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Aging in modern societies is often associated with various diseases including metabolic and neurodegenerative disorders. In recent years, researchers have shown that both dysfunctions are related to each other. Although the relationship is not fully understood, recent evidence indicate that metabolic control plays a determinant role in neural defects onset. Indeed, energy balance dysregulation affects neuroenergetics by altering energy supply and thus neuronal activity. Consistently, different diets to help control body weight, blood glucose or insulin sensitivity are also effective in improving neurodegenerative disorders, dampening symptoms, or decreasing the risk of disease onset. Moreover, adapted nutritional recommendations improve learning, memory, and mood in healthy subjects as well. Interestingly, adjusted carbohydrate content of meals is the most efficient for both brain function and metabolic regulation improvement. Notably, documented neurological disorders impacted by specific diets suggest that the processes involved are inflammation, mitochondrial function and redox balance as well as ATP production. Interestingly, processes involving inflammation, mitochondrial function and redox balance as well as ATP production are also described in brain regulation of energy homeostasis. Therefore, it is likely that changes in brain function induced by diets can affect brain control of energy homeostasis and other brain functions such as memory, anxiety, social behavior, or motor skills. Moreover, a defect in energy supply could participate to the development of neurodegenerative disorders. Among the possible processes involved, the role of ketone bodies metabolism, neurogenesis and synaptic plasticity, oxidative stress and inflammation or epigenetic regulations as well as gut-brain axis and SCFA have been proposed in the literature. Therefore, the goal of this review is to provide hints about how nutritional studies could help to better understand the tight relationship between metabolic balance, brain activity and aging. Altogether, diets that help maintaining a metabolic balance could be key to both maintain energy homeostasis and prevent neurological disorders, thus contributing to promote healthy aging.
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INTRODUCTION

Modern societies experience a surge in their aging population due to improved medicine that led to extended life expectancy. However, in parallel with aging of the population, age-related disorders are also on the rise (Thane, 2013; Vilić, 2017). Those age-related disorders include notably metabolic and neurodegenerative disorders as well as cancer (Finkel et al., 2007; Wyss-Coray, 2016; Meldrum et al., 2017). Interestingly, recent research has demonstrated the key role of metabolic regulations on both neurological disorders and cancer. Moreover, the aging process appears to be affected by metabolic control (Yates et al., 2012; World Health Organization [WHO], 2015; Luengo et al., 2017). Therefore, diet is a key element in healthy living and healthy diet as defined by WHO1 is of great importance for global health. Hence, it is now admitted that healthy aging can be promoted by a balanced energy homeostasis that can be defined by an equilibrium between energy intake and energy expenditures that allows body weight and internal parameters (glycemia, temperature, pH) to remain constant. In support of this concept, different types of diet have been linked to healthy living. For instance, Japanese and Mediterranean diets are found in populations known for their lower metabolic disorders’ incidence or a higher life expectancy (Martinez-Gonzalez and Martin-Calvo, 2016; Poli et al., 2019; Tomata et al., 2019). Noteworthily, these benefits are well known examples described not only in scientific journals but emerging also among the lay public communication media. Other diet changes for lipid, carbohydrates or protein content or caloric supply, or special diets s (e.g., ketopgenic diet, medium Chain triglycerides diet, caloric restrictions, intermittent fasting…) have been developed to prevent or treat certain disorders including cancer, as well as metabolic or neurodegenerative disorders (Amine et al., 2003; World Health Organization [WHO], 2003; Moynihan and Petersen, 2004; Gano et al., 2014; D’Alessandro et al., 2016; Billingsley et al., 2018; Duan et al., 2018; Reddavide et al., 2018; Klement and Pazienza, 2019; Mittelman, 2020). Ketogenic diet (KD), low glycemic index diet (LGI), or adjusted diets (for polyunsaturated fatty acids, medium chain triglycerides or other, proteins…) are the most documented (Apekey et al., 2009; Kanoski and Davidson, 2011; Paoli, 2014; Sanders, 2014; Vergati et al., 2017; Abdelhamid et al., 2018; Dohrmann et al., 2019; Włodarek, 2019; Carneiro and Leloup, 2020; van Name et al., 2020). However, little is known about the mechanisms involved in the beneficial effects of diets on health. Of note, neurological disorders are often targeted by diet interventions. Therefore, diet utilization in neurological conditions has led to numerous publications on the putative role of diets. Such an observation is of interest since the brain is the highest energy consumer of the body. Indeed, at least 20% of the total body glucose consumption at rest occurs in the brain for its normal activity. In addition, the brain can rapidly adjust energy supply to keep a constant level of nutrient availability (Peters, 2011; Pellerin and Magistretti, 2012). Overall, it appears clear that brain activity and energy homeostasis of the body are tightly linked. Hence, brain 60 disorders are associated with dysregulated energy balance. In addition, obesity or diabetes have been 61 shown to contribute to brain disorders development (Murakami et al., 2010; Val-Laillet et al., 2011; Castanon et al., 2015; Bogdanov et al., 2020; Bremner et al., 2020; Tanaka et al., 2020). In fact, neurological disorders studies provided interesting mechanistic hypotheses thanks to the disease mechanisms knowledge (Gómez-Pinilla, 2008; Gano et al., 2014; Li et al., 2017, 2020; Williams and Cervenka, 2017; Gomez-Pinilla et al., 2021). These observations reinforced the relationship between aging and associated disorders with metabolic regulation. Furthermore, it also indicates that metabolic balance is a key component of healthy aging. It is worth to note that the hypothesized mechanisms involved in the beneficial effect of diets on brain function have also been described in the brain control of energy homeostasis (Carneiro and Leloup, 2020). Therefore, it is likely that disturbed energy balance will contribute to dysfunction of brain control of energy homeostasis. In turn, this dysregulated brain energy homeostasis control would alter brain metabolism and participate to brain disorders. Hence, it is important to fully understand the mechanisms involved in dietary beneficial effects on brain activity to better understand brain control of energy homeostasis as well as brain function and diseases.

