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Abstract

In modern cardiology, sodium-glucose cotransporter 2 (SGLT2) inhibitors are critical components of heart failure (HF) treat-
ment algorithms and exert their effects primarily by preventing glucose reabsorption and facilitating its urinary excretion.
The objective was to systematically review randomized controlled trials (RCTs) assessing the effects of SGLT2 inhibitors,
particularly canagliflozin, empagliflozin, dapagliflozin, ertugliflozin, sotagliflozin (dual SGLT inhibitor), and their use in HF.
Systematic searches of PubMed/Medline, The Cochrane Central Register of Controlled Trials (CENTRAL), and ClinicalTrials.
gov databases were performed. There were no restrictions imposed on the date and status of publication; however, there
were restrictions on language for the searched studies. A total of 1139 records were identified in the bibliographic searches
from both databases and the register of choice for this systematic review. Following duplicate removal, screening for titles and
abstracts, and thorough assessment of full-text articles, 12 RCTs met the inclusion criteria. Altogether, 83 878 patients were
included in this review. Among the included studies, two RCTs, with six respective reports, investigated canagliflozin, four RCTs
with 13 derived reports investigated dapagliflozin, three RCTs with 12 separate reports studied the effects of empagliflozin,
one RCT and its three respective reports assessed ertugliflozin’s effects, and two RCTs with one added report investigated
the dual inhibitor sotagliflozin. Pooled meta-analytic effects of SGLT2 inhibitors were as follows: on atrial fibrillation odds ratio
(OR) = 0.83, 95% confidence interval (CI): 0.68–1.01, prediction interval (PI): 0.57–1.19; on HF hospitalization OR = 0.69, 95%
CI: 0.60–0.78, PI: 0.60–0.78; on cardiovascular death OR = 0.82, 95% CI: 0.58–1.15, PI: 0.42–1.60; and on major adverse car-
diovascular events OR = 0.90, 95% CI: 0.77–1.06, PI: 0.71–1.15. SGLT2 inhibitors significantly improve the quality of life in
HF patients. Their beneficial effects on HF, especially in left ventricular dysfunction, have made their use possible irrespective
of diabetes mellitus or atrial fibrillation status.
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Introduction

The emergence of novel therapeutic strategies for diabetes
mellitus has been fuelled by the growing interest in the
role of the sodium-glucose cotransporter 2 (SGLT2), the
principal protein in the proximal renal tubule responsible
for reabsorbing filtered glucose. SGLT2 inhibitors are a new

class of drugs that were originally designed to target
glycaemic regulation in diabetes mellitus, but their scope of
application is now widely acknowledged, particularly in
cardiovascular disease.1,2

The story of the discovery of SGLT2 inhibitors is one of
serendipity, and it begins in 1835, with the isolation a natu-
rally occurring, non-selective SGLT inhibitor from the apple
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tree, known as phlorizin, which was originally used to treat
malaria.1–3 Thereafter, scientists discovered the glucosuric
profile of phlorizin, and its consequent role in lowering
plasma glucose levels.1,4 A glucose molecule bound to two
aromatic rings, phlorizin was recognized as a competitive
inhibitor of the active transport in the kidneys, therefore
resulting in excretion of both glucose and sodium in the
urine.1,5

From the beginning of the 21st century, several SGLT2 in-
hibitors were developed synthetically as phlorizin analogues,
the first one being dapagliflozin in 2008, which represents an
important milestone in the history.5

On initial safety evaluation in diabetic patients, the
SGLT2 inhibitors were not only found to be safe with re-
spect to cardiovascular effects, but they also yielded other
unprecedented and remarkable benefits; the use of SGLT2
inhibitors in type 2 diabetes mellitus (T2DM) patients with
cardiovascular disease and reduced ejection fraction, was
reported with significant reductions in cardiovascular
death, non-fatal myocardial infarction or stroke, death from
any cause, preventing hospitalization for heart failure (HHF)
by 25–35%, and reducing clinically relevant kidney
outcomes.1,2,5,6

These serendipitous findings have prompted the rapid evo-
lution of clinical trials with SGLT2 inhibitors in patients with
heart failure (HF) across the entire left ventricular ejection
fraction (LVEF) range, particularly with preserved ejection
fraction, as well as chronic kidney disease (CKD), both with
and without diabetes mellitus, thereby greatly expanding
the target population even further.1,2,6,7 Indeed, SGLT2 inhib-
itors have become one of the most researched cardiometa-
bolic treatments, with large-scale randomized clinical trials
completed or ongoing.2,6

T2DM is associated with a two-to-five-fold higher risk of
developing HF.8 Early on, in the development of HF, there
are several key mechanisms that instigate functional and
structural cardiac impairments, which are shared among HF
and T2DM.9–11 The disturbances in systemic and cardiac glu-
cose metabolism of patients with diseases ranging from inad-
equate glucose management to diabetes mellitus contribute
to structural and functional abnormalities of the heart, culmi-
nating in cardiac dysfunction.12,13

Atrial fibrillation (AF) is another condition that coexists
with HF owing to common risk factors including valvular dis-
ease, hypertension, age, and diabetes, and is associated
with a three-fold higher risk of incidence of HF.14,15 Neuro-
hormonal, electrophysiological and myocardial cellular
maladaptive alterations are mechanistic contributors to
elevated filling pressures and increased afterload, therefore
predisposing the heart to failure as well as AF. In patients
with systolic HF, AF is a poor prognostic indicator with a
potential to alter the therapeutic effects. Considering that
in individuals with HF and reduced ejection fraction, AF

invokes unfavourable cardiovascular outcomes and that
non-antiarrhythmic drugs have already revealed their
potential in reducing AF rates in these patients, elucidation
of the interrelation between HF and AF has also sparked an
interest in research through treatment effects of SGLT2
inhibitors.14

SGLT2 inhibitors’ mechanisms of action of in HF are still a
matter of conjecture, even though the drugs exhibit several
metabolic, haemodynamic, and organ-specific effects;
however, it is unlikely that prevention and treatment of HF
are exclusively due to the favourable metabolic and
haemodynamic effects.16,17 Another mode though which
SGLT2 inhibitors incite their beneficial effects is by inhibiting
of the sodium-hydrogen exchanger (NHE1) activity, which is
up-regulated both in T2DM and HF; inhibition of NHE1 recep-
tors provides protection of the heart from toxic intracellular
calcium ion (Ca2+) overload.18 SGLT2 inhibitors may also ex-
ert direct effects on myocardial metabolism and decrease
myocardial oxidative stress.19 Furthermore, by promoting a
metabolic shift from free fatty acid (FFA) to glucose oxida-
tion, SGLT2 inhibitors result in increased cardiac adenosine
triphosphate (ATP) production, preventing a decrease in car-
diac function.12

The SGLT2 inhibitors share similar pharmacokinetic proper-
ties, including a rapid oral absorption, a long half-life which
grants the possibility for once-daily administration, extensive
hepatic metabolism to inactive metabolites primarily via
glucuronidation, and low renal elimination.20 Additionally,
due to the glycoside structure of the SGLT2 inhibitors, there
are several pharmacokinetic issues to account for, including
poor stability, low tissue permeability, and a possibility of
drug interactions.17,21

The pharmacodynamic effect of SGLT2 inhibitors is exhib-
ited by inducing glycosuria though a decrease in the thresh-
old for glucose resorption. SGLT2 inhibitors differ pharmaco-
dynamically, thus resulting in different beneficial and adverse
effect profiles (Table 1).17 Drugs in this class may result in a
range of adverse effects, including an increased risk of geni-
tourinary infections (due to the high glucose concentration
in the genitourinary tract, and the disturbed function of neu-
trophils and the antioxidant system resulting in an impair-
ment of the immune system), postural hypotension (they
display an osmotic diuretic effect, leading to slight volume
depletion, mainly due to glucose and sodium depletion),
polyuria, acute kidney injury (AKI), diabetic ketoacidosis
(due to the decreased insulin levels following loss of glucose
in the urine; thus, SGLT2 inhibitors’ use is contraindicated in
diabetes mellitus type 1 patients), as well as bone fractures
(as it decreases bone mineral density due to effects on phos-
phate, calcium, and vitamin D) or lower limb amputations
(particularly with canagliflozin, and in individuals with a his-
tory of peripheral vascular disease).17,20–22 Pharmacological
differences between individual SGLT2 inhibitors rely on the
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selectivity of SGL2 versus SGLT1, other potential differences
remain incompletely understood, mainly due to the lack of
head-to-head trials.17

Methods

A systematic review of all studies on SGLT2 inhibitors’ effects
in patients with HF with reduced, mildly reduced, and
preserved ejection fraction was performed in accordance
with the recommendations of the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA) state-
ment, and the Cochrane Handbook for Systematic Reviews
of Interventions.

