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� Cardiac-specific TLR9 overexpression
in diabetic mice relieved cardiac
dysfunction, and remodeling.

� TLR9 modulated energy metabolism
in diabetes heart, but not canonical
inflammatory signaling.

� Triad3A can interact with TLR9 and
promote its proteasomal degradation
by catalyzing K48-linked
ubiquitination.

� PGC-1 and AMPK mediated TLR9’s
defense against diabetic cardiac
damage and dysfunction.
g r a p h i c a l a b s t r a c t

Triad3A elevation induced by STZ or HG stimulation leads to degradation of TLR9 K48-linked proteasomal
ubiquitination, which impairs mitochondrial function and reduces the AMP/ATP ratio and inhibits the
activation of AMPK and PGC-1, which in turn leads to oxidative stress, apoptosis and fibrosis and other
pathological changes. STZ: Streptozotocin; HG: High glucose; TLR9: Toll-like receptor 9; AMP:
Adenosine monophosphate; ATP: Adenosine triphosphate; AMPK: Adenosine 5‘-monophosphate
(AMP)-activated protein kinase; PGC-1a: Peroxisome-proliferator-activated receptorccoactivator-1a.
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Introduction: Targeted protein degradation represents a promising therapeutic approach, while diabetic
cardiomyopathy (DCM) arises as a consequence of aberrant insulin secretion and impaired glucose and
lipid metabolism in the heart..
Objectives: Considering that the Toll-like receptor 9 (TLR9) signaling pathway plays a pivotal role in reg-
ulating energy metabolism, safeguarding cardiomyocytes, and influencing glucose uptake, the primary
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objective of this study was to investigate the impact of TLR9 on diabetic cardiomyopathy (DCM) and elu-
cidate its underlying mechanism.
Methods: Mouse model of DCM was established using intraperitoneal injection of STZ, and mice were
transfected with adeno-associated virus serotype 9-TLR9 (AAV9-TLR9) to assess the role of TLR9 in
DCM. To explore the mechanism of TLR9 in regulating DCM disease progression, we conducted interac-
tome analysis and employed multiple molecular approaches.
Results: Our study revealed a significant correlation between TLR9 expression and mouse DCM. TLR9
overexpression markedly mitigated cardiac dysfunction, myocardial fibrosis, oxidative stress, and apop-
tosis in DCM, while inflammation levels remained relatively unaffected. Mechanistically, TLR9 overex-
pression positively modulated mitochondrial bioenergetics and activated the AMPK-PGC1a signaling
pathway. Furthermore, we identified Triad3A as an interacting protein that facilitated TLR90s proteasomal
degradation through K48-linked ubiquitination. Inhibiting Triad3A expression improved cardiac function
and pathological changes in DCM by enhancing TLR9 activity.
Conclusions: The findings of this study highlight the critical role of TLR9 in maintaining cardiac function
and mitigating pathological alterations in diabetic cardiomyopathy. Triad3A-mediated regulation of TLR9
expression and function has significant implications for understanding the pathogenesis of DCM.
Targeting TLR9 and its interactions with Triad3A may hold promise for the development of novel thera-
peutic strategies for diabetic cardiomyopathy. Further research is warranted to fully explore the thera-
peutic potential of TLR9 modulation in the context of cardiovascular diseases.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Diabetes mellitus (DM) represents a global health challenge,
with cardiovascular complications being the leading cause of mor-
bidity and mortality in diabetic individuals. DM exerts detrimental
effects on the cardiovascular system, particularly the heart,
through various pathological mechanisms, including alterations
in energy metabolism, mitochondrial dysfunction, and oxidative
stress [1]. These mechanisms ultimately lead to structural and
functional abnormalities in the myocardium, contributing to the
development of diabetic cardiomyopathy (DCM) [2,3]. However,
the research and understanding of DCM are currently not well-
elaborated, and clinical drug treatments for DCM remain largely
nonspecific.

Recent investigations have implicated Toll-like receptor 9
(TLR9) in the pathogenesis of metabolic-related cardiovascular dis-
orders. While primarily expressed in immune cells [4], TLR9 has
also been detected in non-immune cells like cardiac myocytes
[5]. TLR9 negatively regulates the development of islets and
insulin-secreting cells in type 1 diabetes, offering new avenues
for designing prevention or treatment strategies for diabetes [6].
Furthermore, b-cell TLR9 has been found to play a pivotal role in
immune tolerance to islet b-cell autoimmunity, as b-cell TLR9 defi-
ciency strongly protects NOD mice from the pathogenesis of T1D
[7]. In the context of cardiomyocytes, TLR9 activation mediated
by Cytosine Phosphate Guanine (CPG) oligonucleotide (CPG-ODN)
has demonstrated cardioprotective effects against pathological
ischemia by regulating energy metabolism, as observed in both
in vitro and in vivo experiments [8,9]. Additionally, CpG treatment
has been shown to reduce apoptosis and cardiomyocyte loss, alle-
viate myocardial remodeling and scar area, and lead to signifi-
cantly improved LV function [10]. While TLR9 enhances the
proliferation and differentiation of myocardial fibroblasts, result-
ing in considerable improvement in cardiac rupture, it does not
seem to participate in the acute response, as noted by Omiya
et al [11]. Furthermore, TLR9-KO mice stimulated by a high-fat diet
(HFD) exhibit increased insulin resistance and amplified metabolic
disorders caused by HFD [12]. Moreover, Liu et al. found that TLR9
deletion resulted in impaired glucose uptake by skeletal muscle in
mice, leading to decreased blood glucose levels [13]. These findings
indicate a close association between TLR9 and the onset and pro-
gression of metabolic cardiovascular diseases.
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Triad3A, an E3 ubiquitin-protein ligase, plays a critical role in
the ubiquitination and proteolytic degradation of specific Toll-
like receptors (TLRs) [14]. Through this ubiquitination process, Tri-
ad3A regulates the intensity and duration of TLR signaling [14,15].
Notably, Triad3A interacts with the TIR domain in the cytoplasmic
tails of various TLRs, including TLR3, TLR4, TLR5, and TLR9, with
particularly high binding affinity for TLR4 and TLR9 [14,16].
Triad3A shows promise as a candidate in cardiac disease research,
particularly in the context of cardiomyopathy. Prior studies have
shown that elevated Triad3A expression mitigates transverse aor-
tic constriction (TAC)-induced cardiac hypertrophy by inducing
polyubiquitination and degradation of TLR4 and TLR9, which leads
to the inhibition of NF-jB and AKT signaling [16]. In addition, this
study also found that Triad3A is mainly expressed in cardiomy-
ocytes [16], it can be expressed in inflammatory cell-infiltrated
cardiomyocytes and cardiac fibroblasts, and is altered in the pro-
gression of cardiac hypertrophy [51,52]. However, the precise role
and mechanism of Triad3A in diabetic cardiomyopathy remain
poorly understood.

Considering the metabolic alterations observed in DCM, there
might be a distinctive interplay between DCM and the biology of
TLR9. However, the specific effects and underlying mechanisms
of TLR9 in DCM have not been fully elucidated. In this study, we
found that TLR9 expression was downregulated in the myocardial
tissues of DCM mice and high-glucose stimulated cardiomyocytes.
Notably, TLR9 overexpression ameliorated cardiac dysfunction,
myocardial remodeling, oxidative stress, apoptosis, and energy
metabolism in DCM, while exerting no significant effect on inflam-
matory responses and signaling pathways. Mechanistically, we
uncovered that Triad3A-mediated degradation of TLR9 ubiquitina-
tion exacerbates diabetic cardiomyopathy in mice through the
AMPKa/PGC-1a pathway. Consequently, Triad3A and TLR9 emerge
as promising therapeutic targets for addressing DCM.
Materials and methods

Animals studies

All animal experiments were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals (NIH publi-
cation, revised 2011) and approved by the Animal Care and Use
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Committee of Renmin Hospital of Wuhan University (IACUC Issue
No. WDRM20171201). Adult Male TLR9KO mice (C57BL/6 back-
ground, The Jackson Laboratory; 8–10 weeks old; 23.5–27.5 g)
and WT C57BL/6 mice (8–10 weeks old; 23.5–27.5 g) were pur-
chased from the Institute of Laboratory Animal Science, Chinese
Academy of Medical Sciences (Beijing, China). The source of
AMPKa2 global knockout mice and PGC-1a cardiac specific-
knockout mice has been described previously [17,18]. The animals
were housed in a pathogen-free setting with ideal temperature and
humidity.

