

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88971-581-7
DOI 10.3389/978-2-88971-581-7

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





CORONAVIRUS DISEASE (COVID-19): DIET, INFLAMMATION AND NUTRITIONAL STATUS

Topic Editors: 

Ioannis Zabetakis, University of Limerick, Ireland

Christophe Matthys, KU Leuven, Belgium

Alexandros Tsoupras, University of Limerick, Ireland

Citation: Zabetakis, I., Matthys, C., Tsoupras, A., eds. (2021). Coronavirus Disease (COVID-19): Diet, Inflammation and Nutritional Status. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-581-7





Table of Contents




Editorial: Coronavirus Disease (COVID-19): Diet, Inflammation and Nutritional Status

Ioannis Zabetakis, Christophe Matthys and Alexandros Tsoupras

Mucosal-Associated Invariant T Cells as a Possible Target to Suppress Secondary Infections at COVID-19

Roman A. Akasov and Evgeny V. Khaydukov

Understanding Selenium and Glutathione as Antiviral Factors in COVID-19: Does the Viral Mpro Protease Target Host Selenoproteins and Glutathione Synthesis?

Ethan Will Taylor and Wilson Radding

Perspective: The Potential Effects of Naringenin in COVID-19

Ricardo Wesley Alberca, Franciane Mouradian Emidio Teixeira, Danielle Rosa Beserra, Emily Araujo de Oliveira, Milena Mary de Souza Andrade, Anna Julia Pietrobon and Maria Notomi Sato

Thrombosis and COVID-19: The Potential Role of Nutrition

Alexandros Tsoupras, Ronan Lordan and Ioannis Zabetakis

Immune-Boosting, Antioxidant and Anti-inflammatory Food Supplements Targeting Pathogenesis of COVID-19

M. Mrityunjaya, V. Pavithra, R. Neelam, P. Janhavi, P. M. Halami and P. V. Ravindra

Rethinking Urban and Food Policies to Improve Citizens Safety After COVID-19 Pandemic

Andrea Galimberti, Hellas Cena, Luca Campone, Emanuele Ferri, Mario Dell’Agli, Enrico Sangiovanni, Michael Belingheri, Michele Augusto Riva, Maurizio Casiraghi and Massimo Labra

Clinical Impact Potential of Supplemental Nutrients as Adjuncts of Therapy in High-Risk COVID-19 for Obese Patients

Emre Sahin, Cemal Orhan, Fatih M. Uckun and Kazim Sahin

Tea Bioactive Modulate Innate Immunity: In Perception to COVID-19 Pandemic

Pritom Chowdhury and Anoop Kumar Barooah

The Long History of Vitamin C: From Prevention of the Common Cold to Potential Aid in the Treatment of COVID-19

Giuseppe Cerullo, Massimo Negro, Mauro Parimbelli, Michela Pecoraro, Simone Perna, Giorgio Liguori, Mariangela Rondanelli, Hellas Cena and Giuseppe D’Antona

NLRP3 Inflammasome: The Stormy Link Between Obesity and COVID-19

Alberto López-Reyes, Carlos Martinez-Armenta, Rocio Espinosa-Velázquez, Paola Vázquez-Cárdenas, Marlid Cruz-Ramos, Berenice Palacios-Gonzalez, Luis Enrique Gomez-Quiroz and Gabriela Angélica Martínez-Nava

The Impact of Obesity and Lifestyle on the Immune System and Susceptibility to Infections Such as COVID-19

Daan L. de Frel, Douwe E. Atsma, Hanno Pijl, Jacob C. Seidell, Pieter J. M. Leenen, Willem A. Dik and Elisabeth F. C. van Rossum


Zinc, Vitamin D and Vitamin C: Perspectives for COVID-19 With a Focus on Physical Tissue Barrier Integrity

José João Name, Ana Carolina Remondi Souza, Andrea Rodrigues Vasconcelos, Pietra Sacramento Prado and Carolina Parga Martins Pereira

A Network-Based Analysis Reveals the Mechanism Underlying Vitamin D in Suppressing Cytokine Storm and Virus in SARS-CoV-2 Infection

Firoz Ahmed

Ramadan Fasting During the COVID-19 Pandemic; Observance of Health, Nutrition and Exercise Criteria for Improving the Immune System

Majid Taati Moghadam, Behzad Taati, Seyed Mojtaba Paydar Ardakani and Katsuhiko Suzuki

The Burden of Malnutrition and Fatal COVID-19: A Global Burden of Disease Analysis

Elly Mertens and José L. Peñalvo

The Impact of Lockdown During the COVID-19 Outbreak on Dietary Habits in Various Population Groups: A Scoping Review

Grace Bennett, Elysia Young, Isabel Butler and Shelly Coe

Negative Association Between Mediterranean Diet Adherence and COVID-19 Cases and Related Deaths in Spain and 23 OECD Countries: An Ecological Study

Michael W. Greene, Alexis P. Roberts and Andrew D. Frugé

Vitamin D in Corona Virus Disease 2019 (COVID-19) Related Multisystem Inflammatory Syndrome in Children (MIS-C)

Gavriela Feketea, Vasiliki Vlacha, Ioana Corina Bocsan, Emilia Vassilopoulou, Luminita Aurelia Stanciu and Mihnea Zdrenghea

The Looming Effects of Estrogen in Covid-19: A Rocky Rollout

Hayder M. Al-kuraishy, Ali I. Al-Gareeb, Hani Faidah, Thabat J. Al-Maiahy, Natália Cruz-Martins and Gaber El-Saber Batiha

Bovine Coronavirus Immune Milk Against COVID-19

Antonio Arenas, Carmen Borge, Alfonso Carbonero, Ignacio Garcia-Bocanegra, David Cano-Terriza, Javier Caballero and Antonio Arenas-Montes

Low Serum 25-hydroxyvitamin D (Vitamin D) Level Is Associated With Susceptibility to COVID-19, Severity, and Mortality: A Systematic Review and Meta-Analysis

Mohammad Rizki Akbar, Arief Wibowo, Raymond Pranata and Budi Setiabudiawan

Cooking at Home and Adherence to the Mediterranean Diet During the COVID-19 Confinement: The Experience From the Croatian COVIDiet Study

Danijela Pfeifer, Josip Rešetar, Jasenka Gajdoš Kljusurić, Ines Panjkota Krbavčić, Darija Vranešić Bender, Celia Rodríguez-Pérez, María Dolores Ruíz-López and Zvonimir Šatalić

Breastfeeding and COVID-19: From Nutrition to Immunity

Emilia Vassilopoulou, Gavriela Feketea, Lemonica Koumbi, Christina Mesiari, Elena Camelia Berghea and George N. Konstantinou


Clinical Characteristics and Survival Analysis in Frequent Alcohol Consumers With COVID-19

Ricardo Wesley Alberca, Paula Ordonhez Rigato, Yasmim Álefe Leuzzi Ramos, Franciane Mouradian Emidio Teixeira, Anna Cláudia Calvielli Branco, Iara Grigoletto Fernandes, Anna Julia Pietrobon, Alberto Jose da Silva Duarte, Valeria Aoki, Raquel Leão Orfali and Maria Notomi Sato

COVID-19 Severity in Obesity: Leptin and Inflammatory Cytokine Interplay in the Link Between High Morbidity and Mortality

Radheshyam Maurya, Prince Sebastian, Madhulika Namdeo, Moodu Devender and Arieh Gertler

Effects of the Mediterranean Lifestyle During the COVID-19 Lockdown in Spain: Preliminary Study

Ana Zaragoza-Martí, Miriam Sánchez-SanSegundo, Rosario Ferrer-Cascales, Eva Maria Gabaldón-Bravo, Ana Laguna-Pérez and Lorena Rumbo-Rodríguez

A Computational Approach Identified Andrographolide as a Potential Drug for Suppressing COVID-19-Induced Cytokine Storm

Mohd Rehan, Firoz Ahmed, Saad M. Howladar, Mohammed Y. Refai, Hanadi M. Baeissa, Torki A. Zughaibi, Khalid Mohammed Kedwa and Mohammad Sarwar Jamal

Dairy-Derived and Egg White Proteins in Enhancing Immune System Against COVID-19

Gaber El-Saber Batiha, Mohammed Alqarni, Dina A. B. Awad, Abdelazeem M. Algammal, Richard Nyamota, Mir I. I. Wahed, Muhammad Ajmal Shah, Mohammad N. Amin, Babatunde O. Adetuyi, Helal F. Hetta, Natália Cruz-Martins, Niranjan Koirala, Arabinda Ghosh, Javier Echeverría, Jorge Pamplona Pagnossa and Jean-Marc Sabatier












	
	EDITORIAL
published: 14 September 2021
doi: 10.3389/fnut.2021.760720






[image: image2]

Editorial: Coronavirus Disease (COVID-19): Diet, Inflammation and Nutritional Status

Ioannis Zabetakis1,2,3*, Christophe Matthys4,5 and Alexandros Tsoupras1,2,3


1Department of Biological Sciences, University of Limerick, Limerick, Ireland

2Bernal Institute, University of Limerick, Limerick, Ireland

3Health Research Institute, University of Limerick, Limerick, Ireland

4Clinical and Experimental Endocrinology, Department of Chronic Diseases and Metabolism, KU Leuven, Leuven, Belgium

5Department of Endocrinology, University Hospitals Leuven, Leuven, Belgium

Edited and reviewed by:
Mauro Serafini, University of Teramo, Italy

*Correspondence: Ioannis Zabetakis, ioannis.zabetakis@ul.ie

Specialty section: This article was submitted to Nutritional Epidemiology, a section of the journal Frontiers in Nutrition

Received: 18 August 2021
 Accepted: 23 August 2021
 Published: 14 September 2021

Citation: Zabetakis I, Matthys C and Tsoupras A (2021) Editorial: Coronavirus Disease (COVID-19): Diet, Inflammation and Nutritional Status. Front. Nutr. 8:760720. doi: 10.3389/fnut.2021.760720



Keywords: inflammation, chronic disease, COVID-19, obesity, nutrition, Mediterranean diet (MD)


Editorial on the Research Topic
 Coronavirus Disease (COVID-19): Diet, Inflammation and Nutritional Status



Since late 2019, the world has come to terms with the fact that it is facing a major public health crisis against the novel coronavirus disease termed COVID-19 caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). As of August 12th 2021, there are over 205 million confirmed cases of COVID-19 and 4,300,000 deaths globally while more than 180 million patients have recovered. The first known case of COVID-19 originated from the city of Wuhan in Hubei Province, China. From there, it has spread to every inhabited continent worldwide.

COVID-19 is a highly infectious disease with severe or even lethal complications and a significant impact on the way in which we live our lives. Whilst the vast majority of people infected with COVID-19 experience mild symptoms and can recover without the need for hospitalization, it has become increasingly clear that those with pre-existing non-communicable diseases such as chronic lung diseases, metabolic syndrome, obesity and diabetes mellitus, cardiovascular disease, and renal disorders, as well as people under immunosuppression (i.e., the elderly and people with chronic rheumatoid conditions like rheumatoid arthritis, Lupus, etc.), are at increased risk of severe illness and mortality. The inflammatory and thrombo-inflammatory manifestations and cascades following SARS-CoV-2 infection are directly linked to the increased severity of COVID-19 complications, especially in patients with such underlying conditions and the elderly.

Thus, the potential for specific foods and nutrients that can beneficially affect COVID-19 severity and outcomes is gathering increasing interest from the scientific community, as well as the general population and media. Given that a common complication in patients with severe COVID-19, and individuals with non-communicable diseases, is excessive inflammation, foods with anti-inflammatory properties may possess a protective role. Likewise, the role of nutritional status and other nutrients, such as selenium, vitamin D, and vitamin C has gathered attention, with vitamin D and selenium deficiency recently linked to COVID-19 severity. Nevertheless, the potential for supplementation of specific foods and nutrients to act as a protective measure against COVID-19 remains a topic of debate.

The goal of this Research Topic was to gather Original Research articles and Reviews which have improved our understanding of diet, specific foods and nutritional status in relation to COVID-19 severity and outcomes. Twenty-eight articles have been published under this Research Topic covering a wide variety of Covid-19, the role of nutrition and how specific nutrients may be able to inhibit the spread of the disease and reduce its detrimental health effects. The articles addressed several aspects of Covid-19 from a metabolic, exercise, and nutrition point and they inform the readers on the latest developments of research related to Covid-19. The articles include perspectives, review articles and research articles and they also address the covid-19 related inflammation and cytokine storm.

The role of specific nutrients is widely discussed in this Research Topic from this inflammation point of view for this disease. It was also described that apart from inflammation, thrombosis, and thrombo-inflammatory complications are also linked to COVID-19, and the role of exercise and diet is discussed further. The role of foods, minerals, and vitamins is presented as means to reduce the cytokine storm and covid-19 related inflammation. The impact of lifestyle is also presented. The role of vitamin C as a potential aid in the treatment of Covid-19 is discussed in Cerullo et al. Also, the role of vitamins C and D and zinc are discussed in relation to physical tissue barrier integrity in Name et al.

The role of food supplements in relation to immune-boosting, antioxidant, and anti-inflammatory activities is presented in relation to Covid-19 pathogenesis. This article Mrityunjaya et al., suggests that grouping phytonutrients in the form of a food supplement may help to boost the immune system, prevent virus spread, preclude the disease progression to severe stage, and further suppress the hyper inflammation providing both prophylactic and therapeutic support against COVID-19.

The stormy link between obesity and Covid-19 is presented in López-Reyes et al. The authors have concluded that the SARS-CoV-2 infection could potentiate or accelerate the pre-existing systemic inflammatory state of individuals with obesity, via the NLRP3 inflammasome activation and the release of pro-inflammatory cytokines from cells trough Gasdermin-pores commonly found in cell death by pyroptosis.

In Bennett et al., it was found that the effect of COVID-19 lockdown both negatively and positively impacted dietary practices throughout Europe and globally, and negative diet habits were associated with other poor lifestyle outcomes including weight gain, mental health issues, and limited physical activity. Both in the short term and if sustained in the long term, these changes may have significant impacts on the health of the population.

In Vassilopoulou et al., an article linking breastfeeding and covid-19, it was highlighted that since SARS-CoV-2 is highly transmissible, breastfeeding should be encouraged, but observing all appropriate safety measures, for the mother and close contacts is needed. With the vaccination schedule in progress, the pregnant mothers-to-be should probably be prioritized.

In Zaragoza-Martí et al., an article linking Mediterranean lifestyle and lockdown, it was found that adherence to the Mediterranean Diet may play an important role in the establishment of appropriate dietary guidelines in confinement situations such as the COVID-19.

People with underlying conditions are more susceptible to COVID-19; as a matter of fact around 95% of COVID-19 related deaths are people with severe chronic diseases and these data manifest that COVID-19 is a deadly virus in people with chronic inflammation. In other words, a pre-existing chronic inflammatory status detrimentally affects our immune system and homeostatic mechanisms, and thus make us more susceptible to the cytokine storm and its associated inflammatory manifestations that COVID-19 causes in our bodies. The potential role of nutrition in relation to thrombosis and COVID-19 19 is discussed in Tsoupras et al.

In conclusion, this Research Topic, with a variety of articles has provided, a wealth of insights on the link between nutrition, inflammation, and covid-19, with promising outcomes and future perspectives. As Editors, we would like to thank all the contributing authors and the people in Frontiers in Nutrition for their excellent editing support.
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INTRODUCTION

Co-infections are of proven importance in the severity of respiratory diseases while their involvement in COVID-19 progression is still little discussed (1). However, one in seven patients with COVID-19 had secondary non-viral infections during hospitalization, and 50% of non-surviving patients had secondary infection in a retrospective cohort study in Wuhan (2). Severe patients with COVID-19 often need invasive mechanical ventilation that takes a long time (on average 9 days), and can lead to infections acquired in the hospital and on the ventilator (1). The role of gut microbiota in the severity of COVID-19 has been also recently discussed, suggesting that a microbial metabolic process in the gut may affect the production of pro-inflammatory cytokines (3). There are some pathways between the microbiota and the host immune system, including TNFα and IFNγ production associated with specific microbial metabolic pathways of palmitoleic acid metabolism and degradation of tryptophan to tryptophol (4), but this area needs further evaluation. Therefore, the study of interactions between the host and microbiota is of great importance for understanding the progression and therapy of COVID-19.



MAIT CELLS ACTIVATION AS A POSSIBLE MECHANISM PARTICIPATING IN COVID-19 PROGRESSION

Mucosal associated invariant T (MAIT) cells are found in the blood, liver, lungs, and mucosa, protecting against microbial activity and infection (5). MAIT cells can be activated via MR1-dependent and MR1-independent pathways. MR1-independent activation requires cytokines (e.g., IL-12 or IL-18) while MR1-dependent activation needs recognition of small molecules of biosynthesis of vitamin B2 (riboflavin) and B9 (folic acid). Activated MAIT cells rapidly produce pro-inflammatory cytokines including IFNγ, TNFα, and IL-17 (6). Typically, MAIT cells are discussed in context of bacterial or fungal infections, as they can induce the immune response when activated with riboflavin precursors in MR1-dependent manner. However, MAIT cells activation was also described for viral infections, including herpes, hepatitis, or lethal influenza (7, 8). In the case of viruses, MAIT activation occurred via MR1-independent pathway as a result of cytokines binding (IL-18 in synergy with IL-12, IL-15, and/or interferon-α/β) (9). No information regarding the increased values of IL-18, IL-12, or IL-15 in patients with COVID-19 was found and, therefore, this possible activation pathway requires further study. On the other hand, the role of MAIT cells resident in lung tissue in children with community-acquired pneumonia was demonstrated (10). Immunity profiling showed that MAIT cells from the bronchoalveolar lavages, but not from the blood, actively produced IL-17. It is important that most patients were diagnosed with adenovirus and Mycoplasma pneumoniae while neither adenovirus nor mycoplasma synthesize riboflavin. The authors suggested that MAIT cells were probably activated through commensal microorganisms or co-infecting bacteria in combination with inflammatory cytokines (10). Since only MAIT cells resident in lung tissue but not derived from the blood produced IL-17, the contribution of co-infecting bacteria appears to be more important. It should be noted that targeting IL-17 was recently proposed as a strategy to combat acute respiratory distress syndrome in COVID-19 (11). Therefore, we hypothesize the importance of the study of MAIT cells in blood and especially in lungs, given the evidence that the status of T cells reflects the severity of infection and predict the clinical outcomes in patients with COVID-19 (12, 13). Thus, we suggest that activation of MAIT cells in secondary non-viral infection via the MR1-dependent pathway may be a factor that enhances the progression of COVID-19, and IL-17 production may be one of the mediators.



INHIBITION OF RIBOFLAVIN BIOSYNTHESIS IN MICROBIOTA AS A POSSIBLE APPROACH TO PREVENT MAIT ACTIVATION

Since MR1-dependent activation occurs as a result of recognizing small molecules of riboflavin biosynthesis, inhibition of this pathway appears to be a promising approach to prevent the immune response of MAIT cells. Indeed, an immunomodulatory strategy of herpesviruses that functionally disrupts the immune response was defined for MR1 targeting (14). It was found that riboflavin biosynthesis can be repressed by inhibiting enzymes involved in riboflavin biosynthesis (15) or at the level of transcription through the flavin mononucleotide (FMN) riboswitch (16). The FMN riboswitch is a metabolite-dependent RNA element that directly binds FMN and controls the expression of genes responsible for riboflavin biosynthesis since FMN is riboflavin-5′-phosphate (17).

There are some synthetic or natural compounds that can inhibit FMN riboswitch. Among them, roseoflavin, a pigment originally isolated from Streptomyces davawensis, was discussed as an antimetabolite analog of riboflavin and FMN with antimicrobial properties (16). The other is 5FDQD, a riboswitch-binding analog of flavin that protects mice against Clostridium difficile infection without inhibiting healthy bowel flora (18). Double-targeting of the Staphylococcus aureus FMN riboswitch with roseoflavin and ribocil-C demonstrated efficacy in a murine model of MRSA (Methicillin Resistant Staphylococcus Aureus) infection (19).

However, FMN or even riboflavin may be also effective in inhibiting riboflavin biosynthesis. A strategy of the oral supplementation with riboflavin may be proposed, given that some bacteria can switch from biosynthesis to uptake of riboflavin when it is environmentally available. It should be noted that riboflavin supplementation (100 mg daily for 3 weeks) in patients with Crohn's disease, a type of inflammatory bowel disease, led to anti-inflammatory effects (20). Activation of innate MAIT cells in inflammatory bowel diseases resulted in a switch in the pattern of cytokine secretion was previously demonstrated (21). Riboflavin supplementation (10 mg/day, p.o) significantly decreased plasma homocysteine, a marker of inflammation and ischemic injury, in the group of elderly people with low riboflavin status (22).

An alternative approach to inhibit overactivation of MAIT cells is a ligand-dependent downregulation of MR1 cell surface expression via retaining MR1 molecules in the endoplasmic reticulum in an immature form (23).



DISCUSSION

We hypothesize that secondary non-viral infections may enhance the severity of COVID-19 by activating MR1-dependent MAIT cells. MAIT cells promote protection against primary infections through cytokines production (24), as well as mediate protective host responses in sepsis by reducing bacterial burden (25). However, in the case of secondary infections, additive inflammation can exacerbate the situation due to the progression of the cytokine storm. The possible involvement of MAIT cells in the development of undesirable immune response in certain diseases was previously shown (5). Thus, MAIT cells promote inflammation and exacerbate the disease in murine models of arthritis while mice with MR1 deficiency develop a less severe disease compared to control (26). In mice infected with Helicobacter pylori, MAIT cells were expanded in the gastric mucosa and adopted the IL-17A- and IFN-γ-producing phenotype, resulting in the gastric progression (27). It is important that MAIT cell activation is detected 2 h after contact with the antigen (28). It should be also noted that MAIT cells are much less frequent in children (<2 y.o.) than in older humans (5). Functional alteration of innate T cells in COVID-19 patients has been described very recently, including a decrease in circulating MAIT cells in blood, which may be a consequence of their recruitment into the airways (29).

If the hypothesis of MR1-dependent MAIT cells activation in secondary infection of COVID-19 is correct, inhibition mechanisms of this activation could be discussed. This can be accomplished by inhibiting the riboflavin biosynthesis in the microbiota (e.g., with roseoflavin or analogs) or by ligand-dependent downregulation of the MR1 cell surface expression in antigen-presenting cells (e.g., with DB28 or analogs (23)). The first option seems easier to implement since the inhibition of riboflavin biosynthesis pathway can lead to toxicity for microbiota, including pathogen bacteria and yeasts, but not to the host.

We must also point out some arguments that contradict our idea. Thus, neutrophils that are recruited early to sites of infections, including COVID-19 infection, can suppress and prevent overactivation of MAIT cells (30). Since repeated MAIT cells stimulation by cytokines (IL-12 and IL-18) was found to enhance IL-17 production by MAIT cells (31), the patients may not benefit from the treatment that suppresses MR1-dependent stimulation. The interactions of MAIT cells with other participants in the immune response are also unclear, as well as the impact of MAIT cells infection at a distant site, i.e., the impact of gut MAIT cells on pulmonary infection or vice versa (32). Therefore, we appeal to the biomedical community to test the hypothesis of MR1-dependent MAIT cells activation as a possible therapeutic approach.
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Glutathione peroxidases (GPX), a family of antioxidant selenoenzymes, functionally link selenium and glutathione, which both show correlations with clinical outcomes in COVID-19. Thus, it is highly significant that cytosolic GPX1 has been shown to interact with an inactive C145A mutant of Mpro, the main cysteine protease of SARS-CoV-2, but not with catalytically active wild-type Mpro. This seemingly anomalous result is what might be expected if GPX1 is a substrate for the active protease, leading to its fragmentation. We show that the GPX1 active site sequence is substantially similar to a known Mpro cleavage site, and is identified as a potential cysteine protease site by the Procleave algorithm. Proteolytic knockdown of GPX1 is highly consistent with previously documented effects of recombinant SARS-CoV Mpro in transfected cells, including increased reactive oxygen species and NF-κB activation. Because NF-κB in turn activates many pro-inflammatory cytokines, this mechanism could contribute to increased inflammation and cytokine storms observed in COVID-19. Using web-based protease cleavage site prediction tools, we show that Mpro may be targeting not only GPX1, but several other selenoproteins including SELENOF and thioredoxin reductase 1, as well as glutamate-cysteine ligase, the rate-limiting enzyme for glutathione synthesis. This hypothesized proteolytic knockdown of components of both the thioredoxin and glutaredoxin systems is consistent with a viral strategy to inhibit DNA synthesis, to increase the pool of ribonucleotides for RNA synthesis, thereby enhancing virion production. The resulting “collateral damage” of increased oxidative stress and inflammation would be exacerbated by dietary deficiencies of selenium and glutathione precursors.
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INTRODUCTION

Several independent studies have now established a significant association between the outcome of COVID-19 and previously documented regional selenium (Se) status in Chinese cities (1), and a similar relationship between serum Se and mortality in a European cohort of COVID-19 patients (2). These observations invite questions about the mechanisms involved, particularly because they fit into a consistent pattern of a role for Se that has been reported over several decades for a variety of RNA viruses (enteroviruses, hantaviruses, and influenza A) and viruses with an RNA stage (HIV-1 and Hepatitis B virus), as reviewed by various authors (3–5).

Most (but not all) of the biological roles of Se, both as selenocysteine in selenoproteins, and as redox-active Se-containing metabolites, involve interactions with cysteine thiols and disulfides in proteins and peptides, and their various oxidized forms. Like Se, the essential antioxidant and free radical scavenger glutathione (GSH), a tripeptide thiol, has also proven to be an important factor in various viral infections, particularly in HIV/AIDS, as reviewed in section 2.1.2. of Taylor (6), and most recently, in COVID-19 (7, 8). Given their intertwined biochemical roles, there are likely to be common factors and mechanisms underlying the therapeutic importance of Se and GSH in viral infections.



A CONFIRMED MOLECULAR INTERACTION BETWEEN SARS-CoV-2 PROTEASE AND A HUMAN SELENOPROTEIN

Correlations between COVID-19 clinical outcomes and both host Se and GSH status provide important context to a related observation emerging from a proteomics-based study of possible cellular targets of SARS-CoV-2 (SCoV2) proteins. Using affinity-purification mass spectrometry, Gordon et al. identified high-confidence protein-protein interactions between 26 of the SCoV2 proteins and human proteins (9). As bait for interacting human proteins, one of the proteins they used was the SCoV2 main viral protease Mpro, a cysteine protease also known as nonstructural protein 5 (nsp5). The study also included a catalytically inactive C145A Mpro mutant (lacking the active site cysteine), which was also used as a bait protein, in order to discriminate false positives that might bind non-specifically to the Mpro active site cysteine via disulfide bond formation. One of the interactions they identified involved the cytosolic form of the selenoprotein glutathione peroxidase, GPX1, which bound strongly to the inactive C145A Mpro mutant. However, this interaction with GPX1 was not observed with the wild type Mpro. This is precisely what one might expect to see if GPX1 is a protease substrate, because its cleavage would produce two fragments that would necessarily have reduced affinity to the enzyme relative to GPX1.

Significantly, as shown in Figure 6 in their Extended Data (9), Gordon et al. identified one other host protein (TRMT1) that bound only to the inactive Mpro C145A mutant, and concluded it was a likely Mpro substrate, because they were able to identify a putative Mpro cleavage site in the TRMT1 protein sequence (PRLQ/ANFT), where the slash (/) represents the cleavage site. Thus, the only piece of evidence lacking to draw a similar conclusion for GPX1 is a candidate Mpro cleavage site, which most algorithms will fail to find, e.g., if they are highly stringent about requiring a Q in the P1 position (Figure 1).


[image: Figure 1]
FIGURE 1. Coronavirus Mpro cleavage site consensus sequence logo plots and comparisons. Logo plots from multiple alignments of the known Mpro cleavage sites are shown for the 2003 SCoV (A) and 2019 SCoV2 (B). The height of a letter at each position reflects its probability in the alignment; each of the logos shown represents the consensus of 11 Mpro cleavage sites from a single virus. Plots were generated using WebLogo (weblogo.berkeley.edu/logo.cgi), from the alignments in Figure S1. (C) Comparison of the GPX1 active site sequence containing selenocysteine (U) to the known SCoV2 Mpro cleavage site at the nsp13/14 junction; this site is identical in the 2003 and 2019 coronaviruses. (D) Comparison of a predicted Mpro cleavage site in human selenoprotein F to a known SCoV2 Mpro cleavage site at the nsp12/13 junction.


As shown in Figure 1A for the 2003 SARS coronavirus (SARS-CoV, SCoV) and in Figure 1B for the 2019 SCoV2, the consensus logo patterns of 11 Mpro cleavage sites in the viral 1ab polyprotein are essentially identical for the 2 viruses. Specifically, 8 of the 11 sites are fully identical over the 10 residues spanning the P5 to P5′ positions, and only two of the 11 cleavage sites have more than a single amino acid difference within the 10 residue span (Figure S1). This means that (as discussed below) functional studies of the 2003 SCoV protease are highly relevant to that of the 2019 virus. From Figures 1A,B, the most important residue positions for Mpro recognition are, in descending order, P1, P2, P1′, P4, and P3, with the first 3 being the major determinants, with the minimal P2-P1′ consensus being LQ/(S,A,N,G). The downstream sequence past P1′ is highly variable.

The GPx1 active site has the sequence LUG, where U is the catalytic selenocysteine; this matches the observed Mpro consensus core target sequence combination LQ/G in 2 of 3 positions. Furthermore, as shown in Figure 1C, the important upstream side of the known Mpro cleavage site at the nsp13/14 junction, NVATLQ/A, is remarkably similar to that of the active site sequence of GPx1, NVASLU/G, where the selenocysteine (U) lines up with a glutamine (Q) in the viral sequence. These two amino acids (U and Q) are not highly similar, but are both midrange in size, and polar in nature, because the selenol residue is predominantly ionized at physiological pH. The other two “mismatches” in the important positions P3 and P1′, i.e., S vs. T and G vs. A, both differ only slightly, by the size of a methyl group, and in any case, having a glycine (G) in the P1′ position is a permitted residue (Figure 1A), as observed in the SCoV Mpro cleavage site at the nsp5/6 junction (indicated by * in Figure 2). Significantly, the Procleave protease cleavage prediction server (procleave.erc.monash.edu.au) (13) identified the GPX1 active site octameric sequence ASLU/GTTV as a highly ranked possible cleavage site for a cathepsin S-like cysteine protease (Figure 2G).


[image: Figure 2]
FIGURE 2. Comparison of known and predicted Mpro cleavage sites. The most relevant positions P4-P1′ of the 11 known SARS coronavirus Mpro cleavage sites in non-structural proteins are shown (for nsp4 through nsp16), aligned with predicted sites in several human selenoproteins (GPX1, SelenoF, SelenoP, and TXNRD1), as well as glutaredoxin-1 (GLRX-1) and the rate-limiting enzyme for glutathione synthesis, glutamate-cysteine ligase catalytic subunit (GCLC, with 2 predicted cleavage sites A, B). The known nsp cleavage sites shown are all from SARS-CoV-2, with the addition of the nsp5/6 site from SARS-CoV (marked*). The sites identified in human proteins are displayed next to the known Mpro cleavage site to which they are most similar, highlighted in matching color. The experimentally determined catalytic efficiencies of SARS-CoV Mpro at each of the known nsp cleavage sites are shown as relative kcat/Km (10). Three different methods for prediction of cysteine protease cleavage sites were used: PROSPER (11), with numbers in parenthesis showing the score for the predicted site, any score >0.8 being significant; NetCorona (12), where scores >0.5 are considered positive, and Procleave (13), where every possible P4-P4′ octamer in a protein sequence is evaluated, scored and ranked. Some aligned non-identical residues highlighted in italics are nonetheless chemically and structurally similar to residues found in the same position in the known cleavage sites, e.g., serine (S) vs. threonine (T), Leucine (L) or isoleucine (I) vs. valine (V), and glutamine (Q) vs. asparagine (N); all of these pairs differ only by a single carbon atom (CH3 or CH2 unit). The predicted Mpro cleavage sites in human proteins labeled (A–G) are discussed in the text. The computational results cited are collated in Figure S2.


For several reaction intermediates in the GPX1 mechanism, Se is attached to either oxygen, or to nitrogen, as a selenenylamide. The latter is quite stable, and may accumulate during GSH depletion, because GSH is needed to regenerate the selenolate (14). Selenenylamide is more similar than selenocysteine to glutamine, so that form might be preferentially targeted by Mpro.

Because the mutation rate in cellular genes is thousands of times slower than that for an RNA virus, if there is a physical interaction between these two proteins as Gordon et al. observed using the inactive mutant Mpro, it is almost certainly because the virus has evolved to target the host for some reason, rather than the converse. The most parsimonious hypothesis is simply that this is a case of a viral protease targeting a cellular gene for cleavage, for which there are abundant precedents, including the proposed Mpro targeting of TRMT1 and HDAC2 (9), and HIV-1 protease, which can be toxic to cells, via its action at various cellular targets (15).



FUNCTIONAL EFFECTS OF MPRO IN TRANSFECTED CELLS ARE CONSISTENT WITH GPX1 KNOCKDOWN

As detailed above, the original 2003 SCoV Mpro has essentially identical substrate sequence specificity as that of SCoV2. More specifically, the 10 residue sequence of the cleavage site at the nsp13/14 junction shown in Figure 2A, with the greatest overall similarity to the GPX1 active site sequence, is 100% identical in the 2003 and 2019 SARS coronaviruses (Figure S1). Thus, the results of a 2006 study on the effects of transfecting cells with a SCoV Mpro expression vector, in order to study the effects of Mpro alone in the absence of intact virus (16), are highly relevant for COVID-19. In transfected human cells, the results were exactly what one would expect from knockdown of GPX1: increased oxidative stress via production of reactive oxygen species and activation of transcription factor NF-κB (16). Both of these responses can be produced by exposing cells to hydrogen peroxide, and inhibited by increasing GPX1 activity, either by overexpression or via the addition of sodium selenite to cell culture media (17, 18). Cells expressing the SCoV Mpro also became apoptotic, which is a known consequence of NF-κB activation, especially in combination with a high burden of ROS (19), which is even more likely to occur if other antioxidant proteins are also degraded, as discussed below.



POTENTIAL MPRO SITES IN OTHER SELENOPROTEINS AND GLUTATHIONE-RELATED PROTEINS

The question then arises, could targeting of host selenoproteins for proteolysis be part of a more extensive viral strategy contributing to the correlations between Se and GSH status and COVID-19 outcome? To investigate this possibility, we undertook a systematic search for potential Mpro cleavage sites in the human selenoproteome and in several GSH-related proteins including glutaredoxin, a small thioredoxin-like CXXC protein that is recycled by GSH, rather than directly by a reductase enzyme. For this analysis, we used three online resources: (1) NetCorona (cbs.dtu.dk/services/NetCorona) (12), the only resource specific for predictions of Mpro cleavage sites in coronaviruses (although not limited to just the SARS type coronaviruses), (2) PROSPER, the Protease Specificity Prediction Server (prosper.erc.monash.edu.au) (11), which was rated in a recent study as one of the most accurate resources for prediction of HIV-1 protease sites (20), and (3) Procleave (cited above), which was only used if either of the first 2 methods failed to identify a site. Both Procleave and PROSPER do not specifically predict coronavirus cysteine protease sites, but make predictions for more generic cysteine proteases (e.g., cathepsins B, K, L, or S). Thus, for both PROSPER and Procleave, the results had to be screened manually for matches to the Mpro cleavage site consensus as shown in Figures 1A,B. This search is also predicated on the assumption that the approach of Gordon et al. (9) might fail to identify some protease targets, because their high affinity interactions are mostly limited to an 8–10 residue sequence, and in some cases may be unable to withstand the conditions needed to be isolable and observable by mass spectrometry.

Figure 2 presents the most notable and highly ranked potential Mpro sites identified computationally (the order A-G is not significant, as placement in the listing was determined by similarity to the known nsp sites). The most remarkable instance is in selenoprotein F (SELENOF), an ER protein involved in glycoprotein folding quality control. Over the 8 residues spanning P4 to P4′, it has 7 of 8 identical to the Mpro site at the nsp12/nsp13 junction, with the only mismatch at the highly variable P3′ position (Figure 1D), giving a near-perfect match to the Mpro consensus. This was the highest scored NetCorona hit, also highly scored by PROSPER, as shown in Figure 2F, and is significant because coronavirus assembly begins in the ER with spike protein accumulation on the ER membrane surface.

Equally important is the hit on the selenoprotein thioredoxin reductase 1 (TXNRD1), which also was highly scored by both NetCorona and PROSPER (Figure 2E). Note that in a larger set of 77 human coronaviruses, a serine (S) in P4 is very common (12), and in addition the sequence SI in the TXNRD1 site is isosteric to TV, the aligned residues in the nsp12/13 site, because transfer of a methyl group from threonine to valine would result in serine and isoleucine. Thus, SI should occupy about the same volume as TV in the Mpro active site. Functionally, this predicted cleavage site is only 5 residues from the C terminal of TXNRD1, and would result in removal of the C-terminal redox center of TXNRD1 (AGCUG), making the enzyme incapable of regenerating reduced thioredoxin.

A predicted site in selenoprotein P (SELENOP, Figure 2C) is at position 56, 3 residues prior to the first selenocysteine, such that cleavage here would likely interfere with the N-terminal redox activity, possibly without affecting the Se-transport function of the rest of the protein.

Two possible sites were identified in the catalytic subunit of glutamate-cysteine ligase (GCLC), the rate limiting enzyme for GSH synthesis. The first of these, GCLC-a (Figure 2B), would cleave after position 217, and is an exact match to P4-P1 of nsp5/6, but with an A in P1′, a highly favorable residue for that position, although SCoV has a G there, and SCoV2 has an S. Site GCLC-b (Figure 2A), at position 443, is an exact match to P4-P1 of nsp4/5, but with a G in P1′. The two coronavirus sites with exact P4-P1 matches to GCLC are those at either end of nsp5, i.e., Mpro itself, which have the highest catalytic efficiency for cleavage of any of the viral Mpro targets (100 and 41%). This suggests that Mpro might be particularly efficient at disrupting GSH synthesis, as compared to action at some of the other target sites predicted here, thereby contributing to the clinical findings in COVID-19 (7).

Finally (Figure 2D), we include a non-canonical hit that would cleave at position 90 of glutaredoxin-1 (GLRX-1). This site was very highly scored by PROSPER, as well as Procleave, despite the glutamine (Q) at P1′, which has an additional carbon atom relative to the asparagine (N) found at P1′ in the nsp8/9 site, to which it is otherwise most similar.



WHY WOULD SARS-CoV-2 TARGET COMPONENTS OF THE THIOREDOXIN AND GLUTAREDOXIN SYSTEMS?

Along with GSH reductase, GSH and glutaredoxin comprise the glutaredoxin system, one of two cellular redox systems involved in maintaining reduced thiol states, protein folding and repair, and providing electrons to ribonucleotide reductase (RNR). The other redox system with similar roles is the thioredoxin system, comprised of thioredoxin and thioredoxin reductase (21).

Because DNA is an “add-on” to RNA biosynthesis, deoxyribonucleotides can only be synthesized via the reduction of ribonucleotides by RNR, a process which is unsustainable without the participation of one or both of the thioredoxin and glutaredoxin systems. As a consequence of this basic fact of biochemistry, one should expect that RNA viruses might exploit various mechanisms to interfere with components of the thioredoxin and glutaredoxin systems, in order to minimize the diversion of ribonucleotides into DNA synthesis. This is simply the inverse of a strategy used by some large DNA viruses to maximize DNA production, by encoding their own thioredoxin-like proteins, glutaredoxins and even entire RNR genes (22). Consistent with this hypothesis, the results presented here suggest coronaviral targeting of TXNRD1, glutaredoxin-1, and GCLC, a key enzyme for GSH synthesis, for proteolytic cleavage. This would lead to knockdown of both of the essential redox systems required to sustain DNA synthesis, and thereby conserve ribonucleotides to enhance RNA synthesis for virus production.



THE POTENTIAL MPRO TARGETS TXNRD1 AND GCLC ARE STRONGLY UPREGULATED BY VITAMIN D3

In light of accruing evidence that vitamin D3 status is inversely correlated with severity of COVID-19 (23–26), it is significant that, via its hormone-like actions on gene expression, D3 has been shown to be a potent activator of both TXNRD1 and GCLC. In a microarray study, 6 h after exposure to 1,25-dihydroxyvitamin D3, TXNRD1 mRNA was upregulated 7.1X, and GCLC was upregulated 2.5X (27). These effects of vitamin D3, as well as a resulting increase in GSH levels, have been functionally documented in cell culture studies (28, 29) and in human subjects (30). Vitamin D3-mediated activation of both TXNRD1 and GSH biosynthesis could substantially counteract the proteolytic knockdown of TXNRD1 and GCLC predicted by our hypothesis, which, if validated, would thus represent an important mechanism contributing to a role for vitamin D3 in moderating the severity of COVID-19. However, the therapeutic potential of D3 in COVID-19 is the subject of ongoing debate (31). Perhaps inconsistencies in the findings of various studies of this question may be explained in part by a 20-year old observation, that the effective upregulation of TXNRD1 by vitamin D3 requires the presence of an adequate level of Se (28). So the full potential of vitamin D3 vs. COVID-19 may only be seen in combination with optimal Se intake, and possibly, vice-versa.



DISCUSSION AND CONCLUSIONS

Altogether, given the protein interaction and functional data (9, 16), it is a very strong hypothesis that GPX1 is an Mpro substrate. Of the other sites we propose, some are more likely than others, but those in TXNRD1 and SELENOF are particularly convincing, and all of the predicted sites map to surface accessible regions of the targeted proteins (Figure S3). If validated, these results offer new insights into COVID-19 pathogenesis. If SCoV2 is targeting GSH biosynthesis as well as TXNRD1 and GPx1 for proteolytic knockdown, in infected cells, the resulting decreases in these critical antioxidant molecules would contribute to increased oxidative stress, NF-κB activation and pro-apoptotic signaling (17, 18). Because NF-κB is an activator of many pro-inflammatory cytokines, including IL-6 (32), this could contribute to increased inflammation and the cytokine storms observed in COVID-19, and be a significant basis of pathogenic effects associated with SCoV2 infection of various tissues, including the lung, gastrointestinal tract and cardiovascular system. Importantly, these consequences of virus-mediated proteolysis would be taking place in everyone who is actively infected, regardless of their Se status, and would thus be consistent with results suggesting that Se intakes up to several times the minimal dietary requirement are associated with an increase in cure rate from COVID-19 (1). But people with suboptimal nutritional status could be particularly at risk, because their GSH and selenoprotein levels might be low to begin with, making them more vulnerable to the detrimental effects of virus-induced proteolysis. Still, an infection resulting from low dose exposure to virus and limited by a strong immune response in a person with excellent dietary status still might have minimal impact on cellular and patient health, because proteolytic knockdown of host proteins is likely to be incomplete, due to low catalytic efficiencies at some target sites (Figure 2) and the stochastic nature of such molecular interactions.

These results are not unprecedented—our lab has shown that some RNA viruses target host mRNAs encoding isoforms of thioredoxin reductase via RNA:RNA antisense interactions, which, like proteolysis, would likely also result in host selenoprotein knockdown, but by a different mechanism (22, 33). If our hypothesis is confirmed (i.e., some of these host cleavage sites prove to be functional), that leaves us with an interesting question—what evolutionary advantages are driving some viruses to go so far as to degrade or block the synthesis of GSH and specific host selenoproteins?

Understanding why RNA viruses may have developed such strategies presents an interesting challenge for future research.
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Coronavirus disease 2019 (COVID-19), caused by Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), was declared a pandemic by the World Health Organization in March 2020. Severe COVID-19 cases develop severe acute respiratory syndrome, which can result in multiple organ failure, sepsis, and death. The higher risk group includes the elderly and subjects with pre-existing chronic illnesses such as obesity, hypertension, and diabetes. To date, no specific treatment or vaccine is available for COVID-19. Among many compounds, naringenin (NAR) a flavonoid present in citrus fruits has been investigated for antiviral and anti-inflammatory properties like reducing viral replication and cytokine production. In this perspective, we summarize NAR potential anti-inflammatory role in COVID-19 associated risk factors and SARS-CoV-2 infection.
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INTRODUCTION

The respiratory diseases named Coronavirus disease 2019 (COVID-19) is generated by a respiratory infection with Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) (1, 2). Due to the rapidl viral transmission, the disease was declared a pandemic by the World Health Organization a few months after the first diagnosed case (3, 4).

Besides the similar clinical manifestations to previous Severe Acute Respiratory Syndrome Coronavirus-1 (SARS-CoV-1), SARS-CoV-2 infection presents a much lower death rate (5). Approximately 5% of patients progress to a severe COVID-19, developing mainly severe acute respiratory syndrome, with 3% needing assisted respiratory mechanic ventilation. Coronavirus disease 2019 can progress to septic shock and multiple organ failure (6) and exhibits a death rate of approximately 2% (7).

The SARS-CoV-2 can infect human cells by entry via the angiotensin-converting enzyme 2 (ACE2) receptor and Transmembrane Serine Protease 2 (TMPRSS2) (8). Although this process is wildly accepted, other possible infective routes are being explored such as antibody-dependent enhancement (ADE) (7) and via CD147 (9).

Angiotensin-converting enzyme 2 expression is one of the main explanations for the higher airway infection, as it is highly expressed in the respiratory tract such as epithelial cells of the alveoli, trachea, and bronchi, some bronchial glands and alveolar macrophages (10). However, ACE2 is also expressed in the ileo, kidney, adipose tissue, heart, brain, blood vessels, stomach, liver, and oral and nasal mucosas (11), which could corroborate the systemic inflammatory profile in COVID-19.

Upon viral entry, the virus induces the host to increase the production and release of inflammatory cytokines, which can lead to greater immune activation and tissue damage (12). Hypothetically, the reduction of inflammation could aid COVID-19 patients (13).

Several compounds have been associated with antiviral and anti-inflammatory properties and could impact COVID-19 development such as vitamin D (14), vitamin E (15), vitamin B12 (16), omega-3 (17), and flavonoids (18). Naringenin (NAR) is an important natural flavonoid present in citrus fruits, like grapefruit (43.5 mg/100 mL) and oranges (2.13 mg/100 mL) (19), with a high analgesic, anti-oxidant, anti-inflammatory, anti-tumoral, and anti-viral effect (20–23) (Figure 1). The consumption of 8 mL/kg of orange juice increases NAR plasma levels from 0 to 300 μg/L 4 h after ingestion (24).
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FIGURE 1. Immunomodulatory properties of nargenin. (A) NAR can act on Neutrophils, T cells, NK cells, Macrophages, and reduce the expression of proteins and receptors. (B) NAR reduces viral entry, assembly, and replication via modulation of surface molecules, production of antiviral components, inflammatory molecules and/or direct interaction with viral components. (C) NAR can influence the development and severity of many different diseases, in different organs, such as cancer, hepatitis, colitis, and severe acute respiratory syndrome.


The antiviral effect of NAR has been studied in several viruses, such as dengue (25, 26), hepatitis C (27), zika (28), chikungunya (29), Semliki Forest (30), herpes simplex 1 and 2 (31), yellow fever (32), and human immunodeficiency virus (33). Several in vitro studies have highlighted NAR’s antiviral effect in pre-infection and post-infection (28). Similar to other natural compounds, NAR has extensively been investigated in in vitro, but has very limited results in in vivo models of viral infection (34, 35) (Figure 1B). Nevertheless, the in vitro and in vivo anti-inflammatory potential of NAR has been highlighted in several animal models, including respiratory syndromes (35, 36). In this perspective, we highlight the mechanism in which NAR may present an important anti-inflammatory role in COVID-19.



ANTI-INFLAMMATORY PROPERTIES OF NARINGENIN

Inflammation can be characterized by the regulation of pro- and anti-inflammatory mediators in resident cells and leukocytes recruited from the blood (37). There are strong pieces of evidence of the role of NAR under inflammatory conditions due to a wide range of mechanisms. The immunomodulatory properties of NAR are associated with the regulation of key signaling pathways, like nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (38), PI3K/AKT (23), and mitogen-activated protein kinases (MAPK) (39) in different cell types (Figure 1A).

Macrophages are an important cell in the COVID-19 pathology, being able to sense and respond to pathogens and produce inflammatory cytokines and chemokines (40). In murine macrophages, NAR can reduce inflammatory mediators production induced by LPS, and in a murine endotoxemia model reduces the mortality rates from 60 to 0% (41). Murine macrophages infected with a gram-negative bacteria (Chlamydia trachomatis) NAR reduced the production of IL-1β, IL1α, IL-6, TNF, IL-12p70, and IL-10 in a dose-dependent manner (42). Moreover, NAR’s anti-inflammatory effects have been demonstrated in vivo (41), in macrophage and ex vivo human whole-blood models, reducing IL-1β, IL-6, IL-8, and TNF upon LPS stimulus to close to non-stimulated levels (43) (Figure 2).
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FIGURE 2. Outline of the putative role of naringenin in COVID-19 pulmonary pathophysiology. (A) Established effects of naringenin on different pulmonary diseases. (B) Naringenin may reduce inflammatory cytokines and tissue damage, and it may directly bind to SARS-CoV-2. Abbreviations: Interferon gamma (IFN-γ), glucocorticoid receptor expression (GCR), and cluster differentiation (CD).


Barnes et al. described that the cytokine storm developed by severe COVID-19 patients is related to an exacerbation of neutrophil activation (44). It is clear the central role of neutrophils in COVID-19, as neutrophilia and neutrophil-to-lymphocyte ratio in COVID-19 patients is associated with disease severity (45, 46).

Lung biopsies have also identified an infiltration of neutrophils (47) and the formation of neutrophil extracellular traps in COVID-19 patients (48) (Figure 1A). Although some animals like cats, ferrets, mice, hamsters, and macaques can be infected by SARS-CoV-2, the usage of animal models in COVID-19 is currently limited (49).

In an animal model of acute respiratory distress syndrome (ARDS), a syndrome with an increase in IL-6, TNF, and neutrophils in the lungs, NAR supplementation can reduce neutrophils infiltration and oxidative stress, greatly reducing airway inflammation and lung injury (50). Naringenin reduction of oxidative stress is partially mediated by a curb in the anion superoxide production (51, 52) (Figure 2).

Naringenin can suppress inflammatory molecules production through both transcriptional and post-transcriptional mechanisms (18). In a LPS-induced model of inflammation in a mouse model, NAR suppressed TNF and IL-6 production by macrophages and T lymphocytes without interfering in the toll-like receptor (TLR) cascade but by increasing intracellular cytokine degradation through lysosome-dependent mechanisms (23). These data indicate a potential role in the control of inflammation and oxidative stress-related to airway inflammatory insults (Figure 2A). These anti-inflammatory and anti-oxidant effects are also described in chronic comorbidities like in diabetes mellitus (53, 54), dyslipidemia, hyperinsulinemia, and being overweight (55), which are all risk factors associated with severe COVID-19 (4, 56, 57) (Figure 1C).

In animal experimental models, NAR was able to modulate different inflammation syndromes and at different sites, such as colitis (58), hepatitis (59), obesity (60), cancer (61), and acute respiratory syndrome (36). This is particularly important in COVID-19, because SARS-CoV-2 infection induces a systemic inflammation and can infect many different organs including lungs, heart, liver, brain, kidneys, and the intestines (62).

In addition, NAR can promote lysosome-dependent cytokine protein degradation, which may be important in COVID-19 (63, 64), considering the systemic and cytokine storm during severe COVID-19 (65). In fact, NAR-induced immunomodulation has been demonstrated in airway inflammatory disorders. In a murine asthma model, treatment with NAR reduced airway hyperactivity and airway inflammation, with a reduction in the levels of IL-4 and IL-13 in bronchoalveolar lavage and serum IgE levels as well improvement in lung function assay (66–68). Overall, the treatment with NAR reduced lung eosinophilia to similar levels to non-asthmatic group (66–68).

In lung fibrosis induced by infection with Mycoplasma pneumoniae, NAR reduced autophagy-mediated airway inflammation and lung fibrosis (69, 70), and, in a chronic obstructive pulmonary disease (COPD) model, NAR was able to mitigate lung inflammation, reduce the expression of TGF-β, and increase glucocorticoid receptor expression (GCR) (71). Naringenin anti-inflammatory effect was also verified in radiation-induced lung injury, reducing lung inflammation and IL-1β levels (72).

The NAR anti-inflammatory effect is thus not directly mediated to a type 2 or type 1/17 immune response but a regulation of the immune response. Studies have highlighted the increase in T regulatory cells and transforming growth factor-β after NAR consumption via aryl hydrocarbon receptor-mediated pathway (73).

Nevertheless, the excessive regulation of the inflammatory response could impair anti-viral immune response, that has not been previously observed with NAR supplementation. Naringenin can also activate the interferon-stimulated response element and enhance IFN-I production via an increase in the expression of IRF7 (74) and increase NK cell activity via enhanced NKG2D ligand expression (75). Considering the crucial role of NK cells and IFN-I in the anti-viral immune response, NAR may also contribute to the viral load control. Overall, these previous studies demonstrated, in vivo and in vitro, that NAR is a strong candidate as an adjuvant in reducing airway and systemic inflammation.



NARINGENIN AND CORONAVIRUSES

Two coronaviruses have been responsible for recent epidemics. In 2002, the SARS-CoV-1 epidemic caused 8,098 cases, with 774 deaths in 11 countries (76–78). In 2012, in the Middle East, another coronavirus also caused Severe Acute Respiratory Syndrome, being named MERS-CoV (79). Until 2020, MERS-CoV had caused 2,494 cases, with 858 associated deaths (77).

Clinical manifestation of SARS-CoV-1 and MERS-CoV is similar. Patients report clinical symptoms such as fever, cough, body pain, headache, and less commonly, diarrhea and nausea (80). However, the need for intensive care and mechanical ventilation is greater in MERS-CoV than in SARS-CoV-1 (81, 82).

Similarly to MERS-CoV and SARS-CoV-1, SARS-CoV-2 infection is mainly transmitted by respiratory droplets expelled from an infected person during sneezes or coughs (83, 84). Severe Acute Respiratory Syndrome Coronavirus-2 surface glycoprotein spike (S protein) binds to ACE2 on the surface of the host’s cell surface. This invading process is the same used by SARS-CoV-1 (85). In comparison, MERS-CoV uses dipeptidyl peptidase 4 (DPP4), a multifunction surface protein to entry into cells (85). Dipeptidyl peptidase 4 is mainly expressed on the kidney, intestine, liver, prostate, and activated leukocytes. Dipeptidyl peptidase 4 is expressed on the lower respiratory tract, glands located in submucosa of the upper respiratory tract, lung macrophages, and alveolar epithelial cells (86).

After these coronaviruses (MERS-CoV, SARS-CoV-1, and SARS-CoV-2) invade the host’s cell, polypeptides are released from the polyproteins by proteolytic processing. The proteolytic process is mediated by papain-like protease (PLpro) and 3-chymotrypsin-like protease (3CLpro). The 3CLpro cleaves the polyprotein to generate various non-structural proteins, crucial for viral replication (87, 88). Due to the main role of 3CL in coronaviruses viral cycle, inhibitors of 3CL could potentially be used in COVID-19.

Flavonoid inhibition of the 3CL protease has been described in MERS-CoV (89) and SARS (90), but NAR was not among the flavonoids investigated. Nevertheless, in silico analysis demonstrated that NAR has the potential to inhibit SARS-CoV-2 3CLpro (91). A recent study verified that SARS-CoV-1 and SARS-CoV-2 share 99.02% of genetic similarity of 3CL, with only 12 punctual mutations (88), leading to the possible inhibition of 3CL by NAR and other flavonoids.

Another possible mechanism is the inhibition of the two-pore ionic channel (TPC1 and TPC2) (92). Inhibition of TPC1 and TPC2 reduces MERS-CoV infectivity, intracellular traffic (93), and viral replication (93, 94). Due to SARS-CoV-2 viral genome sequencing similarities with MERS-CoV and SARS-CoV-1 (95), it is possible that similar mechanism of inhibition of TPC1 and TPC2 channel be effective in COVID-19, aiding in the reduction of viral replication (96).Interestingly, NAR can inhibit the activity of TPC1 and TPC2 both in humans and plants (97).

NAR is a hydrophilic substance with a higher affinity for the cytoplasmic membrane generating intracellular accumulation of NAR (98). Therefore, this affinity probably enhances intracellular signaling and the modulation of and TPC1 and TPC2 (27). Therefore, the TPC1 and TPC2’s modulation by NAR should be further investigated as a possible anti-coronavirus intervention.



DISCUSSION

Several reports of natural compounds with anti-SARS-CoV-2 potential are currently being investigated. Substances that may compete with the ACE2 receptor or reduces the ACE2 expression may present an alternative or adjuvant therapy in COVID-19 (99). In fact, NAR consumption has been associated with a reduction in ACE2 expression in the kidneys of rats (100) and could bind directly to the ACE2 receptor (101).

However, nutritional interventions aiming to regulate SARS-CoV-2 entry receptor ACE2 need to be carefully evaluated, as downregulating of ACE2 could also lead to greater inflammation and lung damage (102, 103). Previous reports demonstrated that the oral consumption of NAR can reduce acute lung injury in a mouse model (50) and reduce the production of pro-inflammatory cytokines (18). This is extremely relevant, as a part of COVID-19 lung injury can be classified as ARDS (104).

Coronavirus disease 2019 can also lead to cytokine storm, progress to septic shock, and cause death (105, 106). Modulating the cytokine storm is thus a vital process for treating COVID-19. Naringenin has been used in experimental models to regulate the production of IL-6 and TNF (23), cytokines that are increased in COVID-19 and further increased in severe cases (107, 108). Also in an animal model of septic shock, the consumption of NAR has been demonstrated to reduce kidney damage via an increase in antioxidant enzymes (109).

Studies verified a direct role of NAR in abrogating viral replication in human cells, before (21) and after infection (30). In SARS-CoV2, in silico analysis demonstrated that NAR has the potential to inhibit SARS-CoV-2 3CLpro and consequently inhibit viral replication (91), which still needs to be further verified experimentally.

The consumption of NAR via citrus fruits (110) or supplementation (111) can rapidly increase circulating levels of NAR and increase intracellular levels of NAR (98, 111). An increase in the concentration of NAR in plasma samples can be observed 20 min oral consumption and peaking around 4 h post-consumption (112). In addition, in vitro models have also demonstrated a long-term anti-viral benefit, even after discontinuation of supplementation with NAR (21), although there is little evidence of in vivo antiviral activity (35).

Previous clinical trials with the consumption of 500 mL/day for 8 weeks of orange juice, rich in NAR, has demonstrated an adjuvant effect in antiviral therapy (34). The consumption of 340 mL of grapefruit juice per day (containing approximately 210 mg of NAR) also improved cardiac-related measurements in post-menopause women (113). Although NAR is one of the most important naturaly occurring flavonoids, there is a lack of clinical trials and data on pharmacokinetic aspects, metabolic fate, and chemical stability that may limit the usage of this bioactive compound in humans (35).

A caveat of NAR is the oral consumption. Although widely accepted by patients, it could be a barrier in severe COVID-19 patients. Therefore, NAR may be better applied as a prophylactic intervention or on the onset of SARS-CoV-2 infection. The possible effect of NAR on the ACE2 receptor also needs to investigated, as ACE2 reduction could lead to greater inflammation (102, 103). Naringenin is mostly absorbed in the small intestine (114), and differences in microbiota may thus also present an important inter-individual variable (24, 112).

Another caveat is the NAR poor aqueous solubility and bioavailability; currently, the usage of liposomes, nanoparticles, and other formulations may present itself as a solution (115–118).

Furthermore, NAR interactions with the cytochrome P450 (CYP) system need to be evaluated, as NAR can affect drug-metabolizing enzymes and pharmacokinetic of important drugs that may be of regular use or specific in COVID-19 patients (119–121).

In conclusion, NAR potential as an anti-inflammatory nutritional intervention has been demonstrated in many different diseases, such as SARS-CoV-1 and MERS-CoV. Further investigations and clinical trials are needed to help understand the role of NAR consumption in humans during a viral infection, especially in SARS-CoV-2 infection and COVID-19.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the coronavirus disease (COVID-19), is a contagion that has rapidly spread around the globe. COVID-19 has caused significant loss of life and disrupted global society at a level never before encountered. While the disease was predominantly characterized by respiratory symptoms initially, it became clear that other systems including the cardiovascular and neurological systems were also involved. Several thrombotic complications were reported including venous thrombosis, vasculitis, cardiomyopathy, and stroke. Thrombosis and inflammation are implicated in various non-communicable diseases (NCDs). This is of significant concern as people with pre-existing conditions such as cardiovascular disorders, renal disorders, obesity, metabolic syndrome, and diabetes are at greater risk of severe COVID-19 infection. Consequently, the research surrounding the use of anticoagulants, antiplatelet, and antithrombotic strategies for prophylaxis and treatment of COVID-19 is of critical importance. The adoption of a healthy diet, physical exercise, and lifestyle choices can reduce the risk factors associated with NCDs and the thrombo-inflammatory complications. In this review, these thrombotic complications and potential foods, nutraceuticals, and the antithrombotic constituents within that may prevent the onset of severe thrombotic complications as a result of infection are discussed. While nutrition is not a panacea to tackle COVID-19, it is apparent that a patient's nutritional status may affect patient outcomes. Further intensive research is warranted to reduce to incidence of thrombotic complications.
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INTRODUCTION

Since December 2019, the coronavirus disease (COVID-19) has rapidly spread worldwide becoming a pandemic as declared by the World Health Organization (WHO). Over 20 million cases of COVID-19 have been reported, which is responsible for 738,000 deaths globally as of August 11th (1). COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is an enveloped positive-sense single-stranded RNA virus infecting cells of the respiratory system via the angiotensin-converting enzyme 2 (ACE2) receptor, when the spike protein is primed by transmembrane protease serine 2 protein (TMPRSS2) (2). SARS-CoV-2 entry into host cells is followed by a subsequent response of the immune system, which includes inflammation-related manifestations leading to disproportionate endothelial damage and dysfunction, dysregulation of perfusion, and a loss of hypoxic vasoconstriction (3). The lungs seem to be the initial target organ of SARS-CoV-2, whereby patients develop acute lung injury that can progress to respiratory failure. Symptoms present as upper and lower respiratory tract infections that in severe cases is accompanied with inflammatory complications that are attributed to a cytokine storm and hyperinflammation (4).

The cytokine storm can result in acute respiratory distress syndrome (ARDS) and potentially multiorgan failure (5, 6). Infection of the respiratory epithelium is the portal of entry, whereby alveolar damage may be mediated by endothelial injury, resulting in the release of cytokines and chemokines, the recruitment of immune cells, and the activation of coagulation and thrombosis (6–11). The intense cytokine storm is also implicated in the virus-triggered pulmonary tissue damage, functional impairment, reduced lung capacity, and respiratory failure in severe COVID-19 cases. SARS-CoV-2 may extend to other organs as documented by reports that patients with severe COVID-19 often develop neurological issues and multiorgan damage including cardiac injury and acute kidney injury (6, 7, 12). Indeed, it is now known that other complications such as hypercoagulability, venous thrombosis, systemic vasculitis, and stroke are associated with increased mortality in COVID-19 patients (12, 13). Therefore, identifying, repurposing or designing therapeutics and preventative strategies to reduce the risk of thrombotic complications in COVID-19 is of significant importance.

Currently, there are no known effective prophylactic treatments for COVID-19 and only limited effectiveness reported for various therapeutics such as Remdesivir, which reduces the time to recovery in hospitalized COVID-19 patients (14). Press releases and preprints occasionally have shed light on effective treatments such as dexamethasone (15), but many other potential therapeutics that have come to light have yet to be peer reviewed and require much further study. Likewise, the effectiveness of antithrombotic and anticoagulant treatments is still under investigation. In this mini review, the evidence surrounding thrombosis and how nutrition may play a role in the primordial prevention of the development of thrombotic complications in SARS-CoV-2 infected patients is discussed. Several nutrients that exhibit antiplatelet activity are summarized and future directions of nutrition research as a strategy to reduce thrombotic complication and severe infection of COVID-19 are suggested.



SARS-COV-2 AND THROMBOTIC COMPLICATIONS

Non-communicable diseases (NCDs) seem to be associated with higher incidences of severe COVID-19 infections (7, 16, 17). This is due to the presence of comorbidities and risk factors amongst these subpopulations who may be obese, elderly, or immunocompromised (7, 18). Many NCDs are associated with thrombotic complications such as cardiovascular diseases (CVD), acute coronary syndromes, ischemic stroke, deep vein thrombosis, venous thromboembolism, and pulmonary embolism (19, 20). While thrombosis is a complication of COVID-19 (13), the presence of NCDs such as diabetes or obesity may further increase the risk of thrombotic complications in severely ill patients due to their associations with a prothrombotic state (21). Generally, the hemostatic system that is comprised of coagulation, platelet aggregation, and fibrinolysis, is a host defense mechanism that maintains the integrity of the circulatory system following vascular damage (19, 22). The coagulatory and inflammatory processes are highly regulated and are crucial to the host defense systems for limiting tissue injury, removing pathogens, and re-establishing homeostasis (10, 22).

Pulmonary embolism and thrombosis are now known to contribute to adverse events and increased mortality in critically ill COVID-19 patients due hypercoagulability and a prothrombotic state that can lead to coagulopathy and disseminated intravascular coagulation (11). Therefore, widespread pulmonary and endothelial inflammation and enhanced thrombosis are integral features of COVID-19 pathology. This state of hypercoagulation contributes to a fatal deterioration of the ventilation/perfusion ratio (V/Q), which is a measure of the concentration of air reaching the alveoli per minute to the amount of blood reaching the alveoli per minute via the capillaries (8). This is of clinical importance as hypoxia and sepsis can independently promote platelet aggregation mediated by the release of von Willebrand factor, which is increased in the whole blood of intensive care unit (ICU) patients with COVID-19 (8, 23). However, further study is required as only a limited number of patients were enrolled in this study. The substantial coagulation activation in severe COVID-19 infection is likely related to the sustained inflammatory response due to the intense cytokine release induced by virus invasion. Increased levels of D-dimers, a prolongation of prothrombin time (PT), activated partial thromboplastin time (aPTT), and thrombocytopenia is representative of disease severity and have been correlated with poor prognosis and increased mortality in COVID-19 patients (11, 24). However, whether the hemostatic changes observed are specific to COVID-19 or are a reflection of the cytokine storm and systemic inflammation is still subject to debate. Nevertheless, these changes in hemostatic factors seems to resemble that of inflammatory markers including IL-6, which potentially indicates a severe inflammatory response accompanied by a secondary hypercoagulable state (10, 24). Indeed, the loss of normal antiplatelet and anti-inflammatory functions of endothelial cells also leads to dysregulation of platelet activation, coagulation, and leukocyte recruitment in the microvasculature, with complement activation possibly playing an important role in the context of COVID-19-associated pneumonitis and purpuric skin lesions (6, 24).

Proteomic and metabolomic characterization of COVID-19 patient sera compared to control groups revealed molecular changes in COVID-19 patients demonstrating dysregulation of macrophages, evidence of platelet degranulation, the involvement of complement system pathways, and significant metabolic suppression, which may be useful as potential blood biomarkers for disease severity evaluation (25). Vascular inflammation and viral endotheliitis are frequent in severe COVID-19 patients as a result of endothelial dysfunction. Large increases of von Willebrand factor (VWF) and factor VIII activity has also been observed in COVID-19, which is also attributed to endothelial damage (26, 27). Notably, even in the absence of severe disease, patients with COVID-19 may be at heightened risk of thrombus formation leading to stroke due to viral interaction with the endothelium (28). It was reported in New York City that some patients experiencing mild symptoms presented with stroke and large vessel thrombosis without occlusion. Whereas, severely infected patients presented with venous thrombosis and microangiopathy (28, 29).

In general, viral infections can activate monocytes, tissue macrophages, and endothelial cells, thus triggering the production of proinflammatory cytokines and activation of the coagulation cascade. Inflammation and coagulation synchronously respond to invading pathogens as part of the host's defense system, which includes complex processes referred to as thrombo-inflammation or immunothrombosis. In this capacity platelets can become activated following antigen recognition. Activated platelets can directly gather and inactivate pathogens and/or facilitate the clearance of pathogenic microorganisms by promoting the formation of neutrophil extracellular traps (NETs), activating neutrophils and macrophages, and facilitating the formation of platelet aggregates and microthrombi (30), all of which contribute to the crosstalk between the inflammation and coagulation pathways (7).

The complement system is part of the innate immune system and represents one of the first responses of the host immune system to SARS-CoV-2 infection via activation of multiple pathways (31). As a result of complement activation, there is significant platelet activation, thrombus formation, endothelial dysfunction, and intravascular coagulation, that can culminate in multiorgan failure and death in severe COVID-19 infection (6). It is hypothesized that C5a and C5b-9 that are generated by cells infected with SARS-CoV-2 may be key mediators of COVID-19-associated endothelial dysfunction and platelet activation. Activation of these cells may lead to the exocytosis of P-selectin and von Willebrand factor multimers and the expression of tissue factor and adhesion molecules from endothelial cells, and the release of chemokines and platelet-activating factor (PAF), which together promote inflammation, increase vascular permeability, and trigger the coagulation process (6, 32). C5b−9 can also be a powerful platelet agonist by inducing the secretion of storage granules and the release of procoagulant platelet microparticles leading to vascular injury and dysfunction followed by the formation of significant blood clots (6, 32).

Overall, COVID-19 patients have a higher risk for thromboembolic complications and a higher frequency is observed in severely ill patients, which can lead to significant damage (33). As a result, thrombotic complications are a potential target for the reduction of disease severity.



MITIGATION OF COVID-19 THROMBOTIC COMPLICATIONS

To avoid thrombotic complications, many have recommended prophylactic antithrombotic pharmacological therapies for COVID-19 patients, along with particular dosing instructions (34–37). However, to date, little research has been conducted and the optimal doses of anticoagulants or antiplatelet agents has yet to be determined. Indeed, data for prospective efficacy and safety of existing antiplatelet therapies to treat or prevent severe symptoms of COVID-19 remains elusive. Despite that, some institutes have adopted pharmacological thromboprophylactic strategies (38). These include the use of intermediate or full-dose preemptive anticoagulation therapy rather than prophylactic dosing for routine care of COVID-19 patients (13). Considering some studies have observed high bleeding rates as a result of standard anticoagulation treatment in COVID-19 patients, randomized trials are required to determine any potential benefit of intensified anticoagulant prophylaxis in COVID-19 patients (39).

One potential therapeutic avenue has shown that antiplatelet treatments can improve hypoxemia in severe COVID-19 patients with hypercoagulability by affecting the ventilation/perfusion ratio in patients with severe respiratory failure (8). However, antiplatelet and anticoagulant therapies administered pre-admission to hospital does not seem to protect with ARDS at presentation who are at significant risk of death (35). Pharmacological agents targeting thrombo-inflammation in COVID-19, including antiplatelet compounds, along with proposed best practices and clinical guidance, has been extensively reviewed elsewhere (34, 36, 37). In brief, current guidelines proposed by the International Society of Thrombosis and Hemostasis recommend low-molecular weight heparin for both mild and severely infected patients who required hospitalization (40). However, further guidance for the utilization of antithrombotic and antiplatelet therapies in patients with known or suspected COVID-19 are necessary, particularly for patients with comorbidities (36).



FOODS AND NUTRIENTS WITH ANTITHROMBOTIC PROPERTIES

Diet and lifestyle are modifiable risk factors that can have a significant impact on an individual's likelihood to develop an NCD (41, 42) and their susceptibility to developing infections (7). It has previously been described how inflammation and thrombosis are implicated in the onset and progression of NCDs (19, 41). However, it has become apparent that one's nutritional status is an important factor for priming the immune system to tackle acute infections such as COVID-19 (7, 43–45). Adoption of healthy dietary habits will prevent the onset of NCDs, which is a significant risk factor for the development of COVID-19, and may provide support to the immune system to lessen the severity of an infection (7). A healthy diet in compliance with current nutritional recommendations can lead to less societal and economic burden to health systems and economies (7, 46). Therefore, promotion of a healthy diet and lifestyle among the general population characterized by anti-inflammatory and antithrombotic properties may potentially benefit or prevent the thrombo-inflammatory manifestations of patients with NCDs and comorbidities that can significantly impact the outcomes of COVID-19 patients (7, 36, 47).

Healthy dietary patterns such as the Mediterranean diet or the DASH diet (Dietary approaches to reduce hypertension) are characterized by high intakes of fruit and vegetables, whole grains, fermented foods, moderate intake of fish, dairy, and low intake of processed foods (48, 49). Indeed, health outcomes in relation to adherence to the Mediterranean diet during the COVID-19 pandemic is currently under investigation (ClinicalTrials.gov: NCT04449731). Notably, most national dietary guidelines support these same nutritional patterns, whereby high fruit, vegetable, nuts, dairy, and fish intake is promoted (48). These foods are rich in bioactive compounds with potential antithrombotic and anti-inflammatory properties as highlighted in Table 1 (41, 60, 82–85). These include phytochemicals such as phenolic compounds, carotenes, alkaloids, terpenes, peptides, and bioactive lipid molecules. The latter group of molecules includes monounsaturated fatty acids (MUFA; e.g., oleic acid), omega-3 polyunsaturated fatty acids (e.g., n-3 PUFA; alpha linolenic acid, eicosapentaenoic acid, and docosahexaenoic acid), lipid soluble vitamins (vitamin D and vitamin E), and bioactive polar lipids (e.g., phospholipids, sphingolipids, and glycolipids) (48). Many of these compounds exhibit potent inhibition or modulation of several signaling pathways of key pro-inflammatory and prothrombotic mediators such as platelet-activating factor (PAF), thrombin, collagen, ADP, arachidonic acid, and related eicosanoids (41, 50, 60).


Table 1. A selection of some of the main food-derived bioactive constituents that can affect platelet activity that may be of value to prevent thrombotic complications in COVID-19.
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Dietary polar lipids found in a variety of foods (Table 1) are of particular interest as they exhibit potent in vitro and in vivo anti-PAF effects, which can reduce PAF-induced activation platelets and other cells including leukocytes and endothelial cells. Indeed, there is also evidence that polar lipids can reduce the activities of PAF anabolic enzymes and in increase the levels of PAF catabolic enzymes, which leads to a reduction in the overall levels of PAF. Along with modulating PAF metabolism, these molecules may also reduce the oxidation of plasma lipoproteins, thus avoiding a PAF-related cascade of synthesis and expression of other chemokines, cytokines, and their respective receptors and pathways, which are involved in thrombosis, coagulation, and thrombo-inflammation (41, 51, 86, 87). For instance, nutritional trials involving the Mediterranean diet have been shown to reduce the risk for NCDs by reducing PAF activity in blood (88, 89). This is particularly interesting as early metabolomics data indicates that there is a significant shift in the glycerophospholipid composition of patient sera, which are related to platelet degranulation and may be related to PAF-like lipids (25). Other lipids such as n-3 PUFA are also known to exhibit antithrombotic, anti-inflammatory, and pro-resolving effects that may be beneficial against SARS-CoV-2 (7, 90). However, their bioavailability and efficacy is subject to debate (61). Further clinical trials are required to determine if n-3 PUFA and anti-PAF compounds have a functional consequence against thrombotic complication in acute infections.

Food-derived bioactive peptides are also functionally important as they exhibit antihypertensive, antioxidant, antithrombotic, anti-inflammatory properties, and immunomodulatory properties (72). Bioactive peptides found in protein hydrolysates generally contain 2–20 amino acid residues (91). They have a low molecular weight, high bioavailability, and their molecular structures allows them to readily interact with different proteins and their receptors (72). Bioactive peptides from foods such as dairy products, seafood, seaweeds, nuts, cereals, and other natural sources possess antithrombotic properties that may be useful as antiplatelet agents as they seem to interact with multiple platelet activation pathways. These include inhibition of cyclooxygenase-1 (COX-1), inhibition of type-III collagen-induced aggregation, binding to glycoprotein IIb/IIIa, interacting with fibrinogen and its receptor, and affecting thrombin (73, 74).

Other food constituents such as phenolic compounds found in fruit, vegetables, cereals, and fermented beverages such as wine and beer also beneficially affect platelet function as outlined in Table 1. Indeed, resveratrol is thought to be one of the main bioactive components of wine responsible for its antiplatelet effects (92, 93), which is currently under investigation as a prophylactic and therapeutic in COVID-19 patients (ClinicalTrials.gov: NCT04400890). Herbal phenolic compounds in conjunction with colchicine is also being investigated for potential anti-inflammatory effects in COVID-19 patients (ClinicalTrials.gov: NCT04392141). However, while many of the molecules described in this review are under investigation for their prophylactic and therapeutic properties against SARS-CoV-2, none of the outcomes measured relate to thrombosis yet.

Generally, only a limited number of food-derived compounds have been investigated for their antiplatelet effects clinically as of yet, whereby fish oils are synonymous. However, there has been some success in developing antiplatelet nutraceuticals. One such product is a water-soluble tomato-based nutraceutical given the trademarked name Fruitflow®. Fruitflow is now recognized as a functional product by the European Food Safety Authority (EFSA) with a recognized health claim that states that Fruitflow® “helps maintain normal platelet aggregation, which contributes to healthy blood flow” (94). A 3 g dose (containing 65 mg of antiplatelet components) of Fruitflow® recently demonstrated antiplatelet effects that were approximately one-third the effect of 75 mg of aspirin in a double-blinded randomized clinical trial of 47 healthy subjects (95). Nutraceuticals such as these may serve as a safe antiplatelet prophylactic treatment for those at high risk of COVID-19 who may also be at increased risk of thrombotic complications and an alternative to pharmacological compounds that may cause greater risk of bleeding (19).

In Table 1, there are several bioactive lipids, peptides, phytochemicals, and phenolic compounds that can affect platelet activity that may have the capacity to prevent the negative thrombotic outcomes of COVID-19. While these constituents are not the panacea to treat COVID-19, the adoption of a healthy diet characterized by many of these molecules along with a healthy lifestyle may help maintain hemostasis and prevent thrombotic complications. While research is on-going to find an effective pharmacological treatment for COVID-19, it is important to consider that the nutritional status of a patient may affect their health outcomes. Indeed, future COVID-19 studies must consider the effect of nutrition on factors relating to thrombosis and inflammation and how might nutrition play a role in the mitigation of potential vascular and thrombotic complications. Nutritional strategies and the use of nutraceuticals must be further investigated for their potential to prevent thrombotic complications in COVID-19 patients. Clinical trialists currently investigating some of the compounds mentioned in Table 1 in conjunction with various therapies for other COVID-19 targets should consider the inclusion of measurable thrombosis-related parameters within their existing or planned trials. While there is no evidence that consuming nutritional supplements might protect anyone from becoming infected with COVID-19 or preventing its thrombotic complications, it is imperative that national health authorities promote a healthy diet and lifestyle to maintains one's nutritional status and wellbeing as the pandemic evolves.



CONCLUSIONS

It is evident that thrombotic complications are a significant risk factor for COVID-19 patients. Therefore, there is an urgent need to establish further clinical trials to investigate potential pharmacological and nutritional mitigation strategies to prevent thrombotic complications as a result of severe COVID-19 infection. It is also important to discern whether prophylactic antiplatelet therapies are appropriate in the case of initially mild infections or those with comorbidities and NCDs to prevent potential thrombosis leading to stroke or other major complications. Indeed, it is important that clinical trialists currently investigating some of the compounds mentioned in Table 1 for other COVID-19 targets include measurable thrombosis-related parameters within their existing or planned trials. While, some institutes have endorsed guidelines for antithrombotic and antiplatelet strategies, these have yet to be verified as effective by clinical study. For those non-infected and especially for those with or at increased risk of underlying NCDs, the adoption of a healthy diet and lifestyle may prevent the onset of severe thrombotic complications due to the presence of bioactive compounds with antiplatelet effects. Coupling a healthy diet and lifestyle along with preventing infection by following social distance guidelines, wearing a mask, and adopting good public hygiene with prevent the onset of severe infection.
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The COVID-19 is an acute and contagious disease characterized by pneumonia and ARDS. The disease is caused by SARS-CoV-2, which belongs to the family of Coronaviridae along with MERS-CoV and SARS-CoV-1. The virus has the positive-sense RNA as its genome encoding for ~26 proteins that work together for the virus survival, replication, and spread in the host. The virus gets transmitted through the contact of aerosol droplets from infected persons. The pathogenesis of COVID-19 is highly complex and involves suppression of host antiviral and innate immune response, induction of oxidative stress followed by hyper inflammation described as the “cytokine storm,” causing the acute lung injury, tissue fibrosis, and pneumonia. Currently, several vaccines and drugs are being evaluated for their efficacy, safety, and for determination of doses for COVID-19 and this requires considerable time for their validation. Therefore, exploring the repurposing of natural compounds may provide alternatives against COVID-19. Several nutraceuticals have a proven ability of immune-boosting, antiviral, antioxidant, anti-inflammatory effects. These include Zn, vitamin D, vitamin C, curcumin, cinnamaldehyde, probiotics, selenium, lactoferrin, quercetin, etc. Grouping some of these phytonutrients in the right combination in the form of a food supplement may help to boost the immune system, prevent virus spread, preclude the disease progression to severe stage, and further suppress the hyper inflammation providing both prophylactic and therapeutic support against COVID-19.
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SEVERE ACUTE RESPIRATORY SYNDROME-CORONAVIRUS (SARS-CoV)-2 INFECTION

The coronavirus disease (COVID-19) was first reported in late 2019 from Wuhan's city in China. Thus far, the infection has spread to almost all countries globally and was declared a pandemic by the WHO. While writing this review, there were more than 23M confirmed cases and more than 800K deaths. In India, there were more than 3M positive cases, and more than 57K reported deaths. The mortality rate of 2–16%, the rapid spread of the disease and high mortality in the susceptible population (mainly aged over 60 years and also in patients with underlying medical conditions including diabetes, cardiovascular diseases, etc.,) has resulted in a global lockdown and life has come to a standstill causing yet another world economic recession after 2008. The incubation period is presumed to vary between 2 and 14 days. The transmission mode includes surface contact of aerosol droplets from infected persons, followed by touching nose, eyes, and mouth. Evidence also points toward vertical transmission to new-borns, also by fecal transmission (1–3). Coronaviruses are enveloped and possess positive-sense single-stranded RNA (+ssRNA) as their genome. These viruses belong to the large family of Coronaviridae and subfamily Coronavirinae, which infect birds and mammals. The genome size of these viruses ranges from 26 to 32 kb (4). The virus binds to angiotensin-converting enzyme 2 (ACE2) receptors on cells through its spike (S) glycoprotein. The S protein has two domains S1 and S2. S1 binds to the peptidase domain of ACE2, which is called the receptor-binding domain (RBD), while S2 catalyzes the membrane fusion, thereby releasing the genetic material into cells (5). Inside the cell, the RNA provides the template for structural proteins such as replicase (R1a/ab), envelope (E), Spike (S), membrane (M), nucleoprotein (N), and several non-structural proteins (NSPs 1–16), uncharacterized protein 14, protein 9b (6). Of them, non-structural proteins are predicted to participate in the host-protein interactions and modulate host cell signaling pathways. The onset of clinical disease and its progression to the severe stage may vary between individuals and that depend upon their immune status, and the presence of underlying medical conditions. In general, the typical clinical symptoms include, dry cough (67%), fever (88%), fatigue (38%), myalgias (14.9%), Dyspnoea (18.7%), other symptoms include, headache, sore throat, rhinorrhoea, and gastrointestinal symptoms. Pneumonia is severe manifestation of the infection (2).



PATHOGENESIS OF COVID-19

The details of the pathogenesis of SARS-CoV-2 infection is not clearly understood. The available evidence suggests that the pathogenesis of infection can be classified into two phases. Phase 1: An asymptomatic phase with or without detectable virus. Phase 2: Symptomatic phase with high viral load (4). The virus enters the airway epithelium after binding its S protein to the ACE2 receptors and subsequent priming by the cellular transmembrane protease, serine 2 (TMPRSS2). Following its entry, the virus inhibits or delays the host innate interferon (IFN) immune response. The mechanisms of how it modulates the host IFN response is not completely understood. Available evidence from other members of the same family suggests that, the virus inhibits the production of type 1 IFN as well as the signaling downstream of the interferon-α/β receptor (IFNAR) (7). The virus interferes with downstream signaling by ubiquitination and degradation of RNA sensor adaptor molecules such as mitochondrial antiviral-signaling (MAVS) protein and tumor necrosis factor receptor-associated factors (TRAF) 3/6 and inhibiting interferon regulatory factor (IRF) 3 nuclear translocation (8). Once type 1 IFN is secreted, the virus interferes IFN signaling by inhibiting signal transducer and activator of transcription (STAT) 1 phosphorylation (9). The viral proteins that modulate host type 1 IFN responses include structural (such as M, N) and NSPs. Following the impairment in the IFN system, virus replication ensues in cells. The viral replication, in turn, triggers the activation of monocytes, macrophages, granulocytes resulting in the hyper inflammatory condition described as “cytokine storm” with the massive secretion of pro-inflammatory cytokines including interleukin (IL)-1, IL-6, IL-8, IL-12, tumor necrosis factor (TNF)-α, etc. This results in hyper inflammation of tissues and subsequent tissue fibrosis and pneumonia (4, 7, 10). Studies also indicate the involvement of oxidative stress in the pathogenesis of COVID-19. Available evidence suggests that, SARS-CoV-2 infection causes oxidative stress directly by enhancing the production of reactive oxygen species (ROS) (11) and indirectly by suppressing the host antioxidant defense mediated by the nuclear factor (erythroid-derived 2)-like 2 (NRF-2) (10). Further, granulocytosis in response to SARS-CoV-2 infection also contributes to the production of super oxide ions, a type of ROS and for the additional production of pro-inflammatory cytokines (12). In a study by Lin et al. (13) showed that a viral protease 3CLpro causes a significant increase in the ROS production in HL-CZ cells. Further, study also found that elevated oxidative stress results in activation apoptosis and inflammation. In another study done on human HCoV-229E infection shows that deficiency in the expression of NRF-2 target, glucose-6-phosphate dehydrogenase (G6PDH) results in enhanced ROS as well as virus production (14). Incidentally, the NRF-2 levels were found to be suppressed in lung biopsies from COVID-19 subjects, on the other hand NRF-2 activators found to inhibit replication of SARS-CoV-2 and the inflammatory response (10). However, it is not known how SARS-CoV-2 infection causes suppression of NRF-2 signaling. Additionally, studies also suggest that SARS-CoV-2 infection triggers the activation of NF-κB-toll-like receptor (TLR) signaling pathways to induce the oxidative stress and hyper inflammatory response, ultimately leading to acute lung injury (11).

The elevated cytokines also trigger induction of endothelium HA-synthase-2 (HAS2) in alveolar epithelial cells (type 2), and fibroblasts (15). Most importantly, key molecule hyaluronan (HA) has high water binding capacity up to 1,000 times its molecular weight. Perhaps the accumulation of fluid in the lungs could be the reason that computer tomography (CT) images of the lung in acute respiratory distress syndrome (ARDS) patients show the presence of distinguishing white patches called ground glass (16). The majority of autopsies have shown that infected lungs are filled with clear liquid jelly, which resembles the lungs of wet drowning (17). Even though the nature of clear liquid jelly is not yet been determined, HA is associated with ARDS (18). The lungs of COVID-19 patients show elevated levels of inflammatory cytokines (IL-1, TNF-α). This correlates with increased activity of HAS2 and the subsequent lung pathology induced by the SARS-CoV-2 infection. Therefore, the above clinical and research findings suggest that COVID-19 pathogenesis involves two phases: Phase 1, suppression of innate immune response, increases in oxidative stress and phase 2 acute inflammation-driven damaging phase (Figure 1).
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FIGURE 1. Schematic representation of pathogenesis of COVID-19. SARS-CoV-2 infection involves two phases: (1) Asymptomatic carrier phase. (2) Symptomatic inflammatory phase. The black stars indicate the stage at which food supplements can counteract the pathogenesis of COVID-19. Arrow on the left indicate the progress of the infection.




STRATEGIES TO COUNTERACT THE SARS-CoV-2 INFECTION USING FOOD SUPPLEMENTS

From the point of prevention, phase 1 is crucial as individuals in this stage are carriers, they can spread the infection unknowingly. Management of individuals in phase 1, along with mounting specific adaptive immune response, and use of antivirals is critical to prevent the virus entry, replication as well as the disease progression to phase 2. Therefore, global strategies may include administration of external antiviral, and or immune-boosting food supplements. During the phase 2 of the infection, in addition to maintaining the general health condition of affected patients, the line of treatment may be focused on adapting the strategies including the use of nutritional supplements that can suppress the ongoing oxidative stress, acute-inflammation and cytokine storm so that destruction and damage caused to affected tissues is prevented. In summary, in addition to symptomatic treatment, strategies to counteract the SARS-CoV-2 infection is to boost the immune response in phase 1 while suppressing it in the second phase could be effective.



IMMUNE-BOOSTING, ANTIOXIDANT AND ANTI-INFLAMMATORY FOOD SUPPLEMENTS AGAINST COVID-19

Currently, there is one vaccine; Sputnik V, approved by the Ministry of Health, Russian Federation. It was fast-tracked for use as a corona vaccine, but experts have expressed concern about the vaccine's efficacy and safety since it has not yet been evaluated in phase 3 clinical trials. Currently, most countries around the world are into developing corona vaccines, a few of them have entered into human trials while most of them are in various stages of research and development. Further, there no specific drug for use against COVID-19 as well as substantial data both at the national or international level on the effects of nutritional supplements on risk or severity of COVID-19. The development of new antivirals for COVID-19 is a great challenge and needs a considerable length of time and effort for designing and validation. Several shreds of evidence indicate that many nutritional supplements from various spices, herbs, fruits, roots, and vegetables can reduce the risk or severity of a wide range of viral infections by boosting the immune response, particularly among people with inadequate dietary sources and also by their anti-inflammatory, free radical scavenging, and viricidal functions. These nutrients can be repurposed in mitigating the pathological effects induced by the SARS-CoV-2 infection. Therefore, the use of natural compounds may provide alternative prophylactic and therapeutic support along with the therapy for COVID-19. In the following section, the beneficial effects of some of the nutrients are described.



ZINC (Zn)

Zinc is an essential metal involved in a variety of biological processes due to its function as a cofactor, signaling molecule, and a structural element. It regulates inflammatory activity and has antiviral and antioxidant functions (19). Studies in the rat model show that deficiency of Zn increases oxidative stress, pro-inflammatory TNF-α and vascular cell adhesion molecule (VCAM)-1 expression and causes lung tissue remodeling which was partially reversed by the Zn supplementation (20). Zn deficiency shows up-regulation of TNF-α, IFN-γ, and FasR signaling and induction of apoptosis in lung epithelial cells (21) and also up-regulates the Janus kinase (JAK)-STAT signaling in lungs under septic conditions (22). Zinc can also modulate the viral entry, fusion, replication, viral protein translation and virus budding of respiratory viruses (19, 23). Speth et al. (24) demonstrated that Zn exposure (100 μM) was shown to reduce recombinant human ACE-2 activity in rat lungs. Zn2+ cations especially in combination with Zn ionophore pyrithione were shown to inhibit SARS-coronavirus RNA polymerase (RNA dependent RNA polymerase, RdRp) activity by suppressing its replication (25). Studies have shown that oral supplementation of Zn reduces the occurrence of acute respiratory infections by 35%. Zn also shortens the duration of flu-like symptoms by 2 days as well as improves the rate of recovery (26). The recommended dose from various studies ranges from 20 to 92 mg/week (27). Zinc is considered as the potential supportive treatment against COVID-19 infection due to its anti-inflammatory, antioxidant as well as direct antiviral effects (28).



VITAMIN D (VD)

VD a fat-soluble vitamin, plays a vital role in both in immunomodulatory, antioxidant and antiviral responses (29, 30). The human airway epithelium constitutively expresses the vitamin D receptor thereby enabling the protective effects of VD against respiratory infections. VD blocks NF-κB p65 activation via up-regulation of NF-κB inhibitory protein I-kappa-B-alpha (IKB-α) (31). VD also decreases the expression levels of pro-inflammatory type 1 cytokines such as IL-12, IL-16, IL-8, TNF-α, IFN-γ while increasing type 2 cytokines such as IL-4, IL-5, IL-10, and regulatory T cells (32, 33). VD increases the levels of antioxidant NRF-2 and facilitates balanced mitochondrial functions, prevents oxidative stress-related protein oxidation, lipid peroxidation and DNA damage (30).

Epidemiological data relates VD deficiency to increases in the susceptibility to acute viral respiratory infections (34) while its supplementation potentiates the innate immune responses to respiratory viral infections including those caused by Influenza A and B, parainfluenza 1 and 2, respiratory syncytial virus (RSV), and chronic hepatitis C (35, 36). Though there are no reports that VD directly affects the virus replication or viral load, studies reveal that VD could contribute to antiviral activity through suppression of virus-induced inflammation. Perhaps this function of VD could help in suppression of the cytokine storm in SARS-CoV-2 infection. In a randomized controlled trial (RCT), VD supplementation of monthly high-dose (100,000 IU/month) in comparison to a standard dose (12,000 IU/month) helps in reducing the incidence of acute respiratory infections especially in older long-term care residents (37). Furthermore, evidence also suggests that VD can supplement the effectiveness of drug treatment as observed in the case of ribavirin therapy for treatment-naïve patients with chronic Hepatitis C virus (HCV) genotype 1 and HCV genotype 2e3 infections (33, 34, 38, 39). The beneficial effect of supplementation was seen in patients across all ages groups and in individuals with pre-existing chronic illness (40). Older people are most often deficient in these important micronutrients. Thus they can derive the most significant benefit from the VD supplementation (41).



VITAMIN C (VC)

Vitamin C can potentially protect against infection due to its essential role on immune health (42). This vitamin supports the function of various immune cells and enhances their ability to protect against infection. Supplementing with VC has been shown to reduce the duration and severity of upper respiratory infections (most of which are assumed to be due to viral infections), including the common cold (43). The recommended dose of VC varied from 1 to 3 g/day. The total recommended daily allowance (RDA) for VC is 60 mg. Various spices, herbs, fruits, and vegetables have found to be excellent sources of VC (44). For example, thyme fresh (267%RDA), turmeric (43%RDA), cardamom (35%RDA), coriander (35%RDA), beetroot juice are good sources of VC (45). VC is also a potent antioxidant. As an antioxidant, it scavenges ROS, prevents lipid peroxidation, and protein alkylation and thus protects cells from oxidative stress induced cellular damage (46). Studies also have revealed that administration of VC in combination with quercetin provides synergistic antiviral, antioxidant and immunomodulatory effects (47). Recently, based on the clinical trial it is proposed that the oral administration of 250–500 mg quercetin, 500 mg VC for high risk and mild symptomatic subjects twice a day for 7 days and up to 3 g VC and 500 mg quercetin twice a day for 7 days in ARDS patients (assisted ventilation/intubation) improves the overall recovery in SARS-CoV-2 subjects (47). Therefore, having the food supplement incorporated with sources of VC can help in alleviating and providing immune boosting as well as an anti-inflammatory, antioxidant effect against SARS-CoV-2 infection (48).



CURCUMIN

Curcumin has a broad spectrum of biological actions, including antibacterial, antiviral, antifungal, antioxidant and anti-inflammatory activities (49). It inhibits the production of pro-inflammatory cytokines (IL-6 and TNF- α) in lipopolysaccharide (LPS)-stimulated BV2 microglial cells (50) and IL- 1β and IL-6 in TNF-α treated HaCaT cells via inhibiting the NF-κB and MAPK signaling pathways (51). The curcumin also inhibits cyclooxygenase-2 (COX-2), as well as STAT signaling pathways (52). Curcumin exerts antiviral effect on a broad range of viruses including influenza virus, adenovirus, hepatitis, human papilloma virus (HPV), human immunodeficiency virus (HIV), herpes simplex virus−2 (HSV-2) and Zika viruses (53). It exerts antiviral effect by various mechanisms ranging from inhibiting the virus entry into cells, inhibiting encapsulation of the virus and viral protease, inhibiting the virus replication, as well as modulating several signaling pathways (54). Recent study has shown that curcumin potentially inhibits ACE2, modulates characteristics of lipid bilayer, as well as viral S protein inhibiting entry of virus into cells (54, 55), inhibits the viral protease (56), stimulates host interferon production to activate the host innate immunity (55), etc. Furthermore, curcumin is a potent antioxidant. It exerts its antioxidant effects both by neutralizing free radicals and enhancing the production of antioxidant enzymes (57–60). These studies reveal potential immune-boosting, antioxidant and anti-SARS-CoV-2 effects of curcumin. Therefore, curcumin could be a potential supplement in combating the COVID-19 pathogenesis.



CINNAMALDEHYDE

Cinnamaldehyde is a naturally present organic compound abundantly found in essential oils in cinnamon. It predominantly exists in the trans-isomer form, which gives cinnamon its flavor and odor (61). Cinnamaldehyde is a well-known dietary phytonutrient, known to possess anti-inflammatory properties. In a study by Liao et al. (62), it was found that cinnamaldehyde inhibits the TNF-α-induced inflammation through suppression of NF-κB activation. Studies have also found that it can suppress endotoxin-mediated hyperexpression of TLR4 and NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome signaling pathways (63). Cinnamaldehyde is also known to downregulate the production of prostaglandins (PGEs) by downregulating IL-1β-induced COX-2 activity thus lowering the chances of hyper inflammation in a dose-dependent manner (64). All the above evidences show cases that cinnamaldehyde is a potential anti-inflammatory bioactive compound and could be useful in mitigation of SARS-CoV-2 induced hyper inflammation in the lung.



ALLICIN

Garlic is a well-known plant/ herb classified under Allium (onion) family and has been used from ages for its several nutraceutical properties. The predominant thiosulfinate in fresh garlic extract identified as allicin, has shown a number of health benefits due to its anti-inflammatory, antioxidant and antiviral properties. Allicin suppresses the inflammation via inhibiting the TNF-α induced expression levels of IL-1β, IL-8, IP-10, and IFN-γ and also through suppression of degradation of NF-κB inhibitory protein IκB in intestinal epithelial cells (65). It inhibits inducible NO nitric oxide synthase expression in activated macrophages (66, 67). Several garlic associated compounds have found to possess a strong viricidal activity against a wide range of viruses including parainfluenza virus type 3, human rhinovirus, herpes simplex virus (HSV)-1, HSV-2, and vesicular stomatitis virus (VSV). Some of the garlic compounds that show viricidal activity are ajoene, allicin, allyl, methyl thiosulfinate and methyl allyl thiosulfinate (68, 69). Most of the above-mentioned functional effects were observed at 200 ng/ml concentrations. Studies also have found that only fresh samples with no processing such as heat induction or drying were successful to induce most of the biological activities of garlic (70). Therefore, fresh garlic extract may be useful as a prophylactic against COVID-19.



