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Abstract

:

Long-term neurological complications, persisting in patients who cannot fully recover several months after severe SARS-CoV-2 coronavirus infection, are referred to as neurological sequelae of the long COVID syndrome. Among the numerous clinical post-acute COVID-19 symptoms, neurological and psychiatric manifestations comprise prolonged fatigue, “brain fog”, memory deficits, headache, ageusia, anosmia, myalgias, cognitive impairments, anxiety, and depression lasting several months. Considering that neurons are highly vulnerable to inflammatory and oxidative stress damages following the overproduction of reactive oxygen species (ROS), neuroinflammation and oxidative stress have been suggested to dominate the pathophysiological mechanisms of the long COVID syndrome. It is emphasized that mitochondrial dysfunction and oxidative stress damages are crucial for the pathogenesis of neurodegenerative disorders. Importantly, antioxidant therapies have the potential to slow down and prevent disease progression. However, many antioxidant compounds display low bioavailability, instability, and transport to targeted tissues, limiting their clinical applications. Various nanocarrier types, e.g., liposomes, cubosomes, solid lipid nanoparticles, micelles, dendrimers, carbon-based nanostructures, nanoceria, and other inorganic nanoparticles, can be employed to enhance antioxidant bioavailability. Here, we highlight the potential of phytochemical antioxidants and other neuroprotective agents (curcumin, quercetin, vitamins C, E and D, melatonin, rosmarinic acid, N-acetylcysteine, and Ginkgo Biloba derivatives) in therapeutic strategies for neuroregeneration. A particular focus is given to the beneficial role of nanoparticle-mediated drug-delivery systems in addressing the challenges of antioxidants for managing and preventing neurological disorders as factors of long COVID sequelae.
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1. Introduction


The management of the post-acute coronavirus SARS-CoV-2 infection presents current concerns for society as the global pandemic has massively affected health, the economy, education, and employment since the outbreak of COVID-19 in 2019 [1,2,3,4]. Several reports affirmed that many patients who survived the COVID-19 illness continue to exhibit neurological COVID symptoms and fail to revert to their regular daily routines [3,4,5]. Such a post-COVID-19 condition has been classified as “long COVID”, “long-haul COVID”, “post-acute COVID syndrome”, “chronic COVID”, and post-acute sequelae of SARS-CoV-2 (PASC) [5,6,7,8,9,10,11,12]. It has been admonished that “long COVID could be the next public health disaster in the making” [13]. The long COVID syndrome encompasses various clinical symptoms that linger for more than 12 weeks and may last over the years [3,5,10,11,12]. This syndrome is a multi-organ disease that affects the central nervous system (CNS) and the peripheral nervous system (PNS) in addition to other systems, including the pulmonary, cardiovascular, endocrine, renal, gastrointestinal, and immunological systems [2,3,4,6,8,9,10,11,12,14,15,16,17,18]. The National Institute of Health (NIH) has pointed out the most common symptoms associated with long COVID, namely headaches, depression, anosmia, cognitive impairments, shortness of breath, “brain fog”, fever, and gastrointestinal symptoms [5,6,8]. More severe cases include myalgic encephalitis/chronic fatigue syndrome (ME/CFS) and stroke, indicating that the neurological symptoms are the core aspects of long COVID [9,10,11,12,13,14].



The SARS-CoV-2 virus invades the CNS by binding to the angiotensin-converting enzyme-2 (ACE2) receptor, which is widely distributed in the epithelial cells of lungs and the endothelial cells of the blood–brain barrier (BBB) [19,20]. The neuroinvasive potential of the coronavirus is revealed by the provoked neuroinflammation and neuronal demyelination of the CNS, cellular apoptosis, metabolic imbalances, and various coagulopathies and endotheliopathies that induce hypoxic-ischemic neuronal injury or blood–brain barrier dysfunction [1,5,8,9,16,18].



Hyper-inflammation and oxidative stress have been suggested as the key factors underlying the pathophysiological pathways of long COVID [21,22,23] (Figure 1). It is recognized that the coronavirus infection compromises mitochondrial regulation and causes a decrease in adenosine triphosphate (ATP) synthesis and the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This contributes to the production of reactive oxygen species (ROS). Virus invasion also leads to inflammatory responses in the brain by triggering the release of cytokines, including interleukin (IL-10), tumor necrosis factor-alpha (TNF-α), and interferon-gamma (INF-γ). This cascade goes a long way to further increase mitochondrial ROS production through the upregulation of mitochondrial genes and the modulation of the electron transport chain (ETC) [23,24,25,26].



Evidence has demonstrated that oxidative stress caused by excessive ROS production, accompanied by hypoxia, contributes to the death of dopamine-containing neurons (DCNs) via apoptosis (Figure 1) and subsequently leads to Parkinson’s disease (PD), a progressive neurodegenerative disorder [26]. Multiple epidemiological and clinical research indicates a substantial correlation between the SARS-CoV-2 infection, long COVID, and the onset of progressive neurodegenerative diseases that include Alzheimer’s disease (AD), prion disease (PrD) and PD, thus rendering it a cause for alarm [26,27].



There is still no cure for the neurological sequelae of COVID-19. During acute COVID-19, patients have been treated with corticosteroids, antibiotics, and antiviral drugs [1]. Antioxidants are attracting scientific interest in the therapy and prevention of COVID-induced neuronal damage [4,28]. Examples of antioxidants include vitamins C, E and D, curcumin, quercetin, melatonin, and rosmarinic acid [4,7,28,29,30,31,32,33,34]. These molecules have advantages in counteracting the oxidative-stress effects by scavenging ROS, combating the cytokine storm, and providing neuroprotection, as summarized in Figure 1.



Antioxidants with poor bioavailability and low water solubility have limited therapeutic usage [35,36]. To solve these challenges, nanomedicine-based delivery systems, lipid-based nanoparticles, polymeric particles, and other nanostructured assemblies are gaining much attention as a promising field for drug delivery and a valuable tool for future medicine [37,38,39,40]. Given that they can enhance pharmacokinetics, it is feasible to obtain the proper targeting and lower toxicity of these medicinal compounds [40].



Here, we present an overview of the current knowledge regarding the long-term neurological effects of COVID-19 and suggest therapeutic approaches involving nanoantioxidants and nanomedicine-based strategies in regeneration therapies of coronavirus-induced neurodegenerative cascades.



1.1. Pathophysiological Mechanism Underlying Neurological Manifestation of Long COVID


In the context of long COVID, aside from neuroinflammation, other neuropathological processes such as prothrombotic, hypoxic, metabolic, and apoptotic cascades prevail in the propagation of neurological manifestations [1,6]. According to clinical facts, neurological symptoms encountered by long COVID patients (including hyposmia, mood disorders, cognitive impairment, sleep disorders, and dysautonomia) have been linked to the dysfunction of ‘ACE2-rich’ brain areas involving the olfactory bulb, the amygdala, the hippocampus, the middle temporal gyrus, the posterior cingulate cortex, and the brainstem [15,41,42].



A recent positron-emission tomography (PET) scan of 35 patients with long COVID revealed bilateral hypometabolism in the bilateral rectal/orbital gyrus, including the olfactory gyrus and the right temporal lobe, involving the amygdala and the hippocampus [43]. The involvement of the brainstem and the cerebellum highlights the vulnerability of the CNS and underlies the neurological manifestations of long COVID, which are comparable to postural orthostatic tachycardia syndrome (POTS) and myalgic encephalomyelitis or chronic fatigue syndrome (ME/CFS) [43,44,45]. Figure 2 presents a scheme of the possible pathways by which SARS-CoV-2 causes neuronal injury.




1.2. Role of Antioxidants in Neuroprotection from Neurological Long COVID Sequelae


To address the challenges of the long COVID syndrome, the National Institute for Health and Care Excellence (NICE) has issued a diagnostic approach and treatment guidelines to promote the management of long COVID with a peculiar focus on neurological manifestations [46,47,48,49,50]. Even though more than 200,000 papers on COVID-19 have been published in less than three years, there is still a striking gap in the literature on specific treatment recommendations for neurological long COVID sequelae.



Here, we highlight some therapeutic agents that may significantly help to ameliorate long-term-COVID conditions. Amongst these are antioxidant compounds or agents endowed with antioxidant properties (Figure 3). They have demonstrated an improved prognosis of COVID-19 patients via different mechanisms, mainly by reducing inflammation [28,51]. In many cases, these compounds share multiple mechanisms of action, which may render them more efficient in exerting broad-spectrum protective effects. In a synergic fashion, their neuroprotective properties may be enhanced by complementation with antioxidants with different mechanisms of action. Most antioxidant compounds are molecules from natural sources or of dietary origin (nutraceuticals). In the latter case, a balanced diet and supplementation with proper nutrients can contribute to the prevention, treatment, and management of COVID-19 and its associated neurological sequelae.





2. Nanodelivery Systems for Development of Antioxidant-Based Nanomedicines against the Neurological Sequelae of SARS-CoV-2


Nanomedicine-based therapies against the neurological sequelae of long COVID will require developing nanoscale delivery systems for the efficient use of antioxidants. In terms of drug delivery, antioxidants display several limitations, including (i) low permeability into the CNS due to the presence of physiological barriers such as the BBB or the spinal–blood barrier (SBB) [52]; (ii) low bioavailability associated with insolubility or instability [53]; (iii) chemical and physical barriers in the gut such as the acidic pH of the stomach, the intestinal mucosal lining, and the selectively permeable membranes of enterocytes [54]; and (iv) rapid metabolism [55]. Significant efforts have been made to improve the efficacy of antioxidant agents using various drug-delivery approaches. Figure 4 shows examples of nanocarriers fabricated with natural or synthetic compounds, e.g., lipids, polymers, or inorganic materials. In general, formulating antioxidants in nanocarriers can enhance their efficacy due to a higher stability upon encapsulation and an improved transport to the CNS compared with free antioxidant compounds.



Nanoparticle Types as Antioxidant Carriers


Nanoparticles (NPs) can be categorized as (i) purely organic compound NPs or (ii) inorganic NPs, based on the elements that built up their structure (Figure 4) [56]. The majority of organic materials are biocompatible, biodegradable, and non-toxic. However, inorganic materials are characterized by their smaller particle size, stability, controlled tunability, higher permeability, efficient antigen loadings, and triggered-release profile.



Organic molecule-based nanosystems developed as delivery vehicles of antioxidants include liposomes, micelles, and polymeric nanoparticles. Liposomes, for example, are lipid-based nanomaterials that consist of an aqueous core surrounded by a phospholipid bilayer. Depending on the hydrophobic/hydrophilic balance and molecular shapes, the amphiphilic structures enable the formation of thermodynamically stable vesicles [57]. Amphiphilic molecules can also self-assemble to form micelles, which contain hydrophilic (polar) headgroups and hydrophobic (nonpolar) tails. In aqueous media, micelles are typically assembled with the polar part facing the exterior and the nonpolar region constituting the core.



Solid lipid nanoparticles (SLNs) are widely known transporters of chemotherapeutic agents to the CNS [37]. These matrix-type lipid particles, usually consisting of fatty acids or mono-, di-, or triglycerides, remain with a solid core at body temperature. Cubosomes are liquid crystalline nanostructures created from cubic-phase-forming lipids, such as monoolein and phytantriol [29,35,38], which have the unique ability to disperse into nanoparticles that are stable upon dilution [57,58,59]. Liposomes and cubosomes can encapsulate hydrophobic drugs in the lipid bilayer membranes and hydrophilic compounds in the aqueous compartments [29,35,37].



Polymeric nanoparticles are particles with sizes between 5 and 1000 nm. They can be loaded with active substances, which are either surface-adsorbed onto the polymeric matrix core or entrapped within. The various biodegradable polymers commonly used in the fabrication of polymeric nanoparticles include poly(lactide) (PLA), poly(lactide-co-glycolide) (PLGA) copolymers, poly (ɛ-caprolactone) (PCL), and poly(amino acids), as well as some natural polymers such as alginate, chitosan, and gelatin [30,60,61,62].



Inorganic nanoparticles are primarily known for their use in diagnostic and theranostic applications. Iron oxide nanoparticles (IONPs) are one type of inorganic NPs that has been extensively employed for therapeutic and diagnostic imaging since the 1960s. Gold nanoparticles (AuNPs) have been widely studied due to their biocompatibility and the ease of controlling their size distribution and shape. AuNPs can take a variety of shapes, including spheres, nanorods, and cubes, among others. Other inorganic nanoparticles are nanoceria, silica nanoparticles (SiNPs), particularly mesoporous silica nanoparticles (MSNPs), and iron oxide NPs [63,64,65] (Figure 4).





3. Organic-Molecule-Based Nanoparticulate Delivery Systems


3.1. Curcumin-Loaded Nanoparticles


In light of the COVID-19 pandemic, at least three types of curcumin-based nanotechnological products are available on the market in the form of liposomes (Lipocurc™), polymeric nanoparticles (Nanocurc™), or nanomicelles (Sinacurcumin®) [66]. Sinacurcumin® (40 mg, four capsules daily for 14 days) has been shown to reduce mortality by decreasing the cytokine storm [67]. Nanoparticulate formulations (e.g., curcumin-loaded Se-PLGA nanospheres) have proven their potency to improve cognition, inhibit the aggregation of Aβ, and reduce depressive-like behaviour and oxidative stress in AD models [68].



Curcumin is one of the most-marketed antioxidant compounds with a promising nutraceutical profile and a safety tolerated dose of up to 12 g/day [29,66,69,70]. Zahedipour et al. have emphasized the remarkable effects of curcumin in the treatment of COVID-19 [70]. The pleiotropic effects of the phytochemical against viruses are related to its ability to interact with various molecular targets by modulating various signaling cascades, which are relevant for virus replication, by attenuating NF-κB and PI3K/Akt signaling as well as regulating the expression of both pro- and anti-inflammatory proteins such as IL-6, IL-8, IL-10, and COX-2. In this way, curcumin impacts the apoptosis of polymorphonuclear neutrophil cells (PMNs), an abundant immune-system cell type. In an animal model of stroke, Jiang et al. have shown that curcumin treatments result in an essential total decrease in the infarct volume, an improved neurological deficit, and a reduced mortality in a dose-dependent manner [71].



