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A B S T R A C T

Current treatment for schizophrenia-spectrum disorders focusses primarily on psychotropic medication to treat
symptoms, though their efficacy varies between patients and psychotropic medication is often accompanied by
severe side effects. Nutritional interventions to prevent and treat mental illness have received considerable
attention over recent years. However, evidence for nutritional interventions in schizophrenia-spectrum disorders
remains limited in quantity and quality. Pathways currently in focus include: i) nutritional deficits and impair-
ments in glucose metabolism, ii) inflammation and immune dysregulation (also known from the mild encephalitis
hypothesis), and iii) altered gut microbiota. All of which appear to be interconnected. Key limiting factors for
advancing research in this field are research challenges associated with assessing and interpreting inflammatory
profiles, microbiota and subjective nutritional assessments, which is further complicated by illness characteristics.
This review describes the state of evidence for key hypotheses, including underlying mechanisms, implicated in
schizophrenia-spectrum disorders, the challenges in nutritional psychiatry research and the current state of
nutrition interventions in mental healthcare.
1. Introduction

Schizophrenia-spectrum disorders are of unknown aetiology and
current treatments can often be suboptimal. Treatment is based on
antipsychotic medication which target positive symptoms of psychosis,
however negative symptoms, and cognitive and functional impairment,
fail to adequately improve. In addition, antipsychotic medications have
significant side effects (Patel et al., 2014). Novel strategies to prevent and
treat these disorders are of significant interest.

Nutritional interventions in psychiatry have received considerable
attention over recent years including both nutrient supplementation and
specific dietary strategies to prevent and treat mental illness (Firth et al.,
2019a, 2019b). The vast majority has focussed on high-prevalence
mental illness (depression and anxiety), however attention is turning to
disorders such as schizophrenia and related psychoses. Varying hypoth-
eses have been presented, some of which may be interrelated, however
require further research for understanding. These include the
microbiota-gut-brain axis (MGBA), immune dysregulation and dietary
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inflammation potential, nutritional deficits and impairments in glucose
metabolism. It is notable that furthering the understanding in this field
has been limited by a range of challenges in completing, interpreting and
demonstrating clinical applicability of research studies in nutritional
psychiatry.

Despite the evidence for effects on symptomatology and cognition
being in its infancy, nutrition interventions are now accepted as a core
strategy in mental healthcare to combat the physical health inequalities
and life-expectancy gap in people with psychotic-spectrum disorders
(World Health Organisation (WHO), 2018). Physical health has long
been neglected in people with schizophrenia-spectrum leading to
significantly higher rates of non-communicable diseases such as obesity,
diabetes and cardiovascular disease, fuelling a significant reduction in
life-expectancy (Firth et al., 2019c). This has resulted from a complex
interplay of medication side-effects, symptoms, cognitive impairments,
unhealthy lifestyle, lack of physical health support and diagnostic over-
shadowing (Firth et al., 2019c). The recent movement to provide
adequate physical health support to people with schizophrenia-spectrum
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Fig. 1. Triangle of Nutrients, Inflammation and gut-microbiota in
schizophrenia-spectrum disorders (This figure was created with bior
ender.com).
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disorders has clearly defined a role for nutrition interventions in mental
health services (World Health Organisation (WHO), 2018). This presents
an ideal scenario to test the effects of nutrition interventions as adjunc-
tive treatments for positive and negative symptoms, and cognitive im-
pairments in people with schizophrenia-spectrum disorders. This review
describes key hypothesised underlying cellular and molecular mecha-
nisms implicated in schizophrenia-spectrum disorders, the challenges in
nutritional psychiatry research and the current state of nutrition in-
terventions in mental healthcare.

