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Abstract

:

The COVID-19 pandemic has had a profound impact worldwide, resulting in long-term health effects for many individuals. Recently, as more and more people recover from COVID-19, there is an increasing need to identify effective management strategies for post-COVID-19 syndrome, which may include diarrhea, fatigue, and chronic inflammation. Oligosaccharides derived from natural resources have been shown to have prebiotic effects, and emerging evidence suggests that they may also have immunomodulatory and anti-inflammatory effects, which could be particularly relevant in mitigating the long-term effects of COVID-19. In this review, we explore the potential of oligosaccharides as regulators of gut microbiota and intestinal health in post-COVID-19 management. We discuss the complex interactions between the gut microbiota, their functional metabolites, such as short-chain fatty acids, and the immune system, highlighting the potential of oligosaccharides to improve gut health and manage post-COVID-19 syndrome. Furthermore, we review evidence of gut microbiota with angiotensin-converting enzyme 2 expression for alleviating post-COVID-19 syndrome. Therefore, oligosaccharides offer a safe, natural, and effective approach to potentially improving gut microbiota, intestinal health, and overall health outcomes in post-COVID-19 management.
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1. Introduction


The emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the subsequent coronavirus disease 2019 (COVID-19) pandemic has had far-reaching consequences for global public health since it was first identified in Wuhan, China, in December 2019 [1]. The virus spreads primarily through respiratory droplets that are expelled when an infected individual coughs, sneezes, or talks, facilitating its rapid transmission and eventual classification as a pandemic [2]. Although the respiratory system is the main site of infection, COVID-19 can also affect other critical organs and systems in the body, including the kidneys, liver, brain, and gastrointestinal tract. The virus is a grave threat due to the broad spectrum of complications it can trigger, including acute respiratory distress syndrome, sepsis, multi-organ failure, and even death [3]. In the context of SARS-CoV-2 infection, the gastrointestinal system is also susceptible to damage, particularly in cases involving intestinal thrombosis. The virus has the ability to directly impair intestinal tissue and contribute to the formation of blood clots within the gastrointestinal tract [4]. This damage and thrombotic event can manifest as gastrointestinal symptoms and potentially lead to severe complications.



It is now widely acknowledged that a subset of people who have recovered from COVID-19 may experience persistent symptoms and complications that can affect multiple organs, leading to long-term health problems [5]. These symptoms can persist for weeks or even months, and they are collectively known as post-COVID-19 syndromes [6]. The consequences of these syndromes can be severe, as they may cause lasting harm to critical organs such as the lungs, brain, heart, and kidneys. The symptoms are diverse and can include fatigue, dyspnea, chest pain, joint pain, muscle weakness, headaches, cognitive impairment, depression, diarrhea, nausea, and abnormal pain [7]. A thorough comprehension of the long-term effects of the SARS-CoV-2 virus is crucial for accurately predicting the healthcare burden of post-COVID-19 syndrome and enhancing the quality of life for those affected. Furthermore, the development of new treatments and management strategies for post-COVID-19 syndrome is necessary to alleviate patient outcomes and mitigate the risk of long-term complications, such as organ damage and disability.



Oligosaccharides are short chains of carbohydrates composed of 2–20 monosaccharide units [8]. They are present in a wide range of natural resources such as marine algae, plants, fruits, vegetables, and grains and can also be obtained through hydrolysis of polysaccharides [9,10]. Figure 1 displays the chemical structures of typical oligosaccharides obtained from natural resources, including fructo-oligosaccharide, xylo-oligosaccharides, chitosan-oligosaccharides, and carrageenan-oligosaccharides. The distinctive arrangement of monosaccharides and linkage types within each oligosaccharide type results in their unique contribution to specific biological activities. Oligosaccharides have been shown to exhibit various biological activities, including prebiotic effects, immunomodulation, and antioxidant and antiviral properties [11,12,13]. Oligosaccharides play a role as prebiotics by promoting the growth of beneficial bacteria, which can stimulate the production of mucus by goblet cells, specialized cells found in the intestinal tract [14]. This increased mucus production enhances the protective function of the intestinal mucosa by effectively capturing harmful substances, preventing their interaction with the epithelial cells [15]. Consequently, this reduces the risk of inflammation and potential damage. Oligosaccharides possess immunomodulatory and antioxidant characteristics, rendering them valuable in the treatment of diverse diseases [16,17]. In the presence of a disease, an imbalance between the generation of reactive oxygen species and the body’s antioxidant defense mechanisms often leads to oxidative stress. Oligosaccharides have the ability to alleviate oxidative stress and facilitate the recovery process [18]. They safeguard against inflammation-induced oxidative stress by diminishing the production of pro-inflammatory molecules and modulating the inflammatory response [19].



