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Cardiovascular diseases have become the leading cause of human death. Aging is an

independent risk factor for cardiovascular diseases. Cardiac aging is associated with

maladaptation of cellular metabolism, dysfunction (or senescence) of cardiomyocytes,

a decrease in angiogenesis, and an increase in tissue scarring (fibrosis). These events

eventually lead to cardiac remodeling and failure. Senescent cardiomyocytes show the

hallmarks of DNA damage, endoplasmic reticulum stress, mitochondria dysfunction,

contractile dysfunction, hypertrophic growth, and senescence-associated secreting

phenotype (SASP). Metabolism within cardiomyocytes is essential not only to fuel

the pump function of the heart but also to maintain the functional homeostasis and

participate in the senescence of cardiomyocytes. The senescence of cardiomyocyte is

also regulated by the non-myocytes (endothelial cells, fibroblasts, and immune cells) in

the local microenvironment. On the other hand, the senescent cardiomyocytes alter their

phenotypes and subsequently affect the non-myocytes in the local microenvironment

and contribute to cardiac aging and pathological remodeling. In this review, we first

summarized the hallmarks of the senescence of cardiomyocytes. Then, we discussed

the metabolic switch within senescent cardiomyocytes and provided a discussion of the

cellular communications between dysfunctional cardiomyocytes and non-myocytes in

the local microenvironment. We also addressed the functions of metabolic regulators

within non-myocytes in modulating myocardial microenvironment. Finally, we pointed

out some interesting and important questions that are needed to be addressed by

further studies.
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INTRODUCTION

Cardiovascular diseases (CVDs), including cardiomyopathy, heart failure, hypertension, and
atherosclerosis, have become the leading cause of death worldwide (1). The continuing increase
in CVDs is partially due to the increased number of aging populations. Aging is now considered
as a core and independent risk factor for the development of CVDs (2). In aged and
pathological myocardial tissues, maladaptation of cellular metabolism, dysfunction (or senescence)
of cardiomyocytes, decrease in angiogenesis, and increase in tissue scarring (fibrosis) are observed
(3–5). In aged or injured hearts, the senescent cardiomyocytes exhibit the hallmarks of DNA
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damage, endoplasmic reticulum (ER) stress, mitochondria
dysfunction, contractile dysfunction, hypertrophic growth,
and senescence-associated secreting phenotype (SASP). The
increased senescence of cardiomyocytes centrally contributes to
cardiac aging, dysfunction, and failure.

The heart is an organ with high energy demand, and
the metabolic pattern of cardiomyocytes is different from the
local non-myocytes (3). The mature cardiomyocytes in adult
mammalian hearts predominantly use fatty acid oxidation but
not glycolysis for energy support (6, 7). During aging and cardiac
stress, the alteration in themetabolism of themyocardial tissues is
common, which is essentially involved in functional defects of the
heart (8, 9). In failing hearts, the cardiomyocytes increase the use
of glucose and decrease the use of fatty acid for ATP production, a
metabolic pattern dominating in the cardiomyocytes of fetal and
neonatal hearts (6). Alteration of metabolism pattern contributes
to the senescence of cardiomyocytes and cardiac aging (10).

In addition, the myocardial tissues consist of cardiomyocytes
and non-myocytes, including endothelial cells, fibroblasts,
and immune cells. Under physiological conditions and
developmental progress, the non-myocytes are critically
important for the function of cardiomyocytes in the
myocardial tissues (11). However, the dysfunction of non-
myocytes in the aged and stressed myocardial tissues also
facilitates the dysfunction and senescence of cardiomyocytes,
enhancing the progress of cardiac diseases (9, 12–16).
Cardiomyocytes also modulate the microenvironment by
releasing proinflammatory factors, exosomes, and SASPs,
which further promote the formation of proinflammation
microenvironment and dysfunction of the myocardial
tissues (12–14). Metabolic orchestrators also regulate the
communications between cardiomyocytes and nonmyocytes
within the myocardial microenvironment.

In this review, we will discuss the hallmarks of cardiomyocyte
senescence and metabolic modification of senescent
cardiomyocytes and the cellular communications within
the local microenvironment.

SENESCENCE OF CARDIOMYOCYTES

Senescence is a state of cell cycle arrest that promotes tissue
remodeling, which contributes to development and injury
response. Cellular senescence also contributes to the declines
in the regenerative capacity and function of tissues, inducing
inflammation, and pathological remodeling in aged organs (15).
The cardiomyocytes are terminus-differentiated cells. Cell cycle
arrest is not the hallmark of cardiomyocyte senescence. As thus,
the senescence of the cardiomyocytes is not easy to give a
precise definition as the proliferative or stem cells. Actually, the
senescence of cardiomyocytes is generally accomplished with
various functional declines, including DNA damage response,
ER stress, mitochondria dysfunction, contractile dysfunction,
hypertrophic growth, and SASP. Senescent cardiomyocytes also
express β-galactosidase (16), which is prominent in senescent
cells (15). Here, we summarize these hallmarks in senescent
cardiomyocytes (Figure 1).

FIGURE 1 | Hallmarks of cardiomyocyte senescence. Senescence of

cardiomyocytes exhibits the features of DNA damage and genomic instability,

endoplasmic reticulum (ER) stress, mitochondria dysfunction, contractile

dysfunction, hypertrophic growth, and senescence-associated secreting

phenotype (SASP).

