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A B S T R A C T   

Brain natriuretic peptide (BNP) belongs to the family of natriuretic peptides, which are responsible for a wide 
range of actions. Diabetic cardiomyopathy (DCM) is often associated with increased BNP levels. This present 
research intends to explore the role of BNP in the development of DCM and the underlying mechanisms. Diabetes 
was induced in mice using streptozotocin (STZ). Primary neonatal cardiomyocytes were treated with high 
glucose. It was found that the levels of plasma BNP started to increase at 8 weeks after diabetes, which preceded 
the development of DCM. Addition of exogenous BNP promoted Opa1-mediated mitochondrial fusion, inhibited 
mitochondrial oxidative stress, preserved mitochondrial respiratory capacity and prevented the development of 
DCM, while knockdown of endogenous BNP exacerbated mitochondrial dysfunction and accelerated DCM. Opa1 
knockdown attenuated the aforementioned protective action of BNP both in vivo and in vitro. BNP-induced 
mitochondrial fusion requires the activation of STAT3, which facilitated Opa1 transcription by binding to its 
promoter regions. PKG, a crucial signaling biomolecule in the BNP signaling pathway, interacted with STAT3 and 
induced its activation. Knockdown of NPRA (the receptor of BNP) or PKG blunted the promoting effect of BNP on 
STAT3 phosphorylation and Opa1-mediated mitochondrial fusion. The results of this study demonstrate for the 
first time that there is a rise in BNP during the early stages of DCM as a compensatory protection mechanism. 
BNP is a novel mitochondrial fusion activator in protecting against hyperglycemia-induced mitochondrial 
oxidative injury and DCM through the activation of NPRA-PKG-STAT3-Opa1 signaling pathway.   

1. Introduction 

The prevalence of diabetes mellitus has been growing rapidly over 
many years. Based on the most recent data, the number of diabetic pa-
tients was predicted to reach 693 million by 2045 all over the world [1]. 
Cardiovascular complications associated with diabetes are a leading 
cause for morbidity and mortality [2]. Diabetic cardiomyopathy (DCM) 
is a diabetes-related cardiac condition that is characterized by ventric-
ular dysfunction without coronary artery disease or hypertension [3]. 
The underlying pathogenesis of DCM has not yet been fully defined. 

BNP is a cardiac hormone mainly secreted by ventricular car-
diomyocytes, it has vasodilatory properties and helps to reduce the 
preload and afterload. BNP has been considered as an inhibitor of 
myocardial hypertrophy [4,5] as well as fibrosis [6], and a protector 
against myocardial ischemia-reperfusion injury [7]. Food and Drug 
Administration (FDA) has approved human recombinant BNP (nesiri-
tide) for treating acute decompensated congestive heart failure [8]. 
Previous research findings have shown that DCM is often accompanied 
by upregulated cardiac BNP gene expression and increased serum BNP 
levels in animal experiments [9–11]. However, it remains unclear when 
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BNP levels start to increase during the development of DCM. Moreover, 
the role of elevated BNP in DCM progression is not well understood. 

The heart is an energy-consuming organ, largely dependent on 
mitochondrial function, which provides about 90% of its energy. Mito-
chondrial dynamics, including the processes of mitochondrial fusion and 
fission, performs a crucial function in maintaining the mitochondria’s 
optimum efficiency [12]. Abnormal mitochondrial dynamics is involved 
in the pathogenisis of many cardiac diseases including DCM. It is known 
that mitochondrial fusion is beneficial since it increases mitochondrial 
function as well as the production of ATP [13]. Conversely, excessive 
mitochondrial fission may be detrimental because it results in mito-
chondrial dysfunction and increased ROS [14]. Nevertheless, it is still 
largely unknown whether BNP has a regulatory effect on imbalanced 
mitochondrial dynamics under hyperglycaemic conditions. 

Herein, we find that increased plasma BNP precedes the develop-
ment of DCM in both diabetic animals and patients. Addition of exoge-
nous BNP prevents the development of DCM by stimulating Opa1- 
mediated mitochondrial fusion through PKG-STAT3 pathway, while 
knockdown of endogenous BNP exacerbates mitochondrial dysfunction 
and accelerated DCM. 

2. Materials and methods 

2.1. Animal experiments and human study 

This research followed National Institutes of Health (NIH) criteria for 
the Care and Use of Laboratory Animals (8th Edition, 2011). All ex-
periments involving animals and human subjects were approved by the 
Ethics Committee of the Second Affiliated Hospital of Xi’an Medical 
University (Approval No. MR-61-22-020,655). Male 8-week-old C57BL/ 
6 mice were injected with streptozotocin (50 mg/kg/d) intraperitone-
ally for five successive days [15]. Prior to STZ injection, mice were 
anaesthetized with isofluorane. A week following the last administration 
of STZ, experimental animals with fasting glucose levels >11.1 mmol/L 
were determined to develop diabetes. Mice serving as controls had a 
similar injection of vehicle every day. A total number of 192 mice were 
included in this study. Vehicle or BNP (GenScript, Piscataway, NJ, USA) 
was randomly assigned and was administered to control or diabetic mice 
for 4 weeks using subcutaneous osmotic pumps at a rate of 0.25 μL/h 
(Alzet, model 2004; Cupertino, CA, USA). All experimental models were 
placed in conventional settings (12h/12h light/dark cycle) and fed a 
recommended mouse chow with ad libitum access to water. Animals 
were anaesthetized by 3% isoflurane and maintained with 1% isoflurane 
via inhalation. Euthanasia was carried out using carbon dioxide, in 
accordance with the AVMA Guidelines for the Euthanasia of Animals 80 
(2020) and with the approval of local animal welfare committees. 

The human study was performed in adherence to the Declaration of 
Helsinki. Patients with newly diagnosed diabetes were enrolled in this 
study. They had not received any anti-diabetic treatment before 
enrollment. Diabetes was diagnosed according to World Health Orga-
nization (WHO) criteria, all subjects provided written informed consent. 
Participants with coronary artery disease, hypertrophic cardiomyopa-
thies, restrictive cardiomyopathies, dilated cardiomyopathies, arrhyth-
mogenic right ventricular dysplasia, or other micro-or macrovascular 
consequences of diabetes were excluded from the current study. Addi-
tionally, patients with renal failure, serious psychological problems and 
cancer were excluded. Final enrollment included 30 control volunteers, 
30 diabetics, and 30 diabetics with DCM. The plasma samples were 
obtained and kept at − 80 ◦C. The patient data were included in Sup-
plemental Table S1. 

2.2. Echocardiography 

Echocardiography was performed in M-mode using VEVO 2100 
system (Visual Sonics, Toronto, Canada) [14]. Mice were anaesthetized 
with isoflurane. By controlling the flow of isoflurane, the heart rate of 

the mice was limited to 400–500 beats/min as recommended. The im-
ages of left ventricular (LV) dimensions were recorded to measure left 
ventricular ejection fraction (LVEF) and left ventricular fractional 
shortening (LVFS). 

2.3. Biochemical and histological analysis 

An automated biochemical analyzer was used to determine the levels 
of blood glucose, total cholesterol (TC), and triacylglycerol (TG) in 
fasting plasma (Chemray 800, Rayto, China). We measured plasma BNP 
concentrations using an ELISA kit (Raybiotech, Norcross, GA, USA). PKG 
activity assays were performed using the PKG Kinase Enzyme assay kit 
from Promega. 

