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Background-—There is a paucity of data about the mechanisms by which sacubitril/valsartan (also known as LCZ696) improves
outcomes in patients with heart failure. Specifically, the effects of sacubitril/valsartan on vascular function and NO bioavailability
have not been investigated. We hypothesized that sacubitril/valsartan therapy increases circulating NO levels and improves
vascular function in the setting of heart failure.

Methods and Results-—Male spontaneously hypertensive rats underwent myocardial ischemia/reperfusion surgery to induce heart
failure and were followed for up to 12 weeks with serial echocardiography. Rats received sacubitril/valsartan (68 mg/kg),
valsartan (31 mg/kg), or vehicle starting at 4 weeks after reperfusion. At 8 or 12 weeks of reperfusion, animals were euthanized
and tissues were collected for ex vivo analyses of NO bioavailability, aortic vascular reactivity, myocardial and vascular histology,
and cardiac molecular assays. Left ventricular structure and function were improved by both valsartan and sacubitril/valsartan
compared with vehicle. Sacubitril/valsartan resulted in superior cardiovascular benefits, as evidenced by sustained improvements
in left ventricular ejection fraction and end-diastolic pressure. Ex vivo vascular function, as measured by aortic vasorelaxation
responses to acetylcholine and sodium nitroprusside, was significantly improved by valsartan and sacubitril/valsartan, with more
sustained improvements afforded by sacubitril/valsartan. Furthermore, myocardial NO bioavailability was significantly enhanced in
animals receiving sacubitril/valsartan therapy.

Conclusions-—Sacubitril/valsartan offers superior cardiovascular protection in heart failure and improves vascular function to a
greater extent than valsartan alone. Sacubitril/valsartan-mediated improvements in cardiac and vascular function are likely related
to increases in NO bioavailability and explain, in part, the benefits beyond angiotensin receptor blockade. ( J Am Heart Assoc.
2018;7:e008268. DOI:10.1161/JAHA.117.008268.)
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H eart failure (HF) is one of the leading causes of
morbidity and mortality in the United States.1 Many

of the newest pharmacological strategies used to treat HF
rely on the modulation of endogenous neurohormonal

systems that are maladaptive during HF progression.2

These changes include sympathetic nervous system and
renin-angiotensin-aldosterone system overactivity with con-
comitant suppression of the natriuretic peptide (NP)
system.3–5

The PARADIGM-HF (Prospective Comparison of ARNI
[Angiotensin Receptor–Neprilysin Inhibitor] With ACEI [Angio-
tensin-Converting–Enzyme Inhibitor] to Determine Impact on
Global Mortality and Morbidity in Heart Failure) trial demon-
strated the superiority of the first in class angiotensin
receptor–neprilysin inhibitor (ARNi), sacubitril/valsartan, over
that of the stand-alone renin-angiotensin-aldosterone system
inhibition afforded by enalapril. ARNi therapy combines renin-
angiotensin-aldosterone system inhibition via angiotensin
receptor blockade (ARB) with augmentation of the NP system
through inhibition of neprilysin (NEPi), a peptidase enzyme
responsible for degradation of NPs.6 ARNi therapy represents
a major step forward in HF therapy; however, introduction into
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clinical use has been met with skepticism because of a
perceived lack of evidence.7–9 Preclinical studies involving
animal models have demonstrated reductions in blood
pressure,10 hypertrophy,11 fibrosis,11,12 and ischemic brain
damage.13 However, additional studies are important to
further our understanding of precise mechanisms by which
ARNi therapy protects the failing heart.

Cardiovascular diseases, including HF, are characterized by
reductions in endothelium-dependent vasodilation and vascu-
lar function.14–16 These decreases are associated with
reduction in NO bioavailability and increases in systemic
oxidative stress that occur during HF.17 There is a strong
correlation between the reductions in vascular function
associated with endothelial dysfunction and the pathophys-
iological changes that occur in cardiovascular disease.18,19

The endothelium has also been suggested as a potential
therapeutic target in HF.20,21 NO plays a crucial role in the
protection afforded by the endothelium, and NO bioavailability
is important in overall cardiovascular health.22 The benefits of
increasing NO bioavailability in cardiovascular disease include
vasodilation; anti-inflammatory, antiplatelet, antiproliferative,
and antiapoptotic effects; reduced oxidative stress; and
improved cardiac contractility.23,24

In this study, we hypothesized that treatment with an ARNi
would augment NO bioavailability, improve vascular function,

attenuate adverse left ventricular (LV) remodeling, and
improve cardiac function.

Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure.

