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Coronavirus disease of 2019 (COVID-19) continues to plague 

he world, and it is likely here to stay indefinitely, even if vac- 

ines are successful. Covid-19 is in fact both a pulmonary and 

ndothelial disease [1] . SARS-CoV2 uses the angiotensin convert- 

ng enzyme 2 (ACE2) to facilitate entry into cells, and ACE2 is 

resent widely on lung type II alveolar cells and on ECs through- 

ut the body. Continuous endothelium, as found in heart and 

uscle, is infected by SARS-CoV prior to crossing to underlying 

arenchyma. Endotheliitis is a hallmark of end-stage disease [2] . 

icro and macrovascular EC dysfunction leads to vasoconstriction, 

ro-coagulant and pro-inflammatory states, and ultimately to end- 

rgan dysfunction, all hallmarks of terminal COVID-19. Patients 

ith pre-existing endothelial dysfunction, i.e. the aged, smok- 

rs, and subjects with hypertension or diabetes, are precisely the 

roups at highest risk for COVID-19 complications and mortality. 

here is thus strong rationale for using strategies of endothelial- 

argeted therapy or vascular normalization to prevent or delay 

omplications, allowing time for immunological responses to clear 

he virus. The only vasculo-protective approach taken to date has 

een with 3–hydroxy-3-methyl-glutrayl-coenzyme A reductase in- 

ibitors (statins), with mixed results. Another interesting consider- 

tion would be to somehow promote endothelial sheer stress (ESS) 

ignaling. 

ESS is defined as the tangential force exerted upon the endothe- 

ial surface by friction from flowing blood. ESS is proportional to 

he viscosity of blood and its velocity at the vessel wall. The ve- 

ocity at the vessel wall, in turn, is dictated by the magnitude of 

lood flow in the vessel and by the nature of the flow. Blood flow 

elocity in vessels ranges from 100 cm/s in aorta to 0.5 mm/s in 

apillaries, a 20 0 0-fold range. The rate of change of flow, i.e. accel- 

ration, is also important to ESS, and can be as high as 60 0 0 cm/s 2 ,

he equivalent of 6 g-force (6 times earth’s gravity). Flow is pul- 

atile in arterial vessels, due to the cardiac cycle, and can even be 

scillatory, for example in diastolic reversal of coronary artery flow, 

r with aortic valve insufficiency. Flow can be laminar, usually in 

arge and regular vessels, or turbulent, for example at bifurcations 

r vessel irregularities. Turbulent flow is more likely to occur with 

igh blood flow and low viscosity, as found in large arteries. Pul- 

atile and turbulent flow patterns disappear in the microvascu- 
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ature, but intermittent flow can still occur there because of the 

natomical vascular plexus and dynamic changes in flow patterns. 

nder turbulent flow, ESS is diminished and chaotic. 

ESS has powerful effects on endothelial biology and dis- 

ase, promoting numerous favorable remodeling events, includ- 

ng effects on endothelial morphology, vasodilation, permeabil- 

ty, adhesion, proliferation, inflammatory response, and thrombotic 

nd fibrinolytic homeostasis. The important contribution of low 

nd oscillatory shear stress to the progression of atherosclerosis, 

rst posited in 1969 [ 3 ], is now well-established. Atherosclerotic 

laques preferentially develop at arterial bifurcations, branches, 

nd curvatures where low and turbulent ESS is exposed [ 4 ]. Tur- 

ulent flow has also been implicated in thrombosis and aortic 

alvular disease [ 5 ]. In contrast, high and laminar ESS occurs in 

elatively straight arterial vessels and promotes anti-inflammation 

 6 ], anti-thrombosis, endothelial quiescence and barrier function 

 7 ], and under certain circumstances angiogenic sprouting [ 8 ]. 

ncreases in laminar ESS likely contribute, for example, to the 

asculo-protective benefits of exercise. 

