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Abstract
Diabetic cardiomyopathy (DCM) is characterized by lipid accumulation, mitochondrial dysfunction, and
aseptic in�ammatory activation. Mitochondria-derived cytosolic DNA has been reported to induce
in�ammation by activating cyclic GMP-AMP synthase (cGAS)/the stimulator of interferon genes (STING)
pathway in the adipose, liver, and kidney tissue. 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 activated cGAS-STING
signaling pathway during DCM, as well as the downstream targets, IRF3, NF-κB, IL-18, and IL-1β. In further
study with a palmitic acid (PA)-induced lipotoxic cell model established in H9C2 cells, we revealed that
the cytosolic mtDNA was resulted from PA-induced overproduction of mitochondrial ROS, which also led
to the activation of the cGAS/STING system and its downstream targets. Notably, treatment of extracted
mtDNA alone was su�cient to activate the cGAS-STING signaling pathway in cultured H9C2 cells.
Besides, both knockdown of STING in PA-induced H9C2 cells and inhibition of STING by C-176 injection
in the DCM mouse model could remarkably block the in�ammation and apoptosis of cardiomyocytes. In
conclusion, our study elucidated the critical role of cytosolic 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.

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) [33].
Chronic complications of T2D are the main hazards of diabetes, which often involve the heart, brain,
kidney, and other vital organs. Among them, diabetic cardiomyopathy (DCM) is an important cause of
heart failure in diabetic patients [15, 39]. T2D has many harmful effects on the heart, including lipid
hhaccumulation, abnormal energy metabolism, oxidative stress, in�ammation, apoptosis, changes in
�brosis gene expression, and decreased left ventricular function [35]. In diabetic animal models, the
increase of mitochondria-mediated cardiac apoptosis is a major event in DCM development [4, 5].

As the energy metabolism center of sugar, fat, and protein, mitochondria account for nearly 30% of the
volume of mature cardiomyocytes. Besides, mitochondria are also the places where intracellular signals
integrate and regulate cell homeostasis [31]. Under stress conditions, damaged mitochondria can release
some pro-in�ammatory signals, such as reactive oxygen species (ROS), in response to changes in the
intracellular environment [6, 11]. In some pathological 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 mitochondrial DNA (mtDNA) into the cytoplasm [3, 16]. In
patients with T2D disease, the increase of myocardial triglyceride content is signi�cantly related to the
impairment of left ventricular diastolic function [36, 38]. Previous studies have shown that DCM induced
by fatty acids is associated with mitochondrial dysfunction, oxidative stress, and in�ammation. However,
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the exact molecular mechanism of fatty acids-induced in�ammation and cell death in DCM is still
unclear.

cGMP-AMP (cGAMP) synthase (cGAS, also known as MB21D1), is considered to be a cytoplasmic DNA
biosensor that recognizes DNA from pathogens (bacteria, viruses, etc.). It activates type I interferon
response by synthesizing secondary messenger 2'3'-cGAMP in eukaryotic cells in response to the virus
and microbial infection [7, 26, 30]. cGAMP and its junction protein interferon gene stimulating protein
(STING, also known as TMEM173) binding, promotes the translocation of STING from the endoplasmic
reticulum to golgi and forms a complex with tank-binding kinase 1 (TBK1), which is transferred to the
internal lysosome where TBK1 phosphorylates transcription factors, including interferon regulatory factor
3 (IRF3) and nuclear factor-kappa B (NF-κB), to initiate signal cascade activation of innate immunity-
related genes, including type I IFN [10, 19, 41, 48]. 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 own
cytoplasmic mtDNA [23, 45].

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 the
occurrence of DCM through mtDNA-mediated activation 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-
induced lipotoxic cell model showed that PA-induced increase of cytosolic 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 HFD fed db/db mice can respectively block cell death and cardiac
dysfunction. Our novel observations suggest that cytosolic mtDNA contributes to DCM through activation
of cGAS/STING-mediated in�ammatory pathway, indicating that functional inhibition of STING could be
a potential therapeutic strategy for DCM patients.

