1' frontiers
in Physiology

MINI REVIEW
published: 26 June 2020
doi: 10.3389/fphys.2020.00747

OPEN ACCESS

Edited by:
Francesco Moccia,
University of Pavia, Italy

Reviewed by:

Tullio Genova,

University of Turin, Italy
Carmine Rocca,
University of Calabria, Italy

*Correspondence:
Antonio Colantuoni
antonio.colantuoni@unina.it

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Vascular Physiology,

a section of the journal
Frontiers in Physiology

Received: 06 May 2020
Accepted: 08 June 2020
Published: 26 June 2020

Citation:

Colantuoni A, Martini R, Caprari R,
Ballestri M, Capecchi PL, Gnasso A,
Lo Presti R, Marcoccia A, Rossi M
and Caimi G (2020) COVID-19 Sepsis
and Microcirculation Dysfunction.
Front. Physiol. 11:747.

doi: 10.3389/fohys.2020.00747

Check for
updates

COVID-19 Sepsis and
Microcirculation Dysfunction

Antonio Colantuoni™, Romeo Martini?', Patrizia Caprari®’, Marco Ballestri*,
Pier Leopoldo Capecchi®, Agostino Gnasso®, Rosalia Lo Presti’, Antonella Marcoccia®,
Marco Rossi® and Gregorio Caimi™

" Department of Clinical Medicine and Surgery, School of Medicine and Surgery, University of Naples Federico Il, Naples, Italy,
2 Unit of Angiology, Department of Cardio Thorax and Vascular Sciences, Azienda Ospedaliera Universitaria Padova, Padua,
Italy, ° Istituto Superiore di Sanita (ISS), Rome, Italy, * Nephrology Dialysis and Transplant Unit, University Hospital of Modena,
Modena, Italy, ° Department of Medical, Surgical and Neuroscience Sciences, University of Siena, Siena, Italy, ° Department
of Clinical and Experimental Medicina, Magna Graecia University of Catanzaro, Catanzaro, ltaly, ” Department of Psychology,
Educational Science and Human Movement, University of Palermo, Palermo, Italy, ¢ UOD Vascular Medicine and
Auto-immunity, Sandro Pertini Hospital, Rome, Italy, ° Dipartimento di Medicina Interna, Universita di Pisa, Pisa, Italy,

19 Department of Science for Health Promotion and Mother to Child Care, University of Palermo, Palermo, Italy

The spreading of Coronavirus (SARS-CoV-2) pandemic, known as COVID-19, has
caused a great number of fatalities all around the World. Up to date (2020 May 6) in Italy
we had more than 28,000 deaths, while there were more than 205.000 infected. The
majority of patients affected by COVID-19 complained only slight symptoms: fatigue,
myalgia or cough, but more than 15% of Chinese patients progressed into severe
complications, with acute respiratory distress syndrome (ARDS), needing intensive
treatment. We tried to summarize data reported in the last months from several Countries,
highlighting that COVID-19 was characterized by cytokine storm (CS) and endothelial
dysfunction in severely ill patients, where the progression of the disease was fast and
fatal. Endothelial dysfunction was the fundamental mechanism triggering a pro-coagulant
state, finally evolving into intravascular disseminated coagulation, causing embolization
of several organs and consequent multiorgan failure (MOF). The ltalian Society of Clinical
Hemorheology and Microcirculation was aimed to highlight the role of microcirculatory
dysfunction in the pathogenetic mechanisms of COVID-19 during the spreading of the
biggest challenges to the World Health.
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INTRODUCTION

The spreading of Coronavirus (SARS-CoV-2) pandemic, known as COVID-19, has caused a great
number of fatalities all around the World (World Health Organization, 2020). Up to date in Italy we
had more than 28,000 deaths, while there were more than 205.000 infected (Ministero della Salute,
2020 May 6).

In most patients COVID-19 induced symptoms characterized by weakness or fatigue with cough
and fever; in some cases, diarrhea, and vomiting with arthralgia were reported. More than 15% of
Chinese patients progressed into severe complications, with acute respiratory distress syndrome
(ARDS), needing intubation and emergency treatment (Chen N. et al., 2020; Guan et al., 2020).
However, a real estimation of the percentage of patients treated in intensive care units (ICU) and
the overall percentage evaluation of the death rate by COVID-19 require an accurate assessment
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of the number of people infected in each Country: these data
are lacking at moment. Several reports have tried to clarify
the pathophysiology of COVID-19 and the number of papers
is exponentially growing. Significant cytokine storm (CS) and
coagulation alterations have been described in critical patients,
as previously reported in patients with sepsis and ARDS
(Zhang W. et al., 2020). However, in a very high percentage
of dead patients by COVID-19 (71.4%) an overt disseminated
intravascular coagulation was detected (>5 points according
to the International Society on Thrombosis and Haemostasis
criteria) (Taylor et al., 2001; Toh and Hoots, 2007; Li et al., 2020).

Furthermore, high rate of deep venous thrombosis,
complicated by lung embolism, has been reported in COVID-19
patients as well as myocardial infarction, stroke and critical limb
ischemia (Bikdeli et al., 2020).

Moreover, in COVID-19 patients the cytokine storm, as an
expression of exaggerated host immune system response, was
characterized by very high level of erythrocyte sedimentation rate
(ESR), C Reactive Protein (CRP), Tumor necrosis factor (TNF
a), interleukins: IL-18, IL-1RA, IL-2, (Li et al., 2020), IL-6, IL-7,
IL-8, IL-9, IL-10, granulocyte-colony stimulating factor (GCSF),
interferon gamma-induced protein-10 (CXCL10), monocyte
chemoattractant protein-1 (MCP-1), macrophage inflammatory
proteins 1 (MIP1) (Zhang J. et al., 2020), fibroblast growth
factor (FGF), platelet derived growth factor (PDGF), vascular
endothelial growth factor (VEGF) (Huang et al., 2020).

