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Abstract
The human gut microbiota is a complex community of microorganisms that play a crucial role in maintaining overall health. Recent research has shown that gut microbes also have a profound impact on brain function and cognition, leading to the concept of the gut-brain axis. One way in which the gut microbiota can influence the brain is through the bioconversion of polyphenols to other bioactive molecules. Phenolic compounds are a group of natural plant metabolites widely available in the human diet, which have anti-inflammatory and other positive effects on health. Recent studies have also suggested that some gut microbiota-derived phenolic metabolites may have neurocognitive effects, such as improving memory and cognitive function. The specific mechanisms involved are still being studied, but it is believed that phenolic metabolites may modulate neurotransmitter signalling, reduce inflammation, and enhance neural plasticity. Therefore, to exert a protective effect on neurocognition, dietary polyphenols or their metabolites must reach the brain, or act indirectly by producing an increase in bioactive molecules such as neurotransmitters. Once ingested, phenolic compounds are subjected to various processes (e.g., metabolization by gut microbiota, absorption, distribution) before they cross the blood-brain barrier (BBB), perhaps the most challenging stage of their trajectory. Understanding the role of phenolic compounds in the gut-brain axis has important implications for the development of new therapeutic strategies for neurological and psychiatric disorders. By targeting the gut microbiota and its production of phenolic metabolites, it may be possible to improve brain function and prevent cognitive decline. In this article, we review the current state of knowledge on the endogenous generation of phenolic metabolites by the gut microbiota and how these compounds can reach the brain and exert neurocognitive effects. 
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1. Introduction
The human gut microbiota has a wide-reaching impact on health 1. One of the ways this complex community of microorganisms benefits the host is by enhancing the bioavailability of food components such as polyphenols, which are metabolized into simpler, more easily absorbed products 2. Conversely, polyphenols can act as prebiotics, modifying the composition of microbial colonies, which also has benefits for human health 2,3. 
Dietary polyphenols, plant secondary metabolites with anti-inflammatory and antioxidant effects, frequently reach the small intestine bound to glycoside molecules, requiring liberation to be absorbed 4,5. Most polyphenols bypass this process and arrive to the colon, where they may act as substrates for the microbiota 2. A wide variety of reactions are involved in the microbial transformation of polyphenols, including ring fission, hydrolysis, demethylation, reduction, decarboxylation, dihydroxylation, and isomerization 6. Once in the bloodstream, phenolic compounds (PC) can be distributed to most tissues, including the brain 7. Furthermore, circulating polyphenols can undergo modifications in the liver through phase II enzymes, which conjugate them with methyl, glucuronide, or sulfate groups, thereby increasing their solubility 8. Although phenolic metabolites can affect the brain indirectly, for example, by increasing levels of neurotransmitters such as dopamine, in this review, we focus on those that are able to cross the blood-brain barrier (BBB) and exert direct neurocognitive effects 9. The function of this important physiological barrier is to prevent harmful substances from reaching the brain 10, but it can also keep out xenobiotics, including polyphenols. Therefore, the ability to penetrate the BBB largely conditions the effects of PC on the central nervous system (CNS) 11. Whereas the generation of phenolic metabolites by the microbiota has been extensively studied, research on their BBB permeability has only recently gained attention. 
The first function described for the BBB was the protection of the brain from uncontrolled diffusion of substances from the blood. It is now understood to be a complex and dynamic interface that regulates the exchange of substances between the blood and the CNS 12. Specifically, the functions of the BBB are to: (i) shield the brain from potential blood-borne toxins; (ii) meet the metabolic demands of the brain; and (iii) regulate the homeostatic environment in the CNS for proper neuronal function 13,14. Brain microvascular endothelial cells (EC), pericytes, astrocytes, tight junctions, neurons, and the basal membrane construct physically tight brain capillaries in the BBB 15. Importantly, the EC express multiple substrate-specific transport systems that control the movement of nutrients, energy metabolites, and other essential molecules from the blood to the brain and the removal of metabolic waste products from the brain’s interstitial fluid into the blood 14,16,17. Non-essential molecules, such as PC that prevent oxidative stress, can also cross the barrier and exert beneficial effects on the brain 11. As Figure 1 illustrates, phenolic bioavailability in the brain is affected by physicochemical traits, including molecular weight, hydrophobicity, and lipophilicity 11,18, as well as physiological factors, such as efflux transporters (e.g., P-glycoprotein) 19. In this novel research field, studies have been carried out using a wide range of in silico, in vitro, and in vivo approaches 20–22.
This review summarizes the available evidence for the ability of phenolic metabolites to cross the BBB, their endogenous origin, and direct cognitive effects on the brain. The results of in silico, in vitro, and in vivo studies are organized according to the phenolic group (flavonoids, ellagitannins, lignans, phenolic acids, and others).