2. Pathways

There are several potential pathways how diet might be associated
with psychosis: 1st nutrients, 2nd inflammation and 3rd gut microbiota
(see Fig. 1). Certain serum nutrients are lower in in people with
schizophrenia-spectrum disorders, possibly due to poor dietary quality or
issues with absorption. Inflammation is associated with schizophrenia-
spectrum disorders and the dietary intake of this population appears to
have high potential to increase inflammation. The MGBA is a bi-
directional pathway system connecting the intestinal flora and central
nervous system (Sharon et al., 2016). People with schizophrenia have
been found to have disturbances of the MGBA. Several interactions be-
tween the gut and the brain have been observed, including vagal nerve
activation, immune system modification, the synthesis of neurotrans-
mitters and alterations of neurotransmitter pathways (Wang et al., 2019;
Kaelberer et al., 2018).
2.1. Nutrients in psychosis-spectrum disorders

Nutrient deficiencies, as a result of insufficient dietary intake or
inadequate absorption, are a risk factor for mental disorders and may
play a role in developing a psychotic illness and enduring schizophrenia
(Sarris et al., 2015). Numerous meta-analyses have explored whether
there are serum vitamin and mineral level deficits in people with
schizophrenia compared to people without mental illness (Wang et al.,
2016; Cao et al., 2016a, 2016b; Valipour et al., 2014; Firth et al., 2018a).

Folate (B9), B6 and B12 are vitamins important for DNA synthesis and
cell division as well as RNA transcription and subsequent protein syn-
thesis. These B vitamins are thought to be implicated in the development
of schizophrenia, primarily through the altered one-carbon metabolism
cycle hypothesis (Kale et al., 2010). This pathway depends on these three
vitamins to create precursors to DNA. Altered one-carbon metabolism is
primarily due to altered levels of these nutrients and results in increased
levels of homocysteine altering DNA methylation.
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Hyperhomocysteinemia leads to vasculopathies such as disruption of the
blood brain barrier, neurodegeneration and schizophrenia (Kalani et al.,
2014).

A 2016 meta-analysis of case-control studies and a cross-sectional
study found that decreased serum folate was associated with schizo-
phrenia (26 studies, WMD ¼ �1.57, 95% CI -2.11 to �1.02, p < 0.001)
(Wang et al., 2016). This was confirmed in a second meta-analysis of
case-control studies limited to the English language which found signif-
icantly lower levels of serum folate in people with schizophrenia (n ¼
1463) compared to nonpsychiatric controls (n¼ 1276), (20 studies, SMD
¼ �0.57, 95% CI -0.76 to �0.37, p < 0.001) (Cao et al., 2016a). Further,
an 2018 umbrella review of meta-analyses of associations between
non-genetic risk factors and schizophrenia spectrum disorders found
robust evidence for low serum folate level as a risk factor for schizo-
phrenia (Belbasis et al., 2018). A meta-analysis of case-control studies
and Mendelian randomisation analysis of serum B6 levels in people with
schizophrenia compared to nonpsychiatric controls found B6 levels were
significantly lower in people with schizophrenia (n ¼ 840) compared to
controls (n ¼ 1285), (SMD ¼ 0.48, 95% CI -0.57 to �0.39), however the
Mendelian randomisation analysis was unable to find a causal relation-
ship between B6 and schizophrenia (Tomioka et al., 2018). The evidence
for serum B12 deficits in people with schizophrenia is less clear. A 2016
meta-analysis of case-control and cohort studies found no statistically
significant difference in serum levels between people with schizophrenia
(n ¼ 1092) and nonpsychiatric controls (n ¼ 1021), (13 studies, SMD ¼
0.09, 95% CI -0.03 to 0.22, p ¼ 0.067) (Cao et al., 2016b). In fact, the
mean serum level of B12 in people with schizophrenia was numerically
higher than in the nonpsychiatric controls. This suggests that while
vitamin B12 plays a key role in brain development and function, the
evidence with which vitamin B12 deficiencies are implicated in the
development of schizophrenia is limited.

The same umbrella reviewwhich found robust evidence for low folate
as a risk factor for schizophrenia, also found robust evidence for low
vitamin D status as a risk factor for schizophrenia (Belbasis et al., 2018).

