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Does Neuroinflammation Underlie the Cognitive Changes Observed With Dietary Interventions?
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Dietary interventions, such as calorie restriction and ketogenic diet, have been extensively studied in ageing research, including in cognitive decline. Epidemiological studies indicate beneficial effects of certain dietary regimes on mental health, including mood disorders and dementia. However, randomised-controlled trials (the gold-standard of evidence-based medicine) on calorie restriction diets and the ketogenic diet have yet to show clinically convincing effects in neuropsychiatric disorders. This review will examine the quality of studies and evidence base for the ketogenic and calorie restriction diets in common neuropsychiatric conditions, collating findings from preclinical experiments, case reports or small clinical studies, and randomised controlled clinical trials. The major cellular mechanisms that mediate the effects of these dietary interventions on brain health include neuroinflammation, neuroprotection, and neuromodulation. We will discuss the studies that have investigated the roles of these pathways and their interactions. Popularity of the ketogenic and calorie restriction diets has grown both in the public domain and in psychiatry research, allowing for informed review of the efficacy, the limitations, and the side effects of these diets in specific patient populations. In this review we will summarise the clinical evidence for these diets in neuropsychiatry and make suggestions to improve clinical translation of future research studies.
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KEY MESSAGES


-With increasing incidence of mental health problems and dementia worldwide, the potential of nutritional interventions including CR diets needs increased research efforts.

-Currently studies on CR and KD in neuropsychiatric disorders point to a modest beneficial effect on seizures, mood and cognitive symptoms. However, randomised controlled trials with large sample sizes are needed to determine the risk-benefit ratio and the clinical effect size with adequate certainty of the evidence.

-Research, monitoring and education for patients with co-morbidities, such as cardiovascular disease, IBD, or immunodeficiency are needed to prevent adverse events on physical or mental health when trialling these diets. Individuals with a medical condition should consult a dietician or doctor before trialling a CR or KD regime.





INTRODUCTION

Diet is emerging as a key mediator of psychiatric disease, as it is to cardiology, endocrinology and other medical conditions (Sarris et al., 2015). Nonetheless, the vast majority of psychiatrists and other mental health professionals report no training in nutrition, despite all participants estimating the diets of their patients with mental health issues to be worse than the general population (Mörkl et al., 2021). All health professionals are pressured to advocate for healthy diets, but also compelled to practice evidence-based medicine. However, studies on nutrition in humans to date have been observational designs or small short-term interventions, rather than the randomised controlled trial (RCT) designs we demand in every other field of medicine (Schulze et al., 2018; Adan et al., 2019). The idea that healthy nutritious food is integral to our physical and mental wellbeing is so engrained that it complicates doing a placebo-controlled trial on mood. One may be biased to expecting a positive effect on a perceived healthy dietary arm and a negative effect on mood on an unhealthy arm. Therefore researching the impact of diet on mental health faces major challenges.

The association between diet and mental health is unequivocally accepted but investigating causality amongst the epidemiological data is problematic (Adan et al., 2019). There are multiple reasons for why mental health could affect diet. Firstly, long-term psychosocial factors could drive these results. People with a lower socioeconomic status are more likely to experience mental health problems, and people with mental health problems are more likely to be unemployed (Stansfeld et al., 2016), which can limit access to healthy and high-nutrient foods. Secondly, symptoms of severe mental illness such as low motivation, apathy and cognitive deficits could also affect dietary choices and access to healthcare. Thirdly, medications such as second-generation antipsychotics that affect appetite and cause metabolic complications are another contributing factor (Annamalai et al., 2017). Finally, in the short-term comfort eating may also play a role with psychological stress associated with higher consumption of unhealthy processed foods (Banta et al., 2019). These contributing variables mean it is now critical to have well-controlled intervention trials in-patient groups rather than solely observational studies to determine the effect of diet on mental health and cognition.

Obesity is associated with an increased risk for most of the major non-communicable diseases including diabetes, heart disease and Alzheimer’s disease; as well as a worse prognosis in COVID-19 (Nyberg et al., 2018; Paoli et al., 2020). The evidence linking chronic inflammation and obesity is increasing, and hence the interest in diet as a tool for improving health outcomes (Mattson, 2019). The Western diet, high in trans-fats and refined sugars, is associated with obesity, elevated oxidative stress and inflammation. The Western diet has been linked to cognitive impairment and mood disorders, with studies showing the hippocampus to be particularly vulnerable (Kanoski and Davidson, 2011). Dietary interventions of interest include the Mediterranean diet, anti-inflammatory diet, ketogenic diet and calorie restriction diets. The Mediterranean diet is rich in vegetables, grains, fish and unsaturated fats, and has strong evidence for its benefits in promoting metabolic, cardiovascular and mental health. These effects are thought to be mediated through its anti-inflammatory mechanisms and can be beneficial at any stage of illness (Mayr et al., 2018). There are multiple variations on the “anti-inflammatory” diet, but this is a permutation of the Mediterranean diet focusing on inclusion of polyunsaturated fatty acids and unprocessed carbohydrates with low glycaemic index. This has been studied in rheumatic disorders but has not been proven to reduce inflammatory markers (Zwickey et al., 2019). Due to individual variability and the multiple mechanisms through which diet affects our physiology it has been complex to determine the roles of different nutritional compounds on brain health.

In this review, we will restrict our focus to two popular diets the ketogenic diet (KD) and calorie restriction (CR), because they are thought primarily to act through the same mechanisms. Both diets result in an overall reduction in caloric intake and an increased level of circulating ketone bodies, beta-hydroxybutyrate (βHB) and acetoacetate. Intermittent fasting, also known as intermittent energy restriction, is the most widely used form of CR intervention as it is considered the most attainable for people compared to an overall daily reduction in calories. Both intermittent fasting and KDs result in higher ketone levels than a reduced daily food intake as in CR diets (Mattson et al., 2018). Table 1 summarises the major similarities and differences of CR and KD (Maalouf et al., 2009; Bok et al., 2019; de Cabo and Mattson, 2019).


