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Abstract

Purpose of Review Post-COVID syndrome (PASC) has emerged as a multisystem condition associated with persistent
cardiovascular abnormalities, including endothelial dysfunction, arterial stiffness, chronic inflammation, metabolic disturbances,
autonomic imbalance, and increased atherosclerotic risk. This review summarizes the current evidence regarding the
pathophysiological mechanisms linking PASC to cardiovascular disease and discusses the potential role of exercise training as a
strategy to mitigate vascular dysfunction and cardiovascular risk.

RecentFindings Recent studies demonstrate that individuals with PASC exhibit persistent low-grade inflammation, impaired
endothelial function, accelerated vascular aging, platelet hyperreactivity, insulin resistance, sarcopenia, and autonomic
dysfunction. These alterations contribute to a pro-atherogenic phenotype that may persist months to years after SARS-CoV-2
infection. Emerging evidence indicates that exercise training improves inflammatory status, endothelial function, arterial
stiffness, metabolic health, autonomic regulation, and functional capacity in post-COVID patients, potentially attenuating
mechanisms involved in atherosclerotic progression.

Summary Post-COVID syndrome is associated with multiple interconnected biological pathways that increase long-term
cardiovascular risk. Exercise training appears to be a promising non-pharmacological intervention capable of targeting
several of these mechanisms simultaneously. Although further randomized controlled trials are needed, current evidence
supports the integration of individualized exercise-based rehabilitation into the management of patients with PASC to
promote vascular recovery and reduce cardiovascular risk.
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Introduction

Post-COVID syndrome, also known as post-acute sequelae
of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection (PASC), is a complex multisystem condi-
tion characterized by persistent symptoms [ 1]. The condition
is defined as the development or persistence of clinical
sequelae after 4 weeks of an acute COVID-19 infection,
with symptoms frequently extending beyond 12 months in
a substantial proportion of survivors [1]. While initial clini-
cal concerns primarily focused on respiratory complications
and pulmonary sequelae, accumulating epidemiological and
mechanistic evidence highlights a significant and persistent
increase in long-term cardiovascular risk among COVID-19
survivors, regardless of disease severity during acute infec-
tion [1-4].

This elevated cardiovascular risk extends far beyond
those who experienced severe disease requiring hospitaliza-
tion, affecting even individuals with mild initial symptoms
who recovered without requiring intensive care [2, 4, 5].
COVID-19 survivors maintain a elevated risk for myocar-
dial infarction, ischemic stroke, heart failure, and cardiovas-
cular death for at least 12 months following acute infection,
with some evidence suggesting persistence of elevated risk
beyond this timeframe [3, 4].

The CARTESIAN study [6], a large multicenter investi-
gation, demonstrated that COVID-19 infection can increase
arterial stiffness markers by approximately 5 years of vas-
cular aging, supporting the concept of accelerated biological
vascular aging [6, 7]. These structural and functional vascu-
lar alterations create a highly pro-atherogenic environment,
characterized by enhanced lipid accumulation, plaque for-
mation, and plaque instability, thereby predisposing patients
to premature atherosclerosis and adverse cardiovascular
events [6, 7].

Physical exercise, widely recognized for its pleiotropic
cardiovascular benefits and anti-inflammatory properties,
emerges as a potential non-pharmacological strategy to
mitigate cardiovascular risk [8, 9]. Regular physical activity
exerts potent anti-inflammatory, endothelial-protective, and
metabolic-regulating effects, directly counteracting the pro-
atherogenic mechanisms driven by SARS-CoV-2 infection
[10, 11].

However, whether regular physical exercise can spe-
cifically reverse SARS-CoV-2-induced vascular aging and
reduce atherosclerotic risk in PASC remains incompletely
defined, and no prior review has systematically integrated
mechanistic, epidemiological, and interventional evidence
on this topic.

Therefore, the objective of this article is to describe the
pro-atherogenic mechanisms of PASC, with emphasis on
accelerated vascular aging and endothelial dysfunction. We

then critically evaluate the evidence for physical exercise as
an intervention to mitigate cardiovascular risk and restore
vascular health in this population.

Methods

This narrative review was conducted through a comprehen-
sive and structured search of the scientific literature to iden-
tify the most relevant evidence regarding the relationship
between post-COVID syndrome, cardiovascular risk, vas-
cular dysfunction, and exercise training. Electronic searches
were performed in PubMed/MEDLINE, Embase, Scopus,
and Web of Science, covering publications from January
2020 through March 2026. The search strategy combined
Medical Subject Headings (MeSH) and free-text terms
related to post-COVID syndrome, cardiovascular compli-
cations, vascular biology, and exercise rehabilitation. The
principal search terms included “Post-Acute Sequelae of
SARS-CoV-2”, “Long COVID”, “PASC”, “COVID-19”,
“exercise”, “exercise training”, “physical activity”, “cardiac
rehabilitation”, “vascular aging”, “endothelial dysfunc-
tion”, “flow-mediated dilation”, “arterial stiffness”, “pulse
wave velocity”, “atherosclerosis”, “vascular remodeling”,
“autonomic dysfunction”, “cardiovascular risk”, “inflam-
mation”, and “oxidative stress”. Boolean operators (“AND”
and “OR”) were applied to optimize retrieval of relevant
studies.

Original investigations, randomized controlled trials,
prospective and retrospective cohort studies, case-con-
trol studies, systematic reviews, meta-analyses, narrative
reviews, and experimental studies published in English were
considered eligible when they provided clinically or mecha-
nistically relevant information addressing cardiovascular
alterations following SARS-CoV-2 infection or the effects
of exercise interventions in individuals with post-COVID
syndrome. Reference lists of all selected articles were man-
ually examined to identify additional relevant publications
that were not retrieved during the initial electronic search.

Studies focusing exclusively on acute COVID-19 with-
out evaluation of persistent cardiovascular or vascular con-
sequences, publications lacking peer review, conference
abstracts without full manuscripts, editorials without origi-
nal scientific data, and articles unrelated to cardiovascular
pathophysiology or exercise interventions were excluded.
Because the objective of the present manuscript was to pro-
vide a comprehensive and clinically oriented synthesis of
the available evidence rather than to quantitatively estimate
treatment effects, a formal systematic review protocol or
meta-analytic methodology was not employed.

