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Keywords: targets for diagnosis and treatment. While a variety of conventional diagnostic and
Autophagy therapeutic strategies are available, DHC continues to present a significant challenge.
Diabetes Point-of-care diagnostics, supported by nanobiosensing techniques, offer a promising
Diabetic heart condition alternative for these complex scenarios. Although conventional medications have been
Mitophagy widely used in DHC patients, they raise several concerns regarding various physiological
Nanotheranostics aspects. Modern medicine places great emphasis on the application of nanotechnology to
Nanomedicine target autophagy and mitophagy in DHC, offering a promising approach to deliver drugs
beyond the limitations of traditional therapies. This article aims to explore the potential
connections between autophagy, mitophagy and DHC, while also discussing the promise
of nanotechnology-based theranostic interventions that specifically target these molecular

pathways.
© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
- is often challenging due to various factors [11]. In many

1. Introduction

Diabetes is a chronic metabolic syndrome that significantly
increases the risk of cardiac disorders, with the treatment of
cardiovascular diseases (CVDs) accounting for the majority
of diabetes-related healthcare costs [1,2]. DHC is a complex
array of cardiovascular ailments and subsequent myopathies
resulting from chronic diabetes. Clinical evidence has
consistently linked diabetes to an elevated risk of heart
failure and cardiac diseases. Compared to non-diabetic
individuals, diabetes patients face a more than twofold
higher continuous threat of CVDs [3], with heart failure
being among the most severe in terms of prognosis [4]. The
association between diabetes and heart failure primarily
involves ischemia and metabolic abnormalities, such as
hyperglycemia-induced gluco-toxicity and insulin resistance-
mediated lipo-toxicity [S]. Proper diagnosis, coupled with a
comprehensive understanding of the disease pathogenesis
and advanced treatment of diabetes-related cardiac disease,
is crucial to reduce mortality rates among affected individuals
[1].

Dysfunctional autophagy is one of the root causes of
diabetes and age-related cardiac issues. Autophagy is a highly
conserved process involving the intracellular degradation
of waste products in the cytoplasm by lysosomes [6].
Emerging evidence has linked autophagy impairments to
various cardiovascular complications, including diabetic
cardiomyopathy (DCM). Mitophagy, a specialized form of
autophagy dedicated to the degradation and elimination
of mitochondria, is crucial for maintaining mitochondrial
integrity and ensuring cell viability [7,8]. Since both autophagy
and mitophagy have dual functions of dysregulation and
protective contributions to maintaining cardiac homeostasis,
balancing them is crucial to maximize protective functions
and minimize dysregulation in CVD [9]. Variations in the
levels of autophagy and mitophagy may contribute to
the progression of DHC [3,10], making them promising
diagnostic and therapeutic biomarkers. Despite diabetic
patients often experiencing cardiac issues, CVD and DCM are
frequently undiagnosed or poorly identified. The prevalence
of diabetic CVD can be reduced with effective diabetes
treatment from the early stages of the disease, but this

cases, diabetes and its associated cardiac diseases remain
asymptomatic, making diagnosis and treatment even more
challenging. Developing strategies for efficient point-of-care
diagnosis and timely treatment can significantly reduce the
morbidity associated with CVDs. Traditional diagnostic and
therapeutic interventions can be improved with the help
of nanotechnology to provide an enhanced approach to
managing cardiac complications [12,13].

Nanotechnology involves the formulation, manipulation,
or engineering of materials, structures, devices, and particles
to impart novel properties due to their nanoscale dimensions
[14]. It bridges the gap between biology and medicine
for various therapeutic purposes. Since Richard Feynman
introduced the concept of nanotechnology, it has gained
immense importance in fields such as agriculture, food,
cosmetics, and particularly medicine. One of the primary
applications of nanotechnology is nanotheranostics, where
medicinal tools and nanotechnological interventions are used
to efficiently diagnose and treat diseases [14,15].

Nano-biosensors have been designed to generate signals
corresponding to the concentration of diagnostic biomarkers
[16]. Nanocomposites are being used in biosensor production
to enhance their sensitivity and functionality. Numerous
innovative technologies for analyzing the autophagy and
mitophagy pathways have been incorporated into biosensors
due to the use of these nanomaterials. With the combination
of chemistry, health sciences, and nanotechnology, biosensors
can quickly assess the health status. Conventional therapeutic
interventions available in the market have limitations
such as less target specificity, modified impacts, and
reduced effectiveness due to drug metabolism, leading to
the development of nanomedicines for DHC treatment
[17,18]. Nanomedicine involves treating and preventing
diseases, aiming to improve individuals’ lifestyles [19].
The use of nanotechnologies in medicine, particularly in
developing novel drug-delivery techniques for DHC and
associated disorders, has become increasingly prevalent
[20]. Nanoscale carriers can target affected areas specifically,
enhancing treatment effectiveness and reducing unwanted
adverse effects. Surface modification and stimuli-responsive
functionalization can further enhance the targeting potential
and therapeutic efficiency of nanosystem-assisted drug
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delivery [21]. This article aims to provide a pioneer optimistic
insight into the contributory roles of autophagy and
mitophagy in DHC and nanotechnology-mediated theranostic
interventions for preventing cardiac and metabolic ailments
associated with DHC.

2. Role of autophagy in diabetic heart
condition

Autophagy is a fundamental process that maintains overall
homeostasis and stability in an organism under standard
physiological conditions. It becomes crucial for efficiently
transporting and targeting cellular debris, abnormal
protein conformations, and other toxic components to
the lysosome for effective degradation. This degradative
recycling pathway helps cells survive in various unfavorable
conditions. Autophagy occurs in two steps: first, double-
membrane autophagosomes are formed, which engulf
internal cargos, and then they merge with lysosomes to
initiate degradation with the help of lysosomal enzymes.
In cardiac cells, persistent hyperglycemia may hinder
autophagy [22]. Dysfunctional autophagy has been linked
to malfunctions and irregularities in diabetic hearts. As a
critical physiological process, autophagy plays a regulatory
role in several pathological processes associated with DHC,
encompassing various CVDs, DCM and multiple aspects of
diabetes [23].

DCM affects heart tissue and compromises heart function,
leading to mortality in diabetic individuals. Imbalanced
lipids in diabetes have been suggested to be induced
by dysfunctional autophagy caused by the inhibition of
adenosine monophosphate (AMP)-activated protein kinase
(AMPK), which may contribute to DCM [24]. AMPK acts as
an energy sensor critical for maintaining cellular energy
balance. When cellular energy is low, indicated by a
high intracellular AMP/ATP (adenosine triphosphate) ratio,
AMPK is activated. This stimulates metabolic processes that
generate ATP and downregulates pathways that use ATP
[25]. Functional AMPK can also inhibit cell growth and
lipid production while promoting glucose absorption and
autophagy. Insulin trafficking promotes the activation of
the mammalian target of rapamycin (mTOR), which inhibits
autophagy and autophagy-related 1 protein (Atgl) [26,27].
Specifically, activation of mammalian unc-51-like kinase 1
(ULK1) by AMPK and mTOR complex 1 (mTORC1) initiates
autophagy [28]. AMPK can limit mTORC1 function, accelerate
the degradation of unnecessary cellular components, and
improve ATP production [29,30]. The heart, which is normally
hypermetabolic and consumes significant oxygen, is regulated
by Forkhead box protein O1 (FOXO1), a metabolic and
antioxidant regulator. FOXO1 plays crucial roles, particularly
during DCM, characterized by metabolic abnormalities. The
predominant isoform, FOXO3, present in the heart, is
crucial in several cardiac disorders. FOX01/3, a known
regulator of catabolic processes, is essential for autophagy.
They bind to the regulatory regions of autophagy-related
genes (Atgs) and activate cardiomyocyte autophagy by
increasing the expression of these genes [31]. Activation of
FOX01/3 enhances cardiomyocyte autophagy and provides
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Fig. 1 - Important molecular signals controlling autophagy
in DHC. Cardiac autophagy is inhibited by diabetes. AMPK
is inhibited, and mTOR is activated in T1D and T2D, which
then deactivates ULK1, a kinase required to begin
autophagy. The autophagy process is initiated following
mTOR inhibition or activation of the AMPK signalling
pathway.

additional protection against chronic medical conditions
[32].

In insulin-dependent diabetes, impaired insulin trafficking
leads to the stimulation of cardiac autophagy [33]. Gluttony
and adiposity in adult-onset diabetes inhibit the breakdown
of damaged cells, leading to elevated intracellular levels
of precursors such as glucose and/or free fatty acids. This
dysregulation of insulin transmission boosts autophagy.
Autophagy has been implicated in the development of type
2 diabetes (T2D) through mechanisms affecting damaged
pancreatic beta cells and the emergence of insulin resistance
[34]. Studies have shown that rodents deficient in autophagy-
related 7 protein have fewer pancreatic beta cells, reduced
glucose tolerance, and decreased insulin secretion. In insulin-
resistant rodent models, autophagy is essential for preventing
diabetes and maintaining the structure and function of
pancreatic beta cells [35]. However, highly activated autophagy
can harm pancreatic beta cells, leading to their apoptosis.
The marginalization of autophagy in cardiovascular tissues
in T2D is caused by reduced sirtuin 1 activity, which, when
activated, reduces oxidative stress, inflammation, and cell
death while promoting autophagy and AMPK activation [36].
Reduced AMPXK activity in T2D often coincides with decreased
cardiac autophagy [37].

