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Abstract

Despite multiple attempts to develop a unifying hypothesis that explains the pathophysiology of
heart failure with a reduced ejection fraction (HFrEF), no single conceptual model has withstood
the test of time. In the present review we discuss how the results of recent successful phase 111
clinical development programs in HFrEF are built upon existing conceptual models for drug
development. We will also discuss where recent successes in clinical trials do not fit existing
models, in order to identify areas where further refinement of current paradigms may be needed.
To provide the necessary structure for this review, we will begin with a brief overview of the
pathophysiology of HFrEF, followed by an overview of the current conceptual models for HFrEF,
and end with an analysis of the scientific rationale and clinical development programs for four new
therapeutic classes of drugs that have improved clinical outcomes in HFrEF. The four new
therapeutic classes that discussed are angiotensin receptor neprilysin inhibitors (ARNISs), sodium-
glucose co-transoporter-2 inhibitors (SGLT2i), soluble guanylate cyclase stimulators and myosin
activators. With the exception of SGLT2 inhibitors, each of these therapeutic advances were
informed by the insights provided by existing conceptual models of heart failure. Although the
quest to determine the mechanism of action of SGLT2i’s is ongoing, this therapeutic class of drugs
may represent the most important advance in cardiovascular therapeutics of recent decades, and
may lead to rethinking or expanding our current conceptual models for HFrEF.

Keywords

heart failure; HFrEF; translational medicine; therapeutic advances; clinical trial; drug therapy;
Heart Failure; Translational Studies; Treatment

Despite repeated attempts to develop a unifying hypothesis that explains the
pathophysiology of heart failure with a reduced ejection fraction (HFrEF), no single
conceptual model has withstood the test of time. One reason for this shortcoming is that the
development of clinical heart failure in patients with a reduced ejection fraction represents
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the complex interplay between structural and functional biological changes that are
occurring in the heart, the autonomic nervous system, the kidney, the peripheral vasculature,
and skeletal muscle. These biological changes are influenced by aging, genetic background,
co-morbidities, and nutrition, as well as non-biological environmental factors, all of which
add to the complexity of understanding the pathophysiology of heart failure.

The current review will discuss the translational framework that has provided a platform for
developing drugs to treat patients with HFrEF for the past 30 years. Here we will depart
from the traditional approach that places an emphasis on molecular signaling pathways as a
means to identify new drug targets, in favor of discussing how the results of four recent
successful phase 11 clinical development programs in HFrEF fit within our existing models
for drug development, with the hope that the recent past will provide prologue for future
drug discoveries. More importantly, we will discuss where recent successes in clinical trials
do not fit existing models, in order to identify areas where further refinement of current
paradigms may be needed. To provide the structure for this type of review, we will begin
with a brief overview of the pathophysiology of HFrEF. This subject has been the topic of
extensive reviews,1: 2 and will be discussed here briefly to provide context for understanding
the clinical models for therapeutic drug development. Following, the review of the different
clinical models, we will conclude with a discussion of what we have learned from recent
successful phase 11 clinical trials.

Pathophysiology of Heart Failure with a Reduced Ejection Fraction

HFrEF arises secondary to a series of complex changes in the molecular and cellular
composition of the heart (reviewed in 2 3). These changes lead to the phenotypic changes in
the size, shape and function of the failing heart that ultimately result in a decreased pumping
capacity of the heart with a subsequent decrease in cardiac output (Figure 1). The molecular
and cellular changes may occur suddenly (e.g., following a myocardial infarction), or may
arise more gradually (e.g. following exposure to toxic chemotherapies or sustained
hemodynamic overload), or may develop secondary to inherited mutations of genes that
affect sarcomere function. The initial decline in cardiac output is perceived as “arterial
underfilling” by the peripheral arterial baroreceptors that regulate autonomic nervous system
parasympathetic and sympathetic signaling. When the baroreceptor mechanoreceptors detect
a decrease in arterial filling, they trigger a series of homeostatic reflexes that are initiated by
a withdrawal of parasympathetic tone that is followed by a reciprocal increase in
sympathetic (adrenergic) nervous system signaling (reviewed in # 5). The baroreceptor-
mediated increase in sympathetic nervous system signaling (SNS) triggers increased renin
production by the kidneys, with resultant activation of the renin-angiotensin-aldosterone
system (RAAS). Because SNS and RAAS signaling is highly synergistic they are referred to
as the neurohumoral axis.®

The initial activation of the SNS and RAAS restores circulatory homeostasis by increasing
contractility, increasing retention of sodium and water by the kidney, and by increasing
peripheral arterial vasoconstriction.l:  In some patients pumping capacity of the heart will
return to normal once the tissue injury is resolved or the inciting stress is removed. In this
setting, the normalization of LV function results in restoration of circulatory homeostasis.
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However, if left ventricular function remains depressed, the SNS and RAAS remain
persistently activated in an ongoing attempt to maintain circulatory homeostasis. Some
patients with LV dysfunction will remain asymptomatic despite RAAS-induced expansion of
the circulatory blood volume. The precise mechanism(s) that explains why certain patients
remain asymptomatic is not known. One plausible explanation is that the compensatory
mechanisms that become activated are sufficient to modulate cardiovascular and renal
function within a physiologic/homeostatic range, such that the patient’s exercise capacity is
preserved or is depressed only minimally.!

A number of counter regulatory biological systems are upregulated in the setting of heart
failure to offset the deleterious effects of SNS and RAAS signaling on the cardiovascular
system. Principal among these, are the natriuretic peptides, including atrial natriuretic
peptide (ANP) and brain (B-type) natriuretic peptide (BNP).” Under physiologic conditions,
ANP and BNP function as natriuretic hormones that are released in response to increases in
atrial and myocardial stretch. Once released, these cardiac derived peptides act on the kidney
and peripheral circulation to unload the heart, by increasing renal excretion of sodium and
water and arterial vasodilation, as well as inhibiting the release of renin and aldosterone by
the kidney. 7

Figure 2 illustrates the signaling pathway of the natriuretic peptide system. As shown,
natriuretic peptides stimulate the production of the intracellular second-messenger cyclic
guanosine monophosphate (cGMP), via binding to the natriuretic peptide A receptor (NPR-
A), which binds ANP and BNP preferentially, and the natriuretic peptide B receptor (NPR-
B), which binds C-type natriuretic peptide preferentially. Both NPR-A and NPR-B are
coupled to membrane bound (particulate) guanylate cyclase (GC), which activates the
downstream signaling pathways of cyclic guanosine monophosphate (cGMP), including
cGMP-dependent protein kinases | and 11, cGMP-gated ion channels and cGMP-regulated
phosphodiesterases.8 Natriuretic peptides are degraded by neutral endopeptidase (NEP)
24.11 (neprilysin), or clearance via natriuretic peptide receptor-C mediated internalization
into cells for lysosomal degradation. &° The biologic importance of the natriuretic peptides
in renal sodium handling has been demonstrated in multiple studies employing NPR
antagonists, as well as overexpression of ANP or BNP. Moreover, the concentrations of
natriuretic peptides that are detected in the circulation have provided important diagnostic
and prognostic information in heart failure.” For reasons that are not entirely clear, the
effects of the natriuretic peptides on teh kidney are blunted with advancing heart failure,
leaving SNS and RAAS signaling unopposed.10-12 The release of nitric oxide (NO) by
endothelial cells is a second biological system that plays a central role in mediating vascular
tone in heart failure. NO elicits physiological effects in cells by binding to cytosolic GC
(soluble GC [sGC]), leading to cGMP accumulation (Figure 2).

