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Abstract: The nucleolus is recognized as the largest and most architecturally complex membrane-less organelle 
within the mammalian nucleus, exhibiting pronounced structural dynamics. Notably, this compartment 
demonstrates exceptional sensitivity to cellular stress; such perturbations frequently culminate in nucleolar stress, 
a condition characterized by structural disintegration, functional compromise, and organellar destabilization. 
Nucleolar stress has emerged as a critical paradigm, positing the nucleolus as both a stress sensor and a signaling 
hub under pathological conditions. Mechanistically, nucleolar stress responses have been demonstrated to exert 
pleiotropic regulatory effects on cell cycle progression, differentiation and cell fate determination, thereby 
triggering apoptosis, senescence, or autophagy in stressed cells. The nucleolus, being the principal site of 
ribosomal biogenesis and cell cycle control, has been implicated in the pathogenesis of cardiovascular disorders. 
Clinical and experimental evidence consistently reveals distinct nucleolar morphological aberrations and 
ribosomal dysfunction during cardiovascular stress events, particularly in myocardial infarction and 
cardiomyopathy. These disruptions have been shown to impair cardiac proteostasis and metabolic homeostasis, 
consequently exacerbating myocardial dysfunction. Therefore, elucidating the molecular mechanisms underlying 
stress-induced nucleolar signaling pathways may provide two key translational benefits: the identification of novel 
diagnostic biomarkers for early cardiovascular disease detection, and the discovery of precision therapeutic targets. 
Such advancements could substantially refine clinical management strategies and improve patients’ prognoses. 

Keywords: nucleolus; nucleolar proteins; cardiovascular diseases; stress events; liquid-liquid phase separation 
 

1. Introduction 

The nucleolus, a prominent membraneless organelle within the eukaryotic nucleus, serves as the primary site 
for ribosomal biogenesis while playing pivotal roles in diverse cellular processes, including cell cycle control and 
stress sensing. Emerging evidence has revealed that nucleolar stress—a pathophysiological state triggered by 
structural or functional perturbations of the nucleolus—exerts profound influences on the pathogenesis and 
progression of cardiovascular diseases (CVDs). Through multifaceted mechanisms, nucleolar stress disrupts 
cardiovascular homeostasis, contributing to disease development. Current therapeutic strategies are increasingly 
targeting nucleolar stress-associated signaling cascades, particularly the well-studied p53 and mTOR pathways, to 
mitigate cardiovascular injury. Nevertheless, the precise molecular mechanisms governing nucleolar involvement 
in CVDs and their potential clinical translation remain incompletely understood. Functioning as a critical nexus 
between fundamental cellular biology and cardiovascular pathophysiology, nucleolar stress offers novel insights 
into disease mechanisms and therapeutic opportunities. A deeper mechanistic understanding of nucleolar stress 
may pave the way for identifying innovative diagnostic biomarkers and targeted interventions, ultimately 
improving clinical outcomes in CVD patients. This review systematically illustrates the structural and functional 
features of the nucleolus, delineates the hallmarks of nucleolar stress responses, and elucidates their mechanistic 
links to cardiovascular diseases. 

2. Nucleolus Characteristics 

The nucleolus was first identified in the 1830s by physiologist Gabriel Gustav Valentin, who observed a 
highly refractive intranuclear body using light microscopy. Notably, due to its central nuclear localization, this 
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structure was designated the “nucleolus” [1]. Subsequent investigations in the 1930s by Heitz and McClintock 
demonstrated that nucleolar assembly occurs at specific chromosomal loci [2,3], later characterized as nucleolar 
organizer regions (NORs) [4]. These domains were subsequently shown to comprise clustered ribosomal 
deoxyribonucleic acid (rDNA) transcription units [5], which are invariably surrounded by perinucleolar 
heterochromatin [6]. From a structural perspective, the nucleolus is recognized as the most prominent and 
evolutionarily conserved membrane-less subnuclear compartment in eukaryotes [7]. Ultrastructural analyses via 
electron microscopy have resolved its tripartite architecture, consisting of three concentric subdomains: (1) the 
fibrillar center (FC), the site of rDNA transcription, (2) the dense fibrillar component (DFC), where ribosomal 
ribonucleic acid (rRNA) processing occur, and (3) the granular component (GC), which facilitates ribosome 
assembly [5]. However, the spatial organization of these compartments exhibits considerable heterogeneity across 
species, cell types, and physiological conditions [8]. For instance, Scheer et al. reported striking organizational 
differences: nucleoli in mouse Ehrlich ascites tumor cells display a tightly packed concentric arrangement, whereas 
those in cultured RV rat cells adopt a reticular configuration featuring multiple small FCs anchored to DFC strands 
within a dispersed GC matrix [8]. Furthermore, immunofluorescence studies have revealed cell type-specific 
staining patterns, while FC/DFC markers typically form discrete puncta in common cell lines (e.g., MCF-7, U-
251), they occasionally coalesce into larger spherical structures in other cellular contexts [9]. 

According to the Human Protein Atlas (https://www.proteinatlas.org/humanproteome/subcellular/nucleoli, 
accessed on 1 June 2025), approximately 7% (n = 1461 proteins) of the human proteome is localized to the 
nucleolus, including key structural components such as fibrillarin (FBL) in the DFC and nucleophosmin (NPM) 
in the GC [6,10]. Notably, 89% (n = 1299) of these nucleolar proteins exhibit multiple localization in other cellular 
compartments, particularly the cytoplasm and mitochondria. Proteins displaying similar subcellular distribution 
patterns frequently demonstrate functional convergence [9]. Despite significant advances in ultrastructural 
characterization, the precise subnucleolar distribution and functional specialization of nucleolar proteins remain 
incompletely elucidated. Furthermore, the nucleolus harbors transcriptionally active rRNA genes (rDNA) along 
with their associated transcriptional machinery, including RNA polymerase I (Pol I), protein kinases, 
phosphatases, and methyltransferases [7,11–13]. While hundreds of nucleolar proteins involved in transcriptional 
regulation and precursor rRNA (pre-rRNA) processing are precisely localized within the three canonical nucleolar 
subdomains [6], the functional consequences of their spatial organization for efficient pre-rRNA maturation remain 
poorly understood. A seminal study by Chen and colleagues, employing high-resolution live-cell microscopy, 
identified a previously unrecognized substructure, a 200-nm thick peripheral region of the DFC (PDFC) [14]. This 
compartment was demonstrated to be enriched with at least 12 proteins and was confirmed through three-
dimensional modeling as an evolutionarily conserved substructure within each FC-DFC unit. Importantly, 
functional analyses established the PDFC’s essential role in rRNA maturation [14]. These findings not only 
provide crucial insights into the functional significance of nucleolar protein localization but also suggest the 
existence of additional, yet-to-be-discovered functional subdomains within the nucleolus. 