Methods
2.1 Materials

Palmitic acid and N-acetyl-L-cysteine (NAC) were obtained from Sigma (StLouis, MO, USA). Mito-TEMPO
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). STING siRNA and the scrambled siRNA
were acquired from RiboBio (Guangzhou, China). Primary antibodies against STING, p65, p-p65, total-
IRF3, p-IRF3, IL-1β, and Tubulin were purchased from Cell Signaling Technology (Cambridge, UK). Other
antibodies against cGAS, dsDNA, GM130, CTGF, and COL1A1 were acquired from Santa Cruz
Biotechnology (Dallas, TX, USA). And the anti-mito�lin was purchased from Abcam (Cambridge, UK). The
FITC and Cy3 secondary antibodies used in immuno�uorescence staining were purchased from Bioss
(Beijing, China). In situ cell death detection kit was obtained from Roche. The whole gene DNA extraction
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kit was purchased from FOREGENE (Chengdu, China). The mitochondrial DNA extraction kit was
purchased from Biovision (USA). Other chemicals in this study were of analytical grade.

2.2 Cell culture and treatment

Cells were cultured as described previously [49]. H9C2 cells, provided by the Institute of Myocardial
Electrophysiology, Southwest Medical University, were cultured in DMEM (Hyclone, USA) containing 10%
fetal bovine serum (Sciencell, USA), 100IUml− 1 penicillin, and 100 µg ml− 1 streptomycin (Beyotime,
China) under 5%CO2 and ambient O2 at 37°C (Thermo Scienti�c, USA).

2.3 Animals

Male db/db and db/+ mice (4–5 weeks old) were purchased from TengXin (Chongqin, China). All mice
were housed in a speci�c-pathogen-free (SPF) environment (humidity 50 ± 5%, temperature 20–22℃).
db/db mice were fed with a 60Kcal% fat diet (HFKbio, China) for 8–12 weeks to establish diabetic
cardiomyopathy. The bodyweight of mice was measured every week, and fasting blood glucose was
measured every two 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 eight weeks. All animal
experiment procedures in this study were approved by the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (Revised 2011) as well as the guidelines of Southwest Medical
University (approval number:201903-59).

2.4 Echocardiography

Echocardiography was performed as described before [44]. Brie�y, M-mode echocardiograms were
implemented by a Vevo'3100 ultrasound (VisualSonics, Canada). First, mice were anesthetized with 1.5-
2% iso�urane, and then echocardiography was performed. Cardiac function parameters were collected,
including ejection fraction (EF), fractional shortening (FS), Peak E/A ratio et al.

2.5 Serum triglycerides and in�ammatory cytokines assay

Blood samples in each group were kept at room temperature for 30 minutes, then centrifuged at 3000 g
for 15 minutes (4℃). After then, the plasma samples were packed in EP tubes and stored at -80℃for the
subsequent analyses. The serum triglyceride level was determined by a rapid, convenient and sensitive
triglyceride detection kit (Nanjing Jiancheng Bioengineering Research Institute, China). The serum
in�ammatory cytokines, IL-1β and IL-18, were detected using ELISA kits from Andy Gene (Beijing, China)
based on the manufacturer's instructions.

2.6 Histological analysis

Hematoxylin-eosin (HE) staining, Tunel, and immunohistochemical staining were performed following the
previously described [22, 47]. Brie�y, the myocardial tissues were �xed with 4% paraformaldehyde, then
dehydrated and embedded in para�n. The hearts were cut into slices with a thickness of 4µm and
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incubated overnight in a thermostat at 37 ℃. Then, the slices were put into xylene and a concentration
gradient of alcohol for dewaxing. After that, the morphology of cardiomyocytes was observed by HE
staining (Solebo). Besides, cardiomyocyte apoptosis was observed by TUNEL staining (Roche).
Furthermore, myocardial �brosis was evaluated by immunohistochemical staining. After incubated with
3%H2O2 and 10% goat serum for 20 minutes and 1 hour at room temperature respectively, the slices were
incubated overnight with anti-CTGF (1:100) and anti-COL1A1 (1:100) at 4 ℃, and incubated with anti-
mouse horseradish peroxidase reagent (37 ℃, 1h) and DAB (room temperature, 5min). Finally, the slices
were observed with an optical microscope.

