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Abstract: The onset and progression of heart failure (HF) are primarily driven by 

myocardial fibrosis (MF), a key pathological process. However, previous studies 

have largely focused on interventions targeting single signaling pathways, yielding 

limited clinical efficacy and highlighting the limitations of conventional therapies. 

Currently, the academic community is shifting its focus to “post-translational 

modifications”—deep regulatory mechanisms that transcend the genomic 

template—which are considered key factors contributing to the complexity and 

irreversibility of MF. This article first explores the mechanisms underlying MF 

signaling in a layered manner: centered on the TGF-β/Smad core axis, various 

signaling pathways—including MAPK, PI3K/AKT, and NF-κB—interact to form a 

highly integrated signaling network, rather than targeting a single pathway. Building 

on this foundation, we conduct an in-depth analysis of the critical role of site-specific 

post-translational modifications (PTMs) in this process. Phosphorylation, acetylation, 

ubiquitination, and the emerging lactylation (Kla) are no longer merely biochemical 

modifications; rather, they interact with one another to jointly determine protein 

function and fate. By analyzing synergistic or antagonistic interactions at key lysine 

residues (e.g., SERCA2a K480, α-MHC K1897), this study proposes the “metabolic 

epigenetic imprinting” model. This model provides a rational explanation for how 

“transient stress” is converted into permanent cardiac structural fibrosis through 

“biochemical imprinting.” Finally, we summarize the shift from traditional drug 

therapy to precision PTM editing as a therapeutic approach and, based on the PTM 

profile, elucidate how to achieve better therapeutic outcomes, aiming to provide a 

substantial theoretical foundation for subsequent research on reversing cardiac 

remodeling. 

1. Introduction 

Heart failure (HF) is not a clinical event resulting from a single pathological change, but rather 
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an end-stage syndrome caused by multifaceted pathological alterations, the core feature of which is 

systemic tissue hypoperfusion resulting from impaired cardiac pumping function[1].Although over 

the past three decades, the “golden triangle” regimen—centered on neurohumoral inhibition 

(ACEIs/ARBs and beta-blockers) and metabolic modulation (SGLT2 inhibitors)—has significantly 

reduced patients’ hemodynamic burden[2].However, millions of patients worldwide are still 

hospitalized each year due to worsening symptoms, and the five-year mortality rate is as high as 

50%[3,4].This discrepancy between clinical benefit and long-term prognosis suggests that current 

treatment strategies primarily focus on functional compensation while neglecting structural changes. 

Myocardial fibrosis (MF), as a key pathological milestone in the progression of heart failure (HF), 

involves programmed cell death of cardiomyocytes, abnormal activation of interstitial fibroblasts, 

and pathological remodeling of the extracellular matrix (ECM)[5].Once the myocardial fraction 

crosses the threshold of decompensation, increased ventricular wall stiffness and electrical 

conduction heterogeneity become irreversible pathological changes. 

For a long time, MF has been simplified as excessive collagen deposition following the 

transdifferentiation of fibroblasts into myofibroblasts. However, the application of multi-omics 

technologies has revealed that MF undergoes highly dynamic changes in both spatial and temporal 

dimensions[6].In the spatial dimension, immune cells, endothelial cells, and fibroblasts form a 

complex network of interactions through paracrine pathways. In the temporal dimension, reparative 

fibrosis in the early stages of injury (which mitigates the risk of rupture) and pathological fibrosis in 

the later stages (which leads to functional failure) exhibit fundamental differences in their 

transcriptional programs. The molecular basis for this heterogeneity lies in how cells process 

complex signaling inputs. Although the transforming growth factor β (TGF-β) signaling axis is a 

key pathway in MF, clinical trials targeting only the ligand or receptor have largely failed. This 

suggests that, at a level above the transcriptional level, there exists a more refined and dynamic 

regulatory mechanism for integrating environmental stress. 

In recent years, post-translational modifications (PTMs) have been recognized as a key link 

between environmental stress and cellular phenotypic remodeling. These enzymatic chemical 

modifications confer a complexity on the proteome that far exceeds that of the genome by altering 

protein conformational stability, subcellular localization, and molecular interaction properties[7,8]. 