In this review, we thus aim to summarize the recent knowledge about the impact of diet on neurological function and disorders. The putative mechanisms at play will be presented, and the relationships with brain regulation of energy homeostasis will be discussed.



DIET AND BRAIN FUNCTION OF HEALTHY POPULATIONS

Cognitive responses are dependent on adequate brain function. Exposure to a high fat diet (HFD) has been described to decrease cognitive performances in various tests probing different aspects including working and spatial memory, mood, or spatial memory (Cordner and Tamashiro, 2015). Similarly, a high sucrose diet has also negative impact on cognitive responses (Davis et al., 2020). Therefore, these studies have permitted to demonstrate the deleterious effect of non-healthy diets on cognition. Altogether, obesogenic/diabetogenic diets induce a negative alteration of cognitive functions. However, it remains difficult to discriminate the cognitive decline from obesity or diabetes development. Therefore, to determine the impact of a diet on cognitive function independently of any other metabolic effect, it is necessary to study first the impact of healthy diets on healthy populations.

Among the so-called healthy diets, the Mediterranean diet is described to prevent cognitive decline during aging (Safouris et al., 2015; Aridi et al., 2017). However, these studies only report a decreased risk of developing dementia, and thus a decline in cognitive functions (Safouris et al., 2015; Charisis et al., 2021). In contrast, little is known of the effect of a healthy diet in young healthy people and their cognitive functions. In fact, attempts to determine the impact of a Mediterranean diet on young adult’s cognitive performances led to interesting results (McMillan et al., 2011). In their study, McMillan et al. (2011), gave a specific diet regimen to one group while the control group had no diet changes from their habits. In their study, the authors report an improvement in reaction time during a spatial memory test as well as an increase of accuracy scores. However, other cognitive tests did not show any change after the Mediterranean diet. This restricted impact makes it difficult to conclude on a clear effect of the diet on cognitive function. One possible pitfall is the duration of diet exposure in the study of McMillan et al. (2011). Indeed, in this study, the Mediterranean diet was given for a short period of 10 days. Therefore, a longer term follow up must be done to clearly address the impact of the Mediterranean diet on cognition of healthy adults. In addition, in their study, McMillan et al. (2011) observed a significant improvement of mood. This strong effect following short-term exposure to a diet in a relatively small group of subjects supports the idea of a potentially larger impact of healthy diets on brain function. Altogether, while encouraging, this study needs to be pursued with a larger group and on a longer period. It would be also of interest to compare different dietary habits to identify the factors involved in the putative improvements. Therefore, retrospective and intervention studies could help to determine specific diet composition patterns. Prospective studies would also help to determine chronic effects of diet on health during aging. Indeed, healthy aging could be defined as aging without loss of autonomy due to a disease as oppose to unhealthy aging when a disorder development leads to a loss of independence due to treatments and the need of assistance. Indeed, it is unlikely that aging with complete absence of disease could be considered. However, it is worth to note that healthy aging according to such a definition would be hard to achieve. Nevertheless, a delay in the onset of certain diseases would still help people live longer in healthy conditions. In addition to clearly address the diet effect and test the putative role of specific nutrients or foods, an experimentally controlled diet should be provided to both control and treated groups. Therefore, intervention studies are also necessary.

In another study, the Christian Orthodox Church (COC) fasting diet led to significant results on health and cognition. This specific diet implies a limited intake of animal-based products and a significant increase in fruit and vegetables. Such a nutrient composition makes the diet enriched in fibers and folates while the amount of saturated fatty acids is significantly lowered (Rodopaios et al., 2019). Spanaki et al. (2021) evaluated the cognitive profile of people following the COC fasting diet vs a group not adhering to it. The authors reported decreased levels of anxiety and depression and better cognitive performances in the COC fasting diet group. This result supports a beneficial effect of a healthy diet on healthy populations. Indeed, the COC fasting diet is an isocaloric diet, derived from the Mediterranean diet. In addition to prioritizing healthy nutrients (unsaturated fatty acids, complex sugars, fibers…), the COC fasting diet is also classified as an intermittent fasting. Intermittent fasting has been described for its potent impact on metabolic improvements and global health benefits (Mattson et al., 2017, 2018; Mattson, 2019). The study of Spanaki et al. (2021) on COC fasting diet resumes the intermittent fasting benefits while also providing evidence for a cognitive improvement even in healthy people.

On the other hand, other studies of intermittent fasting habits failed to report any positive role on cognition. Thus, studies of individuals that follow Ramadan practices (a fasting during daylight period followed during 28 consecutive days with no food or drink consumption) do not report cognitive improvement although sleep and arousal are positively affected (Dolu et al., 2007; Tian et al., 2011; Meo and Hassan, 2015; Chamari et al., 2016). Nevertheless, few of the studies related to Ramadan fasting focused on cognitive function including memory, attention, or test accuracy for instance. In addition, it is worth to note that the population studied often includes athletes and thus, the effect of exercise and training could mask the impact of diet. Finally, it is important to note that this religious practice of intermittent fasting only lasts one month. Hence, it is possible that significant effects on cognition would only appear after a longer period. Indeed, other intermittent fasting studies show that neurogenesis and brain plasticity, two mechanisms highly involved in cognition, are significantly affected. However, it is important to recall that studies on healthy populations are rare, which makes it difficult to clearly conclude on intermittent fasting and cognition interaction.

