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Abstract

Cardiovascular diseases are the leading cause of death in older adults worldwide, with heart failure (HF)
representing one of their most serious end stages. Aging is a non-modifiable risk factor that drives a series of
structural and functional changes in the heart, both at the macro and subcellular levels. This review article analyzes
how intracellular organelle dysfunction and the loss of coordination between them, a process termed
“interorganelle miscommunication,” contribute to the progression of HF in the context of aging. We review
experimental and clinical studies on the function of mitochondria, sarcoplasmic reticulum, lysosomes, lipid
droplets, and the nucleus in aging cardiomyocytes. Particular emphasis is placed on how altered interactions
between these organelles affect key processes such as ATP production, calcium handling, autophagy, epigenetic
regulation, and oxidative stress control. We also discuss the impact of chronic low-grade inflammation
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(“inflammaging”) and cellular senescence as aggravating factors in cardiac functional decline. Collectively, the
evidence indicates that dysregulation of interorganelle communication not only accelerates cardiac aging but also
represents a central pathogenetic mechanism in HF. In this context, the concept of a “dysfunctional interorganellar
network” may serve as a new hallmark of subcellular aging and an emerging therapeutic target for preventing or
delaying age-related HF.

Keywords: Heart failure, aging, organelles, organelle communication

INTRODUCTION

Cardiovascular diseases (CVDs) are the leading cause of death worldwide, with mortality rates reaching
32%. In 2021 alone, an estimated 20 million people died from these diseases'". Age is a non-modifiable risk
factor for CVD, and given demographic trends, an estimated 10% of the world's population is aged 60 years
or older. This percentage is expected to increase to 16.6% by 2030 and to 21.4% by 2050”. CVDs are the
most serious public health problem due to their high prevalence, which not only leads to high mortality
rates but also results in considerable morbidity and disability. The American Heart Association (AHA)
reports that approximately 40% of people aged 40 to 59 have CVD, a figure that rises to approximately 86%
in people over 80"

Among the various disorders that make up this group, heart failure (HF) is characterized by persistent and
severe symptoms despite maximum medical treatment, including significant limitations in physical activity
and severe cardiac dysfunction”. The one-year mortality rate associated with this disease can reach between
50% and 75%, reflecting the severity of this condition. Patients with HF report a substantially poorer health-
related quality of life (HRQoL) than the general population, largely due to physical limitations, emotional
distress, and social dysfunction. Symptoms such as dyspnea, fatigue, and pain are often debilitating and
directly contribute to reduced HRQoL"*. The burden on health systems is also considerable, as HF often
requires long-term management'”. Moreover, socioeconomic disparities in healthcare access and education
exacerbate the prevalence and outcomes of CVD in disadvantaged groups'®®.

HF represents the terminal stage of multiple cardiovascular diseases and is characterized by the progressive
inability of the heart to maintain adequate cardiac output. This decline begins with subtle changes in the
heart and vasculature that progress to a point where cardiovascular function is insufficient to pump blood
and oxygen and meet the body's needs”'". Diseases that damage cardiovascular tissues accelerate this
process by reducing vascular elasticity and increasing cardiac workload, typically resulting in compensatory
thickening of the heart, known as cardiac hypertrophy"'. However, because the damage is cumulative, such
cardiac remodeling becomes pathological and ultimately leads to loss of function"”. Although aging is not a
disease, it accelerates the development of heart failure (HF) by contributing multiple mechanisms that
exacerbate functional decline, such as arterial stiffness, endothelial dysfunction, and myocardial fibrosis"..

This section briefly discusses the stages and factors that lead to HF. According to the American Heart
Association (AHA), HF is clinically classified into two main types based on the functional status of the
heart"”.

« HF with reduced ejection fraction (HFrEF): impaired heart muscle contraction (reduced ejection fraction).

« HF with preserved ejection fraction (HFpEF): impaired heart filling during diastole, but normal
contraction (preserved ejection fraction).
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In both cases, compensatory mechanisms initially maintain cardiac output, but ultimately cause further
myocardial damage and worsening cardiac function. Pathophysiology involves a complex process of
structural and functional cardiac remodeling, driven by neurohormonal mechanisms - such as activation of
the renin-angiotensin-aldosterone system- and inflammatory mechanisms that exacerbate ventricular
dysfunction”..

Although there is increasing knowledge about heart failure (HF), the role of interorganelle signaling -
especially communication between mitochondria and the sarcoplasmic reticulum (SR) - in HFpEF
compared to HFrEF phenotypes remains poorly defined. In HFpEF, which is frequently associated with
advanced age, obesity and its comorbidities, mitochondrial dysfunction, SR stress, and alterations in SR-
mitochondria interactions have been described, causing an imbalance in Ca* homeostasis, dysfunctional
lipid exchange, oxidative stress, and energy dysfunction*'”. On the other hand, HFrEF, typically secondary
to ischemic damage and myocyte loss, is characterized by marked systolic dysfunction, eccentric ventricular
remodeling, disruption of mitochondrial dynamics, and ROS production"*'*. Given that the etiology, age,
and clinical presentation differ between HFpEF and HFrEF, further investigation of interorganelle signaling
differences could reveal specific pathways for differentiated therapeutic approaches.

At the macroscopic level, the most notable changes are atherosclerosis, increased arterial stiffness,
ventricular hypertrophy, and myocardial fibrosis. Atherosclerosis, for example, occurs in approximately
66.9% of people over the age of 50 and contributes to pressure overload that promotes arterial stiffness,
hypertrophy, and pathological fibrosis of the left ventricle, increasing the risk of myocardial infarction or
stroke due to insufficient blood perfusion". This process begins early in life and progresses due to several
risk factors®", including:

« Hyperlipidemia: elevated levels of low-density lipoproteins (LDL) increase cholesterol accumulation in the
vascular system.

« High blood pressure: causes physical damage to the endothelium and promotes atheromatous plaque
formation. It also increases the workload on the heart and can cause structural changes, such as left
ventricular hypertrophy.

« Diabetes: high blood glucose levels damage blood vessels, leading to endothelial dysfunction, characterized
by impaired vasodilation and elasticity, which increases inflammation and accelerates atherosclerosis.

- Lifestyle factors: obesity, excessive consumption of saturated fats, physical inactivity, smoking, and
excessive alcohol consumption significantly increase the risk of CVD.

+ Genetic factors: Genetic variants significantly influence susceptibility to CVD, especially those affecting
lipid metabolism (severe dyslipidemia), blood pressure regulation, and other cardiovascular functions.

At the same time, functional and structural alterations occur at the subcellular level. Mitochondria, which
are responsible for supplying 95% of the ATP needed for the heart's contractile function, show a reduction
in bioenergetic efficiency, an increase in the production of reactive oxygen species (ROS), and disruption of
their fusion and fission dynamics. The SR, which is key in the regulation of intracellular calcium, also suffers
from dysfunction, affecting excitation-contraction coupling. Lysosomes, whose function is essential for the
degradation of damaged organelles through autophagy, lose their effectiveness with age, favoring the
accumulation of subcellular debris®. Other less studied organelles also contribute to cardiomyocyte
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function, such as lipid droplets (LDs) and peroxisomes, which regulate the metabolism of fatty acids, the
main macronutrient for the heart under normal conditions. Both organelles are highly communicative with
other organelles, forming functional contacts with mitochondria, SR, and nucleus to exchange metabolites
and signals®. Additionally, changes in nuclear organization, loss of heterochromatin, and epigenetic
alterations that compromise adaptive gene expression during cardiac aging have been documented*.

One of the emerging mechanisms linking these subcellular dysfunctions is the alteration of communication
between organelles, a phenomenon that is particularly relevant in the context of aging. The interaction
between mitochondria and ER, mediated by mitochondria-associated ER membranes (MAM), is affected by
age, compromising the efficient transfer of calcium and lipids, as well as the regulation of apoptosis*.
Likewise, impaired mitonuclear communication limits the ability to respond to mitochondrial damage,
affecting the biogenesis and repair of these organelles. These failures are amplified by processes such as
inflammaging - chronic low-grade inflammation that drives the aging process - and cellular senescence,
which promote a dysfunctional tissue microenvironment, with increased fibrosis, ventricular stiffness, and
loss of contractility”.