TABLE 1. Comparison of the effects of the calorie restriction and ketogenic diets.
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The KD is a low carbohydrate/high lipid diet, where less than 10% of total daily calories should be obtained from carbohydrates, and over 70% from fats. It was originally proposed to treat medical conditions such as diabetes and epilepsy, but it has gained popularity for weight loss purposes. In this dietary programme the body is deprived of glucose for energy, necessitating a metabolic switch to utilising ketones as an energy source. In ketosis the ketone bodies are produced from lipids by the liver (Paoli et al., 2013). Supplementation of the diet with medium chain triglycerides (MCTs), ketone salts or ketone esters are other experimental method of establishing ketosis, without the need to strictly adhere to the KD (Cunnane et al., 2016).

CR and KD diets are rapidly growing in popularity. There are now over 1,500 publications with ketogenic diet in the title or abstract, and over 400 publications on intermittent fasting (Figure 1). Although the first publications on these diets were over 100 years ago intense investigation into their range of potential benefits and mechanisms has grown in the last twenty years. With growing public interest it is important to assess the evidence base for these diets in promoting cognitive and mood benefits, understand the mechanisms by which these act on the brain, and determine their relevance moving forward into large-scale clinical trials. This review will summarise key studies with relevance to clinical populations and discuss the limitations of these and considerations for study design going forward.
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FIGURE 1. Peer-reviewed articles with “Ketogenic diet” in the title or abstract (A) and “Intermittent fasting” in the title or abstract (B) 2000–2021, Web of Science (accessed 16/12/2021).




EVIDENCE FOR INTERMITTENT FASTING AND KETOGENIC DIETS IN NEUROPSYCHIATRIC DISORDERS

The brain is the most demanding organ for energy and the regulator of all energy intake and expenditure (Mattson, 2012). In a typical Western diet, the brain is dependent on glucose as the major energy source, despite the brain not having sufficient stores of this energy. In the absence of readily available glucose, such as during a strict CR or KD regime, the brain will switch to using ketones as its main energy source (Owen et al., 1967). βHB may provide a more efficient source of energy for brain per unit oxygen than glucose, although in the healthy brain it does not contribute meaningfully to energy production (Veech et al., 2001; Achanta and Rae, 2017). Nutritional ketosis, through a KD or supplemental MCTs has been demonstrated to be safe as it is usually self-limiting. A small increase in ketone plasma levels will stimulate insulin secretion, which in turn rapidly reduces plasma ketones (Owen et al., 1973); so nutritional ketosis does not induce ketoacidosis.

Intractable epilepsy in children led to the earliest use of fasting and KDs in neuropsychiatry, which has continued to be a mainstay of treatment for almost 100 years (Hartman et al., 2007). Numerous mechanisms have been proposed for how CR and ketosis may improve brain function, protecting against cognitive and mood decline. Animal studies have been critical for investigating whether these dietary interventions significantly affect behaviour and to identify the underlying mechanisms involved in these effects. The CR and KD have been reported to reduce systemic inflammation, increase the number and biogenesis of mitochondria, alter vasculature in the brain, regulate neurotransmitters and stimulate the expression of neurotrophic factors (Maalouf et al., 2007; Cunnane et al., 2016; Bok et al., 2019). Here we will look at the studies that have investigated the impact of CR or KD on neuropsychiatric disorders, from the preclinical animal models through to the clinical trials. The benefits of CR and KD for numerous disorders have come to be referred to as “facts” or “mainstays,” and it is now essential to critically analyse these studies on the quality of the evidence and the hope they offer for patients.


Epilepsy

The KD has been a mainstay of treatment in intractable epilepsy in children for over 100 years, but the efficacy of the clinical studies needs to be evaluated based on today’s standards of evidence-based medicine. A systematic review found one-third of children with treatment-resistant epilepsy benefited from the KD with a reduction in seizure frequency of greater than 50% (Keene, 2006). The first RCT was performed for the KD in children with epilepsy in 2008, finding that 38% of children (out of 54 in the analysis) reported a greater than 50% reduction in seizures with KD compared to 6% in the standard diet arm (Neal et al., 2008). The Cochrane reviews of RCTs have found a promising antiepileptic efficacy for a ketogenic dietary plan with a high ratio of fat to carbohydrate, but that adverse side-effects and overall poor quality of the evidence needs to be considered (Martin K. et al., 2016; Martin-McGill et al., 2020). Evidence for an effect of KD in seizure control in adult epilepsy is extremely limited and there is need for a reliable RCT (Martin-McGill et al., 2020).



Cognition

The high-energy availability of the Western style diet has been associated with cognitive impairments. Rodent studies have found that a high-fat diet with unrestricted food access (modelling the human Western diet) lead to poorer outcomes in learning and performance of cognitive tasks, with reduced brain-derived neurotrophic factor (BDNF) levels and lower protein density of the blood brain barrier (BBB) (Kanoski et al., 2007, 2010). The field of dietary restriction in ageing has numerous studies looking at how CR and KD during the rodent life span affects a range of behavioural functions; however, whether CR or KD robustly attenuates cognitive decline remains unclear (Ingram and de Cabo, 2017; Lilamand et al., 2020). Maze tasks testing effects of CR on cognition in ageing animals have produced a wide variety of results, suggesting that the genotype, age and sex of the animal all affect the outcome (Ingram et al., 1987; Means et al., 1993; Markowska and Savonenko, 2002; Ingram and de Cabo, 2017). Although the strength of the evidence for CR on improving cognition in ageing animals is variable, there are importantly no studies showing a detrimental effect of CR. Only one study showed worsening cognition when rats were maintained on severe CR at a weight of 280 g (approximately 35% below standard weight and inapplicable to human studies), and cognitive effects could be reversed by glucose administration (Yanai et al., 2004). The literature on the effect of the KD on cognition in preclinical studies shows a similar picture to CR, with eight studies to date of KD in animals testing models of cognition in ageing or Alzheimer’s disease. These studies showed improvement or no change of cognition and motor function in models of ageing, and importantly no adverse effects on lifespan or healthspan (Newman et al., 2017; Lilamand et al., 2020).

