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The incidence of atherosclerotic cardiovascular disease is increasing globally, especially in low- and middle-income

countries, despite significant efforts to reduce traditional risk factors. Premature subclinical atherosclerosis has been

documented in association with several viral infections. The magnitude of the recent COVID-19 pandemic has highlighted

the need to understand the association between SARS-CoV-2 and atherosclerosis. This review examines various

pathophysiological mechanisms, including endothelial dysfunction, platelet activation, and inflammatory and immune

hyperactivation triggered by SARS-CoV-2 infection, with specific attention on their roles in initiating and promoting

the progression of atherosclerotic lesions. Additionally, it addresses the various pathogenic mechanisms by which

COVID-19 in the post-acute phase may contribute to the development of vascular disease. Understanding the overlap of

these syndromes may enable novel therapeutic strategies. We further explore the need for guidelines for closer follow-up

for the often-overlooked evidence of atherosclerotic cardiovascular disease among patients with recent COVID-19,

particularly those with cardiometabolic risk factors. (JACC Adv. 2024;3:101107) Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
A therosclerosis, with its major long-term com-
plications such as myocardial infarction (MI)
and stroke, is increasing globally, especially

in low- and middle-income countries.1 Despite efforts
targeting traditional risk factors, the incidence of
atherosclerotic cardiovascular disease (ASCVD)2
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remains high. Notably, even young individuals and
those without classical risk factors may develop
ASCVD.3

Premature subclinical atherosclerosis is docu-
mented in patients with HIV, hepatitis C, cytomega-
lovirus, influenza, and tuberculosis.4,5 Beyond direct
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HIGHLIGHTS

� SARS-CoV-2 infection can markedly in-
fluence the initiation and progression of
atherosclerotic lesions.

� Endothelial dysfunction, platelet activa-
tion, and persistent inflammation are
potential drivers of increased athero-
sclerosis following COVID-19.

� Understanding the pathogenesis of
atherosclerosis in COVID-19 can provide
insights into cardiovascular disease
mechanisms in other chronic infections.

� Recognizing the cardiovascular implica-
tions of long COVID-19 highlights the
importance of proactive risk management
and advocates for further research into
this topic.

ABBR EV I A T I ON S

AND ACRONYMS

ACE2 = angiotensin-converting

enzyme 2

ASCVD = atherosclerotic

cardiovascular disease

EC = endothelial cell

ICAM = intercellular adhesion

molecule

IFN = interferon

IL = interleukin

MCP = monocyte

chemoattractant protein

MI = myocardial infarction

NF-kB = nuclear factor kappa-

light-chain-enhancer of

activated B cells

NO = nitric oxide

PF4 = platelet factor 4

PRR = pattern recognition

receptor

ROS = reactive oxygen species

SMC = smooth muscle cell

STEMI = ST-segment elevation

myocardial infarction

TF = tissue factor

TLR = Toll-like receptor

TNF = tumor necrosis factor

VCAM = vascular cell adhesion

molecule
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pathogen effects, the resultant systemic or
organ-specific inflammatory response may
drive atherosclerosis initiation and progres-
sion.6 Furthermore, inflammation can trigger
a local vascular reaction within arterial pla-
ques, resulting in plaque disruption, throm-
bosis, and acute ischemic events.6

Considering the global impact of the
COVID-19 pandemic,7 it is imperative to un-
derstand its association with atherosclerosis.
Endothelial cell (EC) dysfunction, an early
event, and the subsequent platelet activation
and adhesion to the activated endothelium
are central to both atherosclerosis3 and
COVID-19,8,9 suggesting a major link between
them. Though other viral infections10 can
trigger pro-inflammatory cytokine release,
the immune overactivation in SARS-CoV-2
infection is particularly severe, enhancing
EC dysfunction and perpetuating this vicious
cycle.8

Our review focuses on the various patho-
physiological mechanisms triggered by SARS-
CoV-2 infection that can initiate and promote
atherosclerotic lesions. Given the high fre-
quency of persistent symptoms and sequelae
in patients who recovered from COVID-19,11

we also explore the pathogenesis of
vascular disease in long-COVID-19 and the
need for guidelines for follow-up and evalu-
ation of ASCVD, particularly among those with car-
diometabolic risk factors.

DATA SOURCES AND SEARCH STRATEGY. To un-
derstand the interconnected mechanisms between
COVID-19 and atherosclerosis, we conducted a
comprehensive search of literature published up to
July 2023 in PubMed and Embase and updated it in
February 2024. We used Medical Subject Headings
and keywords in various combinations, including
“COVID-19,” “SARS-CoV-2,” and/or “atherosclerosis,”
“arteriosclerosis,” “coronary artery disease,”
“vascular,” “ASCVD,” “coronary syndrome,”
“myocardial infarction,” “ischemia,” and/or “patho-
physiology,” “mechanisms,” “etiology.” For
exploring mechanisms specific to long-COVID-19, we
used “long-COVID-19,” “long-haul COVID,” “post-
acute COVID,” “persistent COVID-19,” “post-acute
sequelae of SARS-CoV-2,” “chronic COVID,” and
“COVID-19” in conjunction with “follow-up,” “post-
infection,” or “sequelae.” Additionally, we reviewed
reference lists from pertinent reviews and editorials
to ensure a thorough exploration of the topic.
CLINICAL CORONARY SYNDROMES DURING

THE ACUTE PHASE

Patients with pre-existing cardiovascular disease
and risk factors have a worse prognosis with
COVID-19.12,13 Conversely, the acute phase of
COVID-19 is linked to acute ischemic events.14

Around 20% of hospitalized patients with COVID-19
exhibit myocardial injury, as evidenced by elevated
cardiac troponins,15 likely secondary to plaque
rupture, coronary spasm, microthrombi, myocarditis,
cytokine storm, or direct endothelial or vascular
injury. Although individual autopsy studies reveal
varying observations regarding lymphocytic myocar-
ditis in COVID-19-associated myocardial injury,16,17 a
systematic review of cardiac findings from postmor-
tem studies identified myocardial cell necrosis and
myocardial edema as the most common findings, with
instances of focal or multifocal myocarditis being
relatively minor.18 The systematic review also notes a
median prevalence of 36.2% for microthrombi and
11.8% for acute MI.18 In 2 case series, nearly 30 to 40%
COVID-19 patients with ST-segment elevation
myocardial infarction (STEMI) showed nonobstructed
coronaries on invasive angiography.14,19 A North
American registry with 1,185 patients20 highlighted
the absence of a culprit artery in almost 20% of pa-
tients undergoing angiography for STEMI with
confirmed or suspected COVID-19.20 The findings
suggest viral effects beyond plaque destabilization,
highlighting direct and indirect pathways to cardiac
injury.



FIGURE 1 Endothelial Dysfunction in COVID-19

PAMPs, DAMPs, and pro-inflammatory cytokines, including IL-1, TNF-a, and IFN-g, may induce either reversible endothelial activation (type I and II) or cell injury

(apoptosis and necrosis). Created using Biorender.com. CRP ¼ C-reactive protein; DAMP ¼ damage-associated molecular pattern; ICAM ¼ intercellular adhesion

molecule; IFN ¼ interferon; IL ¼ interleukin; MCP ¼ monocyte chemoattractant protein; NF-kB ¼ nuclear factor-kB; Ox-cholesterol ¼ oxidized cholesterol;

PAMP ¼ pathogen-associated molecular pattern; TF ¼ tissue factor; TNF ¼ tumor necrosis factor; VCAM ¼ vascular cell adhesion molecule; vWF ¼ von-Willebrand

factor.
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STEMI patients with concurrent COVID-19 faced
higher risks, including in-hospital death, stroke,
recurrent MI, or repeat unplanned revascularization
compared to matched pre-COVID-19 STEMI pa-
tients.20 A UK retrospective cohort of patients with
STEMI reported that those with concurrent COVID-19
had higher troponin levels, modified thrombus
grades, and rates of multivessel thrombosis, as well as
increased use of glycoprotein IIb/IIIa inhibitors than
those without COVID-19.21 Atherosclerotic plaque
rupture and arterial thrombus formation in these
patients are likely due to EC dysfunction, platelet
activation, and concomitant systemic inflammation.22

These very similar mechanisms are also key to the
initiation and progression of atherosclerosis and are
further explored below.

