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Abstract

With increasing chronological age, the vascular system gradually loses its functional integrity, a process known as vascular aging. This
decline is a major contributor to arterial and venous thromboembolic disorders, which represent one of the leading causes of mortality and
morbidity among aged individuals. However, the precise biological mechanisms linking systemic aging to thrombotic susceptibility remain
poorly understood, hindering the development of effective preventive and therapeutic strategies for age-related thrombotic diseases. Aging,
as a fundamental determinant of vascular health, shifts the balance between prothrombotic and antithrombotic mechanisms through
cumulative molecular and cellular alterations across vascular cells, red blood cells, platelets, and immune cells. These interconnected
hallmarks collectively disrupt endothelial homeostasis, enhance platelet reactivity, and impair coagulation and fibrinolytic pathways.
Emerging factors, including clonal hematopoiesis of indeterminate potential and environmental exposures, further exacerbate the
thrombotic risk in older populations. Clinically, thrombosis management in the elderly requires careful calibration between protection
against ischemia and bleeding risk, as age-associated changes are known to affect the safety and efficacy of antiplatelet and anticoagulant
therapies. The development of geroscience-guided interventions, alongside optimized antithrombotic strategies, will be essential to reduce
the thrombotic burden and improve outcomes in the aging population.
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1. Introduction

Life expectancy continues to rise worldwide, but extended longevity is frequently accompanied by years of poor health and frailty!'l.
Aging is a multifactorial biological process shaped by complex interactions among genetic, epigenetic, and biochemical mechanisms,
which are collectively referred to as the hallmarks of aging!?. It exerts profound effects on the vascular system, driving structural
remodeling characterized by arterial stiffening, intimal and medial thickening, vascular calcification, and increased resistancel®l.
Vascular aging is now widely recognized as an early and general predictor of unhealthy aging!®. Given that the vascular system
interlinks all organs, dysfunction within a single vascular bed can propagate to distant tissues, thereby accelerating systemic aging.
Notably, recent longitudinal mapping proposes that blood vessels may function as upstream regulators of the aging trajectoryl’l.
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Thrombosis represents one of the most clinically consequential outcomes of vascular aging-related dysfunction. Thromboembolic
diseases, including myocardial infarction, ischemic stroke, and venous thromboembolism (VTE), remain leading causes of global
mortalityl>l. Although traditional cardiovascular risk factors such as hypertension, diabetes, and dyslipidemia contribute to
thrombotic risk, they do not fully explain the steep rise in thromboembolic events with agel®l. This gap underlines the importance to
explore aging itself as a biological driver of thrombosis. The incidence of both arterial and venous thrombotic events rises
exponentially with agel’. Arterial thrombosis typically results from atherothrombotic plaque rupture or erosion under high shear
stress, while venous thrombosis develops in the context of stasis, hypercoagulability, and endothelial dysfunction!®l. Despite
differences in hemodynamic context and thrombus composition, both processes are accelerated by age-related changes in
endothelial cells, vascular smooth muscle cells, platelets, red blood cells, and immune cells, producing a vasoconstrictive,
pro-inflammatory, and hypercoagulable environment!’l. These cellular alterations are compounded by systemic factors such as
inflammaging, clonal hematopoiesis, and metabolic dysregulation, which further amplify thrombotic susceptibility. Emerging
evidence also highlights environmental and molecular contributors to vascular aging and thrombosis. Micro- and nanoplastics, air
pollution, and gut microbiota-derived metabolites such as trimethylamine-N-oxide (TMAO) have been linked to endothelial
dysfunction and thrombo-inflammation!'%!?l. Additionally, circulating biomarkers like amyloid-f;., (AB;-4) are elevated in older
adults and may serve as indicators of vascular aging and thrombotic risk!!3l.

Despite its well-recognized clinical and societal impact, the biology of aging is not yet fully integrated into current thrombotic
disease paradigms. Existing prevention and treatment strategies primarily focus on antiplatelet and anticoagulant therapies, with
limited attention to aging-related molecular pathways. Emerging insights into aging-associated mechanisms and novel circulating
biomarkers, however, offers opportunities for early detection of vascular dysfunction, risk stratification, and precision medicine. For
instance, gerotherapeutics targeting the hallmarks of aging may complement conventional antithrombotic strategies by addressing
the underlying drivers of the vascular dysfunction in older adults. This review summarizes current literature on the mechanisms by
which aging promotes arterial and venous thrombosis, highlights emerging therapeutic strategies, particularly gerotherapeutics, and
discusses their implications for clinical management in the elderly. By integrating insights from basic science, translational research,
and clinical practice, we aim to clarify the mechanistic links between aging and thrombosis, and to explore more opportunities for
mitigating the thrombotic risk in aging populations.

2. Overview of the Mechanisms Governing Arterial and Venous Thrombosis

Atherothrombosis, defined as thrombus formation in association with an atherosclerotic plaque, underlies major adverse
cardiovascular events (MACE), including myocardial infarction, stroke, and peripheral arterial ischemial'*! (Figure 1). Thrombus
formation typically arises from either endothelial erosion or acute plaque rupture, both of which expose highly thrombogenic
subendothelial components to circulating blood. Among these, von Willebrand factor (vWF) and collagen play pivotal roles in initial
platelet adhesion!'®l. At sites of vascular injury, platelets initially tether to vWF via the glycoprotein Ib-IX-V receptor complex,
allowing engagement of the collagen receptor glycoprotein VI, a critical trigger for platelet activation. At the same time, tissue factor
(TF), the key initiator of the extrinsic coagulation pathway, becomes exposed. In plaque rupture, TF primarily originates from
lipid-rich necrotic core contents, whereas in plaque erosion, activated neutrophils promote TF release through the formation of
neutrophil extracellular traps (NETs)!!°. NETs are extracellular web-like structures composed of decondensed chromatin, histones,
proteolytic enzymes, reactive oxygen species (ROS), cytokines, and TF, released through a process known as neutrophil extracellular
trap formation (NETosis)l!’l. Once activated, TF forms a complex with coagulation factor VIIa, initiating the extrinsic coagulation
cascade. This leads to the generation of thrombin, which not only converts fibrinogen to fibrin but also activates protease-activated
receptors on platelets, amplifying platelet activation!'®l. Thrombin also activates factors V and VIII, further propagating coagulation.
Concurrently, secondary platelet-derived mediators, including adenosine diphosphate (ADP) binding to the P2Y purinoreceptor 12
(P2Y12), thromboxane A, engaging the thromboxane receptor, and granule release products, recruit and activate additional platelets.
These signals induce inside-out activation of the integrin allbf3 (GPIIb/11Ia), facilitating fibrinogen and vWF binding, which is critical
for stable platelet aggregation, especially under high arterial shear stress!'’. In healthy arteries, these procoagulant forces are
counterbalanced by the natural anticoagulant properties of the endothelium. The thrombomodulin-endothelial protein C receptor
(EPCR)-protein C axis exerts potent cytoprotective, barrier-stabilizing effects. Nevertheless, persistent exposure to coagulation
proteases such as factor Xa and thrombin downregulates and induces shedding of thrombomodulin and EPCR, impairing protein C
activation and promoting a procoagulant, pro-inflammatory endothelial phenotypel?°l. This anticoagulant function declines
progressively with aging, further reducing protein C pathway activation senescence and increasing susceptibility to thrombotic
complications!?!l,

Although venous thrombosis shares several molecular and cellular features with arterial thrombosis, it constitutes a distinct
pathophysiological entity with unique characteristics in thrombus composition, location, and initiating mechanisms (Figure 2).
Venous thrombi are typically fibrin-rich, contain abundant entrapped red blood cells (RBCs), and are commonly referred to as “red
thrombi”??l. Venous thrombosis primarily develops under conditions of low shear stress and venous stasis, where platelet adhesion
via VWF is generally dispensable and overt endothelial disruption is usually absent. The pathogenesis of VTE is classically described by
the Virchow’s Triad, comprising three interdependent elements: hypercoagulability, venous stasis, and endothelial dysfunction!>*.. In
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a healthy venous system, the endothelium maintains an antithrombotic phenotype, partly through Kriippel-like factor 2-mediated
transcriptional activation of thrombomodulin and other anticoagulant proteins[?®l. Venous valve pockets, regions prone to disturbed
and stagnant flow, are especially adapted to resist thrombus formation, with endothelial cells expressing high levels of
thrombomodulin and low levels of vWF, in contrast to the prothrombotic environment observed in arterial high-shear zones.
However, prolonged stasis or inflammation disrupts this balance, leading to endothelial activation characterized by upregulation of
adhesion molecules such as intercellular adhesion molecule 1 and vascular cell adhesion molecule 1 (VCAM-1). This promotes
leukocyte recruitment, particularly neutrophils, which may express TF upon activation??. In addition to endothelial-derived TF,
circulating microvesicles from monocytes, platelets, and other blood cells further deliver TF to sites of thrombus initiation®!. TF
binds factor VlIla to form the extrinsic tenase complex, which activates factor X, and generates initial thrombin!?>2¢l. This small
amount of thrombin is critical, as it activates platelets and factors like FVIII and FXI to form the intrinsic tenase complex, the major
source of thrombin during the amplification phase of coagulation[?l. Interestingly, NETs are also found in venous thrombil?7],
suggesting that some mechanisms are shared across vascular beds.
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Figure 1. Arterial thrombosis in the elderly. With advancing age, arterial hemostasis is recalibrated from repair to persistence. The elderly are often characterized by
sustained, low-grade inflammation, where innate immune cells, especially macrophages, release IL-1(3, IL-6, and TNF-a. Although these molecules exert their prothrombotic
effects by activating platelets, facilitating NETosis, and promoting endothelial senescence and dysfunction, chronic inflammation is maintained due to sustained stimuli. CHIP
is characterized by mutations in HSCs that lead to hyperactive macrophages. During aging, there is a shift from gut symbiosis to dysbiosis, which acts as a source of