In animal models of depression, curcumin has been found to normalize the levels of dopamine, noradrenaline, and 5-hydroxyindoleacetic acid in the frontal cortex of rats. This outcome indicates that curcumin may act as a potent antioxidant against depression [72,73]. Regarding anosmia and ageusia, a case series has revealed a rapid and effective recovery of taste and smell in two subjects infected with COVID-19 following the ingestion of a 1000 mg dosage of a turmeric supplement that contained 95% curcuminoids [74].



An intriguing study showed that curcumin-loaded insulin d-α-tocopherol succinate (INVITE) micelles enhanced the ability of mesenchymal stromal cells (MSCs) to boost neuronal protection and replace dead motor neurons in the spinal cord. This ground-breaking strategy has been demonstrated to have considerable potential for the treatment of ALS [75]. The effects of curcumin-loaded nanoparticles on the neurological effects of SARS-CoV-2 are revealed in Figure 5.




3.2. Curcumin Nanoconjugates


Peptide (B6)-conjugated curcumin-loaded PLGA-PEG-B6 nanoparticles have been established to decrease hippocampal Aβ burden in APP/PS1 mice as revealed by immunofluorescence and immunohistochemistry results [76]. Drug distribution into the CNS is essentially hampered by the relative impermeability of the BBB due to the tight junctions between cerebral microvascular endothelial cells, which also play a significant role in brain homeostasis. Receptors with high endothelial cell expression, including the insulin, transferrin, and integrin receptors, are of particular interest for receptor-mediated transport (RMT) because of their ability to increase the efficiency and specificity of brain delivery [77]. The transferrin receptor (TfR), one of these different receptors, has been the subject of much research for BBB targeting during the past ten years [78]. Nevertheless, further developments are still needed to overcome drawbacks related to immunological responses, NP synthesis methods, and NP stability. The B6 peptide (CGHKAKGPRK), a promising targeting ligand of TfR, has been produced from a phage display library as a replacement for the protein transferrin in drug delivery to the brain [79,80].



In a related study, Yin et al. created sialic acid (SA)-modified selenium (Se) nanoparticles conjugated with the B6 peptide (B6-SA-SeNPs), which had high permeability across the BBB and successfully prevented Aβ peptides from aggregating and disaggregated the preformed Aβ fibrils into non-toxic amorphous oligomers [81].



Figure 6 shows the reduction in the Aβ plaque deposition in nanoparticle-treated APP/PS1 animals compared with wild-type mice. According to these findings, PLGA-PEG-B6/Cur nanoparticles may be potentially effective for AD therapies when focusing on Aβ pathophysiology in neurological and neuropsychiatric manifestations [76].




3.3. NAC-Loaded Nanoparticles


N-acetylcysteine (NAC) is a sulfhydryl-containing compound with mucolytic properties (Figure 3). It functions as a precursor of the antioxidant glutathione and the amino acid L-cysteine [82,83]. The ability of NAC to block certain signaling pathways, such as the c-Jun N-terminal kinase, p38 MAP kinase, SAPK/JNK, and c-Fos pathways, as well as NF-κB, and to regulate cytokine synthesis (anti/pro-inflammatory effect) and antiapoptotic genes is also supported by a number of works [84,85,86].



In Parkinson’s disease, thiol-containing compounds such as NAC exert a protective action by inhibiting dopamine-induced cell death [87]. NAC has partially protected the mouse brain against cadmium-induced neuronal apoptosis by inhibiting the ROS-dependent activation of the Akt/mammalian target of the rapamycin (mTOR) signaling pathway [87]. NAC is a potential candidate for treating neuropathic pain, which has occurred in up to 2.3% of hospitalized patients with COVID-19 [88], as well as ME/CFS, by providing neuroprotection against oxidative stress and replenishing the cortical GSH reserves [89,90]. In healthy BV2 murine microglia, hydroxyl-terminated polyamidoamine dendrimers containing the antioxidant NAC reduced oxidative stress compared with free N-acetylcysteine [91].



A dendrimer-based therapy (D-NAC) for neuroinflammation and cerebral palsy (CP) was developed using NAC as a drug [92]. In this work, newborn babies with CP were randomly administered with NAC at concentrations of 10 mg/kg (NAC_10), 100 mg/kg (NAC_100), D-NAC of 1 mg/kg (D-NAC_1), D-NAC of 10 mg/kg (DNAC_10), dendrimer alone (control), or PBS (negative control). Confocal microscopy results (Figure 7) showed a decrease in myelin basic protein (MBP) staining in the corona radiata, internal capsule, and external capsule following day 5 of life in endotoxin kits treated with PBS compared with healthy controls. A significant increase in myelin staining equivalent to the expression levels of healthy controls was seen in the kits treated with D-NAC at 10 mg/kg (D-NAC_10). In contrast, free antioxidants at a concentration of even 100 mg/kg (NAC_100) were less effective than D-NAC_10. Markers of oxidative injury in the brain’s periventricular region (PVR) were used to identify oxidative injury and inflammation. After therapy, the amounts of 8-hydroxyguanosine (8-OHG) and GSH were assessed in healthy and CP rabbits. The treatment of the CP kits with D-NAC 1, D-NAC 10, and the highest dose of free medication (NAC 100) resulted in a rise in the GSH levels as compared with those of the healthy control kits. However, treatment with NAC_10 and dendrimer alone had no impact. This fact suggests that NAC is released from the brain’s dendrimer conjugate. Even at the highest dose, D-NAC 10 significantly decreased the levels of 8-hydroxyguanosine (8-OHG), an early and sensitive marker for RNA oxidation in various neurodegenerative diseases [92]. The treatment with D-NAC (10 mg/kg) nanosystem significantly enhanced the number of neurons as compared with the healthy controls.




3.4. Taxifolin Nanocomplexes


Taxifolin (TAX: 3,3′,4′,5,7-pentahydroxy flavanone or dihydroquercetin) is a vital bioflavonoid polyphenolic antioxidant commonly found in fruits, vegetable oils, red wine, tea, Siberian larch, and onions. In terms of the chemical structure of the compound, the distribution of the hydroxyl groups among the three flavonoid rings (A, B, and C) is the same for taxifolin and quercetin. However, the two molecules differ in the presence or absence of a C-2 or C-3 double bond in the C-ring. Other derivatives of taxifolin include neoastilbin, astilbin, isoengeletin, isoastilbin, engeletin, taxifolin 7-O-glucoside, taxifolin 3-O-glucoside, taxifolin-7-O-rhamnopyranosid and taxifolin-3-O-rhamnopyranoside [93]. Taxifolin and its derivatives have shown to offer pharmacological benefits, including antioxidant, anti-inflammatory, antiviral, antibacterial, and enzyme-inhibitory properties. For instance, taxifolin exhibits an immediate neuroprotective effect, principally by decreasing the generation of ROS in the inhibitory population of GABA neurons. Furthermore, taxifolin can affect gene expression, which modulates cell survival and death. When administered at doses of 0.1 and 1.0 g/kg, taxifolin reduced infarction by 42% ± 7% and 62% ± 6%, respectively, in a rat ischemia-reperfusion (I/R) model. This was followed by a significant reduction in adduct formation of malondialdehyde and nitrotyrosine, two markers for oxidative tissue damage [94]. In a concurrent treatment, taxifolin and cilostazol synergistically inhibited amyloidogenesis by suppressing P-JAK2/P-STAT3-coupled NF-κB-linked BACE1 expression via the upregulation of SIRT1 in activated N2a Swe cells geared towards the intervention of AD [95,96].



Targeted delivery has been realized by nanocomplexes of selenium nanoparticles (SeNPs) with taxifolin (Se–TAX). In a recent work (Figure 8), Varlamova et al. developed selenium–taxifolin nanocomplexes to reduce ROS in neurons and astrocytes exposed to exogenous H2O2 under ischemia-like circumstances [97]. This mechanism was demonstrated by activating certain antioxidant enzymes and inhibiting ROS-generating systems during OGD/reoxygenation. While free TAX molecules and “naked” SeNPs were less efficient in controlling the cellular redox state, Se–TAX decreased the concentration of cytosolic Ca2+ ([Ca2+]i) rise and hyperexcitation. The nanocomplex activated protective genes while simultaneously suppressing the production of pro-inflammatory and proapoptotic proteins [97]. There is expanding research towards a better understanding of the role of calcium during viral infections, particularly in SARS-CoV-2. In this direction, the suppression of calcium transport across membranes and inside cells is a perspective target site that may alter the SARS-CoV-2 infection and potentially benefit severe COVID-19 courses [98]. Given these data (Figure 8), it has been inferred that the Se–TAX nanocomplex controls Ca2+ dynamics and has anti-apoptotic properties [97].




3.5. Other Organic Nanovectors


Antioxidants such as polyphenols have shown a capacity to interfere with various stages of the coronavirus entry as well as inhibitory activities against viral components, rendering them potentially suitable to counteract the SARS-CoV-2 infection [99]. Computational studies have indicated that flavonoids, which are a class of polyphenols including quercetin (Figure 3), baicalin, luteolin, hesperetin, gallocatechin gallate (GCG), epigallocatechin gallate (EGCG), naringenin, cyanidin, genistein, kaempferol, luteolin-7-glucoside, apigenin-7-glucoside, catechin, taxifolin, and rutin, can exert an inhibitory activity against SARS-CoV-2 by binding to essential proteins involved in the coronavirus infection cycle such as Mpro, PLpro, 3CLpro, and NTPase/helicase [28,100,101,102,103,104].



Debnath et al. have demonstrated that nano-quercetin could exhibit an anti-amyloidogenic activity at low quercetin concentrations, thereby preventing polyglutamine aggregation in a cell model of Huntington’s disease [105]. It has been established that COVID-19 causes a disruption of the cholinergic system by binding to nicotinic acetylcholine receptors (nAChRs), which results in a change in acetylcholine activity [106]. In this regard, the established protective role of quercetin and rutin against scopolamine-induced cognitive impairment in zebrafish appears to be promising in the enhancement of cholinergic neurotransmission [107]. Accordingly, Palle and colleagues showed that quercetin nanoparticles (NQCs) significantly reduced MDA and AchE levels while increasing CAT and GSH in a scopolamine-induced rat model of amnesia, demonstrating that it has an activity similar to that of an acetylcholinesterase inhibitor such as rivastigmine [108]. In a separate study, the co-encapsulation of epigallocatechin-3-gallate and acetyl acid (EGCG/AA NPs), which was orally administered to an APPswe/PS1dE9 mice model for Alzheimer’s disease, led to an upregulation of synaptophysin (SYP) and influenced neuroinflammation, Aβ plaque burden, and the cortical levels of both soluble and insoluble Aβ(1–42) peptides, leading to an improvement in learning and memory [109]. Moreover, it has been reported that 4-hydroxyisophthalic acid (4-HIA) encapsulated PLGA-NPs significantly decreased the cytotoxicity of H2O2 in PC12 cells when compared with non-encapsulated 4-HIA.



Yang et al. have demonstrated the beneficial effect of PLGA-PEG-Fucoxanthin nanoparticles in improving cognitive performance and transport through the CNS [110]. In an animal model of AD, resveratrol-loaded NPs decreased the levels of matrix metalloproteinase-9 (MMP-9) in cerebrospinal fluid, highlighting that resveratrol limits brain permeability, the infiltration of leukocytes, and other inflammatory agents. Resveratrol presents a therapeutic interest because it modulates neuroinflammation and induces adaptive immunity [111].





4. Inorganic Nanoparticles and Nanocarriers


4.1. Ceria Oxide Nanoparticles


Ceria nanoparticles have been broadly studied as nanoscale antioxidant systems [112]. An example is given in Figure 9. Ceria nanoparticles can mimic the function of the antioxidant enzymes SOD and CAT. In redox processes, the cerium species transforms between two possible valence states of +4 (oxidized) and +3 (reduced) [113,114]. Cerium oxide NPs with a crystalline fluorite-type lattice structure display oxygen vacancies that result from the loss of oxygen and its electrons. Thus, in addition to the ionic state change from Ce3+ to Ce4+, the nanoparticle’s stoichiometry may also switch from CeO2 to CeO2−x [115]. As a result, CeONPs can interact with various free radicals and detoxify their harmful action based on modifications in the redox state and oxygen vacancies.



In recent years, in vivo and ex vivo models have been used to assess the efficacy of nanoceria using an electrochemical biosensor based on cytochrome C [116]. In particular, it has been demonstrated that cerium oxide nanoparticles with a diameter of about 15 nm exhibit a SOD-like activity equivalent to 527 U of SOD for each 1 μg/mL nanoceria, being able to lower superoxide levels in a mice brain slice [116]. By using mouse hippocampus brain slices as an ex vivo model of ischemia, Estevez et al. conducted another interesting study that demonstrated how cerium oxide nanoparticles could lower cell death levels by 50% [117]. For the treatment of neurotrauma, Yan et al. fabricated a nanozyme based on Pt/CeO2 with effective catalytic activity. In vivo tests have shown that these species can accelerate healing and lessen neuroinflammation [118].



Additionally, CeONPs can regenerate their redox-active matrix, enabling repeated free-radical interactions, thanks to the lattice structure and simplicity of electronic conversions with other ionic species at the quantum level, allowing repetitive elimination of ROS [119].



Ceria nanoparticles have also shown a variety of therapeutic potentials for neuro- and cardio-protection. Due to their high surface-to-volume ratio, small ceria nanoparticles (<5 nm), particularly, have shown improved therapeutic effectiveness. Kim et al. demonstrated that 3 nm ceria nanoparticles might protect the brain against ischemic stroke in rats [120].



In another work, Kwon et al. successfully synthesized conjugate triphenylphosphonium ceria nanoparticles (TPP-ceria NPs) [119]. They demonstrated effectiveness by localizing to mitochondria and preventing neuronal degeneration in a 5XFAD transgenic mouse model of Alzheimer’s disease. In addition, TPP-ceria NPs also prevented reactive gliosis and morphological mitochondrial damage in mice [119].




4.2. Iron Oxide Nanoparticles in Regenerative Treatments


It has been suggested that iron oxide NPs may ameliorate neurodegeneration by mimicking the CAT activity and decomposing ROS [121,122]. Considering that significant microglial activation occurs prior to the creation of tangles in neurodegenerative tauopathies, reducing tau’s ability to trigger this activation has been demonstrated to slow the development of the pathology [121,123]. Glat et al. have shown that utilizing fibrin γ377−395 peptide conjugated to iron oxide (γ-Fe2O3) nanoparticles, with a diameter of 21 ± 3.5 nm, specifically, inhibits microglial cells in rTg4510 tau-mutant mice. The number of neurons with hyperphosphorylated tau and tangles was significantly reduced compared with untreated animals [124].