ENDOTHELIAL DYSFUNCTION

ROLE IN ATHEROSCLEROSIS. The endothelium has
important functions in inflammation, immune mod-
ulation, vascular tone maintenance, and hemosta-
sis.23 EC dysfunction, an early step in atherosclerosis
preceding clinical symptoms, can be triggered by
oxidized cholesterol, hyperglycemia, infection,
inflammation, and hemodynamic processes.24

Notably, pathogen- and damage-associated molecu-
lar patterns (PAMPs and DAMPs, respectively), pro-



FIGURE 2 Role of ACE2 and Oxidative Stress in COVID-19

Ang II Is converted by ACE2 to Ang 1 to 7, leading to vasodilation, reduced vascular inflammation, and enhanced plaque stability through decreased endothelial

production of ROS, MMP-2, and MMP-9, and inhibition of NF-kB signaling. SARS-CoV-2 binding to ACE2 and subsequent cellular entry results in ACE2 internalization

and loss of its catalytic activity in the renin-Ang system, increasing Ang II levels and promoting an inflammatory, Procoagulant, and apoptotic endothelial phenotype.

Major ROS-producing systems in the vascular wall include NOX-2, xanthine oxidase, the mitochondrial respiratory chain, and uncoupled eNOS. SARS-CoV-2 infection,

via increased Ang-II, activates the AT1R receptor, leading to PKC and c-SRC activation, stimulating NOX-2 and increasing superoxide anion production and mito-

chondrial ROS release, thereby reducing NO bioavailability. Activated endothelial superoxide anions contribute to local oxidative stress, facilitating key atherogenesis

events. Created Using Biorender.com. ACE ¼ angiotensin-converting enzyme; Ang ¼ angiotensin; AT1R ¼ angiotensin II receptor type 1; c-Src ¼ cytoplasmic-Rho family

GTPase; eNOS ¼ endothelial nitric oxide synthase; IL ¼ interleukin; MCP ¼ monocyte chemoattractant protein; MMP ¼ matrix metalloprotease;

mtROS ¼ mitochondrial reactive oxygen species; NF-kB ¼ nuclear factor-kB; NO ¼ nitric oxide; NOX-2 ¼ nicotinamide adenine dinucleotide phosphate oxidase-2;

PKC ¼ protein kinase C; ROS ¼ reactive oxygen species; TNF ¼ tumor necrosis factor; VCAM ¼ vascular cell adhesion molecule.
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inflammatory cytokines (eg, interleukin [IL]-1, tumor
necrosis factor [TNF]-a, and interferon [IFN]-g) can
induce either reversible EC activation (type I and II)
or EC injury (apoptosis and necrosis)24 (Figure 1). In
type I EC activation (self-limited), immediate release
of prestored proteins occurs,25 while type II (modu-
lation of the functional phenotype) results in activa-
tion of transcriptional factors like nuclear factor-kB
(NF-kB),25 and de-novo synthesis of E-selectin, P-
selectin (CD62P), intercellular adhesion molecule
(ICAM)-1 or CD54, vascular cell adhesion molecule
(VCAM)-1 or CD106, von-Willebrand factor, tissue
factor (TF), IL-1, IL-8, monocyte chemoattractant
protein (MCP)-1, and fibrinogen. The endothelium
subsequently may undergo cell death (apoptosis or
necrosis), increasing inflammatory mediators and
further exacerbating endothelial damage.25

Vascular inflammation ensues when activated EC
express CAMs and secrete cytokines (TNF-a, IL-6),
and smooth muscle cells (SMCs) secrete chemokines
and chemoattractants (MCP-1/CCL2).25 This promotes
platelet activation and attracts monocytes, lympho-
cytes, and neutrophils, facilitating subsequent
transmigration and focal recruitment to the
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subendothelial space.26 Monocytes later differentiate
into macrophages, forming foam cells on oxidized li-
poprotein uptake.26 These mechanisms induce SMC
proliferation and extracellular matrix synthesis
within the intima, resulting in the classical fibro-
muscular atherosclerotic plaque. The above mecha-
nisms underscore the importance of EC dysfunction
in the pathogenesis of atherosclerosis.

EC DYSFUNCTION IN COVID-19. EC dysfunction is
central in the pathogenesis of COVID-19, primarily
affecting blood vessels in the heart, lungs, and brain.8

EC dysfunction triggers the release of inflammatory
mediators and upregulates adhesion molecules on
ECs, leading to leukocyte adherence and trans-
migration that compromise vascular barrier integrity,
contributing significantly to the acute phase of
COVID-19.8 These changes can precipitate macro-
vascular and microvascular events that impair organ
perfusion and exacerbate the severity of COVID-19.
SARS-CoV-2 is proposed to damage the endothelium
either via direct infection of ECs27,28 or via the more
accepted indirect interaction with EC29 through
circulating mediators and immune mechanisms.

DIRECT INTERACTION OF SARS-CoV-2 WITH EC.

Among COVID-19 patients with evidence of endo-
thelitis, Varga et al observed virus-like particles in
glomerular ECs with surrounding inflammatory
cells.30 In contrast, others found EC injury without
discernible virions in cells using electron micro-
scopy.31,32 While the presence of EC dysfunction in
COVID-19 is widely accepted, the role of direct
endothelial infection in COVID-19 pathogenesis re-
mains debated, with inconsistent findings supporting
both angiotensin-converting enzyme 2 (ACE2)-
dependent and independent mechanisms.

Role of ACE2 . ACE2 converts angiotensin (Ang) II to
Ang 1 to 7; this induces vasodilation, reduces vascular
inflammation33 and endothelial reactive oxygen spe-
cies (ROS),34 and enhances plaque stability through
decreased matrix metalloprotease-2 and matrix met-
alloprotease-9.33 Furthermore, ACE2 inhibits NF-kB
signaling, decreasing the secretion of pro-
inflammatory cytokines (TNF-a and IL-6), and atten-
uating leukocyte adhesion through reduced expres-
sion of VCAM-1 and MCP-1.34

In various cells, SARS-CoV-2 binding to membrane-
bound ACE2 may result in ACE2 internalization,
conferring an inflammatory phenotype by disrupting
ACE2 activity in the renin-Ang system and increasing
Ang II (Figure 2).28 Concurrently, SARS-CoV-2 pro-
motes ACE2 ectodomain shedding, generating soluble
ACE2,35 which is more abundant in the circulation of
patients with vascular disease.36 Though various
human tissues express ACE2 mRNA, its expression in
vascular ECs is debated.37,38

Early studies showed that SARS-CoV-2 infects ECs
via surface ACE2,27,28 which is inhibited by recombi-
nant human ACE2.27 When SARS-CoV-2 was inocu-
lated in vitro into ECs from various human tissues,
SARS-CoV-2 spike (S) protein was uniquely detected
in coronary artery ECs, which was attributed to their
ACE2 expression.39 Furthermore, high-density lipo-
protein-scavenger receptor B type 1,40 expressed in
various cell types, including ECs, facilitates ACE2-
mediated SARS-CoV-2 entry.

However, other clinical, transcriptomic, and
epigenetic data question whether the virus directly
infects ECs via ACE2,38,41 citing very low or absent
basal or inducible ACE2 expression in ECs compared
to respiratory or gastrointestinal cells.38 Occasional
ACE2 expression (usually a single transcript) in ECs
might reflect true expression or contamination from
adherent pericyte fragments.38 Further high-
resolution microscopy studies are needed to deter-
mine the cellular source of ACE2 in the vasculature.
Despite early hypotheses linking ACE inhibitors to
increased SARS-CoV-2 infection risk by increasing
endothelial ACE2 expression, current evidence re-
futes increased COVID-19 risk or severity among pa-
tients taking these drugs.42 Furthermore, it is
essential to note that future studies are needed to
determine whether modulation of ACE2-SARS-CoV-2
interaction or the renin-angiotensin system could
mitigate ASCVD following COVID-19.