Sustained SNS and RAAS signaling leads, respectively, to increased circulating levels of
norepinephrine and angiotensin 11. These molecules have been referred to as neurohormones
in the literature, which is an historical term that reflects the observation that that many of the
molecules detected in the circulation of patients with HFrEF are produced by the
neuroendocrine system, and thus act on the heart in an endocrine manner. However, studies
have shown that many neurohormones (e.g., angiotensin 1) are synthesized by cell types
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residing within the myocardium, and thus act in an autocrine and paracrine manner.
Nonetheless, the important conceptual theme of the neurohormonal model is that the
overexpression of portfolios of biologically active molecules can contribute to the
pathogenesis of HFrEF because of the toxic effects of these molecules on the heart and
circulation (reviewed in 1). At some point, patients with LV dysfunction will develop classic
signs and symptoms of heart failure. The transition to symptomatic heart failure is
accompanied by further activation of the neurohormonal and inflammatory signaling
pathways, as well as a series of adaptive changes within the myocardium referred to as LV
remodeling (reviewed in references 2 3). Medical and device therapies that lead to improved
clinical outcomes in HFrEF patients almost always lead to decreased LV volume and mass,
and restore a more normal elliptical shape to the ventricle. These beneficial changes
represent the summation of biologic changes in cardiac myocyte size and function, as well
as modifications in LV structure and organization that are accompanied by shifts of the LV
end-diastolic pressure-volume relationship toward normal. Collectively, these changes are
referred to “reverse LV remodeling.” 1314 Relevant to this discussion, the assessment of LV
remodeling is a potential surrogate end point for drug or device effects on heart failure
outcomes. 1% 16

Conceptual Therapeutic Models for Heart Failure with a Reduced Ejection

Fraction

Investigators and clinicians have used different conceptual therapeutic models to develop
strategies for treating heart HFrEF. These models are described in detail elsewhere,7- 18 and
will be discussed here in brief to provide context for understanding more contemporary heart
failure therapies.

Cardiorenal model

The first conceptual therapeutic model was derived from clinical observations dating as far
back as 1680, that linked injury of the heart to the development of peripheral and/or
pulmonary edema, which was described historically as “hydrops” or “dropsy.” The
cardiorenal model posited that the formation of peripheral or pulmonary edema was the
result of an injury to the heart that either reduced the ability of the heart to eject blood
(“forward failure™), or impaired the ability of the heart to receive blood from peripheral
organs (“backward failure”).17 Increases in left and right-sided venous pressures led,
respectively, to pulmonary edema and/or peripheral edema by altering outward starling
forces thereby increasing the flow of fluid from the microvasculature into the interstitium.
As shown in Table 1, both interpretations of the cardiorenal model have merit, insofar as
injury to the heart often leads to inappropriate retention sodium and water by the kidney,
with resulting expansion of intravascular volume and interstitial edema. However, as
discussed above studies have shown that the inappropriate retention sodium and water by the
kidney is mediated by SNS and RAAS signaling, rather than decreased cardiac output, per
se. One of the major therapeutic advances of the cardiorenal model is that it led to the use of
diuretics to manage the volume overload in heart failure, which remains a mainstay of
therapy in the current era (Table 1)1°.
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Cardiocirculatory model

The second conceptual therapeutic model for treating heart failure was based on
physiological concepts derived from studies of ventricular mechanics, which demonstrated
that cardiac function was regulated by inotropy, as well as cardiac preload and afterload. The
“cardiocirculatory” or “hemodynamic” model proposed that heart failure was the result of
abnormal pumping capacity of the heart that was exacerbated by the increased afterload
imposed by peripheral arterial vasoconstriction.1” Although peripheral vasoconstriction
maintained perfusion to vital organs, it also increased the afterload on the heart, decreased
renal blood flow which lead to increased sodium retention by the kidney, and reduced blood
flow to exercising skeletal muscle, which was believed to contribute to exercise intolerance.
The cardiocirculatory model led to the use of orally active vasodilators to unload the failing
heart, and provided the scientific rationale for the first large scale morbidity mortality trial in
heart failure.20 Additionally, the cardiocirculatory model also led to the use of inotropic
agents to improve pumping capacity of the heart to stabilize hemodynamics and improve
symptoms. Although inotropes produced dramatic immediate short-term hemodynamic
effects, the long-term use of inotropes was associated with a dramatic and unexpected
increase in patient morbidity and mortality.18: 21 As shown in Table 1 the cardiocirculatory
model forms the basis for the current treatment of acute decompensated heart failure,
wherein diuretics, vasodilators and intravenous inotropic agents remain the primary available
therapies, despite multiple attempts to further expand the armamentarium.22-25
Unfortunately, the cardiocirculatory model impeded progress in the field of heart failure
conceptually, insofar as it prohibited the use of beta-adrenergic blocking agents, which
appeared counterintuitive because of their negative inotropic effects. Moreover, the
cardiocirculatory model did not recognize the importance of cardiac remodeling as a
mechanism for disease progression in heart failure.

Neurohormonal model

The neurchormonal model was based on the observation that many of the biologically active
molecules elaborated by the SNS and RAAS (e.g. norepinephrine, angiotensin 11,
aldosterone) were overtly toxic to the heart and circulation when expressed at levels that
were observed in the failing heart.28 The important conceptual advance of the
neurohormonal model is that it focused on heart failure fundamentally as a biological
problem rather than as a hemodynamic problem. The neurohormonal model led to the use of
beta-adrenergic blocking agents to block the deleterious effects of the sympathetic nervous
system in the heart, and angiotensin converting enzyme inhibitors, angiotensin receptor
blockers, and aldosterone antagonists to block the deleterious effects of RAAS. These
therapies were shown to clearly improve long term morbidity and mortality in a broad
population of patients with HFrEF, and collectively they represent the cornerstone of modern
guideline directed medical (GDMT) therapy for heart failure (Table 1). 2728 Although the
neurohormonal model has provided a number of important insights with respect to
explaining disease progression, as well as provided important insights in terms of drug
development for heart failure, many HFrEF patients continue to have progressive disease
despite optimal GDMT. Moreover, as heart failure progresses, many HFrEF patients become
refractory or intolerant to conventional medical therapy, often requiring the withdrawal of
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conventional medical therapies.2? Thus, there remains a clear need to develop additional
treatments for this population, in particular treatments that do not have overlapping side
effects or intolerances (hypotension, renal dysfunction, hyperkalemia) with existing
treatments.

