Hypothesis Article: Efficacy of early treatments with some NSAIDs in COVID-19. Might it also depend on their zinc chelation ability?
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Abstract
The present work argues the involvement of zinc chelation ability of some non-steroidal anti-inflammatory drugs as an additive mechanism able to increase their efficacy against COVID-19.  

INTRODUCTION
COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, a disease for which several immunological and pharmacological treatments have been tried. Besides mass vaccination, early use of some pharmacological treatments including non-steroidal anti-inflammatory drugs (NSAIDs) has been shown to exert some protective effects against COVID-19 (Zamai and Rocchi 2021; Suter et al., 2021; Fazio et al., 2022, Consolaro et al., 2022; Perico et al., 2022). In this regard, a recent study describes that the rate of prescriptions of NSAIDs or paracetamol for symptom relief differ between non-hospitalised and hospitalised patients (Whittaker et al., 2021). Paracetamol prescriptions following COVID-19 had the greatest increase compared with 12 months before infection in hospitalised patients; differently, NSAIDs were the most common prescriptions in COVID-19 non-hospitalised persons (Whittaker et al., 2021) accounting for reduced percentages (∼6%) of hospitalised patients taking NSAIDs (Drake et al., 2021). Correlations between (some) NSAID administration and protection from severe COVID-19 and/or paracetamol administration and increased hospitalisation can therefore be hypothesised. Indeed, NSAIDs has been found effective in the early phases of the disease and in some “responder” patients, while the association with other medications tailored to individual symptom progression and medical history was also necessary in some other patients (Suter et al., 2021; Consolaro et al., 2022; Fazio et al., 2021). In this regard, two observational studies showed that NSAID treatment with celecoxib/nimesulide (∼70%) or with indomethacin/aspirin (∼10%) started early at home and associated if necessary with antibiotics (azithromycin ∼50%), corticosteroids and/or anticoagulants markedly reduced the risk of hospitalisation compared to a “control” treatment with paracetamol (∼60%) or with ketoprofen/ibuprofen (∼8%) (Suter et al., 2021; Consolaro et al., 2022). Therefore, symptomatic treatments differ in “protecting” from severe COVID-19, with more selective COX-2 inhibitors (celecoxib/nimesulide) showing better efficacy than other symptomatic drugs (Suter et al., 2021; Consolaro et al., 2022). In line with this hypothesis, another paper showed that celecoxib could both prevent disease progression and promote recovery from COVID-19, while ibuprofen was less effective (Hong et al., 2020). Protective effects against COVID-19 were also shown for indomethacin or aspirin (Fazio et al., 2021; Ravichandran et al., 2022; Perico et al., 2022). Despite an overlapping mechanism of action, some other NSAIDs, such as ketoprofen, were not shown effective against COVID-19 (Suter et al., 2021; Consolaro et al., 2022), suggesting that the mechanism(s) of NSAID protection might not exclusively depend on their cyclooxygenase inhibiting activity. Therefore, the underlying mechanism(s) leading to different outcomes depending on the NSAID used should be elucidated. 
SARS-CoV-induced hyperactivity of ACE2 zinc-metalloprotease and COVID-19 severity
Contrary to HCoV-NL63, SARS-CoV binding to cell surface ACE2 has been shown to induce both ADAM17-mediated shedding of an enzymatically active ACE2 and severe acute respiratory syndrome (SARS) (Lambert et al., 2005; Haga et al., 2008; Glowacka et al., 2010; Yeung et al., 2021; Lartey et al., 2021), raising the possibility that systemic ACE2 hyperactivity may participate in COVID-19 pathogenesis (Zamai 2020; Zamai 2021; Montanari et al., 2021). As a consequence of SARS-CoV spike binding, ACE2 receptors expressed on endothelial cells would be down-modulated and an excess of active ACE2 released in circulation (Zamai 2020; Fagyas et al., 2022; Montanari et al., 2021). Indeed, spike protein alone as well as the SARS-CoV viral infection has been shown to both down-modulate ACE2 surface expression and damage endothelium in vivo (Lei et al., 2021; Nuovo et al., 2020), suggesting that renin-angiotensin system dysregulation induced by SARS-CoV spike binding independently of viral infection may play a central role in COVID-19. In this regard, both COVID-19 severity and pre-existing comorbidities associated with severe COVID-19 (e.g. male sex, age, cardiopathies, hypertension, diabetes) are characterised by an increased activity of circulating ACE2 (Zamai 2020; Zamai 2021; Montanari et al., 2021; Nagy et al., 2021; Patel et al., 2021; Reindl-Schwaighofer et al., 2021; Valle Martins et al., 2021; van Lier et al., 2021; Fagyas et al., 2022; Pucci et al., 2021; Anguiano et al., 2015; Soro-Paavonen et al., 2012; Epelman et al., 2009; Walters et al., 2017; Ortiz-Perez et al., 2013; Ramchand et al., 2018; Úri et al., 2014; 2016), suggesting that an elevated baseline ACE2 activity (further upregulated by SARS-CoV infection) can