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Abstract

:

Over the last decades, there has been a substantial increase in the prevalence of mental health disorders, including an increased prevalence of depression, anxiety, cognitive, and sleep disorders. Diet and its bioactive components have been recognized among the modifiable risk factors, possibly influencing their pathogenesis. This review aimed to summarize molecular mechanisms underlying the putative beneficial effects toward brain health of different dietary factors, such as micro- and macronutrient intake and habits, such as feeding time and circadian rhythm. The role of hormonal homeostasis in the context of glucose metabolism and adiponectin regulation and its impact on systemic and neuro-inflammation has also been considered and deepened. In addition, the effect of individual bioactive molecules exerting antioxidant activities and acting as anti-inflammatory agents, such as omega-3 fatty acids and polyphenols, considered beneficial for the central nervous system via modulation of adult neurogenesis, synaptic and neuronal plasticity, and microglia activation has been summarized. An overview of the regulation of the gut–brain axis and its effect on the modulation of systemic inflammation and oxidative stress has been provided. Finally, the impact of bioactive molecules on inflammation and oxidative stress and its association with brain health has been summarized.
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1. Introduction


Over the last decade, mental health diseases have represented the major contributors to years of life lost due to disability in developed countries, while alarming trends have also been registered in developing ones [1]. Recent reports estimated that the global population living with depression is well over 300 million people and that anxiety disorders affect more than 260 million people (4.4% and 3.6% of the global population, respectively) [2]. Mental disorders account for 14% of worldwide Years Lived with Disability (YLD), with depressive disorders leading to a global total of over 50 million YLD and anxiety disorders to 24.6 million YLD in 2015 [3]. Furthermore, it is noteworthy that depression and anxiety are often associated, if not prodromic, to some of the other mental conditions and related to other non-communicable diseases, such as cardiovascular disease, dementia, and cancer [4]. Together with the aforementioned disorders, sleep disorders have been of interest as emerging conditions, mainly due to their possible link to other health conditions [5]. Recognizing early symptoms of mental disorders, identifying potential risk factors, and intervening to modify chronic exposure to them is of paramount importance to prevent the development of serious conditions fated to have a growing impact on the general population and future generations.



A growing body of literature has focused attention on potential risk factors for mental disorders, involving studies on (paleo)anthropology, human evolution, and biology, together with culture and environment [6]. On one side, we are witnesses of a fast evolution of human society, rise in technological advances, global industrialization and urbanization which has happened over the last 50 years; on the other side, very little genetic variation has occurred since the last thousands of years, leading to a potential evolutionary mismatch between our ancestral genome and the current environmental exposure [6]. The modern life led to the rise of non-communicable chronic diseases due to important changes in lifestyle factors, including, among others, adoption of unhealthy dietary patterns and sleeping habits [7]. Diet per se has been estimated to be the most important risk factor for non-communicable diseases in the modern era [8]. It has been calculated that dietary factors are responsible for 10.9 million deaths and 255 million Disability-Adjusted Life-Years [8]. The modern era is characterized by a “nutrition transition” process, characterized by a global shift from traditional dietary patterns toward so-called “Westernized” diets, rich in processed energy-dense food, refined sugars, trans-fatty acids, excessive sodium, and scarce consumption of plant-derived foods, accompanied by an unbalance between calorie intake and its expenditure through regular physical activity [6]. There is a large number of studies comprehensively considering the relation between diet and human health, showing not only an impact on cardio–metabolic diseases and certain cancers but also a potential role in affecting mental health disorders risk [9,10]. The urban environment may also lead to disruption of the circadian cycle due to continuous exposure to stimuli, such as light and acoustic pollution, busy working schedule, and societal challenges, which may play a role in anxiety and mood disorders, depression, cognitive, and sleep disorders [11].



For these reasons, there is a growing interest in the so-called “nutritional psychiatry”, which aims to describe and understand the relationship between dietary factors and mental health disorders. Over the last years, the number of studies investigating the role of individual dietary factors and overall dietary patterns toward depressive, anxiety, and sleep disorders provide an interesting body of evidence, although derived mostly from observational studies [12]. This review aims to provide an overview of the main molecular mechanisms hypothesized to explain the relationship between diet and mental health.