inflammatory molecules. Simultaneously, increased gut permeability allows gut metabolites, such as TMAO, to enter the circulation and activate platelets. A remarkable
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characteristic of aged platelets is the “paradox” of ADP hypersensitivity combined with thrombin resistance. Reductions in sirtuin 1 levels lead to increased NETosis and tissue
factor expression. Chemical pollutants, including microplastics and air pollution, accumulate over the years and thereby activates the coagulation cascade and platelets.
Apart from these cellular changes, circulating prothrombotic factors, such as VWF and AB,_,, are present at elevated levels. Created in BioRender.com. IL: interleukin;
TNF: tumor necrosis factor; CHIP: clonal hematopoiesis of intermediate potential; HSCs: hematopoietic stem cells; TMAO: trimethylamine-N-oxide; ADP: adenosine
diphosphate; VWF: von Willebrand factor; 3,.,,: amyloid beta; TF: tissue factor; GPVI: glycoprotein VI; RBC: red blood cell; SS: shear stress; NETosis: neutrophil extracellular

trap formation.
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Figure 2. Venous thrombosis in the elderly. Aging modifies the venous thrombotic field, as endothelial activation and dysfunction predominate, leading to increased
expression of adhesion molecules such as VCAM-1 and P-selectin. Aged venous valve pockets and age-related immobility create regions of low shear stress and stasis,
predisposing to thrombus formation. Aging is associated with increased circulating levels of procoagulant factors (e.g., factors VIII, IX, and X; von Willebrand factor; and
PAI-1), thus promoting a shift toward thrombosis through alterations in both coagulation and fibrinolytic pathways. RBCs emerge as key regulators of venous thrombosis in
aged individuals, as abundant circulating ROS enhance a distinct phenotype in which RBCs expose PS, a critical component of the prothrombinase complex, and secrete
thrombogenic MVs containing heme. In turn, heme, derived from MVs or lysed erythrocytes, exerts multiple effects, including increased NETosis, platelet activation,
complement activation, and tissue factor expression from endothelial cells. Hyperglycemic conditions, such as those in diabetic patients, further augment erythrocyte
dysfunction. In addition, mutations leading to CHIP, particularly the JAK2 mutation, amplify the formation of NETSs, contributing to thrombus growth. As mentioned in the
main text, older individuals have accumulated exposure to chemical pollution. Although the role of air pollution is well established in arterial thrombosis, its contribution to
venous thrombosis remains less clear. Created in BioRender.com. VCAM-1: vascular cell adhesion molecule 1; RBCs: red blood cells; ROS: reactive oxygen species;
PS: phosphatidylserine; MVs: microvesicles; CHIP: clonal hematopoiesis of intermediate potential; NETs: neutrophil extracellular traps; AGEs: advanced glycation

end-products; RAGE: receptor for advanced glycation end products; TF: tissue factor; NETosis: neutrophil extracellular trap formation.

3. Aging as a Driver of Pro-Thrombotic Cellular Phenotypes

Hallmarks of aging!?, particularly those associated with cardiovascular aging/?!l, have been extensively described in vascular cells and
are known to directly or indirectly modulate thrombus formation in older individuals (Table 1). Beyond these established hallmarks,
several additional mechanisms have been identified and may substantially contribute to the heightened thrombotic risk in the elderly
(Figure 3).
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Figure 3. Hallmarks of aging: key regulators of thrombotic disease. In the innermost ring, primary hallmarks of aging (telomere attrition, genomic instability, loss of
proteostasis, epigenetic alterations and defective autophagy), which represent the initial sources of damage, drive the development of antagonistic hallmarks (cellular
senescence, mitochondrial dysfunction and deregulated nutrient sensing), reflecting adaptive responses to this damage. These changes give rise to integrative hallmarks
(stem cell exhaustion, chronic systemic inflammation, altered intercellular communication and gut dysbiosis), which in turn cause dysregulation of vascular and blood cells
(endothelium, smooth muscle cells, red blood cells, platelets, neutrophils and monocytes), accumulation of CHIP, matrix-degrading proteases, NETosis and inflammaging.
Together, these alterations promote a pro-thrombotic milieu, ultimately contributing to arterial and venous thrombotic diseases, including myocardial infarction, stroke and
VTE. Created in BioRender.com. CHIP: clonal haematopoiesis of indeterminate potential; VTE: venous thromboembolism; SASP: senescence-associated secretory phenotype;

NETosis: neutrophil extracellular trap formation.

Table 1. Hallmarks of vascular aging across cell types and their thrombotic consequences.

Hallmark of CVD

. Intervention Specificity, Experimental model Cell type Functional changes
aging
Genomic instability!??) Trf2" Global, mice Endothelial cells  Accelerated endothelial
dysfunction, | NO
bioavailability
Genomic instability®? Ercc1(@), XpdT™™) Global, mice Endothelial cells  Accelerated endothelial

dysfunction, | endothelial
eNOS levels
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CD8MCDS56M accumulation

Replicative senescence, DNA

damage-induced senescence

Hypomagnesimia (during

normal aging)

Serotonin stimulation

Single-molecule sequencing in

human blood

Endothelial knock-in mice

Global, mice

HUVECs, mice

HUVECs, mice

Endothelial cells, mice/mesenteric

endothelial cells, human
Global or endothelial cell specific,

mice

Megakaryocytes and platelets
specific, mice

Plasma, human/mice

Endothelial cell specific, porcine

Endothelial cell line, human

HUVECs/mice

CD4*/CD8*, human

CAD, human

Carotid plague VSMC, human

Plasma/erythrocytes/platelets,

human

Platelets, human

Hematopoietic
stem cells
Endothelial cells

Neutrophils

Endothelial cells

Endothelial cells

Endothelial cells

Endothelial cells

Platelets

Neutrophils

Endothelial cells

Endothelial cells

Endothelial cells

T-cells

T-cells

Vascular smooth

muscle cells

Platelets

Platelets

1 ischemic stroke and VTE

Endothelial dysfunction, | NO

| NETosis, 1 apoptosis

Endothelial senescence

Endothelial senescence, pro-

inflammatory phenotype

Telomere attrition, endothelial

senescence

Endothelial senescence,
oxidative stress, | NO

bioavailability

1 MKsize, T MPV, T platelet
activation, 1 venous

thrombosis

T NET formation, NETs more
oxidized and resistant to

DNase degradation

1 TF expression and activity,

platelet aggregation
| Fibrinolysis
1 VWF expression,

senescence-driven

prothrombotic phenotype

1 cardiovascular mortality (M,
stroke), 1 Senescent CD4* and
CD8* T cells

1 IFN-y — chronic vascular

inflammation, plaque
destabilization, pro-thrombotic
milieu

1 secretion of matrix-
degrading proteases, plague

vulnerability

| Intraplatelet magnesium

(especially in elderly diabetics)
— possible T platelet
hyperreactivity

Platelet aggregation,
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communicationt*”1 amplification of

ADP/adrenaline responses
Inflammation(“®] IL-1B increase Humans NA 1 NETosis

Inflammationt*“] IL-6 increase Humans NA HR = 1.37 for AF

CAD: coronary artery disease; CHIP: clonal haematopoiesis of potential; CVD: cardiovascular; eNOS: endothelial nitric oxide synthase; HUVECs: human umbilical vein
endothelial cells; IVC: inferior vena cava; MPV: mean platelet volume; MI: myocardial infarction; MK: megakaryocyte; NET: neutrophil extracellular trap; NO: nitric oxide; PAI-1:
plasminogen activator inhibitor-1; TF: tissue factor; TLR9: toll-like receptor 9; VSMC: vascular smooth muscle cell; VTE: venous thromboembolism; ADP: adenosine

diphosphate; NETosis: neutrophil extracellular trap formation; AF: atrial fibrillation; NA: not available; vVWF: von Willebrand factor; 1 :increased; | : decreased; —: caused.

3.1 Endothelial cells

Under physiological conditions, the endothelium exerts a central antiplatelet and anticoagulant function through the production of
key inhibitory mediators such as nitric oxide (NO), prostacyclin, and the ectonucleotidase CD39, which collectively suppress platelet
activation and aggregationl>°l, It also synthesizes antithrombotic factors, including antithrombin, protein C and S, and
thrombomodulin, which modulate coagulation and confer protection against venous thrombosis>!l. On the endothelial surface,
thrombomodulin binds thrombin, redirecting its activity from clot formation to the activation of protein C. EPCR binds protein C and
enhances its activation by the thrombin-thrombomodulin complex, thereby boosting local generation of activated protein C (APC).
APC then inactivates the procoagulant cofactors Va and VIlIa while delivering potent anti-inflammatory and cytoprotective
signalsP2>3, Decreased expression or availability of these components, caused by inflammation, oxidative stress, or
protease-mediated shedding, impairs APC production, shifting the local environment toward a prothrombotic and proinflammatory
state. Aging is a well-established driver of endothelial dysfunction, featuring reduced NO bioavailability, impaired vasodilation,
elevated oxidative stress, and DNA damagel>*>5l. NO inhibits platelet adhesion!>*l, suppresses TF expressionl®>’>%l, reduces fibrinogen
binding to platelet glycoprotein IIb/Il1al*’}, and scavenges reactive oxygen species(’?l. Autophagy, a critical housekeeping mechanism
for cellular homeostasis, declines with agingl®'l. This decline results in reduced NO levels, thickened arterial wall, and upregulated
senescence markers including p16, p21, and SA-3-gall®?l. Weibel-Palade bodies, which store vWF, colocalize with autophagosomes,
and inhibition of autophagic genes Atg5 or Atg7 impairs vWF secretion. These findings indicate that autophagy regulates endothelial
VWF secretion, and transient pharmacological inhibition of autophagic flux may represent a potential therapeutic strategy to prevent
thrombotic events[®?l. Nonetheless, senescent endothelial cells and aged mice exhibited increased vVWF mRNA and cellular protein
levels in the brain, lungs, and liver, accompanied by significantly higher plasma concentrations[*?l. This indicates that these
mechanisms may prevail over impaired autophagy and may contribute to the increased plasma vWF observed in aging[®*4l, Similarly,
porcine endothelial senescent cells showed upregulation of two major pro-oxidant enzymes, NADPH oxidase and cyclooxygenase 2
(COX-2), leading to oxidative stress, decreased NO bioavailability and increased TF expression and activity. This pro-thrombotic
response can be attenuated by pharmacological inhibition with VAS-2870 (NADPH oxidase inhibitor) or indomethacin!*’.

