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A B S T R A C T   

Cerebral microvascular disease has been reported as a central feature of the neurological disorders in patients 
with SARS-CoV-2 infection that may be associated with an increased risk of ischemic stroke. The main patho
mechanism in the development of cerebrovascular injury due to SARS-CoV-2 infection can be a consequence of 
endothelial cell dysfunction as a structural part of the blood-brain barrier (BBB), which may be accompanied by 
increased inflammatory response and thrombocytopenia along with blood coagulation disorders. In this review, 
we described the properties of the BBB, the neurotropism behavior of SARS-CoV-2, and the possible mechanisms 
of damage to the CNS microvascular upon SARS-CoV-2 infection.   

1. Introduction 

In December 2019, several cases of pneumonia with an unknown 
etiology were reported in Wuhan, China [1]. The disease was later 
named as coronavirus disease 2019 (COVID-19) by the World Health 
Organization (WHO) [2]. COVID-19, caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) has spread rapidly around the 
world and sparked widespread concern [3,4]. Although the initial 
clinical sign of COVID-19 was pneumonia, several reports also described 
that the pathogenesis of the virus can be accompanied by neurological 
complications in patients with COVID-19, which confirms the neuro
tropism behavior of this respiratory virus [5–7]. In this regard, 
increasing evidence from clinical reports indicates that vascular endo
thelium and leukocyte migration through the blood-brain barrier (BBB) 
are important pathways for the neuro-invasion of SARS-CoV-2 [8]. It has 
been shown that angiotensin-converting enzyme 2 (ACE2), which is 
potentiated with several cofactors such as neuropilin-1 (NRP-1), is 
involved in the SARS-CoV-2 entry into the microvascular endothelial 
cells [9–11]. Although several SARS-CoV-2 vaccines are currently being 
developed, new variants of SARS-CoV-2 make this fact that we will still 
be involved with the COVID-19 pandemic [12]. In this case, under
standing the pathophysiological mechanisms of this virus is an impor
tant key to creating a significant strategy for effective treatment of 

SARS-CoV-2 infection. Generally, most direct evidence of cerebral 
microvascular dysfunction in COVID-19 derives from humans, whereas 
data from in vitro and animal models is relatively limited. Therefore, it is 
essential to have a clear view of the microvascular and BBB function to 
understand the pathological mechanism of COVID-19 in the CNS. 

2. The CNS microvascular and the BBB 

The cerebral microvascular network is made up of the arterioles, 
capillaries, and venules, which have a diameter of about 1 mm. How
ever, it is necessary to consider that the term “microvascular” mainly 
refers to the capillaries that constitute the extensive surface area of the 
central nervous system (CNS) microvascular [13–16]. In particular, the 
cerebral capillaries with their special features display the differential 
functions in the brain, such as regulating the influx and efflux of ions and 
nutrients among the walls between the circulation and the CNS, and 
sustaining the BBB [17–19]. The BBB is a dynamic system and demon
strates the important properties of the cerebral microvascular. This 
structure acts as a selective barrier to maintain the neuroparenchymal 
microenvironment and regulate molecular trafficking in the brain [20, 
21]. Actually, three cell types involved in the construction of the cap
illaries are endothelial cells (ECs), pericytes, and astrocytic end-feet, and 
critical interactions between these cells are remarkable and important 
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for representing the molecular mechanisms involved in the BBB function 
[17,18] (Fig. 1). The endothelium is known for a wide variety of its 
critical roles in all aspects of vascular homeostasis and pathophysio
logical processes such as inflammation or thrombosis [22,23]. ECs are 
simple squamous epithelial cells that arise from the mesoderm and 
create a single layer which surrounds the capillary lumen [16,24]. The 
tight junctions (TJ) seal the intercellular space among adjacent ECs and 
form a high-resistance paracellular barrier to the transport of hydro
philic compounds between the blood and brain and preserve cell po
larity across the apical and basal domains of the ECs [15,20,25,26]. 
While strong evidence emphasizes the important role of microvascular 
ECs in the BBB, pericytes are necessary for regulating brain endothelial 
hemostasis [27]. In the brain, pericytes may act as the first line of 
immunologic defense by expression of macrophage scavenger receptors, 
as well as cell phagocytosis [28–30]. In the capillary bed, astrocytes 
have antiviral effects against many neurotropic pathogens targeting the 
CNS. It has been shown that astrocytes perform this action via 
expressing several subgroups of pattern recognition receptors (PRRs) 

Fig. 1. The CNS microvascular and the blood-brain barrier (BBB).  

Fig. 2. Proposed possible mechanisms of SARS-CoV-2 invasion into the CNS. a Olfactory route. b Retrograde route. c Blood-brain barrier route. d Hematogenous 
route following infection with coronavirus. 
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and differential activation of antiviral signaling pathways, for example, 
type I interferon (IFN) signaling, as well as restricting virus replication 
in the CNS [31–33]. However, the CNS is protected against pathogens 
via strong immune responses and the specialized structure of the BBB. 
But in certain situations, several respiratory viruses can infect the CNS 
and induce inflammatory injury in the brain. The Nipah (NiV) and 
Hendra viruses (HeV) are the pathogens which cause severe respiratory 
illness and also result in encephalitis via moving into CNS parenchymal 
cells in animals and humans [34,35]. The SARS-CoV-2 is another case of 
these respiratory viruses that can target the CNS and cause a variety of 
neurological damage. 

