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Abstract

The microbiota–gut–brain axis, defined as the bidirectional communica-
tion linking the gut microbiota with the brain, operates through neural,
metabolic, immune, and endocrine signals. It plays an important role inmen-
tal health, regulating stress response, mood, and cognitive function, and is
altered in psychiatric conditions.Although the gutmicrobiota remains stable
during healthy adulthood, it is modifiable by lifestyle, medication, and diet,
making it a tractable target for mental health interventions.Diet is emerging
as a viable option to improve mental health through gut microbiota modula-
tion. Energy-dense, high-fat, and high-sugar diets have been linked to poor
mental health, whereas Mediterranean, fiber-rich, and fermented-food diets
show benefits, possibly through provision of specific nutrients and benefi-
cial microbial metabolites such as short-chain fatty acids. However, more
human research addressing variability and confounding is needed to un-
lock these mechanisms and support personalized/precision nutrition. This
review discusses current evidence and proposes multidisciplinary, rigorous
diet–microbiota–mental health research.
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INTRODUCTION

Mental health disorders are among the leading causes of global disability, with rising prevalence
across age groups and geographical regions (GBD 2019 Mental Disorders Collaborators 2022).
Despite increased pharmacotherapeutic options, treatment outcomes remain suboptimal for many
individuals (Cipriani et al. 2018). In this context, there is growing interest in modifiable lifestyle
factors, such as diet, as potential adjunctive or preventive strategies in mental health care. Indeed,
the field of nutritional psychiatry has emerged as a key area offering tangible strategies for how
diet can be harnessed for mental health benefits ( Jacka 2017). However, the mechanisms through
which diet could modulate mental health conditions are only partially elucidated.

One of the most exciting areas to emerge in the past decades is the potential for the gut micro-
biota (the trillions of microorganisms inhabiting the gastrointestinal tract) to be a key conduit for
how diet affects the host.The human diet shapes the gutmicrobiota through complex interactions,
demanding a systematic and comprehensive approach to understanding this relationship (Diacova
et al. 2025). The gut microbiota plays an important role in host health by synthesizing neuroac-
tive compounds, modulating immune responses (O’Riordan et al. 2025), and influencing nutrient
metabolism (Sanz et al. 2025).Additionally, the gutmicrobiota is a key component of the gut–brain
axis, a bidirectional communication system linking the gut and the central nervous system (CNS)
through neural, endocrine, and immune pathways, including the hypothalamic–pituitary–adrenal
(HPA) axis (Cryan et al. 2019). Given the capacity of gut microbiota to change in response to diet,
it represents a key mechanism through which diet may influence mental health. This review aims
to provide a critical overview of how foods and diet affect mental health via the gut microbiome
by summarizing current knowledge on diet–microbiome interactions and microbiome alterations
in mental health and discussing dietary strategies with the potential to modulate the gut–brain
axis. Furthermore, the review highlights methodological limitations and challenges, and provides
considerations and future directions for advancing the field.

DIET AND THE GUT MICROBIOME

Dietary patterns are key modulators of gut microbiota composition and function, impacting
overall health indices through direct nutritional effects and microbial-driven mechanisms. En-
vironmental factors, geographical differences, and genetics contribute alongside diet in shaping
the gut microbiome, but specific microbial profiles connect diet and host metabolism (Asnicar
et al. 2021).

Plant-Based Diets

Plant-based diets are an umbrella term to describe diets characterized by high intake of foods rich
in fiber, polyphenols, and bioactive compounds and low in saturated fats and that have been linked
to beneficial changes in gut microbiota, including a greater abundance of fiber-degrading bacteria.
Recent metagenomic data from more than 21,000 individuals revealed that vegan and vegetarian
diets are associated with higher levels of short-chain fatty acid (SCFA)-producing taxa such as
Butyricicoccus sp., Lachnospiraceae, and Ruminococcus hominis, whereas omnivorous diets, particularly
those rich in red meat, were enriched in proinflammatory species such as Bilophila wadsworthia,
Alistipes putredinis, and Ruminococcus torques, which have been linked to adverse cardiometabolic
outcomes (Fackelmann et al. 2025). There are notable overlaps between the Mediterranean diet
and plant-based diets, as both have been shown to be protective against cardiovascular diseases
(Hareer et al. 2025) and development of depression (Lee et al. 2025). Additionally, a hallmark
of these diets is their high fiber content, which may lead to similar modulatory effects on gut
microbiota. For instance, increased relative abundance of the genus Prevotella is favored in vegan
and vegetarian diets due to its ability to degrade dietary fibers (Trefflich et al. 2020).

182 Ferri et al.
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The Mediterranean Diet

The Mediterranean diet, which is rich in fruits, vegetables, whole grains, legumes, fish, extra vir-
gin olive oil, and low intake of red meats, has been consistently associated with reduced risk of
cardiometabolic diseases, cancer, cognitive decline, and improved quality of life (Guasch-Ferré
& Willett 2021). Long-term adherence to a Mediterranean-style diet induces subtle yet mean-
ingful shifts in the gut microbiome, favoring an expansion of beneficial taxa such as Prevotella,
Faecalibacterium prausnitzii, Bacteroides cellulosilyticus, and Roseburia spp. while reducing Collinsella
aerofaciens and Ruminococcus torques (Wang et al. 2021). These compositional microbial changes
lead to functional benefits such as enhanced capacity for fiber degradation, SCFA production, and
bile acid metabolism, mechanisms potentially contributing to its cardiometabolic benefits.

Western Diet and Processed Foods

On the other hand, unhealthy dietary patterns, colloquially identified as the Western diet (WD),
are characterized by heavy consumption of animal products, processedmeats, added sugar, sodium,
and saturated fats, and they are poor in their plant-based components such as fruits and vegeta-
bles (Azzam 2021). In recent years, the Nova classification system has been proposed to categorize
foods based on their degree of processing, with ultraprocessed foods (UPFs) identified as a central
component of WDs. UPFs are characterized by additional ingredients such as flavorings, emul-
sifiers, colorings, and preservatives and are designed to be hyperpalatable, convenient, and shelf
stable. They are typically energy-dense, high in added sugars, fats, and salt, and low in fiber and
micronutrients, contributing to adverse health outcomes (Monteiro et al. 2019). TheWD is asso-
ciated with chronic low-grade inflammation, metabolic disturbances, an altered gut microbiome
with reduced diversity and functionality, and lower SCFA production (Ross et al. 2024). Gut mi-
crobiota changes associated with WDs often show a striking depletion of the relative abundance
of Prevotella copri and increased relative abundances of Bacteroides, Ruminococcus, Faecalibacterium,
Alistipes, Blautia, and Bilophila (Ross et al. 2024).

