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Abstract

:

Severe acute respiratory syndrome (SARS)-CoV-2 virus causes novel coronavirus disease 2019 (COVID-19) with other comorbidities such as diabetes. Diabetes is the most common cause of diabetic nephropathy, which is attributed to hyperglycemia. COVID-19 produces severe complications in people with diabetes mellitus. This article explains how SARS-CoV-2 causes more significant kidney damage in diabetic patients. Importantly, COVID-19 and diabetes share inflammatory pathways of disease progression. SARS-CoV-2 binding with ACE-2 causes depletion of ACE-2 (angiotensin-converting enzyme 2) from blood vessels, and subsequently, angiotensin-II interacts with angiotensin receptor-1 from vascular membranes that produce NADPH (nicotinamide adenine dinucleotide hydrogen phosphate) oxidase, oxidative stress, and constriction of blood vessels. Since diabetes and COVID-19 can create oxidative stress, we hypothesize that COVID-19 with comorbidities such as diabetes can synergistically increase oxidative stress leading to end-stage renal failure and death. Antioxidants may therefore prevent renal damage-induced death by inhibiting oxidative damage and thus can help protect people from COVID-19 related comorbidities. A few clinical trials indicated how effective the antioxidant therapy is against improving COVID-19 symptoms, based on a limited number of patients who experienced COVID-19. In this review, we tried to understand how effective antioxidants (such as vitamin D and flavonoids) can act as food supplements or therapeutics against COVID-19 with diabetes as comorbidity based on recently available clinical, preclinical, or in silico studies.
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1. Introduction


The novel coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome CoV2 (SARS-CoV-2) virus and can be associated with infected patients with various comorbidities such as diabetes, hypertension, and cardiovascular disorders. Studies show that the viral infection triggers severe clinical symptoms and mortality with people experiencing comorbidities such as diabetes, cancer, and heart and lung disorders. Importantly among these people, diabetic patients experience the most severe clinical symptoms that cause the highest proportional death than non-diabetic patients after SARS-CoV-2 infection [1,2]. Along with diabetes, old age, congestive heart failure, smoking, β-blocker use, presence of bilateral lung infiltrates, elevated creatinine and severe vitamin D deficiency” are significant cause of mortality in COVID-19 patients [3]. In addition, high plasma lactate dehydrogenase level, a marker of oxidative stress, and advanced age 70 years or above) showed increased mortality, anxiety, and severity of COVID-19 symptoms in the clinic [4,5,6]. Several questions need to be answered to understand the pathophysiological connections between COVID-19 and diabetes mellitus, which leads to an increase in fatalities. Approximately four different pathogenesis are involved in SARS-CoV-2 infection, such as activation of the renin-angiotensin (RAS) pathway, oxidative stress, excess cytokines release, and dysfunction of endothelium. COVID-19 develops after SARS-CoV-2 entry in host’s cells and RAS activation with oxidative bursts [7,8]. In this article, we give some insights on common features between diabetes and COVID-19-induced kidney damage and discuss the implications of increased oxidative stress in the process, which may help improve patient prognosis.




2. Is Oxidative Stress a Major Cause of Diabetes-Induced Kidney Damage?


Diabetes is one of the most common metabolic disorders influenced by several factors such as age, sex, ethnicity, genetic factors, and pregnancy and appears as a comorbidity with obesity, cardiovascular diseases, atherosclerosis, renal failure, cancer, and many other chronic diseases [9]. People with diabetes show an impaired function of insulin (insulin resistance) and therefore need an increased amount of insulin than β cells (in the pancreas of a person) can produce. As a result, the presence of higher blood glucose in the bloodstream is observed. It has been postulated that diabetic nephropathy develops due to localized oxidative stress, where the key initiator may be increased mitochondrial production of reactive oxygen species (ROS) arising from hyperglycemia and leading to various renal disorders [10]. Diabetic nephropathy is present in almost one-third of Type 1 and Type 2 diabetic patients [11]. Diabetic neuropathy, nephropathy, and retinopathy can arise from oxidative stress-induced complications in diabetes mellitus along with a host of other disorders like coronary artery disease [12].



Diabetes is considered to be one of the major indicators for severe COVID-19 prognosis, as more diabetic patients (diabetes type-2 is mainly evident, with limited evidence from diabetes Type-1) showed severe COVID-19 symptoms and deaths after exposure to SARS-CoV-2 virus [1,13,14,15]. A meta-analysis concluded that the diabetic patients showed a 200% increased probability of death with severe COVID-19 symptoms than non-diabetic patients [16]. Importantly, Toll-like receptor 4 (TLR4) is responsible for initiating diabetes by expressing the transcriptional factor nuclear factor-kappaB (NF-κB) and the enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to produce ROS, which also induce activation of endothelial nitric oxide synthase (eNOS) and xanthine oxidase enzymes [17]. Together these enzymes produce excess ROS and can be the causative agent(s) for diabetes-like diseases [18]. Another recent study reported that presence of diabetes mellitus type 1 results in increased morbidity and mortality rates during coronavirus (COVID-19) disease [13]. Diabetic patients displayed higher cell counts of leukocytes and neutrophils in their blood during admission with comparatively severe COVID-19 symptoms than non-diabetic patients. The diabetic patients also required more antibiotic therapy and artificial ventilation, but still resulted in more deaths during their stay in the healthcare facilities in China [1]. Oxidative stress also causes decreased use of glucose by muscles and adipose tissues. An increase of 8-epi-prostaglandin F2α, an oxidative stress indicator, is positively correlated with insulin resistance [19] (Figure 1). Insulin resistance is also thoroughly interrelated with inflammation as a preclinical study showed increased tumor necrosis factor α (TNF-α) from adipose tissues of obese and diabetic animals), a proinflammatory cytokine that can cause insulin resistance; suppression of TNF-α helps recovery of insulin resistance [20] (Figure 1). NLRP3 (nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3), a polyprotein complex inflammasome found in macrophages, is also responsible for causing diabetes and the release of inflammatory cytokines. NLRP3 is stimulated by the activation of NF-κB (nuclear factor-kappa B, which is triggered by TNF-α) and causes the secretion of proinflammatory cytokines pro-IL-1β and pro-IL-18 (Figure 1). NLRP3 matures by PAMPs (pathogen-associated molecular patterns) and DAMPs (damage-associated molecular patterns) or lipopolysaccharides. The maturation of NLRP3 causes the release of cytokines such as IL (interleukin)-1β and IL-18 and inflammation in the body [21]. Adipose tissues mainly produce inflammatory biomarkers such as TNF- α, and macrophages and other immune cells are partially responsible for insulin resistance. Type-2 diabetic patients show increased inflammatory cytokines and autoimmune responses in the pancreatic islet cells and can cause insulin resistance and decreased insulin secretion, although the whole mechanism is not yet clearly understood [22]. Oxidative stress, insulin resistance, inflammation, and kidney cell damage are interrelated and part of a chronic pathophysiological mechanism.




3. What Is the Clinical Evidence on the Relationships between COVID-19 and Diabetes?


Some studies suggest that the COVID-19 vaccination should be prioritized in diabetic patients (both type 1 and 2) as they have a poorer prognosis with COVID-19 compared to COVID-19 patients without diabetes [23,24]. A recent randomized clinical trial on the Scottish population (a population cohort study) in the first wave found increased severity in COVID-19 symptoms and admitted for fatal and critical care units for treatment with diabetes compared with those without diabetes [25]. The overall odds ratio for diabetes was 1·395, calculated against patients without diabetes, which means diabetes was strongly positively correlated with the severity of COVID-19 patients. Noticeably, the odds ratio for the severity of Type-1 diabetic patients were much higher than Type-2 diabetic patients [25]. Another RCT with children with Type-1 diabetes in the US suggested that preintervention and social support improved the children to manage COVID-19 pandemic-related stress and depressive symptoms for the children and their parents [26].



Another ongoing RCT with COVID-19 patients introduced “telemetric continuous glucose monitoring” for patients with positive diabetes suggested remote glucose monitoring may provide similar results to conventional finger-prick test (n = ~36 each group) but better outcomes as it needs less exposure of healthcare workers and fewer risk of cross-contaminations or reinfections [27].



A further RCT in Taiwan tried to educate and guide patients with diabetes Type-2 to maintain their health during the COVID-19 pandemic and found that the health-related coaching helped keep patient’s glycosylated hemoglobin (HbA1 c) levels under control; they maintained physical exercises, and reduced eating out [28].



A systematic review investigated the relationships among periodontal diseases, diabetes, and COVID-19 and indicated that hyperglycemia (e.g., diabetes) might increase the possibilities of periodontitis development and influence excessive expression of angiotensin-converting enzyme 2 (ACE-2) in periodontal tissue of diabetes Type-2 patients [29]. In addition, the excessive ACE-2 can favor the SARS-CoV-2 virus to develop COVID-19 [29]. Therefore, periodontal diseases or diabetes type 2 can potentially influence the development of COVID-19 symptoms and go for mild to severe form depending on the physiological and pathological conditions of the patients. However, no proper randomized clinical trials are evident to date proving this relationship.




4. How Can SARS-CoV-2 Damage the Kidneys?


SARS-CoV-2 enters the host body interacting with the angiotensin-converting en-zyme-2 (ACE-2), which is present in multiple organs, mainly kidneys, lungs, testis, breast, heart, and gastrointestinal systems [30]. SARS-CoV-2 interacts with angiotensin-converting enzyme 2 (ACE2) and causes an increase of angiotensin-2 in tissues that activates CD8+ and CD4+ T-lymphocytes macrophages and NK cells and releases pro-inflammatory and inflammatory cytokines such as IL-1β, IL-2, IL-4, IL-17, IL-21, and IFNγ (gamma interferon) [31]. SARS-CoV-2 interaction with TLR4 in macrophages can also activate major histocompatibility complex (MHC) class II molecules and thus in-crease T-cells- and B-cells-mediated secretions of proinflammatory cytokines (IL-1β, IFNγ, and TNF-α) (Figure 1). The released inflammatory cytokines from the lungs, kidneys, or elsewhere in the body because of SARS-CoV-2 infection, are transported through the bloodstream that causes quick acute inflammation in the capillaries of kidneys, lungs, heart, and all major organs.