These data together with overt shock symptoms, such as
feeble peripheral pulses and extremities pallor, with no overt
hypotension, accompanied by metabolic acidosis in COVID-19
critical patients suggested a microcirculation dysfunction.

Therefore, investigations on microvascular and endothelial
injury may have a fundamental role for explanation of
pathophysiological mechanisms of COVID-19 clinical course
and for development of new treatments for COVID-19 patients,
to reduce the number of those who will need intensive care
units. The endothelial injury, indeed, appears to be the key
pathophysiologic factor leading patients to a multi organ failure
(MOF) and even to death (Li et al., 2020).

The aim of the Italian Society of Clinical Hemorheology
and Microcirculation is to stimulate the researchers to highlight
the role of the microcirculatory dysfunction as the leading
pathophysiologic factor of this new and unknown disease.

ACE 2 RECEPTOR ROLE

In the most severe forms, COVID-19 infection begins with
lung damage. The reported data indicate alveolar damage, such
as oedema or exudates, diffuse thickening of the alveolar wall
and formation of hyaline membranes, pneumocyte hyperplasia,
inflammation with multinucleated giant cell formation and
macrophages infiltrating the air spaces (Barton et al, 2020;
Gritti et al., 2020; Hanley et al., 2020; Tian et al., 2020; Xu
et al, 2020; Zhou P. et al, 2020). Moreover, virus particles
have been isolated in respiratory as well as fecal and urine
specimen (Wang W. et al., 2020; Zhu et al., 2020). We do not
know whether COVID-19 virus can directly target organs other

than the lung; however, several reports describe that COVID-19
patients presented “spleen atrophy, hilar lymph nodes necrosis,
focal hemorrhage in the kidney, enlarged liver with inflammatory
cell infiltration, oedema, and degeneration of the neurons in the
brain” (Chen G. et al., 2020; China National Health Commission,
2020; Li et al., 2020). It is interesting that a role could be played
by the endothelial angiotensin-converting enzyme 2 receptor
(ACE 2) localized in the lungs and other organs (Saxena, 2020).
Indeed, the COVID-19 infects cells linking to the ACE 2 receptor
which is expressed in lung and bowel epithelial cells, as well as
in endothelial cells, cardiac cells, kidney tubular cells, neurons,
alveolar monocytes and macrophages.

Patients affected by structural heart disease show increased
ACE 2 expression, thus putatively representing a class of subjects
exposed to a higher risk of developing critically ill condition
(Chen L. et al., 2020; Sun et al., 2020; Zhou F. et al., 2020).
Interestingly, hypertension and cardiovascular diseases were
among the most prevalent comorbidities both in China and Italy
(Magrone et al., 2020; Yanga et al., 2020).

In its turn, binding of SARS-CoV-2 to ACE 2 leads to its down-
regulation as the virus uses the ACE 2 receptor for internalization
and consequent cell damage/death. Because ACE 2 participates
to the feed-back regulation of the renin-angiotensin system by
counteracting ACE 1 (Chamsi-Pasha et al., 2014; Geng et al,,
2020), excess ACE 1-dependent angiotensin II production leads
to noxious vasoconstrictive, proinflammatory and pro-oxidative
effects on the patient’s vascular system through angiotensin-
receptor 1 (ATR1) stimulation not counterbalanced by the ACE
2-dependent favorable effects triggered by MasR/ATR2 activation
(Moccia et al., 2020). Covid-19-induced ACE 1/ACE 2 imbalance
also leads to the so-called ACE 1 “shedding” phenomenon
at the pulmonary vascular level, eventually enhancing local
inflammation, pro-coagulant state and capillary leakage, likely
increasing susceptibility to SARS-CoV-2 in remote tissues
(Leisman et al., 2020). These mechanisms have been reported
in detail and discussed in an accurate paper, suggesting further
studies (Moccia et al., 2020).

However, we can assume that COVID-19 as well as or
differently from other viral diseases causes direct damage
on endothelial cells (Jeffers et al., 2004; Wang and Cheng,
2020). Preliminary data, indeed, from the post-mortem
analysis of a COVID-19 patient indicate the presence
of viral elements within the endothelial cells in intestinal
microcirculation (Varga et al., 2020).

CYTOKINE STORM

As above reported, in COVID-19 patients several cytokines
and inflammation parameters are significantly increased.
In particular, there are increments in the values of IL-6
and vascular endothelial growth factor (VEGF) (Huang
et al, 2020). This “cytokine storm” indicates very high
production of cytokines facilitating the inflammation
mechanisms. This condition has been detected in patients
affected by ARDS, characterized by pro-coagulant state
and disseminated intravascular coagulation as well as
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FIGURE 1 | Scheme of the relationships between Cytokine Storm and Sepsis induced endothelial dysfunction in COVID-19: EC, Endothelial Cell; SMC, vascular
smooth muscle cell; IL-1B, Interleukin 1-8; IL-1RA, Interleukin-1 receptor antagonist; IL-2, Interleukin-2; IL-6, Interleukin-6; IL-7, Interleukin-7; IL-8, Interleukin-8; IL-9,
Interleukin-9; IL-10, Interleukin-10; PDGF, Platelet derived growth factor; CXCL10 C-X-C motif chemokine 10 or interferon gamma induced protein 10; MCP-1,
Monocyte chemoattractant protein-1; TNF o, Tumor necrosis factor a; GCSF, Granulocyte colony stimulating factor; ROS, reactive oxygen species VEGF, Vascular
Endothelial growth factor; NO, Nitric Oxide; eNOS, Endothelial Nitric Oxide Synthase; VWF, von Willebrand factor; IgG ACA, Immune globulin G Anticardiolipin
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by deep venous thrombosis and consequent embolism,
thrombocytopenia and critical limb ischemia (Zhang W. et
al., 2020).

