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Highlights 

 Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) 

 Some COVID-19 patients have exhibited widespread neurological manifestations 

including stroke. 

 Acute ischemic stroke, intracerebral hemorrhage, and cerebral venous sinus thrombosis 

have been reported in patients with COVID-19. 

 COVID-19-associated coagulopathy is likely caused by inflammation. 

 Resultant ACE2 down-regulation causes RAS imbalance, which may lead to stroke. 
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Abstract 

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), is a global health threat. Some COVID-19 patients have exhibited 

widespread neurological manifestations including stroke. Acute ischemic stroke, intracerebral 

hemorrhage, and cerebral venous sinus thrombosis have been reported in patients with COVID-

19. COVID-19-associated coagulopathy is increasingly recognized as a result of acute infection 

and is likely caused by inflammation, including inflammatory cytokine storm. Recent studies 

suggest axonal transport of SARS-CoV-2 to the brain can occur via the cribriform plate adjacent 

to the olfactory bulb that may lead to symptomatic anosmia. The internalization of SARS-CoV-2 

is mediated by the binding of the spike glycoprotein of the virus to the angiotensin‐ converting 

enzyme 2 (ACE2) on cellular membranes. ACE2 is expressed in several tissues including lung 

alveolar cells, gastrointestinal tissue, and brain. The aim of this review is to provide insights into 

the pathophysiological stroke mechanisms in COVID-19 patients. SARS-CoV-2 can down-

regulate ACE2 and, in turn, over-activate the classical renin-angiotensin system (RAS) axis and 

decrease the activation of the alternative RAS pathway in the brain. The consequent imbalance in 

vasodilation, neuroinflammation, oxidative stress, and thrombotic response may contribute to the 

pathophysiology of stroke during SARS-CoV-2 infection. 
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Introduction 

An outbreak of an acute respiratory illness of unknown cause started in Wuhan, Hubei 

province, China on December 12, 2019.
1, 2

 A new strain of coronavirus, named severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), was identified in these patients. 

Subsequently, the identified acute respiratory illness was named coronavirus disease 2019 

(COVID-19). Soon thereafter, the COVID-19 epidemic in China became a pandemic with a 

significant burden on healthcare and the world-wide economy. SARS-CoV-2 has been shown to 

be a distinct class of the beta coronaviruses (Beta-CoVs) with a 79.5% gene sequence homology 

to the severe acute respiratory syndrome coronavirus (SARS-CoV),
3
 and the 50% homology to 

Middle East respiratory syndrome coronavirus (MERS-CoV)
4
. Moreover, the genome sequence 

of SARS‐ CoV‐ 2 is 96.2% identical to RaTG13, a short RNA-dependent RNA polymerase 

(RdRp) region from a bat coronavirus.
3
 The amino acid sequences of the seven conserved 

replicase domains of Open Reading Frame 1ab (ORF1ab) used to classify coronavirus species 

are 94.4% identical between SARS-CoV and SARS-CoV-2.
1
 Coronaviruses, which include non-

segmented enveloped positive-sense RNA viruses from the family Coronaviridae and the order 

Nidovirales, are widely distributed in mammals, including humans. Although most cases of 

coronavirus infections are mild, the epidemics of the SARS-CoV and MERS-CoV affected more 

than 10,000 people in the past two decades with mortality rates of 9.6% and 34%, respectively.
5, 

6
 The mortality rate of COVID‐ 19 has been reported to be as high as 4.3%

7
 and as of April 28, 

2020, the number of confirmed cases and deaths worldwide have been 2,883,603 and 198,842, 

respectively
8
. SARS-CoV-2 is primarily transmitted between humans via exposure of mucosae 

or conjunctiva to infected respiratory droplets or contact routes such as fomites in the immediate 

environment around an infected person.
9-13

 SARS-CoV-2 has also been detected in tears, similar 
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to SARS-CoV.
14

 Fever, cough, shortness of breath, fatigue, anosmia, and hypogeusia are the 

main symptoms of COVID‐ 19. Anorexia, myalgia, dyspnea, chest tightness, sputum production, 

hemoptysis, sore throat, diarrhea, nausea, vomiting, and abdominal/back pain are less common 

signs and symptoms.
15

 

Epithelial cells of the respiratory and gastrointestinal tracts are the primary target of 

SARS-CoV-2. Nevertheless, its effect is not restricted to these cells, and the nervous system can 

also be involved. Remarkably, SARS-CoV infection has been found in the cerebrospinal fluid 

(CSF).
16

 Encephalitis, seizures, refractory status epilepticus, acute disseminated 

encephalomyelitis (ADEM), Guillain-Barré syndrome (GBS), leukoencephalopathy, myopathy, 

and critical illness neuromyopathy have been observed among COVID-19 patients.
17

 Helms et 

al.
18

 reported neurologic signs in about 84% of the patients with COVID-19. Headache, 

dizziness, and altered level of consciousness were also seen in 11%, 8%, and 9% of the patients 

with COVID-19, respectively.
15

 A less common neurological symptom is characterized by acute 

confusion.
4
 A GBS-like phenotype has also been noted in patients with COVID-19.

