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Abstract

Heart failure with mildly reduced ejection fraction (HFmrEF) is associated with comparable poor outcomes as other subtypes
of heart failure and remains a medical unmet need due to the paucity of effective therapies. According to large cardiovascular
(CV) outcome trials in patients with heart failure, sodium–glucose co-transporter-2 inhibitors (SGLT2is) reduce CV mortality
and hospitalizations for heart failure in patients with heart failure across the spectrum of left ventricular ejection fraction
(LVEF). There has been a lack of dedicated trials in HFmrEF. However, several large outcome trials in heart failure that enrolled
patients with HFmrEF could provide a hint on the role of SGLT2is in this subgroup. This review focuses on CV effects of three
major SGLT2is—dapagliflozin, empagliflozin, and sotagliflozin—in patients with HFmrEF. A narrative review of trials investigat-
ing the efficacy of each medication in treating heart failure with LVEF > 40% is provided with a focus on their LVEF subgroup
analyses. The purpose of this review is to discuss the current state of evidence regarding the potential of SGLT2is in HFmrEF
management. Current limited evidence suggests that SGLT2is might be a favourable treatment modality for patients with
HFmrEF to reduce hospitalization for heart failure and CV mortality. This conclusion needs to be further supported by clear
HFmrEF subgroup analysis of the existing trials. Further outcome trials involving sufficient patients with different subtypes
of HFmrEF are needed to confirm and assess CV benefits of SGLT2is in HFmrEF. Possible mechanisms by which SGLT2is exert
their cardioprotective effect are also described briefly.
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Background

Heart failure (HF) is a progressive clinical syndrome that di-
rectly results from abnormal cardiac function and/or struc-
ture, leading to inadequate cardiac output at rest and/or dur-
ing exercise.1 It has become a global pandemic with
considerable morbidity and mortality,1 requiring enormous
healthcare expenditure.2 It is estimated that 26 million adults
worldwide live with HF3 and 1–2% of adults in developed
countries are affected.4 The prevalence of HF is increasing
rapidly5 owing to the ageing population and increased sur-
vival after myocardial infarction.6–9 Despite the improve-
ments in HF therapies, the prognosis for patients diagnosed
with the disease remains poor.2 HF has become the leading

cause of hospitalization among adults of multiple nations,
with the 1-year mortality of 10–35%.10,11 In the USA, the total
costs for HF were estimated to be US $30.7 billion in 2012
and are projected to increase by 27% by 2030.5

HF can be broadly classified on the basis of whether the
left ventricular ejection fraction (LVEF) is reduced (≤40%),
preserved (≥50%), or mildly reduced (41–49%).1 Heart failure
with mid-range ejection fraction (HFmrEF) is a new category
introduced by the European Society of Cardiology (ESC) Heart
Failure guideline in 2016 to foster research of this entity.12

This is because HFmrEF accounts for 20% of all cases of
HF.13 These patients experience comparable poor outcomes
with those with HF with reduced (HFrEF) or preserved LVEF
(HFpEF), but there is a paucity of effective therapies for such
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cases.3 It is thus essential to identify effective and safe ther-
apies for this patient group.

There have been great improvements in pharmacological
therapies for HFrEF. Four classes of disease-modifying thera-
pies are now recommended in clinical guidelines as the new
backbone of HFrEF therapies, and they include
angiotensin-converting enzyme inhibitors (ACEis), angioten-
sin receptor blockers (ARBs) or angiotensin receptor
neprilysin inhibitors (ARNis), beta-blockers, mineralocorticoid
receptor antagonists (MRAs), and sodium–glucose transport
protein 2 inhibitors (SGLT2is).1 In contrast, there has been
far less progress in the pharmacological treatment for pa-
tients with HFmrEF, making HFmrEF an unmet medical need.
Although the use of sacubitril/valsartan has recently been ex-
tended to treat HFmrEF in the USA,14 the drug therapies in
the European Union are still limited to diuretics for symptom
control owing to a lack of published evidence that demon-
strates a clear mortality benefit in HFmrEF.1

