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tissues. However, the role of cytosolic mtDNA in the 
progression of DCM is unclear. In this study, with an 
obesity-related DCM mouse model established by 
feeding db/db mice with a high-fat diet (HFD), we 
observed increased mtDNA in the cytosol and acti-
vated cGAS-STING signaling pathway during DCM, 
as well as the downstream targets, IRF3, NF-κB, 
IL-18, and IL-1β. In a further study with a palmitic 
acid (PA)-induced lipotoxic cell model established in 
H9C2 cells, we revealed that the cytosolic mtDNA 
was the result of PA-induced overproduction of 
mitochondrial ROS, which also led to the activation 
of the cGAS/STING system and its downstream tar-
gets. Notably, treatment of extracted mtDNA alone 
was sufficient to activate the cGAS-STING signaling 

Abstract Diabetic cardiomyopathy (DCM) is char-
acterized by lipid accumulation, mitochondrial dys-
function, and aseptic inflammatory activation. Mito-
chondria-derived cytosolic DNA has been reported to 
induce inflammation by activating cyclic GMP-AMP 
synthase (cGAS)/the stimulator of interferon genes 
(STING) pathway in the adipose, liver, and kidney 
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pathway in cultured H9C2 cells. Besides, both knock-
down of STING in PA-induced H9C2 cells and inhi-
bition of STING by C-176 injection in the DCM 
mouse model could remarkably block the inflam-
mation and apoptosis of cardiomyocytes. In conclu-
sion, our study elucidated the critical role of cyto-
solic mtDNA-induced cGAS-STING activation in the 
pathogenesis of obesity-related DCM and provided 
preclinical validation for using a STING inhibitor as 
a new potential therapeutic strategy for the treatment 
of DCM.

Highlights 

• Mitochondria-derived cytosolic DNA acts as a 
critical linker between hyperlipidemia-induced 
mitochondrial dysfunction and pathogenesis of 
DCM.

• cGAS-STING pathway mediates the lipotox-
icity-induced myocardial dysfunction through 
sensing released cytosolic mtDNA.

• STING was identified as a new potential thera-
peutic target for the treatment of DCM.

Keywords Lipotoxicity · mtDNA release · cGAS-
STING · Diabetic cardiomyopathy

Introduction

The International Diabetes Federation estimates that 
by 2040, nearly 500 million people will be overweight 
and insulin resistant, and 642 million people will 
be affected by type 2 diabetes (T2D) (Ogurtsova 
et  al. 2017). Chronic complications of T2D are the 
main hazards of diabetes, which often involve the 
heart, brain, kidney, and other vital organs. Among 
them, DCM is an important cause of heart failure 
in diabetic patients (Isfort et  al. 2014; Seferović and 
Paulus 2015). T2D has many harmful effects on 
the heart, including lipid accumulation, abnormal 
energy metabolism, oxidative stress, inflammation, 
apoptosis, changes in fibrosis gene expression, 

and decreased left ventricular function (Peterson 
and Gropler 2020). In diabetic animal models, the 
increase of mitochondria-mediated cardiac apoptosis 
is a major event in DCM development (Bhagani et al. 
2020; Cai et al. 2002).

As the energy metabolism center of sugar, fat, and 
protein, mitochondria account for nearly 30% of the 
volume of mature cardiomyocytes. Besides, mito-
chondria are also the places where intracellular sig-
nals integrate and regulate cell homeostasis (Mottis 
et al. 2019). Under stress conditions, damaged mito-
chondria can release some pro-inflammatory signals, 
such as reactive oxygen species (ROS), in response to 
changes in the intracellular environment (Chen and 
Zweier 2014; Dan Dunn et al. 2015). In some patho-
logical conditions, such as auto-immune diseases and 
obesity, increased mitochondrial metabolic stress can 
lead to excessive ROS production and destruction of 
mitochondria, which triggers the release of mitochon-
drial DNA (mtDNA) into the cytoplasm (Bai et  al. 
2017; Ishikawa et  al. 2009). In patients with T2D 
disease, the increase of myocardial triglyceride con-
tent is significantly related to the impairment of left 
ventricular diastolic function (Rijzewijk et  al. 2008; 
Schulze et al. 2016). Previous studies have shown that 
DCM induced by fatty acids is associated with mito-
chondrial dysfunction, oxidative stress, and inflam-
mation. However, the exact molecular mechanism 
of fatty acid-induced inflammation and cell death in 
DCM is still unclear.

cGMP-AMP (cGAMP) synthase (cGAS, also 
known as MB21D1) is considered to be a cytoplas-
mic DNA biosensor that recognizes DNA from patho-
gens (bacteria, viruses, etc.). It activates type I inter-
feron response by synthesizing secondary messenger 
2′3′-cGAMP in eukaryotic cells in response to the 
virus and microbial infection (Cheng et al. 2020; Ma 
and Damania 2016; Morehouse et al. 2020). cGAMP 
and its junction protein interferon gene stimulating 
protein (STING, also known as TMEM173) binding 
promote the translocation of STING from the endo-
plasmic reticulum to Golgi and form a complex with 
tank-binding kinase 1 (TBK1), which is transferred 
to the internal lysosome where TBK1 phosphorylates 
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transcription factors, including interferon regulatory 
factor 3 (IRF3) and nuclear factor-kappa B (NF-κB), 
to initiate signal cascade activation of innate immu-
nity-related genes, including type I interferon (IFN) 
(Ding et al. 2020; Lam et al. 2014; Tanaka and Chen 
2012; Zhang et  al. 2019). The activation of cGAS-
STING protects cells from various pathogens and 
cancers by enhancing the immune response. However, 
recent studies have shown that in addition to DNA of 
microbial origin, the cGAS-STING pathway can also 
be activated by its cytoplasmic mtDNA (Liu et  al. 
2016; West and Shadel 2017).

Given that the mitochondrial metabolic stress 
can lead to mtDNA release and the cGAS-STING 
system can be activated by cytosolic mtDNA, it 
is worth noting whether impaired mitochondria 
contribute DCM through mtDNA-mediated acti-
vation of the cGAS-STING pathway. Here, we 
established an obesity-related DCM mouse model 
and observed the presence of cytosolic mtDNA, 
activation of cGAS/STING, and its downstream 
targets during DCM. Further analysis in palmitic 
acid (PA)-induced lipotoxic cell model showed 
PA-induced increase of cytosolic double-stranded 
DNA (dsDNA) and activation of cGAS/STING 
pathway in a dose-dependent manner. Knockdown 
of STING in PA-treated H9C2 cells and treatment 
with STING inhibitor in high-fat diet (HFD)-fed 
db/db mice can respectively block cell death and 
cardiac dysfunction. Our novel observations sug-
gest that cytosolic mtDNA contributes to DCM 
through activation of cGAS/STING-mediated 
inflammatory pathway, indicating that functional 
inhibition of STING could be a potential therapeu-
tic strategy for DCM patients.

