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Sodium-glucose co-transporter 2 (SGLT2) receptors are primarily located in the proximal
convoluted tubule of the nephron. These receptors are responsible for almost 90% to 95%
of tubular reabsorption of the glucose in the nephron. In patients with diabetes mellitus,
due to upregulation of SGLT2 receptors, glucose reabsorption is further increased. The
Food and Drug Administration approved SGLT2 inhibitors, such as canagliflozin, empa-
gliflozin, dapagliflozin, and ertugliflozin, for the treatment of type 2 diabetes. In addition
to their positive effect on blood glucose, additional cardioprotective and renoprotective
functions have been demonstrated in major trials such as EMPA-REG OUTCOME,
CANVAS, DECLARE-TIMI-58, and CREDENCE. Unlike other antihyperglycemic drugs,
reduction in hospitalization for heart failure (HF) was also seen as a class effect with this
group, mechanisms of which are probably multifactorial. Subgroup analysis from these
major trials indicated a reduction in progression of nephropathy and HF readmission
with SGLT2 inhibitors. Although this unique property of canagliflozin was further ana-
lyzed in the CREDENCE trial, similar trials for empagliflozin (EMPERIAL-Reduced and
EMPERIAL-Preserved) and dapagliflozin (DAPA-HF) are currently underway. Recently
released phase III results from DAPA-HF trial indicate that dapagliflozin shows signifi-
cant reduction in death due to cardiovascular causes and hospitalization in HF compared
with the placebo, in both diabetics and nondiabetics. In this review article, the authors
attempt to explore the possible underlying molecular mechanisms and data from existing
trials pertaining to the HF related outcomes associated with SGLT2 inhibitors. © 2019
Elsevier Inc. All rights reserved. (Am J Cardiol 2019;124:1790−1796)
t and Vascular Institute, Union Memorial Hospital, Balti-

Department of Cardiology, Apollo Gleneagles Hospital,

partment of Internal Medicine, University of Connecticut,

icut; dDepartment of Internal Medicine, Mount Sinai St

Hospital, Icahn School of Medicine at Mount Sinai, New

Department of Internal Medicine, John H Stroger Jr Hos-

nty, Chicago Illinois; fDepartment of Cardiology/Internal

ity of California at San Francisco School of Medicine,

ifornia; gJohn Ochsner Heart and Vascular Institute, Ochs-

l-The University of Queensland School of Medicine, New

; hDepartment of Medicine, Ronald Reagan UCLAMedi-

ngeles, California; and iDepartment of Cardiology, Case

University, Heart and Vascular Institute, MetroHealth

Cleveland, Ohio. Manuscript received May 30, 2019;

received and accepted August 30, 2019.

ually, consider as first co-authors.

for disclosure information.

g author: Tel: (410) 366-5600; fax: (410) 889-4952.

s: raktimghoshmd@gmail.com (R.K. Ghosh).

www.ajconline.orgElsevier Inc. All rights reserved.

1016/j.amjcard.2019.08.038
Diabetes mellitus (DM) is a prominent risk factor for
cardiovascular disease (CVD) in both men and women.1

According to the 2014 World Health Organization (WHO)
data, the global prevalence of DM in adults stands at
422 million, a drastic rise from 108 million recorded in
1980. Another census indicated that DM related complica-
tions were the major cause of death 1.6 million adults in
2015.2 Additionally, diabetic women and men have a five-
fold and 2.4-fold higher risk, of developing heart failure
(HF) respectively, as compared with their nondiabetic
counterparts.3 The US Food and Drug Administration
(FDA) now requires all new diabetic drugs to demonstrate
an absence of unacceptable CVD risk. HF has not been a
component of the popularly used composite end point for
cardiovascular outcomes studies, namely major atheroscle-
rotic cardiovascular events or MACE (composite of CVD
death, nonfatal myocardial infarction [MI], and nonfatal
stroke). However, the higher rate of HF as compared with
MI in several major diabetic trials warrants a closer look at
the causal relation of antidiabetic drugs with specific HF
related outcomes including hospital readmission.
Different Classes of Antihyperglycemic Agents and HF
Outcomes