Recent therapeutic advances in heart failure with a reduced ejection

fraction

In the preceding section we have described three conceptual models that were used to
develop heart failure therapeutics (see Table 1). In the section that follows, we will discuss
four new classes of heart failure therapeutics that have improved clinical outcomes in large
phase I1I trials in patients with HFrEF (see data summarized in Table 2). As will be
discussed three of these new therapeutic classes were developed based on the insights
provided by existing conceptual heart failure models, whereas one therapeutic class, the
SGLT2-inhibitors, has less well understood mechanisms of action, and may require refining,
expanding or developing new conceptual models of heart failure.

Angiotensin—Neprilysin Inhibition

Mechanism of Action.

Angiotensin receptor-neprilysin inhibitors (ARNI) represent a novel “second generation”
neurohormonal antagonist that combines a RAAS antagonist with a NEP inhibitor. NEP
inhibitors attenuate RAAS signaling by preventing degradation of peptides that serve as
natural counter-regulatory antagonists of RAAS signaling. NEP is expressed in multiple
tissues, including vascular endothelium, smooth muscle cells, myocytes, fibroblasts, kidney
tubule cells, and nerve cells. NEP degrades multiple peptides, including natriuretic peptides,
angiotensin |, angiotensin Il, endothelin-1, adrenomedullin, opioids, bradykinin, chemotactic
peptides, enkephalins, and a3®myloid- peptide (AB). NEP-mediated inhibition of the
degradation of natriuretic peptides leads to vasorelaxation and vasodilation of vascular
arteries, natriuresis, inhibition of hypertrophy, and fibrosis. On the other hand, inhibition of
the degradation of other vasoactive peptides, such as angiotensin II, angiotensin 1-7, and
endothelin-1, opposes the vasodilatory effects of natriuretic peptides. Accordingly, NEP
inhibition has variable effects on blood pressure.

Clinical Trials.

Because of the salutary effects of natriuretic peptides in heart failure, NEP inhibition has
been pursued as a therapeutic strategy. The early use of omapatrilat, a dual vasopeptidase
inhibitor that inhibits both ACE and NEP, was not shown to be more effective than ACE
inhibition alone in heart failure patients.39 In the Omapatrilat Versus Enalapril Randomized
Trial of Utility in Reducing Events (OVERTURE), which was conducted in 5770 chronic
heart failure patients, omapatrilat reduced the composite of cardiovascular death or
hospitalization (HR 0.91, 95% CI 0.84-0.99, = 0.024); however, there was no difference
between the therapies for the primary endpoint of death or heart failure hospitalization (P=
0.187).3! Parallel studies with omapatrilat in patients with hypertension demonstrated an
increased risk for serious angioedema, presumably due to increased bradykinin levels
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secondary to combined ACE inhibition and NEP inhibition. The clinical development of
omapatrilat was halted because of safety concerns.32

The next therapeutic attempt at NEP inhibition combined sacubitril, a prodrug neprilysin
inhibitor, with an angiotensin receptor blocker (ARB). This therapeutic class is referred to as
ARNISs (angiotensin receptor neprilysin inhibitors). The rationale for ARNIs was that the
risk of angioedema secondary to elevated bradykinin levels would be reduced by combing a
NEP inhibitor with an ARB rather than an ACE inhibitor. Given that valsartan dosing in
heart failure was relatively well understood,33 and leveraging the experience with
omapatrilat, sacubitril/valsartan was developed as a novel therapeutic agent for HFrEF
without going through traditional testing in a phase 11 trial. An initial trial of sacubitril/
valsartan compared to valsartan alone in 1328 patients with mild-moderate hypertension
provide evidence of the magnitude of blood pressure lowering (2—4 mm difference in
systolic blood pressure compared to valsartan), as well as initial evidence of safety.34 The
effect of sacubitril/valsartan on morbidity and mortality in heart failure with a reduced
ejection fraction was evaluated in a large phase I11 outcomes study, the Prospective
Comparison of ARNI with ACE Inhibition to Determine Impact on Global Mortality and
Morbidity in Heart Failure (PARADIGM-HF) trial.3> PARADIGM-HF was a double-blind
randomized controlled trial of enalapril versus sacubitril/valsartan in 8442 patients with
NYHA class -1V symptoms and an LVEF < 40%. The primary endpoint of PARADIGM
was the composite of time cardiovascular death or first heart failure hospitalization. For
inclusion in the trial, participants had to be taking a stable dose of ACE or ARB equivalent
to at least 10 mg of enalapril daily for at least 4 weeks. In addition, prior to randomization,
patients had to tolerate a single-blind run-in period of enalapril 10 mg twice-daily followed
by sacubitril/valsartan up-titrated to 97/103 twice-daily. The trial was stopped early by the
Data Safety Monitoring Board, given the overwhelming evidence for a clinical important
benefit of sacubitril/valsartan on the primary endpoint of cardiovascular death or heart
failure hospitalization with sacubitril/valsartan compared with enalapril (HR 0.80; 95% CI
0.73 to 0.87; P<0.001). The benefits with sacubitril/valsartan were consistent across study
endpoints including all-cause mortality (HR 0.84, 95% CI 0.76-0.93, £<0.001),
cardiovascular mortality (HR 0.80, 95% CI 0.71-0.89, £<0.001), and hospitalization for
heart failure (HR 0.79, 95% CI 0.71-0.89, £<0.001). These benefits were consistent across
a broad array of prespecified subgroups, and resulted in an estimated increase in survival of
1.4 years for a 55 year old patient treated with sacubitril/valsartan compared to enalapril.36
Patients receiving sacubitril/valsartan had more symptomatic hypotension and non-serious
angioedema, but less renal impairment, hyperkalemia, and cough than the enalapril group.
The findings from PARADIGM-HF supported the role of sacubitril/valsartan as superior to
ACE inhibition in the management of chronic heart failure with reduced ejection fraction,
leading to a class IA indication for patients with chronic symptomatic heart failure with
reduced ejection fraction (NYHA class Il or 111) to further reduce morbidity and mortality.
37,38 gacubitril/valsartan also has favorable effects on symptom burden in heart failure with
reduce ejection fraction. In PARAGIDM-HF, sacubitril/valsartan treatment led to clinically
important benefits on health-related quality of life as assessed by the Kansas City
Cardiomyopathy Questionnaire (KCCQ) compared with enalapril,3® as well as
improvements in functional status as estimated by NYHA class. Subsequent randomized
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clinical trials and additional analyses of completed studies have added to the overall picture
of both the clinical benefits and the safety of sacubitril/valsartan. The PIONEER study
established the safety and efficacy of early initiation (in hospital) of sacubitril/valsartan in
patients hospitalized for heart failure.40

Effects on LV Remodeling.