ACE2- independent cel l sur face receptors . Sev-
eral ACE2-independent cell surface receptors have
been proposed for SARS-CoV-2. Neuropilins, highly
expressed in ECs and epithelial cells, influence
vascular permeability and immune regulation.43

Neuropilin 1, a coreceptor of vascular endothelial
growth factor in ECs, is implicated in SARS-CoV-2
infectivity via interactions with unique Furin-
generated substrates of S1.43 CD147, another EC re-
ceptor, facilitates dose-dependent SARS-CoV-2 entry
in ACE2-deficient cells.44

While these EC surface receptors may represent
alternate viral entry pathways, further in-vivo vali-
dation is needed. As detailed below, current evidence
points more toward indirect mechanisms, including
immune cell and platelet activation, as well as
increased circulating pro-inflammatory cytokines, for
the EC dysfunction observed in severe COVID-19
patients.45

SIGNALING PATHWAYS AND OTHER MECHANISMS IN

COVID-19-ASSOCIATED EC DYSFUNCTION. Act ivat ion
of NF-kB. The transcription factor NF-kB, crucial
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in EC activation toward a pro-inflammatory
phenotype, is primed for greater activation in
atherosclerosis-prone arterial regions.46 Several
pathogenic stimuli for EC dysfunction stimulate
pattern recognition receptors (PRRs) like Toll-like
receptors (TLRs)46 and depend on subsequent NF-kB
signaling. This induces the expression of pro-
inflammatory cytokines (IL-1, IL-6, IL-8, IL-12,
and TNF-a), adhesion molecules, and chemokines
(MCP-1, IL-18, and RANTES), driving atherosclerosis
via EC dysfunction, leukocyte infiltration, and SMC
migration and proliferation.47

While mechanisms of NF-kB activation, such as
increased oxidative stress seen in other viral in-
fections, including influenza,48 HIV,49 and HTLV-1,50

are also present in COVID-19,51 pathways unique to
SARS-CoV-2 infection exist. The SARS-CoV-2 S pro-
tein promotes NF-kB nuclear translocation through
IkBa degradation, increasing expression of adhesion
molecules, FVIII, TF, and pro-inflammatory cytokines
(TNF-a, IL-1b, and IL-6).52 Furthermore, the SARS-
CoV-2 nucleocapsid (N) protein enhances the
association between the TAK1 (transforming growth
factor-b activated kinase 1) and IKK (IkB kinase)
complex, facilitating NF-kB hyperactivation.53 On the
other hand, ACE2-deficient ECs, resistant to SARS-
CoV-2 infection, showed increased activation
compared to those expressing ACE2, possibly due to
NF-kB upregulation following TLR4 activation;
conversely, a TLR4 antagonist inhibited this activa-
tion.54 Furthermore, the SARS-CoV-2 S and N proteins
activate ECs through TLR-2/NF-kB and mitogen-
activated protein kinase pathways, inducing inflam-
mation without viral entry.55

Such NF-kB upregulation in COVID-19, through the
aforementioned pathways, subsequently potentiates
the inflammatory response.52 Furthermore, NF-kB
modulates the NLRP3 (nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-
containing-3) inflammasome, enhancing immune
activation in COVID-19.56 Although NF-kB activation
may play a role in the pathogenesis of COVID-19-
related atherosclerosis, future studies are needed to
evaluate whether drugs modulating NF-kB are bene-
ficial in this aspect.
Increased expression of VCAM-1 and ICAM-1. The
expression of VCAM-1 and ICAM-1, which are local-
ized to the endothelium in atherosclerosis-
susceptible arterial regions, precedes monocyte
recruitment and forms important links between
inflammation and atherosclerosis.57,58 Monocytes and
lymphocytes bind to VCAM-1 on ECs via the counter-
receptor VLA-4 (integrin a4b1) and to ICAM-1 via LFA-
1(integrin aLb2).57,58 Plasma levels of soluble
sVCAM-1 and sICAM-1 correlate with atherosclerotic
lesion burden59 and predict future cardiovascular
events.59

In COVID-19, elevated plasma levels of sVCAM-1
and sICAM-1 correlate with disease severity.60 While
the precise mechanism of elevation of ICAM-1 and
VCAM-1 in SARS-CoV-2 infection is unclear, it appears
to be driven by virus-induced inflammatory response
and EC activation.61 Severe COVID-19 triggers a
cytokine storm, leading to upregulation of these
adhesion molecules, facilitating leukocyte adhesion
and migration, exacerbating vascular inflammation.
Rotoli et al62 showed that SARS-CoV-2 spike protein
activates EC, with pro-inflammatory mediators from
spike-activated macrophages further amplifying this
activation, thereby leading to upregulation of VCAM-1
and ICAM-1. Elevated VCAM-1 levels persisted in
COVID-19 patients for several months, normalizing
after a year,63 while ICAM-1 levels remained elevated
16 months postinfection,64 indicating persistent EC
activation. The effect of ICAM inhibitors, such as
Resveratrol, on COVID-19-associated atherosclerosis
is yet to be explored.
Nitr i c ox ide and ox idat ive stress . Major vascular
ROS–producing systems include nicotinamide
adenine dinucleotide phosphate oxidase-2, the
mitochondrial respiratory chain, xanthine oxidase,
and uncoupled endothelial nitric oxide (NO) syn-
thase.65 Oxidative stress, augmented by car-
diometabolic risk factors, is countered by superoxide
dismutase and glutathione.66 EC dysfunction en-
hances oxidative stress, facilitating key atheroscle-
rosis events, like oxidative modification of
phospholipids and lipoproteins and macrophage
activation, while endothelial NO inhibits them.65,66

SARS-CoV-2 increases superoxide anion produc-
tion and mitochondrial DNA release, leading to TLR9
and NF-kB activation,67 increased oxidative stress,
and decreased NO bioavailability.68 In ECs, AT1R
activation stimulates ROS generation via nicotin-
amide adenine dinucleotide phosphate oxidase-2,
limiting NO bioavailability.69 While endothelial NO
synthase constitutively produces endothelial NO,
inducible NO synthase activation induces higher
levels during inflammation. Montiel et al observed
elevated NO levels in a pre-COVID-19 septic shock
cohort compared to those with COVID-19, possibly
due to neutrophil activation and cytokine-dependent
inducible NO synthase68 induction in sepsis, while
suggesting unique oxidative stress mechanisms un-
related to renin-Ang system hyperactivity or neutro-
phil activation in COVID-19.68



FIGURE 3 Platelet Activation in COVID-19

Key mechanisms for platelet activation in atherosclerosis include: 1) platelet adhesion to endothelium via cell-adhesion molecules, forming platelet-leukocyte

aggregates that promote monocyte migration into the intima, and 2) release of inflammatory mediators by activated platelets that stimulate the vascular endothelium

and innate immune cells. SARS-CoV-2-platelet interaction occurs through ACE2-dependent and independent mechanisms, such as other platelet receptors or

non-receptor pathways, initiating platelet adhesion and activation. Activated platelets undergo a conformational change to a stellate appearance, facilitating

leukocyte recruitment. Platelet activation leads to degranulation, and release of alpha and dense granules, and platelet extracellular vesicles (EVs). SARS-CoV-2

infection also triggers platelet release of pro-inflammatory cytokines, modulating the local immune response. Created Using Biorender.com. ADP ¼ adenosine

diphosphate; CCL ¼ C-C motif ligand; CRP, C-reactive protein; CXCL ¼ C-X-C motif ligand; FcR ¼ Fc receptor gamma chain; GP ¼ glycoprotein; Fc receptor for IgG

(FcgRIIA); ICAM ¼ intercellular adhesion molecule; IFN ¼ interferon; IL ¼ interleukin; MCP ¼ monocyte chemoattractant protein; NO ¼ nitric oxide; PAR ¼ protease-

activated receptor; PCI ¼ prostacyclin; PDGF ¼ platelet-derived growth factor; PF ¼ platelet factor; PSGL ¼ P-selectin glycoprotein ligand; RANTES ¼ Regulated

Upon Activation, Normal T Cell Expressed and Presumably Secreted Chemokine; ssRNA ¼ single-stranded RNA; TF ¼ tissue factor; TLR ¼ Toll-like receptor;

TNF ¼ tumor necrosis factor; VCAM ¼ vascular cell adhesion molecule; vWF ¼ von-Willebrand factor.
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PLATELET ACTIVATION

