
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences          (2023) 80:134  
https://doi.org/10.1007/s00018-023-04777-w

ORIGINAL ARTICLE

Cellular and Molecular Life Sciences

Atrial natriuretic peptide stimulates autophagy/mitophagy 
and improves mitochondrial function in chronic heart failure

Salvatore Raffa1   · Maurizio Forte2   · Giovanna Gallo1 · Danilo Ranieri1 · Simona Marchitti2 · Damiano Magrì1 · 
Marco Testa3 · Rosita Stanzione2 · Franca Bianchi2 · Maria Cotugno2 · Emiliano Fiori1 · Vincenzo Visco1 · 
Sebastiano Sciarretta2,4 · Massimo Volpe1,5 · Speranza Rubattu1,2 

Received: 20 December 2022 / Revised: 4 April 2023 / Accepted: 10 April 2023 
© The Author(s) 2023

Abstract
Mitochondrial dysfunction, causing increased reactive oxygen species (ROS) production, is a molecular feature of heart 
failure (HF). A defective antioxidant response and mitophagic flux were reported in circulating leucocytes of patients with 
chronic HF and reduced ejection fraction (HFrEF). Atrial natriuretic peptide (ANP) exerts many cardiac beneficial effects, 
including the ability to protect cardiomyocytes by promoting autophagy. We tested the impact of ANP on autophagy/
mitophagy, altered mitochondrial structure and function and increased oxidative stress in HFrEF patients by both ex vivo 
and in vivo approaches. The ex vivo study included thirteen HFrEF patients whose peripheral blood mononuclear cells 
(PBMCs) were isolated and treated with αANP (10–11 M) for 4 h. The in vivo study included six HFrEF patients who received 
sacubitril/valsartan for two months. PBMCs were characterized before and after treatment. Both approaches analyzed mito-
chondrial structure and functionality. We found that levels of αANP increased upon sacubitril/valsartan, whereas levels of 
NT-proBNP decreased. Both the ex vivo direct exposure to αANP and the higher αANP level upon in vivo treatment with 
sacubitril/valsartan caused: (i) improvement of mitochondrial membrane potential; (ii) stimulation of the autophagic process; 
(iii) significant reduction of mitochondrial mass—index of mitophagy stimulation—and upregulation of mitophagy-related 
genes; (iv) reduction of mitochondrial damage with increased inner mitochondrial membrane (IMM)/outer mitochondrial 
membrane (OMM) index and reduced ROS generation. Herein we demonstrate that αANP stimulates both autophagy and 
mitophagy responses, counteracts mitochondrial dysfunction, and damages ultimately reducing mitochondrial oxidative stress 
generation in PBMCs from chronic HF patients. These properties were confirmed upon sacubitril/valsartan administration, 
a pivotal drug in HFrEF treatment.
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Abbreviations
ANP	� Atrial natriuretic peptide
NT-proBNP	� Amino terminal brain natriuretic peptide
ARNi	� Angiotensin receptor/neprilysin inhibition
AV	� Autophagic vacuoles

BNIP3	� BCL2-interacting protein 3
CTR​	� Control
Drp1	� Dynamin-related protein 1
FUNDC1	� FUN14 domain-containing protein 1
IMM	� Inner mitochondrial membrane
HF	� Heart failure
HFrEF	� Heart failure with reduced ejection fraction
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Mfn-2	� Mitofusin 2
NPRA	� Type A natriuretic peptide receptor
OXPHOS	� Oxidative phosphorylation system
OMM	� Outer mitochondrial membrane
PKG	� Protein kinase G
PBMCs	� Peripheral blood mononuclear cells
ROS	� Reactive oxygen species
TEM	� Transmission electron microscopy
TFEB	� Transcription factor EB

Introduction

HF is a clinical syndrome affecting more than 60 million 
patients worldwide with a high associated morbidity and 
mortality [1].

Oxidative stress produced by both mitochondrial and 
cytosolic sources plays a pivotal role in the onset and pro-
gression of HF [2] alongside with chronic inflammation 
and energy deficit. In this context, the role of mitochon-
drial dysfunction appears of increasing importance [3]. An 
overproduction of mitochondrial ROS was documented in 
animal models with left and right ventricular HF induced 
by pressure overload [4, 5]. A mitochondrial dysfunction 
was reported in dilated cardiomyopathy and in failing hearts 
[6, 7].

ANP, secreted by cardiomyocytes in response to stressors 
such as pressure or volume overload, is a critical regulator 
of cardiovascular homeostasis by promoting diuresis, natriu-
resis, and vasodilation [8]. It also plays important autocrine 
and paracrine functions within the heart and the vascular 
system [9, 10]. In the specific, ANP counteracts cardiomyo-
cyte hypertrophy, reduces cardiac fibrosis, and promotes 

vascular integrity. We recently demonstrated for the first 
time that ANP exerts a cardioprotective effect through the 
NPR-A/PKG/TFEB signaling pathway regulating autophagy 
both in vitro and in vivo approaches [11].

