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HIGHLIGHTS

� MHD associated with obesity, diabetes, and/or metabolic syndrome is an important precursor of HFpEF.

� Mice fed a HFHS diet develop MHD with myocardial hypertrophy, fibrosis, diastolic dysfunction, and impaired

energetics.

� Mice on HFHS diet were treated with matched doses of VAL or sac SAC/VAL for 16 weeks.

� Only SAC/VAL prevented diastolic dysfunction and fibrosis, and to a lesser extent oxidative stress, whereas VAL

and SAC/VAL had similar effects on hypertrophy and energetics.

� Neprilysin inhibition exerts beneficial effects on MHD that are complimentary to VAL, suggesting that SAC/VAL

has promise to prevent the development of HFpEF in patients with or at risk for MHD.
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Mice with obesity and metabolic heart disease (MHD) due to a high-fat, high-sucrose diet were treated with

placebo, a clinically relevant dose of sacubitril (SAC)/valsartan (VAL), or an equivalent dose of VAL for

4 months. There were striking differences between SAC/VAL and VAL with regard to: 1) diastolic dysfunction; 2)

interstitial fibrosis; and to a lesser degree; 3) oxidative stress—all of which were more favorably affected by

SAC/VAL. SAC/VAL and VAL similarly attenuated myocardial hypertrophy and improved myocardial energetics.

In mice with obesity-related MHD, neprilysin inhibition exerts favorable effects on diastolic function.

(J Am Coll Cardiol Basic Trans Science 2020;5:916–27) © 2020 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

= valsartan
VAL
H eart failure with a preserved ejection frac-
tion (HFpEF) is common, accounting for
about one-half of all clinical heart failure

(1,2). Sacubitril/valsartan (SAC/VAL) is a new class of
drugs for heart failure that combines the angiotensin
receptor blocker (ARB) valsartan (VAL) with the
neprilysin inhibitor sacubitril, the latter resulting in
increased levels of peptide substrates of neprilysin,
most notably the natriuretic peptides (3). In patients
with heart failure with a reduced ejection fraction
(HFrEF), SAC/VAL reduced the risk of cardiovascular
death and hospitalization more than an angiotensin-
converting enzyme inhibitor (4). By contrast, in pa-
tients with HFpEF, clinical benefit has been less clear.

Obesity, which is frequently associated with type
2 diabetes and metabolic syndrome, is an important
phenotype leading to HFpEF (1,5). Obese individuals
have preclinical metabolic heart disease (MHD) at a
young age, often before their fourth decade, char-
acterized by diastolic dysfunction, myocardial hy-
pertrophy, interstitial fibrosis, and energetic
dysfunction (6–8). We have shown that mice that
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consume a “Western” diet that is high in fat and
sucrose (HFHS) become obese, and develop meta-
bolic syndrome with glucose intolerance and mild
hypertension (9). These mice develop a cardiomy-
opathy characterized by left ventricular (LV) dia-
stolic dysfunction with preserved systolic function,
hypertrophy, interstitial fibrosis, and energetic
dysfunction, thereby mimicking the MHD pheno-
type that occurs in obese patients (6,10).

The goal of this study was to determine whether
SAC/VAL exerts beneficial effects on the cardiomy-
opathy associated with obesity that differ from those
of the angiotensin receptor antagonist VAL, and thus
are attributable to neprilysin inhibition. Accordingly,
mice fed a HFHS diet for 4 months were treated with
concurrent administration of placebo, a clinically
relevant dose of SAC/VAL, or an equivalent dose of
VAL. The effects of treatment were assessed at the
organ, tissue, and cellular level, and cardiac ener-
getics were measured using 31P nuclear magnetic
resonance (NMR) spectroscopy in perfused beating
hearts.
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FIGURE 1 Neprilysin Inhibition and Drug Dosing

(A) Neprilysin activity pre- and post-treatment with SAC/VAL (100 mg/kg/day) for 7 days

in mice fed a HFHS diet. *p < 0.05 versus pre-treatment. (B) Actual doses of VAL and

SAC/VAL achieved over the 16-week course of the study. Doses of SAC/VAL and VAL were

adjusted on the basis of water consumption to achieve target doses of 100 and 50 mg/

kg/day, respectively. HFHS ¼ high-fat, high-sucrose; MNA, methoxy-2-naphthlamine;