ACE-2 receptor is expressed mainly in proximal tubular epithelial cells in both diabetic and healthy kidneys, but diabetic patients express higher ACE-2 receptors in their pancreatic islets than normoglycemic patients [32]. In COVID-19 patients, ACE-2 receptor containing proximal tubular epithelial cells has been detected in urine samples, suggesting a common infection pattern of SARS-CoV-2 in patients with diabetes [33]. Importantly, overexpression of ACE-2 receptors in the proximal tubular epithelium of diabetic patients may cause severe SARS-CoV-2 associated clinical symptoms and damage to kidneys as microscopic examination of COVID-19 infected kidneys showed proximal tubular injury and acute tubular necrosis [34]. Another study indicated that acute injury in the kidney is responsible for the increased morbidity and mortality of SARS-CoV-2 infected patients [35].



ACE-2 binding of SARS-CoV-2 causes depletion of ACE-2 receptors that may facilitate the binding of angiotensin-II with angiotensin receptor-1 from blood vascular membranes that produce NADPH (nicotinamide adenine dinucleotide hydrogen phosphate) oxidase, oxidative stress and cause constriction of blood vessels, platelet aggression, the release of proinflammatory cytokines (i.e., inflammation), and increase the severity of the infection [36,37]. SARS-CoV-2 induced severe infection also causes a high neutrophil/lymphocyte ratio that generates increased reactive oxygen species levels. The oxidative stress further induces platelet dysfunction and tissue damage in the lung, kidney, and other major organs [38].



In a cross-sectional study conducted with 50 COVID-19 patients in Nigeria, oxidative stress marker, 8-isoprostaglandin F2α, was found to be significantly higher (p = 0.049); on the other hand, malondialdehyde (MDA) was lower (p < 0.001) in COVID-19 patients than controls. The authors further concluded that COVID-19 infections and other comorbidities such as diabetes, malaria, and hypertension increased the risks of developing oxidative stress [39]. Furthermore, increased oxidative stress could be responsible for “amplifying and perpetuating the cytokine storm, coagulopathy, and cell hypoxia” in COVID-19 patients [40]. Oxidative stress has also been described as a ‘key player’ in the pathogenesis, severity, and mortality risk in SARS-CoV-2 infections [41]. A systematic review and me-ta-analysis showed that acute respiratory distress syndrome development in COVID-19 patients accelerated the development of acute kidney injury (AKI) and higher mortality rate [42].




5. Synergistic Kidney Damage and Morbidity Due to COVID-19 and Diabetes


Both diabetes and COVID-19 cause oxidative damage and inflammation in tissues and share common molecular pathways to generate clinical symptoms. As discussed, the presence of both diseases, COVID-19 and diabetes can cause synergistic oxidative stress, severe inflammation, vasoconstriction, and thrombosis in capillary blood vessels, mainly in the kidney and lungs, and therefore cause synergistic damage in these organs that leads to death. A study conducted on 174 COVID-19 patients (24 patients among them diabetic) found that diabetic patients with COVID-19 were at an increased risk of poor prognosis due to higher risks of severe pneumonia and out-of-control inflammatory responses [43]. Another study reported that the chance of developing COVID-19 pneumonia is 87.9% higher in patients with diabetic nephropathy, and the probability of ventilation is 101.7% higher, probability of a fatal outcome is 20.8% more compared to chronic kidney disease alone [44]. Noticeably in this regard, a recent study found significantly lower mortality in metformin-administered COVID-19 diabetic patients (3/104, 2.9%) than in the non-metformin-administered COVID-19 diabetic group (22/179, 12.3%, p = 0.01), suggesting that blood sugar control is a significant factor in reducing mortality rates when diabetes is a comorbid factor with COVID-19 [45]. However, metformin can act through a secondary mechanism. Since the drug acts through AMPK (AMP-activated protein kinase) activation, such activation can lead to phosphorylation of ACE2, the receptor for SARS-CoV-2 [46]. This in turn can lead to conformational and functional changes in ACE2 leading to decreased binding ability of the SARS-CoV-2 spike protein receptor binding domain (S-RBD), leading to decreased entry of the virus into human host cells. The presence of a large phosphate moiety on ACE2 due to phosphorylation by AMPK can further be a factor in decreased binding ability of S-RBD to ACE2 because of steric hindrance [46]. Furthermore, COVID-19 can by itself cause AKI, a fact recognized earlier on following the outbreak of the pandemic [47]. We hypothesize that COVID-19 and diabetes increase oxidative stress that can play a synergistic role in damage to the kidneys, when present as comorbidities (Figure 2) [48,49].



Interestingly, some antioxidants like flavonoids have been suggested as a complementary therapy for COVID-19 [50] and diabetes [51], which could be beneficial in ameliorating kidney damage during COVID-19 infection with diabetes as a comorbidity [52]. For example, the flavonoid apigenin reportedly attenuated renal dysfunction, oxidative stress and fibrosis in streptozotocin-induced diabetic rats [53]. Apigenin has also been shown in in silico studies to be an inhibitor of Mpro, the main protease of SARS-CoV-2 and which plays a vital role in viral replication [54]. Apigenin is not the only example of its type. The flavonoid quercetin reportedly acts as a prophylactic to COVID-19 [55,56], as well as an antidiabetic and antioxidant compound. Moreover, recently, a preclinical study showed quercetin’s renal protective effects [57]. Intragastric administration of quercetin (1.5 and 3 g per kg body weight daily for eight weeks) effectively reduced apoptosis of renal cells and plasma levels of blood urea nitrogen, creatinine, and uric acid in male Sprague Dawley rat model of chronic renal failure [57]. The study also reported that quercetin treated rats showed reduced inflammation by preventing phosphoinositide 3-kinase (PI3 k)/Akt (protein kinase B) signaling pathway by targeting phosphoinositide 3-kinase regulatory subunit 1 (PIK3 R1) and reduced expression NLRP3, p-PI3 k, Phospho-Akt (p-Akt), and caspase1 in kidney tissues [57]. Another study reported that in a mouse model of renal dysplasia, quercetin treatment increased the epithelial organization of developing nephrons, inhibited nuclear beta-catenin, and thus improved renal dysplasia [58]. A report showed that combined pretreatment of 30 mg/kg resveratrol and 50 mg/kg quercetin over a period of seven days prevented paracetamol-induced (2 g/kg body weight) acute renal failure via reducing plasma creatinine, urea, and inflammatory markers (e.g., MDA, IL-6, and TNF-α) [59].



Modlinger and colleagues show that oxidative stress can cause salt retention in kidneys by promoting the expression of vasoconstrictor molecules and NADPH oxidase, and thus it can cause acute to chronic renal failure [60]. Another report mentioned that COVID-19 causes activation of the innate immune response and secretion of inflammatory cytokines due to the development of oxidative stress [61]. The cytokine storm seen repeatedly in COVID-19 patients has been hypothesized to be a consequence of oxidative stress [50]; as such, it can be expected that antioxidants such as flavonoid compounds would relieve COVID-19 severity, similar to antioxidant flavonoid effects on ameliorating diabetic cardiac myopathy through alleviation of oxidative stress [62] and diabetic nephropathy through a similar mechanism. Quercetin, apigenin, baicalin, luteolin, hesperidin, genistein, proanthocyanidin and eriodictyol have been found to be capable of alleviating oxidative stress in diabetic nephropathy [63]. Incidentally, all the above flavonoid compounds have been reported to bind to SARS-CoV-2 protein components or the receptor hACE2 [54,55,56,64,65,66,67,68,69]. These flavonoids are also antioxidants suggesting a common mode of action in both COVID-19 and diabetes, which in all probability is through reducing oxidative stress.



There are also recommendations on using Chinese herbal medicines and polyphenolic compounds containing antioxidants as an adjuvant to reduce the severity and mortality of COVID-19 patients with diabetes [70,71]. Besides flavonoids, phenolic compounds, which have antioxidant capacity and are present in essential oils of plants, may play a similar beneficial role in reducing oxidative stress during diabetes and COVID-19. Eugenol, a phenolic compound present in clove (Syzygium aromaticum (L.) Merr. & L. M. Perry, family: Myrtaceae), has been shown to ameliorate insulin resistance, oxidative stress, and inflammation in high fat diet/streptozotocin-induced diabetic rat [72], inhibit pancreatic α-amylase [73], and inhibited α-glucosidase activity and formation of advanced glycation end-products [74]. Antioxidant therapy prevented the cardiovascular disorders of patients who require dialysis, but the effect was not seen in patients with chronic kidney disease (CKD). Importantly, Jun and colleagues reported that antioxidants could reduce the development of kidney disease (late-stage) and serum creatinine levels by improving serum clearance of creatinine. The study reported that antioxidant therapy did not increase life-threatening adverse events, indicating its possible safety, although it needs validation from a larger population cohort and more comprehensive observational studies [75].



A recent RCT investigated the effect of 1 g of quercetin (along with standard care) over a period of four weeks in COVID-19 patients (n = 76, per group) and observed reduced severity of COVID-19 symptoms, duration of hospitalization, artificial ventilation, and fewer deaths in comparison with patients with standard care (without quercetin supplementation) [76]. Another pilot RCT from the same group of authors found that 600 mg of quercetin supplement over a period of 2 weeks improved COVID-19 related clinical symptoms and relevant plasma parameters on a small number of patients and compared against standard care group (n = 21) [77]. On the other hand, another RCT did not observe any effect of the antioxidant, ascorbic acid on a small number of COVID-19 patients (n = ~53 each group) treated over a period of 10 days with ascorbic acid (8 g), zinc gluconate (50 mg), or both agents, and none (standard of care) [78]. Similarly, a second RCT with 6 g/day (1.5 g, four times daily) intravenous ascorbic acid supplement with standard care for 5 days produced no improvement against patients with standard care (n = 30 per group) [79]. Another RCT planned to administer 24 g/day vitamin C for 7 days intravenously on COVID-19 patients but finished the study without reporting any results [80]. From these limited numbers of available clinical trials, the reports were based on small numbers of patients. More extensive studies are required over an extended period to make any fruitful comment on the effectiveness of these antioxidant compounds against SARS-CoV-2.