2.7 DNA isolation and mtDNA analysis

The experiment was carried out as described previously [3]. Brie�y, the cultured cardiomyocytes and the
freshly puri�ed mouse cardiac tissue were divided into two equal volumes. Whole-cell genomic DNA was
extracted by centrifugation column using a DNA extraction kit (FOREGENE). The other used a
mitochondrial DNA (mtDNA) extraction kit (Biovision) to extract and purify mtDNA. Cytoplasm free from
nuclear, mitochondrial, and endoplasmic reticulum contamination was obtained by high-speed
centrifugation. DNA was then isolated from these pure cytoplasmic components using a QIA Quick
nucleotide removal column (Qiagen). Quantitative PCR was performed on both whole-cell extracts and
cytosolic fractions using nuclear DNA primers (Tert) and mtDNA primers (Dloop1 to 3, and mtND4), and
the cycle threshold (CT) values obtained for mtDNA abundance for whole-cell extracts served as
normalization controls for the mtDNA values obtained from the cytosolic fractions. This allowed for
effective standardization among samples and controlled any variations in the total amount of mtDNA in
samples. Using this method, no nuclear Tert DNA was detected in the cytosolic fractions, indicating
nuclear lysis did not occur.

2.8 Western blot

Western blot analysis was performed as described before [9]. Total proteins from cells or tissue were
lysed using RIPA buffer, and the protein concentrations in the cell lysates were assayed by a protein assay
dye reagent concentrate (Bio-Rad, USA). Samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene �uoride (PVDF)
membranes (pore size 0.45 µm). After being blocked with 5% BSA for 1 h, membranes were incubated
with primary antibodies including cGAS (1:1000), STING (1:1000), p65 (1:500), p-p65 (1:1000), IRF3
(1:1000), p-IRF3 (1:1000), IL-1β (1:1000) and Tubulin (1:5000) at 4 ℃ overnight, after being washed with
TBST, the membranes were incubated with secondary antibodies for 1 h at room temperature. Finally, the
protein bands were visualized by ECL from Santa Cruz (Dallas, Texas, USA) and analyzed by Image-J
software. Cytosolic proteins were normalized to Tubulin or GAPDH.

2.9 Real-time PCR

Real-time PCR was performed as described before [20]. Samples were homogenized in TRIzol (Invitrogen),
and total RNA was isolated according to the manufacturer s suggested protocol; 1 µg of RNA was used
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for cDNA synthesis (Qiagen). Quantitative PCR reactions were performed using SYBR Green (Applied
Biosystems) and quantitated using an Applied Biosystems 7900 HT sequence detection system.
Duplicate runs of each sample were normalized to GAPDH to determine relative expression levels.

2.10 Immuno�uorescence staining

The experiment was carried out as described [14]. Brie�y, H9C2 were grown on coverslips in 6-well plates.
After adhesion, cells were �xed in 4% paraformaldehyde and blocked with 5% bovine serum albumin
(BSA). After being gently washed with PBS, the cells were incubated with the primary antibodies including
Mito�lin (1:100), dsDNA (1:100), STING (1:100), GM130 (1:100) and p65 (1:100) overnight at 4 C, and
then incubated with secondary antibodies conjugated with Fluorescein isothiocyanate (FITC) or cyanine
dye 3 (Cy3) for 1 h at room temperature. 4 6-diamidino-2-phenylindole (DAPI) was used for nuclear
staining. Finally, cells were observed under a confocal microscope (Leica, Germany).

2.11 Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism 6. Signi�cance was assessed by
performing an unpaired two-tailed T-test as indicated in individual �gures. No statistical method was used
to predetermine sample size. Quantitative data are presented as mean SEM. Statistical signi�cance was
set at *P < 0.05, **P < 0.01, ***P < 0.001.