Although treatment of DM with oral antihyperglycemic
agents improves the CVD morbidity and mortality by treat-
ing an important risk factor, many of the drugs in the dia-
betic toolbox have been known to worsen CVD related
outcomes. Amongst the older agents, metformin is known
to have a positive impact on CVD mortality. The data on
sulfonylureas has been conflicting with some reports indi-
cating a higher incidence of HF in patients treated with
these drugs.4 Similarly, rosiglitazone, a member of thiazoli-
dinedione class, has been associated with higher all-cause
mortality and an increased risk of stroke and HF.5 Out of
newer classes, glucagon-like peptide 1 or GLP-1 analogue
exenatide has been linked with a substantial decline in risk
of CVD and hospitalization in individuals with type 2
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diabetes.6 In contrast, dipeptidyl peptidase 4 enzyme inhibi-
tor saxagliptin, which acts through a mechanism of action
related to GLP-1 analogues, paradoxically increases the
risk of HF-related hospitalization.7 In this context, the new-
est class of drugs sodium-glucose co-transporter 2 (SGLT2)
inhibitors is a promising class of oral antihyperglycemic
agents that have noted a favorable outcome, especially in
HF.
Molecular Mechanisms and Nonglycemic Pharmacology
of SGLT-2 Inhibitors Contributing to HF Outcomes

Antihyperglycemic Effects

SGLT2 receptors are present on the brush border epithe-
lium of the proximal convoluted tubule and are responsible
for approximately 90% of renal glucose reabsorption in the
renal tubules.8 In diabetic patients, the upregulation of
SGLT2 gene coupled with reduced urinary excretion of glu-
cose result in a poorer glycemic control.9 SGLT2 inhibitors,
thus, increase the urinary excretion of glucose, thereby
reducing plasma glucose level as shown in Figure 1.

At present, the FDA has approved four SGLT2 inhibi-
tors: canagliflozin, dapagliflozin, empagliflozin and ertugli-
flozin.10 A basic summary of pharmacology of these drugs
is represented in Table 1. These are available either as
single-ingredient product or in combination with other
antihyperglycemic agents.
Figure 1. Mechanism of action of SGLT2 inhibitors. PCT = proxima
Cardioprotective and Renoprotective Mechanisms of
SGLT2 Inhibitors Specific to HF

SGLT2 inhibitors have a direct nonglycemic renoprotec-
tive function that was first documented in the experimental
Otsuka Long-Evans Tokushima Fatty rat model. Rats with
inhibited SGLT2 activity had lower renin−angiotensin aldo-
sterone system activation, which in turn led to reduced
expression of antioxidant enzymes and decreased inflamma-
tion in the tubular interstitium.11 Hemodynamically, SGLT2
blockade is associated with reduced intraglomerular pressure,
causing attenuated hyperfiltration and subsequently, tubular
hypertrophy. The caloric deficit created by the loss of glucose
is reflected in weight loss, which further boosts protection
provided to the kidneys by this class of drugs.12

By virtue of its favorable effects on the hemodynamic of
the glomerulus, SGLT2 inhibitors are able to reduce albu-
minuria and uric acid levels. A change in the systolic blood
pressure is likely a consequence of natriuresis, osmotic
diuresis, and weight loss associated with this class of
medication.13 Additionally, SGLT2 inhibitors decrease
the single nephron glomerular filtration rate (GFR) by
inducing afferent arteriolar constriction, which leads to
reduced intraglomerular pressure.14

Canagliflozin has shown significant reduction in epicar-
dial fat thickness at 100 mg dose over 3 months in a small
study conducted in Japan. Although similar effect is yet to
be investigated by other drugs of the class, this is significant
as the epicardial adipose thickness directly correlates with
l convoluted tubule; SGLT = sodium glucose co-transporter 2.



Table 1

Pharmacology of important FDA approved members of SGLT2 class10

Drug Daily dosage (mg) Plasma half-life (hours) Oral bioavailability Metabolism and elimination

Dapagliflozin 5-10 12.9 78% Hepatic and renal UGT1A9

Canagliflozin 100-300 10.6-13.1 65% UGT1A9 and 2B4

Empagliflozin 10-25 10.6-13.1 Not measured UGT1A3, UGT1A8, UGT1A and UGT2B7

Ertugliflozin 5-15 11-17 70%-90% UGT1A9, UGT2B7

UGT = uridine diphosphate-glucuronosyltransferase.

