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Morbidity and mortality of coronavirus disease 2019 (COVID-19) are due in large part to severe cytokine storm and
hypercoagulable state brought on by dysregulated host-inflammatory immune response, ultimately leading to multi-
organ failure. Exacerbated oxidative stress caused by increased levels of interleukin (IL)-6 and tumor necrosis
factor o (TNF-a) along with decreased levels of interferon a and interferon B (IFN-a, IFN-B) are mainly believed to
drive the disease process. Based on the evidence attesting to the ability of glutathione (GSH) to inhibit viral
replication and decrease levels of IL-6 in human immunodeficiency virus (HIV) and tuberculosis (TB) patients, as
well as beneficial effects of GSH on other pulmonary diseases processes, we believe the use of liposomal GSH
could be beneficial in COVID-19 patients.

SARS-CoV-2 COVID-19 cytokines oxidative stress glutathione pathogenesis

| 1. Introduction

With approximately 11 million confirmed cases and over 525,000 deaths documented, the novel strain of
coronavirus, which initially emerged at the end of 2019 in Hubei Province of the People’s Republic of China, has
been found to precipitate clinical acute respiratory distress syndrome (ARDS) [Ll. Coronaviridae are a large family
of enveloped RNA viruses with virulent capacity observed across many species. Investigation of this novel
emergent strain is ongoing and hence its pathological features have yet to be fully revealed. The first reports of the
disease were reported as a cluster of unusual community acquired pneumonia cases concentrated in Hubei
Province of the People’s Republic of China in December of 2019. On January 7th, 2020 the causative pathogen
was identified as a novel coronavirus and provisionally named “2019-nCoVID . One month later, the World Health
Organization (WHO) declared the situation to be a public health emergency of international concern. The virus was
then officially designated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) for its apparent genetic
and zoonotic similarity to SARS-CoV-1, formerly known as SARS-CoV, and Middle East respiratory syndrome
coronavirus (MERS-CoV). The disease caused by SARS-CoV-2 is termed COVID-19.

The challenges of responding to this pandemic have been attributed to a myriad of factors including incomplete
knowledge of SARS-CoV-2 pathophysiology, the mechanisms of action by which it causes harm, and the immune
responses of individuals with comorbidities. Widespread shortages of personal protective equipment and testing
systems have hamstrung organized response. Clinical trials are taking place assessing efficacy of the protease
inhibitors lopinavir-ritonavir, RNA polymerase inhibitor Remdesivir, the antimalarial hydroxychloroquine, and IFN-1B
as possible treatments in adjunct to supportive care 2. The only long-term solution is seen in a form of vaccine,

which is yet to be developed. The role of cytokine dysregulation in COVID-19 pathophysiology has been
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documented in multiple studies. This provides the scientific community with the foundation to propose possible

mechanisms of pathogenesis and develop treatment modalities to limit morbidity and mortality.

| 2. SARS-CoV-2 Microbiology and Transmission
2.1. SARS-CoV-2 Microbiology

Genetic sequencing studies have grouped SARS-CoV-2 along with SARS-CoV-1 and MERS-CoV into the genus
Betacoronavirus in the family Coronaviridae. SARS-CoV-2 is a spherical, pleomorphic enveloped virus containing a
30 kbp positive-sense single-stranded RNA genome. The family Coronaviridae possess the largest genomes of all
known RNA viruses &,

The main structural components of SARS-CoV-2 are the protein spike (S), membrane (M), envelope (E), and
nucleocapsid (N). The M glycoprotein is the most abundant structural protein and is responsible for the intracellular
host-assembly of viral particles Bl. The S protein is a club-shaped glycoprotein found on both SARS-CoV-1 and
SARS-CoV-2 that binds to angiotensin-converting enzyme 2 (ACE-2) on potential host cells 4. Viral entry is
demonstrated to require the activity of the cysteine proteases cathepsin B and cathepsin L (CatB/L) as well as the
serine protease TMPRSS2 for S protein priming. Aloxistatin and camostat mesylate, which inhibit CatB/L and
TMPRSS?2, respectively, are shown to prevent entry of SARS-CoV-2 into human cells when used in combination [,
These medications are being investigated as a potential treatment modality for COVID-19 &, Incubation of SARS-
CoV-2 in the presence of tunicamycin results in non-infectious virus particles with absent S protein 48l The S
protein is also the inducer of neutralizing antibodies in the host, which makes the S protein an ideal target for the
vaccines [4l],

A study conducted on SARS-CoV-1, the strain of Coronaviridae attributed to the 2002—-2004 SARS outbreak, found
that intracellular response to the virus is mediated by RNA-activated protein kinase (PKR) in human cells
expressing ACE-2. The molecular mechanism of this response involves phosphorylation of the translational initiator
eukaryotic initiation factor 2-a) at Ser51 residues. Phosphorylation of elF2-a results in global inhibition of mMRNA
translation. However, this inhibition of elF2-a was not found to significantly decrease viral replication. It has been
proposed that this mechanism is a viral adaptation to limit host-immune response by inhibition of translation of
host-response proteins [,

