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Abstract

Context: Inhibitors of the protease neprilysin (NEP) are used for treating heart failure,
but are also linked to improvements in metabolism. NEP may cleave proglucagon-
derived peptides, including the glucose and amino acid (AA)-regulating hormone glu-
cagon. Studies investigating NEP inhibition on glucagon metabolism are warranted.
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Objective: This work aims to investigate whether NEP inhibition increases glucagon
levels.

Methods: Plasma concentrations of glucagon and AAs were measured in eight healthy
men during a mixed meal with and without a single dose of the NEP inhibitor/angio-
tensin Il type 1 receptor antagonist, sacubitril/valsartan (194 mg/206 mg). Long-term ef-
fects of sacubitril/valsartan (8 weeks) were investigated in individuals with obesity (n = 7).
Mass spectrometry was used to investigate NEP-induced glucagon degradation, and the
derived glucagon fragments were tested pharmacologically in cells transfected with the
glucagon receptor (GCGR). Genetic deletion or pharmacological inhibition of NEP with
or without concomitant GCGR antagonism was tested in mice to evaluate effects on AA
metabolism.

Results: In healthy men, a single dose of sacubitril/valsartan significantly increased
postprandial concentrations of glucagon by 228%, concomitantly lowering concentra-
tions of AAs including glucagonotropic AAs. Eight-week sacubitril/valsartan treatment
increased fasting glucagon concentrations in individuals with obesity. NEP cleaved glu-
cagon into 5 inactive fragments (in vitro). Pharmacological NEP inhibition protected both
exogenous and endogenous glucagon in mice after an AA challenge, while NEP-deficient
mice showed elevated fasting and AA-stimulated plasma concentrations of glucagon
and urea compared to controls.

Conclusion: NEP cleaves glucagon, and inhibitors of NEP result in hyperglucagonemia

and may increase postprandial AA catabolism without affecting glycemia.

Key Words: Entresto (sacubitril/valsartan), proglucagon-derived peptides, metabolism

The endopeptidase neprilysin (NEP) is widely expressed in
humans [1, 2], and several peptide hormones including the
vasoactive hormone, atrial natriuretic peptide (ANP), and
the proglucagon-derived incretin hormone, glucagon-like
peptide 1 (GLP-1), have been identified as substrates [3-
6]. Inhibitors of NEP (sacubitril) combined with the angio-
tensin II type 1 receptor antagonist (valsartan) are currently
used in the treatment of chronic heart failure [7], but have
recently also been reported to improve metabolic function
[6, 8]. The proglucagon-derived hormone glucagon is a
substrate for NEP degradation in vitro [9, 10] and NEP
degrades both exogenous and endogenous glucagon in
pigs [11]. Glucagon plays a central role in hepatic amino
acid (AA) metabolism, both at the transcriptional level and
during increased AA availability [12, 13]. AAs stimulate
the secretion of glucagon, and glucagon in turn regulates
hepatic AA catabolism by stimulating ureagenesis [12, 14-
23]. The metabolic implications of NEP inhibitors on en-
dogenous glucagon levels and AA metabolism are currently
unknown.

We hypothesized that NEP cleaves glucagon and that
inhibitors of NEP increase AA catabolism in a glucagon
receptor (GCGR)-dependent manner. To address this, we
measured plasma concentrations of glucagon and AAs in
healthy young men and individuals with obesity after ad-
ministration of the dual NEP inhibitor/angiotensin II type 1

receptor antagonist, sacubitril/valsartan, because sacubitril
alone is not available for use in humans. Moreover, we
examined the effects of pharmacological NEP inhibition
as well as genetic deficiency of NEP activity in mice. To
dissect the metabolic effects of NEP inhibition, we modi-
fied GCGR signaling, using a GCGR antagonist (GRA).
To account for the potential effects of altered GLP-1 re-
ceptor (GLP-1R) signaling on inhibition of NEP, we also
studied mice treated with a GLP-1R antagonist (Ex9-39) or
mice lacking the GLP-1R (GLP-1R™). Finally, we assessed
NEP-induced glucagon degradation in vitro, and examined
potential agonistic properties of the generated glucagon
fragments for GCGR activity in COS-7 cells transiently
transfected with human or murine GCGR.

Materials and Methods
Study Approvals and Ethical Considerations

The study of healthy young men was approved by the
scientific-ethical committee of the Capital region of
Denmark (H-18000360) and registered with the Danish
Data Protection Agency (VD-2018-131) and ClinicalTrials.
gov (NCT03717688). The long-term study investigating
individuals with obesity was conducted by the Maastricht
University Medical Centre and was approved by the insti-
tutional review board or the independent ethics committee
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for each participating center, and registered at clinicaltrials.
gov (NCT01631864). Written and oral consent was
obtained from all participants, and both studies were con-
ducted in accordance with the principles of the Declaration
of Helsinki. Primary outcomes from both cohorts have
previously been reported [5, 24]. Animal experiments
were conducted with permission from the Danish Animal
Experiments Inspectorate, Ministry of Environment and
Food of Denmark (2018-15-0201-01397), VA Puget
Sound Health Care system Institutional Animal Care and
Use Committee (IACUC) in Seattle, Washington, USA,
and the Department of Experimental Medicine IACUC in
Copenhagen, Denmark (approval Nos. P19-147 and P19-
475). All studies were performed in accordance with the
European Union Directive 2010/63/EU.