ROLE OF PLATELETS IN ATHEROSCLEROSIS. Plate-
lets and platelet-derived factors play well-
characterized roles in atherosclerosis initiation and
progression70: 1) platelet adhesion to endothelium
and formation of platelet-leukocyte heterotypic
aggregates, enabling leukocyte transmigration;
and 2) release of pro-inflammatory cytokines and
chemokines, such as platelet factor 4 (PF4), by acti-
vated platelets and platelet-monocyte aggregates,
activating ECs and innate immune cells.71
PLATELETS AND COVID-19. Though the majority of
platelets becomes hyperactivated in COVID-19,9,72,73 a
small fraction becomes functionally defective.74 The
mechanisms of interaction between SARS-CoV-2 and
platelets and/or megakaryocytes remain a subject
of debate.
Direct interac t ion and interna l i zat ion of SARS-
CoV-2 into p late lets . Direct interaction of SARS-
CoV-2 with platelets and hyperactivation was pro-
posed following SARS-CoV-2 RNA detection in plate-
lets of COVID-19 patients.9,72 Although an ACE2-
dependent75 interaction was hypothesized, platelet



FIGURE 4 Inflammatory and Immune Mechanisms in the Association of COVID-19 and Atherosclerosis

Continued on the next page
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ACE2 expression remains unconfirmed.9,72 Other
studies indicated ACE2-independent mechanisms,76

including: 1) direct interaction with other platelet
receptors, such as CD147,44 Fc receptor for IgG
(FcgRIIA), CD26,9 CD42b,77 and TLR7 in endocytosed
vesicles; and 2) nonreceptor pathways, like micro-
pinocytosis and phagocytosis of SARS-CoV-2-
containing apoptotic cell-fragments or microparti-
cles into platelets.78

Koupenova et al79 demonstrated the ability of
platelets to internalize SARS-CoV-2 without support-
ing replication, leading to viral degradation. These
platelets fail to activate and undergo morphological
changes, like membrane budding and ultimately
programmed cell death,79 partly explaining the
thrombocytopenia in COVID-19 patients. Released
extracellular vesicles from these platelets further
amplify immune and cytokine dysregulation.74

Ind i rec t interact ions wi th plate lets . Despite
divergent mechanisms proposed for SARS-CoV-2
platelet interactions, consensus exists that platelet
activation occurs during COVID-19. Puhm et al
observed no platelet activation even at high viral
concentrations without coagulation factors, suggest-
ing that direct platelet–SARS-CoV-2 interactions
might be too rare to explain platelet hyper-
activation.80 Instead, in COVID-19 patients, elevated
TF levels, arising from activated ECs and macro-
phages,81 initiate the coagulation cascade with sub-
sequent thrombin generation, which, even under low
concentrations, may potentially activate platelets via
protease-activated receptor-1 and -4.82

Plate let adhes ion and act ivat ion , CD40L, and
P-se lect in . EC dysfunction leads to NO-prostacyclin
imbalance, as well as upregulation of endothelial
CAMs, promoting platelet adhesion.25 Following
adhesion at the site of EC activation (to P-selectin,
ICAM-1, etc), or EC injury (to subendothelial collagen
FIGURE 4 Continued

Pro-inflammatory cytokines, IL-1b and TNF-a, Induce monocyte transmig

The Th1 response exacerbates atherosclerosis; IL-12 and IL-18 from mac

junctions, enhances monocyte infiltration, foam-cell formation, smooth m

SARS-CoV-2 spike protein binds to ACE2, is internalized into endosomes

through PRRs like TLRs, RLRs, and NLRs. Many viruses activate TLR signa

pathways. Normally, NF-kB is inactive, bound to IkB in the cytosol. In the

NEMO), leading to IkB phosphorylation, ubiquitination, and degradation

CAMs, pro-inflammatory factors, including TNF-a, IL-6, and IL-1, as well

converting enzyme; AP ¼ activator protein; ASC ¼ adaptor protein; DAM

GSDMD ¼ gasdermin D; ICAM ¼ intercellular adhesion molecule; IFN ¼ in

IRF ¼ IFN regulatory factors; MAPKs ¼ mitogen-activated protein kinas

associated gene 5; MyD88 ¼ myeloid differentiation primary response 88

pyrin domain containing; PAMP ¼ pathogen-associated molecular patter

TBK1 ¼ TANK-binding kinase 1 (TBK1); TF ¼ tissue factor; TNF ¼ tumor

molecule.
via platelet glycoprotein VI),25 platelets assume the
classical activated stellate appearance (Figure 3).
Activated platelets express markers like P-selectin,
CD40L, TLRs, FcgRIIA, and activated integrin GP IIb
IIIa, enhancing aggregation, degranulation (serotonin
and PF4), and the release of extracellular vesicles.72

CD40 L on activated platelets triggers EC activation
and secretion of MCP-1 and IL-8.83 MCP-1 production,
additionally attributed to endothelial NF-kB activa-
tion by platelet-derived IL-1b84 and platelet adhesion
to SMCs, augments SMC migration, which is crucial
for atherogenesis.

Interactions between platelet P-selectin and
leukocyte P-selectin glycoprotein ligand-1 facilitate
leukocyte transmigration85 and influence plaque
initiation and their cellularity. Interaction with P-
selectin glycoprotein ligand-1 stimulates P-selectin
shedding,85 with elevated soluble P-selectin (sP-
selectin) levels in plasma being linked to an increased
risk of MI and stroke.86

Regardless of COVID-19 severity, platelets exhibit
increased expression of P-selectin and CD40 L,9

enhancing platelet-leukocyte interactions and TF
expression.9,72,73 Treatment with crizanlizumab, tar-
geting P-selectin, resulted in sustained P-selectin
inhibition and antithrombotic effects in patients with
COVID-19.87

Plate let degranulat ion and cytok ine re lease . In
COVID-19 patients, platelet degranulation leads to
the release of sP-selectin, sCD40 L (soluble), PF4,
RANTES, serotonin, and sGPVI, correlating with dis-
ease severity.72,76 PF4 and RANTES stimulate mono-
cyte differentiation into macrophages,88 while
serotonin causes vasoconstriction and activation of
ECs and platelets (along with ADP).89 SARS-CoV-2
induces pro-inflammatory cytokine release from
activated platelets, impacting local immune re-
sponses.72 This might result from altered
ration, differentiation into macrophages, and foam cell formation in atherosclerotic plaques.

rophages promote Th1 Differentiation and IFN-g secretion, which disrupts endothelial

uscle proliferation, and plaque destabilization. Image inset: activation of PRRs in SARS-CoV-2.

post-cathepsin-mediated cleavage, releasing viral RNA. Innate immune cells detect this

l transduction via MyD88, except TLR3, which uses TRIF, activating NF-kB, MAPKs, and IRF

canonical pathway, inflammatory stimuli activate the IkB Kinase (IKK) complex (IKKa, b, g or

. This releases NF-kB to enter the nucleus and initiate transcription of target genes including

as innate immune sensors, such as NLRP3. Created Using Biorender.com. ACE ¼ angiotensin-

Ps ¼ damage-associated molecular patterns; dsRNA, double-stranded RNA;

terferon; IKK ¼ IkB kinase; IL ¼ interleukin; IRAK1 ¼ interleukin 1 receptor-associated kinase 1;

es; MCP-1 ¼ monocyte chemoattractant protein-1; MDA-5 ¼ anti-melanoma differentiation-

; NF-kB ¼ nuclear factor-kB; NLRs ¼ NOD-like receptors; NLRP3 ¼ Nod-like receptor family

n; RLR ¼ RIG I-like receptor; S ¼ SARS-CoV-2 spike protein; ssRNA ¼ single-stranded RNA;

necrosis factor; TRAF1 ¼ TNF receptor-associated factor 1; VCAM ¼ vascular cell adhesion
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transcriptional profiles of megakaryocytes, with sub-
sequent transfer of mRNA transcripts to newly
formed platelets.9 Hence, platelets and ECs mutually
amplify the inflammatory response in COVID-19.

Though the role of platelet hyperactivation in
thrombosis and coagulopathy in COVID-19 is well
established, further research into the above-
described putative pathways linking platelet
dysfunction in COVID-19 to atherosclerosis is essen-
tial to elucidate the precise mechanisms. Additional
studies are necessary to determine whether drugs
targeting these pathways offer therapeutic benefits in
this aspect.

