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Abstract

:

A complex network of processes inside the human immune system provides resistance against a wide range of pathologies. These defenses form an innate and adaptive immunity, in which certain immune components work together to counteract infections. In addition to inherited variables, the susceptibility to diseases may be influenced by factors such as lifestyle choices and aging, as well as environmental determinants. It has been shown that certain dietary chemical components regulate signal transduction and cell morphologies which, in turn, have consequences on pathophysiology. The consumption of some functional foods may increase immune cell activity, defending us against a number of diseases, including those caused by viruses. Here, we investigate a range of functional foods, often marketed as immune system boosters, in an attempt to find indications of their potential protective role against diseases caused by viruses, such as the influenza viruses (A and B), herpes simplex virus (HSV), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), in some cases mediated by gut microbiota. We also discuss the molecular mechanisms that govern the protective effects of some functional foods and their molecular constituents. The main message of this review is that discovering foods that are able to strengthen the immune system can be a winning weapon against viral diseases. In addition, understanding how the dietary components function can aid in the development of novel strategies for maintaining human bodily health and keeping our immune systems strong.
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1. Introduction


The immune system consists of a broad range of mechanisms that provide defense against different pathogens. These defenses can be classified into two types: innate immunity and adaptive immunity, in which particular immune components work together to counteract infections. In addition to genetic factors that have an effect on human immune function, aging, lifestyle choices [1], and environmental determinants [2,3] can also affect our susceptibility to disease-causing agents. It has been established that certain foods contain chemical components that may regulate signal transduction, cell phenotypes, and pathophysiology [4]. Consuming specific probiotics and functional foods [5] may increase immune cell activity and defend us against different diseases, including viral infections, according to the scientific research [6,7,8].



Since ancient times, coloring, flavoring, and preservative agents have been created using aromatic herbs and spices. These latter elements, which have long constituted the cornerstone of traditional medicine in many countries, have been studied in particular by the pharmaceutical, chemical, and food industries [9]. Both in vitro and in vivo studies have demonstrated the anti-inflammatory [10], antioxidant [11], and several other properties of spices, such as hypolipidemic, digestive stimulant, antiviral, antimicrobial, and anticancerogenic [12] effects, suggesting the possibility to combat pathologies using these beneficial physiological outcomes. Viruses are known to be at the origin of a wide variety of illnesses, ranging from serious conditions such as cancer to minor respiratory ailments such as a cold [13]. Although the discovery of novel vaccines and targeted therapies has significantly lowered the mortality rate and severity of disease for numerous viral issues, there are still a significant number of viruses for which treatment or prevention options are insufficient, and recently emerging viruses can be very hazardous to human health. An example was given by the global coronavirus disease 2019 (COVID-19) pandemic, which seriously harmed the healthcare system and society globally, and may eventually endanger human lives, our prosperity, and our way of life. Several studies have indicated the beneficial antiviral properties of specific foods with respect to different ailments [14]. Some foods can strengthen the body’s defenses against viral infections by interfering with the viral life cycle or the host immunity [15]. The influenza viruses and the coronavirus SARS-CoV-2 [16], which causes severe acute respiratory syndrome and for which a number of prophylactics [17,18,19] and therapeutic strategies [20,21,22,23,24] are being exploited, are just a few examples of the viral pathogens that can be managed using foods with antiviral properties [14]. As rigorous testing is necessary for vaccines, quickly emerging viral respiratory tract infections (abbreviated as VRTIs) [25], particularly those caused by coronaviruses [26], often remain without an effective prophylaxis, significantly harming human health. In this context, functional foods can be supportive in preventing COVID-19 and VRTIs thanks to their antiviral and immunological activities, which are widely described in the scientific literature, highlighting the urgent need to identify new, immune-enhancing functional food components and their respective activities that could be controlled to combat viral infections and the consequent pathological states [27]. Given such a premise, in this review we aim to provide an overview of the practical benefits gainable from the ingredients of some functional foods, including fruits, spices, and aromatic herbs, and their dietary sources in the prevention and—where possible—therapeutic treatment of viral diseases, with a particular focus on COVID-19, influenza virus infection, and herpes. The primary mechanisms of action of the molecular components of some functional foods which regulate the action of the immune system or have a direct virucidal activity are also mentioned in our review. The final objective of this work is to show that discovering new methods for protecting health and preventing viral diseases can be facilitated through a better comprehension of the mechanisms of action of immune-enhancing functional foods.




2. Functional Food Effects on COVID-19, Influenza Virus, and HSV Infections


2.1. Functional Foods and SARS-CoV-2


COVID-19 is one of the most important pandemics that has infected the modern world. It is caused by the SARS-CoV-2 coronavirus, which mainly causes lung infections by binding to specific receptors present on the alveolar epithelial cells [28,29,30]. Due to the high homology with SARS-CoV [31], which caused SARS in 2002–2003 [31], structural, comparative studies with SARS-CoV [32] and the experimental and computational [33,34] screening of drugs which were somewhat effective with SARS and of natural compounds, especially from food sources [35,36], demonstrating anti-SARS-CoV activity, were among the first approaches adopted in the search for an effective anti-SARS-CoV-2 therapy.



2.1.1. Plant-Derived Bioactive Compounds


The World Health Organization (WHO) organized an international conference in 2003 (https://apps.who.int/iris/handle/10665/43029, accessed on 12 January 2023) that was aimed at evaluating the results of different clinical trials using drugs in combination with various nutraceuticals and functional foods. Some of these remedies emerged from traditional Chinese medicine for their ability to prevent viral infections as well as modulate the body’s immunity. Below, we describe some of the bioactive compounds contained in food supplements and traditional Chinese medicine products that demonstrated activity against SARS-CoV and were subsequently investigated for possible analogous effects on the current SARS-CoV-2 virus in the context of the discovery of an effective COVID-19 therapy (Figure 1 and Table 1).



Quercetin [43] is present, among the other natural sources, in capers, onions, nopal cactus [44], and cloves, and exerts a significant antiviral effect against SARS-CoV and the H5N1 influenza virus [45]. Quercetin is regarded as a very effective drug for treating, mitigating, and preventing COVID-19 infection, especially if co-administered with other polyphenols, vitamins C, D, and E, and zinc [38]. Curcumin, prevalently found in turmeric, is active against different classes of viruses and, in the case of Coronaviruses, some studies have suggested its ability to bind the spike receptor-binding domain (spike RBD) and the angiotensin-converting enzyme 2 (ACE2) receptors [28,30], and the main protease of SARS-CoV-2, potentially inhibiting the virus [45]. Clinical trials conducted on hospitalized patients suggested that curcumin exerts its therapeutic effects by restoring the pro-inflammatory/anti-inflammatory nexus typically affected by COVID-19, and that its supplementation might represent an effective and safe choice for enhancing COVID-19 disease outcomes [37]. Epigallocatechin gallate (EGCG) is a phytochemical present in green tea. It demonstrates an activity against a large number of viruses and is able to bind to crucial receptors [45], preventing the virus RBD- human ACE2 interaction, which results in an attenuated SARS-CoV-2 infection [39]. Sulforaphane is a sulphur-containing compound, mainly found in broccoli, which has protective properties in the lungs and, through exerting an anti-inflammatory activity, is effective in coronaviral diseases by attenuating the effects of inflammation [46,47]. However, clinical trials are still needed to definitely prove the clinical efficacy of sulforaphane in COVID-19 patients [40]. Thymoquinone is a molecule present in black cumin (Nigella sativa) oil, which acts by blocking the replication of SARS-CoV [42]. This phytomolecule is considered a promising drug to treat several symptoms of COVID-19 and its related cardiovascular complications [41,42]. Sage polyphenols are natural compounds present in sage (Salvia officinalis), an aromatic plant commonly used in the Mediterranean diet. According to the scientific literature, some of them (such as rosmarinic acid and sageone) would be able to act as inhibitors of two key proteases for SARS-CoV-2 [33]. A significant activity of sage in reducing pulmonary fibrosis suggests that it can be used for therapy of COVID-19 and rehabilitation of post-COVID-19 patients [48]. Other compounds of dietary origin with a role in COVID-19 therapy include eugenol, clove phytocompounds [49], and resveratrol. This latter phenolic compound is found together with piceid (resveratrol-3-O-beta-glucoside) in grape juices. Both molecules are endowed with important biological activities, including their ability to interact with different DNA structures implied in cancer [50,51]. The antiviral potential of resveratrol was proven against a variety of viruses, including coronaviruses. In particular, this compound has been demonstrated to attenuate the main pathways involved in the pathogenesis of SARS-CoV-2, including the expression of ACE2 and the control of the renin-angiotensin system, the stimulation of the immune system, and the suppressed release of pro-inflammatory cytokines [52,53,54]. A rise in cytotoxic T lymphocytes and natural killer immune cells, as well as the promotion of SIRT1 and p53 signalling pathways, were also reported [52,53,54]. Resveratrol has also been proven to act as a powerful antioxidant by sequestering reactive oxygen species and as a stimulator of foetal haemoglobin. According to several literature reports, it may be also a potential therapeutic in the management of SARS-CoV-2 [52,53,54]. A recent, randomized, double-blind proof-of-concept study on mild COVID-19 patients, in addition to the encouraging results of other pre-clinical studies, indicated resveratrol as a potential drug for COVID-19 and possibly other viral respiratory diseases (such as human rhinovirus, influenza, and respiratory syncytial virus) [55].