Methods

Materials

Palmitic acid ( PA) and N-acetyl-l-cysteine (NAC) 
were obtained from Sigma (St. Louis, MO, USA). 
Mitochondria-targeted superoxide dismutase mimetic 

(mito-TEMPO) was purchased from Santa Cruz Bio-
technology (Dallas, TX, USA). STING siRNA and 
the scrambled siRNA were acquired from RiboBio, 
Guangzhou, China. The fluorescein isothiocyanate 
(FITC) and cyanine dye 3 (Cy3) secondary antibod-
ies used in immunofluorescence staining were pur-
chased from Bioss, Beijing, China. In situ cell death 
detection kit was obtained from Roche, Switzerland. 
The whole gene DNA extraction kit was purchased 
from FOREGENE, Chengdu, China. The mitochon-
drial DNA extraction kit was purchased from Bio-
Vision, USA. Other chemicals in this study were of 
analytical grade.

Cell culture and treatment

Cells were cultured as described previously (Zhao 
et  al. 2016). Rat myocardial cells (H9C2) were sub-
cloned from a cloned cell line of BD1X rat embryonic 
heart tissue, provided by the Institute of Myocardial 
Electrophysiology of Southwest Medical Univer-
sity in Luzhou, China. H9C2 cells were cultured in 
DMEM (Hyclone, USA) with 10% fetal bovine 
serum (Sciencell, USA), 100 IU  ml−1 penicillin, and 
100  μg   ml−1 streptomycin (Beyotime, China) under 
5%  CO2 and ambient  O2 at 37 °C (Thermo Scientific, 
USA).

Animals

Male db/db and db/ + mice (4–5  weeks old) were 
got from Teng Xin, Chongqin, China. All mice were 
raised in a specific-pathogen-free (SPF) environ-
ment (humidity 50 ± 5%, temperature 20–22  °C). 
db/db were fed with a 60  kcal% fat diet (HFKbio, 
China) for 8–12  weeks to establish diabetic cardio-
myopathy. The body weight of mice was measured 
every week, and fasting blood glucose was measured 
every 2  weeks. Mice treated with STING inhibitor 
were injected intraperitoneally with 750 nmol C-176 
(Selleck, USA) per mouse daily in 200  μl corn oil 
(Selleck, USA) for 8 weeks. In this study, all animal 
experiment procedures were in accordance with the 
guidelines of the National Institutes of Health (NIH, 
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Bethesda, USA) and Southwest Medical University 
(approval number: 201903–59).

Echocardiography

Echocardiography was performed as described before 
(Wei et  al. 2018). Briefly, echocardiograms were 
performed by a Vevo’3100 ultrasound (VisualSon-
ics, Canada). Mice were anesthetized with 1.5–2% 
isoflurane before echocardiography. Cardiac function 
parameters were collected, including ejection fraction 
(EF), fractional shortening (FS), and peak E/A ratio.

Serum triglycerides’ and inflammatory cytokines’ 
assays

Blood samples in each group were kept at room tem-
perature for 30  min, and then centrifuged at 3000  g 
for 15  min (4  °C). After then, the plasma samples 
were packed in Eppendorf tubes (EP tubes) and stored 
at − 80 °C for the subsequent analyses. The serum tri-
glyceride level was determined by a rapid, conveni-
ent, and sensitive triglyceride detection kit (Nanjing 
Jiancheng Bioengineering Research Institute, China). 
The serum inflammatory cytokines IL-1β and IL-18 
were detected using ELISA kits from Andy Gene, 
Beijing, China.

Histological analysis

Histological changes were analyzed using hema-
toxylin–eosin (H&E) staining, TdT-mediated 
dUTP Nick-End Labeling (TUNEL) staining, 
and immunohistochemical staining as previously 
reported (Liu et al. 2017; Xiao et al. 2018). Sim-
ply, the tissue was fixed with 4% paraformalde-
hyde, and then dehydrated and paraffin-embedded. 
The hearts were cut into slices with a thickness 
of 4  μm and incubated overnight in a thermostat 
at 37  °C. Then, the slices were deparaffinized 
and rehydrated. After that, the morphology of 
cardiomyocytes was observed by H&E stain-
ing (Solebo). Besides, cardiomyocyte apoptosis 

was observed by TUNEL staining (Roche, Swit-
zerland). Furthermore, myocardial fibrosis was 
evaluated by immunohistochemical staining. 
After being incubated with 3% H2O2 and 10% 
goat serum for 20  min and 1  h at room tempera-
ture respectively, the slices were incubated over-
night with anti-CTGF (1:100, Santa Cruz, USA) 
and anti-COL1A1 (1:100, Santa Cruz, USA) at 
4  °C and incubated with anti-mouse horseradish 
peroxidase reagent (37 °C, 1 h) and 3,3 N-diamin-
obenzidine tertrahydrochloride (DAB, room tem-
perature, 5 min). Finally, the slices were observed 
with an optical microscope.

DNA isolation and mtDNA analysis

The experiment was carried out as described pre-
viously (Bai et  al. 2017). Briefly, the cultured car-
diomyocytes and the freshly purified mouse cardiac 
tissue were divided into two equal volumes. Whole-
cell genomic DNA was extracted by centrifugation 
column using a DNA extraction kit (FOREGENE, 
China). The other used a mitochondrial DNA 
(mtDNA) extraction kit (BioVision, USA) to extract 
and purify mtDNA. Cytoplasm free from nuclear, 
mitochondrial, and endoplasmic reticulum con-
tamination was obtained by high-speed centrifuga-
tion. DNA was then isolated from these pure cyto-
plasmic components using a QIA Quick nucleotide 
removal column (QIAGEN, Germany). Quantitative 
PCR was performed using nuclear DNA primers 
(Tert) and mtDNA primers (Dloop1–3 and mtND4) 
for whole-cell extracts and cytoplasmic portions. 
The cycle threshold (CT) of mtDNA abundance in 
whole-cell extracts was used as normalized control, 
which effectively standardizes the sample and con-
trols any change in the total amount of mtDNA in 
the sample.

