
Journal of the American Heart Association

J Am Heart Assoc. 2020;9:e015640. DOI: 10.1161/JAHA.119.015640 1

 

ORIGINAL RESEARCH

Sacubitril/Valsartan Improves Cardiac 
Function and Decreases Myocardial 
Fibrosis Via Downregulation of Exosomal 
miR- 181a in a Rodent Chronic Myocardial 
Infarction Model
Evgeniya Vaskova, PhD; Gentaro Ikeda, MD, PhD; Yuko Tada, MD, PhD; Christine Wahlquist, PhD;  
Marc Mercola, PhD; Phillip C. Yang , MD

BACKGROUND: Exosomes are small extracellular vesicles that function as intercellular messengers and effectors. Exosomal 
cargo contains regulatory small molecules, including miRNAs, mRNAs, lncRNAs, and small peptides that can be modulated 
by different pathological stimuli to the cells. One of the main mechanisms of action of drug therapy may be the altered produc-
tion and/or content of the exosomes. 

METHODS AND RESULTS: We studied the effects on exosome production and content by neprilysin inhibitor/angiotensin recep-
tor blockers, sacubitril/valsartan and valsartan alone, using human- induced pluripotent stem cell- derived cardiomyocytes 
under normoxic and hypoxic injury model in vitro, and assessed for physiologic correlation using an ischemic myocardial 
injury rodent model in vivo. We demonstrated that the treatment with sacubitril/valsartan and valsartan alone resulted in the 
increased production of exosomes by induced pluripotent stem cell- derived cardiomyocytes in vitro in both conditions as well 
as in the rat plasma in vivo. Next- generation sequencing of these exosomes exhibited downregulation of the expression of 
rno- miR- 181a in the sacubitril/valsartan treatment group. In vivo studies employing chronic rodent myocardial injury model 
demonstrated that miR- 181a antagomir has a beneficial effect on cardiac function. Subsequently, immunohistochemical and 
molecular studies suggested that the downregulation of miR- 181a resulted in the attenuation of myocardial fibrosis and hyper-
trophy, restoring the injured rodent heart after myocardial infarction. 

CONCLUSIONS: We demonstrate that an additional mechanism of action of the pleiotropic effects of sacubitril/valsartan may be 
mediated by the modulation of the miRNA expression level in the exosome payload. 
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Heart failure (HF) is the leading cause of hos-
pital admission in the United States with an 
increasing mortality rate worldwide.1–3 The 

renin- angiotensin- aldosterone system is one of the 
key regulators of cardiovascular homeostasis that ex-
erts its action through the angiotensin II–aldosterone 
axis. Abnormal cardiac function in HF activates the 

renin- angiotensin- aldosterone system and the sym-
pathetic nervous system. The other counterregulatory 
pathway activated in HF includes the natriuretic peptide 
system. One of the key components of the natriuretic 
peptide system is neprilysin, which catalyzes the degra-
dation of bradykinin, adrenimedullin, endothelin- 1, sub-
stance P, and angiotensin II. The inhibition of neprilysin 
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increases the levels of salutary natriuretic peptide, 
causing vasodilation, diuresis, natriuresis, and reduced 
extracellular volume, which decreases the patholog-
ical fibrosis and myocardial hypertrophy. Sacubitril/
valsartan, formerly known as LCZ696, was developed 
to address these 2 pathophysiological mechanisms of 
HF. It is a first- in- class angiotensin receptor inhibitor 
that simultaneously suppresses the renin- angiotensin- 
aldosterone system through blockade of angiotensin II 
type 1 receptors and the activation of vasoactive pep-
tides through the inhibition of neprilysin, the enzyme 
responsible for their degradation.4

A double- blind randomized trial, PARADIGM- HF 
(Prospective Comparison of ARNI With ACEI to 
Determine Impact on Global Mortality and Morbidity in 

Heart Failure), demonstrated the benefit of sacubitril/
valsartan in reducing the risk of death and hospitaliza-
tion of patients with HF with reduced ejection fraction.5 
Furthermore, all- cause death decreased significantly; 
however, this analysis was not included in the study’s 
primary end point. Sacubitril/valsartan treatment was re-
ported to attenuate cardiac remodeling and dysfunction, 
inhibit fibrosis, and reduce hypertrophy in a rat model of 
HF after myocardial infarction (MI).6 Sacubitril/valsartan 
treatment prevented maladaptive cardiac fibrosis and 
dysfunction in a mouse model of left ventricular (LV) 
pressure overload.7 However, the molecular mechanism 
of this pleiotropic effect was not fully understood.

Exosomes are nano- sized vesicles with a diame-
ter ranging from 30 to 150 nm released from all cell 
types.8,9 Exosomes contain biologically active cargo 
such as miRNAs, mRNAs, DNAs, small molecules, 
and proteins to mediate local and systemic cell- to- cell 
communication through the delivery of their cargo to 
the recipient cells to induce physiological and homeo-
static changes.9–13 In the cardiovascular system, exo-
somes from different cell types have been shown to 
promote physiological processes, such as cardiac pro-
liferation, hypertrophy, embryonic development, and 
angiogenesis as well as pathological states, including 
inflammation, ischemia- reperfusion injury, apoptosis, 
and cardiac remodeling/fibrosis, contributing to both 
restoration and impairment of heart function. Cellular 
origin, physiologic condition, and pathologic stimuli 
dictate the compositions of exosomal cargo. In this 
study, we hypothesized that sacubitril/valsartan treat-
ment alters the molecular and cellular features of the 
target cells. These modifications are reflected in the 
quantity of exosome production and the content of 
exosomal molecular payload. Novel experimental de-
signs, employing human induced pluripotent stem cell- 
derived cardiomyocytes (iCMs) in vitro and a rodent 
chronic myocardial injury model in vivo, established 
the scientific premise for the functional assessment of 
exosome- derived miR- 181 and their related molecules.

METHODS
In accordance to the Transparency and Openness 
Promotion Guidelines, the data that support the find-
ings of this study are available from the corresponding 
author upon reasonable request. This study has been 
approved by Stanford University School of Medicine 
institutional review board committee and Institutional 
Animal Care and Use Committee (institutional review 
board approval number 31517, APLAC- 31689).