The interconnection between these subcellular processes explains the transition from physiological aging to
clinical pathology. Disruption of autophagy (due to lysosomal failure) and ROS excess (due to dysfunctional
mitochondria) establish a vicious cycle of macromolecular damage, which, combined with matrix stiffness
due to fibrosis, irreversibly leads to loss of contractile function®”.

The following work is structured in two main sections. Section “ORGANELLE REMODELING IN
CARDIOVASCULAR DISEASES” analyzes the structural and functional changes of key organelles in CVD,
while Section “ORGANELLE MISCOMMUNICATION IN THE AGING HEART” focuses on how aging
compromises communication between these organelles, contributing to the progressive deterioration of the
heart. Understanding these mechanisms offers new therapeutic targets for interventions that modulate
organelle communication, potentially delaying the progression of HF in geriatric populations.

ORGANELLE REMODELING IN CARDIOVASCULAR DISEASES

This section examines how individual organelles undergo pathological remodeling during the development
of different forms of CVD, particularly HF [Figure 1]. The mechanisms underlying mitochondrial
dysfunction, ER stress, chromatin remodeling damage, impaired lysosomal autophagy, and disruption of
lipid droplet function were analyzed, all within the context of hypertrophy, fibrosis, ischemia, and HF.

Mitochondrial dysfunction

Mitochondria are the main ATP-producing organelle in eukaryotic cells. With their specialized morphology
and function, they possess an electron transport chain that synthesizes ATP necessary for cellular life and is
indispensable for several biological functions™. Because the heart functions continuously from early
development until death, it requires a constant and substantial ATP supply. Mitochondria are the main
organelle responsible for the maintenance of constant energy consumption of the heart. These organelles
are highly abundant in cardiomyocytes, strategically located between sarcomeres to ensure efficient ATP
delivery. They occupy approximately one-third of the cell volume and produce nearly 95% of the energy the
heart needs”". Mitochondrial dysfunction plays a crucial role in heart aging and failure. During aging, the
heart exhibits impaired bioenergetic efficiency, increased mitochondrial DNA instability, and enhanced
susceptibility to trigger apoptosis and inflammation, changes that affect cellular survival and the
development of cardiac dysfunction®*. Similarly, during HF, mitochondria show alterations in oxidative
phosphorylation, substrate utilization, and morphology, thus contributing to chronic energy deficits and
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Figure 1. Organelle alterations in cardiomyocytes during aging. In young cardiomyocytes, mitochondria maintain efficient ATP
production and redox homeostasis; lysosomes support effective autophagy; the SR ensures proper Ca’* cycling; lipid droplets (LD)
prevent lipotoxicity; and chromatin is preserved with regulated gene expression. In contrast, aged cardiomyocytes exhibit fragmented
and dysfunctional mitochondria with increased reactive oxygen species (ROS) production and reduced bioenergetics; lysosomal activity
is impaired, compromising autophagic clearance; SR Ca’" reuptake becomes defective; LDs accumulate abnormally; and chromatin
structure is altered, with loss of heterochromatin and dysregulated transcription. These alterations collectively impair cardiomyocyte
function and contribute to age-related cardiac decline.
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mechanical dysfunction®. The combination of age-related mitochondrial dysfunction and the effects of HF
can disrupt cellular energy and redox balance, suggesting that the interaction between aging and HF
exacerbates mitochondrial dysfunction®. Mitochondrial dysfunction in aged hearts involves decreased
activity of respiratory complexes I, III, and IV, reduced mitochondrial content, and impaired oxidative
phosphorylation®**. These changes increase ROS production and ensuing oxidative damage**.
Additionally, aging induces a metabolic imbalance in the myocardium, characterized by increased fatty acid

29,39]

uptake despite reduced lipid oxidation™*".

Mitochondrial morphology is regulated by dynamic fusion and fission processes - collectively termed
mitochondrial dynamics - which are crucial for maintaining mitochondrial health, ultrastructure, turnover,
and metabolism™*. These processes affect cell viability, proliferation, and ATP production.
Mitochondrial fusion is primarily mediated by the proteins Mitofusin (Mfn) 1 and 2 in the outer
mitochondrial membrane and Optic atrophy 1 (Opa1) in the inner mitochondrial membrane*”, whereas
fission is mainly controlled by Dynamin-related protein 1 (Drp1)"**.

During aging, cardiomyocyte mitochondria undergo morphological alterations associated with functional
decline, and disruption of mitochondrial dynamics contributes to the development of CVD™!. For instance,
aged C57BL/6] mice (17 months) present mitochondria with swollen and disrupted cristae, as well as
broken inner membranes'*”. Similar damage has been observed when comparing young (3-month-old) to
older (1- and 2-year-old) mice, with no sex dependence***!. Aging hearts typically display a shift toward
excessive fission, resulting in fragmented and disconnected mitochondria. Comparable alterations occur in
HF models. In a rat model of pressure overload-induced HF, mitochondrial size decreased after 3 weeks'*.
Likewise, in a rat model of left anterior descending (LAD) coronary artery ligation for 9 weeks,
mitochondria exhibited reduced size, abnormal distribution, and loss of cristae!”. Genetic models further
demonstrate the importance of mitochondrial dynamics. Deletion of yme1l1 (encoding OPA1) induces
mitochondrial fragmentation without impairing respiration, but causes dilated cardiomyopathy with
necrosis, fibrosis, and ventricular remodeling, and a metabolic switch promoting glucose use™*". Similarly,
Chen et al. showed that embryonic ablation of Mfn1/Mfn2 is lethal, while ablation in adults leads to
mitochondrial fragmentation, respiratory dysfunction, and dilated cardiomyopathy, demonstrating that
mitochondrial fusion is essential for maintaining cardiac mitochondrial integrity"*”. On the other hand, in a
mouse model of cardiomyocyte-specific Drp1 ablation, mice died after 8 weeks of tamoxifen injection and
presented elongated mitochondria in basal and postprandial states. Additionally, these animals exhibited
heart hypertrophy, characterized by an increased cardiomyocyte cross-sectional area, cardiac fibrosis, lung
congestion, and a decreased ejection fraction, a phenotype that aligns with HFrEF*. These changes were
accompanied by a decrease in the activity of complexes I, IT + III, and IV of the mitochondrial electron
transport chain, coinciding with a decrease in ATP production'. Similarly, evidence suggests that age
reduces the expression of proteins involved in mitochondrial dynamics, resulting in alterations in
mitochondrial morphology and function. Indeed, old age mice (2 years old) show a decrease in the protein
expression of Mfn2, Opa1, and Drp1 compared to young age (1 year old) animals™”. In agreement with that,
a rat model of old age (25 months) shows a decrease in Mfn1 and Mfn2 protein expression™. Song et al.
generated a murine triple inducible knockout of Drp1/Mfn1/Mfn2 (TKO)". These mice developed
concentric cardiac hypertrophy and demonstrated higher survival rates compared with single-gene
knockouts. In terms of mitochondrial morphology, TKO mice exhibit high mitochondrial size
heterogeneity, with a predominance of smaller mitochondria, which are also accumulated in the perinuclear
region, suggesting a mechanical disruption of myofilament and cell organization™. Moreover, the MICOS
complex is essential for cristae formation and maintenance. In cardiac fibroblasts of aged mice, the mRNA
levels of Opa1, mitofilin, Chchd3, and Chchdsé are decreased compared to those of young animals, suggesting
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a loss of the MICOS complex during the aging process'*’. The same authors found that the loss of these
proteins in cardiac fibroblasts correlates with mitochondrial dysfunction, characterized by fragmented
mitochondria, a reduced respiratory rate, and increased production of reactive oxygen species (ROS)"*.
These results suggest that loss of opa1 and the MICOS complex leads to oxidative stress, promoting a ROS-
induced ROS mechanism associated with age-related mitochondrial functional decline'. Aging also
impairs metabolic flexibility and mitochondrial function, inducing a decrease in cardiac function”*. Aging
hearts exhibit a reduction in the oxidation capacity of fatty acids and an increase in glucose metabolism™**.
In OPA1-knockout mice, there are decreases in Drp1 and MICOS complex proteins, as well as reduced
basal, ATP-linked, and maximal respiratory rates and spare capacity, indicating that conditions of high

mitochondrial bioenergetic demand may be affected by the loss of this protein'*.