Adeno-associated virus serotype 9 (AAV9) vectors carrying the
TLR9 (AAV9-TLR9) gene under a cTnT promoter or negative control
(AAV9-VEC), AAV9 carrying small hairpin RNA (shRNA) against Tri-
ad3A (AAV9-shTriad3A) or a correspondingly negative control
AAV9-shRNA were generated by DesignGene Biotechnology
(Shanghai, China). Mice were anesthetized by intraperitoneal
injection of pentobarbital (50 mg/kg) followed by in situ injection
of virus solution (1 � 1011 vp (viral particles) per animal) at mul-
tiple points on the myocardial surface. Four weeks after the
AAV9 injection, the animals were randomly assigned to either a
vehicle treatment or STZ treatment. Treatment and follow-up anal-
ysis were performed by blind method.

Mice were rendered diabetic by administering streptozotocin
(STZ, Sigma, St. Louis, MO) intraperitoneally five days in a row at
a dose of 50 mg/kg dissolved in a 100 mM citrate buffer at pH
4.5. This was done to imitate cardiac injury in type 1 diabetes.
An identical amount of citrate buffer was administered to the mice
in the vehicle control group. Starting on day 3, glucometer mea-
surements of fasting blood glucose levels were made. Mice with
fasting glucose levels > 16.7 mmol/l for three days in a row were
deemed diabetic. Body weights and fasting glucose levels of all
mice were monitored weekly throughout the study. The remaining
mice were sacrificed 16 weeks after the onset of diabetes.

One day before the sacrifice, transthoracic echocardiography
was used to noninvasively monitor the systolic and diastolic heart
function in anesthetized mice. Mice were anesthetized by inhala-
tion of 1.5% isoflurane followed by high-frequency, high-
resolution echocardiography (Vevo�3100 VisualSonics, Toronto,
Canada). Blood samples were collected during euthanasia under
anesthesia with an overdose of sodium pentobarbital (200 mg/kg,
ip) for further analysis. For the pathological study, heart tissue
was taken, fixed in 4% paraformaldehyde, and/or quickly frozen
in liquid nitrogen for studies of gene and protein expression.

Cell culture and treatments

The primary neonatal rat cardiomyocytes (NRCMs) were
extracted from 3-day-old Sprague-Dawley rats and cultivated in
normal medium with 10% fetal bovine serum (FBS) at 37 �C in an
incubator gassed with 5% carbon dioxide for the in vitro investiga-
tions [18]. After synchronization in serum-free medium for 12 h,
Cardiomyocytes were exposed to 33 mM glucose to study the
effects of high glucose levels. To overexpress TLR9, adenoviruses
were utilized at a multiplicity of infection (MOI) of 50 for 24 h.
For inhibition of AMPKa or PGC-1a, NRCMs were incubated with
AMPK inhibitor Dorsomorphin (Dors, 10 lM, HY13418A, MCE) or
PGC-1a inhibitor SR-18292 [19] (10 lM; HY-101491, MCE).

As previously described [20], adult mouse cardiomyocytes
(AMCMs) were harvested. An aseptic procedure was used to
remove the heart, which was then placed in a Ca2+-free Tyrode’s
solution at 4 �C before being pre-cooled and hung in a Langendorff
isolated cardiac perfusion system. Aortic cannulation was followed
by reversal of the aorta and Tyrode’s solution promotion by 95%
O2 + 5% CO2. The excised heart was first submerged and perfused
in Ca2+-free Tyrode’s solution for three minutes, followed by an
enzymatic digestion solution (type II collagenase, 1.5 g/L), which
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caused the heart to expand and soften. To get cardiomyocytes,
the ventricle was sliced, digested, filtered, centrifuged, suspended,
and divided into tissue pieces of 1–2 mm3.

Cardiomyocytes taken from adult TLR9KO and WT mice [21]
were transfected with siTriad3A (50 nmol/L) using Lipofec-
tamineTM 6000 for 4 h, and then cultured in normal medium for
a further 24 h before being treated with HG, to ascertain the
involvement of Triad3A [22].

Histology and tissue staining

Heart tissues collected from all studied groups were fixed with
10% neutral formalin buffer overnight, embedded with paraffin and
sectioned at 5 lm thickness. PSR staining was performed to evalu-
ate cardiac fibrosis. The stained sections were observed and pho-
tographed using a light microscope and a Nikon photoimaging
System (Tokyo, Japan) at a magnification of 200 �. Paraffin sections
were also used to perform terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) staining for cardiac cell death
using ApopTag Plus in Situ Apoptofluorescein Detection kit (Milli-
pore, MIT, USA), the lesions were observed and photographed
under the OLYMPUS DX51 fluorescence microscope and analyzed
using digital analysis software (Image-Pro Plus 6.0).

Paraffin sections were also used to perform immunohistochem-
istry for TLR9 (Santa cruz, sc-25468), 4-hydroxynonenal (ABCAM,
ab46545) anti-CD45 (ABCAM, ab10558), anti-CD68(ABCAM,
ab125212), and anti-PGC-1a (ABCAM, ab54481) using routine
techniques. Immunoreactivity was detected by diaminobenzidine
(DAB).

Transmission electron microscopy

As previously reported [23], transmission electron microscopy
analysis was employed to access the mitochondrial damage in
the heart. Heart fragments measuring 1 mm3 from the left ventric-
ular wall were frozen in 1.25% glutaraldehyde for an entire night at
4 �C (v:v in 0.1 M sodium cacodylate, pH 7.2). Thin sections of the
heart samples were photographed on a Tecnai-20 electron micro-
scope (Philips-FEI, Hillsboro, Oregon) after being post-fixed and
rinsed three times in 0.1 M sodium cacodylate for 30 min.

Seahorse extracellular flux analyzer assays

A Seahorse XFe24 extracellular flux analyzer was used to assess
AMCMs and mitochondrial bioenergetics in intact caSMC and caEC.
According to the manufacturer’s instructions [23], we carried out
glycolysis stress tests and energy substrate (glucose and palmitate)
oxidation using mitochondria stress testing. Dose-titration assays
were used to establish the oligomycin-A and FCCP working concen-
trations needed for caSMC and caEC, respectively, in mitochondria
stress tests. In V-7 Seahorse plates, 20,000 caSMC and 25,000 caEC
per well were grown.

Prior to the assay, AMCMs were cultured in glucose-free Sea-
horse assay media with 1 mM pyruvate for 1 h at 37 �C in an incu-
bator without CO2 Glycolysis, glycolytic capacity, and glycolytic
reserves were calculated as extracellular acidification rates (ECAR)
after injectors were loaded with 20 mM glucose, 1 lM oligomycin,
and 100 mM 2-DG.

