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Abstract

Background: Diabetic cardiomyopathy (DCM) is an important cause of heart failure in diabetic patients. The aim of this study was to
investigate the pathogenesis of DCM and to identify potential therapeutic targets. Methods: A mouse model of type 1 DCM was con-
structed by continuous intraperitoneal injection of streptozotocin (STZ). Systolic and diastolic functions were measured by ultrasound.
The expression of La-related protein 7 (LARP7), the stimulator of interferon genes (STING) pathway and light chain 3 (LC3) in myocar-
dial tissue was detected by Western blot and immunofluorescence analyses. Neonatal mouse ventricular cardiomyocytes (NMVCMs)
were isolated and cultured. An in vitro type 1 diabetes mellitus (T1DM) model was established by treatment with high glucose. Knock-
down/overexpression of LARP7 and STINGwas achieved by adenovirus transduction, C-176 (a potent covalent inhibitor of STING), and
plasmid transfection. The expression, activation, and localization of STING and LARP7 in cardiomyocytes was evaluated, as well as the
interaction between the two. The effect of this interaction on the STING-dependent autophagy‒lysosomal pathway was also explored.
In addition, the fibrosis and apoptosis of cardiomyocytes were evaluated. Results: High glucose was found to increase the expression
and activation of STING and LARP7 in mouse myocardial tissue. This was accompanied by myocardial fibrosis, impaired autophagy
degradation function and impaired cardiac function. These findings were further confirmed by in vitro experiments. High glucose caused
LARP7 to translocate from the nucleus to the cytoplasm, where it interacted with accumulated STING to inhibit its degradation. Inhibition
of STING or LARP7 expression significantly improved myocardial injury induced by high glucose. Conclusions: Targeted inhibition
of LARP7 or STING expression may be a potential therapeutic strategy for the treatment of DCM.
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1. Introduction

Diabetes mellitus (DM) is a major chronic disease
that endangers human health. The cardiovascular damage
caused by DM has become the main cause of death in dia-
betic patients [1]. Diabetic cardiomyopathy (DCM) is one
of the cardiac complications of DM and refers to impaired
cardiac filling and decreased systolic function, which ulti-
mately induces heart failure [2,3]. Current treatment meth-
ods for DCM focus on controlling blood sugar, delaying
ventricular remodeling, and correcting heart failure. How-
ever, there is still a lack of effective treatments for DCM.
Conventional treatments place a heavy financieal burden on
patients and have limitations. Despite the standardized ap-
plication of drugs such as sodium-dependent glucose trans-
porters 2 (SGLT2) inhibitors, spironolactone, angiotensin-
converting enzyme inhibitors (ACEIs) and angiotensin II
receptor blockers (ARBs), many diabetic patients still suf-
fer end-stage heart failure due to DCM [4–7].

Stimulator of interferon gene (STING) is a signal
transduction molecule closely associated with the innate
immune response. It is induced by virus invasion and cell

damage and activates the inflammatory response through
the induction of type I interferons (IFN-I) to resist exotic
pathogens [8]. Of note, pathogenic microbial DNA can in-
duce the expression and activation of STING. Moreover,
endogenous DNA release caused by various intracellular
toxic stresses can have the same effect [9]. Increasing
evidence suggests that STING plays an important role in
regulating insulin sensitivity and inducing ventricular re-
modeling in diabetic patients. On one hand, activation of
the STING pathway can affect the homeostasis of glucose
metabolism bymediating pancreaticβ-cell senescence, glu-
cose intolerance, and insulin resistance [10]. On the other
hand, during the progression of DCM,myocardial hypertro-
phy can be promoted by inducing pyroptosis and proinflam-
matory responses [11]. Under physiological conditions,
STING can be degraded through various pathways after ex-
erting its signal transduction function, such as the K48 ubiq-
uitin‒proteasome pathway and autophagy‒lysosome path-
way, thus avoiding tissue damage caused by its overexpres-
sion and activation [12–14]. Previous studies established
that during the course of cardiovascular diseases such as
myocardial infarction and heart failure, various pathogenic
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factors can inhibit STING degradation, result in intracellu-
lar accumulation as well as causing overactivation of down-
stream signaling pathways [15–18]. The aim of the present
study was therefore to explore the relationship between ob-
struction of the STING degradation pathway and the pro-
gression of DCM.

LARP7 is a member of the La-related protein (LARP)
family. It acts as an important negative transcriptional reg-
ulator of RNA polymerase II and is also involved in the
induction of ventricular hypertrophy [18,19]. More than
50% of LARP7 in human cells forms part of the 7SK com-
plex, which includes 7SK RNA, methyl phosphate capping
enzyme (MePCE), hexamethylene bis-acetamide inducible
(HEXIM1/2), and positive transcription elongation factor
b (P-TEFb). LARP7 binds to the C-terminal UUU-3′OH
of 7SK RNA to maintain the stability of 7SK ribonucleo-
protein (RNP), together with MePCE [20,21]. In myocar-
dial tissue, pathological stimuli cause LARP7 to dissoci-
ate, thereby reducing the stability of the complex. Free
P-TEFb is then recruited to the RNA polymerase II pro-
moter by transcription factors such as bromodomain protein
4 (BRD4), thereby stimulating transcription elongation and
inducing ventricular hypertrophy [22]. However, the role
of free LARP7 in the cytoplasm is still unclear.