Clinical trials of effects of CR on cognition to date have not demonstrated clinically meaningful improvements. A 3-month regimen of 30% CR showed a positive effect on verbal memory in older adults (but not on working memory or attention tests), associated with reduced insulin and inflammatory marker CRP, but no change in serum IGF-1 or BDNF levels (Witte et al., 2009). CALERIE (Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy) is a clinical trial investigating whether the positive findings of this diet in animal studies are replicated in humans. It started as a 6- and 12-month study with up to 30% CR in overweight individuals, extending to a 2-year phase 2 study to investigate 25% CR in 150 non-obese adults. No negative effects were found on mood, cognition, quality of life, sleep, and sexual function (Martin et al., 2007; Martin C. K. et al., 2016). This is an important result as previous studies on dieting and cognition in humans had shown an effect of diminished cognition, considered largely due to preoccupation with food (Redman and Ravussin, 2011). Cognitive testing found a small improvement on error rate during a spatial working memory test at 24 months only (Leclerc et al., 2020), but the small effect size in this small group has not been demonstrated to translate into any clinical significance and will need to be tested with clinically validated tools.



Alzheimer’s Disease

The relationship between diet and neuropsychiatric symptoms can also be studied in terms of the effects of obesity on the brain. This is simpler in terms of studying real-world effects, although there is the risk of confounding diet and weight in this approach. Epidemiological studies find that obesity is associated with increased risk of dementia, with vascular risk factors further adding to the risk (Kivipelto et al., 2005). This was confirmed in a longitudinal study of ageing, showing the association between obesity and dementia risk to be independent of smoking, hypertension, diabetes, or major genetic risk factors (Ma et al., 2020). Hippocampal volume measured by MRI, which declines in old age and more rapidly in dementia, is also reduced in individuals with greater central obesity (Jagust et al., 2005).

Many mechanisms are proposed for how CR and KD may specifically benefit the brain in an Alzheimer’s disease state, including improving BBB integrity, increasing cerebral blood flow and increasing transport of β-amyloid (Aβ) (Paoli et al., 2019). Alzheimer’s disease is characterised by the abnormal aggregation of Aβ protein plaques and hyper-phosphorylated tau tangles; pathologies that have been widely reproduced in mouse models of the disease. Animal models of AD showed reduced Aβ plaque load in mice on KD (Van der Auwera et al., 2005) and squirrel monkeys on CR diets (Qin et al., 2006). Although middle age CR did not reduce Aβ plaques in macaques, it did reduce astrocyte activation (Sridharan et al., 2013; Bok et al., 2019). Only two studies to date (Aso et al., 2013; Kashiwaya et al., 2013) have looked at the cognitive benefits of KD in an animal model of Alzheimer’s disease, the latter demonstrating a beneficial effect on cognition and Aβ deposition in the brain.

Dysregulation of glucose metabolism and hyperinsulinemia have also been identified as early processes in Alzheimer’s disease prior to cognitive decline, causing a reduction in energy availability for neurons (Cunnane et al., 2016; Butterfield and Halliwell, 2019). Brain glucose uptake in older adults may be reduced by up to 8% in the frontal cortex (Nugent et al., 2014), an effect found to be more severe and widespread across the brain in Alzheimer’s disease (Castellano et al., 2015). Therefore, KD may have therapeutic potential in boosting available ATP in Alzheimer’s disease brain where oxidative phosphorylation and glucose metabolism are impaired. However, caution is needed here as induction of a calorie-restricted state in the brains of patients already deficient in available energy could have serious adverse outcomes. Transgenic APP mice were found to have an increased stress response and severe hypoglycaemia in response to CR, with aged mice especially sensitive to the dietary intervention and dying within days from hypoglycaemic shock (Pedersen et al., 1999). The length of dietary intervention and age of patient may be especially critical and will need to be determined in preclinical studies before large trials are conducted in this patient population.

The majority (eight out of nine) of the clinical studies on ketosis in MCI or AD have used a ketone supplementation approach with MCTs, rather than the typical KD. Six of these studies reported positive outcomes on cognitive assessments (Lilamand et al., 2020). The trial of MCT supplement AC-1202 (a compound containing caprylic acid found in coconut oil) was not found to improve cognition on the ADAS-Cog test in Alzheimer’s disease at 90 days. However, there were continued improvements at 90 days in a subgroup of patients who were not carriers of the Apolipoprotein-E ε4 gene allele, which could suggest that this approach may have benefits for a subgroup of patients (Henderson et al., 2009). A recent trial demonstrated feasibility of adherence to a KD in Alzheimer’s patients for a 12-week period with no adverse effects. Patients Addenbrookes Cognitive Examination (ACE) score and activities of daily living remained stable, compared to a decline in the control arm (Phillips et al., 2021).



Mood Disorders

Although case reports have suggested a therapeutic benefit of the KD in individuals with major depressive disorder (MDD), bipolar disorder (BD) and schizophrenia, there are no RCTs of these disorders (Brietzke et al., 2018). Some animal studies support an antidepressant-like effect of the KD in models of depression. In a rodent study using “behavioural despair” induced immobility as the outcome, rats on a KD spent less time immobile than rats on a control diet, an effect that occurred without the need for rats to be in metabolic ketosis (Murphy et al., 2004). Key mechanisms of action proposed for KD overlap with hypotheses of contributory biological processes in mood disorders and schizophrenia: modulation of BDNF expression, mitochondrial dysfunction, and systemic inflammation (Brietzke et al., 2018; Sarnyai et al., 2019). Studies on the effects of these diets in humans with adequately powered sample sizes and validated mood and behavioural measures are needed in order to critically assess whether there is a therapeutic role for CR or KD in mood disorders.

Obesity and depression are highly comorbid disorders, both of which have been associated with chronic inflammation. Treatment resistance in mood disorders has also been associated with obesity and metabolic syndrome (Rizvi et al., 2014). Approximately 25% of patients with depression present with elevated peripheral inflammation (Osimo et al., 2019), but it is important to separate whether inflammation may be caused by the high rates of obesity in this group. McLaughlin et al. (2021) looked at overweight individuals with or without depression and matched them with healthy weight controls. They found that C-reactive protein (CRP) levels, a key plasma marker of inflammation, were higher in the overweight group with depression than in other groups (2.2 mg/L for overweight and depressed patients, 1.3 mg/L for overweight controls and 0.7 mg/L for normal weight and depressed). Weight loss interventions have been associated with reduced depressive symptoms and lower CRP levels in individuals with high BMI (Perez-Cornago et al., 2014), so there may be potential for CR diets to reduce mood symptoms and systemic inflammation.