The increase of cytokines has been described in several
pathophysiological conditions, including infectious diseases,
rheumatic diseases, vascular disease and tumor immunotherapy
(Irace et al., 2004; Andreozzi et al., 2007; Zhang W. et al., 2020).
Moreover, the CS has been described in previous coronavirus
pneumonia, such as severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS), leading to
acute lung injury, acute respiratory distress syndrome (ARDS)
(National Heart Lung Blood Institute Working Group Report,
2010; Dashti-Khavidaki and Khalili, 2020; Zhang W. et al., 2020)
and death (Channappanavar and Perlman, 2017; Chousterman
et al,, 2017). However, in severe COVID-19 patients, Huang
et al. reported that the cytokines were higher than in SARS
and MERS patients (Conti et al.,, 2020; Huang et al., 2020); in
particular, IL-6 levels were the highest in severely ill patients
affected by COVID-19 (Chen G. et al, 2020; Ruan et al,
2020; Wu et al,, 2020; Zhang W. et al, 2020; Zhou F. et al,
2020).

To date we do not know how the CS is produced at least
in some patients. However, IL-18, IL-6, TNF-a, and VEGF
are released under different conditions, inducing an increase
in microvascular permeability, especially VEGF. This molecule

has been related also to hypoxia-inducible factor 1, produced
under hypoxic conditions. Therefore, we could suggest that
tissue hypoxia could promote release of some molecules. In
an in vivo model of brain hypoxia (Lapi et al,, 2020) it has
been reported a more than 10 fold increase of thromboxane
(TxB2) from endothelial cells, compared to control rats, by mass
spectrometry analysis: TxB2 is known to increase intravascular
coagulation and induce vessel constriction. This mechanism,
operative in experimental conditions, could be investigated in
CONAD 19 patients.

The CS could increase microvascular permeability and induce
intravascular coagulation with embolization of different organs,
such aslung or brain or heart and produce MOF (Xiao et al., 2011;
Takao and Miyakawa, 2015).

A classification model of the disease into three progressive
steps was suggested by Siddiqi and Mehra (Siddiqi and Mehra,
2020), who differentiated three grades of severity according to
the clinical symptoms, response to therapy and outcome. A few of
COVID-19 patients would experience the last stage of the disease,
characterized by a systemic hyperinflammation syndrome. In the
third stage, the levels of systemic inflammation markers were
the highest. Therefore, the critical point was the timing of anti-
inflammation therapy to counteract the CS and to decrease the
death rate of the disease (Siddiqi and Mehra, 2020; Zhang W. et
al., 2020).
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In sepsis red blood cells become less deformable and more easily
aggregate each other compromising microvascular blood flow
perfusion (Dellinger et al., 2008).

The hyperproduction of cytokines and chemokines, moreover,
may induce increased activity of neutrophils, monocytes, and
macrophages mobilization. Activated neutrophils and monocytes
adhering to endothelial cells release reactive oxygen-derived
free radicals that increase the damage to endothelium with
impairment of endothelial barrier (Turer et al., 2008; Goldenberg
et al., 2011; Hotchkiss et al., 2013; Carow and Rottenberg, 2014;
Letsiou et al., 2015; Shalova et al., 2015; Weber et al., 2015).

Moreover, inflammatory cytokines, such as TNF-a, IL-1f, and
IL-6 induce the synthesis of acute phase proteins by the liver,
including fibrinogen (Mackiewicz et al., 1991), thereby producing
a pro-coagulant state, at least in the venous circulation, and
may also contribute to the increased arrhythmic risk observed in
COVID-19 patients (Lazzerini et al., 2020).

The resulting pro-adhesive and prothrombotic effects
stimulate a further adhesion of leukocytes and platelets to the
vascular endothelium, causing vascular micro-thrombosis,
capillary plugging and greater impairment of capillary flow
(Levi et al., 1994; Vincent et al., 2009; Di Giandomenico
et al, 2014). Activation of inducible Nitric Oxide Synthase
in macrophages and other cells during viral sepsis could
cause higher release of Nitric Oxide (NO), with consequent
vasodilation and reduced systemic arterial blood pressure,
with decreased response of vascular smooth muscle cells to
nor-adrenergic stimulation (Fleming et al., 1990; Thiemermann
and Vane, 1990). NO release by eNOS is known to contribute to
arteriolar dilation and anti-platelet aggregation and adhesion to
vascular wall cells, but in inflammation, hypoxia and endothelial
dysfunction eNOS may be partially inhibited, with decrease
of NO (Fleming, 2010). We detected significant decrease in
eNOS expression in cerebral hypoperfusion-reperfusion injury
at the end of the observations (Lapi et al., 2020). In lung
hypoxia-reoxygenation injury, it has been suggested that eNOS-
derived NO would induce an early protective effect against
the organ damage, while INOS-derived NO could have a late
detrimental role, facilitating lipid peroxidation and apoptosis
(Rus et al., 2010).

Whether microvascular alterations are specifically due to
COVID-19 or are an effect of the inflammatory pattern is
not known (Bikdeli et al, 2020). A pro-coagulant state and
systemic inflammatory response syndrome have been already
observed in other viral infections (Borges et al., 2014; Ramacciotti
et al., 2019; Smither et al., 2019; Mehta et al., 2020). Finally,
elevated level of fibrinogen, D dimer, Protein C (Bikdeli et al.,
2020) as well as IgG anti-cardiolipin antibodies (ACA) and
anti-beta2-glycoprotein I (anti-B2-GPI) have been found in the
most severe patients (Zhang Y. et al,, 2020) with concurrent
massive elevation of VWF antigen and activity, accompanied
by an increase of Factor VIII (Escher et al., 2020). Moreover,
a reduction of antithrombin III and protein S antigen has
also been observed (Panigada et al, 2020). Therefore, the

concrete mechanisms for coagulopathy are not known; in
Figure 1 we present a scheme of the relationships among
the CS, endothelial dysfunction and pro-coagulant state due
to sepsis.

