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Abstract: Heart failure (HF) and diabetes mellitus (DM] frequently coexist, with a prevalence
of DM of 35-40% in patients with HF, independent of the level of impairment of the ejection
fraction (EF). Furthermore, DM is considered a strong independent risk factor for the
progression of HF with either preserved or reduced EF and is associated with poor prognosis.
The ability of neprilysin inhibitors to elevate levels of biologically active natriuretic peptides
has made them a potential therapeutic approach in HF. In the Prospective comparison of ARNi
with ACEi to Determine Impact on Global Mortality and morbidity in Heart Failure (PARADIGM-
HF) trial, a dual-acting angiotensin-receptor-neprilysin inhibitor, sacubitril/valsartan was
superior to enalapril in reducing the risks of death and HF hospitalization in patients with

HF with reduced EF. In addition, in a post-hoc analysis of this trial, among patients with

DM, treatment with sacubitril/valsartan resulted in improved glycemic control compared

with enalapril. Also, there are additional studies suggesting beneficial metabolic effects of
this class of drugs. In this review we discuss potential mechanisms of sacubitril/valsartan
effect on glycemic control. Sacubitril/valsartan concomitantly blocks the renin-angiotensin
system and inhibits neprilysin, a ubiquitous enzyme responsible for the breakdown of more
than 50 vasoactive peptides, including the biologically active natriuretic peptides, bradykinin,
angiotensin | and I, endothelin 1, glucagon, glucagon-like peptide-1, insulin-B chain, and
others. There are a number of potential mechanisms by which inhibition of neprilysin may lead
to improvement in glycemic control, with most evidence suggesting modulation of neprilysin
circulating substrates. Although there is some evidence suggesting the improvement of
glucose metabolism by renin-angiotensin system inhibition, this effect is most likely modest.
As these mechanisms are not fully understood, detailed mechanistic studies, as well as

large randomized clinical trials in patients with DM, are needed to further clarify beneficial

metabolic properties of sacubitril/valsartan.
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Introduction

Heart failure (HF) and diabetes mellitus (DM)
are frequent co-morbidities, with a prevalence of
DM as high as 35-40% in patients with HF, inde-
pendent of ejection fraction (EF) impairment.!
Moreover, DM is considered to be a strong inde-
pendent risk factor for the progression of HF with
either preserved or reduced EF,? while presence
of both is associated with a poor subsequent prog-
nosis, as shown in both observational studies and
clinical trials.?->

Despite the fact that angiotensin-converting enzyme
(ACE) inhibitors, angiotensin AT1 receptor
blockers (ARBs), beta-blockers, and mineralo-
corticoid receptor antagonists (MRAs) were ben-
eficial in HF (including DM), mortality in these
patients still remains high.® Also, they are usually
combined with diuretics and ivabradine.