Closely related to mitochondrial dynamics, mitophagy is the primary cellular process of mitochondrial
quality control, which involves the autophagic removal of dysfunctional mitochondria®. Gao et al. showed
that old mice (24-26 months) exhibit compromised myocardial function and mitochondrial morphology,
characterized by decreased fractional shortening, increased apoptosis, reduced mitochondrial size, and
decreased protein expression of the mitophagy machinery, namely Parkin, LC3II, phospho-pé62, and
TKB1". All of these effects were attenuated by Parkin overexpression, which rescued cardiac aging by
promoting Ke3-linked polyubiquitination of TBK1 to facilitate mitophagy™”. In agreement with that,
Fernandez-Ortiz et al. showed that old mice (2 years old) undergo a decrease in LC3II, concomitant with an
increase in apoptotic proteins such as p53, caspase 9, Bax, and Bcl2*. A rat model of old age (25 months)
also exhibits a decrease in LC3II and an increase in p62 protein levels, suggesting autophagy disruption”'’.

The aging heart is characterized by an increase in the opening of the mitochondrial permeability transition
pore (mPTP), which leads to the release of mitochondrial content into the cytosol. This can induce
apoptosis, mitophagy, mitochondrial membrane depolarization, and mitochondrial swelling. However, the
molecular mechanism that causes the mPTP opening is still unknown®**?. During HF, there is an increase
in mPTP opening, mediated by mechanisms such as dysregulation of Ca** homeostasis, decrease in ATP
levels, and oxidative stress™. A study found that, compared to young rats, the cardiac mitochondria of old
rats exhibit increased opening of the mPTP, concomitant with elevated levels of superoxide and hydroxyl
anion radicals, urea, and products of early lipid peroxidation, as well as iNOS activity, all of which are
characteristic of oxidative and nitrosative stress””. Additionally, heart mitochondria from aged SIRT3™"
mice (16 months) exhibit increased mPTP opening compared to control mice, indicating that SIRT3
contributes to blocking mPTP in aging hearts””. Moreover, mPTP opening in the aging heart leads to the
release of cytochrome c into the cytosol, which can trigger apoptosis. In rats of 16 and 24 months of age,
there is an increase in cytosolic cytochrome c levels compared to young animals (6 months)"*. Hofer et al.
found that in rat hearts, the cytosolic levels of cytochrome ¢ and caspase-3 activity steadily increase with
age, up to 29 months of age. Additionally, there is an increase in cyclophilin D (CyP D), a protein of the
mPTP complex, in interfibrillar mitochondria of aged hearts compared to subsarcolemmal mitochondria,
thus highlighting the functional heterogeneity of the mitochondrial network according to its subcellular
distribution™. Notably, cardiac Drp1 knockout mice exhibit increased levels of mPTP opening, cleaved
caspase 3, and cytochrome c release to the cytosol, indicating that Drp1, and therefore, mitochondrial
dynamics and quality control, are essential for protecting cardiomyocytes against apoptosis and necrosis'*".
Finally, Chen et al. found that the inhibition of Complex I of the Electron Transport Chain with metformin
shows protection against the injury induced by reperfusion in a mouse model of ischemia-reperfusion*’.
These effects were associated with a decrease in NADH oxidation, mPTP opening, and infarct size.
Additionally, the authors suggest that metformin can be a modulator of Complex I, reducing the damage
caused by myocardial infarction, such as ST elevation'™.
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Sarcoplasmic reticulum stress

The sarcoplasmic reticulum (SR) is essential for cardiac function, as it regulates Ca** homeostasis, lipid
metabolism, and protein folding, processes that are essential for cardiac contraction and cell survival. Its
dysfunction, especially in aging, triggers ER stress, inflammation, and pathological remodeling®". On the
other hand, Ca*-mediated electrical signaling in the heart has been reported to influence lifespan by
maintaining rhythmicity and cardiac function'®.

The endoplasmic reticulum (ER) is a membranous organelle in eukaryotic cells, playing a critical role in
protein synthesis, lipid metabolism, and calcium storage and signaling. In muscle cells, the ER exhibits
structural and functional specialization, referred to as the SR, highlighting its unique role in regulating Ca*"
dynamics, which is essential for muscle contraction. In cardiomyocytes, the SR forms an extensive network
of tubules that are closely associated with transverse tubules (T-tubules) to form dyads or triads. These
structures are crucial for excitation-contraction (EC) coupling, facilitating the release and reuptake of
Ca*!l. This organization ensures synchronized contraction through ryanodine receptor (RyR2)-mediated
Ca* release, triggering actin-myosin crosslinking'*".

The SR also undergoes age-related alterations'”. RyRs, which are responsible for Ca** release, exhibit
reduced responsiveness and, in some cases, leak Ca** during resting states, resulting in the dysregulation of
intracellular Ca* levels"®. This negatively affects both the strength of contraction and the ability of
cardiomyocytes to relax correctly between heartbeats'”. The reduced activity of SERCA (SR Ca*-ATPase)
with aging also contributes to decreased Ca* reuptake into the SR, leading to Ca** accumulation in the
cytosol and reduced heart relaxation efficiency®”. Pathologies such as HF, dilated cardiomyopathy, and
cardiac hypertrophy also exhibit low SERCA activity, further compromising Ca** capture'®”".

The ER is a multifunctional organelle involved in various pathophysiological processes. One of its most
important functions is the folding and translocation of transmembrane proteins””. When this process is
disrupted, unfolded or misfolded proteins accumulate, triggering the ER unfolded protein response (UPR),
which disturbs ER homeostasis and leads to what is known as ER stress”. In CVD, metabolic
dysregulation, hypoxia, and inflammation can trigger ER stress, which induces oxidative stress and further

74,75]

inflammation?*".

As mentioned earlier, chronic inflammation has been identified as a key determinant of aging”, a
significant contributor to cardiovascular risk””, and a marker of poor health status”. Inflammatory
mediators can sustain or even exacerbate ER stress in tissues, and chronic ER stress, in turn, promotes
chronic inflammation. Thus, a positive feedback loop may exist between ER stress and inflammation. One
of the hypothesized origins of inflammaging is an imbalance in the production of damage-associated
molecular patterns (DAMPs), including cellular debris, misfolded proteins, and misplaced molecules, which
increase with age”™. The accumulation of these DAMPs can be detected by the NLRP3 inflammasome,
which activates its signaling pathway and subsequently leads to the production and secretion of IL-1p and
IL-18. Blocking the NLRP3 inflammasome extends a healthy lifespan by attenuating multiple aging-related
degenerative changes”™*. Several studies have identified the involvement of the Stimulator of Interferon
Genes (STING) pathway in inflammation and have linked it to ER stress in models of cardiac hypertrophy,
both in vivo and in vitro'*. Activation of this signaling pathway increases type I interferon levels and NF-«xB
activation, and silencing this pathway attenuates the cardiotoxic effects of doxorubicin®’. Moreover, ER
stress and the UPR contribute to inflammation through multiple regulatory pathways, including NF-xB and
the NLRP3 inflammasome, which impact Ca* homeostasis. NF-«xB activation mediates myocardial and
vascular inflammation in aging-related diseases'*”. Therefore, the evidence clearly shows a relationship



Ortega-Mufioz et al. J Cardiovasc Aging. 2025;5:18 | https://dx.doi.org/10.20517/jca.2025.08 Page 9 of 30

between aging, CVD, and ER stress.