Western blot

Western blot analysis was performed as described 
before (Costantino et  al. 2019). Total proteins 
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in cells or tissues were lysed using RIPA buffer 
(Beyotime, China) and protein concentrations in 
cell lysates were determined using a bicinchoninic 
acid kit (BCA, Beyotime, China). The samples 
were separated by sodium salt-polyacrylamide gel 
electrophoresis (SDS-PAGE) and then transferred 
to 0.45-μm polyvinylidene fluoride (PVDF, Milli-
pore, USA) membranes. After being blocked with 
5% BSA for 1  h, membranes were incubated with 
primary antibodies including cGAS (1:1000, Santa 
Cruz, USA), STING (1:1000, CST, USA), p65 
(1:500, CST, USA), p-p65 (1:1000, CST, USA), 
IRF3 (1:1000, Santa Cruz, USA), p-IRF3 (1:1000, 
CST, USA), IL-1β (1:1000, CST, USA), and Tubu-
lin/GAPDH (1:5000, CST, USA) at 4 °C overnight. 
Then, the membranes were washed three times 
with TBST and incubated at room temperature with 
secondary antibodies for 1  h. Finally, the protein 
bands were visualized with an ECL luminescence 
reagent. Cytosolic proteins were normalized to 
Tubulin or GAPDH.

Real-time PCR

Real-time PCR was performed as described before 
(Li et  al. 2019a). Samples were homogenized in 
TRIzol (Invitrogen, USA), and total RNA was 
extracted from tissues or cells with an RNA extrac-
tion kit (TIANGEN, China). Then, 1  µl was taken 
for RNA OD value, OD260/280 and OD260/230, 
and the remaining RNA was reversely transcribed 
into cDNA and stored at − 80  °C for a long time 
(QIAGEN, Germany). Quantitative PCR reac-
tions were performed using Applied Biosystems™ 
SYBR™ Green (Thermo Fisher Scientific, USA) 
and quantitated using the qTOWER 3G detection 
system (Germany).  Duplicate runs of each sample 
were normalized to GAPDH to determine relative 
expression levels. Primer synthesis was carried out 
by Sangon Biotech, Shanghai, China. The prim-
ers used in this study are listed in supplementary 
table 1.

Immunofluorescence staining

The experiment was carried out as described (Haag 
et al. 2018). Briefly, H9C2 were grown to a certain 
density on a 6-well plate overlay. Then, the cells 
were fixed in 4% paraformaldehyde and drilled with 
0.2% Triton and blocked with 5% bovine serum 
albumin (BSA, Solarbio, China). Subsequently, the 
cells were incubated with the primary antibodies 
including mitofilin (1:100, Abcam, UK), dsDNA 
(1:100, Santa Cruz, USA), STING (1:100, CST, 
USA), GM130 (1:100, Santa Cruz, USA), and p65 
(1:100, CST, USA) overnight at 4 C, and then incu-
bated with FITC- or CY3-bound secondary antibod-
ies for 1  h. 4,6-Diamidino-2-phenylindole (DAPI, 
Abcam, UK) was used for nuclear staining. Finally, 
cells were observed by a confocal microscope 
(Leica, Germany).

Statistical analysis

Blots were converted to grayscale and densitometry 
analysis was performed in ImageJ. Co-localization 
analysis of immunofluorescence images was con-
ducted using Mander’s overlap coefficient. Statisti-
cal analysis was performed by GraphPad Prism 6. 
For comparison between the two groups, an unpaired 
two-tailed t test was used. For multiple comparisons, 
one-way ANOVA was used with Turkey’s test No 
statistical method was used to predetermine sam-
ple size. Statistical significance was set at *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Results

Diabetic cardiomyopathy occurred in HFD-fed db/
db mice

Given that fatty acid (FA) oxidation accounts for 
60 to 90% of mitochondrial ATP generation under 
normal conditions and FA accumulation is char-
acteristic of the diabetic heart, we established 
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Fig. 1  Diabetic cardiomyopathy occurred in HFD-fed db/
db mice. A Dynamic changes of body weight (BW) and fast-
ing blood glucose (FBG) in db/ + and db/db mice during ND 
and HFD feeding, respectively (n = 8, *P < 0.05 vs 0  week, 
using unpaired two-tailed t test). B The level of HbA1c, TG, 
IL-1β, and IL-18 in the blood of two groups of mice (n = 4, 
***P < 0.001 vs db/ + group, using unpaired two-tailed t test). 
C Representative images of the morphological analysis by 
H&E staining of heart tissue. D CTGF and COL1A1 expres-

sions in hearts of HFD-fed db/db mice were visualized by 
IHC staining (n = 4, **P < 0.01, ***P < 0.001 vs db/ + group, 
using unpaired two-tailed t test). E Representative transmission 
electron microscopy images of myofilament arrangement in 
db/ + mice and db/db mice (n = 4). The arrow indicated Z-line 
or M-line. F Representative images of cardiomyocyte apop-
tosis reflected by TUNEL staining, counterstained with DAPI 
(blue). The arrow indicated apoptotic cell (n = 4, *P < 0.05 vs 
db/ + group, using unpaired two-tailed t test)
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obesity-related diabetic mouse model to induce 
diabetic cardiomyopathy by feeding db/db mice 
with HFD for 3 months. Our data showed that com-
pared with the db/ + mice, the body weight (BW) 
and fasting blood glucose (FBG) of db/db mice fed 
with HFD were significantly higher (Fig.  1A), as 
well as hemoglobin A1c (HbA1c) and triglyceride 
(TG) (Fig. 1B). In addition, the detection of inflam-
matory markers showed that IL-1β and IL-18 in 
plasma of db/db increased (Fig. 1B). H&E staining 
showed that compared with db/ + , db/db fed with 
HFD showed obvious myocardial hypertrophy, 
narrowing of left ventricular cavity, myocardial 
fibrosis, and even breakage (Fig. 1C). Immunohis-
tochemical staining showed that the CTGF- and 
COL1A1-labeled fibers in the myocardial inter-
stitium of db/db were significantly increased, sug-
gesting that HFD-induced myocardial fibrosis 
in db/db mice (Fig.  1D). An electron microscope 
showed that the myocardial myofilament bundles 
of db/ + mice were arranged neatly and the Z-line 
and M-line were clearly visible. By contrast, the 
myocardium of db/db mice was disordered or even 
broken, the Z- and M-lines were blurred (Fig. 1E). 
In addition, more apoptotic cells were observed by 
TUNEL staining in the myocardial interstitium of 
db/db fed with HFD (Fig.  1F). Together, our data 
indicate that diabetic cardiomyopathy occurred in 
HFD-fed db/db.