ACE inhibitors improved symptoms and reduced
morbidity and mortality in patients with HF and
type 2 DM, and are recommended in this group
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of patients. In the Studies Of Left Ventricular
Dysfunction (SOLVD) trial, there was a signifi-
cant mortality reduction in DM patients with HF
randomized to enalapril.” In the Assessment of
Treatment with Lisinopril and Survival in heart
failure (ATLAS) trial high-dose lisinopril treat-
ment resulted in mortality and HF hospitaliza-
tion risk reduction in patients with and without
type 2 DM.8 Meta-analysis including six studies
(2398 DM and 10,188 non-DM patients) found
that HF treatment with ACE inhibitors resulted
in reduced mortality in both groups.® However,
hypoglycemia has been reported with ACE inhib-
itors treatment in type 2 DM on glucose-lowering
treatment, so glucose monitoring is necessary.!?
ARBs also have beneficial effects in patients with
HF and DM.!! In the CHARM-Alternative trial,
candesartan reduced cardiovascular (CV) mor-
tality and morbidity in HF patients intolerant to
ACE inhibitors.!2 However, as DM patients
treated with candesartan had a 2-fold risk of
hyperkalemia, kidney function and potassium
monitoring is necessary when ARBs are used in
this group of patients.!213 Beta-blockers reduced
mortality and hospital admission, and improved
symptoms in both DM and non-DM patients.!4
In a meta-analysis of six trials, beta-blockers
reduced all-cause mortality in patients with and
without type 2 DM.!5 Also, in a meta-analysis of
CIBIS-2, MERIT-HF and COPERNICUS,
patients with type 2 DM (z=1883) had reduced
mortality when treated with beta-blockers.®
Hypoglycemia has been described with non-car-
dio-selective beta-blockade (propranolol), but
not with beta-1-selective agents or with carve-
dilol.16:17 Treatment with MRAs was associated
with improved outcomes in HF patients with and
without DM.!® Spironolactone and eplerenone
reduced mortality in both patients with HF,
regardless of the presence or absence of type 2
DM.1% Meta-analysis of four studies found that
MRA treatment was associated with improved
clinical outcomes in patients with DM and HF.
Also, eplerenone seems to have a neutral meta-
bolic profile.2? The most serious adverse effect of
MRA:S is hyperkalemia, so surveillance of kidney
function and potassium is mandatory. Loop diu-
retics are recommended to reduce HF symp-
toms, while thiazides have been shown to
promote hyperglycemia.?! Also, ivabradine dem-
onstrated a significant reduction in CV death or
HF hospitalization, regardless of the presence or
absence of type 2 DM.22

On the other hand, sodium-glucose co-transporter
type 2 inhibitors are novel glucose-lowering
agents shown to reduce HF hospitalizations in
CV outcome trials.23:2¢ Furthermore, two agents
from this class have been shown to reduce the
combined risk of CV death or HF hospitalization
in patients with HF with reduced EF (HFrEF),
regardless of the presence or absence of DM, and
seem to have become game changers in the treat-
ment of HFrEF.25:26 Also, there is currently an
ongoing study investigating the potential benefit
of empagliflozin in patients with HF with pre-
served EF (HFpEF) (EMPagliflozin outcomE
tRial in Patients With chrOnic heaRt Failure
With Preserved Ejection Fraction-EMPEROR-
Preserved).

The ability of neprilysin (NEP) inhibitors to ele-
vate levels of biologically active natriuretic peptides
has made them a potential therapeutic approach in
HF. First NEP inhibitors ecadotril and candoxatril
were initially tested in HF, but lack of efficacy and
side effects led to discontinuation of their develop-
ment.?” Although the dual ACE/NEP inhibitor
omapatrilat was found to be protective against
HF,?8 it was not approved for clinical use due to
increased frequency of angioedema?2°-30

Sacubitril/valsartan (formerly known as LCZ696)
is a dual-acting angiotensin-receptor—NEP inhib-
itor, that contains equimolar amounts of valsar-
tan, a type 1 angiotensin II receptor (ATI)
blocker (ARB), and sacubitril, a prodrug that is
hydrolyzed into the active NEP inhibitor
LBQ657.3%31 The combined ARB/NEP inhibitor
was developed to address two pathophysiological
mechanisms underlying HF—activation of the
renin—angiotensin aldosterone system (RAS) and
decreased sensitivity to natriuretic peptides
(NPs). In the Prospective comparison of ARNi
with ACEi to Determine Impact on Global
Mortality and morbidity in Heart Failure
(PARADIGM-HEF trial), sacubitril/valsartan was
superior to ACE inhibitor enalapril in reducing
the risks of death and HF hospitalization in
patients with HFrEF, which led to its approval by
U.S. Food and Drug Administration for the
reduction of HF hospitalization.32

The effect of earlier NEP inhibitors on glycemic
control has been investigated. Omapatrilat
improved whole-body insulin-mediated glucose
disposal, induced profound insulin sensitization
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and increased myocardial glucose uptake in obese
insulin-resistant Zucker rats.33 In addition, both
acute and chronic dual ACE/NEP inhibition with
mixanpril improved whole-body insulin-mediated
glucose disposal and insulin sensitivity in obese
Zucker rats.3%35 Because of these prior studies,
the reduction of new-onset DM was a pre-
specified outcome in PARADIGM-HF. However,
sacubitril/valsartan did not reduce the new-onset
DM compared with enalapril, probably due to a
very small number of new-onset diabetes cases
(n=84) during the course of the trial. In addition,
this endpoint might have been less sensitive to the
effect of sacubitril/valsartan on glucose control as
the study might not have been sufficiently pow-
ered, and may also have been to insensitive clini-
cal diagnosis of new-onset DM.