Emphasis was placed on recent advances published during
2024-2026, reflecting the rapidly evolving understanding of
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post-COVID cardiovascular complications. The evidence
was organized into major pathophysiological domains,
including persistent inflammation, endothelial dysfunction,
arterial stiffness, vascular remodeling, platelet activation,
metabolic dysregulation, autonomic dysfunction, and physi-
cal deconditioning, followed by a critical appraisal of the
current evidence supporting exercise training as a potential
strategy to mitigate these abnormalities. Whenever avail-
able, evidence derived from randomized controlled trials
and systematic reviews was prioritized over observational
studies to provide the highest level of evidence supporting
clinical recommendations.

Post-COVID Syndrome as a Pro-Atherogenic
Persistent Low-Grade Inflammation

Observational and cohort studies consistently demonstrate
sustained elevations in inflammatory markers, particularly
C-reactive protein (CRP), neutrophil counts, and composite
indices such as the neutrophil-to-lymphocyte ratio, months
after the acute phase [12]. In a large retrospective cohort
of over 4,000 patients, PASC symptoms were significantly
associated with CRP and peripheral inflammatory cell pro-
files, suggesting an ongoing inflammatory milieu beyond
viral clearance [12]. Similarly, data from the multinational
ORCHESTRA cohort revealed CRP levels within the range
of low-grade inflammation at 12—18 months post-infection,
reinforcing the chronic nature of this response [13]. Cross-
sectional analyses further corroborate these findings, link-
ing subtle but sustained increases in CRP, fibrinogen, and
leukocyte-derived indices with PASC manifestations [14].

This inflammatory state is likely driven by sustained
immune activation, potentially triggered by damage-asso-
ciated molecular patterns and residual immune dysregula-
tion [14, 15]. Key cytokines such as interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-a) play central roles
in maintaining this pro-inflammatory environment by pro-
moting endothelial activation and leukocyte recruitment
[16, 17]. Chronic inflammation is a well-established driver
of atherosclerosis, contributing to endothelial dysfunction,
oxidative stress, and plaque progression [17, 18].

Figure 1 summarizes the proposed pathophysiologi-
cal pathways linking persistent inflammation, endothelial
injury, vascular aging, and coagulation abnormalities to
accelerated atherosclerosis and plaque vulnerability in indi-
viduals with Post-COVID Syndrome.

Endothelial Dysfunction

Endothelial dysfunction is a key mechanism linking PASC
to long-term vascular complications. SARS-CoV-2 disrupts
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endothelial homeostasis through both direct viral effects
and indirect inflammatory pathways, leading to endothelial
activation, apoptosis, and barrier dysfunction [19-21]. Viral
interaction with angiotensin-converting enzyme 2 (ACE2)
promotes receptor internalization and dysregulation of the
renin—angiotensin system, shifting vascular balance toward
vasoconstriction, inflammation, and pro-thrombotic signal-
ing [21, 22].

Beyond direct infection, experimental data suggest that
the spike protein alone can induce vascular injury. In vitro
studies demonstrate increased reactive oxygen species pro-
duction, activation of hypoxia-inducible pathways, and
disruption of endothelial barrier integrity following spike
protein exposure [21, 23]. These alterations are accompa-
nied by upregulation of vascular endothelial growth factor
and inflammatory mediators, reinforcing a sustained dys-
functional vascular phenotype [23, 24]. However, the rela-
tive contribution of direct viral endothelial infection versus
systemic inflammation remains incompletely established.

Clinically, endothelial dysfunction is characterized by
increased expression of adhesion molecules, elevated cir-
culating endothelial cells, and higher levels of vasocon-
strictive mediators such as endothelin-1, reflecting a shift
toward a procoagulant state [25]. This phenotype is fur-
ther supported by impaired nitric oxide bioavailability, a
hallmark of vascular dysfunction. Experimental and clini-
cal evidence indicates that COVID-19 is associated with
reduced endothelial nitric oxide synthase activity and lower
nitric oxide levels, partly driven by oxidative stress and
endothelial injury [23-25]. In line with these mechanisms,
functional vascular assessments consistently demonstrate
impaired endothelium-dependent vasodilation, as reflected
by reduced flow-mediated dilation (FMD) in both acute
and post-COVID patients [26, 27]. As FMD is largely nitric
oxide-mediated, these findings provide translational evi-
dence linking molecular changes to clinically measurable
vascular dysfunction [26].

Arterial Stiffness and Early Vascular Aging

Arterial stiffness represents a key downstream consequence
of COVID-19-related vascular injury, reflecting the cumu-
lative effects of inflammation and endothelial dysfunction.
Pulse wave velocity (PWYV), the gold-standard marker of
large artery stiffness, is consistently elevated across differ-
ent clinical settings in COVID-19 patients. A meta-analysis
by Jannasz et al. [28] demonstrated significantly higher
carotid—femoral PWV in infected individuals compared to
controls, supporting a direct association between SARS-
CoV-2 infection and increased arterial stiffness. Similarly,
Schnaubelt et al. [29] reported elevated PWV values in hos-
pitalized patients, independently associated with COVID-19
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Fig. 1 Post-COVID syndrome represents a pro-atherogenic state. Per-
sistent low-grade inflammation following SARS-CoV-2 infection,
characterized by elevated inflammatory biomarkers (e.g., C-reactive
protein [CRP], interleukin-6 [IL-6], tumor necrosis factor-alpha [TNF-
a]), and an increased neutrophil-to-lymphocyte ratio [NLR], contrib-
utes to chronic immune activation and oxidative stress. These mecha-
nisms promote endothelial dysfunction through ACE2 dysregulation,
increased reactive oxygen species (ROS) production, reduced nitric
oxide (NO) bioavailability, enhanced expression of endothelial adhe-
sion molecules, and elevated endothelin-1 levels, resulting in impaired
vascular function and barrier disruption. Concurrently, a prothrom-
botic milieu develops, characterized by platelet hyperreactivity, micro-
thrombi formation, platelet-leukocyte aggregates, extracellular vesicle

status and correlated with worse clinical outcomes, includ-
ing longer hospital stay and mortality.