Autophagy is a mechanism of self-defense in response 
to stress conditions devoted to the removal of dysfunctional 
intracellular elements, including whole organelles [12, 13]. 
Mitophagy is the selective form of autophagy devoted to 

Table 1   Primer sequences used for target and housekeeping genes

Gene Primer sequence

18S rRNA 5’-CGA​GCC​GCC​TGG​ATACC-3’ (sense),
5’- CAT​GGC​CTC​AGT​TCC​GAA​AA-3’ (antisense);

Beclin-1 5′-GGA​TGG​TGT​CTC​TCG​CAG​AT-3′ (sense),
5′-TTT​CTT​GCC​CTT​CCT​TTC​TG- 3′ (antisense)

LC3 5′-CGC​ACC​TTC​GAA​CAA​AGA​G- 3′ (sense)
5′-TTG​GCA​CTT​TCT​GTG​GAC​AT- 3′ (antisense)

p66Shc 5’-AAT​CAG​AGA​GCC​TGC​CAC​ATT-3’ (sense)
5’-CTC​TTC​CTC​CTC​CTC​ATC​-3’ (antisense);

Parkin 5′-GGC​TGT​GGG​TTT​GCC​TTC​T-3′ (sense),
5′-TGC​TTC​CCA​ACG​AGC​CTG​-3′ (antisense)

BNIP3 5′-AGC​TCA​GAC​TCT​GAG​GAA​GA-3’ (sense)
5’-CCG​ACT​TGA​CCA​ATC​CCA​TATC-3’ (antisense)

FUNDC1 5’-GTG​GCT​TTC​TTC​TTC​TTC​AGA​TTG​-3’ (sense)
5’-CTG​CTT​TGT​TCG​CTC​GTT​TC-3’ (antisense)

Drp1 5’-AAT​GAC​CAA​GGT​GCC​TGT​AG-3’ (sense)
5’-GCA​GTG​ACA​GCG​AGG​ATA​AT-3’ (antisense)

Mfn2 5’-GAT​GGA​CAG​CCC​TGG​TAT​TG-3’ (sense)
5’-CAC​TCA​CCT​TGT​GGA​AGA​AGT-3’ (antisense)

Table 2   Clinical, echocardiographic and laboratory characteristics of 
chronic HFrEF patients enrolled into the ex vivo and in vivo studies

*Before the introduction of the treatment with sacubitril/valsartan
LVEF left ventricular ejection fraction, LVEDD left ventricular end 
diastolic diameter, LA left atrium, SBP/DBP systolic blood pressure/
diastolic blood pressure, sPAP systolic pulmonary arterial pressure, 
ACEi angiotensin-converting enzyme inhibitor; ARB angiotensin 
receptor blocker; MRA mineralocorticoid receptor antagonist; SGLT2i 
sodium–glucose cotransporter 2 inhibitors

N = 13
(ex vivo study)

N = 6
(in vivo study)

Age (years) 60.1 ± 12.8 61.5 ± 7.7
Male sex (%) 8 (61) 6 (100)
BMI (kg/m2) 26.8 ± 3.4 29.8 ± 3.5
NYHA class I (n,%) 0 0
NYHA class II (n,%) 7 (54) 3 (50)
NYHA class III (n,%) 6 (46) 3 (50)
Etiology
 Ischemic (n,%) 5 (39) 5 (83)
 Idiopathic (n,%) 3 (23) 1 (17)
 Myocarditis (n,%) 2 (15) 0
 Valvular heart disease (n,%) 3 (23) 0

SBP/DBP (mmHg) 122.6 ± 12.7 124.6 ± 18.1
75.4 ± 9.8 77.5 ± 8.2

LVEF (%) 38 ± 3.3 33 ± 1.9
LVEDD (mm) 54 ± 7.9 58 ± 4.3
LA size (mm) 36.6 ± 7.7 41.1 ± 6.8
Grade I diastolic dysfunction (n,%) 6 (46) 3 (50)
Grade II diastolic dysfunction (n,%) 7 (54) 3 (50)
E/e’ 9 10
sPAP (mmHg) 33 33
Creatinine (mg/dL) 1.1 ± 0.6 1.0 ± 0.4
BUN (mg/dl) 35.2 ± 18.4 45.9 ± 17.8
Hemoglobin (g/dl)
Pharmacological therapy

13.8 ± 1.2 14.7 ± 0.5

ACEi/ARB (n,%) 10 (77) 6 (100)*
Beta-blocker (n,%) 8 (61) 4 (67)
MRA (n,%) 7 (54) 3 (50)
SGLT2i (n,%) 0 1 (17)
Loop diuretics (n%) 6 (46) 3 (50)
Digoxin (n,%) 0 0
Amiodaron (n,%) 2 (15) 2 (33)
Ivabradin (n,%) 0 1 (17)
Nitrate (n,%) 2 (15) 2 (33)
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the digestion of dysfunctional or irreversibly damaged mito-
chondria [14]. Compelling evidence showed a mechanistic 
link between reduced autophagy and increased cardio- and 
cerebrovascular disorders [15]. Interestingly, we recently 
showed that PBMCs from HFrEF patients have functionally 
and structurally altered mitochondria due to the inability to 
activate an effective antioxidant response and an adequate 
mitophagic flux [16].

Several strategies aimed to reactivate autophagy and to 
remove damaged mitochondria successfully reduced dis-
ease progression in preclinical models [17, 18]. The poten-
tial beneficial effects of ANP on autophagy activation in 
human diseases are currently unclear [19]. Based on our 
recent evidence, we hypothesized that an increase of ANP 
may represent a valuable strategy to activate autophagy and 
promote protection in conditions of autophagy dysregulation 
such as that observed in HF patients.

To this aim, we evaluated the ability of αANP to coun-
teract the mitochondrial dysfunction through a potential 
strengthening of the autophagic response in PBMCs isolated 
from HFrEF. We applied both an ex vivo approach through 
the exposure to αANP of PBMCs from HF patients and an 
in vivo approach by isolating PBMCs of HF patients upon 
treatment with ARNi, the latter being known to increase 
circulating αANP level in HF patients [20, 21].