Molecular docking studies showed that the compound (quercetin) has high binding affinities to various targets in SARS-CoV-2 [81], and can be a potential nutraceutical against COVID-19 [82,83,84]. It is evident that both diabetes and COVID-19 induce the over-production of reactive oxygen species, which ultimately may cause damage to many vital organs, including the kidney, heart, and lungs [17]. It is also evident from some studies that antioxidants can reduce kidney disease. There are increased hospitalization and mortality rate with COVID-19 patients with diabetes. It is hypothesized that antioxidant therapy may reduce the fatality of COVID-19 patients with diabetes by reducing the over-production of the reactive oxygen species. However, this concept is in an early stage and needs many studies to validate this concept. The case can then be made for antioxidants (flavonoids and phenolic compounds) for use as therapeutic or nutraceutical in the case of COVID-19 patients and who have diabetes as a comorbidity for these compounds antioxidative capacities (Table 1).



Various in silico studies demonstrated that quercetin, luteolin, myricetin, naringenin, and hesperidin could interfere with various stages enzymes of SARS-CoV-2 (viral papain such as protease (PLpro) [85], and main protease (Mpro; 3 CLpro, also named 3-chymotrypsin-like protease) [92,97], NTPase/helicase) [99] of the coronavirus entry and replication cycle [85,92,95,97]. On the other hand, kaempferol [89], luteolin [92], apigenin [97], and catechin-like flavonoids [99] interact and inhibit (in silico) SARS-CoV-2 spike proteins (especially S2) and hACE-2 receptors, and thus can prevent viral entry inside the host cells [89,92,97,99] (Table 1).



It is noticeable that most of the antioxidant activities of flavonoids were measured (Table 1) using chemical reactions and assessing the kinetics or reaching the equilibrium state such as free radical scavenging activity against 2,2′-Azinobis-(3-ethylbenzothiazoline−6-sulfonic) acid (ABTS) and [2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl] (DPPH) free radicals, as these reagents cause oxidative stress (overproduction of reactive oxygenated species, ROS) [101]. The main issue is that normal cells produce small amounts of ROS, which cannot be measured correctly using current colorimetric methods. Noticeably, some of these flavonoids were tested for antioxidant enzyme activities such as superoxide dismutase, glutathione peroxidase, and catalase enzymes in pancreatic cells using a STZ-induced diabetic rat model [87,102]. It needs to be further pointed out that flavonoids do not just reduce oxidative stress through scavenging of free radical species but also through inhibition of ROS producing enzymes such as xanthine oxidase [85] or through chelation of metal ions [87].



Flavonoids showed antidiabetic effects, such as quercetin inhibited glucose absorption from intestine, improved glucose use from peripheral tissues, as well as it simulated insulin secretion. Studies also suggest that consumption of quercetin displayed a long plasma half-life in humans [103]. Furthermore, a meta-analysis on the effects of quercetin showed that the flavonoid reduced blood glucose levels in a dose-dependent manner in experimentally induced (e.g., STZ-induced) diabetic animals, and it is effective at higher doses (10, 25 or 50 mg/kg body weight) [104]. Quercetin inhibits the enzymes dipeptidyl peptidase IV (DPP-IV) and thus shows antioxidant and antihyperglycemic properties [105]. Importantly, it is a generally recognized as a safe compound according to FDA [106]. Quercetin also inhibited TNF-α-mediated inflammation and insulin resistance in human adipose cells in an in vitro study [107]. Another flavonoid, kaempferol increases glucose uptake and glucose transporter 4 translocation via a Janus kinase 2-dependent pathway in skeletal (L6) myoblast cell line, which indicates kaempferol’s hyperglycemic effect in vitro [108]. A clinical study showed that consumption of a formulation that contained myricetin, quercetin, chlorogenic acid (another group of polyphenol compounds) reduced plasma glucose levels in confirmed diabetes-2 patients, and cotreatment with metformin showed potentiation of metformin’s antidiabetic activities [109]. Three times daily application of a topical formulation contained quercetin for four weeks improved numbness, jolting pain, and irritation, and quality of life of patients who experience symptomatic diabetic peripheral neuropathy in a small number of patients (total n = 34) [110]. Another clinical trial showed no effect of a flavonoid against placebo over a 12-week combined treatment of isoquercetin (225 mg once daily) and sodium nitrite (40 mg twice daily) in CKD patients (n = 35 per group) [111]. Noticeably, an antioxidant such as resveratrol (a stilbenoid compound) caused suppression of angiotensin-2 that may be used as an adjunct therapy to COVID-19 [112,113]. It seems that not all antioxidants are effective in preventing oxidative stress. The capability of preventing oxidative damage varies between compounds, which needs further extensive clinical trials to elucidate the efficacies of these compounds.



Vitamin D (a natural antioxidant) and magnesium deficiencies also exacerbate the underlying pathogenetic mechanisms in COVID-19 [114]. Vitamin D is essential to maintaining a healthy immune system [115]. Vitamin D levels were shown to be associated with blood glucose and body mass index of COVID-19 patients. As suggested by di Filippo and colleagues, a common pathophysiological mechanism might be involved with hyperglycemia, adiposity, and COVID-19 severity [116]. Magnesium activates vitamin D and protects cells from oxidative stress [114]. Severe COVID-19 patients showed lower vitamin D levels and higher oxidative stress parameters (like plasma LDH, peroxides, and oxidative stress index) than less severe COVID-19 patients [117]. A randomized clinical trial in Spain, oral supplement of calcifediol (25-hydroxyvitamin D3: 0.532 mg on day 1, 0.266 mg on days 3 and 7, and weekly afterwards) in COVID-19 patients (n = 50) along with standard treatment for COVID-19 in hospital reduced the severity of symptoms and admission to Intensive Care Units (ICU) than standard care group (n = 26) [118]. As the study was based on a small number of COVID-19 patients (total n = 76) and there was in-equality of sample sizes between control and treatment groups, the study requires further validations to comment on the efficacy of vitamin D against COVID-19. However, it is re-ally a promising study that antioxidants such as calcifediol helped reduction of COVID-19 severity and ICU admission [118]. Noticeably, people with inherited glucose-6-phosphate dehydrogenase (G6 PD) deficiency can cause of reduced circulatory 25-hydroxyvitamin D in blood, and can be vulnerable to excess oxidative stress, cytokine release, and pulmonary dysfunction due to COVID-19 infection [119]. It is important to note that there is no strong clinical evidence for flavonoids or vitamin C against protection from oxidative damage caused by COVID-19. Vitamin D can prevent oxidative damage produced by SARS-CoV-2 in people suffering from COVID-19. However, further evidence is required in larger population cohorts based on various geographical locations, age groups, food habits, and ethnicity.



Various fruits and vegetables are sources of flavonoids. Common vegetables such as tomatoes are natural sources of quercetin, kaempferol, and naringenin [120] (Figure 3). Broccoli, celery, cabbages, peppers, and parsley are sources for luteolin [121,122]. Noticeably onions and tea are main dietary sources of flavonols (e.g., quercetin and kaempferol) and flavones (apigenin and luteolin) [123]. Onions, parsley, sage, tea, citrus fruit (like oranges, lemons, and limes), apples, grapes, cherries, and berries are potential sources of quercetin and other flavonoids [123,124,125,126] (Figure 3). Noticeably parsley, onion, zinger (source of hesperidin), citrus fruit-peels, sage are sources of essential oils, which can improve the bioavailability of flavonoids (like quercetin microemulsion of peppermint, clove and rosemary oils) [127]. Essential oils are sources of antioxidants, improve the quality of life of diabetic patients, analgesics, and may have the capability to improve COVID-19 and related comorbidities [128,129,130,131,132]. Iddir and associates reported that poor nutrition stimulates increased oxidative stress and inflammation, which render poor immunity against pathogens. However, dietary protein intake can help antibody production, and micronutrients such as vitamins D, A, C, and E, flavonoids, carotenoids, and minerals such as zinc can prevent the expression of transcription factors (NF-kB and Nrf-2) related to inflammation [133]. This information is also supported by a clinical study with COVID-19 patients that showed reduced plasma antioxidant levels than people without SARS-CoV-2 infection [39].




6. Conclusions


COVID-19 and diabetic patients have a common feature of increased oxidative stress. Patients with both disorders generally end up with poor prognosis and death. A large part of this poor prognosis and death is caused by kidney failure. COVID-19 and diabetes may both be responsible by increasing oxidative stress in a synergistic manner. Flavonoids and polyphenols, because of the nature of their chemical structure are good antioxidants. These phytochemicals can scavenge reactive oxygen species (ROS) and inhibit enzymes responsible for making ROS. They also inhibit production of ROS through chelation of metal ions. We suggest that this oxidative stress factor of COVID-19 with diabetes as a comorbidity and vice versa has been overlooked largely. We further recommend that judicious use of vitamin D, flavonoids, and other antioxidants as possible therapeutics, may mitigate this oxidative stress effect and improve the prognosis of patients suffering from both COVID-19 and diabetes.







