduced the risk of CV
death or hospitalization for HF by 23%. Regarding all-cause
mortality, SGLT2i reduced the risk by 15%.34,35

5.2. Body weight

Data from clinical trials, show that the total weight loss
seen by these drugs is 2–3 kg as monotherapy or add-
on treatment over 20-23 months.36 Among SGLT2i, a
meta-analysis showed that Canagliflozin 300 mg leads to
greater weight reduction when compared with Dapagliflozin
5 mg.37

5.3. Other metabolic effects

SGLT2 inhibitors have found significant reductions in Blood
Pressure, with greater reductions seen in systolic (1.66 to
6.9mmHg) than diastolic (0.88 to 3.5mmHg) BP in large
studies.17About Lipid profile, many trials have shown no
change in lipid parameters. Few trials have shown a modest
but statistically significant increase in both HDL and LDL
cholesterol with no effect on triglycerides or the LDL/HDL
ratio. Also, while triglyceride and small dense LDL levels
tend to decrease modestly.17 SGLT2i has shown to reduce
serum uric acid concentrations, mechanism being increased
renal uric acid excretion. This was also proved in a study
where, patients with type 1 diabetes (T1D), where uric
acid excretion significantly increased after SGLT2i induced
glycosuria.38 In animal studies, Empagliflozin was evident
in reducing oxidative stress in the streptozotocin-diabetic
rat model. Mechanism found was interference with NADPH
oxidase activity. Thus, Empagliflozin therapy was observed
to be associated with reduced levels of oxidative stress,
inflammation in animal model of diabetes.39

6. SGLT2 Inhibitors- Warnings

These drugs are generally considered to be safe with
minimal side effects after its administration. SGLT2i has
been associated with incidence of lower urinary tract and
genital infections on a slight higher side. Genital infections
occur frequently with SGLT2i due to increased mycotic
growth in high glycosuria. Diabetic ketoacidosis (DKA)
typically is defined as the triad of hyperglycaemia (blood
glucose >250 mg/dL), anion gap metabolic acidosis, and the
presence of urine or plasma ketones. After reviewing FDA
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Adverse Event Reporting System database entries since the
approval of Canagliflozin in March 2013, the FDA issued
a warning in May 2015 about the risk of DKA associated
with SGLT2 inhibitors. SGLT2i when administered in
maximum doses, induces a rapid increase in urinary
glucose excretion, ranging 50–100 g/day. Because of the
rapid decline in glucose, plasma insulin levels also also
rapidly decrease. This as a compensation, further increases
blood glucagon levels. These consequences into inhibition
of gluconeogenesis in the liver as well as augmented
endogenous glucose production. Thus, in SGLT2-treated
type 2 diabetes patients, the lower insulin-to-glucagon
ratio stimulates lipolysis augmenting more Free Fatty Acid
delivery to the liver. This worsens the condition by mild
stimulation of ketogenesis.40

In 2016 the FDA issued a warning of an increased
risk of acute kidney injury (AKI) with Dapagliflozin and
Canagliflozin, based on hundreds of confirmed cases of
AKI.41 Similar findings were observed in meta-analysis
too.34

In September 2015, the FDA strengthened the warnings
related to the increased risk of bone fractures for
Canagliflozin and Canagliflozin/metformin. Therefore, the
FDA demanded new information about decreased bone
mineral density to the labels for Canagliflozin and
Canagliflozin/metformin.42 Acute pancreatitis was another
rare side effect that has been observed with the use of
Canagliflozin. Mechanism remains unknown.43The FDA
had issued Boxed Warning in 2017 for the increased
risk of amputations in relation to the potential benefit of
Canagliflozin.44 In 2020 FDA Drug Safety Communication,
from review of data from another three new clinical
trials, this Boxed Warning about amputation risk from
Canagliflozin has been removed.45

7. SGLT2 Inhibitors- Current Outlook and
Perspectives

SGLT2i have completely revolutionized the treatment
of T2DM. Still, many queries remain unanswered.
Surprisingly, whether these effects can be generalized to
the general diabetic patients or to be kept with cardiac or
renal disease remains unclear. Despite all the data we have
due to intensive research, the mechanisms of cardio-renal
protection SGLT2i still remains elusive.

Thereby, head-to-head Randomized Controlled Trials as
well as real-world data is highly essential. Like many
other new drugs, the value of SGLT2 inhibitors has been
questioned because of their high price. Finally, according to
some studies, SGLT2i have proven such impressive benefits
in not only in CV morbidity and mortality, but also in
metabolic disorders that often coexists with DM. it has
proven to reduce excess body weight and lower blood
pressure too. Therefore, SGLT2i surely have promising
future, which can be clarified by further clinical trials. Dual

SGLT1i and SGLT2i like Sotagliflozin seems to represent
a promising treatment for both type 1 and type 2 diabetes.
It can be effective either alone or in combination with
metformin in type 2 diabetes or, with an adequate insulin
administration, in type 1 diabetes.
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