SAC/VAL ¼ sacubitril/valsartan; VAL ¼ valsartan.
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METHODS

EXPERIMENTAL ANIMALS AND GROUPS. C57BL/6J
mice at 8 weeks of age were fed a control diet (CD) or
HFHS diet for 4 months as we have described (9).
Mice were randomized by body weight and divided
into 4 groups (n ¼ 25 each) as follows: 1) CD plus
placebo (water); 2) HFHS diet plus placebo (water); 3)
HFHS diet plus SAC/VAL; and 4) HFHS diet plus VAL.
Mice were treated with placebo, SAC/VAL (100 mg/kg/
day) or VAL (50 mg/kg/day) added to the drinking
water for 16 weeks concurrent with the CD or HFHS
diet. The protocol was approved by the Institutional
Animal Care and Use Committee at Boston University
School of Medicine.

NEPRILYSIN ACTIVITY ASSAY. Plasma neprilysin
activity was measured as described (11). Briefly,
blood plasma was separated by centrifugation from
whole blood collected on heparin-coated microv-
ettes (Sarstedt, Nümbrecht, Germany). Plasma
samples in triplicate were incubated at 37�C with
the substrate glutaryl-Ala-Ala-Phe-4-methoxy-2-
naphthylamine (Sigma-Aldrich, St. Louis, Missouri)
and aminopeptidase M (R and D Systems, Minne-
apolis, Minnesota) to generate the fluorescent
product methoxy-2-naphthlamine (MNA) in the
absence or presence of a specific neprilysin inhibi-
tor (DL-Thiorphan, Sigma-Aldrich). Fluorescence
was read on a Tecan M1000 Pro multimode spec-
trophotometer (ex/em 340/420 nm, Tecan, Män-
nedorf, Switzerland), compared against a MNA
standard curve, and expressed as pmol MNA/h/
uL plasma.

2-DIMENSIONAL, M-MODE, AND DOPPLER ECHO-

CARDIOGRAPHY. LV dimensions and function were
measured by 2-dimensional and Doppler echocardi-
ography using a VisualSonics Vevo 2100 high-
resolution imaging system (VisualSonics, Toronto,
Ontario, Canada) equipped with a 22-55-MHz MS550D
transducer as we have described (9).

ORGAN WEIGHTS AND HISTOLOGY. Mice were
sacrificed after 16 weeks on treatment, and heart, LV
(with septum), lung, and liver were weighed, and
tibia length was measured. LV samples were either
snap frozen for RNA analysis or fixed in 10% buff-
ered formalin, embedded with paraffin, and
sectioned. Myocyte cross-sectional area and fibrosis
were measured as we have described (12).

SIMULTANEOUS MEASUREMENT OF LV FUNCTION

AND HIGH-ENERGY PHOSPHATES BY 31P NMR

SPECTROSCOPY IN ISOLATED BEATING HEARTS. LV
function was assessed in an isolated retrograde-
perfused Langendorff heart preparation as we have
described (13). LV workload was increased by
increasing the concentration of CaCl2 in the perfusate
from 2 to 4 mmol/l, and the pacing rate from 450
beats/min to 600 beats/min, as we have described
(14,15). Workload was estimated as the rate � pres-
sure product (RPP ¼ heart rate � developed pressure)
(14,15). High-energy phosphates were measured by
31P NMR spectroscopy (161.4 MHz, 9.4-T) using a
Varian VNMRS spectrometer (Varian Medical Sys-
tems, Palo Alto, California), as we have
described (15,16).

IMMUNOHISTOCHEMISTRY FOR 4-HYDROXY-2-NONENAL.

Immunohistochemistry was performed as we have
described (9).