PTMs serve not only as "switches" for signal transduction but also as the cell's "molecular memory" 

of pathological stimuli. The intensity of TGF-β signaling depends not only on its phosphorylation 

levels, but is also influenced by the degradation rate resulting from ubiquitination at specific sites, 

as well as the nuclear translocation efficiency regulated by acetylation[9,10].This multidimensional 

regulatory network, comprising phosphorylation, glycosylation, ubiquitination, acetylation, and 

lactylation, determines the balance or imbalance of ECM metabolism[11].Therefore, a thorough 

analysis of the regulatory mechanisms of PTMs in myocardial fibrosis is not only aimed at 

identifying new biomarkers but also at providing new avenues for targeted interventions in heart 

failure. 

2. Myocardial Fibrosis: Signal Interaction Networks and Cardiac Remodeling 

The nature of MF extends far beyond simple pathological accumulation of ECM; it represents 

systemic pathological changes occurring in the heart under stress. Epidemiological data reveal that 

fibrosis-related conditions are profoundly affecting approximately one-quarter of the global 

population, and the high mortality rate is primarily due to irreversible destruction of normal organ 

structure and functional failure[12-14].In the heart, MF is a hallmark terminal pathological 

manifestation of various cardiovascular diseases that have progressed to the decompensated 

stage[15]. 
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Traditional models of single-pathway signaling are no longer sufficient to explain the complexity 

of MF formation. Whether induced by myocardial ischemia/reperfusion injury (MI/RI) or chronic 

stress overload, oxidative stress and inflammatory responses jointly remodel the cardiac 

microenvironment, thereby activating CFs[16,17].As the primary components of the ECM, the 

transdifferentiation of fibroblasts into myofibroblasts in response to environmental stimuli serves as 

the core driving force of the myofibroblastic process[18].The pathogenesis of MF does not rely on a 

single pathway but involves multiple signaling pathways, including TGF-β, PI3K/AKT, MAPK, 

and NF-κB[19].These pathways not only have the ability to reprogram normal fibroblasts into a 

fibrogenic phenotype or even cancer-associated fibroblasts (CAFs), but also induce HF by causing 

cardiac chamber dilation, myocardial hypertrophy, and apoptosis[20,21].From another perspective, 

these signaling pathways do not operate in a simple parallel manner but exhibit a distinct “logic gate” 

effect. In this model, the TGF-β/Smad pathway plays a central role in initiating fibrosis, while the 

PI3K/AKT and MAPK pathways serve as hubs and transducers, dynamically regulating the pulse 

frequency and duration of signaling in real time based on the cell’s metabolic state and the intensity 

of stress. 

2.1 Core: TGF-Β/Smad Pathway 

As a central signaling pathway in MF, TGF-β1 converts extracellular stress signals into 

transcriptional reprogramming via the classical Smad pathway. Activated TGF-β family members 

bind to high-affinity receptors, triggering TGF-β receptor I (TβRI) to phosphorylate R-Smads 

(Smad2/3). The key site is the C-terminal SSXS sequence of Smad2/3; this phosphorylation event is 

a prerequisite for the recruitment of Smad4 to form a heterodimeric complex and facilitate nuclear 

translocation[22,23].This direct signaling is subject to complex regulation by PTMs. Studies have 

shown that inhibiting this pathway significantly reduces fibrosis, such as by disrupting the signaling 

loop through NUAK1 knockout[24,25].In addition, Smad proteins not only directly promote ECM 

production but also influence myofibroblast formation by regulating the epithelial-mesenchymal 

transition (EMT) mechanism[26].The negative feedback protein Smad7 acts as a threshold for 

regulating this pathway. Studies have shown that aloe-emodin activates the regulatory potential of 

this pathway by upregulating Smad7[27].In contrast, circPTEN1 physically blocks the binding of 

Smad4 to Smad2/3 by binding to the MH2 domain of Smad4, thereby inhibiting downstream 

fibrosis-related genes[28].Existing targeted strategies, such as Trabedersen (which inhibits mRNA) or 

SRK-181 (which targets the latent complex), essentially attempt to inhibit the activation of this core 

axis at its source[29-31]. 

