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Abstract

Neprilysin is a widely expressed peptidase with broad substrate specificity that preferentially
hydrolyses oligopeptide substrates, many of which regulate the cardiovascular, nervous and
immune systems. Emerging evidence suggests that neprilysin also hydrolyses peptides that play an
important role in glucose metabolism. In recent studies in humans, a dual angiotensin receptor—
neprilysin inhibitor (ARNI) improved glycaemic control and insulin sensitivity in individuals with
type 2 diabetes and/or obesity. Moreover, preclinical studies have also reported that neprilysin
inhibition, alone or in combination with renin—angiotensin system blockers, elicits beneficial
effects on glucose homeostasis. Since neprilysin inhibitors have been approved for the treatment of
heart failure, their repurposing for treating type 2 diabetes would provide a novel therapeutic
strategy. In this review, we evaluate existing evidence from preclinical and clinical studies in
which neprilysin is deleted/inhibited, we highlight potential mechanisms underlying the beneficial
glycaemic effects of neprilysin inhibition, and discuss possible deleterious effects that may limit
the efficacy and safety of neprilysin inhibitors in the clinic. We also review the favourable impact
neprilysin inhibition can have on diabetic complications, in addition to glucose control. Finally, we
conclude that neprilysin inhibitors may be a useful therapeutic option for treating type 2 diabetes;
however, their combination with angiotensin 11 receptor blockers is needed to circumvent
deleterious consequences of neprilysin inhibition alone.
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Introduction

There is growing evidence that neprilysin, a ubiquitous peptidase with broad substrate
specificity (also referred to as neutral endopeptidase, enkephalinase or EC 3.4.24.11) [1],
plays a role in glucose homeostasis. It preferentially hydrolyses oligopeptides by cleaving on
the N—terminal side of hydrophobic amino acid residues [1]. Some of its substrates, such as
the incretin glucagon-like peptide-1 (GLP-1) [2, 3], natriuretic peptides [4, 5] and
bradykinin [5, 6], are known to modulate glucose metabolism [7-10]. Neprilysin activity is
increased in plasma and metabolic tissues of mice with diet-induced obesity, and its levels
correlate with decreased insulin sensitivity and reduced beta cell function [11, 12]. In
humans, the data are less clear. While there is some evidence that plasma neprilysin levels
positively correlate with BMI and other features of the metabolic syndrome in humans [11,
13], this needs to be confirmed by additional studies.

Neprilysin inhibitors have been used for decades to treat acute diarrhoea [14] and have also
been studied for their blood pressure-lowering, natriuretic and analgesic properties [1]. In
both humans [15-17] and animals [3, 18-20], they have also been shown to improve insulin
sensitivity, beta cell function and glucose tolerance in diabetic and obese states. Given that
neprilysin inhibitors are now approved for use in humans with heart failure, a population in
which approximately 35% also have type 2 diabetes [21], it is both timely and important to
better understand the molecular mechanisms underpinning their glucoregulatory effects.

In this review, we summarise evidence supporting a beneficial effect of neprilysin inhibition
on glucose metabolism, with discussion of potential substrates that may act as mediators
(Fig. 1). In studies that found no benefit, we propose potential explanations. We also discuss
considerations for the clinical use of neprilysin inhibitors in the prevention and treatment of
type 2 diabetes.