Table 2

Cardioprotective and renoprotective mechanisms resulting in HF benefits

of SGLT2 inhibitors

Cardioprotective

mechanisms

� Reduction in SBP
�Weight loss
� Canagliflozin has been associated with reduction
in epicardial adipose thickness

HF-specific

mechanisms

� Differential column regulation − reduces interstitial

fluid through renal clearance instead of intravascular

volume, thus maintaining organ perfusion
� Canagliflozin:
� Selectively inhibits NHE1 in the cardiomyocytes,

decreasing systolic and diastolic Ca2+ overload
� Empagliflozin:
� Acts by increasing mitochondrial Ca2+ which is

essential for energy production
� Counteracts the upregulation of certain profibrotic
and prohypertrophic proteins thus preventing

myocardial fibrosis

Renoprotective

mechanisms

� Lower RAAS activation causing reduction in

tubular inflammation
� Induce afferent arteriolar constriction
� Reduced intraglomerular pressure and tubular

hypertrophy
� Reduced albuminuria
�Weight loss
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the presence of atherogenic cytokines in the body and a
reduction in epicardial adipose thickness will likely reduce
the risk of CAD.15

The benefits of SGLT2 inhibitors may potentially be
linked to its action on SGLT1 receptor as well. SGLT1
receptors are predominantly expressed in the small intesti-
nal mucosa, the straight segment of the PCT, and ischemic
and hypertrophied human cardiac tissues. In the kidney,
these channels are responsible for reabsorption of glucose
that has escaped reabsorption by SGLT2 channels present
upstream.16

An interesting pathophysiology of HF is the elevated lev-
els of intracellular Na+ and Ca2+ and reduced levels of mito-
chondrial Ca2+. Canagliflozin selectively inhibits Na+/H+

exchanger-1 in the cardiomyocytes, decreasing systolic, and
diastolic Ca2+ overload. Empagliflozin, in contrast, acts by
increasing mitochondrial Ca2+, which is essential for energy
production.17 These effects may, in part, explain the diabetic
cardiomyopathy benefit, noted with this class of drugs.

Empagliflozin, in particular, has other unique mecha-
nisms through which it positively affects the cardiovascular
physiology. At the molecular level, empagliflozin counteracts
the upregulation of certain profibrotic and prohypertrophic
proteins such as epithelial sodium channel and myocardial
serum/glucocorticoid regulated kinase 1, thus preventing
myocardial fibrosis.18 As opposed to mechanism of diuresis
shown by diuretics, SGLT2 inhibitors selectively remove
fluid from the interstitial space instead of intravascular com-
partment, causing greater electrolyte-free water clearance
and improved organ perfusion without affecting blood vol-
ume. This concept of differential column regulation was first
suggested by Hallow et al in the context of empagliflozin
in the Empagliflozin Cardiovascular Outcome Event Trial in
Type 2 Diabetes Mellitus Patients (EMPA-REG OUT-
COME) trial.19

The cardioprotective and renoprotective mechanisms are
possibly linked to HF benefits seen with this class of drugs
summarized in Table 2.
SGLT2 Inhibitors and Improved HF Outcomes:
In-Vitro and Animal Data

In the rat models, empagliflozin has been shown to
inactivate the endoplasmic reticulum stress pathway, a
key process in the development of diabetic cardiomyopa-
thy.20 Empagliflozin also helps preserve the calcium han-
dling and growth signaling pathways in the cardiomyocytes,
leading to improved diastolic function in mice with type 2
diabetes.21

Lipodystrophic seipin knockout mice develop hyper-
trophic cardiomyopathy with hyperglycemia. Treatment
of DM in these mice with dapagliflozin has shown to pre-
vent the development of cardiomyopathy.22 Dapagliflo-
zin also attenuates activation of the inflammasome and
prevents inflammatory cytokine production and apopto-
sis. It is also known to attenuate fibrosis, in a manner
independent of glucose lowering, preventing deteriora-
tion of left ventricular ejection fraction in mice with type
2 diabetes.23 Dapagliflozin treatment favorably affects
glucose and fat metabolism in streptozotocin-induced
diabetic mice.24 In addition, treatment with dapagliflozin
partially reverses atherosclerosis, inhibits macrophage
infiltration, and stabilizes plaques. These effects are
thought to be secondary to the reduced production of IL-
1b, IL-18, NLRP3 protein, and mitochondrial reactive
oxygen species in the aortic tissues.25 The existing data
on benefits of SGLT2 inhibitors on HF in animal models
is summarized in Table 3.
HF-Related Outcomes from Major CVD Outcomes
Trials

