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Abstract: Myocardial lipotoxicity is a fundamental pathological mechanism responsible for myocardial injury
associated with various metabolic disorders such as obesity and type 2 diabetes. This condition arises from an
imbalance in lipid metabolic homeostasis, leading to the excessive accumulation of toxic lipid intermediates in
cardiomyocytes, which ultimately results in structural and functional impairments of the myocardium. This review
provides a comprehensive overview of the mechanisms by which myocardial lipotoxicity occurs and its significant
involvement in cardiovascular diseases, including heart failure, arrhythmias, and atherosclerosis. The myocardium
primarily acquires exogenous fatty acids through albumin-bound free fatty acids and lipoprotein lipase-mediated
lipolysis, facilitated by transporter proteins like CD36 and FATP. When the uptake of fatty acids surpasses
oxidative capacity, toxic lipids such as ceramides and DAG accumulate, disrupting essential signaling pathways—
including AMPK, PPAR, PKC, and NF-«B. This disruption triggers mitochondrial dysfunction, endoplasmic
reticulum stress, oxidative stress, inflammatory responses, and various forms of cell death. Together, these
mechanisms lead to myocardial remodeling, abnormalities in electrical activity, and the onset and progression of
vascular pathologies. The article also reviews current therapeutic strategies aimed at mitigating myocardial
lipotoxicity, including lifestyle modifications and pharmacological interventions such as SGLT?2 inhibitors and
trimetazidine. Furthermore, it explores future research directions, focusing on ceramide synthesis, inflammatory
pathways, and personalized medicine, with the goal of providing a theoretical foundation and innovative insights
for the clinical prevention and treatment of lipotoxicity-related cardiovascular diseases.

Keywords: myocardial lipotoxicity; fatty acid metabolism; heart failure; arrhythmia; atherosclerosis; therapeutic
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1. Introduction

The heart, as a high-energy-demand organ, relies on a continuous and efficient supply of adenosine
triphosphate (ATP) to sustain its contractile function. Under normal physiological conditions, the adult mammalian
heart exhibits remarkable metabolic flexibility, deriving approximately 60—70% of its ATP from the B-oxidation
of fatty acids, with the remainder supplied primarily by glucose and lactate oxidation [1,2]. This intricate balance
of substrate utilization is tightly regulated to meet dynamic energy demands. However, in the context of pervasive
metabolic disorders such as obesity and type 2 diabetes, this homeostatic balance is profoundly disrupted. A
hallmark of these conditions is elevated circulating levels of free fatty acids, which drive excessive lipid uptake
into cardiomyocytes. When the influx of fatty acids surpasses the oxidative and storage capacities of the heart, it
leads to the pathological accumulation of toxic lipid intermediates, including ceramides and diacylglycerols
(DAG)—a condition termed myocardial lipotoxicity [3—5].

Myocardial lipotoxicity is now recognized as a fundamental pathological mechanism contributing to a broad
spectrum of cardiovascular diseases (CVDs). It initiates a deleterious cascade of cellular events, including
mitochondrial dysfunction, endoplasmic reticulum (ER) stress, oxidative stress, chronic inflammation, and various
forms of programmed cell death [6,7]. These processes collectively promote myocardial structural remodeling,
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electrical instability, and vascular dysfunction, thereby driving the pathogenesis and progression of heart failure,
arrhythmias, and atherosclerosis [8—10]. Despite significant advances in understanding its core mechanisms, the
intricate molecular networks and signaling pathways involved in lipotoxicity are not fully elucidated, and specific
therapeutic strategies targeting this process remain an area of intense investigation.

This review aims to provide a comprehensive and updated overview of the mechanisms underlying
myocardial lipotoxicity and its central role in cardiovascular pathology. We will first delineate the sources and
transport mechanisms of myocardial fatty acids, setting the stage for understanding how lipid overload occurs.
Subsequently, we will delve into the pathophysiological mechanisms, detailing the generation of toxic lipid
species, organelle dysfunction, and the ensuing inflammatory and cell death responses. The impact of lipotoxicity
on specific cardiovascular diseases—heart failure, arrhythmias, and atherosclerosis—will be systematically
examined. Finally, we will summarize current and emerging therapeutic strategies and propose future research
directions, with the goal of offering a foundational framework for developing novel interventions to mitigate the
burden of lipotoxicity-related cardiovascular diseases.

2. Sources and Transport Mechanisms of Myocardial Fatty Acids
2.1. Sources of Myocardial Fatty Acids

Cardiomyocytes primarily obtain fatty acids from the circulatory system, which can be categorized into
exogenous and endogenous sources, with exogenous sources being the predominant contributors [1]. Exogenous
fatty acids are those absorbed by the myocardium from the blood, mainly through two pathways: First, the direct
uptake of free fatty acids (FFAs) bound to albumin [11]. Due to their hydrophobicity nature, most long-chain fatty acids
in the blood associate with plasma albumin, resulting in only a small fraction remaining free. This binding not only
enhances the solubility and transport capacity of fatty acids but also mitigates their potential cytotoxic effects.
Cardiomyocytes can efficiently uptake fatty acids directly from albumin-FFA complexes, making this the primary
source [12]. Second, fatty acids are released through the enzymatic hydrolysis of circulating lipoproteins. The
myocardium can access fatty acids by breaking down triglyceride (TG)-rich lipoproteins, predominantly chylomicrons
from dietary fats and very-low-density lipoprotein (VLDL) produced by the liver [13,14]. This process is facilitated by
two key lipases: Lipoprotein lipase (LPL), the primary enzyme in this process, is anchored to the endothelial surface of
myocardial capillaries. As chylomicrons and VLDL traverse the cardiac vasculature, LPL efficiently hydrolyzes their
TG, releasing FFAs and glycerol [15]. These newly generated FFAs, being in close proximity to cardiomyocytes, are
rapidly taken up and utilized. The activity and expression of LPL are crucial regulatory points for myocardial fatty acid
supply; its deficiency is closely linked to hypertriglyceridemia, myocardial dysfunction, and even heart failure [16—18].
The second key enzyme, endothelial lipase (EL), which belongs to the same family as LPL and is synthesized by vascular
endothelial cells [19,20], primarily impacts high-density lipoprotein (HDL) metabolism. However, studies have shown
that under certain pathological conditions (e.g., early heart failure when LPL activity may decline), EL expression
significantly increases, potentially serving as an alternative source for myocardial fatty acid acquisition to compensate
for energy supply deficits [21]. Additionally, cardiomyocytes can store fatty acids, with excess fatty acids being esterified
into TG and stored in cytoplasmic lipid droplets. When energy demand increases or exogenous supply is insufficient,
these stored TG can be hydrolyzed by intracellular lipases, releasing fatty acids directly into metabolic pathways to
provide an emergency energy reserve [22].

2.2. Transport of Myocardial Fatty Acids

The transport of fatty acids from the bloodstream into cardiomyocytes requires crossing the hydrophobic
barrier of the cell membrane. This process is not merely passive diffusion; rather, it is a highly regulated, saturable,
and efficient mechanism mediated by various transporter proteins [2]. The early “flip-flop” model proposed that
protonated fatty acids first integrate into the outer leaflet of the cell membrane, flip to the inner leaflet, and then
dissociate inside the cell. However, the role of passive diffusion is relatively minor, especially under physiological
concentrations or during periods of high energy demand when fatty acid flux is substantial; passive diffusion alone
cannot meet myocardial requirements [23,24]. The currently accepted primary mode of transport is protein-
mediated. This mechanism relies on specific carrier proteins embedded within the cell membrane, characterized
by their saturability, high affinity, and specificity [25-27]. CD36 (also known as Fatty Acid Translocase, FAT) is
the most functionally significant and well-studied fatty acid transporter in the myocardium, accounting for 50—
60% of total myocardial fatty acid uptake [14]. As a transmembrane glycoprotein, it not only facilitates fatty acid
transport but also engages in signal transduction, with its activity dynamically regulated. In response to signals
such as insulin stimulation or muscle contraction, CD36 stored in intracellular vesicles rapidly translocates to the
plasma membrane, significantly enhancing the myocardial capacity for fatty acid uptake within a short period [28].
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The Fatty Acid Transport Protein family FATPs, comprising at least six members (FATP1-6), includes FATP1
and FATP6 which also contribute to fatty acid transport in the myocardium [11]. These proteins not only facilitate
the translocation of fatty acids across the membrane but some members also exhibit acyl-CoA synthetase activity,
potentially coupling transport and activation. Additionally, the membrane-associated Fatty Acid Binding Protein
(FABPpm) has been identified as playing a role in fatty acid absorption in cardiomyocytes [29]. Together, these
three proteins form a critical network for fatty acid transport across the cardiomyocyte membrane, ensuring that
the heart efficiently and flexibly acquires the energy substrates needed under varying physiological states. Once
inside the cytoplasm, fatty acids cannot diffuse freely; they require a series of “chaperoning” and “gating”
mechanisms to be accurately delivered to their final destination—the mitochondrial matrix for f-oxidation.