2. Methods
The search of literature included the following keywords: “gut-brain axis” AND “polyphenols”, “microbial phenolic compounds”, “microbiota” AND “polyphenols”, “polyphenols” AND “blood-brain barrier”, “microbial phenols” AND “cognition” OR “neurodegeneration” OR “Alzheimer’s disease” OR “dementia.” The search sources included PubMed and Scopus databases; no time restrictions were imposed. Titles and abstracts were screened, and relevant full-article texts were extracted, reviewed, and downloaded to Mendeley. 
3. Flavonoids 
Dietary flavonoids are mostly metabolized into phenolic acids by the gut microbiota. Isoflavonoids such as genistin and daidzein, as well as their aglycones genistein and daidzein, are almost exclusively found in soybeans and soy-derived products (e.g., tofu, soymilk, miso soup), which typically contain 0.01-0.3% isoflavonoids 23,24 25. Following intake, they are digested by intestinal glucosidases and absorbed as aglycones. Intestinal bacteria use reductase enzymes to convert the isoflavone daidzein to equol and O-desmethylangolensin. The main metabolites found in biological fluids after the consumption of soy-derived food are shown in Table S1. 
Equol is regarded as a phytoestrogen due to its structural similarity to 17β-estradiol and is thought to exert its effects through the estrogen signal transduction pathway 26. While all animal species investigated so far produce equol, only one-third to one-half of humans have this ability (depending on the race), as they harbour equol-producing microbes. These individuals may therefore be the only ones to fully benefit from soy or isoflavone ingestion 27. Furthermore, it has been proposed that dietary fat consumption reduces the ability of gut microbiota to produce equol 25. Non-invasive urine analysis was employed to quantify systemic exposure to isoflavonoids and compliance in a soy intervention study, with isoflavonoid excretion in overnight urine and spot urine accurately reflecting circulating plasma isoflavonoid levels in healthy postmenopausal women 23. A larger daidzein dose was associated with increased urine excretion of equol in postmenopausal women, whether ingested in fermented or non-fermented soymilk 28. In this context, a study of three generations of Japanese-Americans living in Hawaii found that older women produced more equol following a soy challenge, but there was no change in total isoflavonoid excretion after a standardized dosage of soymilk 29.
A study employing in silico and in vitro techniques demonstrated that equol passively crosses both the gut and the BBB 21. The computational prediction of equol as a BBB penetrating molecule was supported by the in vitro results, which showed a high permeability, with -logPe values of 39.7 ± 0.14. To date, no further evidence related to this finding has been published.
Several mechanisms of action have been described by which equol improves brain health. In vitro studies showed that equol increases glial cell migration, an essential process for brain development 30, and possesses neuroprotective properties that counteract the cytotoxicity of β-amyloid plaques generated in a cellular model of Alzheimer’s disease (AD) 31. It has also been reported that equol enhances hippocampus and synaptic plasticity in rats 32,33. In addition, this phytoestrogen promoted brain metabolic activity in an animal model of human menopause 34. Other studies performed in rats showed that equol reduced oxidative stress and protected against cerebral ischemia and neuronal apoptosis 35,36. The few studies on the cognitive effects of equol in humans are restricted to the context of menopause management through its estrogenic effects. A randomized clinical trial demonstrated that a phytoestrogen formulation containing equol preserved cognitive function during menopause 37,38.
4. Ellagitannins
Ellagitannins and ellagic acid are found in nuts and some fruits, such as pomegranates and berries, and are generally poorly absorbed. In the intestinal tract, ellagitannins are metabolized by the gut microbiota to ellagic acid, and ellagic acid is hydrolysed into urolithins 39 which besides health benefits have potential application as dietary biomarkers 40. The conversion of ellagic acid and ellagitannins to urolithins in the gut varies greatly between individuals, which has been associated with differences in the colon microbiota 41. Urolithins and ellagic acid derivatives identified after the intake of ellagitannin-rich foods are shown in Table S2.
Urolithins have been identified in human biological samples in intervention studies with ellagitannin-rich foods such as red raspberries, pomegranates, and walnuts. Among the numerous metabolites found in blood or urine samples 42,43, the compounds originating from ingested ellagitannins were mainly phase II metabolites of the colon-derived urolithins A and B (urolithin A, urolithin A-O-glucuronide and urolithin B-O-glucuronide) 44. Quantitative examination of 24 h plasma and 48 h urine revealed that urolithins were not detectable following dietary washout until 24 h after red raspberry ingestion, indicating they were produced by microbial conversion of ellagic acid. Similarly, another study found that concentrations of urolithin A-O-sulfate and urolithin A-O-glucuronide in both plasma and urine were highest at 24 h after the intake of red raspberries 45. Phase II metabolites of the colon-derived urolithins A and B were still being excreted in urine 32-48 h after raspberry ingestion, indicating a high persistence in the body, although their overall urinary recovery was only 7.0% of intake 42. After the daily administration of pomegranate extract to colorectal cancer patients for 15 days 46, urolithin derivatives were identified in plasma, urine, and colon tissues. Individual and total metabolite levels were higher in normal versus malignant colon tissues. 