Mitochondria were impaired with mtDNA release in 
cardiomyocytes from HFD-fed db/db mice

As the cytosolic mtDNA derived from damaged 
mitochondria is a potential inflammatory media-
tor, we sought to identify the mitochondrial 
morphology and mtDNA release in DCM. We 
firstly performed electron microscopic analy-
sis. In db/ + , the structure of myocardial mito-
chondria was complete, the shape was round or 
oval, and the mitochondrial cristae were com-
plete, rich, and arranged in parallel, whereas in 
db/db, the arrangement of mitochondria was 

disordered, swollen, and irregular, and most of 
the cristae were broken, fused, exfoliated, or 
even myelinated, and some vacuoles could be 
seen (Fig.  2A). These data confirmed that the 
mitochondria in cardiomyocytes from DCM were 
severely impaired. Subsequently, we performed 
co-immunostaining of mitofilin, the inner mem-
brane protein, and dsDNA to assess the mtDNA 
release. As expected, we found that compared 
with db/ + mice, the signals of mitofilin in car-
diomyocytes of db/db mice were significantly 
decreased. Interestingly, we observed a signifi-
cant increase in the number of free dsDNA in the 
cytoplasm of cardiomyocytes from db/db mice 
(Fig. 2B). To quantitatively characterize the spa-
tial relationship between mitochondria and free 
dsDNA, we calculated Mander’s overlap coeffi-
cients (MOC). As shown in Fig.  2B, the values 
of tM1 and tM2 in the db/db group were lower 
than those in the db/ + group, suggesting that 
the co-localization of mitochondria and free 
DNA decreased. To quantify the mtDNA release 
amount, we separated mitochondria and cytosol 
from the whole cell for the qRT-PCR experiment. 
The primer Tert and primer Loop 1–3 were used 
to detect nuclear DNA and mitochondrial DNA, 
respectively (Fig.  2C). Our results showed that 
Tert was not detected in the isolated and purified 
myocardial cytoplasmic DNA (Fig. 2D), suggest-
ing that the free dsDNA in the cytoplasm was 
not the nuclear source, and the cytoplasmic DNA 
extracted in this study was of high purity, and no 
obvious nucleolysis occurred. After that, we used 
primer Loop 1–3 to detect mitochondrial DNA 
in the isolated and purified cytoplasmic DNA. 
Consistently, the levels of free Loop1, Loop2, 
and Loop3 in the cytoplasm of db/db mice were 
significantly higher than those of db/ + mice 
(Fig.  2E), indicating that the free dsDNA in the 
cytoplasm was mainly derived from mitochon-
dria. Taken together, mitochondria were impaired 
with mtDNA release in cardiomyocytes from 
HFD-fed db/db.
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The cGAS-STING-IRF3/NF-κB pathway was 
activated in hearts of HFD-fed db/db mice

Given that mitochondrial damage led to 
mtDNA release into cytoplasm and cGAS is 
considered to be a cytoplasmic DNA biosen-
sor, we next tested whether the cGAS-STING 
pathway was activated in hearts from HFD-fed 
diabetic mice. Expectedly, we found that the 
expression of cGAS and STING increased sig-
nificantly in the cardiomyocytes of HFD-fed 
db/db mice (Fig.  3A). Immunofluorescence 
also showed that the expression of cGAS and 
STING was upregulated and clustered around 
the nucleus (Fig.  3B, C). In addition to activa-
tion of the cGAS and STING, the downstream 
targets, NF-κB and IRF3, were also activated in 
increased phosphorylated form (Fig. 3A, D, E), 
as well as the expression of NF-κB/IRF3-regu-
lated IL-1β in the cardiomyocytes of HFD-fed 
db/db mice (Fig. 3A). Moreover, we found that 
the co-localization of NF-κB/IRF3 and nucleus 
increased by immunofluorescence, which fur-
ther suggested their activation (Fig.  3D, E). 
Likewise, the increased mRNA levels of cGAS 

and STING in HFD-fed db/db mice were con-
firmed by RT-PCR (Fig.  3F), as well as the 
IL-1β and IL-18 (Fig.  3G). Taken together, 
these results suggested that the cGAS-STING-
IRF3/NF-κB pathway was activated in hearts of 
HFD-fed db/db mice.

PA-induced mitochondrial ROS led to mitochondrial 
damage and mtDNA release in H9C2 cells

To investigate whether the lipotoxicity mediates 
the activation of the cGAS-STING-IRF3/NF-κB 
pathway in hearts of HFD-fed db/db mice, we 
next used the H9C2 cell line treated by PA as a 
high fat-induced lipotoxic cell model. As shown 
in Fig.  4A, PA treatment led to an increase of 
ROS level and mitochondrial damage, which 
were both reversed by NAC, an inhibitor of ROS, 
indicating that PA-induced ROS led to mito-
chondrial damage. To confirm that PA treatment 
leads to mtDNA release into the cytoplasm, we 
performed co-immunostaining of mitochondria 
and dsDNA. As shown in Fig. 4B, PA induced an 
increase  in cytoplasmic free dsDNA in a dose-
dependent manner. Further study by qRT-PCR 
analysis revealed that the increased cytosolic 
dsDNA induced by PA was derived from mito-
chondria (Fig.  4C). To investigate the source 
of ROS in the process of mitochondrial injury 
induced by PA, we pre-treated H9C2 cells with 
mitochondrial-specific ROS scavenger mito-
TEMPO. We found that mito-TEMPO could sig-
nificantly reduce PA-induced intracellular ROS 
activation and improve mitochondrial membrane 
potential (Fig.  4D). In addition, we evaluated 
the leakage of mtDNA by fluorescence confocal 
analysis of dsDNA, mitochondria, and nucleus in 
PA-treated H9C2 cells. The results showed that 
mtDNA leakage in the cytoplasm of H9C2 cells 
treated with PA increased, while mito-TEMPO 
treatment of H9C2 cells in advance could sig-
nificantly reduce mtDNA leakage induced by PA 
(Fig. 4E). In summary, these data showed that PA 

