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[bookmark: OLE_LINK995][bookmark: OLE_LINK996]Abstract
[bookmark: OLE_LINK580][bookmark: OLE_LINK581][bookmark: OLE_LINK578][bookmark: OLE_LINK579][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK584][bookmark: OLE_LINK585][bookmark: OLE_LINK582][bookmark: OLE_LINK583][bookmark: OLE_LINK586][bookmark: OLE_LINK587][bookmark: OLE_LINK588][bookmark: OLE_LINK589][bookmark: OLE_LINK590][bookmark: OLE_LINK591][bookmark: OLE_LINK592][bookmark: OLE_LINK593][bookmark: OLE_LINK1013][bookmark: OLE_LINK1014]Toll-like receptor 4 (TLR4) has long been recognized as a canonical innate immune receptor that drives promotes inflammation in cardiovascular disease. However, this pathway-centered view underestimates the complexity and specificity of TLR4 signaling in the cardiovascular system. Here, we propose a qualified framework in which TLR4 functions as a context-dependent signaling node linking inflammatory, metabolic, and stress-associated cues to distinct cellular state transitions and survival outcomes. Across integrator of cellular state progression and survival outcomes. We use the term “cell fate” operationally to encompass both irreversible outcomes, including apoptosis, pyroptosis, and ferroptosis, and sustained but potentially reversible functional-state transitions, including endothelial activation, macrophage inflammatory reprogramming, fibroblast activation, and vascular smooth muscle cell (VSMC) phenotypic switching. In atherosclerosis, myocardial infarction (MI), heart failure (HF), thrombotic disorders, aortic aneurysm and dissection (AA/AD), hypertension, diabetic cardiomyopathy (DCM), and Kawasaki disease, TLR4-associated signaling results in distinct pathological outcomes according to the cell identity, ligand repertoire, metabolic state, tissue microenvironment, and disease stage. In endothelial cells (ECs), VSMCs, cardiomyocytes, and innate immune cells, these responses range from barrier dysfunction, metabolic inflexibility, and inflammatory activation to multiple forms of regulated cell deathcell death, fibrosis, and structural remodeling. Importantly, these processes are biologically distinct, and tThe strength of the evidence nevertheless varies substantially among the mechanisms, with many proposed cell-specific functions still lacking cell-specific validation in vivoautonomous functions remaining supported predominantly by preclinical or non-cell-specific models. Genetic and pharmacological loss-of-function studies nevertheless demonstrate that TLR4 modulation can alter disease phenotypes in multiple cardiovascular settings. This framework provides a mechanistic basis for understanding why indiscriminate TLR4 inhibition has limited translational potential and supports a shift toward cell-selective, pathway-biased, and temporally restricted immunomodulation. Therefore, defining when, where, and in which cellular context TLR4 signaling becomes pathogenic  viewing TLR4 as a context-dependent cell fate regulator may therefore help connect immunometabolic signaling with precision interventions across cardiovascular diseases.
Keywords: Cardiovascular disease; Cell fate transitions; Innate immunity; Toll-like receptor 4; Vascular remodeling
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]Introduction
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK598][bookmark: OLE_LINK599][bookmark: OLE_LINK600][bookmark: OLE_LINK601]TLR4 is a prototypical type I transmembrane pattern-recognition receptor of the innate immune system and serves as an important molecular interface between environmental danger signals and host inflammatory responses [1]. Structurally, TLR4 comprises an extracellular leucine-rich repeat (LRR) domain responsible for ligand recognition, a single transmembrane region, and an intracellular Toll/interleukin-1 receptor (TIR) domain that mediates downstream signaling [2,3]. Although TLR4 was originally characterized in professional innate immune cells, it is also functionally expressed in multiple cardiovascular cell populations. In addition to macrophages, TLR4 expression has been documented in ECs, VSMCs, and cardiomyocytes, where it contributes to inflammatory, metabolic, and stress-associated responses relevant to cardiovascular pathology [4,5]. 
[bookmark: OLE_LINK602][bookmark: OLE_LINK603][bookmark: OLE_LINK604][bookmark: OLE_LINK607][bookmark: OLE_LINK608][bookmark: OLE_LINK609][bookmark: OLE_LINK784][bookmark: OLE_LINK785][bookmark: OLE_LINK610][bookmark: OLE_LINK611][bookmark: OLE_LINK612][bookmark: OLE_LINK613][bookmark: OLE_LINK614][bookmark: OLE_LINK615][bookmark: OLE_LINK616][bookmark: OLE_LINK617][bookmark: OLE_LINK618][bookmark: OLE_LINK619][bookmark: OLE_LINK620][bookmark: OLE_LINK621]Upon activation, TLR4 engages two major downstream signaling pathways. The MyD88-dependent pathway is rapidly initiated following ligand binding, leading to the activation of nuclear factor-κB (NF-κB) and mitogen-activated protein kinases (MAPKs) and driving the early production of proinflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). In parallel, the MyD88-independent, TRIF-dependent pathway mediates delayed-phase signaling through interferon regulatory factor 3 (IRF3), resulting in type I interferon production and the sustained modulation of inflammatory responses [6]. In cardiovascular disease, TLR4 activation extends well beyond classical pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS), and  can also be activated is robustly triggered by endogenous damage-associated molecular patterns (DAMPs), including high-mobility group box 1 (HMGB1), heat shock proteins (HSPs), oxidized lipids, and mitochondrial components. Through these ligand-receptor networks, TLR4 participates in sterile inflammatory responses generated by metabolic stress, tissue injury, oxidative damage, and mechanical overload.
[bookmark: OLE_LINK622][bookmark: OLE_LINK627]Historically, investigations into the role of TLR4 in cardiovascular disease have largely framed the receptor as a generalized proinflammatory receptor. Increased TLR4 expression or signaling has been reported in atherosclerosis [7], MI [8], HF, and other cardiovascular disorders [4], with downstream NF-κB–mediated inflammatory cascades implicated in tissue injury and pathological remodeling [9,10]. However, this receptor- and pathway-centered view may not fully explain why activation of the same signaling system produces markedly different outcomes among cardiovascular diseases [11] or across distinct cell populations within the same tissue [12].
[bookmark: OLE_LINK630][bookmark: OLE_LINK632][bookmark: OLE_LINK623][bookmark: OLE_LINK624][bookmark: OLE_LINK1017][bookmark: OLE_LINK1018]Emerging studies of specific cell types illustrate this heterogeneity. In atherosclerosis, TLR4-associated signaling in VSMCs, including HMGB1/2-related pathways, contributes to TLR4 activation in VSMCs, driven by HMGB1/2, primarily promotes phenotypic switching and cellular migration [13], whereas in ECs, ox-LDL–induced TLR4 signaling has been implicated in preferentially triggers pyroptosis and endothelial barrier disruption [14]. In MI and HF models, preclinical studies have implicated the SLAMF8–TLR4–NOX4 pathway in oxidative stress and ferroptotic cardiomyocyte injury [15], although direct evidence from humans and cardiomyocyte-specific genetic validation remain limited. Some studies of Kawasaki disease (KD) have proposed that altered TLR4 signaling may contribute to adaptive immune polarization and epigenetic regulation [16]; however, direct evidence for T-cell-intrinsic TLR4 causality in KD remains insufficient. Together, these observations highlight the marked context dependence of TLR4 signaling These examples indicate that TLR4-associated responses vary substantially across cell types and disease context sandsettings, that although the strength of the evidence is not uniform among the proposed mechanisms. Nevertheless, existing genetic and pharmacological studies across several cardiovascular disease models provide a useful basis for examining how TLR4 signaling contributes to disease-specific cellular responses.
Because these cellular outcomes are not biologically equivalent, the term “cell fate” requires explicit qualification. Classically, cell fate generally refers to irreversible lineage commitment, differentiation, or survival versus regulated cell death. In contrast, macrophage inflammatory activation, endothelial dysfunction, fibroblast activation, metabolic reprogramming, and VSMC phenotypic switching frequently represent dynamic and potentially reversible cell-state transitions. In this review, we therefore use “cell fate integrator” as an operational and systems-level concept encompassing two related but distinct categories: irreversible survival outcomes, including apoptosis, pyroptosis and ferroptosis; and sustained functional-state transitions that alter cellular behavior, tissue organization and disease progression.
[bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK685][bookmark: OLE_LINK686][bookmark: OLE_LINK1022][bookmark: OLE_LINK1023][bookmark: OLE_LINK1019][bookmark: OLE_LINK1020][bookmark: OLE_LINK1021]Under this framework, TLR4 does not directly determine cell identity; rather, it influences cellular state and survival outcomes biases cell fate decisions by coordinating the activitesactivation of multiple downstream signaling pathways, including the NF-κB, IRF3, MAPK, STAT3, and inflammasome signaling pathways, to regulate inflammatory activation, metabolic reprogramming, phenotypic switching, senescence, apoptosis, pyroptosis, ferroptosis, and tissue remodeling in a cell - and context-dependenttype-specific manner. Importantly, the strength of evidence for these outcomes varies from observations of human tissues and cell-specific animal studies to global genetic models, pharmacological interventions, and in vitro experiments. The proposed roles in senescence and some forms of metabolic reprogramming remain incompletely defined and are considered emerging hypotheses.
We therefore propose that TLR4 acts as a context-dependent signaling nodecell fate integrator, linking extracellular danger sensing to coordinated multicellular remodeling throughout cardiovascular disease. Throughout this review, we distinguish human observations, in vivo causal evidence, and cell-based mechanistic studies and explicitly identify mechanisms that remain preclinical, indirect, or insufficiently validated. By integrating evidence from the myocardial, vascular, immune, and hematologic compartments, this framework aims to explain how TLR4 signaling contributes a shared innate immune receptor moderatesto disease-specific cellular outcomes and to provide a mechanistic basis for cell-targeted, pathway-biased, and temporally precise cardiovascular immunomodulation.
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Atherosclerosis: TLR4 as an amplifier initiator of the vascular immunometabolic cascade
[bookmark: OLE_LINK234][bookmark: OLE_LINK235][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK232][bookmark: OLE_LINK233]Atherosclerosis is a chronic immunometabolic disorder driven by sustained lipid dysregulation and maladaptive inflammatory responses within the arterial wall [17]. A defining feature of this disease is the persistent accumulation of endogenous DAMPs, including oxidized lipoproteins, ECM fragments, and stress-induced proteins, which act as sterile danger signals that engage pattern recognition receptors [18]. Among these receptors, TLR4 functions as a context-dependent molecular sensor at the intersection of lipid metabolism and innate immunity, detecting oxidation-specific epitopes and matrix-derived DAMPs to drive chronic inflammatory signaling in cardiovascular pathology [20]. Studies of plaques in human and experimental atherosclerosis models collectively implicate increased TLR4 expression and signaling in lesion-associated inflammation, lipid accumulation, and vascular remodeling [21–23]. Atherosclerosis therefore provides a prototypical model of chronic TLR4- associated dependent immunometabolic remodeling, in which early endothelial sensing is followed by inflammatory cell recruitment, metabolic reprogramming in macrophages, and a VSMC phenotypic transition. In this context, TLR4 functions not as a solitary gatekeeper but as an important initiator and amplifier of the multicellular inflammatory cascade that promotes plaque development.
[bookmark: OLE_LINK821][bookmark: OLE_LINK822]Endothelial cells: TLR4 as an inflammatory gatekeeper and barrier regulator in atherosclerosis
[bookmark: OLE_LINK803][bookmark: OLE_LINK804]Endothelial TLR4 signaling represents an important serves as the initial interface between systemic metabolic stress and local vascular inflammation. By integrating mechanical cues, danger signals, and metabolic ligands, TLR4 may contribute to endothelial activation, barrier integrity, inflammatory cell recruitment, and intercellular communication, thereby contributing orchestrating the earliest stages of atherogenesis.
[bookmark: OLE_LINK827][bookmark: OLE_LINK828]Studies of human carotid endarterectomy have demonstrated increased endothelial TLR4 immunoreactivity, particularly in symptomatic and unstable plaques, supporting the clinical activation of endothelial TLR4 during atherosclerosis. Consistent with these clinical observations, global deficiency of TLR4 or MyD88 attenuates inflammatory cell recruitment and plaque development in ApoE-/- mice, while MyD88 deficiency also reduces endothelial–leukocyte adhesiongenetic deletion or pharmacological inhibition of TLR4 attenuates endothelial activation, inflammatory cell recruitment, and plaque development in experimental models of atherosclerosis [24,25]. However, these studies do not establish endothelial-specific TLR4 causality.
Established mMechanistic basis of endothelial TLR4 activation
[bookmark: OLE_LINK745][bookmark: OLE_LINK746]Mechanistically, endothelial TLR4 activation provides a molecular link between atherogenic stress and vascular inflammation. Disturbed flow and increased ECM stiffness, which are characteristics features of atheroprone regions, increase endothelial TLR4 expression and responsiveness to inflammatory stimuli [26,27]. In these regions, endothelial TLR4 cooperates with pattern-recognition and lipid-sensing receptors, particularly CD36, to integrate signals derived from oxidized LDL (ox-LDL) and endogenous DAMPs, including HMGB1 [28]. This cooperative signaling directly links lipid accumulation to MyD88–NF-κB activation, inducing the expression of adhesion molecules (VCAM-1and ICAM-1) and chemokines that promote monocyte recruitment [29]. Additional oxidative stress-derived ligands, such as peroxiredoxin-5 (PRDX5), may further activate endothelial TLR4–MyD88 signaling, amplifying leukocyte adhesion [30], whereas the suppression of MerTK-dependent efferocytosis mediated by disturbed flow contributes to sustained inflammatory activation within atheroprone niches [31].
Emerging regulatory mechanisms controlling endothelial TLR4 responsiveness
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK829][bookmark: OLE_LINK830]	In addition to canonical inflammatory signaling, emerging studies indicate that endothelial TLR4 activity is further regulated by epigenetic and posttranscriptional mechanisms. miR-125b-5p has been reported to modulate TLR4/NF-κB signaling through the regulation of TNFSF4 expression [32], whereas the NEXN-AS1/BAZ1A/NEXN axis may suppress TLR4 oligomerization and downstream NF-κB activation, conferring endothelial protection [33]. Similarly, the long noncoding RNA CASC7-mediated regulation of the miR-21/TLR4/NF-κB pathway has been implicated in endothelial inflammatory responses and vascular remodeling [34]. These regulatory networks fine-tune endothelial inflammatory responsiveness and modulate susceptibility to lesion initiation. However, their relevance in human atherosclerotic lesions remains to be determined.
Endothelial dysfunction and barrier disruption as downstream consequences
[bookmark: OLE_LINK648][bookmark: OLE_LINK649]In addition to inflammatory activation, TLR4 signaling contributes to endothelial cell death and barrier dysfunction, key events in early plaque formation. Experimental studies have demonstrated that ox-LDL and LPS activate the TLR4/NF-κB/NLRP3 axis, inducing gasdermin D-mediated pyroptosis and compromising endothelial barrier integrity [14,35]. In parallel, Caveolin-1 acts as a downstream mediator of ox-LDL-triggered TLR4 signaling; its phosphorylation activates MyD88-dependent MAPK/AP-1 pathways, excessive ROS production, and mitochondrial dysfunction, culminating in endothelial cell apoptosis [36]. Apoptotic endothelial injury amplifies oxidative stress and promotes macrophage infiltration. Conversely, the pharmacological blockade of TLR4 can restore endothelial integrity. Treatment with ginsenoside Rh1 has been shown to exert protective effects on experimental systems by restoring eNOS activity and attenuating inflammatory and endoplasmic reticulum stress signaling [37]. However, whether these protective effects translate to clinically relevant vascular outcomes requires further investigation.
Endothelial TLR4 as an organizer of immunovascular communication
[bookmark: OLE_LINK752][bookmark: OLE_LINK759]Endothelial TLR4 signaling exerts paracrine control over immune cell recruitment and vascular remodeling. The activation of TLR4 by ox-LDL or DAMPs induces VCAM-1 and ICAM-1 expression, facilitating monocyte adhesion and transmigration [29]. Once recruited, inflammatory mediators within the plaque microenvironment—including IL-1β—promote M1-like macrophage polarization, thereby amplifying foam cell formation and plaque vulnerability [38,39]. Importantly, genetic or pharmacological inhibition of  endothelial TLR4 reduces monocyte infiltration and M1 polarization, attenuating atherosclerotic progression in murine models [24,40]. In addition to immune regulation, EC-derived TNF-α and IL-1β influence VSMC phenotypic switching, promoting migration, proliferation, and fibrous cap remodeling [41]. Collectively, the findings suggest that endothelial TLR4 functions not only as a sensor of metabolic and mechanical stress but also as an organizer of key modulators of endothelial–immune–vascular cell communication during atherogenesis.
Vascular smooth muscle cells: TLR4 links danger sensing to phenotypic remodeling and the amplification of inflammation 
[bookmark: OLE_LINK881][bookmark: OLE_LINK882]Histopathological studies of human samples support the clinical relevance of TLR4 signaling in plaque-associated VSMCs. In human coronary artery specimens, TLR4 immunoreactivity was markedly increased in VSMCs within atherosclerotic arteries but was barely detectable in nonatherosclerotic vessels. Directional coronary atherectomy specimens from patients with coronary artery disease similarly showed prominent TLR4 expression in smooth muscle cell-rich regions [21]. Consistent with these findings, human femoral atherosclerotic plaques exhibit colocalization of TLR4 with α-SMA-positive cells adjacent to the lipid core, together with local expression of IL-1β, TNF-α, MCP-1, and MMP-2 [42]. These observations establish an association between TLR4 expression in VSMCs and the inflammatory plaque microenvironment, although they do not demonstrate that VSMC-intrinsic TLR4 signaling independently drives plaque progression.
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK1040][bookmark: OLE_LINK1041][bookmark: OLE_LINK837][bookmark: OLE_LINK838][bookmark: OLE_LINK839][bookmark: OLE_LINK840][bookmark: OLE_LINK841][bookmark: OLE_LINK842]Consistent with observations in humans, in vivo studies support a causal contribution of TLR4 signaling to atherosclerotic and injury-induced vascular remodeling. As mentioned above, global TLR4 deficiency in ApoE-/- mice reduces aortic lesion burden, lipid accumulation, macrophage content, and inflammatory mediator expression, indicating an overall proatherogenic role for TLR4 signaling [24]. More direct evidence for its involvement in VSMC remodeling has been obtained from arterial injury models, in which TLR4 deficiency attenuates neointimal hyperplasia, VSMC proliferation and migration, oxidative stress, and vascular cytokine production [43]. Pharmacological activation of PPARγ or inhibition of NADPH oxidase-derived ROS similarly limits TLR4- mediated dependent VSMC activation and neointimal growth in vivo [43,44]. Moreover, fibronectin containing the extra domain A (Fn-EDA) accumulates in VSMC-rich neointimal regions of human stented coronary arteries and promotes VSMC phenotypic switching in an experimental model of arterial injury. Genetic disruption of TLR4 reduces Fn-EDA-associated neointimal formation, whereas VSMC-specific deletion of Fn-EDA preserves a more contractile VSMC phenotype [45]. Neutrophil elastase deficiency or inhibition also suppresses injury-induced neointimal expansion through the attenuation of TLR4–MyD88–NF-κB signaling [46]. Collectively, these studies provide in vivo evidence that TLR4 contributes to VSMC-dependent vascular remodeling, although most of these studies rely on global TLR4 disruption or arterial injury models rather than VSMC-specific TLR4 manipulation in models of spontaneous atherosclerosis.
Mechanistic basis of TLR4-mediated phenotypic switching
[bookmark: OLE_LINK1024][bookmark: OLE_LINK1025][bookmark: OLE_LINK1026][bookmark: OLE_LINK1027]Mechanistically, TLR4 integrates lipid-derived, microbial, and sterile injury signals to regulate the inflammatory activation and phenotypic plasticity of VSMCs. In cultured human aortic smooth muscle cells (ASMCs), LPS upregulates TLR4 expression through NADPH oxidase activation and MAPK signaling and increases TLR4 mRNA stability, thereby amplifying inflammatory responses and promoting neointimal hyperplasia related to atherosclerosis [47]. TLR4 signaling may also contribute to the acquisition of macrophage-like and foam cell-like properties by VSMCs. Cholesterol loading or ox-LDL exposure enhances TLR4–MyD88–NF-κB signaling, ACAT1 expression, cholesterol ester accumulation, and MCP-1 production, whereas TLR4 deficiency or PPARγ activation attenuates these responses [48]. These findings suggest that TLR4 links the recognition of modified-lipoproteins recognition to both lipid storage and inflammatory reprogramming in VSMCs. However, because much of this evidence is derived from cultured cells or global TLR4-deficient mice, the extent to which VSMC-autonomous TLR4 contributes to controls foam cell formation within human plaques remains uncertain. 
[bookmark: OLE_LINK1030][bookmark: OLE_LINK1031][bookmark: OLE_LINK879][bookmark: OLE_LINK880]Endogenous danger signals released from injured or stressed vascular tissue provide an additional route for TLR4 activation. HMGB1 and HMGB2 have been implicated in TLR4–MyD88–NF-κB-dependent VSMC migration, proliferation, and matrix metalloproteinase secretion [13]. Fn-EDA similarly functions as an endogenous TLR4 ligand that activates Akt1–mTOR and ERK signaling, suppresses the expression of contractile markers, and promotes a synthetic VSMC phenotype in vivo [45]. In addition, neutrophil elastase can engage TLR4-dependent inflammatory signaling, increasing IL-6 and ICAM-1 production and accelerating neointimal formation [46]. Infectious stimuli have also been shown to activate TLR4–p44/42 MAPK signaling and VSMC proliferation in vitro, although their contributions to plaque remodeling in humans remains less well established [49].
Regulation of VSMC survival and aging
In addition to its role in phenotypic remodeling, experimental studies indicate that TLR4 signaling may influence regulates VSMC survival in the presence of inflammatory and metabolic stress. LPS and angiotensin II (Ang II) activate TLR4-dependent inflammatory and apoptotic pathways in cultured VSMCs and experimental vascular models [13,50]. Palmitate-triggered TLR4 activation induces apoptosis via the NADPH oxidase/ROS/p53/caspase signaling axis, promoting fibrous cap thinning and plaque instability [51]. Nevertheless, direct evidence linking this pathway to cap thinning or plaque rupture in vivo remains limited, and its relevance in human unstable lesions requires further validation. 
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Aging may further increase VSMC responsiveness to TLR4 ligands. VSMCs obtained from aged experimental animals exhibit increased basal TLR4–MyD88 activity and increased production of IL-6, CCL2, and other inflammatory mediators [52]. This age-associated inflammatory bias may facilitate VSMC phenotypic drift and chronic vascular inflammation. However, whether increased TLR4 activity is a primary driver of VSMC aging or a secondary consequence of cellular senescence remains unresolved. 
Emerging mechanisms of posttranscriptional regulation and immunovascular communication
Emerging studies suggest that posttranscriptional networks may further modulate TLR4 activity in VSMCs. The long noncoding RNA XIST has been reported to relieve the miR-599–mediated repression of TLR4, thereby amplifying inflammatory signaling, proliferation, and migration in ox-LDL-treated VSMCs [53]. Although circulating XIST levels have been associated with atherosclerosis in humans, the XIST–miR-599–TLR4 axis has primarily been characterized in cell-based systems and has not yet been causally validated in atherosclerotic animal models or human plaque tissue.
