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Abstract
The COVID-19 pandemic is associated with neurological symptoms and complications including stroke. There is hypercoagulability associated with COVID-19 that is likely a “sepsis-induced coagulopathy” and may predispose to stroke. The SARS-CoV2 virus binds to angiotensin-converting enzyme 2 (ACE2) present on brain endothelial and smooth muscle cells. ACE2 is a key
part of the renin angiotensin system (RAS) and a counterbalance to angiotensin-converting enzyme 1 (ACE1) and angiotensin II.
Angiotensin II is proinflammatory, is vasoconstrictive, and promotes organ damage. Depletion of ACE2 by SARS-CoV-2 may
tip the balance in favor of the “harmful” ACE1/angiotensin II axis and promote tissue injury including stroke. There is a rationale
to continue to treat with tissue plasminogen activator for COVID-19-related stroke and low molecular weight heparinoids may
reduce thrombosis and mortality in sepsis-induced coagulopathy.
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Although the precise incidence is not known, stroke is emerging as a complication of the COVID-19 pandemic. The clinical course of COVID-19 is most severe in elderly patients, in
men, and in patients with comorbidities such as hypertension,
diabetes, heart disease, and obesity, all risk factors for stroke.
[1]. Neurological symptoms are common in COVID-19 including anosmia and hypogeusia, seizures, and strokes. In a
retrospective study of 214 hospitalized COVID-19 patients
from Wuhan, China, 5.7% of the severe patients suffered a
stroke [2].

Coagulopathy
One of the emerging hallmarks of severe COVID-19 is a coagulopathy that has been termed “sepsis-induced coagulopathy” (SIC) with high D-dimer levels and elevated fibrinogen
[3, 4]. SIC is a precursor state to DIC and associated with
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elevated prothrombin time (PT), elevated D-dimer, and thrombocytopenia, but without hypofibrinogenemia. It is related to
an infection-induced systemic inflammatory response with
endothelial dysfunction and microthrombosis with organ failure and usually no bleeding [4]. In a multivariate analysis of a
retrospective series of 440 severe COVID-19 patients, the
predictors of 28-day mortality were age, prothrombin time,
D-dimer levels, and thrombocytopenia. Patients with elevated
D-dimer or SIC score had lower mortality when treated with
heparin (mostly low molecular weight) compared with those
not treated with heparin. A case series of 3 patients with respiratory failure and high D-dimer levels reported transient
improvement in respiratory parameters with the use of tissue
plasminogen activator [5]. The lung pathology in one
COVID-19 patient revealed microvascular thrombosis suggesting that the lung microvascular thrombosis in COVID19 patients may contribute to respiratory failure and ARDS
[5].
Antiphospholipid antibodies (aPL) were reported in 3
COVID-19 patients. aPL are antibodies directed to phosphoproteins and associated with both arterial and venous thrombotic events. All 3 patients suffered multiple cerebral infarcts
and one had multiple limb ischemia. All had elevated IgA
anticardiolipin antibodies and elevated IgA and IgG beta 2
glycoprotein I antibodies with prolonged activated partial
thromboplastin times and prothrombin times but no lupus anticoagulant. Two of the 3 patients had thrombocytopenia and
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all had high C-reactive protein levels [6]. It is not clear if the
strokes and thrombotic events were related to SIC or the aPL.
There is an association of aPL with viral infections especially
HIV-1 and hepatitis C and a subgroup of these are associated
with thrombotic events [7, 8].