PIPERINE

Black pepper has long been used in many cuisines and it holds a very valuable space among medicinal plants. Piperine that is obtained from ethanolic extract of black pepper and is a major alkaloid in the group of cinnamamides (71). Piperine possesses a strong anti-inflammatory function and therefore can be repurposed for suppression of hyper inflammation induced during COVID-19. It downregulates PGEs by inhibiting the expression levels of IL-6 and matrix metalloproteinases (MMP-13) (71). Piperine promotes innate immunity by promoting the phagocytic activity of phagocytes and is known to inhibit LPS-induced expression of IRF-1 and IRF-7 mRNA, phosphorylation of IRF-3, type 1IFN mRNA, and down-regulation of STAT-1 activity (72). Few studies conducted on microglial cells have shown that piperine inhibits LPS-Induced TNF-α, IL-6, IL-1β, and PGE2 production in BV2 cells (73). Also, it found to inhibit the production of IL-2, and IFN-γ in human peripheral blood mononuclear cells (PBMCs) (74). Furthermore, piperine treatment found to reduce the production of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, COX-2, nitric oxide synthase-2, and NF-κB in the cerebral ischemia-reperfusion-induced inflammation rat model (75). These findings indicate the strong anti-inflammatory activity of the piperine. Further, piperine is a potent antioxidant and protects against oxidative damage by neutralizing free radicals, ROS, and hydroxyl radicals. It scavenges superoxide radicals with IC50 of 1.82 mM and inhibits lipid peroxidation with IC50 of 1.23 mM. These results indicate that piperine possesses a direct antioxidant effect against various free radicals (76). Because of these properties, piperine can be tried as a prophylactic or therapeutic compound to protect from the oxidative stress and hyper inflammation induced during the COVID-19.



SELENIUM (Se)

Selenium is abundantly found in common foods such as corn, garlic, onion, cabbage, broccoli. It's an essential micronutrient that plays a vital role in various physiological processes and on the immune system. Selenium exerts its biological effect through incorporation into selenoproteins in the body. Optimum selenium status (100 μg per day) promotes enhanced T cell proliferation, NK cell activity and innate cell functions. Further supports stronger vaccine response and robust immunity to pathogens. Also, suppresses severe inflammation in tissues such as lungs and intestine (77). Studies have shown that selenium supplementation modulates the inflammatory response in respiratory distress syndrome patients by restoring the antioxidant status of the lungs and suppressing the IL-1β and IL-6 levels (78). Selenium supplementation suppresses pathogen induced activation of NF-κB and its downstream pro-inflammatory cytokine release (79). The antiviral properties of selenium have found to be mediated through its antioxidant effects. Selenium-deficient HIV+ patients tend to present with diminished antioxidant glutathione peroxidase activity (77). On the other hand, selenium supplementation demonstrates the improved CD+ T cell counts (80) and improves glutathione peroxidase and other antioxidant selenoenzymes along with catalase activities (81). Overall, selenium improves the immunity through its non-enzymatic role acting as cofactor for enzymes involved in critical post-translational modifications of proteins. Because of its substantial role in suppressing the inflammation and augmentation of antioxidant status and innate immunity, selenium supplementation may be useful in fight against COVID-19.



PROPOLIS

Propolis produced by honeybees and known to have a broad spectrum of biological properties, including anti-microbial, anti-inflammatory, dermatoprotective, laxative, anti-diabetic, anti-tumor, and immunomodulatory activity (82). The immunomodulatory activity is attributed to flavonoids and some phenolic acids mainly caffeic acid phenethyl esters and artepillin C (3,5-diprenyl-4-hydroxycinnamic acid). Propolis exhibits immunomodulatory effects on a broad spectrum of immune cells mediated by the modulation of extracellular signal-regulated kinase 2 and MAPK signaling pathways. Further, it also modulates nuclear factor of activated T cells (NFAT) and NF κB signaling pathways (82, 83). Propolis also stimulates greater antibody production, suggesting that it could be used as an adjuvant in vaccines. Propolis at higher concentration inhibits lymphoproliferation while at low concentrations the effect is reversed, causing lymphoproliferation (84). Further, compounds in honey propolis inhibits various viruses such as dengue virus type 2, herpes simplex virus, human cytomegalovirus, influenza virus A1 (85). Together, with immunomodulatory and antiviral effects, propolis can be tried as a prophylactic support against COVID-19.



PROBIOTICS

The commonly used probiotics are Bifidobacterium and Lactobacillus species, followed by the Streptococcus, Enterococcus, Bacillus, and Escherichia coli. Probiotics not only support the health of the gut but also improves system functioning and regulation (86). Though it is not clear how gut microbiome provides benefit over respiratory tract infections via gut-lung axis. In general, it is observed that the gut microbiome impacts systemic immune responses as well as local immune responses at distal mucosal sites, including lungs (87). Consumption of Bifidobacterium and Lactobacillus have found to help in clearing the influenza virus in the respiratory tract (88). Levels of interferons, mucosal antibodies of lung and activity of NK cells, antigen presenting cells (APCs) are improved by probiotics (89). Lactobacillus plantarum DR7 strain has shown to have suppressing effect on the pro-inflammatory cytokines TNF-α, IFN-γ, enhances anti-inflammatory cytokines IL-10, IL-4 and also known to reduce plasma peroxidation levels as well as modulate immune system (90). It is reported that Lactobacillus acidophilus CMCC878 administration in mice infected with Staphylococcus aureus, and Pseudomonas aeruginosa decreased the damage in the lungs by reducing the bacterial load and reducing the inflammation (91). A clinical study has reported that administration of Leuconostoc mesenteroides 32-77:1, Lactobacillus plantarum 2,362, L. paracasei ssp. paracasei 19, Pediococcus pentosaceus 5-33:3 along with resistant starch, inulin prebiotics etc. reduced systemic inflammatory response syndrome and other infections (92). Bifidobacterium longum BB536 strain prevents infection from influenza and improves innate immunity (93). Though mechanism of their immunomodulating and anti-inflammatory effects in the lung are not clearly understood. In general, probiotics exert anti-inflammatory and immunomodulatory effects via modulation of the NF-κB, MAPK and pattern recognition receptors (PRR) pathways that decreases Th2 mediated responses and upregulates Th1 responses. Further, they have an ability to inhibit the attachment of bacterial LPS to CD14 receptor, hence decrease in the overall activation of NF-κB and pro-inflammatory cytokines production (94, 95). Considering the role of probiotics in improving the host innate immune response as well as anti-inflammatory effects (87), and considering the fact that gut involvement and enterocytes (96) can be reservoirs of SARS-CoV-2 infection, probiotics can be repurposed as prophylactics as well as adjuvants to combat the pathogenesis of COVID-19.



LACTOFERRIN

Lactoferrin (Lf) is a naturally occurring and non-toxic glycoprotein that has been studied against a broad range of viruses, including SARS-CoV, which is closely related to SARS-CoV-2. Lf inhibits viral entry via binding to cell surface molecules or viral particles or both. It was also known to suppress virus replication as in the case of HIV. Therefore, it plays a crucial role in preventing the virus entry and replication (97). Studies have shown that it exerts immunomodulatory and antioxidant effects by inducing the T-cell activation, suppressing the levels of interleukins including IL-6, TNF-α, and downregulating the ferritin (98). Also it suppresses H2 O2 -induced oxidative stress in human umbilical vein endothelial cells (99). Furthermore, zinc saturated Lf exerts a more potent antiviral effect (100). It is mainly used as a nutritional additive in infant formulas and clinical studies, with doses ranging from 100 mg to 4.5 g a day for various indications without apparent toxicities. and can be tried as a potential preventive and therapeutics against COVID-19 (98).



QUERCETIN

Quercetin is a well-known antioxidant with anti-inflammatory and antiviral bioactive. It inhibits TNF-α production in LPS-induced macrophages (101), IL-8 production in lung A549 cells (102), and mRNA levels of TNF-α and IL-1α in glial cells (103). It also limits the production of cyclooxygenase (COX) and lipoxygenase (LOX) enzymes in rat liver epithelial cells (104). Studies have also shown that quercetin has antiviral effects on both RNA and DNA viruses. It inhibits the virus entry and viral-cell fusion (105) and reduces the expression of pro-inflammatory cytokines and lung inflammation induced by rhinovirus in mice (106). Further, quercetin metabolite (4',5-diacetyloxy-3,3',7-trimethoxyflavone) has been shown to inhibit the picornavirus replication by inhibiting the RNA replicase complex (107). Studies have also found that quercetin-3β-galactoside due to the presence of hydroxyl group, it binds to viral protease 3CLpro and inhibits its proteolytic activity (108). In the context of SARS virus infection, supercomputer SUMMIT drug-docking screen and gene set enrichment analyses (GSEA) finds that quercetin, VD, and estradiol interferes the functioning of 85, 70 and 61% of the SARS-CoV-2 viral proteins in human cells, respectively. Based on these observations the study also predicts tripartite combination (quercetin/VD/estradiol) compared to bipartite (VD/quercetin) of may affect 73% human genes encoding SARS-CoV-2 targets implicating a robust mitigating agents against the COVID-19 (109). Further, increased ability of estradiol in affecting human genes encoding SARS-CoV-2 targets compared to testosterone suggests a plausible explanation of the apparently higher male mortality in this corona pandemic (109). In line with these observations, a randomized interventional clinical trial using estradiol or VD as a mitigating agent have been listed on the clinical trial (https://clinicaltrials.gov/ct2/show/NCT04359329).

Furthermore, as observed in prediction models that quercetin binds SARS-CoV-2 S-protein at its host receptor region or to the S-protein-human ACE2 interface interfering the virus entry into cells indicating its therapeutic potential (110). This prediction is consistent with the reports that both quercetin and a structurally similar luteolin inhibits the SARS-CoV virus infection (111). Additionally, other studies have also found that quercetin in combination with VC induces synergistic antiviral and immunomodulatory effects against COVID-19 (47). Taken together, various studies suggest that quercetin possesses potential anti-SARS-CoV-2 effects and can be repurposed as a preventive and therapeutic candidate to combat COVID-19.



CONCLUSIONS

Currently, there is one corona vaccine, Sputnik V, developed by the Gamaleya Research Institute, Moscow has been approved by the Ministry of Health, Russian Federation. It was fast-tracked for use as a corona vaccine, but experts have expressed concern about the vaccine's efficacy and safety since it has not yet been evaluated in phase 3 clinical trials. Presently, there are over 100 vaccines around the world in various stages of research and development. A few of them are in human clinical trials and are being tested rigorously for their safety, efficacy, and dosage standardization. Similarly, there are several drug candidates that have been identified and most are in various stages of research and development, whilst some of them have been repurposed and approved for emergency use in this pandemic. The notable ones approved for use in an emergency include hydroxychloroquine, favipiravir, remdesivir, tocilizumab, etc., Furthermore, no substantial research supports the use of specific food supplements as adjuvant therapy for the management of COVID-19 subjects. The plethora of existing literature provides the scientific evidence on immune-boosting, anti-inflammatory, antioxidant, and antiviral properties of several phytonutrients as summarized in Table 1. Initial studies find that some of these have been found to possess anti-SARS-CoV-2 effects and are being fast-tracked into clinical trials (Table 2). Repurposing of these nutrients in the right combination to achieve the functional synergy in the form of ready-to-eat food supplements may provide both prophylactic and adjuvant therapy against COVID-19.


Table 1. Summary of food supplements and their major functional effects.
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Table 2. Registered clinical trials of food supplements (Source: ClinicalTrials.gov).
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The ongoing pandemic caused by the coronavirus disease 2019 (COVID-19) is literally changing the world. From December 2019 to date, more than 22 million cases have been reported worldwide and global health institutions are acting to slow down the virus transmission and are looking for possible prevention strategies in case of a new outbreak. As in other endemic or pandemic phenomena, the issues mostly covered by scientific and media attention are related to the diagnostic and therapeutic approach of COVID-19. However, a still neglected issue regards the adoption of a more systemic approach considering the close connection among the infection, the environment, and human behaviors, including the role of diet and urban management. To shed light on this issue, we brought together a faculty group involving experts in environment and biodiversity, food safety, human nutrition, and behavior, bioprospecting, as well as medical doctors having a deep knowledge of the complex historical relationship between humanity and vector-borne infections. Two main aspects emerged from the integrative overview of the current COVID-19 pandemic: (i) the scientific community should start sharing social actions and policy advocacy based on the assumption that human health strongly depends upon a sustainable exploitation of natural resources in populated areas; (ii) the specific strategic role of the cities in developing sustainable food systems and promoting healthy dietary patterns. Definitely, some priority issues should be addressed to achieve these goals, such as global efforts to increase food safety and security, which would benefit from urban and peri-urban agriculture enhancement, smallholder food producers support, and ecosystem services and local biodiversity maintenance.

Keywords: virus, spillover, food safety, micronutrients, post-normal science


INTRODUCTION

The ongoing pandemic caused by the coronavirus disease 2019 (COVID-19) is literally changing the world (1, 2). From the first documented human patient in Wuhan (Hubei, People's Republic of China) in December 2019, on August 2020, more than 22 million cases have been reported worldwide, of which more than six million still active (1% in serious or critical conditions) and almost 800 k deaths. WHO and other authorities soon realized that it was no longer possible to contain the virus spread, but only to slow down its transmission and try, at least, to reduce “pressure” on national health systems. As in other endemic or pandemic outbreaks, the issues mostly covered by scientific and media attention are related to the diagnostic and therapeutic approach of COVID-19 contagion. However, greater consideration should be given to a systemic approach considering the close connection between this disease, the environment and human behaviors, in a framework of building a safer, more sustainable and healthier world (3). How is it possible that a virus from a Chinese market has spread to other continents so quickly, penetrating the heart of cities and killing the weakest citizens?

To shed light on this issue, we brought together a faculty group involving experts in environment and biodiversity, food safety, human nutrition, and behavior, biological activity of natural products as well as medical doctors having a deep knowledge of the complex historical relationship between humanity and vector-borne infections.

We believe that unlike the pandemics of the past, the factors triggering the current spread of COVID-19 outbreak, should be analyzed not only by scientists and politicians but also by societal stakeholders. Many European countries most afflicted with COVID-19 have started thinking ahead are now facing with the “phase two” of the COVID-19 situation by operating the recovery of industrial and social activities keeping, at the same time, the infection spread as low as possible. In such a context, the linear science, which analyzes those biological variables dealing with the pathogen and its infectivity to find possible solutions [e.g., a vaccine or a therapy (4)], clashes with the “Post-Normal Science” (PSN) approach, for which, societal values (e.g., the right to freedom, economic needs, and relational aspects) claim their importance (5). PNS is designed to deal with situations of uncertain facts, values in dispute, high stake and urgent decisions [(6); Figure 1]. PNS should be operated together with Responsible Research and Innovation (RRI) tools (https://www.rri-tools.eu/about-rri) that offer a broad set of strategies to address global challenges throughout the analysis of “real-world complexities' considering new scientific knowledge and technologies, but also the needs of different stakeholder categories. The contrast between these approaches to science is exerting some pressure on governments that even proposed solving the problem of COVID-19 with autonomous strategies or hypothesized to reach a sort of herd immunity by sacrificing an entire generation of older people (8, 9). This situation demonstrates the lack of organization by the modern society to address complex global issues.


[image: Figure 1]
FIGURE 1. Schematization of a virus pandemic outbreak: scale, goals, and deliverables in a post-normal science context. The post-normal science diagram [taken from (7)] provides a framework to map systems uncertainty against decision stakes.


Our contribution aims at supporting the adoption of a PNS response to COVID-19 pandemic, also considering the geopolitical and social aspects which caused the dramatic susceptibility to such infection. For this reason, we aimed at better addressing two main concepts regarding COVID-19 “effect” on cities and citizen-led community responses, to prevent future pandemic events.



PANDEMICS PREVENTION

The first point to discuss is the unexpected permeability of cities to this virus and hypothesize how the spillover from wildlife of such a kind of pathogens can reach urban centers. This evaluation is of primary concern to better define suitable prevention strategies for limiting or blocking the current one and other future pandemic spreads. What characterizes COVID-19 contagion, is that it fully took advantage of globalization facilities, enabling rapid spread of the virus across the world.

Generally, accurate controls are performed on goods transported worldwide but in case of novel pathogens (e.g., the COVID-19) diagnostic options are very limited. Moreover, when human mobility is a major factor in the spread of infectious diseases, we should acknowledge that screening measures adopted at airports or customs should be implemented (10). Temperature screening alone may not be very effective as it may miss travelers incubating the disease or concealing fever during travel, or it may yield false positives (e.g., having fever of a different cause), therefore it should be accompanied by other health messages, questionnaires and data collection (11).

A different scenario occurs for the trading of food commodities for which strict regulations about quality and safety impose the adoption of analytical tools and innovation technologies to prevent the spread of foodborne pathogens or other contaminants (12, 13). In most cases, food quality evaluation is based on bioindicators, both at chemical and microbiological level (14, 15). Most diagnostic techniques allow to characterize the internal microbiome and virome (16–19). Considering COVID-19, what can be said with certainty is that such controls did not occur in the Wuhan market where the virus started its incredible global spread. This situation further remarks the concept that pandemics are strictly linked to insufficient or absent food safety assessment and disease prevention protocols (e.g., as happening every time Ebola Viruses outbreak in Central Africa). It is necessary to remark that the food regulations across countries vary and the quality standards of the same food items produced in different countries are not the same (20, 21). The current COVID-19 pandemic, perhaps more than others, highlights that it is necessary to align food security protocols on a global scale since country specific inadequacies may cause serious global consequences. Therefore, we believe that to prevent future pandemic outbreaks it is more and more important to consider issues arising from the establishment of supranational risk-governance systems. These typically operate in a framework of compromise between the local governance and local producers needs and the global safety for human health. Safety is a priority for all the stakeholders associated with the entire food supply-chain. Moreover, after the COVID-19 emergency, it is desirable that citizens enhance its awareness toward the topic of food control and the concept of food safety will acquire a stronger social meaning based on “shared values, beliefs and norms that affect human mindset and behavior” (22). Consumers' behavior and choices will help modify food supply-chains safety to prevent zoonoses and reduce other risks for humans.

Global citizenship is based on rights to be actively involved in debates, responsibility, shared decisions (following careful risk evaluation), and actions to control and implement shared strategies. With regard to COVID-19, we know that a bat species and/or the Malayan Pangolin have been found to be likely reservoir hosts for the virus; however, the definitive identity of any intermediate host that might have facilitated spillover to humans is still unknown (23, 24). Overall, the identification of the vector has a relatively important value. The central point is that the unceasing exploitation of wildlife and habitat has dramatically increased the risk of exposure to zoonotic diseases, as already and sadly demonstrated for example by HIV, Ebola and H5N1 (25). But how calculating the risk of these phenomena? Are stakeholders and citizens aware of the risks? These elements are fundamental for a PNS discussion that is necessary to drive the path of food safety.

It is time to realize that food safety cannot rely only on the production chain but potential risks to human health and the environment should be considered as well. The increasing advances in scientific and technological tools have now been adopted to assess such risks, thus opening a new era of “prediction” rather than “reaction” to reduce pathogen contamination and foodborne outbreaks (26). For example, the current trends in food safety research rely on the application of (i) genomic analyses for foodborne pathogen identification and traceability, (ii) Geographic Information Systems (GIS) to prevent and predict the spatial spread of pathogens outbreak, (iii) tools adapted from landscape ecology (species distribution and niche modeling) and Social Network Analysis for predicting patterns of disease outbreaks, as well as guidance for interventions, and (iv) meta-analysis tools to confer an overall summary of available study findings, providing generalizable estimates and generating strategic highlights to be used by policy-makers and decision makers (26).

Overall, risk prevention remains the key factor. The history of pandemics teaches us that almost all recent human pandemics and most of the emerging infectious diseases originated from animals (mainly in wildlife). It is known that species more resistant to human pressure are likely to become the new competent hosts of vector-borne diseases and then to become the most probable spillover agents toward human hosts (27, 28). Furthermore, we must remember that biodiversity perturbation and its trivialization is the main trigger of virus spillover events (29), as probably happened for COVID-19 (Figure 2).


[image: Figure 2]
FIGURE 2. List of the principal pandemic and emerging zoonotic viruses showing human-to-human transmission after the spillover is occurred. Summarized host and spillover interface data are provided as in (29) (mouse: directly from wildlife; swine: directly from domestic animals; mosquito: transmission by vector involving wildlife or domestic host respectively; U: unknown). Detailed references for each listed virus are provided in (29).


Given these assumptions, the international food policies concerning food safety should consider biodiversity and ecological interventions to prevent zoonotic spillover events. This would be especially urgent in rural areas, where farming and livestocking often overlap with wildlife species ranges and it has been documented that livestock species usually act as intermediate hosts of spillover events (e.g., influenza A and SARS coronavirus, Figure 1). For this reason, it is also time to rethink urban areas by projecting proximity buffer zones to prevent direct contact between agricultural/zootechnic activities and natural habitats. Finally, the conservation of natural biodiversity and its related species interactions are essential conditions to reduce the risk of spillover events (27). On the whole, a cooperative work (RRI-driven) involving human-health agencies, agricultural authorities, farmers, and natural resource managing institutions, could be essential to promote the global ecological management to avoid the spread of a new putative pandemic “COVID-20” or other risky vector-borne pathogens that may adversely affect human health, the environment and economy.



CITIZEN FORTIFICATION

Our second consideration regards the fragility of citizens, especially the weakest ones such as the elderly, and their sensitivity to diseases.

It is now clear that these social categories are the most susceptible to severe COVID-19 outcomes, particularly if they already suffer from multiple pathologies. Diabetes is the most common comorbidity observed in infected deceased patients in Italy, after hypertension (30). Furthermore, recent data showed a high prevalence of obesity (26%) and overweight (41%) in 928 Italian patients, median age 65 years, from 76 different Italian ICUs, confirming evidence available so far in the literature supporting impaired immune response to viral infections (31). Therefore, beyond the infectious capacity of this virus, it is important to focus on those elements of modern society which could increase citizens' vulnerability, including diet, lifestyle and environmental factors, strictly linked to morbidity and mortality for all Non-Communicable Diseases (NCDs) (32, 33). Although this concept is well-established, today, the global average consumption of healthy foods is substantially lower than the reference dietary intake, whereas overconsumption of highly processed, energy dense, and nutrient-poor foods is increasing (34).

The Mediterranean diet is considered by UNESCO as one of the “Intangible Cultural Heritage of Humanity” with multiple health benefits, including fortification of immune defenses. However, epidemiological data on COVID-19 would seem to contradict this belief since Mediterranean countries (e.g., Italy and Spain) have the highest number of confirmed COVID-19 cases in the world. Five years after the EXPO 2015, dedicated to the theme “Feeding the Planet, Energy for life,” the city of Milan, which hosted the event, is under siege by COVID-19 pandemic. Recent dietary changes within the Mediterranean basin, with a decreased consumption of plant foods, increased consumption of fast meals and junk food, and negative health consequences such as rise in obesity rates and in NCDs incidence (e.g., diabetes, cardiovascular diseases, and cancer) are partially responsible of this burden (35).

The modern-day change in food choices is the results of lifestyle standardization, enhanced technologies in food production and processing and limited time for culinary activities. This caused for example the progressive erosion of Mediterranean food cultures (36, 37). Moreover, environmental emergence, such as water scarcity in most Mediterranean countries and land wasting also has deleterious consequences on Mediterranean food production. Global climate changes have also produced the failure of several crops, fisheries, and livestock productions, and the declining of Mediterranean biodiversity and agrobiodiversity does not allow the selection of new varieties and resistant breeds. So, once again the erosion of the environment and biodiversity is closely connected to health risks (38). How to react to these social and environmental changes showing serious health consequences? The sustainability of the food supply chain is certainly essential (34). Kinnunen et al. showed that less than one-third of the world's population can meet their food demand within a 100-km radius (39). We should also change our view of food and diet which should no longer, or rather not only, considered an energy source but a reservoir of bioactive molecules beneficial to human health. Greater consumption of health-promoting foods and limited intake of unhealthier options are intrinsic to the eating habits of certain regional diets such as the Mediterranean diet (32). Healthy dietary patterns positively influence health and promotes the prevention of common non-communicable diseases (NCDs), strengthening host community defenses (32, 36). This concept assumes a particular importance since the over 65 years old citizens could be more at risk of being infected by COVID-19, not only for intrinsic conditions due to natural aging processes and comorbidities development, but also for inadequate nutritional status and related inadequate intake of macronutrients (e.g., proteins and healthy fatty acids, like omega-3), micronutrients (e.g., vitamins A, B6, B12, C, D, E, and folate), trace elements (e.g., zinc, iron, selenium, magnesium, and copper) and phytochemicals which are pillars in preventing many chronic degenerative diseases and supporting the immune system (40).

This would seem to be true even for younger patients with metabolic and cardiovascular diseases, showing severe Acute Respiratory Distress Syndrome (ARDS) caused by COVID-19 (41). These considerations are also well-known for past pandemics. A recent retrospective data analysis from the 1918 pandemic flu, showed that nutrition played a consistent role in the severity of the disease and was related to mortality also in younger age groups (42). More recently, chronic malnutrition has been correlated to high morbidity and mortality during the 2009 influenza pandemic (43). Similarly, malnourished children appear to be at increased risk for viral pneumonia (44).

In dietary recommendation, fat quality has to be addressed (45), since evidence shows the need to achieve a balance between dietary intake of omega-6 and omega-3 for optimal nutrition (46), especially in those subjects more vulnerable to malnutrition and “silent inflammation” which disposes to a greater propensity to viral infections (47, 48). Certainly, the presence of an unbalance between pro- and anti-inflammatory lipid mediators has been reported in literature (49) and it is important to remark that science has already given solutions (50) which are not adopted in new diagnostic policies for primary and secondary prevention.

Moreover, food supplements such as vitamins C and D might also be considered to help both innate and adaptive immune cells (51–54). Studies on human coronaviruses (HCoVs), including severe acute respiratory syndrome coronavirus (SARS-CoV), have highlighted that secondary metabolites of some plant species seem to inhibit virus proteins, cellular infection, and intracellular replication (55). Extracts of spontaneous plants such as root tubers from Rheum officinale Baill. (rhubarb), root tubers or vines from Polygonum multiflorum Thunb., (Polygonaceae) showed an inhibitory activity against the interaction of SARS-CoV S protein with ACE2 (56). Procyanidins and other secondary metabolites extracted from Cinnamomi cortex (Cinnamomum cassia J. Presl) can reduce the virus infection by interfering with endocytosis (57). The extract of Cimicifuga rhizoma, Meliae cortex, Coptidis rhizoma, Phellodendron cortex, and Sophora subprostrata radix showed an ability to inhibit of RNA-dependent RNA polymerase and/or proteases crucial for coronavirus RNA replication (58). Finally, the antiviral activity of licorice (Glycyrrhiza glabra L.), containing glycyrrhizin, inhibits replication, absorption and penetration of the SARS-CoV acting on the early steps of the replicative cycle (59). In this field, traditional Chinese medicine is working actively to identify dedicated compounds to specifically contrast COVID-19 infection (60). This practice relying on biodiversity and known as “bioprospecting,” may be a good strategy to find compounds having a positive effect on human health as well as to find new raw materials to produce novel and fortified foods for modern citizens.



PANDEMICS AND THE INTERACTION WITH ENVIRONMENTAL AND FOOD POLICY

Recently, Di Marco et al. (27) suggested that the risk of Emerging Infectious Diseases (EIDs) is a key aspect for developing suitable policy strategies at the global scale. Within this framework, the conservation of biodiversity and food production are two additional pillars that should be considered to prevent drastic environmental changes and the risks of zoonoses, and virus spread. In Figure 3 we aimed at further remarking this concept including additional factors strictly related to COVID-19 pandemic.
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FIGURE 3. Network of interactions including food supply-chain elements and their effects (i) on environment and biodiversity that might lead to increased risk of spillover and (ii) on human health and wellbeing that affect infection risk prevention and therapy response.


From a nutritional point of view, addressing subclinical micronutrient deficiencies is one of the first steps that must be considered to improve resistance to infectious diseases like COVID-19 (and other pathogens) (61). It is therefore recommended that micronutrient testing, such as vitamin D measurement, should be applied in the annual check up of selected individuals at high risk of deficiency (62).

A nutritional approach, ensuring a long-term sustainability, is essential to improve micronutrient status by increasing the availability and consumption of micronutrient-rich foods (63). Besides lifestyle changes, including diet has been shown to positively affect metabolic and cardiovascular diseases, which are the most frequent comorbidities associated to severe COVID-19 disease. The spread of inappropriate eating habits and inactivity in Western societies, particularly among the younger, “comfortably off” generations, has led to the development of chronic degenerative diseases defined as “comfort” diseases (64) early in life, leading to an increase in premature deaths for NCDs.

Food is readily available in developed countries but there is an evident split-up between scientific evidence, food choices, and dietary patterns of consumers. This, over time has favored the spread of the obesity epidemic and other diet-related diseases.

It is time to acknowledge that environmental factors exert a major influence on dietary behavior, primarily by facilitating meals consumption away from home and by minimizing time dedicated to meal preparation and consumption and secondly, making food of poor nutritional quality available on the market and appealing for appearance, taste and price. This burden is exerted by market rules that affect behavior and food choices with scarce public awareness of the potential negative impact on health. It is necessary that science, technology, education, legislation, and community policies combine to create the urban structures and environment required to encourage healthy lifestyle including dietary choices, not just for few, but for everyone (65).

More efforts must be addressed to reduce exposure to ambient air pollution, strongly associated with population density (66), promoting chronic inflammatory state and affecting resilience to infectious diseases not last COVID-19 (67).

Finally, Western medicine generally tends to identify pharmacological molecules that act on specific disease mechanisms; however, human body complexity and individual answers are sometimes underestimated. Thus, it could happen that infected patients die more due to comorbidities associated to infection with COVID-19 than for COVID-19 per se. The time has come to apply a systems biology approach where drugs, foods and lifestyle work in synergy to promote patient healing and prevent further infections, gaining a holistic approach to community health (68) to support the further personalization of health and social care (69).

For these reasons, in our scheme, we stressed the impact of environment and food system of therapeutic approaches.

This integrative framework demands both an increased attitude of sharing by the scientific and technical community as well as a social participation since we believe that, as previously anticipated, food safety and human health should be regarded more as a social issue.



CONCLUSIONS

Our final suggestion is to start a frank and open scientific discussion on COVID-19 issues and future risks for new pandemic outbreaks, continuing the legacy of EXPO 2015, declared in the Milan Urban Food Policy Pact, signed by more than 200 cities in the world (65). In this document, the strategic role of the cities in developing sustainable food systems and promoting healthy diets is stated, yet acknowledging all the differences in their natural and policy endowments, including economic background and cultural innovation, managing vast public resources, infrastructure, investments, and expertise. These issues will be fundamental especially for those countries that are coming out of COVID-19 lockdown restrictions and where it is more expected that political and social contrast will emerge if different stakeholders needs and opinions will not be analyzed and considered for planning the recovery after the pandemic event.

We would like to undermine and integrate this overview with few take-home messages that arise from the teachings of this dramatic situation we are experiencing firsthand:

(i) Food safety is a global issue. The unsafety of local food markets, like the Wuhan's one, can exert severe and global impact.

(ii) Smallholder food producers play a key role in feeding cities, by helping to maintain resilient, equitable, culturally appropriate food systems, and promote sustainable diets. In cities with a high percentage of elderly, local food production should be tailored for specific targets to maintain adequate nutritional status, including fortification of immune system. Similarly, in developing countries, smallholder farms should improve the production of local crops rich in macro and micronutrients to improve food security and health of local populations (70).

(iii) Acknowledgment that urban and peri-urban agriculture may offer opportunities to protect and integrate biodiversity into urban landscapes and food systems, thereby contributing to synergies across food security, ecosystem services, and human wellbeing. This is very important to prevent the spillover of viruses but also to offer better efficacy of new drugs synthesized to fight future diseases.

A unified approach to nutritional screening and assessment is recommended guiding toward integrated panels of biomarkers to investigate the nutritional status and predict future health outcomes of the individual and moving from stratified to personalized to precision nutrition (71).

The whole scientific community should start sharing directions, social actions and policy advocacy recognizing that the health of people is closely connected to the health of biodiversity and ecosystems where they live. In this context, the “One health” approach (https://www.cdc.gov/onehealth/basics/index.html) represent a good starting point for successful public health interventions by fostering collaboration across all sectors, taking the right steps to promote health not for the few but for the whole planet.
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The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease (COVID-19) in China at the end of 2019 caused a major global pandemic and continues to be an unresolved global health crisis. The supportive care interventions for reducing the severity of symptoms along with participation in clinical trials of investigational treatments are the mainstay of COVID-19 management because there is no effective standard therapy for COVID-19. The comorbidity of COVID-19 rises in obese patients. Micronutrients may boost the host immunity against viral infections, including COVID-19. In this review, we discuss the clinical impact potential of supplemental nutrients as adjuncts of therapy in high-risk COVID-19 for obese patients.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease (COVID-19) has been declared a pandemic by the World Health Organization with more than 13.378.800 million confirmed cases and more than 580.000 deaths worldwide (1). Immunocompromised risk groups of the populations have high mortality rates because of the insufficient host immunity (2, 3). SARS-CoV-2 damages the respiratory tract and causes acute lung injury (ALI) (2, 4, 5). ALI triggers an inflammatory response while stimulating the immune system. This inflammatory immune response is associated with a cytokine storm that may result in a potentially fatal acute respiratory distress syndrome (ARDS) characterized by increased production of reactive oxygen species (ROS) as well as pro-inflammatory cytokines and chemokines (6). The cytokine storm may disrupt an effective anti-viral immune response and cause severe lymphocytopenia as well as T-cell exhaustion in affected COVID-19 patients (7, 8).

The nutritional status of the human body plays a pivotal role in developing an effective and appropriately balanced immune response to pathogenic viruses (9). Recent studies confirmed the importance of host nutritional status in surviving the COVID-19 challenge (6, 10, 11). The protein-energy malnutrition (PEM) causes an imbalanced immune response to viral pathogens that can result in infiltration of the lungs by inflammatory cells and the development of pneumonitis following viral infection (12). The comorbidities of COVID-19 patients are correlated with the severity of PEM and contribute to a higher risk of ARDS and increased case mortality rate (13). In COVID-19, the decreased serum albumin (14) and prealbumin (15) levels have prognostic value. Low serum prealbumin levels serve as a surrogate marker for malnutrition and a poor prognostic factor (16). We believe that the nutritional status of all COVID-19 patients should be carefully evaluated, and consideration given to patient-tailored special diet programs that ensure an adequate and balanced intake of proteins, calories, and micronutrients (17). Adequate daily protein, especially whey and soy, intake have beneficial effects on the antioxidant defense system and host immunity (18). Among the various sources of protein, the whey protein has been recently recommended as a well-balanced and easy to digest amino acid and protein source with anabolic (19), anti-inflammatory (20), and immunomodulatory properties (21) as well as antiviral effects (22). Besides being an energy-rich part of the daily diet for balanced caloric intake, dietary fats, including fish oil and vegetable oils, provide a source for essential fatty acids as well as fat-soluble vitamins affecting metabolism and immunity. The essential fatty acid alpha-linolenic acid (ALA, 18:3n-3, omega-3), and the semi-essential fatty acids eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (23, 24), can be useful in supporting immune defense and the treatment of inflammatory diseases caused by both viruses and bacteria (25). In addition, essential micronutrients including vitamins and minerals, play an important role for the functional integrity and responsiveness of our immune system. Some of the vitamins (A, pyridoxine, cobalamin, folate, C, D, and E) and trace minerals such as Zn, Cu, Se, and Fe takes the crucial role to maintain and support the immune system (6). Balanced nutrition and intake of nutrients in appropriate amounts and composition may reduce the levels of pro-inflammatory cytokines and their side effects in COVID-19 patients (10).

Obesity has a rising prevalence, and it is considered a clinically significant risk factor for metabolic diseases as well as infections (26, 27). The consumption of “poor quality” foods often results in a nutritional deficiency in obese persons despite the higher than average amounts of food consumed (25). Such a nutritional deficiency may increase the severity of COVID-19 with increased morbidity and mortality (28). In this review, we discuss the possible role of micronutrients in the pathophysiology and survival outcome of COVID-19. We also review the current knowledge about the emerging role of supplemental nutrients as adjuncts to the supportive care for COVID-19, especially in obese patients.



OBESITY AND COVID-19

Obesity has detrimental effects on pulmonary function. Functional residual capacity and expiratory reserve volume are negatively affected by obesity as a consequence of the airway closure by fat accumulation in the mediastinal, thoracic, and abdominal cavity (29). Along with the rising body fat content, excessive secretion of adipokines, and cytokines from adipose tissue are thought to both compromises the immune system responsiveness to infections and cause systemic inflammation (27). The levels of free fatty acid (FFA), and lipopolysaccharide (LPS) released by gut bacteria increase during obesity which triggers activation of the (i) Toll-like receptor 4 (TLR4) pathway, (ii) adipose tissue macrophages (30) as well as (iii) nuclear factor-kappa β (NF-κβ) pathway (31). M1 phenotype macrophages that initiate and regulate inflammatory reactions through interferon-gamma (IFN-γ), TLR4, LPS, and FFA stimulation become the primary immune system elements located in the adipose tissue (32). Many inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), IL-6, IL-12, and IL-18 are secreted by M1 macrophages. Therefore, T helper cell 1 (Th1) to Th2 ratio, (26) and Th17 increase in obesity, which results in an immune imbalance (33). M1 macrophages also play an essential role in the development of tissue-level insulin resistance in obesity. This is owing in part to the elevated levels of inflammatory factors that impair the c-Jun N-Terminal Protein Kinase 1 and Iκβ kinase/NF-κβ cascades which regulate phosphorylation of insulin receptor substrates (IRS1 and IRS2) (34) (Figure 1). Besides the insulin resistance, the beta-cell function of the pancreas may be decreased during longterm obesity due to the continuous FFA exposure that activates the NF-κβ signaling pathway (35). In addition, venous thromboembolism is encountered more frequently by obese individuals due to the prothrombotic effects of low-grade chronic inflammation (36–38). The prothrombotic effects of inflammation are triggered by platelet activation (39), increased activity of coagulant factors (factor VIIa, VIII, IX, X, fibrinogen, and von Willebrand factor), stimulation adhesion molecules (P-selectin), and downregulation of endogenous anticoagulant factors (antithrombin, and protein C) (40). In addition, the plasminogen activator inhibitor-1 (PAI-1), a prothrombotic adipokine, also contributes to augmented venous thromboembolism of obesity (41). Coagulopathy, including DIC, is one of the main causes of mortality in COVID-19 (42).


[image: Figure 1]
FIGURE 1. The effects of obesity on inflammatory cytokine production and insulin resistance. Treg, regulatory T cell; Th2, T helper cell 2; M1, type 1 macrophages; FFA, free fatty acid; TLR4, toll-like receptor-4; JNK1, c-Jun N-Terminal Protein Kinase 1; IKK, Iκβ kinase; IRS, insulin receptor substrate.


Because of the overlapping systemic inflammation of obesity and systemic inflammation triggered by viral sepsis in COVID-19, obese patients with COVID-19 experience greater severity of pulmonary and metabolic complications as well as multi-organ dysfunction (43–45). Therefore, several micronutrients may have clinically meaningful beneficial effects in obese COVID-19 patients (46) (Figure 2). In COVID-19 patients many evidence demonstrates the metabolic link between inflammatory state and cytokine storm that mainly responsible for respiratory symptoms (45).
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FIGURE 2. The protective and therapeutic effects of some specific micronutrients on inflammatory, thrombotic, and insulin resistance pathways in obese COVID-19 patients. RA, retinoic acid; M1, type 1 macrophages; Th1, T helper cell 1; ARDS, acute respiratory distress syndrome; ALI, acute lung injury; ACE2, angiotensin-converting enzyme 2; NF-κβ, nuclear factor-kappa β; LPS, lipopolysaccharide; FFA, free fatty acid; TLR4, toll-like receptor-4; JNK1, c-Jun N-Terminal Protein Kinase 1; IRS, insulin receptor substrate; Ang, angiotensin; PAI-1, plasminogen activator inhibitor-1.


Several studies have shown a relationship between high BMI and severity of COVID-19. Ho et al. (47) reported that the risk of critical illness in COVID-19 increases by 44% for overweight people and almost doubles for obese patients. Likewise, an observational study using electronic health records indicated that obesity is an important contributing factor for case mortality in COVID-19 (48). Because obese patients have an impaired immune system, they may have inadequate cellular immune responses to pathogens and this acquired immunodeficiency increases their susceptibility to infections (49). In addition to the reduced T-effector cell function, the unbalanced production of immunomodulatory endocrine hormones also contribute to poor host immunity of obese persons against infections (50). Balanced nutrition and micronutrients help prevent the unfavorable outcomes observed in both obesity and COVID-19 (Table 1) (51–78).


Table 1. The possible effects of some micronutrients on common symptoms of COVID-19 and obesity.
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The complex interplay between obesity and COVID-19 is explained by several mechanisms. SARS-CoV-2 uses the angiotensin-converting enzyme-2 (ACE2) for cell entry, and the amount of this transmembrane enzyme is found larger amounts in obese individuals (79). It is probably due to higher ACE2 expression in adipocytes of people with obesity (80). Therefore, adipose tissue of obese individuals can be a potential target for SARS-CoV-2 before spreading to other organs (81). Assuming that SARS-CoV/CoV-2 affects the pulmonary lipofibroblast transcriptional program that leads to pulmonary fibrosis, the use of peroxisome proliferator-activated receptor-gamma (PPARγ) agonists could be an option to reduce the risk of pulmonary fibrosis. This strategy may show strong anti-fibrotic effects that disrupt myofibroblast differentiation and transforming growth factor-beta (TGF-β) signaling. PPARy induction could lead to an effective reduction of the problem and organ fibrotic disease, including pulmonary fibrosis (81) by decreasing the fat mass of adiponectin (82).

The Spike glycoprotein (S), a structural protein of SARS-CoV-2, is responsible for binding to the host cell. Hoffmann et al. (83) reported that S protein is primed serine protease and recognized by the cell receptor. Liu et al. (84) showed that the S protein of SARS-CoV-2 had two trimers that bind to the ACE2 heterodimer. Dipeptidyl peptidase 4 (DPP4) is a ubiquitous membrane-bound aminopeptidase that circulates in the plasma has multifunctional roles in metabolism, immunity, and the endocrine system. DPP4 regulates glucose homeostasis and inflammation differently through its immunomodulatory properties. Bassendine et al. (85) reported that obesity and metabolic syndrome strongly affect the severity of COVID-19 by modulating the DPP4 expression.

In COVID-19, loss of the ACE2 enzyme that converts angiotensin-II to angiotensin-I may lead to insulin resistance (86) and endothelial cell dysfunction (87). Although the lung tissue is the primary target of SARS-CoV-2, ACE2 protein expression levels in adipose tissue (80) and pancreas (88) are higher than in the lung. High-level ACE2 expression in the pancreas may predispose to viral pancreatitis (88) and subsequently diabetes as a complication. Therefore, obese individuals may be at higher risk for metabolic complications of COVID-19.



MICRONUTRIENTS AND COVID-19 PATIENTS WITH OBESITY

The insufficiency of micronutrients including vitamin A, vitamin D, vitamin E, vitamin B1, vitamin B6, vitamin B12, vitamin C, Fe, Zn, and Se, called “latent hunger” causes important health problems globally. Correa-Rodríguez et al. (89) observed significant reductions in vitamin C, vitamin A, and Se intake in overweight or obese young adults. Therefore, the supplementation of micronutrients may support the body's natural defense system by enhancing immunity, epithelial barriers, cellular immunity, and antibody production (90).


Vitamins
 
Vitamin A

Vitamin A is accepted as an anti-inflammatory or anti-infective micronutrient owing to its immunomodulatory, and epithelial cell repairing functions (55). Vitamin A has been shown to reduce the severity of viral pneumonia caused by an avian coronavirus (91), measles (92), influenza A, rotavirus, and Newcastle disease virus (93). Therefore, retinoids could potentially inhibit the replication of SARS-CoV-2 and thereby reduce the severity of COVID-19 (94). Furthermore, the vitamin A derivate named isotretinoin (54) may interfere with the cellular uptake of SARS-CoV-2 and its lung-directed pathogenicity by inhibiting the ACE2 (95). Administration of all-trans retinoic acid in a hypoxia/reoxygenation model increased the mRNA expression of ACE2 and down-regulated the mRNA expression of ACE1 and TGF-β1 in renal tubular epithelial cells (96). In individuals with low vitamin A levels, histopathological changes have been detected in pulmonary epithelia and lung parenchyma, along with an increased risk of pulmonary dysfunction and respiratory disease (97). Normal serum retinol levels may mask the severity of vitamin A deficiency in obesity (98). The continuous consumption of the western diet reduces tissue vitamin A levels (99). Vitamin A deficiency and increased expression of leptin, enhance the levels of pro-inflammatory cytokines that contribute to the systemic inflammation in obesity (100). Penkert et al. (98) reported that vitamin A supplementation protects against a respiratory virus infection by controlling respiratory virus clearance, decreasing inflammatory cytokines in the blood, and altering the lung immune capacity in obese C57BL/6 mice. In addition, high doses of oral vitamin A supplementation has been shown to reduce obesity by upregulating brown adipose tissue-uncoupling protein1 (BAT-UCP1) expression in the WNIN/Ob rat model (101). Considering the effects of COVID-19 on lung function and protective properties of vitamin A in the organism, vitamin A is expected to have a beneficial effect in obese COVID-19 patients.



Vitamin C

Vitamin C has been used to boost the antiviral host immune defense (56), reduce or prevent the symptoms of the common cold and other respiratory infections caused by viruses (102, 103). Vitamin C regulates the immune responses in the early stage of influenza infection through increasing the levels of type I interferons (IFN-α and IFN-β) (104) having critical functions to attenuate viral pathogenesis (105). Vitamin C is an effective intracellular antioxidant for biomolecules and has significant ROS scavenging activity that results in the inhibition of the inflammatory NF-κβ signal transduction pathway (56). In addition, the phagocytic activity of neutrophils and macrophages is regulated by their vitamin C content (106). Supplemental vitamin C may decrease the severity of obesity and its co-morbidities by regulating lipid accumulation, inhibiting lipolysis that reduces systematic FFA efflux, and glucocorticoid production, reducing ROS activity and interfering adipocyte macrophages, thus decrease pro-inflammatory adipokines (leptin) and cytokines (107). In a meta-analysis of eight randomized clinical trials in 3,135 children aged 3 months to 18 years, vitamin C administration decreased to the duration of upper respiratory tract infection by 1.6 days. In the same study, it was reported that children 6 years of age benefit from more effective vitamin C administration associated with Echinacea (108). In a randomized, double-blind, placebo-controlled, phase I trial, ascorbic acid infusion rapidly increased plasma ascorbic acid concentration and reduced the pro-inflammatory biomarkers C-reactive protein (CRP) and procalcitonin levels, prevented an increase in thrombomodulin levels consistent with reduced vascular damage, and caused reductions in sequential organ failure assessment scores (109). In addition, a time-delayed infusion protocol of both ascorbic acid and dehydroascorbic acid attenuated pro-inflammatory, procoagulant states that induce lung vascular damage and significantly prolonged survival (110). In obesity, low vitamin C status correlates with inflammatory reactions and vascular dysfunction (111), and a dose of 1 g/day vitamin C treatment for 8 weeks could reduce CRP and IL-6 levels in both hypertensive and diabetic obese patients (112). In higher doses, vitamin C can act as an oxidizing agent (106). The oxidizing properties of vitamin C are boosted with the presence of iron, increasing its antiviral activity via the Fenton reaction that results in the production of hydrogen peroxide and hydroxyl radicals (113). The different doses of vitamin C supplementation (125 and 250 mg/kg) reduced mitochondrial antiviral signaling, interferon-regulating factor 3, and steroid hydroxylase in mice exposed to restraint stress and H1N1-induced pneumonia (114). Recently, Peng (115) started a randomized controlled vitamin C infusion trial that aims to attenuate the respiratory symptoms of COVID-19 infection. High-dose vitamin C might be an effective choice in the early treatment of COVID-19 (116). Consumption of citrus fruits and vegetables containing vitamin C has been proposed as a low-cost strategy to support the immune system during the COVID-19 pandemic (11).



Vitamin D

There are multiple variables such as age, body mass index, skin color, and genetic variants that can affect the vitamin D stores of the body (117). Low serum 25-hydroxyvitamin D [25(OH)D] concentrations have been reported in obese humans and an inverse relationship between BMI and serum 25(OH)D has been reported in obese humans (118). Lin et al. (119) were observed that vitamin D deficiency [25(OH)D <20 ng/mL] and insufficiency [20 <25(OH)D <30 ng/mL] in 52 obese (mean BMI 37.6 ± 6.4 kg/m2) were at 73 and 22% prevalence. Vitamin D metabolizing enzyme expression (Cyp2r1, Cyp27a1, and Cyp2j3) was affected by high fat diet-induced obesity, which may partially explain the mechanisms of the modified vitamin D endocrine system related to obesity (120). Adequate daily intake of vitamin D is thought to curb viral infections (121, 122). Seasonal viral infections affecting the respiratory tract as well as COVID-19 may be facilitated by vitamin D deficiency (123, 124). The serum levels of 25(OH)D, the circulating metabolite of vitamin D, are inversely correlated with pulmonary inflammation (125) and directly correlated with the pulmonary function (120) as well as host immune response (126) during respiratory virus infection. 1,25-dihydroxyvitamin D (1,25D), an active metabolite of vitamin D, has pleiotropic effects on immune system elements (57, 127–129) and may reduce the production of pro-inflammatory cytokines that have been implicated in the pathophysiology of COVID-19 associated ARDS (IFN-γ, TNF-α, IL-1, IL-6, IL-2, IL-12, and IL-17) (Figure 3) (130). Administration of vitamin D stimulated binding of the SARS-CoV-2 cell entry receptor ACE2 to angiotensin-II receptor type 1, decreasing the number of virus particles that could attach to ACE2 and enter the cell (131, 132). Therefore, vitamin D supplementation could potentially reduce the incidence of severe COVID-19 (124). In randomized controlled trials of vitamin D for prevention of respiratory tract infection (Of 1,137 citations retrieved, 11 placebo-controlled studies of 5,660 patients), vitamin D showed a protective effect against respiratory tract infection, with daily dosing appearing to be the most effective strategy (133). That being said, a clinical study conducted by Hastie et al. (134) indicated that the relation between COVID-19 and serum vitamin D levels was not significant. Additionally, the intake of high doses of vitamin D may have harmful effects on COVID-19 patients (124).
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FIGURE 3. The role of the IDO1-AhR-IDO1 signaling loop in obese COVID-19 patients. AhR, aryl hydrocarbon receptors; IDO1, indoleamine 2,3-dioxygenase; ACE2, angiotensin-converting enzyme 2; NF-κβ, nuclear factor-kappa β; TLR, tool-like receptor; PAI-1, plasminogen activator inhibitor-1; CYP1A1, Cytochrome P450, family 1, subfamily A, polypeptide 1; STAT3, signal transducer and activator of transcription 3; TNF-α, tumor necrosis factor-alpha IL; interleukin TF, tissue factor.




Vitamin E

Vitamin E supplementation generally reduces the severity of infectious diseases, owing to antioxidant and immunomodulatory effects (135). Tocopherols (α and γ), natural vitamin E isomers, exhibits ROS scavenging activity (58) and can block acute neutrophil inflammation in the lung (59). Dietary vitamin E deficiency may increase IL-1 induced lung leak in rats (136), and probably provokes acute hyperoxic lung injury related to IL-6 and 8-iso-prostaglandin F2α stimulated inflammation in mice (137). Oral vitamin E intake is positively associated with lung health (138). In a randomized clinical trial performed by Agler et al. (139) proved that a dose of 600 IU vitamin E (every other day) reduced the risk of chronic lung disease. No studies have been done in the case of the link between vitamin E and COVID-19 patients with obesity. Meydani et al. (140) found that a daily intake of 200 IU vitamin E has not any effect on lower respiratory infection. In the same study, the incidence of upper respiratory infections such as common cold found lower in older people.

After ACE2 mediated cell entry, coronaviruses firstly activate aryl hydrocarbon receptors (AhRs) without indoleamine 2,3-dioxygenase (IDO1) stimulation (141). Activated AhRs initiates the production of inflammation factors (IL-1β, IL-6, and TNF-α), induces tissue factor (TF) and PAI-1 mediated thromboembolism (AhR-TF/PAI-1 pathway) (142), and lead multiple organ fibrosis via Cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1)/IL-22 signaling pathway with signal transducer and activator of transcription 3 (STAT3) (143). The produced inflammatory cytokines trigger IDO1 that metabolizes tryptophan to kynurenine (AhR stimulator). Consequently, these signaling factors lead to the IDO1-AhR-IDO1 loop (Figure 3) (141). AhR signaling pathway stimulation also modulates obesity via disrupting fat metabolism (144). The degree of AhR activation raises depend on the severity of obesity due to enhanced inflammatory factors, including TLR2/4- NF-κβ mediated (145). Likewise, elevated dietary fat intake increases the level of serum (low-density-lipoprotein) LDL (146) that responsible for the AhR activation (147). SARS-CoV-2 induced IDO1-AhR-IDO1 loop might be exponentially increased in obese COVID-19 patients, and probably inhibited by vitamin D for AhR (148), and vitamin E for IDO1 (149). Therefore, using both vitamin D and E together most likely reduces the clinical symptoms in COVID-19 infection and obesity-associated complications.



B Vitamins

The prevention or treatment of lung damage is critical for the survival outcome of COVID-19 patients. Vitamin B3, a claimed protector of lungs, can promote the healing of tissue damage in the lungs (60, 61), most likely owing to its ability to inhibit the poly ADP ribose polymerase (PARP) (61). Because the increased activity of PARP elevates the inflammatory cytokines that contribute to the cytokine storm, vitamin B3 therapy may reduce cytokine storm in COVID-19 (6). The pyridine-nucleoside form of vitamin B3 called nicotinamide riboside functions as a precursor to nicotinamide adenine dinucleotide (NAD+), prevented ALI/ARDS and heart injury, and improved the survival of mice after the LPS challenge or sepsis caused by intraperitoneal injection of feces (150). In LPS-challenged rats, the administration of nicotinamide prevented the decrease in mitochondrial respiration and intracellular NAD+ levels in macrophages (151). In obesity, adipose tissue nicotinamide phosphoribosyltransferase (NAMPT) expression reduces, and NAD+ biosynthesis impairs. The reduction in NAD+ levels causes decreasing adiponectin and increasing FFA production (152). The dietary supplementation of NAD+ precursors alleviates inflammation, improves insulin sensitivity, and reduces body weight gain in obesity (153).

Vitamin B6 levels and the severity of inflammatory reactions are inversely correlated (154, 155). The utilization of vitamin B6 rapidly increases under inflammatory conditions, and COVID-19 patients probably may have vitamin B6 deficiency (156). Vitamin B6 downregulated the pulmonary inflammation by inhibiting macrophage activation, as reduced production of IL-1β, IL-6, and TNF-α in macrophages challenged with LPS of mice (155). In a rat model of systemic inflammation, orally administered 500 mg/kg riboflavin and 600 mg/kg thiamine increased the anti-inflammatory activity of dexamethasone, along with reducing TNF-α and IL-6 production (157). The relationship between dexamethasone and thiamine caused more inhibition of IL-6 production compared to dexamethasone-induced. Multivitamin supplementation within 48 h of hospital admission, including thiamine, riboflavin, and niacin was associated with lower overall mortality in patients with Ebola Virus Disease (158).

The folic acid and its derivates such as tetrahydrofolic acid and 5-methyl tetrahydrofolate may interfere with the cell entry of SARS-CoV 2 (63) via inhibition of furin protein that has essential for COVID-19 progression (159). In addition to the ACE2 protein, S-glycoprotein, some of the proteases (Mpro and PLpro), RNA dependent RNA polymerase, and Nsp15 promote the cellular entry of SARS-CoV 2 (63, 160). In a virtual screening study among the 106 nutraceuticals, the folic acid and folic acid derivates were identified as potential agents that could have potential in post-exposure prophylaxis (63).

The deficiency of some B vitamins (folic acid, B6, and B12) and dietary essential amino acid methionine results in hyperhomocysteinemia that leads to venous thromboembolism (64). In obesity, the high cardiovascular risk that is related to hyperhomocysteinemia correlates with insufficient nutritional status of folate and vitamin B12. The decreased levels of plasma folate and vitamin B12 are accepted as a predictor of vascular dysfunction (161). A high dose of vitamin B6 administration may reduce the TNF-α, IL-6, and D-dimer levels and improves endothelial integrity along with preventing coagulopathy in COVID-19 patients (156).




Minerals
 
Magnesium

Magnesium can alleviate inflammatory disorders, including obesity (162) and respiratory infections (78). The M1 type macrophages producing NF-κβ depended on pro-inflammatory mediators shifts to M2 type macrophages after Mg treatment and stimulates the anti-inflammatory cytokine secretion (77). The low dietary Mg intake inversely was associated with endothelial cell dysfunction and biomarkers of systemic inflammation (163). Different forms of Mg could be used against various lung diseases (164). Li et al. (78) reported that MgSO4 administration reduced the PARP-1 and apoptosis-inducing factor levels in LPS induced ALI mice. Recently Tan et al. (165) observed that the administration of oral vitamin D, Mg, and vitamin B12 combination reduces the clinical deterioration in COVID-19 patients. Mg nutrition may be an effective strategy for the treatment and prevention of COVID-19 infection (166, 167). Moreover, many diseases, such as obesity that cause Mg deficiency (162), probably exacerbate the clinical symptoms of COVID-19.



Selenium

Selenium is considered an important antioxidant trace mineral. The severity and mortality of viral infections were inversely correlated with serum Se levels in several studies (168–170). Virulence and pathogenesis levels of viruses can be increased due to the weakened immune system after the long term intake of inadequate Se containing diets (171). The M1 type macrophages increase with Se deficiency or low Se intake (65, 172). However, high amounts of Se intake lead to shifts Th2 phenotype to the Th1 phenotype (173). Zhang et al. (174) recently reported that Chinese persons with lower hair Se content had more severe COVID-19 infections. Se supplementation may therefore have clinical utility in COVID-19 pending further confirmation of the prognostic role of Se for the survival outcome of COVID-19 patients. Fakhrolmobasheri et al. (175) reported that Se could prevent cell death caused by viral replication. In patients with ARDS, sodium selenite (1 mg for 3 days and 1 mg/d for a further 6 days) supplementation replenished Se levels and Se concentrations were positively correlated with antioxidant activity. Serum concentrations of IL-1β and IL-6 were inversely associated with serum Se concentrations. Nevertheless, there was no effect on overall survival, mechanical ventilation time, and length of stay in intensive care (176). In LPS-stressed RAW264.7 cells, LPS increased mRNA profiles of inflammatory genes, while short-time Se pretreatment reduced the LPS-induced upregulation of cyclooxygenase-2, intercellular adhesion molecule−1, IL-1β, IL-6, IL-10, nitric oxide synthase, and monocyte chemoattractant protein-1 and further increased expression of IFN-β and TNF-α (177). In the same study, LPS decreased mRNA levels of selenoprotein encoding genes, whereas increased mRNA levels of thioredoxin reductases (TXNRD1and TXNRD3) in cells. Se deficiency or overexposure impairs the selenoprotein synthesis (glutathione peroxidase and TXNRDs) that cause adipocyte dysfunction leading to various metabolic disorders. The expression of these selenoproteins is decreased in obese individuals due to their lower Se status (178). In COVID-19, selenoprotein expression may also be reduced by inflammatory factors and suppressed immune status (179). Therefore, dietary Se supplementation may help alleviate the respiratory and inflammatory clinical symptoms in obese patients suffering from COVID-19.



Zinc

Zinc is another important trace mineral to improve the immune functions against viral infections (180, 181). In risk groups for Zn deficiency, including aging, immune deficiency, obesity, diabetes, and atherosclerosis, low Zn status may relate to severe COVID-19 risk (182). Zn can exert its antiviral effect by suppressing viral replication, improvement of mucociliary clearance and increasing immune responses, prevention of lung injury, and regulation of antiviral and antibacterial immunity (73). Zn can provide low-cost and effective adjunctive therapy for some viral diseases, including respiratory infections (183). For example, Mossad et al. (184) reported that the duration of common cold symptoms was shortened from 7.6 to 4.4 days with zinc gluconate (containing 13.3 mg elemental Zn). In vitro studies showed that Zn exhibits antiviral activity by inhibiting the SARS-CoV RNA polymerase (73). Indirect data suggest that Zn may decrease the activity of ACE2. The anti-inflammatory activity of Zn depends on NF-κB signaling pathway inhibition and modulation of Treg function, which may help reduce the risk of cytokine storm in COVID-19 (73). In addition, Zn has been revealed to be vital for respiratory epithelium, owing to antioxidant and anti-inflammatory activity (185), and also the regulation of tightly binding proteins zonula occludens-1 and Claudin-1, thereby enhancing barrier functions (186). In an in-vitro study was demonstrated that Zn administration (10 μm Zn preincubation) inhibited respiratory syncytial virus replication by more than 1.000-fold reduction (187). Antiviral agent chloroquine, a Zn ionosphere that is used in the treatment of COVID-19, increases the Zn transport into the cells (73, 188, 189). It has recently been proposed that the severity of COVID-19 infection could be reduced with an adequate daily intake of Zn (183). Recently, Finzi (190) reported that high dose oral supplementation of Zn salts (zinc citrate, zinc gluconate, or zinc acetate) reduced the respiratory clinical symptoms of COVID-19 patients (190). In line with this information, it was suggested that Zn could be one of the most promising micronutrients for COVID-19 prevention or treatment (191, 192). The effects of Zn on obesity and respiratory viral infections may help to treatment of COVID-19 in both obese and overweight patients.



Copper

Copper (Cu), a trace mineral, has an important role in host immunity against viruses, regulating inflammatory responses, and boosting the immunity of the host in many infections (193–198). Elevating the Cu levels in the lung tissue has been suggested as a strategy for treating or preventing pulmonary inflammation (199). The appropriate dietary Cu intake within normal daily limits probably increases the number of phagocytic cells, the activity of Natural killer cells, the proliferation of Th cells (200), and more importantly the Th1-stimulated production of IL-2, but not TNF-α (75). In this context, Cu is may require to maintain the balance of the Th1/Th2 profile (74). The increased pro-inflammatory cytokine TNF-α causes decreasing Cu levels in the lungs during lung infections (199). Raha et al. (201) hypothesized that Cu supplementation could protect the high-risk COVID-19 patient populations with Cu deficiency from developing ARDS.

In addition, the raising of the ROS concentration may be used to exhibit the antiviral action by Cu (76). The Cu-peroxide complexes could enhance the effectiveness of this action (202). Since ROS production properties of Cu containing surfaces, SARS-CoV and SARS-CoV-2 viruses are sensitive to Cu alloys (203, 204). However, Cu supplementation may also increase the risk of sepsis and ARDS and should not be attempted outside a well-controlled clinical trial.





OTHER IMPORTANT NUTRIENTS IN COVID-19


Flavonoids

Plant-derived flavonoids having anti-inflammatory, antioxidant, and antimicrobial activities (205) also have anti-obesity and anti-diabetic potential (206). In obesity and other inflammatory disorders, dietary flavonoids could inhibit inflammatory cytokine production, leptin secretion, insulin resistance, and improve immune responses (207). Polyphenols inhibit NF-κB and activator protein-1 activates nuclear factor erythroid 2–related factor 2 (Nrf2) and improves lipid profiles via enhancing HDL-cholesterol, while the reduction in LDL-cholesterol. Therefore, the intake of high-polyphenol diets shows various antioxidant, anti-inflammatory, and dyslipidemia-reducing effects (182). Vernarelli and Lambert (208) reported that dietary flavonoid consumption was inversely correlated with the severity of obesity and serum CRP levels. The inhibition of inflammatory cytokines by flavonoids (205) in the context of pulmonary infection (209, 210) may prevent the development of or reduce the negative consequences of the cytokine storm in COVID-19. Additionally, the coagulopathy associated with COVID-19 may be alleviated by flavonoids through the reduction of endothelial TF availability (211). Both in vitro and in vivo studies indicate that flavonoids exhibit antiviral activity against respiratory tract viruses including SARS-CoV and influenza (212). In a meta-analysis performed by Somerville et al. (213), flavonoids have been shown to potentially reduce the incidence of upper respiratory tract infections caused by viruses. In silico virtual computational screening studies have been demonstrated that natural compounds like flavonoids may inhibit SARS-CoV-2 by binding to S proteins that have an affinity to ACE2 (214). Also, Adem et al. (215) demonstrated that flavonoids may inhibit Mpro used by SARS-CoV-2 for viral replication. Especially, quercetin and catechins have antiviral activity on SARS-CoV (216), and probably on SARS-CoV 2 (217, 218). In addition, curcumin (219, 220) indomethacin and resveratrol have been proposed as potential supportive care supplements against COVID-19 (221).



Lactoferrin

Lactoferrin, which shows antimicrobial activity, has anti-inflammatory and immunomodulatory activities (222). Due to its antiviral activity, many viruses, including SARS-CoV (223), could be killed by lactoferrin (224–226). The reported antiviral action of lactoferrin against SARS and COVID-19 most probably stems from blocking the activity of ACE2 and Heparan Sulfate Proteoglycan, which are required for cell entry of SARS-CoV and SARS-CoV 2 (227). Additionally, a clinical study performed by Serrano et al. (228) indicated that bovine liposomal lactoferrin using combined with vitamin C and Zn attenuated symptoms of COVID-19 infection. Likewise, lactoferrin can alleviate obesity by inhibiting leptin production and controlling LPS releasing from gut microbiota (229). In this context, the leptin reducing functions of Zn and vitamin C (230) when combined with lactoferrin may be beneficial in the treatment of COVID-19 in obese individuals.



Essential Fatty Acids

Dietary polyunsaturated fatty acids (PUFAs) and their metabolites exert protective effective effects during systemic inflammation (231). Supplementation of n-3 PUFAs reduces the systemic inflammation of non-diabetic obese patients (232). EPA and DHA may inhibit the inflammatory NF-κB and TLR signaling pathways (233). These long-chain fatty acids also decrease the M1/M2 macrophage ratio in adipose tissues, thereby reducing the inflammatory state and decreasing the insulin resistance (234). Omega-3 PUFAs and its lipid derivatives such as resolvins, and protectins (protectin D1), when used at appropriate dose levels and according to rational administration schedules, could be potentially useful in reducing the pro-inflammatory cytokine production that leads to cytokine storm in COVID-19 (235). Importantly, omega-3 and omega-6 PUFAs have been shown to reduce platelet aggregation and may therefore prevent thrombosis (236) and reduce the risk of thromboembolic complications in COVID-19 patients that have been associated with a poor survival outcome (237).




CONCLUSION

A deficiency of micronutrients due to malnutrition has the potential to increase the severity of viral infections. Many essential nutrients like vitamins, minerals, amino acids, and fatty acids are important for the pleiotropic functions of our immune system. Balanced nutrition and intake of nutrients in appropriate amounts and composition may reduce the levels of pro-inflammatory cytokines and their side effects in COVID-19 patients. More importantly, obese COVID-19 patients are more susceptible to inflammation, lung diseases, coagulopathy, and probably insulin resistance than lean patients. Some in vitro and in silico studies suggested that specific nutrients might exhibit protective effects against COVID-19 infection. However, further studies are needed to improve our current knowledge about the emerging role of supplemental nutrients as adjuncts to the supportive care for obese COVID-19 patients.
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Innate immunity impairment led to disruption in cascade of signaling pathways upregulating pro-inflammatory cytokines, diminish interferons, depleted natural killer cells and activate reactive oxygen species production. These conditions severely affected body’s ability to fight against infectious diseases and also plays a pivotal role in disease progression. Here, in emphasis is on nutritional immunity for regulating effective innate immune response for combating against infectious diseases like novel coronavirus disease (COVID 19). Drawing from discoveries on in-vitro experiments, animal models and human trials, tea polyphenols, micronutrients, and vitamins has the potential to modulate and enhance innate immune response. This article provides a comprehensive review on tea (Camellia sinensis L) infusion (a hot water extract of dried processed tea leaves prepared from young shoots of tea plant) as an innate immunity modulator. Tea infusion is rich in polyphenols; epigallocatechin gallate (EGCG) and theaflavin (TF), major green and black tea polyphenols, respectively. Studies showed their immunomodulatory competence. Tea infusions are also rich in alkaloids; caffeine and its intermediates, theophylline and theobromine, which have anti-inflammatory properties. Tea plant being an acidophilic perennial crop can accumulate different micronutrients, viz., copper (Cu), iron (Fe), manganese (Mn), selenium (Se), and zinc (Zn) from growing medium, i.e., from soil, which led to their considerable presence in tea infusion. Micronutrients are integral part of innate immune response. Overall, this review presents tea infusion as an important source of nutritional immunity which can enhance innate immune response in order to mitigate the unprecedented COVID-19 pandemic.




Keywords: coronavirus, cytokines, innate immunity, micronutrients, nutritional immunity, tea polyphenols, vitamins



Introduction

Coronaviruses belongs to a group of enveloped, non-segmented positive-sense RNA viruses belongs to the β genus, Nidovirales order of the Coronaviridae family (1). A novel coronavirus, since named as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019, when it was first reported from Wuhan city of China causing respiratory illness (2). Soon it spread worldwide with cases reported from 182 countries and 33 territories and the World Health Organization has named it as coronavirus disease (COVID-19). Total reported cases surge past 26 millions among which more than 0.88 million succumbed to infection, which accounts for almost 3.26% mortality as on 07 September 2020 (3). On 11 March 2020, WHO declared COVID-19 as pandemic after almost 3 months from its first report (4). Information on COVID-19 pathophysiology is still emerging, but lots have been known till date, particularly on the role of immune response in disease progression (5, 6). Understanding immune regulation triggered by SARS-CoV-2 holds the key for development of vaccines and therapeutics regimen, which are in developing stages. Low neutralizing antibodies reported in a study, which is around 30% of COVID-19 recovered patients is a matter of concern (7). Variation in neutralizing antibodies response and antibody dependent enhancement should be a matter of investigation for effective vaccine candidates (7, 8). Earlier studies on SARS-CoV patients and present evidence on COVID-19 suggested that exacerbate host immune response rather than virulence of the infected virus is responsible for pulmonary injury and multiple organ dysfunctions (9, 10). Therefore, an effective therapeutic needs to address both anti-viral action as well as specific cytokine targeted immunomodulation. This complexity of COVID-19 warrants “multiple approaches” to combat disease progression. In addition to vaccines and effective drugs, a pivotal approach would be of nutritional immunity. This will be important not only to patients with underlying conditions like diabetes, hypertension, etc., but also for other infected and healthy population. Natural compounds in plants are our regular source of nutritious supplements. Among many sources, the tea plant (Camellia sinensis) being rich in antioxidant compound polyphenols, micronutrients, and vitamins in tea infusion makes it as an unique beverage. Tea being a popular and most consumed manufactured drink in the world can play an important role in nutritional immunity (11). The tea consumption worldwide stands at around 4.84 million tons (11). Furthermore, consumption of tea is popular thought out the world due to its easy availability as well as its economic viability. In this review, we have highlighted the importance of tea constituents on regulating an effective innate immune response in special perspective to present unprecedented pandemic. The Innate immunity is the first line of body’s defense against intruded pathogen and will be most important to constraint the pandemic spread in terms of role of nutritional immunity.



Tea Polyphenols and Alkaloids Role in Innate Immunity

Immunological responses reported till now suggested a “cytokine storm” mediated disease severity (12, 13). Earlier studies on SARS-CoV and MERS-CoV, showed down regulation of type I Interferon (IFN), as a strategy to evade immune response (9). Present virus SARS-CoV-2 share close genomic proximity with SARS-CoV and MERS-CoV and it is most likely that SARS-CoV-2 has similar mechanism to evade innate immune response (14). Recent findings confirmed that critical COVID-19 patients have an impaired type I IFN production and a lower viral clearance (10). Concurrently, down regulation of interferon stimulated genes and also plasma levels of IFN- α2 protein in critical patient was observed whereas IFN-ß was undetectable in the mild, moderate, and critical categories of patients studied (10). It is noteworthy that patients with underlying disease conditions were excluded from the study. Studies showed that green tea polyphenol (−)epigallocatechin-3-gallate (EGCG) can induced IFN-λ 1, antiviral interferon stimulated genes expression in both Hepatitis C Virus (HCV), Japanese fulminant hepatitis (JFH) -1-infected and uninfected human hepatoma (Huh7) cells (15). The HCV is an RNA virus similar to SARS-CoV-2 and share same mode of action in reference to impairing interferons through down regulation of receptors like toll-like receptors (TLRs) and retinoic acid-inducible gene I (RIG-I) (16). Earlier studies on SARS-CoV reported the role of TLR3 adapter protein, Toll/interleukin-1 receptor domain-containing adapter-inducing interferon-β (TRIF) and TLR4 related TRIF-related adaptor molecule (TRAM) signaling in controlling viral loads in mice alveolar tissues (17). This protective signaling via TLR3/TRIF and TLR4/TRAM is postulated to be unique in the pathophysiology of coronaviruses unlike in influenza where their depletion does not change the pathogenesis (17). The same should be looked into SARS-CoV-2 interrogating their role both in clinical and experimental aspect. These may lead to importance of TLR agonist in controlling disease progression. Experimental studies with murine derived macrophage and dendritic cells showed that EGCG intervene TLR4 and TLR2 expression through down streaming mitogen-activated protein kinase (MAPK) and nuclear factor kappa B (NF-Kb) signaling leading to inhibition of pro-inflammatory cytokines (18, 19). Highly expressed TLR2 in alveolar epithelial lung tissue is another target which should be investigated (20). EGCG and theaflavin 3,3′ digallate (TFDG) were found to be a potent RIG-I inhibitors (21). Individuals at high risk to SARS-CoV-2 are those with underlying diseases, including diabetes, hypertension, and cardiovascular disease (14). Children are at lower risk which may be due to their adequate innate immune response. These facts strongly indicate that innate immune response is a critical factor for disease outcome. Mounting evidence suggested that polyphenols and micronutrients improve defense function, i.e., resistance to infection, by modulating immune regulation; this may have a strong implication in controlling COVID-19 particularly for cytokine storms (22) EGCG has inhibitory effect on neutrophil transmigration through monolayers of endothelial cells which in turn can reduce vascular permeability (23). It can also reduce neutrophil elastase, a proteolytic molecule implicated with increase permeability in alveolar epithelium (24). Loss of endothelial cells barrier integrity and production of reactive oxygen species by neutrophils leads to homeostatic imbalance which may explain the reason for acute respiratory distress syndrome as observed in COVID-19 patients. This can be characterized by alveolar tissue injury by inflammatory cytokines due to vascular leakage. The inhibitory action of EGCG and theaflavin (TF) against ROS and neutrophil elastase at a concentration available in blood (Table 1) is quite encouraging (23, 31, 32). EGCG and TF, a major black tea polyphenol suppresses the lipopolysaccharide (LPS)-induced intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 expression through blockage of nuclear factor-kappa B (NF-κB) and c-Jun N-terminal kinase (JNK) activation pathway (33, 34). These findings probably explain the inhibitory mechanism of neutrophils by tea polyphenols as ICAM-1 and VCAM-1 are expressed on endothelial cells. Evidence of the stimulatory activity of tea polyphenols of different origins on natural killer (NK) cells with a biphasic effect was reported (35, 36). Treatment with polyphenols in mice model with upper airway inflammation showed increase in NK cells degranulation (37). Although further investigation will be required for elucidating the role of tea polyphenols on NK cells, it may be assumed that a similar action will allow us to highlight the pivotal implication it may have on COVID-19 patients. The NK cells were reported to deplete in COVID-19 patients marking the weakening immune response at the early stage of SARS-CoV-2 infection (37, 38). The NK cells depletion was inversely correlated with increase in expression of Natural Killer Cell Receptors (NKG2A) (39). The same has been observed in COVID-19 patients where NKG2A expression was up-regulated (40). Therefore, the available evidences suggest that the tea polyphenols down regulating NKG2A to induce NK cells can play an important role in early stages of virus infection. Another important aspect is “gut-lung” crosstalk, in recent times this phenomenon has gained lot of attention and it is widely recognized that an ideal gut microenvironment is essential for a balanced immune response not only for gastrointestinal track but also for maintaining respiratory homeostasis (41). Experimental and clinical evidences have indicated that host stress response activates macrophages and neutrophils in alveolar cells, leading to increase in pro-inflammatory cytokines and catecholamines (42). This signal is strongly correlated with growth and virulence of bacterial community like streptococcus pneumonia, klebsiella pneumonia perpetuating alveolar inflammation (42). This change in the inflamed lungs also leads to “gut dysbiosis” altering gut microbiota. This may explain severity of gastrointestinal problem, e.g., diarrhea in COVID 19 patients (41). The “gut-lung” axis is a bidirectional phenomenon, which can explain that an altered bacterial diversity in gut also can trigger a cascade of inflammatory signals in the lungs through butyrate, propionate and secondary bile acids secreted by bacteroides which can bind to receptors of dendritic cells and macrophages (41, 42). Murine and clinical intervention studies indicated that tea catechins have prebiotic activities which help in improving gut barrier integrity, decrease LPS containing gram negative bacterial community in the gut, and regulate intestinal tight junction protein expressions (42). Tea also contain alkaloids methylxanthine, namely, caffeine (CAF) and its intermediates, theophylline (TPI), and theobromine (TBR) (43). They have structural with purine nucleosides, which enable them to act as competitive inhibitor of adenosine receptor (43). This G-protein coupled receptor is widely present in immune cells in the form of different subtypes and plays a pivotal role in regulating innate immune response (43). These interactions of methylxanthines with adenosine receptor may be attributed to functional role of CAF in suppression of neutrophil, monocyte chemotaxis and inhibition of TNF-alpha in human blood (44). TPI is a proven vasodilator and used in the treatment of breathing condition (Apnea of prematurity) of neonates (43). Due to its anti-inflammatory action on bronchial airways, it may prove beneficial to treat ARDS patients when treated for shorter duration. TBR too has similar activity but is a weaker diuretic and muscle relaxant in comparison to TPI (45). Methylxanthine has also the capability to cross the blood brain barrier and regulate gamma-aminobutyric acid (GABA), a principle neurotransmitter in CNS (43). Studies in mice model showed GABA can control inflammatory cytokines in peripheral macrophages (46). This may have a positive implication in neuroprotection of COVID-19 patients with CNS dysfunction. Studies are warranted to explore this dimension with methylxanthines.


Table 1 | Immune activities, content and recovery from human plasma of major green tea polyphenol, epigallocatechin gallate (EGCG), and black tea polyphenol, theaflavin (TF).





Micronutrients and Vitamins in Innate Immunity

Micronutrients and vitamins are important component in the diet for an effective innate immune response (47). Although their status in COVID 19 patients is not yet known but earlier studies documented that selenium (Se), zinc (Zn), and vitamin B6 are associated with adverse clinical outcome in patients of infectious diseases (48). While the micronutrients and vitamin deficiency will lead to overall weakening of the innate immune response, the individual elements does play an important role in balancing immunity (47). Tea is also a source of these micronutrients and vitamins, but their contents; particularly micronutrients may vary with its geographical origin (48, 49). Here, we consider seven essential micronutrients like copper (Cu), iron (Fe), manganese (Mn), selenium (Se), zinc (Zn), and vitamins (B2, B12) which are present in tea infusion (Table 2). This will reflect the uptake of elements in the gastrointestinal tract constituting epithelial cells to predict the effect of habitual tea drinking on innate immunity. Se supplementation has been reported to increase the lymphocyte proliferation, NK cell activity and IFN production in human subjects (54). Se deficiency has been related with severe lung pathology in mice infected with influenza virus (55). It was postulated that Se deficiency has a role in increased viral mutation resulting in more virulent phenotype (56). Recent study from China documented association between higher death rates observed in COVID-19 patients from regions known to be Se deficient in population to that of other regions (57). This observation strongly supported earlier studies findings, where Se deficiency leads to higher pathogenicity in RNA viruses (55, 56). But this also highlights the need for further research on Se status in COVID-19 patients taking into account various confounding factors. Zn is essential for maintaining homeostasis in respiratory alveolar epithelium cells due to its antioxidant and anti-inflammatory activity (58). In vitro studies showed the inhibitory activity of Zn ionophore pyrithione against replication of SARS-coronavirus by effecting enzyme RNA polymerase (RNA dependent RNA polymerase, RdRp) (59). Zn deficiency in lungs, in relation to zinc-binding protein metallothionein (MT), mediates zinc partitioning from lung to liver during hyperoxia, which resulted in lung injury (60). In sepsis condition, Zn deficiency resulted in increased NF-κB p65 mRNA expression resulting in upregulation of target genes interleukin (IL)-1β, TNFα, and ICAM-1 and increase in proinflammatory cytokines IL-6, IL-8, and TNF (61). These cytokines are reported to induce cytokine storm in COVID patients. Zn supplementation reduced neutrophil infiltration and myeloperoxidase mediated oxidative damage which mediates protection in airway inflammation (61). Extensive macrophage infiltration was also reported from post-mortem lungs and kidneys of COVID-19 patients (62, 63). It is established in nutritional immunology that Zn homeostasis is crucial for proper functioning of macrophages (64). Macrophages also play an essential role in iron homeostasis, by recycling iron through phagocytosis of senescent red blood cells for hemoglobin production (65). Vice versa Fe has an effect on regulating macrophages in reducing NF-κB p65 translocation into the nucleus which leads to inhibition of pro-inflammatory cytokine expression (66). Cu too is essential micronutrient acting as co-factor for enzymatic reaction and signal transduction (66). It found itself in a razor edge between essentiality and toxicity in regards to its accumulation in cells beyond its requirement. However, concept in innate immunity is emerging that immune cells uses this toxic level of Cu to attack invading pathogens (67). Activated macrophages during infection transport Cu to phagosome through high affinity copper uptake protein 1 and ATPase Copper Transporting Alpha (67). Cu deficiency has been related with impaired neutrophil and macrophage function (67). Recent literature supported a potential treatment using Cu as ant-viral and inflammatory along with N-acetylcysteine (NAC), colchicine, Nitric oxide and an effective anti-viral drug (68). Mn supplementation was found to increase TYPE I IFN production in murine models and in THP-1, a human macrophage cell line (69). Studies in mice model observed relation between Mn deficiency and impaired anti-viral response. Mn2+ enhances activity of PAMP molecule for binding to cyclic-GMP-AMP synthase (cGAS). Overall it helps in mediating stimulation of cGAS- STING (stimulator of interferon genes) signaling pathway for interferon release (69). Vitamins also has role in inhibition of inflammatory cytokines (70). Tea infusion is also an important source of vitamin B12 (53, 71). Studies showed that drinking tea can improve considerably B12 status in B12-deficient rats (72). It is an essential for innate immunity and its deficiency resulted in reduced white blood cells resulting in increased susceptibility to infections. Tea infusion is also source of another important vitamin, riboflavin (vitamin B2) (52). Its deficiency is a matter of concern for both developing and developed nations. Elderly, pregnant women and alcohol abusers are usually at high risk of immune suppression associated with its deficiency. It affects balanced macrophage functioning which results in reduction of cell viability and excess release of TNF-α (73). It is also known to down-regulate the NF-κB activation initiated by ROS (73), which are the potent activators of a plethora of general pro-inflammatory cytokines such as IL-6 and TNF-α; the two most prominent in “cytokine storm” in COVID-19 patients (5).


Table 2 | Immune activities and content of micronutrients and vitamins in tea infusion.





Discussion

Innate immunity is pivotal as the first line of defense against viral infections. Ability of an infectious agent to evade innate immune response is determinant for its pathogenecity, augmenting severe symptoms or even fatality. In critical patients infected with SARS-CoV-2; respiratory failure, systemic shock and multi organ failure are common characteristics (74). Almost 30% of COVID 19 patients require intensive care unit for ventilation support (74). Acute respiratory distress syndrome is a common complication for viral pneumonia (74), which is same for SARS-CoV-2, SERS-CoV, and MERS augmented pneumonia cases. Pulmonary and alveolar tissue specific inflammatory responses are result of innate immune response leading to cascade of inflammatory host signaling pathways (38). The cross talk between innate and adaptive immunity is hallmark for immune strategies to combat disease progression. NK cells are one such example of crosstalk, which can recognize antigen and generate antigen dependent memory (75). Although understanding the immune response in COVID-19 patients is in growing stage, observations reported till now showed apparent involvement of hyper-inflammation and vascular permeability contributing towards the disease severity (12, 13, 38). Mounting evidence suggested that micronutrients improve defense function, i.e., resistance to infection, by modulating immune regulation (48). This include inhibition of pro-inflammatory cytokines, promotion of anti-inflammatory functions, modulation of cell-mediated immunity, alteration of antigen-presenting cell functions, and communication between the innate and adaptive immune systems. Evidence presented here suggested that tea constituting free radical scavengers polyphenols, micronutrients and vitamins has the functional ability to regulate all these functions. Numerous research work in recent times on TFs and EGCG, showed their importance as immunomodulator (Figure 1). Several medicinal plants highlighted for their medicinal properties in connection with human health in recent past. However, tea itself as a non-alcoholic beverage did not get much attention as a source of nutritional supplements. Being the most widely consumed drink globally, it is of paramount importance to highlight and harness the benefits of tea drinking. There are numerous different types of tea like black tea, green tea, oolong tea, white tea, yellow tea, etc., which differ due to difference in processing methods but have originated from the same plant Camellia sinensis L. Different tea has different major constituents like TFs in black tea and EGCG for green tea. Sometimes number of constituents in the same type of tea varies as per the geographical origin. Assam variety cultivars have been found to possess more polyphenol content than to China or Cambodia variety (76). Likewise, Darjeeling tea is rich in aroma which can be attributed to rich volatile compounds (77). These compounds may have beneficial effect on our respiratory system. Similarly, teas of other region have some unique characteristics, may be in terms of micronutrient contents. These all make tea an important component for nutritional research. Interestingly, computational modeling studies showed the potency of theaflavin-3,3’-digallate, a major TFs, and EGCG in inhibiting RNA-dependent RNA polymerase (RdRp) and the main protease (Mpro), respectively. Both are key components of coronavirus replications and can be major drug target for SARS-CoV-2 (78–80). Earlier studies on HCV showed ability of TFs acting directly against virions particle, changing its morphology, making it unable to enter cells (81). The absorption of polyphenols involves small intestine, liver, and epithelial colon cells of large intestine through process of methylation, glucuronidation, and sulfation (82). They are too hydrophilic to penetrate the gut wall by passive diffusion and mainly active transport mechanism is involved in its absorption (82). Studies in mice model and human volunteers showed their presence in numerous tissues (83, 84). They are also found to be associated with better pulmonary functions in epidemiological studies (85). These findings are encouraging to consider polyphenols as an integral part of nutritional immunity particularly innate immune response, and tea being widely consumed drink is an important and unique source of essential micronutrients and vitamins as well.




Figure 1 | Possible action by tea polyphenols contributing to balance innate immunity in COVID-19. EGCG, Epigallocatechin gallate; TF, Theaflavins; ACE2-Angiotensin, converting enzyme 2; TMPRSS2 Transmembrane protease, serine 2; S-protein, Spike protein; TLR-4, Toll like receptor 4; TRIF, Toll/interleukin-1 receptor (TIR)-domain-containing adapter-inducing interferon-β; TRAM, TRIF-related adaptor molecule; RIG-1, Retinoic acid-inducible gene I; MAPK, Mitogen-activated protein kinases; NF-Kb, Nuclear factor kappa B; JAK, Janus kinase; STAT, Signal transducer and activator of transcription; ISGs, Interferon stimulating genes; IL- Interleukin; TNF, Tumor necrosis factor; IFN, Interferon; NK, Natural killer cells. Symbol denotes: Blue arrow reflects effect of virus; Orange arrow reflect action of polyphenols.





Conclusion

It is evident that innate immunity plays an important role in COVID-19 disease progression. This review showed the importance of nutritional immunity on innate immune response and tea as an important source of it. Recent advancements on increasing the bioavailability of tea polyphenols and its popularity as a beverage advocates for random control clinical trials to translate the basic research findings into clinical use. Nevertheless, this article will further boost tea as a health drink and give an add-on to nutritional supplements augmenting innate immunity in controlling the present pandemic. In present scenario, it will be interesting to study the effect of tea polyphenols on the respiratory and alveolar human cell lines regulating the inflammatory markers by mitigating the cytokine storm of SARS-CoV-2 infection. This will further justify the need for in-vivo studies and clinical trials for developing it as a nutraceuticals and popular health drink at large.



Author Contributions

PC conceptualized, performed literature review, wrote, and presented (table and figures) the MS. AB conceptualized and helped in critically reviewing the MS. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors are thankful to Trishna Bora, Scientist, Medical Rural Research Health Unit, ICMR-Regional Medical Research Centre, Northeast Region, Dibrugarh, India for discussing the content of the article. Finally, we would like to express our sincere gratitude to the two reviewers for their valuable suggestions.



Abbreviations

IFN, Interferon; NK, Natural killer cells; IL, Interleukin; EGCG, Epigallocatechin-3-gallate; TF, Theaflavin; LPS, Lipopolysaccharide; NF-Kb, Nuclear factor kappa B; MAPK, Mitogen-activated protein kinase; Mpro, Main protease; RdRp, RNA-dependent RNA polymerase; RIG-I, Retinoic acid-inducible gene I; TLR, Toll like receptor; ICAM-1, Intercellular adhesion molecule; VCAM, Vascular cell adhesion molecule.



References

1. Fehr, AR, and Perlman, S. Coronaviruses: an overview of their replication and pathogenesis. Methods Mol Biol (2015) 1282:1–23. doi: 10.1007/978-1-4939-2438-7_1

2. Du, Z, Wang, L, Cauchemez, S, Xu, X, Wang, X, Cowling, BJ, et al. Risk for transportation of coronavirus disease from Wuhan to other cities in China. Emer Infect Dis (2020) 26:1049–52. doi: 10.3201/eid2605.200146

3. World Health Organization. WHO Coronavirus disease (COVID-19) dashboard (2020). Available at: https://covid19.who.int (Accessed on Sept, 7th 2020).


4. World Health Organization. Rolling updates on coronavirus disease (COVID-19) (2020). Available at: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen (Accessed on July, 24th 2020).


5. Tay, MZ, Poh, CM, Rénia, L, MacAry, PA, and Ng, LFP. The trinity of COVID-19: immunity, inflammation and intervention. Nat Rev Immunol (2020) 20:363–74. doi: 10.1038/s41577-020-0311-8

6. Ong, EZ, Chan, YFZ, Leong, WY, Lee, NMY, Kalimuddin, S, Mohideen, SMH, et al. A Dynamic Immune Response Shapes COVID-19 Progression. Cell Host Microbe (2020) 27:879–82. doi: 10.1016/j.chom.2020.03.021

7. Wu, F, Wang, A, Liu, M, Wang, Q, Chen, J, Xia, S, et al. Neutralizing antibody responses to SARS-CoV-2 in a COVID-19 recovered patient cohort and their implications(2020). (Accessed April15, 2020).


8. Iwasaki, A, and Yang, Y. The potential danger of suboptimal antibody responses in COVID-19. Nat Rev Immunol (2020) 20:339–41. doi: 10.1038/s41577-020-0321-6

9. Channappanavar, R, and Zhao, J. Perlman S. T cell-mediated immune response to respiratory coronaviruses. Immunol Res (2014) 59:118–28. doi: 10.1007/s12026-014-8534-z

10. Hadjadj, J, Yatim, N, Barnabei, L, Corneau, A, Boussier, J, Péré, H, et al. Impaired type I interferon activity and exacerbated inflammatory responses in severe Covid-19 patients. Science (2020) 369:718–24. doi: 10.1126/science.abc6027

11. Food and Agricultural organization. FAO intergovernmental group on tea. world tea production and trade: current and future development (2015). Available at: http://www.fao.org/3/a-i4480e.pdf (Accessed on Sept, 15th 2020).


12. Pedersen, SF. Ho Ya-Chi. SARS-CoV-2: A storm is raging. J Clin Invest (2020) 130:2202–05. doi: 10.1172/JCI137647

13. Schett, G, Sticherling, M, and Neurath, MF. COVID-19: risk for cytokine targeting in chronic inflammatory diseases? Nat Rev Immunol (2020) 20:271–72. doi: 10.1038/s41577-020-0312-7

14. Gua, YR, Cao, QD, Hong, ZS, Tan, YY, Chen, SD, Jin, HJ, et al. The origin, transmission and clinical therapies on coronavirus disease 2019 (COVID-19) outbreak – an update on the status. Mil Med Res (2020) 7:11. doi: 10.1186/s40779-020-00240-0

15. Wang, Y, Li, J, Wang, X, Peña, JC, Li, K, Zhang, T, et al. (–)-Epigallocatechin-3-gallate enhances hepatitis c virus double-stranded RNA intermediates-triggered innate immune responses in hepatocytes. Sci Rep (2016) 6:21595. doi: 10.1038/srep21595

16. Katze, MG, Fornek, JL, Palermo, RE, Walters, KA, and Korth, MJ. Innate immune modulation by RNA viruses: emerging insights from functional genomics. Nat Rev Immunol (2008) 8:644–54. doi: 10.1038/nri2377

17. Totura, AL, Whitmore, A, Agnihothram, S, Schäfer, A, Katze, MG, Heise, MT, et al. Toll-like receptor 3 signaling via TRIF contributes to a protective innate immune response to severe acute respiratory syndrome coronavirus infection. mBIO (2015) 6:e00638–15. doi: 10.1128/mBio.00638-15

18. Byun, EH, Omura, T, Yamada, K, and Tachibana, H. Green tea polyphenol epigallocatechin-3-gallate Inhibits TLR2 signaling induced by peptidoglycan through the polyphenol sensing molecule 67-kda laminin receptor. FEBS Lett (2011) 585:814–20. doi: 10.1016/j.febslet.2011.02.010

19. Byun, EB, Choi, HG, Sung, NY, and Byun, EH. Green tea polyphenol epigallocatechin-3-gallate inhibits TLR4 signaling through the 67-kDa laminin receptor on lipopolysaccharide-stimulated dendritic cells. Biochem Biophys Res Commun (2012) 426:480–5. doi: 10.1016/j.bbrc.2012.08.096

20. Heounjeong, G, Jaemoon, K, Hye Sung, K, Yoon Kyung, J, and Doo Hyun, C. Expression of toll-like receptor 2 and 4 is increased in the respiratory epithelial cells of chronic idiopathic interstitial pneumonia patients. Respir Med (2014) 108:783–92. doi: 10.1016/j.rmed.2013.12.007

21. Kumar, CTR, Lai, Y, Sarisky, RT, and Kao, CC. Green tea catechin, epigallocatechin gallate, suppresses signaling by the dsRNA innate immune receptor RIG-I. PloS One (2010) 5:e12878. doi: 10.1371/journal.pone.0012878

22. Cena, H, and Chieppa, M. Coronavirus disease (COVID-19–SARS-CoV-2) and nutrition: is infection in Italy suggesting a connection? Front Immunol (2020) 11:944. doi: 10.3389/fimmu.2020.00944

23. Dona, M, Dell’Aica, I, Calabrese, F, Benelli, R, Morini, M, and Albini, A. Neutrophil restraint by green tea: inhibition of inflammation, associated angiogenesis, and pulmonary fibrosis. J Immunol (2003) 170:4335–41. doi: 10.4049/jimmunol.170.8.4335

24. Xiaokaiti, Y, Wu, H, Chen, Y, Yang, H, Duan, J, and Li, X. EGCG reverses human neutrophil elastase-induced migration in A549 cells by directly binding to HNE and by regulating α1-AT. Sci Rep (2015) 5:11494. doi: 10.1038/srep11494

25. Koch, W, Kukula-Koch, W, Komsta, L, Marzec, Z, Szwerc, W, and Glowniak, K. Green tea quality evaluation based on its catechins and metal composition in combination with chemometric analysis. Molecules (2018) 23:16989. doi: 10.3390/molecules23071689

26. Fernández, VA, Toledano, LA, Lozano, NP, Tapia, EN, Roig, MDG, Fornell, RDLT, et al. Bioavailability of epigallocatechin gallate administered with different nutritional strategies in healthy volunteers. Antioxidants (2020) 9:440. doi: 10.3390/antiox9050440

27. Stalmach, A, Troufflard, S, Serafini, M, and Crozier, A. Absorption, metabolism and excretion of Choladi green tea flavan-3-ols by humans. Mol Nutr Food Res (2009) 53:44–53. doi: 10.1002/mnfr.200800169

28. Mulder, TPJ, Platerink van, CJ, Schuyl, W, and Amelsvoort van, JMM. Analysis of theaflavins in biological fluids using liquid chromatography–electrospray mass spectrometry. J Chromatogr B (2001) 760:271–79. doi: 10.1016/S0378-4347(01)00285-7

29. Konieczynski, P, Viapiana, A, and Wesolowski, M. Comparison of infusions from black and green teas (Camellia sinensis L. Kuntze) and Erva-mate (Ilex paraguariensis A. St.-Hil.) based on the content of essential elements, secondary metabolites, and antioxidant activity. Food Anal Methods (2017) 10:3063–70. doi: 10.1007/s12161-017-0872-8

30. Lelo, A, Birkett, DJ, Robson, RA, and Miners, JO. Comparative pharmacokinetics of caffeine and its primary demethylated metabolites paraxanthine, theobromine and theophylline in man. Br J Clin Pharmacol (1986) 22:177–82. doi: 10.1111/j.1365-2125.1986.tb05246.x

31. Wu, H, Li, Q, Zhou, X, Kolosov, VP, and Perelman, JM. Theaflavins extracted from black tea inhibit airway mucous hypersecretion induced by cigarette smoke in rats. Inflammation (2012) 35:271–9. doi: 10.1007/s10753-011-9314-8

32. Sartor, L, Pezzato, E, and Garbisa, S. (-)Epigallocatechin-3-gallate inhibits leukocyte elastase: Potential of the phyto-factor in hindering inflammation, emphysema, and invasion. J Leukoc Biol (2002) 71:73–9. doi: 10.1189/jlb.71.1.73

33. Song, YA, Park, YL, Yoon, SH, Kim, KY, Cho, SB, Lee, WS, et al. Black tea polyphenol theaflavin suppresses LPS-induced ICAM-1 and VCAM-1 expression via blockage of NF-κB and JNK activation in intestinal epithelial cells. Inflammation Res (2011) 60:493–500. doi: 10.1007/s00011-010-0296-z

34. Li, J, Ye, L, Wang, X, Liu, J, Wang, Y, and Zhou, Y. (–)-Epigallocatechin gallate inhibits endotoxin-induced expression of inflammatory cytokines in human cerebral microvascular endothelial cells. J Neuroinflamm (2012) 9:161. doi: 10.1186/1742-2094-9-161

35. Grudzien, M, and Rapak, A. Effect of natural compounds on NK cell activation. J Immunol Res (2018) 2018:4868417. doi: 10.1155/2018/4868417

36. Li, Q, Huyan, T, Ye, LJ, Li, J, Shi, JL, and Huang, QS. Concentration-dependent biphasic effects of resveratrol on human natural killer cells in vitro. J Agric Food Chem (2014) 62:10928–935. doi: 10.1021/jf502950u

37. Zheng, M, Gao, Y, Wang, G, Song, G, Liu, S, and Sun, D. Functional exhaustion of antiviral lymphocytes in COVID-19 patients. Cell Mol Immunol (2020) 17:533–35. doi: 10.1038/s41423-020-0402-2

38. McKechnie, JL, and Blish, CA. The innate immune system: fighting on the front lines or fanning the flames of COVID-19? Cell Host Microbe (2020) 27:863–69. doi: 10.1016/j.chom.2020.05.009

39. Zhang, C, Wang, XM, Li, SR, Twelkmeyer, T, Wang, WH, Zhang, SY, et al. NKG2A is a NK cell exhaustion checkpoint for HCV persistence. Nat Commun (2019) 10:1507. doi: 10.1038/s41467-019-09212-y

40. Antonioli, L, Fornai, M, Pellegrini, C, and Blandizzi, C. NKG2A and COVID-19: another brick in the wall. Cell Mol Immunol (2020) 17:672–74. doi: 10.1038/s41423-020-0450-7

41. Dhar, D, and Mohanty, A. Gut microbiota and Covid-19- possible link and implications. Virus Res (2020) 285:198018. doi: 10.1016/j.virusres.2020.198018

42. Hodges, JK, Zhu, J, Yu, Z, Vodovotz, Y, Borck, G, and Sasaki, GY. Intestinal-level anti-inflammatory bioactivities of catechin-rich green tea: Rationale, design, and methods of a double-blind, randomized, placebo-controlled crossover trial in metabolic syndrome and healthy adults. Contemp Clin Trials Commun (2020) 17:100495. doi: 10.1016/j.conctc.2019.100495

43. Onatibia-Astibia, A, Martinez-Pinilla, E, and Franco, R. The potential of methylxanthine-based therapies in pediatric respiratory tract diseases. Res Med (2016) 112:1–9. doi: 10.1016/j.rmed.2016.01.022

44. Horrigan, LA, Kelly, JP, and Connor, TJ. Immunomodulatory effects of caffeine: friend or foe? Pharmacol Ther (2006) 111:877–92. doi: 10.1016/j.pharmthera.2006.02.002

45. Yoneda, M, Sugimoto, N, Katakura, M, Matsuzaki, K, Tanigami, H, Yachie, A, et al. Theobromine up-regulates cerebral brain-derived neurotrophic factor and facilitates motor learning in mice. J Nut Biochem (2017) 39:110–16. doi: 10.1016/j.jnutbio.2016.10.002

46. Bhat, R, Axtell, R, Mitra, A, Miranda, M, Lock, C, Tsien, RW, et al. Inhibitory role for GABA in autoimmune inflammation. PNAS (2010) 107:2580–85. doi: 10.1073/pnas.0915139107

47. Erickson, KL, Medina, EA, and Hubbard, NE. Micronutrients and innate immunity. J Infect Dis (2000) 182:5–10. doi: 10.1086/315922

48. Dizdar, OS, Baspınar, O, Kocer, D, Dursun, ZB, Avci, D, Karakükcü, C, et al. Nutritional risk, micronutrient status and clinical outcomes: A prospective observational study in an infectious disease clinic. Nutrients (2016) 29:124. doi: 10.3390/nu8030124

49. Karak, T, Kutu, FR, Nath, JR, Sonar, I, Paul, RK, Boruah, RK, et al. Micronutrients (B, Co, Cu, Fe, Mn, Mo, and Zn) content in made tea (Camellia sinensis L.) and tea infusion with health prospect: A critical review. Crit Rev Food Sci Nutr (2017) 57:2996–34. doi: 10.1080/10408398.2015.1083534

50. Nordin, NA. The impact of selenium-rich green and black tea water extracts on bone health in vitro, and in an animal model of osteoporosis [Ph.D. thesis]. Palmerston North, New Zealand: Massey University (2017).


