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Abstract

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a unique class of oral anti-hyperglycaemic medications that act to re-
duce glucose reabsorption in the renal proximal tubules, thereby enhancing urinary glucose excretion. Large randomized
placebo-controlled trials in people with diabetes at high cardiovascular risk have demonstrated that SGLT2 inhibitors reduce
heart failure hospitalization within months of commencing therapy. These findings are of considerable interest, as diabetes
is associated with an increased risk of both heart failure with reduced ejection fraction and heart failure with preserved ejec-
tion fraction. In addition, left ventricular (LV) hypertrophy and impaired diastolic function is thought to be more prevalent in
people with diabetes. Although many hypotheses have been proposed, the underlying mechanisms through which SGLT2 in-
hibitors reduce the risk of heart failure in people with diabetes are not fully understood. Given the rapid reduction in heart
failure hospitalization, it is conceivable that the benefits of SGLT2 inhibitors are due to favourable haemodynamic and meta-
bolic effects on LV function. Several clinical studies have been conducted to investigate the effect of SGLT2 inhibitors on LV
structure and function and have found that LV mass index and diastolic function improve following SGLT2 inhibitor therapy
in people with type 2 diabetes. If these findings are confirmed in future studies utilizing novel cardiac imaging modalities
and large randomized controlled trials, then this will bring new hope for the prevention and management of heart failure with
preserved ejection fraction, for which no current treatments have been shown to reduce mortality. At the present time, SGLT2
inhibitors are indicated for the treatment of type 2 diabetes; however, the results of ongoing trials in participants with heart
failure but without diabetes are eagerly awaited. The purpose of this review is to summarize current knowledge regarding the
effects of SGLT2 inhibitors on LV function, particularly the findings from clinical studies, proposed biological mechanisms, and
future directions.
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Introduction

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a
unique class of oral anti-hyperglycaemic medications that
act primarily to reduce glucose reabsorption in the renal
proximal tubules, thereby enhancing urinary glucose excre-
tion.1 In contrast to many other anti-hyperglycaemic medica-
tions, SGLT2 inhibitors reduce plasma glucose levels via an
insulin-independent mechanism.1 Furthermore, the use of

SGLT2 inhibitors can result in modest reductions to body
weight and systolic and diastolic blood pressures.1

Large randomized placebo-controlled trials on the SGLT2 in-
hibitors, empagliflozin (EMPA-REG OUTCOME),2 canagliflozin
(CANVAS Program),3 and dapagliflozin (DECLARE-TIMI 58),4

have demonstrated somewhat unexpected, but favourable
cardiovascular outcomes in people with type 2 diabetes
mellitus. In particular, significant reductions in heart failure
(HF) hospitalization were seen in all three trials within months
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of initiating a SGLT2 inhibitor.2–4 At baseline, only 10–15% of
trial participants had a history of investigator-reported HF,
which was not further phenotyped by echocardiography.2–4

Sub-analyses have demonstrated that the reduction in HF hos-
pitalization is significant regardless of HF or cardiovascular dis-
ease history at baseline.4,5 However, whilst composite
cardiovascular outcomes were significantly reduced, individ-
ual outcomes more directly related to atherosclerosis, such
as myocardial infarction and ischaemic stroke, were not signif-
icantly different compared with placebo.2–4

Diabetes is associated with an increased risk of both HF
with reduced ejection fraction (HFrEF) and HF with preserved
ejection fraction (HFpEF).6,7 Current guidelines define HFpEF
as a constitution of symptoms and signs of HF, a left ventric-
ular (LV) ejection fraction of 50% or greater (although be-
tween 40% and 49% is often classified as HFpEF in clinical
trials), elevated levels of natriuretic peptides, and evidence
of structural heart disease or diastolic dysfunction.8 Key echo-
cardiography findings associated with HFpEF are structural al-
terations such an increased left atrial volume index or LV
mass index, functional alterations such as an increased mitral
peak E-wave velocity to early mitral or septal annular tissue
Doppler velocity ratio (E/e′) or reduced e′, and indirect mea-
sures such as increased tricuspid regurgitation velocity.8