Heart morphology were stained with hematoxylin and eosin (Beyo-
time, Jiangsu, China). Staining cardiomyocytes with FITC-labeled WGA 
(Servicebio, Wuhan, China) allowed us to determine their cross- 
sectional area. Masson’s trichrome stain (Servicebio, Wuhan, China) 
was used to examine the myocardium’s interstitial fibrosis. 

2.4. Measurement of blood pressure 

Systolic blood pressure and diastolic blood pressure was measured 
using the non-invasive tail-cuff system (Kent scientific corporation, 
Torrington, CT, USA). Briefly, mice were placed on the pre-warmed 
platform (30 ◦C) and tails were inserted into the tail cuffs for 5 
consecutive days. At each session, at least 10 reads were obtained and 
averaged as the blood pressure at that time point. 

2.5. Transmission electron microscopy (TEM) 

The cardiac tissues were fixed in a 2.5% glutaraldehyde and 1% 
cacodylate buffer at pH 7.4 for 2 days at 4 ◦C. The tissues were first 
rinsed several times with 0.1 M cacodylate buffer, followed by the 
addition of 0.1% tannic acid to deionized water, and finally osmium 
tetroxide to deionized water. The detailed steps were carried out as 
described before [14]. An image of each slice was taken with a 
charge-coupled device (CCD) camera equipped with a JEM-1230 TEM 
(JEOL Ltd., Tokyo, Japan). The mitochondrial images were analyzed 
using Image J software. 

2.6. Cell culture 

Primary cardiomyocytes were separated from the hearts of neonatal 
Sprague-Dawley mice via collagenase I (gibco) digestion, as previously 
described [16]. Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum (FBS) and normal 
glucose (5.5 mmol/L, NG). Cardiomyocytes were exposed to normal 
glucose (5.5 mmol/L, NG) or HG (33 mmol/L, HG) for 48 h [17] with the 
vehicle or BNP supplement. 

2.7. Mitochondrial morphology in the cardiomyocytes 

To assess mitochondrial morphology in the cardiomyocytes, the 
mitochondria were stained using the fluorescent probe MitoTracker 
Green FM (Ex/Em: 490/516 nm, M7514, Invitrogen, USA) in accordance 
with the methods of the manufacture. The cardiomyocytes were plated 
in a confocal dish and treated with 50 nM MitoTracker Green FM for 30 
min. We examined the images under a confocal laser scanning micro-
scope (Nikon A1R MP + Confocal Microscope, Nikon, Japan) and 
analyzed mitochondrial morphology as previously described [18]. 

2.8. Measurement of mitochondrial membrane potential 

As described previously [19], we measured the mitochondrial 
membrane potential using JC-1 dye from Beyotime (Jiangsu, China). 
FACScan flow cytometry (BD Facscalibur, Franklin Lakes, NJ, USA) was 
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used to measure the fluorescence of JC-1 after incubation of primary 
cardiomyocytes at 37 ◦C for 15 min with 1.0 μM JC-1. 

2.9. Quantitative real-time PCR (RT-qPCR) 

RT-qPCR was used to detect the gene expression levels for Opa1 and 
the relative mtDNA content to nuclear DNA content as described pre-
viously [20,21]. The primer sequences were: Opa1 forward 
CAACCCCGCAGGAACTTTTG; reverse GGTGTACCCGCAGTGAAGAA; 
mtDNA forward AACATACGAAAAACACACCCATT; reverse AGTG-
TATGGCTAAGAAAAGACCTG; β-actin forward CCCTGGCTCCTAGCAC-
CAT; reverse AGAGCCACCAATCCACACAGA. 

2.10. Reactive oxygen species (ROS) generation in the cardiomyocytes 
and hearts 

Cardiomyocytes were seeded in a confocal dish and were loaded with 
5 μM MitoSOX Red or CM-H2DCFDA (Thermo Fisher Scientific, Wal-
tham, MA, USA) for 10 min in the dark at 37 ◦C. After several washes, 
images were visualized under a confocal laser-scanning microscope 
(Nikon A1R MP + Confocal Microscope, Nikon, Japan). 

Dihydroethidium (DHE) staining was used previously to assess the 
production of superoxide anion in mouse heart tissue [16]. Briefly, 2 
μmol/L fluorescent dye DHE (Thermo Fisher Scientific, Waltham, MA, 
USA) was added to the 6 μm thick snap-frozen heart sections and 
incubated at 37 ◦C for 30 min in a humidified dark chamber. ImageJ 
analysis software was used to analyze the DHE-positive cells. MnSOD 
activity was measured using MnSOD assay kits (S1013, Beyotime 
Biotechnology, Jiangsu, China) according to the manufacturer’s 
protocol. 

Oxidative stress from superoxide was also measured by a modified 
HPLC-based method to quantify 2-OH-ethidium and ethidium levels as 
previously described [22]. Briefly, before the start of the experiment, 
increasing concentrations of 2-OH-ethidium and ethidium were loaded 
onto the column to generate a standard curve. Tissues were incubated 
with 50 μM DHE for 30 min at 37 ◦C in PBS buffer. Following several 
rounds of washing with Krebs solution buffered with 10 mM 
HEPES-NaOH (pH 7.4), tissues were frozen with liquid nitrogen and 
pulverized. The supernatant was analyzed using an HPLC system with a 
JASCO FP-1520 fluorescence detector and a Beckman ultrasphere 
reverse column (C18). Similar to DHE, MitoSOX oxidation products 
(Mito-2-OH-ethidium and Mito-ethidium) were separated using a C18 
reverse-phase column and measured using HPLC. 

2.11. Mitochondrial oxygen consumption rate (OCR) analysis 

Mitochondrial respiratory activity was measured employing an XF24 
Extracellular Flux Analyzer (Agilent Seahorse Bioscience, Santa Clara, 
CA, USA). Primary cardiomyocytes were seeded at 2 × 104 per well in 
the XF24 Cell Culture Microplate. We used Seahorse XF Cell Mito Stress 
Test Kit (Agilent Technologies, Santa Clara, CA, USA) to record the OCR 
with sequential injection of 1 μM oligomycin A, 1 μM FCCP, and 0.5 μM 
antimycin A [23]. Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used to adjust all raw results to the protein 
content. 

2.12. Transfection of siRNAs against BNP, Opa1, STAT3, PKG and 
NPRA 

SiRNAs against BNP (#sc-62023, Santa Cruz Biotechnology), Opa1 
(sense: CCAGCAAGGUUAGCUGCAATT; antisense: UUGCAGCUAAC-
CUUGCUGGTT), STAT3 (#sc-270,027, Santa Cruz Biotechnology), PKG 
(sense: CGAAGAUUCUCAUGCUCAA; antisense: UUGAGCAUGAGAAU-
CUUCG), NPRA (#sc-40126, Santa Cruz Biotechnology) and negative 
control siRNA were transfected into primary cardiomyocytes by using 
Lipofectamine RNAiMAX reagent (Invitrogen). Following 48 h of 

transfection, cells were used for subsequent tests in NG or HG media. 

