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Abstract

Heart failure (HF) is major and growing global health challenge, with lipid metabolism dysregulation recognized as a significant con-
tributing factor. This review focuses on the emerging concept of the “metabolism-senescence axis”, which plays a central role in disease
development progression. Excess lipid metabolites, especially ceramides and diacylglycerols, contribute to cardiomyocyte injury through
multiple mechanisms, including mitochondria dysfunction, promoting oxidative stress, and interfering with normal metabolic signals.
The senescence-associated secretory phenotype (SASP) promotes a pro-senescent tissue microenvironment, thereby disrupting the nor-
mal metabolic balance and creating a vicious cycle that seriously affects heart structure and function. This review examines the molec-
ular events underlying this process, including cellular injury, impaired fatty acid oxidation, oxidative stress, activation of the p53/p21
and p16INK4a/Rb, signaling pathways, and SASP-mediated metabolic dysfunction. We further discuss the rationale for combinatorial
strategies targeting both metabolic dysfunction and cellular senescence, proposing that simultaneous intervention in these interconnected
pathways may represent a promising therapeutic approach to delay the progression of HF and improve patient outcomes.
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senescence axis

1. Introduction

Heart failure (HF) is a clinical syndrome associated
with structural or functional cardiac abnormality and char-
acterized by decreased ventricular filling and/or lower ejec-
tion fraction [1]. Globally, the lifelong burden of HF is in-
creasing due to longer life expectancy and the aging popu-
lation. In the United States, more than 8 million adults are
likely to be affected by HF in 2030, with annual direct med-
ical costs exceeding $70 billion [2]. HF is not a sign of com-
plete arrest of heart function, but rather of the heart not func-
tioning sufficiently well to cope with the body’s needs [3].
In most settings, HF falls into three categories according to
the current ESC guidelines: HF with reduced ejection frac-
tion (HFrEF, LVEF <40%), HF with mildly reduced ejec-
tion fraction (HFmrEF, LVEF 41-49%), and HF with pre-
served ejection fraction (HFpEF, LVEF >50%). HFpEF is
more prevalent in older adults, women, and individuals with
metabolic syndrome. It currently lacks effective evidence-
based treatments [4]. A recent study found that HFpEF ac-
counts for >50% of newly diagnosed HF cases, with the in-
cidence being particularly high amongst people aged >65
years [5]. Several interacting factors are at play in HF, in-
cluding dyslipidemia, causing cellular senescence and dis-
ease progression. Dysregulated lipid metabolism is closely
associated with cellular senescence, and contributes to in-

flammation, oxidative stress, and mitochondrial damage
[6,7]. Intracellular lipid accumulation (cholesterol, triglyc-
erides) arising from diseased lipid metabolism induces lipo-
toxicity in cardiomyocytes, leading to apoptosis and fibro-
sis [8]. Lipid metabolism is also associated with insulin
resistance, inflammatory cytokine release, and oxidative
stress, causing cellular senescence [9,10]. Lipid metabolic
disorders have revealed an important and complex interplay
with cellular senescence. These disorders facilitate cellu-
lar senescence through the activation of oxidative stress
and inflammation, while senescent cells further disrupt lipid
metabolism by releasing senescence-associated secretory
phenotype (SASP) factors [11].

This review provides a brief overview of the central
role of lipid metabolism in HF. It also presents the molecu-
lar mechanisms by which aberrant lipid metabolism causes
cellular senescence. We present important pathways from
lipotoxic stress and mitochondrial dysfunction to dysreg-
ulated metabolic signaling leading to cellular senescence
programs. We also discuss how senescent cells contribute
to metabolic dysfunction and tissue aging through the se-
cretion of SASP factors, thus creating a self-reinforcing
“metabolism—senescent” vicious cycle. Guided by these
mechanistic insights, we discuss potential interventions, in-
cluding upstream strategies for regaining metabolic home-
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ostasis, and downstream combination therapies to remove
senescent cells and neutralize their effects. These perspec-
tives are aimed at developing a new model and guidelines
for the prevention and treatment of HF.

2. Dysregulated Lipid Metabolism as the Key
Pathogenic Mechanism in Heart Failure

2.1 Physiology of Cardiac Lipid Metabolism

The heart is very energetic and uses fatty acid oxida-
tion (FAO) in order to meet its energy needs. In normal
conditions, circulating fatty acid (FA) bound to albumin
is transported to cardiomyocytes by FA transport proteins
(e.g., FATP, CD36) on the sarcolemma [12]. Once inside
the cell, activated FAs follow two major metabolic paths:
(1) mitochondrial B-oxidation to produce ATP, or (2) esteri-
fication to triglycerides (TGs) in the endoplasmic reticulum
for storage in lipid droplets (LDs) [13,14]. The main regula-
tory machinery is peroxisome proliferator-activated recep-
tor a (PPARa) and its coactivator PGC-1a. PPARa/PGC-1a
upregulates genes involved in FA uptake (e.g., CD36), acti-
vation, and key B-oxidation enzymes (e.g., CPT1, MCAD)
required for efficient FA usage [15,16,17]. Dysregulated
lipid metabolism, characterized by excessive fatty acid ac-
cumulation and impaired B-oxidation, leads to cardiomy-
ocyte dysfunction and disrupts cardiac metabolic homeosta-
sis, thereby contributing to the pathogenesis of heart failure
[16,17]. FA uptake and oxidation are also important steps in
cardiac lipid metabolism. FA enters the heart via membrane
transporters such as CD36, responds to acyl-CoA in the cy-
toplasm, and is then B-oxidized in mitochondria [15,17].
This requires catalysis by carnitine palmitoyltransferase-
1B (CPT-1B), the rate-limiting enzyme for FA metabolism
in the mitochondria [17]. Peroxisomes also catalyze FAO
by shortening very long-chain FAs, but the products must
be transferred to mitochondria for complete oxidation [18].
FAO directly affects cardiac energy supply and function
[19]. Studies indicate that increased FAO in the diabetic
heart is not accompanied by increased activity of the TCA
cycle and oxidative phosphorylation, leading to insufficient
energy supply and ATP levels [20].