DNA Damage
In senescent cardiomyocytes, total cellular and mitochondrial
ROS accumulate and induce DNA damage and repair response
(17, 18). Telomere shortening is the most common DNA
damage feature of senescent cells (19). Evidence in animals
and humans documented that post-mitotic cardiomyocyte
senescence is mediated by length-independent telomere
damage (17, 20). Importantly, telomere-specific DNA damage
drives a senescent-like phenotype in cardiomyocytes (17).
Therefore, DNA damage is an important driver and hallmark of
cardiomyocyte senescence.

Contractile Dysfunction
In senescent cardiomyocytes, impaired cell shortening and
relengthening with increased pacing frequency are intrinsic
(21, 22). Contractile dysfunction is also regulated by DNA
damage and NAD+ depletion (23). Declining cardiac contractile
function and changes in metabolism and mitochondrial function
contribute to cardiac aging (24).

ER Stress
In senescent cardiomyocytes with impaired contractility, ER
stress is accumulated. The unfolded protein response is a
prominent feature of ER stress (25). ER stress also contributes to
apoptosis and hypertrophic growth of cardiomyocytes (26, 27).
Attenuation of ER stress prevents cardiomyocyte senescence and
improves cardiomyocyte contractility cardiac function (28, 29).
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Mitochondrial Dysfunction
In senescent cardiomyocytes, the fission–fusion progress of
mitochondria is imbalanced and the function is declined.
Mitochondrial dysfunction is the key feature of cardiomyocyte
senescence (17, 30). P53 inhibits cyclin-dependent kinases and
plays an important role in cell-cycle arrest in senescent cells.
P53 also inhibits Parkin-mediated mitophagy and promotes
mitochondrial dysfunction to facilitate cellular senescence
(31). Improvement of mitochondria function via targeting
Drp1/Parkin/PINK1 signaling can repress the senescence of
cardiomyocytes (30, 32).

Senescence-Associated Secreting
Phenotype (SASP)
Senescent cells secrete different factors, including pro-
inflammatory cytokines and chemokines, growth modulators,
angiogenetic factors, and matrix metalloproteinases (MMPs)
(33). Senescent cardiomyocytes increased expression of SASP
factors including CCN family member 1 (CCN1), interleukins
(IL1α, IL1β, and IL6), tumor necrosis factor-alpha (TNFα),
and monocyte chemoattractant protein-1 (MCP1), endothelin
3 (Edn3), tumor growth factor-beta (TGFβ), and growth and
differentiation factor 15 (GDF15) (17, 34). These SASP factors
play important roles in regulating non-myocytes within the
local microenvironment and contribute to cardiac remodeling
and dysfunction.

Hypertrophic Growth
In myocardial tissues of aged rodents and humans, one of the
key features of dysfunctional cardiomyocytes is the pathologically
hypertrophic growth. Senescence is commonly associated with
hypertrophic growth in cardiomyocytes (34). Cardiomyocyte
hypertrophy is inhibited when inhibitory components of cell
cycle regulators are activated (35). In senescent cardiomyocytes,
enhanced expression of hypertrophic genes and enlarged cell size
are observed (17).

Cardiomyocyte senescence is typical in cardiac aging and
diseases. For instance, chemical drugs such as doxorubicin
can induce premature senescence in cardiomyocytes, with
positive staining of senescence-associated β-galactosidase, CDK-
I expression, decreased cardiac troponin I phosphorylation, and
decreased telomerase activity. This senescence phenotype was
associated with the acetylation of p53, the key protein involved in
stress-induced premature senescence in proliferating cells (35).
The senescence of cardiomyocytes leads to cardiac hypertrophy,
arrhythmia, and other types of cardiomyopathy. Importantly,
the senescence of cardiomyocytes is critically involved in cardiac
aging and late stage of cardiac remodeling and heart failure (18).

The senescence of cardiomyocytes is regulated by the
intracellular signaling pathways such as the metabolic
sensors/regulators and the extracellular microenvironment, such
as the paracrine effects of the non-myocytes (endothelial cells
and fibroblasts, as well as immune cells). Here, we will discuss
the modulation of metabolism and local microenvironment on
cardiomyocyte senescence.

THE REGULATION OF METABOLISM
DYSFUNCTION ON CARDIOMYOCYTE
SENESCENCE

The hearts in mammals beat unstoppably, which needs a large
amount of energy. Themetabolism pattern in the cardiomyocytes
is much different from other cells, and the pattern changes
with development, physiological, and pathological responses
(36). In addition, the metabolism pattern of mammalian hearts
and cardiomyocytes also alter with aging. The dysfunction of
metabolism in cardiomyocytes is a pivotal contributor to the
senescence of cardiomyocytes and the functional decline of the
heart (10).