Clinical Study Designs and Participants

The acute effect of sacubitril/valsartan was investigated
in healthy men as a crossover trial. Eight men received
in randomized order a single dose (2 tablets) of the NEP-
inhibitor/angiotensin II type 1 receptor antagonist (194 mg
sacubitril/206 mg valsartan) (Novartis Pharma GmbH) 30
minutes before ingesting a solid mixed meal (42 g/34%
carbohydrates, 25 g/45% fat, 26 g/21% protein) or the
meal alone. Participants were studied in the morning after
an overnight (10-hour) fast, and the meal was ingested over
a 10-minute period. A cannula was inserted into a cubital
vein and blood samples were drawn at —60 minutes (fasting)
and -30,-15, 0, 15, 30, 45, 60, 90, 120, 180, and 240 min-
utes relative to meal ingestion (at time O minutes). After
completion of the study, 3 participants meeting the same in-
clusion criteria were administered valsartan (206 mg) alone
30 minutes before ingesting the same solid mixed meal pre-
viously described or the meal alone (at time 0 minutes),
with blood drawn at times —60, 15, 0, 30, 45, 90, and 180
minutes. Long-term effects of sacubitril/valsartan were in-
vestigated in individuals with hypertension and obesity in a
multicenter, randomized, double-blinded study. Participants
were administered 8 weeks of treatment of either sacubitril/
valsartan (194 mg/206 mg once a day, n = 7) or amlodipine,
included in this study as a control group (10 mg once a day,
n = 7). Plasma samples were obtained after an overnight
fast before and after 8 weeks treatment.

Animals and Compounds

Female and male C57BL/6]JRj mice (20-25 g) were acquired
from Janvier Laboratories. Female mice deficient in GLP-1R
signaling  (GLP-1R™;  C57BL/6N-Glplrtm1c(KOMP)
MbpH) and wild-type littermates (GLP-1R**) (previously
characterized [25]) were bred in house. Experiments on

male mice deficient in NEP activity (NEP”) (C57BL/6.
NEP7), acquired from Dr B. Lu (Harvard Medical School
[26]) with subsequent establishment in Seattle, Washington,
USA [27], were conducted at the University of Washington,
Seattle. All mice were housed in groups of 3 to 8 in indi-
vidually ventilated cages, following a light-dark cycle of 12
hours (lights on from 6 AM to 6 Pm) with ad libitum access
to standard chow (Altromin Spezialfutter) and water. Mice
were acclimatized for a minimum of 1 week after transferal
before being included in the experiments. A GCGR antag-
onist (GRA) (100 mg/kg body weight [BW]) (25-2648; a
gift from Novo Nordisk [28]) was administered in sus-
pension by oral gavage as previously described [29, 30].
The NEP inhibitor, sacubitril (dissolved in dimethyl sulf-
oxide [DMSO] and diluted in phosphate-buffered saline
[PBS]) was administered by oral gavage at a concentra-
tion (0.7 nmol/g BW) corresponding to 1000 times the
half-maximal inhibitory concentration (IC, ) for sacubitril
[31] after correcting for 60% bioavailability. PBS (0.7%
DMSO) was administered by oral gavage as a sacubitril
control. The GLP-1R antagonist, Ex9-39 (Bachem), was
administered as a fixed dose of 100 pg by intraperitoneal
injection. Glucagon (96 ng/g BW; Bachem), dissolved in
DMSO and diluted in PBS + 0.1% bovine serum albumin,
was administered by intraperitoneal injection. AAs were
administered by oral gavage (Vamin 14 g/L Electrolyte
Free; Fresenius Kabi).

Study Design for Mouse Experiments

First, we investigated the effects of sacubitril on ex-
ogenous glucagon concentrations in female C57BL/6]JR]j
mice that received either sacubitril or vehicle 30 minutes
prior to an injection of glucagon at time 0 minutes. Blood
glucose concentrations were measured from tail bleeds
using a handheld glucometer (Accu-Chek Mobile; Roche
Diagnostics), and blood was collected in EDTA-coated ca-
pillary tubes (micro haematocrit tubes; Vitrex Medical) at
time points 0, 5, 15, 30, and 60 minutes. Next, we investi-
gated the effects of the NEP inhibitor on endogenous glu-
cagon concentrations in female (n = 7-10) and male (n = 6)
CS57BL/6]JRj mice (~ 22 g) treated with GRA vehicle (time
—180 minutes), GRA (time —180 minutes), or Ex9-39 (time
-15 minutes). Sacubitril or vehicle were administered at
time —30 minutes followed by a fixed dose of AAs (34 mg)
at time 0 minutes. Blood glucose concentrations and blood
samples were collected and stored as described earlier at
times 0, 10, 15, 30, 60, and 180 min. The experiment was
also repeated in female mice that received water instead
of AAs (n=4). GLP-1R” mice and GLP-1R** mice were
treated with sacubitril or vehicle at time —30 minutes fol-
lowed by an AA challenge (34 mg), with measurement of
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blood glucose and collection of blood at times 0, 10, 15,
30, 60, and 180 minutes, as described earlier. Male NEP™
mice and nonlittermate controls (NEP**) (n = 5-6) were
administered a volume of AAs equivalent to 1% of BW
(corresponding to ~ 22 mg). Blood glucose concentrations
were measured with a glucometer (Accu-Chek Aviva Plus;
Roche) and blood was drawn in heparinized hematocrit
tubes (Fisherbrand micro-hematocrit capillary tubes) at
times 0, 15, 30, and 60 minutes. All blood samples from
the aforementioned studies were collected from the retro
bulbar plexus (~ 75 pL) and kept on ice until centrifuga-
tion with plasma being transferred to prechilled PCR tubes
and stored at =20 °C or —-80 °C for subsequent analyses.
All mice were fasted for 3 hours prior to experiments with
water freely accessible. Mice were euthanized by cervical
dislocation.