2.1.2. Gut Microbiota


In addition to the importance of integrating some functional foods into the diet, we must recognize the protective importance conferred to the human body (through the direct action on the immune system) by the microorganisms found in the human digestive tract (gut microbiota) [56,57]. An evident implication of the gut microbiota in COVID-19 was suggested by some hypotheses and subsequent observations that were published in the recent scientific literature [58,59]. SARS-CoV-2 RNA was also isolated from the faeces of infected patients [60,61]. Interestingly, cells of the intestinal epithelium, and particularly enterocytes of the small intestine, are also able to express ACE2 receptors [62]. On the other hand, the relationship of the gut microbiota to lung diseases has been well documented, and it was also demonstrated that infections caused by respiratory viruses cause perturbations in the gut microbiota itself [63]. Interestingly, nutrition, environmental determinants, and genetics all play a central role in determining the profile of the gut microbiota, which can, in turn, influence human immune responses. Intestinal microbial diversity decreases as we age and, interestingly, COVID-19 has been fatal mainly in older individuals. This once again suggests the impact of gut microbiota on COVID-19. However, it should be noted that, with age, numerous physiological activities of the body are weakened, and not just the diversity of the intestinal microflora. Nonetheless, improving the gut microbial profile through personalized nutrition [64] and appropriate supplements capable of improving the immune defences is one of the safest and most immediate prophylactic tactics. It can be combined with the currently available pharmacological therapies for COVID-19, aiming at minimizing the impact of the disease [65], especially in immunosuppressed patients and the eldest patients. Functional foods were reported to beneficially alter the gut microbiota; thus, the supplementation of nutraceuticals and trace elements could facilitate the improvement of the intestinal microbiota, particularly in COVID-19 patients with trace-element deficits, for which an abundant, diverse, and healthy gut microbiota not only reduces the severity of disease but was also suggested to increase the efficacy of COVID-19 vaccines [65].





2.2. Functional Foods and Influenza


The viral influenza infection [66,67] can have detrimental effects on global health when an outbreak takes place. In fact, influenza epidemics cause millions of hospital admissions every year as well as numerous fatalities. In the clinical setting, the infections are prevented using influenza vaccines [68,69] and cured with various drugs [70,71]. Despite the fact that there are several influenza virus vaccines and influenza drugs on the market and manufacturers modify the vaccine each year in response to the anticipated, mutated strain, the therapeutic and prophylactic strategies are still not very effective. The antigenic mismatch of vaccines and the emergence of drug-resistant viral strains, therefore, necessitate new strategies for treating influenza. Moreover, it is essential to prevent viral influenza infections, which can be aided by means of dietary supplements (Table 2) or any products that can fortify and shape our immune system [72,73]. A functional food consisting of a water-soluble combination of pomegranate, red grape, date, olive fruit, fig, and ginger extracts was developed in order to stimulate or modulate the production of particular cytokines and hemagglutinin inhibition (HAI) antibodies in mice after viral influenza vaccination [74]. By feeding the mice with this functional food mixture once intraperitoneally or multiple times orally for 1–7 days, it was possible to significantly enhance the production of interferon (IFN)–γ and interleukin (IL)–12 in their spleen, blood, and lungs [74]. When this mixture was administered orally for two weeks (one week apart) after two vaccine injections (secondary immunization), significantly higher titers of HAI antibodies were observed in mice than when it was administered orally for one week after a single vaccine injection (i.e., in the context of the primary immunization). Distinct and significant changes in IFN-γ production were associated with this rise in HAI antibodies. Notoriously, the immune defenses against a viral influenza infection are bolstered when functional foods are used [75]. Therefore, after the preclinical toxicology studies aimed at guaranteeing their safety, functional food mixtures can be assessed as potential products to be tested in clinical trials in order to determine, for example, their efficacy in minimizing the effects of influenza infection on humans [74]. In this frame, a study focused on natural foods with the main objective of developing novel influenza therapies did evaluate the juice of Citrullus lanatus (wild watermelon [76]) as potential anti-influenza agent [77]. This juice effectively inhibited the influenza virus replication in cellular models (Madin–Darby canine kidney cells [78]) and was found to inhibit viral adsorption and the late stages of viral replication in a time-of-addition assay, suggesting that the juice of the wild watermelon contains molecular components endowed with strong anti-influenza properties [77]. Viral adsorption analyses showed that the juice was capable of reducing the amount of viral RNA in cells at 37 °C but not at 4 °C, which was in line with the observation that the juice inhibits viral entry into host cells at 37 °C. These results suggested that the anti-influenza activity of the juice involved a mechanism other than the suppression of the viral attachment, which may explain the reduced viral internalization. After wild watermelon juice was administered into the nasal mucosa, mice previously infected with a mouse-adapted influenza virus also showed a significantly higher survival rate [77]. Thus, these and other previous findings [79] demonstrate the anti-influenza potential of wild watermelon both in vitro and in vivo, suggesting that its juice may be suitable for use as a functional food with anti-influenza applications [77,79]. It is known that peanut (Arachis hypogaea) skins, a low-value byproduct of the peanut [80] industry, contain high amounts of polyphenol molecules. One literature study tested the antiviral efficacy of the ethanol extracts of peanut skins against various influenza viruses in accurate, cell-based assays [81]. The higher the polyphenol content of the extracts, the higher the observed antiviral activity was, proving irrefutably that polyphenols are the key anti-influenza molecular components of the peanut skins. In more detail, the replication of the influenza A virus was effectively blocked by treatment with an extract made from roasted peanut skins, which showed a half maximal inhibitory concentration of 1.3 μg/mL. According to the same study, the extract prevented the influenza virus from replicating in its early stages, and both types (A and B) of influenza virus were susceptible to its activity [81]. Of particular note was the potent activity demonstrated by the extract against a 2009 H1N1 clinical isolate with a reduced sensitivity to the drug oseltamivir [82]. Moreover, the antiviral activity of oseltamivir and amantadine increased when combined with peanut skin extract, proving the potential of the peanut skin extracts in the development of novel therapeutic options for the treatment of influenza [81]. Haidari et al. examined the hypothesis that a pomegranate (Punica granatum) polyphenol extract was endowed with anti-influenza properties [83,84,85]. Making use of a real-time PCR, plaque assays—methods using drug-containing agarose overlays typically employed for demonstrating antiviral activities—and hemagglutination assays, the authors showed that the extract was effective in preventing the replication of influenza A virus [83] in MDCK cells, which are typically used as cell models in studies involving influenza viruses [86].