High-Protein Diets

High-protein diets, often defined as diets in which target protein intake is increased from recom-
mended dietary allowance levels up to 3 g/kg of bodyweight, are used to prevent and reverse lean
mass loss, increase satiety, and enhance recovery and promote a positive nitrogen balance in sports
nutrition ( Jäger et al. 2017). Once undigested proteins reach the colon, they undergo microbial
fermentation, influencing gut microbiota composition and metabolic activity, depending on pro-
tein digestibility and amino acid profile. These diets are associated with an increased abundance
of proteolytic bacteria, including Propionibacterium, Clostridium, Bacillus, and Fusobacterium, along
with microbes that thrive on amino acid metabolites via cross-feeding (Ross et al. 2024). A study in
individuals with obesity or overweight reported increasedmicrobial diversity, higher relative abun-
dances of Akkermansia and Bifidobacterium, and reduced Prevotella, underscoring the high-protein
diet’s potential to modulate gut communities and confer metabolic benefits (Dong et al. 2020).
Athletes across multiple disciplines following high-protein diets display specific differences in the
gut microbiome, and they represent a unique demographic group, as they also have high intakes
of carbohydrates and fiber as well, which is reflected in increased Prevotella (Mohr et al. 2020).

Ketogenic Diets

Ketogenic diets (KDs) are characterized by low carbohydrate (often less than 50 g/day), moder-
ate protein, and moderate to high fat intake, which shifts body metabolism toward fat oxidation
and the production of ketone bodies (Kossoff et al. 2018). KDs have unique properties, including

www.annualreviews.org • Feeding Microbes for Mental Health 183
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anti-inflammatory and epigenetic effects, and they can be extensively metabolized by the CNS
(Anderson et al. 2024). KDs were originally developed more than a century ago as an alternative
to fasting for children with epilepsy after it was noticed that this can reduce seizures in some pa-
tients, before the discovery of anticonvulsant medications, and they are still used today (Kossoff
et al. 2018). KDs have been successfully and safely used to treat obesity and related metabolic
disorders (Barrea et al. 2022), but they also have been explored as a therapeutic intervention for
several neuropsychiatric disorders (Anderson et al. 2024). KDs modulate the gut microbiota dif-
ferently than a typical high-fat diet by reducing Actinobacteria and Firmicutes, including several
Bifidobacterium species,while increasing Bacteroidetes, a shift linked to the host-derived ketone body
production (Ang et al. 2020). Moreover, in children with drug-resistant epilepsy, a six-month KD
decreased the abundance of epileptic-associated genera, Bifidobacterium, Akkermansia, Enterococ-
caceae, and Actinomyces, which correlated with symptom improvement and increased fecal SCFA
content (Gong et al. 2021). Preclinical work supports an active role of the gut microbiome in me-
diating the antiepileptic effects of a KD. A study using a mouse model of epilepsy showed that
the gut microbial changes induced by a KD were sufficient to confer seizure resistance, which
was also mirrored in increased hippocampal γ -aminobutyric acid (GABA) levels (Olson et al.
2018). Furthermore, another study demonstrated that when inoculated with the fecal microbiota
from pediatric refractory epilepsy patients, mice on a standard diet had increased susceptibility
to seizures, whereas transplanting the fecal microbiota of the same patients after a KD effectively
increased seizure resistance and produced a specific metabolic signature (Lum et al. 2023).

Diet, the Gut Microbiota, and the Need to Contextualize Dietary Components
Within Whole Diets

To summarize, dietary patterns are associated with distinct gut microbial signatures, despite the
considerable influence of genetics and environmental factors on the gut microbiota. Diet repre-
sents a key modifiable factor, and although dietary patterns are made of numerous foods, certain
specific features, such as extra virgin olive oil in theMediterranean diet, can be used to differentiate
them. Nonetheless, considerable overlap exists among health-promoting diets, for example, high
fiber content, increased polyphenol intake, and low consumption of energy-dense processed foods,
which can be common factors between theMediterranean diet andmore general plant-based diets.
The beneficial effects of the Mediterranean diet are likely mediated in part by these shared com-
ponents, even though these features are not directly captured in scoring systems. Consequently,
to understand the complex relationship between diet, the gut microbiome, and health, it is nec-
essary to examine both foods and specific nutrients without losing sight of the broader overview
of the matrices and contexts in which these components are delivered during habitual whole diet
intakes. The following sections first review current evidence linking the gut microbiome with
mental health and then explore how diet can influence this relationship through modulation of
the microbiota–gut–brain axis.

THE GUT MICROBIOME AT THE INTERSECTION OF DIET
AND MENTAL HEALTH

Mental health conditions such as depressive disorders, anxiety disorders, bipolar disorders (BDs),
schizophrenia spectrum disorders (SSDs), and attention-deficit hyperactivity disorder (ADHD)
are among the most prevalent mental health disorders, and they are often comorbid with physical
illnesses, including metabolic and cardiovascular diseases (GBD 2019 Mental Disorders Col-
laborators 2022). These disorders frequently emerge early in life and contribute to substantial
personal and societal burden (Solmi et al. 2022). Although their pathophysiology is complex and
multifaceted, growing evidence points to an involvement of the gut microbiome.

184 Ferri et al.
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Systematic reviews of observational studies have identified altered microbial communities in
individuals with mental health disorders, typically characterized by a depletion of beneficial taxa
(e.g., Faecalibacterium, Coprococcus), alteration in neurotransmitter-producing taxa, and an enrich-
ment of taxa associated with inflammation or disrupted metabolism (McGuinness et al. 2022).
Moreover, irritable bowel syndrome is highly prevalent across all mental health conditions, affects
symptom severity, and further highlights the involvement of the gut–brain axis (Zhang et al. 2024).
Taken together, these findings suggest a potential role of the gut microbiome in the pathogenesis
or maintenance of psychiatric symptoms.

Finally, although diagnostic categories serve clinical utility, symptom overlap across disorders
and heterogeneity within them suggest that a transdiagnostic approach may better capture mech-
anisms through which the microbiota–gut–brain axis is involved in mental health (Kelly et al.
2018). This section reviews the evidence linking diet, mental health, and the gut microbiome. An
overview of shared and disorder-specific features is provided in Table 1.

Diet and Mental Health

The relationship between diet and mental health has become an area of growing interest, and
although mental health conditions can influence food choices, a growing body of evidence points
toward diet as a modifiable factor affecting mental health (Ribeiro et al. 2022). Numerous obser-
vational studies link healthy dietary patterns to better mental health. Dietary patterns such as the
Mediterranean diet and diets rich in fruits and vegetables contribute to decreased risk of develop-
ing depression in adults (Matison et al. 2021). Similarly, higher dietary quality, which is reflected
by high intake of fruits and vegetables and moderate intake of animal-based products, was found
to be inversely associated with depression in a large sample of younger adults (Ogden et al. 2025).
Although most of the research focuses on depression, emerging evidence suggests broader impli-
cations of diet on mental health. For instance, higher dietary quality has been linked to improved
symptom profiles and treatment response in individuals with BDs (Ashton et al. 2020), and di-
etary patterns rich in fruits and vegetables have been found to be associated with reduced odds of
ADHD (Shareghfarid et al. 2020).