Beyond the acute phase, arterial stiffness appears to carry
prognostic and long-term implications. Stamatelopoulos et
al. [30] showed that estimated PWV improves risk strati-
fication for all-cause mortality, providing incremental pre-
dictive value beyond traditional risk factors. Longitudinal
data from the multicenter CARTESIAN study further dem-
onstrated persistently increased PWV up to 6 months after
infection, supporting the concept of accelerated vascular
aging following COVID-19 [31]. These findings are rein-
forced by imaging-based studies demonstrating increased
aortic stiffness and altered wall shear stress, indicative of
structural vascular remodeling [30].

These alterations reflect complex vascular remodeling
processes driven by persistent inflammation and endothe-
lial dysfunction, including extracellular matrix reorganiza-
tion, elastin fragmentation, increased collagen deposition,

release, and immunothrombosis. Together, these alterations accel-
erate arterial stiffness, extracellular matrix remodeling, elastin frag-
mentation, collagen deposition, and vascular aging. The interaction
among inflammation, endothelial dysfunction, vascular remodeling,
and coagulation abnormalities establishes a self-perpetuating cycle
that promotes atherosclerotic plaque development, progression, and
vulnerability. These processes increase the risk of plaque instability,
atherothrombosis, and long-term cardiovascular complications in indi-
viduals with post-COVID syndrome. Figure are original and created
by the authors using BioRender.com. Abbreviations: ACE2 angioten-
sin-converting enzyme 2, CRP, C-reactive protein, /L-6 interleukin-6,
NLR neutrophil-to-lymphocyte ratio, NO nitric oxide, ROS reactive
oxygen species, TNF-o tumor necrosis factor-alpha

and changes in wall shear stress, all of which contribute to
reduced arterial compliance [30]. Importantly, increased
arterial stiffness is not only a marker of vascular aging but
also a mediator of atherosclerosis progression and plaque
instability. This remodeling phenotype promotes early vas-
cular aging and may accelerate atherosclerosis and increase
long-term cardiovascular risk.

Prothrombotic and Coagulopathic Features

A hallmark of COVID-19-related coagulopathy is marked
platelet hyperreactivity, which appears to persist beyond the
acute phase and may contribute to long-term vascular risk.
Studies consistently demonstrate that circulating platelets
from COVID-19 patients exhibit a lower activation threshold
and exaggerated responses to physiological agonists. Plate-
lets from infected patients show markedly increased dense
granule secretion and ADP release, with up to 30-90-fold
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increases in agonist-induced responses, alongside elevated
levels of platelet activation markers such as P-selectin and
platelet factor 4.?® Similarly, enhanced aggregation, spread-
ing, and platelet-leukocyte aggregate formation further
support this hyperreactive phenotype, partly mediated by
MAPK pathway activation and increased thromboxane gen-
eration [32, 33].

This phenotype is further reinforced by increased platelet
turnover, with increased levels of immature platelets, which
are highly reactive and associated with disease severity,*°
as well as sustained platelet activation and procoagulant
extracellular vesicle release months after infection. Plate-
let hyperreactivity correlates with inflammatory burden and
clinical severity, highlighting the interplay between throm-
boinflammation and disease progression [33, 34].

Beyond thrombosis, activated platelets may directly
contribute to plaque instability. Platelet-derived mediators
promote endothelial activation, leukocyte recruitment, and
local inflammatory amplification, fostering a prothrombotic
and pro-atherogenic microenvironment [33, 34]. Collec-
tively, these mechanisms support a persistent procoagulant
state in PASC, linking platelet dysregulation to athero-
thrombosis and increased cardiovascular risk.

Metabolic Disturbances and Physical Deconditioning

Metabolic disturbances and physical deconditioning are
interrelated components of PASC, contributing to persis-
tent symptoms and increased cardiometabolic risk. Insulin
resistance has emerged as a central feature, affecting even
individuals without prior metabolic disease [35, 36]. Longi-
tudinal data demonstrate sustained abnormalities in glucose
homeostasis, including persistent insulin resistance and
new-onset diabetes up to 12 months after infection. This
disruption is closely linked to chronic inflammation, which
independently predicts worsening insulin sensitivity in
post-COVID patients [35, 36]. Mechanistically, alterations
in insulin signaling pathways, endothelial dysfunction, and
dysregulation of metabolic mediators further contribute to
impaired glucose metabolism [37].

In parallel, sarcopenia has been consistently identified as
a highly prevalent and persistent consequence of COVID-
19. A meta-analysis including 39 studies, and 6,982 individ-
uals demonstrated that sarcopenia affects 48.7% of patients
during the acute phase and remains present in 23.5% of long
COVID patients[38, 39]. Interestingly, pooled data did not
demonstrate significant associations with length of hospital
stay, intensive care unit admission, mechanical ventilation,
or mortality in acute COVID-19, although an increased like-
lihood of tracheostomy was observed [38]. Although these
findings suggest that the short-term prognostic impact of
sarcopenia remains uncertain, observational studies indicate
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that reduced muscle mass and function may still be associ-
ated with worse clinical trajectories in specific populations.

These changes are driven by hyperinflammation, cata-
bolic stress, reduced nutritional intake, and prolonged
immobilization, promoting sustained muscle loss and
impaired recovery [39].

Physical deconditioning represents both a key down-
stream consequence and a perpetuating factor. Cardiopul-
monary exercise testing studies show that reduced exercise
capacity is frequently driven by deconditioning rather than
primary cardiopulmonary limitations. Hospitalization,
inactivity, and prolonged recovery contribute to persis-
tent functional impairment despite rehabilitation [40, 41].
Importantly, deconditioning interacts with inflammation,
microvascular dysfunction, and skeletal muscle abnormali-
ties, forming a self-reinforcing cycle.