QUANTITATIVE REAL-TIME POLYMERASE CHAIN

REACTION. Frozen LV tissue was ground under
liquid nitrogen, and RNA was extracted with RNeasy



FIGURE 2 Effect of Treatment on Cardiac Structure and Systolic Function

Shown are echocardiographic measurements in mice fed a control (CD) or HFHS diet for 16 weeks with concurrent treatment with placebo,

VAL, or SAC/VAL. (A) LV total wall thickness. (B) LV mass. (C) LV end-diastolic dimension (EDD). (D) LV end-systolic dimension (ESD). (E) LV

fractional shortening (LVFS). Values are mean � SEM; n ¼ 12. *p < 0.05 versus CD; **p < 0.01 versus CD; ***p < 0.001 versus CD; #p < 0.05

versus HFHS group; ##p < 0.01 versus HFHS group; ###p < 0.001 versus HFHS group. LV ¼ left ventricular; other abbreviations as in

Figure 1.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 9 , 2 0 2 0 Croteau et al.
S E P T E M B E R 2 0 2 0 : 9 1 6 – 2 7 Neprilysin Inhibition in Metabolic Heart Disease

919
Universal Mini kit (Qiagen, Hilden, Germany).
Reverse transcription was performed using the High
Capacity RNA-to-cDNA kit (Invitrogen, Carlsbad,
California). Quantitative real-time polymerase chain
reaction was performed using TaqMan reagents and
probes for collagens Col1a1 and Col3a1 (Invitrogen).
Relative mRNA expression was normalized to 18s
using the DDCT method.
STATISTICAL ANALYSIS. Results are presented as
mean � SEM. Statistical analysis was performed us-
ing GraphPad Prism software (GraphPad Software,
San Diego, California). The statistical significance
between 2 means was determined using Student’s t-
test, whereas differences among groups was deter-
mined using analysis of variance with the Bonferroni
adjustment for multiple pairwise comparisons. The



TABLE 1 Body and Organ Weights

CD HFHS HFHS/VAL HFHS/SAC/VAL p Value

Body weight, g 37.4 � 2.0 49.6 � 1.5‡ 49.5 � 2.4‡ 51.0 � 1.6‡ <0.001

TL, mm 17.2 � 0.8 17.7 � 0.8 17.7 � 0.8 17.5 � 0.8 0.215

Heart weight, mg 141 � 4 167 � 5‡ 152 � 4 151 � 3§ <0.001

Heart weight/TL, mg/mm 8.18 � 0.78 9.44 � 0.03† 8.58 � 0.83 8.63 � 0.83 <0.01

LV weight, mg 100 � 4 120 � 4† 105 � 4 107 � 3 <0.01

LV weight/TL, mg/mm 5.83 � 0.79 6.76 � 0.88† 5.89 � 0.83§ 6.12 � 0.72§ <0.01

Lung weight, wet/dry 1.20 � 0.15 1.21 � 0.19 1.22 � 0.18 1.21 � 0.17 0.649

Liver weight, wet/dry 1.75 � 0.34 1.87 � 0.33* 1.78 � 0.30 1.78 � 0.25 <0.05

Values are mean � SEM. n ¼ 12. Mice were sacrificed after 16 weeks on treatment, and organs were weighed and
LV was prepared for microscopy. *p < 0.05 vs. CD; †p < 0.01 vs. CD; ‡p < 0.001 vs. CD; §p < 0.05 vs. HFHS.

CD ¼ control diet; HFHS ¼ high-fat, high-sucrose diet; LV ¼ left ventricle; SAC/VAL ¼ sacubitril/valsartan;
TL ¼ tibia length; VAL ¼ valsartan.

FIGURE 3 Effect of Treatment on LV Diastolic Function

Shown are the Doppler echocardiographic measurements made at 16 wee

mitral inflow velocity (E/A). (B) Myocardial peak early diastolic velocity

versus CD; **p < 0.01 versus CD; ***p < 0.001 versus CD; ###p < 0.0

versus HFHS/VAL group. Abbreviations as in Figures 1 and 2.

Croteau et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 9 , 2 0 2 0

Neprilysin Inhibition in Metabolic Heart Disease S E P T E M B E R 2 0 2 0 : 9 1 6 – 2 7

920
statistical significance of differences within the same
group was determined via paired Student’s t-test.
The slope of the phosphocreatine (PCr)/ATP versus
RPP was calculated as: (PCr/ATP high work
demand � PCr/ATP low work demand)/(RPP at high
work demand � RPP low work demand). This was
done for each individual heart, and ordinary 1-way
analysis of variance with Tukey’s multiple compari-
son test was performed to compare the groups. A
value of p < 0.05 was considered statisti-
cally significant.