2.2 Myocardial Ectopic Fat Deposition

Cardiac ectopic fat accumulation refers to the ab-
normal deposition of lipids in non-adipose tissues such
as the myocardium. This phenomenon is closely asso-
ciated with insulin resistance and the progression of HF
[21,22]. In mammals, multiple cell types are capable of
forming LDs under specific conditions. Although circu-
lating lipids are the heart’s primary energy substrate, TGs
stored in cardiomyocyte LDs are indispensable for main-
taining cardiac lipid homeostasis. As readily mobilizable
TG reservoirs, LDs allow the heart to adapt to fluctuating
energy demands and variable circulating FA supply [23].
LDs consist of a neutral lipid core surrounded by a phos-
pholipid monolayer membrane enriched with specific pro-

teins. Morphologically, smaller LDs have a higher surface-
area-to-volume ratio [24], a characteristic that can substan-
tially influence their metabolic activity. The absence of
PLINS increases myocardial infarct size, worsens cardiac
dysfunction, and aggravates mitochondrial damage fol-
lowing ischemia/reperfusion injury, effects that are poten-
tially linked to elevated oxidative stress [25]. Conversely,
cardiomyocyte-specific overexpression of Plin5 leads to se-
vere TG accumulation comparable to that observed in adi-
pose triglyceride lipase (ATGL)-deficient mice. Unlike the
mouse model, however, this does not result in cardiac dys-
function or reduced lifespan [26].

Beyond physiological lipid storage, genetic alterations
can drive pathological cardiac lipid deposition. The most
severe phenotype results from defective adipose triglyc-
eride lipase (ATGL) function, leading to marked myocar-
dial lipid accumulation and even premature death [27]. The
extent of LD accumulation in cardiomyocytes depends on
three core processes: neutral lipid synthesis, surface phos-
pholipid assembly, and TG hydrolysis [15]. Given the lim-
ited capacity for de novo FA synthesis from carbohydrates
in the normal heart, TGs within LDs primarily originate
from circulating lipoproteins and non-esterified FAs. The
final step in TG biosynthesis is catalyzed by diacylglycerol
acyltransferase (DGAT), which esterifies a third FA onto
the diacylglycerol (DAG) backbone. Mammalian cells ex-
press two DGAT isoenzymes that together mediate LD for-
mation. Studies have shown that simultaneous knockout
of both DGAT enzymes in adipocytes is required to com-
pletely block LD generation [28]. DGAT1 deficiency in the
heart reduces LD formation and causes its substrate, DAG,
to accumulate in cardiomyocytes [29]. Notably, decreased
DGAT1 expression has been observed in cardiac tissues
from patients with end-stage HF [30]. Conversely, cardiac-
specific DGAT1 overexpression increases TG levels and re-
duces DAG content without inducing cardiac dysfunction
[31]. Further studies indicate that DGAT1 transgenic hearts
exhibit enhanced tolerance to ischemia/reperfusion injury,
potentially due to more efficient utilization of stored TGs
[32]. In various lipotoxicity models, transgenic DGAT1
expression improves cardiac function by concurrently re-
ducing DAG and ceramide levels [33]. Collectively, this
evidence positions DAG as a central intermediate in TG
metabolism and highlights its critical role in the lipotoxi-
city triggered when FA is diverted into LD storage rather
than oxidized.

2.3 Lipotoxicity-Induced Myocardial Injury

The energy metabolism of cardiomyocytes undergoes
profound alterations in HF, characterized by a shift from
predominant FA utilization toward increased glucose con-
sumption [34]. Although FAO remains the primary en-
ergy source [35], a marked imbalance arises in lipid uptake,
metabolism, and utilization. This disturbance leads to ab-
normal accumulation of various lipid metabolites, includ-
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ing ceramide and DAG, within cardiomyocytes in HF [36].
Ceramide plays a pivotal role in lipotoxic signal transduc-
tion, linking lipid-mediated inflammatory responses with
inhibition of insulin signaling [37]. Specifically, the activa-
tion of Toll-like receptor 4 (TLR4) signaling via the IKKp—
NF-kB axis can promote de novo ceramide biosynthesis
[38]. However, activation of this pathway itself requires ce-
ramide generated through acid sphingomyelinase-mediated
catalysis [39]. Ceramide not only acts as a key effector in
TLR4-induced insulin resistance [38], but it also disrupts
Akt activation through two independent mechanisms: (1)
activation of protein phosphatase 2A (PP2A), leading to
Akt dephosphorylation, and (2) stimulation of PKC(, which
impairs Akt translocation to the plasma membrane [40,41].
Studies in AC16 human cardiomyocytes have demonstrated
that C6-ceramide inhibits the phosphorylation of Akt and
its downstream target glycogen synthase kinase 3B in a
concentration-dependent manner, consistent with findings
in skeletal muscle cells and adipocytes [42]. Beyond regu-
lating Akt phosphorylation, ceramide can also directly sup-
press IRS1 phosphorylation [43]. In addition, ceramide
activates mixed-lineage kinase 3 (MLK3), which may in-
directly modulate IRS1 function through stress-activated
protein kinase pathways, including p38 MAPK and JNK
[44,45,46,47,48]. While MLK family kinases are known to
regulate cardiomyocyte stress responses, further investiga-
tion is required to clarify whether ceramide affects cardiac
insulin signaling via this kinase family [49]. Beyond insulin
signaling, ceramide promotes cardiomyocyte apoptosis via
MAPK pathways (ERK, p38 MAPK, JNK) [50].