Induced Pluripotent Stem Cells and iCMs
An induced pluripotent stem cell line (ATCC- BXS0116 
human [non- Hispanic white female] induced pluri- 

CLINICAL PERSPECTIVE

What Is New?
• A novel mechanism of action of the pleiotropic 

effects of sacubitril/valsartan is mediated by 
the increased production of exosomes and the 
modulation of their molecular payload.

• Sacubitril/valsartan treatment resulted in the 
downregulation of miR-181a expression in the 
payload of circulating exosomes in a rodent 
model of chronic myocardial infarction.

•  The downregulation of miR-181a resulted in the 
attenuation of myocardial fibrosis and patho-
logical hypertrophy, restoring the rodent chronic 
heart failure model.

What Are the Clinical Implications?
• The pharmacologic effects of sacubitril/valsar-

tan in modulating exosome production and mo-
lecular payload describe a novel mechanism of 
action of the physiologic effects and provide a 
novel platform for pharmacogenomics.

Nonstandard Abbreviations and Acronyms

DEMRI delayed gadolinium enhancement MRI
DMSO dimethyl sulfoxide
HF heart failure
iCMs  induced pluripotent stem cell-derived 

cardiomyocytes
LAD left anterior descending 
LV left ventricular
MEMRI manganese-enhanced MRI
MI myocardial infarction
MRI magnetic resonance imaging
NC negative control
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potent stem cells, ATCC ACS- 1030) was used in 
the study.  Differentiation of the induced pluripo-
tent stem cell line into a pure population of iCMs 
was performed as described earlier.14–16 Briefly, the 
induced pluripotent stem cell line (passage >20) 
was passaged between 1:6 to 1:8 split ratio and 
grown for 4  days until they reached ≈85% conflu-
ence. From day 0 to day 2, medium was changed 
to RPMI1640 (Thermo Fisher Scientific; 61870036) 
medium supplemented with B27 minus insulin 
(Thermo Fisher Scientific; A1895601) and 6 μmol/L 
CHIR99021 (Selleckhem; S2924). On day 2, medium 
was changed to RPMI1640 supplemented with B27 
minus insulin only. From day 3 to day 5, medium was 
changed to RPMI1640 supplemented with B27 minus 
insulin and 2 μmol/L Wnt- C59 (Selleckhem; S7037). 
The medium was changed on day 5 and every other 
day for RPMI1640 supplemented with B27 (Thermo 
Fisher Scientific; 17504044). Contractile iCMs were 
noted from day 7. To purify the iCMs, a variant of 
the RPMI1640 medium without D- glucose (Thermo 
Fisher Scientific;11879020) was used in the media 
formula to select the iCMs.

Inducing Hypoxia in iCMs
iCMs were preincubated with 10 μmol/L of LBQ657 
(LBQ, the active metabolite of sacubitril)/valsartan, 
valsartan, LBQ, and dimethyl sulfoxide (DMSO; vehi-
cle) for 30 minutes.  Then the medium was replaced 
by the RPMI1640 medium without D- glucose. The 
iCMs were treated concurrently with 10  μmol/L of 
LBQ/valsartan, valsartan, LBQ, and DMSO (vehicle) 
and exposed to hypoxic condition. To mimic a hy-
poxic environment, in vitro iCMs were cultured in the 
Hypoxic Incubator Chamber (Stem Cell Technologies; 
27310) (O2 <1%, CO2 5%) for 24 hours unless other-
wise stated. All experiments were performed 3 times 
(biological triplicates).

Induction of MI
Female Sprague- Dawley rats were purchased from 
Charles River. The rats selected for surgeries were 
6 to 8  weeks old, nonpregnant, and demonstrated 
normal grooming and ambulatory behaviors. An un-
blinded researcher labeled control/treatment injections 
in an Eppendorf tube labeled with random numbers. 
The surgeons were blinded and labeled the rats using 
ear cuts. The rats were subjected to chronic MI model 
by permanent left anterior descending (LAD) ligation. 
The rats were then randomly allocated to the follow-
ing treatment groups: sacubitril/valsartan (n=6), valsar-
tan (n=7), vehicle (n=5), miRNA- 181a antagomir (n=9), 
miRNA- 181a mimic (n=10), miRNA mismatch control 
(negative control [NC]; n=8). The sham rats under-
went thoracotomy without LAD ligation (no MI). The 

experimental groups were randomized across multi-
ple cages, litters, and location of rat cages in the hus-
bandry room.

Preparation, Doses, and Treatment
All compounds, sacubitril/valsartan, valsartan, and 
LBQ, were obtained from Novartis Pharma AG in 
the form of powder. For in vitro studies, LBQ/vals-
artan (acting as surrogate of sacubitril/valsartan), 
valsartan, and LBQ were dissolved in 100% DMSO 
as 10 mmol/L stock solutions and stored at −80°C 
before use. Then the compound stock solution 
was diluted in cell culture to a final concentration 
(10 μmol/L). Sacubitril is converted to LBQ in vivo, so 
in the in vitro experiments, LBQ replaced sacubitril. 
In all of the experiments, the effect of DMSO as a 
vehicle was tested. For the in vivo studies, sacubi-
tril/valsartan and valsartan were prepared accord-
ing to “Guidance to investigators for formulating and 
administering LCZ696- ABA and valsartan to rats” 
(Novartis). Sacubitril/valsartan was formulated in 
water at a concentration required for administration 
(68 mg/kg body weight per oral). Valsartan was first 
dissolved in 1 N NaOH to generate a stock solution 
of 200 mg/mL. Then water was added to generate a 
solution at a concentration required for administra-
tion (31  mg/kg body weight per oral). pH was ad-
justed for both sacubitril/valsartan and valsartan to 
approximately equal to pH 8 to 9. The treatment with 
sacubitril/valsartan and valsartan was performed by 
administration of the compounds orally once per day. 
The treatment commenced 1 week after surgery to 
avoid interference with reparative scar formation and 
potential hemodynamic compromise and followed for 
7 weeks. miR- 181a antagomir, miR- 181a mimic, and 
NC were injected intramyocardially in the peri- infarct 
region at the time of LAD ligation. miR- 181a antago-
mir, miR- 181a mimic, and NC were purchased from 
ThermoFisher and dissolved in PBS (15.6 nmol/L per 
dose) according to the manufacturer’s instruction. 