RESULTS

SAC/VAL AND VAL DOSING. The dose of SAC/VAL
was based on a pilot study showing that a dose of
ks of treatment as per Figure 2. (A) Ratio of peak early (E) to late (A)

(Em). (C) Ratio of E/Em. Values are mean � SEM; n ¼ 12. *p < 0.05

01 versus HFHS; ††p < 0.01 versus HFHS/VAL group; †††p < 0.001



TABLE 2 Isolated Beating Heart Function and Energetics

CD HFHS HFHS/VAL HFHS/SAC/VAL

Baseline High Workload Baseline High Workload Baseline High Workload Baseline High Workload

Systolic pressure, mm Hg 104 � 3.4 126 � 3.5 102 � 5.5 95 � 3.0* 93 � 2.5 98 � 3.0 101 � 4.1 103 � 4.2

EDP, mm Hg 9.4 � 0.3 12 � 0.3 9.4 � 0.4 17.6 � 1.4* 8.25 � 0.2 11.9 � 0.7† 9.1� 0.2 12.4 � 1.0†

Developed pressure, mm Hg 94 � 3.2 114 � 3.3 92 � 5.6 77 � 3.0* 85 � 2.4 86 � 2.7* 92 � 4.2 91 � 4.4*

Heart rate, paced, beats/min 450 600 450 600 450 600 450 600

RPP 103, mm Hg/min 42.4 � 1.4 68.3 � 1.9 41.5 � 2.5 46.2 � 1.8* 38.2 � 1.1 51.4 � 1.6*‡ 41.6 � 1.9 54.6 � 2.7*‡

PCr, mmol/l 20 � 0.6 14.1 � 0.7 15.8 � 0.4* 11.8 � 0.4* 15.7� 0.4* 12.4 � 0.3 15.9 � 0.3* 13.2 � 0.6

ATP, mmol/l 10 � 0.1 9.4 � 0.3 10 � 0.2 9.7 � 0.4 10 � 0.3 9.9 � 0.2 10 � 0.2 9.32 � 0.3

PCr/ATP 2.0 � 0.1 1.51 � 0.1 1.59 � 0.1* 1.22 � 0.1* 1.58 � 0.1* 1.26 � 0.1* 1.59 � 0.1* 1.41 � 0.1

Values are mean � SEM, unless otherwise indicated. n ¼ 4 to 6. LV function and high-energy phosphates (31P nuclear magnetic resonance spectroscopy) were measured
simultaneously in an isolated retrograde-perfused Langendorff heart preparation. *p < 0.05 vs. CD; †p < 0.05 vs. HFHS; ‡p < 0.05 vs. the respective baseline value.

ATP ¼ adenosine triphosphate; EDP ¼ end-diastolic pressure; PCr ¼ phosphocreatine; RPP ¼ rate � pressure product; other abbreviations as in Table 1.

FIGURE 4 Effect of Treatment on Myocardial Energetic Response to an Increase in

Work Demand

High-energy phosphates were measured in the beating heart by 31P nuclear magnetic

resonance (NMR) spectroscopy at 16 weeks. (A) The relationship between phospho-

creatine (PCr) normalized to adenosine triphosphate (ATP) (PCr/ATP) versus work demand

as measured by the rate � pressure product (RPP). (B) Mean slopes of the relationship

between PCr/ATP and RPP in A. Values are mean � SEM; n ¼ 4 to 6. *p < 0.05 versus

CD; #p < 0.05 versus HFHS. Abbreviations as in Figures 1 and 2.
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100 mg/kg/day inhibited neprilysin activity by at least
80% (Figure 1A). In order to provide an amount of VAL
equivalent to that in the selected dose of SAC/VAL,
VAL was administered in a dose (50 mg/kg/day) that
is 50% by weight of the SAC/VAL dose. This dose of
VAL inhibits the vasopressor response to exogenous
angiotensin by 80% (17). The concentrations of SAC/
VAL and VAL in the drinking water were calculated on
the basis of the measured water intake per animal in
each treatment group. Using this approach, the actual
doses of SAC/VAL and VAL were maintained very
close to the target doses of 100 and 50 mg/kg/day,
respectively, over the 16-week course of the
study (Figure 1B).