predispose to severe COVID-19. Indeed, hyperactivation of pathways downstream of ACE2 i.e. angiotensin-(1-7)/Mas-receptor (MasR) and/or angiotensin-(1-9)/angiotensin-type 2 receptor (AT2R) has been shown to promote various positive feedback-loops, leading to COVID-19-like manifestations and inhibition of ACE2 and/or ADAM17 zinc-metalloproteases through zinc chelating agents has been proposed as therapeutic approach for COVID-19 treatment (Zamai 2020; Zamai 2021; Montanari et al., 2021). Among other consequences, stimulation of MasR or AT2R pathways induces phospholipase A2 (PLA2) activation, arachidonic acid (AA) release, cyclooxygenase activation and prostaglandin (PG) production (Lokuta et al., 1994; Andreatta-van Leyen et al., 1993; Muthalif et al., 1998; Jacobs et al., 1996; Zhu et al., 1998; Jaiswal et al., 1991; et al., 1992; et al., 1993; Liao et al., 2011). In this regard, PLA2 has been shown to play a critical role in murine models of either virus-independent acute/adult respiratory distress syndrome (ARDS) or age-related susceptibility to SARS-CoV-1 (Vijay et al., 2015; Nagase et al., 2000). Indeed, phospholipases, by hydrolysing phospholipids, release long-chain fatty acids (LCFAs) such as AA and linoleic acid (LA) that are metabolised by cyclooxygenases (COXs: COX-1 and COX-2) to inflammatory/pro-thrombotic mediators, including PGs (Vijay et al., 2015; Pérez-Torres et al., 2021). Interestingly, AA and linoleic acid (LA) in plasma and PGE2 in urine have been shown to strongly increase in severe COVID-19 patients, while albumin (known to sequester a variety of LCFAs and, thus, reduce their bioavailability in plasma) strongly decrease (Hong et al., 2020; Pérez-Torres et al., 2021; Nguyen et al., 2021; Zamai 2020; Zamai 2021; Montanari et al., 2021; Coverdale et al., 2019).  Moreover, upregulation of NF-kB transcription factor and downstream regulated genes including PLA2 and COX-2 characterise early stages of COVID-19 (Yan et al., 2020). Of note, NF-kB transcription, COX-2 expression and PGE2 production can be upregulated by LCFAs (Fang et al., 2009; Meade et al., 1999). Among the LCFAs, LA, when administered to endothelial cells, has been shown to disrupts endothelial barrier integrity concomitantly with NF-kB upregulation, AA release, glutathione reduction and lipid-peroxidation (Hennig et al., 1996; Hennig et al., 2000), suggesting that an excess of LCFAs may induce oxidative stress to endothelial cells (Hennig et al.,  1996; Hennig et al., 2000); however, the degree of fatty acid unsaturation determining the susceptibility to lipid-peroxidation of LFCAs and the endothelial dysfunction were not correlated, suggesting the involvement of mechanisms that participate to establish positive feedback loops downstream of ACE2 activity, other than oxidative stress (Fang et al., 2009; Hennig et al., 2000). 
ACE2 and ADAM17 zinc-metalloprotease inhibition by zinc-chelating agents as therapeutic strategy against severe COVID-19 
LCFAs have been shown to cause the release of Zn2+ from albumin, the major “storage reservoir”/carrier of plasma zinc (Coverdale et al., 2019). Therefore, COVID-19-induced both release of LCFAs and hypoalbuminaemia can temporarily increase free Zn2+, which can be easily imported by endothelial cells and available for newly synthesised ACE2 and ADAM17 (that mediates ACE2 shedding) zinc-metalloproteases. This hypothetic mechanism would lead not only to further release of active ACE2 in circulation but also downstream PLA2 activity (Lokuta et al., 1994; Andreatta-van Leyen et al., 1993; Muthalif et al., 1998; Jacobs et al., 1996; Zhu et al., 1998), finally establishing a positive feedback loop that further increase LCFAs and consequently bioavailable Zn2+. Since of high concentrations of Zn2+ has been shown to activate ACE2 zinc-metalloprotease (Anguiano et al., 2015), a similar positive feedback loop, albeit SARS-CoV-2-independent, might be also induced by zinc fume inhalation, which has been shown to cause both ARDS with COVID-19-like lung radiographic and angiographic pictures and elevated plasma zinc levels (Hjortsø et al., 1988; Xie et al., 2017). 
Altogether the hypothesised patophysiological mechanism of COVID-19 is expected to shift zinc from albumin-bound to albumin-unbound species (such as free Zn2+ and/or ACE2-bound zinc) in plasma. Indeed, zinc/albumin ratio has been recently found to be significantly higher in COVID-19 patients than in diabetic patients and healthy subjects (manuscript in preparation), providing further reason for the therapeutic use of zinc chelating agents able to inhibit ACE2 and ADAM17 zinc-metalloproteases against severe COVID-19. In this regard, the zinc-chelator EDTA, which is able to inhibit both ACE2 and ADAM17 (Towler, et al., 2004; Anguiano et al., 2015; Vickers et al., 2002; Chen et al., 2007; Peng et al., 2010) has been proposed as anti-COVID-19 agent (Zamai 2020; Zamai 2021; Montanari et al., 2021). Moreover, inhibition of zinc-dependent enzymes through zinc displacement by bismuth-based drugs was shown effective in a COVID-19 hamster model (Yuan et al., 2020), suggesting the efficacy of targeting zinc-dependent pathways. 