Therefore, oligosaccharides have promising potential in managing post-COVID-19 complications through their ability to modulate the intestinal flora, increase the production of functional metabolites, reduce oxidative stress, enhance immune function, improve nutrient absorption, and reinforce intestinal barrier function. The aim of this review is to provide a comprehensive summary of the existing knowledge on the potential mechanisms of action for oligosaccharides in alleviating post-COVID-19 syndromes. In addition, the review discusses the potential applications of oligosaccharides in post-COVID-19 management. The insights gained from this review could inform future research and the development of oligosaccharide interventions for managing post-COVID-19 symptoms and improving overall health outcomes.




2. The Negative Vicious Cycle of Post-COVID-19 Syndrome on Gastrointestinal Health


When the SARS-CoV-2 virus infects the human body, it first targets cells with angiotensin-converting enzyme 2 (ACE2) receptors on their surface, which can be found in various organs, including the lungs, heart, intestines, kidneys, pancreas, and brain [20]. Upon binding to the ACE2 receptor with its spike protein, the virus gains entry into the host cell, using its machinery to replicate and assemble new virus particles from viral proteins and genetic material [21]. Despite primarily entering through the respiratory tract, SARS-CoV-2 can also enter the body through the gastrointestinal tract due to the abundance of ACE2 receptors in the small intestine and colon lining cells [22]. This can lead to damage to the gut epithelium, resulting in inflammation, gastrointestinal symptoms, and gut dysbiosis [23]. Additionally, the virus can cause systemic inflammation and oxidative stress, resulting in changes in the gut microbiota, damage to the intestinal epithelial barrier, and intestinal permeability [24]. Although most people who contract COVID-19 recover without severe complications, there is a growing recognition of post-COVID-19 syndrome.



The post-COVID-19 syndrome can endure for several weeks or months following the initial infection, and one of its major symptoms is gut dysbiosis, which can lead to diarrhea [25]. Studies have revealed that long COVID patients have an altered microbial profile in their gut microbiome, with decreased diversity of certain bacterial species and an increase in pathogenic bacteria growth [26]. Gut dysbiosis can have implications for immune function, mucosal function, and overall health, leading to inflammation in the gastrointestinal system, causing complications such as inflammatory bowel disease, Crohn’s disease, and ulcerative colitis [27]. Long COVID patients have elevated levels of inflammatory markers in their plasma and stool samples [28], suggesting that inflammation may play a role in gastrointestinal symptom development (as depicted in Figure 2).



Post-COVID-19 syndrome can also affect the gastrointestinal system by causing digestive symptoms such as abdominal pain, loss of appetite, and nausea [29]. The negative consequences for both gastrointestinal and systemic health can perpetuate a vicious cycle of immune dysfunction and inflammation, exacerbating the symptoms and complications of COVID-19, leading to prolonged illness courses and an increased risk of long-term complications such as chronic fatigue, cognitive impairment, and autoimmune disorders [30,31].



In short, post-COVID-19 syndrome can affect the gastrointestinal system in several ways, including gut dysbiosis, inflammation, and digestive symptoms. Therefore, maintaining intestinal health may be an important consideration in post-COVID-19 management. One potential approach is the use of prebiotics, particularly oligosaccharides (Table 1), which can selectively encourage the growth of good bacteria in the gut and help restore microbial balance, promoting a healthy immune response and supporting overall gastrointestinal health.




3. Oligosaccharides Attenuated Post-COVID-19 Syndrome by Modulating Gut Microbiota


The human digestive system contains a complex and diverse community of microorganisms collectively referred to as the gut microbiota. It comprises more than a thousand bacterial species, with variations in composition among individuals. Nevertheless, certain bacterial taxa, namely Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria, are commonly found in the gut microbiota of healthy individuals [42]. The intestinal microbiota plays a crucial role in promoting human health by contributing to various physiological processes such as digestion, immune function, intestinal barrier function, and antiviral defense mechanisms [43,44]. However, dysbiosis, an imbalance of beneficial and harmful gut bacteria, has been associated with numerous health conditions, including inflammatory bowel disease, ulcerative colitis, obesity, metabolic disorders, autoimmune diseases, and mental health conditions [45]. Dysbiosis can lead to a weakened immune response and impaired gut barrier function, resulting in an increased risk of viral infections. Hence, managing dysbiosis could have significant implications for post-COVID-19 treatment [46].