Search methods for identification of studies

Electronic searches of PubMed/Medline, The Cochrane Cen-
tral Register of Controlled Trials (CENTRAL) databases were
performed, as well as grey literature obtained from
ClinicalTrials.gov was searched, as an attempt to avoid
steering towards positive results only and reducing risk of bias.
The terms used for the research included the following: “Heart
Failure,” “Sodium-Glucose Transporter 2 Inhibitors,” “Diabetes
Mellitus,” which were combined in multiple ways to generate
an extensive search strategy through theMeSH database, with
attention to transparency along the process (see Appendix
S1–S3 for detailed search strategies). No restrictions were
imposed on the date and status of publication. There were,
however, restrictions on language for the searched studies.

The rationale to perform this systematic review and the
methodology that was used were determined with a
well-defined guiding research statement, which included the
PICO elements (Population, Intervention, Comparison, Out-
come) matching with the HF patients with or without diabe-
tes, SGLT2 inhibitors as interventions, compared with placebo,
and endpoints of major adverse cardiovascular events
(MACE), hospitalization for heart failure (HHF), as well as renal
outcomes, respectively, in the present study. Once the PICO
question was developed, clear inclusion and exclusion criteria
for the studies of interest were determined. Criteria for
considering studies for this systematic review were based on
the types of studies, types of participants, interventions, and
outcomes of interest.

Inclusion criteria

Population
Adult patients (>18 years up to 80 years of age), both men
and women with HF with reduced (LVEF <40%), mildly re-
duced (LVEF 40–49%), and preserved (LVEF >50%) ejection
fraction, diabetic and non-diabetic patients.

Interventions
Only canagliflozin, empagliflozin, dapagliflozin, ertugliflozin,
and sotagliflozin were the drugs of choice to be included in
this study.

Types of studies
Only randomized controlled trials (RCTs), studies about
humans, published in English language, were included, as
well as the analysis of each article being consistent with the
PICO study question.

Outcomes of interest
RCTs with the following intended outcomes were eligible for
this study: MACE, defined as a composite of cardiovascular
death, non-fatal myocardial infarction (MI), and non-fatal
stroke; and HHF. Other outcomes were renal function in
terms of sustained decline in eGFR, end-stage renal disease,
or serum creatinine; all-cause mortality; reduction in HbA1c;
and side effects such as amputation, urinary tract infection,
or risk of hypoglycaemia. In addition, AF as a serious adverse
event in HF patients treated with SGLT2 inhibitors was one of
the selected outcomes of interest for the meta-analysis.

Exclusion criteria

Records in which SGLT2 inhibitors (gliflozins) other than dap-
agliflozin, empagliflozin, canagliflozin, ertugliflozin, and
sotagliflozin were mentioned in the titles and abstracts were
excluded. Furthermore, records where the drugs of interest
were investigated in relation to outcomes that did not meet
inclusion criteria of this review, and SGLT2 inhibitor trials in
which the primary endpoint measured was the quality of life
based on The Kansas City Cardiomyopathy Questionnaire
(KCCQ), were also excluded. Other exclusion criteria were
as follows: records not mentioning HF, other reviews were
not included, any records that were irrelevant to the main
PICO question, records referring to other topics that were
not related to cardiovascular disease or HF, and animal
studies.

Data collection and analysis

Selection of studies
All titles and abstracts identified in the bibliographic
searches were screened by five authors with the use of
the Rayyan free web tool. This process was followed by du-
plicate detection and removal. Full-text articles were then
retrieved manually and assessed for potentially relevant
studies.

Data extraction
Data were manually extracted from the included studies on
study design, patient characteristics, follow-up durations, in-
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tervention, comparison, baseline characteristics, and results
regarding the related outcomes of interest with different
drugs relevant to our review. Any missing data were found
in ClinicalTrials.gov for the included RCTs.

Where results from a single trial were reported in more
than one article, the most complete publication was pre-
ferred. If deemed relevant for the purpose of this study based
on the established criteria, selected reports and analyses
were also included.

Results of treatment effects from the included studies
were reported and interpreted in terms of hazard ratios
(HR), with the corresponding 95% confidence intervals (CI)
and P-value for statistical significance of the findings, illus-
trated in Tables 2, 3, 4, 5, and 6.

Assessment of risk of bias in included studies

The internal validity and critical appraisal of the included
RCTs were based on an assessment of trial publications and
protocols. Risk-of-bias (RoB) assessment was performed by
means of the Cochrane Risk of Bias tool (version 5.2). In each
trial, namely, Empagliflozin Outcome Trial in Patients With
Chronic Heart Failure With Reduced Ejection Fraction
(EMPEROR-Reduced), Empagliflozin Outcome Trial in Patients
with Chronic Heart Failure With Preserved Ejection Fraction
(EMPEROR-Preserved), Empagliflozin Cardiovascular Out-
come Event Trial in Type 2 Diabetes Mellitus Patients
(EMPA-REG OUTCOME), Dapagliflozin and Prevention of Ad-
verse Outcomes in Heart Failure (DAPA-HF), Multicenter Trial

Table 2 Results of RCTs investigating canagliflozin in terms of cardiovascular outcomes of interest

Trial name CANVAS CREDENCE

Number of participants 10 142 4401
Intervention Canagliflozin Canagliflozin
Dosing (once daily) 100 or 300 mg 100 mg
Mean age (years) 63 63
Median follow-up
(months or years)

3.6 years 2.62 years

Baseline HbA1c (%) ≥7.0 and ≤10.5 ≥6.5 and ≤12
Baseline eGFR(mL/min/
1.732)

>30 30 to <90

Mean LVEF (%) <50
>50

<50

Cardiovascular effects:
MACE/HHF

3-MACE:
HR 0.86 (95% CI: 0.75–0.97;
P < 0.001 for non-inferiority; P = 0.02 for superiority)

3-MACE:
HR 0.80 (95% CI: 0.67–0.95; P = 0.01)
HHF:
HR 0.61 (95% CI: 0.47–0.80; P < 0.001)
Composite of end-stage kidney disease:
HR 0.70 (95% CI: 0.59–0.82; P = 0.00001)

CANVAS, The Canagliflozin Cardiovascular Assessment Study; CI, confidence interval; CREDENCE, Canagliflozin and Renal Events in Diabe-
tes with Established Nephropathy Clinical Evaluation; CV, cardiovascular; DM, diabetes mellitus; HF, heart failure; HR, hazard ratio; MACE,
major adverse cardiac events.

