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Neuro-hormonal activation due to cardiac dysfunction results in renal water and salt
retention, a key pathophysiological feature of heart failure (HF).! Loop diuretics are the
mainstay of treatment for water overload in patients with HF, but the addition of other classes
of diuretics, such as carbonic anhydrase inhibitors or thiazides, might provide synergistic
effects for the management of worsening congestion.>* Sodium-glucose cotransporter 2
inhibitors (SGLT2-1) were originally developed for diabetes to reduce blood glucose by
blocking its reabsorption in the proximal tubule of the nephron and increasing urinary
glucose excretion. However, initiation of an SGLT2-i is associated with a rapid decrease in
body weight and an increase in hematocrit, which is consistent with osmotic diuresis.
Mechanistic studies also suggest that SGLT2-1 enhances natriuresis and potentiates the
effects of loop diuretics.*> In patients with acute heart failure (AHF), use of SGLT2-i after
clinical stabilization is safe, reduces symptoms and signs of congestion, and improves
outcomes.® For patients with chronic HF (CHF), SGLT2-i reduce hospitalizations for
worsening HF regardless of phenotype and improve survival for those with a reduced

(HFrEF) left ventricular ejection fraction (LVEF).’

Although much of the benefit of SGLT2-i is likely to be mediated by diuresis and the
reduction of clinical or sub-clinical congestion, other mechanisms may be involved. There is
growing evidence that SGLT2-i reduce inflammation, oxidative stress, and
ischemia/reperfusion injury. They protect the kidneys and lower left ventricular-end diastolic
volume in those with HFrEF.® SGLT2-i might also alter cardiac energetics and metabolism
by increasing circulating ketone bodies (KB).” KB are synthesized by the liver from fatty
acids and used as metabolic substrates in many organs, including the heart, to maintain

energy production in stressful situations.”!”

In healthy individuals, KB (mostly acetone, B-hydroxybutyrate, and acetoacetate)
concentrations are low but may be increased, physiologically, by fasting, when carbohydrate
intake is restricted, or in situations of stress or prolonged exercise. Large increases in KB
suggest a pathological problem, such as diabetic or alcoholic ketoacidosis or, indeed, heart
failure. In patients with CHF, circulating KB are usually high, and their concentration
increases with worsening systolic function and neurohormonal activation, as well as with

higher atrial pressures and with the presence of venous congestion.!! It might be, then, that
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KB are a useful marker of the severity of HF and congestion (central figure). Acetone can be
measured reliably in exhaled breath and acetoacetate in urine using portable devices, which
makes them attractive for routine clinical use. Exhaled acetone is several-fold higher in
patients with HF than controls and correlates with circulating KB. In patients with CHF,
exhaled acetone increases with worsening NYHA class, with extent of peripheral edema,
with more severe left and right ventricular systolic dysfunction, and with higher plasma
concentrations of natriuretic peptides. Those with higher exhaled acetone have a worse
prognosis.!>!3 In those hospitalized with water retention due to HF, initially, high levels of

exhaled acetone decline substantially after a week or so of effective diuretic treatment.'*

In this issue, Voorrips and colleagues assessed longitudinal changes in KB in 79 patients
hospitalized with worsening breathlessness and clinical or radiological signs of congestion
due to HF enrolled in the EMPA-RESPONSE-AHF trial.!> Patients were randomized within
24 hours of their initial hospital presentation to empagliflozin or placebo, which were given
for 30 days. Compared to placebo, empagliflozin did not improve symptoms, diuretic
response, plasma NT-proBNP or length of stay, the main outcomes of interest. In the present,
post-hoc analysis, ' total plasma KB fell by about 20% between enrolment and the end of the
trial with no additional effect of empagliflozin. The reduction of KB was mostly driven by a
fall in the concentration of acetone, which was positively correlated with changes in plasma
NT-proBNP, which almost halved within 48 hours of the start of the trial. Therefore, the fall

in acetone might reflect decongestion rather than any specific effects of empagliflozin.

Patients with HF might have high cardiac utilization of ketones, but it is unclear whether this
reflects greater abundance and, therefore, myocardial availability of KB or greater
myocardial avidity and preference for KB; it could be both. !7 In animal models, genetic or
dietary induction of ketosis, as well as administration of KB, caused inconsistent
improvements in cardiac structure and function.'® In humans, little is known about the effects
of exogenous KB on cardiac function. Using a cross-over design, Nielsen and colleagues
found that, compared to saline-placebo, a three-hour infusion of 3-hydroxybutyrate in 16
patients with HFrEF increased left ventricular stroke volume, heart rate, and therefore cardiac
output by a large amount (from a mean of 4.8 to 6.8 L/min, P<0.001). Systemic arterial
pressure did not change, but systemic and pulmonary resistances dropped by ~20-30%, mean
LVEEF increased from 35% to 43% (P<0.001) and right ventricular function improved. ' In

healthy volunteers, within 30 minutes of inducing a modest ketosis, an increase in LVEF,
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tricuspid annular planar systolic excursion, left atrial contraction, heart rate and systolic

blood pressure, and a decrease in systemic vascular resistance have also been reported.?’
Ongoing mechanistic trials are testing the effects of exogenous KB on cardiac structure,

function, and hemodynamics in patients with AHF (NCT04698005, NCT04442555) and
CHF, of different phenotypes (NCT03560323, NCT04703361, NCT04633460).

The current study fuels interest in the role of KB in HF. KB might be a marker of cardiac and
hemodynamic stress, with a fall in KB related (whether directly or indirectly) to effective
diuresis (and not with SGLT2-1). More work needs to be done to establish the clinical and
therapeutic relevance of KB in patients with HF. For the time being, managing congestion
effectively and implementing guideline-recommended therapy after stabilization are two of
the best strategies to improve well-being and prognosis in patients with AHF and, at the same

time, perhaps reduce the need for alternative sources of fuel for the failing myocardium.
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Figure legend

Ketone bodies (KB) might increase in response to physiological situations, usually after
glycogen stores have been exhausted (fasting, prolonged exercise) or due to pathological
causes (cardiac dysfunction and development of congestion); in patients with acute heart
failure, diuresis might reduce KB. Therefore, KB might be a marker of cardiac and
hemodynamic stress in heart failure (/eft panel). Preliminary experimental and human studies
suggest that augmentation of KB might have beneficial effects on cardiac hemodynamics and
function; for instance, KB might increase heart rate (HR), left ventricular ejection fraction
(LVEF) and stroke volume (SV), and atrial contraction, and cause a fall in systemic (SVR)
and pulmonary (PVR) vascular resistance (right panel). Abbreviations: SGLT2-i - sodium-

glucose cotransporter 2 inhibitors.
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