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Venous thromboembolism, which includes deep vein thrombosis (DVT) and pulmonary

embolism, represents a complex pathological process extending far beyond inflammatory

mechanisms. This review comprehensively examines the multifaceted noninflammatory

mechanisms underlying thrombosis development, integrating insights from molecular,

physiological, and systemic levels. Blood flow dynamics and endothelial function are known

to be critical regulators of thrombus development. Platelets and microparticles play

important roles beyond conventional inflammatory responses, actively contributing to

thrombus formation through intricate molecular interactions. Metabolic syndrome and

insulin resistance are associated with thrombotic risk, demonstrating the complex interplay

between metabolic disorders and DVT. Certain genetic mutations also predispose

individuals to venous thrombosis. Emerging research has discovered the essential role of

previously underappreciated factors such as products of gut microbiota or endothelial

glycocalyx modifications. Molecular regulators such as microRNAs and hormonal

disbalance further illustrate the complex mechanisms of venous thrombosis. Interestingly,

circadian rhythms exhibit certain influence on thrombotic potential, introducing

chronobiology as an emerging variable affecting the risk of thrombosis. On the basis of

these insights, future therapeutic strategies may include various interventions targeting or

at least considering metabolic, molecular, and systemic noninflammatory factors. Potential

approaches include personalized risk stratification, microbiome modulation, endothelial

protection approaches, and chronotherapy-based therapeutic modalities, which would

ensure more efficient and safe thrombosis management.
Introduction

Venous thromboembolism (VTE), encompassing deep vein thrombosis (DVT) and pulmonary embolism,
remains a significant global health burden affecting millions annually.1,2 Although the role of inflam-
matory processes in thrombosis is well-documented,3 there is growing recognition of crucial nonin-
flammatory mechanisms in VTE pathogenesis.

The hemodynamics of venous valve pockets creates areas of disturbed flow and stasis that concentrate
procoagulant factors, platelets, and microparticles (MPs) while subjecting the local endothelium to
mechanical stresses. This convergence of factors at valve sites explains why systemic risk factors such
as metabolic syndrome (MetS), circadian variations, and altered glycocalyx function manifest as
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localized rather than systemic thrombosis. However, there seems
to be no direct experimental (in vivo) or clinical evidence that
thrombi originate in valvular pockets, and it cannot therefore be
ruled out that thrombus formation starts upstream of the valve and
continues downstream reaching the valve, which prevents its
further development.

Virchow triad, which includes blood stasis, hypercoagulability, and
endothelial injury, remains fundamental to understanding venous
thrombosis (VT).4 However, advanced molecular biology, genetics,
and imaging techniques have revealed complex noninflammatory
contributors to thrombosis, including altered blood flow dynamics,
changes in blood components, and vascular endothelial modifications.

Current research focuses on how hemodynamics, endothelial
dysfunction, and genetic factors contribute to thrombotic risk
through pathways relatively independent of inflammation. This
expanding understanding creates opportunities for developing
targeted therapies beyond traditional approaches, which do not
address the underlying noninflammatory processes. Current pre-
clinical data have mostly been obtained using the model of inferior
vena cava (IVC) ligation in rodents. These data should be inter-
preted with caution given substantial differences between mice
and humans. For example, the murine IVC does not contain valves
or have vasa vasorum, and mice operate in a horizontal plane,
making the effects of gravity less significant than in humans.

This review examines the current knowledge of noninflammatory
mechanisms in VTE, exploring the interactions between hemody-
namics, blood components, endothelial function, and genetic fac-
tors, and provides an insight into how MetS, the gut microbiota,
and circadian rhythms contribute to VTE. Understanding these
mechanisms is crucial for advancing both our fundamental knowl-
edge and the development of novel diagnostic tools and thera-
peutic strategies.

Hemodynamics in VT

Blood flow dynamics significantly influence VT development. Venous
stasis allows for the accumulation of procoagulant factors, leuko-
cytes, and platelets, which are essential for thrombus formation.5

Altered shear stress activates platelets through glycoprotein Ibα
(GPIbα) and phosphoinositide 3-kinase/protein kinase B signaling,
followed by the initiation of coagulation.6-8 It was recently demon-
strated using fluidic devices that pathological flow conditions in the
valvular pockets can induce the formation of cleavage-resistant
platelet–von Willebrand factor (VWF) complexes, which mediate
neutrophil recruitment and the formation of prothrombotic neutrophil
extracellular traps. This provides in vitro evidence that the valvular
pockets could serve as launchpads for thrombus initiation.9 The role
of different hemodynamic patterns was demonstrated in mouse
models in which venous side branch closure affected thrombosis
prevalence.10 Stasis-induced thrombosis operates through multiple
mechanisms, for example, increasing tissue factor (TF) expression in
monocytes and smooth muscle cells.11

The endothelium plays a crucial regulatory role in hemostasis
through the production of antithrombotic factors such as nitric
oxide (NO) and prostacyclin (Figure 1A).12 Venous stasis alters
endothelial function (Figure 1B), downregulating protective factors,
and increasing the expression of adhesion molecules such as VWF
and P-selectin.13,14
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Endothelial cells (ECs) use various mechanosensors (receptors,
caveolae, ion channels, and EC cilia) to convert mechanical signals
into biochemical responses. For example, the mechanosensor
PECAM-1 (platelet EC adhesion molecule 1) was shown to affect
thrombus size in mouse models.15 The mechanosensitive ion
channel PIEZO1 affects endothelial response to altered blood
flow.16 Under pathological flow conditions, altered PIEZO1 activity
may predispose to thrombosis, in particular via reduced NO
production.