In Vitro Degradation of Glucagon by Neprilysin
and Pharmacological Characterization of
Glucagon-Degradation Products

NEP-induced glucagon degradation was investigated in
vitro using synthetic glucagon (Bachem) and recombinant
human or mouse (catalog Nos. 1182-ZNC-010 and 1126-
ZNC-010; R&D Systems) NEP. A total of 10 ng recom-
binant NEP was added to 1 pg synthetic glucagon with or
without the NEP inhibitor in the active form of the prodrug,
sacubitril (sacubitrilat, 0.5 nmol, 10% DMSO) (catalog No.
SML2064, Merck). Reactions were performed in 50 mM
Tris, 0.05 % Brij-35, pH 9 (human-derived NEP), or 50 mM
Tris, pH 9 (mouse-derived NEP) and incubated at 37 °C.
The reaction was stopped after 15, 30, or 60 minutes’ incu-
bation by addition of an excess of 0.1% trifluoroacetic acid
and spotted onto a ground steel matrix-assisted laser de-
sorption/ionization (MALDI) target plate using a-cyano-4-
hydroxycinnamic acid as a matrix. The mass spectrometer
was calibrated for each reaction. Metabolite generation
was assessed by a Bruker AutoFlex MALDI-time of flight
(TOF) mass spectrometer with accompanying Compass
version 1.4 FlexSeries software. Synthetic ANP (catalog
No. 005-06; Phoenix Pharmaceuticals) was included as a
positive control because this peptide is a known substrate
for NEP [32, 33]. A computation tool (web.expasy.org/
compute) was used to find AA sequences corresponding to
the molecular weight of the identified degradation products.
AA sequences were synthesized (CASLO ApS) and tested
on COS-7 cells transfected with human or mouse GCGR to
assess potential activation of GCGR signaling, antagonism
(evaluated as 3’,5-cyclic adenosine 5’-monophosphate
[cAMP] production) and binding affinity (measured by dis-

1251]

placement of [*’I]-glucagon). COS-7 cells were cultured as

previously described [34] and transiently transfected using

the calcium phosphate precipitation method [35]. To test for
agonism, the glucagon-degradation products were added in
increasing concentrations (10 pM-10 uM) to the transfected
COS-7 cells. Human glucagon (hGCG-NH,) was used as a
positive control. To test for antagonistic properties, COS-7
cells were preincubated with increasing concentrations of
the degradation products (0.1 nM, 10 nM, and 1 pM), with
subsequent addition of the agonist (1 nM glucagon cor-
responding to 40% of the maximal cAMP accumulation
response to glucagon). cAMP production was measured
with HitHunter cAMP XS assay (DiscoverX) according to
the manufacturer’s instructions. Finally, to test for competi-
tion binding, COS-7 cells were seeded in 96-well plates and
incubated with 15 to 40 pM monoiodinated ['*I]-labeled
glucagon and different concentrations of the glucagon deg-
radation products (1 pM-10 pM). Specific binding was cal-
culated by subtracting the nonspecific binding from total
binding. Samples were analyzed using the Wallac Wizard
1470 Gamma Counter and the output was calculated as
the percentage of specific binding. Unlabeled synthetic glu-
cagon (0.1 pM-1 pM) (catalog No. H-6790; Bachem) was
used as a positive control.

Biochemical Analyses

Plasma concentrations of glucagon were measured by a val-
idated [36] 2-site enzyme immunoassay (Mercodia catalog
No. 10-1281-01, RRID:AB_2783839), recognizing both
COOH- and NH,-termini of the molecule, according to
the manufacturer’s protocol, and by an in-house radio-
immunoassay (RIA) specific for the COOH-terminus of
glucagon, using antiserum (no. 4305) and monoiodinated
['*T]-labeled glucagon, as previously described [37, 38].
Plasma concentrations of insulin (Mercodia catalog No.
10-1247-01, RRID:AB_2783837), L-AAs (Abcam), and
urea (BioAssay Systems) were measured according to manu-
facturers’ protocol. Samples for measuring individual AAs
were derivatized with methyl chloroformate and measured
using a slightly modified version of the previously described
protocol [39], and processed as previously described [40].

Statistics

Incremental and total areas under the curve (IAUC and
tAUC) were calculated using the trapezoidal rule, with
iAUC calculated as positive peaks after adjusting for base-
line values and tAUC calculated as positive peaks above
0.IC,, and EC,; values were determined by nonlinear re-
gression. Significance was assessed by unpaired ¢ tests,
paired ¢ tests, one-way analysis of variance or 2-way ana-
lysis of variance/mixed-effects analysis followed by Holm-
Sidak post hoc analysis to correct for multiple testing. P
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less than or equal to .05 is considered significant and P
equal to .05 to 0.1 is considered a trend. One symbol indi-
cates P less than or equal to .05, 2 symbols indicate P than
or equal to .01, and 3 symbols indicate P than or equal to
.001. Statistical calculations and graphs were created using
GraphPad Prism (version 8.01 for Windows; GraphPad
Software). Data in the main text are reported as mean = SD
if not otherwise indicated.

Additional information on the methods for pharmaco-
logical characterization of glucagon-degradation products
and biochemical analyses can be found in a digital research
repository [41].

Results

Acute Neprilysin Inhibition Increases Plasma
Concentrations of Glucagon and Reduces Amino
Acids in Healthy Young Men

To investigate the effect of NEP inhibition on postpran-
dial glucagon metabolism, healthy young men (mean = SD;
age, 24 = 2 years, body mass index, 23 = 1 kg/m?, n = 8)
were included in a crossover study involving ingestion of
a standardized solid high-fat mixed meal with or without
coingestion of a single dose of the NEP inhibitor/angio-
tensin II type 1 receptor antagonist (sacubitril/valsartan).
Sacubitril/valsartan did not significantly alter fasting con-
centrations of glucagon compared to control treatment
(13+8 vs 9+ 3 pmol/L, P=.21), but postprandial glu-
cagon concentrations were significantly increased by 228%
compared to controls as reflected by iAUC (2435 = 1455
vs 742 + 365 pmol/L x min, P =.02). This was seen with
both the sandwich enzyme-linked immunosorbent assay
(ELISA) (employing NH,- and COOH-terminal wrapping
antibodies; Fig. 1A) and the RIA (using a COOH-terminal
wrapping antibody; Supplementary Fig. 1A [41]; all sup-
plemental material and figures are available in a digital re-
search repository [41]). Fasting and postprandial plasma
concentrations of glucose were similar between control
and sacubitril/valsartan treatments (Supplementary Fig.
1B [41]) (plasma glucose concentrations are previously
published in [5]). Fasting AA concentrations were un-
changed with sacubitril/valsartan (Fig. 1B), but postpran-
dial AA concentrations were reduced by 12% compared
to control treatment as reflected by tAUC (464 = 55 vs
526 + 81 mmol/L x min, P =.01), and plasma concentra-
tions of glucagon (measured by ELISA) and AA were nega-
tively correlated when evaluated by AUC (Supplementary
Fig. 1C [41], P =.03). We also measured individual AAs
at time point 90 minutes and found reduced concen-
trations of several AAs after treatment with sacubitril/
valsartan (Fig. 1C, n = 6). Of particular note, levels of AAs