Other studies have addressed the impact of magnetic nanoparticles on Aβ fibrillation. Specific surface-coated superparamagnetic iron oxide nanoparticles (SPIONs) can interact with amyloid-beta (Aβ) and other amyloidogenic proteins. Moreover, in a magnetic field, SPIONs may be transported to the target tissue and may also be impacted by the applied field. It has been reported that the Aβ fibrillation process is suppressed at lower concentrations of nanoparticles and accelerates in the presence of a magnetic field and high concentrations of nanoparticles [125].



As a prospective treatment for neurodegenerative disorders, Katebi et al. demonstrated that combining nerve growth factor (NGF), quercetin, and superparamagnetic IONPs boosted neurite outgrowth and improved neurite branching in PC12 cells [126]. Consistent with these data, Chung et al. showed that the therapeutic effects of human mesenchymal stem cells (hMSCs) in a mouse model of PD, induced by a local injection of 6-OHDA, may be enhanced by dextran-coated iron oxide nanoparticles (Dex-IO NPs) [127]. In situ analyses have revealed that Dex-IO NPs may enhance the rescue impact of hMSCs on host DA neuron loss. Moreover, the data have shown that Dex-IO NPs can augment the ability of hMSCs to migrate toward lesioned DA neurons and drive hMSCs to differentiate into DA-like neurons at the disease site [127]. IONPs are also extensively explored in diagnostics and the treatment of neurodegenerative diseases, including AD, PD, and ALS. They are used as drug carriers and MRI contrast agents in AD, allowing the development of a multifaceted approach for targeting, diagnosing, and treating CNS disorders [121,128].




4.3. Manganese-Based Nano-Antioxidants


Aside from selenium, manganese (Mn) is another micronutrient that plays a crucial role in brain function because it can pass both the blood–brain barrier (BBB) and the blood–cerebrospinal fluid barrier (BCB). Furthermore, Mn2+ ions typically concentrate in the mitochondria of brain cells through divalent metal transporters. Manganese oxides have applications in the targeted imaging of neurodegenerative disorders [129]. Among the many 3D-transition-metal oxides, manganese oxides, such as MnO, Mn2O3, Mn3O4, Mn5O8, and MnO2, have attracted particular interest due to their wide range of structural and compositional variations [130,131]. Mn-oxide nanoparticles with good physicochemical properties hold a promise for sustainable nanotechnology developments. In particular, MnO2 has been explored for its ability to act as a nanoreactor in scavenging ROS [132,133]. In an acidic environment, MnO2 nanoparticles have a natural peroxidase-like activity that may break down H2O2 into water (H2O), oxygen (O2), and manganese ions (Mn2+) [134]. Some researchers have argued that MnO2 particles could occasionally increase oxidative stress rather than decrease it. Therefore, combining them with nanotechnology-based systems may aid in better controlling their release and toxicity, providing protection for cells and enhancing their distribution to the target tissues [135].



Kuthati et al. have reported that intrathecal treatment by manganese oxide nanoparticles (MONPs) dramatically reduced mechanical allodynia and the expression of COX-2, a crucial mediator of chronic and inflammatory pain in the spinal dorsal horns of PSNT rats [136]. In parallel, Singh and colleagues have demonstrated that the multienzyme mimic, Mn3O4 nanoparticles, provides exceptional protection to biomolecules against ROS-mediated protein oxidation, lipid peroxidation, and DNA damage, preventing cells from suffering oxidative damage [137]. In a separate study, Mn3O4 nanozymes demonstrated superiority to CeO2 nanozymes in ROS elimination. The effectiveness in vivo was evidenced by the prevention of ROS-induced ear inflammation in live mice [138]. Under hypoxic conditions, antioxidant manganese nanoparticles reduce free-radical load and improve oxygenation [139]. Based on these properties, MONPs provide a promising platform for developing metal nanoparticles as redox-active nanozymes to combat oxidative stress and inflammatory responses associated with SARS-CoV-2-related neurological pathologies.




4.4. Selenium and Nanoselenium


Selenium is a micronutrient that supports mammalian redox biology by maintaining normal intracellular ATP and Ca2+ homeostasis [97]. Food sources of selenium include grains, nuts, vegetables, seafood, meat, and dairy products [140,141]. Numerous epidemiological studies have shown a link between low levels of selenium and an increased risk of developing various pathologies, including cancer, neurodegenerative disorders, cardiovascular problems, and infectious diseases. Most of the beneficial effects of selenium result from its incorporation as selenocysteine into selenoproteins, a vital class of proteins. Selenocysteine is the 21st proteinogenic amino acid encoded by a UGA codon, which is usually the signal for the termination of protein synthesis [141]. Therefore, selenoproteins play a crucial role in the antioxidant defense mechanisms that maintain redox homeostasis, together with CAT, SOD, GSH, vitamin E, GPx, thioredoxin reductase, carotenoids, and ascorbic acid [142,143]. Recently, selenium levels have been found to favorably connect with COVID-19 survivors compared with non-survivors [144]. This hypothesis was supported by the reported lower selenium levels in COVID-19 patients (69.2 ± 8.7 ng/mL) compared with the controls (79.1 ± 10.9 ng/mL) [144]. Of note, Moghaddam et al. have established a clear correlation between the mortality in patients with COVID-19, low selenium levels, and selenoprotein P (SELENOP) [145].



Because selenium may accumulate in tissues and have lethal effects at high dosages on healthy tissues, nanoscale selenium (selenium nanoparticles, SeNPs) may be a highly efficient formulation with enhanced antioxidant activity and lower toxicity for targeted delivery in various pathologies, especially in viral infections. Studies have revealed that SeNPs efficiently protected C2C12 cells from H2O2 exposure by suppressing ROS and promoting myogenic differentiation. The latter is accompanied by an elevation of myogenic-related mRNA levels (MyoD, MyoG, and α-actinin), which promote multinucleated mature myoblasts and enhance the production of antiapoptotic proteins (e.g., BCL-2) [146]. Moreover, selenium nanoparticles stabilized with chitosan (Ch-SeNPs) have been reported to inhibit the Aβ42 aggregation produced by some amino acid enantiomers [147]. In the Hepatitis B infection, the delivery of a SeNPs/HBsAg vaccine in vivo impacted lymphocyte proliferation, elevated IFNγ levels, and triggered a Th1 response [148]. Thus, SeNPs may be a highly efficient therapeutic strategy against SARS-CoV-2 by enhancing humoral immune responses [148].




4.5. Other Inorganic Antioxidant Nanomaterials and Carbon-Based Nanomaterials


Platinum-based nanomaterials have been fabricated as another class of NPs with fascinating outcomes as nano-antioxidants that are able to mimic enzymatic CAT and SOD activities. Takamiya et al. have utilized Pt nanoparticles as a preventative approach to lessen the effects of ischemic stroke and to repair damages, while maintaining the structure and neurological capabilities of the neurovascular unit (NVU) in a mouse model of cerebral infarction [149]. Mu et al. have developed a trimetallic (triM) nanozyme with a multienzyme-mimetic activity that functioned as an effective scavenger of ROS and RNS in brain traumatic injuries [150].



Furthermore, yttrium oxide nanoparticles (Y2O3) have been reported as a neuroprotector in HT-22 mouse hippocampal neuronal cells in a rat model of lead-induced neuronal damage and an in vivo model of photo degeneration [151].



Several carbon-based nanomaterials, including fullerene, graphene nanosheets, carbon nanotubes, and carbon clusters, have been investigated as antioxidants and as possible treatments for some CNS disorders [152,153].



Two-dimensional carbon-based nanomaterials have also demonstrated antioxidant properties as indicated in the work of Qiu et al., who used electron paramagnetic resonance spectroscopy (EPR) to examine graphene’s capability to scavenge ROS [154]. The authors found that graphene oxide was able to do so for both OH and O2 radicals.



Altogether, these findings could lay the basis for the future exploration of both organic- and inorganic-based nanodelivery systems in post-COVID-19 neurological diseases characterized by high levels of oxidative stress.





5. Nanodelivery of Antioxidant Enzymes


To combat oxidative and nitrosative stress, cells employ a defense system including the superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) antioxidant enzymes. Regarding the nanosystems for the delivery of antioxidant enzymes, the ability of the combination of NPs and tissue plasminogen activator (t-PA + nano-SOD/CAT) to stimulate the migration of stem/progenitor cells from the subventricular zone and circulation, and thus to promote neurogenesis, has been recently emphasized [155]. The inhibition of edema formation has suggested the protection of the BBB from reperfusion injury in a thromboembolic rat stroke model [155]. Another study has reported a significant reduction in mitochondrial ROS activities, increased mitochondrial membrane potential, reduced calcium levels, and also higher adenosine triphosphate (ATP) content after the intravenous administration of nano-SOD/CAT, 6 h after injury in a rat severe contusion model of spinal-cord injury (SCI), thus protecting cell apoptosis and further degeneration [156].



A summary of the outcomes of antioxidant-based nanoparticles and nanoconjugates with the potential to improve the neurological consequences of COVID-19 is presented in Table 1.




6. Conclusions


Current evidence on the prevalence of post-COVID-19 symptoms and the neurological cost of COVID-19 is a wake-up call for effective treatments. Indeed, substantial documentation buttresses the hypothesis that oxidative stress plays a crucial role in disease progression. Using antioxidants to scavenge free radicals appears to be an approach towards the right direction. Although antioxidants have limitations, nanotechnology-based drug-delivery systems can serve as a tool to combat such drawbacks. Nanotechnology allows the combination of different antioxidant agents in nanoscale reservoirs to improve their delivery, efficacy, and bioavailability. Furthermore, several phytochemicals may have synergistic antiviral effects when co-administered, and thus show superior efficacy in improving the clinical outcomes of neurological long COVID. Considering that oxidative stress is a common pathophysiological process in multiple diseases, an effective antioxidant nanomedicine-based approach could have broad therapeutic applications in many clinical settings.
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4-HIA—4-Hydroxyisophthalic acid; 6-OHDA—6-hydroxydopamine; 8-OHG—8-hydroxyguanosine; ACE2—angiotensin-converting enzyme 2; AchE—acetylcholinesterase; AD—Alzheimer’s disease; ATP—adenosine triphosphate; AuNPs—gold nanoparticles; Aβ—amyloid beta; BACE1—beta-secretase 1; BBB—blood–brain barrier; BCB—blood–cerebrospinal fluid barrier; BCL-2—B-cell lymphoma 2; cAMP—cyclic adenosine monophosphate; CAT—catalase; CCL2—chemokine ligand 2; CNS—central nervous system; COX2—cyclooxygenase-2; DCNs—dopamine-containing neurons; ETC—electron transport chain; EGCG—epigallocatechin gallate; ER—endoplasmic reticulum; GABA—gamma-aminobutyric acid; GCG—gallocatechin gallate; GPx—glutathione peroxidase; GSH—glutathione; HBsAg—hepatitis B virus surface antigen; H2O2—hydrogen peroxide; I/R—ischemia/reperfusion; IL-10—interleukin 10; INF-γ—interferon gamma; INOS—nitric oxide synthase; IONPS—iron oxide nanoparticles; LDL—low-density lipoproteins; MAP2—microtubule-associated protein 2; MAPK—mitogen-activated protein kinase; MBP—myelin basic protein; MCI—mild cognitive impairment; MDA—malondialdehyde; ME/CFS—myalgic encephalitis/chronic fatigue syndrome; MSCs—mesenchymal stromal cells; MSNPs—mesoporous silica nanoparticles; MRI—magnetic resonance image; mTOR—mechanistic target of rapamycin; NAC—N-acetylcysteine; nAChR—nicotinic acetylcholine receptors; NADPH—nicotinamide adenine dinucleotide Phosphate; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells; NGF—nerve growth factor; NPs—nanoparticles; NVU—neurovascular unit; O2-—superoxide; PASC—post-acute sequelae of SARS-CoV-2; PCL—poly (ɛ-caprolactone); PD—Parkinson’s disease; PEG—polyethylene glycol; PET—positron emission tomography; PI3K/Akt—phosphatidylinositol 3-kinase/protein kinase B; PLA—polylactic acid; PLGA—poly(lactic-co-glycolic acid); PMN—polymorphonuclear neutrophil cells; PNS—peripheral nervous system; POTS—postural orthostatic tachycardia syndrome; PrD—prion disease; PVR—periventricular region; RMT—receptor mediated transporters; RNS—reactive nitrogen species; ROS—reactive oxygen species; RSV—respiratory syncytial virus; SAPK/JNK—stress-activated protein kinase/Jun-amino-terminal kinase; SARS-CoV-2—severe acute respiratory syndrome coronavirus 2; SA—sialic acid; SBB—spinal–blood barrier; SCI—spinal cord injury; SiNPs—silicon nanoparticles, SOD—superoxide dismutase; SLNs—solid lipid nanoparticles; STAT3—signal transducer and activator of transcription 3; SYP—synaptophysin, TGFβ—transforming growth factor beta; TfR—transferrin receptor; TNF-α—tumor necrosis factor.