3. Mechanisms of Nucleolus Formation 

In addition to conventional membrane-bound organelles including secretory vesicles, the Golgi apparatus, and the 
endoplasmic reticulum, eukaryotic cells contain numerous membrane-less ribonucleoprotein (RNP) assemblies [15]. 
These comprise both nuclear compartments (e.g., nucleoli and Cajal bodies) and cytoplasmic structures (e.g., stress 
granules and processing bodies). Collectively referred to as biomolecular condensates [16], these membrane-delimited 
organelles maintain discrete boundaries while exhibiting dynamic internal organization, thereby enabling spatial 
segregation of specific proteins and RNAs. Notably, despite their lack of lipid membranes, these RNP condensates 
demonstrate functional equivalence to traditional organelles in regulating biochemical reaction efficiency through 
selective molecular partitioning [17]. An emerging paradigm suggests that many RNPs possess liquid-like properties 
and undergo formation through liquid-liquid phase separation (LLPS) [18–21]. This physicochemical process, whereby 
a homogeneous solution spontaneously separates into coexisting dense and dilute phases, is driven by multivalent 
macromolecular interactions. LLPS has been increasingly recognized as a fundamental mechanism governing the 
biogenesis of intracellular condensates [16,22]. Significantly, phase-separated compartments have been demonstrated to 
participate in multiple essential cellular processes, including higher-order chromatin organization, transcriptional 
regulation, selective autophagy of misfolded proteins, signal transduction complex assembly, and coordination of 
cytoskeletal dynamics involving both actin filaments and microtubules [16]. 

The nucleolus is assembled through LLPS, forming distinct liquid phases or domains characterized by 
differential surface tensions that prevent mixing [23]. Notably, the GC is enriched with negatively charged proteins 
such as NPM, which undergoes droplet formation via phase separation upon RNA binding. This liquid-like 
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property is postulated to facilitate its functional role in ribosome biogenesis [23]. Emerging evidence demonstrates 
that intrinsically disordered proteins and low-complexity domain-containing proteins drive nucleolar assembly 
through phase transitions [16,24]. Consistent with this notion, multiple nucleolar proteins, including FBL and 
NPM, have extensive intrinsically disordered regions (IDRs) [6,9,23], which are enriched in charged domains 
essential for LLPS [6,25,26]. Of particular significance, many nucleolar proteins possess glycine-arginine-rich 
domains [27], wherein arginine residues alongside lysine constitute the core determinants of nucleolar localization 
signals [28]. These domains have been shown to promote the spontaneous formation of proteinaceous droplets 
both in vitro and in vivo [29,30]. Seminal work by Feric et al. demonstrated that purified nucleolar proteins (NPM, 
FBL, and POLR1E) undergo immiscibility-driven phase separation, recapitulating nucleolar stratification, wherein 
differential surface tensions sustain its multilayered architecture [15]. Domain-specific analyses further elucidated 
that IDRs mediate protein condensation into phase-separated droplets. Beyond proteinaceous components,  
rRNA [31] and long non-coding RNAs (lncRNAs) [32] have been implicated in nucleolar LLPS and structural 
organization. Collectively, these findings underscore the critical role of protein-protein and protein-RNA 
interactions in cellular LLPS, wherein molecular mixtures of proteins and RNA substrates undergo phase 
separation at saturation concentrations [16]. Additional regulatory factors, including pH, temperature, and post-
translational modifications (PTMs), have also been reported to modulate LLPS [16,33,34]; however, their precise 
mechanistic contributions to nucleolar microenvironments remain poorly understood. Recent advances by Ye et 
al., employing fluorescence lifetime imaging microscopy with environment-sensitive fluorophores, revealed that 
micro-polarity gradients are essential for multilayered condensate formation [35]. Specifically, the GC layer 
exhibits higher micro-polarity than the DFC, with micro-polarity variations directly driving structural  
transitions [35]. Notably, actinomycin D (Act D) treatment was found to induce GC depolarization, concomitant 
with DFC hyperpolarization and subsequent nucleolar cap formation [35]. This work establishes micro-polarity as 
a previously unrecognized yet critical determinant of membraneless organelle organization and functionality. 

4. The Functions of the Nucleolus 

Despite its membrane-less architecture, the nucleolar protein network is tightly regulated during cellular 
growth and proliferation [12]. Functioning as the central hub for ribosome biogenesis, the nucleolus orchestrates 
critical processes including cell cycle progression, cellular senescence, and stress responses [36,37]. In addition to 
these canonical roles, it contributes to signal recognition particle assembly, telomerase regulation, and exerts 
tumor-suppressive or oncogenic functions [36,37]. Notably, the nucleolar proteome undergoes dynamic 
remodeling via continuous protein exchange, thereby adapting to fluctuating cellular demands and environmental 
stresses [38]. Of particular interest, numerous nucleolar functions are mediated by the selective sequestration or 
release of cell cycle-regulating transcription factors [37,39,40], highlighting its remarkably sophisticated 
regulatory capacity in the absence of membrane delineation. 

4.1. Participate in the Synthesis and Assembly of Ribosomes 

Extensive studies have established that the precise microscopic architecture of the nucleolus is intrinsically 
linked to its role in regulating ribosomal biogenesis. The FC serves as the primary repository for NORs, which 
have rDNA sequences. During active transcription, rDNA relocates from the FC core to the FC-DFC interface, 
where RNA Pol I catalyzes the synthesis of a 47S precursor rRNA (pre-rRNA) [7,41]. Subsequent processing 
occurs through a spatially organized cascade: the pre-rRNA undergoes sequential cleavage and post-transcriptional 
modifications within the DFC before being transported to the GC for final maturation. This process yields three 
critical rRNA species—5.8S, 18S, and 28S rRNA. Notably, while 5.8S and 28S rRNA (along with 5S rRNA 
derived by RNA pol III [41]) constitute the large (60S) ribosomal subunit, 18S rRNA exclusively forms the small 
(40S) subunit [5,7]. These subunits are subsequently exported to the cytoplasm, where they assemble into 
functional 80S ribosomes capable of mRNA binding and protein synthesis [42] (Figure 1). The dynamic nature of 
nucleolar proteins reflects cellular demands, with ribosomal biogenesis being particularly sensitive to cell cycle 
progression [11]. 