Isolation of the Exosomes
Exosomes were isolated from the conditioned me-
dium of iCMs by polyethylene glycol (PEG) precipita-
tion. Cell culture media were filtered and centrifuged 
at 1500g for 10 minutes to remove cells, debris, and 
apoptotic bodies. PEG800 (Sigma; 89510) was added 
to the supernatant at 1:3 ratio (PEG:supernatant), 
mixed gently, and incubated at 4°C.  The next day, 
the mixture was centrifuged at 1500g for 30  min-
utes to isolate the exosomes. From rat plasma, the 
exosomes were isolated at weeks 0, 1, 2, 4, and 
8; 1 mL of blood samples were collected into EDTA- 
coated tubes followed by centrifugation at 1500g 
for 10 minutes to separate the plasma from the red 



J Am Heart Assoc. 2020;9:e015640. DOI: 10.1161/JAHA.119.015640 4

Vaskova et al Sacubitril/Valsartan Via Exosomal miR- 181a

blood cells. Plasma samples were diluted with PBS 
while PEG800 was added to the supernatant at 1:3 
ratio (PEG:supernatant). The solution was mixed gen-
tly and incubated at 4°C. The next day, the mixture 
was recentrifuged at 1500g for 30  minutes to iso-
late the exosomes. In addition, 70 nm qEV columns 
(iZON; qEVoriginal/70  nm) were used to purify the 
exosomes.

Nanoparticle Tracking Analysis of the 
Exosomes
Nanoparticle tracking analysis permits the determina-
tion of both the size distribution and relative concen-
tration of nanoparticles by recording the scattering of 
the laser light by the particles in the solution undergo-
ing Brownian motion and tracking particle movement. 
Briefly, the exosome pellets were resuspended in 
1000 μL of PBS and loaded into the sample chamber 
of an LM10 unit (Nanosight Technology), and measure-
ments were performed with a 405- nm 65- mW laser. 
The analysis settings were optimized and kept identical 
for each sample.

The Viability Assay
The effects of the combination of LBQ/valsartan, val-
sartan, LBQ, DMSO (vehicle), and the exosomes on 
cell viability were determined by the MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay. A total of 500 000 cells/well were seeded in 
12- well plates in triplicate.  At 24 to 48 hours later, 
the cells were pretreated with a 10 μmol/L combina-
tion of LBQ/valsartan, valsartan, LBQ, and DMSO for 
30  minutes or exosomes (500 exosomes per well) 
for 24  hours.17 Then the medium was replaced by 
the RPMI1640 medium without d- glucose. The iCMs 
were concurrently treated with a 10 μmol/L combi-
nation of LBQ/valsartan, valsartan, LBQ, DMSO, and 
exosomes (500 exosomes per cell) and exposed to 
a hypoxic condition for 18  hours. After incubation 
under the hypoxic condition, 200 μL of MTT (5 mg/
mL in PBS) were added to 800 μL of the media, and 
the cells were incubated further for 1 hour. Then the 
medium was aspirated and 1 mL of MTT solvent/well 
was added for another 15 minutes. The absorbance 
was recorded on a microplate reader at the wave-
length of 590 nm. 

Flow Cytometry Analysis of Cell 
Apoptosis
Cell apoptosis rates were detected by flow cytometry 
using an Annexin V/Dead Cell Apoptosis Kit (Thermo 
Fisher Scientific; V13242) according to the manufac-
turer’s instruction. After hypoxia treatment, the cells 
were dissociated with TrypLE Express and collected by 

centrifugation at 300g for 5 minutes. Each sample was 
double stained for 10  minutes with annexin and pro-
pidium iodide and then analyzed by flow cytometry on 
BD LSRII in the Stanford shared FACS (Flourescence-
activated cell sorting) facility. Flow cytometry data were 
then analyzed by FlowJo Software for Windows version 
V10 (Becton, Dickinson and Company, 2019). 

Evaluation of Myocardial Viability and 
Cardiac Function
Cardiac magnetic resonance imaging (MRI) was 
performed using a Signa 3T EXCITE scanner (GE 
Healthcare) and a phased array 4- channel surface 
coil (Rapid MR International). The rats were imaged at 
weeks 2 and 8 following the LAD ligation. During the 
entire scan, the rats were anesthetized using 1.0% to 
3.0% of isoflurane, ECG, respiratory gating, and body 
temperature monitoring were performed using PC- 
SAM (SA Instruments).   LV function was evaluated 
on short axis serial slices obtained by ECG- triggered 
fast spoiled gradient- recalled sequence (flip angle 
45°, echo time 10 ms, repetition time 20 ms, number 
of excitations (NEX 4), matrix 256×192, field of view 
7  cm, slice thickness  1  mm, slice gap 0  mm, band 
width (BW) 122  Hz/pixel, phases to reconstruct 20). 
Nonviable and viable myocardium were discriminated 
by manganese- enhanced MRI (MEMRI). MEMRI was 
obtained using ECG- triggered inversion recovery–fast 
spoiled gradient- recalled sequence (inversion recov-
ery–fast spoiled gradient- recalled: flip angle 30°, echo 
time 8.4 ms, repetition time 16 ms, effective repetition 
time 500–600 ms, NEX 5, matrix 256×192, field of view 
7 cm, thickness 1 mm, slice gap 0 mm, BW 61 Hz/
pixel, inversion time (TI) 400  ms) performed about 
60 minutes after the intraperitoneal injection of 8 mL/kg 
of EVP103 (Eagle Vision Pharmaceutical). Fibrotic scar 
was discriminated by delayed gadolinium enhance-
ment MRI (DEMRI).  Gadolinium- diethylenetriamine 
pentaacetic acid (DTPA) (0.4  mmol/kg of magne-
vist; Byer Health Care) was injected intraperitoneally, 
and  DEMRI was obtained using the ECG- triggered 
inversion recovery–fast spoiled gradient- recalled se-
quence  described previously with 1 imaging adjust-
ment of TI 180 ms obtained around 15 to 30 minutes 
following intravenous injection. The images were ana-
lyzed using Osirix (Pixmeo). LV contours were traced 
manually to calculate LV end- diastolic volume and LV 
end- systolic volume. The LV ejection fraction was de-
termined by the following: (LV end- diastolic volume−LV 
end- systolic volume)/LV end- diastolic volume×100 (%). 
A manganese- based contrast agent (EVP103) is taken 
up by calcium channels to confer the T1- shortening and 
positive signal on the viable myocardium. Myocardial 
viability was calculated by tracing MEMRI enhance-
ment: MEMRI viable myocardial volume (%)=(MEMRI 
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enhancement volume×100)/total LV volume. Infarct 
scar size was calculated by tracing DEMRI enhance-
ment: DEMRI infarct volume (%)=(DEMRI enhance-
ment volume×100)/total LV volume. 

