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Abstract 

Combined neprilysin (NEP) inhibition (sacubitril) and angiotensin type 1 receptor (AT1R) 

antagonism (valsartan) is used in the treatment of congestive heart failure and is 

gaining interest for other angiotensin II (AngII)-related cardiovascular diseases. In 

addition to heart failure, AngII promotes hypertension, atherosclerosis and abdominal 

aortic aneurysms (AAAs). Similarly, NEP substrates or products have broad effects on 

the cardiovascular system. In this study we examined NEP inhibition (with sacubitril) 

and AT1R antagonism (with valsartan) alone or in combination on AngII-induced 

hypertension, atherosclerosis or AAAs in male low density lipoprotein receptor (Ldlr) 

deficient mice. Preliminary studies assessed drug delivery via osmotic minipumps for 

simultaneous release of sacubitril and/or valsartan with AngII over 28 days. Mice were 

infused with AngII (1,000 ng/kg/min) in the absence (vehicle, VEH) or presence of 

sacubitril (1, 6 or 9 mg/kg/day), valsartan (0.3, 0.5, 1, 6 or 20 mg/kg/day), or the 

combination thereof (1 and 0.3, or 9 or 0.5 mg/kg/day of sacubitril and valsartan, 

respectively). Plasma AngII and renin concentrations increased 4-fold at higher 

valsartan doses indicative of removal of AngII negative feedback on renin. Sacubitril 

doubled plasma AngII concentrations at lower doses (1 mg/kg/day). Valsartan dose-

dependently decreased systolic blood pressure, aortic atherosclerosis and AAAs of 

AngII-infused mice, while sacubitril had no effect on atherosclerosis or AAAs, but 

reduced blood pressures of AngII-infused mice. Combination therapy with sacubitril and 

valsartan did not provide additive benefits. These results suggest limited effects of 

combination therapy with NEP inhibition and AT1R antagonism against AngII-induced 

hypertension, atherosclerosis or AAAs. 
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Significance statement:  The combination of valsartan (AT1R antagonist) and 

sacubitril (NEP inhibitor) did not provide benefit above valsartan alone on AngII-induced 

hypertension, atherosclerosis or AAAs in low density lipoprotein receptor deficient (Ldlr-/-

) male mice. These results do not support this drug combination in therapy of these 

AngII-induced cardiovascular diseases.  
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Introduction 

 In 2015, the US Food and Drug Administration approved Entresto® 

(sacubitril/valsartan) for the treatment of heart failure.{US Food and Drug 

Administration, 2015} Entresto® is a complex of sacubitril, a neprilysin (NEP) inhibitor, 

and valsartan, an angiotensin type 1 receptor (AT1R) antagonist.(Gu et al., 2010) This 

combination was developed to treat heart failure because of the actions of sacubitril to 

inhibit NEP-mediated degradation of natriuretic peptides and the actions of valsartan to 

antagonize effects of angiotensin II (AngII) at AT1R.(Lillyblad, 2015) NEP becomes an 

important pathway for degradation of beneficial vasodilating and sodium diuresis 

natriuretic peptides, such as atrial or brain natriuretic peptide in patients with congestive 

heart failure(Koglin et al., 2001), and AngII is a powerful stimulant for cardiac 

hypertrophy and the release of aldosterone to increase sodium and water retention 

which is detrimental for heart failure patients.(Benedict et al., 1994) Therefore, use of a 

combined NEP inhibitor with an AT1R antagonist through Entresto® was developed and 

found to reduce the relative risk of cardiovascular death or first hospitalization by 20% in 

the PARADIGM-HF trial.(Packer et al., 2015) More recently, PROVE-HR, a prospective, 

single-group, open label study of Entresto® in patients with heart failure with reduced 

ejection fraction demonstrated a 9.4% improvement in ventricular ejection fraction and 

favorable changes in left ventricular volumes and filling pressures.(Januzzi et al., 2019) 

While these results are clinically significant and support use of Entresto® in patients 

with NYHA Class II-IV heart failure, mechanisms for the therapeutic benefit of NEP 

inhibition have remained elusive. 
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 NEP has several substrates including natriuretic peptides, adrenomedullin, 

endothelin, substance P, bradykinin and AngII.(Erdos and Skidgel, 1989; Bayes-Genis 

et al., 2016) Notably, NEP degrades AngII into angiotensin-(1-4) and angiotensin-(5-8), 

two inactive angiotensin peptide fragments.(Schling and Schafer, 2002) This action of 

NEP seems paradoxical in reference to the effectiveness of NEP inhibition in heart 

failure, as levels of AngII may be expected to rise upon NEP inhibition. However, 

combination of NEP inhibition with an AT1R antagonist would be anticipated to minimize 

concerns over potential elevations in systemic AngII concentrations. Given the broad 

substrate specificity of NEP, it should be noted that several NEP substrates influence 

other cardiovascular responses. For example, similar to the vasoconstrictor AngII, NEP 

also degrades the powerful vasoconstrictor endothelin(Vijayaraghavan et al., 1990; 

Abassi et al., 1992; Ferro et al., 1998; Park et al., 2003), and thus NEP inhibition has 

been reported to result in elevated blood pressure in diabetic or hypertensive rats even 

when combined with blockade of the renin-angiotensin system.(Roksnoer et al., 2015; 

Roksnoer et al., 2016) Conversely, NEP also degrades vasodilators such as atrial 

natriuretic peptide, bradykinin and substance P, and thus NEP inhibition would be 

predicted to elevate levels of these vasodilator substances and decrease blood 

pressure. For these reasons, it is difficult to predict the overall impact of NEP inhibition, 

either alone or in combination with AT1R antagonism, on blood pressure and the mode 

of elevating blood pressure would most likely influence anti-hypertensive efficacy of 

combined therapy with an NEP inhibitor and an AT1R antagonist. 