Results
3.1 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 characteristic of the diabetic heart, we established an obesity
related diabetic mouse model to induce diabetic cardiomyopathy by feeding db/db mice with HFD for 3
months. Our data showed that compared with the db/+ mice, the BW and FBG of db/db mice fed with
HFD were signi�cantly higher (Fig.1A), as well as HbA1c and TG (Fig.1B). In addition, the detection of
in�ammatory markers showed that the concentrations of IL-1β and IL-18 in plasma of db/db mice
increased (Fig.1B). H & E staining showed that compared with db/+ mice, db/db mice fed with HFD
appeared obvious myocardial hypertrophy, narrowing of left ventricular cavity, myocardial �brosis and
even breakage (Fig.1C). Immunohistochemical staining showed that the CTGF and COL1A1 labeled �bers
in the myocardial interstitium of db/db mice were signi�cantly increased, suggesting that HFD induced
myocardial �brosis in db/db mice (Fig.1D). Electron microscope showed that the myocardial myo�lament
bundles of db/+ mice were arranged neatly, 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-line were blurred (Fig.1E). In
addition, more apoptotic cells was observed by TUNEL staining in the myocardial interstitium of db/db
mice fed with HFD (Fig.1F). Together, our data indicate that diabetic cardiomyopathy occurred in HFD fed
db/db mice.
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3.2 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 in�ammatory mediator, we
sought to identify the mitochondrial morphology and mtDNA release in DCM. We �rstly performed
electron microscopic analysis. In db/+ mice, the structure of myocardial mitochondria was complete, the
shape was round or oval, and the mitochondrial cristae were complete, rich, and arranged in parallel.
Whereas in db/db mice, 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 con�rmed that the mitochondria in cardiomyocytes from DCM were severely
impaired. Subsequently, we performed co-immunostaining of Mito�lin, the inner membrane protein, and
dsDNA to assess the mtDNA release. As expected, we found that compared with db/+ mice, the signals of
Mito�lin in cardiomyocytes of db/db mice were signi�cantly decreased. Interestingly, we observed a
signi�cant increase in the number of dsDNA in the cytoplasm of cardiomyocytes from db/db mice
(Fig.2B). 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 puri�ed myocardial cytoplasmic DNA (Fig.2D), suggesting 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 primers Loop 1-3 to detect mitochondrial
DNA in the isolated and puri�ed cytoplasmic DNA. Consistently, the levels of free Loop1, Loop2, and
Loop3 in the cytoplasm of db/db mice were signi�cantly higher than those of db/+ mice (Fig.2E),
indicating that the free dsDNA in the cytoplasm was mainly derived from mitochondria. Taken together,
Mitochondria were impaired with mtDNA release in cardiomyocytes from HFD fed db/db mice.

3.3 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 biosensor, 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
signi�cantly in the cardiomyocytes of HFD fed db/db mice (Fig.3A). We also found the cGAS and STING
gathered around the nucleus by immunostaining assay (Fig.3B-3C). In addition to activation of the cGAS
and STING, the downstream targets, NF- κB and IRF3, was also activated in increased phosphorylated
form (Fig.3A, 3D &3E), as well as the expression of NF- κB/IRF3-regulated IL-1β in the cardiomyocytes of
HFD-fed db/db mice (Fig.3A). Likewise, the increased mRNA levels of cGAS and STING in HFD-fed db/db
mice were con�rmed 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.

3.4 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 palmitate acid as a high fat-
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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 mitochondrial damage. To con�rm 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 increase of cytosolic dsDNA in a dose-dependent manner. Further study by qRT-PCR analysis
revealed that the increased cytosolic dsDNA induced by PA was derived from mitochondria (Fig.4C). To
investigate the source of ROS in the process of mitochondrial injury induced by PA, we pretreated H9C2
cells with mitochondrial speci�c ROS scavenger TEMPO. We found that TEMPO could signi�cantly
reduce PA-induced intracellular ROS activation and improve mitochondrial membrane potential (Fig.4D).
In addition, we evaluated the leakage of mtDNA by �uorescence 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 TEMPO treatment of H9C2 cells in advance
could signi�cantly reduce mtDNA leakage induced by PA (Fig.4E). In summary, these data showed that PA
caused mitochondrial damage and mtDNA leakage mainly by activating mitochondrial ROS.