The pomegranate polyphenol extract demonstrated virucidal properties and blocked the agglutination of chicken red blood cells induced by the influenza virus [83]. The same work concluded that the pomegranate extract had a direct virucidal effect in addition to its ability to inhibit the replication of the viral RNA. However, it showed no influence on the movement of the virus ribonucleoprotein into or out of the nuclei of MDCK cells. Out of the four main polyphenols (caffeic acid, ellagic acid, luteolin, and punicalagin) detected in the pomegranate extract, punicalagin was found to possess distinctive anti-influenza properties, including a strong virucidal activity and a marked capability to not only prevent the viral RNA replication but also to reduce the ability of the virus to agglutinate chicken red blood cells [83]. Additionally, the synergistic interaction of the pomegranate polyphenol extract and oseltamivir increased the anti-influenza effect of the drug alone [83]. One of the diverse therapeutic traits of the biologically active cocoa (Theobroma cacao) constituents consists of their inhibitory effect on the influenza virus infection, demonstrated in a study performed using a cocoa extract realized by treating defatted cocoa powder with boiling water [87]. The extract caused a dose-dependent inhibition of the viral infection in MDCK cells that had been previously infected with avian influenza viruses (H5N1 and H5N9) and human influenza virus A (H1N1 and H3N2), and B (H3N2). Remarkably, the cocoa extract inhibited viral adsorption to the MDCK cells [87]. In studies conducted on animal models, the same extract markedly improved the survival of mice that were intravenously given a lethal dose of influenza virus. The same study included trials on patients in which the participants were split into two groups: one group consumed cocoa for three weeks before and after receiving the vaccine against the human influenza virus A (H1N1), while the control group did not. Although natural killer cell activity was increased in both, the cocoa intake group showed a more pronounced increase, suggesting that drinking cocoa strengthens the defenses against the influenza virus infection and the disease onset by enhancing natural and vaccination-induced immunity [87]. A Ginkgo biloba leaf extract was also able to affect the capacity of influenza viruses to infect MDCK cells [88]. Although plaque assays on agarose overlays containing Ginkgo biloba leaf extract revealed that the virus multiplication was unaffected after adsorption to host cells, the ability of the virus to infect cells was significantly reduced when the viral samples were pre-treated with the leaf extract, suggesting a direct action exerted by the extract on the virus particles [88]. However, no inhibitory effect was observed when the Ginkgo biloba leaf extract was given to the MDCK cells before they were infected with influenza viruses, excluding an influenza-preventive role of the ginkgo-derived agent. According to the hemagglutination inhibition assays in the same work, the leaf extract interferes with the interaction between the influenza virus and erythrocytes. In particular, influenza A (H1N1 and H3N2) and influenza B viruses were inhibited by the ginkgo biloba leaf extract [88]. Collectively, the above results suggested that ginkgo biloba leaf extracts contain one or more anti-influenza molecules that directly affect the vital properties of the influenza virus particles and prevent hemagglutinin’s ability to bind to host cells. Therefore, these findings not only supported the hypothesis of an antiviral utility of Ginkgo biloba [90,91,92] but also offered intriguing and important insights into the screening procedures that can be used in studies of anti-influenza virus activity [88]. Elderberry (Sambucus nigra) is one of the traditional natural treatments for respiratory problems [93,94] that was also recently investigated in in vitro and clinical studies [95,96]. Elderberry supplements have gained interest as a means of treating or preventing illness during the COVID-19 pandemic, but there was also concern that preparations from this plant might overstimulate the immune system and increase the risk of cytokine storms. Hence, both the benefits and drawbacks of elderberry for the treatment and prevention of viral respiratory infections were recently analyzed in a systematic review by Wieland et al., who also investigated the correlation between elderberry supplements and the unfavorable health effects brought on by an excessive production of pro-inflammatory cytokines [89]. Although there were no clinical studies connecting elderberry to effects related to inflammation, ex vivo cytokine production was found to occur in response to elderberry consumption [89]. Elderberry seemed to be able to lessen the severity of influenza, though the evidence was contradictory. In comparison to oseltamivir, an elderberry-containing product was associable with a lower risk of influenza complications and adverse events [89]. The study demonstrated that there is no connection between elderberry consumption and clinical outcomes related to inflammation, and that elderberry had some effect on inflammatory markers, even though this effect might fade with prolonged supplementation. A small study comparing elderberry and the nonsteroidal anti-inflammatory drug diclofenac provided some insight into the similar or slightly lower efficacy of elderberry in the long-term reduction of cytokines over time [89]. In summary, the scientific literature suggests that elderberry is potentially safe as a treatment for viral respiratory illnesses because there is no evidence that it overstimulates the immune system. Regardless, the evidence for the benefits and harms that the plant can cause constitute an ambiguous aspect that requires novel confirmations [89]. Widely present in vegetal species, isoquercitrin is known as one of the phytocompounds endowed with the highest antiviral properties against various viruses [97,98,99,100]. In particular, isoquercitrin [101] has a strong activity against the influenza A virus, as proven in a study evaluating the inhibition of hemagglutinin and neuraminidase activities in correlation with the anti-influenza properties of the molecule [102]. Green-fluorescent-protein-tagged influenza A (H1N1 and H3N2) viruses were employed to test the efficacy of isoquercitrin as an anti-influenza drug in studies based on fluorescent microscopy and fluorescence-activated cell sorting, showing that this compound significantly reduced the levels of green fluorescent protein expressed by influenza A virus infection [102]. This was consistent with the evidence that isoquercitrin lowered the cytopathic effects of the H1N1 and H3N2 influenza A viruses. Immunofluorescence analyses also revealed that isoquercitrin was able to inhibit the expression of the proteins of the influenza A virus. According to the results of time-of-addition assays, the flavonoid prevented viral attachment and entry and was also endowed with a strong virucidal effect when the virus was already present in cells [102]. The hemagglutination assay demonstrated that isoquercitrin had effects on the hemagglutinin of the influenza virus, while the neuraminidase activities of the influenza A viruses H1N1 and H3N2 were also markedly reduced by the flavonoid. Interestingly, this molecule inhibited the viral release, entry, and attachment, and was also endowed with virucidal properties, leading to the conclusion that isoquercitrin could be an effective antiviral agent to prevent influenza viral infections [102].




2.3. Functional Foods and Herpes


Herpes simplex virus (HSV) is a typical human virus that infects huge numbers of people globally, causing lesions that appear on the mucosa and skin of the mouth, nose, and genital areas, among the other body parts [103,104,105]. Sometimes serious or fatal HSV infections may also occur. In fact, HSV infection is significantly opportunistic, causing trouble especially in immunocompromised patients. As a result, in areas of the globe with a high prevalence of Acquired Immunodeficiency Syndrome (AIDS) [106,107] (caused by the Human Immunodeficiency Virus (HIV) [108,109,110]), such as sub-Saharan Africa, HSV infections have sharply increased, and herpes is often a severe illness. Different anti-HSV medications are on the market, but mutant viruses often emerge that are resistant to them and, in particular, to the first-choice drug for the type 1 of the virus (HSV-1), i.e., the nucleoside analogue [111,112,113] acyclovir (Figure 2a). From a molecular perspective, a clear role of thymidine kinase (Figure 2b) mutations in the insurgence of the acyclovir resistance was suggested by studies conducted on HSV-1 recombinant viruses [114]. Thus, it is critical to develop new, alternative treatments for HSV infections, especially those brought on by drug-resistant strains. In anti-HSV drug development, new drug side effects cannot be ignored. This explains the increasing scientific attention currently being paid to natural products with anti-herpes properties (Table 3). In fact, despite extensive investigations being made in the medical and pharmacological fields aimed at discovering effective synthetic drugs, plant and other natural sources such as functional foods remain a popular source of biologically active compounds to be used against HSV.



In this context, it has been demonstrated that the bioactive compound resveratrol, which can be isolated from grape juice and is endowed with different therapeutic properties [116], has a significant anti-HSV activity [117,118,119]. Regarding plant preparations that elicit anti-HSV effects [120], an aqueous total extract from climbing num-num (Carissa edulis) [121], a wild fruit and medical species used in Ethiopia and other parts of Africa, demonstrated remarkable anti-HSV properties in vitro and in vivo for both wild-type and drug resistant strains of HSV [122]. Endowed with a low cell cytotoxicity (CC50 = 480 μg/mL), the extract significantly decreased the formation of plaques in cells infected with wild-type or resistant HSV strains (HSV-1 and HSV-2) at a concentration of 50 μg/mL. The efficacy of the extract was also evaluated in vivo using mice that had been cutaneously infected with wild-type or resistant strains of HSV, revealing that at an oral dose of 250 mg/kg of the extract delayed the onset of the viral infections by over 50% [122]. Additionally, when compared to infected but untreated mice, the extract significantly increased the mean survival time of the treated, infected mice. In fact, when compared to the untreated, infected mice, which exhibited a mortality of 100%, the mortality rate for extract-treated mice was significantly reduced by more than 70%. Interestingly, no acute toxicity was found at the oral therapeutic dose (250 mg/kg). Overall, the above findings led to a hypothesis that the herbal extracts of climbing num-num are endowed with strong antiviral properties against herpes simplex viruses and could serve as an alternative therapy for herpes [122]. Among the functional foods with potential as antiviral remedies, propolis, a byproduct of honeybees, is endowed with relevant biological properties and medical applications [123], including a significant anti-HSV potential [124,125]. Several standardized propolis preparations with soy oil, glycol, glycerol, and ethanol were tested against HSV-1 and HSV-2 in a study aimed at determining the chemical composition and antiviral potential of each extract, using acyclovir as the control [126]. In particular, the glycolic propolis extract demonstrated an antiviral activity higher than acyclovir towards both HSV-1 and HSV-2, whereas preparations containing ethanol, glycolic acid, and soya oil had an antiviral activity higher than acyclovir only in the case of HSV-2 [126].
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Table 3. Functional food ingredients used as anti-HSV treatments with the main corresponding natural sources and activities.
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	Functional Food Ingredient
	Natural Source
	Activity
	Reference Number





	Aqueous extract of climbing num-num
	Carissa edulis
	Effective in vitro and in vivo against both wild-type and drug-resistant strains of HSV-1 and HSV-2.
	[122]



	Propolis
	Apis mellifera *
	Glycolic propolis extract has anti-HSV-1 and HSV-2 activities higher than acyclovir; propolis leads to a delayed acyclovir cytopathic effect when it is co-administered.
	[126,127]



	Olive leaf extract
	Olea europaea
	Effective against HSV-1; when co-administered with acyclovir, it leads to a delayed cytopathic effect of the drug.
	[127]







* Scientific name for the most-studied species of honeybees.