 We and others have demonstrated that infusion of AngII to hypercholesterolemic 

mouse models promotes the development of atherosclerosis and causes the formation 
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of abdominal aortic aneurysms (AAAs).(Daugherty and Cassis, 1999; Daugherty et al., 

2000) In addition to AngII, natriuretic peptides, especially brain natriuretic peptide, has 

been linked to experimental atherosclerosis where NEP inhibition exerted favorable 

effects on lesion formation.(Schirger et al., 2000) Similarly, brain natriuretic peptide and 

its N-terminal fragment have been suggested as biomarkers for postoperative cardiac 

events in patients undergoing surgery for AAAs.(Feringa et al., 2006; Feringa et al., 

2007; Rajagopalan et al., 2008; Vetrugno et al., 2012; Bryce et al., 2013) Given that 

both of these NEP substrates, namely AngII and natriuretic peptides, have been linked 

to atherosclerosis and AAAs, in this study we hypothesized that combined therapy of 

NEP inhibition and AT1R antagonism would provide added benefit beyond either drug 

alone on AngII-induced hypertension, atherosclerosis and AAA in hypercholesterolemic 

mice. 

 

Materials and Methods 

Mice and Drug Treatment. 

Male, low density lipoprotein receptor deficient (Ldlr-/-) mice (2 months of age; 

B6/129S7-Ldltm1Her/J, Jackson Laboratory, Bar Harbor, MA, stock # 002207) were 

randomized to groups such that baseline body weights of each group were not 

significantly different. Mice were fed a Western diet (TD.88137, Teklad, Dublin, VA) 

beginning one week prior to osmotic minipump implantation and through study endpoint. 

Osmotic minipumps (Alzet model 2001) containing either vehicle (VEH, USP grade 

DMSO, Sigma, St Louis, MO in a 1:1 volume with propylene glycol, Cat # 2FF0019, 

Spectrum, New Brunswick, NJ), valsartan (0.3, 0.5, 1, 6 or 20 mg/kg/day(Wu et al., 
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2001; Yamamoto et al., 2009; Lei et al., 2012), Cat # PHR1313, Sigma, St. Louis, MO), 

sacubitril (1, 6 or 9 mg/kg/day(Bai et al., 2015; Ishii et al., 2017), Cat # 21473, Cayman 

Chemical, Ann Arbor, MI)), or combinations thereof (sacubitril:valsartan, 1.0:0.3 or 9:0.5 

mg/kg/day) were implanted subcutaneously in anesthetized mice for seven days of 

pretreatment. One week later, minipumps were removed from anesthetized mice and 

replaced with fresh minipumps (Alzet model 2004) containing pre-treatment drug(s) with 

AngII (1,000 ng/kg/min, Cat # 4006473, Bachem, Torrance, CA) for 28 day 

delivery.(Daugherty and Cassis, 1999; Daugherty et al., 2000) At study endpoint, mice 

were anesthetized (ketamine/xylazine, 100/10 mg/kg, ip) for exsanguination by cardiac 

puncture and tissue harvest. In addition, at study endpoint, drug remaining in osmotic 

minipumps was routinely quantified to assure drug delivery. All studies were initiated at 

n = 10 mice/group. However, because studies were performed over an extended 

duration and all groups could not be performed simultaneously, vehicle groups infused 

with AngII only were included across all studies and data from mice administered 

vehicle were then combined within data analysis and illustrated figures. All procedures 

were in accordance with the guidelines approved by the University of Kentucky 

Institutional Animal Care and Use Committee. We used male mice for these studies 

because female mice do not readily develop AAAs in response to AngII 

infusions.(Henriques et al., 2004) Moreover, we used hypercholesterolemic-susceptible 

Ldlr-/- mice as this genetic background, when fed a Western diet, has been 

demonstrated to exhibit susceptibility to each of the primary endpoint AngII-induced 

responses.(Daugherty and Cassis, 1999; Lu et al., 2016; Liu et al., 2020) Unless 

otherwise stated, we included data from all mice that completed the 28 day infusion 
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protocol for endpoint measures (serum components, ultrasound aortic lumen diameter 

measurements, en face atherosclerosis quantification).  

Assessment of Drug Release from Osmotic Minipumps. 

We assessed release of sacubitril (9 mg/kg/day), valsartan (0.5 mg/kg/day) and AngII 

(1000 ng/kg/min) from osmotic minipumps (Model 2004; all three drugs placed within n 

= 3 osmotic minipumps). Minipumps were placed in sterile phosphate buffered saline (2 

mls) at 37°C. Fresh buffer was placed with osmotic minipumps on days 7, 14, 21 and 28 

and the removed buffer was frozen (-20°C) for drug analysis. AngII concentrations in 

media were quantified using a radioimmunoassay (RIA) as described below, while 

sacubitril and valsartan were quantified by HPLC with UV detection (267 nm). Briefly, 

standard curves of each drug were prepared in mobile phase (acetonitrile:methanol, 

water, 3:5.2, pH 3.0). Isocratic elution (flow rate, 0.5 ml/min) was performed using a C18 

column (250 x 4.6 mm, 5 µm; ACE Equivalence, Cat # EQV-5C18-2546) following drug 

injection (20 µl). A representative chromatogram is illustrated in Supplemental Fig. 1A. 

Release rates were calculated based on the drug concentration and the mean flow rate 

of the osmotic minipumps (5.52 µL/day) and are as follows:  sacubitril, 244 µg/day; 

valsartan, 10.9 µg/day; AngII, 39.2 µg/day. 

Measurement of Systolic Blood Pressure.  

Systolic blood pressure was quantified on conscious mice using a Visitech system (BP-

2000, Apex, NC) as described previously.(Daugherty et al., 2000; Yiannikouris et al., 

2012) Blood pressure of each mouse was quantified the week prior to pump 

implantation for drug pre-treatment and then again during the 3rd week of AngII/drug 

infusion. Measurements were recorded for 4 days at the same time of day. The first day 
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of measurement was used to acclimate mice to the system, and measurements from 

each mouse were averaged over the other 3 days of recording (and only mice who had 

3 successful recordings were included in data for statistical analysis). 

