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SGLT2i as a powerful heart 
failure therapy
Sodium glucose cotransporter 2 inhibitors 
(SGLT2i) are perhaps the most powerful 
pharmaceutical advancement to date in 
the treatment of heart failure (HF), which 
makes the serendipitous identification of 
the cardiovascular benefit of these drugs 
originally intended to treat diabetes all 
the more notable. Major clinical trials in 
over 80,000 adult patients demonstrat-
ed an extraordinary 20%–30% reduction 
in HF hospitalization rates and death in 
patients with HF with reduced ejection 
fraction (HFrEF) and hospitalization in 
those with HF who had preserved ejection 
fraction (HFpEF) irrespective of comor-
bid diabetes (1–4). SGLT2i are now the 
standard of care for HF, with rapid US 
Food and Drug Administration approv-
al and widespread adoption into US and 
European clinical HF guidelines (5, 6).  
Remarkably, the molecular mechanisms 
by which they mediate their cardiovascu-
lar benefits remain poorly understood.

Isolated from apple tree root bark, the 
lead compound phlorizin was discovered 
over 150 years ago, but only in the 1990s 
identified as a direct inhibitor of SGLT1 
(which is broadly expressed, including 
in the heart) and SGLT2 (which is largely 
restricted to the kidney). Extensive clinical 
study and use of the gliflozin family deriva-
tives for the treatment of diabetes began in 
the 2000s. By preventing glucose reabsorp-
tion in the kidney and promoting glucos-
uria, SGLT2i lower blood glucose and their 
use is associated with modest weight loss 
and lower systolic blood pressure. Howev-
er, the observed cardioprotective benefits 
of SGLT2i in HF are much greater than 
what similar, established therapeutics (e.g., 
diuretics, antidiabetic agents) achieve, sug-
gesting unique mechanisms of action.

Wide-ranging mechanistic 
hypotheses
Multiple mechanisms for the benefit of 
SGLT2i in HF have been proposed. Pre-
vailing theories recognize that SGLT2 is 

not expressed in cardiomyocytes; there-
fore, the beneficial effects in HF must be 
off target (not mediated by SGLT2) or due 
to extracardiac SGLT2 inhibition (e.g., in 
the kidney). Proposed extracardiac mech-
anisms include alterations in microbi-
ome-derived toxic intermediates such as 
p-cresol sulfate (7), improved endothelial 
function (8), alterations in epicardial adi-
pose tissue mass and function (9, 10), and/
or additive benefit of the pleotropic effects, 
e.g., weight loss largely related to enhanced 
natriuresis, glucose wasting, and reduced 
blood pressure (11). Lastly, many labs have 
focused on potential shifts in myocardial/
mitochondrial energetics related to the 
reproducible mild ketosis, glucose wasting, 
and subsequent altered hormonal signal-
ing seen with SGLT2i treatment.

Cardiac myocytes are metabolic omni-
vores that use fatty acid and carbohydrate 
oxidation to generate ATP in the healthy 
state. However, several pathologic condi-
tions, including HF, are associated with 
metabolic inflexibility, shifting toward 
anaerobic glucose metabolism and ketone 
oxidation. The necessary role of endoge-
nous ketone oxidation and beneficial role 
of exogenous ketones in mouse and human 
HF studies is well established (12–15). Ele-
gant human studies demonstrate that myo-
cardial ketone uptake is proportional to 
available circulating ketone concentrations 
(16) and ketone oxidation enzyme expres-
sion increases in HF (12, 13). Small clinical 
trials, primarily out of Europe, have begun 
to suggest an acute benefit from exogenous 
ketone administration (17). Less clear is how 
much of this benefit is due to improved ener-
getics (ketone oxidation to relieve impaired 
TCA flux) or nonoxidative, systemic effects 
such as vasodilation, antiinflammatory sig-
naling, antioxidant effects, and more (18).