References


	



Nuzzo, D.; Picone, P. Potential Neurological Effects of Severe COVID-19 Infection. Neurosci. Res. 2020, 158, 1–5. [Google Scholar] [CrossRef]

	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef]

	



Stefanou, M.-I.; Palaiodimou, L.; Bakola, E.; Smyrnis, N.; Papadopoulou, M.; Paraskevas, G.P.; Rizos, E.; Boutati, E.; Grigoriadis, N.; Krogias, C.; et al. Neurological Manifestations of Long-COVID Syndrome: A Narrative Review. Ther. Adv. Chronic Dis. 2022, 13, 204062232210768. [Google Scholar] [CrossRef] [PubMed]

	



Dubey, A.K.; Chaudhry, S.K.; Singh, H.B.; Gupta, V.K.; Kaushik, A. Perspectives on Nano-Nutraceuticals to Manage Pre and Post COVID-19 Infections. Biotechnol. Rep. 2022, 33, e00712. [Google Scholar] [CrossRef] [PubMed]

	



Baig, A.M. Deleterious Outcomes in Long-Hauler COVID-19: The Effects of SARS-CoV-2 on the CNS in Chronic COVID Syndrome. ACS Chem. Neurosci. 2020, 11, 4017–4020. [Google Scholar] [CrossRef] [PubMed]

	



Bratosiewicz-Wąsik, J. Neuro-COVID-19: An Insidious Virus in Action. Neurol. Neurochir. Pol. 2022, 56, 48–60. [Google Scholar] [CrossRef] [PubMed]

	



Satoh, T.; Trudler, D.; Oh, C.-K.; Lipton, S.A. Potential Therapeutic Use of the Rosemary Diterpene Carnosic Acid for Alzheimer’s Disease, Parkinson’s Disease, and Long-COVID through NRF2 Activation to Counteract the NLRP3 Inflammasome. Antioxidants 2022, 11, 124. [Google Scholar] [CrossRef]

	



Maury, A.; Lyoubi, A.; Peiffer-Smadja, N.; de Broucker, T.; Meppiel, E. Neurological Manifestations Associated with SARS-CoV-2 and Other Coronaviruses: A Narrative Review for Clinicians. Rev. Neurol. 2021, 177, 51–64. [Google Scholar] [CrossRef]

	



Edinoff, A.N.; Chappidi, M.; Alpaugh, E.S.; Turbeville, B.C.; Falgoust, E.P.; Cornett, E.M.; Murnane, K.S.; Kaye, A.M.; Kaye, A.D. Neurological and Psychiatric Symptoms of COVID-19: A Narrative Review. Psychiatry Int. 2022, 3, 158–168. [Google Scholar] [CrossRef]

	



Carfì, A.; Bernabei, R.; Landi, F.; for the Gemelli Against COVID-19 Post-Acute Care Study Group. Persistent Symptoms in Patients After Acute COVID-19. JAMA 2020, 324, 603. [Google Scholar] [CrossRef]

	



Taquet, M.; Dercon, Q.; Luciano, S.; Geddes, J.R.; Husain, M.; Harrison, P.J. Incidence, Co-Occurrence, and Evolution of Long-COVID Features: A 6-Month Retrospective Cohort Study of 273,618 Survivors of COVID-19. PLoS Med. 2021, 18, e1003773. [Google Scholar] [CrossRef] [PubMed]

	



Ahamed, J.; Laurence, J. Long COVID Endotheliopathy: Hypothesized Mechanisms and Potential Therapeutic Approaches. J. Clin. Investig. 2022, 132, e161167. [Google Scholar] [CrossRef]

	



Phillips, S.; Williams, M.A. Confronting Our Next National Health Disaster—Long-Haul COVID. N. Engl. J. Med. 2021, 385, 577–579. [Google Scholar] [CrossRef] [PubMed]

	



Gholami, M.; Safari, S.; Ulloa, L.; Motaghinejad, M. Neuropathies and Neurological Dysfunction Induced by Coronaviruses. J. Neurovirol. 2021, 27, 380–396. [Google Scholar] [CrossRef] [PubMed]

	



Zubair, A.S.; McAlpine, L.S.; Gardin, T.; Farhadian, S.; Kuruvilla, D.E.; Spudich, S. Neuropathogenesis and Neurologic Manifestations of the Coronaviruses in the Age of Coronavirus Disease 2019: A Review. JAMA Neurol. 2020, 77, 1018. [Google Scholar] [CrossRef]

	



Andrzejewski, K.; Jampolska, M.; Zaremba, M.; Joniec-Maciejak, I.; Boguszewski, P.M.; Kaczyńska, K. Respiratory Pattern and Phrenic and Hypoglossal Nerve Activity during Normoxia and Hypoxia in 6-OHDA-Induced Bilateral Model of Parkinson’s Disease. J. Physiol. Sci. 2020, 70, 16. [Google Scholar] [CrossRef]

	



Deumens, R.; Blokland, A.; Prickaerts, J. Modeling Parkinson’s Disease in Rats: An Evaluation of 6-OHDA Lesions of the Nigrostriatal Pathway. Exp. Neurol. 2002, 175, 303–317. [Google Scholar] [CrossRef]

	



Pennisi, M.; Lanza, G.; Falzone, L.; Fisicaro, F.; Ferri, R.; Bella, R. SARS-CoV-2 and the Nervous System: From Clinical Features to Molecular Mechanisms. IJMS 2020, 21, 5475. [Google Scholar] [CrossRef]

	



Wang, Q.; Zhang, Y.; Wu, L.; Niu, S.; Song, C.; Zhang, Z.; Lu, G.; Qiao, C.; Hu, Y.; Yuen, K.-Y.; et al. Structural and Functional Basis of SARS-CoV-2 Entry by Using Human ACE2. Cell 2020, 181, 894–904.e9. [Google Scholar] [CrossRef]

	



Xu, J.; Lazartigues, E. Expression of ACE2 in Human Neurons Supports the Neuro-Invasive Potential of COVID-19 Virus. Cell. Mol. Neurobiol. 2022, 42, 305–309. [Google Scholar] [CrossRef]

	



Vollbracht, C.; Kraft, K. Oxidative Stress and Hyper-Inflammation as Major Drivers of Severe COVID-19 and Long COVID: Implications for the Benefit of High-Dose Intravenous Vitamin C. Front. Pharmacol. 2022, 13, 899198. [Google Scholar] [CrossRef] [PubMed]

	



Briguglio, M.; Bona, A.; Porta, M.; Dell’Osso, B.; Pregliasco, F.E.; Banfi, G. Disentangling the Hypothesis of Host Dysosmia and SARS-CoV-2: The Bait Symptom That Hides Neglected Neurophysiological Routes. Front. Physiol. 2020, 11, 671. [Google Scholar] [CrossRef]

	



Picca, A.; Calvani, R.; Coelho-Junior, H.J.; Landi, F.; Bernabei, R.; Marzetti, E. Mitochondrial Dysfunction, Oxidative Stress, and Neuroinflammation: Intertwined Roads to Neurodegeneration. Antioxidants 2020, 9, 647. [Google Scholar] [CrossRef] [PubMed]

	



Pliss, A.; Kuzmin, A.N.; Prasad, P.N.; Mahajan, S.D. Mitochondrial Dysfunction: A Prelude to Neuropathogenesis of SARS-CoV-2. ACS Chem. Neurosci. 2022, 13, 308–312. [Google Scholar] [CrossRef] [PubMed]

	



D’Arrigo, J.S. Nanotargeting of Drug(s) for Delaying Dementia: Relevance of COVID-19 Impact on Dementia. Am. J. Alzheimers Dis. Other Demen. 2020, 35, 153331752097676. [Google Scholar] [CrossRef]

	



Fu, Y.-W.; Xu, H.-S.; Liu, S.-J. COVID-19 and Neurodegenerative Diseases. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 4535–4544. [Google Scholar] [CrossRef]

	



Farheen, S.; Agrawal, S.; Zubair, S.; Agrawal, A.; Jamal, F.; Altaf, I.; Kashif Anwar, A.; Umair, S.M.; Owais, M. Patho-Physiology of Aging and Immune-Senescence: Possible Correlates With Comorbidity and Mortality in Middle-Aged and Old COVID-19 Patients. Front. Aging 2021, 2, 748591. [Google Scholar] [CrossRef]

	



Cárdenas-Rodríguez, N.; Bandala, C.; Vanoye-Carlo, A.; Ignacio-Mejía, I.; Gómez-Manzo, S.; Hernández-Cruz, E.Y.; Pedraza-Chaverri, J.; Carmona-Aparicio, L.; Hernández-Ochoa, B. Use of Antioxidants for the Neuro-Therapeutic Management of COVID-19. Antioxidants 2021, 10, 971. [Google Scholar] [CrossRef]

	



Rakotoarisoa, M.; Angelov, B.; Garamus, V.M.; Angelova, A. Curcumin- and Fish Oil-Loaded Spongosome and Cubosome Nanoparticles with Neuroprotective Potential against H 2 O 2 -Induced Oxidative Stress in Differentiated Human SH-SY5Y Cells. ACS Omega 2019, 4, 3061–3073. [Google Scholar] [CrossRef]

	



Ray, B.; Bisht, S.; Maitra, A.; Maitra, A.; Lahiri, D.K. Neuroprotective and Neurorescue Effects of a Novel Polymeric Nanoparticle Formulation of Curcumin (NanoCurcTM) in the Neuronal Cell Culture and Animal Model: Implications for Alzheimer’s Disease. JAD 2011, 23, 61–77. [Google Scholar] [CrossRef]

	



Doggui, S.; Sahni, J.K.; Arseneault, M.; Dao, L.; Ramassamy, C. Neuronal Uptake and Neuroprotective Effect of Curcumin-Loaded PLGA Nanoparticles on the Human SK-N-SH Cell Line. JAD 2012, 30, 377–392. [Google Scholar] [CrossRef]

	



Serafini, M.M.; Catanzaro, M.; Rosini, M.; Racchi, M.; Lanni, C. Curcumin in Alzheimer’s Disease: Can We Think to New Strategies and Perspectives for This Molecule? Pharmacol. Res. 2017, 124, 146–155. [Google Scholar] [CrossRef] [PubMed]

	



Feitosa, E.L.; Júnior, F.T.D.S.S.; Nery Neto, J.A.D.O.; Matos, L.F.L.; Moura, M.H.D.S.; Rosales, T.O.; De Freitas, G.B.L. COVID-19: Rational Discovery of the Therapeutic Potential of Melatonin as a SARS-CoV-2 Main Protease Inhibitor. Int. J. Med. Sci. 2020, 17, 2133–2146. [Google Scholar] [CrossRef]

	



Shneider, A.; Kudriavtsev, A.; Vakhrusheva, A. Can Melatonin Reduce the Severity of COVID-19 Pandemic? Int. Rev. Immunol. 2020, 39, 153–162. [Google Scholar] [CrossRef] [PubMed]

	



Rakotoarisoa, M.; Angelov, B.; Espinoza, S.; Khakurel, K.; Bizien, T.; Drechsler, M.; Angelova, A. Composition-Switchable Liquid Crystalline Nanostructures as Green Formulations of Curcumin and Fish Oil. ACS Sustain. Chem. Eng. 2021, 9, 14821–14835. [Google Scholar] [CrossRef]

	



Zou, L.; Zheng, B.; Zhang, R.; Zhang, Z.; Liu, W.; Liu, C.; Zhang, G.; Xiao, H.; McClements, D.J. Influence of Lipid Phase Composition of Excipient Emulsions on Curcumin Solubility, Stability, and Bioaccessibility. Food Biophys. 2016, 11, 213–225. [Google Scholar] [CrossRef]

	



Yaghmur, A.; Mu, H. Recent Advances in Drug Delivery Applications of Cubosomes, Hexosomes, and Solid Lipid Nanoparticles. Acta Pharm. Sin. B 2021, 11, 871–885. [Google Scholar] [CrossRef]

	



Zhai, J.; Fan, B.; Thang, S.H.; Drummond, C.J. Novel Amphiphilic Block Copolymers for the Formation of Stimuli-Responsive Non-Lamellar Lipid Nanoparticles. Molecules 2021, 26, 3648. [Google Scholar] [CrossRef] [PubMed]

	



Rakotoarisoa, M.; Angelov, B.; Drechsler, M.; Nicolas, V.; Bizien, T.; Gorshkova, Y.E.; Deng, Y.; Angelova, A. Liquid Crystalline Lipid Nanoparticles for Combined Delivery of Curcumin, Fish Oil and BDNF: In Vitro Neuroprotective Potential in a Cellular Model of Tunicamycin-Induced Endoplasmic Reticulum Stress. Smart Mater. Med. 2022, 3, 274–288. [Google Scholar] [CrossRef]

	



Kamal, M.A.; Jabir, N.R.; Tabrez, S.; Ashraf, G.M.; Shakil, S.; Damanhouri, G.A. Nanotechnology-Based Approaches in Anticancer Research. IJN 2012, 7, 4391–4408. [Google Scholar] [CrossRef]

	



Chen, R.; Wang, K.; Yu, J.; Howard, D.; French, L.; Chen, Z.; Wen, C.; Xu, Z. The Spatial and Cell-Type Distribution of SARS-CoV-2 Receptor ACE2 in Human and Mouse Brain. Font. Neurol. 2021, 11, 573095. [Google Scholar] [CrossRef] [PubMed]

	



Lukiw, W.J.; Pogue, A.; Hill, J.M. SARS-CoV-2 Infectivity and Neurological Targets in the Brain. Cell Mol Neurobiol 2022, 42, 217–224. [Google Scholar] [CrossRef]

	



Guedj, E.; Campion, J.Y.; Dudouet, P.; Kaphan, E.; Bregeon, F.; Tissot-Dupont, H.; Guis, S.; Barthelemy, F.; Habert, P.; Ceccaldi, M.; et al. 18F-FDG Brain PET Hypometabolism in Patients with Long COVID. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 2823–2833. [Google Scholar] [CrossRef] [PubMed]

	



Raj, S.R.; Arnold, A.C.; Barboi, A.; Claydon, V.E.; Limberg, J.K.; Lucci, V.-E.M.; Numan, M.; Peltier, A.; Snapper, H.; Vernino, S.; et al. Long-COVID Postural Tachycardia Syndrome: An American Autonomic Society Statement. Clin. Auton. Res. 2021, 31, 365–368. [Google Scholar] [CrossRef] [PubMed]

	



Johansson, M.; Ståhlberg, M.; Runold, M.; Nygren-Bonnier, M.; Nilsson, J.; Olshansky, B.; Bruchfeld, J.; Fedorowski, A. Long-Haul Post–COVID-19 Symptoms Presenting as a Variant of Postural Orthostatic Tachycardia Syndrome. JACC Case Rep. 2021, 3, 573–580. [Google Scholar] [CrossRef]

	



Watkins, J. Preventing a COVID-19 Pandemic. BMJ 2020, 368, m810. [Google Scholar] [CrossRef]

	



Ziebuhr, J. Molecular Biology of Severe Acute Respiratory Syndrome Coronavirus. Curr. Opin. Microbiol. 2004, 7, 412–419. [Google Scholar] [CrossRef]

	



Beyerstedt, S.; Casaro, E.B.; Rangel, É.B. COVID-19: Angiotensin-Converting Enzyme 2 (ACE2) Expression and Tissue Susceptibility to SARS-CoV-2 Infection. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 905–919. [Google Scholar] [CrossRef]

	