TLR4 signaling may also influence communication between VSMCs and circulating immune cells. For example, TLR4/SAPK/JNK signaling induces PCSK9 production in cultured VSMCs, which modulates monocyte behavior by downregulating LDLR and CCR2 expression, thereby influencing monocyte recruitment and lesion inflammation during atherogenesis [54]. These findings suggest that VSMC TLR4 signaling may influence shapes immune cell dynamics within plaques. However, the magnitude and direction of this pathway appear to depend on the experimental context, and direct evidence that VSMC-derived PCSK9 regulates plaque inflammation in vivo remains insufficient.
Macrophages: TLR4 couples innate sensing to inflammatory and metabolic remodeling 
[bookmark: OLE_LINK1034][bookmark: OLE_LINK1035][bookmark: OLE_LINK1032][bookmark: OLE_LINK1033]Histopathological evidence from humans supports the clinical relevance of TLR4 signaling in plaque macrophages. TLR4 is preferentially expressed by macrophages within human and murine lipid-rich atherosclerotic lesions and is upregulated following exposure to ox-LDL [22]. Consistently, human atherosclerotic plaques exhibit increased expression of TLR1, TLR2, and TLR4, with prominent localization in macrophage-rich regions [55]. An analysis of culprit coronary material obtained from patients with acute myocardial infarction (AMI) further revealed TLR4-positive infiltrating macrophages at sites of plaque rupture, linking local TLR4 expression to clinically unstable lesions [56]. Nevertheless, these tissue-based studies establish spatial associations rather than demonstrating that macrophage-intrinsic TLR4 independently causes plaque destabilization.
[bookmark: OLE_LINK1038][bookmark: OLE_LINK1039][bookmark: OLE_LINK63][bookmark: OLE_LINK64]Studies from human plaques have also revealed that TLR4 activity varies across macrophage states. Compared with lipid-laden foam-cell regions, CD163-positive non-foam-cell macrophages display reduced expression of TLR4-associated dependent cytokines, including TNF-α and IFN-β. Mechanistic analyses suggest that the hepcidin–ferroportin axis regulates TLR4 recruitment to cholesterol-rich membrane domains and thereby modifies inflammatory responsiveness in macrophages [57]. These observations indicate that TLR4 activity in macrophages is shaped by local iron and lipid metabolism rather than being uniformly elevated across all plaque macrophage populations.
Consistent with observations in humans, loss-of-function studies in animal models have shown an overall proatherogenic contribution of TLR4 signaling. As indicated before, ApoE-/- mice with global TLR4 deficiency develop smaller aortic lesions, reduced plaque lipid and macrophage contents, and lower expression of inflammatory mediators than TLR4-competent ApoE-/- control mice [24]. TLR4 deficiency also markedly reduces early intimal lipid and foam cell accumulation at lesion-prone regions of the aortic arch, together with decreased lesional IL-1α and MCP-1CCL2 expression [58]. These findings provide in vivo evidence that TLR4 contributes to plaque initiation and inflammatory amplification, although its global deletion cannot  be used to identify the responsible vascular or immune cell population.
[bookmark: OLE_LINK863][bookmark: OLE_LINK864]Bone marrow transplantation studies provide more direct, but context-dependent, evidence for the involvement of hematopoietic TLR4. The transplantation of TLR4 -/- bone marrow into LDLR-/- recipients reduces the aortic root lesion area in animals fed a low-fat diet without altering plasma lipid concentrations. However, this protection is not consistently observed in several models fed a high-fat diet [59]. Other hematopoietic TLR4-deficient models have been reported to exhibit reduced aortic lesion formation, decreased local TNF-α expression, and altered macrophage accumulation within perivascular adipose tissue [60]. Because bone marrow transplantation eliminates TLR4 from multiple hematopoietic populations rather than from macrophages alone, these studies support a contribution from bone marrow-derived TLR4 signaling but do not establish strictly macrophage-autonomous causality. The variable results across dietary models further suggest that the effect of macrophage- intrinsic TLR4 is conditioned by the systemic lipid and metabolic environment.
Innate sensing and inflammatory amplification
[bookmark: OLE_LINK1044][bookmark: OLE_LINK1045]Mechanistically, TLR4 expressed on macrophages responds to detects both exogenous pathogen-associated molecular patterns (e.g., LPS) and endogenous DAMPs (e.g., oxLDL, HSPs, and modified lipids) generated during lipid accumulation, cell injury, and ECM remodeling [61,62]. Ligand engagement induces MyD88- and TRIF-dependent signaling, activating NF-κB and MAPKs and driving the transcription of proinflammatory cytokines and chemokines [63]. This inflammatory cascade promotes monocyte recruitment, sustains plaque inflammation, and accelerates lesion development. Sustained or aberrant TLR4 activation establishes a self-reinforcing inflammatory loop within plaques. Ox-LDL directly binds the TLR4 coreceptor MD2, promoting TLR4 dimerization and MyD88–NF-κB activation, thereby increasing inflammatory mediator production and foam cell formation [62]. Fn-EDA provides an additional sterile TLR4 ligand: Fn-EDA colocalizes with TLR4 in macrophages present in human coronary and murine atherosclerotic lesions and promotes TLR4-dependent NF-κB activation and inflammatory cytokine production in bone marrow-derived macrophages. Other endogenous ligands, such as heme, similarly activate TLR4 signaling in macrophages, reinforcing lipid dysregulation and inflammatory amplification [64]. Thus, TLR4 functions within a broader pattern recognition network that connects lipid and matrix damage to inflammatory activation in macrophages.
In addition to cytokine production, TLR4 signaling contributes to critically regulates macrophage inflammatory polarization. TLR4 activation preferentially promotes M1 polarization, which is  characterized by increased TNF-α, IL-6, and IL-1β production and increased foam cell formation, thereby contributing to plaque vulnerability [65,66]. Endogenous modulators further amplify this axis. Emerging animal and cell-based studies suggest that ANGPTL3 increases TLR4 expression through integrin αvβ3–Akt signaling, promoting NF-κB-dependent M1 polarization [67]. Resistin activates a TLR4–PKCε positive feedback loop in cultured human macrophages, increasing inflammatory mediator production, and this effect is attenuated by the inhibition of either TLR4 or PKCε [68]. However, its direct contribution to macrophage behavior in human plaques remains to be established. Nevertheless, these in vivo and in vitro findings suggest that TLR4 is a molecular switch that links metabolic stress to macrophage inflammatory identity.
Coupling of inflammation to lipid accumulation
TLR4 signaling profoundly alters lipid metabolism in macrophages, reinforcing foam cell persistence. TLR4 activation downregulates the expression of the cholesterol efflux transporters ATP-binding cassette subfamily A member 1 (ABCA1) and ATP-binding cassette subfamily G member 1 (ABCG1), impairing reverse cholesterol transport and promoting intracellular cholesterol accumulation. Mechanistically, TLR4 interferes with PPARγ/LXRα signaling, suppressing the transcriptional regulation of these transporters. Therapeutic agents such as Qing-Xue-Xiao-Zhi formula and rice bran active peptide restore PPARγ/LXRα/ABCA1/ABCG1 expression while inhibiting TLR4–NF-κB signaling, illustrating the reciprocal relationship between inflammatory activation and cholesterol efflux [69,70]. Because these agents affect multiple metabolic and inflammatory pathways, they provide pharmacological support for coupling between TLR4 signaling and cholesterol efflux but do not establish the direct regulation of ABCA1 or ABCG1 by TLR4. In addition to lipid efflux, TLR4 modulates intracellular lipid handling. It has been reported to enhances ACAT1-mediated cholesterol esterification, promoting lipid droplet formation [71].
TLR4-related inflammation may also affect intracellular lipid turnover through autophagy and lysosomal pathways. Experimental suppression of TLR4–NF-κB signaling is frequently accompanied by improved autophagic flux, reduced lipid-droplet accumulation, and decreased oxidative stress in macrophage foam-cell models [62]. However, whether TLR4 directly inhibits macrophage autophagy in atherosclerotic lesions, rather than acting indirectly through inflammatory and metabolic stress, remains incompletely unclear [69].
[bookmark: OLE_LINK93][bookmark: OLE_LINK94]Macrophage death and the resolution of defective inflammation 
Persistent TLR4 signaling may influence plaque progression by coupling inflammatory activation to macrophage death. Chronic TLR4 signaling can induces endoplasmic reticulum stress and mitochondrial apoptotic pathways, increasing macrophage apoptosis within advanced plaques [72]. When the apoptotic burden exceeds the efferocytic capacity, secondary necrosis ensues, leading to the expansion of necrotic lipid cores. Importantly, TLR4 has been linked to increased apoptosis and not only promotes apoptosis but also impaireds efferocytosis. TLR4 activation modulates CD47 expression on apoptotic macrophages, reducing their clearance by neighboring phagocytes and exacerbating necrotic core formation [73]. This dual role—inducing cell death while limiting debris removal—amplifies plaque destabilization. In parallel, TLR4 signaling primes inflammasome activation and pyroptosis. By increasing NLRP3 expression and caspase-1 activation, TLR4 can promotes gasdermin-mediated inflammatory cell death   in experimental models [73,74]. 
A recent preclinical study revealed that celastrol reduced the aortic lesion burden, macrophage pyroptosis, and the levels of plaque instability markers in ApoE-/- mice while suppressing the TLR4–STAT3–NLRP3 pathway in aortic tissue and ox-LDL-treated THP-1 macrophages [75]. Although these findings provide in vivo pharmacological support for this pathway, macrophage-specific genetic manipulation of TLR4 or STAT3 was not performed, and the clinical relevance remains untested. The effects of corilagin, ganoderic acids, and related natural compounds on macrophage apoptosis, inflammasome signaling, and efferocytosis should similarly be considered  preclinical and potentially pleiotropic [65,66].
Emerging microbial, systemic, and multicellular regulation
Additional regulatory pathways may modify macrophage TLR4 signaling in specific disease contexts. Periodontal pathogens, including Porphyromonas gingivalis, can activate TLR4- and MAPK-dependent inflammatory pathways and alter scavenger-receptor-mediated lipid uptake in macrophages [76]. However, the extent to which these pathways operate within human coronary plaques and independently influence cardiovascular outcomes remains uncertain.
[bookmark: OLE_LINK1046][bookmark: OLE_LINK1047]TLR4 signaling in macrophages also extends beyond cell-intrinsic effects to contribute to orchestrate multicellular interactions within the plaque microenvironment. An experimental model of circadian rhythm disruption exhibits accelerated VSMC migration and proliferation via macrophage-derived TLR4-associated dependent paracrine signaling [77]. Advanced glycation end products (AGEs) further amplify M1 polarization and drive VSMC phenotypic switching through the RAGE/TLR4/FOXC2/Dll4/Notch axis [78]. These studies provide a potential link between systemic metabolic stress and local immunovascular communication, but they remain predominantly model-dependent and require validation using lineage-resolved human plaque analyses.
Collectively, the results of human plaque studies and experimental loss-of-function models support the role of TLR4 as an important contributor regulator of macrophage-mediated inflammatory and metabolic responses during atherogenesis. However, the proposed roles of TLR4 in macrophage polarization, lipid handling, autophagy, pyroptosis, defective efferocytosis, and intercellular communication remain largely supported by cell-based studies, pharmacological interventions, or non-cell-specific animal models. Macrophage-specific genetic studies and spatially resolved analyses of human lesions are therefore needed to define its cell-autonomous contribution to plaque progression and instability.
Taken together, these findings support the idea that TLR4 is an important  central immunometabolic signaling node that contributes to synchronizes multicellular responses during atherogenesis. In ECs, TLR4 contributes to endothelial activation, inflammatory cell recruitment, barrier dysfunction, and stress-associated remodeling; in macrophages, it regulates proinflammatory activation, inflammasome priming, and lipid-handling programs; and in VSMCs, it participates in phenotypic modulation, ECM remodeling, and cell fate state transitions. Rather than operating as a linear proinflammatory trigger, TLR4 functions as a context-sensitive signaling node signal integrator that links translates mechanical stress, metabolic perturbation, and endogenous danger signals into to downstream coordinated transcriptional and epigenetic programs. This distributed yet interconnected signaling network may establish a self-amplifying inflammatory circuit that links endothelial dysfunction and immune activation to structural remodeling of the arterial wall. However, although studies of human tissues and experimental models consistently support the involvement of TLR4 in atherosclerosis, the relative contribution of cell-autonomous TLR4 signaling varies among vascular and immune cell populations and remains incompletely defined by cell-specific genetic studies. Importantly, this multicellular architecture of TLR4 signaling in atherosclerosis provides a a basis for understanding its broader role in cardiovascular pathology, in which the principles of stress sensing, immune amplification, and maladaptive remodeling are observed in MI and HF, as summarized in Fig. 1.
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[bookmark: OLE_LINK426][bookmark: OLE_LINK427][bookmark: OLE_LINK31][bookmark: OLE_LINK32]Fig. 1 Multicellular TLR4 signaling network in atherosclerosis
TLR4 responds to integrates mechanical stress, metabolic cues, and danger signals to contribute to coordinate endothelial activation, macrophage polarization, and VSMC remodeling during atherogenesis. In endothelial cells, TLR4 activation by ox-LDL, HMGB1, and DAMPs induces MyD88–NF-κB signaling, adhesion molecule expression, inflammatory cytokine production, and eNOS suppression, promoting monocyte adhesion, transmigration, endothelial dysfunction, and barrier disruption. TLR4 activation can promote also triggers pyroptosis and apoptosis, further amplifying local inflammation. In infiltrating macrophages, TLR4 signaling biases cells toward proinflammatory activation states, provides an important priming signal for inflammasome activation, and alters modified -lipoprotein uptake and cholesterol handling, thereby promoting foam cell formation and sustained cytokine release. In VSMCs, TLR4 participates in phenotypic switching, and ECM remodeling, and may contribute to apoptosis, potentially compromising which weakens plaque stability. Collectively, these cell-type–specific yet interconnected pathways establish a context-dependent immunometabolic circuit that links endothelial dysfunction and innate immune activation to structural remodeling of the arterial wall, thereby contributing toultimately accelerating plaque initiation, progression, and instability.
Heart failure: TLR4 as an integrator ofin cardiomyocyte dysfunction fate and persistent inflammation
Heart failure (HF) is a progressive syndrome of ventricular dysfunction arising from sustained mechanical stress, neurohormonal activation, and a systemic metabolic imbalance [79]. Studies of the human myocardium and experimental HF models collectively implicate increased or sustained TLR4 signaling in cardiac inflammation, adverse ventricular remodeling, and functional deterioration [8,23,80,81]. A defining feature of HF is the persistence of low-grade sterile inflammation within the myocardium, which is maintained not by abrupt necrotic bursts but by continuous cellular stress and maladaptive remodeling. In this chronic environment, TLR4 may function as a context-dependent signaling integrative node that links metabolic dysfunction, contractile impairment, immune persistence, and fibrotic remodeling rather than acting as a transient inflammatory trigger [82]. 
[bookmark: OLE_LINK122][bookmark: OLE_LINK123]Cardiomyocytes: energetic exhaustion and contractile maladaptation
Studies of the human myocardium support the clinical relevance of cardiomyocyte TLR4 signaling in HF. Focal or increased TLR4 expression has been detected in cardiomyocytes from patients with idiopathic dilated cardiomyopathy and advanced HF, whereas patients requiring mechanical circulatory support exhibit particularly high myocardial TLR4 expression [80,81]. However, direct evidence from humanuamns linking cardiomyocyte TLR4 activation to specific defects in substrate utilization, mitochondrial function, or excitation–contraction coupling remains limited. Consistent with these observations, preclinical studies have indicated that sustained myocardial TLR4 signaling contributes to cardiomyocyte dysfunction during chronic cardiac stress. In long-term postmyocardial infarction HF, cardiomyocytes isolated from both  the infarcted and remote myocardium exhibit increased TLR4 expression, ligand responsiveness, and inflammatory cytokine production, whereas local myocardial TLR4 silencing attenuates inflammation and improves cardiac function [23]. However, these interventions were not strictly cardiomyocyte specific.
[bookmark: OLE_LINK646][bookmark: OLE_LINK647]Mechanistically, in failing cardiomyocytes, sustained TLR4 activation can contribute to alterations in progressively reshapes myocardial energy metabolism. Chronic NF-κB signaling suppresses PGC-1β-dependent transcriptional programs, leading to impaired fatty acid oxidation, mitochondrial inefficiency, and pathological lipid accumulation [83]. The result is metabolic inflexibility and a gradual loss of contractile reserve rather than acute cell death. 
[bookmark: OLE_LINK650][bookmark: OLE_LINK651][bookmark: OLE_LINK757][bookmark: OLE_LINK758]Circulating metabolic mediators further amplify this dysfunction. RBP4 aggravates inflammation through the TLR4/MyD88–dependent pathway and exacerbates insulin resistance through the downregulation of GLUT4 expression, thus restricting glucose utilization in the failing heart [84]. Gut microbiota–derived phenylacetylglutamine (PAGln) activates TLR4–AKT–mTOR signaling in cardiomyocytes, contributing to electrophysiological remodeling and arrhythmogenic susceptibility [85]. Although these studies provide in vivo support, cardiomyocyte-specific genetic validation of the PAGln–TLR4 pathway is lacking.
[bookmark: OLE_LINK654][bookmark: OLE_LINK655][bookmark: OLE_LINK662][bookmark: OLE_LINK663]In addition to affecting substrate metabolism, TLR4 signaling perturbs intracellular calcium handling and excitation–contraction coupling. Endotoxin-sensitive TRPC1/6 pathways promote calcium leakage and impair systolic performance [86]; however, their contributions to chronic HF remain uncertain. Upon metabolic overload, sustained inflammatory signaling and the suppression of AMPK-dependent homeostasis impair autophagic flux, leading to mTOR activation, p62 accumulation, defective mitochondrial turnover, and proteostatic stress. The experimental inhibition or deletion of TLR4 partially restores autophagy-associated signaling, intracellular Ca²⁺ handling, and cardiomyocyte contractile function [87,88]. Taken together, these findings support the idea that cardiomyocyte TLR4 is a context-dependent mediator integrator of inflammatory and metabolic stress that contributes to impaired substrate utilization, defective organelle quality control, electrophysiological remodeling, and contractile dysfunction. However, direct mechanistic evidence from humans and cardiomyocyte-specific genetic validation in chronic HF models remain limited.
[bookmark: OLE_LINK883][bookmark: OLE_LINK884]Immune cells: persistence of the inflammatory tone
Studies in humans support the persistent activation of the circulating innate immune compartment in patients with HF. CD14⁺ monocytes from patients with chronic HF exhibit increased TLR4 expression and increased enhanced responsiveness to LPS stimulation ex vivo, with TLR4 levels correlated with NYHA functional severity [89]. Similarly, patients who develop HF after AMI display sustained increases in monocyte TLR4 expression and inflammatory cytokine-producing capacity [90]. These observations establish an association between systemic monocyte TLR4 activation and HF severity, although they do not demonstrate that TLR4 signaling within cardiac macrophages independently drives chronic myocardial remodeling.
Consistent with these clinical observations, experimental studies have indicated that cardiac macrophage-associated TLR4–MyD88–NF-κB signaling can promote promotes the production of TNF-α, IL-1β, IL-6, and other inflammatory mediators that can impair cardiomyocyte contractility and reinforce metabolic and fibrotic stress [91,92]. Rather than representing a fixed polarization state, TLR4 activation may bias cardiac macrophages toward persistent proinflammatory programs under chronic myocardial stress. However, immune cell dynamics vary with the disease stage: macrophage accumulation is prominent during the early response to pressure overload, whereas the experimental depletion of mononuclear phagocytes after established HF does not consistently reverse ventricular remodeling [93]. Thus, macrophage-dependent TLR4 signaling may contribute most strongly during defined inflammatory windows rather than maintaining HF progression uniformly at all stages.
[bookmark: OLE_LINK1050][bookmark: OLE_LINK1051][bookmark: OLE_LINK1052][bookmark: OLE_LINK1053][bookmark: OLE_LINK1048][bookmark: OLE_LINK1049]Systemic comorbidities may further sustain myocardial inflammation through overlapping innate immune pathways. In an experimental chronic kidney disease (CKD) model,  circulating mitochondrial DNA and oxidized phospholipids are associated with activation of cardiac innate immune pathways, including TLR4- and NLRP3-related signalingactivate cardiac TLR4 and downstream NLRP3 inflammasome signaling, promoting IL-1β release and CCL2-dependent monocyte recruitment [94]. Their combined activation may increase chemokine production and monocyte recruitment, but direct immune cell-specific evidence in individuals with HF complicated with CKD remains limited. 
[bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK3][bookmark: OLE_LINK4]	Adaptive immune mechanisms further reinforce chronic myocardial inflammation. In pressure-overloaded mouse hearts, innate immune stimulation induces syndecan-4 expression in CFs and cardiomyocytes through TLR4- and NF-κB-associated mechanisms, whereas syndecan-4 deficiency reduces the myocardial recruitment of CD3⁺, CD4⁺, and CD8⁺ T cells [95]. However, syndecan-4-deficient mice also exhibit impaired cardiac adaptation under prolonged pressure overload, indicating that this pathway cannot be interpreted as uniformly pathogenic. Rather, the TLR4–syndecan-4 axis may couple innate danger sensing to context-dependent adaptive immune recruitment and myocardial adaptation.
Collectively, the results of human monocyte studies and experimental HF models support immune-associated TLR4 signaling as a contributor to persistent inflammatory tone during HF. Nevertheless, its effects appear to depend on immune cell identity, complications, and disease stage, and macrophage- or lymphocyte-specific genetic studies are needed to elucidate its cell-autonomous contribution to chronic ventricular remodeling.
[bookmark: OLE_LINK885][bookmark: OLE_LINK886]Endothelial and fibroblast compartments: stabilization of maladaptive structure
Clinical studies have identified coronary microvascular dysfunction and diffuse myocardial fibrosis as important structural and functional features of HF, particularly HF with a preserved ejection fraction [96]. However, direct evidence from humans linking these abnormalities specifically to endothelial or fibroblast TLR4 signaling remains limited.
[bookmark: OLE_LINK666][bookmark: OLE_LINK667]Experimental studies suggest that endothelial TLR4 signaling may contribute to coronary microvascular dysfunction. In cultured endothelial cells, the activation of HSP60 and TLR4 stimulates the NF-κB and p38 MAPK pathways, increasing VCAM-1 and PAI-1 expression while suppressing eNOS activity, thereby impairing microcirculatory homeostasis [97]. 