In light of the fundamental impact of ESS on vertebrate bi- 

logy, and on human disease, understanding how ECs sense and 

ransduce ESS is imperative. ECs express a number of mechanore- 

eptors that can sense ESS, leading to activation of complex in- 

racellular signaling pathways, a process known as mechanotrans- 

uction. Numerous mechanoreceptors have been identified to date, 

ncluding mechanosensitive GPCRs [ 9 ], ion channels (e.g. PIEZO) 

 10 , 11 ], tyrosine kinase receptors [ 12 ], and integrins [ 13 ]. The pre-

ise identity and relative dominance of these EC mechanorecep- 

ors remains somewhat controversial, and depends on context, but 

PCRs are likely a primary class of EC mechanoreceptors. In this 

ssue of TCM, Li et al. [ 14 ] provide a comprehensive review of 

ow GPCRs sense ESS and consequently promote vasodilation. Mul- 

iple GPCRs have potential mechanosensing properties, including 

PR68 [ 15 ], the Sphingosine-1-phosphate receptors (S1PR) [ 16 ], 

he histamine receptors [ 17 ], and the bradykinin receptors [ 18 ]. 

PCRs are widely expressed transmembrane proteins that, in gen- 

ral, bind to agonists that cause transmission of information to 

he intracellular milieu via allosteric changes in the receptor, lead- 

ng to recruitment of intracellular signaling molecules such as het- 

rotrimeric G-proteins or β-arrestins. Xiucun Li et al. [ 14 ] discuss 

n depth potential mechanisms of mechanosensing by different 

PCRs, both agonist-dependent and agonist-independent, includ- 

ng conformational changes that can be triggered by ESS-induced 
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hanges in plasmalemma tension and membrane fluidity. Xiucun Li 

t al. also discuss the connection between reactive hyperemia (RH) 

nd GPCRs. Although the mechanism of how the post-occlusive 

H works has been controversial, GPCR G αq/11-mediated signaling 

hat releases endothelium-derived hyperpolarization factor (EDHF) 

r nitric oxide (NO) seem to be responsible for the hyperemic re- 

ponse. In addition to GPCRs, a few ion channels including PIEZO1 

 19 ] and transient receptor potential vanilloid-4 (TRPV4) [ 20 ] have 

een identified as mechanosensitive and contribute significantly 

o the regulation of vascular tone by working synergistically with 

PCRs. 

Could there be a use for pharmacological activation of ESS path- 

ays, i.e. ESS mimetics, in treating the current global COVID-19 

courge? There is indirect evidence for the idea that ESS mimet- 

cs might be protective against COVID-19 complications. The bio- 

ogical consequences of activated mechanotransduction in ECs are 

omplex and differ contextually, but a major and consistent re- 

ult is the activation of NO production by endothelial NO syn- 

hase (eNOS). NO, in turn, promotes vascular relaxation, and is also 

trongly anti-inflammatory, anti-thrombotic, and anti-apoptotic. 

O decreases with age and with diabetes, the two groups most af- 

ected by COVID-19. Interestingly, NO has been shown to inhibit 

ARS-CoV1 replication [ 21 , 22 ]. Inhaled NO has shown potential 

enefit in SARS-CoV1 infections [ 23 ], and case studies suggest pos- 

ible benefit in COVID-19 [ 24-26 ]. Phase 2 clinical trials with in- 

aled NO in COVID-19 are ongoing (NCT04388683, NCT04338828, 

CT04397692, NCT04456088). Putative ESS mimetics would be ex- 

ected to activate NO production, in addition to numerous other 

asculo-protective pathways described above, thus yielding similar 

enefit as NO, if not more. GPCRs are eminently tractable pharma- 

eutical targets, accounting for ~30% of FDA-approved drugs, and 

 $150 billion annual sales worldwide. Targeting GPCRs that medi- 

te ESS, guided by Li et al. [14] , could thus be an attractive alter-

ative to promote vasculoprotection in COVID-19. 

eferences 

[1] Siddiqi HK, Libby P, Ridker PM. COVID-19 - a vascular disease. Trends Cardio- 
vasc Med 2021;31:1–5. doi: 10.1016/j.tcm.2020.10.005 . 

[2] Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinker- 
nagel AS, et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet 

2020;395:1417–18. doi: 10.1016/S0140- 6736(20)30937- 5 . 

[3] Caro CG, Fitz-Gerald JM, Schroter RC. Arterial wall shear and distribution of 
early atheroma in man. Nature 1969;223:1159–60. doi: 10.1038/2231159a0 . 