Schizophrenia

The reduced life expectancy of people with schizophrenia has been established to be attributable to physical illness such as metabolic and cardiovascular disease, rather than a direct consequence of mental illness such as suicide. There are a number of factors contributing to this poor physical health, including side effects of antipsychotic medications, direct effect of the negative symptoms of schizophrenia (such as low motivation and neglect), and increased genetic risk of obesity and metabolic disease in this group (Annamalai et al., 2017). In 16 case-control studies, individuals with first-episode schizophrenia who were antipsychotic-naive were found already to have dysregulated glucose homeostasis (Pillinger et al., 2017). Evidence for brain glucose metabolism abnormalities in individuals with schizophrenia are demonstrated by magnetic resonance spectroscopy (Chouinard et al., 2017), proteomics and transcriptomics (Martins-de-Souza et al., 2011), and offer a sound rationale for exploring KD in this patient population. In the absence of novel antipsychotics without metabolic side effects, dietary and lifestyle interventions will be important in improving morbidity and mortality. Beyond this, it is also interesting to consider whether diet could play an additional role in improving symptoms of schizophrenia directly.

Human and rodent studies on the KD are too limited to make broad claims about its efficacy for this patient group (Bostock et al., 2017). In a NMDA receptor hypofunction mouse model of schizophrenia, 3 weeks of KD improved measures of psychomotor hyperactivity, stereotyped behaviour, social withdrawal and working memory deficits compared to a standard diet (Kraeuter et al., 2015). The KD protected prepulse inhibition of the startle reflex response, known to be deficient in schizophrenic patients and in the mouse model, as effectively as the antipsychotic olanzapine (Kraeuter et al., 2019). Especially relevant is that mice administered acute βHB showed improvement without KD adherence (Kraeuter et al., 2020).

Only one clinical study or case report of KD in schizophrenia to date had more than 2 patients: a study conducted in 1965 prior to the development of second-generation antipsychotics (reviewed by Bostock et al., 2017). Case studies of people diagnosed with schizophrenia or schizoaffective disorder trialling KD report reduction or resolution of positive symptoms, reversed when the diet is terminated or ketosis threshold is not maintained (Palmer, 2017). Gilbert-Jaramillo et al. (2018) trialled 6 weeks of the KD in a pair of twins with schizophrenia and found reductions in their Positive and Negative Symptom Scale (PANSS) scores and their BMI, despite neither patient adhering strictly to the diet due to its restrictiveness. KD could potentially be helpful in a wider population of people with schizophrenia through reducing the need or dosage of pharmacological treatments with adverse side effects. This is supported by case reports of patients on KD remaining free of psychotic symptoms after stopping medication (Palmer et al., 2019). The first RCT of KD in patients with bipolar disorder or schizophrenia will be completed later in 2022 (Sethi Dalai, ClinicalTrials.gov Identifier: NCT03935854).





MECHANISMS OF DIETARY EFFECT ON THE BRAIN

KD and CR have been proposed to have multiple pathways through which they modulate neuronal cells, which can be broadly grouped into neuroprotection, neuromodulation and neuroinflammation (Figure 2).
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FIGURE 2. Summary of the key cellular mechanisms that mediate the effects of KD and CR on brain health: neuroinflammation, neuroprotection and neuromodulation. Figure created with BioRender.



Neuroprotection

A popular theory is that CR induces an adaptive cellular stress response, activating specific transcription factors in this pathway (Calabrese et al., 2007). The regular activation of this pathway prepares the cells for future physiological stress, in a similar action to cardiovascular exercise training (de Cabo and Mattson, 2019). There are two main theories on how CR and KD may be neuroprotective: reduced production of reactive oxygen species (ROS) and increased production of neurotrophic factors (Maalouf et al., 2009).

Typically, mitochondria are the main source of ROS, causing oxidative damage. Mitochondria are critical for energy production in the brain, producing the majority of all ATP through oxidative phosphorylation. In Alzheimer’s disease the brain has a glucose deficit, shifting energy production away from glycolysis, in addition to a lowered mitochondrial bioenergetic capacity reducing ATP synthesis (Yao et al., 2009; Cunnane et al., 2016). These changes are associated with increased ROS production by the mitochondria causing oxidative damage. Ketones produce ATP via oxidative phosphorylation, and therefore this ATP source could be important for restoring the energy deficit in the Alzheimer’s disease brain. It is proposed KD and CR could reduce ROS in the brain, due to enhanced mitochondrial biogenesis and increased antioxidants (Maalouf et al., 2007, 2009). The KD upregulates metabolic and mitochondrial gene expression in the rodent hippocampus so could be especially beneficial in Alzheimer’s disease (Bough et al., 2006). Neurons, in vitro, that suffered from excitotoxic injury had significantly higher production of ROS by mitochondria, and treatment with ketones protected the neurons by increasing NADH oxidation in the mitochondria (Maalouf et al., 2007).

Increased levels of ketone bodies may be beneficial to neuroprotection, potentially without reducing energy intake. Acetoacetate has been shown to have anticonvulsant properties, and treatment with acetoacetate or acetone decreased seizure incidence in multiple mouse models of seizure (Rho et al., 2002; Likhodii et al., 2008). In vitro studies have offered evidence that this neuroprotection by exogenous ketone bodies could be through limiting glutamate excitotoxicity or oxidative stress. The reduced oxidative stress was found to be due to ketones increasing mitochondrial biogenesis whilst reducing ROS production, rather than due to increased antioxidant action (Maalouf et al., 2007, 2009).

