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Abstract

Diabetic cardiomyopathy is a specific form of heart dysfunction that occurs in diabetic
patients independent of other cardiomyopathies such as coronary artery disease. It signifi-
cantly contributes to heart failure and mortality in this population. The pathogenesis of
diabetic cardiomyopathy mainly includes oxidative stress, inflammatory response, apopto-
sis and disrupted mitochondrial homeostasis. Mitochondrial homeostasis, encompassing
mitochondrial dynamics, mitochondrial oxidative metabolism and mitophagy, is regulated
by a variety of signaling pathways and plays a pivotal role in maintaining the normal
function of cardiomyocytes. At present, the exact mechanisms underlying diabetic car-
diomyopathy pathogenesis remain unclear, and effective prevention and treatment methods
are lacking. This review therefore expounds the pathogenesis of diabetic cardiomyopa-
thy from the perspective of mitochondrial homeostasis, providing new approaches to
clinical management.

Keywords: diabetic cardiomyopathy; mitochondrial homeostasis; pathogenesis

1. Introduction

The prevalence of type 2 diabetes mellitus (T2DM) has been rising steeply and per-
sistently, with the disease now recognized as a global epidemic [1-4]. In 2021, 529 million
individuals had diabetes globally, with projections indicating the number of patients will
reach 1.31 billion by 2050 [5,6]. Uncontrolled diabetes leads to a variety of long-term health
complications, including cardiovascular disease (CVD), neuropathy, vision problems, and
amputation [3,7]. Among these complications, CVD is the leading cause of mortality and
morbidity in diabetic patients, accounting for nearly 70% of heart failure cases [8-10]. Com-
pared with non-diabetic individuals, diabetic patients face a 2- to 8-fold higher risk of CVD
events, primarily due to microvascular and macrovascular atherosclerosis exacerbated by
concomitant CVD risk factors including hypertension, dyslipidemia, and the activation of
neurohormonal-inflammatory mechanisms [6,8,11].

Diabetic cardiomyopathy (DCM) denotes cardiac dysfunction—initially characterized
by diastolic dysfunction with preserved ejection fraction, with potential progression to
systolic dysfunction with reduced ejection fraction—observed in patients with diabetes
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mellitus in the absence of concomitant cardiovascular diseases, including but not limited
to coronary artery disease, hypertension, valvular abnormalities, and congenital heart
disease [12,13]. Its high prevalence, diagnostic challenges, and poor prognosis profoundly
impact patients’ quality of life while being a heavy burden on families and society, driving
extensive research into the treatment and prevention of DCM [14,15].

The current understanding of DCM pathogenesis mainly implicates the occurrence of
inflammatory responses, changes in calcium signaling, and renin-angiotensin—aldosterone
system hyperactivity [16-20]. Recent studies have demonstrated that mitochondrial dys-
function contributes to DCM pathology by disrupting myocardial metabolic and non-
metabolic signals, ultimately inducing myocardial dysfunction [21]. This article explores
the role of mitochondrial homeostasis in DCM occurrence and progression, reviews current
research advances, summarizes its mechanistic involvement in DCM, and establishes a
theoretical framework for the clinical treatment of DCM.

2. Mitochondrial Homeostasis

Mitochondria, acting as the “powerhouses” of the cell, primarily supply energy for
various cellular activities and serve as the central and principal site for cellular metabolism
and oxidative respiration. Abnormalities in mitochondrial morphology and function are
closely associated with the development of numerous diseases. Mitochondrial homeostasis
represents a dynamic regulatory process involving mitochondrial dynamics (fusion and
fission), mitochondrial oxidative metabolism, and mitophagy. These coordinated mech-
anisms maintain both the quantity and structural integrity of “healthy” mitochondria to
meet the various energy demands of the cell [22]. Disruption in mitochondrial homeostasis
constitutes a key pathological factor in the progression of many diseases. Therefore, main-
taining mitochondrial homeostasis is crucial for the normal growth and development of
cells and organisms [23].

2.1. Mitochondrial Oxidative Metabolism

Mitochondrial oxidative metabolism is a critical process by which cells generate energy
in the form of adenosine triphosphate (ATP) through the oxidation of nutrients, which
primarily takes place within the mitochondria [24]. Pyruvate, derived from glycolysis,
enters the mitochondria and is converted into acetyl-CoA by the pyruvate dehydroge-
nase complex. Acetyl-CoA then enters the tricarboxylic acid (TCA) cycle, also known as
the Krebs cycle, where it is oxidized to produce high-energy electron carriers including
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH),),
while releasing carbon dioxide as a waste product [25]. These high-energy electron carriers
donate their electrons to the electron transport chain (ETC), which is embedded in the
inner mitochondrial membrane. The ETC consists of four protein complexes (Complex I
to IV) that transfer electrons sequentially, generating a proton gradient across the inner
mitochondrial membrane [26]. As protons flow back into the mitochondrial matrix through
ATP synthase (Complex V), the resulting energy drives the synthesis of ATP from adenosine
diphosphate (ADP) and inorganic phosphate, thereby coupling the electron transport chain
with ATP production.

However, during oxidative metabolism, a small percentage of electrons may leak from
the ETC and react with oxygen, forming reactive oxygen species (ROS) such as superoxide
radicals. While physiological levels of ROS function as signaling molecules, excessive ROS
production induces oxidative stress and damages cellular components, including proteins,
lipids, and DNA [26,27].

Mitochondrial oxidative metabolism is precisely regulated by multiple factors, such as
substrate availability, hormonal signals, and cellular energy demands. For instance, during
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fasting or exercise, the expression of oxidative metabolism-related genes increases to meet
elevated energy requirements. The dysregulation of mitochondrial oxidative metabolism is
linked to numerous diseases, including metabolic disorders, neurodegenerative diseases,
cardiovascular diseases, and aging-related conditions [28,29]. Therefore, understanding the
mechanisms and regulation of mitochondrial oxidative metabolism is essential for devel-
oping therapeutic interventions to restore cellular energy balance and mitigate oxidative
stress (Figure 1).
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Figure 1. Schematic of molecular regulatory mechanisms for mitochondrial oxidative metabolism.
This diagram shows key mitochondrial oxidative metabolic processes: the TCA cycle, ETC, and
oxidative phosphorylation. Acetyl-CoA is oxidized in the TCA cycle to generate NADH and FADH,,
which donate electrons to ETC complexes I-IV, pumping protons to form a gradient. Proton re-entry
through ATP synthase drives ATP production, converting nutrient energy into usable cellular energy.
ETC, electron transport chain; DAG, diacylglycerol; FA-CoA, fatty acyl-coenzyme A; CPT-1, carnitine
palmitoyltransferase-1; CPT-2, carnitine palmitoyltransferase-2; NADH, nicotinamide adenine dinu-
cleotide; FAD, flavine adenine dinucleotide, reduced; OXPHOS, oxidative phosphorylation; TCA,
tricarboxylic acid cycle; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Cyt ¢, cytochrome
¢; PHD, prolyl hydroxylase. Created in BioRender. Zou, W. (2026) https:/ /BioRender.com/8ywx0ul,
accessed on 3 March 2026.

2.2. Mitochondrial Dynamics

Mitochondria are highly dynamic organelles that undergo continuous cycles of fusion
and fission to modulate their morphology, size, and location. This physiological process is
known as mitochondrial dynamics [30]. The relative balance between mitochondrial fission
and fusion is crucial for maintaining mitochondrial quality and function, which is of great
significance to normal cellular activities [31,32].