19, 20
 Impaired 

taste and smell have been found to be strong predictors of COVID-19. In one study, among 59 

patients with COVID-19, 20 (33.9%) had at least one taste or olfactory disorder and 11 (18.6%) 

had both.
21

 In another study, loss of smell and taste was found in 59% of 1702 patients with 

COVID-19.
22

 However, no post-viral neurological complications have yet been reported. 

Recent evidence suggests that COVID-19 can also affect the cardiovascular and 

cerebrovascular systems.
23

 A study which investigated 41 patients with COVID-19 in Wuhan, 

observed arterial hypertension and cardiovascular disease in six (15%) patients.
12

 Although many 

patients with SARS-CoV-2 had a stroke due to cardioembolism and large vessel 

atherosclerosis,
24

 it has been postulated that inflammatory and hypercoagulable mechanisms, 
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including the presence of antiphospholipid antibodies, may contribute to the occurrence of 

thrombotic events.
25, 26

 COVID-19 increases pro-inflammatory molecules including interleukin 

(IL)-1 and IL-6.
27

 The systemic inflammatory response may also result in rupture or erosion of 

atherosclerotic plaque and destabilize previously asymptomatic cardiovascular conditions such 

as myocardial infarction (MI), heart failure, acute cardiac injury, and myocarditis.
28, 29

 The aim 

of this article is to review recent research about the underlying potential pathophysiological 

stroke mechanisms in SARS-CoV2 infection. 

 

Thrombosis and thromboembolic events in patients with COVID-19 

 Markedly elevated D‐ dimer levels and fibrin degradation products have been associated 

with high mortality rates among COVID-19 patients.
30

 Early case reports have described both 

acute pulmonary embolism and disseminated pulmonary microthrombi in patients with COVID-

19.
31, 32

 In a study of 198 patients with COVID-19 (37% of those whom were admitted to the 

intensive care unit, ICU), the overall incidence of venous thromboembolism (VTE) was 17%, 

with 11% of cases being symptomatic. VTE was associated with death and its cumulative 

incidence was higher in the ICU than in other locations.
33

 In three Dutch hospitals, 184 ICU 

patients with COVID-19 were studied.
34

 Despite standard thromboprophylaxis measures, VTE 

was found in 27%, and arterial thrombotic events in 3.7%, and pulmonary embolism was the 

most common thrombotic complication among patients.
34

 At the Tongi hospital in Wuhan, 449 

patients with severe COVID-19 were studied.
35

 Heparin (mainly low molecular weight) for 7 

days or longer was administered to 99 patients. There was a positive correlation between D-

dimer level, prothrombin time (PT), and age. However, platelet count and 28-day mortality were 

negatively correlated. Moreover, there was no difference in the 28-day mortality rate among 
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heparin users and nonusers (30.3% vs 29.7%, P=0.910). Nonetheless, the 28-day mortality rate 

of heparin users was lower than that of nonusers in patients with D-dimer levels > 6 fold of the 

upper limit of normal (32.8% vs 52.4%, P=0.017) or with a sepsis-induced coagulopathy (SIC) 

score ≥ 4 (40.0% vs 64.2%, P=0.029). Furthermore, COVID-19 patients can develop a more 

severe coagulopathy defined as COVID-19-associated coagulopathy (CAC) that is induced by 

the acute systemic inflammatory response presumably mediated by the infectious agent or its 

products. CAC is characterized by an elevation of several blood coagulation markers (e.g., D-

dimer, fibrin or fibrinogen degradation product, and fibrinogen), a concomitant rise of peripheral 

inflammatory markers (e.g., C-reactive protein, CRP) and a mild thrombocytopenia. The degree 

of activated partial thromboplastin time (aPTT) elevation is often less than PT, mainly due to 

increased factor VIII level concentrations secondary to the concomitant inflammatory status. 