Vitamin D has a major role in calcium and phosphate homeostasis and
metabolism and thus, various mechanisms of action are conceivable.
Vitamin D is an essential neurosteroid which modulates neurotransmit-
ters and neurotrophic factors, hence influencing brain plasticity (Garcion
et al., 2002). Epidemiological data demonstrates that the risk of devel-
oping schizophrenia is higher in winter or spring season of birth, living in
high latitude versus low latitude, early life urban residency and migrant
status, which is in line with the risks for vitamin D deficiency (Eyles et al.,
2018; Saha et al., 2006; Vassos et al., 2012). Vitamin D deficiency, which
is highly prevalent in schizophrenia, is associated with a range of rele-
vant outcomes, most importantly, neurochemical and behavioural al-
terations (Ryan et al., 2015). The suggested biological mechanism by
which vitamin D deficiency is involved in the development of schizo-
phrenia focusses on the expression of vitamin D receptors in relevant
areas of the brain including the dopaminergic system (Ryan et al., 2015;
Chiang et al., 2016). A 2014 systematic review and meta-analysis of
studies assessing serum vitamin D in people with schizophrenia had three
key findings (Valipour et al., 2014). First, mean serum vitamin D levels
were significantly lower in people with schizophrenia compared to
non-psychiatric controls (13 studies, mean difference ¼ �5.91 ng/mL,
95% CI -10.68 to �1.14). Second, the overall prevalence of vitamin D
deficiency in people with schizophrenia was 65.3% (95% CI 46.4% to
84.2%). Third, vitamin D deficient people were 2.16 times (95% CI 1.32
to 3.56) more likely to have schizophrenia compared to people with
sufficient vitamin D (Valipour et al., 2014). The research has been
furthered with evidence of neonatal vitamin D deficiency being associ-
ated with the development of schizophrenia later in life. A recent study
found that people with neonatal vitamin D deficiency (<20.4 nmol/L)
had a 44% increased risk of developing schizophrenia later in life
compared to the reference quintile (40.1–53.5 nmol/L) (Eyles et al.,
2018). There is also evidence to suggest that deficits exist in serum
antioxidant levels (including vitamins C and E) (Flatow et al., 2013).
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To explore whether nutrient deficits are present early in the course of
illness, a meta-analysis of 28 studies examined blood levels of 6 vitamins
and 10 minerals in 1221 individuals with first-episode psychosis and
1391 nonpsychiatric controls was conducted (Firth et al., 2018a). This
meta-analysis found lower levels of folate (6 studies, g ¼ 0.624, 95% CI
0.072 to 1.176, p ¼ 0.027) and vitamin D (7 studies, g ¼ 1.055, 95% CI
0.119 to 1.99, p ¼ 0.027), preliminary evidence for vitamin C (2 studies,
g ¼ 2.207, 95% CI 0.71 to 3.71, p¼ 0.004) and no evidence for the other
vitamins and minerals subjected to meta-analysis (vitamin A, B12, E,
zinc, magnesium, sodium, potassium, calcium, copper, chromium, iron,
manganese and selenium), although many had a small number of studies
(Firth et al., 2018a). In addition, exploration of correlates found signif-
icant inverse relationships for both folate and vitamin D and symptom-
atology in people with first-episode psychosis (Firth et al., 2018a).

A current research gap is that it is unclear whether nutrient deficits
are related to poor dietary intake (e. g. due to unfavourable food choices)
or poor absorption possibly linked to the gut microbiome. A 2019 sys-
tematic review and meta-analysis of studies assessing dietary intake in
people with severe mental illness found that people with schizophrenia
and related psychoses have more excessive and less healthy dietary in-
takes compared to people without a mental illness (Teasdale et al.,
2019a). The diets of people with schizophrenia were characterised by
large intakes of highly processed food, non-nutritive foods, and low in-
takes of core foods such as fruits and vegetables, which suggests that low
micronutrient intake is conceivable, however, this review found mixed
results relating to micronutrient intake (Teasdale et al., 2019a). The
reasons behind the excessive and unhealthy dietary intake appear to be
multifactorial and can include increased appetite secondary to psycho-
tropic medication, particularly antipsychotics such as olanzapine and
clozapine, disinhibition for food restraint secondary to cognitive im-
pairments, and financial and motivation constraints leading to a reliance
of convenience foods (Teasdale et al., 2017a).