3.2 Vascular smooth muscle cells (VSMCs)

Aging affects VSMCs’ contractility, plasticity, and stiffness!®l. VSMCs play a pivotal role in maintaining plaque stability, whereas their
loss or dysfunction contributes to atherogenesis and plaque progression!®®l. As the principal source of collagen production in the
fibrous cap, VSMCs provide structural integrity that prevents plaque rupture. Apoptosis of VSMCs, induced by pro-inflammatory
cytokines, oxidized low-density lipoprotein, or mechanical stress, exposes phosphatidylserine on the cell surface, thereby promoting
local thrombin generation and enhancing plaque thrombogenicity!®’. Apoptotic VSMC remnants can also initiate microcalcification,
increasing mechanical stress on the fibrous cap and heightening the risk of rupture. Inadequate clearance of apoptotic cells,
particularly under hyperlipidemic conditions, leads to secondary necrosis and the release of pro-inflammatory cytokines, further
amplifying plaque inflammation!®sl. Senescent VSMCs, triggered by DNA damage, oxidative stress, or telomere attrition, contribute to
fibrous cap thinning by reducing collagen synthesis and increasing the secretion of extracellular matrix-degrading proteases such as
matrix metalloproteinases. Simultaneously, they exacerbate inflammation via an interleukin (IL)- 1 that drives senescence-associated
secretory phenotypel*l.

Beyond their structural functions, VSMCs actively participate in thrombosis formation. Specifically, in arterial thrombosis, these cells
can express TF and release chemokines that recruit platelets and leukocytes, amplifying thrombus formation after plaque
rupturel®®’9l, Their extracellular matrix not only stabilizes the plaque but also provides a scaffold that promotes platelet adhesion and
aggregation in the high-shear arterial environment[’!. In contrast, in venous thrombosis, VSMCs appear to play a more supportive
role by modulating endothelial function, contributing to extracellular matrix remodeling, and expressing pro-coagulant molecules
under inflammatory conditions, thereby indirectly promoting fibrin-rich thrombus formation in the low-shear venous
environment!’>73,

3.3 Platelets

Aging profoundly reshapes platelet biology, disrupting hemostatic balance and increasing susceptibility to thrombotic events.
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Epidemiological studies reveal a decline in platelet counts with age, particularly in men!’*7%], possibly reflecting exhaustion of
hematopoietic stem cell (HSC) reserves!’®l Despite this decline, platelets from older individuals display enhanced functional activity,
reflected by increased sensitivity to activation agonists such as ADP, which is attributed to raised surface density of ADP-specific P2Y
1» receptor on aged platelets!’’l. In elderly volunteers, platelets demonstrated elevated P-selectin (a marker of a-granule release),
CD63 (a marker of dense granule release), and PAC-1 binding (an indicator of conformationally active GPIIb/Illa at the
fibrinogen-binding site), all consistent with enhanced basal activation!’®.. These conformational changes, associated with elevated
levels of inflammatory cytokines (IL-1(3, IL-6), result in more intensive platelet aggregation. Furthermore, aged mice seem to adopt an
alternative differentiation pathway wherein HSCs generate Tom" megakaryocyte progenitors that produce hyper-reactive platelets,
thus exacerbating thrombocytosis and thrombosis!’?l. Similarly, the pro-inflammatory milieu of aging drives megakaryocyte
reprogramming, mitochondrial dysfunction, and platelet hyperreactivity, effects that can be reversed by TNF-o blockadel®°l,

Paradoxically, in contrast to ADP hyperreactivity, platelets from older adults were found to be less responsive, or “resistant” to
thrombin. This resistance has been attributed to reduced expression of glycoprotein Iba, impaired secondary ADP release due to
diminished ADP storage (indicating that hyperreactivity is not driven by post-activation dense granule release), and blunted calcium
flux caused by desensitization of thrombin receptors (PAR-1 and PAR-4). Notably, PAR-1 levels remain unchanged, while PAR-4
expression is increased, a phenomenon also observed in thrombo-inflammatory conditions!®"l.

ROS are among the major drivers of platelet activation>°l. Endogenously generated ROS within platelets act as key second
messengers, modulating pathways reqgulating activation, aggregation, and thrombus formation. In aged mice lacking platelet-specific
superoxide dismutase, platelet-dependent thrombin generation was markedly increased, rendering these mice more susceptible to
carotid artery and pulmonary thrombosis compared with age-matched controls!®?. Similarly, in aged C57BL/6J mice, platelet-derived
ROS promoted hyperactivation and enhanced both arterial and venous thrombosis. ROS also activate mechanistic target of rapamycin
complex 1 (mTORC1) in megakaryocytes and platelets of aged mice, leading to increased mean platelet volume and platelet
hyperactivation, thereby promoting venous thrombosis!*®l. This mechanism also seems to be preserved in humans!®¥l, mTORC1
integrates nutrient and growth factor signals to regulate cell growth, protein synthesis, and metabolism. Its pharmacological
inhibition reduces thrombus formation, highlighting its role as a driver of age-related thrombotic susceptibility**]. Moreover,
increased ROS production increases lipid peroxidation and drives free radical-mediated transformation of arachidonic acid into
bioactive isoprostanes!®*#1, which in turn trigger platelet adhesion and activation>%#°l. Interestingly, metabolic disorders such as type
2 diabetes or visceral obesity further augment ROS generation, resulting in platelet activation®’-#3l. In addition, non-insulin dependent
diabetes combined with aging lowers intraplatelet magnesium in elderly patients, promoting calcium overload and potentially
fostering platelet hyperaggregability*®l.

3.4 Red blood cells

Until recently, RBCs were considered passive participants in thrombosis; however, emerging evidence reveals their active
involvement in both VTE and atherothrombosis. These cells are uniquely adapted for oxygen transport, lacking organelles to
maximize hemoglobin content and membrane flexibility. These features render them atypical in aging biology, as many primary
hallmarks of aging are not applicable. Nevertheless, aging alters RBC function in ways that promote thrombosis. Aged RBCs exhibit
increased cytosolic viscosity, which may disrupt microcirculatory flowl®l. Aging also elevates ROS levels systemically!®’l, and RBCs,
lacking mitochondria, rely solely on enzymatic balance to maintain redox homeostasis!’!l. Excess ROS triggers phosphatidylserine
externalization!®?], a procoagulant signal that enhances thrombin generation and fibrin formation!®3l. Moreover, histones released
from NETs bind RBCs, inducing phosphatidylserine exposure and amplifying coagulation!”!l. RBCs also release microvesicles in
response to ROS[??l, many of which expose phosphatidylserine and carry hemel**°7], a potent prothrombotic molecule that activates
endothelial cells to express TFI’%], activates platelets!®’], induces NETs formation!'?’], and triggers complement activation!'*!l. These
features define a condition termed “erythropathy”['°2l which is linked to aging!'’l and metabolic diseases like type 2 diabetes and
obesityl!?!l. In type 2 diabetes, RBCs show elevated arginase 11'%], which competes with NO synthesis under oxidative and
hyperglycemic conditions!!°®], further impairing endothelial function!!°”-1°8], Hyperglycation of RBC proteins, such as Band 3, increases
RBCs aggregability and adhesion to endothelial cells via receptor for advanced glycation end products (AGEs)!'?%11% These data could
potentially explain the increased VTE risk in type 2 diabetes!!!!l. Epidemiological studies also associate altered hematocrit with
thrombotic risk. For instance, the Framingham Study identified a relationship between hematocrit levels and stroke/transient
ischemic attack in older women!''?l, while the Tromso Study displayed an elevated risk of first VTE in individuals with high vs. low
hematocrit levels, markedly in males but not in females!'"’]l. These findings indicate that RBCs are not simple bystanders, but active
contributors to thrombus formation and propagation.