In addition to observational studies, several randomized controlled trials (RCTs) provide
evidence of healthy diets supporting mental health. An RCT demonstrated that a modified
Mediterranean diet induced a clinically meaningful and superior reduction in depressive symp-
toms compared to a control social support intervention ( Jacka et al. 2017). Furthermore, another
RCT showed that the beneficial effects of theMediterranean diet can be extended to young adults
with moderate to severe depression (Bayes et al. 2022). Moreover, a comprehensive lifestyle in-
tervention that includes multiple sessions of dietary education has been shown to be noninferior
to psychotherapy in improving depressive symptoms, further strengthening the potential of nu-
tritional interventions in mental health care (O’Neil et al. 2024). Mechanistically, healthy diets
may improve mental health through correcting suboptimal intakes of macro- and micronutrients.
Also, increased intake of beneficial compounds such as antioxidants improved metabolic health
and reduced chronic low-grade inflammation, which is often found to be increased in mental
health conditions (Yuan et al. 2019). Additionally, one RCT employing a gut-targeted diet rich in
prebiotic and fermented foods showed an improvement in perceived stress, with greater benefits
observed among individuals with a more stable and less volatile microbiota, suggesting that the
gut microbiome is involved as well (Berding et al. 2023).

Although observational research can suffer from reverse causality and residual confounding,
consistent associations and emerging mechanistic data and evidence from RCTs strengthen the
case for healthy diets as a contributing factor to mental health outcomes.

www.annualreviews.org • Feeding Microbes for Mental Health 185
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Poor Dietary Quality and Its Effects on Mental Health

Besides healthy dietary patterns, it is also important to consider diet from a compositional
point of view: higher intake of health-promoting foods typically corresponds to lower intake of
energy-dense, nutrient-poor foods, such as UPFs, and vice versa. Consumption of such foods is
consistently associated with poorermental health (Godos et al. 2023),with foods rich in added sug-
ars and fats and poor in fiber being the most representative. Beyond their macronutrient content,
UPFs are believed to exert additional negative effects on health due to food additives, emulsi-
fiers, and disrupted food matrices, which may impair hunger–satiety regulation, metabolic health,
and gut barrier integrity (Dicken & Batterham 2024), potentially contributing to both increased
chronic low-grade inflammation and worsened mental health.

Added sugars, especially in the form of sugar-sweetened beverages, are well-known to impair
metabolic health and increase adiposity and low-grade inflammation, and they are increasingly
being associated with poorer mental health as well (Lane et al. 2024). Although the specific
mechanisms through which sugar may affect mental health are still underexplored, it has been
hypothesized that consumption of sugar-rich foods represents a self-medication strategy due to
their dampening effect on stress reactivity, thus suggesting a bidirectional relationship between
sugar and mental health that requires further research (Di Polito et al. 2023).

Another core aspect of unhealthy diets is increased fat intake, especially saturated fat, which is
widely present in fatty and processed meats, savory fast foods, and pastries and desserts, which also
contain high levels of added sugars. Saturated fat intake is linked to increased inflammatory sta-
tus, and, indeed, observational studies show an association between higher dietary inflammatory
potential and saturated fat intake with a higher risk of developing anxiety, depression, and neu-
rological disorders (Fu et al. 2025). Moreover, the detrimental effects of high-fat diets on human
health can be rapidly observed after a single meal. Feeding studies show increased postprandial
inflammation, with saturated fats having a stronger proinflammatory effect when compared to
unsaturated fats (Raz et al. 2013). Overall, inflammation represents one of the links between diet
and mental health, but the gut microbiome is likely involved as well. This idea is supported by
the effects of high consumption of these energy-dense and fiber-depleted foods on the gut mi-
crobiome, as decreased abundance of fiber-degrading commensals may impair the gut barrier
function, further increasing endotoxemia, inflammation, and immune dysregulation (Sonnenburg
& Sonnenburg 2014), thus potentially affecting mental health through the gut–brain axis.

MICROBIOTA–GUT–BRAIN AXIS COMMUNICATION: MECHANISMS
OF ACTION

Several interconnectedmechanisms underpin gut–brain axis communication (Figure 1), involving
microbial metabolites, neural pathways, and host neuroendocrine systems; the main pathways are
briefly outlined below.

Microbial Metabolites

The gut barrier, composed of a layer of tightly joined epithelial cells, serves as an interface where
microbial metabolites interact with host immune cells, influencing local and systemic immune
responses, gut barrier function, and neuroimmune signaling (Aburto & Cryan 2024). SCFAs
comprise more than 95% of these gut microbial metabolites, with dietary fiber significantly con-
tributing to their production.SCFAs serve as an energy source to colonocytes, therebymaintaining
gut barrier integrity, but they also exert diverse immunomodulating and neuroactive effects by ac-
tivating G-protein-coupled receptors and inhibiting histone deacetylases (HDACs) (O’Riordan
et al. 2025).
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Figure 1

Mechanisms underlying the microbiota–gut–brain axis communication. The gut microbiota influences host physiology through the
production of neuroactive compounds, short-chain fatty acids (SCFAs), and tryptophan metabolites, which interact with epithelial,
enteroendocrine, immune, and neural cells. These signals can reach the central nervous system through systemic circulation or the
vagus nerve, affecting brain function and behavior. Dietary factors can trigger the release of neuroactive peptides such as glucagon-like
peptide 1 (GLP-1) from enteroendocrine cells (EEC) and shape the gut microbial ecology and gut barrier integrity. When this
equilibrium is disrupted, it can trigger immune activation and release of proinflammatory cytokines such as interleukin-6 (IL-6),
contributing to dysregulation of gut–brain signaling. Abbreviations: 5-HT, serotonin; EC, enterochromaffin; IL-1β, interleukin-1 beta;
PYY, peptide YY; TJPs, tight junction proteins; TNF-α, tumor necrosis factor alpha.

Among these SCFAs, butyrate and, to a lesser extent, propionate inhibit HDACs, a class of en-
zymes heavily involved in epigenetic regulation of inflammatory response and antioxidant defense
systems. These effects are particularly relevant to human health, including mental health, where
a reduced abundance of key butyrate producers is observed alongside increased inflammatory
markers (Table 1).

Additionally, other neurotransmitters produced in the gut include catecholamines, such
as dopamine, adrenaline, and norepinephrine, which are involved in regulating gut function,
mood, attention, motivation, and the stress response (Wiley et al. 2021). Catecholamines also
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mediate host–microbe interactions in the gut, where both enteric neurons and microbial en-
zymes contribute to their synthesis and activation. Furthermore, GABA, the main inhibitory
neurotransmitter in the CNS, can be converted from glutamate by certain bacterial strains such
as Lactobacillus and Bifidobacterium that appear to be differentially abundant across several mental
health disorders (McGuinness et al. 2022).

