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of cerebromicrovascular dysfunction. This review 
investigates key pathophysiological mechanisms 
contributing to cerebrovascular dysfunction in long 
COVID and their impacts on brain health. We discuss 
how endothelial tropism of SARS-CoV-2 and direct 
vascular infection trigger endothelial dysfunction, 
impaired neurovascular coupling, and blood–brain 
barrier disruption, resulting in compromised cer-
ebral perfusion. Furthermore, the infection appears 
to induce mitochondrial dysfunction, enhancing 
oxidative stress and inflammation within cerebral 
endothelial cells. Autoantibody formation following 
infection also potentially exacerbates neurovascular 

Abstract  Long COVID  (also known as post-acute 
sequelae of SARS-CoV-2 infection [PASC] or post-
COVID syndrome) is characterized by persistent 
symptoms that extend beyond the acute phase of 
SARS-CoV-2 infection, affecting approximately 10% 
to over 30% of those infected. It presents a significant 
clinical challenge, notably due to pronounced neuro-
cognitive symptoms such as brain fog. The mecha-
nisms underlying these effects are multifactorial, 
with mounting evidence pointing to a central role 
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injury, contributing to chronic vascular inflamma-
tion and ongoing blood–brain barrier compromise. 
These factors collectively contribute to the emer-
gence of white matter hyperintensities, promote 
amyloid pathology, and may accelerate neurodegen-
erative processes, including Alzheimer’s disease. This 
review also emphasizes the critical role of advanced 
imaging techniques in assessing cerebromicrovas-
cular health and the need for targeted interventions 
to address these cerebrovascular complications. A 
deeper understanding of the cerebrovascular mecha-
nisms of long COVID is essential to advance targeted 
treatments and mitigate its long-term neurocognitive 
consequences.

Keywords  Long COVID · Cerebromicrovascular 
dysfunction · Endothelial dysfunction · 
Mitochondrial dysfunction · Neurovascular coupling · 
Autoantibodies · Long-haul COVID · Persistent 
COVID symptoms

Introduction

Long COVID, also known as post-acute sequelae 
of SARS-CoV-2 infection (PASC), has emerged 
as a major healthcare challenge in the wake of the 
COVID-19 pandemic [1–10]. While the acute phase 
of COVID-19 predominantly affects the respiratory 
system, viremia—although less common in mild and 
moderate cases—has been observed in severe cases, 
facilitating the systemic spread of the virus to vari-
ous tissues [11]. Emerging evidence indicates that 
COVID-19 can exert profound and lasting effects on 
multiple organ systems, including the central nervous 

system (CNS) [12–15]. Long COVID encompasses 
a spectrum of persistent neurocognitive symptoms 
and manifestations that persist for weeks or months 
after the acute phase of SARS-CoV-2 infection [16]. 
Common symptoms reported by individuals with 
long COVID include persistent fatigue, cognitive 
dysfunction (often referred to as “brain fog”), anos-
mia, ageusia, sleep disturbances, and mood disorders 
such as depression and anxiety [16, 17]. Additionally, 
neurological symptoms such as headache and dizzi-
ness have been frequently reported [17]. Some indi-
viduals may also experience post-exertional malaise, 
where even mild physical or cognitive exertion results 
in extreme fatigue and exacerbation of symptoms. 
These ongoing symptoms can severely impact quality 
of life, limiting individuals’ ability to perform daily 
activities and diminishing work productivity. Long 
COVID poses a particularly significant challenge for 
working-age adults, who may experience a dispropor-
tionate burden due to their inability to return to work 
or resume daily activities. This midlife stressor not 
only impacts physical and mental health but also has 
economic and social consequences, further magnified 
in working-age populations [18].

Estimating the true incidence and prevalence of 
long COVID presents significant challenges due to 
variations in definitions, study methodologies, and 
the evolving nature of the condition [1–7]. Commu-
nity studies have highlighted the varied prevalence 
and societal impact of long COVID across different 
populations. For example, regional disparities in long 
COVID outcomes have been documented [19, 20]. 
Early reports suggested that a substantial proportion 
of individuals with COVID-19 experienced persistent 
symptoms beyond the acute phase of infection, with 
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estimates ranging from 10 to over 30% of individu-
als infected with SARS-CoV-2 [1–7]. A recent meta-
analysis of 196 studies, consisting of 120,970 par-
ticipants indicates that the prevalence of long COVID 
may be higher (over 50%), particularly among those 
with severe or prolonged illness [8]. Long COVID 
affects individuals across all age groups, including 
those with mild or asymptomatic/paucisymptomatic 
initial infections, although older adults and individu-
als with pre-existing comorbidities are at higher risk 
[1–7]. Neurocognitive long COVID symptomatol-
ogy is most frequent in older adults [8]. The persist-
ing neurocognitive effects of COVID-19 in older 
adults are of significant concern, particularly given 
their heightened vulnerability to severe illness and 
increased risk for developing dementia [21–23].

Among the neurological sequelae of COVID-19, 
cerebromicrovascular causes have garnered increas-
ing attention due to their potential implications for 
long-term brain health and cognitive function in older 
adults [21, 24, 25]. This review examines the role of 
the cerebromicrovascular system in the pathogen-
esis of long COVID, focusing on its impact on brain 
health, cognitive function, and the development of 
neurological sequelae. By synthesizing current evi-
dence and identifying gaps in knowledge, this review 
aims to provide insights into potential therapeutic 
strategies and directions for future research in this 
emerging field.

Importance of understanding 
cerebromicrovascular contributions to long 
COVID

Mounting evidence indicates that microvascular dys-
function and injury play a pivotal role in mediating 
COVID-19-related injury to the heart [26, 27], kidney 
[28–30], lungs [31, 32], and other organs [33]. There 
is also growing evidence that cerebromicrovascu-
lar injury and dysfunction also contribute to SARS-
CoV-2 infection-related brain injury and the perpetu-
ation of neurological symptoms among long COVID 
patients [21, 25, 34–43]. Here we discuss possible 
mechanisms underpinning this association, as well 
as potential therapeutic avenues that hold promise for 
enhancing the quality of life of those grappling with 
these enduring symptoms.

Role of cerebromicrovascular health in maintaining 
brain health

The preservation of normal brain function relies 
heavily on the maintenance of adequate tissue perfu-
sion through a dense cerebromicrovascular network 
[44–48]. Remarkably, the total length of capillaries in 
the human brain spans approximately 600  km, with 
virtually every neuron being supplied by its own cap-
illary. As individuals age, growing evidence indicates 
the occurrence of multifaceted functional impairment 
within the cerebral microcirculation, significantly 
contributing to brain aging and the onset of age-
related cognitive impairment [49–55]. In an effort to 
recognize the contribution of cerebrovascular mecha-
nisms to cognitive decline, the term “vascular cogni-
tive impairment and dementia (VCID)” was coined. 
The concept of VCID underscores the idea that a 
spectrum of vascular pathologies, including dysregu-
lation of cerebral blood flow (CBF), stroke, microin-
farcts, microhemorrhages/microbleeds, blood–brain 
barrier (BBB) disruption and consequential neuro-
inflammation and leukoaraiosis, and cerebral amy-
loid angiopathy, can collectively promote cognitive 
impairment in older individuals. For the purposes of 
this review, our focus is specifically on the role of cer-
ebrovascular pathologies related to SARS-CoV-2 in 
the development of chronic neurological manifesta-
tions associated with long COVID.

The regulation of CBF must adhere to unique 
requirements to ensure the consistent delivery of 
vital nutrients and oxygen to the brain while avoid-
ing both hypoperfusion and hyperperfusion. Several 
factors contribute to this complexity: first, the brain’s 
remarkably high metabolic demand for oxygen rela-
tive to other organs; second, neurons’ limited energy 
reserves; third, the rapid fluctuations in metabolic 
demand with neuronal activation; fourth, the con-
straint of space within the closed cranium, necessitat-
ing the maintenance of normal blood flow, volume, 
and intracranial pressure; and fifth, the prevention 
of high-pressure penetration into the distal and vul-
nerable segments of the cerebral arterial tree, which 
could lead to microvascular damage and BBB disrup-
tion [56]. To meet these demanding requirements, 
the regulation of CBF relies on an intricate network 
of overlapping regulatory mechanisms. Mounting 
evidence suggests that even mild impairments in 
microvascular function and CBF regulation can have 
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significant consequences for cerebral function. Within 
this complex regulatory framework, the health of the 
endothelium and the integrity of the BBB assume 
critical roles in preserving brain health. The micro-
vascular endothelium plays a key role in CBF regu-
lation, maintenance of capillary network architecture, 
and the BBB. It also regulates hemostasis. Simulta-
neously, the microvascular endothelium within the 
neurogenic niche plays a pivotal role by secreting 
essential growth factors that influence neurogenesis. 
The BBB controls the passage of substances into the 
brain, thereby shielding it from potentially harm-
ful agents. In the context of this review, we explore 
the impact of COVID-19 on the cerebral circulation, 
focusing on potential mechanisms underlying cer-
ebrovascular dysfunction and its subsequent patho-
physiological consequences related to long COVID.

Vulnerability of the microcirculation to COVID‑19 
infection

A critical aspect of understanding the cerebromicro-
vascular causes in the context of long COVID is the 
susceptibility of cerebromicrovascular endothelial 
cells to infection by the SARS-CoV-2 virus. Endothe-
lial cells, which form the inner lining of blood ves-
sels, have garnered significant attention due to their 
pivotal role in vascular function and their interactions 
with viruses. Of particular interest is the substan-
tial expression of angiotensin-converting enzyme-2 
(ACE-2) on endothelial cells, which serves as the 
primary entry receptor for SARS-CoV-2 [57]. Sev-
eral notable studies, employing diverse detection 
techniques, including electron microscopy, have con-
vincingly demonstrated the presence of SARS-CoV-2 
within microvascular endothelial cells [58–61]. Con-
sequently, SARS-CoV-2 is now acknowledged as an 
endotheliotrophic virus, akin to cytomegalovirus and 
certain herpes viruses [62–64]. These viruses estab-
lish latent infections with periodic reactivation, lead-
ing to long-term endothelial dysfunction. Notably, 
this persistent endothelial damage has been impli-
cated in post-infection syndromes that share simi-
larities with long COVID, as highlighted in recent 
studies [65–72]. This shared pathogenic pathway 
emphasizes the critical role of endothelial health in 
the development of post-viral syndromes and high-
lights its broader implications for understanding and 
managing long-term sequelae [67–72].

The infection and inflammation induced by SARS-
CoV-2 within the microvasculature are regarded as 
pivotal components of the pathogenesis of COVID-19 
[73–80]. The sequence of events begins with the spike 
protein of SARS-CoV-2 binding to ACE2 receptors on 
endothelial cells, facilitating viral entry and infection. 
This process initiates a complex cascade of events. The 
virus hijacks the cellular machinery for replication, sig-
nificantly increasing metabolic demands and leading 
to structural and functional disruption of the infected 
cells. These cytopathic effects may result in endothelial 
cell death and contribute to widespread vascular dam-
age. Consequently, profound functional and phenotypic 
changes occur within cerebromicrovascular endothe-
lial cells [81–84]. Viral entry leads to downregulation 
and internalization of ACE2, disrupting the delicate 
balance of the renin-angiotensin system (RAS) [85]. 
Specifically, ACE2 downregulation decreases the con-
version of angiotensin II into angiotensin 1–7, resulting 
in elevated levels of angiotensin II and reduced levels 
of angiotensin 1–7. The imbalance favors vasocon-
striction, inflammation, and endothelial dysfunction, 
as angiotensin II promotes pro-inflammatory cytokine 
release and oxidative stress, while the loss of angioten-
sin 1–7 reduces protective, anti-inflammatory signal-
ing. This RAS dysregulation amplifies vascular damage 
and may contribute to the chronic endothelial injury 
observed in long COVID. The culmination of these 
changes gives rise to the development of a thromboin-
flammatory environment characterized by the exces-
sive production of reactive oxygen species (ROS) [86], 
altered barrier function, and physical damage to capil-
laries [87, 88]. These multifaceted alterations not only 
induce endothelial vasomotor dysfunction but also dis-
rupt the delicate equilibrium of endothelial function 
within the macro- and microvasculature. Importantly, 
these effects manifest in both acute COVID-19 cases 
and individuals grappling with the enduring symp-
toms of long COVID [34, 41, 42, 89, 90]. Additionally, 
endotheliitis and microvascular thrombosis might also 
be triggered by indirect effects of SARS-CoV-2 infec-
tion [91].
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Impact of COVID‑19 on cerebral 
microvasculature and its implications for long 
COVID

A growing body of research has been dedicated to 
understanding the long-lasting impact of COVID-19 
on the cerebromicrovascular system [12, 13, 92–97]. 
The consequences of endotheliitis and SARS-CoV-
2-induced cerebromicrovascular dysfunction have 
far-reaching implications that likely encompass a 
spectrum of effects, including impaired CBF, dis-
ruption of the BBB, and perivascular inflammation. 
This sequence of interconnected events can lead to 
a multitude of adverse outcomes, including reduced 
oxygen supply to brain cells, heightened thrombo-
genesis, the release of pro-inflammatory factors, the 
onset of neuroinflammation, white matter damage, 
and disruption of the structural integrity of cerebral 
microvessels [24, 25]. Each of these factors is likely 
to contribute significantly to the enduring neurologi-
cal manifestations associated with long COVID. Over 
time, the cumulative impact of these factors can cul-
minate in cognitive impairment, an increased suscep-
tibility to neurodegenerative diseases, and height-
ened vulnerability to various neurological disorders. 
Consequently, the understanding and comprehensive 
addressing of cerebromicrovascular causes assume a 
pivotal role in mitigating the long-term brain compli-
cations associated with long COVID.

Age‑related susceptibility, microvascular aging, and 
neurological impact of long COVID

COVID-19 demonstrates a marked age-related sever-
ity gradient, consistently documented in an extensive 
body of literature that emphasizes the heightened 
risk and increased disease severity observed in older 
adults [98–103]. Within this demographic, there 
is a notably elevated incidence of acute and post-
COVID-19 complications, prominently featuring 
chronic neurological and vascular issues [104–108]. 
While major vascular events are typically not cat-
egorized as part of long COVID, it is essential to 
acknowledge that COVID-19 can still induce con-
siderable morbidity and mortality from such events 
[109–117], which may be underestimated or under-
reported [118–122]. COVID-19 has been observed to 
promote thromboembolism, including the formation 
of microthrombi [123, 124]. It is conceivable that 

undiagnosed small strokes could contribute to symp-
toms diagnosed as long COVID. Small strokes, also 
known as “silent strokes,” can occur without notice-
able symptoms or may cause subtle symptoms that 
are easily overlooked or attributed to other factors. 
Importantly, during the COVID-19 pandemic, there 
was a decline in stroke and transient ischemic attack 
admissions, potentially due to hesitancy in seeking 
medical attention [118, 121, 125]. “Silent” strokes 
can affect cognitive function, mood, and overall well-
being, which are also symptoms commonly associ-
ated with long COVID. Therefore, it is plausible 
that undiagnosed small strokes may contribute to the 
constellation of symptoms experienced by individu-
als diagnosed with long COVID. However, further 
research is needed to better understand the potential 
relationship between undiagnosed small strokes and 
long COVID symptoms. The epidemiological data 
raise alarms regarding the long-term cardiovascu-
lar and cerebrovascular consequences of COVID-19 
[120]. Therefore, understanding the full spectrum 
of cardiovascular and cerebrovascular implications, 
including age-related trends, is crucial for assess-
ing the comprehensive impact of COVID-19 beyond 
acute infection.

Age appears to play a crucial role in shaping the 
risk and severity of long COVID [126–128]. Older 
individuals have a heightened likelihood of experi-
encing persistent symptoms and complications fol-
lowing acute SARS-CoV-2 infection [129]. A recent 
study, part of the RECOVER initiative funded by the 
United States National Institutes of Health, examined 
the relationship between SARS-CoV-2 vaccination 
and long COVID diagnosis using electronic health 
records from the National COVID Cohort Collabo-
rative [130]. Results showed that vaccination was 
consistently associated with lower odds and rates 
of long COVID diagnosis [130]. Additionally, older 
adults, despite being more likely to be vaccinated, 
were also more prone to contracting long COVID 
compared to younger adults [130]. Advancing age 
also emerges as a risk factor for the development of 
post-COVID neurocognitive manifestations [126, 
128]. This age-related vulnerability may stem from 
various factors [131], including age-related declines 
in immune function, pre-existing health conditions, 
and the cumulative effects of accelerated physiologi-
cal aging on organ systems. Additionally, older adults 
exhibit heightened systemic inflammation and often 
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have a higher prevalence of comorbidities, such as 
hypertension, diabetes mellitus, cardiovascular dis-
ease, and pathologies affecting the hematopoietic 
system (including clonal hematopoiesis of indeter-
minate potential [CHIP] [132–138] and monoclonal 
gammopathy of undetermined significance [MGUS] 
[138]), which can exacerbate the impact of COVID-
19 and contribute to the development of long-lasting 
symptoms [1]. For similar reasons, older adults are 
also prone to experiencing long-term cognitive con-
sequences associated with hospitalization for other 
diseases [139]. It is crucial to recognize that socio-
economic, genetic, and epigenetic factors associated 
with aging may also play a significant role in suscep-
tibility to infection and long COVID outcomes. Epi-
genetic modifications have been identified as critical 
regulators of immune function and aging, influencing 
immune cell activity and shaping individual vulner-
ability to infections and autoimmune disorders. By 
modulating gene expression, these modifications 
impact immune responses, ultimately determining 
the clinical spectrum and outcomes of both acute and 
chronic infections [140, 141]).

Conceptually, the heightened vulnerability of 
the aging microcirculation to stressors associated 
COVID-19 with can be attributed to several key fac-
tors. Firstly, aging is intricately linked with impaired 
endothelial function, which manifests as reduced 
vasodilation and an elevated state of oxidative stress 
[142–148] and inflammation within the vasculature 
[149–156]. Consequently, in older adults, cerebro-
microvascular impairment induced by COVID-19 is 
compounded by pre-existing deficits in the function-
ality of the aging microcirculation. Secondly, micro-
vascular rarefaction, marked by a decline in capillary 
density [157–159], characterizes the aging process, 
limiting the microvasculature’s ability to efficiently 
supply oxygen and nutrients to the brain [160–163]. 
This likely exacerbates the adverse consequences of 
microvascular dysregulation and inflammation dur-
ing the pathogenesis of COVID-19, creating regions 
at heightened risk for ischemic damage. Thirdly, 
aging may impair autoregulatory mechanisms within 
the cerebral circulation [164–166], diminishing their 
capacity to adapt blood flow in response to evolving 
hemodynamic conditions, which could potentially 
contribute to exacerbated neurological damage dur-
ing the acute phase of the disease [56, 167–169]. 

Fourthly, the persistent low-grade inflammation 
associated with aging, often termed inflammaging 
[170–173], plays a pivotal role in endothelial dysfunc-
tion and microvascular damage [149, 150, 174]. This 
pro-inflammatory environment, characterized by ele-
vated levels of cytokines such as IL-6 and TNF-α, cre-
ates conditions favorable for viral replication by alter-
ing the local tissue milieu, thereby enhancing viral 
infectivity and propagation. Importantly, this state of 
chronic inflammation not only facilitates viral pro-
cesses during the acute phase but may also contribute 
significantly to the development of long-term seque-
lae, including those observed in long COVID [127, 
175]. The heightened state of systemic inflammation 
due to viral infection is likely to exacerbate cerebro-
microvascular pathologies, including endothelial dys-
function and blood–brain barrier (BBB) disruption. 
This concept is reinforced by findings indicating the 
continued presence of pro-inflammatory factors in the 
serum of long COVID patients, which are capable of 
inducing endothelial activation [176]. Fifthly, aging 
associates with mitochondrial dysfunction [154, 155, 
177–186], increased cellular production of reactive 
oxygen species, and impaired cellular resilience to 
oxidative stress, including the compromise of Nrf2-
driven antioxidative response mechanisms [187–193]. 
The increased production of ROS and heightened oxi-
dative stress within the aging microvasculature dur-
ing COVID-19 can intensify damage to microvascular 
endothelial cells and disrupt their normal function. 
Sixthly, age-related comorbidities such as hyperten-
sion, diabetes [194–196], and cardiovascular disease 
further compound microvascular dysfunction [162, 
168, 189, 197–206], with these comorbidities recog-
nized as risk factors for severe COVID-19 and long 
COVID. Lastly, age-related alterations in the immune 
system (immunosenescence) may hinder its ability 
to mount an effective response against microvascular 
viral infections like SARS-CoV-2 [99, 140, 207–210], 
potentially facilitating greater viral dissemination and 
damage within the cerebral microcirculation. Col-
lectively, these factors render the aging microcircula-
tion notably more susceptible to damage induced by 
COVID-19. A comprehensive understanding of these 
age-related changes within the microvascular system 
is pivotal for comprehending the intricate neurologi-
cal consequences associated with conditions like long 
COVID.
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Endothelial dysfunction, dysregulation of CBF and 
neurovascular uncoupling

Endothelial cells play a central and multifaceted role 
in the regulation of CBF, including mediation of 
neurovascular coupling (NVC) responses [56, 203, 
211–214]. These functions are critical for maintain-
ing proper brain function and ensuring that neurons 
receive the necessary oxygen and nutrients during 
various physiological activities. The endothelium 
actively participates in the regulation of CBF by pro-
ducing and releasing various signaling molecules, 
such as nitric oxide (NO), prostacyclin, and endothe-
lin. These mediators help to modulate the tone of 
the adjacent smooth muscle cells in the blood vessel 
walls, thereby influencing the diameter of cerebral 
resistance vessels and the amount of blood that flows 
through them. NVC is a fundamental homeostatic 
process that links neuronal activity with changes in 
CBF. When neurons become active and fire action 
potentials, they require increased oxygen and glu-
cose. In response to this increased metabolic demand, 
nearby arterioles should dilate to deliver more blood 
to the active regions. Endothelial cells play a pivotal 
role in initiating this response [154–156, 215–217]. 
They sense the neural activity through various sign-
aling astrocyte-dependent and astrocyte-independent 
pathways and, in turn, release vasodilatory mol-
ecules like NO. This local vasodilation ensures that 
the brain’s energy needs are met promptly and effi-
ciently during cognitive tasks, sensory processing, or 
other neuronal activities. When NVC is impaired, the 
relationship between neuronal activity and blood flow 
becomes disrupted, resulting in inadequate delivery 
of oxygen and nutrients to active neurons. Addition-
ally, the washout of toxic metabolic by-products is 
also compromised. This mismatch can lead to subop-
timal neuronal function and, in severe cases, neuronal 
damage. Both the natural aging process and risk fac-
tors that accelerate cardiovascular aging, such as dia-
betes mellitus, hypertension, obesity, and smoking, 
can significantly compromise NVC responses through 
the promotion of endothelial dysfunction [162, 168, 
189, 197–206].

In the context of COVID-19, emerging evidence 
indicates that SARS-CoV-2 infects endothelial cells. 
This viral infection together with the adverse endothe-
lial effects of inflammatory mediators released 
from other organs lead to widespread endothelial 

dysfunction and potentially impair NVC responses 
[21, 24]. During the acute phase of COVID-19, it has 
been demonstrated that COVID-19-induced systemic 
macro- and microvascular endothelial dysfunction 
can exacerbate the severity of the disease [218–222]. 
The presence of viral antigens long after the acute 
infection can sustain inflammation and immune 
responses, further disrupting normal NVC func-
tion [223]. Although direct viral replication in the 
brain is uncommon in most cases, evidence suggests 
that SARS-CoV-2 can infect neuronal tissue, caus-
ing direct damage and alterations to NV [224, 225]. 
Additionally, immune responses directed at the virus, 
along with immune complex deposition, may impair 
NVC through vascular inflammation and endothe-
lial dysfunction, resulting in compromised cerebral 
blood flow. Moreover, early evidence indicates that 
COVID-19-induced endothelial dysfunction [226] 
and NVC impairment can persist for several months 
following infection [21, 24]. This persistence raises 
concerns about the role of these vascular abnormali-
ties in the neurological symptoms and cognitive defi-
cits observed in individuals with long COVID [227, 
228]. Disrupted NVC may lead to inadequate blood 
flow adjustments in response to neuronal activity, 
potentially affecting cognitive function, memory, and 
overall brain health [211].

Mitochondrial health is crucial for maintaining 
proper endothelial function and neurovascular cou-
pling responses, as mitochondria play a vital role in 
energy production, regulation of oxidative stress, and 
cellular signaling [150, 152, 154, 155, 180, 229]. 
Healthy mitochondria ensure that endothelial cells 
can effectively manage vascular tone, blood flow, and 
the integrity of the BBB [152, 155, 229, 230]. They 
are also integral to the process of angiogenesis and 
the repair of damaged blood vessels. Emerging evi-
dence suggests that post-COVID-19 syndrome is 
associated with mitochondrial dysfunction, which 
can lead to impaired energy metabolism, increased 
oxidative stress, and inflammation [231]. This mito-
chondrial impairment may contribute to cerebromi-
crovascular dysfunction observed in long COVID, 
potentially exacerbating neurocognitive symptoms 
and other neurological manifestations. Investigating 
the link between mitochondrial dysfunction and cer-
ebromicrovascular health in post-COVID-19 patients 
is an intriguing area for future studies, which could 
uncover novel therapeutic targets to mitigate long 
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COVID’s impact on brain health. There is also ini-
tial evidence that long COVID syndrome may also 
associate with capillary rarefaction [232] in the 
peripheral circulation. Further studies are needed to 
confirm that the cerebral circulation is also affected. 
Endothelial dysfunction, compounded by the effects 
of COVID-19, may contribute to a range of neu-
rological manifestations in long COVID patients. 
Understanding the link between cerebromicrovascular 
dysfunction, endothelial impairment, and NVC dis-
ruption is crucial for unraveling the complex neuro-
logical consequences of conditions like long COVID. 
Further research is needed to fully comprehend the 
mechanisms underlying these vascular changes and 
their long-term impact on brain health.

Cerebromicrovascular inflammation

SARS-CoV-2 infection can trigger cerebromicro-
vascular inflammation through direct and indirect 
mechanisms. Persisting microvascular inflammation 
can have far-reaching consequences on brain health 
and neurological manifestations of long-COVID syn-
drome, including BBB disruption, neurovascular dys-
function, and neuroinflammation.

SARS-CoV-2 can directly infect ACE2-expressing 
microvascular endothelial cells [38, 82, 83, 233–240]. 
This direct viral infection can trigger a local immune 
response, leading to inflammation within the cer-
ebral microvessels. The heightened inflammatory 
status can disrupt the BBB, allowing the infiltration 
of immune cells and inflammatory mediators into 
the brain parenchyma. It is likely that SARS-CoV-2 
may establish a persistent presence in tissues [241]. 
Accordingly, an increasing number of studies dem-
onstrate persistent viral RNA and protein in various 
tissues, including the lungs, appendix, skin, breast 
tissue, and cerebrospinal fluid, months after the acute 
infection [241–247]. Persistent viral presence has 
been suggested as a potential mechanism underlying 
long COVID [241, 246, 247]. This persistence likely 
can lead to ongoing viral replication and low-level 
chronic inflammation in the vasculature, further con-
tributing to cerebromicrovascular dysfunction in long 
COVID.

COVID-19 is associated with systemic inflam-
mation, and the release of cytokines from peripheral 
organs likely exerts a significant impact on cerebral 
microvessels [248, 249]. Importantly, in long COVID, 

a persisting increase in inflammatory mediators has 
been observed, further contributing to cerebromicro-
vascular dysfunction and inflammation [250–254]. 
In addition to persistent viral RNA, recent studies 
have proposed that SARS-CoV-2 genetic material 
may integrate into the host genome [255, 256]. This 
integration could explain the prolonged presence of 
viral components and sustained immune activation 
observed in some long COVID patients.

The cerebral microvasculature has its local renin-
angiotensin system (RAS), which plays a critical role 
in regulating blood flow and vascular tone [257–259]. 
SARS-CoV-2 infection may disrupt the balance of the 
local RAS, leading to vasoconstriction, inflammation, 
and oxidative stress within the cerebral microvessels. 
It is assumed that these alterations can exacerbate 
cerebromicrovascular inflammation and impair NVC, 
affecting neuronal function. Both COVID-19 infec-
tion and COVID-19 vaccines have been associated 
with perturbations in the systemic RAS, potentially 
leading to significant alterations in blood pressure 
regulation [260, 261]. It is conceivable that post-
COVID hypertension may have secondary effects on 
the cerebral microcirculation, further complicating 
cerebromicrovascular health.

Recent evidence suggests that long COVID is asso-
ciated with unique immune dysregulation, including a 
T cell signature characterized by enhanced CD4 + T 
cell responses and diminished CD8 + T cell activity. 
This imbalance likely contributes to chronic inflam-
mation and persistent immune activation, exacerbat-
ing vascular injury and neuroinflammation [262].

Systemic COVID-19 (via increased CCL-11) 
and/or the presence of SARS-CoV-2 in the cerebral 
microvasculature can activate microglia, the resident 
immune cells of the brain [14, 15, 263–265]. Acti-
vated microglia release pro-inflammatory cytokines 
and chemokines, contributing to neuroinflammation 
and potentially exacerbating cerebromicrovascular 
dysfunction. In response to cerebromicrovascular 
inflammation and endothelial activation, activated 
leukocytes from the systemic circulation may infil-
trate the brain. These immune cells can release addi-
tional inflammatory mediators and exacerbate neu-
roinflammation, further compromising brain health 
[266].

In response to SARS-CoV-2 infection, microvascu-
lar endothelial cells may undergo alterations in their 
secretory profile. This shift can result in an imbalance 
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in the release of growth factors, cytokines, and matrix 
metalloproteinases (MMPs), potentially disrupting 
neuronal function and impeding the processes of neu-
rogenesis [81–83]. Such changes in the microenviron-
ment of the brain can have profound implications for 
overall neurological health.

Latent herpesvirus infections, such as those caused 
by Epstein-Barr virus (EBV) and cytomegalovi-
rus (CMV), can persist in the vascular endothelium, 
where they remain dormant but can reactivate under 
certain conditions, such as immune stress [68]. Her-
pesvirus reactivation has been identified as a con-
tributing factor to the pathogenesis of long COVID 
[67–69, 71, 267, 268]. Reactivation of latent herpes-
viruses can be triggered by the immune dysregulation 
and systemic inflammation induced by SARS-CoV-2 
infection [68]. EBV and CMV reactivation can lead 
to a heightened inflammatory response, which likely 
exacerbates endothelial dysfunction, contributing to 
BBB disruption and neurovascular coupling impair-
ment [62, 63, 269–276]. The interplay between 
SARS-CoV-2 infection and herpesvirus reactivation 
creates a complex inflammatory environment that 
may contribute to the ongoing neurological manifes-
tations of long COVID [68]. Understanding how viral 
reactivation affects cerebromicrovascular function is 
essential for developing therapeutic strategies to miti-
gate the long-term cognitive and neurological conse-
quences associated with long COVID.

The induction of autoantibodies following COVID-
19 represents another potential mechanism contrib-
uting to the development of cerebromicrovascular 
inflammation. Several lines of evidence support the 
importance of autoantibodies in the immune patho-
genesis of SARS-CoV-2 infection [277]. The devel-
opment of autoimmunity is evidenced by extrafollicu-
lar B cell activation observed after acute COVID-19 
infection, as  anti-type I interferon autoantibodies.

Moreover, a significant overlap exists between 
symptom clusters observed in long COVID and those 
characteristic of systemic autoimmune disorders, such 
as systemic lupus erythematosus (SLE), antiphospho-
lipid syndrome (APS), rheumatoid arthritis (RA), and 
undifferentiated connective tissue disease. This simi-
larity suggests that SARS-CoV-2 infection may act as 
a trigger for the development or exacerbation of auto-
immune responses. Several autoantibodies have been 
implicated in long COVID, either through direct path-
ogenic effects or associations with specific long-term 

manifestations, indicating that the virus can stimulate 
a broad-spectrum autoantibody repertoire. Notably, 
numerous autoantibody targets have been identified 
within the central nervous system, including intra-
cellular and cell surface antigens. These targets are 
likely to contribute to the neurological symptoms fre-
quently reported in long COVID patients by promot-
ing neuroinflammation, disrupting neuronal integrity, 
or impairing blood–brain barrier function [277–279].

In summary, SARS-CoV-2 infection can promote 
cerebromicrovascular inflammation through various 
mechanisms, including direct viral invasion, persist-
ing viral presence, altered local RAS function, her-
pesvirus reactivation, microglia activation, leukocyte 
infiltration, autoantibody production, and changes in 
endothelial secretion profiles. This heightened inflam-
matory status within the cerebral microcirculation 
has significant implications for brain health and can 
contribute to the neurological symptoms observed 
in conditions like long COVID. Understanding the 
multifaceted nature of cerebromicrovascular inflam-
mation is essential for comprehending its role in the 
neurological consequences of SARS-CoV-2 infection.