2.2 Signal Transduction: MAPK (JNK/ERK) and NF-κB Pathways 

The core function of this pathway lies in its ability to detect fluctuations in external physical 

stress and the inflammatory microenvironment in real time, thereby inducing cardiac remodeling 

through a dual “apoptosis-fibrosis” mechanism. Within the regulatory network governing MF 

formation, JNK signaling (JNK1/2/3) plays a critical role as a stress responder. Abnormal activation 

of JNK not only mediates massive cardiomyocyte apoptosis during MI/RI but also leads to 

pathological differentiation of cardiomyocytes through high-frequency oscillations of the 

JNK/c-Jun axis[32].During the late stages of CHF, the ferroptosis mechanism triggered by the 

JNK/p53 axis represents a critical turning point in the progression from stress overload to 

fibrosis[33].Unlike the stress feedback loop involving JNK, the ERK pathway regulates 

mitochondrial homeostasis and transcriptional activity through site-specific phosphorylation. 

Studies have shown that ERK1/2 specifically phosphorylates the mitochondrial protein Drp1 at 

Ser616, thereby impairing mitochondrial fission and releasing fibrogenic signals into the 
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cytoplasm[34, 35].At the same time, it regulates cardiac hypertrophy and ECM gene expression by 

modulating GATA4 phosphorylation[36].The NF-κB pathway is a key signaling pathway in the 

inflammatory microenvironment. When myocardial damage leads to the massive release of 

damage-associated molecular patterns (DAMPs), the TLR/NLRP3-NF-κB axis is rapidly activated, 

inducing a surge in the secretion of pro-inflammatory factors such as TNF-α[37].The underlying 

mechanism lies in the synergistic interaction between Wnt2/4 and β-catenin/NF-κB, which further 

permanently transforms transient acute inflammatory signals into chronic fibrotic scarring[38]. 

Given the strong synergistic interaction between members of the MAPK family and NF-κB, the 

development of multi-target intervention strategies offers significant advantages. Natural products 

such as tabersonine or apocynin, by precisely targeting and inhibiting TAK1 or ASK1, can 

simultaneously suppress the two key signaling pathways—JNK and NF-κB—thereby curbing the 

onset and progression of fibrosis at the systemic level[39, 40]. 

2.3 Key Pathway: PI3K/AKT Pathway 

As a hub integrating growth factors and immune signals, the PI3K/AKT axis plays a dominant 

role in mediating the phenotypic evolution and metabolic remodeling of CFs. This phosphorylation 

event leads to the downstream phosphorylation (inactivation) of GSK3β (Ser9) and the 

phosphorylation (nuclear translocation) of FOXO1/3, thereby lifting the endogenous constraints on 

the cell’s pro-fibrotic gene programs[41-43].The PI3K/AKT pathway does not operate in isolation but 

forms a tightly regulated network with the TGF-β/Smad and mTOR pathways. It has been 

demonstrated that the ERK/JNK pathway can lead to AKT-induced fibronectin synthesis, thereby 

forming a closed loop that promotes fibrosis[44].Furthermore, CRAMP or ginsenoside F2 

demonstrates the pivotal role of this hub in multi-pathway repair by simultaneously regulating the 

PI3K/AKT and innate immune/antioxidant pathways[45, 46].The anti-fibrotic effects of SGLT2 

inhibitors (such as dapagliflozin) in alleviating CHF are largely attributable to their inhibition of 

AKT-related signaling pathways[47].This reversal of pathological structural changes, achieved 

through improvements in metabolic homeostasis, profoundly reveals the central role of the 

PI3K/AKT axis in coordinating the transition of the heart from “abnormal energy expenditure” to 

“uncontrolled structural remodeling.” 

3. Molecular Rearrangements Induced by PTMs: From Transient Signal Switching to 

Epigenetic Imprinting 

3.1 Kinetic Triggering: Phosphorylation-Mediated Signal Pulses and Calcium Transport 

Homeostasis 

As the fastest and most precise PTMs within cells, phosphorylation confers instantaneous 

conformational dynamics on proteins by introducing a negative charge at serine/threonine/tyrosine 

(Ser/Thr/Tyr) residues. In the evolution of MF, this “phosphorylation pulse” serves not only as an 

initiator of signaling pathways but also as a regulatory hub for maintaining cardiac calcium 

homeostasis and electromechanical coupling[48, 49]. 