A distinction between ketosis 
and SGLT2i-induced ketosis
In this issue of the JCI, Goedeke and col-
leagues (19) sought to address this lat-
ter hypothesis of myocardial substrate  
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Despite the impressive clinical benefits and widespread adoption of sodium 
glucose cotransporter 2 inhibitors (SGLT2i) to treat all classes of heart 
failure, their cardiovascular mechanisms of action are poorly understood. 
Proposed mechanisms range broadly and include enhanced ketogenesis, 
where the mild ketosis associated with SGLT2i use is presumed to be 
beneficial. However, in this issue of the JCI, carefully conducted metabolic 
flux studies by Goedeke et al. comparing the effects of SGLT2i and 
exogenous ketones suggest differential effects. Thus, the mechanisms of 
action for SGLT2i are likely pleiotropic, and further work is needed to fully 
understand their beneficial effects.
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However, with acute BHB administration, 
glucose homeostasis was unperturbed, 
and so ketone oxidation increased (at the 
expense of fatty acid oxidation). These 
observations held true in a rat model of isch-
emic HFrEF where dapagliflozin treatment 
increased ketone oxidation and decreased 
pyruvate oxidation, with improved echo-
cardiographic parameters in the SGLT2i 
cohort. Lastly, findings of improved redox 
state and decreased oxidative stress mark-
ers were similar between exogenous ketone 
and SGLT2i treatment.

Taken together, these findings clar-
ify mechanisms by which the benefit 
of SGLT2i may act through ketones as 
opposed to another unique mechanism. 
Prior studies have addressed whether 
pharmacologic induction of ketosis by 
SGLT2i benefited cardiac function with 
somewhat conflicting results. Wu et 
al. demonstrated cardiac benefit from 

single dose of dapagliflozin, which is 
likely attributed to enhanced natriure-
sis/diuresis. In this changing neurohor-
monal and nutrient milieu, tracer stud-
ies demonstrated that SGLT2i treatment 
resulted in a 50% increase in myocardial 
ketone oxidation, balanced with a reduc-
tion in pyruvate oxidation (Figure 1).

Comparing the effects of acute BHB 
administration and SGLT2i treatment 
in the context of a euglycemic glucose 
clamp, Goedeke et al. reconfirmed that 
myocardial ketone uptake and oxidation 
were dependent on circulating BHB con-
centrations. Moreover, this technique also 
uncovered the most important difference 
in shifting myocardial energetics between 
the two study arms. By providing glucose, 
which prevented the reduction in insulin 
and suppressed lipolysis, less ketogenesis 
and ketone oxidation was observed, which 
blunted the effect on pyruvate oxidation. 

utilization by teasing apart the indepen-
dent effects of SGLT2i therapy (with its 
expected ketosis) from exogenous ketone 
administration in normal rats and in a 
rat model of myocardial infarction. They 
utilized a rigorous approach of infus-
ing stable isotope-labeled glucose and 
β-hydroxybutyrate (BHB) coupled with 
tandem chromatographic and spectro-
scopic techniques, previously used to 
assess whole body substrate metabolism. 
This method allowed for in vivo mea-
surements of substrate flux in nonanes-
thetized animals. Acute treatment with 
the SGLT2i dapagliflozin at clinically 
relevant doses reliably mirrored the 
known human clinical effects: glucose 
wasting, decreased insulin concentra-
tions, increased circulating free fatty 
acids indicative of lipolysis, and ketosis 
(Figure 1). Somewhat surprisingly, rats 
demonstrated weight loss following a  

Figure 1. SGLT2i and ketone treatment have overlapping but distinct metabolic consequences. Treatment of nonanesthized rats under three conditions 
demonstrate differential fuel sources for cardiac oxidation. BHB, beta-hydroxybutyrate; (F)FA (free) fatty acid.
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and conclusive genetic evidence has 
demonstrated that SGLT2i can act inde-
pendently of SGLT2 to ameliorate HF in 
mice, since SGLT2i produce beneficial 
cardiac effects in HFrEF and ischemia 
models even in germline SGLT2-knock-
out mice (20, 21, 24). Off-target cardiac 
candidates include NHE1, a cardiac sodi-
um-hydrogen transporter and a target of 
cariporide drug trials in the early 2000s 
(25, 26), PANK1, a rate-limiting enzyme 
in replenishing CoA pools (27), and oth-
er glucose transporters. Inhibition of 
NHE1 or activation of PANK1, which are 
expressed in heart, could elicit direct 
cardiac effects on ionotropic or meta-
bolic signaling that might explain the  
cardiac benefits of SGLT2i. Thus, the 
search of the mechanism continues, and 
will likely require a “Yes, and” under-
standing of the pleiotropic effects of this 
drug class.
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SGLT2i in multiple HFrEF models with-
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