Cardiac fibroblasts (CFs) represent a principal structural effector cell type in HF. Following myocardial injury, DAMPs derived from cardiomyocytes, such as Fn-EDA, can also activate TLR4 in CFs, promoting myofibroblast differentiation and leading to myocardial fibrosis. Genetic deficiency of Fn-EDA reduces inflammation, myofibroblast differentiation, matrix metalloproteinase activity, and remote myocardial fibrosis after infarction while preserving ventricular function [98]. Because Fn-EDA can engage TLR4 and cooperate with integrin signaling, these findings support a link between the sensing of ECM damage and fibroblast activation. However, the available genetic evidence primarily establishes a role for Fn-EDA rather than a causal effect of fibroblast-specific TLR4. 
[bookmark: OLE_LINK1057][bookmark: OLE_LINK1058][bookmark: OLE_LINK1059][bookmark: OLE_LINK1060]More direct preclinical evidence implicates the MD2–TLR4 complex in CF activation. Studies using human primary CFs, induced pluripotent stem cell-derived fibroblasts, three-dimensional engineered cardiac tissues, and mouse HF models have demonstrated that the disruption of MD2–TLR4 signaling suppresses ERK–c-FOS activity, fibroblast proliferation, migration, contraction, and profibrotic gene expression [99]. Pharmacological targeting of MD2 reduces myocardial collagen deposition and improves cardiac function in experimental pressure o verload, Ang II, and ischemic remodeling models [99]. These findings provide integrated evidence from human cells and animals for an MD2–TLR4–ERK–c-FOS pathway in fibrotic remodeling, although fibroblast-specific genetic validation and evidence from the failing human myocardium remain necessary.
Fibroblast activation further sustains immune cell recruitment, while macrophage- and cardiomyocyte-derived cytokines amplify fibroblast activation, establishing a self-perpetuating inflammatory–fibrotic circuit. Syndecan-4-associated signaling may contribute to this interaction by linking innate immune stimulation to fibroblast activation and T-cell recruitment [95]. However, because syndecan-4 also supports adaptive cardiac responses to pressure overload, its role appears context- and stage-dependent rather than uniformly pathogenic. 
Collectively, the results of clinical studies have established microvascular dysfunction and diffuse fibrosis as major components of HF remodeling in patients with HF, whereas experimental evidence has indicated that TLR4-associated signaling is involved in endothelial activation and fibroblast persistence. Endothelial- and fibroblast-specific genetic studies, together with spatial analyses of the failing human myocardium, are needed to define the cell-autonomous contribution of TLR4 to chronic structural remodeling.
Taken together, these findings suggest that HF represents a state of chronic TLR4- associated dependent immunometabolic remodeling in which persistent mechanical and metabolic stress maintains low-grade innate immune activation in multiple cardiac compartments. Rather than acting solely as a trigger of acute inflammation, TLR4 may contribute to stabilize distributed maladaptive networks that progressively erode the energetic capacity, contractile performance, and structural integrity. TAlthough the relative contribution of TLR4 varies with the cell type and disease stage, and much of the available causal evidence is derived from global genetic models or pharmacological interventions. This context-dependent signaling architecture provides a rationale for the stage- and cell-selective modulation of TLR4-related pathways rather than broad anti-inflammatory suppression in individuals with established HF , as summarized in Fig. 2.
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[bookmark: OLE_LINK891][bookmark: OLE_LINK892]Fig. 2 TLR4-associated multicellular remodeling in HF
TLR4 links integrates metabolic stress, immune persistence, and fibrotic remodeling, thereby to contributing to stabilize chronic cardiac dysfunction in HF. In cardiomyocytes, sustained TLR4 activation can disrupts PGC-1β-dependent metabolic programs, mitochondrial function, and AMPK-mediated autophagy, contributing leading to energetic dysfunction failure and decreased contractile function. In cardiac macrophages, prolonged TLR4–MyD88–NF-κB signaling and NLRP3 inflammasome activation sustain maintain inflammatory cytokine production and immune cell recruitment, whereas Syndecan-4 in cardiomyocytes and CFs may facilitate adaptive immune cell infiltration. Endothelial TLR4 activation impairs microvascular homeostasis, reducing eNOS activity and promoting leukocyte adhesion. In CFs, TLR4-associated signaling engages activation triggers the ERK/c-FOS and inflammasome -related pathways, leading to driving myofibroblast differentiation and diffuse interstitial fibrosis. Crosstalk among cardiomyocytes, immune cells, ECs, and fibroblasts may establish a self-reinforcing inflammatory–fibrotic circuit that progressively impairs cardiac energetic capacity, contractility and structural integrity, highlighting a state of chronic TLR4-associated multicellular remodeling in HF.indicating that HF is a state of chronic TLR4-driven remodeling.
[bookmark: OLE_LINK605][bookmark: OLE_LINK606][bookmark: OLE_LINK631][bookmark: OLE_LINK436][bookmark: OLE_LINK437]Myocardial infarction: TLR4 as a time-sensitive regulator of acute injury and inflammatory amplification
[bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK1063][bookmark: OLE_LINK1064][bookmark: OLE_LINK247][bookmark: OLE_LINK248][bookmark: OLE_LINK625][bookmark: OLE_LINK626]Myocardial infarction (MI) is initiated by acute and sustained ischemia, but its clinical outcome is largely determined by the intensity and duration of the subsequent sterile inflammatory response [100]. Cardiomyocyte necrosis caused by ischemia–reperfusion (I/R)  injury leads to the abrupt release of endogenous DAMPs, including HMGB1, S100 proteins, HSPsa, oxidized lipids, and mitochondrial components [18,101]. Clinical observations of increased circulating levels of TLR4-associated DAMPs and monocyte inflammatory responsiveness after AMI [102], together with loss-of-function studies showing a reduced infarct size, inflammatory cell accumulation, and cardiomyocyte apoptosis in TLR4-deficient mice subjected to myocardial I/R injury , suggest that TLR4 signaling is involved in acute myocardial injury and inflammatory amplification [103,104]. In this injury environment, TLR4 functions as a context- and time-dependent sensor of sterile danger signals rather than as an isolated inflammatory switch. Its early activation may amplify cardiomyocyte injury and innate immune cell recruitment, whereas appropriately controlled inflammatory signaling may also participate in debris clearance and the transition toward tissue repair. MI therefore provides a prototypical disease model for determining the stage-dependent roles of TLR4 in coordinating acute injury, inflammatory amplification, and reparative remodeling.
Cardiomyocytes: acute injury and regulated cell deathcell fate determination 
[bookmark: OLE_LINK263]Direct human evidence linking cardiomyocyte-intrinsic TLR4 signaling to cardiomyocyte injury and survival outcomes acute cell fate after MI remains limited. However, loss-of-function studies using animal models provide strong in vivo evidence that TLR4 contributes to myocardial cell injury following I/R. Global TLR4 deficiency reduces the infarct size and cardiomyocyte apoptosis; pharmacological inhibition of PI3K largely abolishes this protective effect, indicating that the survival advantage associated with TLR4 deficiency is mediated, at least in part, through PI3K-dependent prosurvival signaling [104]. Because TLR4 is globally deficient in these animals, these findings cannot be used to assign the protective effect exclusively to cardiomyocyte-intrinsic signaling. 
[bookmark: OLE_LINK200][bookmark: OLE_LINK201]Mechanistically, in cardiomyocytes, TLR4 activation during I/R injury may influence cardiomyocyte survival and regulated cell-death pathways. acute cell fate decisions. Experimental studies have implicated shown that the activation of the HMGB1–TLR4–MyD88/NF-κB axis promotes mitochondrial dysfunction, oxidative stress, and inflammatory gene expression, thereby exacerbating myocardial injury [105]. In addition to apoptosis, TLR4-associated signaling has also been linked to NLRP3 inflammasome-mediated pyroptosis [105], whereas a recent preclinical study revealed that the SLAMF8–TLR4–NOX4 axis promotes oxidative stress and cardiomyocyte ferroptosis during I/R injury [15]. 
In parallel, TLR4-related inflammatory signaling may additionally influence electrical and calcium homeostasis. Experimental activation of TLR4-associated pathways has been linked to CaMKII-dependent calcium dysregulation and electrical remodeling, potentially increasing susceptibility to ventricular arrhythmias during  acute ischemic injury [106]. However, the extent to which this pathway reflects cardiomyocyte-autonomous TLR4 activity rather than secondary effects of inflammation, oxidative stress, or tissue injury remains uncertain.
Thus, the results of the recent studies support the hypothesis that TLR4 contributes in a time-dependent manner to acts as a time-sensitive regulator of cardiomyocyte injurysurvival, regulated cell death, and electrical stability during acute myocardial injury rather than as a solitary molecular switch that results in irreversible cell loss.
Innate immune cells: inflammatory amplification and tissue expansion
Although necrotic cardiomyocytes initiate the release of DAMPs, the pathological effect of TLR4 rapidly extends to innate immune activation. Classic in vivo loss-of-function studies demonstrated that two strains of TLR4-deficient mice subjected to myocardial I/R injury developed smaller infarcts, reduced myocardial neutrophil accumulation and myeloperoxidase activity, and decreased lipid peroxidation and complement deposition [103]. These findings indicate that TLR4 contributes to acute myocardial inflammation and tissue injury. Nevertheless, because the mice had a systemic TLR4 deficiency, the results of this study support a role for TLR4 in TLR4-dependent myocardial–immune communication rather than proving a neutrophil-intrinsic effect. 
[bookmark: OLE_LINK634][bookmark: OLE_LINK635][bookmark: OLE_LINK761][bookmark: OLE_LINK762][bookmark: OLE_LINK306][bookmark: OLE_LINK307][bookmark: OLE_LINK638][bookmark: OLE_LINK639]Neutrophils are among the earliest responders to myocardial I/R injury, and experimental studies suggest that TLR4 activation promotes their rapid infiltration, ROS production, and formation of neutrophil extracellular traps (NETs) [107,108], which may exacerbate microvascular obstruction and thrombosis, thereby amplifying ischemic injury and increasing the infarct size. In parallel, endothelial TLR4 can activate both MyD88-dependent inflammatory pathways and TRIF-dependent interferon signaling, increasing endothelial adhesion and neutrophil recruitment and perpetuating local inflammation [109].
Subsequently, monocytes and macrophages accumulate within the infarcted myocardium, where TLR4 signaling contributes to governs their inflammatory polarization and tissue remodeling. DAMP-induced activation of TLR4 on macrophages promotes M1-like proinflammatory polarization via the NF-κB and inflammasome pathways, leading to the sustained secretion of TNF-α and IL-1β and further cardiomyocyte injury [110,111]. However, this response is inherently plastic because macrophages in the infarcted area display substantial temporal and transcriptional heterogeneity and subsequently acquire inflammation-resolving and tissue-reparative functions. 
[bookmark: OLE_LINK314][bookmark: OLE_LINK315]Preclinical interventions further suggest that TLR4 signaling in macrophages is therapeutically modifiable. Pharmacological and biological interventions that attenuate TLR4 signaling, such as traditional Chinese medicine formulations, AMPK activators, or mesenchymal stem cell-derived exosomes carrying miR-182 or miR-148a—promote macrophage polarization toward reparative phenotypes and limit adverse remodeling [112,113]. Admittedly, the pleiotropic effects of the adopted interventions limit their ability to supersede macrophage-restricted TLR4 loss- and gain-of-function investigations. Nevertheless, the present observations highlight the context-specific duality of TLR4 signaling in macrophages, which acts simultaneously as an inducer of inflammatory injury and a  potential target for stage-specific modulation.modifiable checkpoint for resolution.
Intercellular feedback loops: temporal coupling of injury and repair
Crucially, TLR4-mediated signaling in MI operates through tightly coupled intercellular feedback loops. Necrotic cardiomyocytes activate TLR4 on macrophagea and neutrophilsa via DAMPs and extracellular vesicles (EVs), whereas immune cell-derived cytokines and proteases further aggravate cardiomyocyte death and metabolic dysfunction [105,114]. Endothelial activation further facilitates leukocyte adhesion and transmigration, extending the inflammatory response beyond the initial ischemic region. 
Neutrophil-derived S100A8/A9 provides a well-characterized example of this type of feed-forward communication. Following MI, S100A8/A9 can engage TLR4 on resident or newly recruited myeloid cells, prime NLRP3 inflammasome signaling, and increase IL-1β release, thereby promoting additional myeloid-cell production and recruitment. Short-term inhibition of S100A8/A9 during the acute inflammatory phase reduces myeloid activation and subsequently improves cardiac function in an experimental MI model, supporting the importance of the intervention timing [115,116]. 
This multicellular network underscores highlights that TLR4-associated driven pathology in MI cannot be attributed to any single cell type but rather emerges from coordinated, time-dependent intercellular communication.
[bookmark: OLE_LINK907][bookmark: OLE_LINK908]Collectively, preclinical evidence supports the role of TLR4 as a time-sensitive contributor to regulated cell death and multicellular inflammatory amplification integrator of cell fate decisions during MI, coupling cardiomyocyte injury and regulated cell death to multicellular inflammatory amplification. TLR4-associated communication among cardiomyocytes, vascular cells, and myeloid cells populations influences whether inflammation resolves toward repair or persists to promote infarct expansion and adverse remodeling. Its biological effects therefore depend on the cellular context and the intensity and duration of pathway activation of the signaling pathway. Although the well-supported evidence has been derived from global loss-of-function and I/R models, these findings support an early, time-limited, and potentially cell-selective intervention rather than prolonged systemic inhibition. The resulting injury-to-remodeling network also provides a mechanistic connection between MI and subsequent HF , as summarized in Fig. 3. 
[bookmark: OLE_LINK115][bookmark: OLE_LINK116] [image: ]
Fig. 3. The time-dependent TLR4 signaling network in MI
[bookmark: OLE_LINK190][bookmark: OLE_LINK191]Myocardial injury releases danger signals that activate TLR4 in cardiomyocytes, endothelial cells, neutrophils, and macrophages. In cardiomyocytes, TLR4 signaling can contribute to promotes mitochondrial dysfunction, oxidative stress, calcium dysregulation, and regulated cell death. TLR4 in ECs increases adhesion molecule expression, facilitating neutrophil recruitment. TLR4 signaling in neutrophils can promote drives reactive oxygen species production and NET formation, contributing to microvascular obstruction and thromboinflammation. TLR4 signaling can promotes inflammatory polarization and inflammasome activation in macrophages within the infarct zone. Cytokines and proteases released from immune cells exacerbate cardiomyocyte injury, whereas DAMPs and EVs from dying cardiomyocytes sustain immune cell activation. These bidirectional interactions establish a time-sensitive, self-amplifying inflammatory circuit that influences regulates the balance between infarct resolution and adverse ventricular remodeling.
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]Hypertension: context-dependent TLR4 signaling TLR4 in as an integrator of low-grade inflammation and vascular remodeling
Hypertension has traditionally been conceptualized as a hemodynamic disorder driven by neurohormonal activation, renal sodium retention, and dysregulated vascular tone dysregulation. However, accumulating clinical and experimental evidence indicates that chronic low-grade inflammation contributes to vascular remodeling and end-organ damage in both individuals with systemic and pulmonary hypertensive disorders [117,118]. In patients with essential hypertension, peripheral monocytes exhibit increased TLR4 expression, which is attenuated following intensive systolic blood pressure control, supporting an association between TLR4-related innate immune activation and hypertension in humans [119]. Consistent with these clinical observatiosnobservations, pharmacological blockade or global genetic deficiency of TLR4 attenuates elevated blood pressure elevation and improves vascular reactivity, endothelial function, and arterial remodeling in spontaneously hypertensive rats and in L-NAME- and Ang II-induced hypertension models [120–122]. These preclinical studies implicate TLR4 in the coupling of DAMP release, oxidative stress, abnormal vascular contraction, and structural remodeling, although systemic interventions do not establish cell-specific causality. Within this framework, TLR4 may function as a context-dependent interface that links mechanical stress, neurohormonal signals, metabolic perturbations, and innate immune activation during hypertension [121,123].
[bookmark: OLE_LINK915][bookmark: OLE_LINK916]Systemic hypertension: TLR4 as an amplifier of vascular dysfunction
Clinical evidence supports an association between TLR4-related innate immune activation and systemic hypertension. Elevated TLR4 expression has been detected in the circulating monocytes and vascular tissues of patients with essential hypertension and is correlated with endothelial dysfunction and the levels of inflammatory markers [121,124]. These findings establish a relationship between circulating monocyte TLR4 activity and the severity of hypertension or treatment response, although direct evidence for increased TLR4 signaling within human resistance vessels remains limited.
[bookmark: OLE_LINK753][bookmark: OLE_LINK754][bookmark: OLE_LINK763]Consistent with these clinical observations, pharmacological and genetic loss-of-function studies support the contributions of TLR4 to blood pressure regulation and hypertension-associated vascular injury. In spontaneously hypertensive rats, systemic administration of a TLR4-neutralizing antibody reduces the mean arterial pressure and circulating IL-6 levels and attenuates the exaggeratedenhances the contractile responses of mesenteric resistance arteries [120]. Global TLR4 deficiency similarly blunts L-NAME-induced hypertension and reduces arterial hypercontractility by limiting DAMP-associated oxidative stress and preserving NO–sGC–cGMP signaling [122]. In Ang II-infused mouse models, functional pharmacological TLR4 deficiency blockade attenuates the hypertensive response and reduces renal oxidative stress, macrophage-associated inflammation, and fibrotic remodeling elevated blood pressure elevation, reduces vascular inflammation, and limits arterial remodeling [125]. Importantly, TLR4 deficiency does not uniformly abolish hypertension, suggesting that TLR4 acts less as a primary blood pressure generator and more as an amplifier of vascular injury and stiffness [126].
Endothelial cells: linking neurohormonal stress to vascular dysfunction 
[bookmark: OLE_LINK450][bookmark: OLE_LINK451]The experimental evidence suggests that endothelial TLR4-associated signaling contributes to the transition from a vasodilatory endothelial state toward an oxidative, adhesive, and pro-inflammatory phenotype. In vascular ECs, Ang II and oxidative stress promote TLR4 activation, triggering MyD88–NF-κB signaling and ROS production. This process leads to reduced eNOS activity and impaired nitric oxide bioavailability, thereby driving endothelial dysfunction and a proinflammatory vascular phenotype in individuals withexperimental hypertension [121]. 
Vascular smooth muscle cells: phenotypic switching and arterial stiffening
VSMCs represent a major effector compartment through which TLR4-associated inflammation influences vascular tone and remodeling. In an L-NAME-induced hypertension model, tissue injury and DAMP release stimulate TLR4-dependent ROS production in VSMCs, impairing the NO–sGC–cGMP pathway and increasing arterial contractility; these abnormalities are attenuated in globally TLR4-deficient mice [122]. Ang II similarly upregulates TLR4-related signaling in VSMCs, promoting NADPH oxidase activity and JNK and NF-κB activation, proliferation, migration, and ECM production [127]. This dissociation supports a blood pressure-independent contribution of TLR4 to vascular structural injury. Emerging preclinical evidence has revealed additional metabolic regulators of this pathway. Asprosin binding to TLR4 activates NOX1/2/4-derived oxidative stress, directly promoting VSMC proliferation and migration in spontaneously hypertensive rats and primary VSMCs [128]. Concurrently, Ang II amplifies TLR4/MyD88/NF-κB signaling and NLRP3 inflammasome activation, reinforcing vascular stiffening and medial thickening [129].  Thus, TLR4 signaling supportsmay contribute to the transition from functional vasoconstriction to fixed structural remodeling, although the available genetic interventions are not specific to VSMCs or humans with hypertension.
Immune cells: positive inflammatory feedback
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK456][bookmark: OLE_LINK457][bookmark: OLE_LINK35][bookmark: OLE_LINK36]Studies of human monocytes suggest that systemic innate immune activation accompanies essential hypertension [119]. In experimental hypertension models, monocytes and macrophages infiltrate hypertensive vessels and perivascular adipose tissue, where TLR4–MyD88–NF-κB signaling contributes to drives the sustained production of proinflammatory cytokines such as TNF-α and IL-1β [130]. These mediators further impair endothelial function and stimulate VSMC proliferation, creating a positive feedback inflammatory loop. In this context, TLR4 links systemic inflammatory tone to localized vascular remodeling rather than triggering acute injury.
Collectively, the results of studies using human monocytes and experimental hypertension models support the hypothesis that TLR4 is a context-dependent signaling node linking integrator of neurohormonal stress, DAMP sensing, oxidative signaling, and vascular-cell remodeling. TLR4 therefore appears to facilitate the transition from reversible functional vasoconstriction to persistent inflammatory and structural vascular dysfunction rather than acting as the sole determinant of systemic blood pressure.
[bookmark: OLE_LINK917][bookmark: OLE_LINK918][bookmark: OLE_LINK476][bookmark: OLE_LINK477]Pulmonary arterial hypertension: context-dependent TLR4 signaling in vascular injury and remodeling
[bookmark: OLE_LINK764][bookmark: OLE_LINK765][bookmark: OLE_LINK478][bookmark: OLE_LINK479][bookmark: OLE_LINK86][bookmark: OLE_LINK89]Compared with systemic hypertension, pulmonary arterial hypertension (PAH) provides a useful model for examining context-dependent TLR4 signaling in pulmonary clearer and more mechanistically defined model of TLR4-dependent vascular pathology. PAH is characterized by progressive pulmonary arterial remodeling, elevated pulmonary vascular resistance, and eventual right ventricular failure. Clinical studies have revealed elevated circulating and vascular levels of TLR4-associated danger signals, particularly HMGB1, together with persistent perivascular inflammation in patients with PAH [131,132]. Experimental studies using monocrotaline, chronic hypoxia, and other PAH models have further implicated TLR4-related signaling in endothelial injury, immune activation, and pulmonary vascular remodeling [132]. However, the effects of TLR4 are not uniformly pathogenic across models. Although global TLR4 deficiency has been shown to attenuate inflammation and vascular remodeling in some chronic hypoxia studies, other experiments have shown that TLR4-deficient mice spontaneously develop PAH associated with redox dysregulation in pulmonary vascular cells [133,134]. TLR4 should therefore be regarded as a context-dependent regulator of pulmonary vascular homeostasis and remodeling rather than as a universal driver of PAH.
Endothelial-immune crosstalk: vascular injury, ferroptosis, and inflammatory amplification