Experimental Animals
Male spontaneously hypertensive rats, at 18 to 20 weeks of
age, were used in all experiments (Charles River Laboratories).
Animals were pair housed in an animal facility with an
automated 12-hour light/dark cycle. Rodent chow (Harlan)
and tap water were provided ad libitum. There was no
significant difference in average body weight between groups
through the length of the study (Figure S1A). All experimental
protocols were approved by the Louisiana State University
Health Sciences Center Institute for Animal Care and Use
Committee and were in compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Myocardial Ischemia and Reperfusion
Rats were anesthetized using 3.0% isoflurane supplemented
with 100% oxygen in an induction chamber. The chest area
was shaved and covered with a chemical depilatory cr�eme for
1 minute to ensure complete removal of fur. The animals were
subsequently intubated and placed on a surgical table (Indus
Instruments) and connected to a rodent ventilator (model
835; Harvard Apparatus) set to 85 breaths per minute at a
tidal volume of 3.5 mL with 100% oxygen supplemented with
1.5% isoflurane. The surgical table contains ECG leads and a
monitor, along with a homoeothermic heating element. The
exposed skin was sterilized with 3 rounds of 70% isopropyl
alcohol, followed by betadine, ending with betadine, and then
covered with a sterile fenestrated surgical drape. A median
sternotomy was performed just lateral to the sternum at the
level of the second and third ribs to expose the chest cavity.
The left anterior descending artery was visualized and ligated
proximally using a 7-0 Prolene suture mated to a BV-1 needle
(Ethicon). Animals were subjected to 45 minutes of ischemia,
followed by reperfusion for up to 12 weeks. The chest cavity
was closed in 3 layers using 4-0 Vicryl suture mated to an
FS-1 needle (Ethicon), after which the animals were recov-
ered. All animals received prophylactic antibiotic therapy with
cefazolin and buprenorphine for pain.

A total of 83 animals were included in the present study
after accounting for animal deaths and exclusions based on
troponin values. The animals were randomly assigned to a

Clinical Perspective

What Is New?

• This study is one of the first to describe a mechanism of
action distinct from renin-angiotensin-aldosterone system
inhibition in the new class of angiotensin receptor–
neprilysin inhibitors that includes sacubitril/valsartan (also
known as LCZ696).

• Sacubitril/valsartan improves vascular function and pre-
serves endothelium-dependent vasodilatory responses dur-
ing heart failure (HF) with reduced ejection fraction.

• Sacubitril/valsartan increases NO bioavailability, which
affords the previously described vascular protection and
additional cardioprotective effects that are important during
HF with reduced ejection fraction.

What Are the Clinical Implications?

• This study provides insight into the poorly understood
mechanisms of action of a new class of HF therapy that may
aid in the understanding, development, and adoption of this
treatment strategy.

• In addition to patients with HF with reduced ejection
fraction, sacubitril/valsartan may be of therapeutic benefit
in patients affected by other diseases associated with
vascular dysfunction, such as arterial stiffness, cerebrovas-
cular disease, and HF with preserved ejection fraction.
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treatment (vehicle, valsartan, or sacubitril/valsartan) and a
treatment cohort (8 or 12 weeks). Ultimately, 14 animals
were enrolled in each group, with the exception of the
12-week sacubitril/valsartan group, in which 13 animals were
enrolled. All of the 8-week cohort animals were used in
molecular analyses; however, only predetermined subsets of
the 12-week cohort animals were used in different molecular
analyses.

Plasma Troponin Levels
Tail vein blood was collected at 4 hours after reperfusion to
obtain plasma. Cardiac troponin I was measured using an
ELISA kit optimized for rat plasma (Life Diagnostics).
Troponin was measured in all 100 animals enrolled in the
study (n=13–14). There was no significant difference in
baseline circulating cardiac troponin I between groups
(Figure S1B).

Echocardiography
Biweekly echocardiography was performed serially on the
12-week cohort animals starting before myocardial ische-
mia/reperfusion (MI/R) and through the end of the
protocol. A Vevo2100 (Fujifilm VisualSonics) rodent
echocardiography system connected to an MS250 13- to
24-MHz probe was used to determine cardiovascular
function and structure parameters. Animals were anes-
thetized again using 3.0% isoflurane for induction and
maintained via nose cone administration of 1.0% to 1.5%
isoflurane. An ECG-gated kilohertz visualization image was
obtained by summation of 300 cardiac cycles. The ECG-
gated kilohertz visualization provided a B-mode image,
which was used for LV ejection fraction determinations; and
regenerated M-mode images, which were used for determi-
nation of LV end-diastolic diameter (LVEDD) and LV end-
systolic diameter. Body weight was also collected when
echocardiography measures were obtained. Echocardiogra-
phy was performed on all animals enrolled in the 12-week
cohort (n=14 for vehicle and valsartan, and n=13 for
sacubitril/valsartan).

Administration of Valsartan and Sacubitril/
Valsartan
Starting at 4 weeks after reperfusion, animals began receiving
daily therapy consisting of vehicle (water), valsartan (31 mg/
kg), or sacubitril/valsartan (also known as LCZ696; 68 mg/
kg). Drug was administered at 8 AM every morning via oral
gavage. Treatment assignment was based on plasma troponin
levels and baseline cardiovascular function. Euthanized
animals received their final dose the day of euthanasia.

Valsartan and sacubitril/valsartan were provided by Novartis
Pharmaceuticals (Novartis).

Tissue Collection
Animals were euthanized before MI/R, after 4 weeks of
reperfusion, after 8 weeks of reperfusion, or after 12 weeks
of reperfusion. At the time of euthanasia, echocardiography
was performed, pressure measurements were made, blood
was collected in K2 EDTA tubes and spun down to obtain
plasma, thoracic aorta was collected and stored in cold Krebs-
Henseleit solution, and tissues were obtained and flash frozen
for future studies. In addition to flash freezing, a midventric-
ular myocardial specimen and the left kidney were placed in
10% zinc-buffered formalin for fixation. Weights were also
obtained for heart and lung specimens to measure hypertro-
phy and pulmonary edema, respectively. Tissues were
obtained for all animals enrolled in the study (n=13–14).
Tissue weights were measured for a subset of animals in the
8- and 12-week cohorts (Figure S2) to ensure adequate
preservation of tissue samples (n=7–9).