Mitochondrial fission is primarily regulated by dynamin-related protein 1 (DRP1) [33].
DRP1, a member of the dynamin superfamily, is typically localized in the cytoplasm and
comprises a GTP hydrolysis (GTPase) domain, a middle domain, and a GTPase effector
domain. Upon stimulation by fission factors, DRP1 is recruited to the mitochondria, where
it oligomerizes to form ring-like structures. These structures, utilizing the GTPase activity
of DRP1, induce the scission of the mitochondrial outer and inner membranes, resulting
in mitochondrial fission [34]. The receptors for DRP1 include mitochondrial fission factor
(MFF), fissionl (FIS1), mitochondrial dynamics proteins of 49 kDa (MiD49), and mito-
chondrial dynamics proteins of 51 kDa (MiD51), which mediate both the recruitment of
DRP1 and the process of mitochondrial fission [35]. Among these, MFF is a predominant
receptor for DRP1 in mammalian cells. The overexpression of MFF promotes mitochondrial
fission, whereas its knockdown leads to mitochondrial elongation [36]. Inorganic pyrophos-
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phatase phosphatase 2A (PPA2), a protein localized to the mitochondrial matrix, activates
the downstream fission signaling pathway by directly interacting with the mitochondrial
inner-membrane protein mitochondrial fission process 1 (MTFP1). Specifically, the overex-
pression of PPA2 significantly promotes the phosphorylation of DRP1 at serine 616 and
enhances the recruitment of phosphorylated DRP1 to mitochondria, thereby initiating the
fission process. When MTFP1 is knocked down, even the overexpression of PPA2 cannot
induce the activation of DRP1 and subsequent fission, confirming the necessity of MTFP1
in this pathway [37]. It has also been reported that MTFP1 itself is not a pro-fission factor;
instead, it functions by inhibiting fusion, thereby “isolating” damaged or dysfunctional
inner-mitochondrial-membrane (IMM) subdomains from the healthy mitochondrial net-
work. Subsequently, these isolated subdomains are separated into small MTFP1-enriched
mitochondria (SMEM) via peripheral fission and are ultimately degraded through the
autophagy pathway [38].

Mitochondrial fusion is a multistep process that includes mitochondrial tethering,
outer-membrane fusion, and inner-membrane fusion [39]. The fusion process is primarily
regulated by mitochondrial fusion proteins, including mitofusin 1 (MFN1), mitofusin 2
(MEN2), and optic atrophy 1 protein (OPA1) [40]. MFN1 and MFN2 mainly mediate the
fusion of the mitochondrial outer membrane by forming homodimers or heterodimers
through cis-dimerization, thereby facilitating the tethering and fusion of the outer mem-
branes of adjacent mitochondria [41,42]. OPAL1 is primarily involved in the fusion of the mi-
tochondrial inner membrane. Its gene deletion leads to mitochondrial fragmentation, while
overexpression results in mitochondrial elongation [43]. OPA1 induces inner-membrane
fusion in a manner dependent on MFN1 but not MFN2, indicating potential communication
and interaction between the outer and inner mitochondrial membranes [43]. However, the
exact mechanism by which OPA1 induces inner-membrane fusion remain incompletely
understood and requires further investigation. Recent studies have revealed a synergistic
role of two classic mitochondrial stress response systems, the PTEN-induced kinase 1
(PINK1)/E3 ubiquitin—protein ligase parkin (Parkin) pathway and the metalloprotease
overlapping with the M-AAA protease 1 homolog (OMA1), in cooperatively inhibiting
excessive mitochondrial fusion under physiological conditions, thereby maintaining mito-
chondrial structural and genomic integrity. The PINK1/Parkin pathway primarily targets
the outer-membrane fusion protein MFN1, promoting its ubiquitination and degradation
to inhibit outer-membrane fusion. OMA1 primarily targets the inner-membrane fusion
protein OPA1, inactivating it through proteolytic cleavage to inhibit inner-membrane fu-
sion. The individual deletion of either Parkin or OMA1 does not affect mitochondrial
integrity, but the combined deletion of both leads to excessive mitochondrial fusion, form-
ing megamitochondria, which are particularly prominent in the brainstem and heart [44]
(Figure 2).

2.3. Mitophagy

Mitophagy is a selective process by which cells remove damaged or dysfunctional
mitochondria through autophagy, playing a crucial role in maintaining cellular homeostasis
and mitochondrial quality control. The main pathways of mitophagy include ubiquitin-
mediated mitophagy, receptor-mediated mitophagy and mitochondrial-derived vesicles
(MDVs) pathways.

Receptor-mediated mitophagy is initiated by the direct interaction of the outer-
mitochondrial-membrane (OMM) proteins with microtubule-associated protein 1 light
chain 3 (LC3)/gamma-aminobutyric acid receptor-associated protein (GABARAP) proteins
on the autophagosome membrane through the LC3 interaction region (LIR) motif [45].
PINKT1 and Parkin, two proteins associated with Parkinson’s disease, have recently been
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identified as regulators of mitophagy [46]. PINK1 functions as an upstream regulator of
Parkin, collaborating with it to promote the autophagic degradation of damaged mitochon-
dria via the polyubiquitination of mitochondrial surface proteins. Following mitochondrial
depolarization or damage, PINK1 accumulates extensively on OMM, triggering the translo-
cation of Parkin from the cytosol to the OMM [47]. Parkin, leveraging its E3 ligase activity,
conjugates ubiquitin to substrate proteins, forming polyubiquitin chains [46,48]. Subse-
quently, adaptor proteins such as p62/sequestosome-1 are recruited to the mitochondria
through their ubiquitin-binding domains and interact with LC3, facilitating the aggre-
gation of ubiquitinated proteins into autophagosomes for degradation [48]. Moreover,
the PINK1/Parkin pathway is involved in an unconventional autophagic process, where
specific proteins are transported to lysosomes for degradation via MDVs [49].

Mitochondrial dynamics

Fusion Fission

Figure 2. Schematic of molecular regulatory mechanisms for mitochondrial fusion and fission.
Mitochondrial fusion is mediated by MFN1/2 and OPA1 and negatively regulated by PINK1/Parkin;
fission is driven by DRP1 and its receptors FIS1, MFF, and others. The dynamic equilibrium between
fusion and fission maintains mitochondrial function and cellular homeostasis. DRP1, dynamin-related
protein 1; MFF, mitochondrial fission factor; FIS1, fission1; MID49, mitochondrial dynamics proteins of
49 kDa; MID51, mitochondrial dynamics proteins of 51 kDa; PINK1, PTEN-induced kinase 1; Parkin,
E3 ubiquitin—protein ligase parkin; PPA2, phosphatase 2A; MTFP1, mitochondrial fission process 1;
OMAL, overlapping with the M-AAA protease 1 homolog; OPA1, optic atrophy 1; MFN1, mitofusin 1;
MFN2, mitofusin 2. Created in BioRender. Zou, W. (2026) https://BioRender.com/90jsyrq, accessed
on 3 March 2026.

Receptor-mediated mitophagy is initiated by the direct interaction of mitochondrial
OMM proteins with LC3/GABARAP proteins on the autophagosome membrane through
the LIR motif [45]. NIP3-like protein X (NIX) and BCL2/adenovirus E1B 19 kDa interacting
protein 3 (BNIP3), as members of the B cell lymphoma 2 (Bcl-2) family, are OMM-localized
proteins that mediate mitophagy through their N-terminal WXXL-like sequences that bind
to LC3. NIXis involved in mitochondrial clearance during reticulocyte maturation, whereas
BNIP3 participates in hypoxia-induced mitophagy and plays a key role in the induction
and maintenance of pluripotency [50,51]. Under hypoxic conditions, hypoxia-inducible
factor-1 upregulates the expression of NIX and BNIP3, disrupting the interaction between
Bcl-2 and Beclin-1 and activating mitophagy [52]. FUN14 domain containing 1 (FUNDC1),
another receptor protein for hypoxia-induced mitophagy, also interacts with LC3 via its
WXXL-like sequence, with its phosphorylation status precisely controlling mitophagy
initiation [53]. When mitophagy is induced, FUNDC1 dissociates from OPA1 and binds to
DRP1, subsequently leading to mitochondrial fission and mitophagy. It has been reported
that FUNDC1 plays a role in cardiac progenitor cell differentiation by remodeling the
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mitochondrial network and exerts cardioprotective effects during ischemia-reperfusion
injury [54]. Collectively, these proteins orchestrate the removal of mitochondria damaged by
hypoxia, thereby maintaining oxygen homeostasis and mitigating ROS accumulation [55].