The cardiomyocytes use fatty acid and glucose for their
energy support predominantly. Fatty acyl-coenzyme A (CoA)
and pyruvate, which are metabolites of fatty acid oxidation and
glucose oxidation pathways, are the major resources for the
production of energy (ATP) in mitochondria of cardiomyocytes.
The entry of long-chain acyl-CoA into mitochondrion is
regulated by carnitine–palmitoyl transferase-1 (CPT1) reaction,
and the oxidation of pyruvate is regulated by pyruvate
dehydrogenase (PDH) (6). CPT1 and PDH are rate-limiting
enzymes of these two pathways in mitochondria. For instance,
the level of CPT1 is significantly decreased in the heart tissue
of aging rats (37). The decline of CPT1 during aging might
lead to cardiac complications in pathologic conditions (38).
The deficiency of CPT1 aggravates cardiomyocyte senescence
and pressure-overload-induced cardiac hypertrophy due to
lipotoxicity (39). In addition, peroxisome proliferator-activated
receptor α (PPARα) and PGC-1α are also essential regulators
of fatty acid metabolism. The expression of PPARα and
PGC-1α level declines with age (40). In an experimental
murine model of aging, decreased PPARα mRNA and protein
levels increased ceramide levels, which was associated with
cardiac hypertrophy in senescence-accelerated prone mice (41).
Insulin signaling was necessary for glucose metabolism in
cardiomyocytes. Activation of insulin signaling via insulin
growth factor receptor (IGFR) in cardiomyocytes induces SASP
and promotes cardiomyocyte senescence (16). Activation of
P53 facilitates glycolysis to promote cardiomyocyte senescence
and inhibition of P53 prevents cardiomyocyte senescence and
diabetic cardiomyopathy (42).

Ketone bodies are the minor substrates for oxidative
metabolism in cardiomyocytes. Increased ketone bodies,
including acetoacetate, β-hydroxybutyrate, and acetone,
have been observed in the heart of aging and heart failure
patients (43, 44). Ketone bodies are likely beneficial for the
function of hearts. In age-associated cardiac hypertrophy
and failure, the energy source shifts to ketone bodies
for oxidative ATP production, which reduces oxidative
and inflammatory damages in cardiomyocytes (44). β-
Hydroxybutyrate is the primary ketone body produced
by the body during ketosis. β-Hydroxybutyrate improves
cardiomyocyte excitation–contraction coupling, protects the
cells against hypoxic stress and represses cardiomyocyte
senescence (45). Cardiomyocyte-specific deficiency of ketone
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body metabolism by knocking out of succinyl-CoA:3-
oxoacid CoA transferase (SCOT) promotes mitochondria
stress and cell senescence to accelerate pathological
remodeling (46).

The hexosamine biosynthetic pathway also regulates the
senescence of cardiomyocytes. Fructose 6-phosphate, the
glycolytic intermediate, can diverge into the hexosamine
biosynthetic pathway by the enzyme glutamine fructose
6-phosphate amidotransferase (GFAT) (47). Uridine
diphosphate-N-acetylglucosamine (UDP-GlcNAc) is produced
and used as the substrate of O-linked-GlcNAc transferase
(OGT), which catalyzes the O-GlcNAcylation (O-GlcNAc)
of proteins (48). Protein O-GlcNAcylation plays an essential
role as a protective response in cardiomyocyte senescence
via reducing calcium overload, mitochondrial permeability
transition pore opening, ER stress, modification of inflammatory
and heat shock responses (49). Of note, the cardiac protective
effects of increasing O-GlcNAc levels have been emphasized
in many pathologic conditions, including ischemic injury
(50, 51).

In addition to the substrate metabolic pathways, the core
metabolic regulators such as AMP-activated protein kinase
(AMPK), NAD+-dependent Sirtuins, FOXOs, and mammalian
target of rapamycin (mTOR) also regulate the senescence of
cardiomyocytes. For instance, AMPK regulates both glucose and
fatty acid metabolism via modulating Acetyl-CoA carboxylase
(ACC) and glucose transporter GLUT4. AMPK activation
was reduced in aged myocardial tissues, and activation of
AMPK improves mitochondrial dynamics, reduces ER stress,
and improves the function of the cardiomyocytes to repress
cardiomyocyte senescence (52–54). The effects of AMPK are
partially due to the results of reduced protein O-GlcNAcylation
(54). The Sirtuins are NAD+-dependent regulators of cellular
metabolism and senescence. SIRT1, SIRT2, SIRT3, SIRT6, and
SIRT7 are reported to regulate cardiac aging (13, 55–59).
SIRT2 targets the Liver kinase B1 (LKB1)-AMPK signaling
to regulate energetic metabolic and hypertrophic growth
of cardiomyocytes in aged mice (53). In addition, SIRT3
and SIRT4 cooperate to modulate ROS metabolism in the
mitochondria to regulate hypertrophic growth of senescent
cardiomyocytes (60).

Collectively, cellular metabolism is essential for the
homeostasis of cardiomyocytes and participates in
cardiomyocyte senescence during aging and the development of
various diseases.

LOCAL MICROENVIRONMENT AND
CARDIOMYOCYTE SENESCENCE

Aging and age-associated pathologic conditions lead to
remodeling of the local microenvironment. Different
components interact with each other and lead to a dysfunctional
heart in the pathological conditions. Reciprocally, signals
released by non-myocytes cells also affect cardiomyocytes and
contribute to cardiomyocyte senescence (Figure 2).