51. Street, R, Szakova, J, Drabek, O, and Mladkova, L. The Status of Micronutrients (Cu, Fe, Mn, Zn) in tea and tea infusions in selected samples imported to the Czech Republic. Czech J Food Sci (2006) 24:62–71. doi: 10.17221/3301-CJFS

52. Tezcan, F, and Erim, FB. Determination of Vitamin B2 Content in black, green, sage, and rosemary tea infusions by capillary electrophoresis with laser-induced fluorescence detection. Beverages (2018) 4:86. doi: 10.3390/beverages4040086

53. Katsurai Kittaka, H, Watanebe, F, and Nakan, Y. Occurrence of vitamin B12 in green, blue, red and black tea leaves. J Nutr Sci Vitaminol (2004) 50:438–40. doi: 10.3177/jnsv.50.438

54. Broome, CS, McArdle, F, Kyle, JA, Andrews, F, Lowe, NM, Hart, CA, et al. An increase in selenium intake improves immune function and poliovirus handling in adults with marginal selenium status. Am J Clin Nutr (2004) 80:154–62. doi: 10.1093/ajcn/80.1.154

55. Beck, MA, Shi, Q, Van Dael, P, Schiffrin, EJ, Blum, S, Barclay, D, et al. Selenium deficiency increases the pathology of an influenza virus infection. FASEB J (2001) 15:1481–83. doi: 10.1096/fj.00-0721fje

56. Nelson, HK, Shi, Q, Van Dael, P, Schiffrin, EJ, Blum, S, Barclay, D, et al. Host nutritional selenium status as a driving force for influenza virus mutations. FASEB J (2001) 15:1486–88. doi: 10.1096/fj.01-0108com

57. Zhang, J, Taylor, EW, Bennett, K, Saad, R, and Rayman, MP. Association between regional selenium status and reported outcome of COVID-19 cases in China. Am J Clin Nutr (2020) 111:1297–99. doi: 10.1093/ajcn/nqaa095

58. Bao, S, and Knoell, DL. Zinc modulates cytokine-induced lung epithelial cell barrier permeability. Am J Physiol Lung Cell Mol Physiol (2006) 291:1132–41. doi: 10.1152/ajplung.00207.2006

59. Skalny, AV, Rink, L, Ajsuvakova, OP, Aschner, M, Gritsenko, VA, and Alekseenko, SI. Zinc and respiratory tract infections: Perspective for COVID-19. Int J Mol Med (2020) 46:17–26. doi: 10.3892/ijmm.2020.4575

60. Lee, SM, McLaughlin, JN, Frederick, DR, Zhu, L, Thambiayya, K, Wasserloos, KJ, et al. Metallothionein-induced zinc partitioning exacerbates hyperoxic acute lung injury. Am J Physiol Lung Cell Mol Physiol (2013) 304:350–60. doi: 10.1152/ajplung.00243.2012

61. Bao, S, Liu, MJ, Lee, B, Besecker, B, Lai, JP, and Guttridge, DC. Zinc modulates the innate immune response in vivo to polymicrobial sepsis through regulation of NF-κb. Am J Physiol Lung Cell Mol Physiol (2010) 298:744–54. doi: 10.1152/ajplung.00368.2009

62. 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) S1473:30434–5. doi: 10.1016/S1473-3099(20)30434-5

63. Diao, B, Wang, C, Wang, R, Feng, Z, Tan, Y, Wang, H, et al. Human kidney is a target for novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Infection(2020). (Accessed May 15, 2020).


64. Hamon, R, Homan, CC, Tran, HB, Mukaro, VR, Lester, SE, Roscioli, E, et al. Zinc and zinc transporters in macrophages and their roles in efferocytosis in COPD. PloS One (2014) 9:e110056. doi: 10.1371/journal.pone.0110056

65. Agoro, R, Taleb, M, Quesniaux Valerie, FJ, and Mura, C. Cell iron status influences macrophage polarization. PloS One (2018) 13:e0196921. doi: 10.1371/journal.pone.0196921

66. Kardos, J, Héja, L, Simon, A, Jablonkai, I, Kovács, R, and Jemnitz, K. Copper signalling: causes and consequences. Cell Comm Sign (2018) 16:71. doi: 10.1186/s12964-018-0277-3

67. Festa, RA, and Thiele, DJ. Copper at the front line of the host- pathogen battle. PloS Pathog (2012) 8:e1002887. doi: 10.1371/journal.ppat.1002887

68. Andreou, A, Trantza, S, Filippou, D, Sipsas, N, and Tsiodras, S. COVID-19: The potential role of copper and N-acetylcysteine (NAC) in a combination of candidate antiviral treatments against SARS-CoV-2. Vivo (2020) 34:1567–88. doi: 10.21873/invivo.11946

69. Haase, H. Innate Immune Cells Speak Manganese. Immunity (2018) 48:616–18. doi: 10.1016/j.immuni.2018.03.031

70. Gombart, AF, and Pierre, A. Maggini S. A review of micronutrients and the immune system–working in harmony to reduce the risk of infection. Nutrients (2020) 12:236. doi: 10.3390/nu12010236

71. Teng, F, Bito, T, Takenaka, S, Yabuta, Y, and Watanabe, F. Determination of Vitamin B12 in chinese black tea leaves. Food Nutr Sci (2014) 5:1326–32. doi: 10.4236/fns.2014.514144

72. Katsurai Kittaka, H, Ebara, S, Watanabe, F, and Nakano, Y. Characterization of corrinoid compounds from a Japanese black tea (batabata-cha) fermented by bacteria. J Agric Food Chem (2004) 52:909–11. doi: 10.1021/jf030585r

73. Suwannasom, N, Kao, I, Pruß, A, Georgieva, R, and Bäumler, H. Riboflavin: The health benefits of a forgotten natural vitamin. Int J Mol Sci (2020) 21:950. doi: 10.3390/ijms21030950

74. Huang, C, Wang, Y, Li, X, Ren, L, Zhao, J, Hu, Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet (2020) 395:497–06. doi: 10.1016/S0140-6736(20)30183-5

75. O’Sullivan, TE, Sun, JC, and Lanier, LL. Natural killer cell memory. Immunity (2015) 43:634–45. doi: 10.1016/j.immuni.2015.09.013

76. Sabhapondit, S, Karak, T, Bhuyan, LP, Goswami, BC, and Hazarika, M. Diversity of catechin in northeast indian tea cultivars. Sci World J (2012) 2012:485193. doi: 10.1100/2012/485193

77. Schuh, C, and Schieberle, P. Characterization of the key aroma compounds in the beverage prepared from darjeeling black tea:  Quantitative differences between tea leaves and infusion. J Agric Food Chem (2006) 54:916–24. doi: 10.1021/jf052495n

78. Lung, J, Lin, YS, Yang, YH, Chou, YL, Shu, LH, Cheng, YC, et al. The potential chemical structure of anti-SARS-CoV-2 RNA-dependent RNA polymerase. J Med Virol (2020) 92:693–97. doi: 10.1002/jmv.25761

79. Bhardwaj, VK, Singh, R, Sharma, J, Rajendran, V, Purohit, R, and Kumar, S. Identification of bioactive molecules from tea plant as SARS-CoV-2 main protease inhibitors. J Biomol Struct Dyn (2020), 1–10. doi: 10.1080/07391102.2020.1766572

80. Ghosh, R, Chakraborty, A, Biswas, A, and Chowdhuri, A. Evaluation of green tea polyphenols as novel corona virus (SARS CoV-2) main protease (Mpro) inhibitors – an in silico docking and molecular dynamics simulation study. J Biomol Struct Dyn (2020), 1–13. doi: 10.1080/07391102.2020.1779818

81. Chowdhury, P, Sahuc, ME, Rouille, Y, Rivière, C, Bonneau, N, Vandeputte, A, et al. Theaflavins, polyphenols of black tea, inhibit entry of hepatitis C virus in cell culture. PloS One (2018) 13:1–16. doi: 10.1371/journal.pone.0198226

82. Manach, C, Scalbert, A, Morand, C, Rémésy, C, and Jiménez, L. Polyphenols: food sources and bioavailability. Am J Clin Nutr (2004) 79:727–47. doi: 10.1093/ajcn/79.5.727

83. Kim, SB, Lee, MJ, Li, C, Smith, TJ, Yang, GY, et al. Plasma and tissue levels of tea catechins in rats and mice during chronic consumption of green tea polyphenols. Nutr Cancer (2000) 37:41–8. doi: 10.1207/s15327914nc3701_5

84. Yang, CS, Chen, L, Lee, MJ, Balentine, D, Kuo, MC, and Schantz, SP. Blood and urine levels of tea catechins after ingestion of different amounts of green tea by human volunteers. Cancer Epidemiol Biomarkers Prev (1998) 7:351–54.


85. Pounis, G, Arcari, A, Costanzo, S, Castelnuovo Di, A, Bonaccio, M, and Persichillo, M. Favorable association of polyphenol-rich diets with lung function: Cross sectional findings from the Moli-sani study. Respir Med (2018) 136:48–56. doi: 10.1016/j.rmed.2017.12.007



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 Chowdhury and Barooah. 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.




REVIEW

published: 28 October 2020

doi: 10.3389/fimmu.2020.574029

[image: image2]


The Long History of Vitamin C: From Prevention of the Common Cold to Potential Aid in the Treatment of COVID-19


Giuseppe Cerullo 1†, Massimo Negro 2*†, Mauro Parimbelli 2, Michela Pecoraro 3, Simone Perna 4, Giorgio Liguori 1, Mariangela Rondanelli 5,6, Hellas Cena 6,7 and Giuseppe D’Antona 2,6


1 Department of Movement Sciences and Wellbeing, University of Naples Parthenope, Naples, Italy, 2 Centro di Ricerca Interdipartimentale nelle Attività Motorie e Sportive (CRIAMS)—Sport Medicine Centre, University of Pavia, Voghera, Italy, 3 Department of Pharmacy, University of Salerno, Fisciano, Italy, 4 Department of Biology, College of Science, University of Bahrain, Sakhir, Bahrain, 5 IRCCS Mondino Foundation, Pavia, Italy, 6 Department of Public Health, Experimental and Forensic Medicine, University of Pavia, Pavia, Italy, 7 Clinical Nutrition and Dietetics Service, Unit of Internal Medicine and Endocrinology, ICS Maugeri IRCCS, University of Pavia, Pavia, Italy




Edited by: 
Ioannis Zabetakis, University of Limerick, Ireland

Reviewed by: 
Ran Wei, The State University of New Jersey, United States

Anitra C. Carr, University of Otago, New Zealand

*Correspondence: 
Massimo Negro
 massimo.negro@unipv.it


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Immunology








Received: 18 June 2020

Accepted: 21 September 2020

Published: 28 October 2020

Citation:
Cerullo G, Negro M, Parimbelli M, Pecoraro M, Perna S, Liguori G, Rondanelli M, Cena H and D’Antona G (2020) The Long History of Vitamin C: From Prevention of the Common Cold to Potential Aid in the Treatment of COVID-19. Front. Immunol. 11:574029. doi: 10.3389/fimmu.2020.574029



From Pauling’s theories to the present, considerable understanding has been acquired of both the physiological role of vitamin C and of the impact of vitamin C supplementation on the health. Although it is well known that a balanced diet which satisfies the daily intake of vitamin C positively affects the immune system and reduces susceptibility to infections, available data do not support the theory that oral vitamin C supplements boost immunity. No current clinical recommendations support the possibility of significantly decreasing the risk of respiratory infections by using high-dose supplements of vitamin C in a well-nourished general population. Only in restricted subgroups (e.g., athletes or the military) and in subjects with a low plasma vitamin C concentration a supplementation may be justified. Furthermore, in categories at high risk of infection (i.e., the obese, diabetics, the elderly, etc.), a vitamin C supplementation can modulate inflammation, with potential positive effects on immune response to infections. The impact of an extra oral intake of vitamin C on the duration of a cold and the prevention or treatment of pneumonia is still questioned, while, based on critical illness studies, vitamin C infusion has recently been hypothesized as a treatment for COVID-19 hospitalized patients. In this review, we focused on the effects of vitamin C on immune function, summarizing the most relevant studies from the prevention and treatment of common respiratory diseases to the use of vitamin C in critical illness conditions, with the aim of clarifying its potential application during an acute SARS-CoV2 infection.




Keywords: vitamin C supplementation, viral infections, COVID-19, pneumonia, immune function, athletes, non-communicable diseases, frail elderly subjects



Introduction

Vitamin C (ascorbic acid) plays an important role in the normal functioning of the immune system (1–4) and its use in preventing and/or treating infections has strongly attracted the interest of physicians and investigators for almost a century. A plethora of papers have been published on this topic, but, although it is well known that a deficiency of vitamin C due to a low nutritional intake leads to a greater susceptibility to infections (5), the possibility of reducing the incidence of viral diseases in a well-nourished population through the use of dietary supplements based on vitamin C is not adequately supported in literature. At present, very little evidence supports the benefit of high doses of vitamin C supplementation on immune function in healthy individuals (4, 6) and several authors have underlined that this practice is ineffective in preventing the common cold and viral infections in most subjects (7–12). Despite this, the popular belief that an extra intake of vitamin C can boost the immune system is still widespread and every year the market claims that the use of supplements is a winter remedy to prevent infectious disease.

While scientists’ current position is not to recommend the use of vitamin C supplementation to prevent viral invasions in healthy subjects, more promising—though questioned—data seem instead to emerge from the intravenous administration (IA) of this vitamin in acute respiratory conditions or critical illnesses. Furthermore a potential pharmacological role during early phases of the new coronavirus (SARS-CoV2) infection and its related disease (COVID-19) was recently put forward (13–18). The rapid worldwide spread of SARS-CoV2 and the consequent pandemic emergency recognized by World Health Organization urgently requires a global effort to identify anything that can treat symptoms and reduce deaths. At the beginning of June, more than 6,600,000 cases of infection and 391,000 deaths related to COVID-19 had been reported globally and the number of cases is constantly increasing worldwide (19). Currently, no specific antiviral therapy has been approved for the cure of COVID-19 (20), and this has led researchers to speculate on a possible adjuvant treatment based on indirect evidence from severely ill patients and patients with sepsis conditions (21). Sepsis is a life-threatening organ dysfunction caused by an impaired host response to infection, characterized by a dramatic failure of the circulatory, metabolic, and immune systems, and recognized as the primary cause of death from infection: patients who develop septic shock can have hospital mortality rates of up to 50% (22). On these clinical conditions literature shows that high doses of vitamin C by intravenous infusion may reduce the inflammatory cytokine-related production and potentially improve important outcomes such as the duration of mechanical ventilation time and mortality rates (13–18). This is of particular importance since acute respiratory distress syndrome (ARDS) is one of the most frequent severe conditions registered in COVID-19 patients (23). ARDS is a serious and, in some cases fatal, syndrome characterized by a strong inflammatory response with massive alveolar damage and multiple organ failure, requiring intensive care unit (ICU) treatment (24). Authors reported a percentage of ARDS cases of around 15% among hospitalized patients with SARS-CoV2 infection (25).

Data on the use of intravenous-administered vitamin C in COVID-19 patients are still unavailable, but clinical trials to explore the efficacy of this treatment are currently in progress in several countries (26) and important results will be available soon.

Based on the above, the aim of this review is firstly to summarize the immunological role of vitamin C with a description of its potential effects as a dietary supplement, on the mechanisms involved during respiratory viral infections, and in relation to the inflammatory response considering different subject categories and clinical conditions; secondly, the manuscript describes the updated literature on the IA of vitamin C in the treatment of severe sepsis and ARDS conditions, with the aim of establishing whether the current clinical background on this topic offers strong enough perspectives to propose vitamin C for a pharmacological application to reduce the dramatic cytokine production and regulate other recognized COVID-19-related immune responses.



Physiology of Vitamin C


Bioavailability

Vitamin C is an essential nutrient that must be taken through the diet as humans are unable to synthesize it (27). Thus, our body has developed an effective adaptation system which maintains the organic reserves of vitamin C and prevents its deficiency due to a low dietary intake. These adaptations include a higher absorption and recycling capacity of vitamin C compared to other animal species (e.g., goat and reptiles), which can normally produce it (28, 29). Animal studies have shown that vitamin C is preferentially stored in the brain, adrenal gland, liver and lungs (30–33) but its levels in these organs are rapidly depleted after about one week of dietary insufficiency (31). In humans, skeletal muscle represents the major pool of vitamin C (34). Muscle fibers also lose vitamin C content very rapidly under inadequate dietary intake. However, a consumption of half a kiwifruit per day seems to be enough to saturate the muscle tissue’s vitamin C concentrations in non-smoking men (35). Vitamin C homeostasis is finely regulated by at least four mechanisms: intestinal absorption, transport to tissue, renal reuptake, and urine excretion, mainly regulated by a family of proteins named Sodium-Dependent Vitamin C Transporters (SVCT) (36). Considering the individual variability in healthy subjects, studies suggest that a daily intake of vitamin C from 100 to 400 mg ensures 100% of the bioavailability and blood saturation with a steady state of plasma concentration that reaches a maximum level of approximately 70–80 µmol/L (37, 38). Generally, if the intake of vitamin C exceeds 500 mg/day, a further increase in plasma concentration is inhibited and the bioavailability can decrease close to 30% when more than 1,000 mg of vitamin C is administered in a single bout (39). This occurs because when 500–1,000 mg of vitamin C is administered orally, the intestinal transporter (SVCT1) rapidly achieves its maximal saturation, while the urine excretion of the vitamin is progressively increased (38, 39). The measure of plasma vitamin C concentration may be considered, even though the circulant values cannot be used as a reliable marker of the body stores (about 5 g) (40). A plasma concentration value of vitamin C lower than 23 μmol/L reflects a depletion of the vitamin C pool (state of hypovitaminosis), while clinical symptoms of scurvy occur when plasma values are lower than 11 μmol/L (41).



Recommended Dietary Allowances

To maintain adequate body stores, recommended dietary allowance (RDA) for vitamin C has been proposed over the years. The RDAs vary among countries: e.g., current recommendations in the United States and Canada is 90 mg/day for adult men and 75 mg/day for adult women (42), while in Italy the suggested intakes are 105 mg/day and 85 mg/day for adult men and women, respectively (43). This variation in RDAs can be explained by the different criteria used by various authorities to define the estimated average requirement (EAR) for vitamin C, including prevention of scurvy, immune cell support, maintenance of an adequate plasma vitamin C level, and optimizing health (44). Furthermore, RDAs vary among subjects as several factors can modify vitamin C requirements, including gender, age, smoking, pregnancy, and lactation (44).

Several authors and guidelines indicated that males need more vitamin C than females (45–51) probably due to the higher body weight and fat-free mass of men compared to women (52).

In children and adolescents the RDAs for vitamin C are generally derived from adult needs and adjusted in relation to their lower body mass (46, 47, 53) as reported by Carr and Lykkesfeldt (44). In Italy, for example, SINU recommends an intake of 45 mg for children from 4 to 6 years of age (45). Epidemiological studies indicate that a lower vitamin C status can be found in the elderly, suggesting that they require a higher intake compared to adults (54–56). However, currently only France has developed specific guidelines for subjects from 75 years of age, indicating a daily intake of 120 mg (57).

Vitamin C requirements are higher in women during pregnancy (44): the hemodilution due to the increase of blood volume and the active absorption of vitamin C by the fetus during its development lead to a reduction of the vitamin status (58). Even lactation increases the vitamin C requirement of women, to satisfy the vitamin needs of the infant normal growth. Most countries recommend an extra daily intake of 10–20 mg for pregnant women and an extra daily intake of 20–60 mg/day for women during lactation (44).

Smokers usually have lower plasma values than non-smokers, probably due to increased oxidative stress and higher turnover of vitamin C. In addition to this, a reduced vitamin C status in smokers is also due to the dietary intake of vitamin C, which is usually lower compared to non-smokers (59). Therefore, in order to compensate these conditions, authorities have recommended an additional intake of 20 to 80 mg/day of vitamin C for these subjects, setting the RDAs for smokers at 120–155 mg/day (44).

Some other factors have been recognized as reducing vitamin C status (60), even though they were not considered in general guidelines and the daily additional values of vitamin C potentially required are not currently available. These factors include: 1) passive exposure to tobacco smoking and environmental pollutants, which can enhance oxidative stress; 2) geographic influence, socioeconomic and cultural status, which may have an impact on production, selection and consumption of foods typically rich in vitamin C; 3) food preparation and cooking methods, which can reduce the content of vitamin C in foods since this vitamin is water-soluble and heat-labile.

The potential variability of the metabolism of vitamin C among various ethnic groups is practically unknown and this topic should certainly be further explored. Only one study reported that lower vitamin C concentrations were significantly associated with a higher leukocyte count in African Americans but not in Caucasians, suggesting hypothetical metabolic or pharmacokinetic differences among races (61).




Vitamin C and Immune System Regulation

Besides an extensive range of biochemical pathways in which vitamin C is involved, it also participates in the response of the innate and adaptive immune system (1). The intracellular content of vitamin C in immune cells depends on the plasma availability. In healthy adults the content of vitamin C in leukocytes can be saturated with an intake of at least 100 mg of vitamin C per day, through foods, obtaining a concentration of about 3.5, 3, and 1.5 mmol/L, respectively, in lymphocytes, monocytes and neutrophils (39, 62–65). Leukocytes’ absorption of vitamin C from the blood is very efficient, through SVCT proteins (66), resulting in an intracellular content which is 50 to 100 times greater than the plasma concentration (67, 68). As an effective antioxidant, vitamin C contributes to protecting neutrophils from oxidative stress during the early stages of an immune response, when neutrophils activate phagocytosis and produce reactive oxygen species (ROS) to destroy antigens (69, 70). Once the phagocytic capacity is exhausted and neutrophils start to die, vitamin C seems to regulate the process in favor of apoptosis, through the activation of a caspase-dependent cascade, inhibiting the transition to necrosis, and resulting in a more efficient resolution of inflammation (71).

Vitamin C is also involved in the migration of phagocytes (neutrophils and macrophages) toward the infection sites in response to chemoattractants (72, 73). This is particularly important since an impaired neutrophilic chemotaxis has been observed in patients with severe infection (74–76). Furthermore in subjects with low blood concentrations of vitamin C (<50 µmol/L), a daily intake of 250 mg of vitamin C can result in a 20% increase of neutrophils’ migration capacity (6). Conversely, in individuals with a physiological blood concentration of vitamin C, neutrophils’ mobility cannot be enhanced, as demonstrated by Bozonet et al. (4), in which neutrophils isolated from healthy volunteers and incubated with a vitamin C solution (200 µmol/L) to artificially increase their content of ascorbate did not show a major chemotactic ability.

Similarly to neutrophils, vitamin C protects lymphocytes from oxidative damage (77) and has a pivotal role in the development and function of these cells, even though the exact mechanisms have not yet been clarified (3). In T lymphocytes, vitamin C stimulates differentiation and proliferation from precursors to mature T cells, in a dose-dependent way (78). Studies on the influence of vitamin C on subtypes of T cells are mainly related to the Th1/Th2 balance. Reports underline that vitamin C can induce a shift of immune responses from Th2 to Th1 (3), while only one study suggests that vitamin C can induce the Th17 polarization of naïve CD4+ cells in murine model, affecting epigenetic mechanism (79). At present, no studies exploring the effects of vitamin C on cytotoxic T cells are available (3). In B lymphocytes, vitamin C seems to affect the production of antibodies, despite conflicting evidence (80–87). Physiological levels of Vitamin C are also necessary for normal natural killer (NK) cell development and function (3). In vitamin C-deﬁcient mice, NK cytotoxic activity (NKCA) was lower than that in mice with normal levels of vitamin C (88), while supraphysiological levels of ascorbate do not further increase NKCA (89).

Vitamin C also regulates inflammatory response. In animal studies, vitamin C deficiency has been linked with higher circulating histamine levels, which can be rebalanced once vitamin C blood level has been normalized (90–92). Furthermore, vitamin C can reduce the production of pro-inflammatory leukocyte-derived cytokines (e.g., TNFα and IL-6), through the modulation of nuclear transcription factor kappa B (NFkB) (2, 93, 94) in at least two ways: 1) through its reduced form (ascorbate), by scavenging cellular ROS and inhibiting ROS-related signaling for the transcription of NFkB (95–98); 2) through its oxidized form (dehydroascorbate), produced as a consequence of quenching ROS, by directly inhibiting the activity of several kinases involved in the TNFα-mediated activation of NFkB (p38 mitogen-activated protein kinase, IkB kinase α and β) (99–101).

However, the effect of vitamin C on the balance of cytokine responses (pro- and anti-inflammatory) is very complex and seems to be dependent on cell type and/or inflammatory condition (1). Moreover, authors (102, 103) have recently suggested that vitamin C may interact with molecular pathways related to inflammatory stress and immune dysfunction during sepsis, involving particular mediators: Epidermal Growth Factor Receptor (EGFR), Mitogen-Activated Protein Kinase-1 (MAPK1), Proto-Oncogene c (JUN), C–C chemokine Receptor type 5 (CCR5), Mitogen Activated Protein Kinase 3 (MAPK3), Angiotensin II Receptor type 2 (AGTR2), and Signal Transducer and Activator of Transcription-3 (STAT3).

The effects of vitamin C on immune function may also be expressed through epigenetic regulations, although this topic is still poorly understood (104, 105). The epigenetic remodeling associated with immune cell activation and differentiation includes DNA and histone modification (106). Vitamin C plays an important role by increasing the activity of epigenetic enzymes, including ten-eleven translocation (TET) proteins and Jumonij-C domain-containing histone demethylases (JHDMs) (107). In fact, since TET and JHDMs belong to the Fe2+/α-ketoglutarate-dependent dioxygenases superfamily (105), vitamin C, as ascorbate, being able to donate electrons, acts as a cofactor for these enzymes, reducing Fe3+ to its catalytically active form (Fe2+) (63). TET proteins are involved in the demethylation of cytosine residues in DNA, while JHDMs regulate the methylation of lysine and arginine residues in histones, resulting in modifications of gene transcription (63, 108, 109) that are involved in the response of both the innate and the adaptive immune system (106, 110). The utility of these recently-discovered gene-regulatory functions of vitamin C for the assessment of dietary recommendations has not yet been elucidated and further research is needed to indicate the minimum dose at which vitamin C may have an effective impact on functional or clinical outcomes through epigenetic changes (44).



Oral Supplementation of Vitamin C for the Prevention and Treatment of the Common Cold and Upper Respiratory Tract Infections

The common cold is one of the most widespread viral upper respiratory tract infections (URTI), characterized by coughing, tiredness, fever, sore throat, and muscle pain, which persist for a period ranging from a few days to not more than 3 weeks (111, 112). The term “common cold” refers to an unspecific syndrome caused by several viruses, although the rhinovirus is the most frequent pathogen involved, being found in 30% to 50% of sufferers (113). Despite symptomatology usually being very mild, the common cold is a major cause of absenteeism from work and school (114). The popular myth that a very high intake of vitamin C may lead to a lower susceptibility to respiratory tract infections originates from Linus Pauling’s theories published in the seventies. According to Pauling, a daily vitamin C intake of 1,000 mg can reduce the incidence of colds by about 45% and the optimal daily intake of vitamin C to live healthily and prevent disease should be at least 2.3 g (115, 116). The response of the US market to this pioneering point of view was immediate and the sales of vitamin C dietary supplements almost doubled over a couple of years (117). However, other clinical studies with similar aims failed to demonstrate its efficacy (118–121) and, in general, contemporary authors completely refuted Pauling’s ideas, mainly based on non-randomized controlled trials or incorrect application of animal background to humans (122, 123). Although a high daily dose of vitamin C does not seem to prevent viral infections in the general population, some categories of subjects with potentially higher risk of viral infection may require particular consideration. These subjects include individuals undergoing a daily heavy physical workload such as soldiers and athletes, who may develop an immune stress condition.


General Population

If we exclude some results that reported only small or inconsistent effects attributable to vitamin C (124), after decades of investigations, the scientific community established that a high intake of vitamin C is useless in preventing the common cold (7–11), and therefore, a regular daily supplementation is not justified in the general population (12). Recent meta-analysis has reached similar conclusions regarding the incidence of infection, underlining, however, the possibility of reducing the duration of a cold. Gómez et al. (125), demonstrated that 8,472 subjects from eight randomized clinical trials (RCTs), showed very strong evidence that vitamin C intake above 80 mg/day does not prevent the common cold in healthy adults and children. Vorilhon et al. (126), analyzed eight RCTs and confirmed that vitamin C supplementation (dosage from 0.5 g to 2 g/day) is not effective, compared to placebo, in reducing the incidence of upper respiratory tract infections (URTI) in 3,135 children (from 3 months to 18 years of age), although the administration can reduce the duration of URTI by 14%, as previously highlighted by Rondanelli et al. (127). Positive results on the duration of colds was also suggested by the meta-analysis of Ran et al. (128) in which the combination of a small, long-term daily dose of vitamin C (no more than 1 g/day) to sustain immunity and a larger dose of vitamin C during the onset of the common cold (usually 3–4 g/day) was associated with the ability to relieve chest pain, fever, and chills, reducing the staying indoors duration, as well as the mean duration of disease.



People Under Heavy Physical Stress

Some authors have reported a high incidence of respiratory infections in military training centers, probably also due to an overcrowding of individuals often coming from different geographical areas (129–131). More data are available on athletes, for whom daily high-intensity training and competitions have been associated with transient immune perturbations, inflammation conditions, and increased susceptibility to infections (132–134). Furthermore, compared to the general population, athletes have a higher exposure to pathogens, due to frequent travel and sports events (135, 136), which may potentially increase the risk of developing viral infections.

Data in literature referring to the effect of vitamin C supplementation on the prevention of the common cold in these subjects are interesting, despite being limited at present. As was well described by Hemilä and Chalker, (12) vitamin C supplementation may decrease the incidence of colds by about 50% in people under extreme physical stress. More recently, Kim et al. (137) carried out a large randomized, double-blind, placebo-controlled trial in 1,444 Korean soldiers, 695 of whom received vitamin C (6 g/day) for 30 days. They showed that the vitamin C group had a 0.80-fold lower risk of getting the common cold compared to the placebo group (n = 749).

The theoretical basis for the use of vitamin C in physically stressed subjects resides in the significant increase of ROS production due to intense exercise (138), with remarkable tissue damage/inflammatory response that may have harmful consequences on preventing URTI (139), possibly requiring a higher antioxidant intake compared to the general population (140). Despite this, it has recently been established that the administration of a high dose of antioxidants can negatively interfere with exercise-induced redox signaling and muscle adaptations (141–147) and the use of high doses of vitamin C to abolish ROS, especially over a long period, should be avoided (148, 149).

Even though the effects of isolated vitamin C on oxidative stress, inflammatory markers, muscle damage and immune response following exercise remain to be clarified in depth (146), a recent scientific society position stand (150), a recent review (140), and a meta-analysis (146) agree on recommending vitamin C supplementation (0.25–1.0 g/day) as an option to prevent URTI symptoms in athletes under heavy exertion and/or during periods of increased risk of infection (e.g., travel abroad) (140); athletes with low initial blood concentrations of vitamin C are the major candidates for supplementation (146, 149, 151, 152).




Oral Supplementation of Vitamin C for the Prevention and Treatment of Pneumonia

Pneumonia is a lower respiratory tract infection characterized by a cough, difficulty in breathing, chest pain, fever, and lung inflammation (153). Pneumonia is the first cause of death by infection in the United States and the fifth most common cause of death overall (154, 155). Streptococcus pneumoniae and Haemophilus influenzae are recognized as the most common agents responsible for pneumonia (156) but other pathogens are also able to induce pneumonia, including viruses and fungi (153, 154).

Results obtained in rats and mice suggested that orally supplemented vitamin C may be useful in reducing susceptibility to viral pneumonia and potentially in reducing the development of ARDS (157, 158), which is recognized as the most severe form of acute respiratory infection (159). However, human findings on vitamin C supplementation and pneumonia remain scarce, with few dated observations mainly based on particular subjects and conditions (e.g., military people, developing countries) and not generalizable (5, 160). On this topic, the most recent meta-analysis including 2,774 participants from seven clinical studies, underlined that current evidence is insufficient to sustain the efficacy of vitamin C supplementation in preventing or treating pneumonia, due to the small number of trials and very low quality of the existing results (161). However, the meta-analysis of Padhani et al. (161) considered studies from different populations, including three studies on children, without subgroup analysis. Since the pharmacokinetics of vitamin C varies between subgroups and is not yet known in children, an analysis of data should have been done independently and, therefore, conclusions of this study may be questionable.



Oral Supplementation of Vitamin C for the Prevention of COVID-19

COVID-19 is a new, worldwide recognized form of viral pneumonia, caused by SARS-CoV2 infection (162, 163). The symptomatology often begins within 2 weeks from contagion and mainly includes fever, fatigue, cough, and shortness of breath (164). Current knowledge suggests that while the majority of infected subjects (80%–90%) exhibit mild symptoms or can be asymptomatic, about 5% may develop pneumonia, ARDS and multi-organ dysfunction leading to death (165).

It is unquestionable that an optimal nutritional status effectively reduces inflammation and oxidative stress, improving the immune system regulation (166). However, no data are currently available on the regular use of high doses of oral vitamin C to reduce the risk of infection by SARS-CoV2 in a healthy general population (167–169) and further studies are needed to explore the role of vitamin C in prevention of COVID-19 (169). For heavily stressed subjects (athletes in particular), specific data are not currently reported regarding the incidence, prevalence, or natural history of disease related to COVID-19 (134), despite these subjects’ potentially high risk of exposure to this virus (136, 170). Furthermore, scientific opinions have not been expressed regarding the use of oral vitamin C to prevent SARS-CoV2 infection in extreme exercisers. However, a vitamin C supplementation may be effective for improving the health status of patients considered at high risk of viral infections (171).



Oral Supplementation of Vitamin C for Patients With Metabolic Disorders, Cardiovascular Disease, and Frail Elderly Subjects: Potential Relationship With COVID-19

There are notably some factors that increase the risk of developing SARS-CoV2 infection and affect the severity of COVID-19 (172). People with pre-existing non-communicable diseases (NCDs) appear to be more susceptible to developing COVID-19 (173, 174). NCDs include obesity, diabetes mellitus, chronic lung diseases, cardiovascular diseases (CVD) and various other conditions which are characterized by systemic inflammation which impairs immune response and may exacerbate the cytokine storm related to COVID-19 (173, 174).


Obese Subjects

Some studies have shown that obesity is associated to a more severe form of COVID-19 (175, 176), even in younger patients (age < 50) (177), and a BMI > 40 kg/m2 was identified as a one of the strongest risks of hospitalization due to SARS-CoV2 infection (178). These findings are worrying considering that obesity is a global phenomenon and in countries such as the U.S about 36% of population is obese (179). This association could be linked to inflammatory mechanisms, since authors suggest that, compared to individuals with a normal weight, obese subjects have a higher plasma concentration of C-reactive Protein (CRP), an inflammatory biomarker used to predict cardiovascular disease (180). Based on this, a vitamin C supplementation in these subjects may be useful in reducing inflammation, considering data that showed how a treatment of oral vitamin C (1,000 mg/day) for two months can significantly reduce plasma CRP in healthy, overweight, non-smokers with baseline CRP ≥ 1.0 mg/L (181). This finding is very interesting, taking into account that participants had an adequate dietary intake of vitamin C, with a baseline mean plasma level of 57.8 μmol/L, and it suggests that the RDAs for vitamin C in obese individuals may be underestimated, as was recently underlined by Rychter et al. (182, 183). Research is needed to understand whether by reducing the CRP with vitamin C it could be possible to influence the incidence and/or the progression of inflammation-mediated diseases associated with obesity, including infections and potentially COVID-19 (171).



Diabetic Subjects

A recent meta-analysis including 33 studies (16,003 patients) confirmed that diabetics have a two-fold higher increase in mortality, as well as severity of COVID-19, compared to non-diabetic COVID-19 patients (184). Type 2 diabetes mellitus (T2DM) is the most common form of diabetes (185), characterized by chronic hyperglycemia, inflammation and oxidative stress (186). The inflammatory condition observable in diabetes may possibly be a mechanism that increases the susceptibility to COVID-19. Low plasma concentrations of vitamin C in people with T2DM was observed (187, 188), despite adequate vitamin C intake (189, 190). Two mechanisms could particularly explain lower vitamin C levels in these patients: 1) increased urinary excretion, especially in those with microalbuminuria (191); 2) higher depletion of vitamin C caused by an increase of oxidative stress (190, 192). An interesting study on the use of oral vitamin C in diabetic subjects was reported by Mason et al. (193). It showed an approximately two-fold enhanced SVCT2 expression in skeletal muscle after vitamin C supplementation (1,000 mg for 4 months) in people with T2DM, with an increase of muscle concentration of vitamin C and a decrease of muscle oxidative stress. However, given the small number of subjects investigated in this study (seven participants, six males and one female), larger studies are needed to confirm similar results. Findings from an RCT showed that vitamin C supplementation (1,000 mg/day for 8 weeks) significantly reduced CRP, IL-6, fasting blood glucose (FBG), and triglycerides (TG) in 64 obese, hypertensive and/or diabetic patients, with high levels of CRP ≥ 6 mg/L (194). In addition, meta-analytic data indicated that vitamin C supplementation for more than 30 days with a dosage ranging from 200 to 1,000 mg signiﬁcantly reduces FBG in patients with T2DM (195). Based on the above, vitamin C supplementation may represent a promising option to modulate inflammation and blood glucose in patients with hyperglycemia and elevated CRP, it could potentially be able to improve the health of these individuals and reduce the susceptibility to infections. Investigations are strongly encouraged to establish a possible correlation between an extra intake of vitamin C and a possible decrease of incidence, severity and mortality for COVID-19.



Subjects With CVDs

CVDs (as well as hypertension) are the most common comorbidities among COVID-19 patients (174, 196, 197). Individuals with a CVD are five-fold more at risk of developing the critical stage of the disease, as indicated in a meta-analysis involving over 3,000 patients with COVID-19 (198). In this case, the main reason for a higher risk of SARS-Cov2 infection is related to the high angiotensin-converting enzyme 2 (ACE2) expression observed in these patients (199–201), since this enzyme is used by the virus to invade cells, promoting viral colonization (202). It is known that low plasma concentrations of vitamin C are predictive of heightened CVD risk (203–205), but the current literature provides little support for a widespread use of vitamin C supplements to reduce CVD risk or mortality (206), and available data are also controversial. Many cohort studies and RCTs have shown no relationship between vitamin C intake and CVD risk. However, in most RCTs the participants were not prescreened for a depleted status and this seriously limits the possibility of concluding on the results, as the potential impact of the vitamin C supplementation on the outcomes considered may vary from highly significant to negligible in relation to their vitamin C status at study start (207).

A few other studies have suggested moderate benefits, and some references have registered a slight increase in risk (206). A significant barrier to the comprehension of the relationship between vitamin C and CVDs is the lack of mechanistic studies in humans (206). At present, there are no recommendations for an additional daily dose of vitamin C in CVDs to potentially prevent diseases, including pulmonary infections and COVID-19.



Frail Elderly Subjects

It is particularly important to consider elderly communities when trying to prevent COVID-19. The elderly are more vulnerable compared to the general population due to an increased risk of malnourishment and infections and a high prevalence of NCDs (208). Age itself is a risk factor for developing COVID-19 (209), due to a functional decline of the immune system (210, 211). Furthermore, malnourishment in these subjects is very frequent for several reasons (e.g., poor socioeconomic conditions, mental status, social status) (212) and nutritional deﬁciencies (including vitamin C) have been reported (213). Malnourishment can worsen an impaired immune system in the elderly, making them more susceptible to infections (214). In elderly hospitalized subjects (mean age 81 years) suffering from acute bronchitis or pneumonia, a mean plasma vitamin C level at baseline of 23 µmol/L was reported and a concentration of 11 µmol/L was found in one third of the patients (215). This is particularly important since a low vitamin C concentration (<17 µmol/L) in older people (aged 75–82 years) is considered a strong predictor of all-cause mortality (216). Notably, in Hunt’s study (215) administration of vitamin C (0.2 g/day) reduced the respiratory symptom score in the more severe patients. However, at present, it is not known whether a regular supplementation with vitamin C can protect these subjects from chronic inﬂammation NCDs-related and/or can prevent the onset of viral infections including COVID-19.




Oral Supplementation and Side Effects

Vitamin C has an excellent safety profile, primarily due to its high water solubility and rapid clearance of excess levels by the kidneys (44, 217). Although it is not possible to establish a UL for vitamin C, values of 1,000–2,000 mg/day have been suggested as prudent limits by some countries, based on a potential risk of osmotic diarrhea and related gastrointestinal distress in some individuals at higher doses (44, 53).

Since vitamin C is partially converted to oxalate and excreted in the urine, high doses of vitamin C could be associated with calcium oxalate stone formation (218, 219). Ferraro et al. (220) studied 156,735 women and 40,536 men, who reported episodes of kidney stones during an average follow-up of 11.3–11.7 years. The authors signiﬁcantly correlated the total vitamin C intake with a higher risk of incident kidney stones in men, but not in women. However, it is important to outline that this study had limitations to be considered. The presence of confounding factors (e.g., comorbidities, dehydration, dietary intakes of oxalate-forming foods) were not taken into account during the follow-up, and the authors assessed vitamin C intake only through a questionnaire (without measuring blood levels) and with very long time intervals (every 4 years).



Intravenous Administration of Vitamin C: A Potential Role in the Treatment of COVID-19?

While an extra dietary intake of vitamin C to counter pneumonia does not seem promising, several interesting data have emerged from the use of vitamin C through IA, providing an encouraging, but questioned, hypothesis on its potential pharmacological use for the treatment of pneumonia caused by SARS-CoV2 infection. In fact, as opposed to oral supplementation, in which the maximum peak plasma concentration that was achieved with a high-dose (3 g every 4 h) was 220 μmol/L (221), the IA of vitamin C, bypassing the limitations induced by intestinal transporters (SVCT1), may lead to a higher plasma level (e.g., up to 3,000 μmol/L at day 4 with 200 mg/kg/day, administered in 50 mg/kg/dose every 6 h).

Although the potential antisepsis therapeutic mechanism exerted by vitamin C has not yet been understood (103), besides the effects described in the previous paragraphs, the use of vitamin C in an infectious emergency may be justified for some reasons: 1) significant clinical evidence from pneumonia, critical illnesses and other acute infections suggests that plasma levels of vitamin C can rapidly drop off (e.g., <30 μmol/L) during the inflammatory response (2, 93, 94, 222–228) probably due to an increased consumption of vitamin C by leukocytes. Considering that intracellular ascorbate concentrations in mononuclear cells and in granulocytes are respectively 80 and 25 times greater than in plasma, an increased replacement and turnover of these cells during these medical conditions can contribute to a decrease of vitamin C in the blood (229); 2) a negative regulation of SVCT2 transporters induced by inflammatory cytokines, in particular IL-1β and TNFα (230); 3) the antioxidant defense system of the pulmonary epithelium involves enzymes and vitamin C (231) and according to Banerjee and Kaul, a sustained high dose of vitamin C available in respiratory secretion could exhibit an effective anti-viral activity (232). This last point, however, is still a hypothesis at present, since the level of vitamin C in the bronchoalveolar fluid is normally too low to achieve anti-viral activity and furthermore very little is known about the potential increase of vitamin C concentration in bronchial tissue and fluid secretion following a high-dose IA (36).

Therefore, considering the aspects mentioned above, the infusion of vitamin C has recently been suggested to treat COVID-19 in ICU hospitalized patients (13–18). Below, we summarize the most substantial evidence obtained in critical illness studies based on IA of vitamin C regarding the most relevant outcomes (inflammation, ventilation time, and mortality) which may relate to SARS-CoV2-induced ARDS.


Effects of IA of Vitamin C on Inflammation Markers

In COVID-19 patients the inflammatory response is very dramatic and has been defined as a “cytokine storm”, associated with increased plasma concentration of IL-1β, IL-2, IL-6, IL-10, IFNγ, and TNF-α (233, 234), able to induce an acute lung injury (ALI) which results in ARDS and requires urgent ICU interventions (162). Physiopathology of ARDS involves alteration of pulmonary permeability, rapid lung leukocyte infiltration with a large increase of tissue oxidative stress, leading to respiratory failure and death, which in most cases is due to massive alveolar damage (24, 235). A promising background on the use of vitamin C in an experimental model of ALI was found (236–241), with positive evidence on rebalancing cytokine production and specific physiopathological mechanisms involving neutrophils (i.e., neutrophil extracellular traps) (4) which may contribute to organ damage and mortality in COVID-19 (233) (Figure 1). Two studies by Fowler et al. are currently available on IA of vitamin C in ICU hospitalized patients and inflammatory response, with mixed results (227, 242). In the first preliminary study (227), vitamin C showed a significant reduction in proinflammatory biomarkers (CRP and procalcitonin) over the first 96 h, without adverse effects registered during the infusion, but the number of ARDS-affected patients treated with vitamin C was too small (50 mg/kg/24 h, n = 8; 200 mg/kg/24 h, n = 8) to allow safe conclusions. In the second larger study (242), 167 patients with sepsis and ARDS were randomized to receive vitamin C (50 mg/kg every 6 h for 96 h) or placebo; no changes in CRP and thrombomodulin were detected, although the study was criticized for the choice of the inflammatory markers assessed (243).




Figure 1 | Schematic mechanism in which an IA of vitamin C could modulate specific functions of neutrophils (ROS and TNFα, IL-1β mediated), inhibiting pathways involved in the Neutrophil Extracellular Trap formation (NETosis) and reducing the uncontrollable inflammatory cytokine production in the alveolar space. Potential effects on reducing cytokine production have also been speculated in lymphocytes and macrophages. ROS, reactive oxygen species; NFkB, nuclear transcription factor kappa B; ┴, inhibition stimulus; dashed arrow, reduced effect or production.





Effects of IA of Vitamin C on Intensive Care Ventilation Time

The above-mentioned study (242) also reported a lower duration time of mechanical ventilation support in the supplemented group, with a higher number of ventilator-free days in the vitamin C group than in the placebo group (mean values: 10.6 vs. 13.1 days, respectively). Ventilator-free days were defined as the number of extubated days, considering the time between ICU hospitalization and day 28. Another previous randomized controlled trial (RCT), including burn patients with severe respiratory dysfunction receiving a very high dose of vitamin C (66 mg/kg/h for 24 h), showed a significant decrease of the time of ventilation (mean values: 12.1 vs. 21.3 days, respectively) in those who received vitamin C infusion compared to the control group (85). The pulmonary benefit reported by these authors is probably due to the antioxidant, anti-inflammatory and microvascular action of the vitamin C (244).

Different positions on the topic derive from systematic evaluation of the literature, suffering because of the gross limitations of the available primary data. For example, the meta-analysis of Langlois et al. (245), failed to find any improvement on ventilation time. This work, however, included studies with vitamin C administrated through different routes (enteral or parenteral), most of which (9 out of a total of 11 studies) used antioxidant mixtures instead of vitamin C alone; Zhang and Jativa (244) analyzed the efficacy of IA of vitamin C on vasopressor sparing effects and the lower need for mechanical ventilation in critical illness, underlining several weaknesses of the available studies considered (four RCTs and one retrospective review), such as the paucity of the sample size, the heterogeneity of subjects enrolled, hospitalization setting, dosages and follow-up; recently, the meta-analysis from Hemilä and Chalker (246), including eight trials and 685 patients, with promising results on ventilation time, pointed out that the great variation in the reported effects of vitamin C may be linked to the non-homogeneous severity of the illness which mostly impacts the ventilation time required. From this point of view, vitamin C shortened ventilation time on average by 25% when the analysis was restricted to patients requiring mechanical support for more than 10 h.



Effects of IA of Vitamin C on Mortality

Of the critical outcomes considered the potential effect of vitamin C on mortality rates appears to be the most controversial one, with RCTs studies that underline promising results which are not supported by recent meta-analysis. A significant reduction of 28-day mortality during ICU hospitalization was observed in a small group of patients with sepsis treated with IA of vitamin C (25 mg/kg every 6 h, for 72 h) compared to the control group (14.28% Vs. 64.28%, respectively) (247). More recently, findings from the CITRIS-ALI study (242) showed a reduced mortality at day 28 in the vitamin C group (29.8%) compared to the placebo group (46.3%). Conversely, according to the meta-analysis of Zhang and Jativa, although vitamin C IA seems to be linked to positive vasopressor effects, temporally reducing the need for mechanical ventilation, no positive effect in favor of overall mortality emerged (244), leading the authors to conclude that it does seem improbable that vitamin C, considered as a single agent, could be so dramatically decisive on the physiopathology of a critical illness as to influence the incidence of mortality (244). Similar conclusions were drawn by Wei et al. (248), who, by including recently published retrospective studies in their meta-analysis, suggest the lack of benefit on 28-day mortality, both in ICU and in-hospital patients with sepsis.

It is important to consider that the effect of vitamin C infusion seems to exert different results on mortality in relation to the type of critical patients involved, especially when administration is in association with other drugs. From this point of view, two retrospective studies showed that vitamin C (1.5 g every 6 h), in combination with hydrocortisone (50 mg every 6 h), and thiamine (200 mg every 12 h) may dramatically reduce mortality by 56% in ICU patients with severe pneumonia (249) and by 79% in severe sepsis (250), compared with patients who did not receive vitamin C and thiamine. Unlike these data, a recently published RCT (VITAMINS) showed no benefit from the combination of IA of vitamin C, hydrocortisone and thiamine in comparison to hydrocortisone alone among patients with septic shock (251). However, as underlined by Carr (252), since the VITAMINS trial did not include a monotherapy vitamin C subgroup, this trial does not provide any information as to whether IA of vitamin C offers some benefit to septic patients in the absence of corticosteroid administration, and further trials are needed in this direction.

Another critical issue that should be highlighted is the timing of treatment administration. On this topic, important results come from a retrospective cohort study of 208 patients in septic shock (253), which suggested that the ICU mortality ratio [based on the APACHE (Acute Physiology and Chronic Health Evaluation)–predicted ICU mortality] of patients who received vitamin C with thiamine and hydrocortisone, increased linearly with the delay in treatment from initial sepsis presentation. Indeed, the APACHE-adjusted ICU mortality was significantly reduced only in patients who received vitamin C, thiamine, and steroids within 6 h from sepsis presentation (253).




Conclusion

Apart from some specific individuals and conditions (Table 1), the evidence described is insufficient to support the efficacy of a regular supplementation with vitamin C for the prevention or treatment of the common cold or pneumonia in the general population. Interesting data on the possible use of vitamin C to prevent infections regard special conditions (e.g., soldiers and athletes) and subjects with metabolic disorders, CVDs or frailty, in which the potential control of inflammation by a vitamin C supplementation could represent an effective aid in reducing the risk of infection, even for COVID-19. However, this last statement needs to be properly supported by future RCTs. Even though the IA of vitamin C could be an adjuvant therapy to quickly restore plasma levels of vitamin C during severe sepsis and ARDS in ICU hospitalized patients (254), its effects on inflammation response, ventilation time and mortality rates still remain uncertain and results from further RCTs, especially in COVID-19 patients, are urgently needed.


Table 1 | Summary of research findings on the use of vitamin C in humans.



Although a significant increase in vitamin C sales was registered immediately after the global pandemic state of emergency was declared, at present, there is no evidence that vitamin C supplementation can protect people from the SARS-CoV2 infection (255). At the current state of knowledge, health care professionals have the responsibility to guarantee that patients have correct information regarding the lack of data supporting the efficacy of this supplement for the prevention and/or treatment of COVID-19 (167, 168).
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Several countries around the world have faced an important obesity challenge for the past four decades as the result of an obesogenic environment. This disease has a multifactorial origin and it is associated with multiple comorbidities including type 2 diabetes, hypertension, osteoarthritis, metabolic syndrome, cancer, and dyslipidemia. With regard to dyslipidemia, hypertriglyceridemia is a well-known activator of the NLRP3 inflammasome, triggering adipokines and cytokines secretion which in addition induce a systemic inflammatory state that provides an adequate scenario for infections, particularly those mediated by viruses such as HIV, H1N1 influenza, and SARS-CoV-2. The SARS-CoV-2 infection causes the coronavirus disease 2019 (COVID-19) and it is responsible for the pandemic that we are currently living. COVID-19 causes an aggressive immune response known as cytokine release syndrome or cytokine storm that causes multiorgan failure and in most cases leads to death. In the present work, we aimed to review the molecular mechanisms by which obesity-associated systemic inflammation could cause a more severe clinical presentation of COVID-19. The SARS-CoV-2 infection could potentiate or accelerate the pre-existing systemic inflammatory state of individuals with obesity, via the NLRP3 inflammasome activation and the release of pro-inflammatory cytokines from cells trough Gasdermin-pores commonly found in cell death by pyroptosis.
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Introduction

Obesity has reached epidemic proportions globally; thus, the World Health Organization (WHO) identifies it as a serious public health problem, particularly in west countries (1). The global increase of obesity in the last 50 years has doubled, and it has been estimated that a third of the world population is obese or overweight (2). The WHO defines obesity as a complex entity in which there is an excessive accumulation of fat that affects practically all body functions and compromises the individual’s health (1). Furthermore, obesity is considered the fifth risk factor for mortality, as it is the main risk factor of diabetes, cardiovascular disease, hypertension, dyslipidemia, musculoskeletal disorders such as osteoarthritis, and other diseases (3–5). It is well known that obesity leads to a low-grade chronic inflammation promoted by the release of adipokines and cytokines (6). This dysfunctional state contributes to a systemic lipotoxicity affecting liver, muscle and pancreas, activating NOD-, LRR-, and the pyrin domain-containing protein 3 (NLRP3) inflammasome (7–10). Beyond cellular damage, organ dysfunction and metabolic compromise, the low-grade chronic inflammation could condition to viral diseases, such as those instigated by HIV (11, 12), H1N1 influenza virus (13–15), and SARS-CoV-2 (16).

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes the coronavirus disease (COVID-19), which is responsible for more than 758,942 deaths worldwide (17). The WHO has listed COVID-19 as a global health crisis (18). Similar to obesity, this virus induces a systemic inflammation; however, the SARS-CoV-2 produces an uncontrolled increase of cytokine secretion causing multiple organ failure, followed by death (19–21). It should be noted that during the cytokine storm caused by SARS-CoV-2, the inflammasome could be involved in the maintenance of inflammation, as it happens in obesity (22–24). Given that obesity might be associated with the development of aggressive clinical symptoms in COVID-19, we aimed to suggest the possible role of NLRP3 inflammasome as a link between obesity and the increased risk for a severe COVID-19 outcome.



Inflammasome and Pyroptosis

The NLRP3 inflammasome is a multiprotein complex present in macrophages, dendritic cells and other non-immune cells. The activation of NLRP3 as the pivotal component of the innate immune system, plays a critical role in the host defense against bacteria, fungi and viruses among others; however, the NLRP3 is also associated with metabolic and inflammatory conditions such as gout, diabetes mellitus, insulin resistance, and obesity (25–28).

The inflammasome is coordinated by the NLRP3 sensor [Nucleotide-Binding Oligomerization Domain (NOD), Leucin-rich repeat (LRR), Pyrin domain (PYD), adaptor protein ASC, as well as the effector protein caspase 1] (29, 30). In most cases, the activation of NLRP3 is regulated by pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) that are recognized by the Toll-like receptors (29, 31). The canonical activation of NLRP3 requires two independent signals; an initial priming signal and a second one to be fully activated (Figure 1).




Figure 1 | Pyroptosis triggered in obesity and COVID-19. A possible signaling that triggers the activation of NLRP3 and consequently cell pyroptosis in COVID-19 may be linked to obesity. In individuals with obesity, pyroptosis is characterized by the activation of NOD-like receptors that induce the formation of cell membrane pores mediated by Gasdermin D and the release of inflammatory factors. The SARS-CoV-2 uses ACE2, a receptor highly express in AT, to entry human host cells promoting the expression of pro-inflammatory cytokines and oligomerization of NLRP3. Upon the NLRP3 inflammasome activation, Gasdermin-pores and cell membrane swelling promote cell pyroptosis, particularly in macrophages and lymphocytes. Cell signaling represented by straight lines show the canonical activation of NLRP3 in obesity. Dotted line represents the possible contribution of SARS-CoV-2 in NLRP3 activation. ACE2, angiotensin-converting enzyme 2; AT, adipose tissue; Mfn2, mitofusin-2; MAVS, mitochondrial antiviral signaling protein; GSDMD, Gasdermin D; IRF, interferon-regulatory factor; ROS, reactive oxygen species; TLR, toll-like receptor; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TRIF, protein-inducing interferon-β.



The priming signal begins when PAMPs and other inflammatory mediators such as interleukin 1-beta (IL-1β) and tumor necrosis factor-alpha (TNF-α) bind to their respective receptors (Pattern Recognition Receptors, IL-1βR, TNF-αR). These receptors induce the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which promotes the transcription of NF-κB-dependent genes such as NLRP3, pro-IL-1β, and pro-interleukin-18 (IL-18) (31–33). NF-κB also modulates the gene expression of interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-12 (IL-12), TNF-α, and interferon-gamma inducible protein 10 (IP-10) (31, 34). These cytokines play a critical role in acute inflammation, as well as in promoting the synthesis of acute phase proteins that modify permeability and endothelial functions leading to the recruitment of other immune system cells. In particular, TNF-α and IL-6 regulate transcription and transduction of IL-1β (34).

The second activation signal of NLRP3 could be initiated by several extracellular stimulus including those mediated by crystals of cholesterol, uric acid, asbestos and β amyloid, which induce the release of ROS (reactive oxygen species), as well as lysosomal enzyme cathepsin B and Ca2+ caused by a destabilization and rupture of lysosome or endosome (35–37). The increase of cathepsin B and Ca2+ as well as aberrant ionic flux may trigger mitochondrial damage. Mitochondrial dysfunction occurs via an increase of mitochondrial ROS, oxidized mitochondrial DNA, cardiolipins and proteins that respond to viruses such as mitofusin-1 and -2 or mitochondrial antiviral signaling protein, promoting the oligomerization of NLRP3 (25, 38). This assembly allows caspase-1 to start the cleavage of pro-IL-1β and pro-IL-18 (Figure 1).

The final step of the NLRP3 inflammasome activation is the cleavage of Gasdermin D (GSDMD) by caspase-1, resulting in the release of GSDMD N-terminal fragments that are essential for pore formation on cell membranes (39). These pores lead to the release of cytosolic content causing unrestrained dissemination of inflammatory mediators including IL-1β, IL-18, that induce cell death by pyroptosis contributing to host immune defense (40, 41).



Obesity, Inflammasome, and Pyroptosis

As a functional organ, adipose tissue (AT) is the main endocrine and immunological tissue implicated in the pathophysiology of obesity and metabolic dysfunction (42, 43). AT has a complex and heterogeneous composition that includes endothelium, extracellular proteins matrix, stem cells, fibroblasts and immune cells, and adipocytes (43–46). There are three types of AT. White AT is the organ responsible for storing energy mainly in the form of triglycerides for energy demand periods. In contrast, brown AT is composed of rich mitochondria and multivacuolar smaller adipocytes that are positive for the expression of uncoupling protein-1, which is responsible for thermogenesis and generation of heat rather than ATP from the oxidation of fatty acids (47). Finally, the most recently AT identified, beige adipocyte tissue, resembles BAT morphology and function, it can differentiate from precursors found in WAT in response to stimuli as cold exposure (48–50).

In obesity, white AT promotes cellular, molecular and biochemical alterations that cause local and systemic changes. Locally, adipocyte hyperplasia and hypertrophy modify the AT structure; at a systemic level, these alterations promote inflammation, insulin resistance, nonalcoholic fatty liver diseases, and dyslipidemias (42, 45, 51, 52).

The impaired adipocytes function caused by hyperplasia and hypertrophy induce an exacerbated lipolysis releasing fatty acids (such as palmitic and lauric acids), and triggers the formation of ceramides and cholesterol crystals that activate tissue-resident macrophages through the TLR4 signaling (53–55). This macrophage stimulation itself triggers the production of ROS, calcium accumulation, as well as the release of IL-6, TNF-α, and monocyte chemoattractant protein-1 (MCP-1) (56–58). The chemokine MCP-1 leads to the recruitment of monocytes, while the interferon gamma (IFN-γ), secreted by T cells in AT stimulates a polarization process in macrophages, from the anti-inflammatory state (M2) to the pro-inflammatory (M1) phenotype thereby perpetuating a low-grade systemic inflammation (56, 57, 59, 60).

The inflammatory activity of M1 macrophages is traditionally mediated by the activation of TNF-αR, IL-1βR, and CD36, which is a priming signaling that activates NF-κB promoting the transcription of NLRP3, pro-IL-1β, pro-IL-18, and other inflammatory cytokines (61). However, for the NLRP3 inflammasome assembly, a second hit is required; this second hit is induced by the binding of ceramides, fatty acids, oxidized low-density lipoproteins and cholesterol crystals to TLR 2/4 (37, 58, 62–64). Finally, the sustained activation of NLRP3 will induce the assembly of GSDMD pores into the macrophage cell membrane (40, 65). This process constitutes the pyroptotic cell death mechanism, disrupting the osmotic potential and pouring pro-inflammatory molecules to the system (65) (Figure 1).



COVID-19, Inflammasome, and Pyroptosis

The causal agent of COVID-19 is known as SARS-CoV-2. The viral infection is mediated by the attachment between a spike glycoprotein and the angiotensin-converting enzyme 2 (ACE2) in human host cells (66). The host target receptor mediates a virus-cell membrane fusion and a viral entry that could cause virus-linked pyroptosis (67, 68), leading to SARS-CoV-2-induced lymphopenia (22, 69).

The innate immune system cells detect the viral RNA by Pattern Recognition Receptors like TLR 3/7 in the endosome; then, cascades of signaling pathways are triggered by TRIF and MyD88 leading to the activation of transcription factors including NF-κB and interferon-regulatory factor 3/7 (IRF) (70). Not only TLR signaling can induce an excessive inflammatory response to SARS-CoV-2, the inflammasome activation stimulated by viral internalization can also induce it; presumably, this occurs through spike proteins binding to CD147 (71). The massive release of TNF-α, IFN-γ, IL-1β, IL-8, MCP-1, and IP-10 seen in acute phase of COVID-19 patients (22) may probably be linked to pyroptosis, especially in lymphocytes through the NLRP3 inflammasome activation.

The pyroptosis-mediated cell death has been described previously in another coronavirus infection (72, 73). Recent evidence suggests that Severe Acute Respiratory Syndrome-related Coronavirus (SARS-CoV) induces NLRP3-dependent pyroptosis in macrophages, which is triggered by the essential ion channel activity of viroporin 3a (72) as well as by a direct interaction of ORF8b with the LRR domain of NLRP3 (73). Moreover, it has been demonstrated that ORF3a and E protein can stimulate NF-κB signaling, resulting in the transcription of NLRP3, chemokines, and pro-inflammatory cytokine, including IL-1β, IL-18, and IL-8 (74–76). Additionally, ORF3a might also mediate NLRP3 inflammasome activation through the ubiquitination of ASC promoting maturation and secretion of IL-1β (75). In contrast, E protein induces the assembly of NLRP3 inflammasome via the formation of pores in Endoplasmic Reticulum-Golgi intermediate compartment membranes that triggers a massive calcium ion transportation to the cytosol (77–79). Finally, Chang et al. highlight the biological role of SARS-CoV unique domain (SUD) as a direct inductor of NLRP3 inflammasome activation in alveolar epithelial cells, as well as its activity modulating pulmonary inflammation mediated by CXCL10 in vitro and in vivo through NLRP3 inflammasome pathway (80). These molecular mechanisms have been linked to the induction of cytokine storm and cell death in SARS-CoV (72, 73, 81, 82).

In the particular case of SARS-CoV-2 strains, recent evidence suggests similar signaling pathways with SARS-CoV in modulating the inflammation by activating NLRP3. A novel study has revealed homology functional domains of ORF3a when compared with those reported in SARS-CoV strains, suggesting some hypothetical pathways of ORF3a linked to the NF-κB activation and NLRP3 inflammasome assembly (83). Considering SARS-CoV-2 has high nucleotide sequence homology to SARS-CoV and 94.7% amino acid identity of E protein (84, 85), it could be inferred that pyroptosis might play a central role in the pathogenesis of COVID-19. Individuals infected with SARS-CoV-2 often show high concentration of pro-inflammatory cytokines (22, 86), which is a downstream indicator of inflammatory programmed cell death (Figure 1) (65).

Different reports have shown that COVID-19 is characterized by a dysfunctional immune response, which exacerbates the disease progression as result of a persistent inflammation associated with high peripheral levels of IL-1β, IL-6, TNF-α, MCP-1, and IP10 (22, 87–89). This aggravated inflammatory response triggers a cytokine storm, contributing to the pathological inflammation and multi-organ injury seen in severely ill COVID-19 patients (23, 90–92). With regard to the exacerbated inflammation probably caused by aberrant activation of NLRP3 inflammasome in COVID-19, potential targets are being explored including host signaling proteins and effector molecules that lead cytokine storm (24, 93–95).

To date, some different drugs such as Acalabrutinib have shown their beneficial effects in COVID-19. This therapeutic strategy inhibits the Bruton tyrosine kinase (BTK) enzyme, which is a direct regulator in NLRP3 inflammasome activation (96, 97). The use of the drug in severe COVID-19 patients showed a decrease in serum inflammatory biomarkers (24). Furthermore, Colchicine (93–95) has been successfully tested as inhibitor of NLRP3 inflammasome, improving survival outcomes in COVID-19 patients since it suppresses caspase-1 activation and subsequent IL-1β and IL-18 processing (94, 98). In this sense, Hydroxychloroquine, another NLRP3 inhibitor, has shown a role affecting the NLRP3 inflammasome activation and assembly (99–101). In addition, different clinical trials registered to evaluate the efficacy of pharmacological inhibitors of the NLRP3 inflammasome in treating COVID-19; include Colchicine (NCT04326790, NCT04322565, NCT04328480, NCT04322682), Hydroxychloroquine in combination with Azithromycin (NCT04339816, NCT04336332), Melatonin (NCT04409522), and Tranilast (ChiCTR2000030002); versus standard care.

In other hand, recent studies have evaluated the use of Anakinra (102, 103) as a therapeutic strategy focused in signaling inhibition of IL-1β to treat COVID-19 related cytokine storm. This drug is a human IL-1β receptor antagonist that inhibits inflammation response. Moreover, there are different clinical trials registered to study the efficacy and safety of Canakinumab (anti-IL-1β monoclonal antibody) in COVID-19-induce pneumonia (NCT04362813, NCT04348448) and COVID-19 cardiac injury (NCT04365153). In addition, Tocilizumab (anti-IL-6 treatment) showed clinical improvement in COVID-19 patients (104–106). There are few drugs with mechanisms of action targeting NLRP3 such as Necrosulfonamide (107) and Disulfiram (108), by inhibiting the N-terminal GSDMD pores. The NLRP3 inhibition may represent an optimal strategy to mitigate the impact of comorbidities associated with COVID-19 such as diabetes mellitus (109, 110), hypertension (111), and obesity (112, 113).



The Clinical Impact of Obesity in COVID-19

Different studies have reported fatal COVID-19 outcomes in individuals with at least one chronic disease such as hypertension, diabetes, cardiovascular disease, and obesity (87, 114–116). In individuals infected with SARS-CoV-2, overweight and obesity could be conditioning the critical outcome of COVID-19. The high number of young individuals with COVID-19 that have been hospitalized might be explained by the high obesity incidence found among them (117–119). Furthermore, data suggest that overweight and obesity determined by BMI are associated with the presence of severe pneumonia or increased incidence of ICU admission of individuals with COVID-19 in the USA (117, 120, 121), China (122, 123), Mexico (114, 124), and France (125).

A possible explanation is that tissue expression of ACE2 may play a key role in the progression of COVID-19 patients with obesity, since obese individuals have increased AT mass that leads to an elevated number of ACE2-expressing cells and therefore an increased risk of SARS-CoV-2 infection (126, 127). Other obesity-implicated conditions have been associated with a severe course of COVID-19 such as respiratory symptoms, impaired metabolic health, cardiac stress, dysfunctional host defense against viral infection, and multi-organ damage (120, 125).

Interestingly, obesity has been associated with a decrease in mortality in patients with acute respiratory distress syndrome (ARDS), and this is referred to as the “obesity paradox”. However, the high mortality among patients with obesity who manifest SARS-CoV-2 infection has prompted the notion that SARS-CoV-2 has disproved the “obesity paradox” in ARDS (128, 129). The paradox fades if body composition (i.e., fat mass, lean mass, and skeletal muscle mass), body fat distribution (abdominal obesity carries a higher risk of developing metabolic disorders than peripheral or gluteofemoral obesity), AT functionality, and the differences between subcutaneous and visceral AT are considered (130–135). Moreover, the metabolically unhealthy obese phenotype seems to be associated with increased activation of the NLPR3 in macrophages infiltrating visceral AT and a less favorable inflammatory profile than the metabolically healthy phenotype (136). In obese individuals, the innate immune system might be already in a “primed state” due to chronic low-grade inflammation and this could promote an hyperinflammatory response (137, 138); under this scenario, we wonder if trained immunity mediated by NLRP3 in obese conditions to severe outcomes in COVID-19 patients, or normal weight patients infected by SARS-CoV-2 are developing trained immunity that accelerates and trigger short-term development of degenerative chronic comorbidities such as atherosclerosis, diabetes, osteoarthritis, gout, autoimmune diseases, and even obesity itself. This sustained activation state could induce poor clinical outcomes of COVID-19, amplifying the pro-inflammatory response to SARS-CoV-2 infection (Figure 2).




Figure 2 | The SARS-CoV-2 knockouts obese individuals. Schematic representation of the lethal impact generated by SARS-CoV-2 infection in obese individuals with metabolic and inflammatory stress. The released adipokines by hypertrophic and hyperplasic adipose tissue promote the NLRP3 inflammasome activation, leading to systemic inflammation that is amplified during viral infection.





Discussion

Recent evidence suggests that 1) AT hypertrophy and hyperplasia promote the synthesis of triglycerides, oxidized phospholipids, IL-1β, TNF-α, and adipokines triggering the systemic inflammatory state regularly observed in individuals with obesity (53–55); 2) these molecules are responsible for increasing the vulnerability to infections in individuals with obesity because the priming phase of the inflammasome is already active (61); 3) the recognition of SARS-CoV-2 by endosomal TLRs 3/7 will trigger multiple signaling and cellular pathways that will allow inflammasome assembly and consequent maturation of cytosolic pro-cytokines such as IL-1β and IL-18 as well as the activation of GSDMD (70, 83); 4) the Gasdermin-pore formation will start cell death by pyroptosis via the release of pro-inflammatory mediators in COVID-19 patients (22, 83, 86). To summarize the recognition of the molecular pathways involved in the inflammasome might explain the vulnerability of obese patients to develop severe cases of COVID-19 (Figure 2).
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Background: COVID-19 is a global challenge to healthcare. Obesity is common in patients with COVID-19 and seems to aggravate disease prognosis. In this review we explore the link between obesity, chronic disease, lifestyle factors and the immune system, and propose societal interventions to enhance global immunity.

Search Strategy and Selection Criteria: We performed three literature searches using the keywords (1) coronavirus AND comorbidities, (2) comorbidities AND immune system, and (3) lifestyle factors AND immune system. Results were screened for relevance by the main author and a total of 215 articles were thoroughly analyzed.

Results: The relationship between obesity and unfavorable COVID-19 prognosis is discussed in light of the impact of chronic disease and lifestyle on the immune system. Several modifiable lifestyle factors render us susceptible to viral infections. In this context, we make a case for fostering a healthy lifestyle on a global scale.

Conclusions: Obesity, additional chronic disease and an unhealthy lifestyle interactively impair immune function and increase the risk of severe infectious disease. In adverse metabolic and endocrine conditions, the immune system is geared toward inflammation. Collective effort is needed to ameliorate modifiable risk factors for obesity and chronic disease on a global scale and increase resistance to viruses like SARS-CoV-2.

Keywords: obesity, diet, COVID-19, lifestyle, immune system


INTRODUCTION

In recent months the entire globe has been affected by coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). Worldwide more than 11 million cases of COVID-19 have been detected until July 2020 and over 500,000 cases have proved fatal (2) Despite serious efforts, no effective vaccine has been developed yet. But, even without a vaccine, the impact of subsequent waves of SARS-CoV-2 spreading can most likely be decreased. Among patients with COVID-19, obesity, hypertension, cardiovascular disease (CVD) and type 2 diabetes (T2D) are noticeable risk factors for hospitalization, ICU admission, and death. Apparently, chronic disease is linked with unfavorable outcome in COVID-19. As appropriate lifestyle intervention effectively ameliorates cardiometabolic conditions, public health could play a pivotal role in the battle against SARS-CoV-2 (3). The aim of this review is to summarize the current understanding of the links between lifestyle, metabolic syndrome, obesity, and increased susceptibility to viral infections. In addition, we aim to investigate whether public health interventions can affect resistance to viral infections.



SEARCH STRATEGY AND SELECTION CRITERIA

Three separate literature searches were performed in PubMed, EMBASE, and Google Scholar through April 2020 to May 2020. We considered English-language (systematic) review articles and meta-analyses found using the following term combinations: (1) “Coronavirus” and “diabetes/hypertension/obesity/cardiovascular disease/metabolic syndrome” yielding 1,132 articles on April 29, 2020. (2) “Immune system” and “diabetes/hypertension/obesity/cardiovascular disease/metabolic syndrome” yielding 1,364 articles on May 17, 2020. (3) “Immune system” and “lifestyle” yielding 753 results on June 4, 2020. The complete search strategies can be found in Supplementary Material. References lists of identified publications were also screened for relevant studies. If multiple articles were found per subject, preference went to clarity, relevance, and novelty. A total of 215 articles (17, 151, and 47 for search strategies 1, 2, and 3, respectively) were scrutinized for this review.



OBESITY AND CARDIOMETABOLIC DISEASES ARE RELATED TO WORSE OUTCOME OF COVID-19

The Chinese Center for Disease Control reports higher COVID-19 fatality rates in patients with comorbidities as compared with patients without (4). The fatality rate for patients with COVID-19 without comorbidities was 0.9%, whereas fatality rates in patients with diabetes (7.3%), CVD (10.5%), and hypertension (6.0%) are clearly higher (4). American and European studies confirm the higher chance of fatality and severe disease in patients with comorbidities and add obesity as another risk factor. According to the American Center for Disease Control and Prevention obesity was present in 48.3% of the hospitalized patients with laboratory-confirmed COVID-19 (5). It was also reported that 89.3% of patients with COVID-19 registered in COVID-NET had other underlying conditions, most of them obesity-related: hypertension (49.7%), chronic lung disease (34.6%), diabetes mellitus (28.3%), and CVD (27.8%). Notably, among patients aged 50–64 years, obesity was most prevalent, followed by hypertension and diabetes mellitus. Among those aged >65 years, hypertension was most prevalent, followed by CVD and diabetes mellitus (5).

Furthermore, a study of 4,103 positively tested patients with COVID-19 in New York revealed more frequent hospitalization of patients with obesity (39.8 vs. 14.5%), CVD (44.6 vs. 16.4%), and diabetes (31.8 vs. 5.4%) than in patients without comorbidities (6).



THE RELATIONSHIP BETWEEN OBESITY AND UNFAVORABLE OUTCOME OF COVID-19

Obesity is evidently associated with COVID-19 in terms of prevalence of symptomatic disease, disease severity and mortality (7, 8). Individuals with obesity have an approximately 3-fold increased risk of severe COVID-19 (7). Each unit increase in BMI was associated with a 12% increase in the risk of severe disease and obesity increased the need for invasive mechanical ventilation (7, 8). Furthermore, in patients below 60 years of age, who are generally considered to have a lower risk for severe disease, obesity appears to be a risk factor for hospital admission and need for critical care (9). Interestingly, similar associations were observed in other (viral) infections. During the Influenza A (H1N1) pandemic of 2009–2011, obesity was strongly associated with a worse disease outcome and death (10). Obesity also increases the duration of Influenza A virus shedding in adults, indicative of an impaired immune response that subsequently facilitates influenza transmission (11). Multiple mechanisms in obesity aggravate prognosis in COVID-19 (Table 1). Below we discuss the most important mechanisms known to date.


Table 1. Overview of mechanisms by which obesity contributes to worse prognosis of COVID-19.
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The Immune System

The immune system uses two sequential responses to react to disturbances in homeostasis, as seen in tissues under physiological or infectious stress. An initial rapid innate immune response, which has only broad specificity for the trigger is followed by a delayed, highly specific adaptive immune response (12). The latter generates long term target-specific immune memory. Both types of responses require specialized white blood cell types, such as granulocytes, macrophages, and natural killer cells that are innate immune populations, while different types of T- and B-lymphocytes constitute the adaptive immune cells. Although often designated distinct immune responses it should be realized that innate and adaptive responses are highly interdependent.

In obesity, both local and systemic immune alterations occur due to metabolic stress (13). In adipose tissue, the anti-inflammatory/immune regulatory primed immune cells (e.g., M2-type macrophages, regulatory T cells (Treg), T-helper (Th)2, type 2 innate lymphoid cells (ILC2) normally present in lean adipose tissue are replaced by increased numbers of pro-inflammatory primed immune cells (e.g., M1 macrophages, Th1, Th17, CD8+ T-cells) that secrete pro-inflammatory cytokines such as IL-1β, IL-6, IL-17, and IFN-γ. This may even be further enhanced by obesity-associated gut inflammation (13). In addition to local adipose tissue immune alterations, systemic immune adaptations are observed in obesity as well, including increased numbers of circulating (inflammatory) monocytes, neutrophils, Th1, Th17, Th22, decreased circulating Treg and elevated pro-inflammatory cytokine levels (14, 15). In concert, these changes lead to a pro-inflammatory state of the immune system in individuals with obesity, characterized by elevated cytokine levels, both locally in the adipose tissue as well as systemically, as depicted in Figure 1. This chronically elevated inflammatory state is thought to stimulate regulatory pathways, which in turn limit the response to an acute trigger such as SARS-CoV-2. This is exemplified by the hampered antiviral type I interferon response in individuals with obesity (16).


[image: Figure 1]
FIGURE 1. Schematic overview of factors contributing to obesity and/or impairing weight loss. Next to obesity, most of these factors are also directly related to alterations in the immune system leading to a pro-inflammatory state and subsequent comorbidities.


Besides systemic upregulation of pro-inflammatory cytokines, severe COVID-19 is associated with lymphopenia and T cell exhaustion (17). This may be related to functional depletion of the antigen-presenting dendritic cells due to viral infection, since they express both angiotensin-converting-enzyme 2 (ACE2) and the alternative viral receptor DC-SIGN (18). Substantial T-cell apoptotic death might then be caused by T-cell receptor engagement in the absence of appropriate co-stimulation, normally provided by dendritic cells. Moreover, SARS-CoV-2 hampers the function of CD4+ T cells and promotes excessive activation and possibly subsequent exhaustion of CD8+ T cells. Together, these perturbations of T cell subsets likely diminish host antiviral immunity (19). Obesity further worsens this condition as DC maturation appears to be hampered, which in itself already impacts the elicitation of appropriate T-cell responses (20).



Endocrine and Metabolic Dysregulation in Adipose Tissue

Adipose tissue changes play an important role in obesity associated chronic systemic inflammation. Changes in adipokine secretion, fatty acid induced inflammation, oxidative stress, endoplasmic reticulum (ER) stress, and adipose tissue hypoxia are proposed mechanisms (21). Adipocytes secrete adipokines such as leptin and adiponectin, that can modulate the immune system (21, 22). In obesity, leptin secretion is increased. Leptin is pro-inflammatory and stimulates monocyte proliferation and differentiation into macrophages, modulates the activation of natural killer cells, and induces the production of pro-inflammatory cytokines such as TNFα, IL-6, or IL-12 (21). However, leptin inhibits anti-viral type I interferons (16). At the same time, the secretion of adiponectin, which has opposite immunomodulatory effects, is diminished. Adiponectin inhibits phagocytic activity and production of TNFα production, the synthesis of adhesion molecules, the formation of foam cells and stimulates the release of anti-inflammatory cytokines (e.g., IL-10). Nutrient excess and cell expansion in obesity can induce ER stress. ER stress is linked to the production of reactive oxygen species and the activation of inflammatory pathways (21). In addition, adipose tissue expansion in obesity eventually reaches a point where the capacity of local vasculature is insufficient leading to hypoxia. This hypoxic state aggravates the pro-inflammatory profile through further upregulation of leptin, downregulation of adiponectin, and increased production of pro-inflammatory cytokines by resident macrophages (21).



Respiratory Impairment

Fat deposits in the mediastinum and abdominal cavity reduce compliance of the lungs, chest wall, and entire respiratory system. This likely contributes to respiratory symptoms of obesity such as wheeze, dyspnea, and orthopnea (23). The mechanical effects of obesity produce airway narrowing and closure, increased respiratory system resistance, reduced functional residual capacity, airway hyperresponsiveness, and a ventilation perfusion mismatch, all of which decrease lung function (23). Thus, altered lung function due to mechanical stress probably contributes to the worse prognosis in patients with obesity and COVID-19.



Hemostasis

Obesity is independently associated with both arterial and venous thrombotic events (24). Related mechanisms are increased levels of clotting factors (tissue factor, Factor VII, Factor VIII, and plasminogen activator inhibitor) inflammation and endothelial dysfunction (24). COVID-19 in its severe form is also associated with both serious systemic inflammation and a prothrombotic state, as reflected by a significant increase in fibrinogen and D-dimer levels and high rates of severe pulmonary embolism that forecast a poor prognosis (25). This could constitute another link between obesity and worse outcome in COVID-19 but more research is required to confirm this notion.



ACE2 Receptor, Viral Reservoir and Lymphopenia

Other potential mechanisms through which obesity may lead to worse COVID-19 prognosis are high ACE2 receptor expression and comorbidities. Expression of ACE2—the functional receptor for SARS-CoV-2 and other corona viruses—is upregulated in adipocytes of patients with obesity and diabetes, which turns adipose tissue into a potential target and viral reservoir (11). Potentially, this could result in prolonged viral shedding by adipose tissue, with extended activation of local “preactivated” immune responses and resident cytokine signaling pathways. However, currently, there is no evidence yet for direct SARS-CoV-2 infection of adipose tissue.



Comorbidities

Comorbidities associated with obesity have become major health problems in patients that have been admitted to the hospital (8). Below, we discuss the influence of metabolic syndrome, T2D, CVD, and obstructive sleep apnea (OSA) on the immune system. Obesity associated insulin resistance drives the metabolic syndrome, a condition characterized by a clustering of three or more of the following: central adiposity, elevated blood glucose, elevated plasma triglycerides, elevated blood pressure, and low plasma high density lipoprotein (26). Components of the metabolic syndrome are associated with low-grade chronic inflammation. In metabolic syndrome, levels of leptin are increased aggravating leptin resistance enhancing chronic inflammation. Also, circulating adiponectin levels are decreased in metabolic syndrome, which impairs the resolution of inflammation. In itself, metabolic syndrome increases the risk of T2D and CVD by 2- and 5-fold, respectively (26).

The presence of T2D aggravates the prognosis in patients with COVID-19 (27, 28). It is associated with an approximately 2-fold increase of severe/critical COVID-19 illness, after adjustment for age, sex, obesity, hypertension, and smoking (28). Also, higher ICU admission rates and mortality risk were reported in patients with diabetes and COVID-19 (29). The hazard ratio of death was 1.53 in patients with diabetes after adjustment for age, sex, hypertension, CVD, and cerebrovascular disease (27). Notably, SARS-CoV-1-, MERS-, and influenza-infections are also marked by more severe symptoms in people with diabetes (27). Metabolic disruption, low grade systemic inflammation, and an unbalanced immune response may explain the more serious disease course of infections in T2D (28). This is further discussed in the Diet section.

CVD is a common comorbidity in COVID-19 (5). We did not find any literature that specifically explored the relationship between CVD and the capacity to respond to infectious challenges. Also, hypertension is often reported as a highly frequent comorbidity in severely ill patients with COVID-19 (5). Studies reveal higher ICU admission rates and higher mortality rates in patients with COVID-19 with hypertension (30). However, these data should be interpreted with caution as age and CVD may be important confounders (31). To date, there is no conclusive evidence for an independent causal link between hypertension and increased susceptibility for infectious diseases. Nonetheless, it should be realized that inflammatory conditions caused by innate and adaptive immune responses contribute to, or may even underlie alterations in vasculature, kidney, and the regulating sympathetic nervous system, which together cause hypertension (32).

It is believed that the underlying presence of OSA facilitates susceptibility to SARS-CoV-2 infection, and increases the risk for severe COVID-19 and the overall mortality of the disease (33). The CORONADO study shows that treated OSA is independently associated with risk of death by day 7 (34). Research suggests that when controlling for obesity, the presence of OSA is associated with decreased lung function, decreased lung-transfer factor for carbon monoxide, and, importantly, increased lung inflammation (35). Obesity plays a pivotal role in the pathogenesis of OSA and weight loss of approximately 7–11% leads to clinically significant and meaningful improvement of OSA (36). Lifestyle modification with reduced calorie intake and increased physical activity forms the foundation of all weight loss interventions and seems to have weight-independent benefits in OSA (36). Below we discuss the potential benefits of lifestyle adaptations in light of COVID-19 and its underlying risk factors.




THE INFLUENCE OF LIFESTYLE FACTORS ON THE IMMUNE SYSTEM

When discussing the relation between obesity and the severity of COVID-19, it is important to emphasize that obesity is a complex disease. Next to societal and lifestyle factors, numerous other factors contribute to weight gain or impair weight loss. For example, medication may promote weight gain, as well as endocrine or hypothalamic disease, genetic syndromes or psychiatric conditions (37). It is counterproductive to blame people for their obesity or for severe progression of COVID-19. The obesity stigma is a serious problem in this context, and guiding people in their attempt to lose weight in a respectful way is of crucial importance (38, 39). Furthermore, when intensive lifestyle intervention turns out to be insufficient to lose weight, other obesity treatments such as pharmacotherapy or bariatric surgery should be considered to attain a healthier weight (40).

The American Endocrine Society and the European Association for the Study of Obesity both include lifestyle interventions, bariatric surgery and pharmacotherapy in recommended weight reduction strategies for people with obesity (41, 42). Besides weight reduction effects, bariatric surgery and pharmacotherapy have also been shown to positively affect the immune system in obese patients (43–46). The rate of weight loss for optimal immune system function is yet unclear. It is known that relatively fast weight reduction through bariatric surgery as well as more gradual weight loss through lifestyle modification both improve immune system markers (44, 47). On the other hand, severe caloric restriction, as well as malnutrition, reduces immunity and renders one more susceptible for disease (48, 49). Nevertheless, the negative impact of obesity on general health and responses to infections, including COVID-19 as discussed above, warrants vigorous lifestyle intervention (47).

Lifestyle features (nutrition, physical activity, sleep, stress, alcohol, smoking) interact with genetics to disrupt physiology and cause disease (50). In this context, a low grade inflammatory process appears to play a central role in many distinct chronic non-communicable disorders (51). Since lifestyle is consequently at the root of these diseases, it follows that lifestyle intervention should be an integral part of their treatment. Accordingly, a recent study shows that lifestyle intervention can partly reverse the pro-inflammatory phenotype associated with obesity (47). Even though the decline in pro-inflammatory markers was correlated with a decline of waist circumference and markers of metabolic syndrome, metabolic improvement was not required for immunological recovery. This suggests that lifestyle factors can directly affect the function of the immune system. Below we discuss the influence of diet, physical activity, stress, smoking, alcohol and sleep on the immune system as depicted in Figure 2.
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FIGURE 2. Positive and negative lifestyle factors influence obesity and the immune system. The negative lifestyle factors (red) can lead to a disbalance in immune homeostasis, trained innate immunity, inflammaging, and a decrease in infection resistance. Positive factors (green) can protect immune homeostasis and potentially increase resistance to infection. Trained innate immunity: long term functional reprogramming of innate immune cells, which is evoked by exogenous or endogenous stimuli and which leads to a usually enhanced response toward a second challenge after return to a non-activated state. Inflammaging: chronic low-grade inflammation that occurs with aging and is characterized by dysregulated inflammatory responses, in general resulting in increased inflammatory responses and diminished responses to pathogens like influenza or SARS-CoV-2.



Diet

In affluent countries, chronic overeating of diets comprising a high proportion of ultra-processed energy-dense and nutrient-poor foods and drinks induces systemic low-grade inflammation, also referred to as “metaflammation” (52). These Western diet-components are thought to induce so-called “trained innate immunity,” i.e., the functional reprogramming of innate immune cells by exogenous or endogenous stimuli. Training leads to a more vigorous response toward a second activating challenge, and this condition may be retained for a long period. This innate memory gives rise to an elevated inflammatory set point of innate immune cells, which is mediated through alterations in their progenitor cells (53). Exposure to adverse metabolic stimuli induces epigenetic changes during early development of these immature innate immune cells, which facilitate the expression of inflammatory genes. The mechanisms explaining inappropriate adaptive immune activation against pathogens in the presence of enhanced innate-driven inflammation are far from clear at present. They might include immune suppression by activated myeloid cells or regulatory T- and B-cells as well as inappropriate skewing of adaptive responses (54).

The enhanced inflammatory set point in obesity is reminiscent of changes occurring during aging, which is also characterized by increase of inflammatory parameters and designated as “inflammaging” (55). In fact, alterations in DNA methylation in blood cells and other tissues can be used as epigenetic marker of biological age, the ‘epigenetic clock' (56). Lifestyle-related risk factors, including obesity and smoking, accelerate epigenetic aging (55). Moreover, obesity may promote thymic involution, leading to diminished output of naïve T-lymphocytes, which accelerates immunosenescence (57).

Dampening inflammation by adequate intake of fruit and vegetables is essential for prevention of chronic metabolic diseases, and sufficient consumption thereof is reflected by inhibition of epigenetic aging (55). Many fruits and vegetables, e.g., tomatoes, garlic, berries, apples, broccoli, grapes and olives, have anti-inflammatory effects (58). A number of vitamins (A, B6, B12, folate, C, D, and E) and trace elements (zinc, copper, selenium, iron) have been demonstrated to play important and complementary roles in supporting both the innate and adaptive immune systems (59). Foods such as nuts, meat, eggs, shellfish, and wholegrains are good sources of many of these trace elements. In addition, omega-3 fatty acids derived from fatty fish have anti-inflammatory action (59). There is evidence that omega-3 fatty acids can control the cytokine storm in acute respiratory distress syndrome (ARDS) (60). Such a diet is consistent with current healthy eating guidelines (60).

Foods containing probiotic and prebiotic substances can maintain a healthy microbiota, which can also benefit the immune system (60). The gut microbiota plays a role in educating and regulating the immune system. Gut dysbiosis is a feature of obesity, chronic disease and many infectious diseases, and has been described in COVID-19. Dietary approaches to achieve a healthy microbiota can also benefit the immune system. Indeed, optimal nutrient intake promotes optimal immune function and may limit the impact of novel, more virulent pathogenic viruses (59). It must be emphasized that severe caloric restriction, as well as malnutrition, reduces immunity and renders one more susceptible for disease (48, 49). Extreme and prolonged reduction of caloric intake or crash diets are therefore strongly discouraged.

Experimental evidence of the effects of diet in relation to COVID-19 is still lacking. However, it is generally accepted that a diet rich in vegetables, fruit, nuts, legumes, fish, and ‘healthy' dietary fats is associated with a lower risk of chronic non-communicable diseases as well as improved immune function (61). A range of nutrients or bioactive compounds has been proposed to explain this association. Examples are polyphenols, vitamin D, n-3 PUFA in autoimmune and inflammatory disorders, and vitamin D, vitamin E, zinc, and probiotics in reduction of infection (62). A balanced whole foods version of a vegetarian or Mediterranean diet fits this description. Conversely, a diet that is rich in energy-dense, nutrient-poor foods (i.e., consisting of ultra-processed foods with high levels of refined carbohydrates, added sugar and fats) is related to an increased risk of non-communicable diseases and impaired immune function (63). Moreover, a recent study found that ultra-processed food stimulated additional intake of approximately 500 kcal/day when compared to content-matched unprocessed diet (64).



Physical Activity

Similar to the Western diet, a sedentary lifestyle is associated with abdominal adiposity, a pro-inflammatory state and increased risk of infection (65). Besides facilitating weight loss, regular physical activity decreases the activation of the immune system and improves immunosurveillance and immunocompetence (65). Regular exercise may limit or delay inflammaging (66). Subsequently, a physically active lifestyle reduces the risk of contracting a range of communicable diseases including viral and bacterial infections (65, 66).

The near-daily practice of moderate intensity exercise (e.g., walking or cycling) reduces upper respiratory tract infection symptom days by 40–50% (67). There is a dose-response relationship between the intensity of regular exercise and the risk for infection (65). Exercise intensity is commonly expressed as the Metabolic Equivalent of Task (MET) which is the ratio of a person's working metabolic rate relatively to their resting metabolic rate. Light to moderate exercise (MET 2–5.9, e.g., walking, vacuum cleaning or yoga) is better than inactivity (MET <2, e.g., writing or desk work) but vigorous exercise (MET 6–8.7, e.g., running, basketball or swimming) is even better. On similar note, short periods of maximum intensity training (High-intensity interval training or HIIT) seem to be a valuable addition to moderate-intensity continuous training in terms of enhancing cardiorespiratory fitness, metabolic hemostasis, vascular function and immune system function (68, 69). However, prolonged and intensive or (near) maximal intensity exercise is associated with an increased illness risk (67).

Substantial reduction in acute respiratory infection illness is detectable as soon as after 8 weeks of moderate intensity exercise (70). Most studies used a moderate intensity program of 30–45 min/day for 5 days/ week (67). This is in line with the Global recommendations on Physical Activity for Health on which most national guidelines are based (71). Thus, adoption of a physically active lifestyle by a substantial percentage of the population would probably curtail infectious pandemics such as COVID-19 and non-infectious pandemics such as obesity (65).



Stress

Different emotional states, or exposure to psychological stressors, are associated with enhanced susceptibility to, or increased severity of disease through nervous system-induced alterations in innate and adaptive immunity (72). A main component of the stress response is cortisol, which production and secretion are regulated by the hypothalamus-pituitary-adrenal axis (73). Cortisol has many functions in the human body, such as mediating the stress response, and regulating metabolism as well as, inflammatory-, and immune function (73). Cortisol is ordinarily anti-inflammatory and confines the immune response, but chronic hypercortisolemia can lead to resistance of the immune system. The accumulation of stress hormones gives rise to an increased production of inflammatory cytokines that compromises the immune response (74). It has been demonstrated that individuals reporting higher levels of stress are more likely to develop clinical symptoms during experimental respiratory viral infection (72). Behavioral interventions targeted at alleviating stress, promoting heightened states of relaxation and encouraging moderate physical activity have been shown to bolster anti-viral immune responses and decrease markers of inflammation (75). A meta-analysis focusing on psychological interventions to alleviate stress showed positive effects on the immune system. It even suggested a positive relation between the frequency of self-reported of stress-reducing practice and a more adequate functioning of the immune system (76). Besides the impact on inflammatory markers, stress also promotes other negative lifestyle factors such as unhealthy eating and poor sleeping quality (77).



Smoking

Nicotine and other tobacco components have several pro- as well as anti-inflammatory effects, and thus contribute to an altered immune set point in smokers (78). Current or former smoking is a risk factor for severe disease in patients with COVID-19. Smokers appear to have a 40% higher chance of developing severe symptoms, and a 140% higher chance of being admitted to an ICU, need mechanical ventilation or die as compared to non-smokers (79). A similar observation was made in patients with influenza (80). Smokers were over 5 times more likely to develop laboratory-confirmed influenza, and 34% more likely to develop influenza-like illness than non-smokers. Importantly, smoking cessation recovers airway ciliary clearance and immune function as early as 1 month after the intervention (81). Thus, smoking cessation is strongly encouraged as a public health measure to limit the global impact of COVID-19 (81).