Impact of Exercise on Inflammatory Risk in Post-
COVID Syndrome

Regular physical exercise has emerged as a key non-phar-
macological strategy to mitigate persistent inflammation
in PASC, acting as a potent anti-inflammatory modulator
through multiple systemic pathways. This effect is par-
ticularly relevant, given that post-COVID condition is fre-
quently characterized by chronic low-grade inflammation
(as discussed in previous sections), which contributes to
persistent symptoms and elevated cardiovascular risk.

One of the primary mechanisms underlying this response
involves the release of myokines — cytokines produced and
secreted by skeletal muscle during contraction. Among
these, irisin has gained attention due to its role in improving
metabolic homeostasis and attenuating inflammatory sig-
naling pathways. Exercise-induced irisin appears to down-
regulate pro-inflammatory cascades, including the MAPK
and TLR4/MyD88 pathways, while enhancing anti-inflam-
matory responses, potentially counteracting the cytokine
dysregulation observed in COVID-19 [42, 43].

In addition to myokines, exercise also modulates clas-
sical inflammatory biomarkers. Moderate-intensity exercise
is associated with reductions in pro-inflammatory cytokines
such as TNF-a and IL-6, alongside increases in anti-inflam-
matory mediators like IL-10. Importantly, the behavior of
IL-6 in this context is complex: although elevated in chronic
inflammation, exercise-induced IL-6 acts transiently as a
myokine with anti-inflammatory properties, stimulating
the production of IL-1 receptor antagonist and IL-10 [44].
Furthermore, structured exercise interventions consistently
reduce systemic inflammatory markers, including CRP, rein-
forcing their role in attenuating low-grade inflammation.

Clinical evidence supports these mechanistic findings. In
a network meta-analysis by Du et al., [44] comprising 33
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randomized controlled trials and 2,895 participants, exer-
cise interventions significantly improved functional capac-
ity, dyspnea, and quality of life in individuals with PASC,
with combined aerobic and respiratory training showing the
greatest benefits.

Direct evidence on inflammatory biomarkers is provided
by a randomized controlled trial conducted by Tartibian et
al. [45] involving 296 COVID-19 survivors (aged 20-93
years), in which 8 weeks of moderate-intensity continuous
training, resistance training, or combined exercise resulted
in significant reductions in CRP levels, along with improve-
ments in multiple hematological and biochemical markers
compared to a non-exercise group. Notably, combined exer-
cise training yielded superior effects, suggesting a synergis-
tic anti-inflammatory benefit of multimodal interventions.

More specific immunological modulation has also been
demonstrated in smaller mechanistic studies. In a prospec-
tive clinical trial involving 24 patients recovering from
moderate to severe COVID-19, a 12-week supervised exer-
cise program led to significant reductions in key pro-inflam-
matory chemokines, including CXCLS8/IL-8 and CCL2/
MCP-1, as well as decreased IFN-y levels [46]. These
changes were not observed in the unsupervised home-based
group, highlighting supervision and program structure as
key determinants of anti-inflammatory efficacy.

Complementary evidence comes from observational
data. In a cohort of 227 post-COVID patients evaluated
6—12 months after hospitalization, de Castro et al. [47]
reported sustained alterations in cytokine profiles associated
with reduced physical function. This finding underscores
the close interplay between inflammation and functional
impairment in PASC, supporting the rationale for interven-
tions targeting both domains.

From a cardiovascular perspective, the anti-inflammatory
effects of exercise have important implications. Chronic
inflammation promotes endothelial dysfunction, oxidative
stress, and thromboinflammation — key drivers of athero-
sclerotic progression. Exercise mitigates these processes
by reducing inflammatory mediators, improving nitric
oxide bioavailability, and promoting vascular homeostasis
[48]. Therefore, regular, moderate-intensity exercise may
improve post-COVID-19 symptoms and reduce long-term
cardiovascular risk in this population. Figure 2 summarizes
the principal mechanisms through which exercise train-
ing may attenuate atherosclerosis-related risk factors and
improve vascular structure and function in individuals with
PASC.

Exercise-Mediated Recovery of Endothelial Function

Exercise is a physiological and important strategy capable
of restoring endothelial function through repeated increases

in arterial blood flow and laminar shear stress. During con-
tinuous aerobic exercise, increased shear stress activates
mechanosensitive endothelial pathways, including phos-
phorylation and upregulation of endothelial nitric oxide
synthase (eNOS), thereby increasing nitric oxide (NO) bio-
availability, considered the main mechanism of improve-
ment in endothelial function mediated by aerobic exercise.
NO promotes vasodilation, inhibits platelet aggregation
and leukocyte adhesion, and supports an anti-inflammatory,
antithrombotic endothelial phenotype [49]. These mecha-
nisms are especially relevant after COVID-19, in which
endothelial injury has been linked to reducing NO availabil-
ity, oxidative stress, glycocalyx disruption, inflammation
and microthrombotic signaling, which may lead to deep
vein thrombosis, stroke, and microvascular complications
through a pro-thrombotic mechanism [50].

Exercise training may also improve endothelial func-
tion by shifting the redox balance toward a more favor-
able vascular environment. Repeated bouts of aerobic
exercise increase endogenous antioxidant capacity, reduce
NADPH oxidase-related reactive oxygen species genera-
tion, and limit eNOS uncoupling [51]. Consequently, more
NO remains available to vascular smooth muscle, improv-
ing endothelium-dependent vasodilation. This adaptive
response is clinically captured by FMD, a non-invasive
index of conduit artery endothelial function [51]. Robust
evidence indicates that structured exercise interventions
improve FMD across different clinical populations, with
aerobic training being one of the most consistent modalities
[52]. Exercise may improve the ability of arteries to respond
appropriately to changes in flow demand, which is central to
vascular health in patients recovering from systemic inflam-
matory insults such as COVID-19 [53].