In the present study, a high glucose-induced DCM cell
model was used to investigate the role of free LARP7 in
the process of glucose-induced cardiac dysfunction, apop-
tosis and fibrosis. The results indicate that high glucose
inhibits the degradation of STING through the autophagy-
lysosomal pathway. Additionally, LARP7 expression was
upregulated and its intracellular localization was altered.
Moreover, the degradation of STING was inhibited by its
interaction with LARP7. The accumulation of STING in
vivo not only caused inflammation and immune responses,
but also induced myocardial remodeling and cardiac dys-
function by inducing cardiomyocyte fibrosis and apoptosis.
Downregulation of STING or LARP7 expression signifi-
cantly inhibited the occurrence of fibrosis and apoptosis.
This study identified a regulatory effect of free LARP7 on
the STING pathway, thus providing new insights into the
pathogenesis of DCM. Furthermore, it suggested that tar-
geting of STING or LARP7, either alone or in combination,
could serve as a novel therapeutic strategy for the treatment
of DCM.

2. Materials and Methods
2.1 DCM Mouse Model

Male C57BL/6J mice (6–8 weeks old) were purchased
from the Experimental Animal Center, Fourth Military
Medical University (Xi’an, Shaanxi, China). Mice were
randomly assigned to a control group and to a Type 1 di-
abetes mellitus (T1DM) group. An Streptozotocin (STZ)
solution (Sigma-Aldrich, St. Louis, MO, USA, 60 mg/kg)
was injected intraperitoneally for 5 consecutive days to con-
struct a type 1 DCM mouse model. The control group was

injected with an equal volume of citrate buffer. Blood sam-
ples were collected via the tail vein on days 3, 5 and 7
after the last injection. Mice with a random blood glu-
cose level ≥16.7 mmol/L were considered to have type 1
DCM and were then maintained for another 6 weeks to de-
velop myocardial injury. All animal experiments were per-
formed in accordance with the guidelines of the Animal Ex-
perimentation Committee of the Second Affiliated Hospi-
tal of Xi’an Jiaotong University (Shaanxi, approved num-
ber XJTUAE2022-374), and all methods were carried out
in accordance with Animal Research: Reporting in Vivo
Experiments (ARRIVE) guidelines. The above-mentioned
experiments were conducted at least three times.

2.2 Echocardiography
Mice were anesthetized with 2% isoflurane. Echocar-

diography was used to calculate cardiac function with the
UBM system (Vevo 770, Toronto, Canada). Left ventricu-
lar fractional shortening (FS) and the ejection fraction (EF)
were assessed using Vevo Analysis software (version 3.0.0,
VisualSonics, Toronto, Canada). To assess diastolic func-
tion, an apical four-chamber view of the left ventricle was
obtained. Maximal early (E) and late (A) transmitral veloc-
ities in diastole were analyzed to measure the mitral inflow
velocity spectrum. Echocardiography was conducted by in-
vestigators who were blinded to the study.

2.3 Immunohistochemistry and Immunofluorescence
After the T1DM model was successfully constructed,

mice were sacrificed by cervical dislocation. Left ventricu-
lar specimens were obtained, fixed with 4% paraformalde-
hyde and embedded in paraffin. Tissue samples from the
myocardium were then cut into serial sections (5 µm thick-
ness) from the mid-transverse area. The sections were
heated to retrieve antigen and then incubated with anti-LC3
antibody overnight at 4 °C. After incubating with a univer-
sal two-step kit (anti-rabbit/anti-mouse PV-9000 secondary
antibodies) at room temperature for 1 h, diaminobenzidine
was used for color rendering and hematoxylin to stain the
nuclei. Sections were then cleared in xylene and sealed
with neutral gum. An isotype control antibody was used as
the negative control. A digital scanner (Pannoramic MIDI,
3DHISTECH, Budapest, Hungary) was used to analyze the
immunohistochemistry results. The sections were stained
with picrosirus red to display the collagen components. Sta-
tistical analysis was carried out using the grading system
described in the immunohistochemical techniquemethod of
the Chinese Pathological Society.

CY3-labeled STING, FITC-labeled LARP7, and 4′,6-
diamidino-2-phenylindole (DAPI) were used in the im-
munofluorescence analysis. An anti-fluorescence quencher
was used for mounting, and a laser confocal workstation
was used for immunofluorescence photography. Semi-
quantitative analysis of fluorescence images was performed
using ImageJ software (version 1.6.0, National Institutes of
Health (NIH), Bethesda, MD, USA).
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2.4 Culture and Processing of Neonatal Mouse Ventricular
Cardiomyocytes (NMVCMs)

Cardiomyocytes were obtained from the ventricles
of 1–3-day old neonatal C57BL/6 mice. The mice were
sterilized with 75% ethanol and the hearts removed and
rinsed in ice-cold phosphate-buffered saline (PBS, Service-
bio, Wuhan, China). The myocardial samples were then
cut into small pieces and digested with collagenase type
2 (Sigma‒Aldrich, Saint Louis, MO, USA) until the tis-
sue pieces had dissolved. The suspension was then mixed
with dulbecco’s modified eagle medium (DMEM) (Scien-
Cell, San Diego, CA, USA) to stop digestion. The mix-
ture was centrifuged (800 ×g for 5 min) and the super-
natant retained. The cardiomyocyte-enriched fraction was
further resuspended in DMEM. Differential adhesion was
used to separate cardiomyocytes and fibroblasts. The iso-
lated cells were placed in a culture flask at 37 °C for 1 h so
that fibroblasts could accumulate at the bottom. The car-
diomyocytes remained suspended in the medium and were
then cultured at 37 °C in 5% CO2 in DMEM supplemented
with 10% fetal bovine serum (SV30087.02, Hyclone, Lo-
gan, UT, USA) and 1% penicillin/streptomycin. Cells were
seeded in 6-well plates (for Western blot assay) or 20 mm
confocal dishes (for immunofluorescence) prior to transfec-
tion.