The data above reported indicate that there are no direct
studies on microcirculation in COVID-19 patients. The reason
is easily understood: the COVID-19 pandemic has hit the Health
Systems of many Countries. The urgent need to find therapeutic
solutions to contain the pandemic spread absorbed all the
physical and mental resources of those who were on the front
lines fighting against a disease totally new and unknown. It
is evident from the data reported that COVID-19 targets the
microcirculation. The microvascular failure is the fundamental
pathophysiological mechanism leading the most severe patients
to death.

It is reasonable to suggest that the virus directly attacks
microvascular endothelial cells, but it is not known whether
endothelial dysfunction can be considered as an event connected
to the viral invasion or secondary to the cytokine storm. Probably
both hypotheses come true simultaneously.

The virus infects endothelial cells by binding the ACE-2
receptor and using it for internalization, thus producing direct
cell damage. In addition, an endothelial cell damage takes place
also indirectly as the down-regulated ACE-2 receptor is no longer
able to physiologically act in an inhibitory way on the ACE-
induced production of angiotensin II.

Moreover, the inflammatory burden associated with the
“cytokine storm,” which is the expression of an exaggerated
response of innate immunity in its turn likely due to a late
or ineffective response of adaptive immunity, is the final
contributor to the damage: the consequent dysfunction of the
microcirculation becomes the pathogenetic protagonist of SARS-
CoV-2 infection.

CONCLUSIONS

We are interested to implement the microvascular studies and the
efforts to improve our knowledge regarding the microcirculation
role in this disease. However, it is not so easy to evaluate
microcirculation in critically ill patients. The bed side assessment
in COVID-19 patients appears complex due to the prevention of
the contagion for the health care personnel. Therefore, there is
an urgent need for a reliable diagnostic equipment to assess the
function of microcirculation in septic patients.

In conclusion, the COVID-19 represents one of the biggest
challenges to the World Health, because disease is running fast
across Countries. We hope that the efforts of all scientists and
researchers will be effective in the contrast to COVID-19.

AUTHOR CONTRIBUTIONS

AC, RM, and PC planned and wrote and discussed the paper.
PLC, AG, and GC wrote and discussed the paper. MB, RL, AM,
and MR discussed and revised the paper. All authors contributed
to the article and approved the submitted version.

Frontiers in Physiology | www.frontiersin.org

June 2020 | Volume 11 | Article 747


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Colantuoni et al.

COVID-19 and Microcirculation

REFERENCES

Andreozzi, G. M., Martini, R., Cordova, R., D’Eri, A., Salmistraro, G., Mussap,
M., et al. (2007). Circulating levels of cytokines (IL-6 and IL-1beta) in patients
with intermittent claudication, at rest, after maximal exercise treadmill test and
during restore phase. Could they be progression markers of the disease? Int.
Angiol. 26, 245-252.

Barton, L. M., Duval, E. J., Stroberg, E., Ghosh, S., and Mukhopadhyay, S. (2020).
COVID-19 autopsies, Oklahoma, USA. Am. J. Clin. Pathol. 153:aqaa062.
doi: 10.1093/ajcp/aqaa062

Bikdeli, B., Madhavan, M. V., Jimenez, D., Chuich, T., Dreyfus, L., Driggin, E., et al.
(2020). COVID-19 and thrombotic or thromboembolic disease: implications
for prevention, antithrombotic therapy, and follow-up. J. Am. Coll. Cardiol.
75:31. doi: 10.1016/j.jacc.2020.04.031

Borges, A. H., O’Connor, J. L., Phillips, A. N., Baker, J. V., Vjecha, M. J., Losso,
M. H.,, et al. (2014). Factors associated with D-dimer levels in HIV-infected
individuals. PLoS ONE 9:€90978. doi: 10.1371/journal.pone.0090978

Carow, B., and Rottenberg, M. E. (2014). SOCS3, a major regulator of infection and
inflammation. Front. Immunol. 5:58. doi: 10.3389/fimmu.2014.00058

Chamsi-Pasha, M. A., Shao, Z., and Tang, W. H. (2014). Angiotensin-converting
enzyme 2 as a therapeutic target for heart failure. Curr. Heart Fail. Rep. 11,
58-63. doi: 10.1007/s11897-013-0178-0

Channappanavar, R., and Perlman, S. (2017). Pathogenic human coronavirus
infections: causes and consequences of cytokine storm and immunopathology.
Semin. Immunopathol. 39, 529-539. doi: 10.1007/s00281-017-0629-x

Chen, G., Wu, D., Guo, W., Cao, Y., Huang, D., Wang, H., et al. (2020). Clinical and
immunologic features in severe and moderate forms of Coronavirus Disease
2019. J. Clin. Invest. 130, 2620-2629. doi: 10.1101/2020.02.16.20023903

Chen, L., Li, X,, Chen, M., Feng, Y., and Xiong, C. (2020). The ACE2
expression in human heart indicates new potential mechanism of heart injury
among patients infected with SARS-CoV-2. Cardiovasc. Res. 116, 1097-1100.
doi: 10.1093/cvr/cvaa078

Chen, N., Zhou, M., Dong, X.,, Qu, J., Gong, F., Han, Y., et al. (2020).
Epidemiological and clinical characteristics of 99 cases of 2019 novel
coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395,
507-513. doi: 10.1016/S0140-67362030211-7

China National Health Commission (2020). Diagnosis and Treatment of Novel
Coronavirus Pneumonia in China (trial version 7). Available online at: https://
www.who.int/docs/default- source/wpro- - -documents/countries/china/covid-
19-briefing-nhc/1-clinical- protocols- for-thediagnosis-and-treatment- of-
covid-19-v7.pdftsfvrsn=c6cbfbad_2 (accessed April 14, 2020).