Blood and LV Pressure Measurements
Animals were anesthetized using methods previously
described and subjected to carotid catheterization. A 1.6F
catheter with a high-fidelity pressure transducer probe on the
tip was inserted into the carotid and advanced into the LV.
Pressure was measured for 1 minute to obtain LV pressure
parameters, including LV end-diastolic pressure (LVEDP),
isovolumetric relaxation parameter s, and cardiac contractility
index. After measurement of LV pressures, the catheter was
removed from the ventricle and blood pressure was measured
at the proximal aorta. Animals were euthanized immediately
after pressure determinations. Pressure measurements were
performed in all animals enrolled in the study (n=13–14).

NP Measurement
Fresh-frozen plasma was used in peptide measurements.
Brain NP (BNP) and bradykinin were measured using an ELISA
kit, per the manufacturer’s directions (Phoenix Pharmaceuti-
cals). NT-proBNP (N-terminal pro-B-type NP) was measured
using an ELISA kit, per the manufacturer’s directions
(MyBioSource). NP levels were measured for all animals
enrolled in the study (n=13–14).

Renal Neprilysin Activity
Kidney cortex tissue was collected at the time of euthanasia
and immediately flash frozen in liquid nitrogen. Kidney protein
was isolated by homogenization of 100 mg of renal cortex in
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radioimmunoprecipitation assay buffer supplemented with
Halt protease and phosphatase inhibitors (ThermoFisher).
Isolated protein homogenate (300 µg) was incubated with the
fluorogenic peptide N-dansyl-D-Ala-Gly-p-nitro-Phe-Gly (Sigma-
Aldrich) and captopril (Sigma-Aldrich) at concentrations of
500 lmol/L and 100 mmol/L, respectively. This was done in
250 lL of 50 mmol/L Tris-HCl, pH 7.4, for 30 minutes at
37°C, followed by heat inactivation of neprilysin by incubating
for 5 minutes at 100°C. Samples were spun for 10 minutes at
5000 RCF, and 200 lL of supernatant was collected for
fluorometric analysis with excitation at 342 nm and emission
at 562 nm within 5 minutes of acquisition.25,26 Renal
neprilysin activity was measured for all animals enrolled in
the study, and exclusions were made afterwards using the
Grubbs’ test for outliers (n=11–14).

Histological Analysis
Fixed short-axis midventricular myocardial samples were
embedded in paraffin, divided into sections, and stained with
Masson’s trichrome and Picrosirius red. Picrosirius red–
stained specimens were analyzed using fluorescent confocal
microscopy, with collagen volume fraction determined by
ImageJ (National Institutes of Health). Masson’s trichrome–
stained specimens were analyzed in a blinded manner, and
fibrosis was scored on the basis of histopathological findings,
including percentage fibrosis and infarct expansion. Fibrosis
scoring ranged from 0 (no evidence of fibrosis) to 5
(significant fibrosis). Histological analysis was performed on
all animals enrolled in the study (n=13–14).

Vascular Function
Thoracic aorta was collected at euthanasia and divided into
4 0.5-cm sections in ice-cold Krebs-Henseleit solution. Rings
were placed in a vascular reactivity system composed of
tissue chambers perfused with warm normal Krebs-Henseleit
solution and pressure transducer systems (Radnoti). Rings
were allowed to equilibrate for 1 hour at a preload of 1.5 g.
Rings were subsequently contracted with 1 lmol/L phenyle-
phrine, and relaxation profiles were obtained for acetyl-
choline (1 nmol/L to 10 lmol/L) and sodium nitroprusside
(SNP; 1 nmol/L to 10 lmol/L). Vascular function analysis
was performed on a predetermined subset of animals per
cohort (n=8 for 8-week cohort, and n=6–10 for 12-week
cohort).

Vascular Compliance
Vascular compliance was determined on the basis of the
parameters of stroke volume, as determined by 2-dimensional
echocardiography at the time of euthanasia and pulse

pressure, which is defined as the difference between aortic
systolic pressure and diastolic pressure measured by arterial
pressure catheter.27,28 Vascular compliance analysis was
performed on all animals enrolled in the study (n=13–14).

Nitrite Measurement
Nitrite content of plasma and myocardial specimens was
made using an ENO-30 ion chromatography system with a PC-
PAK precolumn and an NO-PAK separation column (Eicom), as
previously described.29 The mobile phase was composed of
10% methanol with 0.15 mol/L NaCl-NH4Cl and 0.5 g/L
tetrasodium EDTA supplied at a flow of 0.33 mL/min. The
color-generating Griess reagent, composed of an equal
mixture of 1.25% HCl containing 0.5 g/L sulfanilamide and
10% methanol containing 0.25 g/L N-naphthylethylenedi-
amine, was delivered at a combined flow rate of 0.1 mL/
min. Nitrite bioavailability was measured for all animals
enrolled in the study, and exclusions were made afterwards
using the Grubbs’ test for outliers (n=10–14).

Western Blot
Flash-frozen tissue was homogenized in radioimmunoprecip-
itation assay buffer supplemented with Halt protease and
phosphatase inhibitor cocktail (Thermo-Fisher) and pepstatin-
A (Sigma-Aldrich). Protein content was determined using a
BCA protein assay (Thermo-Fisher). Immunoblotting used
specific antibodies for endothelial NO synthase (eNOS; BD
Biosciences), phosphorylated Ser1177 eNOS (Cell Signaling
Technologies), protein kinase G (PKG; Cell Signaling Tech-
nologies), GAPDH (Santa Cruz), and a-tubulin (Santa Cruz).
Western blot analysis was performed on a predetermined
subset of animals in the 12-week cohort (n=8).