Subclinical LV diastolic dysfunction, an independent predic-
tor of adverse outcomes and a major causative factor to the
development of HFpEF, is highly prevalent in people with di-
abetes.7,9 Therefore, it is intuitive to speculate that a large
proportion of participants in the landmark SGLT2 inhibitor tri-
als might have had occult LV diastolic dysfunction or even un-
diagnosed HF. Given the rapid reductions in HF
hospitalization but not atherosclerosis-related events ob-
served with SGLT2 inhibitors, it is conceivable that the bene-
fits of this class of medications are due to early favourable
haemodynamic effects on LV function rather than via modu-
lation of atherothrombotic mechanisms.10

The complex interplay between HF and diabetes has con-
sequently been of increased interest amongst the scientific
community in recent times. The expectation that SGLT2 inhib-
itors may prevent the onset of HFpEF in people with diabetes
is now high. Several clinical studies have been conducted to
investigate the effect of SGLT2 inhibitors on LV structure
and function. However, although many hypotheses have
been put forward, the biological mechanisms through which
SGLT2 inhibitors reduce HF hospitalization remain uncertain.
The purpose of this review article is to summarize current
knowledge regarding the effects of SGLT2 inhibitors on LV
function, particularly the findings from clinical studies, pro-
posed biological mechanisms and future directions.

Methodology

We performed an electronic search of PubMed, EMBASE,
CENTRAL, Google Scholar, and ClinicalTrials.gov in March

2019 for studies published between January 2000 and
February 2019. Abstracts and conference proceedings were
included, as no restrictions were placed on publication status.
The search strategy included a mix of subject headings and
free text terms such as SGLT2, sodium glucose cotransporter
2, empagliflozin, canagliflozin, dapagliflozin, luseogliflozin,
tofogliflozin, sotagliflozin, ertugliflozin, cardiac, cardiac fail-
ure, heart failure, diastolic, systolic, left ventricular, diabetes,
and diabetes mellitus. The literature was then screened for
studies investigating the effect of SGLT2 inhibitors on LV
structure and function.

The effect of sodium-glucose
cotransporter 2 inhibitors on left
ventricular function

Pre-clinical research

Studies involving obese mice with diabetes and LV diastolic
dysfunction have demonstrated that administration of
empagliflozin can improve LV diastolic function.11–13 How-
ever, measures of LV systolic function remained unchanged
after treatment.12 Furthermore, in non-obese mice with dia-
betes, LV hypertrophy, and diastolic and systolic dysfunction,
administration of dapagliflozin resulted in a decrease in LV
hypertrophy and an improvement in both LV diastolic and
systolic function.14

In mice without diabetes but with HFpEF, empagliflozin
has been shown to reduce LV mass and improve diastolic
function.15,16 Interestingly, in one study on mice without
diabetes but with HFrEF, empagliflozin treatment did not
affect LV diastolic parameters but was found to amelio-
rate the decline in LV systolic function.17 In contrast to
this, a study conducted on explanted human hearts from
people with end-stage HFrHF demonstrated that
empagliflozin significantly reduced LV diastolic stiffness
and improved diastolic function independent of diabetes
history but did not improve systolic force.18 In the same
study, the beneficial effects on LV diastolic function, but
not systolic function, were confirmed in mice with and
without diabetes.18

The beneficial effects of SGLT2 inhibitors on systolic
function have been inconsistent based on these pre-clinical
studies. It should be noted that these studies did not re-
port data regarding speckle-tracking echocardiography,
which may have demonstrated changes in strain parame-
ters. However, the results of these studies do suggest that
SGLT2 inhibitors may have a potential role for the manage-
ment of LV dysfunction, which may theoretically underlie
the observed reductions in HF hospitalization with these
medications.
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Clinical research

There are relatively few clinical studies on human participants
that have assessed the effect of SGLT2 inhibitors on LV struc-
ture and function. The results of such studies are summarized
in Table 1.