Alcohol

Alcohol consumption affects the number, survival and function of both innate and adaptive immune cells, thereby interfering with immune responses (82). Consumption of high doses can directly suppress a wide range of immune responses, and alcohol abuse is associated with an increased incidence of infectious disease (83). For instance, alcoholics are highly susceptible to respiratory pathogens and lung injury, and have a 2–4 fold increased risk of ARDS (84). Furthermore, alcohol consumption increases the risk of community-acquired pneumonia in adults (85). A dose-response relationship is observed, indicating that the risk for pneumonia increases by 8% for every 10–20 g (one unit of alcohol) higher daily alcohol intake. Surprisingly, even a single episode of binge drinking can have measurable effects on the immune system, inducing a transient pro-inflammatory state within the first 20 min after alcohol ingestion, followed by an anti-inflammatory state 2–5 h after alcohol ingestion (82). Also in animal models of pulmonary infections, alcohol administration is associated with adverse clinical parameters and increased lung damage (82). In many cultures, drinking alcohol is socially accepted and integrated in daily life. Increased awareness of the negative effects of alcohol and making moderation or abstinence the default choice are of paramount importance for public health.



Sleep

It is suggested that both circadian rhythm and sleep significantly modify the susceptibility to SARS-CoV-2 infection as well as the overall clinical manifestations of COVID-19 (86). This relates to an interdependent balance maintained between the circadian clock, the intestinal microbiota and immune system activity (87). Naturally occurring sleep acutely enhances the expression of cytokines such as IL-12 and IFN-γ that regulate anti-viral immune defense mechanisms (88). Also, sleep might improve immunological memory formation by boosting the number of antigen presenting cells and CD4+ T-cells (89). The central nervous system seems to use the metabolically quiescent period of sleep to regulate both innate and antiviral immune responses (88). Sleep deprivation leads to decreased lymphocyte blastogenesis and natural killer cell activity, and upregulates IL-1 and IL-2 (90). However, sleep also increases IL-2 production by T-cells (88). Short habitual sleep (<6 h) is associated in humans with reduced life span, increased vulnerability to viral infection and reduced antibody titers after vaccination (91). In addition, short-term sleep deprivation prior to vaccination appears to negatively impact antibody titers after influenza vaccination (92). In rodents, sleep disturbances reduces influenza vaccine efficacy (93). When attempting to improve on sleep quality to boost the immune system, paucity of evidence prevents strong recommendations. However, a key point is that in current times circadian rhythm and sleep disruption frequently occur through shift work, nighttime light exposure and social jet lag (91). Morin et al. provide a condense overview of recommendations to improve sleep quality, especially during the COVID-19 pandemic (Table 2) (94). Further research could explore the effects of these recommendations on immunity and susceptibility to infections.


Table 2. Strategies to manage sleep disturbances during the COVID-19 pandemic.

[image: Table 2]




AN UPSTREAM ENVIRONMENTAL APPROACH TOWARD HEALTHIER LIFESTYLES IS NEEDED

Thus, we know that obesity, chronic disease and their underlying causes impair immune function and leave individuals more vulnerable to infection. These underlying causes include behavioral and modifiable factors such as an unhealthy diet, inadequate physical activity, chronic stress, use of alcohol and tobacco and suboptimal sleep quality (Table 3). To improve on all these aspects of health, multiple methods can be used. We make a case for health education, choice architecture, and regulation on local, national, and international levels.


Table 3. Aspects of lifestyle to be addressed to improve immune function.
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Undeniably, widespread health education is an important aspect of reaching these lifestyle goals. This challenge is a shared responsibility of healthcare professionals, governments, the private sector, and civil society. Healthcare organizations and professionals should advocate the use of lifestyle as therapy in its own right, of equal importance to medication and interventions. Lifestyle modification should be an integral part of chronic disease management. National and local policies should address social determinants of health and health inequalities (95).

Extra attention should be given to personal health and lifestyle factors in periods of complete or partial lockdown. Lockdown periods lead to increases in sedentary behavior (unhealthy) food consumption, alcohol consumption, tobacco use, stress, and decreased well-being (96–98). Distressingly, increased food consumption and snacking are more prevalent in people with overweight or obesity. Even 2 weeks of physical inactivity and a positive energy balance can lead to reduced insulin sensitivity, higher total body fat, and a proinflammatory state (99). People should be aware of the influence of lockdown on their daily habits and be guided to eat healthy, exercise adequately, and find help for psychosocial adversities. We conclude that advocating home-confinement should be accompanied by stressing the need to maintain a healthy lifestyle.

Besides health education, we need to realize that our environment influences our choices substantially. Choices are made by means of two cognitive processes: the reflective and the impulsive system. The former is rational and conscious, the latter is quick, automatic, and subconscious (100). In the context of the current environment, we make approximately 219 decisions in regard to food per day, of which 90% subconsciously (101). Default options such as easy availability of unhealthy foods significantly influence our choices in a negative way (102). Thus, in order to promote healthy choices we need to create an environment in which the default option is a healthy option.

In many parts of the world people currently live in an obesogenic environment (103). In recent decades most societies increasingly offer an overabundance of cheap and convenient energy-dense and nutrient-poor foods and drinks, which contribute to adverse dietary choices. Intensive marketing of ultra-processed foods only makes matters worse. Moreover, many of the current environments promote sedentary behavior and discourage physical activity (104). As a society, we need to promote a healthy lifestyle, and thereby decrease rates of obesity and improve immune function. To do so, we need to reconstruct our living environment so as to facilitate and promote healthy dietary choices, physical activity, stress relieve, and regular sleep (105). Changing choice architecture can be done by changing food positioning in supermarkets, schools, or workplaces (106, 107). Another example is using built environment to increase physical activity and active transport (108).

In addition to choice architecture, creating healthy communities requires regulation by governments aimed at protecting society from the commercial determinants of chronic non-communicable diseases (109). This includes regulating the sale and promotion of unhealthy commodities such as tobacco, alcohol, and ultra-processed food and drinks (109). Strong leadership is essential to resist attempts by powerful organizations with vested interests (e.g., the tobacco, food, and alcohol industries) to undermine the development and implementation of effective policies and laws (110). Evidence-based approaches such as legislation, regulation, taxation, pricing, ban, and restriction of advertising and sponsorship should be introduced to reduce consumption of unhealthy commodities (109). All in all, the campaign for healthier lifestyle includes, but is not limited to, aspects on health education, environmental changes, and regulatory actions (Table 4).


Table 4. Facets of the campaign for healthier lifestyles.
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CONCLUSIONS

COVID-19 has significant impact on public health. Obesity, chronic disease, and various lifestyle components increase the severity of the disease course, the appeal to health care, and the mortality rate of SARS-CoV-2 infections. The harmful impact of these factors on the immune system probably explains the worse outcome to a large extent. Conditions associated with low-grade systemic inflammation, such as obesity, metabolic syndrome, and old age, hamper an optimal and timely response by the immune system to an infectious challenge like SARS-CoV-2. Several Western diet components train innate immune cells so as to adopt a more pro-inflammatory set point, which enigmatically diminishes their capacity to activate adequate adaptive immunity required for an effective battle against pathogens.

Adapting lifestyle on a global scale can most likely enhance population resistance to viral and other infections. However, making healthy choices is not as easy as knowing what to choose. In this context it is important to be aware of the existing obesity stigma and to counteract it. Obesity and related cardiometabolic diseases are not only a problem of the individual, but a burden for society as well. These metabolic disorders are primarily caused by environmental and societal factors, in concert with genetic and other individual (biological) characteristics. Reconstruction of our living environment so as to promote healthier lifestyles is of paramount importance to both prevent and treat obesity and related disorders. Obviously, a collective effort is required to get this done. Healthcare institutions, governments, the private sector, and (creative) citizens have to put their heads together to map out the route to a healthy future. Together we can change our lifestyle-choice architecture to make healthy living the norm, and thereby improve immune function to be better prepared for the next viral pandemic.
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Some nutrients play key roles in maintaining the integrity and function of the immune system, presenting synergistic actions in steps determinant for the immune response. Among these elements, zinc and vitamins C and D stand out for having immunomodulatory functions and for playing roles in preserving physical tissue barriers. Considering the COVID-19 pandemic, nutrients that can optimize the immune system to prevent or lower the risk of severe progression and prognosis of this viral infection become relevant. Thus, the present review aims to provide a comprehensive overview of the roles of zinc and vitamins C and D in the immune response to viral infections, focusing on the synergistic action of these nutrients in the maintenance of physical tissue barriers, such as the skin and mucous membranes. The evidence found in the literature shows that deficiency of one or more of these three elements compromises the immune response, making an individual more vulnerable to viral infections and to a worse disease prognosis. Thus, during the COVID-19 pandemic, the adequate intake of zinc and vitamins C and D may represent a promising pharmacological tool due to the high demand for these nutrients in the case of contact with the virus and onset of the inflammatory process. Ongoing clinical trials will help to clarify the role of these nutrients for COVID-19 management.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic highlights the importance of the use of essential nutrients, especially those with immunomodulatory effects that support an organism's natural immune defenses in the event of that or other viral infections (1–3).

Viruses classified as coronavirus belong to the family Coronaviridae, a name derived from the crown-shaped spikes on the pathogen surface, and are characterized by compromising the human respiratory system (4, 5). At the end of 2019, individuals in the city of Wuhan, China, were diagnosed with pneumonia caused by a new coronavirus: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (4, 6, 7). With the rapid increase in the number of positive SARS-CoV-2 infections in all regions of the world, the World Health Organization (WHO) declared COVID-19 a pandemic in March 2020.

The clinical manifestations of this disease have a broad spectrum, including asymptomatic infection, mild upper respiratory tract infection and severe pneumonia with respiratory failure, for which hospitalization with sub-intensive or intensive care is required (8, 9).

Nutrition is a determinant factor for the maintenance of homeostasis and the health of different organs and physiological systems of an organism, including immune function (10, 11). In the current context of the COVID-19 pandemic, the “nutritional status-immune response” dyad of an individual becomes even more significant because in the absence of a widely available vaccine or treatment supported by high-quality evidence, the main therapeutic/preventive measure for the disease lies in the individual response to the virus (2, 3, 12–16). Inadequate nutrition is considered a contributing factor to the emergence of viral infection due to its contribution to weakness of immune system, which increases the rate of infections and the risk of mortality and morbidity. Moreover, viral infections increase the demand for several micronutrients such as vitamin A, B, C, D, zinc, and selenium (17–20).

Dietary supplementation of micronutrients with recognized roles in immune function can optimize the modulation of the body's immune response, reducing the risk of infections (19, 21–25). In this context, zinc and vitamins C and D are the micronutrients for which there is robust evidence of their immunomodulating activity, such that their deficiency, even if marginal, can compromise metabolism and, consequently, their action on the immune system, a concept grounded by the triage theory1 proposed by Ames (26) and the Law of the Minimum2 proposed by Justus von Liebig in 1840 (10, 17, 24–30).

Considering the importance of adequate levels of nutrients for immune system activity, this review article presents, in a narrative form, a review of the main medical-scientific findings for the relationship between zinc, vitamin C and vitamin D and viral infections, in particular those caused by SARS-CoV-2, demonstrating a confluence of mechanisms in various immune functions, with an emphasis on the integrity of physical tissue barriers composed of epithelial cells and intercellular functional complexes.



NUTRIENTS AND VIRAL INFECTIONS


Zinc

The immunomodulatory and antiviral activities of zinc have made this mineral and its ionophores candidates against COVID-19 (31, 32). Zinc is essential for the integrity of the immune system (33), with an important role in the maintenance, development and activation of cells during innate and adaptive immune responses. It also plays a role in the integrity of epithelial barriers, which are essential for organism defense and prevention of pathogen entry (34–37). Zinc can modulate the development and activity of T cells, hence reducing the cytokine storm, characterized by high levels of pro-inflammatory cytokines and chemokines that lead to systemic immune response impairment, resulting in acute respiratory distress syndrome (ARDS) or in multiple organ failure (38–40). Zinc deficiency decreases the activity of natural killer (NK) cells and cytolytic T cells, both of which are involved in the destruction of viruses, bacteria and tumor cells (41, 42).

Another important function of zinc is its direct antiviral activity, which makes it essential for the immune response upon viral infection. Increased intracellular concentration of this mineral can reduce the replication of a variety of RNA viruses (43–48) and interfere with the viral proteolytic processing of polyproteins (49). Importantly, in Vero-E6 cell culture, the incubation with low concentrations of zinc (2 μM) repressed SARS coronavirus (SARS-CoV) replication by inhibiting its RNA polymerase (45). Moreover, zinc can enhance interferon (IFN) cytokine signaling against RNA viruses (50–53) and inhibit the activity of angiotensin-converting enzyme 2 (ACE2), which is critical for SARS-CoV-2 entry into host cells (54, 55).

Zinc deficiency affects approximately one-third of the population worldwide (56) and is considered a global nutritional problem, affecting population groups in both developed and developing countries. According to a WHO report, zinc deficiency is responsible for ~1.4% (0.8 million) of annual deaths and 2.9% of loss of healthy life years (total of 28 million years) around the world (56). It is also considered one of the main causes of morbidity in developing countries (57), and it is estimated that 0.5 million women and children die per year in these countries due to zinc deficiency (58–60). Worldwide, about 16% of lower respiratory tract infections occur due to zinc deficiency (56), suggesting a possible link between this nutritional deficiency and the increased risk of SARS-CoV-2 infection and severe disease progression (61).

According to epidemiological data, most deaths from COVID-19 are concentrated in the elderly with common comorbidities such as hypertension, diabetes or obesity (62–64). In general, this group of individuals has a higher prevalence of zinc deficiency (65–69), given that aging is associated with a progressive decline in zinc status in the body due to several factors, including reduced food intake, decreased nutrient absorption efficiency and use of medications (70, 71). Similarly, obese individuals or those with chronic kidney disease often exhibit zinc deficiency (65–68, 72–74).

Increasing zinc deficiency and particularly reductions in intracellular zinc levels in immune cells are associated with greater difficulty in mobilizing rare zinc reserves in the body of elderly individuals and, consequently, with the progressive dysregulation of immune responses (immunosenescence), resulting in higher susceptibility to infectious diseases (71, 75, 76). In general, elderly individuals with chronic diseases or who are hospitalized have even lower levels of minerals than do healthy elderly individuals (71), which may be responsible for the high incidence of infections and age-related degenerative pathologies (70).

During an infection, an organism can mobilize zinc reserves for priority functions, such as those associated with the immune system, leading to a decrease in zinc levels and, possibly, to the lack of zinc to other less essential functions, such as the maintenance of smell and taste, senses often affected in patients with COVID-19. This notion agrees with the triage theory cited above (26).

Zinc also plays an important role in intercellular junction proteins, structures that promote adhesion between epithelial cells and that are necessary for epithelial tissue structure and its function as a selective barrier (34–36). Under zinc deficiency conditions, disruption of intercellular junctions occurs, with a consequent reduction in tissue integrity and impairment of the control of paracellular permeability, allowing the passage of pathogens (34, 36, 77). Conversely, zinc supplementation improves the function of these junctions (34). Considering the important role of zinc in maintaining the integrity of the physical barriers of the skin and mucous membranes against the invasion of pathogens (37), it may also play a role in reducing the risk of contamination by SARS-CoV-2.

The intestinal mucosa is an important cellular barrier that prevents the entry of pathogens and is compromised after SARS-CoV-2 infection. Data from Hubei Province, China, shows that up to 79% of infected patients may present gastrointestinal symptoms, such as diarrhea, vomiting, abdominal pain, and gastrointestinal bleeding (78). The literature reports the occurrence of diarrhea in 2 to 50% of COVID-19 cases (78, 79). In some patients, it was the only symptom presented, which was associated with worse disease prognosis (80, 81) and can reduce zinc levels in the body due to malabsorption and loss during dehydration (82).

Supplementation with zinc was shown to be effective in the treatment of acute diarrhea, which may be due to viral infection (83). That approach is recommended by the WHO for the treatment of children with acute diarrhea to reduce its duration and severity in addition to the risk of new episodes in the following 2 to 3 months (84). Regarding zinc sources, it was found that supplementation with zinc amino acid chelate, compared with placebo and zinc sulfate, had a better effect in reducing the incidence of diarrhea and acute respiratory infection, in addition to resulting in a lower incidence of side effects, in preschool children (22). Zinc reduces the risk of diarrhea through its function in the intestinal barrier (77) and through several mechanisms that act directly on pathogens, including a reduction in the expression of virulence factors (85, 86).

Zinc-deficient individuals are prone to increased respiratory and diarrheal morbidities (87, 88). Furthermore, it was found that zinc supplementation in children with zinc deficiency may reduce the morbidity and mortality related to lower respiratory tract infections caused by the measles virus (89). Zinc administration is also associated with a 41% reduction in the prevalence of childhood pneumonia (23), a lower respiratory tract infection.

Clinical studies have shown that zinc supplementation can also reduce, by up to 54%, the severity and duration of various cold symptoms, such as fever, cough, sore throat, muscle pain and nasal congestion (90–92), which may also occur after SARS-CoV-2 infection. In a randomized double-blind study, 48 volunteers with colds received zinc acetate lozenges (80 mg of elemental Zn/day) supplementation or placebo within 24 h after the onset of symptoms. In comparison to placebo, zinc administration was associated with a significant reduction in the duration of cold symptoms and the total severity score of all symptoms (p < 0.002) (90).

In a case report series of four patients with COVID-19, administration of high doses of oral zinc (up to 207 mg/day) was possibly associated with improved oxygenation and fast resolution of shortness of breath after 1 day of treatment. No adverse effects were reported (93). Conversely, a prospective study with 242 patients did not find a significant correlation between zinc supplementation and reduced COVID-19-related mortality (RR = 0.66; 95% CI: 0, 41-1.07; p = 0.09) (94). In view of some limitations of the study (single-center retrospective design, possible presence of confounding variables, sample size and a higher proportion of patients treated with zinc), the authors highlighted the need for randomized clinical trials to investigate the potential of zinc in COVID-19 therapy (94).

By the time this review was completed, more than 10 clinical trials involving oral zinc as monotherapy or in association with other compounds have been registered at clinicaltrials.gov and have alrealy started subjects' enrollment (NCT04468139, NCT04472585, NCT04342728, NCT04446104, NCT04335084, NCT04370782, NCT04447534, NCT04326725, NCT04334512, NCT04412746), two of which have already been completed (NCT04485169, NCT04491994). The results of these studies will be important to validate the usefulness of zinc as an adjuvant therapy in COVID-19.



Vitamin C

Ascorbic acid is a water-soluble micronutrient with antioxidant properties that plays a crucial role in the immune system, supporting the epithelial barrier against the entry of pathogens and the cellular functions of the innate and adaptive immune systems (19, 95).

As an antioxidant, vitamin C prevents damage to biomolecules (nucleic acids, proteins, lipids and carbohydrates) resulting from exposure to oxidants generated by normal metabolism and exposure to pollutants and toxins (96). Furthermore, this vitamin is a cofactor of several enzymes that are involved in the stabilization of the collagen tertiary structure (97), in the biosynthesis of hormones such as norepinephrine, catecholamines and vasopressin (98), and in the methylation of DNA and histones and is therefore important for the occurrence of epigenetic events (99).

Vitamin C levels in the body may vary due to environmental conditions, such as air pollution, and the presence of pathologies, such as type 2 diabetes (95). The elderly population is particularly affected by vitamin C deficiency because chronic or acute diseases are prevalent in this group, and aging is related to reduced vitamin C levels (100–103). For example, low levels of vitamin C (≤ 17 μmol/L) in a population of British elderly individuals were associated with all causes of mortality, including cardiovascular causes (104). In addition, hospitalized elderly patients with acute respiratory infections, when supplemented with 200 mg/day of vitamin C, showed reduced disease severity indices compared to the placebo group (105). Recently, Arvinte et al. (106) conducted a pilot study that included 21 critical COVID-19 patients and observed low serum levels of vitamin C and vitamin D among the patients. In addition, older age and low vitamin C levels appeared to be co-dependent risk factors for mortality, suggesting that serum vitamin C levels contributed to the significance of age as a predictor of mortality (106).

A meta-analysis of 44 studies that used doses of vitamin C starting at 200 mg per day reported a reduction in the duration of the common cold in adults and children, which has been related to the role of this vitamin in supporting the immune system and in reducing the severity of symptoms (107) and is associated with its antihistaminic properties (108). Johnston et al. (21) evaluated the effect of vitamin C supplementation (1 g for 8 weeks) on the symptoms of respiratory tract infections in men with hypovitaminosis C (≤ 45 μmol/L). Although not statistically significant, supplementation reduced the episodes of cold and shortened the duration of infection by 59% compared to the placebo group (−3.2 days; 95% CI: −7.0–0.6; p = 0.06) (21).

With respect to acute respiratory infections, it was found that the administration of vitamin C reduced the score for respiratory symptoms of pneumonia in critically ill patients (109). In addition, it was used as an adjuvant in two case reports of patients with ARDS, with an effective reduction in pulmonary edema (110, 111). A high dose of vitamin C in patients with ARDS is related to some beneficial outcomes, such as: reduction of inflammation and organ injuries, decreased pathogen infection and virulence, and optimization of immune defense (112).

In ARDS, liquid and proteins penetrate the alveoli, leading to pulmonary edema. This process occurs due to tight junction damage in the lung endothelium, resulting in increased permeability to fluids, neutrophils and erythrocytes and an excess of these components in the alveolar space (113). The presence of neutrophils in the intravascular and extravascular spaces during acute lung injury is frequently associated with platelets, forming aggregates that, due to their inflammatory thrombogenic activity, lead to inflammatory processes (113).

A study in mice with sepsis and acute pulmonary dysfunction showed that the parenteral infusion of 200 mg/kg vitamin C increased the removal of alveolar fluid, promoted an improvement in the structure and function of the alveolar epithelial barrier, and attenuated the pro-inflammatory response, thus reducing the consequences of sepsis in pulmonary dysfunction (114). These results were obtained by normalization of the constituent proteins of intercellular junctions and by the prevention of rearrangements of cytoskeletons promoted by ascorbic acid (114). In mice deficient in the enzyme responsible for the synthesis of vitamin C (Gulo−/−), in a peritoneal inflammatory process, neutrophils were not able to enter into apoptosis and accumulated in the peritoneal cavity due to the absence of recognition and phagocytosis of neutrophils by macrophages, thus reducing the removal of these cells (115). Therefore, vitamin C, as previously mentioned for zinc, plays an important role in the protein components of intercellular junctions, acting in the prevention of the entry of pathogens and in the restructuring of epithelial tissue, in addition to being essential for the removal of neutrophils in damaged tissue, which leads to a reduction in the accumulation of these cells and in the inflammatory process.

In view of the current COVID-19 pandemic, patients with this disease have abnormal chest CT scan results, which reveal bilateral involvement of the lungs with ground-glass opacity, resulting from increased fluid in the lungs, which occurs in 98% of cases. In addition, complications such as ARDS (29%) and secondary infections (10%) may be common (116). Vitamin C may be an adjuvant to ARDS, reduce the deleterious consequences of sepsis associated with acute pulmonary dysfunction, and reduce the incidence of pneumonia by ~80% (117). A meta-analysis of 18 controlled clinical trials showed that oral or intravenous vitamin C reduces both the length of stay in the intensive care unit (ICU) by 7.8–8.6% (p ≤ 0.003) and the duration of mechanical ventilation by 18.2% (p = 0.001) (118).

Moreover, vitamin C may modulate the cytokine storm (19, 38, 119, 120), characterized by high levels of the pro-inflammatory cytokine interleukin (IL)-6, resulting in increased risk of respiratory failure requiring mechanical ventilation in patients with COVID-19 (121). According to an in vivo study with 12 healthy men, pretreatment with vitamin C can reduce the levels of IL-6, released by the vasoconstrictor endothelin-1 (ET-1), thus reducing vascular dysfunction (122). In addition, increased ET-1 expression is also associated with pneumonia, pulmonary hypertension, interstitial pulmonary fibrosis and ARDS (120).

As of the time of completing this review, more than 20 clinical trials with COVID-19 patients are in progress, seven of which have already started enrolling participants, five using vitamin C as an intravenous treatment (NCT04323514, NCT04401150, NCT04357782, NCT04264533, NCT02735707) and two as an oral treatment (NCT04468139, NCT04382040).

In the study by Hiedra et al. (123), 17 COVID-19 patients who needed 30% of oxygen or more received 1 g of vitamin C intravenously for 3 days (123). These patients were receiving hydroxychloroquine, methylprednisolone or tocilizumab as initial treatments. After vitamin C therapy, the levels of some anti-inflammatory markers, such as D-dimer and ferritin, were significantly reduced. However, this study had a small number of participants, had a short duration (only 3 days) and did not investigate the effects of using vitamin C alone. In a case report, a COVID-19 patient underwent intravenous administration of 11 g of vitamin C after developing ARDS and needing mechanical ventilation (124). The high-dose vitamin C treatment was associated with a reduction of both ICU stay and need of mechanical ventilation, as well as a faster recovery of the patient compared to those who did not receive intravenous vitamin C. Importantly, the patient was using the following medications: hydroxychloroquine, azithromycin, colchicine, and zinc sulfate (124).

Despite the limitations of these studies with COVID-19 patients, their results highlight the importance of a more detailed investigation of the use of vitamin C in this disease treatment, since this micronutrient plays a key role in the development, maintenance and expression of the immune response, factors that affect the risk and severity of viral infection, such as SARS-CoV-2.



Vitamin D

Despite the traditional name, vitamin D is actually a hormone, given that in addition to being endogenously produced, it acts on the regulation of more than 200 genes in different cell types (125–127). Only ~10% of the vitamin D required is obtained from food, its main sources including (i) animals, such as cold deep-water fish, for example, tuna and salmon (D3 or cholecalciferol) and (ii) plants, such as edible mushrooms (D2 or ergosterol). The remaining 80 to 90% are endogenously synthesized (128), a process that begins in the deep layers of the epidermis, following exposure to ultraviolet (UV) solar radiation, and involves various hydroxylation processes in the liver and kidneys. The final metabolite, 1α,25-dihydroxy-vitamin D [1,25(OH)2 D or calcitriol], is the metabolically active molecule (127, 128).

Variables such as skin pigmentation, aging and topical application of sunscreen may reduce the synthesis of vitamin D by the body (129–131). Importantly, its endogenous production does not lead to toxic accumulation in the organism because there is a system responsible for controlling its levels. During prolonged exposure to UV-B rays, precholecalciferol (previtamin D3) is transformed into lumisterol, an inert isomer that maintains the balance of vitamin D3 production (132, 133).

In addition to its classic effects on calcium homeostasis and the maintenance of bone health, vitamin D3 plays an important role in the body's immune function (17, 19, 134–136). In fact, calcitriol acts as a powerful modulator of the immune system, given that vitamin D (i) has receptors in all immune cells; (ii) is associated with the production of T lymphocytes and the differentiation of B lymphocytes; (iii) optimizes anti-inflammatory functions by altering IL-10 cytokine levels; (iv) induces maturation and differentiation of monocytes and macrophages; (v) is associated with the production of cytokines and chemokines via the nuclear factor-κB (NF-κB); and (vi) induces the secretion of the lysosomal enzymes acid phosphatase and hydrogen peroxide (134, 136, 137). This immunomodulating function of vitamin D is considered complex during viral infections and appears to vary according to the nature of the pathogen and the type of immune function responsible for the resolution of the disease (136, 137).

Besides immune cells, the vitamin D receptor (VDR) is also found in pulmonary epithelial cells. When activated, VDR results in the expression of defensins and catelicidins, peptides with antiviral activity through direct action or via immunological modulation (138–140). It has been speculated that, during vitamin D deficiency, the impaired antiviral immune response in COVID-19 patients may be due to the reduction in LL37 levels, an antimicrobial peptide derived from catelicidin (139).

Vitamin D may also attenuate exacerbated inflammatory responses by downregulating pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α and IL-6, involved in the development of cytokine storm during COVID-19-related ARDS (136, 140, 141). In fact, preliminary data from more than 5,000 patients with COVID-19 suggested a relationship between vitamin D deficiency and severity of cytokine storm, indicated by high serum levels of the inflammatory marker C-reactive protein (CRP) (142).

A meta-analysis of 25 randomized controlled studies showed that vitamin D3 supplementation was associated with a lower risk of developing acute respiratory infections (OR=0.88, 95% CI: 0.81–0.96; p < 0.001) and that the positive effect of supplementation was even more pronounced in individuals with vitamin D insufficiency (serum levels below 25 ng/mL) at the beginning of the intervention (143).

In addition to its role in cellular and humoral immunity, vitamin D, similar to zinc and vitamin C, plays an important role in the formation and maintenance of epithelial and endothelial barriers, including lung tissue (17, 19, 144–146). Using a vitamin D receptor knockout mouse model, Chen et al. (146) observed that in the absence of this hormone signaling, the animals exhibited lung inflammation and impaired lung function, which can be explained by the increased pulmonary permeability resulting from impairment of the integrity of the epithelial barrier. The authors demonstrated a reduction in the expression of essential proteins for the maintenance of tight junctions, such as claudins. Thus, in vitamin D deficiency, the lungs lose epithelial integrity, becoming more susceptible to inflammatory processes and pathologies such as asthma, chronic pneumonia and cancer (146).

According to the Endocrine Society, serum levels of 25(OH)D below 20 ng/mL indicate vitamin D deficiency, whereas levels between 21 and 29 ng/mL indicate its insufficiency (147), both of which compromise the immunomodulatory functions of this hormone and have been associated with increased susceptibility to viral and bacterial infections (17, 125, 134).

Some studies suggest that there is a correlation between vitamin D deficiency and susceptibility to SARS-CoV-2 infection and disease severity (24, 106, 140, 148–152). Ilie et al. (149) found a negative correlation between the average serum vitamin D levels in 20 European countries and the COVID-19 cases and mortality per million population. Severely low levels of vitamin D have been identified in the elderly, especially in Switzerland, Italy, and Spain (149).

A meta-analysis of seven retrospective studies reported an average serum vitamin D level of 22.9 nmol/L in 1,368 patients with COVID-19 (140). Significantly lower serum levels of vitamin D were associated with patients with poor disease prognosis compared to those with good outcome, representing a standardized mean difference (SMD) of −5.12 (95% CI: −9.14, −1.10, p = 0.012). The difference in vitamin D levels was also substantial between surviving patients and those who died (SMD = −14.6, 95% CI: −15.3, −13.8). The authors concluded that vitamin D deficiency plays an independent causal role in COVID-19 severity and that preventive or therapeutic supplementation in populations at risk can be useful to prevent poor disease outcome (140).

Similarly, a subsequent study with an Israeli cohort of 7,807 subjects identified significantly lower levels of vitamin D among those who tested positive for COVID-19 compared to those who tested negative. Low plasma level of vitamin D (<30 ng/mL) was considered an independent risk factor for COVID-19 infection (OR = 1.58; 95% CI: 1.24–2.01; p < 0.001) and hospitalization (OR = 2.09; 95% CI: 1.01–4.30, p < 0.05) (150).

As previously mentioned, most deaths from COVID-19 are concentrated in the elderly with comorbidities, and these individuals also have vitamin D deficiency (24). Studies demonstrate the correlation between low levels of calcitriol and pathologies such as cancer, diabetes, hypertension and heart disease (24, 106). Likewise, there is also a known relationship between aging and a reduction in endogenous vitamin D synthesis, which can be explained by the increased levels of parathyroid hormone (PTH) (153). Specifically regarding the elderly population, epidemiological studies indicate that hypovitaminosis D is also associated with increased morbidity and mortality in general (154), whereas a meta-analysis (75,927 participants and 38 studies) showed that vitamin D3 supplementation significantly reduced mortality (RR = 0.94; 95% CI: 0.91–0.98; p = 0.002) (155).

Given the COVID-19 pandemic, the WHO suggested social isolation as a measure for restricting the spread of the virus. This measure may also contribute to the reduction in serum vitamin D levels because confinement and possible lack of exposure to the sun prevent the endogenous production of this hormone, reducing the body's capacity to fight COVID-19 (156). Alternatives to prevent serum vitamin D deficiency, such as drug supplementation or the ingestion of foods rich in vitamin D, such as fatty fish, cod liver oil and egg yolk, should be considered during this period of isolation (156).

Finally, another important characteristic of the disease is its pathophysiology. SARS-CoV-2 infection starts with the interaction of the virus with the enzyme ACE2, reducing its activity. Importantly, ACE2 has a key role in counteracting ARDS and acute lung injury. Xu et al. (157) demonstrated that calcitriol is able to upregulate ACE2 and downregulate renin and angiotensin II in the lung tissue of rats exposed to lipopolysaccharide as a model of ARDS (157). In this scenario, recent literature have suggested that vitamin D can act by targeting ACE2 down-regulation in SARS-CoV-2 infection, which could be a potential therapeutic approach to COVID-19 and induced ARDS (158–161). However, further studies must be performed to understand the impact of ACE2 modulation for COVID-19 (17, 24, 158–162).

Considering the observations presented, it is suggested that vitamin D deficiency may be the common variable among elderly individuals and patients with underlying diseases, populations more susceptible to complications and mortality by COVID-19. That may justify the use of vitamin D supplementation as a measure of maintenance and expression of the immune response, which are important for reducing the risk and severity of viral infection as well as for mitigating the symptoms of this disease (163–165).

Clinical studies are warranted to determine the effects of vitamin D supplementation in patients with COVID-19. As of the writing of this review, about 30 clinical studies involving oral vitamin D supplementation in COVID-19 patients are registered at clinicaltrials.gov, 12 of those have started enrolling patients (NCT04449718, NCT04487951, NCT04407286, NCT04411446, NCT04502667, NCT04459247, NCT04403932, NCT04335084, NCT04344041, NCT04334512, NCT04386850, NCT04482673) and two are already completed (NCT04407572, NCT04435119).

Next, the formation of the structural maintenance and activity pathways of intercellular junctions whose integrity is an important barrier to the penetration of viruses, bacteria and allergens will be addressed. In this particular context, the nutrients in question participate in metabolic pathways or constitute synergistic or even confluent structures, which reveals their interdependence, both to evidence a loss of selectivity of epithelial barriers in a deficient individual as well as for their repair when supplemented.




SYNERGISTIC ACTION OF NUTRIENTS ON PHYSICAL BARRIERS

The outer and inner surfaces of an organism, such as the skin and mucous membranes, are the first line of defense against pathogens, toxins and other foreign bodies, as they form physical barriers that prevent entry (17). SARS-CoV-2 is able to penetrate physical barriers when they are vulnerable. Thus, it can be transmitted directly, when there is physical contact with the infected person, or indirectly, when the infection occurs through droplets (> 5 μm) and aerosols (<5 μm) in suspension or through fomites, where steel and plastic are the materials in which this virus is more viable (166).

Droplets containing SARS-CoV-2 are transmitted when they come in contact with the oral, respiratory tract and intestinal mucosa and the conjunctiva, tissues that express ACE2 necessary for the entry of this virus into the body. However, whether the consumption of food contaminated with SARS-CoV-2 can cause its transmission through the digestive system remains to be confirmed (166–171). Thus, the physical and functional integrity of the physical barriers, especially epithelial cells, is important for reducing the risk of SARS-CoV-2 contagion.

The epithelial cells are joined by distinct intercellular junctions, known as the epithelial junctional complex, which is formed by tight junctions, adherens junctions and desmosomes (172, 173) (Figure 1). Because they act as a selective barrier, this complex prevents the entry of pathogens and toxins into the bloodstream.
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FIGURE 1. (A) Junctional complex in epithelial cells. The magnification shows the arrangement of these structures in the paracellular space and the action of zinc and vitamins C and D on tight and adherens junction proteins. (B) Junctional complex dysfunction and its consequences.


Nutrient deficiency, the presence of specific pathologies, and interactions with pathogens are some of the possible causes of structural and functional dysfunctions of the junctional complex. Once the junctional complex is compromised, the organism loses its selective barrier and becomes susceptible to the entry of harmful agents, such as viruses, into the bloodstream (114, 172, 174–176). Table 1 describes the constituent proteins of the junctional complex and the functions of each junction.


Table 1. Functions and protein constituents of the junctional complex.

[image: Table 1]

Tight junctions are essential for the establishment of the barrier between different compartments of the organism, and their main function is selective paracellular diffusion, which restricts the passage of molecules according to size and ionic charge (172, 173). The selective diffusion promoted by tight junctions is considered a key process for the maintenance of organ and tissue homeostasis (172).

Adherens junctions have an anchoring function, connecting actin filaments between cells and have two subcomplexes: nectin-based adhesions, which are important for the initial attachment between neighboring cells and for the establishment of apical-basolateral polarity, and cadherin-based adhesions, which strengthen intercellular binding. Evidence shows that these two junctions have an interconnection, which can be either physical or through signaling (177).

As with adherens junctions, desmosomes also have anchoring functions, connecting intermediate filaments between cells. This connection ensures the mechanical integrity of the tissues, which is essential for tissues susceptible to mechanical stress, such as skin and heart (178). Desmosomes also interact physically and through signaling pathways with tight and adherens junctions (178). Thus, the junctional complex interacts with each other dynamically to perform its functions effectively.

Some viruses and bacteria, such as the hepatitis C virus, influenza A virus, SARS-CoV, and the bacterium Helicobacter pylori, are known to interact with tight junction proteins, thus hindering the integrity and function of these barriers (172, 179, 180). Furthermore, diseases such as chronic inflammatory conditions and cancer can also lead to tight junction dysfunctions, but it is not known whether this dysregulation is the cause or consequence of these pathologies (172).

Zinc and vitamins C and D act in synergy, promoting the integrity and function of some of junctional complex proteins, as will be detailed below.


Zinc

Zinc is essential for the integrity and homeostasis of the intestinal barrier (181–183). In an experimental colitis model in rats, analysis by electron microscopy showed that zinc supplementation reduced intestinal permeability due to its action on tight junctions (34). In human intestinal carcinoma cells (Caco-2 line) and mouse colon, intracellular depletion of zinc increased the permeability of the intestinal barrier because tight junctions were impaired by a significant reduction in the protein levels of occludin and claudin-3 (176). Supplementation with 100 μM zinc reestablished barrier homeostasis, reducing the permeability of tight junctions (176).

Claudins, the constituent proteins of tight junctions, selectively control the size and charge of molecules that diffuse through the paracellular space. Two types of claudins can be differentiated based on their properties: those that seal the membrane (claudin-1, -3, -4, -5, -6, -8, -12, -18, and -19) and those that form pores (claudin-2 and−15); the latter allow the passage of molecules (184). An in vitro study with Caco-2 cells showed that zinc treatment increased transepithelial electrical resistance and mannitol flux, factors that are dependent on the integrity of tight junctions. Based on the results obtained, it was found that claudin-2 and claudin-7 protein levels were significantly reduced after zinc supplementation (77, 185–188). The reduction in these proteins with zinc supplementation influences the increased resistance of the epithelial barrier, which is associated with reduced electrolytic permeability. In turn, the observed increase in mannitol flux, which indicates increased non-electrolyte permeability, is an indication that zinc performs a fine adjustment in the junctional complex, acting differently according to the type of electrolyte (77).

In addition to altering the structure of tight junctions, zinc deficiency also compromised adherens junctions, leading to the delocalization of E-cadherin and β-catenin proteins as well as of the cytoskeleton in Caco-2 cells. This dysfunction in the organization of the intestinal epithelium led to increased permeability and, consequently, neutrophil infiltration in the paracellular space, inducing an inflammatory response (36). Accordingly, in zinc-deficient lung epithelial cells, exposure to cytokines increased cell death by apoptosis and barrier dysfunctions, with E-cadherin and β-catenin proteolysis (189). Apoptosis and barrier dysfunction were directly proportional to the level of intracellular zinc depletion and the time of exposure to depletion associated with acute inflammation (189). Conversely, zinc supplementation reversed the impairment of adherens junctions and was effective in preserving cellular integrity and barrier function (189). Based on these findings, the authors suggested that at the beginning of an inflammatory response in the lung, the mobilization of zinc to epithelial cells is an essential innate response both to increase immune function and to protect other cells from damage caused by inflammation (189). Likewise, zinc-treated Caco-2 cells did not show neutrophil infiltration, indicating that the replenishment of zinc levels restored the integrity of the epithelial barrier and prevented the inflammatory process (36).



Vitamin C

Vitamin C, like zinc, alters the expression of some tight junction proteins. In a mouse model of induced abdominal peritonitis and subsequent acute lung tissue damage, intraperitoneal administration of 200 mg/kg ascorbic acid and dehydroascorbic acid in a mouse model of induced abdominal peritonitis and subsequent acute lung tissue damage resulted in downregulation of pro-inflammatory chemokines, reduced infiltration of neutrophil polymorphonuclears in the lung and lower severity of tissue damage. In the non-supplemented group, abdominal peritonitis induced in animals led to the loss of alveolar barrier function for small solutes, with a significant increase in the expression of claudin-2 and -4, and reduction in the levels of claudin-18, occludin and the cytoskeletal adaptor protein zonula occludens 1 (ZO1) (114). Supplementation with ascorbic acid significantly reduced pulmonary edema by preserving the epithelial barrier, preventing changes in the expression of these proteins and preserving the paracellular permeability of ions and small molecules, in addition to preventing the rearrangement of the cytoskeleton and of actin (114).

Vitamin C also preserves the integrity of occludins, preventing damage to tight junctions associated with endothelial barrier dysfunction (190, 191). This barrier dysfunction involves the production of the reactive species superoxide anion radical ([image: image]), which reacts with nitric oxide (NO), forming peroxynitrite (ONOO−), also with high potential to induce damage to the endothelial barrier and dephosphorylation of occludins. Vitamin C inhibits the enzyme NADPH oxidase, responsible [image: image] production, and eliminates [image: image] and ONOO−, thus avoiding the dephosphorylation of occludins and the consequent loosening of tight junctions (190–192).



Vitamin D

Vitamin D and its receptor exert an influence on tight junctions, participating in the expression and function of the proteins ZO1, occludin and claudin (19, 175). Fujita et al. (193) found that levels of claudin-2 and claudin-12 were low in the duodenum, jejunum, ileum and colon of vitamin D receptor knockout mice, thus compromising calcium uptake by the intestine (193). In addition, the expression of these two claudins was induced in Caco-2 cells in a dose-dependent and time-dependent manner by treatment with 1α,25-dihydroxy-vitamin D, showing that both are vitamin D signaling targets. Based on these findings, the authors suggest that claudin-2 and claudin-12 form paracellular Ca2+ channels in enterocytes and are important for the homeostasis of this cation (193). In human corneal epithelial cells, the metabolites 1,25(OH)2D3 and 25(OH)D3 increased barrier function, with increased expression of occludin proteins (194).

Other evidence of the function of vitamin D in the integrity of tight and adherens junctions is found in human colon cancer cell lines. Treatment with 1,25(OH)2D3 increased the expression of some proteins from these junctions, such as ZO1, ZO2, occludin, E-cadherin and vinculin, leading to decreased membrane permeability, as shown by transepithelial electrical resistance throughout treatment (195). E-cadherin transmembrane protein is important for maintaining the polarized epithelial cell phenotype as well as for adhesion between cells (196, 197). Its importance is revealed by the fact that the loss of E-cadherin expression, a common event during the transition from adenoma to carcinoma, promotes considerable epithelial morphological changes and the acquisition of invasive capacity (198–200). Treatment of colon cancer cells with vitamin D reestablished the compromised tissue morphology due to the increase in the expression of tight and adherens junction proteins.




CONCLUSION

Several minerals and vitamins have antioxidant, immunomodulatory and antimicrobial roles which could be helpful for the immune response against the SARS-CoV-2 virus. In the absence of a widely available treatment or a vaccine for COVID-19, supplementation of micronutrients emerges as an important measure to improve the immune system and to prevent the development of severe symptoms. Some of these micronutrients are the vitamins A, B, C, D and E, and minerals such as selenium, magnesium, and zinc (17, 19).

In this review, the role of zinc, vitamin C and vitamin D for immunity was explored since these micronutrients show the strongest evidence for immune support (17). In this scenario, the mentioned studies demonstrate that zinc and vitamins C and D are integral parts of the immune system and show synergistic functions at various stages of the host defenses, such as the maintenance of the integrity of biological barriers and the functionality of cells that make up the innate and adaptive systems. Therefore, the deficiency or insufficiency of these key nutrients, acting in synergy in tight and adherens junction proteins, can lead to impairment of mucosal epithelial cells, possibly making them more susceptible to pathogen entry, such as SARS-CoV-2.

Overall, the medical literature demonstrates that the supplementation with zinc, vitamin C and vitamin D can mitigate viral respiratory infections. Thus, in the context of the COVID-19 pandemic, the supplementation with such nutrients may be characterized as a widely available, safe and low cost measure that can be useful to cope with the increased demand for these nutrients in case of contact with the virus and onset of the immune responses, as well as to lower the risk of severe progression and prognosis of this viral infection.

Ongoing clinical trial will provide more information on their effect on COVID-19 patients.
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FOOTNOTES

1The triage theory postulates that in the event of a nutrient deficiency, that nutrient is allocated primarily to functions related to immediate survival while long-term functions are impaired (26).

2The Law of the Minimum says that the nutrients that are in an organism in less quantity or deficient become the limiting factor of metabolic reactions even if the other nutrients are present at adequate levels (27–29).
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Background

SARS-CoV-2 causes ongoing pandemic coronavirus disease of 2019 (COVID-19), infects the cells of the lower respiratory tract that leads to a cytokine storm in a significant number of patients resulting in severe pneumonia, shortness of breathing, respiratory and organ failure. Extensive studies suggested the role of Vitamin D in suppressing cytokine storm in COVID-19 and reducing viral infection; however, the precise molecular mechanism is not clearly known. In this work, bioinformatics and systems biology approaches were used to understand SARS-CoV-2 induced cytokine pathways and the potential mechanism of Vitamin D in suppressing cytokine storm and enhancing antiviral response.



Results

This study used transcriptome data and identified 108 differentially expressed host genes (DEHGs) in SARS-CoV-2 infected normal human bronchial epithelial (NHBE) cells compared to control. Then, the DEHGs was integrated with the human protein-protein interaction data to generate a SARS-CoV-2 induced host gene regulatory network (SiHgrn). Analysis of SiHgrn identified a sub-network “Cluster 1” with the highest MCODE score, 31 up-regulated genes, and predominantly associated immune and inflammatory response. Interestingly, the iRegulone tool identified that “Cluster 1” is under the regulation of transcription factors STAT1, STAT2, STAT3, POU2F2, and NFkB1, collectively referred to as “host response signature network”. Functional enrichment analysis with NDEx revealed that the “host response signature network” is predominantly associated with critical pathways, including “cytokines and inflammatory response”, “non-genomic action of Vitamin D”, “the human immune response to tuberculosis”, and “lung fibrosis”. Finally, in-depth analysis and literature mining revealed that Vitamin D binds with its receptor and could work through two different pathways: (i) it inhibits the expression of pro-inflammatory cytokines through blocking the TNF induced NFkB1 signaling pathway; and (ii) it initiates the expression of interferon-stimulating genes (ISGs) for antiviral defense program through activating the IFN-α induced Jak-STAT signaling pathway.



Conclusion

This comprehensive study identified the pathways associated with cytokine storm in SARS-CoV-2 infection. The proposed underlying mechanism of Vitamin D could be promising in suppressing the cytokine storm and inducing a robust antiviral response in severe COVID-19 patients. The finding in this study urgently needs further experimental validations for the suitability of Vitamin D in combination with IFN-α to control severe COVID-19.
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Introduction

The emergence and rapid spread of a highly pathogenic new coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), created tremendous health, economic, and social crises worldwide. SARS-CoV-2 infects the cells of the lower respiratory tract and causes severe respiratory disease in humans, named coronavirus disease of 2019 (COVID-19). In late 2019, SARS-CoV-2 was reported in patients with severe pneumonia in Wuhan city of Hubei province, China. In a short period of time, the virus has infected a large number of people around the world, and this number is increasing exponentially (1). On March 11, 2020, the COVID-19 outbreak was declared a new pandemic by the World Health Organization (WHO). As of October 5, 2020, the number of SARS-CoV-2 infected people were 35,645,015; and among them, 1,044,898 cases of death and 26,791,820 cases of recovered were reported (https://www.worldometers.info/coronavirus/).

SARS-CoV-2 is closely related to previously identified pathogenic beta-coronavirus SARS-CoV, responsible for the epidemic in 2002 to 2003; and Middle East respiratory syndrome coronavirus (MERS-CoV), accountable for the epidemic in 2012 (1–4). The SARS-CoV-2 genome is about 29,000 nucleotides long positive-sense single-stranded RNA that encodes four structural proteins, sixteen non-structural proteins, and nine accessory proteins (1). These proteins help the virus to infect the host cell and hijack the host’s cellular machinery for virus assembly, amplification, and pathogenesis. During infection, the spike (S) protein of SARS-CoV-2 binds with host receptor angiotensin-converting enzyme 2 (ACE2) (5). Subsequently, host serine protease TMPRSS2 cleaves the viral S protein to generate S1 and S2 subunits, which fuses the viral and host membrane resulting internalization of the virus (5).

SARS-CoV-2–infected patients showed a symptom of fever, cough, and dyspnea. However, severe COVID-19 patients with comorbidities of pneumonia lead to acute respiratory distress syndrome (ARDS), and multi-organ failure resulting in death (1, 6–9). After SARS-CoV-2 infection, the lung cells activate the innate immune response against viruses. The severe COVID-19 cases show an influx of pro-inflammatory cytokines in the surrounding environment resulting in recruitments and stimulation of immune cells, including macrophages, neutrophils, and natural killer (NK) cells to kill virus-infected cells. The activated immune system regulation is important to target only virus-infected cells without harming healthy cells. Clinical data suggest that most COVID-19 deaths are due to the influx of various pro-inflammatory cytokines, termed as cytokine storm or cytokine release syndrome (CRS), which are responsible for severe damage of the healthy cells, tissues, and organs (6, 10). A study found an increase in Th17 cell and inflammatory cytokines (IL2, IL6, IL10, and IFN-γ) in severe COVID-19 patients compared to mild cases (10, 11). In contrast, severe COVID-19 cases reported a decrease in CD4+ cell, CD8+ cell, and lymphocytes compared to mild cases.

Previous studies identified that only 20% of COVID-19 patients showed the severe symptom of cytokine storm. Several studies indicate the role of Vitamin D supplements in protecting against diseases and reducing the risk of bacterial and viral infections, including influenza and SARS-CoV-2 infections (12–15). Vitamin D is a fat-soluble vitamin that involves maintaining the calcium level in the body. Classically, Vitamin D interacts with the nuclear Vitamin D receptor (VDR) to form a complex, which binds to the promoter region and modulates the expression of target genes (16). Besides, Vitamin D could also work through non-genomic action where it binds to the VDR and activates several signaling pathways, and indirectly regulates the transcription of numerous genes, including genes associated with immune response (12, 16). Numerous studies indicated that vitamin D deficiency is associated with cytokine storm and causes high morbidity and mortality in COVID-19 patients (14, 17). Moreover, the studies suggested that Vitamin D supplementation reduces the risk of the cytokine storm. However, the underlying molecular mechanism of Vitamin D in suppressing the cytokine storm and reducing viral infection in COVID-19 is not clearly understood yet, which is crucial to develop better therapy and management to save the life of SARS-CoV-2 infected person.

With the advancement of high-throughput “omics” technology and computational methods, the gene expression and protein interaction data could be integrated at the systems biology level to identify the altered gene regulatory network, activated pathways, and the molecular mechanism underlying complex genetic and infectious diseases (18–26).

In this work, bioinformatics and systems biology approaches were used to understand SARS-CoV-2 induced altered host gene regulatory network, biological pathways of cytokine storm, and the potential regulatory mechanism of Vitamin D in suppressing cytokine storm and reducing viral infection. The study used publicly available transcriptome data to identify the differentially expressed host genes (DEHGs) in SARS-CoV-2–infected human cells compared to mock-infected cells (control). Then, the biological role of DEHGs was analyzed with Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Moreover, DEHGs were integrated with the human protein-protein interaction data (PPI). A gene regulatory network was created and analyzed to understand altered biological processes and their upstream master regulators. Our comprehensive analysis revealed a vital sub-network of highly interconnected 31 proteins predominantly responsible for the immune and inflammatory response and is under the regulation of transcription factors (TFs) STAT1, STAT2, STAT3, POU2F2, and NFkB1, which collectively referred to as “host response signature network”.

Furthermore, the “host response signature network” is significantly associated with altered biological pathways, including “cytokines and inflammatory response”, and “non-genomic action of Vitamin D”. Interestingly, our study revealed a potential mechanism through which Vitamin D could suppress cytokine storm and reduce viral infection in COVID-19. Finally, differentially expressed host genes from COVID-19 patients (DEHGsCOVID-19) were taken to validate our findings. This study will contribute to a better understanding of the regulatory mechanism of cytokine storm and therapeutic intervention for severe COVID-19 patients.



Materials and Methods


Transcriptome Data and Identification of DEHGs

This study used the RNA sequencing data of normal human bronchial epithelial (NHBE) cells infected with SARS-CoV-2 (USA-WA1/2020) and mock-infected NHBE cells as control. The transcriptome data were downloaded from the Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/) with accession number GSE147507 (27). Each infected and controlled group has independent biological triplicate experimental data, and the reads were mapped on the human genome (hg19). The raw counts of expression data were used to identify the DEHGs between virus-infected cells compared to control with DESeq2 package version 1.22.2 in R version 3.5.2 (28). The DESeq2 takes two files as input: (a) a table of raw read counts from different samples where each row represents a gene and a column indicates the sample, and (b) an associated phenodata file describing the experimental group of each sample. DESeq2 performs internal normalization to adjust the differences in library size and library composition. For this, DESeq2 first calculates the scaling factor for each sample. Then the original read count is divided with sample scaling factor to get a normalized value. For each gene, DESeq2 uses a negative binomial distribution to model the counts and fit the normalized count data. DESeq2 uses shrinkage estimation for dispersions and fold changes and uses the Wald test to find out genes with significant differential expression between two sample groups.

A schematic diagram of our study is presented in Figure 1. The host gene is considered as differentially expressed if the log2 Fold Change |log2FC| is > 1 and adjusted p-value is < 0.05. The expression data of the significant DEHGs we selected and transformed into Z-score (row-wise of value), then a heatmap was created with pheatmap package version 1.0.12 in R.




Figure 1 | Schematic diagram of present study workflow.





Functional Enrichment of DEHGs

To understand the biological processes induced by SARS-CoV-2, the list of DEHGs were analyzed for functional enrichment, including GO of Biological Process (BP), Molecular Function (MF), and Cellular Component (CC); KEGG and BIOCARTA pathways; and DISEASE using DAVID 6.8 (https://david.ncifcrf.gov/home.jsp). The significantly enriched terms were considered when at least five genes were present, and the Benjamini adjusted p-value is less than 0.05 (p-adjust <0.05). Then the enrichment was visualized using dotplot with the ggplot2 in R.



Construction and Analysis of SARS-CoV-2–induced Host Gene Regulatory Network (SiHgrn)

The list of DEHGs, along with two additional host genes (ACE2 and TMPRSS2 involved in SARS-CoV-2 infection), was mapped to the STRING version 11 application (29). Although ACE2 and TMPRSS2 were not in the list of DEHGs, these two host proteins are nevertheless crucial for SARS-CoV-2 infection. Therefore, ACE2 and TMPRSS2 were taken into account during network construction to determine whether these proteins could interact with other proteins of DEHGs and influence the regulatory network. The human PPI data with medium confidence interaction score >0.400 was downloaded from STRING, and then a network was constructed and visualized in Cytoscape software version 3.7. In this network, each protein is represented by a node, while the interaction between two proteins is represented by an edge (30). Furthermore, the gene expression level (log2FC score) from DEHGs was integrated into the protein node to construct a PPI network called SiHgrn. After that, the topological structure of the SiHgrn was analyzed using Cytoscape plug-in “NetworkAnalyzer.”

The highly connected local sub-networks modules in the SiHgrn were extracted using the Cytoscape plug-in MCODE clustering algorithm (31). The functional enrichment of the highest score MCODE (Cluster 1) was analyzed for GO, KEGG, and BIOCARTA pathways, and DISEASE with DAVID 6.8. Besides, the gene set of Cluster 1 was analyzed with Molecular Signatures Database (MSigDB version 7.1) (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp), which is the most famous repository of biological gene sets for performing enrichment analysis (32). Each gene set contains a collection of genes that shared a specific-biological property. In this study, MSigBD was used to identify the common underlying biological process and pathways with “hallmark gene sets” and the “positional gene set” at default parameters. The “hallmark gene sets” is the collection of 50 gene sets in which each set contains a well-defined biological state or process with coordinate expression (33). The “positional gene sets” is the collection of 299 gene sets by chromosome and cytogenetic band, and thus, it can help identify effects related to the chromosomal position. Furthermore, MSigDB was also used to determine the gene family according to their protein homology or biochemical activity.



Discovery of Upstream Master Regulators of Cluster 1

To find the upstream TFs regulators of genes of Cluster 1, Cytoscape plug-in iRegulone (version 1.3) was used at default parameters (34). The output result was further analyzed using the in house Perl program, and a matrix table was generated where each row indicates a TF, while a column indicates a target gene. The matrix was then visualized with a heatmap using the Morpheus tool (https://software.broadinstitute.org/morpheus/). The proteins of Cluster 1 and upstream TFs are considered as a “host response signature network”.



Biological Pathways of “Host Response Signature Network”

The gene set of “host response signature network (Cluster 1 and its upstream regulators)” were analyzed to identify the biological pathways using the “Relevant Pathways” module of Network Data Exchange (NDEx version 2.4.5, 18 June 2020) (https://ndexbio.org/) (35, 36). NDEx is an open-source resource for the collection and analysis of biological network knowledge. The output result of “Relevant Pathways” analysis gave a list of biological pathways enriched for query genes. The result was sorted according to the highest similarity score between our query set and the network’s genes. Then, the top nine significantly enriched pathways having more than 5 overlapping genes were collected for further analysis. If required, figures from WikiPathways were modified with PathVisio version 3.3.0.




Results


Identification of DEHGs

In order to understand how the host gene expression altered in response to SARS-CoV-2 infection, the raw read counts of host transcriptome data were preprocessed and analyzed to identify the DEHGs in SARS-CoV-2–infected cell compared to control cell with DESeq2. The boxplots showed the raw read counts, and normalized read counts across samples (Figure S1). A global view of differentially expressed genes in RNA-seq datasets was visualized with the MA-plot, where M indicates the log2 fold change on the y-axis, while A indicates the mean of the normalized counts on the x-axis (Figure S2). A total of 108 DEHGs including 93 up-regulated and 15 down-regulated genes were identified with |log2FC| > 1 and adjusted p-value < 0.05. Among them, the top 15 genes showing up-regulation are CSF3, SPRR2E, CXCL5, CCL20, SPRR2D, CSF2, IL6, IFI27, IL36G, XAF1, MX1, PDZK1IP1, SAA2, IFI6, and CXCL8; while 15 genes showing down-regulation are RBM20, IFITM10, NANOS1, STON1, CXCL14, MYLK, MAP7D2, NID1, ZNF488, ATG9B, VTCN1, CYP4F3, MIR221, PPARGC1A, and METTL7A (Table 1). The detailed information of up- and down-regulated genes is provided in Tables S1 and S2, respectively. Furthermore, a heatmap of gene expression level was generated, which shows a distinct pattern of up-regulated and down-regulated genes in SARS-CoV-2–infected cells compared with mock across all biological samples (Figure S3).


Table 1 | A list of the top 15 differentially expressed host genes (DEHGs) in SARS-CoV-2–infected NHBE cells.





Functional Enrichment of DEHGs

To understand the biological processes and key pathways altered in SARS-CoV-2–infected cell, the function and pathway enrichment analysis of the DEHGs were performed. The BP of GO analysis revealed that the up-regulated genes are primarily associated with inflammatory response, immune response, apoptotic process, type 1 interferon (IFN) signaling pathway, innate immune response, defense response to viruses, and positive regulation of NFkB transcription factor activity (Figure 2A). The MF of GO analysis revealed that the up-regulated genes are primarily associated with cytokine activity, growth factor activity, and chemokine activity (Figure 2A); while the CC of GO analysis revealed that the up-regulated genes are significantly related to extracellular space, extracellular region, and cell surface (Figure 2A). The KEGG pathway analysis showed the up-regulated genes are significantly enriched in TNF signaling pathway, cytokine-cytokine receptor interaction, measles, influenza A, Herpes simplex infection (Figure 2A). The BIOCARTA pathways showed that the up-regulated genes are significantly enriched in signal transduction through IL1R, cytokines and inflammatory response, and cells and molecules involved in the local acute inflammatory response (Figure S4A). The DISEASE annotation showed that the up-regulated genes are significantly enriched in type 2 diabetes, ovarian cancer, atherosclerosis, and respiratory syncytial virus bronchiolitis (Figure S4B). The BP, MF, and CC of GO, KEGG, BIOCARTA, and DISEASE analysis of down-regulated genes did not show any functional enrichment term. The complete results of GO, KEGG, BIOCARTA, and DISEASE annotation analyses of up-regulated host genes are available in Table S3.




Figure 2 | Functional enrichment of host genes in cells infected with SARS-CoV-2 and their biological network. (A) GO and KEGG pathways functional enrichment of up-regulated host genes. (B) SARS-CoV-2 induced the Host gene regulatory network (SiHgrn). (C) MCODE clusters extracted from the SiHgrn network. MCODE score is given in the bracket. A red node and a green node represent an up-regulated and down-regulated gene, respectively, in DEHGs, while the blue node represents without expression value. GO, Gene Ontology; BP, Biological Processes; MF, Molecular Function; CC, Cell Component; KEGG, Kyoto Encyclopedia of Genes and Genomes.





Construction and Analysis of SiHgrn Network

We mapped the 110 genes (108 DEHGs; ACE2 and TMPRSS2 of host genes) to the STRING database and retrieved the PPI network having 88 nodes and 563 edges. Then, the PPI network was visualized in Cytoscape software, in which each node represents a protein, while an edge represents an interaction between proteins. Furthermore, the log2FC expression level of DEHGs was integrated into the network, where the red node indicates an up-regulated gene, while the green node indicates a down-regulated gene in SARS-CoV-2–infected cell compared to control and the network is called as SiHgrn (Figure 2B). In the SiHgrn network, 79 nodes are up-regulated and 6 nodes are down-regulated while 3 nodes are not having gene expression level (shown in blue, identified through PPI interaction and not in the list of our DEHGs).

Though ACE2 and TMPRSS2 showed no differential expression in the SARS-CoV-2–infected cells compared to control. Interestingly, the SiHgrn network revealed that ACE2 interacts with three proteins: IL6 [log2FC=2.92], EDN1 [log2FC=1.06], and TMPRSS2; while TMPRSS2 interacts with two proteins: MX1 [log2FC=2.51] and ACE2. The structural topological of the SiHgrn network, including betweenness centrality, closeness centrality, clustering coefficient, and degree, was analyzed with Cytoscape plug-in “NetworkAnalyzer”. The complete result of network topology is given in Table S4. The degree of node connectivity is used to determine the node size in the SiHgrn network.



Identification and Analysis of Sub-Network in SiHgrn

Detailed analysis of the SiHgrn network with Cytoscape plug-in MCODE identified four local sub-networks (Figure 2C; Table 2). Among them, only the highest MCODE score, 16.7, Cluster 1 containing 31 genes, was selected for further study. Highly connected hub genes could influence the topology of a network and biological function. It was found that IL6 and TNF nodes have the highest degree of connectivity [degree=50] in the SiHgrn network. Other top-five hub nodes with degree of connectivity are CXCL8 [44], IL1B [40], MMP9 [35], TLR2 [34], and ICAM1 [32] (Table S4). Interestingly, these all top hub genes are highly interconnected, and belong to MCODE Cluster 1 (Figure 2C; Table 2).


Table 2 | List of MCODE clusters and their associated proteins identified from SiHgrn.



Function enrichment analysis of Cluster 1 genes with the BP of GO showed that they are primarily associated with immune response, inflammatory response, type 1 IFN signaling pathway, and defense response to viruses (Figure 3A). The MF of GO analysis revealed that Cluster 1 genes are primarily associated with chemokine activity, cytokine activity, and CXCR chemokine receptor binding (Figure 3A). The CC of GO of Cluster 1 genes are significantly related to extracellular space and extracellular region (Figure 3A). The KEGG pathway analysis showed that Cluster 1 is significantly enriched in cytokine-cytokine receptor interaction, influenza A, rheumatoid arthritis, TNF signaling pathway, measles, Herpes simplex infection (Figure 3A). The BIOCARTA pathways showed that the Cluster 1 genes are significantly enriched in cytokines and inflammatory response, cells and molecules involved in the local acute inflammatory response, and adhesion and diapedesis of granulocytes (Figure S5A). The DISEASE annotation showed that the Cluster 1 genes are significantly enriched in ovarian cancer, respiratory syncytial virus bronchiolitis, asthma, and type 2 diabetes (Figure S5B). The complete results of GO, KEGG, BIOCARTA, and DISEASE annotation analyses of Cluster 1 genes are available in Table S5.




Figure 3 | Functional enrichment of Cluster 1 and its potential upstream regulators. (A) GO and KEGG pathways functional enrichment. (B) MSigDB Hallmark and positional gene sets enrichment. (C) Potential upstream regulators of Cluster 1 genes. Each column indicates the gene of Cluster 1, while each row indicates TF identified by iRegulone. Up-regulated DEHGs in the cluster are red with positive log2FC. TF binding with the mRNA is in purple, while non-binding in cyan.



Furthermore, enrichment analysis with MSigDB hallmark gene sets showed that Cluster 1 genes are significantly enriched in several crucial pathways including, inflammatory response, genes up-regulated in response to IFN-γ and IFN-α, genes regulated by NFkB in response to TNF, genes up-regulated by IL6 via STAT3, genes up-regulated during transplant rejection and others (Figure 3B). While positional gene sets enrichment analysis showed that Cluster 1 genes are enriched with the location of Cytogenetic Band chr4q13 (Ensembl 99). The detailed information with the statistically significant test associated overlap matrix is presented in the Table S6. In addition, the gene set of Cluster 1 was investigated to identify the gene family according to their protein homology or biochemical activity with MSigDB. Out of 31 genes, 15 genes (C3, CCL20, CSF2, CSF3, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, IL1A, IL1B, IL6, SAA1, and TNF) belong to Cytokines and growth factors; 2 genes (IRF7 and IRF9) belong to transcription factors; 4 genes (BST2, ICAM1, IFITM1, TLR2) belong to Cell differentiation markers (Table S7).



Analysis for Upstream Regulator of Cluster 1

Transcription factors rapidly modulate gene expression, especially in activating the host immune response against viral infection. Their identification will improve the understanding of the immunoregulatory mechanism, and a better approach to control the cytokine storm and viral defense in severe COVID-19. Therefore, we analyzed the Cluster 1 to determine its potential upstream TFs regulators using the iRegulone tool. The output result showed that most of the Cluster 1 genes, up-regulated (log2FC >1) in SARS-CoV-2 response, are under the control of TFs STAT1, STAT2, STAT3, POU2F2, and NFkB1 (Figure 3C).



Biological Pathways Enrichment of “Host Response Signature Network”

The genes of the “host response signature network” (consist of Cluster 1 and its upstream regulators =36 query genes) were analyzed with NDEx, which returns a list of relevant pathways according to the highest similarity score. Among them, a list of top nine pathways with more than 5 overlapping genes with our query genes was selected (Table 3). It was observed that the “Cytokines and Inflammatory Response” pathway significantly matched with the “host response signature network” with the highest similarity score [similarity score=0.21; the number of overlap gene=8; p-value=2.70e-10] (Table 3 and Figure 4A). On the other hand, “Non-genomic actions of 1,25 dihydroxyvitamin D3” pathway significantly matched with the “host response signature network” with the highest number of genes [similarity score=0.19; the number of overlap gene=11; p-value=1e-12] (Table 3 and Figure 4B). Figure 4B showed that TNF induced NFkB1 signaling pathway is enriched with four proteins TNF, NFkB1, CXCL8, and IL6. While, IFN-α induced Jak-STAT signaling pathway is enriched with proteins STAT1, STAT2, ILI44L, OAS1, OAS2, and OAS3. It was also observed that the gene of TLR2 is over-expressed in our study, which involves inducing the expression of CYP27B1 and VDR genes. In our study, VDR is not differentially expressed; but, CYP27B1 is up-regulated [log2FC=1.21] in the SARS-CoV-2–induced cells (Table S1). Interestingly, the SiHgrn network shows interactions of CYP27B1 with IL6 and TLR2 (Figure 2B). Despite this, CYP27B1 is not associated with any of the MCODE clusters (Figure 2C). The genes of “host response signature network” are also showing enrichment with other pathways involve in immune response including “the human immune response to tuberculosis” [similarity score=0.20; the number of overlap gene=6; p-value=1.57e-8] (Table 3 and Figure 5A); “Photodynamic therapy-induced NF-kB survival signaling” [similarity score=0.17; the number of overlap gene=9; p-value=1e-12] (Table 3 and Figure S6A); “IL-10 Anti-inflammatory Signaling Pathway” [similarity score=0.16; number of overlap gene=6; p-value=4.02e-12] (Table 3 and Figure S6B); “Type II interferon signaling (IFN-γ)” [similarity score=0.13; the number of overlap gene=6; p-value=3.09e-7] (Table 3 and Figure S6C); “IL27-mediated signaling events” [similarity score=0.11; the number of overlap gene=6; p-value=3.72e-10] (Table 3 and Figure S7A); and “IL23-mediated signaling events” [similarity score=0.11; the number of overlap gene=7; p-value=8.21e-11] (Table 3 and Figure S7B). Interestingly, genes of the “host response signature network” are also showing enrichment with the “lung fibrosis” pathway [similarity score=0.12; the number of overlap gene=8; p-value=9.35e-11], which could indicate the etiology of lung damage in COVID-19 patients (Table 3 and Figure 5B).


Table 3 | Biological pathways enrichment of “host response signature network” using NDEx v2.4.5.






Figure 4 | Biological pathways enrichment of “host response signature network”: (A) “Cytokines and Inflammatory Response” and (B) “Non-genomic actions of 1,25 dihydroxyvitamin D3”. Gene from the “host response signature network” of the SARS-CoV-2 infected cell is in the red box. The IRF9 and CYP27B1 genes are up-regulated in DEHGs. CYP27B1 in the purple box is not associated with the “host response signature network”.






Figure 5 | Biological pathways enrichment of “host signature network”: (A) “The human immune response to tuberculosis” and (B) “Lung fibrosis.” Gene from the “host response signature network” of the SARS-CoV-2 infected cell is in the red box.





Validation of Host Response Pathways Using Gene Expression Data

To validate the identified host response pathways, a list of differentially expressed host genes was taken from a recent study conducted in 24 patients who died from COVID-19 (37). The study used the lung autopsy specimens from the 25 samples from the high viral load and 21 samples from the low viral load patients. The study identified 338 up-regulated and 5,710 down-regulated host genes in the high viral load samples compared to low viral load samples (|log2FC| >0.3 and adjusted p-value <0.01), and we referred it to as DEHGsCOVID-19 (37). Different analytical techniques, including viral gene expression, were considered for the classification of COVID-19 patients into the high and low viral load. The SARS-CoV-2 gene ORF1a is over-expressed (log2FC=9.27, adjusted p-value= 2.68e-25) in the high viral load samples compared to the low viral load samples. With the NDEx tool (28 September 2020), the up-regulated genes of DEHGsCOVID-19 identifies the “response to interferon-alpha (GO:0035455)” as a top scores relevant pathway with the similarity score=0.12; the number of overlap gene=8 (ADAR, BST2, EIF2AK2, IFIT2, IFIT3, IFITM1, IFITM3, TPR); and p-value=2.27e-6. After that, the DEHGsCOVID-19 was mapped to previously identified host response pathways with NDEx. The up-regulated and down-regulated genes with their associated pathways are given in Table 4, and the gene expression level is provided in Table S8.


Table 4 | The differentially expressed host genes (DEHGsCOVID-19) shows the overlapping with host response pathways using NDEx v2.4.5.



Our analysis observed that only 4 down-regulated genes (IL1B, IL12B, TNF, and IL6) were associated with “Cytokines and Inflammatory Response” (Table 4 and Figure 6A). However, 10 up-regulated genes (STAT1, STAT2, IFI44L, ISG15, OAS1, OAS2, OAS3, RSAD2, PIK3R1, PIK3C2A) and 12 down-regulated genes (CAMK2B, VDR, TNF, CYP27B1, CYP24A1, CXCL8, IL6, CAMK2A, PRKCB, RXRA, PRKCA, PIK3C2B, MAPK13) were associated with the “Non-genomic actions of 1,25 dihydroxyvitamin D3” pathway (Table 4 and Figure 6B). The 11 up-regulated genes (STAT1, STAT2, JAK2, PSMB8, TAP1, IFI35, IFIT1, IFITM1, IFIT3, OAS1, MX1) were mapped to “the human immune response to tuberculosis” pathway (Table 4 and Figure S8A). Furthermore, two up-regulated genes (MT2A and EDN1) and 15 down-regulated genes (IL1B, CCR3, CXCL8, IL12B, TNF, CYSLTR2, FGF1, IL6, BMP7, MMP9, MUC5B, SFTPC, MECP2, TGFA, HMOX1) were associated with “lung fibrosis” pathway (Table 4 and Figure S8B). The DEHGsCOVID-19 associated with others pathways are also provided in the supplementary figures, including “Photodynamic therapy-induced NF-kB survival signaling” (Table 4 and Figure S9A); “IL-10 Anti-inflammatory Signaling Pathway” pathway (Table 4 and Figure S9B); “Type II interferon signaling (IFN-γ)” pathway (Table 4 and Figure S9C); “IL27-mediated signaling events” (Table 4 and Figure S10A); and “IL23-mediated signaling events” (Table 4 and Figure S10B).




Figure 6 | Host response pathways using differentially expressed host genes (DEHGsCOVID-19) in the high viral load compared to the low viral load of lungs autopsy of COVID-19 patients. (A) “Cytokines and Inflammatory Response” and (B) “Non-genomic actions of 1,25 dihydroxyvitamin D3.” A red box indicates an up-regulated gene, while a blue box represents a down-regulated gene in the high viral load compared to the low viral load of COVID-19 lung samples, respectively.






Discussion

In the present work, omics data and computational methods were used to understand the underlying mechanisms of SARS-CoV-2 induced altered host gene regulatory networks, and the potential regulatory mechanism of Vitamin D in suppressing cytokine storm and reducing viral load. Using the gene expression data, this study identified 108 DEHGs, including 93 up-regulated and 15 down-regulated genes in SARS-CoV-2 infected NHBE cell compared to control. The up-regulated genes are significantly enriched in the inflammatory response, immune response that induces through TNF signaling pathways, and cytokine-cytokine receptor interactions (Figure 2A). In order to understand the regulatory network, the DEHGs were integrated with the human PPI to generate a SiHgrn network (Figure 2B), which contains a highly connected sub-network of Cluster 1 (Figure 2C). The functional enrichment analysis of Cluster 1 showed that its primary role in immune response and inflammatory response, which induces through the cytokine-cytokine receptor interactions pathway (Figures 3A, B). Besides, enriched gene percentages in Cluster 1 was increased compared to that of the up-regulated genes of DEHGs, which indicates that Cluster 1 plays a significant role in inducing an inflammatory response in COVID-19 (Figures 2A, 3A; Figures S4, S5). Furthermore, about half of Cluster 1 genes belong to the family of cytokines and growth factors, which trigger a severe inflammatory response (Table S7).

Additional analysis of Cluster 1 with the iRegulone tool identified five potential upstream regulators: STAT1, STAT2, STAT3, POU2F2, and NFkB1 (Figure 3C). Furthermore, the up-regulation of STAT1 and STAT2 in the high viral load lung samples compared to the low viral load lung samples of DEHGsCOVID-19 supports our finding of Cluster 1 upstream regulators (Figures 3C, 6B).The Cluster 1 and these five upstream regulators are collectively referred to as “host response signature network”, which was used for the detailed understanding of the regulatory mechanism of cytokine storm, host immune response, and clinical manifestation in COVID-19. Functional enrichment analysis of the “host response signature network” with the NDEx tool revealed several alterations in crucial pathways associated with SARS-CoV-2 infection and pathogenesis (Table 3).


The “Cytokines and Inflammatory Response” Pathway

Our analysis showed that the “host response signature network” is significantly associated with “cytokines and inflammatory response” pathway (Table 3 and Figure 4A). The gene of cytokine IL6, TNF, IL1A, IL1B, CSF2, and CSF3 were over-expressed in SARS-CoV-2 infected cells and could be responsible for proliferating hematopoietic stem cells to fight against the virus (Figure 4A). Other cytokine genes were also over-expressed in SARS-CoV-2 infected cells, including TNF, IL1A, and IL1B, which activate the fibroblasts and endothelial cells for inflammatory response. Figure 4A showed that CXCL2 and TNF induce neutrophil, while IL1A, IL1B, IL6, CXCL1, and TNF induce the T-helper cell. Enhance concentration of IL1A, IL1B, IL6, and TNF cause increase body temperature via the hypothalamus in COVID-19 (Figure 4A).

The binding of CSF2 to its receptor on the myeloid cell induces its differentiation and proliferation into monocytes and macrophages (38). However, another study showed that CSF2 required for normal pulmonary physiology, including surfactant homeostasis in the mice (39, 40). Disruption of CSF2 resulted in pulmonary alveolar proteinosis due to compromise in the development of alveolar macrophage, making lungs susceptible to infection (39, 40). During infection, CSF3 works along with IL3, IL6, and CSF2 to stimulate neutrophil granulopoiesis in the bone marrow to restore neutrophil homeostasis. The expression of CSF3 is higher in poorly controlled asthma, and inhibiting the signaling by neutralizing its receptor, CSF3R, decrease the production of mucus and hyperreactivity in the airway (41).

An effective immunological response against SARS-CoV-2 infection requires an appropriate cytokine level and an adequate number of activated T cells for reducing the viral load. A prior study found that the number of T cells was drastically decreased, while the level of TNF, IL6, and IL10 were significantly increased in severe COVID-19 patients compared to healthy control (42). Besides, the authors observed that the concentration of TNF, IL6, and IL10 was negatively correlated with the number of T cells, including total T cell, CD4+ cell, and CD8+ cells. Hence, they suggested that these cytokines play a critical role in the acute inflammatory response and lower the survival of T cells. Furthermore, the survived T cells became functionally exhausted in COVID-19, as indicated by the expression of PD-1 and Tim-3 on the T cell surface (42). The cells of healthy mice, including epithelium, endothelium, and fibroblasts, release different cytokines and involve in the immune response against pathogens (43). Our study found that several cytokine genes are over-expressed in NHBE cells infected with SARS-CoV-2. Thus, suggesting that this NHBE cell is also involved in the immunoregulatory role and is strongly implicated in the immune response against SARS-CoV-2 infection (Figure 2A and Table S3), and therefore support previous findings (42, 43).



The “Non-genomic Actions of 1,25 Dihydroxyvitamin D3 (1,25 D)” Pathway

The 1,25 D is a biologically active form of vitamin D. Interestingly; prior studies observed that lower Vitamin D is associated with increased risk of autoimmune disease, inflammation, bacterial and viral infection including SARS-CoV-2 (12–15). Furthermore, an adequate amount of vitamin D could substantially reduce the risk of cytokine storm, other complications, and death in COVID-19 patients; however, its underlying mechanism is not clearly known (14, 17, 44).

Our analysis showed that the “host response signature network” is significantly associated with non-genomic actions of 1,25 D pathway with p-value 1e-12 (Table 3 and Figure 4B). Viral infection recognized by innate immune systems triggers two signaling cascades: (a) stimulating the production of pro-inflammatory cytokine (e.g., IL1, IL6, TNF) through NFkB1-mediated pathway; (b) stimulating the production of type I and type III IFNs through interferon regulatory factor (IRF3 and IRF7) mediated pathways (45). Based upon data analysis and literature mining, our study proposed the following two pathways through which Vitamin D could reduce the cytokine storm and enhance the antiviral response.


TNF-Induced NFkB1 Signaling Pathway

NFkB is a family of transcription factors composed of five proteins: (i) NFkB1 (p50 and its precursor p105), (ii) NFkB2 (p52 and its precursor p100), (iii) RelA (p65), (iv) RelB, and (v) c-Rel. These proteins interact with each other to form different types of homo- and hetero-dimers and regulate important biological processes, including inflammation, immunity, and apoptosis. In an unstimulated cell, NFkB1 dimer is sequestered in the cytoplasm through physical association with NFkB1 inhibitory protein (IkB). The TNF, IL1, LPS, or various other external stimuli induce the canonical signal transduction pathway of NFkB1 (46). Activation of this pathway involves site-specific phosphorylation of IKKβ and formation of an active kinase complex IKK, which subsequently phosphorylates and degrades the downstream target IkB. This leads to the release and translocation of NFkB1 to the nucleus and activates the target gene transcripts involved in immune response, including IL6 and CXCL8 (Figure 4B). The VDR binds to IKKβ and prevents its phosphorylation and formation of IKK, and thus inhibit the NFkB1 activation (47). The 1,25 D binds with VDR and enhances the interaction between VDR-IKKβ; thus, a study concluded that 1,25 D blocks the TNF induced NFkB1 activation (47). Our analysis found that NFkB1 regulates the expression of IL6 and CXCL8 (IL8, with the lowest adjusted p-value), which are over-expressed in SARS-CoV-2 infected cells (Figure 4B). High levels of IL6 and CXCL8 are associated with severe cases of COVID-19 pathogenesis. Collectively, the data suggest that the active form of Vitamin D could prevent the translocation of NFkB1 to the nucleus and, consequently, inhibit the cytokine storm in COVID-19.



IFN-α–Induced Jak-STAT Signaling Pathway

The IFN has an essential role in the innate immune response against viruses. Viral infection in human activates type 1 IFNs (IFN-α, IFN-β, IFN-ϵ, IFN-κ, IFN-ω), type II IFN (IFN-γ), and type III IFN (IFN-λ) (45). IFN-α binds to the cell receptor and activates the JAK1 and Tyk2, which subsequently phosphorylate the downstream targets STAT1 and STAT2 (48). The phosphorylation causes the dimerization of STAT1 with STAT2, which associates with IRF9 to forms a major transcription factor ISGF3 complex. The activation and translocation of ISGF3 from the cytoplasm to the nucleus induces interferon-stimulated genes (ISGs) that provide the antiviral activity of a cell (49).

Prior studies showed that Vitamin D deficiency had a poor response of IFN-α based therapy on chronic hepatitis C virus (HCV) (50, 51). In Huh-7.5 cells, vitamin D inhibited the production of infectious HCV in a dose-dependent manner (50). A subsequent study revealed that a combination of 1,25 D with IFN-α increases the inhibitory effect on HCV replication (52). Furthermore, the study observed a constitutive inhibitory interaction between VDR with STAT1 in Huh-7.5 cells infected with HCV; however, this interaction decreased after cells were treated with IFN-α alone and completed abolished when cells were treated with both 1,25 D and IFN-α. Consequently, STAT1 dissociated from VDR and formed the ISGF3, which moved to the nucleus for inducing its target genes (52). Furthermore, the study demonstrated that the silencing of VDR expression in cells and then treated with IFN-α resulted in a significantly more potent induction of mRNA expression of ISGs (IFI27L and IFI44L) than the control cells. Thus the study concluded that VDR is an inhibitor of IFN-α induced signaling through the Jak–STAT pathway (52).

Our study indicates that the high expression of IRF9 in the SARS-CoV-2 infected cells could be involved in the formation of transcription factor ISGF3, which subsequently increases the expression of ISGs. The genes ILI44L, OAS1, OAS2, and OAS3, whose expression are under the control of ISGF3, were over-expressed in SARS-CoV-2 infected cells compared to control (Figure 4B). Furthermore, this study showed over-expression of TLR2 and CYP27B1 in SARS-CoV-2 infected cells compared to control. A prior study demonstrated that 1,25 D supplement enhances the TLR-mediated macrophage ability to fight against Mycobacterium tuberculosis (53). The CYP27B1 gene encodes an enzyme 1α-hydroxylase that converts vitamin D to its active form, 1,25 D. A previous study showed that insufficient Vitamin D and polymorphism in promotor of CYP27B1-1260 have been associated with chronic HCV infection as well as a poor response to IFN-α based therapy (50, 51, 54). Furthermore, IRF7 is up-regulated in both DEHGs and DEHGsCOVID-19 SARS-CoV-2 infected samples. A recent study identified the loss-of-function mutation at the loci of TLR3 and IRF7 in severe patients with influenza and COVID-19, resulting in preventing type 1 IFN production, thus emphasizing the significance of type 1 IFN in controlling virus production (55).

A study used transcription and serum profiling of COVID-19 patients and revealed that SARS-CoV-2 infection induces a high level of chemokines and pro-inflammatory cytokines such as IL6, while very low level of IFN-I or IFN-III resulting limited antiviral ISGs response (27). Accumulating finds suggested that an imbalance between a high level of pro-inflammatory cytokines production and a low IFN response could cause severe COVID-19 pathogenesis (27, 45). Based on our findings, we expect that a high level of vitamin D could have two consequences: (i) down-regulation of cytokine storm, and (ii) up-regulation of ISGs for a robust antiviral response. Analysis of differentially expressed host genes from high viral load compared to low virus load, DEHGsCOVID-19, demonstrated the crucial role of “Cytokines and Inflammatory Response” and “Non-genomic actions of 1,25 dihydroxyvitamin D3” pathways in COVID-19. It also revealed that VDR and pro-inflammatory genes are down-regulated, while STAT1, STAT2, and interferon response genes are up-regulated in the high viral load lung samples compared to the low viral lung samples of COVID-19 (Table 4 and Figures 6A, B). Desai et al. reported that the COVID-19 patients classified as high viral load induced more interferon response pathway genes for antiviral defense programs, resulting in a significantly short duration of illness than patients with low viral load (37). A recent study showed that human epithelial cells infected with SARS-CoV-2 induces a high interferon response via Jak-STAT signaling pathway, which controls the viral replications and de novo virus production (56) Another study observed that type I IFNs suppress the SARS-CoV-2 activities in cultured cells, showing the potency of type I IFNs to treat COVID-19 (57).

Therefore, based upon accumulating evidence and gene expression data of SARS-CoV-2 infected samples, our finding revealed that an adequate level of Vitamin D binds with VDR that could results. (i) minimizes the expression of pro-inflammatory cytokines by blocking the TNF induced NFkB1 signaling pathway, and (ii) induces the expression of ISGs for antiviral defense through activating the IFN-α induced Jak-STAT signaling pathway for reducing the virus load.




The “Human Immune Response to Tuberculosis” Pathway

Only 10-20% of people infected with Mycobacterium tuberculosis have a lifetime risk of showing signs called “active” tuberculosis (TB) (58, 59). Pathogens responsible for both COVID-19 and TB show high similarity regarding its transmission mode and symptoms, including infecting the lungs, having fever, cough, and shortness of breath. A study observed that countries implemented mass vaccination programs for the Bacille Calmette-Guérin vaccine (BCG) against TB showed a significant reduction in COVID-19 mortality than those who never applied it (60). Thus, the authors suggested that BCG vaccination could protect people from COVID-19; however, the experimental evidence and underlying molecular mechanism are still lacking (60). IFN-γ is a crucial cytokine produced by CD4+ T cells and activates macrophage to providing resistance to TB infection (61). Low plasma concentration of IFN-γ was associated with active TB infection (62). Moreover, studies identified that a single nucleotide polymorphism (+874T/A) at the first intron of IFN-γ increases the chance to develop active TB (62, 63). A study analyzed the blood transcriptome data and identified over-expression of IFN I and IFN II inducible genes, including IFITM1, IRF1, IRF9, OAS1, MX1, STAT1, and STAT2 (Figure 5B), also identified up-regulated inflammatory genes in the neutrophils of active TB compared to healthy control (26). In contrast, the expression of T and B-cell specific genes were down-regulated in active tuberculosis (26, 58). In the current study, six genes (IFITM1, IRF9, MX1, OAS1, STAT1, and STAT2) of the “host response signature network” are significantly overlapping with the “human immune response to tuberculosis” pathway with p-value 1.57e-8 (Table 3 and Figure 5B). Furthermore, 11 genes (STAT1, STAT2, JAK2, PSMB8, TAP1, IFI35, IFIT1, IFITM1, IFIT3, OAS1, and MX1) were up-regulated in the “human immune response to tuberculosis” pathways in the high viral load compared to the low viral load COVID-19 samples (Table 4 and Figure S8A). Overlapping of activated genes and pathways between COVID-19 and active TB indicates both diseases are mechanistically related, which might be the reason that BCG vaccination could protect people from severe COVID-19 (60).



The “Lung Fibrosis” Pathway

The complication of COVID-19 includes the development of lung fibrosis, excessive deposition of collagen and extracellular matrix (EM), destroying normal lung architecture, resulting in difficulty breathing and lung failure (64). The ARDS is considered as one of the significant factors for the lung fibrosis (64). A prior study demonstrated that SARS-CoV-1 infection promotes lung fibrosis by enhancing the TGF-β signaling and reducing the ACE2 expression (65, 66). ACE2 receptor, responsible for SARS-CoV-1 and SARS-CoV-2 infection, is primarily involved in the degradation and clearance of ANG-II. Reducing the clearance of ANG-II induces extracellular matrix deposition and lung fibrosis (66).

Our analysis showed that eight genes (CSF2, CSF3, CXCL2, CXCL8, IL1B, IL6, MMP9, and TNF) are significantly overlapping with the lung fibrosis pathway with p-value 9.35e-11 (Table 3 and Figure 5B). Furthermore, 15 genes (IL1B, CCR3, CXCL8, IL12B, TNF, CYSLTR2, FGF1, IL6, BMP7, MMP9, MUC5B, SFTPC, MECP2, TGFA, HMOX1) were up-regulated in the “lung fibrosis” pathways in the low viral load compared to the high viral load COVID-19 samples (Table 4 and Figure S8A). Thus, our study indicates the relationship between SAR-CoV-2 infection and lung fibrosis. This study also supports the previous finding that high levels of NFkB, TNF, SFTPC, MUC5B, and other proteins could promote lung fibrosis (67). Diffuse alveolar damage and lung fibrosis are frequently observed in SARS-CoV-2 patients; however, the underlying mechanism is not clearly understood (37).




Conclusion

Our study uses bioinformatics and systems biology approaches and identified the SARS-CoV-2 induced altered host gene regulatory sub-network, Cluster1, responsible for cytokine storm.

Cluster 1 contains highly interconnected 31 genes under the regulation of STAT1, STAT2, STAT3, POU2F2, and NFkB1, making a “host response signature network”. The association of “host response signature network” with “cytokines and inflammatory response”, “non-genomic action of vitamin D”, “the human immune response to tuberculosis”, and “lung fibrosis” indicates that it plays an essential role in COVID-19 pathogenesis.

Our study revealed that Vitamin D could bind with its receptor and work through two pathways to suppress cytokine storm and reduce viral load (Figure 7). Our study has few limitations, including a small sample size of SARS-CoV-2 infected host cells and a lack of experimental validation supporting the identified mechanisms. Furthermore, this study did not include the influence of genetic polymorphism relevant to identified pathways, especially pro-inflammatory and type 1 IFN related signaling pathways on the severity of COVID-19. Therefore, this study proposed an urgent need to check the suitability of Vitamin D in combination with IFN-α to suppress the cytokine storm and reduce viral load in the SARS-CoV-2 infected experimental model. Our current study provides in-depth insight into a better understanding of the regulatory mechanism of cytokine storm and vitamin D; it might be helpful to develop a better approach for therapeutic intervention using vitamin D for severe COVID-19 patients.




Figure 7 | The proposed model of the non-genomic actions of 1,25 dihydroxyvitamin D3 (1,25 D) in the lungs infected with SARS-CoV-2. The 1,25 D is a biologically active form of vitamin D that blocks the TNF induced NFkB1 activation. The 1,25 D binds with VDR and enhances the interaction between VDR-IKKβ, which prevents phosphorylation of IKKβ and formation of active IKK. Therefore, the degradation of IkB is blocked, resulting in preventing the translocation of NFkB1 to the nucleus. Consequently, the transcription and expression of NFkB1 target genes responsible for the cytokine storm are suppressed. In addition, 1,25 D enhances the IFN-α induced Jak-STAT signaling pathway. IFN-α activates the JAK1 and TYK2 signaling, which subsequently phosphorylate and activate the downstream targets STAT1 and STAT2. The 1,25 D binds with VDR and induces the dissociation between VDR-STAT1; thus, STAT1 is available for phosphorylation and formation of active TF complex ISGF3. The translocation of ISGF3 to the nucleus activates the transcription of interferon-stimulated genes (ISGs), which provide antiviral activity and reduce the SARS-CoV-2 load in cells. The figure was adapted from the WikiPathways (WP4341) www.wikipathways.org/instance/WP4341.
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Fasting is one of the religious rituals of Muslims worldwide who refrain from eating foods and liquids every year during Ramadan. This year (2020), Ramadan is very different from previous years due to the outbreak of a terrible microscopic giant called coronavirus disease 2019 (COVID-19). The pandemic COVID-19 has made Ramadan very important this year because the virus has infected millions of people around the world and killed thousands, especially people with immunodeficiency. In dealing with COVID-19, maintaining good hygiene and supporting the immune system are effective, preventive approaches. Moderate exercise training and proper nutrition are the most important factors to support immune function. Lack of facilities, poor health and many traditions that lead to public community gatherings have made many Islamic countries susceptible to this dangerous virus. In such an unprecedented situation, there are many Muslims who doubt whether they can fast or not. Therefore, the proposal of usable exercise programs and effective nutritional strategies is imperative. In this study, we will look at the proposed health effects of fasting and its impact on the immune system, the effects of Ramadan intermittent fasting on resting values and responses of immunological/antioxidant biomarkers in elite and recreational athletes, together with the important health, nutrition, and exercise advice that fasting people need to follow in the event of a COVID-19 outbreak.
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INTRODUCTION

Muslims were estimated to make up about one-fourth (1.6 billion) of the world's population, and Islam is the second largest religion after Christianity (1). One of the religious rituals of healthy adult Muslims is fasting from sunrise to sunset in Ramadan (during 29 or 30 days). Fasting means avoiding drinking and eating over time periods that vary from 13 to 18 h a day, depending on the season (2). Since human coronaviruses have been identified around the world, they have been identified as mild human pathogens. The most well-known coronaviruses are human pathogens, including Middle East Respiratory Syndrome (MERS-CoV) and Acute Respiratory Syndrome (SARS-CoV), which have killed large numbers of people in Asia and the Middle East (3). The MERS-CoV virus was first reported in 2012 in Saudi Arabia from a sputum sample of a patient with pneumonia (4). However, in 2019, coronavirus developed a more severe respiratory disease in lung cells, caused by a novel coronavirus called COVID-19. It has been several months since COVID-19 spread from China, but in such a short time a pandemic has occurred due to its very high spreading capability (5). Humans have failed to fight this deadly virus successfully, and about 6 million people worldwide have been infected with the virus, thousands of whom have died. Older people with underlying health problems, and/or immunodeficiency, are more likely to have a poor outcome when they are infected with the virus (5, 6). So far, the exact number of deaths from COVID-19 is not known, due to the actual number of patients not having been identified, but previous studies have reported that ~2. 84% of patients die and at least 10% show symptoms (7).

Islamic countries have some of the most populous political and economic centers in the world with special religious and cultural practices, such as the annual Hajj of Mecca in Saudi Arabia, the pilgrimage of Imam Reza in Mashhad, and the consumption of unique animal foods such as camels (8, 9). About 2.5 million Muslims from Islamic countries travel to Mecca each year to perform the Umrah pilgrimage. Also, more than 20 million people visit Karbala in Iraq, another important Shia Muslim religious event, which goes on for 40 days. It has been reported that many pilgrims are hospitalized due to respiratory illness during these gatherings (10–12). One of the most important issues in recent research is that COVID-19 has a surface receptor on lung cells, esophageal epithelial cells, and ileum enterocytes: this is called the angiotensin converting enzyme 2 (ACE-2) (13, 14). It is noteworthy that the expression of this receptor is higher in people of Asian countries than in Europe and the United States, and also in men more than women (15, 16). In addition, many Islamic countries can be very vulnerable to COVID-19 due to their poor healthcare system and lack of facilities. The lack of facilities has probably led to many people with COVID-19 are not identified in Islamic countries, and the number of people infected with this dangerous virus is higher than reported. Currently, the World Health Organization (WHO) report has shown that, of all the Islamic countries infected with the COVID-19 virus, Iran has the highest incidence, with about 300,000 cases and 17,000 deaths (Figure 1) (17). The WHO website (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports) shows daily report of disease in all parts of the world.
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FIGURE 1. Rates of COVID-19 cases and deaths in Iran, as an Islamic country with the highest incidence.


With the spread of the deadly COVID-19 virus, there may be many questions such as whether fasting can be a predisposing factor to the COVID-19 virus? Does fasting impair the immune system? Does fasting reduce physical strength?



HEALTH-RELATED EFFECTS OF RAMADAN FASTING

Consumption of high-calorie foods leads to obesity and subsequent conditions of chronic inflammatory disease, which is known as low-grade inflammation (18, 19). Under these conditions, the observed concentration of inflammatory cytokines usually increases by 2 to 3 times. This leads to many autoimmune diseases such as rheumatoid arthritis and inflammatory diseases such as insulin resistance, atherosclerosis, tissue damage associated with different types of cancer, and cardiovascular disease (20). However, human and animal studies have shown that diets, especially those that mimic fasting, improve many health indicators, both in healthy people and in people with chronic diseases. Although the results can vary slightly depending on the type of fasting patterns and the species studied, all fasting-like diets can result in a fundamental metabolic change and may associate with some health outcomes (21, 22). It is interesting to note that, over the past few years, the beneficial effects of some types of fasting such as reduced meal frequency (diets with reduced meal frequencies such as every-other-day fasting), caloric restriction (typically involving a 15–40% reduction in daily energy intake with maintenance of nutrition), and alternate-day fasting (generally comprise 24-h periods of fasting alternating with 24 h periods of ad libitum feeding) have been shown to increase lifespan, improve insulin sensitivity, reduce oxidative stress and inflammation, as well as mortality of cancer and cardiovascular disease (23–27). However, major beneficial effects of Ramadan fasting on people's health (Figure 2) also will be discussed, together with the main mechanisms for improvement, in the following sentences (28):

1) It causes weight loss and maintenance among overweight and obese people (29).

2) Glucose homeostasis occurs amongst obese individuals with type 2 diabetes, together with reduction in percentage body fat and in HbA1c (29).

3) There is a greatly improved survival rate and recovery of heart function and modulate cardiovascular risks (30).

4) It may protect neurons against aging disorders (e.g., Alzheimer's disease and stroke) (31, 32).

5) Fasting reduces insulin resistance vs. continuous energy restriction amongst the overweight and, in obese, non-diabetic subjects, it may therefore have an important role in protecting against obesity-related cancers (33).

6) There are decreases in resting heart rate, insulin, circulating levels of glucose and homocysteine which are favorable with regards to the risk of cardiovascular disease (34, 35).

7) It reduces fat mass, total cholesterol, and LDL cholesterol (29).