3.5 Clonal hematopoiesis of intermediate potential (CHIP)

Aging also impacts HSCs, forcing myelopoiesis at the expense of lymphopoiesis!'!‘l. This myeloid bias, coupled with increased
replicative activity of HSCs, renders HSCs susceptible to somatic mutations. This phenomenon may lead to CHIP, a precursor to
hematologic malignancies increasingly prevalent in individuals over 70 years of agel!!>l. CHIP is associated with higher risk of
cardiovascular mortality, including coronary artery disease (CAD) and ischemic strokel!!%!!7], Mutations in genes like DNMT3A, TET2,
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ASXL1 and JAK2 drive this risk. DNMT3A, TET2, and ASXL1 mutations double the risk of coronary heart disease, while the JAK2V617F
mutation was related to a 12-fold increased risk of CAD. These mutations promote pro-inflammatory and/or pro-thrombotic
leukocyte phenotype, depending on their ancestral variant!''%.11°], Additionally, these mutations are strongly associated with
polycythemia vera, a myeloproliferative neoplasm characterized by increased red blood cell mass and elevated thrombotic risk!'?°l.
TET2 mutation accelerates atherosclerosis by enhancing IL-1f and IL-6 secretion through NLRP3 inflammasome activation in
macrophages!'?!l. TET2 is also a risk factor for VTE[!??], in connection with ischemic stroke!'?’l and pulmonary embolism!?l. The
prevalence of JAK2V617F rises progressively with agel'?’l, and JAK2 is frequently mutated in myeloproliferative neoplasms[!2¢],
provoking both arterial and venous thrombosis!'?”l. In older women, JAK2 was the only mutation clearly associated with VTE and
ischemic stroke, increasing their risk by 2-fold®l. In contrast to TET2, JAK2 mutations are rare in the general population!!!>128], which
poses challenges for comparative analyses due to small sample sizes. However, in younger adults, the mutations confer a stronger
thromboembolic risk than TET2 mutations!'?%12°]. This difference may be explained by the fact that the gain-of-function JAK2V617F
variant affects all myeloid progenitor cells!'3% (i.e., macrophages, erythrocytes, neutrophils, and platelets) compared to TET2 which
mainly controls macrophages!!3!l. Additionally, JAK2 promotes erythrocytosis!'?’l, increasing blood viscosity and exacerbating a
pro-inflammatory macrophage phenotype through AIM2 inflammasome activation!!3?l. These mutations also activate 1 and 2
integrins, key regulators of leukocytes adhesion to endothelial cells, thereby amplifying venous thrombosis!**l. Platelets carrying
JAK2 mutations can be activated by mediating thromboxane cross talk with normal platelets and neutrophils!!34l, Finally, the
mutations facilitate plaque erosion and thrombosis in both micel'*>] and younger adults!'*°l, making it the most consequential CHIP
mutation for thrombotic risk.

3.6 Inflammaging

Aging is closely linked to inflammaging, a persistent, sterile, low-grade inflammation occurring in the absence of acute infection or
overt stimulil'3”). This chronic pro-inflammatory state is characterized by activation of innate immune cells, including monocytes,
macrophages, and neutrophils, and is accompanied by elevated levels of IL-1 f3, IL-6, TNF-q, and C-reactive protein (CRP)!!3%13° These
cytokines actively promote thrombosis, either individually or synergistically, in preclinical models and in humans(**-143], [L-13, for
instance, induces IL-6 production, stimulating hepatic synthesis of fibrinogen and plasminogen activator inhibitor-1 (PAI-1)'*4l. In
older patients with ST-elevation myocardial infarction (STEMI), IL-1f3 primes neutrophils for NETosis, releasing NETs which carry TF,
thus driving thrombin generation, platelet activation, and fibrin formation!*’l. Aging also alters NETosis. To be specific, mitochondrial
stress enhances oxidized NETs formation!®], while autophagy defects (e.g., Atg5 deficiency) impair NET releasel*3].

Intestinal microbiota represents another critical driver of age-related inflammation. Aging promotes a decline in protective
microorganisms!!*], such as Coprococcus, and fosters dysbiosis!!'l. Dysbiosis increases gut permeability, permitting bacteria and their
derivatives such as pathogen-associated, damage-associated, and microbial-associated molecular patterns to enter the
bloodstream!!?l. Centenarians exhibit a characteristic shift in gut microbiota, with increased Proteobacteria and reduced
butyrate-producing bacteria, correlating with elevated systemic IL-6 levels!!'’l. Beyond contributing to inflammaging, the gut
microbiome has been implicated in maintaining a prothrombotic milieul!*®]. Metabolites can hyperactivate platelets[!*’], stimulate
hepatic production of vWF!'>%l and trigger NETosis in neutrophils[!>'l. For instance, the gut microbial metabolite TMAO and its
precursors are associated with increased risks of MACE and all-cause mortality in patients with various cardiovascular diseases!'>?],
likely via NLRP-3 inflammasome stimulation!!>3], and platelet activation!'?. Although TMAO associations are independent of agel'>?,
older adults tend to exhibit elevated plasma TMAO levels due to dietary and microbial shifts[!>4].

Finally, aging enhances trained immunity, a non-antigen-specific heightened immune response upon re-stimulation, mediated by
epigenetic and metabolic reprogramming!!>’l. Activation of NLRP-3 inflammasome, a central part of the innate immune response,
increases with agel’>°l and can also be triggered by Western diet!'>”]. Trained immunity may be further amplified by microbial agents
and endogenous factors such as hyperglycemia in type 2 diabetes!'>®]. Older patients show an increased risk of recurrent ischemic
events!®] and recent evidence indicates that monocyte trained immunity accelerates atherosclerosis after STEMI in patients with
advanced coronary lesions!'®’l. Considering that trained immunity promotes hypercoagulability through TF production and PAI-1
from macrophages!'®l, it might be a promising target for preventing thrombosis in the elderly (Figure 4).

4. Age-Driven Shifts in Hemostatic Balance

4.1 Coagulation factors

Aging favors prothrombotic imbalance through mechanisms impacting coagulation and fibrinolysis (Table 2). Increased fibrinogen
and VWF, elevated prothrombin fragments and factors V, VII, VIII, IX, and impaired fibrinolysis, have been observed in both aged men
and women, suggesting a persistent impact of aging on prothrombotic states and the heightened cardiovascular risk!['°2-1%4l, Aging
also directly alters thrombin generation. Population-based studies show that with advancing age, men experience an increase in
peak thrombin and endogenous thrombin potential, while these parameters tend to decrease or remain stable in women!'%l, Women
generally display shorter lag times and higher velocity indices than men, suggesting a more procoagulant profile, particularly at older
ages!'°®l, In addition, the sensitivity of the APC anticoagulant pathway to thrombomodulin diminishes with age in both sexes, leading
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to reduced downregulation of thrombin generation. This age-related desensitization of the APC pathway is more pronounced in
women, contributing to the observed sex-specific differences in thrombotic risk. These findings obtained from calibrated thrombin
generation assays provide a comprehensive functional assessment of coagulation, integrating the net effect of multiple pro- and
anticoagulant proteases, effects not captured by conventional prothrombin time or activated partial thromboplastin time tests. This
further underscores the complexity of coagulation changes with aging and the necessity for sex- and age-specific reference values
for TG parameters in clinical risk assessment.

Ageing-related signals NLRP3 inflammasome activation

Inflammatory

cytokines

— 09

InactiveNLRP3r..—’% g 118

ASC caspase-1 NEK7

Trained immunity dysbiosis

NLRP3 inflammasome driven .

thrombo-inflammation 4

Neutrophil F: bri
activation - Platelet Fibrin
—Platelet «—— * \/.C
production s
\

Neutrophil et
)} atele
leukocyte NETosis
(N 0o
p )
¢ ) o /\‘
\>&/—// Q /®\‘ LB IL18
(> ;:‘\ 4 cytokine
S < T
ICAM-1  VCAM-1 recruitment S~

P-selectir\! Y ¥ ,'L Y !

A NLRP3
Endothelial
activation

Figure 4. NLRP3 inflammasome activation as a driver of age-related platelet and endothelial dysfunction. Ageing-associated stimuli, including CHIP, increased ROS, trained
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immunity and gut dysbiosis, converge to activate the NLRP3 inflammasome. Assembly of the NLRP3 complex with ASC, caspase-1 and NEK7 leads to the maturation and
release of the pro-inflammatory cytokines IL-13 and IL-18 (top panel). In the vasculature (bottom panel), NLRP3 activation in endothelial cells increase vascular permeability,
increase ROS production, and promote endothelial activation with up-regulation of adhesion molecules, favouring leukocyte recruitment and neutrophil activation. Activated
neutrophils undergo NETosis and produce cytokines that further amplify inflammation. At the same time, NLRP3 is activated intrinsically within platelets, enhancing platelet
activation and aggregation. Together with fibrin deposition, these processes culminate in thrombus formation. Created in BioRender.com. ASC: apoptosis-associated
speck-like protein; CHIP: clonal haematopoiesis of indeterminate potential; IL: interleukin; NETosis: neutrophil extracellular trap formation; NLRP3: NOD-, LRR- and pyrin

domain-containing protein 3; ROS: reactive oxygen species.

Table 2. Alterations in prothrombotic factors in the elderly population.

Direction of change

Biomarker Biological source Thrombosis impact . .
with aging

Fibrinogen Liverl'7®] Conversion to fibrin (by thrombin), bridging of 1 [176]
activated platelets!!7¢]

i Liver (produced as prothrombin, the inactive precursor of  Conversion of fibrinogen to fibrint'7”] 1 [165166]

(thrombin) thrombin)'/7]

% Liver & megakaryocytes!' 8] Conversion of prothrombin to thrombin 1 063l
(cofactor in the prothrombinase complex)! 7!