In fact, there is very few studies really testing cognitive function in relation with the diet in healthy adults. However, schoolchildren are a healthy population whose cognitive function has been tested in relation with the diet. Interestingly, in these schoolchildren, the diet appears to significantly affect cognitive results (Naveed et al., 2020). Several studies in adolescents show a positive relationship between a low glycemic index breakfast and learning, attention, stress, and even mood (Micha et al., 2010, 2011; Cooper et al., 2011, 2012, 2015; Edefonti et al., 2014). Noteworthily, when compared to adolescents without breakfast, both low and high glycemic index breakfast provide a beneficial impact on cognition. Such an observation indicates that cognitive improvement needs a high energy amount (Cooper et al., 2011). However, the fact that the low glycemic index breakfast is more beneficial indicates that the quality of the nutrients ingested has also a significant impact on brain activity. Thus, low glycemic index foods containing fibers or non-digestible carbohydrates, or low carbohydrates seems to have a better impact. This result supports a role for products of gut metabolism for the non-digestible carbohydrates or from other sources of energy than glucose: SCFA and ketone bodies that we will discuss in section “Putative Mechanisms at Play to Explain the Beneficial Roles of Certain Diets on Brain Function.”

Overall, it is difficult to clearly address whether diet can affect cognitive function in healthy populations after adolescence. On the other hand, there is no doubt that unhealthy dietary habits induce cognitive decline during aging and increase the risk of dementia and age-related neurological disorders. In this regard, a better knowledge of the effects of healthy diets on cognition in healthy adults becomes necessary. Such understanding would help to make better dietary recommendations toward the prevention of age-related disorders. In addition, schoolchildren studies indicate that the diet can significantly affect school performances. Hence, it should be of interest to determine whether such a role is specific to learning processes in young populations or can also influence cognitive performances in adults. It is of interest to note the results obtained on mood improvement as well. Indeed, mood disorders represent an increasing concern in modern societies and working environment (Kessler, 2006; Woo and Postolache, 2008; Hannerz et al., 2009; Firth et al., 2020). Thus, dietary improvements could be an important step to prevent the onset of depression and anxiety symptoms and contribute to better life conditions in a large part of the population.



HEALTHY DIETS AND BRAIN DISORDERS

A certain number of brain disorders have been targeted by specific dietary interventions since decades and even centuries. For instance, the ketogenic diet (KD) is given to epileptic patients since more than 100 years (Williams and Cervenka, 2017). Furthermore, treatment for several other brain conditions now include dietary interventions (Carneiro and Leloup, 2020). Noteworthily, the knowledge of mechanisms disrupted in the disorders studied have led to several hypotheses on the diet induced mechanisms at play in the beneficial effects observed. In this section, we will describe recent research on brain disorders and the impact of food on the symptoms, progress, and outcome of the diseases. The putative mechanisms will be presented as well as the diet composition with the most significant impact.

Epilepsy is a neurological condition characterized by recurrent spontaneous seizures. These seizure episodes result from hypersynchronous discharges of neurons (Thijs et al., 2019). Notably, epileptic persons have been treated with ketogenic diets for more than 100 years with significant decreases in seizure events (Williams and Cervenka, 2017). This beneficial effect is of particular interest in drug resistant patients. Indeed, ketogenic diet intervention is associated with up to a 60% decrease of seizures in drug resistant individuals (Levy et al., 2012; Sharma and Jain, 2014a; Martin et al., 2016). Ketogenic diets have been initially used as a replacement for a fast (Wheless, 2004). Indeed, the classical ketogenic diet is a very high fat content diet (70% and above of energy from fats) and low protein and carbohydrate (10% or less). Therefore, the limited availability of sugars as energy source forces the body to use fat as the primary source of energy as it would happen during a fasting period. In the liver, this metabolic shift leads to the formation of ketone bodies from β-oxidation. However, this diet also produces long term side effects including ketoacidosis, liver lipid accumulation in long term diet, weight loss, diminished growth, kidney stones, increased blood cholesterol and fatty acid levels, while it also bears disadvantages such as a poor taste and thus aversive effects, among others. To counter those effects, several modified ketogenic diets have now been developed. Although these diets still induce ketogenesis, most of the negative effects can be dampened (Sharma and Jain, 2014b). For instance, a modified Atkins diet (the other name for the ketogenic diet), a low glycemic index diet, and medium chain triglycerides diets have also been tested with good results on epileptic patients. Although less restrictive on carbohydrates, all these modified ketogenic diets still lead to increased circulating ketone bodies levels (Verrotti et al., 2020). Mostly, these modified ketogenic diets include higher amounts of carbohydrates although still at very low levels compared to a normal diet (up to 20% instead of 55%). In addition, protein levels are less restricted and medium chain triglycerides are preferred. Overall, the amount of sugars as well as their type (complex sugars are not absorbed, but metabolized by the microbiota, therefore making glucose availability limited for host cells) appear to be key in the effect of the ketogenic diet to obtain a positive outcome on epileptic populations. These ketogenic diets have provided significant results on epileptic individuals in multiple clinical studies. Notably, the results presented show beneficial effects of the diets in a wide range of populations. Indeed, this is the case for epileptic children, adults, but also patients with GLUT1 deficiency syndrome or pyruvate dehydrogenase deficiency (both diseases are associated with seizures) (D’Andrea Meira et al., 2019). Finally, it is worth to note that if ketogenic diets are used on drug resistant patients, in regard of the significantly positive effects measured, it would be of interest to expand the ketogenic diet use to all categories of epileptic patients. However, one limitation to this global use is the poor understanding of the mechanisms involved. In addition, the ketogenic diet presents numerous negative effects that need to be considered (migraines, keto-acidosis, liver steatosis, fatigue, but also poor taste).