Evidence for a beneficial effect of neprilysin inhibition on glucose

homeostasis The PARADIGM-HF study, a case for the use of neprilysin

inhibitors in type 2 diabetes

Data from three studies in humans support the use of neprilysin inhibitors in the prevention
and treatment of type 2 diabetes [15-17]. All demonstrated beneficial metabolic effects with
a combination drug (termed ARNi) comprising the angiotensin 11 receptor blocker (ARB)
valsartan plus the neprilysin inhibitor sacubitril. One study involved a post hoc analysis of
patients with type 2 diabetes and heart failure from the Prospective comparison of ARNI
with ACEI to Determine Impact on Global Mortality and morbidity in Heart Failure
(PARADIGM-HF) trial and showed that treatment with the ARNi for 3 years resulted in
greater reduction in HbA1; and fewer patients requiring initiation of oral glucose-lowering
medications or insulin therapy, compared with an ACE inhibitor alone [16]. In the second
study, treatment of obese hypertensive patients with the ARNi improved insulin sensitivity
and lipid mobilisation compared with those treated with amlodipine, a calcium channel
blocker [15]. While neither study included a valsartan-alone arm, the use of another drug
that inhibits the renin—angiotensin system (RAS), namely, enalapril, as comparator in the
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PARADIGM-HF study provided data to support the idea that neprilysin inhibition could be
a new therapeutic option for type 2 diabetes [16]. That is, the ARNi was superior to the RAS
blocker alone, so it is likely that the added benefit is explained by neprilysin inhibition.
Finally, in the third study, among 73 individuals with heart failure, including 16 with
diabetes, a change of treatment from either an ACE inhibitor or ARB to ARNi for 3 months
resulted in a decrease of plasma neprilysin activity that was associated with reduced
fructosamine levels, a marker of protein glycation [17]. This study, together with a previous
report [22], suggested that ARNi could exert beneficial effects on glycaemic control, at least
in part, by increasing circulating GLP-1 levels. In switching to the ARNI, elevated plasma
GLP-1 levels were observed, irrespective of the clinical characteristics of the patients or use
of other glucose-lowering medications, which comprised a dipeptidyl peptidase—4 (DPP-4)
inhibitor in some diabetic patients [22]. It is likely that this effect on GLP-1 was mediated
by neprilysin inhibition for two reasons: (1) neprilysin is known to cleave and inactivate up
to 50% of the GLP-1 entering the circulation [2, 3], and (2) there are no data showing that
ARB significantly increases GLP-1 levels.

To date, there are no reports of the metabolic effects of neprilysin inhibitors alone in
humans, probably because of the potential harm in elevating neprilysin substrates such as
angiotensin Il without strategies that can counter their deleterious effects (e.g. RAS
blockade; see section below on strategies to negate the potential harmful effects of neprilysin
inhibition). Instead, additional insight can be gleaned from preclinical observations with
genetic deletion or pharmacological inhibition of neprilysin (Table 1).

Positive impact of neprilysin deficiency or inhibition on glucose homeostasis

In isolated pancreatic islets from C57BL/6 mice, pharmacological inhibition of neprilysin
increased glucose-stimulated insulin secretion (GSIS) [23]. Also, islets from neprilysin-
deficient mice were protected against palmitate-induced insulin secretory dysfunction in
vitro [24]. In vivo, we have shown that high-fat-fed neprilysin-deficient mice display
improvements in insulin sensitivity, beta cell function and glucose tolerance, as well as beta
cell mass expansion [12, 25]. Furthermore, acute inhibition of neprilysin with subcutaneous
or intravenous administration of a pharmacological inhibitor increased insulin secretion and
sensitivity in a time- and/or dose-dependent manner in pigs, as well as in lean or obese
insulin-resistant rats [3, 18-20] (Table 1). Taken together, these data demonstrate
improvements in determinants of glucose tolerance and support the use of neprilysin
inhibition to improve the metabolic derangements of type 2 diabetes. However, the
molecular mechanisms underlying these beneficial effects remain to be elucidated.

Potential mechanisms by which neprilysin inhibition improves glucose

homeostasis

Neprilysin is known to degrade multiple peptides that have glucoregulatory properties (see
text box). Some studies support a glucose-lowering effect of neprilysin inhibition via
increased plasma levels of these substrates, including GLP-1 [3, 12, 17, 22], bradykinin [18,
26] and natriuretic peptides, atrial natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP) [27].
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One potential mechanism by which neprilysin inhibition improves glucose homeostasis may
be by increasing levels, and thereby the insulinotropic effects, of GLP-1 [2, 3]. This is
supported by recent studies in humans treated with ARNIi [17, 22], and by observations in
animals [12, 23]. We have shown that inhibition of islet neprilysin in vitro enhances both
glucose- and GLP-1-mediated insulin secretion in a GLP-1 receptor-dependent manner,
raising the possibility that islet neprilysin inhibition improves beta cell function by
preserving islet— and/or gut-derived active GLP-1 [23]. Moreover, we demonstrated in vivo
in high-fat fed, neprilysin-deficient mice that elevated active GLP-1 levels in plasma were
associated with improved glucose tolerance as a result of enhanced beta cell function and
insulin sensitivity [12]. Intriguingly, plasma DPP—4 activity was also reduced, suggesting
that neprilysin may regulate DPP-4 activity [12]. Indeed, it would be informative to
determine whether DPP—4 activity also decreases with pharmacological inhibition of
neprilysin in humans.