Zinc-chelation ability of NSAIDs and reserve of reduced glutathione correlate with protection from severe COVID-19
Interestingly, most of the NSAIDs shown to reduce risk of hospitalisation (nimesulide, aspirin, indomethacin) form complexes with zinc, and nimesulide complexes have higher stability than ibuprofen complexes (Yoshikawa et al., 2011; Baslas et al., 1978; Chohan et al., 2002; Kaur et al., 2013; Fini et al., 2001). Moreover, celecoxib forms water-insoluble complexes with metal2+ (Vadivel and Korgaonkar, 2018), and several antibiotics including azithromycin and tetracyclines can chelate zinc; the last has been also shown to inhibit matrix-metalloproteinases (Arayne et al., 2014; Dalhoff, 2021). Similarly, N-acetylcysteine (NAC) and its metabolites, cysteine and reduced glutathione (GSH), can complex zinc (Krezel et al., 2003; Brumas et al., 1992; Chen and Liao, 2003). Notably, the combination of NAC with a bismuth-based drug via an oral route exhibits anti-SARS-CoV-2 potency in a hamster model (Li et., al., 2022). However, only NAC is expected to functionally inhibit ACE2 (Li et., al., 2022), while bismuth might affect ADAM17 activity interfering with its cysteine rich domain. Interestingly, NAC treatment works not only against COVID-19, but also against both zinc fume inhalation eliminating plasma zinc and paracetamol toxicity by replenishing GSH (Hjortsø et al., 1988; Brumas et al., 1992; Sestili and Fimognari 2020). On the other hand, GSH depletion is induced by elevated extracellular zinc concentrations and ketoprofen or paracetamol treatments, and correlate with severe COVID-19/ARDS (Brumas et al., 1992; Chen and Liao, 2003; Sestili and Fimognari 2020; Micheli et al., 1992). Since GSH depletion exacerbates zinc-induced cytotoxicity (Chen and Liao, 2003), it raises the possibility that ACE2 upregulation leading to both increased Zn2+ availability and COVID-19 worsening (Patel et al., 2021), might be further increased by paracetamol- or ketoprofen-mediated GSH depletion. Anti-oxidative activities of NAC or GSH are thought to prevent LCFA-induced vascular endothelial damage and zinc cytotoxicity (Hennig et al., 1996; Chen and Liao, 2003; Zhou et al., 2013); however, other antioxidants different from NAC and GSH fail to protect from zinc cytotoxicity, suggesting that NAC and GSH may also act and protect via zinc chelation (Chen and Liao, 2003). Intriguingly, structurally and functionally different drugs such as celecoxib, azithromycin, tetracyclines, EDTA, hydroxychloroquine and NAC share ability to both sequestrate/chelate Zn2+/metal2+ and alleviate rheumatoid arthritis (Vadivel and Korgaonkar, 2018; Xue et al., 2014; Zhang et al., 2021; Bamonti et al., 2011; O’Dell et al., 2001; Batooei et al., 2018), suggesting that their ability to prevent inflammation in rheumatoid arthritis and possibly in COVID-19, may act through multiple mechanisms including zinc chelation and/or GSH replenishment. In this regard, celecoxib, but not nimesulide and aspirin, has been shown to increase intestinal GSH levels in a rat model (Nair et al., 2006) and azithromycin administration was found able to significantly decrease GSSG/GSH ratio in airway cells consistent with its anti-inflammatory properties possibly through NF-kB inhibition (Bergamini et al., 2009). 
Altogether the present work suggests that symptomatic treatments of COVID-19 can exert multiple (“therapeutic” or adverse) effects, some of which may be mediated by mechanisms of direct metal/zinc chelation and/or indirect GSH depletion/replenishment. Differences in these type of “additive” mechanisms may account for respective hospitalisation and consequent death rates between paracetamol (or ketoprofen) and some NSAIDs, such as COX-2 inhibitors. However, more investigation to validate the effectiveness of COX-2 inhibitors in protecting from severe COVID-19, possibly in part through zinc chelation and/or GSH replenishment, is needed.
AUTHOR CONTRIBUTIONS
L.Z. conceived of the article and wrote it. L.Z. read and approved the final manuscript.
CONFLICT OF INTEREST
The author declares no competing interests.
DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article because no new data were created or analysed in this study.
ACKNOWLEDGMENTS 
I have to thank Barbara di Giacomo for her suggestions and encouragement. I hope that this work may help to face the future pandemic waves. I would also like to apologize to those whose relevant contributions could not be cited because of our limits.


REFERENCES

· Andreatta-van Leyen, S., Romero, M. F., Khosla, M. C., & Douglas, J. G. (1993). Modulation of phospholipase A2 activity and sodium transport by angiotensin-(1-7). Kidney international, 44(5), 932–936. https://doi.org/10.1038/ki.1993.334
· Anguiano, L., Riera, M., Pascual, J., Valdivielso, J. M., Barrios, C., Betriu, A., Mojal, S., Fernández, E., Soler, M. J., & NEFRONA study (2015). Circulating angiotensin-converting enzyme 2 activity in patients with chronic kidney disease without previous history of cardiovascular disease. Nephrology, dialysis, transplantation : official publication of the European Dialysis and Transplant Association - European Renal Association, 30(7), 1176–1185. https://doi.org/10.1093/ndt/gfv025
· Arayne, S., Sultana, N., Shamin, S., Naz, A. (2014). Synthesis, characterization and antimicrobial activities of azithromycin metal complexes. Modern Chemistry & Applications, 2(3), 133. https ://doi.org/10.4172/2329-6798.1000133.
· Bamonti, F., Fulgenzi, A., Novembrino, C., & Ferrero, M. E. (2011). Metal chelation therapy in rheumathoid arthritis: a case report. Successful management of rheumathoid arthritis by metal chelation therapy. Biometals: an international journal on the role of metal ions in biology, biochemistry, and medicine, 24(6), 1093–1098. https://doi.org/10.1007/s10534-011-9467-9 
· Baslas, R. K., Zamani, R., & Nomani, A. A. (1979). Studies on the metal-complex of acetyl salicylic acid (aspirin). Experientia, 35(4), 455–456. https://doi.org/10.1007/BF01922702
· Batooei, M., Tahamoli-Roudsari, A., Basiri, Z., Yasrebifar, F., Shahdoust, M., Eshraghi, A., Mehrpooya, M., & Ataei, S. (2018). Evaluating the Effect of Oral N-acetylcysteine as an Adjuvant Treatment on Clinical Outcomes of Patients with Rheumatoid Arthritis: A Randomized, Double Blind Clinical Trial. Reviews on recent clinical trials, 13(2), 132–138. https://doi.org/10.2174/1574887113666180307151937 
· Bergamini, G., Cigana, C., Sorio, C., Della Peruta, M., Pompella, A., Corti, A., Huaux, F. A., Leal, T., Assael, B. M., & Melotti, P. (2009). Effects of azithromycin on glutathione S-transferases in cystic fibrosis airway cells. American journal of respiratory cell and molecular biology, 41(2), 199–206. https://doi.org/10.1165/rcmb.2008-0013OC
· Brumas, V., Hacht, B., Filella, M., & Berthon, G. (1992). Can N-acetyl-L-cysteine affect zinc metabolism when used as a paracetamol antidote?. Agents and actions, 36(3-4), 278–288.