Author Contributions


Conceptualization, A.K.P., R.J., V.N., P.W. and M.R.; writing—original draft preparation, A.K.P., M.K.H., T.A.B. and M.R.; writing—review and editing, A.K.P., T.M., K.J., A.H., R.J., V.N., P.W., M.d.L.P. and M.R.; visualization, A.K.P. and M.K.H.; supervision, M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


M.d.L.P. thanks project CICECO-Aveiro Institute of Materials, UIDB//2020 and UIDP//2020, national funds by FCT/MCTES.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, Y.; Cui, Y.; Shen, M.; Zhang, J.; Liu, B.; Dai, M.; Chen, L.; Han, D.; Fan, Y.; Zeng, Y.; et al. Association of diabetes mellitus with disease severity and prognosis in COVID-19: A retrospective cohort study. Diabetes Res. Clin. Pract. 2020, 165, 108227. [Google Scholar] [CrossRef]

	



Elias Ferreira, P.; Vinicius Carlos, I.; Antonio Adolfo Mattos de, C.; Anselmo Cordeiro de, S.; José Renato de Oliveira, L.; Eduardo, F.; Adriano Conrado, R.; Luiz Fernando de Oliveira, M. Mortality in patients with diabetes by COVID 19 a systematic review. Res. Sq. 2021. preprint. [Google Scholar] [CrossRef]

	



Alguwaihes, A.M.; Al-Sofiani, M.E.; Megdad, M.; Albader, S.S.; Alsari, M.H.; Alelayan, A.; Alzahrani, S.H.; Sabico, S.; Al-Daghri, N.M.; Jammah, A.A. Diabetes and COVID-19 among hospitalized patients in Saudi Arabia: A single-centre retrospective study. Cardiovasc. Diabetol. 2020, 19, 205. [Google Scholar] [CrossRef]

	



Jovanovic, P.; Zoric, L.; Stefanovic, I.; Dzunic, B.; Djordjevic-Jocic, J.; Radenkovic, M.; Jovanovic, M. Lactate dehydrogenase and oxidative stress activity in primary open-angle glaucoma aqueous humour. Bosn. J. Basic Med. Sci. 2010, 10, 83–88. [Google Scholar] [CrossRef]

	



Acharya, D.; Lee, K.; Lee, D.S.; Lee, Y.S.; Moon, S.S. Mortality rate and predictors of mortality in hospitalized COVID-19 patients with diabetes. Healthcare 2020, 8, 338. [Google Scholar] [CrossRef]

	



Musche, V.; Kohler, H.; Bäuerle, A.; Schweda, A.; Weismüller, B.; Fink, M.; Schadendorf, T.; Robitzsch, A.; Dörrie, N.; Tan, S.; et al. COVID-19-related fear, risk perception, and safety behavior in individuals with diabetes. Healthcare 2021, 9, 480. [Google Scholar] [CrossRef]

	



Kouhpayeh, S.; Shariati, L.; Boshtam, M.; Rahimmanesh, I.; Mirian, M.; Esmaeili, Y.; Najaflu, M.; Khanahmad, N.; Zeinalian, M.; Trovato, M.; et al. The molecular basis of COVID-19 pathogenesis, conventional and nanomedicine therapy. Int. J. Mol. Sci. 2021, 22, 5438. [Google Scholar] [CrossRef]

	



Dalamaga, M.; Christodoulatos, G.S.; Karampela, I.; Vallianou, N.; Apovian, C.M. Understanding the Co-Epidemic of Obesity and COVID-19: Current evidence, comparison with previous epidemics, mechanisms, and preventive and therapeutic perspectives. Curr. Obes. Rep. 2021, 10, 214–243. [Google Scholar] [CrossRef]

	



Apicella, M.; Campopiano, M.C.; Mantuano, M.; Mazoni, L.; Coppelli, A.; Del Prato, S. COVID-19 in people with diabetes: Understanding the reasons for worse outcomes. Lancet Diabetes Endocrinol. 2020, 8, 782–792. [Google Scholar] [CrossRef]

	



Forbes, J.M.; Coughlan, M.T.; Cooper, M.E. Oxidative stress as a major culprit in kidney disease in diabetes. Diabetes 2008, 57, 1446–1454. [Google Scholar] [CrossRef]

	



Shahbazian, H.; Rezaii, I. Diabetic kidney disease: Review of the current knowledge. J. Renal. Inj. Prev. 2013, 2, 73–80. [Google Scholar] [CrossRef]

	



Phillips, M.; Cataneo, R.N.; Cheema, T.; Greenberg, J. Increased breath biomarkers of oxidative stress in diabetes mellitus. Clin. Chim. Acta 2004, 344, 189–194. [Google Scholar] [CrossRef]

	



Kountouri, A.; Korakas, E.; Ikonomidis, I.; Raptis, A.; Tentolouris, N.; Dimitriadis, G.; Lambadiari, V. Type 1 Diabetes Mellitus in the SARS-CoV-2 Pandemic: Oxidative stress as a major pathophysiological mechanism linked to adverse clinical outcomes. Antioxidants 2021, 10, 752. [Google Scholar] [CrossRef]

	



Lim, S.; Bae, J.H.; Kwon, H.S.; Nauck, M.A. COVID-19 and diabetes mellitus: From pathophysiology to clinical management. Nat. Rev. Endocrinol. 2021, 17, 11–30. [Google Scholar] [CrossRef]

	



Holman, N.; Knighton, P.; Kar, P.; O’Keefe, J.; Curley, M.; Weaver, A.; Barron, E.; Bakhai, C.; Khunti, K.; Wareham, N.J.; et al. Risk factors for COVID-19-related mortality in people with type 1 and type 2 diabetes in England: A population-based cohort study. Lancet Diabetes Endocrinol. 2020, 8, 823–833. [Google Scholar] [CrossRef]

	



Kumar, A.; Arora, A.; Sharma, P.; Anikhindi, S.A.; Bansal, N.; Singla, V.; Khare, S.; Srivastava, A. Is diabetes mellitus associated with mortality and severity of COVID-19? A meta-analysis. Diabetes Metab. Syndr. 2020, 14, 535–545. [Google Scholar] [CrossRef]

	



De Oliveira, A.A.; Nunes, K.P. Crosstalk of TLR4, vascular NADPH oxidase, and COVID-19 in diabetes: What are the potential implications? Vascul. Pharmacol. 2021, 139, 106879. [Google Scholar] [CrossRef]

	



Konior, A.; Schramm, A.; Czesnikiewicz-Guzik, M.; Guzik, T.J. NADPH oxidases in vascular pathology. Antioxid. Redox Signal. 2014, 20, 2794–2814. [Google Scholar] [CrossRef]

	



Luc, K.; Schramm-Luc, A.; Guzik, T.J.; Mikolajczyk, T.P. Oxidative stress and inflammatory markers in prediabetes and diabetes. J. Physiol. Pharmacol. 2019, 70, 809–824. [Google Scholar] [CrossRef]

	



Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose expression of tumor necrosis factor-alpha: Direct role in obesity-linked insulin resistance. Science 1993, 259, 87–91. [Google Scholar] [CrossRef]

	



Ding, S.; Xu, S.; Ma, Y.; Liu, G.; Jang, H.; Fang, J. Modulatory mechanisms of the NLRP3 inflammasomes in diabetes. Biomolecules 2019, 9, 850. [Google Scholar] [CrossRef]

	



Lontchi-Yimagou, E.; Sobngwi, E.; Matsha, T.E.; Kengne, A.P. Diabetes mellitus and inflammation. Curr. Diab. Rep. 2013, 13, 435–444. [Google Scholar] [CrossRef]

	



Chee, Y.J.; Tan, S.K.; Yeoh, E. Dissecting the interaction between COVID-19 and diabetes mellitus. J. Diabetes Investig. 2020, 11, 1104–1114. [Google Scholar] [CrossRef]

	



Pal, R.; Bhadada, S.K.; Misra, A. COVID-19 vaccination in patients with diabetes mellitus: Current concepts, uncertainties and challenges. Diabetes Metab. Syndr. 2021, 15, 505–508. [Google Scholar] [CrossRef]

	



McGurnaghan, S.J.; Weir, A.; Bishop, J.; Kennedy, S.; Blackbourn, L.A.K.; McAllister, D.A.; Hutchinson, S.; Caparrotta, T.M.; Mellor, J.; Jeyam, A.; et al. Risks of and risk factors for COVID-19 disease in people with diabetes: A cohort study of the total population of Scotland. Lancet Diabetes Endocrinol. 2021, 9, 82–93. [Google Scholar] [CrossRef]

	



Wang, C.H.; Hilliard, M.E.; Carreon, S.A.; Jones, J.; Rooney, K.; Barber, J.R.; Tully, C.; Monaghan, M.; Streisand, R. Predictors of mood, diabetes-specific and COVID-19-specific experiences among parents of early school-age children with type 1 diabetes during initial months of the COVID-19 pandemic. Pediatr. Diabetes 2021, 22, 1071–1080. [Google Scholar] [CrossRef]

	



Klarskov, C.K.; Lindegaard, B.; Pedersen-Bjergaard, U.; Kristensen, P.L. Remote continuous glucose monitoring during the COVID-19 pandemic in quarantined hospitalized patients in Denmark: A structured summary of a study protocol for a randomized controlled trial. Trials 2020, 21, 968. [Google Scholar] [CrossRef]

	



Lin, C.L.; Huang, L.C.; Chang, Y.T.; Chen, R.Y.; Yang, S.H. Under COVID-19 pandemic: A quasi-experimental trial of observation on diabetes patients’ health behavior Aafected by the pandemic from a coaching intervention program. Front. Public Health 2021, 9, 580032. [Google Scholar] [CrossRef]

	



Casillas Santana, M.A.; Arreguín Cano, J.A.; Dib Kanán, A.; Dipp Velázquez, F.A.; Munguía, P.; Martínez Castañón, G.A.; Castillo Silva, B.E.; Sámano Valencia, C.; Salas Orozco, M.F. Should we be concerned about the association of diabetes mellitus and periodontal disease in the risk of infection by SARS-CoV-2? A systematic review and hypothesis. Medicina 2021, 57, 493. [Google Scholar] [CrossRef]

	



Fu, J.; Zhou, B.; Zhang, L.; Balaji, K.S.; Wei, C.; Liu, X.; Chen, H.; Peng, J.; Fu, J. Expressions and significances of the angiotensin-converting enzyme 2 gene, the receptor of SARS-CoV-2 for COVID-19. Mol. Biol. Rep. 2020, 47, 4383–4392. [Google Scholar] [CrossRef]

	



Gavriatopoulou, M.; Korompoki, E.; Fotiou, D.; Ntanasis-Stathopoulos, I.; Psaltopoulou, T.; Kastritis, E.; Terpos, E.; Dimopoulos, M.A. Organ-specific manifestations of COVID-19 infection. Clin. Exp. Med. 2020, 20, 493–506. [Google Scholar] [CrossRef]