As ribosome function directly determines translational capacity [43–46], perturbations in ribosomal 
biogenesis can have profound consequences. This relationship is exemplified in ribosomopathies, where Mills and 
Green demonstrated that mutations in ribosomal proteins (RPs) frequently lead to functional impairments and 
reduced global protein synthesis [44]. Their comprehensive analysis supports two non-mutually exclusive 
mechanistic hypotheses. First, ribosomal dysfunction may preferentially affect mRNA-specific translational 
control, with certain cell types exhibiting heightened sensitivity. This vulnerability stems from differential mRNA 
dependence on ribosome concentration—transcripts with inefficient translation initiation are particularly 
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susceptible to ribosomal perturbations [44]. Supporting evidence includes the observed hypersensitivity of 
reticulocytes and platelets to ribosomopathies, likely due to unique aspects of their ribosome recycling and rescue 
pathways [47]. Disruptions in these specialized mechanisms can profoundly impact ribosome homeostasis and 
consequently, global gene expression patterns. Alternatively, emerging evidence suggests that tissue-specific 
ribosome heterogeneity—whether through variable core components, differential protein composition, or distinct 
PTMs—may facilitate specialized translational programs [44]. This paradigm challenges the traditional view of 
ribosomes as uniform molecular machines, instead positing that ribosomal specialization could contribute to the 
tissue-specific manifestations observed in ribosomopathies. 

 

Figure 1. The nucleolar involvement in ribosomal biogenesis and assembly [11] (Reprinted with permission from Ref. 
Targeting the nucleolus as a therapeutic strategy in human disease, 2023, Corman, A.; Sirozh, O.; Lafarga, V.; et al.). 
The nucleolus typically exhibits a concentric circular organization in eukaryotic cells. Notably, when rDNA 
transcription is initiated, the rDNA sequences undergo spatial relocation from the nucleolar interior to the FC-DFC 
boundary. Subsequently, RNA Pol I catalyzes the transcription of rDNA into a 47S precursor rRNA (pre-rRNA) 
molecule. This primary transcript is then processed within the DFC to yield mature 5.8S, 18S, and 28S rRNA species 
through a series of post-transcriptional modifications. Conversely, 5S rRNA is synthesized independently by RNA Pol 
III and subsequently imported into the nucleolus. Within the GC, the 5.8S and 28S rRNAs are assembled with 5S 
rRNA and RPs to form the 60S large ribosomal subunit, whereas the 18S rRNA is incorporated into the 40S small 
subunit. Following their maturation, these ribosomal subunits are exported to the nucleoplasm and subsequently 
transported to the cytoplasm. Ultimately, the 40S and 60S subunits associate to form the functional 80S ribosome 
during translation initiation. 

4.2. Regulation of the Cell Cycle and Apoptosis 

Beyond its canonical role in ribosomal biogenesis, the nucleolus has been implicated in the regulation of cell 
cycle progression and apoptotic pathways [5,48]. In eukaryotic systems, the cell cycle comprises a tightly 
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regulated, irreversible sequence of phases (G1, S, G2, and M), each characterized by distinct biochemical and 
morphological events [49]. Notably, the nucleolus undergoes cyclical disassembly and reassembly, with its 
structural integrity and functional capacity dynamically modulated in synchrony with nuclear remodeling. Key 
nucleolar transitions are orchestrated at critical cell cycle checkpoints, as delineated below: 
(1) S/G2 phase transition: Following the completion of DNA replication in S phase, cells enter G2, a preparatory 

phase preceding chromosomal segregation in mitosis [48]. 
(2) M phase initiation: The accumulation of cyclin B1-cyclin-dependent kinase 1 (CB1-CDK1) complexes 

induces hyperphosphorylation of the RNA Pol I initiation machinery, resulting in nucleolar deformation and 
progressive volumetric reduction concomitant with chromatin condensation [50]. 

(3) M phase progression: As mitosis proceeds, rRNA transcripts are dispersed, transcriptional silencing ensues, 
and chromatin undergoes maximal compaction, culminating in nuclear envelope breakdown and nucleolar 
dissolution [50]. 

(4) M phase termination: Upon mitotic exit, the decline in CB1-CDK1 activity facilitates the resumption of rRNA 
synthesis and nucleolar reformation via the fusion of prenucleolar bodies at NORs [5,51]. 

(5) G1 checkpoint surveillance: This stringent regulatory mechanism arrests the cell cycle upon detection of 
DNA lesions or aberrant spindle assembly, thereby enabling repair processes or triggering programmed cell 
death in metazoans [48]. 
Although fully functional nucleoli are reassembled during G1 phase, their structural organization and 

functional capacity exhibit remarkable dynamism throughout interphase. Notably, the stage-specific recruitment 
of various nucleolar-associated proteins suggests an active regulatory role in cell cycle progression [52]. Among 
the most dynamic alterations observed are PTMs, which serve as critical regulators of diverse cellular processes. 
Intriguingly, the nucleolus itself participates in modulating specific PTMs, including protein polymerization and 
phosphorylation events [53]. Reversible protein phosphorylation, in particular, represents a fundamental 
regulatory mechanism governing pivotal cell cycle transitions. Substantial evidence demonstrates that nucleoli 
contribute significantly to the phosphoregulation of cell cycle components. For instance, nucleolar-mediated 
phosphorylation dynamics have been shown to directly influence cyclin-dependent processes. A compelling 
illustration of this regulatory paradigm is observed in Saccharomyces cerevisiae, where the nucleolus-localized 
protein phosphatase Cdc14 executes critical control over mitotic exit through dephosphorylation of Cdh1, the 
activator of mitotic cyclin degradation [53]. This mechanism effectively promotes the activation of cyclin-
dependent kinases, thereby facilitating proper cell cycle progression. 

