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Coronavirus disease 2019 (COVID-19) is an infectious disease that rapidly spread throughout the world leading to high mortality rates. Despite the knowledge of previous diseases caused by viruses of the same family, such as MERS and SARS-CoV, management and treatment of patients with COVID-19 is a challenge. One of the best strategies around the world to help combat the COVID-19 has been directed to drug repositioning; however, these drugs are not specific to this new virus. Additionally, the pathophysiology of COVID-19 is highly heterogeneous, and the way of SARS-CoV-2 modulates the different systems in the host remains unidentified, despite recent discoveries. This complex and multifactorial response requires a comprehensive therapeutic approach, enabling the integration and refinement of therapeutic responses of a given single compound that has several action potentials. In this context, natural compounds, such as Curcumin, have shown beneficial effects on the progression of inflammatory diseases due to its numerous action mechanisms: antiviral, anti-inflammatory, anticoagulant, antiplatelet, and cytoprotective. These and many other effects of curcumin make it a promising target in the adjuvant treatment of COVID-19. Hence, the purpose of this review is to specifically point out how curcumin could interfere at different times/points during the infection caused by SARS-CoV-2, providing a substantial contribution of curcumin as a new adjuvant therapy for the treatment of COVID-19.
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INTRODUCTION
Coronavirus disease 19 (COVID-19/2019-nCoV) is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The clinical manifestation of COVID-19 range from asymptomatic upper respiratory tract infection to critical illness and pneumonia associated with acute respiratory distress syndrome (ARDS) (Guan et al., 2020). The main risk factors associated with greater severity and mortality caused by COVID-19 include hypertension, diabetes mellitus, cardiovascular disease (CVD), advanced age, and obesity (Simonnet et al., 2020; Wu and McGoogan, 2020; Zhou et al., 2020).
SARS-CoV-2 is an enveloped β-coronavirus composed of four structural proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins (Chen et al., 2020). Entry of the virus into the host cell occurs through the cleavage of protein S into two subunits (S1 and S2) where SARS-CoV-2 develops a multibasic site at the S1-S2 boundary, which is cleaved by furin to form protein S for processing by TMPRSS2 (Hoffmann et al., 2020). The amino-terminal S1 subunit contains a receptor-binding domain (RBD) that is responsible for binding to the cell surface receptor, angiotensin-converting enzyme 2 (ACE2) (Wrapp et al., 2020; Xia et al., 2020). The membrane-anchored S2 subunit is composed of the fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1/HR2), transmembrane domain (TM), and cytoplasmic domain. These components are responsible for viral fusion and cell invasion (Huang Y. et al., 2020; Xia et al., 2020). After the RBD domain is attached to ACE2, the S2 subunit changes its conformation and moves closer to the viral envelope and cell membrane for viral fusion and entry (Huang Y. et al., 2020). In the host, ACE2 is widely expressed in the lungs, heart, liver, vascular endothelium, kidneys, and gut. It is an important regulator of the renin-angiotensin-aldosterone system (RAAS), and promotes the conversion of angiotensin I (Ang I) to Ang (1–9) and Ang II to Ang (1–7) (D’ardes et al., 2020; Gheblawi et al., 2020). Ang (1–7) has an important physiological role and promotes vasodilation, including anti-hypertrophic, anti-inflammatory, anti-oxidant, anti-thrombotic, and anti-fibrotic effects (Imai et al., 2005; Kuba et al., 2005; Chung et al., 2020; D’ardes et al., 2020). The conversion of Ang II to Ang (1–7) regulates the concentration of Ang II-mediated by ACE2. When available, Ang II binds to the ATR1 receptor, thereby promoting harmful pro-inflammatory effects, such as hypertrophy, oxidative stress, and vasoconstriction (Imai et al., 2005; Kuba et al., 2005; Chung et al., 2020; D’ardes et al., 2020). Therefore, the negative regulation of ACE2, promoted by the binding of SARS-CoV-2, results in increased levels of Ang II (Imai et al., 2005; Kuba et al., 2005; D’ardes et al., 2020).
The current drugs approved by the Food and Drug Administration (FDA) for the treatment of patients with COVID-19 prior to the writing of this manuscript are: Fresenius Medical, multiFiltrate PRO System and multiBic/multiPlus Solutions (Fresenius Medical Care); Fresenius Kabi Propoven 2% (Fresenius Kabi USA, LLC.); REGIOCIT replacement solution that contains citrate for regional citrate anticoagulation (RCA) of the extracorporeal circuit (Baxter Healthcare Corporation); COVID-19 convalescent plasma (Office of the Assistant Secretary for Preparedness and Response US Department of Health and Human Services); remdesivir (Veklury) (Gilead Sciences, Inc.); bamlanivimab (Eli Lilly and Company); baricitinib (Olumiant) in combination with remdesivir (Veklury) (Eli Lilly and Company); REGEN-COV (casirivimab and imdevimab) (Regeneron Pharmaceuticals); bamlanivimab and etesevimab (Eli Lilly and Company); and Propofol-Lipuro 1% (B. Braun Melsungen AG), as obtained from the regulators database (https://www.fda.gov/).
Drug repurposing has been viewed as a promising strategy for combating COVID-19. Several factors, such as molecular recognition, binding affinity, and interactions, are calculated during computational drug design and development. Virtual screening was performed with approximately 3,410 drugs approved by the FDA. However, remdesivir was yet to be approved at the time, but has since been analyzed (Beck et al., 2020). The aforementioned and other studies suggested that remdesivir is a potential antiviral agent against SARS-CoV-2, following the demonstration of its affinity to target sites of the virus, including RNA-dependent RNA polymerase (RdRP), helicase, 3-to -5 exonuclease, 2-O-ribose methyltransferase, and endoRNAse from SARS-CoV-2 and SARS-CoV-2 main protease (Mpro, also called 3CLpro) (Beck et al., 2020; Elfiky, 2020). Following this methodology, curcumin displayed promising results, making it a strong candidate for in vitro and in vivo studies against SARS-CoV-2.
Natural compounds based on medicinal plants and traditional Chinese medicine (TCM) formulas with antiviral action against coronavirus have been investigated. These compounds presented several targets against SARS-Cov and Middle East Respiratory Syndrome (MERS), such as (1) spike (S) glycoprotein, (2) papain-like protease (PLpro), and (3) nucleocapsid (N) proteins. Among these compounds, including the specific viral targets, are ginsenoside-Rb1 (1), hirsutenone (2), tanshinones I–VII (2), with anti-SARS-CoV action, and resveratrol (3) with anti-MERS activity (Wu et al., 2004; Park et al., 2012; Park et al., 2012; Lin et al., 2017). Numerous therapeutic effects of the natural polyphenol, curcumin, have been reported, including potential chemotherapeutic, antioxidant, antiviral, antibacterial, and anti-inflammatory properties (Paciello et al., 2020). Clinical studies have demonstrated the effects of nanoencapsulated curcumin in patients with COVID-19. In the aforementioned study, a significant reduction in clinical manifestations of COVID-19 (fever, cough, and dyspnea) was observed in the group treated with nanocurcumin (patients with mild and severe disease) (Tahmasebi et al., 2020; Valizadeh et al., 2020). In addition, nanocurcumin reduced the mortality rate of these patients. However, the mortality rate of the placebo group was significantly higher than that of the two groups (patients with light and severe disease) treated with nanocurcumin (Tahmasebi et al., 2020; Valizadeh et al., 2020). Currently, another study involving patients with COVID-19 treated with nanoencapsulated curcumin is ongoing (Hassaniazad et al., 2020). Therefore, this manuscript provides a review of the biological effects of curcumin in diseases that arise following SARS-CoV-2 infection.
IN SILICO MODELS PREDICTING THE ANTIVIRAL EFFECTS OF CURCUMIN AGAINST SARS-COV-2
The antiviral effects of curcumin have been widely explored, and the viruses to which curcumin has antiviral action are shown in Figure 1. Curcumin prevents the binding of the influenza A virus (IAV) (Chen et al., 2010; Ou et al., 2013), dengue virus (Balasubramanian et al., 2019), zika virus, and chikungunya virus (Mounce et al., 2017) to host cells. Curcumin inhibits the entry of the hepatitis C virus (HCV) (Chen et al., 2012; Anggakusuma et al., 2014), human norovirus (HuNoV) (Yang et al., 2016), viral hemorrhagic septicemia virus in fish (VHSV) (Jeong et al., 2015), and bovine herpesvirus 1 (BHV-1) (ZHU et al., 2015). Furthermore, the curcumin hinders viral genome replication and transcription of the respiratory syncytial virus (RSV) (Obata et al., 2013; Yang et al., 2016) and Japanese encephalitis virus (JEV) (Dutta et al., 2009), and interferes with the translation and assembly of the Epstein-Barr virus (EBV) (Hergenhahn et al., 2002), human cytomegalovirus (HCMV) (Lv et al., 2014a; Lv et al., 2014b), and human immunodeficiency virus (HIV) (Gupta et al., 2011; Ali and Banerjea, 2016). In vitro analyses revealed the antiviral action of curcumin against the SARS-CoV virus in Vero-E6 cells; this natural polyphenol could inhibit viral replication at concentrations of 3–10 µM (Wen et al., 2007). Based on such data regarding antiviral activity, researchers using in silico prediction models evaluated the potential of curcumin against the binding proteins of SARS-CoV-2 and its cellular receptors.
[image: Figure 1]FIGURE 1 | Antiviral effects of curcumin. Curcumin prevents cell infection and viral replication in the SARS-CoV, influenza A virus (IAV), zika virus, chikungunya virus, hepatitis C virus (HCV), human norovirus (HuNoV), viral hemorrhagic septicemia virus in fish (VHSV), bovine herpesvirus 1 (BHV-1), respiratory syncytial virus (RSV), Japanese encephalitis virus (JEV), Epstein-Barr virus (EBV), human cytomegalovirus (HCMV), and human immunodeficiency virus (HIV).
The SARS-CoV-2 S glycoprotein is responsible for the interaction between the virus and the host cell, promoting fusion and internalization of the virus via the ACE2 receptor. Thus, both the S glycoprotein and ACE2 are potential targets for the treatment of COVID-19. In silico analysis showed that curcumin has a high-affinity for interaction with the S glycoprotein through the establishment of six hydrogen bonds (Maurya et al., 2020). In this study, curcumin obtained higher scores than the control compounds, such as nafamostat and hydroxychloroquine (Maurya et al., 2020). In addition, curcumin displayed an affinity for ACE2. Moreover, docking results showed that curcumin interacted with the active site of the protein, in addition to forming two hydrogen bonds (Maurya et al., 2020). Similarly, curcumin demonstrated a better affinity for ACE2 than the control compounds, such as captopril and hydroxychloroquine (Maurya et al., 2020).
The transmembrane protein serine protease 2 (TMPRSS2) facilitates the entry of SARS-CoV-2 from the spike protein (Hoffmann et al., 2020). In silico analyses focusing on TMPRSS2 showed that curcumin forms four hydrophobic interactions and an H-bond with TMPRSS2 (Motohashi et al., 2020). These findings corroborated results of in vitro studies where curcumin treatment led to the downregulation of TMPRSS2 in prostate cancer cells (Zhang et al., 2007; Thangapazham et al., 2008).
The main protease (Mpro) of SARS-CoV-2 is indispensable in maturation and viral replication, and is a promising target in the treatment of SARS-CoV-2. The proteins that are matured by Mpro include RNA-dependent RNA polymerase (RdRp, Nsp12) and helicase (Nsp13), which depend on the cleavage of Mpro (Rut et al., 2020). Inhibition of Mpro prevents viral replication; thus, compounds with inhibitory effects on Mpro have become attractive targets for the treatment of COVID-19 (Zhang S. et al., 2020; Anand et al., 2003). To identify compounds with potential binding to Mpro, an in-silico study using docking was carried out to evaluate a series of compounds, including the drugs currently used in the treatment of COVID-19. In this study, two compounds with a high affinity for Mpro were used as controls: N3 and O6K (HUYNH; WANG; LUAN, 2020). Among the compounds tested, including chloroquine, entecavir, hydroxychloroquine, and remdesivir, curcumin surprisingly formed the most stable complex with SARS-CoV-2 Mpro, and the affinity score was comparable to that of the N3 control (Huynh et al., 2020).