(alanine, asparagine, and proline) known to be involved
in the liver—a-cell axis were reduced concomitantly with
the increase in plasma concentrations of glucagon. Because
sacubitril is available for clinical use only in combination
with valsartan, valsartan alone (206 mg) was administered
to a subset of individuals (n = 3; Supplementary Fig. 1D
[41]) to ascertain that the effects on glucagon were due to
the inhibition of NEP activity and not to the changes in the
renin-angiotensin-aldosterone system. Valsartan alone had
no effect on postprandial plasma concentrations of glu-
cagon when compared to control treatment as reflected by
iAUC (1680 = 428 vs 1744 = 524 pmol/L x min, P = .55).

Long-Term Neprilysin Inhibition Increases Fasting
Concentrations of Glucagon in Individuals With
Obesity and Hypertension

The effect of long-term sacubitril/valsartan treatment on
plasma concentrations of glucagon was investigated by
analyzing plasma obtained before and after 8 weeks of
treatment with sacubitril/valsartan in individuals with
obesity and hypertension (1 woman; age, ~ 57 = 7 years;
body mass index, 33 +7 kg/m*143/90 mm Hg, n=7).
Fasting concentrations of glucagon increased by 42%
(9 +3vs 13 =6 pmol/L, P =.02) (Fig. 1D), with no change
in fasting concentrations of AAs (P =.63) (Fig. 1E) or glu-
cose (P =.12) (Fig. 1F), consistent with the findings in the
healthy young men in the fasted state. Seven individuals
treated with amlodipine (calcium channel antagonist) for 8
weeks were included as controls and showed no significant
changes in plasma concentrations of glucose, glucagon, or
AAs (Supplementary Fig. 1E-1G [41]).

Recombinant Neprilysin Cleaves Native
Glucagon In Vitro

To investigate whether NEP degrades glucagon directly, na-
tive glucagon (Gegl1-29) was incubated with recombinant
NEP with or without sacubitrilat (the active compound of
the NEP inhibitor prodrug sacubitril), and products of deg-
radation were assessed by MALDI-TOF mass spectrom-
etry. As a control, we also analyzed glucagon in the absence
of NEP and sacubitrilat, and observed that glucagon is
stable over time (15, 30, and 60 minutes) (Fig. 2A and 2B
“0 min”) when incubated in buffer alone. Recombinant
human (see Fig. 2A) and mouse NEP (see Fig. 2B) cleaved
native glucagon after 15 minutes’ incubation, as shown by
the generation of 5 glucagon fragments and the reduced
peak of native glucagon. The inclusion of sacubitrilat pre-
vented the formation of any fragments and preserved the
peak size of intact glucagon. Following analysis of the
MALDI-TOF spectra, we identified NEP cleavage sites
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Figure 1. Neprilysin (NEP) inhibition with sacubitril/valsartan increases plasma concentrations of glucagon in lean and obese individuals and reduces
postprandial amino acid concentrations. Plasma concentrations of A, glucagon, and B, amino acids in healthy young males treated with sacubitril/
valsartan (black circles) followed by a mixed meal (34% carbohydrates, 45% fat, and 21% protein) or the meal alone (controls, open circles) (cohort
previously published in [5]). Sacubitril/valsartan was administered as a single dose (194 mg sacubitril/206 mg valsartan) 30 minutes before the meal
(given at time 0 minutes). The same individuals completed the control and sacubitril/valsartan treatments in a randomized open-labeled crossover
design (n = 8). C, Individual concentrations of amino acids in healthy men before control or sacubitril/valsartan treatment at time point 90 minutes
after the meal (n =6). Asparagine was not included in the column graph because of dissimilar y axes. Plasma concentrations of D, glucagon, E,
amino acids, and F, glucose in individuals with obesity treated with sacubitril/valsartan for 8 weeks (n = 7) (cohort previously published in [24]). Data
are presented as (B and C) mean + SEM and are analyzed by (A and B) repeated-measures 2-way analysis of variance or C, D, E and F, paired t tests.
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Figure 2. Neprilysin (NEP) degrades glucagon into metabolites (Gcg1-21

, Geg1-19, Geg1-18, Gegh-18, and Geg1-13) that do not activate the glu-

cagon receptor (GCGR). Matrix-assisted laser desorption/ionization time of flight identified m/zs in the m/z spectra 1500 to 4500 after recombinant

A, human, and B, mouse NEP (10 ng) mixed with glucagon (1 ug) after 1

5, 30, and 60 minutes’ incubation, and after 60 minutes’ incubation with

glucagon, NEP, and the NEP inhibitor sacubitrilat (0.5 nmol, 10% dimethyl sulfoxide) (active form of the prodrug, sacubitril). C, GCGR activation
(dose-response curve) for native glucagon (Geg1-29)-induced 3’,5’-cyclic adenosine 5-monophosphate (cAMP) accumulation in COS-7 cells transi-

ently transfected with human GCGR. D, Dose-response curves for cAMP ac
transfected with human GCGR (3 technical replicates).