8) There is equivalent reduction in blood pressure (35).

9) There is a reduction in serum triglycerides, markers of oxidative stress and inflammation (29).

10) Circulating ketone levels are also elevated on the fasting days (36).

11) Effects on a number of cancer risk biomarkers occur (e.g., insulin, cytokines, and the inflammation-related molecules leptin and adiponectin) which are thought to mediate the effects of adiposity and excessive energy intake on the development and growth of cancers in humans (35, 37).

12) A reduction in insulin-like growth factor 1 has been reported in normal and overweight subjects (38).
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FIGURE 2. A summary of the main beneficial effects of fasting in different parts of the body.


Overall, the abovementioned recent small trials of Ramadan fasting in multiple patients have been presented promising results that prepare the main reason for moving forward to perform larger clinical trials in patients with a wide range of disorders. However, this area of research is still in its infancy and requires the cooperation of various researchers and further research before reaching a definitive conclusion.



RAMADAN FASTING MAY AFFECT IMMUNE FUNCTION

The immune system in the human body is an organization consisting of cells and molecules that play a role in defending against infections. The two types of immune system include the innate immune response, which acts the same when exposed to an infectious agent multiple times, and the acquired immune response, which is enhanced by repeated exposure to the infectious agent (39). In the innate immune response, phagocytic cells (macrophages, neutrophils, and monocytes), cells that secrete inflammatory mediators (eosinophils, mast cells, and basophils), and natural killer cells play key roles. Also, cytokines, complement, and acute phase proteins are molecular components of the innate immune system. But the cells involved in the acquired immune response are antigen-specific B and T cells, which proliferate when their surface receptors bind to antigens. B cells release antibodies that target extracellular microorganisms. The role of T cells in acquired immunity is to help B cells to producing antibodies and also kill virus-infected cells and intracellular pathogens by activating macrophages (39).

There have been many studies on the effects of Ramadan fasting on the immune system, which have shown that fasting can restore the immune system (20, 40). Fasting for at least 3 days allows the body to start producing new white blood cells, which rejuvenates the immune system to fight infection. Although it has been shown in humans and animals that the number of white blood cells decreases with long-term fasting, blood cells return when they are re-fed (40). In this way, Ramadan fasting mimicking diets for 3 days (intermittent fasting during Ramadan, time-restricted feeding, and alternate day fasting) forces the body to consume glucose and fat stores, and a significant amount of white blood cells is broken down. As a result, changes in the body cause the stem cells to regenerate new cells in the immune system (20, 41). The promising results of studies have shown that inflammatory cytokines (e.g., IL-1β, IL-6, and TNF-α), oxidative stress markers and C-reactive protein (CRP) might be reduced by Ramadan fasting (20, 42, 43).

On the other hand, various studies have confirmed that cytokine storms are an essential mechanism of coronaviruses, which produces large amounts of inflammatory cytokines such as IFN-α, IFN-γ, IL-1β, IL-6, IL-12, IL- 18, IL-33, TNF-α, G-CSF, IP-10, MCP-1, MIP-1A, TGF-β, as well as chemokines including CXCL9 and CXCL10 against the virus infection (44–46). The cytokine storm triggers an uncontrollable systemic inflammatory response in the patient that causes the immune system to attack the body and cause diseases such as respiratory failure, acute respiratory distress syndrome (ARDS), multiple organ failure, shock, and death (severe cases) (47, 48). Accordingly, the main mechanism of the COVID-19 virus is the inflammatory cytokine storm. However, Ramadan fasting in healthy people has been concluded to have a small impact on the markers of oxidative stress (protein carbonyls, 8-isoprostane, nitrotyrosine, and 4-hydroxynonenal adducts) and inflammation (serum IL-1β, IL-6, TNF-α, and C-reactive protein) (42). In the case of the COVID-19 pandemic, scientists, jurisprudential scholars, and physicians are not sure whether fasting is safe or not. On the other hand, in some Islamic schools, the fear and danger of infection are not considered a good justification for not fasting. Therefore, the final decision to Ramadan fasting in these circumstances should be made by each person (based on the fatwa) based on the recommendations of the responsible doctors (32). Here are some preventative suggestions for people who are eager to fasting under the COVID-19 pandemic conditions:

• Adherence to the WHO recommendations: this includes frequent hand washing; maintaining a distance of at least one meter from others, and wearing a mask.

• Most religious authorities have always stated that, if a person has problems with ill-health, it is better to refrain from fasting.

• During fasting, avoid being in a crowded public space such as bus, subway, etc.

• Have more rest during fasting.

• Avoid going to religious places for prayer and supplication (49, 50).

It has been proven that supporting immune function and enhancing individual resistance are essential to fighting COVID-19, and the most important ways to strengthen and boost personal immunity are to avoiding overconsumption of calories and to undertake proper exercise program (28, 51–53).



EXERCISE TRAINING, RAMADAN FASTING AND IMMUNE FUNCTION

Based on available literature in the area of exercise immunology, it can be stated that, in general, regular moderate-intensity exercise training with a short-lasting duration (i.e., 45–60 min) has anti-inflammatory and antioxidant effects that improve immune function through enhancing the functional activity of tissue macrophages against pathogens, recirculation of neutrophils, anti-inflammatory cytokines, immature B cells, cytotoxic T cells, natural killer cells, and immunoglobulins such as immunoglobulin A (54–59). In particular, each acute exercise bout can induce these immunoenhancing effects that add up over time to strengthen immune defense. For instance, a brief session of moderate-intensity exercise induced significant alterations in the pattern of circulatory cytokines related to increased cellular immune function (60). However, vigorous exercise training for prolonged periods of time (i.e., more than 2 h) may cause immunodepression through induction of oxidative stress, inflammatory cytokine cascade, and muscle damage or fatigue. This can lead to acute inflammation and increased susceptibility to infection and, for example, to upper respiratory tract illness (URTI) (54, 61–63).

Exercise training can be considered as a real challenge for Ramadan-fasted individuals, especially during COVID-19 outbreaks. The inability to eat and drink for many hours before and during exercise bouts contributes to the possibility of reduced levels of endogenous fuel in parallel with dehydration which continue until the end of the workout (64, 65). Moreover, daytime sleepiness, and feelings of increased malaise as well as lethargy are the factors that may negatively affect Muslim athletes toward undesirable mood swings (64, 65). Therefore, Ramadan-fasted individuals may experience relatively higher levels of fatigue and perceived effort in response to the same amount of work or exercise training during the month of Ramadan when compared to the non-Ramadan period (65–67). Although most athletes can observe Ramadan with a small loss of physical performance, Ramadan intermittent fast (RIF) can be dangerous for individuals with type I diabetes mellitus, and for participants in ultra-endurance events, particularly under hot conditions (68). However, avoiding exercise training during Ramadan (i.e., 29–30 consecutive days) results in a regression of some important exercise-induced changes such as cardiovascular and resistance adaptations. Thus, maintaining what you have performed in the previous month, without considerable progress in your exercise routine, would be imperative during Ramadan (69).

Much of the Ramadan fasting literature that has evaluated immunological or antioxidant biomarkers has primarily focused on the effect of RIF on resting measures in elite or recreational athletes maintaining their usual high training loads (70–74). In elite athletes who continue to train intensely during Ramadan, RIF may lead to small but significant increases in plasma IL-6 concentration (74), serum CRP, immunoglobulin A and G, non-enzymatic antioxidants such as vitamin A, haptoglobin, and α1-antitrypsin, whereas circulating leukocyte numbers, prealbumin, and homocysteine remained relatively unchanged, and serum vitamin E decreased (70). In another study, RIF had no effect on serum CRP, urea, apoprotein A1, apoprotein B, and cortisol in well-trained middle-distance runners who continued their usual competitive training in Ramadan (74). Moreover, RIF may affect the diurnal variations in immune parameters in trained athletes so that leukocyte counts measured in the afternoon were significantly lower than pre-Ramadan, while in the morning CRP levels were lower than pre-Ramadan and cortisol was higher than afternoon (73).

With regard to resistance exercise, maintaining a hypertrophic training program (4 sessions per week, 4–6 resistance exercises per session, 4 sets with a load of 10 RM, 2–3 min rest intervals between exercises and sets) throughout Ramadan has been shown to have no effect on CRP, plasma thiobarbituric acid reactive substance (TBARS), and mean circulating leukocyte, neutrophil, lymphocyte, and monocyte counts. However, it has increased uric acid values, and total activities of superoxide dismutase (SOD) and glutathione peroxidase (GPX) in trained bodybuilders (71, 72).

It seems that, in general, high-load exercise training programs completed by experienced athletes during Ramadan produce a myriad of small fluctuations in inflammatory and antioxidant responses, most of which are minor, and within the normal clinical ranges. Future studies, however, should be carried out to support these findings and ascertain other immune-related aspects of RIF.

Another important aspect of research concerning exercise training during Ramadan is related to the effects of RIF on acute immune responses to an exercise bout (75–77), in which there is an apparent need for more studies and better understanding of the pattern of these responses. A brief maximal exercise (30-s Wingate test) in active young men has been shown to result in a significant increase in plasma concentration of IL-12, as a pro-inflammatory cytokine, during (the 1st and 4th weeks) and after Ramadan (3 weeks later). However, these changes during the 4th week were lower than that of the 1st week and after Ramadan (75). On the other hand, time-of-day affects antioxidant status and muscle inflammatory responses following exercise during Ramadan. In this context, one study examined the effects of RIF and time-of-day on biochemical responses of male athletes to an intermittent exercise test. The study reported that post-exercise levels of creatine kinase (CK), lactate dehydrogenase (LDH), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the evening (5 P.M.) were higher than in the morning (7 A.M.) during the 2nd and 4th week of Ramadan, whereas total antioxidant status was better in the morning (76).

Despite the biochemical fluctuations mentioned which lead to changes in the hormonal, immune and antioxidant defense systems, there is no obvious scientific evidence to propose a significant increase in physiological stress or chronic systemic inflammation (70, 73, 76). Therefore, given the importance of exercise training to maintain proper immune function, especially during the COVID-19 pandemic, a modified training approach (e.g., home-based workouts) aiming to maintain physical fitness and body mass or avoiding detraining would seem worthwhile for the sedentary fasting people (Table 1). Nevertheless, for Muslim athletes, the same training load as that being undertaken immediately before Ramadan is proposed (69, 78). It should also be noted that it is best to do exercise sessions in the morning or after breaking the fast during the month of Ramadan to minimize performance degradation and exercise-induced inflammatory responses (76, 78, 79). We propose, however, that exercise session can be performed about 1 h after iftar (meal eaten after sunset) ensuring that only a light meal is taken.


Table 1. Exercise guidelines for the inactive or the less active fasting people during COVID-19 outbreaks in Ramadan.
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NUTRITIONAL STRATEGIES FOR RECOVERY FROM EXERCISE TRAINING IN RAMADAN

The homeostasis of nutritional metabolism has a vital role in maintaining cell survival and normal immunologic functions (80). It is suggested that along with exercise training, the nutritional approach should also be taken into account to provide acute nutritional needs, to optimize the body's recovery after each exercise bout and to help the stability of the immune system (54, 55, 78, 81). Indeed, finding a balance between exercise training load and nutrition is a challenging concern during Ramadan. Fasted individuals cannot ingest anything (e.g., carbohydrate, water, etc.) during and immediately following day-time exercise: this is likely to result in altered immunological responses to exercise bouts (70–73, 75, 76, 78). Nevertheless, night-time training can be a simple and logical way out of the problem because it allows athletes to stay relatively well-hydrated and to maintain blood glucose levels through the consumption of ad libitum drinking, so that recovery from exercise session can be effectively accomplished (78).

Sufficient intake of carbohydrates, protein substrates, polyphenols, minerals and vitamins may produce better outcomes regarding exercise recovery and efficient immune function (54, 55, 81). Therefore, in the situation of the COVID-19 pandemic, a well-balanced diet containing drinking water, carbohydrate-rich foods, grains, nuts, seeds, fruits, and vegetables is necessary to maintain viral protection and reduce exercise-induced inflammation (54, 55, 81). Fasted individuals should consume these nutritional items by a pattern of small frequent meals from the iftar to sahour (the last meal eaten before beginning the fast).

With regard to pre-exercise nutrition, it is proposed that a light meal containing at least 1 g of carbohydrate per kilogram of body mass (82) is suitable for the iftar meal to increase net carbohydrate availability during the subsequent exercise session and to reduce the risk of insulin increase and hypoglycemia after the onset of exercise. In addition, the exercise bout should be performed at least 1 h after the iftar meal.

Intended exercise duration discussed in the present article is about 60 min: this could enhance immune function (55) and is not associated with limitations of energy supply if pre-exercise carbohydrate ingestion has been given adequate attention (82). However, frequent rinsing of the mouth with a carbohydrate solution, such as carbohydrate-electrolyte sports drinks, appears to lead to better performance (83).

During early recovery from moderate-intensity exercise that is suggested in the paper cited below, the availability of dietary carbohydrate (e.g., moderate and high glycaemic index carbohydrate-rich foods and drinks) is imperative to provide high rates of muscle glycogen synthesis (82) and promote pro-inflammatory reactions within skeletal muscle (84). The 1st h after exercise session are the “golden times” for storing glycogen and it seems that body's capacity reaches maximum with a carbohydrate intake of about 1 g per kilogram of body mass per hour (85).

Beside carbohydrate, post-exercise protein ingestion has some benefits on immune responses to exercise and skeletal muscle recovery (82, 86). Fasted individuals can intake 20–25 g of high-quality protein soon after the exercise bout to provide adequate plasma essential amino acids which are important for many training adaptations through the synthesis of new protein structures (e.g., myofibrillar, sarcoplasmic and mitochondrial contents) during the recovery period (87, 88). Fast digesting proteins (e.g., whey component of milk) may be a good choice to increase the plasma leucine content after exercise (89). Table 2 summarizes, in general, the potential nutritional suggestions that may result in better exercise-induced outcomes during COVID-19 outbreaks in the month of Ramadan.


Table 2. Practical nutritional guidelines for adult athletes who are eager to fasting under the COVID-19 pandemic situation.
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CONCLUSIONS

COVID-19 is a serious respiratory disease that has become a deadly pandemic with a very rapid spread in countries around the world, especially in Islamic countries because of their poor healthcare system and lack of facilities. Whilst Ramadan fasting may seem to be a harmful challenge for Muslims in this situation, some health benefits have been proposed in humans (Figure 2). Nevertheless, improving immune function and increasing individual resistance are essential to help fight COVID-19 (28, 51, 52).

Exercise training has been known as a lifestyle factor that can maintain and even promote immune function and act like a vaccine against certain diseases/infections through producing physiological stress in the human body which lead to a series of adaptations occurring to overcome these stimuli (95). The overall health promotion effects of exercise training along with its disease prevention have resulted in the important statement of “Exercise is Medicine” (54, 96). These positive adaptations, however, may not be achieved without ingesting some functional foods (e.g., carbohydrate, protein, polyphenols, vitamins, and minerals) and fluids together with suitable timing (Figure 3) in order to help maintain exercise performance and immune function without causing harmful side effects on health (97).


[image: Figure 3]
FIGURE 3. Timing of required nutrients during Ramadan with an emphasis on exercise training.
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Background: Although reasonable to assume, it is not yet clear whether malnourished countries are at higher risk for severe or fatal coronavirus disease 2019 (COVID-19). This study aims to identify the countries where prevalent malnutrition may be a driving factor for fatal disease after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.

Methods: Using estimates from the Global Burden of Disease 2019, country-level burden of malnutrition was quantified using four indicators: death rates for child growth failure (underweight, stunting, and/or wasting) and years lived with disability (YLD) attributed to iron and vitamin A deficiencies and high body mass index (BMI). Global mortality descriptors of the ongoing COVID-19 pandemic were extracted from the European Centre for Disease Prevention and Control, and case fatality ratios (CFRs) were calculated introducing a lag time of 10 weeks after the first death of a confirmed case. Bivariate analyses for 172 countries were carried out for malnutrition indicators and fatal COVID-19. Correlations between burden indicators were characterized by Spearman's rank correlation coefficients (ρ) and visually by scatterplots. Restricted cubic splines and underlying negative binomial regressions adjusted for countries' age-structure, prevalent chronic comorbidities related to COVID-19, population density, and income group were used to explore non-linear relationships.

Results: Stratified by the World Bank income group, a moderate positive association between YLD rates for iron deficiency and CFRs for COVID-19 was observed for low-income countries (ρ = 0.60, p = 0.027), whereas no clear indications for the association with child growth failure, vitamin A deficiency, or high BMI were found (ρ < 0.30). Countries ranking high on at least three malnutrition indicators and presenting also an elevated CFR for COVID-19 are sub-Saharan African countries, namely, Angola, Burkina Faso, Chad, Liberia, Mali, Niger, Sudan, and Tanzania, as well as Yemen and Guyana.

Conclusions: Population-level malnutrition appears to be related to increased rates of fatal COVID-19 in areas with an elevated burden of undernutrition, such as countries in the Sahel strip. COVID-19 response plans in malnourished countries, vulnerable to fatal COVID-19, should incorporate food security, nutrition, and social protection as a priority component in order to reduce COVID-19 fatality.

Keywords: malnutrition, undernutrition, overnutrition, BMI, global burden, COVID-19 mortality


INTRODUCTION

The ongoing pandemic of the coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a major cause of morbidity and mortality in 2020 across the globe, affecting more than 200 countries. Internationally, countries have reacted to COVID-19 by introducing key public health non-pharmaceutical practices, such as handwashing (1), physical distancing (2), and wearing facemasks (3) to hinder the spread of the virus and to protect vulnerable populations. Evidence, mainly from high-income countries (HIC), has emerged suggesting that the risk of suffering severe COVID-19 outcomes is higher in elderly populations and in individuals with pre-existing chronic comorbidities (4–6). Older age and multi-morbidity are also often associated with a higher risk and prevalence of disease-related malnutrition (7–9). It has been postulated that the nutritional status might also play a key role as a driver of SARS-CoV-2 virulence (10, 11). In this line, current patient care recommendations, as those published by the European Society for Clinical Nutrition and Metabolism (ESPEN) (12), among others (13, 14), include nutritional interventions for critical patients suffering from the SARS-CoV-2 infection.

Overall, malnutrition is the primary cause of immunodeficiency worldwide, affecting mostly infants, children, adolescents, and the elderly, increasing their vulnerability to infections (15). Nutritional status might be of particular concern in low- and lower–middle-income countries facing the so-called double burden of malnutrition, i.e. the coexistence of childhood undernutrition (commonly characterized by growth failure and/or micronutrient deficiencies) and overnutrition (overweight/obesity), affecting all levels of the population (countries, communities, families, and individuals) (16). Available evidence from HIC indicates that overweight and obesity as a form of malnutrition is a key predictor for severe COVID-19 at the individual level, and this also holds for young adults with no underlying conditions (17, 18). It is, however, reasonable to assume that also undernourished populations, including survivors of undernourishment, who often develop weaker immune systems, may be at greater risk of severe or fatal COVID-19 illness, since childhood malnutrition is associated with high morbidity and mortality globally, mainly due to infectious diseases (19).

To date, it is not yet clear whether population-level nutritional status plays a role in the population-level vulnerability to COVID-19. The aim of this study was therefore to identify the countries where a high burden of malnutrition coincides with higher rates of fatal disease after SARS-CoV-2 infection, indicating a potential relationship between these burdens.



MATERIALS AND METHODS


Data Sources

Country-level publicly available information for both exposure and outcome variables was used for these analyses. Indicators of countries' burden of malnutrition, defined as child growth failure, iron deficiency, vitamin A deficiency, and high body mass index (BMI), were obtained from the Global Burden of Disease (GBD) Study 2019 (20, 21). Child growth failure, including child underweight, child wasting, and child stunting, is a common indicator of malnutrition among children under 5 years old (22), whereas iron deficiency is the most widespread micronutrient deficiency worldwide affecting all layers of the population (23), followed by vitamin A deficiency, also especially burdensome in children under five (24). High BMI, defined as BMI ≥25 kg/m2 for adults (aged 20+ years) and using thresholds from the International Obesity Task Force standards for children (aged <20 years), was used as a measure of countries' burden of malnutrition due to overnutrition. The GBD global health data exchange (GHDx) tool (25) was used to extract rates of deaths for child growth failure and rates of years lived with disability (YLD) for iron and vitamin A deficiencies and high BMI for both sexes and all ages in the year 2019, for each country. Rates of deaths for child growth failure (per 100,000) provide an understanding to the severity of underweight, wasting, or stunting to fatal outcomes at the country level. Rates of YLD (per 100,000) for iron and vitamin A deficiencies and high BMI are defined as the disability-adjusted prevalence of the conditions and reflect the non-fatal burden of malnutrition, and thus adding further insight to the severity of living with iron and/or vitamin A deficiency and/or high BMI at the country level.

To account for other factors related to both malnutrition and COVID-19, we adjusted our models with YLD rates for COVID-19-related vulnerable health conditions, as identified by WHO (26), as well as the percentage of the population aged 65 and older, population density, and income group. The YLD rate for COVID-19-related vulnerable health conditions was calculated for each country as the sum of YLD rates for chronic respiratory diseases, chronic heart diseases, chronic kidney diseases, chronic liver diseases, chronic neurological conditions, diabetes, problems with the spleen (e.g., sickle cell disorders, sickle cell trait), and cancers, as extracted from the GHDx tool for both sexes and all ages in the year 2019 (25). The percentage of the population aged 65 years and older was extracted from the World Bank (27), as well as the population density (28) and the countries' income classification, available for the year 2019 for 218 countries (29).

Outcome variables were obtained from Our World in Data (30), as reported by the European Centre for Disease Prevention and Control (ECDC), including total cases and total deaths (absolute and per million), available for 209 countries. From these data, we calculated weekly case fatality ratios (CFRs) for each country as the ratio between confirmed deaths and confirmed cases using the average of CFR for each day of that week starting from the day following the first death reported. Accounting for the potential biases introduced by calculating CFR during the early phases of the outbreak and to enable comparison between countries facing different stages of the pandemic, the present analyses included only countries with information on COVID-19 mortality at week 10 following the first death reported of a confirmed case and using CFR at that time point as a measure for countries' vulnerability to fatal COVID-19 (31).



Analyses

The present analyses included 172 countries for which data were available on both countries' burden of malnutrition and COVID-19 CFR. Each measure was divided in tertiles (low, mid, high) to facilitate visualization. Countries falling in the higher tertile of each measure were classified as highly vulnerable to either malnutrition or COVID-19 mortality. Bivariate groupings were established by considering the overlapping of the tertiles for measures of malnutrition and COVID-19. Relationships were visualized in scatterplots with the burden of malnutrition on the X-axis and CFRs on the Y-axis and using colors to depict income groups. Potential non-linear relationships at the global level were described using restricted cubic splines (RCS) with knots placed at the 5th, 35th, 65th, and 95th percentiles (32). The underlying negative binomial models for the RCS analyses used CFR for COVID-19 at week 10 following the first death reported as dependent variable and the measures of a countries' burden of malnutrition (child growth failure, iron deficiency, vitamin A deficiency, and high BMI) as independent variables. All models were adjusted as described above. Spearman's rank correlation coefficients (ρ) were used to describe the correlation between malnutrition measures and the CFR for COVID-19 at the global level and at the income group level (29), and p-values were adjusted for multiple testing according to Sidak. In addition, at the global level and stratified by income group, negative binomial models were used to compute adjusted prevalence ratios (PRs) and their 95% confidence intervals (CIs) for the relationship between a countries' burden of malnutrition and COVID-19 fatality, with countries classified into tertiles depending on their burden of malnutrition, using the lowest tertile (lowest burden) as reference.

Using the countries' position in the scatterplot, a heatmap of the world was created to visualize the countries where malnutrition is likely to be a driver for fatal COVID-19. Malnourished countries vulnerable to fatal COVID-19 were those countries with high rates (third tertile) for at least three malnutrition measures and a high (third tertile) CFR.

Sensitivity analyses included using the calculation of CFRs at week 15 following the first COVID-19 death reported, and the CFRs measured on the most recent day of the pandemic at the time of analyses (04/10/2020). As a measure of COVID-19 severity, the cumulative number of the intensive care unit (ICU) beds needed until week 10 following the first report of a confirmed COVID-19 death, as extracted from the GBD (25), was used in a secondary analysis to test the robustness of the results. A two-sided p-value below 0.05 was considered as statistically significant, and all analyses were carried out using STATA (Release 16/SE; StataCorp LP, College Station, TX, USA).




RESULTS


Countries' Burden of Malnutrition

Supplementary Table 1 shows for each country its vulnerability to fatal COVID-19 due to malnutrition, ordered by income group and CFR. Countries' burden of undernutrition decreased by income group, as measured by child growth failure and iron and vitamin A deficiencies. Median death rates for child growth failure per 100,000 assessed for both sexes and all ages were 45.5 (IQR 34.5, 85.2) in low-income countries (LIC), followed by 12.5 (IQR 5.6, 28.8) in lower–middle- and 1.86 (IQR 0.89, 5.81) in upper–middle-income countries, and were the lowest in HIC with a median rate of 0.62 (IQR 0.25, 1.76). Median YLD rates for iron deficiencies were 679 (IQR 504, 797) in LIC, followed by 435 (IQR 239, 595) in lower–middle- and 191 (IQR 137, 285) in upper–middle-income countries, and were the lowest in HIC with a median rate of 85 (IQR 33, 139). Median YLD rates for vitamin A deficiencies were 61.3 (IQR 40.1 86.6) in LIC, followed by 20.3 (IQR 9.54, 37.4) in lower–middle- and 5.03 (IQR 2.25, 8.71) in upper–middle-income countries, and were the lowest in HIC with a median rate of 5.03 (IQR 0.12, 1.16).

When countries' burden of overnutrition was assessed, the rates increased by income group. Median YLD rates for high BMI were 161 (IQR 132, 210) in LIC, followed by 351 (IQR 253, 509) in lower–middle- and 779 (IQR 622, 987) in upper–middle-income countries, and were the highest in HIC with a rate of 947 (IQR 736, 1,145).



Countries' Burden of COVID-19

Total COVID-19 confirmed cases at week 10 following the first death reported per 100,000 were the highest in HIC (1,516 cases; IQR 467, 3,138), followed by upper–middle- (318; IQR 133, 1,223) and lower–middle-income countries (161; IQR 64, 441), and were the lowest in LIC (72; IQR 29, 288). In addition, total COVID-19 deaths were the highest in HIC (32 deaths; IQR 15, 96), followed by upper–middle- (9.3; IQR 2.6, 37.8) and lower–middle-income countries (3.91; IQR 1.22, 8.05), and were the lowest in LIC (2.4; IQR 0.40, 5.50). Countries' vulnerability to fatal COVID-19, as measured by CFR, was the highest in HIC (3.9; IQR 1.7, 6.9), followed by lower–middle- (2.8; IQR 1.1, 3.9) and upper–middle-income countries (2.6; IQR 1.3, 4.8), and the lowest in LIC (1.8; IQR 0.9, 4.1).



Are Malnourished Countries More Vulnerable to Fatal COVID-19?

The potential relationship between prevalent malnutrition and COVID-19 fatality globally was assessed by each malnutrition indicator individually using models accounting for other recognized determinants of vulnerability to severe or fatal COVID-19 (Supplementary Figure 1), in an attempt to isolate the potential association of malnutrition with fatal COVID-19 (26); in particular for HIC only, a moderate positive correlation of CFR for COVID-19 with YLD rates for COVID-19 vulnerable health conditions (ρ = 0.58, p < 0.001) and with the percentage of individuals aged 65 or above (ρ = 0.49, p = 0.006) was observed.

Figure 1 shows the bivariate analyses stratified by income group and the non-linear shape of the adjusted association between rate of death for child growth failure and CFR for COVID-19, obtained by RCS analysis. No correlation was seen between the rate of death for child growth failure and CFR for COVID-19 at the global level, nor at the income group level (ρ < 0.30; Table 1). Countries' vulnerability to fatal COVID-19 seemed to be higher across increasing rates for child growth failure (PR 1.76; 95% CI 0.92, 3.37), mainly driven by the association seen in upper–middle-income countries.


[image: Figure 1]
FIGURE 1. Scatterplot of death rate for child growth failure (underweight, wasting, or stunting) against the average case fatality ratio for COVID-19 at week 10 following the first confirmed death reported, stratified by income group (29). All rates described are crude rates per 100,000 population. Gray vertical and horizontal gridlines indicate tertiles dividing lines for the measures: death rates for child growth failure (at 1.2 and 9.1) and case fatality ratio (CFR) for COVID-19 (at 1.6 and 4.1). Solid black line represents the restricted cubic spline, showing the shape of the adjusted association on a continuous scale with knots at the 5th, 35th, 65th, and 95th percentiles (corresponding to death rate for child growth failure of 0.2, 1.3, 7.4, and 74, respectively), with dashed black lines indicating the 95% confidence intervals.



Table 1. Spearman's rank correlation and prevalence ratio for countries' burden of malnutrition and fatal COVID-19, measured using CFR at week 10 following the first confirmed death reported, stratified by income group*.

[image: Table 1]

Figure 2 shows that countries with low and median rates of YLD for iron deficiencies did not necessarily have the higher CFR for COVID-19, whereas a slightly higher CFR for COVID-19 was seen for the countries with very high rates of YLD for iron deficiencies. Stratified by income group, a moderate positive correlation was observed in LIC (ρ = 0.60, p = 0.027; Table 1), whereas in the other income groups, a weak negative correlation was observed. In addition, when comparing countries in the highest tertile for the burden of iron deficiency with the lowest, increasing rates were associated with a higher vulnerability to fatal COVID-19 in LIC only (PR 3.61; 95% CI 1.45, 8.99), whereas in the other income groups, this association was inversed and significantly inversed in lower–middle- (PR 0.28; 95% CI 0.13, 0.63) and upper–middle-income countries (PR 0.45; 95% CI 0.25, 0.82).


[image: Figure 2]
FIGURE 2. Scatterplot of years lived with disability rate for iron deficiencies against the average case fatality ratio for COVID-19 at week 10 following the first confirmed death reported, stratified by income group (29). All rates described are crude rates per 100,000 population. Gray vertical and horizontal gridlines indicate tertiles dividing lines for the measures: years lived with disability (YLD) rates for iron deficiency (at 139 and 348) and case fatality ratio (CFR) for COVID-19 (at 1.6 and 4.1). Solid black line represents the restricted cubic spline, showing the shape of the adjusted association on a continuous scale with knots at the 5th, 35th, 65th, and 95th percentiles (corresponding to YLD rate for iron deficiency of 30, 144, 325, and 844, respectively), with black dashed lines indicating the 95% confidence intervals.


Results from the RCS analysis and the bivariate analyses of YLD rate for vitamin A deficiency and CFR for COVID-19 (Figure 3) show that countries' vulnerability to fatal COVID-19 was slightly higher with increasing rates of vitamin A deficiency, with no further increases in CFR for COVID-19 for countries with very high rates of vitamin A deficiency. No correlations or associations were observed between the rate of YLD for vitamin A deficiencies and CFR for COVID-19 at the global level, nor at the income group level (Table 1).


[image: Figure 3]
FIGURE 3. Scatterplot of years lived with disability rate for vitamin A deficiencies against the average case fatality ratio for COVID-19 at week 10 following the first confirmed death reported, stratified by income group (27). All rates described are crude rates per 100,000 population. Gray vertical and horizontal gridlines indicate tertiles dividing lines for the measures: years lived with disability (YLD) rates for vitamin A deficiency (at 1.5 and 12) and case fatality ratio (CFR) for COVID-19 (at 1.6 and 4.1). Solid black line represents the restricted cubic spline, showing the shape of the adjusted association on a continuous scale with knots at the 5th, 35th, 65th, and 95th percentiles (corresponding YLD rate for vitamin A deficiency of 0.1, 2.3, 10.7, and 84, respectively), with black dashed lines indicating the 95% confidence intervals.


Results from the RCS analysis and the bivariate analyses of YLD rate for high BMI and CFR for COVID-19 (Figure 4) show that countries' vulnerability to fatal COVID-19 was slightly higher with increasing rates of high BMI for countries with low and median rates of high BMI, with no further increases in CFR for COVID-19 for countries with high rates for high BMI. No correlations were seen between the rate of YLD for high BMI and CFR for COVID-19 at the global level, nor at the income group level (ρ < 0.30; Table 1). Increasing rates of high BMI were, however, associated with a higher vulnerability to fatal COVID-19 in LIC (PR 3.31; 95% CI 1.21, 9.05).
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FIGURE 4. Scatterplot of years lived with disability rate for high BMI against the average case fatality ratio for COVID-19 at week 10 following the first confirmed death reported, stratified by income group (29). All rates described are crude rates per 100,000 population. Gray vertical and horizontal gridlines indicate tertiles dividing lines for the measures: years lived with disability (YLD) rates for high BMI (at 441 and 833) and case fatality ratio for COVID-19 (at 1.6 and 4.1). Solid black line represents the restricted cubic spline, showing the shape of the adjusted association on a continuous scale with knots at the 5th, 35th, 65th, and 95th percentiles (corresponding to YLD rate for high BMI of 148, 461, 814, and 1,412, respectively), with black dashed lines indicating the 95% confidence intervals.




Countries Where Malnutrition Is a Potential Driver for Fatal COVID-19

The heatmap for malnutrition shows that malnutrition could be considered as a driver for fatal COVID-19 in 13 countries (7.5%) (Figure 5). No country ranked consistently with high burden on all four malnutrition measures and fatal COVID-19. Countries with high burden of three malnutrition measures and fatal COVID-19 were: Angola, Burkina Faso, Chad, Liberia, Mali, Mauritania, Niger, Sierra Leone, Sudan, Tanzania, and Yemen for high burden of child growth failure and iron and vitamin A deficiencies; Guyana for high burden of child growth failure, iron deficiency, and high BMI; and Fiji for high burden of iron and vitamin A deficiencies and high BMI. When considering only one measure of malnutrition, child growth failure could be considered as a driver for fatal COVID-19 in 15 countries (8.7%), iron deficiencies in 14 countries (8.1%), vitamin A deficiencies in 14 countries (8.1%), and high BMI in 29 countries (16.9%).


[image: Figure 5]
FIGURE 5. Heatmap of countries where population-level malnutrition appears to be a driver of an increased risk for fatal COVID-19. High (third tertile) CFR at week 10 and [image: yes] high rates for child growth failure, iron deficiency, and vitamin A deficiency, [image: yes] high rates for child growth failure, iron deficiency, and high BMI; [image: yes] high rates for child growth failure and vitamin A deficiency; [image: yes] high rates for child growth failure only; [image: yes] high rates for iron deficiency only; and [image: yes] high rates for high BMI only. Note: Countries not on the map with high CFR and high rates for iron deficiencies, vitamin A deficiencies, and BMI were: Fiji; and high rates for high BMI only were: Antigua and Barbuda, Barbados, Bermuda, Northern Mariana Islands, and Virgin Islands (US). CFR, case fatality ratio; BMI, body mass index.




Sensitivity Analyses

Using the CFR at week 15 or the most updated CFR as outcome variable did not alter conclusions of the RCS analyses, the Spearman's rank correlations, and the PRs (results not shown). Countries that were ranked consistently with high burden on at least two malnutrition measures and high burden on fatal COVID-19, as measured by CFR at weeks 10 and 15, and the most updated CFR were: Angola, Burkina Faso, Chad, Guyana, Liberia, Mali, Niger, Sudan, Tanzania, and Yemen. When using CFR at week 15, only Gambia was also additionally included, but Fiji, Mauritania, and Sierra Leone were excluded from the list (results not shown). When using the most updated CFR, the list of countries additionally included Bolivia, Gambia, Malawi, Somalia, Togo, and Zimbabwe.

Furthermore, when considering COVID-19 severity as measured by the daily needs of new ICU beds, countries that have the highest burden of high BMI are experiencing markedly worse COVID-19 severity rates, whereas countries with a high burden of undernutrition did not necessarily have a higher burden of severe COVID-19 cases, as likely related to the lower health care capacity in those countries (Supplementary Figure 2).




DISCUSSION

Using data on the country-specific burden of malnutrition and fatal COVID-19, the present study identified 10 countries where malnutrition might have played a key role in increasing the country's vulnerability to fatal COVID-19 as suggested by the coexistence of a high burden of malnutrition and elevated mortality among COVID-19 cases. The most affected countries are LIC in sub-Saharan Africa (SSA), such as Angola, Liberia, Tanzania, and particularly among those in the Sahel strip, such as Burkina Faso, Chad, Mali, Niger, and Sudan, as well as Yemen in the Middle East and North African region. Guyana in the Latin America and Caribbean region and Fiji in the East Asia and Pacific region were the only countries vulnerable to fatal COVID-19 through malnutrition, among the list of upper–middle income areas.

These countries that have the highest burden of undernutrition, and particularly high YLD rates for iron deficiency, are also experiencing markedly higher COVID-19 fatality rates. Iron deficiency is generally the consequence of inadequate dietary intake of iron (33), and in particular, an insufficient consumption of animal protein containing high amounts of bioavailable heme iron. A deficiency in iron intake is known to be a strong determinant of anemia, particularly in children and women of reproductive age (34). Although the relationship of anemia with an increased susceptibility to infectious diseases remains controversial and may depend on other immune factors of the community (35), consideration to food and nutrition security are especially needed for those countries lacking access to optimal diets (36). Indeed, albeit not a clear relationship between the burden of vitamin A deficiency and COVID-19 mortality was observed in this study, it is likely that this frequent condition adds to the influence of the burden of undernutrition on COVID-19 fatality, especially in SSA where the prevalence of vitamin A deficiency is the highest (24). Vitamin A deficiency is associated with an increased risk of mortality from measles and diarrhea in children, and although the numbers have decreased globally in the last two decades (37), it has not been the case for the SSA region where this deficiency accounts to 2% of child deaths (24).

Furthermore, considering a broader concept of malnutrition, other dietary risks should be taken into account when looking at the overall impact of suboptimal diets in the vulnerability to COVID-19. While chronic deficiency of essential vitamins and minerals (micronutrients) driven by hunger is a major concern, particularly in SSA (38), global nutrition transition and the spreading prevalence of suboptimal diets high in sodium and low in minimally processed plant-based foods, such as nuts and seeds, rich in omega-3 fatty acids have been consistently identified as major risk factors of the burden of chronic non-communicable diseases (NCDs) (39). This transition towards unhealthier diets is evidenced, for example, in the markedly different food intakes observed in southern SSA compared with other SSA regions in terms of lower consumption of fruits and legumes, increased intake of red meat and sugary drinks, and elevated ratio between omega-6/omega-3 fatty acids (39), similar to the levels observed in Western diets. An increased omega-6/omega-3 ratio has been associated with an elevated risk of cardiovascular, inflammatory, and autoimmune diseases (40).

Factors, such as international exposure, size of urban population, and strength of the health system, were initially identified as determinants of COVID-19 cases in Africa (41). In SSA countries, however, preventive measures, such as self-isolation at home, particularly made COVID-19 to exacerbate food insecurity as a result of lower purchase power due to unemployment and pressure on the planting season due to a lack of inputs and labor (36) resulting in lower food production, as reported in Nigeria (42) and Bangladesh (43), and likely mirroring the situation across most parts of the African continent (44). In particular, the Sahel strip, one of the world's areas most affected by hunger before COVID-19, is now facing exceptional high levels of food insecurity with the number of food insecure people doubling or even tripling during the pandemic (45, 46). Early estimates also suggested that low- and middle-income countries should anticipate indirect large increases in childhood undernutrition and in maternal and child deaths resulting from the reduced access to food and the widespread disruption of the health systems due to COVID-19 (47, 48). Although the favorable clinical course of COVID-19 in children (49), the indirect effects of COVID-19 are likely to have a long-lasting impact on children in LIC, because of increasing poverty levels, disrupted schooling and lack of access to school feeding schemes, reduced access to health facilities, and interruptions in vaccination and other child health programs (50). This underlines the fact that malnutrition is the outcome of a disturbed interplay between the individual and household decision-making, the agri-food, environmental, and health systems at the community and/or national level (51), and has complicated relationships with infectious diseases (15), including COVID-19 (45–48). In future investigations during the coming months and years, it would be important to measure excess mortality for the countries' burden to fatal COVID-19 directly and indirectly, to reveal the real impact of COVID-19 on population health and inform public health measures, such as efforts to minimize disruption to health care and maximize food security, in particular to improve population maternal and child health (MCH).

Findings from the present study show that LIC and lower–middle-income countries are mostly dispersed above the highest tertile line of undernutrition and below the lowest tertile line of overnutrition, and that countries with higher burden of iron deficiencies presented higher CFR, most clearly for LIC. Contrastingly, our results indicate that HIC are mostly burdened by elevated rates of high BMI, whereas undernutrition, measured as either child growth failure or iron and vitamin A deficiencies, is much less prevalent in comparison with low- and middle-income countries. None of the measures, however, seem to be clearly related with greater vulnerability to COVID-19, neither at the global level nor at the income group level. At the individual level, however, evidence shows that obesity (high BMI) has been associated with severe COVID-19 (4, 5). In addition, health disparities in diet and obesity are believed to disproportionately affect the burden of infections, hospitalizations, and deaths from COVID-19 after infection, as seen, for example, in the U.S. where Native and African Americans have a four-to-five times higher hospitalization rates than White Americans (52). As mentioned, other factors, such as aging and health loss due to chronic conditions, also have a substantial impact on COVID-19 severity (26). A previous published modeling study estimated that one in five individuals worldwide has an underlying chronic cause of disease that could predispose them to severe COVID-19 if infected, with a higher share of the population at increased risk for Europe, Central Asia, and North America (53). Yet, a number of other important factors related to the management of the pandemic will also contribute to the extent of fatal COVID-19, including, but not limited to: (sub)national responses to the outbreak through public health non-pharmaceutical practices of handwashing, physical distancing, and the use of facemasks; health care access and capacities; and population density. Thus, a complete risk assessment of a countries' vulnerability to COVID-19 should take into account all elements that play a role in this pandemic.

Undernutrition early in life is a risk factor for overnutrition in adulthood, hence rising concerns for countries with a high prevalence of early life undernutrition being at higher risk for being affected by multiple burdens of malnutrition (54, 55). The present paper addresses double and triple burdens of malnutrition by including measures of malnutrition both for MCH and for NCDs. Malnutrition for MCH has been traditionally considered as insufficient caloric or nutrient intake, leading to child growth failure (i.e., insufficient physical growth, rapid weight loss, or failure to gain weight) and exacerbations of iron deficiency anemia, whereas malnutrition for NCDs as an excess consumption of calories, leading to high BMI. Countries' burden of malnutrition, as well as the burden of other conditions related to worse COVID-19 prognosis, was quantified using estimates from the GBD 2019 (20, 21), therefore using the most updated data, almost concurrent to the ongoing pandemic. Because of our aim to identify countries at high risk for fatal COVID-19 due to malnutrition, we opted for crude rates to more fairly represent countries' demographics, also considering that age and sex distributions influence the risk for fatal COVID-19, which is higher among older populations (53). Previous analysis have also acknowledged, by using crude rates of either prevalence (53) or YLD (56) for COVID-19 vulnerable health conditions, the importance of identifying high-risk countries and high-risk groups within countries to mitigate the COVID-19 impact and inform public health strategies to shield those at the highest risk.

Countries' burden of COVID-19 fatality was quantified using CFR for COVID-19 at week 10 following the first confirmed death reported as a proxy for severity of the disease outcome, instead of infection fatality ratio (IFR), the more preferred measure to assess the severity of epidemics (57). As IFR estimates the proportion of deaths among all infected individuals, seroprevalence studies representative for the general population are needed to capture the undiagnosed asymptomatic and mildly symptomatic infections. The few available seroprevalence studies, mainly from HIC and China, point to a median global IFR of 0.27% with large variability across locations depending on population age-structure, and the case-mix of infected and deceased patients, as well as other local factors, such as population burden of underlying comorbidities, public health measures, and health care (58–60). There are indeed an elevated number of undetected cases for COVID-19 making CFR overestimating the true disease fatality. In any case, measures for disease fatality should be interpreted with caution because of its dependence on a particular context, time, and place related to the health care and testing capacity, the reporting practices of COVID-19 cases and deaths, the number of confirmed cases (for CFR), the number of infected individuals detected (for IFR), the number of confirmed deaths, the standard care response for suspected and confirmed COVID-19 patients, the COVID-19 patients' ability to recover, etc. In particular, with countries facing different stages of the pandemic at a particular time (61) and having different levels of testing efforts (30, 62), comparability of the fatality measures between countries might be limited. The present analysis used for each country the CFR measured at week 10 following the first death reported of a confirmed case in that country, as a way to avert the effect of the different stages of the pandemic on the calculation of CFR (31). Furthermore, sensitivity analyses also suggest robust findings, as using for each country CFR at week 15 and the most updated shows similar results. In secondary analyses, we used the cumulative number of ICU beds use from the first COVID-19 death reported up until 10 weeks later, as a proxy for COVID-19 severity at the country level. This measure is, however, not available for all countries (81%) and provides only a partial picture of the relationship between malnutrition and COVID-19's burdens. Countries with the greatest burden of high BMI are reporting markedly worse COVID-19 severity rates, thus confirming the relationship observed for CFR. However, countries where undernutrition is highly prevalent did not appear to be related with the higher use of ICU beds, likely reflecting a limited health system's capacity in those countries. The use of CFR is commonly regarded as a poor measure of mortality risk of COVID-19 throughout the early and middle stages of an ongoing outbreak, as it might under- or overestimate the true ratio between confirmed deaths and confirmed cases. However, due to the inconsistent reporting of other indicators, CFR represents the most comprehensive measures at the present time of the pandemic. With the accumulation of information about cases at the end of the pandemic, the estimate will be close to those finally observed once the epidemic recedes (63). Repeating the analyses at the end of the pandemic might further enlighten the role played by malnutrition on fatal COVID-19, and depending on the countries' reporting practices and availability of seroprevalence studies in the general population, the IFR could be used as a more accurate measure of disease fatality.

In conclusion, population-level malnutrition appears to be a driver of an increased risk for fatal COVID-19 in areas with marked burden of undernutrition as those in the Sahel strip. Using routine estimates of the risk factor burden allowed the rapid assessment for countries' vulnerability to COVID-19 due to malnutrition and identifying those countries where malnutrition is a virulence factor for severe COVID-19. Our findings are relevant to country-level, global interpretation, and cannot be extrapolated to high-risk individuals or populations within particular countries because of ecological fallacy. To mitigate the impact of severe COVID-19, preventive public health strategies of the response plans to COVID-19 should also pay attention to food, nutrition, and integrate sustainable food systems interventions to promote the production, distribution, and consumption of healthy diets, along with social protection, with the aim to improve the nutritional status of the population, especially those at higher risk, during and at the end of the pandemic (64).
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Background: Since the beginning of the COVID-19 pandemic, access to fresh food has been restricted, and people are spending more time inside and have limited their physical activity. However, more time at home may have resulted in some positive habits including an increase in cooking. The aim of this review was to assess dietary changes during the first lockdown. Themes and patterns were considered and associations with other lifestyle factors were assessed.

Methods: Between June and July 2020, the PubMed, Google Scholar, and Science Direct databases were searched, and results were screened for eligibility based on title, abstract, and full text. The inclusion criteria of this search included: papers published (or in pre-print) in the year 2020; studies that investigated the impact of COVID-19 lockdown on diet; papers published in English. Exclusion criteria were as follows: papers examining dietary changes in those following a structured diet based on diagnosed conditions or dietetic advice; literature, systematic, or narrative studies reviewing previous research. Researchers agreed on the study characteristics for extraction from final papers.

Results: Four thousand three hundred and twenty-two studies were originally considered with 23 final full-text papers included. Four themes were identified: dietary patterns, dietary habits (favorable), dietary habits (unfavorable), and other (includes physical activity levels, weight gain). A total of 10 studies reported an increase in the number of snacks consumed, while six studies found that participants increased their meal number and frequency during quarantine. Eleven studies reported favorable changes in dietary habits with an increase in fresh produce and home cooking and reductions in comfort food and alcohol consumption. However, nine studies found a reduction in fresh produce, with a further six reporting an increase in comfort foods including sweets, fried food, snack foods, and processed foods. Two studies reported an increase in alcohol consumption. In eight studies participants reported weight gain with seven studies reporting a reduction in physical exercise.

Conclusion: The effect of COVID-19 lockdown both negatively and positively impacted dietary practices throughout Europe and globally, and negative diet habits were associated with other poor lifestyle outcomes including weight gain, mental health issues, and limited physical activity. Both in the short term and if sustained in the long term, these changes may have significant impacts on the health of the population.

Keywords: diet, LockDown, COVID-19, lifestyle, fruit and vegetables


INTRODUCTION

In March 2020, the World Health Organization (WHO) declared the coronavirus outbreak as a global pandemic (1). Currently, little is known of the transmission, mechanism, and treatment of COVID-19. It is believed that COVID-19 is spread via person-person contact, through respiratory droplets and because of this social distancing, hand washing, and wearing face coverings is crucial to reduce the spread of the virus (2).

As of July 2020, there have been over 570,000 global deaths related to COVID-19 (3). With no vaccine to prevent infection and no guaranteed treatment once infected, many countries have restricted public access to supermarkets, shops, and recreation facilities. The seriousness of restrictions varies among countries and is dependent on the incidence rates of infection. Despite lockdown measures taken by governments worldwide, over 13 million cases have been reported in over 200 countries (3).

Although such restrictions are to limit interpersonal contact and therefore transmission, many experts have voiced their concern for the long-lasting affects that lockdown may pose on individuals' mental and physical health (4). Lockdown has restricted the number of hours permitted for outdoor physical activity, people's access to fresh food, and previous research has shown that increased stress, which is likely during a global pandemic, can have a severe impact on an individual's lifestyle habits (5). Stress and anxiety have been shown to result in an increased intake of alcohol and sugary foods, and energy imbalance is also likely as energy expenditure during lockdown is reduced (5). However, positive lifestyle habits may also have emerged from the pandemic, including more time for cooking and reduced fast-food consumption.

Although there has been increasing and significant interest on the impact of the pandemic on various health outcomes, no review has addressed the association between COVID-19 and diet patterns globally. The aim of this review is to assess the literature on the impact of lockdown on dietary changes in various population groups. The objectives will be to assess diet patterns and themes in order to understand the dietary and associated lifestyle changes during the initial lockdown. It will be concluded how such changes may affect health and wellbeing in the short-term during the initial COVID-19 lockdown period and this will then inform research into the longer term effects of the pandemic on diet changes and health outcomes.



METHODS

This review followed the preferred reporting items for systematic reviews and meta-analyses extension for scoping reviews (PRISMA-ScR) and was in accordance with the JBI Manual for Evidence Synthesis: updated methodological guidance for the conduct of scoping reviews (6).


Literature Search

A systematic literature search of the PubMed, Google Scholar, and Science Direct databases was conducted for studies published in 2020. Initially, the following search terms were used in the three databases to obtain a general understanding of the current research on the topic area: (COVID-19) AND (nutrition OR diet) AND (lockdown); (Food Habits) AND (Lockdown); (Dietary change) AND (COVID-19) AND (Lockdown). Following this search, alternative phrasing was noted among relevant studies and guidance on the search strategy was received. The search terms were then finalized and the following search terms were used in the systematic search: (Covid-19 OR Coronavirus) AND (Diet* OR Food OR Nutrition OR Eat*) AND (Lockdown OR Confinement OR Containment OR Quarantine OR Isolation). This search was undertaken between June 2020 and July 2020. No restrictors and filters were used in the database search so as to not inadvertently exclude any papers of interest.



Selection Process

Results were screened for eligibility based on title, abstract, and finally full text. Two researchers independently screened the articles for eligibility (GB and EY) alongside the inclusion criteria. The inclusion criteria of this literature search were as follows:

1. Limit to papers published in the year 2020 (including pre-prints);

2. Studies that investigated the association of COVID-19 lockdown and diet;

3. Only research papers in English.

For this review, the exclusion criteria were as follows:

1. Papers examining dietary changes in those following a structured diet (e.g., diabetics/coeliacs) based on diagnosed conditions or dietetic advice;

2. Literature, systematic, or narrative studies reviewing previous research.

The search was kept broad in order to identify any relevant studies that would fit within the aims of the review, and as lockdown occurred during 2020, only papers within this year were searched. No authors were further contacted.



Data Charting and Synthesis

Researchers GB and EY discussed search terms and databases prior to the initial search. All searches were documented in a shared excel spreadsheet accessible to all four researchers. After discussion among all four researchers, GB and EY performed a second and final search with the altered search terms in the same databases. Once eligible studies were identified based on the inclusion/ exclusion criteria, they were extracted and screened. An initial extraction template was developed and study characteristics were exported. The following characteristics from each study were extracted: first author, year, title, journal, type of study, participant number, age, location, findings, and conclusion. After consideration, researchers revised the extraction template to only focus on what they believed to be the important and relevant data from each study in regards to the study aims. A final extraction template of study characteristics for final full-text studies was agreed upon amongst all four reviewers. Results are shown in Table 1 and are composed of: study type/ design, assessment methods, location, gender, age, dietary change, and significant findings/findings that showed a change. Themes were agreed upon by all researchers and data from each paper for the relevant themes were gathered and grouped together for analysis.


Table 1. Overview of papers included in this review.
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RESULTS

Out of a total of 4,322 papers initially identified, 23 full papers were deemed eligible for the current review (Figure 1). Most studies included in this review are based on self-reported data among adult populations in the developed world. Seventeen studies were cross-sectional in nature (7–10, 13, 15–17, 19, 21–27, 29), and three cohort (12, 14, 18), one observational (20), one correlational (28), and one panel study (11) were included. Locations included global (9, 25), the US (10, 18, 28), Asia including Palestine (7), India (8, 15, 17), and China (29), Europe including Italy (11, 13, 20, 22, 26), France (12), Spain (23, 24), Poland (27), and the UK (19), Australia (14, 21), and Zimbabwe (16). The age range and total number of participants were not presented as these demographics were not stated in all the studies included in the review. A full overview of papers is included in Table 1, in which only results that showed a change were included. After reviewing all eligible papers, four research themes were derived from each paper for analysis and discussion purposes (Table 2). These included: dietary patterns (meal patterns and snacking), dietary habits (favorable), dietary habits (unfavorable), and other (includes physical activity levels, weight gain). The following discussion is separated into four parts, to support the research themes.
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FIGURE 1. PRISMA 2009 flow diagram displaying the selection process of the 23 final papers.



Table 2. Twenty-three papers in the review divided by theme and sub theme.
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DISCUSSION OF RESULTS


Dietary Patterns


Snacking

A significant change in snacking frequency and behaviors was reported by a total of nine studies that were reviewed (8, 9, 12, 14, 15, 20, 26–28, 30). ALMughanis et al. (8) reported an increase in snacking at night in 44% of participants. This trend was supported by three other studies that found that increased snacking behaviors were typically seen at night or after the last meal of the day (9, 15, 28). Late night food intake is viewed by many as an unfavorable dietary pattern as research has shown an association between late-night eating and the development of metabolic syndrome (31). Snacks mostly consisted of energy-dense and non-nutrient-rich foods. Scarmozzino et al. (26) reported that in Italy over 40% of participants increased consumption of “comfort foods” such as chocolate, ice cream, and desserts during lockdown. Romeo-Arroyo et al. (24) reported a 50% increase in sweets consumed. Three papers (14, 20, 28) found that snacking was used as a mechanism to help cope with increased anxiety levels during self-quarantine. Following this finding, promotion of other avenues of stress relief, including physical activity and meditation, may be influential when advising population groups how to maintain sustainable and healthy lifestyle habits.



Meal Number

Six studies reported that participants saw an increase in their meal number and frequency during lockdown (7, 15, 17, 22, 26, 27, 30). In Mumbai, India, Mehta et al. (17) completed a 15-question survey with 50 participants and found that over half of participants increased their meal consumption, with a large portion choosing foods that had a low preparation time and meals based around ready-to-eat foods and animal produce. In a study by Deschasaux-Tanguy et al. (12), 37,252 adults from France completed a lockdown-specific questionnaire on nutritional behaviors before and after lockdown, between April and May 2020. This research found that although food intake increased, diet diversity and fresh produce, such as fruit and vegetables, intake reduced. Three of the studies investigated did not report an increase in food consumption (13, 21, 23). Phillipou et al. (21) found that almost 30% of participants had restricted their eating habits during confinement, primarily due to weight gain concerns. Husain et al. (15) found that in Kuwait, almost 42% of their cohort skipped breakfast during quarantine, which increased slightly from 39% before lockdown.




Change in Dietary Habits: Favorable


Increase in Fresh Produce

A total of 11 papers reported favorable changes in dietary habits during the coronavirus pandemic lockdown (7, 9–13, 15, 22, 23, 25, 26, 32). Pietrobelli et al. (22) identified an increase in fruit consumption in 41 children and adolescents in Italy (p = 0.055). An increase in fruit intake is supported by four other studies (7, 10, 23, 25). Ruiz-Roso et al. (25) found an increase in both fruit and vegetable intake in 820 adolescents during confinement. An explanation for this could be the increase in home cooking and the promotion from the WHO of the importance of fruit and vegetables during confinement. In 7,154 Spanish adults, an increase in fruit and vegetable intake during confinement was observed in a higher proportion for males than females compared to pre-confinement (23). In contrast, Bhutani et al. (10) reported a higher proportion of females in the United States (US) increasing fruit and vegetable consumption in confinement compared to US males. The difference in results could be due to Spanish female participants having a higher adherence to the Mediterranean diet (MedDiet), which is high in fruit and vegetables, prior to lockdown, and therefore any increase would be more noticeable in a US female cohort.



Increase in Home Cooking

Based on consumption trends, there was an increase in the amount of home cooking with a significant increase in foods such as homemade pizza and bread (11). This is supported by Deschasaux-Tanguy et al. (12) and Di Renzo et al. (13) who both reported an increase in home cooking. The increase in home cooking could be attributable to various reasons including reduced availability of eating out and/or fast food options, increase in family time, safety concerns, and finally it could be used as a method to overcome boredom.



Reduction in Comfort Foods

A decrease in total fast food consumption during lockdown has been reported in participants in Kuwait, Spain, Italy, Brazil, Colombia, and Chile (15, 25). In a cohort of 415 participants living in Kuwait, 82.2% did not consume any fast food during lockdown and this dietary habit reportedly continued post lockdown with 13.7% consuming fast food 1–2 times per week compared to 49.4% pre-lockdown. Consideration needs to be taken for the fact that many fast food outlets would have been closed during lockdown which would have significantly affected fast food intake.



Reduction in Alcohol Consumption

Ammar et al. (9) found via a short dietary behavior questionnaire that the largest dietary habit change during lockdown was a reduction in binge drinking. It is thought that the younger participants in the study would have limited access to alcohol and less social interaction with friends which may have impacted the results. Social incentives have been found to be more of an influence over coping motives for increased alcohol consumption in the younger population and therefore this may have caused a significant reduction on drinking in this group during the pandemic (33). A 36.8% reduction in alcohol consumption in Italy was reported, however this is thought to have been overexaggerated due to an underreporting of alcohol intake which is often associated with self-reporting questionnaires (26). However, Rodríguez-Pérez et al. (23) identified a lower intake of alcohol during lockdown in Spain and reported that these dietary changes continued with a higher adherence to the MedDiet post lockdown.




Change in Dietary Habits: Unfavorable


Reduction in Fresh Produce

Nine papers assessed the reduction in fresh produce (7, 10–13, 16–18, 24). Overall the papers showed a reduction in purchasing and consumption of fresh produce. Bracle et al. (11) assessed consumer purchase trends from February to March 2020 in an Italian population and found a dramatic reduction in fresh goods including fruit and vegetables. Similarly, Deschasaux-Tanguy et al. (12) found that 27.4% of participants reported buying less fresh products due to poorer access to usual food stores and/or products. Rodriguez-Perez et al. (23) reported just over a quarter (27%) had issues with buying certain foods which included meat (23.83%) and vegetables (13.86%).

Research by Matsungo and Chopera (16), using a cross-sectional online survey for 507 people living in Zimbabwe, found that 94.8% of people reported an increase in food price with decreased availability (64%) and a decrease in quality (43.9%), during a 4-week lockdown in Zimbabwe, showing the massive effect COVID-19 has had on the food chain supply system. Therefore, price or financial status may also play a role in reduced purchase as Mehta (17) found that 27% of participants reduced fruit and vegetable intake and although unavailability was a key reason, 32% reported that the increase in price of these consumables influenced their lack of purchase and/or consumption. Allabadi et al. (7) performed telephone interviews with 600 adolescents in Palestine. In total, 36.7% increased fried food intake and 46.5% increased sweets and sugar-added food intake, and this was associated with weight gain and worsening financial status during lockdown.

As mentioned above, stress and anxiety may have significant influence over food habits during lockdown as Mitchell et al. (18) found through a self-reported food intake questionnaire in 381,564 participants pre and during COVID-19 lockdown. Fruit (men −4.2%, women −5%), salad (men −5.9%, women −6.5%), vegetables (men −4.7%, women −6.3%), and lean protein (men −3.6%, women −3.9%) intake decreased. These results were compared to other studies in which stress during “natural disasters” has been shown to correlate with reduced fresh produce consumption (30). Matsungo and Chopera (16) found food prices increased and availability decreased. Over the 4-week lockdown period, 57.8% said they reduced vitamin A rich fruit and vegetable intake, 48.5% decreased other vegetable intake, and 64.9% decreased other fruit intake, with a reduction in fresh produce associated with higher anxiety.



Increase in Comfort Foods

Pietrobelli et al. (22) found that the consumption of unhealthy foods including potato chips, red meat, and sugary drinks significantly increased 3 weeks into lockdown in a sample of 41 young people in Italy who were classified as obese (p < 0.005–0.001). Ruiz Roso et al. (25) used an online questionnaire in a multi-country cohort of adolescents and found sweet food and fried food consumption increased during COVID-19 confinement compared to before COVID-19. There were significant country differences and those who watched TV during mealtimes had higher sweet food and fried food consumption. In another study, an increased consumption of sweets and chocolate (22%) and biscuits and cakes (20%) was found, which was associated with other poor diet habit changes (12). Therefore, multiple factors may have increased the intake of unhealthy or comfort foods during COVID-19 lockdown, including already being overweight or obese, more sedentary time at home, and an overall change in dietary habits/patterns.

In an international sample of 1,047 participants, unhealthy food consumption had increased during confinement, which was due to changes in mood including lack of motivation and anxiety and/or boredom (9). Scarmozzino et al. (26) found that, similar to Ammar et al. (9), the increase in negative eating behaviors was thought to be due to increased anxiety in this population during lockdown (42.7%). Pellegrini et al. (20) used a questionnaire in 150 obese participants in Northern Italy and found that unhealthy food consumption, specifically sweets intake increased by 50%. This increase was associated with weight gain during lockdown which may have been related to increased anxiety.



Increase in Alcohol Consumption

Two studies looked at increased alcohol consumption during lockdown (12, 29). Zhao et al. (29) used a cross-sectional questionnaire-based survey in 1,938 Chinese participants to assess what lifestyle changes people used to “cope” with COVID-19 and found that 10.6% of participants increased their alcohol consumption intentionally. In another study, when considering food groups, alcoholic beverage consumption increased in 15% of the participants and decreased in 12%. The increase in alcohol intake was associated with other unhealthy changes in diet patterns, with higher anxiety and depression scores and with working from home (12).




Other


Reduction in Physical Activity

During a 4-week lockdown in Zimbabwe, Matsungo et al. (16) reported that 62.5% of people surveyed reduced their physical activity. This may be explained by an increase in screen time in 89.1% of respondents. Similarly, Rodriguez-Perez et al. (23) showed that while people's dietary pattern did not dramatically deviate from the MedDiet during lockdown, over 59.6% decreased their levels of physical activity. Three papers (7, 8, 12) showed that at least 50% of people surveyed had decreased levels of exercise in Kuwait, Palestine, and France due to confinement. An Australian study by Phillipou et al. (21) reported that in the general population group the majority of people (43.4%) decreased their exercise levels, which may be related to working from home and restrictions on sporting activities and gym closures during the peak of the pandemic. Gallo et al. (14) carried out a survey on US students comparing data from 2018/2019 to data collected during the 2020 lockdown. Although vigorous exercise levels remained the same, students reported a decrease in walking during 2020, which may be related to no longer commuting to campus or walking between classes. Examining a subsection of biomedical students, 80% were classed as “sufficiently active,” which dropped to 62% for men and 55% for women in 2020, showing the negative effect lockdown has on physical activity levels among young adults.



Increase in Supplementation

Zhao et al. (29) showed that 37.7% of people surveyed intentionally consumed certain foods, supplements, or Chinese herbs as they thought it would help against COVID-19. These people had a higher Household Dietary Diversity Score which the paper concluded could mean they were more “in tune” with their health. People mainly consumed vitamin C (18.2%), however despite government advice, some people consumed alcohol (10.6%) or vinegar (16%) under the false assumption that consumption would kill or help fight the virus.



Weight Gain

Three Italian surveys noted increased weight gain among participants related to the consumption of certain foods (13, 20, 26). In Northern Italy, Pellegrini et al. (20) reported a significant increase of 1.51 kg on average among participants. Those of lower education levels, disinterest in the “healthiness” of foods, and who self-reported anxiety and depression were more likely to report weight gain. Di Renzo et al. (13) reported 48.6% of people saw an increase in weight, which may be due to an increased appetite during lockdown. Scarmozzino et al. (26) showed the lowest reported weight gain (19.5%). In the US, Zachary et al. (28) reported a lower number of people (22%) reporting weight gain but a larger increase in weight, ~5–10 pounds (2.2–4.5 kg). Weight gain was linked to increased eating due to stress (52%), boredom (73%), seeing or smelling food (65%), snacking after dinner (65%), being around friends and family (65%), and cravings (52%). Four other papers reported an increase in weight due to changes in the type of food consumed (7, 8, 12, 27). ALMughanis et al. (8) reported in Kuwait that there was a significant change in weight (1.13 kg), which is unsurprising as 74.1% claimed they changed their dietary habits. Deschasaux-Tanguy et al. (12) showed that participants (35%) gained weight (1.8 kg) due to reduced physical activity and an increase in calories by over 10%. Energy intake vs. energy expenditure will have shifted during the initial lockdown and the resulting weight gain following these patterns is therefore not surprising. However, this new “normal” of confinement at home may necessitate the need to find alternative ways of managing weight, diet, and exercise, especially if continued (32).



School Meals

Parnham et al. (19) surveyed children eligible for free school meals (FSM) in the UK and found that children on FSM were more likely to receive vouchers during the 1st month of lockdown in the UK than those through the universal scheme. Secondary school children were more likely to receive the voucher than children from junior schools, but this could be due to them being classified by means testing for FSM not through the universal scheme. There was also a correlation between receiving FSM and the household visiting a food bank.




Dietary Changes by Country

Country specific changes in diet and lifestyle habits were also assessed in the current review to determine if any patterns were apparent. In Australia, Gallo et al. (14) and Phillipou et al. (21) both reported a reduction in physical activity during the initial lockdown. In the US, Bhutani et al. (10) and Mitchell et al. (18) assessed the reduction in the consumption of fresh produce, with only Mitchell et al. showing this trend. ALMughanis et al. (8) and Husain et al. (15) showed an increase in snacking behavior in the Indian population. In Italy, Bracale et al. (11) and Di Renzo et al. (13) showed evidence for an increase in home cooking yet a reduction of fresh produce, while Pellegrini et al. (20), Pietrobelli et al. (22), and Scarmozzino et al. (26) reported an increase in comfort foods. Di Renzo et al. (13), Pietrobelli et al. (22), and Scarmozzino et al. (26) asked participants if there were changes in the number of meals consumed with only Pietrobelli et al. and Scarmozzino et al. reporting an increase in the numbers of meals, while Di Renzo et al. found no change. Also, Di Renzo et al. (13), Pellegrini et al. (20), and Scarmozzino et al. (26) showed that participants reported weight gain. In Spain, Rodriguez-Perez et al. (23) and Romeo-Arroyo et al. (24) both reported a reduction in consuming fresh produce. Finally, Ammar et al. (9) and Ruiz-Roso et al. (25), which both covered multiple continents, both showed an increase in consumption of comfort foods. Therefore, although it is difficult to conclude anything definite, there seems to be agreement between studies within the same country and this could potentially be due to the different lockdown timelines and policies implemented in these locations. For example, over half of the countries in this review entered either a full or partial lockdown by the end of March 2020, with the government restricting movement and social interaction, which may have had a sudden and significant impact on the frequency of accessing supermarkets to buy fresh produce, the lack of food-associated social occasions, and limiting exercise.



Strengths and Limitations

Previous research has highlighted the negative effects that lockdown has on health, however, this study is focused on the thematic analysis of dietary change and provides a unique insight into how the COVID-19 pandemic has impacted dietary behavior globally. The evidence included in this review is from a short time period in 2020 and therefore the studies are based on acute changes to diet and associated lifestyle factors. Even though this review is a starting point for considering long term effects of COVID-19 on health, so far this can only be predicted from the short-term studies. Only studies with full-text publications and published in English were considered for this review, which may lead to selection bias. As with most nutritional research, dietary intake was assessed through self-reported data, where misreporting, most commonly underreporting, is possible. Studies in this review were predominately cross-sectional in design and therefore the risk of bias and the quality of each study was difficult to assess due to the nature of the review and the studies included. It was not possible to assess quality compared to longer term cohort/ cause-effect research. Only findings that showed a change were reported in the results, as anything that did not significantly change did not differ compared to prior to lockdown. This review had limitations in its classification of a scoping review due to the short-term nature of the studies included and the limited literature in which to discuss the findings, however it was felt that this review type was the most appropriate for the current topic. Pre-print research papers were included in this review (8, 10, 12, 17, 18) and therefore despite having a DOI, these papers had not undergone peer-review prior to being included in this review. The search terms were not fact checked by a librarian and therefore the search strategy was constructed based on the expertise of the four authors of this review, who between them have an extensive background in the nutrition research field and in writing systematic and scoping reviews.




CONCLUSION

Although some studies noted a decrease in food consumption and healthier diet practices during lockdown, many studies found either an increase in snacking and meal numbers, or an increase in unfavorable food choices and dietary habits. Therefore, COVID-19 lockdown resulted in both favorable and unfavorable changes in eating practices, and this may have both short- and long-term consequences on health. Although over half of the studies included European populations, there is evidence to suggest that action is required globally to encourage people to re-adopt healthy lifestyle habits during and post lockdown.

The positive diet practices that resulted from lockdown included an increase in the consumption of fresh produce, mostly fruit and vegetables, and an increase in home cooking during lockdown. However, poor food habits were seen in the majority of studies including increased snacking and meal frequency, reduced fresh produce, an increase in comfort foods, and alcohol intake. Reasons for negative changes in food behavior predominately included limited availability and increased price, and there were associations with poor food choices and mental health conditions including depression and anxiety, and sedentary time and weight gain. Those with a higher BMI were more likely to develop unhealthy dietary habits during quarantine (27). The increase in negative food choice such as alcohol intake was associated with other unhealthy changes in diet patterns, with higher anxiety and depression scores and with working from home (12). Conversely, those who showed a healthier overall diet routine throughout lockdown were shown to exhibit other healthy behaviors such as a reduced alcohol intake and increased supplement use. Reduced physical activity and weight gain were the main concerns found in some studies, and alongside poorer eating habits these factors may overall cause significant public health worry.

If negative dietary patterns are sustained post lockdown, they may contribute to health issues among population groups in the future, as being overweight and obese leaves individuals more susceptible to chronic health conditions and disease. Indeed, sedentary behavior including increased screen time and television viewing is associated with unhealthy eating patterns, and therefore this is a pattern that is likely seen during confinement (34). It is also a possibility that future lockdowns may occur, and therefore changes in eating habits may continue. Although positive changes in dietary practices were seen during the first lockdown, the impact of COVID-19 on lifestyle behaviors including diet was detrimental across populations, and therefore future research should aim to help the recovery and maintenance of healthy lifestyle habits to prevent the long-term health effects of the pandemic.
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In December 2019, the severe acute respiratory syndrome coronavirus 2 (SARS-Cov2) emerged in Wuhan, China, sparking the Coronavirus disease 2019 (COVID-19) pandemic. The high prevalence of nutrition-related COVID-19 risk factors including obesity, type 2 diabetes, and hypertension, suggests that healthy dietary approaches may mitigate COVID-19 related outcomes and possibly SARS-CoV-2 infection. Based on the fundamental role of nutrition in immune function and the well-documented association between Mediterranean diet consumption and risk reduction for chronic diseases that are comorbidities in COVID-19 patients, we hypothesized that there would be a relationship between Mediterranean diet adherence and COVID-19 cases and related deaths. In this perspective, we examined the association between regional adherence to a Mediterranean diet and COVID-19 cases and deaths using an ecological study design. We observed that Mediterranean diet adherence was negatively associated with both COVID-19 cases and related deaths across 17 regions in Spain and that the relationship remained when adjusted for factors of well-being. We also observed a negative association between Mediterranean diet adherence and COVID-19 related deaths across 23 countries when adjusted for factors of well-being and physical inactivity. The anti-inflammatory properties of the Mediterranean diet - likely due to the polyphenol content of the diet - may be a biological basis to explain our findings. However, there are confounding factors unrelated to dietary factors driving COVID-19 cases and related deaths across the regions in Spain and the 23 countries examined in our analysis. Our findings will need to be confirmed and further explored in cohort studies.
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INTRODUCTION

Epidemics and pandemics have shaped the historys of humanity. Deaths from pandemics have ranged from up to half of the world's population in the Post-classical period to very few deaths in the Late Modern period (1). The Coronavirus disease 2019 (COVID-19) pandemic is just the most recent of a series of epidemics and pandemics that are arising (1) likely due to environmental pressure from the expansion of human populations (2). Increasing population density and economic development, or westernization, has not only been associated with infectious diseases, but non-communicable diseases such as obesity, cardiovascular disease, and type 2 diabetes.

Consumption of a Western diet which includes high consumption of energy dense foods, such as simple sugars and fats, contributes to the development of obesity and pathophysiological chronic inflammation (3, 4) which are risk factors for the development of chronic diseases including cardiovascular disease, type 2 diabetes, and certain forms of cancer (5). In addition, obesity is associated with immunomodulatory effects related to infectious, gastrointestinal, and respiratory diseases (6). In contrast, essential micronutrients and polyphenolic compounds which are enriched in healthy diets are anti-inflammatory and may have benefits for risk reduction of communicable and non-communicable diseases (7–9). Adherence to a traditional Mediterranean diet, a plant-based diet rich in fresh fruits and vegetables, whole grains, nuts, fish and extra virgin olive oil, can reduce the risk of cardiovascular disease, type 2 diabetes, cognitive disorders, muscle atrophy and other signs of frailty (10–12). A Mediterranean diet is also rich in fiber which modulates nutrient absorption and satiety and contributes to maintaining a healthy weight (13).

Common comorbidities in COVID-19 patients include obesity, hypertension, cardiovascular disease, type 2 diabetes, chronic obstructive pulmonary disease, chronic kidney disease, cerebrovascular disease and cancer (14–16). Increased risk of COVID-19 related death - reported in a meta-analysis of studies from China and the USA - has been observed for patients with chronic renal disease (OR, 9.4; 95% CI, 3.2–27.4), cardiovascular disease (OR, 3.8; 95% CI, 2.1–6.9), hypertension (OR, 2.5; 95% CI, 2.1–3.1), type 2 diabetes (OR, 2.0; 95% CI, 1.7–2.3) (17), and in a separate analysis obesity (OR 1.7; 95% CI, 1.1–2.8) from a cohort in the USA (18). Obesity related comorbidities that increase the severity of COVID-19 include respiratory dysfunction resulting in lower lung volume, impaired gas exchange, and increased airway resistance (19). A greater association with comorbidities and in-hospital mortality has been observed in patients in America and Europe compared to Asia (20).

Because the Mediterranean diet is a dietary approach associated with overall well-being, and Mediterranean diet consumption is associated with risk reduction for the common comorbidities observed in COVID-19 patients, we hypothesized that Mediterranean diet adherence would be negatively associated with COVID-19 cases and related deaths. The absence of dietary data in COVID-19 patients precluded a direct examination of the relationship between Mediterranean diet adherence and COVID-19 cases and related deaths. Therefore, we undertook an ecological study to examine the association between regional adherence to a Mediterranean diet and COVID-19 cases and deaths.



ECOLOGICAL ANALYSIS

To determine whether there is relationship between Mediterranean diet adherence and COVID-19 cases and deaths we first chose to examine regional data from a country with a universal healthcare system to reduce confounding factors associated other healthcare models which may lack standardization of the COVID-19 response. We also sought to examine a country for which (1) regional differences in MD adherence have been reported, (2) regional COVID-19 cases and deaths, and (3) risk-modifying factors have been reported. Based on our criteria, we examined the relationship across 17 autonomous communities (regions) of Spain between Mediterranean Adequacy Index score (21) and COVID-19 cases and deaths as of June 9, 2020 (22). In an unadjusted linear model, we observed a significant negative association between Mediterranean Adequacy Index score and COVID-19 cases (p = 0.023) and COVID-19 related deaths (p = 0.032) (Table 1). We used a multivariable linear model to adjust for social determinants of health (factors of well-being) which can influence health outcomes (23–26). The factors of well-being (income, education, housing, environment, and life satisfaction) were assessed using the Organization for Economic Co-operation and Development (OECD) Well-Being Database in the 17 regions of Spain (27). As shown in Table 1, a stronger significant negative association between Mediterranean Adequacy Index score and COVID-19 cases (r2 = 0.663) and COVID-19 related deaths (r2 = 0.729) was observed. The well-being factors of income, education, and life satisfaction added significantly (p < 0.05) to the relationship between Mediterranean Adequacy Index score and both COVID-19 cases and COVID-19 related deaths.


Table 1. Multivariable linear regression analysis assessing Mediterranean diet adherence and COVID-19 cases and deaths between regions in Spain‡ adjusted for well-being factors.
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To further explore the relationship between Mediterranean diet adherence and COVID-19 cases and deaths, we examined Mediterranean adherence and COVID-19 cases and deaths across 23 countries in the OECD Well-Being Database for which Mediterranean Adequacy Index score (from highest to lowest: Turkey, Greece, Italy, Japan, Chile, Spain, Portugal, Israel, Finland, Norway, Iceland, United Kingdom, Ireland, France, Denmark, Sweden, Canada, Hungary, Germany, Austria, Australia, Switzerland, and United States) (28) and COVID-19 cases and deaths per million people (from highest to lowest: United Kingdom, Spain, Italy, France, Ireland, United States, Canada, Switzerland, Portugal, Chile, Germany, Denmark, Sweden, Austria, Turkey, Finland, Hungary, Norway, Israel, Iceland, Greece, Japan, and Australia) (29). As shown in Table 2, we did not observe an association between Mediterranean Adequacy Index score and COVID-19 cases or COVID-19 related deaths in an unadjusted linear model. There was also not an association between Mediterranean Adequacy Index score and COVID-19 cases when adjusted for well-being factors in the OECD Well-Being Database. However, a significant negative association between Mediterranean Adequacy Index score and COVID-19 related deaths (r2 = 0.768, p = 0.004) was observed when adjusted for well-being factors (income, education, housing, environment, and life satisfaction) in the OECD Well-Being Database and physical inactivity from the World Health Organization Global Health Observatory data repository (30). The well-being factors of education, housing, environment, and life satisfaction added significantly (p < 0.05) to the relationship between Mediterranean Adequacy Index score and COVID-19 related deaths. A sensitivity analysis was performed by removing the Mediterranean Adequacy Index score from the model. We found that the absence of the Mediterranean Adequacy Index score significantly (p < 0.01) weakened the adjusted square of the coefficient of multiple correlation from 0.768 to 0.500 (data not shown).


Table 2. Multivariable linear regression analysis assessing Mediterranean diet adherence and COVID-19 cases and deaths between Countries‡ adjusted for well-being factors.

[image: Table 2]

In a sub-analysis of only European countries, we observed a similar significant negative association between Mediterranean Adequacy Index score and COVID-19 related deaths (r2 = 0.771, p = 0.030) when adjusted for well-being factors and physical inactivity (data not shown). We next examined whether the association between Mediterranean Adequacy Index score and COVID-19 related deaths was modified by adding country wide obesity prevalence (31) to the model adjusted for well-being factors and physical inactivity. We still observed a significant negative association (r2 = 0.751, p = 0.012) between Mediterranean Adequacy Index score and COVID-19 related deaths; however, obesity prevalence did not significantly add to the model (data not shown).



DISCUSSION

In the current ecological study, we observed that Mediterranean diet adherence was negatively associated with both COVID-19 cases and related deaths across 17 regions in Spain. The relationship between Mediterranean diet adherence and COVID-19 cases and related deaths remained when adjusted for factors of well-being. We then examined the relationship between Mediterranean diet adherence and COVID-19 cases and related deaths across 23 countries for which data was available for Mediterranean diet adherence, COVID-19 cases and deaths, and factors of well-being. In the models adjusted for factors of well-being and physical inactivity we observed a negative association between Mediterranean diet adherence and COVID-19 related deaths. Our findings that the socioeconomic factors of income and education added significantly to our models is consistent with prior work that income and education are significant factors in viral infection related hospitalization (32–35) and Mediterranean diet adherence (23, 36–40). The finding that life satisfaction added significantly to the adjusted models is consistent with epidemiological evidence linking life satisfaction to risk of chronic disease and mortality (41–43). It is important to note that our findings with COVID-19 cases and deaths pre-dated use and approval of medical treatments known to reduce mortality such as dexamethasone and remdesivir (44).

In the analysis of the 23 OECD countries we observed that the United States and the United Kingdom had the 1st and 11th lowest Mediterranean diet adherence, respectively, and the 6th and 1st highest COVID-19 related deaths per million, respectively. In contrast, Italy and Spain were outliers in the association between Mediterranean diet adherence and COVID-19 related deaths in the 25 OECD countries. Italy and Spain had the 3rd and 6th highest in Mediterranean Adequacy Index score, respectively, yet high COVID-19 mortality (3rd and 2nd highest in deaths per million people, respectively). Italy and Spain along with China, Iran, Germany, France, South Korea, and Japan were the eight earliest majorly effected countries in the COVID-19 pandemic. The doubling time of COVID-19 cases in Italy during the first and second 3-week interval was greatest among the eight countries while the growth rate of COVID-19 cases from the first to second 3-week interval in Spain was greatest among the eight countries (45). Whether poor early containment was a factor in the high COVID-19 death rate is not known. Factors ranging from socio-cultural to health systems likely have contributed to the high COVID-19 death rate in Italy and Spain (46–48). Interestingly, Lombardy, Italy, a region in northern Italy which has low Mediterranean diet adherence compared to southern Italy (38, 49, 50), was the epicenter of COVID-19 cases in Europe.

The current study design does not allow for causative conclusions to be reached on our findings. However, there is a biological basis for our findings. Severe complications of COVID-19 include acute respiratory distress syndrome and death. In the subset of patients with severe complications, a hyper inflammation (a.k.a. the cytokine storm) state is observed (51) possibility due to a dysregulated macrophage response (52). It has been proposed that comorbidities including obesity, type 2 diabetes, cardiovascular disease, and hypertension contribute to the inflammation response leading to severe complications of COVID-19 (53).

Adherence to plant-based dietary approaches, including the Mediterranean diet, are associated with a reduction in the risk of developing major chronic diseases including the COVID-19 comorbidities of obesity, type 2 diabetes, cardiovascular disease, and hypertension (54–59). Low-grade chronic inflammation underlies the COVID-19 comorbidities (60). Importantly, consumption of a Mediterranean diet is associated with a reduction in the inflammation, coagulation, and endothelial dysfunction markers including c-reactive protein (CRP), interleukin 6 (IL-6), fibrinogen, homocysteine, and E-selectin (61–63) which is consistent with findings of a reduction in inflammation markers across plant-based diet consumption (64). An assessment of overall inflammatory potential of a diet, the dietary inflammatory index (DII) (65, 66) has been shown to link dietary inflammation to communicable disease and inflammation-related disease. A high DII has been reported to be associated with higher risk for stomach and intestinal illness (67) and with increased systemic inflammation and lower lung function (68). Importantly, a high DII is associated with low grade inflammation and low Mediterranean diet score (69). It has been proposed that the anti-inflammatory properties of the Mediterranean diet are due to the high polyphenol content (70–72) from fruits, vegetables and extra virgin olive oil (73). In the SUN cohort, participants with the highest Mediterranean diet adherence and polyphenol intake of flavonoids had a significantly lower incidence of cardiovascular disease events compared to participants with the lowest Mediterranean diet adherence and polyphenol intake of flavonoids (74). Consistent with these findings, it was observed in high cardiovascular disease risk patients in the PREDIMED study that the greatest reduction in plasma levels of inflammatory markers occurred in participants with the highest urinary total polyphenols (75). It should be noted that the PREDIMED study did not have full randomization to the Mediterranean diet treatment groups (76).

There are limitations to the current study. Importantly, the ecological design of the current study does not allow for direct examination of the relationship between Mediterranean diet adherence and COVID-19 cases and related deaths. The observational methodology used may be a source of errors that could lead to wrong conclusions on the association between Mediterranean diet adherence and COVID-19 cases and related deaths. Thus, causation cannot be inferred from these findings. Additionally, the possible age effect of each group (the habits and behaviors of each stage of life are different) and the period effect (events that occur over time that affect all age groups and can alter the association) are limitations. Further, the Mediterranean diet adherence data may not reflect current dietary patterns in the regions of Spain and the OECD countries examined. Even though Mediterranean diet adherence has declined in Spain and other OECD countries in the Mediterranean Sea basin compared to historical data from the 1960s, it has stabilized in the past decades (21, 28). In addition, Mediterranean diet adherence assessed at two time points in the past two decades highly correlates across countries (r2 = 0.969, p < 0.001) (data not shown). We acknowledge that there are confounding factors related to societal norms, cultural factors, and the governmental response to the COVID-19 pandemic and differences in health care systems across countries that may influence COVID-19 cases and deaths in Spain and the countries examined in the current study. As the COVID-19 pandemic continues our findings represent a snapshot in time of the pandemic.

Even though our findings suggest a negative relationship between Mediterranean diet adherence and COVID-19 cases and related deaths, further studies are required to examine whether Mediterranean diet consumption reduces the risk of COVID-19 and/or chronic disease risk reduction associated with Mediterranean diet consumption reduces the risk of COVID-19 death. In conclusion, the Mediterranean diet and other dietary approaches that reduce inflammation and risk for chronic disease might reduce the risk for severe COVID-19 pathology and mortality.
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Multisystem Inflammatory Syndrome in children (MIS-C) is a rare but devastating complication of coronavirus disease 19 (COVID-19). The development of prognostic biomarkers and more importantly the implementation of new treatment modalities would have a significant impact in clinical practice regarding the outcome of MIS-C. Vitamin D could be a potential candidate. In this mini review we analyze the immunomodulatory role of vitamin D in viral infections and specifically in COVID-19. We also examine the current literature regarding the association of vitamin D with MIS-C and Kawasaki disease. The vitamin D was evaluated not only as a biomarker but also as a nutritional supplement. We concluded that vitamin D levels could be valuable in predicting severe forms of MIS-C and correction of abnormal levels in severe MIS-C may influences its evolution. 25-hydroxyvitamin D3 [25(OH)D3] supplementation raising serum [25(OH)D] concentrations potentially have a favorable effect in reducing the severity of MIS-C in certain circumstances. Further studies are needed to confirm these results.

Keywords: vitamin D, 25(OH)D3, SARS-CoV-2 infection, COVID-19, multisystem, Kawasaki syndrome-like


KEY POINTS—QUESTIONS

Is vitamin D level a potential biomarker associated with prevalence and severity of Multisystem Inflammatory Syndrome in children (MIS-C)?

Could vitamin D supplementation affect severity and/or clinical course of MIS-C?



MEANING

The Multisystemic Inflammatory Syndrome in Children (MIS-C) is a devastating complication of COVID-19. Vitamin D as an easily measurable compound and also readily available and without significant side effects when it is administered could have a significant impact not only as a biomarker of the disease progression but also as a supplement for favorable evolution of patients with MIS-C.



INTRODUCTION

Coronavirus disease 19 (COVID-19) morbidity and severity in children as well as the incidence of Multisystem Inflammatory Syndrome in Children (MIS-C) clearly vary around the world. A number of factors may account for those differences. Several studies have reported a variety of comorbidities including overweight, asthma and ethnic origin black or Asian, and minority ethnic (BAME) groups as risk factors for MIS-C (1). These conditions are independently associated with Vitamin D (vit D) deficiency and that could be a possible explication for higher MIS-C incidence in these children. Vit D can reduce the risk of infections, through several mechanisms: (i) inducing cathelicidins and defensins that can lower viral replication rates, (ii). reducing concentrations of pro-inflammatory cytokines and (iii) increasing concentrations of anti-inflammatory cytokines (2). A negative correlation has been observed between mean level of vit D and the number of COVID-19 cases/1 M, in each country (3).

Identification of the children who are at risk to develop MIS-C after an asymptomatic/ mild COVID-19 or the ones exposed to severe acute respirator syndrome coronavirus 2 (SARS-CoV-2), and those at risk for a severe MIS-C, could help pediatricians to improve their medical management.

Observational studies have resulted in a proposed link between reduced levels of the circulating form of vit D, 25-hydroxyvitamin D [25(OH)D], and severe or critical infection of SARS-CoV-2 in adults (4).

Additionally, there is evidence of association between low levels of vit D and Kawasaki diseases in children (5). Kawasaki disease is a syndrome resulted from an excessive immune response to an infection. During the COVID-19 pandemic several cases of children with Kawasaki-like syndrome or MIS-C have been identified (6–8).

The objective of this mini-review was to evaluate the evidence regarding the association of vit D status and MIS-C.


Literature Review Strategy and Methods

A literature search has been performed in PubMed, Embase, Web of science and MedRxiv for relevant publications about the vit D and Coronavirus infection and Kawasaki disease published up to 30th December 2020. Keyword used were vit D in combination with coronavirus infection, SARS-CoV-2 infection, COVID-19, MIS-C, multisystem inflammatory syndrome, Kawasaki disease, Kawasaki-like syndrome. Information was derived from selected reviews and original articles published in peer-reviewed journals, from preliminary reports of works that have not yet been certified by peer review. Also, reference tracking was carried out to identify other relevant articles, which were not found during the initial searching. Additionally, current guidelines of International and National Health Organizations were retrieved and summarized. Almost all the published studies until now, regarding relationship between COVID-19 and vit D status included adult patients, and data referring to children and adolescents are extremely limited. Due to a reduce number of publications referring to vit D status in children infected by SARS-CoV-2, the authors also collected information from adults. The search using the words MIS-C and vitamin D revealed no studies in PubMed, Web of science, Embase and MedRxiv. Using the other keywords, the initial search yielded 73 articles, of which, after elimination of duplicates and screening of their titles and abstracts, 7 studies were considered relevant to this review.



Multisystem Inflammatory Syndrome in Children

Despite of low susceptibility to SARS-CoV-2 infection, especially those younger than 14 years, children are still at risk of infection (9).The prevalence of SARS-CoV-2 in children who are asymptomatic varied from 0 to 2.2% but there is a strong association between this prevalence and contemporaneous weekly incidence of COVID-19 in the general population (10). The children with SARS-CoV-2 infection usually are asymptomatic or suffer mild or moderate illness. It has been reported that the prevalence of severe or critical disease is 10.6, 7.3% and about 4% in children aged <1 year, 1–5years and 6–15 year, respectively (11). Few months after the onset of the pandemic, a series of reports around the world described clusters of children and adolescents presenting with a life-threatening, hyperinflammatory syndrome, named Kawasaki-like syndrome (8, 12), Pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2 (PIMS-TS) (13) or Multisystem Inflammatory Syndrome in Children (MIS-C) (14). The pathogenesis of MIS-C is still unknown, although it has been suggested that this syndrome occurs while the immune system is activated against the SARS-CoV-2 virus (15). The host immune system in pediatric patients responses excessively to SARS-CoV-2 infections and lead to the multisystem inflammatory syndrome in children (MIS-C). MIS-C is a new childhood disease linked to SARS-CoV-2 infection. It is a dangerous systemic inflammation characterized by fever, abdominal symptoms, conjunctivitis, and rash which appear three to 4 weeks after the initial infection (16). The laboratory evidence of inflammation has been defined by one or more of the following biomarkers: an elevated C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), fibrinogen, procalcitonin, d-dimer, ferritin, lactic acid dehydrogenase (LDH), or interleukin 6 (IL-6), elevated neutrophils, reduced lymphocytes and low albumin (17). Testing for SARS-CoV-2 infection including RT-PCR, antigen test and IgM/IgG antibody is suggested when COVID-19 or MIS-C is suspected (9).

A recent published study demonstrated that MIS-C hyperinflammation differs from severe acute COVID-19 hyperinflammation of adults, as well from the original Kawasaki disease (18). Consiglio et al. found that elevated IL-6, IL-17A, CXCL10 contributed the most to the cytokine storm of MIS-C, while IL-17A an important cytokine in Kawasaki disease, was significantly lower in MIS-C (18).

A systematic review compared characteristics between MIS-C and pediatric confirmed COVID-19 cases, found that the level of inflammation experienced in MIS-C outweigh the inflammation related to COVID-19 (16).



Vitamin D: Vitamin—Hormone. Similarity With Other Steroid Hormones

Despite that its name is “vitamin,” in fact vit D is a fat-soluble steroid pre-hormone produced in skin from UV-B exposure (19). Hormones are defined as chemical signals synthesized and secreted into the bloodstream. They act on distant tissues usually in a regulatory fashion. Their action is often associated with binding soluble proteins (20). Steroid hormones are the sex steroids (estrogens, progesterone -female and androgens -male), the mineralo-corticoids, the glucocorticoids, and the vit D with its daughter metabolites (21).

Vit D3 (cholecalciferol) is synthetized in the skin under UV-B radiation from the sun but also derived from intake of animal food and vit D3 supplements, while vit D2 (ergochalciferol) is derived only from intake of vegetable food and vit D2 supplementation. Both are initially hydroxylated in the liver by (CYP2R1, CYP27A1, CYP3A4), resulting the inactive circulating form 25-hydroxyvitamin D [25(OH)D, calcidiol]. This form is then hydroxylated in the kidney by the 1α-hydroxylase enzyme [1α(OH)ase, CYP27B1] into calcitriol, the active form of vit D (22). The immune cells are able to locally convert 25(OH)D3 into its active form−1,25(OH)2D3 (19). 1,25(OH)2D3 (1,25-dihydroxyvitamin D3, calcitriol) acts as a circulating hormone and is the most potent natural ligand of the vit D receptor (VDR) of target cells. Also, 1,25(OH)2D3 has been described as an immunomodulator targeting various immune cells, including monocytes, macrophages, dendritic cells (DCs), as well as T-lymphocytes and B-lymphocytes. For that reason, 1,25(OH)2D3 has characterized as modulator of both innate and adaptive immune responses (23). Severe infections, including COVID-19, can lead to consumption of vit D intracellularly during the immune processes. As a result of that the utilization is faster than the production.



Vitamin D and Infections in Children
 
Relationship Between Vitamin D and Viral Infections in Children

Kassas et al. shown that lower concentration of serum vit D may be significantly associated with neonatal pneumonia. The authors concluded that the vit D level could predict the need for mechanical ventilation and the duration of hospitalization in neonates with pneumonia (24). In a randomized clinical trial (RCT) conducted among children aged 1 through 5 years, the participants were randomized to receive 2,000 IU/d of vitamin D oral supplementation (high-dose group) or 400 IU/d (standard-dose group) for a minimum of 4 months during the winter and has been found no statistically significant difference in several laboratory-confirmed upper respiratory tract infections between the two groups (25). Recently, an updated meta-analysis of data from RCTs of vit D for the prevention of respiratory infections in children and adults reported an overall protective effect of the intervention with modest statistically significance and found that the daily administration of standard doses for up to 12 months was the most beneficial regime (26). While previous meta-analysis shown a protective effect of vit D supplementation among those with the lowest baseline vit D level, this was not observed in this update (27). Forno et al. performed a randomized, double-blind, placebo-controlled clinical trial of vit D3 supplementation in high-risk children with asthma aged 6 to 16 years taking low-dose inhaled corticosteroids. The subjects had serum 25(OH)D levels <30 ng/ml. Compared to placebo, vit D3 supplementation did not significantly improve the time to a first viral-induced severe exacerbation (28).



Relationship Between Vitamin D and SARS-CoV-2 Infection in Children

Since the beginning of the pandemic, despite the lack of direct evidence of an effect of vit D on SARS-CoV-2 infections, it had been suggested the vit D supplementation could be a safe, inexpensive and readily available modifiable intervention for COVID-19 (29). Subsequently, a growing evidence has been published regarding adults, suggesting that serum vit D levels could be valuable in preventing SARS-CoV-2 infection and predicting not only COVID-19 mortality rates but also linearly predicting COVID-19 illness severity (30). However, according to others, there is not enough evidence on the association between vit D levels and COVID-19 severity and mortality (31).

An association but not necessarily a causation, between vit D levels and SARS-CoV-2 infection in adults were found in a number of studies. Ilie et al. searched the potential association between mean levels of vit D in 20 European countries and morbidity and mortality caused by COVID-19. It has been showed that the higher the vit D levels in a specific country was associated not only with lower number of cases diagnosed with COVID-19 but also with lower mortality per million population in that country (3). Additionally, vit D levels seems to be associated with a worse progression of the course of COVID-19 in the hospitalized patients (32). It still remains unclear the exact mechanism of the relationship between vitamin D and SARS-CoV-2 in younger people.




Multisystem Inflammatory Syndrome in Children (MIS-C) and Vitamin D

The risk factors for development of MIS-C (16) correspond with those for occurrence of low vit D levels in children of African American, Afro-Caribbean descent and those related to the children's obesity (33–35).


Proposed Mechanism

In adults, retrospective studies demonstrated a correlation between vit D status and COVID-19 severity and mortality. Whether the vit D deficiency in COVID-19 is a cause or a result is still difficult to postulate based on the present evidence. Since vit D has been shown to have immunomodulatory activity on IL-6, and anti-IL-6 agents has already demonstrated beneficial role in the course of COVID-19, it has been speculated that administration of vit D supplementation could be beneficial for COVID-19 progression (36, 37). Up to date, no published research has addressed the relationship between vit D and MIS-C, compared with the extended number of published works regarding SARS-CoV-2 infection in adults.

The possible role of vit D in SARS-CoV-2 infection in children could be explained initially by its antiviral activities.

The antiviral properties of vit D have successfully been tested in a wide range of viral species and in different settings. Vit D potency has been investigated against influenza infection in children (38). The administration of vit D effectively reduced cytokine levels and mortality in severe critical-ill patients (30). Furthermore, vit D significantly increased rhinovirus 1B-, rhinovirus 16- and RSV-induced interferons and interferon-stimulated gene mRNA expression and protein production. It also substantially diminished rhinovirus replication and release (39). Even though a specific antiviral role of vit D against SARS-CoV2 has not been established up to now, it can possibly has an adverse effect against viral coinfections. It has been recently reported that the rate of coinfection in COVID-19 reaches 20.5%. The most common co-infections were rhinovirus/enterovirus (6.9%), RSV (5.2%), and non–SARS-CoV-2 Coronaviridae (4.3%) (40).