The entry of SARS-CoV-2 through the endosome requires an endosomal environment with an acidic pH that is promoted by the endosomal proteases, cathepsin B and L, and ion channels, particularly the vacuolar ATPase pump (V-ATPase), which is crucial in regulating endosomal pH (Aslam and Ladilov, 2020; Khan et al., 2020). Curcumin has been shown to be a potential pH controlling agent, decreasing the expression of V-ATPase, which causes an increase in pH in tumor cells (Vishvakarma et al., 2011).
In vitro results of the antiviral action of curcumin on SARS-CoV and the data from in silico analyses reinforce the hypothesis of the potential activity against SARS-CoV-2. Thus, this review aims to encourage evaluation of the effect of curcumin on cells infected by SARS-CoV-2 and the replication of the virus using in vitro and in vivo models, and in randomized clinical trials. The possible interaction sites of curcumin with SARS-CoV-2 in the host cells are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Potential curcumin targets as antiviral and anti-inflammatory in SARS-CoV-2 infection. The first antiviral effect of curcumin against SARS-CoV-2 is its potential for preventing the binding of viral S protein to the ACE2 receptor and initiate the host cell infection process (1). After penetrating the host cell via endosomes, the virus begins the replication process that requires an acid endosomal environment to initiate the proteolytic process of viral proteins and subsequent release to the external environment. Curcumin acts by inhibiting the Endosomal acidification (2) and processing of the viral proteins (Mpro), necessary for viral release (3,4). Further, the inhibition of ACE mediated by curcumin (5) prevents the increase of Ang II levels. Curcumin inhibits NF-κB (6) through the inhibition of different pathways. The binding of PAMPs, DAMPs, and cytokines that leads to IkB phosphorylation and proteasomal degradation is one of those pathways that cause NF-κB activation. Curcumin prevents both IkB phosphorylation and p65 subunit from the NF-κB (8), which consequently prevents NF-κB activation. The activation of ADAM17 by the AngII-ATR1 axis promotes the interaction between EGF and EGFR receptor, which promotes the activation of the PI3K/AKT/mTOR axis resulting in NF-κB activation. Curcumin acts as a potential inhibitor for mTOR (9), preventing the NF-κB pathway activation. ADAM17-mediated signaling also triggers the release of soluble interleukin 6-receptor, forming a complex with IL-6 (sIL-6R-IL-6) that binds to glycoprotein gp130. This complex binding (sIL-6R-IL-6+gp130) activates the signal transduction pathways responsible to induce the activators of transcription 3 (STAT3). Activation of STAT3 results in activation of NF-κB, which can be prevented by the curcumin (10). The NF-κB activation induces a protein complex formation, knowns as inflammasome, which can lead to cell death through pyroptosis, a pathway to cell death mediated by the activation of caspase-1. However, curcumin can cause the inhibition of inflammasome formation (11) by the inhibition of NF-κB. Abbreviations: TMPRSS2, transmembrane protease, serine 2; ACE1, angiotensin-converting enzyme 1; ACE2, angiotensin-converting enzyme 2; Mpro, main protease; PAMPs, pathogen-associated molecular pattern; DAMPs, damage-associated molecular patterns; ANG I, angiotensin I; Ang II, angiotensin II; ATR1, angiotensin II (AII) receptor 1; ADAM17, a disintegrin and metalloproteinase 17; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; IL-6R, interleukin 6 receptor; sIL-6R, soluble Interleukin 6 receptor; gp130, glycoprotein 130; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; STAT3, signal transducers and activators of transcription; NF-κB, factor nuclear kappa B.
EFFECTS OF CURCUMIN IN THE COVID-19-INDUCED INFLAMMATORY PROCESS
The inflammatory process of COVID-19 is complex and multifactorial. Patients with the severe form of the disease can be affected by a hyperinflammatory condition called a cytokine storm, highlighting the need for anti-inflammatory treatment to alleviate the hyperactivation of the immune response, which induces this cytokine storm. Focusing on the anti-inflammatory action of curcumin, two studies were conducted with patients with COVID-19. In the first study, the research group investigated the modulation of pro-inflammatory cytokines by nanocurcumin. Patients with COVID-19 showed high mRNA expression and secretion of cytokines, IL-1β, IL-6, TNF-α, and IL-18, but showed a significant reduction in IL-6 and IL-1β after treatment with nanocurcumin (Valizadeh et al., 2020). Subsequently, exploring the modulatory mechanisms of nanocurcumin, the researchers demonstrated that the number of Th17 cells, gene expression, and serum Th17-mediated factors level (IL-17, IL-21, IL-23, and GM-CSF) were significantly reduced in both stages of the disease in the group of patients with COVID-19 treated with nanocurcumin (Tahmasebi et al., 2020).
Despite the rapid scientific progress regarding the pathophysiology of COVID-19, the precise mechanisms that trigger the exacerbated inflammatory response observed in some of the patients have not yet been completely elucidated. However, several hypotheses attempt to explain such changes. The nuclear factor-kappa B (NF-κB) pathway is directly involved in this inflammatory process and can stimulate the production of pro-inflammatory cytokines when activated. Recent findings led to concerns regarding the overstimulation of the NF-κB pathway and its potential contribution to the emergence of cytokine storms. Studies have shown that NF-κB can be activated directly by SARS-CoV-2 from Toll-like receptors (TLRs) and RAAS system components (Mahmudpour et al., 2020). In such situations, the SARS-CoV envelope (E) and nucleocapsid (N) proteins were shown to be directly related to NF-κB activation (Liao et al., 2005; DeDiego et al., 2014). Consequently, when this protein was deleted in a genetically modified virus, a reduction in NF-κB activation was observed (DeDiego et al., 2014).
Activation of the AngII-AT1R axis causes NF-κB activation (Crowley and Rudemiller, 2017). The AngII-AT1R axis is directly involved in the pro-inflammatory response by acting on the main pathways that lead to the release of cytokines and chemokines. The increase in AngII stimulates the phosphorylation of the NF-κB p65 subunit, leading to its activation and the subsequent release of cytokines (IL-6, IL-1ß, IL-10, and TNF-α) (Ruiz-Ortega et al., 2001; Skurk et al., 2004). The AngII-AT1R axis activates disintegrin and metalloprotease 17 (ADAM17), processing the membrane form of IL-6Rα to its soluble form (sIL-6Rα) through epidermal growth factor (EGFR). The sIL-6Rα-IL-6 complex leads to gp130-mediated STAT3 activation (Eguchi et al., 2018; Murakami et al., 2019), with STAT3 being essential for the complete activation of the NF-κB pathway, in conjunction with the main pathway stimulator, IL-6 (Murakami et al., 2019). The cytokines, TNF and IL-1, also trigger signals that cause the translocation of NF-κB to the nucleus by activating genes involved in the production of inflammatory mediators (Crowley & Rudemiller, 2017). Curcumin blocks STAT3-mediated NF-κB activation, and the consequent reduction in pro-inflammatory cytokines disrupts the positive feedback between pro-inflammatory cytokines and NF-κB (Alexandrow et al., 2012; Rahardjo et al., 2014; Ma et al., 2015; Yadav et al., 2015).
NF-κB is inactive in the cell cytoplasm because of its association with the IκB protein complex. In the presence of stimuli (PAMPs, DAMPs, and cytokines), IκB undergoes phosphorylation and proteasomal degradation that dissociates the NF-κB complex, allowing NF-κB to translocate into the nucleus, leading to the expression of chemokines and pro-inflammatory cytokines (Solt and May, 2008). Curcumin acts by inhibiting the phosphorylation of IκB through inhibiting translocation and the consequent activation of NF-κB (Karunaweera et al., 2015; Wang et al., 2018; Cheemanapalli et al., 2019). Owing to NF-κB inhibition, there is a reduction in the production of inflammatory cytokines, such as IL-1α, IL-6, and TNF-α (Rahardjo et al., 2014; Ma et al., 2015; Yadav et al., 2015).
Viral infections commonly activate inflammasomes. SARS-CoV has been shown to express at least three proteins that activate the NLRP3-type inflammasome (NOD-, LRR-, and pyrin domain-containing protein 3): envelope protein (E), Open Reading Frame-3a (ORF3a), and Open Reading Frame-8b (ORF8b) (Nieto-Torres et al., 2015; Chen et al., 2019; Shi et al., 2019). Protein E and ORF3a stimulate NF-κB signaling, thereby promoting the release of pro-inflammatory cytokines, such as IL-1β, IL-8, and IL-18, and priminf NLRP3 expression to reach the functional level (Kanzawa et al., 2006; DeDiego et al., 2014; Siu et al., 2019). The amino acid sequence of protein E is 94.7% conserved in SARS-CoV and SARS-CoV-2, indicating the possibility of inflammasome activation in patients with COVID-19 (Chan et al., 2020; Lu et al., 2020). A recent study demonstrated that active caspase-1 (Casp1p20), IL-1β, IL-18, IL-6, and lactate dehydrogenase (LDH) were increased in the serum of patients with COVID-19, and that Casp1p20 and IL-18 are products derived from inflammasomes (Rodrigues et al., 2021). The researchers also found active inflammasome NLRP3 in peripheral blood mononuclear cells (PBMCs) and in the tissues of deceased patients at autopsy. The levels of IL-18 and Casp1p20 were higher in patients who had severe disease, indicating a worse prognosis (Rodrigues et al., 2021). Therefore, the regulation of NF-κB by curcumin inhibits the formation of inflammasomes, specifically NLRP3, decreasing the secretion of IL-1β and IL-18 (Yin et al., 2018).
Another regulator of NF-κB is the mammalian target of rapamycin (mTOR) pathway. mTOR is comprised of two complexes, mTORC1, which is sensitive to rapamycin inhibition through the Raptor protein that is associated with mTORC1, and mTORC2, which is associated with Rictor protein, and has low sensitivity to rapamycin (Saxton and Sabatini, 2017). In lipopolysaccharide sepsis models, the inhibition of mTOR by rapamycin resulted in decreased phosphorylation of the p65 subunit of NF-κB, with a consequent reduction in cytokines and pro-inflammatory chemokines, such as IL-1β, IL-18, IL-6, TNF-α, MCP-1, and led to the reduced expression of the NLRP3 inflammasome (Temiz-Resitoglu et al., 2017; Jia et al., 2019). Although rapamycin is already used as an immunosuppressant in the treatment of transplant patients, it has numerous adverse effects and is associated with a high cost. Curcumin is a potential target inhibitor of the mTOR pathway and can promote the inhibition of both the mTORC1 and mTORC2 complexes (Beevers et al., 2009). Curcumin at low doses was found to suppress the mTORC1-Raptor interaction, leading to inhibition of the mTORC1 complex. Curcumin also promoted interruption of the mTORC2-Rictor interaction at higher doses, thereby inhibiting mTORC2 (Beevers et al., 2006; Beevers et al., 2009; Johnson et al., 2009).
The anti-inflammatory mechanisms of curcumin have been extensively investigated in clinical studies of several inflammatory diseases, such as Crohn’s disease, ulcerative proctitis, ulcerative colitis, irritable bowel syndrome, rheumatoid arthritis, postoperative inflammation, gastric ulcer, Helicobacter pylori infection, and idiopathic inflammatory orbital pseudotumor (Gupta et al., 2013). Evaluating the mechanisms of action of curcumin already described in both experimental and clinical trials, which can potentially benefit patients with dysregulated immune responses in COVID-19, seems to be an innovative strategy. The mechanisms of action of curcumin and its potential effects on COVID-19 are showed in Figure 2.