Depletion of ACE2 and Endothelial
Dysfunction
The COVID-19 pandemic is caused by the SARS-CoV-2 virus, a member of the coronavirus family. The SARS-CoV-2
virus binds to the angiotensin-converting enzyme 2 (ACE2)
via its spike (S) protein [9]. Transmembrane protein serine
protease 2 (TMPRSS2) is also required for viral entry into
cells [10]. Similarly, the virus that caused the SARS pandemic
in 2003, SARS-CoV-1, also binds to ACE2 [11, 12]. ACE2 is
a dipeptidyl carboxydipeptidase, a homologue of angiotensinconverting enzyme 1 (ACE1), and part of the renin angiotensin system (RAS). Renin secreted from juxtaglomerular cells
in the kidney cleaves angiotensinogen produced by the liver to
angiotensin I. Angiotensin I is cleaved by ACE1 to angiotensin II. Angiotensin II binds to angiotensin 1 (AT1) and angiotensin 2 (AT2) receptors and its binding to AT1 leads to vasoconstriction, aldosterone secretion with sodium and water retention, proinflammatory and procoagulation effects, and elevated blood pressure. Angiotensin II worsens heart failure and
worsens ARDS. AT1 blockers are widely used antihypertensive drugs and have beneficial effects in organ protection including the brain.
ACE2 counteracts ACE1 and angiotensin II. ACE2 directly cleaves angiotensin II to angiotensin (1-7) and cleaves
Fig. 1 ACE2 is expressed in
human brain endothelium. SARSCoV-2 binds ACE2, depleting
ACE2 on the endothelium
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angiotensin I to angiotensin (1-9) which is then further
cleaved to angiotensin (1-7). Angiotensin (1-7) produces vasodilatation and has anti-inflammatory effects via its binding
to the Mas receptor. Activation of ACE2/Ang (1-7)/Mas axis
leads to beneficial cardioprotective and neuroprotective actions that counter-regulate the harmful actions of ACE1/
angiotensin II/AT1 axis (reviewed in [13, 14]). In rodent
models of stroke, angiotensin (1-7) is neuroprotective and
anti-inflammatory [15–17].
ACE2 is expressed in human lung, small intestine, and
endothelial and smooth muscle cells in the human brain
[18]. ACE2 is also expressed in neurons in mice [18].
Overexpression of ACE2 in neuronal cells or endothelial progenitor cells protects the brain from ischemic stroke [19, 20].
SARS-CoV-1 and 2 viruses deplete ACE2 through receptor
endocytosis upon viral entry, leaving ACE1 unopposed with
generation of angiotensin II. Angiotensin II worsens lung injury and also worsens endothelial function in organs like the
heart and brain. ACE2 in the lung declines with age and the
decrease in males with age is greater than that in females [21].
Meanwhile, the ACE1-angiotensin II system activity increases with age [22]. The depletion of ACE2 by the SARSCoV-2 virus coupled with the age-related decline in ACE2 and
increase of ACE-1-Ang II tips the balance in favor of ACE-1/
angiotensin II with proinflammatory and organ damaging effects. This may explain the higher mortality in the elderly and
in men seen in the COVID-19 pandemic.
One of the obstacles to COVID-19 research is the lack of
rodent models. SARS 1 and 2 bind to ACE2 but mouse and rat
ACE2 does not avidly bind the spike protein and mice do not
develop severe illness. A humanized ACE2 transgenic mouse
developed after the SARS pandemic is associated with severe
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SARS infection in the lung that models human disease [23].
Working with SARS-CoV-1 and 2 requires a BSL-3 facility.
Stroke models in rodents will need to use humanized ACE2
mice or move to other animals such as ferrets that are commonly used in influenza models of disease.

microthrombosis, and stroke. The role of aPL, likely triggered
by the viral infection, is unclear and may be related to SIC.
Binding to and depletion of ACE2 may tip the RAS balance in favor of the ACE-1-angiotensin II-AT1 axis and contribute to endothelial dysfunction, organ damage, and stroke.
Acknowledgments Colby Zhan, M.S. Medical Illustrator, Department of
Neurosurgery, Augusta University for the Figure.

Treatments
For patients with COVID-19 and stroke, it seems reasonable
to treat with tPA. It is not clear if other anticoagulants such as
low molecular weight heparin (LMWH) or full dose heparin
should be used. There is some evidence that LMWH may be
useful in SIC. For a more “targeted” COVID-19 therapy, one
promising treatment is to supply exogenous ACE2 by administering human recombinant soluble ACE2 (hrsACE2) which
inhibited SARS-CoV-2 infections in engineered human blood
vessel organoids [24]. Recombinant human soluble ACE2
was safe in a pilot clinical trial in ARDS [25] and is entering
clinical trial for COVID-19. (ClinicalTrials.gov number
NCT04335136).
Recombinant ACE2 may work primarily in two ways: (1)
competing with the SARS S protein for binding to lung and
endothelial endogenous ACE2 thereby acting as a decoy to
reduce infection of host cells; (2) preventing the ACE2 depletion by the SARS2 virus. Since ACE2 is expressed by brain
endothelium and neurons, it is likely that viral mediated depletion of ACE2 impairs endothelial function and predisposes
to or worsens acute stroke (Fig. 1).
Other treatments that target the RAS system such as angiotensin (1-7) and that have already shown promise in stroke
preclinical models may also be promising therapies for
COVID-19. Angiotensin (1-7) is in clinical trial for COVID19 (ClinicalTrials.gov NCT04332666). Moreover, blockers of
the AT1 receptor (ARBs), such as losartan, may be protective
in stroke. While there has been some concern that ARBs and
ACE inhibitors may be harmful in COVID-19 patients by
increasing expression of ACE2 and SARS-CoV-2 binding, a
joint statement from the American Heart Association,
American College of Cardiology, and Heart Failure Society
of American has recommended ARBs and antagonists of the
RAS system be continued in COVID-19 patients as they may
be effective. https://www.acc.org/latest-in-cardiology/articles/
2020/03/17/08/59/hfsa-acc-aha-statement-addressesconcerns-re-using-raas-antagonists-in-covid-19

Summary
Strokes are being reported as a complication of COVID-19.
The cause is not clear but SIC is associated with COVID-19
and may contribute to endothelial dysfunction,
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