VIII Mainly by liver endothelial sinusoidal cells & lymphatic Conversion of X to Xa (as a complex with IXa)t 1 041631711

) 179,180]
endothelial cells!79:180]
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X Livert'8! Conversion of prothrombin to thrombin =163

(cofactor in the prothrombinase complex)!'8"]

X1 Liverl82] [184]
activates factor IX, — formation of the !

intrinsic tenase complex (factors IXa and VIIIa)

[183]
VWF Endothelial cells & megakaryocytes!'°] Platelet adhesion to connective tissue, carrier 1 [6364164]
of vIIIt'83]
Protein C  Liver (produced as proprotein C, the inactive precursor of  Inactivation of Va & VIIla as a cofactor with = [165167168]
protein Q)] protein SU'8°] 1 [169,170)
1 only in womenl'7"
172)
Protein S Liverl'8/] Inactivation of Va & Vllla as a cofactor with =1[167,168]
protein C['87] 1 0170173]
1 only in woment'/":
172)
=in women
} inmenl74
PAI-1 Vascular endothelial cells, adipocytes, hepatocytes, smooth 1 07

Inhibition of t-PA & u-PA — inhibition of
muscle cells & megakaryocytes/platelets!’ 8%
conversion of plasminogen to plasmint'#8!

Va/VlIlla/IXa/Xa: activated factor V/VIII/IX/X; PAI-1: plasminogen activator inhibitor-1; t-PA: tissue plasminogen activator; u-PA: urokinase-type plasminogen activator; vVWF: von

Willebrand factor; 1:increased; | : decreased; —: caused.

Besides alterations in coagulation factors, aging has been associated with concurrent impairment of counterbalancing anticoagulant
mechanisms. Several studies have reported age- and gender-dependent effects on Proteins C and S. However, the age-related
increases in coagulation factors generally surpass those in anticoagulant proteins, particularly in men, hence disrupting coagulation
balancel'®7" 171l Likewise, increased PAI-1 levels have been linked to aging and age-related diseases, which in turn correlate with
increased risk of thrombosis, atherosclerosis, and progression of cardiovascular diseasel!’’l. These cumulative biomarker changes
thus underlie the age-related shift in hemostatic balance toward thrombosis: upregulated fibrinogen, FV, FVIII, and vWF drive
thrombin generation, impaired anticoagulant activity limits negative regulation, and enhanced PAI-1 restricts fibrinolysis. Such
convergence of prothrombotic alterations can explain the high incidence of arterial and venous thrombotic events in aging
populations.

4.2 Micro/nano-plastics

Exposome, the sum of individual’s environmental exposures!!8’], leaves biological fingerprints!'°’l. It accelerates biological aging!'*1l,
with chemical pollutants exerting deleterious effects in older peoplel'°?l. Micro-and-nanoplastics (MNPs) are an emerging component
of chemical pollution, and their contributions to aging!'*’! and cardiovascular diseases are increasingly recognized!'>'%!l, Two lines of
evidence support that MNPs accumulate in the human body, potentially influencing aging processes. The first comes from a
predictive model quantifying lifetime accumulation in terms of particles and mass, especially for smaller particles absorbed via the
gut, and anticipates accumulation throughout lifetimel'%5l. The second provides empirical evidence of MNPs presence in brain,
kidneys and liver, showing that temporal increases in environmental MNPs concentrations rather than individual age per se, appear
to be a key driver of the recent rise in body burden!?°l,

Patients with MNPs detected in their atheroma exhibited a significantly higher risk of MACE compared to those without detectable
MNPs, with the amount of polyethylene correlating with the expression levels of several inflammatory markers (IL-18, IL-1(3, IL-6,
TNF-o)!1°7]. Moreover, MNPs were detected in 80% of thrombi surgically retrieved from 30 patients (median age 65.2 years) with
ischemic stroke, myocardial infarction, or deep vein thrombosis!'*®l. Interestingly, MNP concentration in the arterial system was
similar to that in the venous system!!!l. Mechanistic insights from in vitro models demonstrate that polystyrene latex nanoparticles
can bridge non-activated platelets, facilitating physical tethering and agglomeration, and induce concentration-dependent,
GPIIb/Illa-mediated platelet aggregation and secondary granule secretion!'?’l. Acute exposure to MNPs may destabilize thrombil?°°l,
and depending on their sizes, MNPs can activate the intrinsic pathway by acting as a scaffold for Factor XII, kallikrein, and
high-molecular-weight kininogen, as well as the extrinsic pathway!?0!l.
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4.3 Air pollution

According to the Global Burden of Disease 2019 study, ambient air pollution accounted for over 4 million deaths worldwidel*°?, with
64% occurring in individuals aged 65 years or older!(!°2l, Air pollution, particularly exposure to fine particulate matter (PM, ), is now a
major cause of premature cardiovascular death??l. In 1,934,453 individuals with high-risk conditions (mean age 77 years), PM, s
exposure was associated with a significant increase in VTE, transient ischemic attack, ischemic stroke and myocardial infarction2°4,
Long-term exposure to elevated PM, s and NO, levels has been similarly linked to a higher incidence of stroke in American adults aged
65 years and older?%l, Furthermore, both short- and long-term exposure to PM, 5 have been related to substantially elevated risk of
deep vein thrombosis in older adults (mean age 79 years), whereas only long-term exposure confers a great increase in pulmonary
embolism risk in those aged = 65 years!??°l. Nevertheless, uncertainty remains concerning the net impact of air pollution on VTE
incidencel?7l,

Air pollution triggers cardiovascular events through multiple interrelated mechanisms. Plaque vulnerability is promoted by increased
circulating matrix metalloproteinases coupled with reduced levels of their tissue inhibitors. Increased thrombogenicity is reflected by
shortened prothrombin time and elevated concentrations of soluble CD40 ligand, soluble P-selectin, PAI-1, vWF, tissue plasminogen
activator, thrombin, and fibrinogen/fibrin degradation products. Systemic inflammation further amplifies vascular injury, as indicated
by elevated IL-1[3 and CRP[?%¢-21%l In addition, exposure to PM, s induces platelet activation and aggregation, mediated by oxidative
stress and stimulation of the MAPK signaling pathway!?!!l. Overall, air pollution enhances thrombogenicity through multiple
mechanisms, including platelet activation and aggregation, coagulation cascade activation!??l, suppressed fibrinolysis, oxidative
stress, thrombin generation, systemic inflammation, and plaque vulnerability, all of which contribute to an elevated risk of
cardiovascular events.

4.4 Sirtuins (SIRTs)

SIRTs are NAD*-dependent deacetylases that modulate metabolism, inflammation, and aging®?'32!“. Among them, SIRT1, SIRT3, and
SIRT6 demonstrate antithrombotic actions, whereas SIRTS can be prothrombotic by impairing fibrinolysis. SIRT7 contributes to
vascular homeostasis in endothelial and smooth muscle cells, although its direct role in thrombosis remains incompletely defined?'>.,

Pharmacological inhibition of SIRT1 amplifies TF expression and activity in human endothelial cells by increasing p65 binding to
nuclear factor-kappa B (NF-KB), and exacerbates thrombus formation in micel?'°l. SIRT1 also regulates platelet reactivity in venous
beds, particularly within the pulmonary circulation!?!7l. SIRT1 activators in wild-type or SIRT1-overexpressing mice decrease
pulmonary thrombus formation induced by arachidonic acid or platelet-activating factor. This effect is mediated by SIRT1-dependent
proteasomal and lysosomal degradation of the platelet-activating factor receptor expression on platelets?!’l. This was confirmed in
human platelets, where SIRT1 activation reduced aggregation in vitro, and in vivol?!8l,

SIRT3, a mitochondrial enzyme, fine-tunes cellular oxidative stress by activating SOD2[?!°, SIRT3/~ mice exhibit impaired control of
oxidative stress due to reduced SOD2 levels and subsequently develop faster and more stable clot formation following
lipopolysaccharide exposurel??’], In patients with acute coronary thrombosis during STEMI, lower leukocyte expression of SIRT3 and
SOD2 has been reported, underscoring SIRT3 as a potential therapeutic target in the acute phase of coronary disease.

SIRT6 is another deacetylase that inhibits NF-KB, the pro-inflammatory pathway leading to TF expression[??!l. In human aortic
endothelial cells, SIRT6 suppression increases TF expression and activates pro-inflammatory pathways such as TNF-q, cleaved
polymerase 1, VCAM-1, and COX-2. Consistently, endothelial-specific Sirt6 depletion in mice expresses higher TF levels and promotes
arterial occlusion!*??l, while SIRT67/~ mice present enhanced thrombin-induced platelet activation and aggregation!>?3l.

In contrast, SIRT5 may function as a regulator of fibrinolysis. Loss of SIRT5 in endothelial cells increases fibrinolytic activity by
lowering plasma and tissue concentrations of PAI-1[>24l. SIRT5 expression is markedly elevated in patients with acute coronary
syndrome (ACS) relative to non-ACS controls, indicating a potential association between SIRT5-mediated pathways and thrombotic
risk(??4l. Together, these findings position SIRTs as critical modulators of thrombosis, and highlight their promising therapeutic
targets in age-related cardiovascular disease.

4.5 Amyloid-beta 1-40

AB;-40, 2 cleavage product of amyloid precursor protein implicated in Alzheimer’s disease, is increasingly recognized for its role in
atherothrombotic processes!'?. Elevated plasma levels of AB;.,, are associated with chronic coronary syndromes (CCS), ACS, and early
subclinical stages of cardiovascular diseasel'??>2%8], In postmenopausal women, higher AB,-,, levels correlate with aortic stiffness, a
surrogate marker of arterial aging(?27.22%,

Mechanistically, A3;-,, promotes endothelial dysfunction by inducing ROS production, inflammatory cytokines (IL-1f3, IL-6), reduced
NO production, and increased adhesion molecules like VCAM-1[23%. In addition, AB;.,, favors thrombosis in preclinical and human
studies. In vitro and in vivo Alzheimer’s disease models demonstrated that fibrin clots formed in the presence of Af} exhibit structural
abnormalities and are resistant to breakdown. Consistently, fibrinogen has been detected within amyloid-positive blood vessels in
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both mouse and human Alzheimer’s disease tissues!>!l. AB,_,, directly promotes platelet activation through multiple pathways. It
binds to PAR1, leading to activation of thromboxane signaling?®’l. AB,-4, plasma levels are associated with plaque echolucency, an
ultrasonographic marker of plaque instability, in patients without clinically overt atherosclerotic cardiovascular disease (ASCVD).
Also, increased biomarker’s levels correlate with histological features of lower plaque calcification and lower incidence of plaques
lacking high-risk features in severely stenotic plaques from patients undergoing endarterectomy!?3?l. Notably, AB,-4 is associated with
antiphospholipid syndrome, a systemic autoimmune disorder with often devastating outcomes, characterized by arterial or venous
thrombosis[?>*3l. High sensitive-CRP levels are the only independent determinant of AB;.4, and elevated AB;-4 plasma levels are
independently associated with recurrent arterial events, providing further discriminative value beyond the Global AntiPhospholipid
Syndrome Scorel?*!], These results stress the potential role of this biomarker in thrombo-inflammation.