Finally, some severe COVID-19 patients exhibit a coagulopathy similar to disseminated 

intravascular coagulation (DIC) defined according to the International Society on Thrombosis 

and Haemostasis (ISTH) criteria,
36

 or a fulminant coagulation activation and coagulation factors’ 

consumption. This coagulopathy is characterized by moderate to severe thrombocytopenia with 

platelet count < 50 x10
9
/L, PT and aPTT prolongation together with a considerable rise of D-

dimer levels, and low fibrinogen levels (< 1.0 g/L).
7, 12, 37, 38

  

Histological and immunohistochemistry studies have also defined a pathological pattern 

characterized by microvascular injury and thrombosis, consistent with activation of the 

alternative pathway and the lectin pathway of complement. This suggests that at least in this 

subgroup of patients, COVID-19 infection involves a complement-mediated thrombotic 

microvascular injury syndrome with sustained activation of both complement cascades.
39
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Investigating critical biomarkers consistent with complement-mediated microvascular injury and 

thrombosis in COVID-19 patients should be part of clinical practice.  

 

Inflammatory responses due to COVID-19 

 SARS-CoV-2 can lead to severe inflammation, including an inflammatory cytokine storm 

which in turn leads to CAC or thrombosis.
40

 This is of particular concern for patients with 

chronic immune-mediated inflammatory diseases.
41

 SARS-CoV-2 can bind to Toll-like 

receptors, which leads to the synthesis and liberation of IL-1.
27, 42

 This receptor activation 

triggers a biochemical cascade beginning with the generation of pro-IL-1 cleaved by caspase-1, 

followed by inflammasome activation. In SARS-CoV-2 infection, Type I interferon (IFN), which 

exerts an influence upon innate and acquired immunity, and most importantly against viral 

infections, is released.
27

 Nevertheless, IFN release can give rise to inflammation and immune 

system suppression.
43

 A significant difference in IL-6 concentrations between COVID-19 

survivors and non-survivors has been observed, where non-survivors had up to 1.7-times higher 

levelss of IL-6. Moreover, a cytokine profile similar to that of secondary hemophagocytic 

lymphohistiocytosis (hyperinflammatory syndrome) is associated with the severity of COVID-

19.
12

 This cytokine storm is explained by IL-2, IL-7, interferon-γ inducible protein 10, 

granulocyte-colony stimulating factor, monocyte chemo-attractant protein 1, tumor necrosis 

factor-α (TNF-α), and macrophage inflammatory protein 1-α.
12

 Therefore, blocking 

inflammation and IL-6 is the rationale for ongoing clinical trials that are examining the use of IL-

6 receptor blocker such as Tocilizumab (clinicaltrials.gov trials NCT04317092, NCT04320615, 

and NCT04335071) where elevated IL-6 level is strongly associated with the need for 

mechanical ventilation.
44
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In the past, acute infections have been linked to stroke
45

 mainly among younger adults. 

Therefore, it is likely that also in instances of COVID-19 infection, the systemic inflammatory 

response in the host rather than the viral invasion per se could be responsible for an elevated 

stroke risk. However, at present all studies on COVID-19 related stroke are observational and 

retrospective. Studies evaluating the stroke risk after COVID-19 have not been performed thus 

far. Furthermore, study results may be biased by low numbers, absence of appropriate control 

subjects with recent infection, and multiple selection biases, so the data is inconclusive. There is 

preliminary evidence for an association between COVID-19 and stroke, but causality has not 

been established. The preliminary observed association could be explained by residual 

confounding, incomplete ascertainment, and insufficiently controlled studies. Before assuming 

causality (Koch postulates) a specific link between SARS-Cov-2 and stroke should be fully 

established. Thus at the moment no changes in the routine stroke care should be implemented as 

an adjunct to antiplatelets/antithrombotics and statin therapies that are already practiced in 

clinical settings. 

 The immune response to acute cerebral ischemia plays an important role in the 

pathophysiology and outcomes of strokes. The inflammatory cascade, heightening the risk of 

stroke, can be activated by acute infections.
46

 Systemic inflammation and inflammatory 

biomarkers are associated with ischemic stroke risk. Serum IL-6 level has been shown to be a 

reliable prognostic factor of ischemic stroke.
47

 Therefore, together with the appropriate blood 

coagulation markers (including antiphospholipid antibodies) and inflammatory biomarker panel 

including CRP, pro-inflammatory cytokines (i.e., IL-1, IL-6, and TNF-α), circulating 

complement proteins (C3, C4, C5b-9), and Bb should be part of routine laboratory tests. 
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SARS‐ CoV-2 spike glycoprotein and binding to angiotensin‐ converting enzyme 2 

SARS‐ CoV‐ 2 RNA expresses at least 27 proteins including 15 non-structural, 4 

structural, and 8 auxiliary proteins.
2
 The spike (S) glycoprotein is a structural protein on the 

outer envelope of SARS‐ CoV‐ 2 that is primed by transmembrane protease, serine 2 

(TMPRSS2), to allow SARS‐ CoV‐ 2 to bind to angiotensin‐ converting enzyme 2 (ACE2) as 

the host cell receptor (see Figure 1). The S glycoprotein may also be primed by cathepsin B and 