Dysregulation of AMPK signaling suppresses autophagy
and is a key factor in DCM, as cardiac-specific mutations occur
in SIRT1 in T2D (Fig. 1). In a rodent model of DCM, activating
AMPK with resveratrol boosts autophagy via the mTOR
pathway, enhancing cardiac performance without affecting
blood glucose levels [38]. Patients with T2D experience
cardioprotection against oxidative stress in pancreatic
beta cells due to increased autophagy. However, cardiac
dysfunction in T2D can occur due to suppressed lysosomal
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activity caused by impaired autophagosome clearance. While
rapid autophagy activation may help the heart compensate
for energy deficiency, sustained elevation of autophagy
could be harmful due to a lack of substrate for degradation.
Therefore, it will be crucial to employ efficient methods
and optimize the duration and timing of interventions if
autophagy is to be used as a therapeutic target [39]. It is
predicted that both juvenile and adult-onset diabetes can
enhance autophagy efficiency.

Due to physiological conditions like nutrient deprivation,
autophagy is firmly triggered in the heart, within the secluded
cardiomyocytes. Under those circumstances, autophagy is
crucial for the degradation of protein aggregates and the
retention of organelles at low basal levels. Autophagy is
also activated under conditions of cardiovascular stress,
such as ischemia and heart failure, cardiac hypertrophy, and
cardiomyopathies [40].

Autophagy can also be seen in ischemia, where blood
flow is impeded or decreased in a particular body part.
Reduced oxygen and nutrient availability lower cytosolic
ATP synthesis, activating AMPK and inhibiting mTOR, both
of which promote autophagy to maintain cellular levels
of energy and cardiomyocyte feasibility [41]. Autophagy is
initiated by the concurrent introduction of an effective mTOR
antagonist, 3HOI-BA-01 ((E)-3-(4-(benzo[d][1,3]dioxo0l-5-yl)-
2-oxobut-3-en-1-yl)-3-hydroxyindolin-2-one) and a precise
inducer of AMPK, PT1. It declines the death of cardiomyocytes
activated by modeled ischemia [42]. As a result, it has been
demonstrated that a wide range of autophagy inducers, such
as trehalose and spermidine, can reduce myocardial damage
and enhance the cardiac consequences of ischemic injury in
rodents by stimulation of autophagy [43]. It is observed that
right atrium attachments obtained from human T2D patients
with myocardial ischemia having coronary artery bypass
transplantation have higher numbers of light chain 3 beta-
positive muscle cells, light chain 3 beta II protein expression,
and autophagosomes. Evidently, the heart of the diabetic
person has autophagy turned on. Autophagy also serves as a
regulatory mechanism in cardiac hypertrophy to preserve the
standard framework and operation of the heart. This is proved
by the cardiac-specific deletion of autophagy-related 5 (Atg5)
that leads to hypertrophic cardiomyopathy, impairment in
the contraction of heart muscles and increased vulnerability
to pressure overload. Reactive oxygen species (ROS) harm
cardiomyocytes, but autophagy reverses this damage by
expelling deteriorated mitochondria from hypertrophic
hearts [44]. By targeting ubiquilin-1 (UBQLN1), an important
aspect of the mTOR pathway, miR-377-5p silencing reduces
cardiac hypertrophy [45]. miR-34a reduced cardiomyocyte
hypertrophy in a rat model, which is introduced with Ang
II by silencing the Atg9A expression, a protein that is
associated with the formation of autophagosomes. As a
result, suppressive impact of miR-34a on cardiac hypertrophy
by attenuating Atg9A expression implied that Atg9A may be a
priority attraction for miR-34a-targeted therapies for cardiac
hypertrophy [46]. Also, in the absence of myeloid leukaemia 1,
a member of the B cell leukaemia 2 family that usually inhibits
apoptosis, also disrupts stress-activated autophagy, making
it difficult for the heart to pump the blood to the rest of the
body and induce apoptosis [47]. Heart failure (HF) follows

cardiac hypertrophy if there is continuous stress because it
is the pretty standard end point of all cardiac diseases. HF
with reduced or preserved ejection fraction affects a similar
percentage of patients. Research findings on heart failure with
reduced ejection fraction (HFrEF) caused by pressure overload
indicated that cardiomyocyte homeostasis and hemodynamic
stress in the heart are controlled by autophagy [48]. According
to a study, pressure overload temporarily activates autophagy,
which subsequently reduces, promoting the growth of
HFrEF. To favor this study, revitalizing autophagy by TAT-
Beclin 1 peptide under pressure overload reduces HFrEF
[49]. Uncontrolled autophagy can aggravate HF disorder.
For instance, the knockout of lymphocyte antigen 86 (Ly86)
leads to the advancement of mice bearing HF with preserved
ejection fraction (HFpEF) by increasing autophagy through
inducing the reactive oxygen species-mitogen-activated
protein kinases (ROS-MAPK) signaling cascade. Furthermore,
through the modification of mTOR complex 2 and its signaling,
activation of AMPK enervates uncontrolled autophagy and
hinders HF [50,51]. These studies show that autophagy is
essential for healthy heart function.

3. Role of mitophagy in diabetic heart
condition

Mitophagy is a subtype of selective autophagy, which
is responsible for the specific targeting and degradation
of damaged or dysfunctional mitochondria. Unsurprisingly,
the mitophagy and autophagy pathways share extensive
similarities [52,53]. In the canonical pathway of mitophagy,
a group of proteins that are associated with mitophagy,
such as Atg7 and AtgS5, are crucial to the formation of
the autophagosome. In mammalian cells, mitophagy is
mainly facilitated through the PINK1/Parkin pathway, which
involves the coordinated action of the proteins PINK1
(PTEN Induced Kinase 1) and Parkin to identify and tag
damaged mitochondria for degradation [54]. Under diabetic
conditions, hyperglycemia and relatively higher free fatty acid
concentration induce damage to mitochondria, which often
leads to the loss of mitochondrial membrane potential (AWm).
This is a well-known and common trigger of mitophagy
[55,56]. In such cellular stress conditions, the import of
full-length PINK1 into mitochondria via the translocase
of the outer mitochondrial membrane (TOM) and inner
mitochondrial membrane (TIM) complexes is impaired. As
a result, PINK1 accumulates on the outer mitochondrial
membrane (OMM), where it stabilizes on the OMM in a
complex comprising of TOM7, TOM20, TOM22, TOM40, and
TOM70 proteins [57] and gets activated [S8]. After PINK1 gets
activated, it phosphorylates specific mitochondrial proteins,
including mitofusin 2 (Mfn2), which acts as a receptor to
recruit Parkin [59], an E3 ubiquitin ligase protein.

PINK1 has also been found to be recruited by various
pathways (Fig. 2). The most prominent among them is the
Parkin/PINK1 pathway. In this pathway, the initiation of the
formation of autophagosome is driven by the activation of
Unc51-like kinase 1 (ULK1) and Unc51-like kinase 2 (ULK2)
complexes. mTOR has been reported to inhibit this activation
process. This step is followed by nucleation step. The
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Fig. 2 - Diagrammatic representation of Parkin-dependent
and independent pathways: (a) AMBRA1 pathway, (b and c)
Parkin/PINK1 pathway, (d) FUNDC1 pathway, (e) NIX or
Bnip3 pathway, (f) BCL2L13 pathway, (g) CHDH pathway.

nucleation process is dependent on the Beclin 1-Vps34-Vps15
core complexes and other associated proteins. Ultimately, the
elongation of autophagosome is mediated by the autophagy-
related (ATG) proteins ATG12 and ATGS, which participate in
the elongation of the isolation membrane [60-62]. Apart from
this, it has been widely seen that PINK1 can also be recruited
by the AMBRA1 (Autophagy And Beclin 1 Regulator 1),
FUN14 domain containing 1 (FUNDC1), NIX/BNIP3, BCL2L13 (B
Cell Leukemia 2-Like 13) dependent LCR-LIR (LC3-interacting
region) binding, and Choline dehydrogenase (CHDH), and/or
by LC3-independent manner [63].

The binding of AMBRA1 to LC3 results in the anchoring
of damaged mitochondria to the autophagosomal membrane.
Following this event, activation of class III PI3K by AMBRA1
leads to the formation of a mitophagosome. However, despite
the ability of Parkin to enhance the recruitment of Ambral to
mitochondria and the role of p62 in mitochondrial perinuclear
clustering, this process is not dependent on either Parkin or
p62 [64]. It should be noted that while Ambral is a mitophagy
receptor that interacts with LC3 through its LIR, its presence
on the OMM does not eliminate the need for other mitophagic
receptors to identify and label damaged or dysfunctional
mitochondria. Rather, AMBRA1 may work in concert with
other mitophagic receptors to facilitate the efficient and
selective removal of damaged mitochondria through their
direct interaction with LC3. Therefore, the presence of
multiple mitophagic receptors with distinct properties and
functions is necessary for the proper regulation of the
mitophagy process [65]. The mitophagy receptor, FUNDC1
protein, is present on the OMM that recruits autophagosomes
via its LC3-binding motif, which is analogous to that of
NIX/BNIP3. FUNDC1-induced mitophagy requires Atg5 but
not Beclin 1 and does not need Parkin either [66,67]. The
coordination of mitochondrial fission, fusion, and mitophagy
to maintain the quality control of mitochondria has been

shown to be aided by FUNDC1’s interaction with dynamin-
related protein 1 (DRP1) and Optic Atrophy 1 (OPA1) [68,69].
The protein BNIP3, a member of the Bcl-2 family, has a
role in promoting cell death. NIX, a homolog of BNIP3, a
transmembrane protein found on the OMM [70]. BNIP3 and
NIX modulate mitophagy directly by interacting with LC3II
and gamma-aminobutyric acid receptor-associated protein
(GABARAP), respectively, via their N-terminal LC3-interacting
motifs [71]. Moreover, mitochondrial depolarization, which
has been shown to be capable of triggering mitophagy on its
own, may be induced by [72]. BCL2L13 is localized on the OMM
and establishes an interaction with LC3 via its WXXI motif,
which is necessary for LC3-mediated mitophagy. Unlike the
typical process involving Parkin, BCL2L13 triggers mitophagy
without requiring mitochondrial ubiquitination [73]. CHDH
converts choline into betaine aldehyde in the mitochondria.
Under normal conditions, CHDH is not anchored to either
the OMM or IMM. The FAD/NAD-binding domain 1 of CHDH
interacts with the Phox and Bem1 domains of the cytoplasmic
p62/SQSTM1, recruiting it to the depolarized mitochondria
and facilitating it to attach with LC3 [74]. Additionally,
the monophosphate-activated protein kinase (AMPK) can
induce mitophagy in a Parkin-independent manner through
phosphorylation and activation of TANK-Binding Kinase 1
(TBK1) [75].