2.2. Transmission

Early data suggest that horseshoe bats and pangolins are likely mammalian reservoirs for SARS-CoV-2. However,
the intermediate host through which direct interspecies transmission to humans occurred remains uncertain.
Transmission of SARS-CoV-2 between human hosts is mediated by aerosolized respiratory droplets expectorated
by an infected host. Transmission can also occur during aerosol-generating procedures including endotracheal
intubation and administration of nebulizer therapy. Human-to-human transmission by asymptomatic carriers makes

containment of SARS-CoV-2 difficult, as 40-50% of cases are caused by transmission from asymptomatic carriers
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Bl The R, of SARS-CoV-2 is estimated to be 3.28 in a recent review article, meaning that each infected host is
expected to transmit the infection to approximately three healthy individuals. Data estimates for R, vary across the

literature and will likely continue to evolve as the pandemic progresses 19,

| 3. Covid-19 Addendum

In Part | of “Liposomal Glutathione Supplementation As An Adjunctive Therapy in COVID19” 11l we discussed the
rationale for support of GSH and particularly liposomal glutathione as an adjunct for treatment of Covid-19. In this
addendum we present additional information explaining why Covid-19 can lead to a rapid progressive loss of the
reduced form of glutathione (GSH). The loss of GSH appears initially in the lung and may progress to a systemic

depletion of glutathione.

The rapidity and severity of the illness associated with Covid-19 has slowed researchers’ ability to access and
process blood specimens from individuals with acute illness. Additionally, measurement of the reduced form of

serum GSH is not available as a standard laboratory test, even in most university hospitals.

As infection with Covid-19 progresses, information has been reported that allows a more complete understanding
of the oxidation stress and loss of GSH that accompanies this illness. The purpose of this paper is to add additional
information explaining the mechanism of the loss of GSH during Covid-19 infection. During Covid-19, GSH appears
to be lost due to the combination of oxidation stress decreasing GSH and loss of normal formation of GSH. The
normal cell construction of GSH using the building block amino acids, glutamate, cysteine and glycine may be
impaired by the down regulation of the enzymes needed to efficiently utilize the GSH building blocks, which occurs,
for example, when TGF is increased. Information on the construction of GSH is reviewed in Silvagno et al (12l and
Checconi et al (131, In the presence of blocks in the enzymes needed to form GSH, as seen in individuals with HIV,

a liposomal formulation of reduced glutathione has been shown to be useful in restoring GSH [141115],

3.1. COVID-19 Infection Associated with Impaired Redox Homeostasis

Silvagno et al have stated, “The pathology of respiratory viruses causing severe illness appears to be related to
depletion of glutathione during an inflammatory response 12, Checconi et al report that different viruses break the
redox balance between oxidant and antioxidant species and induce an oxidative stress that in turn facilitates
specific steps of the virus lifecycle and activates an inflammatory response 13, A common denominator in all
conditions associated with COVID-19 appears to be the impaired redox homeostasis responsible for reactive
oxygen species (ROS) accumulation; therefore, levels of glutathione (GSH), the key anti-oxidant guardian in all
tissues, could be critical in extinguishing the exacerbated inflammation that triggers organ failure in COVID-19 12,
These concepts explain the association of a decreased amount of glutathione in the reduced form, GSH, and more

severe symptoms of Covid-19 reported in a small series of patients in May, 2020 [18],

3.2. Loss of GSH begins with the Binding of Covid-19
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In the article on “Glutathione Supplementation as an Adjunctive Therapy in COVID-19” [111 jt was speculated that
the binding of the S protein of SARS-CoV-2 to angiotensin converting enzyme 2 (ACE-2) on host cell stimulates an
oxidation reaction similar to reports of the binding of other viruses like influenza to cells 3. Covid19 binds to cells

at ACE2 receptors, which begins the depletion of GSH.

Infection of cells by SARS viruses that bind ACE2 results in two effects: inhibition of ACE2 activity and decrease of
ACE?2 expression in infected cells and leads to toxic overaccumulation of AGNII 2, The increased ANGII, through
binding to AT1R, activates NADPH oxidases that transfer an electron from NADPH to O, generating several radical

species, which are scavenged by and deplete GSH 12 As GSH is depleted, ROS-mediated oxidation increases.