Chromatin remodeling in response to damage

Chromatin remodeling in response to cellular damage is essential for cardiac function, as it facilitates access
to specific genomic regions required for activating genes involved in repair, stress response, and survival
pathways. ATP-dependent chromatin remodeling complexes and epigenetic modifications such as histone
methylation or acetylation are key regulators of these processes, helping to preserve cardiac homeostasis
under stress conditions like ischemia or aging™. DNA is usually organized into a structure called
chromatin, which is compacted by histones. Together, they form the nucleosome, in a structure with a high
degree of condensation that regulates gene expression by restricting DNA availability to the action of
transcription factors'™!. Histones can be modified through acetylation, methylation, and phosphorylation,
thereby altering chromatin structure, a process termed chromatin remodeling, which is required for correct
gene expression, DNA repair, and stress responses™. On the other hand, aging is known to reduce organ
function and increase the risk of disease, which are associated with changes in chromatin structure and
function, as well as shortening of telomeres™ ™. Furthermore, it has also been linked to the progression of
certain diseases such as HF™*",

Some DNA repair complexes are ATP-dependent. One such complex is the BRG1/BRM-associated factor
(BAF) complex, which comprises the BRG1 protein, a transcription factor linked to genes involved in DNA
repair. It has been associated with cardiac hypertrophy and fibrosis'*>*".

Aging is accompanied by a process called loss of heterochromatin, which is associated with gene silencing.
This suggests that there may be increased expression of genes that are typically repressed, contributing to
cellular dysfunction. Aging also affects the structure of the nucleus, causing alterations in the organization

89,92,93]

of chromatin that impact the positioning of genes' .

In general, specific proteins with a key role in chromatin remodeling are described, such as Sirtuin 1
(SIRT1), a member of the NAD*-dependent deacetylase sirtuin family, which deacetylates histones, thereby
influencing chromatin structure and modulating the expression of transcription factors associated with
genes that respond to stress, inflammation, and metabolism. The expression of SIRT1 decreases with age,
which is associated with age-related CVD. Lower SIRT1 levels are linked to increased oxidative stress and
inflammation, partly through its interaction with NF-«xB, where SIRT1 inhibits NF-xB-mediated pro-
inflammatory signaling pathway®**".

Lysosomes

Lysosomes play an essential role in the heart by regulating the degradation and recycling of cellular
components through autophagy, a key process for maintaining homeostasis and preventing the
accumulation of damaged proteins and organelles”. This function is especially relevant in cardiomyocytes,
cells with high energy demands and low renewal capacity. Lysosomal dysfunction has been associated with
cardiovascular diseases, including heart failure, due to its impact on proteome quality and mitochondrial
health. In addition, the lysosome acts as a metabolic signaling center, serving as a scaffold for pathways such
as mTOR, which are fundamental to cardiac function.

In the aging process and CVD, studies have shown decreased and abnormal autophagy. For example,
decreased activity of the transcription factor EB (TFEB), a master regulator of autophagy and lysosome
biogenesis, has been observed under conditions of hyperglycemia and overutilization of fatty acids, leading
to glycolipotoxicity and thereby contributing to cardiotoxicity and cardiomyopathy. Conversely,
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overexpression of TFEB leads to atheroprotection, including reductions in plaque burden, apoptotic and
necrotic areas, through decreased accumulation of ubiquitinated protein aggregates and lower IL-1B

100,101]

levels!

Lysosomes also regulate lipid metabolism, which is critical for maintaining healthy vascular function.
Lipopolysaccharide (LPS) induces autophagy and nuclear translocation of TFEB in the heart of young but

102]

not aged mice, which may increase susceptibility to LPS-induced myocardial injury in aged mice"*.

In atherosclerotic lesions, macrophages capture oxidized LDL through the action of scavenger receptors.
The proper functioning of lysosomes is crucial for the degradation of cholesterol. Dysfunctional lysosomes
can lead to the accumulation of cholesterol within macrophages, contributing to the formation of foam cells
and plaque instability"*.

The lysosome also regulates endothelial function and participates in transmembrane signaling of different
death receptors through the formation of membrane raft redox signaling platforms, leading to endothelial
dysfunction in response to various stimuli. During atherosclerosis, the lysosome-associated membrane
signalosome plays a crucial role in endothelial injury, such as abnormal leukocyte adhesion, macrophage

104]

invasion or infiltration, and local oxidative stress™®*.

Decreased expression of lysosome-associated membrane protein 2 (LAMP2) on the X chromosome causes
Danon disease, which often leads to HF. In human cardiomyocytes, autophagosome-lysosome fusion
requires the LAMP-2 B isoform; genetic correction of the LAMP-2 mutation rescues the Danon phenotype.
This study provided evidence of cardiomyopathy in Danon patients and suggested that defective LAMP-2B-
mediated autophagy could be a therapeutic target for treating this patient population"**'**),

Similarly, the cooperation between oxidation and chronic low-grade inflammation, which is prevalent in
aging and CVD, can impact lysosomal function. This dysfunction may accumulate damaged proteins and
organelles within cells, exacerbating cellular stress and promoting cardiac aging, which appears to be the key

event in the development of early atherosclerotic lesions"*.

Lipid droplets

LDs are ubiquitous and dynamic cellular organelles that store lipids in cells of different organisms, such as
bacteria, yeasts, and mammals"”'**. They are delimited by a phospholipid monolayer filled with neutral
lipids like triacylglycerols (TAGs) and sterols"'*. Mounting evidence shows that LDs can buffer toxic lipid
levels, thereby mediating a cytoprotective role"”""". Additionally, they participate in cellular clearance of
damaged and misfolded proteins"™'"", aid in cellular detoxification by sequestering xenobiotics'”, and
contribute to innate immunity in infected mammalian cells through LD remodeling""*. LD surface contains
many proteins that are necessary for LD dynamics, contact with other organelles, membrane trafficking,
signaling, and lipid homeostasis, such as for the synthesis of phospholipids, TAGs and their intermediates,

as well as lipases and lipolytic regulators"*

. LDs are synthesized in the ER, maintaining an equilibrium
between an embedded in the ER state and an emerged state that is regulated by the ER’s phospholipid

molecular curvature, and each state is important for modulating LD functions**.

Specifically, the heart uses a variety of carbon substrates as an energy source, with fatty acids (FAs) being the
primary ones""”. After FAs enter cardiomyocytes, they are p-oxidized by mitochondria for proper
myocardial contraction™*"*. The importance of LD in the heart is related to preventing excess ROS
production from mitochondrial oxidation and free FAs-induced lipotoxicity, where excess free FAs are
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converted to TAG and then stored in LD"*""7),

Nevertheless, it has been established that LD function imbalance is an important player in a variety of
diseases, including CVD"**. Paradoxically, it has been reported that LD accumulation counteracts stress-
associated diseases, showing a beneficial effect on aging, but, conversely, LD accumulation accentuates
disease progression at advanced stages, thus promoting the aging process"”.. For example, it is well known
that dietary monounsaturated fatty acids (MUFAs) extend lifespan, and their levels are positively related to
lifespan**""”). In aging models, MUFA accumulation increases LD content in the intestine of both
hermaphrodites (female-like) and male C. elegans, and cis-MUFAs, like oleic acid, enhance LDs and

peroxisome formation, thereby contributing to MUFA-induced longevity in C. elegans"*".

In the cardiovascular system, LD accumulation has context-dependent effects. In some cases, it reflects lipid
overload and reduced cardiac function by affecting transcriptional regulation of metabolic gene expression
in failing hearts and reduced mitochondrial function. In other cases, LDs sequester toxic lipids such as
cholesterol and ceramides, thereby preventing lipotoxicity!'*""”. The different metabolic states of cells could
modulate the context for LD, explaining the differing effects of LDs in different cells and organs, including
the heart"".