Plasma levels of bradykinin, another peptide degraded by neprilysin [5, 6], are increased by
neprilysin inhibition [28]. Bradykinin modulates glucose metabolism in peripheral tissues by
increasing insulin sensitivity [8, 9] and two animal studies have suggested that protection of
bradykinin from neprilysin-mediated degradation improves insulin action [18, 26]

In obesity, levels of circulating natriuretic peptides are reduced and this predicts the
development of type 2 diabetes [10]. In addition to their role in the cardiovascular system,
natriuretic peptides exert metabolic effects. ANP promotes lipid mobilisation from adipose
tissue, increases postprandial lipid oxidation, induces adiponectin release and reduces
adipose tissue inflammation [10]. BNP has similar effects, wherein its administration has
been shown to increase insulin sensitivity and decrease blood glucose levels [10]. Thus,
raising circulating levels of natriuretic peptides with neprilysin inhibitors [4, 27] may protect
against glucose intolerance and weight gain, in part by improving lipid mobilisation and
oxidation.

In addition to the neprilysin substrates discussed above, neprilysin degrades a number of
other peptides that have the potential to modulate glucose metabolism directly or indirectly,
including the incretin glucose-dependent insulinotropic peptide (GIP), other gut hormones
(cholecystokinin, peptide Y'Y, vasoactive intestinal polypeptide) and pancreatic polypeptide
(PP) (see text box). In fact, in mice, co-administration of exogenous PP with the neprilysin
inhibitor phosphoramidon resulted in greater plasma PP levels and reduced food intake [29],
suggesting that neprilysin inhibition may also have weight-reducing effects. Understanding
whether these peptides do in fact modulate glucose homeostasis under conditions of
neprilysin deficiency/inhibition is critical if neprilysin inhibitors are to be used to treat type
2 diabetes.

Arguments against a beneficial effect of neprilysin inhibition on glucose

homeostasis

In contrast to the above-mentioned positive effects of reduced neprilysin activity on glucose
homeostasis, some studies on deficiency/pharmacological inhibition of neprilysin have
raised some uncertainty with respect to the potential glycaemic effects of neprilysin
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inhibitors [11, 30-35]. Importantly, none of these studies showed detrimental effects on
glycaemic status, except one [30]. This latter study reported that 1-year-old neprilysin-
deficient mice on regular chow developed impaired oral glucose tolerance; however, the data
may have been confounded by selective weight gain resulting from increased food intake
[30]. By contrast, in other studies of genetic neprilysin deficiency, lack of neprilysin activity
did not alter the susceptibility of mice to high-fat-diet-induced glucose intolerance and
insulin resistance [11, 31, 32]. Regarding pharmacological studies in animals, while
subcutaneous or intravenous administration of a neprilysin inhibitor for an acute period (up
to 2 h) [3, 18-20] had a positive impact on glucose homeostasis, its oral administration for a
3 month period (12-14 weeks) failed to improve oral [33] or intraperitoneal [32, 34, 35]
glucose tolerance in high-fat-fed or diabetic rodents, suggesting that either the
bioavailability of inhibitor is lower when given orally or compensatory mechanisms are
activated over time that result in loss of inhibitor efficacy. Furthermore, studies that
employed an intraperitoneal [32, 34, 35] rather than oral route of glucose administration
during the tolerance test would have excluded any effect of neprilysin inhibition to enhance
the incretin effect. Thus, it is not possible to draw definitive conclusions in the absence of
further investigations that take into account these considerations.