Fig. 2  Mitochondria were impaired with mtDNA release in 
cardiomyocytes from HFD-fed db/db mice. A Representative 
transmission electron microscopy images of cardiomyocyte 
mitochondria in db/ + mice and db/db mice (n = 4). B Detec-
tion and quantification of dsDNA and mitofilin in cytoplasm of 
cardiomyocytes in two groups of mice by immunofluorescence 
double labeling, labeled mitochondria with mitofilin (red), 
labeled dsDNA with anti-dsDNA (green), and labeled nucleus 
with DAPI (blue). Co-localization analysis was done by Man-
der’s overlap coefficient for mitofilin with dsDNA (tM1) and 
dsNDA with mitofilin (tM2) (n = 4, *P < 0.05, **P < 0.005 vs 
db/ + group, using unpaired two-tailed t test, the arrow indi-
cated free dsDNA). C Schematic diagram of extraction and 
detection of whole-cell DNA, mitochondrial DNA, and cyto-
plasmic free DNA. D Quantitative analysis of nuclear gene 
Tert expression in whole cell and cytoplasm of myocardial tis-
sue in two groups of mice (n = 9). E Cytosolic mtDNA con-
tent in freshly purified cardiomyocytes of db/ + mice and db/db 
mice (n = 9, ***P < 0.001 vs db/ + group, using unpaired two-
tailed t test)
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Fig. 3  The cGAS-STING-IRF3/NF-κB pathway was acti-
vated in hearts of HFD-fed db/db mice. A The protein levels of 
cGAS, STING, p-IRF3/IRF3, p-p65/p65, and IL-1β in mouse 
myocardium of each group (n = 6, *P < 0.05, ***P < 0.001 
vs db/ + group, using unpaired two-tailed t test). B–E Detec-
tion and quantification of cGAS, STING, NF-κB, and IRF3 
in mouse heart of each group by immunofluorescence. The 
arrow indicated the activated NF-κB and IRF3. The Man-

der’s tM1 indicated that NF-κB or IRF3 co-localized with 
nucleus, whereas the Mander’s tM2 indicated nucleus that co-
localized with NF-κB or IRF3 (n = 4, *P < 0.05, **P < 0.005, 
***P < 0.001 vs db/ + group, using unpaired two-tailed t test). 
F, G Relative mRNA level of cGAS, STING, IL-1β, and IL-18 
in mouse myocardium of each group (n = 6, ***P < 0.001 vs 
db/ + group, using unpaired two-tailed t test)
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caused mitochondrial damage and mtDNA leak-
age mainly by activating mitochondrial ROS.

PA-induced activation of the cGAS-STING pathway 
in H9C2 cells

To elucidate the effect of PA-induced mtDNA 
release, we next evaluated the activation of the 
cGAS-STING in PA-treated H9C2. As shown in 
Fig.  5A, PA treatment led to an elevated protein 
level of cGAS and STING in a dose-dependent 
manner in H9C2 cells. In addition, the downstream 
targets, phosphorylated IRF3 and NF-κB, were 
also activated by PA treatment in a dose-dependent 
manner, as well as IL-1β, which was regulated by 
IRF3 and NF-κB (Fig. 5A). Given that the function 
of STING is determined not only by its content but 
also by its location. We next performed co-immu-
nostaining of STING and Golgi matrix protein 130 
(GM130), a Golgi marker. In H9C2 cells without 
PA treatment, STING was weakly co-localized with 
GM130, while PA treatment induced strong co-
localization, which directly indicated the functional 
activation of STING (Fig.  5B). Consistently, IL-1β 
and IL-18 in the supernatant of H9C2 cells after PA 
treatment were also increased in a dose-dependent 
manner (Fig.  5C), as well as the mRNA levels of 
cGAS, STING, IL-1β, and IL-18 (Fig.  5D). Taken 
together, these results indicated that activation of the 
cGAS-STING pathway is involved in PA-induced 
myocardial inflammation.

Extracted mtDNA is sufficient to activate 
cGAS-STING signaling in H9C2 cells

As the cGAS is not the mtDNA-specific DNA 
sensor, other sorts of DNA can also activate it. 
To confirm that mitochondria-derived mtDNA 
can activate the cGAS-STING pathway, we iso-
lated and purified mtDNA to transfect into H9C2 
cells. Then, the activation of the cGAS-STING 
pathway and downstream inflammatory activation 

level were detected by western blot and qRT-PCR. 
As shown in Fig.  6 A and C, cGAS and STING 
expression was activated after mtDNA transfec-
tion, accompanying the increased expression 
of IL-1β and IL-18. In addition, we performed 
co-immunostaining of STING and Golgi in PA-
treated H9C2 cells to evaluate the activation of 
STING. The results indicated that STING aggre-
gation to Golgi was significantly increased in 
mtDNA-transfected H9C2 cells (Fig.  6B), sug-
gesting that STING was functionally activated by 
mtDNA treatment. In summary, these data showed 
that in PA-induced myocardial inflammation, the 
released cytoplasmic mtDNA acted as the ligand 
of the cGAS-STING system.

Knockdown of STING blocked the PA-induced 
inflammation and apoptosis in H9C2 cells

Given that STING functions as an effector in 
the cGAS-STING system, we sought to identify 
whether the inhibition of STING can reverse 
the effect of PA treatment in H9C2 cells. We 
employed siRNA to knock down the STING 
mRNA. In H9C2 cells transfected with STING 
siRNA, the expression of STING protein was 
significantly decreased (Fig.  7A, D), and the 
localization of STING in Golgi was signifi-
cantly decreased (Fig.  7D), indicating that the 
transfection of STING siRNA was effective. 
As expected, STING knockdown could signifi-
cantly inhibit the activation of NF-κB and the 
increase of IL-1β in H9C2 cells treated by PA 
for 24 h (Fig. 7A, E). Meanwhile, we have pre-
treated H9C2 cells with C-176 (a small mole-
cule inhibitor of palmitoylation of STING) and 
quantify IL-1β and p-p65 levels. The results 
showed that C176 could reduce the expression 
of IL-1β and phosphorylation of p65 induced 
by palmitic acid, which was similar to that of 
STING siRNA (Fig.  7B). In addition, STING 
knockdown could also significantly block the 
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elevated secretion of IL-1β and IL-18 induced 
by PA treatment in the supernatant of H9C2 
cells (Fig.  7C). Moreover, we also observed 
a significant anti-apoptotic effect of STING 
knockdown on PA-treated H9C2 cells (Fig. 7F). 
Taken together, these data directly indicated 
that knockdown of STING blocked the PA-
induced inf lammation and apoptosis in H9C2 
cells.