In individuals with metabolic syndrome following a nut-enriched diet, urinary levels of urolithins A and B were also shown to increase significantly. Additionally, urolithins C and D were detected, as well as a complex combination of urolithin-conjugated forms, indicating significant phase II metabolism following absorption 47. Eight urolithin metabolites were detected in breast milk after walnut ingestion; although excreted in nanomolar amounts, they may enhance the anti-inflammatory and health benefits of breastfeeding for infants 48. 
To date, animal studies have shown that urolithins are widely distributed in a range of tissues, including the brain 49, which may indicate an ability to cross the BBB. In silico prediction of BBB permeability indicated that urolithin A, urolithin B, and their methyl derivatives fulfilled theoretical criteria required for BBB penetration 50. Importantly, this study reported that methylation increases the lipophilicity of hydroxyl groups, which enhances BBB penetrability, unlike the increased hydrophilicity caused by sulfation or glucuronidation in the intestine and liver. As for other types of urolithins, like C or D, no studies have been conducted thus far to assess their permeability through the BBB.
Promising effects on neurocognitive health have been reported for urolithin A in recent years. According to numerous in vivo and preclinical studies, urolithin A is involved in several molecular mechanisms that prevent cognitive deterioration. It reduces the formation of ß-amyloid plaques 51,52, decreases apoptosis, and enhances neurogenesis 53,54. In addition, urolithin A promotes mitophagy, which is impaired in AD patients, activates hyperphosphorylation of tau, and reduces the toxicity of ß-amyloid plaques, both recognized as fluid biomarkers of AD 55,56. Ahsan et al., however, reported that instead of mitophagy, urolithin A induced autophagy, which attenuated ischemic neuronal death 57. A clinical trial carried out in 9 individuals demonstrated that, by activating mitophagy, urolithin A improves mitochondrial gene expression 58. In a clinical trial evaluating the effect of the Mediterranean diet on brain health in 284 adults, Kaplan et al. observed that higher concentrations of urolithin A in urine were associated with a lower hippocampal occupancy score, an indicator of brain-related atrophy 59.
To date, the cognitive effects of urolithin B have been less studied than those of urolithin A. In activated microglia, Lee et al. showed that it exerts anti-inflammatory and antioxidant effects through the inhibition of nitric oxide and proinflammatory cytokines, and an increase in anti-inflammatory cytokines in the brain 60. Another study reported that urolithin B reduced apoptosis and the production of reactive oxygen species (ROS) in neuroblastoma cells 61. Similarly, Chen et al. found that urolithin B inhibited apoptosis and activated regulated pathways in favor of neuronal survival 62. Another proposed molecular mechanism for urolithin B involves the inhibition of monoamine oxidase (MAO), which in high concentrations promotes neurological disorders 63. However, clinical studies are needed to corroborate that these effects also occur in vivo in humans.
5. Lignans 
The mammalian lignans enterodiol and enterolactone are generated in the colon by bacteria acting on lignan plant precursors, such as secoisolariciresinol diglycoside, which are abundant in fiber-rich foods such as cereals, with lower amounts found in vegetables and fruits 64. These microbial metabolites are regarded as phytoestrogens due to their estrogen-like biological properties, although they have less estrogenic activity than isoflavones 65. The formation of lignans has been extensively researched in vitro, but few investigations have focused on their presence in bodily fluids following food consumption (Table S3).
Flaxseed is one of the best sources of dietary lignans. In a clinical study, blood enterolactone concentration was doubled by adding ground flaxseed and flaxseed oil to one or two daily meals 66. Besides enterolactone and enterodiol, hydroxylated derivatives are also found in human urine after the ingestion of flaxseed 67. The availability of lignans in flaxseed is enhanced by crushing or grinding the whole seeds, likely due to improved accessibility for the microbiota to interact with the lignans 68. However, no significant differences in urinary lignan excretion were found after the ingestion of raw versus processed flaxseed, suggesting that the amount consumed is probably more significant than its form. The metabolism of lignan precursors contained in flaxseed was found to be time- and dose-dependent, but was not influenced by processing 69. Plasma lignan levels peaked 9 h after the flaxseed was consumed, and remained stable for 24 h. After one week of supplementation, plasma and urinary lignan concentrations increased considerably compared to baseline, and plasma concentrations stabilized by the eighth day, indicating they can be sustained by a once-daily dose of flaxseed. 