Materials and methods

Study subjects

We examined a total of nineteen consecutive HFrEF patients 
referring to the outpatient clinic of the Cardiology Unit of 
St. Andrea Hospital in Rome from April 2019 to March 
2023. Out of them, for the ex vivo study, we enrolled thir-
teen patients matching the following inclusion criteria: age 
under 75 years and left ventricle ejection fraction (LVEF) 
below 40%. For the in vivo study, we recruited six HFrEF 
patients with similar characteristics and evaluated them 
before and after 2 month treatment with ARNi (sacubitril/
valsartan) started at the dosage of 49/51 mg twice daily, 
rapidly uptitrated at the dosage of 97/103 mg twice daily, 
while maintaining unchanged the remaining therapy. LVEF 
and all other echocardiographic parameters were measured 
with 2D echo Simpson’s biplane during mono-dimensional 
and bi-dimensional echocardiography (Siemens Acuson 
C200, Erlangen, Germany). All patients included had HF 
signs and/or symptoms (New York Association functional 
class II–III, stage C of the American College of Cardiology/
American Heart Association classification). Patients with 
recent hospitalizations for acute HF or other acute condi-
tions within the last 3 months before the enrollment, with 

Table 3   Clinical, 
echocardiographic and 
laboratory characteristics of 
chronic HFeEF patients before 
and after 2 month treatment 
with sacubitril/valsartan 
97/103 mg twice daily

LVEF left ventricular ejection fraction, LVEDD left ventricular end diastolic diameter, LA left atrium,  
SBP/DBP systolic blood pressure/diastolic blood pressure, sPAP systolic pulmonary arterial pressure

HF patients ARNi + 
(pre-treatment)

HF patients ARNi + 
(on-treatment)

P values

BMI (kg/m2) 29.9 ± 3.5 29.8 ± 3.3 NS
NYHA class I (n,%) 0 (0) 2(40)
NYHA class II (n,%) 3 (50) 4 (67)  < 0.05
NYHA class III (n,%) 3 (50) 2 (33)
SBP/DBP (mmHg) 124.6 ± 18.1 124.3 ± 17.9 NS

77.5 ± 8.2 77.3 ± 8.4
LVEF (%) 33 ± 1.9 38 ± 3.4  < 0.05
LVEDD (mm) 58 ± 4.3 57 ± 4.2 NS
LA size (mm) 41.1 ± 6.8 39.9 ± 7.2 NS
Grade I diastolic dysfunction (n,%) 3 (50) 4 (67)  < 0.05
Grade II diastolic dysfunction (n,%) 3 (50) 2 (33)
E/e’ 10 7  < 0.05
sPAP (mmHg) 33 30 NS
Creatinine (mg/dL) 1.0 ± 0.4 1.0 ± 0.3 NS
BUN (mg/dl) 45.9 ± 17.8 47.1 ± 18.3 NS
Hemoglobin (g/dl) 14.7 ± 0.5 14.6 ± 0.4 NS
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malignancy, inflammatory or infectious diseases, diabetes 
mellitus, history of cigarette smoking, and alcohol abuse 
were excluded. Three blood donors referring to the transfu-
sion center of the same hospital were recruited as CTR.

PBMCs preparation and cultures

Venous blood specimens were obtained from all HF patients 
and from healthy subjects (CTR). Samples were drawn into 
collection tubes containing EDTA, delivered directly to the 
Ultrastructural Pathology Lab of St. Andrea Hospital and 
immediately processed to isolate PBMCs using density gra-
dient centrifugation over Ficoll-Paque™ PLUS (Amersham 
Biosciences/GE Healthcare).

For the ex vivo study, PBMCs were cultured in duplicate 
at the density of 1 × 106 cells/ml on T25 flasks (Becton Dick-
inson, Oxnard, CA, USA) in RPMI-1640 supplemented with 
10% fetal bovine serum and antibiotics (LPS; Sigma Chemi-
cals Co.; St. Louis, MD, USA), treated from 4 h or not with 
αANP synthetic peptide (Primm, Naples, Italy) dissolved in 

PBS and diluted in complete medium at the final physiologi-
cal concentration of 10–11 [11]. PBMCs were finally split 
into several aliquots for flow cytometry, RT-PCR assay, and 
ultrastructural evaluation.

For the in vivo study, the isolated PBMCs were directly 
analyzed at both pre- and post-treatment with sacubitril/
valsartan.

Evaluation of oxidative stress and mitochondrial 
membrane potential (Δψm)

For mitochondrial membrane potential (Δψm) assessment, 
the cells were incubated with 5, 5′, 6, 6′-tetrachloro-1, 1′, 
3, 3′-tetraethylbenzimidazolylcarbocyanine iodide 1.5 μM 
(JC-1, Molecular Probes, Invitrogen, Eugene, OR, USA) for 
30 min at 37 °C. The samples were protected from light, 
washed with warmed PBS, re-suspended in pre-warmed 
medium, and collected with MACSQuantH Analyzer flow 
cytometer (Miltenyi Biotec GmbH). The excitation and the 
emission wavelengths were 488/525 to 585 nm (B1 + B2 
channels) for JC-1 polychromatic fluorescence emission 
evaluation.

For intracellular ROS detection, the cells were incubated 
with 5  μM 2′,7′-dichlorofluorescein diacetate (DCFH-
DA, Sigma-Aldrich, St. Louis, MO, USA) for 10 min at 
37 °C for cytoplasmic oxidative stress assessment, or with 
1 μM MitoSOX™ Red mitochondrial superoxide indica-
tor (Molecular Probes, Invitrogen) for 15 min at 37 °C for 
mitochondrial oxidative stress assessment, protected from 
light, extensively washed with PBS, re-suspended in pre-
warmed medium, and collected with MACSQuantH Ana-
lyzer flow cytometer. The excitation and the emission wave-
lengths were 488/525 nm (B1 channel) for DCFH-DA and 
488/585 nm (B2 channel) for MitoSOX™ Red detection. 
The cellular response to oxidative stress was assessed by 
the analysis of the expression of p66shc mRNA, a marker of 
mitochondrial stress and of ROS-induced ROS production.