3. SARS-Cov-2 infection 

Coronaviruses (CoVs) belong to the order Nidovirales and the family 
Coronaviridae and subfamily Coronavirinae. Phylogenetically, Corona
viridae are grouped into four genera: Alphacoronavirus, Betacor
onavirus, Gammacoronavirus, and Deltacoronavirus [36,37]. The 
coronavirus is a significant pathogen that leads to respiratory and 
enteric illness in both humans and animals [38,39]. In this case, it has 
been suggested that beta genera of coronaviruses may periodically 
predominate in human societies due to cross-species infections and 
cause severe disease [3,40]. Severe acute respiratory syndrome (SAR
S)-CoV and the Middle East respiratory syndrome (MERS)-CoV are two 
important strains of the beta-CoVs which previously caused a global 
pandemic via their special features, such as a wide range of genomic 
variability and a high potential for genetic recombination [38,39]. 
Interestingly, SARS-CoV-2 is a new betacoronavirus family that causes 
infection of the respiratory tract and is genetically similar to (SARS)-CoV 
and (MERS)-CoV [41]. It is an enveloped, positive-sense single-stranded 
RNA viruse (ss-RNA viruse) with a non-segmented genome of 30-kilo
base (kb) length [42–44]. In addition, the four major structural pro
teins are encoded in the SARS-CoV-2 genome, i.e., membrane (M), 
envelope (E), nucleocapsid (N) and spike (S) proteins [44,45]. In this 
case, the spike proteins (S) that are located on the external surface of the 
virus play a crucial role in an infection as it mediate virus entry into host 
cells with viral binding to the cell surface receptor and facilitate the 
membrane fusion [46,47]. The findings obtained from the prior human 
coronavirus (SARS-CoV and MERS-CoV) showed that SARS-CoV-2 dis
plays more enhanced pathogenicity for the lower respiratory tract and 
can cause acute respiratory distress syndrome (ARDS) as a 
life-threatening lung injury [48,49]. The common signs reported in 
patients with COVID-19 are difficulty breathing, fever, dry cough, 
shortness of breath, muscle aches, and loss of smell and taste [42,50]. 
Even though pneumonia, severe acute respiratory syndrome, and renal 
failure seem to be the most prominent symptoms in severe cases of 
COVID-19 infection, increasing evidence from clinical reports suggests 
that the pathogenesis of the virus can potentially involve the brain and 
nervous system [51,52]. In fact, SARS-CoV-2 may invade the CNS in the 
early steps of infection, which shows the neurotropic capabilities of it 
[51]. 

4. SARS-Cov-2 infection and CNS 

Multiple neurological symptoms such as loss of smell (anosmia), loss 
of coordination of movement (ataxia), headache, dizziness, increased 
vascular inflammation, encephalitis, and stroke have been observed 
following infection with SARS-CoV-2, which may indicate viral tropism 
for brain cells [52]. Recently, it has been reported that the SARS-CoV-2 
genome was detected in the cerebrospinal fluid (CSF) and several reports 
suggest that respiratory viruses like SARS-Cov-2 may reach the CNS 
through various routes [53,54]. The olfactory pathway is one of the 
strongest candidate routes that contains several nerves [55,56]. In this 
case, a recent study on 417 COVID-19 patients revealed that olfactory 
dysfunction was observed among 85.6 % of patients [57]. This fact has 
shown that olfactory nerves provide a direct pathway for entry of 

Coronaviridae families into the brain. Olfactory nerves are bipolar 
neurons composed of dendrites and numerous unmyelinated or 
myelinated axons that link the nasal epithelium to different regions of 
the CNS [58,59]. In fact, this pathway begins at the olfactory epithelium, 
which is located in the superior part of the nasal cavity and mainly ends 
at the olfactory bulb. Due to these anatomical features, viruses can 
infiltrate the brain by attaching to the nasal cavity and infecting the 
olfactory neurons [56] (Fig. 2a). Furthermore, it has been proposed that 
other cranial nerves and hematogenous routes are two additional major 
pathways that may be responsible for virus penetration into neuronal 
cells. In the first route, the virus infects neurons in the periphery nervous 
system and undergoes retrograde axonal transport until it reaches the 
CNS [60,61]. Local peripheral nerves which are localized in the 
gastrointestinal tract, vagal nerve afferents, and also trigeminal nerves 
that innervate the nasal cavity could be possible routes for this trans
mission of SARS-CoV-2 to the CNS [62] (Fig. 2b). In the hematogenous 
route, viruses can spread into the circulatory system and then from there 
reach the brain and thus infect epithelial cells of the blood-cerebrospinal 
fluid barrier in the choroid plexus or ECs of the BBB [38,61,63]. The 
three important mechanisms, which have been proposed to describe the 
spread of the virus through the BBB, are the Trojan horse model, para
cellular migration, and transcellular migration [64]. During the Trojan 
horse mechanism, SARS-CoV-2 uses circulating immune cells (leuko
cytes and myeloid cells) as a viral source to diffuse into the CNS [62]. 
Recently Elena Percivalle et al. in an in vitro study demonstrated that the 
monocytes (MN) and monocyte-derived macrophages have been infec
ted with the SARS-CoV-2 without the virus replication. They also sug
gested that these cells may act as “Trojan horses” and were able to 
transfer the viral infection throughout the body [65]. In paracellular 
migration, the virus passes through the BBB with the destruction of TJ 
complexes. During transcellular migration, it can be hypothesized that 
SARS-CoV-2 could infect the endothelial cells and then be transported 
across the BBB [64]. In the vascular endothelium, the human receptor 
ACE2 has been identified as the binding target receptor for SARS-CoV-2 
and mediates virus entry into the cells [66] (Fig. 2c,d). 