Anti-inflammatory Action of Vitamin D

Since MIS-C generally occurs 3 to 4 weeks after a SARS-CoV-2 infection, consists a host-dependent reaction to a past infections (41), and this is compatible with antibody- and/or immunocomplex-mediated disease (42), we speculate that in this condition, vit D most likely plays an immunomodulatory role rather than an antiviral one. Furthermore, in the acute phase of MIS-C has been observed high levels of interleukin-1β (IL-1β), IL-6, IL-8, IL-10, IL-17, interferon-gamma (IFN-γ) and differential T and B cell subset lymphopenia (43). Vit D modulates both innate and adaptive immunity and may potentially prevents or reduces the complications associated with SARS-CoV-2 infection by increasing concentrations of anti-inflammatory cytokines (IL-10), Th2 cytokines IL-4 and IL-5, as well as by reducing concentrations of pro-inflammatory cytokines: IL-12, interferon-gamma (IFN-g), IL-6, IL-8, tumor necrosis factor alpha (TNFa) and IL-17 (44), (45). [Figure 1- modified from (46)].


[image: Figure 1]
FIGURE 1. Potential effects of vitamins D during a SARS-CoV-2 infection in children and MIS-C [modified from (46)].


Several studies shown that vit D can reduce the risk and/or the gravity of certain inflammatory reactions. Meyer et al. showed that vit D supplementation had a protective effect in association with the occurrence of Kawasaki disease in a German population (47). In a Korean retrospective review, the medical records of 91 patients with Kawasaki disease were analyzed. The patients were grouped according to vit D serum level (above and below 20ng/ml). The vit D deficient group showed statistical significant resistance to intravenous immunoglobulin (p = 0.023) (48). Stagi et al. assessing serum levels of 25(OH)D in 79 children with Kawasaki disease found significantly lower levels in comparison with controls (9.17 ± 4.94 vs. 23.3 ± 10.6 ng/ml, p < 0.0001). Vit D levels were correlated with erythrocyte-sedimentation rate (p < 0.0001), C-reactive protein (p < 0.0001), and hemoglobin level (p < 0.0001). Those patients who developed coronary artery abnormalities had further significantly lower vit D levels (49). Moreover, low 25(OH)D levels might contribute to the development of coronary arterial lesions (50), severity of coronary aneurysms in patients with Kawasaki disease (5) and it seems to be associated with resistance to intravenous immunoglobulin therapy (48). Activation of the STING (stimulator of interferon genes) pathway which contribute to over-immune response observed in Kawasaki disease and COVID-19, is inhibited by aspirin, intravenous immunoglobulins, vit D and anti-IL-6, potentially being beneficial in these conditions (51). Also, Boonstra et al. demonstrated that vit D3 affects Th cell polarization by inhibiting Th1 (IFN-gamma production) and augmenting Th2 cell development and consequently that results in production of their specific anti-inflammatory cytokines (52). Thus, vit D would limit the production and damaging effect of the pro-inflamatory cytokines during the MIS-C. Despite that the proof of this theory is currently insufficient, we propose measuring the vit D level at diagnosis and subsequently during the course of MIS-C in order to monitor the disease progression.

However, it is unknown as to whether vit D deficiency contributes to, or is a consequence of MIS-C. The systemic inflammation lowers circulating 25(OH)D levels (53) and this mechanism may contribute to the 25(OH)D deficiency observed in patients suffering from infectious diseases, including COVID-19 (54).




Vitamin D as Biomarker in MIS-C

The more severe is the disease, the greater is the inflammatory process and subsequently the greater is the need for vit D (active form) with an anti-inflammatory role. Therefore, the consumption of vit D in the cells involved in immunomodulation is increased, resulting in reduced vit D level in serum (inactive form). Through this perspective, the low level of serum vit D in severe disease is a result of severity and not a predisposing factor for. Inflammatory reactions involved in the process of the diseases would reduce 25(OH)D, which would explain why low vit D levels are reported in a wide range of disorders (55, 56).

A recent study has been shown that the profiles of seven cytokines, indicated treatment responses, could be useful markers to monitor MIS-C patients undergoing treatment (18). Several of these cytokines could be decreased by vit D (45). It has yet to be shown in the clinical practice whether vit D level could be used as a biomarker for the severity of COVID-19 and MIS-C. Serial measurements during the progression of the disease could be useful in clinical practice. Additionally, the association of vit D levels with other inflammatory markers (CRP, ERS) and inflammatory cytokines (IL-6) would help clinicians to manage these.



Vitamin D Supplementation in MIS-C

The rational of vit D supplementation in SARS-CoV-2 infection in children is based on the impact of vit D status on infections due to influenza viruses. Studying the effect of 1,200 IU/day of vit D vs. placebo on the incidence of seasonal influenza A and B among children aged 6–15 years, Urashima et al. showed reduced incidence of influenza A but not of influenza B infection (38). It seems that depending on the type of virus, the alterations at the molecular level may differ, and consequently the effect of vit D supplementation. During the 2009 pandemic of the H1N1, vit D3 supplementation did not lower the overall incidence of influenza A despite the initial benefit during the first month of treatment (57). The relationship between vit D and MIS-C and the significance of the nutritional supplementation must be proven. Vit D status has already recommended to be determined (58) and correction of low levels has been suggested (59). For this purpose, it would be useful to measure a baseline vit D level as soon as the SARS-CoV-2 infection has been detected. Then, sequential measurements, during the disease would be performed and be compared to the other inflammatory indices and to the evolution of the disease.

Increased liver enzymes during MIS-C suggests to some degree that the disturbance of liver function may reflect in the reduction of vit D 25 hydroxylation at this level. Therefore, the direct administration of the 25(OH)D3 (calcifediol) rather than vit D3 can offer a rapidly improvement of vitamin D status overcoming this impediment. Providing 25(OH)D3 to cells of immune system may contribute to reducing the severity and favorable evolution of MIS-C, particularly in children with low vit D levels. Of 50 adult patients hospitalized with COVID-19 infection and treated with of a high dose of calcifediol, one required admission to the ICU, while of 26 untreated patients, 13 required ICU admission. All patients in this study received a combination of hydroxychloroquine and azithromycin (60). The therapeutic efficacy of rapidly correcting vit D deficiency with the use of 25-hydroxyvitamin D3 [25(OH)D3] is under investigation in a clinical trial (NCT04386850) in adult patients with COVID-19. It remains to be demonstrated whether the administration of vit D supplementation is related to a potentially favorable evolution of MIS-C.




CONCLUSIONS

In clinical practice, new biomarkers are needed for early identification of those children with MIS-C who are at increased risk of severe forms. Vit D levels could be an appropriate candidate. Additionally, correction of abnormal levels of vit D in these severe forms of MIS-C may possibly influences their evolution. 25(OH)D3 supplementation in order to raise promptly serum [25(OH)D] concentrations potentially contributes in reducing the severity of MIS-C in certain circumstance.



FURTHER RESEARCH

Further research is needed in this area to confirm the role vit D in MIS-C. We have to establish, through randomized controlled trials, the importance of vit D levels in prediction of MIS-C evolution. Additionally, is needed to be confirmed whether supplementation with vit D3 or 25(OH)D3 could prevent the development, progression or severity of MIS-C.
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In the face of the Covid-19 pandemic, an intensive number of studies have been performed to understand in a deeper way the mechanisms behind better or worse clinical outcomes. Epidemiologically, men subjects are more prone to severe acute respiratory syndrome-coronavirus type 2 (SARS-CoV-2) infections than women, with a similar scenario being also stated to the previous coronavirus diseases, namely, SARS-CoV in 2003 and Middle East Respiratory Syndrome coronavirus diseases (MERS-CoV) in 2012. In addition, and despite that aging is regarded as an independent risk factor for the severe form of the disease, even so, women protection is evident. In this way, it has been expected that sex hormones are the main determinant factors in gender differences, with the immunomodulatory effects of estrogen in different viral infections, chiefly in Covid-19, attracting more attention as it might explain the case-fatality rate and predisposition of men for Covid-19 severity. Here, we aim to provide a mini-review and an overview on the protective effects of estrogen in Covid-19. Different search strategies were performed including Scopus, Web of Science, Medline, Pubmed, and Google Scholar database to find relative studies. Findings of the present study illustrated that women have a powerful immunomodulating effect against Covid-19 through the effect of estrogen. This study illustrates that estrogens have noteworthy anti-inflammatory and immuno-modulatory effects in Covid-19. Also, estrogen hormone reduces SARS-CoV-2 infectivity through modulation of pro-inflammatory signaling pathways. This study highlighted the potential protective effect of estrogen against Covid-19 and recommended for future clinical trial and prospective studies to elucidate and confirm this protective effect.
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BACKGROUND

Coronavirus disease 19 (Covid-19) is a global pandemic danger caused by the severe acute respiratory syndrome-coronavirus type 2 (SARS-CoV-2). SARS-CoV-2 spike protein binds to angiotensin-converting enzyme 2 (ACE2) receptors (1), which are involved in the viral entry. Such receptors are highly expressed in different tissues, mainly in lung pneumocyte type II cells, with SARS-CoV-2 bindings to ACE2 leading to downregulation of protective ACE2 and induction of hyper-inflammation and oxidative stress, with consequent progress of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) (2). Also, reduction of ACE2 leads to vasoconstriction, hypertension, coagulopathy, and induction of inflammatory reactions that together increase the risk of ALI and Covid-19 severity (3).

From an epidemiological point of view, and specifically looking at gender differences, men subjects are more prone and vulnerable to SARS-CoV-2 infection than women, about 2.4 times higher due to hormonal differences and expression, as well as distribution of ACE2 (4). Previous coronavirus diseases, including severe acute respiratory syndrome coronavirus (SARS-CoV) in 2003 and the Middle East Respiratory Syndrome coronavirus disease (MERS-CoV) in 2012, showed the same pattern in gender susceptibility. For instance, in SARS-CoV, the case-fatality rate was 22% for men compared to 13% for women, while in MERS-CoV the case-fatality rate was 52% for men compared to 23% for women (5). In SARS-CoV-2, different studies have underlined that females are less prone to infection, contributing for 18% of total Covid-19 cases compared to the affected matched male subjects (6). In United Kingdom, a large-prospective cohort study illustrated that women account for 40% of Covid-19 cases with 20% lower case-fatality rate compared to men (7). However, aging is regarded as an independent risk factor for both genders in the development of severe Covid-19; even so, women protection is still evident (8). In fact, women differ from men in both nutritional requirements and energy consumption based on sex hormone differences. Also, the rate of infection in men compared to women might be due to different other reasons, including the following: men more prevalently work outside the house or work in places that put them to virus exposure; women, due to the low rate of health insurance or other social issues, less frequently go for a test and seek medical attention unless the symptoms are serious. Also, statistical bias in different studies may affect the prevalence and incidence of various infections in regard to gender difference (9). In general, women have a higher immune response against different pathogens due to underlying genetic (two X chromosomes) and hormonal differences (10). The presence of two X chromosomes in women affects the immune system even if one is inactive. The X chromosome acts on various elements of the immune system such as Toll-like receptors (TLRs) and chemokines which can be overexpressed in women and influence the response to viral infections and vaccinations (11). Likewise, the levels of activation of the immune cells affected by sex hormone are higher in women than in males, and this is linked with the stimulation of TLR7 and the production of interferon gamma (INF-γ). Hence, related to the X chromosomes, TLR7 is higher in women than in men and its expression leads to higher immune responses, although these reactions can cause autoimmune phenomena (12). Also, both immunoglobulins and circulating T cells are higher in women compared to men, so that women's immune reactivity is more active against different viral infections, which predispose them for risk of autoimmunity (13). Furthermore, women have an average higher frequency of circulating CD4 T cells than men and clinical studies reveal that men have lower CD3 and CD4 T cell counts, CD4/CD8 T cell ratios, and helper T cell type 1 (Th1) responses than women; thus, cytokine productions in response to infections are enhanced in women compared with men (13).

On the other hand, it has been proposed that pathogen-associated molecular patterns (PAMPs) bind to TLRs. TLR2 and TLR4 which bind bacterial cell wall proteins are more evident in men compared to TLR3, TLR7, and TLR9 which bind viral proteins in women (14). Thus, the production of interferon (mediated by TLR7) and IL-10 (mediated by TLR9) are lower in men during viral infections (15, 16). Also, women tend to activate type 2 immune response, which engaged with the production of anti-inflammatory cytokines, while men tend to activate type 1 immune response, which are involved in the production of pro-inflammatory cytokines (17). Taken together, men subjects have a lower level of regulatory T cells (Treg) during cytomegalovirus infections compared to women, suggesting a propensity for activation of type 1 immune response in men with production of pro-inflammatory cytokines (18, 19). Different studies have documented that sex steroids are the main determinant factors in gender immune differences mainly at the reproductive age (20), with the immunomodulatory effects of estrogen, progesterone, and androgen in different viral infections, chiefly in Covid-19, attracting more attention as it might explain the case-fatality rate and men's predisposition for Covid-19 severity, since serum concentrations of sex hormones change across life span (21). Here, we aim to provide an overview on the gender-specific immunological profile and the protective effects of estrogen in Covid-19.



METHOD AND SEARCH STRATEGY

The literature and study search were performed according to the guideline of systemic review. We search PubMed, Scopus, Web of Science, and Google Scholar database by using sequence keywords including (SARS-CoV-2 OR Covid-19) AND (acute respiratory syndrome OR acute lung injury), (SARS-CoV-2 OR Covid-19) AND (Gender differences OR hormonal effects), (SARS-CoV-2 OR Covid-19) AND (Estrogen OR estrogen agonists), (SARS-CoV-2 OR Covid-19) AND (women OR men), and (SARS-CoV-2 OR Covid-19) AND (immunological differences OR Covid-19 manifestations). The literature search was organized independently by all authors throughout searching the titles and abstracts of regained articles. All of the published and preprinted studies were integrated in this study without limitation of languages. Following the preliminary search and screening, the selected articles were experienced for eligibility and summarized in a mini-review (Figure 1).
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FIGURE 1. Consort flowchart of the present study.




ESTROGEN AND COVID-19

Estradiol (E2) binds to the cytoplasmic estrogenic receptors (ER-α and ER-β) that are expressed on T cells and B cells, respectively (22). Momentarily, E2 activates humoral immunity and antibody production against different viral infections (23). High E2 concentration is correlated with immune-reactivity around ovulation (24). Both hormone replacement therapy after menopause and use of combined contraceptive pills produce a similar potent immune response and protection against viral infections (25). Besides, progesterone and testosterone have immunosuppressive effects on cell-mediated response and innate immunity. However, progesterone inhibits type 1 immune response as well as cytotoxic T and natural kill cells with activation of type 2 immune response, and this might explain the association between the use of progestin-only contraceptive depot and the risk of human immune deficiency virus (HIV) (26). Ruggieri et al. (27) found the association between testosterone use and the risk of viral infections including hepatitis C and B due to suppression of T cells and production of interferon gamma (IFN-γ). E2 has potent anti-inflammatory and immunomodulation effects in both humans and animals. E2 inhibits innate immunity through suppression of immune cell migration, mainly neutrophils and monocytes to the inflamed area. This effect attenuates the development and progression of cytokine storm (CS) via inhibition of pro-inflammatory cytokine release (i.e., IL-1β, IL-6, IL-17, TNF-α, and chemokines) (28). CS is regarded as a major cause for the development of ALI, ARDS, multiorgan failure, and death in Covid-19 (29). In addition, physiological E2 activates the production of anti-inflammatory cytokines (IL-4, IL-10) and promotes immune tolerance through stimulation of CD4 and regulatory T cells (Treg), although low dose of E2 promotes pro-inflammatory activation (30). However, Bommer et al. (31) showed that higher E2 concentration during pregnancy inhibits the anti-inflammatory IL-10 without effect on the pro-inflammatory profile. In Covid-19, a higher circulating Treg and anti-inflammatory cytokines have been linked to a rapid recovery and good clinical outcomes (32). In fact, a case–control study by Neumann et al. (33) proposed that higher IL-10-producing Treg cells are linked to Covid-19 severity. However, high IL-10-producing Treg cells might be a compensatory mechanism to overcome high pro-inflammatory cytokines (34). In addition, E2 inhibits the synthesis and release of IL-6 in different acute and chronic inflammatory disorders, like ALI by inhibiting IL-6 (35). Indeed, IL-6 antagonist tocilizumab is an effective agent in the ARDS management of Covid-19, suggesting the critical role of IL-6 in ALI pathogenesis and Covid-19 severity (36). Experimental studies have shown that lipopolysaccharide (LPS)-induced ALI and high IL-6 levels are higher in ovariectomized female and male mice (37).

Different clinical studies documented the protective role through various pathways. In Italy, the case-fatality rate is higher in men at about 63.9% compared with affected women due to hormonal changes and lifestyle diversity (38). Shabbir et al.'s (39) observational study involved 162,392 Covid-19 patients which showed that 74% of affected patients were men compared to 26% women due to the protective effect of estrogen. Moreover, Garg et al. (40) revealed that the mortality rate was higher in postmenopausal (12.8%) compared with premenopausal women (8.6%), highlighting the protective role of estrogen against Covid-19.

On the other hand, it has been reported that endogenous E2 leads to significant pulmonary protection against influenza and SARS viruses in previous preclinical studies through anti-inflammatory effects. Also, the use of fulvestrant (ER full antagonist) in women increases the risk of SARS-induced ALI comparable to men, suggesting of a potential lung-protective effect of endogenous estrogen (41). Likewise, selective estrogen receptor modulators (SERMs), like tamoxifen and toremifene, have noteworthy protective effects against ALI in SARS-CoV and MERS-CoV. Also, these drugs have antiviral effects against different coronaviruses through inhibition of viral entry and replication, along with cytopathic effects (42). Specifically, tamoxifen blocks the mitochondrial complex and oxygen consumption of infected cells through activation of AMPK signaling. In addition, endogenous estrogen and SERMs modulate the SARS-CoV-2 binding to the entry point ACE2 (43). Since SARS-CoV has a higher similarity with SARS-CoV-2, thus estrogen may be an effective agent against Covid-19-induced ARDS. Therefore, the net effects of estrogen on the inflammatory profile during SARS-CoV-2 are summarized (Figure 2).
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FIGURE 2. Immunological effects of estrogens.




ESTROGEN AND RENIN–ANGIOTENSIN SYSTEM IN COVID-19

The renin–angiotensin system (RAS) is highly deteriorated during SARS-CoV-2 infection, as SARS-CoV-2 spike protein binds to ACE2, leading to a significant downregulation of protective ACE2. ACE2 is involved in the metabolism and conversion of angiotensin I (Ang I) to Ang1–9 and Ang II to Ang1–7. Both Ang1–9 and Ang1–7 have protective effects, exerting anti-inflammatory, anti-apoptotic, and anti-fibrotic effects through activation of Mas receptors (Figure 3) (45). Therefore, reduction and downregulation of ACE2 by SARS-CoV-2 lead to an elevation of vasoconstrictor Ang II causing vasoconstriction, hypertension, and induction of inflammatory and pro-inflammatory activations. A high Ang II concentration is directly linked to ALI and ARDS in Covid-19, so that both angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are able to reduce the harmful effect of Ang II on the lung through ACE2 upregulation (44).


[image: Figure 3]
FIGURE 3. Renin–angiotensin system (RAS) and SARS-CoV-2 infection [adopted from Yehualashet et al. (44)].


It has been reported that E2 increases the expression of ACE2 and production of Ang1-7 (46) so it may counteract the deleterious effect of high Ang II-induced-ALI and ARDS. Tao et al. (47) confirmed the association between high Ang II concentration and ALI in mice. Thereby, estrogen therapy may have an important step in the management of Covid-19 patients. Shabbir et al. (39) illustrated that estrogen therapy mitigates endoplasmic reticulum stress (ER) induced by SARS-CoV-2 invasion through activation of cellular unfold protein response and regulation of inositol triphosphate (IP3) and phospholipase C. Baran-Gale et al. (48) reported that E2 inhibits type II transmembrane protease serine (TMPRSS2), necessary for trimming and activation of SARS-CoV-2 spike protein to bind ACE2. Indeed, it has been reported that TMPRSS2 inhibitors, such as camostat and nafamostat, block SARS-CoV-2 entry, mainly in lung cells (49). Different studies have also illustrated that E2 increases the expression of A Disintegrin And Metalloproteinase (ADAMs) mainly ADAM-17, which is involved in cleaving of the ACE2 ectodomain, leading to high-circulating soluble ACE2 that neutralizes SARS-CoV-2 and prevents its binding to the ACE2 membrane (50). Thus, E2 reduces SARS-CoV-2 infectivity through modulation of cellular ACE2/TMPRSS2/ADAM-17 axis expression.



ESTROGEN AND SIGNALING PATHWAY IN COVID-19

The Covid-19 severity is linked to the activation of inflammasomes, which are multi-protein complexes that control the activation of pro-inflammatory cytokines through intracellular caspase-1. The nod-like receptor pyrin domain 3 (NLRP3) is the most common inflammasome engaged with immunity against different pathogens (51). Raut et al. (52) illustrated that estrogen therapy inhibits the activation of NLRP3 inflammasomes, so E2 ameliorates airway inflammation and hyper-responsiveness through inhibition of NLRP3 inflammasome-induced proinflammatory cytokine release (53), therefore attenuating the SARS-CoV-2-induced hyper-inflammation and ALI.

Furthermore, protease dipeptidyl peptidase 4 (DPP4) is also regarded as an entry point for SARS-CoV-2 and linked to viral pathogenesis and hyper-inflammation. Besides, DPP4 inhibitors mitigate SARS-CoV-2 infections and reduce the mortality in severe Covid-19 patients (54). It has been shown that E2 by ER-α inhibits DPP4 gene transcription through suppression of NF-kB signaling (55), and for that reason, high E2 levels in women may reduce DPP4 expression in lung and adipose tissues, thereby lessening the infectivity and pathogenicity of SARS-CoV-2.

Moreover, the active site of DPP4 (CD26) contains adenosine deaminase (ADA) which is involved in the metabolism of adenosine to inosine. Adenosine has anti-inflammatory and immunosuppressive effects and can protect against ALI and ARDS development (56). Therefore, ADA inhibitors, such as pentostatin, may have a role in preventing and attenuating SARS-CoV-2 infection and associated hyper-inflammation in the late phase of Covid-19 (57). Mohamadi et al. (58) illustrated that E2 through ER-α activates adenosine receptors, so that estrogen might be of value in repressing ALI and ARDS in the late phase of Covid-19 through modulation of the DPP4/CD26/adenosine signaling pathway.

Moreover, the receptor for advanced glycation end products (RAGE) is a member of immunoglobulin superfamily proteins, present in two forms, membrane RAGE (mRAGE) and soluble RAGE (sRAGE). mRAGE has inflammatory effects through activation of NF-kB, while sRAGE has anti-inflammatory effects through upregulation of ACE2 and anti-inflammatory cytokines. The RAGE pathway is mainly expressed in lung tissue and linked to development of acute and chronic lung injuries (59). In Covid-19, SARS-CoV-2 activates mRAGE at pulmonary alveolar cells leading to induction of severe inflammatory reactions (60). Indeed, it has been reported that sRAGE concentration is reduced with aging, which might explain the susceptibility of the elderly to Covid-19. However, in young and asymptomatic Covid-19 patients, the sRAGE concentration is high, while in severe Covid-19, the sRAGE level is significantly reduced, and so a low sRAGE level is linked to the development of ALI and ARDS (61). Finally, it has been shown that estrogen modulates the RAGE pathway through upregulation of sRAGE and reduction of mRAGE (62), so that the administration of E2 in patients with severe Covid-19 may have a lung-protective effect through modulation of the lung RAGE signaling pathway (Figure 4).
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FIGURE 4. The potential role of estrogen against SARS-CoV-2 pathogenesis and cytokine storm. TMPRRSS, type II transmembrane protease serine; ADAMA-17, A Disintegrin And Metalloproteinase-17; DPP4, Dipeptidyl Peptidase 4; sRAGE, soluble receptor for advanced glycation end-Product; sACE2, soluble angiotensin-converting enzyme 2.


From the above, the diverse effects of estrogen on SARS-CoV-2 genome replication and associated immunological response in Covid-19 favor the hypothesis of an interplayed action among SARS-CoV-2 infection, immune response, and estrogen hormone which determine and regulate the gender-dependent final outcomes of Covid-19. Up to date, available data on the precise mechanisms determining the diverse predisposition and outcomes of SARS-CoV-2 infection, either hormonal or immunological, are fragmented and not comprehensive, but the disclosure in order to ascertain gender-specific molecular pathways involved is hopeful. Therefore, emergence of future clinical trials and large-scale prospective studies are warranted in this regard to confirm the supreme importance of estrogen therapy in the management of Covid-19 mainly in postmenopausal women.



CONCLUSION

This study illustrates that estrogens have noteworthy anti-inflammatory and immunomodulation effects in Covid-19. Also, estrogen hormone reduces SARS-CoV-2 infectivity through modulation of pro-inflammatory signaling pathways. This study highlighted the potential protective effect of estrogen against Covid-19 and recommended for future clinical trials and prospective studies to elucidate and confirm this protective effect.
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After a year of evolution of the SARS-CoV-2 epidemic, there is still no specific effective treatment for the disease. Although the majority of infected people experience mild disease, some patients develop a serious disease, especially when other pathologies concur. For this reason, it would be very convenient to find pharmacological and immunological mechanisms that help control SARS-CoV-2 infection. Since the COVID-19 and BCoV viruses are very close phylogenetically, different studies demonstrate the existence of cross-immunity as they retain shared epitopes in their structure. As a possible control measure against COVID-19, we propose the use of cow’s milk immune to BCoV. Thus, the antigenic recognition of some highly conserved structures of viral proteins, particularly M and S2, by anti-BCoV antibodies present in milk would cause a total or partial inactivation of SARS-COV-2 (acting as a particular vaccine) and be addressed more easily by GALT’s highly specialized antigen-presenting cells, thus helping the specific immune response.
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Introduction

COVID-19 is a severe human pandemic caused by the SARS-CoV-2 virus. Since there is currently no specific treatment for severe cases, it is critical to find immune mechanisms and strategies to help control the disease. We propose the use of heterologous passive immunity using Bovine Coronavirus immune milk (BIM) as an immunostimulant therapy to control SARS-CoV-2 infection, helping to activate the intestinal immune system.

The coronaviruses were initially classified according to their antigenic characteristics into three serological groups (1), known as Groups 1, 2, and 3, which were later renamed as the new genera Alphacoronavirus, Betacoronavirus, and Gammacoronavirus, respectively (2). Based on their phylogenetic relationships and genomic structures, the Betacoronavirus genus now contains five lines or subgenera, including the Sarbecovirus (which includes SARS-CoV and SARS-CoV-2), Merbecovirus (MERS-CoV), and Embecovirus subgenera.

Notable among the embecoviruses are HCoV-OC43 (OC43), which causes a mild human endemic respiratory infection, and Bovine Coronavirus (BCoV). These are two different biotypes of the same species, since the human virus probably evolved from strains of the bovine coronavirus that jumped the species barrier and caused sustained infection in humans (3). BCoV and OC43 share a global nucleotide identity of 96% (4); in contrast, the SARS-CoV-2 genes shared less than 80% nucleotide sequence identity to other Sarbecovirus as SARS-CoV, and about 50% to MERS-CoV (5). Viral seroneutralization techniques show that there is a close antigenic relationship between BCoV and OC43 viruses (6).

Structurally, BCoV (also OC43) is an enveloped virus composed of five structural proteins: the spike glycoprotein (S), the envelope (E) protein, the membrane (M) protein, the nucleocapsid (N) protein, and the hemagglutinin-esterase (HE) protein. The SARS-CoV-2 structure is very similar to the other members of Family Coronaviridae; also contains four structural proteins: S, E, M, and N proteins (5), but it lacks the HE protein.

To attach to host cells, BCoV uses 5-N-acetyl-9-O-acetylneuraminic acid as the preferred receptor to cellular binding (7) whereas SARS-CoV-2 binding angiotensin-converting enzyme receptor (5). Then, the fusion peptide is activated triggering the fusion of viral particle to cellular membrane. The described mechanism allows the virus to infect the host cells.



Cross-Immune Reactivity Among Betacoronaviruses

The most important immune response generated by coronaviruses is produced against S protein, since it is widely exposed on the viral surface and is an immunodominant structure. S protein is a large class I fusion protein consists of S1 subunit (S1) that contains, among other epitopes the receptor binding domain (RBD), and S2 subunit (S2) that mediates viral membrane fusion (8) contains conserved regions that are necessary for function: the fusion peptide and two conserved repeats (9, 10).

Transmembrane M protein is the most abundant structural protein and is highly conserved among the coronaviruses, but their function is not clearly understood (11). Different M protein epitopes elicit a detectable immune response in the serum of SARS and COVID-19 patients (12, 13). The OC43 M protein is an antagonist of the host antiviral defenses interfering different immune systems (14) and SARS-CoV-2 M protein plays similar effects disabling antiviral signaling cascade (15).

The viral N protein is highly conserved maintaining antigenic cross-reactivity among some coronavirus species, but no between BCoV and SARS-CoV-2 (16). The HE protein, which is not present in other betacoronaviruses (as SARS-CoV-2), enables the BCoV to bind different types of cells. The small E protein is poorly immunogenic for humoral response (17).

Cross-reactivity has been found between OC43 and SARS-CoV (18, 19), which seems to be supported by different antigenic determinants present in N, M, and S2 (a highly conserved region that is almost invariant across the betacoronaviruses), as well as between SARS-CoV and SARS-CoV-2 (20).

SARS-CoV monoclonal antibodies neutralize SARS-CoV-2 through a mechanism, yet unknown, but different from RBD interference. Likewise, alternative mechanisms of coronavirus neutralization by antibodies targeting RBD have been reported, particularly inactivation of the S protein by altering its structure in prefusion conformation (21–23).

A consistent cross-reactivity, but limited cross-neutralization, has been reported between SARS-CoV-2 and other human endemic coronaviruses, including OC43 (24). In addition, recent studies have found that between 40 and 60% of people not previously exposed to SARS-CoV-2 have T helper cells (CD4+) reactive to OC43 (25). This suggests that CD4+ cells specific for endemic betacoronaviruses of the common cold may also recognize the epidemic coronavirus SARS-CoV-2. This hypothesis is reinforced by the seroconversion found in a high proportion (one in three infected) of asymptomatic human SARS-CoV-2 infections (26), some of which could be due to cross-reactivity following exposure to other human coronaviruses (particularly OC43, HCoV-229E, and HECoV viruses).

The formation of immunoglobulin G isotype (IgG) against the RBD domain of the newly emerged SARS-CoV-2 is considered essential for adequate immune protection. These specific IgGs should be absent (or at a low level) in unexposed people, nevertheless, a recent study (27) showed that IgGs reactive to the S2 subunit of SARS-CoV-2 were present in most of the unexposed subjects studied. The authors concluded that cross-reactivity with other human coronaviruses was a plausible explanation. They also found that convalescing COVID-19 patients showed a significant increase in OC43-reactive memory B cells compared with previously unexposed healthy subjects. Consequently, since everything seems to point to strong cross-reactivity between SARS-CoV-2 and OC43 at both the cellular and humoral level, it is likely also to be found with BCoV as reported previously (6). No specific cross-reactivity studies have been performed between SARS-CoV-2 and BCoV, but when the epitope sequence alignment of the SARS-CoV-2 spike proteins was analyzed, a high homology (57 to 83%) with BCoV was found (28).

The phenomenon known as antibody-dependent enhancement (ADE), in which the presence of non-neutralizing antibodies can aggravate the course of the disease, is one of the present general concerns in immunotherapy (and the development of vaccines). The pathophysiology of ADE is not yet well understood, but it appears to be closely related to low levels of neutralizing antibodies against RBD. However, it has been shown that ADE does not occur when antibodies bind to the nucleoprotein or any other structure different from RBD antigens (29).

BCoV causes specific syndromes in cattle with a very high inter- and intra-herd prevalence (30, 31) and has been associated with gastroenteritis and respiratory diseases in lactating calves (32), shipping fever in fattening calves (33) and winter diarrhea in dairy cows (34). Due to their economic, medical, and epidemiological importance, different commercial vaccines against BCoV (including live and inactivated viruses) are currently available and have shown a very good protective effect.



Immune Milk Against BCoV

Functional foods are products that not only satisfy nutritional requirements but also modulate organic functions and perform highly beneficial tasks in some diseases (35). Bovine milk and colostrum contain high levels of bioactive components, including growth factors, immunoglobulins (Igs), lactoperoxidase, lysozyme, lactoferrin, cytokines, nucleosides, vitamins, peptides, and oligosaccharides, all of them beneficial to human health (36). Hyperimmune cow’s milk has been used against human infections for a long time (37, 38). Raw and pasteurized milk can contain specific antibodies against different human pathogens (39), exerting a synergistic effect on the activity of nonspecific antimicrobial factors (40, 41). Bovine IgG is functionally active throughout the gastrointestinal tract and can prevent digestive and respiratory tract infections in humans (42).

Whole cow’s milk contains more than 30 g/L of protein, almost 1 g/L of which are immunoglobulins, which can reach more than 200 g/L in colostrum (36). IgGs present in bovine milk survive gastric exposure and resist proteolytic digestion in the stomach and intestinal tract, maintaining their active binding capacity to receptors (43). No evidence for the intestinal absorption of intact IgG has been found. In addition, the ingestion of Ig preparations obtained from serum leads to an increase in anti-inflammatory cytokines and a decrease in pro-inflammatory cytokines (44).

It was recently confirmed that SARS-CoV-2 RNA persisted longer (over a month) in the feces of infected people, mainly children, than in respiratory exudates (45, 46). This shows that the infectious period could be prolonged due to the enteric persistence of the virus, even when a person has been considered negative after a routine diagnostic test. We think that the presence of specific IgG in the intestinal lumen would help control viral excretion.

Passive immunity conferred through breast milk has a remarkable protective effect against most of the infectious diseases of animals and has been well studied in almost all coronaviruses of veterinary concern (47–49). The presence of specific antibodies to SARS-CoV-2 has also been found in human breast milk (50).

Ultra-high temperature (UHT) processing is the most widely used heat treatment for the microbiological safety of milk for human consumption, but this treatment destroys the immunoglobulins present in the milk. However, pasteurization is a less aggressive heat treatment that ensures microbiological safety but also preserves most immunoglobulins in milk. Most commercial pasteurized milk from Spain contains antibodies against BCoV, probably due to the high prevalence of infection and the systematic vaccination of cattle. Nevertheless, the heat treatment process used reduces titers below 30. BIM, which we obtained by cow hyperimmunization using commercial coronavirus vaccine, contains antibodies with titers between 128 and 256 (unpublished results) and human consumption could transfer heterologous antibodies against SARS-CoV-2, thus conferring some passive immunity.



Discussion

The evolution of antibody kinetics after natural infection appears to be very similar between BCoV and SARS-CoV-2. Briefly, after infection, different antibody class (i.e., IgA, IgM, IgG) are produced directed against the different structural proteins of the virus (16). Antibodies directed against RBD are highly neutralizing, but are quite different between the two viruses, as they target different domains. In contrast, antibodies directed towards the M protein may have cross-immunity among coronaviruses, binding selectively to Fc receptors (FcRs) (51). FcRs have interesting immunological functions including phagocytosis, degranulation, antibody-dependent cellular cytotoxicity (ADCC), cytokine formation, lipid mediator, and superoxide production (52).

Animal respiratory coronaviruses often have a pneumoenteric tropism and can persist in carriers who maintain and excrete the virus in respiratory secretions, but mainly in the feces, for long periods of time, even years (30, 53). Fecal excretion has also been demonstrated in SARS-CoV-2 (45, 46) and is even more prolonged than nasal excretion. For BCoV, it has been speculated that, after initial replication, the virus spreads to the gastrointestinal tract by ingestion of large amounts of virus coated in mucous secretions, which would cause the virus to transit to the intestine, causing intestinal infection and subsequent fecal excretion (8).

Gut-associated lymphoid tissue (GALT) (Peyer’s patches, cecal and colonic patches) plays a key role in immunity since it discriminates between food antigens, commensal microorganisms, and pathogens. It should therefore have very safe mechanisms for adjusting immune response to the type of antigen that it locates. These immunoregulatory functions include mechanisms for the recruitment of lymphocytes and myeloid cells from the bloodstream to antigen sampling from surrounding tissue or the surface of the luminal epithelium, as well as others for returning activated effector lymphocytes to the bloodstream or remaining on the mucosal surface where they eliminate pathogens or reside as memory cells.

After consumption of BIM, the ingested antibodies would specifically bind to some shared antigenic structures of SARS-CoV-2. This could totally or partially inactivate the virus and facilitate the processing of SARS-CoV-2 antigens by GALT, but also the formation of immune complexes that can activate the antiviral signaling cascade (15), complement fixation, and binding to the FcRs that control humoral immunity and are essential for an adequate response to infections (52).

Bearing in mind that coronaviruses are markedly pneumoenteric viruses, GALT and other mucosa-associated lymphoid tissues are of enormous importance for the control of infection (54). The reduction in the number of active viral particles in the intestinal mucosa and the activation of other immune mechanisms in the GALT could reinforce the specific immune response against infection by SARS-CoV-2, improving the regulation of the immune system.

Thus, recognition of SARS-CoV-2 by heterologous antibodies in BIM could cause complement fixation of the immune complexes, triggering activation of any of its pathways. This would generate specific responses of neutralization, cytolysis, chemotaxis, opsonization, and others (55), as well as the activation of other immune mechanisms that would benefit immune action, such as the production of IL-10, IFN-β (56), or CD27 cells (57) (which would involve the activation, proliferation, and differentiation of B lymphocytes) or even activation of immunoglobulin class switching (58). The complexity of the cytokine network in humans makes immunomodulation essential in the control of severe COVID-19 and could be achieved by the presence of specific immunoglobulins in the GALT and gut lumen.

Considering the arguments presented above, research should be conducted, focused on exploring the effectiveness of BIM and other immune compounds (milk, milk derivatives, egg yolk, among others) in the control of COVID-19 in human patients.
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Background: This systematic review and meta-analysis aimed to assess whether low serum 25-hydroxyvitamin D (25-OHD) level is associated with susceptibility to COVID-19, severity, and mortality related to COVID-19.

Methods: Systematic literature searches of PubMed, Scopus, and Embase database up until 9 December 2020. We include published observational prospective and retrospective studies with information on 25-OHD that reported main/secondary outcome. Low serum 25-OHD refers to participants with serum 25-OHD level below a cut-off point ranging from 20 to 30 ng/mL. Other cut-off values were excluded to reduce heterogeneity. The main outcome was mortality defined as non-survivor/death. The secondary outcome was susceptibility and severe COVID-19.

Results: There were 14 studies comprising of 999,179 participants. Low serum 25-OHD was associated with higher rate of COVID-19 infection compared to the control group (OR = 2.71 [1.72, 4.29], p < 0.001; I2: 92.6%). Higher rate of severe COVID-19 was observed in patients with low serum 25-OHD (OR = 1.90 [1.24, 2.93], p = 0.003; I2: 55.3%), with a sensitivity of 83%, specificity of 39%, PLR of 1.4, NLR of 0.43, and DOR of 3. Low serum 25-OHD was associated with higher mortality (OR = 3.08 [1.35, 7.00], p = 0.011; I2: 80.3%), with a sensitivity of 85%, specificity of 35%, PLR of 1.3, NLR of 0.44, and DOR of 3. Meta-regression analysis showed that the association between low serum 25-OHD and mortality was affected by male gender (OR = 1.22 [1.08, 1.39], p = 0.002), diabetes (OR = 0.88 [0.79, 0.98], p = 0.019).

Conclusion: Low serum 25-OHD level was associated with COVID-19 infection, severe presentation, and mortality.

Keywords: coronavirus, COVID-19, immunity, infection, mortality, severity, susceptibility, vitamin D


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is one of the most prevalent diseases to date (1). Although most COVID-19 patients have mild-moderate symptom, a considerable number of patients, especially in patients with pre-existing comorbidities, experiences severe infection that might lead to death (2, 3).

Vitamin D is known to modulate immune response (4) and its deficiency was associated with respiratory distress in patients hospitalized for pneumonia (5). Nevertheless, controversies exist, a study indicates that low serum 25-hydroxyvitamin D (25-OHD) was not associated with lung injury or mortality in severe sepsis and trauma (6). Numerous studies on vitamin D in COVID-19 patients also have conflicting results, similar to other diseases. This systematic review and meta-analysis aimed to assess whether low serum 25-OHD is associated with susceptibility to COVID-19, severity, and mortality related to COVID-19.



MATERIALS AND METHODS

This study follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guideline.


Eligibility Criteria

The inclusion criteria were: (1) published observational retrospective and prospective studies, (2) Information on serum 25-OHD with a clear cut-off value ranging from 20 to 30 ng/mL, (3) comparing patients with COVID-19 vs non-COVID-19 OR severity in COVID-19 patients OR mortality in COVID-19 patients.

The paper was excluded if it fulfils one of the following: (1) reviews, (2) preprints, (3) non-research letters, (4) case reports, (5) commentaries, and (6) language other than English. We excluded preprints because of inconsistent credibility (7).



Search Strategy and Study Selection

We performed systematic literature search using PubMed, Scopus, and Embase databases were performed with keywords “COVID-19” OR “SARS-CoV-2” OR “2019-nCoV” AND “Vitamin D” on 9 December 2020.

Duplicate records were removed and the title/abstract was screened by two independent authors. The full-texts of potentially eligible studies were assessed based on the inclusion and exclusion criteria.



Data Extraction

Two authors independently performed data extraction of first author, publication year, design, age, male (gender), hypertension, diabetes, serum 25-OHD status, the outcome of interest and its effect estimates.

Low serum 25-OHD refers to participants with serum 25-OHD below a cut-off point ranging from 20 to 30 ng/mL. Other cut-off values were excluded to reduce heterogeneity.

The main outcome was mortality defined as non-survivor/death. The secondary outcome was susceptibility and severe COVID-19. Susceptibility was calculated by comparing the COVID-19 positive cohort with the COVID-19 negative cohort. Severe COVID-19 was defined according to the criteria for severe CAP, including the need for intensive unit care or mechanical ventilation (8). The effect estimates of the main and secondary outcome were reported as odds ratios (ORs). Several parameters, including the sensitivity and specificity of low serum 25-OHD, the positive likelihood ratio (PLR) and negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) of studies; and generate hierarchical summary receiver operating characteristic (HSROC) for mortality and severity.

Risk of bias assessment was performed by two independent authors using the Newcastle-Ottawa Scale (NOS). Arising discrepancies were resolved by discussion.



Statistical Analysis

DerSimonian and Laird random-effects model were used to generate pooled ORs and its 95% CI. P ≤ 0.05 was considered as statistically significant. Assessment of heterogeneity was performed by using I-squared (I2) and Cochrane Q test, in which an I2 > 50% or p < 0.10 indicates significant heterogeneity. We performed the qualitative funnel plot analysis and the quantitative Egger's test in order to assess the possibility for publication bias and small-study effects. Sensitivity and specificity, PLR and NLR, and DOR were pooled; HSROC was generated. Restricted-maximum likelihood (REML) random-effects meta-regression was performed using age, male (gender), diabetes, and hypertension as covariates. To perform these analyses, STATA 16 (StataCorp LLC, Texas, US) was used.




RESULTS

There were 14 studies comprising of 999,179 participants in the qualitative and quantitative synthesis (9–22) (Figure 1). The baseline characteristics and risk of bias assessment based on NOS is displayed in Table 1. Severity occurs in 42% (22–62%). Mortality occurs in 24% (6–41%) of patients in the pooled analysis.


[image: Figure 1]
FIGURE 1. PRISMA flowchart.



Table 1. Baseline characteristics of the included studies.
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Meta-analysis showed that low serum 25-OHD was associated with higher rate of COVID-19 infection compared to the control group (OR = 2.71 [1.72, 4.29], p < 0.001; I2: 92.6%, p < 0.001) (Figure 2).


[image: Figure 2]
FIGURE 2. Low Serum 25-hydroxyvitamin D and COVID-19 infection rate.


Higher rate of severe COVID-19 was observed in patients with low serum 25-OHD (OR = 2.19 [1.17, 4.10], p = 0.013; I2: 64.3%, p = 0.025) (Figure 3A), with a sensitivity of 0.86 [0.79, 0.91], specificity of 0.39 [0.23, 0.57], PLR of 1.4 [1.0, 2.0], NLR of 0.36 [0.16, 0.83], and DOR of 4 [1, 12] (Figure 3B). Fagan's nomogram indicate that a low serum 25-OHD was associated with 50% post-test probability and normal serum 25-OHD was associated with 21% post-test probability for mortality, in a sample with 42% pre-test probability (Figure 3C).


[image: Figure 3]
FIGURE 3. Low Serum 25-hydroxyvitamin D and Severe COVID-19. Forest-plot (A), HSROC curve (B), and Fagan's Nomogram (C). HSROC, hierarchical summary receiver operating characteristic.


Low serum 25-OHD was associated with higher mortality (OR = 3.08 [1.35, 7.00], p = 0.011; I2: 80.3%, p < 0.001) (Figure 4A), with a sensitivity of 0.85 [0.68, 0.93], specificity of 0.35 [0.26, 0.45], PLR of 1.3 [1.0, 1.6], NLR of 0.44 [0.18, 1.08], and DOR of 3 [1, 9] (Figure 4B). Fagan's nomogram indicate that a low serum 25-OHD was associated with 29% post-test probability and normal serum 25-OHD was associated with 12% post-test probability for mortality, in a sample with 24% pre-test probability (Figure 4C).


[image: Figure 4]
FIGURE 4. Low Serum 25-hydroxyvitamin D and Mortality. Forest-plot (A), HSROC curve (B), and Fagan's Nomogram (C). HSROC, hierarchical summary receiver operating characteristic.


Funnel plot was asymmetrical for mortality, severity, and susceptibility. Egger's test indicates significant small-study effects for severity (p = 0.047) and mortality (p = 0.046). There was no indication of small-study effects for susceptibility (p = 0.615).

Meta-regression analysis showed that the association between low serum 25-OHD and COVID-19 infection was affected by age (OR = 1.06 [1.01, 1.12], p = 0.020) and male gender (OR = 1.04 [1.00, 1.72], p = 0.039).

Meta-regression analysis showed that the association between low serum 25-OHD and mortality was affected by male gender (OR = 1.22 [1.08, 1.39], p = 0.002) (Figure 5A), diabetes (OR = 0.88 [0.79, 0.98], p = 0.019) (Figure 5B); borderline significant for age (OR = 0.93 [0.87, 1.00], p = 0.061) and hypertension (OR = 0.93 [0.87, 1.00], p = 0.052).


[image: Figure 5]
FIGURE 5. Meta-regression Analysis. Male (A) and diabetes (B).




DISCUSSION

This meta-analysis indicates that low serum 25-OHD levels was associated with higher infection, severe COVID-19, and mortality rate.

Pooled analysis showed that the susceptibility to COVID-19 was higher in patients with low serum 25-OHD. Meta-regression analysis showed that age and gender (male) significantly increase the association. Thus, elderly patients with low serum 25-OHD are more susceptible to COVID-19 compared to non-elderly patients with low serum 25-OHD. Older adults may experience immunosenescence and inflammaging which may affect immune responses against infection, thus contributing to susceptibility (23, 24). Elderly population produces 75% less cutaneous vitamin D3 than young adults and is thus more prone to lower serum 25-OHD level (25). These, in combination, may explain the increased susceptibility to COVID-19 in older adults. Meta-regression showed that male gender affects the association between low serum 25-OHD and susceptibility to COVID-19 and mortality. Vitamin D affects androgen synthesis in testicular cells, and endogenous testosterone may account for differences in properties of low 25-OHD in males and females (26, 27). This may be of special importance in elderly patients. The exact mechanism on why gender plays a role requires further investigation.

The current analysis showed that low serum 25-OHD was associated with higher mortality and severe COVID-19. However, it should be noted that some of studies were excluded because they only provide a comparison of serum 25-OHD levels in a continuous variable, several of these studies showed a no significant difference between mean serum 25-OHD and mortality and severity of COVID-19. A prospective multicenter observational CovILD study of 109 patients by Pizzini et al. (28) indicates that low serum 25-OHD levels at the onset or 8-week follow-up were not associated with persistent symptom burden, lung function impairment, ongoing inflammation, or more severe CT abnormalities. Our study also indicates that the susceptibility to COVID-19 might be higher in patients with low serum 25-OHD, however, a data of 1,326 patients from the UK biobank cohort indicates that Vitamin D level, adjusted with gender, age, and ethnicity was not significant for susceptibility to COVID-19.

Studies evaluating the serum 25-OHD level often have different cut-off points, we included those with 20–30 ng/mL cut-off points. There was a study showed that 10 ng/mL cut-off point was associated with tenfold risk of mortality (29).

Another possible explanation for the association between low serum 25-OHD and poor outcome is that patients with severe illness are often bedridden and have low intake, leading to low serum 25-OHD level (30). Thus subsequent studies need to be able to demonstrate a causal relationship in order to solidify the evidence. Patients with older age and comorbidities such as obesity, diabetes, cardiovascular disease, hypertension, heart failure are also associated with higher mortality in patients with COVID-19 (31–38). Obesity itself was shown to be associated with low serum 25-OHD level (32). The heterogeneity of the pooled effect estimate was high, meta-regression analysis indicates that gender and comorbidities affect the association between low serum 25-OHD and mortality; thus, one of the potential causes of heterogeneity is the variation in the proportion of comorbidities. Thus a well-designed prospective large cohort studies with rigorous statistical analysis and adequate adjustment to covariates are required to obtain the “true” effect of low serum 25-OHD on mortality in COVID-19.

Previously, a meta-analysis showed that Vitamin D supplementation was associated with reduced risk for acute respiratory tract infection (6). Subgroup analysis in the study indicate that vitamin D3 benefit was observed in <800 international units (IU), a statistically non-significant trend in 800–2,000 IU, and no benefit in ≥2,000 IU supplementation. The potential risk of bias should be noted, the observation was made based on five, nine, and eleven studies respectively; with the statistical significance noted in pooling of five studies. Rastogi et al. (39) conducted a randomized controlled study with short term administration of high-dose vitamin D in asymptomatic or mildly symptomatic COVID-19 patients with vitamin D deficiency and noted that a greater proportion of patients turned negative in the vitamin D supplementation group. Additionally, there was a significant decrease in fibrinogen in patients receiving vitamin D. Nonetheless, the study has a small sample size and lacks adjustment for potential confounders on their analysis. These analyses also did not hard endpoints such as mortality or requirement for a more intensive care. Cohort studies have shown potential benefit of vitamin D supplementation in terms of COVID-19 severity (40). A quasi-experimental study indicate possible benefit of vitamin D bolus on survival of COVID-19 patients in a nursing home (41), however, the control arm has only nine patients compared to 57 in the interventional arm. It is unclear why the control group did not receive vitamin D bolus, this might be a potentially important confounder.


Clinical Implications

Low serum 25-OHD levels was shown to be associated with higher infection rate, severity, and mortality. Whether the relationship is causal remains to be investigated. Vitamin D supplementation is economical and potentially beneficial. Thus, it is recommended to provide supplementation to the Vitamin D deficient patients. Nevertheless, high quality randomized controlled trials are required to determine whether routine Vitamin D supplementation will be useful.



Limitation

The risk of publication bias, which is caused by positive studies are more likely to be published compared to the negative studies, cannot be ruled out. The retrospective design of the studies presents as a potential source of bias. The cut-off point slightly varies among the pooled analysis. Potential unaccounted confounders may cause bias in the studies, for example, bedridden patients often have low serum 25-OHD compared to the healthy counterpart.

One of the study by Katz et al. (11) has the largest sample size of 987,849. However, we only take Katz et al. study for susceptibility, thus it did not affect the pooled mortality and severity. For the susceptibility analysis, Katz et al. contributes to 18.36% of the weight for susceptibility. Largest contributor is Luo et al. which contributes to 18.61% and the smallest was Im et al. to 13.11%. Thus despite the large sample size compared to the others, it was not expected to change the direction of effect estimate. However, small-study effects in the pooled effect estimate for susceptibility might be caused by the studies with minimal sample because they are weighted almost equally with the larger studies (42). Finally, meta-regression analysis was also based on small number of studies.

In conclusion, low serum 25-OHD level was associated with higher rate of COVID-19 infection, severe presentation, and mortality.




DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

MA: conceptualization, investigation, writing — original draft, writing — review and editing, and supervision. AW: data curation, investigation, and writing — original draft. RP: conceptualization, methodology, software, data curation, formal analysis, statistical analysis, investigation, validation, and writing — original draft. BS: investigation, and writing — review and editing. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Fahmi I. #Covid19 Coronavirus Disease 2019 Situation Report - 31. (2020). Available online at: https://pers.droneemprit.id/covid19/

 2. Lim MA, Pranata R, Huang I, Yonas E, Soeroto AY, Supriyadi R. Multiorgan failure with emphasis on acute kidney injury and severity of COVID-19: systematic review and meta-Analysis. Can J Kidney Heal Dis. (2020) 7:205435812093857. doi: 10.1177/2054358120938573

 3. Santoso A, Pranata R, Wibowo A, Al-Farabi MJ, Huang I, Antariksa B. Cardiac injury is associated with mortality and critically ill pneumonia in COVID-19: a meta-analysis. Am J Emerg Med. (2020). doi: 10.1016/j.ajem.2020.04.052 [Epub ahead of print].

 4. Almerighi C, Sinistro A, Cavazza A, Ciaprini C, Rocchi G, Bergamini A. 1α,25-Dihydroxyvitamin D3 inhibits CD40L-induced pro-inflammatory and immunomodulatory activity in Human Monocytes. Cytokine. (2009) 45:190–7. doi: 10.1016/j.cyto.2008.12.009

 5. Park S, Lee MG, Hong SB, Lim CM, Koh Y, Huh JW. Effect of vitamin D deficiency in korean patients with acute respiratory distress syndrome. Korean J Intern Med. (2018) 33:1129–36. doi: 10.3904/kjim.2017.380

 6. Martineau AR, Jolliffe DA, Hooper RL, Greenberg L, Aloia JF, Bergman P, et al. Vitamin D supplementation to prevent acute respiratory tract infections: systematic review and meta-analysis of individual participant data. BMJ. (2017) 356:i6583. doi: 10.1136/bmj.i6583

 7. Henrina J, Lim MA, Pranata R. COVID-19 and misinformation: how an infodemic fueled the prominence of vitamin D. Br J Nutr. (2020) 125:359–60. doi: 10.1017/S0007114520002950

 8. Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al. Diagnosis and treatment of adults with community-acquired pneumonia. Am J Respir Crit Care Med. (2019) 200:E45–E67. doi: 10.1164/rccm.201908-1581ST

 9. Baktash V, Hosack T, Patel N, Shah S, Kandiah P, Van Den Abbeele K, et al. Vitamin D status and outcomes for hospitalised older patients with COVID-19. Postgrad Med J. (2020) 2:1–6. doi: 10.1136/postgradmedj-2020-138712

 10. Abrishami A, Dalili N, Mohammadi Torbati P, Asgari R, Arab-Ahmadi M, Behnam B, et al. Possible association of vitamin D status with lung involvement and outcome in patients with COVID-19: a retrospective study. Eur J Nutr. (2020). doi: 10.1007/s00394-020-02411-0 [Epub ahead of print].

 11. Katz J, Yue S, Xue W. Increased risk for COVID-19 in patients with vitamin D deficiency. Nutrition. (2021) 84:111106. doi: 10.1016/j.nut.2020.111106

 12. Jain A, Chaurasia R, Sengar NS, Singh M, Mahor S, Narain S. Analysis of vitamin D level among asymptomatic and critically ill COVID-19 patients and its correlation with inflammatory markers. Sci Rep. (2020) 10:1–8. doi: 10.1038/s41598-020-77093-z

 13. De Smet D, De Smet K, Herroelen P, Gryspeerdt S, Martens GA. Serum 25(OH)D level on hospital admission associated with COVID-19 stage and mortality. Am J Clin Pathol. (2020) 25:1–8. doi: 10.1093/ajcp/aqaa252

 14. Luo X, Liao Q, Shen Y, Li H, Cheng L. Vitamin D deficiency is inversely associated with COVID-19 incidence and disease severity in Chinese people. J Nutr. (2021) 151:98–103. doi: 10.1093/jn/nxaa332

 15. Radujkovic A, Hippchen T, Tiwari-Heckler S, Dreher S, Boxberger M, Merle U. Vitamin D deficiency and outcome of COVID-19 patients. Nutrients. (2020) 12:1–13. doi: 10.3390/nu12092757

 16. Merzon E, Tworowski D, Gorohovski A, Vinker S, Golan Cohen A, Green I, et al. Low plasma 25(OH) vitamin D level is associated with increased risk of COVID-19 infection: an Israeli population-based study. FEBS J. (2020) 287:3693–702. doi: 10.1111/febs.15495

 17. Meltzer DO, Best TJ, Zhang H, Vokes T, Arora V, Solway J. Association of vitamin D status and other clinical characteristics with COVID-19 test results. JAMA Netw open. (2020) 3:e2019722. doi: 10.1001/jamanetworkopen.2020.19722

 18. Im JH, Je YS, Baek J, Chung MH, Kwon HY, Lee JS. Nutritional status of patients with COVID-19. Int J Infect Dis. (2020) 100:390–3. doi: 10.1016/j.ijid.2020.08.018

 19. Maghbooli Z, Sahraian MA, Ebrahimi M, Pazoki M, Kafan S, Tabriz HM, et al. Vitamin D sufficiency, a serum 25-hydroxyvitamin D at least 30 ng/mL reduced risk for adverse clinical outcomes in patients with COVID-19 infection. PLoS One. (2020) 15:1–13. doi: 10.1371/journal.pone.0239799

 20. Hernández JL, Nan D, Fernandez-Ayala M, García-Unzueta M, Hernández-Hernández MA, López-Hoyos M, et al. Vitamin D status in hospitalized patients with SARS-CoV-2 infection. J Clin Endocrinol Metab. (2020) 106:1343–53. doi: 10.1210/clinem/dgaa733

 21. Hastie CE, Pell JP, Sattar N. Vitamin D and COVID-19 infection and mortality in UK Biobank. Eur J Nutr. (2020) 60:545–48. doi: 10.1101/2020.06.26.20140921

 22. Cereda E, Bogliolo L, Klersy C, Lobascio F, Masi S, Crotti S, et al. Vitamin D 25OH deficiency in COVID-19 patients admitted to a tertiary referral hospital. Clin Nutr. (2020). doi: 10.1016/j.clnu.2020.10.055 [Epub ahead of print].

 23. Shea PM, Griffin T sP, Brennan M, Mulkerrin EC. COVID-19: the older adult and the importance of vitamin D sufficiency. J Nutr Sci. (2020) 9:e40. doi: 10.1017/jns.2020.36

 24. Huang I, Pranata R. Lymphopenia in severe coronavirus disease-2019 (COVID-19): systematic review and meta-analysis. J Intensive Care. (2020) 8:36. doi: 10.1186/s40560-020-00453-4

 25. Kennel KA, Drake MT, Hurley DL. Vitamin D deficiency in adults: when to test and how to treat. Mayo Clin Proc. (2010) 85:752–8. doi: 10.4065/mcp.2010.0138

 26. Hofer D, Münzker J, Schwetz V, Ulbing M, Hutz K, Stiegler P, et al. Testicular synthesis and vitamin D action. J Clin Endocrinol Metab. (2014) 99:3766–73. doi: 10.1210/jc.2014-1690

 27. Sanghera DK, Sapkota BR, Aston CE, Blackett PR. Vitamin D status, gender differences, and cardiometabolic health disparities. Ann Nutr Metab. (2017) 70:79–87. doi: 10.1159/000458765

 28. Pizzini A, Aichner M, Sahanic S, Böhm A, Egger A, Hoermann G, et al. Impact of vitamin d deficiency on covid-19-a prospective analysis from the covild registry. Nutrients. (2020) 12:1–9. doi: 10.3390/nu12092775

 29. Carpagnano GE, Di Lecce V, Quaranta VN, Zito A, Buonamico E, Capozza E, et al. Vitamin D deficiency as a predictor of poor prognosis in patients with acute respiratory failure due to COVID-19. J Endocrinol Invest. (2020) 44:765–71. doi: 10.1007/s40618-020-01370-x

 30. Egsmose C, Lund B, Mcnair P, Lund B, Storm T, Sørensen OH. Low serum levels of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D in institutionalized old people: influence of solar exposure and vitamin D supplementation. Age Ageing. (1987) 16:35–40. doi: 10.1093/ageing/16.1.35

 31. Pranata R, Huang I, Lim MA, Wahjoepramono EJ, July J. Impact of cerebrovascular and cardiovascular diseases on mortality and severity of COVID-19-systematic review, meta-analysis, and meta-regression. J Stroke Cerebrovasc Dis. (2020) 29:104949. doi: 10.1016/j.jstrokecerebrovasdis.2020.104949

 32. Pranata R, Lim MA, Yonas E, Vania R, Lukito AA, Siswanto BB, et al. Body mass index and outcome in patients with COVID-19: a dose-response meta-analysis. Diabetes Metab. (2020) 47:101178. doi: 10.1016/j.diabet.2020.07.005

 33. Pranata R, Supriyadi R, Huang I, Permana H, Lim MA, Yonas E, et al. The association between chronic kidney disease and new onset renal replacement therapy on the outcome of COVID-19 patients: a meta-analysis. Clin Med Insights Circ Respir Pulm Med. (2020) 14:1179548420959165. doi: 10.1177/1179548420959165

 34. Pranata R, Lim MA, Huang I, Raharjo SB, Lukito AA. Hypertension is associated with increased mortality and severity of disease in COVID-19 pneumonia: A systematic review, meta-analysis and meta-regression. J Renin Angiotensin Aldosterone Syst. (2020) 21:147032032092689. doi: 10.1177/1470320320926899

 35. Huang I, Lim MA, Pranata R. Diabetes mellitus is associated with increased mortality and severity of disease in COVID-19 pneumonia - a systematic review, meta-analysis, and meta-regression: diabetes and COVID-19. Diabetes Metab Syndr Clin Res Rev. (2020) 14:395–403. doi: 10.1016/j.dsx.2020.04.018

 36. Yonas E, Alwi I, Pranata R, Huang I, Lim MA, Gutierrez EJ, et al. Effect of heart failure on the outcome of COVID-19 - a meta analysis and systematic review. Am J Emerg Med. (2020). doi: 10.1016/j.ajem.2020.07.009 [Epub ahead of print].

 37. Pranata R, Henrina J, Lim MA, Lawrensia S, Yonas E, Vania R, et al. Clinical frailty scale and mortality in COVID-19: a systematic review and dose-response meta-analysis: Clinical Frailty Scale in COVID-19. Arch Gerontol Geriatr. (2021) 93:104324. doi: 10.1016/j.archger.2020.104324

 38. July J, Pranata R. Prevalence of dementia and its impact on mortality in patients with coronavirus disease 2019: a systematic review and meta-analysis. Geriatr Gerontol Int. (2020) 21:172–77. doi: 10.1111/ggi.14107

 39. Rastogi A, Bhansali A, Khare N, Suri V, Yaddanapudi N, Sachdeva N, et al. Short term, high-dose vitamin D supplementation for COVID-19 disease: a randomised, placebo-controlled, study (SHADE study). Postgrad Med J. (2020). doi: 10.1136/postgradmedj-2020-139065 [Epub ahead of print].

 40. Tan CW, Ho LP, Kalimuddin S, Cherng BPZ, Teh YE, Thien SY, et al. Cohort study to evaluate effect of vitamin D, magnesium, and vitamin B12 in combination on severe outcome progression in older patients with coronavirus (COVID-19). Nutrition. (2020) 79–80:111017. doi: 10.1016/j.nut.2020.111017

 41. Annweiler C, Hanotte B, Grandin de l'Eprevier C, Sabatier JM, Lafaie L, Célarier T. Vitamin D and survival in COVID-19 patients: a quasi-experimental study. J Steroid Biochem Mol Biol. (2020) 204:105771. doi: 10.1016/j.jsbmb.2020.105771

 42. Zhang Z, Xu X, Ni H. Small studies may overestimate the effect sizes in critical care meta-analyses: a meta-epidemiological study. Crit Care. (2013) 17:R2. doi: 10.1186/cc11919

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 © 2021 Akbar, Wibowo, Pranata and Setiabudiawan. 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.












	
	CLINICAL TRIAL
published: 31 March 2021
doi: 10.3389/fnut.2021.617721






[image: image2]

Cooking at Home and Adherence to the Mediterranean Diet During the COVID-19 Confinement: The Experience From the Croatian COVIDiet Study
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Introduction: The primary aims of this study were to evaluate the changes in dietary behavior among the Croatian adult population during the COVID-19 outbreak and to explore the impact of confinement on cooking habits.

Methods: The study was based on results from COVIDiet_Int cross-sectional study—a part of COVIDiet project (NCT04449731). A self-administered online questionnaire was used to assess the frequency of food consumption, eating habits, and sociodemographic information. A total number of 4,281 participants (80.5% females and 19.4% males) completed the questionnaire.

Results: The Mediterranean Diet Adherence Screener (MEDAS) score before the confinement was 5.02 ± 1.97, while during the confinement, the MEDAS score increased to 5.85 ± 2.04. Participants who had higher adherence to the Mediterranean diet (MedDiet) during the confinement were mostly females (88.8%), aged between 20 and 50 years, with the highest level of education (66.3%) and normal BMI (70.6%). The majority of participants maintained their dietary behavior as it was before COVID-19 confinement, while 36.9% decreased their physical activity. Participants with higher MEDAS score were more eager to increase their physical activity. Additionally, higher median values of MEDAS score were noted for participants with body mass index values below 24.9 kg/m2 (6.0 vs. 5.0 for participants with BMI above 25 kg/m2). Participants in all residence places increased their cooking frequency during the confinement (53.8%), which was associated with an increase in vegetables, legumes, as well as fish and seafood consumption.

Conclusions: According to our findings, Croatian adults exhibited medium adherence to the MedDiet during the COVID-19 confinement. The results suggest that cooking frequency could be positively associated with overall dietary quality, which is of utmost importance in these demanding times.

Keywords: body mass index, cooking, COVID-19 confinement, mediterranean diet, questionnaire, SARS-CoV-2


INTRODUCTION

The novel coronavirus disease, COVID-19, caused by the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), emerged in late December 2019, in China, and since then, it has been one of the greatest public health crises the world has ever faced. As a result of its rapid spread, high infectivity, and relatively high mortality, the World Health Organization (WHO) has declared COVID-19 a pandemic on March 12, 2020 (1). To date, on January 29, more than 100 million cases of COVID-19 have been confirmed and 2,176,159 deaths reported globally (2). In Croatia, up until January 29, the number of COVID-19-positive people was 231,539, while 4,972 people passed away (3).

Although vaccination against SARS-CoV-2 started at the end of the year 2020, the main strategy to attenuate the rate of infection includes community-based non-pharmaceutical interventions (NPIs) such as social distancing, restricting public events, case-based isolation, and confinement (4). Croatia follows a similar strategy pattern—a national confinement policy was implemented; public events and many economic activities were stopped, and schools and universities were closed on March 19. After almost 5 weeks of confinement, due to a beneficial epidemiological situation, Croatia started to reactivate its economic and social life in three phases—the first phase, when some business entities were allowed to work, began on April 27; the second phase, when playgrounds and outdoor sports facilities were opened, began on May 4; the third phase, when shopping centers, schools, and kindergartens were reopened, began on May 11 (5).

Even though NPIs, like confinement and isolation, can mitigate and control the rate of COVID-19 spread (6), they can also lead to boredom, mental distress, emotional imbalance, change in eating behavior, weight gain, and higher risk of cardiovascular disease (7). Staying at home and working from home can result in boredom, which is positively associated with higher energy intake (8). However, more free time during confinement could also bring about positive eating behavior and habits—more time spent cooking, family meals, and better meal planning. Additionally, closure of gyms, recreation facilities, and prohibition of sports activities could result in negative well-being, low-energy expenditure, and cardiometabolic health impairment (9). Maintaining adequate energy balance is essential in the time of COVID-19 pandemic due to a positive link found between severe COVID-19 cases and obesity (10, 11).

Optimal nutritional status has a pivotal role in immune system functioning and could help mitigate the impact of seasonal and emerging viral infections (12). There are already several papers supporting nutraceuticals, probiotics, and supplements alongside a well-balanced diet as a method of managing COVID-19 (13, 14). Bousquet et al. (15) suggest that certain foods may reduce angiotensin-converting enzyme 2 (ACE2) activity, which is, beside multiple physiological roles, a SARS-CoV-2 receptor. Considering the importance of nutrition during COVID-19 pandemic, the European Federation of the Associations of Dietitians (16) as well as the WHO (17) have made public health nutrition advice and guidelines for maintaining an optimal nutrition status. Furthermore, Muscogiuri et al. (18) published a perspective on nutritional recommendations during the COVID-19 confinement. All the recommendations promote nutrients, foods, and dietary patterns that are included in a Mediterranean diet (MedDiet), which is considered healthy and anti-inflammatory (19).

In contrast to other popular diets, the MedDiet has suggestive evidence of an improvement in weight, BMI, total cholesterol, glucose, and blood pressure (20). Obesity, in terms of COVID-19, is associated with a higher risk for hospitalization and higher death rates (21), which also highlights the current necessity for proper nutrition. The MedDiet favorable effects, both therapeutic and preventive, are proposed in detail elsewhere (22, 23). Moreover, a higher adherence to the MedDiet during the COVID-19 crisis is suggested not only to combat the COVID-19-related complications but also to lower the risk of chronic diseases (24). However, due to shortages of some foods in grocery stores during confinement and financial concerns, it is not very certain if people could fully follow the MedDiet guidelines.

The aims of this study were (i) to evaluate the changes in dietary behavior among the Croatian adult population, (ii) to investigate adherence to the MedDiet, (iii) to examine the availability of certain foods, (iv) to determine differences in adherence to MedDiet among two BMI groups (<25 and >25 kg/m2), and (v) to explore the cooking habits during the COVID-19 outbreak.



MATERIALS AND METHODS


Study Design and Participants

COVIDiet_Int is a cross-sectional study and a part of a COVIDiet project, which included Croatian adults and had no exclusion criteria other than age. A study has been conducted in accordance with the World Medical Association's Declaration of Helsinki, approved by the Research Ethics Committee of the University of Granada (1526/CEIH/2020), and registered as a clinical trial in a public trials registry (NCT04449731). Since the data were collected anonymously by the use of an online questionnaire, without including personal data, no informed consent was required. Despite that, all the participants were informed about the study objectives and asked for a permission before filling out a questionnaire. The questionnaire was opened from April 7 until May 4. Data were collected through snowball sampling.



Data Collecting—Questionnaire

A self-administered online questionnaire, created using the Google Forms tool, was used to assess the frequency of food consumption, eating habits, and sociodemographic information. Sociodemographic characteristics included age, gender, place of residence, country region, children in care, and education and training qualifications. The assessment of food consumption frequency included selected foods related to the MedDiet pattern through MEDAS-validated questionnaire (24, 25). For the purpose of this study, respondents were asked to estimate the consumed quantity of (i) olive oil (0–1.9, 2–3.9, or >4 tablespoons (1 tablespoon = 13.5 g)/day), (ii) vegetables (0–0.9, 1–1.9, or >2 servings (1 serving = 200 g)/day), (iii) fruit (0–0.9, 1–2.9, or >3 pieces/day), (iv) red meat (0–0.9 or >1 serving (1 serving = 100–150 g)/day), (v) butter, margarine, or cream (0–0.9 or >1 serving (1 serving = 12 g)/day), (vi) carbonated and/or sugary beverages (0–0.9 or >1 time/day), (vii) wine (0–2.9, 3–6.9, or >7 cups (1 cup = 100 ml)/week or never), (viii) legumes (0–0.9, 1–2.9, or >3 servings (1 serving = 150 g)/week), (ix) fish and seafood (0–0.9, 1–2.9, or >3 servings (1 serving = 100–150 g for fish or 200 g for seafood)/week), (x) commercial pastries (0–1.9 or >2 times/week), (xi) nuts (0–0.9, 1–2.9, or >3 servings (1 serving = 30 g)/week), and (xii) cooked vegetables, pasta, rice, or dishes seasoned with tomato, garlic, onion, or leek sauce made over low heat with olive oil (0–0.9, 1–1.9, or >2 times/week). After that, eating habits assessment contained 21 questions aimed at investigating the change in dietary habits during COVID-19 confinement, for example, frequency of snacking, consuming fried food, type of oil used when frying, difficulties in finding certain food, among others. Therefore, participants provided the information whether they had perceived any change related to the nutrition during the COVID-19 confinement in comparison with the situation before that. Additionally, they were also asked to provide information about the change in physical activity as well as in body weight during the confinement. Based on the values that the respondents self-assessed, the body mass index (BMI) was calculated as the ratio of the body weight [in (kg)] and the square of the body height [in (m)]. A more comprehensive insight into the questionnaire description as well as the full form of questionnaire is available in a paper published by Rodríguez-Pérez et al. (24).



Adherence Based on Mediterranean Diet Adherence Screener

The MedDiet adherence was measured by the Mediterranean Diet Adherence Screener, the MEDAS (25). The MEDAS consists of 14 questions where 12 aforementioned questions are related to food consumption frequency and two questions to food intake habits considered characteristic of the MedDiet. Each answer to those questions was coded as 0 (when the MEDAS condition was not met) or 1 (when the MEDAS condition was met).

Score one was associated with the following answers: consuming: (i) four or more tablespoons of olive oil/day; (ii) two or more servings of vegetables/day; (iii) three or more pieces of fruit/day; (iv) less than one serving of red meat or sausages/day; (v) less than one serving of animal fat/day; (vi) less than one cup of sugar-sweetened beverages/day; (vii) seven or more servings of red wine/week; (viii) three or more servings of legumes/week; (ix) three or more servings of fish/week; (x) fewer than two commercial pastries/week; (xi) three or more servings of nuts/week; (xii) two or more servings/week of a dish with a traditional sauce of tomatoes, garlic, onion, or leeks sautéed in olive oil and in the last group of two answers, the following two were preferred: (xiii) olive oil prime source of fat for cooking and (xiv) white meat over red meat. If those conditions were not met, 0 points were recorded. The final score ranged from 0 to 14. Adherence to the MedDiet was assessed by using two scales (24), where the first scale was a continuous one and ranged from 0 to 14 (MEDAS), while the other scale was categorical, allowing the classification of the respondents into low (MEDAS <5), medium (MEDAS: 5–9) and high (MEDAS >9) adherence levels. The MEDAS score before the confinement was calculated as proposed by Rodríguez-Pérez et al. (24).

Diet quality was evaluated through comparison with the MEDAS, since Croatia as a Mediterranean country encourages Mediterranean dietary pattern as a referent, ever since the Ancel Key's Seven Countries Study (Croatia included) (26).



Statistical Analyses

All collected answers were coded as qualitative or quantitative data. Based on the data type, different tests were applied in the analysis. First, the descriptive statistics was conducted for presentation of adherence level to the MedDiet (gender, age, place of residence, regions, children in care, education levels, and the body mass index). From the test, which allows evaluating differences in means or proportions by observed variables across the strata, we used Students' t-test (for continuous normal distributed data); Kruskal–Wallis test (for non-normal distributed data), and Chi-squared test (for categorical data). Box-plots were also used to evaluate further the distribution of the variable on adherence to the MedDiet by the aforementioned subgroups.

Logistic regression model was used to explore variable changes with the change in cooking pattern during the confinement (cooking more vs. cooking as usual or less, as reference). Crude regression model (URM) included only the absence or presence of increased cooking habits, while the bivariate-adjusted model included age, gender, and region (Model 1). To remove their influence on the cooking habit, the next bivariate-adjusted model (Model 2) included Model 1 observations and physical activity, education level, and residence. Odds ratios (ORs) with corresponding 95% confidence intervals (CIs) were estimated for all models (Crude, Model 1, and Model 2). The OR >1 indicates greater odds of association with the exposure and outcome or increased occurrence of the examined event. In the squared brackets, the 95% confidence interval is listed for the OR, and if it includes 1, the result is not statistically significant. Software in data analyses SPSS v. 17 and XLStat for Excel 2013 were used.




RESULTS


Respondents' Sociodemographic Characteristics by the Level of Adherence to Mediterranean Diet During the COVID-19 Confinement

The study sample consisted of 4,281 Croatian adults who completed the questionnaire. The main sociodemographic characteristics of respondents by levels of adherence to the Mediterranean diet (low, medium, and high) during the COVID-19 confinement in Croatia are shown in Table 1.


Table 1. Outlines of questionnaire responses by the level of adherence to the Mediterranean diet, based on the Mediterranean diet adherence screener (MEDAS) of Croatian respondents during COVID-19 confinement.
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Out of all the respondents, 80.5% were females. The majority resided in the continental part of Croatia (81.9%) in family homes (82.5%). A small number of respondents were in the youngest (4.3%) and the oldest age group (0.9%), while 44.2 and 37.9% were aged 20–35 and 35–50, respectively. The highest number of respondents (55.2%) was registered as having university level of education. Moreover, 59.6% did not have children in care and were self-assessed as normal category of body mass index (64.0%).

Respondents who had higher adherence to the MedDiet were mostly females (88.8%), aged between 20 and 50 years old, with the highest level of education (66.3%), and normal BMI (70.6%), who lived in family homes (85.0%) in the continental part of Croatia (74.4%) (Table 1). However, observing the subset data for region in box plot structure, higher values of the MEDAS were indicated for respondents residing in the coastal part of Croatia, as for those respondents who lived alone (Figure 1).
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FIGURE 1. Adherence to the Mediterranean diet based on the Mediterranean diet adherence screener (MEDAS), during the COVID-19 confinement by subgroups, presented as box plots. The interquartile range (IQR) or box boundaries are the 25th percentile, Q1 (box closest to x-axis) and the 75th percentile, Q3 (farthest from x-axis). The line within the box presents the median, Q2 (50th percentile). Lines below or above the box indicate the minimum (Q1–1.5*IQR) or maximum (Q3 + 1.5*IQR), while the dots above and below those lines present outliers.




Respondents' Dietary Behavior by the Level of Adherence to the Mediterranean Diet During the COVID-19 Confinement

Dietary behaviors related to the adherence to the MedDiet are described in Table 2. During the COVID-19 confinement, 20.3, 22.1, and 16.3% respondents met the MEDAS condition for olive oil, vegetable, and fruit consumption, respectively. The lowest group of olive oil consumption (0–1.9 tablespoons/day) was noted in 45.6% of respondents, while for vegetable and fruit consumption, most respondents had medium consumption (60.2 and 56.8%). Interestingly, a great number of respondents have met the MEDAS criterion for consumption of red meat (69.8%), as well as for consumption of animal fat (82.8%) and sugar-sweetened beverages (91.8%). The lowest degree of satisfaction was noted for MEDAS conditions of wine (3.0%), legumes (10.7%), and fish and seafood consumption (5.1%). Commercial pastry consumption criterion was met in 61.2% of the respondents, consumption of a dish with a traditional sauce of tomatoes, garlic, onion, or leeks sautéed in olive oil in 59.4%, while the MEDAS condition for nuts consumption was satisfied in 25.3% of the respondents. The majority (70.1%) of the respondents preferred white over red meat, while olive oil was not preferred in 52.7% of the respondents.


Table 2. Eating behavior by the level of adherence to the Mediterranean diet, based on the Mediterranean diet adherence screener (MEDAS) of Croatian respondents during COVID-19 confinement.
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As expected, the majority of respondents within the high MEDAS group had high consumption of olive oil (73.1%), vegetables (78.1%), and fruit (58.8%), as well as high weekly consumption of legumes (53.8%), and medium fish and seafood consumption (43.8%). Low red meat, animal fat, and sugar-sweetened beverage consumption was recorded in 94.4, 97.5, and 100.0% of respondents, respectively. Nut consumption and meals with tomatoes, garlic, and onion were noted in the highest rate of consumption in the high MEDAS group. Moreover, 92.5% of high MEDAS respondents preferred the use of olive oil in cooking, and 93.1% preferred white over red meat (Table 2).

Although significant differences across the three MEDAS groups were found for all 14 MEDAS conditions (Table 2), low consumption of animal fats, sugar-sweetened beverages, and commercial pastries were noted in all groups. Furthermore, wine consumption MEDAS criterion was indicated as the least satisfied one in all the MEDAS groups. However, respondents in the high MEDAS group showed the highest rate of satisfying this criterion (12.5%).



Changes in Dietary Behavior and Styles by the Level of Adherence to the Mediterranean Diet During the COVID-19 Confinement

Changes in eating behavior and lifestyles by the level of adherence to the MedDiet during COVID-19 confinement in Croatia are described in Tables 3, 4. The majority of respondents maintained their dietary behavior as before COVID-19 confinement (Table 3). In all MedDiet adherence groups, a lower intake of carbonated and/or sugar-sweetened drinks (23.9–27.5% of respondents) as well as alcoholic beverage intake (26.3–27.5%) was noted. Also, a higher intake of vegetables, fruits, and legumes during the confinement was observed in all MEDAS groups. Respondents with a high adherence to MedDiet showed the highest rate of positive changes in these three groups of food (Table 3).


Table 3. Changes in eating behavior by the level of adherence to the Mediterranean diet, based on the Mediterranean diet adherence screener (MEDAS) of Croatian respondents during the COVID-19 confinement.
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Table 4. Cooking preparation practice, changes in eating behavior and life styles by the level of adherence to the Mediterranean diet, based on the Mediterranean diet adherence screener (MEDAS) of Croatian respondents during the COVID-19 confinement.
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However, differences regarding changes in eating behavior were also detected among all the MEDAS groups. Medium and high adherence to MedDiet groups showed similar changes regarding higher olive oil and lower red meat consumption during the confinement. Those changes were more prominent in the high MEDAS group than in the medium one. In contrast, the group with low adherence to MedDiet showed opposite changes, with an interesting result where 14.8% of the participants in this group showed higher red meat consumption during confinement. However, fish and seafood consumption did not show the same trend of change as the other dietary intake groups. Higher consumption of a previously mentioned food group during the confinement was noted only for the group with high adherence to the MedDiet, while respondents in low and medium MEDAS groups described their intake of fish and seafoods as lower than before COVID-19 confinement.

Overall, most respondents employed stewing as the main type of cooking technique during the COVID-19 confinement (78.3%). Fried food consumption remained as usual in 69.3% of respondents, which means that 53.1% of them consumed fried food one to three times a week, while 36.4% ate fried food less than once a week (Table 4). As expected, the respondents in high adherence to the MedDiet group showed lower tendency to fried food consumption, namely, 49.4% of them consumed this type of food less than once a week. Regarding the type of oil used for frying, the majority of respondents (63.9%) used sunflower oil, while the highest preference for the use of olive oil (50.0%) was found in respondents with high adherence to MedDiet. Out of all respondents, 41.9% of them consumed one meal per day (out of home), while 21.5% did not consume any meal out of home before the confinement.

All groups agreed that they did not have trouble finding certain types of food, while 56.9% of the respondents stated that their amount of food eaten was the same as before the confinement. Also, 57.5% did not perceive any change in body mass. Interestingly, the highest rate of gaining weight (22.1%) was noted in the low MEDAS group (Table 4). Furthermore, modification in physical activity was observed in 36.9% of the respondents who decreased, while 28.7% of them increased their physical activity. Respondents in the high MEDAS group dominantly increased their physical activity (38.1%) level during COVID-19 confinement, while the other two groups showed higher rate of decrease than increase in physical activity.

Moreover, 29.4–35.1% of the respondents, depending on the MEDAS group, had higher frequency of snacking. In 54.2% of the respondents, a lower intake of fast food was found during the confinement, while 53.8% of the overall respondents cooked more often (Table 4) and based on the presented share of students and young working people (aged 20–35 years) and those who live in family homes, it seems that the cooking was a shared responsibility in the household. Still, a difference in behavior change among different MEDAS groups was noted (p < 0.001), where the respondents in the low MEDAS group were almost equally divided in the cooking as usual group (48.6%) and the cooking more group (48.7%).

While the majority of respondents had no difficulty finding certain types of food during the confinement, 20.1% of the respondents described which type of food was troubling to purchase (Table 4 and Figure 2). The respondents who scored medium MEDAS were the most eager to describe problematic types of food. They had difficulty finding a wide range of different foods, especially yeast, dairy products, and eggs, as well as spices and olive oil (Figure 2). The group with high adherence to MedDiet found food for special needs the most difficult to purchase during the confinement, mainly organic, vegan, and gluten-free food. They also had problems finding fish and seafood, as well as canned food. Interestingly, the respondents in the low MEDAS group were the most worried about food delivery, as well as difficulty to consume fast food and food from restaurants (Figure 2).
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FIGURE 2. Graphical representation of types of food, which respondents had difficulty purchasing during COVID-19 confinement in Croatia. Respondents' answers were divided in accordance with the level of adherence to the Mediterranean diet (low, medium, and high).




Adherence to Mediterranean Diet and Changes in Dietary Behavior During the COVID-19 Confinement Regarding Body Mass Index of Respondents

Higher median values of MEDAS score were noted for respondents with BMI values between 18.5 and 24.9 kg/m2. An interesting result, indicating a higher median value of MEDAS score for respondents with a BMI <25 kg/m2 (6.0) than those with a BMI value above 25 kg/m2 (5.0) was registered (Figure 3). Statistically significant differences between those two groups were noticed (p < 0.001) regarding the frequency of consuming fried food and increase in snacking during the COVID-19 confinement, where respondents with higher BMI values showed higher intake of fried food, but lower frequency of snacking during the confinement in comparison with the number of snacks before the confinement. Even though the difference between the two groups was not registered for eating more during the confinement (p = 0.401), a higher probability of weight gain was observed for respondents with BMI above 25 kg/m2. Also, respondents with a BMI <25 kg/m2 were more prone to increasing their physical activity during the confinement than respondents with higher BMI values (Supplementary Table 1).
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FIGURE 3. Box plots of the body mass index of respondents according to adherence with the Mediterranean diet pattern.


The models presenting the OR are presented in Supplementary Table 2. Odds ratio is defined as the ratio of changes in dietary behavior of respondents with BMI above 25 kg/m2 to the changes in dietary behavior of respondents with a BMI below 25 kg/m2, as a measure of association between the “exposure” and the outcome. Here, the outcomes were responses of respondents with a BMI >25 kg/m2, while the changes in dietary behavior were used as the exposures. The used models confirm previous results that the respondents with higher BMI had 37% higher likelihood to decrease their frequency of snacking during the confinement. While models do not indicate higher intake of fried food for the respondents with BMI above 25 kg/m2, a lower consumption of sugar-sweetened beverages, and commercial and homemade pastries was noted for those respondents. In spite of the results showing beneficial changes, models, in accordance with previous results, show that the odds are 1.76 higher for weight gained by respondents with higher BMI values (Supplementary Table 2).



The Change in Cooking Frequency During the COVID-19 Confinement

Considering gender (Supplementary Table 3), 2.1% of female respondents cooked less, while 56.1% of them increased the cooking frequency, as well as 44.3% of the male respondents, respectively. Respondents in all residence places increased the cooking frequency during the confinement as well as those who had children in care (57.0%), had higher education levels (university degree: 59.2%; postgraduate level: 52.9%), aged 20–50 years, and with medium or high MEDAS (56.1 and 55.0%, respectively).

The models presenting the OR are presented in Supplementary Table 5. In our study, the outcome was the cooking practice, while the factors which were scored in the MEDAS were used as the exposures. We can conclude that greater consumption of wine was noted (OR = 1.79 for 3–6.9 cups/week) for the respondents who cooked more during the confinement, while preferring olive oil for cooking and white meat consumption did not show a correlation within the group cooking more (Supplementary Table 5). The results of multivariate analysis did not show significant association of consumption of MedDiet-related food groups in the group that cooked more during the confinement, so the cross table observing 14 parameters for the MEDAS evaluation by the change in cooking frequency was conducted (Supplementary Table 4). For those respondents who increased the cooking frequency—significant changes are in the MEDAS i, vii, x, xi, xii, and xiii. Respondents who decreased their cooking frequency drank three or more cups of wine per week, but also 45.8% of them never drank wine. The respondents who cooked more during the confinement had higher preference for the use of olive oil as main source of added fat (51.2%) in comparison with the respondents who cooked as usual (43.1%) or less (35.4%). However, for the preference of white over red meat, no statistically significant changes were noted (p = 0.263). Those who cooked more and as usual exhibited similar results (71.0 vs. 69.4%, respectively), while the respondents who cooked less showed lower preference for white meat (Supplementary Table 4). However, the respondents with increased cooking frequency during the confinement also had higher olive oil and nut intake as well as higher weekly consumption of vegetables, pasta, or rice cooked in olive oil (Supplementary Table 4), which was not confirmed by multivariate analysis (Supplementary Table 5).

To elucidate the association between changes in food frequency consumption and cooking frequency during the COVID-19 confinement, models regarding the cooking practice as outcome and the changes in dietary behavior as the exposures were made (Table 5). Following the results from the previously presented models where those respondents who cooked more had higher wine intake, these models also show higher alcoholic beverage consumption. Furthermore, the respondents who increased their cooking frequency showed 2.24 higher odds of higher vegetable intake during the confinement. Along with the increased vegetable consumption, respondents who cooked more consumed more legumes (OR = 1.38), fish and seafood (OR = 1.33), as well as homemade pastries. However, they also exhibited higher frequency of snacking and consumption of fried food, but lower intake of fast food (Table 5).


Table 5. Associations between the change in cooking practice and the change in dietary behavior of Croatian respondents during the COVID-19 confinement.
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DISCUSSION

This research is aimed at investigating the effect of the COVID-19 confinement on dietary behaviors of adult population in Croatia. During the confinement, the major part of Croatian respondents presented medium adherence to the Mediterranean diet (5.85 ± 2.04). Our findings suggest that the respondents who increased their cooking frequency during the confinement also exhibited beneficial dietary behavior changes toward greater adherence to the MedDiet. Those respondents showed higher preference to the use of olive oil for cooking, 2.24 higher odds of increased vegetable consumption, as well as increased legumes and fish intake during the confinement.

Consumption of home-cooked meals on a regular basis was associated with an overall healthier diet (28), as well as with higher adherence to the MedDiet (29). The MedDiet may have a beneficial effect against viral infections and is therefore the advised eating approach during confinement (1, 18, 19). Adherence to this healthy and balanced nutritional pattern is important for achieving optimal function of the immune system and coping with stress and anxiety caused by an abnormal and disturbing situation worldwide. Owing to high fruit and vegetable intake, the MedDiet is abundant in antioxidants, especially vitamin E, vitamin C, and carotene, which play a crucial role in supporting the immune system. Also, vitamin D deficiency may cause a greater tendency for respiratory illnesses; therefore, the important role of this vitamin is emphasized. Due to the COVID-19 confinement policies, sun exposure was limited, which indicates a greater need for the intake of vitamin D from food and/or supplements (1, 18). Furthermore, adequate intake of omega-3 fatty acids supports the immune system, due to anti-inflammatory properties of their metabolites (12). Besides previously mentioned micronutrients, zinc is a trace element that is known for its role in maintaining the immune system (18). Te Velthuis et al. (30) have reported that increasing the intracellular level of zinc impairs the replication of RNA viruses, such as SARS-coronavirus in cell culture. All previously described nutrients are abundant in the MedDiet, so adherence to this healthy diet could be of great importance during the COVID-19 confinement.

Our study showed medium adherence to the MedDiet during the COVID-19 confinement. To be precise, the mean of the MEDAS score was 5.85 ± 2.04, and the mean of the MEDAS score before the confinement was 5.02 ± 1.97, which is significantly lower than the MEDAS score noted in Spain (24), but similar to that of the Danish population (31). This result might be due to the fact that the majority of respondents resided in the continental part of Croatia, whereas only 18.1% of the overall respondents were from the coastal part where higher adherence to the MedDiet is more common. Relative results suggest that the respondents in the coastal part of Croatia had higher MEDAS values than the respondents residing in the continental part.

High adherence to the MedDiet was noted in only 160 respondents (3.7% of all participants), while females showed higher adherence than male respondents, as seen in the Danish population (31). Similar to our results, female medical school students were associated with better adherence to the MedDiet (32, 33). Moreover, Papadaki et al. (34) reported a higher adherence in employed females. The same result was noted in Croatia, where employed females showed a higher MEDAS score than male participants (35). Furthermore, the importance of mothers in determining a better family diet quality has been reported by Schnettler et al. (36). As for female respondents, those respondents who lived in family homes also presented higher adherence to the MedDiet. A similar result was also noted in the Spanish population (24).

Considering the age of the respondents, those who were 20–50 years old presented the highest adherence to the MedDiet, which differs from the Spanish and Danish populations during the COVID-19 confinement, where respondents aged 51 years and older showed higher adherence to the MedDiet in comparison with the youngest ones (24, 31). The positive change in diet quality with increasing age was also suggested by Thiele et al. (37). Moreover, expected correlation between higher educational level and higher adherence to the MedDiet was found, as reported by Rodríguez-Pérez et al. (24).

While the majority of respondents rated their eating behavior as being the same as before the COVID-19 confinement, changes were noted in the remaining respondents. Lower consumption was noted for sugar-sweetened/carbonated beverages and alcohol. This result might be due to movement restriction, resulting in a reduction of time spent in local coffee shops and grocery stores. Moreover, Gray-Phillip et al. (38) reported that the usual on-premise (e.g., night bars) alcohol consumption was between midnight and 2 am, while for take-away alcohol (bought in stores), common purchase was made from 8 to 10 pm. On-premise consumption was consequently reduced because night clubs were not allowed to open during the confinement. Furthermore, grocery stores were closed by 5 pm, which may also result in less frequent purchase of take-away alcohol beverages. These findings were a probable reason for documented decrease in alcohol intake on an international level (39).

Respondents with medium and high adherence to the MedDiet also described higher olive oil and lower red meat consumption. These two MEDAS groups cover 69.3% of the overall respondents, so these results might suggest that the Croatian population increased their adherence to the MedDiet, as seen in the Spanish population (24).

Furthermore, the majority of the respondents consumed fried food during the COVID-19 confinement the same as before, that is, this type of food was consumed one to three times a week. As for the Croatian population, moderate intake of fried food was observed by Rodríguez-Pérez et al. (24). However, in contrast to the Spanish population, the Croatian population showed higher preference to frying in sunflower than in olive oil. The correlation between fried food consumption and overall diet quality is not well-addressed. Grosso et al. (40) documented that lower adherence to the MedDiet was associated with higher intake of sweets, sweetened beverages, fast food, and fried food, as well as with lower fruit, vegetable, pasta, cheese, and fish consumption in Italian adolescents. Furthermore, the correlation between fried food consumption and developing chronic diseases is inconsistent. The EPIC cohort study in Spain (41) showed that the consumption of fried food was not correlated with chronic diseases. Inconsistence in results regarding previously mentioned association was also stated by Gadiraju et al. (42). Our results suggest that 5.7% of the respondents reported frying as a type of cooking. This may suggest that they occasionally ordered food, which may be associated with higher intake of saturated fats and sweets, as well as lower consumption of nutrient-dense food such as fruits and vegetables (43, 44).

It is important to point out that confinement induces negative feelings such as stress and anxiety. Those feelings are usually accompanied by eating more of energy-dense food, especially in respondents who are overweight and obese (1). Sidor and Rzymski (45) have reported that eating and snacking more during the COVID-19 confinement were behaviors most frequently noticed in obese respondents. Apart from eating and snacking more, those respondents showed a tendency for higher intake of salty foods, meat, and dairy, while they consumed vegetables, fruits, and legumes less frequently. In overall responses, a higher frequency of snacking was noted (29.4–35.1% depending on MEDAS group), while snacking more during the confinement was also reported in the Danish and Lithuanian population (31, 46). Interestingly, respondents with BMI below 25 kg/m2 were more prone to increase the number of snacks during the confinement, which is not in accordance with the results presented by Sidor and Rzymski (45). This result may be due to boredom caused by staying at home. Along with higher frequency of snacking, respondents with BMI <25 kg/m2 were inclined to increase their physical activity, which may enable maintenance of energy balance. Out of all the respondents, 36.9% decreased their physical activity, as a consequence of the confinement, which is also reported by Ammar et al. (39). However, a recent study conducted by Lesser and Nienhuis (47) showed that modulation in physical activity during the COVID-19 confinement depends on the usual physical activity of respondents, whether they are usually active or inactive. In that study, active respondents had a higher level of physical activity, while inactive respondents described a lower level of physical activity during the confinement. Furthermore, the majority of respondents did not change the amount of eaten food, nor was there a change in body mass during the confinement perceived. Although the amount of consumed food was the same as before the confinement, the respondents with BMI above 25 kg/m2, as well as the respondents with lower adherence to the MedDiet, noticed an increase in body mass more frequently than the respondents with lower BMI values and higher adherence to the MedDiet. Although the results show beneficial changes in dietary behavior (lower snacking frequency, lower sugar-sweetened beverages, commercial and homemade pastry consumption) in respondents with higher BMI values, the odds are 1.76 higher for weight gain in those respondents.

Another expected result was that the respondents who had BMI values below 25 kg/m2 presented higher adherence to the MedDiet in comparison with the respondents with higher BMI values. It has been reported that high adherence to the MedDiet shows inverse association with BMI and obesity (48), as well as a beneficial role of the MedDiet in the prevention of weight gain, abdominal obesity (49), and protection from onset of chronic inflammation, type 2 diabetes, and metabolic syndrome (50).

Out of all the respondents who had difficulty finding certain types of food during the confinement, the respondents with medium and high adherence to the MedDiet found fruit and vegetables, as well as fish and seafood difficult to purchase. This might be explained by the usual purchase of these groceries on the market from local manufacturers, which were not allowed to work during the confinement. Moreover, along with markets being shut down, the Google Trends tool shows increased search for delivery of groceries by local manufacturers.

In order to limit the dissemination of viral infection, the recommendation was to stay home. This general shutdown policy resulted in several changes in lifestyle behavior. While the majority of respondents maintained almost all their behaviors the same as before the COVID-19 confinement, almost 54% of all the respondents stated that they cooked more frequently during the confinement, while their intake of fast food was lower. Generally speaking, there are some determinants involved in cooking frequency. Females are more prone to cooking, as well as people who live with a partner or have children in care (51). The results from our study are consistent with these determinants where 56.1% of female and 44.3% of male respondents cooked more during the confinement. Those respondents with children in care were also more prone to increasing their cooking frequency. Another determinant for cooking is leisure time, that is, people working longer hours indulge less in cooking (51). Due to the general confinement, people might be more prone to increase their cooking frequency because they were unable to go to restaurants and were not working or had a home office. An increase in cooking frequency and staying at home may have a beneficial impact on children and adolescents with a result of increasing their cooking skills (52). Moreover, during the confinement, people were advised not to go to the grocery store every day, which may have a positive influence resulting in healthier diet and lower odds of being obese due to imposed meal planning (53). While the motivation for introducing new lifestyle behaviors, such as cooking more and meal planning, resides in the fear of getting infected, this might be a trigger for habit formation (54, 55).