AAA Quantification. 

Ultrasound (Vevo 2100 high-resolution imaging system, 55 MHz probe, VisualSonics, 

Inc) was performed on anesthetized (2-3% vol/vol isoflurane) Ldlr-/- mice to quantify 

aortic lumen diameters of the suprarenal abdominal aorta on days 0, 7, 14, and 27 of 

AngII/drug infusion.(Alsiraj et al., 2018; Stegbauer et al., 2019) Abdominal hair was 

removed by shaving and applying a depilatory cream to anesthetized mice. Lumen 

diameter measurements were made by two observers using Vevo Lab 1.7.2 software. 

Mice that completed 28 days of AngII infusion were included in measurements of 

abdominal aortic lumen diameter. Maximal ex vivo abdominal (AAA) diameters were 

quantified on cleaned, excised abdominal aortas at study endpoint using images 

obtained with a Nikon SMZ800 dissecting microscope.(Alsiraj et al., 2017; Alsiraj et al., 

2018) Image analysis was performed using Nikon Elements Version 5.11 software. AAA 

incidence was defined at study endpoint by visual inspection of cleaned aortas by two 

observers blinded to the experimental groups. Mice that died of a confirmed aortic 

rupture were included in the calculation of AAA incidence. 

En Face Quantification of Atherosclerosis. 

Atherosclerosis was quantified en face in the aortic arch.(AlSiraj et al., 2019) Mice that 

completed 28 days of AngII infusion were included in the quantification of 

atherosclerosis. Briefly, the entire length of the aorta was removed and the intimal 
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surface exposed, in its entirety, by a longitudinal cut through the inner curvature of the 

aortic arch and down the anterior aspect of the remaining aorta. A cut was also made 

through the greater curvature of the aortic arch to the subclavian branch. The tissue 

was then pinned to a dark surface. Arch areas were defined by drawing a 3-mm line 

from the left subclavian artery. The intimal area of the aortic arch was defined as the 

region from the orifice of innominate artery to the orifice of the left subclavian artery. 

Thoracic areas were defined by drawing a 9 mm line from the end of the arch area to 

the diaphragm muscle. Lesions were visualized by staining with Oil Red O. 

Atherosclerotic areas were quantified by drawing a line around the borders and 

summing the total area of each lesion. Summed lesions were divided by the total arch 

area to calculate the percent lesion area. Measurements were performed using Nikon 

NIS-Elements Version 5.11. 

Serum and Plasma Components. 

Sera total cholesterol and triglyceride concentrations were quantified from Ldlr-/- mice 

that completed 28 days of AngII infusion using enzymatic assay kits (Total cholesterol; 

FUJIFILM Wako Diagnostics USA, Total Cholesterol, cat. no. 999–02601; Triglyceride, 

L-type TG cat. no. 994–02891). Plasma renin concentrations were quantified as 

described previously.(Alsiraj et al., 2018) Briefly, mouse plasma (8 uL, collected in the 

presence of aprotonin 500 KIU/ml and EDTA, 5 mM) was incubated with and without the 

renin substrate (rat angiotensinogen purified from nephrectomized rat plasma) for 30 

minutes. Assay buffer consisted of 100 mM Tris/HCl, pH 8.5, 20 mM EDTA, and 1 mM 

PMSF. Renin in the mouse plasma converts rat angiotensinogen to angiotensin I (AngI). 

The amount of AngI formed during the reaction was quantified using an AngI ELISA 
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(IBL, IB59131; analytical sensitivity of 0.14 ng/mL). The amount of AngI formed during 

the reaction without substrate (background) was subtracted from the amount formed 

with substrate present for each plasma sample to determine plasma renin 

concentrations. Plasma AngII concentrations were quantified by radioimmunoassay 

(RIA) with a competitive assay using 125I labeled AngII and a polyclonal AngII 

(Peninsula Laboratories International, Inc. cat. no. T-4005) antibody exhibiting minimal 

cross reactivity to Angiotensin I (0.5%), but 100% cross reactivity to AngIII. The 

sensitivity of the RIA was 2.5 pg/100 ul. 

NEP immunostaining of Human AAAs. 

Normal human aorta and AAA paraffin-embedded tissue sections (kindly provided by 

Dr. John Curci, Washington University, St. Louis; tissue sections were de-identified with 

only information on age and gender(Thatcher et al., 2014)) were incubated with xylene 

(100%) and dehydrated with alcohol followed by treatment with Redusol (2 minutes, 

40°C). Tissue sections were then treated with Automation Buffer (1 minute, room 

temperature), followed by antigen retrieval using a Tris-EDTA buffer and steam (10 

minutes) and then a cool down period (10 minutes). Sections were then washed four 

times with Automation Buffer (1 minute), treated with hydrogen peroxide (1% v/v in 

methanol; 3 minutes) and washed again with Automation Buffer four times. A blocking 

agent (5% goat serum) was incubated with sections for 10 minutes at 40°C. Sections 

were incubated (30 minutes, 40°C) with primary antibody (1:200, anti-neprilysin rabbit 

polyclonal antibody, Millipore, Cat. # AB5458) or a biotinylated goat IgG negative control 

antibody, washed with Automation Buffer, and then with secondary goat anti-rabbit HRP 

antibody (1:200; 30 minutes, 40°C, Vector Labs, Cat#BA-1000). To control for specificity 
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of immunostaining, sections were incubated with secondary antibody only. After 

washing, sections were incubated with ABC kit (Vector Labs, Cat#PK-6100) for avidin-

biotin conjugation for 30 minutes at room temperature. Section were rinsed and a 

peroxidase enhancer step was used as a subsequent wash (GeneTex, Cat#GTX8279). 