The Interaction Between Endothelial Cells
and Cardiomyocytes
During aging and disease progress, the metabolism of endothelial
cells also changes. Although the mitochondria content in
endothelial cells is low, the functions of metabolic regulators
and metabolites are critical for the function of endothelial
cells, which was reviewed and discussed in our previous
review paper and others (36, 61). Endothelial cells not only
serve as the basic layer of the vasculature but also secrete
paracrine factors to modulate the cellular microenvironment.
The dysfunction of endothelial cells facilitates the dysfunction
and senescence of cardiomyocytes. The interaction between
endothelial cells and cardiomyocytes is complex. Here, we
mainly discussed the paracrine functions of endothelial cells in
cardiomyocyte senescence.

Endothelial cells secrete endothelial-specific paracrine
factors and inflammatory factors contributing to cardiomyocyte
senescence as well as cardiac dysfunction. During embryonic and
postnatal development, endothelial cells secrete platelet-derived
growth factor (PDGF)–B, angiotensin II (Ang II), prostacyclin
(PGI2), prostaglandin E2 (PGE2), parathyroid hormone-
related peptide (PTHRP), nitric oxide (NO), endothelin 1
(ET-1), and neuregulin-1 (NRG1) to promote the proliferation
and maturation of cardiomyocytes (62). In the condition of
metabolic dysfunction and cardiac remodeling, endothelial cells
secrete Ang II, NRG1, ET-1, apelin, and proinflammatory factors
(e.g., TGFβ and IL6), and eicosanoids to modulate the senescence
of cardiomyocytes (62). For instance, high expression and release
of Ang II and ET-1 by endothelial cells can stimulate the
mitochondrial dysfunction, ER stress, contractional dysfunction,
and hypertrophic growth of cardiomyocytes via binding their
receptors on cardiomyocytes. In the cardiovascular system,
ET-1 is the most potent vasoconstrictor that has remarkably
long-lasting actions. ET-1 is an important contributor to
vasoconstriction, vascular and cardiac hypertrophy, as well
as tissue inflammation, and subsequently participates in the
development and progression of cardiomyocyte senescence
and CVDs (63, 64). The upregulation of Ang II and ET-1
promoted age-associated cardiac hypertrophy and fibrosis
(53, 65). By contrast, depletion of endothelin receptor A (ETAR)
in cardiomyocytes rescues aging-associated or high-fat-diet-
induced cardiomyocyte hypertrophy and contractile dysfunction
by regulating autophagy response (66, 67). Interleukin 33 (IL-33)
is a pro-inflammatory factor. Endothelial cell secretion of IL-33
is crucial for the translation of myocardial pressure overload into
inflammatory responses via binding to membrane-bound ST2
(ST2L) on cardiomyocytes (68).

Cardiac endothelial cells also produce exosomes or
extracellular vehicles to affect cardiomyocyte functions.
Exosome Mst1 derived from endothelial cells inhibits autophagy
and promotes apoptosis in cardiomyocytes via inhibiting
the binding between Daxx and GLUT4 and repressing
glucose metabolism under the diabetic condition (69). The
exosomes from endothelial cells also contain microRNAs
(e.g., miRNA-126-3p and−5p) that regulate the function of
cardiomyocytes (70).
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FIGURE 2 | Communications between cardiomyocytes and non-myocytes within the microenvironment. Signals released by non-myocytes contribute to

cardiomyocytes senescence. The dysfunctional endothelial cells (ECs) secrete pro-inflammatory factors (TGF-β, IL-6, and IL-33), ET-1, and Ang II to modulate

cardiomyocyte senescence. Extracellular ventricles (EVs) or exosomes produced by ECs that consist of Mst1 and microRNAs also regulate the function of

cardiomyocytes. Fibroblasts modulate cardiomyocyte senescence by paracrine signaling and remodeling of extracellular matrix (ECM). Fibroblasts express matrix

metalloproteinases (MMPs), integrins, and fibronectin to interact with ECM, which are critical for paracrine signaling. Proinflammatory factors including IL-11, IL-33,

and EVs composed of miR-21-3p, osteopontin, and EGFR are secreted by fibroblasts to modulate the senescence of cardiomyocytes. Different signals released by

various immune cells modulate cardiomyocytes senescence directly. Reciprocally, senescence of dysfunctional cardiomyocytes undergoes SASP. Proinflammatory

factors and chemokines are produced to recruit immune cells. Senescence-associated secretory factors, VEGF, LPL, and EVs are released by cardiomyocytes to

induce senescence and dysfunction of ECs under age-associated pathological conditions. Similarly, the function of fibroblasts is regulated by paracrine factors from

dysfunctional cardiomyocytes under stress conditions. TGF-β, transforming growth factor-beta; IL-6, interleukin 6; IL-33, interleukin 33; Ang II, angiotensin II; EGFR,

epithelial cell growth factor receptor; SASP, senescence-associated secretory phenotype; VEGF, vascular endothelial growth factor; LPL, lipoprotein lipase.

The effects of endothelial cells on cardiomyocyte senescence
are also regulated by metabolism. Liver kinase B1 (LKB1) is
a central regulator of cell polarity and energy homeostasis
by activating the central metabolic regulator AMPK (71).
Endothelial cell-specific LKB1 deletion causes endothelial

dysfunction. These endothelial cells cause hypertension and
induce cardiomyocyte hypertrophy (72). LKB1-AMPK signaling
may also contribute to cardiomyocyte senescence via the
paracrine pathway. AMPK in endothelial cells regulates the
release of NO and inflammatory factors to contribute to tissue
remodeling (72, 73). Therefore, endothelial metabolism is critical
for cardiac remodeling.