4.3. Participate in Nucleolar Stress Response 

The precise molecular definition of nucleolar stress remains to be comprehensively elucidated within the 
scientific community. Originally conceptualized as perturbations disrupting ribosomal biogenesis homeostasis that 
subsequently activate cellular stress responses, this phenomenon has been variously designated as “ribosomal 
stress” or “ribotoxic stress” [54,55]. Canonical inducers encompass RNA pol I inhibitors such as Act D [56] or 
dysregulated expression of nucleolar proteins that compromise ribosomal function [57]. Contemporary 
perspectives posit nucleolar stress as comprising both morphological and functional aberrations of the nucleolus 
induced by diverse stressors, ultimately culminating in cellular homeostasis disruption through either p53-
dependent or -independent signaling cascades. Notably, Cohen et al. employed complementary fluorescence 
imaging modalities to systematically quantify translocation dynamics of >1000 endogenously labeled proteins in 
living cells following topoisomerase I (topo I) inhibition [58]. Their seminal work demonstrated that the 
predominant population of drug-responsive translocating proteins were nucleolar constituents, with a pronounced 
reduction in topo I nucleolar intensity being observed within 2 min post-treatment [58]. These findings strongly 
implicate the nucleolus as both a primary sensor of transcriptional impairment and an active modulator of early 
stress response pathways. 

4.3.1. Changes in Nucleoli under Stress Conditions 

Proteomic analyses have elucidated a spectrum of dynamic nucleolar responses to diverse stress stimuli, 
including hypoxia, oxidative stress, transcriptional inhibition (e.g., by Act D), viral infections, and DNA damage 
(e.g., UV irradiation or etoposide-induced topoisomerase II inhibition), all of which perturb nucleolar microstructure 
and biological function [12,59–63]. Notably, distinct stress modalities differentially impact ribosomal subunit 
biogenesis and cellular growth, consistently correlating with profound alterations in nucleolar organization and 
proteomic composition [5]. High-resolution proteomic and electron microscopic studies demonstrate that stress-
induced nucleolar segregation involves the physical separation of the FC and DFC from the GC, forming three distinct 
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parallel architectures [6,7]. In this configuration, the FC establishes discrete caps associated with corresponding GC 
centrosomes, constituting the characteristic “nucleolar cap” structure [7,64] (Figure 2). Conversely, under conditions 
of ribosomal protein depletion that induce severe nucleolar fragmentation, DFC adopts a beaded necklace-like 
morphology embedded within the expanded GC regions [11] (Figure 2). It is crucial to distinguish nucleolar 
segregation from fragmentation events: while the former occurs following RNA Pol I inhibition [11], the latter 
predominantly results from RNA Pol II or protein kinase inhibition [58], manifesting as the FC disintegration and the 
formation of nucleolar foci alongside residual caps [65]. Furthermore, viral infections elicit specific nucleolar 
morphological alterations, including nucleolar hypertrophy [66,67]. These observations collectively establish that 
nucleolar number, architecture, and morphology serve as sensitive indicators of cellular stress response states [68,69]. 
For instance, heightened protein synthesis demands trigger nucleolar proliferation and volumetric expansion to 
augment ribosomal biogenesis capacity [70]. The nucleolar proteome exhibits remarkable dynamism, encompassing 
far more constituents than those strictly required for ribosome production [70]. Under specific stress conditions, 
prominent nucleolar proteins (particularly NPM1 [65,71]) undergo nucleolar-to-cytoplasmic translocation [10,46]. 
Yang et al. pioneered the demonstration of nucleolar oxidation as a universal stress response through single-cell live 
imaging coupled with redox biosensors [72]. Their work revealed that oxidative stress induces S-glutathionylation of 
NPM1 at cysteine 275, precipitating its dissociation from nucleolar nucleic acids [72]. Although RNase or DNase 
treatment may partially contribute to NPM1 displacement, this effect is negligible compared to oxidation-mediated 
regulation [72]. Nevertheless, the precise mechanisms governing nucleolar protein relocalization remain 
incompletely characterized and warrant further investigation. 

 

Figure 2. Nucleolar structural reorganization in response to cellular stress. Under stress conditions, the nucleolus 
undergoes progressive structural dissociation. High-resolution imaging reveals that the FC and DFC spatially 
segregate from the GC, establishing three distinct parallel architectures. In this configuration, the FC forms discrete 
cap-like structures that remain associated with GC, a morphological arrangement termed the “nucleolar cap”. 
Conversely, under conditions inducing severe nucleolar fragmentation, the DFC undergoes marked structural 
reorganization, adopting a characteristic beaded necklace-like morphology that becomes embedded within an 
expanded GC compartment. Notably, this structural remodeling is accompanied by the nucleolar-cytoplasmic 
translocation of key nucleolar proteins, including NPM1. Proteomic analyses demonstrate that such protein 
redistribution represents a conserved response to diverse stress stimuli, although the precise mechanistic 
underpinnings remain to be fully elucidated. 

4.3.2. Changes in LLPS during Nucleolar Stress 

The nucleolus has been demonstrated to actively participate in LLPS processes, contributing to the formation 
of biomolecular condensates [23,73]. Notably, Frottin et al. revealed that the GC exhibits intrinsic chaperone-like 
activity, enabling the selective sequestration of nuclear and cytoplasmic proteins, including misfolded protein 
aggregates [10,23]. Under nucleolar stress conditions, misfolded proteins are recruited into the liquid-like GC matrix, 
where they undergo transient interactions with nucleolar proteins such as NPM. These dynamic associations 
significantly reduce protein mobility within the GC phase, thereby preventing irreversible protein aggregation [6]. 
Upon stress resolution, the dissociation of misfolded proteins from the GC compartment is precisely regulated by 
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heat shock protein 70 chaperones, which facilitate either protein refolding or proteasomal degradation [23]. This 
quality control mechanism enables nucleolar proteins to regain their native functional states [23]. However, the 
nucleolar protein sequestration capacity is physiologically constrained. Prolonged stress exposure induces a 
deleterious liquid-to-solid phase transition, characterized by the formation of amyloidogenic aggregates [6,23]. These 
pathological transformations progress through distinct stages: initially forming granular aggregates that, if not 
efficiently cleared by the ubiquitin-proteasome system [10], evolve into fibrillar structures [74], as quantitatively 
demonstrated by fluorescence recovery after photobleaching, droplet coalescence assays, and microrheological 
analyses. Such aberrant phase transitions have been implicated in the pathogenesis of various neurodegenerative 
disorders [74–77]. Complementarily, low-dose Act D treatment provides mechanistic insights into nucleolar stress 
responses. While primarily inhibiting ribosomal RNA synthesis, Act D simultaneously induces structural 
reorganization of nucleolar compartments, culminating in the characteristic “nucleolar cap” formation through DFC-
GC separation [6]. This nucleolar perturbation promotes the accumulation of stable protein aggregates in the 
nucleoplasm, underscoring the critical role of nucleolar LLPS properties in maintaining proteostasis [6]. The resulting 
aggregates exhibit pronounced cytotoxicity by sequestering functional proteins and disrupting normal cellular 
physiology. Similarly, in neurodegenerative pathologies such as amyotrophic lateral sclerosis and frontotemporal 
dementia, C9ORF72 hexanucleotide repeat expansions generate charged dipeptide repeat proteins (DPRs) with high 
rRNA-binding affinity [78,79]. These pathogenic DPRs competitively displace NPM from rRNA complexes, thereby 
destabilizing the GC architecture [78,79]. Consequently, this disruption of nucleolar LLPS dynamics impairs 
ribosomal biogenesis and global protein synthesis, ultimately triggering cell death pathways [78,79]. 