AMCMs were cultured for 1 h before to the experiment in
glucose-free Seahorse assay media supplemented with 1 mM pyru-
vate at 37 �C in an incubator without CO2. During a mitochondria
stress test, injectors were loaded to add 20 mM glucose, 1 lM Oli-
gomycin, 1 lM FCCP, 1 lM Rotenone, and 2 lM Antimycin A. The
oxygen consumption rate (OCR) was determined using exogenous
glucose oxidation together with other mitochondria stress test
characteristics as basal respiration, maximal respiration, spare
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capacity, ATP production, proton leak, and non-mitochondrial
respiration.
Immunofluorescence analysis

For immunofluorescence staining in vivo, paraffin-embedded
sections of mouse heart tissue were incubated with primary mouse
antibodies directed against Nrf2, and a-actin in a humidified
chamber at 4 �C overnight. The sections were subsequently incu-
bated with anti-mouse and anti-rabbit secondary antibodies for
1 h in the dark. TLR9 localization in NRCMs was determined by
immunofluorescence staining. Briefly, cells were subsequently
fixed with 3.7% formaldehyde, permeabilized with 0.1% Triton
X-100 in PBS for 45 min, and stained with TLR9 (Santa cruz,
sc-25468), followed by the incubation with Alexa Fluor�568-
conjugated secondary antibodies at 37℃ for 1 h. Finally, the cell
nuclei were probed by DAPI and the fluorescence images were
recorded by a fluorescence microscope in a blinded manner.
Intracellular ROS Detection

Intracellular ROS levels were evaluated through dihydroethid-
ium (DHE) staining. Briefly, fresh heart samples were sectioned
and incubated with DHE (1 lM) for 30 min. For DHE staining of
NRCMs, cells were incubated with DMEM/F12 (C11995500BT,
GIBCO) containing 5 lM DHE at 37 �C for 30 min to load the fluo-
rescent probe, then washed with PBS three times and observed
directly under the microscope.
Immunoblotting and real-time PCR

RIPA lysis buffer was used to lyse left ventricular tissues and
cultured cardiomyocytes, and protein content was measured using
a BCA protein assay kit (Thermo Scientific, 23227). SDS-PAGE was
used to separate the lysates, which were then electro-transferred
onto PVDF membranes. Before incubation with the primary anti-
bodies, the membranes were blocked for 1 h at room temperature
with 5% skimmed milk diluted in Tris-buffer saline with Tween-20
(TBST). The membranes were then incubated overnight at 4 �C with
the primary antibodies, followed by incubation with a matching
secondary antibody. Bio-Rad ChemiDocTM XRS was used to view
the bands (Bio-Rad). Supplementary Table 1 lists the principal
antibodies utilized.

RNA extraction and reverse transcriptase-polymerase chain
reaction (Transcriptor First Strand cDNA Synthesis Kit, Roche,
Basel, Switzerland) were used to determine mRNA expression.
The PCR reaction was carried out using the LightCycler 480 SYBR
Green Master Mix, and the PCR product amount was normalized
to GAPDH. For quantitative gene expression analysis, the 2-DDCT

approach was applied. Supplementary Table 2 lists the primers
that were utilized.
Plasmid construction and transfection

Plasmids harboring full-length human and full-length rat Tri-
ad3A were cloned into Flag vector. Ubiquitin was cloned into the
flag vector. Full-length human TLR9 and lysine-site-mutated
human TLR9 were cloned into the Myc GV219 vector. The follow-
ing mutant Ub plasmids were created: K6O, K11O, K27O, K48O,
K63O, and K48R. Supplementary Table 3 lists the primer
sequences utilized in the creation of plasmids.
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Immunoprecipitation (IP) assays and Glutathione s-transferase (GST)
precipitation assays

IP assays were performed as described previously [24]. Trans-
fected NRCMs or Hearts tissues were lysed with IP lysis buffer.
For co-immunoprecipitation (co-IP) assays, HEK293T cells were
co-transfected with indicated plasmids and then lysed with cold
IP buffer. Samples were lysed on ice for 10 min and centrifuged
at 12,000 g for 10 min. The 500 ll supernatants were incubated
with 20 ll protein A/Gagarose beads (Calbiochem #IP05) and
1lg corresponding antibody at 4 �C for 3 h. Then the beads were
washed with cold IP buffer three times and boiled with 1 � SDS
loading buffer before Western blotting analysis.

For the GST pull-down assay, HEK293T cells were collected and
lysed using lysis buffer (50 mM Na2HPO4, pH 8.0; 300 mM NaCl; 1
% Triton X-100; Protease Inhibitor Cocktail (04693132001, Roche,
Basel, Switzerland), 24 h after transfected with GST-TLR9 plasmid
or HA-Triad3A plasmid. After centrifugation at 4 �C, GST-TLR9 pro-
teins were purified with Glutathione Sepharose 4B beads
(#17075601, GE Healthcare) for 3 h and then incubated with puri-
fied HA-Triad3A proteins overnight at 4 �C. The beads were then
rinsed with washing buffer and denatured for 10 min at 95 �C with
2 SDS loading buffer before being analyzed with Western blotting.

Ubiquitination assays

Cultured NRCMs or heart tissues were lysed in SDS lysis buffer
(20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % SDS)
including protease inhibitor cocktail (04693132001, Roche, Basel,
Switzerland). After denaturation by heating at 95 �C for 10 min,
the lysates were diluted 10-fold with IP buffer (20 mM Tris10
HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1 %Triton X-100).
The lysates were then centrifuged at 15,000 rpm for 10 min at
4 �C before being submitted to IP tests with the specified antibod-
ies, followed by western blot.

AMP, ADP, and ATP measurements

Frozen LVs and collected CMs were transferred to ice-cold 0.6 M
HClO4 (4 mL/g), and the tissue or NRCMs was immediately homog-
enized and centrifuged (10000g, 4 �C, 10 min). After being neutral-
ized with an equivalent amount of 1 M Na2HPO4, the supernatant
was centrifuged once more at 10,000g and 4 �C for ten minutes.
Using a 0.22 m filter, the supernatant was filtered. A Beckman
C18 column (5 m, 250 4.6 mm) was used for the high-
performance liquid chromatography (HPLC) technique to evaluate
50 ll aliquots. Analytes were isocratically eluted using 96% 0.05 M
KH2PO4 (pH 6.5) and 4% methanol for 30 min. An external standard
approach was used to quantify adenosine triphosphate (ATP), ade-
nosine diphosphate (ADP), and adenosine monophosphate (AMP)
concentrations at 254 nm.

Determination of lipid Peroxidation, SOD activity

To further assess oxidative stress level, myocardial malondi-
aldehyde (MDA) or 4 hydroxynonenal levels (4-HNE) level, SOD
activities in the myocardial tissues were determined using com-
mercially available kits procured from Beyotime Co. (Nantong,
China) according to a previous study [25].

Statistical analysis

Individual data points are shown in Figures, and results are
reported as mean ± SEM from at least three different experiments.
The unpaired student t-test or one-way ANOVA followed by the
Tukey post hoc test was used to determine the statistical signifi-
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cance of differences between groups. Differences were considered
to be significant at p < 0.05. GraphPad Prism (version 8.0, GraphPad
Software, San Diego, CA) and IBM SPSS Statistics 22.0 (IBM Corpo-
ration) were used for statistical analysis [26,27]. In the Figures,
each point represents a biological replicate and, if no other indica-
tion is made.
Results

Diminished TLR9 expression in HG-Treated NRCMs and diabetic mice
heart

We initiated our study by examining changes in TLR9 expres-
sion levels in HG stimulated NRCMs to investigate its potential role
in diabetic cardiomyopathy. Western blot analysis revealed a time-
dependent down-regulation of TLR9 protein levels under HG stim-
ulation, with the most significant reduction observed after 24 h
(Fig. 1A). Immunofluorescence labeling further confirmed a consid-
Fig. 1. Decreased TLR9 levels in HG-stimulated cardiomyocytes and diabetic mice hea
(n = 6); *p < 0.05 vs the PBS group; B. Representative images of immunofluorescence o
western blot analysis of TLR9 in cardiac tissues from healthy and diabetic mice (n = 6); D
mice (n = 6). *p < 0.05 vs the Veh group. (For interpretation of the references to colour
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erable decrease in TLR9 expression in HG-stimulated cardiomy-
ocytes (Fig. 1B).