· Chen, C. D., Podvin, S., Gillespie, E., Leeman, S. E., & Abraham, C. R. (2007). Insulin stimulates the cleavage and release of the extracellular domain of Klotho by ADAM10 and ADAM17. Proceedings of the National Academy of Sciences of the United States of America, 104(50), 19796–19801. https://doi.org/10.1073/pnas.0709805104
· Chen, C. J., & Liao, S. L. (2003). Zinc toxicity on neonatal cortical neurons: involvement of glutathione chelation. Journal of neurochemistry, 85(2), 443–453. https://doi.org/10.1046/j.1471-4159.2003.01691.x
· Chohan, Z. H., Iqbal, M. S., Iqbal, H. S., Scozzafava, A., & Supuran, C. T. (2002). Transition metal acetylsalicylates and their anti-inflammatory activity. Journal of enzyme inhibition and medicinal chemistry, 17(2), 87–91. https://doi.org/10.1080/14756360290030734 
· Consolaro, E., Suter, F., Rubis, N., Pedroni, S., Moroni, C., Pastò, E., Paganini, M. V., Pravettoni, G., Cantarelli, U., Perico, N., Perna, A., Peracchi, T., Ruggenenti, P., & Remuzzi, G. (2022). A Home-Treatment Algorithm Based on Anti-inflammatory Drugs to Prevent Hospitalization of Patients With Early COVID-19: A Matched-Cohort Study (COVER 2). Frontiers in medicine, 9, 785785. https://doi.org/10.3389/fmed.2022.785785
· Coverdale, J., Khazaipoul, S., Arya, S., Stewart, A. J., & Blindauer, C. A. (2019). Crosstalk between zinc and free fatty acids in plasma. Biochimica et biophysica acta. Molecular and cell biology of lipids, 1864(4), 532–542. https://doi.org/10.1016/j.bbalip.2018.09.007 
· Dalhoff A. (2021). Selective toxicity of antibacterial agents-still a valid concept or do we miss chances and ignore risks?. Infection, 49(1), 29–56. https://doi.org/10.1007/s15010-020-01536-y
· Drake, T. M., Fairfield, C. J., Pius, R., Knight, S. R., Norman, L., Girvan, M., Hardwick, H. E., Docherty, A. B., Thwaites, R. S., Openshaw, P., Baillie, J. K., Harrison, E. M., Semple, M. G., & ISARIC4C Investigators (2021). Non-steroidal anti-inflammatory drug use and outcomes of COVID-19 in the ISARIC Clinical Characterisation Protocol UK cohort: a matched, prospective cohort study. The Lancet. Rheumatology, 3(7), e498–e506. https://doi.org/10.1016/S2665-9913(21)00104-1 
· Epelman, S., Shrestha, K., Troughton, R.W., Francis, G.S., Sen, S., Klein, A.L., & Wilson Tang, W.H., (2009). Soluble angiotensin-converting enzyme 2 in human heart failure: relation with myocardial function and clinical outcomes. Journal of Cardiac Failure, 15, 565–571. https://doi.org/10.1016/j.cardfail.2009.01.014 
· Fagyas, M., Fejes, Z., Sütő, R., Nagy, Z., Székely, B., Pócsi, M., Ivády, G., Bíró, E., Bekő, G., Nagy, A., Kerekes, G., Szentkereszty, Z., Papp, Z., Tóth, A., Kappelmayer, J., & Nagy, B., Jr (2022). Circulating ACE2 activity predicts mortality and disease severity in hospitalized COVID-19 patients. International journal of infectious diseases : IJID : official publication of the International Society for Infectious Diseases, 115, 8–16. https://doi.org/10.1016/j.ijid.2021.11.028 
· Fang, I. M., Yang, C. H., Yang, C. M., & Chen, M. S. (2009). Comparative effects of fatty acids on proinflammatory gene cyclooxygenase 2 and inducible nitric oxide synthase expression in retinal pigment epithelial cells. Molecular nutrition & food research, 53(6), 739–750. https://doi.org/10.1002/mnfr.200800220
· Fazio, S., Bellavite, P., Zanolin, E., McCullough, P. A., Pandolfi, S., & Affuso, F. (2021). Retrospective Study of Outcomes and Hospitalization Rates of Patients in Italy with a Confirmed Diagnosis of Early COVID-19 and Treated at Home Within 3 Days or After 3 Days of Symptom Onset with Prescribed and Non-Prescribed Treatments Between November 2020 and August 2021. Medical science monitor : international medical journal of experimental and clinical research, 27, e935379. https://doi.org/10.12659/MSM.935379 
· Fini, A., Feroci, G., & Fazio, G. (2001). Interaction between indomethacin and heavy metal ions in aqueous solution. European journal of pharmaceutical sciences : official journal of the European Federation for Pharmaceutical Sciences, 13(2), 213–217. https://doi.org/10.1016/s0928-0987(01)00097-5
· Glowacka, I., Bertram, S., Herzog, P., Pfefferle, S., Steffen, I., Muench, M. O., Simmons, G., Hofmann, H., Kuri, T., Weber, F., Eichler, J., Drosten, C., & Pöhlmann, S. (2010). Differential downregulation of ACE2 by the spike proteins of severe acute respiratory syndrome coronavirus and human coronavirus NL63. Journal of virology, 84(2), 1198–1205. https://doi.org/10.1128/JVI.01248-09
· Haga, S., Yamamoto, N., Nakai-Murakami, C., Osawa, Y., Tokunaga, K., Sata, T., Yamamoto, N., Sasazuki, T., & Ishizaka, Y. (2008). Modulation of TNF-alpha-converting enzyme by the spike protein of SARS-CoV and ACE2 induces TNF-alpha production and facilitates viral entry. Proceedings of the National Academy of Sciences of the United States of America, 105(22), 7809–7814. https://doi.org/10.1073/pnas.0711241105
