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TOPICAL REVIEW

Endothelial Dysfunction in the Brain
Setting the Stage for Stroke and Other Cerebrovascular Complications of 
COVID-19

Maithili Sashindranath , PhD; Harshal H. Nandurkar, MBBS, PhD

ABSTRACT: The Coronavirus disease 2019 (COVID)-19 pandemic has already affected millions worldwide, with a current 
mortality rate of 2.2%. While it is well-established that severe acute respiratory syndrome-coronavirus‐2 causes upper and 
lower respiratory tract infections, a number of neurological sequelae have now been reported in a large proportion of cases. 
Additionally, the disease causes arterial and venous thromboses including pulmonary embolism, myocardial infarction, and a 
significant number of cerebrovascular complications. The increasing incidence of large vessel ischemic strokes as well as 
intracranial hemorrhages, frequently in younger individuals, and associated with increased morbidity and mortality, has raised 
questions as to why the brain is a major target of the disease. COVID-19 is characterized by hypercoagulability with alterations 
in hemostatic markers including high D-dimer levels, which are a prognosticator of poor outcome. Together with findings 
of fibrin-rich microthrombi, widespread extracellular fibrin deposition in affected various organs and hypercytokinemia, this 
suggests that COVID-19 is more than a pulmonary viral infection. Evidently, COVID-19 is a thrombo-inflammatory disease. 
Endothelial cells that constitute the lining of blood vessels are the primary targets of a thrombo-inflammatory response, 
and severe acute respiratory syndrome coronavirus 2 also directly infects endothelial cells through the ACE2 (angiotensin-
converting enzyme 2) receptor. Being highly heterogeneous in their structure and function, differences in the endothelial cells 
may govern the susceptibility of organs to COVID-19. Here, we have explored how the unique characteristics of the cerebral 
endothelium may be the underlying reason for the increased rates of cerebrovascular pathology associated with COVID-19.
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Coronavirus disease 2019 (COVID-19) is a zoo-
notic outbreak caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV2) that has 

affected 126 million+ people and caused ≈2.7 million 
deaths worldwide, approximately 20% of these deaths 
being from the United States alone.1 As an acute respi-
ratory disease, it was initially characterized by fever, dry 
cough, headache, shortness of breath (dyspnea) lead-
ing to progressive respiratory failure and pneumonia.2 
However, there is an established link between COVID-
19 and neurological symptoms in up to 50% of patients, 
including loss of smell and taste, necrotizing encephali-
tis, seizures, and rarely, Guillain-Barre syndrome.3 With a 
median time to onset of neurological symptoms of only 

2 days, there is also an increased risk of mortality and 
lower rates of discharge home among these patients.4 
Acute cerebrovascular disease with a relatively low mean 
age (ranging from 45 to 67 years) is a significant compli-
cation of COVID-19,3 which is associated with an 8-fold 
greater risk of stroke compared with influenza.5 The inci-
dence of acute cerebrovascular complications was 5.7% 
in patients with severe COVID-196; in fact, cerebrovas-
cular disease is thought to be an independent predictor 
of mortality after SARS-CoV2 infection.7

That the overall incidence of large vessel occlusions is 
2-fold higher than in normal acute ischemic stroke (AIS) 
cases and they occur among patients from all age groups, 
even those without risk factors or comorbidities, strongly 
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implicates COVID-19-related hypercoagulability as the 
underlying cause.5 Severe COVID-19 is associated with 
a cytokine storm, endothelial activation, and coagulop-
athy leading to multiorgan dysfunction.8 Despite these 
advances in the understanding of how SARS-CoV2 
infection causes morbidity and mortality, the underlying 
mechanisms and phenotype of COVID-19 associated 
ischemic and hemorrhagic stroke are as yet unclear.

The endothelium has a pivotal role in cerebrovascular 
disease. Endothelial dysfunction occurs after stroke and 
leads to oxidative stress, inflammation, increased vascu-
lar tone, blood-brain barrier (BBB) damage, and further 
thrombovascular complications in the brain. Endothe-
lial damage as a result of denudation, fluctuations in 
shear stresses, or inflammation can also trigger onset of 
stroke.9 Here, we will evaluate whether COVID-19-re-
lated endothelial dysfunction is more severe in the brain, 
and whether this may explain the propensity for stroke 
after SARS-CoV2 infection.