2.13. Assay for apoptotic cell death 

Using Annexin V-FITC and PI apoptosis detection kits (BD Bio-
sciences, CA, USA), the apoptotic frequency of primary cardiomyocytes 
was determined by flow cytometry. A terminal deoxynucleotidyl 
transferase-UTP nick end labeling (TUNEL) assay kit (Roche Applied 
Science, Penzberg, Germany) and the caspase-3 activity test kit (KeyGEN 
Biotech, Jiangsu, China) were used to evaluate apoptotic rate in cardiac 
tissues according to the manufacturer’s recommendations. Confocal 
fluorescence microscopy (Leica, Heerbrugg, Switzerland) was used to 
evaluate the TUNEL and DAPI-stained slices. 

2.14. Adeno-associated virus transfection in vivo 

For the Opa1 or BNP knockdown studies in vivo, adeno-associated 
viral (AAV) vectors carrying a scrambled sequence (AAV-Con) or a 
short hairpin RNA (shRNA) directed against the mouse Opa1 RNA (AAV- 
Opa1-shRNA) or BNP RNA (AAV-BNP-shRNA) were constructed by 
Hanbio Biotechnology (Shanghai, China). Isoflurane (2.5%) was used to 
anesthetize the mouse models, and the hearts were exposed. A total 
amount of 40 μL (approximately 1 × 1011 PFU/ml) AAV-Con shRNA, 
AAV-Opa1-shRNA, or AAV-BNP-shRNA was injected at four different 
sites of each left ventricle free wall, as we have described previously 
[16]. The mice were administered with STZ (50 mg/kg/d) intraperito-
neally for 5 consecutive days one week after transfection to establish a 
diabetes model [15], and then the vehicle or BNP was administered. 

2.15. Western blotting and dot blot 

Total proteins in mouse heart tissue or primary cardiomyocytes were 
determined with a Bradford protein assay (Beyotime, Jiangsu, China) on 
lysates obtained with RIPA (Beyotime, Jiangsu, China). Protein 
expression and modification was assessed by standard Western blot 
analysis. The extracted proteins were electrophoresed on SDS-PAGE and 
transferred to PVDF membranes. After blocked with 5% milk, the 
membranes were incubated with primary antibodies under 4 ◦C over-
night. β-actin was used as the loading control. The detailed information 
of all the antibodies used has been provided in Supplementary Table S2. 
Afterwards, the membrane was treated with an anti-rabbit or anti-mouse 
secondary antibody that had been coupled with horseradish peroxidase 
(#A0208, #A0216, Beyotime Biotechnology, Jiangsu, China) at room 
temperature for 1 h and the blot was exposed by Supersignal chem-
iluminescence detection kit (Thermo Fisher Scientific, Waltham, MA, 
USA). 

The oxidative stress markers including malondialdehyde (MDA), 
hydroxynonenal (HNE) and 3-nitrotyrosine (3NT) positive proteins were 
assessed by dot blot analysis referring to previous studies [24,25]. 
Cardiac protein homogenates were transferred to nitrocellulose mem-
branes. A mouse monoclonal MDA antibody (abcam #ab243066, UK), a 
rabbit polyclonal 4-HNE antibody (abcam #ab46545, UK) and a mouse 
monoclonal 3-NT antibody (abcam #ab61392, UK) were used for dot 
blot analysis. Detection and quantification of all blots was performed by 
ECL with peroxidase conjugated anti-rabbit or anti-mouse secondary 
antibody (#A0208, #A0216, Beyotime Biotechnology, Jiangsu, China). 
The blot densities were analyzed by Quantity One software (Bio-Rad, 
San Diego, CA, USA). 

2.16. Chromatin immunoprecipitation (ChIP) analysis 

A Simple ChIP Plus Enzymatic Chromatin IP kit (#9005; Cell 
Signaling Technology, Danvers, USA) was used to perform ChIP in 
accordance with the manufacturer ‘s recommendations as described in 
our previously report [26]. Briefly, after fixation with 1% formaldehyde, 
the cardiomyocytes were homogenized in lysis buffer. Following that, 
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antibodies against STAT3 (#12640, Cell Signaling Technology) and 
protein G magnetic beads were added. Normal IgG was used as the 
negative control. DNA was extracted from the precipitation and then 
analyzed using primers for the Opa1 promoter (forward: 
5′-TCCAGTTAGGTTTTGGGCCTT-3′ and reverse: 5′- 
TCCTTTTATGAGCCCCAATTTCCTT-3′) in RT-qPCR. 

2.17. Co-immunoprecipitation assays 

Co-immunoprecipitation was performed using the Pierce Co- 
Immunoprecipitation Kit (Thermo Fisher Scientific, Rockford, IL, USA) 
as described previously [27]. Briefly, the cells were prepared in 
Lysis/Wash Buffer, and 1 mg protein lysate was incubated overnight 
with 5 μg specific antibodies at 4 ◦C. The immunocomplexes were 
precipitated and performed with agarose resin slurry for 1 h. Those 
beads were washed and then subjected to Western blot procedures. 

2.18. Statistical analysis 

All the data are expressed as the mean ± SEM. For the statistical 
analysis of two groups, the unpaired Student’s t-test was used. More 
than two groups were compared using one-way analysis of variance 
(ANOVA) or two-way ANOVA followed by Bonferroni’s multiple com-
parison tests using GraphPad Prism 8.0. P values less than 0.05 were 
considered statistically significant. 

3. Results 

3.1. Increased plasma BNP level preceded the occurrence of DCM 

Plasma BNP concentration was detected during the development of 
DCM. As shown in Supplementary Figs. S1A–B, plasma BNP concen-
tration was increased at 8 weeks after the onset of diabetes in the dia-
betic mice, while diabetic cardiomyopathy occurs when cardiac function 
was significantly impaired (as evidenced by decreased LVEF) at 12 
weeks after the onset of diabetes. Thus, BNP elevation (8 weeks after 
diabetes) was detectable before diabetic cardiomyopathy (12 weeks 
after diabetes) in the mice. Clinical characteristics of human subjects 
were provided in Supplementary Table S1. Compared with healthy 
controls or diabetic patients, DCM patients exhibited reduced LVEF 
(Supplementary Fig. S1D). BNP was much higher in the DCM group 
(440.85 ± 45.72 pg/ml) than in the healthy control (30.10 ± 4.00 pg/ 
ml) or DM group (69.73 ± 6.48 pg/ml) (Supplementary Fig. S1C). 
Despite considering the differences in average age between the groups 
(50 vs 55 vs 62), BNP remained significantly elevated in the DCM group. 
Human plasma BNP contents in the DM group in Fig. S1C correspond to 
animal plasma BNP contents at 0–4 weeks of diabetes in Fig. S1A. At this 
stage, even though diabetes is induced, cardiac ejection fraction is still 
preserved and plasma BNP is unchanged. Pearson analysis indicated that 
there was no significant correlation between BNP level and fasting 
plasma glucose in diabetic patients with or without cardiac dysfunction 
(R2 = 0.0097, P = 0.49, Supplementary Fig. S1E). 