Gene Expression Assays
RNA was isolated from LV tissue using Trizol reagent
extraction, followed by RNA precipitation. RNA was quantified
using Gen 5 software (BioTek), and cDNA was synthesized
using I-script cDNA synthesis kit (Bio-Rad). Quantitative
polymerase chain reaction was performed using TaqMan
primers (Life Technologies) and the StepOnePlus RT-PCR
system (AppliedBiosystems). Genes probed included NOS1,
NOS2, NOS3, CBS, CSE, 3MST, COL1, COL3, MMP2, MMP9,
TIMP1, TIMP2, IL6, TGFb, ANP, BNP, CNP, NEP, NPR1, NPR2,
NPR3, as well as GAPDH, TUBA1A, and 18s for housekeeping.
2DDCt was used to determine the relative gene expression
changes. Gene expression analysis was performed on all
animals enrolled in the study, and exclusions were made
afterwards using mRNA quality analysis and the Grubbs’ test
for outliers (n=10–14).
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Statistical Analysis
Data are expressed as mean�SEM unless specified other-
wise. Statistical differences were determined using 1-way
ANOVA when comparing single time points. Two-way ANOVA
with repeated measures using multiple comparisons and a
Bonferroni post-test correction was used for echocardiogra-
phy and analyses requiring multiple time point comparisons;
significance was only reported if there was an interaction
between time and treatment. Significance was attained when
P<0.05.

Results

Sacubitril/Valsartan (LCZ696) Improves
Cardiovascular Function and Structure
LV ejection fraction was significantly reduced after MI/R and
continued to decline in the vehicle treatment group for the
entirety of the study, along with significant and sustained
dilation of the LV (Figure 1A through 1C).

At 4 weeks after reperfusion, treatment with valsartan
and sacubitril/valsartan was initiated; by week 6 weeks after
reperfusion, both valsartan- and sacubitril/valsartan-treated
animals showed significant improvements in cardiovascular
function compared with vehicle. We did not observe any
significant difference among the treatment groups through
the first 4 weeks of treatment (ie, weeks 6–10). Through the
first 4 weeks of treatment, LVEDD was significantly reduced
in the sacubitril/valsartan group compared with the vehicle
and the valsartan groups. There were no differences in
LVEDD between the valsartan and vehicle groups. In
contrast, LV end-systolic diameter in the valsartan- and
sacubitril/valsartan-treated groups were both significantly
reduced when compared with the group of animals receiving
vehicle.

At 8 to 12 weeks after reperfusion, the sacubitril/valsar-
tan-treated group exhibited sustained improvements in
cardiovascular function, whereas the valsartan group experi-
enced reductions in LV ejection fraction coupled with
increased LV dilation at end systole. At 8 to 12 weeks after
MI/R, sacubitril/valsartan treatment was superior to valsar-
tan and vehicle in terms of LV ejection fraction, LVEDD, and
LV end-systolic diameter.

LVEDP was elevated in the vehicle group to levels
suggestive of HF after MI/R30 (Figure 1D and 1E). Treatment
with valsartan or sacubitril/valsartan resulted in a significant
reduction in LVEDP at 12 weeks after MI/R. These data
suggest that either treatment reduces LV congestion during
HF. The isovolumetric relaxation constant s was significantly
reduced with sacubitril/valsartan treatment compared with
either vehicle and valsartan treatment at 12 weeks after
reperfusion. These data suggest that treatment with an ARNi

significantly improves LV relaxation and LV hemodynamic
strain.

Although valsartan afforded short-term preservation of
cardiovascular function and structure, sacubitril/valsartan
treatment resulted in sustained preservation of cardiovas-
cular function from 6 to 12 weeks after MI/R and
reversed the adverse LV remodeling that occurred before
initiation of treatment. The reductions in LVEDP and s are
also suggestive of improved cardiovascular function of the
LV and reduced severity of HF. Furthermore, the
improvements in s by sacubitril/valsartan compared with
valsartan suggest a possible diastolic function improvement
afforded by the combination drug compared with the ARB
alone.

Sacubitril/Valsartan Increases Circulating NPs
While Reducing Their Production Through
Inhibition of Neprilysin
Myocardial ischemia and reperfusion resulting in HF led to
an increased production of NT-proBNP that was processed
to mature bioactive BNP at both 8 and 12 weeks after
reperfusion, with significant elevation at 12 weeks (Fig-
ure 2A and 2B). The production of NT-proBNP was signif-
icantly lower in the sacubitril/valsartan group than in both
vehicle and valsartan groups. Although NT-proBNP, an index
of BNP production, was reduced, the levels of mature BNP
were significantly greater in the sacubitril/valsartan group
at 12 weeks (Figure 2C and 2D). To understand whether
this effect was attributable to neprilysin inhibition,
neprilysin activity was measured at both the 8- and 12-
week time point (Figure 2G and 2H). Renal neprilysin
activity was significantly attenuated at both time points,
confirming the efficacy of the sacubitril moiety of sacubi-
tril/valsartan to inhibit the endopeptidase. Circulating
bradykinin levels were unchanged at 8 weeks after acute
myocardial infarction, but increased significantly at
12 weeks after reperfusion in the sacubitril/valsartan group
(Figure 2E and 2F). There were no significant differences
between the vehicle and valsartan groups in terms of
circulating NP levels.