Given the atypical sequence of clinical development, there was substantial evidence for
improvement in clinical outcomes with sacubitril/valsartan prior to understanding whether
there were beneficial effects on reverse LV remodeling, which had been observed with prior
neurohormonal therapies that improve outcomes. Subsequent studies have confirmed the
substantial favorable effects on LV remodeling with sacubitril/valsartan. PROVE-HF, a
single arm multi-center study, demonstrated significant improvements in cardiac remodeling
with sacubitril/valsartan.#! As expected, the magnitude of the changes in LV remodeling
after initiation of sacubitril/valsartan was related to the risk of clinical outcomes, with those
patients having more favorable remodeling demonstrating improved prognosis.*2 Similar
findings on cardiac remodeling have been confirmed in the double blind EVALUATE trial,
which showed decreased systolic and diastolic ventricular volumes, as well as atrial volumes
with sacubitril/valsartan compared to enalapril 43

Sodium-glucose co-transoporter-2 (SGLT2) inhibitors

In contrast to the therapeutic development of ARNIs, which leveraged insights provided by
the neurohormonal model, the development sodium-glucose co-transoporter-2 inhibitors
(SGLT2i) as a therapy for heart failure with a reduced ejection was the result of FDA
policies that required that all new anti-diabetic drugs should be evaluated in large
cardiovascular outcome trials to establish the cardiovascular safety profile of new anti-
diabetic therapies. As will be discussed below, subsequent studies demonstrated a clear
benefit for this therapeutic class on important cardiovascular and renal outcomes. Although
data continues to accumulate, it appears that SGLT2i’s will be among the most important
advances in cardiovascular therapeutics of recent decades.

Mechanism of Action.

Since glucose is a polar molecule, it cannot be transported across the lipid cell membrane
and requires carrier proteins, referred to as a glucose transporter, in order to enter the cell.
Two families of glucose transporters have been identified, including facilitative diffusion
glucose transporters (GLUTS) and Na*/glucose cotransporters (SGLTs). There are two major
SGLT?2 isoforms in human tissues: SGLT1 and SGLT2.44 SGLT1 serves as a high-affinity,
low-capacity transporter that is able to transport glucose against a concentration gradient,
whereas SGLT-2 is low affinity, high-capacity transporter. Quantitative studies of SGLT1
and SGLT2 gene expression in human tissue have shown that SGLT1 is highly expressed in
the small intestine, whereas SGLT2 is very highly expressed in the kidney.** In human
tissue, SGLT2 mRNA is expressed ubiquitously (including the heart) and is generally 10—
100 higher fold than the expression of SGLT1 in the same tissues. One notable exception is
that SGLT1 mRNA is more highly expressed in the heart than SGLT2. Relevant to this
discussion, SGLT1 mRNA and protein have been detected in cardiac myocytes,*+ 4°
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whereas (at the time of the writing) there have been no comparable studies for SGLT2 in
cardiac myocytes. Studies using Mendelian randomization have estimated that lower SGLT1
expression would be associated with lower rates of obesity, diabetes, heart failure, and
mortality.*6

In the kidney, SGLT-2 is located in the S1 and S2 segments of the proximal tubule in the
kidneys and accounts for 90% of glucose reabsorption by the kidney. SGLT-1 is located in
the S3 segment of the proximal tubules, and accounts for the remaining 10% of glucose
absorption. SGLT-2 is also responsible for proximal tubular reabsorption of sodium, and the
passive absorption of chloride that is driven by the resulting electrochemical gradient in the
proximal tubule lumen. The increased absorption of sodium and chloride in the proximal
tubule results in lower chloride concentration delivered to the macula densa, which in turn
results in dilation of the afferent arteriole and increase glomerular filtration through “tubulo-
glomerular feedback,” which preserves renal blood flow and glomerular filtration rate.
Inhibition of SGLT2 results in a 1:1 stoichiometric inhibition of sodium and glucose uptake
in the proximal tubule of the kidney. This leads to contraction of the plasma volume and
modest lowering of blood pressure, without activation of the sympathetic nervous system.
The contraction of plasma volume may contribute to changes in markers of
hemoconcentration with SGLT2 inhibitors, including increases in blood urea nitrogen and
hematocrit, although the latter may also be on the basis of increased erythropoiesis. The
proximal natriuresis that occurs with SGLT2 inhibition results in afferent arteriole
vasoconstriction through tubulo-glomerular feedback, thereby reducing glomerular
hyperfiltration. Experimental studies showed that SGLT2 inhibitors reduce hyperfiltration
and decrease inflammatory and fibrotic responses of proximal tubular cells.4” Beyond
effects on traditional cardiovascular risk factors such as HbA1; and weight, SGLT2
inhibition also reduces plasma uric acid levels by 10% to 15% by increasing uricosuria via
exchange of filtered glucose.

Clinical Trials.

Although SGLT2i’s were developed originally as a glucose lowering anti-diabetic therapy,
SGLT2i’s demonstrated significant benefits on cardiovascular mortality, MI, and stroke in
cardiovascular outcome trials.#8-50 Somewnhat unexpectedly, there was also a consistent
signal in the trials of heart failure prevention in the SGLT2i treatment arm as compared to
placebo. The landmark EMPA-REG-OUTCOME study demonstrated a significant reduction
in the composite of CV death, non-fatal M, or stroke (hazard ratio in the empagliflozin
group, 0.86; 95.02% confidence interval, 0.74 to 0.99)°C. More striking was the 34%
reduction in heart failure hospitalization, that was consistently observed in patients with and
without a prior history of heart failure (10% of the EMPA-REG population).>! These
findings on CV outcomes were subsequently replicated for other SGLT2i’s, including
dapagliflozin (in the DECLARE-TIMI58 study)*® and canagliflozin (in the CANVAS and
CREDENCE studies).*8 52 These findings led to large programs designed to assess the
benefit of these agents in patients across the spectrum of heart failure patients, including
those with and without diabetes.
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The first of these studies to present the results was the DAPA-HF study of dapagliflozin in
patients with heart failure with reduced ejection fraction. DAPA-HF randomized 4744
patients with NYHA class I1-1V heart failure and EF <= 40% to either dapagliflozin or
placebo. This study demonstrated a significant reduction in both the combined endpoint of
CV death + heart failure hospitalization (hazard ratio, 0.74; 95% confidence interval [CI],
0.65 to 0.85; P<0.001) as well as on CV death (hazard ratio, 0.82; 95% Cl, 0.69 to 0.98).53
Notably, these findings were completely consistent whether or not patients had diabetes at
baseline (42% of DAPA-HF population), showing for the first time important clinical
benefits in patients without diabetes. Dapagliflozin also improved quality of life in this study
assessed by the KCCQ, making this one of the few classes to improve morbidity, mortality,
and quality of life in heart failure with reduced ejection fraction.>* More recently, the
EMPEROR-Reduced study with empagliflozin also reported similar beneficial effects in
heart failure patients with reduced ejection fraction. In a similar heart failure with reduced
ejection fraction population to the DAPA-HF study (NYHA Class 11-1V, EF <=40%), 10 mg
of empagliflozin daily reduced heart failure hospitalization (hazard ratio 0.75; 95% CI, 0.65
to 0.86; P<0.001) compared to placebo®®. In this study, however, the reduction in CV death
with empagliflozin did not reach statistical significance (Hazard ratio = 0.92, 95% Cl, 0.75
to 1.12). Quality of life was improved with empagliflozin treatment compared to placebo,
similar to prior results with dapagliflozin.>8 The combined data from the DAPA-HF and
EMPEROR-Reduced trials have been recently summarized in a meta-analysis.>’

