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EDITORIAL

SGLT2 Inhibition on Cardiac Mitochondrial 
Function: Searching for a Sweet Spot
Konrad Teodor Sawicki , MD, PhD; Issam Ben-Sahra , PhD; Elizabeth M. McNally , MD, PhD

The cardiometabolic landscape was transformed 
by the unexpected cardiovascular benefits 
seen in the landmark EMPA-REG OUTCOME 

trial (Empagliflozin Cardiovascular Outcome Event 
Trial in Type 2 Diabetes Mellitus Patients), in which 
sodium glucose cotransporter 2 (SGLT2) inhibition 
with empagliflozin reduced major adverse cardio-
vascular events, cardiovascular death, all-cause 
mortality, and heart failure hospitalizations.1 The 
benefit of SGLT2 inhibition was extended to heart 
failure outcomes in both people with and without di-
abetes mellitus in CANVAS (Canagliflozin in Diabetics 
with Cardiovascular Disease), DECLARE-TIMI 58 
(Dapagliflozin in Diabetics with Cardiovascular 
Disease or at High Cardiovascular Risk), DAPA-HF 
(Dapagliflozin in Heart Failure with Reduced Ejection 
Fraction [HFrEF]), EMPEROR-Reduced (Empagliflozin 
in HFrEF), and VERTIS-CV (Ertugliflozin in Diabetics 
with Cardiovascular Disease).2–6 Ongoing trials 
are now evaluating SGLT2 inhibition on outcomes 
in heart failure with preserved ejection fraction: 
EMPEROR-Preserved (NCT03057951; empagliflozin) 
and DELIVER (Dapagliflozin Evaluation to Improve 
the Lives of Patients with Preserved Ejection Fraction 
Heart Failure; NCT03619213; dapagliflozin).

Although the benefit of SGLT2 inhibition on cardio-
vascular outcomes including heart failure is clear, the 
mechanisms by which this benefit is realized are de-
bated. SGLT2 inhibitors lower glucose by acting on the 
SLC5A2 gene encoding the SGLT2 to promote glucos-
uria and natriuresis. Although SLC5A2 gene expres-
sion is highly restricted to the kidney, the magnitude 
of cardiovascular benefit with SGLT2 inhibitors sup-
ports action beyond this kidney. Moreover historically, 
glucose-lowering therapies on their own have not im-
proved cardiovascular outcomes. Furthermore, spe-
cific agents such as thiazolidinediones have worsened 
outcomes.7,8 Although the diuretic effect of SGLT2 in-
hibitors is also thought to contribute to its cardiovas-
cular effectiveness, diuretics for volume unloading do 
not provide a cardiovascular mortality benefit.9 Several 
additional mechanisms of action for SGLT2 inhibitors 
are now being explored at the myocardial level (Figure), 
and one very intriguing area is the modulation of car-
diac mitochondrial function and metabolism.

Mitochondrial dysfunction occurs in both the di-
abetic and failing heart, but no current therapeutics 
directly target cardiac mitochondria.10 There is evi-
dence that SGLT2 inhibition improves cardiac mi-
tochondrial function in animal models unrelated to 
diabetes mellitus status. In nondiabetic pigs with 
ischemic cardiomyopathy, empagliflozin reduced 
pathological cardiac remodeling and associated with 
increased myocardial oxidation of fatty acids, ketone 
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bodies, and branched-chain amino acids.11 In a ge-
netic mouse model of diabetes mellitus, empagli-
flozin increased overall cardiac ATP production by 
30% and associated with an increase in the rates of 
cardiac glucose and fatty acid oxidation, but with no 
change in the rate of ketone oxidation. Interestingly, 
empagliflozin-treated diabetic mice demonstrated el-
evated circulating ketone levels, suggesting that the 
increase in ketone body availability with empagliflozin 
may serve as an additional source of cardiac ATP 
production without affecting myocardial ketone oxi-
dation rates.12

In this issue of the Journal of the American Heart 
Association (JAHA), Croteau and colleagues add to 
this growing evidence base by demonstrating that 
SGLT2 inhibition with ertugliflozin improves maximal 
systolic function and reprograms cardiac mitochon-
drial metabolism regardless of diabetes mellitus sta-
tus.13 The authors used a well-characterized high-fat 
high-sucrose (HFHS) diet in adult mice to induce a 
diabetic cardiomyopathy phenotype of left ventricular 
hypertrophy, myocyte hypertrophy and fibrosis, and 
diastolic dysfunction. At the time of HFHS or control 
diet initiation, adult mice were randomized to ertug-
liflozin or control treatment groups. After 4  months, 
cardiac function was assessed by echocardiography 
and in working hearts. Ventricular tissue was also 
harvested to study mitochondrial function and gene 
expression.