Interestingly, many other brain disorders have been shown to improve in patients following a similar low carbohydrate availability induced by diet strategies. Such observations support the idea of a brain metabolic shift that would compensate for decreased glucose supply.

First, high fat diet has been previously described as increasing the risk of brain stroke (Haley et al., 2019). In accordance, adjustments of the diet composition would prevent the occurrence of stroke. Thus, some studies have attempted to determine the impact of a healthy diet on stroke prevention but also during recovery. Results of such investigations clearly support a beneficial effect of adjusted diet on stroke events. Interestingly, as observed for epilepsy, low carbohydrate, ketogenic, or low glycemic index diets led to the most significant benefits (Ayuso et al., 2017). Here though, a high fructose diet is also described as a potent enhancer of stroke risk. This observation suggests that blood glucose level alone is highly important in stroke prevention. Therefore, diets with a lowering effect on glycemia or lipidemia would be beneficial for stroke prevention. In addition, the importance of a low level of blood glucose is also supported by the impact of low carbohydrate, or low glycemic index diets since they are expected to only slightly alter blood glucose levels. Accordingly, the Mediterranean diet is shown to promote stroke prevention, as well as reduce severity (Psaltopoulou et al., 2013; Lakkur and Judd, 2015; Tuttolomondo et al., 2015). Further, the vegetarian diet, a low glycemic index diet, is also associated with a decreased risk of stroke (Chiu et al., 2020). Finally, the ketogenic diet that limits the use of sugars as energy source, is described as participating to the improvement of the outcome following a stroke (Shaafi et al., 2014, 2019).

Overall, since high blood glucose is linked to an earlier stroke onset and worst outcome, a diet intervention targeting glycemia would be of interest in stroke management. Further, dietary habits that limit blood glucose increase would also help prevent stroke accidents. Hence, more research on the role of diets in stroke outcome and prevention is required. Indeed, currently, only descriptive studies have been performed. Notably, no mechanistic studies have really permitted to identify the cellular pathways involved in the positive role of healthy diets. Furthermore, in addition to diet intervention, the description of the mechanisms could help identify better pharmacological targets to improve stroke recovery.

When considering age-related disorders in general, Alzheimer’s disease (AD) is the most common cause of dementia (García-Casares et al., 2021). More recently, AD has been linked to metabolic disorders. Notably, individuals with type 2 diabetes or obesity present a higher risk of AD (Sims-Robinson et al., 2010). In addition, AD patients are characterized by a glucose uptake defect in brain cells. Interestingly, a lower risk of AD development is associated with the Mediterranean diet (Scarmeas et al., 2007). In another study, Gu et al. (2010) assessed the association of different nutrients with the prevention of AD. The authors described the putative role of ω3 and 6 polyunsaturated fatty acids (PUFA), Vitamin E and folates in the protective role of the Mediterranean diet (Gu et al., 2010). Interestingly, here, the lipid profile seems to play a key role. However, it is worth to note that the low glycemic index of such a diet could still be involved in the protective effect. Nevertheless, these results strongly support a role of brain energetics. Indeed, ω3 and 6 are well known for their role in brain activity (Yehuda, 2003). Thus, here PUFA could act as alternative energy sources for the brain in a diet limiting glucose availability. Similarly, Bayer-Carter et al. (2011), demonstrated a strong relationship between diet composition and both risk and progress of AD. As observed before, the low saturated fat diet is beneficial here as well. In addition, the authors also showed that the low fat associated to a low glycemic index diet displays the best results on cognition and AD markers measured (Bayer-Carter et al., 2011).

Similar observations can be found for Parkinson’s disease (PD) (Maraki et al., 2019). Furthermore, diet-induced hyperketonemia was described as providing benefits to PD patients (VanItallie et al., 2005). Such results confirm a key role of low glucose for brain disorders improvement. Interestingly, the Mediterranean diet is also known to decrease the risk of PD (Jackson et al., 2019). It is interesting to note the beneficial effect of the Mediterranean diet on such a wide range of brain disorders. Overall, it suggests that common mechanisms are most likely involved in the development of cognitive deficits, and putatively in aging, affecting important metabolic processes for general brain function. In support of this hypothesis, mood disorders also can be addressed through a nutritional approach showing here as well a tight relationship with metabolic control (Pervanidou et al., 2013; Hajebrahimi et al., 2016). Thus, high glycemic index diets are correlated with an increased risk of depressive disorder as well as to an increased severity of the disease (Salari-Moghaddam et al., 2019). Autism Spectrum disorder (ASD) is another neurological disorder with both behavioral and metabolic dysregulations since obesity and type 2 diabetes during pregnancy represent risk factors for this disease (Lyall et al., 2011; Krakowiak et al., 2012). Furthermore, ASD risk is expected to increase with a high glycemic index diet while a low glycemic index should decrease this risk (Currais et al., 2016; Carneiro and Leloup, 2020). After birth, dietary intervention in ASD affected newborns have shown good results. For instance, in rodent models, a ketogenic diet improves social interactions and dampens repetitive behaviors (Ruskin et al., 2013). Noteworthily, low glycemic index diets also improved ASD behaviors. Such an effect involved a change in gut microbiota which is known to be associated with ASD (van de Sande et al., 2014; Berding and Donovan, 2020; Kandeel et al., 2020).

The benefits of a low glycemic index ketogenic diet on brain function are not limited to neurodegeneration, stroke or ASD that are associated with cell death and/or cell dysfunctions. Indeed, mood disorders can also be improved by dietary interventions (Arab et al., 2019). In this situation, carbohydrates levels appear as key in the effect of the diet (Firth et al., 2020). Therefore, a long-term low carbohydrate diet exhibits positive effects on mood and cognition (Brinkworth et al., 2009).