CURCUMIN IN HEMOSTATIC DISORDERS
A growing number of studies have reported thromboembolic events in patients hospitalized due to COVID-19. High D-dimer levels are considered to be a common marker for increased thrombotic propensity and poor prognosis (Paliogiannis et al., 2020; Zhou et al., 2020). Increased platelet activation and viral RNA detectable in the blood are associated with platelet hyperactivity, leading to abnormal blood clotting. These causes have been associated with thromboembolic prognosis in patients with COVID-19 (Zhang L. et al., 2020). The following signs of hypercoagulability have been observed in these patients: prolonged prothrombin time (PT), activated partial thromboplastin time (APTT), and elevated levels of D-dimer and other fibrin degradation products (FDP) (Tang et al., 2020). In such cases, antithrombin (AT) activity has been reported to be lower than normal (Tang et al., 2020). Human platelets express ACE2 and TMPRSS2 receptors. SARS-CoV-2 binds to these receptors and promotes platelet activation (Zhang L. et al., 2020).
Endothelial cells express the necessary receptors for SARS-CoV-2 to bind and infect cells, causing cell damage and apoptosis. Damage to the vascular endothelium exposes pro-coagulating factors, such as collagen and von Willebrand factor (vWF), and stimulates the release of tissue factor (TF) (Grobler et al., 2020; Iba et al., 2020). Platelets express specific receptors for these molecules, including glycoprotein VI (GPVI) which binds to sub-endothelial collagen, and glycoprotein (GP) Ib-IX-V which binds to vWF (Falati et al., 1999; Grobler et al., 2020). In addition, activated platelets express P-selectin, which binds to monocytes and circulating neutrophils via the PSGL-1 receptor, causing activated monocytes to express TF and activated neutrophils (McFadyen et al., 2020). Curcumin exerts a critical antiplatelet effect, preventing platelet adhesion to the vascular endothelium and subendothelium, in addition to reducing the expression of P-selectin and GP VI (Zhang et al., 2008; Mayanglambam et al., 2010).
Activated neutrophils release extracellular neutrophil traps (NETs). This process is accompanied by cell death (NETosis) and can exacerbate the inflammatory response (Schönrich and Raftery, 2016; Bonaventura et al., 2018). NETs can contribute to the formation of clots and thrombi via platelet-dependent or independent pathways. The latter can cause total blood vessel occlusion, resulting in organ damage (Jiménez-Alcázar et al., 2017; Gómez-Moreno et al., 2018). Studies have shown that defects in NET degradation cause partial or total obstruction of blood vessels in the lungs (Jiménez-Alcázar et al., 2017). Furthermore, analyses of lung tissue collected at autopsy from patients with acute respiratory distress syndrome and sepsis revealed the presence of NET components in the observed clots (chromatin and myeloperoxidase), indicating that NETs can form intravascular clots in humans (Jiménez-Alcázar et al., 2017). The products released from NETs can also be cytotoxic to endothelial cells, leading to the recruitment of more NETs, which contributes to a thrombo-inflammatory response (Gómez-Moreno et al., 2018). Curcumin treatment, both in vitro and in vivo, was demonstrated to inhibit the function of NETs and reduce neutrophilic infiltration in a murine air pouch model induced by LPS (Antoine et al., 2013). In addition, the reduction in expression of P-selectin promoted by curcumin may be a key mechanism in the reduction of NETS; this is because platelets use P-selectin to bind to neutrophils, thereby promoting neutrophilic activation (Zhang et al., 2008; McFadyen et al., 2020).
In endothelial cells associated with the airways, the increased concentration of Ang II causes TF to be upregulated, with consequent activation of the pro-coagulant response (Nishimura et al., 1997). TF is expressed after vascular injury or activation of endothelial cells. Inflammatory mediators, such as TNF-α and IL-1β, are important inducers of TF in endothelial cells (Pendurthi et al., 1997). When expressed, TF serves as a receptor for factor VIIa, and the binding of factor VIIa to TF initiates the coagulation cascade. This leads to thrombin generation and sequential clot formation with the deposition of fibrin protofibrils (Hergenhahn et al., 2002; Butenas et al., 2008; D’Alessandro et al., 2018; Sathler, 2020).
Treatment of human endothelial cells with curcumin inhibited the expression of TF induced by TNF-α, LPS, and thrombin (Pendurthi et al., 1997). Curcumin was also found to inhibit platelet aggregation induced by arachidonic acid, adrenaline, and collagen (Srivastava et al., 1995). These findings corroborate those of another study that revealed the inhibition of platelet agonists, viz. epinephrine-induced platelet aggregation, platelet-activating factor (PAF), and arachidonic acid, with curcumin (Shah et al., 1999). Furthermore, curcumin has been shown to inhibit the formation of thromboxane A2 (TXA2) by platelets (Shah et al., 1999). Platelet aggregation is stimulated by TXA2 produced by active platelets, and promotes the activation of other platelets. Pretreatment of platelets with curcumin inhibited platelet aggregation induced by the calcium ionophore A-23187, following curcumin interfering with the mobilization of intracellular Ca2+, which is essential for platelet aggregation (Shah et al., 1999). Curcumin has also been shown to decrease the levels of D-dimers, circulating platelets, and inhibit diesel exhaust particles (DEP) (Nemmar et al., 2012).
Curcumin administration in an in vivo model of disseminated intravascular coagulation (DIC) reduced the circulating levels of TNF-α, preventing the consumption of peripheral platelets and plasma fibrinogen (Chen et al., 2007). Curcumin also reduced the deposition of fibrin in the renal glomeruli, a characteristic finding of DIC with curcumin (Chen et al., 2007). In a clinical study, a 10 mg curcumin injection administered for 15 days was sufficient to reduce plasma fibrinogen levels (Ramirez Boscá et al., 2000).
Procoagulant and pro-thrombotic events are recurrent in patients with COVID-19 and can cause significant damage. Curcumin, a well-tolerated natural compound, is a promising candidate for studies in the context of COVID-19 disorder hemostatic. In fact, several in vitro and in vivo studies have reported its anticoagulant and antithrombotic effects. Therefore, the mechanisms described in the management of other diseases can be reused for new studies regarding hemostatic disorders induced by SARS-CoV-2 deserving further investigation. The molecular mechanisms underlying the targets of curcumin involved thrombotic and coagulant disorders caused by COVID-19 are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Curcumin as a Potential antithrombotic in hemostatic disorders induced by SARS-CoV-2. Pro-inflammatory cytokines and Ang II elevated levels can induce the production of tissue factor (TF) by the endothelial cells, initiating the coagulation cascade. Curcumin decreases pro-inflammatory cytokines (1) and inhibits TF expression (2) in the vascular endothelium, avoiding the activation of the coagulation cascade. The affinity of curcumin by the SARS-CoV-2 protein S and ACE2 binding can prevent the infection and activation of endothelial cells (3). During the activation of the coagulation cascade, fibrinolysis can occur, generating D-dimers. Curcumin treatment decreases fibrin deposition and D-dimer levels formation (4). Lesions of the endothelial cells can expose the subendothelial collagen, which can be recognized by the platelet’s receptor (GP-VI), leading to platelet cell activation. Curcumin can inhibit the GP-VI receptor, reducing and/or abolishing the platelet activation by binding to collagen (5). The interaction of platelets with monocytes through binding the P-selectin-PSGL-1 receptor promotes monocyte activation, causing an increase of TF expression. Curcumin inhibits this interaction by inhibiting P-selectin in platelets (6). The mobilization of intracellular calcium mediates platelet aggregation. Curcumin prevents calcium-mediated platelet aggregation (7). Besides, curcumin inhibits the thromboxane A2 (TXA2) generation (9) released by activated platelets to stimulate other platelet activation. Thus, curcumin inhibits platelet aggregation (10). Abbreviations: TNF-α, tumor necrosis factor alpha; IL-1β, interleukin 1 beta; Ang II, angiotensin II; GPVI, glycoprotein VI; vWF, Von Willebrand factor; GPIb-IX-V, glycoprotein (GP) Ib-IX-V; PSGL-1, P-selectin glycoprotein ligand-1; AA, arachidonic acid; TXA2, thromboxane A2; TP, thromboxane receptor.
CURCUMIN AS A POTENTIAL AGENT AGAINST PULMONARY IMPAIRMENT
Alveolar type II (ATII) cells are the primary target of SARS-CoV-2 infection, triggering the apoptotic death of target cells and subsequent infection of adjacent ATII alveolar cells (Mason, 2020). The inflammatory process, together with cellular damage, results in the appearance of multinucleated giant cells and a fibrin-rich hyaline membrane, which causes diffuse alveolar damage that can progress to acute respiratory distress syndrome (ARDS) (Dushianthan et al., 2011). In a model of lung injury induced by benzo (a) pyrene (BaP), curcumin reduced the death of ATII cells and decreased the levels of pro-inflammatory cytokines (TNF-α, IL-6, and C-reactive protein) in serum (Almatroodi et al., 2020).
In more severe cases, patients with COVID-19 may require mechanical ventilation (MV) (Fan et al., 2020). However, inadequate MV can worsen pulmonary pathology. Ventilator-induced lung injury (VILI) causes lung expansion conversion into biochemical signals, resulting in increased activation of inflammatory cells (Silva et al., 2015). Experimentally, it has been shown that curcumin reverses the damage caused by VILI, reducing edema and lung injury. This effect was found to be mediated by the inhibition of NF-κB and the reestablishment of the redox balance from recovery of total antioxidative capacity (Wang et al., 2018).
High levels of circulating NETs have been detected in intubated patients with COVID-19 (Middleton et al., 2020). A correlation between severity and NETs has been established, suggesting that NETs contribute to COVID-19-related lung injury. In addition, platelet colocalization with citrullinated histone H3+ and NETs indicated the presence of NETosis in pulmonary microthrombi of patients who died of COVID-19 (Middleton et al., 2020). In the lungs, NETs have a cytotoxic effect on epithelial cells, endothelial cells, and connective tissue, which can aggravate pulmonary pathology (Saffarzadeh et al., 2012). In sepsis and ARDS, NETs cause cell damage and microthrombi, potentially resulting in multiple organ dysfunction and death (Czaikoski et al., 2016; Lefrançais et al., 2018; Papayannopoulos, 2018). In experimental studies involving ARDS due to polymicrobial sepsis (CLP), curcumin decreased the apoptosis of lung cells and attenuated the severity of lung injury. IL-17A acts on ATII cells causing them to release CXCL-1, in turn inducing neutrophil aggregation. Curcumin treatment reduced the levels of IL-17A and neutrophils in the lungs (Chai et al., 2020).
Regulatory T cells (Tregs) are essential regulators of the inflammatory process and generate an adequate immune microenvironment through their anti-inflammatory and anti-apoptotic functions (Lin et al., 2018). Curcumin induces the differentiation of naïve CD4+ T cells to Tregs by regulating the expression of IL-10 (Chai et al., 2020). IL-10 is an anti-inflammatory cytokine that promotes macrophage reprogramming from an inflammatory profile (M1) to a repeating profile (M2) by suppressing the mTORC1 complex. M2 macrophages decrease the inflammatory process and stimulate tissue repair in sepsis-induced LPA (Ip et al., 2017). Macrophages with the M1 phenotype are essential for controlling viral replication. However, limiting immunopathological reactions through the M2 phenotype is essential (Sang et al., 2015). In a COVID-19 study, severely ill patients showed a higher frequency of type M1 macrophages than patients with moderate infection or healthy control subjects who presented higher frequencies of type M2 macrophages (Liao et al., 2020). Curcumin promotes a decrease in M1 and an increase in M2 macrophages in septic lungs, indicating its potential effect on macrophage polarization (Chai et al., 2020).
In an in vivo model of lung injury mediated by cyclophosphamide, treatment with curcumin reduced lung injury and restored the oxidant-antioxidant balance by reducing lipid peroxidation (Ashry et al., 2013). In LPS-induced acute lung injury (ALI), treatment with curcumin decreased pulmonary edema, increased PaO2, and improved lung function (Cheng et al., 2018). ALI can be a consequence of hemorrhagic shock and resuscitation (HSR). Animals subjected to HSR and treated with curcumin showed a reduction in the levels of reactive oxygen species, TNF-α, and neutrophilic infiltrates. Such finding indicates that the treatment provided a protective pulmonary barrier function (Yu-Wung Yeh and Wang, 2020). ALI and ARDS studies in animals with sepsis showed that treatment with curcumin attenuated lung damage and decreased proinflammatory cytokine levels (Xiao et al., 2012; Xu et al., 2013; Liu et al., 2017).