FFAs entering the cytosol pose potential “lipotoxicity” risks and may disrupt cellular function. Heart-type
Fatty Acid Binding Protein (H-FABP or FABP3) plays a crucial role in addressing this challenge [30]. As a highly
abundant small soluble protein in the cardiomyocyte cytoplasm, H-FABP’s core functions include binding and
solubilization, targeted transport, as well as buffering and protection [31]. Long-chain fatty acids cannot directly
cross the inner mitochondrial membrane; their entry into the mitochondrial matrix relies on a complex enzymatic
transport system known as the Carnitine Shuttle System. Carnitine Palmitoyltransferase (CPT) is the system’s core
component, and this process is also the rate-limiting step for long-chain fatty acid oxidation [32]. This system
operates through the coordinated efforts of three key components: Initially, fatty acids are activated on the outer
mitochondrial membrane by Long-Chain Acyl-CoA Synthetase (ACSL), producing high-energy acyl-CoA.
Carnitine Palmitoyltransferase I (CPT-I), located on the outer mitochondrial membrane, serves as the key
regulatory enzyme, catalyzing the transfer of the acyl group from acyl-CoA to carnitine, forming acylcarnitine.
This acylcarnitine is then translocated across the inner mitochondrial membrane into the matrix via Carnitine-
Acylcarnitine Translocase (CACT). Inside the matrix, Carnitine Palmitoyltransferase II (CPT-II), situated on the
matrix side of the inner mitochondrial membrane, transfers the acyl group back from carnitine to CoA, thereby
regenerating acyl-CoA. At this stage, the fatty acid has successfully entered the mitochondrial matrix and can
immediately enter the B-oxidation cycle [33-35].

In summary, the sourcing and transport of myocardial fatty acids is a complex biological process that
encompasses macroscopic circulation and microscopic molecular interactions, involving multiple steps and
stringent regulation. It originates from fatty acids carried by albumin or lipoproteins in the bloodstream, which are
processed by enzymes such as LPL and EL, and subsequently taken up by cardiomyocytes via the coordinated
action of membrane proteins like CD36 and FATP [12,16]. Within cardiomyocytes, H-FABP regulates safe and
efficient “escorting” fatty acids to the mitochondria, where the critical “gatekeeping” function of the carnitine
shuttle system ultimately delivers them into the “workshop” of B-oxidation [35]. This intricate process is finely
regulated at various levels, including substrate concentration, hormonal signals, and gene transcription, ensuring
cardiac energy homeostasis under diverse physiological conditions. However, in pathological states such as
diabetes, obesity, and heart failure, this regulatory network is disrupted, leading to an imbalance in fatty acid
metabolism that can initiate or exacerbate myocardial injury [36]. Consequently, conducting in-depth research into
the molecular mechanisms and regulatory networks governing myocardial fatty acid transport and metabolism not
only enhances our understanding of cardiac energy metabolism but also provides a vital theoretical foundation and
potential therapeutic targets for developing novel strategies to combat cardiovascular diseases associated with
metabolic disorders (Figure 1).
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Figure 1. Cardiomyocytes uptake exogenous fatty acids into the cell via passive diffusion or transport proteins
(CD36, FATP). These fatty acids are then activated into acyl-CoA by the action of acyl-CoA synthetase long chain
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(ACSL). Subsequently, on the outer mitochondrial membrane, CPT-I catalyzes the conversion of acyl-CoA and
carnitine into acylcarnitine. The acylcarnitine is then transported across the inner mitochondrial membrane into the
matrix via the carnitine-acylcarnitine translocase. Inside the mitochondrial matrix, the enzyme systems facilitate 3-
oxidation, producing ATP to supply energy for the heart. FA: Fatty Acids; ApoB: Apolipoprotein B; MTTP:
Microsomal Triglyceride Transfer Protein; CD36: Cluster of Differentiation 36; FATP: Fatty Acid Transport
Protein; ACSL: acyl-CoA synthetase long chain; CPT-I: Carnitine Palmitoyltransferase I; CPT-II: Carnitine
Palmitoyltransferase II; ATP: Adenosine Triphosphate.

3. Pathophysiological Mechanisms and Regulatory Targets of Myocardial Lipotoxicity

Myocardial lipotoxicity is a pathophysiological process arising from the disruption of lipid metabolic
homeostasis in cardiomyocytes, particularly under metabolic disease conditions such as obesity and type 2
diabetes. Under normal physiological conditions, the heart primarily relies on fatty acids as its main energy source
while maintaining metabolic flexibility [2]. However, in pathological states, excessive fatty acids are taken up by
cardiomyocytes, exceeding their oxidative capacity and storage capabilities. This leads to abnormal intracellular
lipid accumulation and the formation of metabolic intermediates, ultimately inducing mitochondrial dysfunction,
endoplasmic reticulum stress, oxidative stress, inflammatory responses, and apoptosis, which contribute to
myocardial structural remodeling and dysfunction [3-5].

3.1. Initial Steps in the Disruption of Myocardial Fatty Acid Metabolic Homeostasis

The uptake of fatty acids by cardiomyocytes is an active process rather than a passive diffusion, precisely
regulated by various proteins. Dysregulation of this uptake is a critical initial step in the development of myocardial
lipotoxicity, primarily involving abnormalities in fatty acid transport, intracellular carriers, and activation-related
proteins. The FATPs and CD36 (FAT/CD36) are pivotal in mediating fatty acid uptake in cardiomyocytes.
Notably, CD36 accounts for approximately 50% of long-chain fatty acid uptake in these cells, and its subcellular
localization directly influences uptake efficiency [37,38]. In insulin-resistant states, although glucose uptake in
cardiomyocytes diminishes, the translocation of CD36 to the cell membrane increases as a compensatory
mechanism, exacerbating fatty acid uptake [39]. The Adenosine 5'-monophosphate (AMP)-activated protein
kinase (AMPK) signaling pathway serves as a key upstream regulator of CD36 membrane localization. Under
pathological conditions, abnormal AMPK activation or disruption of its downstream signaling perpetuates CD36’s
anchoring to the cell membrane, creating a vicious cycle of sustained fatty acid influx [40,41]. Recent studies have
highlighted that palmitoylation modification of CD36 is essential for its membrane localization and function.
Inhibiting CD36 palmitoylation effectively reduces fatty acid uptake and ameliorates lipotoxicity-related
myocardial metabolic disorders and dysfunction, indicating that CD36 could be a promising therapeutic target for
addressing myocardial lipotoxicity [42,43]. Among the FATPs family, FATP1 and FATP6 are highly expressed
in cardiac tissue, and FATP1 dysfunction is directly linked to lipotoxicity. Using animal models has shown that
cardiac-specific overexpression of FATP1 can induce lipotoxic cardiomyopathy, characterized by significant
myocardial lipid accumulation, cardiac hypertrophy, and heart failure [44]. FATP proteins serve dual roles: they
mediate transmembrane fatty acid transport and function as very long-chain acyl-CoA synthetases that activate
fatty acids transported into cells. Their excessive expression disrupts myocardial lipid homeostasis, acting as a
significant trigger for lipotoxicity [45,46]. Heart-type fatty acid-binding protein (FABP3), the most abundant fatty
acid carrier protein in cardiomyocytes, directs fatty acids to mitochondria (for B-oxidation), lipid droplets (for
storage), or participates in signal transduction [47]. Under conditions of lipid overload, the expression and function
of FABP3 are altered, leading to imbalances in the distribution of fatty acids among different metabolic pathways,
further exacerbating lipid accumulation [48,49]. Simultaneously, FABP3 serves as an important biomarker of
myocardial injury, with elevated circulating levels reflecting the extent of cardiomyocyte damage [50]. Fatty acids
need to be activated by ACSLs to form acyl-CoA before entering oxidative or storage metabolic pathways. Among
the ACSL family, ACSL1 is highly expressed in the heart, providing substrates for mitochondrial B-oxidation and
raw materials for TG and complex lipid synthesis [34,51]. The expression of ACSL1 is tightly regulated by
transcription factors such as PPARa. Under lipotoxic conditions, variations in ACSL activity directly influence
the metabolic fate of excess fatty acids. If ACSL-mediated activation efficiency aligns with mitochondrial
oxidative capacity, fatty acids can be effectively decomposed; however, if the oxidative pathway becomes
saturated, excess acyl-CoA is redirected to non-oxidative metabolic pathways, laying the groundwork for the
generation of toxic lipid intermediates [52,53].
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3.2. Generation and Damaging Effects of Toxic Lipid Intermediates

When fatty acid influx exceeds immediate oxidative needs, a critical protective mechanism is their
esterification into triglycerides (TGs) and storage within cytoplasmic lipid droplets (LDs) [54,55]. This process
buffers against the accumulation of lipotoxic species like ceramides and DAG. The mobilization of this stored TG
is governed by a sequential lipolytic cascade [56]. Adipose Triglyceride Lipase (ATGL), the rate-limiting enzyme,
initiates lipolysis by hydrolyzing TGs to DAG, which is subsequently hydrolyzed by Hormone-Sensitive Lipase
(HSL) [57]. The coordinated action of ATGL and HSL thus controls the release of fatty acids from this neutral
lipid pool, determining their availability for oxidation or their potential re-routing into toxic pathways when this
buffering capacity is overwhelmed [58].