MDYV formation is a key pathway in mitochondrial quality control. MDV biogenesis
complements mitophagy and serves to recycle damaged mitochondria [56]. When the
primary mitophagy mechanism is impaired due to aging or other conditions, mitochon-
drial Rho GTPasel/2 proteins located on the mitochondrial outer membrane sense signals
and recruit the dynamin-related protein DRP1, driving local constriction and budding
of the mitochondrial membrane to initiate MDV formation [57]. Meanwhile, a decrease
in damaged mitochondrial membrane potential can activate the PINK1/Parkin pathway:
PINKT1 stabilizes on the outer mitochondrial membrane, and recruits and activates the E3
ubiquitin ligase Parkin, which then ubiquitinates outer membrane proteins to tag dam-
aged components [58]. The adaptor protein Tollip recognizes these ubiquitination signals,
assists in recruiting autophagy-related proteins, and sorts specific cargo (such as oxida-
tively damaged proteins, lipids, and mitochondrial DNA) into the forming MDVs [54,59].
Finally, mature MDVs fuse with late endosomes/lysosomes via sensitive factor attach-
ment protein receptors proteins such as syntaxin-17 on their membrane, delivering their
contents to the lysosome for degradation [60]. This process is independent of canonical
macroautophagy/mitophagy and represents an important supplementary mechanism for
cells to clear oxidatively damaged mitochondrial components and maintain mitochondrial
network integrity (Figure 3).

_ Mitophagy

Figure 3. Schematic of molecular regulatory mechanisms for mitophagy. The three primary path-
ways of mitochondrial autophagy: On the left is the PINK1/Parkin-dependent pathway, where PINK1
recruits Parkin to ubiquitinate outer-mitochondrial-membrane proteins, subsequently recruiting au-
tophagy receptors that bind LC3. On the right is the receptor-mediated pathway, where receptors such
as Nix, BNIP3, and FUNDC1 directly bind to LC3/GABARAP. Below is the mitochondrial-derived
vesicle (MDV) pathway. Together, these three pathways mediate the selective autophagic degrada-
tion of mitochondria. LC3, microtubule-associated protein 1 light chain 3; PINK1, PTEN-induced
kinase 1; Parkin, E3 ubiquitin—protein ligase parkin; OMM, outer mitochondrial membrane; MDYV,
mitochondrial-derived vesicle; BNIP3, BCL2/adenovirus E1B 19 kDa interacting protein 3; NIX,
NIP3-like protein X; FUNDC1, FUN14 domain containing 1; GABARAP, gamma-aminobutyric acid
receptor-associated protein. Created in BioRender. Zou, W. (2026) https:/ /BioRender.com/epmyij4i,
accessed on 3 March 2026.
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3. Mitochondrial Homeostasis and DCM

In the pathogenesis and progression of DCM, mitochondrial dysfunction constitutes

a core pathological mechanism involving multiple levels such as impaired oxidative

metabolism, kinetic abnormalities, and disrupted autophagy (Figure 4 and Table 1). The

following provides a systematic elaboration on key molecular events.

Table 1. Mitochondrial dysfunction and related mechanisms in diabetic cardiomyopathy.

Mitochondrial

. Potential Mechanisms and Related Pathways Models Refs.
Dysfunction
Mitochondrial Decreased equivalent input, decreased oxidative phosphorylation capacity, db/db mice [61]
oxidative metabolism  increased reactive oxygen species, increased lipid peroxidation
Mitochondrial Mouse cardiomyocytes under hyperglycemic conditions reduce [CaZ*|m .
oxidative metabolism  and MCU protein levels and induce cardiomyocyte apoptosis mice; NMCM (62,631
DCM mice exhibit a range of left ventricular mitochondrial changes,
Mitochondrial including reduced mitochondrial area, increased levels of mitochondrial mice [64]
oxidative metabolism  complex-IIl and complex-V protein abundance, and reduced oxygen
consumption in complex II
Mitochondrial Increased cellular and mitochondrial fatty acid uptake, increased fatty acid - [65]
oxidative metabolism  oxidation, decreased LCAD activity and mitochondrial mass
. . Increased O-GlcNAcylation of the transcription factor SP1, many electron
Mitochondrial . . : . A .
. . transport chain subunits, and other mitochondrial proteins in diabetic mice  mice; C;Cyp [66]
oxidative metabolism - . o .
leads to exacerbated mitochondrial oxidative dysfunction
Mitochondrial Reduced complex 1 activity, increased H,O, and NO production, and cat [67]
oxidative metabolism  decreased ATP production
Myocardial ADMA accumulation promotes cardiac and mitochondrial
Mitochondrial dysfunction in TIDM rats. The underlying mechanism may be related to cat [68]
oxidative metabolism NOS uncoupling, leading to decreased NO and increased oxidative stress,
and ultimately PGC-1x downregulation and UCP2 upregulation.
Excessive cardiac mitochondrial fission rate in diabetic mice leads to
Mitochondrial reduced mean mitochondrial size and a reduction in the number of db/db mice; [69]
dynamics mitochondria per um?; downregulation of MFN2-induced imbalance in NRCM
mitochondrial dynamics promotes mitochondrial dysfunction and DCM.
Mitochondrial High glucose induces DRP1-mediated mitochondrial fission via orail
. . . .1 . . NRCM; rat [70]
dynamics calcium channels involved in diabetic cardiomyocyte hypertrophy.
Mitochondrial MST1 exacerbates mitochondrial fission, impairs mitochondrial energy mice: NMCM [71]
dynamics metabolism and function, and exacerbates cardiac dysfunction in DCM. !
Mitochondrial Mitochondrial reactive oxygen species in lipotoxic hearts induce
dvnamics post-translational modifications of AKAP121, DRP1, and OPA1 to promote NRVC [72]
y mitochondrial fission.
Mitophagy i\n/[i"fi e1;1h1b1’cs mitochondrial autophagy in a SIRT3-Parkin-dependent mice; NMCM (73]
Mitophagy Inhlb.qtlon of SI.RT3—FOXOBA—Park1n signaling-mediated downregulation mice; NMCM [74]
of mitochondrial autophagy.
In high-fat-diet-induced DCM, deletion of ATG7 and Parkin leads to
Mitophagy impaired mitochondrial autophagy, increased lipid accumulation, mice [75]
exacerbated diastolic dysfunction, and induced systolic dysfunction.
Cardiac BRD4 is upregulated in high-fat-diet-induced DCM and inhibits
Mitophagy PINK1/Parkin-mediated mitochondrial autophagy, thereby impairing mice; NMCM [76]

mitochondrial and cardiac structure and function.

Abbreviations: MCU, mitochondrial calcium uniporter; NMCM, neonatal mouse cardiac myocyte; NRVC, neonatal
rat ventricular cardiomyocyte; LCAD, Long chain acyl-CoA dehydrogenase deficiency; SP1, Specificity protein 1;
ADMA, asymmetric dimethylarginine; Parkin, Parkin RBR E3 ubiquitin protein ligase; UCP2, uncoupling protein
2; NOS, nitric oxide synthase; MST1, macrophage stimulating 1; SIRT3, sirtuin 3; FOXO3A, Forkhead box O3A;
ATG?, autophagy-related 7 gene; BRD4, bromodomain containing 4; PINK1, PTEN-induced putative kinase 1.
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Figure 4. Mechanisms of diabetic cardiomyopathy. Hyperglycemia triggers cardiac metabolic
disorders through hyperinsulinemia and insulin resistance, leading to mitochondrial dysfunction
and oxidative stress. This subsequently induces inflammation, endoplasmic reticulum stress, and im-
paired calcium handling, ultimately promoting the development of DCM. RAAS, renin—angiotensin—
aldosterone system; ER, endoplasmic reticulum; ROS, reactive oxygen species. Created in BioRender.
Zou, W. (2026) https:/ /BioRender.com/cmufxug, accessed on 3 March 2026.

3.1. Mitochondrial Oxidative Metabolism and DCM

Mitochondrial oxidative metabolism refers to the central mitochondrial pathway
where sugars, fats and amino acids undergo oxidative phosphorylation through the tri-
carboxylic acid cycle, ultimately generating ATP through redox reaction to meet energy
demands. Ji et al. [62] demonstrated that mitochondrial calcium uptake 1 (MICU1) serves
as a key regulator of mitochondrial Ca* uptake and critically modulates mitochondrial
oxidative phosphorylation and redox homeostasis by elevating mitochondrial Ca®*. This
mechanism activates the antioxidant system, thereby inhibiting the apoptosis of cardiomy-
ocytes induced by high sugar and high lipids, and exerts a protective effect on myocardium.