Autophagy and mitophagy assessment

Autophagy was assessed by the analysis of the expres-
sion of LC3 and Beclin mRNA, two established markers 
of autophagic pathway activation [22, 23] and by cyto-
fluorimetric assay with LysoTracker dye (LysoTracker Red, 
Molecular Probes, Eugene, OR; 50 nM for 30 min at 37 °C), 
that allows the simultaneous evaluation of an autophagy-
related process and of other functional assessment in the 
living cells [24, 25]. The presence and the characterization 
of autophagic structures within the cells were obtained by 
TEM [26].

Fig. 1   Assessment of mitochondrial function and damage in PBMCs 
from the ex  vivo study. A Cytofluorimetric assay for mitochondrial 
membrane potential ( Δ�m ). The JC-1 assay showed significant 
differences between the PBMCs groups reflecting a mitochondrial 
depolarization in HF_PBMCs treated or not with αANP (N = 10). 
PBMCs from healthy subjects (N = 3) are also shown (CTR). The 
αANP treatment induced a significant increase of proton motive force 
in mitochondria from treated HF_PBMCs (Student’s t test for paired 
samples: *p < 0.05 HF vs HF + ANP). B Evaluation of mitochondrial 
ultrastructural damage in CTR_PBMCs and in HF_PBMCs treated or 
not with αANP. Graphical representation of the ultrastructural dam-
age; the mitochondrial injury was quantified based on the percentage 
of mitochondrial area displaying intact cristae and of their convolu-
tion degree. A severe damage (Mt-G3) and the loss of inner cristae 
(IMM/OMM index) were higher in the untreated compared to αANP 
treated HF_PBMCs (N = 3; Mann–Whitney test ^p = 0.1 for HF vs 
HF + ANP) and to CTR_PBMCs (N = 3) C–E Representative micro-
graphs of PBMCs mitochondria. Mitochondria of typical shape and 
size were observed in CTR_PBMCs (see panel C). The organelles 
from untreated HF_PBMCs showed a marked loss of cristae (see 
panel D); in contrast, αANP treated HF_PBMCs (see panel E) dis-
played mitochondria with normal ultrastructural findings or only 
with a slight damage. (TEM micrographs, uranyl acetate; Legend: 
Nu nucleus; NM nuclear membrane, PM plasma membrane; Mt-Gx: 
grade of mitochondrial damage: red arrows: Mt-G3; orange arrows: 
Mt-G2; yellow arrows: Mt-G1; white arrows: healthy mitochon-
drion). F Assay for the detection of ROS production. The untreated 
HF_PBMCs generated greater amounts of cytoplasmic (see DCFH_
DA probe) and mitochondrial ROS (see Mito-SOX probe) compared 
with αANP-treated HF_PBMCs (N = 10; Student’s t test for paired 
samples: *p < 0.05). G In parallel to the decrease of ROS produc-
tion, αANP downregulated the mRNA expression of p66shc gene, a 
marker of cellular response to oxidative stress (N = 5; Wilcoxon test 
for paired samples: **p < 0.01)

◂
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Fig. 2   Assessment of autophagy and mitophagy in PBMCs from the 
ex  vivo study. A Analysis of acidic compartments by LysoTracker 
Red probe. The fluorescence intensity levels referred to αANP treated 
cells were significantly higher than those from the untreated PBMCs 
(N = 10; Student’s t test for paired samples: *p < 0.05). B Analysis 
of mRNA expression of genes involved in the autophagic response. 
LC3 and Beclin-1 were upregulated by αANP treatment (N = 5; Wil-
coxon test for paired samples: *p < 0.05; **p < 0.01). C Citofluori-
metric assessment of mitochondrial mass. The MitoTracker Green 
assay showed a net reduction of the mitochondrial mass into αANP 

treated PBMCs (N = 10; see panel C; Student’s t test for paired sam-
ples: **p < 0.01). D Analysis of the colocalization signal of mito-
chondria (in green; MitoTracker) with acidic compartments (in red; 
LysoTracker) from HF_PBMCs treated or not with αANP. The treat-
ment induced a marked increase of colocalization signal in the treated 
PBMCs (N = 5; in purple; *p < 0.05; Bar: 20 μm). E–G Analysis of 
mRNA expression of genes involved in the mitophagic response and 
in the regulation of mitochondrial dynamics. Parkin (E), BNIP3 (F) 
and Mfn-2 (G) were upregulated by αANP treatment (N = 5; Wil-
coxon test for paired samples: *p < 0.05)



Atrial natriuretic peptide stimulates autophagy/mitophagy and improves mitochondrial…

1 3

Page 7 of 16    134 

Mitophagy was evaluated by cytofluorimetric assess-
ment of mitochondrial mass upon staining with MitoTracker 
Green (MTG-FM; Molecular Probes, Invitrogen; 50 nM for 
30 min at 37 °C) [27, 28] and by colocalization analysis of 
fluorescent probes MitoTracker Green and LysoTracker Red 
(see above for staining details). Fluorescence signals were 
acquired by ApoTome System connected with an Axiovert 
200 inverted microscope (Zeiss, Oberkochen, Germany). 
The quantitative analysis of the extent of colocalization was 
performed by Axiovision software (Zeiss) equipped with 
colocalization module.

To examine the pathways of mitophagy, the gene expres-
sion of Parkin (for the ubiquitin-related mitophagy), BNIP3, 
and FUNDC1 (for the receptor-mediated mitophagy) was 
assessed. To evaluate the regulation of mitochondrial 

dynamics, the mRNA level of both Drp1 (for the fission pro-
cess) and Mfn-2 (for the mitochondrial fusion) was assessed.