Propolis was also tested with an olive (Olea europea) leaf extract, individually or in combination with acyclovir, to determine their effects on HSV-1 [127]. Both functional food ingredients were found to be safe for human larynx cells and showed a significant antiviral activity when observed after incubations of 1 and 3 h at a concentration of 10 g/mL for propolis and 1.2 mg/mL for the leaf extract. There was a delayed cytopathic effect of acyclovir as a result of the combination of the propolis and the leaf extract with this drug, but no intrinsic cytopathic effects were observed. Overall, propolis and olive leaf extracts are effective against herpes on their own or in combination with acyclovir, and the co-administration may lessen the dosage and side effects of the reference drug [127]. This probably depends on the mechanisms by which the natural ingredients act in ways that are different from acyclovir, possibly through a direct virucidal activity, but also by the blockade of the virus internalization or the viral inhibition during the early stages of the replication of HSV-1. These extracts can be applied topically to treat acyclovir-resistant HSV infections, especially in individuals with compromised immune systems, and might also reduce the likelihood that oral lesions will spread and lead to infections [127].



Apart from the above-reported natural remedies for which evidence of antiviral activities have been demonstrated in the scientific literature, other plant-derived phytocompounds, such as garlic phytoncides and antiviral compounds of Mangifera extracts, deserve due attention in the fight against viruses [128,129,130].





3. Conclusions


Given the alarming rise in drug resistance and the limited efficacy of vaccines in the prophylaxis of new viral diseases, there is an urgent need to discover naturally occurring antiviral molecules and preparations that can be used as food supplements to bolster our bodily immunity. In this respect, there are a number of candidates for food drugs against COVID-19, even though conclusive proof of their efficacy has not yet been brought forward. Not less importantly, diet could also help reinforce immunity through the interaction that gut microbiota has with nutrition and different aspects of human health. Regarding influenza, there are a significant number of functional food ingredients, such as cocoa, pomegranate, and peanut preparations (to cite only a few), that are effective in combatting the effects of the influenza virus (both A and B strains) on human health. However, some food supplements, such as those based on elderberry, still require further investigations to definitely prove whether they can be included in anti-influenza functional foods. Among the anti-herpes agents available from dietary sources, it is worth mentioning propolis from honeybee as well as olive leaf extracts and, almost unknown in Western countries, the extracts of certain edible African plants such as Carissa edulis. Overall, the above-reviewed findings and considerations highlight the importance that a personalized diet rich in functional foods has in the fight against some of the most common viruses affecting humans in the current era. Additionally, the potential role of dietary supplements as preventative and therapeutic agents should be further researched.







Author Contributions


A.R. and G.N.R. contributed equally to this work. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We acknowledge Prometeus Pharma s.r.l (Avellino, Italy) for the support of this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baker, S.; Gilhen-Baker, M.; Roviello, G.N. The Role of Nutrition and Forest-Bathing in the Physical Rehabilitation of Physically Inactive Patients: From the Molecular Aspects to New Nature-Inspired Techniques. Int. J. Environ. Res. Public Health 2023, 20, 793. [Google Scholar] [CrossRef]

	



Gilhen-Baker, M.; Roviello, V.; Beresford-Kroeger, D.; Roviello, G.N. Old growth forests and large old trees as critical organisms connecting ecosystems and human health. A review. Environ. Chem. Lett. 2022, 20, 1529–1538. [Google Scholar] [CrossRef] [PubMed]

	



Roviello, V.; Gilhen-Baker, M.; Roviello, G.N.; Lichtfouse, E. River Therapy; Springer: Berlin/Heidelberg, Germany, 2022; pp. 1–6. [Google Scholar]

	



Kim, J.H.; Kim, D.H.; Jo, S.; Cho, M.J.; Cho, Y.R.; Lee, Y.J.; Byun, S. Immunomodulatory functional foods and their molecular mechanisms. Exp. Mol. Med. 2022, 54, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Peng, M.; Tabashsum, Z.; Anderson, M.; Truong, A.; Houser, A.K.; Padilla, J.; Akmel, A.; Bhatti, J.; Rahaman, S.O.; Biswas, D. Effectiveness of probiotics, prebiotics, and prebiotic-like components in common functional foods. Compr. Rev. Food Sci. Food Saf. 2020, 19, 1908–1933. [Google Scholar] [CrossRef]

	



Calder, P.C.; Kew, S. The immune system: A target for functional foods? Br. J. Nutr. 2007, 88, S165–S176. [Google Scholar] [CrossRef] [PubMed]

	



Pecora, F.; Persico, F.; Argentiero, A.; Neglia, C.; Esposito, S. The Role of Micronutrients in Support of the Immune Response against Viral Infections. Nutrients 2020, 12, 3198. [Google Scholar] [CrossRef]

	



Calder, P.; Carr, A.; Gombart, A.; Eggersdorfer, M. Optimal Nutritional Status for a Well-Functioning Immune System Is an Important Factor to Protect against Viral Infections. Nutrients 2020, 12, 1181. [Google Scholar] [CrossRef]

	



Tapsell, L.C.; Hemphill, I.; Cobiac, L.; Sullivan, D.R.; Fenech, M.; Patch, C.S.; Roodenrys, S.; Keogh, J.B.; Clifton, P.M.; Williams, P.G.; et al. Health benefits of herbs and spices: The past, the present, the future. Med. J. Aust. 2006, 185, S1–S24. [Google Scholar] [CrossRef]

	



Serafini, M.; Peluso, I. Functional Foods for Health: The Interrelated Antioxidant and Anti-Inflammatory Role of Fruits, Vegetables, Herbs, Spices and Cocoa in Humans. Curr. Pharm. Des. 2017, 22, 6701–6715. [Google Scholar] [CrossRef]

	



Carlsen, M.H.; Halvorsen, B.L.; Holte, K.; Bøhn, S.K.; Dragland, S.; Sampson, L.; Willey, C.; Senoo, H.; Umezono, Y.; Sanada, C.; et al. The total antioxidant content of more than 3100 foods, beverages, spices, herbs and supplements used worldwide. Nutr. J. 2010, 9, 3. [Google Scholar] [CrossRef]

	



Viuda-Martos, M.; Ruiz-Navajas, Y.; Fernández-López, J.; Pérez-Álvarez, J.A. Spices as Functional Foods. Crit. Rev. Food Sci. Nutr. 2011, 51, 13–28. [Google Scholar] [CrossRef] [PubMed]

	



Post, D.E.; Shim, H.; Toussaint-Smith, E.; Van Meir, E.G. Cancer scene investigation: How a cold virus became a tumor killer. Future Oncol. 2005, 1. [Google Scholar] [CrossRef]

	



Kim, D.H.; Kim, J.H.; Kim, D.H.; Jo, J.-Y.; Byun, S. Functional foods with antiviral activity. Food Sci. Biotechnol. 2022, 31, 527–538. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, M.M.; Mosaddik, A.; Alam, A.H.M.K. Traditional foods with their constituent’s antiviral and immune system modulating properties. Heliyon 2021, 7, e05957. [Google Scholar] [CrossRef]

	



Mendiola-Pastrana, I.R.; López-Ortiz, E.; Río de la Loza-Zamora, J.G.; González, J.; Gómez-García, A.; López-Ortiz, G. SARS-CoV-2 variants and clinical outcomes: A systematic review. Life 2022, 12, 170. [Google Scholar] [CrossRef] [PubMed]

	



Deng, J.; Ma, Y.; Liu, Q.; Du, M.; Liu, M.; Liu, J. Comparison of the effectiveness and safety of heterologous booster doses with homologous booster doses for SARS-CoV-2 vaccines: A systematic review and meta-analysis. Int. J. Environ. Res. Public Health 2022, 19, 10752. [Google Scholar] [CrossRef]

	



Rabaan, A.A.; Mutair, A.A.; Hajissa, K.; Alfaraj, A.H.; Al-Jishi, J.M.; Alhajri, M.; Alwarthan, S.; Alsuliman, S.A.; Al-Najjar, A.H.; Al Zaydani, I.A. A Comprehensive Review on the Current Vaccines and Their Efficacies to Combat SARS-CoV-2 Variants. Vaccines 2022, 10, 1655. [Google Scholar] [CrossRef] [PubMed]

	



Costanzo, M.; De Giglio, M.A.; Roviello, G.N. Anti-Coronavirus Vaccines: Past Investigations on SARS-CoV-1 and MERS-CoV, the Approved Vaccines from BioNTech/Pfizer, Moderna, Oxford/AstraZeneca and others under Development Against SARSCoV-2 Infection. Curr. Med. Chem. 2022, 29, 4–18. [Google Scholar] [CrossRef]

	



Costanzo, V.; Gilhen-Baker, M.; Beresford-Kroeger, D.; Roviello, G.N. Tree-inhabiting polypore fungi as sources of a cornucopia of bioactive compounds. Future Microbiol. 2022, 17, 899–902. [Google Scholar] [CrossRef]

	



Roviello, V.; Scognamiglio, P.L.; Caruso, U.; Vicidomini, C.; Roviello, G.N. Evaluating In Silico the Potential Health and Environmental Benefits of Houseplant Volatile Organic Compounds for an Emerging ‘Indoor Forest Bathing’Approach. Int. J. Environ. Res. Public Health 2021, 19, 273. [Google Scholar] [CrossRef]