Hematoxylin- Eosin and Masson Trichrome 
Staining
The 10- μm frozen sample sections and staining were 
performed by Stanford Animal Histology Services. 
Images were acquired using a BZ- X710 microscope 
(Keyence). To measure the fibrotic area and volume 
fraction, the frozen sections were stained with Masson 
trichrome. The fibrotic area was stained blue, and the 
normal tissue was stained red. The fibrotic area was 
calculated by taking the percent ratio of the mean area 
of connective tissue to the total tissue area in all meas-
ured cross- sections by using Image J (http://imagej.
hih.gov). A total of 3 rats and 3 slides per rat per treat-
ment group were used for analysis.

RNA Isolation, cDNA Synthesis, and 
Quantitative Reverse Transcription–
Polymerase Chain Reaction 
The iCM and peri- infarct regions were isolated 
and homogenized and RNA was isolated using an 
RNeasy Plus kit (Qiagen; 74034), cDNA was pro-
duced using a high- capacity cDNA reverse transcrip-
tion kit (Applied Biosystems; 4368814), and real- time 
polymerase chain reaction was performed using the 
SYBR Green Real- Time PCR Master Mix (Thermo 
Fisher Scientific; 4309155) and a StepOnePlus Real- 
Time PCR System (Applied Biosystems). GAPDH- 
actin was used as the internal control gene to 
normalize the target genes. The 2−ΔΔCt method was 
used to analyze the quantity. Sequencing of the 
primers are listed in Table 1.

Exosome Total RNA Isolation
Total RNA isolation was performed using SeraMir 
Exosome RNA Purification Column kit (System 
Biosciences; RA808A- 1) according to the manufac-
turer’s instructions. For each sample, 1 μL of the final 
RNA eluate was used for the measurement of small 
RNA concentration by the Agilent Bioanalyzer Small 
RNA Assay using the Bioanalyzer 2100 Expert instru-
ment (Agilent Technologies).

Next- Generation Sequencing Library 
Generation and Sequencing
Small RNA libraries were constructed with the CleanTag 
Small RNA Library Preparation Kit (TriLink; L- 3206) ac-
cording to the manufacturer’s protocol. The final pu-
rified library was quantified with high- sensitivity DNA 
reagents (Agilent Technologies; G2933- 85004) and 
high- sensitivity DNA chips (Agilent Technologies; 5067- 
4626). The sequencing performed included ncRNAs 
(miRNAs, tRNAs, rRNAs, lincRNAs, piRNAs, snoR-
NAs), antisense transcripts, coding genes, and repeat 
elements (LTR [Long terminal repeats], LINE [Long in-
terspersed nuclear elements], SINE [Short-interspersed 
nuclear elements], and tandem repeats). Small RNAs 
have a major peak ≈140 to 200  bp, whereas long 
RNAs peak ≈300 bp. The libraries were pooled, and 
the 140 to 300 bp region was size selected on 8% TBE 
(Tris/Borate/EDTA) gel (Life Technologies; EC6215). 
The size- selected library was quantified with high- 
sensitivity DNA 1000 screen tape (Agilent Technologies; 
5067- 5584), high- sensitivity D1000 reagents (Agilent 
Technologies; 5067- 5585), and the TailorMix HT1 quan-
titative polymerase chain reaction assay (SeqMatic; 
TM- 505) followed by a NextSeq High Output single- 
end sequencing run at SR75 using NextSeq 500/550 
High Output v2 kit (Illumina; FC- 404- 2005). 

Table 1. List of Primer Sequences Used for Reverse Transcription Polymerase Chain Reaction Analysis in This Study 

Gene Forward Primer (5′- 3′) Reverse Primer (5′- 3′)