In this scenario, post-COVID patients, impaired FMD
has been associated with lower exercise capacity and worse
ventilatory efficiency during CPET suggesting that endothe-
lial dysfunction may contribute not only to vascular risk but
also to persistent functional limitation [54]. Although direct
trials testing exercise-induced endothelial recovery in long
COVID remains limited, the biological plausibility is that
exercise targets several mechanisms implicated in post-viral
vascular injury, including low-grade inflammation, oxida-
tive stress, impaired NO signaling or even physical inactiv-
ity, for example. This is relevant because physical inactivity
itself can worsen endothelial function, creating a self-per-
petuating cycle of symptoms, deconditioning, and vascular
impairment [55]. Therefore, individualized aerobic rehabili-
tation may represent a vascular-directed therapy capable of
partially reversing endothelial dysfunction after COVID-
19, especially when initiated progressively and monitored
according to symptoms, autonomic responses, and exercise
tolerance.
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A Impact of Exercise on Risk Factors for Atherosclerosis in Post-COVID Syndrome
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Fig. 2 The potential effects of exercise training on atherosclerotic risk
and vascular remodeling in post-COVID syndrome. (A) Post-COVID
syndrome is associated with multiple cardiovascular risk factors that
contribute to atherosclerosis, including systemic inflammation, oxida-
tive stress, endothelial dysfunction, dyslipidemia, insulin resistance,
and hypertension. Exercise training—including aerobic, resistance,
interval, and combined modalities—may counteract these pathophysi-
ological alterations by reducing inflammation and oxidative stress,
improving endothelial function, enhancing lipid profile and insulin
sensitivity, lowering blood pressure, and increasing functional capac-
ity. Through these mechanisms, regular exercise may attenuate the
pro-atherogenic effects of post-COVID syndrome and reduce the
overall atherosclerotic risk. Red arrows indicate processes promoted
or worsened by post-COVID syndrome, whereas green arrows indicate
pathways improved by exercise training. (B) Proposed mechanisms
by which exercise training improves arterial stiffness and vascular

Exercise Effects on Arterial Stiffness and Vascular
Remodeling

Arterial stiffness reflects the combined influence of vascu-
lar smooth muscle tone, blood pressure, extracellular matrix
composition, and chronic inflammatory signaling. Pulse wave
velocity (PWV), particularly carotid—femoral PWYV, is the most
widely used clinical marker of large elastic artery stiffness and
is strongly associated with vascular aging and cardiovascular
events [46]. After COVID-19, increased PWV has been pro-
posed as a manifestation of accelerated vascular aging, poten-
tially driven by endothelial injury, persistent inflammation,
autonomic imbalance, and reduced physical activity [31].
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remodeling in individuals with post-COVID syndrome. A stiffened
and remodeled artery is characterized by vascular wall thickening,
lumen narrowing, collagen accumulation (fibrosis), and reduced arte-
rial compliance. Exercise-induced adaptations—including increased
shear stress, enhanced nitric oxide (NO) bioavailability, reduced sym-
pathetic activity, decreased vascular inflammation, reduced collagen
deposition, and preservation of elastin fibers—promote favorable
structural and functional vascular changes. These adaptations result in
thinner vascular walls, wider arterial lumen, reduced fibrosis, improved
arterial compliance, and lower arterial stiffness, reflected by reductions
in pulse wave velocity (PWV) and augmentation index (Alx). Col-
lectively, these effects contribute to improved vascular remodeling and
cardiovascular health following COVID-19. Original figure created by
the authors using BioRender.com. Abbreviations: A/x augmentation
index, NO nitric oxide, PWV pulse wave velocity

Exercise training reduces arterial stiffness through both
functional and structural mechanisms. Acute effects are
predominantly functional, including reduced sympathetic
vasoconstrictor tone, improved endothelial nitric oxide
(NO) signaling, lower blood pressure, and enhanced vas-
cular smooth muscle relaxation. These adaptations may
decrease wave reflection and central pulsatile load even
before measurable wall remodeling occurs [53]. In contrast,
chronic exercise training induces structural changes, such
as reduced collagen cross-linking, improved elastin-to-col-
lagen balance, diminished vascular calcification signaling,
and attenuation of inflammatory remodeling within the arte-
rial wall. Thus, exercise may modulate both the dynamic
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regulation of arterial tone and the slower biological pro-
cesses underlying vascular remodeling [41].

Aecrobic exercise reduces PWV in adults with elevated
cardiovascular risk, including hypertensive, prehyperten-
sive, overweight, obese, and postmenopausal populations.
The effect is more consistent when training lasts at least
12 weeks, at moderate intensity (e.g., 40-60% heart rate
reserve), with regular weekly frequency and sufficient total
volume (e.g., > 150 min/week) [43]. These findings are par-
ticularly relevant to post-COVID conditions, as the vascular
phenotype observed after infection resembles an inflam-
matory and accelerated aging state rather than an isolated
respiratory sequela. However, data on high-intensity inter-
val training remain less consistent in this context.

Extrapolating these findings to long COVID requires
caution. Most available exercise trials were conducted in
traditional cardiometabolic populations, not specifically in
patients with post-viral symptoms, dysautonomia, or post-
exertional symptom exacerbation [42]. Therefore, indi-
vidualized exercise should be prescribed progressively,
with careful monitoring of symptom response and recovery
kinetics (e.g., heart rate recovery and symptom resolution
within 24-48 h). Reductions in PWV may represent an inter-
mediate vascular endpoint linking rehabilitation to reduced
pulsatile stress, improved ventricular—arterial coupling (i.e.,
the efficiency of energy transfer from the left ventricle to the
aorta), and potentially slower progression of atherosclerotic
remodeling after COVID-19. Incorporating PWV alongside
flow-mediated dilation (FMD) may help distinguish func-
tional endothelial recovery from broader changes in arterial
wall mechanics.

Table 1 summarizes the main vascular domains affected
by exercise training, endothelial function, arterial stiffness,
and vascular remodeling—alongside the proposed biologi-
cal mechanisms, expected vascular adaptations, and their
potential relevance to post-COVID atherosclerotic risk.
Future studies should evaluate whether exercise-induced

PWYV reductions translate into lower cardiovascular event
rates in post-COVID patients and whether baseline PWV
can guide personalized rehabilitation strategies.