Analysis of myocardial ANP, BNP, and CNP gene expres-
sion at 12 weeks after reperfusion revealed no significant
differences among treatment groups (Figure 2I). However,
there were trends for reduced expression of BNP and CNP by
the sacubitril/valsartan treatment compared with vehicle
therapy. There was a significant elevation of NPR3 expression
in the myocardium; NPR3 encodes the clearance receptor
responsible for binding and degrading NPs.31–34 The elevation
of NPR3 expression suggests that the increases in circulating
NPs leads to an upregulation of the endogenous mechanisms
to remove them.
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Sacubitril/Valsartan and Valsartan Reduce
Fibrosis in the Infarct Border Zone

Representative images of myocardial infarct size and infarct
border zone expansion are depicted in Figure 3A through 3C.
We evaluated the extent of myocardial fibrosis and infarct
border zone expansion in the valsartan and sacubitril/valsartan
treatment groups compared with vehicle therapy at 12 weeks
after myocardial infarction (Figure 3). We failed to observe any
significant differences in interstitial and perivascular fibrosis in

the myocardium (Figure 3D and 3E) among any of the study
groups. We did, however, observe significant reductions in
infarct border zone expansion in animals treated with either
valsartan or sacubitril/valsartan (Figure 3D) compared with
vehicle. The reduction in collagen volume fraction in both the
valsartan and sacubitril/valsartan groups was �2-fold (Figure
3F). There was a significant reduction of collagen 3 expression
and a trend for reductions in collagen 1 expression in
sacubitril/valsartan compared with vehicle therapy (Fig-
ure 3G). There was also a significant reduction of tissue

Figure 1. Cardiovascular function and structure in heart failure. Cardiovascular structure and function
was measured by 2-dimensional serial echocardiography at baseline and every 2 weeks after acute
myocardial infarction for a period of 12 weeks. Left ventricular ejection fraction (LVEF; %; A), left
ventricular end-diastolic diameter (LVEDD; mm; B), left ventricular end-systolic diameter (LVESD; mm; C),
left ventricular end-diastolic pressure (LVEDP) at 12 weeks (D), and s at 12 weeks (E). The figure legend
indicates treatment groups and number of animals in each group. *P<0.05, **P<0.01 for the difference
between valsartan and sacubitril/valsartan (also known as LCZ696).
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inhibitor of metalloproteinases 2 and transforming growth
factor-b in both valsartan and sacubitril/valsartan treatment
groups compared with vehicle. Taken together, this suggests
an overall reduction in collagen deposition and decreased
extracellular matrix remodeling in the infarct border zone after
treatment with valsartan or sacubitril/valsartan.

Sacubitril/Valsartan and Valsartan Improve
Endothelium-Independent and Endothelium-
Dependent Vasodilation Responses
Vascular reactivity of isolated aortic vascular rings to SNP are
depicted in Figure 4. Aorta from valsartan- and sacubitril/
valsartan-treated animals had better relaxation responses to
SNP at both 8 and 12 weeks after reperfusion (Figure 4A

and 4C). These improvements in the relaxation curve occurred
starting at 10 nmol/L for both valsartan and sacubitril/
valsartan. The improvement in relaxation to SNP after valsartan
and sacubitril/valsartan was reflected in significant reductions
in EC50 at both time points (8 and 12 weeks) between the
valsartan and sacubitril/valsartan treatment group and animals
receiving vehicle (Figure 4B and 4D). There were no differences
between valsartan and sacubitril/valsartan therapy in terms of
maximal relaxation or EC50 at any time point nor was there a
difference in SNP maximal relaxation response from 8 to
12 weeks (Figure 4E). This suggests that both valsartan and
sacubitril/valsartan provided a similar benefit in terms of
endothelium-independent vascular reactivity to SNP.

We also evaluated vascular relaxation responses of isolated
thoracic aorta to acetylcholine at 8 and 12 weeks after MI/R,

Figure 2. Natriuretic peptides and neprilysin activity. Circulating natriuretic peptide levels, including brain natriuretic peptide (BNP), at 8 and
12 weeks after myocardial ischemia/reperfusion (4 and 8 weeks after valsartan or sacubitril/valsartan [also known as LCZ696] therapy,
respectively). A, NT-proBNP (N-terminal pro-B-type natriuretic peptide; pg/mL) at 8 weeks. B, NT-proBNP (pg/mL) at 12 weeks. C, BNP (ng/mL)
at 8 weeks. D, BNP (ng/mL) at 12 weeks. E, Bradykinin levels (pg/mL) at 8 weeks. F, Bradykinin levels (ng/mL) at 12 weeks. G, Neprilysin
activity as measured in relative fluorescence units (RFU/min per mg) at 8 weeks.. H, Neprilysin activity (RFU/min per mg) at 12 weeks. I,
Myocardial gene expression at 12 weeks. Animal numbers are shown in white circles. NS indicates not significant. *P<0.05, **P<0.01.
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and these data are presented in Figure 4. Vascular relaxation
curves (% relaxation) are presented in Figure 4F (8 weeks) and
4H (12 weeks). Vascular relaxation to acetylcholine was
significantly improved after treatment with valsartan or sacu-
bitril/valsartan at both 8 and 12 weeks after reperfusion. EC50
(nmol/L) data for acetylcholine are summarized in Figure 4G
(8 weeks) and 4I (12 weeks) for all study groups. The
improvement in relaxation was reflected in a significant
reduction in EC50 at both the 8- and 12-week time points
between valsartan and sacubitril/valsartan treatment com-
pared with vehicle therapy. Data for maximal relaxation
responses to acetylcholine are shown in Figure 4J. Interest-
ingly, we observed significant decreases in the maximal
relaxation response to acetylcholine between 8 and 12 weeks