between AAs Asp21 and Phe22 (Gegl-21), Alal9, and
GIn20 (Gegl-19), and Argl18 and Ala19 (Gegl-18) in the
COOH terminus of the glucagon molecule (Table 1). Two
additional glucagon fragments were identified with recom-
binant mouse NEP with #1/z values of 1738 and 1520, cor-
responding to AA sequences Geg5-18 and Gegl-13. These
2 glucagon fragments were not detectable following incu-
bation of native glucagon with human recombinant NEP,
probably because of a high signal-to-noise ratio at m/z less
than 2000. ANP, a well characterized substrate of NEP [33,
42], was included as a positive control (Supplementary Fig.
2A and 2B [41]), and showed that NEP cleavage resulted in
the formation of a known substrate (m2/z 2585), which was
prevented by the addition of sacubitrilat [43].

cumulation with glucagon-degradation products in COS-7 cells transiently

Glucagon Fragments Generated by Neprilysin-
Induced Cleavage Do not Activate, Bind to or
Antagonize Glucagon Receptor Signaling In Vitro
in COS-7 Cells

Having identified the glucagon fragments (Geg1-21, Gegl-
19, Gegl-18, Gegs-18, and Gegl-13) arising from NEP
cleavage of glucagon, we next investigated whether these
fragments were capable of modulating GCGR signaling.
We therefore assessed their agonistic properties on
GCGR activation (evaluated by increases in cAMP accu-
mulation) using COS-7 cells transiently transfected with
human or mouse GCGR. Native glucagon, included as a
positive control, increased GCGR activity within an ex-
pected dynamic range from 0.1 nM to 1 pM with EC_;
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Table 1. Identified glucagon fragments (m/zs) and corresponding amino acid sequences

Calculated m/z Observed m/z Amino acid sequence ID Bond break

3482.8 3481.4 HSQGTFTSDYSKYLDSRRAQDFVQWLMNT Gegl-29 Native glucagon

2462.6 2461.3 HSQGTFTSDYSKYLDSRRAQD Gegl-21 Asp21-Phe22

2219.4 2220.3 HSQGTFTSDYSKYLDSRRA Gegl-19 Ala19-GIn20

2148.3 2148.3 HSQGTFTSDYSKYLDSRR Gegl-18 Argl18-Ala19

1738.9 1738.4 TFTSDYSKYLDSRR Gegs-18 Gly4-Thr5, Arg18-Ala19
1520.6 1520.4 HSQGTFTSDYSKY Gegl-13 Tyr13-Leul4

Abbreviation: ID, identification.

values of 9.149¢"" M (n=3) and 1.185¢” M (n=3) in
COS-7 cells transfected with human (Fig. 2C) or mouse
(Supplementary Fig. 3A [41]) GCGR, whereas none of the
5 glucagon fragments had any effect on either the human
(Fig. 2D) or mouse (Supplementary Fig. 3B [41]) GCGR.
To further evaluate their pharmacological properties, we
assessed GCGR binding affinity and antagonistic prop-
erties of the glucagon fragments in the same cellular ex-
pression system on the human (Supplementary Fig. 4 [41])
and mouse (see Supplementary Fig. 3 [41]) GCGR. Native
glucagon displaced ['**T]-glucagon radioligand binding in a
dose-dependent manner with an IC, of 8.16e* M (n = 3)
and 6.44e® M (n=3) in COS-7 cells transfected with
human (see Supplementary Fig. 4A [41]) or mouse GCGR
(see Supplementary Fig. 3C [41]). None of the glucagon

13]]-glucagon, indicating

fragments altered the binding of [
their inability to bind to human (see Supplementary Fig.
4B [41]) and mouse GCGR (see Supplementary Fig. 3D
[41]). The glucagon fragments were also devoid of any
antagonistic properties at the human (see Supplementary
Fig. 4C [41]) and mouse (see Supplementary Fig. 3E [41])
GCGR, when assessed in the presence of 1 nM native glu-
cagon. Finally, we measured the glucagon fragments using
the same immunoassays as were used in the human studies
(NH,- and COOH-directed sandwich ELISA and COOH-
directed RIA), and found that none of the glucagon frag-
ments derived by NEP cleavage cross-reacted with either
of the 2 glucagon immunoassays used to measure glucagon

in plasma.

Exogenous and Endogenous Glucagon
Concentrations Are Increased in Mice in
Response to Pharmacological Neprilysin
Inhibition

The effect of NEP inhibition on exogenous glucagon was
studied in female CS57BL/6]JRj mice by administering
sacubitril (0.7 nmol/g BW, ~ 60% inhibition of NEP ac-
tivity in mice; data not shown) 30 minutes prior to a glu-
cagon injection (96 ng/g BW). Sacubitril decreased the
degradation of glucagon following exogenous glucagon

administration (P =.001) (Fig. 3A) without affecting blood
glucose concentrations (Fig. 3B). We investigated the effect
of NEP inhibition on endogenous glucagon concentrations
by measuring plasma concentrations of glucagon in fe-
male C57BL/6JRj mice (and male mice in Supplementary
Fig. 5 [41]) after stimulation with oral administration of
AAs (AA composition shown in Supplementary Table 1
[41]) (Fig. 3C). Sacubitril increased the glucagon response
to AAs by 41% (at time 10 minutes, P =.007) (Fig. 3D).
The GLP-1R antagonist (Ex9-39) increased plasma con-
centrations of AA-stimulated glucagon compared to ve-
hicle treatment (Fig. 3F-G), while coadministration of
Ex9-39 and sacubitril increased plasma concentrations of
glucagon more when compared to Ex9-39 treatment alone
(Fig. 3E). Sacubitril did not, however, increase the glucagon
response to AAs in a model of genetic GLP-1R deficiency
(GLP-1R™" mice) (Supplementary Fig. 6 [41]). The aug-
menting effects of sacubitril on AA-stimulated glucagon
levels were apparent only in littermate controls (GLP-1R**
mice) (time point 15 minutes, P = .02). Sacubitril increased
blood glucose concentrations in response to an AA chal-
lenge in GLP-1R™ mice (P =.03), whereas no significant
increase was observed in C57BL/6JRj mice after sacubitril
(Fig. 3F) despite increased plasma concentrations of glu-
cagon. Similar experiments were performed in male
C57BL/6]JRj mice, and comparable results to the findings
in female C57BL/6]JRj mice were observed (Supplementary
Fig. 5A-5C [41]).