Studies that have utilized transthoracic echocardiography
have demonstrated that empagliflozin,19,20 canagliflozin,21

dapagliflozin,22 luseogliflozin,20 and tofogliflozin20 may re-
duce LV mass index and diastolic function after only 3 to
6 months duration of therapy in people with diabetes. The
first study showing improved LV diastolic function based on
changes in early lateral annular tissue Doppler velocity (e′)
was hypothesis generating, having been conducted with
empagliflozin in only 10 participants with diabetes and car-
diovascular disease.19 Echocardiography parameters that
were used by subsequent studies to assess LV diastolic func-
tion include the ratio of mitral peak E-wave velocity to early
mitral or septal annular tissue Doppler velocity ratio (E/e′ ra-
tio), mitral peak E-wave velocity to A-wave velocity ratio (E/A
ratio) and left atrial size. Notably, improvements in diastolic
function, based on the E/A and E/e′ ratios, have also been

demonstrated in a study that enrolled primarily people with
diabetes who had HFpEF.20

Whilst the majority of echocardiography studies did not
find any difference in LV systolic function or LV diameters
and volumes, one study found an improvement in LV ejection
fraction after initiating dapagliflozin in people with diabetes
who had stable HFrEF or HFpEF.22 Although considered as a
statistically significant change, the difference in LV ejection
fraction from baseline and 6 months duration of therapy
was only 1.3%.22 However, it should be noted that these
echocardiography studies were not randomized controlled
trials, were performed in relatively small cohorts of partici-
pants with short periods of follow-up, and are subject to
the limitations that are inherent to transthoracic
echocardiography.

More recently, preliminary results from EMPA-HEART, a
randomized placebo-controlled study on SGLT2 inhibitors
that utilized cardiac magnetic resonance imaging, were pre-
sented at the American Heart Association Annual Scientific
Sessions 2018.23,24 This study demonstrated that
empagliflozin may reduce LV mass index in people with di-
abetes and cardiovascular disease, particularly in those with

Table 1 Review of previous studies on SGLT2 inhibitors and LV function

Author SGLT2 inhibitor Cohort Imaging modality Imaging findings

Verma S., et al. Empagliflozin 10 people with
T2DM and CVD

TTE before and
3 months after

• Improved LV diastolic function according
to early lateral e′
• Reduced LV mass index
• No difference in LV volumes and LV EF

Matsutani D., et al. Canagliflozin 37 people with
T2DM and ≥2
CVD risk factors
or CVD

TTE before and
3 months after

• Improved LV diastolic function according
to the E/e′ ratio
• Reduced LV mass index
• No difference in LV diameters, LV EF, and
left atrial diameter

Soga F., et al. Dapagliflozin 53 people with
T2DM and
stable HFrEF or
HFpEF

TTE before and
6 months after

• Improved LV diastolic function according
to the E/e′ ratio
• Reduced LV mass index and left atrial
volume index
• No difference in LV volumes
• Improved LV EF

Sakai T., et al.a Empagliflozin 59 people with
T2DM and HFpEF

TTE before and
3 months after

• Improved LV diastolic function according
to the E/A and E/e′ ratios

Luseogliflozin 63 people with
T2DM and HFpEF

Tofogliflozin 62 people with
T2DM and HFpEF

Verma S., et al.a Empagliflozin
vs. placebo

97 people with
T2DM and CVD
(49 drug and 48
placebo)

Cardiac MRI
before and
6 months after

• Improved LV mass index
• No difference in LV EF and LV
end-systolic volume

Cohen N., et al. Empagliflozin
vs. placebo

25 people with
T2DM (17 drug
and 8 placebo)

Cardiac MRI
before and
6 months after

• Reduced LV end-diastolic volume
• No difference in LV mass, LV EF,
atrial volumes,
and markers of cardiac fibrosis

A, mitral peak A-wave velocity; CVD, cardiovascular disease; E, mitral peak E-wave velocity; e′, early annular tissue Doppler velocity; EF,
ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LV, left ventric-
ular; MRI, magnetic resonance imaging; SGLT2, sodium-glucose cotransporter 2; T2DM, type 2 diabetes mellitus; TTE, transthoracic
echocardiography.
aPreliminary data obtained from abstract or conference presentation.
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LV mass index >60 g/m2 at baseline.23,24 In contrast, a sep-
arate but smaller placebo-controlled study that utilized car-
diac magnetic resonance imaging demonstrated that
empagliflozin reduces LV end-diastolic volume, likely due
to a reduction in plasma volume, but did not affect LV
mass.25 Both studies did not find any statistically significant
change in LV ejection fraction, which may be a reflection of
the small sample sizes. However, taken together with the
results of previous echocardiography studies, the overall
findings suggest that SGLT2 inhibitors may have the poten-
tial to reverse LV hypertrophy and improve diastolic func-
tion. Similar imaging studies have not yet, to the best of
our knowledge, been reported in people without
diabetes.26