The HFmrEF phenotype has been described as an interme-
diate between HFrEF and HFpEF, given the presence of both
cardiac stretch and inflammation15 as well as the mixed left
ventricular dysfunction.16 However, the similarities in clinical
characteristics and treatment response between HFrEF and
HFmrEF engender the potential for shared treatments. Simi-
lar to HFrEF, HFmrEF is more common in older adults, a pop-
ulation with co-morbidities and frailty.17 Co-morbidities, par-
ticularly diabetes mellites, ischaemic heart disease, and
chronic kidney disease, are common in both of the HF
subgroups.17 Furthermore, subgroup analyses of several ran-
domized controlled trials (RCTs) in HF have shown that pa-
tients with HFmrEF respond to the same treatments as those
with HFrEF; these treatments include beta blockers,18

candesartan,19 spironolactone,20 sacubitril/valsartan,21 and
empagliflozin.22

In fact, in clinical practice, HFrEF medications have fre-
quently been used in the setting of HFmrEF perhaps because
of their effects on managing those common
comorbidities.17,23 Because LVEF is a dynamic parameter that
either improves from HFrEF or deteriorates from HFpEF, the
clinical benefit of HFrEF therapies in patients with HFmrEF
can be due to the fact that some patients with HFrEF con-
tinue their treatment even while their LVEF has improved
to above 40%.17,24–28

Among the HFrEF medications, SGLT2is have recently
gained an increasing attention in treating HF due to their
cardiorenal protection across HFrEF, HFmrEF, and HFpEF
alongside their anti-hyperglycaemic action. SGLT2is were ini-
tially used exclusively in patients with diabetes due to their
insulin-independent reduction effect on blood glucose
concentration.29 All SGLT2is have a dual-receptor binding af-
finity for primarily renal-expressed SGLT1 and primarily intes-
tinally expressed SGLT2 with varying SGLT2 over SGLT1 selec-
tivity; for instance, 2680-fold for empagliflozin, 1242-fold for
dapagliflozin, and 20-fold for sotagliflozin.30,31 SGLT2 inhibi-

tion enhances renal glucose excretion, whereas SGLT1 inhibi-
tion delays post-prandial intestinal absorption of glucose by
stimulating a sustained increase in glucagon-like peptide 1
(GLP-1) and GIP32,33; this consequently makes SGLT2is suc-
cessful anti-diabetic agents.34

However, the benefits of SGLT2is have extended beyond
glycaemic control to decreasing body weight and blood pres-
sure, preventing HF and other cardiovascular (CV) events, and
reducing mortality.35 The striking CV mortality benefits of
SGLT2is were found in patients with diabetes enrolled in sev-
eral pioneering RCTs, such as EMPA-REG OUTCOME trial,
CANVAS trial, and DECLARE-TIMI58 trial.36,37 In contrast,
VERTIS-CV trial reported no CV benefits of ertugliflozin in pa-
tients with diabetes.38 The promising effects of the majority
of SGLT2is have sparked a series of studies to evaluate the ef-
ficacy and safety of SGLT2is in patients with HF. Specifically,
DAPA-HF,39 SOLOIST WHF,40 and EMPEROR-reduced trials41

have shown the efficacy of dapagliflozin, sotagliflozin, and
empagliflozin, respectively, in reducing hospitalizations for
heart failure (HHF) and death from a CV cause in patients
with HFrEF in the ambulatory setting. The efficacy of SGLT2is
in HFrEF also elicits great expectations for their potential role
in HF with higher LVEF. In parallel, SGLT2is also have a
renal-protective effect, which makes their use in patients
with HFmrEF more appealing given the high prevalence of
cardio-renal syndrome and chronic kidney disease in this
population.42 Many CV outcome trials reported a delayed de-
crease in glomerular filtration rate, less progression to
macroalbuminuria, and a 30% reduction in the risk of devel-
oping severe renal events in patients with diabetes.43

