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Abstract

Cell invasion mediated by angiotensin-converting enzyme 2 (ACE2) ectoenzyme and cellular proteases, such as trypsin-
like proteases, cathepsins, transmembrane serine protease 2 and furin, target different tissues and organs as lung, gut,
colon, ileum, kidney, gallbladder, heart muscle, epididymis, breast, ovary, stomach, bile duct, liver, oral cavity, lung,
thyroid, esophagus, bladder, breast, uterus, prostate, pancreas, cerebellum, as well as calyx secreting cells in the nasal
and sinus tissue. Loss of homeostasis of the renin-angiotensin system deregulates different axes compromising
metabolic, cardiorespiratory, renal and hepatic control. SARS-CoV-2 infected cell undergoes pyroptosis and releases
molecular patterns associated with damage: pro-inflammatory interleukin (IL) -1p, IL-6, IL-8, IL-10, IL-17, induced
protein-10, interferon gamma, interferon gamma-induced protein-10, granulocyte colony-stimulating factor,
granulocyte-macrophage colony-stimulating factor, macrophage inflammatory protein la and 1B, monocyte
chemotherapy activating protein 1, inflammatory macrophage protein 1o, tumor necrosis-o, and mediators of immune-
mediated inflammatory diseases. Cytokine storm and non-neutralizing antibodies produced by B cells circulate,
cause/exacerbate damage to various organs. During viral replication and low oxygen saturation, loss of HIF-mediated
cell homeostasis can lead to cell death/lysis and tissue damage, related to the hyperinflammatory response. The SARS-
CoV-2-ACE2 can increase permeability, inflammation and microbial transmission by bacteremia or endotoxemia, in
addition to dysbiosis. Thrombotic potential and the immunoinflammatory imbalance compromise function or lead to
injuries and multiple organ failure. Infection by SARS-CoV-2 has the potential to modify the natural history of diseases,
the relationships or interactions between the different systems and pathologies and the effects of their treatments, as in
periodontal medicine approach.
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Resumo

A invasdo celular mediada pela enzima conversora de angiotensina 2 (ACE2) ectoenzima e proteases celulares, tem
como alvo diferentes tecidos e 6rgdos. A perda da homeostase do sistema renina-angiotensina desorganiza diferentes
eixos, comprometendo o controle metabdlico, cardiorrespiratério, renal e hepatico. A célula infectada com SARS-CoV-
2 sofre piroptose e libera padrdes moleculares associados a danos: interleucina pro-inflamatoria (IL) -1p, IL-6, IL-8,
IL-10, IL-17, induzida por proteina-10, interferon gama, proteina induzida por interferon gama-10, fator estimulador de
coldnia de granuldcitos, fator estimulador de col6nia de granulécitos-macrdfagos, proteina inflamatéria de macréfagos
lo e 1P, proteina de ativagdo de quimioterapia de mondcitos 1, células inflamatdrias de proteina de macrdfagos 1,
necrose tumoral-a e mediadores de doengas inflamatorias mediadas. A tempestade de citocinas e os anticorpos nao
neutralizantes produzidos pelas células B circulam, exacerbando os danos a varios 6rgdos. Durante a replicacao viral e
a baixa saturacdo de oxigénio, a perda da homeostase celular mediada pelo HIF pode levar a morte/lise celular e danos
aos tecidos, relacionados a resposta hiperinflamatéria. O SARS-CoV-2-ACE2 pode aumentar a permeabilidade,
inflamacdo e transmissdo microbiana por bacteremia ou endotoxemia, além da disbiose. O potencial trombdtico e o
desequilibrio imunoinflamatério comprometem a funcédo ou levam a lesGes e faléncia de multiplos 6rgdos. A infeccéo
por SARS-CoV-2 tem o potencial de modificar a histéria natural das doengas, as relagdes ou interacGes entre diferentes
sistemas e patologias e os efeitos de seus tratamentos, como na abordagem da medicina periodontal.

Palavras-chave: Infec¢do por Coronavirus; Patogénese; Periodontia.

Resumen

La invasion celular mediada por la ectoenzima de la enzima convertidora de angiotensina 2 (ACE2) y las proteasas
celulares, se dirige a diferentes tejidos y organos. La pérdida de homeostasis del sistema renina-angiotensina desregula
diferentes ejes, comprometiendo el control metabolico, cardiorrespiratorio, renal y hepatico. La célula infectada con
SARS-CoV-2 sufre piroptosis y libera patrones moleculares asociados con el dafio: interleucina proinflamatoria (IL) -
1B, IL-6, IL-8, IL-10, IL-17, proteina inducida-10, interferon gamma, proteina 10 inducida por interferon gamma, factor
estimulante de colonias de granulocitos, factor estimulante de colonias de granulocitos-macréfagos, proteina
inflamatoria de macrofagos la y 1P, proteina activante de quimioterapia de monocitos 1, proteina de macrofagos
inflamatorios 1a, necrosis tumoral o y mediadores de enfermedades inflamatorias mediadas por el sistema inmunitario.
La tormenta de citocinas y los anticuerpos no neutralizantes producidos por las células B circulantes agravan el dafio a
varios 6rganos. Durante la replicacion viral y la baja saturacion de oxigeno, la pérdida de homeostasis celular mediada
por HIF puede provocar muerte/lisis celular y dafio tisular, relacionado con la respuesta hiperinflamatoria. EI SARS-
CoV-2-ACE2 puede aumentar la permeabilidad, la inflamacion y la transmision microbiana debido a bacteriemia o
endotoxemia, ademas de disbiosis. El potencial trombdtico y el desequilibrio inmunoinflamatorio comprometen la
funcién o conducen a lesiones e insuficiencia multiorganica. La infeccion por SARS-CoV-2 tiene el potencial de
modificar la historia natural de las enfermedades, las relaciones o interacciones entre diferentes sistemas y patologias y
los efectos de sus tratamientos, como en el enfoque de la medicina periodontal.