The COVID-19 infection can disrupt the delicate balance of the gut microbiota, leading to dysbiosis. A previous study showed that COVID-19 patients who died had lower microbial diversity and an altered gut microbiota composition compared to the survivors. ICU patients also had a higher proportion of Pyramidobacter and Eremococcus and a lower proportion of Collinsella and Eubacterium ventriosum groups [47]. The imbalances in gut microbiota can persist even after recovering from the virus, leading to potential long-term health consequences. At 6 months’ follow-up, microbial diversity and richness in patients with post-COVID-19 were significantly lower than in healthy individuals [48]. Several recent studies have demonstrated the positive impact of oligosaccharides on gut microbiota diversity and balance [15]. Our previous research has shown that Gracilaria lemaneiformis oligosaccharides can alleviate the severity of dextran sulphate sodium-induced colitis by preventing mice from inflammatory infiltration and maintaining gut balance [49]. In addition, in vitro studies using human feces fermentation have found that G. lemaneiformis and Saccharina japonica oligosaccharides can modulate the composition and diversity of gut microorganisms [50,51]. Furthermore, existing clinical research has shown that intervention with fructo-oligosaccharides has the potential to modulate the communication between the microbiota and the brain through the gut–brain axis. This intervention may lead to an improvement in gut diversity and a reduction in hyper-serotonergic state and dopamine metabolism disorder, both of which are frequently observed in individuals with autism spectrum disorder [52].



According to a previous study, there exists an inverse correlation between Bacteroides dorei, Bacteroides thetaiotaomicron, Bacteroides massiliensis, and Bacteroides ovatus and SARS-CoV-2 load in fecal samples obtained from patients [53]. Bacteroides is a genus of bacteria that is commonly present in the human gut flora and plays an important role in breaking down and metabolizing complex carbohydrates. It is noteworthy that Bacteroides have a significant portion of their genome dedicated to oligosaccharides utilization. This is due to the presence of genes that encode for enzymes, also known as carbohydrate-active enzymes (CAZymes), which can break down oligosaccharides, as well as proteins involved in transport and regulation that are organized into polysaccharide utilization loci [54,55]. Several studies suggest that Bacteroides is involved in immune function and inflammation regulation [56]. For instance, Bacteroides has been shown to improve ulcerative colitis [57] and alleviate inflammation induced by obesity [58]. Bacteroides spp. are capable of utilizing oligosaccharides as nutrients due to their complex enzymatic machinery, making them thrive in oligosaccharide-enriched environments [59]. Consequently, a high intake of dietary fiber or oligosaccharides may help in weight maintenance and reduce the risk of inflammatory diseases [60]. However, in the absence of fiber in the diet, Bacteroides spp., particularly Bacteroides thetaiotaomicron, may selectively adapt their transcriptional responses, leading to the degradation of host mucus glycans as a nutrient, which can cause thinning of the mucus layer [61]. Nevertheless, the intake of dietary oligosaccharides can protect the mucus layer in the gut by enhancing the growth of Bacteroidetes, which preferentially use oligosaccharides as a source of energy, rather than digesting the mucus layer as a nutrient [62]. In a randomized, double-blind, placebo-controlled study, it was found that administering a mixture of galacto-oligosaccharides to elderly volunteers (aged 65–80 years) resulted in significant increases in Bacteroides-Prevotella. Furthermore, this administration was also shown to increase the levels of IL-10, IL-8, natural killer cell activity, and C-reactive protein, while reducing the level of IL-1β [63]. Recent research has revealed that 76% of patients with post-acute COVID-19 syndrome experience common symptoms, such as fatigue, poor memory, and hair loss, six months after the onset of the disease. Analysis of the gut microbiome in these patients has also shown higher levels of Bacteroides vulgatus, suggesting a potential link between this bacterial strain and the development of post-acute COVID-19 syndrome symptoms [48]. Studies have demonstrated that B. vulgatus exhibits potent immune-modulating properties, resulting in the prevention of colitis induction in various mouse models of experimental colitis [57]. Additionally, pectic oligosaccharides or inulin can differentially modulate the progression of leukemia and associated metabolic disorders by specifically increasing the abundance of B. vulgatus [64].