4.3.3. Signaling Pathways Involved in Nucleolar Stress 

Emerging evidence demonstrates that nucleoli function as sophisticated stress sensors during cellular stress 
responses [65,80]. Nucleolar stress induced by aberrant rRNA transcription compromises nucleolar integrity, prompting 
the translocation of nucleolar proteins including NPM and nucleostemin (NS) to the cytoplasm. These relocalized 
proteins subsequently interact with diverse signaling molecules, modulating their stability and activity [23,81–85], 
thereby either activating or suppressing various signaling cascades [86,87]. The p53 pathway represents the most 
extensively characterized stress response mechanism downstream of nucleolar stress [70,88,89]. Within the nucleolar 
context, p53 primarily functions to upregulate RNA pol II-dependent transcription of target genes including p21, Bax, 
Puma, and Noxa [57]. Conversely, p53 simultaneously suppresses RNA pol I activity by disrupting the SL1-UBF 
interaction, consequently attenuating ribosomal subunit production [54]. Mechanistically, p53 regulation during 
nucleolar stress operates through three distinct paradigms [70]: (1) protein-protein interaction networks, (2) nucleolar 
protein translocation events, and (3) transcriptional/translational modulation (Figure 3). 

During nucleolar stress, ribosomal biogenesis is impaired, leading to the accumulation and subsequent 
cytoplasmic release of unassembled RPs such as RPL5, RPL11, and RPL23 [42]. These RPs then bind MDM2 
(murine double minute 2) or HDM2 (human homolog), the principal E3 ubiquitin ligase responsible for p53 
ubiquitination and degradation [55]. This interaction inhibits MDM2/HDM2 ubiquitin ligase activity, thereby 
stabilizing p53 protein levels [65,90]. Notably, translational regulation contributes significantly to this stress response. 
The mRNAs encoding RPL11 and numerous other RPs contain 5′-terminal oligopyrimidine motifs, enabling their 
selective translation during global protein synthesis inhibition [91]. This translational preference may account for 
observed increases in nucleoplasmic RPL11 levels and consequent HDM2 inhibition [92]. Similarly, stress-induced 
dissociation of RPL26 from 60S ribosomal subunits elevates free RPL26 concentrations, which enhances p53 mRNA 
translation through direct binding to its 5′ untranslated region [93,94]. Beyond RPs, the nucleolar protein p19ARF 
(murine)/p14ARF (human), a highly basic, arginine-rich protein, stabilizes and interacts with the central acidic 
domain of MDM2/HDM2 to prevent p53 degradation [5,65,95]. Classical stress stimuli also induce NPM 
translocation, which exhibits dual regulatory functions: direct MDM2/HDM2 binding and inhibition [10,96], and C-
terminal domain-mediated enhancement of p53 transcriptional activity [97]. Furthermore, nucleolar stress activates 
cell cycle checkpoints through ATM/ATR-dependent p53 phosphorylation [98–100], or modulates ribosomal 
biogenesis via the mTOR signaling pathway [101,102]. The nucleolar stress-p53 axis integrates diverse cellular 
processes including senescence, apoptosis, autophagy, and differentiation [103–106], underscoring its pleiotropic role 
in stress adaptation and cellular homeostasis. 

Additionally, emerging evidence demonstrates that nucleoli and nucleolar stress participate in diverse 
regulatory mechanisms independent of canonical p53 signaling [42]. Notably, stress-induced translocation of 
nucleolar proteins to extranucleolar compartments (cytoplasm or nucleoplasm) exerts effects on key cellular 
regulators. These relocalized proteins have been shown to: (1) directly inhibit transcriptional regulators including 
MYC [107], E2F-1 [108], and HIF-1α [109,110], (2) suppress metabolic mediators such as PPAN [111,112], (3) 
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attenuate inflammatory signaling through nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
pathway modulation [113–115], and (4) impair cell cycle progression via CDK4/6 inhibition [116]. Conversely, 
certain translocated nucleolar proteins can activate pro-apoptotic factors such as Bax, thereby triggering cell cycle 
arrest and/or programmed cell death [42]. This bidirectional regulatory capacity highlights the nucleolus’ role as 
a multifaceted stress-responsive hub that orchestrates diverse cellular outcomes through both p53-dependent and 
-independent mechanisms. 

 

Figure 3. Mechanisms of p53 pathway activation in response to nucleolar stress [70] (Reprinted with permission 
from Ref. The nucleolus under stress, 2010, Boulon, S.; Westman, B.J.; Hutten, S.; et al.). Under nucleolar stress 
conditions, RNA Pol I dysfunction results in the accumulation of unassembled RPs that undergo nucleocytoplasmic 
translocation. Notably, cytoplasmic RPL26 binds specifically to p53 mRNA, enhancing the translation of both 
RPL26 and p53 transcripts. Concurrently, RPL11 interacts with MDM2/HDM2, exerting dual regulatory effects: 
(1) stabilizing RPL11 protein levels, and (2) inhibiting the E3 ubiquitin ligase activity of MDM2/HDM2, which 
prevents p53 ubiquitination, thereby increasing p53 protein stability and abundance. The classical nucleolar stress 
response pathway further involves NPM-mediated regulation through direct binding to MDM2/HDM2. 
Additionally, ARF protein interacts with MDM2/HDM2, independently contributing to p53 stabilization. The 
accumulated p53 protein ultimately forms a negative feedback loop by suppressing RNA Pol I transcriptional 
activity, thereby completing the nucleolar stress-p53 signaling axis. This regulatory circuit maintains cellular 
homeostasis by coupling ribosome biogenesis with stress response pathways. 

