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Abstract

Weight bias and stigma have limited the awareness of the systemic consequences related to obesity. As the narrative evolves,
obesity is emerging as a driver and enhancer of many pathological conditions. Among these, the risk of venous thromboem-
bolism (VTE) is a critical concern linked to obesity, ranking as the third most common cardiovascular condition. Obesity
is recognized as a multifactorial risk factor for VTE, influenced by genetic, demographic, behavioral, and socio-economic
conditions. Despite established links, the exact incidence of obesity related VTE in the general population remains largely
unknown. The complexity of distinguishing between provoked and unprovoked VTE, coupled with gaps in obesity definition
and assessment still complicates a tailored risk assessment of VTE risk. Obesity reactivity, hypercoagulability, and endothe-
lial dysfunction are driven by the so-called ‘adiposopathy’. This state of chronic inflammation and metabolic disturbance
amplifies thrombin generation and alters endothelial function, promoting a pro-thrombotic environment. Additionally, the
inflammation-induced clot formation—also referred to as ‘immunothrombosis’ further exacerbates VTE risk in people living
with obesity. Furthermore, current evidence highlights significant gaps in the management of obesity related VTE, particu-
larly concerning prophylaxis and treatment efficacy of anticoagulants in people living with obesity. This review underscores
the need for tailored therapeutic approaches and well-designed clinical trials to address the unique challenges posed by obesity
in VTE prevention and management. Advanced research and innovative strategies are imperative to improve outcomes and
reduce the burden of VTE in people living with obesity.
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Introduction thromboembolism (VTE), including deep vein thrombosis
(DVT) and pulmonary embolism (PE), is of epidemiological
relevance. As the third most common CV disease, VTE car-

ries with it a substantial burden of death—around 20%—and

Weight bias and stigma have affected people living with obe-
sity and their lifespan for decades [1]. The increasing aware-

ness of the obesity pandemic is now changing its narrative
and now recognizes different and specific clinical needs
to be addressed. Obesity is a complex and heterogeneous
disease associated with important health issues, not limited
to the cardiovascular (CV) system. Dealing with them is
becoming a medical subspecialty requiring new knowledge
and different approaches [2]. Among these issues, venous
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short- and long-term complications related to both disease
(e.g., recurrence, post-thrombotic syndrome) and treatment
(i.e., major bleeding associated with anticoagulation treat-
ment) [3, 4]. Obesity is among the risk factors for VTE and
contributes to its growing incidence linearly with increasing
body mass index [5]. Obesity also encompasses a wide range
of genetic, demographic behavioral and socio-economic
conditions that further enhance the risk of VTE such as
sedentariness, discrimination, limited access to healthcare
[6]. Despite evidence of a causal relationship [7, 8], the
incidence proportion of VTE related to the obesity in the
general population is not clearly defined. Furthermore, clot
biology changes between provoked and unprovoked VTE, a
sometime elusive distinction that likely underestimates indi-
vidual risk. While the link between obesity and thrombosis
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is long-time established on the arterial front, less is known
on why and how VTE occurs more frequently in people liv-
ing with obesity. To address those questions is of paramount
importance as their impact is not limited to the risk of VTE
but also concerns its recurrence and risk related to blood
thinners. This narrative review has been then designed to
update the current knowledge of VTE applied to people liv-
ing with obesity, spanning from their increased risk to the
issue related to anticoagulant therapy.

What is known and what is new

about the link between obesity, platelet
activity, and hypercoagulability: lessons
of atherothrombosis

Whatever defined, obesity represents an established risk fac-
tor for arterial thrombosis, both in coronary and peripheral
settings. In the mainstream view of metabolic syndrome
(MetS), clustering obesity with other established cardiovas-
cular risk factors would confer a synergistic atherothrom-
botic risk that encompasses plaque development, progres-
sion, and vulnerability until clot formation and density [9].
Large studies and meta-analyses clearly address the athero-
thrombotic risk related to obesity [10—14] and emphasize the
benefits of tackling it [15—18]. With the rise of the ‘residual
cardiovascular risk’ paradigm, obesity has become a risk
factor in its own right. The pathogenic potential of excess
body fat is indeed conditioned on its visceral extent and dys-
function, the latter defined by inflammation, insulin resist-
ance, and ectopic fat deposition [19]. Those central tenets—
also known as ‘adiposopathy’—are all promoters of platelet
hyperactivity/dysfunction and an hypercoagulation state.