Gapdh TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC

Nppa CCGGTACCGAAGATAACAGC CTCCAGGAGGGTATTCACCA

Nppb TAATCTGTCGCCGCTGGGAGG CAGCTGGGGAAAGAAGAGCCG

Col1 CTCCTGACGCATGGCCAAGA TGGGTCCCTCGACTCCTATG

Fn AGCAAATCGTGCAGCCTCCG CCCCCTTCATGGCAGCGATT

Vim GCACCCTGCAGTCATTCAGA GCAAGGATTCCACTTTACGTTCA

Postn CGTGGCAGCACCTTCAAAGA GGCTGAAGACTGCCTTGAATGAC

Ctgf TCCCGTTAGCCTCGCCTTGG CGGTACACGGACCCACCGAA

Myh6 GAGTCGGTGAAGGGCATGAG CCTCATCGTGCATTTTCTGCTT

Myh7 ACAGAGGAAGACAGGAAGAACCTACTG GCACAAGATCTACTCCTCATTCAGG

Fbxo AGCTTGTGCGATGTTACCCA GGTGAAAGTGAGACGGAGCA

Acta1 GTACCACCGGCATCGTGTT GATGTCGCGCACAATCTCAC

Actc1 AAAGCACGCCTACAGATCCC TCTGAGCCTCGTCACCTACA

http://imagej.hih.gov
http://imagej.hih.gov
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Next- Generation Sequencing–Exosome 
Data Analysis 
The FastQC tool (http://www.bioin forma tics.babra 
ham.ac.uk/proje cts/fastq c/) was used for the ini-
tial assessment of sequence length distribution and 
quality.18 Then Bowtie was used to map the spike- in 
DNA followed by the trimming and filtering steps.19 
The open- source tools used for trimming of adapters 
were FastqMcf, part of the ea- utils package (http://
code.google.com/p/ea-utils) and cutadapt (http://
journ al.embnet.org/index.php/embne tjour nal/artic le/
view/200/479), with PRINSEQ used in the quality fil-
tering step.20 The reads were aligned to the reference 
rat genome (rn5). Finally, abundance determination 
and differential expression analysis was performed by 
DEseq.21 Counts were normalized across samples, 
and the variance among samples was determined. 
Differentially expressed miRNAs were identified 
based on a model using the negative binomial distri-
bution. Normalized log10 miRNA expression values 
were used to generate a heatmap using Morpheus 
from the Broad Institute (software.broadinstitute.org/
morpheus/). Values were hierarchically clustered by 
Euclidean distance for the metric, average for linkage 
method, and rows (miRNAs) and columns (sacubitril/
valsartan, valsartan, and vehicle).

Statistical Analysis
Replicates in this study are biological (not technical) un-
less specifically noted otherwise. Values are expressed 
as mean±SEM. One- way ANOVA with Bonferroni post 
hoc analysis was used for comparisons among all 
groups unless otherwise stated.

RESULTS
In Vitro Sacubitril/Valsartan and Exosome 
Effects on Human iCM Viability
In vitro assessment of the effects of LBQ (an active 
metabolite of the prodrug sacubitril), LBQ/valsar-
tan (act as a surrogate for sacubitril/valsartan for in 
vitro experiments), and valsartan alone on the exo-
some production and cellular function by the iCMs 
was performed. First, particle size was assessed 
by nanoparticle tracking analysis and confirmed 
the abundant population of vesicles consistent with 
the size of exosomes (Figure  1A). The production  
of the exosomes was studied in the iCMs exposed 
to normoxic and hypoxic conditions. The findings 
show a significant increase in the exosome produc-
tion in all 3 treatment groups versus the control arms 
(Figure  1B). The effects of LBQ/valsartan, valsar-
tan, LBQ, and exosomes to modulate gene expres-
sion during hypertrophy/remodeling, fibrosis, and 
oxidatve stress (hypoxic condition) processes were 
investigated. LBQ/Valsartan, valsartan, and LBQ 
demonstrated no modulation of apoptosis genes, 
hypertrophy, or pro- fibrotic- associated genes. The 
exosome arm, however, showed suppression of 
apoptosis- associated genes (Figure 2A). iCM viabil-
ity was also assessed. We tested 2 different hypoxic 
conditions: 6 hours, 0% O2, and 18 hours, 1% O2. An 
analysis of cell viability after 6 hours showed that the 
combination of LBQ/Valsartan, valsartan, and LBQ 
demonstrated a trend toward improved live and de-
creased apoptotic iCMs, whereas after 18 hours of 
hypoxia only valsartan exhibited this feature. Finally, 
exosome treatment demonstrated significantly 

Figure 1. Exosome production in prehypoxia and posthypoxia conditions by induced pluripotent 
stem cell- derived cardiomyocytes in vitro.
A, Size distribution of the induced pluripotent stem cell- derived cardiomyocytes derived exosomes in 
prehypoxia and posthypoxia conditions. B, A significant increase in the exosome production (particles/
mL) was seen in the LBQ657/valsartan (LBQ/val), valsartan (val), and LBQ657 treatment groups vs the 
control arms in comparison with both prehypoxic and posthypoxic control arms (*P<0.05; **P<0.01). 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://code.google.com/p/ea-utils
http://code.google.com/p/ea-utils
http://journal.embnet.org/index.php/embnetjournal/article/view/200/479
http://journal.embnet.org/index.php/embnetjournal/article/view/200/479
http://journal.embnet.org/index.php/embnetjournal/article/view/200/479
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Figure 2. In vitro LBQ657/valsartan (LBQ/val), valsartan (val), LBQ657 (LBQ), and exosome effects 
on human- induced pluripotent stem cell- derived cardiomyocytes viability.
A, qRT (quantitative reverse transcription)–polymerase chain reaction demonstrated no significant 
difference in apoptosis- associated gene expressions between the drug treatment vs untreated (negative) 
control arms while the exosome treatment arm significantly reversed the expression of the Bcl-2 and 
Bax genes. B, FACS (fluorescence-activated cell sorting) analysis of induced pluripotent stem cell- 
derived cardiomyocytes viability measured live, apoptotic, and necrotic cells after 6 and 18 hours of 
hypoxia. C, The survival rate of induced pluripotent stem cell- derived cardiomyocytes after hypoxic insult 
measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) analysis is shown. The 
viability values were represented as a percent of the untreated cells cultured under normoxic condition 
(regarded as 100% viability). The bars demonstrate the mean of triplicate experiments with SD. The 
exosome treatment group of the hypoxia- injured induced pluripotent stem cell- derived cardiomyocytes 
demonstrated significantly improved viability (*P<0.05). hyp indicates hypoxic; and norm, normoxic. 
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improved live and a trend toward decreased ap-
optotic iCMs (Figure  2B). iCM viability was also 
assessed in normoxic and hypoxic and 1- hour pre-
treatment conditions by MTT assay. No significant 
improvement in iCM viability in any of the pharma-
cologic treatment arms was detected. The exosome 
treatment arm, however, demonstrated significantly 
higher survival benefit. Furthermore, the percentage 
improvement in survival of the hypoxia- injured iCMs 
is higher in the exosome treatment group in com-
parison with the LBQ/valsartan, valsartan, and LBQ 
treatment arms (Figure 2C).

Sacubitril/Valsartan and Valsartan 
Improves Cardiac Function and 
Remodeling
To compare the effect of sacubitril/valsartan and val-
sartan on cardiac function and remodeling, we used 
a chronic HF model post MI in Sprague- Dawley rats. 
The body, heart, and lung weights of all groups were 
examined. No difference in the body weight among 
groups was found, but the body weight gain was sta-
tistically higher in the sham and sacubitril/valsartan 
treatment groups (P<0.05). When compared with the 
sham- operated group, the heart/body weight in all 
MI groups (treated and nontreated groups) was sig-
nificantly reduced. No significant difference was found 
in the lung weight. These findings confirm significant 
myocardial injury in the rodents that underwent LAD 
ligation (Table 2).