Small vessel disease: blood–brain barrier disruption 
and white matter hyperintensities

Cerebral small vessel disease (CSVD) is a prevalent 
cerebrovascular condition that plays a pivotal role in 
the development of cognitive impairment [25, 280]. 
It is characterized by pathological alterations in small 
perforating arteries, arterioles, venules, and capil-
laries within the brain’s intricate microvasculature. 
Recent evidence suggests that SARS-CoV-2 infection 
may contribute to the pathogenesis of CSVD, shed-
ding light on its potential role in the cerebromicrovas-
cular aspects of long COVID and its associated neu-
rological consequences [25].

One of the hallmark features of CSVD is its pro-
pensity to disrupt the BBB, a vital protective bound-
ary that regulates the passage of substances between 
the bloodstream and the brain [281]. In the context 
of CSVD, compromised BBB integrity allows for 
the infiltration of blood-borne substances, including 
inflammatory mediators, into the brain parenchyma. 
When considering COVID-19, both direct infec-
tion of endothelial cells within the cerebral micro-
vasculature and the systemic inflammation induced 
by the viral infection are likely to exacerbate BBB 
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disruption [12, 176, 282–287]. This, in turn, results in 
the leakage of pro-inflammatory factors into the brain 
microenvironment, contributing significantly to the 
neuroinflammation observed in long COVID [176].

In the context of long COVID, emerging research 
highlights the role of BBB disruption in the devel-
opment of neurological symptoms, such as cogni-
tive impairment often referred to as brain fog [176]. 
Recent findings indicate that BBB disruption not only 
is evident during acute COVID-19 infection but also 
persists in patients experiencing cognitive difficul-
ties associated with long COVID [176]. Transcrip-
tomic analysis of peripheral blood mononuclear cells 
suggests a heightened inflammatory status in these 
patients [176]. In  vitro experiments further support 
these findings, demonstrating increased adhesion of 
peripheral blood mononuclear cells to human brain 
endothelial cells and elevated expression of inflam-
matory markers in brain endothelial cells exposed to 
serum from long COVID patients [176]. Collectively, 
these results underscore the significance of sustained 
systemic inflammation and persistent localized BBB 
dysfunction as key features contributing to the neuro-
logical manifestations observed in long COVID, par-
ticularly brain fog. [176].

Another characteristic manifestation of CSVD 
is the development of white matter hyperintensities 
(WMHs) observable on magnetic resonance imag-
ing (MRI) scans [280, 288]. These WMHs represent 
regions of increased water content and altered tissue 
structure within the brain’s white matter, indicat-
ing areas of white matter damage. BBB disruption 
is thought to be a critical trigger for the genesis of 
WMHs [289–292]. Emerging evidence suggests a 
persistent increase in WMHs in the brains of older 
adults with a history of COVID-19, highlighting the 
potential long-lasting effects of cerebromicrovascular 
dysfunction in the context of long COVID [293–295]. 
These CSVD-associated WMHs can have profound 
implications for cognitive function and overall brain 
health.

To gain a comprehensive understanding of the neu-
rological consequences of long COVID, it is impera-
tive to delve into the intricate relationship between 
persisting systemic inflammation [176], presence of 
autoantibodies in the circulation [296–303], com-
plement activation, cerebromicrovascular dysfunc-
tion, BBB disruption [176], and the development 
of WMHs. This exploration will shed light on the 

cerebrovascular aspects of long COVID and may pave 
the way for targeted interventions aimed at mitigating 
its neurological sequelae.

Small vessel disease: cerebral microhemorrhages and 
ischemic lesions

Among the various manifestations of CSVD, two 
significant features are cerebral microhemorrhages 
(CMHs, also known as cerebral microbleeds) and 
ischemic lesions (including lacunar strokes), both of 
which likely contribute to the cerebromicrovascular 
aspects of long COVID [304–313].

CMHs are minuscule bleeding events that occur 
within the brain which can be best detected using 
T2*-weighted Gradient-Recall Echo (T2*-GRE) MRI 
sequences [169]. These CMHs serve as an important 
indicator of microvascular fragility and are consid-
ered a characteristic feature of CSVD. Epidemio-
logical evidence has established a link between the 
presence of CMHs and cognitive dysfunction [169]. 
In recent studies, emerging evidence has suggested 
a potential association between COVID-19 and the 
development of CMHs [295, 314–331]. Investigating 
the relationship between SARS-CoV-2 infection and 
the occurrence of these microhemorrhages is of para-
mount importance in unraveling the cerebromicrovas-
cular contributions to long COVID. Understanding 
how COVID-19 may influence CMHs is essential 
for comprehending the potential neurological conse-
quences and cognitive impacts of long COVID.

Evidence of cerebral microemboli in COVID-19 
patients has been documented, suggesting that micro-
vascular occlusions could also contribute to cogni-
tive and neurological symptoms associated with long 
COVID. These microemboli, potentially resulting 
from hypercoagulability and endothelial dysfunction, 
may lead to localized ischemic damage in the brain 
[332, 333]. Lacunar ischemic strokes, stemming from 
CSVD, constitute a significant portion, accounting 
for approximately 25%, of all ischemic strokes. These 
relatively small-scale strokes frequently give rise to 
not only VCID but also various neuropsychiatric and 
mood disorders, along with compromised mobility. 
COVID-19 has been associated with an increased risk 
of ischemic events, including lacunar strokes [295, 
316, 317, 321, 322, 324, 325, 327, 334–344]. These 
ischemic lesions associated with COVID-19 poten-
tially can lead to long-lasting cognitive impairment 
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and other neurological symptoms, emphasizing the 
importance of exploring the interplay between cer-
ebromicrovascular dysfunction and ischemia in the 
context of long COVID.

Both cerebral microhemorrhages and ischemic 
lesions have the potential to significantly impact 
brain health and contribute to the neurological mani-
festations observed in long COVID [314, 326, 327, 
345]. Investigating the mechanisms underlying these 
cerebromicrovascular pathologies in the context of 
SARS-CoV-2 infection is essential for a comprehen-
sive understanding of the neurological consequences 
of long COVID.

Thrombotic sequelae

Emerging research has illuminated the propensity 
of SARS-CoV-2 infection to induce a prothrom-
botic state within the circulatory system, leading 
to a heightened risk of thrombotic events, including 
strokes and other cerebrovascular complications. Both 
arterial and venous thromboembolism are prevalent 
in patients with severe COVID-19. In patients with 
severe COVID-19 admitted to intensive care units, 
the occurrence of venous thromboembolic events 
varies, with estimates ranging from 20 to 35%. Deep 
venous thrombosis has been identified in a strikingly 
high percentage, affecting between 70 and 100% of 
patients who succumbed to COVID-19 [346–349]. 
Furthermore, arterial thrombosis, leading to condi-
tions such as larger strokes, has been diagnosed in 
up to 4% of patients with COVID-19 hospitalized 
in intensive care units. COVID-19 is also associated 
with an increased risk of thrombotic events affecting 
the cerebromicrovascular system, leading to ischemic 
lacunar strokes. While hypercoagulability and throm-
bosis play crucial roles in acute COVID-19, emerg-
ing research suggests that thromboinflammation can 
persist in certain patients, even after viral clearance. 
Studies have documented the presence of viral spike 
proteins and RNA in recovered individuals months 
after their initial infection, potentially contributing to 
the ongoing thromboinflammatory processes and the 
formation of microclots [350–353]. It has been pos-
ited that microthrombi, especially in the cerebral cir-
culation, play a role in contributing to long COVID 
[350–353].

The pathophysiology of thrombotic events in 
COVID-19 is multifaceted. The virus can directly 

infect endothelial cells, leading to endothelial dys-
function and injury [58, 354]. This endothelial 
injury can result in a hypercoagulable state char-
acterized by increased clotting factor production 
and reduced fibrinolysis, promoting thrombus for-
mation. Moreover, while SARS-CoV-2 infection 
of platelets is not productive, the virus can engage 
ACE2 and other potential receptors on platelets, 
leading to their activation and aggregation. Recent 
studies have implicated the envelope (E) protein of 
SARS-CoV-2 in coagulation disorders. In a cohort 
of COVID-19 patients and a murine model, hyper-
activation of platelets was observed, driven by acti-
vation of the p38 MAPK-NF-κB signaling path-
way via the CD36 transmembrane glycoprotein, 
stimulated by the E protein [355–357]. Elevations 
in D-dimer, von Willebrand factor (VWF), and fac-
tor VIII levels are commonly observed in patients 
with severe COVID-19. Additionally, the systemic 
inflammatory response induced by the virus can 
further enhance the prothrombotic environment. 
The presence of antiphospholipid antibodies has 
been identified as an additional prothrombotic fac-
tor in acute COVID-19 infection [358]. Lupus 
anticoagulant (LA) positivity has been reported in 
50–90% of COVID-19 patients [359]. Additionally, 
the prevalence of IgG and IgM isotype anticardi-
olipin (aCL) antibodies and anti-β2 glycoprotein I 
(aB2GP1) antibodies was approximately 15%, while 
double antibody positivity (both aCL and aB2GP1) 
was observed in 25–50% of patients [360].

Thrombotic events within the cerebral micro-
vasculature can have severe consequences for brain 
health. Ischemic strokes, resulting from the occlu-
sion of small cerebral vessels by blood clots, can 
lead to persisting neurological deficits and cognitive 
impairments. Moreover, the potential formation of 
microthrombi within the microvasculature can dis-
rupt blood flow and impair oxygen delivery to brain 
tissues. This disruption may exacerbate the neuro-
logical manifestations associated with long COVID-
19 [350], even in cases where overt stroke is not 
visible on MRI and CT images. Understanding 
the thrombotic sequelae of SARS-CoV-2 infection 
is vital for elucidating the cerebromicrovascular 
contributions to long COVID and its neurological 
consequences.
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Exacerbation of amyloid pathologies and 
pathogenesis of Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disor-
der characterized by the accumulation of amyloid-beta 
(Aβ) plaques and tau protein tangles in the brain, lead-
ing to progressive cognitive decline.

Recent research has illuminated a potential con-
nection between COVID-19 and the exacerbation of 
AD-related pathologies [361, 362], underscoring the 
critical role of the cerebromicrovascular system in both 
conditions.

Microvascular pathologies, including BBB disrup-
tion [363], endothelial dysfunction [364], NVC impair-
ment, and cerebral amyloid angiopathy (CAA) [365], 
are recognized as early events in the pathogenesis of 
AD. A specific pathological subtype of inflamma-
tory CAA, known as Aβ-associated angiitis (ABRA), 
is characterized by transmural granulomatous inflam-
matory vasculitis [366]. COVID-19, by impairing cer-
ebromicrovascular health, is assumed to exacerbate the 
pathogenesis of neurodegenerative diseases. Addition-
ally, the systemic inflammation induced by the virus, 
along with direct viral effects on both microvascu-
lar and brain cells, may lead to increased production, 
reduced clearance, and increased perivascular accumu-
lation of Aβ. In certain cases, these changes may also 
promote inflammatory responses targeting vascular 
Aβ deposits, further accelerating neurodegenerative 
processes.

Importantly, individuals with mild cognitive impair-
ment (MCI), a precursor to AD, may be particularly 
susceptible to the detrimental effects of COVID-19 on 
AD pathogenesis [21]. Research indicates that MCI 
patients who contract COVID-19 exhibit an elevated 
transition rate to dementia, emphasizing the sig-
nificance of understanding the intricate relationship 
between these conditions [21]. Gaining a deeper under-
standing of how COVID-19 impairs microvascular 
health and exacerbates neurodegenerative diseases can 
inform potential therapeutic strategies to mitigate long-
term neurological consequences and reduce the risk of 
AD development in affected individuals.

Role of autoantibodies in COVID‑related vascular 
pathologies

Autoantibodies have emerged as critical players 
in COVID-19-related cardiovascular pathologies 

[367–372] and may also contribute to the long-term 
vascular and neurological complications in long 
COVID [296–303, 373]. In the context of SARS-
CoV-2 infection, the immune system can become 
dysregulated, leading to the production of autoanti-
bodies target the body’s own cells, tissues, and organs 
[296–303]. An age-dependent increase in autoanti-
body levels has been observed in patients with severe 
COVID-19, suggesting that these autoantibodies 
may serve as markers for age-related stratification 
of the severe COVID-19 phenotype [374]. Evidence 
increasingly indicates that these autoantibodies may 
contribute to vascular injury by promoting endothelial 
dysfunction, inflammation, and thrombosis [367–369, 
373]. Studies have identified anti-phospholipid anti-
bodies, which are typically associated with autoim-
mune disorders like antiphospholipid syndrome, in 
patients with COVID-19 [375–378] These antibodies 
target phospholipids and phospholipid-binding pro-
teins on endothelial cells, as demonstrated in anti-
cardiolipin (aCL), anti-β2 glycoprotein I (aB2GP1), 
and lupus anticoagulant (LA) assays. Their activity 
can lead to endothelial cell activation, complement 
system activation, increased coagulation, and throm-
bosis. The presence of circulating antiphospholipid 
antibodies establishes a procoagulant state via multi-
ple mechanisms, including inducing a proinflamma-
tory and procoagulant endothelial phenotype, promot-
ing leukocyte adhesion, cytokine secretion, and PGE2 
synthesis, enhancing platelet aggregation, inhibiting 
anticoagulant pathways, disrupting fibrinolysis, and 
interfering with annexin A5.

The development of thrombosis typically requires 
a “second hit,” such as an additional proinflammatory 
or procoagulant trigger. COVID-19 infection may act 
as this secondary inflammatory trigger, exacerbating 
the risk of blood clot formation [379, 380]. In severe 
COVID-19 patients older than 50 years, autoantibod-
ies targeting cardiolipin and platelet glycoproteins 
have been identified as the most significant markers 
for stratifying thrombotic risk [374]. Other autoanti-
bodies that bind to endothelial cell surface proteins 
potentially exacerbate endothelial dysfunction by pro-
moting vascular inflammation.

This autoantibody-driven endothelial activa-
tion has a cascading effect on microvascular integ-
rity, impairing blood flow regulation, contribut-
ing to BBB disruption, and potentially facilitating 
neuroinflammation. One of the defining features of 
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autoantibody-driven pathology in long COVID is the 
persistence of these antibodies well beyond the acute 
phase of infection. Even months after recovery, many 
patients continue to show elevated levels of autoan-
tibodies, which may be a factor in the chronic vas-
cular and neurocognitive symptoms of long COVID. 
Persistent autoantibody levels may sustain a state of 
low-grade inflammation and ongoing endothelial 
activation, particularly in the cerebral microvascu-
lature. This chronic immune activation can prolong 
neuroinflammation, leading to further endothelial 
damage and BBB disruption, contributing to long-
term neurological sequelae. Understanding the role 
of autoantibodies in COVID-related vascular pathol-
ogies opens potential therapeutic avenues. Immu-
nomodulatory therapies may be beneficial in cases 
where autoantibodies are a prominent factor in vascu-
lar damage. Early identification of autoantibodies in 
COVID-19 patients, particularly those at high risk for 
long COVID, may enable tailored therapeutic strate-
gies aimed at limiting vascular and neurocognitive 
complications.

In addition to the autoantibodies, there is evidence 
suggesting a role for anti-SARS-CoV-2 antibodies in 
the pathological manifestation of long COVID. In a 
cohort of blood donors experiencing long COVID, 
the adjusted analysis showed that a higher anti-nucle-
ocapsid (NC) antibody was associated with a higher 
risk of long COVID, while higher ani-spike (S) anti-
body levels inversely correlated with manifestation 
of long COVID [381]. Although the precise molec-
ular mechanisms remain unclear, it is plausible that 
molecular mimicry, formation of immune complexes, 
and bystander immune activation may all be impli-
cated in the pathogenesis of long COVID.

Potential side effects of COVID‑19 vaccines

In the later stages of the pandemic, the majority of 
COVID-19 infections were observed in vaccinated 
individuals [382]. Consequently, many cases of long 
COVID were identified among vaccinated individu-
als [383]. This underscores the need for ongoing 
vigilance and management strategies for long COVID 
in both vaccinated and unvaccinated patients, as vac-
cinations primarily reduce severity but do not com-
pletely prevent chronic sequelae.

It is important to acknowledge that COVID-19 
vaccines have played a pivotal role in curbing the 

virus’s spread and preventing severe illness. How-
ever, like any medical intervention, COVID-19 vac-
cines may elicit side effects. Understanding these 
side effects and their potential impact on cerebromi-
crovascular health is crucial [384], particularly in the 
context of long COVID [385]. Autoimmune/inflam-
matory syndrome induced by adjuvants (ASIA) is an 
immune-mediated condition characterized by autoim-
mune and inflammatory symptoms that arise in genet-
ically predisposed individuals following exposure to 
environmental immunostimulatory factors. Among 
these factors, COVID-19 vaccination has been identi-
fied as a potential trigger capable of hyperstimulating 
the immune system and initiating autoimmune phe-
nomena. The underlying mechanisms driving these 
processes include molecular mimicry, the production 
of immunoglobulins by age-associated B cells (ABC 
cells), and immunological responses stimulated by 
vaccine adjuvants [386]. One notable side effect asso-
ciated with COVID-19 vaccines is the risk of vaccine-
induced thromboembolism, which can lead to serious 
cerebrovascular events like strokes [385]. While such 
cases are rare, they have garnered significant atten-
tion due to their potential severity [387]. Vaccine-
induced thrombosis primarily involves the formation 
of blood clots, often accompanied by low platelet 
levels, a condition referred to as vaccine-induced 
immune thrombotic thrombocytopenia (VITT). This 
immune-mediated process is characterized by platelet 
activation and the release of platelet factor 4 (PF4), 
activation of the coagulation cascade, development of 
microvascular damage and microbleeds, and the pro-
duction of PF4 antibodies [388]. VITT has been iden-
tified as a rare but serious adverse event associated 
with adenoviral vector-based COVID-19 vaccines, 
including those developed by AstraZeneca and John-
son & Johnson. Neurological manifestations of ASIA 
include cognitive symptoms such as mental foggi-
ness, memory deficits, absent-mindedness, anomic 
dysphasia, and inattention. More severe neurologi-
cal symptoms, including stroke and multiple sclero-
sis-like presentations, may also occur. Additionally, 
ASIA-induced dysautonomia, stemming from the 
production of autoantibodies targeting receptors of 
the autonomic nervous system, further highlights the 
potential neurovascular impact of immune dysregu-
lation [386, 389]. Although the incidence of VITT 
is exceedingly low, the neurological manifestations 
of ASIA are not uncommon. This underscores the 
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importance of monitoring cerebrovascular and neuro-
logical health in individuals receiving these vaccines, 
particularly those with pre-existing cerebrovascular 
conditions or other risk factors. Research into the 
cerebromicrovascular effects of COVID-19 vaccines 
is ongoing, and it is crucial to determine whether 
these vaccines have any impact on cerebrovascular 
and brain health in long COVID patients. The appear-
ance of autoantibodies targeting various cell types has 
been documented post-vaccination [390–395], and 
further research is needed to understand their poten-
tial long-term effects.

Clinical implications

Evaluating cerebromicrovascular health in long 
COVID patients requires the utilization of advanced 
imaging techniques to gain insights into the intricate 
vascular changes within the brain. Several imag-
ing modalities have proven valuable in this context, 
allowing for the non-invasive assessment of cerebral 
microvasculature and other relevant parameters. 
Susceptibility-weighted imaging (SWI) and T2*-
weighted imaging are valuable for detecting micro-
hemorrhages within the brain. Resting-state func-
tional MRI (fMRI) technique can be used to evaluate 
functional connectivity within the brain and can help 
identify alterations in neural networks associated with 
cerebromicrovascular dysfunction. Transcranial Dop-
pler ultrasonography (TCD) can be used to assess 
cerebral hemodynamics and NVC responses. Optical 
coherence tomography (OCT) and dynamic vessel 
analysis (DVA) are non-invasive imaging techniques 
that can assess the retinal microvasculature and neu-
rovascular coupling responses, offering insights into 
microvascular health in the central nervous system. 
Identifying reliable biomarkers for cerebromicrovas-
cular dysfunction (e.g., novel exosome-based bio-
markers) is also essential for early detection and mon-
itoring of long COVID-related cerebromicrovascular 
issues.

Developing targeted treatments for cerebromi-
crovascular dysfunction in long COVID is critical. 
Potential interventions may include anti-inflamma-
tory agents, endothelial protectants, and therapies 
aimed at addressing specific mechanisms contribut-
ing to vascular dysfunction (e.g., anticoagulants). 
Exercise has shown promise as a beneficial treatment 

for long COVID [396]. It also has the potential to 
enhance cerebrovascular health and alleviate inflam-
mation, which are essential factors for recovery from 
long COVID.

Interestingly, cognitive impairments such as mem-
ory deficits, attention difficulties, and executive dys-
function, as well as headache and dizziness are now 
being observed as presenting symptoms of acute 
infection with the new SARS-CoV-2 Omicron and 
its subvariants [397]. These symptoms can be part of 
the acute phase of infection as well as long COVID, 
which imply a shift in the virus’s neurotropism or 
its impact on the central nervous system. Moreover, 
it raises concerns about a potential increase in the 
neurological burden of acute infections, further com-
plicating the long COVID sequelae. Future cohort 
studies will undoubtedly shed light on features of 
variant-dependent long COVID and its impact on the 
neurovascular system.

Future research directions

Ongoing research initiatives are essential for deepen-
ing our understanding of cerebromicrovascular causes 
in long COVID overall, as well as its specific features 
in an older organism. Tracking the progress of these 
studies and their findings will inform future clinical 
practices and therapeutic developments. Future stud-
ies should prioritize investigating dysregulation of 
CBF as a critical area of impairment in individuals 
with long COVID. Understanding how microvascular 
endothelial dysfunction may interact with other cer-
ebromicrovascular pathologies and its potential role 
in cognitive dysfunction can provide valuable insights 
into the underlying mechanisms of long COVID-
related cognitive decline. These investigations may 
pave the way for targeted interventions aimed at pre-
serving or restoring CBF and, subsequently, cogni-
tive function in affected individuals. Longitudinal 
studies are imperative to observe the evolution of 
cerebromicrovascular dysfunction in long COVID 
over time. These studies can help determine the per-
sistence of vascular issues and inform strategies for 
long-term management and prevention of neurologi-
cal complications.

Identifying potential therapeutic targets for cer-
ebromicrovascular dysfunction is a key research 
objective. Investigating novel treatments, such as 
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drugs targeting specific pathways or cellular mecha-
nisms like immunosuppressants, immunomodulators, 
autoantibody depletion, antivirals for reactivated her-
pesviruses, therapeutic vaccination, antioxidants, and 
targeting CCL11 for neurocognitive function holds 
promise for improving outcomes in long COVID 
patients. As a part of the Researching COVID to 
Enhance Recovery (RECOVER) Initiative, the 
National Institutes of Health (NIH) has initiated clini-
cal trials across multiple locations in the USA [398, 
399]. These trials are designed to investigate potential 
treatments for long COVID, encompassing a variety 
of approaches, including medications, biologics, and 
other therapeutic interventions. There are other trials 
supported by industry or philanthropy, and we believe 
that small, pragmatic, and adaptive clinical trials, 
coupled with deep molecular phenotyping, will hold 
keys to unraveling the mysteries of long COVID. In 
that regard, it will be particularly critical to enroll suf-
ficient numbers of older adults in such trials to eluci-
date both the pathogenesis and the efficacy of inter-
ventions in this extraordinarily vulnerable population.

Long COVID shares several pathophysiologi-
cal and clinical similarities with post-infection syn-
dromes observed after acute infections with viruses 
such as EBV, CMV, dengue virus, and Chikungu-
nya virus, among other non-viral pathogens [92, 
400–406]. Both long COVID and post-infectious con-
ditions caused by the other viruses share characteris-
tic symptoms manifested mainly by chronic fatigue, 
neurocognitive dysfunction, myalgias, and arthral-
gias. These symptoms are often debilitating and per-
sist long after the resolution of the acute infection. 
Immune activation, chronic inflammation, and auto-
immune responses have been proposed as common 
underlying mechanisms in these conditions. However, 
given the diversity of viral families and their distinct 
mechanisms of infection and replication, a key sci-
entific question remains: Is the virus itself or a com-
ponent of the immune response the primary trigger 
for post-infectious syndromes, or do both factors act 
synergistically to drive the development of chronic 
symptoms? Exploring this interplay could provide 
crucial insights into the pathogenesis of long COVID 
and similar post-infectious syndromes.

Acknowledgements  The 4o version of ChatGPT, developed 
by OpenAI, and Gemini, developed by Google, were used as a 
tool to refine our writing and enhance the clarity of our work.

Funding  Open access funding provided by Semmelweis 
University. This work was supported by grants from the 
National Institute on Aging (R01AG072295, R01AG055395, 
R01AG068295, R01AG070915), the National Institute of 
Neurological Disorders and Stroke (R01NS100782), and the 
National Cancer Institute (R01CA255840). MF was supported 
by TKP2021-NKTA-47, implemented with the support pro-
vided by the Ministry of Innovation and Technology of Hun-
gary from the National Research, Development and Innovation 
Fund, financed under the TKP2021-NKTA funding scheme; 
by funding through the National Cardiovascular Labora-
tory Program (RRF-2.3.1–21-2022–00003) provided by the 
Ministry of Innovation and Technology of Hungary from the 
National Research, Development and Innovation Fund; Project 
no. 135784 implemented with the support provided from the 
National Research, Development and Innovation Fund of Hun-
gary, financed under the K_20 funding scheme and the Euro-
pean University for Well-Being (EUniWell) program (grant 
agreement number 101004093/EUniWell/EAC-A02-2019/
EAC-A02-2019–1). AL was supported by the EKÖP-2024–9 
New National Excellence Program of the Ministry for Cul-
ture and Innovation from the source of the National Research, 
Development and Innovation Fund. The funding sources had 
no role in the writing of the manuscript; and in the decision to 
submit the article for publication.

Declarations 

Competing interests  Dr. Andriy Yabluchanskiy and Dr. Ste-
fano Tarantini serve as Associate Editors for GeroScience. Dr. 
Zoltan Ungvari serves as Editor-in-Chief for Geroscience.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Chilunga FP, Appelman B, van Vugt M, Kalverda K, 
Smeele P, van Es J, Wiersinga WJ, Rostila M, Prins 
M, Stronks K, Norredam M, Agyemang C. Differences 
in incidence, nature of symptoms, and duration of long 
COVID among hospitalised migrant and non-migrant 
patients in the Netherlands: a retrospective cohort study. 
Lancet Reg Health Eur. 2023;29: 100630. https://​doi.​org/​
10.​1016/j.​lanepe.​2023.​100630.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.lanepe.2023.100630
https://doi.org/10.1016/j.lanepe.2023.100630


760	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

	 2.	 Qi C, Osborne T, Bailey R, Cooper A, Hollinghurst JP, 
Akbari A, Crowder R, Peters H, Law RJ, Lewis R, Smith 
D, Edwards A, Lyons RA. Impact of COVID-19 pan-
demic on incidence of long-term conditions in Wales: a 
population data linkage study using primary and second-
ary care health records. Br J Gen Pract. 2023;73:e332–9. 
https://​doi.​org/​10.​3399/​BJGP.​2022.​0353.

	 3.	 Frallonardo L, Segala FV, Chhaganlal KD, Yelshazly 
M, Novara R, Cotugno S, Guido G, Papagni R, Col-
pani A, De Vito A, Barbagallo M, Madeddu G, Babud-
ieri S, Lochoro P, Ictho J, Putoto G, Veronese N, Sara-
cino A, Di Gennaro F. Incidence and burden of long 
COVID in Africa: a systematic review and meta-anal-
ysis. Sci Rep. 2023;13:21482. https://​doi.​org/​10.​1038/​
s41598-​023-​48258-3.

	 4.	 Beretta S, Cristillo V, Camera G, Morotti Colleoni C, 
Pellitteri G, Viti B, Bianchi E, Gipponi S, Grimoldi M, 
Valente M, Guttmann S, Cotelli MS, Palumbo P, Gelosa 
G, Meletti S, Schenone C, Ottaviani D, Filippi M, Zini 
A, Basilico P, Tancredi L, Cortelli P, Braga M, De Giuli 
V, Servidei S, Paolicelli D, Verde F, Caproni S, Pisani 
A, Lo Re V, et  al. Incidence and long-term functional 
outcome of neurologic disorders in hospitalized patients 
with COVID-19 infected with pre-omicron variants. 
Neurology. 2023;101:e892–903. https://​doi.​org/​10.​1212/​
WNL.​00000​00000​207534.

	 5.	 Tsai J, Grace A, Espinoza R, Kurian A. Incidence 
of long COVID and associated psychosocial charac-
teristics in a large U.S. city. Soc Psychiatry Psychi-
atr Epidemiol. 2023;59:611. https://​doi.​org/​10.​1007/​
s00127-​023-​02548-3.

	 6.	 Sedgley R, Winer-Jones J, Bonafede M. Long COVID 
incidence in a large US ambulatory electronic health 
record system. Am J Epidemiol. 2023;192:1350–7. 
https://​doi.​org/​10.​1093/​aje/​kwad0​95.

	 7.	 Jacobs MM, Evans E, Ellis C. Racial, ethnic, and sex dis-
parities in the incidence and cognitive symptomology of 
long COVID-19. J Natl Med Assoc. 2023;115:233–43. 
https://​doi.​org/​10.​1016/j.​jnma.​2023.​01.​016.

	 8.	 Di Gennaro F, Belati A, Tulone O, Diella L, Fiore Bavaro 
D, Bonica R, Genna V, Smith L, Trott M, Bruyere O, 
Mirarchi L, Cusumano C, Dominguez LJ, Saracino A, 
Veronese N, Barbagallo M. Incidence of long COVID-19 
in people with previous SARS-Cov2 infection: a system-
atic review and meta-analysis of 120,970 patients. Intern 
Emerg Med. 2023;18:1573–81. https://​doi.​org/​10.​1007/​
s11739-​022-​03164-w.

	 9.	 Mansell V, Hall Dykgraaf S, Kidd M, Goodyear-Smith 
F. Long COVID and older people. Lancet Healthy Lon-
gev. 2022;3:e849–54. https://​doi.​org/​10.​1016/​S2666-​
7568(22)​00245-8.

	 10.	 Bhattacharjee N, Sarkar P, Sarkar T. Beyond the acute 
illness: exploring long COVID and its impact on multiple 
organ systems. Physiol Int. 2023;110:291–310. https://​
doi.​org/​10.​1556/​2060.​2023.​00256.

	 11.	 Hagman K, Postigo T, Diez-Castro D, Ursing J, Bermejo-
Martin JF, de la Fuente A, Tedim AP. Prevalence and clini-
cal relevance of viraemia in viral respiratory tract infections: 
a systematic review. Lancet Microbe. 2024;30:100967. 
https://​doi.​org/​10.​1016/j.​lanmic.​2024.​100967.

	 12.	 Kempuraj D, Aenlle KK, Cohen J, Mathew A, Isler D, 
Pangeni RP, Nathanson L, Theoharides TC, Klimas NG. 
COVID-19 and long COVID: disruption of the neurovas-
cular unit, blood-brain barrier, and tight junctions. Neu-
roscientist. 2023;30:10738584231194928. https://​doi.​
org/​10.​1177/​10738​58423​11949​27.

	 13.	 Adingupu DD, Soroush A, Hansen A, Twomey R, Dunn 
JF. Reduced cerebrovascular oxygenation in individuals 
with post-acute COVID-19 syndrome (PACS) (“long 
COVID”). Adv Exp Med Biol. 2023;1438:211–6. https://​
doi.​org/​10.​1007/​978-3-​031-​42003-0_​33.

	 14.	 Monje M, Iwasaki A. The neurobiology of long COVID. 
Neuron. 2022;110:3484–96. https://​doi.​org/​10.​1016/j.​
neuron.​2022.​10.​006.

	 15.	 Fernandez-Castaneda A, Lu P, Geraghty AC, Song E, 
Lee MH, Wood J, O’Dea MR, Dutton S, Shamardani 
K, Nwangwu K, Mancusi R, Yalcin B, Taylor KR, 
Acosta-Alvarez L, Malacon K, Keough MB, Ni L, 
Woo PJ, Contreras-Esquivel D, Toland AMS, Gehl-
hausen JR, Klein J, Takahashi T, Silva J, Israelow B, 
Lucas C, Mao T, Pena-Hernandez MA, Tabachnikova 
A, Homer RJ, et al. Mild respiratory COVID can cause 
multi-lineage neural cell and myelin dysregulation. 
Cell. 2022;185(2452–2468): e2416. https://​doi.​org/​10.​
1016/j.​cell.​2022.​06.​008.