2. Role of Nutritional Components on the Brain: Micro- and Macro-Nutrients


Based on their specific metabolism and functions, somatic cells may have different requirements in terms of nutrients. Among these, brain cells are known to be surrounded by the blood–brain barrier layer, filtrating the passage of nutritional compounds, which may play a role in brain health.



Among macronutrients, a large part of scientific literature has focused the interest on the role of fatty acids on mental health. The main polyunsaturated fatty acids (PUFAs) that exert effects on brain cells are docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). DHA is a key structural component of membrane phospholipids in the brain, which is responsible for neuronal membrane integrity, fluidity, and functioning; EPA is a precursor of anti-inflammatory cytokines, an inhibitor of prostaglandins, thromboxanes and leukotrienes, that has been hypothesized to positively modulate both metabolic and immune processes, in contrast to omega-6 PUFA precursors of arachidonic acid (AA) demonstrated to be a pro-inflammatory mediator (Figure 1) [13]. Besides the action toward inflammation, omega-3 PUFA have been shown to modulate the neuroendocrine modulation of the serotoninergic and dopaminergic neuroendocrine transmission [14]. Furthermore, monounsaturated fatty acids (MUFA) have been shown to modulate brain activity and sleep behaviors, possibly by affecting glucose metabolism [15].



Proteins and amino acids derived from dietary intake can positively influence sleep quality and duration by modulating neurotransmitters and neuromodulators expression [16]. Among the most studied, tryptophan, an essential amino acid, is of major interest because it acts as an upstream precursor of bioactive metabolites related to sleep, including serotonin and melatonin [17]. Glycine, a non-essential amino acid, may exert a positive action toward sleep quality by reducing the core body temperature exerting an excitatory and inhibitory role on neurotransmission via N-methyl-d-aspartate-type glutamate receptors and glycine receptors, respectively [18]. l-ornithine, another non-essential, non-proteinogenic amino acid, may play a direct role in the central nervous system relieving stress and improving sleep and fatigue symptoms through reducing stress-induced activation of the hypothalamic–pituitary–adrenal (HPA) axis accompanied by a reduction in the serum corticosterone concentration and attenuating the stress response mediated by the GABA receptor [19].



Carbohydrates are needed as glucose is the main source of energy in the brain, while depressive and other mood disturbances may lead to their excessive consumption (“carbohydrate craving”) due to enhancement in brain serotonin synthesis [20]. Carbohydrates may have a different absorption rate and time, based on their food sources and composition, which in turn influence insulin response and blood glucose release. Consequently, the dietary glycemic load and index of foods have been associated with an acute inflammatory response: in fact, when a high-glycemic-index food source of carbohydrate is introduced, insulin secretion rapidly spikes for glucose cell internalization through the different GLUT transporters, to maintain blood glucose homeostasis. Insulin also stimulates the uptake of branched-chain amino acids into skeletal muscle, but not the uptake of tryptophan, which is largely bound to plasma albumin. This makes tryptophan preferentially available to the large neutral amino acid transporter at the blood–brain barrier, with the consequent conversion to serotonin [21]. However, some studies have shown that excessive chronic consumption of available carbohydrates was associated with a poorer hippocampal-related memory; this relationship might be mediated by increased neuro-inflammation in the hippocampus, typically present on high sugar/low-fat conditions [21]. In contrast, a high intake of complex carbohydrates as fiber from vegetables, fruits, legumes, and whole grains might have a beneficial role in mental health. In fact, this type of carbohydrate is not digestible by human amylases and is broken down by the gut bacteria leading to the release of short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate. These molecules have shown anti-inflammatory effects that can also be transmitted to the brain via pathways involving direct central nervous system signaling (see paragraph gut–brain axis) and the immune system activation (see paragraph Inflammation) [22,23].