5. The significance of angiotensin-converting enzyme 2 (ACE2) 
in the CNS during SARS-CoV-2 infection 

ACE2 is a transmembrane receptor with specific enzymatical prop
erties and is expressed in epithelial cells of various human organs, 
including the lung, heart, kidney, intestine, brain, and also endothelium 
[67–69]. Studies have shown that this receptor promotes viral replica
tion of SARS-CoV in several organs and confirmed the presence of 
human ACE2 in cerebrovascular endothelium [70]. It has been sug
gested that SARS-CoV-2, similar to the other CoVs, uses the ACE2 re
ceptor for entry into host cells [71]. In the brain, the S-glycoproteins on 
the surface of the SARS-CoV-2 via van der Waals contacts bind to the 
enzymatic domain of the ACE2 receptor and attack the target cell via 
endocytosis or membrane fusion [10,68,72,73]. The spike (S) protein of 
SARS-CoV-2 consists of S1 and S2 subunits. The S1 subunit has a primary 
role in adherence of the viral to the host cells [74,75]. In this case, the 
receptor-binding domain (RBD) is a class-I membrane-fusion protein 
located at the S1 subunit and is accountable for the fusion of the ACE-2 
receptor with viral membranes [76]. Following the interaction between 
RBD and ACE2, the spike protein is cleaved along its S1/S2 cleavage site 
by transmembrane serine protease 2 (TMPRSS2), a process which fa
cilitates the membrane fusion [77,78]. Furin has been proposed as 
another protease involved in this pattern, particularly when the low 
levels of TMPRSS2 present on the cell surface [64]. The results of an in 
vivo study illustrate a critical role for the furin cleavage site in COVID-19 
infection and report that in the absence of this site, the replication of 
SARS-CoV-2 can be attenuated [79]. In addition, recently, it has been 
suggested that neuropilin-1 (NRP1) is another cofactor, which can 
facilitate the interaction of SARS-CoV-2 spike protein S1 subunit with 
ACE2 and promote infection into cells [80–82]. However, despite the 
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presence of proteases to regulate the process of membrane fusion, the 
virus usually prefers to enter the cell through endocytosis [77]. Ulti
mately, the SARS-CoV-2 virus gains entry into the host cell cytoplasm 
and the sub-genomic RNA transcription of the virus begins [78]. Because 
ACE2 regulates several roles of the renin-angiotensin-aldosterone sys
tem (RAAS), it is to be expected that activation of ACE2 in turn may 
result in dysfunction of the RAAS, which can contribute to the patho
genesis of SARS-CoV-2 [78,83]. The RAAS system includes enzymatic 
cascades that stimulate the conversion of angiotensinogen into angio
tensin I. This process is then completed via the conversion of Ang-I to 
Ang-II by the action of ACE. Although Ang-II signaling through its re
ceptor AT1R mediates several physiological processes, it also has the 
potential to contribute to the pathogenesis of detrimental conditions 
such as enhancing inflammation [78]. Furthermore, ACE2, a homolog of 
ACE, cleaves angiotensin II into the angiotensin fragments 1–7, which 
bind to its Mas receptor (MasR) and can act as an effector substance in 
the RAS system via the decrease of hypertension and the inhibition of 
inflammation [84–87]. Although in normal physiological status, the 
activities of the ACE/Ang II/AT1R axis and the ACE2/Ang-(1− 7)/Mas 
receptor axis are in a dynamic equilibrium condition, upon the infection 
of SARS-CoV-2, they can also be disturbed [88]. Relatedly, internaliza
tion of the ACE2-binding SARS-CoV-2 by endocytosis into the host cell 
downregulates the ACE2 on the cell surface and promotes a significant 
inflammatory response through the overactivation of the ACE/Ang 
II/AT1R pathway and the deactivation of the ACE2/Ang-(1− 7)/Mas-R 
pathway [88,89]. This is generally gained by activation of the NF-κB 
pathway, which causes to an enhancement in the formation of proin
flammatory cytokines [78]. (Fig. 3). Surprisingly, it has been suggested 
that integrin may have a key role in SARS-CoV-2 transmission into cells. 