An example of the LD’s beneficial effects in cardiovascular health is the LD-associated protein ABHDS5,
which acts as a protease. It has a cardioprotective effect through HDAC4 proteolysis that results in CaMKII-
resistant HDAC4-NT, which in turn represses MEF2-dependent transcriptional programs that drive cardiac
dysfunction through metabolic control of calcium handling"*”. Moreover, a human long non-coding RNA
(IncRNA), termed Lipid-Droplet Transporter (LIPTER), acts as an RNA linker that connects LD via
phosphatidic acid (PA)/phosphatidylinositol 4-phosphate (P14P) and the cytoskeleton via binding MYH 10,
facilitating LD transport within human cardiomyocytes. Specifically, LIPTER deficiency impairs LD
transport and metabolism as well as mitochondrial function and cardiomyocyte viability; meanwhile, its
overexpression reduces cardiomyopathies and preserves cardiac function in obesity and diabetes mouse
models"*. It has also been reported that upon physical interaction with the ER membrane, LDs act as a
lipid-buffer system against toxic molecules, mitigating the lipotoxicity process in foam cells of human
atherosclerotic lesions"..

On the other hand, considering the negative effect of LD on cardiovascular health, it is known that excessive
cardiac LD accumulation under a hyperlipidemic state represents a negative factor for cardiac function, and
evidence indicates that hyperglycemia suppresses the NKX2.5/LIPTER interaction, which induces
cardiomyocyte LD deposition and cell death*'*. In addition, the LD-associated protein Perilipin 5
(PLINS) is implicated in type 1 diabetes-induced cardiomyopathy, where STZ-induced type 1 diabetic
PLIN5" mice fail to show detectable LD accumulation, but instead display decreased intramyocardial fatty
acids, ceramides, sn-1,2-diacylglycerol (DAG), and lipid intermediates, and lower PKC activity, NOX
subunits p47phox and pé67phox levels, and ROS production in the heart, compared with WT mice!*".
Guo et al. described a novel mechanism for LD biogenesis related to pathological conditions, where lipid
overload upregulates the ER-resident protein RTN3, allowing for an increased interaction between RTN3
and fatty acid carrier FABP5, promoting DGAT2-dependent LD biogenesis in cardiomyocytes. This leads to
excessive LD accumulation in the heart and subsequent diastolic and systolic dysfunction in high-fat diet
(HFD)-fed mice!".
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ORGANELLE MISCOMMUNICATION IN THE AGING HEART

Cardiac aging entails not only structural and functional alterations at the level of individual organelles, as
discussed in the previous chapter, but also a progressive loss of communication between them [Figure 2].
This disruption in subcellular coordination represents an emerging mechanism that exacerbates the
functional decline of the myocardium. Unlike the changes observed exclusively in cardiovascular diseases,
aging introduces a basal burden of dysfunction that predisposes the heart to fail in response to pathological
stimuli. This section explores the molecular and structural pathways that underlie this miscommunication
between organelles in the aging heart.

Mitochondria-associated ER membranes

Mitochondria-associated ER membranes (MAMs) are specialized inter-organelle contact sites that
coordinate calcium signaling, lipid transfer, and mitochondrial dynamics essential for maintaining cardiac
bioenergetics. In the heart, these structures underlie excitation-contraction coupling and critically regulate
apoptotic and autophagic pathways to support cardiomyocyte survival.

During aging, MAM integrity is disrupted in striated muscle, and proteomic analysis revealed age-related
dysregulation of MAM-enriched proteins associated with metabolic rewiring, Ca** imbalance, and impaired
organelle dynamics*! [Figure 3]. The deterioration of MAM function contributes to the progression of age-
related diseases, making it a potential therapeutic target"*. Understanding MAM dysfunction in aging will
provide insights into the mechanisms underlying age-associated cardiovascular and metabolic diseases,
offering new avenues for developing targeted interventions.

Under normal physiological conditions, MAMs are characterized by dynamic interactions that maintain
Ca* homeostasis and support mitochondrial bioenergetics"””. These interactions enable efficient ATP
production and regulate apoptosis and autophagy, which are crucial for cardiomyocyte survival and
function. The close apposition of ER and mitochondrial membranes enables efficient Ca** transfer, which is
vital for excitation-contraction coupling in heart muscle cells. Under normal physiological conditions, this
Ca*" transfer supports mitochondrial ATP production and regulates apoptotic pathways, ensuring cellular

[128,129]

homeostasis and survival .

MAMs also play a significant role in lipid metabolism by mediating the exchange of lipids between the ER
and mitochondria. This interaction is crucial for fatty acid oxidation, providing the cardiac function with
energy. Proteins such as MFN2 and Voltage-dependent anion channel 1 (VDAC1) are essential to maintain

130,131]

MAM structure and function, enabling optimal metabolic coupling between these organelles!

As the heart ages, significant structural and functional changes occur at MAMs, disrupting their regular
communication. Research indicates that aging is associated with reduced abundance of key proteins
involved in MAM formation, leading to impaired Ca* signaling and altered lipid metabolism. For instance,
the CDGSH iron-sulfur domain 2 (CISD2) gene, which promotes longevity and is abundant within MAM,
has been shown to preserve energy metabolism and reduce oxidative stress in aged hearts. Elevated levels of
CISD2 can reverse age-related cardiac dysfunction; conversely, its knockout leads to mitochondrial
dysfunction and increased ROS production"*”. Notably, CISD2 has been linked to reduced lipofuscin
accumulation in aging hearts, and its downregulation has been associated with premature aging
phenotypes'"*,

Additionally, aging cardiomyocytes exhibit a decline in mitochondrial dynamics characterized by increased
fission and decreased fusion events. This imbalance contributes to mitochondrial fragmentation and
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Figure 2. Cellular and subcellular alterations in aged cardiomyocytes. Comparison between young (left) and aged (right)
cardiomyocytes, highlighting key age-associated changes. In young cardiomyocytes, efficient Ca*” handling, active mitophagy, and
coordinated organelle communication preserve mitochondrial function, gene expression regulation, and muscle contractility. In contrast,
aged cardiomyocytes exhibit impaired Ca®* cycling, loss of ER-mitochondria contacts, disrupted mitophagy, and mitochondrial
dysfunction characterized by elevated reactive oxygen species (ROS) and reduced ATP production. These alterations lead to
hypertrophy, aberrant gene expression, oxidative stress, and weaker cardiac contraction, ultimately contributing to age-related cardiac
dysfunction.

dysfunction, further impairing MAM integrity. The accumulation of damaged mitochondria exacerbates
oxidative stress and promotes cellular senescence - key features of aging that significantly impact cardiac

136]

function™.,

The miscommunication at MAM becomes more pronounced in various cardiac diseases associated with
aging, such as HF and diabetic cardiomyopathy. Structural changes to MAM are linked to mitochondrial
dysfunction and impaired cellular signaling pathways in these conditions. For example, in diabetic
cardiomyopathy, elevated levels of FUN14 domain-containing 1 (FUNDCI1) have been observed in cardiac
tissues, which affects MAM structure and function by altering Ca’* handling and energy metabolism!*""**,
There is also evidence of altered mitochondrial dynamics in aged hearts characterized by increased fission
and reduced fusion processes. This imbalance can lead to dysfunctional mitochondria accumulating within
cardiomyocytes, further impairing energy production and increasing susceptibility to ischemic injury.
Moreover, the loss of effective communication at MAM during disease states results in diminished ATP
production and compromised cellular survival mechanisms. This miscommunication not only accelerates
cardiac aging but also heightens the risk of developing HF as individuals age.
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Figure 3. Age-associated alterations in mitochondria-associated ER membranes (MAMs) in cardiomyocytes. Under physiological
conditions (young heart), MAM:s facilitate proper communication between the sarcoplasmic reticulum (SR) and mitochondria, enabling
efficient Ca®* transfer, lipid exchange, and mitochondrial dynamics. This supports optimal ATP production, controlled autophagy, and
cardiomyocyte survival. Key structural and regulatory proteins such as MFN2, VDACT, and CISD2 maintain MAM integrity and
mitochondrial function. In contrast, aged cardiomyocytes exhibit disrupted MAM architecture, characterized by reduced MFN2 and
CISD2 expression and increased levels of FUNDC1. These changes lead to impaired SR-mitochondria communication, excessive
mitochondrial Ca®* uptake, oxidative stress, mitochondrial fragmentation, and bioenergetic failure. The resulting mitochondrial
dysfunction and accumulation of damaged organelles contribute to cellular senescence and increase the heart's susceptibility to age-
related diseases such as heart failure and diabetic cardiomyopathy.