Furthermore, when the fatty acid oxidation pathway in cardiomyocytes becomes saturated, excess acyl-CoA
is diverted into non-oxidative metabolic pathways, leading to the production of diacylglycerol (DAG) and
ceramides. These molecules are central players in myocardial lipotoxicity, exerting their toxic effects by disrupting
signaling pathways and causing organelle damage. Ceramides, as key intermediates in sphingolipid metabolism,
accumulate in cardiomyocytes and are closely associated with apoptosis, mitochondrial dysfunction, and insulin
resistance [59,60]. Under lipotoxic conditions, ceramide synthesis occurs mainly through three pathways: (1) the
de novo synthesis pathway, driven by saturated fatty acids (such as palmitic acid), where serine
palmitoyltransferase (SPT) serves as the rate-limiting enzyme; (2) sphingomyelin hydrolysis, activated by
inflammatory cytokines (such as TNF-a) or oxidative stress, leading to ceramide generation through the hydrolysis
of cell membrane sphingomyelin; and (3) the salvage pathway, which contributes less to ceramide accumulation
under pathological conditions [61]. The damaging mechanisms of ceramides encompass three main aspects: (1)
inhibition of the insulin signaling pathway by directly inhibiting key protein kinase B (PKB/Akt), resulting in
insulin resistance in cardiomyocytes and reduced glucose utilization [59,60]; (2) induction of oxidative stress and
apoptosis through the activation of NADPH oxidase 4 (Nox4), which produces excessive reactive oxygen species
(ROS) while inhibiting the protective Erk5 signaling pathway, triggering apoptotic programs [62,63]. Additionally,
ceramides can directly act on mitochondria, inducing increased mitochondrial outer membrane permeability,
promoting cytochrome c release, and activating caspase cascades [45,46]; (3) disruption of cell membrane
microstructure: As hydrophobic molecules, ceramides can embed into the cell membrane, altering the fluidity and
composition of lipid raft microdomains, interfering with receptor function and signal transduction [61]. In the Akita
diabetic mouse model, elevated myocardial ceramide levels correlate directly with the development of diabetic
cardiomyopathy, further underscoring their pathological significance [64,65].

DAG plays a crucial role as an intermediate in TG synthesis and functions as an important intracellular second
messenger [66]. In cardiomyocytes, its accumulation primarily induces toxic effects by activating various members
of the protein kinase C (PKC) family [67]. Under lipotoxic conditions, DAG—especially the sn-1,2-DAG subtype—
specifically recruits and activates PKC isoforms, such as PKCO and PKCe, at the cell membrane. Once activated,
PKC disrupts normal cellular signaling by phosphorylating downstream substrates [68]. This phosphorylation of
insulin receptor substrate (IRS) inhibits its tyrosine phosphorylation, effectively blocking insulin signaling and
worsening myocardial insulin resistance [69]. Moreover, aberrant PKC activation is closely linked to myocardial
hypertrophy, fibrosis, and contractile dysfunction [70]. Diacylglycerol kinase (DGK) is a critical enzyme that
regulates cellular DAG levels by catalyzing the conversion of DAG to phosphatidic acid, thereby decreasing
intracellular DAG concentrations. While the exact mechanisms by which DGK influences myocardial lipotoxicity
require further exploration, targeted modulation of DGK activity to manage the DAG-PKC signaling pathway has
emerged as a promising therapeutic approach for mitigating myocardial lipotoxicity [71].

3.3. Organelle Dysfunction Mediated by Lipotoxicity

The buildup of toxic lipids, such as ceramides and DAG, significantly disrupts the functional homeostasis of key
organelles within cardiomyocytes, with the mitochondria and the endoplasmic reticulum being the primary targets [6].
These organelles’ stress responses exacerbate lipotoxic damage. Mitochondria, which are essential for fatty acid p-
oxidation, are particularly susceptible to lipotoxic injury [72]. Their dysfunction is primarily marked by increased
oxidative stress, impaired energy metabolism, and a disrupted dynamic balance [73]. When fatty acid influx into
mitochondria exceeds the capacity of the B-oxidation pathway, it results in an overproduction of ROS by the electron
transport chain (ETC). These ROS inflict damage on mitochondrial DNA, structural proteins, and membrane lipids,
creating a detrimental cycle of “oxidative damage—functional decline” [2,74]. To manage excess energy, mitochondrial
uncoupling proteins (UCPs) in the inner membrane are activated [75]. By uncoupling the proton gradient from ATP
synthesis, UCPs dissipate energy as heat. While this compensatory mechanism may temporarily reduce ROS production,
chronic activation ultimately impairs ATP synthesis efficiency, leading to an energy crisis in cardiomyocytes [76].
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Mitochondria maintain their morphology, quantity, and functional integrity through continuous fission and fusion
processes, which are severely disrupted under conditions of myocardial lipotoxicity [77]. Notably, key proteins that
mediate mitochondrial fission, such as dynamin-related protein 1 (Drpl) and its receptor Fisl, are significantly
upregulated. This excessive fission results in fragmentation of the mitochondrial network, producing small, spherical
mitochondria with compromised function. These dysfunctional organelles are either subjected to autophagic clearance
or release pro-apoptotic factors [78,79]. Animal studies have demonstrated that pharmacological inhibition of Drpl-
mediated fission can mitigate myocardial injury induced by ischemia-reperfusion [80]. Conversely, the expression of
mitochondrial fusion proteins, including Mitofusin 2 (Mfn2) for outer membrane fusion and optic atrophy 1 (OPA1) for
inner membrane fusion, is downregulated. OPA1 is crucial for maintaining cristac structure and the stability of
respiratory chain complexes. Reduced expression or abnormal processing of OPA1 (as evidenced by an altered L-
OPA1/S-OPA1 ratio) severely compromises mitochondrial fusion capacity, leading to diminished ATP production and
reduced cell survival [81]. Consequently, promoting mitochondrial dynamics—such as enhancing fusion and inhibiting
excessive fission—has emerged as a promising therapeutic strategy for treating cardiomyopathy.

The endoplasmic reticulum serves as the central site for protein synthesis, folding, and lipid synthesis [82].
An overload of lipids disrupts endoplasmic reticulum homeostasis, resulting in the accumulation of unfolded or
misfolded proteins within the lumen, which triggers endoplasmic reticulum stress and the unfolded protein
response (UPR) [83,84]. The UPR activates adaptive responses through three parallel signaling pathways: PERK,
IREla, and ATF6 [85]. However, if stress persists, the adaptive response shifts toward pro-apoptotic signals,
further aggravating myocardial damage. Upon activation, protein kinase R-like endoplasmic reticulum kinase
(PERK) phosphorylates eukaryotic initiation factor 2a (Eif2a), inhibiting global protein translation to alleviate the
endoplasmic reticulum folding burden [86]. Concurrently, the phosphorylation of Eif2a selectively promotes the
translation of transcription factor ATF4 [87]. ATF4 translocates to the nucleus, where it upregulates the expression
of apoptosis-related genes, particularly CHOP/C/EBP homologous protein, which is a key executor of endoplasmic
reticulum stress-induced apoptosis [88]. Inositol-requiring protein 1a (IRE1a), the most conserved sensor in the UPR,
activates its endonuclease activity upon activation, splicing X-box binding protein 1 (XBP1) mRNA to produce the
active transcription factor XBP1s. XBPls upregulates genes associated with protein folding, transport, and
endoplasmic reticulum associated degradation (ERAD), helping restore endoplasmic reticulum homeostasis [89-91].
However, under prolonged stress, IRE1a activates pro-apoptotic signals such as c-Jun N-terminal kinase (JNK),
further damaging cells. Activating transcription factor 6 (ATF6) moves from the endoplasmic reticulum membrane
to the Golgi apparatus under stress conditions, where it is cleaved by proteases to release its active cytoplasmic
domain (ATF6 p50). This domain enters the nucleus to upregulate genes for chaperone proteins, including
BiP/GRP78, and XBP1, enhancing the ER’s folding capacity [92]. Under persistent lipotoxic stress, all three UPR
pathways significantly increase CHOP expression, ultimately activating caspase-12 (in mice) or caspase-4 (in
humans) and downstream caspase-3, initiating the apoptotic program [93].