An important consideration with neprilysin inhibition is that it also increases levels of
substrates capable of impairing insulin sensitivity and secretion (see text box), which might
be a possible explanation for the negative findings in the studies above. Indeed,
adrenomedullin, which increases with neprilysin inhibition [36], impairs glucose tolerance
by inhibiting insulin release [37]. Neprilysin is also a component of the RAS, where it
cleaves angiotensins | and 11 and generates the peptides angiotensin-(1-7) [38] and
angiotensin-(1-2) [6], both of which have been shown to have glucose-lowering/
insulinotropic effects [39]. In this context, we recently showed that loss of neprilysin activity
in murine pancreatic islets prevents the insulinotropic effect of angiotensin-(1-7) [39].
Moreover, neprilysin inhibition alone has been shown to increase angiotensin Il levels [28],
which may promote insulin resistance and beta cell dysfunction. Together, these finding
highlight the complexity of neprilysin inhibition and suggest that monotherapy may not be
sufficient to lower glucose levels or may even have some undesirable effects. Also, there
may be reduced efficacy when inhibitors are used for prolonged periods.

Considerations for clinical use of neprilysin inhibitors in type 2 diabetes

Strategies to increase the efficacy of neprilysin inhibitors

Combining a neprilysin inhibitor with another glucose-lowering agent may achieve a greater
therapeutic effect compared with neprilysin inhibition alone. As with other areas of
neprilysin research, efforts have so far focused largely on GLP-1-based effects. Since GLP—
1 is also a substrate of DPP-4, combining a neprilysin inhibitor with a DPP—4 inhibitor
could help improve glucose metabolism. In fact, a study in pigs demonstrated that dual
neprilysin and DPP-4 inhibition may have additive effects and therapeutic potential for type
2 diabetes, as combined neprilysin and DPP—4 inhibition was more effective at maintaining
active GLP-1 levels and enhancing insulin secretion than inhibition of either alone [3].
Unlike DPP-4, which cleaves active GLP-1 at a single site to yield truncated GLP-1(9—
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36)amide, neprilysin degrades both active and truncated GLP-1 at multiple sites [2, 40] (Fig.
2), limiting both GLP-1 receptor binding and activation. Thus, dual inhibition of neprilysin
and DPP-4 acts to stabilise and increase the half-life of active GLP-1 [3]. Results from
another study suggest that any residual neprilysin activity may negate the beneficial effects
of combined neprilysin plus DPP-4 inhibition [33]. That is, when neprilysin activity was
reduced by only 40% in diabetic Goto—Kakizaki rats treated with neprilysin and DPP—4
inhibitors, glycaemic control was not improved [33]. Additional studies, including in
humans, are therefore needed to determine whether dual neprilysin and DPP—4 inhibition
confers added benefit in terms of glycaemic control.

Importantly, neprilysin also degrades the GLP-1 receptor agonists exendin—4 [2] and
liraglutide [41], although both at a much slower rate than native GLP-1. Therefore,
evaluation of the effects of neprilysin inhibition in patients treated with GLP-1 analogues is
required.

Strategies to negate the potential harmful effects of neprilysin inhibitors

As discussed above, the efficacy of neprilysin inhibitors alone might be limited and/or
counterbalanced by elevationof neprilysin substrates that have deleterious effects on glucose
homeostasis. Thus, combining neprilysin inhibitors with drugs that can negate these effects
is desirable. In fact, this therapeutic rationale was the basis for the development of the ARNi
drug for heart failure and hypertension management. Combining neprilysin and RAS
inhibition limits the deleterious effects of increased angiotensin Il levels caused by
neprilysin inhibition, while exploiting beneficial vasodilatory and natriuretic effects resulting
from inhibition of natriuretic peptide degradation [4, 17, 27]. Furthermore, studies in
humans have demonstrated that combination of a neprilysin inhibitor with a RAS blocker is
superior in enhancing glycaemic control vs neprilysin inhibitor alone [15, 16]. Also, dual
ACE-neprilysin inhibition in rodents is more effective than inhibition of either ACE [18, 26,
42, 43] or neprilysin [18, 32, 34] alone at improving insulin sensitivity and glucose
tolerance, suggesting there is a synergistic or additive effect of combining ACE and
neprilysin inhibitors. However, since ACE inhibition also increases bradykinin levels,
caution is warranted in considering the clinical use of this combination because of the risk of
angioedema [44, 45]. Therefore, use of an ARNi, which inhibits neprilysin and blocks the
adverse effects of angiotensin Il without bradykinin potentiation, is more favourable. Also,
ARNI has already proven to be effective in improving glucose control in obese and type 2
diabetic individuals [15-17].

