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Abstract

Background: Combined angiotensin receptor/neprilysin inhibition with sacubitril/valsartan has 

emerged as a therapy for heart failure (HF). The presumed mechanism of benefit is through 

prevention of natriuretic peptide (NP) degradation, leading to increased cGMP-dependent protein 

kinase (PKG) signaling. However, the specific requirement of PKG for sacubitril/valsartan effects 

remains untested.

Methods and Results: We examined sacubitril/valsartan treatment in mice with mutation of the 

PKGIα leucine zipper domain, which is required for cGMP-PKGIα anti-remodeling actions in 

vivo. WT or PKG Leucine Zipper Mutant (LZM) mice were exposed to 56-day LV pressure 

overload by moderate (26 Gauge) transaortic constriction (TAC). At day 14 post-TAC, mice were 

randomized to vehicle or sacubitril/valsartan by oral gavage. TAC induced the same degree of LV 

pressure overload in WT and LZM mice, which was not affected by sacubitril/valsartan. Though 

LZM mice, but not WT, developed LV dilation post-TAC, sacubitril valsartan improved cardiac 

hypertrophy and LV fractional shortening to the same degree in both the WT and LZM TAC mice.

Conclusion: These ladings indicate beneficial effects of sacubitril/valsartan on LV structure and 

function in moderate pressure overload. The unexpected finding that PKGIα mutation does not 

abolish the sacubitril/valsartan effects on cardiac hypertrophy and on LV function suggests that 

signaling other than NP-cGMP-PKG mediates the therapeutic benefits of neprilysin inhibition in 

HF.

Introduction

Inhibition of the neutral endopeptidase enzyme neprilysin (NEP) has emerged as a novel 

treatment strategy for heart failure (HF). Specifically, the combination of the NEP inhibitor 
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sacubitril with the angiotensin receptor antagonist valsartan improved survival in HF patients 

with reduced LV ejection fraction (HFrEF)1, and improved surrogate markers in HF patients 

with preserved ejection fraction (HFpEF)2, compared with enalapril or valsartan, 

respectively. The success of adding NEP inhibition to RAAS antagonism in these and other 

studies3 has therefore raised interest in better understanding the biological effects of NEP 

inhibition in the cardiovascular system.

NEP degrades multiple circulating peptides, including the natriuretic peptides (NPs) ANP, 

BNP, and CNP4. NPs ameliorate a numbe, of cardiovascular disease processes5. Therefore, 

the improved outcomes observed in HF patients receiving sacubitril/valsartan have been 

postulated to occur through prevention of NP degradation, resulting in augmented NP 

actions2, 4, 6. Circulating NPs affect target tissues chiefly by activating membrane guanylate 

cyclases to generate intracellular cGMP7. In the heart and cardiovascular system, cGMP 

activates the cGMP-dependent protein kinase I (PKGI). Multiple preclinical studies support 

that cGMP-PKG signaling normally opposes cardiac remodeling and dysfunction7. Further, 

clinical8 and preclinical6, 910 studies of sacubitril/valsartan demonstrate increases in mature 

NPs and circulating and urinary cGMP, providing correlative evidence that the benefits of 

NEP inhibition on outcomes in HF might occur through the NP-cGMP-PKG axis. Despite 

these associations, however, the specific mechanisms through which NEP inhibition adds 

benefit in HF remain unknown. Though sacubitril increases PKG substrate phosphorylation 

in vivo in heart failure models and in cultured fibroblasts11, the degree to which PKGI is 

required for the cardiovascular effects of sacubitril/valsartan has not been investigated 

experimentally. Understanding this mechanism is of clinical interest as multiple PKGIα 
activating drugs remain under active investigation in HF.

In the current study we examined the requirement of PKGI in mediating the therapeutic 

effects of sacubitril/valsartan (Sac/Val) in LV pressure overload. We used mice with discrete 

mutations in the PKGI alpha isoform, the predominant PKG isoform in the heart. These 

PKGIα leucine zipper mutant (LZM) mice harbor mutations in the leucine zipper domain of 

PKGIα, so that interactions with leucine zipper-dependent substrates become disrupted12. 

Thus, despite retained kinase function the mutant protein fails to phosphorylate critical 

substrates. The LZ domain mediates functional compensation to LV pressure overload,13 and 

LZ mutation abolishes the functional efficacy of the cGMP-generating molecule sildenafil in 

pressure overload13. Therefore, in the present study, we examined the effects of Sac/Val in 

wild type and PKGIα LZM mice subjected to chronic transaortic constriction.