CAUSE OF STROKE IN THE COVID-19 
PANDEMIC
COVID-19 is strongly associated with ischemic stroke, 
intracerebral hemorrhage, and cerebral venous sinus 
thrombosis, all of which are linked to poor outcome.10 
The number of people who have experienced neurologi-
cal complication worldwide is estimated to be between 
10 000 and 50 000.3 Metadata reveals that the world-
wide incidence of stroke after SARS-CoV2 infection is 
1.4%. Ischemic stroke with multiple cerebral infarctions 
and of cryptogenic origin is the most frequent type of 
stroke11 and mortality among patients with COVID-19 
with AIS is as high as 50%.12

Table I in the Data Supplement summarizes the world-
wide incidence of stroke in patients with COVID-19, as 
presented in the current literature. In the United King-
dom, data from 125 patients with COVID-19 showed 
that 46% sustained ischemic strokes and 7% sustained 
intracerebral hemorrhages (ICHs).13 In the Netherlands, 
5/184 patients studied had an AIS.14 Yaghi et al15 and 
Oxley et al16 have both reported stroke patients with 
COVID-19 in New York were younger than historical 
non-COVID-19 stroke patients and also presented with 
more severe strokes likely because of a majority of them 
being proximal large vessel occlusions in the brain. This 
has been confirmed by another recent report of fatal 
ischemic strokes in patients aged under 55.17 The inci-
dence of large vessel occlusions in the brain is increased 
by 46.9% among COVID-19 cases.5 Alarmingly, a Turkish 
study revealed that the mean time from onset of COVID-
19 symptoms to stroke diagnosis was only 2 days.18 A 
majority of these strokes are reported to be cryptogenic, 
while some are cardioembolic in origin.19 There are also 
reports of small infarctions with dense microthrombi in 

postmortem samples.20 Patients with COVID-19 with 
receive routine therapies including thrombolysis, endo-
vascular thrombectomy, and antiplatelet therapy; how-
ever, the incidence of hemorrhagic transformation is as 
high as 10.3% in a subset of patients.21

In another study from New York, 33/755 (4.4%) of 
patients were diagnosed with ICH; 26 of these patients 
had occlusive infarctions that were converted into ICH. It 
affirms that patients with COVID-19 at increased risk of 
thrombosis are also at risk of hemorrhage. Among these 
cases, all 5 patients who received therapeutic anticoagu-
lation sustained fatal large parenchymal ICH involving 
mass effect and herniation. The neurovascular effects of 
COVID-19 are complex and additional preclinical stud-
ies and randomized clinical trials are needed to find the 
risk-benefit ratio of therapeutic anticoagulants such as 
unfractionated heparin. Further investigations are also 
needed about the use of thrombolytic therapy for patients 
with COVID-19 with large acute cerebral infarcts, to 
understand the risk of hemorrhagic transformation.22

ACE2: THE RECEPTOR FOR SARS-COV2
SARS-CoV and SARS-CoV2 share 79.6% sequence 
homology and both have the same entry cell receptor, 
namely ACE2 (angiotensin-converting enzyme 2). It is 
a metallopeptidase that is binds the S1 spike glycopro-
tein of SARS-CoV2,2 and the binding affinity of SARS-
CoV2 for human ACE2 is 10-20-fold greater than that of 
SARS-CoV.23 There are also sequence differences in the 
S1 glycoprotein, as known potent antibodies against the 
ACE2 binding domain for SARS-CoV do not bind to the 
ACE2 binding domain of SARS-CoV-2.24 Further, unlike 
other human coronaviruses, SARS-CoV2 has a furin-like 
cleavage site on the S-protein that aids in endosomal 
membrane fusion and virus egress. This feature is pre-
dicted to provide a gain-of-function to SARS-CoV2, 
increasing its efficiency of human to human transmis-
sion.25 Collectively, these findings may explain why the 
clinicopathological manifestations of SARS-CoV2 infec-
tion are worse than that of SARS-CoV.