Given the close association of heart failure with obesity and type 2 diabetes, the use of an
ARNI in this specific population is of value because this new drug class offers both
improvement in glycaemic control and cardioprotection, while avoiding concomitant use of
neprilysin inhibitors with ACE inhibitors.

Beneficial effects of neprilysin inhibition on end-organ damage in type 2 diabetes

Beyond its beneficial impact on glycaemic control, neprilysin inhibition could also exert
favourable effects in treating diabetic cardiomyopathy, nephropathy, peripheral neuropathy
and vasculopathy (reviewed in [46]). In the PARADIGM-HF trial, the ARNi elicited
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superior cardioprotective [47] and nephroprotective [48] effects compared with RAS
inhibition alone, suggesting neprilysin could be a promising therapeutic target for delaying
end-organ damage in type 2 diabetes. However, as described above, neprilysin inhibitors
could only be administered in combination with RAS blockade to circumvent the potential
adverse effects of elevated angiotensin 11 levels.

Evaluating the safety of long-term neprilysin inhibition

Given that neprilysin has many substrates, evaluating the safety of chronic neprilysin
inhibition in humans is critical, particularly with respect to the potential accumulation of
amyloid in islets and brain over time.

Neprilysin has been demonstrated to cleave islet amyloid polypeptide (IAPP) [49], the
unique peptide constituent of islet amyloid in type 2 diabetes. In humans, aggregated 1APP
is associated with beta cell loss [50]. We showed that in amyloid-prone mouse islets,
neprilysin inhibition increased amyloid formation and beta cell apoptosis, whereas
upregulation of neprilysin had the opposite effect [51]. These data raise the possibility that,
despite initially having a positive effect in enhancing insulin release, chronic use of
neprilysin inhibitors in patients with type 2 diabetes could promote loss of beta cells, and
therefore lead to deterioration of glycaemic status over time. Interestingly, it is also possible
that the increase in GLP-1 with neprilysin inhibition may limit islet amyloid-induced beta
cell apoptosis [52]. To date, little information exists to address this concern of neprilysin
inhibition and islet amyloid in humans, as the PARADIGM-HF trial was short and
preclinical studies have all been performed in non-amyloidogenic animal models. Indeed, in
contrast to human IAPP, mouse IAPP does not form amyloid [53] and, therefore, human
IAPP transgenic mice are required to study islet amyloid. Thus, further work is needed to
determine whether sustained neprilysin inhibition increases islet amyloid deposition and
induces beta cell dysfunction.

With respect to the potential for neprilysin inhibition to increase amyloid accumulation in
the brain, there was no evidence of increased dementia with ARNi treatment in the
PARADIGM-HF trial [54]. However, since neprilysin cleaves amyloid beta peptide (AB)
[55], the main component of brain amyloid plaques, some concern has been raised about the
possibility of a decline in cognitive function or the development of Alzheimer’s disease in
patients treated with neprilysin inhibitors over the long term [56, 57]. This has prompted the
US Food and Drug Administration to request further studies that will address this concern
[58].

Areas for future work

To resolve some of the uncertainties in the field with respect to the role of neprilysin in
modulating glucose homeostasis, we suggest future work that encompasses the following
areas.

More research is needed to elucidate whether substrates that are hydrolysed by neprilysin in
vitro (see text box) have clinical relevance with respect to glucose homeostasis in vivo. For
example, while there is evidence for neprilysin-mediated degradation of glucagon in vitro [2,
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59], studies have suggested that changes in endogenous glucagon levels with neprilysin
inhibition in vivo are likely to reflect accumulation of an inactive peptide [3, 60].