The Firmicutes phylum is one of the largest bacterial phyla, consisting of over 200 genera, including Staphylococcus, Lactobacillus, Bacillus, Ruminococcus, and Clostridium [65]. However, an excessive abundance of Firmicutes has been linked to increased inflammation and is positively associated with dysbiosis, while lower numbers of Firmicutes are considered more desirable [66]. In post-COVID-19 patients, an imbalance in the gut microbiota has been identified by an elevation in the prevalence of Firmicutes. Previous studies have proved that COVID-19 disease severity is linked to a higher abundance of the phylum Firmicutes, such as the Coprobacillus genus, Clostridium ramosum, and Clostridium hathewayi species [53]. Moreover, studies in humans have shown an inverse relationship between the severity of the disease and the abundance of Faecalibacterium and Roseburia [28,67]. Faecalibacterium prausnitzii, a species within the Firmicutes phylum and member of the Ruminococcaceae family, is among the most commonly detected species in the human gut flora and is a primary source of butyrate in the colon. Studies have shown that F. prausnitzii can grow by acquiring and degrading various β-mannooligosaccharides, and the growth of this species can be increased by β-mannooligosaccharides [68]. Cross-feeding is a fascinating type of metabolic interaction that takes place among commensal microbes in the gut, in which certain organisms with the ability to process poly-/oligo-saccharides can sustain other members of their community. This phenomenon may arise from competition for available carbohydrates, differential utilization of released composition of oligosaccharides, or additional processing of fermentation byproducts [69]. It has been observed that cross-feeding with Bacteroides ovatus and Roseburia intestinalis is required for the degradation of β-mannan into β-mannooligosaccharides, which can be further utilized by F. prausnitzii [68]. These cross-feeding interactions have a beneficial impact on intestinal health. Some of the species of Bacteroides and Firmicutes can break down oligosaccharides into simple carbohydrates, which can be shared and used by other bacteria through cross-feeding. Cross-feeding has also been observed in the fermentation of substrates such as xylan and xylo-oligosaccharides by co-cultures of Bacteroides and R. intestinalis. The transport protein of R. intestinalis shows a preference for xylo-oligomers consisting of 4–5 units, while Bacteroides primarily degrades xylan into xylo-oligosaccharides [70]. After B. ovatus DSMZ 1896 was grown in galactomannan-supplemented media, β-manno-oligosaccharides with a degree of polymerization (DP) of 2–4, which are breakdown products of polysaccharides, were left over. These breakdown products were found to promote the proliferation of Lactiplantibacillus plantarum WCFS1 (primarily DP2 and DP3) and Bifidobacterium adolescentis DSMZ 20,083 (mostly DP3), while lactate and acetate were produced as a result of this process [71].



Therefore, maintaining a healthy gut microbiota is essential in the post-COVID-19 management. It can help boost the immune response, reduce the severity of the illness, and shorten the duration of the virus infection. Oligosaccharide is a potential strategy to promote a healthy gut microbiota used to promote the growth of advantageous gut microbiota, supporting overall health and well-being in the post-COVID-19 management.




4. The Role of Oligosaccharide in the Gut Microbiota-Derived Short-Chain Fatty Acids and Facilitate Post COVID-19 Syndromes


The intestinal microbiota plays an important role in maintaining gut and overall health by producing gut-derived metabolites through the fermentation of non-digestible carbohydrates, such as oligosaccharides. These metabolites, primarily produced in the colon, include short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate [15,72,73]. SCFAs serve as an essential energy source for colonic epithelial cells and promote the integrity of the intestinal barrier, regulate tight junction proteins, prevent oxidative stress, and modulate immune function. SCFAs exert their effects by attaching to particular receptors on intestinal epithelial cells’ surface, which includes G-protein-coupled receptors 41 and 43 (GPR41 and GPR43), also known as free fatty acid receptors 2 and 3 (FFAR-2 and FFAR-3), respectively [74]. The activation of GPR41 and GPR43 by SCFAs has been shown to have several physiological effects, such as regulating gut motility, reducing inflammation, and promoting colonic epithelial cell proliferation and differentiation. Moreover, SCFAs and GPR41 signaling are linked to regulating insulin sensitivity and energy homeostasis. In addition to GPR41 and GPR43, SCFAs also stimulate receptors such as GPR109a and OR51E2 [75]. The expression of GPR109a is observed in the host’s intestinal epithelial cells and various immune cells, including macrophages, dendritic cells, monocytes, and neutrophils, while OR51E2 is expressed in the colon and rectum [76]. Activation of GPR109a and OR51E2 by SCFAs leads to a range of downstream effects, including the release of inflammatory cytokines, regulation of immune cell proliferation and differentiation, and modulation of gut hormone secretion [77].



The analysis of fecal metabolites showed that COVID-19 patients had significantly lower concentrations of SCFAs both before and after disease resolution. Moreover, the impairment of SCFA production in the intestinal microbiome continued for more than 30 days after recovery [78], which led to a reduction in SCFA-producing bacteria for COVID-19 and post-COVID-19 patients [79,80]. The most well-known SCFA-producing bacteria belong to the Firmicutes and Bacteroidetes phyla, including members of the genera Bacteroides, Bifidobacterium, Clostridium, Lactobacillus, Prevotella, and Ruminococcus. Each of these bacteria has a unique metabolic profile that influences the type and amount of SCFAs they produce. Evidence suggests that oligosaccharides can increase the production of SCFA-producing bacteria and SCFAs. For example, cranberry arabino-xyloglucan and pectic oligosaccharides promoted the growth of Lactobacillus species, such as Lactobacillus acidophilus, Lactobacillus plantarum, and Lactobacillus fermentum, and also increased the production of SCFAs, with butyrate being the most prominent SCFA [81]. Galacto-oligosaccharides from Lupinus albus were found to increase SCFA production, particularly butyrate, by increasing the relative abundance of Firmicutes phylum by 110% compared to the untreated group with ulcerative colitis [82]. The main butyrate-producing bacteria include Faecalibacterium prausnitzii, Clostridium butyricum, Eubacterium rectale, Roseburia spp., Eubacterium hallii, Akkermansia muciniphila, Bifidobacterium spp., and Lactobacillus spp.