Among micronutrients, B-group vitamins may modulate cognitive performance, preserve memory during aging, and improve cerebral and cognitive functions in the elderly by reducing homocysteine levels [24]. Moreover, niacin may be a potential agent used to support the treatment of schizophrenia [25]. Vitamin D may be involved in the prevention of neurodegenerative disorders; alpha-tocopherol, one of the compounds of the vitamin E group, is involved in nervous membranes protection from oxidative damage [26]. Among minerals, manganese, zinc, and copper participate in enzymatic mechanisms protecting against oxidative stress; iron plays a role for oxygenation, energy production, and neurotransmitters and myelin synthesis in the cerebral parenchyma; and calcium, potassium, and magnesium modulate sleep through the proper functioning of ion channels [27].



Bioactive compounds have also been widely investigated for their putative role in the prevention of cognitive decline and amelioration of the cognitive functions. Among the studies, the MIND Diet Study was among the pioneering studies evidencing that the frequent consumption of berries, nuts, green leafy vegetables, and whole-grain cereals, all particularly rich in polyphenols, was associated with a significant delay in lowering of cognitive decline [28,29]. Other than epidemiological data, the PREDIMED study evidenced a positive association between the higher urinary polyphenol content quartile and the improvement in verbal language tests [30]. An exhaustive review by Schaffer et al. 2012 [31] elucidated that polyphenols are able to alter brain function at three levels: (i) outside the central nervous system, i.e., by improving cerebral blood flow; (ii) at blood brain barrier (BBB) level, i.e., by modulating transporter activities, such as multi-drug resistant protein-dependent, which regulates influx and efflux of various biomolecules; (iii) inside the central nervous system, by directly modifying the activity of neurons and glial cells.



Glucosinolates, sulfur compounds mainly present in Brassicacea family plants, are biologically inactive compounds that are converted, after vegetable chewing, into different bioactive compounds, such as isothiocyanates or indoles. A recent review summarized the main activities of these compounds at neuronal levels, mainly through the positive modulation of the Nuclear factor erythroid 2 related factor (Nrf2) antioxidant pathway and the reduced synthesis of pro-inflammatory cytokines [32].



Carotenoids, lipophilic compounds mainly present in orange and red vegetables, but also in Brassicaceae, have also been considered for cognitive function effects in large cohorts, such as NHANES. In this cohort, the highest quartile of intake of lutein and zeaxanthin is correlated with the best improvement in cognitive tests [33].




3. Feeding Time, Circadian Rhythm, and Hormonal Homeostasis


The circadian cycle regulates and coordinates many biological processes, such as the sleep–wake cycle, hormone secretion, glucose homeostasis, and thermogenesis. The periodicity of behavioral and metabolic processes is determined by circadian rhythms that are 24-hour cycles [34]. Several environmental and lifestyle factors have been proven to be stimuli for the circadian cycle, including hormones, physical activity, nutrients and their patterns, feeding and fasting state, sleep–wake state, and temperature [35]. As the effect of circadian rhythm on metabolic processes and energy balance is bidirectional, any detrimental effects of the stimuli may cause energy imbalance and, thus, lead to a higher risk of age-related diseases.



The fasting–refeeding physiology is based on the 24-hour cycle capacity to acquire food when it is available and to store and utilize these resources during the rest of the day without compromising fitness and vitality [36]. According to recent evidence, the fasting period is believed to serve as a time for repair and renewal of the organism components, as the theory of the physiology of fasting states that certain biochemical processes are triggered once stored resources are being utilized, and not during the feeding period [37]. One of the possible mechanisms underlying the relationship between circadian rhythm, sleep, and metabolism, includes adiponectin, a hormone involved in glucose metabolism. As it appears, the relationship between adiponectin and the circadian system is bidirectional, and its expression has been proven to be circadian periodic [38]. Adiponectin levels increase significantly in response to intermittent fasting, and higher levels of adiponectin have been inversely associated with risk of cardiovascular diseases [38]; interestingly, recent data suggest that sleep restriction may decrease levels of adiponectin in healthy individuals and, thus, contribute to the risk of cardiovascular diseases [39]. Finally, lower peripheral adiponectin levels have been associated with anxiety, mood, and stress-related affective disorders [40], suggesting a pleiotropic effect of adiponectin toward mental health.