As ancillary findings, we also considered some morpho-
metric data obtained by quantitative electron microscopy, 
such as the number of mitochondria for cell section (number 
of mitochondria/100 μm2 of cell section area), the density 
of mitochondria (mitochondrial total area/100μm2 of cell 
section area), and the density of autophagic vacuoles (AV) 
(total area of AV/100 μm2 of cytoplasmic area).

TEM and mitochondrial morphometry assessment

PBMCs were washed three-times in PBS and fixed with 
2% glutaraldehyde in PBS for 2 h at 4 °C. Samples were 

Fig. 3   Assessment of autophagy and mitophagy in PBMCs from the 
ex  vivo study (2): ultrastructural morphometric analysis. A, B Rep-
resentative micrographs of PBMCs mitochondria. The ultrastruc-
tural analysis showed an extensive activation of autophagic process 
in treated cells. Unlike untreated PBMCs (A), several degradative 
autophagic vacuoles were identifiable into the cytoplasm (B). Par-
tially degraded mitochondria filled a significant part of autophago-
somes (see magnification). (TEM micrographs, uranyl acetate; Abbre-
viations: NM nuclear membrane; PM plasma membrane; AVi early 
autophagic vacuole; AVd degradative autophagic vacuole). C, D Mor-

phometric data related to intracellular density of mitochondria and of 
AV. Consistently with what observed in the cytofluorimetric assay, 
the number of mitochondria for cell section and the intracellular 
density of mitochondria were significantly lower in treated PBMCs 
(N = 5; see panel C; Student’s t test for paired samples: **p < 0.01 and 
*p < 0.05 respectively). Furthermore, the treated HF_PBMCs showed 
a significant increase in the amount of intracytoplasmic autophagic 
structures respect to untreated PBMCs (D) (N = 5; Student’s t test for 
paired samples: *p < 0.05)
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post-fixed with 1% osmium tetroxide in veronal acetate 
buffer pH 7.4 for 1 h at 25 °C, stained with uranyl acetate 
(5 mg/ml) for 1 h at 25  °C, dehydrated in acetone and 
embedded in Epon 812 (EMbed 812, Electron Microscopy 
Science, Hatfield, PA, USA). Ultrathin sections obtained 
with an Ultracut EMFCS ultramicrotome (Leica Microsys-
tems, Wetzlar, Germany) were unstained or poststained with 
uranyl acetate and examined under a Morgagni 268D TEM 
(FEI, Hillsboro, OR, USA) equipped with a Mega View II 
charge-coupled device camera (SIS, Soft Imaging System 
GmbH, Munster, Germany).

For the two-dimensional morphometric analysis of mito-
chondria, at least 20 cell sections in ten different micro-
scopic fields were randomly captured from ultrathin sections 
of each PBMCs sample and digitalized at 28,000X origi-
nal magnification. Area of all mitochondria and single cell 
sections were measured with the AnalySIS software (Soft 
Imaging System).

Ultrastructural quantitation of mitochondrial 
damage

At least 30 cell sections, randomly taken in ten different 
microscopic fields, obtained from ultrathin sections of each 
PBMC sample were acquired at 28,000X original magnifi-
cation and digitalized with a Mega View II charge-coupled 
device camera (Soft Imaging System).

The micrographs were analyzed with the AnalySIS soft-
ware (Soft Imaging System) for the percentage of injured 
mitochondria classified using a grading scale categorized 
into three levels of damage based on the extension of mito-
chondrial area provided of intact internal cristae [29, 30]. 
An additional parameter of the mitochondrial injury was 
based on the quantitative analysis of convolution degenera-
tion related to the IMM length.

All mitochondria observed in 20 ultrathin sections, 
randomly taken at 56,000X for all PBMCs samples, were 
measured for both lengths of IMM and OMM; hence, the 

Fig. 4   Impact of ARNi on 
plasma levels of both αANP 
and NT-BNP and on LVEF. 
The evaluations were per-
formed at baseline (CTR) and 
after 2 months of treatment 
(+ ARNi). A αANP; B NT-
BNP; C LVEF (N = 6 for HF 
group; Student’s t test for paired 
samples *p < 0.05)
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IMM/OMM index was calculated for each mitochondrion. 
Mitochondrial damage was correlated to a low mean value 
of IMM/OMM index, corresponding to partial or total loss 
of IMM cristae [31].

RNA extraction and cDNA synthesis

RNA was extracted using the Quick-RNA™ MiniPrep (Zymo 
Research, Irvine, CA, USA) according to the manufactur-
er’s instructions. Each sample was treated and quantified, 
and 1 μg was used to reverse transcription using the iScript 
cDNA synthesis kit (Bio-Rad) with thermal cycling program 
as follows: 25 °C for 5 min, followed by 46 °C for 20 min 
and 95 °C for 1 min.

Primers

The amplification of the cDNA fragments of target genes 
expression and of the ribosomal 18S RNA (housekeeping 
gene) was obtained using specific oligonucleotides chosen 
through the online tool Primer-BLAST [32] and purchased 
from Invitrogen (Invitrogen, Carlsbad, CA, USA).

Primers used for the amplification are reported in Table 1. 
For each primer pair, we performed a no-template control 
which produced negligible signals.

RT‑PCR quantitation

RT-PCR was carried out in 96-well plates using the iQ 
SYBR Green Supermix (Bio-Rad) and the iCycler Real-
Time Detection System (iQ5; Bio-Rad). The thermal cycling 
program was performed as follows: an initial denaturation 
step at 95° C for 3 min, followed by 40 cycles at 95 °C for 
10 s and 60 °C for 30 s. Melting curves were performed for 
each primer pair. The relative quantification of gene expres-
sion was assessed by comparative threshold cycle method 
(2 − ΔΔCT), including normalization of the gene expression 
to ribosomal 18S RNA, showing a stable expression in all 
experimental conditions. All experiments were performed in 
triplicate and values are reported as mean ± SE.