Cardiac function was assessed by MRI at weeks 2 
and 8. When compared with baseline (sham group), 
all rats with MI demonstrated a significant decrease in 
LV ejection fraction at weeks 2 and 8. However, both 
sacubitril/valsartan and valsartan treatment groups 
demonstrated improved LV ejection fraction com-
pared with the vehicle group at week 8 (41.42±3.4 
and 40.68±4.8 versus 36.79±2.1; P<0.05) (Figure 3A, 
Table 3). Similarly, both groups demonstrated a trend 
toward reduction in LVM (Table 3).  We did not find 

statistically significant differences in LV end- diastolic 
volume, LV end- systolic volume, or stroke volume 
(SV). Thus, these data demonstrated that both sacu-
bitril/valsartan and valsartan improved cardiac func-
tion in a rat model of chronic myocardial injury.

Immunohistochemical analysis demonstrated that 
both sacubitril/valsartan and valsartan reduced the 
fibrosis burden in the myocardium (33.2±7.9% ver-
sus 29.5±9.2% versus 42.9±11.2%, sacubitril/val-
sartan, valsartan, and vehicle, respectively; P<0.05; 
Figure  3B). Interestingly, although both sacubitril/val-
sartan and valsartan treatment groups significantly 
reduced fibrosis compared with the vehicle treatment 
group, sacubitril/valsartan demonstrated significantly 
decreased extracellular matrix gene expression of Fn1 
as well as both Nppa and Nppb (natriuretic peptide A 
and B, respectively) gene expressions relative to both 
vehicle and valsartan treatment groups. Both sacubi-
tril/valsartan and valsartan demonstrated repression of 
pathological remodeling gene Myh6 (Figure 3C). The 
exosome treatment did not show improvement in car-
diac functional parameters (Figure S1).

These data indicated that in a rat model of chronic 
HF, both sacubitril/valsartan and valsartan improved 
cardiac function and reduced cardiac fibrosis  
and hypertrophy. Furthermore, sacubitril/valsartan 
exhibited significant modulation of gene expression 
related to extracellular matrix and natriuretic pep-
tides when compared with the valsartan treatment 
group.

rno- miR- 181a is Downregulated In Vivo 
in the Plasma- Derived Exosomes of the 
Sacubitril/Valsartan Treatment Group
To examine if sacubitril/valsartan or valsartan treat-
ment changes exosomal payload, plasma was 
collected at weeks 0, 1, 2, 4, and 8 followed by exo-
some isolation and characterization by Nanosight. In 
both treatment groups, increased exosomal produc-
tion was observed. Following per- oral treatment, the 

Table 2. Body, Heart, and Lung Weight in Sham and Infarcted Rats With and Without Treatment

Sham Vehicle
Sacubitril/
Valsartan Valsartan NC

mir- 181a 
antagomr

miR- 181a 
mimic

miR-181a mimic + 
Sacubitril/Valsartan

Body weight (g) at 
week 2

272.2±24.5 226.8±23.1 196.6±16.9 214.8±23.0 269.4±12.3 251.8±11.1 248.0±21.7 233.4±22.6

Body weight (g) at 
week 8

332.6±44.76 264.0±17.5 261.4±24.8 260.0±18.9 309.8±22.5 283.8±13.4 280.5±17.6 272.6±22.7

Heart weight/body 
weight, mg/g

2.75±0.14 3.35±0.2* 3.35±0.3* 3.14±0.2* 3.16±0.4* 3.12±0.1* 3.51±0.2* 3.07±0.2*

Weight gain, g 60.4±21.8 37.2±15.3* 64.8±21.4 45.16±29.6* 40.4±19.0* 32.0±13.9* 32.5±7.8* 26.8±12.3*

Lung weight, g 1.16±0.1 1.28±0.2 1.24±0.2 1.18±0.1 1.25±0.2 1.15±0.1 1.19±0.1 1.29±0.12

NC indicates negative control. 
*P<0.05 relative to sham group.
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sacubitril/valsartan group demonstrated peak exo-
some production from week 1 to week 2, whereas 
the valsartan group peaked from week 2 to 4 to 
590% and 410%, respectively, when normalized 

to the control group (Figure S2). Next, the next- 
generation sequencing of the rat plasma- derived 
exosomes was performed. Pair- group comparison 
of the miRNAs between sacubitril/valsartan versus 