	



Borbone, N.; Piccialli, I.; Falanga, A.P.; Piccialli, V.; Roviello, G.N.; Oliviero, G. Nucleic Acids as Biotools at the Interface between Chemistry and Nanomedicine in the COVID-19 Era. Int. J. Mol. Sci. 2022, 23, 4359. [Google Scholar] [CrossRef]

	



Almagro, J.C.; Mellado-Sánchez, G.; Pedraza-Escalona, M.; Pérez-Tapia, S.M. Evolution of anti-SARS-CoV-2 therapeutic antibodies. Int. J. Mol. Sci. 2022, 23, 9763. [Google Scholar] [CrossRef]

	



Niknam, Z.; Jafari, A.; Golchin, A.; Danesh Pouya, F.; Nemati, M.; Rezaei-Tavirani, M.; Rasmi, Y. Potential therapeutic options for COVID-19: An update on current evidence. Eur. J. Med. Res. 2022, 27, 6. [Google Scholar] [CrossRef] [PubMed]

	



Keske, Ş.; Ergönül, Ö.; Tutucu, F.; Karaaslan, D.; Palaoğlu, E.; Can, F. The rapid diagnosis of viral respiratory tract infections and its impact on antimicrobial stewardship programs. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 779–783. [Google Scholar] [CrossRef] [PubMed]

	



Geller, C.; Varbanov, M.; Duval, R.E. Human coronaviruses: Insights into environmental resistance and its influence on the development of new antiseptic strategies. Viruses 2012, 4, 3044–3068. [Google Scholar] [CrossRef] [PubMed]

	



Omer, A.K.; Khorshidi, S.; Mortazavi, N.; Rahman, H.S. A Review on the Antiviral Activity of Functional Foods Against COVID-19 and Viral Respiratory Tract Infections. Int. J. Gen. Med. 2022, 15, 4817–4835. [Google Scholar] [CrossRef]

	



Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [Google Scholar] [CrossRef]

	



Costanzo, M.; De Giglio, M.A.R.; Roviello, G.N. SARS-CoV-2: Recent Reports on Antiviral Therapies Based on Lopinavir/Ritonavir, Darunavir/Umifenovir, Hydroxychloroquine, Remdesivir, Favipiravir and Other Drugs for the Treatment of the New Coronavirus. Curr. Med. Chem. 2020, 27, 4536–4541. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [Google Scholar] [CrossRef]

	



Tratner, I. SRAS: 1. Le virus. Médecine/Sci. 2003, 19, 885–891. [Google Scholar] [CrossRef]

	



Grifoni, A.; Sidney, J.; Zhang, Y.; Scheuermann, R.H.; Peters, B.; Sette, A. A Sequence Homology and Bioinformatic Approach Can Predict Candidate Targets for Immune Responses to SARS-CoV-2. Cell Host Microbe 2020, 27, 671–680.e2. [Google Scholar] [CrossRef] [PubMed]

	



Islam, R.; Parves, M.R.; Paul, A.S.; Uddin, N.; Rahman, M.S.; Mamun, A.A.; Hossain, M.N.; Ali, M.A.; Halim, M.A. A molecular modeling approach to identify effective antiviral phytochemicals against the main protease of SARS-CoV-2. J. Biomol. Struct. Dyn. 2020, 39, 3213–3224. [Google Scholar] [CrossRef]

	



Roviello, V.; Musumeci, D.; Mokhir, A.; Roviello, G.N. Evidence of Protein Binding by a Nucleopeptide Based on a Thyminedecorated L-Diaminopropanoic Acid through CD and In Silico Studies. Curr. Med. Chem. 2021, 28, 5004–5015. [Google Scholar] [CrossRef] [PubMed]

	



Roviello, V.; Roviello, G.N. Lower COVID-19 mortality in Italian forested areas suggests immunoprotection by Mediterranean plants. Environ. Chem. Lett. Vol. 2021, 19, 699–710. [Google Scholar] [CrossRef]

	



Roviello, V.; Roviello, G.N. Less COVID-19 deaths in southern and insular Italy explained by forest bathing, Mediterranean environment, and antiviral plant volatile organic compounds. Environ. Chem. Lett. 2022, 20, 7–17. [Google Scholar] [CrossRef] [PubMed]

	



Vahedian-Azimi, A.; Abbasifard, M.; Rahimi-Bashar, F.; Guest, P.C.; Majeed, M.; Mohammadi, A.; Banach, M.; Jamialahmadi, T.; Sahebkar, A. Effectiveness of curcumin on outcomes of hospitalized COVID-19 patients: A systematic review of clinical trials. Nutrients 2022, 14, 256. [Google Scholar] [CrossRef] [PubMed]

	



Gasmi, A.; Mujawdiya, P.K.; Lysiuk, R.; Shanaida, M.; Peana, M.; Gasmi Benahmed, A.; Beley, N.; Kovalska, N.; Bjørklund, G. Quercetin in the Prevention and Treatment of Coronavirus Infections: A Focus on SARS-CoV-2. Pharmaceuticals 2022, 15, 1049. [Google Scholar] [CrossRef]

	



Ohishi, T.; Hishiki, T.; Baig, M.S.; Rajpoot, S.; Saqib, U.; Takasaki, T.; Hara, Y. Epigallocatechin gallate (EGCG) attenuates severe acute respiratory coronavirus disease 2 (SARS-CoV-2) infection by blocking the interaction of SARS-CoV-2 spike protein receptor-binding domain to human angiotensin-converting enzyme 2. PLoS ONE 2022, 17, e0271112. [Google Scholar] [CrossRef]

	



Kow, C.S.; Ramachandram, D.S.; Hasan, S.S. Use of sulforaphane in COVID-19: Clinical trials are needed. Mol. Immunol. 2022, 145, 78–79. [Google Scholar] [CrossRef]

	



Liu, Y.; Huang, L.; Kim, M.-Y.; Cho, J.Y. The Role of Thymoquinone in Inflammatory Response in Chronic Diseases. Int. J. Mol. Sci. 2022, 23, 10246. [Google Scholar] [CrossRef]

	



Ulasli, M.; Gurses, S.A.; Bayraktar, R.; Yumrutas, O.; Oztuzcu, S.; Igci, M.; Igci, Y.Z.; Cakmak, E.A.; Arslan, A. The effects of Nigella sativa (Ns), Anthemis hyalina (Ah) and Citrus sinensis (Cs) extracts on the replication of coronavirus and the expression of TRP genes family. Mol. Biol. Rep. 2014, 41, 1703–1711. [Google Scholar] [CrossRef]

	



Kelly, G.S. Quercetin. Altern. Med. Rev. 2011, 16, 172–195. [Google Scholar] [PubMed]

	



Vicidomini, C.; Roviello, V.; Roviello, G.N. In silico investigation on the interaction of chiral phytochemicals from opuntia ficus-indica with SARS-CoV-2 Mpro. Symmetry 2021, 13, 1041. [Google Scholar] [CrossRef]

	



Haslberger, A.; Jacob, U.; Hippe, B.; Karlic, H. Mechanisms of selected functional foods against viral infections with a view on COVID-19: Mini review. Funct. Foods Health Dis. 2020, 10, 195. [Google Scholar] [CrossRef]

	



McCarty, M.F.; DiNicolantonio, J.J. Nutraceuticals have potential for boosting the type 1 interferon response to RNA viruses including influenza and coronavirus. Prog. Cardiovasc. Dis. 2020, 63, 383–385. [Google Scholar] [CrossRef] [PubMed]

	



Heiss, E.; Herhaus, C.; Klimo, K.; Bartsch, H.; Gerhäuser, C. Nuclear Factor κB Is a Molecular Target for Sulforaphane-mediated Anti-inflammatory Mechanisms. J. Biol. Chem. 2001, 276, 32008–32015. [Google Scholar] [CrossRef]

	



Zalyhina, Y.V. Relevance of Research of the Pharmacological Properties of Salvia (Salvia Officinalis) (Literature Review). Med. Perspekt. 2022, 27, 44–50. [Google Scholar] [CrossRef]

	



Vicidomini, C.; Roviello, V.; Roviello, G.N. Molecular basis of the therapeutical potential of clove (Syzygium aromaticum L.) and clues to its anti-COVID-19 utility. Molecules 2021, 26, 1880. [Google Scholar] [CrossRef]

	



Greco, F.; Musumeci, D.; Borbone, N.; Falanga, A.P.; D’Errico, S.; Terracciano, M.; Piccialli, I.; Roviello, G.N.; Oliviero, G. Exploring the Parallel G-Quadruplex Nucleic Acid World: A Spectroscopic and Computational Investigation on the Binding of the c-myc Oncogene NHE III1 Region by the Phytochemical Polydatin. Molecules 2022, 27, 2997. [Google Scholar] [CrossRef]

	