Palabras clave: Infecciones por Coronavirus; Pathogenesis; Periodoncia.

1. Introduction

SARS-CoV-2 infection appears to directly affect tissues and organs by exposure and presence of the angiotensin-
converting enzyme 2 (ACE2) ectoenzyme and cellular proteases (Bertram et al., 2011, Glowacka et al., 2011, Raj et al., 2013,
Wang et al., 2013, Gheblawi et al., 2020, Gralinski & Menachery, 2020, Hoffmann et al., 2020, Wan, Shang, Graham, Baric &
Li, 2020, Zhou et al., 2020). The lungs are the most affected organs and the clinical evolution of severe forms of COVID-19
leads to abnormalities in the blood hematological and biochemical index, and systemic conditions/diseases on kidney, liver and
coagulation biomarkers (Tay, Poh, Rénia, MacAry & Ng, 2020, Pedersen & Ho, 2020, Schett, Sticherling & Neurath, 2020,
Zhang et al., 2020). The pathogenesis of COVID-19 and its systemic impacts are associated with intense pro-inflammatory events
and loss of homeostasis, associated with a hyperinflammatory state, secondary bacterial infections, bacteremia, endotoxemia,
loss of function and multiple organ failure (Cao & Li, 2020, Chen et al., 2020, Hadjadj et al., 2020, Henry, de Oliveira, Benoit,
Plebani & Lippi, 2020, Huang et al., 2020, Mehta, McAuley, Brown, Sanchez, Tattersall & Manson, 2020, Merad & Martin,
2020, Qinet al., 2020, Wang, Jiang, Chen & Montaner, 2020, Wu et al., 2020, Ye, Wang & Mao, 2020, Zhou et al., 2020, Garcia-
Sastre, 2017, Schulert & Grom, 2015, Mayer-Barber et al., 2014). The systemic impacts of the COVID-19 have the potential to
influence the relationships and interactions between periodontal diseases and systemic conditions/diseases, previously reported

in the literature. In addition, the periodontal medicine research, the natural history of periodontal disease and the response to
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periodontal therapy during and after the COVID-19 pandemic may be affected by the disease. Therefore, the aim of this study
was to review the literature and propose a conceptual hypothesis on the subject, based on the interception between the

pathogenesis of COVID-19 and its main systemic repercussions, and periodontal medicine.

2. Methodology

Theoretical essay based on studies on the pathogenesis of COVID-19, potentially related to systemic interactions of
periodontal diseases. Searches were performed in the MEDLINE|PubMed, Scopus, Embase, Web of Science, Cochrane Library,
and BIREME|bvs databases for articles published up to 2020 December 20, using MeSH terms, Emtree terms and DeCS/MeSH
terms related to 'COVID-19', 'SARS-CoV-2', and 'pathogenesis’, combined by the Boolean operators "OR" and "AND". The
studies, mostly experimental and review, published in the main journals, were qualitatively summarized. The comparison of
these findings with the main systemic interactions of periodontal diseases previously described resulted in conceptual hypotheses

based on the literature about the potential impacts of the COVID-19 pandemic on the scientific investigation of these interactions.

3. Results and Discussion
New coronavirus SARS-CoV-2 and host cell infection

The first cases of COVID-19 (coronavirus disease 2019) were reported to the World Health Organization (WHO) on
December 31, 2019, where 27 individuals suffered pneumonia with no known cause and all were related to a wholesale market
for wet animals in the city of Wuhan, China. All available evidence for COVID-19 suggests that SARS-CoV-2 has a zoonotic
source. The clinical signs and symptoms and the genetic similarity of the pathogen to the SARS-CoV virus resulted in the
taxonomic characterization of a new coronavirus identified as SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2)
(Peiris, Guan & Yuen, 2004, Cui, Li & Shi, 2019, Committee on Taxonomy of Viruses, 2020, Lai, Shih, Ko, Tang & Hsueh,
2020, World Health Organization, 2020a). In January 2020, the outbreak of COVID-19 was declared by WHO as a Public Health
Emergency of International Importance, and on March 11 the pandemic of COVID-19 in the world was declared (World Health
Organization, 2020b).

At least six other coronaviruses have been known to cause disease in humans, including viruses 229E, OC43, NL63 and
HKU1; SARS-CoV and MERS-CoV are of zoonotic origin and can be fatal. SARS-CoV-2 (coronavirus genera B) is the seventh
member of the family of coronaviruses that infect humans, (Fehr & Perlman, 2015, Rabi, Al Zoubi, Kasasbeh, Salameh & Al-
Nasser, 2020, Tay, Poh, Rénia, MacAry & Ng, 2020) related to systemic complications in different tissues and organs,
hyperinflammatory reactions (cytokine storm that resembles secondary haemophagocytic lymphohistiocytosis), bacterial
superinfections, sepsis and multiple organ failure. In severe cases of COVID-19, respiratory infections are associated with
pneumonia and acute respiratory distress syndrome (ARDS) (Tay, Poh, Rénia, MacAry & Ng, 2020, Pedersen & Ho, 2020,
Schett, Sticherling & Neurath, 2020, Zhang et al., 2020). The severity and risk of death from COVID-19 may vary between
individuals of same populations and are associated with risk factors, comorbidities and systemic abnormalities generally
correlated/investigated in periodontal medicine research (Zhang, Penninger, Li, Zhong & Slutsky, 2020, Zhu et al., 2019, van
Boheemen et al., 2012)