Inhibition of STING-ameliorated diabetic 
cardiomyopathy in HFD-fed db/db mice

Since that knockdown of STING blocked the PA-
induced inflammation and apoptosis in H9C2 cells, 

we supposed STING as a potential therapeutic target 
of DCM. To this end, we used C176, a specific inhibi-
tor of STING, to intraperitoneally inject into HFD-
fed db/db mice (Fig. 8A). As the body weight (BW) 
of db/db mice was stable from the 7 weeks of HFD 
(Fig. 1A), we intended to start the UCG at the 7 weeks 
of HFD and perform once a week. Unexpectedly, 
C176-treated db/db mice exhibited improved cardiac 
parameters than vehicle-treated db/db at the 7 weeks 
of HFD. As shown in Fig.  8B, C176 had a slight 
effect on cardiac diastolic function in db/ + mice, but 
without statistical significance. However, inhibition 
of STING can reverse the cardiac dysfunction in db/
db mice fed with HFD, showing an increase in E/A 
ratio and a shortening of isovolumic relaxation time 
(IVRT), suggesting an improvement in diastolic car-
diac function. In addition, inhibition of STING could 
partially improve myocardial hypertrophy induced 
by HFD but had no significant effect on myocardial 
contractile function (Fig.  8B). To further study the 
pathological changes, we performed H&E staining 
to observe the cardiac hypertrophy and immunohis-
tochemistry to observe the myocardial fibrosis. The 
results showed that HFD feeding induced ventricular 
hypertrophy and myocardial fibrosis in db/db mice, 
which could be partially reversed by C176 treatment 
(Fig.  8C). Also, HFD feeding induced the increase 
of inflammatory cytokine IL-1β in db/db mice, while 
C176 treatment reduced the production of IL-1β 
(Fig. 8C), which was also confirmed by western blot 
(Fig. 8D). Besides, C176 treatment also blocked the 
HFD feeding-induced activation of NF-κB in db/db 
mice by inhibition of phosphorylated P65 (Fig. 8E). 
In a word, these results suggest that STING func-
tions as a potential therapeutic target for diabetic 
cardiomyopathy.

Discussion

As DCM is an important cause of heart failure in 
diabetic patients (Isfort et  al. 2014; Seferović and 

Fig. 4  PA-induced mitochondrial ROS led to mitochondrial 
damage and mtDNA release in H9C2 cells. A ROS accumu-
lation and the mitochondrial membrane potential (MMP) in 
H9C2 cells treated with PA for 24  h. ROS level was meas-
ured by DCFH-DA fluorescence and MMP was detected by 
JC-1 staining (n = 4, *P < 0.05, **P < 0.005, ***P < 0.001 
vs indicated group, using one-way ANOVA followed by Tur-
key’s test). B Confocal fluorescence microscopic images of 
H9C2 cells after 24-h PA treatment, labeling dsDNA with 
anti-dsDNA (green), mitochondria with mito-tracker (red), 
and nuclei with DAPI (blue). The Mander’s tM1 indicated 
that mitochondria co-localized with the dsDNA, whereas the 
Mander’s tM2 indicated dsDNA that co-localized with mito-
chondria (n = 5, ***P < 0.001 vs ctrl group, using unpaired 
two-tailed t test). The arrow indicated free dsDNA. C Nuclear-
encoded Tert gene expression in whole-cell and cytosolic 
extracts, and cytosolic mtDNA content from PA-treated H9C2 
cells (n = 9, ***P < 0.001 vs ctrl group, using unpaired two-
tailed t test). D ROS accumulation and MMP in PA-treated 
H9C2 cells (n = 4, PA: 0.2 mM for 2 h, mito-TEMPO: 0.1 mM 
for 2  h, *P < 0.05, ***P < 0.001 vs indicated group, using 
one-way ANOVA followed by Turkey’s test). E Confocal flu-
orescence microscopic images of H9C2 cells after PA treat-
ment, labeling dsDNA with anti-dsDNA (green), mitochon-
dria with anti-mitofilin (red), and nuclei with DAPI (blue). 
The Mander’s tM1 indicated that mitochondria co-localized 
with dsDNA, whereas the Mander’s tM2 indicated dsDNA 
that co-localized with mitochondria (n = 4, PA: 0.2  mM for 
2  h, mito-TEMPO: 0.1  mM for 2  h, *P < 0.05, **P < 0.005, 
***P < 0.001 vs indicated group, using one-way ANOVA fol-
lowed by Turkey’s test)
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Paulus 2015), it is critical to identify therapeutic 
targets to prevent disease progression. Recently, a 
growing body of evidence has demonstrated that the 
cGAS-STING system plays a central role in numer-
ous diseases such as obesity, nonalcoholic fatty liver 
disease (NAFLD), and acute kidney injury (Bai et al. 
2017; Luo et al. 2018; Maekawa et al. 2019). In this 
study, we observed the presence of mitochondrial 
damage, cytosolic mtDNA, and activation of the 
cGAS-STING signaling pathway in cardiomyocytes 
from an obesity-related DCM mouse model. Using 
a PA-induced lipotoxicity cell model, we determined 
that PA-induced mtROS overproduction resulted in 
mtDNA release, which subsequently activated the 
cGAS/STING signaling pathway and its downstream 
targets, NF-κB and IRF3. The activated NF-κB/IRF3 
finally promoted the expression of inflammatory fac-
tors, IL-18 and IL-1β. Notably, either downregulation 
of STING in H9C2 cells or STING inhibitor injection 
to HFD-fed db/db mice could block the lipotoxicity-
induced inflammation and cell death. These find-
ings suggest that STING is a novel, critical molecule 
involved in the progression of DCM

In mature cardiomyocytes, mitochondria account 
for nearly 30% of the volume. It is well known that 

mitochondrial dysfunction plays a vital role in the 
pathological process of diabetic cardiomyopathy 
(López-Armada et  al. 2013). A clinical study has 
reported that mitochondria in cardiomyocytes of 
diabetic patients showed fragmentation (Mont-
aigne et  al. 2014). Mitofilin, an essential protein 
involved in mitochondrial inner crest formation, 
was reported to be downregulated in the diabetic 
heart by proteome analysis and transgenic overex-
pression of mitofilin attenuated diabetes mellitus-
associated cardiac and mitochondrial dysfunction 
(Thapa et al. 2015). However, the molecular mecha-
nism linking mitochondrial dysfunction and car-
diac cell death and inflammation is unclear. Here, 
we also visually observed the damage of the inner 
mitochondrial membrane of cardiomyocytes in dia-
betic mice through electron microscopy (Fig. 2). Of 
note, we found decreased mitofilin and increased 
cytoplasmic mtDNA in H9C2 cells treated with 
palmitic acid and myocardial tissue of HFD-fed db/
db mice (Figs. 2 and 4), suggesting that mitochon-
drial damage characterized by mitofilin decreased 
resulted in mtDNA leakage into the cytosol. In 
addition, the DNA sensor system, cGAS-STING 
signaling, was activated in PA-treated H9C2 cells 
and diabetic hearts (Figs.  3 and 5). The extracted 
mtDNA treatment alone was sufficient to activate 
cGAS-STING and the downstream targets in  vitro 
(Fig. 6). Together, these results suggested that mito-
chondria-derived cytosolic DNA acts as a critical 
linker between mitochondrial dysfunction and the 
pathogenesis of DCM.