Serotonin and Tryptophan

The gut–brain axis is also influenced by microbial modulation of the metabolism of amino acids,
most notably tryptophan, the precursor to serotonin (5-HT) and other neuroactive metabolites
(Gheorghe et al. 2019). 5-HT, primarily synthesized in the gut by enterochromaffin cells, influ-
ences gastrointestinal, immune, and neurological functions, with more than 90% of total body
5-HT produced peripherally and acting through diverse receptor subtypes across multiple sys-
tems. Although gut-derived serotonin may play a role in mood regulation via local actions in the
gut, it cannot cross the blood–brain barrier, but the precursor tryptophan can enter the CNS
via amino acid carriers and can be converted into serotonin, thereby influencing mood disor-
ders (Hung et al. 2025). Nevertheless, the primary route of tryptophan metabolism is through
the kynurenine pathway, responsible for approximately 90% of tryptophan degradation, which is
tightly regulated by immune and neuroendocrine signals via enzymes, leading to the production
of neuroactive metabolites like kynurenic acid and quinolinic acid (Kennedy et al. 2017). An al-
tered tryptophan metabolism is evident in mental health conditions; for instance, plasma levels of
these tryptophan catabolites were found to be altered in individuals with mental disorders, with
partial normalization observed upon remission (Brum et al. 2023).

Vagus Nerve

The vagus nerve, a key conduit for bidirectional signaling between the gut and the brain,
modulates not only gastrointestinal and immune functions but also emotional and behavioral
responses (Fülling et al. 2019). As it plays a central role in coordinating gastrointestinal activity,
dietary signals can reach the brain via this pathway, helping regulate food intake. Diets rich
in fat and sugar have been shown to disrupt gut microbiota composition, contributing to gut
inflammation and impaired vagal signaling, partly through increased intestinal permeability and
neuroinflammatory changes, highlighting the gut microbiota’s role in modulating this commu-
nication route (Sen et al. 2017). In mice, the observation that probiotics can alter behavior has
raised the question of whether the gut microbiota can signal through the vagus nerve, offering a
possible mechanism by which certain bacteria communicate with the brain, an idea supported by
preclinical vagotomy studies (Bravo et al. 2011). Although human research is scarce, vagus nerve
stimulation is gaining attention as a potential therapy for neuropsychiatric conditions, including
severe forms of depression, highlighting its relevance in mental health ( Jung et al. 2024). Finally,
it has been recently shown that microbial flagellin can activate neuropod enteroendocrine cells
that result in peptide YY (PYY) release and activation of the vagus nerve to modulate feeding.
This “neurobiotic sense” offers an intriguing mechanism as to how the microbiome can affect
complex behavior (Liu et al. 2025).

The Hypothalamic–Pituitary–Adrenal Axis

The HPA axis, a main regulator of the stress response, influences many body processes, including
neuroendocrine function, immunity, inflammation, and digestion. Inflammatory cytokines stimu-
late CRH release, initiating the HPA axis activation that leads to cortisol release and suppression
of inflammation.Meanwhile, the vagus nerve inhibits the HPA axis through its efferent fibers pro-
jecting to the hypothalamus (Agorastos et al. 2019). Under chronic stress conditions, prolonged
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HPA axis stimulation impairs this feedback system, reducing the vagus nerve inhibitory effect,
which contributes to elevated cortisol levels and diminished anti-inflammatory activity. The HPA
axis is tightly linked to the gut–brain axis with bidirectional influences; microbial modulation of
immune mediators such as TNF-α, IL-1β, and IL-6 can signal to the brain and activate this stress
response (Cussotto et al. 2018). During early life, microbial colonization is essential for proper
HPA axis maturation, and disruptions may lead to long-lasting alterations in stress responsiveness
(Sudo et al. 2004).Moreover, gut dysbiosis has been associated with altered HPA axis activity, sug-
gesting a link between microbial imbalance and chronic stress-related disorders (Cryan & Dinan
2012). There is increasing interest in modulating HPA axis activity through gut-targeted strate-
gies, as SCFAs have been shown to modulate the stress response in humans (Dalile et al. 2020),
thus indicating a potential for microbiota-mediated pathways. Recently, we have also shown that
the microbiota is a key regulator of how the HPA axis is governed by circadian signals (Tofani
et al. 2025). The implications for these findings reinforce that it may not be just what we feed our
microbes, but also when we feed them. Together, these mechanisms reveal how gut–brain com-
munication integrates microbial, immune, and neural signals to shape gastrointestinal and mental
health.

WHOLE FOODS AND THE MICROBIOTA–GUT–BRAIN AXIS: A RECIPE
FOR MENTAL HEALTH

Combining observational evidence from large studies with evidence from RCTs and mechanistic
studies is fundamental to synthesizing and advancing our evidence base for understanding the
relationship between food, the gut microbiome, and mental health. Characteristic microbiome
signatures are linked to dietary patterns and mental health conditions, and healthy diets are linked
to improved mental health outcomes. Specific dietary components, shown in Figure 2, present
as candidates for increasing our understanding of these relationships and inform the design and
testing of evidence-based dietary interventions to improve mental health.

The Complex Role of Dietary Fiber in Mental Health

Dietary fiber is well recognized for its positive effects on human health, and these benefits are
conferred by the physicochemical properties of fiber, such as effects on bowel transit and bile acid
metabolism, as well as from its integration within the food matrix, which delivers polyphenols
and micronutrients (Puhlmann & de Vos 2022). Specific fiber types can undergo microbial
fermentation (e.g., fructo- and galacto-oligosaccharides, resistant starches, pectin, β-glucans) and
exert prebiotic effects by serving as substrates for microbial taxa that produce SCFAs, including
butyrate. One recent study demonstrated that fiber sources rich in resistant starch strongly
predicted fecal butyrate and reduced systemic inflammation with a further modulating effect on
the gut microbiome (Oliver et al. 2024), whereas another study showed that a mixed prebiotic
fiber blend was shown to reduce inflammation and gastrointestinal symptoms and improve mood
in individuals with metabolic syndrome (Hall et al. 2024).Moreover, a mixture of SCFAs has been
shown to reduce HPA axis response to a psychosocial stressor in healthy adults (Dalile et al. 2020),
an effect that was absent when butyrate alone was administered (Dalile et al. 2024). However, the
beneficial effects of fermentable fiber are not universal. Unique host factors, including the gut
microbiota composition and functionality,mediate its immunomodulatory effects. For instance, in
individuals with inflammatory bowel diseases, poorly degraded β-fructans exacerbate gut inflam-
mation (Armstrong et al. 2023). Similarly, healthy individuals with low baseline SCFA-producer
abundance exhibit proinflammatory responses to high-fiber diets (Wastyk et al. 2021), suggesting
that insufficient capacity to metabolize fiber can have potentially broad negative effects on
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Figure 2