Specific genes in the regions downstream of ORF1 encode proteins for viral replication, formation of nucleocapsids
and spikes in coronaviruses (van Boheemen et al., 2012). Glycoprotein spikes are responsible for binding and entering the virus
into host cells through binding to the ACE2 ectoenzyme and membrane fusion and conformational changes dependent on cellular
proteases, which include trypsin-like proteases of the human airways (HAT), cathepsins and serine transmembrane protease 2
(TMPRSS2) (Bertram et al., 2011, Glowacka et al., 2011, Raj et al., 2013, Wang et al., 2013, Gheblawi et al., 2020, Gralinski &
Menachery, 2020, Hoffmann et al., 2020, Wan, Shang, Graham, Baric & Li, 2020, Zhou et al., 2020). The receptor-binding
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domain (RBD) is loosely linked between viruses, so the virus's infectivity is highly efficient (Raj et al., 2013, PerIman & Netland,
2009). The RBD region maintains the van der Waals forces and the 394 glutamine residue is recognized by the critical lysine 31
residue in the human ACE2 receptor (Wan, Shang, Graham, Baric & Li, 2020).

Structural proteins are encoded by the structural genes spike (S), envelope (E), membrane (M) and nucleocapsid (N)
(Chen, Liu & Guo, 2020, Hui et al., 2020, Li et al., 2020, Lu et al., 2020, Wu et al., 2020). SARS-CoV-2 differs from SARS-
CoV in the absence of protein 8a and the number of amino acids in protein 8b and 3c varies (Wu et al., 2020). Spike is a
transmembrane trimetric glycoprotein protruding from the viral surface. It is related to the diversity of coronaviruses and host
tropism. SARS-CoV-2 Spike glycoprotein was modified by homologous recombination as a mixture of bat SARS-CoV and an
unknown Beta-CoV; (Li et al., 2020) the N501T mutation in the SARS-CoV-2 Spike may have significantly increased its binding
affinity for ACE2 (Wan, Shang, Graham, Baric & Li, 2020) SARS-CoV-2 also expresses other polyproteins, nucleoproteins and
membrane proteins, such as RNA polymerase, protease type 3-chymotrypsin, protease type papain, helicase, glycoprotein and
accessory proteins (Wu et al., 2020, Zhou et al., 2020).

Viral replication

The life cycle of SARS-CoV-2 in host cells begins when the cleavage at the S1/S; cleavage site of the Spike protein for
binding to the ectoenzyme ACE?2 (step 1, attachment — stabilization of the membrane-anchored S, subunit), followed by changes
in conformation through protease cleavage for activation at the S’ of the S, subunit, resulting in fusion of the viral envelope
with the host cell membrane and endocytosis (step 2, penetration via endosomal). Among coronaviruses, only SARS-CoV-2
presents a furin cleavage site (“RPPA” sequence) at the S1/S; site. Although the S1/S; site was also subjected to cleavage by
TMPRSS2 and cathepsin B and L, the ubiquitous expression of furin likely makes this virus very pathogenic (Gheblawi et al.,
2020, Hoffmann et al., 2020, Zhou et al., 2020, Caly, Druce, Catton, Jans & Wagstaff, 2020, Moore, 2001). The virus's positive
single-stranded RNA (RNAY) is released into the host cell and its genome is translated into viral polyproteins replicase ppla and
lab, cleaved into small products by viral proteinases (step 3, biosynthesis). The viral replication of SARS-CoV-2 depends on the
cytoplasmic mechanism of the infected cell and occurs through series of subgenomic mRNA production by discontinuous
transcription. Viral replication of SARS-CoV-2 can occur in the cytoplasm of the host cell, with the viral RNA* acting as mRNA.
After a polymerase action, the mRNAS are translated into relevant viral proteins that are assembled into virions with RNA from
the genome in the endoplasmic reticulum (ER), intermediate compartment ER-Golgi and Golgi complex (step 4, maturation).
The virus is released out of the cell via the membrane transport system (step 5, release) (Luo, Chen, Chen, Chen, Shen & Jiang,
2005, Frieman, Yount, Heise, Kopecky-Bromberg, Palese & Baric, 2007, Shereen, Khan, Kazmi, Bashir & Siddique, 2020, Y uki,
Fujiogi & Koutsogiannaki, 2020).