Sesame seeds and rye grain also have a high concentration of lignans and are therefore an alternative to flaxseed as rich sources of enterodiol and enterolactone precursors 70,71. Regular consumption of rye bread increases serum concentrations and urinary excretion of enterolactone much more than eating refined wheat cereal 71. Non-targeted metabolite profiling proved to be an effective method to identify marker urinary metabolites, such as enterolactone glucuronide, that distinguish between the consumption of whole grain rye bread and white wheat bread 72.
An in silico and in vitro study demonstrated that enterolactone passively crosses the BBB 21. First, computational prediction software identified enterolactone as a molecule that could penetrate the BBB. This finding was in line with in vitro results, showing high permeability with -logPe values of 3.52 ± 0.20. However, further studies in animals or in cerebrospinal fluid (CSF) are needed to demonstrate the ability of this compound to cross the barrier. Regarding enterodiol, although predicted to be BBB permeable by in silico assays, when tested in vitro it was found to exhibit low passive penetration 21. 
While dietary lignans have been associated with neurological benefits, the role of the metabolite enterolactone has been less studied. This enterolignan has shown neuroprotective properties in in vitro studies, as it suppresses nitric oxide production and proinflammatory cytokines in murine microglia 21. Köse et al. found that it can inhibit carbonic anhydrase, acetylcholinesterase (AchE) and butyrylcholinesterase (BchE), enzymes involved in the development of AD 73. Regarding research in humans, a few clinical and observational studies have reported a positive association between dietary lignans and cognitive performance 74–76. However, to our knowledge, no trial has been performed in humans to assess the specific relationship between enterolactone in biological samples and neurocognition, despite promising results from Sun et al., who found that higher urinary concentrations were associated with fewer sleep disorders 77. 
6. Phenolic acids 
Hydroxyphenylacetic, hydroxybenzoic and hydroxycinnamic acids
Coffee, fruits, wholegrains, and nuts are the most abundant dietary sources of phenolic acids 78,79, and numerous studies have identified phenolic metabolites in urine and plasma following their consumption. There are different bacterial actions that can lead to the production of these metabolites, including O-deglycosylation, C-ring fission, hydrolysis or dihydroxylation. Studies focusing on coffee and orange juice are described below, and the metabolites found after ingestion of other foods, such as cocoa products, nuts, red raspberry, and tomato, are listed in Table S4. 
The metabolites of chlorogenic acid, a hydroxycinnamic acid derivative, were analysed in human plasma and urine following coffee consumption. The most common metabolites were phase II derivatives of reduced forms of hydroxycinnamic acids: sulphated and methyl derivatives, and to a lesser extent, glucuronidated conjugates 80. Overall, 0-24 h urinary excretion of chlorogenic acids ranged from 15.7 to 29.1% of intake, demonstrating that, in addition to being subject to substantial metabolism, chlorogenic acids in coffee are well absorbed 81,82. A study quantifying urinary phenolic acid metabolites after coffee consumption found the greatest inter- and intra-individual variance in those produced by the intestinal microbiome 83. After acute coffee ingestion, at least six chlorogenic acid compounds were identified intact in human plasma, although urine does not appear to be their primary excretion pathway, which instead may be through digestive fluids such as bile 84. 
Caffeic, ferulic, isoferulic, caffeoylquinic, vanillic, sinapic, p-hydroxybenzoic, and p-coumaric acids, as well as some of their dihydro derivatives, were the predominant metabolites detected in urine following coffee consumption, with a considerable inter-individual variance 84,85. After 1 h of coffee intake, high Cmax values (maximum concentration in the body) were found for sulfates of caffeic, ferulic, and caffeoylquinic acid lactones, indicating that they were absorbed in the small intestine. However, dihydroferulic acid and its O-sulfate and dihydrocaffeic acid-O-sulfate had a second Tmax (the time of maximum concentration) at 4 h of ingestion, suggesting absorption in the large intestine and possible catabolism by colonic bacteria 82. 
The health benefits associated with orange juice consumption are attributed not only to absorbable and circulating flavanone metabolites but also to gut microbial metabolites. After an acute intake of orange juice, several microbial phenolic acid derivatives, including free phenolics and phase II sulfate, glucuronide, and methyl metabolites, were identified in plasma and/or urine samples (Table S4) 86,87. Among the main phenolic catabolites found in plasma were methoxycinnamic acid, (hydroxy-methoxyphenyl)propanoic acid, (methoxyphenyl)propanoic acid (hydroxyphenyl)propanoic acid, and (phenyl)propanoic acid derivatives, as well as substantial amounts of phenylacetic and hippuric acids 87,88. Phenolic acids represented about 20% of the phenolic metabolites in systemic circulation after orange juice consumption. In 24 h urine, hydroxycinnamates (ferulic-O-glucuronides), hydroxyphenylpropanoic acids ((methoxyphenyl)propanoic acid-O-sulfate), hydroxyphenylacetic acids (hydroxyphenylacetic acid-O-sulfate), hydroxybenzoic acids and hippurates were identified 86–88.