The relationship between stasis and VT warrants careful consid-
eration because of the differences between experimental models
and human pathophysiology. Although complete stasis is
commonly used in murine models, human VT typically involves
disturbed flow, particularly in the context of valve dysfunction. This
distinction has implications for understanding disease mechanisms
and therapeutic approaches. The role of P-selectin expression and
VWF release in thrombosis also requires specific context. Although
these molecules play important roles in DVT, their presence alone
is insufficient to trigger thrombosis. This concept is illustrated by
the clinical use of desmopressin (DDAVP), which induces acute
VWF release and P-selectin expression but rarely causes throm-
bosis. Therefore, additional factors or specific conditions must
converge with these molecules to promote thrombosis, highlighting
the complexity of thrombotic processes in different clinical
contexts.

Prevention strategies focusing on improving venous flow and
reducing stasis, such as mechanical compression devices and
early postsurgery mobilization, have proven effective in reducing
thrombosis.17 Ongoing research into blood flow dynamics and
endothelial function will continue to inform new therapeutic
approaches.

Platelets and MPs

Platelets underlie the development of arterial thrombi on the surface
of ruptured atherosclerotic plaques and activate the coagulation
cascade through expressing phosphatidylserine (PS). Although the
endothelial layer is still present in DVT, aspirin is considered a
promising therapeutic in patients with thrombosis.18,19

Platelet depletion strongly reduces DVT in the IVC ligation model in
mice.14 Targeting one of the major platelet receptors, integrin
αIIbβ3, by m-tirofiban, inhibits experimental DVT without increasing
bleeding.20 Platelet signaling pathways (eg, RAS-like guanosine
triphosphatases) implicated in DVT have recently been identified.21

Interestingly, chronic overproduction of erythropoietin, leading to
elevated red blood cell counts, exacerbates experimental DVT
despite reduced platelet count in these mice.22 A high hematocrit
level also results in the development of thrombi enriched with red
blood cells, but with a reduced platelet and fibrin content.

Recently, elevated amounts of procoagulant platelets, a subpopu-
lation of platelets expressing high levels of PS, were reported in
patients with VTE and mice after IVC stenosis.23 Interestingly,
methazolamide, which reduces platelet procoagulant activity, also
suppresses experimental DVT without affecting normal hemostasis.
Therefore, procoagulant platelets represent a promising antith-
rombotic target.

MPs are released from outer membranes of many cell types such
as platelets, leukocytes, and ECs.24,25 Regardless of the origin,
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MPs have procoagulant properties and contribute to thrombosis
through providing the surface for activating coagulation factors.26

Endothelial MPs are released in response to injury or apoptosis,
and promote thrombus formation by exposing PS and TF,
expressed on the MP surface.27,28 TF activates the extrinsic
pathway of the cascade, leading to the activation of factor X,29

which then complexes with factor Va, leading to thrombin gen-
eration. Thrombin amplifies its own production via positive feed-
back and contributes to the final fibrin clot through hydrolyzing
fibrinogen into fibrin, which is crosslinked by factor XIIIa, forming
the insoluble clot. In the venous valves, where blood flow is
naturally slower, MPs can accumulate and contribute to coagu-
lation. The prothrombotic potential of endothelial MPs is signifi-
cantly enhanced under conditions where TF is present. However,
TF expression typically requires vascular injury or monocyte pre-
activation. In the absence of TF, the coagulative capacity of
endothelial MPs is less pronounced, raising questions about their
stand-alone impact on thrombus formation. Thus, the contribution
of EC-derived MPs to DVT likely depends on local conditions that
may facilitate their interaction with coagulation pathways. Further
research is needed to understand the specific circumstances
under which these MPs might exert a prothrombotic effect in
veins.

Endothelial MPs can further contribute to thrombosis through
releasing VWF.30 VWF mediates platelet aggregation and sup-
ports clotting through protecting factor VIII from degradation. Mice
deficient in VWF or subjected to blockade of VWF-GPIbα inter-
action are protected from flow stagnation–induced thrombosis,
suggesting that VWF initiates thrombus formation and mediates its
progression and stability.13 Recently, it was shown that endothelial
MPs enriched in protein disulfide isomerase promote DVT in mice
via interaction with platelet αIIbβ3 and glucose-regulated protein
94.31

Platelet and megakaryocyte MPs are the most abundant MP type in
the circulation.32 Platelet MPs are released from platelets after
activation or apoptosis and may originate from either plasma
membranes or α-granules.33,34 Platelet MPs have a greater pro-
coagulant activity than activated platelets themselves, largely
credited to the abundant presence of PS on their surfaces.

The number of circulating MPs of different origins increases in
patients with DVT.35 The presence of MPs can be viewed as both a
causative agent and consequential product of thrombosis.
Although the usefulness of MPs as independent and specific
markers of DVT is still unclear, measuring their levels in blood may
aid in evaluating the severity or risk of thrombosis.36
Figure 1. Noninflammatory mechanisms of VT. (A) In healthy veins and physiologica
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The role of microbiota in VTE

The human microbiota, consisting of bacteria, viruses, fungi, and
archaea, is most densely populated in the gut but also exists in
other areas such as the skin, mouth, and lungs. Dysbiosis, an
imbalance in the microbiome, is implicated in multiple diseases,
from inflammatory bowel disease to MetS and cardiovascular dis-
orders.37,38 The link between microbiota and coagulation suggests
a potential involvement in thrombotic events.