Platelet activity

Platelet reactivity indeed increases with the extent of vis-
ceral adiposity [9, 20-24]. All central tenets of adiposopa-
thy contribute to this effect by increasing cytosolic Ca**
concentrations, the production of thromboxane A2 (TxA2)
from arachidonic acid [25], and the surface expression of
P-selectin and glycoprotein IIb/IIla, along with a greater
resistance to nitric oxide (NO) and prostaglandin 12 [26,
27]. Especially, insulin resistance seems implicated platelet
hyper-reactivity, whereas weight loss/improvement of insu-
lin sensitivity have direct effects on the splicing of tissue fac-
tor (TF). Additional effects on platelet have been described
for hypertriglyceridemia and low levels of high-density lipo-
proteins [28]. The excess of lipid peroxidation upregulates
the generation of TxA?2 and stimulates platelet aggregation.
Adipokines imbalance (i.e., adiponectin/leptin ratio) and
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pro-inflammatory environment directly alter platelet func-
tion as well. They are associated with high surface expres-
sion and circulating levels of the CD40 ligand. These effects
may also extend beyond circulating platelet and affect their
transcriptome directly within megakaryocytes [29-33]. Not
surprisingly, weight loss has recently been hypothesized as
modifier of platelet count and function [34-36].

Hypercoagulation state

Furthermore, the atherothrombotic risk associated with
obesity and insulin resistance is linked to a hypercoagula-
ble state. The thrombin generation potential significantly
increases with visceral adiposity and insulin resistance,
while it decreases with weight loss in people with severe
obesity and with treatment using metformin [21, 37-39].
The up-regulation of the TF pathway has been widely
observed because of higher plasma concentrations of FVII
and increased levels of thrombin and thrombin—antithrombin
(TAT) complexes. Several hormonal and metabolic changes
characterizing obesity and insulin resistance are known
modifiers of TF expression and activity. In the local micro-
environment of dysfunctional visceral adipose tissue (VAT),
macrophage expression of TF—under the control of the toll-
like receptor-nuclear factor-kB (NF-kB)/Jun N-terminal
kinase (JNK) cascade—is upregulated by lipolysis, imbal-
ance of adiponectin/leptin (i.e., low adiponectin and/or high
leptin), and insulin resistance (this latter via phosphatidylin-
ositol 3-kinase [PI3K]) [40—43]. In turn, TF even contributes
to the pathophysiology of obesity through coagulation-inde-
pendent mechanisms. Engineered mice lacking the TF cyto-
plasmic domain experience slower weight gain, increased
energy expenditure, and improved glucose homeostasis [44].
Similarly, inhibiting the TF-FVIla binding rapidly improves
metabolism and fatty acid oxidation [45]. TF is also a known
enhancer of adipose tissue inflammation and insulin resist-
ance. Within myeloid cells TF signaling contributes to the
recruitment and/or retention of pro-inflammatory adipose
tissue macrophages (ATMs) and their activation (i.e., polari-
zation toward the pro-inflammatory M1 phenotype) [21].
Specific deletion of TF cytoplasmic tail in murine myeloid
cells indeed suppresses the production of pro-inflammatory
molecules in response to a high-fat diet [44]. These changes
have a limited effect on weight gain but markedly improve
insulin resistance and hepatic steatosis. In this scenario,
adipocyte—macrophage interactions seem necessary to acti-
vate pro-thrombotic responses in people living with obesity.
While TF typically remains in a non-coagulant state within
myeloid cells, it is rapidly activated via the P2X7 receptor
in response to ATP and/or free fatty acids. As both ATP and
free fatty acids are abundant in VAT, this environment may
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be considered a source and repository for ‘pro-coagulant
ATMs’, enhancers of the overall thrombotic risk [46]. Levels
of fibrinogen, von Willebrand factor (VWF), and factors VII
and VIII are also increased in patients living with obesity.
While extravascular fibrin deposits are found in liver and
dysfunctional VAT [47], higher plasma activity of clotting
factors VII and VIII as well as increased plasma levels of
fibrinogen and von Willebrand factor antigen are commonly
found in patients with type 2 diabetes [48]. Beside the hyper-
coagulation state, dysfunctional VAT also associates with
disturbances in the fibrinolytic system. Due to the increased
release of PAI-1 and the thrombin activatable fibrinolysis
inhibitor from liver and dysfunctional VAT, high-fat diet
and obesity inhibit plasminogen activators (PAs) (e.g., t-PA
and urokinase-type plasminogen activator) thus preventing
clot dissolution [48, 49].

Obesity from athero- to venous thrombosis:
the need for a pathophysiological
reappraisal

Just as atherothrombosis extends beyond platelet involve-
ment, VTE is not merely a coagulation-dependent process.
The current understanding suggests intertwined mechanisms
across both sides of the vascular system [50]. From the semi-
nal meta-analysis by Ageno and co-workers, a large body
of clinical evidence now supports a link between VTE and
traditional cardiovascular risk factors with a prominent role
of ‘adiposopathy’ (Table 1) [51-60].

While Virchow’s triad still provides a conceptual frame-
work, it is continuously reappraised [61]. Besides the above-
mentioned hypercoagulation state, both endothelial injury/
dysfunction and blood flow stasis are now joined by inflam-
mation in the so-called ‘immunothrombosis phenomenon’.