Exercise and Metabolic Atherosclerotic Risk Factors
in Post-COVID Patients

COVID-19 is a multisystemic disease capable of inducing a
persistent cardiometabolic syndrome characterized by low-
grade inflammation, insulin resistance, dyslipidemia, and
autonomic dysfunction—factors that significantly amplify
atherosclerotic risk during the post-acute period (>4 weeks
after infection) [58]. Physical exercise emerges as a key
therapeutic intervention to modulate these metabolic risks
and restore cardiovascular function [58].

Exercise prescription for patients with Post-Acute
Sequelae of SARS-CoV-2 (PASC) should be multidisci-
plinary, individualized, and progressively structured, aim-
ing to reverse muscle atrophy and restore metabolic and
cardiovascular function [59, 60]. Due to persistent symp-
toms such as chronic fatigue and effort intolerance, physical
rehabilitation is considered the central pillar for functional
recovery [61, 62]. Training programs that integrate strength
and aerobic exercises (combined training) are widely rec-
ommended, showing superior effects compared to isolated
modalities by simultaneously improving cardiorespiratory
fitness and muscle function [63].

Early exercise-based rehabilitation is recommended to
decrease neuromuscular decline and accelerate recovery
of mitochondrial function and fat oxidation [60, 62]. Pro-
grams with an average duration of 12 weeks show the best
metabolic outcomes [63, 64]. Training frequency typically
ranges from 3 to 6 sessions per week, depending on the set-
ting (e.g., hospital-based or home-based), with lower fre-
quencies often better tolerated in early stages [61, 63].

The aerobic component is typically prescribed at intensi-
ties of 50% to 80% of peak VO- or 60% to 75% of heart rate

Table 1 Effects of exercise training on endothelial function, arterial stiffness, and vascular remodeling after COVID-19

Vascular domain Exercise-related stimulus

Main biological target

Expected vascular effect ~ Relevance after COVID-19

Endothelial function [19, Repeated laminar shear
21,22, 56, 57] stress during aerobic
exercise

Oxidative balance [53,  Regular aerobic training

defenses
Vascular inflammation Repeated moderate-inten-
[42, 53] sity exercise exposure
Arterial stiffness [28, 43] Reduced blood pressure
and sympathetic tone relaxation
Vascular remodeling [6] Long-term training

adaptation

eNOS activation and NO
bioavailability

Reduced ROS generation
57] and improved antioxidant

Lower cytokine signaling
and leukocyte adhesion

Vascular smooth muscle

Extracellular matrix, col-
lagen—elastin balance,

Improved endothelium-
dependent vasodilation
and FMD

Less NO degradation and
lower endothelial injury

Potential recovery of
impaired endothelial
function

May counteract post-
inflammatory oxidative
stress

May reduce persistent
vascular activation

Anti-inflammatory endo-
thelial phenotype

Lower PWV and wave
reflection

May attenuate accelerated
vascular aging

Slower structural
stiffening

Potential protection against
atherosclerotic progression

calcification signaling

eNOS - endothelial nitric oxide synthase; NO - nitric oxide; FMD - flow-mediated dilation; ROS - reactive oxygen species; PWV - pulse wave

velocity
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reserve, with session durations of up to 90 min [61, 63]. For
resistance exercise, intensity ranges between 70% and 85%
of one-repetition maximum (1RM), with 3 sets of 8 to 12
repetitions for major muscle groups [61, 63]. Lower start-
ing intensities are recommended for deconditioned patients.

In patients with severe fatigue or pulmonary damage,
structured exercise should focus on respiratory efficiency,
with breathing exercises associated with training [61]. Load
should be adjusted according to individual capacity [59,
60], with close attention to pre-exercise screening. Exercise
is relatively contraindicated in patients with resting heart
rate>100 bpm [59], oxygen saturation<95% [59, 61], or
systolic blood pressure<90 mmHg or >140 mmHg [59].
Post-exertional symptom exacerbation should be monitored
for 24-48 h post-exercise.

Exercise and Autonomic Regulation as an Indirect
Modifier of Atherosclerotic Risk

The autonomic nervous system (ANS) undergoes signifi-
cant alterations in post-COVID syndrome, a phenomenon
frequently described as dysautonomia [59, 60, 62, 65].
Dysautonomia in PASC is recognized as a central patho-
physiological mechanism that mimics conditions such as
Postural Orthostatic Tachycardia Syndrome (POTS) and
chronic fatigue syndrome. Clinically, it manifests through
palpitations, chest pain, and orthostatic intolerance [59, 65],
affecting up to 30—40% of patients and compromising the
homeostasis of multiple organ systems [65].

Analysis of Heart Rate Variability (HRV) and sympa-
thovagal balance reveals that the autonomic nervous system
exerts a primary role over cardiac function. A reduction in
HRV—driven by sympathetic overactivity and vagal with-
drawal—is frequently associated with adverse prognosis
and arrhythmic risk [66]. These factors are further linked to
endothelial dysfunction and increased systemic inflamma-
tion, both of which contribute to overall atherosclerotic risk
[67]. HRV assessment offers a non-invasive, clinically acces-
sible tool to monitor autonomic function in this population.

There is a direct relationship between sympathetic hyper-
activity and the progression of atherosclerosis, as continu-
ous adrenergic stress and systemic inflammation induce
damage to cardiac structure and electrophysiology, promot-
ing adverse remodeling [66, 68, 69]. Persistent endothelial
dysfunction in the post-COVID period favors a pro-athero-
sclerotic and pro-thrombotic phenotype, accelerating plaque
instability and increasing the risk of acute coronary events
[68]. The synergistic interaction between inflammation
and sympathetic stress exacerbates the imbalance between
myocardial oxygen supply and demand [69], potentially
explaining the increased incidence of cardiovascular events
reported in post-COVID cohorts.