5. The Role of Nucleolar Stress in Cardiovascular Diseases (CVDs) 

Accumulating evidence has elucidated the pivotal role of nucleolar dynamics in cellular stress responses and 
the pathogenesis of human diseases, with nucleolar stress being mechanistically linked to various pathological 
conditions including neoplastic transformation, neurodegenerative disorders, and aging processes [117–119]. 
Notably, emerging studies have demonstrated a significant association between nucleolar dysfunction and the 
development of cardiovascular pathologies [87,120]. Experimental investigations by Avitabile et al. revealed that 
α1-adrenergic receptor agonist treatment in neonatal rat cardiomyocytes induced marked nucleolar remodeling in 
border zone (BZ) cells of myocardial infarction (MI), characterized by nucleolar hypertrophy and morphological 
irregularities [80]. These pathological alterations were subsequently corroborated in human MI specimens, where 
concomitant cytoplasmic translocation of NS and NPM was observed [80], and at the same time, nucleolar stress 
exacerbates p53-mediated cell death. Furthermore, cardiotoxic chemotherapeutic agents such as Act D and 
doxorubicin (DOX) have been shown to induce nucleolar decondensation and mislocalization of nucleolar stress 
sensor proteins in cardiomyocytes [80,121–123], therefore leading to myocardial cell apoptosis. Clinical 
observations in patients with chronic ischemic cardiomyopathy and dilated cardiomyopathy (DCM) have identified 
significant nucleolar abnormalities, including: (1) nucleolar enlargement, (2) ultrastructural reorganization featuring 
reduced granular components with corresponding fibrillar component expansion, and (3) upregulated ribosomal 
biogenesis activity [124] (Figure 4). Importantly, sustained nucleolar hypertrophy accompanied by the increased FC, 
DFC, and peri-nucleolar chromatin accumulation serves as a hallmark of persistent nucleolar stress [124]. 
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Figure 4. Nucleolar remodeling and cytoprotective mechanisms in cardiac pathology-induced nucleolar stress. This 
schematic illustrates the dynamic nucleolar alterations and their functional consequences in response to CVDs-
induced stress. The nucleolus thereby serves as both a stress sensor and adaptive responder in cardiac 
pathophysiology, coordinating cell survival and tissue repair processes through these multifaceted mechanisms. 

However, the Sussman research group established that MI induces rapid upregulation of nucleolar proteins, 
representing an early stress response event [87]. Their findings demonstrate that nucleolar stress initiates both the 
transcriptional activation and subcellular redistribution of cardioprotective nucleolar proteins. Among these, NS, 
NPM and nucleolin (NCL) have been most extensively characterized [87]. These proteins exhibit dual 
functionality in cardiomyocytes through both mediating cell survival pathways and concurrently activating 
inflammatory cascades along with facilitating cardiac tissue repair [120,125,126]. Accumulating clinical and 
experimental evidence positions the nucleolus as a critical regulator in cardiovascular pathogenesis, where 
nucleolar protein expression dynamics substantially influence cardiomyocyte fate determination [70]. Notably, as 
primary cellular stress sensors, nucleoli respond to injury through both structural reorganization and activation of 
downstream signaling networks [70,127]. In acute MI adult models, Siddiqi and colleagues made several key 
observations that relatively low levels of NS expression in the myocardial nucleus mainly located in the ischemic 
zone and BZ significantly increase due to MI [128]. Temporal analysis by western blot revealed: (1) detectable 
NS elevation by 24 h post-MI, (2) significant protein accumulation by 48 h, (3) peak expression at 72 h and (4) 
subsequent decline to baseline within 7 days [128]. Western blot quantification confirmed this biphasic expression 
pattern, with maximal NS levels corresponding to the critical window for myocardial repair processes [128]. 
However, distinct nucleolar proteins exhibit differential temporal expression patterns in response to MI-induced 
stress. For instance, while NCL shows an immediate reduction within 24 h post-MI [81], its expression becomes 
significantly elevated during the 7–28 days recovery period [129]. Current investigations have established NPM 
as a critical nucleolar phosphoprotein [130,131] that orchestrates cellular survival and proliferation pathways. 
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Mechanistically, NPM is indispensable for maintaining genomic integrity through its roles in DNA repair and 
chromosomal stability [130,132]. NPM deficiency triggers a cascade of detrimental effects including: (1) nucleolar 
fragmentation, (2) inhibition of precursor RNA synthesis, and (3) induction of cardiomyocyte apoptosis [80]. 
Furthermore, NPM has been demonstrated to modulate NF-κB activity during endothelial cell senescence [133] 
(Figure 4). Intriguingly, in human cardiac mesenchymal progenitor cells, NPM undergoes autophagy-dependent 
secretion into the extracellular compartment [134], where it functions as an endogenous ligand for Toll-like 
receptor 4 (TLR4). This interaction initiates TLR4/NF-κB-mediated inflammatory signaling, potentially 
facilitating cardiac tissue repair processes [135] (Figure 4). Csiszar et al. have established a molecular link between 
NPM and atherogenesis, demonstrating that elevated NPM mRNA expression in aged rat carotid arteries and 
cardiac tissue correlates with enhanced NF-κB activation [133]. These findings posit NPM as a key regulator of 
oxidative stress responses and pro-inflammatory cascades implicated in cardiovascular aging. Complementary in 
vitro studies utilizing oxidized low-density lipoprotein (oxLDL)-treated human vascular endothelial cells reveal 
that NPM dephosphorylation is associated with both diminished proliferative capacity and exacerbated cellular 
dysfunction [136]. Conversely, Jiang et al. have demonstrated that NCL overexpression confers cardioprotection 
against hypoxia- and H2O2-induced cardiomyocyte apoptosis [81]. This protective role is further substantiated by 
observations in transgenic murine models, where cardiac-specific NCL overexpression attenuates ischemia-
reperfusion injury, as evidenced by reduced cellular necrosis and diminished infarct size [81]. These collective 
findings suggest that NCL facilitates cardiomyocyte recovery following stress exposure. NCL exhibits dual 
cytoprotective function, such as mitigating oxidative stress-induced cell death when overexpressed while 
exacerbating cellular damage when depleted. Furthermore, NCL plays a vital role in modulating cytokine 
production, particularly interleukin (IL)-6 and IL-1β, which are critical mediators of inflammatory responses and 
cardiac repair processes [82,137]. Mechanistically, NCL has been shown to be indispensable for M2 macrophage 
polarization—a crucial immunological mechanism for myocardial tissue regeneration—as NCL depletion 
significantly impairs this reparative polarization [129] (Figure 4). 