SAC/VAL AND VAL ATTENUATE LV HYPERTROPHY

IN HFHS-FED MICE. As we have previously shown (9),
the HFHS-fed mice developed LV hypertrophy as re-
flected by increases in LV wall thickness, mass, and
weight (Figures 2A and 2B, Table 1). VAL and SAC/VAL
attenuated diet-induced LV hypertrophy to a similar
extent. LV end-diastolic dimension was not affected
by the HFHS diet, and was not affected by VAL or
SAC/VAL (Figure 2C). LV end-systolic dimension and
LV fractional shortening were not affected by diet,
and neither was affected by VAL or SAC/VAL
(Figures 2D and 2E).

SAC/VAL, BUT NOT VAL, PREVENTS DIASTOLIC

DYSFUNCTION IN HFHS-FED MICE. LV diastolic
function was assessed by transmitral and tissue
Doppler echocardiography. As we previously showed
(9), transmitral flow velocity (E/A ratio) was
decreased in HFHS-fed mice. Treatment with VAL did
not affect the E/A ratio, whereas treatment with SAC/
VAL prevented the HFHS diet–induced decrease
(Figure 3A). Likewise, wall motion during diastole
(Em) was decreased by HFHS diet (Figure 3B). VAL had
no effect on Em, whereas SAC/VAL prevented the
diet-induced decrease. As expected, E/Em was
increased by HFHS diet, indicative of an increase in
left atrial pressure. VAL did not significantly affect
the E/Em ratio, whereas SAC/VAL prevented the diet-
induced increase (Figure 3C).



FIGURE 5 Effect of Treatment on Cardiac Myocyte Size

Cardiac myocyte cross-sectional area was assessed at 16 weeks of treatment as per

Figure 2. (A) Representative photomicrographs of LV myocardium stained by hema-

toxylin and eosin (scale bar ¼ 20 mm). (B) Mean changes in myocyte cross-sectional area.

Values are mean � SEM; n ¼ 4. *p < 0.05 versus CD; #p < 0.05 versus HFHS. Abbre-

viations as in Figures 1 and 2.
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EFFECTS OF SAC/VAL AND VAL ON CARDIAC

RESERVE IN ISOLATED BEATING HEARTS. In hearts
from CD-fed mice, LV systolic pressure appropriately
increased with increased work demand, but failed to
increase in HFHS hearts, and was not affected by
treatment with VAL or SAC/VAL (Table 2). LV EDP was
elevated during increased work demand in the HFHS-
fed mice and the rise was prevented by both VAL and
SAC/VAL. Developed pressure increased with
increased work demand in CD hearts, but not in HFHS
hearts, and was not affected by treatment with VAL or
SAC/VAL. As we have previously shown (15), the RPP
is decreased in HFHS-fed mice. In HFHS hearts, RPP
at high work demand was increased by both SAC/VAL
and VAL.

EFFECTS OF SAC/VAL AND VAL ON ENERGETICS IN

THE BEATING HEART. High-energy phosphates were
measured by 31P NMR spectroscopy performed
simultaneously with the hemodynamics depicted in
Table 2. As expected, adenosine triphosphate (ATP)
levels were maintained at both work levels and were
not affected by diet or treatment group. Likewise, pH
was unaffected by work demand, diet group, or
treatment group (data not shown). Phosphocreatine
(PCr) and PCr normalized for ATP (PCr/ATP) are
measures of the energy reserve that typically
decrease with increased work demand (Table 2,
Figure 4A). In HFHS (vs. CD) hearts, PCr and PCr/ATP
were lower at baseline and decreased to lower values
with high work demand, and neither was significantly
affected by SAC/VAL or VAL (Figure 4A). The slope of
the change in PCr/ATP relative to RPP with increased
work demand provides an index of the energetic cost
of the increase in contractile performance. The slope
of the decline in PCr/ATP relative to RPP increased in
HFHS versus CD hearts, and this increase was signif-
icantly attenuated by both SAC/VAL and
VAL (Figure 4).

COMPARATIVE EFFECTS OF SAC/VAL AND VAL ON

MYOCYTE HYPERTROPHY AND INTERSTITIAL

FIBROSIS. As we have previously shown (9), myocyte
cross-sectional area was increased in HFHS-fed mice.
HFHS diet–induced myocyte hypertrophy was
inhibited to a similar extent by VAL and SAC/VAL
(Figure 5). Interstitial fibrosis assessed by Picrosirius
red staining was increased in HFHS-fed mice
(Figures 6A and 6B). Treatment with SAC/VAL, but not
VAL, prevented the HFHS diet–induced increase in
interstitial fibrosis. Likewise, the levels of mRNA for
collagens 1a1 and 3a1 were increased in HFHS hearts,
and the increases were prevented by SAC/VAL, but
not VAL (Figure 6C).