ROLE OF INFLAMMATION AND IMMUNITY

IMMUNE RESPONSE AND ATHEROSCLEROSIS. In-
flammatory processes, along with the innate and
adaptive immune system, drive the initiation and
progression of atherosclerosis3 and are associated
with future cardiovascular events beyond traditional
cardiovascular risk factors. Inflammation triggers EC
dysfunction, platelet activation, monocyte trans-
migration, and foam cell formation.90 The peripheries
of atherosclerotic plaques contain abundant innate
(activated macrophages, dendritic cells, and NK-T-
Cells) and adaptive (T cells) immune cells. TNF-a
and IL-1 are especially relevant, as they promote the
expression of other cytokines, CAMs, and vascular
SMC migration and mitogenesis.3

Although T cells generally exacerbate atheroscle-
rosis (specifically the pro-atherogenic Th1 response),
certain subsets limit inflammation and plaque com-
plications. Antigen exposure and IL-12 and IL-18 from
macrophages induce Th1 differentiation91,92 and
IFN-g secretion, promoting atherosclerosis via EC
junction disruption, foam-cell formation, matrix
degradation, and plaque destabilization.93 The role of
CD8þ T cells in atherosclerosis remains unclear,
while Treg cells have well-known anti-atherosclerotic
properties.94

INNATE IMMUNITY AND COVID-19. The innate im-
mune system is crucial in every step of SARS-CoV-2’s
interaction with host cells, influencing viral entry,
association with PRRs, initiation of signaling path-
ways, and cytokine production. Figure 4 illustrates
the inflammatory and immune mechanisms linking
COVID-19 and atherosclerosis.
SARS-CoV-2 v i ra l entry and PRR sens ing . Upon
SARS-CoV-2 S protein binding to the ACE2 receptor,
the virus either releases its genomic RNA into the
cytoplasm after viral-host membrane fusion28 or is
internalized into endosomes after cathepsin-
mediated cleavage.95 Key innate immune cells
possess PRRs in the cell surface, endosomes, or
cytoplasm to respond to PAMPs or DAMPs.96 PRRs
relevant in COVID-19 include TLRs, RIG I-like
receptors, and NOD-like receptors. Viruses often
trigger TLR signaling via MyD88; however, TLR3
signals exclusively through TRIF, activating down-
stream NF-kB, mitogen-activated protein kinases,
and IFN regulatory factors. Their nuclear trans-
location results in the transcriptional activation of
pro-inflammatory cytokines (eg, TNF-a, IL-6, and
IL-1) and innate immune sensors like NLRP3
(Figure 4).

TLR3 activation enables TRIF signaling, leading to
IFN production.97 Studies highlight the role of TLR2
in innate immune activation in COVID-19,98 alongside
TLR1, TLR4, and TLR6, with TLR4 demonstrating the
highest affinity for the virus.99 Additionally, TLR7
and TLR8 are known to recognize antiphospholipid
antibodies100 found in patients with severe COVID-19.
Furthermore, RIG I-like receptors (MDA-5 and RIG-1),
which are key IFN pathway regulators, sense the
intracellular single-stranded RNA of SARS-CoV-2.101

Inflammasome act ivat ion . Inflammasomes, partic-
ularly NLRP3, are ring-like structures that assemble
upon innate immune activation (Figure 4) and are
pivotal in atherosclerosis by converting pro–IL-1b to
IL-1b and enhancing expression of endothelial adhe-
sion molecules (E-selectin, ICAM-1, and VCAM-1).102

Additionally, neutrophil extracellular traps, choles-
terol crystals, ox-LDL cholesterol, and shear stress
contribute to NLRP3 inflammasome assembly in
atherosclerosis.103

SARS-CoV-2 activates NLRP3 inflammasome
directly or indirectly, triggering cytokine (IL-1b and
IL-18) release and activation of the pyroptosis
pathway.104 Colchicine, an NLRP3 inflammasome
inhibitor, has been found to improve outcomes in
COVID-19 patients.105 Thus, NLRP3 inflammasome
may amplify the inflammation associated with
COVID-19, potentially accelerating the progression of
atherosclerosis.
Cytokine signaling and cell death. Severe COVID-19 trig-
gers a systemic inflammatory response, leading to
multi-organ damage.13 Elevated cytokines (IL-1b,
IL-6, TNF-a, IFN-g, macrophage inflammatory protein
1a and 1b) and chemokines (CCL-2, CCL-3, and CCL-5)
correlate with higher viral loads106 and worse
COVID-19 prognosis.13,106 ECs, when exposed to
pro-inflammatory cytokines, initiate transcriptional
programs, inducing the expression of adhesion
molecules and chemokines, promoting leukocyte
recruitment and inflammation.107 This results in EC
injury, increased vascular permeability, and end-
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organ damage.108 Through this amplification loop,
ECs constitute a significant source of pro-
inflammatory cytokines, characteristic of the cyto-
kine storm in COVID-19.108 This excessive inflamma-
tion can persist due to pre-existing cardiometabolic
risk factors and promote atherogenesis independent
of hyperlipidemia.109

Potent ia l therap ies target ing key intermediates
in inflammat ion . Canakinumab, an IL-1b neutral-
izing antibody, reduced major adverse cardiovascular
events in the CANTOS trial,110 while anakinra, inhib-
iting both IL-1a and IL-1b, was shown to reduce in-
flammatory markers post-NSTEMI.111 Both agents
improved the duration of hospital stay and short-
term outcomes in patients with moderate-to-severe
COVID-19.112,113 The utility of IL-1 inhibitors in
COVID-19-related atherosclerosis warrants further
investigation.

IL-6 inhibitors, like tocilizumab and ziltivekimab,
have demonstrated cardiovascular benefits, including
attenuated inflammatory response and decreased
troponin release post-PCI in NSTEMI patients.114 They
also showed improved myocardial salvage, as
measured by magnetic resonance imaging, in patients
with STEMI.115 Additionally, in severe COVID-19 pa-
tients, tocilizumab reduced short-term mortality as
demonstrated in the REMAP-CAP116 and RECOVERY
trials,117 underscoring its potential in acute inflam-
matory settings and possibly in COVID-19-related
cardiovascular complications.

Colchicine, while not directly beneficial in the
prognosis of COVID-19, has shown significant anti-
inflammatory properties in cardiovascular settings.
It downregulates E-selectin expression and decreases
NLPR3 inflammasome activation, suppressing IL-1b
and IL-6 release, which are critical inflammatory
mechanisms in atherosclerosis.118 A meta-analysis
revealed that low-dose colchicine reduced the risk
of major adverse cardiovascular and the need for
coronary revascularization across a broad spectrum of
patients with coronary disease.119 Currently, no
studies have evaluated targets in the inflammatory
pathways regarding post-COVID-19 atherosclerosis. A
comprehensive discussion of potential therapies is
beyond the scope of this manuscript; readers are
referred to more detailed reviews elsewhere.120,121

POST-ACUTE SEQUELAE OF COVID-19

Post-acute sequelae of COVID-19 (PASC), also called
post-acute COVID-19 syndrome or long-COVID, in-
volves sequelae 1 to 3 months after SARS-CoV-2
infection,122,123 with major cardiac symptoms
including fatigue, dyspnea, chest pain, and
palpitations.124,125 While several reports highlight
myocarditis, postural orthostatic tachycardia syn-
drome, arrhythmias, and venous thromboembo-
lism,123,126 there is growing attention to the long-term
risk of subclinical vascular pathology and clinical
coronary artery disease, as nearly one-third of PASC
patients and half of cardiac referrals post-COVID-19
report chest pain.124,125 Although the true ASCVD
burden post-acute COVID-19 remains undefined,
emerging studies suggest an increased risk (Table 1).
The influence of various SARS-CoV-2 variants,
COVID-19 vaccination,139 and in-hospital therapies140

on the risk of developing ASCVD post-COVID-19 re-
mains an area for future investigation. The patho-
genic mechanisms implicated in long COVID-19-
related ASCVD are detailed below and depicted in
the Central Illustration.