To establish the diabetic cardiomyopathy model, we monitored
blood glucose levels, cardiac function, and performed HE staining
of cardiac tissue in STZ-induced mice over 16 weeks (Fig. S1A–
S1D). Additionally, we assessed TLR9 expression levels in the heart
tissues of these diabetic mice models, which showed a significant
reduction in TLR9 protein levels compared to control hearts
(Fig. 1C). Immunohistochemical staining further confirmed
decreased TLR9 expression in the hearts of mice with diabetic car-
diomyopathy compared to control mice (Fig. 1D). It is strongly
advised that TLR9 be engaged in DCM given the decline in TLR9
protein level.

TLR9 overexpression attenuates Diabetes-Induced cardiac dysfunction
and remodeling

Mice transfected with AAV9-TLR9 were utilized to investigate
the direct association between TLR9 overexpression and DCM.
rt. A. TLR9 level in NRCMs stimulated by high glucose (HG) at different time periods
f TLR9 (red), and a-actinin (green) in HG-treated NRCMs (n = 6); C. Representative
. Immunohistochemical staining of TLR9 in heart tissues from healthy and diabetic
in this figure legend, the reader is referred to the web version of this article.)
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AAV9-TLR9 #1 markedly increased the level of TLR9 protein in
NRCMs (Fig. S2A). When compared to the AAV-VEC transduced
group, Fig. S2B demonstrates that the TLR9 levels in the myocar-
dium were much higher following AAV9-TLR9 transduction. The
presence of hyperglycemia was demonstrated in AAV9-VEC
(AAV9-VEC + STZ) and AAV9-TLR9 diabetic mice (AAV9-
TLR9 + STZ) for up to 16 weeks. Overexpression of TLR9 had no dis-
cernible effects on fasting blood sugar levels. (Fig. 2A).

Hemodynamic analysis using the Millar transducer revealed
that AAV9-TLR9 + STZ mice exhibited increased peak derivative
of pressure over time (+dP/dt max) and decreased peak derivative
of pressure over time (-dP/dt min) compared to AAV9-VEC + STZ
mice (Fig. 2B-2C). Furthermore, TLR9-overexpressing mice demon-
strated significantly improved cardiac systolic function relative to
STZ-treated WT mice, as indicated by increased left ventricular
ejection fraction (LVEF), left ventricular fractional shortening
(LVFS), cardiac output (CO), and decreased left ventricular diastolic
diameter (LVIDd) (Fig. 2D-2H). TLR9 overexpression also amelio-
rated diastolic dysfunction in diabetic mice, as evidenced by the
early mitral diastolic waves/mitral raised late diastolic wave ratio
(E/A ratio), determined by pulsed Doppler study of mitral blood
flow patterns (Fig. 2I).

Cardiac fibrosis was assessed using Sirius Red staining of mouse
heart tissues. PSR labeling revealed significant heart fibrosis in dia-
betic animals, which was protected by TLR9 overexpression (Fig. 2-
J-2 K). Western blot analysis of diabetic mouse hearts showed
increased expression of col1 and a-SMA, which were markedly
down-regulated following AAV9-TLR9 injection (Fig. 2L-2 N).
Moreover, TLR9 overexpression substantially reduced the mRNA
expression of cardiac fibrosis indicators, including connective tis-
sue growth factor (ctgf), col1, and collagen III (col III) (Fig. 2O).
These findings imply that in diabetic mice, TLR9 attenuates cardiac
dysfunction and myocardial remodeling.

TLR9 protected mice hearts from oxidative damage and
cardiomyocytes apoptosis in diabetic context

The pathogenesis of DCM is facilitated by elevated oxidative
stress and apoptosis. To assess ROS levels in cardiac tissues, DHE
probes were employed. The results revealed significantly higher
DHE fluorescence intensities in the cardiac tissues of diabetic mice
compared to mice treated with vehicle, which were attenuated by
TLR9 overexpression (Fig. 3A). AAV9-TLR9 treatment also led to a
reduction in the elevated levels of 3-NT, MDA, and 4-HNE, and a
decrease in SOD activity in the heart tissues of diabetic mice
(Fig. 3B-3F). Immunohistochemical examination of cardiac 4-HNE
further confirmed that lipid peroxidation was reduced in the
AAV9-TLR9 + STZ group compared to the AAV9-VEC + STZ group
(Fig. 3G-3H). Western blot analysis revealed that TLR9 significantly
upregulated SOD2 expression and downregulated the NADPH oxi-
dase subunit P67phox in the hearts of diabetic mice (Fig. 3I-3 K).

TLR9 reduced the number of TUNEL-positive nuclei observed in
cardiac tissues following STZ injection, as demonstrated by TUNEL
staining (Fig. 3L-3 M). Western blot analysis further supported the
inhibitory effects of TLR9 on cardiomyocyte apoptosis by showing
that TLR9 upregulated BCL-2 and downregulated BAX levels (Fig. 3-
N-3P).

TLR9 modulated mitochondrial bioenergetics in diabetes Heart, but not
canonical inflammatory signaling

It has been revealed that, in addition to the traditional TLR9
inflammatory signaling pathway, controlling energy metabolism
also confers protection to cardiomyocytes and neurons [28].
High-resolution electron microscopy analysis of mitochondrial
morphology demonstrated severe damage in diabetic cardiac
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tissues, including inflation, decreased number of mitochondrial
cristae, absence of cristae, and irregularities. However, TLR9 over-
expression significantly ameliorated mitochondrial damage in dia-
betic mice (Fig. 4A-4E). To assess the impact of TLR9 on
mitochondrial function, key enzymes related to mitochondrial
function were measured. TLR9 overexpression resulted in
enhanced pyruvate dehydrogenase activity and citrate synthase
in the diabetic hearts (Fig. 4F-4G). Moreover, mitochondrial oxida-
tive phosphorylation and glycolysis rates were evaluated in mouse
AMCMs based on the OCR and ECAR rates. TLR9 overexpression in
T1DM hearts clearly increased mitochondrial respiratory capacity
(Fig. 4H). Additionally, in AMCMs derived from T1DM mice, TLR9
boosted glycolytic capacity and mildly increased basic glycolysis
(Fig. 4I). Subsequently, heart energy metabolism was measured,
and it was found that TLR9 overexpression dramatically elevated
the levels of ATP, AMP, and ADP, as well as the ratios of AMP/
ATP and ADP/ATP compared with diabetic hearts administered
with AAV9-VEC and AAV9-TLR9 (Fig. 4J-4 N). These results indicate
that TLR9 restores mitochondrial activity and positively influences
the bioenergetics of mitochondria.

In the hearts of diabetic mice, there was a significant increase in
the infiltration of CD45-labeled leukocytes and CD68-labeled
macrophages. Contrary to expectations, TLR9 overexpression had
no discernible impact on myocardial tissue inflammation in dia-
betic heart disease, neither exacerbating nor reducing the inflam-
matory response in the hearts of STZ-induced diabetic mice
(Fig. S3A-S3C). The mechanism of TLR signaling has been the sub-
ject of previous investigations, which have demonstrated that TLR
signaling involves the recruitment of various linker molecules that
activate NF-jB pathways, thus expediting the inflammatory
response [29]. However, we discovered that overexpressing TLR9
did not affect IjBa phosphorylation and subsequent degradation
in myocardial tissue, nor did it affect canonical NF-jB P65 activa-
tion and nuclear translocation, or the elevation of Myd88 expres-
sion induced by STZ (Fig. S3D-S3H). These findings suggest that
TLR9 plays a role in controlling energy metabolism in diabetic car-
diomyopathy but does not significantly influence inflammatory
reactions or conventional inflammatory pathways.