As highly energy-dependent cells, cardiomyocytes require continuous oxidative
metabolism to generate ATP necessary for maintaining cardiac output and contractile
function [77]. Emerging evidence suggests that Ca>* homeostasis is closely related to mito-
chondrial energy metabolism, functioning as an essential second messenger to maintain
proper cardiac function [78,79]. Notably, abnormal Ca?* signaling can be observed in
type 2 diabetic DCM, with Ca?* mishandling being the main reason for an interference
in energy production. Studies reveal that significantly elevated pyruvate dehydrogenase
phosphorylation in diabetic cardiomyocytes alters the mitochondrial energy metabolism
and counteracts mitochondria-associated membrane Ca?* signaling. Its correction could
restore cardiac function and prevent DCM progression.

Mitochondrial oxidative metabolism dysfunction is accompanied by a large amount of
ROS production, mitochondrial peroxidative damage, and myocardial injury due to energy
insufficiency, constituting a key pathological mechanism in DCM. Li et al. [80] reported that
T2DM exacerbates transient receptor potential vanilloid 1 (TRPV1) blockade and ROS over-
load, leading to cardiac microvascular injury. Notably, inhibiting TRPV1/Ca?"-mediated
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oxidative/nitrifying stress response effectively protected cardiac microvessels from diabetic
damage. Excess ROS can, in turn, activate the p53/synthesis of cytochrome c oxidase 2
(5CQO2) signaling, increasing mitochondrial oxygen consumption, and perpetuating ROS
production and lipid accumulation, thereby driving diabetic myocardial injury [81].

Berthiaume et al. [82] identified that diabetic cardiomyocytes display “metabolic
rigidity” with pathologically enhanced fatty acid uptake and mitochondrial oxidation,
despite the fact that the healthy adult heart already relies primarily on fatty acids for
energy (following the normal developmental switch from glucose that occurs after birth).
This rigidity is characterized by impaired mitochondrial electron transport chain func-
tion, insulin resistance-mediated suppression of glucose transporters, and, consequently,
markedly reduced glucose utilization. The transformation of energy metabolism changes
the transcriptional and redox status of NAD and metabolite signaling of key enzymes,
resulting in a decrease in glycolysis and mitochondrial oxidative metabolism that can cause
cardiac energy deficiency and cardiac insufficiency [83]. Furthermore, A-kinase-anchored
protein 121 increases cardiomyocyte apoptosis by enhancing ROS production, and defi-
ciency of this protein impairs mitochondrial respiration, reduces ATP production, and
induces mitochondrial oxidative metabolism dysfunction, along with cardiomyocyte apop-
tosis [84]. Studies have demonstrated that reduced NADPH oxidase 5, a CaZ*-sensitive,
pro-contractile NADPH oxidase isoform, can be mediated to participate in oxidative stress
regulation, resulting in an increase in ROS levels. Activation of the mitogen-activated
protein kinase pathway leads to cardiac hypertrophy and systolic dysfunction [85]. Collec-
tively, Ca®* affects myocardial oxygen consumption by regulating mitochondrial energy
metabolism in cardiomyocytes, induces oxidative stress, and changes cardiac structure and
function. In summary, mitochondrial oxidative metabolic dysfunction plays a pivotal role in
DCM. The dysregulation of mitochondrial oxidative metabolism leads to excessive produc-
tion of ROS and peroxidative damage to mitochondria, thereby causing myocardial energy
deficiency and myocardial injury. Moreover, the disruption of Ca?* homeostasis further
interferes with mitochondrial energy metabolism, exacerbating myocardial dysfunction
and ultimately leading to alterations in cardiac structure and function.

Importantly, the aged myocardium provides a vulnerable substrate for diabetic
metabolic insults [86]. Cardiac aging is characterized by mitochondrial metabolic inflexi-
bility, including a diminished capacity for fatty acid oxidation and compromised glucose
utilization, which predisposes the heart to energetic deficiency [87]. Concurrently, aged
mitochondria exhibit increased electron leak and a decline in antioxidant defense systems,
creating a state of basal oxidative stress [88]. When diabetic conditions—such as gluco-
toxicity, lipotoxicity, and insulin resistance—are superimposed on this aged milieu, they
act synergistically to exacerbate mitochondrial ROS production and overwhelm cellular
antioxidant capacity [89]. This age-aggravated metabolic dysregulation and oxidative stress
not only accelerate ATP depletion but also inflict more severe damage on proteins, lipids,
and mtDNA, thereby propelling the progression of diastolic dysfunction and myocardial
fibrosis characteristic of advanced DCM [90,91].

3.2. Mitochondrial Dynamics and DCM

Mitochondrial dynamics refers to the process that shape the mitochondrial network,
regulate mitochondrial function, and maintain quality control. This dynamic process
integrates mitochondrial fusion and fission with diverse cellular functions while respond-
ing to cellular pathophysiological changes. Strategically balancing these two processes
demonstrates therapeutic potential for DCM improvement [92].
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Previous studies have shown that increased fission and decreased fusion can aggravate
mitochondrial fragmentation, in which fission-mediated mitochondrial fragmentation di-
rectly contributes to high-glucose-induced ROS overproduction, whereas fusion counteracts
this damage by facilitating complementation between damaged mitochondria [93]. Dai and
Jiang [94] found that mitochonderial fusion is controlled by three guanosine triphosphate
(GTP) enzymes, and fission is mainly regulated by GTPase kinetics-related protein 1. The
decrease in GTPase activity will inhibit mitochondrial dynamics and cellular metabolism,
predisposing to metabolic diseases such as DCM.

In diabetic conditions, increased mitochondrial fission can lead to myocardial damage
and systolic dysfunction. Hu et al. [69] found that diabetic myocardium exhibits exces-
sive mitochondprial fission, which can be suppressed by mitochondrial fusion, thereby
promoting the recovery of mitochondrial membrane potential and oxidative stress, and
arresting DCM progression. Similarly, Ding et al. [95] found that diabetic myocardial
systolic dysfunction is associated with increased mitochondrial fission, and that melatonin
regulates the protein 1/peroxisome proliferator-activated receptor y coactivator 1-alpha
(PGC-1«) pathway by silencing, reduces the expression of GTPase kinetics-related protein
1, prevents mitochondprial fission, and alleviates diabetes-induced cardiac dysfunction.
Li et al. [96] reported that Ophiopogonin D alleviates mitochondrial damage and dysfunc-
tion by inhibiting mitochondrial fission in cardiomyocytes, improving cell survival, and
preventing and treating diabetic myocardial injury. In summary, the targeted modulation of
mitochondrial dynamics reduces pathological ROS release, alleviates myocardial oxidative
stress, inflammatory response and fibrosis, and ultimately improves myocardial injury and
dysfunction in diabetes.

The regulation of mitochondrial dynamics is further compromised by the aging process
itself [88]. In the senescent heart, a baseline shift towards excessive fission (elevated
DRP1 activity) and impaired fusion (reduced MFN2 expression) is commonly observed,
leading to a progressive fragmentation of the mitochondrial network even in the absence of
diabetes [97,98]. The diabetic milieu, with its associated oxidative stress and activation of
kinases like cyclin-dependent kinases (CDK1)/Cyclin B, further amplifies DRP1-mediated
fission and impairs OPAl-mediated inner membrane fusion [89,99]. Thus, aging and
diabetes converge on the same molecular machinery, creating a feed-forward cycle that
drives the mitochondrial network toward a highly fragmented, dysfunctional state.

3.3. Mitophagy and DCM

Mitophagy refers to the selective removal of damaged and dysfunctional mitochondria,
which helps to improve energy metabolism while regulating the quantity of mitochondria
so as to maintain the basic quality of cardiac mitochondria. Mitophagy is affected by
misfolded protein accumulation, mitochondrial dysfunction, and the deletion of gene
fragments [100]. There is a large body of evidence that mitophagy can improve cardiac
function in diabetic patients, and the loss of mitophagy is strongly correlated to DCM
development [101].