As expected, ertugliflozin prevented the devel-
opment of insulin resistance in HFHS-fed mice with 
lower fasting glucose and insulin levels. Ertugliflozin 
also prevented left ventricular hypertrophy, myocyte 
hypertrophy and fibrosis, and diastolic dysfunction in 
HFHS-fed mice. Systolic contractile reserve was se-
verely impaired in beating hearts isolated from HFHS-
fed mice, but this improved to supra-normal levels in 
ertugliflozin-treated HFHS mice. Mitochondria from 
HFHS-fed hearts showed reduced overall energy 
production and increased oxidative stress compared 
with control mitochondria, and these markers of mi-
tochondrial function were normalized in ertugliflozin-
treated HFHS-fed mitochondria. Gene set enrichment 
analysis of RNA sequence analyses of left ventricular 
tissue showed that the top 20 gene ontology sets en-
riched by ertugliflozin were all related to mitochondrial 
structure or function. Oxidative phosphorylation was 
the highest-ranking hallmark gene set enriched when 
analyzed by diet or ertugliflozin treatment—whereas 
oxidative phosphorylation was significantly downreg-
ulated by HFHS diet, it was upregulated by a similar 
magnitude in ertugliflozin-treated mice on the HFHS 
diet.

These results are particularly interesting in the 
context of primary prevention of heart failure. SGLT2 
inhibitors reduce the risk of heart failure among pa-
tients with diabetes mellitus, and the 2020 American 
College of Cardiology Expert Consensus Decision 
Pathway recommends a patient–clinician discussion 
about initiating SGLT2 inhibitors for patients with dia-
betes mellitus who are at very high risk of developing 
heart failure or atherosclerotic cardiovascular dis-
ease.14 In this study in mice, ertugliflozin and HFHS 
diet were initiated concurrently starting at 8  weeks 
of age, consistent with initiating SGLT2 inhibition be-
fore the onset of the diabetes mellitus-inducing diet. 
Ertugliflozin not only prevented diastolic dysfunction 
in HFHS-fed mice but also augmented maximal sys-
tolic function as measured by contractile reserve. 
These results suggest that SGLT2 inhibitors may also 
play a role in the primary prevention of heart failure 
and mitochondrial dysfunction in normoglycemic in-
dividuals who are at very high risk of developing dia-
betes mellitus and diabetic cardiomyopathy.

Because ertugliflozin was administered in mice 
before the onset of the diabetic cardiomyopathy 
phenotype, it remains to be seen if SGLT2 inhibition 
can rewire mitochondrial metabolism in mice with 
established diabetic cardiomyopathy. Diabetic car-
diomyopathy is associated with extensive mitochon-
drial metabolic reprogramming, characterized by an 
overreliance on fatty acids as a fuel source coupled 
with inefficient fatty acid oxidation, leading to the ac-
cumulation of toxic lipid intermediates.15 Interestingly, 
the second-most upregulated hallmark gene set in 

Figure.  Effects of SGLT2 inhibition at the myocardial level.
SGLT2 inhibitors act on the heart to exert potential cardioprotective 
effects. Asterisks (*) mark myocardial processes highlighted in 
the accompanying article. CaMKII indicates calcium/calmodulin-
dependent protein kinase II; FAO, fatty acid oxidation; Na/H, 
sodium/hydrogen; NLRP3, NLR family pyrin domain-containing 
3; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen 
species; and SGLT2i, sodium glucose cotransporter 2 inhibition. 
The art pieces used in this figure were provided by Servier 
Medical Art (http://servi​er.com) under a Creative Commons 
Attribution license.
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the ertugliflozin-treated mice regardless of diet sta-
tus was fatty acid metabolism. Future research is 
needed to assess if SGLT2 inhibition can transcrip-
tionally upregulate cardiac fatty acid oxidation in es-
tablished diabetic cardiomyopathy to better match 
the increase in cellular fatty acid uptake, prevent the 
accumulation of lipotoxic molecules, and potentially 
attenuate cardiac dysfunction.