L (CatB and L), which are endosomal serine proteases.
48

 

Even though the S glycoprotein of SARS‐ CoV‐ 2 is very similar to those of SARS-CoV 

and MERS-CoV, differences exist. Amplification of SARS-CoV-2 protein demonstrated a 

functional polybasic (furin) cleavage site at the S1–S2 boundary through the insertion of 12 

nucleotides.
49

 This difference may explain why the S glycoprotein of SARS‐ CoV‐ 2 has a 

higher affinity to ACE2 than SARS-CoV and MERS-CoV that may lead to a higher contagious 

rate. The S glycoprotein of SARS‐ CoV‐ 2 contains 1,273 amino acids and has S1 and S2 

subunits.
49

 The receptor‐ binding domain (RBD) of SARS‐ CoV‐ 2 in the S1 subunit binds to 

ACE2 of the host cell.
50

 This mechanism is shared with SARS-CoV and MERS-CoV. 

The abundant expression of ACE2 on the epithelium of the respiratory system may 

explain the involvement of the lung in COVID-19. ACE2 is expressed in type I and type II 

alveolar epithelial, bronchiolar epithelial, endothelial, and arterial smooth muscle cells of the 

lung.
28

 Moreover, it has been detected on the oral mucosa, especially on the epithelial cells of the 

tongue.
51

 The number and proportion of cells expressing ACE2 in nasal and oral tissues are 

comparable to those in the lungs and colon.
52, 53

 ACE2 is also present on endothelial cells and the 
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gastrointestinal tract. Neurons and glial cells express ACE2 as well where can be invaded by 

SARS‐ CoV‐ 2.
54

 

 

Neurotropism of SARS-CoV-2 

Neurotropism is the ability of a pathogen to invade and survive in the nervous system. 

Coronaviruses are neurotropic in several of their hosts, including humans.
16

 The blood-brain 

barrier (BBB), the anatomical gateway essential for the maintenance of homeostasis and 

physiological environment of the central nervous system (CNS), serves an important role in the 

protection against pathogens. Endothelial cells of the capillaries, pericytes, and astrocyte end-feet 

constitute the BBB. Inflammation and vascular damage can increase BBB permeability and 

potentiates unwanted CNS effects.
16

 Viruses can cross the BBB through several ways including 

transcellular, paracellular, and retrograde axonal transport along sensory and olfactory nerves.
55

 

Viremia is the viral mechanism for migration. Viral transcellular migration occurs when the virus 

invades the host cells or macrophages to overcome the BBB. Paracellular migration occurs when 

the virus attacks the tight junctions in BBB.
55

 Axonal transport is provided via adherence of the 

virus to proteins of peripheral or cranial nerves, which allows retrograde neuronal transport.
56

 

Recent studies suggest axonal transport of SARS-CoV-2 via the cribriform plate, adjacent 

to the olfactory bulb, to the brain. The loss of smell, which can be an early symptom of COVID-

19,
57

 favors this mechanism. Moreover, it has been postulated that SARS-CoV-2 can cause 

viremia reaching the cerebral circulation via systemic spread. The slow microcirculation at the 

capillary level may also facilitate the interaction of the S glycoprotein of SARS-CoV-2 with the 

ACE2 expressed on endothelial cells.  
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Brain renin angiotensin system in pathogenesis of stroke 

The renin-angiotensin system (RAS) plays several physiological roles, including 

electrolyte homeostasis, cardiovascular control, and regulation of body fluid volume.
58

 RAS 

includes angiotensinogen (AGT), renin, angiotensin I (Ang I), angiotensin II (Ang II), ACE, 

ACE2, angiotensin type-1 receptor (AT1R), angiotensin type-2 receptor (AT2R), and Mas 

receptor (MAS). Brain RAS has similar components to that of the peripheral RAS. The BBB 

insulates the brain from the peripheral RAS preventing the diffusion of Ang II from blood 

circulation into the brain.
59

 The brain also has the ability to synthesize its own Ang II,
60

 which is 

involved in central brain RAS activities.
61

 However, peripheral angiotensins may interact with 

brain RAS at the circumventricular organs that lack BBB.
62

 In many areas of the brain, AGT and 

renin are co-expressed.
63

 Most of AGT is expressed in the astrocytes.
64-66

 ACE is expressed in 

the endothelium of cerebral vasculature; it is also highly expressed in choroid plexus, organum 

vasculosum of the lamina terminalis, area postrema, and subfornical organ.
67

  