	



Taneera, J.; El-Huneidi, W.; Hamad, M.; Mohammed, A.K.; Elaraby, E.; Hachim, M.Y. Expression profile of SARS-CoV-2 host receptors in human pancreatic islets revealed upregulation of ACE2 in diabetic donors. Biology 2020, 9, 215. [Google Scholar] [CrossRef] [PubMed]

	



Menon, R.; Otto, E.A.; Sealfon, R.; Nair, V.; Wong, A.K.; Theesfeld, C.L.; Chen, X.; Wang, Y.; Boppana, A.S.; Luo, J.; et al. SARS-CoV-2 receptor networks in diabetic and COVID-19-associated kidney disease. Kidney Int. 2020, 98, 1502–1518. [Google Scholar] [CrossRef]

	



Werion, A.; Belkhir, L.; Perrot, M.; Schmit, G.; Aydin, S.; Chen, Z.; Penaloza, A.; De Greef, J.; Yildiz, H.; Pothen, L.; et al. SARS-CoV-2 causes a specific dysfunction of the kidney proximal tubule. Kidney Int. 2020, 98, 1296–1307. [Google Scholar] [CrossRef]

	



Moitinho, M.S.; Belasco, A.; Barbosa, D.A.; Fonseca, C.D.D. Acute kidney injury by SARS-CoV-2 virus in patients with COVID-19: An integrative review. Rev. Bras. Enferm. 2020, 73 (Suppl. S2), e20200354. [Google Scholar] [CrossRef]

	



Gan, R.; Rosoman, N.P.; Henshaw, D.J.E.; Noble, E.P.; Georgius, P.; Sommerfeld, N. COVID-19 as a viral functional ACE2 deficiency disorder with ACE2 related multi-organ disease. Med. Hypotheses 2020, 144, 110024. [Google Scholar] [CrossRef]

	



Beltrán-García, J.; Osca-Verdegal, R.; Pallardó, F.V.; Ferreres, J.; Rodríguez, M.; Mulet, S.; Sanchis-Gomar, F.; Carbonell, N.; García-Giménez, J.L. Oxidative stress and inflammation in COVID-19-associated sepsis: The potential role ofaAnti-oxidant therapy in avoiding disease progression. Antioxidants 2020, 9, 936. [Google Scholar] [CrossRef]

	



Laforge, M.; Elbim, C.; Frère, C.; Hémadi, M.; Massaad, C.; Nuss, P.; Benoliel, J.J.; Becker, C. Tissue damage from neutrophil-induced oxidative stress in COVID-19. Nat. Rev. Immunol. 2020, 20, 515–516. [Google Scholar] [CrossRef]

	



Muhammad, Y.; Kani, Y.A.; Iliya, S.; Muhammad, J.B.; Binji, A.; El-Fulaty Ahmad, A.; Kabir, M.B.; Umar Bindawa, K.; Ahmed, A. Deficiency of antioxidants and increased oxidative stress in COVID-19 patients: A cross-sectional comparative study in Jigawa, Northwestern Nigeria. SAGE Open Med. 2021, 9, 2050312121991246. [Google Scholar] [CrossRef]

	



Cecchini, R.; Cecchini, A.L. SARS-CoV-2 infection pathogenesis is related to oxidative stress as a response to aggression. Med. Hypotheses 2020, 143, 110102. [Google Scholar] [CrossRef]

	



Delgado-Roche, L.; Mesta, F. Oxidative stress as key player in severe acute respiratory syndrome Coronavirus (SARS-CoV) infection. Arch. Med. Res. 2020, 51, 384–387. [Google Scholar] [CrossRef]

	



Alenezi, F.K.; Almeshari, M.A.; Mahida, R.; Bangash, M.N.; Thickett, D.R.; Patel, J.M. Incidence and risk factors of acute kidney injury in COVID-19 patients with and without acute respiratory distress syndrome (ARDS) during the first wave of COVID-19: A systematic review and meta-analysis. Ren. Fail. 2021, 43, 1621–1633. [Google Scholar] [CrossRef]

	



Guo, W.; Li, M.; Dong, Y.; Zhou, H.; Zhang, Z.; Tian, C.; Qin, R.; Wang, H.; Shen, Y.; Du, K.; et al. Diabetes is a risk factor for the progression and prognosis of COVID-19. Diabetes Metab. Res. Rev. 2020, 36, e3319. [Google Scholar] [CrossRef] [PubMed]

	



Leon-Abarca, J.A.; Memon, R.S.; Rehan, B.; Iftikhar, M.; Chatterjee, A. The impact of COVID-19 in diabetic kidney disease and chronic kidney disease: A population-based study. Acta Biomed. 2020, 91, e2020161. [Google Scholar] [CrossRef]

	



Luo, P.; Qiu, L.; Liu, Y.; Liu, X.L.; Zheng, J.L.; Xue, H.Y.; Liu, W.H.; Liu, D.; Li, J. Metformin treatment was associated with decreased mortality in COVID-19 patients with diabetes in a retrospective analysis. Am. J. Trop. Med. Hyg. 2020, 103, 69–72. [Google Scholar] [CrossRef]

	



Sharma, S.; Ray, A.; Sadasivam, B. Metformin in COVID-19: A possible role beyond diabetes. Diabetes Res. Clin. Pract. 2020, 164, 108183. [Google Scholar] [CrossRef] [PubMed]

	



Rudnick, M.R.; Hilburg, R. Acute kidney injury in COVID-19: Another challenge for nephrology. Am. J. Nephrol. 2020, 51, 761–763. [Google Scholar] [CrossRef] [PubMed]

	



Jha, J.C.; Banal, C.; Chow, B.S.; Cooper, M.E.; Jandeleit-Dahm, K. Diabetes and kidney disease: Role of oxidative stress. Antioxid. Redox Signal. 2016, 25, 657–684. [Google Scholar] [CrossRef] [PubMed]

	



De Las Heras, N.; Martín Giménez, V.M.; Ferder, L.; Manucha, W.; Lahera, V. Implications of oxidative stress and potential role of mitochondrial dysfunction in COVID-19: Therapeutic effects of vitamin D. Antioxidants 2020, 9, 897. [Google Scholar] [CrossRef] [PubMed]

	



Soto, M.E.; Guarner-Lans, V.; Soria-Castro, E.; Manzano Pech, L.; Pérez-Torres, I. Is antioxidant therapy a useful complementary measure for COVID-19 treatment? An Algorithm for Its Application. Medicina 2020, 56, 386. [Google Scholar] [CrossRef] [PubMed]

	



Golbidi, S.; Ebadi, S.A.; Laher, I. Antioxidants in the treatment of diabetes. Curr. Diabetes Rev. 2011, 7, 106–125. [Google Scholar] [CrossRef]

	



Miller, A.L. Antioxidant flavonoids: Structure, function and clinical usage. Alt. Med. Rev. 1996, 1, 103–111. [Google Scholar]

	



Vargas, F.; Romecín, P.; García-Guillén, A.I.; Wangesteen, R.; Vargas-Tendero, P.; Paredes, M.D.; Atucha, N.M.; García-Estañ, J. Flavonoids in kidney health and disease. Front. Physiol. 2018, 9, 394. [Google Scholar] [CrossRef] [PubMed]

	



Alzaabi, M.M.; Hamdy, R.; Ashmawy, N.S.; Hamoda, A.M.; Alkhayat, F.; Khademi, N.N.; Al Joud, S.M.A.; El-Keblawy, A.A.; Soliman, S.S.M. Flavonoids are promising safe therapy against COVID-19. Phytochem. Rev. 2021, 1–22, online ahead of print. [Google Scholar] [CrossRef]

	



Brito, J.C.M.; Lima, W.G.; da Cruz Nizer, W.S. Quercetin as a potential nutraceutic against coronavirus disease 2019 (COVID-19). Ars. Pharm. (Internet) 2021, 62, 85–89. [Google Scholar]

	



Xu, D.; Hu, M.J.; Wang, Y.Q.; Cui, Y.L. Antioxidant activities of quercetin and its complexes for medicinal application. Molecules 2019, 24, 1123. [Google Scholar] [CrossRef]

	



Tu, H.; Ma, D.; Luo, Y.; Tang, S.; Li, Y.; Chen, G.; Wang, L.; Hou, Z.; Shen, C.; Lu, H.; et al. Quercetin alleviates chronic renal failure by targeting the PI3k/Akt pathway. Bioengineered 2021, 12, 6538–6558. [Google Scholar] [CrossRef] [PubMed]

	



Cunanan, J.; Deacon, E.; Cunanan, K.; Yang, Z.; Ask, A.; Morikawa, L.; Todorova, E.; Bridgewater, D. Quercetin treatment reduces the severity of renal dysplasia in a beta-catenin dependent manner. PLoS ONE 2020, 15, e0234375. [Google Scholar] [CrossRef]

	



Dallak, M.; Dawood, A.F.; Haidara, M.A.; Abdel Kader, D.H.; Eid, R.A.; Kamar, S.S.; Shams Eldeen, A.M.; Al-Ani, B. Suppression of glomerular damage and apoptosis and biomarkers of acute kidney injury induced by acetaminophen toxicity using a combination of resveratrol and quercetin. Drug Chem. Toxicol. 2020, 1–7, online ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Modlinger, P.S.; Wilcox, C.S.; Aslam, S. Nitric oxide, oxidative stress, and progression of chronic renal failure. Semin. Nephrol. 2004, 24, 354–365. [Google Scholar] [CrossRef]

	



Chernyak, B.V.; Popova, E.N.; Prikhodko, A.S.; Grebenchikov, O.A.; Zinovkina, L.A.; Zinovkin, R.A. COVID-19 and oxidative stress. Biochemistry (Moscow) 2020, 85, 1543–1553. [Google Scholar] [CrossRef]

	