Several studies have suggested a potential association between
gut microbiota and VTE, implying that changes in the gut micro-
biome composition could impact VTE risk. A causal relationship
between gut microbiota, metabolites, and VTE has been
suggested.39,40

The gut microbiota produces a variety of metabolites such as tri-
methylamine N-oxide (TMAO) through the metabolism of dietary
components including choline, phosphatidylcholine, and L-carni-
tine. TMAO levels can vary across different populations. For
instance, a study comparing young, middle-aged, and older adults
found mean TMAO levels of ~2.5, 4.8, and 10 μM, respectively,
suggesting that TMAO levels increase with age.41

TMAO has been shown to enhance platelet hyperactivity through
increasing cytoplasmic calcium release in platelets, thus predis-
posing to thrombosis.42-44 This effect is compounded by the role of
TMAO in promoting macrophage foam cell formation and
enhancing lipid accumulation, which contributes to atherosclerosis,
a condition that can exacerbate DVT.45,46 The gut microbiota can
produce lipopolysaccharides (LPSs), which can activate ECs and
platelets, thereby initiating the coagulation cascade.47

Dysbiosis can lead to increased gut permeability, facilitating the
translocation of LPSs into the bloodstream.48 Dysbiosis can
underlie a twofold increase in the levels of circulating LPSs (from
~45 to ~75 ng/mL) in patients with diabetes with chronic kidney
disease.49 The role of gut microbiota LPS was recently demon-
strated in experimental DVT.50 LPSs stimulate platelet activation
and secretion via Toll-like receptor 4–dependent pathways, and
enhances platelet aggregation induced by classical agonists such
as thrombin.51

TMAO and other microbial metabolites may work synergistically to
promote a hypercoagulable state, increasing DVT risk. However,
some studies do not report a direct association between TMAO
levels and thrombotic risk in certain populations, suggesting a
complex interplay between TMAO, gut microbiota, and individual
patient factors.52,53 Moreover, TMAO is associated with conditions
such as heart failure and chronic kidney disease, which are known
l blood flow, VWF and TF are not expressed, tPA promotes fibrinolysis, and

. (B) A schematic overview of noninflammatory mechanisms that contribute to VT.
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risk factors for thromboembolic events.54,55 The mechanisms by
which TMAO influences these outcomes include oxidative stress,56

which can further impair endothelial function and contribute to
thrombosis. Thus, gut microbiota plays a multifaceted role in
regulating DVT through mechanisms involving platelet activation,
exacerbation of comorbidities, and interactions with other microbial
metabolites.

MetS and insulin resistance in VTE

MetS is a cluster of interrelated metabolic abnormalities that
significantly increase the risk of cardiovascular diseases, including
VTE. For example, a 2007 case-control study reported that indi-
viduals with MetS had a twofold increased risk of VTE compared
with those without the syndrome (odds ratio, 2.1; 95% confidence
interval, 1.2-3.7).57 A patient-level meta-analysis of 6 case-control
studies found that MetS was independently associated with
unprovoked VTE (odds ratio, 1.91; 95% confidence interval, 1.57-
2.33).58

Central to the pathogenesis of MetS is insulin resistance, which is
characterized by a reduced response of peripheral tissues to
insulin.59 The interplay between these factors not only exacerbates
the risk of developing type 2 diabetes but also contributes to a
prothrombotic state. Insulin resistance is often associated with
increased body mass index, which is a risk factor for VTE. As body
fat content increases, the likelihood of developing insulin resistance
also rises, thereby heightening the risk of VTE.60 The compensatory
mechanisms in insulin-resistant individuals may lead to altered
coagulation profiles, which can lead to thrombotic events.61 The
role of adipokines, such as leptin and adiponectin, in the context of
MetS and insulin resistance is crucial. Leptin, which is elevated in
obesity, enhances thrombotic risk by supporting platelet aggrega-
tion and increasing the levels of plasminogen activator inhibitor-1 in
ECs.62,63 However, some studies do not confirm the causal role of
leptin in the pathogenesis of VTE.64 In contrast to leptin, adipo-
nectin, which is typically reduced in insulin-resistant states, exhibits
antithrombotic properties, suggesting that its lower levels may
contribute to VTE.65 Increased levels of leptin and decreased levels
of adiponectin can also serve as predictors of postthrombotic
syndrome, a frequent complication of VTE, in patients with and
without obesity.66 The association between insulin resistance and
VTE has been supported by various epidemiological studies. For
instance, a population-based cohort study found that individuals
with higher insulin resistance exhibited an increased risk of VTE
independently of traditional risk factors.67 This suggests that insulin
resistance may be a risk factor for VTE, potentially through mech-
anisms involving endothelial dysfunction and altered hemostatic
balance.61 The relationship between MetS and VTE is also sup-
ported by mechanistic insights. Insulin resistance was shown to
induce a state of chronic low-grade inflammation, which is a
recognized contributor to both MetS and thrombotic events.68 This
milieu associated with insulin resistance can lead to endothelial
malfunction, a critical factor in VTE pathogenesis.67 Nonalcoholic
fatty liver disease, a frequent consequence of insulin resistance,
has been linked to increased thrombotic risk, further illustrating the
link between these conditions.69,70 In summary, the interplay
between MetS, insulin resistance, and the pathogenesis of VTE is
multifaceted. Insulin resistance not only serves as a hallmark of
MetS but also contributes to a prothrombotic state through
3006 SMITH et al
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dysregulation of adipokines and endothelial dysfunction. Under-
standing these relationships is crucial for developing targeted
interventions to reduce the risk of VTE in individuals with MetS.