· Hennig, B., Meerarani, P., Ramadass, P., Watkins, B. A., & Toborek, M. (2000). Fatty acid-mediated activation of vascular endothelial cells. Metabolism: clinical and experimental, 49(8), 1006–1013. https://doi.org/10.1053/meta.2000.7736
· Hennig, B., Toborek, M., Joshi-Barve, S., Barger, S. W., Barve, S., Mattson, M. P., & McClain, C. J. (1996). Linoleic acid activates nuclear transcription factor-kappa B (NF-kappa B) and induces NF-kappa B-dependent transcription in cultured endothelial cells. The American journal of clinical nutrition, 63(3), 322–328. https://doi.org/10.1093/ajcn/63.3.322
· Hjortsø, E., Qvist, J., Bud, M. I., Thomsen, J. L., Andersen, J. B., Wiberg-Jørgensen, F., Jensen, N. K., Jones, R., Reid, L. M., & Zapol, W. M. (1988). ARDS after accidental inhalation of zinc chloride smoke. Intensive care medicine, 14(1), 17–24. https://doi.org/10.1007/BF00254116
· Hong, W., Chen, Y., You, K., Tan, S., Wu, F., Tao, J., Chen, X., Zhang, J., Xiong, Y., Yuan, F., Yang, Z., Chen, T., Chen, X., Peng, P., Tai, Q., Wang, J., Zhang, F., & Li, Y. X. (2020). Celebrex Adjuvant Therapy on Coronavirus Disease 2019: An Experimental Study. Frontiers in pharmacology, 11, 561674. https://doi.org/10.3389/fphar.2020.561674
· Jacobs, L. S., & Douglas, J. G. (1996). Angiotensin II type 2 receptor subtype mediates phospholipase A2-dependent signaling in rabbit proximal tubular epithelial cells. Hypertension (Dallas, Tex. : 1979), 28(4), 663–668. https://doi.org/10.1161/01.hyp.28.4.663
· Jaiswal, N., Diz, D. I., Chappell, M. C., Khosla, M. C., & Ferrario, C. M. (1992). Stimulation of endothelial cell prostaglandin production by angiotensin peptides. Characterization of receptors. Hypertension (Dallas, Tex. : 1979), 19(2 Suppl), II49–II55. https://doi.org/10.1161/01.hyp.19.2_suppl.ii49
· Jaiswal, N., Tallant, E. A., Diz, D. I., Khosla, M. C., & Ferrario, C. M. (1991). Subtype 2 angiotensin receptors mediate prostaglandin synthesis in human astrocytes. Hypertension (Dallas, Tex. : 1979), 17(6 Pt 2), 1115–1120. https://doi.org/10.1161/01.hyp.17.6.1115
· Jaiswal, N., Tallant, E. A., Jaiswal, R. K., Diz, D. I., & Ferrario, C. M. (1993). Differential regulation of prostaglandin synthesis by angiotensin peptides in porcine aortic smooth muscle cells: subtypes of angiotensin receptors involved. The Journal of pharmacology and experimental therapeutics, 265(2), 664–673. 
· Kaur, H., Puri, J.K., & Singla, A. (2013). Metal ion interactions with drugs: Electrochemical study of complexation of various bivalent metal ions with nimesulide and ibuprofen. Journal of Molecular Liquids, 182, 39-42. https://doi.org/10.1016/j.molliq.2013.03.005
· Krezel, A., Wójcik, J., Maciejczyk, M., & Bal, W. (2003). May GSH and L-His contribute to intracellular binding of zinc? Thermodynamic and solution structural study of a ternary complex. Chemical communications (Cambridge, England), (6), 704–705. https://doi.org/10.1039/b300632h
· Lambert, D. W., Yarski, M., Warner, F. J., Thornhill, P., Parkin, E. T., Smith, A. I., Hooper, N. M., & Turner, A. J. (2005). Tumor necrosis factor-alpha convertase (ADAM17) mediates regulated ectodomain shedding of the severe-acute respiratory syndrome-coronavirus (SARS-CoV) receptor, angiotensin-converting enzyme-2 (ACE2). The Journal of biological chemistry, 280(34), 30113–30119. https://doi.org/10.1074/jbc.M505111200
· Lartey, N. L., Valle-Reyes, S., Vargas-Robles, H., Jiménez-Camacho, K. E., Guerrero-Fonseca, I. M., Castellanos-Martínez, R., Montoya-García, A., García-Cordero, J., Cedillo-Barrón, L., Nava, P., Filisola-Villaseñor, J. G., Roa-Velázquez, D., Zavala-Vargas, D. I., Morales-Ríos, E., Salinas-Lara, C., Vadillo, E., & Schnoor, M. (2022). ADAM17/MMP inhibition prevents neutrophilia and lung injury in a mouse model of COVID-19. Journal of leukocyte biology, 111(6), 1147–1158. https://doi.org/10.1002/JLB.3COVA0421-195RR 
· Lei, Y., Zhang, J., Schiavon, C. R., He, M., Chen, L., Shen, H., Zhang, Y., Yin, Q., Cho, Y., Andrade, L., Shadel, G. S., Hepokoski, M., Lei, T., Wang, H., Zhang, J., Yuan, J. X., Malhotra, A., Manor, U., Wang, S., Yuan, Z. Y., … Shyy, J. Y. (2021). SARS-CoV-2 Spike Protein Impairs Endothelial Function via Downregulation of ACE 2. Circulation research, 128(9), 1323–1326. https://doi.org/10.1161/CIRCRESAHA.121.318902
· Li, H., Yuan, S., Wei, X., & Sun, H. (2022). Metal-based strategies for the fight against COVID-19. Chemical communications (Cambridge, England), 58(54), 7466–7482. https://doi.org/10.1039/d2cc01772e
· Liao, X., Wang, L., Yang, C., He, J., Wang, X., Guo, R., Lan, A., Dong, X., Yang, Z., Wang, H., Feng, J., & Ma, H. (2011). Cyclooxygenase mediates cardioprotection of angiotensin-(1-7) against ischemia/reperfusion-induced injury through the inhibition of oxidative stress. Molecular medicine reports, 4(6), 1145–1150. https://doi.org/10.3892/mmr.2011.570
· Lokuta, A. J., Cooper, C., Gaa, S. T., Wang, H. E., & Rogers, T. B. (1994). Angiotensin II stimulates the release of phospholipid-derived second messengers through multiple receptor subtypes in heart cells. The Journal of biological chemistry, 269(7), 4832–4838.