Ohishi, M.; Yamamoto, K.; Rakugi, H. Angiotensin (1-7) and Other Angiotensin Peptides. CPD 2013, 19, 3060–3064. [Google Scholar] [CrossRef]

	



Shao, H.; Lan, D.; Duan, Z.; Liu, Z.; Min, J.; Zhang, L.; Huang, J.; Su, J.; Chen, S.; Xu, A. Upregulation of Mitochondrial Gene Expression in PBMC from Convalescent SARS Patients. J. Clin. Immunol. 2006, 26, 546–554. [Google Scholar] [CrossRef]

	



Houser, M.C.; Tansey, M.G. The Gut-Brain Axis: Is Intestinal Inflammation a Silent Driver of Parkinson’s Disease Pathogenesis? NPJ Park. Dis. 2017, 3, 3. [Google Scholar] [CrossRef]

	



Panzarini, E.; Mariano, S.; Tacconi, S.; Carata, E.; Tata, A.M.; Dini, L. Novel Therapeutic Delivery of Nanocurcumin in Central Nervous System Related Disorders. Nanomaterials 2020, 11, 2. [Google Scholar] [CrossRef]

	



Ringman, J.M.; Frautschy, S.A.; Teng, E.; Begum, A.N.; Bardens, J.; Beigi, M.; Gylys, K.H.; Badmaev, V.; Heath, D.D.; Apostolova, L.G.; et al. Oral Curcumin for Alzheimer’s Disease: Tolerability and Efficacy in a 24-Week Randomized, Double Blind, Placebo-Controlled Study. Alzheimers Res. 2012, 4, 43. [Google Scholar] [CrossRef] [PubMed]

	



Moss, D.M.; Curley, P.; Kinvig, H.; Hoskins, C.; Owen, A. The Biological Challenges and Pharmacological Opportunities of Orally Administered Nanomedicine Delivery. Expert Rev. Gastroenterol. Hepatol. 2018, 12, 223–236. [Google Scholar] [CrossRef] [PubMed]

	



Smoliga, J.; Blanchard, O. Enhancing the Delivery of Resveratrol in Humans: If Low Bioavailability Is the Problem, What Is the Solution? Molecules 2014, 19, 17154–17172. [Google Scholar] [CrossRef] [PubMed]

	



Poon, C.; Patel, A.A. Organic and Inorganic Nanoparticle Vaccines for Prevention of Infectious Diseases. Nano Express 2020, 1, 012001. [Google Scholar] [CrossRef]

	



Angelov, B.; Angelova, A.; Garamus, V.M.; Drechsler, M.; Willumeit, R.; Mutafchieva, R.; Štěpánek, P.; Lesieur, S. Earliest Stage of the Tetrahedral Nanochannel Formation in Cubosome Particles from Unilamellar Nanovesicles. Langmuir 2012, 28, 16647–16655. [Google Scholar] [CrossRef] [PubMed]

	



Scioli Montoto, S.; Muraca, G.; Ruiz, M.E. Solid Lipid Nanoparticles for Drug Delivery: Pharmacological and Biopharmaceutical Aspects. Front. Mol. Biosci. 2020, 7, 587997. [Google Scholar] [CrossRef]

	



Husseini, G.A.; Pitt, W.G. Micelles and Nanoparticles for Ultrasonic Drug and Gene Delivery. Adv. Drug Deliv. Rev. 2008, 60, 1137–1152. [Google Scholar] [CrossRef]

	



Zielińska, A.; Carreiró, F.; Oliveira, A.M.; Neves, A.; Pires, B.; Venkatesh, D.N.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A.M.; et al. Polymeric Nanoparticles: Production, Characterization, Toxicology and Ecotoxicology. Molecules 2020, 25, 3731. [Google Scholar] [CrossRef]

	



Soppimath, K.S.; Aminabhavi, T.M.; Kulkarni, A.R.; Rudzinski, W.E. Biodegradable Polymeric Nanoparticles as Drug Delivery Devices. J. Control. Release 2001, 70, 1–20. [Google Scholar] [CrossRef]

	



Cano, A.; Sánchez-López, E.; Ettcheto, M.; López-Machado, A.; Espina, M.; Souto, E.B.; Galindo, R.; Camins, A.; García, M.L.; Turowski, P. Current Advances in the Development of Novel Polymeric Nanoparticles for the Treatment of Neurodegenerative Diseases. Nanomedicine 2020, 15, 1239–1261. [Google Scholar] [CrossRef] [PubMed]

	



Giner-Casares, J.J.; Henriksen-Lacey, M.; Coronado-Puchau, M.; Liz-Marzán, L.M. Inorganic Nanoparticles for Biomedicine: Where Materials Scientists Meet Medical Research. Mater. Today 2016, 19, 19–28. [Google Scholar] [CrossRef]

	



Sun, M.; Wang, T.; Li, L.; Li, X.; Zhai, Y.; Zhang, J.; Li, W. The Application of Inorganic Nanoparticles in Molecular Targeted Cancer Therapy: EGFR Targeting. Front. Pharmacol. 2021, 12, 702445. [Google Scholar] [CrossRef] [PubMed]

	



Rakotoarisoa, M.; Angelova, A. Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders. Medicines 2018, 5, 126. [Google Scholar] [CrossRef] [PubMed]

	



Dourado, D.; Freire, D.T.; Pereira, D.T.; Amaral-Machado, L.; Alencar, É.N.; de Barros, A.L.B.; Egito, E.S.T. Will Curcumin Nanosystems Be the next Promising Antiviral Alternatives in COVID-19 Treatment Trials? Biomed. Pharmacother. 2021, 139, 111578. [Google Scholar] [CrossRef]

	



Valizadeh, H.; Abdolmohammadi-vahid, S.; Danshina, S.; Ziya Gencer, M.; Ammari, A.; Sadeghi, A.; Roshangar, L.; Aslani, S.; Esmaeilzadeh, A.; Ghaebi, M.; et al. Nano-Curcumin Therapy, a Promising Method in Modulating Inflammatory Cytokines in COVID-19 Patients. Int. Immunopharmacol. 2020, 89, 107088. [Google Scholar] [CrossRef]

	



Huo, X.; Zhang, Y.; Jin, X.; Li, Y.; Zhang, L. A Novel Synthesis of Selenium Nanoparticles Encapsulated PLGA Nanospheres with Curcumin Molecules for the Inhibition of Amyloid β Aggregation in Alzheimer’s Disease. J. Photochem. Photobiol. B Biol. 2019, 190, 98–102. [Google Scholar] [CrossRef]

	



Soleimani, V.; Sahebkar, A.; Hosseinzadeh, H. Turmeric (Curcuma Longa) and Its Major Constituent (Curcumin) as Nontoxic and Safe Substances: Review. Phytother. Res. 2018, 32, 985–995. [Google Scholar] [CrossRef]

	



Zahedipour, F.; Hosseini, S.A.; Sathyapalan, T.; Majeed, M.; Jamialahmadi, T.; Al-Rasadi, K.; Banach, M.; Sahebkar, A. Potential Effects of Curcumin in the Treatment of COVID -19 Infection. Phytother. Res. 2020, 34, 2911–2920. [Google Scholar] [CrossRef]

	



Jiang, J.; Wang, W.; Sun, Y.J.; Hu, M.; Li, F.; Zhu, D.Y. Neuroprotective Effect of Curcumin on Focal Cerebral Ischemic Rats by Preventing Blood–Brain Barrier Damage. Eur. J. Pharmacol. 2007, 561, 54–62. [Google Scholar] [CrossRef] [PubMed]

	



Farooqui, A.A. Curcumin in Neurological Disorders. In Curcumin for Neurological and Psychiatric Disorders; Elsevier: London, UK, 2019; pp. 45–62. [Google Scholar] [CrossRef]

	



Chang, X.; Wang, L.; Li, J.; Wu, D. Analysis of Anti-Depressant Potential of Curcumin against Depression Induced Male Albino Wistar Rats. Brain Res. 2016, 1642, 219–225. [Google Scholar] [CrossRef]

	



Chabot, A.B.; Huntwork, M.P. Turmeric as a Possible Treatment for COVID-19-Induced Anosmia and Ageusia. Cureus 2021, 13, e17829. [Google Scholar] [CrossRef] [PubMed]

	



Tripodo, G.; Chlapanidas, T.; Perteghella, S.; Vigani, B.; Mandracchia, D.; Trapani, A.; Galuzzi, M.; Tosca, M.C.; Antonioli, B.; Gaetani, P.; et al. Mesenchymal Stromal Cells Loading Curcumin-INVITE-Micelles: A Drug Delivery System for Neurodegenerative Diseases. Colloids Surf. B Biointerfaces 2015, 125, 300–308. [Google Scholar] [CrossRef] [PubMed]

	



Fan, S.; Zheng, Y.; Liu, X.; Fang, W.; Chen, X.; Liao, W.; Jing, X.; Lei, M.; Tao, E.; Ma, Q.; et al. Curcumin-Loaded PLGA-PEG Nanoparticles Conjugated with B6 Peptide for Potential Use in Alzheimer’s Disease. Drug Deliv. 2018, 25, 1091–1102. [Google Scholar] [CrossRef]

	



Van Rooy, I.; Mastrobattista, E.; Storm, G.; Hennink, W.E.; Schiffelers, R.M. Comparison of Five Different Targeting Ligands to Enhance Accumulation of Liposomes into the Brain. J. Control. Release 2011, 150, 30–36. [Google Scholar] [CrossRef]

	



Prades, R.; Guerrero, S.; Araya, E.; Molina, C.; Salas, E.; Zurita, E.; Selva, J.; Egea, G.; López-Iglesias, C.; Teixidó, M.; et al. Delivery of Gold Nanoparticles to the Brain by Conjugation with a Peptide That Recognizes the Transferrin Receptor. Biomaterials 2012, 33, 7194–7205. [Google Scholar] [CrossRef] [PubMed]

	



Xia, H.; Anderson, B.; Mao, Q.; Davidson, B.L. Recombinant Human Adenovirus: Targeting to the Human Transferrin Receptor Improves Gene Transfer to Brain Microcapillary Endothelium. J. Virol. 2000, 74, 11359–11366. [Google Scholar] [CrossRef]

	



Urnauer, S.; Klutz, K.; Grünwald, G.K.; Morys, S.; Schwenk, N.; Zach, C.; Gildehaus, F.-J.; Rödl, W.; Ogris, M.; Wagner, E.; et al. Systemic Tumor-Targeted Sodium Iodide Symporter (NIS) Gene Therapy of Hepatocellular Carcinoma Mediated by B6 Peptide Polyplexes. J. Gene Med. 2017, 19, e2957. [Google Scholar] [CrossRef] [PubMed]

	



Yin, T.; Yang, L.; Liu, Y.; Zhou, X.; Sun, J.; Liu, J. Sialic Acid (SA)-Modified Selenium Nanoparticles Coated with a High Blood–Brain Barrier Permeability Peptide-B6 Peptide for Potential Use in Alzheimer’s Disease. Acta Biomater. 2015, 25, 172–183. [Google Scholar] [CrossRef]

	



Schwalfenberg, G.K. N-Acetylcysteine: A Review of Clinical Usefulness (an Old Drug with New Tricks). J. Nutr. Metab. 2021, 2021, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Šalamon, Š.; Kramar, B.; Marolt, T.P.; Poljšak, B.; Milisav, I. Medical and Dietary Uses of N-Acetylcysteine. Antioxidants 2019, 8, 111. [Google Scholar] [CrossRef]

	



Sadowska, A.M.; Verbraecken, J.; Darquennes, K.; Backer, W.D. Role of N-Acetylcysteine in the Management of COPD. Int. J. COPD 2006, 1, 425–434. [Google Scholar] [CrossRef]

	



Radomska-Leśniewska, D.M.; Skopińska-Różewska, E.; Jankowska-Steifer, E.; Sobiecka, M.; Sadowska, A.M.; Hevelke, A.; Malejczyk, J. N-Acetylcysteine Inhibits IL-8 and MMP-9 Release and ICAM-1 Expression by Bronchoalveolar Cells from Interstitial Lung Disease Patients. Pharmacol. Rep. 2010, 62, 131–138. [Google Scholar] [CrossRef]

	



Zafarullah, M.; Li, W.Q.; Sylvester, J.; Ahmad, M. Molecular Mechanisms of N -Acetylcysteine Actions. Cell. Mol. Life Sci. (CMLS) 2003, 60, 6–20. [Google Scholar] [CrossRef] [PubMed]

	



Bavarsad Shahripour, R.; Harrigan, M.R.; Alexandrov, A.V. N-acetylcysteine (NAC) in Neurological Disorders: Mechanisms of Action and Therapeutic Opportunities. Brain Behav. 2014, 4, 108–122. [Google Scholar] [CrossRef]

	



Chen, S.; Ren, Q.; Zhang, J.; Ye, Y.; Zhang, Z.; Xu, Y.; Guo, M.; Ji, H.; Xu, C.; Gu, C.; et al. N-Acetyl-L-Cysteine Protects against Cadmium-Induced Neuronal Apoptosis by Inhibiting ROS-Dependent Activation of Akt/MTOR Pathway in Mouse Brain: NAC Prevents Cd Neurotoxicity via Targeting ROS-MTOR Signalling. Neuropathol. Appl. Neurobiol. 2014, 40, 759–777. [Google Scholar] [CrossRef] [PubMed]

	



Logan, A.C.; Wong, C. Chronic Fatigue Syndrome: Oxidative Stress and Dietary Modifications. Altern. Med. Rev. 2001, 6, 450–459. [Google Scholar]

	



Bonilla, H.; Quach, T.; Tiwari, A.; Bonilla, A.; Miglis, M.; Yang, P.; Eggert, L.; Sharifi, H.; Horomanski, A.; Subramanian, A.; et al. Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) Is Common in Post-Acute Sequelae of SARS-CoV-2 Infection (PASC): Results from a Post-COVID-19 Multidisciplinary Clinic. medRxiv 2022, prepint. [Google Scholar] [CrossRef]

	



Sharma, R.; Sharma, A.; Kambhampati, S.P.; Reddy, R.R.; Zhang, Z.; Cleland, J.L.; Kannan, S.; Kannan, R.M. Scalable Synthesis and Validation of PAMAM Dendrimer- N -Acetyl Cysteine Conjugate for Potential Translation. Bioeng. Transl. Med. 2018, 3, 87–101. [Google Scholar] [CrossRef] [PubMed]