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK768][bookmark: OLE_LINK769][bookmark: OLE_LINK925][bookmark: OLE_LINK926]Endothelial injury and impaired vascular regeneration are central to progressive pulmonary arterial remodeling in PAH. Human studies have demonstrated increased levels of circulating HMGB1 and prominent extranuclear HMGB1 staining within pulmonary vascular lesions, supporting the clinical relevance of DAMP signaling in PAH [131]. Under hypoxic or inflammatory stress, ECs release HMGB1, which acts as a DAMP and activates TLR4 on pulmonary artery endothelial cells (PAECs). In cultured human PAECs, HMGB1 inhibits VEGF-stimulated endothelial migration through a noncanonical TLR4–IRF3-dependent pathway rather than through the classical MyD88–NF-κB axis, thereby impairing vascular repair and promoting precapillary arteriolar loss. Neutralization or silencing of TLR4 expression restores the endothelial migratory capacity, suggesting a causal role [135]. However, this mechanism has not been validated using endothelial-specific TLR4 deletion in experimental PAH models or directly observed in human vascular lesions. 
[bookmark: OLE_LINK919][bookmark: OLE_LINK920]In parallel, elevated HMGB1 levels in patients with idiopathic and COPD-associated PH are associated with vascular remodeling. In pulmonary vascular cells, HMGB1 activates MAPK pathways (p38, ERK, and JNK) and AP-1 signaling, promoting smooth muscle and endothelial proliferation and contributing to medial thickening [131]. Notably, because HMGB1 also signals through RAGE and other receptors, these findings support a pathogenic role for extracellular HMGB1 but do not establish that all of its pulmonary vascular effects are mediated exclusively through TLR4.
[bookmark: OLE_LINK766][bookmark: OLE_LINK767]Emerging preclinical evidence links PAEC ferroptosis as a mechanistic link between inflammation and vascular remodeling. In a model of monocrotaline-induced PH, PAEC ferroptosis, which is characterized by iron-dependent lipid peroxidation, upregulated NOX4 expression, and reduced GPX4/FTH1 expression, leads to the release of HMGB1. HMGB1 then activates the TLR4–NLRP3 inflammasome axis, promoting cytokine production and exacerbating vascular injury. Pharmacological inhibition of ferroptosis reduces endothelial loss, pulmonary vascular remodeling, right ventricular pressure, and right ventricular dysfunction in rats [136]. Antioxidant regulators such as PPRDX6 mitigate this process by suppressing ferroptosis and dampening TLR4/NLRP3 activation. In addition, PRDX6 prevents HMGB1 release and dampens TLR4/NLRP3 activation in macrophages, thereby limiting inflammatory amplification and vascular remodeling [137].
NETosis provides another link between immune activation and endothelial dysfunction. In a PH model, NETs activate TLR4–NF-κB signaling in cultured human PAECs, increasing permeability, endothelin-1 release, and SMC proliferation [138]. Although the contribution of endothelial TLR4 to NET-driven vascular remodeling has not been established using cell-specific in vivo models, these findings integrate observations from human tissues with cell-based mechanisms. 
[bookmark: OLE_LINK770][bookmark: OLE_LINK771]Monocyte-derived mediators may further alter the pulmonary endothelial phenotype and functionfate. HERV-K dUTPase expression is increased in monocytes and related cellular models derived from patients with PAH, and it activates endothelial TLR4–MyD88 signaling to induce IL-6 production and the endothelial–mesenchymal transition (EndMT), reinforcing remodeling [139]. HERV-K dUTPase also induces PAH and vascular remodeling in rats, providing in vivo support for monocyte–endothelial communication [139].
[bookmark: OLE_LINK931][bookmark: OLE_LINK932]Cell-specific evidence from animal models has also implicated TLR4 on platelet in pulmonary vascular remodeling. Platelet-selective deletion of TLR4 reduces serotonin release, PASMC proliferation, pulmonary vascular remodeling, and right ventricular pressure during chronic hypoxia [140]. Compared with global TLR4-deficient models, this study provides more cell-autonomous evidence than global TLR4-deficient models and illustrates how TLR4 activity in circulating cells can influence pulmonary vascular cell behavior and remodelingfate through paracrine signaling. 
Furthermore, gut microbiota dysbiosis-induced LPS provides provides an additional systemic ligand that activates TLR4 and subsequently suppresses eNOS and nitric oxide bioavailability, and enhances IL-6-mediated vascular inflammation [141]. However, currently, evidence for a direct gut LPS-endothelial TLR4 causal pathway in humans with PAH remains limited,
Pulmonary arterial smooth muscle cells: proliferative reprogramming and vascular remodeling
[bookmark: OLE_LINK772][bookmark: OLE_LINK773][bookmark: OLE_LINK474][bookmark: OLE_LINK475][bookmark: OLE_LINK480][bookmark: OLE_LINK1075][bookmark: OLE_LINK774][bookmark: OLE_LINK775]Within the proinflammatory vascular milieu, pulmonary arterial smooth muscle cells (PASMCs) undergo TLR4-dependent associated phenotypic switching that underlies hypertensive remodeling. Experimental studies have identifdidented extracellular nicotinamide phosphoribosyltransferase (NAMPT) as a potential metabolic DAMP that links growth factor signaling to TLR4-dependent PASMC proliferation. PDGF induces NAMPT expression via STAT5, and extracellular NAMPT subsequently activates TLR4–NF-κB signaling to upregulate PLK4 expression, thereby promoting PASMC proliferation. This STAT5–NAMPT–TLR4–NF-κB–PLK4 axis links growth factor stimulation to TLR4-associated innate immune signaling-dependent vascular remodeling in PAH [142].
[bookmark: OLE_LINK935][bookmark: OLE_LINK936] 	In addition, the HMGB1–TLR4 pathway may also intersect with BMPR2 signaling, a major regulator of pulmonary vascular homeostasis. In a hypoxia-associated experimental PAH model, HMGB1–TLR4 signaling suppresses the BMPR2/Smad pathways, promoting PASMC proliferation and migration, which can be therapeutically targeted by HMGB1 and TLR4 inhibitors [143]. These results provide in vivo and cellular evidence for crosstalk between innate danger-sensing and growth-suppressive BMPR2 signaling, although chronic hypoxia models more closely resemble hypoxia-associated PH than idiopathic group 1 PAH.  
Necrotic PASMCs provide an additional source of HMGB1 during progressive remodeling. Experimental studies have demonstrated that necrotic PASMCs release disulfide-linked or dimeric HMGB1, sustaining NF-κB-dependent inflammation, ECM deposition and the proliferation and migration of neighboring vascular cells. [144]. Pharmacological blockade of HMGB1–TLR4 signaling attenuates vascular remodeling and improves hemodynamic outcomes in several experimental pulmonary hypertension models [143,144]. 
Collectively, human observations and experimental models support the role of TLR4-associated signaling as an important contributor to integrator of endothelial injury, immune-cell activation, PASMC proliferative reprogramming, and pulmonary vascular remodeling. Clear evidence has been obtained for increased HMGB1- and NET-associated inflammatory activity in human pulmonary vascular disease and for HMGB1, platelet TLR4, endothelial ferroptosis, and BMPR2-related mechanisms in animal models. However, the divergent phenotypes of global TLR4-deficient mice indicate that TLR4 may have both pathogenic and homeostatic functions, depending on the cell type, ligand, disease model, and stage. Cell-specific genetic studies and spatial analyses of human PAH lesions are therefore needed to define when TLR4 promotes maladaptive cell -statefate transitions and when it preserves pulmonary vascular homeostasis. Thus, rather than precipitating abrupt tissue necrosis, TLR4 signaling in individuals with hypertensive disorders may contribute to persistent stabilizes distributed inflammatory–structural networks that maintain elevated vascular resistance and predispose patients to downstream complications, including aortic disease, ischemic injury, and HF, as summarized in Fig. 4. 
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[bookmark: OLE_LINK937][bookmark: OLE_LINK938]Fig. 4 TLR4-associated vascular remodeling in systemic and pulmonary hypertension
Persistent TLR4 activation in ECs, VSMCs, and immune cells contributes to integrates progressive vascular remodeling in systemic and pulmonary hypertension. TLR4 activation  in VSMCs induces phenotypic switching, oxidative stress, inflammasome signaling, and ECM deposition, leading to arterial stiffening. TLR4 signaling in monocytes and macrophages sustains cytokine production and may further reinforce vascular remodeling. Endothelial TLR4–NLRP3 signaling impairs vascular repair and promotes inflammatory cytokine production. Crosstalk among ECs, immune cells, and VSMCs may establish a self-reinforcing inflammatory–proliferative circuit that progressively increases vascular stiffness and resistance, thereby contributing leading to systemic hypertension and pulmonary vascular remodeling.
[bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK939][bookmark: OLE_LINK940][bookmark: OLE_LINK941][bookmark: OLE_LINK483][bookmark: OLE_LINK484]Aortic aneurysm and dissection: TLR4-associated inflammation and structural failure 
[bookmark: OLE_LINK487][bookmark: OLE_LINK490]Aortic aneurysm (AA) and aortic dissection (AD) are heterogeneous but related aortic disorders defined by a loss of wall integrity, leading to pathological dilation, medial separation, dissection, or rupture. Unlike occlusive vascular diseases, their pathogenesis is rooted in structural instability rather than luminal obstruction [145]. Although hemodynamic stressors such as hypertension exacerbate disease progression, they are insufficient to fully explain the extensive medial degeneration, ECM breakdown, and VSMC depletion observed in affected aortas [145,146]. Accumulating evidence indicates that sustained, destructive immune–inflammatory responses within the aortic wall constitute an importanta central driving forceregulator of disease initiation and progression [147].
[bookmark: OLE_LINK942][bookmark: OLE_LINK943][bookmark: OLE_LINK1076][bookmark: OLE_LINK1077][bookmark: OLE_LINK1080][bookmark: OLE_LINK1081][bookmark: OLE_LINK1078][bookmark: OLE_LINK1079]Studies of human tissue and circulating biomarkers studies support the clinical relevance of TLR4-associated signaling in aortic disease. Human tissue and circulating biomarker studies support the clinical relevance of TLR4-associated signaling in aortic disease. TLR4 expression is increased in human abdominal aortic aneurysm (AAA) tissue, with prominent localization in medial VSMCs [148]. Circulating TLR4 levels are elevated in patients with acute AD and correlate with the levels of MMP-9 and C-reactive protein (CRP), linking innate immune activity to systemic inflammation and matrix degradation [132]. Consistent with these observations, global TLR4 deficiency or pharmacological inhibition reduces aneurysm formation, vascular inflammation, matrix proteolysis, and aortic wall destruction in CaCl₂- and Ang II-induced AAA models [148,151]. These findings provide in vivo support for a pathogenic contribution of TLR4, although the use of systemic interventions and heterogeneous models limits the assignment of the effects to specific aortic cell populations or clinical AA/AD subtypes.
[bookmark: OLE_LINK398]Within the aortic wall, TLR4-associated signals may converge across macrophages, ECs, and VSMCs and other infiltrating immune cells to link the sensing of danger signals to inflammatory amplification and matrix degradation. Rather than functioning as a solitary molecular catalyst, TLR4 acts as a context-dependent signaling node integrator within an inflammation–degradation–mechanical failure network that progressively weakens aortic integrity.
VSMCs: TLR4-dependent control of structural remodeling fate 
[bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK408][bookmark: OLE_LINK409]VSMCs are the primary determinants of aortic wall integrity and responsible for maintaining contractile force, ECM homeostasis, and adaptive responses to mechanical stress. Human AAA tissues exhibit increased TLR4 expression, which is localized predominantly to α-SMA-positive medial VSMCs [148]. In the CaCl₂-induced AAA model, TLR4 expression increases early during aneurysm formation, whereas global TLR4 deficiency markedly reduces aortic dilation, IL-6 and MCP-1 production, macrophage accumulation, MMP-2 and MMP-9 activity, elastic fiber destruction, and VSMC loss. In cultured human ASMCs, HMGB1 increases TLR4 expression and stimulates IL-6, MCP-1, and MMP-2 production, which is attenuated by TLR4 silencing [148].
[bookmark: OLE_LINK958][bookmark: OLE_LINK959]TLR4-associated signaling may also influence VSMC phenotypic stability and survival in individuals with thoracic aortic aneurysm and dissection (TAAD). In human TAAD tissue and BAPN-induced mouse models, activation of the TLR4–NF-κB–NLRP3–IL-1β pathway is accompanied by a loss of contractile markers, increased osteopontin expression, VSMC migration, apoptosis, elastic fiber fragmentation, and aortic dilation. Mitochondrial uncoupling protein 1 (UCP1) expression is reduced in patients and experimental models of TAAD, whereas the restoration of UCP1 expression suppresses TLR4–NLRP3-associated inflammation, preserves the contractile VSMC phenotype, and reduces BAPN-induced aortic dilation and rupture [152]. 
Concurrently, TLR4 signaling may promotes VSMC apoptosis and inflammatory cell death, leading to thinning of the medial layer [152]. These effects are accompanied byusually coupled with a reduced ECM degradation, including loss of VSMCs, accelerating of elastin and collagen, thereby contributing to and directly driving aortic dilation [153] . Notably, protective metabolic regulators such as mitochondrial UCP1 antagonize TLR4/NLRP3 signaling and preserve the contractile VSMC phenotype, underscoring the tight coupling between innate immune signaling and VSMC phenotypic stability structural cell fate in the aortic wall [152].
Together, these findings from human tissues, animal loss-of-function models, and cell-based experiments provide relatively clear evidence that VSMC-associated TLR4 contributes to inflammatory and proteolytic remodeling in AA/AD. However, because the TLR4 deletion was a global deletion in vivo, a strictly VSMC-autonomous role remains to be established.
Endothelial cells and macrophages: inflammatory cell recruitment and matrix degradation
Endothelial injury may facilitate inflammatory-cell entry into the aortic wall. Damage-associated signals such as Ang II and HMGB1 activate endothelial TLR4, triggering the NF-κB-dependent upregulation of the expression of adhesion molecules (ICAM-1 and VCAM-1) and chemokines (IL-8 and MCP-1), thereby facilitating monocyte recruitment and transmigration into the aortic media [154,155]. Although endothelial-specific TLR4 loss-of-function studies in spontaneous or experimentally induced AA/AD are lacking, these changes provide a plausible mechanism for monocyte adhesion and transmigration into the aortic media.
[bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK780][bookmark: OLE_LINK781][bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK782][bookmark: OLE_LINK783][bookmark: OLE_LINK163][bookmark: OLE_LINK164]Infiltrating macrophages represent the principal inflammatory effectors in early AA/AD. Nerve injury-induced protein 1 (NINJ1) is markedly upregulated in macrophages within aortic lesions from human and experimental animals and promotes macrophage adhesion, migration, and proinflammatory activation. Mechanistically, NINJ1 enhances TLR4–NF-κB–CCR2 signaling, facilitating macrophage recruitment and the amplification of inflammation [156]. In addition to its role in recruitment, TLR4 signaling affects macrophage polarization and matrix-destructive activity. In Ang II-induced models, TLR4 expression and STAT3 phosphorylation are increased in parallel with increased M1/M2 macrophage ratios and matrix metalloproteinase (MMP) activity. Global TLR4 deficiency, treatment with the TLR4 antagonist eritoran, and pharmacological STAT3 inhibition attenuate aneurysm formation and inflammatory remodeling. These findings support the functional interaction between TLR4 and STAT3 in vivo and indicate that TLR4–STAT3 signaling is an important key regulator of macrophage-driven ECM degradation [151]. Downstream adaptor pathways may further define TLR4-mediated injury. TRIF-dependent signaling contributes to the expressonexpression of inflammatory genes, including CD68, CD11b, TNF-α, and MMP-12, and promotes the structural disorganization of the aortic wall structure. TRIF deficiency preserves medial integrity, reduces inflammatory cell infiltration, and mitigates dissection-associated remodeling [157]. These findings indeed establishesestablish an in vivo contribution of TRIF-dependent innate immune signaling but does not determine whether the relevant pathway originates from macrophages, vascular cells, or other TLR-expressing populations.
TLR4-associated inflammatory priming may also converge with inflammasome and pyroptotic pathways. Experimental inhibition of NLRP3, caspase-1, or gasdermin D reduces inflammatory cytokine release, aortic wall injury, and aneurysm or dissection development in several models [158]. TLR4–NF-κB signaling can increase NLRP3 and pro-IL-1β expression, whereas additional signals generated by oxidative stress, cellular injury, or matrix degradation are required for inflammasome assembly and pyroptotic cell death. These findings support the interaction between TLR4 priming and inflammasome-mediated injury. Collectively, these data indicate that macrophage TLR4 signaling may coordinate inflammatory cell recruitment, polarization, and proteolytic matrix degradation, thereby driving progressive aortic wall instability.
Intercellular feedback: an inflammation–degradation circuit
[bookmark: OLE_LINK447]Crosstalk among ECs, macrophages, and VSMCs establishes a self-reinforcing TLR4-associated driven circuit: endothelial TLR4 activation promotes immune cell infiltration; macrophage-derived IL-1β and proteases activate TLR4 on VSMCs; and VSMC-derived MMPs degrade the ECM and release additional DAMPs that further stimulate endothelial and macrophage TLR4 signaling [147]. This model provides a plausible framework connecting inflammation to mechanical failure. 
Clinical observations are consistent with but do not prove this integrated model, as circulating TLR4 levels positively correlate with MMP-9 and CRP levels in AA/AD patients, whereas specific TLR4 polymorphisms are associated with reduced disease susceptibility [149,150]. However, these genetic associations vary by variant, clinical subtype, and population.
[bookmark: OLE_LINK576][bookmark: OLE_LINK577]Collectively, the results of studies of human tissues and experimental loss-of-function models support the role of TLR4 as a context-dependent signaling node integrator that links aortic wall danger sensing to VSMC phenotypic destabilization, immune-cell recruitment, proteolytic ECM degradation, and structural failure. The evidence is well-established for VSMC-associated TLR4 signaling in AAA and for systemic TLR4-dependent inflammatory remodeling in CaCl₂- and Ang II-induced models, whereas the endothelial- and macrophage-autonomous roles remain incompletely defined. Unlike MI, where TLR4 signaling contributes prominently during acute inflammatory injuryis acutely and temporally decisive, or hypertension, where subthreshold activation gradually reprograms vascular tone, TLR4 activation in AA/AD may convert cellular injury and matrix disruption into a self-reinforcing inflammation–degradation circuit that irreversibly compromises mechanical stability. This framework supports the development of disease-subtype-, stage-, and cell-selective interventions rather than assuming that global TLR4 blockade will be equally effective across AAA, TAA, and AD, as summarized in Fig. 5.
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[bookmark: OLE_LINK567][bookmark: OLE_LINK568][bookmark: OLE_LINK491][bookmark: OLE_LINK492]Fig. 5 The TLR4- associated inflammation–degradation–structurale failure axis in AA/AD 
Chronic TLR4 activation coordinates inflammatory amplification and ECM degradation, leading to progressive aortic wall destabilization. In VSMCs, TLR4 -related pathways contribute to phenotypic switching, apoptosis and pyroptosis, and MMP production. Endothelial TLR4 activation induces enhances leukocyte recruitment, whereas TLR4 signaling in macrophages promotes inflammatory polarization, inflammasome activation, and matrix degradation. Crosstalk among ECs, macrophages, and VSMCs may lead to the establishment of   a self-reinforcing inflammatory–proteolytic circuit that progressively weakens aortic wall integrity, thus predisposing vessels to aneurysm expansion and dissection.
[bookmark: OLE_LINK537][bookmark: OLE_LINK538][bookmark: OLE_LINK558][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK969][bookmark: OLE_LINK970][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK493][bookmark: OLE_LINK498][bookmark: OLE_LINK559][bookmark: OLE_LINK562]Thrombotic diseases: TLR4 as a bridge between innate immunity and coagulation
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK496][bookmark: OLE_LINK497][bookmark: OLE_LINK500][bookmark: OLE_LINK501][bookmark: OLE_LINK502]Thrombotic diseases, including acute coronary syndrome, ischemic stroke, and venous thromboembolism—represent a common terminal pathway of diverse cardiovascular disorders. Classical pathophysiological models, epitomized by Virchow’s triad, emphasize abnormalities in blood flow, vascular integrity, and blood constituents [159,160]. However, increasing evidence has fundamentally reshaped this view by revealing a tight and dynamic interplay between innate immunity and the coagulation system, a process now conceptualized as immunothrombosis [161]. 
Experimental loss-of-function studies provide in vivo evidence that TLR4 contributes to arterial thrombosis. In a ferric chloride-induced carotid injury model, global TLR4 deficiency delayed occlusive thrombus formation and reduced vascular-wall tissue factor expression and activity, whereas platelet depletion and reciprocal platelet-reinfusion experiments indicated that platelet-derived TLR4 was not the principal source of this effect [162]. In a related model of antiphospholipid antibody-mediated thrombosis, anti-β2-glycoprotein I antibodies accelerated arterial thrombus formation in wild-type but not TLR4-deficient mice and increased LPS-induced tissue factor expression in mouse and human leukocytes [163]. These findings support a role for TLR4 in coupling vascular or immune sensing of danger signals to tissue factor-dependent coagulation, although they derive from specific experimental arterial injury and antiphospholipid antibody models. 
[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Within this framework, TLR4 emerges as a context-dependent signaling node that links  molecular hub that rapidly converts inflammatory danger signals into prothrombotic responses. Unlike chronic cardiovascular diseases in which TLR4 contributes to drives slow remodeling or progressive cinflammatory and structural remodelingell loss, thrombotic disorders are characterized by rapid, multicellular, and  synchronized of TLR4-associated signaling [164,165]. Compared with the gradual structural remodeling observed in chronic cardiovascular disease, thrombus formation can involve rapid multicellular communication among platelets, ECs, monocytes, neutrophils, and coagulation factors. The relative contribution of each TLR4-expressing compartment nevertheless differs between arterial thrombosis, venous thromboembolism, and immune-mediated thrombosis [147].
[bookmark: OLE_LINK488][bookmark: OLE_LINK489]Platelets: context-dependent danger sensing and procoagulant reprogramming functions
[bookmark: OLE_LINK494][bookmark: OLE_LINK495][bookmark: OLE_LINK1082][bookmark: OLE_LINK1083]Platelets express functional TLR4 and respond directly to PAMPs and DAMPs. Platelets respond to By recognizing PAMPs such as LPS [168] and DAMPs including such as HMGB1 [169], histones and Fn-EdA+ [170] activate through TLR4-associated signaling pathways in platelets. [171]. These processes are associated with intracellular signaling cascades, including the canonical MyD88-dependent pathway [168]. Among these ligands, particularly strong genetic and in vivo support has been obtained for platelet-derived HMGB1: platelet-specific HMGB1 deficiency reduces experimental arterial and venous thrombosis, while extracellular HMGB1 enhances platelet aggregation through a TLR4–MyD88–cGKI/ERK signaling pathway [169].
[bookmark: OLE_LINK786][bookmark: OLE_LINK787]In infectious conditions such as sepsis and endotoxemia, TLR4 signaling in platelets can amplify procoagulant responses. In vitro, LPS binding to TLR4 on platelets induces MyD88/NF-κB–dependent platelet aggregation and an explosive increase in the production of platelet-derived microparticles (PDMPs), with reported elevations up to 34-fold [172]. Ex vivo stimulation indicated that these PDMPs express P-selectin and other procoagulant molecules, amplifying thrombin generation and fibrin formation. 