Table 3 Results of randomized controlled trials investigating dapagliflozin in terms of cardiovascular outcomes of interest

Trial name DECLARE-TIMI 58 DAPA-HF DAPA-CKD DELIVER

Number of participants 17 190 4744 4304 6263
Intervention Dapagliflozin Dapagliflozin Dapagliflozin Dapagliflozin
Dosing (once daily) 10 mg 10 mg or 5 mg 10 mg 10 mg
Mean age (years) 64 66 62 72
Median follow-up (months or
years)

4.2 years 18.2 months 2.4 years 2.3 years

Baseline HbA1c (%) 6.5 � 12.0 8.3 6.5 6.6
Baseline eGFR (mL/min/1.732) >60 ≥30 25–75 61
Mean LVEF (%) <45 ≤40 N/A >40
Cardiovascular effects: MACE/HHF 3-MACE: HR 0.83

(95% CI: 0.73–0.95;
P = 0.005)

CV death,
hospitalization
for HF, or urgent
HF visit: HR 0.75
(95% CI: 0.65–0.86,
P < 0.0001)

Risk of the primary
endpoint (sustained
≥50% eGFR decline,
ESKD) in patients with
HF: HR 0.58 (95% CI:
0.37–0.91)

Composite of worsening
HF or CV death: HR 0.82
(95% CI: 0.73–0.92,
P < 0.001)

CI, confidence interval; CV, cardiovascular; DAPA-CKD, Effect of Dapagliflozin on Renal Outcomes and Cardiovascular Mortality in Patients
With Chronic Kidney Disease; DAPA-HF, Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure; DECLARE-TIMI 58, Multicenter
Trial to Evaluate the Effect of Dapagliflozin on the Incidence of Cardiovascular Events; DELIVER, Dapagliflozin Evaluation to Improve the
LIVEs of Patients with Preserved Ejection Fraction Heart Failure; DM, diabetes mellitus; ESKD, end-stage kidney disease; HF, heart failure;
HR, hazard ratio; MACE, major adverse cardiac events; N/A, not available.
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to Evaluate the Effect of Dapagliflozin on the Incidence of
Cardiovascular Events (DECLARE-TIMI 58), Effect of Dapagli-
flozin on Renal Outcomes and Cardiovascular Mortality in Pa-
tients With Chronic Kidney Disease (DAPA-CKD), The
Canagliflozin Cardiovascular Assessment Study (CANVAS),
Canagliflozin and Renal Events in Diabetes with Established
Nephropathy Clinical Evaluation (CREDENCE), Evaluation of
Ertugliflozin Efficacy and Safety Cardiovascular Outcomes
Trial (VERTIS-CV), Effect of Sotagliflozin on Cardiovascular
Events in Patients With Type 2 Diabetes Post Worsening
Heart Failure (SOLOIST-WHF), Effect of Sotagliflozin on Car-
diovascular and Renal Events in Patients With Type 2 Diabe-
tes and Moderate Renal Impairment Who Are at Cardiovascu-

lar Risk (SCORED), and Dapagliflozin Evaluation to Improve
the Lives of Patients With Preserved Ejection Fraction Heart
Failure (DELIVER), risk-of-bias judgements labelled as either
low, high or unclear, were made for the following five do-
mains: (i) random sequence generation (selection bias); (ii) al-
location concealment (selection bias); (iii) blinding of out-
come assessment (detection bias); (iv) incomplete outcome
data (attrition bias); and (v) selective reporting (reporting
bias).

Meta-analysis

For the meta-analysis, one of the chosen outcomes of inter-
est was based on the serious adverse events reported in
the primary studies, with a particular focus on AF occurrence
in HF patients treated with SGLT2 inhibitors. Two studies
assessing sotagliflozin were excluded from the meta-analysis,
given that SOLOIST-WHF primarily included acute HF pa-
tients, and like the SCORED trial, both were prematurely ter-
minated due to loss of funding as well as the COVID-19 pan-
demic; the recent DELIVER trial was also excluded from the
meta-analysis, as data for these three trials with respect to
AF occurrence were not available.

Moreover, the CANVAS Program study data on AF was col-
lected separately for CANVAS and CANVAS-R because of the
different trial aims, as well as considering that they were
phase 3 and phase 4 trials, respectively. Data for canagliflozin
in the CANVAS trial, empagliflozin in the EMPA-REG OUT-
COME trial, and ertugliflozin in the VERTIS-CV trial were col-
lected for the two doses together. The rest of the data were
collected for the single doses of the interventions used in the
included trials (EMPEROR-Preserved, EMPEROR-Reduced,

Table 4 Results of randomized controlled trials investigating empagliflozin in terms of cardiovascular outcomes of interest

Trial name EMPA-REG OUTCOME EMPEROR-Reduced EMPEROR-Preserved

Number of participants 7064 3730 5988
Intervention Empagliflozin Empagliflozin Empagliflozin
Dosing (once daily) 10 mg or 25 mg 10 mg 10 mg
Mean age (years) 63.1 67 72
Median follow-up (months or years) 3.1 years 16 months 2.2 years
Baseline HbA1c (%) 7–10 5–12 6.3–7.8
Baseline eGFR (mL/min/1.732) ≥30 20

*The rate of decline in
eGFR in patients with
diabetes was nearly twice
that in patients without
diabetes

<60 or ≥60

Mean LVEF (%) N/A 28 54
Cardiovascular effects: MACE/HHF 3-MACE: HR 0.86

(95.02% CI: 0.74–0.99;
P < 0.001 for non-
inferiority and P = 0.04
for superiority)

CV death or HF
hospitalization: HR 0.75
(95% CI: 0.65–0.86,
P < 0.001)

Combined risk of CV
death or HF
hospitalization: HR 0.79
(95% CI: 0.69–0.90;
P < 0.001)

CI, confidence interval; CV, cardiovascular; DM, diabetes mellitus; EMPA-REG, Empagliflozin Cardiovascular Outcome Event Trial in Type 2
Diabetes Mellitus Patients; EMPEROR-Reduced, Empagliflozin Outcome Trial in Patients With Chronic Heart Failure With Reduced Ejection
Fraction; EMPEROR-Preserved, Empagliflozin Outcome Trial in Patients with Chronic Heart Failure With Preserved Ejection Fraction; HHF,
hospitalization for heart failure; HR, hazard ratio; MACE, major adverse cardiac events; N/A, not available.

Table 5 Results of randomized controlled trials investigating
ertugliflozin in terms of cardiovascular outcomes of interest

Trial name VERTIS-CV

Number of participants 8246
Intervention Ertugliflozin
Dosing (once daily) 5 mg or 15 mg
Mean age (years) 64
Median follow-up
(months or years)

3.5 years

Baseline HbA1c (%) 7.0 to 10.5
*greater reductions in HbA1c

Baseline eGFR
(mL/min/1.732)

≥30
*34% reduction in risk of decline in
eGFR

Mean LVEF (%) >40
Cardiovascular effects:
MACE/HHF

Rates of MACE: ~4% per year
3-MACE: HR 0.97 (95.6% CI: 0.85–
1.11; P < 0.001 for non-inferiority)

CI, confidence interval; CV: cardiovascular; DM: diabetes mellitus;
HF: heart failure; HR: hazard ratio; MACE: major adverse cardiac
events; VERTIS-CV, Evaluation of Ertugliflozin Efficacy and Safety
Cardiovascular Outcomes Trial.
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DAPA-HF, DAPA-CKD, DECLARE-TIMI 58, CREDENCE). Num-
bers of included RCTs registered at ClinicalTrials.gov registry
can be found in Appendix S4.

In addition, a meta-analysis of common side effects of
SGLT2 inhibitors was conducted, as well as a comparison of
the effects of SGLT2 inhibitors including above-mentioned tri-
als, glucagon-like-peptide-1 (GLP-1) agonist trials Effect of
Efpeglenatide on Cardiovascular Outcomes (AMPLITUDE-O),
The Researching Cardiovascular Events with a Weekly
Incretin in Diabetes (REWIND), Exenatide Study of Cardiovas-
cular Event Lowering Trial (EXSCEL), and Trial to Evaluate Car-
diovascular and Other Long-term Outcomes With Semaglu-
tide in Subjects With Type 2 Diabetes (SUSTAIN-6), and
dipeptidyl peptidase-4 (DPP-4) inhibitor trials Cardiovascular
Safety and Renal Microvascular Outcome Study with
Linagliptin (CARMELINA), Study to Assess Cardiovascular Out-
comes Following Treatment With Omarigliptin (MK-3102) in
Participants with Type 2 Diabetes Mellitus (OMNEON), Trial
Evaluating Cardiovascular Outcomes With Sitagliptin (TECOS),
and The Saxagliptin Assessment of Vascular Outcomes Re-
corded in Patients With Diabetes Mellitus–Thrombolysis in
Myocardial Infarction (SAVOUR-TIMI 53). Other trials of these
groups of drugs were excluded either due to unavailability of
data or differing definitions of the intended endpoints (some
were documented as primary outcomes, secondary out-
comes, or as adverse events).