Blood flow stasis and endothelial injury

In the absence of any triggers, reduced and/or perturbed
blood flow becomes the leading cause of VTE. Flow sta-
sis may indeed overcome several regulatory circuits and
trigger a signaling cascade converging on endothelial cell
(EC) activation. The release and function of coagulation
and fibrinolytic factors (e.g., thrombomodulin, protein C
and protein S, thrombin and antithrombin activation, tissue
factor pathway inhibitor, platelet activation and adhesion)
are under endothelial control, which is highly dependent on
NO production. When homeostasis is lost, NO concentra-
tions fall, and ECs activate. As an endothelium-coated elas-
tic vein valve model of DVT recently displayed, the release

of vWF from Weibel-Palade bodies, critically contributes
to the DVT initiation though an interaction with the GPIba
on platelet surface [62, 63]. This mechanism couples with an
increased endothelial expression of adhesion molecules [64,
65] and both intersect with a dysregulated pro-inflammatory
cascade.

Besides the increase in intra-abdominal pressure and
reduction of venous blood flow velocity induce the VAT
excess [66], the extent of blood flow perturbation extends
beyond a ‘mechanical’ contribution to VTE. While the uni-
directional laminar flow is detected by mechanoreceptors
on ECs (e.g., cilia, glycocalyx, membrane receptors, and
ion channels) and sustains elevated intracellular calcium
and NO production via nuclear factor-E2-related factor 2
(Nrf2), this effect is lost in flow stasis [67, 68]. In such con-
ditions, Nrf2 is suppressed alongside with cytoprotective
enzymes, including heme-oxygenase 1 (HO-1) and superox-
ide dismutase (SOD). In this pro-oxidant microenvironment,
the oxidation of thrombomodulin reduces its anticoagulant
activity, whereas that of fibrinogens favors its conversion to
fibrin, thus reducing its interaction with the anti-coagulant
system [69, 70]. Alongside, a pathway-specific impairment
in PI3K-dependent signaling characterizes insulin resistance
and has long-time known to cause an imbalance between NO
production and secretion of endothelin-1 [71]. Even leptin
would be involved in the control of vascular tone by a some-
how paradoxical simultaneous release of NO opposing to a
neurogenic pressor action [72].

However, the pathophysiology of endothelial dysfunc-
tion in obesity now recognizes an ever-broader number of
causes. Single cell RNA-sequencing profiling is unraveling
the role of ECs in the homeostasis of adipose tissue and
how deep the changes are during the development of obesity
[73-75]. When focused on VAT-restricted mice ECs, single
nucleus RNA transcriptomic has recently displayed their
lower expansion coupled with a differential gene expression
that modify with obesity severity. Especially, hifla and vegf
emerge as critically modified genes, hallmarks of inflam-
matory, angiogenic response and ultimately thrombotic risk
[75].

Outside the microenvironment of VAT, clinical interest
in endothelial microvesicles (EMVs) has recently intensi-
fied given their link with obesity and the putative role in
hemostasis and thrombosis [76]. EM Vs are indeed released
in response to pro-thrombotic stimuli and exert themselves
pro-thrombotic activities in both arterial and venous sys-
tem. Once shed by activated/apoptotic cells (i.e., ECs
but also platelet, neutrophil, monocyte, erythrocytes, and
cancer cells), MVs contribute to the coagulation cascade
through the exposure of phosphatidylserines, which pro-
motes the assembly of tenase (factors VIlla, IXa, X) and

@ Springer



Internal and Emergency Medicine

(I81°¢-L0'1
10%$61 8'T YO) stsk[eue paysnlpe
Je JUBOYIUSIS Paurewal gO Yim uon
-e100sse oy} AJuo ‘gL A paoaoidun jo
NS o) searout ([88°Z-1€'T ‘1D %56l
‘76’1 40) d5e pue ([S6'e—6T'T :ID
%561 *L0°C d0) s2qetp “([90°C-10'1
1D %S61 ‘P11 JO) uotsualradAy o[mypm
erwopIdi[SAp pue ‘sojoqeIp ‘uoIsuo)
-10d Ay 9YI] S1010B] ST AD PAYSI[qEISD
10130 Jo AyIqe 9AndIpaId 9Y) SWEIIIA0
(snonunuod pue pazrio3aed Y1oq) [INYG
‘91qeLIeA Judwisnipe 0) payrwiI| ySnoyiry

(100°0 > d) dnoi3 g LA
Sy ur J9YSIY 219M TINF PUB DM Wog
$9)oqeIp pue g IoJ
uoTysey aAedIdnnu € pajoaiop sI10)oef
st 9rdnnu Jo 309Jj9 AnR[AWND
([#8°8-68'1 1D %$6] 62°C YO) uswom
U1 9uo puodds 3y} pue ([8L7-0v'T ID
%S6] L6'1 YO) UBwW Ul G A U1 10§
J030R) YSLI Juareadrd 1oy3y Ay sem gO

(1000>d) uag

-ouriqy unernoIrn Y31y Yim pajeroosse
pue 1A payosoidun ur 1oy3iy sem [ING

(8L 1-50°1]

¥'1 4H) uorsuaradAy pue ([6'17-+'1]