EFFECTS OF SAC/VAL AND VAL ON MYOCARDIAL

OXIDATIVE STRESS IN HFHS-FED MICE. 4-Hydroxy-
2-nonenal (HNE), a product of lipid peroxidation that
reflects oxidative stress in the myocardium, was
increased in HFHS-fed mice (Figure 7). Treatment
with VAL and SAC/VAL decreased myocardial oxida-
tive stress; however, the decrease was greater with
SAC/VAL.

DISCUSSION

This study provides new insight regarding the cardiac
effects of SAC/VAL in a mouse model of MHD, and in
particular, the differential effects of SAC/VAL versus
a matched dose of VAL. The most notable difference
was that SAC/VAL, but not VAL, improved diastolic
function. In addition, SAC/VAL, but not VAL, pre-
vented myocardial interstitial fibrosis and caused a
greater decrease in myocardial oxidative stress. By
contrast, SAC/VAL and VAL attenuated myocardial
hypertrophy to a similar degree and caused similar
improvements in cardiac energetics. Taken together,
these findings indicate that SAC/VAL exerts favorable
effects on the MHD phenotype in this model of diet-



FIGURE 6 Effect of Treatment on Myocardial Interstitial Fibrosis

(A) Representative photomicrographs of myocardium stained with Picrosirius red to assess interstitial fibrosis (scale bar ¼ 25 mm). (B) Mean

changes in interstitial fibrosis. (C) Relative mRNA expression of collagen 1a1 and 3a1, respectively. Values are mean � SEM; n ¼ 3 to 8.

*p < 0.05 versus CD; **p < 0.05 versus CD; #p < 0.05 versus HFHS; †p < 0.05 versus HFHS/VAL group. Abbreviations as in Figures 1 and 2.
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induced obesity and suggests that neprilysin inhibi-
tion exerts beneficial effects on diastolic function,
interstitial fibrosis, and myocardial oxidative stress
beyond those of angiotensin receptor blockade alone.

The hallmarks of MHD in obese individuals are
diastolic dysfunction with preserved systolic function
and LV hypertrophy (6,7,18). The HFHS-fed mouse
develops obesity that is associated with diastolic
dysfunction, myocardial hypertrophy, and interstitial
fibrosis (9), thereby closely mimicking the human
phenotype. In addition, in both humans with MHD
and HFHS-fed mice, there is evidence of increased
myocardial oxidative stress and impaired energetics
that may contribute to the pathophysiology of dia-
stolic dysfunction (19–21).
SAC/VAL PREVENTS LV DIASTOLIC DYSFUNCTION

AND INTERSTITIAL FIBROSIS, AND ATTENUATES

HYPERTROPHY IN MHD. The most striking effect of
SAC/VAL in this study was prevention of diastolic
dysfunction. By contrast, VAL had no effect, sug-
gesting that this effect of SAC/VAL cannot be attrib-
uted to angiotensin receptor blockade, but rather, is
mediated by neprilysin inhibition. Relatively little is
known about the effects of SAC/VAL on diastolic
function, and in particular, about the effects on dia-
stolic function in MHD or models of HFpEF. In 1



FIGURE 7 Effect of Treatment on Myocardial Oxidative Stress

(A) Representative photomicrographs of immune-histochemical staining for 4-hydroxy-

2-nonenal (HNE) at 16 weeks. HNE is shown in red, nuclei in blue (scale bar ¼ 25 mm). (B)

Mean levels of myocardial HNE. Values are mean � SEM; n ¼ 3. *p < 0.05 versus CD;

**p < 0.01 versus CD; #p < 0.05 vs HFHS; ##p < 0.01 versus HFHS; †p < 0.05 versus

HFHS/VAL group. Abbreviations as in Figures 1 and 2.
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study, SAC/VAL improved LV relaxation in sponta-
neously hypertension rats with heart failure induced
by myocardial ischemia/reperfusion (22).