SARS-CoV-2 intracellular replication also involves the cell nucleus by active transport of viral nucleoprotein through
the nuclear pore complex using o/l importin complex (GTPase — GTP — intranuclear transport — GTP hydrolysis — GDP
+ Pi — extranuclear transport) (Frieman, Yount, Heise, Kopecky-Bromberg, Palese & Baric, 2007, Caly, Druce, Catton, Jans &
Wagstaff, 2020, Uddin, Zonder & Azmi, 2020). Inside the nucleus, the GEF-Ran protein exchanges GDP for GTP, changing the
conformation of Ran and releasing the nucleocapsid protein of the virus inside the nucleus. Free Ran-GTP and CAS-linked Ran-
GTP _ protein related to cell apoptosis _ bind to free importin-a in the nucleus and act as an exportin, exporting this subunit to
the cytoplasmic surface of the nuclear envelope (GTP hydrolysis in GDP); this active transport of molecules to the cell nucleus
depends on the hydrolysis of two GTP molecules (Moore, 2001, Cavazza & Vernos, 2016). Some proteins important for viral
replication reach the cytoplasm through nucleocytoplasmic transport (Frieman, Yount, Heise, Kopecky-Bromberg, Palese &
Baric, 2007, Caly, Druce, Catton, Jans & Wagstaff, 2020, Uddin, Zonder & Azmi, 2020). Despite undergoing replication in the
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cytoplasm, the positive single-stranded RNA (RNA™) virus nucleocapsid protein is located in the nucleus or nucleolus of infected
cells, usually at the beginning of the infectious cycle. After its translation to perform non-structural functions, the viral
nucleocapsid protein returns to the cytoplasm and participates in the assembly of new virions (Tijms, van der Meer & Snijder,
2002, Yoo, Wootton, Li, Song & Rowland, 2003, Sato, Masuda, Miura, Yoneda & Kai, 2006, Wulan, Heydet, Walker, Gahan
& Ghildyal, 2015). Recent computational models of localization of subcellular RNA, in silico, on the location properties of
SARS-CoV-2 transcripts, revealed predicted transcription residency signals, specifically for the nucleolus and mitochondrial
matrix (unique characteristics of SARS-CoV-2) (Wu, Fazal, Parker, Zou & Chang, 2020).

Response of the infected cell against viral replication, leading to the onset of a hyperinflammatory state

The coronavirus infecting human affects the cell division of the host, blocking molecular transport in the
nucleocytoplasmic direction by viral nucleocapsid proteins. The antiviral activity mediated by STAT1 (signal transducer and
activator of transcription 1) in infected cell is inhibited by the accessory virus ORF6, by sequestering importin-o. and -B1 sub-
unit in the membranes of the rough endoplasmic reticulum and the Golgi complex (Kopecky-Bromberg, Martinez-Sobrido,
Frieman, Baric & Palese, 2007). This inhibits or reduces the expression of antiviral genes by STAT1, even if intracellular an
intracellular STAT signaling/transduction from receptor tyrosine kinases activated by and pro-inflammatory molecules such as
interleukin (IL) -6, interferon (IFN) -o. (IFN-a), IFN-y, and growth factors as PDGF (platelet-derived growth factor) occurs
(Wulan, Heydet, Walker, Gahan & Ghildyal, 2015, Hiscox, Wurm, Wilson, Britton, Cavanagh & Brooks, 2001, Wurm, Chen,
Hodgson, Britton, Brooks & Hiscox, 2001, Rowland, Chauhan, Fang, Pekosz, Kerrigan & Burton, 2005, Timani et al., 2005).
Gene expressions by STAT1 are related to cell viability and survival, and responses to pathogens (Baris et al., 2016). Most
interferon stimulated genes possess binding sites for STAT- or IFN- regulatory factor transcription factor-mediated expression
(Kent et al., 2002, Read, Obeid, Ahlenstiel & Ahlenstiel, 2019).

PAMPs (pathogen associated molecular patterns) virus such as glycoproteins from the viral envelope (13 MHC-Il and 3
MHC-II epitopes in SARS-CoV-2 Spike) and nucleic acids are recognized by cell surface and cytosolic pattern recognition
receptors (TLR5/7/8 — innate immune), and endosomal toll-like receptors 7 and 8 (TLR7/8) that primarily bind viral nucleic
acids (RNA*) (Pande, Kawai & Akira, 2014, Moreno-Eutimio, Lopez-Macias & Pastelin-Palacios, 2020, Noorimotlagh, Karami,
Mirzaee, Kaffashian, Mami & Azizi, 2020). Thus, the downstream signaling intermediates activate both inflammatory and innate
immune transcription factors and induce expression of IFN-a and IFN-, IFN-y, and/or IFN-As, by a signaling cascade resulting
in STAT1 and STAT2 heterodimerizing and binding interferon regulatory factor 9 (IRF9). Its translocation into the nucleus is
related to gene promoter transcription, followed by immune cell chemotaxis and activation, and antiviral mechanisms to inhibit
viral replication in the host cells (Read, Obeid, Ahlenstiel & Ahlenstiel, 2019). An association has been reported between ACE2
expression and IFN-stimulated canonical genes (ISGs) or components of the IFN signaling pathway, comparing ACE2* and
ACEZ2 cells; both type | and type Il IFNs induced ACE2 expression in human epithelial cells and keratinocytes. SARS-CoV-2
does not appear to induce type I, Il or Il interferons in infected human lung tissues, which suggests that ACE2 may not be
increased in this organ in COVID-19 (Su & Jiang, 2020, Ziegler et al., 2020). The coronavirus infections induced expression of
IFN, activating canonical IFN-induced genes (ISGs) and ACE2 expression, and contributing to the viral infection and acute lung
injury (Su & Jiang, 2020).