Falanga, A.P.; Terracciano, M.; Oliviero, G.; Roviello, G.N.; Borbone, N. Exploring the Relationship between G-Quadruplex Nucleic Acids and Plants: From Plant G-Quadruplex Function to Phytochemical G4 Ligands with Pharmaceutic Potential. Pharmaceutics 2022, 14, 2377. [Google Scholar] [CrossRef]

	



Ramdani, L.H.; Bachari, K. Potential therapeutic effects of Resveratrol against SARS-CoV-2. Acta Virol. 2020, 64, 276–280. [Google Scholar] [CrossRef] [PubMed]

	



Vishwakarma, S.; Panigrahi, C.; Barua, S.; Sahoo, M.; Mandliya, S. Food nutrients as inherent sources of immunomodulation during COVID-19 pandemic. LWT 2022, 158, 113154. [Google Scholar] [CrossRef] [PubMed]

	



Alkhatib, A. Antiviral Functional Foods and Exercise Lifestyle Prevention of Coronavirus. Nutrients 2020, 12, 2633. [Google Scholar] [CrossRef]

	



McCreary, M.R.; Schnell, P.M.; Rhoda, D.A. Randomized double-blind placebo-controlled proof-of-concept trial of resveratrol for outpatient treatment of mild coronavirus disease (COVID-19). Sci. Rep. 2022, 12, 10978. [Google Scholar] [CrossRef]

	



D’Amelio, P.; Sassi, F. Gut microbiota, immune system, and bone. Calcif. Tissue Int. 2018, 102, 415–425. [Google Scholar] [CrossRef]

	



Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease. Nat. Neurosci. 2017, 20, 145–155. [Google Scholar] [CrossRef]

	



Mańkowska-Wierzbicka, D.; Zuraszek, J.; Wierzbicka, A.; Gabryel, M.; Mahadea, D.; Baturo, A.; Zakerska-Banaszak, O.; Slomski, R.; Skrzypczak-Zielinska, M.; Dobrowolska, A. Alterations in Gut Microbiota Composition in Patients with COVID-19: A Pilot Study of Whole Hypervariable 16S rRNA Gene Sequencing. Biomedicines 2023, 11, 367. [Google Scholar] [CrossRef]

	



Brogna, C.; Cristoni, S.; Brogna, B.; Bisaccia, D.R.; Marino, G.; Viduto, V.; Montano, L.; Piscopo, M. Toxin-like Peptides from the Bacterial Cultures Derived from Gut Microbiome Infected by SARS-CoV-2—New Data for a Possible Role in the Long COVID Pattern. Biomedicines 2023, 11, 87. [Google Scholar] [CrossRef]

	



Zhang, T.; Cui, X.; Zhao, X.; Wang, J.; Zheng, J.; Zheng, G.; Guo, W.; Cai, C.; He, S.; Xu, Y. Detectable SARS-CoV-2 viral RNA in feces of three children during recovery period of COVID-19 pneumonia. J. Med. Virol. 2020, 92, 909–914. [Google Scholar] [CrossRef]

	



Cerrada-Romero, C.; Berastegui-Cabrera, J.; Camacho-Martínez, P.; Goikoetxea-Aguirre, J.; Pérez-Palacios, P.; Santibáñez, S.; Blanco-Vidal, M.J.; Valiente, A.; Alba, J.; Rodríguez-Álvarez, R.; et al. Excretion and viability of SARS-CoV-2 in feces and its association with the clinical outcome of COVID-19. Sci. Rep. 2022, 12, 7397. [Google Scholar] [CrossRef]

	



Dhar, D.; Mohanty, A. Gut microbiota and COVID-19- possible link and implications. Virus Res. 2020, 285, 198018. [Google Scholar] [CrossRef]

	



Groves, H.T.; Higham, S.L.; Moffatt, M.F.; Cox, M.J.; Tregoning, J.S.; Bomberger, J.M. Respiratory Viral Infection Alters the Gut Microbiota by Inducing Inappetence. MBio 2020, 11, e03236-19. [Google Scholar] [CrossRef] [PubMed]

	



Dello Russo, M.; Russo, P.; Rufián-Henares, J.Á.; Hinojosa-Nogueira, D.; Pérez-Burillo, S.; de la Cueva, S.P.; Rohn, S.; Fatouros, A.; Douros, K.; González-Vigil, V. The Stance4Health Project: Evaluating a Smart Personalised Nutrition Service for Gut Microbiota Modulation in Normal-and Overweight Adults and Children with Obesity, Gluten-Related Disorders or Allergy/Intolerance to Cow’s Milk. Foods 2022, 11, 1480. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Vitetta, L. Modulation of Gut Microbiota for the Prevention and Treatment of COVID-19. J. Clin. Med. 2021, 10, 2903. [Google Scholar] [CrossRef] [PubMed]

	



Keilman, L.J. Seasonal Influenza (Flu). Nurs. Clin. N. Am. 2019, 54, 227–243. [Google Scholar] [CrossRef]

	



Zambon, M. Influenza and other emerging respiratory viruses. Medicine 2014, 42, 45–51. [Google Scholar] [CrossRef]

	



Emanuel, E.J.; Wertheimer, A. Who should get influenza vaccine when not all can? Science 2006, 312, 854–855. [Google Scholar] [CrossRef]

	



Sridhar, S.; Brokstad, K.A.; Cox, R.J. Influenza vaccination strategies: Comparing inactivated and live attenuated influenza vaccines. Vaccines 2015, 3, 373–389. [Google Scholar] [CrossRef]

	



Yin, H.; Jiang, N.; Shi, W.; Chi, X.; Liu, S.; Chen, J.-L.; Wang, S. Development and effects of influenza antiviral drugs. Molecules 2021, 26, 810. [Google Scholar] [CrossRef]

	



Schloer, S.; Goretzko, J.; Pleschka, S.; Ludwig, S.; Rescher, U. Combinatory treatment with oseltamivir and itraconazole targeting both virus and host factors in influenza A virus infection. Viruses 2020, 12, 703. [Google Scholar] [CrossRef]

	



Morimoto, R.; Hanada, A.; Matsubara, C.; Horio, Y.; Sumitani, H.; Ogata, T.; Isegawa, Y. Anti-influenza A virus activity of flavonoids in vitro: A structure–activity relationship. J. Nat. Med. 2022, 77, 219–227. [Google Scholar] [CrossRef]

	



Mousa, H.A.-L. Prevention and Treatment of Influenza, Influenza-Like Illness, and Common Cold by Herbal, Complementary, and Natural Therapies. J. Evid.-Based Complement. Altern. Med. 2016, 22, 166–174. [Google Scholar] [CrossRef]

	



Mansoor, K.; Qadan, F.; Schmidt, M.; Qinna, N.; Badr, M.; Matalka, K. A Functional Food Mixture “Protector” Reinforces the Protective Immune Parameters against Viral Flu Infection in Mice. Nutrients 2018, 10, 743. [Google Scholar] [CrossRef] [PubMed]

	



Sekizawa, H.; Ikuta, K.; Mizuta, K.; Takechi, S.; Suzutani, T. Relationship between polyphenol content and anti-influenza viral effects of berries. J. Sci. Food Agric. 2013, 93, 2239–2241. [Google Scholar] [CrossRef] [PubMed]

	



Guo, S.; Sun, H.; Xu, Y.; Fei, Z. Citrullus lanatus. Trends Genet. 2020, 36, 456–457. [Google Scholar] [CrossRef]

	



Morimoto, R.; Yoshioka, K.; Nakayama, M.; Nagai, E.; Okuno, Y.; Nakashima, A.; Ogawa, T.; Suzuki, K.; Enomoto, T.; Isegawa, Y. Juice of Citrullus lanatus var. citroides (wild watermelon) inhibits the entry and propagation of influenza viruses in vitro and in vivo. Food Sci. Nutr. 2021, 9, 544–552. [Google Scholar] [CrossRef] [PubMed]

	



Irvine, J.D.; Takahashi, L.; Lockhart, K.; Cheong, J.; Tolan, J.W.; Selick, H.; Grove, J.R. MDCK (Madin–Darby canine kidney) cells: A tool for membrane permeability screening. J. Pharm. Sci. 1999, 88, 28–33. [Google Scholar] [CrossRef]

	



Hanada, A.; Morimoto, R.; Horio, Y.; Shichiri, M.; Nakashima, A.; Ogawa, T.; Suzuki, K.; Sumitani, H.; Ogata, T.; Isegawa, Y. Influenza virus entry and replication inhibited by 8-prenylnaringenin from Citrullus lanatus var. citroides (wild watermelon). Food Sci. Nutr. 2022, 10, 926–935. [Google Scholar] [CrossRef]

	



Toomer, O.T. Nutritional chemistry of the peanut (Arachis hypogaea). Crit. Rev. Food Sci. Nutr. 2017, 58, 3042–3053. [Google Scholar] [CrossRef]

	



Makau, J.N.; Watanabe, K.; Mohammed, M.M.D.; Nishida, N. Antiviral Activity of Peanut (Arachis hypogaea L.) Skin Extract Against Human Influenza Viruses. J. Med. Food 2018, 21, 777–784. [Google Scholar] [CrossRef] [PubMed]