To explore the effects of increased BNP on DCM, exogenous BNP was 
administered to the mice according to the elevated level of plasma BNP 
during the development of DCM. The mice were administrated with BNP 
at 0.75, 1.5 or 3 μg/kg/h using subcutaneous osmotic pumps. The ELISA 
assay showed that 0.75 μg/kg/h BNP administration increased plasma 
BNP level to approximately 75 pg/ml (Supplementary Fig. S2), which 
are comparable to increased BNP levels at 8 weeks after diabetes in mice 
as aforementioned above. Therefore, the mice were treated with 0.75 
μg/kg/h BNP for a 4-week period beginning at 8 weeks after diabetes. 

3.2. BNP administration alleviated diabetic cardiomyopathy in the mice 

Compared with control mice, diabetic mice had reduced body weight 
along with elevated blood glucose, food intake, serum total cholesterol 

(TC), triacylglycerol (TG) levels and blood pressure (Supplementary 
Table S3). These metabolic indicators were not affected by BNP treat-
ment. As shown in Fig. 1A–C, diabetic animals exhibited decreased 
cardiac function, as shown by lower LVEF and LVFS than control ani-
mals. BNP therapy enhanced cardiac performance in the diabetic ani-
mals (Heart rate: Con 444.5 ± 10.22 bpm, Con + BNP 438.1 ± 9.95 
bpm, DM 438.8 ± 11.55 bpm, DM + BNP 437.0 ± 10.50 bpm). 

Hypertrophy and fibrosis of the heart are common features in DCM. 
As shown in Fig. 1D–G, diabetic animals exhibited significant cardiac 
hypertrophy and fibrosis, as evidenced by hypertrophied myocardium 
(Fig. 1D, HE staining), increased cardiomyocyte cross-sectional area 
(WGA staining in Fig. 1D and F), elevated heart weight-to-tibia length 
ratios (Fig. 1E), and intensived interstitial fibrosis (Fig. 1G) in compar-
ison to control hearts. BNP administration dramatically ameliorated the 
pathological changes in the diabetic heart. The pathogenesis of DCM is 
often associated with cardiomyocyte apoptosis and oxidative stress. As 
expected, myocardial apoptotic markers such as the apoptotic index and 
caspase-3 activation were elevated in diabetic hearts relative to normal 
hearts. Treatment with BNP significantly reduced the apoptosis in-
dicators in the diabetic hearts (Fig. 2A–C). Moreover, the production of 
DHE was greater in the diabetic hearts than the control hearts (Fig. 2D 
and E), while MnSOD activity was reduced in diabetic hearts (Fig. 2I). 
The changes of oxidative stress mentioned above could be reversed by 
BNP treatment. BNP also prevented the increase in DHE-derived 
oxidation products (2-OH-ethidium and ethidium) induced by diabetes 
(Fig. 2F–H). The oxidative stress markers including MDA, HNE and 3NT 
positive proteins were found at higher levels in the diabetic hearts and 
decreased by BNP treatment (Fig. 2J-L). These findings demonstrated 
that BNP reduced diabetes-induced oxidative stress, apoptosis, and 
improved cardiac structure and function in diabetic mice. Altogether, 
these findings suggest that BNP treatment could prevent the develop-
ment of DCM. Correspondingly, it was found that the protein expression 
of natriuretic peptide receptor A (NPRA, the receptor of BNP) was 
largely preserved (approximately 75% of con) at 8 weeks after diabetes 
(Supplementary Figs. S3A–B), while at 12 weeks after diabetes, NPRA 
expression was significantly reduced (approximately 20% of con, Sup-
plementary Figs. S3A–B). Furthermore, HG treatment time-dependently 
reduced NPRA expression in the cardiomyocytes (Supplementary 
Figs. S3C and D). 

3.3. BNP treatment increased mitochondrial fusion and alleviated 
mitochondrial dysfunction in DCM 

Next, the mechanisms underlying the cardioprotective effects of BNP 
treatment were explored. Mitochondrial morphological analysis showed 
that the number of mitochondria per μm2 was not changed among all the 
groups, while mean mitochondrial size was significantly decreased in 
diabetic hearts compared to control hearts (Fig. 3A–G). BNP treatment 
increased mean size of the mitochondria in diabetic hearts (Fig. 3C). 
Fig. 3D showed that BNP inhibited the diabetes-induced reduction of 
ATP. The protein expression of PCG1α, an important transcription factor 
for maintaining mitochondrial biogenesis, was not significantly changed 
in diabetic hearts (Fig. 3E). The proteins related to mitochondrial fusion 
(Mfn1, Mfn2, and Opa1) as well as mitochondrial fission (Drp1 and Fis1) 
were assessed. Mfn1, Mfn2, Drp1, as well as Fis1 showed no significant 
variations in the levels among all the groups, only Opa1 was signifi-
cantly reduced in diabetic hearts. Treatment with BNP prevented the 
decrease in Opa1 caused by diabetics (Fig. 3E and F). Additionally, BNP 
reversed the decline in Opa1 mRNA expression (Fig. 3G). 

The action of BNP on the hearts and mitochondria in vivo may be 
affected by its systemic effects. To determine the direct effects of BNP on 
the heart, the cardiomyocytes were incubated with NG or HG medium 
for 48 h containing 75 pg/ml BNP in vitro, which was comparable with 
the concentration of plasma BNP at 8 weeks after diabetes in vivo. As 
shown in Supplementary Figs. S4A–D, BNP remarkably reduced the cell 
apoptosis rate and increased mitochondrial membrane potential in HG- 
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treated cardiomyocytes. HG inhibited mitochondrial respiration poten-
tial in the cardiomyocytes, particularly maximum respiration and spare 
respiration, both of which were enhanced by BNP administration 
(Supplementary Figs. S4E and F). MitoSOX Red signals, marker of 
mitochondria-derived superoxide, was significantly increased in the 
cardiomyocytes exposed to HG. BNP administration reduced superoxide 
generation from mitochondria in the cardiomyocytes cultured in HG 
medium (Fig. 4A and B). BNP also inhibited the increase in the oxidation 
product of MitoSOX (2-OH-Mito-ethidium and Mito-ethidium) induced 
by high glucose (Fig. 4C–E). MitoTempo (mitochondria-targeted anti-
oxidant, 25 nmol/L, MedChem Express) [28], Gp91ds-tat (a selective 
NOX2 inhibitor, 10 μmol/L, AnaSpec) [28], GKT137831 (a specific 
NOX4 inhibitor, 3 μmol/L, MedChem Express) [29], PEG-SOD (400 
U/mL, Sigma-Aldrich) [30] and PEG-catalase (1000 U/mL, 
Sigma-Aldrich) [30] were used to identify the ROS sources under high 
glucose condition. Cardiomyocytes were incubated with high glucose for 
24 h and then high glucose medium in the presence of the inhibitors for 
another 24 h. As shown in Fig. 4F–H, MitoTempo, Gp91ds-tat and 
PEG-SOD inhibited both cellular ROS and mitochondrial superoxide 
production induced by high glucose as determined by CM-H2DCFDA 
and MitoSOX Red staining, respectively. High glucose-induced cell 
apoptosis (as reflected via caspase 3 activity) was also inhibited by these 
three inhibitors (Fig. 4I). The results suggest that high glucose-induced 
oxidative stress mainly arises from mitochondria and NOX2 and can be 
scavenged by SOD. There is a potential interaction between mitochon-
drial and non-mitochondrial ROS. Afterwards, the role of decreased 
mitochondrial ROS in the BNP-mediated cardioprotection against DCM 
was further explored. Eight weeks after diagnosis, diabetic mice 
received daily injection of MitoTempo (0.7 mg/kg/day, i.p., MedChem 
Express) or vehicle for 4 weeks [28]. As shown in Fig. 4J-M, MitoTempo 
improved cardiac function and inhibited cell apoptosis in the diabetic 
hearts (Heart rate: Con 447.8 ± 8.81 bpm, DM 449.1 ± 10.17 bpm, DM 
+ M-TEMPO 440.9±9.99 bpm, DM + M-TEMPO + BNP 445.9±10.39 
bpm). A combination of MitoTempo and BNP did not provide further 
protection, suggesting the cardioprotection of BNP is mainly due to its 

antioxidant properties. These findings reveal that the BNP exerts direct 
protective action on the cardiomyocytes and mitochondria under HG 
condition. 