3.5 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
pathway in PA-treated H9C2 cells. As shown in Figure 5A, PA treatment led to an elavated 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 not
only determined by its content but also by its location. We next performed co-immunostaining of STING
and Golgi matrix protein 130 (GM130), a Golgi marker. In H9C2 cells without PA treatment, STING was
weakly co-located with GM130, while PA treatment induced strong co-localization, which directly
indicated the functional activation of STING (Fig.5B). Consistently, the concentration of 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
in�ammation.

3.6 Extracted mtDNA is su�cient to activate cGAS-STING signaling in H9C2 cells.

As the cGAS is not a mtDNA speci�c DNA sensor, other sorts of DNA can also activate it. To con�rm that
mitochondria-derived mtDNA is able to activate the cGAS-STING pathway, we isolated and puri�ed
mtDNA to transfect into H9C2 cells. Then the activation of the cGAS-STING pathway and downstream
in�ammatory activation level were detected by Western blot and qRT-PCR. As shown in Fig 6A&6C, cGAS
and STING expression was activated after mtDNA transfection, 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 aggregation to Golgi was
signi�cantly increased in mtDNA-transfected H9C2 cells (Fig 6B), suggesting that STING was functionally
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activated by mtDNA treatment. In summary, these data showed that in PA-induced myocardial
in�ammation, the released cytoplasmic mtDNA acted as the ligand of the cGAS-STING system.

3.7 Knockdown of STING blocked the PA-induced in�ammation 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
knockdown the STING mRNA. In H9C2 cells transfected with STING siRNA, the expression of STING
protein was signi�cantly decreased (Fig.7A), and the localization of STING in Golgi was signi�cantly
decreased (Fig.7B), indicating that the transfection of STING siRNA was effective. As expected, STING
knockdown could signi�cantly inhibit the activation of NF- κB and the increase of IL-1β in H9C2 cells
treated by PA for 24 hours (Fig.7A,7C). In addition, STING knockdown could also signi�cantly blocked the
elevated secretion of IL-1β and IL-18 induced by PA treatment in the supernatant of H9C2 cells (Fig.7D).
Moreover, we also observed a signi�cant anti-apoptotic effect of STING knockdown on PA-treated H9C2
cells (Fig.7E). Taken together, these data directly indicated that knockdown of STING blocked the PA-
induced in�ammation and apoptosis in H9C2 cells.

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

Since that knockdown of STING blocked the PA-induced in�ammation and apoptosis in H9C2 cells, we
supposed STING as a potential therapeutic target of DCM. To this end, we used a speci�c inhibitor of
STING, C176, to intraperitoneally inject into HFD fed db/db mice (Fig.8A). As shown in Fig.8B, 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
cardiac function. In addition, inhibition of STING could partially improve myocardial hypertrophy induced
by HFD, but had no signi�cant effect on myocardial contractile function (Fig.8B). To further study the
pathological changes, we performed HE staining to observe the cardiac hypertrophy and
immunohistochemistry to observe the myocardial �brosis. The results showed that HFD feeding induced
ventricular hypertrophy and myocardial �brosis in db/db mice, which could be partially reversed by C176
treatment (Fig.8C). Also, HFD feeding induced the increase of in�ammatory cytokine IL-1β in db/db mice,
while C176 treatment reduced the production of IL-1β (Fig.8C), which was also con�rmed by Western blot
(Fig.8D). Besides, C176 treatment also blocked the HFD feeding induced activation of NF-κB, the
downstream target of STING, in db/db mice by inhibition of phosphorylated P65 (Fig.8E). In a word, these
results suggest that STING functions as a potential therapeutic target for diabetic cardiomyopathy.   