Mixed results have been found regarding the ability of phenolic acids to cross the BBB and reach the brain. The permeability of caffeic acid (a hydroxycinnamic acid) has been assessed in human and animal studies. The detection of caffeic acid in CSF could indicate that once absorbed into the blood stream it can reach brain cells 89. No correlation was found between levels in CSF and plasma, suggesting that the transportation of caffeic acid through the BBB is not the result of simple or facilitated diffusion. In addition, the authors propose that conjugation reactions may enhance permeability, and that transient conjugation or de-conjugation of polyphenols takes place in close vicinity to the BBB. In a BBB cell model, the similarity of apparent permeability (Papp) coefficient values between apical-to-basolateral and basolateral-to-apical transport suggested that the uptake of caffeic acid was close to the efflux rate 90. However, according to another study, caffeic acid cannot pass through the BBB due to its low permeability coefficients, but is adsorbed in cerebral blood vessels 91. Moreover, a parallel artificial membrane permeability assay for the BBB showed the permeability values of caffeic acid were below the lower limit 92. Its inherent difficulties in crossing the BBB have led studies to target caffeic acid and attempt to increase its transport efficiency 93. Application of PEGylation technology, in which poly(ethylene glycol) (PEG) was covalently attached to caffeic acid, effectively improved BBB permeability, which was attributed to the inhibition of P-glycoprotein 93. 
Based on the results of numerous in vitro studies, ferulic acid metabolites can be described as having negligible BBB permeation 91,92,94,95, with only one in silico simulation study predicting permeability 96. A proposed explanation is low paracellular or transcellular passive diffusion due to hydrophilicity 92. The involvement of an active efflux mechanism that pumps compounds back to the apical side of the BBB model has also been described 94. PEGylation clearly improved the transport efficiency of ferulic acid but to a lesser extent than other compounds 93, an outcome difficult to justify in terms of chemical structure, since ferulic acid is more lipophilic than caffeic acid. 
Based on the chemical properties of gallic acid (LogP 0.89), it was suggested that this microbial metabolite of epigallocatechin may be available to the brain, as its lipophilicity is close to optimal (LogP 1.5–2.7) 97. The BBB permeability coefficient of gallic acid measured using a model kit of mouse EC 98 was reported to be 21.97 ± 1.92 (× 10−6 cm/s), with a transport efficacy of 6.52 ± 0.5 (%, 30 min), values close to those of caffeine and higher compared to other substances. However, a limitation of this study is that only one reference compound of high permeability (caffeine) was used, and none of medium or low permeability, which renders the results inconclusive. It is also important to emphasize that in this study the permeation capacity of gallic acid was altered by the co-presence of epigallocatechin (18.68 ± 1.56 × 10−6 cm/s). A recent study determined that the Papp of gallic acid was null, due to the absence of peaks in an analysis of the brain solution of the BBB kit by liquid chromatography coupled to mass spectrometry (LC−MS/MS), which suggests this compound is not permeable 91.
A study performed in rats found that protocatechuic acid penetrated the BBB with a brain distribution ratio (AUCbrain/AUCblood, area under the curve) of 0.09 ± 0.02 99. In support of these results, the apical-to-basolateral Papp values (4.369 ± 1.410 × 10−5 cm/s) recently reported in a transmembrane transport study indicated it was easily absorbed. However, the Papp basolateral-to-apical values were very similar (4.132 ± 0.288 × 10−5 cm/s) and the efflux ratio was 0.946, suggesting that penetration of protocatechuic acid was counteracted by its ready transport to the apical region 90. Protocatechuic acid was detected in rat brains 2 h after the administration of a strawberry extract. However, it was not observed in the brain solution of the BBB kit, so its permeability coefficient could not be determined 91. Further evidence for BBB impermeability is that the metabolite was not detected in the brain after intravenous administration to rats 100. The authors hypothesized that protocatechuic acid is predominantly methylated into vanillic acid, as vanillic acid is present in larger quantities 91.
The BBB permeability of vanillic acid has been mostly studied in vitro. It has been proposed that vanillic acid improves BBB stability and cerebral blood flow 101. In contrast with an in vitro study which reported that vanillic acid is unable to cross the BBB 102, Shimazu et al. found it was permeable 91. Nevertheless, only small amounts were detected in the brain, and the authors hypothesized that it may also be adsorbed into cerebral blood vessels. Another study reported that vanillic acid sulfate, a phase-II metabolite of vanillic acid, could cross the BBB, although the Papp value was low 9.