The effects of BNP on mitochondrial biogenesis and dynamics were 
further analyzed. The primary cardiomyocytes cultured in NG medium 
showed elongated tubules, while the cardiomyocytes cultured in HG 
medium became spherical and shorter (Fig. 5A). The cardiomyocytes 
cultured with HG had reduced mitochondrial size and a higher number 
of mitochondria than NG-cultured cardiomyocytes. BNP treatment 
decreased the number of mitochondria per cell (Fig. 5B) and increased 
mean size of individual mitochondrion (Fig. 5C) in the HG-cultured 
cardiomyocytes, indicating that BNP promoted mitochondrial fusion 
under HG conditions. The relative content of mtDNA and mitochondrial 
mass were assessed by RT-qPCR and flow cytometry respectively to 
assess mitochondrial biogenesis. HG or BNP did not affect the mtDNA 
contents or mitochondrial mass (Fig. 5D–F), suggesting that HG or BNP 
did not stimulate mitochondrial biogenesis. Subsequently, mitochon-
drial fission/fusion-related protein expression profiles were examined. 
Western blot verified that Mfn1, Mfn2, Drp1 and Fis1 expression did not 
change between HG and NG treatment, only Opa1 expression was 
significantly reduced in HG-cultured cardiomyocytes. BNP administra-
tion increased Opa1 expression in HG-treated cardiomyocytes (Fig. 5G 
and H). RT-qPCR analysis revealed an increase in Opa1 mRNA levels 
after BNP administration in HG groups (Fig. 5I), suggesting that Opa1 
expression appears to be primarily regulated at the transcriptional level 
(mRNA level). Together, these data indicated that BNP elevated Opa1 
transcription and mitochondrial fusion as well as mitochondrial function 
under hyperglycemic condition in vivo and in vitro. 

3.4. Knockdown of BNP impaired cardiac function and inhibited Opa1- 
mediated mitochondrial fusion 

To further investigate the role of BNP in the development of DCM, 
adeno-associated virus expressing BNP shRNA (AAV-BNP shRNA) were 
used to knock down BNP in the myocardium in vivo. Fig. 6A–B shown 

Fig. 1. BNP treatment alleviated cardiac functional and structural abnormalities in diabetic hearts. (A) Representative M-mode echocardiography images. (B) Left 
ventricular ejection fraction (LVEF). (C) Left ventricular fractional shortening (LVFS). (D) Stainings of hematoxylin and eosin, wheat germ agglutinin (WGA), and 
Masson trichrome. (E) The ratio of heart weight to tibia length. (F) Cardiomyocyte cross-sectional area. (G) Myocardial interstitial fibrosis. Results are expressed as 
mean ± SEM. n = 8 per group. **P < 0.01. 
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that AAV-BNP shRNA significantly decreased BNP protein expression in 
the hearts of diabetic mice. Plasma BNP concentrations were also 
decreased by AAV-BNP shRNA in the diabetic mice (Fig. 6C). Echocar-
diography analysis showed that knockdown of BNP decreased LVEF and 
LVFS in the control hearts and further exacerbated cardiac dysfunction 
in diabetic mice (Fig. 6D–F) (Heart rate: Con + AAV-Con shRNA 445.4 
±9.48 bpm, DM + AAV-Con shRNA 448.4±11.47 bpm, Con + AAV-BNP 

shRNA 444.5±6.65 bpm, DM + AAV-BNP shRNA 453.3±12.80 bpm). 
Additionally, BNP knockdown worsened myocardial apoptosis and 
oxidative stress in diabetic hearts (Fig. 6G-L). 

The impact of BNP knockdown on mitochondrial dynamics was then 
explored in vitro. Small interfering RNA (RNAi) was used to knockdown 
BNP in both NG or HG-treated cardiomyocytes. In Fig. 7A–F, silencing 
BNP expression with RNAi inhibited Opa1 expression and mitochondrial 

Fig. 2. BNP treatment significantly decreased the apoptosis and oxidative stress in the diabetic hearts. (A) Representative image of TUNEL-positive cells (green) and 
DAPI (blue) in heart sections. Scale bars = 20 μm. (B) Apoptotic index: percentage of TUNEL-positives apoptotic cells. (C) Myocardial caspase-3 activity (fold over 
Con). (D) Representative images of DHE (red) and DAPI (blue) staining in heart sections. (E) Quantification of DHE fluorescence (fold over Con). (F–H) EOH (2-OH- 
ethidium) and E (ethidium) obtained by HPLC analysis. (I) The activity of MnSOD. (J) Malondialdehyde (MDA). (K) 3-nitrotyrosine (3-NT). (L) 4-hydroxynonenal (4- 
HNE). Results are expressed as mean ± SEM. n = 4–8 per group. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

P. Chang et al.                                                                                                                                                                                                                                   



Redox Biology 62 (2023) 102702

7

fusion in the cardiomyocytes cultured in NG medium. Moreover, BNP 
knockdown further suppressed mitochondrial fusion and Opa1 
expresssion under HG condition (Fig. 7A–F). In addition, BNP RNAi 
increased mitochondrial oxidative stress/celluar apoptosis (Fig. 7D, G-I) 
and impaired mitochondrial membrane potential/mitochondrial respi-
ratory capacity (Fig. 7J-M) in both NG or HG-treated cardiomyocytes. 
Taken together, these results indicate that BNP knockdown exacerbated 
myocardial oxidative stress/apoptosis and suppressed Opa1-mediated 
mitochondrial fusion under diabetic condition. 