In summary, endothelial cells secrete angiocrine and
proinflammatory factors to modulate the maturation,
hemostasis, and senescence of cardiomyocytes, which are

also regulated by the metabolic pattern of endothelial cells.
In addition, the endothelial cells also transdifferentiate to
mesenchymal cells in the endocardial cushion through the
endothelial-to-mesenchymal transition (EndoMT), a process that
is critical for cardiomyocyte functions and contributes cardiac

development and diseases as discussed elsewhere (74–76).

Fibroblast Contributes to Cardiomyocyte
Senescence
Fibroblasts are key components of the healthy cardiac tissues
and are emerging as a pivotal regulator of cardiac function
via intramyocardial fibroblast–cardiomyocyte communications
(77). Fibroblasts not only contribute to cardiac development and
homeostasis but also are critically involved in cardiac remodeling
and diseases.
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Cardiac fibroblasts secrete paracrine factors such as Ang II,
cardiotrophin 1, fibroblast growth factor (FGF), IL-6, insulin-like
growth factor 1 (IGF1), TGFβ, and TNFα to mediate fibroblast–
cardiomyocyte communications (12). Similar to endothelial cells,
fibroblasts also secrete IL-33 to reduce cardiomyocyte senescence
induced by hypertrophic and hypoxic injuries (77). Recently,
IL-11 was identified as a paracrine factor of fibroblasts in the
heart tissues. IL-11 secreted by the fibroblasts contributes to
cardiomyocyte dysfunction and cardiac hypertrophy, as well as
a functional decline of the heart (78). The profibrotic roles of
IL11 were also observed in the kidney, liver, and lung (78–80).
In addition, the plasma membrane calcium ATPase 4 signaling
in cardiac fibroblasts mediates cardiomyocyte hypertrophy via
upregulating the expression and release of frizzled-related
protein 2 (sFRP2) (81).

In addition, fibroblast exosomes also regulate cardiomyocytes.
microRNAs are enriched in exosomes derived from cardiac
fibroblasts. Fibroblast exosome–derived miR-21_3p serves as a
potent paracrine-acting microRNA that induces cardiomyocyte
hypertrophy in rodents by targeting Sorbin and SH3 domain-
containing protein 2 (SORBS2) and PDZ and LIM domain
5 (PDLIM5) (82). Angiotensin II treatment of fibroblasts
enhanced the release of exosomes with osteopontin and
epidermal growth factor receptor (EGFR), which activates
the renin–angiotensin system and enhances cardiomyocyte
hypertrophy (83). Exosomes from human cardiac fibroblasts also
modulate calcium cycling of cardiomyocytes by abbreviating
cytoplasmic calcium transient duration (84). Further studies are
needed to identify which components of the exosome derived
from fibroblasts contributed to cardiomyocyte dysfunction
and senescence.

Cardiac fibroblasts modulate cardiomyocyte senescence
via paracrine functions and remodeling of extracellular
matrix (ECM) (11). Fibroblasts express integrins and matrix
metalloproteinases (MMPs) to modulate the local extracellular
matrix. For instance, fibroblast-expressed integrins provide
critical adhesive and signaling functions by directly interacting
with the ECM and the actin cytoskeleton, which are critical
for the paracrine signaling, ECM homeostasis, and for
the intercellular interactions that regulate cardiomyocyte
senescence and pathological adaptations (12, 85). Fibronectin
polymerization is necessary for collagen matrix deposition.
Fibronectin is a central contributor to the increased abundance
of cardiac myofibroblasts during cardiac injury and remodeling.
Fibronectin polymerization inhibitor (pUR4) or genetic deletion
of fibronectin in fibroblasts repressed the cardiomyocyte
hypertrophy and heart failure (86). Cardiac calcification is
common with age and injury, which leads to heart blocks.
Cardiac fibroblasts adopt an osteoblast cell-like fate and regulate
cardiomyocyte calcification directly (87).

Metabolic modulators regulate the function of fibroblasts
in cardiac aging and remodeling. For instance, adiponectin
activates the APPL1-AMPK signaling and induces cell
migration, MMP activation, and collagen remodeling in
cardiac fibroblasts (88). AMPK activation increases the content
of fibroblasts in the infarcted area (89). FOXO3A mediates
Peroxiredoxin III expression, which plays a critical role in the

resistance to oxidative stress in cardiac fibroblasts. In addition,
FoxO1 contributes to TGFβ-dependent cardiac myofibroblast
differentiation (90). As thus, metabolic regulations within cardiac
fibroblasts may also participate fundamentally in regulating the
dysfunction and senescence of cardiomyocytes.

Immune Cells Contribute to
Cardiomyocyte Senescence
Immune cells play a crucial role in tissue homeostasis and
pathogenesis. Immune cells in the cardiac tissues can regulate
inflammatory response and modulate cardiomyocyte senescence
directly. These immune cells include macrophages, T cells, and
mast cells.