The process of mitophagy can be facilitated by the
formation of Rab9-mediated autophagosomes. These
autophagosomes are formed through the interaction
between the protein Rab9, ULK1, and DRP1 protein [76]. The
mitophagy protein BECN1/Beclinl has a vital contribution to
the formation and maturation of autophagosomes, and it also
interacts with Parkin. However, its function is independent of
Parkin’s translocation to the mitochondria [77].

The presence of these poly-ubiquitinated chains on the
surface of the mitochondria results in the recruitment of
both the ubiquitin-proteasome system (UPS) machinery and
the mitophagy machinery [78]. This induces the recruitment
of specific Ub-binding mitophagy receptors through the
ubiquitin-binding domain. Following this event, P62 or
optineurin (OPTN) recruits autophagosomal membranes via
LC3 through their LC3-interacting domain. This leads to
the formation of mitophagosomes. These mitophagosomes
eventually get fused with lysosomes where enzymatic
degradation of mitochondria takes place [79]. Investigating
this pathway is highly crucial for a detailed insight on the
role of mitophagy in DHC. The molecular components can
act as a potential therapeutic target of the latest biomedical
nanoparticles and nano-conjugated systems.

A major source of production of intracellular ROS as well
as a key target of oxidative damage in diabetes, are the
mitochondria. As the number of damaged mitochondria starts
building up (mostly as a result of decreased mitophagy),
ROS production rises through a process called ROS-induced
ROS release (RIRR), creating a malicious cycle that eventually
results in cardiomyocyte mortality. Both T1D and T2D patients
typically exhibit increased mitochondrial ROS generation as
well as impaired mitochondrial structure and function in their
hearts [80]. The PI3K/AKT/mTORC1 pathway is activated by
insulin (Fig. 3). Thus, it was initially hypothesized that T1D and
T2D would both have elevated levels of mitophagy. However,
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Fig. 3 - Insulin receptor activation inhibits mitophagy via PI3K/PDK/AKT pathway, FOXO translocation prevention, mTORGC1

activation and polyol pathway interference.

mitophagy is actually found to be suppressed in T1D animal
hearts [81].

Owing to the increased mTORC1 activity and/or reduced
AMPK activity, various studies have hypothesized the
suppression of mitophagy in the T1D heart [82]. Though
T1D is associated with mitochondrial dysfunction, studies
have found that mitophagy proteins PINK1 and PARKIN
are significantly reduced in diabetic hearts. Despite the
fact that T1D is linked to mitochondrial dysfunction,
research has shown that the levels of the mitophagy
proteins PINK1 and PARKIN are considerably reduced in
diabetic hearts. This shows that, despite severe mitochondrial
dysfunction, PINK1/Parkin-mediated mitophagy is decreased
in these hearts, causing an accumulation of malfunctioning
mitochondria and the induction of cell death in myocytes [83].
However, according to another study, altered Rab9-mediated
mitophagy has been seen to be correlated with cardiac injury
[76]. Although there is clear evidence that cardiac mitophagy
is reduced in T1D, the functional aspect of this reduction in
mitophagy is still not clear and highly debatable [7].

Unlike T1D, results from studies on T2D are largely
inconsistent. In T2D, cardiac mitophagy can remain
unchanged, increased, or even reduced [84]. One of the
reasons for such a diversified outcome of mitophagy in T2D
is that the microenvironment of T1D is different from that of
T2D. T2D is correlated to obesity, which comes along with a
series of risk factors such as hyperglycemia, elevated levels of
low-density lipoprotein and triglyceride circulation, coronary
artery disease, and hypertension [85,86]. Hyperglycemia
often leads to osmotic stress through the production of
sugar alcohols, or “polyols”. Under such hyperglycemic
conditions, sorbitol aggregates within cells and facilitates

osmotic stress. Additionally, excessive flux through the polyol
pathway has been found to promote the production of ROS
in the mitochondria [87]. Long-term consumption of an
excessive high-fat diet (HFD) frequently causes obesity and
insulin resistance [88]. Thus, to replicate the physiological
conditions during T2D, HFD-induced mice are often used
for studies. Sciarretta et al. observed that HFD activates the
Ras homolog enriched in brain (RHEB) protein in cardiac
myocytes, which in turn promotes mTORC1 activation
and thus ultimately suppresses mitophagy. Furthermore,
it was discovered that HFD-fed mice had increased p62
and decreased LC3II levels [89]. Contrarily, Xu et al’s study
revealed autophagic flux associated with insulin resistance
and metabolic syndrome. They also observed that HFD-
fed mice experience cardiac function impairments and
accumulation of LC3II in their hearts, which suggests an
elevated amount of autophagosomes [90].

CM is a cardiomyocyte-specific disease characterized by
impaired myocardial structure and function. Anatomical
dissection of hearts revealed a form of abnormal myocardial
characteristics, left ventricular hypertrophy (LVH) and
diastolic dysfunction being the most common clinical features
[91]. However, these abnormalities are also sometimes found
to be associated with many forms of heart failure. Thus, in
order to distinguish these patients from patients with other
varieties of CM, the term DCM was proposed. The diabetic
heart muscles’ decreased efficiency is caused by multiple
mechanisms [92]. They include increased fatty acids and
cytokines, as well as hyperglycemia. It has been found that
hyperglycemia is maladaptive and increases the enzymatic O-
GlcNAcylation of cardiomyocyte proteins. Increased chemical
nonenzymatic advanced glycation end-product formation
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also has adversities. Impaired insulin signaling is a defining
feature of both T1D and T2D. Other signaling cascades are
altered in DCM, especially with increased protein kinase C
(PKC) and MAPK signaling and reduced AMPK (AMP-activated
protein kinase) signaling to have unfavorable effects [93,94].

In the case of IHD, myocardial damage is the result
of inadequate myocardial requirement and coronary
blood flow. Ischemia promotes myocardial cell death and
cell damage. Ischemia/reperfusion (I/R) injury, caused by
reperfusion, leads to irreversible heart damage [95]. An
increased imbalance of mitophagy is caused by I/R due to
I/R-induced damage to mitochondrial cristae, abnormalities
in mitochondrial membrane potential, and mitochondrial
permeability transition pore (mPTP) [96]. Mitophagy prevents
cardiomyocytes from I/R injury [97]. Mitophagy has a
protective role in cardiac myocytes. It also takes part in
the coordination of Parkin recruitment and Drpl-mediated
mitochondrial fission. Inhibiting mitophagy may alleviate
cardiomyocyte I/R damage, lower apoptosis, and even
enhance cardiac function [98]. In I/R injury, PINK1 and Parkin
are upregulated, and Parkin translocation and activation are
elevated. PINK1-ablated mice display aberrant mitochondrial
function, pathological hypertrophy, and increased oxidative
stress, while Parkin-depleted mice show higher cardiac
remodeling [99]. Therefore, the progression of myocardial
hypertrophy and remodeling are adverse outcomes of
activation and inhibition of mitophagy. There is an ardent
requirement for vast studies to demonstrate the role of
mitophagy in IHD pathology in detail.

HF is also characterized by mitochondrial dysfunction.
HF is eventually caused by the build-up of oxidative damage
to mitochondrial proteins, lipids, and DNA due to decreased
mitophagy-related clearance of damaged mitochondria.
Several studies have revealed reduced expression of
mitophagy-specific genes such as Beclinl and LC3-II in the
specimen of patients with HE. MFN2 has been demonstrated
to alter the mitochondrial membrane potential by regulating
HF-associated mitophagy [100]. Further research has revealed
that heart injury is often found to be elevated due to
ineffective mitophagy. Additionally, PINK1 downregulation is
mostly associated with decreased mitophagy in patients with
HF [101]. However, the cause and effect of mitophagy in HF
remain controversial. Recent shreds of evidence also focus on
the role of ULK1-dependent mitophagy against HF, but further
research is needed for understanding its role in HF [102].
During mitophagy, mitochondrial DNA (mtDNA) also gets
degraded in lysosomes by DNase II. It has also been reported
that incomplete or partial digestion of mtDNA triggers
inflammation in cardiomyocytes, which can ultimately lead
to HF [103]

In diabetes, elevated ROS production and induced
mitochondrial dysregulation in the heart result in
cardiomyocyte death. Reduced mitophagy accumulates
damaged mitochondria, causing a vicious cycle of ROS
production. Poly-ubiquitinated chains trigger recruitment of
both ubiquitin-proteasome and mitophagy machinery for
degradation via mitophagosome formation. Understanding
this pathway is crucial for exploring mitophagy’s role in
diabetic hearts and targeting its molecular components for
therapy. T1D animal hearts have suppressed mitophagy.