3.5. Opa1 knockdown blunted the beneficial effects of BNP under diabetic 
condition 

Next, we went on to investigate whether increased Opa1 expression 
was essential for the protective action of BNP on the diabetic hearts and 
mitochondria. In Supplementary Fig. S5, Opa1 RNAi blunted BNP’s 
stimulating effects on mitochondrial fusion while eliminating BNP’s 
inhibitory effects on mitochondrial oxidative stress as well as apoptosis 
in HG-treated cardiomyocytes. Then, cardiac-specific Opa1 knockdown 
mice were generated by using AAV-Opa1 shRNA. As shown in Fig. 8A 
and B, the expression of Opa1 protein was significantly decreased by 
AAV-Opa1 shRNA in the diabetic heart. Opa1 knockdown blunted the 
promoting effects of BNP on cardiac function (Fig. 8C–E) and mito-
chondrial fusion (Fig. 8F–H). (Heart rate: DM + AAV-Con shRNA 
452.6.4±9.99 bpm, DM + BNP + AAV-Con shRNA 447.5±11.38 bpm, 
DM + AAV-Opa1 shRNA 451.9±10.99 bpm, DM + BNP + AAV-Opa1 
shRNA 449.8±12.86 bpm). Moreover, BNP’s inhibitory effects on 
apoptosis (Fig. 8I–K) and oxidative stress (Fig. 8L-N) were blocked in the 
diabetic hearts when Opa1 was knocked down. The data suggested that 
BNP promoted mitochondrial fusion and provided cardiac protection in 

an Opa1-dependent manner. 

3.6. BNP elevated Opa1 expression via STAT3-iduced transcription 

We next sought to explore how BNP upregulated the Opa1 expres-
sion. Several specific inhibitors including pyrrolidine dithiocarbamate 
(PDTC, an NF-κB inhibitor, 100 μmol/L) [31], wortmannin (Wort, a 
PI3K/Akt inhibitor, 0.1 μmol/L, MedChem Express) [32,33], PD98059 
(a MEK/ERK inhibitor, 20 μmol/L, MedChem Express) [34,35], bisin-
dolylmaleimide I (Bis, a PKC inhibitor, 10 μmol/L, MedChem Express) 
[36,37], and Stattic (a STAT3 inhibitor, 10 μmol/L, MedChem Express) 
[38,39] were used to block the activation of signaling pathways in the 
cardiomyocytes. BNP-induced elevation of Opa1 was largely abolished 
by STAT3 inhibitor but not the other inhibitors (Fig. 9A and B), sug-
gesting that BNP-induced elevation of Opa1 expression is mediated by 
STAT3 signaling pathways. As expected, BNP treatment significantly 
reversed the decrease in phosphorylated STAT3 (p-STAT3) protein 
expression in the HG-treated cardiomyocytes (Supplementary Fig. S6). 
The role of STAT3 was further confirmed by the siRNA. STAT3 RNAi not 
only blunted BNP’s promoting effects on Opa1-mediated mitochondrial 
fusion (Fig. 9C–I), but also blocked BNP’s inhibition on mitochondrial 
oxidative stress (Fig. 9G and J) and apoptosis (Fig. 9K and L) in the 
HG-treated cardiomyocytes. Moreover, STAT3 was found to be directly 
bound to the promoter of Opa1. There was decreased binding of STAT3 
to the Opa1 promoter in HG-cultured cardiomyocytes. BNP treatment 
significantly restored this binding (Fig. 9M). The results indicate that the 
promoting effects of BNP on Opa1-mediated mitochondrial fusion is 
dependent on the STAT3-mediated transcriptional manner. 

Fig. 3. BNP treatment enhanced Opa1-mediated mitochondrial fusion in diabetic hearts. (A) Representative transmission electron microscopy images (TEM) of the 
myocardium. Mitochondria are shown in green. Scale bars are 1 mm. (B) The number of mitochondria per um. (C) Mean mitochondrial size. (D) A normalized level of 
ATP. (E) Representative blot images of mitochondrial fission and fusion-associated proteins (Mfn1, Mfn2, Opa1, Drp1 and Fis1). (F) Protein expressions are 
quantitatively analyzed. (G) Expression of Opa1 mRNA is quantitatively analyzed. Results are expressed as mean ± SEM. n = 6–8 per group. **P < 0.01. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. BNP protected against mitochondrial oxidative stress and apoptosis. (A) Representative confocal fluorescent images of mitochondrial superoxide production 
detected by MitoSOX. Original magnification × 600. (B) Quantification of MitoSOX fluorescence density (fold over NG). (C–E) 2-OH-Mito-ethidium and Mito- 
ethidium, the superoxide-specific product of MitoSOX, was measured using HPLC analysis. (F) Representative images of cellular ROS production (green fluores-
cence) and MitoSOX-stained mitochondrial ROS (red fluorescence). Original magnification × 600. (G) Quantitative data of relative whole-cell ROS fluorescence 
density expressed as a fold change compared with NG. (H) Quantitative data of relative mitochondrial ROS fluorescence density expressed as a fold change compared 
with NG. (I) Activity of myocardial caspase-3 (fold over NG). (J) Representative M-mode echocardiography images. (K) Left ventricular ejection fraction (LVEF). (L) 
Left ventricular fractional shortening (LVFS). (M) Activity of myocardial caspase-3 (fold over Con). n = 4–8. Data are shown as mean ± SEM. **P < 0.01. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.7. BNP activated STAT3-Opa1 signaling pathway via stimulating 
NPRA-PKG 

BNP binds to its receptor NPRA and then activates the PKG signaling 
to exert the biological function [40,41]. The expression and activity of 
PKG were then measured in the cardiomocytes. As shown in Fig. 10A–B, 
there was no significant changes in PKG expression among all the 
groups. HG induced a decrease in PKG activity. BNP significantly 
increased PKG activity in both NG or HG-cultured cardiomyocytes 
(Fig. 10C). PKG or NPRA siRNA was further used to explore the role of 
NPRA-PKG signaling in the protective effects of BNP. It was shown that 
PKG or NPRA RNAi not only inhibited the upregulating effects of BNP on 
PKG activity and STAT3 phosphorylation (Fig. 10D–F) as well as 
Opa1-mediated mitochondrial fusion (Fig. 10G–I), but also greatly 
abrogated the inhibitory effects of BNP on mitochondrial oxidative 
stress (Fig. 10G and J) and cellular apoptosis (Fig. 10K and L) under HG 
condition. Co-immunoprecipitation experiments indicated that STAT3 
was precipitated with PKG antibody, suggesting that PKG may interact 
with STAT3 directly and induce STAT3 activation through phosphory-
lation. The interaction was dramatically reduced under HG conditions. 
BNP treatment restored the interaction of STAT3 with PKG in 

cardiomyocytes treated with HG (Fig. 10M and N). The data suggested 
that PKG might act as a critical molecule of BNP signaling to activate 
STAT3-Opa1 pathway and promote mitochondrial fusion. 

4. Discussion 

The initial aim of this study is to explore the role of BNP in the 
development of diabetic cardiomyopathy (DCM). It is an interesting 
translational research since heart failure is often accompanied by 
increased serum BNP levels in clinical observation. Moreover, BNP has 
been used in the clinical treatment of patients with heart failure. We 
have found that increased plasma BNP level precedes the occurrence of 
DCM. BNP administration preserves mitochondrial function and pre-
vented the development of DCM, while BNP knockdown impaired 
mitochondrial function and aggravated cardiac dysfunction. This study 
reveals that there is an increased level of BNP at the early stage of DCM 
as a compensatory protection (Fig. 11). Given the availability of BNP 
detection and application in clinical practice, our study possesses 
important translational implications that BNP could be used for the early 
diagnosis and treatment of DCM. 