Although clinical studies have not reported the direct effects of curcumin on respiratory impairment, the decrease in clinical manifestations (fever, cough, and dyspnea) in patients with COVID-19 is a promising indicator that encourages further investigations (Tahmasebi et al., 2020; Valizadeh et al., 2020). Many clinical trials have established the therapeutic potential of curcumin, either as a single agent or in combination with other drugs in various diseases, owing to its effect on diverse cell signaling pathways. The possible curcumin action sites that can be targeted after SARS-CoV-2-induced changes in the lungs are illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | Potential curcumin in cell damage caused by SARS-CoV-2 in the lung and heart. Curcumin promotes differentiation from naïve CD4+T-cell to Tregs through the modulation of IL-10 (1). The cytoprotective role of curcumin decreases the death of type II alveolar cells (ATII) with a consequent decrease in the release of DAMPs (2). Curcumin also mediates macrophages' polarization, decreasing the population of inflammatory macrophages M1 to macrophages M2 that participate in the resolving and reparative process (3). The presence of Th17 cells promotes the activation of ATII cells through IL-17. In turn, activated ATII cells release a chemoattractant for neutrophils that causes neutrophil aggregation. Curcumin decreases IL-17 levels with a consequent decrease in neutrophil aggregates. The anticoagulant and antithrombotic effects of curcumin can have protective effects on the heart, decreasing the heart attack risk (5). The anti-inflammatory action of curcumin can prevent damage to cardiomyocytes caused by an excess of inflammatory mediators, known as a cytokine storm (6). Its affinity for protein S and ACE2 can prevent the direct infection of cardiomyocytes by SARS-CoV-2 (7). Abbreviations: ATII, alveolar type II cells; Tregs, regulatory T cells; Th17, T helper 17 cells; CXCL-1, chemokine ligand 1; NET, neutrophil extracellular traps.
CARDIOPROTECTIVE EFFECTS OF CURCUMIN
Clinical reports involving some of the first patients with COVID-19 from the Wuhan province of China showed that 5 of the 41 patients had changes in levels of highly sensitive cardiac troponin I (hs-cTnI), indicating myocardial injury (Huang C. et al., 2020). Interestingly, some patients sought medical assistance after cardiac symptoms (palpitations and chest tightness) rather than the classic symptoms of COVID-19 (fever and cough) (Deng et al., 2020; Stefanini et al., 2020). In children, COVID-19 can cause a hyperinflammatory syndrome similar to Kawasaki disease (Riphagen et al., 2020).
Underlying CVD significantly increases the mortality rate of patients with COVID-19. One study showed that patients with COVID-19, CVD, and increased troponin T levels had a mortality rate of 69.4%; however, the mortality rate of patients with COVID-19 with increased levels of troponin T without CVD was 37.5% (Guo et al., 2020).
The cardiac events reportedly caused by COVID-19 include acute myocardial injury, heart failure, acute coronary syndrome, infarction, and arrhythmia (Lang et al., 2020; Amirfakhryan and Safari, 2021). The hypotheses surrounding cardiovascular involvement in COVID-19 involve direct infection of cardiac cells by SARS-CoV-2, injury mediated by the inflammatory process, reduced oxygen supply, hypoxia, microthrombi, and stress cardiomyopathy (Lang et al., 2020; Amirfakhryan and Safari, 2021). Histopathological analysis of the heart of a patient with COVID-19 revealed cardiac tissue with a fibrin thrombus in a perforating vein associated with myocardial infarction, myocardial necrosis (transmural), and neutrophilic infiltrates (Rapkiewicz et al., 2020).
In experimental models of sepsis, curcumin proved to be effective at improving the survival parameters, reducing hypovolemia levels observed in the late phase of sepsis, suppression of hyperglycemia in the acute phase, and attenuation of hypoglycemia in the late stage (Silva et al., 2017). Curcumin also attenuated heart damage induced by sepsis; improved cardiac function and body temperature (Yang et al., 2013); and reduced troponin I levels and the product of lipid peroxidation, suggesting its reduction of oxidative damage (Yang et al., 2013).
The restoration of blood flow in the ischemic myocardium can exacerbate tissue injury and result in a poorly adaptive tissue process (Vinten-Johansen et al., 2005; Prasad et al., 2009). First, oxidative stress activates metalloproteinases (MMPs) that promote degradation of the extracellular matrix (ECM). This results in the progressive expansion of the infarction, thinning of the ventricular wall, and dilation of the chamber (Wang et al., 2012). The cure for the infarction involves deposition of collagen, forming a fibrotic and non-functional scar. In an experimental model of ischemia and reperfusion, treatment with curcumin reduced ECM degradation by MMPs and increased the synthesis of collagen and the accumulation of myofibroblasts (Wang et al., 2012). Consequently, there was an improvement in cardiac function, reduced left ventricle dilation, and increased wall thickness (Wang et al., 2012).
An increased number of studies evaluating post-COVID-19 sequelae warns of cardiovascular symptoms, such as chest pain and palpitations (Schneider, 2020; Carvalho-Schneider et al., 2021; Halpin et al., 2021; Huang et al., 2021; Vallejo et al., 2021). The cumulative incidence of thrombosis (2.5% at 30 days after discharge), including segmental pulmonary embolism, intracardiac thrombus, thrombosed arteriovenous fistula, and ischemic stroke, were reported in a single-center study in the United States with 163 patients (Patell et al., 2020). The 6-month post-evaluation of COVID-19 showed that patients suffer from long-term sequelae of the disease, including venous thromboembolic diseases (cardiovascular and cerebrovascular events) (Huang et al., 2021). Currently, there are no reports of curcumin in cardiac changes resulted from COVID-19. However, based on data published on other diseases and cardiac disorders, we hypothesize that curcumin may be a promising agent in preventing cardiovascular damage caused by SARS-CoV-2 infection, as summarized in Figure 4.
CONCLUSION
Due to the uncountable mechanisms of action addressed in this and other reviews, it has been reinforced that curcumin could serve as an adjuvant drug in COVID-19 treatment (Babaei et al., 2020; Manoharan et al., 2020; Roy et al., 2020; Soni et al., 2020; Zahedipour et al., 2020; Saeedi-Boroujeni et al., 2021; Thimmulappa et al., 2021). The multiplicity of pathophysiological responses induced by SARS-CoV-2 highlights the need for a combination of different drugs as a treatment strategy (i.e., there is no single "magic pill" for the cure of COVID-19). Curcumin is a well-tolerated natural compound in humans, even at high concentrations (Dhillon et al., 2008; Kanai et al., 2011; Gupta et al., 2013). Thus, its combination with drugs that are already approved for use appears logical. Curcumin is a well-tolerated natural compound in humans, even at high concentrations (Dhillon et al., 2008; Kanai et al., 2011; Gupta et al., 2013). Thus, its combination with drugs that are already approved for use appears logical. The first results from the studies regarding the effect of curcumin in patients with COVID-19 are promising. However, several questions need to be answered: 1) Does curcumin prevent SARS-CoV-2 infection of the host cells? 2) Does curcumin treatment attenuate respiratory and cardiovascular system commitment? 3) Is the curcumin able to reestablish hemostatic homeostasis?
Despite the absence of specific studies addressing the mechanism of action of curcumin in the treatment of COVID-19, currently, the world is experiencing an uncommon situation, which has led researchers and physicians to evaluate the available knowledge to the other diseases, in an attempt to design more promising pathways against SARS-CoV-2. In conclusion, this review strategically contributes to the relentless search for therapies that can act on combat of COVID-19, in addition to providing targets for future studies using the curcumin as an adjuvant treatment to COVID-19.
AUTHOR CONTRIBUTIONS
BR: Conceptualization, Writing—original draft, author of illustrations. SR: Conceptualization, Writing—review and editing, Funding acquisition. MC: Conceptualization, Writing—review and editing, Funding acquisition, Supervision.
FUNDING
This work was supported by grants from the Fundação de Amparo a Pesquisa do Estado de Goiás (FAPEG/BRAZIL) (2017/1026700006-8) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES/Brazil) (88882.378587/2019-01).
ACKNOWLEDGMENTS
The authors acknowledge the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES/Brazil) [88882.378587/2019-01] and Fundação de Amparo a Pesquisa do Estado de Goiás (FAPEG/BRAZIL) [2017/1026700006-8] for supporting funds. The authors also acknowledge the BioRender for making it possible to create the illustrations.