Methods

Surgical Models

All animal studies were in accordance with and approved by the Institutional Animal Care 

and Use Committee of Tufts University School of Medicine and Tufts Medical Center. LV 

pressure overload was induced as described13 by transaortic constriction (TAC). We used a 

26G moderate TAC14 in order to ensure high survival, as LZM mice display early and 

profound mortality after severe (27G) TAC13. We performed TAC, or control sham surgery 

on 10–12 week-old male C57/Bl6 mice and littermate LZM mice.

Tam et al. Page 2

J Card Fail. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental Design

The experimental protocol is outlined in Supplemental Figure 1. Mice were subjected to LV 

pressure overload or sham by transaortic constriction (TAC), followed by initiation of drug 

(randomized to vehicle or sacubitril/valsartan) on day 14. At day 56 after pressure overload, 

mice underwent echocardiography, invasive hemodynamic assessment, and organ harvest. 

Detailed methods are described in the Supplemental Methods.

Statistical Analysis

We compared multiple groups by 1-way ANOVA with Sidak’s post-test for multiple 

comparisons. For nonparametric data, we used Kruskal-Wallis testing with Dunn’s multiple 

comparisons test. For time-dependent comparisons within genotypes, we used Two Way 

Repeated Measures ANOVA with Sidak’s multiple comparisons test. For comparison of 

response to therapy with 0% change as comparator variable (Supplemental material) we 

used one-sample T testing. P ≤ 0.05 was considered statistically significant. We analyzed 

data and performed statistical analysis in GraphPad Prism (Version 8.3.0).

Results

We first tested the requirement of the PKG LZ domain for the biological actions of 

natriuretic peptides. BNP injection significantly reduced mean arterial pressure in WT mice, 

but to a lesser extent in LZM mice, supporting that the LZ domain mediates cardiovascular 

NP effects in vivo (Figure 1). We next performed TAC on WT and on LZM mice treated 

with vehicle (Veh) or sacubitril/valsartan (Sac/Val) to test the requirement of the PKGIα LZ 

domain for the effects of NEP inhibition in pressure overload (Supplemental Figure 1). At 

day 56 post-TAC, LV systolic pressure was increased significantly in the TAC groups of both 

genotypes, compared with respective sham, indicating significant pressure overload which 

was not affected by Sac/Val (Figure 2A). In WT mice TAC mice left ventricles, Sac/Val 

increased phosphorylation at serine 273 of the PKG substrate cardiac myosin binding 

protein C (cMyBP-C)15, compared with TAC vehicle (Figure 2B). By contrast, Sac/Val did 

not induce significant phosphorylation of cMyBP-C in LZM TAC LVs, supporting that 

Sac/Val induces cMyBP-C signaling in the LV through activation of PKGIα. We observed 

similar results for the known PKGI substrate vasodilator-stimulated phosphoprotein (VASP), 

in which Sac/Val increased phosphorylation on the PKG-specific serine 239 of VASP in WT 

TAC, compared to LZM TAC LVs (Figure 3).

In contrast to WT mice, in LZM mice TAC induced a significant increase in end diastolic 

diameter compared with sham, indicating LV dilation and more severe LV response to TAC 

in LZM mice (Figure 2C). In WT mice cardiac hypertrophy developed in the TAC vehicle 

group, compared with sham (Figure 4A), but heart mass normalized to tibia length in 

Sac/Val treated WT TAC mice did not differ significantly from sham, supporting prevention 

of hypertrophy with drug treatment. As with WT mice, LZM TAC mice treated with vehicle 

displayed cardiac hypertrophy at day 56, but again heart mass normalized to tibia length did 

not differ between LZM sham and LZM TAC-Sac/Val groups, supporting an equivalent 

effect of sacubitril/valsartan on cardiac hypertrophy in the LZM mice. Sac/Val reduced 

cardiac hypertrophy to the same degree in WT and in LZM mice (Supplemental Figure 2).
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In WT mice, Sac/Val, but not vehicle, increased the LV contractility index (dP/dt normalized 

to instantaneous pressure). In LZM TAC mice, Sac/Val also improved the LV contractility 

index compared with LZM TAC vehicle (Figure 4B).

In vehicle-treated TAC mice, LV fractional shortening did not change significantly from day 

14 (start of drug) to day 56 (end of study) in either genotype (Figure 4C). In Sac/Val treated 

mice, however, LV fractional shortening improved from day 14 to day 56 in WT TAC mice, 

but also improved significantly, and to the same degree, in the LZM TAC mice, indicating 

that mutation of the PKGIα LZ domain did not alter the beneficial effects of Sac/Val on LV 

function (Figure 4C).