Nucleolar enlargement serves as a morphological hallmark of augmented protein biosynthesis, representing 
one of the earliest cellular adaptations to chronic stress conditions, including cardiac hypertrophy [56,138]. Siddiqi 
et al. systematically investigated this phenomenon in a pressure overload-induced murine model of myocardial 
hypertrophy, where NS expression was found to be significantly upregulated [128]. Subsequent in vitro 
experiments demonstrated that NS overexpression in cultured cardiac stem cells (CSCs) was functionally 
associated with maintenance of CSCs proliferative capacity as well as preservation of telomeric integrity [128] 
(Figure 4). These findings collectively suggest that NS serves as a critical regulator of cardiac proliferation and 
survival signaling pathways, making it as a promising molecular target for myocardial regeneration and anti-aging 
therapeutic strategies [80]. Concurrently, during the pathological progression from myocardial hypertrophy to 
heart failure (HF) in murine models, NCL has been observed to exhibit enhanced chromatin-binding affinity [139]. 
This increased genomic association facilitates transcriptional reprogramming events that ultimately upregulate 
NCL expression, thereby contributing to myocardial remodeling processes [139]. 

To systematically characterize nucleolar stress markers in cardiomyocytes under pathological conditions, 
accumulating evidence indicates that diminished nucleolar staining intensity may serve as a sensitive indicator of 
cellular stress and is strongly correlated with impaired cardiac function [140,141]. This phenomenon was initially 
documented in a clinical study demonstrating significant reduction of silver-stained nucleolar organizer regions 
(AgNORs) in cardiomyocytes from patients with severe ischemic heart disease complicated by HF [142]. 
Mechanistically, AgNORs predominantly localize to the FC layer, where specific nucleolar proteins exhibit affinity 
for silver nitrate staining [143]. The observed AgNORs reduction in ischemic and failing hearts is attributed to 
suppressed metabolic activity and attenuated rRNA biosynthesis [7,123,144]. AgNORs dynamics exhibit temporal 
regulation during ischemic events, for instance, rapid diminution during transient cardiac arrest while prompt 
restoration upon reperfusion [142,144]. Conversely, in hypertensive cardiomyopathy, NORs activity demonstrate 
positive correlations with key hypertrophic parameters including myocardial mass, left ventricular wall thickness, 
and maximal diastolic pressure [145], suggesting that nucleolar activity is augmented during compensatory cardiac 
hypertrophy [138]. Furthermore, DOX-induced cardiotoxicity elicits distinct AgNORs alterations characterized by 
both morphological enlargement and rod-like structural transformations [87]. Collectively, these findings establish 
NORs as highly sensitive and dynamic biomarker of cardiac pathophysiology (Figure 4). 

Current evidence demonstrates that cardiomyocytes activate nucleolar stress in response to myocardial injury, 
unveiling its intricate pathophysiological mechanisms characterized by biphasic regulatory properties. The 
dichotomous outcomes of nucleolar stress are governed by critical determinants, including stress intensity, 
temporal dynamics, cell type and downstream signaling cascades. Under conditions of sustained or severe stress, 
nucleolar dysfunction exacerbates p53-dependent apoptotic signaling and enhances the release of pro-
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inflammatory cytokines, including TNF-α and IL-6, thereby amplifying local inflammatory cascades and 
compromising cardiomyocyte viability and function. Conversely, moderate or transient nucleolar stress elicits 
adaptive autophagy, a cytoprotective mechanism that facilitates cellular self-preservation. In this context, nucleolar 
stress-induced autophagy promotes the clearance of damaged organelles and misfolded protein aggregates, thereby 
preserving intracellular homeostasis and attenuating inflammatory mediator production through suppression of 
p53-mediated apoptosis [114,146] and inhibition of NF-κB signaling [133,135]. These mechanisms collectively 
support myocardial repair and regeneration. The temporal dynamics of nucleolar stress dictate its divergent effects: 
during the early phase, nucleolar stress induces transient cell cycle arrest, allowing for cellular repair and damage 
mitigation. However, prolonged stress ultimately overwhelms DNA damage repair mechanisms, driving cells 
toward apoptotic or necrotic death. Furthermore, nucleolar stress engages multiple regulatory pathways, including 
modulation of mRNA processing and ribosomal biogenesis, which can profoundly influence cellular metabolic 
states and shift the balance between survival and death. Given its pivotal role in determining cell fate, a 
comprehensive understanding of nucleolar stress mechanisms is essential for developing novel therapeutic 
interventions aimed at ameliorating myocardial injury. 

6. The Role of LLPS in CVDs 

Numerous studies have established that LLPS participates in diverse cellular processes, including adaptive 
and innate immune signaling, stress granule formation, heterochromatin organization, and transcriptional 
regulation [22,147]. Although there is currently no direct evidence indicating the presence of phase separation in 
CVDs, these LLPS-mediated mechanisms play key roles in the pathogenesis of various disorders, particularly 
cancer, neurodegenerative diseases, and inflammatory conditions [22,147]. Notably, emerging research indicates 
that LLPS dysregulation manifested through aberrant protein, nucleic acid and other biological activities, 
significantly contributes to cardiovascular pathophysiology [25]. 