Another recent study, the SOLOIST-WHF trial, focused on a different population and
clinical scenario. This trial randomized 1222 patients with diabetes regardless of ejection
fraction to either sotagliflozin or placebo.%® Sotagliflozin differs from other available
SGLT2i’s in that it inhibits both SGLT1 and SGLT2. Patients were enrolled at the time of a
discharge from a hospitalization for heart failure or soon thereafter. The primary endpoint
was CV death and total heart failure hospitalization (including recurrent heart failure
hospitalizations). This study showed a dramatic treatment effect for sotagliflozin in this
population, with a hazard ratio of 0.67 (95% confidence interval [CI], 0.52 to 0.85;
P<0.001). This was consistent regardless of ejection fraction at study entry, including for
patients with EF > 50%. Importantly, the study was discontinued early by the sponsor for
financial reasons and thus was underpowered to show more definitive effects on CV
mortality, but was broadly consistent with the findings from other HFrEF trials. This is
notable as the first study to show benefit on clinical outcomes in patients with heart failure
with preserved ejection fraction using a specific drug therapy. An additional notable feature
of the long term SGLT?2i trials has been their impact on slowing of the progression of
chronic kidney disease (Figure 3), which has been shown with dapagliflozin,>®
empagliflozin,®? and canagliflozin.>2 SGLT2i in heart failure patients are generally very well
tolerated, with very low risk of hypoglycemia, volume depletion, or hypotension similar to
placebo.53: 55

Effects on LV Remodeling.

Four studies have evaluated the effect of SGLT2i’s on LV remodeling in heart failure
patients with a reduced ejection fraction. 61-64 Three studies demonstrated a significant
decrease in LV volumes after a minimum of 3 months treatment with empagliflozin as
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compared to placebo.81:62.64 |n contrast 1 year of treatment with dapagliflozin in diabetic
heart failure patients did show beneficial effect of LV volumes by cardiac magnetic
resonance imaging.%3 Given that 100% of the patients in the dapagliflozin LV remodeling
study had diabetes, whereas the number of diabetics varied widely (0-78%) in the
empagliflozin trials, it is difficult to comment on whether the effects of SGLT2i’s on reverse
LV remodeling should or should not be viewed as a class effect.

The striking results with SGLT?2i in patients with HFrEF represent an exciting example of
“reverse translation (bedside to bench),” whereby the unexpected results of a clinical trial
serve as the stimulus to explore novel actions for a class of drugs that had demonstrated
marked effects on clinically meaningful heart failure outcomes. However, what is most
provocative about the reverse translation in this instance, is that it suggests that there are
unknown mechanisms of action for a “diabetic drug,” that are operative even in the absence
of diabetes. A number of cardiac and extra-cardiac mechanisms have been proposed,
increased natriuresis and diuresis, renal protective effects, enhanced cardiac substrate
metabolism, improved vascular stiffness, reduced LV mass, direct inhibitory effects on the
cardiac sodium-hydrogen exchanger, decreased inflammation, stimulation of cardiac
autophagy and mitophagy, reduction in adipokines, stimulation of erythropoietin (EPO)
production, and attenuation or renal afferent sympathetic nervous system activity (Figures
4).65-68 As summarized in Table 3, many of these mechanisms of action do not fit neatly
into one of the three aforementioned conceptual models for heart failure, rather the
pleiotropic mechanisms of action of SGLT2i’s place them at the intersection of metabolic,
hemodynamic, neurohumoral, and vascular endothelial pathways that impact the heart and
the kidney, all of which are important in the pathogenesis of heart failure regardless of the
LV ejection fraction. The precise mechanisms underlying the observed cardio-renal benefits
of SGLT2i’s is an area of active research that is likely to evolve rapidly.

Soluble guanylate cyclase stimulators

Mechanism of Action.

As noted above, NO is a free radical gas that serves as a key signaling molecule in the
vasculature and the heart. NO is produced by three different isoforms of NO synthase
(NOS), all of which are present in the heart, and include NOS1 (neuronal NOS [nNOS]),
NOS2 (inducible NOS [iNOS]) and NOS3 (so-called endothelial-constitutive NOS [eNOS]).
NO exerts it effects, at least in part, by binding to the soluble guanylate cyclase receptor
(sGC), which consists of a larger a-subunit and a smaller heme-binding p-subunit, which is
essential for detecting NO in the cytoplasm (Figure 2).89 Activation of SGC by NO requires
the presence of a reduced Fe2+ heme moiety on the p-subunit. Oxidation of the heme
moiety (Fe3+) abolishes endogenous NO-induced activation of sGG signaling. 7° NO-
induced activation of sGC leads to the production of cGMP, which mediates three
intracellular effector pathways, including cGMP-dependent protein kinases | and 11, cGMP-
gated ion channels and cGMP-regulated phosphodiesterases.59 The NO-sGC—-cGMP
pathway is crucial for the control of vascular homeostasis. In healthy subjects, NO is
released continuously by vascular endothelial cells, thereby promoting vascular smooth
muscle cell relaxation and vasodilation. Endothelium-dependent NO-mediated dilation of
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the peripheral vasculature is attenuated in heart failure patients, which has been attributed to
decreased NO bioavailability secondary to NOS3 uncoupling.’! The loss of NO
bioavailability impairs endothelium-dependent vasomotor regulation, and results in
peripheral arterial vasoconstriction and increased ventricular afterload. Thus, the
identification of impaired NO-sGC-cGMP signaling and the identification of sGC as a
therapeutic target in heart failure is rooted in biological and physiological insights provided
by the cardiocirculatory and neurohormonal heart failure models.