Finally, an AEC kit (Vector Labs, Cat#SK-4200) was used for detection of antibody-

peroxidase complexes (20 minutes, 37°C) and sections were counterstained with 

hematoxylin. Glycerol-gelatin (Sigma, Cat#GG-15ml) was heated and used as a 

mounting medium. No ethical approval or patient’s consent was required for these 

studies. 

Statistical Analysis. 

For illustration, data are presented as mean ± standard deviation (SD). Data sets were 

tested for normality (Brown-Forsythe) and equal variance (Bartlett’s test). If data did not 

pass normality, non parametric tests were used (Kruskal-Wallis test). To define 

differences between groups (normally distributed data), data were analyzed using 

unpaired Student t-test for two sample comparisons, or by one-way ANOVA for multiple 

group comparisons using Holm-Sidak posthoc tests. For categorical data (aneurysm 

incidence), data were analyzed using Fisher’s Exact test. Statistical significance was 

defined as P<0.05. Statistical analyses were performed using GraphPad Prism 8.3.   

 

Results 

NEP mRNA abundance in mouse aortas from AngII-infused mice and immunostaining 

in human AAA tissue sections. 
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We infused male Ldlr-/- mice (fed a Western diet) with saline or AngII for 5 days and 

harvested abdominal aortas to quantify NEP mRNA abundance. Infusion of AngII 

resulted in a significant increase in NEP mRNA abundance in abdominal aortas 

compared to saline infused controls (Fig. 1A, P<0.05). We immunostained human 

normal aorta and AAA tissue sections for NEP. Positive NEP immunostaining was 

detected across the normal aortic wall of human tissue sections, with heavy NEP 

immunostaining in the intima and adjacent media of human AAA tissue sections (Fig. 

1B).  

Validation of osmotic minipump release of valsartan and sacubitril with AngII.  

To confirm effective release of drugs from osmotic minipumps, we tested release of 

valsartan (0.5 mg/kg/day) and sacubitril (9 mg/kg/day) with AngII (1000 ng/kg/min) from 

osmotic minipumps over 28 days of delivery. Valsartan (Supplemental Fig. 1B), 

sacubitril (Supplemental Fig. 1C) and AngII (Supplemental Fig. 1D) were released from 

osmotic minipumps at the anticipated release rates for each agent (dotted horizontal 

line of Supplemental Fig. 1B-D) over the period of delivery examined. For sacubitril, we 

also tested release rates for a higher drug concentration (15 mg/kg/day) which was not 

released effectively from osmotic minipumps over a 12 day period (Supplemental Fig. 

1E, two different osmotic minipumps examined).  

Effects of valsartan and sacubitril, alone or in combination, on characteristics of AngII-

infused mice. 

Compared to vehicle controls infused with AngII, mice co-infused with AngII plus 

valsartan (1 or 6 mg/kg/day) or the higher dose combination of valsartan and sacubitril 
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(0.5/9 mg/kg/day, respectively) had significantly higher body weights (Table 1; P<0.05). 

We quantified weights (normalized as a percentage of body weight) of heart and kidney 

as cardiovascular organs that are influenced by infusion of AngII. Heart weights (%) 

were significantly decreased in a dose-dependent manner by valsartan, while sacubitril 

had no effect on heart weight at lower doses with a significant decrease in heart weight 

compared to vehicle control at the highest sacubitril dose (9 mg/kg/day) (Table 1; 

P<0.05). Combination therapy with valsartan and sacubitril had no additional effect on 

heart weight beyond those observed with valsartan alone (Table 1; P>0.05). With the 

exception of the lowest dose of valsartan administered (0.3 mg/kg/day) which 

significantly decreased kidney weights, neither valsartan nor sacubitril significantly 

influenced kidney weights alone or in combination (Table 1; P>0.05).  

Effects of valsartan and sacubitril, alone or in combination, on the systemic renin-

angiotensin system and blood pressure of AngII-infused mice. 

It is generally well known that AT1R antagonists remove negative feedback of AngII on 

renin release from the kidney, resulting in an increase in plasma renin 

concentrations.(Schweda et al., 2007) This effect of AT1R antagonism to increase 

plasma renin could result in elevations of plasma AngII concentrations, which are 

generally not of concern with effective AT1R antagonism. AngII is a substrate of NEP 

which degrades the peptide into two inactive products(Erdos and Skidgel, 1990), and 

thus NEP inhibition might be anticipated to elevate plasma AngII concentrations which 

could exacerbate cardiovascular diseases such as hypertension. Administration of 

valsartan resulted in a dose-dependent elevation of plasma AngII concentrations 

compared to vehicle (Fig. 2A; vehicle:  298 ± 220, n = 27; valsartan 0.3: 394 ± 252, n = 
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5; valsartan 0.5:  376 ± 252, n = 6; valsartan 1:  332 ± 88, n = 7; valsartan 6:  684 ± 317, 

n = 8; valsartan 20:  1, 254 ± 596 pg/ml, n = 8; P<0.05). Interestingly, at low sacubitril 

concentrations (1 mg/kg/day), plasma AngII concentrations were doubled compared to 

vehicle, but this effect was not observed at higher sacubitril doses (Fig. 2A; sacubitril 1: 

717 ± 405 pg/ml, n = 11; sacubitril 9:  326 ± 264 pg/ml, n = 5). Elevations of plasma 

AngII concentrations at 1 mg/kg/day of sacubitril remained evident when combined with 

valsartan (Fig. 2A; valsartan 0.3/sacubitril 1:  906 ± 396 pg/ml, n = 5; P<0.05). Similarly, 

valsartan administration (20 mg/kg/day) increased plasma renin concentrations (Fig. 2B; 

vehicle:  2.8 ± 1.2, n = 31; valsartan 0.3:  1.7 ± 0.5, n = 10; valsartan 0.5:  2.0 ± 0.2, n = 