Several major trials exploring the CV benefits of SGLT2
inhibitors, with an emphasis on HF outcome, have come
out in the recent years and are discussed below.

www.ajconline.org


Table 3

In-vitro and animal data pertinent to HF outcomes with SGLT2 inhibitors

Dapagliflozin � Prevents development of hypertrophic

cardiomyopathy in diabetic mice models
� Reduces activation of inflammasome

and apoptosis
� Prevents deterioration of LVEF in diabetic

mice by reducing cardiac fibrosis
� Partially reverses atherosclerosis by reducing
atherogenic cytokine production in aorta

in diabetic mice

Empagliflozin � Inactivate the endoplasmic reticulum stress

pathway in rat models
� Preserve calcium handling and growth

signalling pathways in diabetic mice
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The Empagliflozin Cardiovascular Outcome Event Trial in
Type 2 Diabetes Mellitus Patients(EMPA-REG
OUTCOME)

The EMPA-REG OUTCOME26 trial was a multicentric,
double-blinded, randomized, placebo-controlled trial aimed
at studying the effect of empagliflozin on MACE in 7,020
patients with type 2 DM and a high risk of CVD events,
over a median period of 3.1 years. The primary end point of
the trial was a composite of nonfatal MI (excluding silent
MI), nonfatal stroke, and death from CVD causes, which
was reported in 10.5% patients in the empagliflozin group
compared with 12.1% in the placebo group (HR 0.86, CI
0.74 to 0.99, p value for noninferiority <0.001, p value for
superiority 0.04). The empagliflozin group demonstrated a
statistically significant lower incidence of CVD death
(Absolute Risk Reduction 2.2%, Relative Risk Reduction
38%), HF-related admission (Absolute Risk Reduction
1.4%, Relative Risk Reduction 35%) and all-cause mortal-
ity (Absolute Risk Reduction 2.6%, Relative Risk Reduc-
tion 32%). Although there was no difference in the
incidence of nonfatal MI or stroke between the 2 groups,
the reduction in CVD mortality and HF-related admission
was notably lower in patient subgroups with or without
baseline HF. The diagnosis of HF at baseline was based on
investigators’ reports and since the HF diagnosis was not
quantified, it remains an important limitation of the trial.27

In a recent subgroup analysis, it was noted that the reduc-
tion in the risk of cardiovascular death, all-cause mortality,
MACE and hospitalization for HF were consistent across
the range of patients with existing cardiovascular risks such
as previous MI and stroke.28 In another post-hoc analysis,
when the effect of empagliflozin on renal outcome was ana-
lyzed, it was found that empagliflozin was associated with a
reduction in the incidence of nephropathy or worsening of
pre-existing renal disease by 43% in the HF group when
compared with the placebo group. Additionally, the pro-
gression to macroalbuminuria decreased by 50% in those
patients being treated with empagliflozin versus those on
placebo.29

After its initial approval as an adjunctive antihyperglyce-
mic therapy in 2014, the FDA in 2016 extended the empa-
gliflozin approval to CVD risk reduction in DM patients
based on the cardioprotective benefits of the drug evident at
preliminary stages itself in the EMPA-REG OUTCOME
trial. In fact, the separation of the event curves for CVD
mortality between empagliflozin and placebo was noted
within 6 to 12 weeks of treatment initiation, not adequately
explained by a possible antiatherosclerotic mechanism.8 To
further elaborate the benefits of this drug on HF, 2 sister tri-
als are currently underway to specifically study the effect of
empagliflozin on chronic stable HF (with preserved and
reduced ejection fraction, respectively), irrespective of dia-
betic status. The trials aim to assess the change in exercise
tolerance with empagliflozin by assessing the 6-minute
walk test and secondarily evaluate symptomatic improve-
ment of HF.30