(a) Conceptual representation illustrating the intrinsic relationship between diet and brain function. The left hemisphere of the brain is
composed of various fiber- and antioxidant-rich foods, symbolizing the role of dietary components in supporting cognitive and
emotional health, whereas the right hemisphere represents the biological structure of the brain, highlighting the importance of
nutritional factors. (b) Graphical summary of specific dietary components and their potential benefits for brain health and the gut–brain
axis. Foods rich in dietary fiber such as fruits and vegetables provide a substrate for the microbes responsible for producing short-chain
fatty acids (SCFAs), modulating the gut microbiome, and exerting downstream effects on mood, stress regulation, and metabolic health.
Dietary antioxidants, especially found in berries, coffee, and tea, also modulate the gut microbiome and provide benefits for mood and
cognitive function and protection from oxidative stress. Dietary fats offer distinct advantages, as omega-3 fatty acids support mood
regulation and have prebiotic effects, whereas high-fat, low-carbohydrate diets may enhance mood, improve metabolic outcomes, and
potentially reverse cognitive impairments via ketosis and microbiota modulation. Fermented foods, spanning a diverse group including
fermented vegetables, dairy products, and beverages, can improve mental health by modulating gut microbiota, providing live microbes,
and delivering bioactive compounds. Finally, industrial food processing has the potential to enhance the nutritional quality and benefits
of foods, for example, by creating novel functional foods enriched with specific fibers or naturally derived antioxidants. Abbreviation:
ROS, reactive oxygen species.

inflammation. Nonetheless, although epidemiological studies report inverse associations between
total fiber intake and depressive symptoms, RCTs using isolated fiber supplements mostly show
null or inconsistent results (Aslam et al. 2023). This discrepancy suggests that, as opposed to
isolated fiber supplements, it is fiber from whole foods, delivered within its food matrix, that
may enhance its microbial and host effects. Additionally, it is also possible that long-term dietary
habits prime the gut microbiome to positively respond to specific fiber types (Healey et al. 2018).

To summarize, increasing intake of fermentable fiber may support emotional regulation and
stress resilience through mechanisms involving SCFA production, HPA axis modulation, and
inflammatory response. Fiber-rich foods may also mitigate antipsychotic-induced metabolic dis-
turbances, improving weight control and treatment adherence through their effects on satiety and
metabolism (Deehan et al. 2024).However, caution is warranted in individuals receiving stimulant
medications, where appetite suppression may be amplified by fiber intake, fostering unintentional
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weight loss, or, in those with low microbial capacity for fiber fermentation, gastrointestinal dis-
comfort and a proinflammatory response may arise. Consequently, a baseline characterization of
the gut microbiome would be an ideal starting point to fine-tune fiber intake.

Antioxidant-Rich Foods and Their Unexplored Potential

Most dietary antioxidants are derived from fruits, vegetables, and beverages such as coffee and tea.
Their antioxidant capacity derives from a variety of compounds such as tocopherols, carotenoids,
ascorbic acid, and polyphenols. Phenolic compounds are particularly interesting under the lens of
the gut–brain axis interactions due to their poor small intestinal absorption, as only 5–10% are
absorbed as a monomeric form, thus leaving the majority available for microbial metabolism in
the colon (Ross et al. 2024).

In this context, the gut microbiome plays a central role in converting dietary polyphe-
nols into low-molecular-weight bioactive metabolites, which can influence both host physiology
and microbial ecology, promoting the growth of beneficial taxa, including Bifidobacterium and
Akkermansia, and butyrate-producing genera, such as Clostridium and Anaerobutyricum (Lessard-
Lord et al. 2024), which may improve gut barrier integrity, reduce inflammation, and potentially
exert neuroprotective effects through modulation of the gut–brain axis.

Consistent with these mechanisms, polyphenols can beneficially affect mental health, as di-
ets rich in polyphenols have been linked to improved mood and cognitive function (Lamport
& Williams 2020), and meta-analyses indicate that polyphenol supplementation can reduce de-
pressive symptoms, with less reliable effects observed for anxiety and quality of life (Lin et al.
2021).Naturally derived polyphenols prevented depressive- and anxiety-like behaviors in rats sub-
jected to early-life stress, possibly through modulation of the HPA axis, rescue of brain-derived
neurotrophic factor levels, and alterations in gut microbiota composition (Donoso et al. 2020).
Antioxidant-rich foods are of particular interest for individuals with increased oxidative stress
and cognitive dysfunction, such as in ADHD and SSDs. Improved cognitive function due to
polyphenol intake could potentially reduce reliance on stimulant medications or mitigate cogni-
tive deficits associated with antipsychotic use. Furthermore, polyphenols may attenuate oxidative
stress related to antipsychotic-induced metabolic dysfunction via both direct antioxidant action
and microbiome-mediated pathways, although all these applications are speculative and need fur-
ther research to explore this option. Where increasing antioxidant intake through whole foods is
not feasible, polyphenol-rich beverages, such as coffee, tea, green tea, and cocoa, offer a con-
venient and effective way to deliver antioxidants. Despite these promising findings, however,
challenges remain in translating them into interventions, as polyphenols exhibit poor stability and
bioavailability when administered as isolated supplements, limiting their therapeutic potential.

Omega-3 Fatty Acids

Omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty acids (PUFAs) are essential dietary fats
involved in immune regulation, cellular signaling, and neurodevelopment. Although n-6 PUFAs
are often viewed as proinflammatory, interventional studies show their effects are either neutral or
beneficial ( Johnson & Fritsche 2012). Additionally, rather than their absolute intake, the n-6:n-3
ratio is often considered as an indicator of inflammatory potential, with low n-3 intake being the
main concern (Calder 2018).

Common dietary sources of n-3 fatty acids include alpha-linolenic acid (ALA), found in plant
sources such as walnuts and rapeseed oil, and eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), predominantly obtained from oily fish. Although ALA is considered essential, its
conversion to EPA and DHA in humans is very limited (Plourde & Cunnane 2007) and most
health benefits associated with n-3 fatty acids are attributed to EPA and DHA.

192 Ferri et al.



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
21

2.
12

9.
74

.1
58

 O
n:

 T
ue

, 1
2 

M
ay

 2
02

6 
08

:4
4:

57

FO17_Art08_Cryan ARjats.cls April 6, 2026 8:22

EPA and DHA have demonstrated immunomodulatory and anti-inflammatory properties;
thus, their use for improvingmental health through alternative means gained considerable interest
in psychiatry.Meta-analytic evidence suggests that supplementation with 1–2 g/day of EPA+DHA
can reduce depressive symptoms, particularly in individuals with elevated inflammation or low
baseline n-3 status (Kelaiditis et al. 2023). However, although depression appears to reliably ben-
efit from n-3 supplementation, no consistent effects have been observed for manic symptoms in
BDs (Sarris et al. 2012), psychotic symptoms in SSDs (Montazer et al. 2022), or core symptoms
in ADHD (Liu et al. 2023).