6; valsartan 1:  2.1 ± 0.9, n = 7; valsartan 6:  2.7 ± 1.0, n = 8; valsartan 20:  32.3 ± 27.5 

ng of angiotensin I/ml/30 min, n = 8; P<0.05). Despite elevations of plasma AngII and 

renin concentrations, valsartan resulted in a dose-dependent reduction of systolic blood 

pressures of AngII-infused mice (Fig. 2C; vehicle:  156 ± 17, n = 27; valsartan 0.3:  155 

± 14, n = 10; valsartan 0.5:  148 ± 6, n = 6; valsartan 1:  144 ± 13, n = 6; valsartan 6:  

133 ± 17, n = 7; valsartan 20:  105 ± 15 mmHg, n = 8; P<0.05). At the lower dose (1 

mg/kg/day) of sacubitril, there was no significant effect on systolic blood pressures while 

higher doses of sacubitril also significantly reduced systolic blood pressures (Fig. 2C; 

sacubitril 1:  147 ± 14, n = 8; sacubitril 6:  123 ± 18, n = 5; sacubitril 9:  126 ± 13 mmHg, 

n = 5; P<0.05). The reduction in systolic blood pressure at 9 mg/kg/day of sacubitril 

remained evident when combined with a dose (0.5 mg/kg/day) of valsartan that alone 

had no effect on systolic blood pressure (Fig. 2C; valsartan 0.3/sacubitril 9:  136 ± 15 

mmHg, n = 6; P<0.05). 

Effects of valsartan and sacubitril, alone or in combination, on AngII-induced AAAs. 
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Valsartan resulted in a dose-dependent reduction of internal abdominal aortic lumen 

diameters (Fig. 3A, 28 days of infusion; vehicle:  1.7 ± 0.4, n = 31; valsartan 0.3:  1.6 ± 

0.2, n = 12; valsartan 0.5:  1.3 ± 0.2, n = 6; valsartan 1:  1.4 ± 0.3, n = 7; valsartan 6:  

1.2 ± 0.1, n = 8; valsartan 20:  1.1 ± 0.1 mm, n = 8; P<0.05), maximal AAA external 

diameters (Fig. 3B; vehicle:  1.9 ± 0.6, n = 27; valsartan 0.3:  1.4 ± 0.3, n = 11; valsartan 

0.5:  1.1 ± 0.3, n = 7; valsartan 1:  1.5 ± 0.4, n = 7; valsartan 6: 0.9 ± 0.1, n = 8; 

valsartan 20:  0.9 ± 0.1 mm, n = 8; P<0.05) and AAA incidence (Fig. 3C,D; P<0.05). In 

contrast, sacubitril had no significant effect on any of these parameters of AngII-infused 

mice (Fig. 3A-C; P>0.05). Moreover, the combination drug doses tested did not result in 

further reductions of AngII-induced AAAs than did administration of valsartan alone, and 

for some parameters (maximal AAA external diameters) significant reductions by 

valsartan (0.5 mg/kg/day) were no longer evident when combined with sacubitril (Fig. 

3A,B). 

Effects of valsartan and sacubitril, alone or in combination, on serum cholesterol 

concentrations, serum triglyceride concentrations and atherosclerosis of AngII-infused 

mice. 

There were no significant effects of valsartan or sacubitril on serum cholesterol or 

triglyceride concentrations of AngII-infused mice (Fig. 4A,B; P>0.05). However, at the 

higher dose combination of both drugs, serum cholesterol (vehicle:  2007 ± 412, n = 27; 

valsartan 0.5/sacubitril 9:  1301 ± 351 mg/dl, n = 4) and triglyceride concentrations 

(vehicle:  579 ± 221; valsartan 0.5/sacubitril 9:  159 ± 54 mg/dl, n = 6) were significantly 

reduced compared to vehicle (Fig. 4A,B; P<0.05). Infusion of AngII was demonstrated to 

increase the extent of atherosclerosis in hypercholesterolemic mice(Daugherty et al., 
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2000), which was abolished by the AT1R antagonist losartan(Daugherty et al., 2001). 

Similarly, in this study valsartan resulted in a dose-dependent reduction in the percent 

lesion surface area of the aortic arch of AngII-infused mice (Fig. 4C,D; vehicle:  13.2 ± 

7.7, n = 30; valsartan 0.3:  19.8 ± 5.8, n = 11; valsartan 0.5:  14.0 ± 6.0, n = 6; valsatan 

1:  13.6 ± 4.9, n = 7; valsartan 6:  9.9 ± 4.5, n = 8; valsartan 20:  5.4 ± 4.8 % lesion 

surface area). However, effects of valsartan on atherosclerotic lesion formation were not 

significant. Moreover, sacubitril had no significant effect on percent atherosclerotic 

lesion surface area when administered alone (Fig. 4C; P>0.05). Paradoxically, at the 

lower drug combination dose examined (0.3 valsartan/1 mg/kg/day sacubitril:  24.4 ± 

10.7, n = 5) there was a significant increase in atherosclerotic lesion surface area 

compared to vehicle, even though neither sacubitril nor valsartan at these doses 

influenced AngII-induced atherosclerosis when administered as individual agents (Fig. 

4C; P<0.05). 

 

Discussion 

We investigated the dose-dependent therapeutic effectiveness of AT1R 

antagonism alone or in combination with NEP inhibition on AngII-induced cardiovascular 

responses of hypertension, atherosclerosis and AAA formation in hypercholesterolemic 

mice. The impetus for this investigation was manifold and included varying roles of NEP 

substrates/products in the development of hypertension, atherosclerosis or AAAs, the 

potential for alterations in systemic AngII concentrations upon NEP inhibition alone, and 

the possibility of additive or synergistic effectiveness of AT1R antagonism when 

combined with NEP inhibition in several AngII-induced cardiovascular diseases. Results 
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from this study demonstrate that cardiovascular diseases of hypertension, 

atherosclerosis or AAAs induced by infusion of AngII are attenuated by AT1R 

antagonism. In contrast, while sacubitril at higher doses reduced AngII-induced 

hypertension, the drug had minimal benefits on other AngII-induced responses when 

administered alone and did not improve effectiveness of AT1R antagonism in 

combination therapy. Moreover, depending on the dose of sacubitril and its effects on 

circulating AngII concentrations, our results do not support NEP inhibition in the 

absence of sufficient AT1R blockade as an effective therapeutic approach for AngII-

induced atherosclerosis. 