3.1.1 Site-Specific Regulation of Signaling Hubs: Logical Polarization of Smad and AKT 

The regulation of fibrotic signaling by phosphorylation is not a simple “on/off” switch, but rather 

exhibits significant site-specific functional branches. This residue-specific polarization determines 

the ultimate phenotypic outcome of cardiac cells under stress. In CFs, TGF-β receptor-induced 

C-terminal (Ser423/425) phosphorylation of Smad3 serves as the “pass” for its translocation into 
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the nucleus and promotion of the fibrotic program[50].However, this process is strongly influenced 

by the modification status of its linker region (Ser204/208/213). Phosphorylation of the Smad3 

linker region (Ser204/208/213) catalyzed by JNK or ERK exhibits distinctly different effects: it may 

either inhibit the nuclear translocation effect of C-terminal phosphorylation through steric hindrance, 

or recruit an E3 ligase to induce Smad degradation[51].This “site-specific antagonism” within the 

same protein acts as an endogenous rate-limiting factor for the intensity of fibrotic signaling. In 

CMs, AKT phosphorylation at Thr308 and Ser473 not only determines the fibroblast proliferative 

phenotype but also, by modulating the phosphorylation status of GSK3β (Ser9), lifts the 

endogenous repression of the pro-fibrotic transcription factor GATA4, thereby activating the 

transcription of pro-fibrotic genes[41, 42].Studies have demonstrated that blocking PI3K/Akt 

phosphorylation using osteopontin (OPN) aptamers can effectively inhibit pathological ECM 

deposition, providing a theoretical basis for achieving structural reversal by targeting specific 

phosphorylation sites[52]. 

3.1.2 "Dysfunction" of the Calcium Cycle Pump: From Phosphorylation Homeostasis to 

Heart Failure 

The significant increase in myocardial stiffness observed in CHF is essentially due to a 

synergistic dysfunction of the calcium pump (SERCA2a) and the release channel (RyR2) caused by 

a phosphorylation imbalance, resulting in the heart losing its inherent biomechanical 

compliance[53-55].Under pathological stress conditions, abnormally high phosphorylation of RyR2 

(Ser2808/Ser2814) by PKA or CaMKII significantly increases the channel’s open probability, 

thereby inducing arrhythmogenic spontaneous calcium leakage. Studies have shown that long-term 

administration of dantrolene can reverse this pathological phosphorylation, recalibrate calcium 

homeostasis, and effectively halt the progression of fibrosis[56, 57].At the same time, the 

phosphorylation levels of cardiac myosin-binding protein-C (cMyBP-C) are influenced by 

PP1/PP2A, which directly regulates the sliding velocity of myofilaments[55].When this 

phosphorylation homeostasis is disrupted in a CHF environment, ventricular diastolic compliance 

undergoes a precipitous decline. This deterioration in mechanical properties is not only a marker of 

functional impairment but also a key mechanical signal driving the transition of tissue toward 

pathological fibrosis. 

3.2 Regulation of Stability: Steady-State Selection between Ubiquitination and SUMOylation 

at Lysine Sites 

Within the complex post-translational regulatory network of proteins, lysine (Lys) residues, due 

to their unique chemical properties, have become the most functionally diverse and fiercely 

competitive hub of modifications. The dynamic regulation of ubiquitination and sumoylation at the 

same specific lysine site essentially constitutes a “life-or-death switch” that determines the fate of 

proteins. It antagonizes degradation signals by inducing subtle adjustments in protein conformation 

and creating physical steric hindrances, or by reshaping subcellular localization to maintain 

functional homeostasis[58-60].This modification-induced polarization at a single residue provides a 

precise molecular mechanism by which the heart rapidly adjusts its proteome homeostasis under 

pathological stress. 

3.2.1 Ubiquitination-Mediated Loss: Ion Channel Rearrangement and Signal Termination 

During the MF process, the regulation of structural proteins and signaling molecules by the 

ubiquitination system is the primary cause of reduced protein abundance and loss of function. By 

inducing ubiquitination at this site, it forcibly initiates the endocytic degradation pathway of the 
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channel, ultimately leading to a depletion of membrane surface expression and a pathological 

reduction in sodium current density[61].This modification-driven rearrangement of ion channels 

constitutes the molecular basis for the transition from physiological electrical activity to a malignant 

arrhythmia phenotype during ventricular remodeling. Furthermore, E3 ligases such as WWP2 and 

RNF207 exhibit bidirectional regulatory properties in the progression of MF. Studies have shown 

that specific deletion of WWP2 significantly downregulates PARP1 ubiquitination, thereby 

amplifying isoproterenol-induced myocardial hypertrophy and fibrogenic signaling by enhancing 

downstream PARylation modification[62, 63].Furthermore, the UCHL1-mediated deubiquitination 

process, through its interaction with the endoplasmic reticulum stress protein GRP78, provides an 

additional layer of degradation control for the regulation of fibrosis following myocardial 

infarction[64]. 