Discussion

This study examined the effects of sacubitril/valsartan (Sac/Val) in a chronic, moderate 

pressure overload model in WT mice and LZM mice harboring mutations in PKGIα, the 

postulated downstream effector of sacubitril11. We observed that treatment with Sac/Val: 1) 

improved cardiac hypertrophy and LV systolic function; and 2) these benefits occurred to the 

same degree between WT and LZM mice. We interpret these findings to indicate that 

Sac/Val induces improvements in LV hypertrophy and systolic function in the setting of 

moderate pressure overload and that these benefits do not require a functional PKGIα LZ 

interaction domain.

Sacubitril prevents NEP degradation of natriuretic peptides, allowing increased circulating 

ANP and BNP to activate NP receptor synthesis of cGMP and activation of PKG. This 

mechanism has been proposed to explain the improved outcomes observed in the 

PARADIGM-HF study of HFrEF patients8 and the surrogate outcome improvements in the 

PARAMOUNT study in HFpEF2 Further, experimental studies have identified a requirement 

of PKG for the effect of the cGMP-generating drug sildenafil on LV function13 and fibrotic 

gene expression16. Based on these observations, we hypothesized that mutation of PKG 

would prevent or attenuate the cardiovascular effects of chronic Sac/Val treatment. However, 

in the current study vehicle treated LZM mice developed LV dilation as evidenced by 

increased EDD, yet Sac/Val treatment induced improvements in LV systolic function in the 

LZM mice from day 14 to day 56, with improvements in these parameters to the same 

degree as in WT mice. In fact, the degree of cardiac hypertrophy reduction with Sac/Val 

trended higher in the LZM compared with WT TAC mice, though this may relate to the 

abnormal cardiac phenotype of LZM mice discussed below. We interpret these findings to 

support that improvement in LV systolic function with Sac/Val in the setting of pressure 

overload does not require the PKGIα LZ interaction domain.

Importantly, though mutation of the PKGIα LZ domain did not affect the therapeutic benefit 

of sacubitril/valsartan on LV function and hypertrophy after TAC, the LZ mutation did 

inhibit PKGIα-mediated molecular signaling in the LV. Specifically, sacubitril/valsartan 

increased phosphorylation of two known PKGI substrates, cMyBP-C and VASP in LVs of 

WT, but not LZM, mice subjected to TAC These observations therefore support that chronic 

administration of sacubitril/valsartan induced PKGI activation in the LV, and that mutation 
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of PKGIα blocked PKGI signaling. These combined findings provide further support that 

the therapeutic effects of sacubitril/valsartan did not require intact PKGIα.

These observations may have broader clinical implications. First, they raise the possibility 

that the outcome improvements with Sac/Val in HF1,2 do not require PKG, and thus may be 

independent of upstream NP modulation. While Sac/Val treatment in the PARADIGM trial 

correlated with increased urinary cGMP and with augmentation of BNP8, the degree to 

which these molecules mediated the improved outcomes remains unknown. Our results 

suggest that NEP inhibition may improve outcomes through mechanisms other than, or in 

addition to, PKG signaling.

We do note, however, that the Sac/Val effect on LV function could occur independently of 

PKGIα LZ-mediated signaling but could still require NP stimulation of cGMP synthesis. 

For example, besides PKGIα, other myocardial cGMP effectors include the less highly 

expressed PKGIβ isoform7, and cGMP-activated phosphodiesterase 2 which mediates 

cardiac protection through degradation of cAMP17. Additionally, though the PKG LZ 

mutation abolishes PKG interaction with and phosphorylation of important kinase substrates 

in the cardiovascular system7, 18, we did not directly test the possibility that non-LZ 

dependent substrates in the heart mediate the NP-cGMP effects.

This study has several additional limitations. First, we observed previously that LZM mice 

display baseline enhanced indices of LV systolic and diastolic function, compared with WT 

controls19. This baseline phenotype likely contributes to the relative reduction of these 

indices observed in LZM TAC mice, compared to sham13, and in the differential responses 

to TAC observed between genotypes in this study. We acknowledge that this may confound 

the comparison of shams between genotypes, and possibly makes it more difficult to 

compare differences in genotype response to therapies. For these reasons we present our 

echocardiographic data as a paired analysis, in order to compare the relative change in LV 

function within the same genotype, rather than comparing the genotypes to one another. 