Endothelium and EG

The vascular endothelial glycocalyx (EG) is a negatively charged,
carbohydrate-rich complex of proteoglycans, glycosaminoglycans,
and GPs on the apical surface of ECs.71,72 The EG supports the
maintenance of vascular integrity and tone, protects the vessel
from chemical injury and microbes,71 and regulates the blood
vessel microenvironment.73 The EG contributes to maintaining
endothelial integrity and protecting against thrombosis by medi-
ating flow-induced NO release. Therefore, the loss of EG integrity
can enhance thrombosis through endothelial malfunction.

The EG shedding can be mediated by certain enzymes or reactive
oxygen species. Dietary salt intake can be implicated in stiffness
and shrinkage of the EG. Sodium influx reduces EG buffering
capacity and causes oxidative stress. EG and erythrocytes should
normally repel each other, to prevent friction and to ensure smooth,
uninterrupted, blood flow. However, damage to the EG caused by
the excess sodium combined with the reduction of its negative
charge permit erythrocytes to interact with the endothelium,
causing its activation and thrombosis.74

Diabetes mellitus is a known risk factor for VT.75 Hyperglycemia is
destructive to the EG and causes dysfunction by attenuating the
synthesis and promoting the shedding of hyaluronan from the
EG,76 which is vital for endothelial quiescence.77 In hyperglycemia,
amplified reactive oxygen species production, which activates
hyaluronidase-1, degrades and directly depolymerizes hyalur-
onan.77,78 Hyperglycemia also induces robust EG shrinking. All
these effects can create a milieu predisposing to VT in patients
with diabetes mellitus.

Another important mechanism regulating thrombosis is the endo-
thelial cyclooxygenase (COX)–prostacyclin axis. COX enzymes in
ECs convert arachidonic acid into prostacyclin, a potent vasodi-
lator and platelet inhibitor. A disruption in this axis can promote a
prothrombotic state, favoring clot formation in the venous system.
This is confirmed by increased DVT in COX2-deficient mice79 and
elevated risk of DVT after pharmacological COX inhibition in
humans.80

Genetic risk factors and inherited thrombophilia in

VTE

Thrombophilia comprises a group of disorders wherein acquired or
inherited mutations increase VT risk through defective coagulation
components.81 Primary genetic causes include factor V Leiden
mutation, antithrombin III deficiency, protein C/S deficiency,
histidine-rich GP deficiency, and prothrombin-related
thrombophilia.

Factor V Leiden thrombophilia, the most common among these
conditions, results from a point mutation in the F5 gene (c.1691
G>A; p.R506Q), first identified in the Dutch population with 2%
allelic frequency.82 Homozygosity for this F5 variant alludes to
severe thrombosis risk, whereas heterozygous carriers present with
a milder phenotype.83 Antithrombin III deficiency, caused by
SERPINC1 gene mutations, presents as 2 types: type 1 shows
reduced antigen and heparin levels, whereas type 2 maintains
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normal antigen levels but reduced heparin cofactor activity.84 Most
cases are dominantly inherited, although recessive forms exist.
Protein C deficiency, caused by PROC gene mutations, reduces
substrate availability, thereby lowering circulating levels and
impairing the degradation of coagulation factors V and VIII.85

Protein S deficiency, caused by PROS1 mutations, presents as
severe thrombosis in homozygous/compound heterozygous
cases,86 whereas heterozygous mutations cause milder
symptoms.87

Rarer forms of thrombophilia include histidine-rich GP deficiency,88

with some variants showing abnormal heparin binding.89 The pro-
thrombin G20210A mutation increases the circulating levels of
prothrombin by 133%, predisposing the individual to an increased
risk of VTE development.90 The prothrombin G20210A mutation
has a higher prevalence in southern Europe (3.0%) and northern
Europe (1.7%) and has a lower incidence in Asian and African
populations.91 The difference in genetic predisposition and envi-
ronmental factors such as obesity could at least partially explain the
lower occurrence of VTE among Asians compared with African
Americans and Europeans.92 Finally, dysfibrinogenemia can be
associated with VTE and is usually dominantly inherited, with
mutations in one of the fibrinogen genes (FGA, FGB, or FGG)
causing structural changes in fibrinogen that may modify its
function.93

Because thrombophilia can be inherited, acquired, or a combina-
tion of both, currently the preferred specific test for patients is
genetic sequencing to find deficiencies in thrombophilia-related
genes. In the United Kingdom, this genetic testing is currently
offered for thrombophilia via a panel of genes or more targeted
gene sequencing for known familial variants.94

However, these genetic causes account for only 50% of throm-
bophilia cases, suggesting significant genome-environment inter-
actions and potential epigenetic factors.95 Understanding these
inherited thrombophilias is crucial for understanding DVT patho-
genesis because they represent key noninflammatory mechanisms
that predispose individuals to thrombosis, often requiring lifelong
clinical vigilance and prophylactic intervention.

miRNAs in thrombosis regulation

MicroRNAs (miRNAs) are small, single-stranded, noncoding RNAs,
which downregulate gene expression. There is growing evidence
from population studies and animal models that miRNAs affect,
and/or are biomarkers of, VTE.96 The mechanisms of this are
complex, with the role of miRNAs in coagulation and endothelial
function being increasingly recognized. Multiple studies have
shown that miR-27a/b regulates the expression of TF pathway
inhibitor in ECs.97,98 Some miRNAs (eg, miR-24) suppress the
expression, maturation, and secretion of VWF.99 This miRNA is
downregulated by hyperglycemia, leading to increase in VWF
levels, which is crucial for DVT initiation.13 Another miRNA, miR-
221/miR-222, also referred to as the miR-221/miR-222 cluster,
regulates the proliferation and migration of ECs.100