ROS-mediated oxidation can initiate transcription factors leading to the formation of NF-kB, whose role in
inflammation in severe acute respiratory syndrome (SARS) has been demonstrated in SARS-CoV-infected cultured

cells and mice 2. Nuclear Factor (NF)-kB is involved in inflammation through multiple mechanisms [2&l,

Antioxidant therapies including N-acetyl-cysteine (NAC) 12 and glutathione have been reported to regulate NF-kB

signaling (28! and downregulate NF-kB 29,

3.3. Coronavirus N Protein Programs for the Formation of IL-6 and TGF-f3, and both
Deplete GSH.

The main structural components of SARS-CoV-2 are the proteins spike (S), membrane (M), envelope (E), and
nucleocapsid (N) 2. The M glycoprotein is the most abundant structural protein and is responsible for the
intracellular host-assembly of viral particles 22, The S protein is a club-shaped glycoprotein found on both SARS-
CoV-1 and SARS-CoV-2 that binds to angiotensin-converting enzyme 2 (ACE-2) on potential host cells (3. E
protein plays a multifunctional role in the pathogenesis, assembly, and release of the virus 24. The N protein of
coronavirus is multipurpose. Among several functions, it plays a role in complex formation with the viral genome,

facilitates M protein interaction needed during virion assembly, and enhances the transcription efficiency of the
virus [231[26],

N protein activates the IL-6 promoter and subsequent IL-6 transcription as demonstrated in A549 human lung cells
(271 1t has been shown that SARS-CoV-1 N protein interacts with the host transcriptional factor NF-kB in a dose-

dependent manner to regulate IL-6 expression [27128],

3.4. Severe Covid-19 Associated with Increased Serum IL-6 and TGF-3

Patients with more severe presentation of Covid-19 had higher serum concentration of IL-6 and TGF-f3 in their
peripheral blood than patients with less severe presentation 22, |t has been reported that plasma levels of IL-6

increase with severity of the illness B3],

The article “Glutathione Supplementation as an Adjunctive Therapy in COVID-19” 11 pointed out that GSH could

be diminished by IL-6. It has been shown that IL-6 induced a dose-dependent decrease in intracellular GSH levels
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in a number of human cell lines, including lung cells B2, This would begin to explain the loss of GSH seen in
individuals with Covid-19 (18],

Unexpectedly, individuals with Covid-19 have been shown to have lower levels of IL-10 compared to those with
severe community-acquired pneumonia requiring ICU support (CAP,cy patients) (20). The CAP,cy patients
exhibited markedly increased IL-10 levels in response to inflammation when compared with COVID,cy patients,
indicating that in addition to the rise in proinflammatory mediators, concomitant loss of anti-inflammatory protection

may also be clinically relevant 29,

3.5. Elevated TGF-f3 Predicts Covid-19 Severity

A clinical study has shown that Transforming growth factor beta (TGF-) can be used as a predictor of disease
severity in patients with COVID-19 B3l Notably, high levels of Monocyte Chemoattractant Protein-1 (MCP-1) and
TGF-B1 were identified in SARS-CoV infected lung cells at autopsy 24!,

It has been shown that TGF-3 suppresses glutamate cysteine ligase (GCL) gene expression and induces oxidative
stress in a lung fibrosis model 23, GCL is a controlling factor in intracellular GSH formation 8. The elevation of
TGF-B will add additional suppression of GSH formation during Covid-19. High levels of TGF-31 may trigger fibrotic
changes and may account for the typical early CT features of COVID-19 pneumonia of ground-glass opacity 37,

Fibrosis is a major complication related to Covid-19 [B8 and is related to TGF-p elevation (2!,

The high levels of MCP-1 explains the findings of a mononuclear inflammatory infiltrate with lymphocytes and
CD68+ macrophages in the lungs of Covid-19 patients [E240][41]

3.6. Thrombosis and Covid-19

The platelet membrane contains sulfhydryl groups which are essential for normal platelet function. Reduced
glutathione (GSH) and other thiols such as cysteine and 6-mercaptopurine were found to inhibit human platelet

aggregation induced by adenosine diphosphate (ADP), collagen and arachidonic acid 42,

Oxidative stress has been described in many of the disorders including atherosclerosis, diabetes mellitus,
hypertension, obesity, and cancer 431, Many of these conditions are associated with complications following Covid-
19. Increase oxidative burden in the circulation exposes platelets to a pro-activatory milieu, responsible for platelet
pro-adhesive and pro-aggregatory phenotype, which in turn lead to thromboembolic events, which is a common
characteristic of these conditions 24!, It has been shown that oxidative stress-activated platelets are a source of
ROS, which further contribute to the circulating oxidative stress. This process generates a vicious circle capable to

affect other cell types, that can contribute to the progression and complication of other diseases 44,

3.7. Pulmonary Thrombosis appears to be Common in COVID-19 Pneumonia and
Takes Two Forms, Proximal Pulmonary Emboli and/or Distal Thrombosis [45],
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It has been shown that platelets express ACEZ2, a host cell receptor for SARS-CoV-2, and TMPRSS2, a serine
protease for Spike protein priming. Detectable SARS-CoV-2 RNA in the blood stream was associated with platelet
hyperactivity in critically ill patients. SARS-CoV-2 and its Spike protein directly enhanced platelet activation such as
platelet aggregation. SARS-CoV-2 and its Spike protein directly stimulated platelets to facilitate the release of
coagulation factors, the secretion of inflammatory factors, and the formation of leukocyte—platelet aggregates
leading to pulmonary thrombus formation in Coid-19 patients [28l. As discussed previously, the binding of Covid-19
spike protein induces NADPH oxidases to transfer an electron from NADPH to O, generating several radical
species, which are scavenged by and deplete GSH 12, Thus, it seems likely that the decrease of GSH plays a role
in the pulmonary thrombosis seen in Covid-19.