PATHOGENIC MECHANISMS IN PASC. Vira l ant igen
pers i s tence . Besides infectious particles in airways
during acute COVID-19, viral RNA and antigens are
detected in the central nervous system and
lymphoid organs,141 as well as in the feces for
months.142 However, these RNA or antigen
reservoirs143 in PASC do not appear to reflect
persistent or latent viral infection, as the virus
cannot be cultured from these sources.142 Peluso
et al demonstrated circulating SARS-CoV-2 S protein
in PASC patients 12 months post-diagnosis, but N
protein less frequently, arguing against active
viral reservoirs.144

Immune mechan isms and dysregulat ion . Pos-
tinfection, most patients generate long-lasting SARS-
CoV-2-specific CD4þ and CD8þ T-cell and B-cell re-
sponses,145 often increasing over time,145,146 which
are independent of COVID-19 vaccination status147

and unrelated to prolonged viral replication or de-
novo antigen production.148 At 6 months, S-specific
CD4þ TCR clonal depth correlated with COVID-19
severity and long COVID symptoms,149 while CD8þ

T-cell responses correlated with pre-existing lung
disease. Follicular dendritic cells retain SARS-CoV-2
antigens in germinal centers for months, driving
memory B-cell maturation,146 with unique immuno-
globulin signatures in PASC patients.150 Vaccinated
individuals showed reduced risk151 and earlier reso-
lution of long COVID-19 symptoms,152 possibly due to
faster return to immunological baseline or antigen
clearance.

In acute COVID-19, T cells and NK cells decline due
to SARS-CoV-2-induced apoptosis.153 However, 9 to
12 months postinfection, PASC patients exhibited
increased CD4þ and CD8þ effector T cells, Th9 cells,
and naive B cells,154 arguing against sustained T-cell
dysfunction.147 After infection, heightened Th9154



TABLE 1 Studies Assessing the Risk of Atherosclerotic Cardiovascular Diseases (ASCVD) in Post-COVID-19 Patients

First Author, Year
(Country)

Type of Study and
Study Setting Study Group Comparison Group Outcomes

Ziyad Al-Aly,
2021127 (USA)

Retrospective cohort
National health care databases of the U.S.

Department of Veterans Affairs

Nonhospitalized post-
COVID-19 patients
from VHA
(N ¼ 73,435)

Non-COVID-19
Control group
(N ¼ 4,990,835)

Myocardial infarction (I21-I22)
Other acute coronary syndromes (I24)
Angina (Chest pain) (I20)
Stroke (I63)

Wang, 2022128

(USA)
Retrospective cohort
U.S. Collaborative Network in TriNetX

Post-COVID-19 patients
(N ¼ 690,892)

Non-COVID-19 Control
group (N ¼ 690,892)

(1:1 propensity score
matched)

Myocardial infarction (I21-I22)
Other acute coronary syndromes (I24)
Angina (Chest pain) (I20)
Stroke (I63)

Xie, 2022129 (USA) Retrospective cohort
National health care databases of the U.S.

Department of Veterans Affairs

Post-COVID-19 patients
(N ¼ 153,760)

Non-COVID-19 Control
group (N ¼ 5,637,647)

Myocardial infarction (I21-I22)
Other acute coronary syndromes (I24)
Angina (Chest pain) (I20)
Stroke (I63)

Buckley, 2021130

(USA, Europe)
Retrospective

cohort TriNetX
Post-COVID-19 with

myocarditis
(N ¼ 17,910)

Post-COVID-19 Without
myocarditis
(n ¼ 17,910)

(1:1 Propensity- score
matched)

Myocardial infarction

Katsoularis, 2021131

(Sweden)
Retrospective matched cohort study
SmiNet (Swedish Public Health Agency) database

and the Swedish National Board of Health and
Welfare register

Post-COVID-19 patients
(N ¼ 86,742)

Non-COVID-19 Control
group (N ¼ 348,481)

Myocardial infarction
Stroke

Kim, 2022132

(Korea)
Retrospective cohort
The Korean nationwide COVID-19 registry (on

infection and vaccination) and the Korean
National Health Insurance Service database

Post-COVID-19 Vaccinated
2 doses of mRNA vaccine

(N ¼ 168,310)

Post-COVID-19
Unvaccinated

(N ¼ 62,727)

Myocardial infarction
Ischemic stroke

Knight, 2022133

(UK)
Retrospective cohort
English and Welsh electronic health records

Hospitalized for COVID-19
(N ¼ 125,985)

Not hospitalized for COVID-
19 (N ¼ 1,319,789)

Non-COVID-19 Control
group
(N ¼ 44,964,486)

Acute myocardial infarction
Ischemic stroke
Angina

Wiemken, 2022134

(USA)
Retrospective cohort
Nationwide health insurance claims data – U.S.

Health Verity Real-Time Insights and Evidence
database

Not requiring ICU for
COVID-19 (44,385)

Requiring ICU for COVID-19
(N ¼ 21,069)

Outpatient treatment for
COVID-19 (1,292,064)

Ischemic heart disease (I20-I25)
Non-ICU vs outpatient
ICU vs outpatient

Wan, 2023135 (UK) Retrospective cohort
The UK Biobank

Post-COVID-19 patients
(N ¼ 7,584)

Contemporary non-
COVID-19 Control
group (N ¼ 75,790)

CHD
Myocardial infarction
Other acute coronary syndromes
Stroke

Raisi-
Estabragh,
2023136 (UK)

Retrospective cohort
The UK Biobank

Post COVID-19 patients
(N ¼ 17,871)

Contemporary Non-
COVID-19 Control
group (N ¼ 35,742)

Myocardial infarction (All COVID-19)
Myocardial infarction (hospitalized due

to COVID-19)

DeVries, 2023137

(USA)
Retrospective cohort national insurance claims

data enhanced with data from the Social
Security Administration’s death master file.

Post-COVID-19 patients
(N ¼ 13,435)

Non-COVID-19 Control
group (N ¼ 26,870)

Coronary artery disease
Ischemic stroke

Koyama, 2023138

(USA)
Retrospective cohort IQVIA PharMetrics Plus

insurance claims database
Post-COVID-19 patients

(N ¼ 2,983,857)
Non-COVID-19 Control

group
(N ¼ 22,582,479)

Ischemic heart disease (without
diabetes)

Ischemic heart disease (with diabetes)
(composite of myocardial infarction,
other acute coronary syndromes,
ischemic cardiomyopathy, angina)

Continued on the next page
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and Th17 CD4þ subsets emerged,155 opposing the in-
duction of Treg cells, which protect against athero-
genesis. Convalescent subjects displayed CD69þ
CD103- CD8þ T cells expressing EOMES, granzyme B,
and granzyme K, which are linked to fibroblast acti-
vation and advanced atherosclerosis.156

Auto immuni ty . Severe COVID-19 and PASC may
accompany persistent, general, or tissue-specific157

(blood vessels, heart, or brain) autoimmune re-
sponses, likely secondary to transient loss of self-
tolerance or inappropriate immune reconstitution.154

Initially thought to sustain viral reservoirs, anti-IFN
type I antibodies do not contribute to PASC.158 Auto-
antibodies associated with atherosclerosis, like anti-
nuclear antibodies, ACA (anti-cardiolipin antibody),
and b2GP1 autoantibodies, were observed in PASC
patients,159,160 suggesting possible autoimmunity
following acute COVID-19. However, there is no
conclusive evidence regarding the significance of
SARS-CoV-2-directed antibodies in relation to long



TABLE 1 Continued

Effect Size (95% CI) Adjustment/Matching
Follow-Up
Duration Vaccination Information

HR: 1.04 (0.81-1.35)
HR: 1.32 (1.30-1.46)
HR: 1.61 (1.48-1.76)
HR: 1.41 (1.18-1.69)

Severity of infection
Demographic parameters

6 mo (at least 30 d after
COVID-19 diagnosis)

Vaccination not reported.

HR: 1.83 (1.74-1.92)
HR: 1.89 (1.74-2.10)
HR: 1.27 (1.18-1.36)
HR: 1.50 (1.45-1.55)

Propensity score matched for age, race, gender, SES, comorbidities,
blood type, alcohol and nicotine dependence, BMI

12 mo (at least 30 d after
COVID-19 diagnosis)

All patients were
unvaccinated.

HR: 1.63 (1.51-1.75)
HR: 1.72 (1.56-1.90)
HR: 1.52 (1.42-1.64)
HR: 1.52 (1.43-1.62)

Adjusted for age, race, sex, ADI, BMI, smoking status, eGFR, systolic and
diastolic blood pressure, comorbidities including cancer, CKD, chronic
lung disease, dementia, diabetes, dysautonomia, hyperlipidemia, and
hypertension, and health care use parameters, including the use number
of outpatient and inpatient

encounters and use of long-term care.