ORGANOTROPISM OF SARS-COV2 IS 
BASED ON ACE2 EXPRESSION
Recent literature shows that SARS-CoV-2 RNA is 
detectable not only in the respiratory tract, but also the 
kidneys, liver, heart, and brain, and organotropism may 
determine the disease course after infection.26 SARS-
CoV2 viral RNA has been detected solely in the cerebro-
spinal fluid of a small number of patients diagnosed with 
COVID-19-associated encephalitis.25 A recent German 
study documented the presence of viral RNA or proteins 
in 53% of postmortem brain samples from patients with 
COVID-19.27 The virus has also been detected using 
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immunohistochemistry in brain specimens from patients 
with COVID-19 in another study.28

In humans, ACE2 expression is present but not lim-
ited to oral and nasal mucosa, nasopharynx, liver, kid-
ney, and brain. At the cellular level, ACE2 showed high 
surface expression on lung alveolar epithelial cells and 
macrophages, upper and stratified epithelial cells of the 
oesophagus, as well as small intestine enterocytes. ACE2 
is highly expressed in the non-neuronal goblet/secretory 
cells and ciliated receptor cells of the nasal epithelium.29 
There is now clear evidence that SARS-CoV-2 gains 
access to the central nervous system via the neuronal-
mucosal interface.30 The virus likely travels through the 
cribriform plate to the olfactory bulb, after which it can 
move via the synapses to the cortex, and then to the 
brain stem. ACE2 receptors are also expressed by glial 
cells and neurons, which makes them another potential 
target of SARS-CoV2. These findings may explain the 
peripheral neuronal symptoms of COVID‐19 such as loss 
of smell and taste,31 but they do not explain the cerebro-
vascular complications caused by the disease.

Immunohistochemical studies of postmortem brain 
samples of patients with COVID-19 showed that ACE2 
was highly expressed in lung and brain parenchymal 
capillaries, both organs which were highly thrombosed, 
but not in the kidney which was largely unaffected in 
this cohort.20 Although it was believed that ACE2 is 
universally expressed in arterial and venous endothelial 
cells and arterial smooth muscle cells,29 recent reports 
suggest that it may be the pericytes encapsulating cap-
illaries and other small vessels that express ACE2.32 
Crosstalk between pericytes and endothelial cells is 
vital for maintaining microvascular integrity and for local 
homeostasis.33 Therefore, although it is not definitive as 
to whether the virus enters the brain via cerebral endo-
thelial cells expressing ACE2, inflammation and release 
of damage signals triggering endothelial damage fol-
lowed by BBB damage and pericyte mediated entry of 
the virus can still be an explanation for the associated 
cerebrovascular pathology.

ACE2 AS A TARGET OF SARS-COV2 
INFECTION
ACE2 is a transmembrane type I glycoprotein and a 
key effector in the renin angiotensin system. ACE2 is 
a carboxypeptidase that cleaves the leucyl residue from 
decapeptide Ang (angiotensin) I and octapeptide Ang II 
to produce Ang1-9 and Ang1-7, respectively. Ang1-7 sub-
sequently acts on the Mas receptor to regulate impor-
tant physiological functions in several tissues such as 
the heart, kidney, and brain. The ACE2-Ang1-7-Mas axis 
is neuroprotective while the ACE/AngII/AngII type 1 
receptor activation causes inflammation and endothelial 
dysfunction in cerebral arteries and the microcirculation. 

In fact, the brain has its own unique self-contained renin 
angiotensin system (review by Regenhardt et al34). The 
AngII-AngII type 1 receptor axis is associated with sev-
eral prothrombotic functions as well as proinflammatory 
cytokine secretion. These are discussed in detail in later 
sections and illustrated in the Figure.

ACE2 can be cleaved by 2 proteases, ADAM17 
(ADAM metallopeptidase domain 17) and TMPRSS2 
(transmembrane serine protease 2). When ACE2 is 
cleaved by TMPRSS2, it leads to downregulation of 
ACE2 expression and facilitates viral endocytosis.35 
Therefore, in the context of COVID-19, ACE2 has a 
dichotomous role-first as a receptor for SARS-CoV-2 
entry; and then following infection, ACE2 downregulation 
leads to increased AngII.36 Indeed, AngII levels are ele-
vated in plasma and positively correlated with viral load 
in patients with COVID-19.37 In another study, plasma 
levels of AngII were elevated in 90.2% of all patients 
positive for COVID-19 all of whom were critically ill.38 
In rodents, deficiency of ACE2 and therefore reduced 
Ang1-7 production leads to disruption of endothelial func-
tion in cerebral arteries and augments oxidative stress39 
(Figure). ACE2 downregulation also adversely affects 
cerebral autoregulation. MR perfusion-weighted brain 
imaging in ICU-COVID-19 patients with unexplained 
encephalopathy has shown bilateral frontotemporal 
hypoperfusion and 2 of these patients sustained single 
acute ischemic strokes.40