Homovanillic acid is not an indicator of the exposure of neurons to dietary phenols, as it can be formed endogenously in the brain. Specifically, it is the result of several reactions catalyzed by catecholamines released by the brain, such as adrenaline, noradrenaline, and dopamine, and catalyzed by brain MAO and catechol-O-methyltransferase 89. An animal study showed that the organic anion transporter 3, which is expressed in the abluminal membrane of the BBB, is involved in the efflux transport of homovanillic acid from the brain 103.
It has been reported that 4-hydroxyphenyl acetic acid cannot cross the BBB due to: i) limited in silico BBB permeation attributed to a negative charge at physiological pH (experimental pKa = 4.25); ii) no apical-to-basolateral permeation in humans and rats in in vitro BBB models, and iii) high basolateral-to-apical permeability 104. Another hypothesis suggests that 4-hydroxyphenyl acetic acid has a strong tendency to bind to albumin, which may limit its brain penetration 105. 3-Hydroxyphenyl acetic acid, on the other hand, has been detected in the CSF, suggesting it may cross the BBB or blood-CSF barrier 89. However, reports indicate that it can also be formed endogenously in the brain 106–108, and it has been described as a metabolite of oxidative deamination of tyramine 89.
The cognitive effects of caffeic acid have been widely investigated. In vitro studies have shown that caffeic acid can reverse tau hyperphosphorylation 109, restore dopaminergic neurotransmission to alleviate oxidative damage 110,111, and inhibit ß-amyloid deposition 112. Nevertheless, most of this research has been conducted in experimental animal models of AD. Due to its antioxidant properties, caffeic acid increased the cognitive function of a murine model of AD by restoring the cholinergic function and reducing AChE activity 113. These results were supported by Vera-Castro et al., who found that caffeic acid modulated the activity of purinergic and cholinergic enzymes in rats with streptozotocin-induced diabetes 111. Similar findings were reported in a study with isolated rat brains incubated with caffeic acid, which reduced the activity of enzymes associated with cognitive impairment, such as AChE, BChE, and ATPase 114. In mice with lipopolysaccharide-induced depression induced to depression with lipopolysaccharide, caffeic acid reduced the expression of inflammatory cytokines and oxidative stress in the brain, suggesting it could be beneficial against neuroinflammation 115. This finding was supported by Sun et al., who reported a decrease in local inflammation, as well as a lower accumulation of ß-amyloid plaques in the hippocampus in experimental models of neurodegeneration 116,117. The anti-inflammatory activity was also key to attenuating motor deficits in a mouse model of Parkinson’s disease 117. Caffeic acid has been proposed to attenuate ageing-related cognitive impairment through up-regulation of hippocampal neurogenesis, as it restored the neurodegeneration caused by D-galactose in rats 118. Little research on the effect of caffeic acid on the human brain has been carried out. Although benefits of coffee on cognitive health have been reported, they cannot be attributed solely to caffeic acid due to the presence of other known neuroprotective substances such as caffeine 119 120,121.
Vanillic acid has been described as a potent antioxidant capable of inhibiting AChE and BChE, as well as reducing nitric oxide, malonaldehyde, and the activities of enzymes related to oxidative stress in hippocampal cells 122. In vitro results suggest it may also exert neuroprotective effects by stimulating mitochondrial biogenesis and modulating the expression of genes involved in neuronal differentiation 123. Siddiqui et al. showed that vanillic acid significantly increased neurite growth and reduced the expression of inflammatory molecules in hippocampal neurons with induced inflammation 124. These beneficial effects of vanillic acid on the brain have been proven in in vivo experimental models. In mice with induced neurodegeneration, vanillic acid improved spatial learning and memory, and was associated with a decrease in AChE, cortisone, and inflammatory molecules 125. In other studies with animal models of cognitive impairment, vanillic acid decreased the accumulation of ß-amyloid plaques, neuronal apoptosis, neuroinflammation and oxidative stress 126,127. Khoshnam et al. demonstrated its anti-inflammatory effects in rats, which showed reduced levels of proinflammatory cytokines in the hippocampus 128. However, vanillic acid did not confer any protection against global cerebral ischemia in adolescent rats 129. In a rat model of Huntington disease, Bains et al. found that vanillic acid improved the motor and cognitive functions affected by this pathology through reducing oxidative stress, neuroinflammation, and mitochondrial dysfunction 130. Although the neuroprotective properties of vanillic acid are relatively well characterized, very few studies have attempted to demonstrate these effects in humans. Its phase-II metabolite, vanillic acid glucuronide, was associated with better cognitive functions in individuals at high cardiovascular risk 131. However, more studies in humans are needed to corroborate the benefits of vanillic acid for cognitive health.