MiRNAs can also exert their effect on procoagulant and antico-
agulant gene and protein expression. For example, miR-19b func-
tions as an antithrombotic protector by targeting TF in patients with
unstable angina.101 A whole host of miRNAs may target proteins
involved in the coagulation cascade, thereby leading to VTE.102
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Autoimmune conditions can lead to hypercoagulable states and
also predispose to VTE.103 A comprehensive study, using in silico
and in vitro approaches, reported downregulation of miR-19b and
miR-20a observed in patients with systemic lupus erythematosus
and antiphospholipid syndrome, which could contribute to
increased TF expression and provoke thrombosis.104

In addition to their mechanistic role in thrombosis, plasma levels of
miRNAs, being relatively stable and easy to measure, are thought to
be promising biomarkers for the diagnosis and prediction of
VTE.105 Thus, miRNAs represent an emerging field of biomarkers
and therapeutic targets in DVT, and future research involving larger
patient cohorts and mechanistic studies are clearly needed.

Circadian rhythms and VTE

Circadian rhythms coordinate daily physiological, biochemical, and
behavioral processes with the external environment, enabling indi-
viduals to maintain homeostasis while responding to changes.
Disruption of these rhythms can significantly impact human
health.106 In mammals, the suprachiasmatic nuclei in the hypo-
thalamus serve as the primary biological clock, with melatonin
regulating the sleep-wake cycle.107,108 Melatonin production
occurs in the pineal gland in response to darkness, triggering
glutamate release from retinohypothalamic tract terminals to the
suprachiasmatic nuclei.108 In addition to this regulation in response
to the Earth’s natural light/dark cycle, food intake can also signifi-
cantly influence circadian rhythms. Extended periods of fasting,
inconsistent meal times, and frequent eating between meals can
dysregulate these rhythms as much as abnormal exposure to the
light/dark can. The relationship between circadian rhythms and
hemostasis is an emerging research focus.107

Studies have revealed an association of circadian rhythms with
DVT.109 Circadian patterns in the levels of coagulation factors have
also been demonstrated. Budkowska et al110 found peak fibrin-
ogen levels at 8 AM, although some studies report midday
peaks.111-113 Despite repeated findings, estimated variability of
fibrinogen levels (~3%) does not hold significant clinical value in
healthy individuals, and these changes should only be assessed in
conjunction with circadian fluctuations in other hemostatic factors.
Platelet counts peak at around 2 PM and are lowest at 8 AM,
differing by ~6%.110,114 Blood clotting capacity varies throughout
the day, with activated partial thromboplastin time being shortest at
2 PM and prothrombin time showing opposite patterns. One study
reported larger thrombi and lower survival rate in mice that
underwent IVC ligation at noon vs 7 AM, implying that VT initiation
time could affect its outcome in experimental settings.115

Lifestyle factors can disrupt circadian rhythms and affect clotting.
Night shift work can disturb coagulation balance,116,117 potentially
increasing VTE risk. Similarly, jet lag disrupts natural rhythms, with
even 1 night of poor sleep increasing clotting risk.118,119 Notably,
although melatonin supplements are commonly used to treat jet
lag, excessive amounts may damage platelets.120

Despite these findings, dysregulation of circadian rhythms is
believed to be a chronic event, and short-time alterations of these
zeitgebers do not significantly elevate thrombosis risk. These
parameters are more influential when repeated over long periods,
and also pose as events whereby the chances of VTE initiation are
higher.
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Chronotherapy involves aligning medical treatments with circadian
rhythms, and shows promise in optimizing therapeutic outcomes of
VTE.121 However, research in anticoagulation chronotherapy
remains limited. For example, one study found no effect of admin-
istration time on warfarin efficacy.122 Thus, circadian cycles
represent an important aspect in DVT pathophysiology, and further
research could help optimize anticoagulant treatment timing.

Effects of hormonal therapy on VTE

VTE could be a complication of hormonal therapy, with estrogen
carrying the most significant risk. Estrogen is often combined with
progesterone as a contraceptive pill or for use in hormone
replacement therapy, with the former often prescribed to
females.123 However, men have a greater risk of VTE and recurrent
thrombotic events.124 Furthermore, thrombosis risk associated with
other, particularly male hormones, has been largely
underappreciated.

Testosterone replacement therapy or prescribed supplementation
has surged in recent years because of increased clinical recogni-
tion and diagnosis of hypogonadism in men.125 Studies addressing
relationships between testosterone therapies and VT risk are
scarce and have reported contradictory results. Ayele et al
concluded that adult men on testosterone treatments are not at
greater risk of VTE.126 However, a case-crossover study later
claimed the opposite, concluding that men with or without hypo-
gonadism are at increased risk of VTE if they are treated with
testosterone, with the risk being higher within the first 6 months of
therapy.127 Another study has mirrored these findings, also
concluding that there is a correlation between testosterone use
and VTE risk, with the greatest risk observed within the first
6 months of treatment.128 Clarification of this potential causation is
necessary to optimize treatment plans, particularly in cases of
hypogonadism.129,130

Thyroxine (T4) is a major thyroid hormone that circulates in an
inactive state until conversion into triiodothyronine (T3). Thyroid
hormones are implicated in most body systems, but their role in
coagulation specifically is less validated.131,132 Hyperthyroidism
can lead to a hypercoagulable state through elevated levels of
VWF, coagulation factors, fibrinogen, and D-dimers, and thyroid
dysfunction/hyperthyroidism likely confers higher VTE risk.132-135

Future directions and emerging therapies

Future research in VT is expanding beyond traditional inflammatory
models, leveraging advanced technologies such as vessel-on-a-
chip microfluidics and computational modeling to understand
the roles of mechanical and biochemical factors in clot
formation.136-138 These tools provide detailed insights into how
blood flow dynamics and shear stress patterns influence throm-
bosis independently of inflammation.