REFERENCES
 Alexandrow, M. G., Song, L. J., Altiok, S., Gray, J., Haura, E. B., and Kumar, N. B. (2012). Curcumin. Eur. J. Cancer Prev. 21, 407–412. doi:10.1097/CEJ.0b013e32834ef194
 Ali, A., and Banerjea, A. C. (2016). Curcumin Inhibits HIV-1 by Promoting Tat Protein Degradation. Sci. Rep. 6, 1–9. doi:10.1038/srep27539
 Almatroodi, S. A., Alrumaihi, F., Alsahli, M. A., Alhommrani, M. F., Khan, A., and Rahmani, A. H. (2020). Curcumin, an Active Constituent of Turmeric Spice: Implication in the Prevention of Lung Injury Induced by Benzo(a) Pyrene (BAP) in Rats. Molecules 25, 724–819. doi:10.3390/molecules25030724
 Amirfakhryan, H., and Safari, F. (2021). Outbreak of SARS-CoV2: Pathogenesis of Infection and Cardiovascular Involvement. Hellenic J. Cardiol. 62, 13–23. doi:10.1016/j.hjc.2020.05.007
 Anand, K., Ziebuhr, J., Wadhwani, P., Mesters, J. R., and Hilgenfeld, R. (2003). Coronavirus Main Proteinase (3CLpro) Structure: Basis for Design of Anti-SARS Drugs. Science 300, 1763–1767. doi:10.1126/science.1085658
 Anggakusuma, C. C., Schang, L. M., Rachmawati, H., Frentzen, A., Pfaender, S., Behrendt, P., et al. (2014). Turmeric Curcumin Inhibits Entry of All Hepatitis C Virus Genotypes into Human Liver Cells. Gut 63, 1137–1149. doi:10.1136/gutjnl-2012-304299
 Antoine, F., Simard, J.-C., and Girard, D. (2013). Curcumin Inhibits Agent-Induced Human Neutrophil Functions In Vitro and Lipopolysaccharide-Induced Neutrophilic Infiltration In Vivo. Int. Immunopharmacology 17, 1101–1107. doi:10.1016/j.intimp.2013.09.024
 Ashry, N. A., Gameil, N. M., and Suddek, G. M. (2013). Modulation of Cyclophosphamide-Induced Early Lung Injury by Allicin. Pharm. Biol. 51, 806–811. doi:10.3109/13880209.2013.766895
 Aslam, M., and Ladilov, Y. (2020). Targeting the sAC-dependent cAMP Pool to Prevent SARS-Cov-2 Infection. Cells 9, 1962–2014. doi:10.3390/cells9091962
 Babaei, F., Nassiri-Asl, M., and Hosseinzadeh, H. (2020). Curcumin (A Constituent of Turmeric): New Treatment Option against COVID‐19. Food Sci. Nutr. 8, 5215–5227. doi:10.1002/fsn3.1858
 Balasubramanian, A., Pilankatta, R., Teramoto, T., Sajith, A. M., Nwulia, E., Kulkarni, A., et al. (2019). Inhibition of Dengue Virus by Curcuminoids. Antiviral Res. 162, 71–78. doi:10.1016/j.antiviral.2018.12.002
 Beck, B. R., Shin, B., Choi, Y., Park, S., and Kang, K. (2020). Predicting Commercially Available Antiviral Drugs that May Act on the Novel Coronavirus (SARS-CoV-2) through a Drug-Target Interaction Deep Learning Model. Comput. Struct. Biotechnol. J. 18, 784–790. doi:10.1016/j.csbj.2020.03.025
 Beevers, C. S., Chen, L., Liu, L., Luo, Y., Webster, N. J. G., and Huang, S. (2009). Curcumin Disrupts the Mammalian Target of Rapamycin-Raptor Complex. Cancer Res. 69, 1000–1008. doi:10.1158/0008-5472.CAN-08-2367
 Beevers, C. S., Li, F., Liu, L., and Huang, S. (2006). Curcumin Inhibits the Mammalian Target of Rapamycin-Mediated Signaling Pathways in Cancer Cells. Int. J. Cancer 119, 757–764. doi:10.1002/ijc.21932
 Bonaventura, A., Liberale, L., Carbone, F., Vecchié, A., Diaz-Cañestro, C., Camici, G., et al. (2018). The Pathophysiological Role of Neutrophil Extracellular Traps in Inflammatory Diseases. Thromb. Haemost. 118, 006–027. doi:10.1160/TH17-09-0630
 Butenas, S., Orfeo, T., and Mann, K. G. (2008). Tissue Factor Activity and Function in Blood Coagulation. Thromb. Res. 122, S42–S46. doi:10.1016/S0049-3848(08)70018-5
 Carvalho-Schneider, C., Laurent, E., Lemaignen, A., Beaufils, E., Bourbao-Tournois, C., Laribi, S., et al. (2021). Follow-up of Adults with Noncritical COVID-19 Two Months after Symptom Onset. Clin. Microbiol. Infect. 27, 258–263. doi:10.1016/j.cmi.2020.09.052
 Chai, Y.-s., Chen, Y.-q., Lin, S.-h., Xie, K., Wang, C.-j., Yang, Y.-z., et al. (2020). Curcumin Regulates the Differentiation of Naïve CD4+T Cells and Activates IL-10 Immune Modulation against Acute Lung Injury in Mice. Biomed. Pharmacother. 125, 109946. doi:10.1016/j.biopha.2020.109946
 Chan, J. F.-W., Kok, K.-H., Zhu, Z., Chu, H., To, K. K.-W., Yuan, S., et al. (2020). Genomic Characterization of the 2019 Novel Human-Pathogenic Coronavirus Isolated from a Patient with Atypical Pneumonia after Visiting Wuhan. Emerging Microbes Infect. 9, 221–236. doi:10.1080/22221751.2020.1719902
 Cheemanapalli, S., Chinthakunta, N., Shaikh, N. M., Shivaranjani, V., Pamuru, R. R., and Chitta, S. K. (2019). Comparative Binding Studies of Curcumin and Tangeretin on Up-Stream Elements of NF-kB Cascade: a Combined Molecular Docking Approach. Netw. Model. Anal. Health Inform. Bioinforma 8, 1–11. doi:10.1007/s13721-019-0196-2
 Chen, D.-Y., Shien, J.-H., Tiley, L., Chiou, S.-S., Wang, S.-Y., Chang, T.-J., et al. (2010). Curcumin Inhibits Influenza Virus Infection and Haemagglutination Activity. Food Chem. 119, 1346–1351. doi:10.1016/j.foodchem.2009.09.011
 Chen, H.-W., Kuo, H.-T., Chai, C.-Y., Ou, J.-L., and Yang, R.-C. (2007). Pretreatment of Curcumin Attenuates Coagulopathy and Renal Injury in LPS-Induced Endotoxemia. J. Endotoxin Res. 13, 15–23. doi:10.1177/0968051907078605
 Chen, I.-Y., Moriyama, M., Chang, M.-F., and Ichinohe, T. (2019). Severe Acute Respiratory Syndrome Coronavirus Viroporin 3a Activates the NLRP3 Inflammasome. Front. Microbiol. 10, 1–9. doi:10.3389/fmicb.2019.00050
 Chen, M.-H., Lee, M.-Y., Chuang, J.-J., Li, Y.-Z., Ning, S.-T., Chen, J.-C., et al. (2012). Curcumin Inhibits HCV Replication by Induction of Heme Oxygenase-1 and Suppression of AKT. Int. J. Mol. Med. 30, 1021–1028. doi:10.3892/ijmm.2012.1096
 Chen, Y., Liu, Q., and Guo, D. (2020). Emerging Coronaviruses: Genome Structure, Replication, and Pathogenesis. J. Med. Virol. 92, 418–423. doi:10.1002/jmv.25681
 Cheng, K., Yang, A., Hu, X., Zhu, D., and Liu, K. (2018). Curcumin Attenuates Pulmonary Inflammation in Lipopolysaccharide Induced Acute Lung Injury in Neonatal Rat Model by Activating Peroxisome Proliferator-Activated Receptor γ (PPARγ) Pathway. Med. Sci. Monit. 24, 1178–1184. doi:10.12659/MSM.908714
 Chung, M. K., Karnik, S., Saef, J., Bergmann, C., Barnard, J., Lederman, M. M., et al. (2020). SARS-CoV-2 and ACE2: The Biology and Clinical Data Settling the ARB and ACEI Controversy. EBioMedicine 58, 102907. doi:10.1016/j.ebiom.2020.102907
 Crowley, S. D., and Rudemiller, N. P. (2017). Immunologic Effects of the Renin-Angiotensin System. Jasn 28, 1350–1361. doi:10.1681/ASN.2016101066
 Czaikoski, P. G., Mota, J. M. S. C., Nascimento, D. C., Sônego, F., Castanheira, F. V. e. S., Melo, P. H., et al. (2016). Neutrophil Extracellular Traps Induce Organ Damage during Experimental and Clinical Sepsis. PLoS One 11, e0148142. doi:10.1371/journal.pone.0148142
 D’Alessandro, E., Posma, J. J. N., Spronk, H. M. H., and ten Cate, H. (2018). Tissue Factor (:Factor VIIa) in the Heart and Vasculature: More Than an Envelope. Thromb. Res. 168, 130–137. doi:10.1016/j.thromres.2018.06.020
 D’ardes, D., Boccatonda, A., Rossi, I., Guagnano, M. T., Santilli, F., Cipollone, F., et al. (2020). COVID-19 and RAS: Unravelling an Unclear Relationship. Int. J. Mol. Sci. 21, 1–8. doi:10.3390/ijms21083003
 DeDiego, M. L., Nieto-Torres, J. L., Regla-Nava, J. A., Jimenez-Guardeno, J. M., Fernandez-Delgado, R., Fett, C., et al. (2014). Inhibition of NF- B-Mediated Inflammation in Severe Acute Respiratory Syndrome Coronavirus-Infected Mice Increases Survival. J. Virol. 88, 913–924. doi:10.1128/jvi.02576-13
 Deng, Q., Hu, B., Zhang, Y., Wang, H., Zhou, X., Hu, W., et al. (2020). Suspected Myocardial Injury in Patients with COVID-19: Evidence from Front-Line Clinical Observation in Wuhan, China. Int. J. Cardiol. 311, 116–121. doi:10.1016/j.ijcard.2020.03.087
 Dhillon, N., Aggarwal, B. B., Newman, R. A., Wolff, R. A., Kunnumakkara, A. B., Abbruzzese, J. L., et al. (2008). Phase II Trial of Curcumin in Patients with Advanced Pancreatic Cancer. Clin. Cancer Res. 14, 4491–4499. doi:10.1158/1078-0432.CCR-08-0024
 Dushianthan, A., Grocott, M. P. W., Postle, A. D., and Cusack, R. (2011). Acute Respiratory Distress Syndrome and Acute Lung Injury. Postgrad. Med. J. 87, 612–622. doi:10.1136/pgmj.2011.118398
 Dutta, K., Ghosh, D., and Basu, A. (2009). Curcumin Protects Neuronal Cells from Japanese Encephalitis Virus-Mediated Cell Death and Also Inhibits Infective Viral Particle Formation by Dysregulation of Ubiquitin-Proteasome System. J. Neuroimmune Pharmacol. 4, 328–337. doi:10.1007/s11481-009-9158-2
 Eguchi, S., Kawai, T., Scalia, R., and Rizzo, V. (2018). Understanding Angiotensin II Type 1 Receptor Signaling in Vascular Pathophysiology. Hypertension 71, 804–810. doi:10.1161/HYPERTENSIONAHA.118.10266
 Elfiky, A. A. (2020). Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir against SARS-CoV-2 RNA Dependent RNA Polymerase (RdRp): A Molecular Docking Study. Life Sci. 253, 117592. doi:10.1016/j.lfs.2020.117592
 Falati, S., Edmead, C. E., and Poole, A. W. (1999). Glycoprotein Ib-V-IX, a Receptor for von Willebrand Factor, Couples Physically and Functionally to the Fc Receptor γ-Chain, Fyn, and Lyn to Activate Human Platelets. Blood 94, 1648–1656. doi:10.1182/blood.v94.5.1648
 Fan, E., Beitler, J. R., Brochard, L., Calfee, C. S., Ferguson, N. D., Slutsky, A. S., et al. (2020). COVID-19-associated Acute Respiratory Distress Syndrome: Is a Different Approach to Management Warranted?Lancet Respir. Med. 8, 816–821. doi:10.1016/S2213-2600(20)30304-0
 Gheblawi, M., Wang, K., Viveiros, A., Nguyen, Q., Zhong, J.-C., Turner, A. J., et al. (2020). Angiotensin-Converting Enzyme 2: SARS-CoV-2 Receptor and Regulator of the Renin-Angiotensin System. Circ. Res. 126, 1456–1474. doi:10.1161/CIRCRESAHA.120.317015
 Gómez-Moreno, D., Adrover, J. M., and Hidalgo, A. (2018). Neutrophils as Effectors of Vascular Inflammation. Eur. J. Clin. Invest. 48, e12940–14. doi:10.1111/eci.12940
 Grobler, C., Maphumulo, S. C., Grobbelaar, L. M., Bredenkamp, J. C., Laubscher, G. J., Lourens, P. J., et al. (2020). Covid-19: The rollercoaster of fibrin(ogen), d-dimer, von willebrand factor, p-selectin and their interactions with endothelial cells, platelets and erythrocytes. Int J Mol Sci. 21, 5168–5225. doi:10.3390/ijms21145168
 Guan, W.-j., Ni, Z.-y., Hu, Y., Liang, W.-h., Ou, C.-q., He, J.-x., et al. (2020). Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 382, 1708–1720. doi:10.1056/NEJMoa2002032
 Guo, T., Fan, Y., Chen, M., Wu, X., Zhang, L., He, T., et al. (2020). Cardiovascular Implications of Fatal Outcomes of Patients with Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 5, 811–818. doi:10.1001/jamacardio.2020.1017
 Gupta, P., Garg, P., and Roy, N. (2011). Comparative Docking and CoMFA Analysis of Curcumine Derivatives as HIV-1 Integrase Inhibitors. Mol. Divers. 15, 733–750. doi:10.1007/s11030-011-9304-7
 Gupta, S. C., Patchva, S., and Aggarwal, B. B. (2013). Therapeutic Roles of Curcumin: Lessons Learned from Clinical Trials. AAPS J. 15, 195–218. doi:10.1208/s12248-012-9432-8
 Halpin, S. J., McIvor, C., Whyatt, G., Adams, A., Harvey, O., McLean, L., et al. (2021). Postdischarge Symptoms and Rehabilitation Needs in Survivors of COVID‐19 Infection: A Cross‐sectional Evaluation. J. Med. Virol. 93, 1013–1022. doi:10.1002/jmv.26368
 Hassaniazad, M., Inchehsablagh, B. R., Kamali, H., Tousi, A., Eftekhar, E., Jaafari, M. R., et al. (2020). The Clinical Effect of Nano Micelles Containing Curcumin as a Therapeutic Supplement in Patients with COVID-19 and the Immune Responses Balance Changes Following Treatment: A Structured Summary of a Study Protocol for a Randomised Controlled Trial. Trials 21, 20–22. doi:10.1186/s13063-020-04824-y
 Hergenhahn, M., Soto, U., Weninger, A., Polack, A., Hsu, C.-H., Cheng, A.-L., et al. (2002). The Chemopreventive Compound Curcumin Is an Efficient Inhibitor of Epstein-Barr Virus BZLF1 Transcription in Raji DR-LUC Cells*. Mol. Carcinog. 33, 137–145. doi:10.1002/mc.10029
 Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., et al. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 271–280. doi:10.1016/j.cell.2020.02.052
 Huang, C., Huang, L., Wang, Y., Li, X., Ren, L., Gu, X., et al. (2021). 6-month Consequences of COVID-19 in Patients Discharged from Hospital: a Cohort Study. The Lancet 397, 220–232. doi:10.1016/S0140-6736(20)32656-8
 Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical Features of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. The Lancet 395, 497–506. doi:10.1016/S0140-6736(20)30183-5
 Huynh, T., Wang, H., and Luan, B. (2020). In Silico Exploration of the Molecular Mechanism of Clinically Oriented Drugs for Possibly Inhibiting SARS-CoV-2's Main Protease. J. Phys. Chem. Lett. 11, 4413–4420. doi:10.1021/acs.jpclett.0c00994
 Iba, T., Connors, J. M., and Levy, J. H. (2020). The Coagulopathy, Endotheliopathy, and Vasculitis of COVID-19. Inflamm. Res. 69, 1181–1189. doi:10.1007/s00011-020-01401-6
 Imai, Y., Kuba, K., Rao, S., Huan, Y., Guo, F., Guan, B., et al. (2005). Angiotensin-converting Enzyme 2 Protects from Severe Acute Lung Failure. Nature 436, 112–116. doi:10.1038/nature03712
 Ip, W. K. E., Hoshi, N., Shouval, D. S., Snapper, S., and Medzhitov, R. (2017). Anti-inflammatory Effect of IL-10 Mediated by Metabolic Reprogramming of Macrophages. Science 356, 513–519. doi:10.1126/science.aal3535
 Jeong, E.-H., Vaidya, B., Cho, S.-Y., Park, M.-A., Kaewintajuk, K., Kim, S. R., et al. (2015). Identification of Regulators of the Early Stage of Viral Hemorrhagic Septicemia Virus Infection during Curcumin Treatment. Fish Shellfish Immunol. 45, 184–193. doi:10.1016/j.fsi.2015.03.042
 Jia, X., Cao, B., An, Y., Zhang, X., and Wang, C. (2019). Rapamycin Ameliorates Lipopolysaccharide-Induced Acute Lung Injury by Inhibiting IL-1β and IL-18 Production. Int. Immunopharmacology 67, 211–219. doi:10.1016/j.intimp.2018.12.017
 Jiménez-Alcázar, M., Rangaswamy, C., Panda, R., Bitterling, J., Simsek, Y. J., Long, A. T., et al. (2017). Host DNases Prevent Vascular Occlusion by Neutrophil Extracellular Traps. Science 358, 1202–1206. doi:10.1126/science.aam8897
 Johnson, S. M., Gulhati, P., Arrieta, I., Wang, X., Uchida, T., Gao, T., et al. (2009). Curcumin Inhibits Proliferation of Colorectal Carcinoma by Modulating Akt/mTOR Signaling. Anticancer Res. 29, 3185–3190.