Mu et al. [76] found that the upregulation of bromodomain-containing protein 4 in the
heart of diabetic mice suppresses PINK1 expression, inhibiting PINK1/Parkin-mediated
mitophagy and causing damaged mitochondria accumulation, resulting in impaired cardiac
structure and function that aggravate cardiomyopathy. It also reduces the therapeutic effect
of bromodomain-containing protein 4 inhibitors, which restores mitophagy by inhibit-
ing the upregulation of bromodomain-containing protein 4 and repairs cardiac structure
and function in diabetic hearts. Metformin alleviates low-grade inflammatory responses
through blocking mitochondrial complex 1, inhibiting inflammasome activation, increas-
ing autophagy and improving mitochondrial bioenergy metabolism. It also inhibits the
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mammalian target protein pathway of rapamycin, alleviates pyroptosis of DCM, and exerts
cardioprotective effects [102,103].

Tong et al. [75] revealed that impaired mitophagy induces mitochondrial dysfunction
and lipid deposition to aggravate DCM, while mitophagy activation prevents high-fat-
diet-induced DCM. The inhibition of mitophagy leads to the excessive accumulation of
malformed and inefficient mitochondria, disrupting mitochondrial quality control and
redox balance, and ultimately compromising myocardial function [104]. Tahrir et al. [105]
further established that mitophagy isolates unhealthy mitochondria and maintains cardiac
homeostasis by selectively eliminating damaged or dysfunctional mitochondrial proteins.
Meanwhile, Chen et al. [106] identified Ca’* as a key modulator of DCM pathogene-
sis through directly or indirectly involved in the regulatory mechanisms. Collectively,
mitophagy is involved in various physiological and pathological processes such as car-
diomyocyte metabolic activity, cell differentiation, and apoptosis, playing an important
role in the regulation of cardiovascular diseases [107].

The efficiency of mitophagy, a critical line of defense, is susceptible to the dual as-
sault of both aging and diabetes [108,109]. Aging is associated with a global decline in
autophagic flux, attributed to reduced lysosomal function and impaired autophagosome
formation. This results in an accumulation of dysfunctional, ROS-producing mitochondria
at baseline [86]. Diabetic stress, through mechanisms such as the oxidative modification
of Parkin or inhibition of the PINK1/Parkin pathway, directly suppresses the activation
of targeted mitophagy. The synergistically impaired mitophagy allows for the unchecked
proliferation of damaged mitochondria, leading to overwhelming oxidative stress, activa-
tion of the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome,
and the release of pro-apoptotic factors [108]. This axis represents a pivotal convergence
point where aging exacerbates diabetic injury, and restoring mitophagy may hold particular
therapeutic promise for the elderly DCM population [109].

In summary, mitochondrial damage exerts regulatory effects in multiple links of
DCM. For example, it leads to abnormal mitochondrial energy metabolism, increased ROS
production, mitochondrial fission and fusion disorders, cardiolipin changes, and calcium
disorders. These collectively contribute to cardiac dysfunction, coronary microvascular
disease, and cardiac structural changes, thereby accelerating the progression of DCM.
Conversely, DCM perpetuate mitochondrial functional damage, creating a vicious cycle
where these processes mutually reinforce disease progression.

4. Pharmacological Treatment

DCM is a complication of diabetes mellitus that develops independently of coronary
artery disease and hypertension. It is characterized by alterations in myocardial structure
and function, progressing inevitably to heart failure. The underlying pathogenesis of
DCM is complex, with no specific therapies currently available. Pharmacological treatment
focuses on glycemic control, improvement in cardiac function, prevention of complications,
and retardation of disease progression (Figure 5 and Table 2).
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Table 2. Drugs targeting mitochondrial homeostasis for diabetic cardiomyopathy.
Protective . . Intervention Du-
D Target Therapeutic Mechanisms Models Dose . Number Author, Year Refs.
rugs ration
Suppressing mitochondrial ROS generation, Weituan Cai et al
Empagliflozin ROS activating the NRF2/antioxidant enzyme axis, db/db mice (oral) 10 mg/kg/da 8w 10 ) v [110]
pag ) Yy &/ Xg/day 2024
and reducing oxidative damage markers.
Left ventricular remodeling reversal — improved Jingjing Tian et al
Dapagliflozin Fibrosis cardiac diastolic/systolic function — reduced SD rat (oral) 1mg/kg/day 8w 15 8 g202? erat, [111]
myocardial collagen deposition.
PINK1-Parkin T — mitochondrial autophagy 1 — Chunru Yane et al
Canagliflozin Mitophagy restoration of mitochondrial structure and Mice (oral) 30 mg/kg/d 12w 12 2024 & v [112]
function — improved cardiac function.
Activate the PPAR-y/PGC-1x pathway to restore
Mitochondrial mitochondrial biogenesis (NRF1/TFAM) and
oxidative fusion-fission homeostasis (OPA1/MFN1/DRP1),
Pioglitazone metabolism; thereby improving I‘I.lltOCh(.)I’ldljlal structure and Rabbit 4mg/kg/d 8w 8 Zhiwei Zhang [113]
R R function, alleviating oxidative stress and etal., 2021
Mitochondrial . . - . . .
dvnamics inflammation, reversing diabetes-induced atrial
yn structural and electrical remodeling, and
preventing atrial fibrillation.
Activation of the NRF2 pathway upregulates
ferroptosis-inhibiting proteins such as GPX4 and The spontaneously
FTH-1, reducing myocardial iron deposition and diabetic Goto-Kakizaki Xuepin Chen et al
Liraglutide Ferroptosis lipid peroxidation (MDA |, GSH 7). This inhibits rat (subcutaneous 200 ug/kg/d 8w 15 005 2 [114]
ferroptosis, improves mitochondrial morphology injections)
and function, and alleviates cardiac remodeling )
and dysfunction in DCM.
. - . Lipid deposition |; myocardial fibrosis |; BNP |; Mice (intraperitoneal Ping Fang et al.,
Exenatide Fibrosis SIMAP | injection) 10 mg/kg/w 12w 12 2023 [115]
Mitochondrial SIRT1-PGC-1a-NRF-1 axis: SIRT1 deacetylation Mice (intraperitoneal Yinevine Cai et al
Exendin-4 oxidative activates PGC-1«, promoting mitochondrial ce in'eczjlt}i)::n) onea 1nmol/kg 8w 8 8y 2%1; erat, [116]
metabolism biogenesis and improving energy metabolism. )
ROS |; ATP 1; improved left ventricular systolic Rat (intraperitoneal
Finerenone ROS; Ferroptosis pressure and diastolic dysfunction; reduced in'ecl:ion) 1 mg/kg/day 8w 6 Tao Jin et al., 2023 [117]
myocardial fibrosis and apoptosis. )
Mitochondrial Improved oxidative stress (1 GSH/SOD, | MDA);
Eplerenon. idati alleviated endoplasmic reticulum stress (| GRP78, Rat (intraperitoneal 100 me /ke /d 8 8 Hamid Yaghooti [118]
plerenone n?etabaolivser:n J} XBP1s); reduced inflammation (| NLRP3, | injection) &/ Xg/qaay w etal., 2025

IL-1B); improved myocardial injury (J Troponin I).
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Table 2. Cont.

Protective Intervention

D Target Therapeutic Mechanisms Models Dose . Number Author, Year Refs.
rugs Duration
Mitochondrial ATP5A1/COX5b/SIRT1 1; activate the Weniuan Liu et al
Spironolactone oxidative NRF-1/GCLC antioxidant pathway and inhibit SD Rat (gavage) 20 mg/kg/day 12w 8 ) 2018 v [119]
metabolism; ROS NOX4; suppress inflammation and fibrosis.