DAG persistently activates PKCd, promoting serine
phosphorylation of p66Shc and its mitochondrial translo-
cation, thereby exacerbating oxidative stress-induced apop-
tosis [S51]. These pathways synergize with endoplasmic
reticulum stress—induced CHOP signaling to downregulate
the anti-apoptotic protein Bcl-2 and upregulate the pro-
apoptotic protein Bim, ultimately initiating programmed
cell death [52]. With respect to inflammation, ceramide
promotes 26S proteasomal degradation of IkBa via acti-
vation of the IKK complex, thereby relieving inhibition of
NF-«kB p65 and driving the expression of pro-inflammatory
factors such as TNF-a and IL-6 [53]. Lipotoxicity also
induces oxidative mitochondrial DNA (mtDNA) damage.
The released oxidized mtDNA acts as a damage-associated
molecular pattern (DAMP) to activate the NLRP3 inflam-
masome, promoting caspase-1-mediated maturation and re-
lease of IL-1B and IL-18 [52]. DAG upregulates TLR4 ex-
pression via the PKC6-—p38 MAPK axis, thereby enhanc-
ing the sensitivity of the NF-kB pathway. Long-chain acyl-
CoA inhibits histone deacetylase (HDAC) activity, promot-
ing the transcription of inflammation-related genes [54,55].
The ceramide metabolite sphingosine-1-phosphate (S1P)
activates the RhoA/ROCK pathway via SIPR2, promoting
(MCP-1) expression and accelerating inflammatory cell in-
filtration [56]. These intertwined pathways constitute the
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core mechanism of lipotoxic myocardial injury, wherein
different lipid intermediates exert multilevel, multitarget
regulatory effects by acting on specific nodes within sig-
nal transduction networks [39]. Cross-talk is known to
occur among ceramide, DAG, and long-chain acyl-CoA.
For example, ceramide enhances DAG-mediated activation
of PKCo via PP2A, whereas long-chain acyl-CoA mod-
ulates membrane receptor signaling by regulating protein
palmitoylation. Such interactions amplify lipotoxic injury
[42,57]. Pharmacological inhibition of the rate-limiting
ceramide biosynthetic enzyme serine palmitoyltransferase
(SPT) with myriocin, or genetically via heterozygous dele-
tion of SPT subunits, ameliorates contractile dysfunction
in LpLGPI mice, providing in vivo evidence for the role
of ceramide in lipotoxic cardiomyopathy [58]. This func-
tional improvement is accompanied by reduced mortality,
decreased expression of atrial and brain natriuretic peptides,
and a metabolic shift from FA to glucose oxidation in car-
diac energy metabolism [58].

3. From Dysregulation of Lipid Metabolism
to Cellular Senescence: Mechanisms and
Signaling Pathways

Profound remodeling of cardiac lipid metabolism oc-
curs under pathological conditions such as obesity, dia-
betes, and metabolic syndrome, characterized by increased
FA uptake, impaired B-oxidation, and abnormal accumu-
lation of toxic lipid intermediates. Collectively, these ab-
normalities promote cellular senescence through intercon-
nected molecular mechanisms. In the cardiovascular sys-
tem, cellular senescence has been implicated in myocar-
dial remodeling (age-related, chemotherapy-induced [59],
and post-injury [60,61]), HF, atherosclerosis, and aortic
aneurysms, as reviewed previously [62,63,64,65].

3.1 The Direct Pro-Senescence Effect of Lipotoxicity

As summarized in Table 1 (Ref.
[50,51,52,54,55,56,66,67]), lipotoxicity induced by
ceramide and DAG is the main target of cardiomyocyte
senescence in HF. In lipid-mediated senescence signaling,
the cyclin-dependent kinase inhibitors p21 and p16 engage
in crosstalk with the PKC and MAPK pathways, leading
to reciprocal activation, with oxidative stress being critical
for HFpEF and HFrEF [68]. The central mechanism of
ceramide-induced senescence is sustained activation of
stress-activated protein kinases [69]. Ceramide acts as a
second messenger that directly activates p38 MAPK and
JNK-dependent phosphorylation chains [50]. Activated
p38 MAPK activates and stabilizes p53, as well as transac-
tivating its downstream target, the cyclin-dependent kinase
inhibitor p21 [70]. Upregulation of p21 significantly
inhibits cyclin E/CDK2 activity, keeping retinoblastoma
(Rb) protein in its dephosphorylated active state, and
interrupting the cell cycle at G1 [71]. The JNK pathway,
also activated by ceramide, contributes to cell cycle arrest
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Table 1. Mechanisms of lipid metabolism disorders driving myocardial senescence.

Lipid or damage-
associated mediator

Target pathways/mechanisms

Senescence markers

Evidence level/model

Associated HF pheno- Reference

types numbers

Ceramide Activation of p38 MAPK/JINK p211 in vivo: Inhibition of Lipotoxic cardiomy- [50]
— p53 stabilization p16INK4a 1 SPT with myriocin at- opathy
Activation of PKC/PP2A - in- SA-B-gal activity 1 tenuates cardiac senes- Insulin resistance
hibition of Akt signaling cence and dysfunction Cardiomyocyte apop-
Activation of MLK3 - p38 in LpLGPI mice. tosis
MAPK/JNK activation in vitro. AC16 car- HFpEF
Activation of NLRP3 inflam- diomyocytes
masome via mtDNA
DAG Activation of PKCS — p66Shc pl6INK4a 1 in vivolin vitro: Lipotoxic  cardiomy- [51,52,66]
phosphorylation (via ATF3/C/EBP) DGAT1  overexpres- opathy
Activation of PKCO - p38 sion reduces DAG Oxidative stress
MAPK axis — TLR4 upregula- and improves cardiac Insulin resistance
tion function
Activation of PKC - IRSI
phosphorylation at Ser1101
Long-chain  Acyl- Inhibition of HDAC - pro- Activation of DNA in vitro: Models of Mitochondrial dys- [55,67]
CoA inflammatory gene transcription damage response metabolic  cardiomy- function
Allosteric inhibition of ETC opathy Inflammation
complexes I/IIl — increased
ROS
Oxidized mtDNA Acts as a DAMP to activate SASP-associated in- in vivo/in vitro: High- Sterile inflammation [54]
NLRP3 inflammasome — IL- flammatory markers t fat diet models Myocardial fibrosis
1B/IL-18 release
S1P Activation of Paracrine senescence in vivo: Myocardial Pro-inflammatory [56]
S1PR2/RhoA/ROCK path- via inducing inflam- ischemia/reperfusion  microenvironment
way — MCP-1 upregulation mation models Ventricular remodeling