3.8. Coinfection with RSV

Part 1 of “Glutathione Supplementation as an Adjunctive Therapy in COVID-19” (1) discussed the mechanism of
loss of GSH during infection with Respiratory Syncytial Virus (RSV). In An autopsy study, 9 patients were tested for

respiratory syncytial virus. Three of nine (33.3%) patients tested positive for respiratory syncytial virus (471,

RSV has been shown to cause increased oxidation stress. Initially, Respiratory Syncytial Virus (RSV) was shown
to use NOX2 as an essential regulator of RSV-induced NF-kB activation, which likely led to excessive NF-kB-
mediated inflammatory gene expression 18149 A |ater study found that RSV infection down-regulates NF-E2-
related factor 2 (NRF2) expression in airway epithelial cells and a decrease in the expression of airway antioxidant
enzymes, which led to additional oxidative stress B2, NRF2 is an important redox-responsive protein that helps
protect the cells from oxidative stress and injury BHB2 RSV infection induces a progressive reduction in nuclear
and total cellular level of the transcription factor NF-E2-related factor 2 (NRF2), resulting in decreased binding to
endogenous antioxidant element (AOE) gene promoters and decreased antioxidant enzyme expression B2, The
decrease in NRF2 binding resulted in a decrease in a number of Nrf2 target antioxidant genes including glutamate
cysteine ligase (GCL), which is a controlling factor in intracellular GSH formation 8. The RSV-induced inhibition
of NRF2 activation, due to deacetylation and proteasomal degradation was shown to occur both in vitro and in vivo,

in animal studies 29

3.9. Deficient GSH appears to be Associated with Complications of Covid-19

The pathology of Covid-19, may begin as a mild infection in the upper respiratory tract, which will be self limiting
especially in a young individuals with robust antioxidant defenses, but is a risk for severe infection in older
individuals who often have decreased GSH production, even when they appear healthy B2l Individuals in our
society with lower GSH production may be at risk because of a decreased capacity to maintain many metabolic

and detoxification reactions mediated by glutathione.

Risk of mortality associated with Covid-19 is associated with a number of factors such as diabetes, hypertension
and obesity B4, Conditions with decreased GSH that may be predictive of complications for more severe course of

illness with Covid-19 include:
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Age, CDC - older adults at highest risk- GSH decreases with age 53!,
Hypertension with its high representation of ACE2 receptors.

Diabetes Mellitus is a low GSH condition B3 with increased IL-6 B3],
Obesity associated with oxidation stress 28!

Cardiac: decline of GSH predicts mortality in coronary artery disease B2,
Cognitive decline predicted by low GSH 58],

Fibrosis is a major complication related to Covid-19 28! and is related to TGF-B elevation 33,

| 4. Summary

This entry adds additional explanation for the loss of GSH during infection with Covid-19. Combining the additional
information with Part | suggests that a number of mechanisms conspire to deplete GSH as Covid-19 infection
progresses in an individual. It has been shown that Covid-19 increases oxidation stress during attachment of the
Spike protein, the N protein programs for the production of IL-6 and TGFf3, both of which deplete GSH. Co-infection
with RSV will add additional stress onto the system designed to defend against oxidation stress. It is likely that

oxidation stress related to loss of GSH contributes to thrombosis, which often accompanies more severe Covid-19.

This information suggests that the ability to maintain adequate GSH by endogenous or exogenous means during

infection with Covid-19 may add significantly to the ability of an individual to defend against this infection.

COVID-19 represents a historic challenge to the fields of research, infectious disease, and international healthcare.
The need for detailed analysis of its pathogenesis and clinical course is readily apparent. The unprecedented
acuity of a rapidly spreading pandemic presents an opportunity to advance international collaboration in the
scientific community. While vaccine trials remain ongoing, physicians have been compelled to apply various
treatments with established efficacy in similar viral or bacterial illnesses that also lead to bilateral pneumonia and
ARDS. Here we present the antioxidant GSH as a potential untapped avenue for further investigation as
intervention for COVID-19. We propose to use a formulation that contains a predominately reduced form of
glutathione in the formulation rather than oxidized. In a patient that is burdened with cytokine storm, the best thing
for the immune system would be to supply it with reduced glutathione such that it is already able to supply reducing
equivalents from its thiol group. Our work with HIV, TB, and other pulmonary or immunosuppressive illnesses

demonstrates the value of GSH as an adjunct treatment for SARS-CoV-2 infection.