In the classical axis (ACE-Ang II-AT1R), renin first cleaves AGT to Ang I. Having been 

hydrolyzed by ACE, Ang I is converted to Ang II that in turns simulate AT1R and AT2R. Ang II 

has a higher affinity to AT1R where it exerts its main physiological effects by mediating 

vasoconstriction, neuroinflammation, oxidative stress, apoptosis, and cellular proliferation,
68

 see 

Figure 1. In the alternative axis (ACE2-Ang (1–7)-Mas), ACE2 cleaves Ang II to Ang (1–7), 

which is a ligand for the Mas receptor. Activation of this axis results in vasodilation, 

angiogenesis, anti-inflammatory, antioxidant, and anti-apoptotic responses.
68

 Over-activation of 

the ACE/Ang II/AT1R axis can serve an important role in the pathogenesis of acute ischemic 

stroke through its vasoconstrictor effects upon cerebral vessels, in addition to pro-fibrotic, pro-

inflammatory, and increased oxidative stress impact upon the brain parenchyma.
69

 Conversely, 
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brain ACE2-Ang-(1-7)-MAS axis is an important regulator of blood pressure that counteracts the 

pressor effect of ACE-Ang II-AT1R axis in the brain.
70

  

A larger metabolic penumbra volume and higher cerebral blood flow (CBF) in the core 

and penumbra were observed in AT1R knockout mice with a permanent middle cerebral artery 

(MCA) occlusion, compared to wild-type controls; mice with overexpression of human renin and 

AGT genes had large infarcts.
71, 72

 Ang II has been shown to increase contractile response in 

isolated MCAs subsequent to MCA occlusion through AT1R
73

 and impair cerebral perfusion 

post occlusion.
68

 

 

Antihypertensive effect of RAS alternative axis 

Activation of ACE2-Ang-(1-7)-Mas may have protective effects against stroke by 

blunting the ACE-Ang II-AT1R axis. ACE2-Ang-(1-7)-Mas pathway also exerts 

antihypertensive property by directly affecting the classical RAS system in the CNS. In 

catecholaminergic neurons, ACE2 overexpression has been demonstrated to lessen the Ang II-

induced upregulation of AT1R.
74

 In the brain, ACE2 overexpression normalizes baroreflex 

dysfunction, improves parasympathetic tone, and attenuates sympathetic activity.
75

 In a mouse 

neuroblastoma cell line treated with Ang II, overexpression of ACE2 has been associated with a 

reduction in reactive oxygen species (ROS) levels.
76

 

 

Vascular effect and angiogenesis role of RAS alternative axis 

Improvement of angiogenesis arising from the activity of the alternative RAS axis is a 

protective mechanism against cerebral ischemia. After ischemic stroke, the priming of 

endothelial progenitor cells with ACE2 improves angiogenesis in the peri-infarct region of the 
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cerebral cortex in mice.
77

 Intraventricular infusion of Ang-(1-7) markedly improved brain 

capillary density,
78

 while ACE2 overexpression in neurons increased angiogenic cytokine level 

and augment CBF in stroke.
79

 

 

Antithrombotic effect of RAS alternative axis 

Activation of ACE2-Ang-(1-7)-Mas axis induces antithrombotic activity. It has been 

shown that ACE2 activation inhibited thrombus formation and platelet adhesion to the vessel 

walls among spontaneously hypertensive rats.
80

 Infusion of Ang-(1-7) (1, 10, or 100 

pmol/kg/min for 2 hours) in rats with venous thrombosis resulted in a 50-70% decrease in the 

amount of thrombus.
81

 This was reversed in a dose-dependent manner by co-treatment with a 

selective Ang-(1-7) receptor antagonist (A-779) or AT1R antagonist (EXP 3174) but not by 

AT2R antagonist (PD 123,319). Additionally, the antithrombotic effect of captopril (an ACE 

inhibitor) and losartan (an AT1R blocker) were dose-dependently weakened by administering A-

779. Concomitant treatment of N
G
-nitro-L-arginine methyl ester (NO synthase inhibitor) and 

indomethacin (prostacyclin synthesis inhibitor) annulled the effect of Ang-(1-7).
81

 In Mas
+/+

 

mice, Ang-(1-7) was seen to inhibit thrombus formation, which was annulled in Mas-knockout 

mice; NO release stimulated by Ang-(1–7) was blocked in platelets of Mas-knockout mice; and 

Mas deficiency significantly decreased bleeding time.
82

 

 

Antiatherosclerotic effect of the RAS alternative axis 

Recent evidence has shown that Ang-(1-7) inhibits atherosclerosis and increases stability 

of atherosclerotic plaques by decreasing smooth muscle cell proliferation and migration, as well 

as regulating lipid metabolism. By suppressing P38 mitogen-activated protein kinase (MAPK) 
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phosphorylation and attenuating nuclear translocation of NF- кB, Ang-(1-7) downregulates Ang-