	 16.	 Nalbandian A, Sehgal K, Gupta A, Madhavan MV, 
McGroder C, Stevens JS, Cook JR, Nordvig AS, Sha-
lev D, Sehrawat TS, Ahluwalia N, Bikdeli B, Dietz 
D, Der-Nigoghossian C, Liyanage-Don N, Rosner 
GF, Bernstein EJ, Mohan S, Beckley AA, Seres DS, 
Choueiri TK, Uriel N, Ausiello JC, Accili D, Freedberg 
DE, Baldwin M, Schwartz A, Brodie D, Garcia CK, 
Elkind MSV, et  al. Post-acute COVID-19 syndrome. 
Nat Med. 2021;27:601–15. https://​doi.​org/​10.​1038/​
s41591-​021-​01283-z.

	 17.	 Zhang J, Shu T, Zhu R, Yang F, Zhang B, Lai X. The 
long-term effect of COVID-19 disease severity on 
risk of diabetes incidence and the near 1-year follow-
up outcomes among postdischarge patients in Wuhan. 
J Clin Med. 2022;11:3094. https://​doi.​org/​10.​3390/​
jcm11​113094.

	 18.	 Choudhury NA, Mukherjee S, Singer T, Venkatesh 
A, Perez Giraldo GS, Jimenez M, Miller J, Lopez M, 
Hanson BA, Bawa AP, Batra A, Liotta EM, Koralnik 
IJ. Neurologic manifestations of long COVID dispro-
portionately affect young and middle-age adults. Ann 
Neurol. 2024. https://​doi.​org/​10.​1002/​ana.​27128.

	 19.	 Muratori Holanda T, Alberico C, Rios-Colon L, Arthur 
E, Kumar D. Trends in COVID-19 health disparities 
in North Carolina: preparing the field for long-haul 
patients. Healthcare (Basel). 2021;9:1704. https://​doi.​
org/​10.​3390/​healt​hcare​91217​04.

	 20.	 Sweis JJG, Alnaimat F, Esparza V, Prasad S, Azam A, 
Modi Z, Al-Awqati M, Jetanalin P, Sweis NJ, Ascoli 
C, Novak RM, Rubinstein I, Papanikolaou IC, Sweiss 
N. From acute infection to prolonged health conse-
quences: understanding health disparities and eco-
nomic implications in long COVID worldwide. Int J 
Environ Res Public Health. 2024;21:325. https://​doi.​
org/​10.​3390/​ijerp​h2103​0325.

https://doi.org/10.3399/BJGP.2022.0353
https://doi.org/10.1038/s41598-023-48258-3
https://doi.org/10.1038/s41598-023-48258-3
https://doi.org/10.1212/WNL.0000000000207534
https://doi.org/10.1212/WNL.0000000000207534
https://doi.org/10.1007/s00127-023-02548-3
https://doi.org/10.1007/s00127-023-02548-3
https://doi.org/10.1093/aje/kwad095
https://doi.org/10.1016/j.jnma.2023.01.016
https://doi.org/10.1007/s11739-022-03164-w
https://doi.org/10.1007/s11739-022-03164-w
https://doi.org/10.1016/S2666-7568(22)00245-8
https://doi.org/10.1016/S2666-7568(22)00245-8
https://doi.org/10.1556/2060.2023.00256
https://doi.org/10.1556/2060.2023.00256
https://doi.org/10.1016/j.lanmic.2024.100967
https://doi.org/10.1177/10738584231194927
https://doi.org/10.1177/10738584231194927
https://doi.org/10.1007/978-3-031-42003-0_33
https://doi.org/10.1007/978-3-031-42003-0_33
https://doi.org/10.1016/j.neuron.2022.10.006
https://doi.org/10.1016/j.neuron.2022.10.006
https://doi.org/10.1016/j.cell.2022.06.008
https://doi.org/10.1016/j.cell.2022.06.008
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.3390/jcm11113094
https://doi.org/10.3390/jcm11113094
https://doi.org/10.1002/ana.27128
https://doi.org/10.3390/healthcare9121704
https://doi.org/10.3390/healthcare9121704
https://doi.org/10.3390/ijerph21030325
https://doi.org/10.3390/ijerph21030325


761GeroScience (2025) 47:745–779	

Vol.: (0123456789)

	 21.	 Owens CD, Bonin Pinto C, Mukli P, Szarvas Z, 
Peterfi A, Detwiler S, Olay L, Olson AL, Li G, Gal-
van V, Kirkpatrick AC, Balasubramanian P, Tarantini 
S, Csiszar A, Ungvari Z, Prodan CI, Yabluchanskiy A. 
Vascular mechanisms leading to progression of mild 
cognitive impairment to dementia after COVID-19: 
protocol and methodology of a prospective longitudinal 
observational study. PLoS ONE. 2023;18: e0289508. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02895​08.

	 22.	 Kirkpatrick A, Delpirou NC, Husain F, Xu C, Vincent 
A, Yabluchanskiy A, Csiszar A, Ungvari Z, Scott J, 
Prodan C. MCI patients with COVID-19 have increased 
progression to dementia at 18 months (S39. 010). Neu-
rology. 2023;100:3591.

	 23.	 Matsuzono K, Mashiko T, Anan Y, Koide R, Yoshi-
zumi H, Fujimoto S. Impact of COVID-19 pandemic on 
mortality and cognitive function of dementia patients: 
Tochigi dementia cohort study. J Neurol Sci. 2024;456: 
122840. https://​doi.​org/​10.​1016/j.​jns.​2023.​122840.

	 24.	 Owens CD, Bonin Pinto C, Detwiler S, Olay L, Pinaffi-
Langley A, Mukli P, Peterfi A, Szarvas Z, James JA, 
Galvan V, Tarantini S, Csiszar A, Ungvari Z, Kirkpatrick 
AC, Prodan CI, Yabluchanskiy A. Neurovascular cou-
pling impairment as a mechanism for cognitive deficits in 
COVID-19. Brain Commun. 2024;6:fcae080. https://​doi.​
org/​10.​1093/​brain​comms/​fcae0​80.

	 25.	 Owens CD, Pinto CB, Detwiler S, Mukli P, Peterfi A, 
Szarvas Z, Hoffmeister JR, Galindo J, Noori J, Kirk-
patrick AC, Dasari TW, James J, Tarantini S, Csiszar 
A, Ungvari Z, Prodan CI, Yabluchanskiy A. Cerebral 
small vessel disease pathology in COVID-19 patients: 
a systematic review. Ageing Res Rev. 2023;88: 101962. 
https://​doi.​org/​10.​1016/j.​arr.​2023.​101962.

	 26.	 Gyongyosi M, Alcaide P, Asselbergs FW, Brundel B, 
Camici GG, Martins PDC, Ferdinandy P, Fontana M, 
Girao H, Gnecchi M, Gollmann-Tepekoylu C, Klein-
bongard P, Krieg T, Madonna R, Paillard M, Pantazis A, 
Perrino C, Pesce M, Schiattarella GG, Sluijter JPG, Stef-
fens S, Tschope C, Van Linthout S, Davidson SM. Long 
COVID and the cardiovascular system-elucidating causes 
and cellular mechanisms in order to develop targeted 
diagnostic and therapeutic strategies: a joint Scientific 
Statement of the ESC working groups on cellular biology 
of the heart and myocardial and pericardial diseases. Car-
diovasc Res. 2023;119:336–56. https://​doi.​org/​10.​1093/​
cvr/​cvac1​15.

	 27.	 Cenko E, Badimon L, Bugiardini R, Claeys MJ, De Luca 
G, de Wit C, Derumeaux G, Dorobantu M, Duncker DJ, 
Eringa EC, Gorog DA, Hassager C, Heinzel FR, Huber 
K, Manfrini O, Milicic D, Oikonomou E, Padro T, Tri-
funovic-Zamaklar D, Vasiljevic-Pokrajcic Z, Vavlukis 
M, Vilahur G, Tousoulis D. Cardiovascular disease and 
COVID-19: a consensus paper from the ESC Working 
Group on Coronary Pathophysiology & Microcircula-
tion, ESC Working Group on Thrombosis and the Asso-
ciation for Acute CardioVascular Care (ACVC), in col-
laboration with the European Heart Rhythm Association 
(EHRA). Cardiovasc Res. 2021;117:2705–29. https://​doi.​
org/​10.​1093/​cvr/​cvab2​98.

	 28.	 Poloni TE, Moretti M, Medici V, Turturici E, Belli G, 
Cavriani E, Visona SD, Rossi M, Fantini V, Ferrari RR, 

Carlos AF, Gagliardi S, Tronconi L, Guaita A, Ceroni 
M. COVID-19 pathology in the lung, kidney, heart and 
brain: the different roles of T-cells, macrophages, and 
microthrombosis. Cells. 2022;11:3124. https://​doi.​org/​
10.​3390/​cells​11193​124.

	 29.	 Garay B, Phachu D, Manickaratnam S. Glomerular endo-
theliosis in COVID-19-associated acute kidney injury. 
Cureus. 2022;14: e27147. https://​doi.​org/​10.​7759/​cureus.​
27147.

	 30.	 Falcon-Cama V, Montero-Gonzalez T, Acosta-Medina 
EF, Guillen-Nieto G, Berlanga-Acosta J, Fernandez-
Ortega C, Alfonso-Falcon A, Gilva-Rodriguez N, 
Lopez-Nocedo L, Cremata-Garcia D, Matos-Terrero M, 
Penton-Rol G, Valdes I, Oramas-Diaz L, Suarez-Batista 
A, Noa-Romero E, Cruz-Sui O, Sanchez D, Borrego-
Diaz AI, Valdes-Carreras JE, Vizcaino A, Suarez-Alba 
J, Valdes-Veliz R, Bergado G, Gonzalez MA, Hernandez 
T, Alvarez-Arzola R, Ramirez-Suarez AC, Casillas-Casa-
nova D, Lemos-Perez G, et al. Evidence of SARS-CoV-2 
infection in postmortem lung, kidney, and liver samples, 
revealing cellular targets involved in COVID-19 patho-
genesis. Arch Virol. 2023;168:96. https://​doi.​org/​10.​
1007/​s00705-​023-​05711-y.

	 31.	 Sibila O, Perea L, Albacar N, Moises J, Cruz T, Mendoza 
N, Solarat B, Lledo G, Espinosa G, Barbera JA, Badia 
JR, Agusti A, Sellares J, Faner R. Elevated plasma lev-
els of epithelial and endothelial cell markers in COVID-
19 survivors with reduced lung diffusing capacity six 
months after hospital discharge. Respir Res. 2022;23:37. 
https://​doi.​org/​10.​1186/​s12931-​022-​01955-5.

	 32.	 Joffre J, Rodriguez L, Matthay ZA, Lloyd E, Fields AT, 
Bainton RJ, Kurien P, Sil A, Calfee CS, Woodruff PG, 
Erle DJ, Hendrickson C, Krummel MF, Langelier CR, 
Matthay MA, Kornblith LZ, Hellman J, Consortium 
C-M-PfET, Covid-19 associated coagulopathy I, throm-
bosis study G. COVID-19-associated lung microvascular 
endotheliopathy: a “from the bench” perspective. Am J 
Respir Crit Care Med. 2022;2022(206):961–72. https://​
doi.​org/​10.​1164/​rccm.​202107-​1774OC.

	 33.	 Sulli A, Gotelli E, Bica PF, Schiavetti I, Pizzorni C, Aloe 
T, Grosso M, Barisione E, Paolino S, Smith V, Cutolo 
M. Detailed videocapillaroscopic microvascular changes 
detectable in adult COVID-19 survivors. Microvasc Res. 
2022;142: 104361. https://​doi.​org/​10.​1016/j.​mvr.​2022.​
104361.

	 34.	 Fogarty H, Townsend L, Morrin H, Ahmad A, Com-
erford C, Karampini E, Englert H, Byrne M, Bergin C, 
O’Sullivan JM, Martin-Loeches I, Nadarajan P, Ban-
nan C, Mallon PW, Curley GF, Preston RJS, Rehill AM, 
McGonagle D, Ni Cheallaigh C, Baker RI, Renne T, 
Ward SE, O’Donnell JS, Irish C-VSI. Persistent endothe-
liopathy in the pathogenesis of long COVID syndrome. 
J Thromb Haemost. 2021;19:2546–53. https://​doi.​org/​10.​
1111/​jth.​15490.

	 35.	 Fogarty H, Ward SE, Townsend L, Karampini E, Elli-
ott S, Conlon N, Dunne J, Kiersey R, Naughton A, 
Gardiner M, Byrne M, Bergin C, O’Sullivan JM, Mar-
tin-Loeches I, Nadarajan P, Bannan C, Mallon PW, 
Curley GF, Preston RJS, Rehill AM, Baker RI, Cheal-
laigh CN, O’Donnell JS, Irish C-VSI. Sustained VWF-
ADAMTS-13 axis imbalance and endotheliopathy in 

https://doi.org/10.1371/journal.pone.0289508
https://doi.org/10.1016/j.jns.2023.122840
https://doi.org/10.1093/braincomms/fcae080
https://doi.org/10.1093/braincomms/fcae080
https://doi.org/10.1016/j.arr.2023.101962
https://doi.org/10.1093/cvr/cvac115
https://doi.org/10.1093/cvr/cvac115
https://doi.org/10.1093/cvr/cvab298
https://doi.org/10.1093/cvr/cvab298
https://doi.org/10.3390/cells11193124
https://doi.org/10.3390/cells11193124
https://doi.org/10.7759/cureus.27147
https://doi.org/10.7759/cureus.27147
https://doi.org/10.1007/s00705-023-05711-y
https://doi.org/10.1007/s00705-023-05711-y
https://doi.org/10.1186/s12931-022-01955-5
https://doi.org/10.1164/rccm.202107-1774OC
https://doi.org/10.1164/rccm.202107-1774OC
https://doi.org/10.1016/j.mvr.2022.104361
https://doi.org/10.1016/j.mvr.2022.104361
https://doi.org/10.1111/jth.15490
https://doi.org/10.1111/jth.15490


762	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

long COVID syndrome is related to immune dysfunction. 
J Thromb Haemost. 2022;20:2429–38. https://​doi.​org/​10.​
1111/​jth.​15830.

	 36.	 Imoto W, Yamada K, Kakeya H. Long COVID with 
intracranial microangiopathy. QJM. 2022;115:539. 
https://​doi.​org/​10.​1093/​qjmed/​hcac1​39.

	 37.	 Oikonomou E, Souvaliotis N, Lampsas S, Siasos G, 
Poulakou G, Theofilis P, Papaioannou TG, Haidich AB, 
Tsaousi G, Ntousopoulos V, Sakka V, Charalambous G, 
Rapti V, Raftopoulou S, Syrigos K, Tsioufis C, Tousoulis 
D, Vavuranakis M. Endothelial dysfunction in acute and 
long standing COVID-19: a prospective cohort study. 
Vascul Pharmacol. 2022;144: 106975. https://​doi.​org/​10.​
1016/j.​vph.​2022.​106975.

	 38.	 Pelisek J, Reutersberg B, Greber UF, Zimmermann A. 
Vascular dysfunction in COVID-19 patients: update 
on SARS-CoV-2 infection of endothelial cells and 
the role of long non-coding RNAs. Clin Sci (Lond). 
2022;136:1571–90. https://​doi.​org/​10.​1042/​CS202​20235.

	 39.	 Qin Y, Wu J, Chen T, Li J, Zhang G, Wu D, Zhou Y, 
Zheng N, Cai A, Ning Q, Manyande A, Xu F, Wang J, 
Zhu W. Long-term microstructure and cerebral blood 
flow changes in patients recovered from COVID-19 
without neurological manifestations. J Clin Invest. 
2021;131(8):e147329. https://​doi.​org/​10.​1172/​JCI14​
7329.

	 40.	 Research Accessibility T. The microvascular hypothesis 
underlying neurologic manifestations of long COVID-19 
and possible therapeutic strategies. Cardiovasc Endo-
crinol Metab. 2021;10:193–203. https://​doi.​org/​10.​1097/​
XCE.​00000​00000​000253.

	 41.	 Santoro L, Zaccone V, Falsetti L, Ruggieri V, Danese 
M, Miro C, Di Giorgio A, Nesci A, D’Alessandro A, 
Moroncini G, Santoliquido A. Role of endothelium in 
cardiovascular sequelae of long COVID. Biomedicines. 
2023;11:2239. https://​doi.​org/​10.​3390/​biome​dicin​es110​
82239.

	 42.	 Vassiliou AG, Vrettou CS, Keskinidou C, Dimopou-
lou I, Kotanidou A, Orfanos SE. Endotheliopathy in 
acute COVID-19 and long COVID. Int J Mol Sci. 
2023;24:8237. https://​doi.​org/​10.​3390/​ijms2​40982​37.

	 43.	 Zanoli L, Gaudio A, Mikhailidis DP, Katsiki N, Cas-
tellino N, Lo Cicero L, Geraci G, Sessa C, Fiorito L, 
Marino F, Antonietta Di Rosolini M, Colaci M, Longo 
A, Montineri A, Malatino L, Castellino P, Methuselah 
Study G. Vascular dysfunction of COVID-19 is partially 
reverted in the long-term. Circ Res. 2022;130:1276–85. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​121.​320460.

	 44.	 Iadecola C. The pathobiology of vascular dementia. Neu-
ron. 2013;80:844–66. https://​doi.​org/​10.​1016/j.​neuron.​
2013.​10.​008.​S0896-​6273(13)​00911-​2[pii].

	 45.	 Tarantini S, Hertelendy P, Tucsek Z, Valcarcel-Ares MN, 
Smith N, Menyhart A, Farkas E, Hodges EL, Towner 
R, Deak F, Sonntag WE, Csiszar A, Ungvari Z, Toth P. 
Pharmacologically-induced neurovascular uncoupling is 
associated with cognitive impairment in mice. J Cereb 
Blood Flow Metab. 2015. https://​doi.​org/​10.​1038/​jcbfm.​
2015.​162.

	 46.	 Iadecola C. The overlap between neurodegenerative and 
vascular factors in the pathogenesis of dementia. Acta 

Neuropathol. 2010;120:287–96. https://​doi.​org/​10.​1007/​
s00401-​010-​0718-6.

	 47.	 Wang L, Du Y, Wang K, Xu G, Luo S, He G. Chronic 
cerebral hypoperfusion induces memory deficits and 
facilitates Abeta generation in C57BL/6J mice. Exp Neu-
rol. 2016;283:353–64. https://​doi.​org/​10.​1016/j.​expne​
urol.​2016.​07.​006.

	 48.	 De Silva TM, Faraci FM. Microvascular dysfunction and 
cognitive impairment. Cell Mol Neurobiol. 2016;36:241–
58. https://​doi.​org/​10.​1007/​s10571-​015-​0308-1.​10.​1007/​
s10571-​015-​0308-​1[pii].

	 49.	 Daulatzai MA. Cerebral hypoperfusion and glucose 
hypometabolism: key pathophysiological modulators 
promote neurodegeneration, cognitive impairment, and 
Alzheimer’s disease. J Neurosci Res. 2016. https://​doi.​
org/​10.​1002/​jnr.​23777.

	 50.	 Ighodaro ET, Abner EL, Fardo DW, Lin AL, Katsumata 
Y, Schmitt FA, Kryscio RJ, Jicha GA, Neltner JH, Mon-
sell SE, Kukull WA, Moser DK, Appiah F, Bachstetter 
AD, Van Eldik LJ, Alzheimer’s Disease Neuroimaging 
I, Nelson PT. Risk factors and global cognitive status 
related to brain arteriolosclerosis in elderly individuals. 
J Cereb Blood Flow Metab. 2017;37(1):201–16. https://​
doi.​org/​10.​1177/​02716​78X15​621574.

	 51.	 Cooper LL, Woodard T, Sigurdsson S, van Buchem MA, 
Torjesen AA, Inker LA, Aspelund T, Eiriksdottir G, 
Harris TB, Gudnason V, Launer LJ, Mitchell GF. Cer-
ebrovascular damage mediates relations between aortic 
stiffness and memory. Hypertension. 2016;67:176–82. 
https://​doi.​org/​10.​1161/​HYPER​TENSI​ONAHA.​115.​
06398.

	 52.	 Jessen SB, Mathiesen C, Lind BL, Lauritzen M. 
Interneuron deficit associates attenuated network syn-
chronization to mismatch of energy supply and demand 
in aging mouse brains. Cereb Cortex. 2017;27(1):646–
59. https://​doi.​org/​10.​1093/​cercor/​bhv261.

	 53.	 Zlokovic BV. Neurovascular pathways to neurodegenera-
tion in Alzheimer’s disease and other disorders. Nat Rev 
Neurosci. 2011;12:723–38. https://​doi.​org/​10.​1038/​nrn31​
14.​nrn31​14[pii].

	 54.	 Hajdu MA, Heistad DD, Siems JE, Baumbach GL. 
Effects of aging on mechanics and composition of cer-
ebral arterioles in rats. Circ Res. 1990;66:1747–54.

	 55.	 Mayhan WG, Faraci FM, Baumbach GL, Heistad DD. 
Effects of aging on responses of cerebral arterioles. Am J 
Physiol. 1990;258:H1138-1143.

	 56.	 Toth P, Tarantini S, Csiszar A, Ungvari Z. Functional 
vascular contributions to cognitive impairment and 
dementia: mechanisms and consequences of cerebral 
autoregulatory dysfunction, endothelial impairment, and 
neurovascular uncoupling in aging. Am J Physiol Heart 
Circ Physiol. 2017;312:H1–20. https://​doi.​org/​10.​1152/​
ajphe​art.​00581.​2016.

	 57.	 Teuwen L-A, Geldhof V, Pasut A, Carmeliet P. 
COVID-19: the vasculature unleashed. Nat Rev 
Immunol. 2020;20:389–91. https://​doi.​org/​10.​1038/​
s41577-​020-​0343-0.

	 58.	 Varga Z, Flammer AJ, Steiger P, Haberecker M, Ander-
matt R, Zinkernagel AS, Mehra MR, Schuepbach RA, 
Ruschitzka F, Moch H. Endothelial cell infection and 

https://doi.org/10.1111/jth.15830
https://doi.org/10.1111/jth.15830
https://doi.org/10.1093/qjmed/hcac139
https://doi.org/10.1016/j.vph.2022.106975
https://doi.org/10.1016/j.vph.2022.106975
https://doi.org/10.1042/CS20220235
https://doi.org/10.1172/JCI147329
https://doi.org/10.1172/JCI147329
https://doi.org/10.1097/XCE.0000000000000253
https://doi.org/10.1097/XCE.0000000000000253
https://doi.org/10.3390/biomedicines11082239
https://doi.org/10.3390/biomedicines11082239
https://doi.org/10.3390/ijms24098237
https://doi.org/10.1161/CIRCRESAHA.121.320460
https://doi.org/10.1016/j.neuron.2013.10.008.S0896-6273(13)00911-2[pii]
https://doi.org/10.1016/j.neuron.2013.10.008.S0896-6273(13)00911-2[pii]
https://doi.org/10.1038/jcbfm.2015.162
https://doi.org/10.1038/jcbfm.2015.162
https://doi.org/10.1007/s00401-010-0718-6
https://doi.org/10.1007/s00401-010-0718-6
https://doi.org/10.1016/j.expneurol.2016.07.006
https://doi.org/10.1016/j.expneurol.2016.07.006
https://doi.org/10.1007/s10571-015-0308-1.10.1007/s10571-015-0308-1[pii]
https://doi.org/10.1007/s10571-015-0308-1.10.1007/s10571-015-0308-1[pii]
https://doi.org/10.1002/jnr.23777
https://doi.org/10.1002/jnr.23777
https://doi.org/10.1177/0271678X15621574
https://doi.org/10.1177/0271678X15621574
https://doi.org/10.1161/HYPERTENSIONAHA.115.06398
https://doi.org/10.1161/HYPERTENSIONAHA.115.06398
https://doi.org/10.1093/cercor/bhv261
https://doi.org/10.1038/nrn3114.nrn3114[pii]
https://doi.org/10.1038/nrn3114.nrn3114[pii]
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1038/s41577-020-0343-0


763GeroScience (2025) 47:745–779	

Vol.: (0123456789)

endotheliitis in COVID-19. Lancet. 2020;395:1417–8. 
https://​doi.​org/​10.​1016/​S0140-​6736(20)​30937-5.

	 59.	 Fox SE, Li G, Akmatbekov A, Harbert JL, Lameira 
FS, Brown JQ, Vander Heide RS. Unexpected features 
of cardiac pathology in COVID-19 infection. Circula-
tion. 2020;142:1123–5. https://​doi.​org/​10.​1161/​CIRCU​
LATIO​NAHA.​120.​049465.

	 60.	 Stahl K, Brasen JH, Hoeper MM, David S. Direct evi-
dence of SARS-CoV-2 in gut endothelium. Intensive 
Care Med. 2020;46:2081–2. https://​doi.​org/​10.​1007/​
s00134-​020-​06237-6.

	 61.	 Pesti A, Danics K, Glasz T, Varkonyi T, Barbai T, 
Reszegi A, Kovalszky I, Valyi-Nagy I, Dobi D, Lotz 
G, Schaff Z, Kiss A. Liver alterations and detection of 
SARS-CoV-2 RNA and proteins in COVID-19 autopsies. 
Geroscience. 2023;45(2):1015–31. https://​doi.​org/​10.​
1007/​s11357-​022-​00700-6.

	 62.	 Grahame-Clarke C, Chan NN, Andrew D, Ridgway 
GL, Betteridge DJ, Emery V, Colhoun HM, Vallance P. 
Human cytomegalovirus seropositivity is associated with 
impaired vascular function. Circulation. 2003;108:678–
83. https://​doi.​org/​10.​1161/​01.​CIR.​00000​84505.​54603.​
C7.

	 63.	 Leskov IL, Whitsett J, Vasquez-Vivar J, Stokes KY. 
NAD(P)H oxidase and eNOS play differential roles in 
cytomegalovirus infection-induced microvascular dys-
function. Free Radic Biol Med. 2011;51:2300–8. https://​
doi.​org/​10.​1016/j.​freer​adbio​med.​2011.​09.​039.

	 64.	 Nikolich-Zugich J, Cicin-Sain L, Collins-McMillen D, 
Jackson S, Oxenius A, Sinclair J, Snyder C, Wills M, 
Lemmermann N. Advances in cytomegalovirus (CMV) 
biology and its relationship to health, diseases, and 
aging. Geroscience. 2020;42:495–504. https://​doi.​org/​10.​
1007/​s11357-​020-​00170-8.

	 65.	 Ruiz-Pablos M, Paiva B, Zabaleta A. Epstein-
Barr virus-acquired immunodeficiency in myalgic 
encephalomyelitis-is it present in long COVID? J 
Transl Med. 2023;21:633. https://​doi.​org/​10.​1186/​
s12967-​023-​04515-7.

	 66.	 Varani S, Landini MP. Cytomegalovirus-induced immu-
nopathology and its clinical consequences. Herpesviri-
dae. 2011;2:6. https://​doi.​org/​10.​1186/​2042-​4280-2-6.

	 67.	 Vojdani A, Almulla AF, Zhou B, Al-Hakeim HK, Maes 
M. Reactivation of herpesvirus type 6 and IgA/IgM-
mediated responses to activin-A underpin long COVID, 
including affective symptoms and chronic fatigue syn-
drome. Acta Neuropsychiatr. 2024;36:172–84. https://​
doi.​org/​10.​1017/​neu.​2024.​10.

	 68.	 Gaspar Z, Szabo BG, Cegledi A, Lakatos B. Human 
herpesvirus reactivation and its potential role in the 
pathogenesis of post-acute sequelae of SARS-CoV-2 
infection. Geroscience. 2024. https://​doi.​org/​10.​1007/​
s11357-​024-​01323-9.

	 69.	 Rohrhofer J, Graninger M, Lettenmaier L, Schweighardt 
J, Gentile SA, Koidl L, Ret D, Stingl M, Puchhammer-
Stockl E, Untersmayr E. Association between Epstein-
Barr-virus reactivation and development of long-COVID 
fatigue. Allergy. 2023;78:297–9. https://​doi.​org/​10.​1111/​
all.​15471.

	 70.	 Chen B, Julg B, Mohandas S, Bradfute SB, Force RMPT. 
Viral persistence, reactivation, and mechanisms of long 

COVID. Elife. 2023;12:e86015. https://​doi.​org/​10.​7554/​
eLife.​86015.

	 71.	 Bernal KDE, Whitehurst CB. Incidence of Epstein-Barr 
virus reactivation is elevated in COVID-19 patients. 
Virus Res. 2023;334: 199157. https://​doi.​org/​10.​1016/j.​
virus​res.​2023.​199157.

	 72.	 Chen J, Song J, Dai L, Post SR, Qin Z. SARS-CoV-2 
infection and lytic reactivation of herpesviruses: a 
potential threat in the postpandemic era? J Med Virol. 
2022;94:5103–11. https://​doi.​org/​10.​1002/​jmv.​27994.

	 73.	 Mondal R, Lahiri D, Deb S, Bandyopadhyay D, Shome 
G, Sarkar S, Paria SR, Thakurta TG, Singla P, Bis-
was SC. COVID-19: are we dealing with a multisystem 
vasculopathy in disguise of a viral infection? J Thromb 
Thrombolysis. 2020;50:567–79. https://​doi.​org/​10.​1007/​
s11239-​020-​02210-8.

	 74.	 Mangalmurti NS, Reilly JP, Cines DB, Meyer NJ, 
Hunter CA, Vaughan AE. COVID-19-associated acute 
respiratory distress syndrome clarified: a vascular 
endotype? Am J Respir Crit Care Med. 2020;202:750–
3. https://​doi.​org/​10.​1164/​rccm.​202006-​2598LE.

	 75.	 Gustafson D, Raju S, Wu R, Ching C, Veitch S, 
Rathnakumar K, Boudreau E, Howe KL, Fish JE. 
Overcoming barriers: the endothelium as a linchpin of 
coronavirus disease 2019 pathogenesis? Arterioscler 
Thromb Vasc Biol. 2020;40:1818–29. https://​doi.​org/​
10.​1161/​ATVBA​HA.​120.​314558.

	 76.	 Teuwen LA, Geldhof V, Pasut A, Carmeliet P. 
COVID-19: the vasculature unleashed. Nat Rev 
Immunol. 2020;20:389–91. https://​doi.​org/​10.​1038/​
s41577-​020-​0343-0.

	 77.	 Sardu C, Gambardella J, Morelli MB, Wang X, Mar-
fella R, Santulli G. Hypertension, thrombosis, kidney 
failure, and diabetes: is COVID-19 an endothelial dis-
ease? A comprehensive evaluation of clinical and basic 
evidence. J Clin Med. 2020;9:1417. https://​doi.​org/​10.​
3390/​jcm90​51417.

	 78.	 Trimarco V, Izzo R, Mone P, Trimarco B, Santulli G. 
Targeting endothelial dysfunction and oxidative stress 
in Long-COVID. Pharmacol Res. 2022;184: 106451. 
https://​doi.​org/​10.​1016/j.​phrs.​2022.​106451.

	 79.	 Trimarco V, Izzo R, Zanforlin A, Tursi F, Scarpelli F, 
Santus P, Pennisi A, Pelaia G, Mussi C, Mininni S, 
Messina N, Marazzi G, Maniscalco M, Mallardo M, 
Fazio G, Diana A, Capra Marzani M, Aloe T, Mone 
P, Trimarco B, Santulli G. Endothelial dysfunction in 
long-COVID: new insights from the nationwide mul-
ticenter LINCOLN study. Pharmacol Res. 2022;185: 
106486. https://​doi.​org/​10.​1016/j.​phrs.​2022.​106486.

	 80.	 Zhang H, Wang Z, Nguyen HTT, Watson AJ, Lao Q, 
Li A, Zhu J. Integrin alpha(5)beta(1) contributes to cell 
fusion and inflammation mediated by SARS-CoV-2 
spike via RGD-independent interaction. Proc Natl Acad 
Sci U S A. 2023;120: e2311913120. https://​doi.​org/​10.​
1073/​pnas.​23119​13120.

	 81.	 Guo Y, Kanamarlapudi V. Molecular analysis of SARS-
CoV-2 spike protein-induced endothelial cell permea-
bility and vWF secretion. Int J Mol Sci. 2023;24:5664. 
https://​doi.​org/​10.​3390/​ijms2​40656​64.