Discussion
As DCM is an important cause of heart failure in diabetic patients [15, 39], 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 numerous diseases such as obesity,
nonalcoholic fatty liver disease (NALFD), and acute kidney injury [3, 25, 27]. In this study, we observed the
presence of mitochondrial damage, cytosolic mtDNA, and activation of the cGAS-STING signaling
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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 �nally promoted the expression of in�ammatory factors, 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 in�ammation and cell death. These �ndings suggest that STING is a
novel, critical molecule involved in the progression of DCM.(Fig. 9).

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 [24].
A clinical study has reported that mitochondria in cardiomyocytes of diabetic patients showed
fragmentation [29]. Mito�lin, an essential protein involved in mitochondrial inner crest formation, was
reported to be down-regulated in the diabetic heart by proteome analysis and transgenic overexpression
of mito�lin attenuated diabetes mellitus-associated cardiac and mitochondrial dysfunction [43]. However,
the molecular mechanism linking mitochondrial dysfunction and cardiac cell death and in�ammation is
unclear. Here, we also visually observed the damage of the inner mitochondrial membrane of
cardiomyocytes in diabetic mice through electron microscopy [Fig. 2]. Of note, we found decreased
mito�lin and increased cytoplasmic mtDNA in H9C2 cells treated with palmitic acid and myocardial
tissue of HFD fed db/db mice [Fig. 2&4], suggesting that mitochondrial damage characterized by mito�lin
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 [Fig. 3&5]. The extracted mtDNA
treatment alone was su�cient to activate cGAS-STING and the downstream targets in vitro [Fig. 6].
Together, these results suggested that mitochondria-derived cytosolic DNA acts as a critical linker
between mitochondrial dysfunction and the pathogenesis of DCM.

It is well known that excessive mitochondrial ROS causes mitochondrial dysfunction in cardiomyocytes
by compromising ATP production and inducing cellular dysfunction [12, 50]. On the one hand, previous
studies have suggested that cardiomyocytes from animal models of T1D, T2D, and diabetic patients
show increased ROS and altered mitochondrial morphology, including mitochondrial fragmentation,
cristae disruption, and swelling [13, 17]. On the other hand, mitochondrial fragmentation induced by
chronic hyperglycemia can be reversed by a superoxide dismutase (SOD) mimetic antioxidant, suggesting
that ROS is causally related to mitochondrial dysfunction and controlling the level of mtROS might
represent a therapeutic strategy for the treatment of DCM [37, 46]. 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 scavenger NAC could effectively reduce the formation of ROS
and reverse the mitochondrial function [Fig. 4A], it is not sure whether the overproduction of ROS is
derived from mitochondria as the ROS is not only produced by mitochondria. Notably, we further observed
that the mitochondria-targeted antioxidant, mito-TEMPO, signi�cantly inhibited the PA-induced
myocardial ROS production [Fig. 4D], indicating the overproduction of mtROS in cardiomyocytes under
hyperlipidemia. Consistently, a recently published study reported that injection of mito-TEMPO for 30
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days reduced cardiomyocyte apoptosis, improved cardiac hypertrophy, and dysfunction in diabetic mice
[32]. Furthermore, we discovered that mito-TEMPO could not only block the mtROS overproduction, but
also signi�cantly 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 are known, mtDNA is thought to be similar to bacterial DNA and contains pro-in�ammatory,
unmethylated CpG motifs [8]. Previous studies have shown that escaping mtDNA can in�ame the heart
and even cause heart failure [18, 34]. In a normal physiological 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-reperfusion injury, excess
mtDNA accumulates and activates the TLR9 receptor, resulting in persistently activated in�ammation
response [34]. In addition, it has been shown that oxidized mitochondrial DNA could directly activate
NLRP3 in�ammasomes during apoptosis [40]. In this study, we reported that the cGAS-STING system was
activated in cardiomyocytes from HFD fed db/db mice and PA-treated H9C2 cells, accompanied by the
increase of cytosolic mtDNA [Fig. 2–5]. Moreover, the cGAS-STING pathway could be activated by the
extracted mtDNA treatment only in cultured H9C2 cells [Fig. 6]. Our study identi�ed 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 �rst discovered as a mediator of type I interferon
in�ammatory responses in immune cells to defend against viral and bacterial infections [26, 28]. A
growing body of evidence has shown that the cGAS-STING pathway was also activated by host DNA,
which aberrantly localized in the cytosol, contributing to increased sterile in�ammation, insulin resistance,
and the development of NAFLD [15, 25]. Following the activation of STING signaling, TBK1 is recruited
and activated via its phosphorylated C-terminal tail (CTT) [48]. The activated TBK1 acts as a scaffold to
recruit IRF3, which is then phosphorylated in a TBK1-dependent manner. The phosphorylated IRF3 enters
the nucleus and promotes the expression of target genes such as interferon [21, 42]. 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 transcription of proin�ammatory and chemokine factors [1]. 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 in�ammatory factors, IL-18 and IL-1β
[Fig. 3&5]. Of note, both knockdown of STING in PA treated H9C2 cells [Fig. 7], and inhibition of STING
with C176 injection [Fig. 8] can remarkably ameliorate myocardial in�ammation 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 �brosis by
activation of cGAS-STING signaling and subsequent in�ammation in the obesity-related DCM mouse
model. These �ndings underline the signi�cance of cGAS/STING signaling as a potential therapeutic
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target in DCM, and the preclinical e�cacy of STING inhibition as a new therapeutic strategy for the
treatment of DCM.
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Figure 1