 Kanai, M., Yoshimura, K., Asada, M., Imaizumi, A., Suzuki, C., Matsumoto, S., et al. (2011). A Phase I/II Study of Gemcitabine-Based Chemotherapy Plus Curcumin for Patients with Gemcitabine-Resistant Pancreatic Cancer. Cancer Chemother. Pharmacol. 68, 157–164. doi:10.1007/s00280-010-1470-2
 Kanzawa, N., Nishigaki, K., Hayashi, T., Ishii, Y., Furukawa, S., Niiro, A., et al. (2006). Augmentation of Chemokine Production by Severe Acute Respiratory Syndrome Coronavirus 3a/X1 and 7a/X4 Proteins through NF-Κb Activation. FEBS Lett. 580, 6807–6812. doi:10.1016/j.febslet.2006.11.046
 Karunaweera, N., Raju, R., Gyengesi, E., and Münch, G. (2015). Plant Polyphenols as Inhibitors of NF-Îob Induced Cytokine Productionâ€"a Potential Anti-inflammatory Treatment for Alzheimer's Disease?Front. Mol. Neurosci. 8, 1–5. doi:10.3389/fnmol.2015.00024
 Khan, N., Chen, X., and Geiger, J. D. (2020). Role of Endolysosomes in Severe Acute Respiratory Syndrome Coronavirus-2 Infection and Coronavirus Disease 2019 Pathogenesis: Implications for Potential Treatments. Front. Pharmacol. 11, 1–13. doi:10.3389/fphar.2020.595888
 Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B., et al. (2005). A Crucial Role of Angiotensin Converting Enzyme 2 (ACE2) in SARS Coronavirus-Induced Lung Injury. Nat. Med. 11, 875–879. doi:10.1038/nm1267
 Lang, J. P., Wang, X., Moura, F. A., Siddiqi, H. K., Morrow, D. A., and Bohula, E. A. (2020). A Current Review of COVID-19 for the Cardiovascular Specialist. Am. Heart J. 226, 29–44. doi:10.1016/j.ahj.2020.04.025
 Lefrançais, E., Mallavia, B., Zhuo, H., Calfee, C. S., and Looney, M. R. (2018). Maladaptive Role of Neutrophil Extracellular Traps in Pathogen-Induced Lung Injury. JCI Insight 3, 1–15. doi:10.1172/jci.insight.98178
 Liao, M., Liu, Y., Yuan, J., Wen, Y., Xu, G., Zhao, J., et al. (2020). Single-cell Landscape of Bronchoalveolar Immune Cells in Patients with COVID-19. Nat. Med. 26, 842–844. doi:10.1038/s41591-020-0901-9
 Liao, Q.-J., Ye, L.-B., Timani, K. A., Zeng, Y.-C., She, Y.-L., Ye, L., et al. (2005). Activation of NF-kappaB by the Full-Length Nucleocapsid Protein of the SARS Coronavirus. Acta Biochim. Biophys. Sinica 37, 607–612. doi:10.1111/j.1745-7270.2005.00082.x
 Lin, S., Wu, H., Wang, C., Xiao, Z., and Xu, F. (2018). Regulatory T Cells and Acute Lung Injury: Cytokines, Uncontrolled Inflammation, and Therapeutic Implications. Front. Immunol. 9, 1–10. doi:10.3389/fimmu.2018.01545
 Liu, Y.-F., Yang, C.-W., Liu, H., Sui, S.-G., and Li, X.-D. (2017). Efficacy and Therapeutic Potential of Curcumin against Sepsis-Induced Chronic Lung Injury in Male Albino Rats. J. Nutr. Health Aging 21, 307–313. doi:10.1007/s12603-016-0722-1
 Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., et al. (2020). Genomic Characterisation and Epidemiology of 2019 Novel Coronavirus: Implications for Virus Origins and Receptor Binding. The Lancet 395, 565–574. doi:10.1016/S0140-6736(20)30251-8
 Lv, Y., Lei, N., Wang, D., An, Z., Li, G., Han, F., et al. (2014b). Protective Effect of Curcumin against Cytomegalovirus Infection in Balb/c Mice. Environ. Toxicol. Pharmacol. 37, 1140–1147. doi:10.1016/j.etap.2014.04.017
 Ma, T., Guo, C. J., Zhao, X., Wu, L., Sun, S. X., and Jin, Q. H. (2015). The Effect of Curcumin on NF-Κb Expression in Rat with Lumbar Intervertebral Disc Degeneration. Eur. Rev. Med. Pharmacol. Sci. 19, 1305–1314.
 Mahmudpour, M., Roozbeh, J., Keshavarz, M., Farrokhi, S., and Nabipour, I. (2020). COVID-19 Cytokine Storm: The Anger of Inflammation. Cytokine 133, 155151. doi:10.1016/j.cyto.2020.155151
 Manoharan, Y., Haridas, V., Vasanthakumar, K. C., Muthu, S., Thavoorullah, F. F., and Shetty, P. (2020). Curcumin: a Wonder Drug as a Preventive Measure for COVID19 Management. Ind. J. Clin. Biochem. 35, 373–375. doi:10.1007/s12291-020-00902-9
 Mason, R. J. (2020). Pathogenesis of COVID-19 from a Cell Biology Perspective. Eur. Respir. J. 55, 2000607–2000611. doi:10.1183/13993003.00607-2020
 Maurya, V. K., Kumar, S., Prasad, A. K., Bhatt, M. L. B., and Saxena, S. K. (2020). Structure-based Drug Designing for Potential Antiviral Activity of Selected Natural Products from Ayurveda against SARS-CoV-2 Spike Glycoprotein and its Cellular Receptor. VirusDis. 31, 179–193. doi:10.1007/s13337-020-00598-8
 Mayanglambam, A., Dangelmaier, C. A., Thomas, D., Damodar Reddy, C., Daniel, J. L., and Kunapuli, S. P. (2010). Curcumin Inhibits GPVI-Mediated Platelet Activation by Interfering with the Kinase Activity of Syk and the Subsequent Activation of PLCγ2. Platelets 21, 211–220. doi:10.3109/09537100903528269
 McFadyen, J. D., Stevens, H., and Peter, K. (2020). The Emerging Threat of (Micro)Thrombosis in COVID-19 and its Therapeutic Implications. Circ. Res. 127, 571–587. doi:10.1161/CIRCRESAHA.120.317447
 Middleton, E. A., He, X.-Y., Denorme, F., Campbell, R. A., Ng, D., Salvatore, S. P., et al. (2020). Neutrophil Extracellular Traps Contribute to Immunothrombosis in COVID-19 Acute Respiratory Distress Syndrome. Blood 136, 1169–1179. doi:10.1182/blood.2020007008
 Motohashi, N., Vanam, A., and Gollapudi, R. (2020). In Silico Study of Curcumin and Folic Acid as Potent Inhibitors of Human Transmembrane Protease Serine 2 in the Treatment of COVID-19. INNOSC Theranostics Pharmacol. Sci. 3, 3–9. doi:10.36922/itps.v3i2.935
 Mounce, B. C., Cesaro, T., Carrau, L., Vallet, T., and Vignuzzi, M. (2017). Curcumin Inhibits Zika and Chikungunya Virus Infection by Inhibiting Cell Binding. Antiviral Res. 142, 148–157. doi:10.1016/j.antiviral.2017.03.014
 Murakami, M., Kamimura, D., and Hirano, T. (2019). Pleiotropy and Specificity: Insights from the Interleukin 6 Family of Cytokines. Immunity 50, 812–831. doi:10.1016/j.immuni.2019.03.027
 Nemmar, A., Subramaniyan, D., and Ali, B. H. (2012). Protective Effect of Curcumin on Pulmonary and Cardiovascular Effects Induced by Repeated Exposure to Diesel Exhaust Particles in Mice. PLoS One 7, e39554. doi:10.1371/journal.pone.0039554
 Nieto-Torres, J. L., Verdiá-Báguena, C., Jimenez-Guardeño, J. M., Regla-Nava, J. A., Castaño-Rodriguez, C., Fernandez-Delgado, R., et al. (2015). Severe Acute Respiratory Syndrome Coronavirus E Protein Transports Calcium Ions and Activates the NLRP3 Inflammasome. Virology 485, 330–339. doi:10.1016/j.virol.2015.08.010
 Nishimura, H., Tsuji, H., Masuda, H., Nakagawa, K., Nakahara, Y., Kitamura, H., et al. (1997). Angiotensin II Increases Plasminogen Activator Inhibitor-1 and Tissue Factor mRNA Expression without Changing that of Tissue Type Plasminogen Activator or Tissue Factor Pathway Inhibitor in Cultured Rat Aortic Endothelial Cells. Thromb. Haemost. 77, 1189–1195. doi:10.1055/s-0038-1656136
 Obata, K., Kojima, T., Masaki, T., Okabayashi, T., Yokota, S., Hirakawa, S., et al. (2013). Curcumin Prevents Replication of Respiratory Syncytial Virus and the Epithelial Responses to it in Human Nasal Epithelial Cells. PLoS One 8, e70225–14. doi:10.1371/journal.pone.0070225
 Ou, J.-L., Mizushina, Y., Wang, S.-Y., Chuang, D.-Y., Nadar, M., and Hsu, W.-L. (2013). Structure-activity Relationship Analysis of Curcumin Analogues on Anti-influenza Virus Activity. FEBS J. 280, 5829–5840. doi:10.1111/febs.12503
 Paciello, F., Fetoni, A. R., Mezzogori, D., Rolesi, R., Di Pino, A., Paludetti, G., et al. (2020). The Dual Role of Curcumin and Ferulic Acid in Counteracting Chemoresistance and Cisplatin-Induced Ototoxicity. Sci. Rep. 10, 1063. doi:10.1038/s41598-020-57965-0
 Paliogiannis, P., Mangoni, A. A., Dettori, P., Nasrallah, G. K., Pintus, G., and Zinellu, A. (2020). D-dimer Concentrations and COVID-19 Severity: A Systematic Review and Meta-Analysis. Front. Public Health 8, 1–7. doi:10.3389/fpubh.2020.00432
 Papayannopoulos, V. (2018). Neutrophil Extracellular Traps in Immunity and Disease. Nat. Rev. Immunol. 18, 134–147. doi:10.1038/nri.2017.105
 Park, J.-Y., Jae Jeong, H., Hoon Kim, J., Min Kim, Y., Park, S.-J., Kim, D., et al. (2012). Diarylheptanoids from Alnus Japonica Inhibit Papain-like Protease of Severe Acute Respiratory Syndrome Coronavirus. Biol. Pharm. Bull. 35, 2036–2042. doi:10.1248/bpb.b12-00623
 Park, J.-Y., Kim, J. H., Kim, Y. M., Jeong, H. J., Kim, D. W., Park, K. H., et al. (2012). Tanshinones as Selective and Slow-Binding Inhibitors for SARS-CoV Cysteine Proteases. Bioorg. Med. Chem. 20, 5928–5935. doi:10.1016/j.bmc.2012.07.038