	 82.	 Motta CS, Torices S, da Rosa BG, Marcos AC, Alva-
rez-Rosa L, Siqueira M, Moreno-Rodriguez T, Matos 

https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1161/CIRCULATIONAHA.120.049465
https://doi.org/10.1161/CIRCULATIONAHA.120.049465
https://doi.org/10.1007/s00134-020-06237-6
https://doi.org/10.1007/s00134-020-06237-6
https://doi.org/10.1007/s11357-022-00700-6
https://doi.org/10.1007/s11357-022-00700-6
https://doi.org/10.1161/01.CIR.0000084505.54603.C7
https://doi.org/10.1161/01.CIR.0000084505.54603.C7
https://doi.org/10.1016/j.freeradbiomed.2011.09.039
https://doi.org/10.1016/j.freeradbiomed.2011.09.039
https://doi.org/10.1007/s11357-020-00170-8
https://doi.org/10.1007/s11357-020-00170-8
https://doi.org/10.1186/s12967-023-04515-7
https://doi.org/10.1186/s12967-023-04515-7
https://doi.org/10.1186/2042-4280-2-6
https://doi.org/10.1017/neu.2024.10
https://doi.org/10.1017/neu.2024.10
https://doi.org/10.1007/s11357-024-01323-9
https://doi.org/10.1007/s11357-024-01323-9
https://doi.org/10.1111/all.15471
https://doi.org/10.1111/all.15471
https://doi.org/10.7554/eLife.86015
https://doi.org/10.7554/eLife.86015
https://doi.org/10.1016/j.virusres.2023.199157
https://doi.org/10.1016/j.virusres.2023.199157
https://doi.org/10.1002/jmv.27994
https://doi.org/10.1007/s11239-020-02210-8
https://doi.org/10.1007/s11239-020-02210-8
https://doi.org/10.1164/rccm.202006-2598LE
https://doi.org/10.1161/ATVBAHA.120.314558
https://doi.org/10.1161/ATVBAHA.120.314558
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.3390/jcm9051417
https://doi.org/10.3390/jcm9051417
https://doi.org/10.1016/j.phrs.2022.106451
https://doi.org/10.1016/j.phrs.2022.106486
https://doi.org/10.1073/pnas.2311913120
https://doi.org/10.1073/pnas.2311913120
https://doi.org/10.3390/ijms24065664


764	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

ADR, Caetano BC, Martins J, Gladulich L, Loiola E, 
Bagshaw ORM, Stuart JA, Siqueira MM, Stipursky 
J, Toborek M, Adesse D. Human brain microvascu-
lar endothelial cells exposure to SARS-CoV-2 leads 
to inflammatory activation through NF-kappaB non-
canonical pathway and mitochondrial remodeling. 
Viruses. 2023;15:745. https://​doi.​org/​10.​3390/​v1503​
0745.

	 83.	 Yang RC, Huang K, Zhang HP, Li L, Zhang YF, Tan C, 
Chen HC, Jin ML, Wang XR. SARS-CoV-2 productively 
infects human brain microvascular endothelial cells. J 
Neuroinflammation. 2022;19:149. https://​doi.​org/​10.​
1186/​s12974-​022-​02514-x.

	 84.	 Lu J, Zuo X, Cai A, Xiao F, Xu Z, Wang R, Miao C, 
Yang C, Zheng X, Wang J, Ding X, Xiong W. Cerebral 
small vessel injury in mice with damage to ACE2-
expressing cerebral vascular endothelial cells and post 
COVID-19 patients. Alzheimers Dement. 2024;20:7971–
88. https://​doi.​org/​10.​1002/​alz.​14279.

	 85.	 Mendez-Garcia LA, Escobedo G, Minguer-Uribe AG, 
Viurcos-Sanabria R, Aguayo-Guerrero JA, Carrillo-Ruiz 
JD, Solleiro-Villavicencio H. Role of the renin-angio-
tensin system in the development of COVID-19-associ-
ated neurological manifestations. Front Cell Neurosci. 
2022;16: 977039. https://​doi.​org/​10.​3389/​fncel.​2022.​
977039.

	 86.	 Panfoli I. Potential role of endothelial cell surface ectopic 
redox complexes in COVID-19 disease pathogenesis. 
Clin Med (Lond). 2020;20:e146–7. https://​doi.​org/​10.​
7861/​clinm​ed.​2020-​0252.

	 87.	 Otifi HM, Adiga BK. Endothelial dysfunction in Covid-
19 Infection. Am J Med Sci. 2022;363:281–7. https://​doi.​
org/​10.​1016/j.​amjms.​2021.​12.​010.

	 88.	 Méndez-García LA, Escobedo G, Minguer-Uribe AG, 
Viurcos-Sanabria R, Aguayo-Guerrero JA, Carrillo-Ruiz 
JD, Solleiro-Villavicencio H. Role of the renin-angio-
tensin system in the development of COVID-19-associ-
ated neurological manifestations. Front Cell Neurosci. 
2022;16:977039. https://​doi.​org/​10.​3389/​fncel.​2022.​
977039.

	 89.	 Seitz A, Ong P. Endothelial dysfunction in COVID-
19: a potential predictor of long-COVID? Int J Cardiol. 
2022;349:155–6. https://​doi.​org/​10.​1016/j.​ijcard.​2021.​
11.​051.

	 90.	 Charfeddine S, Ibn Hadj Amor H, Jdidi J, Torjmen S, 
Kraiem S, Hammami R, Bahloul A, Kallel N, Moussa N, 
Touil I, Ghrab A, Elghoul J, Meddeb Z, Thabet Y, Kam-
moun S, Bouslama K, Milouchi S, Abdessalem S, Abid 
L. Long COVID 19 syndrome: is it related to microcircu-
lation and endothelial dysfunction? Insights from TUN-
EndCOV study. Front Cardiovasc Med. 2021;8:745758. 
https://​doi.​org/​10.​3389/​fcvm.​2021.​745758.

	 91.	 Stahl K, Brasen JH, Hoeper MM, David S. Absence of 
SARS-CoV-2 RNA in COVID-19-associated intestinal 
endothelialitis. Intensive Care Med. 2021;47:359–60. 
https://​doi.​org/​10.​1007/​s00134-​020-​06326-6.

	 92.	 Campen C, Rowe PC, Visser FC. Orthostatic symp-
toms and reductions in cerebral blood flow in long-haul 
COVID-19 patients: similarities with myalgic encepha-
lomyelitis/chronic fatigue syndrome. Medicina (Kaunas). 
2021;58:28. https://​doi.​org/​10.​3390/​medic​ina58​010028.

	 93.	 Shabani Z, Liu J, Su H. Vascular dysfunctions contribute 
to the long-term cognitive deficits following COVID-19. 
Biology (Basel). 2023;12:1106. https://​doi.​org/​10.​3390/​
biolo​gy120​81106.

	 94.	 Tsvetanov KA, Spindler LRB, Stamatakis EA, New-
combe VFJ, Lupson VC, Chatfield DA, Manktelow AE, 
Outtrim JG, Elmer A, Kingston N, Bradley JR, Bullmore 
ET, Rowe JB, Menon DK, Cambridge Neuro CG, BioRe-
source NC-, Cambridge NCRF, Collaboration C-NBC-. 
Hospitalisation for COVID-19 predicts long lasting cer-
ebrovascular impairment: a prospective observational 
cohort study. Neuroimage Clin. 2022;36:103253. https://​
doi.​org/​10.​1016/j.​nicl.​2022.​103253.

	 95.	 Wang W, Wang CY, Wang SI, Wei JC. Long-term cardi-
ovascular outcomes in COVID-19 survivors among non-
vaccinated population: a retrospective cohort study from 
the TriNetX US collaborative networks. EClinicalMedi-
cine. 2022;53: 101619. https://​doi.​org/​10.​1016/j.​eclinm.​
2022.​101619.

	 96.	 Xie Y, Xu E, Bowe B, Al-Aly Z. Long-term cardiovas-
cular outcomes of COVID-19. Nat Med. 2022;28:583–
90. https://​doi.​org/​10.​1038/​s41591-​022-​01689-3.

	 97.	 Lee MH, Perl DP, Steiner J, Pasternack N, Li W, Maric 
D, Safavi F, Horkayne-Szakaly I, Jones R, Stram MN, 
Moncur JT, Hefti M, Folkerth RD, Nath A. Neurovas-
cular injury with complement activation and inflamma-
tion in COVID-19. Brain. 2022;145:2555–68. https://​
doi.​org/​10.​1093/​brain/​awac1​51.

	 98.	 Neves MT, de Matos LV, Vasques AC, Sousa IE, Fer-
reira I, Peres S, Jesus S, Fonseca C, Mansinho K. 
COVID-19 and aging: identifying measures of sever-
ity. SAGE Open Med. 2021;9:20503121211027464. 
https://​doi.​org/​10.​1177/​20503​12121​10274​62.

	 99.	 Nikolich-Zugich J, Knox KS, Rios CT, Natt B, Bhat-
tacharya D, Fain MJ. SARS-CoV-2 and COVID-19 
in older adults: what we may expect regarding patho-
genesis, immune responses, and outcomes. Gero-
science. 2020;42:505–14. https://​doi.​org/​10.​1007/​
s11357-​020-​00186-0.

	100.	 Peterfi A, Meszaros A, Szarvas Z, Penzes M, Fekete 
M, Feher A, Lehoczki A, Csipo T, Fazekas-Pongor V. 
Comorbidities and increased mortality of COVID-19 
among the elderly: a systematic review. Physiol Int. 
2022. https://​doi.​org/​10.​1556/​2060.​2022.​00206.

	101.	 Fekete M, Szarvas Z, Fazekas-Pongor V, Feher A, 
Dosa N, Lehoczki A, Tarantini S, Varga JT. COVID-19 
infection in patients with chronic obstructive pulmo-
nary disease: from pathophysiology to therapy. Mini-
review Physiol Int. 2022. https://​doi.​org/​10.​1556/​2060.​
2022.​00172.

	102.	 Feher A, Szarvas Z, Lehoczki A, Fekete M, Fazekas-
Pongor V. Co-infections in COVID-19 patients and 
correlation with mortality rate. Minireview Physiol Int. 
2022. https://​doi.​org/​10.​1556/​2060.​2022.​00015.

	103.	 Gaspar Z, Szabo BG, Andrikovics H, Cegledi A, Raj-
mon M, Abraham A, Varnai Z, Kiss-Dala N, Szlavik J, 
Sinko J, Valyi-Nagy I, Lakatos B. Secondary infections 
and long-term outcomes among hospitalized elderly 
and non-elderly patients with severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) and treated 
with baricitinib: a comparative study from the national 

https://doi.org/10.3390/v15030745
https://doi.org/10.3390/v15030745
https://doi.org/10.1186/s12974-022-02514-x
https://doi.org/10.1186/s12974-022-02514-x
https://doi.org/10.1002/alz.14279
https://doi.org/10.3389/fncel.2022.977039
https://doi.org/10.3389/fncel.2022.977039
https://doi.org/10.7861/clinmed.2020-0252
https://doi.org/10.7861/clinmed.2020-0252
https://doi.org/10.1016/j.amjms.2021.12.010
https://doi.org/10.1016/j.amjms.2021.12.010
https://doi.org/10.3389/fncel.2022.977039
https://doi.org/10.3389/fncel.2022.977039
https://doi.org/10.1016/j.ijcard.2021.11.051
https://doi.org/10.1016/j.ijcard.2021.11.051
https://doi.org/10.3389/fcvm.2021.745758
https://doi.org/10.1007/s00134-020-06326-6
https://doi.org/10.3390/medicina58010028
https://doi.org/10.3390/biology12081106
https://doi.org/10.3390/biology12081106
https://doi.org/10.1016/j.nicl.2022.103253
https://doi.org/10.1016/j.nicl.2022.103253
https://doi.org/10.1016/j.eclinm.2022.101619
https://doi.org/10.1016/j.eclinm.2022.101619
https://doi.org/10.1038/s41591-022-01689-3
https://doi.org/10.1093/brain/awac151
https://doi.org/10.1093/brain/awac151
https://doi.org/10.1177/20503121211027462
https://doi.org/10.1007/s11357-020-00186-0
https://doi.org/10.1007/s11357-020-00186-0
https://doi.org/10.1556/2060.2022.00206
https://doi.org/10.1556/2060.2022.00172
https://doi.org/10.1556/2060.2022.00172
https://doi.org/10.1556/2060.2022.00015


765GeroScience (2025) 47:745–779	

Vol.: (0123456789)

centre of Hungary. Geroscience. 2024;46:2863–77. 
https://​doi.​org/​10.​1007/​s11357-​024-​01099-y.

	104.	 Alimohamadi Y, Sepandi M, Taghdir M, Hosamirud-
sari H. Determine the most common clinical symptoms 
in COVID-19 patients: a systematic review and meta-
analysis. J Prev Med Hygiene. 2020;61:E304. https://​
doi.​org/​10.​15167/​2421-​4248/​jpmh2​020.​61.3.​1530.

	105.	 Mueller AL, McNamara MS, Sinclair DA. Why does 
COVID-19 disproportionately affect older people? 
Aging (albany NY). 2020;12:9959. https://​doi.​org/​10.​
18632/​aging.​103344.

	106.	 SeyedAlinaghi S, Afsahi AM, MohsseniPour M, Beh-
nezhad F, Salehi MA, Barzegary A, Mirzapour P, Meh-
raeen E, Dadras O. Late complications of COVID-19; 
a systematic review of current evidence. Arch Acad 
Emerg Med. 2021;9(1):e14. https://​doi.​org/​10.​22037/​
aaem.​v9i1.​1058.

	107.	 Mehandru S, Merad M. Pathological sequelae of long-
haul COVID. Nat Immunol. 2022;23:194–202. https://​
doi.​org/​10.​1038/​s41590-​021-​01104-y.

	108.	 Rahmani B, Ghashghayi E, Zendehdel M, Baghbanzadeh 
A, Khodadadi M. Molecular mechanisms highlighting 
the potential role of COVID-19 in the development of 
neurodegenerative diseases. Physiol Int. 2022;109:135–
62. https://​doi.​org/​10.​1556/​2060.​2022.​00019.

	109.	 Khandelwal P, Al-Mufti F, Tiwari A, Singla A, Dmytriw 
AA, Piano M, Quilici L, Pero G, Renieri L, Limbucci 
N, Martinez-Galdamez M, Schuller-Arteaga M, Gal-
van J, Arenillas-Lara JF, Hashim Z, Nayak S, Desousa 
K, Sun H, Agarwalla PK, Nanda A, Roychowdhury JS, 
Nourollahzadeh E, Prakash T, Gandhi CD, Xavier AR, 
Lozano JD, Gupta G, Yavagal DR. Incidence, character-
istics and outcomes of large vessel stroke in COVID-19 
cohort: an international multicenter study. Neurosurgery. 
2021;89:E35–41. https://​doi.​org/​10.​1093/​neuros/​nyab1​11.

	110.	 Mendes A, Herrmann FR, Genton L, Serratrice C, Car-
rera E, Vargas MI, Gold G, Graf CE, Zekry D, Scheffler 
M. Incidence, characteristics and clinical relevance of 
acute stroke in old patients hospitalized with COVID-
19. BMC Geriatr. 2021;21:52. https://​doi.​org/​10.​1186/​
s12877-​021-​02006-2.

	111.	 Requena M, Olive-Gadea M, Muchada M, Garcia-Tornel 
A, Deck M, Juega J, Boned S, Rodriguez-Villatoro N, 
Pinana C, Pagola J, Rodriguez-Luna D, Hernandez D, 
Rubiera M, Tomasello A, Molina CA, Ribo M. COVID-
19 and stroke: incidence and etiological description in a 
high-volume center. J Stroke Cerebrovasc Dis. 2020;29: 
105225. https://​doi.​org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​
2020.​105225.

	112.	 Silva-Pozo A, Vallejos J, Almeida J, Martoni M, Martin 
RU, Miranda M, Diaz P, Garcia D, Navia V. Impact of 
COVID-19 pandemic on stroke severity and mortality in 
the south-east of Santiago. Chile J Stroke Cerebrovasc 
Dis. 2021;30: 105953. https://​doi.​org/​10.​1016/j.​jstro​
kecer​ebrov​asdis.​2021.​105953.

	113.	 Rossi C, Berta P, Curello S, Lovaglio PG, Magoni M, 
Metra M, Roccaro AM, Verzillo S, Vittadini G. The 
impact of COVID-19 pandemic on AMI and stroke mor-
tality in Lombardy: evidence from the epicenter of the 
pandemic. PLoS ONE. 2021;16: e0257910. https://​doi.​
org/​10.​1371/​journ​al.​pone.​02579​10.

	114.	 Katsanos AH, Tsivgoulis G. Stroke mortality during the 
second wave of the COVID-19 pandemic: Is it getting 
any better? Eur J Neurol. 2021;28:3881–2. https://​doi.​
org/​10.​1111/​ene.​15135.

	115.	 Harrison SL, Fazio-Eynullayeva E, Lane DA, Under-
hill P, Lip GYH. Higher mortality of ischaemic stroke 
patients hospitalized with COVID-19 compared to his-
torical controls. Cerebrovasc Dis. 2021;50:326–31. 
https://​doi.​org/​10.​1159/​00051​4137.

	116.	 Varatharaj A, Thomas N, Ellul MA, Davies NWS, 
Pollak TA, Tenorio EL, Sultan M, Easton A, Breen 
G, Zandi M, Coles JP, Manji H, Al-Shahi Salman R, 
Menon DK, Nicholson TR, Benjamin LA, Carson A, 
Smith C, Turner MR, Solomon T, Kneen R, Pett SL, 
Galea I, Thomas RH, Michael BD, CoroNerve Study 
G. Neurological and neuropsychiatric complications 
of COVID-19 in 153 patients: a UK-wide surveillance 
study. Lancet Psychiatry. 2020;7:875–82. https://​doi.​
org/​10.​1016/​S2215-​0366(20)​30287-X.

	117.	 Keller E, Brandi G, Winklhofer S, Imbach LL, Kir-
schenbaum D, Frontzek K, Steiger P, Dietler S, Hae-
berlin M, Willms J, Porta F, Waeckerlin A, Huber M, 
Abela IA, Lutterotti A, Stippich C, Globas C, Varga Z, 
Jelcic I. Large and small cerebral vessel involvement in 
severe COVID-19: detailed clinical workup of a case 
series. Stroke. 2020;51:3719–22. https://​doi.​org/​10.​
1161/​STROK​EAHA.​120.​031224.

	118.	 Gunnarsson K, Tofiq A, Mathew A, Cao Y, von Euler 
M, Strom JO. Changes in stroke and TIA admissions 
during the COVID-19 pandemic: a meta-analysis. Eur 
Stroke J. 2023;9:23969873231204130. https://​doi.​org/​
10.​1177/​23969​87323​12041​27.

	119.	 Schlachetzki F, Theek C, Hubert ND, Kilic M, Haberl 
RL, Linker RA, Hubert GJ. Low stroke incidence in 
the TEMPiS telestroke network during COVID-19 
pandemic: effect of lockdown on thrombolysis and 
thrombectomy. J Telemed Telecare. 2022;28:481–7. 
https://​doi.​org/​10.​1177/​13576​33X20​943327.

	120.	 Elfasi A, Echevarria FD, Rodriguez R, Roman Casul 
YA, Khanna AY, Mankowski RT, Simpkins AN. 
Impact of COVID-19 on future ischemic stroke inci-
dence. eNeurologicalSci. 2021;22:100325. https://​doi.​
org/​10.​1016/j.​ensci.​2021.​100325.

	121.	 Brunssen A, Rucker V, Heuschmann P, Held J, Her-
manek P, Berlis A, Hecht M, Berger K. Stroke care 
during the COVID-19 pandemic: case numbers, treat-
ments, and mortality in two large German stroke reg-
istries. Front Neurol. 2022;13: 924271. https://​doi.​org/​
10.​3389/​fneur.​2022.​924271.

	122.	 Prodan CI, Batra A, Ungvari Z, Liotta EM. Strin-
gent public health measures during COVID-19 across 
ischemic stroke care systems: the potential impact of 
patient perceptions on health care-seeking behaviors. 
Geroscience. 2022;44:1255–62. https://​doi.​org/​10.​
1007/​s11357-​022-​00566-8.

	123.	 Pellegrini D, Kawakami R, Guagliumi G, Sakamoto 
A, Kawai K, Gianatti A, Nasr A, Kutys R, Guo L, 
Cornelissen A, Faggi L, Mori M, Sato Y, Pescetelli 
I, Brivio M, Romero M, Virmani R, Finn AV. Micro-
thrombi as a major cause of cardiac injury in COVID-
19: a pathologic study. Circulation. 2021;143:1031–42. 

https://doi.org/10.1007/s11357-024-01099-y
https://doi.org/10.15167/2421-4248/jpmh2020.61.3.1530
https://doi.org/10.15167/2421-4248/jpmh2020.61.3.1530
https://doi.org/10.18632/aging.103344
https://doi.org/10.18632/aging.103344
https://doi.org/10.22037/aaem.v9i1.1058
https://doi.org/10.22037/aaem.v9i1.1058
https://doi.org/10.1038/s41590-021-01104-y
https://doi.org/10.1038/s41590-021-01104-y
https://doi.org/10.1556/2060.2022.00019
https://doi.org/10.1093/neuros/nyab111
https://doi.org/10.1186/s12877-021-02006-2
https://doi.org/10.1186/s12877-021-02006-2
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105225
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105225
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105953
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105953
https://doi.org/10.1371/journal.pone.0257910
https://doi.org/10.1371/journal.pone.0257910
https://doi.org/10.1111/ene.15135
https://doi.org/10.1111/ene.15135
https://doi.org/10.1159/000514137
https://doi.org/10.1016/S2215-0366(20)30287-X
https://doi.org/10.1016/S2215-0366(20)30287-X
https://doi.org/10.1161/STROKEAHA.120.031224
https://doi.org/10.1161/STROKEAHA.120.031224
https://doi.org/10.1177/23969873231204127
https://doi.org/10.1177/23969873231204127
https://doi.org/10.1177/1357633X20943327
https://doi.org/10.1016/j.ensci.2021.100325
https://doi.org/10.1016/j.ensci.2021.100325
https://doi.org/10.3389/fneur.2022.924271
https://doi.org/10.3389/fneur.2022.924271
https://doi.org/10.1007/s11357-022-00566-8
https://doi.org/10.1007/s11357-022-00566-8


766	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​120.​
051828.

	124.	 Bois MC, Boire NA, Layman AJ, Aubry MC, Alex-
ander MP, Roden AC, Hagen CE, Quinton RA, Larsen 
C, Erben Y, Majumdar R, Jenkins SM, Kipp BR, Lin 
PT, Maleszewski JJ. COVID-19-associated nonoc-
clusive fibrin microthrombi in the heart. Circulation. 
2021;143:230–43. https://​doi.​org/​10.​1161/​CIRCU​
LATIO​NAHA.​120.​050754.

	125.	 Bojti PP, Szilagyi G, Dobi B, Stang R, Szikora I, Kis B, 
Kornfeld A, Ovary C, Eross L, Banczerowski P, Kuczyn-
ski W, Bereczki D. Impact of COVID-19 on ischemic 
stroke care in Hungary. Geroscience. 2021;43:2231–48. 
https://​doi.​org/​10.​1007/​s11357-​021-​00424-z.

	126.	 Raveendran A, Jayadevan R, Sashidharan S. Long COVID: 
an overview. Diabetes Metab Syndr. 2021;15:869–75. 
https://​doi.​org/​10.​1016/j.​dsx.​2021.​04.​007.

	127.	 Russell SJ, Parker K, Lehoczki A, Lieberman D, Partha 
IS, Scott SJ, Phillips LR, Fain MJ, Nikolich JZ. Post-
acute sequelae of SARS-CoV-2 infection (long COVID) 
in older adults. Geroscience. 2024. https://​doi.​org/​10.​
1007/​s11357-​024-​01227-8.

	128.	 Guo P, Benito Ballesteros A, Yeung SP, Liu R, Saha A, 
Curtis L, Kaser M, Haggard MP, Cheke LG. COVCOG 
2: cognitive and memory deficits in long COVID: a sec-
ond publication from the COVID and cognition study. 
Front Aging Neurosci. 2022;14:804937. https://​doi.​org/​
10.​3389/​fnagi.​2022.​804937.

	129.	 Sudre CH, Murray B, Varsavsky T, Graham MS, Pen-
fold RS, Bowyer RC, Pujol JC, Klaser K, Antonelli M, 
Canas LS, Molteni E, Modat M, Jorge Cardoso M, May 
A, Ganesh S, Davies R, Nguyen LH, Drew DA, Astley 
CM, Joshi AD, Merino J, Tsereteli N, Fall T, Gomez 
MF, Duncan EL, Menni C, Williams FMK, Franks PW, 
Chan AT, Wolf J, et al. Attributes and predictors of long 
COVID. Nat Med. 2021;27:626–31. https://​doi.​org/​10.​
1038/​s41591-​021-​01292-y.

	130.	 Brannock MD, Chew RF, Preiss AJ, Hadley EC, Redfield 
S, McMurry JA, Leese PJ, Girvin AT, Crosskey M, Zhou 
AG, Moffitt RA, Funk MJ, Pfaff ER, Haendel MA, Chute 
CG, Consortia R. N3C, Long COVID risk and pre-
COVID vaccination in an EHR-based cohort study from 
the RECOVER program. Nat Commun. 2023;14:2914. 
https://​doi.​org/​10.​1038/​s41467-​023-​38388-7.

	131.	 Fekete M, Major D, Feher A, Fazekas-Pongor V, Lehoc-
zki A. Geroscience and pathology: a new frontier in 
understanding age-related diseases. Pathol Oncol Res. 
2024;30:1611623. https://​doi.​org/​10.​3389/​pore.​2024.​
16116​23.

	132.	 Schenz J, Rump K, Siegler BH, Hemmerling I, Rah-
mel T, Thon JN, Nowak H, Fischer D, Hafner A, Tichy 
L, Bomans K, Meggendorfer M, Koos B, von Groote 
T, Zarbock A, Fiedler MO, Zemva J, Larmann J, Merle 
U, Adamzik M, Muller-Tidow C, Haferlach T, Leusch-
ner F, Weigand MA. Increased prevalence of clonal 
hematopoiesis of indeterminate potential in hospital-
ized patients with COVID-19. Front Immunol. 2022;13: 
968778. https://​doi.​org/​10.​3389/​fimmu.​2022.​968778.

	133.	 Miller PG, Fell GG, Foy BH, Scherer AK, Gibson CJ, 
Sperling AS, Burugula BB, Nakao T, Uddin MM, War-
ren H, Bry L, Pozdnyakova O, Frigault MJ, Bick AG, 

Neuberg D, Higgins JM, Mansour MK, Natarajan P, Kim 
AS, Kitzman JO, Ebert BL. Clonal hematopoiesis of 
indeterminate potential and risk of death from COVID-
19. Blood. 2022;140:1993–7. https://​doi.​org/​10.​1182/​
blood.​20220​18052.

	134.	 Kang CK, Choi B, Kim S, Sun CH, Yoon SH, Kim K, 
Chang E, Jung J, Choe PG, Park WB, Kim ES, Kim HB, 
Kim NJ, Oh MD, Im H, Kim J, Lee YH, Lee J, Chun H, 
Koh Y, Lee JY, Moon JH, Song KH, Jung I. Clinical impact 
of clonal hematopoiesis on severe COVID- 19 patients with-
out canonical risk factors. Haematologica. 2023;108:257–
60. https://​doi.​org/​10.​3324/​haema​tol.​2022.​280621.

	135.	 Ho M, Zanwar S, Buadi FK, Ailawadhi S, Larsen J, 
Bergsagel L, Binder M, Chanan-Khan A, Dingli D, Dis-
penzieri A, Fonseca R, Gertz MA, Gonsalves W, Go RS, 
Hayman S, Kapoor P, Kourelis T, Lacy MQ, Leung N, 
Lin Y, Muchtar E, Roy V, Sher T, Warsame R, Fonder 
A, Hobbs M, Hwa YL, Kyle RA, Rajkumar SV, Kumar 
S. Risk factors for severe infection and mortality in 
COVID-19 and monoclonal gammopathy of undeter-
mined significance. Blood. 2022;140:1997–2000. https://​
doi.​org/​10.​1182/​blood.​20220​17616.

	136.	 Del Pozo-Valero M, Corton M, Lopez-Rodriguez R, 
Mahillo-Fernandez I, Ruiz-Hornillos J, Minguez P, Vil-
laverde C, Perez-Tomas ME, Barreda-Sanchez M, Man-
cebo E, Group STCS, Paz-Artal E, Guillen-Navarro 
E, Almoguera B, Ayuso C. Age-dependent association 
of clonal hematopoiesis with COVID-19 mortality in 
patients over 60 years. Geroscience. 2023;45:543–53. 
https://​doi.​org/​10.​1007/​s11357-​022-​00666-5.

	137.	 Bolton KL, Koh Y, Foote MB, Im H, Jee J, Sun CH, 
Safonov A, Ptashkin R, Moon JH, Lee JY, Jung J, Kang 
CK, Song KH, Choe PG, Park WB, Kim HB, Oh MD, 
Song H, Kim S, Patel M, Derkach A, Gedvilaite E, Tka-
chuk KA, Wiley BJ, Chan IC, Braunstein LZ, Gao T, 
Papaemmanuil E, Esther Babady N, Pessin MS, et  al. 
Clonal hematopoiesis is associated with risk of severe 
Covid-19. Nat Commun. 2021;12:5975. https://​doi.​org/​
10.​1038/​s41467-​021-​26138-6.

	138.	 Kallai A, Ungvari Z, Fekete M, Maier AB, Mikala 
G, Andrikovics H, Lehoczki A. Genomic instabil-
ity and genetic heterogeneity in aging: insights from 
clonal hematopoiesis (CHIP), monoclonal gammopa-
thy (MGUS), and monoclonal B-cell lymphocytosis 
(MBL). Geroscience. 2024. https://​doi.​org/​10.​1007/​
s11357-​024-​01374-y.

	139.	 Peinkhofer C, Zarifkar P, Christensen RHB, Nersesjan 
V, Fonsmark L, Merie C, Lebech AM, Katzenstein TL, 
Bang LE, Kjaergaard J, Sivapalan P, Jensen JS, Benros 
ME, Kondziella D. Brain health after COVID-19, pneu-
monia, myocardial infarction, or critical illness. JAMA 
Netw Open. 2023;6: e2349659. https://​doi.​org/​10.​1001/​
jaman​etwor​kopen.​2023.​49659.

	140.	 Muller L, Di Benedetto S. From aging to long COVID: 
exploring the convergence of immunosenescence, 
inflammaging, and autoimmunity. Front Immunol. 
2023;14:1298004. https://​doi.​org/​10.​3389/​fimmu.​2023.​
12980​04.

	141.	 Jasiulionis MG. Abnormal epigenetic regulation 
of immune system during aging. Front Immunol. 
2018;9:197. https://​doi.​org/​10.​3389/​fimmu.​2018.​00197.

https://doi.org/10.1161/CIRCULATIONAHA.120.051828
https://doi.org/10.1161/CIRCULATIONAHA.120.051828
https://doi.org/10.1161/CIRCULATIONAHA.120.050754
https://doi.org/10.1161/CIRCULATIONAHA.120.050754
https://doi.org/10.1007/s11357-021-00424-z
https://doi.org/10.1016/j.dsx.2021.04.007
https://doi.org/10.1007/s11357-024-01227-8
https://doi.org/10.1007/s11357-024-01227-8
https://doi.org/10.3389/fnagi.2022.804937
https://doi.org/10.3389/fnagi.2022.804937
https://doi.org/10.1038/s41591-021-01292-y
https://doi.org/10.1038/s41591-021-01292-y
https://doi.org/10.1038/s41467-023-38388-7
https://doi.org/10.3389/pore.2024.1611623
https://doi.org/10.3389/pore.2024.1611623
https://doi.org/10.3389/fimmu.2022.968778
https://doi.org/10.1182/blood.2022018052
https://doi.org/10.1182/blood.2022018052
https://doi.org/10.3324/haematol.2022.280621
https://doi.org/10.1182/blood.2022017616
https://doi.org/10.1182/blood.2022017616
https://doi.org/10.1007/s11357-022-00666-5
https://doi.org/10.1038/s41467-021-26138-6
https://doi.org/10.1038/s41467-021-26138-6
https://doi.org/10.1007/s11357-024-01374-y
https://doi.org/10.1007/s11357-024-01374-y
https://doi.org/10.1001/jamanetworkopen.2023.49659
https://doi.org/10.1001/jamanetworkopen.2023.49659
https://doi.org/10.3389/fimmu.2023.1298004
https://doi.org/10.3389/fimmu.2023.1298004
https://doi.org/10.3389/fimmu.2018.00197


767GeroScience (2025) 47:745–779	

Vol.: (0123456789)

	142.	 Fan LM, Geng L, Cahill-Smith S, Liu F, Douglas G, 
McKenzie CA, Smith C, Brooks G, Channon KM, Li 
JM. Nox2 contributes to age-related oxidative damage 
to neurons and the cerebral vasculature. J Clin Invest. 
2019;129:3374–86. https://​doi.​org/​10.​1172/​JCI12​5173.