DAG, diacylglycerol; PKC, Protein Kinase C; MLK3, mixed-lineage kinase 3; NLRP3, NOD-like receptor protein 3; HDAC, histone
deacetylase; DAMP, damage-associated molecular pattern; MCP-1, monocyte chemoattractant protein-1; DGAT1, diacylglycerol acyltrans-

ferase 1; S1P, sphingosine-1-phosphate. “1” indicates an increase/upregulation.

by controlling transcription factors (c-Jun and ATF2)
[42,72]. This suggests that ceramide is central to senes-
cence biomarkers, such as increased senescence-associated
B-galactosidase activity and upregulated pl6INK4a and
p21 expression [73,74].

An in vivo study demonstrated that inhibition of de
novo ceramide synthesis (e.g., with myriocin) or down-
regulation of gene expression reduces cardiac senescence
and improves cardiac function [42,72]. DAG accumu-
lates in cardiomyocytes filled with LDs, triggering pro-
senescence signaling through specific protein kinase iso-
forms (PKC, PKC9) [75]. Activation of PKC is asso-
ciated with insulin/PI3K/Akt survival signaling via phos-
phorylation of IRS1 at Ser1101 and p38 MAPK, and in-
creased threonine/tyrosine phosphorylation of p38 MAPK
[76]. Enhanced p38 MAPK activation stabilizes and pro-
motes pl6INK4a by the transcription factors ATF3 and
C/EBPS [66].

PKC3 translocates to mitochondria, where it phos-
phorylates components of the mitochondrial permeability
transition pore, inducing mitochondrial membrane poten-

tial collapse and cytochrome c release, thereby exacerbating
senescence-associated mitochondrial dysfunction [77,78].
Lipotoxicity activates the NLRP3 inflammasome through
multiple mechanisms: DAG promotes NLRP3 phosphory-
lation and oligomerization via PKC$; oxidized lipids di-
rectly bind NLRP3 as damage-associated molecular pat-
terns (DAMPs); and mitochondrial dysfunction leads to
the release of mtDNA and cardiolipin, which provide addi-
tional activation signals [79]. Activated caspase-1 cleaves
pro-IL-1B and pro-IL-18 into their mature cytokine forms
and also cleaves gasdermin D (GSDMD) to induce mem-
brane pore formation, thereby promoting unconventional
secretion of SASP factors [52]. These mediators acti-
vate NF-kB and JAK-STAT pathways via autocrine and
paracrine mechanisms, thereby establishing a pro-aging in-
flammatory microenvironment [80,81].

3.2 The Central Mediating Role of Mitochondrial
Dysfunction and Oxidative Stress

Mitochondrial dysfunction serves as a central bridge
in the progression of HF, linking lipid metabolism disor-
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ders to cellular senescence and driving cardiomyocytes into
an irreversible senescent state through precise molecular
cascades. The initiating event—impaired FAO—triggers
a series of interconnected molecular processes. Impair-
ment of FAO causes an imbalance in substrate supply to
the electron transport chain, leading to abnormal accumu-
lation of long-chain acyl-CoAs in the mitochondrial ma-
trix. These intermediates allosterically inhibit the activities
of Complex I and III, thereby increasing electron leakage,
inducing depolarization of mitochondrial membrane poten-
tial, and triggering bursts of superoxide anion production
[67]. Oxidative modification of cardiolipin further com-
promises the stability of respiratory chain supercomplex as-
sembly, creating a vicious cycle of reactive oxygen species
(ROS) generation [82]. Notably, translocation of cardi-
olipin from the inner to the outer mitochondrial membrane
enables specific binding to LC3, which is crucial for the au-
tophagic clearance of damaged mitochondria [83]. Under
persistent lipotoxic stress, downregulation of cardiolipin
synthase reduces cardiolipin content, markedly weakening
LC3-mediated mitophagy and resulting in the accumulation
of dysfunctional mitochondria [84].

Continuous ROS production leads to extensive molec-
ular damage. Mitochondrial DNA (mtDNA), which lacks
histone protection and has limited repair capacity, is a pri-
mary oxidative target. Accumulation of oxidative base le-
sions (e.g., 8-oxoguanine) induces genomic instability and
impairs transcription of mitochondrially encoded respira-
tory chain subunits [85]. Nuclear DNA is also severely
affected, particularly via oxidative telomeric damage that
accelerates telomere shortening and activates the p53 path-
way through a telomere dysfunction—induced DNA dam-
age response [86]. At the level of the DNA damage re-
sponse, ataxia-telangiectasia mutated (ATM) kinase is re-
cruited to double-strand breaks, activating checkpoint ki-
nases 1 and 2 (Chk1/Chk2) via phosphorylation cascades.
These kinases phosphorylate multiple p53 sites (Serl5,
Ser20), disrupting its interaction with MDM2. This stabi-
lizes p53 and increases its transcriptional activity [71]. Ac-
tivated p53 transactivates p21, which induces G1/S phase
arrest by inhibiting the activities of cyclin E/CDK2 and
cyclin D/CDK4/6 complexes [87]. Oxidative stress also
directly upregulates pl6INK4a expression through epige-
netic mechanisms. Reduced SIRT1 activity due to NAD+
depletion leads to hyperacetylation of histone H3K9 and
H3K27 in the pl6INK4a promoter region, generating an
open chromatin conformation that facilitates the binding of
transcription factors [88]. pl6INK4a competitively inhibits
CDK4/6, preventing Rb phosphorylation and maintaining
its binding to E2F, thereby reinforcing cell cycle arrest [89].