For the knockdown or overexpression of LARP7,
NMVCMs were infected with adenovirus carrying negative
control (NC-small interfering RNA (siRNA)), knockdown
of rat LARP7 gene (LARP7-siRNA), or overexpression
of the LARP7 gene (m-LARP7) at an MOI of 100 from
Hanbio Tech (Shanghai, China). STING was exogenously
overexpressed in NMVCMs via plasmid transfection
(m-3*Flag-STING). The corresponding sequences were:
LARP7-siRNA (5′-3′): TGAGAGACCAAAGGAC-
GAGGA, CTTCTTCTGGTGGGTTGTTCAG; m-LARP7
(5′-3′): CCCAAGGCCAAAAGCTAAGAA, CTCAATG-
GTATAACCTCCTCGC. Gene expression levels for
LARP7 and STING were evaluated by real-time quan-
titative PCR, and the protein level by Western blot.
Stably overexpressing STING, LARP7 and low expres-
sion LARP7 cells were selected for futher intervention
with high glucose. NMVCMs were cultured with 33
mM glucose for 48 h to simulate a type 1 DCM model
in vitro [23]. NMVCMs were treated for 2 h with the
autophagy inhibitor 3-methyladenine (3-MA, 10mM)
(A8353, APExBIO, Houston, TX, USA) to determine the
effect of autophagy on apoptosis and STING expression.
NMVCMs were also treated with 1 mM of C-176 (HY-
112906, MedChemExpress, Shanghai, China), a potent
covalent inhibitor of STING, to evaluate the role of STING
in cardiomyocyte fibrosis and apoptosis. Cardiomyocytes
were randomly divided into the following groups: (i) con-
trol; (ii) high glucose (HG); (iii) 3-MA; (iv) HG+C-176;
(v) HG+LARP7-siRNA; (vi) HG+LARP7-siRNA+C-
176; (vii) LARP7-siRNA; (viii) m-3*Flag-STING; (ix)
m-3*Flag-STING+LARP7-siRNA; (x) HG+m-3*Flag-

STING; (xi) HG+m-3*Flag-STING+LARP7-siRNA; and
(xii) m-LARP7.

2.5 Western Blot Analysis
The cell medium from NMVCMs was discarded and

the cells washed with PBS. The samples were then ho-
mogenized in pre-cooled protein lysis buffer containing
phenylmethylsulfonyl fluoride (PMSF) (1 mM, pH = 7.4)
(HY-B0496, MedChemExpress, Shanghai, China), lysed
by ultrasound, and centrifuged for 30 min to extract to-
tal protein. Protein quantification was performed us-
ing the bicinchoninic acid assay (BCA) method. To-
tal protein (20 µg) was electrophoresed on a 10% de-
naturing polyacrylamide gel and the separated proteines
then transferred onto a polyvinylidene fluoride (PVDF)
membrane. After blocking with 5% non-fat milk, the
membrane was incubated overnight at 4 °C with the fol-
lowing primary antibodies: cGAS, p-STING (Ser365),
STING, LARP7, INF-β, α-SMA, Cl-Caspase3, LC3II/I,
Beclin-1 and P62 (as shown in Supplementary Tables
1,2). The membrane was subsequently incubated with
horseradish peroxidase (HRP)-labeled secondary antibody
(1:5000, Cell Signaling, Danvers, MA, USA) at room tem-
perature for 40 min. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and β-actin were used as loading con-
trols. Blots were visualized with a chemiluminescence sys-
tem (Amersham Bioscience, Buchinghamshire, UK) and
semi-quantitative densitometry results obtained for the de-
veloped bands. The ratio of the gray value of the target band
to that of the GAPDH band was calculated to evaluate the
protein level.

2.6 α-SMA and Phalloidin Staining of Cardiomyocytes
To evaluate the extent of cardiomyocyte remodeling,

α-SMA and phalloidin staining were used to analyze the
degree of myocardial fibrosis and the cytoskeletal mor-
phology, respectively. Confocal dishes pre-seeded with
NMVCMs were washed three times with precooled PBS,
and the cardiomyocytes then fixed for 15–20 min with
formaldehyde precooled to 4 °C. This was followed by 3
washes with precooled PBS, and incubation in permeabi-
lization buffer (0.1% Triton X-100 in PBS) for 15 min to
rupture the cell membranes. Cells were then incubated with
a bovine serum albumin (BSA) solution for 90 min to block
nonspecific binding. Next, primary antibody against α-
SMA was added and the cells incubated overnight at 4 °C.
Fluorescent (FITC) secondary antibody (rabbit anti-mouse,
1:200, Boster) was then added and the cells incubated for 60
min at room temperature. DAPI was subsequently used for
nuclear staining, while the expression of α-SMA in each
group of cells was estimated from the intensity of green
fluorescence in the field of view. Phalloidin staining was
used to visually assess the morphology of the myocardial
cytoskeleton by laser confocal microscopy and use of the
appropriate fluorescence channel.
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2.7 Cardiomyocyte Apoptosis
Cardiomyocyte apoptosis was assessed using the

DNA ladder assay, terminal deoxynucleotidyl transferase
mediated nick end labeling (TUNEL) staining, and West-
ern blot analysis of Cl-caspase3. TUNEL staining was
used to stain myocardial tissue sections, as recommended
by the instructions provided with the apoptosis detection kit
(Roche, Basel, Switzerland). After mounting with an anti-
fluorescence quenching agent, the sections were observed
and photographed under a laser confocal microscope (Leica
TCS SP8, Leica, Hessen, Germany), thus allowing the cell
apoptosis rate to be determined [24].