It is widely recognized that excessive mito-
chondrial ROS causes mitochondrial dysfunction 
and induces cellular dysfunction in cardiomyo-
cytes by compromising ATP production (Fau-
connier et  al. 2007; Zorov et  al. 2014). On the 
one hand, previous studies have shown that myo-
cardial cells in T1D and T2D animal models and 
diabetic patients generally show increased ROS, 
as well as mitochondrial morphological changes, 
mainly including mitochondrial fragmentation, 
crest fracture, and swelling (Galloway and Yoon 

Fig. 5  PA-induced activation of the cGAS-STING path-
way in H9C2 cells. A The protein levels of cGAS, STING, 
p-IRF3/ IRF3, p-p65/p65, and IL-1β in H9C2 treated with PA 
(n = 6, *P < 0.05, **P < 0.01, ***P < 0.001 vs ctrl group, NS: 
no significance, using unpaired two-tailed t test). B Confocal 
fluorescence microscopic images of H9C2 cells after treatment 
with 0.1-mM PA for 24  h, labeling STING with anti-STING 
(green), Golgi with GM130 (red), and nuclei with DAPI 
(blue). Quantification of STING was detected by integrated 
density (IntDen). The Mander’s tM1 indicated that Golgi co-
localized with STING, whereas the Mander’s tM2 indicated 
STING that co-localized with Golgi (n = 5, ***P < 0.001 vs 
ctrl group, using unpaired two-tailed t test). C The concentra-
tions of IL-1β and IL-18 in the supernatant after H9C2 cells 
were stimulated by PA with concentration gradient for 24  h 
(n = 6, **P < 0.01, ***P < 0.001 vs ctrl group, using unpaired 
two-tailed t test). D Relative mRNA level of cGAS, STING, 
and inflammatory genes IL-1β and IL-18 in H9C2 cells treated 
with PA for 24 h (n = 6, *P < 0.05, ***P < 0.001 vs ctrl group, 
using unpaired two-tailed t test)
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2015; Jarosz et  al. 2017). On the other hand, 
hyperglycemia-induced mitochondrial fragmen-
tation can be reversed by stimulating the antiox-
idant superoxide dismutase (SOD), suggesting a 
causal relationship between ROS and mitochon-
drial dysfunction, and controlling mtROS levels 
may be a strategy for treating DCM (Schilling 
2015; Westermeier et  al. 2015). However, the 
role of hyperlipidemia-induced mtROS in the 
progression of DCM is unknown. In this study, 
we observed excessive production of ROS and 
impaired mitochondria in H9C2 cells treated 
by palmitic acid in a dose-dependent manner 
(Fig.  4A). Although incubation with ROS scav-
enger NAC could effectively reduce the for-
mation of ROS and reverse the mitochondrial 
function (Fig.  4A), it is not sure whether the 
overproduction of ROS is derived from mito-
chondria as the ROS is not only produced by 
mitochondria. Notably, we further observed that 
the mitochondria-targeted antioxidant, mito-
TEMPO, significantly inhibited the PA-induced 
myocardial ROS production (Fig.  4D), indicat-
ing the overproduction of mtROS in cardio-
myocytes under hyperlipidemia. Consistently, a 
recently published study reported that injection 

of mito-TEMPO for 30 days reduced cardiomyo-
cyte apoptosis and improved cardiac hypertro-
phy and dysfunction in diabetic mice (Ni et  al. 
2016). Furthermore, we discovered that mito-
TEMPO could not only block the mtROS over-
production but also significantly reduce the 
leakage of mitochondrial DNA, suggesting a 
mechanism of mtROS-induced cytosolic DNA 
increase (Fig.  4E). Taken together, our data 
revealed an early regulated axis of lipid/mtROS/
mtDNA in obesity-related DCM.

As we have known, mtDNA is thought to 
be similar to bacterial DNA and contains pro-
inflammatory, unmethylated CpG motifs (Col-
lins et  al. 2004). Previous studies have shown 
that escaping mtDNA can inflame the heart and 
even cause heart failure (Konstantinidis and 
Kitsis 2012; Oka et al. 2012). In a normal phys-
iological state, escaped mtDNA and damaged 
mitochondria can be digested and degraded by 
lysosome-mediated autophagy and mitophagy, 
whereas in a variety of disease states, such as 
blood pressure overload and ischemia–reperfu-
sion injury, excess mtDNA accumulates and 
activates the Toll-like receptor 9 (TLR9), 
resulting in persistently activated inflamma-
tion response (Oka et  al. 2012). In addition, 
it has been shown that oxidized mitochondrial 
DNA could directly activate pyrin domain-
containing protein 3 (NLRP3) during apoptosis 
(Shimada et  al. 2012). Here, we report activa-
tion of the cGAS-STING system, accompanied 
by increased cytoplasmic mtDNA, in HFD-fed 
db/db and PA-treated H9C2 (Figs.  2, 3, 4, and 
5). Moreover, the cGAS-STING pathway could 
be activated by the extracted mtDNA treatment 
only in cultured H9C2 cells (Fig. 6). Our study 
identified cGAS-STING, not TLR9 receptor, as 
another mtDNA sensor to mediate lipotoxicity-
induced myocardial dysfunction.