LDs play a complex regulatory role. Under sustained
impairment of FAO, LDs expand as neutral lipid reservoirs,
and overexpression of PLIN2 suppresses PINK1/Parkin-
mediated mitophagy by hindering OPTN binding to ubig-
uitinated mitochondria [90].  This dysregulated LD-—
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mitochondria interaction creates a metabolic vicious cycle:
dysfunctional mitochondria fail to oxidize FAs efficiently,
leading to further LD expansion. In turn, excessive LDs se-
quester essential cofactors required for FAO, further exac-
erbating its impairment [91]. Compromised FAO enhances
USP30 activity through mechanisms that are not yet fully
elucidated. This blocks mitophagy by removing ubiquitin
from proteins on the outer mitochondrial membrane [92].
Pharmacological inhibition of USP30 restores mitophagy
efficiency in high-fat diet-induced metabolic cardiomyopa-
thy and improves cardiac function [93].

3.3 Alterations in Cellular Signaling Pathways in the
Context of Lipid Metabolic Dysregulation

Major changes in key metabolic sensing and regu-
latory processes are key to cellular senescence in failing
hearts, with an important signaling node being aberrant ac-
tivation of the PI3K/Akt/mTOR/SREBP axis [94]. In ad-
dition to its glucose regulatory function, Akt is respon-
sible for SREBPs and directly activates sterol regulatory
element-binding proteins (SREBP-1c¢) by phosphorylation
[95]. Activated SREBPs enter the nucleus and upregulate
major lipogenic genes (e.g., FAS, ACC), leading to de novo
lipogenesis and abnormal lipid accumulation in cardiomy-
ocytes [96]. This mechanism is amplified in diabetic car-
diogenesis and HF, leading to a vicious cycle of disordered
lipid metabolism. SREBP activation promotes low-grade
inflammation by upregulating NLRP3 inflammasome com-
ponents, such as caspase-1 activation and IL-1 maturation
and release [97]. Inflammation and metabolic dysregula-
tion contribute to cellular senescence by forming a com-
plementary mechanism: (1) a reduced autophagic flux im-
pairs the clearance of damaged cellular components, and
(2) an increase in ribosome biogenesis and protein transla-
tion (i.e., IL-1a) enhances cellular senescence [98]. This
contrasts with the downregulation of the longevity-related
factor SIRT1, which normally inhibits SREBP transcrip-
tion activity via deacetylation and promotes FAO [9]. In
failing hearts, decreased NAD+ levels reduce SIRT1 ac-
tivity by releasing the repression of SREBPs and by im-
pairing mitochondrial function, resulting in lipid accumula-
tion and oxidative stress [99]. Thus, hyperactivation of the
PI3K/Akt/mTOR/SREBP pathway, together with SIRT1
downregulation, is a pro-aging metabolic signaling network
that provides molecular information on the development of
HF [100]. The molecular mechanisms described above, en-
compassing the roles of ceramide, DAG, and other lipid
mediators in driving cellular senescence, are summarized
in Table 1.

4. The Association Between Cellular
Senescence and Heart Failure

Cellular senescence is an irreversible state of cell cy-
cle arrest characterized by telomere shortening, accumu-
lation of DNA damage, and formation of the senescence-
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associated secretory phenotype (SASP) [101]. Ex-
perimental models that induce or attenuate senescence
in the cardiovascular system have linked senescence
to myocardial remodeling (age-related, chemotherapy-
induced [59], and post-injury [60,61]), HF, atheroscle-
rosis, and aortic aneurysms, as reviewed elsewhere
[62,63,64,65,102,103,104].

4.1 The SASP: A Hallmark of Senescent Cells

The SASP comprises bioactive molecules secreted
by senescent cells. These alter their own behavior and
broadly influence the surrounding tissue microenvironment
[105]. The SASP is complex and dynamic, encompassing
pro-inflammatory factors (cytokines, chemokines), matrix-
remodeling proteases, growth factors, and lipids, all of
which may play important roles in the pathobiology of
chronic diseases [106]. During aging, SASP-expressing
cells trigger a self-perpetuating inflammatory signaling
loop involving NF-xB, TGF-B, IL-1a, and IL-6 pathways
[107]. The senescence response exerts paracrine effects
on neighboring cells, inducing inflammation, promoting
atherosclerosis, causing cardiac circulatory dysfunction,
and increasing risk factors for chronic heart failure (CHF)
[108]. This suggests that inhibiting pro-inflammatory sig-
naling or modulating the inflammatory microenvironment
may alleviate aging and aging-associated diseases such as
CHF [109]. Importantly, SASP-associated phenotypes con-
stitute an independent risk factor for CHF in the elderly
[110]. This concept was first explicitly articulated in 2008
by Campisi and colleagues, and subsequently characterized
further by others [111].