Statistical analysis
Meta-Essentials tool for meta-analysis (Suurmond R, van
Rhee, H, Hak T, 2017) was used for all statistical analyses.
For the cardiovascular serious adverse event of interest, in
this case, AF occurrence, risk ratio, and 95% CIs were
meta-analysed using a random-effects model; the effect size
measure was presented as odds ratio (OR). Also, a
random-effects model was selected to account for heteroge-

neity in the included studies. In addition, inverse variance
was chosen as a weighting method.

To generate a combined effect size regarding AF following
SGLT2 inhibitor use, as well as common side effects, the over-
all study population in this meta-analysis included 65 677 HF
patients (n = 36 120 in the SGLT2 inhibitor arms; n = 29 557 in
the placebo arms). In the analysis comparing the three
groups of drugs, 36 827 patients for SGLT2 inhibitors,
32 026 patients for GLP-1 agonists, and 42 334 patients for
DPP-4 inhibitors were included.

To assess whether publication bias affected the meta-
analysis, a funnel plot and Egger’s regression test were per-
formed; P-value ≤0.05 was defined as statistically significant.

Results

Study selection

A total of 1139 records were identified in the bibliographic
searches from both databases and the register of choice for
this systematic review. Of these, following duplicates removal
and screening for titles and abstracts, 184 titles and abstracts
potentially met the pre-specified review inclusion criteria,
and the full-text articles were retrieved and assessed thor-
oughly. One hundred thirty-eight trials were excluded, and
12 RCTs met the inclusion criteria. The study selection pro-
cess is summarized in Figure 1, based on the 2020 version
of the PRISMA flow diagram.

Included studies

The characteristics of the included studies and selected
reports of those trials for each of the drugs (canagliflozin,

Table 6 Results of randomized controlled trials investigating sotagliflozin in terms of cardiovascular outcomes of interest

Trial name SOLOIST-WHF SCORED

Number of participants 1222 10 584
Intervention Sotagliflozin Sotagliflozin
Dosing (once daily) 200 mg (up to 400 mg) 200 mg (up to 400 mg)
Mean age (years) 70 70
Median follow-up (months or years) 9 months 24 months
Baseline HbA1c (%) 7.1 8.3
Baseline eGFR (mL/min/1.732) 49.7 25–60
Mean LVEF (%) 35

<50
79

60

Cardiovascular effects:
MACE/HHF

Total CV death, hospitalization
for HF, or urgent visit for HF: HR
0.67 (95% CI: 0.52–0.85;
P < 0.001)

Original co-primary endpoint of the first occurrence of 3-
MACE: HR 0.84 (95% CI: 0.72–0.99, P = 0.035)
Changed primary endpoint to CV death, HF
hospitalization, urgent visit for HF: HR 0.74 (95% CI:
0.63–0.88; P < 0.001)

CI, confidence interval; CV, cardiovascular; DM, diabetes mellitus; HF, heart failure; HR, hazard ratio; MACE, major adverse cardiac events;
SCORED, Effect of Sotagliflozin on Cardiovascular and Renal Events in Patients With Type 2 Diabetes and Moderate Renal Impairment Who
Are at Cardiovascular Risk; SOLOIST-WHF, Effect of Sotagliflozin on Cardiovascular Events in Patients With Type 2 Diabetes Post Worsening
Heart Failure.
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dapagliflozin, empagliflozin, ertugliflozin and sotagliflozin) in-
cluded in this review are clearly illustrated in Tables 7, 8, 9,
10, and 11. The parallel group randomized clinical trials in-
cluded, were published between 2015 and 2021, and they
were conducted in high-income countries.

Altogether, 83 878 patients were included in this review,
from the 12 major RCTs that were assessed, and all the stud-
ies used a placebo control.23–34 Among the included studies,
two RCTs, with six respective reports35–40 investigated
canagliflozin, four RCTs with 13 derived reports41–52 investi-
gated dapagliflozin, three RCTs with 12 respective
reports53–64 studied the effects of empagliflozin, one RCT
and its three respective reports65–67 assessed ertugliflozin’s
effects, and finally, two RCTs with one added report68 inves-
tigated the dual inhibitor sotagliflozin.

Canagliflozin
Canagliflozin and Renal Events in Diabetes with Established
Nephropathy Clinical Evaluation (CREDENCE)23 and The

Canagliflozin Cardiovascular Assessment Study (CANVAS)24

RCTs indicated that canagliflozin reduced the risk of
cardiovascular death, myocardial infarction, stroke, and HF
hospitalization (Tables 2 and 7).

Dapagliflozin
In patients with chronic HF and reduced LVEF, RCTs investi-
gating dapagliflozin, namely, Dapagliflozin Evaluation to Im-
prove the LIVEs of Patients with Preserved Ejection Fraction
Heart Failure (DELIVER),25 Effect of Dapagliflozin on Renal
Outcomes and Cardiovascular Mortality in Patients With
Chronic Kidney Disease (DAPA-CKD),26 Dapagliflozin and Pre-
vention of Adverse Outcomes in Heart Failure (DAPA-HF),27

and Multicenter Trial to Evaluate the Effect of Dapagliflozin
on the Incidence of Cardiovascular Events (DECLARE-TIMI
58),28 indicated a lower risk of HF hospitalization and death
from cardiovascular causes in HF across the ejection fraction
range (HFrEF, HFmrEF, and HFpEF), as well as a lower risk of a

Figure 1 PRISMA 2020 Flow Diagram.
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sustained 50% decline in eGFR, end-stage kidney disease, and
death from renal causes, in CKD patients (Tables 3 and 8).

Empagliflozin
Empagliflozin Outcome Trial in Patients with Chronic Heart
Failure With Preserved Ejection Fraction (EMPEROR-
Preserved),29 Empagliflozin Outcome Trial in Patients With
Chronic Heart Failure With Reduced Ejection Fraction
(EMPEROR-Reduced),30 and Empagliflozin Cardiovascular
Outcome Event Trial in Type 2 Diabetes Mellitus Patients
(EMPA-REG OUTCOME),31 indicated that the combined risk
of cardiovascular death or hospitalization was decreased with
empagliflozin in both HF with preserved and reduced ejection
fraction (Tables 4 and 9).

Ertugliflozin
Evaluation of Ertugliflozin Efficacy and Safety Cardiovascular
Outcomes Trial (VERTIS-CV),32 which investigated the effects
of ertugliflozin, indicated that MACE did not differ signifi-
cantly in patients with atherosclerotic cardiovascular disease,
as well as cardiorenal outcomes in these patients and in
those with diabetes mellitus were unaffected by baseline
glucose-lowering agents (Tables 5 and 10).

Sotagliflozin
The dual SGLT inhibitor sotagliflozin was studied in the Effect
of Sotagliflozin on Cardiovascular Events in Patients With
Type 2 Diabetes Post Worsening Heart Failure (SOLOIST-
WHF)33 and Effect of Sotagliflozin on Cardiovascular and Re-
nal Events in Patients With Type 2 Diabetes and Moderate
Renal Impairment Who Are at Cardiovascular Risk (SCORED)34

trials, which indicated that it reduced the risk of death from
cardiovascular causes, HF hospitalizations, and urgent hospi-
tal visits for worsening heart failure (Tables 6 and 11).