Figure 3. The effect of sacubitril/valsartan (sac/val) and valsartan (val) on cardiac function and 
remodeling.
A, Left ventricular ejection fraction (LVEF) at weeks 2 and 8. B, Representative Masson- Trichrome stain 
images of cardiac tissues in rat model of myocardial infarction. The myocardial fibers and collagen 
are colored blue and indicated by white lines. Scale bar=300 μm. Quantitative analysis demonstrated 
significant reduction of % collagen in the sacubitril/valsartan and valsartan treatment groups when 
compared with the vehicle group. C, Quantitative polymerase chain reaction analysis for the gene 
expression of rat hearts related to myocardial fibrosis and hypertrophy, demonstrating the significant 
effects of sacubitril/valsartan vs the vehicle and valsartan treatment groups (*P<0.05). 
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valsartan and sacubitril/valsartan versus vehicle 
groups was performed. Differentially expressed 
miRNAs were identified using the DESeq pack-
age. First, counts were normalized across samples, 
and the variance among samples was determined. 
Differentially expressed miRNAs were identified 
based on a model using the negative binomial dis-
tribution. We determined that the exosomal rno- 
mir- 181a was downregulated in sacubitril/valsartan 
treatment group in comparison to both the valsartan 
and vehicle groups (Figure 4, Table 4). The patholog-
ical role of miR- 181a/b/c/d family members during 
HF have been highlighted in a number of studies.22 
These data suggest that sacubitril/valsartan may act 
via downregulation of miR- 181a, which is mediated 
by the exosomes in vivo.Ta
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Figure 4. Heatmap of hierarchical clustering of the top 15 
differentially expressed miR in the sacubitril/valsartan (sac/
val), valsartan (val), and vehicle treatment groups.
rno- miR- 181a- 1, rno- miR- 181a- 2, and rno- miR- 181a- 5p demon-
strate the highest expression difference between the exosomes 
derived from the plasma of sacubitril/valsartan–treated vs  
valsartan- treated and vehicle- treated rats. Red denotes high and 
blue denotes low expression levels.
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Downregulation of rno- miR- 181a Improves 
Cardiac Function and Myocardial 
Remodeling Processes
We next aimed to test the therapeutic effect of rno- 
miR- 181a to restore the injured myocardium. To this 
end, the rats underwent intramyocardial injection of 
the following small molecules in the peri- infarct region 
at the time of LAD ligation: (1) miR- 181a antagomir to 
simulate the gain of function effects of the exosomes, 
(2) rmiR- 181a mimic+sacubitril/valsartan to demon-
strate the loss of function of sacubitril/valsartan, (3) 
miR- 181a mimic for negative control, and (4) miR mis-
match also for NC. The body, heart, and lung weights 
of all groups were examined (Table  2). No difference 
in the body weight among groups was found, but the 
body weight gain was statistically higher in the sham 
group (P<0.05). When compared with the sham- 
operated group, the heart/body weight in all MI groups 
(treated and nontreated groups) was significantly re-
duced. No significant difference was found in the 
lung weight. Cardiac function was estimated by MRI 
at weeks 2 and 8. Notably, the miR- 181a antagomir 
treatment group demonstrated significantly improved 
LV ejection fraction compared with the control group 
(44.7±3.7 versus 40.22±6.7), significantly reduced LV 
end- diastolic volume (533.2±47.0 versus 712.3±154.5) 
at week 8, significantly reduced LV end- systolic volume 

at weeks 2 (268.1±37.2 versus 342.93±104.9) and 
8 (295.12±138.4 versus 428.89±138.4), and signifi-
cantly reduced LVM at weeks 2 (392.51±27.7 versus 
448.28±67.11) and 8 (413.31±5.7 versus 508.66±47.2) 
(Table 3, Figure 5A). These findings confirmed the sig-
nificant improvement in myocardial function by miR- 
181a antagomir, which may underlie the effects of the 
exosomes. These salutary effects were reversed in the 
miR- 181a mimic+sacubitril/valsartan treatment group. 
No significant change was seen in the miR- 181a mimic 
or NC treatment groups.

These beneficial effects in myocardial physiology were 
confirmed by immunohistochemical analysis of cardiac 
tissues at week 8. Masson trichrome staining was used 
to quantify the level of collagen production. The finding 
demonstrated a markedly reduced region of collagen- 
rich tissue in miR- 181a antagomir treatment group ver-
sus NC (11.86±3.54 versus 42.74±10.31%, P<0.05) 
(Figure 5B). To confirm the immunohistochemistry data, 
we tested the modulation of gene expression known to 
be associated with myocardial fibrosis and hypertro-
phy. Molecular analysis of the rodent peri- infarct region 
demonstrated a significant reduction of the expression 
level of Fn1, Col1, and Vim genes in the miR- 181a an-
tagomir treatment group as confirmed by quantitative 
polymerase chain reaction. In addition, we found that the 
expression of Nppa and Nppb were significantly down-
regulated in the miR- 181a antagomir treatment group. 

Table 4. Top 15 Differentially Expressed miRNA Between Sacubitril/Valsartan and Valsartan Treatment Groups. 
Expression of miR-181in sacubitril/valsartan treatment group vs vehicle

Id Chrom Start End Type Strand Sacubitril/Valsartan Valsartan Log2 Fold Change

rno- miR- 191a- 5p chr8 116698881 116698903 miRNA + 362.26 1467.68 2.0184

rno- mir- 191a chr8 116698867 116698957 miRNA + 362.26 1467.68 2.0184

rno- miR- 30d- 5p chr7 109228690 109228711 miRNA − 61.51 273.17 2.1509

rno- mir- 30d chr7 109228641 109228722 miRNA − 61.51 273.17 2.1509

rno- mir- 448 chrX 118420170 118420281 miRNA + 104.31 485.07 2.2173

rno- mir- 181a- 2 chr3 28374769 28374885 miRNA + 107.52 512.43 2.2527

rno- miR- 181a- 1 chr13 59986075 59986174 miRNA + 105.99 511.62 2.2712

rno- miR- 181a- 5p chr13 59986089 59986111 miRNA + 105.7 511.28 2.2741

rno- let- 7f- 2 chrX 21868509 21868591 miRNA − 63.16 317.44 2.3293

rno- let- 7f- 5p chr17 18474341 18474362 miRNA + 63.16 317.44 2.3293

rno- mir- 151 chr7 114421107 114421203 miRNA − 48.24 257.27 2.4151

rno- miR- 151- 3p chr7 114421133 114421153 miRNA − 47.23 255.14 2.4336

rno- miR- 22- 3p chr10 62013698 62013719 miRNA + 36.91 205.67 2.4782

rno- mir- 22 chr10 62013642 62013736 miRNA + 36.91 205.67 2.4782

rno- let- 7i chr7 67000236 67000320 miRNA + 186.96 1052.41 2.4929

rno- let- 7i- 5p chr7 67000241 67000262 miRNA + 186.96 1052.41 2.4929

Id Chrom Start End Type Strand Sacubitril/Valsartan Vehicle Log2 Fold Change

rno- miR- 181a- 5p chr13 59986089 59986111 miRNA + 105.7 464.72 2.1363

rno- miR- 181a- 1 chr13 59986075 59986174 miRNA + 105.99 465.29 2.1343

rno- miR- 181a- 2 chr3 28374769 28374885 miRNA + 107.52 464.72 2.1117

Chrom indicates chromosome. 
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Figure  5. Downregulation of rno- miR- 181a (mir- 181a antagomir) improves cardiac function and 
myocardial remodeling processes.
A, Left ventricular ejection fraction (LVEF), left ventricular end- diastolic volume (LVEDV), left ventricular end 
systolic volume (LVESV), left ventricular mass (LVM) at weeks 2 and 8. The mir- 181a antagomir treatment group 
demonstrates significant salutary effects vs the negative control (NC) group. B, Representative images of cardiac 
tissues in myocardial infarction rats stained with hematoxylin- eosin (upper panel) and Masson trichrome (lower 
panel). The myocardial fibers and collagen are colored blue and indicated by white lines. Scale bar=300 μm. 
Quantitative analysis demonstrated a significant reduction in the percentage of collagen in the miR- 181a antagomir 
treatment group when compared with NC and the other treatment groups. C, Quantitative polymerase chain 
reaction analysis for myocardial hypertrophy and fibrosis gene expression in the mir- 181a antagomir treatment 
group *P<0.05. 
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These data support the important role of miR- 181a in 
cardiac remodeling processes (Figure 5C).