· Meade, E. A., McIntyre, T. M., Zimmerman, G. A., & Prescott, S. M. (1999). Peroxisome proliferators enhance cyclooxygenase-2 expression in epithelial cells. The Journal of biological chemistry, 274(12), 8328–8334. https://doi.org/10.1074/jbc.274.12.8328
· Micheli, L., Fiaschi, A. I., Giorgi, G., & Cerretani, D. (1992). Effect of non-steroidal anti-inflammatory drugs on glutathione levels in various organs of rat. Agents and actions, Spec No, C106–C108.
· Montanari, M., Canonico, B., Nordi, E., Vandini, D., Barocci, S., Benedetti, S., Carlotti, E., & Zamai, L. (2021). Which ones, when and why should renin-angiotensin system inhibitors work against COVID-19?. Advances in biological regulation, 81, 100820. https://doi.org/10.1016/j.jbior.2021.100820
· Muthalif, M. M., Benter, I. F., Uddin, M. R., Harper, J. L., & Malik, K. U. (1998). Signal transduction mechanisms involved in angiotensin-(1-7)-stimulated arachidonic acid release and prostanoid synthesis in rabbit aortic smooth muscle cells. The Journal of pharmacology and experimental therapeutics, 284(1), 388–398.
· Nagase, T., Uozumi, N., Ishii, S., Kume, K., Izumi, T., Ouchi, Y., & Shimizu, T. (2000). Acute lung injury by sepsis and acid aspiration: a key role for cytosolic phospholipase A2. Nature immunology, 1(1), 42–46. https://doi.org/10.1038/76897
· Nagy, B., Jr, Fejes, Z., Szentkereszty, Z., Sütő, R., Várkonyi, I., Ajzner, É., Kappelmayer, J., Papp, Z., Tóth, A., & Fagyas, M. (2021). A dramatic rise in serum ACE2 activity in a critically ill COVID-19 patient. International journal of infectious diseases : IJID : official publication of the International Society for Infectious Diseases, 103, 412–414. https://doi.org/10.1016/j.ijid.2020.11.184
· Nair, P., Kanwar, S. S., & Sanyal, S. N. (2006). Effects of non steroidal anti-inflammatory drugs on the antioxidant defense system and the membrane functions in the rat intestine. Nutricion hospitalaria, 21(6), 638–649. 
· Nguyen, M., Bourredjem, A., Piroth, L., Bouhemad, B., Jalil, A., Pallot, G., Le Guern, N., Thomas, C., Pilot, T., Bergas, V., Choubley, H., Quenot, J. P., Charles, P. E., Lagrost, L., Deckert, V., de Barros, J. P., Guinot, P. G., Masson, D., Binquet, C., Gautier, T., … Lymphonie study group (2021). High plasma concentration of non-esterified polyunsaturated fatty acids is a specific feature of severe COVID-19 pneumonia. Scientific reports, 11(1), 10824. https://doi.org/10.1038/s41598-021-90362-9  
· Nuovo, G. J., Magro, C., Shaffer, T., Awad, H., Suster, D., Mikhail, S., He, B., Michaille, J. J., Liechty, B., & Tili, E. (2021). Endothelial cell damage is the central part of COVID-19 and a mouse model induced by injection of the S1 subunit of the spike protein. Annals of diagnostic pathology, 51, 151682. https://doi.org/10.1016/j.anndiagpath.2020.151682 
· O'Dell, J. R., Blakely, K. W., Mallek, J. A., Eckhoff, P. J., Leff, R. D., Wees, S. J., Sems, K. M., Fernandez, A. M., Palmer, W. R., Klassen, L. W., Paulsen, G. A., Haire, C. E., & Moore, G. F. (2001). Treatment of early seropositive rheumatoid arthritis: a two-year, double-blind comparison of minocycline and hydroxychloroquine. Arthritis and rheumatism, 44(10), 2235–2241. https://doi.org/10.1002/1529-0131(200110)44:10<2235::aid-art385>3.0.co;2-a
· Ortiz-Perez, J.T., Riera, M., Bosch, X., De Caralt, T.M., Perea, R.J., Pascual, J., & Soler, M.J. (2013). Role of circulating angiotensin converting enzyme 2 in left ventricular remodeling following myocardial infarction: a prospective controlled study. PloS One, 8, 61695. https://doi.org/10.1371/journal.pone.0061695 
· Patel, S. K., Juno, J. A., Lee, W. S., Wragg, K. M., Hogarth, P. M., Kent, S. J., & Burrell, L. M. (2021). Plasma ACE2 activity is persistently elevated following SARS-CoV-2 infection: implications for COVID-19 pathogenesis and consequences. The European respiratory journal, 57(5), 2003730. https://doi.org/10.1183/13993003.03730-2020
· Peng, M., Guo, S., Yin, N., Xue, J., Shen, L., Zhao, Q., & Zhang, W. (2010). Ectodomain shedding of Fcalpha receptor is mediated by ADAM10 and ADAM17. Immunology, 130(1), 83–91. https://doi.org/10.1111/j.1365-2567.2009.03215.x