L1 ¥H) Xas orew 10§ se ([¢4 1-68°0

1D %S6] T'T q) 90U I A JO

(Sze/n61="1u)
ALA paoro1dun/payoroid

(016v=1) YU HLA

(621 =4) LOT Wi swaned ur Ysu gLA

(zss=u)
(K1 >) LA U931 JO 90U[BAIJ

dd0-sY

pue ‘[IIA ‘ueSouriqy Jo 901 2ANIIPAIJ
(ee=u)
9posida Js11j © 10J UOIIBNUIUOISIP

By
Na
7 €€ 2oureaard go

%6°9¢ douareadrd MO

erwaprdisAq
Na
uorsudlrodAH

(W/3Y 1'67-T'ST uesw) [NE

(W OOT UBIpaW) DM
(;w/3Y L 67 ueipow) NG

Wa
d0

uorsudirodAH
X3S I[N

%t L 9ouareaard uey
stpuowr 9 N
s1eaA §9 93e uBdN
(S15=1)
Ansi3ar
ATLOWHY WoIj ejep [0NU0I—ase))
(1 =u) uowom A[uo ‘(g =1u) soxas yjog
Are1-L'v Nd
K¢/ —61 956 ueaN
(598 vrz=1u)
sarpnys 2An0adso1d g Jo SIsA[eue-eI9N
TTLY/S6ST Uswom/uaul
AAD Paysliqels9
UM STBIA GG Z IO STBA GG S pady
(90€6=1)
Tern
YOLVDIAVN 34} WOI} [0NUOS 35BT

%8°C9/%T’ LE USWOM /U
s1eak g1 < pasy
(o81°51=1)

(LSVH) [eL1 [BUONOIS-SSOID)

C8S/¥ ¢y USWOM/USIN
sypuowt Of (1] UBIPI]A
SIBOA G ¢ 93k U
(9001 =1)

aseqelep

810T [LS] ‘T8 10 S JouIaeD)
L10T  [96] Te 10 31g Tpoouryey
107 [SS] Te 10 o[eareIq 7B
800C [¥G] T 10 v oueyny,

600C [£6] T8 10 "g Smoquoxn

YSLI Y 9searout Apueoyrusis jou pIp gO jue[nSeodnuE I0)Je 9OULLINIAI I A (%17 9ouaresard) go OYHLSIVIA Woi1j [onuod—aese) 8007 [¢S] ‘T8 10 g uuewauur|
K1ouadoIaay [eonsnels Aue jou BIWR[0I)s[0yo1ddAH (¢ =u) uow 10
SeM IS} ‘PIPNOXd 1M SIAIPNIS [01) Sunjows (8§ =u) uswom AJuo ‘(0] =u) s9Xas ylog
-u09—ased A)Tenb-1omo[ uaym ‘IOAIMOY Na K97 01 9°G ] UBIPIIA
“BIW[01)s9[0yd1ad Ay pue Sunjows 10} uorsudlrodAH (11=u) sk oL-T
eoyuss Jou nq (LLT-CI'T ‘IO %S6) (sjonuoo ut ,9°¢'s4 Surguer 1o (y=u) £ gy <“(9=s21
INA 10 TH'T “(§8'T—€T'T 1D %S6) Uots $95E0 UT %¢'g 9oudreaard) gO -pmis jo 'u) s1eak ¢¢ > pasy
-ua)1adAy 103 [6°T “(42°¢-89'T ID %S6) (€08 e =u) (zss'c9=u)
115290 10§ £¢°T SEM HLA JO YSLI AL (S99¢/8€T TE=1) HLA  SOIpMIS G Ul PassaIppe [INg  seIprus aanoadsord 17 jo stskeue-eloN  L00T [16] T2 30 M Ouely
synsay QwoonQ) sjuoned pue uSrsop ApmS  IBOX oyny

10)OBJ YSLI IB[NOSBAOIPIED PAYSI[QEISS (HIM SUIPIOOIE WSI[OqU0QUIOIY} SNOUSA JO YSLI 9y} SUIZLIPWWNS SAIPMIS JO ISI'T | d|qeL

-
[
80
=]
k=
o
n
Gll



Internal and Emergency Medicine

onel piezey Y ‘UOTIBIAID pIepuels (7§ ‘onel diy-o1-1srem
JHM “(QW/3Y 6'67-ST JO son[ea [INF Aq PUYIP) WYSIOMIINA0 MO “TR[NOSBAOIPIED A)) ‘OSBASIP IB[NIOSBAOIPIED (JA)) “DOUSIQJWINOIID ISIEM DM S SANE[AI Yy ‘U19101d 0ANoRAI-D ANADISUSS-YS1Y
JdYO-SY ‘[eAIUI SOUSPYUOD [ ‘ORI SPPO YO ‘(W3 € < sen[ea NG Aq pauyap) A)saqo gO ‘WISIOqUISOQUIOIY} SNOUSA F LA ‘SI[[OW SAIqRIP JY( ‘Xopul ssew Apoq [y ‘dn/mor[oy 1.4