Overall, it is interesting to note that many brain disorder conditions can be targeted by imposing a particular diet to improve the symptoms, help recovery, or prevent the onset of the disease. In addition, it appears clear that the impact of a diet on glycemia will have strong effects on brain function. However, such a result is not surprising since the brain represents at least 20% of the total body glucose consumption at rest. Hence, it is interesting to note that decreasing the availability of glucose has a positive impact on brain function in pathological conditions. Knowledge of the mechanisms at play would provide a better understanding of the diet effect but also of the disease itself. Furthermore, it could also provide a better understanding of the relationship between brain function and metabolic regulations and disorders. Furthermore, it is interesting to note that gut-brain communication seems to be central to the interaction brain function-metabolism. Indeed, several studies report the involvement of gut products in brain function and disease.

Among the different types of diet, it is interesting to note that low glycemic index (GI) diets are described as the most beneficial on health (Carneiro and Leloup, 2020). Such diets are enriched in foods with low GI, meaning that the effect on blood glucose is limited. Noteworthily, Mediterranean diet, ketogenic diet and modified ketogenic diets are all considered as low GI. Furthermore, among the diets described in the literature, these diets are the most frequently used. In fact, those diets present similar metabolic effects including gut microbiota changes favoring short Chain Fatty Acids (SCFA) production, and liver ketogenesis. Altogether, the mechanisms involved are linked to the action of these molecules in the body that will affect brain function.



PUTATIVE MECHANISMS AT PLAY TO EXPLAIN THE BENEFICIAL ROLES OF CERTAIN DIETS ON BRAIN FUNCTION

Studies made in the context of epilepsy have led to several hypotheses about the mechanisms involved in the effect of the ketogenic diet to reduce seizures. Some suggested mechanisms directly involve the end product of lipid oxidation, whose synthesis is stimulated by the decrease in carbohydrate availability: ketone bodies (Guzmiirp and Geefen, 1993; Gano et al., 2014). In addition, mitochondria and gene regulation are also expected to be involved.


Inflammation

Inflammation is a common marker found in many brain disorders including epilepsy, stroke, AD and PD. ASD is also considered at higher risk for the fetus in women suffering from inflammatory diseases during pregnancy (Theoharides et al., 2016; Raj et al., 2017; Siew et al., 2019). Interestingly, ketone bodies that are produced under most diets used in clinical studies have been demonstrated to present anti-inflammatory properties. This direct effect has been demonstrated in ischemia-induced seizures. Here, the activation by ketone bodies of the GPR109 receptor located on infiltrated macrophages in brain, stimulates the production of prostaglandins. In turn, this induces an anti-inflammatory response that protects against seizures (Rahman et al., 2014; Vezzani et al., 2016). Further, Youm et al. (2015) also observed a reduction in ischemic seizures in mice fed a ketogenic diet or receiving a brain infusion of ketone bodies. In addition, they also demonstrated that ketone bodies inhibit the assembly of NLRP3 inflammasomes by blocking the K+ efflux (Youm et al., 2015).

Alzheimer’s disease is also linked with inflammation (Hascup et al., 2019). Indeed, the accumulation of Aβ stimulates the recruitment of microglia and astrocytes. In parallel, interferon gamma (IFNγ), interleukin 1β (IL1β), and tumor necrosis factor α (TNF α) are secreted leading to a local inflammation (Sastre et al., 2006; Tan et al., 2013). Since microglial cells are from the same lineage than macrophages, therefore it is possible that a direct mechanism as described for stroke could also occur in AD. In fact, high caloric diets known to induce inflammation are also described to exacerbate AD. In addition, since healthy diets can decrease the Aβ accumulation, it is expected that inflammation will also be lower by dampening the recruitment of immune cells (Samadi et al., 2019). However, it is worth to note that in this case, the effect seems indirect. Thus, as suggested by Samadi et al. (2019), the effect of a normal diet compared to a healthy diet (such as Mediterranean diet) should be studied to clearly address the issue of the impact of a healthy diet independently of the high caloric negative effect already described. Autism is a neurological disorder whose risk for the offspring is increased by obesity or diabetes during pregnancy (Lyall et al., 2011; Krakowiak et al., 2012). In fact, the chronic inflammation induced by these metabolic disorders plays an important role in the increased risk of autism (Vargas et al., 2005; Patterson, 2009; Michel et al., 2012). Interestingly, this inflammatory grade can be decreased by a low glycemic index diet while a high glycemic index diet is shown to participate to the inflammatory processes (Fleming et al., 2011; Neuhouser et al., 2012; Uchiki et al., 2012). Again, in mouse models, a ketogenic diet was able to improve social behaviors (Ruskin et al., 2013). In addition, gluten-free food was shown to decrease the inflammatory grade and improved autism symptoms (Karhu et al., 2020; Sumathi et al., 2020).

However, it is difficult to clearly identify the mechanisms regulating inflammation. Indeed, the diets used in the studies differ widely, which makes it difficult to attribute the effects to ketone bodies only. Furthermore, some studies described direct effects while others indicated an indirect action of ketone bodies. Therefore, further investigations are essential to demonstrate the interactions between inflammation and diet since it is clear that the inflammatory grade plays an important role in neurological disorders (Figure 1).
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FIGURE 1. Food intake of a diet rich in low glycemic index food is shown to have a positive impact on health (1). The composition of such a diet enriched in non-digestible fibers leads to the production of SCFA (Short Chain Fatty Acids) by gut bacteria (2). In addition, the low impact on glycemia (3) will trigger an increase in KB (Ketone Bodies) production through the induced lipid oxidation increase (4). In turn, both ketone bodies and SCFA are expected to act on brain function (5) by stimulating the transcription of genes (6) involved in the reduction of inflammation (7) and ROS production (8). SCFA and KB also modulate mitochondrial activity (9) to reduce ROS production. In addition, the reduced mitochondrial respiration will diminish ATP levels (10) that would inhibit neuronal activity (11). Finally, other studies indicate increased GABA levels also contribute to the inhibition of neuronal activity (12). Altogether, such a global effect on brain bioenergetics could participate to brain benefits of healthy diet in the context of brain disorders whose neuronal function is altered.