3.4. Synergistic Damaging Effects of Inflammatory Response and Programmed Cell Death

Lipotoxicity not only disrupts intracellular metabolism and organelle function but also triggers systemic
inflammatory responses and various forms of programmed cell death, resulting in significant cardiomyocyte loss and
exacerbating cardiac structural remodeling and functional deterioration [6,62]. Excessive saturated fatty acids and
ceramides can act as “damage-associated molecular patterns” (DAMPs), activating the NLRP3 inflammasome in
cardiomyocytes [94]. Once assembled, the NLRP3 inflammasome activates caspase-1, leading to the cleavage and
activation of interleukin-1f (IL-1B) and IL-18. These pro-inflammatory cytokines recruit immune cells, including
monocytes and macrophages, to myocardial tissue, intensifying local inflammation and tissue damage, thereby creating
a positive feedback loop of “inflammation-lipotoxicity” [95,96]. Myocardial lipotoxicity can induce various forms of
programmed cell death, collectively contributing to cardiomyocyte loss: (1) Apoptosis: As previously mentioned, the
mitochondrial pathway (cytochrome c release) and the endoplasmic reticulum stress pathway (CHOP upregulation) are
the primary mechanisms of lipotoxicity-induced apoptosis [7]; (2) Necroptosis and Pyroptosis: Recent studies have
confirmed that these two forms of programmed necrosis also play a role in lipotoxic myocardial injury. Pyroptosis is
directly linked to NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome activation,
while necroptosis occurs through the RIPK1/RIPK3/MLKL signaling axis [97,98]; (3) Lipid accumulation-related
death: Under hypoxic or ischemic conditions, TG accumulation in cardiomyocytes can lead to endoplasmic reticulum
stress, mitochondrial dysfunction, and inflammatory responses, further promoting cell death [30]. Additionally,
abnormal expression of specific proteins can exacerbate lipotoxic damage; for instance, the very low-density lipoprotein
receptor (VLDLR) facilitates lipid accumulation in HL-1 cardiomyocytes and mouse hearts under hypoxic or ischemic
conditions [80]. Cardiomyocyte-specific overexpression of FATP1 or ACSL1 increases the uptake of FFAs, leading to
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the accumulation of toxic lipids such as ceramides and TGs. This, in turn, activates iNOS, pro-hypertrophic signals, and
apoptotic pathways, ultimately resulting in heart failure [99]. To fully appreciate the supply side of lipid overload, it is
crucial to consider systemic and local regulatory mechanisms. The adipose-heart axis plays a significant role, where
dysfunctional adipose tissue in obesity releases excessive fatty acids and pro-inflammatory adipokines into the
circulation, directly contributing to the lipid burden faced by the heart [100]. Furthermore, at the coronary endothelium,
the processing of triglyceride-rich lipoproteins is a critical step. Lipoprotein lipase (LPL), the key enzyme hydrolyzing
triglycerides into fatty acids for cardiac uptake, is anchored to the capillary lumen by its transporter,
glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1 (GPIHBP1). The transcytosis of the
LPL-GPIHBPI1 complex across endothelial cells ensures its proper positioning and function, and disruptions in this
process can significantly impact myocardial lipid delivery [101]. These studies suggest that the fundamental issue of
myocardial lipotoxicity lies in the imbalance between lipid supply and oxidative capacity, culminating in the
accumulation of lipotoxic substances, rather than merely an increase in fatty acids intake (Figure 2).
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Figure 2. Under pathological conditions, increased CD36 translocation to the membrane, dysfunctional FATP1/6
and FABP3, and hyperactivation of ACSL1 collectively lead to an imbalance in myocardial fatty acid uptake and
activation. This process is modulated by the AMPK and PPARa signaling pathways. When fatty acid influx exceeds
the mitochondrial B-oxidation capacity, excess acyl-CoA is diverted into non-oxidative metabolic pathways,
resulting in the generation of toxic lipid intermediates such as ceramide and diacylglycerol (DAG). Ceramide exerts
its damaging effects by inhibiting the ErkS signaling pathway, promoting cytochrome c release, and inducing
mitochondrial oxidative stress and apoptosis. Furthermore, ceramide contributes to insulin resistance via activation
of the PKB/Akt pathway and triggers inflammation by activating the NLRP3 inflammasome, leading to the
maturation and release of pro-inflammatory cytokines IL-1f and IL-18. DAG, on the other hand, intensifies insulin
resistance by abnormally activating the PKC signaling pathway and promotes myocardial hypertrophy and fibrosis.
Moreover, the accumulation of these toxic lipids primarily impairs the function of key organelles, including
mitochondria and the ER. Mitochondria exhibit enhanced oxidative stress, energy metabolism dysfunction—
characterized by abnormal activation of UCP—and disrupted dynamics, including enhanced fission mediated by
Drpl/Fisl and impaired fusion mediated by Mfn2/OPA1. Lipid overload in the ER induces ER stress, activating
the unfolded UPR through its three major branches. Initially an adaptive response, prolonged ER stress shifts toward
pro-apoptotic signaling via upregulation of CHOP, leading to the activation of caspase cascades and the initiation
of apoptosis. Cluster of Differentiation 36: CD36; Fatty Acid Transport Protein: FATP; Fatty Acid-Binding Protein:
FABP; AMP-activated Protein Kinase: AMPK; Peroxisome Proliferator-Activated Receptor Alpha: PPARa; Long-
chain Acyl-CoA Synthetase 1: ACSLI1; Diacylglycerol: DAG; Endoplasmic Reticulum Stress: ER; Unfolded
Protein Response: UPR; Dynamin-related Protein 1: Drpl; Mitochondrial Fission 1 Protein: Fisl; Mitofusin 2:
Mifn2; Optic Atrophy 1: OPA1; NOD-, LRR- and Pyrin Domain-Containing Protein 3: NLRP3; Interleukin-1
Beta/Interleukin-18: IL-1B/IL-18; Extracellular Signal-Regulated Kinase 5: Erk5; Protein Kinase B: PKB/Akt.

4. Impact of Myocardial Lipotoxicity on Cardiovascular Diseases
4.1. Heart Failure

Heart failure, a severe complication of impaired myocardial lipid metabolism, is intricately linked to cardiac energy
metabolic remodeling and the resulting cascade of lipotoxic injury [8,92]. In a healthy heart, around 60—70% of ATP is
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produced through fatty acid B-oxidation (FAO) [1]. However, during heart failure, myocardial energy metabolism
experiences profound reprogramming. Initially, as a compensatory response to hypoxia and oxidative stress, the heart
transitions from primarily utilizing fatty acids to increased glucose reliance. As the condition progresses, this metabolic
shift becomes maladaptive and ultimately leads to decompensation [102]. This phase is characterized by persistently
diminished fatty acid oxidation capacity, a compensatory increase in glycolysis, and impaired glucose oxidation due to
inadequate pyruvate entry into mitochondria, resulting in significantly reduced energy production efficiency [103]. This
metabolic disruption not only creates an “energy-starved” state but also disturbs lipid homeostasis, paving the way for
lipotoxicity. In metabolic disorders like obesity and type 2 diabetes, elevated circulating FFAs are excessively absorbed
by cardiomyocytes via the fatty acid transporter CD36 [36,104]. Simultaneously, mitochondrial dysfunction and reduced
activity of crucial FAO enzymes (e.g., CPT-I) create a severe imbalance between fatty acid influx and oxidation [105,106].
Excess fatty acids are rerouted into non-oxidative pathways, resulting in cytoplasmic storage as TG or conversion into
harmful lipid intermediates like DAG and ceramides. These toxic lipids disrupt critical signaling pathways, inflicting
multifaceted damage on cardiomyocyte structure and function [107,108].