In terms of mechanism, we have considered two aspects on the 

Fig. 5. BNP promoted mitochondrial fusion and enhanced mitochondrial respiratory capacity in high glucose (HG)-cultured cardiomyocytes. (A) Representative 
images of mitochondrial morphology stained with MitoTracker Green, original magnification: 600 × . (B) Averaged mitochondrial number per cell. (C) Mean 
mitochondrial size (fold over NG). (D) RT-qPCR was performed to quantify the ratio of mtDNA relative to nuclear DNA (mtDNA/nDNA). (E) Flow cytometry was 
carried out to assess the mitochondria mass using the MitoTracker Green staining. (F) Quantitative analysis of mitochondria mass. (G, H) Representative blot images 
and quantitative analysis of mitochondrial fission proteins and fusion proteins. (I) Quantitative expression of Opa1 mRNA. Results are expressed as mean ± SEM. n =
6–8 per group. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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regulation of mitochondrial function including mitochondrial biogen-
esis and mitochondrial fusion/fission dynamics. It was found that BNP 
did not affect mitochondrial biogenesis while promoted mitochondrial 
fusion. BNP binds to its receptor NPRA and activates PKG that conse-
quently interacts with STAT3, which phosphorylates and activates 
STAT3-Opa1 signaling and then inhibits mitochondrial ROS (Fig. 11). 
Compared with exogenous compounds such as punicalagin or paeonol in 
the previous studies [26,42], BNP is an endogenous bioactive substance 
produced inside the body. One novelty of our current study is that we 
have identified an endogenous bioactive substance BNP as a new 

mitochondrial fusion promoter to protect against DCM, suggesting that 
endogenous bioactive substances have regulatory function for the bal-
ance of mitochondrial fusion/fission dynamics. The balance can be 
broken in the event of endocrine disorder. 

The coordination of both the outer and inner membranes is involved 
in the process of mitochondria fusion. Mfn1 and Mfn2 are required for 
the fusion of the outer mitochondrial membrane, and Opa1 is essential 
for mitochondrial inner membrane fusion [43]. In the present study, 
only Opa1 expression was significantly reduced in diabetic hearts, 
whereas the expression of other mitochondrial fusion proteins including 

Fig. 6. BNP knockdown exacerbated cardiac dysfunction, myocardial apoptosis and oxidative stress in the diabetic hearts. (A, B) Representative blots and quan-
titative analysis of BNP. (C) Plasma BNP contents. (D) Representative echocardiography images. (E, F) Quantitative evaluation of LVEF and LVFS. (G) Representative 
image of TUNEL-positive cells (green) and DAPI (blue) in heart sections. Scale bars = 20 μm. (H) Apoptotic index: percentage of TUNEL-positives apoptotic cells. (I) 
Activity of myocardial caspase-3 (fold over Con-AAV-Con shRNA). (J) Representative images of DHE (red) and DAPI (blue) staining in heart sections. (K) Quanti-
fication of DHE fluorescence (fold over Con-AAV-Con shRNA). (L) MnSOD activity. Results are expressed as mean ± SEM. n = 6–8 per group. *P < 0.05, **P < 0.01. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. BNP knockdown induced oxidative stress/apoptosis and suppressed Opa1-mediated mitochondrial fusion in both NG or HG-treated cardiomyocytes. (A–C) 
Representative blot images and quantitative analysis of BNP and Opa1. (D) Confocal images of mitochondrial morphology stained with MitoTracker Green (upper) 
and mitochondrial ROS stained with MitoSOX Red (below). (E) Averaged mitochondrial number per cell. (F) Mean mitochondrial size (fold over NG-Con RNAi) (G) 
Quantitative analysis of MitoSOX Red fluorescence density (fold over NG-Con RNAi). (H) JC-1 staining was used to determine mitochondrial membrane potential by 
flow cytometry. (I) Mitochondrial membrane potential was quantified. (J) An Annexin V-FITC/PI labeling was used to determine cellular apoptosis by flow 
cytometry. (K) Percentage of apoptotic cell populations. (L) Oxygen consumption rates (OCR) was measured by an XF24 analyzer. (M) Quantitative analysis of OCR. 
Results are expressed as mean ± SEM. n = 6–8 per group. *P < 0.05, **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 8. Opa1 knockdown blunted the protective effects of BNP on mitochondrial fusion in diabetic mice. (A, B) Representative blot images and quantitative analysis 
of Opa1 treated with AAV-Opa1 shRNA or AAV-Con shRNA. (C) Representative M-mode echocardiography images. (D, E) Left ventricular ejection fraction (LVEF) 
and Left ventricular fractional shortening (LVFS). (F) Representative transmission electron microscopy images (TEM) of the myocardium. Mitochondria are shown in 
green. Scale bars are 1 mm. (G) Mean mitochondrial size. (H) The number of mitochondria per um. (I) Representative image of TUNEL-positive cells (green) and DAPI 
(blue) in heart sections. Scale bars = 20 μm. (J) Apoptotic index: percentage of TUNEL-positives apoptotic cells. (K) Activity of myocardial caspase-3 (fold over DM- 
AAV-Con shRNA). (L) Representative images of DHE staining (red) and DAPI (blue) in heart sections. (M) Quantification of DHE fluorescence (fold over DM-AAV-Con 
shRNA). (N) MnSOD activity. Results are expressed as mean ± SEM. n = 6–8 per group. **P < 0.01. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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Mfn1 and Mfn2 was unaltered. This might be partly attributed to insulin 
deficit in the STZ-induced diabetic models, as insulin is demonstrated to 
upregulate Opa-1 in the cardiomyocytes without impacting Mfn1 and 
Mfn2 expression [44]. Long forms (L-Opa1) and short forms Opa1 
(S-Opa1) can be synthesized by proteolytic cleavage. Song et al. have 
found that both L-Opa1 and S-Opa1 are necessary for mitochondrial 
fusion [45]. Our work reveals that Opa1 may not be proteolytically 
cleaved by hyperglycemia or BNP administration, since long and short 
forms of Opa1 were not selectively affected by high glucose or BNP. ROS 
are mainly produced by mitochondria in the electron transport chain 
(ETC), which lies inside the inner mitochondrial membrane. 
Opa1-mediated mitochondrial fusion could affect the inner mitochon-
drial membrane and ETC components assembly, thereby inhibiting ROS 

production and enhancing ETC activity. In addition, mitochondrial 
fusion has the potential to alter the spatial and structural organization of 
ATP synthase [46]. An increase in the activities of ETC and ATP synthase 
then leads to an increase in ATP production. In addition, Opa1 is a 
modulator of mitochondrial cristae shape, a mechanism that enhances 
electron transport and increases mitochondrial respiration capacity [47, 
48]. Therefore, Opa1 protects against DCM not only via promoting 
mitochondrial fusion but may also via cristae remodeling. 