SARS-CoV-2 uses ACE2 ectoenzyme (functional receptor) and TMPRSS2 to invade the host cell (endocytosis),
followed by an acute respiratory distress syndrome (cytokine-related) induced by the hyper-activation of the transcription factor
NF-xB, coactivated by STAT3 (Hirano & Murakami, 2020). The serum level of angiotensin 2 increases, and its accumulation

induces inflammatory cytokines such as TNFa, IL-6 and metalloprotease 17 (ADAM17), followed by the activation of the IL-6
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amplifier (IL-6 AMP). The HIF (hypoxia inducible factor) transcription factor family activates specific genes related to cellular
oxygen homeostasis, and also participates in the pathogenesis of viral infection by coronavirus (Caly, Druce, Catton, Jans &
Wagstaff, 2020). The nuclear import pathway is under-regulated by the nuclear accumulation of importin-o. and by the under-
regulation of importin-f in response to stimuli such as oxidative stress and thermal shock stress (Kodiha, Chu, Matusiewicz &
Stochaj, 2004, Miyamoto et al., 2004). Hypoxia results in nuclear accumulation of HIF-1a (Caly, Wagstaff & Jans, 2012). The
nuclear import of HIF proteins (HIF-10, HIF-20 and HIF-1) is triggered by the o/B1 importin complex [subfamily o (isoforms
al, a3, a5 and a7)] (Fagerlund, Kinnunen, Koéhler, Julkunen & Melén, 2005). During coronavirus viral replication and low
oxygen saturation, HIF-mediated cell homeostasis can be compromised and result in cell death/lysis and tissue damage, related
to the hyperinflammatory response (oxidative stress, cytokine storm, enzymatic degradation and other factors) (Hirano &
Murakami, 2020).

Immunoinflammatory response

The SARS-CoV-2 infected host cell undergoes pyroptosis and releases molecular patterns associated with damage _
cytopathic virus _, releasing high levels of IL-1 B (Huang et al., 2020). Thus, ATP, nucleic acids and ASC oligomers are
recognized by neighboring cells (epithelium, endothelium and macrophages) by the damage-associated molecular patterns
(DAMPs), stimulating the release of pro-inflammatory cytokines and chemokines [IL-6, IP-10, macrophage inflammatory
protein la (MIP1a), MIP1B and MCP1]. Monocytes, macrophages and T cells promote additional inflammation at the site of
infection, increasing IFN-y levels and promoting a pro-inflammatory feedback loop. Cumulative immune cells and chronic
inflammation lead to overproduction of these cytokines and tissue damage. The resulting cytokine storm and non-neutralizing
antibodies produced by B cells circulate to other organs, causing/exacerbating damage to various organs (Tay, Poh, Rénia,
MacAry & Ng, 2020)

ACE?2 is high expressed in different tissues and organs as lung (especially type Il pneumocytes and endothelium), gut
(absorbent enterocytes), colon, ileum, kidney, gallbladder, heart muscle, epididymis, breast, ovary, stomach, bile duct, liver, oral
cavity, lung, thyroid, esophagus, bladder, breast, uterus, prostate, pancreas, cerebellum, as well as calyx secreting cells in the
nasal and sinus tissue (Yuki, Fujiogi & Koutsogiannaki, 2020, Su & Jiang, 2020, Hamming, Timens, Bulthui, Lely, Navis &
van Goor, 2004, Xu et al., 2020). Double positive cells ACE2 and TMPRSS?2 are likely targets for SARS-CoV-2 (Su & Jiang,
2020). Zou et al. (2020) reported a single-cell RNA-seq data analysis on the receptor ACE2 expression. The authors identified
the organs at risk to SARS-CoV-2 infection, and located specific cell types (e.g. type Il alveolar cells (AT2), myocardial cells,
proximal tubule cells of the kidney, ileum and esophagus epithelial cells, and bladder urothelial cells), which are vulnerable to
2019-nCoV infection.

Therefore, the loss of homeostasis of the renin-angiotensin system and the systemic spread of the virus may interfere
with other organs and systems, probably including the periodontium, as ACE2, ET-1 and TNF-p have also been correlated with
inflammatory processes in periodontal tissues (Holla, Fassmann, Vaskd, Znojil, Van¢k & Vacha, 2001, Giirkan et al., 2009,
Santos et al., 2009, Santos et al., 2015, Rodrigues, Barbirato, Luiz, Scharfstein, Salles & Feres-Filho, 2016). In addition, the
ACE?2 ectoenzyme expressed in arterial and venous endothelial cells has important protective effects (angiotensin 1-7 mediated),
including targeted anti-inflammatory drugs. ACE2 has been shown to regulate the renin-angiotensin system (Kuba, Imai &
Penninger, 2006). Therefore, a reduction in ACE2 function after SARS-CoV-2 infection could influence blood pressure and
fluid/electrolyte balance and enhance inflammation and vascular permeability in the airways (Tay, Poh, Rénia, MacAry & Ng,
2020).
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The ACE2/angiotensin 1-7/Mas receptor axis was related to alveolar bone remodeling and decreased alveolar bone loss
by improving the osteoblast/osteoclast ratio and reducing IL-6 expression (Queiroz-Junior, 2019). Therefore, in SARS-CoV-2
infection, ACE2 availability decreases and systemic complications can occur, mainly cardiovascular and metabolic diseases
(Leisman, Deutschman & Legrand, 2020, Merad & Martin, 2020). The cytokine storm intensifies the homeostatic imbalance
throughout the body and may interfere with the bidirectional immunoinflammatory relationship between periodontal diseases
and systemic conditions (Holla, Fassmann, Vasku, Znojil, Vanék & Vacha, 2001, Kornman, 2008, Nakamura, Hasegawa-
Nakamura, Sakoda, Matsuyama & Noguchi, 2011, Cekici, Kantarci, Hasturk & Van Dyke, 2002, Hajishengallis, 2014,
Hajishengallis & Sahingur, 2014, Konkel, O'Boyle & Krishnan, 2019, Pan, Wang & Chen, 2019). The SARS-CoV-2-ACE2
bond can increase permeability, inflammation and microbial transmission by bacteremia or endotoxemia, in addition to dysbiosis.
The hyperinflammatory response affects the cardiopulmonary system leading to endothelial dysfunction, vascular remodeling,
pulmonary dysfunction and superinfections (viral and bacterial). Bacteremia, endotoxemia and a cytokine storm stimulate the
production of immature megakaryocytes in the bone marrow and the activation of microglia in the paraventricular nucleus of the
hypothalamus. The reduction in ACE2 associated with an increase in angiotensin Il and angiotensin 1-7 affects important tissues

and organs (Figure 1).