Ceramides and DAG serve as pivotal effector molecules in mediating myocardial lipotoxicity, intricately
regulating signaling pathways that trigger apoptosis, metabolic dysregulation, and organelle dysfunction.
Ceramide, a crucial signaling molecule within sphingolipid metabolism, contributes to cellular injury through three
primary mechanisms [109,110]. First, it directly activates caspase cascades, facilitates cytochrome c release
through mitochondrial outer membrane permeabilization, and inhibits pro-survival AKT signaling, ultimately
inducing apoptosis. Notably, inhibiting ceramide synthesis significantly diminishes apoptosis [111,112]. Second,
ceramide activates protein phosphatase 2A (PP2A) and atypical protein kinase C{ (PKC(), which inhibit the
tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1), thereby impairing AKT activation. This disruption
in turn hinders the membrane translocation of glucose transporter 4 (GLUT4), exacerbating the energy crisis and
diminishing AKT-mediated anti-apoptotic effects [113—116]. Third, ceramide interferes with endoplasmic reticulum
calcium homeostasis, triggering the UPR. Sustained endoplasmic reticulum stress leads to an upregulation of CHOP
(C/EBP homologous protein) and activation of caspase-12, promoting apoptosis [72]. In failing hearts, markers of
endoplasmic reticulum stress (e.g., GRP78, CHOP) show a positive correlation with ceramide levels, and the
endoplasmic reticulum stress inhibitor 4-phenylbutyric acid (4-PBA) has been shown to improve cardiac function [83].
Meanwhile, DAG primarily exerts its toxicity by activating specific PKC isoforms [117]. PKC8 phosphorylates IRS-
1 at serine 307, thereby blocking its interaction with the insulin receptor, inhibiting AKT activation, and impairing
GLUT4 translocation [67,118]. In cases of cardiac dysfunction induced by a high-fat diet, the knockout of PKC6
mitigates DAG-induced damage [119]. Additionally, PKCS activates pro-hypertrophic transcription factors like
NF-kB, promoting long-term maladaptive hypertrophy and eventual decompensation [30]. Moreover, PKC-
mediated phosphorylation of ryanodine receptor 2 (RyR2) and phospholamban (PLN) leads to calcium leakage
from the sarcoplasmic reticulum (SR) and enhances the inhibition of SR Ca?**-ATPase (SERCA2a), ultimately
impairing diastolic function and reducing contractility [120,121].

Mitochondria, as the primary site of fatty acid f-oxidation, are critical targets for lipotoxicity. Mitochondrial
dysfunction directly contributes to energy depletion in heart failure, a process carefully regulated by the
AMPK/PGC-10/PPARa signaling axis. Excess lipids cause the uncoupling of the mitochondrial electron transport
chain, leading to the overproduction of ROS[115]. ROS can damage mitochondrial DNA, respiratory chain
complexes, and mitochondrial membranes, creating a vicious cycle of “ROS generation—mitochondrial damage—
further ROS production” [107-109,112]. This results in reduced efficiency of oxidative phosphorylation and a
sharp decline in ATP synthesis, which is insufficient to support cardiac contraction and relaxation [122].
Lipotoxicity also disrupts mitochondrial dynamics by downregulating fusion proteins (Mfnl/2, OPA1) and
upregulating fission proteins (Drpl, Fisl), leading to mitochondrial fragmentation. This further impairs energy
production and increases the risk of apoptotic factor release [107,123]. The dysregulation of the AMPK/PGC-
lo/PPARa axis exacerbates mitochondrial dysfunction. PPARa, the master regulator of fatty acid metabolism,
controls the expression of genes related to FAO, such as CD36 and CPT1 [104,124]. In heart failure, its expression
and activity are significantly diminished [36]. PGC-1la, a coactivator of PPARa, regulates both FAO and
mitochondrial biogenesis; its impairment compromises energy substrate utilization and mitochondrial capacity
simultaneously [103]. AMPK, functioning as a cellular energy sensor, is typically activated under energy-deficient
conditions to promote the PGClo—PPARa pathway [125]. However, in advanced heart failure, AMPK activation
is blunted, failing to initiate necessary compensatory mechanisms [103]. In a mouse model of heart failure with
preserved ejection fraction (HFpEF) supplementation with astragaloside IV has been shown to activate the
Nrf2/HO-1 signaling pathway, resulting in the upregulation of antioxidant enzymes (e.g., HO-1, NQO-1) and
modulation of the Bel-2/Bax balance, which attenuates oxidative stress and improves cardiac function [126]. These
insights underscore the potential of targeting mitochondrial function to counteract myocardial lipotoxicity (Table 1).
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Table 1. Summary of core mechanisms in heart failure myocardial lipotoxicity.

Core Component

Key Pathological Changes/Molecules

Specific Mechanisms and Consequences

Functional Impact References

1. Metabolic Remodeling
& Lipid Accumulation

Metabolic Reprogramming

— Impaired Fatty Acid Oxidation (FAO): Reduced activity of key enzymes (e.g., CPT1)
and mitochondrial dysfunction.

— Dysregulated Glucose Utilization: Compensatory increase in glycolysis, but impaired
glucose oxidation (blocked pyruvate entry into mitochondria).

—  Result: Significantly reduced ATP production efficiency, leading to myocardial
“energy starvation.”

Inadequate energy supply,
impairing the basis of
cardiac contraction

and relaxation.

[102,103]

Disruption of Lipid Homeostasis

—  Background: Elevated circulating FFAs due to metabolic syndromes (e.g., diabetes).

—  Process: Excessive FFA uptake via CD36, coupled with insufficient oxidative capacity,
results in lipid “influx > efflux.”

— Result: Excess fatty acids are diverted into toxic lipid species like DAG and ceramide.

Establishes the foundation

for lipotoxic injury. [36,104-108]

2. Lipotoxic Injury

1. Induces Apoptosis: Activates caspase cascade, promotes cytochrome c release, and
inhibits pro-survival Akt signaling.
2. Causes Insulin Resistance: Activates PP2A/PKCC, inhibits IRS-1 tyrosine phosphorylation

Cardiomyocyte death,
metabolic dysregulation,

(Core Effector Molecules) Ceramide and Akt activation, impedes GLUTA4 translocation, worsening energy crisis. and organelle [49,72,83,109-116]

3. Triggers ER Stress: Disrupts calcium homeostasis, induces the UPR, and initiates dysfunction.
apoptosis via CHOP/caspase-12 upregulation.

1. Causes Insulin Resistance: Activates PKCO, leading to IRS-1 phosphorylation (Ser307),
blunting insulin signaling. Insulin resistance, cardiac

DAG 2. Promotes Hypertrophy: activates PKCd, which subsequently activates pro-hypertrophic ~ hypertrophy, and
S . YPEL ; [69,117-121]

transcription factors like NF-kB. diastolic/systolic

3. Disrupts calcium handling: PKC activation phosphorylates RyR2 (causing calcium leak)  dysfunction.

and PLN (enhancing inhibition of SERCA2a).

3. Mitochondrial
dysfunction

Oxidative stress & damage

—  ROS Burst: lipid overload causes electron transport chain uncoupling, generating
excessive ROS.

— Vicious Cycle: ROS damages mitochondrial components (DNA, proteins, membranes),
creating a “ROS-induced damage-increased ROS” cycle.

—  Result: decreased oxidative phosphorylation efficiency and a sharp decline in ATP synthesis.

Direct cause of

enorgy failure [107-109,115,122]

Dynamical imbalance

—  Fragmentation: downregulation of fusion proteins (Mfn1/2, OPA1) and upregulation of
fission proteins (Drpl, Fisl).

— Result: fragmented mitochondrial network, reduced functional capacity, and increased
risk of pro-apoptotic factor release.

Further compromises
energy production [107,123]
capacity.

4. Dysregulation of key
signaling axis

AMPK/PGC-10/PPARa Axis

— PPARa|: downregulation and inactivation of this master regulator of fatty acid
metabolism reduces CD36, CPT]1, etc.

—  PGC-1ay: impaired function of this coactivator disrupts both FAO and
mitochondrial biogenesis.

— AMPK]: blunted activation of this cellular energy sensor fails to initiate compensatory
pathways during energy deficit.

— Result: exacerbates mitochondrial dysfunction and metabolic imbalance.

Loss of core regulatory
control over metabolic
homeostasis, accelerating
HF progression.