Although several studies have examined the car-
diac effects of SGLT2 inhibition in animal models of 
heart failure, this paper explores the effects of SGLT2 
inhibition on cardiac function in working hearts using 
metabolic transcriptomics in nondiabetic control ani-
mals without heart failure. Surprisingly, Croteau and 
colleagues showed that the effects of ertugliflozin 
on contractile reserve and metabolic gene expres-
sion were not limited to mice with diabetes mellitus. 
Ertugliflozin treatment impressively increased con-
tractile reserve in beating hearts from mice fed a 
normal diet by nearly 25% compared with untreated 
control mice. No significant change was seen in 
phosphocreatine or overall myocardial ATP concen-
trations, suggesting that ertugliflozin improves overall 
myocardial energy balance or contractile efficiency. 
Myocardial transcriptomics also showed that ertug-
liflozin upregulated the oxidative phosphorylation 
gene set to a similar extent in normal chow-fed hearts 
compared with HFHS-fed hearts, demonstrating that 
the effect of ertugliflozin on oxidative phosphorylation 
gene expression is independent of diabetes mellitus. 
Interestingly, ertugliflozin increased left ventricular 
systolic pressure in control mice. This is in contrast to 
human studies that have shown that SGLT2 inhibitors 
have a mild blood pressure lowering effect, suggest-
ing that the myocardial metabolic and hemodynamic 
effects of SGLT2 inhibitors in mice may not be directly 
applicable to humans.

Although the authors do not identify a unifying 
mechanism for the beneficial effects of ertugliflozin 
on systolic contractile function in nondiabetic and 
diabetic mice, the results are hypothesis generat-
ing. Genes encoding the oxidoreductase NADH 
(nicotinamide adenine dinucleotide + hydrogen) de-
hydrogenase are among the top gene ontology terms 
enriched by ertugliflozin after controlling for diet. This 
enzyme is part of complex I of the mitochondrial 
electron transport chain and converts nicotinamide 
adenine dinucleotide (NAD) from its reduced form 
(NADH) to its oxidized form (NAD+). NADH dehydro-
genase controls the balance of NAD+/NADH redox, 
which in turn regulates substrate oxidation, NAD+ de-
pendent protein deacetylation, and the mitochondrial 
inflammatory response. Low NAD+ levels and re-
duced NAD+/NADH ratio are seen in the failing heart, 
which impair overall metabolic flux and mitochondrial 
function. Additionally, prior studies have shown that 

NAD+ repletion improves mitochondrial and cardiac 
function in mouse models of HFrEF and heart failure 
with preserved ejection fraction.16,17 Given the lack of 
SGLT2 expression in the heart, ertugliflozin may indi-
rectly reprogram cardiac mitochondrial NAD+/NADH 
balance through extracardiac plasma metabolites or 
intermediates. Alternatively, SGLT2 inhibitors may act 
directly on cardiac mitochondria through off-target 
effects, such as inhibition of NHE1 (cardiac sodium/
hydrogen exchanger).18 Further mechanistic studies 
are needed to assess the potential role of SGLT2 
inhibition on cardiac NAD+ homeostasis. Additional 
studies are needed to more comprehensively assess 
the possible effects of SGLT2 inhibition on cardiac 
mitochondrial function, such as mitochondrial pro-
tein levels, post-translational modifications, oxidative 
capacity, metabolic flux, and dynamics. Metabolic 
studies in both animals and humans are also needed 
to better understand the cardioprotective effects of 
SGLT2 inhibition and who will benefit the most from 
this therapy.

Broad questions regarding the cardioprotective 
effects of SGLT2 inhibition remain unanswered in the 
field. Can we identify a priori those most likely to have 
cardiovascular benefits from SGLT2 inhibition? Is there 
a role for SGLT2 inhibitors in preventing cardiovascu-
lar events in prediabetes mellitus? Who is at the high-
est risk for side effects from SGLT2 inhibition, such as 
genital infections and euglycemic ketoacidosis? Do 
SGLT2 inhibitors confer cardioprotection through sim-
ilar mechanisms in heart failure, diabetes mellitus, and 
chronic kidney disease? At the population-health level, 
should SGLT2 inhibitors supplant metformin as first-
line therapy for diabetes mellitus? Basic and clinical in-
vestigation will need to address these and many other 
questions over the next several years.

In summary, this study demonstrates that SGLT2 
inhibition with ertugliflozin improves not only gross car-
diac function but also cardiomyocyte function at the 
level of the mitochondria in mice independent of dia-
betes mellitus. It also adds to the compelling evidence 
base that modulation of mitochondrial metabolism may 
serve as a promising cardiovascular therapeutic tar-
get, both in people with and without diabetes mellitus. 
There is still much to be learned about the cardiomet-
abolic mechanisms of SGLT2 inhibitors, and this study 
takes an important step in demonstrating their effects 
on the heart.
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