Figure 1: Compromise of homeostasis in different systems of the human body potentially related to periodontal diseases.
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Source: Authors.
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In a systematic review, Smith et al. (2020) reported maternal and neonatal outcomes associated with COVID-19
infection, showing 63.8 % of premature births, 61.1 % of fetal distress, 76.9 % of in-neonatal intensive care units and 42.8 %
low birth weight between 92 pregnant women with COVID-19 (67.4 % were symptomatic); 80 % needed cesarean section. The
main chronic non-communicable diseases correlated with COVID-19 are hypertension (21.1 %; 95 % ClI, 13.0-27.2), diabetes
mellitus (9.7 %; 95 % ClI, 7.2-12.2), cardiovascular diseases (8.4 %; 95 % ClI, 3.8-13.8) and respiratory disease (1.5 %; 95 %
Cl, 0.9-2.1). Comparing severe and non-severe patients, the combined odds ratio of hypertension, respiratory system disease
and cardiovascular disease were 2.36 (95 % CI, 1.46-3.83), 2.46 (95 % CI, 1.76-3.44) and 3.42 (95 % CI, 1.88-6.22),
respectively (Yang et al., 2020).

Abnormalities of laboratory parameters were observed in hospital patients with COVID-19 such as glucose, albumin,
aspartate aminotransferase, lipase, creatine kinase, lactate dehydrogenase, urea, creatinine, high-sensitive cardiac troponin I,
prothrombin time/International Normalized Ratio, activated partial thromboplastin time, procalcitonin, D-dimer, C-reactive
protein, ferritin, hemoglobin, leukocytes, neutrophil and lymphocyte count, and neutrophil/lymphocyte ratio and peak
platelet/lymphocyte ratio (Bonetti et al., 2020, Huang, Pranata, Lim, Oehadian & Alisjahbana, 2020, Terpos et al., 2020, Zhang,
Hou, Li & Li, 2020). The inflammatory biomarkers C-reactive protein and IL-6 are increased in COVID-19 patients’ blood
(Terpos et al., 2020, Zhang, Hou, Li & Li, 2020, Kermali, Khalsa, Pillai, Ismail & Harky, 2020).

The systemic interactions of COVID-19 with obesity, diabetes mellitus, metabolic syndrome, hypertension,
cerebrovascular and cardiovascular diseases, acute Kidney injury, chronic liver diseases, chronic kidney and liver diseases,
maternal and perinatal results can be confirmed in blood biomarkers (Ali et al., 2020, Chen et al., 2020, Huang, Lim & Pranata,
2020, Malik, Ravindra, Attri, Bhadada & Singh, 2020, Mantovani, Beatrice & Dalbeni, 2020, Pranata, Huang & Lim, 2020,
Zaigham & Andersson, 2020).

Patients with COVID-19 and acute respiratory distress syndrome may have lower levels of serum D-dimer and activated
partial thomboplastin time, and higher levels of fibrinogen, antithrombin, prothrombin time and platelet count than non-COVID-
19 patients with acute respiratory distress syndrome (Helms et al., 2020). Viral pulmonary sepsis can lead to vasoconstriction
and thrombotic events potentially related to myocardial infarction and necrosis of the renal and hepatic tissues (Li et al., 2020).

PAMPs recognition receptors such as TLR4 and TLR7, DAMPs and cytokines (IL-6 and CCL2) activate blood
monocytes that express tissue factor (TF) in the cell membrane. Cytokines (IL-6 and TNF) and viral particles stimulate
endothelial cells to produce chemo-attractants of monocytes and adhesion molecules (P-selectin) and expose TF in the lumen,
which recruits monocytes activated endothelial cells, TF and microvesicles derived from activated monocytes stimulate fibrin
deposition and blood clotting (extrinsic coagulation pathway). Extracellular neutrophil traps (NETS) activate the coagulation
contact pathway and bind and activate platelets (amplification of coagulation). In COVID-19, the inhibitor of the tissue factor
pathway (TFPI), antithrombin and protein C (endogenous anticoagulant pathways) are reduced. The von Willebrand factor and
the exposure of collagen from endothelial injury lead to the accumulation of platelets and fibrin and stimulate the intrinsic/contact
coagulation pathway (Merad & Martin, 2020).

Thrombosis and pulmonary embolism in severe forms of COVID-19 are correlated with elevated levels of D-dimer and
fibrinogen and abnormalities in the endothelium related to vasodilation, fibrinolysis and anti-aggregation. Significant endothelial
lesions compromise thrombotic regulation leading to a hypercoagulable condition (Wang, Hao, Leeper & Zhu, 2018).
Endothelial cells express the ACE2 ectoenzyme and correspond to one third of lung cells. The increase in ACE2-mediated
microvascular permeability, inflammatory events and microbial challenge (viral infections and/or bacterial superinfections) can
potentiate coronavirus infection, bacteremia, endotoxemia, hyperinflammatory status and systemic complications in multiple
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tissues and organs (Yuki, Fujiogi & Koutsogiannaki, 2020, Yuki K, Fujiogi M, Koutsogiannaki et al., 2008, Sluimer et al., 2008,
Zeng et al., 2012).