Risk of bias assessment of the included
randomized controlled trials

The included studies were sufficiently well reported to allow
a full assessment of risk of bias. All 12 studies provided
appropriate information on randomization methods and pro-
cess, whereby in four of them,26,27,29,34 the randomization
was described in scrutiny to have been performed with a per-
muted block design and stratified by geographic region,
criteria for HF, diabetes status, estimated glomerular filtra-
tion rate (eGFR), urinary albumin-to-creatinine ratio, or use
of balanced blocks of 1:1 ratio of the regimens involved.
The remaining eight trials were judged as low risk of bias in
the random sequence generation domain as well.

Regarding the allocation concealment domain, in seven
trials24,26–29,32,34 central randomization through the use of
an interactive voice-response or Web-response system by
the investigators, to determine trial-group assignments was
specified, and the rest, were judged as low-risk of bias, withTa
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the exception of two trials23,31 that were judged as unclear
risk of bias.

Blinding of participants and personnel (performance bias)
was judged as low risk of bias for nine trials due to the
double-blind nature, whereas three trials30–32 were judged
as unclear risk of bias, because it was stated that following
randomization, all relevant therapies could be started or
modified based on each patient’s needs, at health care pro-
vider’s clinical discretion.

The blinding of outcome assessment domain (detection
bias) was judged as low risk of bias in 10 trials, as backed
up by the information specified in the protocol that all
patients adhered to the visit schedule, participants and all
trial personnel were unaware of the trial-group assignments,
as well as outcomes were adjudicated in a blinded manner
according to pre-specified definitions by the clinical-events
committees. Two trials24,31 were regarded as unclear risk of
bias in this domain.

Attrition bias judged as high risk for one trial,33 as trial
enrolment was closed early subsequent to loss of funding
from the sponsor, which resulted in a substantial reduction
in power to test the original primary endpoint; also, the
intended adjudication of events could not be completed.
Attrition bias was judged as unclear risk of bias for three
trials.23,28,31 There was an increased risk of lower limb
amputation was identified with canagliflozin. Investigators
temporarily interrupted the assigned treatment in patients
with any active condition would lead to amputation. This
domain for the remaining studies was judged as low risk of
bias, because even if there were missing data, the protocol
specified that sensitivity analyses were performed with the
use of an intention-to-treat approach.

All 12 other trials were judged as low risk of bias for the
selective reporting domain, owing to the fact that any
adverse events were clearly reported in the study, whether
they resulted in the discontinuation of the intervention, or
were simply adverse events of interest (volume depletion
symptoms, major hypoglycaemia, bone fractures, amputa-
tions, renal events, and potential diabetic ketoacidosis).

Other bias for all 12 studies was judged as unclear.
Quality assessment items are presented in Figure 2.

Meta-analysis results: Effect of sodium-glucose
cotransporter 2 inhibitors on atrial fibrillation in
heart failure patients

Of the included trials in the systematic review, 10 studies
were chosen to undergo meta-analysis specifically aimed at
the pooled effects of SGLT2 inhibitors therapy on AF (as
one of the serious adverse events reported) in HF patients.
Figure 3 illustrates the forest plot of the meta-analysis, pro-
viding the combined effect size and heterogeneity results.
In Figure 4 and Figure 5, results from the publication biasTa
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analysis, including funnel plot and L’Abbé plot results, are
depicted.

The included studies were entered in the following
order, according to the year of publication, from newest to
oldest, with the respective results for each individual
study: EMPEROR-Preserved trial, EMPEROR-Reduced trial,
DAPA-CKD trial, VERTIS-CV trial, DAPA-HF trial,
DECLARE-TIMI 58 trial, CREDENCE trial, CANVAS study,

CANVAS-R study, and EMPA-REG OUTCOME trial. The
respective odds ratios (OR), CI, weight, heterogeneity, and
combined effect size results were reported in Appendix S5.

Overall effect (weighted average effect) is <1, but the
range of 95% CI of the combined effect size overlaps with
the value of 1, indicating that the meta-analytic effect is
not statistically significant (no benefit or harm in terms of
SGLT2 inhibitors therapy and AF occurrence; no significant

Figure 2 Risk of bias summary. Review authors’ judgements about each risk of bias item for each of the 12 included RCTs. Created with Revman Soft-
ware (Review Manager 5.4.1), upon completion of quality assessment for each study.
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difference between the intervention and comparison group)
(Figure 3). Furthermore, heterogeneity was low; thus, there
was nothing to be explored in a subgroup or moderator anal-
ysis. P value was greater than 0.05, suggesting all the studies
on the left side of the plot were homogenous (no
heterogeneity).

We performed quantitative analysis using Egger’s linear
regression test to assess the funnel plot for asymmetry
evidence, as measured by the intercept from regression of
standard normal deviates against precision (the intercept
did not differ significantly from zero). Despite the apparent
asymmetry, Egger’s test for publication bias was not statisti-
cally significant (P = 0.268). The L’Abbé plot displayed in
Figure 3 was useful in investigating the heterogeneity of ef-
fect estimates within this meta-analysis.

Meta-analysis results: Common side effects of the
sodium-glucose cotransporter 2 inhibitors

The included studies for meta-analysing the common side
effects with SGLT2 inhibitors were as follows: EMPEROR-
Preserved trial, EMPEROR-Reduced trial, DAPA-CKD trial,
VERTIS-CV trial, DAPA-HF trial, DECLARE-TIMI 58 trial, CRE-
DENCE trial, CANVAS study, CANVAS-R study, and EMPA-
REG OUTCOME trial. The respective odds ratio (OR), CI,
weight, heterogeneity, and combined effect size results were
reported in Appendix S6.

Acute kidney injury
In three of the studies (to the left side of 1), it was indicated
that patients treated with empagliflozin or dapagliflozin
were less likely to suffer from AKI as an adverse event, with
statistically significant findings owing to both the individual

effect sizes and the combined effect size not crossing the
null value and that it was not included in the 95% CIs
ranges.

Hypoglycaemia
The results were not statistically significant as the value of 1
was included in the 95% CIs range of the individual studies as
well as in the combined effect size CI (Figure 4A).

Urinary tract infections
Findings also were not statistically significant, as the line of
no effect was crossed by all individual studies, including their
95% Cis range.

Orthostatic hypotension
One study, EMPA-REG OUTCOME, fell exactly on the line of
no effect, indicating that results were insignificant with re-
gard to orthostatic hypotension.

Intercept values of Egger regression regarding the publica-
tion bias analysis can be found in Appendix S6.

Meta-analysis results: Comparison of the effects
of the sodium-glucose cotransporter 2 inhibitors,
glucagon-like-peptide-1 agonists, and dipeptidyl
peptidase-4 inhibitors on hospitalization for heart
failure, cardiovascular death, and major adverse
cardiovascular events

The studies were compared in the context of HHF, cardiovas-
cular death, and MACE occurrences. For each of the three
endpoints, four trials were selected based on data availability
in the clinical trial registries. VERTIS-CV, DECLARE-TIMI 58,
CREDENCE, and EMPA-REG OUTCOME trials for SGLT2 inhibi-

Figure 3 (A) Forest plot of placebo-controlled randomized trials examining the pooled effects of SGLT2 inhibitors therapy on AF occurrence in heart
failure patients. The meta-analytic results (lines 4) consist of two intervals, both around the same bullet, which represent the weighted average effect
or the combined effect size. CI is represented by the smaller, black interval, whereas prediction interval is represented by the larger green interval. (B)
Funnel plot of placebo-controlled randomized trials examining the effects of SGLT2 inhibitors therapy on AF in heart failure patients, depicting effect
sizes against their standard errors. (C) L’Abbé plot showing the AF event rate in the intervention group (SGLT2 inhibitors) against the AF event rate in
the placebo group.
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tors’ effects, AMPLITUDE-O, REWIND, EXSCEL, and SUSTAIN-6
trials for GLP-1 agonists’ effects, as well as CARMELINA,
OMNEON, TECOS, SAVOUR-TIMI 53 trials for DPP-4 inhibitors’
effects were meta-analysed for the chosen outcomes. The re-
spective odds ratios (OR), CI, weight, heterogeneity, and com-
bined effect size results were reported in Appendix S7–S9.