Ongoing clinical research

Further larger studies utilizing novel cardiac imaging modali-
ties to more precisely quantify cardiac structure and function,
particularly indicators of early LV dysfunction, would be of
great benefit. There are currently ongoing clinical studies that
are also utilizing cardiac magnetic resonance imaging to as-
sess the effects of SGLT2 inhibitors on cardiac structure and
function, as shown in Table 2.26–28 In addition, studies utiliz-
ing speckle-tracking echocardiography for the measurement
of global longitudinal strain and three-dimensional echocardi-
ography for more accurate quantification of LV structure in
people with diabetes and normal LV ejection fraction are un-
derway.29 Although these studies also involve a relatively

Table 2 Ongoing studies on SGLT2 inhibitors and LV function

Study name
SGLT2

inhibitor
Anticipated

cohort
Imaging
modality Imaging outcome

Estimated
end date

Research Into the Effect
of SGLT2 Inhibition on
Left Ventricular
Remodeling in Patients
With Heart Failure and
Diabetes Mellitus
(REFORM)
(NCT02397421)

Dapagliflozin
vs. placebo

56 people with
T2DM and HFrEF

Cardiac MRI
before and 12
months after

Primary: Change in LV
end-systolic and end-
diastolic volumes
Secondary: Change in
LV mass and EF, RV
volumes and EF, atrial
size, and LV remodelling
index

August 2017
(not reported)

Does Dapagliflozin
Regress Left Ventricular
Hypertrophy In Patients
With Type 2 Diabetes?
(DAPA-LVH)
(NCT02956811)

Dapagliflozin
vs. placebo

64 people with
T2DM and LV
hypertrophy

Cardiac MRI
before and 12
months after

Primary: Change in
LV mass
Secondary: Change in LV
diastolic function and
global longitudinal strain

March 2019

Effects of Empagliflozin
on Left Ventricular
Diastolic Function
Compared to Usual Care
in Type 2 Diabetics
(EmDia) (NCT02932436)

Empagliflozin
vs. placebo

158 people with
T2DM and LV
diastolic
dysfunction
(E/e′ ratio ≥ 8)

TTE before
and 3 months
after

Primary: Change in E/e′ ratio
Secondary: Change in LV EF
and end-diastolic volume

June 2019

EMPA-HEART triala Empagliflozin
vs. sitagliptin

75 people with
T2DM and
subclinical
LV dysfunction

TTE before and
at 1 month and
6 months after

Primary: Change in global
longitudinal strain
Secondary: Change in EF,
left atrial volume, and E/e′
by 3-D TTE

July 2019

Are the “Cardiac Benefits”
of Empagliflozin
Independent of Its
Hypoglycemic Activity?
(ATRU-4) (EMPA-
TROPISM)
(NCT03485222)

Empagliflozin
vs. placebo

80 people with
T2DM and HFrEF

Cardiac MRI
before and 6
months after

Primary: Change in LV end-
systolic and end-diastolic
volumes
Secondary: Change in LV EF

December
2020

ERtugliflozin triAl in
DIabetes With Preserved
or Reduced ejeCtion
FrAcTion mEchanistic
Evaluation in Heart
Failure (ERADICATE-HF)
(NCT03416270)

Ertugliflozin
vs. placebo

36 people with
T2DM and HF

TTE before and
at 1 week and
3 months after

Primary: N/A
Secondary: Change in systolic
and diastolic function

March 2021

3-D, three-dimensional; E, mitral peak E-wave velocity; e′, early annular tissue Doppler velocity; EF, ejection fraction; HF, heart failure;
HFrEF, heart failure with reduced ejection fraction; LV, left ventricular; MRI, magnetic resonance imaging; SGLT2, sodium-glucose
cotransporter 2; T2DM, type 2 diabetes mellitus.
aThere is another trial with a similar name.
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small cohort of participants, they will be able to provide use-
ful insights and hypotheses for further larger studies to be
conducted in this area.