6. Integrin’s role of in SARS-CoV-2 virus transmission 

Integrins are an important family of cell surface adhesion receptors 
that belong to a group of heterodimeric transmembrane receptors. They 
are made up of noncovalently linked α and β subunits (18 different α and 
8 different β subunits) and are important regulators of cell adhesion and 
migration [90–92] (Fig. 4). Several studies have reported that various 
pathogens can enter cells through binding to integrins. Hussein et al. 
proposed an important role for the Arg-Gly-Asp acid (RGD) motif, which 
is known for its role in helping the virus to infect the host cells via 
linking to integrin subunits including αVβ1, αVβ3, αVβ5, αVβ6, αVβ8, 
α5β1, α8β1 and αIIbβ3 [93]. The precise role of integrin in SARS-CoV-2 
transmission to cells is unknown. Recently, Sigrist et al. suggested a 
model that SARS-CoV-2 may use integrins to reach the cells, through an 
integrin-binding RGD motif as mentioned above. SARS-CoV-2 can attach 
to the surface of target cells through binding their spike protein to the 
enzymatic domain of the ACE2 receptor. They reported that the RGD 
motif is located adjacent to the surface of the spike protein of 
SARS-CoV-2 and subsequent ACE2 binding to the virus. A conforma
tional change may expose the RGD motifs to integrin and, therefore, 
integrin via binding to RGD motifs may enhance the ability of virus 
transmission into host cells [94]. However, one study on a patient with 
SARS-CoV-2 who suffered from multiple sclerosis suggested that treat
ment with natalizumab as an antibody which blocks integrin α4 binding 
may have a protective role against this infection [95]. Furthermore, 
integrin β1 and β3 are two major subunits that can be involved in 
SARS-CoV-2 transmission [96,97]. In this regard, the transmembrane 
glycoprotein neuropilin 1 (NRP1), which is localized at specific adhesion 
sites, has been considered as a receptor for SARS-CoV-2 infection and 
facilitates the endocytosis of activated α5β1 integrin into the cytoplasm 
[98]. The short linear motifs (SLiMs) are sequences known are recog
nized for their ability to activate of the NRP1, which can be found in the 
cytoplasmic tails of ACE2 or integrin β3, and can connect SARS-CoV-2 
host cell receptors binding to endocytosis and autophagy mediators 
[99,100]. In a recent study, Peter Simons et al. demonstrated that talin 
interaction with integrin β-subunit cytoplasmic tail (β-CTs) can lead to 

Fig. 3. The possible interaction between Angiotensin-converting enzyme 2 
(ACE2) and SARS-CoV-2 during CNS infection. 

Fig. 4. The association between integrins and the extracellular matrix (ECM) in 
the cerebral microvasculature. 
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integrin extension and increase the binding affinity of the integrin 
ectodomain for SARS-CoV-2, thereby promoting viral entry into cells 
[98]. Therefore, the use of integrin antagonists might have a potential 
role as an antiviral drug against SARS-CoV-2, which needs further 
research [101]. Overall, some reports indicate that the cytotoxicity 
induced by the neurotropic behavior of the SARS-CoV-2 in ECs of ce
rebral microvascular can cause various neurological disorders and may 
have severe and fatal consequences [102,103]. 

7. Clinical manifestations of COVID-19 infection in the CNS 
microvascular system 

Since the first reports of neurologic manifestations of hospitalized 
patients with COVID-19 [7], numerous studies have focused on identi
fying these injuries. One study on 841 patients hospitalized with 
COVID-19 has described that up to 57.4 % of patients suffered from 
some neurological complications, which were considered to be the main 
cause of patient death in 4.1 % of all cases. These neurological com
plications were associated with some symptoms, including disorders of 
consciousness (19.6 %), myalgia (17.2 %), headache (14.1 %), dizziness 
(6.1 %), anosmia (4.9 %), dysgeusia (6.2 %), myopathy (3.1 %), dys
autonomia (2.5 %), cerebrovascular diseases (1.7 %), seizures (0.7 %), 
movement disorders (0.7 %), etc. They also reported cerebrovascular 
disorders associated with SARS-CoV-2 in 11 (1.3 %) patients suffering 
from ischemic stroke, and 3 (0.4 %) patients having intracranial hem
orrhage [104]. Albeit, it should be noted that new clinical observations 
have reported that, in addition to ischemic stroke and intracranial 
hemorrhage, cerebral venous sinus thrombosis and posterior reversible 
encephalopathy syndrome are other cerebrovascular complications 
associated with SARS-CoV-2 in the pandemic [105,106]. In a retro
spective observational cohort study of 14,483 hospitalized patients with 
SARS-CoV-2, it has been demonstrated that acute cerebrovascular 
events (CVEs) were observed in 1.13 % of all patients (1.08 % acute 
ischemic stroke, 0.19 % intracranial hemorrhages and 0.02 % cortical 
vein and/or sinus thrombosis). About 40.5 % of patients who suffered 
from CVE were female, and 55.8 % of them were between the ages of 60 
and 79 years old. The author also reported that during hospitalization, 
the mortality rate for COVID-19 patients with acute stroke or intracra
nial hemorrhages was 38.1 % and 58.3 %, respectively [107]. However, 
it appears that patients with hypertension, diabetes mellitus, hyperlip
idemia, smoking, coronary artery disease, or previous stroke history 
have a higher risk of developing cerebrovascular disorders [108,109]. In 
a case series including 219 patients with COVID-19 infection from 
Wuhan, it was reported that acute cerebrovascular disease (CVD) was 
found in 11 (5.0 %) patients (90.9 % ischemic stroke), while the elderly 
patients compared to younger subjects represented a high potential for 
CVD. Furthermore, they reported a high level of D-dimer as a hyper
coagulation marker, as well as elevated level of several inflammatory 
factors in these patients [110]. In fact, most studies have suggested that 
the main pathomechanism in the development of cerebrovascular dis
eases during COVID-19 infection are increased inflammatory markers, 
cytokine storm and thrombocytopenia as well as coagulation disorders, 
which may be associated with a fundamentally increased risk of 
ischemic stroke [7,111]. 