In the DNA ladder assay, myocardial DNA was ex-
tracted using a nucleic acid extraction kit (IsoQuicks, Mi-
croprobe, Carlsbad, CA, USA). The extracted DNA (10
mg) was added to a 2% agarose gel containing ethidium
bromide and electrophoresed in Tris-borate-EDTA (TBE)
buffer at 100 V for 2 h. The DNA ladders were then pho-
tographed.

2.8 Immunofluorescence Staining
The colocalization in cardiomyocytes of STING and

LC3, and of STING and LARP7, were evaluated separately
by immunofluorescence. NMVCMs were seeded into con-
focal dishes and then treated. The culture medium was dis-
carded and the cells washed three times with sterile PBS,
incubated in permeabilization buffer (0.1% Triton X-100
in PBS) for 15 min to rupture cell membranes, and incu-
bated in a BSA solution for 60 min to block nonspecific
binding. The cells were then incubated overnight at 4 °C
with rabbit-derived STING, LC3 and LARP7 antibodies.
Subsequently, the cells were incubated with an appropriate
secondary antibody for 90 min at room temperature. Differ-
ent molecules are labeled with different fluorescence which
was evaluated using a laser confocal microscope. The ex-
tent of merging of different groups of fluorescent particles
was analyzed and calculated using Image-Pro PLUS soft-
ware (Media Cybernetics, Silver Spring,MD,USA) to eval-
uate the colocalization of STING and LC3, as well as that
of STING and LARP7.

2.9 Coimmunoprecipitation (COIP) and Mass
Spectrometry (MS)

COIP was conducted using a Proteintech immunopre-
cipitation (IP) kit (KIP-2). NMVCMs were pre-processed
and grouped. To fully lyse cardiomyocytes, a total of 100
µL of precooled IP lysis buffer (containing 1× protease in-
hibitor) was added to 106 cells for 30 min. The cells were
disrupted by ultrasonication for 1 min to fully lyse and frag-
ment the DNA. They were then centrifuged at 12,000 rpm
for 10 min at 4 °C and the supernatant collected. Washed
Protein A-Sepharose beads (30 µL) were then added to each
lysate tube, and the samples incubated for 120 min with
slow rotation at 4 °C. This was followed by centrifugation
at 12,000 rpm for 1 min, after which the supernatant was
collected and 4 µg of IP antibody and 300 µL of incubation

buffer were added to the supernatant. As a negative con-
trol, equal amounts of control IgG derived from the same
species were added to the samples and incubated overnight
at 4 °C. Resuspended Protein A-Sepharose beads were then
added to the samples and incubated for 3 h at 4 °Cwith slow
rotation to precipitate the immune complexes. The super-
natant was discarded, and the precipitate was retained and
washed 5 times. Finally, the precipitated complexes were
eluted twice with 40 µL of elution buffer, to which 10 µL
of alkaline neutralization buffer and 23 µL of 5 × sample
buffer were then added. The samples were boiled in water
for 8 min and subsequently stored at –80 °C for analysis by
Western blot.

The immunoprecipitation (IP) procedure used for the
preparation of samples for Mass Spectrometry (MS) was
the same as that described above. The IP samples from each
groupwere electrophoresed to obtain gel strips, and the pep-
tides in these strips were then enzymatically hydrolyzed.
The hydrolyzed peptides were separated by column chro-
matography and subsequently injected into a tandem MS
for primary and secondary MS analyses.

2.10 Transmission Electron Microscopy
Ventricular cardiomyocytes pretreated with high glu-

cose were fixed with 3.0% glutaraldehyde and 1.5% par-
aldehyde, washed 3 times with PBS, and finally fixed with
1% osmium tetroxide for 1 h to produce osmium black.
Samples were then dehydrated with ethanol and embedded
in epoxy resin. A transmission electron microscope (H-
7650, Tokyo, Japan) was then used to observe the number
of myocardial autophagosomes and autophagolysosomes in
myocardial tissue, as well as the damage to mitochondria,
endoplasmic reticulum and other organelles.

2.11 Statistical Analysis
Continuous variables were presented as the mean ±

SEM. The t test was used for comparisons between two
groups. Analysis of variance (ANOVA) was used for mul-
tiple comparisons, with the Bonferroni-corrected t test used
for post-hoc testing. Tests for significance were always
two-sided, and p< 0.05 was considered statistically signifi-
cant. Data analysis was performed using SPSS 14.0 (SPSS,
Chicago, IL, USA).