SCFAs play a critical role in regulating the immune response and reducing inflammation. They interact with various immune cells such as dendritic cells, macrophages, and T cells [83], thereby influencing the production of pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α. SCFAs also promote the production of anti-inflammatory cytokines like IL-10, while promoting the differentiation and function of regulatory T cells, which are critical in preserving immune homeostasis and preventing autoimmune diseases [84]. Additionally, SCFAs can modulate the expression of immune receptors and signaling pathways, including Toll-like receptors (TLRs) and nuclear factor kappa B (NF-κB), which are involved in regulating the immune response and inflammation.



Acetate is a critical component in energy metabolism, serving as a substrate for gluconeogenesis in the liver and a source of energy for other tissues. It has also been suggested that acetate may reduce the generation of pro-inflammatory cytokines and enhance cytokine production in T cells, potentially improving the immune response during glucose restriction caused by infections or other stressful situations [85]. These results have important implications for the role of acetate in immune function, particularly in the context of COVID-19 infections. Post-COVID-19 patients show evidence of T cell dysfunction and impaired immune responses, contributing to long-term symptoms and poor outcomes [86]. Studies have demonstrated that oligosaccharides act as prebiotics, promoting the growth of acetate-producing bacteria and subsequently increasing acetate production. For instance, the addition of fructo-oligosaccharides has been shown to elevate the relative abundance of bacterial genera such as Bacteroides, Anaerostipes, and Lactobacillus, which are known to facilitate acetate production [87].



Butyrate has been shown to enhance the immune response against influenza infection in mice by increasing the production of Ly6c-patrolling monocytes in the bone marrow, which can clear the virus by migrating to the lungs. In addition, a high-fiber diet that raises butyrate levels can enhance antiviral function by promoting the shift of CD8+ T cells in the lungs towards increased fatty acid oxidation and decreased glycolysis, leading to improved antiviral activity [88]. Interestingly, xanthan gum oligosaccharides and gellan gum oligosaccharides have been found to increase the production of butyrate-producing bacteria, such as Lachnospiraceae, and butyric acid production in an in vitro fermentation assay using human fecal inocula [89]. Butyrate deficiency has been associated with altered bacterial networks and increased symptoms of fatigue in patients with myalgic encephalomyelitis/chronic fatigue syndrome [90]. Recent studies have also suggested that short-chain fatty acids (SCFAs), including butyrate, may have a beneficial effect on post-COVID-19 symptoms such as fatigue and cognitive impairment [91]. Additionally, oligosaccharides derived from Codonopsis pilosula have been shown to have antifatigue and antihypoxia activities in mice [92]. Neoagaro-oligosaccharides administration has been shown to alleviate depression induced by chronic restraint stress in mice. This is achieved by increasing levels of brain-derived neurotrophic factor and 5-hydroxytryptamine in the brain, reversing the decrease in short-chain fatty acid levels in the cecum of depressed mice and mitigating gut microbiota dysbiosis [93]. Therefore, oligosaccharides may have a beneficial effect on fatigue and cognitive impairment in general.



To potentially improve post-COVID-19 syndrome through dietary interventions, promoting the production of SCFAs via oligosaccharides has been suggested, as previously mentioned. Similarly to a previous report, it has been recommended to consume viscous and fermentable fibers such as β-glucan and arabinoxylans from whole grains and pectin from fruits, vegetables, and legumes, as they have a prebiotic effect on SCFA-producing bacteria [94,95]. The Mediterranean diet is an example of a fiber-rich diet that impacts on the structure and function of the intestinal microbiota and the production of SCFAs [96]. Postbiotic interventions, such as bioactive compounds produced by live microorganisms during fermentation that confer health benefits on the host, particularly SCFAs, could also be used to treat post-COVID-19 syndrome [97]. As indicated in Table 2, the SCFAs have the potential to be beneficial for post-COVID-19 syndrome.



In short, the use of oligosaccharides interventions or supplementation to produce gut-derived metabolites, particularly short-chain fatty acids (SCFAs), has been shown to modulate immune response and reduce inflammation. There is evidence to suggest their potential use in alleviating post-COVID-19 symptoms, and they have emerged as a potential therapeutic target for alleviating post-COVID-19 symptoms.




5. Role of Oligosaccharides and Gut Microbiota-Derived Bile Salts in Post COVID-19 Recovery


The liver synthesizes primary bile acids that are conjugated to taurine and glycine before being secreted into the gut. However, the intestinal microbiota also plays a significant role in bile salt metabolism [106]. Unabsorbed bile salts in the small intestine enter the large intestine where gut bacteria metabolize them. This conversion of primary bile acids, including cholic and chenodeoxycholic acid, into secondary bile acids, such as deoxycholic and lithocholic acid, is responsible for up to half of bile acid metabolism in the human body [107]. This microbial conversion has numerous implications, including evidence suggesting that microbial metabolites such as bile acids play a crucial role in the replication of enteric viruses, such as porcine sapoviruses, porcine enteric calicivirus, and noroviruses [108]. Moreover, secondary bile acids have different physical properties from primary bile acids, which can impact host metabolism and inflammation [109].