T2D results are inconsistent; hyperglycemia and a high-fat
diet can suppress it, causing mitochondrial dysfunction.
Mitophagy disruptions negatively impact mitochondrial
homeostasis and contribute to CVD. Recent research suggests
mitophagy functions as a cardioprotective mechanism, which
is unclear in the diabetic heart [80,104].

4. Nano-biosensor-mediated diagnosis in
diabetic heart condition

Detailed and accurate diagnosis is essential for properly
treating the diseased individual. Early diagnosis and
monitoring tests could spot the ones who require lifestyle
alterations or pharmaceutical approaches to control the
blood glucose level or delay the onset of diabetes and other
associated cardiac problems. Substitution of conventional
biochemical assays with cardiac biosensor devices facilitates
prompt diagnosis. Traditional diabetes management
techniques include continuous glucose monitoring (GM) and
insulin administration, which have a significant influence
on the lifestyle of the patients. The significant increase
in the number of individuals suffering from DHC serves
to highlight the shortcomings and ineffectiveness of the
existing diagnosis and therapeutics of the disease. Emerging
breakthroughs in nanotechnology have the potential to
provide innovative diabetes monitoring strategies as well
[105].

Conventional theranostic approaches can be reviewed
and advanced with the assistance of nano-biosensors by
offering rapid and early supersensitive diagnosis, prolonged
assessment of potential biomarkers, point-of-care diagnostic
tests, and in-prompt therapies [106,107]. Nano-biosensors are
analytical systems that integrate a biological element with a
biochemical detector for the diagnosis and treatment of DHC.
They are highly preferable in the biomedical industry majorly
due to their precision, sensitivity, efficiency, and specificity
[108].

Electrochemical and optical biosensors are the
most significant diagnosis systems as they possess
all the desired properties for point-of-care diagnosis.
Electrochemical biosensors offer a potential point-of-care
technique in medical diagnosis owing to their inexpensive
cost, in handling, great sensitivity, and
desirable specificity [109]. For the diagnosis of DHC, novel
electrochemical biosensors featuring high electron/ion
transfer rates, maximum adsorption potentials, as well
as selective biomolecule immobilization were designed
when nanomaterials and specified biomolecules were
coupled [110]. When an immunogenic reaction occurs on
the electrode surface of the biosensor, the current, resistance,
or potential of the biosensor gets altered and this aids in
the precise diagnosis of the suspected disease. Based on the
principle of detection, electrochemical biosensors can be
categorized as impedimetric, amperometric, potentiometric,
and voltammetric biosensors [111,112]. An impedimetric
biosensor detects and analyses the target molecule or
biomarker and generates the output of the electrical
impedance that directly corresponds to the activity of the
target compound [113]. This is followed by the amperometric

convenience
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biosensor, which is an independent integrated system that
diagnoses a disease by the output current resulting from
oxidation and also provides a precise quantitative analysis.
By evaluating the obtained results acquired for the multiple
analyte concentrations, the selectivity of the amperometric
biosensor is ascertained. A potentiometric biosensor operates
on the basis of the potential difference between the reference
electrode and the functional electrode. When compared to
the reference electrode, its activity demonstrates a response
that is proportional to the analyte concentration. Lastly, the
voltammetric biosensors quantify the current that results
from changing potential in order to receive information about
an analyte [114]. Optical biosensors possess the ability to
detect optical signals and have gained much attention in the
biomedical field attributed to the tremendous advancements
in nanotechnology and photonic elements. The identification
of the biomarkers for diabetes and its associated DHCs
have lately been widely examined using optical biosensors
that follow the principle of fluorescence, colorimetry,
chemiluminescence, resonance, Raman scattering, refraction,
and photon compounds and have the ability to change the
color when triggered by the target molecule [110]. With
regard to uninterrupted real-time monitoring, tag or probe-
free, electromagnetic interference-free, and intrinsically
optimized GM units, optical biosensors are preferred over
the widely available technologies for the estimation of
biofluids, thus aiding the diagnosis of diabetic heart diseases.
The target molecule is marked with a chromogenic or
fluorescent tag during colorimetry and fluorescence-based
detection. The visible alterations in the fluorescence or
chromogen signal intensity signify the possible existence
of the target compounds. Additionally, the method is highly
precise, featuring a detection threshold of just one molecule
[115].

Regardless of how crucial and significant the nano-
biosensors are, the utility of nanomaterials in the biomedical
industries always creates room for the adverse toxicological
effect of the nanomaterials on the health of the patients
in the long run. The nanotechnology-based medical sector
thus still has a lot of scope for further research being
conducted to provide better healthcare facilities to mankind.
Therefore, Table 1 demonstrates the major advances made
in of developing nanomaterial-based biosensors for detecting
and diagnosing DHC-based biomarkers.

5. Conventional therapeutic interventions
associated with DHC

With the increasing disease awareness, diabetes has
emerged as the primary cause of severe economic and
social catastrophes affecting nations worldwide. The disease
is still a matter of concern despite scientific advancements,
improved healthcare services, and an increased proportion
of literature, especially in emergent nations. Deathblows are
escalating, as reported by the latest projections, posting a
menace to global growth [133]. Sulphonylureas, biguanides,
alpha-glucosidase inhibitors, and thiazolidinediones are
examples of the latest generation of medications with
enhanced efficiency in decreasing hyperglycemia that have

been developed as a result of advancements in science and
technology [134]. Nanocarriers are innovative drug-delivery
systems that have been developed in response to recent
advances in drug discovery [21].

T1D treatment involves increasing islet viability and cell
regeneration via islet neogenesis-associated protein (INGAP)
prophylaxis, insulin administration to help requite for beta
cell deformities, dipeptidyl peptidase-4 (DPP-4) inhibition
by sitagliptin, and much more [135]. Sulfonylureas and
repaglinide endorse an insulin framework in hepatocytes,
and metformin and troglitazone encourage insulin synthesis
in both fat and muscles [136,137]. Miglitol and acarbose
impose deferred sugar assimilation dietary patterns, and
sulfonylureas and repaglinide increase insulin production
[138]. The medications taken to treat T1D and T2D have
certain drawbacks due to their serious adverse effects. The
Food and Drug Administration (FDA)-approved therapeutic
approaches of insulin with metformin, which lowered the
routine insulin intake. A unified therapy of insulin with
sulfonylureas, minimized weight gain allied with insulin
therapy, and troglitazone-insulin combination effectively
decreased insulin needs as well as improved blood sugar
control are the other main therapies and practices [139,140].
Given that T2D individuals are already overweight, the use of
thiazolidinedione is also linked to weight increase, which is
a cause for concern. Drugs from the most recent generation,
such as incretin mimics, can cause nausea, vomiting, and
diarrhoea. The medications that have the potential to cure
diabetes have been administered alone, in conjunction with
drugs taken orally, but it is difficult to achieve comprehensive
glycaemic control [138,140].

CM is a side effect connected to both T1D and T2D. Despite
the lack of supplementary heart failure risk factors, including
high blood pressure, coronary artery disease, atherosclerosis,
or valve disease, CM can nevertheless lead to cardiac
arrhythmia. The remodeling of the heart, pathologically
is characterized by left ventricular eccentric hypertrophy
and perivascular/interstitial fibrosis, contributing to the
dysfunction of the organ [141]. Inhibitors of angiotensin-
converting enzymes and blockers of angiotensin receptors
which significantly reduce the likelihood of myocardial
fibrosis and rigidity of left ventricles, which could stop
and frequently undo the systemic and functional changes
that happen even during the emergence of cardiomyopathy.
Aldosterone antagonists reduce ischemic injury and address
the antioxidant pathway as a treatment for DCM [142,143].
It’s worth noting that a number of medications being
used today can enhance cardiac health in addition to
glycemic control. Alongside their ability to reduce blood sugar
levels, GLP-1 receptor agonists, besides sodium-glucose co-
transporter 2 inhibitors (SGLTs), have been proven to benefit
the cardiovascular system by directly having an impact on the
myocardium [144].

The emerging patterns in diabetes therapies and
supervision have unveiled the imperative need for scrupulous
research aimed at testing composites and their counterparts
in clinical trials (Table 2). The conventional intervention
orthodoxy is challenged via clinical trials using novel anti-
diabetic drug classes that show cardiovascular benefits
despite very minor glucose lowering and point to the
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Table 1 — Tabular representation of recent advances in nano-biosensing based targeted diagnosis of the DHC using

pathophysiological biomarkers.