Hospitalization for heart failure
The studies investigating the effect of SGLT2 inhibitors on HHF
indicated that patients treated with these SGLT2 inhibitors
were less likely to experience HHF (left side of 1). In one study
investigating the effect of GLP-1, namely, SUSTAIN-6 trial
(right side of 1), placebo group was at risk of experiencing
HHF as compared with treatment group. For the rest of the
studies for GLP-1 agonists, the value of 1 (null effect) was in-

cluded in the 95% CIs range of the individual studies (Figure 5),
hence statistically insignificant. Similar findings were ob-
served with the analysis of studies investigating DPP-4
inhibitors.

Cardiovascular death
The studies investigating the effect of SGLT2 inhibitors indi-
cated that patients treated with these SGLT2 inhibitors were
less likely to die from cardiac reasons (cardiovascular death)
(left side of 1). However, the value of 1 (null effect) was in-
cluded in the 95% CIs range of the individual studies. Results
were similar for GLP-1 agonists studies, but the combined ef-
fect size CI did not cross the line of no effect, indicating sta-
tistically significant pooled results (Figure 6). No significant

Figure 4 (A) Forest plot of placebo-controlled randomized trials examining the pooled effects of SGLT2 inhibitors-related common side effects. The
meta-analytic results (lines 11) consist of two intervals, both around the same bullet, which represent the weighted average effect or the combined
effect size. Confidence interval is represented by the smaller, black interval, whereas prediction interval is represented by the larger green interval. (B)
Funnel plot of placebo-controlled randomized trials examining the side effects of SGLT2 inhibitors, depicting effect sizes against their standard errors.
(C) L’Abbé plot showing the side effects in the intervention group (SGLT2 inhibitors) against the side effects in the placebo group.
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results were observed for the studies investigating DPP-4
inhibitors.

Major adverse cardiovascular events
Three individual studies, as well as the combined effect size
CI, indicated that patients treated with these SGLT2 inhibitors
were less likely to experience major adverse cardiovascular
events (left side of 1), but the value of 1 was included in
the 95% CIs range of the individual studies; therefore,
results were insignificant. Three studies, AMPLITUDE-O trial,
REWIND trial, and SUSTAIN-6 trial, indicated that patients
treated with GLP-1 agonists were less likely to have MACE oc-
currence (to the left side of 1), with the value of 1 not in-
cluded in the 95% CIs range, but the combined effect size
CI did cross the line of no effect (Figure 7). Regarding the
DPP-4 inhibitors studies, one study, namely, CARMELINA trial,
the range of 95% CI crossed the value 1, which means that
the difference in effects was not significant.

Intercept values of Egger regression regarding the publica-
tion bias analysis alongside the Funnel plots and L’Abbé plots
(Figure S1) can be found in Appendix S10.

Meta-analysis results: Comparison of the effects
of the sodium-glucose cotransporter 2 inhibitors,
glucagon-like-peptide-1 agonists, and dipeptidyl
peptidase-4 inhibitors on end-stage renal disease

The included studies were the following order, with the
respective results for each individual study: EMPEROR-
Preserved trial, EMPEROR-Reduced trial, VERTIS-CV trial,
DAPA-CKD trial, DAPA-HF trial, DECLARE-TIMI 58 trial, and
CREDENCE trial for SGLT2 inhibitors, displayed on the forest
plot (Figure 8), as well as the REWIND trial (OR = 0.83, 95%
CI: 0.49–1.42, weight = 21.81%) for GLP-1 agonists, and
CARMELINA trial (OR = 0.84, 95% CI: 0.54–1.30, weight =

Figure 5 Forest plot of placebo-controlled randomized trials comparing the pooled effects of SGLT2 inhibitors, GLP-1 agonists, and DPP-4 inhibitors on
HHF. The meta-analytic results (lines 5) consist of two intervals, both around the same bullet, which represent the weighted average effect or the com-
bined effect size. Confidence interval is represented by the smaller, black interval, whereas prediction interval is represented by the larger green
interval.
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32.75%) for DPP-4 inhibitors. Notably, heterogeneity was low,
and the combined effect size for all the included studies was:
OR = 0.76, 95% CI: 0.64–0.91, PI: 0.64–0.91, without crossing
the line of no effect overall. The highest weighted average
was in the GLP-1 agonist trial (CARMELINA), followed by SGLT2
inhibitors (DAPA-CKD), and the DPP-4 inhibitor trial (REWIND).

Intercept values of Egger regression regarding the publica-
tion bias analysis can be found in Appendix S11.

Discussion

The RCTs investigating the effects of the SGLT2 inhibitors
found robust results on significant reductions in three-point
MACE (MACE-3), HHF, as well as renal function in patients
with HF across the range of phenotypes according to LVEF
(HFrEF, HFmrEF, and HFpEF). Additionally, a meta-analytic ef-
fect of AF as one of the adverse events in HF patients follow-
ing SGLT2 inhibitor treatment was calculated.

The gap in evidence towards gliflozins’ effects on HFpEF
and HFmrEF was addressed recently in the DELIVER trial,
whereby Solomon et al. reported significant results about
the effectiveness of dapagliflozin in reducing the combined
risk of worsening HF or cardiovascular death in patients with
HF and preserved (HFpEF) or mildly reduced ejection fraction
(HmrEF). In patients with HF and a preserved ejection frac-
tion, empagliflozin treatment decreased the combined risk
of cardiovascular death or hospitalization for HF in the
EMPEROR-Preserved trial. Main findings from SOLOIST-WHF
trial were in the function of reduced risk of death from car-
diovascular causes, HF hospitalization, and urgent hospital
visit for HF with the dual (SGLT1/SGLT2) inhibitor
sotagliflozin. The EMPEROR-Reduced trial deduced that the
combined risk for cardiovascular death or HF hospitalization
was reduced by 25% following treatment with empagliflozin.
Dapagliflozin treatment in the DAPA-HF trial also found that
patients with chronic HF and reduced LVEF had lower mortal-
ity and HF-related adverse events by 25%. In the EMPA-REG
OUTCOME trial, MACE-3 rate was significantly reduced, as

Figure 6 Forest plot of placebo-controlled randomized trials comparing the pooled effects of SGLT2 inhibitors, GLP-1 agonists, and DPP-4 inhibitors on
cardiovascular death. The meta-analytic results (lines 5) consist of two intervals, both around the same bullet, which represent the weighted average
effect or the combined effect size. Confidence interval is represented by the smaller, black interval, whereas prediction interval is represented by the
larger green interval.
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well as the risk of cardiovascular death was reduced (by 38%)
with empagliflozin once-daily therapy. In the DAPA-CKD trial,
dapagliflozin lowered the risk of HF hospitalization and death
from cardiovascular causes. Likewise, sotagliflozin therapy in
the SCORED trial found that there was a lower risk of the to-
tal number of cardiovascular fatalities, hospitalizations for
HF, and urgent hospital visits for HF. Additionally, the
CANVAS Program and CREDENCE trial indicated that
canagliflozin treatment significantly lowered the rates of
death from cardiovascular causes, non-fatal myocardial in-
farction, or non-fatal stroke, as well as HF hospitalization.
DECLARE-TIMI 58 trial revealed that dapagliflozin had no ef-
fect on the rate of MACE in patients with T2DM and high car-
diovascular risk. Curiously, the VERTIS-CV trial found that,
with ertugliflozin, results did not reach significance in pa-
tients with atherosclerotic cardiovascular disease, with rates
of MACE of approximately 4% per year. Evidence from these
trials has clearly illustrated a consistent effect on the com-
bined endpoints.