Redox Balance Regulation

Oxidative stress is often found in brain areas affected in the different aforementioned brain disorders (Frustaci et al., 2012; Pearson-Smith and Patel, 2017; Carneiro and Leloup, 2020). Interestingly, reactive oxygen species (ROS) production can vary depending on nutrient fluxes (Leloup et al., 2011). Therefore, not surprisingly, several studies suggested that the impact of a diet on neurological disorders involves changes in the Redox balance that could participate in the positive outcome.

Ketone bodies in particular can alter the Redox balance since they can directly enter mitochondria where a large amount of ROS can be produced within cells. In mitochondria, ketone bodies stimulate mitochondrial respiration and NADH oxidation. This in turn reduces ROS production while increasing ATP synthesis (Izzo et al., 2016). These events will prevent the mitochondrial permeability transition (mPT) and thus prevent cell death (Kim et al., 2015). Since ketone bodies affect mPT, this mechanism could participate to the anti-epileptic effect of the ketogenic diet. Indeed, mouse models of epilepsy present an increase in the threshold of mPT. In addition, mPT prevention involves modulation of cyclophilin D. Finally, in these mice it is observed a decrease of long-term potentiation and of learning and memory capacities, supporting a role in cognition (Zhou et al., 2018).

Another possible regulatory mechanism of ROS production can be due to the improved mitochondrial activity induced by ketone bodies (Cooper et al., 2018). Noteworthily, mitochondrial activity is associated with neuronal function and diseases. In addition, mitochondria are a main contributor of ROS production within cells. Therefore, the ability of ketogenic diets to decrease mitochondrial ROS production when compared to a normal chow diet is of great interest. This antioxidant property appears to come from changes in the expression of genes coding for the oxidative pathway. In addition, the NAD/NADH ratio is increased by ketone bodies. This increased ratio will in turn reduce ROS production in mitochondria and participate to the improvement of epilepsy management (Pearson-Smith and Patel, 2017).

In fact, ketone bodies can directly increase O2 consumption at the mitochondrial respiratory chain level. This O2 consumption increase will reduce ROS production. Therefore, the decrease oxidative stress associated with a lower ROS level is likely to be at play in the improvement of epilepsy observed following a ketogenic diet. Indeed, oxidative stress is associated with epileptic seizures, and therefore a decrease in oxidative stress should also help decrease the frequency of seizures (Knowles et al., 2018). In addition of decreasing ROS production, it has been also shown that a ketogenic diet stimulates the expression level of catalase. Catalase is the main antioxidant enzyme and thus participate to convert ROS into non-reactive species. Catalase expression is stimulated by the transcription factor peroxisome proliferator activated receptor γ2 (PPARγ2) (Knowles et al., 2018). In fact, in this study the authors demonstrated a regulation of the PPAR gene through histone hyper-acetylation. More precisely, it is suggested that ketone bodies inhibited histone deacetylases. In turn, PPAR upregulates antioxidant genes and downregulates pro-inflammatory genes (NFKappaB, cyclooxygenase 2, and iNOS). This hypothesis is supported by the successful use of histone deacetylase inhibitors as anti-inflammatory and anti-epileptogenic molecules (Jeong et al., 2011; Shimazu et al., 2013; Damaskos et al., 2017; Simeone et al., 2017a,b).

Stroke studies have also demonstrated the increased risk as well as the negative impact on recovery caused by high glycemia and therefore diabetes (Sander and Kearney, 2009; Lee et al., 2018). Oxidative stress is also associated with diabetes (Leloup et al., 2011). Furthermore, hyperglycemia-induced oxidative stress is expected to participate to the poor outcome following stroke. Thus, a well-balanced blood glucose level is important in the treatment and prevention of stroke (Robbins and Swanson, 2014). In this regard, diets that help maintain a low level of blood glucose contribute to a better outcome in patients with acute ischemic stroke independently of diabetes (Song et al., 2018). In the same study however, the authors suggested that chronic hyperglycemia is the main cause of stroke as it was previously proposed (Kamouchi et al., 2011; Luitse et al., 2017). Although no direct evidence related to the Redox balance is provided, it is worth to note that chronic hyperglycemia is expected to induce a chronic increase in ROS production. On the other hand, a better control of glucose levels would prevent an excessive ROS increase. Therefore, ROS levels could likely participate in the observed effects.

Finally, a similar involvement of ROS level regulation can be found in AD (Prins, 2008; Achanta and Rae, 2017). Several reports suggest that ROS production could be inhibited by an increased expression level of uncoupling proteins (U) as previously shown independently of the diet (Sullivan et al., 2004; Klaus and Ost, 2020). Therefore, the expression level of UCPs needs to be determined in healthy diets fed individuals to evaluate whether it could be another player involved in the beneficial effect of such diets. Alternatively, the ketogenic diet could also participate in the reduction of ROS production by upregulating the expression of antioxidant proteins (MnSOD, Glutathione, and Nrf2) (Taylor et al., 2019). Lastly, the decrease in neuronal activity induced by a lower energy amount provided by the diet is also hypothesized to contribute to lower ROS production and thus potentially neuroprotection (Ma et al., 2007; Figure 1).