THE VASCULAR ENDOTHELIUM—A 
GATEKEEPER FOR SARS-COV2 
INFECTION
The vascular endothelium is a layer of cells lining blood 
vessels. Endothelial cells are metabolically active and 
have diverse yet integral roles in regulating hemostatic 
balance, control of vasomotor tone, inflammation, vascular 
permeability, coagulation, and the immune response. Spe-
cifically, the endothelium maintains vascular tone by regu-
lating production of vasodilators such as nitric oxide and 
prostacyclin that also have antithrombotic properties, and 
vasoconstrictors, for example, ET-1 (endothelin-1), Ang II, 
and reactive oxidative species. Endothelial cells regulate 
thrombosis by controlling the release of prothrombotic 
molecules including VWF (von Willebrand Factor) that 
promotes platelet aggregation, and plasminogen activator 
inhibitor-1 that inhibits fibrinolysis.41 Emerging literature 
continues to suggest a key role for dysregulated endo-
thelial function in SARS-CoV-2 infection.42

Endothelial cells are highly heterogeneous, and their 
function varies between organs as well as between dif-
ferent vascular beds in the same organ. The cerebral 
endothelium is particularly unique since it is a critical com-
ponent of the BBB wherein these cells tightly regulate 
the movement of ions, molecules, and cells. The human 
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brain has a total length of ≈400 miles of vasculature 
which includes arteries, arterioles, capillaries, venules, 
and veins,43 this extensive vascular network further 
explains how SARS-CoV2-mediated endothelial damage 

might be concentrated in the brain. Cerebral endothelial 
cells are unique in that they are held together by tight 
junctions that limit the paracellular movement of solutes 
between the blood and the brain44 with pericytes located 

Figure. Endothelial dysfunction underlies cerebrovascular complications of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV2) infection.
SARS-CoV2 binds to ACE2 receptors on the endothelial cells of large arteries and is endocytosed into the brain. Simultaneously, upregulation 
of ADAM17 (ADAM metallopeptidase domain 17) leads to shedding of ACE2 (angiotensin-converting enzyme 2) from the cell surface and 
as a result cell-bound ACE2-mediated conversion of Ang II (angiotensin II) to Ang1-7 is lost. ADAM-17 also functions as a TNF-α (tumor 
necrosis factor-α), convertase to release soluble TNF-α. Ang II binds to Ang II type 1 receptor (AT1R) and activation of AT1R triggers a range 
of intracellular cytokine signaling processes that lead to increased ROS generation and suppressed nitric oxide (NO) production from the 
endothelium, which causes vasoconstriction and potentiates oxidative stress causing endothelial activation. ACE2 depletion increases levels of 
bioactive bradykinin metabolite and binding of bradykinin to B2 receptors on endothelial cells promotes endothelial tight junction disruption. Ang 
II-AT1R signaling promotes gene expression of inflammatory cytokines including IL (interleukin)-6, TNF-α, MCP (monocyte chemoattractant 
protein)-1, and IL-8 via NF-κB signaling. Loss of ACE2 and therefore accumulation of AngII also induces tissue factor (TF) and PAI-1 
(plasminogen activator inhibitor-1) expression by endothelial cells causes a shift in the PAI-1/tPA (tissue-type plasminogen activator) balance to a 
prothrombotic state. Endothelial activation also leads to upregulation of leukocyte adhesion molecules including VCAM-1 (vascular cell adhesion 
molecule), which promotes neutrophil transmigration. Hypoxia, cytokine activation, and oxidative stress promote platelet activation and release of 
VWF (von Willebrand Factor), which culminates in the formation of a fibrin clot on the endothelial cell surface. Fibrin in turn provides a cofactor 
for tPA-driven plasminogen activation that results in plasmin formation. Plasmin also cleaves the bradykinin precursor to yield bradykinin. These 
events trigger a thromboinflammatory loop that further causes endothelial dysfunction, leading to cerebrovascular pathologies. MIP-1α indicates 
macrophage inflammatory protein.
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opposite these junctions. A range of enzymes, includ-
ing alkaline phosphatase, γ-glutamyl transpeptidase, 
and Na,K-ATPase are present in higher concentration in 
cerebral endothelial cells when compared with endothe-
lial cells from other tissues. Further, thrombomodulin is 
highly expressed in endothelial cells lining most blood 
vessels in all organs, but in the brain, it is preferentially 
expressed in the endothelium of arteries and veins, and 
virtually absent in brain capillaries. Endothelial protein C 
receptor, that is located adjacent to thrombomodulin and 
amplifies protein C activation 10-fold also has a similar 
expression profile.45