Plasma membrane in cardiac aging

The plasma membrane of cardiomyocytes, particularly their T-tubule system, is essential for the heart, as it
ensures the propagation of action potentials and the coordinated release of Ca*', which are fundamental for
contraction. With aging, its disorganization compromises signaling between calcium channels and the SR,
contributing to cardiac dysfunction"* [Figure 4].

The plasma membrane of cardiomyocytes not only delimits the cell, but is also a key component in the
regulation of the flow of ions such as sodium (Na*), potassium (K*), and Ca*, which are essential for the
mechanical function of the heart muscle!**'*. Additionally, cardiomyocyte membrane receptors respond to
extracellular cues, such as hormones and neurotransmitters, activating signaling cascades that regulate
cellular function'®. Cardiomyocytes are further specialized by plasma membrane invaginations known as T-
tubules, which interact with the ER, termed the SR in muscle cells. This structural arrangement enables
rapid propagation of action potentials throughout the cardiomyocyte!*..
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Figure 4. Structural and functional coupling between T-tubules and the sarcoplasmic reticulum (SR) in cardiomyocytes and its
disruption during aging. In young cardiomyocytes, T-tubules invaginate from the plasma membrane and align precisely with the
sarcoplasmic reticulum (SR), allowing for a rapid propagation of action potentials and synchronized Ca’* release for excitation-
contraction (E-C) coupling. L-type Ca>* channels (LTCCs) located in T-tubules interact closely with ryanodine receptors (RyR) on the SR
to trigger Ca*'-induced Ca®" release. During aging, T-tubule architecture becomes disorganized and less dense, leading to misalignment
with the SR, reduced LTCC-RyR coupling efficiency, delayed Ca®* transients, and impaired contractile function. These structural and
functional alterations contribute to the development of cardiac dysfunction, including heart failure with preserved ejection fraction
(HFpEF), arrhythmias, and impaired relaxation.

The proximity between T-tubules and the SR facilitates Ca* release from the SR in response to
depolarization, a crucial process for cardiac muscle contraction"*. T-tubules facilitate the propagation of
electrical signals into the cell, allowing the action potential to reach the SR quickly"*. The SR stores and
releases Ca* in a controlled manner, an essential step in muscle contraction"*”. The process of excitation-
contraction coupling depends on the precise interaction between L-type Ca** channels (LTCCs) in the T-
tubules and RyRs"*.

LTCCs mediate the entry of extracellular Ca*, which triggers Ca* release from the SR\ T-tubules were
first described in 1881 by Retzius, who suggested the existence of electrical depolarization in muscle
cells"*). One of the most significant changes with aging is the disorganization and loss of T-tubules in
cardiomyocytes®. This disorganization disrupts the signaling synchronization between the plasma
membrane and the SR, affecting the coordinated Ca* release®. The reduced density and irregular
distribution of T-tubules in the aged heart slow the propagation of the action potential, resulting in less
efficient Ca™ release and, consequently, weaker muscle contraction"”. The disruption in communication
between T-tubules and the SR is also associated with increased muscle relaxation time, contributing to heart
failure commonly seen in cardiac aging"*”. Some associated pathologies include HFpEF, cardiac
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arrhythmias, dilated cardiomyopathy, and systolic HF, where T-tubule disorganization contributes to
diastolic dysfunction, leading to significant consequences for cardiovascular health"* ",

In the aged heart, a decrease in the functionality of LTCC has been described, leading to reduced Ca* entry
during the depolarization phase, which affects the contractile strength of cardiac muscle"*. Additionally,
alterations in the communication between LTCC and RyR reduce the efficacy of excitation-contraction
coupling, contributing to a reduced capacity of the heart to generate effective contractions"*.

The disruption in communication between the plasma membrane, T-tubules, and SR has profound
implications for cardiac function"*. The disorganization of T-tubules and dysfunction of the SR and LTCC
result in inefficient Ca’* release and a decrease in the heart's ability to generate strong, coordinated
contractions"*). These changes contribute to the reduced capacity of the aging heart to maintain efficient
pumping, which can lead to the development of HF and arrhythmias"*.

Mitonuclear communication in cardiac aging

Mitonuclear communication is essential for maintaining cellular homeostasis, particularly in tissues with
high energy demands such as the myocardium. Under physiological conditions, this crosstalk regulates key
processes including mitochondrial biogenesis, cellular differentiation, and metabolic function. However,
during aging, this interaction becomes dysregulated, leading to impaired mitochondrial biogenesis and the
activation of pathways associated with cellular senescence"™ [Figure 5]. These alterations promote
cardiomyocyte hypertrophy, contributing to pathological cardiac remodeling and the progression toward
heart failure.

The relationship between the nucleus and mitochondria has recently been characterized in the context of
cardiac aging. The purpose of mitonuclear communication is to maintain cellular homeostasis under both
basal conditions and in response to various stresses*’. Mutations in genes involved in mitonuclear
communication and imbalanced signaling resulting from altered mitonuclear responses are often associated
with developmental defects and human diseases"*". Anderson et al. described how mitochondria-derived
ROS trigger telomeric DNA damage, leading to senescence in aged cardiomyocytes, suggesting new avenues
for improved cardiac regeneration therapies*”. Along the same lines, research has established that telomere
dysfunction compromises cardiomyocyte function by repressing PGC-1a and PGC-1B, and this
simultaneous repression is associated with impaired mitochondrial biogenesis, thereby hindering cardiac
ATP production"****),

Moreover, Gao et al. provide evidence that the transcription factor Kruppel 15 (KLF15) can transmit signals
via L-phenylalanine/c-myc and AMP/p-CREB from mitochondria to nuclei to activate gene expression that
can modulate cardiac metabolism and hypertrophy, potentially leading to age-related CVD"*.

It has also been reported that under conditions of mitochondrial stress, such as myocardial infarction,
mitonuclear signaling plays a critical role in cardiac regeneration. Gao et al. demonstrated that in a
heterozygous Mitochondrial ribosomal protein S5 (MRPS5) knockout model (Mrps5™), cardiomyocyte
proliferation is enhanced. However, this effect is attenuated when one allele of the transcription factor ATF4
is also genetically deleted (Mrps5”/Atf4™), leading to a loss of the heart’s regenerative capacity. These
findings highlight the essential role of MRPS5/ATF4 mitonuclear communication in regulating
cardiomyocyte proliferation and cardiac regeneration"*".
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Figure 5. Alterations in mitonuclear communication during cardiac aging. In young cardiomyocytes, mitonuclear signaling - mediated by
the coactivators PGC-1a. and PGC-1B and the transcription factor KLF15 - supports mitochondrial biogenesis, oxidative metabolism, and
cellular homeostasis. In contrast, aged cardiomyocytes exhibit disrupted mitonuclear communication, characterized by downregulation
of PGC-1a/p and a shift toward KIf5 expression. This imbalance contributes to mitochondrial dysfunction, increased production of
reactive oxygen species (ROS), cellular senescence, and pathological hypertrophy, ultimately promoting adverse cardiac remodeling and
age-related functional decline.