[36,103,104,124,125]

5. Potential therapeutic
directions

Nrf2/HO-1 pathway

In HFpEF models, activating this pathway upregulates antioxidant enzymes (e.g., HO-1,
NQO-1), modulates apoptotic balance (Bcl-2/Bax), and alleviates oxidative stress.

Indicates antioxidant
therapy as a [126]
promising strategy.
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4.2. Arrhythmias

Myocardial lipotoxicity leads to the abnormal accumulation of bioactive lipid intermediates in
cardiomyocytes, forming a complex pathological network referred to as “lipo-arrhythmogenesis.” This condition
arises through direct modulation of ion channel function, disruption of calcium homeostasis, induction of oxidative
stress, and remodeling of electrical conduction pathways [9]. The primary mechanisms involve three interrelated
aspects: abnormal triggered activity, calcium dysregulation, and impaired electrical conduction [127]. Regarding
triggered activity, ceramide—a key bioactive sphingolipid—impairs the rapidly activating delayed rectifier
potassium current (IKr) through two main pathways: direct binding to the hERG channel protein and activation of
protein phosphatases (PP1/PP2A), leading to channel dephosphorylation, reduced function, and decreased
membrane expression [128]. The inhibition of IKr significantly prolongs action potential duration (APD) and the
effective refractory period (ERP), increasing the likelihood of L-type calcium channel (LTCC) recovery from
inactivation and subsequent reopening, which can induce early afterdepolarizations (EADs) [129]. These EADs
serve as triggers for malignant ventricular arrhythmias, such as Torsades de Pointes (TdP). Long-chain
acylcarnitines (LCACs), which are intermediate metabolites of fatty acid f-oxidation, accumulate intracellularly
during metabolic stress due to an imbalance between production and clearance. Their amphiphilic properties
enable them to integrate into cell membranes and the lipid microenvironment of ion channels, leading to a dose-
dependent inhibition of IKr, sodium current (INa), and L-type calcium current (ICa-L) [130]. By delaying
repolarization, LCACs extend APD and promote EADs. Additionally, LCACs enhance the opening of RyR2,
increasing diastolic calcium leakage and creating conditions conducive to delayed afterdepolarizations (DADs),
resulting in a synergistic pro-arrhythmic effect [131]. Notably, LCACs exhibit a concentration-dependent dual
effect on potassium channels: at low concentrations, they activate hERG channels and shorten APD, while at high
concentrations, they inhibit the inward rectifier potassium current (IK1) and ATP-sensitive potassium channels
(IKATP), thereby slowing repolarization [4,130]. Both scenarios ultimately compromise myocardial repolarization
reserve, heightening the susceptibility to arrhythmias.

Oxidative stress-driven disruption of calcium homeostasis serves as a key amplifying mechanism by which
lipid metabolic disorders contribute to arrhythmias. Concurrently, chronic inflammation-induced electrical
remodeling establishes the structural foundation for re-entrant arrhythmias [132]. In lipotoxic environments, ROS
target polyunsaturated fatty acids, leading to lipid peroxidation and the formation of reactive aldehydes like 4-
hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA) [95]. These aldehydes covalently modify (carbonylate)
essential calcium-handling proteins, thereby impairing their functionality [133]. Specifically, 4-HNE alters thiol
groups on RyR2, which increases its open probability and causes diastolic calcium leakage from the SR [134].
This leakage depletes SR calcium stores, weakens systolic calcium transients, and results in cytosolic calcium
overload [135]. At the same time, 4-HNE inhibits the activity of SERCA2a, thereby slowing diastolic calcium
reuptake and exacerbating calcium dysregulation [136]. The rise in cytosolic calcium enhances the forward-mode
activity of the sodium-calcium exchanger (NCX), which exchanges one Ca?" for three Na* ions, resulting in a net
inward current (INCX) that underlies DADs. If DADs reach threshold potential, they may trigger tachyarrhythmias
such as ventricular tachycardia [137,138]. Regarding electrical conduction remodeling, chronic low-grade inflammation
linked to disordered lipid metabolism alters cardiomyocyte electrical coupling by affecting connexin 43 (Cx43) [139].
Reduced adiponectin levels lead to diminished activation of the AMPK signaling pathway—a critical regulator of Cx43
phosphorylation—while elevated leptin levels promote myocardial fibrosis through the JAK2/STAT3 pathway, which
isolates cardiomyocytes. Additionally, inflammatory cytokines like tumor necrosis factor-o, (TNF-a) and interleukin-13
(IL-1PB) activate the NF-kB and p38 MAPK/ERK1/2 pathways, resulting in decreased total Cx43 protein expression,
promoting its dephosphorylation, and causing its lateralization from intercalated discs to lateral cell membranes [140].
The reduction, functional impairment, and abnormal distribution of Cx43 slow conduction velocity and modify
conduction anisotropy, thereby facilitating functional conduction block and creating a substrate for reentry—
fundamental mechanisms sustaining arrhythmias such as atrial and ventricular fibrillation [141].

In summary, disrupted myocardial lipid metabolism fosters arrhythmogenesis through a multifaceted network
that includes: (1) direct modulation of ion channels by bioactive lipids; (2) amplification of oxidative stress-
induced calcium dysregulation; and (3) structural remodeling of electrical conduction due to chronic inflammation.
These pathways interact in positive feedback loops, such as calcium overload further promoting ROS generation
and inflammation exacerbating abnormal lipid accumulation. Future therapeutic approaches for metabolic
arrhythmias should move beyond traditional ion channel blockade to focus on “upstream” regulation of lipid
metabolism. Strategies may include targeted clearance of toxic lipids (e.g., ceramides and LCACs), activation of
AMPK to enhance Cx43 function, and inhibition of NF-«B to mitigate inflammatory responses. Such interventions
could open new avenues for preventing and treating arrhythmias linked to lipotoxicity at their source (Table 2).
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Table 2. The core mechanisms of arrhythmogenesis in myocardial lipotoxicity.

Core Key
Mechanism Mediators/Factors

Electrophysiological Consequences & Reference

Targets/Pathways Affected Arrhythmogenic Effects s

B D.1re_ct hERG channel 1nh1b1t'10n: —  Prolonged APD and increased ERP.
binding to the channel protein.

1. Ab 1 . e S - ili -
trigg errlggma Ceramide — Indirect inhibition: activation of LZTZ?;S;(;ES::F ;lel-t(})lp(zeilhléype [128-130]
activity protein phosphatases PP1/PP2A, inducing EADs, which can initiate

leading to channel o
dephosphorylation. tachyarrhythmias like TdP.

— Inhibition of repolarizing currents
prolongs APD and induces EADs.

— SR calcium leak causes cytosolic
calcium overload, promoting

—  Non-specific inhibition of multiple
ion channels: dose-dependent

LCACs 1nh1b1t10n. of ?Kr, INa, anfi ICa.—L. - DADs, synergizing with EADs. [130,131]
—  RyR2 activation: promoting diastolic Impai tof larizati
calcium leak from the SR. mpairment ol repolarization
reserve, increasing
arrhythmia susceptibility.
- RyR2 modification: Increased open Elle\{ated cytosolic .
. . robability, leading to diastolic SR calelum concentration.
2. Calcium ROS & reactive IC) alcium lea:k — Activating the forward mode of the
homeostasis aldehydes _  SERCA2ai .h'b't' . ired NCX generates a net INCX. [134-138]
dysregulation  (e.g.,4-HNE, MDA) . 18 ITLDITON: mpaire — INCX serves as the direct basis for
diastolic calcium reuptake, .
. . the formation of DADs and can
exacerbating calcium overload. . . .
trigger rapid arrhythmias.
- Adip onecglzil/\l/f;gmj: relgultmg mn — Impaired gap junction function
suppresse signating and weakened intercellular
(reduced Cx43 phosphorylation) and clectrical couplin
activation of the JAK2/STAT3 pume.
. . . — Slowed conduction velocity and
3. Electrical . pathway (promoting fibrosis). . . .
- Chronic Low- . increased conduction anisotropy.
conduction Grade inflammation — Inflammatory cytokines (TNF-a, IL- Creati ¢ bstrate fi [139-141]
disturbance 1B): activation of NF-kB and p38 — ‘-Ieation ot a substrate lor

functional conduction block and re-
entry, sustaining reentrant
arrhythmias (e.g., atrial fibrillation,
ventricular fibrillation).

MAPK/ERK pathways, leading to
downregulation of total Cx43
expression, its dephosphorylation,
and lateralization.