Although a sophisticated system of adequate collat-
eral circulation protects the brain from isolated arterial 
occlusion, endothelial damage changes the vascular wall 
and hence causes local flow disturbances, combined 
with platelet activation and augmented procoagulant 
activity. These in turn further aggravate the vascular 
lesion. Obstruction of large cerebral arteries such as that 
seen during SARS-CoV2 infection thus triggers down-
stream reductions in microvascular flow, further platelet-
fibrin deposition causing microvascular obstruction and 
increased BBB permeability. Exposure of plasma to 
astrocyte secreted tissue factor initiates (extrinsic) coag-
ulation system activation and thrombosis. Platelet-fibrin 
thrombi further occlude capillaries within the microvas-
cular bed while the microvascular endothelium upregu-
lates adhesion molecules such as VCAM-1 (vascular cell 
adhesion molecule) to enhance leukocyte transmigra-
tion across the BBB. Therefore, during ischemia, altered 
blood flow in large brain vessels in turn affects the micro-
vasculature, thereby propagating thrombosis of the isch-
emic cerebral vascular beds.46 In support of this, a recent 
study has found that systemic endothelium-dependent 
microvascular vasodilator responses and perfusion are 
reduced early after onset of severe COVID-19.47

EVIDENCE FOR ENDOTHELIAL INFECTION 
OF SARS-COV2
SARS-CoV-2 can directly invade endothelial cells and 
induce vascular endothelialitis leading to vascular throm-
bosis.48 A detailed histopathologic analysis in a small set 
of lung specimens from deceased patients with COVID-
19 and those of deceased influenza patients showed 
9× more alveolar capillary microthrombi per square 
centimeter of vascular lumen area in the former group. 
These specimens had severe endothelial injury evi-
denced by disrupted intercellular junctions, cell swelling, 
and detachment from the basal membrane. In addition 
to perivascular inflammation, that SARS-CoV2 was also 
visible inside these cells indicates that the binding of the 
virus itself may exacerbate endothelial injury in COVID-
19.49 These findings were corroborated by Varga and co-
workers who showed SARS-CoV2 inclusion structures 

in endothelial cells, inflammatory cells associated with 
the endothelium as well as apoptotic endothelial cells in 
the heart, small bowel, and lung. Pulmonary endothelial 
cells were swollen, had disrupted cell membranes and 
intercellular junctions, and were detached from the basal 
membrane. Endothelialitis, vascular thrombosis with 
microangiopathy, and occlusion of alveolar capillaries 
in these specimens also correlated with increased fre-
quency of sprouting and intussusceptive angiogenesis.48 
In a new study, endothelial expression of IL-6, TNF-α 
(tumor necrosis factor-α), intercellular cell adhesion 
molecule (ICAM)-1, and caspase-1 was significantly ele-
vated in lung tissue from patients with COVID-19, rela-
tive to those from H1N1 patients and control groups.50

Paniz‐Mondolfi and colleagues used transmission 
electron microscopy to show the presence of isolated 80 
to 110 nm viral particles in small vesicles of endothelial 
cells. Blebbing of viral particles on the endothelial wall 
indicated transcellular penetration of the virus across 
the brain microvascular endothelial cells. Viral particles 
concentrated in cytoplasmic vacuoles were seen near 
the basement membrane within neurons of the frontal 
lobe indicating penetration of the viral particles across 
the BBB and into neural bodies.51 Therefore, while retro-
grade axonal transport may still be an alternative means 
of central nervous system entry causing peripheral neuro-
logical manifestations, SARS‐CoV2 entry to the brain via 
the hematogenous route may explain central neurologi-
cal involvement.52 Microscopic data showing detachment 
of viable endothelial cells from the basement membrane 
and toward the lumen of the vessel is unique to ischemic 
strokes caused by SARS-CoV2 infection and further 
confirm that endothelial disruption is the primary mech-
anism of neurological damage caused by this virus.19 
Meinhardt and colleagues recently reported an 18% inci-
dence of microthrombi and localized brain infarcts within 
which there were SARS-CoV S protein immunoreactive 
endothelial cells.30 Although a Belgian study found no 
direct evidence of endothelialitis in COVID-19 brain tis-
sue, cerebral hemorrhage, focal ischemic necrosis, as 
well as edema and vascular congestion were observed.53