3.2.2 SUMO-Modified "Protective Barriers": Inhibiting Degradation and Enhancing 

Function 

SUMOylation does not merely act as a passive antagonist to ubiquitination in molecular 

regulation; rather, through precise and efficient synergistic or competitive mechanisms, it confers 

superior structural stability and functional diversity on target proteins. As the driving force behind 

calcium cycling, SUMOylation at Lys480 and Lys585 in SERCA2a is a critical site for maintaining 

its structural integrity. This biochemical event significantly enhances protein stability, thereby 

improving calcium cycling function.In the pathological progression of CHF, the level of 

SUMOylation of SERCA2a is significantly downregulated; conversely, gene therapy to restore 

SUMO1 effectively counteracts pump failure induced by abnormal acetylation or ubiquitination, 

thereby promoting a pathological reversal of cardiac function at the molecular level[65, 66].In the 

signal transduction network of CFs, SUMOylation and phosphorylation exhibit synergistic effects. 

Studies have revealed that SUMOylation significantly enhances the extent of Smad2 

phosphorylation and its transcriptional activity, exponentially amplifying the TGF-β-regulated 

pro-fibrotic signals[67].This "modulatory coupling" explains how, within a complex fibrotic 

microenvironment, fibrogenic signals overcome the constraints of endogenous degradation to 

maintain a sustained and highly active state. 

4. Summary and Outlook 

Over the past two decades, the core of CHF treatment has focused on reducing hemodynamic 

load and modulating the neurohumoral system. However, even with interventions using first-line 

medications such as ACEIs/ARBs and ARNIs, the progression of MF continues to exhibit a 

significant “stress escape” phenomenon. This study provides an in-depth analysis of the central role 

of post-translational modifications (PTMs) in this process, revealing that the essence of myocardial 

fibrosis is not the excessive activation of a single signaling pathway, but rather a multidimensional 

“protein functional remodeling.” We observed that site competition among phosphorylation, 

acetylation, and SUMOylation on individual proteins (such as SERCA2a or Smad3) constitutes a 

logical gatekeeper for cellular fate. Phosphorylation acts as a “transient switch” responsible for 

immediate stress responses, while methylation and lactylation function as “long-term memory” 

units that consolidate pathological stimuli into permanent tissue remodeling. This hierarchical 

regulatory logic explains why short-term interventions often fail to achieve long-term reversal of 

fibrosis. 

Although PTMs hold promising therapeutic potential, their translation into clinical practice faces 

two major bottlenecks: “spatial heterogeneity” and “regulatory specificity.” Traditional kinase 

inhibitors or deacetylase agonists are often associated with broad-spectrum toxicity. We propose the 
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development of novel drugs based on PROTACs (Protein Degradation Targeting Assemblies) or 

LYTACs to achieve “surgical-like” interventions at the molecular level by precisely targeting 

pathological proteins in specific PTM states (e.g., acetylated SERCA2a). By integrating single-cell 

proteomics and modificationomics, we aim to establish serum/tissue PTM profiles for heart failure 

patients at different stages. This approach not only provides highly sensitive biomarkers for disease 

progression but also guides “subtype-stratified therapy” in clinical practice. The various natural 

products discussed in this article (such as puerarin and danphenolic acid) often exhibit 

characteristics of “multi-modification regulation.” This multi-target, soft-regulation model may be 

better suited to the robustness requirements of the complex cardiac system than single, potent 

inhibitors. 

As the "ultimate interpretive layer" linking gene expression to phenotypic remodeling, the 

complexity of post-translational modifications (PTMs) underlies the adaptability of cardiac function 

and serves as the root cause of its pathological failure. In the future, through in-depth decoding of 

the PTM code, we hope to transition from "slowing disease progression" to "structural reversal" in 

the treatment of CHF, ushering in a new era of precision medicine for the heart. 
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