Furthermore, the unique mechanism of action might give
SGLT2is an advantage over other HF agents with respect to
efficacy and safety. Some of the mechanisms by which
SGLT2is exert their effects in HFrEF appear to be beneficial
in HFmrEF. They reduce cardiac volume,44 reverse ventricular
remodelling,45 and reduce epicardial accumulation of adipose
tissue,46 all of which are mechanistic factors associated with
HF with higher LVEF. Moreover, among the aforementioned
four classes of HFrEF therapies, SGLT2is are the only
non-neurohormonal modulators, which may be safer and
more effective in patients with HFmrEF. For instance, the
vasodilating effect caused by the neurohormonal HF agents
is beneficial in HFrEF but may lead to greater reduction in
blood pressure in patients with higher LVEF.47 In addition,
several studies observed a reduction in efficacy of neurohor-
monal modulators with increasing LVEF,19–21,48 whereas RCTs
with SGLT2is reported consistent CV benefits across the LVEF
spectrum.40,49,50

Despite the lack of published evidence from dedicated
RCTs for HFmrEF, many large-scale trials in HFpEF enrolled
patients with HFmrEF and reported a consistent treatment ef-
fect of SGLT2is in this subgroup. Additionally, although the
HFmrEF subgroup has not been analysed separately in those
trials, the subgroup analysis of HF patients with
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LVEF > 40% could still provide a hint on the potential of
SGLT2is for the treatment of HFmrEF. This review focuses
on the primary CV outcomes of three major SGLT2is in pa-
tients with HFmrEF. A narrative review of trials investigating
the efficacy of each medication in treating HF with
LVEF > 40% is provided, with a focus on their subgroup anal-
yses that include HFmrEF patients. The purpose of this review
is to discuss the current state of evidence with respect to the
role of four SGLT2is in HFmrEF management.

Current clinical guidelines

To optimize HF management, dapagliflozin and empagliflozin
have been added to the evidence-based guideline-directed
medical therapy for HFrEF.51 SGLT2is have been recom-
mended as a core therapy for all patients with HF in the latest
consensus document of the Heart Failure Association of the
European Society of Cardiology (ESC).52 However, the 2021
ESC clinical guideline has not yet included SGLT2is as the
Class I and II recommendation for treatment of HFmrEF.1 In
early 2022, the US Food and Drug Administration53 and the
European Medicines Agency54 approved the use of empagli-
flozin for all patients with HF regardless the value of LVEF.
These breakthrough approvals have made empagliflozin a
treatment option for patients with HFmrEF.

Therapeutic efficacy of dapagliflozin in
HFmrEF

The CV benefits were first reported in a DECLARE-TIMI 58
trial. Specifically, 10 mg dapagliflozin daily reduced HHF in pa-
tients with Type 2 diabetes mellitus (T2DM) who were at risk
of atherosclerotic CV disease (hazard ratio [HR], 0.73; 95% CI,
0.61–0.88).55 Subsequently, the Dapagliflozin and Prevention
of Adverse Outcomes in Heart Failure (DAPA-HF) trial specif-
ically investigated dapagliflozin in the context of HFrEF. The
study found that 10 mg/day dapagliflozin led to a significant
reduction in CV death (HR, 0.82; 95% CI, 0.69–0.98), HHF
(HR, 0.70; 95% CI, 0.59–0.83), and renal composite outcome
(HR, 0.71; 95% CI, 0.44–1.16) in patients with HFrEF regard-
less of comorbid diabetes or baseline HF therapies. Although
these results support the recent approval of dapagliflozin in
the USA56 and the European Union57 for treating HFrEF, the
use of dapagliflozin in HFmrEF has not yet been approved
due to inadequate evidence. However, subgroup analyses
for LVEF > 40% in several RCTs provide a hint on the poten-
tial therapeutic efficacy of dapagliflozin in patients with
HFmrEF.