3. Results
3.1 The Expression of STING and LARP7 was Increased in
Myocardial Tissue from Type 1 DCM Mice, while
Autophagy was Inhibited

The expression of STING and LARP7 was evalu-
ated in myocardial cells from a mouse model of type 1
DCM, while cardiac systolic and diastolic function were
evaluated by echocardiography. The systolic function in-
dex in the T1DM group was significantly lower than in the
control group. High glucose levels induced LV enlarge-
ment. Meanwhile, the E/A ratio was markedly decreased
in the T1DM group, indicated the mice had cardiac dias-
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tolic dysfunction (Fig. 1A). In addition, the expression of
STING and LARP7 in the myocardial tissue of mice from
the T1DMgroupwas significantly higher than in the control
group (Fig. 1B–E). This finding was further confirmed by
Western blot analysis, which revealed significant upregula-
tion of the upstream signaling molecule cGAS and down-
stream effector molecule INF-β (Fig. 1H). Immunohisto-
chemistry results showed significantly lower expression of
LC3 in myocardial tissue from the T1DM group compared
to the control group, indicating inhibition of autophagy
(Fig. 1F). Importantly, the myocardial tissue showed my-
ocardial fibrosis, which is a typical pathological feature
of DCM (Fig. 1G). These results suggest that LARP7 and
STING may play an important role in the pathogenesis of
DCM.

3.2 High Glucose Induced the Expression and Activation
of STING in Cardiomyocytes

Western blot analysis showed that the expression and
activation levels of STING were significantly upregulated
in the HG group. This effect occurred in parallel with in-
creases in α-SMA and Cl-caspase3 (Fig. 2A). The expres-
sion of α-SMA in cardiomyocytes was further evaluated by
immunofluorescence, while cardiomyocyte apoptosis was
evaluated using the DNA ladder assay. The results were
similar to those of Western blot analysis. Interestingly, the
inhibition of STING using C-176 significantly ameliorated
high glucose-induced cardiomyocyte fibrosis and apoptosis
(Fig. 2B,C). In summary, high glucose caused cardiomy-
ocyte fibrosis and apoptosis via the accumulation and acti-
vation of STING.

3.3 High Glucose Disrupted the STING-Triggered
Autophagy “Negative Feedback Loop”

STING contains 7 regions (LIR1-7) that bind directly
to the autophagy molecule LC3. This region induces LC3
lipidation and activates autophagy (Fig. 3A). To explore
the effect of high glucose on autophagy, immunofluores-
cence colocalization was used to study the intracellular
expression of LC3 and STING. LC3 expression and au-
tophagy were lower in the HG group compared to the
control group (Fig. 3B). COIP experiments further con-
firmed that high glucose reduced the binding ability of LC3
to STING (Fig. 3C). Transmission electron microscopy
revealed the presence of significantly fewer autophago-
somes, autophagolysosomes, and lysosomes in cardiomy-
ocytes from the HG group compared to the control group.
In addition, many of the mitochondria were swollen, dam-
aged, and ruptured (Fig. 3D). Together, these results indi-
cate that high glucose inhibits autophagy. This was further
confirmed by Western blot analysis, which showed a sig-
nificant decrease in the expression of autophagy signature
proteins such as LC3II/I, Beclin-1 and P62 in NMVCMs
treated with high glucose (Fig. 3E). Treatment of cardiomy-
ocytes with the autophagy inhibitor 3-MA significantly in-
creased the expression of STING in the cytoplasm. This

was accompanied by cardiomyocyte shrinkage and poor cy-
toskeletal continuity. The number of apoptotic cardiomy-
ocytes detected by the TUNEL assay was also significantly
increased (Fig. 3F–I). In summary, high glucose interfered
with STING degradation through the autophagy-lysosomal
pathway by inhibiting the binding of STING to LC3. This
resulted in accumulation of STING, leading to structural
damage and increased cardiomyocyte apoptosis.

3.4 The Interaction between LARP7 and STING
Aggravated Myocardial Injury

To directly explore the role of free LARP7 in DCM,
the expression of LARP7 and STING were inhibited with
siRNA and C-176, respectively. Western blot results
showed that STING expression was significantly upregu-
lated in the HG group. In the groups in which LARP7
or STING were inhibited, activation of the STING path-
way was attenuated compared with the HG group, and
cardiomyocyte apoptosis was reduced. The inhibition of
LARP7 by siRNA following the inhibition of STING by
C-176 had a more obvious inhibitory effect on the STING
pathway (Fig. 4A). In addition, cardiomyocyte apoptosis
was further reduced. These findings suggest that a regula-
tory mechanism between free LARP7 and STINGmediates
the expression and activation of STING, thereby aggravat-
ing cardiomyocyte damage.

MS analysis of three important molecules in the
STING signaling pathway, cGAS-STING-TBK1, revealed
a very high abundance of LARP7 in the final STING IP
solution compared with the negative control (Fig. 4B).
COIP experiments confirmed that both exogenously over-
expressed STING and endogenous STING interacted with
LARP7, and that high glucose enhanced this interaction
(Fig. 4C). Next, LARP7 and STING were fluorescently la-
beled to visualize their intracellular localization. After high
glucose treatment, a large amount of LARP7 was observed
to translocate from the nucleus to the cytoplasm, where it
colocalized with STING (Fig. 4D). Taken together, these
results indicate that high glucose induced the intracellu-
lar translocation of LARP7, and that its interaction with
STING led to accumulation in the cytoplasm where it me-
diated cardiomyocyte apoptosis.