Proposed mechanisms for improved
left ventricular function with
sodium-glucose cotransporter 2
inhibitors

Heart failure is a complex clinical syndrome whereby the
heart is unable to deliver sufficient oxygen to peripheral or-
gans and can arise as a result of LV systolic and/or diastolic
dysfunction. In people with diabetes, LV diastolic dysfunction
is prevalent and may be the earliest pathological alteration
resulting in an increased risk of HF.7,9 Furthermore, LV hyper-
trophy is a strong determinant of cardiovascular outcomes
and mortality and may be present in up to 70% of people
with type 2 diabetes due to aberrant myocardial remodel-
ling.30 The link between diabetes and the development of
HF or ‘diabetic cardiomyopathy’ is thought to be multifacto-
rial and has been previously reviewed in detail.6

In studies of biopsies from healthy, ischaemic, and hyper-
trophic human hearts, SGLT1 but not SGLT2 receptors were
identified in cardiac tissue.31 In addition, although the SGLT2
inhibitor canagliflozin is a low-potency inhibitor of SGLT1,
similar improvements in LV mass index and diastolic function
have been demonstrated with more selective SGLT2 inhibi-
tors such as empagliflozin and dapagliflozin (Table 1), sug-
gesting that the benefits of SGLT2 inhibitors on the heart
are unlikely to be mediated via SGLT1. Indeed, studies that
have systemically examined tissue expression of SGLT recep-
tors in humans have found that SGLT2 is highly specific to re-
nal tissue.32 Therefore, the potential effect of SGLT2

inhibitors on LV structure and function is hypothesized to
be multifaceted and mediated predominantly by systemic
haemodynamic and metabolic effects, as summarized in
Figure 1.10 The beneficial effect of SGLT2 inhibitors on renal
function and the potential to reduce renal-related outcomes
has been previously reviewed in detail and is beyond the
scope of this review article.33

Haemodynamic effects

Activation of compensatory mechanisms in HF such as the
renin–angiotensin–aldosterone system, sympathetic nervous
system, and other neuro-hormonal pathways leads to fluid
and sodium retention.10 However, SGLT2 inhibitors can po-
tently reduce circulating intravascular volume through os-
motic diuresis and natriuresis.10 This is reflected by an
increase in haematocrit, which has also been found to be a
key determinant of HF outcomes according to a recent ex-
ploratory analysis of the EMPA-REG OUTCOME trial.34 It is hy-
pothesized that the sustained reduction in intravascular
volume and blood pressure may lead to a reduction in cardiac
preload and afterload, respectively, thereby alleviating car-
diac workload and improving LV function.10 Such haemody-
namic changes in intravascular volume and blood pressures
are seen without an increase in heart rate, suggesting that
SGLT2 inhibitors may reduce reflex sympathetic nervous sys-
tem activation or may have influence over other neuro-
hormonal pathways affecting the heart.35,36

Myocardial energy supply

It is has also been hypothesized that SGLT2 inhibitors may
increase myocardial energy supply and metabolic efficiency
through a number of mechanisms, thereby improving

Figure 1 Potential mechanisms for improved left ventricular diastolic function and reduced left ventricular mass with sodium-glucose cotransporter 2
inhibitors. LV, left ventricular; SGLT2, sodium-glucose cotransporter 2.
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myocardial performance. Firstly, SGLT2 inhibitors have
been associated with increased circulating levels of β-
hydroxybutyrate, a ketone body, likely due to glucagon-
mediated ketogenesis.37 Ketones are freely taken up by
myocardial cells and, compared with fatty acids, may po-
tentially be a more efficient source of adenosine triphos-
phate for the failing heart.37 Secondly, SGLT2 inhibitors
have been associated with an increase in erythropoietin,
which in itself may have cardio-protective effects, and an
increase in haemoglobin, which may result in enhanced ox-
ygen delivery to the myocardium.38,39 The underlying mech-
anism for the increase in erythropoietin is thought to be
due to favourable renal haemodynamic effects such as a re-
duced intra-glomerular pressure rather than
haemoconcentration from diuresis.38 Thirdly, an emerging
hypothesis is that SGLT2 inhibitors can directly inhibit the
myocardial sodium-hydrogen (Na+/H+) exchanger, which
leads to increased mitochondrial calcium levels, improved
mitochondrial function, reduced oxidative stress, and po-
tentially reduced arryhthmias.40 However, whether or not
these metabolic changes translate into clinically meaningful
effects remains unclear.