Research has shown that COVID-19 infection patients have lower contents of secondary bile acids, such as deoxycholic acid and ursodeoxycholic/hyodeoxycholic acid, compared to COVID-19-negative patients. These secondary bile acids are produced through gut microbiome metabolism, and their decreased levels suggest dysregulation of bile acid metabolism in COVID-19 patients [109]. This dysregulation could contribute to post-COVID-19 symptoms, including fatigue. Studies have demonstrated that oligosaccharides can modulate bile acid composition to enhance energy metabolism and lipid metabolism. For example, when hyperlipidemic mice were supplemented with mannan oligosaccharides in their diet, an increase in secondary bile acids was observed, resulting in reduced atherosclerosis development [110]. Similarly, administering ι-carrageenan tetrasaccharide to insulin-resistant mice on a high-fat, high-sucrose diet led to an increase in bile acid levels in serum, liver, and feces [111].



Bile acids have been shown to exhibit anti-inflammatory characteristics in various settings [112] and may serve as a means to regulate the inflammatory response in individuals with post-COVID-19 symptoms. Ursodeoxycholic acid, for example, has been found to regulate the innate immune response by activating signaling pathways such as NF-κB [113]. Additionally, ursodeoxycholic acid reduces the activation and proliferation of T cells, which can help suppress the immune response in specific circumstances [114]. Ursodeoxycholic acid also exhibits anti-inflammatory effects and can inhibit pro-inflammatory cytokines, including IL-6 and IL-1β [115]. Furthermore, Wahlström et al. have noted that bile acid modulation can impact the microbiota both directly and indirectly and activate innate immune genes in both the gut and lung, indicating a potential crosstalk between them [116]. The farnesoid X receptor (FXR) has emerged as an important nuclear receptor that regulates bile acid homeostasis and is activated by various bile acids [117]. FXR is expressed in different tissues of the body, including the lung, liver, and intestine. Targeting the FXR pathway has been suggested as a potential therapeutic approach for COVID-19 [118]. FXR activation has been found to have anti-inflammatory effects, possibly by regulating cytokine production and inhibiting NF-κB signaling [119]. Moreover, research has investigated FXR agonists, such as obeticholic acid, for their therapeutic implications in COVID-19. Obeticholic acid has been shown to have anti-inflammatory effects and improve respiratory function in animal models of lung injury, indicating its potential to alleviate the cytokine storm and lung injury associated with severe COVID-19 [120]. As such, targeting bile acid metabolism may have important implications for managing post-COVID-19 symptoms such as fatigue and persistent chronic inflammation.




6. The Role of Oligosaccharides in Modulating Gut Microbiota and ACE2 Expression for Alleviating Post-COVID-19 Syndrome


SARS-CoV-2 gains entry into host cells by attaching to the ACE2 receptor on the cell surface. ACE2 is present on various cells in the human body, including those of the respiratory and gastrointestinal tracts [121]. Once inside the cell, the virus uses the host cell’s machinery to replicate and spread. Polysaccharides and oligosaccharides derived from bacterial, fungal, and marine algal sources are natural compounds that exhibit bioactive properties capable of enhancing the immune system, inhibiting viral replication and infectivity, and providing protection against viral infections [122]. Current research has prioritized the exploration of sulfated polysaccharides and oligosaccharides as promising approaches to combat SARS-CoV-2. For instance, heparin, an anticoagulant medication, has demonstrated remarkable effectiveness at the nanomolar level in preventing the transmission of SARS-CoV-2 [123]. This is accomplished by inhibiting viral attachment and reducing the formation of blood clots. Furthermore, sulfated polysaccharides derived from plants and marine organisms have displayed encouraging inhibitory effects against the virus in laboratory experiments, effectively diminishing viral replication and reducing infectivity [124]. These molecules can bind to both ACE2 and the spike protein of SARS-CoV-2, which facilitates the virus’s attachment to ACE2 [125,126]. By doing so, sulfated oligosaccharides can competitively prevent the virus from entering host cells, potentially reducing the severity of post-COVID-19 symptoms (Figure 3).