Much attention has also been paid to the brain-derived neurotrophic factor (BDNF), which is a fundamental neurotrophin regulating brain functions as a neurotransmitter modulator, modulating neuronal survival and growth, and participating in neuronal plasticity [41]. Additionally, it has been shown to exert a key role in glucose and energy metabolism since receptors for both BDNF and insulin are coupled to PI3-kinase/Akt and MAP kinase intracellular signaling pathways [41]. Experimental studies have determined that intermittent fasting increases BDNF expression in several regions of the brain, and BDNF, at least in part, mediates intermittent fasting-induced neurogenesis, promoting synaptic plasticity and increasing neuronal resistance to injury and disease. It may also mediate behavioral and metabolic responses to fasting, including regulation of appetite, peripheral glucose metabolism, and autonomic control of the cardiovascular and gastrointestinal systems [42]. A decreased serum level of BDNF has been associated with insomnia and sleep deprivation, and it has been demonstrated that subjects suffering from current symptoms of depression and insomnia exhibited significantly decreased serum BDNF levels [43,44]. Significant fluctuations of gut microbiota during the day–night shift may result in time-of-day-specific taxonomic configurations related not only to rhythmic food intake and dietary structure but also to the biological clock, suggesting an interaction between microorganisms and circadian genes as well as emotion and physiological stress [45].



Finally, bioactive compounds have also been shown to play a role in the regulation of the circadian rhythm and, in turn, in the modulation of obesity-related outcomes. Epigallocatehin-3-gallate (EGCG), one of the most abundant flavan-3-ol in green tea, has been evaluated for its role in the modulation of circadian clock genes, such as Clock, Bmal1, Cry1, which may then regulate genes, such as Sirt1 and PGC1α, controlling lipid metabolism in adipose tissue [46]. Not only circadian rhythm but also circannual rhythms have been found to be modulated by polyphenols. It has been shown that the consumption of polyphenol-rich fruit and vegetables in their specific season or out of season may alter the photoperiod-dependent effects, leading to different regulation of genes responsible for the fatty acid transport and lipolysis in skeletal muscles [47] Similarly, the consumption of seasonal fruit and vegetables, possibly through their polyphenol content, is able to influence leptin system depending on the photoperiod in which they are consumed [48].




4. Gut–Brain Axis


In healthy adults, the composition of the intestinal microbiota is generally stable over time, with the bacterial phyla, such as Firmicutes (including Lactobacillus, Clostridium, and Enterococcus genus) and Bacteroidetes (i.e., Bacteroides genus), dominating gut microbiome [49]. Changes in the gut microbiome characterized by excessive presence of facultative anaerobes (Escherichia coli), pro-inflammatory Ruminococcus, or nonbacterial microbes may lead to pathogenic conditions [50]. Thus, the diversity and equilibrium of the gut microbiota strains are important indices for the overall body health [51]. Moreover, type, quality, and origin of food shape the gut microbiota profile and affect its composition and function [52]. Higher intake of fiber [53], pre- and probiotics [54] have been shown to modulate the gut microbiota. Healthy dietary patterns, such as the Mediterranean diets and other plant-rich diets, have been related to increased diversity of the microbiota [55]. Albeit rather preliminary, some studies have shown a possible correlation between gut microbiota composition (i.e., a modification in the Firmicutes/Bacteroidetes/Clostridium ratio) and depressive state and response to chronic stress [56].



Current research emphasizes the interexchange of signals influenced by the gut microbiota that are detected and transduced in information from the gut to the nervous system involving neural, endocrine, and inflammatory mechanisms [57]. Gut microbiota has been shown to directly affect neurotransmitter metabolism with implications for enteric and central nervous system function through the production of molecules, such as SCFAs, secondary bile acids, and tryptophan metabolites [58], together with folate and GABA [59]. The signal can be propagated by interaction with enteroendocrine cells (EECs) and enterochromaffins cells (ECCs), which are able to induce central responses (i.e., by controlling serotonin release) via long-distance neural signaling by vagal or afferent nerve fibers that extend into intestinal villi (Figure 2A) [60].