PRESERVED-HF trial58

The Dapagliflozin in Preserved Ejection Fraction Heart Fail-
ure (PRESERVED-HF) trial, a multicentre RCT, was conducted
at multiple sites in the USA, and revealed a promising effect
of 10 mg dapagliflozin in HFmrEF. The study reported that a
short course of dapagliflozin was well tolerated in HF with
LVEF > 45% and significantly improved patient-reported
symptoms associated with HF, walking limits, and exercise
function. The primary endpoint was the Kansas City Cardio-
myopathy Questionnaire Clinical Summary Score (KCCQ-CS),
which measured a self-reported HF-related health status. A
total of 324 patients with LVEF > 45% (median LVED, 60%
[55%, 65%]) were randomized to receive 12 weeks of
10 mg/day dapagliflozin or placebo. Dapagliflozin signifi-
cantly increased KCCQ-CS at 12 weeks by 5.8 points (95%
CI, 2.3–9.2; P = 0.001) (49.4% vs. 38.2%; adjusted OR, 1.64
(95% CI, 0.98–2.75); P = 0.06), as a result of the improve-
ments in KCCQ total symptom score (KCCQ-TS) by 5.8 points
(95% CI, 2.0–9.6; P = 0.003) and physical limit scores by 5.3
points (95% CI, 0.7–10.0; P = 0.026). Also, dapagliflozin im-
proved the results of 6-min walk test with a mean effect size
of 20.1 m (95% CI, 5.6–34.7; P = 0.007) and promoted
weight loss (mean effect size, 0.72 kg) (95% CI, 0.01–1.42;
P = 0.046). The magnitude of treatment effect was also clin-
ically meaningful and consistent in patients with
45% < LVEF < 60% and with or without diabetes. In terms
of safety, there was no significant difference in adverse
events between the dapagliflozin group (27.2%) and the pla-
cebo group (23.5%). Although this trial enrolled only a part
of patients with HFmrEF (45% < LVEF < 49%), it was the
first trial to show that a short course of dapagliflozin treat-
ment may improve self-reported health status (consisting
of symptoms, functional status, and quality of life) and ob-
jectively measured physical function in this population. Addi-
tionally, this benefit of dapagliflozin was not seen in empa-
gliflozin, given that the EMPERIAL-PRESERVED trial, which
tested empagliflozin in patients with HFpEF,59 reported non-
significant improvements in KCCQ-CS and 6-min walk test
distance with empagliflozin treatment. Thus, further evi-
dence is needed to determine whether the observed dis-
crepancy was due to the differences in baseline characteris-
tics of patients in these trials or due to the
pharmacodynamic differences between empagliflozin and
dapagliflozin.

DELIVER trial50

The ongoing Phase III, randomized Dapagliflozin Evaluation to
Improve the Lives of Patients with Preserved Ejection Frac-
tion HF (DELIVER) trial will soon close a number of gaps in
knowledge. The recruitment was completed in January 2021
with 6263 patients with NYHA Class II–IV HF and
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LVEF > 40%, including a fair number of patients with HFmrEF
and patients with HFrEF previously, at 353 sites in 20 coun-
tries. This allows for two important subgroups of HFmrEF to
be studied in this trial—patients with HFmrEF at the time of
diagnosis and patients who had improved from HFrEF. The
primary outcome will be a composite of CV death, HHF, and
urgent HF-related care visits (requiring intravenous diuretic
therapy), which will help to determine whether the CV bene-
fits of dapagliflozin in HFrEF can be extended to HFmrEF. Fur-
thermore, the findings can complement the DAPA-HF trial;
pooled analysis can be conducted to test whether the CV
benefits of dapagliflozin are dependent on LVEF range. Also,
changes in the number of urgent care visits for HF will indi-
cate the role of SGLT2is in promoting outpatient manage-
ment of worsening HF in patients with HFmrEF, which is clin-
ically meaningful given the current trend in care delivery and
patient preferences.