([1L] 3st1 renoseaorpied) ANV ([LL] WSIoquaoquioly) SnOUdA) oIedas pINqnd

uotsuaedAH

na

ALA JO JSLI paseaIoap e [oYooTY

)M PIJRIDOSSE Sem UOISu)IdAY ‘LA Sunjowrs
)M PIJRIOOSSE 10U 2I9M S)qRIp pue YSTOM

%8°17/6°1T 2uareaard gO
%9°0%/t 1+ 9ouaeaard MO

“oxejut Joyooe ‘Sunyows oYM TINE
1o Inq WSy pue [2-0'T 1D %S6]

SLE=URIN
KoL < pase 1V
(zeg=u)

$'T MO) WSToM [IM POsedIdUT YSII LA ASUHLA (/3 Lz weowr) ING [0U0S -osed HOV-LV  T0T [09] Te 10 "H Suem
Surjows
pue sajaqerp ‘eruraprdifsAp ‘uors Sunjowrg
-u9)1adAy oY1] S1030B] NSLI AD PAYSI| Na
-quIsa 1Yo Jo Ariqe aandIpaid ay) erwoptdiisiq S00T PuB 2661 N4
QWBDISAO [N ‘d[qerrea yusunisnlpe 0y uorsualrodAH s1eak [G 93e ueo
paywI] ySnoyy “(;wy/3y §°¢7 01 67T %8¢ @ouoesdrd go (uowom /(0L 16="1u)
woiy) [NG Y apis3uore dn-mofjoy %91 2oudreaad MO 0661 urdn
urmp paseaIour YSI AD ‘paroadxa sy (EppT1 =u) ST LA (;Ww/3Y 677 uedw) JING 108 Apms 110Yod N¢H woy aanadsord 170 [6S] T8 10 [D preuoq oe
Jueqorg M Ul (76 1-1L'T) 18°T pue
D494 Ut (16'C-S+'7) L9°CT JO 9pedap
10J SYH WM T LA S1o1paxd oSe ‘sopisog
(S¥'1-S0'D) €T°T Pue (89°T
—0F"1) TG'1 21om SYH YHM 10j pue
(EL'T-LED) ST Pue (89'T-CS 1) 09'T
Q1om SYH Y} ‘DA 10J Syueqorg 3 ur %9y} 9ousreadrd uejy
(I'1-2€'T TO %S6) LE'T PUe DAY ut s1eaf 1'g pue sreak 461 N
(0S'T-SE'T “ID %S6) €F T 2129m [ING Ul a3y SIB2A QG pue sIeaA 7G 23k urow
aseandur (I§-T 1od sYH “ueqorg 3N (L80°0/S8°0) IHM  (LESTTY PUB 8TLTEL YTICET T=1U)
pue D¥d y1oq ul FLA Jo 1o0301pard (W5 06/88) DM jueqorg N
Judpuadaput arem L1sodipe Jo sIOyIBIA (et TP01=w) LA  ((W/BN T'LT/¥'ST uedw) NG Pue DJYH WOy saIpnis 1I0yod pajood  610T [8¢] T 1 "[ uos3a1n
SInsay EliitliliTe) siuoned pue uisep Apmg  IBSX oyny

(ponunuod) | 3jqer

pringer

As



Internal and Emergency Medicine

pro-thrombinase (factors Va, Xa, thrombin) complexes and
directly associates with factor XII, thus supporting throm-
bin generation via activation of the intrinsic coagulation
cascade. Furthermore, TF and its inhibitor (tissue factor
pathway inhibitor) and the P-selectin glycoprotein ligand-1
(PSGL-1, CD162) are other pro-coagulant molecules/recep-
tors carried by EMVs, enabling thrombus propagation.
EMVs account for about 10% of physiologically circulat-
ing MVs but they have a high pro-coagulant potential at
thrombodynamic test assay [77]. Circulating EM Vs increase
with obesity and modify their composition with negative
effects on EC inflammation, viability, NO production, and
pro-coagulant status [78, 79].

Immunothrombosis

What is now hot under the clot is the role of inflammation
in the so-called ‘immunothrombosis’. During the past dec-
ades, an ever-growing number of immune and inflammatory
mechanisms have been described as triggers of VT. Along-
side hypoxia and apoptosis, the most of genes targeted in
DVT belongs to inflammatory pathways with around 30
inflammation-related molecules identified [80]. Any per-
turbation of venous flow suppresses the expression of the
zinc finger of DNA-binding transcription factor Kriippel-
like factors (KLF) 2, which exerts anti-inflammatory and

¢ blood ﬂow sta51s

¢ endothelial |njury/ 3

NP plaletelet\?‘
7 activation

e Tabdominal pressure
e chronic inflammation
A

L KLF2
iSIRTl o

{ thrombomodulin
T PAI1

TTF

T VWF

I{NO

Obesity
(VAT excess)