7.1. Inflammation 

During the SARS-CoV-2 infection, increased levels of inflammatory 
immune response are a main pathway that could involve ECs as a 
structural part of the BBB and therefore lead to increased BBB perme
ability. Following the BBB break down, immune cells can enter the CNS 
and initiate significant inflammatory processes associated with cytokine 
storms, which can cause several pathological conditions and increase the 
severity of COVID-19 [112,113]. An interesting recent study reported 
that low-level expression of ACE2 was detected in human ECs. There
fore, via increasing evidence, it has been proposed that other CNS 

perivascular cells may have an implication in mediating the inflamma
tory response in cerebrovascular disorders associated with SARS-CoV-2 
infection [114–116]. In line with this evidence, pericyte are one type of 
perivascular cells that has high level expression of ACE2 and plays a 
major role in immune response and maintenance of the BBB. Due to 
SARS-CoV-2 infection, a malfunction in the immunoregulatory role of 
pericytes can account for increased NF-κB phosphorylation, production 
of several cytokine and chemokines such as stromal cell-derived factor 
(SDF)− 1, interleukin (IL)18, plasminogen activator inhibitor (PAI)− 1, 
and macrophage migration inhibitory factor (MIF), and may eventually 
lead to leukocyte trafficking into vascular tissue [114]. Clinical evidence 
of brain inflammation during SARS-CoV-2 infection confirmed that the 
majority of patients with neurological conditions associated with 
SARS-CoV-2 had elevated levels of inflammatory markers including IL-6, 
D-dimer, and C-reactive protein (CRP) [117,118]. High levels of IL-6 can 
be considered as the predominant trigger for the cytokine storm phe
nomenon associated with increased levels of numerous 
pro-inflammatory factors such as interleukin (IL)− 8 and TNF-α, and 
may have a fundamental role in the enhanced risk of incident stroke in 
those patients who suffered from COVID-19 [119–122]. Interestingly, 
several antibodies, which were produced against SARS-CoV-2 accom
panied the infected immune cells’ passage into brain parenchyma. These 
immune cells and the targeting of the EC antigens by antibodies can 
result in disrupting the endothelial barrier function as well as cerebral 
edema or autoimmune disorder [10,112,123]. This inflammatory 
response against SARS-CoV-2 infection might have contributed to the 
elevation of plasma D-dimer levels. However, as will be explained later, 
D-dimer reflects a hypercoagulable state, and it has been suggested that 
patients with D-dimer levels greater than 2.0 µg/ml have a higher risk of 
death with COVID-19 [124]. Interestingly, the lymphocyte counts are 
lower in patients with CNS symptoms caused by SARS-CoV-2 (especially 
in the severe subgroup) compared to patients without CNS symptoms. 
This phenomenon led support to the hypothesis that immunosuppres
sion can occur in patients with COVID-19 with CNS symptoms [125]. In 
fact, several studies have indicated that lymphopenia is a hallmark of 
SARS-CoV-2 infection severity and can mainly be related to T and B cell 
apoptosis [126,127]. However, the inflammatory disorder associated 
with SARS-CoV-2 infection may have a key role in different CNS mani
festations. Recently, it has been reported that Kawasaki syndrome, 
which is a systemic vasculitis of children, can be caused by SARS-CoV-2 
infection and may be involved in the triggering of acute encephalopathy 
complications [128,129]. Moreover, the cerebrovascular system is 
another important part of the CNS that is affected by inflammation 
caused by SARS-CoV-2. It has been shown that during SARS-CoV-2 
infection, neuroinflammation has a high potential to contribute to the 
pathogenesis of vascular coagulation and stroke. 