Neprilysin Inhibition May Increase Amino Acid-
Stimulated Ureagenesis

Since inhibitors of NEP increase both glucagon and GLP-1
concentrations in humans, we investigated whether the ef-
fects of sacubitril on AA catabolism and ureagenesis de-
pend on GCGR and/or GLP-1R signaling. To address this,
we treated female C57BL/6]JRj mice with a GRA or Ex9-39
and investigated GLP-1R™" mice (see Supplementary Fig. 6
[41]). As observed previously by our group, GRA increased
plasma concentrations of glucagon and AAs while redu-
cing blood glucose levels. NEP inhibition had no effect on
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Figure 3. Neprilysin (NEP) inhibition increases plasma concentrations of glucagon in female C57BL/6JRj mice, perturbing amino acid metabolism.
Plasma concentrations of A, glucagon, and B, blood glucose concentrations in female C57BL/6JRj mice (n = 10) treated with either vehicle (phosphate-
buffered saline + 0.7% dimethyl sulfoxide, open circles) or sacubitril (0.7 nmol/g body weight [BW], black circles) at time point -30 minutes followed
by an intraperitoneal injection of glucagon (96 ng/g BW) at time 0 minutes. C, Experimental design used in female C57BL/6JR]j mice (n = 7-10) treated
with either vehicle (black lines and circles), glucagon receptor antagonist (GRA) (100 mg/kg BW, blue lines and squares), or Ex9-39 (fixed dose of
100 pg in 100 pL, red lines and triangles) with coadministration of vehicle (open symbols) or sacubitril (colored symbols) followed by oral adminis-
tration of amino acids (AAs, 34 mg) at time 0 minutes. Plasma concentrations of glucagon in mice treated with D, sacubitril or vehicle, and in mice
treated with E, GRA, Ex93-39, coadministration of GRA and sacubitril or coadministration of Ex9-39 and sacubitril. F, Blood glucose concentrations,
plasma concentrations of G, AAs; H, A urea with |, corresponding incremental areas under the curve (iAUCs); and J, insulin. Data are presented as
mean + SEM and are analyzed by A and D, repeated-measures 2-way analysis of variance, and H, unpaired t tests.

plasma concentrations of amino acids when compared to
vehicle treatment (Fig. 3G), and coadministration of Ex9-
39 and sacubitril as well as coadministration of GRA and
sacubitril similarly had no effect on AA concentrations
when compared to Ex9-39 treatment and GRA treatment
alone (see Fig. 3G). Overall, sacubitril did not appear to
reduce plasma concentrations of AAs in this setting, con-
trary to what we found in healthy young men. In fact,
sacubitril unexpectedly increased plasma concentrations of
AAs in GLP-17" mice as reflected by the iAUC (376 + 67 vs
255+ 118, P =.05). As expected, GRA treatment reduced
fasting (6 = 1 vs 8 + 1 mmol/L, P < .001) and AA-stimulated
urea concentrations compared both to vehicle and Ex9-39-
treated groups, supporting previous findings showing that
GCGR signaling is important for urea production. A trend

toward increased AA-stimulated urea levels with sacubitril
compared to vehicle treatment was apparent when evalu-
ated by i1AUC (737 =190 vs 592 =97 mmol/L x min,
P =.08), and this effect was dependent on GCGR signaling
as reflected by the significant difference in urea levels be-
tween sacubitril treatment and the combined treatment
of sacubitril and GRA (P =.01, Fig. 3H and 3I). Plasma
concentrations of urea were similar between groups that
were coadministered sacubitril and Ex9-39 compared to
sacubitril treatment alone (see Fig. 3I), indicating that the
increase in urea with NEP inhibition is independent of
GLP-1R signaling. Fasting (143 = 63 vs 58 =21 pmol/L,
P =.005) and postprandial insulin concentrations were
decreased in Ex9-39-treated groups compared to vehicle
treatment, and coadministration of Ex9-39 and sacubitril
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did not affect plasma concentrations of insulin compared
to Ex9-39 treatment alone (Fig. 3]). To assess potential sex
differences, we performed an identical experiment in male
C57BL/6]JRj mice (n =6) and, similarly to the cohort of
female mice, sacubitril increased plasma concentrations of
glucagon without altering blood glucose or plasma con-
centrations of AAs (Supplemental Figure 5 [41]). However,
sacubitril did not increase plasma concentrations of urea,
contrary to what was observed in female mice. Finally, we
repeated the study in female mice (n = 3) that were admin-
istered water instead of AAs (Supplementary Fig. 7 [41])
and saw that plasma concentrations of glucagon were in-
creased numerically in groups that were coadministered
sacubitril with vehicle, GRA, or Ex9-39 compared to ve-
hicle, GRA, or Ex9-39 alone.

Mice Deficient in Neprilysin Have Increased
Plasma Concentrations of Glucagon and Urea

We challenged male NEP™~ mice and controls with AAs
by oral gavage (Fig. 4A-4]) to assess the effect of con-
genital NEP deficiency on endogenous glucagon concen-
trations. Fasting plasma concentrations of glucagon were
114% higher in NEP”" mice compared to NEP** mice,
and this difference became even more pronounced after an
AA challenge (P =.02) (see Fig. 4A and 4B). Fasting blood

glucose concentrations were 27% higher in NEP”~ mice
compared to NEP** mice (10.2 = 0.7 vs 7.4 = 1.3 mmol/L,
P =.009), while plasma concentrations of insulin were
numerically increased (see Fig. 4C and 4D). NEP™~ mice
were heavier than NEP** mice (P =.01) (see Fig. 4E) des-
pite being age-matched. An AA challenge increased plasma
concentrations of AAs to a greater extent in NEP™™ mice
than in NEP** mice (see Fig. 4F and 4G). Fasting plasma
urea concentrations were 22% higher in NEP”~ mice (9 = 1
vs 7= 1 mmol/L, P = .001) compared to NEP** mice, and
this difference was further augmented by an AA challenge
(P =.03) (see Fig. 4H-4]).