TLR9 contributes to the PGC-1a activation and Nrf2 activation and
nuclear translocation

The activation of AMP-activated kinase (AMPK) is primarily
triggered by an increase in the AMP/ATP ratio [30,31]. AMPK acti-
vation enhances cellular tolerance to metabolic stress by inhibiting
ATP-depleting pathways that are not essential for short-term cell
survival [32]. TLR9 upregulated AMPKa2 phosphorylation in the
cardiac tissues of diabetic mice (Fig. 5A-5B). PGC-1a is involved
in glucose uptake, gluconeogenesis, insulin secretion, and mito-
chondrial biogenesis [33]. PGC-1a is thought to mediate AMPK-
induced gene expression. Activation of AMPK leads to increased
expression of PGC-1a [34], and AMPK requires PGC-1a activity to
regulate several key aspects of mitochondrial and glucose metabo-
lism [35]. We next investigated the specific mechanisms related to
energy metabolism through which TLR9 protects against diabetes-
related heart damage. Western blots showed that TLR9 signifi-
cantly preserved PGC-1a expression in STZ-treated mouse hearts
(Fig. 5A–5C). Immunohistochemistry results demonstrated that
STZ decreased PGC-1a levels, while TLR9 partially increased PGC-
1a expression in diabetic hearts (Fig. 5I–5J). To further clarify
how TLR9 reduces oxidative stress, we investigated the Nrf2/HO-
1 pathway. Nrf2 plays a significant protective role in the oxidative
stress response and peroxide production during diabetes [36,37].
We found that TLR9 increased the levels of Nrf2 and HO-1 in dia-
betic hearts and may be responsible for Nrf20s nuclear transloca-
tion, as evidenced by western blots of nuclear protein and



Fig. 2. TLR9 overexpression attenuates cardiac dysfunction and fibrosis in diabetic mice. A. Blood glucose of mice at duration of diabetes (n = 10); B-C. hemodynamic
measurements. Peak derivative of pressure overtime (+dP/dt) is the maximal value of the instantaneous first derivative of left ventricular pressure; minimum peak derivative
of pressure over time (-dP/dt) is the minimum value of the instantaneous first derivative of left ventricular pressure (n = 10); D-I. Representative B-model and M�model
echocardiography in mice and cardiac function presented as ejection fraction (EF), fractional shortening (FS), cardiac output, left ventricular diastolic diameter (LVIDd) and E/
A ratio (n = 10); J-K. Representative images of Sirius red staining and quantification of fibrotic area in cardiac tissues (n = 6); L-N. Immunoblotting blot analysis of Col-Ⅰ and
a-sma protein levels in cardiac tissues; O. The mRNA levels of ctgf, col 1,col 3 in the cardiac tissues (n = 6). Significance was assessed by one-way ANOVA and Tukey’s post hoc
test. Data are shown as the mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. TLR9 overexpression alleviates diabetes-induced oxidative injury and apoptosis. A-B. Representative images of DHE staining in the cardiac tissues and
quantification of the corresponding fluorescence intensity (n = 6); C. 3-NT levels in cardiac tissues (n = 6); D. MDA levels in cardiac tissues (n = 6); E. 4-HNE levels in cardiac
tissues (n = 6); F. SOD activity in cardiac tissues (n = 6); G-H. Representative images and quantification (n = 6, 10 + fields per heart) of 4-HNE Immunohistochemistry staining
in diabetic hearts; I-K. Western blot analysis of p67phox and SOD2 in diabetic mice hearts (n = 6); L-M. TUNEL assay by double staining with DAPI (blue) and TUNEL (green)
detected apoptotic cells in mouse hearts. The quantification of TUNEL positive nuclei is shown (n = 6); N-P. Representative western blot and analysis of Bcl-2, Bax in diabetic
hearts (n = 6). Significance was assessed by one-way ANOVA and Tukey’s post hoc test. Data are shown as the mean ± SEM. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. TLR9 reinstates mitochondrial function and reduces energy substrates in the Mouse Model of Diabetes. A. Representative transmission electron microscopic
images of mitochondria in mice treated with vehicle or STZ (magnification � 3000 [3 K], scale bar 5 lm; �12,000 [12 K], scale bar 1 lm); B-E. Quantitative analysis of
mitochondrial size, mitochondrial cristae number, cristae area and the proportion of mitochondria with disorganised cristae. (n = 12); F-G. Activity of pyruvate
dehydrogenase (PDH) and citrate synthase (CS) were analyzed in heart tissues from indicated mice (n = 8); H, Oxygen consumption rate (OCR) in AMCMs isolated from
indicated mice (n = 6); I, Extracellular flux analyzer traces of a glycolysis stress measured as the extracellular acidification rate (ECAR) in AMCMs isolated from indicated mice
(n = 6); J-N. Measurements of ATP, ADP, AMP, ADP/ATP ratio and AMP/ATP ratio in cardiac tissues (n = 6). Significance was assessed by one-way ANOVA and Tukey’s post hoc
test. Data are shown as the mean ± SEM.
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immunofluorescence of Nrf2 (Fig. 5A, 5D–5F, 5K). However,
despite the significant role of NOX2/4 in the control of oxidative
stress, overexpression of TLR9 had little effect on their expression
in response to DCM [38] (Fig. 5A, 5G–5H).

We also conducted cell experiments to validate the in vivo find-
ings. NRCMs were overexpressed TLR9 using adenovirus transfec-
tion technology, and the transfection results were verified by WB
(Fig. S4A). Consistent with the in vivo results, AMPKa2 phosphory-
lation and PGC-1a expression were significantly reduced in high
glucose-stimulated cardiomyocytes, but were significantly
enhanced after TLR9 overexpression (Fig. S4B–S4D). Moreover,
the levels of Nrf2 and HO-1 protein expression in cardiomyocytes
were significantly higher in the HG + AdTLR9 group than in the
HG group, although they were significantly lower in the HG group
compared to the control group (Fig. S4B, S4E–S4G). Similar to the
in vivo experiments, TLR9 overexpression did not reduce the HG-
induced elevation of Nox2/4 expression (Fig. S4B, S4H-S4I). Over-
all, these data indicate that TLR9 participates in nuclear transloca-
tion, Nrf2 activation, and PGC-1a activation both in vivo and
in vitro.
73
TLR9-Mediated protective role on HG-Stimulated primary
cardiomyocytes via AMPK- PGC-1a pathway

In NRCMs, we assessed ROS levels and cell viability in the pres-
ence or absence of AMPK inhibitors or PGC-1a inhibitors to eluci-
date the role of AMPK and PGC-1a in TLR9-mediated preservation
of energy metabolism and cell injury. Our data revealed a signifi-
cant increase in intracellular ROS levels in NRCMs exposed to HG
compared to control groups. TLR9 overexpression nearly abolished
HG-induced ROS production, and this protective effect of TLR9 was
attenuated by either the AMPK inhibitor (Dors) or the PGC-1a
antagonist (SR-18292) (Fig. S5A-S5B). Similarly, the beneficial
effects of TLR9 on increasing cell viability in HG-stimulated car-
diomyocytes were diminished by the presence of inhibitors for
either AMPK or PGC-1a (Fig. S5C).

Furthermore, HG led to decreased AMPK phosphorylation and
expression of PGC-1a, Nrf2, HO-1, BCL-2, and SOD2, but increased
the expression of BAX and P67phox, which were substantially
restored with TLR9 overexpression (Fig. S5D–S5L). Notably, the
effect of TLR9 on restoring PGC-1a expression was abolished by



Fig. 5. TLR9 promotes PGC-1a activation and Nrf2 activation and nuclear translocation in vivo A-H. Western blot analysis (left panel) and densitometric quantification
(right panel) of phosphorylated AMPKa2, total AMPKa2, PGC-1a, Nrf2, HO1, Nox2, Nox4 in cardiac tissues of each group (n = 6); I-J. Representative images and quantification
(n = 6, 10 + fields per heart) of PGC-1a in mice hearts (n = 6); K. Representative images of immunofluorescence of Nrf2 (red) and a-actinin (green) in cardiac tissues.
Significance was assessed by one-way ANOVA and Tukey’s post hoc test. Data are shown as the mean ± SEM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the AMPK antagonist (Fig. S5D, S5F). Additionally, the PGC-1a
inhibitor significantly reduced the positive effects of TLR9 on
Nrf2, HO-1, BCL-2, SOD2, BAX, and P67phox expression in NRCMs,
but did not affect AMPK phosphorylation (Fig. S5D–S5E, S5G–S5L).
Taken together, these findings suggest that TLR9 exerts its positive
impact on HG-stimulated NRCMs through the activation of PGC-1a
via the AMPK pathway.