Therapeutic efficacy of empagliflozin in
HFmrEF

A recently published subgroup analysis of the landmark
EMPA-REG OUTCOME trial has supported the great promise
of empagliflozin for treating patients with HFmrEF.22 In the
EMPA-REG OUTCOME trial, which reported the efficacy of
empagliflozin in diabetes patients with and without a his-
tory of HF,60 no LVEF data were collected. Thus, a validated
ejection fraction predictive model was applied to the sub-
population with HF to determine the association between
the treatment effect and LVEF.22 The model was based on
the participants’ characteristics and the received treatment
to estimate their types of LVEF. Cox regression was used
subsequently to compare the effect of empagliflozin on
HHF, CV mortality, and all-cause death in patients with no
HF, with predicted HFrEF/HFmrEF (LVEF <50%), and with
predicted HFpEF.60 Approximately 10% (n = 687) of patients
with diabetes who were enrolled in the EMPA-REG OUT-
COME trial (n = 7001) had a history of HF; 69.7% of them
(n = 479) were predicted to have HFmrEF/HFrEF and
30.3% (n = 208) to have HFpEF.60 Over a median
follow-up of 3.1 years, empagliflozin was shown to be ef-
fective in reducing the risk of the primary composite out-
come of CV death or HHF, the risk of CV death and HHF in-
dividually, and the risk of all-cause death in patients with
T2DM and HF regardless of the predicted LVEF.60 Such ben-
efits were consistent in non-HF (HR, 0.63; 95% CI,
0.50–0.78), predicted HFpEF (HR, 0.60; 95% CI, 0.31–1.17),
and HFmrEF/HFrEF (HR, 0.79; 95% CI, 0.51–1.23) (P interac-
tion = 0.62). These findings are consistent with the more
recent EMPEROR-Preserved trial, which investigated the
role of empagliflozin in treating HFmrEF and HFpEF.

EMPEROR-Preserved trial49

The double-blind EMPEROR-Preserved trial was the first trial
to evaluate the efficacy and safety of empagliflozin in pa-
tients with HFmrEF and HFpEF who may or may not have
had DM. A total of 5988 patients (mean age, 71 years) with
NYHA II–IV HF and LVEF greater than 40% at 622 sites across
23 countries were enrolled; one-third of patients had
HFmrEF. Patients were randomized to receive 10 mg empagli-
flozin once daily (n = 2997) or placebo (n = 2991). Over a me-
dian follow-up of 26.2 months, the incidence of overall pri-
mary composite outcome (HHF or CV death) was 13.8% in
the empagliflozin group, which was significantly lower than
that in the placebo group (17.1%) (HR, 0.79; 95% CI,
0.69–0.90; P < 0.001). This favourable effect was driven by
a 29% lower risk of HHF with empagliflozin, which was similar
to the Empagliflozin Outcome Trial in Patients with Chronic
Heart Failure with Reduced Ejection Fraction (EMPEROR-Re-
duced) trial.41 Furthermore, the subgroup analysis demon-
strated that the HHF benefit was consistent regardless of
LVEF and co-morbid diabetes. However, there was heteroge-
neity in the treatment effects for HHF in patients with a base-
line LVEF ≥ 60% (HR 1.06), 40% < LVEF<50% (HR 0.57), and
50% < LVEF <60% (HR 0.66) (P trend = 0.008), suggesting a
possible decrement of HHF benefit in patients with a higher
LVEF.41 Similar attenuated response has also been reported
in a separate analysis published more recently by the
EMPEROR-PRESERVED researchers. The analyses showed a
significant reduction in the incidence of inpatient and outpa-
tient worsening HF events (defined as CV death, HHF, or ur-
gent care visit for HF) in the empagliflozin group in compari-
son with the placebo group (432 vs. 546; HR 0.77; 95% CI,
0.67–0.87); this benefit was consistent across the spectrum
of LVEF.61 However, there appeared to be an interaction be-
tween LVEF and the magnitude of treatment effect on total
(first and recurrent) HHF (P trend = 0.008) and on all CV hos-
pitalizations (P trend = 0.02). Specifically, the favourable ef-
fect on total HHF was similar in patients with HFmrEF and
those with HF with LVEF between 50 and 60%, but was atten-
uated in patients with LVEF ≥ 60%.61 This appears to be an
important point as the largest benefits on the primary com-
posite outcome were observed for LVEF 40–50%, implying
that empagliflozin might be more beneficial for patients with
HFmrEF than for those with HFpEF, particularly with
LVEF ≥ 60%. However, further analyses and studies specifying
patients’ LVEF range are warranted for clarification.