Fig.1 New insights in ‘immunothrombosis’: the role of dysfunc-
tional visceral adipose tissue and the leading importance of tran-
scription factors and their epigenetic regulation. Detrimental effects
of obesity on the risk of venous thromboembolism are due to both
mechanical (i.e., increase of abdominal pressure) and biochemical
factors. Among the latter, both the zinc finger of DNA-binding tran-
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anti-thrombotic effects in ECs. Specifically, KLF2 activates
thrombomodulin, reduces plasminogen activator inhibi-
tor (PAI)-1 expression and inhibits the cytokine-driven TF
expression, ultimately preventing or prolonging clotting time
under basal or inflammatory conditions [81-83] (Fig. 1).
KLF?2 is also expressed by neutrophils and its selective
deletion increases experimental VTE in association with—
and blunted by the neutralization of—myeloperoxidase.
Experimental KLF2 deletion has also highlighted the role
of neutrophil adhesion/migration, TF expression, and neu-
trophil extracellular trap (NET) formation (NETosis) [84,
85]. Preliminary studies suggest that the epigenetic signature
of insulin resistance may target endothelial expression of
KLF2. Studies on human umbilical vein endothelial cells
have attributed a role to microRNA-92a in directly target-
ing KLF2 [86, 87]. Meanwhile, myeloid-specific KLF2 has
been identified as an essential regulator of obesity, impli-
cated in feeding, weight gain, and insulin resistance [88].
A high-fat diet was recently observed to alter the priming
status of isolated neutrophils toward NET release, whereas
the neutrophil-selected deletion of peptidylarginine deimi-
nase 4 prevented weight gain and experimental thrombus
formation [89].

More broadly, this evidence is expected to be framed in a
wider epigenetic/proteomic inflammatory signature charac-
terizing obesity/MetS. A clear, albeit not causal, association

’}’H‘ S
/_/’.

T
fibrinolysis

T neutrophil migration and NETosis

scription factor Kriippel-like factors (KLF)2 and the sirtuin family
of NAD +-dependent deacetylases (namely SIRT1) deeply influence
all the clotting steps, from endothelial injury — and the consequent
reduction of nitric oxide production — to the fibrinolysis. Even inter-
esting, KLF2 and SIRT1 are both targeted by pro-/anti-obesity behav-
iors Created with BioRender.com)
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with metabolic disturbances and cardiovascular outcome is
increasingly reported [90-94] and may potentially extend to
the risk of VTE. In such an exciting perspective, recent stud-
ies highlight the epigenetic signature of both age- and obe-
sity-related endothelial dysfunction as critically regulated
by the sirtuin family of NAD +-dependent deacetylases. The
SIRT1 rescue is indeed demonstrated to restore the reduced
the arterial availability of NO, combined with the increase
in vascular p66Shc and mitochondrial reactive oxygen spe-
cies levels, in obese old mice [95] (Fig. 1). Not limited to the
arterial vessels, a similar role of Sirtl has been elsewhere
described in models of venous thrombosis as well [96—100].
In vitro, SIRT1 reduces the expression of TF, adhesion mol-
ecules and vWF but increase that of NO and thrombomodu-
lin [101]. The SIRT1 ability to deacetylate NF-xB put its
downregulation at the center of ‘immunothrombosis’ phe-
nomenon during VTE [96]. Thrombus weight, composition
and evolution, and serum protein/cytokines expression as
well, are all conditioned by SIRT1 levels. They are upstream
downregulated by aging/dysmetabolic processes, whereas
the up-regulated SIRT1 expression induced by aerobic phys-
ical exercise reduced VTE risk, thrombus size and acceler-
ates recanalization/resolution [97, 102].

Clinical evidence and research gaps

Despite being long time reported [103], excess body weight
has not yet been recognized as risk factor for VTE in its
own right [104]. The Tromsg Study recently attributed
about 25% of VTE events to overweight/obesity [105]. This
risk increases with weight gain [106] and is independent of
concomitant atherothrombotic events [107]. Furthermore,
people living with obesity in the Tromsg Study were more
likely to carry a pro-thrombotic genetic risk, which further
increased the risk of provoked and unprovoked VTE by
3.2- and 3.8-fold, respectively [108]. Notably, a significant
association with the risk of VTE was confirmed for other
measures of ‘adiposopathy’ like waist and hip circumfer-
ences, and waist-to-hip and waist-to-height ratios [109].
Unsurprisingly, the synergistic risk of obesity toward VTE
extends till cancer-associated and catheter-related VTE [110,
111]. Unfortunately, the evidence on obesity related VTE
risk still lacks a consensus in meta-analyses, where correct
risk estimation is limited by the high heterogeneity in study
design and results [112]. Obesity also poses challenges for
prophylaxis and treatment of VTE. For strategies involv-
ing low-molecular-weight heparin and Factor Xa inhibitors
evidence is weak and needs larger-scale, well-designed ran-
domized controlled trials [113-116].