However, analysis investigating the relationship
between glycemic status and clinical outcomes in
this trial found that sacubitril/valsartan was ben-
eficial compared with enalapril, irrespective of
glycemic status.3® Furthermore, in a post-hoc
analysis of PARADIGM-HF trial among 3778
patients with DM and HFrEF, treatment with
sacubitril/valsartan resulted in a greater HbAlc
reduction compared with enalapril. Moreover,
during the 3-year course of the study, fewer sub-
jects in the sacubitril/valsartan arm required ini-
tiation of insulin therapy for glucose control.3” In
addition, an 8-week study among 92 obese hyper-
tensive patients found that sacubitril/valsartan
improved peripheral insulin sensitivity compared
with amlodipine, using the hyperinsulinemic—
euglycemic clamp.38

Taking into account both experimental and clini-
cal data previously mentioned, the aim of this
review is to present a detailed overview of poten-
tial mechanisms of sacubitril/valsartan on glyce-
mic impairment and discuss its potential favorable
metabolic effects.

Sacubitril/valsartan

Sacubitril/valsartan concomitantly inhibits NEP
and blocks RAS. NEP is an enzyme widely dis-
tributed in various tissues, including endothelial,
epithelial and smooth muscle cells, cardiac myo-
cytes, adipocytes, and pancreatic islets. It is
responsible for the breakdown of more than 50
vasoactive peptides, including the biologically
active NPs, bradykinin, angiotensin-(1-7),
endothelin-1, glucagon, glucagon-like peptide-1,

insulin-B chain, vasoactive intestinal peptide
(VIP), and many others.3° There are a number of
potential mechanisms by which inhibition of NEP
may lead to improvement in glycemic control
(Figure 1). Beneficial metabolic effect previously
shown is most likely due to the synergistic effect
of multiple circulating NEP substrates.

Natriuretic peptides

Experimental, clinical and epidemiological stud-
ies suggest that DM, obesity, and metabolic syn-
drome are characterized by NP deficiency, known
as NP handicap. This concept is based on numer-
ous reports showing that lower plasma NP con-
centrations in subjects without overt CV disorders
are associated with insulin resistance and DM,
whereas higher concentrations appear to be pro-
tective.#0 NP handicap leads to drop of plasma
NP level and/or tissue response in adipose tissue
and skeletal muscle, and therefore increase in cir-
culating NP level and/or tissue signaling may help
in treatment of metabolic disturbances. Thus,
chronic NEP inhibition, which degrades NP,
could raise circulating NP levels and preserve the
beneficial actions of NP signaling in metabolic
tissues. 4!

Several studies have suggested that both atrial
(ANP) and brain natriuretic peptide (BNP) levels
may relate to development of DM. During a
median follow-up of 12years in 7822 patients
included in the Atherosclerosis Riskin Communities
(ARIC) study, higher levels of NT-proBNP were
associated with a significantly decreased risk of
DM, even after adjustment for traditional risk
factors and fasting glucose.*? Similarly, individu-
als with one copy of an allele previously shown to
be associated with elevated mid-regional ANP
levels in plasma had a lower likelihood of incident
DM at a follow-up of 14 years.*3 Also, three out of
four tested variants in NPPA-NPPB (rs632793,
rs198389) associated with increased NT-proBNP
concentrations and reduced risk of type 2 DM in
the Women’s Health Study.** One such variant,
rs198389 in the NPPB promoter region, was
associated with a reduced risk of type 2 DM,
independently of established risk factors.*> Using
data from the Malmo Diet and Cancer study,
during 16-year follow-up, levels of circulating
mid-regional ANP (MRANP) were significantly
inversely associated with new-onset DM [odds
ratio (OR) 0.85; 95% confidence interval
(CI)=0.73-0.99; p=0.034] but not BNP (OR
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Figure 1. Potential mechanisms of sacubitril/valsartan effect on glycemic control.