Mitonuclear communication plays a crucial role in cardiac aging and overall longevity. Mitochondrial
dysfunction, a hallmark of aging, involves oxidative stress, damage, and impaired biogenesis"*. Age-related
decline in NAD" levels disrupts nucleus-mitochondria communication, leading to a pseudohypoxic state
and reduced mitochondrial function, which can be reversed by raising NAD" levels"*. Mitochondrial
metabolites and stress signals modulate epigenetic changes, affecting aging processes and homeostasis"*'.
Key regulators of mitochondrial function and aging include PGC-1a, SIRT1, AMPK, and mTOR"*.
Potential therapeutic strategies to improve mitochondrial function in aging and CVD include
mitochondrial-targeted antioxidants, calorie restriction, calorie restriction mimetics, and exercise
training"*”.

Lysosome-mitochondria communication

Communication between lysosomes and mitochondria is essential for regulating cellular stress, particularly
through autophagy mechanisms, a process that is indispensable for preserving cardiac function and
activating cardioprotective responses. It has been shown that the loss of functional contacts between these
two organelles contributes to mitochondrial dysfunction and an alteration in lysosomal dynamics, which is
associated with the development of various CVDs, such as acute myocardial infarction (MI)"* and
ischemia/reperfusion (I/R) injury"*” [Figure 6]. In addition, disorders such as mucopolysaccharidosis type
IT (Hunter syndrome) also present alterations in these contacts, which affect cellular bioenergetics and
contribute to their pathophysiology.
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Figure 6. Lysosome-mitochondria communication in cardiomyocytes under physiological and aging conditions. In healthy
cardiomyocytes, transient contact sites between mitochondria and lysosomes are regulated by Rab7 in its GTP-bound active state and
its effector TBC1D15, which is recruited to the mitochondrial surface via the fission protein Fisl. These contacts contribute to
mitochondrial dynamics, mitophagy, and cellular homeostasis. Conversely, in aged or stressed cardiomyocytes, impaired recruitment of
TBC1D15 or dysregulation of Rab7 activity leads to prolonged or unstable contacts, defective mitophagy, and altered mitochondrial
fission, resulting in the accumulation of dysfunctional mitochondria and elevated oxidative stress. These alterations contribute to
mitochondrial dysfunction, impaired cardiomyocyte contractility, and the progression of age-related cardiovascular diseases.

An additional process that significantly affects mitochondria-lysosome communication is aging, a
physiological condition characterized by progressive deterioration of cellular homeostasis mechanisms,
including the autophagic-lysosomal system and mitochondrial function. During aging, there is a reduction
in autophagy efficiency, an accumulation of dysfunctional mitochondria, and a decreased ability to adapt to
cellular stress, processes that have been associated with a loss of functional contacts between mitochondria
and lysosomes"***”. These changes directly impact highly energetic tissues such as the heart, contributing
to the progression of CVD and heart failure with preserved ejection fraction (HFpEF)"*. Age-related
mitochondrial dysfunction is also linked to an increase in reactive oxygen species (ROS), deterioration in
mitochondrial biogenesis, and alterations in organelle dynamics, which can further compromise the

167-169]

integrity of these interorganelle contacts'

Both mitochondria and lysosomes play central roles in cellular homeostasis and are involved in the storage
of key metabolites such as calcium, iron, and lipids, as well as in the regulation of cell death pathways""7.

Recent studies have shown that there is a direct structural and functional interaction between these two
organelles, independent of classical degradation processes such as mitophagy or the elimination of
mitochondria-derived vesicles (MDVs)!”!,
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This mitochondria-lysosome communication occurs predominantly under conditions of cellular stress'”*'””!
and can occur through degradative processes - such as PINK1/Parkin-dependent mitophagy via receptors

such as optineurin or NDP52!"7*'7

I~ or through the formation of MDVs (~100 nm) that transport specific
subsets of mitochondrial proteins to lysosomes for degradation"”'*. However, there are also non-
degradative contacts, with an approximate distance of ~10 nm between the membranes, in which there is no
exchange of content between the two compartments"*’. In these cases, it has been observed that such

contacts do not promote either autophagosome biogenesis or mitophagy'””..

The regulation of these contacts is mediated by the lysosomal GTPase Rab7, which controls lysosomal
dynamics. The effector protein TBC1D15, a member of the TBC domain protein family, is recruited to the
outer mitochondrial membrane via the Fis1 protein and binds to Rab7 in its active form (GTP) to facilitate
its hydrolysis to the inactive form (GDP)"*"*!. This conversion induces the dissociation of contacts between
mitochondria and lysosomes. Mutations in TBC1D15 (such as D397A or R400K), which inhibit its GAP
activity, prevent this dissociation, prolonging contacts without affecting their formation"*/, suggesting the
existence of alternative coupling mechanisms between the two organelles"”**!. Similarly, the Fis1 mutation
that prevents the recruitment of TBC1D15 also causes a prolongation of the interaction time between

mitochondria and lysosomes"*".

These contacts not only enable physical interaction between the two organelles, but also act as signaling
platforms to modulate lysosomal dynamics through Rab7-GTP activity!””. TBC1D15-mediated Rab7-GTP
hydrolysis enables the dissociation of contacts and the release of Rab7 effectors from the lysosomal
membrane*. It has been observed that the loss of TBC1D15 GAP activity causes lysosomal elongation"*",
while mitochondrial fission is regulated by vesicles positive for LAMP1, a lysosome marker, in the absence
of endosomes or peroxisomes"*. Disruption of these contacts affects the architecture of the mitochondrial
network, reducing the rate of mitochondrial fission"*. In addition, a brain-specific isoform of the Drp1
protein (Drp1 ABCD) has been described, which participates in mitochondrial fission and is associated with

LAMP1-positive vesicles at the mitochondria-lysosome contacts"*".

The alteration of this interorganelle communication has been implicated in various neurodegenerative and
metabolic pathologies. For example, in Charcot-Marie-Tooth disease type 2 (CMT2), Parkinson's disease
(PD), and several lysosomal storage disorders (LSDs), dysregulation of mitochondria-lysosome contacts has
been reported"” .. In CMT2B, mutations in Rab7 increase its active form (GTP), which may promote the
overformation of pathological contacts*'**"*?. In PD, both mitochondrial and lysosomal dysfunction have
been observed in human dopaminergic neurons"**"*, while in lysosomal diseases such as Gaucher,
Niemann-Pick disease type C, and neuronal ceroid lipofuscinosis, reduced mitochondrial membrane
potential and elevated ROS levels have been documented"”*>***, This evidence positions mitochondrial
dysfunction as a common feature of LSDs, possibly mediated by alterations in mitochondria-lysosome
contacts"™'. In the context of aging, these same mechanisms are progressively exacerbated and could
amplify cellular vulnerability to various degenerative pathologies"*'**\. In the cardiac context, mitochondrial
dysfunction directly contributes to the development of multiple CVDs"*"\. Recent studies have highlighted
the cardioprotective role of mitochondria-lysosome interactions in models of acute MI and I/R"****. The
decrease in TBC1D15 in these models is associated with an increase in infarct area, greater fibrosis,
cardiomyocyte apoptosis, and mitochondrial damage*”. Conversely, its overexpression improves these
parameters by promoting its interaction with Fis1 and Rab7-GTP and by recruiting Drp1 to the

164]

mitochondria-lysosome contacts, facilitating asymmetric mitochondrial fission'
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Together, these observations reinforce the idea that mitochondria-lysosome contacts are not only essential
for mitochondrial quality control, but also represent a key regulatory platform for cellular homeostasis and
cardiac tissue protection. Emerging evidence also highlights that their dysfunction is a common mechanism
underlying both physiological aging and multiple chronic diseases. Despite advances, the precise role of
these contacts in the pathophysiology of MI, heart failure (HF), and aging requires further experimental
exploration.