References

https://encyclopedia.pub/entry/5533 7/13



SARS-CoV-2 and COVID-19 | Encyclopedia.pub

10.

11.

12.

13.

. Holshue, M.; DeBolt, C.; Lindquist, S.; Lofy, K.; Wiesman, J.; Bruce, H.; Spitters, C.; Ericson, K.;

Wilkerson, S.; Tural, A.; et al. First Case of 2019 Novel Coronavirus in the United States. N. Engl.
J. Med. 2020, 382, 929-936.

. Fauci, A.S.; Lane, H.C.; Redfield, R.R. Covid-19-Navigating the Uncharted. N. Engl. J. Med. 2020,

382, 1268—-1269.

. De Haan, C.; Kuo, L.; Masters, P.; Vennema, H.; Rottier, P. Coronavirus Particle Assembly:

Primary Structure Requirements of the membrane Protein. J. Virol. 1998, 72, 6838—-6850.

. Mousavizadeh, L.; Ghasemi, S. Genotype and Phenotype of COVID-19: Their Roles in

Pathogenesis. J. Microbiol. Immunol. Infect. 2020.

. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krtiger, N.; Herrler, T.; Erichsen, S.; Schiergens,

T.S.; Herrler, G.; Wu, N.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and
TMPRSS2 and is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020, 181, 497-506.

. Woo, P.; Huang, Y.; Lau, S.; Yuen, K. Coronavirus Genomics and Bioinformatics Analysis. Viruses

2010, 2, 1804-1820.

. Krahling, V.; Stein, D.A.; Spiegel, M.; Weber, F.; Muhlberger, E. Severe acute respiratory

syndrome coronavirus triggers apoptosis via protein kinase R but is resistant to its antiviral
activity. J. Virol. 2009, 83, 2298-2309.

. Gandhi, R.T.; Lynch, J.B.; del Rio, C. Mild or Moderate Covid-19. N. Engl. J. Med. 2020.

. Kolifarhood, G.; Aghaali, M.; Mozafar Saadati, H.; Taherpour, N.; Rahimi, S.; Izadi, N.; Hashemi

Nazari, S.S. Epidemiological and Clinical Aspects of COVID-19: A Narrative Review. Arch. Acad.
Emerg. Med. 2020, 8, e41.

Jung, S.; Akhmetzhanov, A.; Hayashi, K.; Linton, N.; Yang, Y.; Yuan, B.; Kobayashi, T.; Kinoshita,
R.; Nishiura, H. Real-Time Estimation of the Risk of Death from Novel Coronavirus (COVID-19)
Infection: Inference Using Exported Cases. J. Clin. Med. 2020, 9, 523.

Guloyan V, Oganesian B, Baghdasaryan N, Yeh C, Singh M, Guilford F, et al. Glutathione
Supplementation as an Adjunctive Therapy in COVID-19. Antioxidants (Basel). 2020;9(10).
https://www.ncbi.nim.nih.gov/pubmed/32992775

Silvagno F, Vernone A, Pescarmona GP. The Role of Glutathione in Protecting against the Severe
Inflammatory Response Triggered by COVID-19. Antioxidants (Basel). 2020;9(7). PMCID:
PMC7402141. https://www.ncbi.nim.nih.gov/pubmed/32708578

Checconi P, De Angelis M, Marcocci ME, Fraternale A, Magnani M, Palamara AT, et al. Redox-
Modulating Agents in the Treatment of Viral Infections. Int J Mol Sci. 2020;21(11).
https://www.ncbi.nlm.nih.gov/pubmed/32521619

https://encyclopedia.pub/entry/5533 8/13



SARS-CoV-2 and COVID-19 | Encyclopedia.pub

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ly J, Lagman M, Saing T, Singh MK, Tudela EV, Morris D, et al. Liposomal Glutathione
Supplementation Restores TH1 Cytokine Response to Mycobacterium tuberculosis Infection in
HIV-Infected Individuals. J Interferon Cytokine Res. 2015;35(11):875-87. PMCID: 4642835.
http://www.ncbi.nlm.nih.gov/pubmed/26133750

Valdivia A, Ly J, Gonzalez L, Hussain P, Aing T, Islamoglu H, et al. Restoring cytokine balance in
HIV Positive Individuals with Low CD4 T Cell Counts. AIDS Res Hum Retroviruses. 2017.
http://www.ncbi.nlm.nih.gov/pubmed/28398068

Polonikov A. Endogenous Deficiency of Glutathione as the Most Likely Cause of Serious
Manifestations and Death in COVID-19 Patients. ACS Infect Dis. 2020. PMCID: PMC7263077.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7263077/