In contrast, not much improvement in CV mortality was
seen with empagliflozin therapy in the setting of HFmrEF
and HFpEF. A numerical, but not statistically significant, re-
duction (9%) in CV mortality (HR, 0.91; 95% CI, 0.67–1.09)
was observed in this trial, and the effect on death of any
cause was neutral (HR, 1.00; 95% CI, 0.87–1.15). Similarly, in
the EMPEROR-Reduced trial, empagliflozin did not signifi-
cantly reduce CV mortality in patients with HFrEF.41 However,
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a meta-analysis combining data from the EMPEROR-Reduced
trial and the DAPA-HF trial reported that dapagliflozin signif-
icantly reduced CV death in HFrEF,39 and reported no hetero-
geneity in the treatment effect of these two SGLT2is on CV
death in the context of HFrEF.62 Similar analysis could be con-
ducted combining the findings of the DELIVER and
EMPEROR-Preserved trials to test whether such a pattern of
treatment effect also exists in the setting HFmrEF.

With respect to safety, uncomplicated genitourinary tract
infections and hypotension were more common with empa-
gliflozin therapy, but no significant difference in serious ad-
verse events was observed in the trial.49 However, empagli-
flozin appeared to have less renoprotective effect in
patients with HFpEF and HFmrEF than in those with HFrEF,
according to a pooled analysis of the results from the
EMPEROR-Reduced and EMPEROR-Preserved trials.41 Al-
though the incidence of a primary endpoint event (a compos-
ite of major adverse renal outcomes, including sustained de-
creases in eGFR and renal replacement therapy) was small
(2.8% in the empagliflozin group; 3.5% in the placebo group),
the favourable effect of empagliflozin with respect to the re-
nal primary outcome was significantly lower in the
EMPEROR-Preserved trial (HR, 0.51; 95% CI, 0.33–0.79) than
in the EMPEROR-Reduced trial (HR, 0.95; 95% CI,
0.73–1.24).41 This implies that the renoprotective effect of
empagliflozin may attenuate with higher LVEF and the use
of empagliflozin in patients with HFmrEF may require addi-
tional caution. Also, given the aforementioned similar HHF
benefit with empagliflozin in HF with LVEF > 40% and
<40%, renal protection may not be the main mechanism by
which empagliflozin prevents HHF.

Therapeutic efficacy of sotagliflozin in
HFmrEF

SOLOIST-WHF trial40

The double-blind, Phase III, Sotagliflozin in Patients with Di-
abetes and Recent Worsening HF (SOLOIST-WHF) trial was
the first RCT that demonstrated the potential efficacy and
safety of early initiation of sotagliflozin after an episode
of decompensated HF with mildly reduced LVEF in patients
with T2DM. Although not designed to test SGLT2is in
HFmrEF as the primary hypothesis, the trial included pa-
tients hospitalized for HFmrEF who received intravenous di-
uretics. A total of 1,222 patients (mean age of 69 years)
with T2DM who were stabilized after recent hospitalization
for acute decompensated HF with a median LVEF of 35% at
306 sites in 32 countries were enrolled. Among the en-
rolled patients, 79.1% had LVEF of less than 50%, but the
exact fraction of HFmrEF was not specified. Patients were
randomized to receive sotagliflozin (n = 608) or placebo

(n = 614). Sotagliflozin (200 mg daily) was initiated (with
a target dose of 400 mg depending on side effects)
either before discharge in 48.8% of the participants, or at
a median of two days after discharge in 51.2% of the
patients.