Phenyl-γ-valerolactones
Cocoa and tea are the main dietary sources of flavan-3-ols, an important group of flavonoids that are extensively metabolised in the colon to phenyl-g-valerolactones (Table S5). In this context, the metabolic activity of gut microbiota was studied in regular and infrequent consumers of chocolate after the administration of dark chocolate 132. Although 5-(dihydroxyphenyl)-γ-valerolactone, and hydroxy (dihydroxyphenyl)-valeric acid metabolites were found in both regular and infrequent consumers of chocolate, an increase in sulfate, glucuronide, and methyl-sulfate conjugates of 5-(dihydroxyphenyl)-valeric acid was only observed in the regular chocolate consumers, suggesting that the metabolic response of the microbiota was conditioned by the frequency of consumption. 
Green tea is another good source of flavan-3-ols. The urinary metabolic profile after the consumption of this beverage showed several valerolactone conjugates with glucuronide, sulfate, and methyl groups, suggesting that microbial metabolism is largely responsible for the bioavailability of green tea flavan-3-ols 133. Although evidence suggests that green tea catechins are partially metabolized in the distal section of the gastrointestinal tract, specifically the ileum 134, significant amounts appear to move to the colon where they are degraded by the activity of the colonic microflora. After being absorbed and passing through the circulatory system, the amounts of phenolic acid metabolites eliminated in urine were equivalent to roughly 40% of flavan-3-ol intake 135.
Several flavan-3-ol metabolites were identified in biological fluids after the consumption of a ready-to-drink green tea 136. In urine, by far the most abundant were polyhydroxyphenyl-γ-valerolactones generated by colonic microflora, their average concentrations being 10-fold higher than those of flavan-3-ol conjugates. Black tea metabolites in human urine have been comprehensively structurally identified and quantified 137, and their pharmacokinetics have been determined in plasma 138. Within 2-4 h of consumption, both conjugated and unconjugated catechins appeared in plasma, followed by a variety of microbial metabolites. Concentrations of the conjugated gut microbial metabolites remained high for up to 25 h after drinking black tea. Although a study on the metabolism of raspberry polyphenols only detected glucuronide forms of phenylvalerolactones and phenylcinnamic acids in plasma 44, the data for conjugated pyrogallol and 5-(dihydroxyphenyl)-γ-valerolactone from black tea indicate sulfation is predominant over glucuronidation. 
An in vitro study on the BBB permeability of 5-(3′,5′-dihydroxyphenyl)-γ-valerolactone and its conjugated forms reported that it reached the brain parenchyma 139. A comprehensive study that included in silico prediction, in vitro microvascular EC, and in vivo assays in rats, demonstrated that 5-(hydroxyphenyl)-γ-valerolactone-sulfate could reach the brain 20. Corral-Jara et al. used a bioinformatics approach to demonstrate that this metabolite potentially binds to transcription factors and modulates signaling pathways involved in preserving brain endothelial vascular cells 140. Phenyl-γ-valerolactone metabolites, including 5-(hydroxyphenyl)-γ-valerolactone-sulfate, can reduce ß-amyloid plaques by modulating proteolysis and upregulating autophagy in neuronal cells 141. The beneficial effects of phenyl-γ-valerolactone metabolites in relation to ß-amyloid plaques have also been observed in vivo, as they reduced neuroinflammation and prevented the formation of ß-amyloid oligomers in a mouse model 142. These preclinical results are promising but have yet to be confirmed in humans, with no studies conducted to date.
7. Stilbenes
Little is known about the stilbene microbial metabolites such as dihydroresveratrol (Table S6), which is produced by hydrogenation of the aliphatic double bond of trans-resveratrol in the gut. After the intake of red wine (250 mL), grape juice (1 L), or tablets, each containing equal amounts of trans-resveratrol, dihydroresveratrol was undetectable in human plasma in its free forms 143, but it was detected and quantified in human urine after a real-life dose (250 mL) of wine. Gut microbial metabolism of resveratrol was also verified by the presence of glucuronide and sulfate conjugates of dihydroresveratrol in plasma and urine after the moderate consumption of red wine. Although free dihydroresveratrol was not found in any sample 144, in the subsequent long-term study (28 days), the unconjugated form was observed 145. 
A study in mice failed to detect dihydroresveratrol and its sulfate and glucuronide forms in the brain 146. On the other hand, a clinical trial with individuals diagnosed with mild to moderate AD showed that both resveratrol and its main phase-II metabolites penetrated the BBB and exerted effects on the CNS 147. Nevertheless, individuals with AD may experience altered BBB permeability, potentially leading to increased permeability as a result of neuroinflammation 148. Therefore, further research is needed to obtain more conclusive data about the ability of these microbial derivatives to cross the BBB.