The relatively recent discovery of compounds that activate sGC in an NO-independent
manner led to the therapeutic development of sGC stimulators and sGC activators.”2 Soluble
GC stimulators directly stimulate the reduced form of sGC and enhance the sensitivity of the
reduced enzyme to low levels of bioavailable NO. In contrast sGC activators activate the
NO-unresponsive heme oxidized enzyme.®° The NO-independent stimulators of sGC have
been evaluated in several different heart failure trials, as will be discussed below.

Clinical Trials.

Vericiguat (BAY 1021189) is a novel oral soluble guanylate cyclase stimulator that has
undergone extensive clinical testing. Initial studies of vericiguat in heart failure included a
phase 11 program composed of 2 studies, SOCRATES-Reduced and SOCRATES-Preserved.
SOCRATES-Reduced randomized patients with LVEF < 45% within 4 weeks of a
worsening heart failure event (hospitalization for heart failure or treatment of worsening
heart failure with 1V diuretics in the ambulatory setting) to either placebo or 1 of 4 different
dosing regimens (from 1.5 mg daily to 10 mg daily).”® The primary endpoint of this phase 2
trial was change in log plasma NT-proBNP concentrations from baseline to 12 weeks.
Although the study did not meet its primary endpoint, there was evidence of greater
natriuretic peptide lowering in the higher dose arms, particularly 10 mg daily. The higher
dose of 10 mg daily was also associated with a reduction in the estimated risk of
rehospitalization of CV death, although this was not statistically significant in this phase 2
study (hazard ratio 0.53 (95%CIl, 0.25-1.16). In contrast to SOCRATES-Reduced, the
SOCRATES-Preserved study with a similar design in patients with EF > 45%, did not show
significant improvement on NT-proBNP concentrations.’4

The VICTORIA study randomized 5050 patients with NYHA class II-1V heart failure and
EF < 45% to verciguat 10 mg daily or placebo. Patients were selected to be a higher risk
cohort, requiring a heart failure hospitalization within the prior 6 months or outpatient 1V
diuretic therapy without hospitalization within the prior 3 months, as well as elevate
natriuretic peptide concentrations. Patients were followed for a median of 10.8 months, and
the primary endpoint was the composite of cardiovascular death or first heart failure
hospitalization. There was a significant treatment benefit for patients randomized to
verciguat with a hazard ratio 0.90 (95% CI 0.81-1.00).75 Deaths from cardiovascular causes
were non-significantly reduced with a hazard ratio of 0.93 (95% CIl, 0.81 to 1.06). Of note,
the overall risk profile of patients enrolled in VICTORIA was significantly higher than
patients enrolled in many other heart failure with reduce ejection fraction outcome trials,
with a 1 year control group event rate of 34% (compared to 14% in PARADIGM-HF, 16% in
DAPA-HF, and 28% for GALACTIC-HF), suggesting that the relatively modest relative risk
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reduction of 10% in the primary endpoint was associated with a clinically important absolute
risk reduction, given the high baseline risk of the study population.”® Although subgroup
analyses generally showed a consistent benefit of verciguat across subgroups, there was
notable heterogeneity with regard to baseline natriuretic peptide concentrations, with
patients with higher natriuretic peptide levels deriving less benefit.”” The clinical
interpretation of this finding remains uncertain, given the VICTORIA trial focused on higher
risk patients overall but the primary benefit seemed to be in the lower risk cohorts within the
trial. Verciguat was generally well tolerated, with verciguat treatment associated with more
symptomatic hypotension (9.1% vs. 7.9%) and anemia (7.6% vs. 5.7%). Based on the results
of the VICTORIA trial, the FDA has approved vericiguat to lower the risk of heart failure in
high-risk patients who have symptomatic, chronic heart failure with reduced ejection
fraction < 45%.

Effects on LV Remodeling

In an echocardiographic sub-study of the VICTORIA trial, patients were studied at baseline
and after 8 months of therapy (n = 211 in each arm). The primary endpoint was a change in
LV ejection fraction (LVEF) and LV end-systolic volume index (LVESVI). The VICTORIA
echocardiographic sub-study showed that both LV ejection fraction and LVESVI
significantly improved from baseline in both arms through 8 months of treatment. However,
treatment with vericiguat had no additional significant effect on LV ejection fraction or
LVESVI as compared to placebo.’®

Cardiac Myosin Activators

Because decreased cardiac output is regarded as a cardinal feature of heart failure with a
reduced ejection fraction, there have been many attempts to develop inotropic agents to
improve cardiac output by increasing the force of cardiac contraction (cardiocirculatory
model). However, despite three decades of intensive efforts, no positive inotrope is currently
approved for long-term use in chronic heart failure with a reduced ejection fraction.
797979geveral reasons have been proposed for the negative outcomes of clinical trials with
positive inotropic agents, including patient selection, trial design and trial end points. 79
Moreover, it should also be recognized that many of the compensatory mechanisms that are
activated in HFrEF restore cardiac output to normal or near normal levels in the early stages
of the disease, 0 albeit at the expense of inappropriate salt and water retention and excessive
activation of the SNS and RAAS.

Omecamtiv mecarbil is a first-in-class small-molecule activator of cardiac myosin ATPase
that increases the proportion of myosin heads that are tightly bound to actin. Omecamtiv
mecarbil increases force generation of the heart by prolonging myocardial contraction. To
differentiate myosin activators from classic inotropes, they have been referred to as
“myotropes”.81 Whereas inotropic agents increase cardiac output by increasing intracellular
calcium levels in the cell, which can lead to myocardial ischemia and cardiac arrhythmias,
omecamtiv mecarbil does not alter intracellular calcium concentrations and should
presumably have a more favorable safety profile. However, given that omecamtiv mecarbil
increases systolic ejection time, there is at least theoretical concern that this agent could
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adversely affect diastolic coronary filling and potential myocardial ischemia. Early data in
patients with known ischemic cardiomyopathy did not suggest an increase in ischemia with
exercise treadmill testing during OM treatment.82 Clinical trials have consistently
demonstrated a small increase in circulating cardiac troponin concentrations in patients
treated with omecamtiv mecarbil compared to placebo (on the order of 1-4 ng/L), which
resolves on discontinuation of omecamtiv mecarbil. Early studies also found that supra-
therapeutic plasma concentrations (> 1200 ng/mL) of were associated with adverse ischemic
events. Subsequent implementation of a therapeutic drug monitoring protocol targeting
plasma concentrations < 300 pg/mL was successful at avoiding supratherapeutic drug levels
in subsequent studies.83 Omecamtiv mecarbil prolonged systolic ejection time in a dose
dependent manner and thereby improves stroke volume and systolic cardiac performance in
both normal healthy volunteers84 and in patients with heart failure with a reduced ejection
fraction.8®

Clinical Trials.

