
R E V I EW AR T I C L E

Effects of neprilysin and neprilysin inhibitors on glucose
homeostasis: Controversial points and a promising arena

Faisal Holil AlAnazi1 | Hayder M. Al-kuraishy2 | Ali I. Al-Gareeb2 |

Athanasios Alexiou3,4 | Marios Papadakis5 | Hanan A. Ogaly6 |

Yousef Abud Alanazi7 | Hebatallah M. Saad8 | Gaber El-Saber Batiha9

1Department of Medicine, College of
Medicine, Majmaah University, Majmaah,
Saudi Arabia
2Department of Clinical Pharmacology
and Medicine, College of Medicine,
ALmustansiriyia University,
Baghdad, Iraq
3Department of Science and Engineering,
Novel Global Community Educational
Foundation, Hebersham, New South
Wales, Australia
4AFNP Med, Wien, Austria
5Department of Surgery II, University
Hospital Witten-Herdecke, University of
Witten-Herdecke, Wuppertal, Germany
6Chemistry Department, College of
Science, King Khalid University, Abha,
Saudi Arabia
7Department of Pediatrics, College of
Medicine, Majmaah University, Majmaah,
Saudi Arabia
8Department of Pathology, Faculty of
Veterinary Medicine, Matrouh University,
Marsa Matruh, Egypt
9Department of Pharmacology and
Therapeutics, Faculty of Veterinary
Medicine, Damanhour University,
Damanhour, Egypt

Correspondence
Marios Papadakis,
Department of Surgery II, University
Hospital Witten-Herdecke, Heusnerstrasse
40, University of Witten-Herdecke, 42283,
Wuppertal, Germany.
Email: marios_papadakis@yahoo.gr

Abstract

Neprilysin (NEP) is a transmembrane zinc-dependent metalloproteinase that

inactivates various peptide hormones including glucagon-like peptide

1 (GLP-1). NEP inhibitors may be effective in the management of type 2 dia-

betes mellitus (T2DM) by increasing the circulating level of GLP-1. However,

acute-effect NEP inhibitors may lead to detrimental effects by increasing

blood glucose independent of GLP-1. These findings suggest a controversial

point regarding the potential role of NEP inhibitors on glucose homeostasis

in T2DM patients. Therefore, this perspective aimed to clarify the controver-

sial points concerning the role of NEP inhibitors on glucose homeostasis in

T2DM. NEP inhibitors may lead to beneficial effects by inhibition of NEP,

which is involved in the impairment of glucose homeostasis through modu-

lation of insulin resistance. NEP increases dipeptidyl peptidase-4 (DPP4)

activity and contributes to increasing active GLP-1 proteolysis so NEP inhib-

itors may improve glycemic control through increasing endogenous GLP-1

activity and reduction of DPP4 activity. Thus, NEP inhibitors could be effec-

tive alone or in combination with antidiabetic agents in treating T2DM

patients. However, long-term and short-term effects of NEP inhibitors may

lead to a detrimental effect on insulin sensitivity and glucose homeostasis

through different mechanisms including augmentation of substrates and

pancreatic amyloid deposition. These findings are confirmed in animal but

not in humans. In conclusion, NEP inhibitors produce beneficial rather than

detrimental effects on glucose homeostasis and insulin sensitivity in humans

though most of the detrimental effects of NEP inhibitors are confirmed in

animal studies.
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Highlights

• Neprilysin (NEP) inhibitors may lead to beneficial effects through inhibition

of NEP, which involves impairment of glucose homeostasis through modu-

lation of insulin resistance and the development of pancreatic β cell dysfunc-
tion as observed in type 2 diabetes mellitus.

• NEP increases dipeptidyl peptidase-4 (DPP4) activity and contributes to

increasing active glucagon-like peptide-1 (GLP-1) proteolysis so NEP inhibi-

tors may improve glycemic control through increasing endogenous GLP-1

activity and reduction of DPP4 activity.

• NEP inhibitors have beneficial effects on glucose homeostasis and insulin

sensitivity by increasing oxytocin and various substrates including GLP-1.

• NEP inhibitors may lead to a detrimental effect on insulin sensitivity and

glucose homeostasis as well as pancreatic β cell dysfunction through differ-

ent mechanisms including augmentation of some substrates and pancreatic

amyloid deposition.

1 | INTRODUCTION

Neprilysin (NEP) is also known as cluster of differentiation
10, enkephalinase, neutral endopeptidase, membrane
metalloendopeptidase, and common acute lymphoblastic
leukemia antigen (CALLA).1 NEP is a transmembrane
zinc-dependent metalloproteinase that inactivates various
peptide hormones including natriuretic peptides, bradyki-
nin, oxytocin, neurotensin, substance P, enkephalins, angio-
tensin II (AngII), endothelin 1 (ET-1), and glucagon-like
peptide 1 (GLP-1). NEP is also involved in the degradation
of amyloid beta (Aβ) and could be effective in the preven-
tion development of Alzheimer's disease (AD)2–4 (Figure 1).