In addition to its proteolytic properties, neprilysin can directly bind other proteins via its
intracellular domain to mediate effects that are independent of peptide hydrolysis. Very few
studies have investigated such protein—protein interactions, despite evidence that insulin
signalling molecules, including phosphoinositide 3-kinase, are binding targets [61]. At
present, it remains unclear as to whether pharmacological inhibition of neprilysin also alters
the protein binding abilities of neprilysin.

It is also unclear how neprilysin action in metabolic tissues aside from the pancreas, such as
liver, adipose tissue, kidney and intestine, contributes to regulation of glucose homeostasis.
Tissue-specific deletion of neprilysin in rodent models will help delineate the relative
importance of the different neprilysin substrates in modulating glucose levels, and aid the
development of targeted therapies that avoid undesirable off-target effects.

Conclusion

There is growing evidence that neprilysin plays a role in glucose homeostasis, wherein its
activity in type 2 diabetes and obesity has the potential to negatively impact metabolic
processes in various tissues. Thus, by raising levels of several peptides that exert beneficial
effects on glucose metabolism, such as GLP-1, natriuretic peptides and bradykinin,
inhibition of neprilysin in conditions of nutrient excess could be a powerful strategy to
improve glucose homeostasis (Fig. 1). However, because of the action of other enzymes (e.g.
DPP-4) on neprilysin substrates, resulting in reduced inhibitor efficacy, or the concomitant
elevation of neprilysin substrates that can impair insulin sensitivity and beta cell function
(Fig. 1), the use of combination drugs is a better option than a neprilysin inhibitor alone for
treating type 2 diabetes. Moreover, the increase in angiotensin 1 levels associated with
neprilysin inhibition limits its use as monotherapy in type 2 diabetic patients and a
neprilysin inhibitor should necessarily be prescribed together with an ARB, which is
preferred to an ACE inhibitor to avoid angioedema. In this way, the beneficial glycaemic
effects of neprilysin inhibition can be exploited, while limiting harmful side effects of
increased angiotensin Il levels at the metabolic, cardiovascular and renal levels. Indeed,
emerging data from studies in humans using the new ARNI class of medication are
compelling [15-17, 47,48]. Further work is needed to confirm these results, determine if
they are sustained over time, and address issues such as long-term safety. In addition,
carefully designed and controlled preclinical studies are necessary for understanding the
molecular mechanisms by which neprilysin inhibitors work.
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Box 1

Neprilysin substrates involved in glucose homeostasis and their

potential effects on metabolic endpoints
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Weight loss
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Fig. 1.

Effects of neprilysin inhibition in tissues modulating glucose homeostasis. Neprilysin
inhibition improves glucose homeostasis (shaded green) and could induce weight loss
(shaded yellow) by increasing levels of several peptides with direct or indirect
glucoregulatory properties and anorectic effects. However, neprilysin inhibition may also
have detrimental effects in pancreatic islets by increasing levels of substrates that can affect
beta cell survival and function or by limiting the ability of angiotensin-(1-7) to promote
insulin secretion via its cleavage to angiotensin-(1-2) (shaded pink). The image of the
intestine is shaded both yellow and green to indicate that gut incretins impact both glucose
homeostasis and body weight. CCK, cholecystokinin; GIP, glucose-dependent insulinotropic
peptide; GSIS, glucose-stimulated insulin secretion; PP, pancreatic polypeptide; PYY,
peptide YY; VIP, vasoactive intestinal polypeptide. This figure is available as part of a

downloadable slideset
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Fig. 2.
Amino acid sequence of active GLP-1 showing multiple sites of cleavage by neprilysin

(blue arrows) vs the only site of cleavage by DPP—4 (green arrow). C-terminal amino acid
residues are important for GLP-1 receptor binding, whereas residues 7 and 8 are crucial for
GLP-1 receptor activation. The cleavage of GLP-1 by DPP-4 renders the resultant GLP-
1(9-36)amide non-insulinotropic, although GLP-1 receptor binding is still possible. GLP-1
cleavage by neprilysin prevents this binding. GLP-1R, glucagon-like peptide-1 receptor;
NEP, neprilysin. This figure is available as part of a downloadable slideset
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