AMPKΑ or PGC-1a deficiency abolish the protective effect of TLR9
against DCM

Wild-type (WT) and AMPKa2 knockout mice (AMPKa2�/�)
were used to further demonstrate whether AMPK activation medi-
ated the protective effects of TLR9 against DCM (Fig. S6A). To cre-
ate the DCM model, AAV9-TLR9 was overexpressed in the
myocardium and was injected in situ before being injected with
STZ (Fig. S6B). Mice in the AMPKa2�/�+AAV9-VEC + STZ and
AMPKa2�/�+AAV9-TLR9 + STZ group demonstrated a worsened
systolic and diastolic dysfunction, as shown by decreased EF and
FS, restricted LVIDd, lower E/A ratio, and TLR9 overexpression did
not enhance cardiac function in AMPKa2�/� mice (Fig. S6D–S6G).
As expected, PSR staining demonstrated that AMPKa2 deficiency
balances the impact of TLR9 on reducing STZ-induced cardiac col-
lagen deposition (Fig. S6H–6I). DHE staining of heart demonstrated
that TLR9 lowered myocardial ROS levels in the WT-STZ mice but
not in AMPKa2�/�- STZ mice (Fig. S6H, 6J). Additionally, AMPKa2
deficiency eliminated TLR90s effect on reducing cardiomyocyte
apoptosis (Fig. S6H, S6K).

Correspondingly, we subsequently employed PGC-1a-cKO mice
to explore the impact of PGC-1a on TLR9-mediated cardioprotec-
tion. We crossbred aMHC-Cre and PGC-1a(flox/flox) mice to obtain
the aMHC-Cre; PGC-1a((fl/fl) mice (Fig. S7A–S7D). As expected,
systolic and diastolic dysfunctions and collagen deposition were
comparably found in WT- and PGC-1a-cKO animals. TLR9 overex-
pression corrected these cardiac structural changes, fibrosis, and
cardiac dysfunction in the WT-STZ mice but not in PGC-1a-cKO –
STZ mice (Fig. S8A-S8G). Similarly, DHE labeling showed that
TLR9 reduced cardiac ROS levels in WT-STZ mice but not in PGC-
1a-cKO-STZ animals (Fig. S8F, S8H). TUNEL staining results
demonstrated that PGC-1a depletion in heart reversed the protec-
tive role against myocardial apoptosis (Fig. S8F, S8I). Collectively,
our findings demonstrated that PGC-1a and AMPK were responsi-
ble for mediating TLR90s protective effects against cardiac dysfunc-
tion and injury brought on by diabetes.

Triad3A interacts with TLR9 and promotes K48-Linked ubiquitination

The regulation mechanism of TLRs signal transduction includes
positive regulation and nuclear negative regulation. Currently, neg-
ative regulation (i.e., the reduction of TLRs signal transduction) is
mainly found to interfere with the formation of the junction com-
plex to block the signal transduction pathway and the regulation of
the transcription level [50]. In response to the decreased expres-
sion of TLR9 in the DCM state, we speculate that it changes at
two levels, mRNA and protein levels. After detecting its mRNA
expression at the transcriptional level, it was found that the mRNA
level of TLR9 did not change significantly (Fig. 6A). Therefore, we
focused our research on the ubiquitination and degradation of
TLRs. A previous study found that Triad3A negatively regulates
TLR4 and TLR9-mediated MyD88-dependent NF-jB activation
and AKT phosphorylation in pressure overload-induced cardiac
hypertrophy [16]. Subsequently, we evaluated the protein expres-
sion of Triad3A. Interestingly, DCM led to a substantial increase in
Triad3A protein expression (Fig. 6B).

To determine if TLR9 is a substrate of the E3 ligase Triad3A, we
conducted immunoblotting experiments and confirmed that the
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ubiquitination of TLR9 was elevated in NRCMs with Triad3A over-
expression and following HG administration. Moreover, in myocar-
dial cells from mice treated with STZ, the levels of ubiquitinated
TLR9 were higher compared to those from control mice (Fig. 6C–
6E). These results suggest that Triad3A plays a role in the ubiquiti-
nation of TLR9, which may contribute to the observed decrease in
TLR9 expression in the context of diabetic cardiomyopathy.

The function of Triad3A in regulating TLR9 protein stability was
further assessed in 293 T cells. A reciprocal coimmunoprecipitation
(co-IP) study demonstrated a specific interaction between TLR9
and Triad3A (Fig. 6F). Additionally, the GST precipitation assay
confirmed the physical interaction between TLR9 and Triad3A
(Fig. 6G). Gradual overexpression of Triad3A led to a progressive
decrease in TLR9 expression (Fig. S9A). Conversely, Triad3A silenc-
ing significantly increased the expression of TLR9 (Fig. S9B).

To investigate whether Triad3A reduces TLR9 expression by
inhibiting TLR9 transcription or promoting TLR9 proteasomal
degradation, we used the protein synthesis inhibitor CHX and the
proteasome inhibitor MG132 in 293 T cells. The results showed
that TLR9 expression decreased over time in a CHX-dependent
manner in both the control siRNA group and the Triad3A siRNA
group (Fig. S9C), indicating that Triad3A did not affect the synthe-
sis of TLR9 protein. Furthermore, in both groups, TLR9 expression
increased over time in response to MG132 treatment. However,
the rate and extent of TLR9 expression increase were higher in
the control siRNA group compared to the Triad3A siRNA group
(Fig. S9D), suggesting that Triad3A inhibits TLR9 expression by
promoting proteasome-mediated degradation of TLR9.

Next, to evaluate if Triad3A causes TLR9 degradation via TLR9
polyubiquitination, coimmunoprecipitation was done to determine
the ubiquitination impact of Triad3A on TLR9 in 293 T cells. The
results demonstrated that in the presence of MG132, the interac-
tion between exogenous Triad3A and TLR9, as well as the interac-
tion between endogenous Triad3A and TLR9, was greatly
strengthened (Fig. S9E-S9F) Consistent with these observations,
overexpression of Triad3A dramatically raised the amount of
TLR9 polyubiquitination in the presence of MG132 (Fig. S9G). Con-
versely, knocking down Triad3A in the presence of MG132 led to a
reduction in TLR9 polyubiquitination (Fig. S9H). These results col-
lectively indicate that Triad3A promotes the polyubiquitination of
TLR9, thereby facilitating TLR9 degradation through the ubiquitin–
proteasome pathway.

The screening of mutant variants of ubiquitin for potential
lysine ubiquitination types revealed that under HG treatment, both
wild-type (WT) Ub and K48O (Ub with intact Lys48 residue alone)
could be conjugated to TLR9 by Triad3A, whereas K6O, K11O,
K27O, or K63O showed no such connection (Fig. 6H). Triad3A addi-
tionally failed to bind K48R (Ub just Lys48 residue was altered) to
TLR9 (Fig. 6I), demonstrating that Triad3A primarily promoted
K48-linked ubiquitination on TLR9.