NEP is widely expressed on the surface of endothelial
cells, neutrophils, and fibroblasts and various tissues
including the brain, kidneys, lungs, testes, gastrointestinal

tract, and heart.5 Soluble NEP is found in the blood, which
reflects the concentration and activity of membrane-bound
NEP.6 Indeed, NEP is mainly involved in neurohumoral
activation and regulation of the sympathetic nervous sys-
tem and renin-angiotensin system (RAS) in different dis-
eases including heart failure.2,4,7 Higher expression of NEP
is associated with poor prognostic outcomes in patients
with heart failure.8 However, in the cohort and mixed
cohort studies, NEP level was of no clinical value in the
prognosis of heart failure.9,10

Different types of NEP inhibitors are developed in the
management of heart failure and hypertension and as
analgesic agents.11 NEP inhibitors including sacubitril,
RB-101, omapatrilat, ecadotril, and candoxatril are rarely
used alone but used in combination with AngII receptor
blockers (ARBs) in the management of heart failure
through modulation of RAS and expression of natriuretic
peptides (Figure 2).

Sacubitril was the first NEP inhibitor approved in
2015 for the management of heart failure.11 Sacubitril in
combination with valsartan was initially named LCZ696,
which is an ARB and NEP inhibitor (ARNI). LCZ696
decreases blood pressure more than valsartan alone in
hypertensive patients.12 In the PARADIGM-HF study,
LCZ696 was more effective than angiotensin-converting
enzyme inhibitor (ACEI) enalapril in the management of
heart failure.13 The combo of NEP inhibitor/Valsartan
(approved by the Food and Drug Administration in
2015) has been a significant addition to heart failure
therapy in diabetes and no major complications have
been seen.13

NEP inhibitors are also effective in the management
of type 2 diabetes mellitus (T2DM) by increasing the

FIGURE 1 The physiological role of neprilysin (NEP) “Created
with BioRender.com”.
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circulating level of GLP-1, which is degraded by NEP.14

However, the acute effect of NEP inhibitors leads to detri-
mental effects by increasing blood glucose independent
of GLP-1 increment.15 These findings suggest a contro-
versial point regarding the potential role of NEP inhibi-
tors in T2DM patients. Thus, this perspective aimed to
elucidate the controversial points concerning the role of
NEP inhibitors in T2DM.

2 | ROLE OF PANCREATIC NEP
IN T2DM

T2DM is a metabolic disorder characterized by hypergly-
cemia and insulin resistance (IR) due to dysfunction of
pancreatic β cells and insulin insensitivity.16,17 T2DM
represents 90% of all diabetes and commonly occurs in
adults aged >40 years.18 T2DM is associated with cardio-
metabolic disorders including obesity, hypertension, and
dyslipidemia.19,20 Accumulation of amyloids in the pan-
creatic β cells induces progressive pancreatic β cell loss
with the development of pancreatic β cell dysfunction
and overt T2DM.21 The chief constituent of pancreatic β
cell amyloids is islet amyloid polypeptide (IAPP) also
known as amylin, which is mainly cleaved by pancreatic
NEP. Progressive deposition of IAPP triggers the develop-
ment of pancreatic β cell toxicity.21 NEP blocks the depo-
sition of extracellular pancreatic IAPP and prevents
pancreatic β cell dysfunction. Therefore, NEP seems to be
protective against the development of T2DM through
modulation of pancreatic IAPP and accumulation of
amyloids.21

Aggregation of IAPP in the pancreas leads to the
development of T2DM whereas accumulation of Aβ in
the brain promotes the development of AD.22,23 There-
fore, both T2DM and AD share a similarity in the patho-
genesis of brain IR and cognitive dysfunction. In this

state, AD is classified as type 3 diabetes mellitus.22,24

IAPP is derived from pre-pro-IAPP to form 37 amino acid
peptide.25 Notably, IAPP is co-secreted with insulin from
pancreatic β cells into circulation. Progressive accumula-
tion of IAPP induces the formation of oligomers and
fibrils with subsequent amyloid deposits observed in
T2DM.25 Of interest, human IAPP lacks proline residues
that prevent its deposition as seen in rat IAPP.26 Notori-
ously, impairment of human IAPP processing due to
defects in the activity of autophagy and proteasome may
contribute toward IAPP-induced pancreatic β cytotoxic-
ity.25 Therefore, restoration of IAPP proteostasis may be a
promising option in the prevention and treatment of
T2DM.25

Degradation of IAPP is done by peptidase enzymes
like an insulin-degrading enzyme (IDE) and NEP to pre-
vent the accumulation of IAPP in the pancreatic β cells
and the development of T2DM.21 Downregulation or
upregulation of these enzymes affects the functional
capacity of IAPP. For example, inhibition of IDE by baci-
tracin accelerates amyloid deposition in insulinoma cell
lines by inhibiting the degradation of pancreatic IAPP.27