It is important to emphasize how cooking more frequently influences other dietary behaviors. It is suggested that eating more of home-cooked meals positively influences dietary behaviors, such as having greater adherence to the MedDiet, as well as a higher probability of having normal BMI value and body fat percentage (29). Furthermore, people with greater cooking skills also had higher weekly vegetable consumption and lower consumption of “unhealthier” food groups (56, 57). Our results indicate that the respondents who increased their cooking frequency during the COVID-19 confinement preferred olive oil as the main source of added fat. With an increase in cooking, respondents also significantly increased their vegetable intake, that is, those who cooked more had 2.24 higher odds of an increase in vegetable consumption during the confinement in comparison with the respondents who cooked the same as before or less. An increase in legume, fish and seafood, as well as homemade pastry consumption was also noted in the respondents who increased their cooking frequency during the confinement. These beneficial changes in dietary behavior reported by the respondents who cooked more during the confinement indicate that the higher cooking frequency might result in an overall greater diet quality. This result is confirmed by Wolfson et al. (58), whereas cooking more frequently was associated with a higher Healthy Eating Index.

This study has many strengths in providing insight into dietary behaviors under a new and challenging situation during the COVID-19 confinement policy in Croatia. The use of an online questionnaire proved itself as a useful tool in providing a relatively large number of respondents, which would be demanding to obtain by face-to-face interviews due to regulations for social distancing and general confinement. The COVIDiet questionnaire provided a great amount of information about dietary and lifestyle behaviors during the confinement.

In spite of the numerous strengths, some limitations must be mentioned. Due to web-based voluntary sampling, the responses resulted in some selection bias. Although an online questionnaire provided a large number of respondents, they were predominantly female (80.5%), 20–50 years old (82.1%), living in family homes (82.5%) in the continental part of Croatia (81.9%). It should be highlighted that the disproportion between continental and coastal parts of Croatia is more pronounced due to a large number of respondents residing in Zagreb, the capital city of Croatia (42.9%). The same selection bias was found for the respondents in the oldest age group, those living in a student's residence, as well as those with primary education level, where the proportion of these respondents overall was <1%. This might be because of the lower ability to use smart technologies for older people and those with primary education. Moreover, it should be emphasized that the respondents were untrained and were not able to ask for explanations for any doubts regarding questions. This might have resulted in under-/overestimation of actual food proportion intakes. Also, BMI was declared by participants and, therefore, should be treated only as a rough estimate of the exact number.



CONCLUSION

COVID-19 is one of the greatest public health threats the world has been faced with, while nutritional status may have an important role in disease severity and clinical outcome. The most prevalently advised dietary pattern during this challenging time is the Mediterranean diet, well-known for its anti-inflammatory and immunomodulatory properties. According to our findings, Croatian adults exhibited medium adherence to the MedDiet during the COVID-19 confinement. Furthermore, higher adherence and higher eagerness to increase physical activity was associated with lower BMI values (<25 kg/m2). Regarding the dietary and lifestyle behavior aspects during the crisis, no change among the majority of respondents, in almost all of them, was found. An exception was the cooking frequency, where 53.8% of the respondents increased cooking incidence during the confinement. Those who cooked more also displayed an increase in vegetables, legumes, as well as fish and seafood consumption. These results suggest that cooking frequency could be positively associated with an overall dietary quality, which is of utmost importance in these demanding times.
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Breastfeeding not only provides the optimum source of nutrients for the neonate and its first strong shield against infection but also lays the foundation for somatic and psychological bonding between the mother and child. During the current COVID-19 pandemic, although the guidelines of the relevant international and national agencies recommend breastfeeding by SARS-CoV-2–infected mothers, considerable insecurity persists in daily clinical practice regarding the safety of the infants and the perceived advantages and disadvantages of discontinuation of breastfeeding. This is a systematic review of the currently available information regarding the transmissibility of SARS-CoV-2 through or while breastfeeding and the protection against infection that breast milk might provide. The accumulated body of knowledge regarding the role of breast milk in the development of the neonatal immune system and protection against infection by other respiratory viruses is discussed, with a focus on the anti-inflammatory role of the antibodies, microbes, and viruses provided to the infant in breast milk and its relevance to the case of SARS-CoV-2.
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Highlights

	Nature has designed the mother’s breast milk to nurture the neonate and to protect of the dyad in “psyche and soma”, ensuring the transfer of antibodies, microbes, and viruses, but also emotional stimulation.

	Since SARS-CoV-2 is highly transmissible, breastfeeding should be encouraged, but observing all appropriate safety measures, for the mother and close contacts

	With the vaccination schedule in progress, the pregnant mothers-to-be should probably be prioritized.
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Brief Historical Perspective

Since the beginning of 2020, when the World Health Organization (WHO) announced a new strain of coronavirus, the SARS-CoV-2, which provokes coronavirus disease 19 (COVID-19) (1), the whole world has been dominated by the COVID-19 pandemic. In January 2021, only 1 year later, approximately 85 million cases had been confirmed, resulting in more than 1.8 million deaths (2).

During the same period, approximately 140 million births have been registered (3) and a great dilemma arose regarding the possible need to discontinue the breastfeeding of infants of infected mothers (4). Although, to date, evidence on the risk of vertical transmission, via the respiratory tract or through the breast milk itself, is limited, breastfeeding has generally been accepted as the preferred nutrition for the infant of the infected mother. In breast milk from infected mothers, IgA antibodies against SARS-CoV-2 have been detected, which may account for the reduced clinical impact of the disease in breastfed infants upon future viral exposure (5).

This mini-review summarizes the current evidence, collected in a systematic literature search and narrative review of original articles related to breastfeeding by SARS-CoV-2–infected mothers, and deploying knowledge gained from other respiratory virus-transmitted diseases about the protective anti-inflammatory effects of breastfeeding. The specific questions addressed in the review were whether or not the infant should be breastfed when (1): the mother is diagnosed with SARS-CoV-2 before or immediately after delivery; (2) the lactating mother is positive for SARS-CoV-2 but the infant is negative; (3) both mother and infant are positive for SARS-CoV-2; (4) or the mother is negative but the infant is positive for SARS-CoV-2, based on evidence from the literature and knowledge gained from other respiratory virus infections.



Methods

The review followed the Preferred Reporting of Systematic Reviews and Meta-Analysis (PRISMA) guidelines to collect articles on breastfeeding by SARS-CoV-2–infected mothers (6). This review was not registered with PROSPERO, which does not currently accept registration of reviews.

We searched the PubMed, Scopus, Web of Science, and MedRxiv electronic databases up to December 31st 2020 to identify original published studies describing lactating women with a confirmed diagnosis of COVID-19, using the following search keywords and phrases: (“COVID-19” OR “2019-nCoV” OR “novel coronavirus” OR “SARS-CoV-2” OR “coronavirus 2”) AND breastfeeding. Reference tracking was carried out to identify other studies eligible for inclusion.

Each reference retrieved was screened independently by two researchers, following predefined criteria to determine eligibility for the systematic review. Studies were excluded if: 1. they did not involve humans (e.g., in vitro or animal research), and 2. they were non-original articles (e.g., book chapters, review articles, metanalysis, guidelines). There were no date or language restrictions on the search.

All the original observational studies, case reports and case series of breastfeeding women diagnosed with COVID-19 identified in the search were included. In view of the heterogeneity observed across the studies, it was decided to perform a narrative synthesis, using the Synthesis Without Meta-analysis (SWiM) reporting guidelines (intended to complement the PRISMA guidelines) (7). Descriptive statistics were presented (frequency and proportions) based on the total cases with available information. In addition, the current guidelines issued by international and national health organizations were retrieved and summarized. Documentation on other maternal respiratory viral infections and breastfeeding was gathered and the evidence on the potential protective effect of breastfeeding for the infants is presented and discussed.



Summary of the Established Principles


Current Recommendations About Breastfeeding and COVID-19

Human breastfeeding enhances both maternal and infant health, with a dynamic, bidirectional exchange between the mother and the infant, which constitutes the cornerstone of infant and child well-being.

Despite concerns of transmission from the infected mother to the infant, global and national health stakeholders have so far univocally encouraged breastfeeding during the COVID-19 pandemic. The WHO (8), the United Nations International Children’s Emergency Fund (UNICEF) (9), the Union of European Neonatal & Perinatal Societies (UENPS) (10), and the US Centers for Disease Control and Prevention (CDC) (11), all highlight the well-established overall short- and long-term immunological and psychosomatic benefits of breastfeeding for the dyad. The current recommendations point out that there is, at present, insufficient evidence about the transmission of COVID-19 through breastfeeding. For this reason, strict measures of mother-infant separation and discontinuation of breastfeeding are to be avoided, regardless of a positive diagnosis and the intensity of symptoms, unless the severity is of such a level that the mother cannot take care of the infant, in which case, expressed, fresh, unpasteurized breast milk should be provided for the baby (8).

In spite of these guidelines, there has considerable scepticism during the pandemic among the front-line healthcare professionals, gynecologists, midwives, and pediatricians, on whether they should encourage the infected mother to breast feed her baby (12).




Studies Related to Breastfeeding of SARS-Cov-2–Infected Mothers

From the search in the four electronic databases, 537 articles were retrieved, and after removal of duplicates, 383 were screened. Among 46 articles reaching the final assessment for eligibility, 18 were excluded, as they did not meet all inclusion criteria, i.e., they did not provide data on whether the mother and/or infant was infected, whether the infant was breastfeeding and what practices were used. Finally, 21 case reports and 7 original articles, published up until December 31st 2020 were included, originating mainly from China (11 case reports; 1original article) and Italy (2 case reports; 2 original articles). Figure 1 presents the process of inclusion of studies in the review.





Figure 1 | Search strategy flowchart for original articles on breastfeeding and SARS-Cov-2. M, Mother; I, Infant. +: SARS-CoV-2 infected, -: negative for SARS-CoV-2.



For purposes of this review the studies were sub-grouped into four categories according to the infected member of the dyad, and the measures undertaken are discussed accordingly. A summary of the 28 studies is presented in Table 1.


Table 1 | Studies included in the review of breastfeeding (BF) and SARS-CoV-2 infection (N=28).





SARS-CoV-2–Positive Mother Before or on Delivery

Some mothers were prohibited from holding the neonates, in order to minimize the risk of infection (36, 39) and expressed breast milk was proposed as the optimum feeding solution (38). Mothers in a good clinical condition were encouraged to breastfeed, with all appropriate instructions and precautions (37). In the case of admission of preterm infants to the neonatal intensive care unit (NICU), expressed breast milk was suggested, if available (36). Overall, among the 231 births from SARS-CoV-2–positive mothers, 13 neonates (5.8%) tested positive within the first 48 hours of life (31–34, 36, 38, 39).



SARS-CoV-2–Positive Lactating Mother, With Negative Infant

Generally, breastfeeding was encouraged (13, 14, 17, 23, 24, 26), but in order to reduce the risk of infection (36, 39), instructions for appropriate precautions were given (37). Measures undertaken to minimize the risk of transmission during breastfeeding were mask wearing, handwashing, routine cleaning and disinfection of all surfaces touched, thorough cleaning and sterilization of infant feeding equipment before and after use, breast washing with gauze saturated with soap and water, and avoidance of falling asleep with the baby (13, 14, 17). Alternatively, expression of breast milk and feeding of the infant by a healthy family member or a caretaker was recommended (19). In some cases, when feeding became a controversial issue, the parents were to allowed decide if the infant would be breast fed, due to the insecurity caused by the perceived risk of transmission to the infant (16, 22). Insecurity about the decision was increased when SARS-CoV-2 was traced in the breast milk, in which case, breastfeeding was suspended and could be resumed after a period of isolation, followed by a confirmed negative test on the mother (15, 20). Of a total of 63 women, 37 (58.7%) discontinued breastfeeding and were isolated from their babies. Of over 38 samples of breast milk tested in SARS-CoV-2–positive mothers, only 2 (5.2%) were positive for SARS-CoV-2 (16, 24).



Both Mother and Infant SARS-CoV-2–Positive

Breastfeeding was strongly encouraged where both members of the dyad were positive (27, 30, 31), and further investigation was suggested on the role of IgG antibodies (27) in the possible protective role of breast milk antibodies on the immunity of the infants (33, 35). Among the breast milk samples tested for SARS-CoV-2, 27% (3/11) were positive (27, 28, 30, 34, 35), but the milk was not considered to be the cause of infection of the infants (29).




Healthy Mother and Infant SARS-CoV-2–Positive Infant

In the one reported case of an infected infant with a healthy mother, the mother was encouraged to remain in quarantine with her baby and to continue breastfeeding. Despite the close contact, the mother remained negative for SARS-CoV-2 (40).



The Current “State of the Art”


The Anti-Inflammatory Effects of Breastfeeding: Knowledge Gained From Other Respiratory Viruses

Respiratory infections are a leading cause of morbidity in children. During the first year of life, breastfeeding provides protection from these infections, dependent on its duration (41), mainly against lower respiratory infection. The immaturity of the infant’s immune system at birth increases the risk of infection by external agents, including viruses and bacteria (42), which is related to the unpreparedness of the neonatal respiratory and gastrointestinal (GI) tracts to resist invasion.

Breast milk changes in synthesis, from colostrum through a transitional stage to mature milk, ensuring appropriate nutrition for the infant (43). Intensive, continuing research has provided an appreciable body of documentation on the health benefits of breastfeeding for both mother (44, 45) and child. Regarding immunity, human milk induces in the infant the regulation and development of the innate (46) and adaptive immune systems (47, 48), with a major long-term role in health and disease (49).

The anti-inflammatory protection conveyed by breast milk is effected by both chemical components and cellular interactions. Colostrum and transitional milk safeguard the infant via an abundant glycoprotein, lactoferrin, which has multilevel actions, lymphostimulatory, anti-inflammatory, anti-bacterial, anti-viral and anti-fungal (50). Its protective functions are attributed to its iron-binding properties, inhibition of interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α), stimulation of the activity and maturation of lymphocytes, and preservation of an antioxidant environment (51). Lactoferrin, along with other milk peptides protects against bacteria and fungus (52). In vitro studies have shown that lactoferrin inhibits the invasion and growth of respiratory syncytial virus (RSV), interacting directly with the F glycoprotein on the surface of the virus, which is essential for viral penetration. Adenovirus infection was also observed to be inhibited in vitro due to interference of lactoferrin with the primary receptors present at the cellular level. Milk regurgitation into the nose after breastfeeding has been suggested to increase phage adherence to mucosal surfaces in the respiratory tract, in addition to the gut, eliminating in this way mucosal bacteria and protecting against recurrent respiratory infections in breastfed infants, in the longer term (53).

New knowledge gained during the 2003 SARS-CoV-1 epidemic was that lactoferrin interacts with heparin sulphate glycosaminoglycan (HSPG) cell receptors, interfering with the first anchoring sites of the virus on the cell, and thus preventing the initial contact between the SARS-CoV and host cells. Lactoferrin has also been shown to block the interaction between spike viral protein and HSPC in an angiotensin-converting enzyme 2 (ACE2) receptor, which otherwise results in the full infection (54).

Other dominant oligosaccharides in human milk serve both as a direct barrier to pathogens and as a prebiotic, i.e., aliment for probiotics, which promote synthesis of a healthy microbiota (42). The binding capacity of the oligosaccharides has proven protective against viruses with high morbidity and mortality, including human immunodeficiency virus (HIV) (55) and rotavirus (56), and breast milk mucin is able to aggregate poxviruses prior to their entry into host cells (57).

Additional protective properties of breast milk are provided by the transfer of maternal immune cells to the infant, including macrophages, neutrophils and lymphocytes (58). The concentration of these cells in the human breast milk vary according to the age of the infant, taking into account that in the early stage of lactation, the neonatal immune system is completely immature (59). Thus, the proportion of the different leukocytes vary between colostrum (macrophages 40–50%, neutrophils 40–50% and lymphocytes 5–10%) and more mature milk (macrophages 85%, lymphocytes 15%).

The immune properties of the mother are also transferred to the breastfed infant in the form of secretory IgG (60) and IgA in maternal milk (61). Breast milk attains the highest concentration in IgG antibodies in the colostrum, and their concentration drops after the first month of life (62) and stops abruptly with weaning (63). IgG antibodies, transferred to the fetus through the placenta during intrauterine life and to the infant after birth in breast milk, constitute the infant’s first defense system. In mothers immunized against RSV, s-IgG antibodies were detected in breastmilk (64), providing protection to the infant against the main cause of respiratory infection during the first year of life (65). IgA antibodies coat the GI and respiratory mucosa and block the entrance of foreign antigens (50) and viruses (63). In premature infants, the IgA levels are higher, for enhanced protection (66). In the event of an infection, in either the mother or the child (67), breast milk conveys a plethora of antipathogenic and anti-inflammatory bioactive factors (68) to protect the infant. In attacks by respiratory virus infections, such as RSV, protection is mediated by polymeric IgA antibodies to a protein of the RSV surface membrane, inhibiting virus replication (50).

In addition to the transfer of antibodies, human milk triggers immune-protective responses by the host. In influenza, type I interferons (IFN), cytokines with strong simultaneous anti-viral, pro-apoptotic and pro-inflammatory properties, are produced significantly more often in breastfed infants, transforming viral attacks to formes frustes (69).

Breastfeeding has been documented to exert more effective protection against a spectrum of pneumonia-causing viruses, including influenza, RSV and parainfluenza, in girls than in boys (70); these findings were interpreted by the researchers as a “nature”-provided advantage for survival of females, in order to preserve the species.

Protection against viral invasion appears to be enhanced by the regurgitation of breast milk into the upper respiratory tract, conveying viable commensal, mutualistic, and probiotic bacteria (71) and viruses (53) that colonize the upper respiratory tract, contributing to the maturation of the infant’s immune system.

Bacteria in the human milk are one of the earliest sources of prokaryotic microorganisms transferred to the infant, following the maternal microbial colonization through the amniotic fluid, placenta and umbilical fluid (72), and a more substantial transmission of vaginal and gut microorganisms to the newborn through the birthing canal (73). The human milk microbiota (HMM) originates from the maternal GI tract and skin, and from the infant’s mouth (71). HMM and other human milk components, such as human milk oligosaccharides (HMO), reflect environmental factors, e.g., viral exposure, weather, and diet, in addition to the immune status of the mother (74).

Human milk transmits a significant load of viruses, eukaryotic and bacteriophages, from the mother to the infant, which enhance the maturation of both innate and adaptive immune systems. Eukaryotic viruses may impact the health status directly, while bacteriophages act via the bacterial ecology.




Highlighting Future Directions in Breastfeeding Research

In children, COVID-19 infection rates are lower than in adults, while fatality rates are almost zero (71). Children generally have milder symptoms, but there are reports of the development of a novel multisystem inflammatory syndrome in children (MIS-C) similar to Kawasaki disease, predicating continuous vigilance (53).

The current policy is that breastfeeding is contraindicated in only a limited number of viral diseases, i.e., HIV, cytomegalovirus (CMV) in preterm infants, and human T-lymphotropic virus I (72). As it constitutes an incomparable feeding method for babies, international and national health authorities strongly recommend exclusive breastfeeding for at least the first six months of life: “Breastfeeding is one of the most effective ways to ensure child health and survival” - WHO (8); “Low rates and early cessation of breastfeeding have important adverse health and social implications for women, children, the community and the environment, result in greater expenditure on national health care provision, and increase inequalities in health” - European Commission (EC) (75)“.

The unsurpassed benefits of breastfeeding include not only irreplaceable nutrition, ensuring healthy growth for the infant, but also prevention of obesity in later life (74). It is a mainstay for promoting the immune development of the infant by both immunological factors transferred from mother to infant through breast milk (76) and microorganisms colonizing the organs and viruses enriching the virome.

SARS-CoV-2 is probably transmitted in multiple ways, including through droplets via the respiratory tract and invasion by enterocytes (73). GI symptoms manifest first in infancy, and lactoferrin in breast milk has been suggested to be capable of strengthening junctions between microbes in the gut and thus amplifying the innate defense. Although at present, this is only an assumption for SARS-CoV-2, in other strains of SARS-CoV, lactoferrin was shown to increase mucosal immunity and prevent viral anchoring on cell receptors (77). Cytokines and growth factors in breast milk excite the infant’s immune system and balance the anti-inflammatory and pro-inflammatory cytokines, lessening their effect and preventing the “cytokine storm” described in other viral infections, such as H1N1 ‘swine flu’ and H5N1 ‘bird flu’ (78).

The most abundant antibody in breast milk, sIgA, provides adequate specific protection against pathogens, among which also are viruses. The specificity of sIgA is determined by the immune response of the mother to previous infection, probably explaining the low rates of infection or milder symptoms of the infected breastfed infants of SARS-CoV–infected mothers. Concerning this phenomenon, the cases where infection is not protected against by breastfeeding should be considered. For example, in pertussis, the sIgA in the human milk of infected mothers was higher than in that of control subjects, but did not protect against infection of the infant, and therefore vaccination of pregnant women was recommended (79). The evidence to date on pregnant women infected by SARS-CoV-2 does not demonstrate a more severe or complex clinical picture than in the general infected population. Further investigation is needed to accumulate knowledge regarding anti-SARS-CoV-sIgA produced through breastfeeding for the neonate.

In view of the time-dependent protective effect of exclusive breastfeeding against viral infections, and the increased maternal contact of the breastfed infant compared with the infant receiving artificial or mixed feeding (41), and the high transmissibility of SARS-CoV, protective measures should be strictly observed for safeguarding the lactation process.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection can generate a systemic disease named coronavirus disease–2019 (COVID-19). Currently, the COVID-19 pandemic has killed millions worldwide, presenting huge health and economic challenges worldwide. Several risk factors, such as age, co-infections, metabolic syndrome, and smoking have been associated with poor disease progression and outcomes. Alcohol drinking is a common social practice among adults, but frequent and/or excessive consumption can mitigate the anti-viral and anti-bacterial immune responses. Therefore, we investigated if patients with self-reported daily alcohol consumption (DAC) presented alteration in the immune response to SARS-CoV-2. We investigated 122 patients with COVID-19 (101 male and 46 females), in which 23 were patients with DAC (18 men and 5 women) and 99 were non-DAC patients (58 men and 41 women), without other infections, neoplasia, or immunodeficiencies. Although with no difference in age, patients with DAC presented an increase in severity-associated COVID-19 markers such as C-reactive protein (CRP), neutrophil count, and neutrophil-to-lymphocyte ratio. In addition, patients with DAC presented a reduction in the lymphocytes and monocytes counts. Importantly, the DAC group presented an increase in death rate in comparison with the non-DAC group. Our results demonstrated that, in our cohort, DAC enhanced COVID-19-associated inflammation, and increased the number of deaths due to COVID-19.

Keywords: COVID-19, SARS-CoV-2, alcohol, consumption, inflammation


INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection can generate a severe systemic and multi-organ disease named coronavirus disease-2019 (COVID-19). SARS-CoV-2 has infected and killed millions worldwide (1). Several risk factors, such as co-infections (2), old age, chronic respiratory diseases, and comorbidities (3) have been associated with poor outcomes of COVID-19.

During the pandemic, reports have highlighted the increase in alcohol consumption and the increased risk to trigger or exacerbate depressive and anxious episodes (4). Excessive consumption of alcohol can impair the immune response (5) present a deleterious effect in chronic viral infection (6, 7) and increase the severity and recovery time for respiratory infections (8–11).

The use of substances such as tobacco smoking is an established risk factor for severe COVID-19 (12), but few reports have identified people with alcohol use disorder or daily alcohol consumption (DAC) in their cohorts, with reports identifying no influence on neither drinking alcohol on severity nor death rates in patients with COVID-19 (13, 14). Therefore, we aimed to perform an investigation in our cohort to assess if DAC could influence the disease course and outcome of COVID-19.



METHODS

Patients were recruited fromat a special ward in the university hospital (Hospital das Clinicas da Universidade de São Paulo - HCFMUSP) for moderate and severe patients with COVID-19. Inclusion criteria consisted of a positive diagnosise for COVID-19 by the detection of SARS-CoV-2 RNA in nasopharyngeal swab by reverse-transcriptase PCR (RT-PCR). DAC was determined by self-report, some patients were clinically diagnosed with alcohol-dependency prior to COVID-19, and some reported necessity for DAC of over two drinks.

Patients with and without DAC with type 2 Diabetes Mellitus (DM) and/or systemic arterial hypertension (SAH) were also included. The exclusion criteria were the presence of co-infections, renal or heart diseases, immunodeficiencies, or neoplasia. This investigation was approved by the Ethics Committee of HCFMUSP with approval for the usage of digital data from patients (no. 30800520.7.0000.0068-2020) and was performed in accordance with the 2013 revision of the Declaration of Helsinki. On the first day after hospitalization, EDTA plasma samples were obtained from a single venipuncture, and laboratory analysis was performed at the Central Laboratory of HCFMUSP (Divisão de Laboratório Central—HCFMUSP). Statistical analysis for age and laboratory data was performed using the Mann-Whitney test for comparisons between groups. Survival curve statistical analysis was performed using the Log-rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test with GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA).

Were included in this investigation 23 individuals with DAC (18 men and 5 women) and 99 patients with non-DAC (58 men and 41 women) that were hospitalized between June 2020 and 1 December 2020.



RESULTS

From the 23 DAC patients with COVID-19, 11 had moderate level COVID-19 and were admitted into the general ward (GW) (±48%) and 12 were admitted into the intensive care unit (ICU) (±52%) and needed assisted mechanical ventilation. It is important to highlight that among the 23 DAC patients with COVID-19, one patient has DM (±4%), six patients have SAH (±26%), and five patients have both DM and SAH (±21%).

From the total 99 non-DAC patients with COVID-19, 52 were admitted into the GW (±52%) and 47 were admitted into the ICU (±47%). Among the 99 patients with COVID-19: 4 patients have DM (±4%), 23 patients have SAH (±23%), and 24 patients have both DM and SAH (±24%).

The Patients with non-DAC and DAC did not present any age difference or significant statistical differences in the levels of alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, total bilirubin, direct bilirubin, indirect bilirubin, glutamyl transferase gamma, creatinine, lactate dehydrogenase, total protein and fractions, albumin, globulin, urea, and D-dimer, prothrombin time (Table 1). Nevertheless, both non-DAC and DAC presented alterations in alanine aminotransferase, aspartate aminotransferase, direct bilirubin, glutamyl transferase gamma, creatinine, lactate dehydrogenase, C-reactive protein (CRP), urea, D-dimer, and the prothrombin time were outside the considered normal range (Table 1).


Table 1. Patients' clinical characteristics and laboratory data.
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We observed an increase in CRP and a reduction in platelets and activated partial thromboplastin time in patients with DAC in comparison to those with non-DAC (Table 1). This indicates an overall increase in COVID-19 biomarkers, such as urea, D-dimer, and creatinine levels in both groups, but a further increase in CRP levels showed a decrease in platelet counts, which was previously associated with COVID-19 severity (15, 16). The CRP level, especially at early hospitalization, has been associated with the extension of COVID-19-induced lung injury and disease progression, and death (16, 17). Models for predicting the disease outcome of COVID-19 are based on inflammatory markers on the first day of hospitalization (18).

Interestingly, although the total leukocyte count was similar among groups (Figure 1A), DAC groups presented an increase in the neutrophil and neutrophil to lymphocyte ratio (Figures 1B,D). Neutrophil count and the neutrophil-to lymphocyte-ratio are also established hallmarks of COVID-19 and are associated with disease severity (19, 20). An increase in neutrophils, as well as neutrophil migration to the lungs, is associated with lung inflammation and immunothrombosis in patients with COVID-19 (21). The neutrophil- to lymphocyte-ratio is a widely used maker for COVID-19 prognoses (19, 20, 22, 23), but the increase in the DAC group was due to both an increase in the neutrophil count (Figure 1B) and a reduction in the lymphocytes count in relation to the non-DAC group (Figure 1C).


[image: Figure 1]
FIGURE 1. Clinical features of patients with COVID-19. (A) Leukocyte counts, (B) Neutrophil counts, (C) Lymphocyte counts, (D) Neutrophil-to-lymphocyte ratio, (E) Monocyte counts, (F) Eosinophil counts, and (G) Basophil counts from the first day of hospitalization due to the SARS-CoV-2 infection. DAC, patients with self-reported daily alcohol consumption (DAC) and COVID-19; Non-DAC, patients without DAC and COVID-19. *p < 0.05, **p < 0.01, ****p < 0.0001, n.s., non-statistically significant difference. Mann-Whitney test used for comparisons. Data collected between June 1, 2020 and December 1, 2020.


Lymphopenia, the reduction in the number of lymphocytes, is common in patients with COVID-19, with a significant reduction in T helper cells, T cytotoxic cells, Natural Killer, and B cells, impacting the anti-SARS-CoV-2 and other co-infections (2, 24, 25). In fact, lymphopenia is also associated with the severity and recovery from COVID-19 (26).

In our cohort, the number of monocytes in patients with DAC was reduced in comparison with patients with non-DAC (Figure 1E). Currently, reports have identified phenotypical alteration on monocytes of patients with COVID-19 (27), with a reduction in the antigen-presenting potential and an increase in the pro-inflammatory markers (28). Nevertheless, the reduction in monocytes of patients with DAC may also indicate a deficient immune response to SARS-CoV-2, as monocytes have a fundamental role in the immune response to pathogenic microorganisms (29).

We identified a reduction in both eosinophils and basophils in the DAC group in comparison with the non-DAC (Figures 1F,G). Low eosinophil and basophil counts have been associated with the worst anti-SARS-CoV-2 response (30).

We failed to identify differences in hospitalization time of the DAC group, which was 29.6 ± 6.1 days and the non-DAC group, which was 29.8 ± 3 days. It is noteworthy that a significant increase in death rate in the DAC group in comparison with the non-DAC group (Figure 2) [p = 0.0417 using the Log-rank (Mantel-Cox) test and p = 0.0209 using the Gehan-Breslow-Wilcoxon test]. During hospitalization, 8 patients from the DAC group and 14 patients from the non-DAC group passed away due to COVID-19 besides the efforts of the medical staff.


[image: Figure 2]
FIGURE 2. Survival curve of patients with COVID-19. DAC, patients with self-reported DAC and COVID-19; Non-DAC, patients without DAC and COVID-19. *p < 0.05 difference. Comparison using the Log-rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test. Data collected between June 1, 2020 and December 1, 2020.




DISCUSSION

Excessive alcohol consumption can increase the severity and recovery time for infections (8). Several reports have highlighted the negative impact of excessive alcohol consumption on the bacterial respiratory infection (31) and viral respiratory infections such as respiratory syncytial virus (9) and influenza (10).

The increased risk for respiratory viral infections is due to the immune modulation caused by alcohol consumption (8, 10). A previous report identified an increase in neutrophils and tumor necrosis factor-α (TNF) and monocyte chemoattractant protein-1 in the lungs of mice after alcohol consumption (32). Importantly, neutrophil count and TNF levels are associated with severe COVID-19 infection (33). In our cohort, patients with DAC presented a significant increase in the neutrophil and neutrophil to lymphocyte ratio, indicating a possibility that the frequent or excessive alcohol could further increase the severity of the infection caused by SARS-CoV-2.

Another hallmark alteration in chronic alcohol consumption is the reduction in the number and activity of NK cells, T cells, and B cells, decreasing the overall immune response and antibody production (34). This study verified that patients with DAC suffered from a significant reduction in the lymphocyte count in comparison to non-DAC and, that alcohol consumption was further detrimental to the lymphopenia suffered by patients with COVID-19 (22).

Short-term alcohol consumption can also impair the monocyte immune response, with an increase in the production of inflammatory cytokines but a decrease in the activation of the inflammatory complex by microbial components (35). Monocytes isolated from individuals after alcohol consumption present an increase in the activation of the inflammatory complex (inflammasome) and production of pro-inflammatory cytokine, IL-1β (36).

Importantly, patients with COVID-19 also present phenotypical alteration on monocytes, increased pro-inflammatory response, and reduced antigen presentation potential (27, 28). Although the role of monocytes' on COVID-19 is still under investigation, alcohol consumption may exacerbate the dysregulated profile of monocyte on COVID-19.

The long-term consumption of alcoholic beverages has been associated with longer hospitalization and intensive care usage upon respiratory infections (8). In our cohort, we did not identify any differences in hospitalization time between DAC and non-DAC groups.

Alcohol consumption is also associated with a reduction of anti-inflammatory molecules, such as IL-10 (37), which may further aggravate the COVID-19-associated lung inflammation and established dysregulation in the anti-inflammatory immune response (24). Besides, alcohol consumption modulates the gut microbiome (38), and curbs the viral immune response (39), which may expose the individual to SARS-CoV-2 gastrointestinal infection (40, 41), leading to, increased gastrointestinal dysbiosis (42) and more severe respiratory complication due to COVID-19 (43).

Excessive alcohol consumption also impacts the absorption of nutrients, with a reduction in essential minerals and vitamins (44). Chronic alcohol consumption can impair vitamin A (45) and vitamin D (46) levels. Vitamin A deficiency reduces B-and T-cell immune response to influenza in mice (47, 48), and could further enhance the COVID-19-mediated immune dysregulation (24). Vitamin D deficiency has been associated with an increase in respiratory distress syndrome (49), COVID-19 severity (50), and deaths (51).

Although to our knowledge, no investigation on the angiotensin-converting enzyme (ACE2) expression in the lungs has been performed following alcohol consumption, investigations have identified that chronic alcohol consumption can increase the expression of ACE in the blood (52) and angiotensin II type 2 (AT2) receptor in the lungs (53). This leads to the hypothesis that alcohol consumption might modulate the ACE2 receptor, the entry receptor of SARS-CoV-2, in a similar way to other diseases, either increasing or reducing COVID-19 risk (54–56).

It is noteworthy that we identified an increase in mortality in the DAC group in comparison to the non-DAC group due to COVID-19 respiratory complications, which could indicate that frequent alcohol consumption may increase the death risk by COVID-19.

This study possesses two limitations: (1) the quantity of alcohol ingested by members of the DAC group may vary and could be an important variant; (2) it was impossible to isolate DAC from other comorbidities (SAH and/or DM) due to the number of individuals with DAC. Therefore, it is possible that the synergic effect of alcohol consumption with comorbidities influenced the COVID-19 outcome.



CONCLUSION

In summary, in our cohort, frequent alcohol consumption alters the COVID-19 clinical characteristics, further increasing pro-inflammatory markers and increasing the mortality risk due to COVID-19-associated complications. Due to the limited number of patients, further investigations should explore the possible synergic effect of alcohol consumption with other comorbidities on COVID-19 severity and mortality.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo—HCFMUSP with approval for the usage of digital data from patients (no. 30800520.7.0000.0068-2020). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

All authors contributed to data collection, analysis, write and review of the article, and approved the submitted version.



FUNDING

This study was supported by the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP). Grant Numbers: 19/02679-7, 17/18199-9. Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—CAPES: 88887.503842/2020-00.



REFERENCES

 1. WHO Coronavirus Disease (COVID-19). Dashboard. WHO Coronavirus Disease (COVID-19) Dashboard. Available online at: https://covid19.who.int/ (accessed September 21, 2020). 

 2. Alberca RW, Yendo TM, Leuzzi Ramos YÁ, Fernandes IG, Oliveira LM, Teixeira FME, et al. Case report: COVID-19 and Chagas disease in two coinfected patients. Am J Trop Med Hyg. (2020) 103:2353–6. doi: 10.4269/ajtmh.20-1185 

 3. Jakhmola S, Indari O, Baral B, Kashyap D, Varshney N, Das A, et al. Comorbidity assessment is essential during COVID-19 treatment. Front Physiol. (2020) 11:984. doi: 10.3389/fphys.2020.00984

 4. Garcia LP, Sanchez ZM. Alcohol consumption during the COVID-19 pandemic: a necessary reflection for confronting the situation. Cad Saude Publ. (2020) 36:e00124520. doi: 10.1590/0102-311X00124520

 5. Sarkar D, Jung MK, Wang HJ. Alcohol and the immune system. Alcohol Res Curr Rev. (2015) 298:543–4. doi: 10.1136/bmj.298.6673.543

 6. Monnig MA. Immune activation and neuroinflammation in alcohol use and HIV infection: evidence for shared mechanisms. Am J Drug Alcohol Abuse. (2017) 43:7–23. doi: 10.1080/00952990.2016.1211667

 7. Khan KN, Yatsuhashi H. Effect of alcohol consumption on the progression of hepatitis C virus infection and risk of hepatocellular carcinoma in Japanese patients. Alcohol Alcohol. (2000) 35:286–95. doi: 10.1093/alcalc/35.3.286

 8. Saitz R, Ghali WA, Moskowitz MA. The impact of alcohol-related diagnoses on pneumonia outcomes. Arch Intern Med. (1997) 157:1446–52. doi: 10.1001/archinte.157.13.1446

 9. Wyatt TA, Bailey KL, Simet SM, Warren KJ, Sweeter JM, DeVasure JM, et al. Alcohol potentiates RSV-mediated injury to ciliated airway epithelium. Alcohol. (2019) 80:17–24. doi: 10.1016/j.alcohol.2018.07.010

 10. Greenbaum A, Chaves SS, Perez A, Aragon D, Bandyopadhyay A, Bennett N, et al. Heavy alcohol use as a risk factor for severe outcomes among adults hospitalized with laboratory-confirmed influenza, 2005-2012. Infection. (2014) 42:165–70. doi: 10.1007/s15010-013-0534-8

 11. Happel KI, Nelson S. Alcohol, immunosuppression, and the lung. Proc Am Thorac Soc. (2005) 2:428–32. doi: 10.1513/pats.200507-065JS

 12. Alberca RW, Lima JC, de Oliveira EA, Gozzi-Silva SC, Ramos YÁL, de Andrade MMS, et al. COVID-19 disease course in former smokers, smokers and COPD patients. Front Physiol. (2021) 11:637627. doi: 10.3389/fphys.2020.637627

 13. Zhong R, Chen L, Zhang Q, Li B, Qiu Y, Wang W, et al. Which factors, smoking, drinking alcohol, betel quid chewing, or underlying diseases, are more likely to influence the severity of COVID-19? Front Physiol. (2020) 11:623498. doi: 10.3389/FPHYS.2020.623498

 14. Dai M, Tao L, Chen Z, Tian Z, Guo X, Allen-Gipson DS, et al. Influence of cigarettes and alcohol on the severity and death of COVID-19: a multicenter retrospective study in Wuhan, China. Front Physiol. (2020) 11:588553. doi: 10.3389/FPHYS.2020.588553

 15. Bongiovanni D, Klug M, Lazareva O, Weidlich S, Biasi M, Ursu S, et al. SARS-CoV-2 infection is associated with a pro-thrombotic platelet phenotype. Cell Death Dis. (2021) 12:1–10. doi: 10.1038/s41419-020-03333-9

 16. Wang L. C-reactive protein levels in the early stage of COVID-19. Med Mal Infect. (2020) 50:332–4. doi: 10.1016/j.medmal.2020.03.007

 17. Sharifpour M, Rangaraju S, Liu M, Alabyad D, Nahab FB, Creel-Bulos CM, et al. C-Reactive protein as a prognostic indicator in hospitalized patients with COVID-19. PLoS ONE. (2020) 15:e0242400. doi: 10.1371/journal.pone.0242400

 18. Yildiz H, Yombi JC, Castanares-Zapatero D. Validation of a risk score to predict patients at risk of critical illness with COVID-19. Infect Dis. (2020) 53:137–8. doi: 10.1080/23744235.2020.1823469

 19. Liu J, Liu Y, Xiang P, Pu L, Xiong H, Li C, et al. Neutrophil-to-lymphocyte ratio predicts critical illness patients with 2019 coronavirus disease in the early stage. J Transl Med. (2020) 18:206. doi: 10.1186/s12967-020-02374-0

 20. Lian J, Jin C, Hao S, Zhang X, Yang M, Jin X, et al. High neutrophil-to-lymphocyte ratio associated with progression to critical illness in older patients with COVID-19: a multicenter retrospective study. Aging. (2020) 12:13849–59. doi: 10.18632/aging.103582

 21. Middleton EA, He X-Y, Denorme F, Campbell RA, Ng D, Salvatore SP, et al. Neutrophil extracellular traps (NETs) contribute to immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood. (2020) 136:1169–79. doi: 10.1182/blood.2020007008

 22. Alberca RW, de Andrade MMS, Castelo Branco ACC, Pietrobon AJ, Pereira NZ, Fernandes IG, et al. Frequencies of CD33+ CD11b+ HLA-DR- CD14- CD66b+ and CD33+ CD11b+ HLA-DR- CD14+ CD66b- cells in peripheral blood as severity immune biomarkers in COVID-19. Front Med. (2020) 7:580677. doi: 10.3389/FMED.2020.580677

 23. Zhang B, Zhou X, Zhu C, Song Y, Feng F, Qiu Y, et al. Immune phenotyping based on the neutrophil-to-lymphocyte ratio and IgG level predicts disease severity and outcome for patients with COVID-19. Front Mol Biosci. (2020) 7:157. doi: 10.3389/fmolb.2020.00157

 24. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of immune response in patients with coronavirus 2019 (COVID-19) in Wuhan, China. Clin Infect Dis. (2020) 71:762–8. doi: 10.1093/cid/ciaa248

 25. Langford BJ, So M, Raybardhan S, Leung V, Westwood D, MacFadden DR, et al. Bacterial co-infection and secondary infection in patients with COVID-19: a living rapid review and meta-analysis. Clin Microbiol Infect. (2020) 26:1622–9. doi: 10.1016/j.cmi.2020.07.016

 26. Liu J, Li H, Luo M, Liu J, Wu L, Lin X, et al. Lymphopenia predicted illness severity and recovery in patients with COVID-19: A single-center, retrospective study. PLoS ONE. (2020) 15:e0241659. doi: 10.1371/journal.pone.0241659

 27. Lombardi A, Trombetta E, Cattaneo A, Castelli V, Palomba E, Tirone M, et al. Early phases of COVID-19 are characterized by a reduction in lymphocyte populations and the presence of atypical monocytes. Front Immunol. (2020) 11:560330. doi: 10.3389/fimmu.2020.560330

 28. Qin S, Jiang Y, Wei X, Liu X, Guan J, Chen Y, et al. Dynamic changes in monocytes subsets in COVID-19 patients. Hum Immunol. (2020) 82:170–6. doi: 10.1016/j.humimm.2020.12.010

 29. Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat Rev Immunol. (2011) 11:762–74. doi: 10.1038/nri3070

 30. Rodriguez L, Pekkarinen PT, Lakshmikanth T, Tan Z, Consiglio CR, Pou C, et al. Systems-level immunomonitoring from acute to recovery phase of severe COVID-19. Cell Reports Med. (2020) 1:100078. doi: 10.1016/j.xcrm.2020.100078

 31. De Roux A, Cavalcanti M, Marcos MA, Garcia E, Ewig S, Mensa J, et al. Impact of alcohol abuse in the etiology and severity of community-acquired pneumonia. Chest. (2006) 129:1219–25. doi: 10.1378/chest.129.5.1219

 32. Jerrells TR, Pavlik JA, DeVasure J, Vidlak D, Costello A, Strachota JM, et al. Association of chronic alcohol consumption and increased susceptibility to and pathogenic effects of pulmonary infection with respiratory syncytial virus in mice. Alcohol. (2007) 41:357–69. doi: 10.1016/j.alcohol.2007.07.001

 33. Li X, Xu S, Yu M, Wang K, Tao Y, Zhou Y, et al. Risk factors for severity and mortality in adult COVID-19 inpatients in Wuhan. J Allergy Clin Immunol. (2020) 146:110–8. doi: 10.1016/j.jaci.2020.04.006

 34. Pasala S, Barr T, Messaoudi I. Impact of alcohol abuse on the adaptive immune system. Alcohol Res. (2015) 37:185–97.

 35. Szabo G. Monocytes, alcohol use, and altered immunity. Alcohol Clin Exp Res. (1998) 22:216S–9S. doi: 10.1111/j.1530-0277.1998.tb04005.x

 36. Lippai D, Bala S, Catalano D, Kodys K, Szabo G. Micro-RNA-155 deficiency prevents alcohol-induced serum endotoxin increase and small bowel inflammation in mice. Alcohol Clin Exp Res. (2014) 38:2217–24. doi: 10.1111/acer.12483

 37. Marshall SA, McKnight KH, Blose AK, Lysle DT, Thiele TE. Modulation of binge-like ethanol consumption by IL-10 signaling in the basolateral amygdala. J Neuroimmune Pharmacol. (2017) 12:249–59. doi: 10.1007/s11481-016-9709-2

 38. Litwinowicz K, Choroszy M, Waszczuk E. Changes in the composition of the human intestinal microbiome in alcohol use disorder: a systematic review. Am J Drug Alcohol Abuse. (2020) 46:4–12. doi: 10.1080/00952990.2019.1669629

 39. Saltzman ET, Palacios T, Thomsen M, Vitetta L. Intestinal microbiome shifts, dysbiosis, inflammation, and non-alcoholic fatty liver disease. Front Microbiol. (2018) 30:61. doi: 10.3389/fmicb.2018.00061

 40. Zuo T, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, et al. Alterations in gut microbiota of patients with COVID-19 during time of hospitalization. Gastroenterology. (2020) 159:944–55.e8. doi: 10.1053/j.gastro.2020.05.048

 41. Gupta S, Parker J, Smits S, Underwood J, Dolwani S. Persistent viral shedding of SARS-CoV-2 in faeces – a rapid review. Color Dis. (2020) 22:611–20. doi: 10.1111/codi.15138

 42. Alberca GGF, Solis-Castro RL, Solis-Castro ME, Alberca RW. Coronavirus disease−2019 and the intestinal tract: An overview. World J Gastroenterol. (2021) 27:1255–66. doi: 10.3748/wjg.v27.i13.1255

 43. Anand S, Mande SS. Diet, microbiota and gut-lung connection. Front Microbiol. (2018) 19:2147. doi: 10.3389/fmicb.2018.02147

 44. Gibson A Woodside JV Young IS Sharpe PC Mercer C Patterson CC . Alcohol increases homocysteine and reduces B vitamin concentration in healthy male volunteers - A randomized, crossover intervention study. QJM. (2008) 101:881–7. doi: 10.1093/qjmed/hcn112

 45. Clugston RD, Blaner WS. The adverse effects of alcohol on vitamin A metabolism. Nutrients. (2012) 4:356–71. doi: 10.3390/nu4050356

 46. Lieber CS. Alcohol: its metabolism and interaction with nutrients. Annu Rev Nutr. (2000) 20:395–430. doi: 10.1146/annurev.nutr.20.1.395

 47. Penkert RR, Smith AP, Hrincius ER, McCullers JA, Vogel P, Smith AM, et al. Effect of Vitamin A deficiency in dysregulating immune responses to influenza virus and increasing mortality rates after bacterial coinfections. J Infect Dis. (2020). doi: 10.1093/infdis/jiaa597. [Epub ahead of print].

 48. Schmidt R, Luboeinski T, Markart P, Ruppert C, Daum C, Grimminger F, et al. Alveolar antioxidant status in patients with acute respiratory distress syndrome. Eur Respir J. (2004) 24:994–9. doi: 10.1183/09031936.04.00120703

 49. Dancer RCA, Parekh D, Lax S, D'Souza V, Zheng S, Bassford CR, et al. Vitamin D deficiency contributes directly to the acute respiratory distress syndrome (ARDS). Thorax. (2015) 70:617–24. doi: 10.1136/thoraxjnl-2014-206680

 50. Ali N. Role of vitamin D in preventing of COVID-19 infection, progression and severity. J Infect Public Health. (2020) 13:1373–80. doi: 10.1016/j.jiph.2020.06.021

 51. Radujkovic A, Hippchen T, Tiwari-Heckler S, Dreher S, Boxberger M, Merle U. Vitamin D deficiency and outcome of COVID-19 patients. Nutrients. (2020) 12:2757. doi: 10.3390/nu12092757

 52. Okuno F, Arai M, Ishii H, Shigeta Y, Ebihara Y, Takagi S, et al. Mild but prolonged elevation of serum angiotensin converting enzyme (ACE) activity in alcoholics. Alcohol. (1986) 3:357–9. doi: 10.1016/0741-8329(86)90053-4

 53. Bechara RI, Brown LAS, Eaton DC, Roman J, Guidot DM. Chronic ethanol ingestion increases expression of the angiotensin II Type 2 (AT2) receptor and enhances tumor necrosis factor-alpha- and angiotensin II-induced cytotoxicity via AT2 signaling in rat alveolar epithelial cells. Alcohol Clin Exp Res. (2003) 27:1006–14. doi: 10.1097/01.alc.0000071932.56932.53

 54. Castelo Branco ACC, Sato MN, Alberca RW. The possible dual role of the ACE2 receptor in asthma and SARS-COV2 infection. Front Cell Infect Microbiol. (2020) 10:550571. doi: 10.3389/FCIMB.2020.550571

 55. Jacobs M, van Eeckhoutte HP, Wijnant SRA, Janssens W, Brusselle GG, Joos GF, et al. Increased expression of ACE2, the SARS-CoV-2 entry receptor, in alveolar and bronchial epithelium of smokers and COPD subjects. Eur Respir J. (2020) 56:2002378. doi: 10.1183/13993003.02378-2020

 56. Alberca RW, Yendo T, Aoki V, Sato MN. Asthmatic patients and COVID-19: different disease course? Allergy. (2020) 76:963–5. doi: 10.1111/all.14601

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 © 2021 Alberca, Rigato, Ramos, Teixeira, Branco, Fernandes, Pietrobon, Duarte, Aoki, Orfali and Sato. 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.





REVIEW

published: 18 June 2021

doi: 10.3389/fimmu.2021.649359

[image: image2]


COVID-19 Severity in Obesity: Leptin and Inflammatory Cytokine Interplay in the Link Between High Morbidity and Mortality


Radheshyam Maurya 1*, Prince Sebastian 1, Madhulika Namdeo 1, Moodu Devender 1 and Arieh Gertler 2


1 Department of Animal Biology, School of Life Sciences, University of Hyderabad, Hyderabad, India, 2 Institute of Biochemistry, Food Science and Nutrition, The Hebrew University of Jerusalem, Rehovot, Israel




Edited by: 
Alexandros Tsoupras, University of Limerick, Ireland

Reviewed by: 
Markus Xie, Genentech, United States

Viviana Parreño, National Agricultural Technology Institute, Argentina

Matteo A. Russo, San Raffaele Pisana (IRCCS), Italy

Nicolò Merendino, University of Tuscia, Italy

*Correspondence: 
Radheshyam Maurya
 rmusl@uohyd.ac.in
  rmusl@uohyd.ernet.in

Specialty section: 
 This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Immunology


Received: 04 January 2021

Accepted: 31 May 2021

Published: 18 June 2021

Citation:
Maurya R, Sebastian P, Namdeo M, Devender M and Gertler A (2021) COVID-19 Severity in Obesity: Leptin and Inflammatory Cytokine Interplay in the Link Between High Morbidity and Mortality. Front. Immunol. 12:649359. doi: 10.3389/fimmu.2021.649359



Obesity is one of the foremost risk factors in coronavirus infection resulting in severe illness and mortality as the pandemic progresses. Obesity is a well-known predisposed chronic inflammatory condition. The dynamics of obesity and its impacts on immunity may change the disease severity of pneumonia, especially in acute respiratory distress syndrome, a primary cause of death from SARS-CoV-2 infection. The adipocytes of adipose tissue secret leptin in proportion to individuals’ body fat mass. An increase in circulating plasma leptin is a typical characteristic of obesity and correlates with a leptin-resistant state. Leptin is considered a pleiotropic molecule regulating appetite and immunity. In immunity, leptin functions as a cytokine and coordinates the host’s innate and adaptive responses by promoting the Th1 type of immune response. Leptin induced the proliferation and functions of antigen-presenting cells, monocytes, and T helper cells, subsequently influencing the pro-inflammatory cytokine secretion by these cells, such as TNF-α, IL-2, or IL-6. Leptin scarcity or resistance is linked with dysregulation of cytokine secretion leading to autoimmune disorders, inflammatory responses, and increased susceptibility towards infectious diseases. Therefore, leptin activity by leptin long-lasting super active antagonist’s dysregulation in patients with obesity might contribute to high mortality rates in these patients during SARS-CoV-2 infection. This review systematically discusses the interplay mechanism between leptin and inflammatory cytokines and their contribution to the fatal outcomes in COVID-19 patients with obesity.
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Introduction

Obesity is marked as redundant fat accumulation in the body. Obesity is considered an increased circulating fatty acid that is causing low-grade chronic inflammation due to macrophages’ chemoattraction and its expansion in the adipose tissue (1, 2). An individual with obesity presents with increased TNF-α cytokine, changed T-cell subset, and suppressed T-cell responses driving to a high possibilities of communicable diseases (3). Obesity has been shown to be associated with the production of dysregulated cytokines and augment the synthesis of acute-phase reactants, such as IL-6, IL-8, TNF-α, C-reactive protein (CRP), and monocyte chemotactic protein-1 (MCP-1) in patients with obesity and various animal models of obesity (4–7). Pre-conditioned chronic inflammation directly or indirectly impacts the immune response to infection in individuals with obesity (8). Several viruses, such as influenza A virus, Adenovirus Ad 36, cytomegalovirus (CMV), and HIV utilize adipocytes as cellular reservoirs for viral shedding (9). In the 2009 influenza pandemic, individuals with obesity exhibited more severe illness from the H1N1 virus and were reported as a nonpartisan threat for severe influenza infection and appended death (10). Many other reports have been confirmed the severity of disease and death from H1N1 influenza linked in a patient with obesity (11–13). Experimental studies have confirmed that obese mice show increased susceptibility to influenza, including increased lethality with H1N1 and H3N2 strains (14–17). A precise study of MERS-CoV cases reveals that diabetes and hypertension are equally predominant in 50% of the patients. In contrast, the chances of cardiac diseases and obesity are 30% and 16%, respectively. These conditions affect the pro-inflammatory cytokine responses, resulting in impairment of the host’s innate and humoral immune response among these patients (18). However, the critical mechanism for more inclusive COVID-19 severity and mortality in obesity remains unknown, despite how other viral infections can be providing some thought of COVID-19 illnesses and the severity of disease in an individual with obesity.

The connection between obesity and severity of viral infection, such as SARS and MERS, may be paramount in COVID-19 disease because of the genetic resemblance between the SARS-CoV-2 virus with SARS-CoV and MERS-CoV which is 80% and 50%, respectively (19). Patients with obesity in SARS-CoV-2 infection show severe clinical complications in the case of acute respiratory distress syndrome (ARDS), cardiac injury, thromboembolic disease, disseminated intravascular coagulation (DIC), and in severe chronic obstructive pulmonary disease (COPD) (20, 21). Acute lung injury (ALI) is another primary reason of severe illness and mortality among SARS-CoV-2–infected patients (22). Display of ARDS and ALI is cited as lung failure because of the hyper inflammatory response rather than the direct viral cytopathic injury (23, 24). Another important factor that could be contributing to the immune imbalance in COVID-19 patients with obesity is chronically higher adipokines, such as leptin. In influenza infection, leptin resistance is a major infection susceptibility factor in individuals with obesity by quashing the countenance of IFN-α, IFN-β, IFN-γ mRNAs, and memory T cells (25). It is thoroughly documented that leptin regulates the pro-inflammatory cytokines response to maintain the Th1/Th2 dichotomy. This review highlights the distinctive facts regarding the link between obesity and inflammation, specifically the interplay of leptin and inflammatory cytokine response leading severity and mortality among COVID-19 patients.



Obesity Linked COVID-19 Pathogenesis in Human

A study reported from China showed COVID-19 patients with body mass index (BMI) oF 28.0 ± 2.5 display severe signs of symptoms compared with patients with BMI of 21.2 ± 2.7. It also showed that a cohort of patients with obesity has a high frequency of getting severe symptoms and admitted to the intensive care unit (26). Two independent studies of hospitalized COVID-19 patients in New York City reported that obesity is one of the utmost shared comorbidities along with hypertension and diabetes and is independently linked to worse in-hospital outcomes and higher death (27, 28). A meta-analysis of pooled data of 22 and 35 independent studies showed that persons with obesity increase the probabilities of staying more in an intensive care unit by 74% and likely to have unfavorable fallouts with a 48% upsurge in deaths of COVID-19 patients, respectively (29). As leptin levels are vastly associated with obesity, there is the yet unanswered question of whether leptin alone is responsible for a bad prognosis. Preliminary data from various studies revealed that younger adults with obesity are more vulnerable to a higher risk for intubation or mortality in COVID-19 infection (30, 31). The morbidity and mortality in a young patient with obesity are mainly because of the visceral adiposity, leading to multiple organ failure in severe COVID-19 illness (32). A retrospective cohort study of 65 admitted patients aged 18 to 40 years in Zhongnan Hospital, Wuhan showed that obesity is a vital parameter to determine the severity of COVID-19 infection among young patients (33). The computed tomography (CT) analysis of visceral fat revealed that severity was linked to the accumulation of ectopic fat in several visceral organs, such as the liver, epicardial, and kidney (33, 34). Other studies that included a cross-sectional analysis of fat distribution showed that it is critical to consider BMI as a risk factor apart from the overall obesity in COVID-19 patients. CT-based quantification of fat showed the increment in the visceral fat area (VFA) and upper abdominal perimeter augmented the COVID-19 severity in patients (35).

The SARS-CoV-1 and SARS-CoV-2 virus entry into the adipocytes is mediated through the membrane protein angiotensin-converting enzyme 2 (ACE2) receptor (36, 37). It is vastly expressed in vascular tissues, such as the lungs and adipose tissue (38). ACE2 is expressed by a majority of cells in human at varying levels, including the intestinal enterocytes, liver, heart, and kidneys (39). The SARS-CoV-2 virus binds to the ACE2 receptors present in the host’s cell membrane. Subsequently, transmembrane serine protease (TMPRSS2) cleaves the viral capsid spike (S) protein and favoring the viral particle to infiltrates into host cells (40). The ACE2 expression in adipocytes appears to be stimulated by high-fat diets (41, 42). Adipocytes of individuals with obesity express a high level of ACE2 receptor, shedding more viral load than lean individuals, which exacerbate the susceptibility and severity of patients during COVID-19 infection (43–45). Several reports suggest that drugs used to treat patients with obesity complications (antihypertensives, statins, thiazolidinediones) could induce the overexpression of ACE2 receptor in adipocytes, leading to more viral uptake and severity of the disease (46–48) (Figure 1). Similarly, various extracellular vehicles (EVs) could also carry viral particles and ACE2 receptors from infected to healthy cells that could enhance COVID-19 susceptibility (43, 49). Fatty adipocytes in the visceral depots allow the SARS-CoV-2 entry through the ACE2 receptor (50), resulting in necrotic death of adipocytes in AT, which leads to a meta-inflammatory condition called fat embolism syndrome (FES). Strikingly, lung autopsy of an overweight patient with COVID-19 infection showed fat embolism macrophages infiltration in the AT (51, 52). The significant increase of inflammatory biomarkers, such as serum amyloid A, IL-6, and CRP in severe COVID-19 patients (53), are directly or indirectly linked to adipocytes with sub-clinical low-grade inflammation that further exacerbates COVID-19 severity in individuals with obesity (54, 55). Adipocytes is known to secrete leptin, which is an imperative mark of obesity and is directly proportional to body fat mass. Leptin involves distinct endocrine, paracrine, and autocrine signaling mechanism and cytokine-mediated inflammatory changes in the body (56). Therefore, leptin could play a significant role in developing severe COVID-19 infection in patients with obesity.




Figure 1 | Schematic representation of extra pulmonary viral shedding and adipose tissue (AT) inflammation in COVID-19 patients with obesity. Angiotensin-converting enzyme 2 (ACE2) receptor in the lung epithelial cells recognizes the COVID-19 spike protein and the virus with receptor taken into the cells by receptor-mediated endocytosis. Then, viral RNA integrates into the host genome for viral replication and assembly. The free viral particles inside the host cell are released through exocytosis to infect healthy cells. Extracellular vesicles (EVs) containing viral proteins, and ACE2 receptors are also carried over to cells of extra pulmonary fatty visceral organs. The fatty adipose tissue in patients with obesity is a link to extra pulmonary viral shedding through the ACE2 expressing adipocytes. The adipocytes in the fatty AT of visceral organs (liver, heart, and kidney) act as a reservoir for viral replication and assembly. Apoptotic and necrotic death of the virus inside the adipocytes leads to meta-inflammation and subsequent fat embolism syndrome (FES) in COVID-19 patients with obesity.





Adipose Tissue Linked Inflammation

Adipose tissue is typically heeded as an inert tissue and functionally considered as an energy store house. It also deeds a central role in the immune and endocrine function that regulates inflammatory responses against infection. Visceral adiposity is associated with metabolic disorder and is recognized as a high-risk factor during SARS-CoV-2 infections (34). However, the exact mechanisms lying behind it are partly explained. Adipose tissue–linked inflammation is marked by the secretion of inflammatory cytokines, such as TNF-α, IL-6, and IL-1, from adipocytes and resident macrophages in adipose tissue (2). However, a typical feature of adipose tissue is adipocyte hypertrophy due to the accumulation of extended fat droplets. Adipocytes can reach a diameter of 150 to 200 microns in size, which limits the diffusion/exchange of gas (O2/CO2) in the adipose tissue. This produces a progressive local hypoxia by activating the hypoxia-inducible factor 1α (HIF-1α) and NF-κβ expression (57). The HIF-1α is a molecular sensor of hypoxia, and it transactivates the leptin gene expression by HIF-1α transcription-dependent activity (58). In addition to this, hundreds of immuno-inflammatory-reparative genes are also expressed, profoundly changing the adipocyte phenotype and functionality. Leptin is a product of a hypoxia-inducible gene, and hypoxia differentiates the preadipocytes into leptin secreting endocrine cells in an mTOR-dependent manner. Preadipocyte-derived leptin activates inflammatory cytokines by a specific local autocrine/paracrine signaling (57, 59) (Figure 2).




Figure 2 | Schematic representation of the effects of Hypoxia and Leptin on pro-inflammatory cytokine response in adipose tissue (AT). The effect of low O2 tension on the production of adipokines in hypoxia condition. The adipocyte in the adipose tissue release leptin, which induces the release of pro-inflammatory cytokine by endocrine, paracrine, and autocrine in the AT. Leptin induces Th1 cells, and it inhibits T regulatory cells (Treg cells) and induces Th17 cells differentiation to produce IL-2 and IFN-γ. Leptin directly activates macrophages, dendritic cells (DC), and natural killer (NK) cells to produce pro-inflammatory cytokines, such as IL-6, IL-1, and TNF-α. Adipocyte-derived leptin induces the adipocytes to produce pro-inflammatory cytokines (IL-6, IL-1, and TNF-α) through autocrine signaling.



Adipocytes also secrete numerous adipocytokines, such as adiponectin, resistin, visfatin, and leptin. These molecules are believed to be linked with insulin resistance, inflammatory disorders, and obesity (60–62). Adiponectin plays a vital role in the secretion of anti-inflammatory cytokines, like IL-10 and IL-1 receptor antagonist (IL-1RA), by inducing the monocytes, macrophages, and dendritic cells (DCs). Adiponectin also plays a significant role in suppressing the interferon-γ (IFN-γ) secretion in LPS-stimulated macrophages (63, 64). Human resistin incites the secretion of the proinflammatory cytokines TNF-α, IL-1, IL-6, and IL-12 by several immune cell via NF-κB–dependent pathway (65, 66). It also upregulates the expression of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and CC-chemokine ligand-2(CCL-2) by human endothelial cells to release endothelin-1 (67). Serum amyloid A is another adipokines produced by adipocytes that enhances inflammatory cytokines production in individuals with obesity (68).

The primary function of leptin is to regulate appetite and energy (60). Nonetheless, leptin is also thought to be a proinflammatory cytokine, and it has a structural similarity with other inflammatory cytokines, such as IL-6, IL-12, and granulocyte colony-stimulating factor. Leptin promotes the migration of resident macrophages in the AT and stimulates their polarization toward a proinflammatory profile or a classically activated macrophage (M1) phenotype. It overturns the T helper cell phenotype by diminishing regulatory T-cells (Treg) activity and favoring Th17 polarization (69). Leptin modulates macrophage and T-cell function through the activation JAK-STAT pathway, leading to immune dysregulation and proinflammatory cytokine production (70, 71). Hyperleptinemia is another complication due to leptin resistance or leptin-impaired signaling. It interferes with the leptin receptor, contributing to the inflammatory response in obesity (72). Moreover, various other fatty tissue products have been characterized, such as TNF-α, IL-6, IL-1, CCL2, and plasminogen activator inhibitor type-1, which play a crucial role in immune dysregulation in individuals with obesity (68). Therefore, adipocyte interactions with immune cells (Figure 2) could be facilitating the disease severity in COVID-19 patients linked with obesity.



Leptin Dysregulation Linked to Cytokine Storm in COVID-19 Infection

Leptin is a non-glycosylated 16-kDa protein encoded by the obese (ob) gene and mainly secreted by adipocytes to the circulation. Leptin acts as a pleiotropic protein, like hormone, as well as a cytokine. The circulatory leptin binds to the long form of the leptin receptor (Lep-R), class I receptor cytokine family mediates the phosphorylation and activation of STAT3 signaling pathway (71, 73). Lep-R is expressed in most of the immune cells, and leptin binds and triggers the immune response mainly through the JAK-STAT– and NF-kB–dependent pathway (69, 71, 74). Leptin functions in immune response have been confirmed in leptin-deficient (ob/ob) and leptin receptor-deficient (db/db) mice (75–77). The genetically leptin-deficient or leptin-resistant animals or humans develop profound obesity because of hormonal and immune system abnormalities (77–79). Leptin secretion in individuals with obesity is chronically higher than lean subjects. The higher level of pro-inflammatory leptin and lower anti-inflammatory adiponectin ratio could be contributing to the obesity-associated complication due to biased immune response (80). Leptin can tempt the stimulation and proliferation of various immune cells, including circulating monocytes, natural killer cells (NK) cells, and T helper cells by increasing the release of inflammatory cytokines, such as TNF−α, IL−1, and IL−6 (81–83). Leptin has structural homology with the long-chain helical family’s cytokines, such as IL-6, IL-11, IL-12 cytokine, and oncostatin M (84). Leptin has a shared signal-transducing peptide portion for the IL-6-related cytokines, such as IL-6, IL-11, leukocyte inhibitory factor (LIF), and granulocyte colony-stimulating factor (GCSF) (69, 85). Along with these, certain inflammatory and infectious stimuli are also enhancing the leptin expression, such as TNF-α, IL-1, IL-6, and lipopolysaccharide (LPS) (86). Therefore, the crucial question is whether or not the cytokine storm in COVID-19 patients with obesity is linked to leptin dysregulation.

Adipocytes engage in a cross-talk with various immune cells and could be directly involved in their activation and proliferation, resulting in the production of inflammatory cytokines (87, 88). Adipocytes add nearly one third of the IL-6 concentration to the circulation, along with macrophages that are recruited into the AT by leptin (89). IL-6 is the foremost cytokine in acute phase inflammation, an innate immune response elicited by infection. IL-6 also plays an indispensable role in improving acquired immunity against pathogens, including cytokine and chemokine expressions, stimulation of antibody production from B cells, macrophage regulation, and dendritic cell differentiation (90, 91). The macrophage deposition and its chronic activation cause the abnormal secretion of IL-6, TNF-α during SARS-CoV-2 infection in a patient with obesity (51, 92). An altered pro-inflammatory profile and hyperleptinemia lead to thrombotic risk in these patients that are linked to coagulation of blood, resulting in visceral organ failures (90, 93). In addition, leptin modulates the gene expression in cardiomyocytes via hypoxia-mediated HIF-1α factors, which is the leading cause of heart ischemia (94). In a recent cross-sectional study in 31 COVID-19–positive patients, interestingly, the serum leptin levels of ventilated patients were significantly higher compared with the control groups (95). Adipocyte dysfunction linked to leptin could be contributing to the expansion of ARDS in COVID-19 patients. Therefore, a strong possibility of neutralizing the circulatory leptin could control the hyper cytokine responses that are linked to obesity in COVID-19 patients.



Interplay Between Leptin and IL-6 in COVID-19 Infection

Severe COVID-19 patients show an expressively higher serum IL-6 than those with mild infection (96). High level of IL-6 is also another key signature of severe SARS-CoV, MERS-CoV, and pandemic H1N1 influenza A viral infections (97–99) In individuals with obesity, adipocytes secrete pleiotropic leptin and pleiotropic adipocyte-specific IL-6 cytokine (91, 100). IL-6–mediated inflammation in obesity is source-specific, and the IL-6 secreted by adipocytes or infection of non-resident adipocyte cells, including adipose tissue macrophage (ATM) and T cells in a non-canonical mechanism (101). Visceral adipose tissue (VAT) produces higher inflammatory cytokines (TNF-α, IL-6, and IL-1β) in comparison to subcutaneous adipose tissue (102), suggesting that cytokine storm in COVID-19 infection could be independent of obesity. IL-6 is released from adipocytes, either binding to a soluble or membrane-bound receptor, and forms an IL-6 ligand/receptor complex. IL-6 is also associated with a homodimer of glycoprotein 130 for downstream signaling in adipocytes (103, 104). Leptin and IL-6 act in agreement with partly sharing a common downstream target mediated by phosphorylation of STAT3 in ventromedial hypothalamic leptin signaling (105, 106). Furthermore, the structural and functional similarity of leptin and IL-6 receptor-mediated signaling in-vitro showed that both are activating the JAK-STAT pathway (82, 107). Leptin induces IL-6 expression through the binding to the leptin receptor (LEPR) and activates JAK2/STAT-3–dependent phosphorylation of IRS-1, PI3K, Akt signaling pathway (72). The binding of p65 and p50 transcription factor to the NF-κB element enhances the recruitment of p300 to the IL-6 promoter, resulting in up-regulation of IL-6 expression (91, 104). Conversely, IL-6 upregulates the expression of TNF-α and IL-1 through JAK/STAT-dependent phosphorylation of PKA signaling pathway (108). The dose-dependent effects of TNF-α and IL-1 cytokines on leptin gene overexpression revealed that their anorectic effects might be arbitrated in bit by expression of the leptin gene in the adipocyte (82, 109). Leptin also inhibits the apoptosis through the activation of PI3K-dependent Bcl-2 and Bcl-xL signaling pathways (110). The high leptin concentration in serum is correlated with incremental death in patients with ARDS caused by an infectious agent (111). It has also been stated that leptin induces an inflammatory phenotype in murine alveolar macrophages, hinting that a higher concentration of leptin in obesity might be potentiating the incidence of pulmonary inflammation in COVID-19 infection (112). The dysregulation of leptin in COVID-19 patients could be linked to IL-6 cytokine signaling because it shares the IL-6 receptors. The mechanism of leptin and IL-6 signaling pathways are summarized in Figure 3.




Figure 3 | Signal transduction cascades of leptin and IL-6 interplay in inflammation. Leptin binding to the long-form leptin receptor (LRb or gp130R) results in the activation of the Janus kinase 2 (JAK2) signaling pathway by autophosphorylation, which subsequently phosphorylates tyrosine 985 and 1138 residues of the intracellular receptor tail. The phosphorylated Tyr 1138 activates the transcription factor STAT3. The activated JAK/STAT3 activates IRS1 and PI3K downstream signaling pathway, which recruits NF-kB complex (P50, P65/c-Rel, IkB), resulting in the transcription of IL-6 expressing genes in the nucleus. JAK/STAT3 directly activates PI3k inhibits apoptosis by the activation of anti-apoptotic factors (BCL-2, BCL-XL). Pleiotropic leptin and IL-6 follow similar signaling through gp130R and gp130Rβ, respectively. Leptin-induced IL-6 binding to the gp130Rβ results in the activation of JAK/STAT followed by the activation of PKA- and MAPK-mediated Elk phosphorylation. The phosphorylated Elk induces the transcription factors for TNF-α and IL-1. IL-6–mediated TNF-α and IL-1 induce the production of leptin from adipocytes.



Another interesting study showed that leptin and IL-6 induce anorexia by acting on the lateral parabrachial nucleus (lPBN) in the brain, suggesting that targeting leptin might be controlling the IL-6 signaling in individuals with obesity (113). The elevated level of IL-6 in serum due to increased production of adipokines leads to induce low-grade chronic inflammation (114). Although high IL-6 in COVID-19 infection has a prominent role in inflammation linked mortality, recent studies showed that colchicine treatment decreased the concentrations of multiple inflammatory molecules, including IL-6, CRP, and resistin in patient with obesity (115). Tocilizumab is used to treat cytokine release syndrome (CRS) in patients with cancer treated with chimeric antigen receptor-modified (CAR) T cells. It inhibits the expression of IL-6 through the blocking of the IL-6, receptor resulting in inhibitions of proinflammatory cytokine, such as TNF-α, IL-1, and IFNγ (116, 117). In an early pandemic, it was reported that IL-6 plays a significant role in the cytokine storm in COVID-19 patients, opening new hopes to treat the cytokine storm by blocking the IL-6 cytokine receptor. However, later on, multicenter studies reported that there is no significant improvement after blocking the IL-6 receptor in these patients (118). Subsequently, IL-6 is not the only cytokine, several other cytokines, such as TNF-α, IL-1, and IL-8, have also been elevated in CRS and are equally important in acute inflammatory reactions that contribute to tissue injury. TNF-α and IL-1 blockade might be another probable therapeutic approach to restrained organ damage in patients with SARS-CoV-2 infection (119, 120). In vitro studies showed that adiponectin also inhibits IL-6 expression by murine pulmonary endothelial cells and reduces lung inflammation in mice during ARDS induced by bacterial liposaccharides (121). However, data if adipokines can regulate pulmonary inflammation in COVID-19 infection are lacking so far. Despite the fact that blocking the specific cytokines could be a strategy to treat COVID-19 patients, there is a possibility it may lead to severe outcomes. Therefore, the bidirectional interplay of cytoadipokines might play a role in non-specific immune response, such as cytokine storm in obesity-related mortality in severe COVID-19 patients.



Prospective of LeptinTreatment in COVID-19 Infection

Because obesity is strongly correlated with poor prognosis in COVID-19 infection and because hyperleptinemia is characteristic of obesity, we suggest that a possibility lowering leptin activity may improve such bad prognosis. This can be achieved by blocking leptin action using leptin receptor antagonists (L39A/D40A/F41A mutants of human/mouse/rat/ovine leptins) (122) developed by our groups. The antagonistic activity of those mutants was up to 60-fold elevated by additional mutation (D23L), resulting in a respective super active D23L/L39A/D40A/F41A mutants (123). In view of the potential pharmaceutical uses of recombinant leptin mutants acting as antagonists, the basic question of how the biopotency of recombinant proteins can be elevated in vivo needs to be investigated. The capability of a hormone or hormone antagonists to elicit a biological effect in vivo depends not only on the affinity for its receptor but also on its clearance from the circulation. The measured half-life in circulation of leptin is or leptin antagonist only ~ 60 min (123, 124). As kidney-mediated clearance is mostly reliant on molecular mass and proteins greater than 70 to 80 kDa are cleared at a remarkably slower rate, increasing protein size will prolong its in vivo half-life. This can be attained by increasing the size of the hormone without affecting its activity, via attachment of polyethylene glycol (PEG) molecule. Therefore, to extend the biological activity of those mutants in animals by prolonging their in vivo half-life in circulation, they were mono-pegylated at their amino-terminus by 20-kDa PEG (123, 124) and termed PEG-SMLA (mouse) or PEG-SHLA (human) or PEG-SRLA (rat). Although the molecular weight of those analogs is ~ 36 kDa, due to the very large hydrodynamic volume of PEG, they behave like 220-kDa proteins, and their half-life in mice circulation was extended to ~ 14 to 15 h. The in vivo effect of those mono-pegylated analogs was well-documented in Prof. Gertler’s and in other laboratories (125–129). By applying different amounts of leptin antagonists, it is possible to control the leptin activity in serum.



Conclusion

The interplays between leptin and inflammatory cytokine response that regulate the immune-metabolic feats of leptin on immune cells are required to explore the insight of their relation. The past two decades of studies about leptin reveals that adipose tissues play a crucial role in regulating metabolism and immune cell function. Adipose tissue inflammation is marked by infiltration of immune cells, such as lymphocytes, macrophages, dendritic cells, and neutrophils into it. Leptin expands the monocyte, macrophage, and T-cell proliferation by enhancing inflammatory cytokines secretion. Leptin also plays a major role in the anorexia and cachexia condition of inflammatory diseases caused by pathogens, collagen vascular disease, and even cancer. However, chronic inflammation, either from autoimmune or infectious diseases, or impaired leptin response to CNS (hypothalamus)/leptin resistance, induce resistance to the weight control, which is a leading cause of obesity and anorexia. The absence of leptin triggers the immune defects that eventually translate into exaggerated death due to infections. Therefore, high circulating leptin might involve dysregulation of proinflammatory cytokine in obesity, which is the leading cause of high morbidity and mortality in patients with SARS-CoV-2 infection. Individuals with obesity suggest that metabolic consequences of obesity compromise host antiviral defenses, leading to critical outcomes from infection. This could be one of the reasons why the virus has taken its toll to damaged individuals with obesity more aggressively. Therefore, more studies in the mechanism of leptin are warranted to investigate the immune response in COVID-19 patients with obesity.
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We aim to assess the beneficial effects of the Mediterranean style-diet before and after the period of confinement due to COVID-19 in a sample of 51 older patients who were part of a clinical trial of the Instituto de Investigación sanitaria y Biomédica de Alicante (ISABIAL, CEIM). Participants were randomly assigned to two conditions: experimental vs. a control group. A pre-test survey assessment was conducted before confinement, while a post-test survey was conducted after the confinement period. Adherence to Mediterranean Diet and nutritional status were evaluated through self-reported questionnaires. Individuals who initiated the Mediterranean Diet intervention program before confinement increased 3.5% their level of adherence to the Mediterranean Diet and maintained their nutritional status after the confinement. In the case of BMI, there no were statistically significant differences between groups before and after confinement. These results suggest that adherence to the Mediterranean Diet may play an important role in the establishment of appropriate dietary guidelines in confinement situations such as the COVID-19.
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INTRODUCTION

The Coronavirus disease (SARS-COV2), initially originated in the Chinese city of Wuhan in late 2019, has become a global health alarm due to its high infection potential and rapid spread. This situation has led governments of most nations around the world, including Spain, to take exceptional measures, such as the state of alarm, confining the entire population to their homes to control the progress of the contagionS (1).

The limitation of the social and personal life of the population has had a significant impact on people's health, especially in terms of habits of physical activity, psychological health levels, and eating patterns. Different studies have shown that the lockdown produced by the SARS-COV2 disease has triggered levels of anxiety, depression, perceived stress, and fear in the population, and has led to greater alterations in food and nutritional status in general (2, 3). These lifestyle changes caused by the lockdown can increase the risk of developing pathologies traditionally associated with populational sedentary lifestyles such as obesity, type II diabetes, cardiovascular disease, or chronic degenerative diseases (4). These diseases are particularly prevalent in the group of older people, who are more vulnerable, due to physiological changes caused by age in different systems such as basal metabolism, digestive system, cardiovascular system, nervous system, and motor system (5, 6).

Hence, the importance of maintaining an active lifestyle and healthy eating habits has been highlighted, especially in situations of confinement (7). In this sense, one of the best dietary patterns with the greatest health benefits is the Mediterranean Diet (MD) model. The evidence accumulated to date suggests that the MD plays a protective role in the prevention of numerous pathologies. The MD is characterized by being rich in fruits and vegetables, legumes, whole grains, nuts, and olive oil; because it is moderate in dairy, fish and lean meats and because it includes occasional consumption of red meats and derivatives and processed foods. Besides, the MD pattern is also characterized by having a social nature, that is, eating at the table with family, sharing experiences, respecting local gastronomy and seasonal products, as well as promoting an active lifestyle (8).

The benefits of the MD have been highlighted in numerous individual studies and meta-analyses showing that it reduces mortality rates by 8%, the risk of developing cardiovascular disease by 10%, and other diseases by 4% (9). The MD has also been shown to have a protective effect against the development of some cancers and the delay in the onset of neurodegenerative diseases associated with aging (10). The MD has been considered to be the most beneficial diet due to anti-inflammatory and antioxidative properties, particularly during aging. For example, the effect of the Mediterranean Diet on Metabolic Health has been found in a recent meta-analysis of controlled trials of 36,983 participants, which showed the beneficial changes in 18 of 28 metabolic syndrome components (11). Also, a recent meta-analysis of cross-section studies comparing 13,733 participants from 5 countries has shown a positive association between adherence to the MD and longer telomere length. It has been suggested that telomere shortening is the primary cause of aging. Thus, MD may play an important role in the preservation of telomere length and longevity (12).

Thus, following a healthy diet pattern such as the Mediterranean diet, is important, given that the levels of gene expression of cytokinins can be modified according to the foods that are ingested and they may be able to modulate the inflammatory processes, oxidative stress, and telomere length related which have been associated with aging and multiples diseases including COVID-19. There is evidence showing that the key to the Mediterranean diet in modulating the inflammatory response is due to the MD is characterized by low cholesterol levels, high levels of antioxidants from fruits and vegetables and high content of monounsaturated fatty acids and polyunsaturated precedents from olive oil, nuts, and oily fish (13).

From this perspective of promoting Mediterranean health and lifestyle, the objective of this work was to determine the degree of adherence to the MD and the changes in nutritional status before and after the lockdown in a sample of older citizens residing in the Spanish Mediterranean. To date, the PREDIMED multicenter, randomized prevention trial is the most important study conducted in Spain that demonstrates the benefits of the MD diet on health and in particular in cardiovascular disease (14). A previous study conducted in Spain has demonstrated that the COVID-19 confinement in Spain has led to the adoption of better healthy dietary habits, including a higher adherence to the MedDiet (15). However, a more recent work has also found that the consumption of unhealthy food has also increased during the pandemic situation caused by the COVID-19 infection in Spain (4).

Given the previous positive findings of the MD we hypothesize that individuals who initiated an intervention program based on the benefits of the MD before the lockdown will show adequate adherence to the MD and maintenance of their nutritional status. To confirm this hypothesis, we evaluated a sample of 51 patients who were part of the clinical trial of the Alicante Institute for Health and Biomedical Research (ISABIAL, CEIM).



MATERIALS AND METHODS


Sample and Procedure

The sample included 51 older people from the Mediterranean city of Alicante (Spain). Participants ranged in age from 60 to 74 years (M = 65, SD = 4, 67). Inclusion criteria were: (1) being over 60 years of age and having attended the scheduled consultation of the health care professional of the health center, (2) having a Body Mass Index (BMI) >25 Kg/m2. Exclusion criteria were: patients with a score of 3 or more errors (if they had studies) in the Pfeiffer's Short Portable Mental Status Questionnaire which evaluates the cognitive deterioration by means of 10 questions (i.e., who is the current president?) (16) and four or more errors (no studies), having reported reading and writing difficulties, having followed dietary-nutritional treatment supervised by a nutritionist over the past year, and being considered too fragile according to medical or nursing criteria. Participants were randomly assigned to two conditions: experimental vs. control wait-list group. Ten participants were excluded from the initial sample. Five participants (2.5%) were excluded due to having followed a dietary treatment over the past year, 2 (1%) participants scored above three errors in the Pleiffer‘s questionnaire and 3 (1.5%) declined participation. The remaining 51 participants were assigned to the experimental group (n = 25; 96% females; 4% males) or the control group (n = 26; 84.6% females; 15.4% males). During the follow-up (Time 2 and Time 3), two participants from the experimental group dropped out of the intervention program and were classified as non-completers, mostly because they refused to be part of the follow-up data collection.

The study was approved by the Ethics Committee of the Instituto de Investigación Sanitaria y Biomédica de Alicante [ISABIAL (Health and Biomedical Research Institute of Alicante)] (CEIm: PI2019/057). After being informed about the study, their voluntary participation, and that they could withdraw from the study with no consequences, participants were requested to participate. Consents were obtained from the entire sample. Several additional attempts were made by the project staff to engage participants who did not return a signed form.



Experimental Design

Participants were recruited from the Department of Health Alicante—General Hospital (Spain). Demographic data, including age, sex, nationality, employment status, financial income, weight, size, BMI, and hip-waist perimeter were gathered from the participants. All participants completed a pre-/post-test battery of questionnaires which included adherence levels to the MD, anthropometric data, lifestyle, and physical activity. For the experimental group, the pre-test battery was followed by the implementation of the intervention program over the subsequent 6 months, between September 2019 and June 2020 and 3 months of follow-up. The program consisted of nine 1-h individual sessions and six 2-h group sessions distributed across 6 months. A cut-off ≥ 7 sessions of the total number of sessions was used to classify participants as completers (representing at least 80% attendance of the program).



Intervention Program

A multi-component intervention was performed for 6 months and 3 of follow-up. Participants in the experimental group received personalized training for weight management, food education, psychological support, and self-care recommendations. During the individual sessions, each participant received a menu adapted to their needs based on the MD. Besides, three group sessions were conducted. During the group sessions, general training in MD, nutritional labeling, and healthy recipes were provided Psychological support sessions throughout the intervention included issues related to self-control, anxiety management, emotional feeding, achievements, and difficulties encountered during treatment, review of weekly action plans, relaxation techniques, consolidation of the new image, cognitive distortions, change management, coping with uncertainty, and motivation to change. These sessions were conducted by highly qualified psychology professionals. For physical activity, at least 150 min per week was recommended, following the recommendations of the World Health Organization (WHO). In these sessions, in addition to the practice of physical exercise, training was included in sedentarism (epidemiology and consequences), health benefits of physical exercise, types of physical exercise, and community benefits and resources for the practice of physical exercise. The intervention program was conducted from September 2019 to March 2020. The follow-up was conducted from March to June 2020 through several methods: telephone, whatsAppTM, mail and a short electronic questionnaire which was shared via Google survey platform. Also, all participants who received the intervention were invited to participate several online courses about healthy diet during confinement within the Aula de la Salud of the University of Alicante (see https://mayoresalud.ua.es/formacion/#alimentacion).



Measures
 
Eating Habits

To determine the degree of adherence to the MD, we employed a specific short questionnaire of 14 items validated for the Spanish population and used by the Mediterranean Diet Prevention group (PREDIMED) (17). To obtain the score, each item with a positive connotation for the MD is assigned a value of +1 and, if the item has a negative connotation, it receives a value of −1. From the sum of the values obtained in the 14 items, the degree of adherence is determined, establishing two levels, such that if the total score is ≥9, the score reflects a good level of adherence and if the total sum is <9, the score shows low adherence. To determine participants' eating habits, a dietary interview was prepared, following the guidelines of the Spanish Society of Dietitians-Nutritionists.



Sociodemographic and Clinical Variables

An ad hoc questionnaire was used to collect sociodemographic, clinical, and lifestyle data. The sociodemographic data contemplated in our study were age, sex, marital status, years of schooling, and place of residence. The clinical variables studied were systolic and diastolic blood pressure, weight, and height. Finally, the lifestyle variables studied were actual alcohol consumption (never or yes on a regular basis) tobacco use (never or yes on a regular basis), and physical activity (hours/weeks).



Anthropometric Variables

Standardized methods were used to measure anthropometric data. Bodyweight was measured using a vertical mechanical scale with SECA700® sliding weights, with an accuracy of 100 g. Height was measured with an accuracy of 0.2 cm, using the vertical meter. With the data of weight in kg and height in cm, the BMI was calculated (BMI = weight/height2; that is, Kg/m2). BMI was interpreted using the WHO classification (BMI <18.8 = low weight; BMI between 18.5 and 24.99 = normal weight; BMI between 25 and 29.9 = overweight; and BMI > 30 = obesity). Body perimeters were measured in triplicate (later obtaining the mean) with an extendable tape measure. The waist perimeter measurement was performed below the rib cage and above the navel (the narrowest waist circumference). The hip perimeter was taken horizontally at the maximum extension area of the buttocks (largest posterior protrusion). With the result of the two measurements, the waist-hip index (ICC = waist/hip) was calculated. To assess the presence of cardiovascular risk, participants were classified according to the result of the waist-hip index. In the case of women, cardiovascular risk was determined when the index was 0.85 or more and, for men, when it was 0.94 or more.




Statistical Analysis

Descriptive statistics were used to define the proportion of responses for each question and the total distribution of the questionnaire. The normality of the data was confirmed using the Shapiro-Wilks W-test. Values were reported as means and percentage. To assess the intervention effect before and after the confinement period, two independent Generalized Estimating Equations (GEE) for the dichotomous variables “adherence to MD” and “obesity” were applied using the binomial link function with an exchangeable correlation structure and adjusted by age. These analyses were performed using the geepack R program v.4.0.2. Furthermore, the percentage change between scores from T1 to T2 was calculated following this formula: [(T2-T1/T1)]*100. These analyses were performed using IBM SPSS, Statistics for Windows, Version 24.0, considering p < 0.05 as significant.




RESULTS

All participants in the study had Spanish nationality and lived in the province of Alicante. The average age of the control group was 66.60 years vs. 63.44 years of the experimental group. Regarding marital status, there were no single participants, and more than 65% of the sample, both in the experimental group and the control group, was married. In the case of employment, 40% of the participants in the experimental group were active full-time compared to 7.7% of the control group. Regarding coexistence, more than 70% of the participants lived with their partner, and none of the participants lived in residences or in the home of other relatives. All the other sociodemographic and lifestyle variables are shown in Table 1.


Table 1. Sociodemographic characteristics of the participants.
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As displayed in Table 2, there were a significant effect of intervention in the experimental group after adjusted for age (OR 9.8, 95% CI 3.61-26.78), p < 0.001. However, there were no significant effect of the intervention regarding the BMI, again after adjusted for age (OR 0.90, 95% CI 0.38-2.14), p < 0.812.


Table 2. GEE models for high adherence to MD and for Obesity.
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Table 3 shows adherence to MD and nutritional status before and after the lockdown, taking into account the distribution into the experimental group or the control group. Regarding adherence to MD, in the control group, no variation was observed before and after the lockdown, but in the case of the experimental group, there was a significant improvement of 3.5% of percentage of change to adherence to MD. Concerning nutritional status, the experimental there were few variations after the lockdown with no significant effect before and after lockdown.


Table 3. Mean of percentage change by groups in the score of Adherence to the MD and nutritional status before and after the lockdown.
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Table 4 shows the dietary behavior of participants during the lockdown. We observed that more than 60% of the control group participants ingested more food during the lockdown compared to 48% of the experimental group. Concerning the way of cooking, we found that the experimental group changed the way they cooked to a healthy cooking style in 84% of cases. Finally, concerning snacking throughout the day, we observed that more than 50% of the participants in both groups performed some type of snacking, in 56% of the cases due to anxiety in the experimental group vs. 34.6% in the control group.


Table 4. Eating behavior during the lockdown in the control group and the experimental group.
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DISCUSSION

The COVID-19 lockdown has significantly affected the population's dietary patterns and physical activity, with most studies showing that it is strongly associated with increased weight gain and BMI. These negative effects have been associated with high levels of isolation, fear, anxiety, and depression generated by the current emergency crisis. However, while lockdown is a necessary measure to protect public health, it is also necessary to provide global interventions to mitigate the negative lifestyle patterns that are commonly manifested during confinement periods, particularly among older people, who are more vulnerable to adverse outcomes (18).

In the current study, we examined the changes in nutritional status in a sample of older residents of the Spanish Mediterranean area before and after confinement due to COVID-19. Also, we examined how the adherence to the Mediterranean diet may play a protective role in nutritional status during the lockdown. As we hypothesized, individuals who began an intervention program based on the Mediterranean diet before confinement could maintain their nutritional status and increase their level of adherence to the MD after confinement. Similar to our findings, the beneficial effects of the MD has been recently found in a Spanish study examining dietary changes of Spanish adult population during the COVID. Authors found that the adherence to the MD increased by 0.8 points during the three first weeks of confinement period as compared with previous habits (15).

Most studies have reported that diets that reduce calorie intake for weight loss are frequently unbalanced, given that these diets are mainly aimed at the reduction of intake of carbohydrates and an increase of fats and proteins (19). In contrast, the MD can help in weight control and generate a balanced nutritional status, as it has been reported as one of the best models of healthy eating due to its contribution to good health (20). Mediterranean diet, which has been considered as rich in nutrients with antioxidant and anti-inflammatory effect may have health benefits for older people, including the prevention of neurodegenerative disease and the modification of the immune and inflammatory response (21). Mediterranean diet has been associated with beneficial effects on weight circumference, blood lipids, and blood pressure (13). It also plays an important role in bone mineralization, which is particularly significant in lockdown situations due to the reduction of physical activity and mobility. Unfortunately, nutritional status as a preventive measure is not well-considered in the current emergency crisis (22, 23).

We have reported how educational interventions based on the beneficial effects of the Mediterranean diet can create an environment in which people can evaluate the positive outcomes of following the recommended lifestyle patterns of (24) as well as receiving guidance to maintain healthy choices under adverse situations such as the COVID-19. This set of circumstances is particularly significant in older people, given that body composition tends to change with aging, and the lockdown can lead to a loss of muscle mass and functional mobility due to lack of physical activity and weight gain. Additional studies are needed to support the current findings in Spain and worldwide, given the current emergency crisis due to COVID-19.

There are several limitations in the current study that suggest areas for future research. Firstly, we used a small sample size conducted in a single city in Spain, and therefore, researchers and interventionists must use caution when generalizing the findings to other areas in Spain or Europe. Second, measures were estimated based on self-reported data. Thus, some patients may underestimate their responses to the questionnaire. Also, many of the variables assessed in this study were derived from single-item measures, a common technique in epidemiological research. Therefore, future studies could be addressed using validated multi-item measures of the constructs and including possible determinants of the MD and nutritional status. Finally, future research could evaluate the effectiveness and feasibility of culturally tailored interventions for older Spanish citizens and families, which target some of the variables associated with nutritional status found in this study. Despite these limitations, this study provides solid evidence of the effectiveness of the MD on the maintenance of weight and nutritional status of the older population. Future research should seek to replicate the study in Spain and also explore the impact of the MD in clinical and mental health outcomes.



CONCLUSION

In conclusion, adherence to the Mediterranean-style diet can play an important role in the establishment of appropriate dietary guidelines in lockdown situations. To achieve nutritional and health improvements global interventions are needed to mitigate the negative lifestyle patterns that are commonly shown during confinement periods, particularly among older people, who are more vulnerable to adverse outcomes. Research of the beneficial effects of MD has shown that the MD can contribute to the prevention of physical and neurodegenerative diseases and also to the modification of the immune and inflammatory response. Educational strategies of recommended intake should be specific, measurable, achievable, realistic, and timely (SMART), based on the effects of the MD on health, and they should be accompanied by physical activity to create an environment in which people can evaluate the positive outcomes.
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Background

The newly identified betacoronavirus SARS-CoV-2 is the causative pathogen of the coronavirus disease of 2019 (COVID-19) that killed more than 3.5 million people till now. The cytokine storm induced in severe COVID-19 patients causes hyper-inflammation, is the primary reason for respiratory and multi-organ failure and fatality. This work uses a rational computational strategy to identify the existing drug molecules to target host pathways to reduce the cytokine storm.



Results

We used a “host response signature network” consist of 36 genes induced by SARS-CoV-2 infection and associated with cytokine storm. In order to attenuate the cytokine storm, potential drug molecules were searched against “host response signature network”. Our study identified that drug molecule andrographolide, naturally present in a medicinal plant Andrographis paniculata, has the potential to bind with crucial proteins to block the TNF-induced NFkB1 signaling pathway responsible for cytokine storm in COVID-19 patients. The molecular docking method showed the binding of andrographolide with TNF and covalent binding with NFkB1 proteins of the TNF signaling pathway.



Conclusion

We used a rational computational approach to repurpose existing drugs targeting host immunomodulating pathways. Our study suggests that andrographolide could bind with TNF and NFkB1 proteins, block TNF-induced cytokine storm in COVID-19 patients, and warrant further experimental validation.





Keywords: SARS-CoV-2, COVID-19, cytokine storm, systems bioinformatics, drug-repurposing, andrographolide, TNF signaling pathway, molecular docking



Introduction

The ongoing pandemic by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infected more than 168 million people worldwide, causing more than 3.5 million deaths as of 26 May 2021 (https://www.worldometers.info/coronavirus/). SARS-CoV-2 infects the lower respiratory tract resulting in a severe respiratory disease called coronavirus disease of 2019 (COVID-19) (1). The majority of COVID-19 patients have mild symptoms, including cough, fever, body pain, which recover in a few days. However, a significant number of patients developed severe cases with difficulty in breath, respiratory and lung failure, organ damage, and even death (2–4). Accumulating studies found that an excessively high level of pro-inflammatory cytokines released, called cytokine storm, in response to SARS-CoV-2 infection triggers acute respiratory distress syndrome (ARDS) and multi-organ failure in COVID-19 patients (2, 4). The most prominent cytokines elevated in the blood plasma of severe COVID-19 patients include TNF, IL-6, IL-8, IL-10, and IL-2 (5, 6).

SARS-CoV-2 is classified as betacoronavirus closely related to two previously identified human pathogenic SARS-CoV and MERS-CoV, which caused the epidemics in 2002 and 2012, respectively (7). The SARS-CoV-2 infects the host cell with its spike protein that binds to the ACE2 receptor on the host cell surface and facilitates viral entry. SARS-CoV-2 has a plus-strand RNA genome of about 29,900 nucleotides that work as mRNA to encode viral proteins using host machinery. The genome also contains several cis-acting RNA elements that could be involved in viral infection and replications (8). Studies indicated that SARS-CoV-2 has evolutionary closely related to bat-derived SARS-CoV (8, 9).

Till now, no safe and effective therapy has been approved to cure COVID-19. However, life support treatment is recommended for the management and treatment of COVID-19 patients based on the symptoms and severity of the cases.

Based upon multiple clinical trial data on mild-to-severe COVID-19 patients, the US Food and Drug Administration (FDA) has approved only a single antiviral drug Veklury (remdesivir), for the treatment of COVID-19 on 22 October 2020. Furthermore, the FDA authorized eight drugs for emergency use to treat severe COVID-19 patients, and numerous other therapeutics are currently being under clinical trials (https://www.fda.gov/media/136832/download). The FDA is working with different organizations to facilitate the development of safe and effective drug molecules in combating COVID-19.

The elevated level of cytokines is the primary cause of severity in COVID-19 patients, and hence, attenuating the level of these cytokines would be a better approach to manage and treat the COVID-19 patients. Therefore, it is urgently required to identify the drug molecules for targeting the critical pathways in the human that could minimize cytokine storm in COVID-19. However, developing a new medicine is a scientifically challenging process that requires a very long time and massive money with the risk of failure. With the high rate of SARS-CoV-2 infection and the rise of new variant strains, drug repurposing became an extremely important process to identify the potential candidate drugs for treating the severe symptoms of COVID-19. Drug repurposing refers to an approach to identifying new therapeutic uses for approved or investigational drugs other than the scope of the original medical indication (10, 11). Since the repurpose drugs already passed the early-stage trial, including safety assessment, efficacy, toxicity, pharmacokinetic, pharmacodynamic, and preclinical testing, this approach has several advantages: drugs are sufficiently safe, low risk of failure, less investment, and shorten the timeline, could instantly start the tested trials in patients (11). Several drugs were repurposed against numerous diseases (12, 13). Furthermore, various computational methods, including molecular docking and dynamic simulations, have increasingly being used for structural insights into the action mechanism of existing drugs and for novel drug designing (14–18).