II-induced intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 

(VCAM-1).
83, 84

 These findings suggest a role for Ang-(1-7) in modulating endothelial cell 

adhesion molecules. ACE2-Ang-(1-7)-Mas axis activation can decrease atherosclerosis 

development and progression through the inhibition of vascular smooth muscle cell proliferation 

and restoration of endothelial function, and lower the risk of ischemic stroke.
85

 In the abdominal 

aorta of rabbits, ACE2 overexpression has been found to give rise to more stable plaques with 

less lipid deposition, fewer macrophages, and more collagen content.
86

  

 

Neuroprotective and antioxidant effects of RAS alternative axis 

ACE2-Ang-(1-7)-Mas axis has neuroprotective properties following ischemia. Ang-(1-7) 

infusion considerably lowered the ischemia-induced rise in malondialdehyde, a biomarker of 

oxidative stress that is markedly elevated following ischemic stroke, and improved superoxide 

dismutase activity in peri-infarct tissue of rat brain.
85

 These effects were reversed by A-779, 

indicating that Mas receptor plays a role in the antioxidative action of Ang-(1-7).
85

 Activation of 

the alternative RAS axis restricts neuronal cell death by diminishing oxidative stress. Ang-(1-7) 

can decrease the levels of inducible NO synthase (iNOS), a pro-oxidant molecule, which is 

increased in patients with stroke.
87

 Moreover, the infusion of Ang-(1-7) resulted in a marked 

reduction in NF-кB activity and a decrease in expression of TNF-α, IL-1β and COX-2 in peri-

infarct tissue. These data overall suggest that Ang-(1-7) may have neuroprotective effects during 

the early phase of cerebral ischemia through the suppression of the inflammatory response.  

 

COVID-19 and RAS 
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The degree of ACE2 expression is associated with the extent of infectivity by SARS-CoV 

and SARS-CoV-2.
88, 89

 Endogenous Ang II is suggested to prevent COVID-19 infection. Ang II 

binds to ACE2 during its conversion to Ang-(1-7),
90

 competing with the SARS-CoV-2 for 

ACE2. Ang II binds to AT1R and triggers ACE2 internalization and downregulation via an 

ERK1/2 and p38 MAP kinase pathway both in vitro and in vivo,
91, 92

 Ang II leads to AT1R-

dependent destruction of ACE2 via ubiquitination and transport into lysosomes.
93

 

In SARS-CoV-2 infection, binding of the S glycoprotein to ACE2 may lead to ACE2 

downregulation,
94

 which in turn results in a higher formation of Ang II by ACE, with less ACE2 

to convert to Ang-(1-7).
95

 Greater availability of ACE due to the infection activates the classical 

RAS axis, which can have an important role in promoting ischemia through its vasoconstrictor 

effect on cerebral arteries, in addition to pro-fibrotic, pro-inflammatory, and increased oxidative 

stress impact on brain parenchyma. Overactivation of the classical RAS pathway underactivates 

alternative RAS signaling and results in lower vasodilation, angiogenesis, anti-inflammatory, 

antioxidant, and anti-apoptotic responses, as well as lower antithrombotic, antiatherosclerotic, 

and neuroprotective effects. 

ACE inhibitors (ACEI), AT1R blockers (ARB) such as thiazolidinediones, and 

mineralocorticoid receptor blockers (MRB) such as pioglitazone and ibuprofen induce ACE2 

expression that is in contrast with the inhibitory effects on the ACE2-Ang-(1-7)-axis by gluco-

corticoids.
96

 Moreover, diabetic patients overexpress ACE2.
97

 The above-mentioned hypothesis 

has raised some preliminary concerns regarding the use of these drugs in patients with diabetes 

mellitus (DM) and cardiovascular diseases, which may be affected by COVID19. However, in a 

retrospective, multi-center study of 1128 adult patients with hypertension diagnosed with 

COVID-19, 188 patient taking ACEI/ARB had a lower all-cause mortality than non-ACEI/ARB 
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group (adjusted HR = 0.42; 95% CI: 0.19-0.92; P = 0.03).
98

 This study suggests, although with 

its conceptual limitations (as ACEI and ARB treatment were not evaluated dependably), that the 

interaction between SARS-CoV-2 and the ACE2 receptor is more complex than we can actually 

realize. Based on currently available data, ACEI and ARB therapy should be maintained or 

initiated in patients with heart failure, hypertension, and/or MI according to current guidelines, 

irrespective of SARS-CoV-2 status. 