DeDiego ML, Nieto-Torres JL, Regla-Nava JA, Jimenez-Guardeno JM, Fernandez-Delgado R,
Fett C, et al. Inhibition of NF-kappaB-mediated inflammation in severe acute respiratory syndrome
coronavirus-infected mice increases survival. J Virol. 2014;88(2):913-24. PMCID: PMC3911641.
https://www.ncbi.nlm.nih.gov/pubmed/24198408

Rahman A, Fazal F. Blocking NF-kappaB: an inflammatory issue. Proc Am Thorac Soc.
2011;8(6):497-503. PMCID: PMC3359076. https://www.ncbi.nlm.nih.gov/pubmed/22052926

Khachigian LM, Collins T, Fries JW. N-acetyl cysteine blocks mesangial VCAM-1 and NF-kappa B
expression in vivo. Am J Pathol. 1997;151(5):1225-9. PMCID: PMC1858066.
https://www.ncbi.nlm.nih.gov/pubmed/9358747

Cho S, Urata VY, lida T, Goto S, Yamaguchi M, Sumikawa K, et al. Glutathione downregulates the
phosphorylation of | kappa B: autoloop regulation of the NF-kappa B-mediated expression of NF-
kappa B subunits by TNF-alpha in mouse vascular endothelial cells. Biochem Biophys Res
Commun. 1998;253(1):104-8. https://www.ncbi.nIm.nih.gov/pubmed/9875227

Dhama K, Khan S, Tiwari R, Sircar S, Bhat S, Malik YS, et al. Coronavirus Disease 2019-COVID-
19. Clin Microbiol Rev. 2020;33(4). PMCID: PMC7405836.
https://www.ncbi.nlm.nih.gov/pubmed/32580969

de Haan CA, Kuo L, Masters PS, Vennema H, Rottier PJ. Coronavirus particle assembly: primary
structure requirements of the membrane protein. J Virol. 1998;72(8):6838-50. PMCID:
PMC109893. https://www.ncbi.nlm.nih.gov/pubmed/9658133

Mousavizadeh L, Ghasemi S. Genotype and phenotype of COVID-19: Their roles in
pathogenesis. J Microbiol Immunol Infect. 2020. PMCID: PMC7138183.
https://www.ncbi.nim.nih.gov/pubmed/32265180

Nieto-Torres JL, DeDiego ML, Verdia-Baguena C, Jimenez-Guardeno JM, Regla-Nava JA,
Fernandez-Delgado R, et al. Severe acute respiratory syndrome coronavirus envelope protein ion

https://encyclopedia.pub/entry/5533 9/13



SARS-CoV-2 and COVID-19 | Encyclopedia.pub

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

channel activity promotes virus fithess and pathogenesis. PLoS Pathog. 2014;10(5):e1004077.
PMCID: PMC4006877. https://www.ncbi.nlm.nih.gov/pubmed/24788150

Chang CK, Sue SC, Yu TH, Hsieh CM, Tsai CK, Chiang YC, et al. Modular organization of SARS
coronavirus nucleocapsid protein. J Biomed Sci. 2006;13(1):59-72. PMCID: PMC7089556.
https://www.ncbi.nim.nih.gov/pubmed/16228284

Sheikh A, Al-Taher A, Al-Nazawi M, Al-Mubarak Al, Kandeel M. Analysis of preferred codon usage
in the coronavirus N genes and their implications for genome evolution and vaccine design. J
Virol Methods. 2020;277:113806. PMCID: PMC7119019.
https://www.ncbi.nlm.nih.gov/pubmed/31911390

Zhang X, Wu K, Wang D, Yue X, Song D, Zhu Y, et al. Nucleocapsid protein of SARS-CoV
activates interleukin-6 expression through cellular transcription factor NF-kappaB. Virology.
2007;365(2):324-35. PMCID: PMC7103332. https://www.ncbi.nlm.nih.gov/pubmed/17490702

Liao QJ, Ye LB, Timani KA, Zeng YC, She YL, Ye L, et al. Activation of NF-kappaB by the full-
length nucleocapsid protein of the SARS coronavirus. Acta Biochim Biophys Sin (Shanghai).
2005;37(9):607-12. PMCID: PMC7109668. https://www.ncbi.nlm.nih.gov/pubmed/16143815

Agrati C, Sacchi A, Bordoni V, Cimini E, Notari S, Grassi G, et al. Expansion of myeloid-derived
suppressor cells in patients with severe coronavirus disease (COVID-19). Cell Death Differ.
2020;27(11):3196-207. PMCID: PMC7278239. https://www.ncbi.nlm.nih.gov/pubmed/32514047

McElvaney OJ, McEvoy NL, McElvaney OF, Carroll TP, Murphy MP, Dunlea DM, et al.
Characterization of the Inflammatory Response to Severe COVID-19 lliness. Am J Respir Crit
Care Med. 2020;202(6):812-21. PMCID: PMC7491404.
https://www.ncbi.nlm.nih.gov/pubmed/32584597

Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and immunological features of
severe and moderate coronavirus disease 2019. J Clin Invest. 2020;130(5):2620-9. PMCID:
PMC7190990. https://www.ncbi.nlm.nih.gov/pubmed/32217835

Wajner SM, Goemann IM, Bueno AL, Larsen PR, Maia AL. IL-6 promotes nonthyroidal illness
syndrome by blocking thyroxine activation while promoting thyroid hormone inactivation in human
cells. J Clin Invest. 2011;121(5):1834-45. PMCID: 3083773.
http://www.ncbi.nim.nih.gov/pmc/articles/PMC3083773/?tool=pubmed

Ghazavi A, Ganji A, Keshavarzian N, Rabiemajd S, Mosayebi G. Cytokine profile and disease
severity in patients with COVID-19. Cytokine. 2020;137:155323. PMCID: PMC7524708.
https://www.ncbi.nlm.nih.gov/pubmed/33045526

He L, Ding Y, Zhang Q, Che X, He Y, Shen H, et al. Expression of elevated levels of pro-
inflammatory cytokines in SARS-CoV-infected ACE2+ cells in SARS patients: relation to the acute

https://encyclopedia.pub/entry/5533 10/13



SARS-CoV-2 and COVID-19 | Encyclopedia.pub

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

lung injury and pathogenesis of SARS. J Pathol. 2006;210(3):288-97. PMCID: PMC7167655.
https://www.ncbi.nlm.nih.gov/pubmed/17031779

Liu RM, Vayalil PK, Ballinger C, Dickinson DA, Huang WT, Wang S, et al. Transforming growth
factor beta suppresses glutamate-cysteine ligase gene expression and induces oxidative stress in
a lung fibrosis model. Free Radic Biol Med. 2012;53(3):554-63. PMCID: 3432394.
http://www.ncbi.nlm.nih.gov/pubmed/22634145

Morris D, Guerra C, Donohue C, Oh H, Khurasany M, Venketaraman V. Unveiling the
Mechanisms for Decreased Glutathione in Individuals with HIV Infection. Clin Dev Immunol.
2012;2012:734125. PMCID: 3254057. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3254057/?
tool=pubmed

Hu Q, Guan H, Sun Z, Huang L, Chen C, Ai T, et al. Early CT features and temporal lung changes
in COVID-19 pneumonia in Wuhan, China. Eur J Radiol. 2020;128:109017. PMCID:
PMC7166310. https://www.ncbi.nlm.nih.gov/pubmed/32387924

Lechowicz K, Drozdzal S, Machaj F, Rosik J, Szostak B, Zegan-Baranska M, et al. COVID-19:
The Potential Treatment of Pulmonary Fibrosis Associated with SARS-CoV-2 Infection. J Clin
Med. 2020;9(6). PMCID: PMC7356800. https://www.ncbi.nlm.nih.gov/pubmed/32575380

Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings of COVID-19
associated with acute respiratory distress syndrome. Lancet Respir Med. 2020;8(4):420-2.
PMCID: PMC7164771. https://www.ncbi.nlm.nih.gov/pubmed/32085846

Fox SE, Akmatbekov A, Harbert JL, Li G, Quincy Brown J, Vander Heide RS. Pulmonary and
cardiac pathology in African American patients with COVID-19: an autopsy series from New
Orleans. Lancet Respir Med. 2020;8(7):681-6. PMCID: PMC7255143.
https://www.ncbi.nim.nih.gov/pubmed/32473124

Carsana L, Sonzogni A, Nasr A, Rossi RS, Pellegrinelli A, Zerbi P, et al. Pulmonary post-mortem
findings in a series of COVID-19 cases from northern Italy: a two-centre descriptive study. Lancet
Infect Dis. 2020;20(10):1135-40. PMCID: PMC7279758.
https://www.ncbi.nlm.nih.gov/pubmed/32526193

Thomas G, Skrinska VA, Lucas FV. The influence of glutathione and other thiols on human
platelet aggregation. Thromb Res. 1986;44(6):859-66.
https://www.ncbi.nlm.nih.gov/pubmed/3099423

Freedman JE. Oxidative stress and platelets. Arterioscler Thromb Vasc Biol. 2008;28(3):s11-6.
https://www.ncbi.nim.nih.gov/pubmed/18174453

Masselli E, Pozzi G, Vaccarezza M, Mirandola P, Galli D, Vitale M, et al. ROS in Platelet Biology:
Functional Aspects and Methodological Insights. Int J Mol Sci. 2020;21(14). PMCID:
PMC7402354. https://www.ncbi.nlm.nih.gov/pubmed/32660144

https://encyclopedia.pub/entry/5533 11/13



SARS-CoV-2 and COVID-19 | Encyclopedia.pub

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Price LC, McCabe C, Garfield B, Wort SJ. Thrombosis and COVID-19 pneumonia: the clot
thickens! Eur Respir J. 2020;56(1). PMCID: PMC7301830 and Johnson, outside the submitted
work. Conflict of interest: C. McCabe has nothing to disclose. Conflict of interest: B. Garfield has
nothing to disclose. Conflict of interest: S.J. Wort reports grants and personal fees from Actelion
Pharmaceuticals and Bayer, personal fees from MSD and GSK, outside the submitted work.
https://www.ncbi.nlm.nih.gov/pubmed/32554532