Blood Glucose Level

Aside end products of metabolism such as ketone bodies, the blood glucose level appears to play an important role in diseases’ risk, progress, and outcome. In fact, a rapid rise in glycemia is associated with increased oxidative stress as well as endothelial dysfunction in diabetes (Ceriello et al., 2008). Even more than hyperglycemia, excessive blood glucose level variations are more deleterious. Such high variability is one of the consequences of high glycemic index foods that induce a rapid increase in glycemia but only transiently since it is quickly regulated to reestablish a normal glycemia. This rapid rise is shown as negative for stroke recovery due to endothelial dysfunction (Santos-García et al., 2009). Furthermore, high glycemic index diets are responsible for insulin resistance that will increase serum levels of fibrinogen and von Willebrand factor involved in endothelial function, which will contribute to increase the risk of stroke (Meigs et al., 2000; Raynaud et al., 2000; Schothorst et al., 2009). In fact, a high glycemic index diet induces hypercoagulability associated with increased thrombosis risk. In parallel, small vessel diseases are also increased and participate to a negative outcome after a stroke (Song et al., 2018). Interestingly, the low glycemic index Mediterranean diet is linked to a lower risk of stroke (Spence, 2019). It was also shown that chronic episodes of hyperglycemia are associated with a decrease in cognitive function recovery. In this context, diets limiting the amplitude of glycemic variations are more beneficial on both vascular and cognitive function recovery following stroke (Lim et al., 2018).



Neuronal Activity

Neurological disorders can be defined as brain diseases affecting neuronal activity. Such disorders are often associated with a decrease of glucose utilization. Since glucose is the main energy source for brain cells, it is thus not surprising that brain function will be altered. Therefore, diets providing ketone bodies could partly compensate this decreased glucose utilization. Indeed, it was previously observed that during glucose utilization limitation, ketone bodies can be used by the brain as an alternative energy source (Mergenthaler et al., 2013). More precisely, ketone bodies reaction with oxaloacetate produces acetyl-coA that will then stimulates the Krebs cycle. In turn, the Krebs cycle activity will increase the production of α-ketoglutarate. Then α-ketoglutarate reaction consumes aspartate, whose level is decreased in cells, and produces large amounts of glutamate. This glutamate is then decarboxylated by a glutamic acid decarboxylase which results in the synthesis of GABA (γ-aminobutyric acid), the inhibitory neurotransmitter found in the brain (Hartman et al., 2007). This metabolic loop might be very interesting in the context of stroke or epilepsy since GABA is a known anti-seizure substance targeted by some drugs that enhance GABA action (Petroff et al., 1996; Homanics et al., 1997; Olsen and Avoli, 1997; Treiman, 2001; Chuang and Reddy, 2020; Sills and Rogawski, 2020). This mechanism of action is strongly supported by the finding of high levels of GABA in the cerebrospinal fluid of children treated with low carbohydrate diets (Dahlin et al., 2005).

In addition to this indirect mechanism, ketone bodies are also expected to directly enter mitochondria and the tricarboxylic acid cycle (TCA) where they will be oxidized and thus stimulate oxidative phosphorylation. This in turn inhibits phosphofructokinase 1 and glycolysis, decreasing ATP production. A decreased ATP level will lead then to the opening of ATP-sensitive potassium channels (KATP) and thus a decrease of neuronal activity (Ma et al., 2007). Such a hypothesis has been tested in a genetic model of drosophila presenting seizure-like activity when mechanically stimulated. This fly displays decreased seizures when given ketone bodies. Furthermore, the blockade of KATP channels or administration of a GABA antagonist partially reverses decreased seizure induced by ketone bodies (Li et al., 2017). However, this partial recovery suggests that other mechanisms are at play as well. Among possible mechanisms, blockade of the transfer of the vGLUT transporter (vesicular glutamate transporter) to the synapse by ketone bodies is suggested by some studies. Such a transfer inhibition would cause a decrease in glutamate excitatory activity, and thus neuronal activity inhibition (Juge et al., 2010; Omote et al., 2011). Another possible mechanism could involve the synaptic vesicle recycling. In fact, the authors showed that mice treated with ketone bodies present a reduction of both endocytosis and exocytosis combined with a misbalance between endocytosis and exocytosis. This effect is hypothesized by the authors to participate to the anticonvulsant activity of the ketogenic diet in epilepsy (Hrynevich et al., 2016; Figure 1).



Short Chain Fatty Acids

Lastly, it is interesting to note that if most research results suggest a role for ketone bodies in the beneficial effects provided by low carbohydrate diets, other factors have more recently been suggested to play a key role as well. Therefore, microbiota has been shown to interact with brain function through the metabolism of dietary fibers in certain bacteria that produce propionate or butyrate, two SCFA (short-chain fatty acids). In fact, these SCFA exert various actions in the brain by regulating histone deacetylases, transcription factors, and antioxidant regulations. Noteworthily, all of these processes have been described to play a role in neuronal function regulation and neurodegenerative disorders. The healthy diets providing the most benefits in the context of neurological disorders are adjusted for carbohydrate contents and often enriched in dietary fibers. Therefore, it is expected that such diets could involve SCFA positive regulations while processed foods and non-healthy diets would rather have a negative impact. Indeed, many diets in industrialized countries contain high amounts of processed food, and also lead to a decrease in the number of bacteria producing SCFA. These diets are also known for their negative impact on neurodegeneration (Martínez Leo and Segura Campos, 2020). In addition, highly processed foods are likely to have a high glycemic index and therefore induce large rises in blood glucose when ingested. On the other hand, dietary fibers are low glycemic index carbohydrates which support a protective role of low glycemic index foods against neurodegenerative diseases.