A second striking finding was that SAC/VAL pre-
vented the development of interstitial fibrosis,
whereas VAL had no significant effect. We are not
aware of prior studies in which the antifibrotic effects
of SAC/VAL or neprilysin inhibition were examined in
a model of obesity-related MHD. An antifibrotic effect
has been observed in rodent models of heart failure
characterized by systolic dysfunction including pres-
sure overload (23), myocardial infarction (24),
doxorubicin-induced dilated cardiomyopathy (25),
chronic kidney disease (26), isoproterenol cardiotox-
icity (27), and streptozotocin-induced systolic heart
failure (28). In patients with HFrEF SAC/VAL
decreased profibrotic biomarkers, suggesting that
SAC/VAL may reduce fibrotic signaling (29). The dif-
ferential effect of SAC/VAL versus VAL on fibrosis
strongly suggests that this action is mediated, in large
part, by neprilysin inhibition. Interstitial fibrosis in
the HFHS hearts was associated with increased
expression of transcripts for collagens 1 and 3, which
was prevented by SAC/VAL, but not VAL, thus sup-
porting the histological findings and suggesting that
the effect of SAC/VAL is due, at least in part, to a
decrease in collagen synthesis.

Both SAC/VAL and VAL inhibited myocardial hy-
pertrophy by about 50%, and were associated with
decreases in myocyte cross-sectional area. SAC/VAL
and VAL have been shown to inhibit myocardial hy-
pertrophy to a similar degree in a variety of disease
models including chronic kidney disease (26) and
streptozotocin-induced systolic dysfunction (28). In
other models, SAC/VAL was superior to VAL. For
example, in a mouse model of pressure overload-
induced heart failure SAC/VAL decreased cardiac
hypertrophy, whereas the molar equivalent dose of
VAL had no effect (23). In patients with essential
hypertension SAC/VAL decreased LV mass index
more than the ARB olmesartan (30). The similar
antihypertrophic effects of VAL and SAC/VAL in the
current study suggest that angiotensin receptor
blockade is primarily responsible for the anti-
hypertrophic effect of SAC/VAL.

ANTIOXIDANT EFFECTS OF VAL AND SAC/VAL. Both
SAC/VAL and VAL decreased myocardial oxidative
stress as reflected by the oxidized lipid HNE, but the
effect of SAC/VAL was more marked. The mechanism
responsible for a decrease in oxidative stress remains
to be elucidated and might reflect an antioxidant ac-
tivity and/or a decrease in reactive oxygen species
(ROS) production secondary to other consequences of
the drug such as improved cardiac and/or mitochon-
drial function. An antioxidant effect of ARB inhibition
is not surprising because it is known that a variety of
neurohormones including angiotensin exert pro-
oxidant effects (31). Conversely, in cardiac myo-
cytes, natriuretic peptides exert an antioxidant effect
that has been attributed to inhibition of NADPH oxi-
dases (32). The greater effect of SAC/VAL may thus
reflect the additive antioxidant effects of ARB inhi-
bition and increased natriuretic peptide stimulation.
Mitochondria are another important source of ROS in
the failing heart (33) and are a major source of ROS in
our mice with MHD (21). The beneficial effects of SAC/
VAL and VAL on myocardial energetics suggest that
an improvement in mitochondrial function may have
contributed to a decrease in ROS production. In mice
with heart failure induced by the cardiac-specific
activation of NADPH oxidase, the beneficial effects
of SAC/VAL on hypertrophy, oxidative damage, and
interstitial fibrosis were generally similar (34). The
increased effectiveness of SAC/VAL versus VAL to
decrease oxidative stress and fibrosis in HFHS-fed
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mice may reflect a greater role for mitochondria as a
source of ROS in MHD.