Restore mitochondrial ketone metabolism — Weituan Cai ot al
Empagliflozin ROS activate NRF2 antioxidant defense — upregulate H9c2 5uM 48h / ) 2024 v [110]
BCL-2 to maintain membrane integrity.

o o Suppressing EndMT and fibroblast activation via Jingjing Tian et al.,
Dapagliflozin Fibrotic AMPKo/TGE-p /Smad signaling. HUVEC 1 uM 48 h / 2021 [111]
AMPK 1 — PINK1-Parkin 1T — mitochondrial Chunru Yane et al
Canagliflozin Mitophagy autophagy 1 — mitochondrial function H9c2 20 uM 48 h / 2024 & v [112]
restoration.
L Zhiwei Zhang
Pioglitazone ROS ROS |; MMP 1; PPAR-y/PGC-1x 1. HL-1 10 uM 1h / otal. 2021 [113]
Antioxidant and anti-ferroptotic proteins (GPX4, Xuepin Chen et al
Liraglutide Ferroptosis FTH-1), reduction in ferroptotic markers (PTGS2, H9c2 200 nM 24 h / P 2025 v [114]
Fe?*, lipid peroxides).
GLP-1, AMPK-autophagy 1, mTOR signaling |,
mitochondrial fusion 71, excessive fission |, Warisara
Exendin-4 Mitophagy antioxidant 1, mitochondrial autophagy 1, H9c2 5-100 nM / Parichatikanond [120]
myocardial oxidative stress |, mitochondrial etal., 2024
dysfunction .
. . . GRKS5 1; aldosterone |; apoptosis |; oxidative Pollard CM et al.,
Finerenone ROS; Ferroptosis stress |; fibrosis |. H9c2 10 mM 24 h / 2022 [121]
. Wenjuan Liu et al.,
Spironolactone ROS ROS | H9c2 0.1 uM 72h / 2018 [119]

Note: 1, upregulation; |, downregulation; —, direction of change/influence; NRF2, nuclear factor erythroid 2-related factor 2; db/db mice, diabetes mouse; NRF1, nuclear
respiratory factor 1; TFAM, transcription factor A, mitochondrial; GPX4, glutathione peroxidase 4, MDA, malondialdehyde; GSH, glutathione; BNP, B-type natriuretic; SLMAP,
sarcolemma-associated protein; SIRT1, sirtuin 1; PGC-1«, peroxisome proliferator-activated receptor y coactivator 1-alpha; GRP78, glucose regulated protein78kD; XBP1s, spliced
X-box binding protein-1; NLRP3, NOD-like receptor family pyrin domain containing 3; IL-1$, interleukin-1 beta; ATP5A, ATP synthase F1 subunit alpha; COX5b, cytochrome c
oxidase subunit 5B; GCLC, glutamate—cysteine ligase catalytic subunit; NOX4, NADPH oxidase 4; BCL-2, BCL2 apoptosis regulator; EndMT, endothelial-to-mesenchymal transition;
AMPK, adenosine 5’-monophosphate (AMP)-activated protein kinase; AMPK«, protein kinase AMP-activated catalytic subunit alpha 2; TGF-f, transforming growth factor-3; PTGS2,
prostaglandin—endoperoxide synthase 2; GLP-1, glucagon-like peptide-1; MMP, mitochondrial membrane potential; mTOR, mammalian target of rapamycin; GRK5, G protein-coupled
receptor kinase 5.
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Figure 5. Drugs target mitochondrial homeostasis for diabetic cardiomyopathy. SGLT2i, GLP-1RA,

and MRA improve DCM by multidimensionally regulating mitochondrial function. At the oxidative
metabolism level, SGLT2i and GLP-1RA stabilize mitochondrial Ca?* homeostasis, reduce oxidative
stress, and promote ATP production. In mitochondrial dynamics, all three classes synergistically
promote mitochondrial fusion and inhibit excessive fission. Regarding mitochondrial autophagy,
they accelerate the clearance of damaged mitochondria by activating both PINK1/Parkin-dependent
and FUNDC1-mediated independent pathways, thereby exerting comprehensive cardioprotective
effects. DCM, diabetic cardiomyopathy; SGLT2i, sodium-glucose cotransporter 2 inhibitors; GLP-
1RA, glucagon-like peptide-1 receptor agonist; MRA, mineralocorticoid receptor antagonists; NHE-1,
sodium/hydrogen exchanger; MICU1, mitochondprial calcium uptake 1; MICU2, mitochondrial cal-
cium uptake 2; MCU, mitochondrial calcium uniporter; p53, tumor protein p53; SCO2, synthesis of
cytochrome C oxidase 2; MPT pore, mitochondrial permeability transition pore; GSH, glutathione;
SOD, superoxide dismutase; NADPH, nicotinamide adenine dinucleotide phosphate; PPAR-y, perox-
isome proliferator-activated receptor y; PGC-1¢, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; mtROS, mitochondrial reactive oxygen species; MMP, mitochondrial membrane
potential. Created in BioRender. Zou, W. (2026) https://BioRender.com/tpghvéy, accessed on
3 March 2026.

4.1. Sodium—Glucose Co-Transporter 2 (SGLT2) Inhibitors

SGLT2 inhibitors are a new class of glucose-lowering drugs primarily acting by inhibit-
ing renal glucose reabsorption, thereby promoting urinary glucose excretion and lowering
blood sugar [122-126]. Empagliflozin exerts cardioprotective effects in DCM by enhancing
mitochondrial ketone body metabolism (upregulating 3-hydroxybutyrate dehydrogenase
1(BDH1)/3-Oxoacid CoA-Transferase 1 (OXCT1)) and attenuating oxidative stress via
nuclear factor erythroid 2-related factor 2 (NRF2) activation, thereby reducing ROS pro-
duction and apoptosis in db/db mouse hearts [110,127-129]. Additionally, dapagliflozin
exerts anti-cardiac fibrosis effects independent of its hypoglycemic action by inhibiting
the endothelial-to-mesenchymal transition (EndMT) to block fibroblast recruitment and
directly suppressing cardiac fibroblast proliferation, activation, and collagen synthesis. Its
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cardioprotective efficacy is comparable to that of metformin [111,130,131]. Canagliflozin
improves DCM by activating PINK1/Parkin-dependent mitochondrial autophagy. This
study systematically elucidates its protective mechanism from the cellular to animal levels
and validates key targets using PINK1 knockdown, providing new insights into the cardio-
protective effects of SGLT2 inhibitors. However, its dose-dependent nature and long-term
efficacy require further clinical validation [112,132].

SGLT2 inhibitors exert direct cardioprotective effects through a variety of mechanisms,
including improved mitochondrial function, anti-inflammatory actions, anti-fibrotic effects,
and the mitigation of oxidative stress [133-135]. Among these, the impact of SGLT2 in-
hibitors on mitochondrial function is particularly noteworthy [136]. Pioglitazone exerts its
cardioprotective effects through the peroxisome proliferator-activated receptor y (PPAR-
v)/PGC-1a signaling axis. The knockdown of PGC-1a completely abolished its ability to
upregulate Mn Superoxide dismutase (Mn-SOD) and stabilize mitochondrial membrane
potential (MMP), confirming that PGC-1« is a key and essential molecular target mediating
pioglitazone’s improvement in mitochondrial oxidative stress and prevention of diabetic
atrial remodeling [113,137]. Chen et al. (2024) [138] demonstrated that empagliflozin
(Empa) ameliorates cardiac dysfunction through inhibiting sodium-hydrogen exchanger 1
(NHE-1), thereby reducing intracellular sodium and calcium overload, decreasing mito-
chondrial ROS production, and preserving nitric oxide (NO) bioavailability. These effects
ultimately improve cardiac contractile function and vascular endothelial metabolic home-
ostasis, protecting cardiomyocytes from oxidative stress and energy metabolic imbalance,
with the underlying mechanism involving the NHE-1/protein kinase B (AKT)/endothelial
nitric oxide synthase (eNOS) signaling pathway.