A large number of studies have identified the roles of
macrophages in the physiological and pathological progress
of cardiac tissues. Macrophages participate in cardiac
development, regeneration, and pathological remodeling
(91, 92). Cardiac macrophages promote the electrical conduction
of cardiomyocytes through the distal atrioventricular node,
where conducting cells closely intersperse with elongated
Connexin 43-positive macrophages. Macrophage-specific
depletion of Connexin 43 induces cardiomyocyte senescence
with dysfunctional electrical activity (93). Cardiac macrophages
with NLRP3 inflammasome activation secreted IL-1β, which
promotes cardiomyocyte senescence by causing prolongation of
the action potential duration, inducing a decrease in potassium
current and an increase in calcium sparks in cardiomyocytes
of diabetic mice (94). A similar role of macrophages was also
observed in atrial fibrillation (95). Iron regulator hepcidin
impairs macrophage-dependent cardiac repair after injury.
Hepcidin deficiency increased the content of chemokine (C-
C motif) receptor 2 (CCR2)+ inflammatory macrophages.
These macrophages fostered signal transducer and activator
of transcription factor-3 (STAT3) phosphorylation to release
IL-4 and IL-13, and to favor cardiomyocyte renewal (96).
Macrophage-mediated inflammation also contributes to
cardiomyocyte hypertrophy (11). Tissue-resistant macrophages
also contribute to the recruitment and activation of other
immune cells (97). Therefore, macrophages are critically
involved in cardiomyocyte renewal and senescence. However,
it remains to be documented which subtypes of macrophages
contribute to self-renewal and which subtypes of macrophages
contribute to cardiomyocyte senescence, and the specific
paracrine factors are also needed to be investigated.

T cells play a central role in adaptive immunity, but
their functional roles in cardiac pathophysiology are still
poorly understood. δT lymphocytes predominantly produce IL-
17A. During myocardial ischemia/reperfusion, IL-17A promotes
cardiomyocyte apoptosis (98). T cell costimulation blockade
inhibits cardiomyocyte apoptosis and blunts pressure overload-
induced hypertrophic growth of cardiomyocytes and heart failure
(99). Adoptively transferred CD4+CD25+ regulatory T (Treg)
cells ameliorate Ang II-induced cardiac damage and fibrosis
in the hypertensive heart (100). Recently, a study reported the
paracrine functions of Treg in cardiac damage. Upon myocardial
infraction, Treg cells secrete Cystatin F, TNF superfamily
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member 11 (TNFSF11), IL-33, fibrinogen-like protein 2 (FGL-
2), matrilin-2, and IGF-2 to promote cardiomyocyte proliferation
and represses cardiomyocyte senescence (101).

In addition to macrophages and T cells, mast cells are
involved in inflammation and tissue remodeling. The effects of
mast cells on cardiomyocyte dysfunction are also significant.
After coronary microembolization, mast cell contributes to
cardiomyocyte apoptosis (102). Deficiency of mast cells leads to
depressed cardiomyocyte contractility and reduced postischemic
cardiac function caused by myofilament Ca2+ desensitization
(103). Mast cell-derived IL-6 and TNF-α promote cardiomyocyte
death and diabetic cardiomyopathy (104). In addition, mast cells
release chymase to promote the production of TGFβ to aggravate
cardiomyocyte hypertrophy and senescence (105). Therefore,
mast cell is an essential regulator of cardiomyocyte function and
senescence via paracrine pathways.

Metabolic factors are critical for the activation of immune
cells. For instance, metabolic reprogramming contributes
to macrophage polarization. Classically activated or type
I macrophages (M1) are known to obtain energy through
glycolysis. By contrast, alternatively activated or type II
macrophages (M2) use oxidative metabolism to fuel their
longer-term functions in tissue repair and wound healing (106).
Both AMPK and SIRT1 have involved macrophage metabolism
and inflammatory activation. AMPK promotes macrophage fatty
acid oxidative metabolism to mitigate inflammatory activation
of macrophages and subsequently participates in aging-related
CVDs (107). Our previous findings show that SIRT1 regulates the
polarization of macrophages and participate in cardiovascular
aging (108, 109). Glucose and fatty acid metabolism are also
critically involved in the differentiation, survival, and activation
of T cells and mast cell, where the metabolic orchestrators
AMPK, SIRT1, and FOXP3 also play regulatory roles (110–113).
To this point, metabolism regulators and metabolites in immune
cells, such as macrophages, also contribute to cardiomyocyte
dysfunction and senescence, but further studies are needed to
verify this hypothesis.

THE EFFECTS OF SENESCENT
CARDIOMYOCYTES ON NONMYOCYTES

The cells within themyocardial microenvironment communicate
with each other to modular cardiac homeostasis and aging. Non-
myocytes can regulate the physiological functions and senescence
of cardiomyocytes. By contrast, cardiomyocytes also affect the
functions of non-myocytes partially via a paracrine manner.
Here, we mainly focus on the effects of cardiomyocytes on
endothelial cells and fibroblasts/myofibroblasts.

The Effects of Senescent Cardiomyocytes
on Endothelial Cells
The effects of cardiomyocytes on endothelial cells are significant.
Cardiomyocytes can secrete angiogenic factors to facilitate
the survival, proliferation, and angiogenesis of endothelial
cells (Figure 2). For instance, cardiomyocytes produce and
release vascular endothelial cell growth factor A (VEGFA) and

angiopoietin-1 to promote endothelial survival and angiogenesis
(114). VEGF secreted by cardiomyocytes binds VEGF receptor
2 (VEGFR2) on endothelial cells to promote angiogenesis (115).
Additional extensively studied cardiokines inducing cardiac
angiogenesis include the other VEGF family members VEGF-B,
VEGF-C, and placental growth factor (PlGF), as well as FGFs,
hepatocyte growth factor (HGF), and angiopoietin-1 (116).