Nanosystem Biomarker Limit of Detection Principle Disease Ref.
Detection
FeMoOxNP@ABTS@DSPE- Hydrogen Peroxide 2.5 M Optical biosensor sensitive towards T2D
PEG near-infrared region [116]
rGO-polyacrylamide- 1,5-anhydroglucitol ~ 21.74 ng/ml Graphene oxide doped potentiometric Diabetes
ferrocene/AuNPs sensor with high sensitivity [117]
Luminescent Fe-carbon Hydrogen peroxide 3.86 M Dual optical biosensor using Diabetes
dots and glucose (colorimetry) colorimetric and fluorometric assay [118]
and 7.27 Mm
(fluorometry)
2-D SnS, and 1-D Multi wall ~ Cardiac troponin I 0.02 fg/ml Voltage-sensitive electronic sensor CVD, DCM
carbon nanotube enabled with ML algorithm [119]
LSPR based Gold nanorod C-reactive protein 2nM Optical biosensor sensitive to UV CVD
conjugated with aptamers absorption, resulting in LSPR shift [120]
of target protein
Polypyrrole nanotubes Glucose 66 nM Nonenzymatic biosensors having high ~ Diabetes and
conjugated with NiCu electrocatalytic activities heart diseases [121]
layered double hydroxides
Co3S4 hybridised graphite Hydrogen peroxide 70 nM Nonenzymatic amperometric CVD
carbon nitride nanosheets biosensor possessing catalytic activity [122]
Cu,0 NP doped with Cholesterol 0.0018 nM Electrochemical biosensor utilising CVD
(ChOx/TH/GCE) enzymatic immobilisation technique [123]
GO/PPy/PANI/ZnO Cholesterol and 0.92 and 0.2 High conductivity electrochemical CVD
nanocomposite Bilirubin pA/pM/cm? biosensor [124]
g-C3N,@Au NPs Galectin-3 0.025 pg/ml Amperometric immunosensor based DCM
on antigen-antibody reaction [125]
NG/AuNPs and Growth - Sandwich-type electrochemical DCM
MoS,/AuPtPd nanodendrite Differentiation immunosensor [126]
Factor-15
Biofunctionalized silicon N-terminal 0.02 pg/ml Electrochemical impedance CVD (Heart
nitride doped with pro-brain spectroscopy failure) [127]
ion-sensitive Field effect natriuretic peptide
transistor (BNP)
Zn-MgO Nano-flakes Glucose 100 pl/ml Enzymatic assay based on physical Diabetes
absorption method [128]
AuNPs conjugated with Cardiac troponin T 0.1 pg/ml Non-labelled field-effect transistor CVD (Acute
Co304 nanorod transistor based on immobilisation of the myocardial [129]
complementary biotinylated DNA infarction)
aptamer via drop-casting method
CeO,-DNA nanosensor Hydrogen Peroxide 120 nM Non-invasive opto-fluorescent CVD
conjugated with Folic acid nanosensor (Atherosclerosis)  [130]
and CD36 antibody
Semicarbazide modified N-terminal 0.11 pg/ml Immunoassay based on CVD (Heart
AuNPs, AgNPs, MOFs pro-B-type electrochemiluminescence resonance failure) [131]
natriuretic peptide energy transfer
Graphene quantum dot 3D Respiratory 8.7 ppb High affinity-based semiconductor Diabetes
ordered macroporous ZnO gaseous Acetone doped zinc oxide biosensor towards [132]

unit

trace gaseous biomarker

mechanism of action associated with a particular molecular
pathway targeting autophagy as a key factor in outcomes
[145].

6. Contribution of nanotechnology and
nanocarrier-mediated drug delivery strategies for
DHC-targeted autophagy and mitophagy

Nanocarriers can be broadly classified into two groups, viz.
organic or biogenic cargos (and polymer-based) and inorganic

or synthetic (metallic and carbon-based) nanocarriers.

Organic nanocarriers or biogenic can be made into specific
types such as liposomes, lipid nanoparticles, and exosomes
by making use of their noncovalent interactions to exploit
self-assembly and design. Recently, biomolecules such as DNA
and proteins have been widely exploited to generate stimuli-
responsive cargos for therapeutic interventions. Despite
having advantages, they have limited success because of
their disadvantages, including high toxicity and low amounts
of active drug transport, which supersedes their advantages
[162,163].

There are multiple studies that can effectively emphasize
the therapeutic potential of nanoparticles and nano-
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Table 2 - Tabular representation of current anti-DHC drugs under clinical trials with severe limitations.

Class of drug Drug Clinical trial Targeted Function Drawbacks Ref.
Phase and ID disease
DDP-4i and Lobeglitazone Phase 4 active T2D Boost glycemic and lipid =~ Weight gain, edema, [146]
SGLT2i (NCT02285205) control, cut back insulin congestive, and heart
resistance failure chances
PPARSs agonist Chiglitazar Phase 3 active T2D Manage glucose Edema and weight gain [147]
(NCT02173457) concentration, insulin
reactivity, and fat
depletion
PPAR agonists Gemcabene Phase 2 active CVD Improving lipid profile Risk of hepatotoxicity [148]
Calcium
SGLT2i Empagliflozin Phase 4 CVD Promote glucose Hypotension, [149]
(NCT03485092) elimination through the ketoacidosis, acute
urine and inhibit kidney, and
reuptake by the kidneys hypoglycemia
SGLT2i Canagliflozin Phase 3 CVD, T2D Glucose re-absorption, Urinary tract infections
(NCT01064414) lowers body weight and and Hypotension [150,151]
blood pressure
Monoclonal Rituximab Phase 2 T1D Insulin regulation Upper respiratory tract [152]
antibodies (anti-CD20), suspended infections,
Abatacept (NCT03929601) nasopharyngitis,
(CTLA4-Ig) bronchitis, sinusitis
GLP-1 Tirzepatide Phase 3 T2D Decrease glycemic Nausea, diarrhoea or [153]
(NCT04537923) levels, revamp insulin constipation
sensitivity, and enhance
lipid metabolism
Neuropeptide Substance P Phase 1 DCM Regulate glucose and Skin inflammation [154]
(NCT02820558) insulin sensitivity, and
reduce fibrosis
DPP-4i Gemigliptin Phase 3 T2D Glycemic/lipid control Urinary tract infection, [155]
(NCT04255238) and renal impairment diarrhoea, headache,
cough, and
hypertension.
DPP4i Evogliptin Phase 4 T2D Reduce hbalc levels and Constipation, diarrhoea, [156]
(NCT02587975) regulate glucose levels hyper-sensitivity
SGLT2i Sotagliflozin Phase 3 CVD, Decreases blood Gastrointestinal side [157]
(NCT05562063) T1Dand T2D  glucose, body weight, effects, including severe
(NCT02531035) and blood pressure diarrhea
(NCT03285594)
SGLT2i Bexagliflozin Phase 3 active T2D Reduce hbalc levels, Causes diabetic [158]
(NCT03259789) reduce body weight, ketoacidosis
blood pressure
DPP4-i Teneligliptin Phase 4 CVD, DCM Improve blood glucose, Hypoglycemia and [159]
(NCT03231709) reduce hbalc levels constipation, Upper
respiratory tract
infection,
Nasopharyngitis
PPAR« Pemafibrate Phase 3 DCM Lipid profile Hyperlipidemia [160]
(NCT03071692)
Combined Metformin and Phase 3 DCM Inhibits the glucose Hyperglycemia and [161]
therapy of Atorvastatin (NCT02947620) uptake and synthesis of Lactic acidosis

biguanide and
statins

glucose in the liver

conjugated systems on diabetes and associated diseases.
Referring to a study by Ul Haq et al., the green synthesized
silver nanoparticles (AgNPs) produced by Phagnalon niveum
methanol extract showed promising results as an anti-
diabetic treatment option. Diabetes mellitus (DM) was
induced in 8-week-old albino Wistar rats weighing about
140-150 g. 200 mg alloxan per kg of the rats’ body weight
was injected intraperitoneally for this purpose. Rats were

divided into 5 groups viz. Group C: untreated, control rats,
rats received only distilled water; Group DAC: diabetic control,
rats received only alloxan; Group DG: glibenclamide treated
diabetic rats; Group DE: P. niveum extract treated diabetic
rats; Group DagNPs: AgNPs synthesis from P. niveum diabetic
rats. The rats were sacrificed after 21-d administration. Oral
glucose tolerance test, blood glucose levels, and urine sample
analyses were carried out. It was noticed that there was a
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remarkable reduction in blood glucose levels when AgNPs
were administered. It was also seen that the body weight had
increased, and other profiles, such as liver, lipid, and kidney,
had a good improvement [164].

T2D is on the rise worldwide. It is related to many
factors leading to CVD, such as obesity, hypertension, and
insulin resistance. T2D also leads to the formation of ROS
[165]. In a study conducted by Diaz-Pozo et al., patients
were recruited as per the hospital protocols. The inclusion
criteria were 40-70 years of age with a history of diabetes
over 10 years. The exclusion criteria were renal problems,
smokers, alcoholics, obesity, and those who are at CVD
risk. Gold-ceria NPs (Au/CeO,) were used in this study to
assess their effectiveness in T2D patients. Gold loadings were
varied as 10%, 4.4%, 1.79% and 0.82% (wt) in the mixture
for identifying the optimal Au loading, which maintains the
particle size and, at the same time, maintains the number
of sites for catalytic activity. It was observed that Au/CeO,
nanoparticles at 0.82 % gold concentration showed promising
anti-inflammatory as well as antioxidant properties in the
leukocyte-endothelium interaction. This suggests that if the
patient is at a risk of developing any CVD, these nanoparticles
will be protective in nature. These results correlated with
the other cell viability assays carried out [166]. Coronary
microcirculatory dysfunction (CMD) gives rise to DCM. The
efficacy of polysaccharide sulfate (PSS) loaded poly lactide-
co-glycolide (PLGA) nanoparticles for the treatment of DCM
was studied by Gao & Liang. Rats were administered with PSS,
PSS-PLGA NPs, and saline for a period of 8 weeks through
intraperitoneal injection. Echocardiography was conducted,
and heart tissues were analyzed for their histology. It was
studied that the PSS-PLGA NPs improved cardiac function and
improved symptoms of DCM. This is a promising basis for the
treatment of CMD and DMC [167].

HF in diabetes patients is mainly attributed to CM
and fibrosis. It is also studied that most of the available
anti-diabetic drugs fail to protect T2D patients against
heart problems [168]. Certain drugs for DCM, such as
propylene glycol alginate sodium sulfate, have a higher
molecular weight and are unstable, which hinders its clinical
administration. This problem was solved using nanoparticles
such as propylene glycol alginate sodium sulfate embedded
in poly lactic-co-glycolic acid. RAGE expression was higher in
the propylene glycol alginate sodium sulfate -nanoparticle-
treated group than in the non-treated group in STZ-induced
diabetic mice [169]. Another study utilized rat models
of DCM to determine the effect of Calcium phosphate
nanoparticles (CaPs) loaded with a mimetic peptide, which
was administered through inhalation. After inhalation, the
Cy-7 signals accumulated in the lungs and then crossed
the lung barrier to reach the heart, where the peptide
was released. When the peptide release peaked in the
heart, improved contraction of the heart was also observed,
providing cardiac protection to the rats. This demonstrates
that inhalation of these therapeutic peptide nanocarriers is
an effective approach to tackling DCM [170].