5. Thrombosis Treatment and Clinical Implications

5.1 Current antithrombotic guidelines

Antiplatelet and anticoagulant agents remain the cornerstone of thrombosis management. In elderly patients, adherence to
guidelines for selection, dosage modification, and shortened combination therapy optimizes overall benefit, whereas fibrinolysis is
reserved for urgent, time-sensitive situations.

Aspirin irreversibly inhibits cyclooxygenase 1, thus preventing Thromboxane-mediated platelet activation and aggregation. As
monotherapy, it is effective for secondary prevention?**], but its use in primary prevention among adults = 70 years without
established ASCVD, is unfavorable due to significantly higher risk of major hemorrhage!?3°.

Dual antiplatelet therapy (DAPT) is recommended for patients with ACS and should be maintained for a guideline-specified,
risk-adjusted duration[?3’. Among older adults (= 75 years) with CCS undergoing percutaneous coronary intervention (PCI),
clopidogrel 75 mg daily remains the preferred P2Y12 inhibitor in combination with aspirin, for DAPT. For ACS, clopidogrel serves as
an alternative to prasugrel 5 mg, which showed similar efficacy and safety?**2%], but no net clinical benefits were observed in clinical
trials?10-241l, Furthermore, although ticagrelor was superior to clopidogrel in the PLATO trial, a subgroup analysis indicated its similar
effects in ACS patients = 75 years compared with younger patients?*?. However, these results were not confirmed in the POPular
AGE trial, which showed that clopidogrel is a safer and equally effective alternative to ticagrelor or prasugrel in patients = 70 years
with NSTEMI?*3], Data from the SWEDEHEART registry, evaluating ACS patients discharged on DAPT (aspirin plus clopidogrel or
ticagrelor), further suggested that ticagrelor may increase bleeding and mortality in older patients despite similar ischemic outcomes
(241 Meta-analysis supports these findings by showing that potent P2Y12 inhibitors (prasugrel, ticagrelor) reduce cardiovascular
death but increase major bleeding without improving overall MACE or all-cause mortality compared to clopidogrel?*>l. Notably,
genetic variability in the P2Y12 receptor pathway, such as CYP2C19 loss-of-function variants, is associated with poor clopidogrel
activation and increased thrombotic risk. Genetic screening for CYP2C19 can help identify poor metabolizers, and guide selection of
more potent P2Y12 inhibitors (ticagrelor or prasugrel), which are not influenced by CYP2C19 status and can reduce ischemic events
at the expense of increased bleeding/?‘°l. The American Heart Association endorses CYP2C19 genetic testing to optimize antiplatelet
therapy in ACS or PCI?*7], supporting precision medicine approaches that balance efficacy and safety?*sl. On the other hand, the ESC
2024 guidelines do not recommend routine genotype testing for patients with CCS and STEMI, except in the context of high-risk
PCI249),

Residual platelet reactivity complicates therapy in the elderly. Patients over 65 with a history of myocardial infarction[?>°! or ischemic
strokel!*>l frequently demonstrate high residual platelet reactivity after stenting, placing them at greater risk for recurrent events,
including stent thrombosis[?>! 23], Prospective data show platelet reactivity rises with age, partly attributable to reduced cytochrome
P450 metabolism!?>°l, Interestingly, higher platelet reactivity may occur despite adequate P2Y12 pharmacologic response, pointing to
intrinsic platelet hyperactivity rather than drug failurel**°l. In this setting, switching from clopidogrel to prasugrel enhances platelet
inhibition and overcomes residual platelet reactivity in most patients!?*’l. On the contrary, the observational SENIOR-PLATELET study
indicated that patients over 75 years with CAD and PCI history had greater residual platelet reactivity than younger individuals, and
that neither doubling clopidogrel to 150 mg nor using prasugrel 10 mg fully eliminates this age-related differencel>>®l. Interestingly,
residual platelet reactivity is also observed in older patients treated with ticagrelor-based DAPTI?>°], The presence of comorbidities
further complicates thrombotic risk management. Elderly patients with type 2 diabetes are particularly vulnerable, as diabetes
amplifies platelet hyperactivity and impairs clopidogrel metabolism![2°?l,

5.2 Atrial fibrillation & anticoagulants in the elderly

Older adults, particularly those with dementia or frailty, are less likely to be prescribed anticoagulants, even though their higher risk
of thromboembolic stroke compared with younger patients with atrial fibrillation!?°'l, This underutilization largely reflects concerns
regarding their increased bleeding susceptibility. Aging also affects drug metabolism, including changes in gastrointestinal
absorption, hepatic and renal clearance, and pharmacokinetic or pharmacodynamic responses. These alterations, combined with
polypharmacy and potential drug interactions, further complicate anticoagulant therapy in the elderly.
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When it comes to anticoagulant therapy for atrial fibrillation, two principal treatment categories are available: Vitamin K antagonists
(VKAs) and Direct Oral Anticoagulants (DOACs). Several factors limit the use of VKAs, especially in the elderly, including their narrow
therapeutic index, the need for complex dose adjustments to maintain therapeutic levels, frequent international normalized ratio
monitoring, prolonged pharmacodynamic effects, and numerous food and drug interactions[?°?l. Yet, current guidelines do not
recommend switching from VKA treatment (within stable achievement of therapeutic targets) to a DOAC in frail older patients, as
DOACs have been associated with more bleeding complications compared with continuing VKA treatment without a corresponding
reduction in thromboembolic events in atrial fibrillation?°32°l. The primary barrier to DOAC initiation in the elderly is their perceived
high bleeding risk or prior bleeding, even though the annual incidence of major bleeding remains relatively low!2052¢7]. Apixaban, in
specific, has been associated with reduced stroke and overall mortality, lower bleeding risk and fewer adverse events in elderly and
frail patients[?°¢-2°8], Dabigatran and rivaroxaban, when compared with warfarin, have demonstrated lower event rates in older but
non-frail patients?°!l. Individualized risk modification may also incorporate selective assessment of DOAC plasma levels. DOACs are
administered at fixed doses based on clinical characteristics such as age, renal function, and body weight, and routine measurement
of plasma levels is not recommended except in specific clinical scenarios, such as severe bleeding or thromboembolic events despite
apparent DOAC compliancel?*’l. However, recent evidence illustrates considerable interindividual variability in DOAC concentrations
which are linked to acute thromboembolic and bleeding events[?’’l. As such, further strategies are required to optimize DOAC use in
elderly patients at elevated risk for bleeding and stroke. Equally important is the development of alternative stroke-prevention
methods for frail patients with prohibitive bleeding risk.

5.3 Novel antiplatelets/anticoagulants

To mitigate residual thrombotic and bleeding risk in the elderly, novel antiplatelet treatments are designed to target not only
receptors but also intracellular signaling pathways!*’!l. These regimens aim to modulate key processes in platelet adhesion, activation
and aggregation!'>l. Revacept, a GPIV fusion protein, does not increase bleeding risk in patients with stable ischemic heart disease
undergoing PCI?7?l. In a phase II trial, it reduced the combined safety and efficacy endpoint (incidence of cerebrovascular and
coronary ischaemic events, and bleeding complications) in patients with symptomatic carotid stenosis!?’?l. Glenzocimab, a humanized
antibody fragment, safely inhibits collagen-induced platelet aggregation, but demonstrates no significant clinical benefit in strokel?"*1.
The phase 1b/2a ACTIMIS study showed that glenzocimab 1000 mg, added to the thrombolytic alteplase with or without
thrombectomy, was well tolerated and may reduce intracranial hemorrhage and mortality in acute ischemic strokel>’°l. Therefore, its
role as an add-on therapy is still under consideration (NCT05070260). In contrast, interventions targeting the GPIb-GPV-GPIX-VWF
axis seems to increase bleeding risk[?’°l. The principal platelet activation receptors are P2Y12 and PAR-1/PAR-4. Vorapaxar, a PAR-1
inhibitor approved for patients with prior myocardial infarction or peripheral artery diseasel2’7-278l is limited by safety concerns in
ACSP?7"1 and older patients[?*"l. Various PAR-1 inhibitors are under investigation. Selatogrel, a promising P2Y12 receptor antagonist,
has shown superior efficacy and safety compared to ticagrelor in animal models[?*!l, and is currently being tested in patients
discharged after acute myocardial infarction (NCT04957719). Next-generation GPIIb/IIla strategies include conformation-specific
single-chain variable fragment antibodies that selectively bind the activated integrin[?®?l, small molecules targeting integrin
outside-in signaling (such as the myristoylated EXE peptide motif, mP6[?*%)), and conformation-specific single-chain variable fragment
engineered to incorporate enzymes like CD39, an ADP-hydrolyzing ectonuclease that localizes antithrombotic activity directly at the
thrombus sitel?84, Multiple preclinical and clinical trials examine the role of intracellular enzymes, such as protein disulfide isomerase
involved in GPIIb/IIla activation!?®> and fibrin synthesis?°l, and kinases like phosphoinositide 3-kinase a driver of thrombus
propagation!?87.,