Diabetic cardiomyopathy occurred in HFD fed db/db mice. A Dynamic changes of body weight (BW) and
fasting blood glucose (FBG) in db/+ and db/db mice during ND and HFD feeding, respectively (n=8, *P
0.05 vs 0 week). 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). C Representative images of the morphological analysis by H&E staining of heart
tissue. D CTGF and COL1A1 expressions in hearts of HFD-fed db/db mice were visualized by IHC
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staining. E Representative transmission electron microscopy images of myo�lament arrangement in db/+
mice and db/db mice. The arrow indicated Z-line or M-line. F Representative images of cardiomyocyte
apoptosis re�ected by TUNEL staining. The arrow indicated apoptotic cell.

Figure 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
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and db/db mice (n=4). B Detection of free dsDNA in cytoplasm of cardiomyocytes in two groups of mice
by immuno�uorescence double labeling, labeled mitochondria with Mito�lin (red), labeled dsDNA with
anti-dsDNA (green) and labeled nucleus with DAPI (blue). (n=4, the arrow indicated free dsDNA). C
Schematic diagram of extraction and detection of whole cell DNA, mitochondrial DNA and cytoplasmic
free DNA. D Quantitative analysis of nuclear gene Tert expression in whole cell and cytoplasm of
myocardial tissue in two groups of mice (n=9). E Cytosolic mtDNA content in freshly puri�ed
cardiomyocytes of db/+ mice and db/db mice (n=9, ***P 0.001 vs db/+ group).
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Figure 3

The cGAS-STING-IRF3/NF-κB pathway was activated 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). B-E Representative images of immuno�urescence of cGAS, STING, NF-
κB and IRF3 in mouse heart of each group. The arrow indicated the activated NF-κB and IRF3 (n=4). 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).
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Figure 4

PA-induced mitochondrial ROS led to mitochondrial damage and mtDNA release in H9C2 cells. A ROS
accumulation and the mitochondrial membrane potential (MMP) in H9C2 cells treated with PA for 24
hours. ROS level was measured by DCFH-DA �uorescence and MMP was detected by JC-1 staining (n = 4
cultures per group). B Confocal �uorescence microscopic images of H9C2 cells after 24h PA-treated,
labeling dsDNA with anti-dsDNA (green), mitochondria with mito-tracker (red) and nuclei with DAPI (blue)
(n = 5 cultures per group). 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 cultures
per group). D ROS accumulation and MMP in PA-treated H9C2 cells (n = 4 cultures per group, PA: 0.2mM
for 2h, mito-TEMPO: 0.1mM for 2h). E Confocal �uorescence microscopic images of H9C2 cells after PA-
treated, labeling dsDNA with anti-dsDNA (green), mitochondria with anti-mito�lin (red) and nuclei with
DAPI (blue). Yellow staining indicates overlapping distribution of dsDNA and mitochondria in the merged
images, green staining indicates dsDNA dissociated from mitochondria (n = 4 cultures per group, PA:
0.2mM for 2h, mito-TEMPO: 0.1mM for 2h).
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Figure 5