8. Other polyphenols
Hydroxytyrosol 
After olive oil consumption by humans, tyrosol and hydroxytyrosol (derived from the hydrolysis of oleuropein) were excreted in the urine mainly as glucuronide conjugates with concentrations according to the dose consumed, ranging from 20 to 22% for tyrosol and 30 to 60% for hydroxytyrosol 149. Both a single-dose ingestion (50 ml) and short-term consumption (one week, 25 mL/day) of virgin olive oil resulted in an increase in both PC in 24 h urine (P< 0.05), with urinary tyrosol appearing to be a more accurate biomarker of virgin olive oil intake 150. In plasma samples, several phenolic metabolites and their free forms were identified and quantified 60 and 120 min after the consumption of 30 ml of virgin olive oil rich in PC (Table S7) 151. 
The food matrix was observed to have a substantial impact on hydroxytyrosol pharmacokinetics, as the oily nature of foods emerged as a relevant factor in enhancing its bioavailability 152. In particular, plasma concentrations 30 min after oral ingestion of extra virgin olive oil (3.79 ng/mL) were significantly higher compared to the control plasma, the oil being highlighted as the best dietary source of hydroxytyrosol 152. Regarding its bioavailability, the intake of extra virgin olive oil, as well as fortified refined olive, flax, and grapeseed oils with 5 mg of hydroxytyrosol, provided significantly higher urinary contents compared with basal urine, whereas hydroxytyrosol metabolites (hydroxytyrosol acetate, dihydroxyphenylacetic acid, tyrosol, and homovanillic alcohol) showed no significant changes. 
Yu-Tse Wu et al. showed that although hydroxytyrosol has a short half-life and half-residence time, it can penetrate the BBB 95, results that were confirmed by the detection of hydroxytyrosol in brain tissue 22. According to these studies, this compound reaches the brain in micromolar concentrations, far from the amount necessary for a clinical effect. This limitation prompted Mursaleen et al. to create micellar nanocarriers of hydroxytyrosol to increase its BBB permeability and enhance its therapeutic effects 153. The presence of hydroxytyrosol in the brain can be endogenous, due to the metabolism of dopamine, but this is a minor metabolic pathway and of limited importance under normal conditions 154.
Several studies have demonstrated that hydroxytyrosol provides a neuroprotective effect when it reaches the brain. An in vitro study showed that it reduces the levels of MAO inhibition products linked to Parkinson’s disease 155. In addition, hydroxytyrosol has a beneficial effect against AD, as it prevents the aggregation of ß-amyloid plaques, reduces oxidative stress, and stabilizes fibrils and oligomers 156–158. Furthermore, hydroxytyrosol reverted the mitochondrial energetic deficit in a cellular model 159. Other pathologies involving neuroinflammation may also benefit from hydroxytyrosol. Studies performed in rats showed that it induces the expression of anti-inflammatory molecules and reduces apoptosis 160,161, therefore ameliorating neuropathic pain and improving stroke outcomes. Unfortunately, to date, very few clinical trials have investigated the therapeutic role of hydroxytyrosol in neurodegenerative diseases.

9. Conclusion
Cumulative evidence highlights that the gut microbiota plays a key role in the relationship between polyphenols and cognition through the gut-brain axis, since it transforms dietary polyphenols into biologically active metabolites able to cross the BBB and exert benefits for cognitive health. Promising results have been obtained for these microbial phenolic metabolites, many of which can modulate mechanisms involved in neurodegenerative disease pathogenesis, for example, by reducing oxidative stress, apoptosis or neuroinflammation (Figure 2). 
However, although encouraging, the findings in this field reported to date have two main limitations. The first is that most studies have focused on the protective properties of parent polyphenols and little attention has been given to assessing the effects of microbial phenolic metabolites, even though these can circulate and reach target tissues more readily. The second is that although crossing the BBB is a prerequisite for dietary polyphenols to act on the brain, the permeability of microbiota-derived phenolic metabolites has been scarcely investigated. To date, the only PC shown to have this capacity are equol, urolithin A and B, enterolactone, caffeic and vanillic acid, 5-(hydroxyphenyl)-γ-valerolactone-sulfate, and hydroxytyrosol. 
Given that microbial derivatives are well-placed to be therapeutic targets for neurological disorders, understanding the role of the gut microbiota in their metabolism could lead to the development of novel treatments. Therefore, more research is necessary to determine which of the most abundant systemic metabolites penetrate the BBB and what effect they have on the brain.
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Figures
Figure 1. Summary of blood-brain barrier permeability of microbial phenolic metabolites.
Figure 2. Summary of the molecular mechanisms of phenolic compounds in the brain.​
AChE, acetylcholinesterase; BChE, butylcholinesterase; CA, carbonic anhydrase; MAO, monoamine oxidase.
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