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Abbreviations
[Ca2+]c Cytoplasmic Ca2+ concentration
[Ca2+]m Mitochondrial Ca2+ concentration
HFH Heart failure hospitalisation
[Na+]c Cytoplasmic Na+ concentration
NCX Na+/Ca2+ exchanger
NHE Na+/H+ exchanger
ROS Reactive oxygen species
SGLT Sodium/glucose co-transporter

In the EMPA-REG OUTCOME trial, therapy with the
sodium/glucose co-transporter (SGLT) 2 inhibitor
empagliflozin over just 2.6 years was associated with a 14%
reduction in the risk of major cardiovascular events, driven by
a marked and unexpected reduction in cardiovascular
mortality (38%) in patients with type 2 diabetes and
established cardiovascular disease [1]. The drug also reduced
the incidence of heart failure hospitalisation (HFH) by 35%.

The magnitude of these benefits and their rapid emergence
after only a few months from randomisation make it unlikely
that the modest benefits on HbA1c (−0.4% compared with
placebo), body weight (−2 kg) and systolic/diastolic blood
pressure (4/2 mmHg) were responsible [1]. Moreover, the
divergence in the HRs for non-fatal myocardial infarction
(HR 0.87 [95% CI 0.70, 1.09]) vs non-fatal stroke (HR 1.24
[0.92, 1.67]) makes it unlikely that the benefits of
empagliflozin involved classical effects on atherosclerosis.
Accordingly, additional mechanisms and mediators need to
be considered to better understand why empagliflozin had
such important benefits in this trial [2–5].

Based on their mode of action, SGLT2 inhibitors induce
natriuresis and osmotic diuresis, associated with significant
reductions in systolic and diastolic blood pressure. The resul-
tant decrease in plasma volume and both cardiac preload and
afterload may have obvious benefits for the heart, particularly
in patients with impaired left ventricular function. However, it
should be noted that only 10% of trial participants had
recognised heart failure at baseline [6]. In addition, in clinical
trials, anti-hypertensive agents and, specifically, diuretics,
have not been demonstrated to have such strong protective
cardiovascular effects, particularly on cardiovascular death
and HFH. Only a recent trial involving eplerenone in patients
with heart failure (but not necessarily diabetes) has demonstra-
ted a similarly rapid improvement in heart failure outcomes [7].
Thus, it is conceivable that empagliflozin’s diuretic activity
contributed at least partially to the improved cardiovascular
outcomes observed in EMPA-REG OUTCOME via an im-
provement in haemodynamics, decreasing myocardial stretch
and the risk of developing potentially lethal arrhythmias. Yet,
the results of this trial remain surprising, leading investigators
to propose other mediators.

As noted, additional factors that might explain the cardio-
vascular protective effects of empagliflozin include weight
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reduction, improvement in glycaemic control, and other
possible metabolic effects. It remains unlikely that the small
amount of weight loss attributable to the drug contributed to
the rapid reduction in cardiovascular mortality. Similarly, the
modest improvement in glycaemic control with empagliflozin
is unlikely to be a key contributor. However, worthy of con-
sideration are the downstream effects of chronic negative
energy balance from glycosuria and the resultant relative
‘catabolic state’ induced by SGLT2 inhibition [3]. This has
been linked to the small elevation in glucagon levels (in the
fasting state the increase in plasma glucagon levels ranges
from 10% to 20% [8, 9]), proposed to play a possible role in
cardiovascular protection. While some experimental data
support a cardioprotective effect of glucagon [10], only one
study in humans, from more than four decades ago, demon-
strated a benefit from glucagon infusion in patients with heart
failure and cardiogenic shock [11]. SGLT2 inhibitor-induced
stimulation of glucagon secretion with simultaneous decreases
in insulin secretion favour lipolysis, which increases circula-
ting concentrations of NEFA, requiring a greater amount of
oxygen to generate the same amount of ATP compared with
glucose [3]. Heart metabolic flexibility implies that during
fasting conditions there is a preferential utilisation of NEFA
(and ketone bodies) for ATP generation. However when
plasma levels of glucose and insulin rise, the contribution of
glucose utilisation to ATP production increases. SGLT2
inhibitors appear to shift whole-body metabolism from
glucose to fat oxidation, thus reducing the respiratory quotient
(RQ) and increasing myocardial oxygen demand. This, in
turn, could potentially worsen myocardial ischaemia in
patients with type 2 diabetes, particularly those with pre-
existing impaired ventricular function and/or coronary insuffi-
ciency. Thus, the increased myocardial fat oxidation caused
by empagliflozin in the EMPA-REG OUTCOME study can
certainly not explain the reduction in cardiovascular mortality
associated with use of the drug [3].