 Patell, R., Bogue, T., Koshy, A., Bindal, P., Merrill, M., Aird, W. C., et al. (2020). Postdischarge Thrombosis and Hemorrhage in Patients with COVID-19. Blood 136, 1342–1346. doi:10.1182/blood.2020007938
 Pendurthi, U. R., Williams, J. T., and Rao, L. V. M. (1997). Inhibition of Tissue Factor Gene Activation in Cultured Endothelial Cells by Curcumin. Arterioscler Thromb Vasc Biol. 17, 3406–3413. doi:10.1161/01.ATV.17.12.3406
 Prasad, A., Stone, G. W., Holmes, D. R., and Gersh, B. (2009). Reperfusion Injury, Microvascular Dysfunction, and Cardioprotection. Circulation 120, 2105–2112. doi:10.1161/CIRCULATIONAHA.108.814640
 Rahardjo, B., Widjajanto, E., Sujuti, H., and Keman, K. (2014). Curcumin Decreased Level of Proinflammatory Cytokines in Monocyte Cultures Exposed to Preeclamptic Plasma by Affecting the Transcription Factors NF-Κb and PPAR-γ. Biomarkers Genomic Med. 6, 105–115. doi:10.1016/j.bgm.2014.06.002
 Ramirez Boscá, A., Soler, A., Carrión-Gutiérrez, M. A., Pamies Mira, D., Pardo Zapata, J., Diaz-Alperi, J., et al. (2000). An Hydroalcoholic Extract of Curcuma Longa Lowers the Abnormally High Values of Human-Plasma Fibrinogen. Mech. Ageing Dev. 114, 207–210. doi:10.1016/S0047-6374(00)00089-0
 Rapkiewicz, A. V., Mai, X., Carsons, S. E., Pittaluga, S., Kleiner, D. E., Berger, J. S., et al. (2020). Megakaryocytes and Platelet-Fibrin Thrombi Characterize Multi-Organ Thrombosis at Autopsy in COVID-19: A Case Series. EClinicalMedicine 24, 100434. doi:10.1016/j.eclinm.2020.100434
 Riphagen, S., Gomez, X., Gonzalez-Martinez, C., Wilkinson, N., and Theocharis, P. (2020). Hyperinflammatory Shock in Children during COVID-19 Pandemic. The Lancet 395, 1607–1608. doi:10.1016/S0140-6736(20)31094-1
 Rodrigues, T. S., de Sá, K. S. G., Ishimoto, A. Y., Becerra, A., Oliveira, S., Almeida, L., et al. (2021). Inflammasomes Are Activated in Response to SARS-CoV-2 Infection and Are Associated with COVID-19 Severity in Patients. J. Exp. Med. 218. doi:10.1084/jem.20201707
 Roy, A., Sarkar, B., Celik, C., Ghosh, A., Basu, U., Jana, M., et al. (2020). Can Concomitant Use of Zinc and Curcumin with Other Immunity‐boosting Nutraceuticals Be the Arsenal against COVID ‐19?Phytotherapy Res. 34, 2425–2428. doi:10.1002/ptr.6766
 Ruiz-Ortega, M., Lorenzo, O., Suzuki, Y., Rupérez, M., and Egido, J. (2001). Proinflammatory Actions of Angiotensins. Curr. Opin. Nephrol. Hypertens. 10, 321–329. doi:10.1097/00041552-200105000-00005
 Rut, W., Groborz, K., Zhang, L., Sun, X., Zmudzinski, M., Pawlik, B., et al. (2020). SARS-CoV-2 Mpro Inhibitors and Activity-Based Probes for Patient-Sample Imaging. Nat. Chem. Biol. 17, 222–228. doi:10.1038/s41589-020-00689-z
 Lin, S.-C., Ho, C.-T., Chuo, W.-H., Li, S., Wang, T. T., and Lin, C.-C. (2017), Effective Inhibition of MERS-CoV Infection by Resveratrol, BMC Infect. Dis. 17, 1–10. doi:10.1186/s12879-017-2253-8
 Saeedi-Boroujeni, A., Mahmoudian-Sani, M. R., Bahadoram, M., and Alghasi, A. (2021). COVID-19: A Case for Inhibiting NLRP3 Inflammasome, Suppression of Inflammation with Curcumin?Basic Clin. Pharmacol. Toxicol. 128, 37–45. doi:10.1111/bcpt.13503
 Saffarzadeh, M., Juenemann, C., Queisser, M. A., Lochnit, G., Barreto, G., Galuska, S. P., et al. (2012). Neutrophil Extracellular Traps Directly Induce Epithelial and Endothelial Cell Death: A Predominant Role of Histones. PLoS One 7, e32366. doi:10.1371/journal.pone.0032366
 Sang, Y., Miller, L. C., and Blecha, F. (2015). Macrophage Polarization in Virus-Host Interactions. J. Clin. Cel. Immunol. 6, 139–148. doi:10.4172/2155-9899.1000311
 Sathler, P. C. (2020). Hemostatic Abnormalities in Covid-19: A Guided Review. Acad. Bras. Ciênc. 92, 1–16. doi:10.1590/0001-3765202020200834
 Saxton, R. A., and Sabatini, D. M. (2017). mTOR Signaling in Growth, Metabolism, and Disease. Cell 168, 960–976. doi:10.1016/j.cell.2017.02.004
 Schneider, E. C. (2020). Failing the Test - the Tragic Data Gap Undermining the U.S. Pandemic Response. N. Engl. J. Med. 383, 299–302. doi:10.1056/nejmp2014836
 Schönrich, G., and Raftery, M. J. (2016). Neutrophil Extracellular Traps Go Viral. Front. Immunol. 7, 11–14. doi:10.3389/fimmu.2016.00366
 Shah, B. H., Nawaz, Z., Pertani, S. A., Roomi, A., Mahmood, H., Saeed, S. A., et al. (1999). Inhibitory Effect of Curcumin, a Food Spice from Turmeric, on Platelet-Activating Factor- and Arachidonic Acid-Mediated Platelet Aggregation through Inhibition of Thromboxane Formation and Ca2+ Signaling. Biochem. Pharmacol. 58, 1167–1172. doi:10.1016/S0006-2952(99)00206-3
 Shi, C.-S., Nabar, N. R., Huang, N.-N., and Kehrl, J. H. (2019). SARS-coronavirus Open Reading Frame-8b Triggers Intracellular Stress Pathways and Activates NLRP3 Inflammasomes. Cell Death Discov. 5. doi:10.1038/s41420-019-0181-7
 Silva, L. S. d., Catalão, C. H. R., Felippotti, T. T., Oliveira- Pelegrin, G. R. d., Petenusci, S., De Freitas, L. A. P., et al. (2017). Curcumin Suppresses Inflammatory Cytokines and Heat Shock Protein 70 Release and Improves Metabolic Parameters during Experimental Sepsis. Pharm. Biol. 55, 269–276. doi:10.1080/13880209.2016.1260598
 Silva, P. L., Negrini, D., and Macêdo Rocco, P. R. (2015). Mechanisms of Ventilator-Induced Lung Injury in Healthy Lungs. Best Pract. Res. Clin. Anaesthesiology 29, 301–313. doi:10.1016/j.bpa.2015.08.004
 Simonnet, A., Chetboun, M., Poissy, J., Raverdy, V., Noulette, J., Duhamel, A., et al. (2020). High Prevalence of Obesity in Severe Acute Respiratory Syndrome Coronavirus‐2 (SARS‐CoV‐2) Requiring Invasive Mechanical Ventilation. Obesity 28, 1195–1199. doi:10.1002/oby.22831
 Siu, K. L., Yuen, K. S., Castano‐Rodriguez, C., Ye, Z. W., Yeung, M. L., Fung, S. Y., et al. (2019). Severe Acute Respiratory Syndrome Coronavirus ORF3a Protein Activates the NLRP3 Inflammasome by Promoting TRAF3‐dependent Ubiquitination of ASC. FASEB j. 33, 8865–8877. doi:10.1096/fj.201802418R
 Skurk, T., Van Harmelen, V., and Hauner, H. (2004). Angiotensin II Stimulates the Release of Interleukin-6 and Interleukin-8 from Cultured Human Adipocytes by Activation of NF-Κb. Arterioscler Thromb Vasc Biol. 24, 1199–1203. doi:10.1161/01.ATV.0000131266.38312.2e
 Solt, L. A., and May, M. J. (2008). The IκB Kinase Complex: Master Regulator of NF-Κb Signaling. Immunol. Res. 42, 3–18. doi:10.1007/s12026-008-8025-1
 Soni, V. K., Mehta, A., Ratre, Y. K., Tiwari, A. K., Amit, A., Singh, R. P., et al. (2020). Curcumin, a Traditional Spice Component, Can Hold the Promise against COVID-19?Eur. J. Pharmacol. 886, 173551. doi:10.1016/j.ejphar.2020.173551
 Srivastava, K. C., Bordia, A., and Verma, S. K. (1995). Curcumin, a Major Component of Food Spice Turmeric (Curcuma longa) Inhibits Aggregation and Alters Eicosanoid Metabolism in Human Blood Platelets. Prostaglandins, Leukot. Essent. Fatty Acids 52, 223–227. doi:10.1016/0952-3278(95)90040-3
 Stefanini, G. G., Montorfano, M., Trabattoni, D., Andreini, D., Ferrante, G., Ancona, M., et al. (2020). ST-Elevation Myocardial Infarction in Patients With COVID-19. Circulation 141, 2113–2116. doi:10.1161/CIRCULATIONAHA.120.047525
 Tahmasebi, S., El‐Esawi, M. A., Mahmoud, Z. H., Timoshin, A., Valizadeh, H., Roshangar, L., et al. (2020). Immunomodulatory Effects of Nanocurcumin on Th17 Cell Responses in Mild and Severe COVID‐19 Patients. J. Cel. Physiol. 236, 5325–5338. doi:10.1002/jcp.30233
 Tang, N., Li, D., Wang, X., and Sun, Z. (2020). Abnormal Coagulation Parameters Are Associated with Poor Prognosis in Patients with Novel Coronavirus Pneumonia. J. Thromb. Haemost. 18, 844–847. doi:10.1111/jth.14768
 Temiz-Resitoglu, M., Kucukkavruk, S. P., Guden, D. S., Cecen, P., Sari, A. N., Tunctan, B., et al. (2017). Activation of mTOR/IκB-Α/nf-Κb Pathway Contributes to LPS-Induced Hypotension and Inflammation in Rats. Eur. J. Pharmacol. 802, 7–19. doi:10.1016/j.ejphar.2017.02.034
 Thangapazham, R. L., Shaheduzzaman, S., Kim, K.-H., Passi, N., Tadese, A., Vahey, M., et al. (2008). Androgen Responsive and Refractory Prostate Cancer Cells Exhibit Distinct Curcumin Regulated Transcriptome. Cancer Biol. Ther. 7, 1427–1435. doi:10.4161/cbt.7.9.6469