DISCUSSION
In this study, we tested the hypothesis that sacubitril/
valsartan treatment results in increased production of 
exosomes and modulation of their molecular payload 
to confirm the role of exosomes in the mechanism of 
action of sacubitril/valsartan’s therapeutic effects. We 
demonstrated that the treatment with sacubitril/valsar-
tan and valsartan resulted in the increased production of 
exosomes by iCMs in vitro under normoxic and hypoxic 
conditions as well as in rat plasma in vivo. These findings 
are in line with previous investigations, which reported that 
various medications increase exosome secretion, includ-
ing cisplatin,23 tunicamycin,24 and ethanol treatments25 
as well as exposure to hypoxia.26 There are no clear 
data why the cells respond to stress by releasing more 
exosomes. However, published data do demonstrate 
that the exosomes reflect the cellular phenotype.8,12,27–29 
Pathophysiological stimuli increase intracellular stress, 
metabolism, and energy production. This response in-
creases cellular endosomal production, which triggers 
the release of extracellular vesicles to communicate with 
their neighboring cells. The released exosomes contain 
varying levels of proteins, lipids, and nucleic acids. Their 
composition represents the cell- specific response, which 
is influenced by the cell type, physiologic condition, and 
pharmacologic treatment. Studies have shown that the 
molecular payloads are enriched with certain miRNAs 
from the endoplasmic reticulum, depending on the cell 
of origin and pathologic stimuli, resulting in the sorting of 
specific intracellular miRNAs into the endosomal vesicles, 
which are released as exosomes.27,28

Exosome treatment demonstrated significant im-
provements in iCM viability and apoptosis- associated 
genes, whereas LBQ/valsartan, valsartan, and LBQ 
demonstrated no modulation of apoptosis genes, hy-
pertrophy, or pro- fibrosis- associated genes. However, 
we also demonstrated that both sacubitril/valsartan 
and valsartan have beneficial effects on LV function, 
volumes, and mass with concomitant reduction in fi-
brosis and hypertrophy in an in vivo rodent model of 
chronic myocardial injury. These data confirmed the 
salutary effects of sacubitril/valsartan, consistent with 
previous reports.6,7,30,31

Next- generation sequencing of these exosomes ex-
hibited downregulation of rno- miR- 181a expression. In 
vivo studies employing chronic rodent myocardial in-
jury model validated our findings by confirming gain of 
function by miR- 181a antagomir treatment, which ex-
hibited beneficial effects on cardiac function, volumes, 
and morphology. Nevertheless, the treatment groups, 
consisting of miR- 181a mimic and miR- 181a mim-
ic+sacubitril/valsartan, confirmed loss of function of 

sacubitril/valsartan, which further validated the spec-
ificity of the role of miR- 181a. Subsequent, immuno-
histochemical, and molecular studies suggested that 
the attenuation of fibrosis and hypertrophy restored 
the chronically injured rodent heart after MI. Thus, we 
speculate that the molecular mechanism of the physio-
logic action of sacubitril/valsartan action may be medi-
ated by the modulation of the miRNA expression level 
in the exosome payload.

The changes in the exosome content attributed to dif-
ferent cell types, physiologic conditions, and treatment 
approaches have been widely described both in vitro 
and in vivo.32–34 This study pioneered the in vivo demon-
stration of pharmacologic modulation of the exosomal 
cargo to enhance the cardiovascular function post myo-
cardial injury. Furthermore, the role of miR- 181a in pro-
gression of myocardial fibrosis has been confirmed in a 
rodent model of chronic HF, providing additional sup-
port of our findings reported in this study.35

Changes in the exosome content mediated by sacu-
bitril/valsartan may serve as potential biomarkers to 
predict human drug response, enabling the promise 
of precision medicine. Circulating miR- 181a levels have 
been described in MI patients with a significant change 
in a time- dependent manner, indicating the potential 
value of plasma mir- 181a as a novel biomarker of HF pro-
gression and for the prediction of treatment response.36 
Interestingly, comparison with established biomarkers 
for cardiac ischemia such as troponins (Troponin I and 
troponin T) demonstrated that the expression levels 
of exosomal miRNAs peak much faster and earlier in 
circulation.37

In conclusion, our study represents novel data 
on additional molecular mechanisms of action of the 
pleiotropic effects of sacubitril/valsartan in a rodent 
model of chronic myocardial injury. The pharmaco-
logic effects on exosome production and molecular 
payload describe a potentially novel mechanism of 
their underlying physiological mechanism of action and 
may provide an alternative and innovative platform for 
pharmacogenomics.

Limitations of the Study
Sex differences cannot be determined from the cur-
rent study. However, a specific focus on the role of 
exosomes from human female line of iCMs in female 
rodent model was conducted. For in vitro experiments, 
all treatment groups (valsartan, LBQ, LBQ/valsartan, 
and exosomes) were tested under the same experi-
mental condition. The differential exposure time and 
dose dependence for the mechanism of action for 
each treatment arm have not been determined. 
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Figure S1. The effect of the exosomes on cardiac function. 

 

 

 

 

 

Left ventricular ejection fraction (LVEF), left ventricular end-diastolic volume (LVEDV), left 

ventricular end systolic volume (LVESV), left ventricular (LV) mass at weeks 2 and 8. 
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Figure S2. Production of the exosomes derived from rat plasma. 

 

 

 

 

 

 

 

(A)The dynamic of changes in exosome production, (B) Production of the exosomes (%) 

when normalized to the control group. 

 