	



Kannan, S.; Dai, H.; Navath, R.S.; Balakrishnan, B.; Jyoti, A.; Janisse, J.; Romero, R.; Kannan, R.M. Dendrimer-Based Postnatal Therapy for Neuroinflammation and Cerebral Palsy in a Rabbit Model. Sci. Transl. Med. 2012, 4, 130ra46. [Google Scholar] [CrossRef] [PubMed]

	



Thuan, N.H.; Shrestha, A.; Trung, N.T.; Tatipamula, V.B.; Van Cuong, D.; Canh, N.X.; Van Giang, N.; Kim, T.; Sohng, J.K.; Dhakal, D. Advances in Biochemistry and the Biotechnological Production of Taxifolin and Its Derivatives. Biotech. Appl. Biochem. 2022, 69, 848–861. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.-H.; Wang, W.-Y.; Chang, C.-C.; Liou, K.-T.; Sung, Y.-J.; Liao, J.-F.; Chen, C.-F.; Chang, S.; Hou, Y.-C.; Chou, Y.-C.; et al. Taxifolin Ameliorates Cerebral Ischemia-Reperfusion Injury in Rats through Its Anti-Oxidative Effect and Modulation of NF-Kappa B Activation. J. Biomed. Sci. 2006, 13, 127–141. [Google Scholar] [CrossRef]

	



Park, S.Y.; Kim, H.Y.; Park, H.J.; Shin, H.K.; Hong, K.W.; Kim, C.D. Concurrent Treatment with Taxifolin and Cilostazol on the Lowering of β-Amyloid Accumulation and Neurotoxicity via the Suppression of P-JAK2/P-STAT3/NF-ΚB/BACE1 Signaling Pathways. PLoS ONE 2016, 11, e0168286. [Google Scholar] [CrossRef]

	



Sunil, C.; Xu, B. An Insight into the Health-Promoting Effects of Taxifolin (Dihydroquercetin). Phytochemistry 2019, 166, 112066. [Google Scholar] [CrossRef]

	



Varlamova, E.G.; Khabatova, V.V.; Gudkov, S.V.; Plotnikov, E.Y.; Turovsky, E.A. Cytoprotective Properties of a New Nanocomplex of Selenium with Taxifolin in the Cells of the Cerebral Cortex Exposed to Ischemia/Reoxygenation. Pharmaceutics 2022, 14, 2477. [Google Scholar] [CrossRef]

	



Berlansky, S.; Sallinger, M.; Grabmayr, H.; Humer, C.; Bernhard, A.; Fahrner, M.; Frischauf, I. Calcium Signals during SARS-CoV-2 Infection: Assessing the Potential of Emerging Therapies. Cells 2022, 11, 253. [Google Scholar] [CrossRef] [PubMed]

	



DE Flora, S.; Balansky, R.; LA Maestra, S. Antioxidants and COVID-19. J. Prev. Med. Hyg. 2021, 62 (Suppl. 3), E34–E45. [Google Scholar] [CrossRef]

	



Khaerunnisa, S.; Kurniawan, H.; Awaluddin, R.; Suhartati, S.; Soetjipto, S. Potential Inhibitor of COVID-19 Main Protease (Mpro) From Several Medicinal Plant Compounds by Molecular Docking Study. Med. Pharmacol. 2020, preprint. [Google Scholar] [CrossRef]

	



Sekiou, O.; Bouziane, I.; Frissou, N.; Bouslama, Z.; Honcharova, O.; Djemel, A.; Benselhoub, A. In-Silico Identification of Potent Inhibitors of COVID-19 Main Protease (Mpro) from Natural Products. IJBP 2020, 5, 000189. [Google Scholar] [CrossRef]

	



Utomo, R.Y.; Ikawati, M.; Meiyanto, E. Revealing the Potency of Citrus and Galangal Constituents to Halt SARS-CoV-2 Infection. Med. Pharmacol. 2020, preprint. [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 (Mpro) and Spike (S) Glycoprotein Inhibitors: A Molecular Docking Study. Scientifica 2020, 2020, 6307457. [Google Scholar] [CrossRef] [PubMed]

	



Adem, Ş.; Eyupoglu, V.; Ibrahim, I.M.; Sarfraz, I.; Rasul, A.; Ali, M.; Elfiky, A.A. Multidimensional in Silico Strategy for Identification of Natural Polyphenols-Based SARS-CoV-2 Main Protease (Mpro) Inhibitors to Unveil a Hope against COVID-19. Comput. Biol. Med. 2022, 145, 105452. [Google Scholar] [CrossRef] [PubMed]

	



Debnath, K.; Jana, N.R.; Jana, N.R. Quercetin Encapsulated Polymer Nanoparticle for Inhibiting Intracellular Polyglutamine Aggregation. ACS Appl. Bio Mater. 2019, 2, 5298–5305. [Google Scholar] [CrossRef] [PubMed]

	



Kopańska, M.; Batoryna, M.; Bartman, P.; Szczygielski, J.; Banaś-Ząbczyk, A. Disorders of the Cholinergic System in COVID-19 Era—A Review of the Latest Research. IJMS 2022, 23, 672. [Google Scholar] [CrossRef] [PubMed]

	



Richetti, S.K.; Blank, M.; Capiotti, K.M.; Piato, A.L.; Bogo, M.R.; Vianna, M.R.; Bonan, C.D. Quercetin and Rutin Prevent Scopolamine-Induced Memory Impairment in Zebrafish. Behav. Brain Res. 2011, 217, 10–15. [Google Scholar] [CrossRef] [PubMed]

	



Palle, S.; Neerati, P. Quercetin Nanoparticles Attenuates Scopolamine Induced Spatial Memory Deficits and Pathological Damages in Rats. Bull. Fac. Pharmacy Cairo Univ. 2017, 55, 101–106. [Google Scholar] [CrossRef]

	



Cano, A.; Ettcheto, M.; Chang, J.-H.; Barroso, E.; Espina, M.; Kühne, B.A.; Barenys, M.; Auladell, C.; Folch, J.; Souto, E.B.; et al. Dual-Drug Loaded Nanoparticles of Epigallocatechin-3-Gallate (EGCG)/Ascorbic Acid Enhance Therapeutic Efficacy of EGCG in a APPswe/PS1dE9 Alzheimer’s Disease Mice Model. J. Control. Release 2019, 301, 62–75. [Google Scholar] [CrossRef]

	



Yang, M.; Jin, L.; Wu, Z.; Xie, Y.; Zhang, P.; Wang, Q.; Yan, S.; Chen, B.; Liang, H.; Naman, C.B.; et al. PLGA-PEG Nanoparticles Facilitate In Vivo Anti-Alzheimer’s Effects of Fucoxanthin, a Marine Carotenoid Derived from Edible Brown Algae. J. Agric. Food Chem. 2021, 69, 9764–9777. [Google Scholar] [CrossRef] [PubMed]

	



Moussa, C.; Hebron, M.; Huang, X.; Ahn, J.; Rissman, R.A.; Aisen, P.S.; Turner, R.S. Resveratrol Regulates Neuro-Inflammation and Induces Adaptive Immunity in Alzheimer’s Disease. J. Neuroinflamm. 2017, 14, 1. [Google Scholar] [CrossRef]

	



Bao, Q.; Hu, P.; Xu, Y.; Cheng, T.; Wei, C.; Pan, L.; Shi, J. Simultaneous Blood–Brain Barrier Crossing and Protection for Stroke Treatment Based on Edaravone-Loaded Ceria Nanoparticles. ACS Nano 2018, 12, 6794–6805. [Google Scholar] [CrossRef]

	



Karakoti, A.S.; Singh, S.; Kumar, A.; Malinska, M.; Kuchibhatla, S.V.N.T.; Wozniak, K.; Self, W.T.; Seal, S. PEGylated Nanoceria as Radical Scavenger with Tunable Redox Chemistry. J. Am. Chem. Soc. 2009, 131, 14144–14145. [Google Scholar] [CrossRef]

	



He, L.; Su, Y.; Lanhong, J.; Shi, S. Recent Advances of Cerium Oxide Nanoparticles in Synthesis, Luminescence and Biomedical Studies: A Review. J. Rare Earths 2015, 33, 791–799. [Google Scholar] [CrossRef]

	



Rzigalinski, B.A.; Carfagna, C.S.; Ehrich, M. Cerium Oxide Nanoparticles in Neuroprotection and Considerations for Efficacy and Safety. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017, 9, e1444. [Google Scholar] [CrossRef] [PubMed]

	



Ganesana, M.; Erlichman, J.S.; Andreescu, S. Real-Time Monitoring of Superoxide Accumulation and Antioxidant Activity in a Brain Slice Model Using an Electrochemical Cytochrome c Biosensor. Free Radic. Biol. Med. 2012, 53, 2240–2249. [Google Scholar] [CrossRef] [PubMed]

	



Estevez, A.Y.; Pritchard, S.; Harper, K.; Aston, J.W.; Lynch, A.; Lucky, J.J.; Ludington, J.S.; Chatani, P.; Mosenthal, W.P.; Leiter, J.C.; et al. Neuroprotective Mechanisms of Cerium Oxide Nanoparticles in a Mouse Hippocampal Brain Slice Model of Ischemia. Free Radic. Biol. Med. 2011, 51, 1155–1163. [Google Scholar] [CrossRef]

	



Yan, R.; Sun, S.; Yang, J.; Long, W.; Wang, J.; Mu, X.; Li, Q.; Hao, W.; Zhang, S.; Liu, H.; et al. Nanozyme-Based Bandage with Single-Atom Catalysis for Brain Trauma. ACS Nano 2019, 13, 11552–11560. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, H.J.; Cha, M.-Y.; Kim, D.; Kim, D.K.; Soh, M.; Shin, K.; Hyeon, T.; Mook-Jung, I. Mitochondria-Targeting Ceria Nanoparticles as Antioxidants for Alzheimer’s Disease. ACS Nano 2016, 10, 2860–2870. [Google Scholar] [CrossRef]

	



Kim, C.K.; Kim, T.; Choi, I.-Y.; Soh, M.; Kim, D.; Kim, Y.-J.; Jang, H.; Yang, H.-S.; Kim, J.Y.; Park, H.-K.; et al. Ceria Nanoparticles That Can Protect against Ischemic Stroke. Angew. Chem. Int. Ed. 2012, 51, 11039–11043. [Google Scholar] [CrossRef]

	



Luo, S.; Ma, C.; Zhu, M.-Q.; Ju, W.-N.; Yang, Y.; Wang, X. Application of Iron Oxide Nanoparticles in the Diagnosis and Treatment of Neurodegenerative Diseases With Emphasis on Alzheimer’s Disease. Front. Cell. Neurosci. 2020, 14, 21. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, Z.; Li, X.; Wang, L.; Yin, M.; Wang, L.; Chen, N.; Fan, C.; Song, H. Dietary Iron Oxide Nanoparticles Delay Aging and Ameliorate Neurodegeneration in Drosophila. Adv. Mater. 2016, 28, 1387–1393. [Google Scholar] [CrossRef] [PubMed]

	



Yoshiyama, Y.; Higuchi, M.; Zhang, B.; Huang, S.-M.; Iwata, N.; Saido, T.C.; Maeda, J.; Suhara, T.; Trojanowski, J.Q.; Lee, V.M.-Y. Synapse Loss and Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model. Neuron 2007, 53, 337–351. [Google Scholar] [CrossRef] [PubMed]

	



Glat, M.; Skaat, H.; Menkes-Caspi, N.; Margel, S.; Stern, E.A. Age-Dependent Effects of Microglial Inhibition in Vivo on Alzheimer’s Disease Neuropathology Using Bioactive-Conjugated Iron Oxide Nanoparticles. J. Nanobiotechnol. 2013, 11, 32. [Google Scholar] [CrossRef]

	



Mirsadeghi, S.; Shanehsazzadeh, S.; Atyabi, F.; Dinarvand, R. Effect of PEGylated Superparamagnetic Iron Oxide Nanoparticles (SPIONs) under Magnetic Field on Amyloid Beta Fibrillation Process. Mater. Sci. Eng. C 2016, 59, 390–397. [Google Scholar] [CrossRef] [PubMed]

	



Katebi, S.; Esmaeili, A.; Ghaedi, K.; Zarrabi, A. Superparamagnetic Iron Oxide Nanoparticles Combined with NGF and Quercetin Promote Neuronal Branching Morphogenesis of PC12 Cells. IJN 2019, 14, 2157–2169. [Google Scholar] [CrossRef]

	



Chung, T.-H.; Hsu, S.-C.; Wu, S.-H.; Hsiao, J.-K.; Lin, C.-P.; Yao, M.; Huang, D.-M. Dextran-Coated Iron Oxide Nanoparticle-Improved Therapeutic Effects of Human Mesenchymal Stem Cells in a Mouse Model of Parkinson’s Disease. Nanoscale 2018, 10, 2998–3007. [Google Scholar] [CrossRef]

	



Gupta, J.; Fatima, M.T.; Islam, Z.; Khan, R.H.; Uversky, V.N.; Salahuddin, P. Nanoparticle Formulations in the Diagnosis and Therapy of Alzheimer’s Disease. Int. J. Biol. Macromol. 2019, 130, 515–526. [Google Scholar] [CrossRef]

	



Lopes, S.V.; Walczak, P.; Janowski, M.; Reis, R.L.; Silva-Correia, J.; Oliveira, J.M. Cytocompatible Manganese Dioxide-Based Hydrogel Nanoreactors for MRI Imaging. Biomater. Adv. 2022, 134, 112575. [Google Scholar] [CrossRef]

	



Prasad, A.S. Green Synthesis of Nanocrystalline Manganese (II, III) Oxide. Mater. Sci. Semicond. Process. 2017, 71, 342–347. [Google Scholar] [CrossRef]

	



Hoseinpour, V.; Ghaemi, N. Green Synthesis of Manganese Nanoparticles: Applications and Future Perspective–A Review. J. Photochem. Photobiol. B Biol. 2018, 189, 234–243. [Google Scholar] [CrossRef]

	



Pereira, D.R.; Tapeinos, C.; Rebelo, A.L.; Oliveira, J.M.; Reis, R.L.; Pandit, A. Scavenging Nanoreactors That Modulate Inflammation. Adv. Biosys. 2018, 2, 1800086. [Google Scholar] [CrossRef]

	