· Pérez-Torres, I., Guarner-Lans, V., Soria-Castro, E., Manzano-Pech, L., Palacios-Chavarría, A., Valdez-Vázquez, R. R., Domínguez-Cherit, J. G., Herrera-Bello, H., Castillejos-Suastegui, H., Moreno-Castañeda, L., Alanís-Estrada, G., Hernández, F., González-Marcos, O., Márquez-Velasco, R., & Soto, M. E. (2021). Alteration in the Lipid Profile and the Desaturases Activity in Patients With Severe Pneumonia by SARS-CoV-2. Frontiers in physiology, 12, 667024. https://doi.org/10.3389/fphys.2021.667024
· Perico, N., Cortinovis, M., Suter, F., & Remuzzi, G. (2022). Home as the new frontier for the treatment of COVID-19: the case for anti-inflammatory agents. The Lancet. Infectious diseases, S1473-3099(22)00433-9. Advance online publication. https://doi.org/10.1016/S1473-3099(22)00433-9 
· Pucci, F., Annoni, F., Dos Santos, R., Taccone, F. S., & Rooman, M. (2021). Quantifying Renin-Angiotensin-System Alterations in COVID-19. Cells, 10(10), 2755. https://doi.org/10.3390/cells10102755 
· Ramchand, J., Patel, S.K., Srivastava, P.M., Farouque, O., & Burrell, L.M. (2018). Elevated plasma angiotensin converting enzyme 2 activity is an independent predictor of major adverse cardiac events in patients with obstructive coronary artery disease. PloS One, 13, e0198144. https://doi.org/10.1371/journal.pone.0198144 
· Ravichandran, R., Mohan, S. K., Sukumaran, S. K., Kamaraj, D., Daivasuga, S. S., Ravi, S., Vijayaraghavalu, S., & Kumar, R. K. (2022). An open label randomized clinical trial of Indomethacin for mild and moderate hospitalised Covid-19 patients. Scientific reports, 12(1), 6413. https://doi.org/10.1038/s41598-022-10370-1  
· Reindl-Schwaighofer, R., Hödlmoser, S., Eskandary, F., Poglitsch, M., Bonderman, D., Strassl, R., Aberle, J. H., Oberbauer, R., Zoufaly, A., & Hecking, M. (2021). ACE2 Elevation in Severe COVID-19. American journal of respiratory and critical care medicine, 203(9), 1191–1196. https://doi.org/10.1164/rccm.202101-0142LE
· Sestili, P., & Fimognari, C. (2020). Paracetamol-Induced Glutathione Consumption: Is There a Link With Severe COVID-19 Illness?. Frontiers in pharmacology, 11, 579944. https://doi.org/10.3389/fphar.2020.579944
· Soro-Paavonen, A., Gordin, D., Forsblom, C., Rosengard-Barlund, M., Waden, J., Thorn, L., Sandholm, N., Thomas, M.C., & Groop, P.H. (2012). Circulating ACE2 activity is increased in patients with type 1 diabetes and vascular complications. Journal of Hypertension, 30, 375–383. https://doi.org/10.1097/HJH.0b013e32834f04b6   
· Suter, F., Consolaro, E., Pedroni, S., Moroni, C., Pastò, E., Paganini, M. V., Pravettoni, G., Cantarelli, U., Rubis, N., Perico, N., Perna, A., Peracchi, T., Ruggenenti, P., & Remuzzi, G. (2021). A simple, home-therapy algorithm to prevent hospitalisation for COVID-19 patients: A retrospective observational matched-cohort study. EClinicalMedicine, 37, 100941. https://doi.org/10.1016/j.eclinm.2021.100941
· Towler, P., Staker, B., Prasad, S. G., Menon, S., Tang, J., Parsons, T., Ryan, D., Fisher, M., Williams, D., Dales, N. A., Patane, M. A., & Pantoliano, M. W. (2004). ACE2 X-ray structures reveal a large hinge-bending motion important for inhibitor binding and catalysis. The Journal of biological chemistry, 279(17), 17996–18007. https://doi.org/10.1074/jbc.M311191200
· Úri, K., Fagyas, M., Kertesz, A., Borbely, A., Jenei, C., Bene, O., Csanadi, Z., Paulus, W.J., Edes, I., Papp, Z., Toth, A., & Lizanecz, E. (2016). Circulating ACE2 activity correlates with cardiovascular disease development. Journal of the renin-angiotensin-aldosterone system : JRAAS, 17(4), 1470320316668435. https://doi.org/10.1177/1470320316668435   
· Úri, K., Fagyas, M., Siket, I.M., Kertesz, A., Csanadi, Z., Sandorfi, G., Clemens, M., Fedor, R., Papp, Z., Edes, I., Toth, A., & Lizanecz, E. (2014). New perspectives in the renin-angiotensin-aldosterone system (RAAS) IV: circulating ACE2 as a biomarker of systolic dysfunction in human hypertension and heart failure. PloS One, 9, e87845. https://doi.org/10.1371/journal.pone.0087845  
· Vadivel, E., Korgaonkar, K.U. (2018). Synthesis, Characterisation and Docking Studies of Metal (II) Complexes of Anti-inflammatory Drug Celecoxib. Journal of Chemical and Pharmaceutical Research, 10(5), 137-141. 