7.2. SARS-CoV-2 and coagulation disorders 

ECs via several components such as glycosaminoglycans (GAGs) and 
thrombomodulin (TM) have powerful anticoagulant and antifibrinolytic 
routes. However this function during several pathological conditions 
may be destroyed [130,131]. A hypercoagulable condition occurs 
following dysfunction of endothelial cells due to infection that may be 
accompanied by blocked fibrinolysis and elevated thrombin formation 
[132]. New evidence of laboratory findings of cerebrovascular disorder 
associated with SARS-CoV-2 has shown increased values of coagulop
athy factors including D-dimer, fibrinogen, ferritin, platelet count, 
prothrombin time, partial thromboplastin time, and antiphospholipid 
antibody [133,134]. However, D-dimer is a more important coagulop
athy marker, which may become significantly higher in severe patients 
with SARS-CoV-2 compared to non-severe [134]. In a study of 191 pa
tients with SARS-CoV-2 reported, D-dimer levels higher than 1 μg/ml 
could be attributed to increased rates of mortality [135]. A D-dimer is 
generated from cross-linked fibrin breakdown by plasmin in the final 
steps of clot construction and acts as a marker of endogenous fibrinolysis 
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[134,136,137]. Following endothelial cell damage, increased D-dimer 
levels often occur, with a consequent increase in inflammation and 
coagulation in SARS-CoV-2 infection. It has been suggested that greater 
elevations in D-dimer levels have been associated with more severe in
flammatory responses and mortality [138,139]. Increased concentra
tions of cytokines, such as TNF-α and IL-1, for example, in severe 
SARS-CoV-2, can mediate the suppression of endogenous anticoagu
lant pathways, such as upregulation of plasminogen activator inhibitor 
(PAI)− 1, as well as coagulation activation and thrombin production 
[140,141]. In addition, it has been identified that pro-inflammatory 
cytokines such as IL-6 and IL-8 via platelet activation could be 
involved in the sustainment of coagulative mechanisms [142]. In the 
SARS-CoV-2 cases, elevated serum levels of ferritin have been reported, 
which can also act as a marker for inflammatory responses. Hyper
ferritinemia by participating in antiphospholipid syndrome is linked to 
thrombosis and contributes to the coagulopathy disorder caused by 
SARS-CoV-2 [143–145]. Interestingly, hypoxia can regulate thrombus 
and therefore result in coagulation through the activation of several 
pathways. In hypo-oxygenation, enhanced expression of 
hypoxia-inducible factors (HIFs) can result in promoting thrombo
genesis via targeting several genes, which are involved in the regulation 
of blood coagulation, such as plasminogen activator inhibitor (PAI). 
Hypoxia-responsive signaling pathways that can stimulate thrombus 

formation through induction of TNF-α and interleukin (IL) 1 are also 
involved in the development of the coagulation process during hypoxia 
conditions [146]. Recently, it has been reported that disseminated 
intravascular coagulation (DIC) disease is an important outcome in pa
tients with critical conditions due to SARS-CoV-2 infection and is asso
ciated with high patient mortality [147–149]. In patients with severe 
illness (DIC disease), infectious complications are typically associated 
with high activation of systemic coagulation, inflammatory responses, 
activation of monocytes and macrophages, and stimulation of inflam
matory response and release of proinflammatory cytokines, which can 
result in tissue injury and microangiopathic pathogenesis [137,148]. On 
the other hand, several studies have reported that stroke via brain 
damage is the main outcome of the coagulation disorder associated with 
SARS-CoV-2 [149–151]. 

8. SARS-CoV-2 and coagulation disorders and stroke 
complication 

Multiple population health studies have been published on patients 
with stroke as a main feature of the COVID-19 and suggest that the risk 
incidence of stroke during this pandemic is around 4.67 %, which is 
mostly present in younger patients [130,152,153]. Interestingly, 
COVID-19-related ischemic strokes are far more common than 

Fig. 5. Proposed mechanism of ischemic stroke due to SARS-CoV-2 invasion to CNS.  
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Table 1 
Current treatments and their potential for improving patients with cerebrovascular disease following COVID-19.  

Category Patient population and 
characteristics 

Treatment by Implications for Therapy Ref. 

Anticoagulation therapy 6 patients with COVID-19-related 
ischemic strokes 

low molecular weight heparin (LMWH), apixaban 
or intravenous thrombolysis 

One mortality in patients who were treated 
with LMWH and thromboembolism was 
reduced in other patients 

[172] 

Anticoagulation therapy 3 patients with COVID-19-related 
ischemic strokes 

1#: apixaban and angiography 
2#: enoxaparin and angiography 
3#: heparin infusion 

In all patients the thrombosis had resolved [173] 

Anticoagulation therapy 3 patients with COVID-19-related 
Intracranial hemorrhage 

Apixaban or enoxaparin and switched to 
therapeutic UFH 

All patients had brain-dead [174] 

Anticoagulation therapy One patient with COVID-19- 
related cerebral venous Sinus 
Thrombosis 

LMWH followed by apixaban The patient was discharged from the 
hospital 

[175] 

Anticoagulation therapy 2 patients with COVID-19 related 
Intraparenchymal Hemorrhage 

Combination of heparin and extracorporeal 
Membrane Oxygenation 

Patients were comfortably extubated and 
expired after 20 days 

[176] 

Anti-inflammatory therapy One patient with COVID-19- 
related ischemic strokes 

Hydroxychloroquine, tocilizumab and 
methylprednisolone 

The patient was admitted to the ICU. [177] 

Anti-inflammatory and 
anticoagulation therapy 

One patient with covid-19 vaccine- 
induced immune thrombotic 
thrombocytopenia Related 
Ischemic Stroke 

intravenous immunoglobulin, dexamethasone, 
argatroban followed by fondaparinux, warfarin 

the patient clinically improved and platelet 
count returned to normal range. 