Pulmonary injury lesions in SARS-CoV-2 infection occur, in part, because ACE2 is highly expressed on the apical side
of pulmonary epithelial cells in the alveolar space. The main cellular components of innate immunity in the lungs are epithelial
cells, alveolar macrophages located on the apical side of the epithelium and subepithelial dendritic cells (‘Yoshikawa, Hill, Li,
Peters & Tseng, 2009). These cells present the antigen (coronavirus) to T cells in the lymph nodes by phagocytosis of apoptotic
cells infected by the virus, through PAMPs (Fujimoto, Pan, Takizawa & Nakanishi, 2000, Channappanavar, Zhao & Perlman,
2014). ACE2 expression in dendritic (splenic) cells and alveolar macrophages is limited, however, the SARS-CoV virus can
bind to dendritic-cell specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) and DC-SIGN-related protein
(DC-SIGNR, L-SIGN), highly expressed in dendritic cells and macrophages (Jeffers et al., 2004, Marzi et al., 2004, Yang et al.,
2004). Therefore, it is possible that these antigen-presenting cells may be infected with coronary viruses, in addition to
phagocyting them. CD4" cells activate B cells and promote the production of antibodies specific to the virus (IgM antibodies
(recent exposure or acute events) and IgG (delayed immunity)). CD8* T cells can kill infected viral cells, especially in the early
stages of the disease (Yuki, Fujiogi & Koutsogiannaki, 2020).

Severe forms of COVID-19 result in lymphopenia and reduction of peripheral blood T cells (lymphocyte count) (Gu et
al., 2005, Frater, Zini, d'Onofrio & Rogers, 2020, Qin et al., 2020, Wilk et al., 2020). Increased plasma concentrations of pro-
inflammatory cytokines, such as interleukin (IL) -1, IL-6, IL-8, IL-10, IL-17, interferon gamma-induced protein (IP) -10,
granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte
chemotherapy activating protein 1 (MCPL1), inflammatory macrophage protein (MIP) 1o, tumor necrosis (TNF) -o, and mediators
that are targeted in IMIDs (immune-mediated inflammatory diseases) (Schett, Sticherling & Neurath, 2020, Huang et al., 2020,
Qinetal., 2020, Wilk et al., 2020). IL-6 levels correlate positively with the severity of the disease. Increased expression of CD69,
CD38 and CD44 indicates that CD4* and CD8" cells have been activated. Higher percentage of Tm3*PD-1* subsets and NK
group 2 member A (NKG2A) in CD4* and CD8* T cells showed that T cells were also depleted (Zheng et al., 2020). Pathogenic
CD4* T cells with co-expressing interferon (IFN) -y and granulocyte-macrophage colony stimulating factor (GM-CSF) have
been observed in patients with COVID-19 with severe disease (Wilk et al., 2020). GM-CSF helps cell differentiation in innate
immunity, increases the function of T cells and release of I1L-6, and can be associated with major tissue damage (Yuki, Fujiogi
& Koutsogiannaki, 2020, Croxford et al., 2015, Huang et al., 2019). Serum levels of TNF, IL-6 and IL-10 negatively correlated
with T cell count (Diao et al., 2020).

SARS-CoV-infected lung epithelial cells produce IL-6 and IL-8. IL-8-mediated neutrophil chemotaxis increases the
number of innate and adaptive immune inflammatory cells in the lungs of critically ill patients with COVID-19 (Tian et al., 2020,
Xu et al, 2020). The innate neutrophil-mediated immune response is correlated with lung injury, (Young et al., 2004,
Koutsogiannaki, Shimaoka & Yuki, 2019, Fang et al., 2012) while the adaptive immune response mediated by CD8* T cells
(primary cytotoxic) and pathological cytotoxic T cells derived from CD4* T cells Kills the virus, cause lung injury, and recruit
monocytes (CD14*CD16%) by GM-CSF. These inflammatory monocytes showed high expression of IL-6 and increased the
systemic inflammatory response (Yuki, Fujiogi & Koutsogiannaki, 2020, Fang et al., 2012, Small et al., 2001).

ACE?2 is also expressed in internal lymphoid cells (ILC) 2 and ILC3, responsible for mucosal homeostasis.
Approximately 95 % of lung ILCs are Natural Killer (NK) cells, type ILC1. The relationship of coronaviruses infection with
ILC2 and ILC3 cells has not yet been defined (Yuki, Fujiogi & Koutsogiannaki, 2020).

COVID-19 causes high levels of circulating pro-inflammatory cytokines and chemokines, such as IL-6, IFN y, MCP1
and IP-10, (Zhang et al., 2020, Huang et al., 2020) related to a polarized response by helper T cells 1 (Tw1) (Huang et al., 2005).
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These signaling molecules attract monocytes and T lymphocytes to the site of infection, but not neutrophils (Tian et al., 2020,
Xu et al., 2020). The recruitment of immune blood cells and the lymphocytic infiltration in the lungs result in lymphopenia and
an increase in the neutrophil-lymphocyte ratio in patients with COVID-19 (Hamming et al., 2004, Qin et al., 2020).

