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Abstract


Fatigue seriously affects people’s work efficiency and quality of life and has become a common health problem in modern societies around the world. The pathophysiology of fatigue is complex and not fully clear. To some degree, interactions between gut microbiota and host may be the cause of fatigue progression. Polyphenols such as tannin, tea polyphenols, curcumin, and soybean isoflavones relieve fatigue significantly. Studies have shown that the gut microbiota is able to convert these active compounds into more active metabolites through intestinal fermentation. However, the mechanism of anti-fatigue polyphenols is currently mainly analyzed from the perspective of antioxidant and anti-inflammatory effects, and changes in gut microbiota are rarely considered. This review focuses on gut microecology and systematically summarizes the latest theoretical and research findings on the interaction of gut microbiota, fatigue, and polyphenols. First, we outline the relationship between gut microbiota and fatigue, including changes in the gut microbiota during fatigue and how they interact with the host. Next, we describe the interactions between the gut microbiota and polyphenols in fatigue treatment (regulation of the gut microbiota by polyphenols and metabolism of polyphenols by the gut microbiota), and how the importance of potential active metabolites (such as urolithin) produced by the decomposition of polyphenols by gut microbiota is emerging. Based on the new perspective of gut microbiota, this review provides interesting insights into the mechanism of polyphenols in fatigue treatment and clarifies the potential of polyphenols as targets for anti-fatigue product development, aiming to provide a useful basis for further research and design.
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1. Introduction


Fatigue has become a universal health problem in modern society. Persistent or severe fatigue not only affects people’s normal life, but also causes a variety of diseases related to biological regulation and immune system. However, the pathophysiology of fatigue is complex and not fully clear. Gut microbiota, or microorganisms in the gut, constitute a complex ecological community and have a great impact on the health of the host [1]. At present, the role of gut microbiota in disease and drug therapy has received more and more attention in the scientific community, and the bidirectional interaction between intestinal microbiota and host may be responsible for the progress of fatigue.



In recent years, research into the anti-fatigue effect of polyphenols has become an increasingly heated topic. A series of studies have shown that many polyphenols exhibit anti-fatigue effects, such as ellagitannins [2], tea polyphenols [3,4,5], rutin [6], curcumin [7,8,9], quercetin [10,11,12,13], soybean isoflavones [14], and so on. Polyphenols are abundant in foods such as fruits and vegetables, nuts, soybeans, tea, cocoa, and other foods, and are also found in many herbal medicines. Multiple preclinical and clinical studies have shown that they have antioxidant, anti-fatigue, anti-inflammatory, anti-diabetic, anti-cancer, neuroprotective, and anti-lipogenic properties [15,16,17,18,19]. However, the vast majority of polyphenols are difficult to be digested directly [20], but are broken down and metabolized by the gut microbiota in the human intestine into more active metabolites (such as urolithin, equol, etc.) [21,22]. Some bacterial species involved in polyphenol transformation have been found, and the regulatory effect of polyphenols on intestinal microbial ecology has been confirmed. Meanwhile, the potential biological activities of ingested polyphenols are affected by the ecology of individual gut microbiota [21]. Gut microbiota can metabolize polyphenols into more bioactive metabolites, which may in turn improve gut microbiota composition or regulate fatigue-related pathways to alleviate fatigue. However, at present, the activity of anti-fatigue polyphenols is mainly analyzed from the anti-oxidation and anti-inflammatory effects, and the changes in gut microbiota are rarely considered. Moreover, various evidence suggests that the interaction between gut flora, polyphenols, and host is a key point in the fatigue progress or treatment.



This review systematically summarizes the latest theoretical and clinical research results of the effect of gut microbiota on fatigue around the intestinal microecology. Here, we outline the relationship between gut microbiota and fatigue, including changes in the gut microbiota during fatigue and how they interact with the host. Next, we describe the interactions between the gut microbiota and polyphenols in fatigue therapy, which provides a useful basis for further research and design, and elucidates the potential of polyphenols to be developed as anti-fatigue products. Based on the new perspective of gut microbiota, we provide interesting insights into the mechanism of polyphenols in fatigue treatment.




2. Polyphenols


Polyphenols are dietary antioxidants commonly found in plants and secondary metabolites of plants. They mainly exist in fruits, vegetables, nuts, soybeans, tea, cocoa, and wine. Chemically, polyphenols are characterized by aromatic rings with multiple hydroxyl groups. So far, 8000 identified compounds have been isolated in the scientific community [23]. Due to their complex structures, it is challenging to accurately classify and differentiate these compounds. According to the number of phenolic rings contained in polyphenolic compounds and the structural elements combined with these rings, they can be roughly divided into several categories: phenolic acids, flavonoids, tannins, stilbenes, and diferuloylmethanes [16,24]. The chemical structures are shown in Figure 1.