	143.	 Iadecola C. The neurovascular unit coming of age: a 
journey through neurovascular coupling in health and 
disease. Neuron. 2017;96:17–42. https://​doi.​org/​10.​
1016/j.​neuron.​2017.​07.​030.

	144.	 Park L, Anrather J, Girouard H, Zhou P, Iadecola C. 
Nox2-derived reactive oxygen species mediate neuro-
vascular dysregulation in the aging mouse brain. J Cereb 
Blood Flow Metab. 2007;27(1908–1918):9600491. 
https://​doi.​org/​10.​1038/​sj.​jcbfm.​96004​91. ([pii]).

	145.	 Donato AJ, Machin DR, Lesniewski LA. Mechanisms 
of dysfunction in the aging vasculature and role in age-
related disease. Circ Res. 2018;123:825–48. https://​doi.​
org/​10.​1161/​CIRCR​ESAHA.​118.​312563.

	146.	 Donato AJ, Magerko KA, Lawson BR, Durrant JR, 
Lesniewski LA, Seals DR. SIRT-1 and vascular endothe-
lial dysfunction with ageing in mice and humans. J Phys-
iol. 2011;589:4545–54. https://​doi.​org/​10.​1113/​jphys​iol.​
2011.​211219.

	147.	 Donato AJ, Black AD, Jablonski KL, Gano LB, Seals 
DR. Aging is associated with greater nuclear NF kappa 
B, reduced I kappa B alpha, and increased expression of 
proinflammatory cytokines in vascular endothelial cells of 
healthy humans. Aging Cell. 2008;7:805–12. https://​doi.​
org/​10.​1111/j.​1474-​9726.​2008.​00438.x. (ACE438 [pii]).

	148.	 Donato AJ, Eskurza I, Silver AE, Levy AS, Pierce GL, 
Gates PE, Seals DR. Direct evidence of endothelial oxi-
dative stress with aging in humans: relation to impaired 
endothelium-dependent dilation and upregulation of 
nuclear factor-kappaB. Circ Res. 2007;100:1659–66.

	149.	 Ungvari Z, Tarantini S, Sorond F, Merkely B, Csiszar A. 
Mechanisms of Vascular Aging, A Geroscience perspective: 
JACC focus seminar. J Am Coll Cardiol. 2020;75:931–41. 
https://​doi.​org/​10.​1016/j.​jacc.​2019.​11.​061.

	150.	 Ungvari Z, Tarantini S, Donato AJ, Galvan V, Csiszar A. 
Mechanisms of vascular aging. Circ Res. 2018;123:849–
67. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​118.​311378.

	151.	 Csipo T, Mukli P, Lipecz A, Tarantini S, Bahadli D, 
Abdulhussein O, Owens C, Kiss T, Balasubramanian P, 
Nyul-Toth A, Hand RA, Yabluchanska V, Sorond FA, 
Csiszar A, Ungvari Z, Yabluchanskiy A. Assessment of 
age-related decline of neurovascular coupling responses 
by functional near-infrared spectroscopy (fNIRS) in 
humans. Geroscience. 2019;41:495–509. https://​doi.​org/​
10.​1007/​s11357-​019-​00122-x.

	152.	 Kiss T, Nyul-Toth A, Balasubramanian P, Tarantini S, 
Ahire C, Yabluchanskiy A, Csipo T, Farkas E, Wren 
JD, Garman L, Csiszar A, Ungvari Z. Nicotinamide 
mononucleotide (NMN) supplementation promotes 
neurovascular rejuvenation in aged mice: transcrip-
tional footprint of SIRT1 activation, mitochondrial pro-
tection, anti-inflammatory, and anti-apoptotic effects. 
Geroscience. 2020;42:527–46. https://​doi.​org/​10.​1007/​
s11357-​020-​00165-5.

	153.	 Lipecz A, Csipo T, Tarantini S, Hand RA, Ngo BN, 
Conley S, Nemeth G, Tsorbatzoglou A, Courtney DL, 
Yabluchanska V, Csiszar A, Ungvari ZI, Yabluchanskiy 

A. Age-related impairment of neurovascular coupling 
responses: a dynamic vessel analysis (DVA)-based 
approach to measure decreased flicker light stimulus-
induced retinal arteriolar dilation in healthy older 
adults. Geroscience. 2019. https://​doi.​org/​10.​1007/​
s11357-​019-​00078-y.

	154.	 Tarantini S, Valcarcel-Ares MN, Toth P, Yabluchanskiy 
A, Tucsek Z, Kiss T, Hertelendy P, Kinter M, Ballabh 
P, Sule Z, Farkas E, Baur JA, Sinclair DA, Csiszar A, 
Ungvari Z. Nicotinamide mononucleotide (NMN) sup-
plementation rescues cerebromicrovascular endothe-
lial function and neurovascular coupling responses and 
improves cognitive function in aged mice. Redox Biol. 
2019;24: 101192. https://​doi.​org/​10.​1016/j.​redox.​2019.​
101192.

	155.	 Tarantini S, Valcarcel-Ares NM, Yabluchanskiy A, Fulop 
GA, Hertelendy P, Gautam T, Farkas E, Perz A, Rabi-
novitch PS, Sonntag WE, Csiszar A, Ungvari Z. Treat-
ment with the mitochondrial-targeted antioxidant peptide 
SS-31 rescues neurovascular coupling responses and cer-
ebrovascular endothelial function and improves cognition 
in aged mice. Aging Cell. 2018;17:e12731. https://​doi.​
org/​10.​1111/​acel.​12731.

	156.	 Tarantini S, Yabluchanskiy A, Csipo T, Fulop G, Kiss 
T, Balasubramanian P, DelFavero J, Ahire C, Ungvari 
A, Nyul-Toth A, Farkas E, Benyo Z, Toth A, Csiszar A, 
Ungvari Z. Treatment with the poly(ADP-ribose) poly-
merase inhibitor PJ-34 improves cerebromicrovascular 
endothelial function, neurovascular coupling responses 
and cognitive performance in aged mice, supporting the 
NAD+ depletion hypothesis of neurovascular aging. 
Geroscience. 2019;41:533–42. https://​doi.​org/​10.​1007/​
s11357-​019-​00101-2.

	157.	 Ingraham JP, Forbes ME, Riddle DR, Sonntag WE. 
Aging reduces hypoxia-induced microvascular growth in 
the rodent hippocampus. J Gerontol A Biol Sci Med Sci. 
2008;63:12–20 ([pii]).

	158.	 Riddle DR, Sonntag WE, Lichtenwalner RJ. Microvas-
cular plasticity in aging. Ageing Res Rev. 2003;2(149–
168):S1568163702000648 ([pii]).

	159.	 Abernethy WB, Bell MA, Morris M, Moody DM. Micro-
vascular density of the human paraventricular nucleus 
decreases with aging but not hypertension. Exp Neurol. 
1993;121:270–4. https://​doi.​org/​10.​1006/​exnr.​1993.​1095.

	160.	 Nyul-Toth A, Tarantini S, DelFavero J, Yan F, Balasu-
bramanian P, Yabluchanskiy A, Ahire C, Kiss T, Csipo 
T, Lipecz A, Farkas AE, Wilhelm I, Krizbai IA, Tang 
Q, Csiszar A, Ungvari Z. Demonstration of age-related 
blood-brain barrier disruption and cerebromicrovascular 
rarefaction in mice by longitudinal intravital two-photon 
microscopy and optical coherence tomography. Am J 
Physiol Heart Circ Physiol. 2021;320:H1370–92. https://​
doi.​org/​10.​1152/​ajphe​art.​00709.​2020.

	161.	 Tarantini S, Tucsek Z, Valcarcel-Ares MN, Toth P, Gau-
tam T, Giles CB, Ballabh P, Wei JY, Wren JD, Ashpole 
NM, Sonntag WE, Ungvari Z, Csiszar A. Circulating 
IGF-1 deficiency exacerbates hypertension-induced 
microvascular rarefaction in the mouse hippocampus 
and retrosplenial cortex: implications for cerebromicro-
vascular and brain aging. Age (Dordr). 2016;38:273–89. 
https://​doi.​org/​10.​1007/​s11357-​016-​9931-0.

https://doi.org/10.1172/JCI125173
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1038/sj.jcbfm.9600491
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1113/jphysiol.2011.211219
https://doi.org/10.1113/jphysiol.2011.211219
https://doi.org/10.1111/j.1474-9726.2008.00438.x
https://doi.org/10.1111/j.1474-9726.2008.00438.x
https://doi.org/10.1016/j.jacc.2019.11.061
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1007/s11357-019-00122-x
https://doi.org/10.1007/s11357-019-00122-x
https://doi.org/10.1007/s11357-020-00165-5
https://doi.org/10.1007/s11357-020-00165-5
https://doi.org/10.1007/s11357-019-00078-y
https://doi.org/10.1007/s11357-019-00078-y
https://doi.org/10.1016/j.redox.2019.101192
https://doi.org/10.1016/j.redox.2019.101192
https://doi.org/10.1111/acel.12731
https://doi.org/10.1111/acel.12731
https://doi.org/10.1007/s11357-019-00101-2
https://doi.org/10.1007/s11357-019-00101-2
https://doi.org/10.1006/exnr.1993.1095
https://doi.org/10.1152/ajpheart.00709.2020
https://doi.org/10.1152/ajpheart.00709.2020
https://doi.org/10.1007/s11357-016-9931-0


768	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

	162.	 Tucsek Z, Toth P, Tarantini S, Sosnowska D, Gautam T, 
Warrington JP, Giles CB, Wren JD, Koller A, Ballabh P, 
Sonntag WE, Ungvari Z, Csiszar A. Aging exacerbates 
obesity-induced cerebromicrovascular rarefaction, neu-
rovascular uncoupling, and cognitive decline in mice. J 
Gerontol A Biol Sci Med Sci. 2014;69:1339–52. https://​
doi.​org/​10.​1093/​gerona/​glu080.

	163.	 Ungvari Z, Tarantini S, Kiss T, Wren JD, Giles CB, Grif-
fin CT, Murfee WL, Pacher P, Csiszar A. Endothelial 
dysfunction and angiogenesis impairment in the ageing 
vasculature. Nat Rev Cardiol. 2018;15:555–65. https://​
doi.​org/​10.​1038/​s41569-​018-​0030-z.

	164.	 Wang S, Lv W, Zhang H, Liu Y, Li L, Jefferson JR, 
Guo Y, Li M, Gao W, Fang X, Paul IA, Rajkowska G, 
Shaffery JP, Mosley TH, Hu X, Liu R, Wang Y, Yu 
H, Roman RJ, Fan F. Aging exacerbates impairments 
of cerebral blood flow autoregulation and cognition 
in diabetic rats. Geroscience. 2020. https://​doi.​org/​10.​
1007/​s11357-​020-​00233-w.

	165.	 Purkayastha S, Fadar O, Mehregan A, Salat DH, Mos-
cufo N, Meier DS, Guttmann CR, Fisher ND, Lipsitz 
LA, Sorond FA. Impaired cerebrovascular hemody-
namics are associated with cerebral white matter dam-
age. J Cereb Blood Flow Metab. 2014;34(2):228–34. 
https://​doi.​org/​10.​1038/​jcbfm.​2013.​180.

	166.	 Brickman AM, Reitz C, Luchsinger JA, Manly JJ, 
Schupf N, Muraskin J, DeCarli C, Brown TR, Mayeux 
R. Long-term blood pressure fluctuation and cerebro-
vascular disease in an elderly cohort. Arch Neurol. 
2010;67:564–569. 67/5/564 [pii]. https://​doi.​org/​10.​
1001/​archn​eurol.​2010.​70

	167.	 Springo Z, Toth P, Tarantini S, Ashpole NM, Tucsek Z, 
Sonntag WE, Csiszar A, Koller A, Ungvari ZI. Aging 
impairs myogenic adaptation to pulsatile pressure in 
mouse cerebral arteries. J Cereb Blood Flow Metab. 
2015;35:527–30. https://​doi.​org/​10.​1038/​jcbfm.​2014.​256.

	168.	 Toth P, Tucsek Z, Sosnowska D, Gautam T, Mitschelen 
M, Tarantini S, Deak F, Koller A, Sonntag WE, Csiszar 
A, Ungvari Z. Age-related autoregulatory dysfunction 
and cerebromicrovascular injury in mice with angio-
tensin II-induced hypertension. J Cereb Blood Flow 
Metab. 2013;33:1732–42. https://​doi.​org/​10.​1038/​
jcbfm.​2013.​143.

	169.	 Ungvari Z, Tarantini S, Kirkpatrick AC, Csiszar A, 
Prodan CI. Cerebral microhemorrhages: mechanisms, 
consequences, and prevention. Am J Physiol Heart Circ 
Physiol. 2017;312:H1128–43. https://​doi.​org/​10.​1152/​
ajphe​art.​00780.​2016.

	170.	 Pamplona R, Jove M, Gomez J, Barja G. Whole organ-
ism aging: parabiosis, inflammaging, epigenetics, and 
peripheral and central aging clocks. The ARS of aging 
Exp Gerontol. 2023;174: 112137. https://​doi.​org/​10.​
1016/j.​exger.​2023.​112137.

	171.	 Towner RA, Gulej R, Zalles M, Saunders D, Smith 
N, Lerner M, Morton KA, Richardson A. Rapa-
mycin restores brain vasculature, metabolism, and 
blood-brain barrier in an inflammaging model. Gero-
science. 2021;43:563–78. https://​doi.​org/​10.​1007/​
s11357-​021-​00363-9.

	172.	 Srivastava A, Barth E, Ermolaeva MA, Guenther M, 
Frahm C, Marz M, Witte OW. Tissue-specific gene 

expression changes are associated with aging in mice. 
Genomics Proteomics Bioinformatics. 2020;18:430–
42. https://​doi.​org/​10.​1016/j.​gpb.​2020.​12.​001.

	173.	 Meszaros A, Molnar K, Nogradi B, Hernadi Z, Nyul-
Toth A, Wilhelm I, Krizbai IA. Neurovascular inflam-
maging in health and disease. Cells. 2020;9:1614. 
https://​doi.​org/​10.​3390/​cells​90716​14.

	174.	 Csiszar A, Labinskyy N, Smith K, Rivera A, Orosz Z, 
Ungvari Z. Vasculoprotective effects of anti-TNFalfa 
treatment in aging. Am J Pathol. 2007;170:388–698.

	175.	 Gomes SMR, Brito ACS, Manfro WFP, Ribeiro-Alves 
M, Ribeiro RSA, da Cal MS, Lisboa VDC, Abreu DPB, 
Castilho LDR, Porto L, Mafort TT, Lopes AJ, da Silva 
SAG, Dutra PML, Rodrigues LS. High levels of pro-
inflammatory SARS-CoV-2-specific biomarkers revealed 
by in  vitro whole blood cytokine release assay (CRA) 
in recovered and long-COVID-19 patients. PLoS ONE. 
2023;18: e0283983. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02839​83.

	176.	 Greene C, Connolly R, Brennan D, Laffan A, O’Keeffe 
E, Zaporojan L, O’Callaghan J, Thomson B, Connolly 
E, Argue R, Martin-Loeches I, Long A, Cheallaigh CN, 
Conlon N, Doherty CP, Campbell M. Blood-brain bar-
rier disruption and sustained systemic inflammation 
in individuals with long COVID-associated cognitive 
impairment. Nat Neurosci. 2024. https://​doi.​org/​10.​1038/​
s41593-​024-​01576-9.

	177.	 Milan M, Brown J, O’Reilly CL, Bubak MP, Negri S, 
Balasubramanian P, Dhanekula AS, Pharaoh G, Reyff Z, 
Ballard C, Shi H, Yabluchanskiy A, Rudolph MC, Ung-
vari Z, Marcinek DJ, Miller BF, Van Remmen H, Taran-
tini S. Time-restricted feeding improves aortic endothe-
lial relaxation by enhancing mitochondrial function and 
attenuating oxidative stress in aged mice. Redox Biol. 
2024;73: 103189. https://​doi.​org/​10.​1016/j.​redox.​2024.​
103189.

	178.	 Ungvari ZI, Orosz Z, Labinskyy N, Rivera A, Xiang-
min Z, Smith KE, Csiszar A. Increased mitochondrial 
H2O2 production promotes endothelial NF-kB activa-
tion in aged rat arteries. Am J Physiol Heart Circ Physiol. 
2007;293:H37-47.

	179.	 Springo Z, Tarantini S, Toth P, Tucsek Z, Koller A, 
Sonntag WE, Csiszar A, Ungvari Z. Aging exacerbates 
pressure-induced mitochondrial oxidative stress in 
mouse cerebral arteries. J Gerontol A Biol Sci Med Sci. 
2015;70:1355–9. https://​doi.​org/​10.​1093/​gerona/​glu244.

	180.	 Kiss T, Tarantini S, Csipo T, Balasubramanian P, Nyul-
Toth A, Yabluchanskiy A, Wren JD, Garman L, Huff-
man DM, Csiszar A, Ungvari Z. Circulating anti-geronic 
factors from heterochonic parabionts promote vascular 
rejuvenation in aged mice: transcriptional footprint of 
mitochondrial protection, attenuation of oxidative stress, 
and rescue of endothelial function by young blood. 
Geroscience. 2020;42:727–48. https://​doi.​org/​10.​1007/​
s11357-​020-​00180-6.

	181.	 Han Q, Yu Y, Liu X, Guo Y, Shi J, Xue Y, Li Y. The role 
of endothelial cell mitophagy in age-related cardiovascu-
lar diseases. Aging Dis. 2024. https://​doi.​org/​10.​14336/​
AD.​2024.​0788

	182.	 Das A, Huang GX, Bonkowski MS, Longchamp A, 
Li C, Schultz MB, Kim LJ, Osborne B, Joshi S, Lu Y, 

https://doi.org/10.1093/gerona/glu080
https://doi.org/10.1093/gerona/glu080
https://doi.org/10.1038/s41569-018-0030-z
https://doi.org/10.1038/s41569-018-0030-z
https://doi.org/10.1007/s11357-020-00233-w
https://doi.org/10.1007/s11357-020-00233-w
https://doi.org/10.1038/jcbfm.2013.180
https://doi.org/10.1001/archneurol.2010.70
https://doi.org/10.1001/archneurol.2010.70
https://doi.org/10.1038/jcbfm.2014.256
https://doi.org/10.1038/jcbfm.2013.143
https://doi.org/10.1038/jcbfm.2013.143
https://doi.org/10.1152/ajpheart.00780.2016
https://doi.org/10.1152/ajpheart.00780.2016
https://doi.org/10.1016/j.exger.2023.112137
https://doi.org/10.1016/j.exger.2023.112137
https://doi.org/10.1007/s11357-021-00363-9
https://doi.org/10.1007/s11357-021-00363-9
https://doi.org/10.1016/j.gpb.2020.12.001
https://doi.org/10.3390/cells9071614
https://doi.org/10.1371/journal.pone.0283983
https://doi.org/10.1371/journal.pone.0283983
https://doi.org/10.1038/s41593-024-01576-9
https://doi.org/10.1038/s41593-024-01576-9
https://doi.org/10.1016/j.redox.2024.103189
https://doi.org/10.1016/j.redox.2024.103189
https://doi.org/10.1093/gerona/glu244
https://doi.org/10.1007/s11357-020-00180-6
https://doi.org/10.1007/s11357-020-00180-6
https://doi.org/10.14336/AD.2024.0788
https://doi.org/10.14336/AD.2024.0788


769GeroScience (2025) 47:745–779	

Vol.: (0123456789)

Trevino-Villarreal JH, Kang MJ, Hung TT, Lee B, Wil-
liams EO, Igarashi M, Mitchell JR, Wu LE, Turner N, 
Arany Z, Guarente L, Sinclair DA. Impairment of an 
endothelial NAD(+)-H2S signaling network is a revers-
ible cause of vascular aging. Cell. 2018;173(74–89): e20. 
https://​doi.​org/​10.​1016/j.​cell.​2018.​02.​008.

	183.	 Regina C, Panatta E, Candi E, Melino G, Amelio I, Bal-
istreri CR, Annicchiarico-Petruzzelli M, Di Daniele N, 
Ruvolo G. Vascular ageing and endothelial cell senes-
cence: molecular mechanisms of physiology and dis-
eases. Mech Ageing Dev. 2016;159:14–21. https://​doi.​
org/​10.​1016/j.​mad.​2016.​05.​003.

	184.	 Bernier M, Wahl D, Ali A, Allard J, Faulkner S, 
Wnorowski A, Sanghvi M, Moaddel R, Alfaras I, Mat-
tison JA, Tarantini S, Tucsek Z, Ungvari Z, Csiszar A, 
Pearson KJ, de Cabo R. Resveratrol supplementation 
confers neuroprotection in cortical brain tissue of nonhu-
man primates fed a high-fat/sucrose diet. Aging (Albany 
NY). 2016;8:899–916. https://​doi.​org/​10.​18632/​aging.​
100942.

	185.	 Zinovkin RA, Romaschenko VP, Galkin II, Zakharova 
VV, Pletjushkina OY, Chernyak BV, Popova EN. Role 
of mitochondrial reactive oxygen species in age-related 
inflammatory activation of endothelium. Aging (Albany 
NY). 2014;6:661–74.

	186.	 Gioscia-Ryan RA, LaRocca TJ, Sindler AL, Zigler MC, 
Murphy MP, Seals DR. Mitochondria-targeted antioxi-
dant (MitoQ) ameliorates age-related arterial endothe-
lial dysfunction in mice. J Physiol. 2014;592:2549–61. 
https://​doi.​org/​10.​1113/​jphys​iol.​2013.​268680.​jphys​iol.​
2013.​268680.

	187.	 Csiszar A, Gautam T, Sosnowska D, Tarantini S, Banki 
E, Tucsek Z, Toth P, Losonczy G, Koller A, Reglodi D, 
Giles CB, Wren JD, Sonntag WE, Ungvari Z. Caloric 
restriction confers persistent anti-oxidative, pro-angio-
genic, and anti-inflammatory effects and promotes anti-
aging miRNA expression profile in cerebromicrovascular 
endothelial cells of aged rats. Am J Physiol Heart Circ 
Physiol. 2014;307:H292-306. https://​doi.​org/​10.​1152/​
ajphe​art.​00307.​2014.

	188.	 Fulop GA, Kiss T, Tarantini S, Balasubramanian P, 
Yabluchanskiy A, Farkas E, Bari F, Ungvari Z, Csiszar 
A. Nrf2 deficiency in aged mice exacerbates cellular 
senescence promoting cerebrovascular inflammation. 
Geroscience. 2018;40:513–21. https://​doi.​org/​10.​1007/​
s11357-​018-​0047-6.

	189.	 Tarantini S, Valcarcel-Ares MN, Yabluchanskiy A, 
Tucsek Z, Hertelendy P, Kiss T, Gautam T, Zhang XA, 
Sonntag WE, de Cabo R, Farkas E, Elliott ME, Kinter 
MT, Deak F, Ungvari Z, Csiszar A. Nrf2 deficiency exac-
erbates obesity-induced oxidative stress, neurovascular 
dysfunction, blood brain barrier disruption, neuroinflam-
mation, amyloidogenic gene expression and cognitive 
decline in mice, mimicking the aging phenotype. J Ger-
ontol A Biol Sci Med Sci. 2018;73(7):853–63.

	190.	 Ungvari Z, Bailey-Downs L, Gautam T, Sosnowska 
D, Wang M, Monticone RE, Telljohann R, Pinto JT, de 
Cabo R, Sonntag WE, Lakatta E, Csiszar A. Age-asso-
ciated vascular oxidative stress, Nrf2 dysfunction and 
NF-kB activation in the non-human primate Macaca 
mulatta. J Gerontol A Biol Sci Med Sci. 2011;66:866–75.

	191.	 Ungvari Z, Bailey-Downs L, Sosnowska D, Gautam 
T, Koncz P, Losonczy G, Ballabh P, de Cabo R, Sonn-
tag WE, Csiszar A. Vascular oxidative stress in aging: a 
homeostatic failure due to dysregulation of Nrf2-medi-
ated antioxidant response. Am J Physiol Heart Circ Phys-
iol. 2011;301:H363-372.

	192.	 Ungvari Z, Tarantini S, Nyul-Toth A, Kiss T, Yablu-
chanskiy A, Csipo T, Balasubramanian P, Lipecz A, 
Benyo Z, Csiszar A. Nrf2 dysfunction and impaired 
cellular resilience to oxidative stressors in the aged 
vasculature: from increased cellular senescence to the 
pathogenesis of age-related vascular diseases. Gero-
science. 2019;41:727–38. https://​doi.​org/​10.​1007/​
s11357-​019-​00107-w.

	193.	 Ungvari ZI, Bailey-Downs L, Gautam T, Jimenez R, 
Losonczy G, Zhang C, Ballabh P, Recchia FA, Wilker-
son DC, Sonntag WE, Pearson KJ, de Cabo R, Csiszar 
A. Adaptive induction of NF-E2-Related Factor-2-driven 
antioxidant genes in endothelial cells in response to 
hyperglycemia. Am J Physiol Heart Circ Physiol. 
2011;300:H1133–1140.  https://​doi.​org/​10.​1152/​ajphe​art.​
00402.​2010.

	194.	 Guo S, Deng W, Xing C, Zhou Y, Ning M, Lo EH. 
Effects of aging, hypertension and diabetes on the 
mouse brain and heart vasculomes. Neurobiol Dis. 
2019;126:117–23. https://​doi.​org/​10.​1016/j.​nbd.​2018.​07.​
021.

	195.	 Lynch CM, Kinzenbaw DA, Chen X, Zhan S, Mezzetti 
E, Filosa J, Ergul A, Faulkner JL, Faraci FM, Didion 
SP. Nox2-derived superoxide contributes to cerebral 
vascular dysfunction in diet-induced obesity. Stroke. 
2013;44:3195–201. https://​doi.​org/​10.​1161/​STROK​
EAHA.​113.​001366.

	196.	 McCuskey PA, McCuskey RS. In  vivo and electron 
microscopic study of the development of cerebral dia-
betic microangiography. Microcirc Endothelium Lym-
phatics. 1984;1:221–44.

	197.	 Ungvari Z, Toth P, Tarantini S, Prodan CI, Sorond F, 
Merkely B, Csiszar A. Hypertension-induced cognitive 
impairment: from pathophysiology to public health. Nat 
Rev Nephrol. 2021;17:639–54. https://​doi.​org/​10.​1038/​
s41581-​021-​00430-6.

	198.	 Csiszar A, Tarantini S, Fulop GA, Kiss T, Valcarcel-Ares 
MN, Galvan V, Ungvari Z, Yabluchanskiy A. Hyper-
tension impairs neurovascular coupling and promotes 
microvascular injury: role in exacerbation of Alzheimer’s 
disease. Geroscience. 2017. https://​doi.​org/​10.​1007/​
s11357-​017-​9991-9.​10.​1007/​s11357-​017-​9991-​9[pii].

	199.	 Toth P, Tarantini S, Springo Z, Tucsek Z, Gautam T, 
Giles CB, Wren JD, Koller A, Sonntag WE, Csiszar A, 
Ungvari Z. Aging exacerbates hypertension-induced 
cerebral microhemorrhages in mice: role of resveratrol 
treatment in vasoprotection. Aging Cell. 2015;14:400–8. 
https://​doi.​org/​10.​1111/​acel.​12315.

	200.	 Santisteban MM, Ahn SJ, Lane D, Faraco G, Garcia-
Bonilla L, Racchumi G, Poon C, Schaeffer S, Segarra 
SG, Korbelin J, Anrather J, Iadecola C. Endothelium-
macrophage crosstalk mediates blood-brain barrier dys-
function in hypertension. Hypertension. 2020;76:795–
807. https://​doi.​org/​10.​1161/​HYPER​TENSI​ONAHA.​
120.​15581.

https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1016/j.mad.2016.05.003
https://doi.org/10.1016/j.mad.2016.05.003
https://doi.org/10.18632/aging.100942
https://doi.org/10.18632/aging.100942
https://doi.org/10.1113/jphysiol.2013.268680.jphysiol.2013.268680
https://doi.org/10.1113/jphysiol.2013.268680.jphysiol.2013.268680
https://doi.org/10.1152/ajpheart.00307.2014
https://doi.org/10.1152/ajpheart.00307.2014
https://doi.org/10.1007/s11357-018-0047-6
https://doi.org/10.1007/s11357-018-0047-6
https://doi.org/10.1007/s11357-019-00107-w
https://doi.org/10.1007/s11357-019-00107-w
https://doi.org/10.1152/ajpheart.00402.2010
https://doi.org/10.1152/ajpheart.00402.2010
https://doi.org/10.1016/j.nbd.2018.07.021
https://doi.org/10.1016/j.nbd.2018.07.021
https://doi.org/10.1161/STROKEAHA.113.001366
https://doi.org/10.1161/STROKEAHA.113.001366
https://doi.org/10.1038/s41581-021-00430-6
https://doi.org/10.1038/s41581-021-00430-6
https://doi.org/10.1007/s11357-017-9991-9.10.1007/s11357-017-9991-9[pii]
https://doi.org/10.1007/s11357-017-9991-9.10.1007/s11357-017-9991-9[pii]
https://doi.org/10.1111/acel.12315
https://doi.org/10.1161/HYPERTENSIONAHA.120.15581
https://doi.org/10.1161/HYPERTENSIONAHA.120.15581


770	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

	201.	 Iadecola C, Gottesman RF. Neurovascular and cognitive 
dysfunction in hypertension. Circ Res. 2019;124:1025–
44. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​118.​313260.

	202.	 Iadecola C, Yaffe K, Biller J, Bratzke LC, Faraci FM, 
Gorelick PB, Gulati M, Kamel H, Knopman DS, Launer 
LJ, Saczynski JS, Seshadri S, Zeki Al Hazzouri A, et al. 
Impact of hypertension on cognitive function: a scientific 
statement from the American Heart Association. Hyper-
tension. 2016;68:e67–94. https://​doi.​org/​10.​1161/​HYP.​
00000​00000​000053.

	203.	 Girouard H, Iadecola C. Neurovascular coupling in the 
normal brain and in hypertension, stroke, and Alzheimer 
disease. J Appl Physiol. 1985;2006(100):328–35. https://​
doi.​org/​10.​1152/​jappl​physi​ol.​00966.​2005.

	204.	 Balasubramanian P, Kiss T, Tarantini S, Nyul-Toth A, 
Ahire C, Yabluchanskiy A, Csipo T, Lipecz A, Tabak A, 
Institoris A, Csiszar A, Ungvari Z. Obesity-induced cogni-
tive impairment in older adults: a microvascular perspec-
tive. Am J Physiol Heart Circ Physiol. 2021;320:H740–61. 
https://​doi.​org/​10.​1152/​ajphe​art.​00736.​2020.

	205.	 Tarantini S, Csiszar A, Ungvari Z. Midlife obesity 
impairs neurovascular coupling responses. Obesity (Sil-
ver Spring). 2021;29:17. https://​doi.​org/​10.​1002/​oby.​
23072.

	206.	 Tucsek Z, Toth P, Sosnowsk D, Gautam T, Mitschelen 
M, Koller A, Szalai G, Sonntag WE, Ungvari Z, Csiszar 
A. Obesity in aging exacerbates blood brain barrier dis-
ruption, neuroinflammation and oxidative stress in the 
mouse hippocampus: effects on expression of genes 
involved in beta-amyloid generation and Alzheimer’s dis-
ease. J Gerontol A Biol Sci Med Sci. 2014;69:1212–26.

	207.	 Salimi S, Hamlyn JM. COVID-19 and crosstalk with 
the hallmarks of aging. J Gerontol A Biol Sci Med Sci. 
2020;75:e34–41. https://​doi.​org/​10.​1093/​gerona/​glaa1​49.

	208.	 Promislow DEL. A geroscience perspective on 
COVID-19 mortality. J Gerontol A Biol Sci Med Sci. 
2020;75:e30–3. https://​doi.​org/​10.​1093/​gerona/​glaa0​94.

	209.	 Pietrobon AJ, Teixeira FME, Sato MN. I mmunosenes-
cence and inflammaging: risk factors of severe COVID-
19 in older people. Front Immunol. 2020;11: 579220. 
https://​doi.​org/​10.​3389/​fimmu.​2020.​579220.

	210.	 Bencivenga L, Rengo G, Varricchi G. Elderly at time 
of coronavirus disease 2019 (COVID-19): possible 
role of immunosenescence and malnutrition. Gero-
science. 2020;42:1089–92. https://​doi.​org/​10.​1007/​
s11357-​020-​00218-9.

	211.	 Tarantini S, Hertelendy P, Tucsek Z, Valcarcel-Ares MN, 
Smith N, Menyhart A, Farkas E, Hodges EL, Towner 
R, Deak F, Sonntag WE, Csiszar A, Ungvari Z, Toth P. 
Pharmacologically-induced neurovascular uncoupling is 
associated with cognitive impairment in mice. J Cereb 
Blood Flow Metab. 2015;35:1871–81. https://​doi.​org/​10.​
1038/​jcbfm.​2015.​162.