Another mechanism of neuroprotection in CR may be through an increase in neurotrophic factor levels. Adult rats maintained on a restricted diet had increased expression of BDNF, which increased neurogenesis in the dentate gyrus (Lee et al., 2000). However, since the extent and relevance of neurogenesis is less clear in humans it is hard to extrapolate the importance of this action of neurotrophic factors. Another study found that BDNF levels were increased in the hippocampus, cerebral cortex and striatum in mice on an intermittent fasting regime, and that these mice were relatively protected from excitotoxicity, reversed when an antibody (Duan et al., 2001) blocked BDNF. Serum BDNF was found to increase in obese participants on a low calorie diet, suggesting dietary intake could be an important regulator of serum BDNF levels, and could be a relevant mechanism (Araya et al., 2008).



Neuromodulation

Direct modulation of neuronal activity through changes in energy or neurotransmitter availability is another potential pathway for dietary effects on the CNS. The effect of ketosis in rodent models of epilepsy may act via a shift in the metabolism of glutamic acid leading to increased levels of inhibitory neurotransmitter gamma-aminobutryic acid (GABA) (Yudkoff et al., 2001). However, most studies of KD have not shown changes in GABA levels at a whole brain level, although regional changes could be a contributory mechanism (Hartman et al., 2007). Measuring neurotransmitter levels is challenging, but hippocampal transporters for glutamate and GABA were altered following KD in rats, and KD attenuated declining glutamate transporters in aged rats (Hernandez et al., 2018). Hori et al. (1992) investigated long-term potentiation, a cellular correlate of memory, in hippocampal slices of aged mice on a CR or ad libitum diet. They found aged CR mice had hippocampal neuronal profiles more similar to young mice of 2 months than to the age-matched mice fed ad libitum, suggesting another direct method for how diet could improve cognition. Conversely, rats on the KD showed reduced long-term potentiation, which may play a role in the increase in neuronal inhibition in children with epilepsy on the KD (Koranda et al., 2011). CR could also affect neurons of the hypothalamus through altered levels of appetite hormones. Leptin and insulin, anorexigenic hormones acting on the hypothalamus to control appetite, are found to be reduced following consumption of high fat diets. A high fat diet (unassociated with calorie load) caused a loss of neurons in the hypothalamus, demonstrating an interesting effect of diet and circulating hormones directly affecting neuronal cells within the CNS (Moraes et al., 2009).



Neuroinflammation

Gut inflammation causing cytokine-mediated vagal activation, signalling to the hypothalamus and limbic system, is an established pathway in feeding regulation, sickness behaviours (such as low mood and social withdrawal) and pain perception. These signalling systems respond when there is an acute insult of gut homeostasis, such as exposure to a chemical or enterotoxigenic bacteria, triggering nausea, disgust, fatigue, and other brain-mediated responses. However, there are similar pathways affected during chronic perturbations to gut homeostasis, such as by different diets. These could utilise the vagal stimulation pathway, the stimulation of spinal afferent terminals or circumventricular organs lacking BBB protection, or the more widely explored system of cytokines crossing both the gastrointestinal blood barriers and blood brain barriers in systemic inflammation (Mayer, 2011).

All the pathways activated by CR and KD may directly or indirectly modulate neuroinflammatory processes. Direct effects could be through mitigating activation of glial cells, which can change from a resting to activated state in response to insult (such as by cytokines) and increase expression of inflammatory cytokines. Indirect regulation by CR could be through mediation of steroid hormones in HPA axis or through a reduction in circulating cytokine levels, which downstream reduce accumulation or aggregation of toxic proteins and ROS (Bok et al., 2019).

Support for the effect of inflammation in the gut on cognition and mood can be considered by looking at mental health in people with Inflammatory Bowel Disease (IBD). Psychiatric disorders such as depression and anxiety are present in almost one third of IBD patients, but the direction of causality for this co-morbidity is complex. However, behavioural disturbances are a risk factor before IBD diagnosis, and anti-inflammatory treatments of the gut are reported to improve mood and sleep (Collins, 2020). This suggests a need for more research to understand these mechanisms and patient groups whose mood may benefit from targeting systemic inflammation. Regarding dementia, a population-based cohort study following adults after their IBD diagnosis found that 5.5% of these patients developed dementia compared to 1.4% of controls matched for age, income and co-morbid conditions. Moreover, IBD patients developed dementia symptoms 7 years earlier on average (Zhang et al., 2021).

Animal studies have also looked at the effect of inflammation acting in the opposite direction, investigating a modulatory role of the brain on gut inflammation. The induction of depression caused a flare-up of colitis in a mouse model of IBD, with the stimulation of nicotinic acetylcholine receptors, disinhibiting vagal suppression of cytokines from the macrophages. Tricyclic antidepressants inhibited the reactivation of colitis, but only in the presence of depression in the mice (Ghia et al., 2009).


Blood-Brain-Barrier Permeability

The brain is considered an immune-privileged organ, with the BBB acting as a barrier to restrict access of immune cells and immune mediators to the CNS under normal conditions (Muldoon et al., 2013). The endothelial cells of the neurovasculature together with astrocytes and pericytes make up the major cell types of the BBB, which isolates the extracellular fluid of the CNS. Inflammation is known to affect the structural integrity of the BBB, leading to increased permeability, or a “leaky brain.” High fat diets modulate circulating inflammatory markers, disrupting the BBB structure by dysregulating production of tight junctions and basal lamina proteins, leading to neuroinflammation (Sheikh et al., 2022). Barrier breach can therefore result in both oxidative stress and cytokine stress within the CNS (Obrenovich, 2018). Long-term BBB dysfunction can consequently cause secondary activation of glial cells, neuronal dysfunction and degeneration (Wang et al., 2018; Sheikh et al., 2022). However, gliosis and cytokine production may also be causal to BBB damage via metabolic dysfunction, rather than a secondary event (Mauro et al., 2015).

A breakdown in the BBB has been linked with a range of neuropsychiatric disorders. Western-style high-energy diets affected cognition in a rat model, with reduced expression of tight junction proteins Claudin-5 and -12 in the choroid plexus and the BBB associated with impaired hippocampal-dependent learning (Kanoski et al., 2010). Microdissection of post-mortem tissue of schizophrenia patients showed evidence of a hypoinflammatory state in the BBB with molecular alterations of the cerebral microvasculature (Harris et al., 2008). However, clinical studies investigating the association between BBB permeability and Alzheimer’s pathology through the study of serum proteins in the CSF or brain have shown inconclusive results (Erickson and Banks, 2013).