After a median follow-up of 9 months, the rate (the num-
ber of events per 100 patients-years) of the overall primary
composite outcome, consisting of CV deaths, HHF, and urgent
care visits for HF, was 51.0 in the sotagliflozin group versus
76.3 in the placebo group (HR, 0.67; 95% CI, 0.52–0.85;
P < 0.001). However, when individual outcomes were
assessed, sotagliflozin did not reach statistical significance in
lowering the rate of CV death (10.6 in the sotagliflozin group
vs. 12.5 in the placebo; HR, 0.84; 95% CI, 0.58–1.22); this may
be ascribed to inadequate power of the trial due to loss of
funding and early termination. However, the point estimate
for CV death is consistent with a meta-analysis of all available
SGLT2is that reported an approximately 30% decrease in CV
death in patients with HF (HR, 0.83, 95% CI, 0.67–1.03;
P = 0.0924).63

These benefits of sotagliflozin were consistent regardless
of LVEF and the timing of the first dose. Although subgroup
analysis suggested no interaction between the LVEF range
and the treatment response, it is difficult to reliably esti-
mate the treatment effect in patients with HFmrEF as the
number of these patients was not specified in the trial. Fur-
thermore, due to the early termination of the trial and the
fact that only 20% of participants had LVEF > 50%, more
data are needed to draw a firm conclusion regarding the
association between LVEF range and treatment effect of
sotagliflozin.

Furthermore, the trial suggested that sotagliflozin per-
formed almost equally well as the aforementioned selective
SGLT2is performed in reducing CV death and HHF.64 How-
ever, it remains uncertain in this trial whether the addition
of SGLT1 blockade with sotagliflozin therapy could be an
additional mechanism of cardioprotection that patients with
HFmrEF would benefit from. Compared with other available
SGLT2is, sotagliflozin provides greater inhibitory effect on
SGLT1s, which are also found in human ventricular and
atrial myocardium.65,66 There are several advantages of
SGLT1 inhibition. First, individuals with a decreased SGLT1
function (those with heterozygous missense variant of
SLC5A1) exhibited reduced incidence rates of HF, mortality,
and diabetes.35 Second, knockdown of cardiac SGLT1 in
mice was associated with improved ventricular dysfunction
and myocardial hypertrophy, which are thought to play a
pivotal role in HFmrEF.67 However, more studies are re-
quired to reveal the molecular mechanisms underlying the
cardiac benefits of dual SGLT inhibition. Also, to test
whether there is any incremental value of SGLT1
inhibition aside from SGLT2 blockade in patients with
HFmrEF, further direct comparative trials with selective
SGLT2is are needed.
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Mechanisms of cardioprotective effects

SGLT2is are novel anti-diabetic agents that do not depend on
insulin secretion to improve glycaemic control. However, the
CV benefits in HF cannot be explained only by the action of
SGLT2is to lower blood glucose concentration. Similar effects
have not been seen with other traditional hypoglycaemic
agents, such as metformin, sulfonylureas, and dipeptidyl pep-
tidase inhibitors, which have similar or greater
anti-hyperglycaemic effects.68 Although the exact mecha-
nisms of the CV benefit remain uncertain, several unique
mechanisms of SGLT2is focusing on the effects beyond
glycaemic control may explain why the cardioprotective ef-
fect has been reported with the use of SGLT2is but not with
other anti-diabetic agents.

Diuretic effect

SGLT2is diminish sodium and glucose reabsorption, thereby
leading to osmotic diuresis.69 In comparison with loop di-
uretics, the natriuretic action of SGLT2is is associated with
greater fluid reduction in the interstitial compartment than
in the intravascular compartment; this improves congestion
while not significantly affecting the effective circulating vol-
ume and organ perfusion.70 Additionally, the modest effect
on plasma volume appears to reduce both preload and
afterload, which helps reverse cardiac remodelling71 without
increasing sympathetic nervous activity.72 However, many
studies have shown that the diuretic effect of SGLT2is is rel-
atively short lived; some studies have even reported no as-
sociation between volume status and SGLT2is’ benefit in
HFrEF.73