Chousterman, B. G., Swirski, F. K., and Weber, G. F. (2017). Cytokine
storm and sepsis disease pathogenesis. Semin. Immunopathol. 39, 517-528.
doi: 10.1007/s00281-017-0639-8

Conti, P., Ronconi, G., Caraffa, A, Gallenga, C. E., Ross, R., Frydas, L,
et al. (2020). Induction of pro-inflammatory cytokines (IL-1 and IL-6)
and lung inflammation by Coronavirus—19 (COVI-19 or SARS-CoV-2):
anti-inflammatory strategies. J. Biol. Regul. Homeost. Agents 34, 11-15.
doi: 10.23812/CONTI-E

Dashti-Khavidaki, S., and Khalili, H. (2020). Consideration for statin
therapy in patients with COVID-19. Pharmacotherapy 40, 484-486.
doi: 10.1002/phar.2397

Dellinger, R. P., Levy, M. M., Carlet, J. M., Bion, J., Parker, M. M., Jaeschke,
R., et al. (2008). Surviving sepsis Campaign: international guidelines for
management of severe sepsis and septic shock: 2008. Crit. Care Med. 36,
296-327. doi: 10.1007/s00134-007-0934-2

Di Giandomenico, A., Veach, R. A., Zienkiewicz, J., Moore, D. J., Wylezinski,
L. S, Hutchens, M. A, et al. (2014). The “genomic storm” induced
by bacterial endotoxin is calmed by a nuclear transport modifier that
attenuates localized and systemic inflammation. PLoS ONE 9:e110183.
doi: 10.1371/journal.pone.0110183

Escher, R., Breakey, N, and Limmle, B.
infection associated with endothelial activation.
doi: 10.1016/j.thromres.2020.04.014

Fleming, I. (2010). “Biology of nitric oxide synthases,” in Handbook of
Physiology: Microcirculation, eds R. F. Tuma, W. N. Duran, and K.
Ley (San Diego, CA: American Physiological Society - Elsevier), 56-80.
doi: 10.1016/B978-0-12-374530-9.00003-6

(2020). Severe COVID-19
Thromb. Res. 192:62.

Fleming, I, Gray, G. A., Julou-Schaeffer, G., Parrat, J. R., and Stoclet, J. C.
(1990). Incubation with endotoxin activates the L-arginine pathway
in vascular tissue. Biochem. Biophys. Res. Commun. 171, 562-568.
doi: 10.1016/0006-291X9091183-S

Geng, Y., Wei, Z.,, Qian, H.,, Huang, J., Lodato, R, and Castriotta, R. J.
(2020). Pathophysiological characteristics and therapeutic approaches for
pulmonary injury and cardiovascular complications of coronavirus disease
2019. Cardiovasc. Pathol. 47:7228. doi: 10.1016/j.carpath.2020.107228

Goldenberg, N. M., Steinberg, B. E., Slutsky, A. S., and Lee, W. L. (2011). Broken
barriers: a new take on sepsis pathogenesis. Sci. Transl. Med. 22:88ps25.
doi: 10.1126/scitranslmed.3002011

Gritti, G., Raimondi, F., Ripamonti, D., Riva, I, Landi, F., Alborghetti, L., et al.
(2020). Use of siltuximab in patients with COVID-19 pneumonia requiring
ventilatory support. medRxiv [preprint]. doi: 10.1101/2020.04.01.20048561

Guan, W. ], Ni, Z. Y., Hu, Y., Liang, W. H,, Ou, C. Q,, He, J. X, et al. (2020).
Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med.
382, 1708-1720. doi: 10.1056/NEJM0a2002032

Hanley, B., Lucas, S. B, Youd, E., Swift, B, and Osborn, M. (2020).
Autopsy in suspected COVID-19 cases. J. Clin. Pathol. 73, 239-242.
doi: 10.1136/jclinpath-2020-206522

Hotchkiss, R. S., Monneret, G., and Payen, D. (2013). Immunosuppression in
sepsis: a novel understanding of the disorder and a new therapeutic approach.
Lancet Infect. Dis. 13, 260-268. doi: 10.1016/S1473-30991370001-X

Huang, C., Wang, Y., Li, X,, Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395,
497-506. doi: 10.1016/S0140-6736(20)30183-5

Irace, C., Mancuso, G., Fiaschi, E., Madia, A. Sesti, G. and Gnasso,
A. (2004). Effect of anti TNF alpha therapy on arterial diameter and
wall shear stress and HDL cholesterol. Atherosclerosis 177, 113-118.
doi: 10.1016/j.atherosclerosis.2004.04.031

Jeffers, S. A., Tusell, S. M., Gillim-Ross, L., Hemmila, E. M., Achenbach, J.
E., Babcock, G. J., et al. (2004). CD209L (L-SIGN) is a receptor for severe
acute respiratory syndrome coronavirus. Proc. Natl. Acad. Sci. U.S.A. 101,
15748-15753. doi: 10.1073/pnas.0403812101

Lapi, D., Stornaiuolo, M., Sabatino, L., Sommella, E., Tenore, G., Daglia, M.,
et al. (2020). The pomace extract taurisolo protects rat brain from ischemia-
reperfusion injury. Front. Cell. Neurosci. 14:3. doi: 10.3389/fncel.2020.00003

Lazzerini, P. E. Boutjdir, M. and Capecchi, P. L. (2020). COVID-
19, arrhythmic risk and inflammation: mind the gap! Circulation.
doi: 10.1161/CIRCULATIONAHA.120.047293. [Epub ahead of print].