In recent years, SGLT2 inhibitors have shown potential in the treatment of DCM. The
results of the EMPA-REG OUTCOME (Empagliflozin Cardiovascular Outcome Event Trial
in Type 2 Diabetes Mellitus Patients) trial showed that patients with T2DM at high risk
for cardiovascular events who received empagliflozin had a lower rate of the primary
composite cardiovascular outcome and a lower rate of death from any cause when the
study drug was added to standard care [139,140]. In EMPA-HEART CardioLink-6 clinical
trial, among people with T2DM and coronary artery disease, SGLT2 inhibition with em-
pagliflozin was associated with a significant reduction in left ventricular mass indexed to
body surface area after 6 months [141]. Clinical trials have unequivocally demonstrated
benefits in heart failure across the ejection fraction spectrum. Empagliflozin reduced the
composite risk of cardiovascular death or hospitalization for heart failure (HF) in patients
with heart failure and preserved ejection fraction (HFpEF) in the EMPEROR-Preserved
trial (Empagliflozin Outcome Trial in Patients with Chronic Heart Failure with Preserved
Ejection Fraction) [142]. Similarly, dapagliflozin improved outcomes in patients with HF-
pEF and mildly reduced ejection fraction in the DELIVER (Dapagliflozin Evaluation to
Improve the Lives of Patients With Preserved Ejection Fraction Heart Failure) trial [143],
and reduced mortality and HHF in patients with heart failure and reduced ejection fraction
(HFrEF) in the DAPA-HF (Dapagliflozin and Prevention of Adverse Outcomes in Heart
Failure) trial [144]. The consistency of benefit irrespective of diabetes status underscores
that SGLT2 inhibitor effects extend beyond glycemia control.

Looking ahead, SGLT2 inhibitors are in a position to play a significant role in the
treatment of DCM through their ability to enhance mitochondrial function, mitigate ox-
idative stress and regulate inflammatory responses. These multifaceted effects establish
them as a therapeutic strategy that protects cardiac function, improves vascular endothelial
metabolism, and reduces cardiovascular risk.
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4.2. Glucagon-like Peptide-1 (GLP-1) Receptor Agonists

GLP-1 receptor agonists are a class of medications that lower blood glucose by mim-
icking the action of incretin hormones [145]. In addition to effectively controlling blood
sugar levels, GLP-1 receptor agonists can reduce insulin dosage and improve postprandial
glycemic variability. GLP-1 receptor agonists have also demonstrated potential cardiopro-
tective effects in DCM management [146,147].

GLP-1 receptor agonists exert crucial protective effects in DCM by safeguarding
mitochondrial function and modulating oxidative stress pathways [148]. Under the hyper-
glycemic conditions in DCM pathogenesis, mitochondrial dysfunction and the excessive
generation of ROS trigger oxidative stress and inflammatory responses, ultimately result-
ing in myocardial fibrosis, ventricular remodeling, and impaired cardiac function. GLP-1
receptor agonists such as Exenatide intervene in the progression of DCM through multiple
mechanisms, including autophagy activation to clear damaged mitochondria, caspase-1
inhibition to reduce ROS accumulation, and the optimization of energy metabolism via
promoted glucose oxidation [149-153].

Exenatide exerts cardioprotective effects at the animal level through a GLP-1 receptor-
dependent, multi-target mechanism: it regulates the miR-29b-3p /sarcolemma associated
protein (SLMAP) axis to correct abnormal myocardial protein expression and reduce lipid
deposition and fibrosis; it simultaneously activates adenosine 5'-monophosphate AMP-
activated protein kinase (AMPK)/AKT and inhibits the mammalian target of rapamycin
(mTOR) signaling pathways to restore the imbalance in mitochondrial dynamics and au-
tophagy dysfunction [154,155]. This reverses myocardial structural remodeling and cardiac
dysfunction in diabetic mice, though its efficacy and safety in clinical patients require
further validation [115]. Exendin-4 promotes mitochondrial biogenesis by activating the sir-
tuin 1 (SIRT1) /PGC-1«/nuclear respiratory factor 1 (NRF-1) pathway, restores the NADPH
oxidase 1 (NOX1)/superoxide dismutase (SOD1) antioxidant balance, improves myocardial
structural remodeling in diabetic mice, reduces cardiac load markers (atrial natriuretic
peptide/brain natriuretic peptide), and inhibits fibrosis (transforming growth factor beta
1), thereby exerting multidimensional cardioprotective effects. However, its efficacy, safety,
and mechanism of action in humans require further clinical validation [116,156-165].

GLP-1 receptor agonists, exemplified by semaglutide, have also shown significant
cardiovascular risk reduction. In patients with T2DM and established CVD, semaglutide
reduced the risk of major adverse cardiovascular events (MACE) [166]. The recent SELECT
(Semaglutide Effects on Cardiovascular Outcomes in People with Overweight or Obesity)
trial further demonstrated that semaglutide reduced MACE risk by 20% in adults with over-
weight or obesity and pre-existing CVD but without diabetes, indicating cardioprotective
effects independent of its glucoregulatory actions [167]. These clinical outcomes align with
preclinical evidence of GLP-1 receptor agonists-mediated anti-inflammatory, anti-apoptotic,
and anti-fibrotic effects in the diabetic heart. Furthermore, the FLOW (Research Study
To See How Semaglutide Works Compared to Placebo in People With Type 2 Diabetes
and Chronic Kidney Disease) trial revealed that semaglutide significantly reduces the risk
of major kidney disease events and cardiovascular outcomes in patients with T2DM and
chronic kidney disease, highlighting its organ-protective pleiotropy [168].

Emerging evidence suggests GLP-1 receptor agonists may play an increasingly impor-
tant role in DCM treatment by restoring mitochondrial function and modulating oxidative
stress pathways, becoming an effective strategy for controlling blood sugar, reducing
insulin dosage, and improving cardiovascular health.
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4.3. Mineralocorticoid Receptor Antagonist (MRA)

In DCM, chronic hyperglycemia induces insulin resistance, shifting the myocardial
energy substrate’s preference towards free fatty acids. The upregulated cluster of dif-
ferentiation 36 (CD36) facilitates excessive free fatty acid uptake, activating peroxisome
proliferator-activated receptor o (PPARw) and accelerating mitochondrial 3-oxidation,
which increases mitochondrial reactive oxygen species (mtROS) production and exacer-
bates myocardial dysfunction. Aldosterone binding to mineralocorticoid receptor (MR)
in cardiomyocytes promotes detrimental remodeling. MRAs block cardiac MR, reducing
morbidity and mortality in advanced heart failure, with nonsteroidal MRAs like finerenone
potentially offering better cardiac protection than traditional steroidal MRAs. Finerenone
antagonizes MR, reduces ROS generation, downregulates PPAR« and CD36, limits free fatty
acids’ entry into mitochondria, and improves ATP /O, coupling efficiency. Furthermore, it
modulates mitochondrial dynamics, promotes fusion and biogenesis, reduces oxidative
injury, and impedes maladaptive hypertrophy and fibrosis in DCM [121,169-171].

Finerenone regulates mitochondrial dynamics by reducing DRP1-5616 phosphory-
lation and enhancing MFN2 and OPA1 expression, promoting mitochondrial fusion and
network integrity. It restores the AMPK-PGC-1« pathway, stimulates mitochondrial bio-
genesis, and selectively eliminates damaged mitochondria via PINK1/Parkin-mediated
mitophagy. Additionally, finerenone augments SIRT3 activity, which activates MnSOD
and isocitrate dehydrogenase (IDH2) to detoxify mtROS. Collectively, these mechanisms
re-establish mitochondrial quality control, attenuate cardiomyocyte oxidative injury, and
impede maladaptive hypertrophy and fibrosis in DCM [172,173]. Finerenone effectively
alleviates DCM by antagonizing MR, reducing ROS generation, and optimizing mitochon-
drial function. Future research should prioritize its long-term effects on DCM progression
and its potential in combination therapies to maximize clinical benefits [117].

Eplerenone selectively antagonizes mineralocorticoid receptors to block aldosterone-
mediated pathological pathways, providing multi-target protection against DCM: it en-
hances glutathione (GSH)/SOD ratios and reduces malondialdehyde (MDA) levels to
alleviate oxidative stress; downregulates glucose regulated protein78kD (GRP78) and
spliced X-box binding protein-1 (XBP1s) to relieve endoplasmic reticulum stress; and in-
hibits NLRP3 inflammasomes and interleukin-1 (IL-1p) to mitigate inflammation. Its
cardioprotective effects are independent of glycemic control, reducing troponin I levels and
improving myocardial injury with fewer side effects than spironolactone, offering a new
option for combination therapy in DCM [118].