	212.	 Tarantini S, Tran CHT, Gordon GR, Ungvari Z, Csiszar 
A. Impaired neurovascular coupling in aging and Alzhei-
mer’s disease: contribution of astrocyte dysfunction and 
endothelial impairment to cognitive decline. Exp Geron-
tol. 2017;94:52–8. https://​doi.​org/​10.​1016/j.​exger.​2016.​
11.​004.

	213.	 Chen BR, Kozberg MG, Bouchard MB, Shaik MA, Hill-
man EM. A critical role for the vascular endothelium 

in functional neurovascular coupling in the brain. J Am 
Heart Assoc. 2014;3: e000787. https://​doi.​org/​10.​1161/​
JAHA.​114.​000787.​e0007​87[pii].​jah35​75[pii].

	214.	 Girouard H, Park L, Anrather J, Zhou P, Iadecola C. Cer-
ebrovascular nitrosative stress mediates neurovascular 
and endothelial dysfunction induced by angiotensin II. 
Arterioscler Thromb Vasc Biol. 2007;27:303–9.

	215.	 Tarantini S, Nyul-Toth A, Yabluchanskiy A, Csipo 
T, Mukli P, Balasubramanian P, Ungvari A, Toth P, 
Benyo Z, Sonntag WE, Ungvari Z, Csiszar A. Endothe-
lial deficiency of insulin-like growth factor-1 receptor 
(IGF1R) impairs neurovascular coupling responses in 
mice, mimicking aspects of the brain aging phenotype. 
Geroscience. 2021;43:2387–94. https://​doi.​org/​10.​
1007/​s11357-​021-​00405-2.

	216.	 Toth P, Tarantini S, Ashpole NM, Tucsek Z, Milne GL, 
Valcarcel-Ares NM, Menyhart A, Farkas E, Sonntag 
WE, Csiszar A, Ungvari Z. IGF-1 deficiency impairs 
neurovascular coupling in mice: implications for cere-
bromicrovascular aging. Aging Cell. 2015;14:1034–44. 
https://​doi.​org/​10.​1111/​acel.​12372.

	217.	 Wiedenhoeft T, Tarantini S, Nyul-Toth A, Yablu-
chanskiy A, Csipo T, Balasubramanian P, Lipecz A, 
Kiss T, Csiszar A, Csiszar A, Ungvari Z. Fusogenic 
liposomes effectively deliver resveratrol to the cerebral 
microcirculation and improve endothelium-dependent 
neurovascular coupling responses in aged mice. Gero-
science. 2019;41:711–25. https://​doi.​org/​10.​1007/​
s11357-​019-​00102-1.

	218.	 Lorenzo AD, Escobar S, Tibiriçá E. Systemic endothe-
lial dysfunction: a common pathway for COVID-19, 
cardiovascular and metabolic diseases. Nutr, Metab 
Cardiovasc Dis. 2020;30:1401. https://​doi.​org/​10.​
1016/j.​numecd.​2020.​05.​007.

	219.	 Sabioni L, De Lorenzo A, Lamas C, Muccillo F, Cas-
tro-Faria-Neto HC, Estato V, Tibirica E. Systemic 
microvascular endothelial dysfunction and disease 
severity in COVID-19 patients: evaluation by laser 
Doppler perfusion monitoring and cytokine/chemokine 
analysis. Microvasc Res. 2020;134: 104119. https://​doi.​
org/​10.​1016/j.​mvr.​2020.​104119.

	220.	 Damiani E, Carsetti A, Casarotta E, Scorcella C, 
Domizi R, Adrario E, Donati A. Microvascular altera-
tions in patients with SARS-COV-2 severe pneumonia. 
Ann Intensive Care. 2020;10:1–3. https://​doi.​org/​10.​
1186/​s13613-​020-​00680-w.

	221.	 Pons S, Fodil S, Azoulay E, Zafrani L. The vascular 
endothelium: the cornerstone of organ dysfunction in 
severe SARS-CoV-2 infection. Crit Care. 2020;24:1–8. 
https://​doi.​org/​10.​1186/​s13054-​020-​03062-7.

	222.	 Sardu C, Gambardella J, Morelli MB, Wang X, Mar-
fella R, Santulli G. Hypertension, thrombosis, kidney 
failure, and diabetes: is COVID-19 an endothelial dis-
ease? A comprehensive evaluation of clinical and basic 
evidence. J Clin Med. 2020;9:1417. https://​doi.​org/​10.​
3390/​jcm90​51417.

	223.	 Lupi L, Vitiello A, Parolin C, Calistri A, Garzino-
Demo A. The potential role of viral persistence in the 
post-acute sequelae of SARS-CoV-2 infection (PASC). 
Pathogens. 2024;13:388. https://​doi.​org/​10.​3390/​patho​
gens1​30503​88.

https://doi.org/10.1161/CIRCRESAHA.118.313260
https://doi.org/10.1161/HYP.0000000000000053
https://doi.org/10.1161/HYP.0000000000000053
https://doi.org/10.1152/japplphysiol.00966.2005
https://doi.org/10.1152/japplphysiol.00966.2005
https://doi.org/10.1152/ajpheart.00736.2020
https://doi.org/10.1002/oby.23072
https://doi.org/10.1002/oby.23072
https://doi.org/10.1093/gerona/glaa149
https://doi.org/10.1093/gerona/glaa094
https://doi.org/10.3389/fimmu.2020.579220
https://doi.org/10.1007/s11357-020-00218-9
https://doi.org/10.1007/s11357-020-00218-9
https://doi.org/10.1038/jcbfm.2015.162
https://doi.org/10.1038/jcbfm.2015.162
https://doi.org/10.1016/j.exger.2016.11.004
https://doi.org/10.1016/j.exger.2016.11.004
https://doi.org/10.1161/JAHA.114.000787.e000787[pii].jah3575[pii]
https://doi.org/10.1161/JAHA.114.000787.e000787[pii].jah3575[pii]
https://doi.org/10.1007/s11357-021-00405-2
https://doi.org/10.1007/s11357-021-00405-2
https://doi.org/10.1111/acel.12372
https://doi.org/10.1007/s11357-019-00102-1
https://doi.org/10.1007/s11357-019-00102-1
https://doi.org/10.1016/j.numecd.2020.05.007
https://doi.org/10.1016/j.numecd.2020.05.007
https://doi.org/10.1016/j.mvr.2020.104119
https://doi.org/10.1016/j.mvr.2020.104119
https://doi.org/10.1186/s13613-020-00680-w
https://doi.org/10.1186/s13613-020-00680-w
https://doi.org/10.1186/s13054-020-03062-7
https://doi.org/10.3390/jcm9051417
https://doi.org/10.3390/jcm9051417
https://doi.org/10.3390/pathogens13050388
https://doi.org/10.3390/pathogens13050388


771GeroScience (2025) 47:745–779	

Vol.: (0123456789)

	224.	 Kettunen P, Lesnikova A, Rasanen N, Ojha R, Pal-
munen L, Laakso M, Lehtonen S, Kuusisto J, Pieti-
lainen O, Saber SH, Joensuu M, Vapalahti OP, Koisti-
naho J, Rolova T, Balistreri G. SARS-CoV-2 infection 
of human neurons is TMPRSS2 independent, requires 
endosomal cell entry, and can be blocked by inhibi-
tors of host phosphoinositol-5 kinase. J Virol. 2023;97: 
e0014423. https://​doi.​org/​10.​1128/​jvi.​00144-​23.

	225.	 Lebrun L, Absil L, Remmelink M, De Mendonca R, 
D’Haene N, Gaspard N, Rusu S, Racu ML, Collin A, 
Allard J, Zindy E, Schiavo AA, De Clercq S, De Witte 
O, Decaestecker C, Lopes MB, Salmon I. SARS-Cov-2 
infection and neuropathological findings: a report of 
18 cases and review of the literature. Acta Neuro-
pathol Commun. 2023;11:78. https://​doi.​org/​10.​1186/​
s40478-​023-​01566-1.

	226.	 Ambrosino P, Calcaterra I, Molino A, Moretta P, Lupoli 
R, Spedicato GA, Papa A, Motta A, Maniscalco M, Di 
Minno MND. Persistent endothelial dysfunction in post-
acute COVID-19 syndrome: a case-control study. Bio-
medicines. 2021;9:957. https://​doi.​org/​10.​3390/​biome​
dicin​es908​0957.

	227.	 Moretta P, Maniscalco M, Papa A, Lanzillo A, Trojano 
L, Ambrosino P. Cognitive impairment and endothelial 
dysfunction in convalescent COVID-19 patients under-
going rehabilitation. Eur J Clin Invest. 2022;52: e13726. 
https://​doi.​org/​10.​1111/​eci.​13726.

	228.	 Charfeddine S, Ibn Hadj Amor H, Jdidi J, Torjmen S, 
Kraiem S, Hammami R, Bahloul A, Kallel N, Moussa 
N, Touil I. Long COVID 19 syndrome: is it related to 
microcirculation and endothelial dysfunction? Insights 
from TUN-EndCOV study. Front Cardiovasc Med. 
2021;8:1702. https://​doi.​org/​10.​3389/​fcvm.​2021.​745758.

	229.	 Csiszar A, Yabluchanskiy A, Ungvari A, Ungvari Z, 
Tarantini S. Overexpression of catalase targeted to mito-
chondria improves neurovascular coupling responses in 
aged mice. Geroscience. 2019;41:609–17. https://​doi.​org/​
10.​1007/​s11357-​019-​00111-0.

	230.	 Dai DF, Rabinovitch PS, Ungvari Z. Mitochondria and 
cardiovascular aging. Circ Res. 2012;110:1109–24. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​111.​246140.​
110/8/​1109[pii].

	231.	 Molnar T, Lehoczki A, Fekete M, Varnai R, Zavori 
L, Erdo-Bonyar S, Simon D, Berki T, Csecsei P, 
Ezer E. Mitochondrial dysfunction in long COVID: 
mechanisms, consequences, and potential therapeutic 
approaches. Geroscience. 2024. https://​doi.​org/​10.​1007/​
s11357-​024-​01165-5.

	232.	 Osiaevi I, Schulze A, Evers G, Harmening K, Vink 
H, Kumpers P, Mohr M, Rovas A. Persistent capil-
lary rarefication in long COVID syndrome. Angio-
genesis. 2023;26:53–61. https://​doi.​org/​10.​1007/​
s10456-​022-​09850-9.

	233.	 Ahmetaj-Shala B, Vaja R, Atanur SS, George PM, 
Kirkby NS, Mitchell JA. Cardiorenal tissues express 
SARS-CoV-2 entry genes and basigin (BSG/CD147) 
increases with age in endothelial cells. JACC Basic 
Transl Sci. 2020;5:1111–23. https://​doi.​org/​10.​1016/j.​
jacbts.​2020.​09.​010.

	234.	 Carnevale S, Beretta P, Morbini P. Direct endothelial 
damage and vasculitis due to SARS-CoV-2 in small 

bowel submucosa of COVID-19 patient with diarrhea. J 
Med Virol. 2021;93:61–3. https://​doi.​org/​10.​1002/​jmv.​
26119.

	235.	 Jud P, Gressenberger P, Muster V, Avian A, Meinitzer 
A, Strohmaier H, Sourij H, Raggam RB, Stradner MH, 
Demel U, Kessler HH, Eller K, Brodmann M. Evaluation 
of endothelial dysfunction and inflammatory vasculopa-
thy after SARS-CoV-2 infection-a cross-sectional study. 
Front Cardiovasc Med. 2021;8: 750887. https://​doi.​org/​
10.​3389/​fcvm.​2021.​750887.

	236.	 Liu F, Han K, Blair R, Kenst K, Qin Z, Upcin B, Wors-
dorfer P, Midkiff CC, Mudd J, Belyaeva E, Milligan NS, 
Rorison TD, Wagner N, Bodem J, Dolken L, Aktas BH, 
Vander Heide RS, Yin XM, Kolls JK, Roy CJ, Rappaport 
J, Ergun S, Qin X. SARS-CoV-2 infects endothelial cells 
in vivo and in vitro. Front Cell Infect Microbiol. 2021;11: 
701278. https://​doi.​org/​10.​3389/​fcimb.​2021.​701278.

	237.	 Mezoh G, Crowther NJ. Endothelial dysfunction as a pri-
mary consequence of SARS-CoV-2 infection. Adv Exp 
Med Biol. 2021;1321:33–43. https://​doi.​org/​10.​1007/​
978-3-​030-​59261-5_3.

	238.	 Nishijima Y, Hader SN, Hanson AJ, Zhang DX, Spara-
pani R, Gutterman DD, Beyer AM. Prolonged endothe-
lial-dysfunction in human arterioles following infection 
with SARS-CoV-2. Cardiovasc Res. 2021. https://​doi.​
org/​10.​1093/​cvr/​cvab3​39.

	239.	 Wagner JUG, Bojkova D, Shumliakivska M, Luxan G, 
Nicin L, Aslan GS, Milting H, Kandler JD, Dendorfer A, 
Heumueller AW, Fleming I, Bibli SI, Jakobi T, Dieterich 
C, Zeiher AM, Ciesek S, Cinatl J, Dimmeler S. Increased 
susceptibility of human endothelial cells to infections by 
SARS-CoV-2 variants. Basic Res Cardiol. 2021;116:42. 
https://​doi.​org/​10.​1007/​s00395-​021-​00882-8.

	240.	 Wenzel J, Lampe J, Muller-Fielitz H, Schuster R, Zille 
M, Muller K, Krohn M, Korbelin J, Zhang L, Ozorhan 
U, Neve V, Wagner JUG, Bojkova D, Shumliakivska 
M, Jiang Y, Fahnrich A, Ott F, Sencio V, Robil C, Pfef-
ferle S, Sauve F, Coelho CFF, Franz J, Spiecker F, Lem-
brich B, Binder S, Feller N, Konig P, Busch H, Collin 
L, et al. The SARS-CoV-2 main protease M(pro) causes 
microvascular brain pathology by cleaving NEMO in 
brain endothelial cells. Nat Neurosci. 2021;24:1522–33. 
https://​doi.​org/​10.​1038/​s41593-​021-​00926-1.

	241.	 Yang C, Zhao H, Espin E, Tebbutt SJ. Association 
of SARS-CoV-2 infection and persistence with long 
COVID. Lancet Respir Med. 2023;11:504–6. https://​doi.​
org/​10.​1016/​S2213-​2600(23)​00142-X.

	242.	 Goh D, Lim JCT, Fernaindez SB, Joseph CR, Edwards 
SG, Neo ZW, Lee JN, Caballero SG, Lau MC, Yeong 
JPS. Case report: persistence of residual antigen and 
RNA of the SARS-CoV-2 virus in tissues of two patients 
with long COVID. Front Immunol. 2022;13: 939989. 
https://​doi.​org/​10.​3389/​fimmu.​2022.​939989.

	243.	 Natarajan A, Zlitni S, Brooks EF, Vance SE, Dahlen A, 
Hedlin H, Park RM, Han A, Schmidtke DT, Verma R, 
Jacobson KB, Parsonnet J, Bonilla HF, Singh U, Pinsky 
BA, Andrews JR, Jagannathan P, Bhatt AS. Gastroin-
testinal symptoms and fecal shedding of SARS-CoV-2 
RNA suggest prolonged gastrointestinal infection. Med. 
2022;3(371–387): e379. https://​doi.​org/​10.​1016/j.​medj.​
2022.​04.​001.

https://doi.org/10.1128/jvi.00144-23
https://doi.org/10.1186/s40478-023-01566-1
https://doi.org/10.1186/s40478-023-01566-1
https://doi.org/10.3390/biomedicines9080957
https://doi.org/10.3390/biomedicines9080957
https://doi.org/10.1111/eci.13726
https://doi.org/10.3389/fcvm.2021.745758
https://doi.org/10.1007/s11357-019-00111-0
https://doi.org/10.1007/s11357-019-00111-0
https://doi.org/10.1161/CIRCRESAHA.111.246140.110/8/1109[pii]
https://doi.org/10.1161/CIRCRESAHA.111.246140.110/8/1109[pii]
https://doi.org/10.1007/s11357-024-01165-5
https://doi.org/10.1007/s11357-024-01165-5
https://doi.org/10.1007/s10456-022-09850-9
https://doi.org/10.1007/s10456-022-09850-9
https://doi.org/10.1016/j.jacbts.2020.09.010
https://doi.org/10.1016/j.jacbts.2020.09.010
https://doi.org/10.1002/jmv.26119
https://doi.org/10.1002/jmv.26119
https://doi.org/10.3389/fcvm.2021.750887
https://doi.org/10.3389/fcvm.2021.750887
https://doi.org/10.3389/fcimb.2021.701278
https://doi.org/10.1007/978-3-030-59261-5_3
https://doi.org/10.1007/978-3-030-59261-5_3
https://doi.org/10.1093/cvr/cvab339
https://doi.org/10.1093/cvr/cvab339
https://doi.org/10.1007/s00395-021-00882-8
https://doi.org/10.1038/s41593-021-00926-1
https://doi.org/10.1016/S2213-2600(23)00142-X
https://doi.org/10.1016/S2213-2600(23)00142-X
https://doi.org/10.3389/fimmu.2022.939989
https://doi.org/10.1016/j.medj.2022.04.001
https://doi.org/10.1016/j.medj.2022.04.001


772	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

	244.	 Zollner A, Koch R, Jukic A, Pfister A, Meyer M, Rossler 
A, Kimpel J, Adolph TE, Tilg H. Postacute COVID-19 is 
characterized by gut viral antigen persistence in inflam-
matory bowel diseases. Gastroenterology. 2022;163(495–
506): e498. https://​doi.​org/​10.​1053/j.​gastro.​2022.​04.​037.

	245.	 Viszlayova D, Sojka M, Dobrodenkova S, Szabo S, 
Bilec O, Turzova M, Durina J, Baloghova B, Borbely Z, 
Krsak M. SARS-CoV-2 RNA in the cerebrospinal fluid 
of a patient with long COVID. Ther Adv Infect Dis. 
2021;8:20499361211048572. https://​doi.​org/​10.​1177/​
20499​36121​10485​72.

	246.	 Swank Z, Senussi Y, Manickas-Hill Z, Yu XG, Li JZ, 
Alter G, Walt DR. Persistent circulating severe acute res-
piratory syndrome coronavirus 2 spike is associated with 
post-acute coronavirus disease 2019 sequelae. Clin Infect 
Dis. 2023;76:e487–90. https://​doi.​org/​10.​1093/​cid/​ciac7​
22.

	247.	 Craddock V, Mahajan A, Spikes L, Krishnamachary B, 
Ram AK, Kumar A, Chen L, Chalise P, Dhillon NK. 
Persistent circulation of soluble and extracellular vesicle-
linked spike protein in individuals with postacute seque-
lae of COVID-19. J Med Virol. 2023;95: e28568. https://​
doi.​org/​10.​1002/​jmv.​28568.

	248.	 Ali N. Elevated level of C-reactive protein may be an 
early marker to predict risk for severity of COVID-19. 
J Med Virol. 2020;92:2409–11. https://​doi.​org/​10.​1002/​
jmv.​26097.

	249.	 Yao Y, Cao J, Wang Q, Shi Q, Liu K, Luo Z, Chen X, 
Chen S, Yu K, Huang Z. D-dimer as a biomarker for dis-
ease severity and mortality in COVID-19 patients: a case 
control study. J Intensive Care. 2020;8:1–11. https://​doi.​
org/​10.​1186/​s40560-​020-​00466-z.

	250.	 Lehmann A, Prosch H, Zehetmayer S, Gysan MR, Ber-
nitzky D, Vonbank K, Idzko M, Gompelmann D. Impact 
of persistent D-dimer elevation following recovery from 
COVID-19. PLoS ONE. 2021;16: e0258351. https://​doi.​
org/​10.​1371/​journ​al.​pone.​02583​51.

	251.	 Mandal S, Barnett J, Brill SE, Brown JS, Denneny EK, 
Hare SS, Heightman M, Hillman TE, Jacob J, Jarvis 
HC, Lipman MCI, Naidu SB, Nair A, Porter JC, Tom-
linson GS, Hurst JR. ‘Long-COVID’: a cross-sectional 
study of persisting symptoms, biomarker and imaging 
abnormalities following hospitalisation for COVID-
19. Thorax. 2021;76:396. https://​doi.​org/​10.​1136/​thora​
xjnl-​2020-​215818.

	252.	 Schultheiß C, Willscher E, Paschold L, Gottschick C, 
Klee B, Henkes S-S, Bosurgi L, Dutzmann J, Sedding 
D, Frese T, Girndt M, Höll JI, Gekle M, Mikolajczyk R, 
Binder M. The IL-1β, IL-6, and TNF cytokine triad is 
associated with post-acute sequelae of COVID-19. Cell 
Reports Medicine. 2022;3: 100663. https://​doi.​org/​10.​
1016/j.​xcrm.​2022.​100663.

	253.	 Holms RD. Long COVID (PASC) is maintained by a 
self-sustaining pro-inflammatory TLR4/RAGE-Loop 
of S100A8/A9 > TLR4/RAGE signalling, inducing 
chronic expression of IL-1b, IL-6 and TNFa: anti-inflam-
matory ezrin peptides as potential therapy. Immuno. 
2022;2:512–33.

	254.	 Peluso MJ, Lu S, Tang AF, Durstenfeld MS, Ho H-e, 
Goldberg SA, Forman CA, Munter SE, Hoh R, Tai 
V, Chenna A, Yee BC, Winslow JW, Petropoulos CJ, 

Greenhouse B, Hunt PW, Hsue PY, Martin JN, Daniel 
Kelly J, Glidden DV, Deeks SG, Henrich TJ. Markers of 
immune activation and inflammation in individuals with 
postacute sequelae of severe acute respiratory syndrome 
coronavirus 2 infection. J Infect Dis. 2021;224:1839–48. 
https://​doi.​org/​10.​1093/​infdis/​jiab4​90.

	255.	 Zhang L, Bisht P, Flamier A, Barrasa MI, Friesen M, 
Richards A, Hughes SH, Jaenisch R. LINE1-Mediated 
reverse transcription and genomic integration of SARS-
CoV-2 mRNA detected in virus-infected but not in viral 
mRNA-transfected cells. Viruses. 2023;15:629. https://​
doi.​org/​10.​3390/​v1503​0629.

	256.	 Zhang L, Richards A, Barrasa MI, Hughes SH, Young 
RA, Jaenisch R. Reverse-transcribed SARS-CoV-2 RNA 
can integrate into the genome of cultured human cells 
and can be expressed in patient-derived tissues. Proc Natl 
Acad Sci U S A. 2021;118:e2105968118. https://​doi.​org/​
10.​1073/​pnas.​21059​68118.

	257.	 Gormley K, Bevan S, Markus HS. Polymorphisms in 
genes of the renin-angiotensin system and cerebral small 
vessel disease. Cerebrovasc Dis. 2007;23:148–55. https://​
doi.​org/​10.​1159/​00009​7052.

	258.	 Ohkuma H, Suzuki S, Fujita S, Nakamura W. Role of a 
decreased expression of the local renin-angiotensin sys-
tem in the etiology of cerebral aneurysms. Circulation. 
2003;108:785–7. https://​doi.​org/​10.​1161/​01.​CIR.​00000​
87339.​31094.​3C.

	259.	 van Rijn MJ, Bos MJ, Isaacs A, Yazdanpanah M, Arias-
Vasquez A, Stricker BH, Klungel OH, Oostra BA, Koud-
staal PJ, Witteman JC, Hofman A, Breteler MM, van 
Duijn CM. Polymorphisms of the renin-angiotensin sys-
tem are associated with blood pressure, atherosclerosis 
and cerebral white matter pathology. J Neurol Neurosurg 
Psychiatry. 2007;78:1083–7. https://​doi.​org/​10.​1136/​
jnnp.​2006.​109819.

	260.	 Chappell MC. Renin-angiotensin system and sex dif-
ferences in COVID-19: a critical assessment. Circ Res. 
2023;132:1320–37. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​123.​321883.

	261.	 Konig S, Vollenberg R, Tepasse PR. The renin-angioten-
sin system in COVID-19: can long COVID be predicted? 
Life (Basel). 2023;13:1462. https://​doi.​org/​10.​3390/​life1​
30714​62.

	262.	 Visvabharathy L, Hanson BA, Orban ZS, Lim PH, Pala-
cio NM, Jimenez M, Clark JR, Graham EL, Liotta EM, 
Tachas G, Penaloza-MacMaster P, Koralnik IJ. Neuro-
PASC is characterized by enhanced CD4+ and dimin-
ished CD8+ T cell responses to SARS-CoV-2 Nucle-
ocapsid protein. Front Immunol. 2023;14:1155770. 
https://​doi.​org/​10.​3389/​fimmu.​2023.​11557​70.

	263.	 Albertos-Arranz H, Martinez-Gil N, Sanchez-Saez X, 
Noailles A, Monferrer Adsuara C, Remoli Sargues L, 
Perez-Santonja JJ, Lax P, Calvo Andres R, Cuenca N. 
Microglia activation and neuronal alterations in reti-
nas from COVID-19 patients: correlation with clinical 
parameters. Eye Vis (Lond). 2023;10:12. https://​doi.​org/​
10.​1186/​s40662-​023-​00329-2.

	264.	 Grant RA, Poor TA, Sichizya L, Diaz E, Bailey JI, Soni 
S, Senkow KJ, Perez-Leonor XG, Abdala-Valencia H, Lu 
Z, Donnelly HK, Tighe RM, Lomasney JW, Wunderink 
RG, Singer BD, Misharin AV, Budinger GS. Prolonged 

https://doi.org/10.1053/j.gastro.2022.04.037
https://doi.org/10.1177/20499361211048572
https://doi.org/10.1177/20499361211048572
https://doi.org/10.1093/cid/ciac722
https://doi.org/10.1093/cid/ciac722
https://doi.org/10.1002/jmv.28568
https://doi.org/10.1002/jmv.28568
https://doi.org/10.1002/jmv.26097
https://doi.org/10.1002/jmv.26097
https://doi.org/10.1186/s40560-020-00466-z
https://doi.org/10.1186/s40560-020-00466-z
https://doi.org/10.1371/journal.pone.0258351
https://doi.org/10.1371/journal.pone.0258351
https://doi.org/10.1136/thoraxjnl-2020-215818
https://doi.org/10.1136/thoraxjnl-2020-215818
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.1093/infdis/jiab490
https://doi.org/10.3390/v15030629
https://doi.org/10.3390/v15030629
https://doi.org/10.1073/pnas.2105968118
https://doi.org/10.1073/pnas.2105968118
https://doi.org/10.1159/000097052
https://doi.org/10.1159/000097052
https://doi.org/10.1161/01.CIR.0000087339.31094.3C
https://doi.org/10.1161/01.CIR.0000087339.31094.3C
https://doi.org/10.1136/jnnp.2006.109819
https://doi.org/10.1136/jnnp.2006.109819
https://doi.org/10.1161/CIRCRESAHA.123.321883
https://doi.org/10.1161/CIRCRESAHA.123.321883
https://doi.org/10.3390/life13071462
https://doi.org/10.3390/life13071462
https://doi.org/10.3389/fimmu.2023.1155770
https://doi.org/10.1186/s40662-023-00329-2
https://doi.org/10.1186/s40662-023-00329-2


773GeroScience (2025) 47:745–779	

Vol.: (0123456789)

exposure to lung-derived cytokines is associated with 
inflammatory activation of microglia in patients with 
COVID-19. JCI Insight. 2024;9(8):e178859. https://​doi.​
org/​10.​1172/​jci.​insig​ht.​178859.

	265.	 Schwabenland M, Salie H, Tanevski J, Killmer S, Lago 
MS, Schlaak AE, Mayer L, Matschke J, Puschel K, 
Fitzek A, Ondruschka B, Mei HE, Boettler T, Neumann-
Haefelin C, Hofmann M, Breithaupt A, Genc N, Stadel-
mann C, Saez-Rodriguez J, Bronsert P, Knobeloch KP, 
Blank T, Thimme R, Glatzel M, Prinz M, Bengsch 
B. Deep spatial profiling of human COVID-19 brains 
reveals neuroinflammation with distinct microanatomical 
microglia-T-cell interactions. Immunity. 2021;54(1594–
1610): e1511. https://​doi.​org/​10.​1016/j.​immuni.​2021.​06.​
002.

	266.	 Kazama I. Brain leukocytes as the potential thera-
peutic target for post-COVID-19 brain fog. Neuro-
chem Res. 2023;48:2345–9. https://​doi.​org/​10.​1007/​
s11064-​023-​03912-0.

	267.	 Gold JE, Okyay RA, Licht WE, Hurley DJ. Investiga-
tion of long COVID prevalence and its relationship to 
Epstein-Barr virus reactivation. Pathogens. 2021;10:763. 
https://​doi.​org/​10.​3390/​patho​gens1​00607​63.

	268.	 Peluso MJ, Deveau TM, Munter SE, Ryder D, Buck A, 
Beck-Engeser G, Chan F, Lu S, Goldberg SA, Hoh R, 
Tai V, Torres L, Iyer NS, Deswal M, Ngo LH, Buitrago 
M, Rodriguez A, Chen JY, Yee BC, Chenna A, Winslow 
JW, Petropoulos CJ, Deitchman AN, Hellmuth J, Spinelli 
MA, Durstenfeld MS, Hsue PY, Kelly JD, Martin JN, 
Deeks SG, et al. Chronic viral coinfections differentially 
affect the likelihood of developing long COVID. J Clin 
Invest. 2023;133(3):e163669. https://​doi.​org/​10.​1172/​
JCI16​3669.

	269.	 Indari O, Tiwari D, Tanwar M, Kumar R, Jha HC. Early 
biomolecular changes in brain microvascular endothe-
lial cells under Epstein-Barr virus influence: a Raman 
microspectroscopic investigation. Integr Biol (Camb). 
2022;14:89–97. https://​doi.​org/​10.​1093/​intbio/​zyac0​09.

	270.	 Indari O, Chandramohanadas R, Jha HC. Epstein-Barr 
virus infection modulates blood-brain barrier cells and its 
co-infection with Plasmodium falciparum induces RBC 
adhesion. Pathog Dis. 2021;79:ftaa080. https://​doi.​org/​
10.​1093/​femspd/​ftaa0​80.

	271.	 Casiraghi C, Dorovini-Zis K, Horwitz MS. Epstein-Barr 
virus infection of human brain microvessel endothelial 
cells: a novel role in multiple sclerosis. J Neuroimmu-
nol. 2011;230:173–7. https://​doi.​org/​10.​1016/j.​jneur​oim.​
2010.​08.​003.

	272.	 Nimura T, Aomura D, Harada M, Yamaguchi A, Yamaka 
K, Nakajima T, Tanaka N, Ehara T, Hashimoto K, Kam-
ijo Y. Investigation of clinical features and association 
between vascular endothelial injury markers and cyto-
megalovirus infection associated with thrombotic micro-
angiopathy in patients with anti-neutrophil cytoplasmic 
antibody (ANCA)-associated vasculitis: case-based 
research. Int J Mol Sci. 2024;25:812. https://​doi.​org/​10.​
3390/​ijms2​50208​12.

	273.	 Gerna G, Lilleri D, Fornara C, d’Angelo P, Baldanti 
F. Relationship of human cytomegalovirus-infected 
endothelial cells and circulating leukocytes in the 
pathogenesis of disseminated human cytomegalovirus 

infection: a narrative review. Rev Med Virol. 2024;34: 
e2496. https://​doi.​org/​10.​1002/​rmv.​2496.

	274.	 Weis M, Kledal TN, Lin KY, Panchal SN, Gao SZ, Val-
antine HA, Mocarski ES, Cooke JP. Cytomegalovirus 
infection impairs the nitric oxide synthase pathway: role 
of asymmetric dimethylarginine in transplant arterioscle-
rosis. Circulation. 2004;109:500–5. https://​doi.​org/​10.​
1161/​01.​CIR.​00001​09692.​16004.​AF.

	275.	 Petrakopoulou P, Kubrich M, Pehlivanli S, Meiser B, 
Reichart B, von Scheidt W, Weis M. Cytomegalovi-
rus infection in heart transplant recipients is associ-
ated with impaired endothelial function. Circulation. 
2004;110:II207-212. https://​doi.​org/​10.​1161/​01.​CIR.​
00001​38393.​99310.​1c.

	276.	 Takatsuka H, Wakae T, Mori A, Okada M, Fujimori 
Y, Takemoto Y, Okamoto T, Kanamaru A, Kakishita 
E. Endothelial damage caused by cytomegalovirus 
and human herpesvirus-6. Bone Marrow Transplant. 
2003;31:475–9. https://​doi.​org/​10.​1038/​sj.​bmt.​17038​
79.