AF is frequent in HF with preserved ejection fraction
(HFpEF) patients and is thus associated with poor
prognosis.14 Bearing that in mind, AF was our selected out-
come of interest to assess a pooled effect size, which resulted
in no statistically significant difference between the interven-
tion and placebo groups in AF occurrence, with no benefit or
harm in terms of SGLT2 inhibitors therapy and AF as an ad-
verse event. Nevertheless, a study by Butt et al. suggests that
SGLT2 inhibition, particularly with dapagliflozin, led to symp-
tom improvement in HF patients regardless of AF status, but
it did not effectuate a reduction in the risk of new-onset AF.69

A further insight from EMPEROR-Preserved suggested that
empagliflozin has been associated with a reduction in serious
HF events and slower deterioration in glomerular function in
both patients with and without AF.70 Interestingly, a recent
experimental study found that dapagliflozin, as opposed to
empagliflozin, had favourable effects on atrial electrophysiol-
ogy resulting in the prevention of AF through a putative
anti-arrhythmic action of the drug.

Figure 7 Forest plot of placebo-controlled randomized trials comparing the pooled effects of SGLT2 inhibitors, GLP-1 agonists, and DPP-4 inhibitors on
MACE. The meta-analytic results (lines 5) consist of two intervals, both around the same bullet, which represent the weighted average effect or the
combined effect size. Confidence interval is represented by the smaller, black interval, whereas prediction interval is represented by the larger green
interval.
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Though there are established therapies directed towards
diminishing the neurohormonal overactivation in patients
with HF with reduced ejection fraction, the therapeutic
choices for individuals with HF with a preserved ejection frac-
tion are finite. On this note, the most tantalizing findings with
respect to changing the paradigm in clinical practice were
those regarding HF with preserved ejection fraction (HFpEF)
in the EMPEROR-Preserved trial and the DELIVER trial. While
in DAPA-HF dapagliflozin reduced the risk of worsening HF or
cardiovascular death among HF patients with a LVEF of 40%
or less, the DELIVER trial further demonstrated extended im-
pactful results to patients with HF and a LVEF of more than
40%, similarly to the EMPEROR-Preserved trial findings with
empagliflozin, thus, throughout the full range of ejection
fraction.25 EMPEROR-Preserved trial also enrolled patients
within the mildly reduced ejection fraction range and was pri-

marily a HF trial. In HFpEF patients, SGLT2 inhibition with em-
pagliflozin resulted in a 21% relative risk reduction in the
composite of cardiovascular death or hospitalization for HF.
This effect was primarily attributable to 29% lower risk of
hospitalization for HF with this intervention.29 All
pre-specified subgroups, including individuals with or without
diabetes, typically showed consistent effects on the incidence
of primary outcome events.42,45–48 Empagliflozin also re-
sulted in a longer time to first HF hospitalization and a de-
crease in the total number of HF hospitalizations. Impor-
tantly, the lack of significant reduction in cardiovascular
death with empagliflozin intervention in HFpEF patients in
the EMPEROR-Preserved trial may arguably be the case due
to the rate of cardiovascular death in these patients being rel-
atively low because they have a preserved LVEF, making it dif-
ficult to project a substantial effect, as many of the deaths in

Figure 8 (A) Forest plot of placebo-controlled randomized trials examining the pooled effects of SGLT2 inhibitors effects on end-stage renal disease.
The meta-analytic result (line 8) consists of two intervals, both around the same bullet, which represent the weighted average effect or the combined
effect size. Confidence interval is represented by the smaller, black interval, whereas prediction interval is represented by the larger green interval. (B)
Funnel plot of placebo-controlled randomized trials examining the effects of SGLT2 inhibitors on end-stage renal disease, depicting effect sizes against
their standard errors. (C) L’Abbé plot showing the side effects in the intervention group (SGLT2 inhibitors) against the side effects in the placebo group.
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HFpEF patients are driven by non-cardiovascular underlying
factors.

It is noteworthy to mention that EMPEROR-Preserved
maintained the overall type I error rate by assessing the two
key secondary outcomes (total – first and recurrent HHF and
the slope of the change in eGFR) in a pre-specified stepwise,
hierarchical manner, provided that the between-group differ-
ence in results for the primary outcome was substantial.29

When compared with the results of the
EMPEROR-Reduced trial, the empagliflozin benefit pattern
observed in the EMPEROR-Preserved trial is analogous. This
implies that, overall, the effects of SGLT2 inhibition on HF
events do not vary significantly with the HF phenotype.

Some contrary reports argue that, regarding
EMPEROR-Preserved trial, patients with HF and a preserved
ejection fraction (HFpEF) may have benefited from treat-
ment, either at the time of randomization or a
post-randomization HF event, but these analyses had a small
number of events and a vast amount of missing data. Further-
more, larger-scale studies with the other medications used in
the guideline-directed medical therapy for HF, such as angio-
tensin receptor blockers, mineralocorticoid receptor antago-
nists, and angiotensin receptor neprilysin inhibitor (ARNI),
suggested that any benefit may have been preferentially seen
in patients with an LVEF of 40% to 49% (mid-range ejection
fraction); however, these patients frequently exhibit clinical
characteristics more comparable to those of patients with
HFrEF than with those of patients with HFpEF. Additionally,
the DAPA-HF trial demonstrated a statistically significant
25% reduction in HF hospitalization due to decompensation
and cardiovascular death or all-cause mortality, similarly to
the EMPEROR-Reduced trial.27 Notwithstanding the presence
or absence of diabetes, patients with HF and a reduced ejec-
tion fraction being treated with dapagliflozin had a lower risk
of worsening HF or death from cardiovascular causes as well
as better symptom scores compared with placebo. These
benefits were demonstrated in all HFrEF patients, irrespective
of diabetes status.27

With respect to safety considerations, it should be noted
that the EMPEROR-Reduced trial in fact, listed the eGFR slope
as one of the hierarchical endpoints; there was an initial drop
in eGFR and a later stabilization, with a beneficial effect
overall.30 The same was seen in DAPA-HF, even in patients
without diabetes. The rates of AKI did not increase with SGLT2
inhibitor use in HFrEF. Indeed, the renal safety outcomes in
DAPA-HF were fewer in the dapagliflozin arm than in the pla-
cebo arm. In the EMPEROR-Reduced trial, the renal function
exclusion criterion was an eGFR below 20 mL/min. Whereas
for DAPA-HF and SOLOIST-WHF trials, the criterion was an
eGFR below 30 mL/min.27,33 Data from DAPA-HF also revealed
that very few cases of diabetic ketoacidosis occurred in pa-
tients with T2DM, none in those without a history of type 2 di-
abetes, and a 0.2% rate of major hypoglycaemia.27 In addition,
when HbA1c was monitored over time in these trials, dapagli-

flozin had no meaningful blood glucose-lowering effect in pa-
tients without diabetes. Similar results were seen in the
EMPEROR-Reduced trial in individuals with HFrEF; there were
very few instances of hypoglycaemic events and no occur-
rences of diabetic ketoacidosis with empagliflozin therapy.30

Their pharmacological properties render the SGLT2 inhibitors
rather convenient to prescribe with a single dose, without a
need for titration, and with no need for adjustment of other
diuretic medications empirically. Nevertheless, it is well known
that among the most vulnerable patients to treat with any
pharmacological agents, including SGLT2 inhibitors, are CKD
patients, who frequently require dose adjustments and in
whom the cardio-renal efficacy of drugs is inevitably compro-
mised. Accordingly, preclinical studies have led to the impact-
ful revelation that low-dose SGLT2 inhibitors yield effective-
ness in tackling cardiac and renal fibrosis in animal models at
a level that is comparable to the gold-standard medication.71

This effect is mainly attributable to the manipulation of the ex-
pression of genes related to endothelial function and oxidative
stress in the kidneys, explaining the possible tubuloglomerular
feedback-independent mechanisms of such low-dose
treatment.71 Importantly, the possibility of treating the CKD
animal models with a low dose SGLT2 inhibition opens up a
further line of investigation in clinical studies; this holds clini-
cal significance in providing a novel therapeutic modality in pa-
tients unable to use the already-existing benefits of SGLT2
inhibitors.