 In this study we performed dose-response studies with both valsartan and 

sacubitril, alone or in two different drug combinations, on AngII-induced hypertension, 

atherosclerosis and AAA formation in hypercholesterolemic mice. As AT1R antagonism 

has been examined extensively against each of these AngII-induced cardiovascular 

diseases in experimental models, our rationale was to determine if sacubitril would 

provide additive or synergistic benefits at doses of valsartan that did not have extensive 

effects when administered alone. In addition, we contrasted this combination dose 

strategy against a higher valsartan dose (0.5 mg/kg/day) that had some degree of 

efficacy to reduce AngII-induced cardiovascular diseases. Using this approach, we were 

unable to demonstrate added benefit of sacubitril beyond effects of valsartan alone on 

any of these AngII-induced responses. However, we did observe a significant effect of 

the higher dose drug combination to reduce serum cholesterol and triglyceride 

concentrations. 
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To our knowledge, this is the first report of AngII-stimulated NEP mRNA 

abundance and the presence of positive NEP immunostaining in normal or aneurysmal 

human AAA tissue. However, there is increasing evidence that NEP substrates and/or 

products, including brain or natriuretic peptides, may serve as biomarkers or prognostic 

indicators following surgery of human AAAs.(Rajagopalan et al., 2008; Vetrugno et al., 

2012; Bryce et al., 2013; Folsom et al., 2015; Acosta et al., 2018; Chan et al., 2019) 

Given these findings, it is surprising that NEP inhibition with sacubitril had no significant 

effects on AngII-induced AAA formation. In contrast, similar to previous 

findings(Daugherty et al., 2001; Iida et al., 2012), AT1R antagonism with valsartan was 

highly effective at reducing the formation of AngII-induced AAAs. It is possible that NEP 

inhibition may be effective in other experimental AAA models that do not involve AngII 

as the initiating stimulus, since NEP inhibition at some doses (1 mg/kg/day) elevated 

circulating AngII concentrations that would be anticipated to worsen AngII-induced 

AAAs. Unlike congestive heart failure, our results do not support additive or synergistic 

benefit of combined therapy with AT1R antagonism and NEP inhibition to reduce 

experimental AngII-induced AAA formation. 

 Similar to AAAs, evolving evidence indicates a role for NEP in atherosclerotic 

lesion formation. Specifically, oral inhibition of neutral endopeptidase (NEP) suppressed 

atherosclerotic lesion formation in cholesterol diet-fed New Zealand White 

rabbits.(Kugiyama et al., 1996; Grantham et al., 2000) Moreover, a dual inhibitor of 

angiotensin converting enzyme and NEP (omapatrilat) reduced fatty streak or 

atherosclerotic lesion formation in apolipoprotein E (ApoE) deficient(Arnal et al., 2001) 

or Ldlr-/- mice(Levy et al., 2003). Similar effects were observed in hyperlipidemic rabbits 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 11, 2021 as DOI: 10.1124/jpet.121.000525

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


21 
 

administered ramipril (ACE inhibitor) and an NEP inhibitor (AVE 7688).(Weckler et al., 

2003) More recently, a sacubitril/valsartan complexed drug combination (LCZ696) was 

found to decrease lipid deposition in carotid artery histological sections from ApoE-/- 

mice fed a Western diet.(Zhang et al., 2019) These effects were associated with 

elevations of plasma concentrations of brain natriuretic peptide and reductions in 

circulating inflammatory factors (e.g., interleukin-6, matrix metalloproteinase-8) of mice 

administered LCZ696 compared to valsartan alone. Our results do not support added 

benefits of sacubitril administration beyond those observed with valsartan alone on 

AngII-induced atherosclerotic lesion formation. This result was surprising given that the 

high dose combination of valsartan/sacubitril did result in a significant reduction in 

serum lipids, which were observed in mice experiencing increased body weights 

compared to vehicle controls. Reductions in serum lipids such as plasma cholesterol or 

triglyceride concentrations typically reduce the development of atherosclerosis. Rather, 

we observed potential harmful effects of the lower dose drug combination to increase 

atherosclerosis. The increase in atherosclerosis of mice administered the lower dose 

drug combination in the present study was observed in mice experiencing elevated 

plasma AngII concentrations, which may have contributed to this finding. Differences 

between results of this study and previous studies(Zhang et al., 2019) include the 

choice of drug (combined inhibition through complexed LCZ696(Zhang et al., 2019) 

versus individual drug NEP inhibition/AT1R antagonism of the current study), route of 

administration (daily oral gavage(Zhang et al., 2019) versus continuous subcutaneous 

drug infusion of the current study) and mouse genetic background (ApoE-/-(Zhang et al., 

2019) versus Ldlr-/- mice of the current study). Moreover, our results examining 
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combined NEP inhibition and AT1R antagonism focus on atherosclerosis induced by 

infusion of AngII, which may differ from atherosclerosis in response to other stimuli 

(e.g., diet or ApoE deficiency). 

 In contrast to atherosclerosis or AAA formation, in this study administration of 

sacubitril (6 or 9 mg/kg/day) decreased AngII-induced elevations of systolic blood 

pressure. However, there were no added benefits of sacubitril (9 mg/kg/day) on AngII-

induced hypertension when combined with valsartan (0.5 mg/kg/day). These results 

suggest that antihypertensive actions of sacubitril may be unrelated to AngII actions at 

AT1R to elevate blood pressure, with potential effects of NEP inhibition on other 

vasoactive NEP substrates (e.g., endothelin, bradykinin). 