Elderly individuals are at increased risk for both thrombosis and bleeding, highlighting the need for specialized antithrombotic
treatments in this population. Factor XI, which is elevated in the elderly!'®!], activates factor IX to enhance the formation of the
intrinsic tenase complex (factors IXa and VIIIa), ultimately promoting thrombin production!'*?l. Notably, individuals with XI deficiency
have lower risk of strokel?*®] and deep vein thrombosis[**’l. Several novel treatments targeting FXI have been developed, such as
antisense oligonucleotides, monoclonal antibodies, and small molecules inhibitors!??°l. FXI inhibitors significantly reduce both
bleeding and thromboembolic risk compared to enoxaparin. However, when compared with DOACs, they are associated with a
marked decrease in bleeding events, albeit not thromboembolic events!?!l. Additionally, relative to heparin, FXI inhibitors exhibited a
lower risk for thromboembolism, as well as major or clinically relevant non-major bleeding compared to low molecular weight
heparin>°?l. In a phase 3 trial involving patients with atrial fibrillation, asundexian, a small-molecule inhibitor of FXI, was associated
with reduced bleeding risk but higher stroke risk compared with apixaban[?3l.

5.4 Dual antithrombotic therapy

Advancing age is characterized by a substantial comorbidity burden, and elderly patients often exhibit a fragile balance between the
competing risks of bleeding and thrombosis. Although antithrombotic therapy is generally indicated in the elderly with
cardiovascular disease due to their increased thrombotic risk, a holistic evaluation with systematic bleeding risk assessment is
required!>*7:2¢3, Among patients = 75 years receiving antiplatelet agents, the long-term risk of major, particularly fatal bleeding
seems higher than in younger individuals>’Y. Current guidelines recommend discontinuing DAPT after 1-3 months following PCI in
ACS patients with high bleeding risk, but not high ischemic risk, and continuing with single antiplatelet therapy!?*’l. Several clinical
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trials have demonstrated that monotherapy after 1-3 months following PCI in elderly patients or those at high bleeding risk, was
associated with a lower incidence of clinically relevant bleeding, without a significant increase in ischemic cardiovascular
events>*>2%8. However, the STOPDAPT-2-ACS trial, demonstrated that patients receiving clopidogrel monotherapy for less than 2
months, compared to standard 12 months of DAPT, showed noninferiority for cardiovascular or bleeding events, indicating the need
for further clinical investigation!>*°l,

For patients requiring dual pathway inhibition, which means concomitant inhibition of platelets and coagulation, such as patients
with atrial fibrillation undergoing PCI, current guidelines support early cessation of aspirin (< 1 week), followed by oral anticoagulant
(OAC) and clopidogrel for up to 6 months in patients who are not at high ischemic risk, and then monotherapy with OACI°l. OACs are
usually preferred over VKA. Patients with nonvalvular atrial fibrillation who had undergone PCI, low-dose rivaroxaban plus a P2Y,
inhibitor for 12 months, or very-low-dose rivaroxaban plus DAPT for up to 12 months, demonstrated lower rates of clinically
significant bleeding compared with VKA plus DAPT therapy!*’!l. Low-dose rivaroxaban also appears effective in elderly patients with
peripheral artery disease after lower extremity revascularization, where bleeding and ischemic risks simultaneously increase. The
VOYAGER PAD trial showed that in this patient group, low-dose rivaroxaban plus aspirin provided overall benefits without increasing
major bleedingl*??l. In patients with stable CAD, evidence from the COMPASS trial indicates that adding low-dose rivaroxaban to
aspirin reduces major cardiovascular events!®?33%1 Accordingly, in the context of long-term antithrombotic therapy, the 2024 ESC CCS
guidelines provide a Class Ila recommendation for this regimen as an alternative to prolonged DAPT in patients with high ischemic
but not high bleeding risk. Nonetheless, bleeding remains a key limitation, and no universally accepted tool exists to guide patient
selection. Moreover, most COMPASS participants were enrolled remotely from recent ACS or revascularisation, limiting the
applicability of these findings to other CAD subgroups. Antithrombotic therapies are generally beneficial for elderly patients with
cardiovascular disease or atrial fibrillation, but systematic bleeding risk assessment and careful consideration of individual patient
characteristics are essential for optimizing treatment strategies.

5.5 Anti-inflammatory drugs

The role of inflammation in atherothrombosis is well established and has been tested in landmark clinical trials. In the Canakinumab
Anti-inflammatory Thrombosis Outcome Study (CANTOS), stable post-MI patients treated with 150 mg canakinumab experienced a
15% lower risk of the primary endpoint compared to placebol’®l. Interestingly, the investigators noted that statin-treated patients
with residual inflammatory risk, defined as a baseline hs-CRP = 2 mg/L, experienced future event rates comparable to or higher than
those with residual LDL cholesterol-driven risk. Notably, in a subgroup analysis of the CANTOS population, only patients with TET2
mutation demonstrated a lower cardiovascular risk with canakinumab, while no benefit was observed in patients without clonal
hematopoiesis or with non-TET2-related mutations. However, canakinumab was also associated with a higher incidence of fatal
infection and sepsis. Its high cost, infection risk, and lack of mortality benefit have limited its adoption for atherothrombosis
prevention in clinical practicel*°°l. In contrast, colchicine has emerged as a more accessible anti-inflammatory option. Colchicine has
been indicated for patients with established CADI°7-3%8] in the context of secondary prevention, with Class Ila recommendation*°%l. A
recent meta-analysis supports its efficacy in reducing MACE among patients with stable CADI%L

5.6 Gerotherapeutics

Current clinical management of thrombosis in the elderly remains mainly event-driven or guided by population-based risk scores
(e.g., CHA,DS,-VASc). While aging-related biology is not yet routinely incorporated, several medications targeting the hallmarks of
aging and aiming to directly or indirectly treat thrombosis in the elderly, are under investigation (Table 3).

Table 3. Gerotherapeutics and thrombosis.

o . % of change in .
Medication Function/Target Treatment result Model Type of Thrombosis
treatment result

Gerotherapeutic drugs that have been shown to affect thrombosis in mammals

Rapamycin>®] Inhibition of MTORC1 | experimental DVT - Mice Venous
signaling, inducing in | the average size
aging-related platelet  of MKs, PF4
hyperactivation production, allbb3
activation, and platelet

aggregation

ROS scavenger ROS production | venous thrombus - Mice Venous
NACE®] induces activation of  size
mTORCT in MKs
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Torin 1831

EHT 186412

Canakinumab(*9°]

Colchicinel?97]

DNase1B19

andplatelets

mTOR specific inhibitor | platelet

Specific Rac1 inhibitor

T TXA2 generation,
and platelet
hyperreactivity

Monoclonal antibody

for interleukin-103

Suppresses

inflammasome

Reduction of plasma
cfDNA burden

aggregation

| platelet

aggregation

| MACE

| MACE

Reduction of age-
associated increases
in thrombin
generation in mice
and humans,
Decrease in the
development of
experimental venous

thrombi

Primary end point:

} 15% risk than placebo
Secondary end point:

| 17% risk than placebo,*

&

Hs-CRP:

| 26% in 50-mg dose of
canakinumab group,

} 37% in the 150-mg
group,

| 41% in the 300-mg
group

Ischemic cardiovascular
events:

5.5% of the patients in the
colchicinegroup,

7.1% of the placebo group
(p=0.02)

} 31% and 26% in ETP in
young WT and young
Gpx1 Tg mice,
respectively, and | 43%
and 39% in aged WT and
aged Gpx1 Tg mice,
respectively& | 43% in
ETP in human plasma
samples for young
subjects and | 52% for
middleaged/older

subjects

Gerotherapeutic drugs that may act on thrombosis events by affecting vascular wall resilience

NLRP3 inhibitor
MCC950(121]

TET2-deficient

hematopoietic cells

Increased

atheroprotective

~ ] 50% in atherosclerotic

plaque size in mice

Platelets from young
(18-45 years old) and
aged (> 65 years old)

human donors

Platelets from young
(18-45 years old) and
aged (> 65 years old)

human donors

Human randomized
control trial, not FDA-

approved

Human randomized
control trial, FDA-

approved

Mouse model:
C57BL6J mice and
littermates of
glutathione
peroxidase
transgenic and
wildtype miceat young
(4 month) and old (20
month) ages&Human
model: Plasma
samples from healthy
young (1839 years) or
middle-aged/older
(50-72 years) humans

Mice

Venous

Venous

Arterial

Arterial

Venous

Arterial/Atherosclerosis
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generate a pool of
macrophages with
enhanced pro-
atherogenic activities,
which increase NLRP3
inflammasome-
mediated interleukin-1

B secretion

TrehaloselB'"! Autophagy-enhancing

agent

Trehalosel'?] Autophagy-enhancing

agent

SIRT1B13] Regulator from the
sirtuin family of anti-
ageing proteins,
expressed in the
vasculature, regulating
vascular tone and

vasodilatation

MitoQE'4 Mitochondria-targeted
antioxidant reducing
mitochondrial reactive

oxygen species

Senolytic Reduction of

treatment senescentcell burden,

(Dasatinib +
[315]

improvement of
Quercetin) vasomotor functionby
increasing NO

bioavailability

activity in chimeric
mice reconstituted
with TET2-deficient

cells

Preservation of
autophagy markers
expression and
endothelium-
dependent dilatation
by reducing oxidative
stress, inflammatory
cytokine expression
and increasing NO

bioavailability

Improvement of
resistance artery and
endothelium-
dependent dilatation
sensitivity to NO