NEP is highly expressed in the pancreatic β cells and is
involved in the clearance of both pancreatic amyloids
and brain Aβ (Figure 3).3,28 Moreover, an experimental
study with transgenic mice illustrated that inhibition of
NEP promotes pancreatic β cell amyloidogenesis.28 How-
ever, NEP activators or upregulation of pancreatic β cell
NEP reduce pancreatic β cell amyloidogenesis and apo-
ptosis in cell lines.28 NEP prevents amyloid fibrilization
in the pancreatic β cells by about 98% compared to neuro-
nal Aβ fibrilization.21 NEP blocks human IAPP through
noncatalytic and catalytic interactions.21 Intracellular
accumulation of soluble IAPP in the pancreatic β cell is
started initially.29 However, NEP inactivates extracellular
IAPP, which is more intricate in the propagation of pan-
creatic β cytotoxicity.30 In vitro study demonstrated that
IAPP was associated with β cell apoptosis through
caspase-3 activation. In addition, pancreatic β cells are
more susceptible to IAPP toxicity than α cells cultured
under the same conditions.30 As well, in vitro study con-
ducted by Zraika et al31 observed that NEP inhibitors
increase amyloid deposition in the pancreatic β cells by
54% and induce pancreatic β apoptosis by 75%. However,
NEP activators or NEP upregulation led to a decrease in
apoptosis and amyloid deposition in the pancreatic β cells
by 79%. NEP reduces apoptosis and amyloid deposition
in the pancreatic β cells through inhibition of IAPP fibril
generation rather than degrading of IAPP.31 Recently, an
experimental study conducted by Parilla et al32 revealed
that NEP deficiency is linked with the expansion of pan-
creatic β cell mass in mice.

These findings suggest that NEP expression in the
pancreatic β cells has a protective role against pancreatic

FIGURE 2 Neprilysin (NEP) inhibitors in the management of

heart failure “Created with BioRender.com”.
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β cell dysfunction and apoptosis through inhibition of
pancreatic amyloidogenesis. Thus, NEP activators could
be an effective therapeutic strategy in the prevention and
treatment of T2DM.

3 | NEP AND BLOOD GLUCOSE
HOMEOSTASIS

It has been reported that NEP contributes to the impair-
ment of glucose homeostasis through modulation of IR,
pancreatic β cell mass, and development of pancreatic β
cell dysfunction as observed in T2DM.33 Notably, the
expression of NEP is increased in both T2DM and nutri-
ent excess.34,35 Different experiment studies revealed that
NEP activity was augmented in mice fed on a high-fat
diet and correlated with the reduction of pancreatic β cell
mass and development of IR.34,36 NEP-deficient mice
experience good glycemic control with augmentation of
GLP-1 activity.36 Genetic ablation of NEP improves glu-
cose homeostasis through the GLP-1-dependent pathway.
As well, pharmacological inhibition of NEP in humans
increases GLP-1 activity.37 Therefore, inhibition of NEP
may improve insulin sensitivity and glucose tolerance
and protect pancreatic β cells from glucotoxicity.

Overexpression of NEP had been associated with the
development of IR and metabolic syndrome in a study
that involved 318 subjects with metabolic syndrome.34

NEP activity correlated with body mass index (BMI) and
IR with increasing levels in subjects with multiple cardio-
vascular risk factors. NEP protein production in human
adipocytes increased during cell differentiation and
plasma. Thus, NEP is associated with cardiometabolic
risk in the presence of IR and obesity.34 Therefore, NEP
activity is positively correlated with IR and BMI in obese
patients with cardiometabolic disorders.23,34

Reduction of pancreatic β cell mass by the effect of
NEP inhibitors is not fully elucidated; however, increas-
ing NEP activity is associated with a compensatory
increase in pancreatic β cell mass to overcome glucose
dyshomeostasis.38 When overt T2DM is developed, the
pancreatic β cell mass is reduced due to apoptosis.38

However, the experimental study confirmed that NEP
deficiency or use of NEP inhibitors improves pancreatic β
cell mass in mice through modulation expression of
GLP-1 receptors, which promotes survival, differentia-
tion, and proliferation of pancreatic β cells.32 Therefore,
NEP deficiency may increase pancreatic β cell mass by
increasing the GLP-1signaling pathway, which may
explain the increase of pancreatic β cell mass in NEP defi-
cient mice treated with a high-fat diet.