Discussion

The present study demonstrates that the endopeptidase
NEP plays an important role in glucagon metabolism
both in humans and mice, and that pharmacological in-
hibition of NEP induces hyperglucagonemia, with potential
effects on AA levels in humans but with negligible effects
on glucose levels. The latter may potentially be due to in-
creased GLP-1R signaling, as supported by the increase in
postprandial glucose concentrations observed on NEP in-
hibition in GLP-1R™" mice as shown here and the finding
that NEP also appears to affect plasma concentrations
of GLP-1 in humans [5]. Hyperglucagonemia may affect

*
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Figure 4. Neprilysin (NEP)-deficient mice have increased fasting and amino acid-stimulated glucagon and urea concentrations. Plasma concentra-
tions of A, glucagon and B, corresponding incremental areas under the curve (iAUCs); C, blood glucose concentrations, plasma concentrations of
D, insulin; E, body weight; plasma concentrations of F, amino acids; and G, corresponding iAUCs, plasma concentrations of H, urea; and |, corres-
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measures 2-way analysis of variance, and B, E, G and |, unpaired t tests.
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AA catabolism by increasing hepatic AA uptake [44] and
ureagenesis [12, 45]. The present data suggest that NEP in-
hibition may induce the effects on AA metabolism as seen
phenotypically with hyperglucagonemia although species
and sex differences were observed. The reason for these
differences is not clear and warrant further investigation.
Given that AA abnormalities are reported in patients with
heart failure [46], it may be speculated that sacubitril/
valsartan-induced hyperglucagonemia could affect meta-
bolic function through altered AA catabolism.

First, we investigated the effect of NEP inhibition with
sacubitril/valsartan on postprandial glucagon concen-
trations in healthy young men and found increased post-
prandial glucagon concentrations (identified identically
by sandwich ELISA and by a COOH-terminal wrapping
RIA), consistent with an earlier experimental study in pigs
[11]. These observations align with our present findings by
mass spectrometry, demonstrating that glucagon is directly
cleaved by NEP, resulting in the formation of glucagon
fragments that are truncated in the COOH-terminal and
therefore lose their immunoreactivity. We do consider the
use of sacubitril/valsartan (as opposed to sacubitril alone,
which is not available for use in humans) as a limitation to
the study. However, the finding that valsartan alone had no
effect on glucagon levels in a subset of individuals (n = 3),
together with our in vitro and mouse data indicating that
glucagon concentrations are altered in response to changes
in NEP activity, leads us to suggest that the valsartan com-
ponent of the drug is probably not responsible for the ob-
served changes in the plasma concentrations of glucagon.

Sacubitril/valsartan increased plasma concentrations
of glucagon in healthy young men and individuals with
obesity without affecting glucose concentrations. However,
long-term sacubitril/valsartan treatment is reported to im-
prove glycemic control in individuals with obesity and type
2 diabetes [8, 24]. While this may be counterintuitive in
view of the data shown here, it is pertinent to recognize
that NEP affects a wide range of additional peptide hor-
mones, including ANP, through direct cleavage by NEP, as
well as GLP-1 [5, 47] possibly through reduced dipeptidyl
peptidase 4 (DPP-4) activity [48] and/or direct cleavage
[49]. GLP-1 may affect glucose levels via its well-known
insulinotropic effects [50], and ANP may also improve
glycemia [51, 52]. The unaltered plasma concentrations
of glucose in the cohorts investigated here may, therefore,
be due to increased GLP-1 and/or ANP receptor signaling
counterbalancing glucagon’s effects on hepatic glucose pro-
duction. Indeed, we find that sacubitril increases blood glu-
cose concentrations in GLP-1R™" mice compared to vehicle
treatment, supporting the notion that increased GLP-1R
signaling in response to NEP inhibition may counteract the
effects of glucagon on glucose levels. It has also been shown

that glucagon secretion—augmented by AAs—stimulates
the B cell via their GLP-1R and thereby lowers glycemia
[53]. At any rate, during protein intake, which stimulates
both glucagon and insulin secretion, increases in plasma
concentrations of glucagon do not necessarily lead to in-
creases in plasma concentrations of glucose [54, 55].

In accordance with our own [12] and others’ studies
reporting an acute role for glucagon on AA metabolism
[13], the sacubitril/valsartan-induced increase in the post-
prandial concentrations of glucagon in healthy young men
was accompanied by a reduction in the concentration of
postprandial AAs. In fact, AA concentrations did appear
to correlate with glucagon concentrations (based on AUC
values) supporting the relationship between glucagon and
AA catabolism. On the other hand, this statistical correl-
ation was lost when removing a single data point (for an
individual with a very high glucagon AUC), which likely
suggests a power issue regarding this subanalysis. The con-
centration of some AAs, including those that have been
suggested to be involved in the liver—a-cell axis (alanine
and proline) [56] and to stimulate glucagon secretion
(asparagine) [57], were significantly reduced following
sacubitril/valsartan treatment. Reductions, however, were
modest and not apparent for all AAs. It should be noted
that these analyses were conducted post hoc on samples
that had not been stored optimally for these particular ana-
lyses, which may have confounded the results, so these data
should be interpreted with caution. In line with our find-
ings in healthy young men, fasting AA concentrations were
unchanged after 8 weeks sacubitril/valsartan treatment in
individuals with obesity and hypertension. A mixed-meal
tolerance test was not performed in these individuals be-
fore and after the intervention. This is a limitation, as
glucagon-stimulated AA metabolism may be dependent on
substrate availability, meaning that the metabolic implica-
tions of sacubitril/valsartan-induced hyperglucagonemia
may become apparent only when substrate availability is
high. Further studies therefore, are needed to explore the
consequence of any NEP-induced effect on AA catabolism.