Hernández-Fernández et al reported interesting post-
mortem findings in 2 patients with COVID-19 who suc-
cumbed to ICH. These brain specimens showed loss of 
endothelial cells and consequent vessel wall damage 
in small arterioles, capillaries, and venules with signs 
of increased neurovascular permeability and localized 
inflammation. Endothelial activation was not associ-
ated with sporadic cerebral small vessel disease,19 sug-
gesting direct effects of viral infection on the cerebral 
endothelium as a possible mechanism of ICH in these 
patients. This has been further confirmed by findings of 
perivascular and intraparenchymal microbleeds together 
with intravascular thrombosis and transendothelial lym-
phocyte and monocyte infiltration in brain specimens of 
patients with COVID-19.54
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THROMBO-INFLAMMATORY 
MANIFESTATIONS OF COVID-19
COVID-19 promotes a hypercoagulable state. Elevated 
levels of D-dimer, a breakdown product of cross-linked 
fibrin, are reflective of thrombin formation and intra-
vascular fibrin precipitating in coagulopathy. D-dimer 
concentrations were elevated and median prothrombin 
time was prolonged in patients who died of COVID-19, 
when compared with those that recovered55 and platelet 
counts are reduced in all patients with COVID-19.56 In 
patients who have 5× higher D-dimer levels than normal 
(ie, >2500 ng/mL), there is a 7× increase in thrombo-
sis risk and the risk of progression to critical illness and 
need for mechanical ventilation is doubled. Remarkably, 
elevated D-dimer levels are associated with a 15-fold 
higher chance of succumbing to the infection.57 Seventy-
six percent of patients with COVID-19 hospitalized in 
New York City had elevated D-dimer levels, and 45% 
of these patients developed severe illness.58 Abnormally 
high D-dimer levels correlate with inflammatory biomark-
ers, including CRP (C-reactive protein) and erythrocyte 
sedimentation rate,56 confirming that COVID-19 is in 
part, a thrombo-inflammatory disease.

Release of VWF from Weibel-Palade bodies indicates 
substantial endothelial activation, as once secreted, it can 
tether platelets and leucocytes to the vessel wall. Pub-
lished data show 5-fold elevation of plasma VWF antigen 
and activity42,59 and a positive correlation between mor-
tality and VWF levels.59 Soluble P-selectin and elevated 
plasminogen activator inhibitor-1 levels in these patients 
further indicate endothelial activation and impaired fibri-
nolysis.59 Changes in these hemostatic parameters are 
evidence that endothelial dysfunction and platelet activa-
tion are highly prevalent in COVID-19-associated coagu-
lopathy and their correlation with disease severity leads 
us to think that these processes have important roles in 
the progression of disease.

The occurrence of circulating antiphospholipid anti-
bodies (aPL-ab) in patients with COVID-19 linked with 
both venous thromboembolism and higher disease 
severity has raised the question about the role of aPL-
ab in thrombogenesis during SARS-CoV2 infection. A 
British group reported the presence of aPL-ab in 5 of 
6 patients with AIS studied and suggested that these 
antibodies may serve as biomarkers to predict the risk 
of AIS.60 aPL-ab such as anti-β2-glycoprotein (GP)-I 
interact with β2GP1 expressed on the endothelial cell 
membrane and create a proinflammatory and procoagu-
lant endothelium. Complement activation by aPL-ab also 
promotes thrombosis by increasing tissue factor expres-
sion through the binding of C5a and membrane attack 
complex to specific receptors on endothelial cells.61

Unlike the pathological manifestations of viral-induced 
acute respiratory distress syndrome, in COVID-19 lung 
specimens, there is evidence of complement deposition 

within the lung microvasculature. Activation of the mem-
brane attack complex causing microvascular endothelial 
cell injury may be the underlying cause for thrombosis 
and fibrin deposition in these specimens.62 Cugno et al63 
have recently shown that plasma levels of complement 
proteins C5a and soluble C5b-9 levels were increased in 
a subset of patients with COVID-19; further, VWF levels 
significantly correlated with soluble C5b-9 levels, sug-
gesting endothelial activation.