3.5 LARP7 Mediates Myocardial Injury by Inhibiting the
STING-Dependent Autophagy-Lysosomal Negative
Feedback Loop

To further explore the mechanism by which LARP7
and STING interact to induce myocardial injury, the ex-
pression of LARP7 was first inhibited with siRNA. STING
was then overexpressed via 3× Flag-STING plasmid trans-
fection. As shown in Fig. 5A–D, inhibition of LARP7
caused the expression and activation of STING to be signifi-
cantly lower than in the control and HG groups. In addition,
LARP7 inhibition mitigated the activation effect caused by
exogenous overexpression of STING, and alleviated apop-
tosis induced by the upregulation of STING. These find-
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Fig. 1. Increased expression of STING and LARP7 in themyocardial tissue of mice with type 1 DCM, and inhibition of autophagy.
(A) High glucose levels induced systolic and diastolic dysfunction in T1DM mice. Bar charts show decreased EF, FS, left ventricular
end-diastolic internal diameter (LVEDD), left ventricular end-systolic internal diameter (LVESD) and E/A ratio after STZ injection. **p
< 0.01 and ***p< 0.001, n = 6, (mean± SEM). (B–E) The mouse model of type 1 DCM was established by continuous intraperitoneal
injection of streptozotocin (STZ). The myocardial tissue was then harvested and immunofluorescently labeled with STING-CY3 and
LARP7-FITC. Differential expression of STING-CY3 and LARP7-FITC between the T1DM and control groups was then evaluated.
STING-CY3 emits red fluorescence, LARP7-FITC emits green fluorescence (scale bar = 500 µm). Two-tailed Student t test; *p <

0.05 vs. the control group, n = 3, (mean ± SEM). (F) Immunohistochemistry was used to visualize the expression of LC3 in mouse
cardiomyocytes (scale bar = 50 µm). Two-tailed Student t test; *p < 0.05 vs. the control group, n = 3, (mean ± SEM). (G) Picrosirus
red staining of mouse myocardial tissue (scale bar = 50 µm). (H) Western blot results for cGAS, STING, LARP7 and INF-β in mice.
Two-tailed Student t test; ***p < 0.001, n = 6, (mean ± SEM). STING, Stimulator of Interferon Genes; LARP7, La ribonucleoprotein
domain family member 7; DCM, Diabetic Cardiomyopathy; T1DM, Type 1 Diabetes Mellitus; EF, Ejection Fraction; FS, Fractional
Shortening; STING-CY3, STING-Cyanine 3; LARP7-FITC, LARP7-Fluorescein Isothiocyanate; LC3, Light Chain 3; cGAS, cyclic
GMP–AMP synthase; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; E/A ratio, Early peak/Artial peak ratio.
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Fig. 2. High glucose enhanced the expression and activation of STING in cardiomyocytes. (A) Western blot results for STING,
p-STING, α-SMA and Cl-caspase3 in NMVCMs treated with high glucose. Two-tailed Student t test; **p < 0.01 and ***p < 0.001, n
= 6, (mean ± SEM). (B) Immunofluorescence staining results for α-SMA in cardiomyocytes treated with high glucose and the STING
inhibitor C-176 (scale bar = 100 µm). One-way ANOVA with the Bonferroni-corrected t test; *p < 0.05 vs. control group, #p < 0.05
vs. HG group, n = 8, (mean ± SEM). (C) DNA ladder assay was used to evaluate cardiomyocyte apoptosis under different treatment
conditions, which was spliced together from two repeated experiments. α-SMA, α-smooth muscle actin; HG, High Glucose; DAPI,
4′,6-diamidino-2-phenylindole.
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Fig. 3. High glucose levels disrupted the STING-triggered autophagy “negative feedback loop”. (A) Molecular structure of STING.
(B) Immunofluorescence colocalization of STING and LC3 in NMVCMs treated with high glucose: green fluorescent particles represent
LC3, yellow fluorescent particles represent STING, and yellow fluorescent particles that overlap with green fluorescent particles suggest
that STING directly interacts with LC3 (scale bar = 50 µm). (C) Coimmunoprecipitation (COIP) results for LC3 and STING. (D) TEM
image of cardiomyocytes treated with high glucose. The black arrow represents autophagolysosomes (scale bar = 5 µm (overview); scale
bar = 2 µm (inset)). (E) Western blot results for LC3II/I, Beclin-1 and P62 in NMVCMs treated with high glucose. Two-tailed Student
t test; **p < 0.01 and ***p < 0.001, n = 6, (mean ± SEM). (F–I) NMVCMs were pretreated with the autophagy initiation inhibitor
3-methyladenine (3-MA). The expression of STING in cardiomyocytes was then assessed by immunofluorescence, and the morphology
of the cardiomyocyte cytoskeleton was assessed by phalloidin staining (scale bar = 30 µm). Two-tailed Student t test, *p < 0.05 vs.
control group, n = 8, (mean± SEM); apoptotic cardiomyocytes were detected using the TUNEL assay (scale bar = 300 µm). Two-tailed
Student t test, *p < 0.05 vs. control group, n = 6, (mean ± SEM).
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Fig. 4. LARP7 translocates from the nucleus to the cytoplasm, where its interaction with STING results in the aggravation of
myocardial injury. (A) Western blot results for LARP7, STING, p-STING, and Cl-caspase3 in NMVCMs in which the expression of
LARP7 and STING was inhibited by siRNA and C-176, respectively. One-way ANOVA with the Bonferroni-corrected t test; *p< 0.05
vs. control group, #p < 0.05 vs. HG group, §p < 0.05 vs. HG+LARP7-siRNA group, $p < 0.05 vs. HG+NC-siRNA group, &p < 0.05
vs. HG+C-176 group, n = 4, (mean ± SEM). (B) Immunoprecipitation (IP) was performed for three important molecules in the STING
signaling pathway: cGAS-STING-TBK1. The final solution obtained after IP was subjected to electrophoresis, and the gel strips obtained
by electrophoresis were then subjected to mass spectrometry (MS). (C) COIP experiment results confirmed that both exogenously over-
expressed STING (transfected with the 3×Flag-STING plasmid, IP: Flag) and endogenous STING (IP: STING) interacted with LARP7.
(D) After high glucose treatment, LARP7 and STING in cardiomyocytes were labeled using an immunofluorescence double-labeling
colocalization method. The green fluorescent particles represent LARP7, the red fluorescent particles represent STING, and overlapping
of the two appear as yellow fluorescent particles (scale bar = 50 µm). Two-tailed Student t test; *p< 0.05 vs. control group, n = 6, (mean
± SEM).
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Fig. 5. LARP7 mediates myocardial injury by inhibiting the autophagy-lysosomal degradation pathway. (A,C) Mouse cardiomy-
ocytes were treated with siLARP7, m-3*Flag-STING, or siLARP7+m-3*Flag-STING. Western blot analysis was then performed on
LARP7, STING, and p-STING (Ser365). One-way ANOVA with the Bonferroni-corrected t test; *p < 0.05 vs. control, #p < 0.05 vs.
si-LARP7, §p < 0.05 vs. m-3*Flag-STING, n = 6, (mean ± SEM). (B,D) An in vitro model of ventricular cardiomyocytes with type
1 diabetes mellitus was established with high glucose. The above procedures were then repeated to evaluate the expression of STING,
p-STING (Ser365) and Cl-caspase3. One-way ANOVA with the Bonferroni-corrected t test; *p < 0.05 vs. control group, #p < 0.05 vs.
HG group, §p < 0.05 vs. HG+m-3*Flag-STING group, $p < 0.05 vs. HG+STING control vector group, &p < 0.05 vs. HG+ LARP7-
siRNA group, ¶p< 0.05 vs. HG+NC-siRNA group, n = 4, (mean± SEM). (E) LARP7 was first upregulated and then the expression and
localization of LC3 and STING in cardiomyocytes was detected using an immunofluorescence colocalization assay. Green fluorescent
particles represent GFP-LC3 and GFP-LC3-labeled autophagosomes, red fluorescent particles represent STING, and yellow dots are the
result of the overlapping of red dots and green dots, representing the colocalization of GFP-LC3 and STING (scale bar = 30 µm).
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ings indicate that LARP7 regulates the STING pathway at
an upstream location. Next, the expression and localiza-
tion of LC3 and STING in cardiomyocytes were assessed
following the upregulation of LARP7 expression. This re-
vealed a significant decrease in LC3 in cardiomyocytes, ac-
companied by the accumulation of intracellular STING and
reduced colocalization with LC3 (Fig. 5E). Together, the
above results indicate that LARP7 blocks the degradation
of STING by disrupting the STING-triggered autophagy-
lysosomal “negative feedback loop”. This results in the
accumulation and overactivation of STING in cardiomy-
ocytes, eventually causing cardiomyocyte damage.