Leisman, D. E., Deutschman, C., and Legrand, M. (2020). Facing COVID-19 in
the ICU; vascular dysfunction, thrombosis, and dysregulated inflammation.
Intensive Care Med. 28:1-4. doi: 10.1007/s00134-020-06059-6

Letsiou, E., Rizzo, A. N., Sammani, S., Naureckas, P., Jacobson, J. R., Garcia, J.
G., et al. (2015). Differential and opposing effects of imatinib on LPS- and
ventilator-induced lung injury. Am. J. Physiol. Lung Cell. Mol. Physiol. 308,
1259-1.269. doi: 10.1152/ajplung.00323.2014

Levi, M., ten Cate, H., Bauer, K. A,, van der Poll, T., Edgington, T. S., Biiller, H.
R, etal. (1994). Inhibition of endotoxin-induced activation of coagulation and
fibrinolysis by pentoxifylline or by a monoclonal anti-tissue factor antibody in
chimpanzees. J. Clin. Invest. 93, 114-120. doi: 10.1172/JCI116934

Li, H., Liu, L, Zhang, D., Xu, J., Dai, H,, and Tang, N. (2020). SARS-
CoV-2 and viral sepsis: observations and hypotheses. Lancet 395, 1517-20..
doi: 10.1016/50140-6736(20)30920-X

Mackiewicz, A., Speroff, T., Ganapathi, M. K., and Kushner, I. (1991). Effects
of cytokine combinations on acute phase protein production in two human
hepatoma cell lines. J. Immunol. 146, 3032-3037.

Magrone, T., Magrone, M., and Jirillo, E. (2020). Focus on receptors for
coronaviruses with special reference to angiotensin-converting enzyme
2 as a potential drug target - a perspective. Endocr. Metab. Immune
Disord. Drug Targets. 20, 1-5. doi: 10.2174/18715303206662004271

12902

Mehta, P., McAuley, D. F., Brown, M. Sanchez, E., Tattersall, R.
S., Manson, J. J, et al (2020). COVID-19: consider cytokine
storm syndromes and immunosuppression. Lancet 395, 1033-1034.

doi: 10.1016/S0140-67362030628-0
Ministero della Salute (2020). Available online at: http://www.salute.gov.it/portale/
nuovocoronavirus (accessed May 06, 2020).

Frontiers in Physiology | www.frontiersin.org

June 2020 | Volume 11 | Article 747


https://doi.org/10.1093/ajcp/aqaa062
https://doi.org/10.1016/j.jacc.2020.04.031
https://doi.org/10.1371/journal.pone.0090978
https://doi.org/10.3389/fimmu.2014.00058
https://doi.org/10.1007/s11897-013-0178-0
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1101/2020.02.16.20023903
https://doi.org/10.1093/cvr/cvaa078
https://doi.org/10.1016/S0140-67362030211-7
https://www.who.int/docs/default-source/wpro---documents/countries/china/covid-19-briefing-nhc/1-clinical-protocols-for-thediagnosis-and-treatment-of-covid-19-v7.pdf?sfvrsn=c6cbfba4_2
https://www.who.int/docs/default-source/wpro---documents/countries/china/covid-19-briefing-nhc/1-clinical-protocols-for-thediagnosis-and-treatment-of-covid-19-v7.pdf?sfvrsn=c6cbfba4_2
https://www.who.int/docs/default-source/wpro---documents/countries/china/covid-19-briefing-nhc/1-clinical-protocols-for-thediagnosis-and-treatment-of-covid-19-v7.pdf?sfvrsn=c6cbfba4_2
https://www.who.int/docs/default-source/wpro---documents/countries/china/covid-19-briefing-nhc/1-clinical-protocols-for-thediagnosis-and-treatment-of-covid-19-v7.pdf?sfvrsn=c6cbfba4_2
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.23812/CONTI-E
https://doi.org/10.1002/phar.2397
https://doi.org/10.1007/s00134-007-0934-2
https://doi.org/10.1371/journal.pone.0110183
https://doi.org/10.1016/j.thromres.2020.04.014
https://doi.org/10.1016/B978-0-12-374530-9.00003-6
https://doi.org/10.1016/0006-291X9091183-S
https://doi.org/10.1016/j.carpath.2020.107228
https://doi.org/10.1126/scitranslmed.3002011
https://doi.org/10.1101/2020.04.01.20048561
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1136/jclinpath-2020-206522
https://doi.org/10.1016/S1473-30991370001-X
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.atherosclerosis.2004.04.031
https://doi.org/10.1073/pnas.0403812101
https://doi.org/10.3389/fncel.2020.00003
https://doi.org/10.1161/CIRCULATIONAHA.120.047293
https://doi.org/10.1007/s00134-020-06059-6
https://doi.org/10.1152/ajplung.00323.2014
https://doi.org/10.1172/JCI116934
https://doi.org/10.1016/S0140-6736(20)30920-X
https://doi.org/10.2174/1871530320666200427112902
https://doi.org/10.1016/S0140-67362030628-0
http://www.salute.gov.it/portale/nuovocoronavirus
http://www.salute.gov.it/portale/nuovocoronavirus
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Colantuoni et al.