Although most polyphenols have a diverse and complex chemical structure, they can be decomposed by the intestinal microbiota into simpler compounds [25]. Polyphenols are usually conjugated with organic acids and sugars and generally not absorbed unless they are hydrolyzed. The gut microbiota can deconjugate glycosides, glucuronides, and organic acids to release corresponding aglycones [26]. The intestinal microbial conversion of polyphenols is divided into three major catabolic processes: hydrolysis (O-deglycosylations and ester hydrolysis), cleavage (ring and lactone fission; delactonization and demethylation), and reductions (dihydroxylation, double bond reduction and isomerization) [21,26]. Hydrolytic activity begins in the oral cavity and continues to enter the stomach through the digestive tract, where the size of food particles decreases, which promotes the release of phenolic compounds [27]. Studies have shown that only non-glycosylated phenolic compounds of polyphenols can be directly absorbed in the small intestine, accounting for about 5% to 10% of all polyphenols. A total of 90–95% of polyphenols are transferred to the colon, where they are decomposed and metabolized by intestinal microorganisms into more biologically active small molecules such as phenolic acids [28], derivatives of phenylacetic, phenylpropionic, phenylbutyric, and valeric acids and urolithins [29,30,31,32], and then further absorbed. Microbial conversions are different depending on the polyphenolic structure, polymerization degree, and spatial configuration. For example, flavonoids are metabolized by intestinal microorganisms and the C-ring is broken to produce hydroxy aromatic compounds mainly in the A-ring and B-ring phenolic acids. Flavonols are metabolized and the C ring is broken to produce 3,4- or 3,5-dihydroxyphenylacetic acid [33].




3. Interaction between Gut Microbiota and Host during the Progression of Fatigue


Gut microbiota is a microbial community living in the gastrointestinal tract [34]. There are about 100 trillion microorganisms, mainly composed of bacteria, but also a small number of viruses, protozoa, and eukaryotes, such as fungi. The intestinal microorganisms are mainly composed of six major bacterial phyla: actinobacteria (gram positive), Proteobacteria (gram negative), Verrucomicrobia (gram negative), and Fusobacteria (gram negative) [34,35]. In a healthy adult intestine, Bacteroidetes (gram negative) and Firmicutes (gram positive) account for more than 90% of the total. The gut contains a complex and dynamic microbial ecosystem, which is composed of beneficial bacteria, potentially harmful bacteria and other bacteria that may have two effects at the same time [36]. Potentially harmful bacteria include species of Clostridium, Staphylococcus, and Veillonella [27]. These species can produce potentially harmful products, such as toxins and carcinogens, which are associated with intestinal diseases, such as chronic inflammatory bowel disease and other immune-related diseases. Regarding beneficial bacteria, they mainly include Lactobacillus and Bifidobacterium, which can be used as antioxidants to regulate oxidative stress reaction in the metabolic process, reduce gas production, produce SCFAs, stimulate immunity, and have anti-tumor activity [37,38]. They play a key role in nutrition and disease prevention and are therefore often used as probiotics.



The human gut is a complex but stable micro-ecosystem, in which gut microbiota plays an important role in gut and human health. A delicate balance of bacteria is maintained in a healthy gut, and genetic and environmental specificities determine the type, quantity, and proportion of gut microbiota in a normal state. Under normal conditions, the gut microbiota and the human body are in a symbiotic relationship, which is of great significance for maintaining the immune function and metabolic balance of the human body [39]. However, various factors such as diet, age, drugs, environment, or living habits can break the balance of gut microbiota [40], and the imbalance of gut microbiota is an important incentive for the occurrence and development of various diseases in the human body. Therefore, a bidirectional interaction between gut microbiota and the host contributes to the progression of fatigue.



3.1. Fatigue and Imbalance of Gut Microbiota


In daily life, people often have physiological fatigue (central fatigue and exercise-induced fatigue), and pathological fatigue (chronic fatigue syndrome (CFS), disease-related fatigue) [18]. Studies have shown that when fatigue exists, in both rodents and humans, the increase in maleficent bacteria and the decrease in beneficial bacteria coexist. On the one hand, fatigue is associated with excessive lactate accumulation, energy deficit, and decreased central nervous system function, factors that are closely related to the metabolism of the gut microbiota. On the other hand, fatigue causes oxidative stress, inflammation, and dysfunction of the intestinal barrier, which are associated with dysregulation of the intestinal microbiota [41]. The gut microbiota associated with the occurrence of fatigue is shown in Table 1.



Here we discuss how 5-hydroxtryptamine (5-HT) plays a key role in central fatigue [42]. It is able to enter the brain and play a role as an inhibitory neurotransmitter, affecting the pituitary and mental state, leading to fatigue-related symptoms; 5-HT in the brain is closely related to the gut microbiota through the production of tryptophan, the precursor of 5-HT. The elevated level of tryptophan in blood makes it enter the central nervous system through the blood–brain barrier and finally be converted into 5-HT by tryptophan hydroxylase 2 (TPH2) [43]. Tryptophan is metabolized mainly through three different pathways, namely the kynurenine pathway, 5-HT pathway, and microbial metabolic pathway [44]. The gut microbiota plays an important role in tryptophan metabolism and can directly or indirectly regulate the 5-HT pathway in tryptophan metabolism. Moreover, some gut microbiota such as genera Lactococcus, Lactobacillus, Streptococcus, Escherichia coli, Klebsiella, and Escherichia are able to produce tryptophan synthetase to synthesize 5-HT in the intestine [45,46].



Gut microbiome is not only one of the mediating factors of exercise health effects, but also participates in the occurrence of exercise stress response and exercise fatigue [47,48]. It was found that there is an abundance of genera Bifidobacterium and Megasphaera in the gut microbiota during exercise-induced fatigue [49]. After 4 weeks of excessive swimming training in male rats, the diversity of gut microbiome at the phylum, family, and genus levels decreased, and the abundance changed significantly, among which the abundance of Bacteroides and Helicobacter pylori increased significantly [50]. Research shows that an important reason for exercise-induced fatigue is the excessive accumulation of L-lactic acid in skeletal muscle, which causes fatigue by reducing the pH value and energy supply of muscle [51]. In addition to glycolysis, the increase in L-lactic acid-producing bacteria in the gut microbiota, such as Bifidobacterium breve Yakult, Escherichia coli, and Lactobacillus casei shirota also leads to the increase in lactic acid content [52]. It has also been reported that the increase in proteobacteria is associated with oxidative stress and intestinal inflammation [53]. Fatigue can also cause intestinal injury, which is manifested in decreased intestinal barrier function, increased intestinal permeability, and decreased intestinal mucosal function. These results have been confirmed in the study of exercise-induced fatigue [54].