4. Discussion
To our knowledge, this is the first study to investigate

the role and mechanism of LARP7 in glucose-induced car-
diac dysfunction, apoptosis and fibrosis. The main find-
ing of this research is that high glucose induces the expres-
sion and activation of STING in ventricular myocytes, and
inhibits the degradation of STING through the autophagy-
lysosomal pathway. In addition, high glucose levels cause
LARP7 to dissociate from the 7SK RNP complex and
translocate to the cytoplasm where it interacts with STING.
This inhibits the degradation of STING and causes it to ac-
cumulate and to activate downstream signaling pathways,
resulting in cardiac dysfunction, fibrosis and apoptosis. In-
hibition of STING or LARP7 expression significantly ame-
liorated high glucose-induced myocardial injury.

STING is an important signal transduction molecule
and has been implicated in various diseases [25–27]. Un-
der the action of pathogenic factors, STING becomes hy-
peractivated and initiates a downstream signaling cascade
that induces the overexpression of IFN-I and proinflamma-
tory cytokines [28]. STING can also trigger a fibrotic cas-
cade, resulting in increased fibrosis in multiple tissues and
organs throughout the body, including the heart [29–31].
Moreover, it can activate downstream pathways and is also
associated with the induction of apoptosis [32]. The results
of the present study showed that high glucose induced in-
creased expression and activation of STING in mouse car-
diomyocytes, accompanied by increased cardiomyocyte fi-
brosis and apoptosis. Myocardial fibrosis can impair dias-
tolic and systolic function and eventually lead to refractory
heart failure. Most cardiomyocytes are terminally differen-
tiated cells with a limited proliferative capacity. An apop-
tosis rate of just 0.1% can reduce the number of cardiomy-
ocytes by 37% within one year [33,34]. Based on this, acti-
vation of the STING pathway may cause myocardial injury
in the process of DCM by mediating cardiomyocyte apop-
tosis and fibrosis. The reduction in myocardial fibrosis and
apoptosis after treating cells with C-176 supports this infer-
ence.