[bookmark: OLE_LINK67][bookmark: OLE_LINK70]Emerging evidence also implicates TLR4 on platelets in SARS-CoV-2-associated thromboinflammation. Platelets from patients with COVID-19 exhibit increased Nox2-derived oxidative stress and thromboxane production, while SARS-CoV-2 spike protein-associated platelet activation is attenuated by TLR4 blockade and involves PKCδ/Nox2 signaling [173]. The available data support TLR4-dependent potentiation of platelet reactivity, particularly in cooperation with subthreshold levels of collagen and inflammatory cytokines, but do not yet establish direct physical binding of the spike protein to TLR4 on platelets or its independent contribution to clinical thrombosis.
[bookmark: OLE_LINK73][bookmark: OLE_LINK74]Importantly, TLR4 on platelets is not the dominant factor in every thrombotic setting. In ferric chloride-induced carotid thrombosis, global TLR4 deficiency delays vascular occlusion, but platelet depletion and reciprocal platelet reinfusion experiments indicate that platelet-derived TLR4 is not the principal source of the prothrombotic phenotype [162]. Platelet-derived TLR4 should therefore be regarded as a ligand- and model-dependent amplifier whose importance differs among sterile vascular injury, infection, venous thrombosis, and autoimmune thrombo-inflammation.
Neutrophils: NET-associated amplification of thromboinflammation
[bookmark: OLE_LINK508][bookmark: OLE_LINK509][bookmark: OLE_LINK527][bookmark: OLE_LINK528][bookmark: OLE_LINK512][bookmark: OLE_LINK513][bookmark: OLE_LINK788][bookmark: OLE_LINK789]Platelet–neutrophil communication provides an important route through which TLR4-associated signaling promotes immunothrombosis. Upon TLR4 activation, platelets stimulate neutrophils to release NETs—DNA scaffolds that trap red blood cells and fibrin—significantly promoting microvascular occlusion [174].  In parallel with platelet–neutrophil crosstalk, neutrophils themselves can also respond directly to autoimmune or metabolic danger signals. Anti-β2GPI/β2GPI immune complexes activate TLR4-dependent MyD88–MAPK signaling in neutrophils, driving NET formation and promoting thrombotic propagation [175]. Cholesterol crystals (CCs) are similarly associated with thromboinflammation through the activation of NETosis induced by the TLR4/9-NLRP3 inflammasome cascade [176].
[bookmark: OLE_LINK87][bookmark: OLE_LINK88]Endothelial cells: the transition from an anticoagulant vascular surface to a procoagulant surface 
[bookmark: OLE_LINK1086][bookmark: OLE_LINK1087][bookmark: OLE_LINK516][bookmark: OLE_LINK517][bookmark: OLE_LINK790][bookmark: OLE_LINK791][bookmark: OLE_LINK1088][bookmark: OLE_LINK1089][bookmark: OLE_LINK539][bookmark: OLE_LINK540][bookmark: OLE_LINK792][bookmark: OLE_LINK793][bookmark: OLE_LINK533][bookmark: OLE_LINK534]Experimental evidence supports an important role for vascular-wall Endothelial TLR4 signaling strongly supports its role as a mediator of in vascular-wall tissue factor (TF) expression and arterial thrombosis through the establishment of a procoagulant vascular surface. Upon activation by LPS or endogenous ligands, endothelial TLR4 triggers MyD88/NF-κB–dependent expression of TF, von Willebrand factor (vWF), and coagulation factor VIII, thereby dismantling the intrinsic anticoagulant phenotype of the endothelium [177]. In a ferric chloride-induced carotid injury model, global TLR4 deficiency delays thrombotic occlusion and reduces vascular-wall TF expression, whereas reciprocal platelet transfer experiments identify endothelial cells rather than platelets as the major TLR4-expressing compartment contributing to this phenotype [162]. These findings provide relatively strong in vivo evidence for the role of endothelial-associated TLR4 in experimental arterial thrombosis, although the study did not use an endothelial-specific TLR4 knockout.
[bookmark: OLE_LINK520][bookmark: OLE_LINK521][bookmark: OLE_LINK522][bookmark: OLE_LINK535][bookmark: OLE_LINK536][bookmark: OLE_LINK531][bookmark: OLE_LINK532] In parallel, TLR4 activation induces ICAM-1 and VCAM-1 expression, promoting leukocyte adhesion and transmigration, which further amplifies local inflammation and platelet recruitment [178]. In atrial fibrillation complicated by heart failure, endothelial TLR4 signaling suppresses eNOS phosphorylation while upregulating VCAM-1 and PAI-1 expression via the NF-κB/p38 MAPK pathway, creating a permissive environment for atrial thrombosis [97]. These findings may underscore endothelial TLR4 as an important contributora key determinant of arterial and cardiac thrombosis through direct connections between inflammatory sensing and coagulation cascade activation.
Monocytes and macrophages: TF amplification and inflammatory reinforcement
Among myeloid cells, the evidence linking TLR4 to coagulation is strongest for circulating monocytes. Monocytes and macrophages provide a critical cellular bridge between inflammation and coagulation through TLR4-dependent TF expression. In human metabolic studies, elevated TLR4 expression in monocytes drives the NF-κB-mediated release of IL-6 and TNF-α while activating the TLR4/SLAMF8/TREM1 axis to markedly upregulate TF expression, directly accelerating thrombus formation  [179,180]. These findings support the clinical coupling between metabolic stress, TLR4-related inflammation, and coagulation, although whole-blood TLR4 measurements do not establish a purely monocyte-autonomous mechanism.
Platelet-derived HMGB1 provides an additional link between platelets and monocytes. In individuals with sepsis, platelet-derived HMGB1 activates monocyte TLR4 via MAPK/ERK signaling, suppressing apoptosis and promoting monocyte accumulation within thrombi [181]. 
[bookmark: OLE_LINK794][bookmark: OLE_LINK795][bookmark: OLE_LINK113][bookmark: OLE_LINK114]Emerging evidence has indicated that, in autoimmune conditions such as antiphospholipid syndrome (APS), β₂GPI–antibody complexes activate monocyte TLR4, again via the SLAMF8/TREM1/NF-κB axis, inducing TF expression while inhibiting autophagy and sustaining a prothrombotic inflammatory state [180,182]. In vivo, anti-β₂GPI antibodies accelerate ferric chloride-induced arterial thrombosis in wild-type but not TLR4-deficient mice and increase TF expression in mouse and human leukocytes [175]. In addition, pharmacological disruption of this pathway reduces thrombus formation and the expression of inflammatory markers in an experimental APS model [182]. These results support the role of TLR4-dependent leukocyte activation in autoimmune thrombosis, although global TLR4 deficiency does not allow researchers to identify monocytes as the sole causal cell population causing these changes.
Collectively, these observations support the role of TLR4 as a context-dependent immunothrombotic signaling node integrator that links the sensing of danger signals to distinct procoagulant cell-state transitions. Through cell type–specific programs, TLR4 on platelets directly senses pathogens and DAMPs, promoting driving activation, aggregation, and platelet–leukocyte communication. In neutrophils, it contributes to NET-associated thrombo-inflammatory amplification of thromboinflammation. Endothelial TLR4 responds to inflammatory and danger signals,recognizes the DAMP complex,  which upregulates the adhesion molecules VCAM-1 and ICAM-1 and thereby promotes leukocyte adhesion and recruitment. TLR4 on monocytes/macrophages amplifies tissue factor expression and inflammatory signaling. Together, these cell-specific programs converge to convert immune -mediated danger sensing into pathological clot formation. However, the dominant cellular source of pathogenic TLR4 signaling appears to depend on the disease-context dependent. Vascular-wall Endothelial TLR4, with a major contribution from the endothelial compartment, promotesplays a leading role in arterial thrombosis by regulating TF expression [162], whereas TLR4 on platelets can independently drive microvascular thrombosis in response to LPS, even in the absence of systemic inflammation [183]. These distinctions help explain why conventional antithrombotic therapies often fail to fully control the thromboinflammatory risk. Together, these insights establish TLR4 as a unifying component of the immunothrombotic axis that connects innate immune recognition with coagulation and highlight its potential as a therapeutic target to selectively restrain pathological thrombosis without compromising physiological hemostasis, as summarized in Fig. 6.
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[bookmark: OLE_LINK971][bookmark: OLE_LINK972]Fig. 6 TLR4-associated immunothrombosis: coordinated activation of platelets, ECs, and monocytes/macrophages
Upon the recognition of PAMPs/DAMPs, TLR4 is rapidly activated across platelets, neutrophils, ECs, and monocytes/macrophages. Platelets-derived TLR4 signaling promotes aggregation, mitochondrial procoagulant reprogramming, and NET formation. TLR4-related signaling in neutrophils contributes to NET-associated thromboinflammatory amplification in response to autoimmune and metabolic danger signals. Endothelial TLR4 signaling induces a proinflammatory, prothrombotic phenotype.  TLR4 signaling in monocytes/macrophages increases TF expression and inflammatory cytokine production. Crosstalk among these cell types may establishes a feed-forward immunothrombotic circuit that modulates the transition from protective hemostasis to pathological thrombosis.
[bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK571]Diabetic cardiomyopathy: persistent metabolic stress as anda persistent innate immune danger signaling
[bookmark: OLE_LINK76][bookmark: OLE_LINK77]Diabetic cardiomyopathy (DCM) is a diabetes-specific myocardial disorder characterized by progressive diastolic and systolic dysfunction, myocardial fibrosis, and metabolic inflexibility, and occurs, occurring independently of overt coronary artery disease or hypertension [184]. In addition to glucotoxicity and lipotoxicity, chronic low-grade inflammation has emerged as a defining feature of DCM and is tightly coupled to metabolic dysregulation. Sustained hyperglycemia, lipid overload, and AGEs continuously generate endogenous DAMPs, creating a pathological milieu that sustains chronicin which metabolic stress is persistently interpreted as an inflammatory signaling [85,169]. 
Translational studies of human samples and experimental diabetic models collectively implicate increased MD2–TLR4 signaling in myocardial inflammation, lipid accumulation, fibrosis, and cardiac dysfunction. Unlike in ischemic or pressure-overload cardiomyopathies, in DCM, TLR4 signaling is chronically engaged by metabolic cues rather than acute tissue injury, positioning DCM as a prototypical immunometabolic cardiomyopathy [188]. In this context, TLR4 may functions serve as a context-dependent molecular transducer that converts the systemic metabolic imbalance into innate immune activation within the heart.
[bookmark: OLE_LINK975][bookmark: OLE_LINK976][bookmark: OLE_LINK977][bookmark: OLE_LINK978]Cardiomyocytes: metabolic–inflammatory coupling and structural remodeling
[bookmark: OLE_LINK991][bookmark: OLE_LINK992]Cardiomyocytes are a major target compartment of TLR4-associated signaling in DCM. Direct evidence from human myocardial tissues remains limited; however, patients with diabetes and cardiomyopathy exhibit increased levels of circulating AGE products, soluble MD2, and AGE–MD2–TLR4 complexes in serum and peripheral blood mononuclear cells [188]. These observations support the clinical relevance of the pathway but do not demonstrate cardiomyocyte-autonomous TLR4 activation in the human diabetic myocardium. 
Preclinical loss-of-function studies provide stronger evidence for a causal contribution of TLR4-related pathways. In nonobese diabetic mice, global TLR4 deficiency attenuates myocardial lipid accumulation and diabetic cardiac dysfunction [189]. Genetic deficiency or pharmacological inhibition of MD2 similarly suppresses myocardial NF-κB and MAPK activation, inflammatory cytokine production, cardiomyocyte hypertrophy, interstitial fibrosis, and systolic and diastolic dysfunction in animals with streptozotocin-induced diabetes without correcting hyperglycemia [188]. Cardiac immunostaining and bone marrow reconstitution experiments implicate both cardiomyocytes and infiltrating macrophages as cellular targets of MD2–TLR4 signaling.
Mechanistically, high glucose-derived AGEs directly bind MD2 and promote MD2–TLR4 complex formation, activating MyD88-dependent MAPK and NF-κB inflammatory signaling in cardiomyocytes [188]. Direct inhibition of MyD88 in cultured cardiomyocytes blocks TLR4–MyD88 complex formation and attenuates high-glucose-induced inflammatory signaling, while systemic MyD88 inhibition reduces inflammation, hypertrophy, and fibrosis in experimental diabetic heartsunder diabetic conditions, hyperglycemia, free fatty acids, and AGEs activate TLR4 on cardiomyocytes, predominantly through MyD88-dependent signaling, leading to NF-κB and MAPK activation and robust inflammatory cytokine production or ferroptosis [188,190]. TLR4 signaling also intersects with cardiomyocyte energy metabolism. Experimental studies have indicated that TLR4 activation suppresses AMPK signaling, a central regulator of myocardial energy homeostasis, resulting in mitochondrial dysfunction, impaired substrate flexibility, and reduced ATP availability. This TLR4–AMPK imbalance reprograms cardiomyocyte metabolism toward a maladaptive state characterized by increased oxidative stress and lipid accumulation. Increased ROS generation and lipid peroxidation sensitize cardiomyocytes to regulated cell death pathways, including apoptosis and ferroptosis, contributing to the progressive loss of contractile units [190,191]. In diabetic hearts, TLR4 deficiency reduces p38-dependent lipoprotein lipase activity and myocardial fatty acid accumulation, supporting an in vivo connection between innate immune signaling and cardiac lipid handling [189]. Furthermore, CD36 translocation to the cell surface not only increases lipid uptake into the heart but also activates inflammatory signaling by binding to TLR4, linking excessive lipid influx to inflammatory signaling and cardiac remodeling [192]. These alterations contribute to metabolic inflexibility, oxidative stress, and reduced ATP availability, although the relative contributions of cardiomyocyte-intrinsic TLR4 and systemic lipid metabolism remain unresolved.
[bookmark: OLE_LINK989][bookmark: OLE_LINK990]TLR4-related inflammation may further contribute to myocardial stiffness and diastolic dysfunction. In myocardial biopsies from patients with diabetes and aortic stenosis, increased TLR4 and other inflammatory receptors are accompanied by enhanced inflammatory and oxidative stress signaling,  suppresses theimpaired NO–sGC–cGMP–PKG axis signaling, leading to titin hypophosphorylation, and increased passive myocardial stiffness [193]. These findings provide evidence linking diabetes-associated inflammation to an HF-like mechanical phenotype in humans. 
Additional experimental studies implicate TLR4/NF-κB/NLRP3 and TLR4/STAT3 signaling in oxidative stress, inflammatory activation, pathological hypertrophy, apoptosis, and fibrotic remodeling in DCM In addition to metabolic injury, TLR4 activation in cardiomyocytes also activates the NLRP3 inflammasome and STAT3-dependent pathways in experimental DCM, driving pathological hypertrophy, apoptosis, and interstitial collagen deposition, thereby directly linking innate immune signaling to structural remodeling in the diabetic heart [194,195]. Pharmacological suppression of the former pathway and MD1-mediated inhibition of the latter are accompanied by improved cardiac remodeling and function, although neither study directly manipulates TLR4 itself. These findings connect innate immune activation to both the cardiomyocyte injury fate and myocardial structural remodeling, although the individual contributions of cardiomyocytes, immune cells, and fibroblasts require cell-specific validation.
Nonmyocyte amplification: inflammatory and fibrotic amplification
[bookmark: OLE_LINK596][bookmark: OLE_LINK597][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK39][bookmark: OLE_LINK40]While cardiomyocytes constitute the core target of TLR4 signaling, nonmyocyte populations amplify diabetic myocardial injury. When macrophages are exposed to the diabetic milieu, TLR4 activation is enhanced, promoting the proinflammatory polarization of macrophages and sustaining chronic cytokine production within the myocardium [196]. In diabetic mouse hearts, increased MD2–TLR4 activity is accompanied by macrophage accumulation and increased ICAM-1 and VCAM-1 expression, whereas MD2 deficiency reduces inflammatory cell infiltration and myocardial cytokine production [188]. Complementary studies using the selective MyD88 inhibitor c17 demonstrate that disruption of TLR4–MyD88 signaling suppresses inflammatory activation in glucose- and lipid-stressed macrophages and reduces their paracrine hypertrophic and profibrotic effects on cardiomyocytes [196]. These results provide in vivo evidence for immune cell involvement, although direct macrophage-specific TLR4 loss-of-function evidence in DCM models remains limited.
Overlap with and differences from broader HF
DCM shares several downstream features with established HF, including mitochondrial dysfunction, impaired autophagy and substrate utilization, cardiomyocyte death, inflammatory macrophage activation, coronary microvascular dysfunction, and diffuse myocardial fibrosis. The distinction lies primarily in the initiating context and temporal sequence. In broader HF, TLR4 signaling is often sustained by mechanical overload, neurohormonal activation, established tissue injury, and secondary DAMP release. In DCM, hyperglycemia, AGEs, excess fatty acids, altered lipid transport, and low-grade metabolic inflammation provide continuous upstream stimuli before overt ventricular dysfunction develops.
TLR4 may therefore participate earlier in DCM by converting thelinking subclinical metabolic imbalance into inflammatory, mechanical, and structural remodeling. This distinction is not absolute: as DCM progresses, metabolic stress becomes intertwined with neurohormonal activation, mechanical dysfunction, cell injury, and fibrosis, progressively converging with HF-like phenotypes. DCM is therefore best viewed not as a separate TLR4 signaling program but as a metabolically initiated route into the broader multicellular remodeling network of HF.
In summary, DCM exemplifies a disease state in which persistent metabolic stress serves as a continuous innate immune trigger, maintaining TLR4 activation in the absence of acute tissue necrosis. Current evidence supports the role of TLR4 as a context-dependent immunometabolic signaling node cell fate integrator in DCM, linkingcoupling persistent glucoseAGE- and lipid-derived stress to cardiomyocyte metabolic inflexibility, myocardial inflammatory activation, altered lipid handling, cardiomyocyte injury, regulated cell death, passive stiffness, and fibrotic remodeling. Clear evidence has been obtained using global TLR4- and MD2-deficient diabetic models, whereas direct evidence from human myocardial tissues and validation in cardiomyocyte- and macrophage-specific genetic models remain limited. Unlike MI, where TLR4 activation is abrupt and temporally restricted, or established HF, where inflammation is often sustained by chronic mechanical stress, neurohormonal activation, and established tissue injuryoften arises secondary to hemodynamic collapse, DCM represents a condition in which immunometabolic dysregulation is primary and precedes overt contractile failure, as summarized in Fig. 7.
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Fig. 7 TLR4-associated immunometabolic remodeling in DCM
[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK553][bookmark: OLE_LINK210][bookmark: OLE_LINK211]Chronic hyperglycemia, lipid overload, AGEs, and fatty acid accumulation activate TLR4 on cardiomyocytes, triggering MyD88- NF-κB signaling, inflammatory cytokine production, and metabolic injury. regulated cell death. The concurrent suppression of AMPK disrupts mitochondrial function and substrate flexibility, promoting oxidative stress and lipid accumulation. TLR4-related signaling is associated with  activation also leads to titin hypophosphorylation and increased myocardial stiffness, whereas experimental studies implicate TLR4/NF-κB/NLRP3- and TLR4/STAT3-associated pathways in hypertrophic and fibrotic remodeling. the NLRP3 inflammasome and STAT3 pathways drive hypertrophy and fibrosis. Activated macrophages further amplify local inflammation through sustained TLR4 signaling. Together, these findings suggest that persistent context-dependent TLR4 activation ultimately links metabolic stress to structural remodeling and progressive contractile dysfunction in DCM.
[bookmark: OLE_LINK979][bookmark: OLE_LINK980][bookmark: OLE_LINK572][bookmark: OLE_LINK575]Kawasaki disease: TLR4-associated immune dysregulation and coronary vascular injury
[bookmark: OLE_LINK796][bookmark: OLE_LINK797]Kawasaki disease (KD) is an acute, self-limited systemic vasculitis predominantly affecting infants and young children and remains the leading cause of acquired heart disease in childhood because of its predilection for coronary artery injury [197,198]. Although the underlying trigger is unknown, KD is widely regarded as the consequence of an aberrant immune response to infectious or environmental stimuli in genetically susceptible children. This disease is characterized by an overwhelming inflammatory response coupled with selective vascular damage, particularly within the coronary arteries [199]. 
Human and experimental studies have shown that dysregulated pattern-recognition signaling is involved in KD, but the specific contribution of TLR4 remains less firmly established than that of broader innate immune pathways. Altered circulating TLR4-related signaling has been reported in patients with acute KD, while endothelial cells treated with serum from patients with KD and CAWS-induced mouse models exhibit increased TLR4-associated inflammatory and apoptotic activities [200–204]. However, these findings are derived mainly from circulating biomarkers, ex vivo endothelial systems, and pharmacological or non-cell-specific animal interventions. Moreover, LCWE-induced coronary arteritis depends substantially on TLR2–MyD88 signaling, indicating that the dominant pattern recognition pathway may vary with the initiating stimulus and experimental model [205,206]. 
Within this pathological framework, TLR4 may function has emerged as a potential context-dependent interface that links linking innate immune sensing to immune-mediated vascular injury. In contrast to adult cardiovascular diseases driven by metabolic stress or hemodynamic overload, KD  represents a setting in which acuteis characterized by a disease state in which dysregulated immune activation itself is sufficient tocan precipitate severe vascular pathology without preceding chronic metabolic or hemodynamic stress [199]. TLR4-associated innate signaling may influence adaptive immune cell recruitment and the activation of adaptive immune cells, although direct evidence for TLR4-dependent regulation within lymphocyte populations remains limited.
Endothelial cells: inflammatory activation and coronary artery injury 
Vascular ECs constitute the primary structural targets of immune-mediated injury in KD. Studies of cultured cultured human coronary ECs suggest that TLR4-associated signaling can promote inflammatory activation and apoptosis under KD-related conditions. Endogenous antimicrobial peptides such as LL-37 activate endothelial TLR4, triggering the NF-κB-dependent expression of IL-1β, IL-6, and TNF-α, accompanied by excessive ROS generation and caspase-3 activation, ultimately driving EC apoptosis [207,208]. In parallel, additional preclinical evidence connects systemic inflammation to coronary EC activation. Adipokines such as resistin provides an additional example of ligand-specific pathway engagement. In human coronary artery endothelium cells (HCAECs), anti-TLR4 treatment attenuates resistin-induced IL-1β, but not TNF-α, expression, indicating that only part of the endothelial inflammatory response to resistin is TLR4 dependent.selectively engage endothelial TLR4 and preferentially activate canonical NF-κB signaling, further amplifying IL-1β production and endothelial inflammatory stress. Pharmacological TLR4 or NF-κB inhibition attenuates these responses in vitro [209]. 
[bookmark: OLE_LINK554][bookmark: OLE_LINK555]Endothelial injury may also be reinforced by cytokines derived from circulating immune cells. The experimental evidence suggests that S100A12 released from granulocytes monocytes activates TLR4-dependent IL-1β signaling, indirectly propagating endothelial inflammation and accelerating vascular damage [210]. 
Collectively, although direct evidence from human coronary tissues and validation using endothelial-specific genetic models remain limited, the current evidence implicates a contribution of endothelial TLR4-associated signaling in inflammatory activation, oxidative stress, and apoptosis under KD-related experimental conditions, with cell-based TLR4 inhibition providing direct mechanistic support..
[bookmark: OLE_LINK985][bookmark: OLE_LINK986]Innate and adaptive immune cells: inflammatory amplification across components of the immune system