Furthermore, NEP increases dipeptidyl peptidase-4
(DPP4) activity and contributes to increasing active
GLP-1 proteolysis.36 Therefore, the activity of plasma
DPP4 is reduced in NEP-deficient mice on a high-fat
diet.36 Thus, the acute effect of NEP inhibitors reduces
DPP4 activity when NEP activity is exaggerated as in a
high-fat diet; however, under the normal physiological
condition; there is no interaction between NEP and
DPP4.36 Simonsen et al39 showed that NEP inhibitors did
not improve glycemic control in diabetic rats on DPP4
inhibitors. Remarkably, 50% of GLP-1 activity is reduced
by the effect of NEP; thus the combination of NEP inhibi-
tors with DPP4 inhibitors is more effective in maintain-
ing GLP-1 activity.40 An experimental study observed
that NEP inhibitor candoxatril alone or in the combina-
tion with DPP4 inhibitor valine pyrrolidide increases
GLP-1. However, the combination was superior to the
DPP4 inhibitor when used alone in the elevation of GLP-
1.40 These findings suggest that NEP inhibitors may
improve glycemic control through increasing endogenous
GLP-1 activity and reduction of DPP4 activity (Figure 4).

In addition, NEP inhibitors increase other substrates
cleaved by NEP-like bradykinin, which improves insulin
sensitivity in mice.41 Similarly, bradykinin through acti-
vation of the bradykinin 2 receptor enhances glucose
uptake and oxidation.42 Wu et al43 demonstrated that
bradykinin could protect endothelial cells from the effect
of high blood glucose through modulation of the Akt
pathway. Therefore, NEP inhibitors produce a protective
effect against the development of diabetic complications
via GLP-1-dependent and independent mechanisms.

However, different studies confirmed that NEP defi-
ciency did not affect glycemic control and did not produce
any benefit against high-fat diet-induced dysglycemia.34,44

NEP-deficient mice did not experience any changes in IR,
glucose tolerance, and body/epidermal fat weight compared
to the controls.34 Likewise, treatment with NEP inhibitors
produces insignificant effects on glucose control in rats.39

Of interest, follow-up of NEP-deficient mice for 1 year

FIGURE 3 Human islet amyloid polypeptide (IAPP) and

development of pancreatic β cell dysfunction “Created with

BioRender.com”.
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showed they develop obesity and impairment of glucose
tolerance.45

These findings indicated that NEP plays a minor role
in the regulation of glucose homeostasis and insulin sen-
sitivity. However, these experimental studies may not
take into consideration the following points: pharmaco-
logical inhibition of NEP does not completely reduce
NEP activity as in genetic ablation, and the duration of
experimental studies regarding the use of NEP inhibitors
and high diet period may affect the final data. These find-
ings proposed that NEP inhibitors might not be effective
in controlling blood glucose in T2DM patients.

4 | NEP INHIBITORS AND
GLUCOSE HOMEOSTASIS

4.1 | The beneficial effects

It has been shown that NEP inhibitors can regulate blood
glucose through modulation of pancreatic β cell func-
tion.14 Preclinical and clinical showed that NEP inhibi-
tors alone or in combination with ARBs exerted
beneficial effects on glucose tolerance and homeostasis14

(Table 1). As NEP inhibitors are approved for the man-
agement of heart failure, their use in the management of
T2DM is regarded as a new therapeutic option.14 In vitro
study illustrated that inhibition of NEP in isolated pan-
creatic β cells from mice promotes insulin secretion.46 As
well, a high-fat diet in NEP-deficient mice results in bet-
ter β cell function and insulin sensitivity.32 Of interest,
the administration of intravenous NEP inhibitor raceca-
dotril increases insulin secretion in a dose-dependent
manner in Wistar rats.47 As well, omapatrilat, a dual

ACE and NEP inhibitor has been reported to show supe-
rior antihypertensive, antiatherosclerotic, insulin-sensi-
tizing, and cardiovascular and renoprotective effects to
ACEIs in experimental animal models for diabetes.48

Therefore, NEP inhibitors may delay the progression of
end-organ damage in T2DM patients.

Clinical trial studies observed that ARNIs had cardio-
protective and renoprotective effects compared to ARBs
and ACEIs.49,50 It has been shown that ARNIs improve
glucose homeostasis, glucose control, and insulin sensi-
tivity in T2DM patients.14 Furthermore, NEP inhibitors
improve glucose tolerance through the modulation of
insulin sensitivity and pancreatic β cell functions in

FIGURE 4 Role of neprilysin (NEP) and dipeptidyl peptidase-4

(DPP4) in degrading of glucagon-like peptide 1 (GLP-1) “Created
with BioRender.com”.

TABLE 1 Beneficial effects of NEP inhibitors.

Study type Findings Ref.

Review NEP inhibitors alone or in
combination with ARBs
improve glucose
homeostasis.

Esser et al14

In vitro study Inhibition of NEP promotes
insulin secretion.

Esser et al46

Experimental
study

NEP-deficient mice
experience better insulin
sensitivity.

Parilla et al32

Experimental
study

NEP inhibitor increases
insulin secretion in rats.

Wu et al47

Experimental
study

Omapatrilat, a dual ACE and
NEP, has superior insulin-
sensitizing effects
compared to ACE
inhibitors in experimental
animals.

Malek et al48

Clinical trial
studies

ARNIs had more
cardioprotective and
renoprotective effects
compared to ARBs and
ACEIs.