Glial Cell Activation

When in a state of stress microglia switch into an activated state and are responsible for the phagocytic clearance of apoptotic neurons and other cells in the brain. This phagocytic process is important in maintaining brain homeostasis, but the pro-inflammatory state also causes microglia to produce cytokines, which are associated with neuronal damage (McArthur et al., 2010). Astrocytes also become activated in response to trauma and can act both by amplifying the inflammatory response of microglia and by secreting cytokines themselves (Bok et al., 2019). These are good defence mechanisms in acute stress, but under conditions of chronic stress to which the body is exposed in neurodegenerative disorders and other disease glial cell activation becomes damaging to neurons. Hormones critical to the regulation of appetite that act on the hypothalamus have been shown to exhibit inflammatory properties. Leptin (reduced in CR) has pro-inflammatory effects and promotes microglial activation, whereas corticosterone and ghrelin (increased in CR) have anti-inflammatory properties and suppress microglial activation (Radler et al., 2014).

Studies investigating the effects of CR on microglia report reduced expression of phagocytic markers and attenuated activation in the hypothalamus, but no change in microglia in other brain regions (Radler et al., 2014; Yin et al., 2018). Studies on astrocyte activation are limited, but middle-aged macaques given short-term CR showed a reduced rate of astrogliosis in the hippocampus (Sridharan et al., 2013).



Cytokine Levels

Neuroinflammatory pathways causing neuronal dysfunction described here are summarised in Figure 3. Although it is still under debate whether CR slows ageing and cognitive decline in mammals, it is widely accepted that it exerts anti-inflammatory effects (Balasubramanian et al., 2020; Dias et al., 2020). An inflammatory state, such as in Type 2 Diabetes, induces transcription of pro-inflammatory cytokines, including NF-κB, IL-1 beta, IL-6, TNFα (Sheikh et al., 2022). KD, CR and other low carbohydrate diets have been found to reduce circulating inflammatory markers (Chung et al., 2002; Forsythe et al., 2008; Dupuis et al., 2015), and suppress microglial activation in multiple brain regions (Horrillo et al., 2011). The pro-inflammatory cytokine NF-κB is expressed by all cells of the brain and is known to be involved in neuroinflammation through its regulation of glial cell activation (Mattson and Camandola, 2001). CR has been associated with reduced expression and phosphorylation activity of NF-κB in the brain (Mulrooney et al., 2011). It is reported that NF-κB could interact with ROS, and multiple studies have shown ROS activates NF-κB expression, an effect suppressed by a CR diet (Chung et al., 2002). βHB inhibits NF-κB-mediated inflammation, and ketone supplementation also suppresses cytokines IL-1β and IL-6 (Stubbs et al., 2020). The anti-inflammatory properties of the KD is now being investigated as a potential COVID-19 therapy to determine if the KD attenuates the cytokine storm in severe COVID-19 and reduce ICU admissions (Samir, ClinicalTrials.gov Identifier: NCT04492228).


[image: image]

FIGURE 3. Summary of the neuroinflammatory processes mediated by CR and KD. Ageing and obesity states result in BBB dysfunction, glial activation and cytokine release, resulting in degeneration of neuronal cells and the further activation of glial cells (Wang et al., 2018; Sheikh et al., 2022). This process can be attenuated by CR (Hunt et al., 2006; Bok et al., 2019). Figure created with BioRender.




The Microbiome-Gut-Brain Axis

The microbiome may also be a central mechanism regulating the potential pathways through which diet affects brain function, including via immunomodulation, vagus nerve signalling and tryptophan metabolism (Cryan and Dinan, 2012). The human gut microbiota describes the trillions of microbial and bacterial species that colonise the gastrointestinal tract (Gill et al., 2006). Dysregulation of the microbiome may be a cause or consequence of inflammation in the gut and is suggested to affect the BBB (Obrenovich et al., 2017). High-fibre diets have been found to encourage microbiomes that generate short chain fatty acids (SCFAs) to thrive, with both a direct contribution to barrier function and a positive effect on colonocytes of the gut (Braniste et al., 2014). Conversely the Western diet does not favour these microbiota species, but supports bacteria species associated with chronic inflammation (Paoli et al., 2019). Microbial metabolites, such as the methylamine trimethylamine-N-oxide, have been shown to promote BBB function and integrity, and improve working memory test performance (Hoyles et al., 2021).

As early as 1910, George Porter Phillips published his study on lactic acid bacteria and their effect on symptoms of depression on his patients in the Bethlem Royal Hospital (London-United Kingdom). For his study he switched his patients to a meat-free diet supplemented with a kefir drink and reported a significant improvement of mood symptoms in 13/18 patients (Phillips, 1910). Possible benefits of fermented foods have since been shown in depression and anxiety in a small proportion of patients, and may depend on inflammatory status (Aslam et al., 2020). Germ-free mice that lack a gut microbiome are a good model system for studying the effects of the microbiome in a controlled environment, independent of effects on the brain due to dietary nutrients. Microglia numbers in the brain have been reported to be lower in germ-free mice, although overall neuron and astrocyte numbers are unchanged, and these microglia had a reduced range in their innate immune response. The altered microglial phenotype is also found in antibiotic-treated mice and restored by adding SCFAs to the diet (Erny et al., 2015). A meta-analysis of 68 studies investigating prebiotics and synbiotics, which are fermented by the microbiota to produce SCFAs, found promising evidence supporting anti-inflammatory benefits, but there was vast heterogeneity of findings between these human studies (McLoughlin et al., 2017).