The currently available preclinical data demonstrate a
limited number of nanotherapies targeting autophagy or
mitophagy for mitigating or managing diabetes and DCM.
Thus, the need of the hour is to utilize the nanoparticles

and nano-conjugated material to combat diabetes and DCM
as they have better biocompatibility and are much safer
in comparison to conventional methods of therapeutics
[171]. The use of nanomedicine also addresses problems
like systemic toxicity, sudden immune activation, and
thrombosis, wherein nanodrugs can control drug release
and increase efficiency. They also eliminate problems of
bioavailability, solubility, and pharmacokinetics [172,173]. The
upcoming segments effectively and descriptively emphasize
the potential applications of each biogenic and non-biogenic
nanocargos in the therapeutic interventions of DHC and
associative ailments, focusing specifically on autophagic and
mitophagic targets.

Numerous established and investigational treatments that
can potentially positively or negatively influence autophagy
have been extensively worked upon. To quote a few studies,
Battiprolu et al., demonstrated abnormally high activities of
FOXO1 in the hearts of HFD-induced and genetic T2D mice
models, which is shown to be a considerable contributor to
DCM development [31]. To date, a battery of FOXO inhibitors
like AS1842856 (AS) and N-[3-(1H-1,3-benzodiazol-2-yl)-
1H-pyrazol-5-yl]-4-(4-methylpiperazin-1-yl)benzamide and
others have shown to play a positive role in regulating
glucose levels in diabetic mice [174,175]. Furthermore,
resveratrol modulates the switching of cardiac cells between
autophagy and apoptosis in DCM by regulating AMPK-
mediated phosphorylation of mTORC1/p70S6K1/4EBP1 and
the subsequent dissociation of Beclinl-Bcl-2 mediated by
JNK pathway [176]. Aldose reductase catalyses the rate-
limiting step of the polyol pathway, but its activation in
hyperglycaemic conditions leads to diabetic complications,
making it a prominent drug target for the treatment of diabetic
complications [177]. Various aldose reductase inhibitors have
shown great potential in ameliorating diabetes and diabetes-
induced cardiac dysfunctions in preclinical studies [178] by
targeting autophagy in diabetic hearts. Aldose reductase
inhibitors function by delimiting the anomalous activation of
autophagy caused by the activation of FOXO that is mediated
by a reduction in Akt activity that leads to an increment in the
autophagy genes [178,179]. A polyphenolic compound, sinapic
acid, has also been reported to ameliorate STZ-induced DCM
by mitigating increased glucose and lipids levels by regulating
NRF2/HO-1 and NF-«B pathways [180].

The pioneering work describing the potential of
extracellular vesicles for ameliorating CVD came into
circulation in 2010 [181], which is a result of the indirect
contributions of the engrafted cells that release the
cardioprotective paracrine factors, notably the EVs. The
cardiac progenitor cell (CPC) [182] and mesenchymal stem
cells (MSC) derived exosomes have shown recognizable
downregulation of the apoptotic signals and reduction of
the infarct size, thus revamping the myocardial functions
[183]. Similarly, many pre-clinical studies have assessed the
therapeutic index of EVs for treating T1D and T2D [184].
Chen and coworkers utilized exosomes emanated from
human umbilical cord mesenchymal stem cells (hUC-MSC)
that enhanced insulin sensitivity in adipocytes resistant
to insulin. Treatment with exosomes upregulated SIRT-
1 mRNA and adiponectin (Adn) while downregulated
leptin expression, ultimately leading to the modulation
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mitophagy. (A) hU-MSC-Derived Exosomes enhance insulin sensitivity in insulin-resistant adipocytes through the
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damage.

of adipocytokines, making the hUC-MSC-derived exosomes
a potential ameliorative agent for treating T2D and the
associated pathologies (Fig. 4A) [185].

Zhang and colleagues employed a novel strategy
to modulate autophagy by utilizing acidic fibroblast
growth factor (aFGF). This growth factor exhibits a robust
mitogenic potential and is recognized for its antiapoptotic,
cardiogenic, and vasoactive attributes. These properties
are conducive to enhancing cellular survival in scenarios
involving DNA damage, oxidative stress-induced damage,
or ischemia/reperfusion (I/R) injury. aFGF is also known
for reversing insulin resistance in the case of T2D and
reducing blood glucose levels. Thus, recombinant non-
mitogenic aFGF encapsulated in PEGylated nanoliposomes
was formulated by Zhang and coworkers which were
delivered using ultrasound-targeted microbubble destruction
(UTMD) technique wherein the shear stress generated
by the ultrasonic waves (12-14 MHz) allowed the release
of the drug into the cardiomyocytes from the liposome
(lips) formulation (Fig. 4B). Thus, utilizing the versatility
and non-toxicity of these self-assembling amphipathic
molecules with appreciable biocompatibility [186]. NM-aFGF-
PEG-lips + UTMD treatment restored the systolic cardiac
functions in male Sprague-Dawley rats with STZ-induced
T2D and subsequent DCM. Furthermore, nano-liposome
combination therapy also ensured the inhibition of TGF-

Bl mediated cardiomyocyte fibrosis by minimizing the
production and deposition of collagen in the cardiac tissues
of diabetic rats and also shrinking the chances of cardiac
apoptosis. The treatment also activated the Akt pathway
by inhibiting GSK-381 and increasing Nrf2, NOQ1 and SOD2
expression, creating a shield against the oxidative stress in
the DCM rat [187].

Another class of nanoparticles, the metallic nanoparticles
(MNPs), as drug delivery systems hold multiple advantages
like thermodynamic stability, enormous surface energies,
and a large surface-to-volume ratio, which gives them
a characteristic behavior wherein the surface atoms are
thermodynamically more dominant and reactive than the
internal atoms [188]. The use of metallic nanoparticles
has been demonstrated in a study that was involved in
developing a targeted therapy against atherosclerosis with
a decent therapeutic index using pH-responsive chitosan
(CS) based nano-carrier conjugated with dextran sulfate
(DS), forming a ligand-specific to scavenger receptor type A
that is overexpressed explicitly in the macrophages present
in the atherosclerotic plaques. Magnetic mesoporous silica
nanoparticles (MMSN) with high hysteresis regression values
and an ability to cause a localized increase in temperature
under an alternating magnetic field form the pedestal for
the nanoparticle assembly. The MMNS-CS-DS loaded with
atorvastatin (AT) targets the macrophages in atherosclerotic
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plaque in a pH-dependent fashion and also activates the
thermosensitive Ca?t channels called the transient receptor
potential vanilloid subfamily 1 (TRPV1) that kindles the
uptake of calcium ions and initiates the protective autophagy
that reduces the lipoprotein build-up thus delaying the
progression of the pathology. This dual-targeting MMNS-
CS-DS-AT also possesses superparamagnetic properties that
help in imaging using the magnetic resonance imaging
technique, making it a theranostic nanoparticle (Fig. 5A)
[189]. Similarly, an anti-TRPV1 antibody conjugated with
copper sulfide nanoparticles was used as a photothermal
switch for opening the TRPV1 cation channels that increase
the intracellular concentrations of calcium ions, which
stimulates the phosphorylation of AMPK to initiate the
synthesis of the autophagic proteins implicated in the
emergence of autophagosome and restrain the formation
of foam cells for alleviating the lipid storage and AS plaque
formation [190]. Of note, nanosized magnetic materials like
iron oxide nanoparticles develop an internal magnetic field
due to the presence of a core made up of magnetite or
maghemite, which allows them to align themselves as per the
external magnetic field, and Brownian motion randomizes
this alignment in the absence of a magnetic field. However,
magnetic materials exhibit this behavior of supramagnetism
if and only if their sizes are reduced to a few nanometers.
Thus, superparamagnetic iron oxide particles have been used
in various targeted drug delivery and diagnostic systems

[191]. Following the same principle, Duan and colleagues
synthesized dextran-coated superparamagnetic iron oxide
nanoparticles (Dex-SPION) to study the protective potential of
the nanoparticles in human umbilical vein endothelial cells
(HUVECs) against oxidative damage. Dex-SPIONs elevated
autophagy response by reducing PRAS40 phosphorylation, a
mTORC1 agonist responsible for upregulating NO production,
thus inhibiting JNK phosphorylation and the subsequent
apoptotic pathways, suggesting their role as adjuvant
therapy for oxidative damage in DCM patients (Fig. 5B)
[192].