Dysfunctional or senescent cardiomyocytes undergo SASP,
which upregulated senescence-related secretory factors,
including CCN family member 1 (CCN1), IL-1α, TNF-α,
TGF-β, and monocyte chemoattractant protein (34). The SASP
factors released by cardiomyocytes can induce dysfunction and
senescence of endothelial cells. Of note, cardiomyocytes also
regulate EndMT. Other than myofibroblasts, cardiomyocytes
are another critical resource of TGF-β, the key regulator of
EndMT (117). TGF-β released by cardiomyocytes can trigger
the EndMT progress, which is essential for cardiac development
and represents a key feature of dysfunctional myocardial tissues
(117, 118).

Lipoprotein lipase (LPL) is secreted by
dysfunctional cardiomyocytes in diabetes (119, 120).
Glycosylphosphatidylinositol-anchored high-density lipoprotein
binding protein (GPIHBP1) at the basolateral side of the
endothelial cells captured LPL and transferred it across to
the epical side. LPL–GPIHBP1 complex on endothelial cells
hydrolyzed lipoprotein-TG and released fatty acid (121, 122).
As a result, more fatty acids could be delivered to diabetic
cardiomyocytes. VEGFA also has paracrine effects on endothelial
cells. VEGFA activates Notch signaling, resulting in enhanced
GPIHB1 expression and increased LPL translocation across the
endothelial cells (123).

Exosomes or extracellular vesicles also contribute to the
intercellular cardiomyocyte–endothelial cell communications.
Exosome secreted by cardiomyocytes enriched in HSP20 was
found to promote proliferation, migration, and tube formation
of human umbilical vein endothelial cells (HUVECs) by
activating VEGFR2 (124). MicroRNAs are also enriched in
exosomes from cardiomyocytes. In rats with type 2 diabetes,
dysfunctional cardiomyocytes can produce miR-320-enriched
exosomes to modulate endothelial cells. These exosomes reduce
the proliferation, migration, and tube formation of endothelial
cells via downregulation of IGF-1, HSP20, and ETS2, impairing
angiogenesis in diabetic hearts (125).

Collectively, cardiomyocytes can release angiogenic factors,
LPL, exosomes, as well as SASP factors to modulate the function
of endothelial cells.

The Effects of Dysfunctional
Cardiomyocytes on Fibroblasts
Cardiac fibrosis was considered as the result of a reparative
process activated in response to cardiomyocyte injury (Figure 2).
Aging and metabolic perturbations, such as diabetes and obesity,
might cause interstitial and perivascular fibrosis in the absence
of infarction (126–128). Activated fibroblasts or myofibroblasts
are the main effector cells in cardiac fibrosis. Dysfunctional
cardiomyocytes could modulate fibroblasts.
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Under stress conditions, cardiomyocytes can produce and
secrete a wide range of paracrine factors to modulate the function
of fibroblasts. These paracrine factors include interleukins, TGF-
β, CCN1, β-2 microglobulin (β2M), FGF, placental growth
factor (PGF), as well as danger-associated molecular patterns.
In cardiac fibroblasts, TGF-β is centrally involved in many
aspects of fibrosis, including myofibroblast activation and
ECM remodeling. The expression of TGF-β in cardiomyocytes
increases in both dilated and hypertrophic cardiomyopathies
(12). Apical resection induced cardiomyocytes to secrete
the matricellular protein CCN1. CCN1 results in fibroblast
senescence, which promotes neonatal heart regeneration by
enhancing cardiomyocyte proliferation and reducing cardiac
fibrosis (129). IL-6 produced by cardiomyocytes can activate
fibroblasts via the STAT-3 signaling (130, 131). Cardiomyocytes
also produce connective tissue growth factor (CTGF), which can
promote myofibroblast activation. Mechanical stretch induced
the rapid secretion of β2M, a non-glycosylated protein related
to inflammatory diseases, mainly from cardiomyocytes. The
paracrine β2M from cardiomyocytes activates cardiac fibroblasts
via epidermal growth factor receptor (EGFR) (132). PGF plays
critical roles in the heart as a paracrine regulator of cardiac
adaptation to stress stimulation. Upon stress, cardiomyocytes
secrete PGF, which activates fibroblasts to induce the paracrine
function of fibroblasts and further hypertrophic growth of
cardiomyocytes (133). After myocardial infarction, necrotic
cardiomyocytes release danger-associated molecular patterns
(DAMPs) to induce a proinflammatory phenotype in fibroblasts,
inducing the secretion of cytokines and chemokines and
stimulating leukocyte infiltration (134).