Other proposed methods of action for the microbiome are through the direct production of neurotransmitters, indirect neuromodulation, and mediation of the secretory activity of the HPA axis. Chronic administration with a Lactobacillus species in mice modulated GABA expression, reduced stress-induced corticosterone levels, and dampened anxiety- and depression-related behaviours (Bravo et al., 2011). Germ-free mice also had raised plasma corticosterone in response to restraint stress, with this HPA axis stress response reversible with introduction of Bifidobacterium infantis bacteria. c-Fos activation in the hypothalamus preceded changes in plasma cytokine levels, suggesting both neuromodulatory and neuroinflammatory pathways at play (Sudo et al., 2004). Lower levels of glutamate and higher levels of GABA were found in the hippocampi of mice receiving faecal transplants from schizophrenia patients compared to microbiome transplants from healthy controls (Zheng et al., 2019).

Only a handful of studies have investigated the link between the KD and gut microbiome to date, but studies in both human and mice showed an overall decrease in the diversity of microbiota species (Paoli et al., 2019). A study on seizure activity in mice found an overall decrease in microbiota species, but a specific increase in two bacteria that mediated an anti-seizure effect. This study proposes that the overall reduction in microbiota species and colonisation of 2 KD-associated bacteria may provide the mechanism for the therapeutic effect of the KD in epilepsy (Olson et al., 2018). Supplementation of a high fat diet with a ketone ester also reduced microbiota diversity, demonstrating that this effect is due to the presence of βHB, rather than fat (Ang et al., 2020).





BARRIERS TO IMPLEMENTATION OF DIETARY INTERVENTIONS


Limitations of Clinical Studies

Preclinical studies have been hampered by inconsistencies between species, genetic strains, sex, age of animals and the dietary intervention protocol. Ensuring impact of future clinical trials will require rigorous planning of study designs. The first major consideration is participant recruitment. Larger trials are needed to draw conclusions that can be translated to mainstream clinical practice. This requires both larger numbers of participants and larger numbers of trial centres due to issues of researcher bias between centres in existing studies (Bostock et al., 2017; Martin-McGill et al., 2020). Stratifying participants by gene alleles or co-morbidities may also be important to understand which groups these interventions are most effective for. The AC-1202 trial in Alzheimer’s disease only showed benefit in APOE-ε3 carriers (Henderson et al., 2009), and CALERIE reported reduced CRP with CR, which may be useful for specific population subgroups with raised inflammatory markers (Redman and Ravussin, 2011). Moreover, some co-morbidities may interfere with mechanisms of CR, and some may be criteria for exclusion. For example, detrimental effects of CR have been reported in preclinical studies such as immune response to infection, wound healing and decline in bone health, which may make some patients high-risk (Ingram and de Cabo, 2017). Recruiting patients with similar diets prior to the trial is another consideration that may reduce confounding factors (as proved by Li et al., 2019).

Planning of study design and analysis is also critical. Ideally RCTs would be double-blinded, although blinding participants or carers is problematic with diets, and this is an advantage of MCT supplements (Keene, 2006; Henderson et al., 2009). Remarkably few studies measured blood ketone levels or transparently reported these (see Table 1), which will be essential for future meta-analyses and for individuals with at-home monitoring. The length of dietary intervention is another variable. Previous studies in children with epilepsy have reported that KD efficacy can be determined after just 3 months, with no further increase by 6 months, and children who discontinued the KD in the first year maintained a statistically significant long-term improvement, offering reassurance for both researchers and parents in future trials (Marsh et al., 2006; Wu et al., 2016). David et al. (2014) reported rapid changes in microbiome composition of healthy volunteers after just 5 days of switching to a plant-based or animal-based diet, and it would be important to determine whether clinically relevant effects on mood and cognition can be achieved in a matter of weeks rather than years. Standardisation across dietary protocols coordinated by dieticians would ensure safe nutrient balances and allow efficacy to be determined across studies (Wahl et al., 2017). Final analysis considerations include the importance of controlling for weight loss to investigate the effect of metabolic switching alone, and whether efficacy varies between participants of different BMIs.



Limitations of Calorie Restriction and Ketogenic Diet

The concept of eating three meals a day is engrained into our society, and many people are unwilling to fast or to eat precise, calorie-measured portions long-term (Adan et al., 2019). The abundance of food, and the central role of sharing meals in our society and in cultural celebrations also make it difficult to strictly adhere to these restrictive diets. Early studies on starvation by Johns Hopkins University in the 1960s did not realise the effect that small levels of carbohydrate intake by participants (such as from cola drinks) had on their study, until analysing their urinary nitrogen excretion results (Owen, 2005). Analysis of trial results largely relies on participants accurately self-reporting what they ate over the trial, which is complex and error-prone. The CALERIE study on 25% CR found it only achieved 12% reduction in calories at 24 months by participants, demonstrating the difficulty most people find with CR adherence. The KD was hard to adhere to for longer than 2 weeks due to severe cravings for high sugar foods and the difficulty of partaking in social events (Gilbert-Jaramillo et al., 2018). This study was conducted over the Christmas festive period, and so timing of future trials must account for cultural and dietary customs. Studies during religious periods of fasting could be considered although changes to medication timings must also be factored in. However, the positive news from these studies is the potential for efficacy even without strict adherence, making this intervention more applicable to a wider population.

Poor tolerability remains the major challenge for both the study and the roll out of these diets in patient groups. Initial side effects in these trials are commonly a lack of concentration due to preoccupation with food. However, patients can be counselled that these typically disappear within 1 month (Redman and Ravussin, 2011; de Cabo and Mattson, 2019). CALERIE phase 2 had no serious adverse events reported, but more than 20% of participants reported dysmenorrhoea in the CR arm, which may require women to be followed up in clinic more carefully. The KD has been especially hampered by reports of adverse events, and children with epilepsy typically stopped the intervention due to frequent vomiting, constipation and diarrhoea (Martin-McGill et al., 2020). Hyperlipidaemia and slowed growth are also long-term concerns in this young patient group and it is important to monitor children on this diet closely (Maalouf et al., 2009). It has been proposed future trials use the Modified Atkins Diet, which is more palatable with fewer side effects (Martin-McGill et al., 2020). In adults on KD strict adherence can cause halitosis, gastrointestinal complaints, muscle cramps, headaches and nephrolithiasis (O’Neill and Raggi, 2020). Ketone supplements, such as MCTs, may be beneficial in reducing the serious side-effects associated with the KD, but it is worth noting that in the trial of AC-1202 in Alzheimer’s disease patients there was a discontinuation rate of 23% due to adverse events, mostly diarrhoea, flatulence, and dyspepsia (Henderson et al., 2009). It will be important to fully understand the potential harms before advising clinicians to recommend these diets to patients. Qualitative data is also essential to understand what aspects of these dietary interventions patients and carers struggle with if we are to promote adherence beyond the clinical trial setting.