in the vehicle and valsartan groups, suggesting that vascular
injury is progressive over time in this HF with reduced ejection
fraction (HFrEF) model. There was a significant improvement in
maximal relaxation for the valsartan and sacubitril/valsartan
groups at both time points when compared with the vehicle
group. At both 8 and 12 weeks, there was, however, no
difference between valsartan and sacubitril/valsartan therapy
in terms of maximal relaxation to acetylcholine.

We did not observe a time-dependent change in SNP
relaxation (Figure 4E). In the acetylcholine-treated groups, the
vehicle and valsartan groups exhibited reductions in the
maximal relaxation responses (Figure 4I) and in increases in
the EC50 from 8 to 12 weeks. There was, however, no change
in maximal relaxation responses or EC50 in the sacubitril/

Figure 3. Myocardial fibrosis. Myocardial fibrosis at 12 weeks after acute myocardial infarction. A, Representative photomicrographs of
infarct border zone expansion, with infarct scar outlined in black and border zone outlined in green in a vehicle heart. B, Representative image of
infarct and infarct border zone expansion, with infarct scar outlined in black and border zone outlined in green in a valsartan-treated heart.
C, Representative image of sacubitril/valsartan (also known as LCZ696) heart infarct. Infarct scar is outlined in black, and the infarct border
zone is outlined in green. D, Myocardial fibrosis scoring of infarct border zone expansion, interstitial fibrosis, and perivascular fibrosis. E,
Quantification of collagen content in the infarct border zone. F, Quantification of collagen content in the myocardial interstitum. G, Expression of
fibrosis genes in the myocardium immediately adjacent to the scar. Animal numbers are shown in white circles within their respective columns.
NS indicates not significant. *P<0.05, **P<0.01.
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valsartan group among these time points. These data suggest
that sacubitril/valsartan is superior to valsartan in terms of
vascular endothelial protection.

Sacubitril/Valsartan and Valsartan Improve
Vascular Compliance
We also measured the in vivo aortic vascular compliance
using LV stroke volume and aortic pulse pressure. These data
are presented for both 8 and 12 weeks after myocardial
infarction in Figure 5.

Treatment with sacubitril/valsartan improved vascular
compliance beginning at 8 weeks after reperfusion, which
corresponds to 4 weeks of treatment (Figure 5A). This
improvement was attributable to the reductions in pulse
pressure in these animals. At 12 weeks after reperfusion, the

improvement in vascular compliance was seen in both the
valsartan- and sacubitril/valsartan-treated animals (Fig-
ure 5B), with an equal improvement in both groups compared
with vehicle therapy. This improvement was attributable to the
combined effects of a significantly increased stroke volume
and significantly reduced pulse pressure (Figure 5C through
5F). This suggests that the benefits afforded by both
treatments are attributable to both reductions in arterial
stiffness, as reflected in improved pulse pressure, and
improved cardiovascular function, as reflected in improved
stroke volume. More important, we did not observe a
difference in blood pressure reduction between valsartan
and sacubitril/valsartan treatment (Figure S3). There was also
no significant difference between molecular markers of
hypertensive activity between valsartan- and sacubitril/
valsartan-treated animals (Figure S4).

Figure 4. Sodium nitroprusside (SNP)– and acetylcholine (ACh)-mediated aortic vasorelaxation. SNP- and ACh-mediated vasorelaxation of
isolated aortic vascular rings at 8 and 12 weeks after myocardial ischemia/reperfusion/ (ie, 4 and 8 weeks of valsartan or sacubitril/valsartan
[also known as LCZ696] therapy). A, Dose-response curve to SNP administration at 8 weeks with nonlinear curve fitted. B, EC50 for SNP-
mediated vasorelaxation at 8 weeks. C, Dose-response curve to SNP administration at 12 weeks with nonlinear curve fitted. D, EC50 for SNP-
mediated vasorelaxation at 12 weeks. E, Maximal relaxation response to SNP at 8 and 12 weeks. F, Concentration-response curve to ACh
administration at 8 weeks with nonlinear curve fitted. G, EC50 for ACh-mediated vasorelaxation at 8 weeks. H, Concentration-response curve to
ACh administration at 12 weeks with nonlinear curve fitted. I, EC50 for ACh-mediated vasorelaxation at 12 weeks. J, Maximal relaxation
response to ACh at 8 and 12 weeks. The number of animals in each group is shown in white circles within their respective columns. NS
indicates not significant. Key: ^ indicates a significant difference between vehicle and valsartan; *, a difference between vehicle and sacubitril/
valsartan; #, a difference between valsartan and sacubitril/valsartan; single notation, P<0.05; double notation, P<0.01.
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Sacubitril/Valsartan Improves NO Bioavailability