Importantly, our prior work demonstrated a requirement of the PKGIα LZ domain for 

inhibition of cardiac remodeling and dysfunction after TAC, and further that mutation of the 

LZ domain completely abolished the therapeutic cardiac functional effects of cGMP 

modulating drugs such as sildenafil13. We therefore conclude that despite these baseline 

differences and differential response to pressure overload, the LZM mouse represents an 

adequate model for mechanistic studies of PKG activating therapies.

In summary, we have observed that NEP inhibition with sacubitril/valsartan improves 

cardiac hypertrophy and LV systolic function in a moderate, chronic mouse TAC model, and 

that this benefit does not require intact PKGIα LZM signaling. These findings suggest novel 

beneficial mechanisms modulated by NEP inhibition in addition to NP modulation of cGMP 

via PKG LZ interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Cyclic guanosine monophosphate-dependent protein kinase I (PKGI)α leucine zipper 

domain required for hemodynamic effects of brain natriuretic peptide (BNP). (A) Mean 

arterial pressure (MAP) response to intraperitoneal injection of 0.1 mg/kg BNP in male 

wild-type (WT) and PKGIα leucine zipper mutant (LZM) littermates, implanted with aortic 

telemetry. Mice injected at 0 minutes. (B) Summary data of MAP at 60 minutes after 

injection. 0 minutes, before injection; 60 minutes, 60 minutes after injection. n = 4 WT, 3 

leucine zipper mutant. *P < .05.
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Figure 2. PKGIα leucine zipper domain mutation does not affect degree of TAC-induced 
pressure overload but induces LV dilation after chronic pressure overload.
A. LV systolic pressure at day 56 of pressure overload by 26-gauge transaortic constriction 

(TAC) in WT (left) and LZM (right). n=5 WT sham, 6 WT TAC Vehicle, 8 WT TAC 

sacubitril/valsartan; 3 LZM sham, 6 LZM TAC vehicle, 8 LZM TAC sacubitril/valsartan. B. 
Western blot for phosphorylated cardiac myosin binding protein C (cMyBP-C) on serine 

273. Summary densitometry of p273 normalized to GAPDH is shown. n=7 WT TAC 

vehicle, 6 WT TAC sacubitril/valsartan; 6 LZM TAC vehicle, 7 LZM TAC sacubitril/

valsartan. C. LV end diastolic diameter obtained by echocardiography at day 56 after 

pressure overload in WT (left) and LZM (right) mice. n=5 WT and 5 LZM sham; 8 WT TAC 

vehicle; 8 WT TAC sacubitril/valsartan; 11 LZM vehicle; 10 LZM TAC sacubitril/valsartan. 

*, p<0.05. Veh, vehicle; Sac/Val, sacubitril/valsartan. ADU, arbitrary densitometric units. 

EDD, end diastolic diameter.
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Figure 3: PKGI substrate phosphorylation in LVs of vehicle and sacubitril/valsartan treated 
mice subjected to pressure overload.
Western blot for vasodilator-stimulated phosphoprotein (VASP) phosphorylation on the 

PKGI-specific serine 239, and for loading control with GAPDH. Also shown is fold-increase 

of VASP phosphorylation on serine 239 normalized to GAPDH, in sacubitril/valsartan-

treated TAC left ventricles, normalized to vehicle treated TAC of the same genotype. n=7 

WT TAC vehicle, 6 WT TAC sacubitril/valsartan; 6 LZM TAC vehicle, 7 LZM TAC 

sacubitril/valsartan. *, p<0.05. ADU, arbitrary densitometric units.
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Figure 4. Sacubitril/valsartan (Sac/Val) prevents cardiac hypertrophy and improves left 
ventricular systolic function after pressure overload to the same degree in the presence of wild 
type or mutant PKGIα.
A. Summary data of heart mass normalized to tibia length in wild type and PKG Leucine 

Zipper (LZ) mutant mice on day 56 after transaortic constriction. B. LV Contractility Index 

(dP/dt normalized to instantaneous pressure) obtained by invasive hemodynamics at Day 56. 

C. LV Fractional shortening percentage (FS%) on Day 14 and Day 56 in WT and PKG LZ 

mutant mice treated with vehicle (Veh), or sacubitril/valsartan (Sac/Val). *, p<0.05; †, 

p=0.05; ‡, p<0.01 WT Day 14 vs WT Day 56; §, p<0.01 LZM Day 14 vs LZM Day 56. n=5 

per sham group, 8 WT TAC Veh, 8 WT TAC Sac/Val; 11 LZM TAC Veh, 10 LZM TAC Sac/

Val. A-B, data analyzed by One Way ANOVA with Tukey’s multiple comparisons test. C, 

data analyzed by Two Way Repeated Measures ANOVA with Sidak’s multiple comparisons 

test.
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