 In the present study we examined subcutaneous infusion of valsartan with or 

without sacubitril using osmotic minipumps implanted in AngII-infused mice as this 

mode of administration would avoid issues of bioavailability following oral dosing and 

provide for continuous drug delivery. Since this drug delivery method for sacubitril has 

not been examined previously, we performed pilot studies assessing the release rate of 

drugs when combined together in an osmotic minipump for subcutaneous delivery. We 

found that sacubitril was not effectively released from osmotic minipumps at doses of 15 

mg/kg/day. For this reason, we limited the maximum dose of sacubitril to 9 mg/kg/day 

alone or in combination with valsartan. Our results indicate that a sacubitril dose of 1 

mg/kg/day elevated plasma AngII concentrations, suggesting that sacubitril inhibited 

NEP-mediated degradation of AngII. Moreover, we observed effects of sacubitril (6 or 9 

mg/kg/day) to decrease systolic blood pressure and reduce serum cholesterol and 

triglyceride concentrations (when combined with 0.5 mg/kg/day valsartan), supporting 
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drug effects at the studied doses and route of administration. However, a limitation of 

this study is that limits on sacubitril solubility within osmotic minipumps did not allow for 

examination of higher doses of sacubitril that have been more recently tested following 

oral administration in other experimental cardiovascular models.(Croteau et al., 2020; Li 

et al., 2020; Tam et al., 2020) It is also possible that differences in NEP expression 

levels between mouse strains may have influenced results of the present 

study.(Korshunov et al., 2019) Moreover, other limitations include the choice of animal 

model (highly related to AngII as the initiating stimulus), difficulties in extrapolating 

findings from mice to humans, and relevance of the systemic drug concentrations to 

those achieved in humans. A limitation of our approach is that for endpoint measures 

we cannot include data from mice that do not survive the entire infusion protocol, 

limiting the number of experimental mice/group. Finally, while these results do not 

support the addition of NEP inhibition to AT1R antagonism against experimental AngII-

induced hypertension, atherosclerosis or AAA formation, this drug combination may 

have benefit against other modes of inducing these cardiovascular diseases. 

 In conclusion, results from this study do not support additive benefits, beyond 

those observed with AT1R receptor antagonism alone, of the addition of sacubitril for 

experimental AngII-induced hypertension, atherosclerosis or AAA formation. 
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Figure Legends 

Figure 1. Aortic neprilysin (NEP) mRNA abundance and immunostaining. (A) Male Ldlr-/- 

mice fed a Western diet were infused with saline or angiotensin II (AngII) for 5 days. 

NEP mRNA abundance in abdominal aorta was increased by AngII compared to saline 

controls. Data are expressed as means ± SD (n = 5 mice /group). *, P<0.05 by Student 

t-test. (B) NEP immunostaining in normal and AAA aorta tissue sections. Control aortic 

sections were inclubated with secondary antibody only. Box indicates magnified area in 

bottom panel for each section. Scale bar is 100 µm. 

Figure 2. Plasma angiotensin II (AngII; A), renin (B) and systolic blood pressures (C) of 

mice infused with AngII (1000 ng/kg/min) in the absence (vehicle) or presence of 

valsartan (0.3, 0.5, 1, 6 or 20 mg/kg/day), sacubitril (1, 6 or 9 mg/kg/day) or 

combinations thereof (0.3/1; 0.5/9 valsartan/sacubitril). (A) Plasma AngII concentrations 

increased significantly at higher doses of valsartan. Sacubitril had no effect on plasma 

AngII concentrations, while the drug combinations tested did not differ from effects 

observed with either drug alone. (B) Plasma renin concentrations increased significantly 

at higher doses of valsartan or sacubitril and remained evident when drugs were 

administered in combination. (C) Systolic blood pressures decreased significantly with 

higher valsartan or sacubitril doses, but the effectiveness of sacubitril (9 mg/kg/day) to 

decrease blood pressure was not evident when combined with valsartan (0.5 

mg/kg/day). Data are individual mice with means ± SD indicated by horizontal lines from 

vehicle (total of 51 mice of which 31 mice survived the infusion protocol), valsartan 0.3 

(total of 19 mice of which measurements were obtained from n = 5 mice), valsartan 0.5 

(total of 8 mice of which 6 mice survived the infusion protocol), valsartan 1 (total of 8 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 11, 2021 as DOI: 10.1124/jpet.121.000525

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


32 
 

mice of which 7 mice survived the infusion protocol), valsartan 6 (total of 8 mice of 

which 8 mice survived the infusion protocol), valsartan 20 (total of 8 mice of which 8 

mice survived the infusion protocol), sacubitril 1 (total of 19 of which 11 mice survived 

the infusion protocol), sacubitril 6 (total of 10 of which 7 mice survived the infusion 

protocol), valsartan 0.3/sacubitril 1 (total of 9 mice of which 5 mice survived the infusion 

protocol), valsartan 0.5/sacubitril 9 (total of 8 mice of which 6 mice survived the infusion 

protocol). *, P<0.05 compared to vehicle by one-way ANOVA and Kruskal-Wallis test. 