Post-COVID-19 patients may harbor a small viral load in their bodies even after recovering from the acute phase, which can activate intestinal ACE2 receptors and cause gastrointestinal symptoms such as diarrhea [127]. Previous studies using gnotobiotic rats lacking natural gut microbiota found that the presence of gut microbiota is associated with increased expression of ACE2 mRNA in the colon. This increased expression of ACE2 could increase susceptibility to SARS-CoV-2 infection and affect disease severity [128]. The gut microbiota regulates ACE2 expression, with a healthy microbiome promoting higher ACE2 expression and less severe disease. Certain bacteria, such as Bacteroides dorei, Bacteroides ovatus, Bacteroides thetaiotaomicron, and Bacteroides massiliensis, downregulate ACE2 expression in murine models, highlighting the interrelationship between the gut microbiome, ACE2 expression, and viral infection [53]. The effect of Firmicutes species on ACE-2 receptor expression is not consistent. However, recent studies have indicated that modulating the gut microbiota composition by increasing the abundance of Bacteroidetes and decreasing the levels of Firmicutes may have a beneficial impact in inhibiting the entry of SARS-CoV-2 through the downregulation of ACE2 expression in the intestinal epithelial cells [129].



The gut–lung axis is a two-way communication pathway that facilitates the exchange of information between the gut microbiota and the respiratory system [130]. Growing evidence shows that the gut microbiota influences respiratory health, while the respiratory system affects gut microbiota composition. The immune system, critical in both the gut and lungs, is believed to mediate the gut–lung axis, along with ACE2 expression in both organs [131]. Studies reveal that the gut microbiota modulates ACE2 expression in the respiratory system, and that treatment with Lactobacillus rhamnosus can increase ACE2 expression in the lungs, mitigate influenza virus-induced lung injury, and improve lung function [132]. Various oligosaccharides, including fructo-oligosaccharides, xylooligosaccharides, galacto-oligosaccharides, and pectin-oligosaccharides, have been shown to selectively promote the growth of beneficial gut bacteria such as Bifidobacteria and Lactobacilli. These probiotic-derived bacteria produce molecules such as lipopeptides, including subtilisin from Bacillus amyloliquefaciens, curvacin A from Lactobacillus curvatus, sakacin P from Lactobacillus sakei, and lactococcin Gb from Lactococcus lactis, which possess a higher binding affinity to human ACE2 [133]. By competitively inhibiting the action of these probiotic-derived molecules, SARS-CoV-2’s mandatory connection with host epithelial cells expressing ACE2 for entry and reproduction is prevented. Moreover, research has demonstrated that the gut microbiota produces SCFAs that can influence the expression of intestinal ACE2. Brown et al. demonstrated that colonization with Clostridia-enriched bacteria resulted in a significant increase in fecal propionate and butyrate, as well as a decrease in ACE2 expression in the intestines and lungs of specific pathogen-free mice [134]. Similarly, other research has shown that butyrate treatment can decrease the expression of ACE2, along with various other genes related to host defense and immune response [135]. These findings suggest that SCFAs may play a role in inhibiting SARS-CoV-2 entry into host cells by lowering ACE2 expression. Therefore, targeting and modulating the gut microbiome using oligosaccharides could be a potential strategy to reduce post-COVID-19 symptoms.




7. Conclusions


The global outbreak of COVID-19 has had a profound influence on the lifestyles of individuals across the globe and can cause long-term health effects, including post-COVID-19 syndrome. This syndrome may persist for weeks or months and can include symptoms such as gut dysbiosis, diarrhea, fatigue, and abnormal pain. Disruptions in the gut microbiota can contribute to various gastrointestinal symptoms and an increased risk of infections. Furthermore, dysbiosis in the gut microbiota can lead to increased inflammation and oxidative stress, which can contribute to chronic symptoms and the development of post-COVID-19 syndrome. Therefore, balancing the intestinal microbiota through dietary interventions, probiotics, prebiotics, and fecal microbiota transplantation has emerged as a promising therapeutic approach for alleviating post-COVID-19 symptoms.



Personalized nutrition is an emerging field that could provide new opportunities for promoting gut health in post-COVID-19 management. Combining oligosaccharides with other probiotics and prebiotics could lead to more significant improvements in gut health and immune function. Oligosaccharides are derived from natural resources and are non-toxic, making them a convenient and low-cost method for promoting gut health and reducing the risk of gastrointestinal symptoms and infections. They can stimulate the growth of beneficial gut bacteria while inhibiting the growth of harmful bacteria, promoting the production of functional metabolites such as short-chain fatty acids (SCFAs). SCFAs have numerous health benefits, including immune-modulation and anti-inflammation. Bile salts, another important gut-derived metabolite, may also have antioxidant and anti-inflammatory capabilities that can help reduce inflammation and oxidative stress. Moreover, the gut microbiota and ACE2 receptors play crucial roles in the pathogenesis of COVID-19 and may also be implicated in the development of post-COVID-19 syndrome. Oligosaccharides may modulate the gut flora and the expression of ACE2 in the gut, highlighting the potential importance of gut microbiota modulation in post-COVID-19 symptom management.