0.92; 95% CI=0.80-1.06; p=0.262). This was
also true for the degree of fasting glucose progres-
sion over time, independently of other risk fac-
tors. In this study, lowest quartile of MRANDP was
associated with an approximately 60% increased
risk of developing DM when compared with the
top MRANP quartile and with a 40% increased
risk compared with all other subjects (the three
upper MRANP quartiles). A further large pro-
spective study was conducted and found that the
carriers of at least one copy of G allele of rs5068,
a genetic loci that was previously shown to be
associated with MR-ANP levels in plasma,*® had
lower likelihood of incident DM at a follow-up of
14 years, confirming a causal role of ANP metab-
olism in DM development.

In addition, studies have investigated the effect of
NPs on adipose tissue metabolism, suggesting
potential mechanisms and benefits of NEP inhi-
bition. Systemic ANP infusion led to a concentra-
tion-dependent increased lipolysis and secondary
increase in hepatic gluconeogenesis, most likely
through direct stimulation of NP receptors.

However, additional studies are needed to address
the exact mechanisms by which ANP changes
carbohydrate metabolism in humans.4’” Also,
intravenous ANDP infusion has been shown to
increase postprandial lipid oxidation [circulating
free fatty acids (FFA)], driving an increase in
postprandial energy expenditure.?’ In addition,
both ANP and BNP increased adiponectin (an
adipokine with insulin sensitizing properties) syn-
thesis by adipocytes, improving both glucose
metabolism and insulin resistance via the AMPK
signaling pathway.*%4% Intravenous administra-
tion of BNP may also contribute to a beneficial
metabolic profile by reducing circulating ghrelin
concentrations, decreasing hunger and increasing
satiety in healthy people.5° In addition, ANP was
shown to inhibit the secretion of pro-inflamma-
tory cytokines by a direct and indirect effect on
adipose tissue macrophages.5! Thus, increasing
adiponectin and reducing interleukin- 6 and
tumor necrosis factor-o secretion from adipose
tissue could enhance systemic insulin sensitivity.
Both ANP and BNP infusions have been shown
to lead to a functional switch of white adipocytes
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to behave like brown adipocytes with an increased
capacity for thermogenic energy expenditure.>2
Transplantation of brown fat in mice has been
shown to increase insulin sensitivity, improve glu-
cose tolerance, and reduce body weight.>3

Glucagon-like peptide 1

Recently published experimental and clinical
studies support the notion that augmentation of
glucagon-like-peptide 1 (GLP-1), a neuropeptide
of the incretin family and potent antihyperglyce-
mic hormone, by NEP inhibition might be one of
several mechanisms by which treatment with
sacubitril/valsartan could improve glucose con-
trol. In high-fat-fed NEP-deficient mice, improved
glycemic status was associated with elevated
active GLP-1 levels, reduced plasma DPP-4
activity and improved beta cell function, suggest-
ing beneficial metabolic effects of NEP inhibi-
tion.>%55 Initial human data supporting beneficial
effect of NEP inhibition via GLP-1 increase were
recently published. Three-month sacubitril/vals-
artan treatment in 27 patients with HFrEF (five
with DM) resulted in a median 57% (interquartile
range 46—65) plasma GLP-1 increase, irrespective
of clinical characteristics or antihyperglycemic
treatment.>®

Potential effects of other NEP substrates
Augmentation of other NEP substrates by NEP
inhibition may also play a role in glycemic con-
trol. Bradykinin, a NEP substrate, was shown to
have numerous effects that would contribute to
metabolic homeostasis. For example, bradykinin
significantly enhances insulin-stimulated glucose
transport in adipocytes via a nitric oxide (NO)-
dependent pathway that acts by modulating the
feedback inhibition of insulin signaling at the level
of insulin receptor signal 1.57 Also, the brady-
kinin—NO system plays an important role in glu-
cose uptake in skeletal muscle independent of
insulin.?® In addition, bradykinin enhances syn-
thesis of FFA, via lipolysis.5?