PA-induced activation of the cGAS-STING pathway 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 cultures per group, *P 0.05, **P 0.01, ***P
0.001 vs ctrl group, NS no signi�cance). B Confocal �uorescence microscopic images of H9C2 cells after
treated with 0.1mM PA for 24h, labeling STING with anti-STING (green), golgi with GM130 (red) and nuclei
with DAPI (blue). Yellow staining indicates overlapping distribution of STING and golgi in the merged
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images, green staining indicates STING dissociated from golgi (n = 5 cultures per group). C The
concentration of IL-1β and IL-18 in the supernatant after H9C2 cells were stimulated by PA with
concentration gradient for 24 hours (n = 6 cultures per group, **P 0.01, ***P 0.001 vs ctrl group). D
Relative mRNA level of cGAS, STING, in�ammatory genes IL-1β and IL-18 in H9C2 cells treated with PA for
24h (n=6 cultures per group, *P 0.05, **P 0.01, ***P 0.001 vs ctrl group).

Figure 6



Page 26/30

Extracted mtDNA is su�cient to activate cGAS-STING signaling in H9C2 cells. A Flow chart of
mitochondrial DNA extraction and transfection. B The protein levels of cGAS, STING and IL-1β after
mtDNA transfection of H9C2 cells (n = 6 cultures per group, mtDNA 3μg for 24h, **P 0.01, ***P 0.001 vs
mtDNA(-) group). C Confocal �uorescence microscopic images of H9C2 cells after transfected with 3μg
mtDNA for 24h, labeling STING with anti-STING (green), golgi with GM130 (red) and nuclei with DAPI
(blue). Yellow staining indicates overlapping distribution of STING and golgi in the merged images, green
staining indicates STING dissociated from golgi (n = 4 cultures per group). D Relative mRNA level of
cGAS, STING, in�ammatory genes IL-1β and IL-18 after mtDNA transfection of H9C2 cells (n=6, ***P
0.001 vs mtDNA(-) group).
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Figure 7

Knockdown of STING blocked the PA-induced in�ammation 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
cultures per group, ***P 0.001 vs indicated group). B Confocal �uorescence 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). Yellow staining indicates overlapping distribution of STING and
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golgi in the merged images, green staining indicates STING dissociated from golgi (n = 4 cultures per
group). C Representative images of immuno�urescence of NF-κB in H9C2 cells transfected by STING
siRNA (n = 4 cultures per group vs indicated group). D The concentration of IL-1β and IL-18 in the
supernatant of H9C2 cells transfected by STING siRNA (n = 6 cultures per group, ***P 0.001 vs indicated
group). E Representative apoptosis images of H9C2 cells treated by PA after NC siRNA or STING siRNA
transfected, re�ected by TUNEL staining. The arrow indicated apoptotic cell (n = 6 cultures per group).

Figure 8
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Inhibition of STING ameliorated diabetic cardiomyopathy 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 Cardiogram). B Representative echocardiographic images of each group. IVS (interventricular
septal thickness), LVPW (posterior wall thickness of left ventricle), EF% (ejection fraction), E/A ratio and
IVRT (isovolumic relaxation time)(n = 4, *P 0.05, **P 0.01, ***P 0.001, NS no signi�cance). C
Representative mouse myocardial images of the morphological analysis by H&E staining and �brosis
analysis labeled with CTGF, COL1A1 by immunohistochemistry staining (n = 4). D The protein levels of IL-
1β in mouse myocardium (n=4, ***P 0.001). E The protein levels of p-p65/p65 in mouse myocardium
(n=4, ***P 0.001).
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Figure 9

A diagrammatic sketch illustrating the mechanism by which mtDNA-cGAS-STING contributes to
in�ammation, apoptosis, hypertrophy and �brosis of cardiomyocytes in obesity related diabetic
cardiomyopathy.