McMurray
et al49;
Packer
et al50

Prospective
study

T2DM patients with heart
failure on ARNIs had a
greater long-term
reduction in HbA1c than
those receiving enalapril.

Seferovic
et al51

Prospective
study

Long-term therapy with
ARNIs improves insulin
sensitivity in obese
hypertensive patients.

Jordan et al52

Prospective
study

ARNIs use in T2DM patients
for 3 months reduces NEP
plasma levels.

Nougué
et al53

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin

receptor blocker; ARNI, angiotensin receptor/neprilysin inhibitor; HbA1c,
glycated hemoglobin; NEP, neprilysin; T2DM. type 2 diabetes mellitus.
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humans.14 Of note, various human studies recommend
the use of NEP inhibitors in the management of
T2DM.51,52 ARNIs use for 3 years produces helpful meta-
bolic effects in T2DM patients as evidenced by the reduction
of hemoglobin (HbA1c).

51 PARADIGM-HF (ENTRESTO)
trial had 3778 diabetic patients with a decline of HbA1c

by 0.26%. There is extensive evidence from ACEI and
ARB studies that similar HbA1c reductions are seen with
a variety of these agents, making it likely that valsartan
alone is responsible.51 However, T2DM patients with
heart failure enrolled in PARADIGM-HF who received
ARNIs had a greater long-term reduction in HbA1c than
those receiving enalapril.51 These findings suggest that
ARNIs might enhance glycemic control in patients with
diabetes and heart failure. Similarly, long-term therapy
with ARNIs in obese hypertensive patients improves lipid
profile and insulin sensitivity.52 A prospective study
involved 73 chronic heart failure patients who were
switched from ACEIs or ARBs to ARNIs confirmed that
ARNIs treatment leads to a metabolic benefit in the study
population and supports the relevance of NEP inhibition
along with AT1-receptor blockade in the regulation of
human glucose and lipid metabolism.52 A clinical study
involving 73 patients with heart failure including
16 T2DM patients treated with ARNIs for 3 months
showed reduced NEP plasma level and biomarker of pro-
tein glycation.53 Moreover, NEP inhibitors exerted protec-
tive effects against T2DM-related complications like
vasculopathy, nephropathy, neuropathy, and cardiomy-
opathy.48 The findings proposed that ARNIs are superior
to ACEIs or ARBs in patients with heart failure by reduc-
ing IR and increasing cardioprotective substrates
degraded by NEP. However, the precise mechanistic
effects of NEP inhibitors on glucose homeostasis are not
fully elucidated.

4.1.1 | The possible mechanisms

The potential mechanism related to the effect of NEP
inhibitors on glucose homeostasis is linked to the
increase of many substrates that are normally degraded
by NEP (Table 2). These substrates like bradykinin,
GLP-1, and natriuretic peptides (NPs) may increase insu-
lin sensitivity and pancreatic β cell function.14 Augmen-
tation of GLP-1 by NEP inhibitors is the most important
mechanism for controlling glucose homeostasis.54 As
well, GLP-1 is high in NEP-deficient mice suggesting that
pancreatic NEP plays a critical role in the reduction of
gut-derived GLP-1.54 In addition, DPP4 activity is also
activated by pancreatic NEP36; thus NEP inhibitors may
increase GLP-1 and decrease DPP4 activity leading to
improvement of insulin sensitivity and pancreatic β cell

functions in humans as supported by recent studies
showed that ARNI was effective in T2DM patients.14

Under conditions of increased dietary fat, an improved
glycemic status in NEP-deficient mice was linked with
elevated active GLP-1 levels, reduced plasma DPP-4 activ-
ity, and improved β cell function. Therefore, NEP inhibi-
tors may be a novel management strategy for T2DM.36

To increase the efficacy of NEP inhibitors in the man-
agement of T2DM, they may be combined with antidia-
betic agents like metformin and DPP4 inhibitors. Of note,
NEP inhibitors plus DPP4 inhibitors may lead to an addi-
tive effect to achieve more glucose control in T2DM
patients through augmentation of GLP-1.55 DPP4 cleaves
only active GLP-1 whereas NEP cleaves both active and
truncated GLP-1. Thus, dual inhibition of DPP4 and NEP
increases the half-life of GLP-1 more compared to NEP
inhibitors alone.40

Glucose-dependent insulinotropic peptide (GIP) and
pancreatic polypeptide (PP) are also increased by NEP

TABLE 2 Possible mechanisms of beneficial effects of NEP

inhibitors.

Study type Findings Ref.

Experimental
study

NEP inhibitors increase
GLP-1 level.

Hupe-
Sodmann
et al54

Experimental
study

NEP inhibitors insulin
sensitivity by increasing of
GLP-1 and decrease DPP4
activity.

Willard
et al36

Experimental
study

Dual inhibition of DPP4 and
NEP increases the half-life
of GLP-1.