Many studies have shown that gastrointestinal factors are independent risk factors for CFS [55]. Rahel et al. [56] summarized that the main pathogenesis of CFS includes intestinal Dysbiosis, changes in intestinal brain axis activity, increased intestinal permeability accompanied by bacterial translocation, decreased levels of SCFAs, D-lactic acid acidosis, abnormal tryptophan metabolism, and low activity of the kynurenine pathway. Compared with healthy subjects, the gut microbiome of CFS patients changed, including the reduction in Bifidobacterium and Escherichia coli, and an increase in Streptococcus faecalis [57,58]. Giloteaux et al. [59] reported that the fecal bacterial culture of CFS patients was found to reduce the types of intestinal bacteria in CFS patients. Disruption of gut microbiota diversity was also associated with the severity of fatigue symptoms in CFS patients [60]. At the same time, CFS patients have increased sensitivity to intestinal microecological changes [61]. One of the causes of CFS is that the increased intestinal permeability promotes the absorption of D-lactate acid from the intestine to the body [43,62]. In clinical cases, almost all CFS patients have increased intestinal permeability [63].



The relationship between fatigue and gut microbiome is not only a correlation or potential causal relationship, but also a covariant relationship in the process of disease. Changes in the gut microbiome can affect the progress of the disease, and physiological changes caused by fatigue can also change the intestinal tract, the type and abundance of the microbiota, and make the patient more susceptible to changes in the microbiota.





 





Table 1. The gut microbiota involved in fatigue-induced damage [41].






Table 1. The gut microbiota involved in fatigue-induced damage [41].





	Gut Microbiota *
	Factor Related to Fatigue
	Target
	Effect
	Reference(s)





	Escherichia

Streptococcus

Enterococcus
	5-HT
	Brain
	Central fatigue
	[43,62]



	Bifidobacterium breve Yakult

Lactobacillus casei Shirota

Escherichia coli
	L-lactic acid
	Blood
	Imbalance of muscle and blood pHs; reduction in muscle function and muscle contractility; exercise-induced fatigue
	[52]



	Lactobacillus acidophilus

Lactobacillus fermentum

Lactobacillus delbrueckii

subsp. Lactis

Lactobacillus buchneri

Streptococcus bovis

Enterococcus
	D-lactic acid
	Blood
	Metabolic disorders, direct or indirect neurotoxic effects; CFS
	[64]







* The names of bacteria at the genus or species level are in italics, and those at the phylum or family level are in the normal style.












3.2. Gut Microbiota Shows Beneficial Effects against Fatigue


The gut microbiome itself and its metabolites play an important role in the host’s physiology, metabolism, nutrition, and immunity [65,66,67,68], and have shown positive effects in anti-fatigue. For example, Hsu et al. found that normal rats, rats containing only Bacteroides fragilis, and germ-free rats shortened the exhaustive swimming time in turn, and the exhaustive time was positively correlated with the abundance of gut microbiome in rats [66]. Valenzano et al. found that middle-aged killifish transplanted with fecal bacteria from young killifish have similar gut microbiota structures, improved exercise capacity, and activity levels similar to those of young killifish [69]. The anti-fatigue mechanism of gut microbiome may be related to factors such as the gut microbiome itself and its metabolites can improve the host’s energy metabolism process, improve the intestinal mucosal barrier function, and enhance the host’s immune function.



The main beneficial intestinal probiotics in the human body are: Bifidobacterium, Lactobacillus, Prevotella, Bacteroides, Akkermansia, and Lactobacillus which are important probiotics in the intestinal tract of organisms [70,71]. They can not only decompose and metabolize prebiotics in the intestinal tract and produce metabolites that are beneficial to the intestinal microecology, but also inhibit the reproduction of harmful bacteria to a certain extent, to improve the intestinal environment, so it can maintain immune balance and enhance intestinal barrier function. Lactobacillus, a genus that predominates in the intestinal tract of endurance athletes [72], promotes protein utilization and increases the content of branched-chain amino acids (BCAAs) that maintain muscle energy homeostasis, thus delaying the onset or development of fatigue [73]. Prevotella, Bacteroides, Treponema, and Butyrivibrio and other degrading-fibers bacteria are known to produce high levels of SCFAs [74,75]. SCFAs can provide energy for intestinal epithelial cells, and have physiological functions such as energy regulation, maintenance of fat homeostasis and intestinal barrier integrity, and regulation of the blood–brain barrier (BBB) [76,77,78,79], thereby playing a beneficial role in anti-fatigue. In a previous study, Veillonella atypica isolated from the fecal samples of marathon runners was inoculated into mice, which significantly increased the time for mice to run exhausted on the treadmill. V. atypica can improve sports performance by converting exercise-induced lactic acid into propionic acid through metabolism [80]. In addition, some specific flora in the gut microbiome can convert the exercise metabolite-lactic acid into propionic acid, and participate in the exercise again to provide energy to achieve the effect of delaying fatigue [80]. Bacillus and Saccharomyces produce noradrenalin, and Bacillus also produces dopamine [45]. Norepinephrine and dopamine are both excitatory neurotransmitters, which can promote exercise performance and thus reduce fatigue symptoms caused by exercise. Probiotics such as Bifidobacterium and Lactobacillus can enhance the intestinal mucosal barrier function, stimulate the proliferation of epithelial cells, stimulate the production of intestinal sIgA, and maintain the intestinal microecological balance [81]. Akkermansia muciniphila is a common human intestinal mucus-degrading bacterium with promising probiotic activity [82]. A. muciniphila can produce SCFAs by decomposing mucins, stimulate goblet cells to produce more mucus, and thus supplement or maintain the integrity of intestinal barrier. In addition, A. muciniphila may reduce the abundance of Firmicutes and Clostridia, thus promoting intestinal homeostasis [83]. Enhanced gut barrier function prevents lactate from entering the bloodstream, thereby inhibiting excessive accumulation of lactate in muscles.