CONCLUSION AND FUTURE DIRECTIONS

Regarding architecture and function, the heart is a remarkable biological machine that begins beating on
days 21-23 post-fertilization and continues until death. Accordingly, cardiomyocyte organelles display an
extraordinary level of specialization. The SR provides mechanical support and regulates the Ca* signaling
that drives contraction, working in conjunction with the plasma membrane. Mitochondria, on the other
hand, serve as efficient ATP sources to sustain a heart rate of 60-100 beats per minute in an adult. Thus,
mitochondrial bioenergetics must attune to the rhythmic contractile activity. Meanwhile, the nucleus and
lysosomes regulate mitochondrial turnover by driving mitogenesis and mitophagy, respectively. During
aging, not only does organelle function gradually decline, but also the coordination of their activities,
thereby rendering organelle communication a potential therapeutic target for heart diseases [Figure 2].
Other lesser-studied organelles also contribute to cardiomyocyte function, such as LDs and peroxisomes,
which regulate fatty acid metabolism, the primary macronutrient for the heart under normal conditions.
Both organelles are rather “talkative” with other organelles"*'*”, and thus, their communication within
cardiomyocytes requires further research. In the case of the heart, rather than focusing on the
communication between pairs of organelles, future evidence will enable us to define a communication
network of organelles that harmonizes fat metabolism with cardiomyocyte energy demands. Interestingly,
organelles themselves are networks, either continuous like the SR or discontinuous like mitochondria.
Therefore, the concept of an “organelle internetwork” is more descriptive.

A key approach in geroscience is the “hallmarks of aging”, which are conserved mechanisms that appear
with age, and their modulation can slow down or accelerate the aging process"*”. Mitochondrial
dysfunction is one of these hallmarks, while ER stress and lysosomal alterations correspond to “loss of
proteostasis” and “disabled macroautophagy”, respectively"*. Indeed, this triumvirate of organelles is
essential for defining cell function and dysfunction. However, disabled macroautophagy not only affects
lysosomal function, but is a general quality control mechanism for all organelles. Additionally, these
hallmarks are highly intertwined, since decreased organelle quality control also promotes mitochondrial
dysfunction and ER stress""*”. Thus, further insights into the function of the lesser-studied organelles might
result in the definition of “disrupted organelle internetworking” as an overarching subcellular hallmark of

aging.

As discussed, ER-mitochondria communication during cardiomyocyte aging decreases, and the same
happens in other quiescent cell types such as neurons and skeletal myocytes, which contributes to
neurodegeneration and insulin resistance, respectively'*. By contrast, in hepatocytes, which can
proliferate”®, obesity is associated with chronic enrichment of ER-mitochondria contact sites, leading to
mitochondrial Ca** overload and impaired oxidative capacity™. Similarly, in endothelial cells, which can
also proliferate, aging correlates with increased ER-mitochondria Ca* transfer that renders cells more
susceptible to death by Ca** overload"”
depends on cell type, and evidences suggest that proliferative cells are more prone to excess ER-
mitochondria Ca*" transfer compared to the post-mitotic. This difference might stem from the cell fates that
depend on Ca’ signaling. The aforementioned quiescent cells are more complex in terms of architecture

. Thus, the modulation of MAM during aging and pathogenesis
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and their regeneration is limited. Concomitantly, they downregulate ER-mitochondria communication
during aging and pathogenesis, which might be a strategy to prevent excess mitochondria-derived oxidative
stress and cell death. After all, both neurons and cardiomyocytes are nearly irreplaceable in the adult. In the
case of hepatocytes and endothelial cells, in turn, ER-mitochondria communication increases, which might
be a compensatory mechanism to cope with stress. In these cells, the ensuing cell death is not as problematic
as in quiescent cells. Furthermore, in proliferative cells, mitochondrial Ca* overload might also lead to cell
senescence”*"*, which arrests the cell cycle and recruits immune cells through inflammatory factors to
promote the removal and replacement of the damaged cells®. In contrast, quiescent cells by definition
cannot undergo cell senescence, but attain a “senescence-like” phenotype characterized by structural
damage and a pro-inflammatory secretome that contributes to neurodegeneration™" or muscle aging®”.
Since organelles play a key role in determining cell fates (especially the ER and mitochondria), it is expected
that they behave distinctly in cell types with such diverging trajectories in terms of proliferation,
dysfunction, death, and survival.

Among organelles, mitochondria are unique in that they have their own DNA (mitochondrial DNA,
mtDNA), and thus have partial autonomy in propagating inside the cell and defining their own
components, namely proteins and RNAs. Accordingly, mitochondrial transplantation has lately emerged as
a therapeutic approach for aged or diseased organs, including the heart””. Administering healthy
mitochondria to damaged cells has been reported to improve bioenergetics performance®™”. Thus,
mitochondria are promising candidates as biological therapeutic agents against mitochondrial
dysfunction™*. However, because mitochondria interact extensively with other organelles, this raises the
question: if mitochondrial transplantation alleviates mitochondrial dysfunction, can this strategy be used to
“treat” the dysfunction of other organelles? Certainly, transplanted mitochondria not only propagate within
the recipient cell but also have to interact with the existing organelles. This opens the possibility to
“engineer” therapeutic mitochondria with a desirable interaction with other organelles. However, the
mtDNA only codes a handful of proteins of the electron transport chain, which are not directly involved in
organelle communication. Therefore, the use of mitochondria as vectors is complex and still has substantial

[205]

progress to make**..

Regarding the translation of basic research on organelle “internetworking” into clinical applications, this
field still requires further development. Chemical modulators of ER-mitochondria communication have
been reviewed elsewhere, proposing three classes according to their mechanism™**”. Class I corresponds to
direct modulators of tethering proteins, such as LDC3/Dynarrestin, which increases PTPIP51-VAPB
interaction, or TAT-MP1Gly, which targets Mfn2-, or pridopidine, which binds to Sigma-1 receptor - all of
them potentially modulating organelle communication®**"", Class II drugs regulate the expression of the
tethering proteins at the transcriptional level, such as metformin and breviscapine, which have protective
actions against cardiac remodeling and I/R injury, respectively”*?. Class III comprises regulators of
upstream signaling, like quercetin, which modulates organelle contacts through AMPK"". In terms of
plasma membrane-SR communication, this signaling axis is targeted by common drugs, such as
dihydropyridines and dantrolene, which alleviate hypertension through LTCC inhibition or malignant
hyperthermia via RyR inhibition, respectively”***?. Both can be considered modulators of the plasma
membrane-SR junction at the functional rather than physical level, because they depress Ca*-mediated
communication between both compartments; however, to our knowledge, neither of them has been
reported to prevent sarcolemmal or SR pathological remodeling. Regarding mitochondria-nucleus
communication, available strategies are largely limited to “mitotoxics”, such as doxycycline, which promotes
pathological mitonuclear signaling through mitochondrial stress””'*. Doxycycline is an antibiotic that targets
bacterial translation; however, because of the similarity of mitochondrial and bacterial translation systems, it
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also alters OXPHOS stoichiometry”'”. Mitochondria-lysosome interplay corresponds mainly to mitophagy,
an area of active drug development. Among the drugs targeting this axis, rapamycin has been reported to
increase mitophagy through enhancement of general autophagy™. Interestingly, rapamycin and its

derivatives (“rapalogs”) are known anti-aging drugs”"”

. Similarly, urolithins, which are metabolites of the
ellagitannins abundant in the pomegranate, are promising mitophagy inducers”. Of note, they display
cardioprotective capacity”'. Finally, in the area of mitochondria-LD interaction, statins, which are largely

known as cardiovascular protectors, reduce the expression of PLIN5 in the liver'*”).

In summary, organelle communication and internetworking represent a promising field for further
investigation, which will enable us to tackle age-related CVD and extend the human health span, thereby
improving our quality of life.
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