[bookmark: OLE_LINK560][bookmark: OLE_LINK561][bookmark: OLE_LINK273]Human studies provide evidence of enhanced TLR4 responsiveness in circulating innate immune cells in patients with acute KD. Monocytes and macrophages from patients with acute KD exhibit increased TLR4 responsiveness, characterized by the upregulation of the MyD88–IRAK4 axis and a shift in regulatory balance toward positive modulators (PRAT4B and STAP2) with concurrent downregulation of inhibitory regulators (FLN29 and RP105). This imbalance results in the explosive production of large amounts of IL-1β, IL-6, and TNF-α, fueling systemic inflammation and vascular infiltration [211]. These findings provide direct human evidence of dysregulated monocyte TLR4-associated signaling in circulating monocytes humans, although circulating monocyte responses may not fully reflect macrophage activity within coronary lesions.
[bookmark: OLE_LINK563][bookmark: OLE_LINK564][bookmark: OLE_LINK798][bookmark: OLE_LINK799][bookmark: OLE_LINK981][bookmark: OLE_LINK982]Experimental KD models further demonstrate that local tissue–immune communication amplifies cardiac inflammation. TLR4 signaling in ECs may promote granulocyte-macrophage colony-stimulating factor (GM-CSF) production, facilitating recruitment and activation of dendritic cells within vascular lesions and increasing antigen presentation to T cells [206]. 
[bookmark: OLE_LINK565][bookmark: OLE_LINK566]Adaptive immune cells also contribute to KD vascular pathology. CD3⁺ and CD8⁺ T cells are present in human coronary artery lesions, and CD8⁺ T-cell depletion markedly attenuates coronary arteritis and myocarditis in the LCWE model [205]. Dendritic cells and macrophages may facilitate this adaptive response through antigen presentation and the production of cytokines and chemokines. TLR4-associated activation of monocytes, macrophages, endothelial cells, or other innate immune cells may therefore indirectly influence T-cell recruitment and functional differentiation. Interestingly, direct evidence that T-cell-intrinsic TLR4 signaling governs Th1 polarization or coronary vascular injury in KD remains insufficient. Recent research has revealed that T cells from KD patients display elevated surface TLR4 expression, and that TLR4 activation drives Th1 polarization through a MyD88/RIP-1/pSTAT1/pSTAT4 signaling cascade. This process is reinforced by epigenetic reprogramming, including aberrant histone methylation, leading to sustained T-bet expression and IFN-γ transcription [211]. Thus, TLR4-associated crosstalk between innate and adaptive immune responses may contribute to inflammatory amplification in individuals with KD.
Taken together, these findings suggest that KD represents an extreme but instructive model in which immune dysregulation alters endothelial and immune cell states and precipitates coronary vascular injury in the absence of chronic metabolic or hemodynamic stress. The current evidence supports enhanced TLR4-associated inflammatory signaling in coronary ECs and circulating monocytes. TLR4 may therefore function as a context-dependent innate immune amplifier that links danger sensing to endothelial injury and indirectly shapes subsequent adaptive immune recruitment in KD, as summarized in Fig. 8. In the future, direct endothelial-, myeloid-, and lymphocyte-specific genetic studies are still needed required to determine the relative contributions and cellular hierarchy of TLR4 signaling during KD-associated coronary vascular injury. whether TLR4 acts as a cell-autonomous cell fate regulator in patients with KD.
[image: ]
[bookmark: OLE_LINK987][bookmark: OLE_LINK988]Fig. 8 TLR4-associated immune–vascular axis in Kawasaki disease
In genetically susceptible children, environmental or infectious stimuli may activate TLR4 signaling in ECs and circulating innate immune cells. In ECs, TLR4-associated signaling contributes to TLR4 activation in ECs induces NF-κB-dependent inflammatory cytokine production, oxidative stress, and apoptosis, resulting in coronary endothelial injury. In circulating monocytes/macrophages, enhanced TLR4 responsiveness amplifies inflammatory cytokine production and may further intensify vascular inflammation.Concurrently, TLR4-induced macrophage activation and Th1 polarization may further amplify vascular inflammation through excessive cytokine release. Crosstalk among ECs, macrophages, and T cells may establish a self-amplifying inflammatory loop that culminates in coronary artery damage and aneurysm formation.
Experimental evidence for TLR4 involvement across cardiovascular diseases
Although altered TLR4 expression and signaling have been reported across multiple human cardiovascular diseases, the strength of direct experimental evidence varies substantially among disease settings. In vivo loss-of-function studies demonstrate that TLR4 manipulation alters disease phenotypes in experimental AS, myocardial I/R injury, hypertension, PH, AA/AD, thrombosis, and DCM (Table 1). However, most of these studies rely on global TLR4 deficiency or systemic intervention and therefore establish disease- or tissue-level involvement without identifying the responsible cellular population. Cell-type specificity has been achieved in selected settings through hematopoietic transplantation, local tissue knockdown, platelet-specific genetic deletion, and platelet-reconstitution experiments. Importantly, these studies also reveal substantial context dependence: the contribution of individual TLR4-expressing compartments can differ among disease models, and TLR4 deficiency may exert protective or adverse effects depending on the experimental settings. In contrast, direct in vivo TLR4-specific loss-of-function evidence remains limited in some conditions, including Kawasaki disease. Collectively, these findings support a causal contribution of TLR4 in several cardiovascular disease models while highlighting the need to distinguish disease-level effects from cell-type-specific mechanisms. This distinction is particularly relevant when considering therapeutic strategies designed to inhibit TLR4 signaling systemically or in selected cellular compartments.
Clinical translation and future directions: therapeutic targeting of TLR4 signaling in cardiovascular disease
Pharmacological modulation of TLR4 has been the subject of growing interest, with multiple classes of small molecules, biologics, and pathway modulators described across disease models. Comprehensive reviews have summarized both the therapeutic promise and the challenges associated with targeting TLR4 signaling, including legacy compounds have been evaluated in the clinic and newer modulators with preclinical cardiovascular evidence [212–214]. However, the pharmacological landscape is characterized by numerous compounds that converge on a limited number of signaling nodes. Rather than providing an exhaustive catalog, we therefore highlight representative strategies that define mechanistically distinct levels of intervention within the TLR4 cascade (Table 21). These approaches may be broadly grouped into complementary modalities whose potential utility varies according to cell type, disease stage, and the acute or chronic nature of TLR4 activation. 
Receptor-level antagonism
[bookmark: OLE_LINK683][bookmark: OLE_LINK684]Direct inhibition of TLR4 activation is exemplified by small-molecule antagonists such as TAK-242 (resatorvid) and the lipid A analog eritoran (E5564). Although these compounds have been clinically evaluated primarily in systemic inflammatory settings and conditions outside cardiovascular medicine, they have also been shown  to exert protective effects inon preclinical models of MI, and I/R injury by suppressing MyD88- and TRIF-dependent signaling, attenuating macrophage-driven cytokine release and limiting early tissue damage [207,215–217]. However, limited clinical validation of their cardiovascular effects, potential impairment of antimicrobial host defenses, and the stage-dependent functions of TLR4 constrain prolonged systemic administration.
[bookmark: OLE_LINK310][bookmark: OLE_LINK311]Naturally derived compounds and pleiotropic anti-inflammatory agents have been more extensively investigated as treatments for chronic inflammatory and metabolic cardiovascular disorders. Compounds such as andrographolide used for hypertension [65], ganoderic acids used for atherosclerosis [65], astragaloside IV and tricin in DCM  [218–222], and hesperidin used for KD [208] have all been associated with the suppression of TLR4/MyD88/NF-κB signaling in ECs, macrophages, or cardiomyocytes. These agents exemplify an alternative strategy aimed at dampening the sustained, low-grade TLR4 activation that underlies vascular dysfunction and immune-mediated injury rather than acute necrosis. Nevertheless, most of these effects  are pharmacologically pleiotropic, and their beneficial effects cannot yet be attributed exclusively to direct TLR4 inhibition.
Adaptor and transcriptional inhibition
[bookmark: OLE_LINK689][bookmark: OLE_LINK690]Given the central roles of MyD88 and NF-κB in signal amplification, the blockade of signaling downstream of these proteins represents an alternative and potentially broader strategy. Experimental inhibition of NF-κB or related transcriptional hubs such as STAT3 attenuates vascular inflammation, VSMC phenotypic switching, and ECM degradation across several cardiovascular disease models [223,224]. Targeting these shared transcriptional nodes may circumvent redundancy at the receptor level and more effectively suppress the self-reinforcing inflammatory circuits that sustain vascular remodeling. However, these pathways also regulate cellular survival, tissue repair, and physiological immune responses, raising concerns that broad inhibition may lack sufficient cell and disease specificity.
[bookmark: OLE_LINK656][bookmark: OLE_LINK657]Immunometabolic modulation
[bookmark: OLE_LINK324][bookmark: OLE_LINK325][bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK244]In addition to direct inhibitors, commonly used cardiovascular therapies exert partial anti-inflammatory effects through the modulation of TLR4 signaling. Statins, for example, reduce TLR4 expression and NF-κB activation in circulating monocytes and vascular cells, suggesting that they may attenuate inflammatory amplification independent of their lipid-lowering effects [225].
A parallel translational approach focuses on the indirect modulation of TLR4 signaling through metabolic reprogramming. Repurposed cardiometabolic drugs such as metformin and dapagliflozin attenuate TLR4-driven inflammation in individuals with MI, hypertension, DCM, and HF by restoring cellular energy homeostasis and interrupting feed-forward inflammatory loops, often via AMPK activation or miRNA-mediated repression of TLR4 expression [226–229]. Similarly, gliclazide and exenatide modulate macrophage polarization and matrix remodeling in individuals with diabetic atherosclerosis and vascular aging by restraining the AGE–RAGE–TLR4 or TLR4–MMP signaling axes [230,231]. These approaches may be particularly relevant for treating diseases in which metabolic stress chronically sustains innate immune activation, although direct evidence that TLR4 modulation is necessary for their clinical cardiovascular benefits remains limited.
Inflammasome and cytokine targeting
TLR4 signaling can provides a priming signal for NLRP3 inflammasome activation and IL-1β maturation, linking innate immune sensing to irreversible structural damage. Therapeutic neutralization of IL-1β has shown clinical efficacy in reducing recurrent cardiovascular events, providing compelling evidence that interrupting TLR4-primed inflammatory pathways yields tangible benefits [74,232]. These findings validate downstream cytokine targeting as a translationally successful axis of TLR4 modulation and underscore the pathophysiological importance of inflammasome-driven vascular injury.
[bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK658]Upstream inhibition of endogenous danger signals 
[bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK712][bookmark: OLE_LINK713][bookmark: OLE_LINK706][bookmark: OLE_LINK707][bookmark: OLE_LINK716][bookmark: OLE_LINK717][bookmark: OLE_LINK714][bookmark: OLE_LINK715][bookmark: OLE_LINK710][bookmark: OLE_LINK711]In addition to direct or indirect receptor modulation, increasing attention has been directed toward limiting upstream endogenous danger signals that chronically activate TLR4. The inhibition of HMGB1 nuclear–cytoplasmic translocation with inflachromene attenuates TLR4/NF-κB-associated VSMC activation and neointimal hyperplasia after vascular injury dampens TLR4 activation in macrophages in an experimental hypertension model [233], whereas the disruption of Gal-3–TLR4 interactions suppresses macrophage pyroptosis and matrix degradation in AA/AD [158], illustrating a disease-context–specific strategy that targets ligand availability rather than receptor function. However, endogenous DAMPs frequently signal through several receptors, including RAGE and other Toll-like receptors, and their physiological functions in tissue repair must also be considered.
[bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK659]Advanced delivery systems
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]Finally, advanced delivery systems represent a potential means of overcoming the systemic toxicity and lack of cell specificity associated with global TLR4 inhibition. Macrophage-targeted and biomimetic nanoplatforms—such as PPARγ agonist–loaded nanoparticles and macrophage membrane–coated, rosuvastatin-loaded Prussian blue nanoparticles, enable the spatially restricted suppression of TLR4/NF-κB or TLR4/HIF-1α/NLRP3 signaling in experimental models of atherosclerosis and heart failure [234–236]. These approaches reduce macrophage inflammatory activation, pyroptosis, lipid deposition, and vascular inflammation. Nevertheless, their translational development will require rigorous evaluations of their biodistribution, cellular selectivity, immunogenicity, long-term safety, and scalability.
Collectively, despite the apparent diversity of TLR4-modulating agents, most converge on six principal mechanistic levels: receptor activation, adaptor/transcriptional signaling, inflammasome–cytokine output, immunometabolic reprogramming, upstream endogenous danger signals, and targeted delivery. Therefore, the translational challenge therefore lies not in expanding the list of inhibitors but in determining which signaling level, cellular compartment, and disease stage can be targeted without disrupting protective immune or reparative functions. Acute MI may require early and time-limited interventions, whereas chronic atherosclerosis, hypertension, DCM, and HF may benefit more from cell-selective or metabolically directed modulation. Representative pharmacological strategies for each of these mechanisms are summarized in Table 21.
Current clinical limitations
Despite compelling experimental evidence implicating TLR4 in atherosclerosis, MI, HF, DCM, and metabolic cardiomyopathy, the clinical translation of TLR4-targeted therapies remains limited. Several conceptual, biological, and pharmacological barriers account for this gap.
[bookmark: OLE_LINK664][bookmark: OLE_LINK665]A primary concern is the preservation of host defenses. TLR4 plays a central role is indispensable infor recognizing gram-negative bacterial LPS and coordinating innate immune responses. Global or sustained inhibition of TLR4 therefore risks compromising antimicrobial immunity. The failure of the TLR4 antagonist eritoran in the ACCESS sepsis trial underscores the difficulty of translating systemic TLR4 antagonism into clinical benefit safely suppressing this pathway in humans [237]. Broader reviews of TLR4 biology emphasize that its central role in innate immunity renders its systemic blockade inherently high risk [1,6]. These lessons remain relevant when considering TLR4 inhibitors for chronic cardiovascular indications.
A second challenge is the temporal duality of TLR4 signaling in cardiac injury and repair. In acute MI, TLR4 activation amplifies sterile inflammation, cytokine release, and infarct expansion, and genetic or pharmacological inhibition reduces I/R injury in experimental models [238,239]. However, innate immune activation is also required for debris clearance and the initiation of reparative remodeling. The prolonged or nonselective suppression of TLR4 signaling may therefore blunt acute injury at the cost of impaired healing. The optimal therapeutic window is consequently likely to differ amogamong acute injury, the reparative phase, and chronic remodeling. 
[bookmark: OLE_LINK177][bookmark: OLE_LINK178]Third, cell-type heterogeneity within the cardiovascular system limits pharmacological precision. TLR4 is expressed in ECs, VSMCs, cardiomyocytes, fibroblasts, and multiple immune cell subsets. In atherosclerosis and HF, endothelial and macrophage TLR4 signaling promotes inflammatory amplification and adverse remodeling, whereas its systemic inhibition may simultaneously disrupt physiological signaling in metabolic organs [6,240]. Recent work further links gut-derived LPS-mediated TLR4 activation to myocardial remodeling, suggesting that cardiovascular TLR4 activity is integrated with systemic metabolic and microbial signals [241]. Current small-molecule inhibitors lack tissue specificity and cannot selectively target pathological cardiovascular signaling.
A fourth limitation is redundancy within innate immune networks. TLR4 operates in concert with other pattern recognition receptors, including TLR2 and NOD-like receptors. The suppression of a single receptor may therefore fail to fully resolve chronic inflammation, as compensatory pathways sustain NF-κB and inflammasome activation [1,6]. This redundancy partly explains why promising preclinical inhibitors have not been translated into robust clinical benefits.
Finally, the evidence base itself presents an additional barrier. Much of the reported cardiovascular benefit of TLR4 inhibition is derived from global knockout animals, systemic pharmacological interventions, acute injury models, or pleiotropic compounds. In addition, although multiple TLR4 inhibitors and modulators continue to be explored [240], most remain at preclinical or early translational stages. A rRecent experimental studyies have demonstrated the cardioprotective effects of TLR4 inhibition on HF models [241], but definitive trials of cardiovascular outcomes trials are still lacking. Thus, the field currently faces a paradox: a strong mechanistic rationale, but insufficient precision, safety validation, and clinical efficacy data.
Collectively, these limitations indicate that future strategies should prioritize cell-specific targeting, temporally restricted modulation, and integration with metabolic and microbiota-driven signals rather than global TLR4 blockade. Refining therapeutic selectivity may ultimately determine whether TLR4 inhibition can transition from mechanistic promise to cardiovascular clinical reality.
Outstanding questions and evidence gaps
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]Several fundamental questions remain unresolved. First, multiple cardiovascular cell populations are likely to contribute to TLR4-dependent disease processes in parallel, but their relative pathophysiological importance during disease initiation, progression, and resolution remains poorly defined. Inducible lineage-specific gain- and loss-of-function studies are therefore needed not only to identify the participating cell populations, but also to establish their functional hierarchy across disease stages. Defining this hierarchy will be essential for prioritizing the cellular compartments in which TLR4-directed intervention is most likely to achieve therapeutic benefit while minimizing disruption of protective immune and reparative functions. which cardiovascular cell populations require TLR4 for disease initiation, progression, or resolution remains unclear because much of the causal evidence is derived from global knockout models, systemic drugs, or bone marrow transplantation rather than inducible lineage-specific manipulation. Second, how ligand identity, metabolic environment, disease stage, and downstream MyD88–TRIF pathway bias determine pathological versus reparative responses is incompletely understood. Third, whether TLR4 directly regulates specific forms of cell  induces cellular death and metabolic failure or primarily amplifies stress-associated inflammatory programs remains incompletely resolvedlargely hypothetical and requires direct genetic and longitudinal validation. Finally, which mechanisms identified in experimental models operate in human cardiovascular tissues and which circulating or tissue signatures can identify patients with actionable TLR4 activity remain uncertain. Addressing these questions will require cell-specific models, longitudinal studies, spatial and single-cell analyses of human tissues, and the identification of pharmacodynamic biomarkers linked to clinical phenotypes.
Conclusions and future directions: integrating TLR4 biology into precision cardiovascular therapy
Over the past decade, TLR4 has evolved from being viewed solely as a proinflammatory innate immune sensor to being viewed as a context-dependent signaling node integrator linkingof inflammatory, metabolic, and stress-adaptive signals in cardiovascular disease. Experimental and translational evidence increasingly supports a model in which the  pathological or adaptive effects of TLR4’s pathological or adaptive effects of TLR4 are shaped by the disease stage, cell type, ligand environment, and intracellular metabolic state rather than by receptor expression alone. Importantly, the concept of a cell fate integrator should not be interpreted as implying that all TLR4-mediated responses represent irreversible lineage decisions. Classically cell fate typically refers to irreversible lineage commitment or regulated cell death, whereas many cardiovascular responses—including macrophage polarization, endothelial activation, fibroblast activation, and VSMC phenotypic switching—represent dynamic and potentially reversible state transitions. Here, the term is used more broadly to describe how TLR4 integrates pathological inputs to influence stable cellular programs, functional outputs, survival, and intercellular behavior. 
TLR4 exhibits striking functional heterogeneity across major cardiovascular cell populations.: In VSMCs, TLR4-associated signaling contributes to phenotypic switching, migration, and maladaptive remodeling. In ECs, it regulates inflammatory activation, barrier integrity, and susceptibility to pyroptosis. In cardiomyocytes, TLR4 signaling influences metabolic resilience, calcium homeostasis, regulated cell deathferroptosis, and contractile function; in immune cells, particularly macrophages and neutrophils, it contributes to orchestrates inflammatory polarization, thromboinflammatory interactions, and tissue injury. These outcomes arise from the integration of ligand-specific signaling, downstream pathway bias, metabolic reprogramming, and intercellular crosstalk, rather than receptor expression alone. However, the strength of the evidence for these functions differs among cell types and diseases, with human causality and lineage-specific validation remaining limited for many proposed mechanisms.
This context dependence has important translational implications. Indiscriminate or sustained TLR4 inhibition risks compromising host defense, tissue repair, and systemic immune homeostasis. Future therapeutic strategies should therefore emphasize precision immunomodulation tailored to the disease context, timing, and cellular specificity. In patients with chronic HF and atherosclerosis, cell-type–specific targeting of endothelial or myeloid TLR4 signaling could mitigate vascular inflammation while preserving systemic immune competence. In patients with DCM, interventions that disrupt metabolite-driven TLR4 activation or bias signaling away from proinflammatory MyD88-dependent pathways toward reparative programs may be especially advantageous.
Emerging technologies may offer several paths to achieve such specificity. Nanoparticle-based delivery systems, ligand- or pathway-biased modulators, and tissue-targeted biologics provide the ability to spatially and temporally constrain TLR4 signaling, minimizing global immune suppression. In parallel, the integration of inducible cell-specific models with single-cell, spatial, proteomic, and metabolic profiling of human cardiovascular tissues will be necessary to identify actionable TLR4-dependent cell states and corresponding biomarkers. Ultimately, the translation of TLR4 biology into cardiovascular therapy will depend not on treating the receptor as a binary inflammatory switch but on defining when, where, and in which cellular state TLR4its signaling becomes pathogenic and therapeutically modifiable.
[bookmark: OLE_LINK71][bookmark: OLE_LINK72]
Table 1 Representative in vivo evidence from TLR4 manipulation across cardiovascular disease models
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	Key biological outcomes
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	References