Simultaneously to and, indeed, related to the increased
glucagon and NEFA levels, SGLT2 inhibition also causes a
modest, but persistent hyperketonaemia. The heart avidly and
preferentially removes and uses ketone bodies and their
oxidation may improve cardiac muscle work efficiency, acting
at the mitochondrial level [3–5]. In the isolated working heart
β-hydroxybutyrate increases cardiac work efficiency by 24%
while decreasing oxygen consumption. In addition
β-hydroxybutyrate has been shown to reduce oxidative stress,
stimulate mitochondrial biogenesis and stabilise cell
membrane potential, with potential suppression of
arrhythmogenesis [4, 5]. Heart metabolic regulation is tightly
linked with its function. Cardiac work and various ion pumps,
particularly the Ca2+ ATPase pump in the sarcoplasmic
reticulum, depend strongly on ATP generation, which derives
mostly from oxidative phosphorylation in the mitochondria.
Therefore, impairment of this metabolism–function

relationship is relevant to diseases that involve or may lead
to heart failure [12].

Several experimental observations support the concept that
mitochondria are both the target and the origin of major
pathogenic pathways that lead to the progression of
myocardial dysfunction [13]. Therefore, mitochondrial
cytopathy in heart failure could be the basis of a therapeutic
strategy to maintain mitochondrial integrity and improve the
myocardial contractile function. Empagliflozin-induced
glycosuria and energy loss could also be viewed as a model
of energy wasting that could increase mitochondrial
biogenesis, thus mimicking what happens with food
restriction or exercise [14–16].

In addition to the above-mentioned metabolic and
haemodynamic effects of empagliflozin, it is also plausible
that some direct effects, not directly mediated by SGLT2
inhibition, are in part responsible for the demonstrated
cardioprotective effects of the drug. In the current issue,
Baartscheer and co-workers hypothesised that empagliflozin
could have a direct cardiac effect through lowering
myocardial cytoplasmic sodium [Na+]c and calcium [Ca2+]c
and enhancing mitochondrial calcium [Ca2+]m, these effects
being independent from SGLT2 inhibition itself and actually
mediated via Na+/H+ exchanger (NHE) activity [17]
(illustrated in Fig. 1).

In heart failure, elevated cardiac [Na+]c, [Ca
2+]c and

decreased [Ca2+]m have been demonstrated in animal models.
In addition, an increased SGLT1 expression, which couples
ion transport to energy substrate metabolism by taking up two
Na+ ions together with one glucose molecule, has been found
in failing hearts in patients with type 2 diabetes compared with
those of nondiabetic individuals [18]. Several lines of
evidence suggest that the consequent high [Na+]c may
contribute not only to the development of heart failure but also
to the risk of sudden cardiac death due to increased
arrhythmogenesis. It has also been shown that SGLT‐mediated
Na+ and glucose entry are negligible in myocytes from control
rats, but significantly increased in models of type 2 diabetes,
probably as a maladaptation to attenuate insulin‐mediated
glucose uptake and chronic hyperglycaemia [18].

Using fluorescent probes the authors have also found that
an increase in extracellular glucose produced a rise in [Na+]c
and [Ca2+]c due, at least in part, to SGLT1 upregulation and
activity. Empagliflozin treatment directly inhibited the NHE,
caused a reduction of [Na+]c and [Ca2+]c, and increased
[Ca2+]m. Since the empagliflozin concentrations used are
well below the IC50 of SGLT1 for empagliflozin, the authors
conclude that these effects are independent of SGLT1.
Therefore, it seems unlikely that partial SGLT1 inhibition
by empagliflozin can explain the beneficial effect of the drug
on cardiovascular events. However, the current available
data do not fully rule out a potential role of SGLT1
inhibition, given the above-mentioned upregulation of
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SGLT1 in heart failure in type 2 diabetes. It is important also
to keep in mind that the expression of SGLT2 and SGLT1 in
the heart is still unclear: SGLT1 protein has been detected
only in human heart capillaries while, in isolated mice
cardiomyocytes, SGLT1 has been demonstrated within the
T-tubules [17, 18].