The ATOMIC-HF study was a randomized dose finding clinical trial of short term (48 hour)
infusion of omecamtiv mecarbil in patients with acute decompensated heart failure,
ATOMIC-HF study, showed improvement in systolic ejection time and suggested of
improvement in dyspnea in the higher dose group.88 Subsequently in a larger phase 2
clinical trial in heart failure with a reduced ejection fraction, the COSMIC study,
administration of omecamtiv mecarbil for 20 weeks increased left ventricular systolic
ejection time and stroke volume, decreased left ventricular systolic and diastolic volumes
suggesting beneficial reverse cardiac remodeling, and reduced plasma natriuretic peptide
concentrations and heart rate.8” These Phase 1l trial findings were notable in that
interventions that lower natriuretic peptides and induce favorable LV remodeling have
generally been shown to improve heart failure outcomes in cardiovascular death in larger
trials. Subsequently analyses of these data also suggested improvements in health related
quality of life.88

The Global Approach to Lowering Adverse Cardiac Outcomes through Improving
Contractility in Heart Failure (GALACTIC-HF) study was a global, phase 3, double blind,
placebo controlled randomized clinical trial evaluating the efficacy and safety of omecamtiv
mecarbil compared to placebo in 8256 patients with symptomatic (NYHA class 11-1V) heart
failure with an ejection faction < 35%. 89 90 Enrolled patients were required to be currently
hospitalized for heart failure (inpatients) or had an urgent visit to the emergency department
or been hospitalized for heart failure within 1 year before screening (outpatients). All the
patients had elevated natriuretic peptides (N-terminal pro—B-type natriuretic peptide (NT-
proBNP) level of = 400 pg/mL (1200 pg/mL for patients in atrial fibrillation) or B-type
natriuretic peptide (BNP) = 125 pg/mL (375 pg/mL for patients in atrial fibrillation).
GALACTIC demonstrated a significant improvement in the primary endpoint, a composite
of time to first heart failure event or death from cardiovascular causes (hazard ratio, 0.92;
95% confidence interval [CI], 0.86 to 0.99; P = 0.03).91 This finding was driven primarily by
improvement in heart failure hospitalization events, as there was no difference in
cardiovascular mortality ((hazard ratio, 1.01; 95% CI, 0.92 to 1.11). Subgroup analyses
suggested that patients with lower ejection fractions and in normal sinus rhythm were more
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likely to have a favorable treatment effect with omecamtiv mecarbil. There did not appear to
be a significant improvement in quality of life in the study population overall, although there
were potentially important differences noted between those enrolled as inpatients vs. those
enrolled as outpatients in the effect of omecamtiv mecarbil on quality of life. Although
modestly elevated cardiac troponin was observed in omecamtiv mecarbil treated patients in
GALCTIC consistent with prior studies, there was no increase in myocardial ischemia
events, ventricular arrythmias, or mortality compared to placebo. An additional Phase 11
trial called METEORIC-HF (NCT03759392) is currently enrolling focused on the effect of
omecamtiv mecarbil on exercise capacity as measured by cardiopulmonary exercise testing
and actigraphy. The results of the subgroup analyses of GALACTIC-HF which suggested
that patients with lower ejection fractions and in normal sinus rhythm were more likely to
have a favorable treatment effect with omecamtiv mecarbil suggests that depressed
contractile function is both necessary and sufficient to explain pathogenesis of heart failure
in patients with more advanced disease. Multiple ongoing analyses will provide additional
data to clarify the potential role of omecamtiv in heart failure care.

In the foregoing review we have discussed the results of recent heart failure clinical trials
that have employed novel therapeutic classes of pharmacologic agents. With the exception of
SGLT?2 inhibitors, each of these therapeutic advances were informed by the insights
provided by existing conceptual models of heart failure. For example, ARNIs and soluble
guanylate cyclase stimulators attenuate the deleterious effects of SNS and RAAS signaling
by upregulating cGMP-mediated signaling pathways that directly counteract the deleterious
effects these signaling pathways (neurohormonal model). The early success with this
therapeutic strategy has given rise to other approaches to augment endogenous natriuretic
peptide and nitric oxide mediated signaling, using phosphodiesterase 9 inhibitors to delay
cGMP degradation.92 Omecamtiv mecarbil improves the hemodynamic profile of patients
with advanced heart by directly targeting sarcomere function rather than by altering calcium
handling, suggesting that small molecules that allosterically modulate troponin or myosin
might be also be developed in the future (hemodynamic model).93 While the mechanisms of
action of SGLT2i’s are unknown and represent an area of active investigation, this
therapeutic class of drugs has stimulated considerable interest in additional strategies to
improve cardiac energy production (hemodynamic model) as well as improve renal function
(cardiorenal model). The recent observation that SGLT2i’s may also attenuate excessive
SNS signaling (neurohormonal model),% raises the intriguing possibility that a single
therapeutic class of drug may favorably impact all aspects of the pathogenesis of heart
failure. In addition to ongoing efforts to develop new therapies, how best to combine
available therapies in an era of multiple effective drugs remains a major focus of clinical
research. 9
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Non-standard Abbreviations and Acronyms

HFrEF Heart failure with reduced ejection fraction

ARNI angiotensin receptor neprilysin inhibitors

SGLT2i sodium-glucose co-transoporter-2 inhibitors

SNS sympathetic nervous system

RAAS renin-angiotensin aldosterone system

Lv Left ventricular

ANP atrial natriuretic peptide

BNP B-type natriuretic peptide

cGMP cyclic guanosine monophosphate

NPR A natriuretic peptide A receptor

NPR-B natriuretic peptide B receptor

GC guanylate cyclase

NEP neutral endopeptidase

NO nitric oxide

sGC soluble guanylate cyclase

GDMT guideline directed medical therapy

ACE angiotensin converting enzyme

OVERTURE Omapatrilat Versus Enalapril Randomized Trial of Utility
in Reducing Events

HR Hazard ratio

Cl confidence interval

ARB angiotensin receptor blocker

PARADIGM-HF Prospective Comparison of ARNI with ACE Inhibition to

Determine Impact on Global Mortality and Morbidity in
Heart Failure
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Figure 1. Pathogenesis of heart failure with a reduced ejection fraction
A, heart failure begins after a so-called index event produces an initial decline in pumping

capacity of the heart. B, The initial decline in cardiac output is perceived as “arterial
underfilling” by peripheral arterial baroreceptors, which leads to a withdrawal of
parasympathetic tone that is accompanied by a reciprocal increase in sympathetic
(adrenergic) nervous activity (sympthovagal imbalance). The increase in sympathetic
nervous signaling leads to activation of the renin angiotensin aldosterone system in the
kidney, increased contractile force of the heart, and peripheral arterial vasoconstriction. In
the short term, these changes restore cardiovascular function to a normal homeostatic range,
with the result that the patient remains asymptomatic. With time, however, the sustained
activation of these systems can lead to secondary end-organ damage within the ventricle,
with worsening LV remodeling and subsequent cardiac decompensation. (From Mann DL.:
Mechanisms and models in HF: a combinatorial approach. Circulation 199;100:99)
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Figure 2. Natriuretic peptides and particulate (pGC) and soluble (sGC) guanylyl cyclase
signaling pathways.