[4] Davies PF, Civelek M, Fang Y, Fleming I. The atherosusceptible endothelium: 
endothelial phenotypes in complex haemodynamic shear stress regions in vivo. 

Cardiovasc Res 2013;99:315–27. doi: 10.1093/cvr/cvt101 . 
[5] Stein P D, Sabbah HN. Turbulent blood flow in the ascending aorta of humans 

with normal and diseased aortic valves. Circ Res 1976;39:58–65. doi: 10.1161/ 

01.res.39.1.58 . 
[6] Matharu NM, McGettrick HM, Salmon M, Kissane S, Vohra RK, Rainger G, Ed, 

et al. Inflammatory responses of endothelial cells experiencing reduction in 
flow after conditioning by shear stress. J Cell Physiol 2008;216:732–41. doi: 10. 

1002/jcp.21457 . 
72 
[7] Dekker RJ, Boon RA, Rondaij MG, Kragt A, Volger OL, Elderkamp YW, et al. 
KLF2 provokes a gene expression pattern that establishes functional quies- 

cent differentiation of the endothelium. Blood 2006;107:4354–63. doi: 10.1182/ 
blood- 2005- 08- 3465 . 

[8] Galie PA, Nguyen Duc-Huy T, Choi CK, Cohen DM, Janmey PA, Chen CS. Fluid
shear stress threshold regulates angiogenic sprouting. Proc Natl Acad Sci USA 

2014;111:7968–73. doi: 10.1073/pnas.1310842111 . 
[9] Kuchan MJ, Jo H, Frangos JA. Role of G proteins in shear stress-mediated nitric 

oxide production by endothelial cells. Am J Physiol 1994;267:C753–8. doi: 10. 

1152/ajpcell.1994.267.3.C753 . 
[10] Gerhold KA, Schwartz MA. Ion channels in endothelial responses to fluid shear 

stress. Physiol (Bethesda) 2016;31:359–69. doi: 10.1152/physiol.0 0 0 07.2016 . 
[11] Li J, Hou B, Tumova S, Muraki K, Bruns A, Ludlow MJ, et al. Piezo1 integra-

tion of vascular architecture with physiological force. Nature 2014;515:279–82. 
doi: 10.1038/nature13701 . 

12] Banfi A, Gianni-Barrera RVEGF. shear stress and muscle angiogenesis: a com- 

plicated triangle. Acta Physiol 2015;214:298–9. doi: 10.1111/apha.12514 . 
[13] Jalali S, del Pozo MA, Chen K, Miao H, Li Y, Schwartz MA, et al. Integrin-

mediated mechanotransduction requires its dynamic interaction with specific 
extracellular matrix (ECM) ligands. Proc Natl Acad Sci USA 2001;98:1042–6. 

doi: 10.1073/pnas.031562998 . 
[14] Li X , Hu Y , Chen M , Wang M . Flow-mediated vasodilation through

mechanosensitiveG protein-coupled receptors in endothelial cells. Trends Car- 

diovasc Med 2020 In press . 
[15] Xu J, Mathur J, Vessieres E, Hammack S, Nonomura K Favre J, et al. GPR68

senses flow and is essential for vascular physiology. Cell 2018;173:762–75 
e716. doi: 10.1016/j.cell.2018.03.076 . 

[16] Jung B, Obinata H, Galvani S, Mendelson K, Ding B-S, Skoura A, et al. Flow-
regulated endothelial S1P receptor-1 signaling sustains vascular development. 

Dev Cell 2012;23:600–10. doi: 10.1016/j.devcel.2012.07.015 . 

[17] Erdogmus S, Storch U, Danner L, Becker J, Winter M, Ziegler N, et al. Helix
8 is the essential structural motif of mechanosensitive GPCRs. Nat Commun 

2019;10:5784. doi: 10.1038/s41467- 019- 13722- 0 . 
[18] Chachisvilis M, Zhang YL, Frangos JA. G protein-coupled receptors sense fluid 

shear stress in endothelial cells. Proc Natl Acad Sci USA 2006;103:15463–8. 
doi: 10.1073/pnas.0607224103 . 