COVID-19 and Microcirculation

Moccia, F., Gerbino, A., Lionetti, V., Miragoli, M., Munaron, M. L., Pagliaro,
P., et al. (2020). COVID-19-associated cardiovascular morbidity in older
adults: a position paper from the Italian Society of Cardiovascular Researches.
GeroScience 20, 1-29. doi: 10.1007/s11357-020-00198-w

National Heart Lung and Blood Institute Working Group Report (2010). Blood
Systems Response to Sepsis. Available online at: www.nhlbi.nih.gov/meetings/
workshops/bsrts.htm (accessed May 06, 2020).

Panigada, M., Bottino, N., Tagliabue, P., Grasselli G., Novembrino, C.,
Chantarangkul, V., et al. (2020). Hypercoagulability of COVID-19 patients
in Intensive Care Unit. A report of thromboelastography findings and other
parameters of hemostasis. . Thromb. Haemost. doi: 10.1111/jth.14850. [Epub
ahead of print].

Ramacciotti, E., Agati, L. B., Aguiar, V. C. R, Wolosker, N., Guerra, J. C,
de Almeida, R. P, et al. (2019). Zika and chikungunya virus and risk for
venous thromboembolism. Clin. Appl. Thromb. Hemost. 25:1076029618821184.
doi: 10.1177/1076029618821184

Ruan, K., Yang, W., Wang, L, Jiang, J., and Song, A. (2020). Clinical
predictors of mortality due to COVID-19 based on an analysis of data
of 150 patients from Wuhan, China. Intensive Care Med. 46, 846-848.
doi: 10.1007/s00134-020-05991-x

Rus, A., Molina, F., Peinado, M. A., and Del Moral, M. L. (2010). Endogenous nitric
oxide can act as beneficial or deleterious in the hypoxic lung depending on the
reoxygenation time. Anat. Rec. 293, 2193-2201. doi: 10.1002/ar.21229

Saxena, S. K. (2020). Coronavirus Disease 2019 (COVID-19). Singapore: Springer
Science and Business Media, LLC.

Shalova, I. N, Lim, J. Y., Chittezhath, M., Zinkernagel, A. S., Beasley, F.,
Hernéndez-Jiménez, E., et al. (2015). Human monocytes undergo functional
re-programming during sepsis mediated by hypoxia-inducible factor-1 alpha.
Immunity 42, 484-498. doi: 10.1016/j.immuni.2015.02.001

Siddiqi, H. K., and Mehra, M. R. (2020). COVID-19 illness in native and
immunosuppressed states: a clinical-therapeutic staging proposal. J. Heart.
Lung. Transplant. 39, 405-407. doi: 10.1016 / j. healu n.2020. 03.012

Smither, S. J., O’Brien, L. M., Eastaugh, L., Woolley, T., Lever, S., Fletcher, T., et al.
(2019). Haemostatic changes in five patients infected with ebola virus. Viruses
11:E647. doi: 10.3390/v11070647

Sun, M. L, Yang, ]. M., Sun, Y. P,, and Su, G. H. (2020). Inhibitors of RAS might
be a good choice for the therapy of COVID-19 pneumonia. Zhonghuajie He He
Hu Xi Za Zhi 43, 219-222. doi: 10.3760/cma.j.issn.1001-0939.2020.03.016

Takao, K., and Miyakawa, T. (2015). Genomic responses in mouse models
greatly mimic human inflammatory diseases. Proc. Natl. Acad. Sci. U.S.A. 112,
1167-1172. doi: 10.1073/pnas.1401965111

Taylor, F. B., Toh, C. H., Hoots, W. K, Wada, H., and Levi, M. (2001).
Towards definition, clinical and laboratory criteria, and a scoring system
for disseminated intravascular coagulation. Thromb. Haemost. 86, 1327-1330.
doi: 10.1055/s-0037-1616068

Thiemermann, C., and Vane, J. (1990). Inhibition of nitric oxide synthesis reduces
the hypotension induced by bacterial lipopolysaccharides in the rat in vivo. Eur.
J. Pharmacol. 182, 591-595. doi: 10.1016/0014-2999(90)90062-B

Tian, S., Hu, W. Niu, L, Liu, H, Xu, H, and Xiao, S. Y. (2020).
Pulmonary pathology of early phase 2019 novel coronavirus (COVID-19)
pneumonia in two patients with lung cancer. J. Thorac. Oncol. 15, 700-704.
doi: 10.1016/j.jth0.2020.02.010

Toh, C. H., and Hoots, W. K. (2007). The scoring system of the scientific and
standardisation committee on disseminated intravascular coagulation of the
international society on thrombosis and haemostasis: a 5-year overview. J.
Thromb. Haemost. 5, 604-606. doi: 10.1111/j.1538-7836.2007.02313.x

Turer, E. E,, Tavares, R. M., Mortier, E., Hitotsumatsu, O., Advincula, R., Lee, B.,
etal. (2008). Homeostatic MyD88-dependent signals cause lethal inflammation
in the absence ofA20. J. Exp. Med. 205, 451-464. doi: 10.1084/jem.20071108

Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M., Andermatt, R., Zinkernagel,
A. S, et al. (2020). Endothelial cell infection and endotheliitis in COVID-19.
Lancet 395, 1417-1418. doi: 10.1016/S0140-67362030937-5

Vincent, J. L., Rello, J., Marshall, J., Silva, E., Anzueto, A., Martin, C. D., et al.
(2009). International study of the prevalence and outcomes of infection in
intensive care units. JAMA 302, 2323-2329. doi: 10.1001/jama.2009.1754

Wang, P. H., and Cheng, Y. (2020). Increasing host cellular receptor—angiotensin
converting enzyme 2 (Ace2) expression by coronavirus may facilitate 2019-
nCoV infection. bioRxiv [Preprint]. doi: 10.1101/2020.02.24.963348

Wang, W., Xu, Y., Gao, R, Lu, R,, Han, K., Wu, G, et al. (2020). Detection of
SARS-CoV-2 in different types of clinical specimens. JAMA 323, 1843-1844.
doi: 10.1001/jama.2020.3786

Weber, G. F., Chousterman, B. G., He, S., Fenn, A. M., Nairz, M,
Anzai, A., et al. (2015). Interleukin-3 amplifies acute inflammation
and is a potential therapeutic target in sepsis. Science 347, 1260-1265.
doi: 10.1126/science.aaa4268

World Health Organization (2020). Director-General’s Remarks at the Media
Briefing on 2019-nCoV on 11 February 2020. Available online at: https://www.
who.int/dg/speeches/detail/who- director- general-s-remarks- at-the- media-
briefing-on-2019-ncov-on-11-february-2020 (accessed February 12, 2020).