Emerging research suggests that n-3 fatty acids modulate the gut microbiota. Preclinical work
has demonstrated reduced inflammation and depressive behavior in mice fed a high n-3 diet,
and these changes were accompanied by greater fecal Bifidobacterium and Lactobacillus abundance,
which contribute to modulation of immunity, gut permeability, and neurotransmitter synthesis
(Robertson et al. 2017). In humans, supplementation with fish oil has been shown to increase
the abundance of SCFA-producing taxa such as Coprococcus and Bacteroides and reduce Collinsella, a
genus linked to steatohepatitis (Vijay et al. 2021).Another study showed an increased abundance of
the SCFA-producing bacteria Bifidobacterium,Roseburia, and Lactobacillus after 12 weeks of n-3 sup-
plementation, although these effects vanished upon washout (Watson et al. 2018). Taken together,
these findings suggest a possible prebiotic-like effect of marine n-3 fatty acids, with potential ap-
plications to restore SCFA-producing taxa, although it is currently unknown to what extent these
microbiota-induced changes explain their anti-inflammatory and immunomodulatory effects.

Ketogenic Diets

On a more macroscopic level, high intakes of dietary fats show promising results in improv-
ing mental health, as in the case of the KDs, with limited clinical data suggesting potential
benefits of KDs in BDs, major depressive disorder, and SSDs (Dietch et al. 2023). Mechanisti-
cally, KDs modulate glutamate and GABA metabolism, support brain energetics through ketone
metabolism, and reduce oxidative stress through HDAC inhibition, all of which are implicated
in these disorders (Campbell et al. 2025). Additionally, emerging evidence points out unique
microbiome-mediated effects of KDs, as they have been shown to downregulate proinflammatory
Th17 cells (Ang et al. 2020), amechanism potentially relevant for conditions such as SSDs in which
Th17-related inflammation is implicated (Varun et al. 2019). Although SCFA production may de-
cline on classic KDs due to low fiber intake, aMediterranean-style KD has been shown to increase
Akkermansia abundance and fecal butyrate in both healthy and cognitively impaired individuals
(Nagpal et al. 2019), supporting the idea that specific dietarymodifications of the KDmay enhance
its therapeutic potential.

Additionally, KDs may improve cognitive function (Chinna-Meyyappan et al. 2023) and mood
stability without directly affecting dopaminergic tone, unlike antipsychoticmedications (Anderson
et al. 2024). This feature is particularly attractive for improving not only positive and negative
symptoms of SSDs but also impulsivity, emotional regulation, and cognitive function in ADHD,
although specific studies are currently lacking. These features, along with their metabolic benefits
(e.g., weight loss, improved insulin sensitivity), make KDs attractive for counteracting metabolic
disturbances.

However, KDs are not a panacea and carry significant risks, and they require medical super-
vision due to risks such as electrolyte imbalance, nephrolithiasis, dyslipidemia, gastrointestinal
side effects, and possible interaction with medications (Tagliabue et al. 2024). These issues can be
mitigated by increasing the unsaturated:saturated fats ratio or by lowering fat intake and increas-
ing protein intake (e.g., modified Atkins diet) to enhance adherence and reduce adverse effects
(Kossoff et al. 2018). Fiber enrichment of KDs, although largely unexplored, may also improve
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microbiota diversity and mitigate side effects. Preclinical evidence supports increased efficacy of
a KD with fiber in a rodent model of epilepsy (Özcan et al. 2025), suggesting a synergistic effect.
When a KD is not feasible, safe, or well-tolerated, exogenous ketone ormedium-chain triglyceride
supplementation can provide a viable alternative to achieve ketosis (Falkenhain et al. 2023). Taken
together, carefully designed KDs represent a promising, yet underexplored, avenue for improving
mental health outcomes and inflammation and potentially reducing pharmacological burden.

Ultraprocessed Foods: The Janus Face of the Western Diet

Epidemiological studies have consistently linked high UPF consumption with increased risks for
obesity, cardiometabolic diseases, and poor mental health (Tessier et al. 2025). These associations
have sparked a growing interest in the potential adverse effects of UPFs on the gut microbiota
and, therefore, the microbiota–gut–brain axis.

However, a causal relationship between UPFs and health is still largely unexplored. The few
available controlled trials do not strongly support an intrinsic deleterious effect of UPFs. For ex-
ample, in a metabolic ward study, Hall et al. (2019) demonstrated that participants consuming
an isocaloric UPF-based diet gained weight compared to those on an unprocessed diet, despite
matching macronutrients and fiber content. This effect is readily explained by higher ad libitum
food intake driven by greater energy density and palatability of the diet, not necessarily due to in-
trinsic properties of UPFs. This has been demonstrated by a recent randomized feeding study, in
which meals with progressively higher energy density resulted in a progressive increase in energy
intake (Lasschuijt et al. 2025). Therefore, these behavioral and contextual factors are good candi-
dates that can account for these observed associations ofUPF intake and negative health outcomes.

Links betweenUPF and themicrobiota–gut–brain axis require further experimental validation.
An in vitro model of the human colon suggests that certain food additives, such as carrageenan and
polysorbate-80, may impair gut barrier integrity and induce low-grade inflammation (Naimi et al.
2021). However, many additives present in UPFs are chemically identical to compounds naturally
occurring in whole foods (e.g., citric acid, lecithin, pectin, anthocyanins, carotenoids) with well-
known neutral or positive health effects, thus raising doubts about the relevance of these additives
in mediating negative health effects of UPFs. Furthermore, commonly employed emulsifiers like
soy lecithin and mono-/diglycerides do not exhibit negative effects on gut function and ecology
(Naimi et al. 2021).

A further limitation lies in the Nova classification itself, which lacks clarity and reliability and
relies on processing level rather than nutritional content, which results in misclassification of
nutrient-rich items such as fortified cereals, whole-grain breads, or plant-based meat alternatives
as UPFs, despite their potential metabolic benefits (Visioli et al. 2025). Paradoxically, reformula-
tion practices, such as fiber enrichment and micronutrient fortification, can increase a food’s Nova
category, even when nutritional quality is clearly improved (McClements 2024). Furthermore,
processing technologies allow for the incorporation of beneficial ingredients, such as prebiotic
fiber blends that selectively promote SCFA-producing taxa and improve intestinal barrier integrity
(Cantu-Jungles et al. 2025).Moreover, complexes of phenolic compounds and starches can reduce
glycemic load, enhance antioxidant bioavailability, and increase the growth of Lactobacillus rham-
nosus and Bifidobacterium bifidum while inhibiting the growth of Escherichia coli, thus conferring
prebiotic effects (Cai et al. 2024).