In addition to neurodegenerative disorders, the gut-brain axis related to nutrition has been shown to participate in the pathophysiology of Autism, suggesting a role for the gut in general brain function and diseases (van de Sande et al., 2014; Berding and Donovan, 2020; Kandeel et al., 2020). For instance, dietary fibers induced SCFA production in the Mediterranean diet is believed to participate in the protection against Parkinson’s disease. First, SCFA can improve insulin sensitivity and reduce inflammation while stimulating BDNF (brain-derived neurotrophic factor) production. All of these factors contribute to the protection against Parkinson’s disease. The antioxidant properties of the Mediterranean diet are also expected to participate to this protection since antioxidant products can stimulate SCFA production (Jackson et al., 2019).

Nevertheless, despite several encouraging results linking gut microbiota, SCFA and brain, no clear pathway and/or mechanisms have been identified. However, it is worth to note that most of the hypotheses come back to inflammation, Redox balance or epigenetic gene regulations that have been strongly suggested as involved in the nutritional benefits to brain function and diseases. Thus, it appears worthwhile to pursue research efforts in this direction to putatively identify possible therapies or so-called “nutri-therapies.”



Gut Microbiota

It is worth to note that diet change will affect gut microbiota composition. In recent years, many reports have highlighted the role of the microbiota on brain function and notably during brain disorders. Mediterranean diet for instance which is enriched in plant foods will likely modify the microbiome to favor fiber processing bacteria (Akkermansia municiphilla, Ruminococcus bromii, Faecalibacterium prausnitzii, Eubacterium rectale, Eubacterium hallii, and R. bromii…) (Morrison and Preston, 2016; Harris et al., 2021) and therefore produce SCFA. Similarly, low GI diet is a diet containing a high number of fibers. This specific composition will also favor fiber processing bacteria that will again release SCFA. Thus, the shift toward a SCFA producing microbiome would likely be beneficial in a context of neurological disorders as discussed above. Bile acids are also products affected by food composition. Briefly, high fat content increases bile acid production. These biliary acids can then be transformed by bacteria from the gut producing molecules that can interact with specific receptors found in brain to modulate satiety. Interestingly, studies have also suggested that bile acids can display antioxidant and anti-inflammatory properties. Thus, we cannot exclude a putative role of bile acids and gut microbiome in the dietary effect (Huang et al., 2022). Finally, microbiota can also produce tryptophan whose anti-inflammatory action has also been demonstrated. Overall, it is thus very likely that other factors produced by the new microbiome selected by the diet could impact brain health.

Hence, although largely studied now, the role of microbiota on brain disorders would need further attention especially in the context of diet intervention. Moreover, a specific review of the literature would be needed to extensively present the recent progress made on this topic (Yu et al., 2016; Barber et al., 2020; Beam et al., 2021; Huang et al., 2022).




CONCLUSION

Altogether, it is rather likely that nutritional approaches could be significantly beneficial in a wide range of brain disorders. However, although a quite large number of studies suggests effects involving inflammation, Redox balance and mitochondrial activity, gene regulations, and neuronal activity regulation, no direct demonstration has been made so far. Furthermore, it appears that ketone bodies and SCFA produced in response to specific diets, are at the origin of the beneficial effects. However, it is important to stay cautious since ketone bodies impact on health is still not completely understood. Particularly, discrepancies exist in the literature about their positive or negative impact on metabolism. Among the putative explanations for these contradictory results, the amount of ketone bodies could play a role. In fact, a dose-dependent effect is among the hypotheses to be tested. Therefore, with the current understanding of ketone bodies effect on physiological processes, it is not possible to target the biological pathways involving ketone bodies. Nevertheless, ketogenic diets or low glycemic index diets are widely used with little side effects. Thus, focusing on the clinical outcome following such diets for individuals suffering from neurological disorders could be an interesting future research axis. Furthermore, a better understanding of the negative effects on the risks for certain disorders is also of great importance. This knowledge would be needed in order to adapt nutritional facts especially regarding sugars to improve health of aging populations in our societies (Figure 1).

Finally, although promising, the use of diets against diseases is also to be consider with care. Indeed, diets described in this review can also be associated with negative side effects to be taken into account. Among those negative effects, sarcopenia, weight loss, ketoacidosis, fatigue are well known. Ketogenic diets are especially known for those effects that need to be carefully controlled. In this regard, modified ketogenic diets have been recently developed to include higher amounts of carbohydrates in order to limit some of the side effects. Metabolic overload or nutritional biases are also to be mentioned when looking at these specific diets. Indeed, the high amount of fats associated with decreased carbohydrates can be either regarded as unbalanced diets. In fact, these “healthy” diets are biased since they force the organism to switch to an unnatural metabolism. Lastly, it is worth to note the aversive effect of such diets due to a low amount of carbohydrate. Indeed, taste and hedonic aspects of food intake are both part of a normal healthy feeding behavior. Therefore, use of such diets come along with increased use of non-caloric sweeteners whose effects on health are still poorly documented. Altogether, research is needed not only to completely understand the mechanisms at play in healthy diet benefits, but also to clearly determine the balance between positive and negative effects of such dietary changes in populations either healthy as preventive action, or unhealthy to provide a reduction of symptoms (Figure 2).


[image: image]

FIGURE 2. Left panel represents the effect of a low carbohydrate/glycemic index diet known for its beneficial impact on energy homeostasis. The low levels of digestible sugars are responsible for increased SCFA produced within the gut, paralleled by stimulated lipid oxidation leading to the production of ketone bodies. Both nutrients exhibited a putative beneficial role on metabolism and brain function leading to the prevention of cognitive deficits. On the other hand, represented in the right panel, a high carbohydrate/glycemic index diet will favor obesity and associated metabolic disorders. Interestingly, such diets dampen the production of ketone bodies and SCFA and are associated with decreased cognitive function.
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