4.3. Atherosclerosis

Atherosclerosis development hinges on the “lipid infiltration theory”, which posits that the pathological
process begins with the accumulation of oxidized low-density lipoprotein (oxLDL) due to disordered lipid
metabolism [10]. This process unfolds through a sequence involving various cells and signaling pathways,
ultimately resulting in endothelial dysfunction, foam cell formation, chronic inflammation, and plaque
destabilization [142]. When circulating low-density lipoprotein cholesterol (LDL-C) levels rise, LDL particles
infiltrate the compromised arterial endothelium into the subendothelial space, where they are modified into oxLDL
by local ROS. Acting as a pivotal bioactive molecule, oxLDL instigates pathological signaling primarily through
the lectin-like oxidized LDL receptor-1 (LOX-1) on endothelial cells [143,144]. Activation of LOX-1 inhibits
endothelial nitric oxide synthase (eNOS) activity via PKC and MAPK pathways, leading to decreased production
of the vasodilator nitric oxide (NO) and resulting in vasomotor dysfunction [145]. Concurrently, LOX-1-mediated
uptake of oxLDL strongly activates the nuclear factor-kappa B (NF-kB) pathway, prompting endothelial cells to
release pro-inflammatory cytokines such as interleukin-8 (IL-8) and tumor necrosis factor-alpha (TNF-a), while
also upregulating vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and
E-selectin to facilitate monocyte adhesion and migration [146]. In this context, microRNAs like miR-49 and let-7 g
can inhibit LOX-1 expression by targeting its mRNA, thereby exerting protective effects [147,148]. This shift in
endothelial cell function from “guardians” to “pro-inflammatory promoters” signals the onset of early
atherosclerotic progression.

Upon entering the subendothelial space, monocytes differentiate into macrophages. They take up oxLDL
uncontrollably through scavenger receptors (SR-A and CD36), bypassing intracellular cholesterol’s negative
feedback regulation, and eventually transform into foam cells, which are the primary constituents of the plaque
lipid core [149,150]. Additionally, oxXLDL functions as a damage-associated molecular pattern (DAMP), that
activates Toll-like receptor 4 (TLR4) on macrophages, triggering the MyD88-dependent pathway, which activates
NF-xB and MAPK signaling, thereby intensifying inflammation. Moreover, oxLDL interacts with the mTORC2-
Akt-mTORC]1 metabolic axis [151,152]. Activation of the PI3K/Akt pathway promotes oxLDL uptake, while
subsequent mTOR activation inhibits SIRT1’s deacetylase activity, enhancing lipid synthesis and uptake while
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suppressing cholesterol efflux [2,153], thereby creating a vicious cycle of lipid accumulation [154-156].
MicroRNAs such as hsa-miR-758-5p and hsa-miR-204-3p can downregulate CD36 expression by targeting its
mRNA, which slows foam cell formation [157]. The precipitation of supersaturated cholesterol into cholesterol
crystals (CCs) within foam cells, coupled with oxLDL-induced mitochondrial dysfunction (characterized by
disrupted electron transport and increased mitochondrial ROS production), collectively triggers NLRP3
inflammasome activation [158]. Accumulation of impaired mitochondria results from inadequate mitophagy,
which further exacerbates mitochondrial ROS release and cytochrome c leakage, ultimately facilitating the
assembly of NLRP3 with ASC and pro-caspase-1 into an active inflammasome [159-162]. Activated caspase-1
cleaves pro-IL-1B and pro-IL-18 into their mature pro-inflammatory forms and also cleaves Gasdermin D,
inducing pyroptosis in foam cells and releasing large amounts of lipids and inflammatory contents, thereby
establishing a positive feedback loop of “inflammation-lipid accumulation” [163].

The phenotypic switching of vascular smooth muscle cells (VSMCs) is a pivotal event in the transition of
atherosclerosis from early fatty streaks to advanced plaques, driven by persistent metabolic regulatory network
imbalances throughout the pathology. Normally quiescent “contractile” VSMCs are stimulated in the plaque
microenvironment by platelet-derived growth factor (PDGF), secreted by macrophages and endothelial cells.
Through the PDGFR-B/FAK pathway, these cells initiate migration and proliferation, synthesizing and secreting
extracellular matrix components to form the plaque fibrous cap [164,165]. In advanced lesions, Kruppel-like factor
4 (KLF4) and Oct4 collaborate to drive VSMCs toward unstable phenotypes resembling macrophages and
osteoblasts, which contribute to plaque calcification and fibrous cap thinning. Additionally, the Hippo pathway
effectors YAP/TAZ become activated under disturbed flow and inflammatory stimuli, promoting VSMC
proliferation and vascular remodeling, which further destabilizing plaques [166]. Throughout this process,
metabolic regulation is governed by the liver X receptor (LXR)/peroxisome proliferator-activated receptor (PPAR)
and AMPK/mTOR signaling axes. LXR (activated by oxidized cholesterol) and PPAR (activated by fatty acids)
upregulate ATP-binding cassette transporters A1/G1 (ABCA1/ABCG1), facilitating reverse cholesterol transport
while also inhibiting the NF-kB pathway to exert anti-inflammatory effects [167—169]. Under conditions of energy
deficiency, AMPK activation inhibits mTORCI, promoting autophagy, clearing damaged mitochondria,
suppressing NLRP3 activation [170], and enhancing LXR/PPAR activity. However, in hyperlipidemic and pro-
inflammatory environments, mTOR is overactivated and AMPK is suppressed, leading to a disruption of metabolic
homeostasis that exacerbates lipid accumulation, inflammation, and abnormal VSMC proliferation [171].

In summary, the development and progression of atherosclerosis are driven by disordered lipid metabolism
through a complex cascade involving multiple stages, cell types, and pathways. The process initiates when oxLDL
attacks the vascular endothelium, compromising its barrier function by activating pathways such as NF-«B.
Subsequently, macrophages excessively phagocytose lipids via scavenger receptors and signaling pathways,
including TLR4/mTOR, leading to their transformation into foam cells. Within these foam cells, danger signals
such as cholesterol crystals and mtROS trigger a vicious cycle of NLRP3 inflammasome activation and impaired
mitophagy, perpetuating inflammatory responses. Ultimately, VSMCs undergo phenotypic switching under the
influence of signals such as PDGF, KLF4, and YAP/TAZ, resulting in plaque growth, thinning of the fibrous cap,
and destabilization of the atherosclerotic lesions. This entire process is underpinned by an imbalance in metabolic
regulatory networks centered around LXR/PPAR and AMPK/mTOR. A comprehensive understanding of these
intricate molecular mechanisms and the interplay between signaling pathways offers a robust theoretical
foundation and identifies potential targets for innovative strategies aimed at preventing and treating atherosclerosis
by intervening at specific points in this cascade (Table 3).

Table 3. The core pathological mechanism of atherosclerosis.

Pathological Critical

Stage Key Cellular Event Molecules/Pathways Specific Actions and Consequences References

- Inhibits eNOS activity: reduces NO
production via the PKC/MAPK pathway,
causing vasodilatory dysfunction.

- Activates NF-kB pathway: induces
expression of adhesion molecules

oxLDL/LOX-1 receptor (VCAM-1/ICAM-1) and secretion of pro- [10,142-148]
inflammatory cytokines (TNF-o/IL-8),
recruiting monocytes.

- Protective miRNAs: miRNAs like miR-49
and let-7 g can target and suppress LOX-1
expression, exerting a protective effect.

Lipid infiltration and
endothelial activation LDL
1. Endothelial  enters the subendothelial
dysfunction space, becomes oxidized to
oxLDL, and activates
endothelial cells.
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Table 3. Cont.

Pathological Critical

Stage Key Cellular Event Molecules/Pathways Specific Actions and Consequences References

—  Unregulated lipid uptake: leads to massive
intracellular lipid accumulation, forming the
Scavenger receptors plaque’s lipid core.
(SR-A, CD36) —  Protective miRNAs: miRNAs like hsa-miR-
758-5p can target CD36, slowing foam cell
formation.

Monocyte migration into the
intima, differentiation into
macrophages, and
unregulated uptake of
oxLDL to form foam cells.

2. Foam cell

formation [149,150]

— Amplifies inflammation: oxXLDL acts as a

DAMP to activate TLR4, amplifying

inflammation via the NF-xB/MAPK
TLR4/NF-kB pathway pathway.
& mTORC2-Akt- —  Promotes lipid accumulation: Akt/mTOR [2,151-156]
mTORCI axis signaling activation inhibits SIRT1,

simultaneously promoting lipid uptake and

inhibiting cholesterol efflux, creating a

vicious cycle.

Inflammation amplification
and metabolic dysregulation

—  Triggering activation: activated by
cholesterol crystals and mitochondrial
dysfunction (mtROS, impaired mitophagy).