	



McClellan, K.; Perry, C.M. Oseltamivir. Drugs 2001, 61, 263–283. [Google Scholar] [CrossRef] [PubMed]

	



Haidari, M.; Ali, M.; Ward Casscells, S.; Madjid, M. Pomegranate (Punica granatum) purified polyphenol extract inhibits influenza virus and has a synergistic effect with oseltamivir. Phytomedicine 2009, 16, 1127–1136. [Google Scholar] [CrossRef] [PubMed]

	



Sundararajan, A.; Ganapathy, R.; Huan, L.; Dunlap, J.R.; Webby, R.J.; Kotwal, G.J.; Sangster, M.Y. Influenza virus variation in susceptibility to inactivation by pomegranate polyphenols is determined by envelope glycoproteins. Antivir. Res. 2010, 88, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Vučić, V.; Grabež, M.; Trchounian, A.; Arsić, A. Composition and Potential Health Benefits of Pomegranate: A Review. Curr. Pharm. Des. 2019, 25, 1817–1827. [Google Scholar] [CrossRef]

	



Chan, M.C.W.; Lugovtsev, V.Y.; Melnyk, D.; Weir, J.P. Heterogeneity of the MDCK Cell Line and Its Applicability for Influenza Virus Research. PLoS ONE 2013, 8, e75014. [Google Scholar]

	



Kamei, M.; Nishimura, H.; Takahashi, T.; Takahashi, N.; Inokuchi, K.; Mato, T.; Takahashi, K. Anti-influenza virus effects of cocoa. J. Sci. Food Agric. 2016, 96, 1150–1158. [Google Scholar] [CrossRef]

	



Haruyama, T.; Nagata, K. Anti-influenza virus activity of Ginkgo biloba leaf extracts. J. Nat. Med. 2012, 67, 636–642. [Google Scholar] [CrossRef]

	



Wieland, L.S.; Piechotta, V.; Feinberg, T.; Ludeman, E.; Hutton, B.; Kanji, S.; Seely, D.; Garritty, C. Elderberry for prevention and treatment of viral respiratory illnesses: A systematic review. BMC Complement. Med. Ther. 2021, 21, 112. [Google Scholar] [CrossRef]

	



Ibrahim, M.A.; Ramadan, H.H.; Mohammed, R.N. Evidence that Ginkgo Biloba could use in the influenza and coronavirus COVID-19 infections. J. Basic Clin. Physiol. Pharmacol. 2021, 32, 131–143. [Google Scholar] [CrossRef]

	



Borenstein, R.; Hanson, B.A.; Markosyan, R.M.; Gallo, E.S.; Narasipura, S.D.; Bhutta, M.; Shechter, O.; Lurain, N.S.; Cohen, F.S.; Al-Harthi, L.; et al. Ginkgolic acid inhibits fusion of enveloped viruses. Sci. Rep. 2020, 10, 4746. [Google Scholar] [CrossRef]

	



Patel, D.K. Biological Importance of a Biflavonoid ‘Bilobetin’ in the Medicine: Medicinal Importance, Pharmacological Activities and Analytical Aspects. Infect. Disord.-Drug Targets 2022, 22, 22–30. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; He, X.-Q.; Wu, D.-T.; Li, H.-B.; Feng, Y.-B.; Zou, L.; Gan, R.-Y. Elderberry (Sambucus nigra L.): Bioactive Compounds, Health Functions, and Applications. J. Agric. Food Chem. 2022, 70, 4202–4220. [Google Scholar] [CrossRef] [PubMed]

	



Porter, R.S.; Bode, R.F. A Review of the Antiviral Properties of Black Elder (Sambucus nigra L.) Products. Phytother. Res. 2017, 31, 533–554. [Google Scholar] [CrossRef] [PubMed]

	



Zakay-Rones, Z.; Thom, E.; Wollan, T.; Wadstein, J. Randomized Study of the Efficacy and Safety of Oral Elderberry Extract in the Treatment of Influenza A and B Virus Infections. J. Int. Med. Res. 2004, 32, 132–140. [Google Scholar] [CrossRef]

	



Kinoshita, E.; Hayashi, K.; Katayama, H.; Hayashi, T.; Obata, A. Anti-Influenza Virus Effects of Elderberry Juice and Its Fractions. Biosci. Biotechnol. Biochem. 2014, 76, 1633–1638. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Narayanan, S.; Chang, K.-O. Inhibition of influenza virus replication by plant-derived isoquercetin. Antivir. Res. 2010, 88, 227–235. [Google Scholar] [CrossRef]

	



Thapa, M.; Kim, Y.; Desper, J.; Chang, K.-O.; Hua, D.H. Synthesis and antiviral activity of substituted quercetins. Bioorganic Med. Chem. Lett. 2012, 22, 353–356. [Google Scholar] [CrossRef]

	



Choi, H.J.; Song, J.H.; Park, K.S.; Kwon, D.H. Inhibitory effects of quercetin 3-rhamnoside on influenza A virus replication. Eur. J. Pharm. Sci. 2009, 37, 329–333. [Google Scholar] [CrossRef]

	



Choi, H.J.; Song, J.H.; Kwon, D.H. Quercetin 3-rhamnoside Exerts Antiinfluenza A Virus Activity in Mice. Phytother. Res. 2012, 26, 462–464. [Google Scholar] [CrossRef]

	



Valentová, K.; Vrba, J.; Bancířová, M.; Ulrichová, J.; Křen, V. Isoquercitrin: Pharmacology, toxicology, and metabolism. Food Chem. Toxicol. 2014, 68, 267–282. [Google Scholar] [CrossRef]

	



Cho, W.-K.; Lee, M.-M.; Ma, J.Y. Antiviral Effect of Isoquercitrin against Influenza A Viral Infection via Modulating Hemagglutinin and Neuraminidase. Int. J. Mol. Sci. 2022, 23, 13112. [Google Scholar] [CrossRef]

	



Koganti, R.; Yadavalli, T.; Shukla, D. Current and emerging therapies for ocular herpes simplex virus type-1 infections. Microorganisms 2019, 7, 429. [Google Scholar] [CrossRef]

	



Miranda-Saksena, M.; Denes, C.E.; Diefenbach, R.J.; Cunningham, A.L. Infection and transport of herpes simplex virus type 1 in neurons: Role of the cytoskeleton. Viruses 2018, 10, 92. [Google Scholar] [CrossRef] [PubMed]

	



Whitley, R.J. Herpes simplex virus. Infections of the Central Nervous System, 3rd ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2004; pp. 123–144. [Google Scholar]

	



Zicari, S.; Sessa, L.; Cotugno, N.; Ruggiero, A.; Morrocchi, E.; Concato, C.; Rocca, S.; Zangari, P.; Manno, E.C.; Palma, P. Immune activation, inflammation, and non-AIDS co-morbidities in HIV-infected patients under long-term ART. Viruses 2019, 11, 200. [Google Scholar] [CrossRef] [PubMed]

	



Huang, M.-B.; Ye, L.; Liang, B.-Y.; Ning, C.-Y.; Roth, W.W.; Jiang, J.-J.; Huang, J.-G.; Zhou, B.; Zang, N.; Powell, M.D. Characterizing the HIV/AIDS epidemic in the United States and China. Int. J. Environ. Res. Public Health 2016, 13, 30. [Google Scholar] [CrossRef]

	



Roviello, G.N.; Di Gaetano, S.; Capasso, D.; Franco, S.; Crescenzo, C.; Bucci, E.M.; Pedone, C. RNA-binding and viral reverse transcriptase inhibitory activity of a novel cationic diamino acid-based peptide. J. Med. Chem. 2011, 54, 2095–2101. [Google Scholar] [CrossRef] [PubMed]

	



McGettrick, P.; Mallon, P.W. Biomarkers to predict cardiovascular disease in people living with HIV. Curr. Opin. Infect. Dis. 2022, 35, 15–20. [Google Scholar] [CrossRef]

	



Martin, M.P.; Carrington, M. Immunogenetics of HIV disease. Immunol. Rev. 2013, 254, 245–264. [Google Scholar] [CrossRef]

	



Borbone, N.; Piccialli, G.; Roviello, G.N.; Oliviero, G. Nucleoside analogs and nucleoside precursors as drugs in the fight against SARS-CoV-2 and other coronaviruses. Molecules 2021, 26, 986. [Google Scholar] [CrossRef]

	



Waters, M.D.; Warren, S.; Hughes, C.; Lewis, P.; Zhang, F. Human genetic risk of treatment with antiviral nucleoside analog drugs that induce lethal mutagenesis: The special case of molnupiravir. Environ. Mol. Mutagen. 2022, 63, 37–63. [Google Scholar] [CrossRef]

	