Exosomes from impaired cardiomyocytes also interfere
with fibroblasts and might result in excessive and uncontrolled
fibrosis. Hypertrophic myocytes released exosomes enriched in
inflammatory cytokines and non-coding RNAs. IL-6 in exosomes
derived from cardiomyocytes activates STAT-3 signaling in
fibroblasts, which leads to collagen production and deposition
during cardiac hypertrophy (135). Lifestyle intervention
might change the deleterious effects of exosomes. Under the
condition of diabetes, exercise increased miR-29b and miR-455
in exosomes, reducing cardiac fibrosis via downregulating
MMP9 in the diabetic heart (136). MiR-378 is preferentially
expressed in cardiomyocytes. Cardiac mechanical stress makes
cardiomyocytes secrete more exosomes enriched with miR-378,
which are transported into the cardiac fibroblasts. In cardiac
fibroblasts, miR-378 regulates the p38 MAPK-Smad2/3 signaling
pathway by targeting MMK6 and then inhibits fibrosis (132).
Other microRNAs in cardiomyocyte exosomes include miR92a
(137). In addition, long non-coding RNA-enriched vesicles
secreted by hypoxic cardiomyocytes also promote the activation
of fibroblasts and drive cardiac fibrosis (95).

The work in our lab demonstrated that metabolic dysfunction
in cardiomyocytes also induced the activation of fibroblasts.
Sirtuins are NAD+-dependent histone deacetylases related
to longevity and metabolism. It connected enzyme activity,
metabolism, and aging. We observed that SIRT2 overexpression
in cardiomyocytes activated the metabolic LKB1–AMPK
pathway and reduced aging-associated hypertrophy or

senescence of cardiomyocytes, which leads to the repression
of fibrosis (53). In addition, SIRT3 and SIRT4 cooperate to
regulate ROS metabolism in the mitochondria to maintain the
homeostasis of myocardial tissues by repressing cardiomyocyte
hypertrophy and, subsequently, activation of fibroblasts (60).

CONCLUSION AND PERSPECTIVES

The heart is an organ with high energy demand. Different from
the non-myocytes, mitochondria content in cardiomyocytes
is up to 70%. Metabolic homeostasis is very important for the
development and physiological function of cardiomyocytes.
Compensatory metabolic dynamics in cardiomyocytes
contribute to the functional balance of the heart. During
aging and stress conditions, the metabolic pattern changes
in cardiomyocytes, which is critically involved in the
regulation of cardiomyocyte dysfunction and senescence.
The non-myocytes (endothelial cells, fibroblasts, and immune
cells) in the local microenvironment also contribute to the
(dys)function/senescence of cardiomyocytes. In turn, the
senescent cardiomyocytes modulate the microenvironment
to contribute to functional compensatory response or
decompensatory remodeling and cardiac dysfunction.

However, our understanding of the myocardial
microenvironment and cardiomyocyte senescence is still
poor. Further studies are still needed to elucidate the
following questions (1). Although we have summarized
some features/hallmarks of senescent cardiomyocytes, the clear
definition of cardiomyocyte senescence is needed and the core
mechanisms underlying cardiomyocyte senescence are not clear.
Specifically, it remains to elucidate how remodeling of chromatin
structure and DNA released by cardiomyocytes contribute to the
senescence of cardiomyocytes (2). Although cell senescence plays
essential roles in wound healing, limiting atherosclerotic plaque
size, and preventing infections, the effects of cell senescence can
be detrimental or beneficial. The exact roles of senescent cells
that contribute to aging and age-related diseases can be named
“senescaging,” as we described previously. Senescaging elucidates
how senescent cells lead to organism aging and eventually to
age-related diseases (2, 138). Therefore, further studies are still
needed to explore the physiological and pathological functions
of senescent cardiomyocyte during cardiac development,
regeneration, and pathological remodeling, and to elucidate
how senescaging contributes to cardiac aging and disease.
Specifically, more studies are needed to answer whether
cardiomyocyte senescence critically contributes to cardiac aging
and the related heart failure with preserved ejection fraction
(HFpEF) (3). Microenvironmental non-myocytes function as
central regulators of cardiomyocyte senescence, and metabolism
switch is important for the homeostasis and senescence of
cardiomyocytes. As thus, an interesting point is whether these
non-myocytes affect the metabolic pattern of cardiomyocyte
undergoing senescence. Also, studies are needed to explore
how metabolism alternations in non-myocytes contribute
to cardiomyocyte senescence and cardiac aging. Martin and
colleagues reported an extensive transcriptome study of the
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process of heart aging in a rat model, focusing primarily on
inflammatory and immune signals. They suggested that the
process of heart aging was not identical in males and females,
whichmay be primarily due to the variant conditions of hormone
and metabolism between males and females. This is an aspect
that is likely to be of substantial clinical interest in the future
(139) (4). Many studies have been carried out to study the
effects of non-myocytes on cardiomyocyte senescence. Some
studies also explored the paracrine effects of cardiomyocytes
on non-myocytes. However, our knowledge about the effects
of senescent cardiomyocytes on microenvironmental non-
myocytes is few and further efforts are needed (5). The fifth
but not last interesting question is whether cardiomyocyte
senescence and the myocardial microenvironment could serve
as targets for anti-aging drugs such as the popular senolytics.
Senolytics was recently reported to repress senescence and
inhibit cardiac disease such as myocardial infarction (140) and
repress age-related vasomotor dysfunction and atherosclerosis
(141). Further studies are still needed to elucidate how senolytics
target cardiomyocyte senescence and local microenvironment,
and that whether other anti-aging drugs could repress the
senescaging of myocardial microenvironment.
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