@ Springer

Given these mechanisms, exercise training emerges as
a promising strategy to counteract autonomic dysfunction
and its vasculares consequences. Exercise acts as an impor-
tant indirect modulator of atherosclerotic risk by reduc-
ing peripheral arterial resistance and vascular tone [62,
63, 66]. Parasympathetic reactivation during the recovery
phase assists in stabilizing ventricular repolarization [66].
Exercise also reduces resting heart rate and restores mito-
chondrial function, effectively combating the chronotropic
intolerance associated with PASC [62]. These adaptations
promote a significant reduction in systolic blood pressure,
which may ultimately slow the progression of atheroscle-
rosis [63]. Moderate-intensity aerobic training appears par-
ticularly effective for enhancing parasympathetic tone and
improving HRV.

The available randomized evidence on exercise training
in post-COVID syndrome is summarized in Table 2. Over-
all, randomized trials suggest that structured exercise reha-
bilitation improves functional capacity, muscle strength,
fatigue, dyspnea and, in some studies, quality of life. How-
ever, most trials were limited by small sample sizes, short
follow-up, heterogeneous exercise prescriptions and lim-
ited assessment of vascular endpoints. Therefore, although
current evidence supports exercise-based rehabilitation as
a promising strategy for functional recovery in PASC, its
direct effects on endothelial function, arterial stiffness, vas-
cular remodeling and long-term cardiovascular outcomes
remain insufficiently established.

Limitations

Despite the growing body of evidence linking post-COVID
syndrome to persistent cardiovascular abnormalities, several
limitations within the current literature should be acknowl-
edged when interpreting the findings summarized in this
review. First, this manuscript represents a narrative review
and, although a structured literature search was performed,
it was not conducted according to a predefined systematic
review protocol. Consequently, study selection was based
on scientific relevance and methodological quality rather
than formal risk-of-bias assessment, which may introduce
an element of selection bias inherent to narrative reviews.
A second important limitation concerns the consider-
able heterogeneity among published studies evaluating
post-COVID syndrome. Differences in the definition of
post-COVID syndrome, duration of follow-up, severity
of the initial infection, vaccination status, viral variants,
demographic characteristics, and pre-existing comorbidities
substantially limit direct comparisons across studies. Fur-
thermore, many investigations include mixed populations
of hospitalized and non-hospitalized individuals or combine
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patients with widely different symptom profiles, mak-
ing it difficult to determine whether the observed cardio-
vascular alterations are consistent across all post-COVID
phenotypes.

The evidence supporting exercise-based rehabilitation
also presents limitations. Although an increasing number
of randomized controlled trials have been published, most
studies enrolled relatively small samples, evaluated short
intervention periods, and primarily focused on functional
outcomes such as exercise capacity, dyspnea, fatigue, or
quality of life.

Another limitation involves the heterogeneity of exer-
cise interventions reported in the literature. Considerable
variability exists regarding exercise modality, intensity,
frequency, duration, supervision, progression criteria, and
rehabilitation setting. These methodological differences
hinder direct comparisons among studies and currently pre-
clude the identification of an optimal exercise prescription
for individuals with post-COVID syndrome.

Finally, many mechanistic pathways discussed through-
out this review are supported by experimental models,
translational investigations, or extrapolation from other
cardiovascular diseases characterized by endothelial dys-
function and chronic inflammation. Although these mecha-
nisms are biologically plausible and consistent with current
understanding of vascular physiology, caution should be
exercised when translating these findings directly into clini-
cal recommendations until further disease-specific evidence
becomes available.

These limitations highlight the need for multicenter
studies with standardized diagnostic criteria, comprehen-
sive vascular phenotyping, longer follow-up, and clinically
meaningful cardiovascular outcomes. Nevertheless, despite
these limitations, the consistency of findings across epide-
miological, mechanistic, and interventional studies provides
a strong rationale for considering post-COVID syndrome as
a condition associated with persistent cardiovascular vul-
nerability and supports continued investigation of exercise
training as a promising strategy to mitigate long-term car-
diovascular risk.

Knowledge Gaps

Despite the rapid expansion of research on post-COVID
syndrome, substantial knowledge gaps remain regarding the
mechanisms responsible for persistent cardiovascular dys-
function and the role of exercise training in modifying long-
term cardiovascular risk.

Another important limitation of the current literature
is the absence of validated biomarkers capable of iden-
tifying patients at greatest cardiovascular risk following

@ Springer

COVID-19. Although flow-mediated dilation, pulse wave
velocity, endothelial-derived biomarkers, inflammatory
cytokines, circulating endothelial cells, and measures of
autonomic function have demonstrated promising results
in observational studies, none has yet been validated as a
reliable prognostic tool for routine clinical practice. The
development of integrated vascular phenotyping strategies
combining functional, biochemical, and imaging biomark-
ers may substantially improve risk stratification and facili-
tate individualized therapeutic approaches.

Most randomized clinical trials have primarily evalu-
ated improvements in exercise capacity, fatigue, dyspnea,
or quality of life, whereas relatively few studies have inves-
tigated vascular outcomes such as endothelial function,
arterial stiffness, vascular remodeling, myocardial func-
tion, or subclinical atherosclerosis. Similarly, the optimal
exercise prescription for different clinical phenotypes of
post-COVID syndrome remains unknown. Whether aero-
bic training, resistance exercise, high-intensity interval
training, combined exercise, inspiratory muscle training, or
multimodal rehabilitation provides superior cardiovascular
benefits has not yet been established.

Patients with dysautonomia, postural orthostatic tachy-
cardia syndrome, severe fatigue, or post-exertional symp-
tom exacerbation represent another important knowledge
gap. These individuals are frequently excluded from clini-
cal trials despite constituting a substantial proportion of
patients with post-COVID syndrome. Consequently, there
is limited evidence regarding the safety, tolerability, and
efficacy of exercise-based rehabilitation in these specific
subgroups. Future investigations should specifically address
these populations to establish individualized rehabilitation
strategies that maximize clinical benefit while minimizing
symptom exacerbation.

Additional uncertainties concern the influence of demo-
graphic and clinical characteristics on cardiovascular
recovery. Sex-related differences, aging, obesity, diabetes
mellitus, hypertension, pre-existing cardiovascular disease,
vaccination status, viral variants, and reinfection may all
influence the persistence of vascular dysfunction and the
response to exercise training.