However, further research is necessary to determine the optimal dosage and timing of oligosaccharide supplementation in post-COVID-19 management. Additionally, it is essential to consider the source and type of oligosaccharide, as different types can have varying effects on the gut microbiota. Future research should focus on identifying the specific oligosaccharides that are most effective in promoting gut health. In conclusion, oligosaccharides are potential regulators of gut microbiota and intestinal health in post-COVID-19 management.
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Figure 1. Typical chemical structures of oligosaccharides derived from natural resources, including fructo-oligosaccharide (A), xylo-oligosaccharides (B), chitosan-oligosaccharides (C), carrageenan-oligosaccharides (D), (n = 2–20, n > m). 
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Figure 2. After recovering from COVID-19, patients may experience post-COVID-19 syndrome. Gut microbiota dysbiosis is a common occurrence in post-COVID-19 patients, which can result in elevated levels of inflammation and oxidative stress in the body. 
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Figure 3. Oligosaccharides have the ability to interact with both the spike protein and intestinal ACE2, leading to inhibition of COVID-19 virus replication. 
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Table 1. Potential effect of oligosaccharides in reducing post-COVID-19 syndromes and their related mechanisms.
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	Oligosaccharides
	Methods
	Results and Mechanisms
	Ref.





	Arabinoxylan–oligosaccharides
	20 healthy volunteers consumed arabinoxylan–oligosaccharides (15 g/d in the first week, 30 g/d in the second week)
	There has been an increase in colonic fermentation, resulting in a higher concentration of stool moisture.
	[32]



	Dragon fruit oligosaccharides
	107 healthy adults, divided into 3 groups that received oligosaccharides in drinking waterdoses of 4 and 8 g/day, compared to the placebo group for 4 weeks
	Enhancing IgA levels, promoting a healthy gut microbiota, and reducing harmful bacteria.
	[33]



	Fructo-oligosaccharides
	56 people aged 18–75 years with spinal cord injury during inpatient rehabilitation, who require antibiotics, will be given probiotics or placebo randomly
	Decreased occurrences of nausea and diarrhea, leading to an improved quality of life.
	[34]



	Fructo-oligosaccharides
	50 patients with type-2 diabetes were randomly assigned to the symbiotic or placebo groups to receive one sachet daily for 12 weeks
	There were no changes observed in the levels of serum triglycerides, total cholesterol, HDL-cholesterol, and LDL-cholesterol. However, there was an improvement in metabolic factors and a reduction in inflammation.
	[35]



	Fructo-oligosaccharides
	Placebo-controlled, randomized, double blind design in 60 older participants aged 65 and over
	There was improvement observed in two frailty criteria, specifically exhaustion and handgrip strength.
	[36]



	Fructo-oligosaccharides
	27 middle-aged subjects were randomized to take synbiotic (Bifidobacterium animalis lactis and oligosaccharides) or placebo for 30 days
	There was a reduction in inflammatory markers along with an improvement in gut disorders.
	[37]



	Galacto-

oligosaccharides
	Double-blind, placebo-controlled, crossover study, subjects from the general population
	The intervention resulted in improvements in bloating, flatulence, and abdominal pain. It exhibited high selectivity towards bifidobacteria, while also modulating the metabolic and compositional aspects of the microbiota.
	[38,39,40]



	Xylo-oligosaccharides
	Prebiotic (xylo-oligosaccharide, 8 g/d), probiotic (Bifidobacterium animalis) or synbiotic was given to healthy adults (25–65 years) for 21 days
	The intervention promoted bifidogenesis, resulting in an increase in bifidobacteria population. It also improved aspects of the plasma lipid profile, and effectively modulated markers of immune function in healthy adults.
	[41]
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Table 2. Typical gut microbiota metabolites and their roles in health.
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	Metabolites
	Mechanism
	Specific Functions
	Ref.





	Bile acid
	Resistance to Clostridium difficile infection
	Provided protection against antibiotic-induced diarrhea.
	[98]



	Bile acid
	Balancing the gut microbiota and metabolism of bile acid
	Anti-inflammatory effects
	[99]



	Bile acid, ursodeoxycholic acid
	Attenuated release of proinflammatory cytokines from colonic epithelial cells
	Anti-inflammatory effects
	[100]



	Niacin
	Acting as a GPR109A agonist in immune cells
	Anti-inflammatory effects
	[101]



	SCFAs, butyrate
	Increase the expression of tight junction proteins
	Maintains homeostasis of the central nervous system.
	[102]



	SCFAs
	SCFA translocate from the intestinal mucosa to the systemic circulation
	Modulates the gut microbiota and regulates the maturation and function of microglia in the central nervous system.
	[103]



	SCFAs, acetate
	Enhanced T-regulatory cell numbers and function. Acetate increases acetylation at the Foxp3 promoter and inhibits HDAC9.
	Offered protection against the development of airway disease in the offspring.
	[104]



	SCFAs, propionate
	Signaling through the receptor GPR41
	Provided protection against allergic inflammation in the lungs.
	[105]
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