For instance, Horii et al. identified vestigial-like family member 3 (VGLL3) as a mechanosensitive protein 
specifically expressed in cardiac fibroblasts [148]. Their work demonstrated that VGLL3 undergoes LLPS through 
its glutamic acid-rich IDRs, thereby promoting cardiac fibrosis [148]. Complementarily, Xie and his colleagues 
revealed that arachidonate 5-lipoxygenase facilitates the nuclear translocation of RUNX family transcription factor 
2 (Runx2) in an enzyme activity-independent manner [149]. This interaction enhances Runx2 LLPS within the 
nucleus, subsequently activating EGFR and MAPK signaling pathways in cardiomyocytes. Importantly, 
pharmacological inhibition of Runx2 phase separation was shown to attenuate pathological cardiac remodeling in 
heart failure models [149]. Furthermore, Jiang et al. found hematopoietic progenitor kinase 1-interacting protein 
of 55 kDa (HIP-55) as a potent phase-separating protein whose activity is regulated by AKT-mediated 
phosphorylation at residues S269 and T291 [150]. Under conditions of chronic sympathetic overactivation, 
reduced phosphorylation at these sites disrupts HIP-55 phase separation capacity, leading to the formation of 
insoluble aggregates and consequent loss of cardioprotective function in HF [150]. The dynamic phase separation 
behavior of HIP-55 has been demonstrated to critically regulate β-adrenergic receptor signaling by attenuating 
excessive activation of the P38/MAPK pathway [150]. Complementarily, Schneider et al. noted that aberrant phase 
separation of RBM20 mutants leads to pathological accumulation of RNP particles within the sarcoplasm [151]. 
These mislocalized RNP complexes, containing mutant RBM20, preferentially accumulate at Z-disc regions of the 
cytoskeletal network, where they impair microtubule-mediated transport of genetic material [151]. Moreover, 
dysregulated RNP particles sequester actin α1 at phase boundaries, disrupting physiological actin polymerization 
dynamics and thereby contributing to the pathogenesis of DCM [151]. Additionally, messenger RNPs (mRNPs) 
are transported along microtubules to sites of myofibril synthesis in cardiomyocytes, where they not only mediate 
cardiac hypertrophy but may also participate in intercalated disc formation during this process [152]. In the context 
of atherosclerosis, LLPS has been implicated in both autophagy impairment and pro-inflammatory responses 
induced by oxLDL. Li et al. provided direct evidence that macrophage LLPS participates in atherogenesis, 
highlighting its role in vascular pathology [153]. 

Notably, while protein-RNA interactions represent a major driver of LLPS, the precise mechanisms by which 
LLPS governs nucleolar assembly in CVDs remain poorly understood and warrant further exploration. We propose 
that under CVDs conditions, IDRs within nucleolar proteins undergo a disorder-to-order transition, accompanied 
by mutations in key charged residues of IDRs. The sequence composition, length, and post-translational 
modifications of these IDRs critically influence the biophysical properties and functional outcomes of LLPS-
driven condensates, ultimately disrupting nucleolar architecture and impairing the proper translation and folding 
of nucleolar-associated proteins. Furthermore, specific rRNAs, mRNAs, and lncRNAs may actively modulate 
nucleolar phase separation, thereby contributing to aberrant nucleolar organization in CVDs. 
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7. Prospects 

With advancing exploration of cellular microstructure and function, the nucleolus has emerged as a critical 
regulator in cardiovascular pathophysiology, unveiling novel avenues for both fundamental research and clinical 
translation. From a basic research perspective, it is imperative to decipher the precise regulatory mechanisms 
governing nucleolar signaling pathways under stress conditions, elucidate how the nucleolus maintains or remodels 
its structural integrity through processes such as LLPS during pathological states, and systematically characterize 
the molecular cascades through which nucleolar dysfunction precipitates cardiomyocyte pathology through 
leveraging multi-omics approaches encompassing transcriptomics, proteomics, post-translational modification 
profiling, and metabolomics. Notably, from an epigenetic standpoint, nucleolar-associated molecules hold 
substantial promise as clinically actionable biomarkers, potentially enabling early disease detection with high 
sensitivity and specificity. Such advances would facilitate precise screening and risk stratification for diverse 
cardiovascular disorders. 

While clinical applications of nucleolar biomarkers in CVDs remain unexplored, emerging evidence suggests 
their considerable diagnostic and therapeutic potential. We propose several promising nucleolar-related 
biomarkers for CVDs management. Primarily, dysregulated expression of nucleolar proteins observed across 
various CVDs could serve as direct histological markers in tissue biopsies. Additionally, given that nucleolar stress 
impairs ribosome biogenesis, quantification of pre-rRNA or circulating free RNPs complexes may provide 
sensitive indicators of cardiomyocyte stress. Furthermore, alterations in microRNAs and lncRNAs that regulate 
nucleolar function may serve as indirect yet accessible signatures of nucleolar dysfunction. However, significant 
challenges remain: the ubiquitous role of nucleolar components in fundamental cellular processes necessitates 
development of cardiovascular-specific detection methods, while standardization and reproducibility of nucleolar 
biomarker assays require substantial optimization before clinical translation. 

Current research on nucleolar-targeted therapeutics remains predominantly focused on oncology, virology, 
and neurodegenerative disorders, with comparatively limited investigation in CVDs. Nevertheless, certain 
pharmacological agents may indirectly influence cardiovascular pathophysiology through modulation of nucleolar 
stress responses, ribosome biogenesis, nucleolar protein dynamics, or antibodies targeting critical signaling 
molecules. Given the distinct mechanisms underlying nucleolar pathology across disease states, we postulate that 
CVDs-specific nucleolar interventions would likely prioritize direct activation of ribosome biogenesis pathways, 
enhancement of rRNA transcription or processing efficiency, and optimization of translational efficiency to 
maximize nucleolar functional capacity. Spatiotemporal analyses have demonstrated that pretreatment with the 
antioxidant N-acetylcysteine effectively prevents stress-induced NPM1 nucleocytoplasmic translocation [65]. 
Given that nuclear oxidative stress represents a conserved response to diverse cellular insults, we postulate that 
pharmacological antioxidants may similarly preserve nucleolar architectural integrity. By maintaining proper 
nucleolar compartmentalization, such interventions could prevent aberrant interactions between nucleolar proteins 
and extranucleolar components, potentially mitigating adverse cardiovascular outcomes. This stabilization of 
nucleolar spatial organization may represent a novel therapeutic strategy for cardiovascular protection. 
Furthermore, considering the emerging role of LLPS in nucleolar organization, two potential therapeutic avenues 
we may assume. First, for pathological LLPS exacerbating disease progression, development of short peptide 
inhibitors that competitively bind to phase separation domains or interact with key LLPS-associated proteins could 
attenuate aberrant protein aggregation. Second, for physiologically relevant phase separation, pharmacological 
modulation of droplet microenvironment or stabilization of key proteins may restore homeostatic LLPS dynamics. 

Above all, the development of nucleolus-targeted pharmacological agents represents a transformative 
frontier. By precisely modulating key nucleolar effectors implicated in cardiovascular pathogenesis, these 
interventions could correct aberrant nucleolar activation and function, ameliorate cardiomyocyte pathophysiology, 
attenuate or reverse disease progression and minimize adverse effects associated with conventional therapies. This 
targeted strategy would not only enhance therapeutic efficacy and safety but also improve long-term patient 
outcomes, ultimately propelling cardiovascular medicine toward precision and personalized care paradigms. 
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