Kumar, S.; Adjei, I.M.; Brown, S.B.; Liseth, O.; Sharma, B. Manganese Dioxide Nanoparticles Protect Cartilage from Inflammation-Induced Oxidative Stress. Biomaterials 2019, 224, 119467. [Google Scholar] [CrossRef]

	



Ferreira, C.A.; Ni, D.; Rosenkrans, Z.T.; Cai, W. Scavenging of Reactive Oxygen and Nitrogen Species with Nanomaterials. Nano Res. 2018, 11, 4955–4984. [Google Scholar] [CrossRef] [PubMed]

	



Omid, H.; Oghabian, M.A.; Ahmadi, R.; Shahbazi, N.; Hosseini, H.R.M.; Shanehsazzadeh, S.; Zangeneh, R.N. Synthesizing and Staining Manganese Oxide Nanoparticles for Cytotoxicity and Cellular Uptake Investigation. Biochim. Et Biophys. Acta (BBA) Gen. Subj. 2014, 1840, 428–433. [Google Scholar] [CrossRef] [PubMed]

	



Kuthati, Y.; Busa, P.; Goutham Davuluri, V.N.; Wong, C.S. Manganese Oxide Nanozymes Ameliorate Mechanical Allodynia in a Rat Model of Partial Sciatic Nerve-Transection Induced Neuropathic Pain. IJN 2019, 14, 10105–10117. [Google Scholar] [CrossRef]

	



Singh, N.; Savanur, M.A.; Srivastava, S.; D’Silva, P.; Mugesh, G. A Manganese Oxide Nanozyme Prevents the Oxidative Damage of Biomolecules without Affecting the Endogenous Antioxidant System. Nanoscale 2019, 11, 3855–3863. [Google Scholar] [CrossRef] [PubMed]

	



Yao, J.; Cheng, Y.; Zhou, M.; Zhao, S.; Lin, S.; Wang, X.; Wu, J.; Li, S.; Wei, H. ROS Scavenging Mn3O4 Nanozymes for in Vivo Anti-Inflammation. Chem. Sci. 2018, 9, 2927–2933. [Google Scholar] [CrossRef]

	



Tootoonchi, M.H.; Hashempour, M.; Blackwelder, P.L.; Fraker, C.A. Manganese Oxide Particles as Cytoprotective, Oxygen Generating Agents. Acta Biomater. 2017, 59, 327–337. [Google Scholar] [CrossRef]

	



Finley, J.W. Bioavailability of Selenium from Foods. Nutr. Rev. 2006, 64, 146–151. [Google Scholar] [CrossRef]

	



Avery, J.; Hoffmann, P. Selenium, Selenoproteins, and Immunity. Nutrients 2018, 10, 1203. [Google Scholar] [CrossRef]

	



Mal’tseva, V.N.; Goltyaev, M.V.; Turovsky, E.A.; Varlamova, E.G. Immunomodulatory and Anti-Inflammatory Properties of Selenium-Containing Agents: Their Role in the Regulation of Defense Mechanisms against COVID-19. IJMS 2022, 23, 2360. [Google Scholar] [CrossRef]

	



Guillin, O.; Vindry, C.; Ohlmann, T.; Chavatte, L. Selenium, Selenoproteins and Viral Infection. Nutrients 2019, 11, 2101. [Google Scholar] [CrossRef]

	



Majeed, M.; Nagabhushanam, K.; Gowda, S.; Mundkur, L. An Exploratory Study of Selenium Status in Healthy Individuals and in Patients with COVID-19 in a South Indian Population: The Case for Adequate Selenium Status. Nutrition 2021, 82, 111053. [Google Scholar] [CrossRef] [PubMed]

	



Moghaddam, A.; Heller, R.; Sun, Q.; Seelig, J.; Cherkezov, A.; Seibert, L.; Hackler, J.; Seemann, P.; Diegmann, J.; Pilz, M.; et al. Selenium Deficiency Is Associated with Mortality Risk from COVID-19. Nutrients 2020, 12, 2098. [Google Scholar] [CrossRef]

	



Lee, S.-C.; Lee, N.-H.; Patel, K.D.; Jun, S.-K.; Park, J.-H.; Knowles, J.C.; Kim, H.-W.; Lee, H.-H.; Lee, J.-H. A Study on Myogenesis by Regulation of Reactive Oxygen Species and Cytotoxic Activity by Selenium Nanoparticles. Antioxidants 2021, 10, 1727. [Google Scholar] [CrossRef]

	



Vicente-Zurdo, D.; Rodríguez-Blázquez, S.; Gómez-Mejía, E.; Rosales-Conrado, N.; León-González, M.E.; Madrid, Y. Neuroprotective Activity of Selenium Nanoparticles against the Effect of Amino Acid Enantiomers in Alzheimer’s Disease. Anal. Bioanal. Chem. 2022, 414, 7573–7584. [Google Scholar] [CrossRef]

	



Mahdavi, M.; Mavandadnejad, F.; Yazdi, M.H.; Faghfuri, E.; Hashemi, H.; Homayouni-Oreh, S.; Farhoudi, R.; Shahverdi, A.R. Oral Administration of Synthetic Selenium Nanoparticles Induced Robust Th1 Cytokine Pattern after HBs Antigen Vaccination in Mouse Model. J. Infect. Public Health 2017, 10, 102–109. [Google Scholar] [CrossRef] [PubMed]

	



Takamiya, M.; Miyamoto, Y.; Yamashita, T.; Deguchi, K.; Ohta, Y.; Abe, K. Strong neuroprotection with a novel platinum nanoparticle against ischemic stroke- and tissue plasminogen activator-related brain damages in mice. Neuroscience 2012, 221, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Mu, X.; Wang, J.; Li, Y.; Xu, F.; Long, W.; Ouyang, L.; Liu, H.; Jing, Y.; Wang, J.; Dai, H.; et al. Redox Trimetallic Nanozyme with Neutral Environment Preference for Brain Injury. ACS Nano 2019, 13, 1870–1884. [Google Scholar] [CrossRef]

	



Schubert, D.; Dargusch, R.; Raitano, J.; Chan, S.-W. Cerium and Yttrium Oxide Nanoparticles Are Neuroprotective. Biochem. Biophys. Res. Commun. 2006, 342, 86–91. [Google Scholar] [CrossRef]

	



Jaganathan, S.; John, A.A.; Vellayappan, M.V.; Balaji, A.; Mohandas, H.; Subramanian, A.P. Carbon Nanotubes and Graphene as Emerging Candidates in Neuroregeneration and Neurodrug Delivery. IJN 2015, ume 10, 4267–4277. [Google Scholar] [CrossRef]

	



Bobylev, A.G.; Marsagishvili, L.G.; Podlubnaya, Z.A. Fluorescence Analysis of the Action of Soluble Derivatives of Fullerene C60 on Amyloid Fibrils of the Brain Peptide Aβ(1–42). Biophysics 2010, 55, 699–702. [Google Scholar] [CrossRef]

	



Qiu, Y.; Wang, Z.; Owens, A.C.E.; Kulaots, I.; Chen, Y.; Kane, A.B.; Hurt, R.H. Antioxidant Chemistry of Graphene-Based Materials and Its Role in Oxidation Protection Technology. Nanoscale 2014, 6, 11744–11755. [Google Scholar] [CrossRef] [PubMed]

	



Petro, M.; Jaffer, H.; Yang, J.; Kabu, S.; Morris, V.B.; Labhasetwar, V. Tissue Plasminogen Activator Followed by Antioxidant-Loaded Nanoparticle Delivery Promotes Activation/Mobilization of Progenitor Cells in Infarcted Rat Brain. Biomaterials 2016, 81, 169–180. [Google Scholar] [CrossRef]

	



Andrabi, S.S.; Yang, J.; Gao, Y.; Kuang, Y.; Labhasetwar, V. Nanoparticles with Antioxidant Enzymes Protect Injured Spinal Cord from Neuronal Cell Apoptosis by Attenuating Mitochondrial Dysfunction. J. Control. Release 2020, 317, 300–311. [Google Scholar] [CrossRef]

	



Cox, K.H.; Pipingas, A.; Scholey, A.B. Investigation of the Effects of Solid Lipid Curcumin on Cognition and Mood in a Healthy Older Population. J. Psychopharmacol. 2015, 29, 642–651. [Google Scholar] [CrossRef]

	



Fidelis, E.M.; Savall, A.S.P.; da Luz Abreu, E.; Carvalho, F.; Teixeira, F.E.G.; Haas, S.E.; Bazanella Sampaio, T.; Pinton, S. Curcumin-Loaded Nanocapsules Reverses the Depressant-Like Behavior and Oxidative Stress Induced by β-Amyloid in Mice. Neuroscience 2019, 423, 122–130. [Google Scholar] [CrossRef]

	



Dang, L.; Dong, X.; Yang, J. Influence of Nanoparticle-Loaded Edaravone on Postoperative Effects in Patients with Cerebral Hemorrhage. J. Nanosci. Nanotechnol. 2021, 21, 1202–1211. [Google Scholar] [CrossRef]

	



Ashafaq, M.; Intakhab Alam, M.; Khan, A.; Islam, F.; Khuwaja, G.; Hussain, S.; Ali, R.; Alshahrani, S.; Antar Makeen, H.; Alhazmi, H.A.; et al. Nanoparticles of Resveratrol Attenuates Oxidative Stress and Inflammation after Ischemic Stroke in Rats. Int. Immunopharmacol. 2021, 94, 107494. [Google Scholar] [CrossRef] [PubMed]

	



Khurana, I.; Allawadhi, P.; Khurana, A.; Srivastava, A.K.; Navik, U.; Banothu, A.K.; Bharani, K.K. Can Bilirubin Nanomedicine Become a Hope for the Management of COVID-19? Med. Hypotheses 2021, 149, 110534. [Google Scholar] [CrossRef] [PubMed]

	



Eitan, E.; Hutchison, E.R.; Greig, N.H.; Tweedie, D.; Celik, H.; Ghosh, S.; Fishbein, K.W.; Spencer, R.G.; Sasaki, C.Y.; Ghosh, P.; et al. Combination Therapy with Lenalidomide and Nanoceria Ameliorates CNS Autoimmunity. Exp. Neurol. 2015, 273, 151–160. [Google Scholar] [CrossRef]

	



Ulker, D.; Abacioglu, N.; Sehirli, A.O. Cerium Oxide (CeO2) Nanoparticles Could Have Protective Effect Against COVID-19. Lett. Appl. NanoBioScience 2022, 12, 12. [Google Scholar] [CrossRef]

	



Bailey, Z.S.; Nilson, E.; Bates, J.A.; Oyalowo, A.; Hockey, K.S.; Sajja, V.S.S.S.; Thorpe, C.; Rogers, H.; Dunn, B.; Frey, A.S.; et al. Cerium Oxide Nanoparticles Improve Outcome after In Vitro and In Vivo Mild Traumatic Brain Injury. J. Neurotrauma 2020, 37, 1452–1462. [Google Scholar] [CrossRef] [PubMed]

	



Klyachko, N.L.; Manickam, D.S.; Brynskikh, A.M.; Uglanova, S.V.; Li, S.; Higginbotham, S.M.; Bronich, T.K.; Batrakova, E.V.; Kabanov, A.V. Cross-Linked Antioxidant Nanozymes for Improved Delivery to CNS. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 119–129. [Google Scholar] [CrossRef] [PubMed]

	



Manickam, D.S.; Brynskikh, A.M.; Kopanic, J.L.; Sorgen, P.L.; Klyachko, N.L.; Batrakova, E.V.; Bronich, T.K.; Kabanov, A.V. Well-Defined Cross-Linked Antioxidant Nanozymes for Treatment of Ischemic Brain Injury. J. Control. Release 2012, 162, 636–645. [Google Scholar] [CrossRef] [PubMed]

	



Singhal, A.; Morris, V.B.; Labhasetwar, V.; Ghorpade, A. Nanoparticle-Mediated Catalase Delivery Protects Human Neurons from Oxidative Stress. Cell Death Dis. 2013, 4, e903. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, M.K.; Wu, L.; Kou, W.; Ghorpade, A.; Labhasetwar, V. Superoxide Dismutase-Loaded PLGA Nanoparticles Protect Cultured Human Neurons Under Oxidative Stress. Appl. Biochem. Biotechnol. 2008, 151, 565–577. [Google Scholar] [CrossRef]








[image: Antioxidants 12 00393 g001 550] 





Figure 1. An overview of natural antioxidant systems and their role in scavenging ROS/RNS: Excessive ROS/RNS production triggers oxidative stress that causes mitochondrial dysfunction accompanied by the activation of astrocytes and microglia. Glial cell activation is associated with the release of inflammatory cytokines and chemokines, ultimately causing cellular apoptosis and neuronal death. 






Figure 1. An overview of natural antioxidant systems and their role in scavenging ROS/RNS: Excessive ROS/RNS production triggers oxidative stress that causes mitochondrial dysfunction accompanied by the activation of astrocytes and microglia. Glial cell activation is associated with the release of inflammatory cytokines and chemokines, ultimately causing cellular apoptosis and neuronal death.



[image: Antioxidants 12 00393 g001]







[image: Antioxidants 12 00393 g002 550] 





Figure 2. Pathway of SARS-CoV-2-induced neurological damages: (a) SARS-CoV-2 provokes the release of ROS, which leads to endoplasmic reticulum stress (ER) or oxidative stress that can damage lipids, proteins, and DNA biomolecules in the cells and can downregulate the expression of antioxidant proteins CAT, SOD, GPx, GSH, and the levels of uric acid and bilirubin as causative factors for neuronal cell death. (b) Immune response to inflammation triggers inflammatory markers involving cytokines and chemokines that can initiate cytokine storm syndrome. (c) Infected leukocytes can infect the central nervous system by crossing and disrupting the BBB. (d) SARS-CoV-2 enters the CNS through the olfactory epithelium, which expresses the ACE2 receptor. The resulting infection causes neuronal death and olfactory dysfunction. Up and down arrows indicate the upregulation and downregulation of biomarkers, respectively (Created with BioRender). 