Zhang S, Liu Y, Wang X, Yang L, Li H, Wang Y, et al. SARS-CoV-2 binds platelet ACE2 to
enhance thrombosis in COVID-19. J Hematol Oncol. 2020;13(1):120. PMCID: PMC7471641.
https://www.ncbi.nim.nih.gov/pubmed/32887634

DuY, Tul, Zhu P, Mu M, Wang R, Yang P, et al. Clinical Features of 85 Fatal Cases of COVID-19
from Wuhan: A Retrospective Observational Study. Am J Respir Crit Care Med. 2020.
https://www.ncbi.nlm.nih.gov/pubmed/32242738

Fink K, Duval A, Martel A, Soucy-Faulkner A, Grandvaux N. Dual role of NOX2 in respiratory
syncytial virus- and sendai virus-induced activation of NF-kappaB in airway epithelial cells. J
Immunol. 2008;180(10):6911-22. https://www.ncbi.nlm.nih.gov/pubmed/18453612

Hosakote YM, Jantzi PD, Esham DL, Spratt H, Kurosky A, Casola A, et al. Viral-mediated
inhibition of antioxidant enzymes contributes to the pathogenesis of severe respiratory syncytial
virus bronchiolitis. Am J Respir Crit Care Med. 2011;183(11):1550-60. PMCID: 3137144.
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3137144/

Komaravelli N, Tian B, Ivanciuc T, Mautemps N, Brasier AR, Garofalo RP, et al. Respiratory
syncytial virus infection down-regulates antioxidant enzyme expression by triggering
deacetylation-proteasomal degradation of Nrf2. Free Radic Biol Med. 2015;88(Pt B):391-403.
PMCID: 4628892. http://www.ncbi.nIm.nih.gov/pubmed/26073125

Jaiswal AK. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic
Biol Med. 2004;36(10):1199-207. https://www.ncbi.nlm.nih.gov/pubmed/15110384

Kaspar JW, Niture SK, Jaiswal AK. Nrf2:INrf2 (Keapl) signaling in oxidative stress. Free Radic
Biol Med. 2009;47(9):1304-9. PMCID: PMC2763938.
https://www.ncbi.nlm.nih.gov/pubmed/19666107

Lang CA, Naryshkin S, Schneider DL, Mills BJ, Lindeman RD. Low blood glutathione levels in
healthy aging adults. J Lab Clin Med. 1992;120(5):720-5.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=1431500

Goodman KE, Magder LS, Baghdadi JD, Pineles L, Levine AR, Perencevich EN, et al. Impact of
Sex and Metabolic Comorbidities on COVID-19 Mortality Risk Across Age Groups: 66,646
Inpatients Across 613 U.S. Hospitals. Clin Infect Dis. 2020.
https://www.ncbi.nim.nih.gov/pubmed/33337474

https://encyclopedia.pub/entry/5533 12/13



SARS-CoV-2 and COVID-19 | Encyclopedia.pub

55.

56.

57.

58.

Lagman M, Ly J, Saing T, Kaur Singh M, Vera Tudela E, Morris D, et al. Investigating the Causes
for Decreased Levels of Glutathione in Individuals with Type Il Diabetes. PLoS One.
2015;10(3):e0118436. http://www.ncbi.nlm.nih.gov/pubmed/25790445

Furukawa S, Fujita T, Shimabukuro M, lwaki M, Yamada Y, Nakajima Y, et al. Increased oxidative
stress in obesity and its impact on metabolic syndrome. J Clin Invest. 2004;114(12):1752-61.
PMCID: PMC535065. https://www.ncbi.nlm.nih.gov/pubmed/15599400

Patel RS, Ghasemzadeh N, Eapen DJ, Sher S, Arshad S, Ko YA, et al. Novel Biomarker of
Oxidative Stress Is Associated With Risk of Death in Patients With Coronary Artery Disease.
Circulation. 2016;133(4):361-9. PMCID: 4722941. http://www.ncbi.nlm.nih.gov/pubmed/26673559

Hajjar I, Hayek SS, Goldstein FC, Martin G, Jones DP, Quyyumi A. Oxidative stress predicts
cognitive decline with aging in healthy adults: an observational study. J Neuroinflammation.
2018;15(1):17. PMCID: 5771063. http://www.ncbi.nIm.nih.gov/pubmed/29338747

Retrieved from https://encyclopedia.pub/entry/history/show/5339

https://encyclopedia.pub/entry/5533 13/13