Obesity related risk of venous
thromboembolism in particular settings

Atrial fibrillation

Atrial fibrillation (AF) has an established link with obe-
sity, which accounts for about one-fifth of total cases. The
AF incidence increases exponentially by about 29% every
5 kg/m? of body mass index (BMI), but associations exist
also with post-surgical/post-ablation recurrence, and the
likelihood of progression to a permanent form [117-120].
Although metabolic disorders clustered in obesity contribute
proportionally to atrial remodeling, failure, and the develop-
ment of AF, the pathophysiology of AF is largely depend-
ent on epicardial adipose tissue (EAT). Despite central
tenet of adiposopathy, ectopic fat deposition has a limited
role in VTE but modulates all the tenets of Virchow triad
within the left atrium [121]. The common embryological
lineage with myocardium allows EAT to engage in tight
bidirectional signaling, which is both paracrine and vaso-
crine [122]. As a result, the association between EAT (both
volume and thickness) and AF is stronger than with other
adiposity measures. The secretome of EAT mirrors that of
dysfunctional VAT characterized by tumor necrosis factor-
alpha, interleukin-6, and their respective soluble receptors
[123] So, EAT promoted the development and maintenance
of AF through a pro-inflammatory and pro-fibrotic envi-
ronment [124] leading to autonomic imbalance, connexin
dysfunction, cell shortening, increase collagen deposition,
and calcium overload [125, 126]. Such remodeling of left
atrium contributes to the thromboembolic risk even before
the onset of AF. In this view, atrial myopathy sustained by
EAT would be a thrombogenic condition of which AF is a
late manifestation. Many of the upstream causative factors
of atrial cardiomyopathy are potentially targetable, but only
a few of these interventions have current evidence of ben-
efit in clinical studies [127, 128]. Being the glucagon-like
peptide-1 receptor (GLP1-R) expressed within EAT [129],
treatment with selective agonist has been reported to shrink
EAT thickness (Table 2) [130-137].

GLP1-R agonist would also exert a direct anti-throm-
botic mechanism. An increased expression of the anti-
thrombotic protein gelsolin within exosomes-protein cargo
was identified in EAT explants after semaglutide alongside
with suppression of neutrophil migration and endothelial
adhesion [137]. Sodium glucose cotransporter 2 (SGLT?2)
inhibitors seems less effective in suppressing EAT, with
no proved effects on arrhythmogenicity yet [138, 139].
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Since their approval in 2005, the strong beneficial effects
of GLPI1-R agonist in diabetic patients recommend their
use especially for heart failure and kidney disease. Whilst
GLP1 receptor agonists have been shown to be effective in
weight loss and comorbidity improvement in people liv-
ing with obesity [140-142], they still have minimal ben-
efit in reducing the risk of AF [143, 144]. Ongoing stud-
ies are expected to better define the clinical role for these
therapies in modulation AF burden through a reduction
of EAT (NCT05221229; NCT06184633; NCT05174052;
NCT05993897; NCT05029115).

Cancer-related venous thromboembolism

The risk of developing VTE in cancer patients is four- to
nine-fold higher than in general population and accounts
for 20-30% of all first VTE events [145, 146]. Multiple
pathways leading to cancer-associated thrombosis (CAT)
have been postulated, with substantial variation across
cancer types. While this suggests cancer-type-specific
mechanisms for VTE, device implantation and cancer
therapies further modify coagulation status and increase
the risk of CAT [147-149]. To date, TF, podoplanin,
NETs, and PAI-1 have been described as major pathways
involved in CAT, but abnormalities in all the Virchow’s
Triad are common findings. In this context, the limited
predictive value of current scores suggests still gray areas
to be covered [150-155]. The concept of frailty is now
at the mainstream of CAT risk and treatment. It usually
refers to older people with a reduced physiological reserve
associated with an increased susceptibility to disability,
falls, hospitalization, institutionalization, and mortality.
However, frailty extends beyond elderly to include obe-
sity [156—158]. In addition to being itself a risk factor for
cancer development [159], obesity significantly enhances
CAT risk [160-164] and poses substantial challenges in
prophylaxis and treatment [165].

Obesity and venous thromboembolism: lessons
from SARS-CoV-2 pandemic.

Thromboembolism has been one of the important clinical
manifestations of SARS-CoV-2 infection, strongly associ-
ated with—and determinant of—disease severity, morbidity,
and mortality [166]. In addition to the short-term effects, a
greater risk of VTE persisted even beyond the end of SARS-
CoV-2 infection [167]. The pathophysiology of such severe

and persistent coagulopathy embraces all the classical tenets
of the Virchow’s triad and gave prominence to ‘immuno-
thrombosis’ [168—170]. In this context, the effect of obesity
further enhances its substantial role in VTE being additive of
the cytokine storm [171]. Like the above-mentioned context
of cancer, obesity enhanced patient frailty during SARS-
CoV-2 infection. Specifically, obesity restricts alveolar
expansion thereby enhancing pulmonary dysfunction and
peripheral hypoxia/inflammation [172]. This mechanical
effect synergistically combines with the endothelial weak-
ening and the general procoagulant—till the generation of
microthrombi—induced by dysfunctional visceral adiposity
(Table 3) [173-180].