Furutre Directions

The rapid expansion of research on post-COVID syndrome
has considerably improved our understanding of its car-
diovascular manifestations; however, several fundamental
questions remain unanswered and should guide future inves-
tigations. Given the complexity and heterogeneity of post-
COVID syndrome, future research should move beyond
descriptive observational studies toward large prospective
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multicenter investigations capable of establishing causal
relationships between persistent vascular abnormalities,
exercise interventions, and long-term cardiovascular out-
comes. Such studies will be essential to determine whether
the vascular alterations observed after SARS-CoV-2 infec-
tion represent reversible physiological adaptations or perma-
nent pathological remodeling that predisposes individuals to
premature cardiovascular disease.

Randomized controlled trials should constitute the
next major step in this field. Future exercise interven-
tion studies should be adequately powered and designed
to compare different exercise modalities, including aero-
bic, resistance, interval, combined, and multimodal reha-
bilitation programs. In addition to traditional functional
outcomes, future trials should incorporate objective vas-
cular endpoints, including endothelial function assessed
by flow-mediated dilation, arterial stiffness measured by
carotid-femoral pulse wave velocity, central hemodynam-
ics, myocardial function evaluated by advanced echocar-
diography or cardiac magnetic resonance imaging, and
circulating biomarkers of endothelial injury, inflammation,
oxidative stress, and thrombosis. The integration of these
vascular biomarkers with clinical outcomes would provide
a more comprehensive understanding of the mechanisms
through which exercise influences cardiovascular recovery
following COVID-19.

Future investigations should also prioritize long-term
follow-up. Most currently available studies evaluate exer-
cise interventions over periods ranging from 8 to 16 weeks,
leaving uncertainty regarding the durability of vascular
adaptations and their relationship with clinically meaningful
outcomes. Longitudinal studies extending beyond one year
are needed to determine whether improvements in endothe-
lial function, arterial stiffness, inflammatory status, auto-
nomic regulation, and metabolic health are sustained over
time and whether these physiological adaptations ultimately
translate into reductions in major adverse cardiovascular
events, hospitalization, and cardiovascular mortality.

An equally important priority involves improving the
phenotypic characterization of post-COVID syndrome. Cur-
rent evidence suggests that post-COVID syndrome encom-
passes multiple clinical phenotypes with distinct biological
mechanisms, symptom profiles, and recovery trajectories.
Future studies should therefore adopt precision medicine
approaches capable of identifying subgroups of patients
who may respond differently to rehabilitation interventions.
Variables such as age, sex, obesity, pre-existing cardiovas-
cular disease, diabetes mellitus, vaccination status, viral
variant, reinfection history, and severity of the acute infec-
tion should be systematically incorporated into study design
and statistical analyses to facilitate personalized therapeutic
strategies.

Special attention should also be directed toward popula-
tions that remain underrepresented in the current literature.
Patients with postural orthostatic tachycardia syndrome,
severe autonomic dysfunction, post-exertional symptom
exacerbation, chronic fatigue, or significant exercise intol-
erance represent a substantial proportion of individuals with
post-COVID syndrome but are frequently excluded from
clinical trials. Dedicated studies are necessary to establish
safe and effective rehabilitation protocols for these patients
and to determine whether conventional exercise prescrip-
tions require modification according to individual physi-
ological responses.

Technological innovations are expected to play an
increasingly important role in future rehabilitation pro-
grams. Wearable devices capable of continuously monitor-
ing heart rate, physical activity, oxygen saturation, heart
rate variability, and recovery kinetics may facilitate indi-
vidualized exercise prescription and early identification of
symptom exacerbation. Furthermore, advances in artificial
intelligence and machine learning offer opportunities to
integrate clinical, physiological, imaging, and biomarker
data into predictive models capable of identifying patients
at greatest cardiovascular risk and optimizing personalized
rehabilitation strategies.

Finally, future research should seek to integrate mecha-
nistic discoveries with clinical implementation. Understand-
ing how persistent inflammation, endothelial dysfunction,
arterial stiffness, autonomic dysregulation, and metabolic
abnormalities interact to influence cardiovascular prognosis
may facilitate the development of multimodal interventions
combining exercise training with pharmacological therapies,
nutritional strategies, and behavioral interventions. Such an
integrated approach has the potential not only to improve
functional recovery but also to modify the long-term cardio-
vascular trajectory of individuals recovering from SARS-
CoV-2 infection. As the population of COVID-19 survivors
continues to grow worldwide, generating high-quality evi-
dence capable of informing evidence-based rehabilitation
and cardiovascular prevention strategies should remain a
major international research priority.

Conclusion

Persistent cardiovascular abnormalities following COVID-
19 are consistently associated with endothelial dysfunction,
chronic low-grade inflammation, arterial stiffness, auto-
nomic dysregulation, metabolic impairment, and physical
deconditioning. The evidence reviewed indicates that these
interconnected mechanisms may contribute to vascular
dysfunction and a pro-atherogenic phenotype after SARS-
CoV-2 infection. Exercise-based rehabilitation has been

@ Springer



80 Page 14 of 17

Current Atherosclerosis Reports (2026) 28:80

shown to improve functional capacity, exercise tolerance,
fatigue, dyspnea, quality of life, and several physiological
parameters related to vascular and cardiometabolic health,
including endothelial function, inflammatory status, auto-
nomic regulation, insulin sensitivity, and arterial stiffness.

However, the available evidence does not yet demonstrate
that exercise reverses accelerated vascular aging or reduces
major adverse cardiovascular events in individuals with
post-COVID syndrome. Furthermore, uncertainties remain
regarding the optimal exercise prescription, the durability
of vascular adaptations, and which patient subgroups derive
the greatest benefit. Additional well-designed longitudinal
and randomized studies incorporating objective vascular
biomarkers and clinical cardiovascular outcomes are needed
to clarify the long-term effects of exercise on cardiovascular
risk after COVID-19
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