4. Gut Microbiota–Polyphenols Interaction during Treatment of Fatigue


In fatigue treatment, the gut microbiota, host, and polyphenols interact with each other. Polyphenols regulate the composition of beneficial and harmful bacteria in the gut (as shown in Figure 2). The gut microbiota decomposes polyphenols to produce highly antioxidant or anti-inflammatory metabolites, produce SCFAs, maintain the integrity of intestinal barrier, inhibit intestinal inflammation, and stimulate the production of neurotransmitters regulating the central nervous system. Therefore, the mechanism of anti-fatigue polyphenols is mainly related to antioxidant and anti-inflammatory, protecting intestinal integrity, regulating energy metabolism, and producing anti-fatigue metabolites.



4.1. Polyphenols Regulate the Composition of Beneficial and Maleficent Bacteria


The progression of fatigue is often accompanied by an imbalance in gut microbiota, and anti-fatigue polyphenols can improve the composition of gut microbiota. Moreover, increasing the abundance of beneficial bacteria helps supply energy and maintain the integrity of the intestinal barrier. A number of in vitro and in vivo studies have shown that polyphenols can inhibit the growth of Clostridium spp., (C. histolyticum), Pseudomonas spp., Salmonella spp., Bacillus spp., Escherichia coli, Helicobacter pylori, and increase some beneficial bacterial groups, such as Lactobacillus spp., Bifidobacterium spp., Akkermansia spp. (A. muciniphila) and Faecalobacterium spp. (F. prausnitzii), some of which can metabolize polyphenols [23,24,84,85,86]. Some polyphenols with high anti-fatigue potential are described below (as shown in Table 2).



4.1.1. Effects of Polyphenol Mixtures on Gut Microbiota


Ellagitannins


Ellagitannins are tannins formed by hexahydroxybiphenyl diacid and its derivatives as well as polyols through glycosidic or ester bonds, which produce ellagic acid after hydrolysis. In the mouse experiment, oral administration of jabuticaba seed extract rich in ellagic acid and ellagitannins can increase the ratio of Bacteroidetes to Firmicutes, promote the growth of gut microbiota, and be beneficial to human health [87]. In addition, ellagine tannin and concentrated tannin can promote the growth of lactobacilli and bifidobacterial [88]. In the case of ellagitannins, this prebiotic effect has been confirmed in human flora in vitro [89], animal models in vivo, and recently in humans [90]. Interestingly, pomegranate ellagine increased the amount of A. muciniphila in the feces of obese mice in a manner similar to that of cranberry extract rich in concentrated tannins (proanthocyanidins) [90,91]. Therefore, ellagitannin relieves fatigue by producing prebiotic-like effects, increasing the proportion of beneficial bacteria in the intestinal tract, improving the imbalance of gut microbiota, supplying energy to the body, and protecting the intestinal barrier.




Anthocyanins


Anthocyanins are flavonoids formed by the combination of anthocyanin and sugar by glycosidic bonds, it is a kind of natural pigment. Hidalgo et al. [92] found that the anthocyanin mixture can significantly promote the growth of Bifidobacterium, Lactobacillus, and Enterococci in vitro fermentation experiments. High-purity blueberry anthocyanins (96.8% purity) can affect the microbial diversity of human gut microbiome. After anaerobic fermentation in vitro for 12 h, it can increase the levels of Bifidobacterium, Ruminococcus, Clostridium IV, and Proteobacteria, and this effect is especially obvious for probiotics such as bifidobacteria [93]. These studies showed that rational use of anthocyanins can improve the activity of intestinal probiotics. After 12 weeks of continuous feeding with 200 mg/kg Lycium barbarum L. anthocyanins per day, the liver antioxidant enzyme system was activated, the intestinal barrier zonula occludens 1 (Zo-1), occludin, tight junction protein, and mucin. The mRNA expression of protein-1 was significantly increased, and gut microbiota such as Barnesiella and Alistipes were all regulated [94] Taken together, anthocyanins may alleviate fatigue by exerting multiple bioactivities such as anti-oxidative stress, anti-inflammatory, intestinal barrier, and gut microbiome.