HYPERFIBRINOLYSIS
During COVID-19, changes in the balance between lev-
els of activators and inhibitors of fibrinolysis can result in 
fibrinolysis shutdown but can also cause the opposite; 
that is, hyperfibrinolysis due to excessive plasmin-medi-
ated fibrin cleavage.64 There is evidence from 44 patients 
with COVID-19 that the plasminogen pathway is dis-
rupted, with impaired clot lysis seen in 57% of patients.65 
Plasminogen levels are also independently increased in 
comorbid conditions of COVID-19 including hyperten-
sion and diabetes.66 Concentrations of both tPA (tissue-
type plasminogen activator) and plasminogen activator 
inhibitor-1 have been shown to be increased in COVID-
19 plasma samples in a new study.63

tPA-driven plasminogen activation results in plasmin 
formation. Plasmin has the capacity to cleave furin sites 
in the S protein of SARS-CoV-2, thereby enhancing its 
virulence. Plasmin also cleaves the bradykinin precur-
sor (HMWK [high-molecular weight kininogen]) to yield 
bradykinin67 (Figure). Similarly, in vitro, binding of SARS-
CoV-2 spike protein to human ACE2 enhances its pro-
teolytic activity for bradykinin.68

Central nervous system expression of B1 and B2 
receptors is widespread, including neurons, glia, and 
endothelial cells; both receptors are upregulated in the 
ischemic brain. When bradykinin binds to either recep-
tor, it enhances intracellular calcium release and down-
regulated claudin-5, a tight junction protein, loss of which 
causes BBB damage.69 Bradykinin also promotes post-
stroke inflammation triggering the release of arachidonic 
acid and activating COX (cyclooxygenase) enzymes.69 
Hyperfibrinolysis induces BBB leakage in a plasmin- and 
bradykinin-dependent manner, by activation of B2 recep-
tors that are highly expressed in the cerebral endothelium 
(Figure). tPA infusion for thrombolysis in patients with 
stroke stimulates significant bradykinin generation67 and 
the higher risk for hemorrhagic transformation after tPA 
administration correlates with a concomitant increase in 
expression of bradykinin receptors in the ischemic brain.67

HYPOXIA
COVID-19 and acute respiratory distress syndrome–
related pneumonia causes silent hypoxemia, which is 
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associated with an increased dependence on mechani-
cal ventilation and a higher mortality rate.55 However, 
some patients with COVID-19 have signs of hypoxia 
before any signs of respiratory distress. Endothelial 
dysfunction, impaired oxygen transfer by hemoglobin, 
and reduced gas exchange in alveoli due to presence of 
microthrombi causing hypoxic vasoconstriction may be 
the underlying causes.70

In the context of the brain, hypoxic ischemic encepha-
lopathy and encephalitis linked with neuropsychiatric 
symptoms has also been reported in 31% of patients 
presenting with COVID-19-related neurological com-
plications.13 Postmortem brain tissue from patients with 
COVID-19 has also shown distinctive hypoxic ischemic 
damage and neuronal loss occurring in the cerebral cor-
tex, hippocampus, and cerebellar Purkinje cell layer in 
the absence of any thrombi or encephalitis.28 Prolonged 
hypoxia sustained during SARS-CoV2 infection can 
cause death of oligodendrocytes and subsequent demy-
elination, as well as white matter microhemorrhages.71

Besides white matter damage, the effect of prolonged 
hypoxia on the cerebral endothelium is well character-
ized; it results in BBB disruption and capillary damage, 
which can produce microhemorrhages.72 The adult mam-
malian brain has a low glycolytic capacity, and because 
it has a disproportionately large bodily oxygen require-
ment, is more sensitive to hypoxia/ischemia than most 
organs.73 Hypoxia also suppresses endothelial thrombo-
modulin production.74 Therefore, we are of the opinion 
that the effect of hypoxia on the cerebral endothelium 
could also explain why large vessel ischemic strokes, 
particularly affecting the MCA75 are prevalent after 
SARS-CoV2 infection.

HYPERCYTOKINEMIA
After SARS-CoV2 infection, uncontrolled proinflamma-
tory cytokine production or a cytokine storm, is associ-
ated with increased vascular permeability, multiorgan 
failure, and eventually death. Excessive proinflammatory 
cytokine release can also promote vascular thrombosis 
by activating the coagulation cascade commencing with 
thrombin generation (Figure). This leads us to think that 
the thromboinflammatory loop might be the reason for 
the concomitant upregulation of excessive proinflamma-
tory cytokine release and serum markers of hypercoagu-
lable state in patients with severe COVID-19.76

Poor outcome associated with a cytokine storm is fur-
ther evidenced by the report that IL (interleukin)-2 recep-
tor, IL-6, IL-8, IL-10, and TNF-α were all significantly 
higher in patients who subsequently died of COVID-19 
compared with those who survived.55 A separate study 
identified that critically ill patients with COVID-19 had 
higher plasma levels of IL-2, IL-7, IL-10, GCSF (granulo-
cyte-colony stimulating factor), IP (interferon-γ inducible 

protein)-10, MCP (monocyte chemoattractant protein)-1, 
MIP (macrophage inflammatory protein)-1α, and TNFα.77