The Canagliflozin Cardiovascular Assessment Study

This was a randomized, multicentric, double-blinded, pla-
cebo-controlled trial designed to assess the cardiovascular and
renal safety and efficacy of canagliflozin in type 2 DM
patients and high CVD risk. Designed originally in 2009 to
evaluate only cardiovascular outcomes of canagliflozin, it was
expanded to include data from a related sister trial called the
CANVAS-R trial,31 initiated in 2014, to finally jointly publish
in 2017. In total, 10,142 participants were randomly assigned
to canagliflozin and placebo and followed for a mean of
188.2 weeks. As compared with the placebo group (31.5 par-
ticipants per 1000 patient-years), the canagliflozin group (26.9
participants per 1000 patient-years) demonstrated a signifi-
cantly lower risk of primary end point of MACE (hazard ratio
[HR] 0.86, confidence interval [CI] 0.75 to 0.97 and p <0.001
for noninferiority, p 0.02 for superiority). In a subsequent sub-
group analysis, those patients with a baseline history of HF
showed greater benefits for CVD death and HF readmission,
when compared with patients without HF (16.3 vs 20.8 per
1000 patient-years, HR 0.78, CI 0.67 to 0.91).32

Following the results of the secondary endpoints of the
CANVAS trial that included progression of albuminuria
and renal composite endpoint, the Canagliflozin and Renal
Events in Diabetes with Established Nephropathy Clinical
Evaluation or the CREDENCE trial was designed to further
evaluate the effect of the drug on renal function. Enrolling
4401 type 2 DM patients with pre-existing chronic kidney
disease, the trial aimed to study the primary endpoint of
renal composite (end stage renal disease, rise in serum cre-
atinine by two times and death from either renal or cardio-
vascular cause) over a median of 2.62 years. The results
indicated a 30% relative risk reduction of primary endpoint
in the group treated with canagliflozin as compared to
placebo (HR 0.70, CI 0.59 to 0.82, p = 0.00001).33 In a pos-
hoc analysis of the CREDENCE trial, it was concluded
that patients with type 2DM and chronic kidney disease had
significantly lower risk of MACE when treated with
canagliflozin as compared to placebo (HR 0.80, CI 0.67
to 0.95; p = 0.01).34

The Dapagliflozin Effect on Cardiovascular Events
−Thrombolysis in Myocardial Infarction 58

Similar in design to the previous trials, the Dapagliflozin
Effect on Cardiovascular Events−Thrombolysis in Myocar-
dial Infarction 5835 trial was a multicentric, randomized,
double-blinded, placebo-controlled trial aimed at evaluating
the cardiovascular safety (defined by the primary end point



Table 4

Key points of SGLT2 inhibitors in HF

1. A number of renoprotective and cardioprotective effects of this class of

drugs are linked to HF benefits

2. Reduction in HF-related admission was seen as a class effect of SGLT2

inhibitors

3. Data is emerging supporting long-term cardiovascular benefits,

specifically HF, in patients with and without DM

4. EMPA-REG, CANVAS and DECLARE-TIMI are the 3 major

cardiovascular trials examining MACE as primary outcome with

drugs of this class

5. Subgroup analysis showed that HF benefits extended to patients with

previous cardiovascular events

6. More trials examining the direct effect of SGLT2 inhibitors on HF

are currently underway, including EMPERIAL-Reduced and

EMPERIAL-Preserved

7. DAPA-HF results indicate a possible expanding role of SGLT2

inhibitors in nondiabetic patients with HFrEF
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of MACE) and efficacy (defined by the primary end point of
MACE and composite of CVD death and HF-related
hospitalization) of dapagliflozin. Seventeen thousand one
hundred and sixty patients with type 2 DM with either pre-
existing CVD or with presence of risk factors for CVD
were included in the trial and followed up for a median
period of 4.2 years. Although the incidence of MACE was
similar in both dapagliflozin and placebo group, the trial
demonstrated that dapagliflozin significantly reduced the
rate of HF hospitalization and cardiovascular death in
patients with and without established atherosclerosis when
compared with the placebo group (4.9% vs 5.8%, HR 0.83,
CI 0.73 to 0.95, p = 0.005). In a subgroup analysis, dapagli-
flozin was shown to reduce CVD death and hospitalization
due to HF more in patients with HFrEF than in patients with
HFpEF.36 In another subgroup analysis, the dapagliflozin
group showed reduced rate of progression of renal disease as
defined by fall in eGFR by a minimum of 40%, incidence of
end-stage renal disease and death from renal causes.37