It is worth noting that differences in effects of different
SGLT2 inhibitors have been reported, mostly attributed to
tissue selectivity of these pharmacological agents for SGLT2
and SGLT1. This hypothesis has been reinforced by the
findings of a recent preclinical study examining renal ischae-
mia–reperfusion effects on rat models, which suggested that
off-target effects as a result of higher tissue selectivity for
SGLT2 over SGLT1 with some of these pharmacological
agents translate into differences in terms of AKI as an adverse
outcome.72 Protection against AKI may be a result of
off-target effects of these, and not due to a class effect.72

Although these RCTs were well-designed and provided a
large sample size, some of themwere still characterized by cer-
tain limitations. For example, SOLOIST-WHF trial faced a loss
of funding from the sponsor, which led to the trial being
stopped before enrolment of the initially planned sample size.
Although the trial revealed a favourable effect in terms of the
intended primary endpoint of the first event of either death
from cardiovascular causes or HF hospitalization, its earlier-
than-anticipated termination compromised the statistical
power to assess the secondary endpoints, such as death from
cardiovascular causes.33 Due to the trial’s early discontinua-
tion and the limited sample size of this subgroup, it was chal-
lenging to reach any conclusive results in this regard, allowing
space for further research. Also, DAPA-HF relied on specific in-
clusion and exclusion criteria, which may have limited the gen-
eralizability of the main findings. Along with that, it should be
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emphasized that the inclusion criteria for the very first few tri-
als, namely, EMPA-REG OUTCOME, CANVAS, and
DECLARE-TIMI 58, differed in comparison to the more recent
trials, in the context of eligible participants being patients with
a history of symptomatic atherosclerotic cardiovascular dis-
ease or those older than 50 years of age with two or more risk
factors for cardiovascular disease, including a history of diabe-
tes for at least 10 years, or with already established atheroscle-
rotic cardiovascular disease (defined as clinically evident isch-
aemic heart disease, ischaemic cerebrovascular disease, or
peripheral artery disease).24,28,31 Recent trials, however, have
gravitated towards including not only patients with estab-
lished cardiovascular disease with focus on HF events, but cru-
cially involving primarily HF patients as well, within the pheno-
type ranges, and not necessarily with a diabetes mellitus
diagnosis, yet yielding unforeseen results.

When merits of the three groups of drugs (SGLT2 inhibi-
tors, GLP-1 agonists and DPP-4 inhibitors) in the area of
HF-related events are compared, it is not yet possible to
reach firm conclusions. While only SGLT2 inhibitors decrease
risk of hospitalization due to HF, on the other hand only
GLP-1 agonists significantly decrease risk of cardiovascular
death. Further clinical studies are necessary to explore poten-
tial benefits of all three groups of drugs in patients with HF.
In addition, it should be noted that analysing clinical studies
regarding the occurrence of a specific endpoint and the ben-
efits of these three drug groups is quite difficult because the
endpoint definitions themselves differ from study to study.
The same stands to reason when approaching a patient with
a certain co-morbidity, but something similar cannot be con-
cluded from the mentioned studies, because the studies were
not head-to-head. This all leads to the conclusion that the cli-
nician must still approach the patient individually, know all
the benefits (or side effects) of the drug, and must know very
well the methodology of each clinical study (that is, the phar-
macodynamics and pharmacokinetics of each pharmacologi-
cal agent that belongs to this group of drugs).

Concerning external validity, it should be taken into ac-
count that this systematic review has been based on collating
results from a variety of primary studies; therefore, it is also
important to consider whether the evidence reported can
be directly applied to the general HF population of the three
different phenotypes presented, with or without diabetes.
Hence, further subgroup or sensitivity analysis of the included
trials in this study, particularly on the effects of SGLT2 inhibi-
tors on HFpEF, should be conducted to allow for additional ev-
idence to be directly applicable to the population of interest.

Similarly to the already-mentioned positive effects of dual
inhibition with sotagliflozin in acute HF patients, such
clinically relevant benefits have recently been observed in pa-
tients hospitalized for acute HF as well, in whom empagliflo-
zin initiation improved symptoms and functional status in the
early post-discharge period, regardless of the degree of
symptomatic impairment at baseline.73 These benefits were

seen as early on and were consistent in those with HF with
reduced but also preserved ejection fraction, an effect that
very few therapies other than sotagliflozin and empagliflozin
have been shown to achieve in these types of patients. This
leaves room to envision that dual SGLT inhibition will likely
play a prominent role among patients with CKD and HF, pos-
sibly even in the absence of T2DM, with further investigative
advancements in the upcoming years.

Moreover, contemporary research indicates that the
effects of SGLT2 inhibitors on improved outcomes extend to
the spectrum of patients with acute decompensated HF
(the EMPULSE trial), a condition that frequently coexists with
renal impairment. Specifically, empagliflozin treatment in
acute decompensated HF patients did not lead to an in-
creased risk for AKI, thereby reinforcing the renoprotective
effects of SGLT2 inhibitors.73 As HFpEF has been despicably
difficult to treat, with no previous single agent having proven
effective enough in improving cardiovascular outcomes in
this patient population, a brave attempt to make a shift in
this matter was with the infamous Treatment of Preserved
Cardiac Function Heart Failure With an Aldosterone Antago-
nist (TOPCAT) trial from the Americas, which was trying to
prove that perhaps spironolactone treatment in HFpEF could
be a long-awaited solution. In the TOPCAT trial,
spironolactone decreased all-cause mortality in women with
HF with preserved ejection fraction, but not in men.74 A sub-
group of individuals in the TOPCAT study recruited experi-
enced substantial reduction in the primary endpoint (cardio-
vascular death and HF hospitalization), and a subsequent
post hoc analysis revealed a significant reduction in outcomes
for those with an LVEF <55%.74 Nonetheless, the results of
this trial indicated that spironolactone did not demonstrate
superiority compared with placebo in terms of improving car-
diovascular outcomes in HFpEF patients. Over and above
that, it was related to a higher rate of hyperkalemia and renal
failure. Yet the reduction in HF hospitalizations with this
medication leaves space for emerging hypotheses gravitating
towards the treatment of HFpEF. Hospitalizations for HF were
reduced by spironolactone in LVEF below the normal range.

This study brought together the findings from the major
RCTs with detailed reference to each of the five so-far inves-
tigated drugs: empagliflozin, dapagliflozin, canagliflozin,
ertugliflozin, and sotagliflozin. The rigour of the methodology
performed with the detailed and extensive search strategies
allows for future reproducibility of this research.

Conclusions

SGLT2 inhibitors significantly improve the quality of life in HF
patients. Their beneficial effects on HF, especially in left ven-
tricular dysfunction, have made their use possible irrespec-
tive of diabetes mellitus. Other anti-hyperglycaemic medica-
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tions do not confer the same benefits as SGLT2 inhibitors in
terms of reducing the risk of serious adverse renal events
and HF hospitalization. Inhibiting both intestinal and renal
glucose absorption, boosting GLP-1 release, and protecting
cardiac tissue by reducing glycogen accumulation are all ef-
fects of simultaneous inhibition of SGLT2 and SGLT1, which
contributes to this class of drugs’ remarkable safety and effi-
cacy. SGLT2 inhibitors and GLP-1 agonists are now recom-
mended by cardiovascular pharmacology guidelines for the
treatment of patients diagnosed with T2DM and cardiovascu-
lar disease. Therefore, their use should be prioritized based
on the patient’s diabetes mellitus profile and cardiovascular
risk. In addition to their clinical use in HFrEF patients, SGLT2
inhibitors have demonstrated efficacy by decreasing cardio-
vascular death and HF hospitalizations in HFmrEF and HFpEF
patients. As a result, they are now also considered as
guideline-directed medical therapy for both of these HF
phenotypes. Treatment with SGLT2 inhibitors should be indi-
vidualized based on the patient’s diabetes mellitus profile
and cardiovascular risk, as well as drug properties. The clinical
significance of dual SGLT2 inhibitors is reinforced by early
therapeutic implementation, increasing the likelihood of
more favourable outcomes.
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