	Atherosclerosis
	ApoE−/− mice
	Global TLR4 deficiency
	Reduced plaque lipid, macrophage content, and inflammation
	Reduced lesion burden
	[24]

	Intimal hyperplasia
	Carotid wire injury in mice
	Global TLR4 deficiency
	Reduced VSMC proliferation/migration and inflammatory signaling
	Reduced neointimal hyperplasia
	[43]

	Atherosclerosis
	ApoE−/− mice with parallel TLR2-deficient comparison; early lesion-prone aortic arch
	Global TLR4 deficiency
	Reduced intimal lipid/foam-cell accumulation and lesional IL-1α/MCP-1; greater reduction with TLR4 than TLR2 deficiency
	Reduced early atherogenic lipid accumulation
	[58]

	Atherosclerosis
	LDLR−/− bone-marrow chimera
	Hematopoietic TLR4 deficiency by bone-marrow transplantation
	Reduced inflammatory/macrophage contribution without plasma lipid changes
	Reduced aortic root lesions under low-fat diet
	[59]

	Post-MI heart failure
	Long-term MI model
	Local myocardial TLR4 knockdown by lentiviral shRNA
	Reduced myocardial inflammatory cytokines
	Improved cardiac function after chronic MI
	[23]

	[bookmark: _Hlk240151805]MI / I/R injury
	TLR4-deficient mice subjected to coronary ischemia–reperfusion
	Global TLR4 deficiency
	Reduced neutrophil/oxidative injury and cardiomyocyte apoptosis; enhanced PI3K/Akt prosurvival signaling
	Reduced infarct size; PI3K inhibition abolished protection in one model
	[103,104]