Endothelial mechanobiology has become a key focus, examining
how blood stagnation affects endothelial function through
mechanotransduction pathways and glycocalyx modifications.
Simultaneously, researchers are investigating how chronic stasis
changes the extracellular matrix composition and activates matrix
metalloproteinases, leading to altered vessel wall mechanics and
increased thrombogenic potential.
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New therapeutic approaches target these noninflammatory aspects,
including mechanosensitive drug delivery systems and molecules
that stabilize the EG. Materials that respond to blood flow changes
are emerging as a promising approach for preventing VT.

The field is also exploring the relationship between circadian
rhythms and coagulation, studying how daily variations in blood
flow and coagulation factors affect thrombosis risk independently
of inflammation. This may lead to time-optimized, more personalized
treatment strategies. Additionally, vascular aging research exam-
ines how senescence-related changes in vessel elasticity and
blood flow patterns contribute to thrombosis through mechanical
pathways.

Innovative biophysical approaches include devices modifying local
blood flow, materials mimicking healthy vessel properties, and
therapies restoring normal mechanotransduction. Long-term
studies examine how noninflammatory risk factors evolve over
time and are helping to develop more comprehensive risk
assessment tools.

The distinction between inflammatory and noninflammatory pro-
cesses is inherently complex and somewhat artificial. For example,
platelets participate both in blood clotting and inflammation
through cytokine release and immune cell recruitment. Similarly,
endothelial activation can be triggered by both mechanical forces
and inflammatory mediators, leading to comparable outcomes in
terms of thrombosis risk. The relative contribution of inflammatory
vs noninflammatory mechanisms likely varies by thrombosis type
and location. For example, cerebral venous sinus thrombosis
occurs without valves and under different pressure dynamics,
wherein endothelial dysfunction may be more significant than flow-
related mechanisms. Hemorrhoidal thrombosis develops in a
vascular bed subject to variable pressure and mechanical stress,
whereas portal vein thrombosis occurs in a specialized system with
high exposure to gut-derived factors, suggesting that microbiota-
related mechanisms might be more prominent. The challenge lies
in studying these mechanisms independently, as they form an
interconnected network where mechanical triggers can initiate
inflammatory responses and vice versa. This suggests that thera-
peutic approaches might need to target both pathways simulta-
neously for optimal efficacy in preventing or treating VT.
Furthermore, understanding anatomical differences is crucial for
developing targeted therapies.

In conclusion, a broader understanding of thrombosis, incorpo-
rating both inflammatory and noninflammatory mechanisms, is
driving the development of more personalized and effective treat-
ments, potentially complementing traditional anticoagulation
approaches.
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41. Papandreou C, Moré M, Bellamine A. Trimethylamine N-oxide in relation to cardiometabolic health-cause or effect? Nutrients. 2020;12(5):1330.

42. Zhu W, Gregory JC, Org E, et al. Gut microbial metabolite TMAO enhances platelet hyperreactivity and thrombosis risk. Cell. 2016;165(1):111-124.

43. Qi J, You T, Li J, et al. Circulating trimethylamine N-oxide and the risk of cardiovascular diseases: a systematic review and meta-analysis of 11
prospective cohort studies. J Cell Mol Med. 2018;22(1):185-194.

44. Dong Z, Liang Z, Guo M, Hu S, Shen Z, Hai X. The association between plasma levels of trimethylamine N-oxide and the risk of coronary heart disease
in Chinese patients with or without type 2 diabetes mellitus. Dis Markers. 2018;2018:1578320.

45. Bin Waleed K, Lu Y, Liu Q, et al. Association of trimethylamine N-oxide with coronary atherosclerotic burden in patients with non-ST-segment elevation
myocardial infarction. Medicine (Baltimore). 2020;99(27):e20794.

46. Keller K, Prochaska JH, Coldewey M, et al. Atherosclerosis and its impact on the outcomes of patients with deep venous thrombosis. Life (Basel).
2022;12(5):734.

47. Yang M, Luo P, Zhang F, Xu K, Feng R, Xu P. Large-scale correlation analysis of deep venous thrombosis and gut microbiota. Front Cardiovasc Med.
2022;9:1025918.

48. Violi F, Cammisotto V, Bartimoccia S, Pignatelli P, Carnevale R, Nocella C. Gut-derived low-grade endotoxaemia, atherothrombosis and cardiovascular
disease. Nat Rev Cardiol. 2023;20(1):24-37.

49. Salguero MV, Al-Obaide MAI, Singh R, Siepmann T, Vasylyeva TL. Dysbiosis of Gram-negative gut microbiota and the associated serum
lipopolysaccharide exacerbates inflammation in type 2 diabetic patients with chronic kidney disease. Exp Ther Med. 2019;18(5):3461-3469.

50. Liu C, Zhou Y, Gao H, et al. Circulating LPS from gut microbiota leverages stenosis-induced deep vein thrombosis in mice. Thromb J. 2023;21(1):71.

51. Zhang G, Han J, Welch EJ, et al. Lipopolysaccharide stimulates platelet secretion and potentiates platelet aggregation via TLR4/MyD88 and the
cGMP-dependent protein kinase pathway. J Immunol. 2009;182(12):7997-8004.

52. Canyelles M, Plaza M, Rotllan N, et al. TMAO and gut microbial-derived metabolites TML and γBB are not associated with thrombotic risk in patients
with venous thromboembolism. J Clin Med. 2022;11(5):1425.