Physiologically, the SASP plays a crucial transient
role in local tissue remodeling and repair by mediating re-
construction of the extracellular matrix (ECM), recruiting
immune cells to clear senescent cells, and attracting progen-
itor cells [112]. Different cardiac cell types communicate
via paracrine SASP signaling. Senescent cardiac cells ex-
ert detrimental effects on healthy neighboring cells through
SASP factors. Fibroblasts and endothelial cells produce
typical SASP molecules (e.g., IL-6, CXCL1, CXCL2, TNF,
VEGF, MMP1/2/3, PAI-1) [113]. In contrast, senescent
cardiomyocytes secrete atypical SASP components, includ-
ing TGFB2, GDF15, and EDN3 [114]. The paracrine ef-
fects of the SASP on healthy neighboring cells include fi-
broblast activation and differentiation, reduced angiogenic
potential, diminished eNOS activity, a prothrombotic phe-
notype in endothelial cells, and cardiomyocyte death and
hypertrophy. Unlike other cardiac cell types, cardiomy-
ocytes do not produce a typical SASP profile. Instead,
their SASP is enriched in atypical components (EDN3,
GDF15, TGFB2) that promote fibroblast activation, car-
diomyocyte hypertrophy, and cardiac endothelial dysfunc-
tion, indicating potent paracrine actions [115]. In vivo and
in vitro studies have demonstrated an association between
the IGF1 signaling pathway and the SASP in senescent car-

diomyocytes. Compared with age-matched wild-type mice,
aged mice with cardiomyocyte-specific Igflr knockout ex-
hibit reduced senescence markers and SASP components in
cardiac tissue, accompanied by improved cardiac function
[116]. Another study showed that Ctsk knockout attenuated
cardiac hypertrophy and decreased cardiac IGF1, p21, and
p16 levels in mice, suggesting a link between IGF1 signal-
ing, cardiac hypertrophy, and cellular senescence [117].

4.2 The Vicious Cycle of SASP in Exacerbating Metabolic
Dysregulation

Fig. 1 provides a comprehensive schematic overview
of this deleterious “metabolism-senescence” vicious cy-
cle. SASP factors released by senescent cardiomyocytes
are associated with decreased cardiovascular function. IL-
6, TNFa, and chemokines are key SASP factors that
block FAO and enhance lipid accumulation by interfer-
ing with important metabolic signals [118]. IL-8 directly
suppresses PPARa transcription by JAK-STAT3 activa-
tion, downregulates its downstream targets CPT1A and
MCAD, and impairs FAO in cardiomyocytes. TNFa ac-
tivates NF-kB, which triggers serine phosphorylation of
IRS-1 (e.g., Ser307) and disrupts insulin signal transduc-
tion, thereby impairing glucose uptake and utilization [38].
Impaired insulin signaling impacts glucose uptake and uti-
lization, forcing cardiomyocytes to rely on incomplete
FAO, thereby promoting energy deprivation and increased
lipid uptake. SASP-mediated MCP-1/CCL2 induces pro-
inflammatory M1 macrophages to infiltrate cardiac tissue
via CCR2. These proliferating immune cells release addi-
tional TNFa and IL-1f, thus forming a pro-inflammatory
positive-feedback loop that persists during PPARa regu-
lation [119]. SASP-mediated matrix metalloproteinases
(MMPs), such as MMP-9, promote cardiac fibrosis by de-
grading the ECM and activating latent TGF-p, thus pro-
moting cardiac fibroblast-to-myofibroblast differentiation.
This fibrotic tissue alters cardiac mechanical properties and
diffusion gradients, which may constrain nutrient and oxy-
gen delivery and severely limit cardiomyocyte metabolic
efficiency [120]. SASP factors are also implicated in mito-
chondrial dysfunction in adjacent cardiomyocytes through
paracrine signaling. This mechanism may involve caspase-
8 activation and Bid cleavage mediated by soluble FAS
ligand (sFasL), which in turn contributes to mitochondrial
membrane collapse and ROS production. Such a “by-
stander effect” amplifies the impact of cellular senescence.
Critically, the chronic inflammatory state established by
the SASP and metabolic dysregulation are tightly related
and form a “metabolism—inflammation—senescence” axis.
The resultant fibrotic tissue alters the cardiac mechanical
characteristics and diffusion gradient, which can potentially
reduce nutrient and oxygen absorption and indirectly im-
pair the metabolic efficiency of cardiomyocytes [120]. No-
tably, the SASP factors induce mitochondrial dysfunction
in neighboring cardiomyocytes through paracrine signal-
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Fig. 1. Schematic overview of the “metabolism-senescence” vicious cycle in heart failure. (i) Lipid metabolism disorders initiate
the process through increased fatty acid (FA) uptake (CD36/FATP) and impaired FAO (CPT1/PPARo/PGC-1a downregulation). (ii)
Toxic lipid intermediates—ceramide (via TLR4/NF-kB), DAG (from DGAT1 deficiency), and long-chain acyl-CoA—accumulate in
cardiomyocytes. (iii) Mitochondrial dysfunction and oxidative stress ensue, characterized by ROS burst, mtDNA damage, and impaired
mitophagy (USP30 upregulation). (iv) DNA damage response is activated (ATM/ATR — Chk1/Chk2 - p53 Serl5 phosphorylation).
(v) Cellular senescence program initiates via p53/p21 and p16/Rb pathways, marked by y-H2AX foci. (vi) SASP is released: canonical
(IL-6, TNF, MMPs) from fibroblasts/endothelial cells and atypical (TGFB2, GDF15, EDN3) from senescent cardiomyocytes. (vii) SASP
exacerbates metabolic dysregulation, creating a feedback loop that further impairs FAO and promotes FA uptake. (viii) Heart failure
progression results from cumulative injury, with neuroendocrine activation and persistent inflammation feeding back to worsen initial
lipid disorders. The figure was created by the authors with PowerPoint.

ing. Mechanistically, soluble Fas ligand (sFasL) has been
shown to engage its receptor, initiating caspase-8 activation
and subsequent cleavage of Bid. This proteolytic cascade
leads to the dissipation of mitochondrial membrane poten-
tial and enhanced ROS generation [121]. This ‘bystander
effect’ propagates the senescent phenotype, thereby exacer-
bating metabolic dysfunction and tissue remodeling in the
failing heart.