12 mo (at least 30 d after
COVID-19 diagnosis)

w0.2% patients vaccinated. These
outcomes were not adjusted for
vaccination.

OR: 1.37 (1.17-1.61) Propensity score matched for age, sex, race, and comorbidities, including
hypertensive diseases, ischemic heart diseases, heart failure,
cerebrovascular diseases, diabetes mellitus, CKD, chronic lung disease,
diseases of the digestive and nervous systems.

6 months after
COVID-19

Vaccination not reported.

OR: 3.41 (1.58-7.36)
OR: 3.63 (1.69-7.80)

Controls matched for age, sex, and county of residence in Sweden 2 wk after COVID-19
diagnosis

Vaccination not reported.

HR: 0.48 (0.25-0.94)
HR: 0.40 (0.26-0.63)

Inverse probability of treatment weighting (IPTW)
Age, sex, Charlson comorbidity index, hypertension, and insurance type

4 mo (at least 30 d after
COVID-19 diagnosis)

Compared vaccinated and
unvaccinated individuals as noted.

HR: 1.75 (1.50-2.05)
HR: 2.15 (1.88-2.47)
HR: 1.53 (1.39-1.69)

Adjusted for age, sex, and region 27 to 49 wk after COVID-19
diagnosis

All patients were unvaccinated.

HR: 1.24 (1.16-1.32)
HR: 1.59 (1.45-1.74)

Inverse probability of treatment weighting (IPTW) to account for imbalances
in baseline characteristics

9 mo (at least 30 d after
COVID-19 diagnosis)

Receipt of at least 1 dose of COVID-19
vaccine was accounted for in the
propensity score.

HR: 5.0 (2.8-8.7)
HR: 2.7 (1.1-7.2)
HR: 4.3 (1.2-15.7)
HR: 9.7 (3.8-24.9)

Adjusted for age, sex, smoking, diabetes mellitus, hypertension, Charlson
comorbidity index, baseline BMI, ethnicity, index of multiple deprivation,
and history of outcome measures before weighing.

18 mo (at least 21 d after
COVID-19 diagnosis)

All patients were unvaccinated.

HR: 9.9 (3.4-29.1)
HR: 22.2 (2.8-173)

Propensity score matched for age, sex, Townsend score (deprivation), BMI,
ethnicity, diabetes, prevalent ischemic heart disease (IHD), smoking,
hypertension, and high cholesterol.

5 mo (at least 30 d after
COVID-19 diagnosis)

Vaccination not reported.

RR: 1.78 (1.70-1.88)
RR: 2.17 (1.98-2.52)

Propensity score matched for age, sex, region, race, ethnicity, education,
socioeconomic status, Elixhauser Comorbidity Index, comorbid conditions,
and 6-mo baseline health care utilization.

12 mo (at least 30 d after
COVID-19 diagnosis)

All patients were unvaccinated.

HR: 1.68 (1.62-1.74)
HR: 1.71 (1.62-1.80)

Adjusted for age, sex, private health insurance,
U.S. Census division, Charlson comorbidity index, and any pre-existing

cardiovascular condition.

Mean 8.5 mo (at least 30 d
after
COVID-19 diagnosis)

Vaccination not reported.

BMI ¼ body mass index; CHD ¼ coronary heart disease; CKD ¼ chronic kidney disease; eGFR ¼ estimated glomerular filtration rate; ICU ¼ intensive care unit; IPTW ¼ inverse probability of
treatment weighting; SES ¼ socioeconomic status.
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COVID-19,161 and it remains a subject of ongoing
investigation.

Pers i s tent endothel ia l and vascular dysfunc-
t ion . EC activation persists months after SARS-CoV-2
infection.162 Abnormal flow-mediated dilation, a
noninvasive test reflecting impaired endothelial
function,163 indicates subclinical atherosclerosis164

and predicts ASCVD events.165 In post-COVID-19 pa-
tients, brachial artery flow-mediated dilation and
carotid-femoral pulse wave velocity166 demonstrated
reduced vascular function compared to controls
(Table 2). Verma et al noted lower myocardial flow
reserve and impaired epicardial vasodilation in PASC
patients.178 Excessive ROS production in COVID-19
may perpetuate long-term EC dysfunction.179 Circu-
lating ECs, a biomarker of vascular injury, are elevated
in patients with acute COVID-19180 and during
convalescence compared to healthy controls.181

Res idua l inflammat ion . Dysregulated inflamma-
tion182 accompanies PASC, with elevated levels of



CENTRAL ILLUSTRATION Various Factors and Mechanisms Triggering the Initiation of
Atherosclerosis During the Acute and Post-Acute Phases of COVID-19

Chidambaram V, et al. JACC Adv. 2024;3(8):101107.

High-risk groups need to be identified for screening and long-term follow-up after COVID-19. CMR ¼ cardiac magnetic resonance;

CTA ¼ computed tomographic angiography; ECG ¼ electrocardiogram.
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TABLE 2 Studies Evaluating Endothelial and Vascular Function in Post-COVID-19 Patients

First Author, Year
(Country) Type of Study Study Group

Control
Number of Patients Outcome Statistic Adjusted for Follow-Up Duration

Ambrosino,
2021167

(Italy)

Matched
prospective
cohort study

Post-COVID-19
patients
(N ¼ 133)

Non-COVID-19
Control group
(N ¼ 133)

(1:1 matched)

Brachial artery
flow-mediated
dilatation (FMD)

3.2% � 2.6 vs
6.4% � 4.1

(P < 0.001)

Age, gender, and
cardiovascular risk factors

2 mo after
COVID-19
diagnosis

Oikonomou,
2022168

(Greece)

Matched
prospective
cohort study

Post-COVID-19
patients
(N ¼ 73)

ICU (N ¼ 46) vs
Non-ICU
(N ¼ 27)

Non-COVID-19
historical
control group
(N ¼ 73)

(1:1 propensity-
score matched)

Brachial artery
flow-mediated
dilatation (FMD)

5.2% � 1.6 vs
6.5% � 3.1

(P ¼ 0.01)
(ICU vs non-ICU)
3.2% � 0.7 vs

5.7% � 1.4
(P < 0.001)

Age, sex, current smoking,
arterial hypertension,
diabetes mellitus,
dyslipidemia, and coronary
artery disease

6 mo after
COVID-19
diagnosis

Riou, 2021169 Prospective
cohort study

Post-COVID-19
patients
(N ¼ 27)

Non-COVID-19
Control group
(N ¼ 9)

(age and sex
matched)

Brachial artery
flow-mediated
dilatation (FMD)

8.2 (IQR: 7.2-8.9)
vs 10.3 (IQR:
9.1-1.7)
P ¼ 0.002

Age and sex 3 mo after
COVID-19
diagnosis

Santoro,
2022170

Prospective
cohort study

Post-COVID-19
patients: required
hospitalization
(N ¼ 303)

No oxygen group
(N ¼ 127)

Oxygen group
(N ¼ 115)

Invasive ventilation
group
(N ¼ 61)

Post-COVID-19
patients:
Outpatient
treatment
(N ¼ 382)

Brachial artery
flow-mediated
dilatation (FMD)

Outpatient
treatment
12.0 � 4.3

No oxygen group
10.6 � 4.7

Oxygen group
10.3 � 4.6

Invasive
ventilation
9.4 � 4.3

Age, sex, BMI, arterial
hypertension, diabetes
mellitus, and CRP levels

3 mo after
COVID-19
diagnosis

Nandadeva,
2021171

Prospective
cohort study

Post-COVID-19
patients
(N ¼ 16)

Symptomatic
(N ¼ 8)

Asymptomatic
(N ¼ 8)

Non-COVID-19
Control group
(N ¼ 23)

Brachial artery
flow-mediated
dilation (FMD)

Symptomatic
3.8% � 0.6 vs
Asymptomatic
6.8% � 0.9

(P¼ 0.007) vs
Control
6.8% � 0.6

(P¼ 0.003)

NA 4 wk after
COVID-19
diagnosis

Ratchford,
2020166

Cross-sectional
study

Post-COVID-19
patients
(N ¼ 11)

Non-COVID-19
Control group
(N ¼ 20)

Brachial artery
flow-mediated
dilatation (FMD)

Carotid-femoral
pulse wave
velocity (PWVcf)

2.71% � 1.21 vs
8.81% � 2.96

(P < 0.01)
Mean (SD)
5.83 � 0.62 m/s

vs 5.17 � 0.66
m/s (P < 0.01).