EFFECTS ON MYOCARDIAL ENERGETICS. In patients
with obesity-related MHD, there is evidence of
myocardial energetic dysfunction as assessed
by measurement of high-energy phosphates using
31P NMR spectroscopy (19): The severity of energetic
impairment was ameliorated by weight loss and
correlated with the severity of LV diastolic dysfunc-
tion (19,20). Similarly, we previously used 31P NMR
spectroscopy to demonstrate energetic dysfunction in
mice fed a HFHS diet for 4 months (16). In the current
study, we confirmed that HFHS diet for 4months leads
to a significant impairment in cardiac reserve, as re-
flected by failure to appropriately increase RPP with
increased work demand. The impairment in cardiac
reserve was associated with a steeper decline in the
relationship between energy reserve (PCr/ATP) and
RPP when work demand was increased. The decrease
in cardiac reserve (RPP) was improved by both SAC/
VAL andVAL. Likewise, for both SAC/VAL andVAL, the
energetics of increased work demand were improved
as reflected by improvement in the PCr/ATP-to-RPP
relationship (Figure 4B). There are several potential
mechanisms for improved energetics with SAC/VAL
and VAL. Cardiacmyocyte hypertrophy and interstitial
fibrosis can impair the delivery of nutrient substrates
to the mitochondria, particularly under states of
increased work demand. In addition, as we previously
showed in HFHS-fed mice, oxidative stress leads to
oxidative post-translational modification of mito-
chondrial proteins leading to impaired function (35).
Although the beneficial effect of SAC/VAL tended to be
greater than that of VAL, this did not reach signifi-
cance, suggesting that a substantial portion of the
beneficial effect of SAC/VAL on cardiac reserve and
energetics can be attributed to VAL.

STUDY LIMITATIONS. Although it is reasonable to
conclude that the differential effects of SAC/VAL
versus VAL are due to neprilysin inhibition, we
cannot determine the neprilysin substrate(s) respon-
sible. A major effect of neprilysin inhibition is an in-
crease in circulating and tissue levels of natriuretic
peptides (3,36), which would be expected to increase
the generation of cyclic guanosine monophosphate
(GMP) in cardiac myocytes and fibroblasts. Cyclic
GMP may have several targets that can affect cardiac
structure and function. We (37) and others (38,39)
have shown that increasing cyclic GMP by activating
natriuretic peptide receptors is a potent inhibitor of
hypertrophy in cardiac myocytes and of collagen
production in fibroblasts in vitro. Cyclic GMP also
enhances the activity of protein kinase G (PKG),
which may decrease myocyte stiffness by phosphor-
ylation of titin (40,41). In addition, natriuretic pep-
tides can exert antioxidant effects that oppose the
effects of ROS, thus potentially affecting mitochon-
drial function and energetics that are involved in the
regulation of myocyte relaxation. Of note, neprilysin
has several other potentially important peptide sub-
strates that may contribute to the effects of SAC/VAL,
including substance P, bradykinin, adrenomedullin,
calcitonin-related peptide, beta-endorphin,
glucagon-like peptide-1, angiotensin I and II, and
endothelin (42). It will be important for future studies
to determine whether non-natriuretic peptide nepri-
lysin substrates contribute to the beneficial effects of
SAC/VAL observed here, thereby suggesting new
therapeutic avenues.

CONCLUSIONS

In this model of obesity-related MHD, SAC/VAL exerts
favorable effects on diastolic function, interstitial
fibrosis, and oxidative stress that exceed those of VAL
and are thus attributable to neprilysin inhibition.
Taken together, these findings suggest that in MHD,
neprilysin inhibition contributes importantly to the
beneficial effects of SAC/VAL. In the PARAGON (Effi-
cacy and Safety of LCZ696 Compared to Valsartan, on
Morbidity and Mortality in Heart Failure Patients
With Preserved Ejection Fraction) trial, which was
performed in patients with HFpEF of diverse etiol-
ogies and phenotypes, SAC/VAL did not meet the
primary endpoint of hospitalization for heart failure
and death, although there was a noteworthy positive
trend (43). Because the HFHS model used here has a
high degree of fidelity for patients with obesity and
metabolic syndrome, our findings suggest that SAC/
VAL may have particular benefit in patients who have
or are at increased risk of developing HFpEF due to
MHD.
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Colucci, Cardiovascular Medicine Section, Boston
University Medical Center, 72 East Concord Street,
Boston, Massachusetts 02118. E-mail: wilson.
colucci@bmc.org.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This

study shows that in mice with metabolic heart disease

due to obesity, diabetes, and/or metabolic syndrome,

SAC/VAL improves diastolic function, interstitial fibrosis,

and oxidative stress due to inhibition of neprilysin.

TRANSLATIONAL OUTLOOK: This study suggests

that patients with or at risk of developing metabolic heart

disease may be a subgroup of patients with HFpEF that

would be benefited by treatment with SAC/VAL.
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