[178] 

Anti-inflammatory and 
anticoagulation therapy 

One patient with covid-19 vaccine- 
induced immune thrombotic 
thrombocytopenia Related 
Ischemic Stroke 

intravenous immunoglobulin, fondaparinux and 
heparin (In addition to thrombectomy) 

Patient’s state improved and discharged to a 
rehabilitation unit 

[179] 

Anti inflammatory, Antiviral 
and Antimicrobial therapy 

Three COVID-19 patient with 
Posterior reversible 
encephalopathy syndrome 

1#: azithromycin, hydroxychloroquine, 
ceftriaxone and hydrocortisone 
2#: hydroxychloroquine, methylprednisolone, 
ceftriaxone and azithromycin 
3#: dexamethasone, Remdesivir, ceftriaxone and 
azithromycin 

All patients were discharged from hospital 
but in #1 the signs of visual dysfunction 
have been reminded 

[180] 

Antimicrobial and 
anticoagulation therapy 

2 patients with COVID-19-related 
ischemic strokes 

1#: rivaroxaban unfractionated heparin, 
hydroxychloroquine, and ceftriaxone 
2#: ceftriaxone Hydroxychloroquine and apixaban 

1# was discharged from hospital after 17 
days and 2# had deid (day 18) 

[162] 

Antimicrobial and 
anticoagulation therapy 

2 patients with COVID-19-related 
catastrophic intracranial 
hemorrhages 

Combination of vancomycin and zosyn, following 
via heparin and sarilumab or ceftriaxone, 
azithromycin, plaquenil and heparin 

All patients had died [181] 

Antiplatelet and anti 
inflammatory therapy 

4 patients with COVID-19-related 
acute ischemic strokes 

Combination of Aspirin/low dose LMWH or 
Aspirin/Klopidogrel 

Two patients were discharged and two 
patients were bedridden. 

[167] 

Anticoagulation, antiviral and 
anti inflammatory therapy 

One patient with COVID-19- 
related ischemic strokes 

Oseltamivir and ribavirin, moxifloxacin and 
dexamethasone as anti inflammatory drugs, 
clopidogrel and atorvastatin as anticoagulant drugs 

Improved walking and talking in patient. 
After 12 days and patient was discharged 

[182] 

Antiplatelet,anticoagulation 
and anti hypertensive 
therapy 

6 patients with COVID-19-related 
ischemic strokes 

Combination of aspirin, warfarin, enoxaparin, 
clopidogrel, ramipril, enalapril, 
hydrochlorothiazide, telmisartan, 

After 14 days neurological conditions were 
incompletely improved in one patients who 
were treated with aspirin and warfarin but 
all other patients had died 

[183] 

Anticoagulation and 
antiplatelet 
therapy 

5 patients with COVID-19-related 
ischemic strokes 

1#: apixaban 
2#: clot retrieval, apixaban 
3#: clot retrieval, aspirin 
4#: intravenous t-PA, clot retrieval, 
hemicraniectomy, aspirin 
5# Clot retrieval, stent, aspirin, clopidogrel 

1# and 5# were discharged 
2#: was discharged home 
3#: was admitted to the ICU 
4#: was admitted to stroke unit 

[184] 

Antiplatelet and 
anticoagulation therapy 

10 Severe and non-severe patients 
with COVID-19-related ischemic 
strokes 

Aspirin, clopidogrel and enoxaparin 50 % mortality in treatment with aspirin or 
clopidogrel as compared with 25 % in 
patient treated with anticoagulant 

[110] 

Antidiabetic therapy 42 COVID-19 patients with type 2 
diabetes mellitus who presented 
with acute ischemic stroke 

Metformin or glibenclamide and pioglitazone Ferritin serum,CRP, LDH, and D-dimer 
serum levels were lower in metformin- 
treated patients 

[185] 

Anti-interleukin therapy One COVID-19 patient with 
Posterior Reversible 
Encephalopathy Syndrome 

Anakinra, tocilizumab Patient had died [186] 

Anticoagulation, anti- 
interleukin anti- 
inflammatory and antiviral 
therapy 

19 patients with COVID-19-related 
hemorrhagic strokes 

Different combination of warfarin, heparin, 
enoxaparin as anticoagulation and anakinra, 
tocilizumab as anti-interleukin and 
methylprednisone, lopinavir/ritonavir, 
hydroxychloroquine as anti-inflammatory and 
azithromycin, nitazoxanide as antiviral 

Mortality rate at hospital discharge was 
84.6 %. 

[187] 

Antihypertensive therapy One COVID-19 patient with 
reversible cerebral 
vasoconstriction syndrome 

verapamil The complete recovery of the patient’s 
functional was achieved following three 
months. 

[188] 

Anti-cholesterol, antiplatelet, 
anti-inflammatory, 
antihypertensive and 
antiviral thrapy 

Three COVID-19 patients related 
to ischemic stroke 

1#: hydroxychloroquine, lopinavir/ ritonavir, 
azithromycin, intravenous immunoglobulin, 
clopidogrel, and atorvastatin 
2#: hydroxychloroquine, lopinavir/ ritonavir, 
azithromycin, interferon beta-1a, clopidogrel and 

1# had deid, 2# and 3# had no 
improvement of respiratory and 
neurological problems during 
hospitalization. 