NA 3-4 wk after
COVID-19
diagnosis

Szeghy,
2022172

Cross-sectional
study

Post-COVID-19
patients
(N ¼ 15)

Non-COVID-19
Control group
(N ¼ 15)

Carotid-femoral
pulse wave
velocity (PWVcf)

6.0 � 1.0 m/s vs
5.0 � 1.0 m/s

(P ¼ 0.02)

Height, weight, physical
activity, and contraceptive
use

3-4 wk after
COVID-19
diagnosis

Zanoli, 2022173 Cross-sectional
study

Post-COVID-19
patients
(N ¼ 90)

Non-COVID-19
Control group
(N ¼ 180)

Aortic pulse wave
velocity (aPWV)
(m/s) Brachial
pulse wave
velocity (aPWV)
(m/s)

9.0 � 2.4 vs
7.9 � 1.5

(P < 0.05)
7.3 � 1.4 vs 6.3 �

1.1
(P < 0.05)

Age, sex, BMI mean blood
pressure, eGFR, and total
cholesterol

6 mo after
COVID-19
diagnosis

Weber,
2022174

Retrospective
cohort study

Post-COVID-19
patients
(N ¼ 34)

Non-COVID-19
Control group
(N ¼ 103)

Myocardial blood
flow reserve
(mL/min/g)
stress myocardial
perfusion PET
imaging

Abnormal
myocardial blood
flow reserve
(<2 mL/min/g)

2.00 � 0.45 vs
2.48 � 0.47

(P < 0.0 01)
Proportion
44.0% vs 11.7%

(P < 0.001)

Control group matched for
age, sex, diabetes, obesity,
hyperlipidemia,
hypertension, and history
of coronary artery disease

4.6 mo
(median)
after
COVID-19
diagnosis

Tong, 2022175 Prospective
cohort study

Post-COVID-19
patients
(N ¼ 345)

Non-COVID-19
Control group
(N ¼ 119)

VCAM-1
ICAM-1

Median 1.69 vs
1.67 ng/mL
(P ¼ 0.363)

Median 427.3 vs
469.7 pg/mL,
(P ¼ 0.139)

Age and gender matched 1 y after
COVID-19
diagnosis

Continued on the next page
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TABLE 2 Continued

First Author, Year
(Country) Type of Study Study Group

Control
Number of Patients Outcome Statistic Adjusted for Follow-Up Duration

Charfeddine,
2021176

Prospective
cohort study

Patients with long
COVID-19
symptoms

Patients without
long COVID-19
symptoms

Endothelial quality
index (EQI)

OR for EQI <2 for
long COVID-19
syndrome

1.52 (1.07-2.16)

Age, sex, diabetes,
hypertension, dyslipidemia,
coronary heart disease, and
severity of acute COVID-19

6 mo after
COVID-19
diagnosis

Poyatos,
2022177

Prospective
cohort study

Post-COVID-19
patients
(N ¼ 32)

Non-COVID-19
Control group
(N ¼ 31)

Endothelial colony
forming cells
(ECFCs)

2.81 � 2.33 vs
1.23 � 1.86

(P ¼ 0.001)

NA 3 mo after
COVID-19
diagnosis

aPWV ¼ aortic pulse wave velocity; BMI ¼ body mass index; CKD ¼ chronic kidney disease; ECFCs ¼ endothelial colony forming cells; eGFR ¼ estimated glomerular filtration rate; EQI ¼ Endothelial quality
index; FMD ¼ flow-mediated dilatation; ICAM ¼ intercellular adhesion molecule; ICU ¼ intensive care unit; IPTW ¼ inverse probability of treatment weighting; PWVcf ¼ carotid-femoral pulse wave velocity;
SES ¼ socioeconomic status; VCAM ¼ vascular cell adhesion molecule.
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pro-inflammatory cytokines (IL-1b, IL-6, TNF-a, and
IFN-g) and chemokines (CXCL9 and CXCL10).154,182,183

Phetsouphanh et al described persistent innate
immune activation months after nonsevere SARS-
CoV-2 infection.183 [18F]fluorodeoxyglucose positron
emission tomography/computed tomography identi-
fied sustained inflammation in select vascular regions
30 days post-COVID-19.184 This unresolved vascular
inflammation185 may drive EC dysfunction and
effector lymphocyte activation.181

RISK FACTORS AND RISK STRATIFICATION FOR ASCVD

FOR POST-COVID-19. Patients post-COVID-19, even
those with previously low cardiac risk, demonstrate a
higher risk of ASCVD.129 This underscores the need to
regard COVID-19, especially severe illness, as a risk
factor for atherosclerosis. The risk factors for PASC
include increased age, female sex, comorbidities
(obesity, diabetes, and hypertension), acute COVID-
19 severity, intensive care unit admission,186 pro-
longed hospitalization, SARS-CoV-2 viremia, and
elevated inflammatory (ferritin and C-reactive pro-
tein) and cardiac (troponin and B-type natriuretic
peptide) biomarkers.187 Given the magnitude of pa-
tients affected by COVID-19, identifying high-risk
groups is important for cost-effective coronary ar-
tery disease (CAD) evaluation in PASC patients with
cardiac symptoms, especially those with exertional
chest pain.

FURTHER CARDIAC TESTING IN SELECT PATIENTS.

Importance in patients with elevated risk. Despite
the growing body of research, there remains a notable
lack of definitive evidence to guide specific screening
strategies for ASCVD in patients with PASC. An urgent
need exists for a systematic decision pathway for
cardiac evaluation in these individuals, utilizing
noninvasive cardiac testing to: 1) further improve
cardiac risk stratification and enhance patient dia-
logue; 2) identify patients requiring prompt and
aggressive pharmacological preventive therapies
(statins, aspirin, or antihypertensives); 3) enable early
identification of obstructive CAD; and 4) optimize
prognosis by reducing major cardiac complications,
such as MI, heart failure, and sudden cardiac death. In
the absence of enough available evidence, we
recommend a proactive and meticulous approach to
CV screening in the high-risk post-COVID-19
population; particularly those over 65 years of age,
individuals with comorbidities such as diabetes or
hypertension, persistent troponinemia, ongoing
cardiac symptoms, and those who experienced
severe COVID-19 necessitating intensive care unit
admission or prolonged hospitalization.
Pretest probabi l i ty and se lect ion of card iac
test . The choice of noninvasive cardiac evaluation,
either functional (stress echocardiogram, single-
photon emission computed tomography, cardiac
magnetic resonance or positron emission tomography
—computed tomography) or anatomical (coronary
computed tomography angiography), depends
on patient-related factors, pretest probability of sig-
nificant CAD, symptom severity, and testing
constraints.188 Patients requiring hospital admission
for COVID-19 had a 3 to 4 times higher risk of MI in the
6 months postdischarge compared to outpatients.189

Whether currently available pretest probability
scores for assessing obstructive CAD190 in patients
with acute or stable chest pain have good discrimina-
tory power and whether early invasive strategy is
useful in post-COVID-19 patients, especially after
intensive care unit admission, when compared to non-
COVID-19 patients is currently unknown. Thus, further
studies are needed to develop personalized risk pre-
diction algorithms for obstructive CAD in patients
following acute COVID-19 and to identify appropriate
diagnostic tests and primary and secondary treatment
strategies.

CONCLUSIONS

With increasing awareness and accumulating evi-
dence regarding cardiovascular involvement during



J A C C : A D V A N C E S , V O L . 3 , N O . 8 , 2 0 2 4 Chidambaram et al
A U G U S T 2 0 2 4 : 1 0 1 1 0 7 COVID-19 and Atherosclerosis

17
the acute and chronic phases of COVID-19, an
improved understanding of the overlap between the
pathogenesis of SARS-CoV-2 and ASCVD could have
actionable implications and allow for novel in-
terventions directed at various steps in the patho-
genesis. Additionally, the identification of cost-
effective screening and follow-up strategies across
diverse risk groups will have significance beyond
COVID-19 and enable the management of cardiovas-
cular diseases in patients with other chronic
infections.
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