	277.	 Altmann DM, Whettlock EM, Liu S, Arachchillage DJ, 
Boyton RJ. The immunology of long COVID. Nat Rev 
Immunol. 2023;23:618–34. https://​doi.​org/​10.​1038/​
s41577-​023-​00904-7.

	278.	 Song E, Bartley CM, Chow RD, Ngo TT, Jiang R, 
Zamecnik CR, Dandekar R, Loudermilk RP, Dai Y, Liu 
F, Sunshine S, Liu J, Wu W, Hawes IA, Alvarenga BD, 
Huynh T, McAlpine L, Rahman NT, Geng B, Chiarella J, 
Goldman-Israelow B, Vogels CBF, Grubaugh ND, Cas-
anovas-Massana A, Phinney BS, Salemi M, Alexander 
JR, Gallego JA, Lencz T, Walsh H, et al. Divergent and 
self-reactive immune responses in the CNS of COVID-
19 patients with neurological symptoms. Cell Rep Med. 
2021;2: 100288. https://​doi.​org/​10.​1016/j.​xcrm.​2021.​
100288.

	279.	 Franke C, Ferse C, Kreye J, Reincke SM, Sanchez-
Sendin E, Rocco A, Steinbrenner M, Angermair S, 
Treskatsch S, Zickler D, Eckardt KU, Dersch R, Hosp J, 
Audebert HJ, Endres M, Ploner JC, Pruss H. High fre-
quency of cerebrospinal fluid autoantibodies in COVID-
19 patients with neurological symptoms. Brain Behav 
Immun. 2021;93:415–9. https://​doi.​org/​10.​1016/j.​bbi.​
2020.​12.​022.

	280.	 Gouw AA, Seewann A, van der Flier WM, Barkhof F, 
Rozemuller AM, Scheltens P, Geurts JJ. Heterogeneity 
of small vessel disease: a systematic review of MRI and 
histopathology correlations. J Neurol Neurosurg Psychia-
try. 2011;82:126–35. https://​doi.​org/​10.​1136/​jnnp.​2009.​
204685.

	281.	 Kerkhofs D, Wong SM, Zhang E, Uiterwijk R, Hoff EI, 
Jansen JFA, Staals J, Backes WH, van Oostenbrugge RJ. 
Blood-brain barrier leakage at baseline and cognitive 
decline in cerebral small vessel disease: a 2-year follow-
up study. Geroscience. 2021;43:1643–52. https://​doi.​org/​
10.​1007/​s11357-​021-​00399-x.

	282.	 Bonetto V, Pasetto L, Lisi I, Carbonara M, Zangari R, 
Ferrari E, Punzi V, Luotti S, Bottino N, Biagianti B, 
Moglia C, Fuda G, Gualtierotti R, Blasi F, Canetta C, 
Montano N, Tettamanti M, Camera G, Grimoldi M, 
Negro G, Rifino N, Calvo A, Brambilla P, Biroli F, Ban-
dera A, Nobili A, Stocchetti N, Sessa M, Zanier ER. 

https://doi.org/10.1172/jci.insight.178859
https://doi.org/10.1172/jci.insight.178859
https://doi.org/10.1016/j.immuni.2021.06.002
https://doi.org/10.1016/j.immuni.2021.06.002
https://doi.org/10.1007/s11064-023-03912-0
https://doi.org/10.1007/s11064-023-03912-0
https://doi.org/10.3390/pathogens10060763
https://doi.org/10.1172/JCI163669
https://doi.org/10.1172/JCI163669
https://doi.org/10.1093/intbio/zyac009
https://doi.org/10.1093/femspd/ftaa080
https://doi.org/10.1093/femspd/ftaa080
https://doi.org/10.1016/j.jneuroim.2010.08.003
https://doi.org/10.1016/j.jneuroim.2010.08.003
https://doi.org/10.3390/ijms25020812
https://doi.org/10.3390/ijms25020812
https://doi.org/10.1002/rmv.2496
https://doi.org/10.1161/01.CIR.0000109692.16004.AF
https://doi.org/10.1161/01.CIR.0000109692.16004.AF
https://doi.org/10.1161/01.CIR.0000138393.99310.1c
https://doi.org/10.1161/01.CIR.0000138393.99310.1c
https://doi.org/10.1038/sj.bmt.1703879
https://doi.org/10.1038/sj.bmt.1703879
https://doi.org/10.1038/s41577-023-00904-7
https://doi.org/10.1038/s41577-023-00904-7
https://doi.org/10.1016/j.xcrm.2021.100288
https://doi.org/10.1016/j.xcrm.2021.100288
https://doi.org/10.1016/j.bbi.2020.12.022
https://doi.org/10.1016/j.bbi.2020.12.022
https://doi.org/10.1136/jnnp.2009.204685
https://doi.org/10.1136/jnnp.2009.204685
https://doi.org/10.1007/s11357-021-00399-x
https://doi.org/10.1007/s11357-021-00399-x


774	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

Markers of blood-brain barrier disruption increase early 
and persistently in COVID-19 patients with neurologi-
cal manifestations. Front Immunol. 2022;13:1070379. 
https://​doi.​org/​10.​3389/​fimmu.​2022.​10703​79.

	283.	 Chen Y, Yang W, Chen F, Cui L. COVID-19 and cogni-
tive impairment: neuroinvasive and blood-brain barrier 
dysfunction. J Neuroinflammation. 2022;19:222. https://​
doi.​org/​10.​1186/​s12974-​022-​02579-8.

	284.	 Jamil Al-Obaidi MM, Desa MNM. A review of the 
mechanisms of blood-brain barrier disruption during 
COVID-19 infection. J Neurosci Res. 2023;101:1687–98. 
https://​doi.​org/​10.​1002/​jnr.​25232.

	285.	 Krasemann S, Haferkamp U, Pfefferle S, Woo MS, 
Heinrich F, Schweizer M, Appelt-Menzel A, Cubukova 
A, Barenberg J, Leu J, Hartmann K, Thies E, Littau JL, 
Sepulveda-Falla D, Zhang L, Ton K, Liang Y, Matschke 
J, Ricklefs F, Sauvigny T, Sperhake J, Fitzek A, Gerhartl 
A, Brachner A, Geiger N, Konig EM, Bodem J, Franzen-
burg S, Franke A, Moese S, et al. The blood-brain barrier 
is dysregulated in COVID-19 and serves as a CNS entry 
route for SARS-CoV-2. Stem Cell Reports. 2022;17:307–
20. https://​doi.​org/​10.​1016/j.​stemcr.​2021.​12.​011.

	286.	 Song H, Tomasevich A, Acheampong KK, Schaff 
DL, Shaffer SM, Dolle JP, Johnson VE, Mikytuck B, 
Lee EB, Nolan A, Keene CD, Weiss SR, Stewart W, 
Smith DH. Detection of blood-brain barrier disrup-
tion in brains of patients with COVID-19, but no evi-
dence of brain penetration by SARS-CoV-2. Acta Neu-
ropathol. 2023;146:771–5. https://​doi.​org/​10.​1007/​
s00401-​023-​02624-7.

	287.	 Zingaropoli MA, Iannetta M, Piermatteo L, Pasculli P, 
Latronico T, Mazzuti L, Campogiani L, Duca L, Ferra-
guti G, De Michele M, Galardo G, Pugliese F, Antonelli 
G, Andreoni M, Sarmati L, Lichtner M, Turriziani 
O, Ceccherini-Silberstein F, Liuzzi GM, Mastroianni 
CM, Ciardi MR. Neuro-axonal damage and alteration 
of blood-brain barrier integrity in COVID-19 patients. 
Cells. 2022;11:2480. https://​doi.​org/​10.​3390/​cells​11162​
480.

	288.	 Karvelas N, Elahi FM. White matter hyperintensities: 
complex predictor of complex outcomes. J Am Heart 
Assoc. 2023;12: e030351. https://​doi.​org/​10.​1161/​JAHA.​
123.​030351.

	289.	 Freeze WM, Jacobs HIL, de Jong JJ, Verheggen ICM, 
Gronenschild E, Palm WM, Hoff EI, Wardlaw JM, 
Jansen JFA, Verhey FR, Backes WH. White matter 
hyperintensities mediate the association between blood-
brain barrier leakage and information processing speed. 
Neurobiol Aging. 2020;85:113–22. https://​doi.​org/​10.​
1016/j.​neuro​biola​ging.​2019.​09.​017.

	290.	 Kerkhofs D, Wong SM, Zhang E, Staals J, Jansen JFA, 
van Oostenbrugge RJ, Backes WH. Baseline blood-brain 
barrier leakage and longitudinal microstructural tissue 
damage in the periphery of white matter hyperintensities. 
Neurology. 2021;96:e2192–200. https://​doi.​org/​10.​1212/​
WNL.​00000​00000​011783.

	291.	 Li Y, Li M, Zhang X, Shi Q, Yang S, Fan H, Qin W, 
Yang L, Yuan J, Jiang T, Hu W. Higher blood-brain bar-
rier permeability is associated with higher white matter 
hyperintensities burden. J Neurol. 2017;264:1474–81. 
https://​doi.​org/​10.​1007/​s00415-​017-​8550-8.

	292.	 Naqvi I, Hitomi E, Leigh R. Sustained opening of the 
blood-brain barrier with progressive accumulation of 
white matter hyperintensities following ischemic stroke. 
Brain Sci. 2019;9:16. https://​doi.​org/​10.​3390/​brain​sci90​
10016.

	293.	 Andriuta D, Si-Ahmed C, Roussel M, Constans JM, 
Makki M, Aarabi A, Basille D, Andrejak C, Godefroy O. 
Clinical and imaging determinants of neurocognitive dis-
orders in post-acute COVID-19 patients with cognitive 
complaints. J Alzheimers Dis. 2022;87:1239–50. https://​
doi.​org/​10.​3233/​jad-​215506.

	294.	 Cecchetti G, Agosta F, Canu E, Basaia S, Barbieri A, 
Cardamone R, Bernasconi MP, Castelnovo V, Cividini 
C, Cursi M, Vabanesi M, Impellizzeri M, Lazzarin SM, 
Fanelli GF, Minicucci F, Giacalone G, Falini A, Falau-
tano M, Rovere-Querini P, Roveri L, Filippi M. Cogni-
tive, EEG, and MRI features of COVID-19 survivors: a 
10-month study. J Neurol. 2022;269:3400–12. https://​doi.​
org/​10.​1007/​s00415-​022-​11047-5.

	295.	 Petersson I, Hansen BM, Svenningsson A, Lundstrom 
A. Cerebral microvascular injuries in severe COVID-19 
infection: progression of white matter hyperintensities 
post-infection. BMJ Case Rep. 2022;15:e249156. https://​
doi.​org/​10.​1136/​bcr-​2022-​249156.

	296.	 Son K, Jamil R, Chowdhury A, Mukherjee M, Venegas 
C, Miyasaki K, Zhang K, Patel Z, Salter B, Yuen ACY, 
Lau KS, Cowbrough B, Radford K, Huang C, Kjarsgaard 
M, Dvorkin-Gheva A, Smith J, Li QZ, Waserman S, 
Ryerson CJ, Nair P, Ho T, Balakrishnan N, Nazy I, 
Bowdish DME, Svenningsen S, Carlsten C, Mukherjee 
M. Circulating anti-nuclear autoantibodies in COVID-19 
survivors predict long COVID symptoms. Eur Respir J. 
2023;61(1):2200970.  https://​doi.​org/​10.​1183/​13993​003.​
00970-​2022.

	297.	 Sin DD. Is long COVID an autoimmune disease? Eur 
Respir J. 2023;61(1):2202272. https://​doi.​org/​10.​1183/​
13993​003.​02272-​2022.

	298.	 Elizalde-Diaz JP, Miranda-Narvaez CL, Martinez-Laz-
cano JC, Martinez-Martinez E. The relationship between 
chronic immune response and neurodegenerative damage 
in long COVID-19. Front Immunol. 2022;13:1039427. 
https://​doi.​org/​10.​3389/​fimmu.​2022.​10394​27.

	299.	 Sotzny F, Filgueiras IS, Kedor C, Freitag H, Wittke K, 
Bauer S, Sepulveda N, Mathias da Fonseca DL, Baioc-
chi GC, Marques AHC, Kim M, Lange T, Placa DR, 
Luebber F, Paulus FM, De Vito R, Jurisica I, Schulze-
Forster K, Paul F, Bellmann-Strobl J, Rust R, Hoppmann 
U, Shoenfeld Y, Riemekasten G, Heidecke H, Cabral-
Marques O, Scheibenbogen C. Dysregulated autoanti-
bodies targeting vaso- and immunoregulatory receptors 
in post COVID syndrome correlate with symptom sever-
ity. Front Immunol. 2022;13:981532. https://​doi.​org/​10.​
3389/​fimmu.​2022.​981532.

	300.	 Ceccarini MR, Bonetti G, Medori MC, Dhuli K, Tez-
zele S, Micheletti C, Maltese PE, Cecchin S, Donato 
K, Fioretti F, Calzoni A, Praderio A, De Angelis MG, 
Nodari S, Arabia G, Lorusso L, Beccari T, Bertelli M. 
Autoantibodies in patients with post-COVID syndrome: 
a possible link with severity? Eur Rev Med Pharmacol 
Sci. 2023;27:48–56. https://​doi.​org/​10.​26355/​eurrev_​
202312_​34689.

https://doi.org/10.3389/fimmu.2022.1070379
https://doi.org/10.1186/s12974-022-02579-8
https://doi.org/10.1186/s12974-022-02579-8
https://doi.org/10.1002/jnr.25232
https://doi.org/10.1016/j.stemcr.2021.12.011
https://doi.org/10.1007/s00401-023-02624-7
https://doi.org/10.1007/s00401-023-02624-7
https://doi.org/10.3390/cells11162480
https://doi.org/10.3390/cells11162480
https://doi.org/10.1161/JAHA.123.030351
https://doi.org/10.1161/JAHA.123.030351
https://doi.org/10.1016/j.neurobiolaging.2019.09.017
https://doi.org/10.1016/j.neurobiolaging.2019.09.017
https://doi.org/10.1212/WNL.0000000000011783
https://doi.org/10.1212/WNL.0000000000011783
https://doi.org/10.1007/s00415-017-8550-8
https://doi.org/10.3390/brainsci9010016
https://doi.org/10.3390/brainsci9010016
https://doi.org/10.3233/jad-215506
https://doi.org/10.3233/jad-215506
https://doi.org/10.1007/s00415-022-11047-5
https://doi.org/10.1007/s00415-022-11047-5
https://doi.org/10.1136/bcr-2022-249156
https://doi.org/10.1136/bcr-2022-249156
https://doi.org/10.1183/13993003.00970-2022
https://doi.org/10.1183/13993003.00970-2022
https://doi.org/10.1183/13993003.02272-2022
https://doi.org/10.1183/13993003.02272-2022
https://doi.org/10.3389/fimmu.2022.1039427
https://doi.org/10.3389/fimmu.2022.981532
https://doi.org/10.3389/fimmu.2022.981532
https://doi.org/10.26355/eurrev_202312_34689
https://doi.org/10.26355/eurrev_202312_34689


775GeroScience (2025) 47:745–779	

Vol.: (0123456789)

	301.	 Flaskamp L, Roubal C, Uddin S, Sotzny F, Kedor C, 
Bauer S, Scheibenbogen C, Seifert M. Serum of post-
COVID-19 syndrome patients with or without ME/CFS 
differentially affects endothelial cell function in vitro. Cells. 
2022;11:2376. https://​doi.​org/​10.​3390/​cells​11152​376.

	302.	 Hileman CO, Malakooti SK, Patil N, Singer NG, 
McComsey GA. New-onset autoimmune disease after 
COVID-19. Front Immunol. 2024;15:1337406. https://​
doi.​org/​10.​3389/​fimmu.​2024.​13374​06.

	303.	 Fagyas M, Nagy B Jr, Raduly AP, Manyine IS, Martha 
L, Erdosi G, Sipka S Jr, Enyedi E, Szabo AA, Polik Z, 
Kappelmayer J, Papp Z, Borbely A, Szabo T, Balla J, 
Balla G, Bai P, Bacsi A, Toth A. The majority of severe 
COVID-19 patients develop anti-cardiac autoantibod-
ies. Geroscience. 2022;44:1–14. https://​doi.​org/​10.​1007/​
s11357-​022-​00649-6.

	304.	 Taylor BES, Khandelwal P, Rallo MS, Patel P, Smith L, 
Sun H, Nanda A, Singla A, Roychowdhury S, Cheng RC, 
Lee K, Gupta G, Johnson SA. Outcomes and spectrum of 
major neurovascular events among COVID-19 patients: 
a 3-center experience. Neurosurg Open. 2020;1:okaa008. 
https://​doi.​org/​10.​1093/​neuopn/​okaa0​08.

	305.	 Lin E, Lantos JE, Strauss SB, Phillips CD, Campion TR 
Jr, Navi BB, Parikh NS, Merkler AE, Mir S, Zhang C, 
Kamel H, Cusick M, Goyal P, Gupta A. Brain imaging of 
patients with COVID-19: findings at an academic institu-
tion during the height of the outbreak in New York City. 
AJNR Am J Neuroradiol. 2020;41:2001–8. https://​doi.​
org/​10.​3174/​ajnr.​A6793.

	306.	 Kremer S, Lersy F, de Sèze J, Ferré JC, Maamar A, 
Carsin-Nicol B, Collange O, Bonneville F, Adam G, 
Martin-Blondel G, Rafiq M, Geeraerts T, Delamarre L, 
Grand S, Krainik A, Caillard S, Constans JM, Metanbou 
S, Heintz A, Helms J, Schenck M, Lefèbvre N, Boutet 
C, Fabre X, Forestier G, de Beaurepaire I, Bornet G, 
Lacalm A, Oesterlé H, Bolognini F, et  al. Brain MRI 
findings in severe COVID-19: a retrospective observa-
tional study. Radiology. 2020;297:E242-e251. https://​doi.​
org/​10.​1148/​radiol.​20202​02222.

	307.	 Dixon L, McNamara C, Gaur P, Mallon D, Coughlan C, 
Tona F, Jan W, Wilson M, Jones B. Cerebral microhaem-
orrhage in COVID-19: a critical illness related phenome-
non? Stroke Vasc Neurol. 2020;5:315–22. https://​doi.​org/​
10.​1136/​svn-​2020-​000652.

	308.	 Sawlani V, Scotton S, Nader K, Jen JP, Patel M, Gokani 
K, Denno P, Thaller M, Englezou C, Janjua U, Bowen 
M, Hoskote C, Veenith T, Hassan-Smith G, Jacob S. 
COVID-19-related intracranial imaging findings: a large 
single-centre experience. Clin Radiol. 2021;76:108–16. 
https://​doi.​org/​10.​1016/j.​crad.​2020.​09.​002.

	309.	 Uginet M, Breville G, Hofmeister J, Machi P, Lalive PH, 
Rosi A, Fitsiori A, Vargas MI, Assal F, Allali G, Lovblad 
KO. Cerebrovascular complications and vessel wall 
imaging in COVID-19 encephalopathy-a pilot study. Clin 
Neuroradiol. 2022;32:287–93. https://​doi.​org/​10.​1007/​
s00062-​021-​01008-2.

	310.	 Fällmar D, Rostami E, Kumlien E, Ashton NJ, Jackmann 
S, Pavel R, Blennow K, Hultström M, Lipcsey M, Frith-
iof R, Westman G, Zetterberg H, Wikström J, Virhammar 
J. The extent of neuroradiological findings in COVID-19 
shows correlation with blood biomarkers, Glasgow coma 

scale score and days in intensive care. J Neuroradiol. 
2022;49:421–7. https://​doi.​org/​10.​1016/j.​neurad.​2021.​
11.​003.

	311.	 Conklin J, Frosch MP, Mukerji SS, Rapalino O, Maher 
MD, Schaefer PW, Lev MH, Gonzalez RG, Das S, 
Champion SN. Susceptibility-weighted imaging reveals 
cerebral microvascular injury in severe COVID-19. J 
Neurol Sci. 2021;421: 117308. https://​doi.​org/​10.​1016/j.​
jns.​2021.​117308.

	312.	 Shahjouei S, Tsivgoulis G, Farahmand G, Koza E, 
Mowla A, Vafaei Sadr A, Kia A, Vaghefi Far A, Mon-
dello S, Cernigliaro A, Ranta A, Punter M, Khodadadi F, 
Naderi S, Sabra M, Ramezani M, Amini Harandi A, Olu-
lana O, Chaudhary D, Lyoubi A, Campbell BCV, Arenil-
las JF, Bock D, Montaner J, Aghayari Sheikh Neshin S, 
Aguiar de Sousa D, Tenser MS, Aires A, Alfonso ML, 
Alizada O, et al. SARS-CoV-2 and stroke characteristics: 
a report from the multinational COVID-19 stroke study 
group. Stroke. 2021;52:117–30. https://​doi.​org/​10.​1161/​
strok​eaha.​120.​032927.

	313.	 Bungenberg J, Humkamp K, Hohenfeld C, Rust MI, 
Ermis U, Dreher M, Hartmann NK, Marx G, Binkofski 
F, Finke C, Schulz JB, Costa AS, Reetz K. Long COVID-
19: objectifying most self-reported neurological symp-
toms. Ann Clin Transl Neurol. 2022;9:141–54. https://​
doi.​org/​10.​1002/​acn3.​51496.

	314.	 De Stefano P, Nencha U, De Stefano L, Mégevand P, 
Seeck M. Focal EEG changes indicating critical illness 
associated cerebral microbleeds in a Covid-19 patient. 
Clin Neurophysiol Pract. 2020;5:125–9. https://​doi.​org/​
10.​1016/j.​cnp.​2020.​05.​004.

	315.	 Reichard RR, Kashani KB, Boire NA, Constanto-
poulos E, Guo Y, Lucchinetti CF. Neuropathology of 
COVID-19: a spectrum of vascular and acute dissemi-
nated encephalomyelitis (ADEM)-like pathology. Acta 
Neuropathol. 2020;140:1–6. https://​doi.​org/​10.​1007/​
s00401-​020-​02166-2.

	316.	 Hanafi R, Roger PA, Perin B, Kuchcinski G, Deleval N, 
Dallery F, Michel D, Hacein-Bey L, Pruvo JP, Outteryck 
O, Constans JM. COVID-19 neurologic complication 
with CNS vasculitis-like pattern. AJNR Am J Neuro-
radiol. 2020;41:1384–7. https://​doi.​org/​10.​3174/​ajnr.​
A6651.

	317.	 Rudilosso S, Esteller D, Urra X, Chamorro Á. Thalamic 
perforating artery stroke on computed tomography perfu-
sion in a patient with coronavirus disease 2019. J Stroke 
Cerebrovasc Dis. 2020;29: 104974. https://​doi.​org/​10.​
1016/j.​jstro​kecer​ebrov​asdis.​2020.​104974.

	318.	 Planinc D, El-Rekaby A, Sivakumar R, Saksena R, Ngeh 
J. Acute stroke showing cerebral infarcts and micro-
bleeds in a 31-year-old man with COVID-19 pneumonia. 
Br J Hosp Med (Lond). 2020;81:1–3. https://​doi.​org/​10.​
12968/​hmed.​2020.​0366.

	319.	 Cannac O, Martinez-Almoyna L, Hraiech S. Critical ill-
ness-associated cerebral microbleeds in COVID-19 acute 
respiratory distress syndrome. Neurology. 2020;95:498–
9. https://​doi.​org/​10.​1212/​wnl.​00000​00000​010537.

	320.	 Vattoth S, Abdelhady M, Alsoub H, Own A, Elsotouhy 
A. Critical illness-associated cerebral microbleeds in 
COVID-19. Neuroradiol J. 2020;33:374–6. https://​doi.​
org/​10.​1177/​19714​00920​939229.

https://doi.org/10.3390/cells11152376
https://doi.org/10.3389/fimmu.2024.1337406
https://doi.org/10.3389/fimmu.2024.1337406
https://doi.org/10.1007/s11357-022-00649-6
https://doi.org/10.1007/s11357-022-00649-6
https://doi.org/10.1093/neuopn/okaa008
https://doi.org/10.3174/ajnr.A6793
https://doi.org/10.3174/ajnr.A6793
https://doi.org/10.1148/radiol.2020202222
https://doi.org/10.1148/radiol.2020202222
https://doi.org/10.1136/svn-2020-000652
https://doi.org/10.1136/svn-2020-000652
https://doi.org/10.1016/j.crad.2020.09.002
https://doi.org/10.1007/s00062-021-01008-2
https://doi.org/10.1007/s00062-021-01008-2
https://doi.org/10.1016/j.neurad.2021.11.003
https://doi.org/10.1016/j.neurad.2021.11.003
https://doi.org/10.1016/j.jns.2021.117308
https://doi.org/10.1016/j.jns.2021.117308
https://doi.org/10.1161/strokeaha.120.032927
https://doi.org/10.1161/strokeaha.120.032927
https://doi.org/10.1002/acn3.51496
https://doi.org/10.1002/acn3.51496
https://doi.org/10.1016/j.cnp.2020.05.004
https://doi.org/10.1016/j.cnp.2020.05.004
https://doi.org/10.1007/s00401-020-02166-2
https://doi.org/10.1007/s00401-020-02166-2
https://doi.org/10.3174/ajnr.A6651
https://doi.org/10.3174/ajnr.A6651
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104974
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104974
https://doi.org/10.12968/hmed.2020.0366
https://doi.org/10.12968/hmed.2020.0366
https://doi.org/10.1212/wnl.0000000000010537
https://doi.org/10.1177/1971400920939229
https://doi.org/10.1177/1971400920939229


776	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

	321.	 Shoskes A, Migdady I, Fernandez A, Ruggieri P, Rae-
Grant A. Cerebral microhemorrhage and purpuric rash 
in COVID-19: the case for a secondary microangiopathy. 
J Stroke Cerebrovasc Dis. 2020;29: 105111. https://​doi.​
org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2020.​105111.

	322.	 Haroon KH, Patro SN, Hussain S, Zafar A, Muhammad 
A. Multiple microbleeds: a serious neurological mani-
festation in a critically ill COVID-19 patient. Case Rep 
Neurol. 2020;12:373–7. https://​doi.​org/​10.​1159/​00051​
2322.

	323.	 Gupta NA, Lien C, Iv M. Critical illness-associated 
cerebral microbleeds in severe COVID-19 infection. 
Clin Imaging. 2020;68:239–41. https://​doi.​org/​10.​
1016/j.​clini​mag.​2020.​08.​029.

	324.	 Toeback J, Depoortere SD, Vermassen J, Vereecke EL, 
Van Driessche V, Hemelsoet DM. Microbleed patterns 
in critical illness and COVID-19. Clin Neurol Neuro-
surg. 2021;203: 106594. https://​doi.​org/​10.​1016/j.​cline​
uro.​2021.​106594.

	325.	 Witvoet EH, Jiang FY, Laumans W, de Bruijn 
S. COVID-19-related diffuse leukoencephalopa-
thy with microbleeds and persistent coma: a case 
report with good clinical outcome. BMJ Case 
Rep. 2021;14:e242504. https://​doi.​org/​10.​1136/​
bcr-​2021-​242504.

	326.	 Backman L, Möller MC, Thelin EP, Dahlgren D, 
Deboussard C, Östlund G, Lindau M. Monthlong Intu-
bated patient with life-threatening COVID-19 and cer-
ebral microbleeds suffers only mild cognitive sequelae at 
8-month follow-up: a case report. Arch Clin Neuropsy-
chol. 2022;37:531–43. https://​doi.​org/​10.​1093/​arclin/​
acab0​75.

	327.	 Tristán-Samaniego DP, Chiquete E, Treviño-Frenk 
I, Rubalcava-Ortega J, Higuera-Calleja JA, Romero-
Sánchez G, Espinoza-Alvarado L, Barrera-Vargas A, 
Flores-Silva F, González-Duarte A, Vega-Boada F, 
Cantú-Brito C. COVID-19-related diffuse posthypoxic 
leukoencephalopathy and microbleeds masquerades 
as acute necrotizing encephalopathy. Int J Neurosci. 
2022;132:1123–7. https://​doi.​org/​10.​1080/​00207​454.​
2020.​18653​46.

	328.	 Fraiman P, Freire M, Moreira-Neto M, Godeiro-Junior 
C. Hemorrhagic stroke and COVID-19 infection: coinci-
dence or causality? eNeurologicalSci. 2020;21:100274. 
https://​doi.​org/​10.​1016/j.​ensci.​2020.​100274.

	329.	 Liang HW, Mung SM, Douglass C, Jude EB. COVID-
19-related vasculopathy of the brain. BMJ Case 
Rep. 2021;14:e242028. https://​doi.​org/​10.​1136/​
bcr-​2021-​242028.

	330.	 Finsterer J. Ischemic stroke in a SARS-CoV-2-positive 
octagenarian without cardiovascular risk factors: a case 
report. Cureus. 2022;14: e23654. https://​doi.​org/​10.​7759/​
cureus.​23654.

	331.	 Mendez Elizondo EF, Valdez Ramírez JA, Barraza Agu-
irre G, Dautt Medina PM, Berlanga EJ. Central nervous 
system injury in patients with severe acute respiratory 
syndrome coronavirus 2: MRI findings. Cureus. 2021;13: 
e18052. https://​doi.​org/​10.​7759/​cureus.​18052.

	332.	 Batra A, Clark JR, LaHaye K, Shlobin NA, Hoffman SC, 
Orban ZS, Colton K, Dematte JE, Sorond FA, Koralnik 
IJ, Liotta EM. Transcranial Doppler ultrasound evidence 

of active cerebral embolization in COVID-19. J Stroke 
Cerebrovasc Dis. 2021;30: 105542. https://​doi.​org/​10.​
1016/j.​jstro​kecer​ebrov​asdis.​2020.​105542.

	333.	 Ziai WC, Cho SM, Johansen MC, Ergin B, Bahouth 
MN. Transcranial Doppler in acute COVID-19 infec-
tion: unexpected associations. Stroke. 2021;52:2422–6. 
https://​doi.​org/​10.​1161/​STROK​EAHA.​120.​032150.

	334.	 Elshereye A, Erdinc B. Multiple lacunar cerebral 
infarcts as the initial presentation of COVID-19. Cureus. 
2020;12: e9638. https://​doi.​org/​10.​7759/​cureus.​9638.

	335.	 Williams OH, Mohideen S, Sen A, Martinovic O, Hart 
J, Brex PA, Sztriha LK. Multiple internal border zone 
infarcts in a patient with COVID-19 and CADASIL. J 
Neurol Sci. 2020;416: 116980. https://​doi.​org/​10.​1016/j.​
jns.​2020.​116980.

	336.	 Abdi S, Ghorbani A, Fatehi F. The association of SARS-
CoV-2 infection and acute disseminated encephalomy-
elitis without prominent clinical pulmonary symptoms. J 
Neurol Sci. 2020;416: 117001. https://​doi.​org/​10.​1016/j.​
jns.​2020.​117001.

	337.	 Trifan G, Hillmann M, Testai FD. Acute stroke as the 
presenting symptom of SARS-CoV-2 infection in a 
young patient with cerebral autosomal dominant arterio-
pathy with subcortical infarcts and leukoencephalopathy. 
J Stroke Cerebrovasc Dis. 2020;29: 105167. https://​doi.​
org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2020.​105167.

	338.	 Frisullo G, Bellavia S, Scala I, Piano C, Morosetti 
R, Brunetti V, Calabresi P, Della MG. Stroke and 
COVID19: not only a large-vessel disease. J Stroke Cer-
ebrovasc Dis. 2020;29: 105074. https://​doi.​org/​10.​1016/j.​
jstro​kecer​ebrov​asdis.​2020.​105074.

	339.	 Neppala S, Sundarakumar DK, Caravella JW, Chiguru-
pati HD, Patibandla P. COVID-19-associated familial 
acute disseminated encephalomyelitis (ADEM): a case 
report. IDCases. 2021;26: e01264. https://​doi.​org/​10.​
1016/j.​idcr.​2021.​e01264.

	340.	 Rajendran I, Natarajan MD, Narwani P, Alzouabi O, 
Kawafi K, Khanna N. A case of cerebral autosomal dom-
inant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) presenting as post-infectious 
manifestation of SARS-CoV-2 infection. BJR Case Rep. 
2021;7:20210020. https://​doi.​org/​10.​1259/​bjrcr.​20210​
020.

	341.	 Zhang T, Hirsh E, Zandieh S, Rodricks MB. COVID-
19-associated acute multi-infarct encephalopathy 
in an asymptomatic CADASIL patient. Neurocrit 
Care. 2021;34:1099–102. https://​doi.​org/​10.​1007/​
s12028-​020-​01119-7.

	342.	 Pinzon RT, Kumalasari MD, Kristina H. Ischemic stroke 
following COVID-19 in a patient without comorbidities. 
Case Rep Med. 2021;2021:8178529. https://​doi.​org/​10.​
1155/​2021/​81785​29.