Adaptive cellular reprogramming

By promoting urinary caloric loss via glycosuria, SGLT2is can
induce a “fasting-mimicry”74 metabolic state in myocardium,
where sirtuin 1 (SIRT1) and adenosine
monophosphate-activated protein kinase (AMPK) signalling
pathway are activated and Akt/mTOR is suppressed.75 These
changes consequently enhance anti-oxidant activity, normal-
ize mitochondrial structure and function, increase autophagy,
suppress inflammation, improve contractile activity, reduce
coronary microvascular injury, and attenuate the develop-
ment of cardiomyopathy; all these effects promote
homoeostasis and survival.74 Some of these consequences
of the adaptive cellular changes have been supported by ex-
perimental data from animal models.76 However, dedicated
studies and evidence from human studies are needed to test
this hypothesis.

Inhibition of sodium–hydrogen antiport

In rabbits and rats, SGLT2is were shown to downregulate
myocardial sodium–hydrogen exchanger, thereby reducing
cytosolic sodium and calcium in the myocardium77 and in-
creasing the amount of mitochondrial calcium. These effects
subsequently improved cardiac contractile activity, improved
mitochondrial function, reduced oxidative stress, and poten-
tially reduced cardiac hypertrophy, fibrosis, and cardiac
remodelling.78 However, it remains unknown whether these
changes can be translated into clinically meaningful effects
in HF.

Myocardial energy supply

SGLT2is may enhance myocardial ATP production by enhanc-
ing the availability of ketone bodies, which are more
energy-efficient substrates than fatty acids or glucose.79 The
enhanced ketone metabolism subsequently improves myo-
cardial energy efficiency in an energetically challenged heart,
which appears to reduce myocardial inflammation and
fibrosis.80 However, further studies are needed to test
whether the myocardial ketone metabolism is necessary
and sufficient to cause CV benefits in HF.81

In summary, based on the currently available evidence,
SGLT2is (empagliflozin, dapagliflozin, and sotagliflozin specif-
ically) may serve not only as an advantageous option for pa-
tients with diabetes to prevent CV events but also potentially
a favourable treatment modality for patients with HFmrEF to
reduce HHF and CV mortality. Although the findings of large
CV outcome trials are promising, there is still much left to in-
vestigate. First, despite an increased number of RCTs address-
ing HF with LVEF > 40%, the number of participants with
HFmrEF enrolled in the trials is still insufficient to produce
an adequate statistical power to assess this population. Ded-
icated RCTs with a large sample size of patients with HFmrEF
are required to confirm and assess the CV benefits of SGLT2is
in this patient population. Second, the currently available
subgroup analyses of HF with LVEF > 40% can only suggest
a possibility of cardioprotective effects of SGLT2is in this sub-
group because the statistical significance may be attributed
to HFpEF (LVEF > 50%) benefitting more from the therapy.
Therefore, clear HFmrEF subgroup analysis using data from
the major CV outcome trials is needed to support the CV ef-
fects of SGLT2is in this subpopulation. Third, studies compar-
ing sotagliflozin and other selective SGLT2is for the treatment
of HFmrEF are still needed, given that the additional SGLT1
inhibition with sotagliflozin may confer unique benefits in this
subgroup of HF. Fourth, an important subgroup of HF,
namely, HF with improved EF, was excluded in most of the in-
terventional trials in HF with LVEF > 40%. Although the effect
of SGLT2is in this subpopulation will be demonstrated in the
DELIEVER trial, more studies including patients with HFmrEF
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who previously had HFrEF are warranted. Moreover, although
several meta-analyses82–84 of the aforementioned RCTs in-
cluded ejection fraction–stratified analysis, absolute conclu-
sion cannot be drawn regarding the association between
LVEF and the magnitude of treatment effect because LVEF

categories in these trials were not uniform. Finally, although
several direct and systemic effects of SGLT2is have been pro-
posed, the unifying mechanisms that explain the CV benefit
of SGLT2is irrespective of the aetiology of HF or the baseline
LVEF remain unclear.
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