 Thimmulappa, R. K., Mudnakudu-Nagaraju, K. K., Shivamallu, C., Subramaniam, K. J. T., Radhakrishnan, A., Bhojraj, S., et al. (2021). Antiviral and Immunomodulatory Activity of Curcumin: A Case for Prophylactic Therapy for COVID-19. Heliyon 7, e06350. doi:10.1016/j.heliyon.2021.e06350
 Valizadeh, H., Abdolmohammadi-vahid, S., Danshina, S., Ziya Gencer, M., Ammari, A., Sadeghi, A., et al. (2020). Nano-curcumin Therapy, a Promising Method in Modulating Inflammatory Cytokines in COVID-19 Patients. Int. Immunopharmacology 89, 107088. doi:10.1016/j.intimp.2020.107088
 Vallejo, N., Teis, A., Mateu, L., and Bayés-Genís, A. (2021). Persistent Chest Pain after Recovery of COVID-19: Microvascular Disease-Related Angina?Eur. Hear. J. - Case Rep. 5, 4–5. doi:10.1093/ehjcr/ytab105
 Vinten-Johansen, J., Zhao, Z.-Q., Zatta, A. J., Kin, H., Halkos, M. E., and Kerendi, F. (2005). Postconditioning A New Link in Nature's Armor against Myocardial Ischemia-Reperfusion Injury. Basic Res. Cardiol. 100, 295–310. doi:10.1007/s00395-005-0523-x
 Vishvakarma, N. K., Kumar, A., and Singh, S. M. (2011). Role of Curcumin-dependent Modulation of Tumor Microenvironment of a Murine T Cell Lymphoma in Altered Regulation of Tumor Cell Survival. Toxicol. Appl. Pharmacol. 252, 298–306. doi:10.1016/j.taap.2011.03.002
 Wang, N.-P., Wang, Z.-F., Tootle, S., Philip, T., and Zhao, Z.-Q. (2012). Curcumin Promotes Cardiac Repair and Ameliorates Cardiac Dysfunction Following Myocardial Infarction. Br. J. Pharmacol. 167, 1550–1562. doi:10.1111/j.1476-5381.2012.02109.x
 Wang, X., An, X., Wang, X., Bao, C., Li, J., Yang, D., et al. (2018). Curcumin Ameliorated Ventilator-Induced Lung Injury in Rats. Biomed. Pharmacother. 98, 754–761. doi:10.1016/j.biopha.2017.12.100
 Wang, Y., Tang, Q., Duan, P., and Yang, L. (2018). Curcumin as a Therapeutic Agent for Blocking NF-Κb Activation in Ulcerative Colitis. Immunopharmacology and Immunotoxicology 40, 476–482. doi:10.1080/08923973.2018.1469145
 Wen, C.-C., Kuo, Y.-H., Jan, J.-T., Liang, P.-H., Wang, S.-Y., Liu, H.-G., et al. (2007). Specific Plant Terpenoids and Lignoids Possess Potent Antiviral Activities against Severe Acute Respiratory Syndrome Coronavirus. J. Med. Chem. 50, 4087–4095. doi:10.1021/jm070295s
 Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C.-L., Abiona, O., et al. (2020). Cryo-EM Structure of the 2019-nCoV Spike in the Prefusion Conformation. Science 367, 1260–1263. doi:10.1126/science.aax090210.1126/science.abb2507
 Wu, C.-Y., Jan, J.-T., Ma, S.-H., Kuo, C.-J., Juan, H.-F., Cheng, Y.-S. E., et al. (2004). Small Molecules Targeting Severe Acute Respiratory Syndrome Human Coronavirus. Proc. Natl. Acad. Sci. 101, 10012–10017. doi:10.1073/pnas.0403596101
 Wu, Z., and McGoogan, J. M. (2020). Characteristics of and Important Lessons from the Coronavirus Disease 2019 (COVID-19) Outbreak in China. Jama 323, 1239–1242. doi:10.1001/jama.2020.2648
 Xia, S., Liu, M., Wang, C., Xu, W., Lan, Q., Feng, S., et al. (2020). Inhibition of SARS-CoV-2 (Previously 2019-nCoV) Infection by a Highly Potent Pan-Coronavirus Fusion Inhibitor Targeting its Spike Protein that Harbors a High Capacity to Mediate Membrane Fusion. Cell Res 30, 343–355. doi:10.1038/s41422-020-0305-x
 Xia, S., Zhu, Y., Liu, M., Lan, Q., Xu, W., Wu, Y., et al. (2020). Fusion Mechanism of 2019-nCoV and Fusion Inhibitors Targeting HR1 Domain in Spike Protein. Cell Mol Immunol 17, 765–767. doi:10.1038/s41423-020-0374-2
 Xiao, X., Yang, M., Sun, D., and Sun, S. (2012). Curcumin Protects against Sepsis-Induced Acute Lung Injury in Rats. J. Surg. Res. 176, e31–e39. doi:10.1016/j.jss.2011.11.1032
 Xu, F., Lin, S.-h., Yang, Y.-z., Guo, R., Cao, J., and Liu, Q. (2013). The Effect of Curcumin on Sepsis-Induced Acute Lung Injury in a Rat Model through the Inhibition of the TGF-Β1/smad3 Pathway. Int. Immunopharmaco. 16, 1–6. doi:10.1016/j.intimp.2013.03.014
 Yadav, R., Jee, B., and Awasthi, S. K. (2015). Curcumin Suppresses the Production of Pro-inflammatory Cytokine Interleukin-18 in Lipopolysaccharide Stimulated Murine Macrophage-like Cells. Ind. J. Clin. Biochem. 30, 109–112. doi:10.1007/s12291-014-0452-2
 Yang, C., Wu, K., Li, S.-H., and You, Q. (2013). Protective Effect of Curcumin against Cardiac Dysfunction in Sepsis Rats. Pharm. Biol. 51, 482–487. doi:10.3109/13880209.2012.742116
 Yang, M., Lee, G., Si, J., Lee, S.-J., You, H., and Ko, G. (2016). Curcumin Shows Antiviral Properties against Norovirus. Molecules 21, 1401. doi:10.3390/molecules21101401
 Yang, X. X., Li, C. M., and Huang, C. Z. (2016). Curcumin Modified Silver Nanoparticles for Highly Efficient Inhibition of Respiratory Syncytial Virus Infection. Nanoscale 8, 3040–3048. doi:10.1039/c5nr07918g
 Huang, Y., Yang, C., Xu, X.-F., Xu, W., and Liu, S.-W. (2020). Structural and Functional Properties of SARS-CoV-2 Spike Protein: Potential Antivirus Drug Development for COVID-19, Acta Pharmacol. Sin. 41, 1–9doi:10.1038/s41401-020-0485-4
 Yin, H., Guo, Q., Li, X., Tang, T., Li, C., Wang, H., et al. (2018). Curcumin Suppresses IL-1β Secretion and Prevents Inflammation through Inhibition of the NLRP3 Inflammasome. J.Immunol. 200, 2835–2846. doi:10.4049/jimmunol.1701495
 Lv, Y., An, Z., Chen, H., Wang, Z., and Liu, L. (2014a), Mechanism of Curcumin Resistance to Human Cytomegalovirus in HELF Cells, BMC Complement. Altern. Med. 14, 1–7. doi:10.1186/1472-6882-14-284
 Yu-Wung Yeh, D., and Wang, J.-J. (2020). Curcumin Attenuates Hemorrhagic Shock and Blood Replenish Resuscitation-Induced Impairment of Pulmonary Barrier Function by Increasing SIRT1 and Reducing Malondialdehyde and TNF-α Contents and Neutrophil Infiltration in Lung in a Dose-dependent Fashion. Transplant. Proc. 52, 1875–1879. doi:10.1016/j.transproceed.2020.01.133
 Zahedipour, F., Hosseini, S. A., Sathyapalan, T., Majeed, M., Jamialahmadi, T., Al‐Rasadi, K., et al. (2020). Potential Effects of Curcumin in the Treatment of COVID ‐19 Infection. Phytotherapy Res. 34, 2911–2920. doi:10.1002/ptr.6738
 Zhang, H.-n., Yu, C.-x., Zhang, P.-j., Chen, W.-w., Jiang, A.-l., Kong, F., et al. (2007). Curcumin Down Regulates Homeobox Gene NKX3.1 in Prostate Cancer Cell LNCaP. Acta Pharmacologica Sinica 28, 423–430. doi:10.1111/j.1745-7254.2007.00501.x
 Zhang, L., Gu, Z.-l., Qin, Z.-h., and Liang, Z.-q. (2008). Effect of Curcumin on the Adhesion of Platelets to Brain Microvascular Endothelial Cellsin Vitro1. Acta Pharmacol. Sin. 29, 800–807. doi:10.1111/j.1745-7254.2008.00813.x
 Zhang, L., Lin, D., Sun, X., Curth, U., Drosten, C., Sauerhering, L., et al. (2020). Crystal Structure of SARS-CoV-2 Main Protease Provides a Basis for Design of Improved α-ketoamide Inhibitors. Science 368, 409–412. doi:10.1126/science.abb3405
 Zhang, S., Liu, Y., Wang, X., Yang, L., Li, H., Wang, Y., et al. (2020). SARS-CoV-2 Binds Platelet ACE2 to Enhance Thrombosis in COVID-19. J. Hematol. Oncol. 13, 120. doi:10.1186/s13045-020-00954-7
 Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., et al. (2020). Clinical Course and Risk Factors for Mortality of Adult Inpatients with COVID-19 in Wuhan, China: a Retrospective Cohort Study. The Lancet 395, 1054–1062. doi:10.1016/S0140-6736(20)30566-3
 Zhu, L., Ding, X., Zhang, D., Yuan, C., Wang, J., Ndegwa, E., et al. (2015). Curcumin Inhibits Bovine Herpesvirus Type 1 Entry into MDBK Cells. Acta Virol. 59, 221–227. doi:10.4149/av_2015_03_221
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 Rattis, Ramos and Celes. 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.
OPS/images/fphar-12-675287-g003.gif





OPS/images/fphar-12-675287-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Curcumin as a Potential Treatment for COVID-19		Introduction

		In Silico Models Predicting the Antiviral Effects of Curcumin Against SARS-CoV-2

		Effects of Curcumin in the COVID-19-Induced Inflammatory Process

		Curcumin in Hemostatic Disorders

		Curcumin as a Potential Agent Against Pulmonary Impairment

		Cardioprotective Effects of Curcumin

		Conclusion

		Author Contributions

		Funding

		Acknowledgments

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Curcumin as a Potential
Treatment for COVID-19





OPS/images/fphar-12-675287-g001.gif
i





OPS/images/fphar-12-675287-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