Other effects

The approximately 0.5–1% reduction in mean glycated
haemoglobin with SGLT2 inhibitors is only modest, which
lends support to the notion that the large reductions in HF
hospitalization are due to mechanisms distinct from
glycaemic control.2–4,34 This is further supported by previous
studies demonstrating that intensive glycaemic control may
reduce microvascular but not macrovascular events in people
with longstanding type 2 diabetes.41 Indeed, SGLT2 inhibitors
have been shown to affect multiple other common modifi-
able risk factors and co-morbidities associated with cardiovas-
cular disease, such as blood pressure, body weight, renal
function, uric acid, and plasma lipids.2–4

A number of other biological effects have also been dem-
onstrated with SGLT2 inhibitors, which may ultimately con-
tribute to improved LV structure and function.34 These
include favourable changes to vascular endothelial function,
arterial stiffness, vascular resistance, and myocardial fibro-
sis.35,42 In addition, reductions in visceral adiposity and epi-
cardial fat may reduce insulin resistance and the production
of pro-inflammatory adipokines, such as leptin, from adipo-
cytes.43,44 However, these mechanisms, although intriguing,
are considered insufficient to account for the large reductions
in HF hospitalization observed with SGLT2 inhibitors as com-
pared with the aforementioned hypotheses regarding diure-
sis, natriuresis, and myocardial energy supply. Furthermore,
despite improvements in vascular function and blood pres-
sure, SGLT2 inhibitors have not been shown to significantly

reduce the risk of myocardial infarction or stroke in landmark
trials.2–4

Future directions for sodium-glucose
cotransporter 2 inhibitors in heart
failure

A paradigm shift in the management of diabetes has become
evident with recent international guidelines now strongly
recommending SGLT2 inhibitors as the preferred second-line
anti-hyperglycaemic therapy after metformin for cardiovascu-
lar risk reduction in people with type 2 diabetes and
established cardiovascular disease.45 According to the
European Society of Cardiology 2016 guidelines, empagliflozin
should be considered in people with type 2 diabetes and car-
diovascular disease, in order to prevent or delay the onset of
HF or prolong life (class IIA, level B).8 An expert consensus
document in 2019 recommended that canagliflozin and
dapagliflozin should also be considered for people with type
2 diabetes and established cardiovascular disease or at high
cardiovascular risk, in order to prevent or delay the onset of
HF and hospitalizations for HF.46 However, no specific guide-
line recommendations for SGLT2 inhibitor use in people with
established HF could be made.46 Current recommendations
for SGLT2 inhibitor use are listed in Table 3.45,46

However, it must be noted that SGLT2 inhibitors are not
free of undesirable effects relating to marked glycosuria, such
as an increased risk of genital infections and volume deple-
tion, and rarely, diabetic ketoacidosis, and very rarely,
Fournier’s gangrene.2–4 In addition, unanswered questions
remain. Whether or not SGLT2 inhibitors can reduce cardio-
vascular risk in people with diabetes who are at a lower risk
of cardiovascular disease, such as those without other cardio-
vascular risk factors, is a key research question.

Ongoing heart failure trials

At the present time, SGLT2 inhibitors are indicated for the
treatment of type 2 diabetes; however, the results of ongoing
randomized placebo-controlled SGLT2 inhibitor trials in

Table 3 Current recommendations for sodium-glucose
cotransporter 2 inhibitor use

Type 2 diabetes and45,46:
1. Insufficient glycaemic control despite first-line therapya

2. At high cardiovascular risk
3. Cardiovascular disease
4. Cardiovascular disease and coexisting heart failure or at high risk

of heart failure
5. Chronic kidney diseaseb

aFirst-line therapy, metformin and lifestyle modifications.
bAssuming adequate estimated glomerular filtration rate.
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participants with HF but without diabetes are eagerly
awaited. If a therapeutic role is proven for SGLT2 inhibitors
against HF decompensation even in people without diabetes,
then SGLT2 inhibitors could be deemed a group of medica-
tions able to reduce cardiac preload and afterload, character-
ized also by a marked reduction in blood glucose. The
haemodynamic effects would then become the main prop-
erty of these medications, thereby outweighing their
glucose-lowering effect in the scope of their therapeutic
applications.