Plamboeck
et al40

A randomized,
controlled
study

Augmentation of GIP by NEP
inhibitors improves glucose
homeostasis and insulin
sensitivity in T2DM
patients.

Frias et al56

Review NEP inhibitors improve
glucose homeostasis and
insulin sensitivity by
increasing level of NPs.

Moro
et al60

Review NEP inhibitors improve
insulin sensitivity and
glucose homeostasis by
increasing bradykinin level.

Campbell64

Review LCZ696 can enhance insulin
sensitivity and glucose
homeostasis by increasing
oxytocin serum level.

Dargad
et al68

Abbreviations: DPP4, dipeptidyl peptidase-4; GIP, glucose-dependent
insulinotropic peptide; GLP-1, glucagon-like peptide 1; NEP, neprilysin; NP,
natriuretic peptide; T2DM, type 2 diabetes mellitus.
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inhibitors.54 Augmentation of GIP may improve glucose
homeostasis and insulin sensitivity.56 A randomized
double-blind controlled trial for use of tirzepatide, a dual
GIP and GLP-1 agonist, for 12 weeks in T2DM patients
showed that this drug improves insulin sensitivity and
atherogenic profile.56 However, impairment of glucose
tolerance is correlated with enhanced postprandial PP57

suggesting a compensatory mechanism to overcome glu-
cose intolerance and hyperglycemia. Different studies
revealed that injury of PP cells in chronic pancreatitis
correlates with pancreatic β cell dysfunction and the
development of overt T2DM.58,59 Therefore, NEP inhibi-
tors may modulate GIP and PP in response to blood glu-
cose and metabolic disturbance in T2DM patients.

Furthermore, the reduction of NPs is linked with the
development of T2DM as these peptides are involved in
the regulation of metabolic and cardiovascular effects.60

NPs are reduced in obesity and regarded as a risk predic-
tive factor for the development of T2DM. NPs improve
glucose homeostasis and insulin sensitivity; thus increas-
ing circulating NPs levels by NEP inhibitors could be
effective in the management of T2DM. NEP is the major
enzymatic pathway for the degradation of NPs.61 The
NPs act as endogenous inhibitors of the RAS; thus inhibi-
tion of NEP increases levels of NPs.61 Through simulta-
neously inhibiting the RAS and potentiating the NPs,
NEP inhibitors reduce vasoconstriction, enhance vasodi-
lation, improve sodium/water balance, and, in turn,
decrease peripheral vascular resistance and blood pres-
sure and improve local blood flow.61 Thus, the combined
inhibition of ACE and NEP is a new and promising
approach to treat patients with hypertension, atheroscle-
rosis, or heart failure. Besides, reduced plasma NPs level
is observed in metabolic diseases such as obesity and
T2DM.62 A low circulating NPs level also predicts the risk
of new-onset T2DM. NPs can activate a thermogenic
program in brown and white fat, increase energy expen-
diture, inhibit food intake, and regulate glucose homeo-
stasis.62 In addition, NPs improve blood glucose control
and insulin sensitivity by increasing glucose uptake in
human adipocytes.63 Therefore, targeting of the NP
system could be a novel avenue for the management of
obesity and T2DM.60

Similarly, bradykinin is also increased following the
use of NEP inhibitors14 this increment in bradykinin is
associated with the improvement of glucose homeostasis
and insulin sensitivity.42 Bradykinin reduces peripheral
IR through the improvement of peripheral glucose
uptake and oxidation.42 It has been shown that LCZ696
produces angioedema caused by increasing bradykinin
levels with an incidence at least equal to that of ACEI
therapy.64 However, LCZ696-induced increment in bra-
dykinin could be beneficial in controlling blood glucose

and insulin sensitivity.64 Thus, NEP inhibitors may
improve insulin sensitivity and glucose homeostasis
through the bradykinin-dependent pathway.

In addition, oxytocin is highly degraded by NEP65;
therefore increasing circulating oxytocin by NEP inhibi-
tors is expected. Of note, oxytocin has a cardioprotective
effect on T2DM and obesity.66 Oxytocin activates periph-
eral glucose uptake and reduces IR in mice.66 Al-kuraishy
et al67 illustrated that oxytocin was superior to GLP-1 in
the management of T2DM in COVID-19 patients. As
well, oxytocin has anti-inflammatory and antioxidant
effects, thereby attenuating T2DM-mediated complica-
tions.67 A review study suggested that LCZ696 can
enhance insulin sensitivity and glucose homeostasis by
increasing oxytocin serum levels.68 In this state, augmen-
tation of oxytocin levels by NEP inhibitors could be a
new therapeutic strategy in the management of T2DM.

Taken together, NEP inhibitors have beneficial effects
on glucose homeostasis and insulin sensitivity by increas-
ing various substrates including GLP-1 and thus, could
be effective alone or in combination with antidiabetic
agents in treating T2DM patients.