Inflammasome activation —  Cytokine release: activated caspase-1
3. Plaque and pyroptosis cleaves pro-IL-1p and pro-IL-18 into their
progression &  cholesterol crystals and NLRP3 Inflammasome mature, active forms. [159-163]
destabilization ~mtROS trigger intense — Induces pyroptosis: cleaves gasdermin D,
inflammatory responses. leading to macrophage pyroptosis and the
release of inflammatory contents, worsening
local inflammation and necrotic core
formation.

— Migration and proliferation: PDGF, via the
PDGFR-B/FAK pathway, drives VSMC
migration into the intima and proliferation,
contributing to the fibrous cap.

— Dedifferentiation: KLF4 and Oct4 drive

PDGF/KLF4&Oct4 VSMCs toward unstable phenotypes,
YAP&TAZ weakening the fibrous cap and promoting
calcification.

—  Mechanosensing: YAP/TAZ activation
promotes VSMC proliferation and vascular
remodeling, contributing to plaque
instability.

VSMCs transition from a
contractile to a synthetic/
macrophage-like phenotype.

[164-166]

—  Promotes cholesterol efflux: upon
activation, they upregulate
ABCA1/ABCGlH, facilitating cholesterol
export to ApoA-I/HDL.

—  Exerts anti-inflammatory effects: suppresses
the NF-kB pathway.

4. Overarching
metabolic
regulation

Cholesterol reverse transport

and Anti-inflammation LXR/PPAR Pathways

[167-171]

5. Therapeutic Strategies and Future Research Directions
5.1. Current Therapeutic Strategies

Current therapeutic approaches to myocardial lipotoxicity primarily focus on modulating lipid metabolism,
alleviating cardiac load, and intervening in specific molecular pathways. Lifestyle interventions form the
cornerstone of treatment, emphasizing dietary changes and physical activity to reduce lipid intake and enhance
lipid utilization. Research indicates that moderate weight loss can markedly decrease myocardial lipid content,
thereby improving cardiac function. In terms of pharmacological treatments, various cardiovascular drugs have
shown promise in mitigating myocardial lipotoxicity, yet their limitations warrant consideration. SGLT2
inhibitors, such as empagliflozin and dapagliflozin, have been validated in multiple large randomized controlled
trials to significantly lower the incidence of cardiovascular events and cardiovascular-related mortality among
patients with heart failure, including those with and without diabetes [172,173]. The cardioprotective mechanisms
of these agents are multifaceted, including promoting urinary glucose excretion, optimizing energy metabolism,
and inhibiting inflammatory and fibrotic processes. However, their efficacy can be influenced by renal function,
and side effects such as genitourinary infections and euglycemic diabetic ketoacidosis, though rare, require clinical
vigilance [174].

Trimetazidine, a metabolic modulator, has been shown to enhance cardiac function by shifting myocardial
energy metabolism from fatty acid oxidation to glucose oxidation [175—-177]. Numerous randomized controlled
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trials and meta-analyses have demonstrated that trimetazidine can improve left ventricular ejection fraction in heart
failure patients, enhance NYHA functional classification, boost exercise capacity, and reduce rehospitalization
rates [178]. Nevertheless, its class-specific side effects, such as parkinsonism and other gait disorders, have led to
usage restrictions in some countries, highlighting a risk-benefit consideration that may limit its long-term use in
certain populations [179].

PPARa agonists, such as fibrates, activate the PPARa transcription factor, regulate the expression of lipid
metabolism-related genes, and lower serum triglyceride levels [180,181]. Nonetheless, the cardiovascular benefits
of these drugs remain contentious; for instance, the selective PPARa modulator pemafibrate did not achieve a
significant reduction in cardiovascular events in the PROMINENT trial [182,183]. Furthermore, older fibrates like
gemfibrozil carry a risk of myopathy and rhabdomyolysis, particularly when co-administered with statins, and can
elevate serum creatinine levels [184].

5.2. Emerging Therapeutic Strategies and Future Directions

Future therapeutic strategies for myocardial lipotoxicity should place greater emphasis on targeting specific
molecular pathways, developing personalized treatment plans, and addressing fundamental scientific challenges.
ACC inhibitors act directly on acetyl-CoA carboxylase (ACC), a key enzyme in de novo lipogenesis, thereby
reducing the production of toxic lipid species [185]. Preclinical studies have indicated that ACC2 knockout mice
display protection against cardiac hypertrophy [186]. However, there is a lack of robust evidence from human
clinical trials. Therapeutic strategies aimed at the ceramide signaling pathway may offer enhanced specificity. For
example, ceramide synthase inhibitors or agents that promote ceramide degradation can directly mitigate toxic
lipid accumulation in the myocardium [187]. Therapies targeting inflammation pathways aim to disrupt the
inflammatory responses provoked by lipotoxicity, potentially utilizing specific anti-inflammatory drugs or
cytokine inhibitors to break the vicious cycle between lipotoxicity and cardiac structural remodeling [188].
Furthermore, for patients with inherited metabolic disorders or severe myocardial injury, gene therapy and cell
therapy could present promising new treatment avenues.

Future research must also address several critical and challenging scientific questions:

(1) Spatiotemporal Dynamics of Lipotoxicity: How do the composition and localization of specific lipid species
(e.g., ceramide subspecies, DAG) within distinct cardiomyocyte subcellular compartments (e.g., sarcolemma,
mitochondrial-associated membranes, lipid droplets) dynamically change during the progression from
metabolic syndrome to overt heart failure?

(2) The Lipid Droplet Paradox: What specific molecular signals govern the transition of lipid droplets from a
protective storage organelle to a source of lipotoxic fatty acids? Is this due to dysregulation of the ATGL-
HSL lipolytic cascade, impaired droplet autophagy (lipophagy), or alterations in the lipid droplet proteome?

(3) Personalized Metabolic Phenotyping: Can we identify specific circulating or imaging biomarkers that reliably
predict an individual’s susceptibility to myocardial lipotoxicity versus their capacity for adaptive fatty acid
oxidation? This would move the field towards personalized cardiometabolic medicine, allowing therapies to
be tailored based on whether a patient’s heart is primarily “lipid-overloaded” or “lipid-inefficient”.

(4) Targeting Inter-organ Communication: What is the precise mechanistic role of extracellular vesicles and
specific miRNAs derived from dysfunctional adipose tissue or the liver in directly instigating or amplifying
lipotoxic signaling within cardiomyocytes?

(5) Rescuing Mitochondrial Quality Control: Beyond general antioxidant approaches, can we develop strategies
to specifically enhance the selective autophagic clearance of lipotoxicity-damaged mitochondria (mitophagy)
in the heart without disrupting overall mitochondrial biogenesis?

Large-scale prospective cohort studies, particularly those employing cardiac magnetic resonance
spectroscopy (1H-MRS) technology, are essential for clarifying the quantitative relationship between myocardial
lipid content and cardiovascular clinical outcomes [189]. Currently, there is a dearth of myocardium-specific
biomarkers for lipotoxicity; the development of highly specific biomarkers will enhance early detection and risk
stratification. Strategies to optimize the combined use of existing drugs should be refined; for instance, the
combination of SGLT2 inhibitors and trimetazidine may yield synergistic effects [190]. Concurrently, the
exploration of novel therapeutic targets, such as modulation of the cGAS-STING pathway or targeting specific
lipotoxic lipid species, should be actively pursued [107]. It is crucial to emphasize that the formulation of any
treatment strategy must be grounded in robust evidence from rigorous medical research, and the processes of
clinical validation must not be overlooked or simplified.
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6. Conclusions

Myocardial lipotoxicity represents a significant pathological mechanism underlying various cardiovascular
diseases, particularly in the context of metabolic dysregulation. It induces cardiovascular pathologies such as
diabetic cardiomyopathy, heart failure, arrhythmias, and coronary artery disease through multiple mechanisms,
including excessive lipid accumulation, formation of toxic lipid species, mitochondrial dysfunction, inflammation
activation, and cell death. Current assessments of this condition primarily rely on cardiac magnetic resonance
spectroscopy and analysis of various biomarkers, yet highly specific detection methods remain insufficient.
Therapeutic strategies encompass lifestyle modifications, the use of existing pharmacological agents (e.g., SGLT2
inhibitors and trimetazidine), and emerging targeted therapies. Future research should focus on deepening our
understanding of molecular mechanisms, developing specific biomarkers, and exploring precise targeted
therapeutic strategies to address the burden of cardiovascular diseases associated with myocardial lipotoxicity.
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