As a DNA sensor system, the cGAS-STING 
pathway was first discovered as a mediator of type 

Fig. 6  Extracted mtDNA is sufficient to activate cGAS-
STING signaling in H9C2 cells. A Flow chart of mitochon-
drial DNA extraction and transfection. B The protein levels of 
cGAS, STING, and IL-1β after mtDNA transfection of H9C2 
cells (n = 6, mtDNA 3  μg for 24  h, **P < 0.01, ***P < 0.001 
vs mtDNA(-) group, using unpaired two-tailed t test). C Con-
focal fluorescence microscopic images of H9C2 cells after 
transfected with 3 μg mtDNA for 24 h, labeling STING with 
anti-STING (green), Golgi with GM130 (red), and nuclei 
with DAPI (blue). Quantification of STING was detected 
by integrated density (IntDen). The Mander’s tM1 indicated 
that Golgi co-localized with STING, whereas the Mander’s 
tM2 indicated STING that co-localized with Golgi (n = 4, 
*P < 0.05, **P < 0.01, ***P < 0.001 vs mtDNA(-) group, 
using unpaired two-tailed t test). D Relative mRNA level of 
cGAS, STING, and inflammatory genes IL-1β and IL-18 after 
mtDNA transfection of H9C2 cells (n = 6, ***P < 0.001 vs 
mtDNA(-) group, using unpaired two-tailed t test)
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I IFN inflammatory responses in immune cells to 
defend against viral and bacterial infections (Ma 
and Damania 2016; Marinho et al. 2017). A grow-
ing body of evidence has shown that the cGAS-
STING pathway was also activated by host DNA, 
which aberrantly localized in the cytosol, contrib-
uting to increased sterile inflammation, insulin 
resistance, and the development of NAFLD (Isfort 

et  al. 2014; Luo et  al. 2018). Following the acti-
vation of STING signaling, TBK1 is recruited 
and activated via its phosphorylated C-terminal 
tail (CTT) (Zhang et  al. 2019). The activated 
TBK1 acts as a scaffold to recruit IRF3, which is 
then phosphorylated in a TBK1-dependent man-
ner. The phosphorylated IRF3 enters the nucleus 
and promotes the expression of target genes such 
as interferon (Li et  al. 2019b; Tanaka and Chen 
2012). On the other hand, TBK1 also plays a role 
as the activator of NF-κB, which could promote 
not only interferon expression but also a transcrip-
tion of pro-inflammatory and chemokine factors 
(Abe and Barber 2014). Consistently, our results 
demonstrated that activation of the cGAS-STING 
pathway was accompanied by increases of the 
downstream mediators, IRF3 and p65 (one form 
of NF-κB), and the downstream inflammatory fac-
tors, IL-18 and IL-1β (Figs. 3 and 5). Of note, both 
knockdowns of STING in PA-treated H9C2 cells 
(Fig. 7) and inhibition of STING with C176 injec-
tion (Fig. 8) can remarkably ameliorate myocardial 
inflammation and apoptosis. These data suggest 
cGAS-STING/IRF3/NF-κB axis acts as a mediator 
in the progression of DCM.

Conclusion

Our study demonstrated that lipotoxicity-induced 
mtDNA release led to cardiac cell death and 
fibrosis by activation of cGAS-STING signal-
ing and subsequent inflammation in the obe-
sity-related DCM mouse model. These findings 
underline the significance of cGAS/STING sign-
aling as a potential therapeutic target in DCM, 
and the preclinical efficacy of STING inhibition 
as a new therapeutic strategy for the treatment of 
DCM.

Fig. 7  Knockdown of STING blocked the PA-induced inflam-
mation and apoptosis in H9C2 cells. A The protein levels of 
STING, p-p65/p65, and IL-1β in PA-treated H9C2 cells after 
STING knockdown by siRNA (n = 6, ***P < 0.001 vs PBS 
group with NC siRNA; ###P < 0.001 vs PA group with NC 
siRNA, using one-way ANOVA followed by Turkey’s test). 
B The protein levels of p-p65/p65 and IL-1β in PA-treated 
H9C2 cells pre-treated with STING inhibitor C176 (n = 4, 
**P < 0.01, ***P < 0.001 vs ctrl group; #P < 0.05, ###P < 0.001 
vs PA group, using one-way ANOVA followed by Turkey’s 
test). C The concentration of IL-1β and IL-18 in the super-
natant of H9C2 cells transfected by STING siRNA (n = 6, 
***P < 0.001 vs PBS group with NC siRNA; ###P < 0.001 
vs PA group with NC siRNA, using one-way ANOVA fol-
lowed by Turkey’s test). D Confocal fluorescence microscopic 
images of PA-treated H9C2 cells after STING knockdown by 
siRNA, labeling STING with anti-STING (green), Golgi with 
GM130 (red), and nuclei with DAPI (blue). Quantification 
of STING was detected by integrated density (IntDen). The 
Mander’s tM1 indicated that Golgi co-localized with STING, 
whereas the Mander’s tM2 indicated STING that co-localized 
with Golgi (n = 4, *P < 0.05, **P < 0.01, ***P < 0.001 vs PBS 
group with NC siRNA; ###P < 0.001 vs PA group with NC 
siRNA, using one-way ANOVA followed by Turkey’s test). E 
Representative images of immunofluorescence of NF-κB in 
H9C2 cells transfected by STING siRNA. The Mander’s tM1 
indicated that NF-κB co-localized with nucleus, whereas the 
Mander’s tM2 indicated nucleus that co-localized with NF-κB 
(n = 4, *P < 0.05 vs PBS group with NC siRNA; #P < 0.05, 
###P < 0.001 vs PA group with NC siRNA, using one-way 
ANOVA followed by Turkey’s test). F Representative apop-
tosis images of H9C2 cells treated by PA after NC siRNA or 
STING siRNA transfected, reflected by TUNEL staining, 
counterstained with DAPI (blue). The arrow indicated apop-
totic cell (n = 6, ***P < 0.001 vs PBS group with NC siRNA; 
###P < 0.001 vs PA group with NC siRNA, using one-way 
ANOVA followed by Turkey’s test)
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Fig. 8  Inhibition of STING-ameliorated diabetic cardiomyo-
pathy in HFD-fed db/db mice. A Flow chart of mouse feeding 
(C176, STING inhibitor, 750 nmol per mouse daily in 200 μl 
corn oil, intraperitoneal injection. UCG, ultrasound cardio-
gram). B Representative echocardiographic images of each 
group. IVS (interventricular septal thickness), LVPW (pos-
terior wall thickness of left ventricle), EF% (ejection frac-
tion), E/A ratio and IVRT (isovolumic relaxation time) (n = 4, 
*P < 0.05, **P < 0.01, ***P < 0.001 vs indicated group, NS: 
no significance, using one-way ANOVA followed by Tur-

key’s test). C Representative mouse myocardial images of the 
morphological analysis by H&E staining and fibrosis analysis 
labeled with CTGF, and COL1A1 by immunohistochemistry 
staining (n = 4). D The protein levels of IL-1β in mouse myo-
cardium (n = 4, ***P < 0.001 vs indicated group, using one-
way ANOVA followed by Turkey’s test). E The protein levels 
of p-p65/p65 in mouse myocardium (n = 4, ***P < 0.001 vs 
indicated group, using one-way ANOVA followed by Turkey’s 
test)
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