Animal studies demonstrate that spironolactone confers cardioprotection through
a tripartite mechanism: mitochondrial restoration (preserving cristae integrity and up-
regulating ATP synthase F1 subunit alpha (ATP5A1)/cytochrome C oxidase subunit 5B
(COX5b)/SIRT1 to enhance bioenergetics), oxidative stress mitigation (activating NRF-
1/glutamate—cysteine ligase catalytic subunit (GCLC) antioxidant defenses while suppress-
ing Nox4-driven ROS production), and inflammation—fibrosis suppression (attenuating
tumor necrosis factor-o (TNF-ot)/monocyte chemoattractant protein-1 (MCP-1) release,
macrophage infiltration, and transforming growth factor (TGF-f1)/collagen I deposition).
Importantly, these benefits occur independently of glycemic and blood pressure control.
Nevertheless, the translation of these preclinical findings to clinical practice warrants
validation through large-scale randomized controlled trials [119].

However, the translation of other promising mechanistic targets from preclinical stud-
ies to clinical success is not guaranteed, highlighting the complexity of DCM. The ARISE-HF
(Aldose Reductase Inhibition for Stabilization of Exercise Capacity in Heart Failure) trial,
which evaluated the selective aldose reductase inhibitor AT-001 in patients with DCM and
impaired exercise capacity, found that 15 months of treatment did not result in a statistically
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significant improvement in peak oxygen uptake (VO;) compared to placebo [174]. The
successful translation of SGLT2 inhibitors and GLP-1 receptor agonists from mechanistic
preclinical discovery to proven clinical benefit provides a powerful paradigm. It confirms
that interventions targeting core DCM pathophysiological axes—such as metabolic dysreg-
ulation, inflammation, and fibrosis—can effectively improve hard clinical endpoints. This
bridge from bench to bedside underscores the value of the preclinical research landscape
mapped in Table 2. Future therapeutic strategies should focus on combining these founda-
tional therapies with other promising mechanistic approaches (e.g., targeting mitochondrial
dysfunction) identified in preclinical studies and employing more clinically representative
models (e.g., aged, comorbid) to enhance the predictive validity and translational success
of future drug development for DCM.

As a new generation of antidiabetic agents, SGLT2 inhibitors, GLP-1RAs, and
finerenone not only provide excellent glycemic control, but also exhibit cardioprotective ef-
fects against DCM. These drugs improve mitochondrial function, attenuate oxidative stress
and inflammatory responses through various mechanisms, thereby alleviating myocardial
damage and improving cardiac function. Future studies will clarify the specific molecular
targets in DCM and strengthen the scientific evidence base for clinical application.

5. Conclusions

In summary, this article systematically explores the pathogenic link between DCM and
mitochondrial homeostasis. Disrupted mitochondrial function and homeostasis contribute
to a variety of the pathological features of DCM, including cardiomyocyte apoptosis, in-
flammatory response, fibrosis, etc., which make mitochondrial homeostasis an important
part of DCM’s pathophysiology. Mechanisms such as mitochondrial dynamics, mitochon-
drial oxidative metabolism, and mitophagy alleviate DCM-related myocardial injury by
regulating ATP synthesis, optimizing myocardial energy expenditure caused by impaired
mitochondrial decoupling, controlling ROS release from mitochondrial oxidative stress,
and removing excess free fatty acids and damaged mitochondria from the heart. There-
fore, future investigations into the biological mechanism of mitochondria, particularly
through reducing oxidative stress, strengthening free fatty acid metabolism, regulating mi-
tochondrial dynamics and autophagy, and improving mitochondrial oxidative metabolism
to restore mitochondrial homeostasis, will provide effective therapeutic approaches to
DCM treatment.
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AMPK AMP-activated protein kinase
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AKAP121 A-kinase anchor protein 121
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BNIP3 BCL2/adenovirus E1B 19 kDa interacting protein 3
BDH1 3-hydroxybutyrate dehydrogenase 1
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CD36 Cluster of differentiation 36

CDK1 Cyclin-dependent kinases

CYTB Cytochrome b

DCM Diabetic cardiomyopathy

Drpl Dynamin-related protein 1

ER«x Estrogen receptor o

EndMT Endothelial-to-mesenchymal transition
Empa Empagliflozin

eNOS Endothelial nitric oxide synthase

ETC Electron transport chain

FIS1 Fissionl

FGF21 Fibroblast growth factor 21

FUNDC1 FUN14 domain containing 1

FOXO3 Forkhead box O3

GTPase GTP hydrolysis

GCLC Glutamate—cysteine ligase catalytic subunit
GABARAP  Gamma-aminobutyric acid receptor-associated protein
GPX4 Glutathione Peroxidase 4

GRP78 Glucose-regulated protein78kD

GSH Glutathione

GLP-1RAs GLP-1 receptor agonists

GTP Guanosine triphosphate

HF Heart failure

HFpEF Heart failure and preserved ejection fraction
HFrEF Heart failure and reduced ejection fraction
HO-1 Heme oxygenase-1

IMM Inner mitochondrial membrane

IDH2 Isocitrate dehydrogenase

LCAD Long-chain acyl-CoA dehydrogenase deficiency
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LC3
LIR
mTOR
MACE
MDA
MICU1
MCU
MR
MRA
MMP
MEN1
MFF
MiD51
MiD49
MTEFP1
MFN2
MDVs
MnSOD
NHE-1
NLRP3
NIX
NO
NMCMs
NRCMs
NRVCs
NADPH
NRF-1
NRF-2
NF-«B
Nox4
NGR1
OPA1
OMM
OMA1
OXCT1
PPA2
PD
PINK1
Parkin
PGC-1x
PPAR-y
ROS
SLMAP
SIRT1
SMEM
SGLT2
SGLT2i
SP1
SIRT3
SOD
TZD
TFAM
TCA

Microtubule-associated protein 1 light chain 3
LC3 interaction region

Mammalian target of rapamycin

Major adverse cardiovascular events
Malondialdehyde

Mitochondrial calcium uptake 1
Mitochondrial calcium uniporter
Mineralocorticoid receptor

Mineralocorticoid receptor antagonists
Mitochondrial membrane potential

Mitofusin 1

Mitochondrial fission factor

Mitochondrial dynamics proteins of 51 kDa
Mitochondrial dynamics proteins of 49 kDa
Mitochondrial fission process 1

Mitofusin 2

Mitochondria-derived vesicles

Mn superoxide dismutase

Sodium-hydrogen exchanger 1

NOD-like receptor family pyrin domain containing
NIP3-like protein X

Nitric oxide

Neonatal Mouse Cardiac Myocytes

Neonatal Rat Cardiomyocytes

Neonatal Rat Ventricular Cardiomyocytes
Nicotinamide adenine dinucleotide phosphate
Nuclear Respiratory Factor 1

Nuclear Factor erythroid-derived 2-like 2
Nuclear Factor kappa-light-chain-enhancer of activated B cells
NADPH oxidase 4

Notoginsenoside R1

Optic Atrophy 1

Outer mitochondrial membrane

Overlapping with the M-AAA protease 1 homolog
3-Oxoacid CoA-Transferase 1
Pyrophosphatase phosphatase 2A

Parkinson’s disease

PTEN-induced putative kinase 1

E3 ubiquitin—protein ligase parkin
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
Peroxisome proliferator-activated receptor gamma
Reactive oxygen species
Sarcolemma-associated protein

Sirtuin 1

Small MTFP1-enriched mitochondria
Sodium-—glucose co-transporter 2
Sodium—glucose cotransporter-2 inhibitors
Specificity Protein 1

Sirtuin 3

Super Oxide Dimutese

Thiazolidinedione

Mitochondrial transcription factor A
Tricarboxylic acid
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T2DM Type 2 diabetes mellitus

T1DM Type 1 diabetes mellitus

TRPV1 Transient receptor potential vanilloid 1
ucr2 Uncoupling Protein 2

XBP1s X-box binding protein-1
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