To investigate whether the increase in glucagon concen-
trations following NEP inhibition occurs because of a direct
effect to inhibit NEP cleavage of the glucagon molecule
or reflects an indirect mechanism (such as increased glu-
cagon secretion or reduced glucagon clearance in tissues),
we studied the degrading effects of recombinant NEP on
glucagon in vitro using mass spectrometry. Recombinant
human and mouse NEP rapidly (within 15 minutes) and
extensively cleaved glucagon and generated several frag-
ments. NEP has a strong preference toward hydrophobic
AAs with cleavage at the N-terminal side (P1) of the residue
[58], and this was the case for 4 out of 6 cleavage sites
shown here. NEP also targets neutral AAs [59], and we
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show that at least one AA in every bond break was either
neutral or hydrophobic. Pharmacological analyses showed
that the glucagon fragments did not bind, agonize, or an-
tagonize either the human or mouse GCGR in transiently
transfected COS-7 cells, indicating that NEP activity ex-
clusively attenuates GCGR signaling by reducing plasma
concentrations of native glucagon through direct cleavage.
These data, therefore, suggest that hyperglucagonemia
caused by NEP inhibition in vivo at least partly results from
reduced enzymatic glucagon degradation, although our
findings do not exclude reduced glucagon clearance in tis-
sues [60] or that increased glucagon secretion by pancreatic
a cells may contribute, as previously suggested [21, 61].

While NEP directly decreases circulating concentra-
tions of its substrates by cleavage [62-64], we found that
AA-stimulated glucagon concentrations were not in-
creased with sacubitril in a model of congenitally disrupted
GLP-1R signaling. However, acute coadministration of
the GLP-1R antagonist Ex9-39 and sacubitril markedly
increased AA-stimulated glucagon concentrations com-
pared to Ex9-39 treatment alone. The GLP-1R™" mouse
strain is a global and lifelong genetically modified mouse
model, and has likely developed adaptive mechanisms [65].
Other gene products regulated secondarily to GLP-1R
signaling may have influenced results. We also propose that
chronic hyperglycemia may have inhibited the secretion of
glucagon, as shown previously [66-68]. In our cohort of
NEP™" mice, fasting concentrations of glucose were also
increased, which is contrary to previous reports from this
mouse strain [27, 48]. There was a discrepancy between
the effects on glycemia with the NEP inhibitor compared
to NEP™™ mice, which is currently unexplained and war-
rants further investigation. However, given that higher glu-
cagon concentrations did not affect glucose concentrations
in our other models of reduced NEP activity, the elevated
glucagon concentrations may not fully explain the elevated
glucose concentrations in NEP™™ mice. Plasma concentra-
tions of AAs (post oral AA administration) were also in-
creased in NEP™~ mice and whether this was due to reduced
AA uptake in extrahepatic tissue, increased proteolysis, or
denotes another explanation is unknown. However, NEP
inhibition may increase plasma concentrations of cortisol
[69, 70], a steroid hormone that during prolonged eleva-
tion can lead to increased proteolysis [72], which may par-
tially explain the increased levels of AAs and glucose in
NEP™" mice.

We investigated the effects of sacubitril in C57BL/6]Rj
mice treated with either vehicle, a GRA, or Ex9-39 to ex-
plore the underlying mechanisms for the reduction in
postprandial AAs responses seen with NEP inhibition in
healthy young men. Mice treated with Ex9-39 were in-
cluded, as NEP inhibition has been shown to increase

insulin secretion in mouse islets in a GLP-1R-dependent
manner [72]. Plasma concentrations of urea were measured
as an indicator of AA catabolism because we were unable
to sample urine in our mouse studies. However, this is also
a limitation to the study, as small changes in plasma urea
levels may have been missed because of efficient renal urea
excretion [73]. Here we show that mice with a global de-
ficiency of NEP have increased plasma concentrations of
urea in response to an AA challenge, which we hypothesized
to be dependent on GCGR signaling. Sacubitril numeric-
ally (P =.08) increased AA-stimulated urea levels (as indi-
cated by iAUC) in female C57BL/6JRj mice. Furthermore,
AA-stimulated urea concentrations were reduced in mice
that were coadministered GRA and sacubitril compared
to sacubitril alone both in males and females, indicating
that the effects with NEP inhibition on AA catabolism may
depend on GCGR signaling. However, since sacubitril did
not significantly increase plasma levels of urea in female
and male C57BL/6]Rj mice, inhibitors of NEP may increase
AA catabolism by GCGR-independent mechanism(s).
AA-stimulated urea concentrations (as indicated by iAUC)
were similar in mice that were coadministered Ex9-39 and
sacubitril compared to sacubitril alone both in male and
female mice, indicating that the effects of NEP inhibition
on AA catabolism were independent of GLP-1R signaling.

Taken together, the present study demonstrates, by
use of several different experimental approaches, that
NEP inhibition reduces the degradation of endogenous
glucagon in humans and mice because of the inhib-
ition of NEP-mediated glucagon cleavage. In healthy
young men, sacubitril/valsartan reduced postprandial AA
concentrations, including some glucagonotropic AAs,
which may be a result of increased glucagon-stimulated,
substrate-dependent ureagenesis, as we found increased
AA-stimulated plasma concentrations of urea in mice defi-
cient in NEP. NEP inhibitors are prescribed to patients with
heart failure, and the reported metabolic improvements in
these patients may be related to increased concentrations
of proglucagon-derived peptides, as demonstrated here and
by others [5, 11, 47]. Furthermore, our results contribute
to the emerging evidence suggesting that glucagon may
contribute to the acute clearance of AAs in a postprandial
setting.
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