The intestinal microbiota plays a role in gut peptides’ modulation, which, in turn, are part of the complex pathway characterizing the gut–brain axis [61]. The neuropeptide Y, which is among the most abundant peptides in the brain (including the nucleus of the solitary tract, hypothalamus, and amygdala) and highly regulated by peripheral signaling, is able to regulate the release of GABA [62]. Another mechanism may rely on glucagon-like peptide-1, an incretin hormone, which is involved in the modulation of the HPA axis and overall response to stress as well as playing a role in lowering postprandial blood glucose via augmentation of glucose-dependent insulin release and inhibition of glucagon secretion [63]. Cholecystokinin (CKK) is a peptide able to control gastric emptying, gallbladder contraction, pancreatic enzyme release, and suppression of appetite. At the central nervous system level, it has been demonstrated to play a role in anxiety-like behavior through the activation of the CCK2 receptors in limbic regions [64]. Serum ghrelin, which is known for its adipogenic effects and for playing a role in response to stress (i.e., triggering motivation for rewards), has been shown to be associated with modification of certain gut bacteria strains, such as negatively correlated with the commensal Bifidobacterium and Lactobacillus strains, and directly with Bacteroides/Prevotella species [65]. Corticotropin-releasing factor (CRF) plays a key role in response to stress mediating the neural control of adrenocorticotropic hormone (ACTH) release from pituitary corticotrophs, which in turn regulate cortisol secretion acutely but may lead to the development of stress-related disorders (i.e., anxiety and depression) when exposed to chronic stress [66]. The CRF system also influences some functions within the gastrointestinal system, including gut motility and permeability [67]. Interestingly, animal studies showed that increased CRF might be associated with alteration in the intestinal microbial community (i.e., reduction in Lactobacillus), as well, an opposite relation has been found between alteration of the CRF signaling (i.e., CRF-mediated activation of the HPA axis) and changes in the gut microbiota [68].



Among one of the most interesting links between brain and gut microbiota is the rearrangement of the (poly)phenols structure by the latter [69], resulting in the release into the bloodstream of smaller compounds, putatively active at the nervous system level. Among these, the chemical rearrangement of flavan-3-ols, one of the most common flavonoid subclasses, has been extensively studied [70]. The main flavan-3-ol colonic metabolites, namely phenyl-γ-valerolactones, have been recently found to be able to cross the blood–brain barrier and be available to the neuronal cell [71], where they may effectively interfere with amyloid-β oligomers assembly, representing a potential novel pharmacological tool to prevent Aβ aggregation and Aβ-induced neurodegeneration in Alzheimer’s disease (AD) [72]. Additionally, some more other small colonic metabolites are the object of similar studies, as they have been able to exert anti-inflammatory activity at the neuronal level [73]. In terms of human intervention studies, in a recent trial, an acute supplementation of a grape and blueberry polyphenol-rich extract was found to improve cognitive performance with a major impact on specific cognitive functions, such as working memory and attention [74].



Among indirect mechanisms, an impaired intestinal microbiota characterized by a reduced number of different species and a prevalence of detrimental bacterial species over others (so-called “dysbiosis”), contributes to increased permeability of the intestinal mucosa (“leaky gut”) (Figure 2B). This clinical condition facilitates the passage of some bacterial components as lipopolysaccharides (LPS) that bind to circulating monocyte and macrophages, which in turn stimulate the secretion of cytokines (TNF-a, IL-1, IL-6) causing an increase in the inflammatory state [21]. SCFAs may exert anti-inflammatory action by binding to G-protein receptors found in multiple cells, including nerve fibers, EECs, glial cells in the brain, and adipocytes, which suppress a neuroinflammatory response, i.e., against the LPS inflammatory responses in microglia [75]. Moreover, there is evidence of a direct anti-inflammatory action through the promotion of microglial activation [76]. Furthermore, gut neurotransmitters, such as serotonin, have been shown to exert both pro-inflammatory and anti-inflammatory functions, thus playing a role in the modulation of immune and inflammatory responses [77].