Figure 2. Pathway of SARS-CoV-2-induced neurological damages: (a) SARS-CoV-2 provokes the release of ROS, which leads to endoplasmic reticulum stress (ER) or oxidative stress that can damage lipids, proteins, and DNA biomolecules in the cells and can downregulate the expression of antioxidant proteins CAT, SOD, GPx, GSH, and the levels of uric acid and bilirubin as causative factors for neuronal cell death. (b) Immune response to inflammation triggers inflammatory markers involving cytokines and chemokines that can initiate cytokine storm syndrome. (c) Infected leukocytes can infect the central nervous system by crossing and disrupting the BBB. (d) SARS-CoV-2 enters the CNS through the olfactory epithelium, which expresses the ACE2 receptor. The resulting infection causes neuronal death and olfactory dysfunction. Up and down arrows indicate the upregulation and downregulation of biomarkers, respectively (Created with BioRender).



[image: Antioxidants 12 00393 g002]







[image: Antioxidants 12 00393 g003 550] 





Figure 3. Examples of antioxidant agents with neuroprotective properties that have been proven to play a role in preventive and/or adjuvant therapies for patients infected with COVID-19. Quercetin is presented as an example of flavonoids; ginkgolide B, as an example of terpenoid, derivative of ginkgo biloba; and curcumin, as an example of curcuminoid. 
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Figure 4. Summary of different nanosystem types employed for drug encapsulation to overcome the limitations of antioxidant delivery in neuronal regeneration from post-COVID-19 damages. Examples of organic delivery vehicles include liposomes, cubosomes, solid lipid nanoparticles, micelles, and polymeric nanoparticles. Examples of inorganic nanoparticles include nanoceria, mesoporous silica nanoparticles, and iron oxide NPs. Carbon-based materials, which lack carbon–hydrogen bonds typical of organic compounds, include various types of nanostructures (e.g., carbon nanotubes, graphene nanosheets, and fullerenes). The properties of the different nanocarriers are described in the text. 
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Figure 5. Proposed therapeutic mechanism for curcumin-loaded nanosystems in accordance with literature findings [67,68]. (1), (2), and (3) Curcumin nanocarriers inhibit SARS-CoV-2 by delivery of curcumin to bind to the S protein, ACE2 receptor, and Mpro of the coronavirus, thereby (4) impeding the virus replication complex. (5) Curcumin nanocarriers can also block inflammatory response by (6) modulating ER stress and (7) scavenging ROS. (Created with BioRender). 
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Figure 6. Capacity of Cur-loaded PLGA-PEG-B6 nanoparticles to decrease hippocampal Aβ burden in APP/PS1 mice. The AD animal model (APP/PS1) received saline, free Cur drug, PLGA-PEG/Cur nanoparticles (NT), and PLGA-PEG-B6/Cur nanoparticles (Tar), after which (A) Bielschowsky silver staining (red arrows) and immunofluorescence (IF, white arrows) or immunohistochemistry (IHC, black arrows) of Aβ in brain sections were performed. (B–D) The relative density of Aβ plaque in each group was compared using silver staining, Aβ IF, and Aβ ICH, respectively. The experimental findings show Aβ plaque deposition in APP/PS1 animals compared with wild-type mice. The Cur and NT groups experienced a marginal reduction, whereas the Tar group showed the most substantial reduction in Aβ plaques. (* p < 0.05; # p < 0.05) Adapted with permission from [76] under Open Access Creative Commons Attribution License. Copyright {2018} Informa UK Limited (Taylor & Francis Group). 
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Figure 7. Effects of a NAC-based nanosystem on myelination and neuronal injury in a dendrimer-based therapy (D-NAC) against neuroinflammation and cerebral palsy (CP). (A) Confocal microscopy results were obtained with brain sections harvested and stained for myelin basic protein (MBP) using DAB staining. The images show a decrease in the MBP staining in the corona radiata, internal capsule, and external capsule following day 5 of life in endotoxin kits treated with PBS compared with healthy controls. (B) Microtubule-associated protein 2 (MAP2) labeling was used to detect mature neurons in the caudate area of the basal ganglia. Treatment with D-NAC (10 mg/kg) significantly enhanced the number of neurons (p < 0.01) compared with those of healthy controls. (C) Determination of the amounts of 8-hydroxyguanosine (8-OHG) and GSH to assess oxidative injury and inflammation in CP and healthy rabbits. The markers of oxidative injury were compared in the brain’s periventricular region (PVR) after treatment of CP kits with D-NAC 1, D-NAC 10, and free drug at high concentrations (NAC 100). (* p < 0.05 when compared to PBS; α p < 0.01 when compared to control and • p < 0.01 when compared to D-NAC_10) Adapted with permission from [92]. Copyright {2018} Science-HHS Public Access (PubMedCentral). 
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Figure 8. Taxifolin (TAX), selenium nanoparticles (SeNPs), and selenium–taxifolin nanocomplex (Se–TAX) pretreatments of cerebral cortex cells for 24 h have a dose-dependent impact on ROS generation induced by 100 μM H2O2. (A) Confocal fluorescence images with simultaneous labeling of cerebral cortex cells with a DCF probe (to quantify ROS generation), a mitochondrial probe (MitoTracker Red FM, MTR-FM), or a combination image (Merge). (B) Generation of ROS in cerebral cortex neurons (red curve) and astrocytes (blue curve) after adding 100 μM H2O2 to the cell culture. (C) Impact of TAX, SeNPs, and Se–TAX, at varying doses, on the H2O2-induced ROS generation after 24 h cell incubation (measurements performed using a microplate reader). Adapted with permission from [97]. (*** p < 0.001; ** p < 0.01 and * p < 0.05. n/s—insignificant differences). Copyright {2022} Science-HHS Public Access (PubMedCentral). 
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Figure 9. Ceria nanoparticles for neuroprotection against stroke and BBB disruption. E-A/P-CeO2 and A/P-CeO2, ceria nanoparticles loaded with or without edaravone and modified with Angiopep-2 (ANG) and polyethylene glycol (PEG) on their surface; P-CeO2, ceria NPs decorated with PEG. (A) Schematic representation of the Angiopep-2 (ANG-targeting) of lipoprotein receptor-related peptide (LRP) on the brain capillary endothelial cells (BCECs) that promote E-A/P-CeO2 crossing the BBB into brain tissue for the treatment of stroke. (B) Cerebral uptake of ceria nanoparticles was conducted on healthy rats whose BBB was complete. ICP-OES was used to measure the concentrations of ceria nanoparticles in brain tissue following intravenous injection. E-A/P-CeO2 nanoparticles were successfully carried across the BBB into the brain by an ANG-targeting and LRP-receptor-driven transcytosis mechanism in vivo. The results in Panel B demonstrate the accumulation of ceria NPs in the brain region within 24 h compared with P-CeO2 (* p < 0.05). (C) A model of stroke, middle cerebral artery occlusion (MCAO), was injected with different concentrations of ceria nanoparticles. Cerebral infarct volume was measured after 24 h by triphenyl tetrazolium chloride (TTC) staining. The normal stained tissue is red, and the unstained infarction is white. The result shows a high infarct volume of the control group of saline injection by 45.6 ± 4.8%. In contrast, treatment with E-A/P-CeO2 caused a decrease in infarction up to 15.0 ± 4.1% at an optimal concentration of 0.6 mg/kg in a dose-dependent manner. The neuroprotective effect of ceria nanoparticles indicates that E-A/P-CeO2 is more potent than A/P-CeO2 and P-CeO2, suggesting that edaravone attenuates ROS scavenging coupled with a targeted effect, thanks to the ceria core system which enhanced the antioxidant potency for improved treatment in vivo. Adapted with permission from [112]. Copyright {2018} American Chemical Society. 






Figure 9. Ceria nanoparticles for neuroprotection against stroke and BBB disruption. E-A/P-CeO2 and A/P-CeO2, ceria nanoparticles loaded with or without edaravone and modified with Angiopep-2 (ANG) and polyethylene glycol (PEG) on their surface; P-CeO2, ceria NPs decorated with PEG. (A) Schematic representation of the Angiopep-2 (ANG-targeting) of lipoprotein receptor-related peptide (LRP) on the brain capillary endothelial cells (BCECs) that promote E-A/P-CeO2 crossing the BBB into brain tissue for the treatment of stroke. (B) Cerebral uptake of ceria nanoparticles was conducted on healthy rats whose BBB was complete. ICP-OES was used to measure the concentrations of ceria nanoparticles in brain tissue following intravenous injection. E-A/P-CeO2 nanoparticles were successfully carried across the BBB into the brain by an ANG-targeting and LRP-receptor-driven transcytosis mechanism in vivo. The results in Panel B demonstrate the accumulation of ceria NPs in the brain region within 24 h compared with P-CeO2 (* p < 0.05). (C) A model of stroke, middle cerebral artery occlusion (MCAO), was injected with different concentrations of ceria nanoparticles. Cerebral infarct volume was measured after 24 h by triphenyl tetrazolium chloride (TTC) staining. The normal stained tissue is red, and the unstained infarction is white. The result shows a high infarct volume of the control group of saline injection by 45.6 ± 4.8%. In contrast, treatment with E-A/P-CeO2 caused a decrease in infarction up to 15.0 ± 4.1% at an optimal concentration of 0.6 mg/kg in a dose-dependent manner. The neuroprotective effect of ceria nanoparticles indicates that E-A/P-CeO2 is more potent than A/P-CeO2 and P-CeO2, suggesting that edaravone attenuates ROS scavenging coupled with a targeted effect, thanks to the ceria core system which enhanced the antioxidant potency for improved treatment in vivo. Adapted with permission from [112]. Copyright {2018} American Chemical Society.



[image: Antioxidants 12 00393 g009]







[image: Table] 





Table 1. Antioxidant-based nanoparticles and nanoconjugates with the potential to improve the neurological consequences of COVID-19.
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Nanosystem

	
Neurological

Condition

	
Model/Administration Route

	
Outcome

	
References






	
Organic NPs

	
PLGA-PEG/Curcumin nanoparticle conjugate with B6 peptide

	
AD

	
In vitro: HT22 cells

In vivo: APP/PS1 Al transgenic mice,

intraperitoneal injection (IP)

	

	○

	
Improved spatial learning and memory capability of APP/PS1 mice.




	○

	
Reduced hippocampal Aβ formation and deposit.




	○

	
Reduced tau hyperphosphorylation.







	
[66]




	
Solid lipid curcumin (SLC)

	
Impaired cognition and mood

	
Healthy adults aged 60–85 y,

oral administration

	

	○

	
Improved performance on sustained attention, working memory tasks, and mood.




	○

	
Significantly reduced total and LDL cholesterol.







	
[157]




	
Curcumin-loaded nanocapsules (NLC Cs)

	
AD

	
In vivo: mice model

of AD, gavage administration

	

	○

	
Reduced Aβ-generated oxidative stress in the prefrontal cortex.




	○

	
Increased SOD and CAT activities.







	
[158]




	
Edaravone-loaded NPs

	
Cerebral hemorrhage

	
Edaravone injection (25 mg) to patients

	

	○

	
Improved neurological function.




	○

	
Reduced edema.




	○

	
Reduced production and release of interleukin and tumor necrosis factor.







	
[159]




	
Nanostructured lipid carriers (NLCs) containing resveratrol (NR)

	
Ischemic stroke

	
In vivo: rat model of middle cerebral artery occlusion (MCAO),

IP injection

	

	○

	
Reduced infarct volume.




	○

	
Improved motor and cognitive function.




	○

	
Ameliorated neuroinflammatory and oxidative-stress markers.




	○

	
Enhanced activities of antioxidant enzymes and Na+, K+, ATPase.




	○

	
Attenuated activities of caspases 3 and 9, IL-1β, IL−6, and TNF-ɑ.







	
[160]




	

	
Dendrimer-based N-acetylcysteine (NAC)

	
Neuroinflammation, cerebral palsy (CP)

	
In vivo: CP rabbit model,

IV injection

	

	○

	
Suppressed neuroinflammation.




	○

	
Improved motor function.




	○

	
Improved myelination and attenuated neuronal injury.




	○

	
Suppressed pro-inflammatory microglia.







	
[92]




	
Bilirubin nanomedicine (BNM)

	
Cytokine storm syndrome

	
In vivo: IV administration

	

	○

	
Halts cytokine storm by modulating the expression of the TGF-β, MAPKs, and NFκB signaling pathways.







	
[161]




	
Inorganic NPs

	
Lenalidomide and nanoceria (CeO2)

	
Autoimmune encephalitis

	
In vivo: C57BL/6 mice, IP injection

	

	○

	
Eliminated experimental autoimmune encephalomyelitis (EAE) symptoms.




	○

	
Reduced white-matter pathology and inflammatory responses.







	
[162]




	
Endaravone-loaded ceria NPs (E-A/P-CeO2)

	
Stroke

	
In vitro: brain capillary endothelial cells (BCECs)

In vivo: MCAO rat model, IV injection

	

	○

	
Effective BBB crossing via receptor-mediated transcytosis.




	○

	
Elimination of ROS.







	
[112]




	
Nanoceria (CeO2)

	
Cytokine storm, mild brain injury

	
In vitro: mixed organotypic neuronal cultures

In vivo: rat model of mTBI, injection

	

	○

	
Suppressed inflammatory pathways (MAPKs, NF-κB, STAT3, iNOS, and COX) for the prevention of multiple-organ damage.




	○

	
Enhanced cognitive recovery and motor performance.




	○

	
Reduced neuronal death and calcium dysregulation.







	
[163,164]




	
Antioxidant enzymes

	
SOD1/CAT bioenzyme NPs

	
CNS delivery

	
In vivo: male Balb/c mice, intravenous

	

	○

	
Increased stability of enzymes in both blood and brain.







	
[165]




	
SOD1 cl-nanozymes

	
Ischemic brain injury

	
In vitro: immortalized bovine brain microvessel endothelial cells containing a Middle T-antigen gene (TBMECs) and CATH.a neuronal cell line

In vivo: MCAO model,

IV injection

	

	○

	
Scavenged ROS in cultured brain microvessel endothelial cells and central neurons.




	○

	
Decreased ischemia/reperfusion-induced tissue injury.




	○

	
Improved sensorimotor functions.







	
[166]




	
SOD-loaded PLGA NPs

Nano-CAT

	
Neuroprotection

	
In vitro: human fetal neurons

	

	○

	
Enhanced protection of neurons from oxidative stress.




	○

	
Reduced protein oxidation, DNA damage, mitochondrial membrane transition pore opening and loss of cell membrane integrity.




	○

	
Restored neuronal morphology, neurite network and microtubule-associated protein-2 levels.







	
[167,168]
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