Furthermore, overexpression of Triad3A exacerbated
cycloheximide-induced TLR9 degradation (Fig. 6J), which was pre-
vented by MG132 (Fig. 6K). Overall, Triad3A binds with TLR9 pref-
erentially and facilitates its proteasomal degradation by catalyzing
K48-linked ubiquitination in the presence of HG.

Inhibition of Triad3A attenuates diabetic cardiac injury

Our results showed that Triad3A inhibition and its signal trans-
duction pathway suppression would be a useful treatment strategy
for DCM. We investigated siTriad3A’s possible impact on experi-
mental DCM (Fig. S10A). We measured intracellular ROS levels
and discovered that siTriad3A could suppress HG-stimulated ROS
generation but not in TLR9-KO myocytes (Fig. S10B-S10C).
Additionally, siTriad3A’s effects on improving cell survival in
HG-treated cardiomyocytes were reversed by TLR9 deficiency



C. Kong, Z. Guo, F. Liu et al. Journal of Advanced Research 61 (2024) 65–81

76



3

C. Kong, Z. Guo, F. Liu et al. Journal of Advanced Research 61 (2024) 65–81
(Fig. S10D). Following HG administration, ATP, AMP, ADP content,
and the AMP/ATP, ADP/ATP ratio were decreased. TLR9 KO pre-
vented siTriad3A’s positive effects on these parameters (Fig. S10-
E-S10I). Additionally, HG caused other abnormalities such as
decreased P-AMPK and PGC-1a expression, while TLR9 KO elimi-
nated the protective effects of Triad3A silence (Fig. S10J–S10L).

We used shRNA for loss-of-function studies to investigate Tri-
ad3A’s involvement in controlling diabetic heart damage. In line
with predictions, Triad3A silencing in cardiomyocytes reduced car-
diac fibrosis, oxidative stress, apoptosis, and dysfunction in WT-
STZ animals but not in TLR9-KOmice (Fig. 7A-10I). In WT-STZ mice
but not in TLR9-KO mice, silencing Triad3A dramatically raised
ATP, AMP, and ADP levels as well as the ratios of AMP/ATP and
ADP/ATP (Fig. 7J-7 N). Finally, it was found that lower levels of
P-AMPK and PGC-1a were present in the hearts of STZ mice. These
changes were restored by Triad3A inhibition in WT-STZ mice, but
were abolished in TLR9-KO-STZ animals (Fig. 7O-7Q). These data
indicated that Triad3A is essential for TLR9 function and diabetic
cardiac injury.

These findings, when considered collectively, imply that TLR9 is
an important target of Triad3A, and addressing the Triad3A-TLR9
axis might give therapeutic methods for diabetic heart damage.
Discussion

TLR9 has been implicated not only in the etiology of autoim-
mune diseases [39] but also in the pathophysiology of car-
diometabolic disorders such as obesity and atherosclerosis
[40,41]. To recreate the pathophysiology of DCM, myocardial cells
activated by high glucose were used to establish an in vitro dia-
betes model, while an in vivo type 1 DCM model was generated
through intraperitoneal injection of STZ. In both high-glucose-
stimulated cardiomyocytes and STZ-induced mouse cardiomy-
ocytes, TLR9 expression was significantly decreased. Under the
stimulation of STZ or HG, elevated Triad3A leads to the K48-
linked ubiquitination and degradation of TLR9. Decreased expres-
sion of TLR9 results in alterations in mitochondrial structure and
function, accompanied by a reduction in the AMP/ATP ratio, subse-
quently inhibiting the AMPK/PGC-1a signaling pathway, and exac-
erbating the pathological conditions in mice, such as oxidative
stress and cell apoptosis. However, it does not have an effect on
the inflammatory response and signaling pathways. As a conse-
quence, diabetic mice experience cardiac remodeling and cardiac
dysfunction. Conversely, cardiac-specific overexpression of TLR9
can counteract the aforementioned pathological changes by main-
taining mitochondrial structure and function, thereby ameliorating
cardiac remodeling and improving heart function. (Fig. 7R).

TLR9 plays a well-established role in cardiovascular disease.
Studies on TLR9-deficient (TLR9-KO) mice have shown that pres-
sure overload-induced cardiac dysfunction and inflammation are
improved in these mice [42]. Inhibition of sterile inflammation
mediated by TLR9-NF-jB signaling has also been reported to
improve right heart dysfunction induced by pulmonary artery liga-
tion in rats [43]. Conversely, injection of CpG-ODN (a TLR9 agonist)
has been found to exacerbate myocardial infarction and impair car-
Fig. 6. Triad3A interacts with TLR9 and promotes K48-linked ubiquitination A. T
Representative western blot analysis of Triad3A in cardiac tissues from healthy and
overexpression; D. Immunoblots of the ubiquitinated TLR9 in NRCMs treated with or wit
or without STZ; F. Coimmunoprecipitation (coIP) assays were performed to examine t
plasmids; G. GST pull-down assays showing the interaction Triad3A and TLR9 in 293 T
ubiquitination types, the ubiquitination of Myc-TLR9 in response to Triad3A overexpressi
Ub plasmids and treated with HG. J. Immunoblotting analysis of TLR9 in NRCMs infecte
50 lM) for the indicated time points. K, Immunoblotting analysis of TLR9 in NRCMs after
(DMSO), MG132 (50 lM) or chloroquine (CQ, 50 lM) for 6 h.
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diac function and survival following ischemia–reperfusion injury
[44]. TLR9 deficiency, however, was shown to increase mortality
in a model of heart failure in SERCA2aKO mice, while having no
effect on cardiac function, structure, or biochemical parameters
[45]. Our previous work demonstrated that TLR9-KO dramatically
reversed the decline in cardiac function induced by doxorubicin
[46]. On the other hand, TLR9 overexpression has been associated
with positive outcomes in certain contexts. For instance, B cell-
specific TLR9 overexpression significantly improved nephritis, con-
trasting the effect of TLR9 knockdown [47]. Interestingly, TLR9
activation has been found to protect cardiomyocytes from
ischemia-induced damage by regulating energy metabolism. Pre-
treatment with CpG-ODN was shown to boost TLR9 expression in
cardiomyocytes and regulate metabolism [8,9,28]. Our findings
add to the existing knowledge on the complex role of TLR9 in car-
diovascular disease. While TLR9 deficiency can improve certain
aspects of cardiac dysfunction and inflammation, TLR9 activation,
especially in a cardiac-specific context, appears to be protective
against deterioration in cardiac function, particularly in the context
of DCM. However, further research is needed to fully elucidate the
mechanisms and potential interplay between TLR9, energy meta-
bolism, and islet function in the context of cardiovascular disease.
Studies on TLR9 and islet function have revealed that TLR9-
deficient mice have more islets, more islet beta cells, increased
glucose-stimulated insulin secretion in vitro, and improved glu-
cose tolerance in vivo [6]. The specific targeting of insulin-
producing islet cells by STZ, used to induce diabetes in our study,
might explain this phenomenon.

TLR9 plays a role in modulating the inflammatory response,
thereby reducing stress-induced cardiac hypertrophy [48]. Activa-
tion of TLR9 in hematopoietic cells has been associated with
increased adipose tissue inflammation and insulin resistance, as
shown in in vitro studies [49]. Interestingly, our research revealed
that overexpression of TLR9 did not augment STZ-induced inflam-
mation levels and pathways, contrary to its canonical role in
inflammation regulation. This suggests that TLR9 may have distinct
inflammatory functions in immune cells, which could explain its
limited impact on inflammation in this context [28].