Additionally,UPF-mental health associationsmay be confounded by social and behavioral vari-
ables (Konttinen et al. 2019). Individuals experiencing psychological distress and in difficult life
situations may increase their intake of convenient and affordable UPFs, displacing more nutrient-
dense foods, making it a problem of nutritional inadequacy rather than an intrinsic negative effect
of UPFs. Reverse causality is thus a concern in observational studies, which dominate this field,
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and, currently, there is no direct evidence linking UPF intake to changes in the gut microbiome
that would mediate adverse mental health outcomes. In summary, rather than considering all
processed foods harmful, efforts should focus on distinguishing between detrimental and func-
tionally beneficial formulations. A more biologically meaningful classification system, integrating
processing characteristics with nutritional, microbial, and metabolic outcomes, is essential for im-
proving our limited understanding of the effects of UPFs on human health. Finally, rigorous,
well-controlled randomized trials are needed to disentangle the intrinsic effects of UPFs from
other dietary and behavioral factors and to elucidate their direct effect on the gut microbiome
(Whelan et al. 2024).

Fermented Foods as Microbial Modulators of Mental Health

Fermented foods are defined as foods made through desired microbial growth and enzymatic con-
versions of food components involving bacteria, yeasts, or molds (Marco et al. 2021). Common
examples include yogurt, kefir, kimchi, and sauerkraut. These foods are increasingly investigated
for their effects on human health, including metabolic, gastrointestinal, and even mental health
outcomes (Balasubramanian et al. 2024).Observational studies associate fermented food consump-
tion, especially yogurt, with reduced risk of depression (Luo et al. 2023), and intervention studies
report a reduction in inflammatory status and increased gut microbiota diversity for a variety of
fermented foods (Wastyk et al. 2021).

The health benefits of fermented foods derive from multiple mechanisms. These include
the delivery of live microorganisms (e.g., Lactobacillus, Bifidobacterium) and microbial metabolites
such as SCFAs and indole derivatives, increased gut microbial diversity, enhanced micronutri-
ent bioavailability (e.g., B vitamins, vitamin K2), and transformation of polyphenols into more
bioavailable forms (Valentino et al. 2024). Fermented foods have also been shown to improve
several aspects of brain function relevant for mental health. For example, kefir consumption has
improved hippocampal-dependent cognition in humans (Cannavale et al. 2023), and combined
interventions using fermented and prebiotic-rich foods in healthy individuals reduced perceived
stress, particularly in individuals with resilient microbiota profiles (Berding et al. 2023).

Interestingly, live microbes may not always be necessary to confer benefit. In an RCT, pasteur-
ized sauerkraut improved gut symptoms and was more effective than live variants in increasing
fecal SCFA concentrations (Schropp et al. 2025), indicating that prebiotic effects and bacterial
components (postbiotics) may be sufficient to produce some of the health benefits.

Fermented foods also offer unique opportunities to improve mental health. Their global
availability and cultural adaptability make them suitable for diverse cultural and geographical
backgrounds. From a clinical perspective, fermented foods should be evaluated as an option to
mitigate antipsychotic-induced metabolic dysfunction and support cognitive function through
microbiota-mediated pathways, which could be especially beneficial in ADHD and SSDs. Fer-
mented foods may also potentially rescue a microbiome depleted by psychotropic medication and
potentially enhance the response to fiber-based dietary interventions by increasing the abundance
of SCFA-producing taxa. These considerations, however, remain speculative.

Despite their multifaceted effects on human health, fermented foods may not always be bene-
ficial, as the fermentation process naturally yields biogenic amines such as histamine, which may
cause adverse reactions. Impaired amine degradation capacity, genetics, gut dysbiosis, and medi-
cation use contribute to an increased risk of adverse symptoms, including anxiety, headaches, and
gastrointestinal distress (Yang et al. 2024). Additionally, the high sodium content of fermented
foods may pose risks for individuals sensitive to salt, although it remains unclear whether sodium
from fermented sources has the same cardiometabolic impact as sodium from processed foods or
if increased sodium intake from fermented foods evens out sodium intake from other sources.
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Overall, fermented foods represent a promising but still under-researched tool for supporting
gut–brain axis function and mental health. Their effects are modulated by individual microbiota
composition, fermentation type, and matrix components. As such, interventions involving fer-
mented foods need personalization, particularly in populations with neuropsychiatric conditions
and in individuals sensitive to biogenic amines.

DIET AND THE MICROBIOTA–GUT–BRAIN AXIS: SYNTHESIS
AND PERSPECTIVES

Taken together, the evidence suggests that specific dietary components, namely, fiber, antioxidant-
rich foods, fermented foods, and dietary fat manipulation through n-3 and ketogenic therapies,
may beneficially influence mental health through direct effects and microbiota-mediated mech-
anisms. Although observational studies provide evidence of diet and mental health relationships,
causal evidence from interventional studies is promising but remains underexplored, particularly
regarding the involvement of the microbiota–gut–brain axis (for a summary of these studies, see
Table 2). Nutritional interventions hold the potential as adjunctive strategies in the management
of mental health by supporting unmet therapeutic targets such as rescuing cognitive function,
reducing reliance on medications, and reducing side effects. The following section discusses cur-
rent limitations, unexplored options, and future directions necessary to advance the study of
diet–microbiome–brain interactions and move the field forward.

DISCUSSION AND FUTURE PERSPECTIVES

Measurement and Inference Challenges in Diet and Mental Health Research

Interpreting diet–gut microbiome relationships requires careful consideration of measurement
error. Every dietary assessment method is prone to different types of measurement error and mis-
reporting rates reaching up to 50% compared to the estimated true intake (Bajunaid et al. 2025).
The choice of a dietary assessment tool should be based on the research question, timeframe, and
target population, as methods (e.g., 24-hour recall, food frequency questionnaires) are not equiv-
alent and they can easily lead to invalid inferences. Similarly, psychometric instruments used to
assess mental health outcomes are also subject to measurement error. As these inaccuracies can
attenuate observed effects and introduce bias, advanced statistical modeling approaches, including
Bayesian and latent variable models (Merkle &Wang 2018), may offer alternative options to deal
with these issues, but they still remain underutilized.

The Complexity of Integrating Nutritional Data with the Gut Microbiome

Themultidimensionality of nutrition data often precludes the use of the full information provided
and instead calls for selecting a smaller set of variables, which is achieved with data reduction
techniques or by using dietary indices. Although easily applicable and reproducible, dietary indices
have ceiling effects and ignore the contribution of what is not included in the dietary pattern
score, and this can be particularly limiting given the compositional nature of dietary data and all
the possible interactions between foods and human health ( Johnson 2023). Moreover, as dietary
indices do not account for the compositional nature of diet, data-driven or a posteriori approaches
may be preferable and have been shown to better link diet–gutmicrobiome composition (Cotillard
et al. 2022). An emerging concept, dietary diversity, offers a unique alternative by better capturing
nuanced differences in food intake and more meaningfully integrating it with microbiome data
( Johnson 2023). Fiber intake may especially benefit from this approach, as not all sources are
created equal and different foods provide different types of fiber; hence, simply considering total
fiber intakemay be too reductive.Additionally, the timing of dietary assessment and stool sampling
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is extremely important, as the relationships between diet and the gut microbiota vary depending
on whether proximal or habitual dietary intake was assessed, leading to different results (Simm
et al. 2025); thus, repeated stool sampling and careful choice of the dietary assessment tool are
paramount in minimizing the impact of such potential confounds.