 

Recombinant ACE2 a potential therapy for COVID-19 

ACE overactivation and ACE2 underactivity is involved in lung injury. Therefore, ACE2 

treatment may itself slow down viral entry into cells
89, 99

, hence viral spread, and protect the lung 

from injury
100-103

. Intravenous recombinant human ACE2 (rhACE2; APN01, GSK2586881) was 

given to healthy subjects in a randomized clinical trial (RCT) in order to assess 

pharmacodynamics, pharmacokinetics, safety, and tolerability of rhACE2.
104

 Consequently, it 

was demonstrated that the therapy was well-tolerated. Although considerable changes were 

observed in RAS peptide concentrations, cardiovascular effects were not seen.
104

 Administration 

of the rhACE2 was also evaluated in patients with respiratory distress syndrome in an RCT.
105

 

However, the study was not adequately powered to determine changes in acute physiology or 

clinical outcomes.  

 

COVID-19 and stroke epidemiology 

Some COVID-19 patients develop strokes, seizures, confusion, and brain 

inflammation.
106

 Early case reports described a Chinese patient with COVID-19 with left 

hemiparesis due to acute cerebral infarction and large blood vessel occlusion,
107

 as well as a 

                  



18 
 

patient with COVID-19 with massive intracerebral hemorrhage (ICH) without prior history of 

arterial hypertension or anticoagulant use.
108

 Guan et al.
37

 showed that cerebrovascular morbidity 

was seen in 1.4% and headache in 13.6% of patients with COVID-19. In another study, 

cerebrovascular morbidity, dizziness, and headache have been noted in 5.1%, 9.4%, and 6.5%, 

respectively, among COVID-19 patients.
7
 In a further study, among 214 patients with COVID-

19, acute cerebrovascular disease was found in 6 (2.8%).
25

 Comparing severe and moderate 

COVID-19 patients, neurologic symptoms (45.5% vs 30.2%) such as acute cerebrovascular 

diseases (5.7% vs 0.8%) and impaired consciousness (14.8% vs 2.4%) were observed more often 

among severe COVID-19 patients.
25

 Helms et al.
18

 studied 58 patients with COVID-19 of which 

13 had brain MRI. The authors reported ischemic strokes in 3 of the 13 patients (23%). Li et al. 

24
  reported that out of 221 patients with COVID-19, 11 (5%) had an acute ischemic stroke, 1 

(0.5%) a cerebral venous sinus thrombosis (CVST), and 1 (0.5%) an ICH. Table 1 summarizes 

the evidence of cerebrovascular disease in patients with COVID-19. Needless to say, the 

reported cases of neurological symptoms among COVID-19 positive patients is probably a gross 

underestimate as many of these patients are sedated and on ventilators.
106

 

The epidemiological data on stroke incidence during the COVID-19 pandemic are not 

published yet, but anecdotal observations and single-center experiences suggest an increase of 

thromboembolic stroke among younger adults,
34

 a reduction of stroke admissions to Emergency 

Departments (EDs)
109

 of both mild and severe strokes. Reasons for these observations can be 

multifactorial, and any attempt to explain this phenomenon is highly speculative at the moment. 

Only a well-designed worldwide epidemiological study can shed a light on the true incidence of 

COVID-19 related stroke and the underlying causes. 
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Figure 2 presents a non-contrast head CT showing posterior fossa ICH with acute 

obstructive hydrocephalus in a hospitalized COVID-19 positive 54-year old patient with history 

of asthma, DM, supraventricular tachycardia, sickle cell trait, and obstructive sleep apnea. The 

patient had been anticoagulated with low-molecular weight heparin and then switch to 

unfractionated heparin due to elevated D-dimer levels.  

 

Possible impact of COVID-19 on the clinical stroke practice 

A peculiar observation has been noted worldwide during the COVID-19 pandemic. 

Stroke presentations (as well as other acute emergencies) to EDs have declined, with some areas 

reporting a significant decline.
109

 The reasons for these observations are not fully clear, as yet. 

Some have speculated a decline in incidence, perhaps related a decrease of other respiratory 

infections. This may be attributed to improved hand-washing frequency and social distancing 

practices, which would also limit the spread of other infections linked to strokes. Another 

plausible explanation may reflect patients’ reluctance to come to EDs (particularly with mild 

non-disabling strokes) due to fear of exposure to the SARS-CoV-2 virus or the perception that 

EDs are crowded and overwhelmed that cannot provide proper care. In this regard, it is of the 

utmost importance to educate patients and the public at large, that this is not the case, as EDs 

have taken precautions to ensure patients and caregivers are protected and hospitals remain the 

best place to receive timely and appropriate care for time-sensitive acute emergencies such as 

acute ischemic strokes. Hospital administrations should also ensure patients safety through 

appropriate preventive measures and the use of personal protective equipment (PPE). Many 

important aspects of patient evaluation and care can be performed via telemedicine. Early 
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supported discharge services should be organized for patients suffering from acute strokes with 

or without confirmed COVID-19. 