FitzGerald, R.; Dickinson, L.; Else, L.; Fletcher, T.; Hale, C.; Amara, A.; Walker, L.; Penchala, S.D.; Lyon, R.; Shaw, V. Pharmacokinetics of ß-d-N4-hydroxycytidine, the parent nucleoside of prodrug molnupiravir, in non-plasma compartments of patients with SARS-CoV-2 infection. Clin. Infect. Dis. 2022, 75, e525–e528. [Google Scholar] [CrossRef] [PubMed]

	



Sergerie, Y.; Boivin, G. Thymidine Kinase Mutations Conferring Acyclovir Resistance in Herpes Simplex Type 1 Recombinant Viruses. Antimicrob. Agents Chemother. 2006, 50, 3889–3892. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, M.S.; Wien, F.; Champness, J.N.; Batuwangala, T.; Rutherford, T.; Summers, W.C.; Sun, H.; Wright, G.; Sanderson, M.R. Structure to 1.9 Å resolution of a complex with herpes simplex virus type-1 thymidine kinase of a novel, non-substrate inhibitor: X-ray crystallographic comparison with binding of aciclovir. FEBS Lett. 1999, 443, 121–125. [Google Scholar] [CrossRef]

	



Filardo, S.; Di Pietro, M.; Mastromarino, P.; Sessa, R. Therapeutic potential of resveratrol against emerging respiratory viral infections. Pharmacol. Ther. 2020, 214, 107613. [Google Scholar] [CrossRef]

	



Annunziata, G.; Maisto, M.; Schisano, C.; Ciampaglia, R.; Narciso, V.; Tenore, G.; Novellino, E. Resveratrol as a Novel Anti-Herpes Simplex Virus Nutraceutical Agent: An Overview. Viruses 2018, 10, 473. [Google Scholar] [CrossRef] [PubMed]

	



Faith, S.A.; Sweet, T.J.; Bailey, E.; Booth, T.; Docherty, J.J. Resveratrol suppresses nuclear factor-κB in herpes simplex virus infected cells. Antivir. Res. 2006, 72, 242–251. [Google Scholar] [CrossRef]

	



Docherty, J.J.; Fu, M.M.H.; Stiffler, B.S.; Limperos, R.J.; Pokabla, C.M.; DeLucia, A.L. Resveratrol inhibition of herpes simplex virus replication. Antivir. Res. 1999, 43, 145–155. [Google Scholar] [CrossRef] [PubMed]

	



Akram, M.; Tahir, I.M.; Shah, S.M.A.; Mahmood, Z.; Altaf, A.; Ahmad, K.; Munir, N.; Daniyal, M.; Nasir, S.; Mehboob, H. Antiviral potential of medicinal plants against HIV, HSV, influenza, hepatitis, and coxsackievirus: A systematic review. Phytother. Res. 2018, 32, 811–822. [Google Scholar] [CrossRef]

	



Salami, S.O.; Adegbaju, O.D.; Idris, O.A.; Jimoh, M.O.; Olatunji, T.L.; Omonona, S.; Orimoloye, I.R.; Adetunji, A.E.; Olusola, A.; Maboeta, M.S. South African wild fruits and vegetables under a changing climate: The implications on health and economy. S. Afr. J. Bot. 2022, 145, 13–27. [Google Scholar] [CrossRef]

	



Tolo, F.M.; Rukunga, G.M.; Muli, F.W.; Njagi, E.N.M.; Njue, W.; Kumon, K.; Mungai, G.M.; Muthaura, C.N.; Muli, J.M.; Keter, L.K.; et al. Anti-viral activity of the extracts of a Kenyan medicinal plant Carissa edulis against herpes simplex virus. J. Ethnopharmacol. 2006, 104, 92–99. [Google Scholar] [CrossRef]

	



Magnavacca, A.; Sangiovanni, E.; Racagni, G.; Dell’Agli, M. The antiviral and immunomodulatory activities of propolis: An update and future perspectives for respiratory diseases. Med. Res. Rev. 2021, 42, 897–945. [Google Scholar] [CrossRef] [PubMed]

	



Yildirim, A.; Duran, G.G.; Duran, N.; Jenedi, K.; Bolgul, B.S.; Miraloglu, M.; Muz, M. Antiviral Activity of Hatay Propolis Against Replication of Herpes Simplex Virus Type 1 and Type 2. Med. Sci. Monit. 2016, 22, 422–430. [Google Scholar] [CrossRef] [PubMed]

	



Nolkemper, S.; Reichling, J.; Sensch, K.H.; Schnitzler, P. Mechanism of herpes simplex virus type 2 suppression by propolis extracts. Phytomedicine 2010, 17, 132–138. [Google Scholar] [CrossRef] [PubMed]

	



Demir, S.; Atayoglu, A.T.; Galeotti, F.; Garzarella, E.U.; Zaccaria, V.; Volpi, N.; Karagoz, A.; Sahin, F. Antiviral Activity of Different Extracts of Standardized Propolis Preparations against HSV. Antivir. Ther. 2019, 25, 353–363. [Google Scholar] [CrossRef]

	



Altındiş, M.; Aslan, F.G.; Uzuner, H.; Ünal, H.; Köroğlu, M.; Kulaç, S.; Karadenizli, A. Zeytin Yaprağı Ekstresi ve Propolisin Herpes Simpleks Virüsü Tip 1 Üzerine Antiviral Etkisinin Asiklovir ile Karşılaştırılması. Mikrobiyoloji Bul. 2020, 54, 79–94. [Google Scholar] [CrossRef]

	



Bayan, L.; Koulivand, P.H.; Gorji, A. Garlic: A review of potential therapeutic effects. Avicenna J. Phytomed. 2014, 4, 1–14. [Google Scholar]

	



Santhi, V.P.; Sriramavaratharajan, V.; Murugan, R.; Masilamani, P.; Gurav, S.S.; Sarasu, V.P.; Parthiban, S.; Ayyanar, M. Edible fruit extracts and fruit juices as potential source of antiviral agents: A review. J. Food Meas. Charact. 2021, 15, 5181–5190. [Google Scholar] [CrossRef]

	



Amin, A. AL dulaimi and marwa AA AL rawi, antiviral activity of Mangifera extract on influenza virus cultivated in different cell cultures. J. Pure Appl. Microbiol. 2019, 13, 455–458. [Google Scholar]








[image: Life 13 00402 g001 550] 





Figure 1. Structural representations of some of the main bioactive compounds contained in food supplements and traditional Chinese medicine products with activity against SARS-CoV which were investigated in the context of the disease caused by SARS-CoV-2. 
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Figure 2. Acyclovir is an anti-HSV agent that is activated by the viral thymidine kinase to become inhibitor of the viral DNA polymerase: (a) structural representations of the HSV drug acyclovir and (b) dimeric complex of HSV-1 thymidine kinase in complex with acyclovir (pink). The complex structure is publicly available at the link https://www.rcsb.org/3d-view/2KI5/1 (accessed on 16 January 2023) and corresponds to the PDB ID: 2KI5 [115]. 
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Table 1. Some of the chemical compounds 1 derived from functional foods studied for prevention or therapy of COVID-19.
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	Functional Food Active Compounds
	Molecular Formula
	Activity
	Reference Number





	Curcumin
	C21H20O6
	Alleviates the COVID-19 symptoms by restoring the anti-inflammatory and pro-inflammatory balance.
	[37]



	Quercetin
	C15H10O7
	With other polyphenols, vitamins C, D, E, and zinc, is effective in therapy and prevention of the disease.
	[38]



	EGCG
	C22H18O11
	Prevents the RBD-ACE2 interaction, which results in attenuated SARS-CoV-2 infection.
	[39]



	Sulforaphane
	C6H11NOS2
	May attenuate the effects of the inflammation.
	[40]



	Thymoquinone
	C10H12O2
	Alleviates COVID-19 symptoms and prevents the cardiovascular complications
	[41,42]







1 These phytocompounds were previously evaluated against SARS-CoV.
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Table 2. Some functional food ingredients used as influenza treatments with the main corresponding activities.
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	Functional Food Ingredient
	Plant Source
	Activity
	Reference Number





	Wild watermelon juice
	Citrullus lanatus
	Its juice effectively blocks influenza virus replication in cells and inhibits viral adsorption and replication.
	[77]



	Peanut skin extracts
	Arachis hypogaea
	Active against both types (A and B) of the influenza virus; peanut skin extracts prevent the influenza virus from replicating.
	[81]



	Pomegranate extract
	Punica granatum
	Pomegranate polyphenol extracts are effective in preventing influenza A virus replication and exert virucidal properties.
	[83]



	Cocoa extract
	Theobroma cacao
	Cocoa extracts dose-dependently inhibit the infection of different avian and human (A: H1N1, H3N2, B: H3N2) influenza viruses.
	[87]



	Ginkgo biloba leaf extract
	Ginkgo biloba
	Its leaf extracts directly affect the vital properties of the influenza virus (A and B) particles and prevent hemagglutinin from binding to host cells.
	[88]



	Elderberry supplements
	Sambucus nigra
	Elderberry supplements lower the risk of influenza complications and of adverse events by the long-term reduction of cytokines.
	[89]
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