Jubaidi, F.F.; Zainalabidin, S.; Taib, I.S.; Hamid, Z.A.; Budin, S.B. The potential role of Ffavonoids in ameliorating diabetic cardiomyopathy via alleviation of cardiac oxidative stress, inflammation and apoptosis. Int. J. Mol. Sci. 2021, 22, 5094. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Q.; Qu, C.; Xiao, X.; Zhang, W.; Jiang, Y.; Wu, Z.; Song, D.; Peng, X.; Ma, X.; Zhao, Y. Flavonoids on diabetic nephropathy: Advances and therapeutic opportunities. Chin. Med. 2021, 16, 74. [Google Scholar] [CrossRef]

	



Lin, C.; Tsai, F.J.; Hsu, Y.M.; Ho, T.J.; Wang, G.K.; Chiu, Y.J.; Ha, H.A.; Yang, J.S. Study of baicalin toward COVID-19 Treatment: In silico target analysis and in vitro inhibitory effects on SARS-CoV-2 proteases. Biomed. Hub. 2021, 6, 122–137. [Google Scholar] [CrossRef] [PubMed]

	



Shawan, M.; Halder, S.K.; Hasan, M.A. Luteolin and abyssinone II as potential inhibitors of SARS-CoV-2: An in silico molecular modeling approach in battling the COVID-19 outbreak. Bull. Natl. Res. Cent. 2021, 45, 27. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, F.J.; Huynh, T.K.; Yang, C.S.; Hu, D.W.; Shen, Y.C.; Tu, C.Y.; Wu, Y.C.; Tang, C.H.; Huang, W.C.; Chen, Y.; et al. Hesperidin is a potential inhibitor against SARS-CoV-2 infection. Nutrients 2021, 13, 2800. [Google Scholar] [CrossRef]

	



Marmitt, D.J.; Goettert, M.I.; Rempel, C. Compounds of plants with activity against SARS-CoV-2 targets. Expert. Rev. Clin. Pharmacol. 2021, 14, 623–633. [Google Scholar] [CrossRef]

	



Wang, Y.; Fang, S.; Wu, Y.; Cheng, X.; Zhang, L.K.; Shen, X.R.; Li, S.Q.; Xu, J.R.; Shang, W.J.; Gao, Z.B.; et al. Discovery of SARS-CoV-2-E channel inhibitors as antiviral candidates. Acta Pharmacol. Sin. 2021, 1–7. [Google Scholar] [CrossRef]

	



Deshpande, R.R.; Tiwari, A.P.; Nyayanit, N.; Modak, M. In silico molecular docking analysis for repurposing therapeutics against multiple proteins from SARS-CoV-2. Eur. J. Pharmacol. 2020, 886, 173430. [Google Scholar] [CrossRef]

	



Yang, Y.; Islam, M.S.; Wang, J.; Li, Y.; Chen, X. Traditional Chinese medicine in the treatment of patients infected with 2019-new Coronavirus (SARS-CoV-2): A review and perspective. Int. J. Biol. Sci. 2020, 16, 1708–1717. [Google Scholar] [CrossRef]

	



Tabatabaei-Malazy, O.; Abdollahi, M.; Larijani, B. Beneficial effects of anti-oxidative herbal medicines in diabetic patients infected with COVID-19: A hypothesis. Diabetes Metab. Syndr. Obes. 2020, 13, 3113–3116. [Google Scholar] [CrossRef]

	



Al-Trad, B.; Alkhateeb, H.; Alsmadi, W.; Al-Zoubi, M. Eugenol ameliorates insulin resistance, oxidative stress and inflammation in high fat-diet/streptozotocin-induced diabetic rat. Life Sci. 2019, 216, 183–188. [Google Scholar] [CrossRef]

	



Mnafgui, K.; Kaanich, F.; Derbali, A.; Hamden, K.; Derbali, F.; Slama, S.; Allouche, N.; Elfeki, A. Inhibition of key enzymes related to diabetes and hypertension by eugenol in vitro and in alloxan-induced diabetic rats. Arch. Physiol. Biochem. 2013, 119, 225–233. [Google Scholar] [CrossRef]

	



Singh, P.; Jayaramaiah, R.H.; Agawane, S.B.; Vannuruswamy, G.; Korwar, A.M.; Anand, A.; Dhaygude, V.S.; Shaikh, M.L.; Joshi, R.S.; Boppana, R.; et al. Potential dual role of eugenol in inhibiting advanced glycation end products in diabetes: Proteomic and mechanistic insights. Sci. Rep. 2016, 6, 18798. [Google Scholar] [CrossRef]

	



Jun, M.; Venkataraman, V.; Razavian, M.; Cooper, B.; Zoungas, S.; Ninomiya, T.; Webster, A.C.; Perkovic, V. Antioxidants for chronic kidney disease. Cochrane Database Syst. Rev. 2012, 10, Cd008176. [Google Scholar] [CrossRef] [PubMed]

	



Di Pierro, F.; Derosa, G.; Maffioli, P.; Bertuccioli, A.; Togni, S.; Riva, A.; Allegrini, P.; Khan, A.; Khan, S.; Khan, B.A.; et al. Possible therapeutic effects of adjuvant quercetin supplementation against early-stage COVID-19 infection: A prospective, randomized, controlled, and open-label study. Int. J. Gen. Med. 2021, 14, 2359–2366. [Google Scholar] [CrossRef]

	



Di Pierro, F.; Iqtadar, S.; Khan, A.; Ullah Mumtaz, S.; Masud Chaudhry, M.; Bertuccioli, A.; Derosa, G.; Maffioli, P.; Togni, S.; Riva, A.; et al. Potential clinical benefits of quercetin in the early stage of COVID-19: Results of a second, pilot, randomized, controlled and open-label clinical trial. Int. J. Gen. Med. 2021, 14, 2807–2816. [Google Scholar] [CrossRef]

	



Thomas, S.; Patel, D.; Bittel, B.; Wolski, K.; Wang, Q.; Kumar, A.; Il’Giovine, Z.J.; Mehra, R.; McWilliams, C.; Nissen, S.E.; et al. Effect of high-dose zinc and ascorbic acid supplementation vs. usual care on symptom length and reduction among ambulatory patients with SARS-CoV-2 infection: The COVID A to Z randomized clinical trial. JAMA Netw. Open 2021, 4, e210369. [Google Scholar] [CrossRef] [PubMed]

	



JamaliMoghadamSiahkali, S.; Zarezade, B.; Koolaji, S.; SeyedAlinaghi, S.; Zendehdel, A.; Tabarestani, M.; Sekhavati Moghadam, E.; Abbasian, L.; Dehghan Manshadi, S.A.; Salehi, M.; et al. Safety and effectiveness of high-dose vitamin C in patients with COVID-19: A randomized open-label clinical trial. Eur. J. Med. Res. 2021, 26, 20. [Google Scholar] [CrossRef]

	



Liu, F.; Zhu, Y.; Zhang, J.; Li, Y.; Peng, Z. Intravenous high-dose vitamin C for the treatment of severe COVID-19: Study protocol for a multicentre randomised controlled trial. BMJ Open 2020, 10, e039519. [Google Scholar] [CrossRef] [PubMed]

	



Asif, M.; Saleem, M.; Saadullah, M.; Yaseen, H.S.; Al Zarzour, R. COVID-19 and therapy with essential oils having antiviral, anti-inflammatory, and immunomodulatory properties. Inflammopharmacology 2020, 28, 1153–1161. [Google Scholar] [CrossRef]

	



Savant, S.; Srinivasan, S.; Kruthiventi, A.K. Potential nutraceuticals for COVID-19. Nutr. Diet. Suppl. 2021, 13, 25. [Google Scholar] [CrossRef]

	



Paul, A.K.; Jahan, R.; Bondhon, T.A.; Jannat, K.; Hasan, A.; Rahmatullah, M.; Nissapatorn, V.; Pereira, M.L.; Wiart, C. Potential role of flavonoids against SARS-CoV-2 induced diarrhea. Trop. Biomed. 2021, 38, 360–365. [Google Scholar] [CrossRef] [PubMed]

	



Jannat, K.; Paul, A.K.; Bondhon, T.A.; Hasan, A.; Nawaz, M.; Jahan, R.; Mahboob, T.; Nissapatorn, V.; Wilairatana, P.; de Lourdes Pereira, M.; et al. Nanotechnology applications of flavonoids for viral diseases. Pharmaceutics 2021, 13, 1895. [Google Scholar] [CrossRef] [PubMed]

	



Agrawal, P.K.; Agrawal, C.; Blunden, G. Quercetin: Antiviral significance and possible COVID-19 integrative considerations. Nat. Prod. Commun. 2020, 15. [Google Scholar] [CrossRef]

	



Diniz, L.R.L.; de Santana Souza, M.T.; Duarte, A.B.S.; de Sousa, D.P. Mechanistic aspects and therapeutic potential of quercetin against COVID-19-associated acute kidney injury. Molecules 2020, 25, 5772. [Google Scholar] [CrossRef] [PubMed]

	



Abdelmoaty, M.A.; Ibrahim, M.A.; Ahmed, N.S.; Abdelaziz, M.A. Confirmatory studies on the antioxidant and antidiabetic effect of quercetin in rats. Indian J. Clin. Biochem. 2010, 25, 188–192. [Google Scholar] [CrossRef]

	



Tian, C.; Liu, X.; Chang, Y.; Wang, R.; Lv, T.; Cui, C.; Liu, M. Investigation of the anti-inflammatory and antioxidant activities of luteolin, kaempferol, apigenin and quercetin. South Afr. J. Bot. 2021, 137, 257–264. [Google Scholar] [CrossRef]

	



Tallei, T.E.; Tumilaar, S.G.; Niode, N.J.; Fatimawali; Kepel, B.J.; Idroes, R.; Effendi, Y.; Sakib, S.A.; Emran, T.B. Potential of Plant Bioactive Compounds as SARS-CoV-2 Main protease (M(pro)) and spike (S) glycoprotein Iihibitors: A molecular docking study. Scientifica 2020, 2020, 6307457. [Google Scholar] [CrossRef]

	



Sarian, M.N.; Ahmed, Q.U.; Mat So’ad, S.Z.; Alhassan, A.M.; Murugesu, S.; Perumal, V.; Syed Mohamad, S.N.A.; Khatib, A.; Latip, J. Antioxidant and antidiabetic effects of flavonoids: A structure-activity relationship based study. Biomed. Res. Int. 2017, 2017, 8386065. [Google Scholar] [CrossRef]