Insulin-B chain, which, together with the insulin-
A chain, comprises the insulin molecule, has been
recognized as a NEP substrate and might have
beneficial antihyperglycemic effects.!® Long-term
incubation of human adipocytes with endothelin-1,
which is reduced by NEP inhibition, results in
a significant increase in lipolysis. Moreover,
endothelin-1 attenuates the inhibiting effect of

insulin on lipolysis in visceral fat cells, thereby
contributing to the development of insulin resist-
ance in obesity.%0 In vitro and in vivo studies have
shown that the NEP inhibitor, candoxatril,
reduces glucagon degradation which is involved
in elevating glucose by promoting gluconeogene-
sis and glycogenolysis, as well as in regulating
lipolysis.®! Another NEP substrate, VIP%2 increases
glycogenolysis playing an important role in glu-
cose control. Angiotensin-(1-7) is also considered
a NEP substrate and involved in glucose homeo-
stasis improvement.53:64 NEP more efficiently
hydrolyzes angiotensin I to angiotensin-(1-7)
compared with ACE2.%5 It has been shown that
local RAS in pancreatic islet regulates local blood
flow, insulin synthesis and secretion, and beta cell
survival.®¢-%8 In addition, recent studies suggest
that NEP is expressed in islets and that both NEP
and ACE2 are required for angiotensin-(1-7) to
enhance insulin secretion i v1tr0.%%7° The findings
suggest that concurrent use of angiotensin-(1-7)
and NEP inhibitors as antihyperglycemic agents
requires further investigation.

Renin-angiotensin system

Inhibition of the RAS has also been shown to
improve glycemic control, although the potential
mechanism is not clear.”l:72 Angiotensin II pro-
motes insulin resistance, while ATI1-receptor
blockade modestly improves insulin sensitivity.”3
Also, it has been shown that ACE inhibitors and
ARBs improved metabolic syndrome in patients
with DM.7475 The possible mechanisms involve
improvement of insulin sensitivity, enhancement
of adipocyte differentiation, and ameliorated
inflammation. RAS blockade was found to reduce
the incidence of new onset of type 2 DM in clini-
cal trials such as Heart Outcomes Prevention
Evaluation (HOPE),’”® while in the Diabetes
Reduction Assessment with Ramipril and
Rosiglitazone Medication (DREAM) study, ram-
ipril did not reduce the incidence of DM, although
plasma glucose levels measured 2h after an oral
glucose load were significantly lower in the rami-
pril group.”’” Also, in the large population of
patients with impaired glucose tolerance and CV
disease or risk factors, the use of valsartan for
5years, along with lifestyle modification, led to a
14% relative reduction in the incidence of DM.8
Although there is some evidence suggesting the
improvement of glucose metabolism by RAS
inhibition, this effect is most likely to be modest.
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Finally, experimental animal studies and clinical
trials suggested benefits of angiotensin-receptor—
neprilysin inhibitors in DM complications. A
combination of irbesartan and thiorphan was
more effective in preventing diabetic nephropathy
and retinopathy compared with ARB monother-
apy.’%80 Furthermore, in HFpEF patients, sacu-
bitril/valsartan improved serum creatinine and
estimated glomerular filtration rate, lowered the
incidence of worsening renal function, while uri-
nary albumin to creatinine ratio was higher com-
pared with the valsartan treated group.8! However,
a clinical trial enrolling patients with DM is
needed in order to evaluate safety and efficacy of
sacubitril/valsartan in DM.

Conclusion

There is evidence suggesting that treatment with a
dual-acting angiotensin-receptor—neprilysin inhib-
itor (sacubitril/valsartan) resulted in improved gly-
cemic control. This beneficial metabolic effect is
most likely secondary to NEP inhibition and con-
sequent modulation of its circulating substrates.
However, these mechanisms of action are still elu-
sive. Thus, in future, detailed mechanistic studies
and large randomized clinical trials in patients
with type 2 DM are needed to look into the ben-
eficial metabolic properties of drugs of this class.
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