Critically, the chronic inflammatory state estab-
lished by the SASP and metabolic dysregulation are
tightly intertwined, forming a “metabolism—inflammation—
senescence” triangular cycle: lipotoxicity drives cellular
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senescence, senescent cells secrete SASP factors, and the
SASP exacerbates metabolic dysregulation and inflamma-
tion, thereby inducing further senescence and ultimately
worsening cardiac function [122]. The SASP factors in-
clude pro-inflammatory cytokines (IL-6, IL-8, MCP-1) and
MMPs, which act in an autocrine and paracrine manner on
cardiomyocytes and fibroblasts, thereby forming a positive-
feedback loop that aggravates myocardial fibrosis and con-
tractile dysfunction [123]. In addition, bioactive lipids
secreted by senescent cardiomyocytes, such as ceramide
and DAG, directly promote intracellular lipid accumula-
tion and exacerbate mitochondrial dysfunction and oxida-
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tive stress by activating PKC and the NLRP3 inflamma-
some, thereby perpetuating a metabolism-inflammation vi-
cious cycle. Taken together, these findings indicate that
targeting SASP factors may represent a novel therapeutic
strategy to delay HF progression. This self-perpetuating
pathological axis, culminating in heart failure progression,
is depicted in Fig. 1.

5. Therapeutic Options for the
“Metabolism-Senescence Axis”

The imbalance between dysregulated lipid
metabolism and cellular senescence in HF has moti-
vated intervention options that can be broadly categorized
as upstream (improving metabolism) or downstream
(clearing senescent cells). These interventions are targeted
at the harmful “metabolism-senescence” axis, thus creating
a new treatment approach for HF.

5.1 Upstream Alternatives to Improving Lipid Metabolism
5.1.1 Metabolic Flexibility

Based on the EMPEROR-preserved and DELIVER
trials, the 2023 HF guideline update presented a class I,
level of evidence A recommendation for the use of sodium—
glucose cotransporter 2 (SGLT2) inhibitors for patients with
HF with mildly reduced ejection fraction (HFmrEF) and
HF with preserved ejection fraction (HFpEF). SGLT2 in-
hibitors such as empagliflozin were shown to substantially
improve clinical outcomes in patients with HF [124]. Their
cardioprotective effect can be explained in part by the re-
modeling of cardiac energy metabolism. SGLT?2 inhibitors
promote the production and utilization of ketone bodies.
These are more efficient than FAs, thereby reducing the mi-
tochondrial oxidative load and ROS generation [125]. The
osmotic diuretic and antihypertensive effects of SGLT2 in-
hibitors reduce cardiac preload and afterload, indirectly im-
proving the myocardial metabolic microenvironment [124].
Exercise training increases exercise capacity and decreases
structural and functional cardiac remodeling [1]. Exercise
also decreases myocardial capillary rarefaction and lipid
metabolic dysregulation in rats with aortic stenosis—induced
HF [126].

5.1.2 Improving Fatty Acid Oxidation and Reducing
Lipotoxicity

Peroxisome proliferator-activated receptor (PPAR)
modulators such as the selective PPARa/6 modulator pe-
mafibrate can enhance FAO and mitochondrial function
[127]. PGC-1a and its downstream targets (e.g., CPT1B,
MCAD) promote FA uptake and oxidation and improve mi-
tochondrial biogenesis [128]. Mitochondria-targeted an-
tioxidants (e.g., MitoQ) accumulate in the mitochondrial
matrix, efficiently scavenging excess ROS and mitigating
oxidative stress [128]. MitoQ attenuates pressure overload-
induced cardiac dysfunction [128]. In animal models, Mi-
toQ attenuates pressure overload—induced myocardial hy-

pertrophy and fibrosis and improves mitochondrial func-
tion [129]. L-carnitine, an essential cofactor in the car-
nitine palmitoyltransferase (CPT) system critical for mito-
chondrial FA import, enhances FAO flux and reduces the
accumulation of toxic lipid intermediates (e.g., long-chain
acyl-CoAs) when used as a supplement [42,129]. Target-
ing ceramide synthesis with inhibitors such as myriocin ef-
fectively reduces cardiac ceramide levels, improves insulin
sensitivity, and attenuates cardiac dysfunction in animal
models of obese and diabetic cardiomyopathy [130].

5.2 Downstream Clearing of Senescent Cells and
Controlling Their Harm

In the last decade, basic and translational research
has helped to elucidate the relevance of cellular senescence
and its functional effects on the metabolic reprogramming
of pathways involved in cardiac aging. These pathways
include autophagy, oxidative stress, epigenetic changes,
chronic inflammation, and control of the myocyte contrac-
tile phenotype [131].

5.2.1 Dasatinib + Quercetin (D+Q)

Dasatinib (D) is one of the most studied senolytic
drugs with a known underlying mechanism of action. Itis a
multi-target tyrosine kinase inhibitor that suppresses hyper-
activated pro-survival pathways (especially SCF/c-Kit) in
senescent cells, primarily by targeting SRC family kinases
and ephrin receptors [60]. Quercetin (Q) is a flavonoid that
disrupts senescent survival homeostasis via suppression of
the anti-apoptotic proteins BCL-2 and BCLXL [132].

Preclinical evidence strongly supports the potential of
D+Q in cardiac disease models. In aged mice, D+Q treat-
ment improved cardiac function and carotid vascular reac-
tivity [133]. Using a human heart-on-a-chip model of car-
diac fibrosis, Mourad et al. [134] demonstrated that D+Q
treatment improved contractile function, reduced passive
tension, and downregulated senescence-related gene ex-
pression. These tissue-engineered human models provide
compelling evidence for the potential efficacy of senolytics
in cardiac disease.