The natriuretic peptide system consists of five structurally similar peptides: ANP, urodilatin
(an isoform of ANP), BNP, C-type natriuretic peptide (CNP), and dendroaspis natriuretic
peptide (DNP). Natriuretic peptides bind to GC-A/NPRA and/or GC-B/NPRB (membrane-
bound/particulate guanylate cyclases [pGCs]) and activate the signaling pathways of cyclic
guanosine monophosphate (cGMP). The GC-A/NPRA receptor preferentially binds ANP
and BNP, and the GC-B/NPRB receptor preferentially binds CNP. Both NPR-A and NPR-B
are coupled to particulate particulate guanylate cyclase. Nitric oxide (NO) binds to soluble
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guanylate cyclase (sGC) in the cytoplasm, inducing cGMP production and activation of
cGMP signaling pathways. Once the intracellular concentration of cGMP increases, cGMP-
gated cation channels, cGMP-dependent protein kinases generate important biological
responses in different tissues. Cyclic nucleotide phosphodiesterases (PDEs) hydrolyze
cGMP thus inhibiting signal transduction. The PDEs are comprised of a superfamily of 11
diverse isozymes (humbered PDE1, PDE2, etc) that are compartmentalized within the cell.
PDES is primarily expressed in the vascular smooth muscle cells and catabolizes cGMP
generated by soluble guanylate cyclase. PDE9 also catabolizes cGMP, but is primarily
expressed in the gastrointestinal tract, kidney and brain and catabolizes cGMP generated by
particulate guanylate cyclase. The natriuretic peptides are degraded by two major
mechanisms: natriuretic peptide C receptor (NPR-C) —mediated internalization, followed by
lysosomal degradation and enzymatic degradation by neutral endopeptidase (NEP) 24.11
(neprilysin), which is widely expressed in which is widely expressed in multiple tissues,
where it often is co-localized with angiotensin converting enzyme. (Other abbreviations:
ANP- atrial natriuretic peptide, BNP- brain (B-type) natriuretic peptide, CNP —C type
natriuretic peptide, GC-A, particulate guanylyl cyclase A; GC-B, particulate guanylyl
cyclase B; GTP, guanosine triphosphate; NOS, nitric oxide synthase; NPRA — natriuretic
peptide receptor A, NPRB — natriuretic peptide receptor B, NPRC — natriuretic peptide
receptor C)
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Figure 3. Summary of Potential Renal Protective Mechanisms of SGLT2 Inhibitors.
(Reproduced from: Cherney DZI and Verma S. DAPA-CKD: The Beginning of a New Era in

Renal Protection. JACC Basic Transl Sci. 2021;6:74-77.)
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Figure 4. Potential Direct Myocardial and Indirect + Systemic Effects of SGLT2 inhibitors
(Key: CAMKII = calmodulin-dependent protein kinase Il; EPO = erythropoietin; NHE =

sodium/hydrogen exchanger; NLRP3 = nucleotide-binding oligomerization domain, leucine-
rich repeat, and pyrin domain-containing 3; SGLT2; = sodium glucose co-transporter 1(2)
inhibitor; SNS = sympathetic nervous system. (Reproduced from Lopaschuk GD and Verma
S. Mechanisms of Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2)
Inhibitors: A State-of-the-Art Review. JACC Basic Transl Sci. 2020;5:632-644).
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Table 1:

Conceptual Therapeutic Models for Heart Failure with a Reduced Ejection Fraction

Page 30

Heart Failure Models

Conceptual Advances

Conceptual Disadvantages

Therapeutic Advances

Cardiorenal

Recognized the contribution of
cardiac injury to the pathogenesis of
heart failure

Did not explain disease progression

Led to the use of diuretics

Recognized the importance of
inappropriate sodium retention by
the kidney

Impeded progress with vasodilators

Impeded progress with p-blockers

Cardiocirculatory
Model
(Hemodynamic)

Recognized the importance of the
peripheral circulation

Did not explain disease progression

Led to the use of
vasodilators

Fostered widespread use of inotropes

Impeded progress with p-blockers

Neurohormonal

Heart failure viewed as a biological
problem, not as a hemodynamic
problem

Does not explain disease progression
completely

Does not predict success for all
“neurohormonal” antagonists

Led to the use of ACEI, B-
blockers, Aldosterone
antagonists and ARBs

Does not explain the benefit of emerging
device therapies

(Modified from Mann DL. The evolution of modern theory and therapy for heart failure. Prog Ped Cardiol. 2014;37:9-12)
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Summary of Benefits of Novel Therapies for HF with reduced ejection fraction on clinical endpoints

Table 2.

Sacubitril/valsartan | SGLT2 inhibitors | Vericiguat | Omecamtiv mecarbil
Improves LV remodeling Yes Yes No Yes
Decreases natriuretic peptides Yes Yes Yes Yes
Improves symptoms/quality of life Yes Yes ? ?
CV death or HF hospitalization Yes Yes Yes Yes
Improves CV mortality Yes Yes No No
Improves HF hospitalizations Yes Yes Yes Yes
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Table 3:

Overview of Potential Mechanism of Beneficial Cardiovascular Effects of SGLT2 Inhibitors

Conceptual Model of Heart
Failure

Mechanism of action

Cardiorenal

Stimulation of natriuresis

Stimulation of osmotic diuresis

Decreased tubulo-glomerular feedback

Cardiocirculatory

Improved systolic and diastolic function

Improved cardiac filling conditions secondary to reductions in preload and afterload

Inhibition of cardiac fibrosis

Increased cardiac output, increased coronary blood flow mediated by increased levels of circulating glucagon

Improved myocardial energetics

Neurohormonal

Decreased central nervous system sympathetic nervous activity

Other

Reduction in myocardial CaM kinase Il activity

Increased erythropoietin

Increased circulating proangiogenic progenitor cells

Inhibition of cardiac myocyte Na+/H exchanger

Improved endothelial function

Increased mitophagy/autophagy

(Modified from Lam CSP et al. SGLT2 Inhibitors in heart failure: Current management, unmet needs, and therapeutic prospects. Journal of the
American Heart Association. 2019;8:€013389).
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