Tea Polyphenols


Tea polyphenols are the general name of polyphenols in tea, mainly including catechins, 4-hydroxyflavanols, anthocyanins, flavonoids, flavonols, and phenolic acids, among which catechins and flavonoids are the main substances [95]. As early as 1993, it was reported that tea polyphenols can promote the growth of Bifidobacterium and Lactobacillus in chicken feces, and inhibit Escherichia coli [96]. Studies have found that black tea polyphenols (rich in theaflavins, thearubigins, and their mono- and di-gallates) change the composition of gut microbiota, inhibit Firmicutes, and promote Proteobacteria, that is, increase the levels of Klebsiella, Enterococci, and A. muciniphila, and reduce the levels of Victivallis, B.coccoides, and Anaeroglobus [97]. Catechins in Oolong tea and green tea may have prebiotic-like activities and can be used as functional food ingredients to prevent gut microbiota imbalance [98,99,100]. Moreover, the concentration of SCFAs in the culture supplemented with catechin was relatively higher than that in the control [101]. Research on polyphenols in black tea and green tea show that they are able to inhibit the growth of a variety of pathogens in vitro, including Helicobacter pylori, Staphylococcus aureus, Escherichia coli O157: H7, Salmonella typhimurium DT104, Pseudomonas aeruginosa and so on [102]. Liao et al. [103] found that tea polyphenols can significantly increase the abundance of bifidobacteria in mice. A similar result was also observed in a clinical study. Ten volunteers had increased bifidobacteria in their feces after drinking green tea for 10 days [104]. The effect of tea catechins on bacterial growth and metabolism depends on the structure, dose, and microbial strain of polyphenols, which can interact with the bacterial cell surface, inhibit enzyme activity, and thus affect energy metabolism [29]. In general, tea catechins, as a supplement of prebiotics, can regulate the composition of gut microbiota by enriching beneficial bacteria and inhibiting some pathogenic bacteria. As a result, the application of tea catechins may be beneficial to prevent and alleviate fatigue.




Grape Polyphenols


Grape polyphenols exist in grape skins and grape seeds, mainly including phenolic acids, flavanols, flavanones, flavonols, anthocyanins, and resveratrol. Studies have shown that polyphenols in red wine and grape significantly increase the abundance of A. muciniphila. In addition, polyphenols in red wine during in vitro fermentation increased the relative abundance of Klebsiella, Victivallis, Cloacibacillus, and Alistipes, and decreased the abundance of Bacteroides, Blautia cocoids, Anaeroglobus, and Subdoligranulum [97]. It is also reported that in vitro fermentation of grape and grape seed polyphenols can inhibit the growth of Clostridium perfringens and Clostridium histolyticum [105,106]. Oral red wine polyphenols can increase the abundance of Bacteroides, Lactobacillus spp., and Bifidobacterium in the intestinal microbiome, and reduce the abundance of Clostridium spp. [107]. In an animal experiment by Ying et al. [108], six female pigs were fed grape seed extract for 6 days. The results showed that dietary supplementation of grape seed extract can alter gut microbiota, with significant increases in Lachnospiraceae, Clostridiales, Lactobacillus and Ruminococcaceae. Queipo-Ortuno [109] found that daily consumption of red wine polyphenols for four weeks significantly increased the relative abundance of genera Bifidobacterium and Lactobacillus genera, promoting healthy development of human gut microbes. In addition, red wine polyphenols are also beneficial to the growth of Enterococci, Prevotella, Bacteroides, and Eggerthella lenta, but alcohol has no such effect. Among the many gut microbiomes, the most sensitive to polyphenols is Bifidobacterium.




Other Polyphenol Mixtures


Tzounis et al. [110] found that the alcohol extract of cocoa flavone can increase the abundance of Bifidobacterium and Lactobacillus in human intestine. Massot Cladera et al. [111] found that the cocoa polyphenol extract can significantly reduce the relative abundance of Bacteroides, Clostridium, and Staphylococcus. Bialonska et al. [89] published articles that pomegranate polyphenol extract can promote the growth of Bifidobacterium, Lactobacillus, and some bacteria producing SCFAs in human intestinal tract. In an in vitro study, olive pomace powder prevented the growth of pathogenic bacteria such as species Bacillus cereus and Listeria monocytogenes [112]. In the process of microbial fermentation in mice and human intestines, the antioxidant activity of polyphenol enriched in bayberry and mulberry increased [113,114]. A study used an in vitro intestinal model to evaluate the potential prebiotic activity of seaweed polyphenols, which significantly increased the abundance of Firmicutes and facilitated the production of SCFAs [115].





4.1.2. Effects of Polyphenolic Monomer Compounds on Gut Microbiota


Curcumin


Curcumin is a kind of polyphenol isolated from the rhizomes of Curcumaceae and Araceae plants. There is evidence that curcumin can restore the intestinal barrier function by regulating the cell bypass permeability of the intestinal barrier system [116], and the serum lactic acid accumulated during exercise can enter the intestinal lumen through the epithelial barrier, thereby affecting athletic performance [80]. Curcumin can enhance skeletal muscle performance by increasing cAMP levels and regulating mitochondrial biogenesis [117]. The poor solubility of curcumin, poor intestinal absorption, and fast metabolism and systemic elimination limit the use of curcumin. One possible mechanism by which curcumin exerts its biological activity is to regulate the intestinal microbiota as a prebiotic. There is evidence that high concentration of curcumin can reduce the dysbiosis of microbial flora. Therefore, the high content of curcumin is the key to the decrease in unfavorable bacteria or the increase in probiotics [118]. Chen et al. [119] found that the curcumin extract of nano bubbles can increase the proportion of Proteobacteria and lactobacteria in the cecum of mice, but it does not reduce the microbial diversity, indicating that it changes the composition of intestinal microorganisms and increases the abundance of lactobacilli. By fermenting lactic acid into butyrate or other SCFAs, it can improve sports performance and reduce physical fatigue. Lactic acid produced during continuous exercise enters the microbiota and be converted into SCFAs, which are known to improve athletic performance [120,121]. The effects of curcumin (as well as resveratrol and simvastatin) have also been studied in animals affected by Toxoplasma gondii. The results showed that the number of proinflammatory Enterobacteria and Enterococci decreased in curcumin-, resveratrol-, and simvastatin-treated animals, and the number of Lactobacilli and Bifidobacteria with anti-inflammatory effects slightly increased [122].