Wemeasured both plasma and myocardial nitrite levels (lmol/
L) at 8 and 12 weeks after reperfusion as an index of NO
bioavailability (Figure 6). Valsartan and sacubitril/valsartan
both increased circulating plasma nitrite compared with vehicle
treatment at 8 weeks, with increases maintained at 12 weeks
for sacubitril/valsartan therapy (Figure 6A and 6B). Despite the
observed increases in plasma nitrite at 8 weeks after valsartan
and sacubitril/valsartan treatment, only sacubitril/valsartan
treatment increased myocardial nitrite at 12 weeks after
reperfusion (Figure 6C and 6D). The increase in NO stores
within the myocardium is especially important given the
cardioprotective effects NO can exert and the decreases in
NO known to occur in HF.35–37

Myocardial eNOS gene expression (Figure 6E) and protein
levels (Figure 6F and 6G) of endogenous NO synthesizing
enzymes were unchanged among groups. However, sacubitril/
valsartan therapy increased protein levels of PKG, a downstream
effector of NO34 (Figure 6H and 6I), providing further evidence of
increasedNO signaling after sacubitril/valsartan treatment inHF.

Discussion
Sacubitril/valsartan received Food and Drug Administration
approval for use in HFrEF in May 2015 after the

groundbreaking results of the PARADIGM-HF clinical trial.6

Shortly after its approval, groups, including the American
Heart Association, the American College of Cardiology, the
Heart Failure Society of America, and the European Society of
Cardiology, recommended the use of sacubitril/valsartan in
their guidelines for treatment of acute and chronic HF.38,39

The guidelines were made on the basis of significant clinical
evidence in support of sacubitril/valsartan over angiotensin-
converting enzyme inhibitor, as seen in a large randomized
controlled clinical trial.6 The clinical trial was halted early
because of the significant benefit afforded to patients;
however, there were serious limitations to the study that
have been described at length in many opinion articles.40,41

There are limited publicly available preclinical data describing
the precise mechanisms by which LCZ protects the failing
heart. The present study provides a direct comparison
between sacubitril/valsartan and valsartan in a clinically
relevant in vivo animal model of HFrEF. This head-to-head
comparison allows the elucidation of how NEPi augments and
improves on angiotensin receptor antagonism alone.

In the present study, we found that treatment with
sacubitril/valsartan results in better preservation of cardiac
structure and LV function in comparison to valsartan. This
preservation was similar between the ARB alone, valsartan,
and the ARB and NEPi combination, sacubitril/valsartan,
through the first 4 weeks of treatment (ie, 8 weeks after

Figure 5. Vascular compliance. Vascular compliance, stroke volume, and pulse pressure at 8 and 12 weeks after myocardial ischemia/
reperfusion, corresponding to 4 and 8 weeks of therapy, respectively. A, Vascular compliance at 8 weeks. B, Vascular compliance at 12 weeks.
C, Stroke volume at 8 weeks. D, Stroke volume at 12 weeks. E, Pulse pressure at 8 weeks. F, Pulse pressure at 12 weeks. Animal numbers are
shown in white circles. LCZ696 indicates sacubitril/valsartan; and NS, not significant. *P<0.05, **P<0.01.
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myocardial infarction). Interestingly, this functional benefit
was sustained out to 12 weeks after reperfusion with
sacubitril/valsartan therapy in comparison to valsartan. The
cardiac structural changes that occurred in response to
treatment were different between valsartan and sacubitril/
valsartan: valsartan improved LV end-systolic diameter sim-
ilarly to sacubitril/valsartan but was more similar to vehicle
therapy in terms of LVEDD. Although there was a similar
attenuation of LVEDP increases afforded by both treatments,
sacubitril/valsartan was superior to valsartan in terms of
isovolumetric relaxation constant s. One possible explanation
for this finding is a decrease in interstitial fibrosis; however,
we did not observe significant differences in myocardial
interstitial fibrosis between valsartan therapy and sacubitril/
valsartan therapy throughout the study protocol. Therefore,

the improvement in LVEDD and s may suggest that the
benefits of NEPi beyond those offered by valsartan in the later
phase of LV dysfunction may be attributable to a reduction in
preload caused by enhanced natriuresis, improved vascular
compliance, or increases in NO bioavailability and, therefore,
improved diastolic function of the ventricle.

Despite increases in mature NPs, there was not a similar
increase in NT-proBNP because neprilysin only degrades BNP
and not NT-proBNP. Pro-BNP is cleaved by corin into the
inactive NT-proBNP and mature active BNP-32.42,43 We
believe the presence of increased BNP in the sacubitril/
valsartan-treated animals is suggestive of NEPi whereas
reduced NT-proBNP is likely attributable to decreased
cardiomyocyte stress and, thus, reduced BNP transcription.
The benefits of NPs are multidimensional and include reduced

Figure 6. NO bioavailability. NO bioavailability and production at 8 and 12 weeks after myocardial ischemia/reperfusion. A, Plasma nitrite
levels at 8 weeks. B, Plasma nitrite levels at 12 weeks. C, Myocardial nitrite levels at 8 weeks. D, Myocardial nitrite levels at 12 weeks. E,
Myocardial gene expression of endothelial NO synthase (eNOS)–producing enzymes at 12 weeks. F, Representative immunoblot of total eNOS
at 12 weeks with a-tubulin as a housekeeping control. G, Normalized ratio of myocardial expression of eNOS compared with control a-tubulin at
12 weeks. H, Representative immunoblot of protein kinase G (PKG) at 12 weeks with GAPDH as a housekeeping protein control. I, Normalized
ratio of myocardial expression of PKG compared with control GAPDH at 12 weeks. Animal numbers are shown in white circles within their
respective columns. LCZ696 indicates sacubitril/valsartan; and NS, not significant. *P<0.05.
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hemodynamic load, antifibrotic effects, antihypertrophic
effects, vasodilatory effects, and others.44,45 Given the strong
effect of NPs on these parameters, we next investigated the
vascular function of the subject animals.