5. Inflammation and Oxidative Stress


Low-grade inflammation, characterized by the presence of pro-inflammatory cytokines in the bloodstream while incurring no clinical symptoms, and oxidative stress parameters, and antioxidant capacity have been reported to potentially play a role in several non-communicable diseases, including mental disorders [78]. Cytokines are soluble intercellular signaling molecules that are involved in the pathophysiology of several mental disorders through affecting neurotransmitter synthesis, release, and reuptake [79], as well as regulating BDNF expression [80]. In regard to mental disorders, there is a growing body of research investigating the possible cross-talk between pathological alterations in sleep patterns [81], depression [82], and anxiety disorders [83] and inflammation-related diseases that involve increased inflammatory cytokines release. On the other hand, different studies have also shown that a deficit of anti-inflammatory cytokines, such as transforming growth factor-β1 (TGF-β1), can contribute to the pathogenesis of depressive disorders [84]. Interestingly, TGF-β1 plays a key role as a regulator of gut microbiota [85], and its deficit plays a central role in the pathophysiology of cognitive deficits both in depression and AD [84]. Gut dysbiosis-dependent fluctuations of butyrate can interfere with TGF-β1 synthesis and release from intestinal epithelial cells [86].



It is hypothesized that sleep disruption may have an effect on the inflammatory state, activating microglia in the central nervous system [21], reducing synaptic plasticity and hippocampal neurogenesis, altering neurotransmitters production, and gene transcription determining epigenetic changes that in turn lead to short-term and long-lasting imbalances of neuronal function and behavior [21]. Similarly, depression and anxiety disorders have been associated with higher inflammatory status and disruption in brain functionality and may, therefore, be linked to sleep disorders [83]. Some recent studies have shown a bidirectional link between mental health, inflammation, and oxidative stress. Poor sleep quality, depression, and anxiety may be associated with higher levels of IL-6 and CRP [87]. Even dietary patterns and nutrients intake can influence the expression of inflammatory biomarkers, which in turn have an effect on neuroinflammation. It has been hypothesized that several dietary factors may have an effect on systemic inflammation through pro- or anti-inflammatory cytokine secretion and regulation of the nuclear factor kappa-light-chain-enhancer of the activated B cells (NF-κB) signaling pathway [88]. It has been demonstrated that plant-based food, such as fruits, vegetables, legumes, and whole grains, exert neuroprotective and anti-inflammatory effects, thanks to the high content of vitamins and polyphenols [21]. Similarly, MUFA from extra virgin olive oil and certain PUFA as omega-3 from fish exert anti-inflammatory effects, which, in turn, improve cognitive function [21]. At the opposite, foods rich in calories, added sugars, hydrogenated fats, and preservatives may determine the secretion of pro-inflammatory cytokines and, therefore, worsen both inflammatory state and cognitive function [21]. Similarly, high glycemic load meals and consumption of processed meat products have been associated with the production of inflammatory biomarkers [89,90]. Finally, the previously mentioned phenyl-γ-valerolactones, originating by gut microbiota transformation of flavan-3-ols, may exert their neuroprotective activity in secondary prevention strategies for AD also through an anti-inflammatory mechanism, having been shown to be able to reduce glial over-activation in amyloid-β oligomers-treated mice [72].




6. Conclusions


Most of the mechanisms hypothesized to explain the potential relation between diet and mental health are strictly connected. No univocal dietary component should be considered as a determinant for the improvement in mental health outcomes, while a general group of features of the whole dietary and eating habits seems to better describe the potential beneficial effects of diet with a synergistic interaction between different nutrients in the prevention of mental health disorders.
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Figure 1. Neuroendocrine mechanisms of omega-3 polyunsaturated fatty acids effect on the central nervous system. 
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Figure 2. Schematic illustration of gut–brain communication through systemic involvement. (A) In physiologic conditions, the gut is able to transmit signals at systemic level by activation of enteroendocrine cells (EECs) and enterochromaffins cells (ECCs): EECs are responsible for secretion of various circulating hormones (i.e., glucagon-like peptides (GLPs), peptide tyrosine tyrosine (PYY), oxyntomodulin); ECCs are responsible for direct neuronal signaling through vagal or afferent nerve fibers by controlling serotonin release. (B) Modification of gut microbiota, such as a decrease in commensal Bifidobacterium and Lactobacillus strains and increase in Bacteroides/Prevotella species, may lead to a reduction of short-chain fatty acids (SCFAs) including acetate, propionate, and butyrate and hyper-secretion of lipopolysaccharides (LPS) that bind to circulating monocyte and macrophages, which, in turn, stimulate the secretion of pro-cytokines (TNF-a, IL-1, IL-6). 
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