With a further contribution of hypofibrinolytic activity
[181], obesity ultimately account for an increased throm-
botic risk that persists beyond the end of SARS-CoV-2
infection, with ongoing symptoms and long-term adverse
events, also referred to as ‘long COVID’ [182], and even
an accelerated waning of the humoral response to vaccines
[183]. Accordingly, a beneficial role of antidiabetics drugs
was demonstrated in improving the microvascular pathology
in SARS-CoV-2 infection and ‘long COVID’ subjects by
targeting endothelial dysfunction, inflammation, and platelet
aggregation [171].

Conclusion: research gaps and therapeutic
implications

A large body of evidence now poses obesity as known risk
factor for VTE. However, this awareness raises unique chal-
lenges at several levels. First, the heterogeneity of obesity,
with its phenotypic differences, remains a niche without
any translation in clinical study design. Almost all studies
included in this narrative review indeed limits obesity defi-
nition to BMI, despite intrinsically harbinger of paradoxes.
While several obesity stakeholders still get stuck in the rec-
ommendation of BMI alone for obesity definition and risk
stratification, thresholds of WC and the addition of the waist-
to height ratio within BMI categories would better realize
the continuum of risk related to ‘obesities’ [6, 76, 184].
Upon a closer examination, a lot is expected from artificial
intelligence. In the era of machine learning, the handling
of multimodal datasets should pave the way to broaden not
only quantitative but also qualitative and temporal changes
in ‘obesities’ and metabolic health.
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Table 3 Summary of clinical studies investigating the association between body mass index and risk of venous thromboembolism during the

COVID-19 pandemic

Author

Year

Study design and patients

Obesity assessment

Outcome

Results

Hendren NS et al. [173]

Friedman AN et al. [174]

Wang SY et al. [175]

Thangaraju K et al. [176]

Keller K et al. [177]

Hehar J et al. [178]

Thoppil JJ et al. [179]

Ogihara Y et al. [180]

2020

2021

2021

2021

2022

2022

2022

2023

Longitudinal
7606 US patients

Longitudinal
4908 US patients
Intensive care

Longitudinal
609 US hospitalized patients

Case control
COVID-19 -/+ (288 vs. 543)

Longitudinal
176,137 German hospitalized
patients

Retrospective analysis of EMRs
8751 US hospitalized patients

RECOVER registry
27,051 US ED patients admitted
to ED

CLOT-COVID study
2894 Japan patients

BMI
(OB prevalence 44%)

BMI
(OB prevalence 52%)

BMI
(OB prevalence 42%)

BMI
Mean 25.5/28 kg/m?

BMI
(OB prevalence 5.3%)

BMI
(OB prevalence 50%)

BMI
(OB prevalence 5.3%)

BMI
(OB prevalence 18%)

VTE
All-cause death
ETI

Thrombotic events
Death

VTE
Myocardial injury

vWEF activity
ADAMTS13 activity

VTE
MACCE
ARDS

VTE
All-cause death

VTE
All-cause death

VTE
All-cause death
ETI

Beside a higher risk of mortality
and ETI in OW/OB, the severe
OB group showed a signifi-
cantly higher risk of VTE (HR
2.28 [95% CI 1.48-3.51)),
confirmed in adjusted analyses

Despite a lower death prevalence
for BMI > 30 kg/m?, BMI failed
to predict any thrombotic event
or death at adjusted analyses.
Rather BMI was associated
with higher risk of developing
ARDS and AKI-RRT

OB patients were significantly
younger and at higher risk of
developing VTE in class I (OR
2.54 [95% CI 1.05-6.14]) or 11T
(OR 3.95[95% CI 1.4-11.4]).
Class II obesity was also at
higher risk of myocardial injury
(OR 2.15[95% CI 1.12-4.12])

vWEF but not ADAMTS13
activities increased in OW/
OB COVID-19 +vs. — patients.
However, there were no differ-
ence across BMI categories in
COVID-19 + patients

Beside a higher risk of MACCE
and ARDS, OB increase the
risk of VTE (OR 1.78 [95% CI
1.61-1.97])

Not OB but diabetes was associ-
ated with higher risk of mortal-
ity (OR 1.50 [1.25-1.80]) and
developing VTE (OR 1.47
[1.17-1.84])

OB was associated with the
likelihood to COVID-19 posi-
tivity at admission (OR 1.13
[1.08-1.20]). The risk of VTE
increased with BMI classes
but the greater association was
found with MetS (OR 1.67
[1.22-2.30])

Despite a higher risk of all-cause
death, OB did not increase that
of VTE in COVID-19 patients
(OR 1.39 [95% CI 0.68-2.84])

The table summarizes the study found on PubMed with the search line ((COVID [Ti]) OR (SARS [Ti])) AND ((obes* [Ti]) OR (BMI [Ti]) OR
(body mass index [Ti])) AND ((thromb*) OR (coag*))

US united states, BM body mass index, OB people living with obesity (defined by a BMI>30 kg/m?), VTE venous thromboembolism, ETI
endotracheal tube intubation, OW overweight, HR hazard ratio, CI confidence interval, ARDS acute respiratory distress syndrome, AKI-RRT
kidney injury requiring renal replacement therapy, OR odds radio, VWF von Willebrand factor, MACCE major acute cardiac and cerebrovascular

events
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