Hydrogen sulfide (H,S), a gasotransmitter, is integral to
cardiovascular homeostasis and also plays a myocardial
protective function against myocardial ischemia-reperfusion
(I/R) injury by mTOR activation, thus regulating autophagy
[193]. Furthermore, the gasotransmitter inhibits apoptosis in
I/R injury by regulating the miR-1-HDAC4 signaling pathway
[194]. However, due to diverse side effects associated with
the systemic delivery of H,S viz, central neurotoxicity,
respiratory depression, etc. [195,196], The molecule could
not reach the clinics, but by virtue of the cellular targeting
capacity of nanoparticles, H,S-producing compounds (like
Cystathionine-g-synthase  (CBS),  cystathionine-y-lyase
(CSE/CGL) and 3-mercapto-pyruvate sulfurtransferase (3-
MST)) [197,198] achieved success in preclinical studies.
Wang and coworkers developed a nano-delivery system for
the localized cystathionine-y-lyase (CSE) overexpression
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targeting I/R injury in rat models. The cardiac-specific
nanodelivery system consisted of angiotensin-1 decapeptide
(Gly-Gly-Gly-Gly-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) with
terminal lysine covalently conjugated with PEGylated
CdSe/ZnS quantum dots (PPQD) packaged with CSE DNA
plasmid. CSE DNA plasmid nanocarriers with AT-1 (test)
and without AT-1 (control) administered via jugular vein
prior to reperfusion in I/R rat models when compared for
their CSE levels in myocardial tissue depicted appreciable
expression in the test group along with smaller infarct area
and an increased ejection fraction than the control. Moreover,
CSE expression in the control group’s liver, lung and other
tissues was equivalent to the myocardial tissue, but I/R
rats administered with AT-1 conjugated PPQD depicted a
significant gap. Notably, the synthesis of CSE ensured the
inhibition of apoptotic pathways along with endoplasmic
reticulum stress (ERS) induced mitophagy by a reduction in
C/EBP homologous protein (CHOP), glucose-regulated protein
(GRP78) and eukaryotic initiation factor 2 a (elF2a) production.
Thus, the cardioprotective potential of H,S could be harnessed
with target-specific nanocarriers that can eliminate
the global effect and the accompanying disadvantages
[199].

Mitochondria is one of the major sites for producing ROS,
which tends to open mitochondrial permeability transition
pores, and the sequelae of the pore opening, mitophagy, and
autophagy pathways get activated [81]. To ameliorate the ROS-
mediated autophagy, cardiomyocytic mitochondria targeting
nanoparticles were developed by sequentially conjugating
tempol (Tpl) and 4-(hydroxymethyl)phenylboronic acid
pinacol ester (PBAP) to B-cyclodextrin (8-CD) decorated with
stearyl triphenylphosphine (STPP) was developed by a team
from Army Medical University, China. These ROS-scavenging
NPs encase Ac2-26 (AMVSEFLKQAWFIENEEQEYVQTVK),
an annexin/lipocortin 1-mimetic anti-inflammatory pro-
resolving peptide [200]. The team utilized inhalation-based,
non-invasive delivery of the therapeutic agent that employs
the pulmonary circuit using transcytosis mediated by
caveolae and/or paracellular transmission of the inhaled
NP via a tight junction. The cyclic oligosaccharide-based NP
also depicted intrinsic antioxidative and anti-inflammatory
properties, which work synergistically with the Ac2-26
peptide that is delivered by the nanovehicle [201]. Thus, the
alliance of polymer chemistry and nanotechnology have
led to the development of polymeric nanoparticles with the
ability to transform and potential for reabsorption in the body
and ensure maximal effectiveness [202].

Tetrahedral DNA (TDNs) are
multifunctional biogenic nanoparticles formed by four
strands of DNA that create a pyramid-like structure, which
has been reported to have an antioxidant and antiapoptotic
effect on DCM cell models. Post-administration, the TDNs
were able to reduce ROS production and promote Akt
phosphorylation that further activates the Akt/Nrf2 pathway,
which is critical for boosting cardiomyocyte survival in case
of I/R injury. pAkt ensures the separation of Nrf2 from an
actin-anchored protein Keapl, and Nrf2 enters the nucleus
and stimulates the expression of a cardioprotective enzyme
heme oxygenase-1 (HO-1), forming a pragmatic approach in
protecting against DCM [203].

nanostructures

7. Challenges in the utilization of
nanotechnological therapeutic interventions

Since the dawn of nanotechnology, nanomaterials have
been extensively used for studies involving applications in
therapeutics. When nanoparticles encounter biofluids, they
get exposed to different types of proteins, which leads to
the formation of corona protein particles. Phagocytes of the
immune system first interact with any foreign particles in
the human body, including nanoparticles. This interaction
can bring about immunosuppression or immunostimulation.
Immunosuppression can make the person susceptible
to a range of diseases, leaving the person incapable of
fighting against the diseases, whereas immunostimulation
leads to disorders such as inflammation [204]. Aggregation
occurs when nanoparticles are tightly bound to each other,
and it becomes extremely difficult to break them apart
into their primary state. Unrestricted aggregation alters
the functionality of nanoparticles. However, this can be
advantageous in some cases, e.g, in 3D structures for
photonic, Raman, and magnetic applications. On the other
hand, agglomeration occurs when nanoparticles are weakly
bound to each other. The main factors that trigger the
immune response when a nanoparticle enters the body are
size, shape, surface, and hydrophobicity. Once they enter the
body, the innate immune system immediately responds
to it as a foreign particle [205]. Biomedical properties
of nanoparticles have attracted a lot of attention from
researchers worldwide. However, their side effects and
long-term toxicity are a cause of concern. Properties such
as agglomeration, reactivity, impurities, and size led to the
development of some risks for those exposed to nanoparticles
or being administered NPs. Some of the acute toxic effects
include the generation of ROS, denaturation of proteins,
deviation of normal phagocytic functions, and mitochondrial
discomfiting, whereas the chronic effects include organ
dysfunction and enlargement caused by neoantigens, uptake
by the nucleus, reticuloendothelial system, and neuronal
tissue [206]. As per the toxicological data available, toxicity
depends on various factors like dose and exposure time,
aggregation, concentration, particle size, shape, surface area,
crystal structure, surface functionalization and pre-exposure
effect [206,207]. Another challenge in utilizing nanoparticles
is their poor excretion and retention in the liver due to
their large size. Smaller ones are cleared quickly by the
lymphatic system. If the size of the nanoparticle is less than
the glomerular filtration size limit, which is around 5.5 nm, it
is eliminated via the kidney and is passed through the urine.
If their size is larger than 5.5 nm, they will be held back for
long periods of time in the Kupffer cells [208].

AgNPs are widely used as a therapeutic intervention for
treating diabetes but are associated with certain risks and
cell toxicity. Different cell lines demonstrate different toxicity
results depending upon the dose concentrations [209]. A dose
concentration of 50 pg/ml in mouse embryonic cells damages
the DNA via p53 and DNA repair proteins Rad51 and H2AX
upregulation, while in the human hepatoma cell line, a dose
of 1 pg/ml is responsible for persuading cell toxicity [210].
However, in beige adipocyte cell lines, AgNPs repress the
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differentiation properties of the cells along with reduced
mitochondrial activity when assayed on beige adipocytes
[211]. These nanoparticles also caused the adipose tissue
cells to undergo fatty acid oxidation, thus increasing the
cell toxicity due to thermogenesis. The concentration of
blood glucose can be regulated by thermogenic fat cells or
beige adipocytes in order to treat diabetic cardiomyopathy
using cell-based therapies [212]. Beige adipocyte cell lines
stimulate the production of thermogenic responses with
reduced obesity and hyperglycemia effects in mice models
[213]. The energy produced after the oxidation of fatty acids
by AgNPs additionally promotes the synthesis of reactive
oxygen species (ROS), which is mainly responsible for causing
cytotoxicity through the activation of the MAPK (mitogen-
activated protein kinase) pathway [211].

Gold nanoparticles (AuNPs) are known for their
applications in treating metabolic cardiomyopathies such as
diabetic mellitus and heart failure [214]. Nevertheless, AuNPs
have been proven to cause cytotoxicity depending upon
the dose concentration, as demonstrated by a few in vitro
experiments. The cytotoxic effect is spawned under oxidative
stress on the cell translating into mitochondrial autophagy,
activation of the MAPK pathway, and cell death [215]. A study
in 2007 showed that about 91 % of the AuNPs were still
accumulated in the liver even after 6 months. Nanoparticle
clearance via the hepatobiliary system is slow and can range
from some hours to even months [216].

Metal oxide nanoparticles such as zinc oxide nanoparticles
(ZnO NPs) are considered effective therapeutic agents for
the treatment of diabetes, however, ZnO NPs might induce
cytotoxicity after a certain level of concentration [209]. ZnO
NPs have been demonstrated to be one of the most toxic NPs
to human cells, with the lowest LD50 values [217]. In an in
vitro study, ZnO NPs were administered on human hepatocyte
and embryonic kidney cell lines to evaluate the cytotoxicity
effect. High concentrations of ZnO NPs cause the cells to
change shape and induce oxidative stress and mitochondrial
autophagy. The MTT assay results demonstrated cytotoxicity
after the cells were treated with 10-100 pg/ml of ZnO NPs
[218]. A few studies of diabetic rat models also indicated
that administering ZnO in the amount of 100 mg/kg/d causes
the cells to experience a hyperglycemic state [219]. The
hyperglycemic state of a cell activates atherothrombosis in
diabetic cells, which is linked with escalated morbidity and
mortality rates in populations suffering from cardiovascular
problems [220].

The use of nanoparticles has shot up in the last 10-15
years because of their many advantages and features. But it
brings with it some disadvantages, such as cytotoxicity and
its efficiency to be taken up by the body. To overcome these
problems, the physicochemical properties of the NPs can be
changed, and the surface can be functionalized to improve
the uptake efficiency [221]. The use of an appropriate capping
agent is a must for improving functionalization. Different
types of capping agents can be used for this purpose. These are
carbohydrates, proteins, amino acids, lipids, fungal extracts,
bacterial extracts, algal extracts, and plant extracts. PEG has
been most widely used to functionalize the NP surface to
improve their biocompatibility and uptake. Dextran is used
to modify nanoparticles to reduce their toxicity. Another

polysaccharide used for this purpose is CS. Collagen, a natural
animal protein, is used to cap nanoparticles. It exhibits
good biocompatibility, degradation, self-assembly, and cross-
linkage, which makes it one of the best protein-capping
agents. Silver nanoparticles were prepared using collagen as a
reducing agent and stabilizing agent. Varying concentrations
of AgNO; were mixed with the collagen gel. The effect
of collagen on the size, shape, and stability was studied.
It was observed that collagen prevented the formation of
nanoparticle aggregation, controlled its size, and provided
stability [206].