In areas with COVID-19 case surges, stroke rates do appear to be elevated as well. 

Estimates from Wuhan stated that 5% of COVID-19 patients had a concomitant stroke.
25

 Reports 

from New York suggest that numbers of emergent large vessel occlusion (ELVO) strokes were 

significantly elevated, occurring in younger patients without vascular risk factors. At-risk areas 

should have plans in place to handle these potential increased volumes, as well as ensure treating 

teams have adequate training and PPE to handle SARS-CoV-2 positive stroke patients.  

 

Concluding remarks 

COVID-19 is a ferocious global health threat. It is apparent that some patients with 

COVID-19 manifest neurological symptoms, including strokes. CAC, a crucial condition of this 

disease, is likely caused by inflammation, including an inflammatory cytokine storm. Recent 

studies have also suggested axonal transport of SARS-CoV-2 via the cribriform plate to the 

olfactory bulb to the brain. The process of internalization of SARS-CoV2 occurs when S 

glycoprotein of the virus binds to ACE2 on cellular membranes. ACE2 is expressed in several 

tissues and organs, including the respiratory system, gastrointestinal tract, and brain. SARS-

CoV-2 induces downregulation of ACE2. This can over-activate the classical RAS axis, as well 

as under-activate the alternative RAS signaling in the brain. The consequent imbalance in 

vasodilation, neuroinflammation, oxidative stress, and thrombogenesis can contribute to stroke 

pathophysiology during SARS-CoV-2 infection. Anecdotal observations highlight the challenges 

of treating COVID-19 patients who have strokes that further complicate the care for these 

severely ill patients. Although the lungs are ground zero in COVID-19 patients, SARS-CoV-2 
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can also effect other organs such as the brain, heart, vascular system, and kidneys.
106

 Unlike our 

earlier understanding that COVID-19 was similar to a ―regular flu‖, we now know that SARS-

CoV-2 acts like no other pathogen scientists and clinicians have previously experienced, as it can 

attack several organs, causing significant and permanent damage. Standing orders and protocols 

should be modified to provide better individualized care for stroke patients vis-à-vis COVID-19.  
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Figure 1: Schematic process of endocytosis of SARS-COV-2, proliferation of the virus inside 

the cell, and effect of virus upon RAS. Having been primed by TMPRSS2, SARS-COV-2’s 

spike glycoprotein binds to ACE2. The virus enters the cell and is proliferated. SARS-COV-2 

downregulates ACE2, which in turn under-activates the RAS alternative axis (ACE2-Ang-(1-7)-

Mas). Under-activation of the alternative axis gives rise to over-activation of the classical RAS 

axis (ACE-Ang II-AT1R). The consequent imbalance in vasodilation, neuroinflammation, 

oxidative stress, and thrombotic response can contribute to the pathophysiology of stroke during 

SARS-CoV-2 infection. 

Abbreviations  

SARS-COV-2: severe acute respiratory syndrome coronavirus 2, RAS: renin-angiotensin system, 

ACE2: angiotensin‐converting enzyme 2, TMPRSS2: Transmembrane protease, serine 2, Ang: 

angiotensin, Mas: Mas receptor, AT1R: angiotensin 1 receptor  
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Figure 2: Non-contrast head CT showing posterior fossa ICH with acute obstructive 

hydrocephalus in a COVID-19 positive patient.   
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Table 1: Evidence of cerebrovascular disease in patients with COVID-19 

Authors Study design Results 

Zhao et al., 2020107 Case report 
Acute cerebral infarction and large blood vessel 

occlusion 

Sharifi-Razavi et al., 

2020108 
Case report Massive intracerebral hemorrhage 

Wang et al., 20207 Retrospective study 
Cerebrovascular morbidity in 7 out of 138 patients 

(5.1%) with COVID-19. 

Helms et al., 202018 Retrospective study 
Ischemic stroke in 23% of patients with COVID-

19 with MRI. 

Li et al., 202024  Retrospective study 

Eleven (5%) patients with COVID-19 had acute 

ischemic stroke, 1 (0.5%) patient cerebral venous 

sinus thrombosis (CVST), and 1 (0.5%) patient 

had cerebral hemorrhage 

Mao et al., 202025 Retrospective study 

Acute cerebrovascular disease in 6 (2.8%) out of 

214 patients with COVID-19. The acute 

cerebrovascular disease was seen more frequently 

in patients with severe patients with COVID-19, 

compared to non-severe patients with COVID-19 

(5.7% vs 0.8%). 

Guan et al., 202037 Retrospective study 
Cerebrovascular morbidity in 1.4% of COVID-19 

patients. 

 

 

 

 

 

                  