The results of this pivotal trial laid the foundation for
another trial called the Dapagliflozin And Prevention of
Adverse-outcomes in Heart Failure trial which aimed to
study 4,744 patients with existing chronic HF (left ventricu-
lar ejection fraction ≤40%) with or without DM and eGFR
≥30 ml/min randomized to either dapagliflozin or placebo.
The primary end point of this trial was the composite of
HF-related hospitalization, urgent visits or CVD death,
which was successfully achieved very recently and the full
results will be presented at the upcoming European Society
of Cardiology Congress in Paris, France. The trial indicates
that dapagliflozin indeed has significant HF benefits, includ-
ing in nondiabetics, and thus opens the possibility of
expanding the scope of use of SGLT2 inhibitors beyond
DM management.38
Caveats With SGLT2 Inhibitors and HF Outcomes

HFpEF is the most common phenotype of HF in DM
patients. Although data from multiple clinical trials has
demonstrated improved HF-related outcomes with SGLT2
inhibitors in type II diabetic patients, there is ambiguity
regarding the maximal efficacy of these agents pertaining
to HF phenotypes (reduced vs preserved ejection fraction
and the stage of HF). Notwithstanding the favorable epide-
miologic and clinical trial data, further edification of
these agents’ mechanistic impact assessed with echocardio-
graphic parameters, such as diastolic function, left ventricu-
lar ejection fraction, strain, right ventricular function, and
pulmonary pressure, the WHO functional capacity and
invasive hemodynamic is awaited. Additionally, assessment
of serum biomarkers of inflammation and HF is warranted.

An approximately twofold increased risk in lower
limb amputations was observed with canagliflozin treat-
ment in the CANVAS and CANVAS-R trials following
which the FDA issued a “black box warning” against
the drug labels. However, the higher amputation risk
was not observed with 2 other molecules of the class.
The common adverse events with this group are the risk
of frequent urinary tract infection whereas other rarer
side effects include euglycemic diabetic ketoacidosis,
Fournier’s gangrene and fracture.39,40
Hence, it is important for physicians to keep in mind
the contraindications of this class of medications and the
prompt identification of adverse events.
Summary

The cardioprotective benefits of SGLT2 inhibitors were
noted at the very initial stage of the cardiovascular outcome
trials. The reduction in the risk of hospitalizations for HF
occurred early after initiation of therapy and the event curve
separation related to this outcome was noted in the initial few
weeks after therapy itself. This class effect is consistent
across all 3 SGLT2 inhibitors. Besides the diuretic like effect
and the beneficial effects on calcium handling, SGLT2 inhib-
itors also decrease blood pressure and body weight. The inci-
dence of the progressive nephropathy and proteinuria in
diabetics and the need for renal replacement therapy was sig-
nificantly decreased by both empagliflozin and canagliflozin.
Large randomized controlled trials are required in the future
to address more HF specific outcomes like mortality benefit,
improvement in left ventricular remodeling, diastolic func-
tion, right ventricular function, WHO functional class, 6-min-
ute walk test, and serum biomarkers before a widespread
usage of SGLT2 inhibitors in HF patients could be advo-
cated. A number of trials such as EMPERIAL-Preserved and
EMPERIAL-Reduced are presently underway to answer
some of these questions. The results of Dapagliflozin And
Prevention of Adverse-outcomes in Heart Failure, in contrast,
that are yet to be published or formally presented in a meet-
ing were released and indicated that dapagliflozin showed
significant reduction in endpoints of cardiovascular death
and HF exacerbation requiring hospitalization in both dia-
betics and nondiabetics when compared with placebo. The
key points of this review article are mentioned in Table 4.
The possible inclusion of SGLT2 inhibitors in the toolbox of
HF treatment could be an exciting new beginning for better
outcome management for this disease.
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