Quercetin


Quercetin belongs to the flavonol group. In an in vitro study, Xue et al. [123] found that quercetin was added to liquid medium and co-fermented with human fecal flora for 24 h. The results showed that quercetin can significantly inhibit the growth of Bacteroidetes and Firmicutes. In addition, it was also found that quercetin can affect the function of the bacteria on polysaccharide metabolism and energy metabolism by regulating the composition of gut microbiome. It is well-known that insufficient energy supply is a major cause of fatigue. In addition to the above reports, Firrman et al. [124] found that quercetin can increase the relative abundance of Bifidobacterium and Lactobacillus, and inhibit the growth of Escherichia coli, Clostridium histolyticum, and Enterococci. Etxeberria et al. [125] fed rats quercetin alone to significantly modulate the composition of the rat gut microbiome.




Resveratrol


Resveratrol belongs to stilbene compounds, which may play an anti-fatigue role by increasing the abundance of beneficial bacteria and inhibiting the growth of harmful bacteria. Larrosa et al. [126] found that resveratrol can increase the relative abundance of Bifidobacterium and Lactobacillus in rat intestine, and protect colon mucosa. Similarly, Qiao et al. [127] found that resveratrol can significantly increase the ratio of Bacteroidetes to Firmicutes in mice. At the same time, it significantly inhibited the growth of Enterococci and increased the relative abundance of Bifidobacterium and Lactobacillus. It was found that resveratrol supplementation can increase the ratio of Bacteroidetes to Firmicutes in the cecal microbiota, thereby improving fatigue and exercise intolerance during heart failure in mice [128].




Other Polyphenolic Monomer Compounds


Lee et al. studied the effect of the main components of tea polyphenols: epicatechin, catechin, caffeic acid, and gallic acid on intestinal microorganisms through in vitro fermentation. These flavanols inhibit the growth of pathogenic bacteria such as Clostridium perfrigens, Clostridium difficile, and Bacteroides, while the relative abundance of probiotics such as Bifidobacterium and Lactobacillus increases [129]. Gallic acid can induce changes in the composition and activity of gut microbiota to be more favorable, such as increasing the abundance of probiotics such as Lactobacillaceae and Prevotellaceae families, including the production of SCFAs in the colon [130], and inhibiting the growth of pathogenic bacteria such as phyla Firmicutes and Proteobacteria. Tzounis also reported [131] that epicatechin and catechol can increase the relative abundance of Bifidobacterium and Lactobacillus, and inhibit the growth of Escherichia coli, Clostridium histolyticum, and Enterococci.





 





Table 2. Effects of different polyphenols on gut microbiota.






Table 2. Effects of different polyphenols on gut microbiota.





	
Chemicals

	
Polyphenol Source

	
Regulation of Gut Microbiota *

	
Reference(s)






	
Ellagic acid, ellagitannins

	
Jabuticaba seeds

	
Firmicutes ↑

	
[87]




	
Bacteroidetes ↑




	
Proteobacteria ↑




	
Ellagitannins

	
Pomegranate

	
A. muciniphila ↑

	
[88]




	
Anthocyanins

	

	
 Bifidobacterium  ↑

	
[92]




	
 Lactobacillus  ↑




	
 Enterococci  ↑




	
Catechins

	
Tea

	
Interacting with the surface of bacterial cells and inhibits enzyme activity, thus affecting energy metabolism

	
[29]




	
Tea polyphenols

	
Green tea

	
 Bifidobacterium  ↑

	
[96]




	
 Lactobacillus  ↑




	
 Escherichia coli  ↓




	
Black tea

	
 A. muciniphila  ↑

	
[97]




	
 Klebsiella  ↑




	
 Enterococci  ↑




	
 Victivallis  ↓




	
 B. coccoides  ↓




	
 Anaeroglobus  ↓




	
Grape polyphenols

	
Grape

	
 A. muciniphila  ↑

	
[97]




	
 Klebsiella  ↑




	
 Victivallis  ↑




	
 Cloacibacillus  ↑




	
 Alistipes  ↑




	
 Bacteroides  ↓




	
 Blautia coccoides  ↓




	
 Anaeroglobus  ↓




	
 Subdoligranulum  ↓




	
Grapes, grape seeds

	
 Clostridium perfringens  ↓

	
[105,106]




	
 Clostridium histolyticum  ↓




	
Polyphenols

	
Red wine

	
 Bacteroides  ↑

	
[107]




	
 Lactobacillus spp.  ↑




	
 Bifidobacterium  ↑




	
 Clostridium spp.  ↓




	
Cocoa flavone

	
Cocoa

	
 Bifidobacterium  ↑

	
[110]




	
 Lactobacillus  ↑




	
Cocoa polyphenols

	
Cocoa

	
 Bacteroides  ↓

	
[111]




	
 Clostridium  ↓




	
 Staphylococcus  ↓




	
Polyphenols and capsinoids

	
Sweet pepper

	
Bacteriodetes ↑

	
[112]




	
Firmicutes ↓




	
Polyphenols and flavonoids

	
Dendropanax morbifera leaf

	
 Bacteroides  ↑

	
[132]




	
 Allobaculum  ↑




	
Polyphenols

	
Plinia jaboticaba berry

	
 Lactobacillus  ↑

	
[133]




	
 Bifidobacterium  ↑




	
Enterobacteriaceae ↑




	
Pomegranate polyphenol

	
Pomegranate

	
 Bifidobacterium  ↑

	
[89]




	
 Lactobacillus  ↑




	
Gallic acid

	

	
Lactobacillaceae ↑

	
[130]