Critical COVID-19 patients admitted to the intensive care unit show dysfunctional immune responses and elevated
plasma levels of IL-2, IL-6, IL-7, IL-7, IL-10, G -CSF, IP-10, MCP1, MIP1o and TNF. IL-6 levels increase according to the
severity of the disease and are correlated with cases of death (Huang et al., 2020, Zhou et al., 2020, Zhou et al., 2020). In addition,
these patients have a population of FCN1 macrophages derived from highly inflammatory monocytes in the bronchoalveolar
region (Chua et al., 2020) and a significantly higher percentage of CD14*CD16" inflammatory monocytes in the peripheral blood
(Wilk et al., 2020). Cytokines secreted by these monocytes like MCP-1, IP-10 and MIP1a contribute to the cytokine storm (Tay,
Poh, Rénia, MacAry & Ng, 2020).

As in SARS-CoV infection, it is possible that SARS-CoV-2 influences the stages of the interferon signaling pathway
and prevents the recognition of viral RNA for PRR, (Wilk et al., 2020, Siu, Chan, Kok, Chiu-Yat Woo & Jin, 2014) by preventing
its signaling through TBKZ1/inhibitor of nuclear factor-kB subunit-¢ (IKKe), TRAF3 and IRF3, (Siu, Chan, Kok, Chiu-Yat Woo
& Jin, 2014, Frieman, Ratia, Johnsto, Mesecar & Baric, 2009) resulting in an antagonism of the interferon responses downstream
through STAT1 (Frieman et al., 2007) and inhibiting the host protein translation by mRNA degradation (Narayanan et al., 2008).
This condition helps in viral replication and leads to aberrant inflammatory responses from pyroptosis. The species of virus,
protease and reactive oxygen are associated with local tissue damage [diffuse alveolar damage (desquamation of alveolar cells),
formation of hyaline membrane and pulmonary edema] (Tian et al., 2020, Xu et al., 2020). As a result, in addition to reducing
oxygen saturation, secondary infections can occur (Tay, Poh, Rénia, MacAry & Ng, 2020).

The cytokine storm is related to local tissue damage and negative effects in the body, reaching septic shock and multiple
organ failure associated with elevated levels of TNF. The dysfunctional immune response that causes pathology and also fails to
successfully eradicate pathogens is more evident in people with comorbidities. It is still controversial whether the persistence of
the virus is necessary to cause damage and loss of function in tissues and organs (Tay, Poh, Rénia, MacAry & Ng, 2020, Zhou
etal., 2020). Viral infection of immune cells by SARS-CoV, even if it is not productive, leads to a hyperinflammatory response
of monocytes and macrophages, for example; (Cheung et al., 2005, Law et al., 2005, Tseng, Perrone, Zhu, Makino & Peters,
2005, Yilla et al., 2005) the same should occur with exposure to SARS-CoV-2 (Tay, Poh, Rénia, MacAry & Ng, 2020).

The acute respiratory distress syndrome associated with impaired lung function in COVID-19 was attributed to a non-
adaptive immune response (Guan et al., 2020). Vascular and cellular events of inflammation mediated by pro-inflammatory
cytokines produced by immune cells resident in the lung lead to the leakage of neutrophils and monocytes from the blood into
the bronchi, breaking through the air-blood barrier and causing damage to epithelial cells and local vascular endothelial cells
(express ACE2); vascular endothelial injury may result in thrombotic microangiopathies. In the innate immune response to
viruses, the complement system appears to induce pro-inflammatory responses via activation of the C3 component (observed in
SARS-CoV-2 infections), associated with the acute respiratory distress syndrome (Mastellos, Ricklin & Lambris, 2019, Lietal.,
2020). These findings did not occur in mice with C3 deficiency infected with SARS-CoV, where the neutrophilic infiltrate and
the levels of IL-6 in the lung were significantly reduced (Gralinski et al., 2018). The immunoinflammatory events previously
described for other coronavirus infections can be repeated in the pathogenesis of COVID-19; however, clinical data on the role
of complement activation associated with SARS-CoV-2 are still limited. Despite this, lung biopsies from patients with COVID-
19 confirmed complement activation with a generation of C3a and deposition of C3 fragments, in addition to a significant

increase in serum Cb5a levels. Treatment of COVID-19 with anti-C5a antibody (well-established axis C5a-C5aR in the
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pathophysiology of acute respiratory distress syndrome) resulted in an increase in pulmonary oxygenation and a decrease in
systemic inflammation and in the clinical improvement of patients (Campbell CM, Kahwash, 2020, Risitano et al., 2020).

4. Final Considerations

The affinity of SARS-CoV-2 for ACE2 and the complications of loss of homeostasis of the renin-angiotensin system
result in decompensations or deregulations of different axes compromising metabolic, cardiorespiratory, renal and hepatic
control. The thrombotic potential and the hyperinflammatory cell response potentiate this imbalance and can compromise
function or lead to injuries and multiple organ failure. Based on the pathogenesis of coronavirus infections, this theoretical essay
proposes the conceptual hypothesis that infection by SARS-CoV-2, especially in cases of severe COVID-19, is able to modify
the natural history of diseases, the relationships or interactions between the different systems and pathologies, and the
consequences of their treatments.

New experimental studies, epidemiological studies, epigenetic, immunoinflammatory and microbiological
characterization, and the comparison of the results of clinical trials during or after the COVID-19 pandemic with the results of

the pre-pandemic period, will contribute to establish the impacts of SARS-CoV-2 infection in periodontal medicine.
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