Figure 3. Effects of valsartan and sacubitril, alone or in combination, on AngII-induced 

AAAs. Mice were infused with AngII (1000 ng/kg/min) in the absence (vehicle) or 

presence of valsartan (0.3, 0.5, 1, 6 or 20 mg/kg/day), sacubitril (1, 6 or 9 mg/kg/day) or 

combinations thereof (0.3/1; 0.5/9 valsartan/sacubitril). (A) Abdominal aortic internal 

lumen diameters (day 28 of infusions) were decreased dose-dependently by valsartan, 

while sacubitril had no effect alone or in combination with valsartan. (B) AAA external 

diameters were decreased dose-dependently by valsartan, with no effect of sacubitril 

alone or in combination with valsartan. For A and B, data are individual mice with 

means ± SD indicated by horizontal lines from vehicle (total of 51 mice of which 31 mice 

survived the infusion protocol), valsartan 0.3 (total of 19 mice of which 11 mice survived 

the infusion protocol), valsartan 0.5 (total of 8 mice of which 6 mice survived the infusion 

protocol), valsartan 1 (total of 8 mice of which 7 mice survived the infusion protocol), 

valsartan 6 (total of 8 mice of which 8 mice survived the infusion protocol), valsartan 20 

(total of 8 mice of which 8 mice survived the infusion protocol), sacubitril 1 (total of 19 of 

which 11 survived the infusion protocol), sacubitril 6 (total of 10 of which 7 mice 

survived the infusion protocol), valsartan 0.3/sacubitril 1 (total of 9 mice of which 5 mice 
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survived the infusion protocol), valsartan 0.5/sacubitril 9 (total of 8 mice of which 6 mice 

survived the infusion protocol).  (C) AAA incidence (%) was decreased dose-

dependently by valsartan, with no effect of sacubitril alone or in combination with 

valsartan. Data are individual mice with means ± SD indicated by horizontal lines from 

vehicle (n = 51), valsartan 0.3 (n = 19), valsartan 0.5 (n = 8), valsartan 1 (n = 8), 

valsartan 6 (n = 8), valsartan 20 (n = 8), sacubtril 1 (n = 19), sacubitril 6 (n = 10), 

valsartan 0.3/sacubitril 1 (n = 9), valsartan 0.5/sacubitril 9 (n = 8). (D) Representative 

aortas from mice of each treatment group. *, P<0.05 compared to vehicle by one-way 

ANOVA, Kruskal-Wallis, or Fisher’s Exact test.  

Figure 4. Effects of valsartan and sacubitril, alone or in combination, on serum lipids 

and atherosclerotic lesion surface areas of AngII-infused mice. Mice were infused with 

AngII (1000 ng/kg/min) in the absence (vehicle) or presence of valsartan (0.3, 0.5, 1, 6 

or 20 mg/kg/day), sacubitril (1, 6 or 9 mg/kg/day) or combinations thereof (0.3/1; 0.5/9 

valsartan/sacubitril). (A) Serum cholesterol concentrations were not influenced by 

valsartan or sacubitril alone. However, when drugs were combined at the higher dose 

(0.5/9 valsartan/sacubitril), serum cholesterol decreased significantly. (B)  Serum 

triglyceride concentrations were not influenced by valsartan or sacubitril alone. 

However, when drugs were combined at the higher dose (0.5/9 valsartan/sacubitril), 

serum triglyceride decreased significantly. (C) Valsartan or sacubitril had no significant 

effect on atherosclerosis in the aortic arch (% lesion surface area) when administered 

alone. However, the lower dose drug combination (0.3/1, valsartan/sacubitril) 

significantly increased atherosclerosis. (D) Oil Red O stained representative aortas from 

mice of each treatment group. For A-C, data are individual mice with means ± SD 
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indicated by horizontal lines from vehicle (total of 51 mice of which 31 mice survived the 

infusion protocol), valsartan 0.3 (total of 19 mice of which 11 mice survived the infusion 

protocol), valsartan 0.5 (total of 8 mice of which 6 mice survived the infusion protocol), 

valsartan 1 (total of 8 mice of which 7 mice survived the infusion protocol), valsartan 6 

(total of 8 mice of which 8 mice survived the infusion protocol), valsartan 20 (total of 8 

mice of which 8 mice survived the infusion protocol), sacubitril 1 (total of 19 of which 11 

survived the infusion protocol), sacubitril 6 (total of 10 of which 7 mice survived the 

infusion protocol), valsartan 0.3/sacubitril 1 (total of 9 mice of which 5 mice survived the 

infusion protocol), valsartan 0.5/sacubitril 9 (total of 8 mice of which 6 mice survived the 

infusion protocol). *, P<0.05 compared to vehicle by one-way ANOVA. 
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Table 1. General characteristics of mice from each drug treatment group. 

Groups 
Body Weight 

(g) 
Aorta % Heart% Kidney% 

Vehicle 27.4 ± 2.4  0.23 ± 0.07 0.60 ± 0.13 1.14 ± 0.08 

0.3 Valsartan 26.2 ± 1.1 0.18 ± 0.07 0.60 ± 0.10 1.10 ± 0.05 * 

0.5 Valsartan 28.5 ± 1.9 0.20 ± 0.05 0.50 ± 0.09 1.10 ± 0.08 

1 Valsartan 30.4 ± 3.5 * 0.18 ± 0.04 0.45 ± 0.07 * 1.12 ± 0.06 

6 Valsartan 30.7 ± 1.3 * 0.14 ± 0.02 * 0.44 ± 0.04 * 1.17 ± 0.08 

20 Valsartan 30.0 ± 2.7 0.11 ± 0.02 * 0.42 ± 0.07 * 1.20 ± 0.09 

1 Sacubitril 26.6 ± 2.7 0.22 ± 0.08 0.66 ± 0.10 1.16 ± 0.08 

6 Sacubitril 29.2 ± 2.0 0.17 ± 0.05 0.63 ± 0.14 1.11 ± 0.06 

9 Sacubitril 28.0 ± 2.3 0.24 ± 0.070 0.43 ± 0.05 * 1.04 ± 0.13 

0.3 Val+ 1 Sac 26.8 ± 0.8 0.19 ± 0.04 0.57 ± 0.06 1.20 ± 0.04 

0.5 Val+9 Sac 30.6 ± 3.0 * 0.18 ± 0.05 0.45 ± 0.07 * 1.06 ± 0.07 

Tissue weights are expressed as a percentage of body weight. 
Data are mean ± SD. 
*, P<0.05 compared to Vehicle. 
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