Assay of plasma αANP and of NT‑proBNP levels

Levels of circulating αANP were assayed by a commercially 
available ELISA kit (Phoenix Europe GmbH, Karlsruhe, 
Germany).

NT-proBNP plasma level was determined by an ELISA 
assay kit (Gruppe Biomedica, Wien, Austria).

Statistical methods

Student’s t test for paired samples was used to evalu-
ate statistical significance among variables with a normal 

distribution. The values are expressed as mean ± SE. Wil-
coxon or Mann–Whitney non-parametric tests were used 
to compare variables without a normal distribution. P val-
ues < 0.05 were assumed as statistically significant.

Results

Clinical characteristics of the patients

The main clinical, echocardiographic, and laboratory charac-
teristics of the subjects included into the ex vivo and in vivo 
studies are summarized in Tables 2 and 3.

Effects of αANP treatment in the ex vivo 
cultured HF‑PBMCs

To evaluate the ex vivo effects exerted by αANP on mito-
chondrial structure and function, we assessed the values of 
mitochondrial membrane potential and quantified the ultra-
structural changes in mitochondria from PBMCs treated or 
not with αANP as described in the Methods section.

We observed a mitochondrial depolarization in HF_
PBMCs compared to PBMCs from healthy subjects (CTR-
PBMCs) (Fig. 1A). αANP restored the proton motive force 
in HF_PBMCs. (Fig. 1A; p < 0.05).

We also found a lower mitochondrial damage in CTR_
PBMCs with respect to HF_PBMCs (Fig. 1B and Fig. 1C vs 
Fig. 1D–E). HF_PBMCs showed a burden of damage (Mt-
G) higher than in HF_PBMCs treated with αANP (Fig. 1B 
left panel; p = 0.1). Similarly, we observed lower values of 
the IMM/OMM index in the untreated PBMCs due to the 
degeneration of convolutions related to lack of the IMM. The 
αANP treatment promoted the recovery of the IMM exten-
sion and determined an improvement of the IMM/OMM 
index (Fig. 1B right panel; p = 0.1; Fig. 1E vs 1D).

Subsequently, to assess whether the positive effects of 
αANP on restoration of mitochondrial structure and proton 
motive force observed in the PBMCs could be related to 
variations in ROS production, we evaluated the total intra-
cellular and mitochondrial ROS levels. In treated PBMCs, 
the production of ROS was significantly decreased with 
respect to untreated cells (Fig. 1F; p < 0.05). At the same 
time, by analyzing the mitochondrial stress, we observed 
that the treatment with αANP induced a down-modulation 
of p66shc mRNA (Fig. 1G; p < 0.01). This could result in a 
reduced cellular response to oxidative stress with subsequent 
reduction of ROS-induced ROS production and lightening 
of intracellular oxidative stress load.

At this point, we attempted to establish whether, 
even in our experimental conditions, the mitochondrial 
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protective effect induced by αANP treatment was related to 
the ability to modulate mitochondrial dynamics through an 
autophagic potentiation mechanism. A significant increase 
of LysoTracker levels, highlighting a rise of intracellular 
acidic compartments, was observed after treatment with 
αANP (Fig. 2A; p < 0.05). Alongside the up-modulation of 
the LC3 and Beclin mRNA levels, two fundamental regula-
tory genes of autophagy, these data suggested the trigger-
ing of a fast and significant autophagic response induced by 
αANP (Fig. 2B; p < 0.01 and p < 0.05 respectively). More-
over, the significant reduction in mitochondrial mass was 
observed in treated PBMCs (Fig. 2C; p < 0.01) together with 
the marked increase of colocalization signal of mitochon-
drial MitoTracker probe with acidic compartments evoked 
a stimulation of mitophagy by αANP (Fig. 2D; p < 0.05).

The expression of genes related to the mitophagy path-
ways and to the regulation of mitochondrial dynamics 
showed an upregulation of Parkin and BNIP3 as well as of 
Mfn-2 (Fig. 2E, F and G, respectively; p < 0.05). No modula-
tion of FUNDC2 and DRP-1 expression was observed (data 
not shown).

We also confirmed by TEM analysis that the treated 
PBMCs had less mitochondrial mass than untreated PBMCs, 
presenting both a lower number of mitochondrial struc-
tures and a smaller cell surface occupied by mitochondria 
(Fig. 3A–C; p < 0.01 and p < 0.05 respectively). In addi-
tion, the cells treated with αANP showed a greater number 
of voluminous early and late autophagic structures, also 
containing partially degraded mitochondria, within the 

cytoplasm respect to untreated cells. The latter displayed 
only rarely small autophagic vacuoles in their cytoplasm 
(Fig. 3A–B; Fig. 3D; p < 0.05).

In vivo effects of ARNi treatment on HF‑PBMCs

In a separate set of experiments, we studied the mitochon-
drial performances, the oxidative stress levels, and the acti-
vation of the autophagy/mitophagy pathways in PBMCs iso-
lated from HF patients before and after two-month therapy 
with sacubitril/valsartan, a treatment able to activate the 
αANP level due to neprilysin inhibition [20, 21, 33].

To establish the effect of ARNi on both the metabolism of 
αANP and the ventricular function, we measured the plasma 
levels of both αANP and NT-proBNP before and after treat-
ment. As expected, after pharmacological treatment, we 
observed an increase in plasma levels of αANP (Fig. 4A; 
p < 0.01). At the same time, because of the improvement in 
cardiac function, we observed a significant reduction of NT-
proBNP plasma levels (Fig. 4B; p < 0.05) in agreement with 
the improvement of LVEF documented by echocardiography 
(Fig. 4C; Table 2; p < 0.05).