Inconsistent Findings of the Gut Microbiome Across Mental Health

Certain microbial taxa (e.g.,Ruminococcus,Prevotella) are frequently associated with health, but tax-
onomic classification at the genus level may not be sufficient to correctly interpret findings. For
example, although Ruminococcaceae are found to be reduced across mental health conditions, stud-
ies on ADHD reported inconsistent findings, sometimes with increased Ruminococcaceae (Lee et al.
2022). A possible explanation is that although Ruminococcus bromii is a known butyrate producer,
Ruminococcus gnavus lacks this function and it is linked to inflammation (Crost et al. 2023). Simi-
larly, Prevotella is often well represented in the gut of healthy individuals, whereas it is depleted in
those with several mental health disorders but increased in those with SSDs (Murray et al. 2023).
This puzzling evidence may be explained by subtle differences within the taxa, as Prevotella can
be associated with plant-based diets and metabolic health, but strain-specific forms of P. copri can
exacerbate inflammation (Abdelsalam et al. 2023). Moreover, some specific microbial signatures
within the samemental health condition are not reliably observed between studies, suggesting that
differences in the population sampled (e.g., geographic location, medication use), diet, and men-
tal health phenotypes (e.g., depression subtype, comorbidities) may account for such differences
(Nikolova et al. 2021). Shared features acrossmental health disorders, such as emotional dysregula-
tion or cognitive deficits, point toward a transdiagnostic approach tomental health disorders.This
is consistent with findings in genetic research on mental health disorders (Bourque et al. 2024),
suggesting common underlying biological pathways, and this is paralleled by overlapping micro-
bial signatures. Finally, stool microbial load can significantly affect analytical readouts, further
increasing uncertainty in establishing gut microbiome–health associations (Nishijima et al. 2025).

How to Move Diet, Gut Microbiome, and Mental Health Research Forward

Given the complexity of diet, gut microbiome, and brain interactions, a multidisciplinary approach
is essential (Diacova et al. 2025, Marx et al. 2024). Dietitians are crucial for dietary intervention
design and adherence and in providing expertise in nutritional studies. Similarly, psychologists
provide unique expertise in psychometrics, selecting and implementing the most appropriate tools
to assess various aspects of mental health and cognitive function, and biostatisticians have a funda-
mental role in guiding outcome selection, study design, and analysis to maximize efficient resource
use given the common constraints of human research. Finally, given the increased interest and
demand to improve our food system, food technologists can effectively support functional food
design and development (McClements 2024).

From a methodological perspective, increasing reliability of dietary assessment is paramount
(Ottaviani et al. 2025), and although biomarkers of food intake can effectively increase accuracy in
estimating nutritional intake, the current state of the research is still facing numerous challenges.
A growing area of research is focusing on improving dietary assessment methods using advanced
machine learning models and food identification through pictures, aiming to overcome human
errors andmisreporting (Cofre et al. 2025).Gutmicrobiome analysis would benefit from improved
standardization of analytical techniques, bioinformatics pipelines, and sampling from larger and
more diverse populations, all of which are necessary advances to establish accurate inferences
about microbiome–human health relationships and support impactful research ( Joos et al. 2025).
Finally, growing evidence supports a paradigm shift in mental health care and research looking
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at a broader, integrated perspective and the need to update symptomatology measurements by
including outcomes that matter to the patients (Veal et al. 2024).

Traditionally, although RCTs are considered the gold standard for inferring causality, they of-
ten face limitations such as smaller than planned sample sizes, challenges in blinding, the placebo
effect, and inadequate exposure to a dietary intervention (Ludwig et al. 2025), all contributing to
inconsistencies in their findings. Observational research is often only seen as just a mere asso-
ciation between variables, but when properly designed and executed, it can provide support for
causal relationships (Igelström et al. 2022), thus providing valuable and complementary evidence
to interventional research. For instance, formal tools such as directed acyclic graphs help clarify

KEY FUTURE DIRECTIONS

METHODOLOGICAL ADVANCES

THERAPEUTIC OPPORTUNITIES

METHODOLOGICAL CHALLENGES

Gut microbiome analysis
and classification

Causality in 
microbiome research

Dietary assessment
challenges

Mental health
heterogeneity

Standardized analysis
and bioinformatics

Aligning dietary assessment
with stool collection timing

Small samples and
short interventions

Whole dietary approaches
versus single nutrients

Gaps in current mental
health treatments

Lifestyle integration in psychiatry

Diagnostic and food
intake biomarker

discovery and validation

Multidisciplinary
research teams

Multicenter and
longitudinal studies

Personalized nutrition
guided by microbiome

Novel food design

Observational data
integration

Figure 3

Overview of methodological challenges, advances, therapeutic opportunities, and future directions in the study of diet, the gut
microbiome, and brain health. Top left: Methodological challenges include heterogeneity in gut microbiome analysis, small sample
sizes and short intervention durations, heterogeneity in mental health disorders and outcomes, and dietary assessment difficulties,
which all contribute to current challenges in establishing causality in the gut microbiome field. Top right: Methodological advances
such as standardized analysis pipelines, biomarker discovery, improved dietary assessment tools aligned with stool collection timing, and
integration of complementary evidence from large-scale observational data are needed to help address current limitations. Bottom left:
Therapeutic opportunities in mental health care include filling the gaps in mental health treatment, providing alternative or
complementary therapies such as diet and other lifestyle-based strategies in psychiatric care, and emphasizing whole-diet approaches.
Bottom right: Key future directions highlight the importance of multidisciplinary research teams, novel food design to improve the
nutritional profile of foods, multicenter and longitudinal studies to increase statistical power, and the development of personalized
nutrition strategies informed by gut microbiome profiles.
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assumptions and relationships between variables and identify potential sources of bias, especially
when combined with longitudinal data and appropriate modeling strategies.

In conclusion, although extensive evidence links food and mental health, diet and the gut mi-
crobiome, or mental health and the gut microbiome, very little research integrates these three
closely related aspects of human health. At the current stage, many questions surrounding the re-
search on food, the gut microbiome, and mental health still need to be answered. This field now
needs robust, reproducible evidence, improved analytical techniques, more robust methodology,
and interdisciplinary collaboration (for a summary, see Figure 3).

This research area holds promise for addressing gaps in mental health care, as dietary inter-
ventions may offer an accessible and cost-effective strategy (Chatterton et al. 2018), especially
for selected individuals who face barriers to conventional treatments such as psychotherapy
or pharmacotherapy due to costs, availability, and waiting times. As gut microbiome research
keeps steadily advancing, it offers new perspectives on and insights into the intricate relation-
ship between diet and mental health and is paving the way for personalized/precision nutritional
approaches to improve mental health.
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