	Systemic hypertension
	Spontaneously hypertensive rats
	Systemic anti-TLR4 neutralizing antibody
	Reduced IL-6, mesenteric COX-2/TXA₂ signaling, and exaggerated noradrenaline-induced contraction
	Reduced mean arterial pressure and vascular hypercontractility
	[120]

	Systemic hypertension
	L-NAME-induced hypertension in WT and TLR4−/− mice
	Global TLR4 knockout
	Reduced VSMC ROS and hypercontractility; preserved NO–sGC–cGMP signaling
	Blunted blood-pressure elevation
	[122]

	Ang II-induced hypertension / renal injury
	Ang II-infused C3H/HeOuJ versus C3H/HeJ mice with dysfunctional TLR4
	Functional TLR4 deficiency
	Reduced renal oxidative stress, inflammation, macrophage/fibroblast accumulation, and ECM deposition
	Blunted hypertension and renal fibrosis
	[125]

	PAH
	TLR4-deficient and TLR4-intact mice exposed to chronic hypoxia
	Global TLR4 deficiency
	Reduced pulmonary vascular inflammation and medial thickening
	Reduced RV pressure elevation and hypertrophy
	[133]

	PAH /Pulmonary vascular homeostasis
	Normoxic and hypoxia-exposed WT and TLR4−/− mice
	Global TLR4 knockout
	Increased PASMC ROS/Nox1/Nox4 and vascular remodeling
	Spontaneous PH with RV hypertrophy and impaired pulmonary hemodynamics
	[134]

	Experimental PAH
	Chronic hypoxia in bone-marrow chimeric, LysM-TLR4−/−, and PF4-TLR4−/− mice
	Platelet-specific TLR4 deletion; complementary myeloid deletion and bone-marrow chimera
	Reduced platelet serotonin release and PASMC proliferation
	Reduced pulmonary remodeling, RV pressure, and hypertrophy
	[140]

	AAA
	CaCl₂-induced AAA in two TLR4-deficient mouse strains; complementary VSMC experiments
	Global TLR4 deficiency; complementary TLR4 siRNA in VSMCs
	Reduced cytokines, macrophages, MMP-2/9, elastin loss, and VSMC loss
	Reduced aortic dilation and AAA formation
	[148]

	AAA
	Ang II-induced AAA in ApoE−/− mice
	Global TLR4 knockout; systemic TLR4 inhibition with Eritoran
	Reduced STAT3 activation, macrophage infiltration, MMP activity, and inflammation
	Reduced AAA incidence and severity
	[151]

	[bookmark: OLE_LINK129][bookmark: OLE_LINK130]Arterial thrombosis
	FeCl₃-induced carotid injury in WT and TLR4−/− mice
	Global TLR4 knockout; complementary platelet reconstitution/endothelial experiments
	Reduced vascular-wall tissue factor
	Delayed occlusive thrombosis
	[162]

	Arterial thrombosis
	Anti-β2GPI plus FeCl₃ carotid injury in WT and TLR4-deficient mice
	Global TLR4 deficiency
	Reduced leukocyte/endothelial activation and tissue factor responses
	Anti-β2GPI failed to accelerate thrombosis in TLR4-deficient mice
	[163]

	[bookmark: OLE_LINK131][bookmark: OLE_LINK132]Microvascular thrombosis
	LPS-treated TLR4-deficient mice reconstituted with WT or TLR4-deficient platelets
	WT platelet reconstitution in TLR4-deficient mice
	Restored platelet prothrombotic responsiveness without systemic TNF-α/IL-1β restoration
	Restored LPS-enhanced microvascular thrombosis
	[183]

	DCM 
	Diabetic WT and TLR4-deficient NOD mice; complementary cardiomyocyte experiments
	Global TLR4 deficiency; complementary TLR4 siRNA in cardiomyocytes
	Reduced myocardial triglycerides and MyD88/p38/JNK/LPL signaling; increased AMPK phosphorylation
	Partial preservation of cardiac function
	[189]



[bookmark: OLE_LINK670][bookmark: OLE_LINK671]Table 2I Representative pharmacological strategies targeting TLR4 signaling in cardiovascular diseases
	Strategies
	Representative agent
	Mechanism
	Cardiovascular context
	[bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK98]References

	Receptor antagonism
	[bookmark: OLE_LINK660][bookmark: OLE_LINK661][bookmark: OLE_LINK668][bookmark: OLE_LINK669][bookmark: OLE_LINK672]Eritoran (E5564)
	Blocks the activation of the TLR4–MD2 complex 
	Atherosclerosis, vascular inflammation
	[242]

	
	[bookmark: OLE_LINK673][bookmark: OLE_LINK674]TAK-242 (resatorvid)
	Binds the TLR4 intracellular TIR domain; inhibits MyD88/TRIF recruitment
	[bookmark: OLE_LINK679][bookmark: OLE_LINK680][bookmark: OLE_LINK681][bookmark: OLE_LINK682]Atherosclerosis, myocardial ischemia, AAA models
	[67,221]

	Adaptor/ transcriptional inhibition
	NF-κB inhibitors (e.g., BAY 11-7082)
	Suppress inflammatory gene transcription downstream of TLR4
	Atherosclerosis, 
vascular injury
	[244]

	
	STAT3 inhibition (e.g., S3I-201)
	Interferes with TLR4–STAT3 inflammatory amplification
	Ang II–induced AAA
	[201]

	Immunometabolic modulation
	Statins (e.g., atorvastatin)
	Reduce TLR4 expression and NF-κB activation in vascular cells
	Atherosclerosis
	[225]

	
	LXR agonists
	Modulate lipid metabolism and suppress TLR4-dependent inflammation
	Foam cell formation, 
AS models
	[246]

	Inflammasome / cytokine targeting
	[bookmark: OLE_LINK695][bookmark: OLE_LINK696][bookmark: OLE_LINK697]MCC950
	Selective NLRP3 inflammasome inhibitor (TLR4-primed pathway)
	Atherosclerosis, 
myocardial injury
	[247,248]

	
	[bookmark: OLE_LINK698][bookmark: OLE_LINK699][bookmark: OLE_LINK800]Canakinumab
	[bookmark: OLE_LINK704][bookmark: OLE_LINK705][bookmark: OLE_LINK700][bookmark: OLE_LINK701][bookmark: OLE_LINK702][bookmark: OLE_LINK703]IL-1β neutralizing antibody; blocks TLR4-primed cytokine output
	Coronary artery disease
	[249]

	Upstream inhibition of endogenous danger signals 
	Inflachromene (ICM)
	Inhibition of HMGB1 nuclear–cytoplasmic translocation
	[bookmark: OLE_LINK728][bookmark: OLE_LINK729]Atherosclerosis, vascular restenosis, and hypertension
	[233]

	
	Modified citrus pectin (MCP)
	Inhibit Gal-3–TLR4 interactions 
	AA/AD
	[158]

	Advanced delivery systems
	MPR NPs (rosuvastatin)
	Inhibits TLR4/HIF-1α/NLRP3- mediated pyroptosis in macrophages
	Atherosclerosis
	[234]

	
	EGCG@Rh-gel 
	Blocks the ROS–inflammation cycle by scavenging ROS and inhibiting TLR4.
	Myocardial ischemia-reperfusion
	[236]


Abbreviations
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]AECs			alveolar epithelial cells  
AAA          abdominal aortic aneurysm
AA/AD			aortic aneurysm and dissection
ABCA1 		ATP-binding cassette subfamily A member 1
ABCG1			ATP-binding cassette subfamily G member 1
AGEs 			advanced glycation end products
[bookmark: OLE_LINK1073][bookmark: OLE_LINK1074][bookmark: OLE_LINK1036][bookmark: OLE_LINK1037][bookmark: OLE_LINK1061][bookmark: OLE_LINK1062]AMI          acute myocardial infarction
AMPK 			AMP-activated protein kinase
Ang II 			angiotensin II
APS 			antiphospholipid syndrome
[bookmark: OLE_LINK1028][bookmark: OLE_LINK1029]ASMCs			aortic smooth muscle cells
BAPN 			β-aminopropionitrile
CCs				cholesterol crystals
CKD          chronic kidney disease
CRP          C-reactive protein
DCM 			diabetic cardiomyopathy
DAMPs 		damage-associated molecular patterns
ECM 			extracellular matrix
ECs 			endothelial cells
EndMT 		endothelial–mesenchymal transition
EVs 			extracellular vesicles
[bookmark: OLE_LINK867][bookmark: OLE_LINK868]Fn-EDA       fibronectin containing the extra domain A
GM-CSF 		granulocyte–macrophage colony-stimulating factor
HF 			heart failure
HMGB1 		high-mobility group box 1
HMGB2 		high-mobility group box 2
HSPs 			heat shock proteins
HCAECs      human coronary artery endothelium cells 
IL-1β 			interleukin-1β
IL-6 			interleukin-6
IRF3 			interferon regulatory factor 3
I/R           ischemia–reperfusion
KD 			Kawasaki disease
LPS 			lipopolysaccharide
LRR			leucine-rich repeat
MAPKs 		mitogen-activated protein kinases
MI 				myocardial infarction
MMP 			matrix metalloproteinase
MPR NPs 		macrophage membrane-coated RVS-loaded Prussian blue nanoparticles
NAMPT 		nicotinamide phosphoribosyl transferase
NETs 			neutrophil extracellular traps
NF-κB			nuclear factor-κB
NINJ1			nerve injury-induced protein 1
ox-LDL 		oxidized low-density lipoprotein
PAECs 			pulmonary artery endothelial cells
PAH 			pulmonary arterial hypertension
PAGln			phenylacetylglutamine
PAMPs 		pathogen-associated molecular patterns
PASMCs 		pulmonary arterial smooth muscle cells
PDMPs 		platelet-derived microparticles
PRDX5 		peroxiredoxin-5
RBP4 		   retinol-binding protein 4
TAAD        thoracic aortic aneurysm and dissection
TF 			   tissue factor
TIR 		   Toll/interleukin-1 receptor
TLR4 		   Toll-like receptor 4
TNF-α 		   tumor necrosis factor-α
VSMCs       vascular smooth muscle cells
vWF		   von Willebrand factor
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