[19] Iring A, Jin Y-J, Albarrán-Juárez J, Siragusa M, Wang SP, Dancs PT, et al. Shear

stress-induced endothelial adrenomedullin signaling regulates vascular tone 
and blood pressure. J Clin Invest 2019;129:2775–91. doi: 10.1172/JCI123825 . 

20] Mendoza SA, Fang J, Gutterman DD, Wilcox DA, Bubolz AH, Li R, et al. 
TRPV4-mediated endothelial Ca 2 + influx and vasodilation in response to 

shear stress. Am J Physiol Heart Circ Physiol 2010;298:H466–76. doi: 10.1152/ 
ajpheart.0 0854.20 09 . 

21] Akerström S, Mousavi-Jazi M, Klingström J, Leijon M, Lundqvist A, Mirazimi A. 

Nitric oxide inhibits the replication cycle of severe acute respiratory syndrome 
coronavirus. J Virol 2005;79:1966–9. doi: 10.1128/JVI.79.3.1966-1969.2005 . 

22] Abdul-Cader MS, Amarasinghe A, Abdul-Careem MF. Activation of toll-like re- 
ceptor signaling pathways leading to nitric oxide-mediated antiviral responses. 

Arch Virol 2016;161:2075–86. doi: 10.10 07/s0 0705- 016- 2904- x . 
23] Chen L, Liu P, Gao H, Sun B, Chao D, Wang F, et al. Inhalation of nitric oxide in

the treatment of severe acute respiratory syndrome: a rescue trial in Beijing. 
Clin Infect Dis 2004;39:1531–5. doi: 10.1086/425357 . 

24] Feng W-X, Yang Y, Wen J, Liu Y- X, Liu L, Feng C. Implication of inhaled ni-

tric oxide for the treatment of critically ill COVID-19 patients with pulmonary 
hypertension. ESC Heart Fail 2020. doi: 10.1002/ehf2.13023 . 

25] Wiegand SB, Fakhr BS, Carroll RW, Zapol WM, Kacmarek RM, Berra L. Res- 
cue treatment with high-dose gaseous nitric oxide in spontaneously breathing 

patients with severe coronavirus disease 2019. Crit Care Explor 2020;2:e0277. 
doi: 10.1097/CCE.0 0 0 0 0 0 0 0 0 0 0 0 0277 . 

26] Fakhr BS, Wiegand SB, Pinciroli R, Gianni S, Morais CCA, Ikeda T, et al. High

concentrations of nitric oxide inhalation therapy in pregnant patients with se- 
vere coronavirus disease 2019 (COVID-19). Obstet Gynecol 2020;136:1109–13. 

doi: 10.1097/AOG.0 0 0 0 0 0 0 0 0 0 0 04128 . 

https://doi.org/10.1016/j.tcm.2020.10.005
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1038/2231159a0
https://doi.org/10.1093/cvr/cvt101
https://doi.org/10.1161/01.res.39.1.58
https://doi.org/10.1002/jcp.21457
https://doi.org/10.1182/blood-2005-08-3465
https://doi.org/10.1073/pnas.1310842111
https://doi.org/10.1152/ajpcell.1994.267.3.C753
https://doi.org/10.1152/physiol.00007.2016
https://doi.org/10.1038/nature13701
https://doi.org/10.1111/apha.12514
https://doi.org/10.1073/pnas.031562998
http://refhub.elsevier.com/S1050-1738(21)00005-0/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00005-0/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00005-0/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00005-0/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00005-0/sbref0014
https://doi.org/10.1016/j.cell.2018.03.076
https://doi.org/10.1016/j.devcel.2012.07.015
https://doi.org/10.1038/s41467-019-13722-0
https://doi.org/10.1073/pnas.0607224103
https://doi.org/10.1172/JCI123825
https://doi.org/10.1152/ajpheart.00854.2009
https://doi.org/10.1128/JVI.79.3.1966-1969.2005
https://doi.org/10.1007/s00705-016-2904-x
https://doi.org/10.1086/425357
https://doi.org/10.1002/ehf2.13023
https://doi.org/10.1097/CCE.0000000000000277
https://doi.org/10.1097/AOG.0000000000004128