Under physiological conditions, STING can be de-
graded through various pathways after fulfilling its sig-
nal transduction function, thereby avoiding tissue damage
caused by excessive activation [35,36]. Several previous

studies in diabetic mice have demonstrated the role of im-
paired proteasome activity in pathological cardiac remod-
eling. However, the aim of the current study was to fur-
ther explore the pathogenic mechanism of the autophagy-
lysosomal “negative feedback loop” in DCM. First, we
confirmed that STING binds to LC3 in cardiomyocytes,
thereby triggering the autophagy-lysosomal “negative feed-
back loop”. However, after 3-MA was administered to in-
hibit autophagy, significant accumulation of STING was
observed in cardiomyocytes. This was accompanied by ag-
gravation of cardiomyocyte injury and a significant increase
in the number of apoptotic cells. The above results con-
firm the important role of autophagy in the degradation of
STING. The expression of LC3 in cardiomyocytes from the
HG group was significantly lower than in cardiomyocytes
from the control group. Transmission electron microscopy
further confirmed that high glucose inhibited autophagy,
and this was accompanied by significant cardiomyocyte
damage. Collectively, these results indicate that high glu-
cose inhibits the STING-dependent autophagy‒lysosomal
“negative feedback loop”.

This study found a significant increase in LARP7 ex-
pression in high glucose-induced mouse ventricular my-
ocytes. Immunofluorescence colocalization revealed that
a large amount of LARP7 translocated from the nucleus to
the cytoplasm andwas completely colocalizedwith STING,
thus revealing a strong interaction between LARP7 and
STING. Previous studies have reported that LARP7 plays
an important role in stabilizing the 7SK complex and reg-
ulating transcription elongation. In the present study, we
hypothesised that LARP7 plays an important role in high
glucose-induced cardiomyocyte injury once it is released
into the cytoplasm. The results of MS and COIP exper-
iments confirmed that LARP7 can indeed interact with
STING, and that high glucose strengthens this interaction.
Additional experiments found that inhibiting LARP7 not
only decreased apoptosis induced by high glucose, but
also attenuated the activation effect caused by upregulating
STING. These findings indicate that LARP7 plays a key
regulatory role upstream of STING. The decreased expres-
sion of LC3 molecules observed after the upregulation of
LARP7 expression suggests the existence of a specific reg-
ulatory mechanism. This was supported by the results of
in vivo animal experiments. LARP7 inhibits the STING-
dependent autophagy-lysosomal “negative feedback loop”,
thereby causing the accumulation and overactivation of
STING. This promotes cardiomyocyte apoptosis and fibro-
sis, which may contribute to the development of DCM.

The immunomodulatory effect of STING is currently
an active area of research in the field of tumor immunother-
apy, with some drugs now undergoing clinical trials. Our
study also suggests that regulating the expression of LARP7
and STING may help in the treatment of DCM. However,
the expression of STING was found to vary in different
disease stages of DCM. In the early stage, STING expres-
sion is down-regulated due to the overactivation of au-
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tophagy. In contrast, inhibition of autophagy during the
middle and late stages causes STING to accumulate. These
specific pathogenic characteristics may determine stage dif-
ferences in treatment. For example, Irisin can alleviate car-
diomyocyte apoptosis and myocardial damage by regulat-
ing STING expression [37], whereasMetrnl negatively reg-
ulates the cGAS and STING pathways and exerts an anti-
diabetic effect by promoting the degradation of STING after
ubiquitination modification [38]. These contrasting treat-
ment strategies suggest that tailoring the treatment to dif-
ferent disease stages is likely to present a major challenge.
More experiments are needed to fully explore the character-
istics of DCM, thereby allowing better targeted treatment.

In addition to the effects of different disease stages, it
is generally accepted that the autophagic responses are dis-
tinctly different in type 1 and type 2 DM, whereas cardiac
autophagic activity is enhanced in T1DM, it is suppressed
in T2DM [39]. In T1DM, ATP deficiency caused by
metabolic disorders or AMP accumulation activates AMPK
to initiate autophagy. The main characteristic of T1DM
is insulin deficiency, and insulin is known to inhibit au-
tophagy by activating the PI3K-Akt/PKB-mTORC1 path-
way [40]. T2DM hearts show the opposing conditions re-
garding autophagy [41,42]. High intracellular nutrient en-
ergy status lead to suppression of autophagy, which shows
as the inhibition of autophagosome maturation and reduced
lysosomal activity. However, diametrically opposite re-
ports do exist. For example, decreased AMPK activity and
subsequent reduction in cardiac autophagy are observed in
diabetic OVE26 mice [43]. Such results are same as our
study. Furthermore, Zang et al. [44] demonstrated that car-
diac autophagic flux is intact at 3 months but is dramati-
cally suppressed at 6 months after onset of diabetes. The
results suggest that T1DM can induce glucose-dependent
cardiomyocyte death by inhibiting myocardial autophagy
over time. Therefore, we suggest that the different results
might be related to the autophagy flux assay criteria and the
different stages of mouse model construction between the
studies. Further investigation is warranted regarding this
issue.

Taken together, our evidence indicates that LARP7
is a key molecule in high glucose-induced cardiomyocyte
injury. It exerts a pathogenic role by interfering with the
STING-dependent autophagy-lysosomal “negative feed-
back loop”. Inhibition of STING and LARP7 confers a sig-
nificant cardioprotective effect, and hence the targeting of
these proteins may be an effective therapeutic strategy to
improve DCM.

5. Conclusions
Our study demonstrated that under high glucose con-

ditions, LARP7 damages mouse cardiomyocytes by in-
hibiting STING-dependent autophagy-lysosomal degrada-
tion pathways. Targeted inhibition of LARP7 or STING ex-
pression may be a potential therapeutic strategy for DCM.
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