Wu, C., Chen, X, Cai, Y., Xia, J., Zhou, X, Xu, S., et al. (2020). Risk factors
associated with acute respiratory distress syndrome and death in patients with
coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern. Med.
doi: 10.1001/jamainternmed.2020.0994. [Epub ahead of print].

Xiao, W., Mindrinos, M. N., Seok, J., Cuschieri, J., Cuenca, A. G., Gao, H.,
et al. (2011). A genomic storm in critically injured humans. J. Exp. Med. 208,
2581-2590. doi: 10.1084/jem.20111354

Xu, Z., Shi, L., Wang, Y., Zhang, J., Huang, L., Zhang, C., et al. (2020).
Pathological findings of COVID-19 associated with acute respiratory distress
syndrome. Lancet Respir. Med. 8, 420-422. doi: 10.1016/52213-2600(20)
30076-X

Yanga, J., Zhenga, Y. Goua, X., Pua, K.,Chena, Z., Guo, Q., et al

(2020). Prevalence of comorbidities and its effects in patients
infected with  SARS-CoV-2: a  systematic review and meta-
analysis. Int. ]. Infect. Dis. 94, 91-95. doi: 10.1016/j.ijid.2020.

03.017

Zhang, J., Xie, B., and Hashimoto, K. (2020). Current status of potential
therapeutic candidates for the COVID-19 crisis. Brain Behav. Immun.
doi: 10.1016/j.bbi.2020.04.046. [Epub ahead of print].

Zhang, W., Zhao, Y., Zhang, F., Wang, Q., Li, T., Liu, Z., et al. (2020). The use of
anti-inflammatory drugs in the treatment of people with severe coronavirus
disease 2019 (COVID-19): the experience of clinical immunologists
from China. Clin. Immunol. 214:108393. doi: 10.1016/j.clim.2020.
108393

Zhang, Y., Xiao, M. Zhang, S, Xia, P, Cao, W, Jiang, W. et al
(2020). Coagulopathy and antiphospholipid antibodies in patients
with COVID-19. N. Engl. J. Med. 382:575. doi: 10.1056/NEJMc20
07575

Zhou, F., Yu, T., Du, R, Fan, G, Liu, Y., Liu, Z., et al. (2020). Clinical
course and risk factors for mortality of adult in patients with COVID-
19 in Wuhan, China: a retrospective cohort study. Lancet 395, 1054-1062.
doi: 10.1016/S0140-67362030566-3

Zhou, P., Yang, X. L, Wang, X. G, Hu, B, Zhang, L, Zhang, W,
et al. (2020). A pneumonia outbreak associated with a new coronavirus
of probable bat origin. Nature 579, 270-273. doi: 10.1038/s41586-020-
2012-7

Zhu, N., Zhang, D., Wang, W., Li, X,, Yang, B., Song, J., et al. (2020). A novel
coronavirus from patients with pneumonia in China, 2019. N. Engl. ]. Med.
382, 727-733. doi: 10.1056/NEJM0a2001017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Colantuoni, Martini, Caprari, Ballestri, Capecchi, Gnasso,
Lo Presti, Marcoccia, Rossi and Caimi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

June 2020 | Volume 11 | Article 747


https://doi.org/10.1007/s11357-020-00198-w
www.nhlbi.nih.gov/meetings/workshops/bsrts.htm
www.nhlbi.nih.gov/meetings/workshops/bsrts.htm
https://doi.org/10.1111/jth.14850
https://doi.org/10.1177/1076029618821184
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1002/ar.21229
https://doi.org/10.1016/j.immuni.2015.02.001
https://doi.org/10.1016
https://doi.org/10.3390/v11070647
https://doi.org/10.3760/cma.j.issn.1001-0939.2020.03.016
https://doi.org/10.1073/pnas.1401965111
https://doi.org/10.1055/s-0037-1616068
https://doi.org/10.1016/0014-2999(90)90062-B
https://doi.org/10.1016/j.jtho.2020.02.010
https://doi.org/10.1111/j.1538-7836.2007.02313.x
https://doi.org/10.1084/jem.20071108
https://doi.org/10.1016/S0140-67362030937-5
https://doi.org/10.1001/jama.2009.1754
https://doi.org/10.1101/2020.02.24.963348
https://doi.org/10.1001/jama.2020.3786
https://doi.org/10.1126/science.aaa4268
https://www.who.int/dg/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-11-february-2020
https://www.who.int/dg/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-11-february-2020
https://www.who.int/dg/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-11-february-2020
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1084/jem.20111354
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1016/j.bbi.2020.04.046
https://doi.org/10.1016/j.clim.2020.108393
https://doi.org/10.1056/NEJMc2007575
https://doi.org/10.1016/S0140-67362030566-3
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1056/NEJMoa2001017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	COVID-19 Sepsis and Microcirculation Dysfunction
	Introduction
	Ace 2 Receptor Role
	Cytokine Storm
	Endothelial Dysfunction
	Conclusions
	Author Contributions
	References