53. Reiner MF, Müller D, Gobbato S, et al. Gut microbiota-dependent trimethylamine-N-oxide (TMAO) shows a U-shaped association with mortality but not
with recurrent venous thromboembolism. Thromb Res. 2019;174:40-47.

54. Tang WHW, Lemaitre RN, Jensen PN, et al. Trimethylamine N-oxide and related gut microbe-derived metabolites and incident heart failure
development in community-based populations. Circ Heart Fail. 2024;17(8):e011569.

55. Evans M, Dai L, Avesani CM, Kublickiene K, Stenvinkel P. The dietary source of trimethylamine N-oxide and clinical outcomes: an unexpected liaison.
Clin Kidney J. 2023;16(11):1804-1812.
3010 SMITH et al 24 JUNE 2025 • VOLUME 9, NUMBER 12

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S2473-9529(25)00185-5/sref26
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref27
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref27
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref28
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref29
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref30
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref30
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref31
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref31
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref32
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref32
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref33
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref33
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref34
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref35
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref35
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref35
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref35
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref36
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref36
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref37
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref37
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref38
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref39
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref39
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref40
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref40
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref41
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref41
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref42
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref43
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref43
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref44
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref44
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref45
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref45
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref46
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref46
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref47
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref47
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref48
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref48
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref49
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref49
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref50
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref51
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref51
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref52
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref52
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref52
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref53
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref53
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref54
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref54
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref55
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref55


56. Florea CM, Rosu R, Moldovan R, et al. The impact of chronic Trimethylamine N-oxide administration on liver oxidative stress, inflammation, and fibrosis.
Food Chem Toxicol. 2024;184:114429.

57. Ay C, Tengler T, Vormittag R, et al. Venous thromboembolism–a manifestation of the metabolic syndrome. Haematologica. 2007;92(3):374-380.

58. Ageno W, Di Minno MN, Ay C, et al. Association between the metabolic syndrome, its individual components, and unprovoked venous
thromboembolism: results of a patient-level meta-analysis. Arterioscler Thromb Vasc Biol. 2014;34(11):2478-2485.

59. Guo S. Insulin signaling, resistance, and the metabolic syndrome: insights from mouse models into disease mechanisms. J Endocrinol. 2014;220(2):
T1-T23.

60. Delluc A, De Moreuil C, Kerspern H, et al. Body mass index, a major confounder to insulin resistance association with unprovoked venous
thromboembolism. Results from the EDITH case-control study. Thromb Haemost. 2013;110(3):593-597.

61. Mohan G, Dhir T, Chandey M. Prevalance and clinical profile of metabolic syndrome in hypertensive patients and its correlation with insulin resistance.
Int J Adv Med. 2019;6(4):1139-1144.

62. Nakata M, Yada T, Soejima N, Maruyama I. Leptin promotes aggregation of human platelets via the long form of its receptor. Diabetes. 1999;48(2):
426-429.

63. Singh P, Peterson TE, Barber KR, et al. Leptin upregulates the expression of plasminogen activator inhibitor-1 in human vascular endothelial cells.
Biochem Biophys Res Commun. 2010;392(1):47-52.

64. Frischmuth T, Hindberg K, Aukrust P, et al. Plasma levels of leptin and risk of future incident venous thromboembolism. Thromb Haemost. 2022;
122(4):560-569.

65. Schäfer K, Konstantinides S. Adipokines and thrombosis. Clin Exp Pharmacol Physiol. 2011;38(12):864-871.

66. Mrozinska S, Cieslik J, Broniatowska E, Undas A. Elevated leptin and decreased adiponectin independently predict the post-thrombotic syndrome in
obese and non-obese patients. Sci Rep. 2018;8(1):6938.

67. Van Schouwenburg IM, Mahmoodi BK, Veeger NJ, et al. Insulin resistance and risk of venous thromboembolism: results of a population-based cohort
study. J Thromb Haemost. 2012;10(6):1012-1018.

68. Kayar Y, Pamukçu Ö, Eroğlu H, Kalkan Erol K, Ilhan A, Kocaman O. Relationship between helicobacter pylori infections in diabetic patients and
inflammations, metabolic syndrome, and complications. Int J Chronic Dis. 2015;2015:290128.

69. Kitade H, Chen G, Ni Y, Ota T. Nonalcoholic fatty liver disease and insulin resistance: new insights and potential new treatments. Nutrients. 2017;9(4):
387.

70. Kim CY, Kim N, Roh JH. Association of nonalcoholic fatty liver disease and venous thromboembolic disease in healthy adults in Korea: a nationwide
study. Sci Rep. 2023;13(1):16069.

71. Milusev A, Rieben R, Sorvillo N. The endothelial glycocalyx: a possible therapeutic target in cardiovascular disorders. Front Cardiovasc Med. 2022;9:
897087.

72. Cao J, Chen Y. The impact of vascular endothelial glycocalyx on the pathogenesis and treatment of disseminated intravascular coagulation. Blood
Coagul Fibrinolysis. 2023;34(8):465-470.
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80. Schmidt M, Christiansen CF, Horváth-Puhó E, Glynn RJ, Rothman KJ, Sørensen HT. Non-steroidal anti-inflammatory drug use and risk of venous
thromboembolism. J Thromb Haemost. 2011;9(7):1326-1333.