[189] 

(continued on next page) 
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hemorrhagic strokes, and most of those patients who suffered from 
ischemic stroke needed critical care support [130,154]. One study 
demonstrated that ischemic stroke usually occurs within about 2 weeks 
after SARS-CoV-2 infection and the risk of ischemic stroke was strongly 
correlated with the incidence of cardiovascular disease risk factors [118, 
155]. In a multicenter retrospective cohort study of 216 COVID-19 pa
tients with acute ischemic stroke, it was observed that 68.1 % of these 
patients were older than 60 years, and the mortality at discharge was 
approximately 39.1 %. They also reported that the three comorbidities 
in ischemic stroke patients associated with SARS-CoV-2 infection were 
hypertension (80.0 %), hyperlipidemia (47.8 %) and diabetes mellitus 
(47.6 %) [156]. In another study among 1875 patients, 50 patients with 
a history of ischemic stroke were identified. Those patients with a his
tory of stroke had higher neutrophil levels, cardiac troponin I, D-dimers 
levels, NT pro-brain natriuretic peptide, IL-6, and lower lymphocyte and 
platelet counts in contrast to those without a history of stroke [157]. On 
the other hand, it has been demonstrated that the majority of patients 
with ischemic strokes have a hypercoagulability state induced by 
SARS-CoV-2 infection [157,158]. Other markers that indicate coagul
opathy in patients with COVID-19 infection, in addition to D-dimer 
levels, include a slight increase in prothrombin-time (PT) activity, in
ternational normalized ratio (INR), partial thromboplastin time (PTT), 
platelet counts, thrombocytopenia, elevated lactate dehydrogenase 
(LDH), and fibrinogen [159–161]. Interestingly, sometimes thrombotic 
events are present only in the CNS of patients with COVID-19-related 
ischemic strokes without any evidence to confirm that these events 
also involve other organs [162]. These studies also defined the various 
mechanisms for ischemic stroke and its complications, claiming that 
during SARS-CoV-2 infection, direct endothelial damage mediated by 
the ACE2 receptor initiates hypercoagulable conditions and inflamma
tory cascades (cytokine storm), both of which play a critical role in the 
induction of ischemic stroke [154]. On the other hand, activation of 
inflammatory pathways contributes to atherosclerosis and affects plaque 
stability, which acts as the best source of thrombosis [134,163]. 
Furthermore, mitochondrial dysfunction due to enhanced the inflam
matory and oxidative conditions might also lead to platelet destruction 
and an increased risk of death [164]. Consistent with these findings, 
several reports have been shown that patients with COVID-19-related 
ischemic stroke not only have developed large vessel occlusions but 
also small vessel occlusions can be associated with ischemic stroke 
injury, which often involves older patients [110,165,166]. These pa
tients are often admitted to hospital with several symptoms concerning 
stroke, such as fever, myalgias, dyspnea, mild ataxia, aphasia, hemi
paresis, and, unfortunately, many patients do not improve [134,167, 
168]. Unfortunately, with the progression of vaccination for 
SARS-CoV-2, very rare cases of vaccine-induced immune thrombotic 
thrombocytopenia (VITT) have been reported in COVID-19 patients. 
This syndrome, which is associated with thrombocytopenia, thrombo
embolic events, and antibodies against PF4, might present with ischemic 
stroke as an early symptom of it [169]. Therefore, it is essential to find 
the most effective form of treatment to cure the cerebrovascular disease 
associated with SARS-CoV-2 and thus ischemic stroke as a main outcome 
of these injuries (Fig. 5). 

9. Current treatments for patients with cerebrovascular 
complications associated with COVID-19 

Several kinds of antiviral drugs have exhibited good therapeutic ef
fects against SARS-CoV-2 infection, but no very safe or efficacious drugs 
have been submitted for improvement in mortality [110,170,171]. 
However, many physicians have tried to improve some complications of 
SARS-CoV-2 infection via administering a number of different drugs, 
which has been successful in several cases. Table 1 presents the main 
drugs administered to the patients with cerebrovascular disease associ
ated with COVID-19, with focusing on their antiviral, antiplatelet, and 
anticoagulation therapies. 

10. Conclusion 

We summarized recent findings about following SARS-CoV-2 infec
tion, cerebrovascular endothelial damage initiates hypercoagulable 
conditions and inflammatory cascades, both of which play a role in the 
induction of ischemic stroke. In fact, ischemic stroke in the setting of 
COVID-19 is the main outcome of this infection, which is mostly present 
in younger patients, therefore it is essential to be more understood. It 
seems likely that the antiplatelet and anticoagulation drugs may be 
effective for the treatment of cerebrovascular disease, especially 
ischemic stroke related to COVID-19. This research has led to an increase 
in our knowledge of CNS microvascular diseases associated with SARS- 
CoV-2 and we suggest that prevention and treatment for the cerebro
vascular damage could be important for the recovery of COVID-19 
patients. 
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Table 1 (continued ) 

Category Patient population and 
characteristics 

Treatment by Implications for Therapy Ref. 

atorvastatin. 
3#: aspirin, clopidogrel, carvedilol, digoxin, 
hydroxychloroquine, LPV/RTV, interferon beta-1a, 
and azithromycin 

Antiviral, anti-inflammatory, 
Acid suppressive and 
vitamin Therapy 

One COVID-19 patient related to 
ischemic stroke 

Vitamin C, zinc, vitamin D, azithromycin, proton 
pump inhibitor (PPI), Dexamethason 

the improvement of respiratory, 
neurological and hemorrhage symptoms 
were very satisfied 

[190]  
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