The most important sodium transport mechanisms that may
cause increased [Na+]c are: Na

+/H+ exchanger (NHE)-1, Na+/
HCO3 cotransporter (NBC), Na+/K+/Cl− cotransporter
(NKCC), Na+ channel, Na+/K+ ATPase and Na+/Ca2+

exchanger (NCX). In this respect strong evidence exists that
the detrimental effect of NHE-1 hyperactivity is due to the
increase in [Na+]c that leads to Ca2+ overload through the
NCX, leading to myocardial dysfunction. Accordingly,
inhibition of its hyperactivity appears to be a potential
therapeutic strategy to prevent the harmful consequences of
rises in [Na+]c and [Ca2+]c [19, 20].

Calcium is an ambivalent signal: it is essential for the cor-
rect functioning of the cell, but may also become detrimental
[21]. For any increase in cardiac workload, systolic [Ca2+]c
increases along with a parallel activation of mitochondrial
metabolism, leading to an increased ATP formation. [Ca2+]m

plays an important role in heart energy production, coupling
ATP demand. However, Ca2+ accumulation can impair mito-
chondrial function, leading to reduced ATP production and
increased release of reactive oxygen species (ROS) contribu-
ting to heart failure (HF) [21, 22].

[Ca2+]m signalling is critical for energy production but also
for the activation of cell death pathways deeply implicated in
the development of heart failure [21]. Mitochondrial NCX
(mNCX) is hypothesised to be the primary mechanism of
[Ca2+]m efflux. This antiporter pushes calcium out against its
gradient, while bringing in a sodium ion to allow the heart to
relax [19–21].

Thus, empagliflozin could lead to a reduction of [Na+]c and
[Ca2+]c, and an increase of [Ca2+]m through the inhibition of
NHE activity. Conceivably, this effect, together with increased
mitochondrial biogenesis and oxidation of ketone bodies,
could lead to increased ATP generation with downstream
benefits for cardiac viability and performance. Whether these
effects are fully independent of SGLT2 inhibition remains an
open matter for investigation.

In conclusion, pleiotropic actions of empagliflozin, both
SGLT2-dependent and independent, involve the simultaneous
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Fig. 1 Illustration of the NHE involvement in the failing myocardium
during hyperglycaemia (red arrows). Activation of the exchanger occurs
as a consequence of hyperglycaemia. The increased influx of Na+ cannot
be removed efficiently because of inhibition of Na+/K+ ATPase. As a
result, [Na+]c levels increase, producing elevations in [Ca2+]c levels via
Na+/Ca2+ antiporter and [Ca2+]m levels decrease, primarily via the
inhibition of MCU. When an action potential is conducted, the calcium
release from the sarcoplasmic reticulum via RyR induces accumulation of
mitochondrial matrix calcium through MCU, which is regulated by

MICU1, activates matrix calcium-dependent dehydrogenases, and then
synthesis of intracellular ATP to support cardiac contraction. MCU is
inhibited by hyperglycaemia and heart failure. EMPA (yellow arrows)
treatment directly inhibits NHE, causing a reduction of [Na+]c and
[Ca2+]c, and an increase of [Ca2+]m, thus improving mitochondrial
activity and ATP generation. CSMDH, mitochondrial dehydrogenase;
EMPA, empagliflozin; MCU, mitochondrial Ca2+ uniporter; MICU1,
mitochondrial calcium uptake 1; RyR, ryanodine receptor
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modulation of multiple molecular and biochemical pathways
and may not simply or exclusively be related to
hyperglycaemia. Might any of these either alone or in concert
explain the surprising benefits of this drug on cardiovascular
outcomes as demonstrated in the EMPA-REG OUTCOME
trial? Given the increased prevalence of and adverse prognosis
from cardiovascular disease in patients with type 2 diabetes, it
is important to determine the answer to this question. Studies
like the one from Baartscheer et al should help in this quest.
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