81. Dautaj A, Krasi G, Bushati V, et al. Hereditary thrombophilia. Acta Biomed. 2019;90(10-S):44-46.

82. Bertina RM, Koeleman BP, Koster T, et al. Mutation in blood coagulation factor V associated with resistance to activated protein C. Nature. 1994;
369(6475):64-67.

83. van Wijk R, Nieuwenhuis K, van den Berg M, et al. Five novel mutations in the gene for human blood coagulation factor V associated with type I factor V
deficiency. Blood. 2001;98(2):358-367.

84. Patnaik MM, Moll S. Inherited antithrombin deficiency: a review. Haemophilia. 2008;14(6):1229-1239.

85. Dahlbäck B, Villoutreix BO. Regulation of blood coagulation by the protein C anticoagulant pathway: novel insights into structure-function relationships
and molecular recognition. Arterioscler Thromb Vasc Biol. 2005;25(7):1311-1320.
24 JUNE 2025 • VOLUME 9, NUMBER 12 NONINFLAMMATORY MECHANISMS OF DVT 3011

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 19, 
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S2473-9529(25)00185-5/sref56
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref56
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref57
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref58
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref58
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref59
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref59
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref60
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref60
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref61
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref61
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref62
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref62
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref63
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref63
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref64
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref64
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref65
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref66
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref66
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref67
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref67
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref68
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref68
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref68
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref69
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref69
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref70
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref70
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref71
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref71
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref72
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref72
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref73
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref73
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref73
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref74
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref75
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref75
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref76
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref76
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref77
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref77
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref78
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref78
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref79
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref79
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref80
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref80
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref80
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref80
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref81
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref82
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref82
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref83
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref83
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref84
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref85
http://refhub.elsevier.com/S2473-9529(25)00185-5/sref85


86. Comp PC, Nixon RR, Cooper MR, Esmon CT. Familial protein S deficiency is associated with recurrent thrombosis. J Clin Invest. 1984;74(6):
2082-2088.

87. Comp PC, Esmon CT. Recurrent venous thromboembolism in patients with a partial deficiency of protein S. N Engl J Med. 1984;311(24):1525-1528.

88. Shigekiyo T, Ohshima T, Oka H, Tomonari A, Azuma H, Saito S. Congenital histidine-rich glycoprotein deficiency. Thromb Haemost. 1993;70(2):
263-265.

89. Hoffmann JJ, Hennis BC, Kluft C, Vijgen M. Hereditary increase of plasma histidine-rich glycoprotein associated with abnormal heparin binding (HRG
Eindhoven). Thromb Haemost. 1993;70(6):894-899.

90. Jadaon MM. Epidemiology of prothrombin G20210A mutation in the mediterranean region. Mediterr J Hematol Infect Dis. 2011;3(1):e2011054.

91. Rosendaal FR, Doggen CJ, Zivelin A, et al. Geographic distribution of the 20210 G to A prothrombin variant. Thromb Haemost. 1998;79(4):706-708.

92. Zakai NA, McClure LA. Racial differences in venous thromboembolism. J Thromb Haemost. 2011;9(10):1877-1882.

93. Casini A, de Moerloose P, Neerman-Arbez M. Clinical features and management of congenital fibrinogen deficiencies. Semin Thromb Hemost. 2016;
42(4):366-374.

94. Arachchillage DJ, Mackillop L, Chandratheva A, Motawani J, MacCallum P, Laffan M. Thrombophilia testing: a British Society for Haematology
guideline. Br J Haematol. 2022;198(3):443-458.

95. Benincasa G, Costa D, Infante T, Lucchese R, Donatelli F, Napoli C. Interplay between genetics and epigenetics in modulating the risk of venous
thromboembolism: a new challenge for personalized therapy. Thromb Res. 2019;177:145-153.

96. Morelli VM, Brækkan SK, Hansen JB. Role of microRNAs in venous thromboembolism. Int J Mol Sci. 2020;21(7):2602.

97. B Arroyo A, Salloum-Asfar S, Perez-Sanchez C, et al. Regulation of TFPIα expression by miR-27a/b-3p in human endothelial cells under normal
conditions and in response to androgens. Sci Rep. 2017;7(1):43500.

98. Ali HO, Arroyo AB, Gonzalez-Conejero R, et al. The role of microRNA-27a/b and microRNA-494 in estrogen-mediated downregulation of tissue factor
pathway inhibitor alpha. J Thromb Haemost. 2016;14(6):1226-1237.

99. Xiang Y, Cheng J, Wang D, et al. Hyperglycemia repression of miR-24 coordinately upregulates endothelial cell expression and secretion of von
Willebrand factor. Blood. 2015;125(22):3377-3387.

100. Celic T, Metzinger-Le Meuth V, Six I, Massy ZA, Metzinger L. The mir-221/222 cluster is a key player in vascular biology via the fine-tuning of endothelial
cell physiology. Curr Vasc Pharmacol. 2017;15(1):40-46.

101. Li S, Ren J, Xu N, et al. MicroRNA-19b functions as potential anti-thrombotic protector in patients with unstable angina by targeting tissue factor. J Mol
Cell Cardiol. 2014;75:49-57.

102. Jankowska KI, Sauna ZE, Atreya CD. Role of microRNAs in hemophilia and thrombosis in humans. Int J Mol Sci. 2020;21(10):.3598.

103. Tamaki H, Khasnis A. Venous thromboembolism in systemic autoimmune diseases: a narrative review with emphasis on primary systemic vasculitides.
Vasc Med. 2015;20(4):369-376.
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