The pathological significance of endothelial dysfunction,
arterial stiffness, decreased vascular function, and reduced
NO bioavailability has been well characterized and studied in
the context of HF.46,47 The interplay of these factors is
extremely important, with healthy endothelium being central
to overall cardiovascular health.18 Valsartan and sacubitril/
valsartan treatment both improved vascular reactivity, with
improved vasorelaxation responses to both SNP and acetyl-
choline. We also observed improved vascular compliance in
sacubitril/valsartan-treated animals. This improvement in
vascular compliance was attributable to both increased stroke
volume, reflective of improved LV function, and decreased
pulse pressure, reflective of decreased arterial stiffness.

At 4 and 8 weeks after therapy with valsartan and
sacubitril/valsartan, both agents equally benefitted SNP-
mediated vascular relaxation. However, there was not a
significant deterioration over this span, suggesting that injury
to the vascular smooth muscle in the aorta is completed by
8 weeks after reperfusion. In contrast, although acetylcholine-
mediated endothelium-dependent vasorelaxation was similar
among both treatment groups, there was a time-dependent
effect, suggesting further endothelial damage as HF pro-
gressed over time. In the valsartan treatment group, we
observed that the maximal relaxation response was improved
at both time points compared with vehicle therapy and that
there was an overall deterioration in this response over time.
However, at 8 and 12 weeks after reperfusion, there was no
decrease in maximal relaxation in response to acetylcholine in
the sacubitril/valsartan treatment group. This suggests that
part of the mechanism of action of sacubitril/valsartan-
mediated cardioprotection in HFrEF is via sustained protec-
tion of the vascular endothelium.

To further understand how sacubitril/valsartan treatment
protects the failing heart, we measured NO bioavailability in
circulation and in the myocardium. NO is both a key mediator
and marker of endothelial function48–50 and a well-established
cardioprotective factor in acute myocardial infarction and
HF.35–37 We did observe increased circulating nitrite levels, a
storage form of NO, in both valsartan- and sacubitril/
valsartan-treated animals, which is likely attributable to
reduced oxidative stress and reactive oxygen species and
perhaps increased generation of NO via eNOS. Interestingly,
myocardial nitrite was also significantly higher in the sacu-
bitril/valsartan group, suggesting that sacubitril/valsartan
therapy was able to augment NO synthesis in the myocardium
in the setting of HF. There was no difference among any study
groups in terms of myocardial transcription of eNOS or
myocardial eNOS protein levels. However, we did observe an

increase in PKG. Increases in NO lead to increased cGMP
levels; increased cGMP levels activate PKG; PKG affects many
of the physiological and cardioprotective signals that are
attributed to NO.51–53 Increased NO bioavailability can lead to
benefits, including angiogenesis, reduced oxidative stress and
apoptosis, reductions in smooth muscle cell hypertrophy,
antiplatelet effects, and antithrombotic effects.50–53 It is also
important to consider that NPs also increase cGMP through
their interaction with the NPR1 and NPR2 receptors.31,32

Furthermore, even the clearance receptor NPR3 may be able
to increase cGMP through coupling with eNOS.32,33 We
observed an increase in the expression of NPR3 in the
myocardium of sacubitril/valsartan-treated animals that is
likely a compensatory response to the increased circulating
levels of NPs. Last, bradykinin is partially degraded by
neprilysin, and we observed increases in circulating bradyki-
nin in sacubitril/valsartan-treated animals. Bradykinin can
increase activity of eNOS and, therefore, also increase NO
bioavailability.54–58 We believe that the increased NO
bioavailability observed is attributable to the combination of
increased circulating bradykinin and NPR3 expression, and
the significant increases in PKG expression are attributable to
both increased NO and increased cGMP via NPR1 and NPR2.

The ability of sacubitril/valsartan to increase NO bioavail-
ability in the myocardium is a clinically important factor that
distinguishes ARNi therapy from ARB therapy. Higher levels of
NO can reduce the symptomatic burden of HF through
angiogenesis and vasodilation as well as alter the pathological
progression of HF through effects on oxidative stress and
hypertrophy.59 This increase in NO bioavailability may be 1 of
the unique mechanisms by which sacubitril/valsartan therapy
was superior to ARB therapy in our study and superior to
angiotensin-converting enzyme inhibitor therapy in clinical
studies.

In conclusion, our data demonstrate the sustained benefits
of sacubitril/valsartan on LV function and remodeling in a
clinically relevant in vivo model of HFrEF. We found that one
of the cardioprotective benefits of sacubitril/valsartan beyond
the benefits afforded by valsartan alone during HF is related
to potent vascular protection. This protection was evidenced
by improvements in endothelium-dependent vasorelaxation
and improved vascular compliance. This vascular protection is
correlated with increased NO bioavailability in both the
circulation and in the myocardium after treatment with
sacubitril/valsartan. The increases in myocardial NO may
also explain a previously unknown mechanism through which
ARNi therapy leads to superior clinical outcomes compared
with renin-angiotensin-aldosterone system inhibition alone.
Future studies will be aimed at confirming these results in
additional preclinical models of HF and in determining how
increases in NP levels upregulate NO bioavailability and
vascular function to improve LV performance.
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