Instead, TLR9 appears to primarily regulate cardiac energy
metabolism to enhance heart function and mitigate pathological
changes in diabetic conditions. In both diabetic patients and dia-
betic animal models, cardiac mitochondrial dysfunction, oxidative
stress, and abnormal mitochondrial ultrastructure have been
observed, leading to disease progression [50]. Physiologically, the
integrity of mitochondrial structure is crucial for mitochondrial
energy generation. However, defective mitochondrial structure
can exacerbate the decline of DWm, leading to cytochrome c leak-
age and mitochondrial dysfunction [51], which is considered a pri-
mary source of ROS production and a key contributor to DCM
[52,53]. Our data confirm that TLR9 overexpression significantly
reduces abnormal cardiac mitochondrial morphology in the con-
text of diabetes and maintains the AMP/ATP ratio. The disruption
of cardiac energy metabolism is considered a crucial factor in the
cardiac complications of diabetes [54], as alterations in ATP pro-
duction adversely affect cardiac function in DCM. TLR9 activation
he mRNA of TLR9 in cardiac tissues from healthy and diabetic mice (n = 6); B.
diabetic mice (n = 6); C. Immunoblots of the ubiquitinated tlr9 after Triad3A

hout HG; E. Immunoblots of the ubiquitinated TLR9 in myocardial cells treated with
he interaction of Triad3A and TLR9 in 293 T cells transfected with the indicated
cells transfected with the indicated plasmids. H-I. In screening for potential lysine
on was examined in NRCMs transfected with the wild-type (WT) and mutated Myc-
d with HA-Triad3A and treated with HG (20 lM) for 24 h and cycloheximide (CHX,
Triad3A overexpression for 24 h and treatment with HG for 24 h, dimethyl sulfoxide
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seems to confer increased cardiomyocyte tolerance to hypoxic
stress by modulating energy substrates, resulting in elevated
AMP/ATP ratio and subsequent activation of AMPK, without trig-
gering typical inflammatory responses [28]. Preconditioning with
CpG-ODN, a TLR9 agonist, has been shown to protect cardiac func-
tion by modulating cardiomyocyte energy metabolism [8]. In line
with these findings, our study demonstrated that TLR9 overexpres-
sion significantly increased the AMP/ATP ratio in myocardial
tissue.

In the context of diabetes, the upregulation of Triad3A leads to
an increase in TLR9 ubiquitination and subsequent degradation,
resulting in decreased TLR9 expression and attenuated signal
transduction. Conversely, when Triad3A is silenced using small
interfering RNA, the ubiquitination of TLR9 is reduced, leading to
enhanced signal transduction mediated by TLR9. Additionally, Tri-
ad3A targets the adapter protein TRAF3 for proteasomal degrada-
tion through K48-linked ubiquitin-mediated degradation,
negatively regulating the RIG-I-like receptor pathway [55]. The
present study further demonstrates the interaction between Tri-
ad3A and TLR9, which facilitates the proteasomal degradation of
TLR9 via K48-linked ubiquitination. In our investigation, the down-
regulation of Triad3A expression effectively improved cardiac
function and mitigated pathological changes associated with
DCM, primarily mediated through the TLR9 pathway.

Our study reveals the interaction between TLR9 and Triad3A,
which plays a critical role in the pathogenesis of diabetic car-
diomyopathy. These findings offer potential new therapeutic tar-
gets for clinical intervention. By modulating the interaction
between TLR9 and Triad3A, we may be able to regulate the
AMPK/PGC-1a signaling pathway, thus mitigating myocardial
damage and improving cardiac function in diabetic cardiomyopa-
thy. These research outcomes provide promising new strategies
for the treatment of diabetic cardiomyopathy. Given the complex-
ity and individual variability of diabetic cardiomyopathy, personal-
ized treatment strategies are of utmost importance. In our study,
we observed variations in TLR9 expression levels among different
individuals, suggesting the possibility of personalized treatment
opportunities. By integrating patients’ genomic information and
physiological characteristics, we may identify those who are suit-
able candidates for TLR9-targeted therapies, leading to more pre-
cise and effective treatment approaches. And there have been
clinical studies on TLR9 targets. Activation of TLR9 inhibits Th17
cells and induces anti-inflammatory IL10 + macrophages and reg-
ulatory T cells, thereby improving the dysregulated intestinal cyto-
kine balance [56]. TLR9 agonist MGN1703 regulates human lymph
node B cells in vivo. These findings provide further considerations
for the development of TLR9 agonists as immunotherapies against
cancer and infectious diseases [57]. In a phase Ib study involving
patients with advanced melanoma, the intratumoral TLR9 agonist
vidutolimod plus pembrolizumab had a manageable safety profile
and showed promising clinical activity [58]. Although our study is
still in its early stages and requires further clinical validation, we
hold an optimistic view of the potential of TLR9-Triad3A interac-
Fig. 7. Triad3A silence inhibits STZ-induced diabetic heart injury and energy metabo
pressure overtime (+dP/dt) is the maximal value of the instantaneous first derivative of l
(n = 10); D. left ventricular diastolic diameter (n = 10); E. E/A ratio(n = 10); F. Representat
G. Quantification of fibrotic area (n = 10); H. Quantification of the DHE fluorescence
Measurements of ATP, ADP, AMP, ADP/ATP ratio, and AMP/ATP ratio in cardiac tissues. O-Q
phosphorylated AMPKa2, total AMPKa2, PGC-1a in cardiac tissues (n = 6). Significance
mean ± SEM. R. Graphical Abstract: Triad3A elevation induced by STZ or HG stimulation
mitochondrial function and reduces the AMP/ATP ratio and inhibits the activation of AMP
pathological changes. STZ: Streptozotocin; HG: High glucose; TLR9: Toll-like receptor 9;
5‘-monophosphate (AMP)-activated protein kinase; PGC-1a: Peroxisome-proliferator-act
figure legend, the reader is referred to the web version of this article.)
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tion as a therapeutic approach for diabetic cardiomyopathy. As
research advances and clinical trials progress, we anticipate trans-
lating these research findings into more specific and effective
treatment modalities, ultimately improving the quality of life and
prognosis for patients.
Conclusion

In conclusion, our study provides valuable insights into the reg-
ulatory mechanism of TLR9 in DCM. TLR9 plays a crucial role in
maintaining cardiac function and mitigating pathological alter-
ations in the diabetic heart through its impact on mitochondrial
structure and function, energy metabolism, oxidative stress, and
apoptosis. The upregulation of Triad3A in the diabetic state leads
to increased ubiquitination and degradation of TLR9, resulting in
reduced TLR9 expression and impaired signal transduction. By
investigating the interplay between TLR9 and Triad3A, we have
uncovered a novel mechanism underlying TLR9 regulation and its
impact on cardiac function. The downregulation of Triad3A expres-
sion represents a promising therapeutic approach for ameliorating
cardiomyocyte energy metabolism, alleviating oxidative stress,
and improving cardiac function in DCM.

Our findings highlight the importance of TLR9 as a potential
therapeutic target for the treatment of diabetic cardiomyopathy.
By understanding the intricate signaling pathways involved in
TLR9 regulation, future research may lead to the development of
targeted therapies to enhance TLR9 function and improve cardiac
outcomes in diabetic patients. Further investigations are war-
ranted to explore the full therapeutic potential of TLR9 modulation
in the context of diabetic cardiomyopathy and other cardiovascular
diseases.
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lism disorders through TLR9. A. hemodynamic measurements. Peak derivative of
eft ventricular pressure (n = 10); B-C. Echocardiographic assessment for each group
ive images of Sirius red staining, DHE staining, and TUNEL staining in cardiac tissues.
intensity (n = 10); I. Quantification of the TUNEL positive nuclei (n = 10); J-N.
. Western blot analysis (left panel) and densitometric quantification (right panel) of

was assessed by one-way ANOVA and Tukey’s post hoc test. Data are shown as the
leads to degradation of TLR9 K48-linked proteasomal ubiquitination, which impairs
K and PGC-1, which in turn leads to oxidative stress, apoptosis and fibrosis and other
AMP: Adenosine monophosphate; ATP: Adenosine triphosphate; AMPK: Adenosine
ivated receptorccoactivator-1a. (For interpretation of the references to colour in this
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