After collecting these preliminary data, we proceeded 
to evaluate the mitochondrial dynamics in the PBMCs of 
the treated patients. The comparison for paired data showed 
that the PBMCs collected after treatment were character-
ized by mitochondria with better functional performances 
(Fig. 5A–F; p < 0.05) provided of more intact ultrastructure 
(Fig. 5E–F) and producing lower mitochondrial ROS levels 
(Fig. 5G; p < 0.05).

As expected, the treatment appeared to modulate the acti-
vation of the autophagic pathway. In fact, the PBMCs of 
the treated patients showed an increased level of acid com-
partments (Fig. 6A; p < 0.05) associated with an up-mod-
ulation of LC3 and Beclin mRNA levels (Fig. 6B; p < 0.01 
and p < 0.05, respectively) and a reduction of mitochondrial 
mass (Fig. 6C and D; p < 0.05). Also in this experimental 
context, the activation of autophagy was confirmed by ultra-
structural evaluation that showed a marked increase in the 
amount of intracytoplasmic AV (Fig. 6E and F).

Discussion

In the present study, we demonstrate for the first time the 
ability of αANP to counteract the mitochondrial dysfunc-
tion through a strengthening of the autophagic response in 
a clinical setting of HFrEF patients. We based our experi-
mental system on the analysis of PBMCs, an easily available 
biological matrix with a consolidated reliability in the patho-
physiological studies of cardiovascular diseases including 
HF [34].

Fig. 5   Assessment of mitochondrial function and damage in PBMCs 
from the in  vivo study. A Cytofluorimetric assay for mitochondrial 
membrane potential (JC-1 staining) in PBMCs isolated from patients 
before and after ARNi treatment. The data reflect a significant mito-
chondrial repolarization after ARNi treatment (N = 6; Student’s t test 
for paired samples: *p < 0.05). B Graphical representation of the 
ultrastructural mitochondrial grading of damage. The burden of over-
all damage was lower after ARNi treatment (N = 6; Student’s t test for 
paired samples: *p < 0.05). Similarly, the IMM/OMM index associ-
ated with convolution loss of inner mitochondrial membrane was 
lower in the PBMCs isolated before the treatment (N = 6; Student’s 
t test for paired samples: *p < 0.05) C–F Representative micrographs 
of ultrastructural damage in different PBMC samples. The burden 
of mitochondrial damage was higher in PBMCs obtained before the 
starting of therapy; the mitochondria were characterized by degen-
eration of convolutions related to lack of the inner membrane and 
accordingly by reduction of mitochondrial area with intact cristae 
(see C and D panels). After the ARNi treatment, the PBMCs showed 
mitochondria with normal morphology or with slight damage (see E 
and F panels). (TEM micrographs, uranyl acetate/lead citrate; Leg-
end: Nu nucleus; NM nuclear membrane, PM plasma membrane; 
Mt-Gx: grade of mitochondrial damage: red arrows: Mt-G3; orange 
arrows: Mt-G2; yellow arrows: Mt-G1; white arrows: healthy mito-
chondrion). G Cytofluorimetric assay for the evaluation of cytoplas-
mic (see DCFH_DA probe) and mitochondrial ROS (see Mito-SOX 
probe) generation. The cytoplasmic and mitochondrial ROS lev-
els were lower in PBMCs after ARNi treatment (Student’s t test for 
paired samples: *p < 0.05)

◂
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Mitochondrial oxidative phosphorylation is an essential 
requirement for the metabolic supplies of the cardiomyo-
cytes, and a quality control of the mitochondrial network is 
crucial to ensure the functional performance of the myocar-
dial tissue [35].

Mitochondrial homeostasis is regulated by specific mech-
anisms that preserve organelle structure and performance. 
Therefore, the maintenance of an adequate pool of mito-
chondria is constantly adapted by mitochondrial dynamics 
to changes within the cellular microenvironment through 
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the selective elimination of the damaged organelles by 
mitophagy [36, 37].

In cardiac diseases, mitochondrial dysfunction contrib-
utes to uncoupling of the OXPHOS, limits the energy pro-
duction, increases ROS generation, and delivers apoptotic 
signals [38]. These events exacerbate mitochondrial damage 
by creating a vicious circle leading to a pro-apoptotic, pro-
fibrotic, and hypo-contractile histopathological phenotypes 
[39, 40].

Over the last decades, the scientific community has 
repeatedly attempted to develop biomarkers useful to moni-
tor the oxidative stress to gain information on the state and 
progression of the cardiovascular disease, also in response 
to different or innovative therapeutic strategies [41]. Among 
the most promising experimental tools, the isolation and the 
analysis of PBMCs represent a suitable and non-invasive 
approach to measure both oxidative stress and mitochondrial 
functionality in vivo. To date, this strategy has been inves-
tigated in some pathological settings, such as hypertension, 
atherosclerotic and ischemic heart disease, stroke, and HF 
[34].

In HF patients, PBMCs undergo functional and structural 
mitochondrial changes like those of the failing cardiomyo-
cytes [42]. Furthermore, studies on leukocyte mitochondria 
in advanced and decompensated congestive HF or after car-
diac surgery showed that the degree of mitochondrial dys-
function of PBMCs is related to the disease severity and that 
this alteration gradually recovers after clinical stabilization 
[43, 44]. The rationale for these observations is based on the 
hypothesis that circulating leukocytes, free to flow inces-
santly in the blood stream, may reflect quite closely both 

metabolic state and oxidative stress status of the myocardial 
tissue. In addition, the dysfunctional PBMCs can jeopard-
ize the functional homeostasis of the target tissue in which 
they recirculate, including the myocardial tissue, through the 
discharge of huge amounts of ROS [45].