Addressing the bottlenecks in translating nano-based
diagnosis and therapeutic strategies for diabetes is crucial
for harnessing the full potential of nanomedicine in diabetes
management. Navigating through regulatory frameworks
and obtaining approvals for nano-based DHC therapies
pose formidable challenges. Regulatory agencies require a
robust understanding of the nanomaterial’s safety profile,
pharmacokinetics, and pharmacodynamics.

8. Future perspectives for DHC management

To tackle DHC, the focus must be given to the diagnosis
and therapeutic strategies. In both of these strategies,
nanotechnology plays a key role in the improvement of
accuracy and sensitivity of diagnostic tests, potentially
allowing earlier detection of the disease. For instance,
nanoparticle-based contrast agents can be used to enhance
the imaging of the heart in magnetic resonance imaging (MRI)
and computed tomography (CT) scans, providing improved
visualization of the heart’s structure and function [222].
Additionally, nanosensors and nanodevices can be used
to monitor biomarkers in the blood or tissues, providing
real-time information about the progression of the disease
[223]. Some of the biomarkers that can be targeted using
nanotechnology are LC3-II, a lipidated form of the LC3 protein
found on autophagosomes, the structures that engulf and
degrade cellular components during autophagy. LC3-II levels
are often used as a marker of autophagy activity. Studies show
that LC3-II levels are increased in the sciatic nerves of diabetic
rats in diabetic neuropathy and increased in the kidneys of
diabetic mice in diabetic nephropathy. Mitophagy can also
be detected using specific biomarkers. Nanobiosensors are
thus powerful tools for detecting biomarkers associated with
autophagy and mitophagy, including LC3-II, p62, Parkin and
TOMM?20. These biomarkers can be used to diagnose and
monitor these diseases, as well as to evaluate the efficacy of
therapeutic interventions [224]. Nanoparticle-based contrast
agents can be developed to enhance the visualization of blood
flow in Myocardial perfusion imaging, providing improved
information about the heart’s function. Nanoparticle-based
sensors can be designed to detect endothelial dysfunction
markers to provide a quick and sensitive assessment of blood
vessel damage.

Biogenic and non-biogenic nanoparticles can be used
for the diagnosis and treatment of diabetic heart. Biogenic
nanoparticles can be engineered to target specific tissues
or cells, such as those affected by diabetic heart disease,
thereby increasing the efficiency and specificity of therapeutic
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intervention [225]. These nanoparticles can also be engineered
to bind to specific autophagic and mitophagic biomarkers,
such as specific proteins or metabolic products, and to
fluoresce, providing a visual indication of their presence.
This information can then be used to diagnose the disease
or to monitor its progression over time. The efficacy of
non-biogenic nanoparticles can be improved by improving
the target specificity of nanoparticles by engineering the
surface properties of nanoparticles with specific targeting
moieties such as antibodies or peptides. This can be achieved
by increasing the stability of nanoparticles via modifying
their composition, size, or surface properties [226]. Enhancing
the drug-loading capacity of nanoparticles or reducing
the toxicity of nanoparticles by modifying their size or
composition or by coating them with a layer of biodegradable
materials [227].

Strategies using miRNAs can also help regulate diabetic
heart disease. Numerous studies have demonstrated that
alterations in the expression of specific miRNAs are associated
with the onset of diabetic heart disease. By targeting these
miRNAs with therapeutic agents, it may be possible to
reverse or slow down the progression of this condition.
One approach to miRNA therapy is to use miRNA mimics,
which are synthetic RNA molecules designed to increase
the expression of a specific miRNA. Another approach is
to use miRNA inhibitors, which are designed to reduce the
expression of specific miRNAs. Genomics and proteomics
can also be utilized to develop therapies for this condition.
Genomics-based therapies aim to target specific genetic
mutations or variations that contribute to the development
of DHC. Researchers may identify genetic markers that are
associated with an increased risk of the disease and develop
therapies that target these markers to prevent or slow
down the progression of the disease [228]. Proteomics-based
therapies aim to target specific proteins. Researchers may
identify proteins that are involved in the development of
inflammation or oxidative stress, which are two key factors
in the development of diabetic heart condition. Further,
development of therapies can be used to target these proteins
to reduce inflammation or oxidative stress, thereby slowing
down the progression of the disease [229].

Bioinformatics-based therapies can also be aimed
at generating information that can be used to identify
specific targets for therapeutic intervention, such as genetic
mutations, protein dysregulations, or metabolic imbalances
that contribute to the development of the disease. One
approach to bicinformatics-based therapy is to use machine
learning algorithms to predict which patients are at risk
of developing this condition based on their genomic,
transcriptomic, proteomic, or metabolic profiles [228,230].
This information can then be used to develop personalized
prevention or treatment plans for these patients. Another
approach is to use bioinformatics tools to predict which drugs
or drug combinations are most likely to be effective in treating
diabetic heart. This can be achieved by using computational
methods to analyze large amounts of data on the mechanisms
of drug action and the biology of the disease. Moreover, some
studies show metabolomic-associated systemic biology
studies, which reveal how metabolic functions during T2D
impact myocardial redox roles [231]. Artificial intelligence

(AI) and Machine Learning (ML) are becoming increasingly
important in the field of diabetes and heart disease, as they
have the potential to revolutionize the way we diagnose,
treat, and monitor these conditions. Continuous glucose
monitoring systems, which use AI algorithms to analyze
blood glucose data, can help people with diabetes keep their
glucose levels in check [232]. These systems use machine
learning algorithms to predict glucose levels in real-time and
provide users with accurate glucose readings, reducing the
need for traditional finger-stick blood glucose testing. Al/ML
can also be helpful in diagnosing and monitoring by utilizing
it to identify new drug targets and to optimize the dosing and
administration of existing drugs. Thus, AI/ML has enormous
potential to revolutionize the way we manage diabetic heart,
by providing more accurate, personalized, and effective care
[233].

Smart nanomaterials have the potential to play a major
role in the diagnosis and treatment of diabetic heart disease
due to their ability to target specific cells or tissues in the body,
thereby reducing the side effects associated with traditional
treatments. For instance, nanoparticles loaded with drugs can
be designed to seek out and target diseased cells in the heart,
delivering a concentrated dose of medication where it is most
needed. This targeted approach can increase the effectiveness
of treatment and reduce the risk of adversities [234]. In
terms of diagnosis, smart nanomaterials can be designed
to detect disease markers in the blood or tissues, allowing
for earlier and more accurate diagnoses [235]. Another area
where smart nanomaterials have potential is monitoring
treatment outcomes. Marinheiro et al., conducted a study
on nanoparticles equipped with sensors that can be used in
monitoring the effectiveness of drug therapy, providing real-
time information on the level of drug delivery to the heart
and its impact on disease progression [236]. This can help
guide treatment decisions and ensure that patients receive
the most appropriate and effective care. Smart nanomaterials
also have the potential to improve our understanding of
the underlying mechanisms of DHC. By using nanoparticles
as tools for imaging and sensing, researchers can gain new
insights into the disease process and identify new targets for
treatment.

The continuous progress of nanobiosensors aims to
improve diagnostic accuracy for diabetic heart disease.
Advances in nanotherapeutics are being pursued to achieve
increased effectiveness while minimizing toxicity. Integrating
nanotechnology with precision medicine is paving the
way for personalized medication. Additionally, enhanced
imaging techniques, such as nanoparticle-based imaging,
show potential for deeper insights into the biology of diabetic
heart disease. Though these technologies are still in early
development, they promise to transform the management
and treatment of this challenging condition.

9. Conclusion

DHC and associated diabetic myopathies are reaching
pandemic levels, and despite scientific advancements, the
disease burden is rapidly increasing. This condition makes
affected individuals susceptible to a range of debilitating



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 19 (2024) 100927 17

complications, including heart failure primarily caused by
impaired or overactive autophagy pathways. In diabetic
hearts, inhibition of autophagy and mitophagy is the main
cause of cardiac injury in T2D models, whereas it plays a
protective role in Type 1 T1D models. This highlights the
need for drug-based cardiac therapies that target autophagy
and mitophagy pathways (such as AMBRA1, Parkin/PINK1,
FUNDC1, BNIP3/NIX, Bcl2L13, CHDH, mTOR/AMPK, FOXO,
SIRT, Beclin 1, and PI3/Akt) to regulate cardiac tissue repair,
regeneration, and cardioprotective functions in diabetic
hearts.

The necessity for targeted delivery of cardioprotective
agents has brought nanoparticles into focus. Nanoparticles
can enhance drug solubility, prolong drug half-life in tissues,
and improve drug transfer across biological membranes
and barriers. This not only maximizes drug bioavailability
but also minimizes contact between healthy tissues and
drugs. However, before a nanoparticle-based therapy can
be used clinically, it must undergo rigorous preclinical and
clinical trials. Nanoparticle formulations targeting autophagy
and mitophagy in diabetic hearts are currently in the
preclinical stage and require extensive pharmacokinetic and
optimization studies to make cardiac regeneration a clinical
reality. However, before a lead can be utilized as a therapeutic
regimen, it must qualify the preclinical and clinical trials,
and the nanoparticle concoctions targeting autophagy and
mitophagy in diabetic hearts are still preclinical and require
extensive pharmacokinetic and optimization studies to make
cardiac regeneration a clinical reality.
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