4.2 | The detrimental effects

NEP inhibitors may be not effective or produce a neutral
effect on glucose homeostasis and insulin sensitivity
(Table 3).45 NEP-deficient mice start to become obese
under a normocaloric diet at the age of 6–7 months.45

NEP-deficient mice are susceptible to the development of
late-onset obesity and impairment of glucose tolerance.69

Simonsen et al39 observed that NEP inhibitors did not
improve glycemic indices compared to DPP4 inhibitors in
rats. Similarly, intraperitoneal administration of NEP
inhibitors in rats with T2DM or on a high-fat diet did not
produce beneficial effects on glucose homeostasis and
insulin sensitivity.70 The underlying explanation for the
poor effect of NEP inhibitors in these experimental stud-
ies might be related to reducing the efficacy of NEP
inhibitors by these routes or to the exaggeration of com-
pensatory mechanisms against the use of NEP inhibitors
that need time to subside. As well, the use of intraperito-
neal routes in these experimental studies may reduce the
stimulatory effect of NEP inhibitors on gut-derived pep-
tides. Thus, the ultimate conclusion regarding the effect
of NEP inhibitors on glucose homeostasis and insulin
sensitivity needs to be reevaluated. Recently, Albrechtsen
et al15 observed that acute administration of ARNIs in
T2DM patients may not depend on the alterations of
enteropancreatic hormones, and NEP inhibitors may lead
to hyperglycemia due to an increment in glucagon serum
levels. A crossover trial involving 12 T2DM patients with
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obesity with different interventions including ARNIs
alone or ARNIs plus DPP4 inhibitors showed that ARNIs
increase postprandial blood glucose by 57% with increas-
ing levels of glucagon, C-peptide, and GLP-1 without
effect on GIP and insulin levels.15 Furthermore, acute
NEP inhibition and ARB treatment worsen rather than
improve postprandial glucose control in T2DM patients.71

Likewise, long-term ARNIs treatment in T2DM patients
with heart failure may improve glycemic control by spe-
cific mechanisms that vary from those provoked during
acute administration. In contrast, acute inhibition of
NEP in T2DM patients results in hyperglycemia indepen-
dent of GLP-1 level.71

4.2.1 | The possible mechanisms

The underlying mechanism for the detrimental effects of
NEP inhibitors is due to alterations of some substrates
degraded by NEP that may affect glucose homeostasis
and insulin sensitivity (Table 4). For example, NEP is
necessary for the conversion of vasoconstrictor and proin-
flammatory AngII to vasodilator and anti-inflammatory
Ang1-7.72,73 In addition, NEP promotes the conversion of
Ang1-7 to Ang3-4, Ang1-4, and Ang 5–7. Ang1-7 and

their metabolites improve pancreatic β cell functions and
enhance glucose-stimulated insulin secretion.72,74 How-
ever, administration of Ang1-7 in NEP-deficient mice
failed to promote glucose-stimulated insulin secretion,
and NEP-derived Ang1-4 did not produce glucose-
stimulated insulin secretion in NEP-deficient mice.72 This
finding suggests that Ang1-7 and Ang1-4 are further
cleaved by NEP to Ang1-2, which has an insulinotropic
effect.75 Besides, NEP inhibitors increase AngII levels,
which inhibits pancreatic β cell functions and promotes
the development of IR.74,76 Therefore, NEP is necessary
for Ang1-7-dependent insulin secretion. Thus, NEP
inhibitors may affect glucose homeostasis through the
inhibition of the generation of Ang1-7.

In addition, adrenomedullin, which is increased by
NEP inhibitors, has a harmful effect on glucose tolerance
through the inhibition of insulin secretion.77 Adrenome-
dullin is a peptide hormone highly expressed in vascula-
ture involved in the regulation of inflammatory response,
insulin release and glucose metabolism.78 Normally,
adrenomedullin expression is low in healthy subjects and
elevated in T2DM patients and associated complications.

Similarly, NEP inhibitors increase the level of gluca-
gon, which is normally degraded by NEP.79 Interestingly,
NEP inhibitors increase postprandial amino acids catabo-
lism without effect on glucose homeostasis.79 However,
the acute effect of NEP inhibitors leads to postprandial
hyperglycemia by increasing glucagon levels.15 Thus,
hyperglucagonemia may reduce the beneficial effect of
NEP inhibitors mediated by increasing GLP-1.80

TABLE 3 Detrimental effects of neprilysin (NEP) inhibitors.

Study type Findings Ref.

Experimental
study

NEP inhibitors deteriorate
glucose homeostasis and
insulin sensitivity.

Becker et al45

Experimental
study

NEP-deficient mice are
susceptible to the
development of obesity
and impairment of
glucose tolerance.

Poorgolizadeh
et al69

Experimental
study

NEP inhibitors did not
improve glycemic indices
in rats.

Simonsen
et al39

Experimental
study

NEP inhibitors did not
improve glucose
homeostasis and insulin
sensitivity in rats with
T2DM.