· Valle Martins, A. L., da Silva, F. A., Bolais-Ramos, L., de Oliveira, G. C., Ribeiro, R. C., Pereira, D., Annoni, F., Diniz, M., Silva, T., Zivianni, B., Cardoso, A. C., Martins, J. C., Motta-Santos, D., Campagnole-Santos, M. J., Taccone, F. S., Verano-Braga, T., & Santos, R. (2021). Increased circulating levels of angiotensin-(1-7) in severely ill COVID-19 patients. ERJ open research, 7(3), 00114-2021. https://doi.org/10.1183/23120541.00114-2021
· van Lier, D., Kox, M., Santos, K., van der Hoeven, H., Pillay, J., & Pickkers, P. (2021). Increased blood angiotensin converting enzyme 2 activity in critically ill COVID-19 patients. ERJ open research, 7(1), 00848-2020. https://doi.org/10.1183/23120541.00848-2020
· Vickers, C., Hales, P., Kaushik, V., Dick, L., Gavin, J., Tang, J., Godbout, K., Parsons, T., Baronas, E., Hsieh, F., Acton, S., Patane, M., Nichols, A., & Tummino, P. (2002). Hydrolysis of biological peptides by human angiotensin-converting enzyme-related carboxypeptidase. The Journal of biological chemistry, 277(17), 14838–14843. https://doi.org/10.1074/jbc.M200581200
· Vijay, R., Hua, X., Meyerholz, D. K., Miki, Y., Yamamoto, K., Gelb, M., Murakami, M., & Perlman, S. (2015). Critical role of phospholipase A2 group IID in age-related susceptibility to severe acute respiratory syndrome-CoV infection. The Journal of experimental medicine, 212(11), 1851–1868. https://doi.org/10.1084/jem.20150632  
· Walters, T.E., Kalman, J.M., Patel, S.K., Mearns, M., Velkoska, E., & Burrell, L.M. (2017). Angiotensin converting enzyme 2 activity and human atrial fibrillation: increased plasma angiotensin converting enzyme 2 activity is associated with atrial fibrillation and more advanced left atrial structural remodelling. EP Europace, 19, 1280–1287. https://doi.org/10.1093/europace/euw246 
· Whittaker, H. R., Gulea, C., Koteci, A., Kallis, C., Morgan, A. D., Iwundu, C., Weeks, M., Gupta, R., & Quint, J. K. (2021). GP consultation rates for sequelae after acute covid-19 in patients managed in the community or hospital in the UK: population based study. BMJ (Clinical research ed.), 375, e065834. https://doi.org/10.1136/bmj-2021-065834
· Xie, F., Zhang, X., & Xie, L. (2017). Prognostic value of serum zinc levels in patients with acute HC/zinc chloride smoke inhalation. Medicine, 96(39), e8156. https://doi.org/10.1097/MD.0000000000008156
· Xue, J., Moyer, A., Peng, B., Wu, J., Hannafon, B. N., & Ding, W. Q. (2014). Chloroquine is a zinc ionophore. PloS one, 9(10), e109180. https://doi.org/10.1371/journal.pone.0109180
· Yan, Q., Li, P., Ye, X., Huang, X., Feng, B., Ji, T., Chen, Z., Li, F., Zhang, Y., Luo, K., Chen, F., Mo, X., Wang, J., Feng, L., Hu, F., Lei, C., Qu, L., & Chen, L. (2021). Longitudinal Peripheral Blood Transcriptional Analysis Reveals Molecular Signatures of Disease Progression in COVID-19 Patients. Journal of immunology (Baltimore, Md. : 1950), 206(9), 2146–2159. https://doi.org/10.4049/jimmunol.2001325
· Yeung, M. L., Teng, J., Jia, L., Zhang, C., Huang, C., Cai, J. P., Zhou, R., Chan, K. H., Zhao, H., Zhu, L., Siu, K. L., Fung, S. Y., Yung, S., Chan, T. M., To, K. K., Chan, J. F., Cai, Z., Lau, S., Chen, Z., Jin, D. Y., … Yuen, K. Y. (2021). Soluble ACE2-mediated cell entry of SARS-CoV-2 via interaction with proteins related to the renin-angiotensin system. Cell, 184(8), 2212–2228.e12. https://doi.org/10.1016/j.cell.2021.02.053
· Yoshikawa, Y., Adachi, Y., Yasui, H., Hattori, M., & Sakurai, H. (2011). Oral administration of Bis(aspirinato)zinc(II) complex ameliorates hyperglycemia and metabolic syndrome-like disorders in spontaneously diabetic KK-A(y) mice: structure-activity relationship on zinc-salicylate complexes. Chemical & pharmaceutical bulletin, 59(8), 972–977. https://doi.org/10.1248/cpb.59.972
· Yuan, S., Wang, R., Chan, J. F., Zhang, A. J., Cheng, T., Chik, K. K., Ye, Z. W., Wang, S., Lee, A. C., Jin, L., Li, H., Jin, D. Y., Yuen, K. Y., & Sun, H. (2020). Metallodrug ranitidine bismuth citrate suppresses SARS-CoV-2 replication and relieves virus-associated pneumonia in Syrian hamsters. Nature microbiology, 5(11), 1439–1448. https://doi.org/10.1038/s41564-020-00802-x
· Zamai L. (2020). The Yin and Yang of ACE/ACE2 Pathways: The Rationale for the Use of Renin-Angiotensin System Inhibitors in COVID-19 Patients. Cells, 9(7), 1704. https://doi.org/10.3390/cells9071704
· Zamai L. (2021). Upregulation of the Renin-Angiotensin System Pathways and SARS-CoV-2 Infection: The Rationale for the Administration of Zinc-Chelating Agents in COVID-19 Patients. Cells, 10(3), 506. https://doi.org/10.3390/cells10030506
· Zamai, L., & Rocchi, M. (2022). Hypothesis: Possible influence of anti-vector immunity and SARS-CoV-2 variants on efficacy of ChAdOx1 nCoV-19 vaccine. British journal of pharmacology, 179(2), 218–226. https://doi.org/10.1111/bph.15620     
· Zhang, Y., Ge, L., Song, G., Zhang, R., Li, S., Shi, H., Zhang, H., Li, Y., Pan, J., Wang, L., & Han, J. (2022). Azithromycin alleviates the severity of rheumatoid arthritis by targeting the unfolded protein response component of glucose-regulated protein 78 (GRP78). British journal of pharmacology, 179(6), 1201–1219. https://doi.org/10.1111/bph.15714
· Zhou, H. G., Liu, L., Zhang, Y., Huang, Y. Y., Tao, Y. H., Zhang, S., Su, J. J., Tang, Y. P., Guo, Z. L., Hu, R. M., & Dong, Q. (2013). Glutathione prevents free fatty acids-induced oxidative stress and apoptosis in human brain vascular endothelial cells through Akt pathway. CNS neuroscience & therapeutics, 19(4), 252–261. https://doi.org/10.1111/cns.12068
· Zhu, M., Gelband, C. H., Moore, J. M., Posner, P., & Sumners, C. (1998). Angiotensin II type 2 receptor stimulation of neuronal delayed-rectifier potassium current involves phospholipase A2 and arachidonic acid. The Journal of neuroscience : the official journal of the Society for Neuroscience, 18(2), 679–686. https://doi.org/10.1523/JNEUROSCI.18-02-00679.1998