	



Xiao, T.; Cui, M.; Zheng, C.; Wang, M.; Sun, R.; Gao, D.; Bao, J.; Ren, S.; Yang, B.; Lin, J.; et al. Myricetin inhibits SARS-CoV-2 viral replication by targeting M(pro) and ameliorates pulmonary inflammation. Front. Pharmacol. 2021, 12, 669642. [Google Scholar] [CrossRef] [PubMed]

	



Pandey, P.; Rane, J.S.; Chatterjee, A.; Kumar, A.; Khan, R.; Prakash, A.; Ray, S. Targeting SARS-CoV-2 spike protein of COVID-19 with naturally occurring phytochemicals: An in silico study for drug development. J. Biomol. Struct. Dyn. 2021, 39, 6306–6316. [Google Scholar] [CrossRef] [PubMed]

	



Zang, Y.; Igarashi, K.; Li, Y. Anti-diabetic effects of luteolin and luteolin-7-O-glucoside on KK-A(y) mice. Biosci. Biotechnol. Biochem. 2016, 80, 1580–1586. [Google Scholar] [CrossRef]

	



Barky, A.; Ezz, A.; Mohammed, T. The Potential role of apigenin in diabetes mellitus. Int. J. Clin. Case Rep. Rev. 2020, 3, 032. [Google Scholar] [CrossRef]

	



Tutunchi, H.; Naeini, F.; Ostadrahimi, A.; Hosseinzadeh-Attar, M.J. Naringenin, a flavanone with antiviral and anti-inflammatory effects: A promising treatment strategy against COVID-19. Phytother. Res. 2020, 34, 3137–3147. [Google Scholar] [CrossRef]

	



Annadurai, T.; Muralidharan, A.R.; Joseph, T.; Hsu, M.J.; Thomas, P.A.; Geraldine, P. Antihyperglycemic and antioxidant effects of a flavanone, naringenin, in streptozotocin-nicotinamide-induced experimental diabetic rats. J. Physiol. Biochem. 2012, 68, 307–318. [Google Scholar] [CrossRef]

	



Agrawal, P.K.; Agrawal, C.; Blunden, G. Pharmacological significance of hesperidin and hesperetin, two citrus flavonoids, as promising antiviral compounds for prophylaxis against and combating COVID-19. Nat. Prod. Commun. 2021, 16. [Google Scholar] [CrossRef]

	



Ali, A.M.; Gabbar, M.A.; Abdel-Twab, S.M.; Fahmy, E.M.; Ebaid, H.; Alhazza, I.M.; Ahmed, O.M. Antidiabetic potency, antioxidant effects, and mode of actions of Citrus reticulata fruit peel hydroethanolic extract, hesperidin, and quercetin in nicotinamide/streptozotocin-induced Wistar diabetic rats. Oxid. Med. Cell. Longev. 2020, 2020, 1730492. [Google Scholar] [CrossRef]

	



Jena, A.B.; Kanungo, N.; Nayak, V.; Chainy, G.B.N.; Dandapat, J. Catechin and curcumin interact with S protein of SARS-CoV2 and ACE2 of human cell membrane: Insights from computational studies. Sci. Rep. 2021, 11, 2043. [Google Scholar] [CrossRef]

	



Nazir, N.; Zahoor, M.; Ullah, R.; Ezzeldin, E.; Mostafa, G.A.E. Curative effect of catechin isolated from Elaeagnus umbellata Thunb. berries for diabetes and related complications in streptozotocin-induced diabetic rats model. Molecules 2020, 26, 137. [Google Scholar] [CrossRef] [PubMed]

	



Munteanu, I.G.; Apetrei, C. Analytical methods used in determining antioxidant activity: A review. Int. J. Mol. Sci. 2021, 22, 3380. [Google Scholar] [CrossRef]

	



Kakkar, R.; Kalra, J.; Mantha, S.V.; Prasad, K. Lipid peroxidation and activity of antioxidant enzymes in diabetic rats. Mol. Cell. Biochem. 1995, 151, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Eid, H.M.; Haddad, P.S. The antidiabetic potential of quercetin: Underlying mechanisms. Curr. Med. Chem. 2017, 24, 355–364. [Google Scholar] [CrossRef]

	



Bule, M.; Abdurahman, A.; Nikfar, S.; Abdollahi, M.; Amini, M. Antidiabetic effect of quercetin: A systematic review and meta-analysis of animal studies. Food Chem. Toxicol. 2019, 125, 494–502. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.K.; Patel, P.K.; Choudhary, K.; Joshi, J.; Yadav, D.; Jin, J.O. Quercetin and coumarin inhibit dipeptidyl peptidase-IV and exhibits antioxidant properties: In silico, in vitro, ex vivo. Biomolecules 2020, 10, 207. [Google Scholar] [CrossRef]

	



Serban, M.C.; Sahebkar, A.; Zanchetti, A.; Mikhailidis, D.P.; Howard, G.; Antal, D.; Andrica, F.; Ahmed, A.; Aronow, W.S.; Muntner, P.; et al. Effects of quercetin on blood pressure: A systematic review and meta-analysis of randomized controlled trials. J. Am. Heart Assoc. 2016, 5, e002713. [Google Scholar] [CrossRef] [PubMed]

	



Chuang, C.C.; Martinez, K.; Xie, G.; Kennedy, A.; Bumrungpert, A.; Overman, A.; Jia, W.; McIntosh, M.K. Quercetin is equally or more effective than resveratrol in attenuating tumor necrosis factor-{alpha}-mediated inflammation and insulin resistance in primary human adipocytes. Am. J. Clin. Nutr. 2010, 92, 1511–1521. [Google Scholar] [CrossRef]

	



Kitakaze, T.; Jiang, H.; Nomura, T.; Hironao, K.Y.; Yamashita, Y.; Ashida, H. Kaempferol promotes glucose uptake in myotubes through a JAK2-dependent pathway. J. Agric. Food Chem. 2020, 68, 13720–13729. [Google Scholar] [CrossRef]

	



Ahrens, M.J.; Thompson, D.L. Effect of emulin on blood glucose in type 2 diabetics. J. Med. Food 2013, 16, 211–215. [Google Scholar] [CrossRef]

	



Valensi, P.; Le Devehat, C.; Richard, J.L.; Farez, C.; Khodabandehlou, T.; Rosenbloom, R.A.; LeFante, C. A multicenter, double-blind, safety study of QR-333 for the treatment of symptomatic diabetic peripheral neuropathy. A preliminary report. J. Diabetes Complicat. 2005, 19, 247–253. [Google Scholar] [CrossRef]

	



Chen, J.; Hamm, L.L.; Bundy, J.D.; Kumbala, D.R.; Bodana, S.; Chandra, S.; Chen, C.S.; Starcke, C.C.; Guo, Y.; Schaefer, C.M.; et al. Combination treatment with sodium nitrite and isoquercetin on endothelial dysfunction among patients with CKD: A randomized phase 2 pilot trial. Clin. J. Am. Soc. Nephrol. 2020, 15, 1566–1575. [Google Scholar] [CrossRef]

	



Babajani, F.; Kakavand, A.; Mohammadi, H.; Sharifi, A.; Zakeri, S.; Asadi, S.; Afshar, Z.M.; Rahimi, Z.; Sayad, B. COVID-19 and renin angiotensin aldosterone system: Pathogenesis and therapy. Health Sci. Rep. 2021, 4, e440. [Google Scholar] [CrossRef]

	



Marinella, M.A. Indomethacin and resveratrol as potential treatment adjuncts for SARS-CoV-2/COVID-19. Int. J. Clin. Pract. 2020, 74, e13535. [Google Scholar] [CrossRef] [PubMed]

	



DiNicolantonio, J.J.; O’Keefe, J.H. Magnesium and vitamin D deficiency as a potential cause of immune dysfunction, cytokine storm and disseminated intravascular coagulation in COVID-19 patients. Mo. Med. 2021, 118, 68–73. [Google Scholar]

	



Slominski, R.M.; Stefan, J.; Athar, M.; Holick, M.F.; Jetten, A.M.; Raman, C.; Slominski, A.T. COVID-19 and vitamin D: A lesson from the skin. Exp. Dermatol. 2020, 29, 885–890. [Google Scholar] [CrossRef] [PubMed]

	



Di Filippo, L.; Allora, A.; Doga, M.; Formenti, A.M.; Locatelli, M.; Rovere Querini, P.; Frara, S.; Giustina, A. Vitamin D levels are associated with blood glucose and BMI in COVID-19 patients, predicting disease severity. J. Clin. Endocrinol. Metab. 2022, 107, e348–e360. [Google Scholar] [CrossRef]

	



Atanasovska, E.; Petrusevska, M.; Zendelovska, D.; Spasovska, K.; Stevanovikj, M.; Kasapinova, K.; Gjorgjievska, K.; Labachevski, N. Vitamin D levels and oxidative stress markers in patients hospitalized with COVID-19. Redox Rep. 2021, 26, 184–189. [Google Scholar] [CrossRef]

	



Entrenas Castillo, M.; Entrenas Costa, L.M.; Vaquero Barrios, J.M.; Alcalá Díaz, J.F.; López Miranda, J.; Bouillon, R.; Quesada Gomez, J.M. Effect of calcifediol treatment and best available therapy versus best available therapy on intensive care unit admission and mortality among patients hospitalized for COVID-19: A pilot randomized clinical study. J. Steroid. Biochem. Mol. Biol. 2020, 203, 105751. [Google Scholar] [CrossRef]

	



Jain, S.K.; Parsanathan, R.; Levine, S.N.; Bocchini, J.A.; Holick, M.F.; Vanchiere, J.A. The potential link between inherited G6PD deficiency, oxidative stress, and vitamin D deficiency and the racial inequities in mortality associated with COVID-19. Free Radic. Biol. Med. 2020, 161, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Ali, M.Y.; Sina, A.A.; Khandker, S.S.; Neesa, L.; Tanvir, E.M.; Kabir, A.; Khalil, M.I.; Gan, S.H. Nutritional composition and bioactive compounds in tomatoes and their impact on human health and disease: A review. Foods 2020, 10, 45. [Google Scholar] [CrossRef]