DISCUSSION

Reviewing the cellular mechanisms underlying the effects of these diets on cognition and mental health demonstrates how closely intertwined these processes of inflammation, oxidative stress, mitochondrial function and neuronal function are, and how typically a perturbation in one pathway will affect the other pathways. This is supported by clinical trial data, with reduced markers for energy expenditure, tissue oxidative damage, pro-inflammatory cytokine TNFα and inflammatory marker CRP in the CR group of the CALERIE trial after 24 months (Dorling et al., 2021). Since these diets affect multiple interlinked pathways it is important to understand the risk-benefit ratio of committing to them long-term before recommending them in a clinical setting. It is also important to understand these pathways in different disorders, to ensure interventional studies do not have adverse consequences on brain function.

At present it is difficult to assess whether modulating inflammation in the patient populations discussed would help in replicating or enhancing the therapeutic effects of CR, and additional research into the inflammatory status of these patients is warranted. CR and KD may help in subgroups of patients where systemic inflammation is detected, but may be less effective in patients with low baseline inflammation. Further research focused on understanding the mechanisms may also help elucidate therapeutic interventions that initiate the same benefits as CR and KD without the difficulties associated with maintaining a strict diet (Gasior et al., 2006).

More rigorous RCTs are needed to understand the benefits of these diets, ideally with study variables being standardised, especially a standardised diet programme. The age at which CR or KD need to be commenced, and the length and extent of adherence that is required for a clinically meaningful effect is essential to determine. It is exciting that previous studies have shown positive outcomes in participants that have only adhered to the dietary interventions for varying time periods or discontinued early, such as in trials for epilepsy and cognition. This information could be very important in achieving a minimum level of concordance in trial participants and encouraging patients to attempt a new therapeutic strategy even if they are unsure of their ability to fully commit. It has been proposed that time-restricted feeding may offer benefits independently of any overall CR, and so may be preferable in populations wanting to avoid weight loss or other potential adverse impacts (Ingram and de Cabo, 2017; Balasubramanian et al., 2020). More research into the safety and tolerability of these diets in patient groups is essential due to the common frequency of side effects discussed earlier. With the chronic inflammation and increased risk for disease clinicians should advocate for transitioning away from the Western diet, however until larger clinical studies are published it is not possible to advocate for either the intermittent fasting or KD over other healthy eating diets such as the Mediterranean diet.


Future Directions

Exogenous ketone supplements, such as MCTs, that induce nutritional ketosis pathways are an attractive avenue to offer benefits of KD without the strict dietary adherence. Studies on these so far have shown similar outcomes to dietary manipulation in models of epilepsy and Alzheimer’s disease, and may be able to offer the same neuroprotective effects without any calorie restriction. Henderson et al. (2009) show that blood ketone levels of 0.5 mM resulted in beneficial effects, a similar level as in KD (see Table 1). Rodent models offer a method to study the threshold for ketosis with ketone supplementation in developmental conditions such as epilepsy and autism where restrictive diets will be problematic to implement. These studies show sustained ketosis with ketone supplementation added to a normal diet, reduced seizure activity (Ciarlone et al., 2016; Kovács et al., 2019), reduced anxiety-like behaviours (Ari et al., 2017; Hollis et al., 2018), improved performance on cognitive tasks, and enhanced hippocampal synaptic plasticity (Ciarlone et al., 2016). Dogs with idiopathic epilepsy on anti-seizure medications showed an overall minor reduction of seizures with MCT supplementation into a standard diet, but demonstrated safety alongside medications and no adverse effects (Berk et al., 2020). Although pre-clinical studies suggest supplements had fewer side effects than the diets, one clinical trial that reported on adverse events noted a similar rate of dropouts due to side effects with MCT supplementation as found in KD trials (Henderson et al., 2009). A comprehensive understanding of the mechanisms that CR and KD act through will be critical to identify and test compounds and supplements that can induce the positive outcomes of the diets without the difficulties of adhering to them over a long time. With ketone supplements and home monitoring devices entering the consumer market this will be an interesting branch of lifestyle medicine to follow. Improving palatability of these supplements will be another important challenge for this field.

Another promising intervention could be the manipulation of microbiomes by prebiotic supplements, which are metabolised by probiotic bacteria in the gut. Although more research is needed on how the microbiome affects the brain, prebiotics could be directly beneficial as a monotherapy or could be a useful supplement alongside the KD, which has been found to reduce microbiota diversity (Paoli et al., 2019). Research into the extent of the role of the gut-brain-axis could also be essential for improving the impacts of chronic inflammation on mood in people living with IBD (Mayer, 2011).




CONCLUSION

The preclinical in vivo, small clinical study and larger clinical trial data for CR and KD have been reviewed here and all support a potential benefit for CR and KD diets in several psychiatric disorders, but the quality of evidence is still low. For the contemporary field of nutritional psychiatry to establish a robust evidence-base, a shift from observational and epidemiological studies to interventional and reproducible RCTs is now essential (Adan et al., 2019). Clinicians have little training in diet and nutrition, despite this being a great public health challenge and a key driver of disease. The Mörkl et al. (2021) study suggests that mental health professionals would like more training in nutrition, however, the evidence-based interventions for this teaching are still lacking.

Finally, interventional and epidemiological studies on diet and nutrition demonstrate that healthy eating patterns are associated with good mental health (Firth et al., 2020). As clinicians we need to act on this knowledge and offer better food to our patients in inpatient units, and by extension in any healthcare setting. There is now enough evidence for us to know this could have positive outcomes for some patient groups, and there is no evidence to suggest any undesirable effects. Wider policy implementation, guided by specific studies on mental health and dementia prevention, are needed to promote healthy eating and lifestyle at a national level.
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