	
Prevotellaceae families ↑




	
SCFAs ↑




	
Curcumin, resveratrol

	

	
Enterobacteria ↓

	
[122]




	
Enterococci ↓




	
Lactobacilli ↑




	
Bifidobacteria ↑




	
Curcumin

	
Rhizomes of curcumaceae and Araceae

	
Regulating cell, bypass permeability of intestinal barrier system

the Bacteroidetes to Firmicutes ratio ↓

	
[116]




	
Quercetin

	

	
Bifidobacterium ↑

	
[123,124]




	
Lactobacillus ↑




	
Escherichia coli ↓




	
Clostridium histolyticum ↓




	
Enterococci ↓




	
Resveratrol

	

	
The Bacteroidetes to Firmicutes ratio ↑

	
[126,128]




	
 Bifidobacterium  ↑




	
 Lactobacillus  ↑








*, ↑, indicates an increase in bacterial abundance; ↓, indicates the abundance of bacteria is reduced.














4.2. Gut Microbiota-Mediated Metabolism Modulates the Biotransformation of Polyphenols


Due to poor absorption capacity, high metabolic rate and fast elimination speed, polyphenols may not be the most bioactive compounds in the human body. Studies have shown that non-digestible polyphenols can improve the composition of gut microbiota, which is related to metabolism into more bioactive secondary metabolites [134]. By producing glycosidases and other enzymes to catalyze phase I reactions (such as oxidation or hydrolysis), gut microbiota converts phytochemicals into small molecules that are easily absorbed or metabolites with pharmacological effects [26,135], such as urolithin. For polyphenols, the metabolism of each specific compound by gut microbiota depends not only on its general chemical structure, but also on the number, type and position, stereoisomerism, and polymerization degree of specific functional groups. In addition, specific bacterial species/strains are required to carry out specific transport of internal molecules, as well as specific enzymatic mechanisms to catalyze different reactions on the polyphenol core.



The metabolism of polyphenols in the body does not play a role in most cases by a single flora, but a variety of gut microbes interact and work together to complete complex metabolic processes. Quercetin can be converted into 3,4-dihydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid under the action of gut microbiome such as Streptococcus S-2, Lactobacillus L-2, Bifidobacterium B-9 and Bacteroides JY-6; 4-Dihydroxybenzoic acid, 4-hydroxybenzoic acid, 3-(3-hydroxybenzene) propionic acid and other small molecules are absorbed and utilized by the body [136]. Rutin is hydrolyzed by α-rhamnosidase and β-glucosidase in the intestinal tract, and then rutose is removed to form quercetin, which is then reduced and hydrogenated to form dihydroquercetin, and then under the action of isomerase to form 3, 4-dihydroxyphenyl-valerolactone, and finally oxidatively cracked to form 3,4-dihydroxyphenylacetic acid and phloroglucinol [137]. The daidzein is hydrolyzed by β-glucosidase to form daidzein, which is then reduced to R(−)-dihydrodaidzein by daidzein reductase, and then converted to S(−)-dihydrodaidzein by the action of racemase. Hydrogen daidzein is further converted into S(−)-tetrahydrodaidzein under the action of dihydrodaidzein reductase, which is finally converted into S(−)-equol by deketonization reaction [138]. In conclusion, gut microbiome can promote the release of more active polyphenol metabolites in the human body, enhance the biological activity of polyphenols and their metabolites, and reduce the toxicity and production of harmful substances. It plays an important role in metabolism, absorption, bioavailability, and efficacy in the body. Taking urolithin as an example, this paper explores how gut microbiota regulates the biotransformation of polyphenols to exert anti-fatigue effects.



Urolithin


Ellagic acid and ellagitannins have a variety of biological activities such as anticancer, anti-diabetes, and prevention of cardiovascular and neurodegenerative diseases, but their intestinal absorption and bioavailability are very low, leading to being either directly eliminated in feces or converted into a more bioavailability derivative urolithin [22,139]. Ellagitannins are hydrolyzed into ellagic acid by tannase in the intestine. Under the action of gut microbiota, ellagic acid is further converted into pentahydroxyurolithin (urolithin M5) through the cleavage and decarboxylation of lactone ring, which is a key intermediate for the production of different urolithins. Starting from urolithin M5, continuous dehydroxylation eventually transforms ellagic acid into major metabolites that can be detected in vivo: dihydroxyurolithin (urolithin A), isourolithin A and 3-hydroxyurolithin (urolithin B) (as shown in Figure 3). Urolithin A and Urolithin B are the most abundant end products. Recently, two strains of bacteria capable of producing urolithin intermediates (urolithin M5, urolithin M6 and urolithin C) were isolated from human fecal samples. These two strains belong to the Eggerthellaceae family and are named as Gordonibacter urolithinfociens (DSM 27213T) and G Pamelaeae (DSM 19378T) [140,141]. A bacterium capable of metabolizing isourolithin a (the final product), also from the Eggerthellaceae family, was named ellagibacter isourolithinifaciens (DSM 104140T) [142]. However, bacteria that can metabolize urolithin A and urolithin B have not been isolated yet.