5.2.2 Vericiguat: Modulating the sGC-cGMP Axis to
Attenuate Cardiac Remodeling and Senescence

The nitric oxide (NO)-soluble guanylate cyclase
(sGC)-cyclic guanosine monophosphate (cGMP) signal-
ing cascade is indispensable for preserving cardiovascular
homeostasis. In heart failure, diminished NO bioavailabil-
ity coupled with reduced sGC activity compromises cGMP
production, thereby exacerbating myocardial and vascular
dysfunction [135]. Vericiguat, a direct stimulator of sGC,
binds to its B subunit and elevates intracellular cGMP con-
centrations via an NO-independent mechanism, promoting
vasodilation and conferring cardioprotective effects [136].
Beyond its hemodynamic actions, preclinical evidence sug-
gests that vericiguat may modulate pathways potentially
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relevant to cellular senescence. In a murine model of
pressure overload induced by transverse aortic constriction,
vericiguat administration attenuated myocardial hypertro-
phy and fibrosis while restoring mitochondrial integrity and
energy-regulating proteins, suggesting enhanced bioener-
getic capacity [137]. However, direct evidence—such as
modulation of senescence markers (e.g., pl6, p21, SA-B-
gal) or SASP factors—is currently lacking and warrants
dedicated investigation.

5.2.3 Safety Evaluation and Risk Management of
Senolytic Agents and Vericiguat

Current preclinical and early clinical evidence sug-
gests that major senotherapeutic agents have a safety win-
dow at certain doses, but their long-term safety profile and
agent risks need to be addressed in detail. Safety character-
istics differ significantly between drug classes:

Senolytics: D+Q inhibitors can influence hematopoi-
etic stem cell function via inhibition of c-Kit, and cause
dose-dependent myelosuppression such as thrombocytope-
nia and neutropenia [138]. Fisetin modulates 5-HT3R,
which often induces nausea and vomiting, and thus cannot
be dosed over an extended time [139].

Vericiguat: Vericiguat is generally well-tolerated.
The most common adverse event is symptomatic hypoten-
sion [140]. A meta-analysis showed no significant in-
crease in serious adverse events versus placebo [141]. Prior
hypotension history is the strongest predictor of hypoten-
sion/syncope. Additional signals including gastrointestinal
bleeding warrant monitoring.

5.3 Combination and Multi-Target Strategies: Synergistic
Effects of Concurrent Upstream and Downstream
Intervention

Because of the complexity and self-perpetuation of
the “metabolism—senescence axis” in HF, single-target ther-
apy is unlikely to be successful. Recently, a combination
strategy that targets upstream metabolic dysregulation and
downstream cellular senescence has achieved considerable
success. The main aim is to break this pathological axis via
multi-target therapies.

Mechanistically, upstream metabolic modulators di-
rect downstream senotherapeutics to a better microenviron-
ment. By improving heart energy metabolism and reducing
oxidative stress, SGLT2 inhibitors may promote senolyt-
ics to kill senescent cells [142]. By increasing mitochon-
drial function, PPAR agonists may suppress senescence by
modulating pl6INK4a expression, thus serving as a com-
plementary strategy for senolytic therapy [143].

From a mechanistic perspective, sequential interven-
tion strategies may offer theoretical advantages. Upstream
metabolic modulators like SGLT2 inhibitors can modu-
late the metabolic microenvironment, encompassing as-
pects such as nutrient availability and inflammatory sta-

tus [144]. This rationale is further strengthened by ev-
&% IMR Press

idence that SGLT2 inhibitors may themselves exert in-
direct senolytic effects. For instance, canagliflozin has
been shown to increase 5-aminoimidazole-4-carboxamide-
1-B-D-ribofuranoside (AICAR), which enhances immune-
mediated clearance of senescent cells [145]. Thus, the dual
action of optimizing the microenvironment while directly
priming senescent cell elimination suggests that metabolic
modulators and senolytics could act synergistically. Nev-
ertheless, clinical studies validating such sequential ap-
proaches are currently lacking.

However, combination therapy is also challenging.
Drug—drug interactions can have adverse effects. The opti-
mal timing, duration, and long-term safety of the two regi-
mens are important. It will be important in future work to
develop patient stratification with multi-omics, to develop
novel personalized drug delivery systems, and to use arti-
ficial intelligence models to predict optimal drug combina-
tions. Well-designed clinical trials are needed to determine
the optimal timing, duration, and long-term safety of such
regimens. Such trials should facilitate the translation of
strategies targeting the “metabolism—senescence axis” from
concept to clinical practice, thereby providing more effec-
tive therapeutic options for HF.

6. Conclusion

HF progression is driven by a cycle between dysreg-
ulated lipid metabolism and senescence. The most sig-
nificant mechanisms are: (1) direct pro-senescent signal-
ing by toxic lipids such as ceramide; (2) mitochondrial
damage through oxidative stress promoting p53/p21 and
pl6INK4a/Rb; and (3) a pro-senescent microenvironment
due to altered metabolic signaling, including SIRT1 down-
regulation and mTOR activation. This cycle is followed by
the SASP, causing metabolic dysregulation and thus a self-
amplifying pathological axis. Treatments that target this
axis include a combination of upstream measures that pro-
mote metabolic homeostasis (e.g., SGLT2 inhibitors, PPAR
modulators) and downstream measures that remove senes-
cent cells (i.e., senolytics). Combined therapies that use a
sequence of metabolic modulators and senolytic treatment
have demonstrated synergy. Further work includes the de-
velopment of accurate senescence markers, the design of
customized combination strategies, and long-term safety
analysis allowing the implementation of a strategy based
on the “metabolism—senescence axis”, thereby opening new
avenues for HF therapy.
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