We recently showed that circulating leucocytes from 
HFrEF patients can generate a state of oxidative stress 
because they contain structurally and functionally altered 
mitochondria due to an inability to activate an effective 
antioxidant response and an adequate mitophagic flux [16]. 
Therefore, strategies able to stimulate autophagy/mitophagy 
and to improve mitochondrial function may represent an 
adequate approach for the treatment of HF.

ANP, secreted by cardiomyocytes in response to stress-
ors such as pressure or volume overload, is known to exert 
several protective functions within the cardiovascular 
system by opposing cardiomyocyte hypertrophy, reduc-
ing cardiac fibrosis, and promoting vascular integrity. A 
novel property of αANP is the promotion and regulation of 
cardiac autophagy. In fact, we recently demonstrated that 
αANP exerts a cardioprotective effect through the NPR-A/
PKG/TFEB signaling pathway regulating autophagy both 
in vitro and in vivo [11]. This hormone also protects mito-
chondrial structure and function in other experimental 
models [46].

Based on these premises, it becomes interesting to verify 
whether αANP could promote autophagy/mitophagy and 
could ameliorate mitochondrial damage and function in 
chronic HF patients using the isolated PBMCs.

The double approach applied in our experimental design, 
including both ex vivo and in vivo studies, confirmed our 
hypothesis. The ex vivo study directly demonstrated the abil-
ity of physiological concentrations of αANP to stimulate 
autophagy/mitophagy, to ameliorate mitochondrial damage 
and function, and to reduce oxidative stress generation. The 
parkin upregulation observed in treated PBMCs supports 
the activation of the ubiquitin-dependent PINK1-/Parkin-
mediated mitophagy which, as known, works to ensure the 
clearance of depolarized mitochondria from cells [47]. In 
this context, the up-modulation of BNIP, whose role must 
necessarily be clarified by further mechanistic studies, could 
have a further negative impact on the membrane potential 
of already damaged mitochondria favoring their removal 
through a Parkin-mediated mitophagy [48]. Finally, the 
upregulation of Mfn-2 could support the evidence of an 
effective mitochondrial network restoration induced by 
αANP [49].

All these data indicate that αANP ameliorates the 
morpho-functional hallmarks in the ex vivo setting using 
PBMCs isolated from HF patients. In fact, αANP treatment 
dampened the mitochondrial depolarization and the ultras-
tructural damage therefore counteracting the mitochondrial 
oxidative stress. Similar findings were obtained with the 

Fig. 6   Assessment of autophagy and mitophagy in PBMCs from the 
in vivo study. A Analysis of acidic compartments by LysoTracker Red 
probe. The fluorescence intensity levels referred to PBMCs obtained 
after ARNi treatment are higher than those recorded in the same 
patients before starting therapy (N = 6; Wilcoxon test for paired sam-
ples: *p < 0.05). B Analysis of mRNA expression of genes involved 
in the autophagic response. LC3 and beclin were upregulated by 
ARNi (N = 5 for HF group; N = 3 for CTR; Wilcoxon test for paired 
samples: *p < 0.05; **p < 0.01). C, D Assessment of mitochondrial 
mass. The MitoTracker Green assay showed an evident decrease of 
the mitochondrial mass into PBMCs from treated patients (N = 10; 
see panel C; Wilcoxon test for paired samples: *p < 0.05). These data 
were corroborated by the ultrastructural morphometric analysis. The 
number of mitochondria for cell section and the mitochondrial den-
sity were significantly lower in PBMCs isolated after therapy (N = 10; 
see panel D; Student’s t test for paired samples: **p < 0.01 and 
*p < 0.05 respectively). E–F Representative micrographs of PBMCs 
obtained from patients before and after ARNi therapy. The ultrastruc-
tural analysis confirmed the activation of autophagy after ARNi treat-
ment: degradative compartments with degraded mitochondrial struc-
tures are recognizable into the cytoplasm of PBMCs from treated 
patients (see magnification in panel F). [(TEM micrographs, uranyl 
acetate; Abbreviations: NM nuclear membrane; PM plasma mem-
brane; AVi early autophagic vacuole; AVd degradative autophagic 
vacuole)]
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in vivo approach through the administration of sacubitril/
valsartan. In this regard, we cannot exclude that the drug 
may have exerted its effects, at least in part, through other 
nonspecific mechanisms and in concert with the conven-
tional drugs administered to patients.

Taken together, our results indicate that the ex vivo expo-
sure to αANP in an experimental system based on cultures 
of PBMCs isolated from HF patients exerts beneficial cel-
lular effects by reducing mitochondrial dysfunction and the 
related oxidative stress through autophagy activation, sup-
porting the recent evidence obtained in other experimental 
models [11]. Although the effects of αANP observed in the 
PBMC might not entirely result in similar beneficial effects 
in the cardiac cells/tissue, the data obtained support the ben-
efit of this therapy as a fundamental strategy to enhance, 
through neprilysin inhibition, the endogenous αANP level 
and its protective effects.

A limitation of the current investigation is represented 
by the small number of HF patients enrolled in the in vivo 
study, mainly because of the highly selected study criteria. 
On the other hand, by borrowing an approach now widely 
used in the oncology field, the development of liquid biopsy 
techniques for the study of PBMCs has the credentials to 
become a practical study tool in the translational research 
of cardiovascular diseases.

In conclusion, our current original study reinforces αANP 
as a key hormone for the treatment of HF not only for its 
well-known hemodynamic properties but also for its protec-
tive autocrine cellular functions. In particular, the novelty 
of our work, supporting the efficacy of αANP as a cardio-
protective hormone capable of restoring adequate mitochon-
drial structure and function by modulating the autophagy/
mitophagy processes, provides new mechanistic insights 
into the therapeutic action of sacubitril/valsartan in HFrEF 
patients.
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