	



Miean, K.H.; Mohamed, S. Flavonoid (myricetin, quercetin, kaempferol, luteolin, and apigenin) content of edible tropical plants. J. Agric. Food Chem. 2001, 49, 3106–3112. [Google Scholar] [CrossRef]

	



Lin, Y.; Shi, R.; Wang, X.; Shen, H.M. Luteolin, a flavonoid with potential for cancer prevention and therapy. Curr. Cancer Drug Targets 2008, 8, 634–646. [Google Scholar] [CrossRef]

	



Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [Google Scholar] [CrossRef]

	



Yanishlieva-Maslarova, N.; Heinonen, I. Sources of natural antioxidants: Vegetables, fruits, herbs, spices and teas. Antioxid. Food Pract. Appl. 2001, 10, 210–266. [Google Scholar]

	



González-Sarrías, A.; Tomás-Barberán, F.A.; García-Villalba, R. Structural diversity of polyphenols and distribution in foods. Diet. Polyphen. Metab. Health Eff. 2020, 1, 1–29. [Google Scholar]

	



Tanwar, B.; Modgil, R. Flavonoids: Dietary occurrence and health benefits. Spatula Dd 2012, 2, 59–68. [Google Scholar] [CrossRef]

	



Lv, X.; Liu, T.; Ma, H.; Tian, Y.; Li, L.; Li, Z.; Gao, M.; Zhang, J.; Tang, Z. Preparation of essential oil-based microemulsions for improving the solubility, pH stability, photostability, and skin permeation of quercetin. AAPS PharmSciTech 2017, 18, 3097–3104. [Google Scholar] [CrossRef]

	



Jahan, R.; Paul, A.K.; Bondhon, T.A.; Hasan, A.; Jannat, K.; Mahboob, T.; Nissapatorn, V.; de L. Pereira, M.; Wiart, C.; Wilairatana, P.; et al. Zingiber officinale: Ayurvedic uses of the plant and in silico binding studies of selected phytochemicals with Mpro of SARS-CoV-2. Nat. Prod. Commun. 2021, 16. [Google Scholar] [CrossRef]

	



Jahan, R.; Paul, A.K.; Jannat, K.; Rahmatullah, M. Plant essential oils: Possible COVID-19 therapeutics. Nat. Prod. Commun. 2021, 16. [Google Scholar] [CrossRef]

	



Wilkin, P.J.; Al-Yozbaki, M.; George, A.; Gupta, G.K.; Wilson, C.M. The undiscovered potential of essential oils for treating SARS-CoV-2 (COVID-19). Curr. Pharm. Des. 2020, 26, 5261–5277. [Google Scholar] [CrossRef]

	



Nasiri Lari, Z.; Hajimonfarednejad, M.; Riasatian, M.; Abolhassanzadeh, Z.; Iraji, A.; Vojoud, M.; Heydari, M.; Shams, M. Efficacy of inhaled Lavandula angustifolia Mill. essential oil on sleep quality, quality of life and metabolic control in patients with diabetes mellitus type II and insomnia. J. Ethnopharmacol. 2020, 251, 112560. [Google Scholar] [CrossRef] [PubMed]

	



Gok Metin, Z.; Arikan Donmez, A.; Izgu, N.; Ozdemir, L.; Arslan, I.E. Aromatherapy massage for neuropathic pain and quality of life in diabetic patients. J. Nurs. Sch. 2017, 49, 379–388. [Google Scholar] [CrossRef] [PubMed]

	



Iddir, M.; Brito, A.; Dingeo, G.; Fernandez Del Campo, S.S.; Samouda, H.; La Frano, M.R.; Bohn, T. Strengthening the immune system and reducing inflammation and oxidative stress through diet and nutrition: Considerations during the COVID-19 Crisis. Nutrients 2020, 12, 1562. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 14 00321 g001 550] 





Figure 1. Correlation between SARS-CoV-2, oxidative stress, diabetes, and obesity. Abbreviations: ↑: increase; ROS, reactive oxygenated species; TNF-α, tumor necrosis factor α, TLR, Toll-like receptor; IL, interleukin; NADPH, nicotinamide adenine dinucleotide phosphate oxidase; IFNγ, gamma interferon; NF-κB, nuclear factor-kappa B; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3 inflammasome; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; MHC-II, major histocompatibility complex class II. (The figure was made with www.biorender.com, accessed on 13 December 2021). 
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Figure 2. SARS-CoV-2 and diabetes induce kidney damage via oxidative stress: the role of antioxidants. Abbreviations: ↑: increase; CKD, chronic kidney disease AKI, acute kidney injury; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; COVID-19, coronavirus disease 2019; TMPRSS2, Transmembrane protease serine 2. (The figure was made with www.biorender.com, accessed on 13 December 2021). 
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Figure 3. Roles of flavonoids against SARS-CoV-2 based on recent in silico, pre-clinical, and clinical studies. Abbreviations: CKD, chronic kidney disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; COVID-19, coronavirus disease 2019. (The figure was made with www.biorender.com, accessed on 13 December 2021). 
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Table 1. Several dietary flavonoids with anti-COVID-19, antioxidant and antidiabetic properties.
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	Flavonoid
	Anti-COVID-19
	Antioxidant
	Antidiabetic



	Quercetin
	In silico and in vitro studies demonstrated that quercetin can interfere with various stages of the coronavirus entry and replication cycle such as PLpro, 3CLpro, and NTPase/helicase [85,86].
	Significantly increased antioxidant enzyme activities in streptozotocin (STZ)-induced diabetic rats [87].

DPPH and ABTS radical scavenging activities reported [88].
	Pre-treatment prevented STZ-induced diabetes in rats [87].



	Kaempferol
	In silico studies showed that kaempferol can inhibit Spike glycoprotein of SARS-CoV-2 [89].
	DPPH and ABTS radical scavenging activities reported [88].

Antioxidant effect observed in DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS+ radical scavenging and xanthine oxidase inhibition assays [90].
	Dipeptidyl peptidase IV (DPP-4) and α-glucosidase inhibitory effect was observed [90].



	Myricetin
	Inhibition of SARS-CoV-2 replication by targeting Mpro (in silico) and ameliorating pulmonary inflammation (reducing bleomycin-induced pulmonary inflammation in mice) [91].
	Antioxidant effect observed in DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS+ radical scavenging and xanthine oxidase inhibition assays [89].
	Dipeptidyl peptidase IV (DPP-4) and α-glucosidase inhibitory effect was reported [89].



	Luteolin
	In silico studies show luteolin to bind strongly to Mpro, PLpro, and ACE-2 [65].

In silico studies indicated that luteolin can bind to S2 unit of spike protein (S) of SARS-CoV-2 [92].
	DPPH and ABTS radical scavenging activities reported [88].
	Luteolin ameliorated diabetes in mice. Luteolin improved blood glucose, HbA1c (hemoglobin A1c), and insulin levels. Anti-inflammatory and anti-oxidative effects of luteolin were also observed [93].



	Apigenin
	In silico studies indicated that apigenin can bind to S2 unit of spike protein (S) of SARS-CoV-2 [92].
	DPPH and ABTS radical scavenging activities reported [88].
	The beneficial roles played by apigenin in diabetes mellitus have been reviewed. The compound is an antioxidant; metabolism of glucose and transfer to peripheral tissues are enhanced; pancreatic secretion of insulin is increased; activities of gluconeogenic enzymes and aldose reductase enzyme are suppressed leading to prevention of diabetic complications like cataract, retinopathy, and neuropathy [94].



	Naringenin
	In silico evidence of Mpro inhibition and reduction of angiotensin-converting enzyme receptors activity, reviewed by Tutunchi et al. [95].
	Antioxidant and anti-diabetic effects observed in STZ-nicotinamide-induced diabetic rats as shown by significantly lower mean levels of fasting blood glucose and glycosylated hemoglobin, significantly elevated serum insulin levels, significantly higher mean activities of pancreatic enzymatic antioxidants, significantly higher mean levels of plasma non-enzymatic antioxidants, lower mean pancreatic tissue levels of MDA and lower mean activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) in serum [96].
	Antioxidant and anti-diabetic effects observed in STZ-nicotinamide-induced diabetic rats as shown by significantly lower mean levels of fasting blood glucose and glycosylated hemoglobin, significantly elevated serum insulin levels, significantly higher mean activities of pancreatic enzymatic antioxidants, significantly higher mean levels of plasma non-enzymatic antioxidants, lower mean pancreatic tissue levels of MDA and lower mean activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) in serum [96].



	Hesperidin
	In silico studies indicate that hesperidin may bind to multiple components of SARS-CoV-2 (like Mpro, PLpro, Spike protein) and its human receptor ACE2, reviewed by Agrawal et al. [97].
	Antioxidant and anti-diabetic effects observed in nicotinamide-STZ-induced diabetic rata [98].
	Antioxidant and anti-diabetic effects observed in nicotinamide-STZ-induced diabetic rata [98].



	Catechin
	As shown in in silico studies, catechin can bind to S protein of SARS-CoV-2 and hACE2, thus inhibiting viral entry [99].
	Catechin showed antioxidant activity such as free radical scavenging activity against DPPH and ABTS free radicals [100].
	Catechin inhibited activity of α-amylase and α-glucosidase; catechin also significantly decreased the different lipid parameters, hepatic, and renal function enzyme levels along with Hb1c level in diabetic rats [100].







Abbreviations: ACE-2, angiotensin-converting enzyme 2; DPPH, 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl; PLpro, papain-like protease; 3CLpro, 3-chymotrypsin-like protease; NTPase, nucleoside-triphosphatase; Mpro, main protease; HbA1c, hemoglobin A1c; DPP-4, Dipeptidyl peptidase IV; STZ, streptozotocin; ABTS, 2,2′-azinobis-(3-ethylbenzthiazolin-6-sulfonic acid); SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; COVID-19, coronavirus disease 2019.
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