The bioavailability of urolithin is much higher than that of its precursor compound, so the biological activities of ellagic acid and ellagitannins may be mediated by urolithin [144]. In fact, there is evidence that urolithin has higher anti-inflammatory, antioxidant, and antiproliferative abilities than its precursors, which also supports this hypothesis [145]. Urolithin A has been proved to improve mitochondrial activity and muscle function (as shown in Figure 4), which may be due to its induction of mitochondrial autophagy and antioxidation [143,146,147]. The mammalian C2C12 myoblasts and Mode-K intestinal cells treated with urolithin A showed a dose-dependent increase in autophagy and mitochondrial autophagy biomarkers [146]. A rodent study also showed that urolithin A supplementation increased average running endurance by 42% [146]. Zhao et al. [148] reported that urolithin A enhanced the SIRT3 promoter activity of Caco-2 cells; urolithin A can increase ATP and NAD+levels, cause activation of SIRT1 promoter, and affect SIRT1-PGC-1 α access [149]. SIRT1 regulates the expression of mitofusin2 (Mfn2) and subsequent mitochondrial autophagy [150]. Some studies also showed that urolithin A increased the expression of Mfn2 in the pathway of inducing mitochondrial autophagy [151]. Mitochondrial health is closely related to fatigue [18]. Activation of SIRT, AMPK, and PGC1-α and inhibition of mTOR tend to induce mitophagy and mitochondrial biogenesis to maintain mitochondrial health [152]. Urolithin also has an effect on gut microbiota. A study on rat intestinal inflammation model shows that oral urolithins can promote the growth of Lactobacillus and Bifidobacterium [90].



Studies have shown that not all individuals can convert ellagic acid and ellagitannins into urolithin [153]. Individuals that only produce urolithin A and its conjugates are classified as type A metabolism, individuals that only produce urolithin B or isourolithin A and individuals that cannot produce any form of urolithin are classified as type B metabolism and type 0 metabolism, respectively [154]. Some clinical studies have shown that compared with other urolithin metabolic types, type A metabolists have a body mass index (BMI) within the normal range (1925 kg/m2), better intestinal health, and lower baseline risk values of serum CVD biomarkers [155,156]. Therefore, type A metabolism may be a favorable metabolic type among urolithin metabolic types. As mentioned above, urolithin A is an important active substance that plays an anti-fatigue role. Therefore, promoting the growth and formation of key bacteria of type A metabolism is conducive to alleviating fatigue. However, the proportion of type A metabolists decreases with age [154], from 70% at first to only 40% of the elderly [31]. Improving the composition of gut microbiota may be an important way to increase the transformation of ellagic acid to urolithin A. Studies have shown that long-term or high-dose use of ellagic acid or ellagitannins can transform some people with type 0 metabolism into type A metabolism or type B metabolism [157].






5. Discussion


Gut microbiota is a new research field, which provides a new way for people to understand many diseases. It plays an important role in the cause and effect of fatigue and the mechanism of anti-fatigue. Fatigue can lead to an imbalance of gut microbiota. Moreover, the destruction of gut microbiota and related metabolites can promote the development of fatigue, thereby aggravating fatigue-related injuries. However, further research is needed to determine the causal relationship between gut microbiota and fatigue. The three common types of fatigue, exercise-induced fatigue, mental fatigue, and CFS, all have interactions between gut microbiota and host. According to the available data, excessive lactate accumulation, energy deficit, and decreased central nervous system function are related to the metabolism of gut microbiota. Among the harmful effects of fatigue, oxidative stress, inflammation, and dysfunction of the intestinal barrier, which are associated with imbalance of the intestinal microbiota. However, only the relationship between chronic fatigue syndrome and gut microbiota has been studied in depth, while the other two types of fatigue have been studied less and shallowly, limited to several markers such as 5-HT and lactic acid, and lack of further demonstration.



Our previous research also mentioned the anti-fatigue effect and mechanism of polyphenols [18], and polyphenols are mostly derived from food and herbs, which are very safe and easy to obtain. Therefore, some polyphenols, such as tea polyphenols, tannins, urolithin, etc., are reasonable as potential targets for the development of anti-fatigue products, and more anti-fatigue polyphenols can be further developed. However, changes in gut microbiota have not been taken into account when studying most anti-fatigue polyphenols, and it should be considered as an important factor. In the few studies available, Bifidobacterium is the most vulnerable among many intestinal microorganisms, and almost all relevant reports note that polyphenols can significantly increase its abundance. In addition, many polyphenols can also significantly promote the growth of Lactobacillus, and Akkermansia. In addition to the three probiotics that have been significantly promoted, a high proportion of literatures reported that polyphenols can inhibit the growth of pathogenic bacteria such as Clostridium perfringens, Clostridium histolyticum, Clostridium difficile, and Escherichia coli. Moreover, both polyphenol mixtures and polyphenol monomers have a great impact on the composition of gut microbiota. Polyphenols can relieve fatigue by increasing the relative abundance, species, and activity of beneficial intestinal bacteria or inhibiting the abundance or activity of harmful bacteria. So as to produce beneficial SCAFs, protect the intestinal barrier, strengthen the immune system, and alleviate the damage caused by fatigue. However, the research results of gut microbiota change are mostly at the level of phylum or genus, and few at the level of species, which is not conducive to the targeted development of more effective products to regulate gut microbiota. The identification of anti-fatigue-related intestinal bacteria at the species level needs further research. The research on the metabolism of anti-fatigue polyphenols is mostly limited to the regulation of polyphenols as prebiotics on the composition of the overall gut microbiota, while the role of polyphenols as more bioactive metabolites generated by gut microbiota metabolism has been ignored. The interaction among them is interesting and meaningful, but only urolithin has some clues at present.
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Figure 1. Classification of polyphenols. 
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Figure 2. Occurrence and treatment of fatigue: interaction of polyphenols, host, and gut microbiome. 
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Figure 3. The catabolic pathway of ellagitannin to urolithin [143]. 
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Figure 4. The maintenance effect of urolithin A on mitochondrial homeostasis under fatigue. 
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