IL-6, IL-1, and TNF-α are associated with acute endo-
thelial dysfunction. In patients with COVID-19, increased 
IL-6 levels correlate with disease severity and a proco-
agulant profile, suggesting that IL-6 may have an impor-
tant role in endothelial dysfunction in this disease.78 A 
chemokine secreted by T-cells and macrophages, IL-6 
also activates coagulation pathways, thereby disrupting 
procoagulant-anticoagulant homeostasis. IL-6 is fre-
quently produced in response to viral infection, which 
can precipitate onset of stroke; IL-6 concentration inde-
pendently predicts early neurological deterioration after 
stroke in humans. Cerebrospinal fluid and serum levels 
of IL-6 are rapidly increased after the ischemic event in 
patients with stroke and correlate with infarct volume.79 
IL-6, TNFα, IL-1, and MCP-1 are also known to regulate 
postischemic inflammation.80 ACE2 receptor downregu-
lation leads to increased Ang II levels; and AngII binds 
to its receptor AngII type 1 receptor and promotes gene 
expression of several inflammatory cytokines including 
IL-6, TNF-α, MCP-1 and IL-8 via NF-κB signaling (Fig-
ure). Hence, we think it is possible that ACE2 downregu-
lation and consequent increase in AngII is responsible 
for the cytokine storm in SARS-CoV2 infections.

Elevated levels of C-reactive protein or CRP have 
been observed in >80% of severe COVID‐19 cases 
and compared with recovered patients, CRP levels were 
10-fold higher in deceased patients.81. Similarly, a sharp 
rise in CRP levels within 1 day of stroke onset also 
predicts a poor outcome and correlates with cerebro-
vascular and cardiovascular events.82 In experimental 
settings, CRP downregulates  endothelial nitric oxide 
synthase activity causing endothelial cell dysfunction; 
it also facilitates Ang II/AT1 receptor–induced vascu-
lar smooth muscle cell migration and proliferation and 
increases reactive oxidative species production. In vitro, 
high concentrations of CRP elicit significant proinflam-
matory effects in umbilical vein and coronary artery 
endothelial cells, inducing high levels of expression of 
adhesion molecules ICAM-1, VCAM-1, and E-selectin.83 
Consistently, a recent systematic review of the literature 
found that patients with COVID-19 with good neuro-
logical outcomes had lower mean CRP levels.84

CONCLUDING REMARKS
COVID‐19 is now denoted as a multiorgan disease with 
cardiovascular, gastrointestinal, neurological, hematopoi-
etic, and immunologic dysregulation. Although COVID‐19 
results in a lower mortality rate than other zoonotic coro-
navirus outbreaks such as SARS and Middle East Respi-
ratory Syndrome, it is more contagious. Also, unlike SARS 
and Middle East Respiratory Syndrome in which neuro-
logical complications are rarely reported, COVID-19 has 
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neurological manifestations in up to 36.7% of cases.6 
Global epidemiological data suggest that the elderly and 
those with comorbidities are more susceptible to death 
from COVID‐19, but alarmingly, in the United States, 
20% of hospitalized patients and 12% of ICU patients 
were aged 20 to 44 years.85

In patients with COVID-19, uncontrolled cytokine 
release, endothelial disruption, and upregulation of 
procoagulant activity are likely further compounded by 
hypoxia resulting in a positive thrombo-inflammatory 
feedback loop culminating in both thrombosis and hem-
orrhage. Here, we have drawn on the current medical and 
scientific literature to postulate why the cerebral endo-
thelium may be the underlying reason for the brain being 
a major target for SARS-CoV2 infection. First, the brain 
has an extensive vascular network because of substan-
tially higher nutrient and oxygen demands. Second, there 
is higher ACE2 expression in the cerebral vasculature of 
patients with COVID-19 with endothelialitis.54 And lastly, 
the presence of viral‐like particles in brain capillary endo-
thelium and its visible budding across endothelial cells 
makes it highly plausible that the microvascular endo-
thelium is the site of virus entry into the brain.51 Targeting 
endothelial dysfunction underlying neurovascular-throm-
botic complications associated with COVID-19 may be a 
strategy to reduce mortality associated with this disease.
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