	343.	 Piazza F, Bozzali M, Morana G, Ferrero B, Rizzone MG, 
Artusi CA, Parisi M, Robert A, Imbalzano G, Romag-
nolo A, Zibetti M, Lopiano L. Early reversible leukoen-
cephalopathy and unilateral sixth cranial nerve palsy in 
mild COVID-19 infection. Neurol Sci. 2021;42:4899–
902. https://​doi.​org/​10.​1007/​s10072-​021-​05545-z.

	344.	 Ahmed M, Gaba WH, Khan FM, Mansoori RA, Adi 
AAK. COVID-related leukoencephalopathy: unu-
sual MRI features and comparability to delayed post 

https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105111
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105111
https://doi.org/10.1159/000512322
https://doi.org/10.1159/000512322
https://doi.org/10.1016/j.clinimag.2020.08.029
https://doi.org/10.1016/j.clinimag.2020.08.029
https://doi.org/10.1016/j.clineuro.2021.106594
https://doi.org/10.1016/j.clineuro.2021.106594
https://doi.org/10.1136/bcr-2021-242504
https://doi.org/10.1136/bcr-2021-242504
https://doi.org/10.1093/arclin/acab075
https://doi.org/10.1093/arclin/acab075
https://doi.org/10.1080/00207454.2020.1865346
https://doi.org/10.1080/00207454.2020.1865346
https://doi.org/10.1016/j.ensci.2020.100274
https://doi.org/10.1136/bcr-2021-242028
https://doi.org/10.1136/bcr-2021-242028
https://doi.org/10.7759/cureus.23654
https://doi.org/10.7759/cureus.23654
https://doi.org/10.7759/cureus.18052
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105542
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105542
https://doi.org/10.1161/STROKEAHA.120.032150
https://doi.org/10.7759/cureus.9638
https://doi.org/10.1016/j.jns.2020.116980
https://doi.org/10.1016/j.jns.2020.116980
https://doi.org/10.1016/j.jns.2020.117001
https://doi.org/10.1016/j.jns.2020.117001
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105167
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105167
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105074
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105074
https://doi.org/10.1016/j.idcr.2021.e01264
https://doi.org/10.1016/j.idcr.2021.e01264
https://doi.org/10.1259/bjrcr.20210020
https://doi.org/10.1259/bjrcr.20210020
https://doi.org/10.1007/s12028-020-01119-7
https://doi.org/10.1007/s12028-020-01119-7
https://doi.org/10.1155/2021/8178529
https://doi.org/10.1155/2021/8178529
https://doi.org/10.1007/s10072-021-05545-z


777GeroScience (2025) 47:745–779	

Vol.: (0123456789)

hypoxic ischemic encephalopathy. Radiol Case Rep. 
2022;17:852–5. https://​doi.​org/​10.​1016/j.​radcr.​2021.​11.​
059.

	345.	 Lersy F, Bund C, Anheim M, Mondino M, Noblet V, 
Lazzara S, Phillipps C, Collange O, Oulehri W, Mertes 
PM, Helms J, Merdji H, Schenck M, Schneider F, Pot-
techer J, Giraudeau C, Chammas A, Ardellier FD, Balo-
glu S, Ambarki K, Namer IJ, Kremer S. Evolution of 
neuroimaging findings in severe COVID-19 patients with 
initial neurological impairment: an observational study. 
Viruses. 2022;14:949. https://​doi.​org/​10.​3390/​v1405​
0949.

	346.	 Dutch C, Thrombosis C, Kaptein FHJ, Stals MAM, 
Grootenboers M, Braken SJE, Burggraaf JLI, van Bussel 
BCT, Cannegieter SC, Ten Cate H, Endeman H, Gom-
mers D, van Guldener C, de Jonge E, Juffermans NP, 
Kant KM, Kevenaar ME, Koster S, Kroft LJM, Kruip M, 
Leentjens J, Marechal C, Soei YL, Tjepkema L, Visser 
C, Klok FA, Huisman MV. Incidence of thrombotic com-
plications and overall survival in hospitalized patients 
with COVID-19 in the second and first wave. Thromb 
Res. 2021;199:143–8. https://​doi.​org/​10.​1016/j.​throm​res.​
2020.​12.​019.

	347.	 Klok FA, Kruip M, van der Meer NJM, Arbous MS, 
Gommers D, Kant KM, Kaptein FHJ, van Paassen J, 
Stals MAM, Huisman MV, Endeman H. Confirmation 
of the high cumulative incidence of thrombotic compli-
cations in critically ill ICU patients with COVID-19: an 
updated analysis. Thromb Res. 2020;191:148–50. https://​
doi.​org/​10.​1016/j.​throm​res.​2020.​04.​041.

	348.	 Klok FA, Kruip M, van der Meer NJM, Arbous MS, 
Gommers D, Kant KM, Kaptein FHJ, van Paassen J, 
Stals MAM, Huisman MV, Endeman H. Incidence of 
thrombotic complications in critically ill ICU patients 
with COVID-19. Thromb Res. 2020;191:145–7. https://​
doi.​org/​10.​1016/j.​throm​res.​2020.​04.​013.

	349.	 Nab L, Groenwold RHH, Klok FA, Bhoelan S, Kruip 
M, Cannegieter SC. Estimating incidence of venous 
thromboembolism in COVID-19: methodological con-
siderations. Res Pract Thromb Haemost. 2022;6: e12776. 
https://​doi.​org/​10.​1002/​rth2.​12776.

	350.	 Iba T, Connors JM, Levy JH. What role does micro-
thrombosis play in long COVID? Semin Thromb 
Hemost. 2023. https://​doi.​org/​10.​1055/s-​0043-​17747​95.

	351.	 Borrelli MP, Buora A, Frigatti P. The long haul COVID-
19 arterial thrombosis. Thromb Res. 2022;217:73–5. 
https://​doi.​org/​10.​1016/j.​throm​res.​2022.​07.​008.

	352.	 Violi F, Harenberg J, Pignatelli P, Cammisotto V. 
COVID-19 and long-COVID thrombosis: from clini-
cal and basic science to therapeutics. Thromb Haemost. 
2023. https://​doi.​org/​10.​1055/s-​0043-​17767​13.

	353.	 Nicolai L, Kaiser R, Stark K. Thromboinflammation in 
long COVID-the elusive key to postinfection sequelae? J 
Thromb Haemost. 2023;21:2020–31. https://​doi.​org/​10.​
1016/j.​jtha.​2023.​04.​039.

	354.	 O’Sullivan JM, Gonagle DM, Ward SE, Preston RJS, 
O’Donnell JS. Endothelial cells orchestrate COVID-19 
coagulopathy. Lancet Haematol. 2020;7:e553–5. https://​
doi.​org/​10.​1016/​S2352-​3026(20)​30215-5.

	355.	 Sciaudone A, Corkrey H, Humphries F, Koupenova M. 
Platelets and SARS-CoV-2 during COVID-19: immunity, 

thrombosis, and beyond. Circ Res. 2023;132:1272–89. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​122.​321930.

	356.	 Zaid Y, Puhm F, Allaeys I, Naya A, Oudghiri M, Khalki 
L, Limami Y, Zaid N, Sadki K, Ben El Haj R, Mahir W, 
Belayachi L, Belefquih B, Benouda A, Cheikh A, Lan-
glois MA, Cherrah Y, Flamand L, Guessous F, Boilard E. 
Platelets can associate with SARS-Cov-2 RNA and are 
hyperactivated in COVID-19. Circ Res. 2020;127:1404–
18. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​120.​317703.

	357.	 Tang Z, Xu Y, Tan Y, Shi H, Jin P, Li Y, Teng J, Liu 
H, Pan H, Hu Q, Cheng X, Ye J, Su Y, Sun Y, Meng J, 
Zhou Z, Chi H, Wang X, Liu J, Lu Y, Liu F, Dai J, Yang 
C, Chen S, Liu T. CD36 mediates SARS-CoV-2-enve-
lope-protein-induced platelet activation and thrombosis. 
Nat Commun. 2023;14:5077. https://​doi.​org/​10.​1038/​
s41467-​023-​40824-7.

	358.	 Serrano M, Espinosa G, Serrano A, Cervera R. Antigens 
and antibodies of the antiphospholipid syndrome as new 
allies in the pathogenesis of COVID-19 coagulopathy. Int 
J Mol Sci. 2022;23:4946. https://​doi.​org/​10.​3390/​ijms2​
30949​46.

	359.	 Helms J, Tacquard C, Severac F, Leonard-Lorant I, 
Ohana M, Delabranche X, Merdji H, Clere-Jehl R, 
Schenck M, Fagot Gandet F, Fafi-Kremer S, Castelain 
V, Schneider F, Grunebaum L, Angles-Cano E, Sat-
tler L, Mertes PM, Meziani F, Group CT. High risk of 
thrombosis in patients with severe SARS-CoV-2 infec-
tion: a multicenter prospective cohort study. Intensive 
Care Med. 2020;46:1089–98. https://​doi.​org/​10.​1007/​
s00134-​020-​06062-x.

	360.	 Amezcua-Guerra LM, Rojas-Velasco G, Brianza-
Padilla M, Vazquez-Rangel A, Marquez-Velasco R, 
Baranda-Tovar F, Springall R, Gonzalez-Pacheco H, 
Juarez-Vicuna Y, Tavera-Alonso C, Sanchez-Munoz 
F, Hernandez-Salas M. Presence of antiphospholipid 
antibodies in COVID-19: a case series study. Ann 
Rheum Dis. 2021;80: e73. https://​doi.​org/​10.​1136/​annrh​
eumdis-​2020-​218100.

	361.	 Furman S, Green K, Lane TE. COVID-19 and the impact 
on Alzheimer’s disease pathology. J Neurochem. 2023. 
https://​doi.​org/​10.​1111/​jnc.​15985.

	362.	 Wang H, Cao M, Xi Y, Cao W, Zhang X, Meng X, 
Zheng D, Wu L, Wang W, Liu D, Wang Y. Externaliz-
ing traits: shared causalities for COVID-19 and Alzhei-
mer’s dementia using Mendelian randomization analysis. 
PNAS Nexus. 2023;2:pgad98. https://​doi.​org/​10.​1093/​
pnasn​exus/​pgad1​98.

	363.	 Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain bar-
rier breakdown in Alzheimer disease and other neurode-
generative disorders. Nat Rev Neurol. 2018;14:133–50. 
https://​doi.​org/​10.​1038/​nrneu​rol.​2017.​188.

	364.	 Cortes-Canteli M, Iadecola C. Alzheimer’s disease and 
vascular aging: JACC focus seminar. J Am Coll Cardiol. 
2020;75:942–51. https://​doi.​org/​10.​1016/j.​jacc.​2019.​10.​
062.

	365.	 Biffi A, Greenberg SM. Cerebral amyloid angiopathy: a 
systematic review. J Clin Neurol. 2011;7:1–9. https://​doi.​
org/​10.​3988/​jcn.​2011.7.​1.1.

	366.	 de Souza A, Tasker K. Inflammatory cerebral amyloid 
angiopathy: a broad clinical spectrum. J Clin Neurol. 
2023;19:230–41. https://​doi.​org/​10.​3988/​jcn.​2022.​0493.

https://doi.org/10.1016/j.radcr.2021.11.059
https://doi.org/10.1016/j.radcr.2021.11.059
https://doi.org/10.3390/v14050949
https://doi.org/10.3390/v14050949
https://doi.org/10.1016/j.thromres.2020.12.019
https://doi.org/10.1016/j.thromres.2020.12.019
https://doi.org/10.1016/j.thromres.2020.04.041
https://doi.org/10.1016/j.thromres.2020.04.041
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1002/rth2.12776
https://doi.org/10.1055/s-0043-1774795
https://doi.org/10.1016/j.thromres.2022.07.008
https://doi.org/10.1055/s-0043-1776713
https://doi.org/10.1016/j.jtha.2023.04.039
https://doi.org/10.1016/j.jtha.2023.04.039
https://doi.org/10.1016/S2352-3026(20)30215-5
https://doi.org/10.1016/S2352-3026(20)30215-5
https://doi.org/10.1161/CIRCRESAHA.122.321930
https://doi.org/10.1161/CIRCRESAHA.120.317703
https://doi.org/10.1038/s41467-023-40824-7
https://doi.org/10.1038/s41467-023-40824-7
https://doi.org/10.3390/ijms23094946
https://doi.org/10.3390/ijms23094946
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1136/annrheumdis-2020-218100
https://doi.org/10.1136/annrheumdis-2020-218100
https://doi.org/10.1111/jnc.15985
https://doi.org/10.1093/pnasnexus/pgad198
https://doi.org/10.1093/pnasnexus/pgad198
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1016/j.jacc.2019.10.062
https://doi.org/10.1016/j.jacc.2019.10.062
https://doi.org/10.3988/jcn.2011.7.1.1
https://doi.org/10.3988/jcn.2011.7.1.1
https://doi.org/10.3988/jcn.2022.0493


778	 GeroScience (2025) 47:745–779

Vol:. (1234567890)

	367.	 Thierry AR, Salmon D. Inflammation-, immunothrom-
bosis,- and autoimmune-feedback loops may lead to per-
sistent neutrophil self-stimulation in long COVID. J Med 
Virol. 2024;96: e29887. https://​doi.​org/​10.​1002/​jmv.​
29887.

	368.	 Lichtenstein B, Zheng Y, Gjertson D, Ferbas KG, 
Rimoin AW, Yang OO, Aldrovandi GM, Schaenman JM, 
Reed EF, Fulcher JA. Vascular and non-HLA autoanti-
body profiles in hospitalized patients with COVID-19. 
Front Immunol. 2023;14:1197326. https://​doi.​org/​10.​
3389/​fimmu.​2023.​11973​26.

	369.	 Li Q, Li J, Zhou M, Ge Y, Liu Z, Li T, Zhang L. 
Antiphospholipid antibody-related hepatic vasculitis 
in a juvenile after non-severe COVID-19: a case report 
and literature review. Front Immunol. 2024;15:1354349. 
https://​doi.​org/​10.​3389/​fimmu.​2024.​13543​49.

	370.	 Tsay GJ, Zouali M. Cellular pathways and molecular 
events that shape autoantibody production in COVID-
19. J Autoimmun. 2024;147: 103276. https://​doi.​org/​10.​
1016/j.​jaut.​2024.​103276.

	371.	 Mellor-Pita S, Tutor-Ureta P, Velasco P, Plaza A, Diego 
I, Vazquez-Comendador J, Vionnet AP, Duran-Del 
Campo P, Moreno-Torres V, Vargas JA, Castejon R. 
IgA anti-beta2-glycoprotein I antibodies as markers of 
thrombosis and severity in COVID-19 patients. Viruses. 
2024;16:1071. https://​doi.​org/​10.​3390/​v1607​1071.

	372.	 Oakes EG, Dillon E, Buhler KA, Guan H, Paudel M, 
Marks K, Adejoorin I, Yee J, Ellrodt J, Tedeschi S, 
Sparks J, Case SM, Hsu T, Solomon DH, Jonsson AH, 
Alexander RV, Rao DA, Choi MY, Costenbader KH. 
Earlier vs. later time period of COVID-19 infection and 
emergent autoimmune signs, symptoms, and serologies. J 
Autoimmun. 2024;148:103299. https://​doi.​org/​10.​1016/j.​
jaut.​2024.​103299.

	373.	 Lee ES, Nguyen N, Young BE, Wee H, Wazny V, Lee 
KL, Tay KY, Goh LL, Chioh FW, Law MC, Lee IR, 
Ang LT, Loh KM, Chan MY, Fan BE, Dalan R, Lye 
DC, Renia L, Cheung C. Inflammatory risk contributes 
to post-COVID endothelial dysfunction through anti-
ACKR1 autoantibody. Life Sci Alliance. 2024;7. https://​
doi.​org/​10.​26508/​lsa.​20240​2598

	374.	 Fonseca DLM, Filgueiras IS, Marques AHC, Vojdani E, 
Halpert G, Ostrinski Y, Baiocchi GC, Placa DR, Freire 
PP, Pour SZ, Moll G, Catar R, Lavi YB, Silverberg JI, 
Zimmerman J, Cabral-Miranda G, Carvalho RF, Khan 
TA, Heidecke H, Dalmolin RJS, Luchessi AD, Ochs 
HD, Schimke LF, Amital H, Riemekasten G, Zyskind I, 
Rosenberg AZ, Vojdani A, Shoenfeld Y, Cabral-Marques 
O. Severe COVID-19 patients exhibit elevated levels of 
autoantibodies targeting cardiolipin and platelet glyco-
protein with age: a systems biology approach. NPJ Aging. 
2023;9:21. https://​doi.​org/​10.​1038/​s41514-​023-​00118-0.

	375.	 Stelzer M, Henes J, Saur S. The role of antiphos-
pholipid antibodies in COVID-19. Curr Rheu-
matol Rep. 2021;23:72. https://​doi.​org/​10.​1007/​
s11926-​021-​01041-7.

	376.	 Gasparini G, Canepa P, Verdiani S, Carmisciano L, Coz-
zani E, De Grazia D, Andrea O, Icardi G, Parodi A. A 
retrospective study on the prevalence of anti-phospholipid 
antibodies, thrombotic events and cutaneous signs of vas-
culopathy in 173 hospitalized COVID-19 patients. Int J 

Immunopathol Pharmacol. 2021;35:20587384211042116. 
https://​doi.​org/​10.​1177/​20587​38421​10421​15.

	377.	 Cristiano A, Fortunati V, Cherubini F, Bernardini 
S, Nuccetelli M. Anti-phospholipids antibodies and 
immune complexes in COVID-19 patients: a putative 
role in disease course for anti-annexin-V antibodies. Clin 
Rheumatol. 2021;40:2939–45. https://​doi.​org/​10.​1007/​
s10067-​021-​05580-3.

	378.	 Lee SJ, Yoon T, Ha JW, Kim J, Lee KH, Lee JA, 
Kim CH, Lee SW, Kim JH, Ahn JY, Ku NS, Choi 
JY, Yeom JS, Jeong SJ. Prevalence, clinical signifi-
cance, and persistence of autoantibodies in COVID-
19. Virol J. 2023;20:236. https://​doi.​org/​10.​1186/​
s12985-​023-​02191-z.

	379.	 Meroni PL, Borghi MO, Raschi E, Tedesco F. Pathogen-
esis of antiphospholipid syndrome: understanding the 
antibodies. Nat Rev Rheumatol. 2011;7:330–9. https://​
doi.​org/​10.​1038/​nrrhe​um.​2011.​52.

	380.	 Corban MT, Duarte-Garcia A, McBane RD, Matteson 
EL, Lerman LO, Lerman A. Antiphospholipid syndrome: 
role of vascular endothelial cells and implications for risk 
stratification and targeted therapeutics. J Am Coll Car-
diol. 2017;69:2317–30. https://​doi.​org/​10.​1016/j.​jacc.​
2017.​02.​058.

	381.	 Avelino-Silva VI, Bruhn R, Zurita KG, Deng X, Yu EA, 
Grebe E, Stone M, Lanteri MC, Spencer BR, Busch MP, 
Custer B. SARS-CoV-2 antibody levels and long COVID 
occurrence in blood donors. Transfusion. 2024;64:1719–
31. https://​doi.​org/​10.​1111/​trf.​17952.

	382.	 Liu J, Wen R, Wang N, Li G, Xu P, Li X, Zeng X, Liu C. 
A retrospective study on COVID-19 infections caused by 
omicron variant with clinical, epidemiological, and viral 
load evaluations in breakthrough infections. Int J Med 
Sci. 2024;21:454–63. https://​doi.​org/​10.​7150/​ijms.​87167.

	383.	 Bergwerk M, Gonen T, Lustig Y, Amit S, Lipsitch M, 
Cohen C, Mandelboim M, Levin EG, Rubin C, Inden-
baum V, Tal I, Zavitan M, Zuckerman N, Bar-Chaim 
A, Kreiss Y, Regev-Yochay G. Covid-19 breakthrough 
infections in vaccinated health care workers. N Engl J 
Med. 2021;385:1474–84. https://​doi.​org/​10.​1056/​NEJMo​
a2109​072.

	384.	 Tang M, Kim J, Lau KK, Chan KH. Severe cerebral amy-
loid angiopathy related inflammation (CAA-ri) associ-
ated with vaccination: case report and literature review. 
J Neuroimmunol. 2024;394: 578406. https://​doi.​org/​10.​
1016/j.​jneur​oim.​2024.​578406.

	385.	 De Michele M, Kahan J, Berto I, Schiavo OG, Iacobucci 
M, Toni D, Merkler AE. Cerebrovascular complications 
of COVID-19 and COVID-19 vaccination. Circ Res. 
2022;130:1187–203. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​122.​319954.

	386.	 Cohen Tervaert JW, Martinez-Lavin M, Jara LJ, Halp-
ert G, Watad A, Amital H, Shoenfeld Y. Autoimmune/
inflammatory syndrome induced by adjuvants (ASIA) in 
2023. Autoimmun Rev. 2023;22: 103287. https://​doi.​org/​
10.​1016/j.​autrev.​2023.​103287.

	387.	 Igyarto BZ, Qin Z. The mRNA-LNP vaccines - the good, 
the bad and the ugly? Front Immunol. 2024;15:1336906. 
https://​doi.​org/​10.​3389/​fimmu.​2024.​13369​06.

	388.	 Parums DV. Editorial: SARS-CoV-2 mRNA vaccines 
and the possible mechanism of vaccine-induced immune 

https://doi.org/10.1002/jmv.29887
https://doi.org/10.1002/jmv.29887
https://doi.org/10.3389/fimmu.2023.1197326
https://doi.org/10.3389/fimmu.2023.1197326
https://doi.org/10.3389/fimmu.2024.1354349
https://doi.org/10.1016/j.jaut.2024.103276
https://doi.org/10.1016/j.jaut.2024.103276
https://doi.org/10.3390/v16071071
https://doi.org/10.1016/j.jaut.2024.103299
https://doi.org/10.1016/j.jaut.2024.103299
https://doi.org/10.26508/lsa.202402598
https://doi.org/10.26508/lsa.202402598
https://doi.org/10.1038/s41514-023-00118-0
https://doi.org/10.1007/s11926-021-01041-7
https://doi.org/10.1007/s11926-021-01041-7
https://doi.org/10.1177/20587384211042115
https://doi.org/10.1007/s10067-021-05580-3
https://doi.org/10.1007/s10067-021-05580-3
https://doi.org/10.1186/s12985-023-02191-z
https://doi.org/10.1186/s12985-023-02191-z
https://doi.org/10.1038/nrrheum.2011.52
https://doi.org/10.1038/nrrheum.2011.52
https://doi.org/10.1016/j.jacc.2017.02.058
https://doi.org/10.1016/j.jacc.2017.02.058
https://doi.org/10.1111/trf.17952
https://doi.org/10.7150/ijms.87167
https://doi.org/10.1056/NEJMoa2109072
https://doi.org/10.1056/NEJMoa2109072
https://doi.org/10.1016/j.jneuroim.2024.578406
https://doi.org/10.1016/j.jneuroim.2024.578406
https://doi.org/10.1161/CIRCRESAHA.122.319954
https://doi.org/10.1161/CIRCRESAHA.122.319954
https://doi.org/10.1016/j.autrev.2023.103287
https://doi.org/10.1016/j.autrev.2023.103287
https://doi.org/10.3389/fimmu.2024.1336906


779GeroScience (2025) 47:745–779	

Vol.: (0123456789)

thrombotic thrombocytopenia (VITT). Med Sci Monit. 
2021;27:e932899. https://​doi.​org/​10.​12659/​MSM.​
932899.

	389.	 Colaris MJL, Cohen Tervaert JW, Ponds R, Wilmink J, 
van der Hulst R. Subjective cognitive functioning in sili-
cone breast implant patients: a cohort study. Plast Recon-
str Surg Glob Open. 2021;9: e3394. https://​doi.​org/​10.​
1097/​GOX.​00000​00000​003394.

	390.	 Sacchi MC, Pelazza C, Bertolotti M, Agatea L, De 
Gaspari P, Tamiazzo S, Ielo D, Stobbione P, Grappiolo 
M, Bolgeo T, Novel P, Ciriello MM, Maconi A. The 
onset of de novo autoantibodies in healthcare workers 
after mRNA based anti-SARS-CoV-2 vaccines: a sin-
gle centre prospective follow-up study. Autoimmunity. 
2023;56:2229072. https://​doi.​org/​10.​1080/​08916​934.​
2023.​22290​72.

	391.	 Castelli R, Gidaro A, Manetti R, Castiglia P, Delitala AP, 
Mannucci PM, Pasca S. Acquired hemophilia A after 
SARS-CoV-2 immunization: a narrative review of a rare 
side effect. Vaccines (Basel). 2024;12:709. https://​doi.​
org/​10.​3390/​vacci​nes12​070709.

	392.	 D’Anna SE, Vitale AM, D’Amico G, Caruso Bavisotto 
C, Ambrosino P, Cappello F, Maniscalco M, Marino GA. 
Autoimmunity against nucleus ambiguous is putatively 
possible in both long-COVID-19 and vaccinated sub-
jects: scientific evidence and working hypothesis. Biol-
ogy (Basel). 2024;13:359. https://​doi.​org/​10.​3390/​biolo​
gy130​60359.

	393.	 Lysak K, Walulik A, Blaszkiewicz M, Gomulka K. 
ANCA-positive small-vessel vasculitis following SARS-
CoV-2 vaccination-a systematic review. Vaccines 
(Basel). 2024;12:656. https://​doi.​org/​10.​3390/​vacci​nes12​
060656.

	394.	 Shimamoto K, Someda Y, Ushimura A, Tateishi C, 
Hayashi D, Tsuruta D, Hashimoto T, Goto H. A case of 
anti-p200 pemphigoid after COVID-19 vaccination. Eur 
J Dermatol. 2024;34:220–1. https://​doi.​org/​10.​1684/​ejd.​
2024.​4665.

	395.	 Lehoczki A, Fekete M, Mikala G, Bodo I. Acquired 
hemophilia A as a disease of the elderly: a comprehen-
sive review of epidemiology, pathogenesis, and novel 
therapy. Geroscience. 2024. https://​doi.​org/​10.​1007/​
s11357-​024-​01317-7.

	396.	 Pouliopoulou DV, Macdermid JC, Saunders E, Peters 
S, Brunton L, Miller E, Quinn KL, Pereira TV, Bobos 
P. Rehabilitation interventions for physical capacity and 
quality of life in adults with post-COVID-19 condition: a 
systematic review and meta-analysis. JAMA Netw Open. 
2023;6: e2333838. https://​doi.​org/​10.​1001/​jaman​etwor​
kopen.​2023.​33838.

	397.	 Yuan P, Bi Y, Luo Y, Tao Q, Gong S, Wang Y, Xiong 
L, Xia X, Zheng JC. Cognitive dysfunction of patients 
infected with SARS-CoV-2 omicron variant in Shanghai. 

China Transl Neurodegener. 2023;12:28. https://​doi.​org/​
10.​1186/​s40035-​023-​00357-x.

	398.	 Zang C, Zhang Y, Xu J, Bian J, Morozyuk D, Schenck 
EJ, Khullar D, Nordvig AS, Shenkman EA, Roth-
man RL, Block JP, Lyman K, Weiner MG, Carton TW, 
Wang F, Kaushal R. Data-driven analysis to understand 
long COVID using electronic health records from the 
RECOVER initiative. Nat Commun. 2023;14:1948. 
https://​doi.​org/​10.​1038/​s41467-​023-​37653-z.

	399.	 Chakraborty C, Bhattacharya M. The current landscape 
of long COVID clinical trials: NIH’s RECOVER to 
Stanford Medicine’s STOP-PASC initiative. Mol Ther 
Nucleic Acids. 2023;33:887–9. https://​doi.​org/​10.​1016/j.​
omtn.​2023.​08.​016.

	400.	 Choutka J, Jansari V, Hornig M, Iwasaki A. Unexplained 
post-acute infection syndromes. Nat Med. 2022;28:911–
23. https://​doi.​org/​10.​1038/​s41591-​022-​01810-6.

	401.	 Peppercorn K, Edgar CD, Kleffmann T, Tate WP. A 
pilot study on the immune cell proteome of long COVID 
patients shows changes to physiological pathways simi-
lar to those in myalgic encephalomyelitis/chronic fatigue 
syndrome. Sci Rep. 2023;13:22068. https://​doi.​org/​10.​
1038/​s41598-​023-​49402-9.

	402.	 McLaughlin M, Sanal-Hayes NEM, Hayes LD, Berry 
EC, Sculthorpe NF. People with long COVID and myal-
gic encephalomyelitis/chronic fatigue syndrome exhibit 
similarly impaired vascular function. Am J Med. 2023. 
https://​doi.​org/​10.​1016/j.​amjmed.​2023.​09.​013.

	403.	 van Campen C, Visser FC. Orthostatic intolerance in 
long-haul COVID after SARS-CoV-2: a case-control 
comparison with post-EBV and insidious-onset myalgic 
encephalomyelitis/chronic fatigue syndrome patients. 
Healthcare (Basel). 2022;10:2058. https://​doi.​org/​10.​
3390/​healt​hcare​10102​058.

	404.	 McKeever V. Long covid and myalgic encephalomyeli-
tis/chronic fatigue syndrome are overlapping conditions. 
BMJ. 2024;384: q613. https://​doi.​org/​10.​1136/​bmj.​q613.

	405.	 Shikova E, Reshkova V, Kumanova capital A C, Raleva 
S, Alexandrova D, Capo N, Murovska M, et al. Cytomeg-
alovirus, Epstein-Barr virus, and human herpesvirus-6 
infections in patients with myalgic encephalomyelitis/
chronic fatigue syndrome. J Med Virol. 2020;92:3682–
88. https://​doi.​org/​10.​1002/​jmv.​25744.

	406.	 Nunes JM, Kell DB, Pretorius E. Herpesvirus infection 
of endothelial cells as a systemic pathological axis in 
myalgic encephalomyelitis/chronic fatigue syndrome. 
Viruses. 2024;16:572. https://​doi.​org/​10.​3390/​v1604​
0572.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.12659/MSM.932899
https://doi.org/10.12659/MSM.932899
https://doi.org/10.1097/GOX.0000000000003394
https://doi.org/10.1097/GOX.0000000000003394
https://doi.org/10.1080/08916934.2023.2229072
https://doi.org/10.1080/08916934.2023.2229072
https://doi.org/10.3390/vaccines12070709
https://doi.org/10.3390/vaccines12070709
https://doi.org/10.3390/biology13060359
https://doi.org/10.3390/biology13060359
https://doi.org/10.3390/vaccines12060656
https://doi.org/10.3390/vaccines12060656
https://doi.org/10.1684/ejd.2024.4665
https://doi.org/10.1684/ejd.2024.4665
https://doi.org/10.1007/s11357-024-01317-7
https://doi.org/10.1007/s11357-024-01317-7
https://doi.org/10.1001/jamanetworkopen.2023.33838
https://doi.org/10.1001/jamanetworkopen.2023.33838
https://doi.org/10.1186/s40035-023-00357-x
https://doi.org/10.1186/s40035-023-00357-x
https://doi.org/10.1038/s41467-023-37653-z
https://doi.org/10.1016/j.omtn.2023.08.016
https://doi.org/10.1016/j.omtn.2023.08.016
https://doi.org/10.1038/s41591-022-01810-6
https://doi.org/10.1038/s41598-023-49402-9
https://doi.org/10.1038/s41598-023-49402-9
https://doi.org/10.1016/j.amjmed.2023.09.013
https://doi.org/10.3390/healthcare10102058
https://doi.org/10.3390/healthcare10102058
https://doi.org/10.1136/bmj.q613
https://doi.org/10.1002/jmv.25744
https://doi.org/10.3390/v16040572
https://doi.org/10.3390/v16040572

	Cerebromicrovascular mechanisms contributing to long COVID: implications for neurocognitive health
	Abstract 
	Introduction
	Importance of understanding cerebromicrovascular contributions to long COVID
	Role of cerebromicrovascular health in maintaining brain health
	Vulnerability of the microcirculation to COVID-19 infection

	Impact of COVID-19 on cerebral microvasculature and its implications for long COVID
	Age-related susceptibility, microvascular aging, and neurological impact of long COVID
	Endothelial dysfunction, dysregulation of CBF and neurovascular uncoupling
	Cerebromicrovascular inflammation
	Small vessel disease: blood–brain barrier disruption and white matter hyperintensities
	Small vessel disease: cerebral microhemorrhages and ischemic lesions
	Thrombotic sequelae
	Exacerbation of amyloid pathologies and pathogenesis of Alzheimer’s disease
	Role of autoantibodies in COVID-related vascular pathologies
	Potential side effects of COVID-19 vaccines

	Clinical implications
	Future research directions
	Acknowledgements 
	References