This study used a rational computational approach to repurpose drug molecules to minimize the cytokine storm associated with COVID-19 patients. Our previous study identified the SARS-CoV-2-mediated activation of the “host response signature network” responsible for cytokine storm (5). In this work, we identified andrographolide to target the “host response signature network” through a virtual drug screening method. Finally, we employed a structure-based molecular docking method to demonstrate that the andrographolide could bind with TNF and NFkB1, potentially blocking the TNF-mediated NFkB1 pathway underpinning cytokine storm in severe patients with COVID-19.



Materials and Methods


Host Regulatory Network and Biological Pathway Analysis

This study used the “host response signature network” identified in the human cells infected with SARS-CoV-2 in our previous study (5). Briefly, transcriptome data of SARS-CoV-2 infected normal human bronchial epithelial (NHBE) cells and controlled NHBE cells were used to identify the differentially expressed host genes (DEHGs) (19). A network was created by integrating DEHGs with human protein-protein interaction data. Furthermore, analysis of the network revealed an important sub-network of highly inter-connected 31 proteins (IL6, TNF, CXCL8, CXCL3, CXCL5, IRF9, SAA1, OAS3, CSF2, IFI6, OAS2, CSF3, IRF7, ICAM1, CXCL2, MX1, OAS1, MMP9, IL1A, IL1B, C3, TLR2, IFI27, CXCL6, CXCL1, CCL20, XAF1, IFI44L, MX2, BST2, IFITM1) predominantly involved in cytokine storm and under the regulation of transcription factors STAT1, STAT2, STAT3, POU2F2, and NFkB1. The sub-network of 31 proteins and their five master regulators are called as “host response signature network”. In order to understand the biological pathways associated with the “host response signature network”, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis was performed using DAVID 6.8 (https://david.ncifcrf.gov/home.jsp).



Potential Drugs Against “Host Response Signature Network”

The “host response signature network” was analyzed to find potential drug molecules using the “Gene Association” module of Network Data Exchange (NDEx version 2.4.5) (https://ndexbio.org/) (20, 21). NDEx is an open-source platform for biological network analysis and knowledge discovery. The output of “Gene Association” analysis gives networks of query gene/protein and its direct or indirect interaction with chemical and drug molecules. All output networks of drug-target interaction were merged to make a non-redundant network and visualized with Cytoscape software version 3.7. Subsequently, we analyzed the potential drug molecules targeting the “host response signature network”. For further study, we selected a drug molecule, andrographolide, naturally present in a medicinal plant used to treat common cold and inflammation (22).



Data Retrieval

The three-dimensional coordinates of andrographolide were retrieved from the PubChem database with PubChem CID, 5318517. The crystal structure of human NFkB1, p50 subunit, with bound native DNA was selected and retrieved from the PDB database with PDB Id, 2V2T. The crystal structure of human TNF as a dimer with bound native inhibitor was selected and retrieved from the PDB database with PDB Id, 5MU8.



Predicting the Drug‐Likeness and Pharmacokinetic Properties

The drug‐likeness and pharmacokinetic properties, including absorption, distribution, metabolism, excretion, and toxicity, were analyzed using the online tool “pkCSM‐pharmacokinetics” (http://biosig.unimelb.edu.au/pkcsm/). This machine learning-based method uses the various graph-based signature of chemical compounds having sets of distance patterns between atoms (23).



Covalent Docking of Andrographolide to NFkB1

It was reported that andrographolide is a covalent inhibitor of NFkB1 and makes a covalent bond with Cys-62 of NFkB1 (24, 25). Autodock Vina (26) was used for covalent docking of andrographolide to NFkB1. To perform covalent docking, the reported atom of the andrographolide was linked to the sulfide atom of Cys-62 through a covalent bond (25). The adduct Cys-andrographolide was made flexible for rotation through various bonds using Autodock Tools (27). Then the docking of a very small molecule (e.g., water molecule) was performed, leading to the relaxed conformation of the flexible adduct Cys-andrographolide. Finally, this relaxed conformation of the adduct Cys-andrographolide was reported as the final covalent docking of andrographolide. Autodock Tools was used to prepare the protein, the ligand, and the grid box required for docking by Autodock Vina.



Molecular Docking and Protein-Ligand Complex Analysis

For normal molecular docking, we used Dock version 6.5 (28). For TNF, the homodimer (Chains A and B) was used for molecular docking, and the native inhibitor bound within the binding site formed by both monomers (Chains A and B) was used as a probe for the TNF homodimer binding site. The protein and ligand preparation required for molecular docking and visualization at different stages of docking was performed using Chimera version 1.6.2 (29). The illustrations for binding poses were generated using Pymol version 2.4.0 (Schrödinger, LLC) and the protein-ligand interaction plots were prepared using Ligplot+ version 2.1 (30). The binding energy and dissociation constant scores were predicted using XScore version 1.2.11 (31).




Results and Discussion

The integration and analysis of high-throughput biological data are extensively used to identify altered regulatory networks and the potential target molecules of complex diseases (5, 32). Furthermore, virtual drug screening and molecular docking were used to find therapeutic drug molecules against target molecules to treat the disease (17, 18). Therapeutic molecules against SARS-CoV-2 infection could be developed using two major approaches: (i) design the therapeutic molecules against the crucial targets of the virus (33–36); (ii) identify the disease-related gene regulatory network and then design the therapeutic molecules against it. Our previous work identified the “host response signature network” associated with the influx of cytokine storm through the TNF-induced NFkB1 signaling pathway (5). Our study also suggested vitamin D’s role in reducing the cytokine storm and viruses (5). In this work, we employed the later drug development strategy in which the “host response signature network” induced in the SARS-CoV-2 infection was used as targets to repurpose drug molecules to reduce the cytokine storm responsible for severe COVID-19.


Biological Pathways of “Host Response Signature Network”

The “host response signature network” was analyzed with the KEGG pathway, which identified several significantly associated biological pathways. We found that TNF signaling pathway is significantly associated with IL6, CSF2, CCL20, IL1B, CXCL1, CXCL3, TNF, CXCL2, MMP9, NFkB1, and ICAM1 of the “host response signature network” and responsible for the induction of cytokine storm (Figure 1). The complete list of all KEGG pathways is provided in the Supplementary Table S1.




Figure 1 | The KEGG pathway enrichment analysis showed that the “host response signature network” is associated with the TNF signaling pathway. The proteins IL6, CSF2, CCL20, IL1B, CXCL1, CXCL3, TNF, CXCL2, MMP9, NFKB1, and ICAM1 of the “host response signature network” are represented as red stars.





Potential Drug Molecules Targeting “Host Response Signature Network”

Analysis of potential drug molecules for “host response signature network” with the “Gene Association” module of online tool NDEx returns a list of drug-target interactions networks (Table 1). The list of drug-target interactions from different networks was merged to create a non-redundant drug-target network (Figure 2). The detailed information of drug molecules is provided in the Supplementary Table S2. The data was further investigated to find a potential drug for better management of the cytokine storm in severe COVID-19 patients. We have selected andrographolide for further study based upon the following criteria from the list of repurposed drugs.


Table 1 | Drug-target networks were retrieved using the “Gene Association” module of NDEx v2.4.5.






Figure 2 | The network of drug molecules targeting the “host response signature network”.



(a) The drug must target/suppress the highest number of proteins of the “host response signature network”; (b) targeted proteins associate with the same biological pathway; (c) targeted proteins play a crucial role in the cytokine storm; and (d) a medicinal plant could be a source of the drug.

We found that andrographolide can target four different proteins IL1B, NFkB1, TNF, and IL6 (Table S2A) of the TNF signaling pathway (Figure 1), which might result in blockage of the cytokine storm in COVID-19. Andrographolide is a labdane diterpenoid isolated from Andrographis paniculata, also known as the “king of bitters”, a medicinal plant that mainly grows in Asian countries (Figure 3). Andrographis paniculata traditionally used in Unani, Ayurvedic, and Chinese herbal medicines with a broad range of therapeutic applications, including treating a common cold, upper respiratory tract infections, and inflammation (22).




Figure 3 | Molecular structure of andrographolide. (A) Two-dimensional sketch of andrographolide with O-atoms and -OH groups in red color. (B) Three-dimensional diagram of andrographolide with O-atoms in red and H-atoms in white colors.





Drug-Likeness and Pharmacokinetic Properties

As shown in Table 2, the andrographolide was having a low molecular weight of 350.46 (< 500) and the lipophilicity (LogP) value of 1.96 (<5), H-bond donors 3 (<5) and acceptors 5 (<10), and three rotatable bonds (<10). The values for all five conditions (Lipinski’s Rule of Five) for the andrographolide were well within the desired range of a drug molecule. While most of the pharmacokinetic properties, including absorption, distribution, metabolism, excretion, and toxicity, were acceptable for andrographolide (Table 3). Therefore, this suggests that andrographolide is a potentially safe drug candidate for use in humans.


Table 2 | Drug-likeness (Lipinski rule of five) for andrographolide.




Table 3 | Pharmacokinetic properties (ADMET) prediction for andrographolide.





Covalent Docking Analysis of Andrographolide With NFkB1

The PDB structures of IL1B and IL6 are available as a complex with their receptors (for example, PDB Ids: 3O4O and 1P9M, respectively) and with the antibody (for example, PDB Ids: 4G6J and 4CNI, respectively). The information for the binding site of ILIB and IL6 for a chemical compound was not obvious. So, we proceeded with the docking of andrographolide to NFkB1 and TNF only.

The experimental laboratories showed that andrographolide reacted with the sulfhydryl group (-SH) of Cys-62 of NFkB1 and formed a covalent bond (24, 25). One of the studies mentioned above further proceed to a normal docking of andrographolide to NFkB1, and they reported Cys-62 and Arg-57 as the interacting residues forming hydrogen bonds (25). We tried normal docking considering Cys-62 as a clue for the binding site and failed to see a binding site cavity close to Cys-62 residue where this compound may fit. Therefore, we proceeded with the covalent docking of andrographolide to NFkB1. The docking results showed that the andrographolide formed a covalent bond and a hydrogen bond (2.86 Å) with the sulfide atom of Cys-62 (Figure 4). The Cys-62 was also involved in 13 non-bonding contacts with andrographolide (Table 4). Another interacting residue Glu-63 was involved in another 13 non-bonding contacts. Thus, the andrographolide formed an adduct with Cys-62 and became part of the protein. In addition, it formed a hydrogen bond and 26 non-bonding interactions with the protein (Figure 4 and Table 4). Thus, our study suggests andrographolide could block the DNA binding site, interfering with the binding of DNA, and thus the transcription factor NFkB1 would not be able to carry out its function. This is in agreement with previous findings, which revealed that andrographolide binds with NFkB1, which blocks the binding of NFkB1 to DNA and prevents transcriptional activity (24, 25).




Figure 4 | Covalent docking of andrographolide to human NFkB1. (A) NFkB1 is shown in surface representation colored light orange with bound native double-helical DNA and docked andrographolide. The docked andrographolide forming Cys-andrographolide adduct was shown as a close-up in the inset. The andrographolide, part of the adduct, was shown in sticks representation having carbon backbone in green color with heteroatoms oxygen, nitrogen, sulfur, and hydrogen atoms in red, blue, yellow, and white colors respectively. The Cys-62 part of the adduct forming the covalent bond through sulfur atom was also shown in sticks representation with the backbone in orange color. (B) Protein-ligand interaction plot of andrographolide with NFkB1. The andrographolide and hydrogen bonding residues are shown in ball and sticks representation with balls representing atoms and sticks representing the bond between two atoms. The color of balls distinguishes among atom types as C-atom in black, O-atoms in red, N-atoms in blue, and S-atom in yellow colors. The non-bonded interactions labeled with interacting residue are shown as red arcs with bristles, covalent bonds as purple line, and hydrogen bonds as thick green lines labeled with bond length in Å.




Table 4 | The NFkB1 residues interacting with andrographolide.





Molecular Docking Analysis of Andrographolide With TNF Homodimer

The andrographolide docked well within the binding site formed by two monomeric units of TNF (Figure 5A) and stabilized by 20 non-bonded contacts and one hydrogen bond through nine interacting residues (Figure 5B and Table 5). The absolute values of binding scores, including dock score (-32.67), binding energy (-7.52 Kcal/mol), and dissociation constant measure pKd (5.51), were also reasonably high required for the stable protein-ligand complex. The nine interacting residues include four residues from chain A (Tyr-59, Tyr-119, Leu-120, and Gly-121) and five residues from chain B (Leu-94, Tyr-119, Leu-120, Gly-121, and Gly-122). Interestingly, the three identical residues Tyr-119, Leu-120, and Gly-121 from both the monomers, played a role in binding. Of nine interacting residues, Gly-121(B) formed hydrogen bonding interaction with the andrographolide with bond length 3.06 Å and also formed eight (maximum) non-bonded contacts. Therefore, the Gly-121(B) is proposed as the key residue playing a role in binding. While comparing the binding of andrographolide to that of the native inhibitor JNJ525 (Figures 5B, C), it was found that the andrographolide was also binding to the same site and sharing common six interacting residues Tyr-59 (A), Tyr-119 (A), Gly-121 (A), Tyr-119 (B), Gly-121 (B), and Gly-122 (B). Thus, the andrographolide was binding in the site where the TNF inhibitor is binding and inhibiting TNF activity.




Figure 5 | Molecular docking of andrographolide with human TNF homodimer. (A) The pose of andrographolide within the binding site of TNF homodimer. The NFkB1 is shown in cartoon representation colored green (Chain A) and cyan (Chain B) with the binding site in surface representation. The andrographolide and the native inhibitor are shown as sticks colored blue and yellow, respectively, with red oxygen and blue nitrogen atoms. (B, C) Protein-ligand interaction plots of andrographolide and the native inhibitor JNJ525 with TNF homodimer. The andrographolide and hydrogen bonding residue are shown in ball and sticks representation, with balls representing atoms and sticks representing the bond between two atoms. The color of balls distinguishes among atom types as C-atom in black, O-atoms in red, and N-atoms in blue colors. The non-bonded interactions labeled with interacting residue are shown as red arcs with bristles, while the hydrogen bond is shown as a green line labeled with bond length in Å. The residues common among interacting residues of both the native inhibitor and the andrographolide are encircled.




Table 5 | The residues of TNF homodimer interacting with andrographolide.



Previous studies showed that andrographolide has a potent inhibitor of wide verities of viruses, including influenza virus (37, 38), hepatitis C virus (39), herpes simplex virus type 1 (40), Chikungunya virus (41). It also has the potential to inhibit the proliferation of lung carcinoma (42) and nasopharyngeal carcinoma (43), and tumor metastasis (44). Another report demonstrated that mice treated with andrographolide reduce the inflammation and fibrosis of damaged liver (45). It also prevents liver neutrophil infiltration and reduced TNF and COX-2 signaling (45). A recent study with the molecular docking method suggested andrographolide as a potential inhibitor of SARS-CoV-2 main protease Mpro (47). Another computational-based study found that andrographolide and its derivative, 14-deoxy-11,12-didehydroandrographolide, have a high binding affinity with three target proteins of SARS-CoV-2, i.e., main protease, papain-like protease (PLpro), and spike protein (48). In addition, the same study used a DIGEP-Pred tool and predicted that both compounds induce the level of several proteins involved in regulating immune systems, including the NFkB signaling pathway (48).

The NFkB1 is a family of transcription factors, which regulate the expression of various genes of pro-inflammatory cytokines, including IL6  and IL8 (CXCL8), mainly responsible for cytokine storm in COVID-19 (Figure 1) (5, 49). NFkB1 inhibitory protein (IkB) binds with NFkB1 dimer in an unstimulated cell, which prevents movement of NFkB1 from the cytoplasm to the nucleus. In response to SARS-CoV-2 infection, the TNF signaling pathway is activated, which causes degradation of IkB, resulting in the release and translocation of NFkB1 to the nucleus for transcription of various cytokine genes (5, 49). Our study found that andrographolide bound well with TNF and NFkB1 and provided structural insights into their binding. This binding of andrographolide blocks the TNF signaling pathways at these two critical steps, thus prevents the expression of various cytokine genes responsible for the influx of cytokine in COVID-19.

In addition, our study identified Dilmapimod as potential compounds to reduce the cytokine storm through targeting/suppressing IL1B, TNF, and IL6 (Table S2A). Activation of the p38 MAPK signaling pathway is associated with lung inflammation in asthma and chronic obstructive pulmonary disease (COPD) (50). The p38 MAPK regulated NFkB dependent transcription of multiple inflammatory cytokines (51). Clinical studies showed that Dilmapimod, a novel inhibitor of p38 MAPK, decreases the TNF and IL1B level in the blood of COPD patients (52, 53). Another study also suggested the potential use of Dilmapimod for COVID-19 management (54). Furthermore, our analysis identified that Prednisolone, a corticosteroid, has the potential to suppress the level of IL6 (Table S2A); thus, supported previous work indicating that Prednisolone could be useful in treating severe COVID-19 (55).

Previous studies showed the anti-inflammatory and anticancer effects of Dehydroxymethylepoxyquinomicin (DHMEQ), a new inhibitor of NFkB (56, 57). Another study found that DHMEQ reduces allergic airway inflammation and cytokines in a mice model of asthma (58). An investigation conducted in Jurkat T-lymphoblastic leukemia cells found that DHMEQ prevents the TNF-α-induced nuclear translocation of NFkB (46). These findings also raised the potential use of DHMEQ in inhibiting cytokine storms and thus need to be studied in more detail in treating COVID-19.

Our study used a rational computational approach to identify the potential drug molecule for COVID-19. Though it is associated with the following limitations: (i) we used the “host response signature network” identified in the NHBE cells infected with SARS-CoV-2 (5). The work included a limited sample size of transcriptomic data with three infected and three controlled groups (19). (ii) This study lacks in vitro drug screening data on human lung cells infected with SARS-CoV-2. Therefore, it is difficult to draw the effect of andrographolide on the “host response signature network” in SRAS-CoV-2 infected cells. (iii) Furthermore, our study lacks the experimental evaluation of the dose-dependent effect of the drug and its associated risk.




Conclusion

The SARS-CoV-2 infection resulted in the COVID-19 pandemic killed millions of people around the world. Therefore, it is urgently needed to develop safe and effective drug molecules in a limited time to combat COVID-19. The influx of cytokines in COVID-19 patients is the prominent reason for organ damage and death. Thus, our study used the information of altered regulatory network inducing cytokine storm in COVID-19 and then repurposed andrographolide as a potential drug molecule to reduce the cytokine storm. Molecular docking analysis showed that andrographolide could inhibit NFkB1 and TNF, and thus block the pathways responsible for cytokine storm. This naturally occurring compound possesses drug-like properties and could be a promising drug for further biochemical and cell-based experimental validation for combating severe COVID-19.
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Coronavirus disease (COVID-19) is a global health challenge, caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) triggers a plethora of respiratory disturbances and even multiple organs failure that can be fatal. Nutritional intervention is one of the key components toward to a proper management of COVID-19 patients, especially in those requiring medication, and should thus be considered the first-line treatment. Immuno-modulation and -stimulation are currently being explored in COVID-19 management and are gaining interest by food and pharmaceutical industries. Various dietary combinations, bioactive components, nutrients and fortified foods have been reported to modulate inflammation during disease progression. Dietary combinations of dairy-derived products and eggs are gaining an increasing attention given the huge immunomodulatory and anti-inflammatory properties attributed to some of their chemical constituents. Eggs are complex dietary components containing many essential nutrients and bioactive compounds as well as a high-quality proteins. Similarly, yogurts can replenish beneficial bacteria and contains macronutrients capable of stimulating immunity by enhancing cell immunity, reducing oxidative stress, neutralizing inflammation and regulating the intestinal barriers and gut microbiome. Thus, this review highlights the impact of nutritional intervention on COVID-19 management, focusing on the immunomodulatory and inflammatory effects of immune-enhancing nutrients.

Keywords: SARS-CoV-2, coronavirus disease 2019, immunomodulation, nutritional therapy, nutrients


INTRODUCTION

Coronavirus disease (COVID-19) triggered by the severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) led to multiple respiratory disturbances, multiple organs failure and even death, ultimately representing a global health challenge. The virus, first reported in December 2019, in the Wuhan city - China (1), has spread worldwide and has been classified by the World Health Organization (WHO) as a global pandemic (2, 3). Clinical presentations by most COVID-19 patients requiring admission include severe inflammation, respiratory failure and reduced appetite (4).

Nutritional intervention, also regarded as the first-line treatment, is among the core components involved in comprehensive management of COVID-19 patients under medication. Available clinical evidence reveals that although people of all ages are susceptible to infection, a poor prognosis and higher mortality rate has been reported in malnourished elderly individuals, immunocompromised patients and even in those with chronic diseases (5). In this sense, not only does good nutrition enhance body immunity against diseases, including COVID-19, but also shortens the recovery period (6). The elderly are especially susceptible to infection, owing to their body's declining physiological and immunological efficiency. This increases the likelihood of infections, being severe and refractory, thereby presenting an immunity challenge to the elderly who happens to contract an infectious pathogen. This elucidates the importance of systematic nutritional derangements in COVID-19 patients since immunity is weakened by inadequate nutrition (7, 8). Currently, immune modulation and stimulation is being increasingly explored for COVID-19 management and has gained interest by both food and pharmaceutical industries. In fact, the immune response is crucial for maintaining healthy human physiology by detecting and eliminating pathogens, aging, or cancer cells (9). Briefly, immunomodulation refers to the immune system ability to regulate fatal illnesses, such as acquired immunodeficiency syndrome caused by human immunodeficiency virus (HIV) (10, 11). Currently used therapeutic immunomodulators include penicillamine, cyclosporine A, cyclophosphamide, pidotimod, levamisole, thiocarbamate, imiquimod, prostaglandin, tilorone, and niridazole (12–16). However, these drugs are usually associated with undesired side effects. In addition, since no effective drug is currently available for COVID-19 treatment or adequate early phase vaccine supply for the entire populace, nutritional enhancement of immune system is the best immediate intervention for preventing SARS-CoV-2 infection. In this sense, this review presents different food sources and nutritional supplements that enhance immune function, such as egg derived proteins, milk and fermented dairy products containing different probiotics (Figure 1), that have been shown to play a key role in preventing COVID-19 and in the management of hospitalized patients with mild clinical presentations.
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FIGURE 1. Food sources enhancing the immune response.




IMMUNE SYSTEM ACTIVITY: A SYNOPSIS

The primary host's defense from pathogens and harmful toxins emanates from the immune system (17). Two categories of the immune system include the adaptive and innate subsystems. The innate immune subsystem also referred to as native/natural immunity is non-specific and forms the layer of protection, usually through mechanical barriers of entry, such as the skin and mucosal tissues (17). Other forms of native immunity involve the non-specific inflammatory components, such as interferons, defensins, and cytokines, and also incorporate the bone marrow components, such as the basophils, monocytes, dendritic cells, macrophages, eosinophils, and neutrophils. As critical first-line of defense, neutrophils and macrophages are also of pivotal important in phagocytosis, the mechanisms through which macrophages recognize and neutralize pathogens and defective/cancer cells (18). Macrophages act also as immune regulators by producing different cytokines (i.e., interleukins, interferon gamma, tumor necrosis factors-α) (19). On the other side, an immunomodulator can be stratified as immunosuppressant, immunostimulant, or immunoadjuvant. In this perspective, immunotherapy can be defined as the host's immunity modulation with the desired outcome of disease treatment or management (20).

In contrast to innate immunity, the specific response by the immune system is referred to as adaptive/acquired/specific. This kind of immune response is usually the second-line of defense and involves B and T lymphocytes (20). Adaptive immunity can either be cell-mediated or humoral immune response, where humoral immunity is mediated by B-lymphocytes through antibodies production, that are specifically directed toward the pathogen, whereas cell-mediated immune responses are initiated by T lymphocytes complexing with infected cells or pathogens, which leads to lysis of the “unwanted” cells and cytokines release, whose primary role is immune regulation. T lymphocytes/cells fall into three subsets, termed as helper (TH), cytotoxic, and suppressor or regulatory T cells. The expression of cluster of differentiation (CD) 8+ cell surface receptors characterizes the cytotoxic lymphocytes. The CD8 surface receptors play a role in recognition of endogenous antigens presented by the major histocompatibility complex class I (MHC-I) from virus-infected cells that have been lysed (Figure 2). In contrast, helper T cells, express CD4+surface receptors that recognize exogenous antigens presented by MHC-II. The reaction mechanism of TH cells entails T and B lymphocytes activation by secreting cytokines that also activate other immune cells (21, 22), whereas the suppressor T cells regulate the immune response by smothering autoimmunity, thereby maintain the self-tolerance.
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FIGURE 2. The immune system response to SARS-CoV-2.




EGG AS AN IMMUNE-ENHANCING FOOD

It has been reported that various dietary combinations, bioactive components, nutrients, and fortified foods modulate inflammation during disease progression (23–25). Eggs represent a complex and controversial dietary component (26) that contains numerous essential nutrients and bioactive compounds, besides being high-quality protein source leading to divergent opinions in dietary recommendation across populations (27, 28).


Egg Structure

Structurally, eggs are composed of albumin (63%), eggshell (9.5%), and yolk (27.5%) (29). Biochemically, they comprise of 75% water, 12% proteins, 12% lipids, various minerals and carbohydrates (30, 31). Though proteins are distributed across the different egg parts, they are mainly contained in the yolk and egg white, while small proportions occur in the eggshell and shell membrane (32, 33). Lipids exclusively occur in the egg yolk mainly as lipoproteins (30, 32), while the bulk of minerals is found in the eggshell. As minor egg components, carbohydrates are found throughout the egg either as free carbohydrates or glycoconjugates (32). The bulk component of egg is the albumen or egg white that constitutes 60% of cumulative egg weight, whereas protein and water add up to other major components (31, 32). The major egg white's proteins are ovalbumin, ovotransferrin, and ovomucoid. Other proteins include ovomacroglobulin (ovostatin), cystatin, lysozyme, avidin, ovoinhibitor andovomucin that gives the albumen its characteristic viscosity (32).



Dietary Benefits of Eggs

Eggs are rich in complete proteins that promote muscle protein synthesis and maintenance of skeletal mass (34, 35). On average, one large egg provides ~6.3 g protein that is rich in essential amino acids (36). Eggs are affordable nutritious dietary components with significant health benefits (37). These nutrients include vitamins, essential proteins, minerals, fats, and various bioactive compounds. Eggs contain high nutrients to energy density ratio per egg, while also providing numerous essential nutrients (38). For instance, a typical boiled egg weighing ~50 g can provide as much as 78 kcal energy, 0.56 g carbohydrate, 6.29 g protein, and 5.3 g total fat. The total fats from an egg contains up to 1.6, 0.7, 2.0, and 186 mg of saturated, polyunsaturated, monounsaturated fats, and cholesterol, respectively. The micronutrients from eggs include iron, calcium, phosphorus, zinc, potassium magnesium, sodium, and most vitamins except vitamin C. These vitamins include riboflavin, niacin, thiamin, folate, and vitamins A, B6, B12, D, E, and K. Besides providing high quality proteins comparable to breast milk, eggs are also a source of antioxidants. Notable antioxidants from eggs include phosvitin rich in phosphoserines, ovotransferrin that chelates Fe3+and ovalbumin that improves the polysaccharide's antioxidant activity through covalent binding (39). These antioxidants act by chelating metal ions and scavenging free radicals thereby inhibit the lipids oxidation. Therefore, eggs are potential sources of natural antioxidants that can be used in both cosmetic and food industries. The eggs' antioxidant activity can ameliorate many degenerative conditions, such as cardiovascular diseases (CVD) in humans (40). However, eggs are not only rich in bioactive components and vital nutrients but also in complete proteins and nutritional cholesterol (28, 41). This controversy has resulted in divergent opinions in dietary recommendation of across populations. Nonetheless, owing to their nutritive quality, eggs, and their derivatives are known to regulate inflammation and modulate immunity.



Eggwhite Proteins: Evidence of Immune System Enhancement

Egg white part is rich in bioactive compounds with antimicrobial activity (42, 43), besides immunoprotective proteins, which include ovalbumin, ovotransferrin, ovomucin, lysozyme, and avidin that account for 54, 12, 3.5, 3.4, and 0.5% of the egg white proteins by weight, respectively (42). These proteins exert antimicrobial and immunomodulatory effect through direct action on inflammatory pathways (44, 45).

Inflammation is a conventional physiological reaction to infection by pathogens and physical tissue disruption, but it has also been associated with chronic metabolic disorders (23, 46). Inflammation can be regulated by both nutritional and bioactive supplements thereby reducing the disease risk or pathogenesis (24, 25).

Eggs are the best example of dietary components with immunomodulatory effects (26). Studies have shown that egg proteins and its derivative peptides act on various immunomodulatory pathways (Table 1). For instance, ovalbumin modified by methylglyoxal stimulates RAW 264.7 macrophages to secrete TNF-α (56). Elsewhere, Rupa et al. (47) reported that heat denatured ovalbumin modulates cytokines production by CD4+ T cells. Heat-denatured ovalbumin also modulates interleukins' (IL) production by downregulating IL-4 and upregulating IL-10, 12, and 17. Ovalbumin-derived peptides corresponding to amino acids in position 77–84 and 126–134 also enhances the phagocytic activity of macrophages (57) and are reported to enhance immunotherapy (50, 53, 58). Ovotransferrin, another egg white protein, has been shown to stimulate the production of IL-6 and metalloproteinase (MMP) in HD 11 chicken macrophages (59). Xie et al. (59) also reported that ovotransferrin stimulates murine macrophages to produce proinflammatory cytokines through the MAPK signaling pathway. Notably, IL-6 is one of the adaptive immunity components. During chronic inflammation, IL-6 activates T cells, enhances the B cells proliferation and upregulates antibody production. The peptides produced when ovomucin is cleaved by alcalase also express anti-inflammatory activity by inhibiting TNF-mediated NF-κB pathway (49). Tanizaki et al. (60) reported that ovomucin glycoproteins can stimulate macrophages through elevated production of IL-1 and hydrogen. Furthermore, egg white's cystatin enhances the nitric oxide (NO) production by IFN-γ-activated macrophages as a result of IL-10 and TNF-α cytokines activity (61). Cystatin also affects gingival fibroblasts' production of IL-6 and 8 cytokines (62). In another study, Sugahara et al. (63) reported lysozyme-mediated production of immunoglobins. Lysozyme-mediated upregulation of IgM synthesis has been shown to be effective in the management of chronic sinusitis bronchitis and sinusitis (55, 64). Elsewhere, Ha et al. (54) reported the immunomodulatory activity of Maillard-type lysozyme-galactomannan conjugate through NO-enhanced cytokines production in macrophages. This immunomodulatory effect also originates from stimulation of ERK, NF-κB, and JNK pathways. Livetin from the egg yolk has been reported to suppress proinflammatory cytokines, such as IL-1β, 6, and 10 and TNF-α in macrophages thereby inhibiting inflammation (52). Immunoglobulins (G1, G2, M, and A) have been shown to possess immunomodulatory properties in the management of bacterial and viral diseases. Yolkin from egg yolk has also been reported to inhibit free radical generation, thereby inhibiting oxidative stress and pro-inflammatory cytokines, like IL-1β, 6, and 10 and TNF-α in macrophages (55), although at high temperatures, the rate of immunoglobulins aggregation is greatly enhanced thereby locking immunoglobulins in aggregates before complete denaturation.


Table 1. Egg proteins and peptides with immunomodulatory activity.
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FERMENTED DAIRY PRODUCTS AS IMMUNE-ENHANCING FOOD

Historically, fermentation has been widely used in food/beverage processing and preservation. Food fermentation improves palatability besides enhancing nutrients' bioavailability. In addition, microbial fermentation can eradicate toxic milk metabolites, such as galactose and lactose, thereby precluding lactose intolerance and galactose accrual (65). This nutritional and health significance results from modulating intestinal microbiome, ultimately enhancing life expectancy. Fermented dairy products have so far been popular in nutritional enhancement and health promotion. For instance, yogurt resulting from synergistic fermentation of lactose in coagulated milk into lactic acid by Streptococcus thermophilus and Lactobacillus bulgaricus action, led to the production of a plethora of bioactive compounds in fermented milk, while others have not yet been characterized. As a result of fermented dairy foods consumption, live commensal microbiota can enhance the gut's immunological activity and modulate tolerance from foods-derived antigens (66, 67). The synergy between the immune system and gut microbiome is partially understood compared to the bacteria induced by fermentation by-products.


Nutritional Value of Probiotic Yogurt

First, it is essential to highlight that a probiotic yogurt is not only a rich source of proteins and fats but also contains numerous essential nutrients. As much as 8 g fats and 9 g of proteins can be sourced per yogurt serving which is more than enough of the recommended daily protein intake. Yogurt is also rich in micronutrients, such as phosphorus, zinc, calcium (33% recommended daily intake, 1,000 mg), vitamin A (10% recommended daily intake), vitamin B12 (>40% recommended daily intake), and pantothenic acid and riboflavin as per Canada's health food standards. As a fermented dairy product, yogurt is also potentially effective in alleviating gastrointestinal (GI) complications, such as constipation, lactose intolerance, Helicobacter pylori infection and inflammatory bowel diseases (IBDs) (68, 69). Studies have also suggested that human immunity can be enhanced by yogurt since it influences the intestinal microbiota's equilibrium thereby stimulating the GI immunity through lactic acid and other bacterial metabolites (70, 71).

Despite this marvelous nutritional significance, a reduced consumption of fermented dairy products is associated with a weakened immunity and elevated risk of infectious diseases. In the COVID-19 perspective, GI complications have been commonly reported in patients whose clinical conditions deteriorates rapidly (72). However, administration of gastric medications need to be approached cautiously on case-by-case basis considering their potential to disrupt the immune response thus interfering with COVID-19 treatments currently under evaluation (73, 74). However, the suggested probiotics' health effects from fermented dietary products can be realized only when cell viability is reliable (75). So, to ensure probiotics survival through both GI tract and food processing/storage, the minimal recommended presentation of bacteria is 106-107 colony-forming units (CFUs)/mL organism in each food product (76), despite other factors should also be considered when adding probiotic bacteria in fermented food products to ensure the bacteria's survival. Among them, the compatibility of fermented dairy foods with a wide range of probiotics needs their consideration as “the most efficient delivery vehicle” for probiotics (77, 78), while supplementing fermented milk with probiotics represents an exemplary mode of replenishing the gut microbiota (79).



The Role of Probiotics in Enhancing the Immune System

The healthy benefits from fermented foods including yogurt have been recognized for a long time (80). Regular consumption of yogurt replenishes beneficial bacteria and macronutrients that enhance immunity by specifically boosting cell immunity, while downregulating oxidative stress (81, 82). Yogurt fortification with probiotics has been shown to greatly enhance the beneficial effects from a health perspective (83, 84). Typically, probiotic bacteria can survive to extreme conditions in the GI tract and maintain their functional benefits where other bacterial strains are catabolized (85). There are many probiotic microbes each with unique biological features, including therapeutic significance. For instance, some probiotic strains are effective in enhancing GI regularity and improving lactose tolerance, whereas others beyond this review's scope have been shown to prevent acute upper respiratory tract infections and bacterial vaginosis. Probiotics within the GI tract inhibit both pathogenic microbes adherence and proliferation (83, 86). This is important in immune homeostasis, since probiotic supplements rejuvenate immunity by balancing the gut microbiome, ultimately stabilizing TREG and Th17 cells (87, 88). Moreover, it can be hypothesized that probiotics consumption can potentially dampen the cytokine storm in combination with appropriate antiviral regimens. Despite the gut microbiota's susceptibility to viral perturbation, it can be equilibrated by dietary interventions. Specifically, to what concerns to COVID-19, gastroenteritis and respiratory distress are some of the most common symptoms (89). By hosting the bulk of body's lymphoid tissues, the GI tract largely influences the immune function when its integrity is altered (90). To this effect, both pre and probiotics able to equilibrate GI microbiota have been reported to reduce the risk of infection (91).

Probiotics have been shown to neutralize inflammation by inhibiting NK cells activation and equilibrating the GI barrier and gut microbiome. However, the exact mechanisms through which probiotics modulate immunity are not perfectly understood (92, 93). Lactobacillus casei Shirota (LcS) is a widely studied probiotic with immunomodulatory effects (94), being able to enhance immune system against complications from post-operative infection (95), cancer (96), allergies (97), and to regulate GI functions (98). This probiotic boosts the beneficial gut's bacteria species, augments NK cell activity while maintaining a proper balance between harmful and beneficial bacteria (99, 100). Furthermore, experimental evidence has shown that LcS promotes IL-12 production by peripheral blood mononuclear cells (PBMC) from healthy humans and enhance NK cells' activity, while heat-inactivated LcS boost the cytokines production, including IL-10, 12, IFN-γ, and TNF-α that enhances CD69 expression in NK cells (94).

Though the synergy between microbiome, fermentation by-products and immune system is not fully known, antigen presentation by dendritic cells is thought to be a key player in this aspect. Thus, dendritic cells are significant immunomodulators by initiating diverse responses to various immune stimulations (101). Dendritic cells from monocytes lineage can also be modulated when they interact with lactic acid bacteria (LAB). This response characterizes infection by bacteria and cell debris. Furthermore, through action of GI fermentative bacteria, other bioactive metabolites with immunomodulatory properties are produced. For example, bioactive products generated by Bifidobacterium breve can modulate cytokines production by intestinal epithelial cells. Indeed, B. breve triggers milk serum fermentation and forms a supernatant that stimulates both dendritic cells development and activation (101).



The Role of Prebiotic in Enhancing the Immune System

Prebiotic is another additive on fermented dairy products with immune enhancing potential. Prebiotics are non-digestible food supplements that potentially stimulate development of gut domiciled bacteria with host's health benefits (102). For example, the yeast cell walls metabolism generates mannan oligosaccharide (MOS) that contains 30% glucan, 30% mannan, and 12.5% mannoproteins (103, 104). The MOS ability to bind lectin on pathogenic microbes, such as Salmonella spp and Escherichia coli, minimizes their intestinal proliferation (105, 106).

Another prebiotic yielded as a by-product of fungal/yeast cell wall catabolism is β-glucan, that derives from D-glucose monomers, and are formed via 1–3 β-glycosidic bonds, while the long side chains have a 1–6 glycosidic bond. β-glucans stimulate sentinel cells to produce cytokines and induce lymphocyte multiplication (107). The three types of lymphocytes include NK, T, and B cells. NK and T cells are involved in innate and adaptive immune responses, respectively, whereas B cells are mainly involved in immunoglobulins production. β-glucan can exert its immunomodulatory potential on three lymphocyte categories.

Fructan is another prebiotic derived from plant polysaccharides hydrolyzation or as a by-product of microbial catabolism of plant polysaccharides. The three classes of fructans include levan, inulin and branched groups. Fructan's biological significance is attributed to its β-glycosidic bond that withstands catabolic activities of digestive enzymes whilst augmenting the levels of commensal bacteria including Lactobacilli and Bifidobacteria spp., whereas pathogenic microbes such as E. coli and Clostridium pefringens are inhibited (41, 108, 109). Other oligosaccharides with prebiotic potency include xylo-oligosaccharides, chitosan, galactoglucomannan, and galacto-oligosaccharides, with studies revealing that they have immunomodulatory activity following supplementation with fermented dairy products, acting on both cytokines and immunoglobulins production, and promoting phagocytosis, NK and T cells' activity (110, 111). In conclusion, fortification of fermented dairy products with pre- and probiotics could be beneficial in boosting immune system against infections, possibly including SARS-CoV-2.



Experimental Evidences

A study utilizing fecal samples from Polymerase Chain Reaction (PCR) confirmed and hospitalized COVID-19 patients demonstrated presence of more opportunistic pathogens while the commensal microbes in the gut were depleted compared to healthy individuals. The samples from healthy individuals had prevalence of Eubacterium, Roseburia, Lachnospiraceae, Facecalibacterium prausnitzii. Currently, three registered clinical trials are investigating the effect of pre and probiotics on COVID-19 patients. One of the studies is evaluating the beneficial effects of Lactobacillus coryniformis on COVID-19 incidence amongst health care workers with a high risk of SARS-CoV2 (NCT 04366180). Another registered clinical trial (NCT04368351) is focusing on bacteriotherapy effects in the treatment of patients with acute diarrhea, and in preventing intensive care in COVID-19 patients. Lastly, the third clinical trial (NCT04366089) is evaluating the adjuvant uses of oxygen-ozone therapy along with probiotic supplementation in COVID-19 patients. Based on these ideas, both pre and probiotics could be proposed as potential tools to be included in the nutritional treatment of COVID-19 patients. Some of these potentially therapeutic probiotics include Lactobacillus rhamnosus and Bifidobacterium lactis, that exhibits anti-inflammatory effects while also rejuvenating both innate and adaptive immunity.




CHEESE

Cheese is a milk-derived product, rich in nutrients, such as fats, proteins, essential minerals and vitamins, processed by souring milk or clotting it with renin (112). Cheese processing leads to the formation of a versatile food product with a variety of flavors, textures, and nutritional benefits. Physical features of cheese are influenced by casein content, type, quantity, and their interactional strength, its proximate composition and ripening forms (113).


Nutritional Value of Cheese

Cheese has high nutritive value, being rich in proteins, fat, vitamins, and minerals like calcium (Ca2+) and phosphorous (114). Save for cysteine and methionine, cheese is rich in all essential amino acids enough for recommended human intake (115). Besides being significant in human nutrition, proteins are currently considered as important sources of bioactive peptides. These are amino acid sequences that give to a modified protein its characteristic biological activity. These bioactive peptides exert their actions through downregulating blood pressure, chelating minerals, exerting antimicrobial effects, modifying immune system, reducing inflammation, and cholesterol levels (116).



Cheese as an Immunity Enhancing Product

Studies have shown association between low protein levels (especially immunoglobulins) from cheese and an enhanced risk of infection (114). These nutritional supplements are important in regulating inflammation and oxidative stress responses both known to influence immunity (117). The nutritional impact on immune response is a key aspect in the formulation of anti-inflammatory dietary index (117). For example, dietary supplements rich in omega-3 fatty acids are known to have excellent antioxidant and anti-inflammatory effects, and also a good immunomodulatory potency (118). Elsewhere, experimental protein feeding below 0.8 g/kg body weight in mice, predisposed the animals to severe influenza infection, due to insufficient antibody response, persistence lung viremia, and elevated inflammation with fatal outcomes (119), whereas cheese-derived dietary products rich in calories and saturated fats inhibits inflammation and lipogenesis (120). Thus, the dietary incorporation cheese can reduce post-prandial lipogenesis and inflammatory activities [60]. Furthermore, it has been stated that protein meals, rich in essential amino acids can modulate post-meal glycemic stimuli and improve satiety, since they have better gastric retention and prolonged GI transit (121). This underscores the significance of high quality cheese-derived nutrients, such as calories and saturated fats, as anti-inflammatory enhancing diets that can be incorporated in nutritional immune modulation (122).




MILK

Milk is one of the main dietary sources of protein for humans, and is primarily composed of water (87%), lactose (5%), fats (0.3%), proteins (4%), vitamins (0.1%), and minerals (123). Milk protein can be categorized as either insoluble (casein) or soluble (whey), with latter constituting 20% of milk proteins, while insoluble proteins constitute the remaining fraction (80%) (124). Both protein categories can sufficiently meet the human's amino acid requirements, besides being digestible and bioavailable. In newborns, milk forms the primary source of bioactive molecules, acting on immune system enhancement against bacteria and viruses and promoting the development of both GI system and bones. The antiviral activity of milk has been attributed to bioactive components with immunomodulatory and anti-inflammatory potential, such as casein, whey proteins and associated peptides (41).


Dietetic Benefits of Milk

Milk is rich in nutritional components essential for a healthy growth and human development. Minerals, such as calcium is vital in regulating high blood pressure besides being crucial in teeth and bones formation, whereas selenium is a key antioxidant that boosts immune system. The active biological compounds present in milk, including essential amino acids and fatty acids makes it superior to meat in terms of biological significance and value. A good example of these fatty acids is omega-3 which has been implicated in inhibiting some types of cancer and CVD. Caseins, mainly classified as alpha, beta and kappa, act by chelating minerals, such as phosphorus and calcium thereby transporting them as a coagulum in the gut (125).

Recent studies have proposed a correlation between beta casein protein components and human health (126, 127). Bovine milk is an ideal protein source containing all essential amino acids, and high levels of branched chain amino acids, thereby considered as a reference baseline for quantifying other proteins with huge nutritive value (3). Branched chain amino acids, particularly leucine, have been indicated in enhancing synthesis of muscle proteins. Whey protein is also rich in methionine and sulfur-containing amino acids, crucial for glutathione formation, to whom great antioxidant and immunomodulatory effects have been attributed, besides being effective against cancer cells (4, 99).



Casein Proteins

Casein is a heterogenous protein family, mainly composed of calcium-phosphate micelle complexes (97), classified into alpha-, beta-, gamma-, and kappa-casein (128, 129). Casein and its derivative peptides are known to modulate immune responses, ultimately enhancing the antiviral activity while mitigating sepsis by immune downregulation (126, 130). Caseins also activate B and T-cell mediated responses, thereby linking innate to adaptive immunity. Several casein-derived peptides are also known to have human health benefits by stimulating CV, digestive, immune and central nervous (CNS) systems. For example, some peptides have shown good antioxidant (131), cytoprotective, immunomodulatory (126), antithrombotic and anti-hypertensive effects (131). An example of a peptide that interacts with the CNS is β-casomorphine that exert analgesic effects by acting like opioids (132). Studies have also demonstrated peptides' gut interference via enhanced mucin production, thereby inhibiting the pathogens adherence while enhancing the GI retention which has been linked to a better weight management, through regulated food intake (133).



Whey Proteins

Whey proteins are specific high-energy crude nutrients with various textures and thicknesses. They often accompany other palatable foods provided to hospitalized patients to improve protein-calorie intake. In addition, they have been associated with immunomodulatory benefits besides complementing antiviral regimens in patients under medication (134, 135).

Whey proteins found in milk are soluble heat labile globular structured compounds stabilized by intermolecular disulfide linkages. Being a heterogenous protein, it is composed of polymorphic proteins including beta-lactoglobulin and alpha-lactalbumin that confers the characteristic foaming and gelation properties (124, 136). Proteose, peptone, immunoglobulin, and glycomacropeptide found in whey have also shown in vitro and in vivo bioactivities (137). Other whey constituents include lactoferrin, bovine serum albumin (BSA), lactoperoxidase, non-protein components, such as vitamins, fats, lactose, and minerals (138, 139). Lactoferrin is an important immunomodulator with interesting antimicrobial and antioxidant effects. Animal and human experiments have even shown that oral lactoferrin administration is effective against infections, cancer and inflammation, thereby making it an appropriate food additive (140).


Immune System Enhancement by Whey Proteins

Experimental evidence has demonstrated that whey proteins have huge immune response enhancing properties. For instance, whey was able to elevate mucosal antibody response against cholera toxin and ovalbumin when fed to mice for 12 weeks compared to control on a regular diet (141). In another study, bovine whey proteins consumption (for 5–8 weeks) by mice led to a marked raise on foot pad delayed-type hypersensitivity responses and in vitro concanavalin A-induced spleen cell proliferation (141). The helper T cell (L3T4+) populations were also elevated in mice receiving undenatured whey protein (25 g) for 4 weeks compared to the control group fed an isocaloric casein diet (142). Not only the L3T4+ cells population were elevated but also the helper (L3T4+) to suppressor T-cells (Lyt-2+) ratio too. In comparison to casein and soy protein rich diets, whey protein-diet has been linked to an elevated count of CD4+, and C8+ lymphocytes, total white blood cells and increased IFN-γ production by concanavalin A-stimulated spleen in experimental mice (143). Whey proteins also increase the glutathione levels in plasma and enhance the NK cells activity in patients with chronic hepatitis B (144). Moreover, whey proteins' antiviral activity has been reported against HIV. Further, β-LF strongly inhibits reverse transcriptase and mildly inhibits integrase and protease, whereas β-LG and α-LA inhibits integrase and protease but not reverse transcriptase during the early infection stages (145). Elsewhere, whey derivatives, such as β-lactoglobulin and α-lactalbumin have been shown to bind and deter attachment of rotavirus to the host's cells receptors (146). In addition, lactoperoxidase enzyme from whey when combined with thiocyanate and hydrogen peroxide substrates also exhibits antiviral activity against herpes, HIV and echovirus (147, 148). Moreover, when orally administered, lactoperoxidase can mediate pneumonia disruption in mice experimentally infected with influenza by suppressing inflammation in lung cells (149).





CONCLUSION

SARS-CoV-2 infection has triggered a serious global devastation in human being's well-being and health maintenance, and a huge impact in healthcare delivery systems. Elderly individuals are particularly vulnerable to such infection, as both physiological and immunological performance declines with age, ultimately raising the risk of refractory infections and gets serious ill. Hence, implementation of infection control programs is difficult for them. This review mostly aimed to clarify the value of systemic dietary distortions in COVID-19 patients, as immunity is impaired by a poor nutritional status. For that purpose, here the different types of food that enhance humans' immune response, such as egg-derived proteins, milk, and fermented dairy products containing different probiotics were addressed and discussed. Eggs, yogurt, cheese, and milk are rich sources of essential macro and micronutrients, that possess excellent immunomodulatory, anti-inflammatory, antioxidant and antiviral activities, being thus essential for the maintenance of a healthy growth and development.
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*Regions of Spain; Andalusia, Aragon, Asturias, Balearic Islands, Basque Country, Canary lslands, Cantabria, Castie and Leon, Castie-La Mancha, Catelonia, Ceuta, Extremadura,
Galicia, La Roje, Madid, Meille, Murcia, Nevarra, Valencie.

TCases and deaths were normalized to the population in the regions.

“Significant results (P < 0.05).

SMAY; Mediterranean Adherence Index Scores.

income; Household disposable income per capita (in real USD PPP).

Education; Shere of labor force with at least secondary education (%).

9Housing; Number of rooms per person (ratio).

®Environment; Estimated average exposure to air pollution in PM2.5 (ug/m®), based on satelite imagery data. 'Life satisfaction; Average self-evaluation of life satisfaction on a scale
from 0 to 10.





OPS/images/fnut-08-591964/fnut-08-591964-t002.jpg
Cases'

[} SE
Univariate Model
MAR -0.358 1.057
Multivariate Model
MAR —1.487 2685
Income® 83005 1.3e-04
Education® -0013 0008
Housing? 0.001 0273
Environment® -0.161 0010
Life satisfaction’ 2576 1573
Physical inactivity? 0.066 0076

p-Value

0.738
0.738
0.121
0593
0.526
0.073
0.958
0.126
0.136
0.406

Deaths’

Adj. R? ] SE p-Value
~0.042 0817
—-0.024 0.102 0.817

0343 0.004*
~0597 0.176 0010*

260-06 7.8¢:06 0745

-0014 0.003 0.003*

0.065 0018 0.000"

-0.087 0.005 0.001*

0208 0007 0016

5.26-03 480-03 0318

Adj. R2

—0.047

0.768

*Countries; Australia, Austria, Canada, Chile, Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, ltaly, Japan, Norway, Portugal, Spain, Sweden, Switzerland,

Turkey, United Kingdom, United States.

1Cases and deaths were normalized to the population in the regions.
“Significant results (P < 0.05).

M, Medlterranean Adherence Index Scores.

Bincome; Household disposable income per capita (in real USD PPP).
Education; Share of labor force with at least secondary education (%).
9Housing; Number of rooms per person (ratio).

°Environment; Estimated average exposure to air pollution in PM2.5 (ug/m?), based on satelite imagery date.

Life satisfaction; Average self-evaluation of lfe satisfaction on a scale from 0 to 10.

9Physical inactivity: Prevalence of insufficient physical activity among adults aged 18+ years (age-standardized estimate).
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First author

Allabadi et al.

ALMugharmis et al.

Ammar et al.

Bhutani et al.
Bracale et al.
Deschasau-
Tanguy et

al.

Di Renzo et al.

Gallo et al.

Husain et al.

Matsungo and
Chopera

Mehta

Mitchell et al.

Parnham et al.

Pellegrini et al.

Phillipou et al.

Pietrobelli et al.

Rodriguez-Perez
etal.

Romeo-Arroyo et
al.

Ruiz-Roso et al.

Scarmozzino et al.

Sidor et al.

Zachery et al.

Zhao et al.

Study type

Cross-sectional
study

Cross-sectional
study

Cross-sectional
study

Cross-sectional
study
Panel study

Cohort study

Cross-sectional
study
Cohort study

Cross-sectional
study

Cross-sectional
study

Cross-sectional
study

Retrospective
cohort study
Cross-sectional
study
Retrospective
observational
study

Cross-sectional
study
Cross-sectional

study

Gross-sectional
study

Cross-sectional
study
Cross-sectional

study
Cross-sectional
study
Cross-sectional
study
Correlational
study

Cross-sectional
study

Assessment method

Demographic, diet, and
lifestyle survey
(telephone)
Demographic, diet, and
lifestyle survey
(WhatsApp)

Mental and physical
health and lifestyle
behavior survey (online)

Demograptic, diet, and
liestyle survey (online)
Analysis of consumer
trends

Demographic survey
and 24-h recall (oniine)

Demographic, diet, and
liestyle survey (online)
Self-administered 24-h
recall

Demographic, diet, and
lifestyle survey (online)

Demographic, diet, and
liestyle survey (oniine)

Demographic, diet, and
lifestyle survey

Dietary and lfestyle
record (mobile app)
COVID-19 related
questionnaire
Demographic, diet, and
lifestyle survey
(telephone)

Demographic, diet, and
mood survey (online)
Lifestyle questionnaire
(in-person and
telephone)
Demographic and
dietary intake survey
(online)

Diet and lfestyle survey
(online)

Demographic, diet, and
liestyle survey (oniine)

Demographic and
dietary intake survey
(online)

Demographic, diet, and
liestyle survey (online)

Demographic, lifestyle,
and social survey
(online)

Dermographic, dietary,
and household food
diversity survey

Location

Asia (Palestine)

Asia (india)

Global (40%
Africa, 36% Asia,
21% Europe)

Americas (U.S.%)
Europe (taly)

Europe (France)

Europe (italy)

Oceania
(Australia)

Asia (india)

Africa
(@Zimbabuwe)
Asia (india)

Americas (U.S)
Europe (UK®)

Europe (ialy)

Oceania
(Australia)
Europe (ialy)

Europe (Spair)

Europe (Spair)

Global (EU? and

South America)

Europe (ialy)

Europe (Poland)

Americas (U.S)

Asia (China)

Female
N (%)

300
(50%)

380
(72.8%)

563
(63.8%)

1,007
(66.6%)

19,483
(52.3%)

2486
71%)

295
(57.9%)

285
(©8.7%)

318
(63%)

25 (50%)

318,224
(83.4%)

4,231
(80%)
19 (46%)

5305
(70.6%)

301
(60.19%)
495

(61.1%)

1,042
(95%)

%
(65.5%)

1273
(65.7%)

Age
(mean) in
years

10-19
(14.1)
@1.8)

18+

18-75

154 (52.1)

12-86

19-27

18-73
(385)

184

20-50 (37)

18+ (47.8)
8+
18-75

@79

18+

6-18(14)

184

18-68
(#2.6)
<l4to
>17(16)

Anonymous

18+ (27.7)

(26)

184

N(ref), reference number; 2EU, European Union; *BMI, body mass index; *U.S., United States; SUK, United Kingdom; N, number.

Dietary change

Cornfort food, frut, and
vegetable increase

Snacking, food intake
increase

Meal number, comfort
food, and snacking
increase

Snacking, fruit, and
vegetable increase

Decrease in fresh food
intake

Snacking, comfort food
increase, fresh food
decrease

No change in meal
number

Snacking and food
intake increase

Snacking increase

Decrease in fruit and
vegetables

Snacking, meal
numbers increase, frut,
and vegetable decrease

Decrease in fruit and
vegetables

Reduction in school
meals

Snacking increase

Food intake

Meal number, comfort
food increase

No increase in meal
intake

Comfort food increase

Comfort food, fruit, and
vegetable increase

Comfort food, food
intake increase

Snacking and food
intake increase

Snacking increase

No increase in meal
intake

Findings that report a change and/or show significance

Food intake increased during lockdown; weight gain seen
(b < 0.001). Increased food intake higher in females than males
(p=0.013).

Change in dietary habits. Increased snacking, particularly after
dinner. Weight gain seen in lockdown (o < 0.001). Increase in
sedentary levels.

Increase in number of meals consumed (p < 0.001). Binge eating
habits and snacking increased during confinement (o < 0.001).
Consumption of unhealthy food increased (p < 0.001). Binge
aloohol drinking decreased (o < 0.001).

Increased intake of fruit and vegetables (o > 0.08). Increase in
processed food intake and snacking (p > 0.001).

Increase in long-ffe products: pasta, flour, eggs, homernade bread
and pizza, and red or processed meat. Decrease in fresh produce.

Change in dietary habits. Reported weight gain, particularly
among young women. Increase in home cooking, snacking,
comfort food, and alcohol intake. Reduction in fresh fruit,
vegetable, meat, and fish.

Increase in homemade foods. Decrease i fresh fish, baked
goods, and alcohol intake (p = 0.002).

Snacking and energy intake increase in females (o < 0.05).
Increase in number of meals consumed at home (o < 0.0001).
Reduction in walking (o < 0.05).

Change in dietary habits, increase in number of meals (p = 0.000).
Increase in snacking, particularly at night (o = 0.000). Increase in
freshly made foods/home cooking. Decrease in red meat and fast
food consumption (o = 0.000).

Decrease in fruit, vegetables, nuts, seeds, cereals, breads, and
tubers intake (o < 0.006). Increase in perceived body size seen in
lockdown (p < 0.001).

Change in dietary habits. Intake during meal times and snacking
increased. Fruit and vegetable intake decreased

during confinement.

Decrease in fruit and vegetable intake. Increased in red and
processed meat intake, particularly among men.

Half of children did not receive free school meals during lockdown
(o <0.01).

Increase in BMI and seff-reported weight gain (o < 0.001). Lower
educational levels, higher anxiety/depression levels, and poor
dietary habits associated with weight gain (o < 0.001). Increased
consumption of snacks, sweets, and cereals (p < 0.001),

Higher levels of binge eating (~35%) (o < 0.003), higher levels of
restrictive eating (~28%) (o < 0.001),

Increase in number of meals consumed (p <0.001). Increase in
fruit consumption (o = 0.056). Intake of crisps sweets and sugary
drinks increased (o = 0.005 - <0.001).

No increase in eating habits. Decreased alcohol intake and
physical activity levels. Difficulty finding fresh fish and vegetables.
Males had significantly different intake levels of fruit, vegetables,
and olive oil (o < 0.006).

Increase intake of sweets. Decrease in fresh fish intake (o < 0.05).

Increase in fruit and vegetable (o < 0.0001) and legumes (o <
0.05) intake, higher compliance with recommendations. Fast food
intake decreased (o < 0.0001). Sweet (o < 0.0001) and fried food
(b < 0.001) intake increased.

Increased eating during confinement. Increase in comfort food
intake: chocolate, ice cream, and desserts. Increased snacking.
Decreased alcohol intake.

Increased eating and snacking during confinement in those with a
higher BMI® (o < 0.01). Highest BMIs had lowest fruit and
vegetable intake, highest dairy, red meat, and fast food

intakes (p < 0.05).

Increased snacking after dinner (p < 0.001 and increased eating in
response to stress or boredom (o = 0.041) in those who gained
weight during lockdown.

Increased intake of nutritional supplements. Younger age group
had a lower diet diversity score.
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Authors Design Samplesize  VitaminD Outcomeof  Age (years) Male (%) Diabetes (%) Hypertension ~ NOS

cut-off (ng/mL)interest (%)
Abrisharmi et al. (10)  Retrospective 73 <25 Mortaity 552 644 15.4 247 8
observational
Baktash et al. (9) Retrospective 105 <30 Mortality 81 54.3 323 514 6
Observational MV
Ceredaetal. (22)  Prospective 129 <20 Mortaity 77 543 307 704 8
Observational Severity
Hastie et al. (21) Observational 656 <25 Mortaity - - - - 7
Herdndez etal. (20) Restrospective 216 <20 Mortaity 61 62.4 165 40 6
Observational Severity
(case-control) Susceptibilty
Im etal. (18) Retrospective 200 <20 Susceptibiity 575 - - - 5
Observational (COVID-19)
Jain etal. (12) Prospective 154 <20 Mortality 46.1 61.7 = = 5
Observational
Katz etal. (1) Cross-Sectional 987,849 Deficiency ~ Susceptibilty ~ Stratified 48.4 - - 6
971 (COVID-19)
Luoetal. (14) Cross-Sectional 895 <30 Mortaity 555 453 - - 6
Severity
Susceptibility
Maghbooli et al. (19)  Retrospective 235 <30 Severity 58.7 61.3 36.6 44.4 6
Observational
Melzer etal. (17)  Retrospective 489 <20 Susceptibiity 492 25 28 53 8
Observational
Merzonetal. (16)  Retrospective 7,807 <20 Susceptibiity 44 414 - - 7
Observational
782 (COVID-19)
adujkovicetal. (15)  Retrospective 185 <20 Mortaity 60 51 10 - 8
Observational
Severity
De Smetetal.(13)  Retrospective 186 <20 Mortaity 69 586 14 - 8
Observational

IMV, Invasive Mechanical Ventilation; NOS, Newcastle-Ottawa Scale.
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Nutrient Description

Carbohydrate (82, 90) Before exercise: 1 g/kg of carbohydrate-rich foods such
as pasta, rice and bread at the iftar meal (1h prior
to exercise)

* During exercise: small amounts of carbohydrate-
electrolyte drinks including mouth rinse

* After exercise: 1.0~1.2 g/kg/h of carbohydrate
sources such as potatoes and pasta

Protein (36, 90) * After exercise: 20-25 for young, and 40g for
elderly athletes

Fruits and vegetables ¢ Frequent meals of citrus fruits, tree fruits, stone

©1) fruits, grapes, apples, most berries, strawberries, and

bananas from the iftar to sahour meal
+ Onions, parsley, celery seed, oregano, soybeans,
soy-based foods, and legumes can be used in the iftar
and sahour meals
Vitamins (81, 92,93)  » Vitamin G: 200mg per day
* Vitamin D: 2000 IU (50 g per day
* Vitamin Bg: 1.3mg per day
* Vitamin By: 400 g per day
o Vitamin By: 2.4 pg per day
Others (81,93,94)  » Zinc: 8-11mg per day
* Selenium: 400 pg per day
+ Omega-3 fatty acids: 250mg per day of EPA + DHA

EPA, Eicosapentaenoic acid; DHA, Docosahexaenoic acid.
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Type Intensity Duration Frequency

Warm-up 40-50% of HRmax  7-10min Atleast 3 and
preferably 5 days
per week

Aerobic training  50-75% of HRmax  20-30min

Stretching Until the onset of pain 6-10s per

in the muscle limb/muscle
Resistance training  50-70% of 1RM 20-30min
Cool-down 40-50% of HRmax ~ 5min

HRmax, Maximal heart rate; 1RM, 1-repetition maximur.
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Death rate for child growth failure

Global (n = 172)
Tortiee 1, ref <12
Tertile 2 1.2-9.4
Tertile 3 2901

» (-value) ~0.09 (1.000)
PR, T3 vs. T1 (95% Cl) 1.76 (0.92; 3.37)
High-income countries (n = 57)

Tertie 1, ref <04
Tertile 2 0.4-1.1
Tertile 3 =11

» (p-value) 026 (0.815)
PR, T3 vs T1 (95% CJ) 1.36 (0.76; 2.43)
Upper-middile-income countries (n = 48)

Tortie 1, ref <14
Tertile 2 1.4-4.8
Tertile 3 248

» (p-value) 0.08 (1.000)
PR, T3 s T1 (95% CI) 2.08(1.01; 4.29)
Lower-middle-income countries (n = 38)

Tertie 1, ref <87
Tertile 2 8.7-28
Tertile 3 =28

» (p-value) ~0.09 (1.000)
PR, T3 vs T1 (95% CI) 1.70 (0.58; 4.99)
Low-income countries (n = 29)

Tertie 1, ref <36
Tertile 2 36-69
Tertile 3 269

» (p-value) 030 (0.979)
PR, T3 s T1 (95% CI) 1.00 (0.32; 3.19)

Iron deficiency

<139
139-349
2349
~0.21(0.186)
087 (0.47; 1.61)

<43
43124
2124
~0.15 (1.000)
074032 1.71)

<152
162-247
=247
~0.23 (0.969)
0.45 (0.25; 0.82)

<294
294-539
2539
~0.44 (0.139)
0.28 (0.13; 0.63)

<526
526-712
2712
060 (0.027)
3.61(1.45;8.99)

YLD rate

Vitamin A deficiency

<15
1.5-12
=12
~0.16 (0.796)
1.58 (0.70; 3.53)

<01
0.1-06
206
~0.07 (1.000)
1.67 (0.82; 3.39)

<33
3377
277
0.04 (1.000)
096 (0.43; 2.12)

<12
12-31
=31
~0.14 (1.000)
0.80(0.29; 2.17)

<51
51-84
=84
047 (0.333)
083 (0.25;2.79)

High BMI

<441
441-833
2833
0.26 (0.018)
1.77 (0.77; 4.09)

<781
781-1,071
>1,071
027 (0.775)
0.79(0.32; 1.98)

<663
663-913
2913
022 (0.985)
0.84(0.37; 1.84)

<271
271-440
=440
0.18 (1.000)
0.45(0.17; 1.16)

<151
151-196
2196
~0.18 (1.000)
3.32(0.66; 16.8)

*According to World Bank 2019 (29). BMI, body mass index; CFR, case fatality ratio; Cl, confidence interval; Death rate, rate of death per 100,000 for all ages; PR, prevalence ratio for
COVID-19 fatality in the highest tertile of a countries burden of malnutrition relative to the lowest tertie calculated in a negative binomial mode; p, Spearman’s rank correlation coefficient
with p-value adjusted for multiple testing according to Sidak; YLD rate, rate of years lived with disability per 100,000 for all ages.
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As usual or less

N= %
1,979
Vegetable consumed
Higher 239 120
Lower 145 73
As usual 1,595 799
Fruit consumed
Higher 315 15.9
Lower 174 88
As usual 1,480 753
Red meat consumed
Higher 121 6.1
Lower 358 18.1
As usual 1,500 758
Carbonated and/or sugary beverages consumed
Higher 79 40
Lower 456 230
As usual 1,444 73.0
Legumes consumed
Higher 130 6.6
Lower % 50
As usual 1,750 884
Fish-seafood consumed
Higher 168 85
Lower 260 13.1
As usual 1,851 78.4
Commercial pastries consumed
Higher 322 163
Lower 313 158
As usual 1,344 67.9
Homemade pastries consumed
Higher 435 220
Lower 251 127
As usual 1,293 653
Alcoholic beverage consumed
Higher 119 60
Lower 508 25.7
As usual 1,352 683
Fried foods consumed
Higher 66 33
Lower 340 17.2
As usual 1,673 795
Frequency of snacking
Higher 437 224
Lower 235 1.9
As usual 1,307 66.0
Frequency of fast-food consumed
Higher 36 18
Lower 870 44.0
As usual 1,073 542
Weight gain
Yes 302 16.3
No 1,238 626
| do not know 419 el

Differences between the groups were evaluated by the Chi-squared test.

bCrude model: unadjusted for any variable.
SModel 1: mutivariate adjusted model for gender (women, men, and other), age groups (<20, 20-35 years, 36-50 years, 51-65 years, and >65 years), and regions (Continental and Coastal)
9Model 2: multivariate adjusted model for gender, age groups, regions, residence (alone, family home, shared flat, and student’s residence), education level (university, postgradiuate, professional, and primary), and physical activity
(higher, lower, similar; never). Odds ratios (ORs) and corresponding 95% confidence intervals were estimated for all models. In addition, statistically significant ORs are highlighted in bold.
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1,009

312

679
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691
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1,015
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549
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29.0
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10.4
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9.0
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217
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215
19.2
59.3

335
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6.6
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546

24
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0.200

0.025

0.035

0.077

<0.001

<0.001

<0.001

<0.001

<0.001

0.885

OR

224
137
Ref.

1.08
0.92
Ref.

122
1.16
Ref.

0.98
0.85
Ref.

138
0.98
Ref.

1.33
1.09
Ref.

0.93
123
Ref.

201
0.89
Ref.

1.93

0.86
Ref.

237
1.62
Ref.

1.97
095
Ref.

1.21
1.68
Ref.

1.06
1.02
Ref.

Crude®
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Model 1¢
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Low

N =1315 %
Difficult to find certain types of food
No 1,084 824
Yes 231 176
Type of cooking
Fried 132 100
Griddle 26 20
Microwave 7 05
Oven 242 184
Stew 908 69.0
Cooking more often
As usual 639 486
Less 35 27
More 641 487
Fried foods consumed
As usual 937 73
Lower 248 189
Higher 130 99
Frequency of fried food consumed (times/week)
1-3 836 636
46 87 66
>7 5 0.4
<t 341 259
Never 46 35
Type of oil used for frying
Olive ail 134 102
Other 166 126
Sunflower oi 1015 77.2
Frequency of snacking
As usual 748 56.9
Lower 148 13
Higher 419 319
Frequency of fast food consumed
As usual 575 437
Lower 694 528
Higher 46 35
Ate more
No 736 56.0
Yes 579 440
Modification of physical activity
No physical activity 142 108
It has decreased 483 36.7
It has increased 320 250
It remains as usual 361 275
Weight gain
1 do ot know 308 234
No 716 54.4
Yes 291 221
Meals consumed (number/day)®
1 572 435
2 298 227
3 209 159
None 236 179

1,153
596
422
635

Medium

Ny = 2,806

2,215
591

108
31

354
2,308

1,472
61
1573

1913
739
154

1,380
80

1,138
200

764

1,658

1,504
316
986

1,201
1,653
52

1,593
1213

167
1,047
840
762

616
1,643
547

41.1
212
15.0
226

MEDAS groups
High
% Ny = 160
78.9 122
214 38
38 3
14 3
0.2 0
126 18
823 136
418 72
22 0
56.1 88
68.2 116
26.3 44
55 0
49.2 58
29 2
03 0
406 79
71 21
272 80
137 19
50.1 61
53.6 84
13 29
35.1 47
428 85
55.3 72
1.9 3
56.8 105
432 55
56 5
373 51
29.9 61
272 43
220 23
586 104
195 33
67
13
30
50

aDifferences between the three Mediterranean diet adherence groups were evaluated by the Chi-squared test.

bReferred as the usual number of meals out of home before the confinement.

%

763
238

19

19

0.0

13
85.0

45.0
0.0
55.0

725
275
0.0

36.3
13
0.0

494
13.1

50.0
1.9
38.1

525
18.1
29.4

83.1
450
19

85.6
344

3.1
319
38.1
269

14.4
65.0
20.6

41.9
8.1

188
313

All

N =4,281

3,421
860

243

12
614
3,352

1,883
96
2,302

2,966
1,081
284

2,274
169
13
1,568
267

978
569
2,734

2,336
493
1,452

1,861
2,319
101

2,434
1,847

1,681
1,230
1,166

947
2,463
871

1,792
907
661
921

%

799
20.1

5.7
1.4
03
14.3
783

440
22
53.8

69.3
24.1
6.6

53.1
39
02

36.4
6.2

228
13.3
63.9

54.5
1.5
33.9

435
54.2
24

56.9
43.1

71
36.9
287
272

221
575
203

419
212
16.4
2156

P-value®

0.053

<0.001

<0.001

<0.001

<0.001

<0.001

0.017

0.001

0.066

<0.001

0.013

<0.001





OPS/images/fnut-08-617721/fnut-08-617721-t003.jpg
Low Medium

N =1315 % Ny = 2,806

Olive cil consumed (tablespoons/day)

As usual 1,087 827 2,259
Lower 118 90 152
Higher 110 84 395
Vegetable consumed (servings/day)

As usual 950 722 1,931
Lower 15 1.5 228
Higher 214 163 647
Fruit consumed (servings/day)

As usual 917 69.7 1,920
Lower 153 16 248
Higher 245 186 638
Red meat consumed (servings/day)

As usual 934 710 1,917
Lower 187 142 695
Higher 194 148 194
Carbonated and/or sugary beverages consumed (cups/day)

As usual 900 69.4 1,937
Lower 314 239 738
Higher 101 7.7 131
Legumes consumed (servings/week)

As usual 1,108 839 2332
Lower % 68 167
Higher 122 93 307
Fish-seafood consumed (servings/week)

As usual 1,018 7.4 1,974
Lower 189 144 443
Higher 108 82 389
Commercial pastries consumed (units/week)

As usual 852 648 1,692
Lower 197 15.0 503
Higher 266 202 621
Homemade pastries consumed (units/week)

As usual 744 56.6 1,469
Lower 154 "7 371
Higher a7 317 966
Alcoholic beverage consumed

As usual 832 633 1,729
Lower 361 275 784
Higher 122 93 293

apifferences between the three Mediterranean diet adherence groups were evaluated by the Chi-squared test.

MEDAS groups

80.5
54
14.1

68.8
8.1
23.1

68.4
88
22.7

68.3
248
6.9

69.0
26.3
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83.1
6.0
109

703
15.8
139

56.7
211
224

52.4
13.2
34.4

61.6
279
10.4

120

27

109

5

103
13
44

101
54

113
44

119

37

102
20
38

95
30
35

89
19
52

102
42
16

%

81.3
19
16.9

68.1
38
28.1

64.4
8.1
275

63.1
338
31

70.6
275
19

74.4
25
23.1

63.8
125
238

59.4
188
219

55.6
1.9
325

63.7
263
100

All

N =4,281

3,476
273
532

2,990
385

2,940
414
927

2,952
936
363

2,950
1,096
235

3,654
261
466

3,004
652
535

2,539
820
922

2,302
544
1,435

2,663
1,187
431

%

81.2
6.4
12.4

69.8
90
212

68.7
97
21.7

69.0
219
92

69.9
256
55

83.0
6.1
109

723
15.2
125

59.3
192
215

53.8
12.7
335

62.2
21.7
10.1

P-value®

<0.001

<0.001

0.001

<0.001

<0.001

<0.001

<0.001

0.001

0.147

0.760
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Observed eating behavior
Low Medium

NL=1315 % Ny = 2,806

Olive cil consumed (tablespoons (13.5 g)/day)

0-19 915 609 1,032
2-39 330 25.1 1,098
>4 70 53 681
Vegetables consumed (servings (200)/cy)

0-09 370 284 384
1-1.9 870 66.2 1,675
>2 75 57 747
Fruit consumed (pleces/day)

0-09 515 302 620
1-2.9 738 56.1 1,645
>3 62 a7 541
Red meat consumed (servings (100-150 g)/day)

0-09 553 42.4 2,286
>1 762 57.9 520
Butter, margarine or cream consumed (servings (12 gy/day)

0-09 909 69.1 2478
>1 406 30.9 308
Carbonated and/or sugary beverages consumed (times/day)

0-09 1,094 832 2678
>1 221 16.8 128
Wine consumed (cups (100 ml)/week)

0-29 643 489 1,362
3-6.9 96 73 223
>7 22 17 8
I never drink wine 554 421 1,136
Legumes consumed (servings (150 g)/week)

0-09 570 483 848
1-2.9 721 548 1,612
>3 24 1.8 346
Fish-seafood consumed (servings (100-150g for fish or 200g for seafood)/week)
0-09 791 60.2 1219
1-29 517 393 1,432
>3 7 05 155
Commercial pastries consumed (times/week)

0-19 901 68.5 1,687
>2 414 317 1,169
Nuts consumed (servings (30 g)week)

0-09 733 55.7 1,020
1-29 424 322 959
>3 158 12.1 827
Vegetables, pasta, rice cooked in olive oil(iimes/week)

0-09 305 232 1,74
1-1.9 622 473 626
>2 388 295 2,006
Preferred Olive Oilfor Cooking

No 1,100 8.7 1,145
Yes 215 163 1,661
Preferred white meat instead of red meat

No 712 54.1 555
Yes 603 459 2,251

High

MEDAS groups
% Ny = 160
368 6
39.0 37
243 17
187 4
59.7 31
266 125
224 17
58.6 49
193 9
815 151
185 9
883 156
"7 4
95.4 160
46 0
485 68
79 13
30 20
405 59
302 16
57.4 58
123 8
43.4 32
510 70
55 58
583 81
a7 79
364 24
34.2 39
294 o7
62 5
223 4
715 151
408 12
59.2 148
198 1
80.2 149

aDifferences between the three Mediterranean diet adherence groups were evaluated by the Chi-squared test.
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38
23.1
73.1

25
19.4
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106
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58.8

94.4
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975
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100.0
0.0

425
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125
36.9

100
363
53.8

200
43.8
363

50.6
49.4

15.0
244
60.6

341
25
94.4

75
925

6.9
93.1

All

N =4,281

1,953
1,460
868

758
2576
947

1,152
2,432
697

2,990
1,201

3,543
738

3,982
349

2,073
332
127

1,749

1,434
2,301
456

2,042
2,019
220

2619
1,662

1,777
1,422
1,082

484
1,252
2,545

2,257
2,024

1,278
3,008

%

456
34.1
203

17.7
60.2
221

269
56.8
16.3

69.8
30.2

828
17.2

91.8
82

48.4
78
3.0

409

335
55.9
10.7

477
472
5.1

612
388

415
332
253

1.3
202
59.4

52.7
473

299
701

P-value®

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
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Respondents’ characteristics MEDAS groups P-value®

Low Medium High Al
% Nt = 2,806 % Ny = 160 % N=4.281 %
Gender® <0.001
Female 937 713 2365 843 142 8838 3444 805
Male 376 28.6 435 166 18 1.2 829 19.4
Age 0252
<20 years 61 46 124 4.4 1 06 186 43
20-35 years 554 424 1,267 452 7 4.4 1,892 442
36-50 years 510 3838 1,049 374 63 30.4 1,622 37.9
51-65 years 179 136 339 12.1 23 14.4 541 12,6
65 years 11 08 27 10 2 13 40 09
Place of Residence 0.360
Alone 127 97 328 1.7 12 7.5 467 109
Famiy home 1,098 835 2208 819 136 85.0 3,532 825
Shared flat 79 60 163 58 11 69 253 59
Student's residence 1" 08 17 06 1 06 29 07
Region by Areas® <0001
Continental part 1,148 87.3 2238 798 19 74.4 3,505 81.9
Coastal part 167 12.7 568 202 a1 256 776 18.1
Children in Care 0.284
No 775 589 1,690 60.2 87 54.4 2,552 50.4
Yes 540 414 1116 308 73 4556 1,729 40.4
Educational Level <0001
University 661 503 1,597 569 106 663 2,364 552
Postgraduate 247 188 536 19.1 33 206 816 19.1
Professional 393 299 652 232 21 13.1 1,086 249
Primary 14 1.1 21 07 0 00 35 08
BMI <0001
Underweight 39 30 88 34 5 34 132 31
Normal 726 552 1,901 67.7 113 706 2,740 64.0
Overweight 387 204 609 217 36 25 1,082 24.1
Obesity 163 124 208 74 6 38 377 88

aNumbers do not add up due to eight respondents who stated that by gender they belong to the category of “Other” (data not shown).
bOfficial EU division arees for Croatia—NUTS 2 (27).
¢Differences between the three Mediterranean diet adherence groups were evaluated by the Chi-squared test.
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Have you eaten more food than normal during the lockdown?
If yes, was it healthy food?

Have you changed the way you cook during the lockdown?

If 50, has it been healthy?

Have you snacked throughout the day during the lockdown?
If yes, was it due to anxiety?

Yes
n (%)

16 (61.5)
15 (57.7)
5(192)
22(846)
14 (53.8)
9(346)

Control group

No n (%)
n (%)

10 (385)
11(423)
21(808)
4(15.4)
12 (46.2)
17 (65.4)

Experimental group

Yes n (%)
n (%)

12 (48.0)
16 (64.0)
8(32.0)

21(84.0)
15 (60.0)
14(56.0)

No n (%)
n (%)

13(52.0)
9(36.0)
17(68.0)
4(16.0)
10 (40.0)
1144.0)
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Mean (SD) Mean (SD)
before lockdown  after lockdown

Adherence to MD (PREDIMED total score)

Control group 788+ 175 7.88+2.75
Experimental group 900 & 1.68 9.32.+1.68
BMI
Control group 31984388 8205395

Experimental group  31.05£4.38  31.08 4.4

MD, Mediterranean diet; BMI, body mass index.

Percentage
change

0.00%
3.50%

0.21%
0.09%
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High adherence to MD

GROUP Control
Experimental

Age (years)

Obesity

GROUP Control
Experimental

Age (years)

OR

9.83
1.01

0.90
0.96

1C 95%

(3.61-26.78)
(092-1.12)

(0.38-2.14)
(0.87-1.05)

P-value

<0.001
0.779

0.812
0.371
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Age
Sex
Female
Male
Marital status
Married
Others
Nationality
Spanish
Occupational situation
Full-Party time/employee
Retired
Other
Coexistence
At home alone
At home with my partner
Others
Educational level
No studies
Primary studies
Middie studies
Higher education
Income
<1000€
>1000€
Tobacco use
Yes
No tobacco use
Alcohol consumption
Yes
Doesn't drink alcohol

Control

group
N=26

24(92.3)
202.7)

17 (65.4)
9(34.6)

26 (100.0)

5(19.2)
16(61.6)
5(2,18)

6(23.1)
19(73.1)
1(38)

103.8)
11(42.3)
10(38.5)
4(15.4)

13 (60.0)
13(50.0)

200.7)
24(92.3)

12 46.2)
14(53.8)

Experimental

group
N=25

22(88.0)
18 (12.0)

19 (76.0)
6(24.0)

25 (100.0)

11 (44.0)
9(36.0)
5(200)

3(12.0)
21(84.0)
1(4.0)

1(4.0)
4(16.0)
12 (48.0)
8(32,0)

8(320)
17 (68.0)

3(12.0)
22(88.0)

13 (52.0)
12 (48.0)

Total

66.69+5.14 6344+3.40 66.1+4.67

46 (90.2)
15(98)

36 (70.6)
15 (29.4)

51(100.0)

16 (31.3)
25 (49.0)
10 (19.7)

9(17.6)
40 (78.4)
2(39)

2(39)

15 (29.4)
22 (43.1)
12 (23.5)

21 (42.0)
30(58.0)

50,8
46(90.2)

25 (49.0)
26(51.0)

P

0.01
0.61

0.54

0.12

0.58

0.19

0.25

0.66

0.78
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Non-DAC (N = 99) DAC (N = 23)

Mean SEM Mean SEM Reference numbers p-value
Male/Female 58/41 18/5
Age (years) 56.08 1.336 56.38 3.136 - 0.2963
Laboratory data
Alanine aminotransferase (U/L) 48.43 5.797 4813 7.436 <41 0.9238
Aspartate aminotransferase (U/L) 43.44 4149 5142 9.261 <37 07681
Alkaline phosphatase (U/L) 115 18.89 1072 15.78 40-129 07865
Total blirubin (mg/dL) 0.4538 006193 0.4533 00485 02-10 03681
Direct bilirubin (mg/dL) 03578 0.0604 03183 0.03358 <03 06342
Indirect biliubin (mg/dL) 009385 001291 003358 002398 0.1-06 02229
Glutamyl transferase gamma (U/L) 164.9 30.59 156.6 19.33 8-61 0.4998
Creatinine (mg/dL) 212 0.2077 2,042 03794 07-1.2 0.9659
Lactate dehydrogenase (U/L) 457.9 33.48 451.2 55.76 135-225 0.4321
C-reactive protein (mg/L) 77584 9.205 1542+ 27.97 <50 0.0089
Total protein and fractions (g/clL) 5.794 02328 637 02574 66-8.7 0.1698
Alburnin (g/L) 2919 0.1046 3255 0.1895 34-48 02643
Globulin (g/dL) 2875 0.2065 3.085 0.1464 1.7-85 03153
Urea (mg/dL) 7513 5.447 85.17 127 10-50 0.5556
D-dimer (ng/mL) 1963 252.2 1497 1755 <500 0.4949
Platelets (x 10%/mm?) 2777 15.51 206.6" 21.89 150-400 0.0474
Prothrombin time (seconds) 13.99 0.3263 13.08 0.3433 9.4-125 0.1133
Activated partial thromboplastin time (seconds) 38.87* 2408 2884 1.034 25.1-36.5 00169

P values indicate differences between groups. *p < 0.05 and *'p < 0.01 were considered statistically significance. Bold represents values outside reference range. Reference values
from Diviséo de Laboratorio Central do HC/FMUSP
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Food supplements

Zine (Zn) (Antiviral)

Vitamin D (VD)
(Immune-boosting
anti-inflammatory)

Vitamin C (VC)
(Immune-boosting,
antioxidant)

Curcumin
(Immune-boosting,
antiviral,
anti-inflammatory, and
antioxidant)
Cinnamaldehyde
(Anti-inflammatory)
Alcin (Antiviral,
anti-inflammatory)

Piperine
(Anti-inflammatory and
antioxidant)

Selenium
(Immune-boosting, and
antioxidant)

Propolis
(Immune-boosting,
anti-inflammatory)

Probiotics (Immune
boosting,
anti-inflammatory)

Lactoferrin (antiviral)

Quercetin (antiviral)

Properties

Protects against oxidative stress and inhibit TNF-a, IFN-y, FasR and JAK-STAT signaling pathways.

= Blocks NF-«B p65 activation via up-regulation of I-kappa-B-alpha (KB-).

= Decreases the expression of the pro-inflammatory type 1 cytokines: IL-12, IL-16, IL-8, TNF-o and IFN-y
and increases type 2 oytokines IL-4, IL-5, IL-10.

= Upregulates the levels of antioxidant NRF-2, faciltates balanced mitochondrial functions.

= Decreases pro-inflammatory cytokines, TNF-a and IFN-y and increases anti-inflammatory IL-10 production.

= Reduces the duration and severity of upper respiratory infections (viralinfections).

= Scavenges ROS, prevents lipid peroxidation, and protein alkylation and thus protect cells from oxidative
stress induced celular damage.

Stimulates host interferon production to activate the host innate immunity.

Binds to S protein at RBD and ACE2 receptor and inhibits virus entry.

Inhibits NF-B, cyclinD1, COX-2, TNF-a, and STAT signaling pathways.

Neutralizes free radicals and enhances the production of antioxidant enzymes.

= Suppress the NF-xB, TLR4, and NLRP3 signaling pathways.
= Downregulates the production of prostaglandins.

= Downregulates the proinflammatory cytokines and inhibits the nitic oxide synthase expression in
macrophages.

= Possess antiviral effect on broad spectrum of viruses of HSV family, parainfluenza virus and
human rhinovirus.

= Reduces the production of the IL-18, IL-6, TNF-«, COX-2, nitric oxide synthase-2, and NF-xB.

= Neutralizes free racicals, ROS, and hydroxy radicals.

= Promotes the T cell proliferation, NK cell activity and innate cell function.

» It downregulates the proinflammatory cytokines (IL-1 and IL-6).

= Augments glutathione peroxidase and other antioxidant selenoenzymes actiities.

= Exhibits the immunomodulatory effect through extracellular signal-regulated kinase 2 and MAPK pathways
and by modulating the NFAT and NF-k8 activation.

= Inhibits various viruses such as dengue virus type 2, herpes simplex virus, human cytomegalovirus,
influenza virus Al.

u Lactobacillus plantarum DRT suppress proinflammatory cytokines TNF-a, IFN-y, enhances
anti-inflammatory cytokines IL-10, IL-4.

» Lactobacillus acidophilus CMCC8T8 reduces the bacterial load and inflammation in mice lungs infected
with staphylococcus and pseudomonas.

u Leuconostoc mesenteroides 32-77:1, L. plantarum 2,362, L. paracasei ssp. paracasei 19, Pediococcus
pentosaceus 5-33:3 along with resistant starch, inulin etc reduce systemic inflammatory response
syndrome and other infections.

» Bifidobacterium longum BB536 prevents infection from influenza and improves innate immunity.

= Downregulates the IL-6, TNF-, and ferriin.

= Inhibits the viral entry and suppress the viral replcation.

= Inhibits the production of the TNF-a, IL-8, IL-1a, COX, and LOX enzymes.

Possesses antiviral effects against both RNA (influenza and coronavirus) and DNA viruses (herpesvirus).

Act as ligand for the S protein of virus and ACE 2 and interferes in binding of virus to cells.

Modulates the viral entry, fusion, replication, viral protein translation and virus budding of respiratory viruses.

Status of the
clinical trial

Phase 1 and 2

Phase 2

Phase 2

Phase 1 and 2

Phase 2

Phase 1and 2

Phase 2

Phase 2

Phase 2

Phase 1 and 2

Phase 1and 2
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Zine (2n)

Vitamin D (VD)

Vitamin C
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Curcumin

Probiotics

Quercetin

Registered clinical trials for COVID-19
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©

IS

o =

w

. Evaluation of the Relationship Between Zinc Vitamin D and b12 Levels in the COVID-19 positive Pregnant Women (Pinar Yalcin Bahat

Istanbul, Istanbul, Turkey).
Zine with Chloroquine/Hydroxychloroquine in Treatment of COVID-19 (Tanta University hospital Tanta, Egyp).

. A Study of Hydroxychloroguine, Vitamin C, Vitamin D, and Zinc for the Prevention of COVID-19 Infection (Progena Biome Ventura,

California, United States).

. COVID-19 and Vitamin D in Nursing- home (Angers University Hospital Angers, France).

Vitamin D Supplementation in Patients with COVID-19 (Clinical Hospital of the School of Medicine, University of Séo Paulo Séo Paulo
Brazi).
Vitamin D Testing and Treatment for COVID 19 (Arizona State University Tempe, Arizona, United States).

. Administration of Intravenous Vitamin C in the Novel Coronavirus Infection (COVID-19) and Decreased Oxygenation (Hunter Holmes

Mcguire veteran Affairs Medical Center Richmond, Virginia, United States).

. A Study of Hydroxychloroquine, Vitamin C, Vitamin D, and Zinc for the Prevention of COVID-19 Infection (ProgenaBiome Ventura,

California, United States).
‘The Study of Quadruple Therapy Zinc, Quercetin, Bromelain and Vitamin C on the Clinical Outcomes of Patients Infected With
COVID-19 (Ministry of Health. First health cluster, Riyadh, Riyadh, Saudi Arabia).

. A phase II, Controlled Clinical Study Designed to Evaluate the Effect of ArtemiC in Patients Diagnosed With COVID-19 (Hillel Yaffe

Medica Center Hedera, Haifa, Israel Nazareth Hospital EMMS Nazareth, North, Israel Rambam Health Care Campus Haifa, Israel).

. Effect of Lactobacillus on the Microbiome of Household Contacts Exposed to COVID-19 (Duke University Durham, North Carolina,

United States).
Oxygen-Ozone as Adjuvant Treatment in Early Control of COVID-19 Progression and Modulation of the gut Microbial Flora (Francesco

Pugliese Rome, RM ltaly).

. Evaluation of the Probiotic Lactobacillus Coryniformis K8 on COVID-19 Prevention in Healthcare Workers (Raquel Rodrigues Blanque

Granada, Spain).

. Study to Evaluate the Effect of a Probiotic in COVID-19 (Hospital Universitario de Vinalopo Elache, Alicante, Spain, Hospital

Universitario de Torrevieja Torreviveja, Alicante, Spain).

. Effect of Quercetin on Prophylaxis and Treatment of COVID-19 (Kanuni Suitan Suleyman Training and Research Hospital Istanbul, Turkey).
. The Study of Quadruple Therapy Zinc, Quercetin Bromelain and Vitamin C on the Clinical Outcomes of Patients Infected With COVID-19

(Ministry of Health. First Health cluster, Riyadh. Riyadh, Saudi Arabia).

. Estrogen Patch for COVID-19 Symptoms (Stony Brook University Hospital, Stony Brook, New York. USA).
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Antithrombotic
constituents

Bioactive lipids compounds
- Polar Lipids

- n-3 PUFA

- Vitamin E

- Vitamin D

Bioactive Peptides

Main dietary sources

- Fish and seafood
- Dairy

- Olives and olive oil

- Tea

- Meat

- Wine and fermented beverages

- Fish and seafood
- Nuts and seeds
- Plant oils

- Plant-derived ols (e.g., olive o),
nuts, and seeds.

- Dairy
- Oily fish
- Meat

- Fish and seafood
- Dairy

- Seaweeds

- Cereal grains

Phytochemicals, vitamins, and phenolic compounds.

- Phytosterols
Phytostanols
Flavonoids
Isoflavonoids
Anthooyanins
- Phenolipids
- Alkaloids

- Fruit and berries
- Vegetables

- Seeds, nuts, and oils
Plant oifs

- Wine

- Tea

Fermented beverages

Some of the documented antiplatelet effects

Reduotion of PAF-induced platelet aggregation in

vitro, in vivo, and ex vivo

- Potential anti-inflammatory effects

- Affects PAF metabolism in vitro, in vivo, and ex
vivo

- Reduction of thrombin, ADP, and
collagen-induced platelet aggregation in vitro

- Reduced thrombin formation

- Reduced oxidative stress

- Reduced Lp-PLA,

- Anti-inflammatory

- Immunomodulatory

- Reduction of PAF, ADP, thrombin, and
collagen-induced platelet aggregation in PRP and
whole blood in vitro and ex vivo

- Reduction of PAF and prostaglandin synthesis

- Reduotion of PAF platelet aggregation and
metabolism in vitro and in vivo

- Anti-inflammatory

- Low vitamin D associated with higher platelet
reactivity in diabetics

- Inhibition of COX-1

- Inhibition of type-lil collagen-induced aggregation

- Binding to glycoprotein lb/llla

- Interactions with fibrinogen and its receptor.

- Reduction of thrombin formation

- Reduction of ADP-induced platelet aggregation

- Anti-inflammatory

- Reduction of platelet aggregation
- Antiinflammatory effects

- Affects PAF metabolism in vitro, in vivo, and ex
vivo

Reduction of tissue factor synthesis
Regulation of endothelial function

Inhibition of COX and LOX pathways

Further reading

(#1,50-59)

(60-65)

(66-69)

(70, 71)

(72-75)

(41,54, 76-81)

ADP, adenosine diphosphate, COX-1, cyclooxygenase-1; Lp-PLAy, lipoprotein-associated phospholipase Az; PAF, platelet-activating factor; PRP, platelet-rich plasma.
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Micronutrients

Vitamin A

Vitamin C

Vitamin D

Vitamin E

B vitamins

Selenium

Zinc

Copper

Magnesium

Key Mechanism of Action

« Inhibition of M1 macrophage
« Downregulation of IFN-y

« Promotion of Treg via inhibiting Th17 shifting

« Inhibition of ACE2 by isotretinoin

 Epithelial cell repairing properties

« Protection of the respiratory system

« Promotion of antioxidation and anti-inflammation properties
« ROS scavenging activity

« Inhibition of NF-kB pathway

« Reduction of the risk of contracting respiratory infections

« Regulation of Th1/Th2 balance

* ROS scavenging activity

* Inhibition of acute neutrophil inflammation in lung

« Protection the respiratory system

« Reduotion of the risks of infection and re-infection

« Redution of inflammatory cytokine production

« Regulation of the CD4/CD8 ratio and natural killer cel activity by
vitamin B12

« Inhibition of ACE2 by folic acid

Prevention of hyperhomocysteinemia by folic acid, B6, and B12

Antioxidative and anti-inflammatory properties in high-risk acults

Regulation of M1/M2 macrophage

Cofactor for glutathione peroxidase

Oxidizing capacity

Anticoagulant

« Antioxidative and anti-inflammatory properties in high-risk adults

« Reduction of inflammatory cytokine production

« Regulation of Th1/Th2 balance

« Inhibition of ACE2

« Exert antiviral effect

« Regulation of Th1/Th2 balance

« Reduction of inflammatory cytokine production

« Oxidizing activity

« Reduction of inflammatory cytokine production

« Regulation of M1/M2 macrophage

« Inhibits PARP

Outcomes

Inflammatory status |
Probably insuiin resistance |
Probably viral replication |
Lung damage prevention

Inflammatory status |
Immunity

Immunity 1

Inflammatory status |

Lung damage prevention
Inflammatory status}

Lung damage prevention
Immunity

Probably insulin resistance |
Probably viral replication |
Prevents thromboembolism

Inflammatory status §
Antiviral activity
Prevents thromboembolism

Inflammatory status)
Immunity

Probably insuiin resistance |
Probably viral replication §

Inflammatory status
Antiviral activity 1

Inflammatory status
Prevents thromboembolism
Lung damage prevention

References

(61-55)

(56)

67)

(58,59

(60-64)

(65, 66)

(67-73)

(74-76)

(17,78)
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Diet

Physical activity

Stress

Smoking and alcohol

Sieep

« Increase the intake of healthy foods (e.g., vegetables,
fruits, nuts, legumes, whole grains, and fish)

« Decrease the intake of unhealthy foods and drinks
(9., ultra-processed, refined carbohydrates, added
sugars, and fats)

« Increase adherence to (inter)national physical
activity guidelines

« Decrease sedentary behavior
o Increase active relaxation

« Decrease chronic stress (e.g., in studies, jobs, and
social lfe)

« Increase skils and opportunities to cope with
chronic stress

« Decrease the marketing, sale and use of (legal)
addictive substances such as tobacco and alcohol

« Provide help for those addicted
« Increase sleeping quality
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Immune system

Endocrine and metabolic
dysregulation in adipose tissue

Respiratory impairment

Hemostasis
Viral shedding

Comorbidities

Chronic innate immune system activation
Adaptive immune system dysregulation
Lymphopenia

Increased leptin secretion (pro-inflammatory)

Decreased adiponectin secretion
(anti-inflammatory)

Hypoxia leading to low grade inflammation
Reduced compliance, increased resistance
Airway narrowing and collapse

Reduced functional residual capacity

Airway hyperresponsiveness.

Ventilation perfusion mismatch

Enhanced prothrombotic state

ACE2 expression on adipocytes

Adipose tissue as potential reservoir for viruses
Metabolic syndrome

Type 2 Diabetes

Cardiovascular disease, including hypertension
Obstructive sleep apnea
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1. Make sleep a priority and reserve at least 7-8h per night for sleep.

2. Keep a regular schedule for sleep, meals, work, and social contacts. These
activities are important time cues that help maintain entrainment of one's
biological clock.

3. Get as much daylight exposure as possible (tun on the lights, open the
curtains, go outside if possible) to regulate sieep-wake and circacian rhythms.

4. Avoid using electronics (celular, tablets) in the bed or bedroom or
near bedime.

5. Allow at least 1h to unwind before bedtime.

6. If sleep does not come within 15-20min, go to another room and engage in
quiet activities (reading), and return to bed only when sleep is imminent.

7. Reserve the bed and bedroom for sleep and sex only. This is not the place to
worry, problem-solve, or plan the next day.

8. Get up at the same time every morning, regardless of the amount of sieep.
While it may be tempting to sleep in, particularly when there is no obligation to
be at work, it s best to arise at the same time to keep a regular
sleep-wake schedule.

9. Although it is better to avoid napping for someone with insomnia, napping is
beneficial for sleep-deprived people. Older adults, without sleep problems,
may also benefit from a short catnap (15-20 min) around mid-day.

10. Keep in mind that short bouts of insomnia is a normal reaction to stressful life
events, but when sleep difficuties occur several nights per week, take action
and seek professional help to prevent acute insomnia from turning into
chronic insomnia.

Adopted from Morin et al. (94).
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been reported in thesa patents, Further controled studies are encouraged, especaly for COVID-19.