Notably, the EMPEROR-Preserved trial (NCT03057951) is
currently aiming to recruit 6000 participants with chronic
HFpEF, whilst the EMPEROR-Reduced trial (NCT03057977) is
aiming to recruit 2850 participants with chronic HFrEF. Both
of these trials are being conducted using empagliflozin, with
a follow-up of 38 months and a composite primary outcome
of time to cardiovascular death or hospitalization for HF. In
regard to dapagliflozin, the DELIVER trial (NCT03619213) is
currently aiming to recruit 4700 participants with HFpEF,
whilst the DAPA-HF trial (NCT03036124) is aiming to recruit
4744 participants with HFrEF. The follow-up for these trials
is 33 months and 3 years, respectively, and the primary out-
come for both trials is a composite of cardiovascular death
or hospitalization for HF or urgent HF visit. It should be noted
that these large cardiovascular outcome trials were explicitly
designed for people with HF (i.e. diabetes was not an inclu-
sion criteria).

In addition, the SOLOIST-WHF trial (NCT03521934) is an
ongoing placebo-controlled cardiovascular outcome trial in-
vestigating the use of sotagliflozin in people with diabetes
and known HFrEF who are admitted to the hospital with
worsening HF. The trial aims to recruit 4000 participants with
a composite primary outcome of time to cardiovascular death
or hospitalization for HF.

Ongoing mechanistic studies

Although there have been many hypotheses regarding the bi-
ological effects of SGLT2 inhibitors on LV function, the precise
mechanism remains uncertain. However, it is entirely plausi-
ble that numerous haemodynamic and metabolic mecha-
nisms may play a role in its cardio-protection, as per
Figure 1. Further mechanistic studies are therefore required
to better determine the cardiovascular actions of SGLT2 in-
hibitors in people with and without diabetes and in people
with and without existing HF. In particular, the potential for
a beneficial effect of SGLT2 inhibitors on LV mass and/or dia-
stolic function is currently being investigated in ongoing clin-
ical trials, as per Table 2. If these studies are able to confirm
the beneficial effects, then this will potentially open new av-
enues for the prevention and management of HFpEF, for
which no effective treatments have thus far been shown to
convincingly reduce long-term morbidity or mortality.8

Other unanswered questions

Over the last decade, the results of various cardiovascular
outcome trials have transformed the landscape of cardiovas-
cular medicine. Angiotensin–neprilysin inhibitors (PARA-
DIGM-HF) have been shown to significantly reduce HF
hospitalization and cardiovascular mortality compared with
enalapril in people with HFrEF.47 If ongoing studies investigat-
ing angiotensin–neprilysin inhibitors as a treatment for
HFpEF, such as the PARAGON-HF (NCT01920711), are found
to be positive, this will raise questions as to whether or not
SGLT2 inhibitors have a role as add-on therapy in HFpEF. In
addition, trials on the glucagon-like peptide 1 analogues,
liraglutide (LEADER), semaglutide (SUSTAIN-6), and
albiglutide (Harmony Outcomes), have demonstrated that
these anti-hyperglycaemic medications can significantly re-
duce cardiovascular events, but not HF hospitalization, in
people with diabetes.48–50 The EMPA-REG OUTCOME trial
was the first SGLT2 inhibitor trial using empagliflozin to dem-
onstrate all-cause and cardiovascular mortality reduction in
people with diabetes and established cardiovascular disease.2

However, whether or not SGLT2 inhibitors have an additive
effect in reducing cardiovascular risk, HF hospitalization
and/or mortality when used in combination with
angiotensin–neprilysin inhibitors or glucagon-like peptide 1
analogues is yet to be elucidated.

Conclusions

The impressive results of the landmark SGLT2 inhibitor trials
has led to this class of anti-hyperglycaemic medications be-
coming a powerful adjunctive therapy for the management
of people with diabetes and HF. Although many theories cur-
rently exist, the biological effects of SGLT2 inhibitors on car-
diac structure and function remain uncertain and require
further elucidation through detailed mechanistic studies. In-
vestigations thus far in animals and humans with diabetes
have demonstrated that SGLT2 inhibitors can potentially im-
prove LV mass index and diastolic function. Larger scale stud-
ies are anticipated, as there may be scope for the future use
of SGLT2 inhibitors as a novel therapeutic strategy in the pre-
vention and management of HFpEF in people with and with-
out diabetes.
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