BNP has been shown to protect mitochondria in previous studies [49, 
50], while the direct link between the mitochondria and BNP signaling 
pathway is still largely unknown. BNP induces cellular responses 
through its receptor NPRA and the activation of PKG, which exerts its 
biological functions by phosphorylating target proteins [51,52]. PKG is 

Fig. 9. STAT3 signaling was essential for BNP-induced Opa1 upregulation in HG-treated cardiomyocytes. (A) The cells were treated with several inhibitors of 
signaling cascades, which include dithiocarbamate (PDTC, NF-kB inhibitor), wortmannin (Wort, PI3K inhibitor), PD98059 (MEK/ERK inhibitor), bisindolylmalei-
mide I (Bis I, PKC inhibitor), and stattic (STAT3 inhibitor). (B) Opa1 expression levels were quantified. (C–F) Representative blot images and quantitative analysis of 
p-STAT3, STAT3, and Opa1. (G) Confocal images of mitochondrial morphology stained with MitoTracker Green (upper) and mitochondrial ROS stained with 
MitoSOX Red (below). (H) Averaged mitochondrial number per cell. (I) Mean size of mitochondria (fold over HG-Con RNAi). (J) Quantitative analysis of MitoSOX 
Red fluorescence density (fold over HG-Con RNAi). (K) An Annexin V-FITC/PI labeling was used to determine cellular apoptosis by flow cytometry. (L) Percentage of 
apoptotic cell populations. (M) ChIP assay investigated the binding of STAT3 to the Opa1 promoter. Results are expressed as mean ± SEM. n = 3–8 per group. **P <
0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

P. Chang et al.                                                                                                                                                                                                                                   



Redox Biology 62 (2023) 102702

14

considered as a common mediator of cardioprotection [53]. Enhanced 
PKG signaling was accompanied with reduced cardiomyocyte hyper-
trophy, inhibited fibrotic remodeling, and significantly improved 

cardiac performance in diabetic hearts [54]. The PKG-mediated inhibi-
tion of mitochondrial permeability transition and cytochrome c pro-
duction performs a crucial function in ischemic heart disease [55]. In 

Fig. 10. PKG was essential for BNP-induced activation of STAT3-Opa1 signaling pathway in HG-treated cardiomyocytes. (A–B) Representative blot images and 
quantitative analysis of PKG. (C–D) PKG activity. (E–F) Representative blot images and quantitative analysis of PKG, NPRA, p-STAT3, STAT3, and Opa1. (G) Confocal 
images of mitochondrial morphology stained with MitoTracker Green (upper) and mitochondrial ROS stained with MitoSOX Red (below). (H) Averaged mito-
chondrial number per cell. (I) Mean size of mitochondria (fold over HG-Con RNAi). (J) Quantitative analysis of MitoSOX Red fluorescence density (fold over HG-Con 
RNAi). (K) An Annexin V-FITC/PI labeling was used to determine cellular apoptosis by flow cytometry. (L) Quantification of apoptotic cells. (M − N) Co-IP revealed 
PKG-STAT3 interaction. Results are expressed as mean ± SEM. n = 3–8 per group. **P < 0.01. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 11. Schematic figure showing that there is an 
increased level of BNP at the early stage of diabetic 
cardiomyopathy as a compensatory protection. BNP 
binds to its receptor NPRA and activates PKG that 
consequently interacts with STAT3, which phosphor-
ylates and activates STAT3-Opa1 signaling and then 
enhances mitochondrial fusion. Subsequently, BNP- 
induced mitochondrial fusion inhibits mitochondrial 
dysfunction and mitigates diabetic cardiomyopathy. 
Mito, mitochondrial; ROS, reactive oxygen species; 
△Ψm, mitochondrial membrane potential.   
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addition, PKG-dependent signaling reduces myocardial apoptosis and 
oxidative stress and preserves cardiac function in diabetic myocardial 
ischemia-reperfusion injury [56]. Here, an important observation is that 
we have shown that PKG interacts with STAT3 directly and induces 
STAT3 activation and then promotes the transcription of Opa1. This 
result sheds light on the detailed downstream mechanisms of how BNP 
promotes Opa1-mediated mitochondrial fusion. Notably, BNP does not 
affect the expression of Opa1 in non-diabetic conditions. This is possibly 
due to the level of STAT3 phosphorylation is already relatively high and 
activation of BNP-PKG signaling will exert little additional effect. 

Eric and colleagues have shown that plasma BNP concentration is 
increased in the diabetic db/db mice [11]. Cardiac BNP expression is 
also reported to be increased in diabetic animals [57,58]. Consistent 
with previous studies, we found that STZ-induced diabetic animals have 
an enhanced expression of cardiac BNP and a higher plasma BNP level in 
vivo. BNP is significantly increased in diabetic patients with cardiac 
dysfunction, but it does not correlate with diabetic severity. This may be 
due to the fact that BNP is secreted after the heart is stretched, while 
BNP secretion is not directly stimulated by hyperglycemia. Our results 
have shown that high glucose does not change the expression of BNP in 
the cardiomycytes in vitro (Fig. 7A). It seems that the production of 
increased BNP in DCM is due to the response of ventricle to stretch but 
not high glucose [59]. BNP is generally considered to cause a reduction 
in blood pressure [60]. In our investigation, no significant difference in 
blood pressure was detected in control or diabetic mice following BNP 
administration, presumably because BNP was delivered at a low dosage 
(0.75 μg/kg/h, dose equivalent to 18 μg/kg/d) via minipump infusion. 
Similar results were also reported in a previous study in which blood 
pressure was not significantly changed when BNP was injected every 2 
days at the dose of 2 μg/mouse (equivalent to 50 μg/kg/d) [61]. 
Moreover, NPRA protein levels are gradually reduced during the process 
of DCM, which are associated with increased serum BNP levels. These 
observations suggest that BNP resistance may be developed in diabetic 
hearts. It needs to note that early treatment is important for BNP to exert 
its cardioprotective effects in DCM, since the protection of late BNP 
treatment might be largely blunted by BNP resistance at late stage of 
DCM. In that case, a much greater dose of BNP may be required to induce 
the similar effects of early treatment. This issue needs to be explored in 
further study. In addition, it appears that early BNP treatment promotes 
moderate improvement in fibrosis, but is accompanied with a rather 
modest improvement in LVEF. We expect that there to be continued 
improvement in cardiac function with a longer course of BNP treatment. 

This research still has some limitations. First, it is crucial to note that 
Opa1 might not be the exclusive critical molecule implicated in BNP’s 
cardioprotective activities, since a multitude of signaling pathways 
might be involved in the cardioprotective effects of BNP. Second, NPRA- 
PKG-STAT3 signaling was mainly explored in vitro using siRNA. 
Knockdown of NPRA, PKG or STAT3 in the hearts in vivo could provide 
more solid evidences to support the conclusion. Third, despite the fact 
that STZ-induced mice have been employed as the experimental diabetes 
model in a number of investigations [15,62], this model cannot perfectly 
mimic clinical diabetes in humans. Additional research may be required 
to elucidate the role of BNP in other types of DCM. Despite these limi-
tations, we consider that our findings offer novel and significant un-
derstanding into the role of BNP in DCM. 

It is concluded that there is an increased level of BNP at the early 
stage of DCM as a compensatory protection mechanism. BNP could 
protect against hyperglycemia-induced mitochondrial oxidative injury 
and DCM by upregulating Opa1 expression, a process in which BNP 
binds to its receptor NPRA and activates PKG that subsequently 
increasing STAT3 phosphorylation and enhancing Opa1 transcription. 
These findings suggest that BNP is a potential mitochondrial fusion 
promoter for preventing diabetes-related cardiac disorders. 
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