Attenuation of COX-2
hyper-activation and
upregulation of sGC[31
in smooth muscle
cells, protecting from
age-induced
vasoconstrictor

responses

Improvement of
brachial artery flow-
mediated dilation,
reduction of aortic
stiffness and plasma
oxidized-LDL

Reduction in
senescent cell burden,
aortic calcification and
osteogenic signaling,
improvement of basal
NO signaling in medial
and intimal regions of

atherosclerotic vessels

transplanted with 10%
Tet2-/- and 90% Tet2+/+

cells

T 30% FBF,cp, (Marker of
resistance artery
endothelial function)&

T 30% FBFgyp (Mmarker of
Endothelium-independent

dilation)

1 42% FMD,
l 13% oxidized LDL

Mice and cultured
human umbilical vein

endothelial cells

Human randomized
control trial, not FDA-

approved

Mice

Human randomized
control trial, not FDA-

approved

Mice

Vascular endothelial

function

Vascular endothelial

function

Vascular endothelial

function

Vascular endothelial

function

Vascular endothelial

function
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NAC: N-acetyl-L-cysteine; MTORC1: mechanistic target of rapamycin complex 1; DVT: deep vein thrombosis; MK: megakaryocytes; MPV: mean platelet volume; PF4: platelet
factor 4; ROS: reactive oxygen species; hs-CRP: high-sensitivity C-reactive protein; ETP: endogenous thrombin potential; WT: wild type; Gpx1 Tg: glutathione peroxidase-1
transgenic; TET2: ten-eleven translocation 2; NO: nitric oxide; FBF,,: forearm blood flow to brachial artery infusion of acetylcholine; FBFsy,: FBF to sodium nitroprusside;
SIRT1: sirtuin1; sGC: soluble guanylyl cyclase; *: Patients in the 150-mg dose of canakinumab group, but not the other doses (50 mg, 300 mg), met the prespecified
multiplicity-adjusted threshold for statistical significance for the primary and secondary endpoints; COX-2: cyclooxygenase 2; MACE: major adverse cardiovascular events;

1 :increased; | : decreased; —: caused.

One key pathways leading to platelet aggregation and thrombosis in the elderly involves the activation of mTORC1 in megakaryocytes
and platelets, induced by increased ROS. mTORC1 activation, in turn, enhances bone marrow megakaryocytes size, mean platelet
volume and platelet activation. Administration of rapamycin, an mTORC1 inhibitor, appears to significantly reduce susceptibility to
experimental deep vein thrombosis in aged mice, whereas treatment with a ROS scavenger, N-acetyl-L-cysteine, decreases
megakaryocytes size, mean platelet volume, platelet activation, and thrombus sizel*®l. Similarly, it was shown that aging alters mTOR
phosphorylation, enhancing Rac1 and p38 activation, which increases thromboxane production, platelet hyperactivity, and
thrombosis. Inhibition of mTOR by Torin 1 and Rac1 by EHT 1864 reverses platelet hyperactivity!®3l. Aging also induces increases in
circulating cellOfree DNA, contributing to a prothrombotic state. Treatment with DNase 1, likely through hydrolyzing cellOfree DNA,
reduces thrombin generation and protects against venous thrombosis during aging!®!°l

Other emerging medications may indirectly mitigate thrombosis in the elderly. TET2-deficient macrophages exhibit an increase in
NLRP3 inflammasome-mediated IL-1f secretion. Administration of an NLRP3 inhibitor, MCC950, has been shown to enhance
atheroprotective activityl'?!l. Aging also contributes to endothelial dysfunction through impaired autophagy. Treatment with
trehalose, an autophagy-enhancing agent, preserves arterial endothelial function by reducing oxidative stress and inflammation and
increasing NO bioavailability via an autophagy-dependent mechanism!*!-3!2], Vascular aging is further exacerbated by loss of function
of SIRT1, a longevity regulator with atheroprotective properties, leading to downregulation of soluble guanylyl cyclase (sGC) and
upregulation of COX-2 in arteries. Increased endothelial SIRT1 expression appears to prevent vascular aging by upregulating sGC1 in
smooth muscle cells, thus maintaining vasodilator responsesl*'3l. Another key mechanism of age-induced vascular dysfunction is
excessive superoxide-related oxidative stress, mainly originating from the mitochondria. Supplementation with MitoQ, a
mitochondrial-targeted antioxidant, improves markers of endothelial function, including brachial artery flow-mediated dilation and
aortic stiffness, both in preclinical and clinical studies, and emerges as a new potential therapeutic agentl®*'*l. Aging is also known to
increase senescent cell burden. Preclinical evidence suggests that chronic administration of senolytic treatment improves vasomotor
function by increasing NO bioavailability, while reducing aortic calcification and osteogenic signalingl**°l. The effectiveness and safety
of novel therapeutic agents targeting the aging hallmarks, with the potential to lower the thrombotic risk in age-related morbidity
and mortality, require further investigated.

6. Future Directions

6.1 Multi-omics: A new era in thrombosis

As clinical practice moves beyond a “one-size-fits-all” approach, multi-omics technologies are laying the groundwork for precision
medicine in thrombosisl*'**!7]. Multi-omics approaches (i.e., genomics, epigenomics, transcriptomics, proteomics, metabolomics, and
epitranscriptomics) offer solutions to key challenges, such as high residual platelet reactivity, optimal DAPT duration, and
identification of novel therapeutic targets[®'%3191, Recently, the concept of “immunothrombolysis” has emerged, challenging the view
of thromboinflammation as purely detrimental®?°l, In stroke patients, integrative multi-omics using scRNA-seq and CITE-seq revealed
a pro-resolving monocyte-neutrophil axis. NR4A1M non-classical monocytes, activated by coagulation, recruited neutrophils via
CXCL8-CXCR1/2 signaling. Within thrombi, neutrophils adopted a hypoxia-driven thrombus-resolving urokinase receptor (PLAUR)*
phenotype, regulated by HIF1q, thereby promoting thrombus resolution*?°l. Another systems-level study applied Mendelian
randomization and network analysis across genomics, proteomics, transcriptomics, metabolomics, and immunomics to explore
causal links between cytokines and thrombotic disease traits. This approach identified 20 independent cytokine-thrombotic disease
associations, revealing shared and autonomous mechanisms governing inflammatory-thrombotic interactions in arterial and venous
thrombosis. By integrating diverse omic approaches with advanced in vivo and in vitro experimental systems, computational biology,
and multiplex high-dimensional multi-color cytometry, these systems-based approach provide novel insights into dynamic cellular
programs and intercellular communication, ultimately advancing the resolution of thrombotic disease.

6.2 Artificial intelligence and thrombosis in elderly

Artificial intelligence and machine learning models are emerging as promising tools for optimizing treatment adherence,
anticoagulant dosing, and adverse event prediction*?!l. Several machine learning models have been developed to predict the optimal
dosage of warfarin treatment, both at hospital discharge and during long-term maintenance therapy using international normalised
ratio prediction tools®??:3231, These tools exhibit robust predictive value, often exceeding physicians’ estimation, though external
validation is still limited. Interestingly, machine learning models have also been used to identify drug interactions in warfarin-treated
patients with stable international normalized ratio. Random forest models accurately detected known drug interactions, such as
B-lactamase-resistant penicillins, antithrombotic agents, class III antiarrhythmics, opioids, glucocorticoids and triazole derivatives,
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and identified previously unrecognized interactions with antipropulsives, which appear to increase international normalised ratio
levelsl*?4l, Moreover, emerging artificial intelligence models predict the risk of major bleeding, stroke/systemic embolism, and
all-cause mortality in patients with atrial fibrillation, leveraging serial prothrombin time and international normalized ratio during
the first 30 days of VKA treatment. These models demonstrate predictive accuracy, although several limitations remain to be
addressed®>l. Similarly, machine learning models have been developed to predict bleeding and vascular events risk in patients
receiving rivaroxaban or dabigatran, offering the potential of more individualized treatment options[320-3271,

7. Conclusion

Aging is a biological process that reshapes the vascular landscape and shifts the delicate hemostasis balance toward thrombosis. The
thrombotic risk in older adults is not merely an inevitable consequence of chronological age, but the cumulative impact of molecular
and cellular alterations across the vascular wall, blood cells, and immune system. Indeed, elevated epigenetic age is associated with a
prothrombotic hemostatic profilel*?®l, These alterations, compounded by environmental exposures, chronic inflammation, and clonal
hematopoiesis, create a prothrombotic milieu that challenges current prevention and treatment strategy.

Most antithrombotic therapies remain event-driven, largely ignoring the upstream biology of aging. Given that aging itself is the
strongest risk factor for arterial and venous thrombosis, this disparity is particularly striking. The advance of geroscience-guided
interventions (e.g., mTOR inhibitors, senolytics, autophagy enhancers, mitochondrial antioxidants) offer the potential to address the
underlying causes of vascular aging rather than its effects. Yet, these promising strategies are predominantly confined to preclinical
research, creating a substantial translational gap.

In the near future, risk prediction and therapeutic personalization may be revolutionized by incorporating biological age metrics,
multi-omics profiling, and artificial intelligence into clinical practice. When paired with innovative gerotherapeutics, these strategies
hold the potential to reduce thrombotic disease burden in aging populations. The transition from reactive to proactive approaches
that maintain vascular health throughout life is ultimately the challenge.
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