Davidson
et al70

A prospective
study

Administration of ARNIs
lead to hyperglycemia in
T2DM patients.

Albrechtsen
et al15

A prospective,
crossover
study

ARNIs worsen
postprandial glucose
control in T2DM
patients.

Wewer et al71

Abbreviations: ARNI, angiotensin receptor/neprilysin inhibitor; NEP,
neprilysin; T2DM. type 2 diabetes mellitus.

TABLE 4 Possible mechanisms of detrimental effects of NEP

inhibitors.

Study type Findings Ref.

Experimental
study

NEP inhibitors reduced
Ang1-2 which has an
insulinotropic effect.

Shao et al75

Experimental
study

NEP inhibitors increase
AngII levels, which
inhibits pancreatic β cell
functions.

He et al76

In vitro and
experimental
studies

NEP inhibitors have a
harmful effect on glucose
tolerance by increasing
adrenomedullin
expression.

Aggarwal
et al77

A prospective
study

NEP inhibitors increase the
level of glucagon, which
impairs glucose tolerance.

Albrechtsen
et al15

Experimental
study

NEP inhibitors increase
amyloid deposition in
pancreatic β cells.

Parilla
et al32

Abbreviations: AngII, angiotensin II; NEP, neprilysin.
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Moreover, NEP inhibitors increase amyloid deposi-
tion in pancreatic β by 54% and induce apoptosis of pan-
creatic β cells by 75%. However, NEP activators or NEP
upregulation led to a decreased apoptosis and amyloid
deposition in the pancreatic β by 79%.31 NEP decreases
apoptosis and amyloid deposition in the pancreatic β
through inhibition of IAPP fibril generation rather than
degrading of IAPP.31 Parilla et al32 revealed that NEP
deficiency is linked with the expansion of pancreatic β
cell mass in mice. Therefore, prolonged use of NEP inhib-
itors can increase the risk of T2DM development via
amyloid deposition and induction of pancreatic β
dysfunction.

5 | PROS AND CONS OF NEP
INHIBITORS' EFFECTS ON
GLUCOSE HOMEOSTASIS

Regarding the safety profile of NEP inhibitors, it has been
shown that long-term use of NEP inhibitors may increase
IAPP aggregation with the development of pancreatic β
cell dysfunction and apoptosis.31 However, NEP
inhibitor-induced GLP-1 elevation may reduce pancreatic
β cell apoptosis.81 These findings from experimental stud-
ies are not confirmed in human studies. Furthermore,
NEP inhibitors affect the clearance of brain Aβ,69 which
raises a concern about the risk of AD in relation to long-
term therapy with NEP inhibitors. Therefore, long-
term follow-up for the effects of NEP inhibitors on cog-
nitive function and AD risk is recommended. Long-
term and short-term effects of NEP inhibitors may lead
to detrimental effect on insulin sensitivity and glucose
homeostasis through different mechanisms including
augmentation of substrates that adversely affect insulin
signaling and glucose homeostasis. Furthermore, long-
term use of NEP inhibitors may increase the risk for
the development of T2DM by increasing the deposition
of pancreatic IAPP. To reduce the detrimental effects
of NEP inhibitors and increase their efficacy, NEP
inhibitors might be combined with ARBs. This combi-
nation reduces the harmful adverse effects mediated by
increasing AngII levels.53 In addition, ARNIs are more
effective than NEP inhibitors on insulin sensitivity and
glucose homeostasis.82

Taken together, NEP inhibitors can affect insulin sen-
sitivity and glucose homeostasis in bidirectional ways
that could be beneficial or harmful depending on the
time, duration, dose, and route of administration. There-
fore, a large-scale prospective study to elucidate the
effects of NEP inhibitors or ARNIs on glucose homeosta-
sis in both diabetic patients and healthy subjects is

recommended. As well, long-term follow-up of patients
receiving NEP inhibitors or ARNIs by measuring IAPP
serum level is advisable to outweigh the risk/benefit ratio
in relation to AD risk.

6 | CONCLUSIONS

NEP enzyme inactivates various peptide hormones includ-
ing NPs, bradykinin, oxytocin, neurotensin, substance P,
enkephalins, AngII, ET-1, and GLP-1. NEP expression in
the pancreatic β cells has a protective role against pancre-
atic β cell dysfunction and apoptosis through inhibition of
pancreatic amyloidogenesis. Overexpression of NEP enzyme
is associated with development of IR, poor glucose homeo-
stasis, and cardiometabolic disorders by the increase DPP4
activity and reduction of circulating GLP-1. Therefore, NEP
inhibitors improve glucose homeostasis by inhibition of
DPP4 activity and increasing of circulating GLP-1. NEP
inhibitors are rarely used alone but are used in combination
with ARBs in the management of heart failure through
modulation of RAS and expression of natriuretic peptides.
Taken together, NEP inhibitors produce beneficial rather
than detrimental effects on glucose homeostasis. Therefore,
large prospective studies are suggested in this regard.
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