Aside from nutrient deficits, hypotheses exist for: i) disturbances to
glucose metabolism and mitochondrial dysfunction, and ii) gluten
intolerance in the pathophysiology of schizophrenia. Energy metabolism
dysfunction and oxidative stress commonly coincide with the develop-
ment of schizophrenia, suggesting it is directly implicated in the patho-
physiology (Martins-de-Souza et al., 2011). Glucose is the main energy
source for the brain and is used for the development of dendritic spines
and neurotransmitter processes enabling normal synaptic communica-
tion, however in schizophrenia, glucose and energy metabolism are
impaired and alter synaptic communication (Pillinger et al., 2017). It has
also been hypothesised that mitochondrial dysfunction leads to oxidative
stress which may trigger immune-inflammatory responses, degenerative
neurodegenerative processes and subsequently schizophrenia (Rajase-
karan et al., 2015). Human studies targeting multiple domains (including
biochemical, genetic, gene expression and imaging) have found changes
to energy metabolism within the brain, activity of the electron transport
chain and expression of genes which involve mitochondrial function.

It has been proposed that following a ketogenic diet (low in carbo-
hydrate, moderate in protein and high in fat) can restore normal synaptic
communication and improve psychiatric and neurocognitive outcomes in
people with schizophrenia. The ketogenic diet forces the brain to utilise
an alternative energy substrate, ketone bodies, and is thought to
normalise energy metabolism within the brain. The ketogenic diet may
present a novel therapeutic strategy in schizophrenia, however the cur-
rent evidence base is limited to animal models, case reports and a small,
uncontrolled study of 10 people with schizophrenia (Bostock et al., 2017;
Sarnyai et al., 2019). Research is now turning to larger intervention
studies, with the first RCT to explore the effects of following a ketogenic
diet on symptomatology and functioning in people with schizophrenia
currently being conducted (Ruusunen, 2019).

The gluten intolerance hypothesis is based on mechanism linking
gluten intake, immune reactions and inflammation, and the development
of schizophrenia. In this model it is proposed that within the subgroup of
people with schizophrenia and related psychoses with inflammation,
3

consumption of gluten drives an immune response and is implicated in
the pathophysiology of the illness. Elevated Anti-Gliadin antibodies
(AGA) are more frequent in people with schizophrenia than people
without, and AGA has been positively associated with peripheral in-
flammatory markers (Kelly et al., 2018) in people with schizophrenia.
Case reports in human subjects with elevated AGA have suggested im-
provements in symptomatology following a gluten-free diet (Tomaka
et al., 2017), however similar to the ketogenic diet, there is a paucity of
RCTs and therefore a lack of evidence for cause and effect.

2.2. Immune modulation in schizophrenia-spectrum disorders

Recent literature has highlighted an important link between inflam-
mation and the pathogenesis of schizophrenia-spectrum disorders. Peo-
ple with psychosis show alterations in inflammatory parameters
including total white blood cell count (Jackson and Miller, 2019) and
subsequent immune dysregulation (Jackson and Miller, 2019; Brown and
Derkits, 2009;Wang andMiller, 2017). Further, inflammatory alterations
in the cerebrospinal fluid such as a higher serum albumin ratio, and
elevated interleukin levels have been described in this population
(Orlovska-Waast et al., 2019). Positive and negative symptoms of
schizophrenia occur in the context of inflammatory disorders, infections
and autoimmune diseases (Chiveri et al., 2003; Hiroshi et al., 2003;
Mercadante et al., 2000) and infections have been found to be a risk
factor for schizophrenia in a large 30-year epidemiological register study
in Denmark (Nielsen et al., 2013). Infections in the early stages of
pregnancy also seem to be of importance. Epidemiological research has
shown prenatal microbial infections increase the likelihood of schizo-
phrenia and other psychosis spectrum disorders by the factor of 10 to 20
(Babulas et al., 2006). These findings match with the Mild Encephalitis
hypothesis saying that mild neuroinflammationmay represent the core of
the pathology in a subgroup of patients with psychosis (Bechter, 2013).
Further, some antipsychotics, such as risperidone, possess immuno-
modulatory properties (Mantere et al., 2019), and anti-inflammatory
treatments seem to be beneficial in individuals with psychotic disor-
ders (Akhondzadeh et al., 2007).

However, it remains unclear where this inflammation comes from.
Immune dysregulation is partly attributed to psychological stressors,
which is considered a common risk factor for many psychiatric illnesses
(Fagundes et al., 2013). Stress activates the sympathetic nervous system
and the hypothalamic-pituitary-adrenal axis (HPA axis). For example, an
altered cortisol immune function and HPA axis impairment are described
in patients with schizophrenia undergoing stress paradigms (Glassman
et al., 2018). This important interaction of stress and the immune system
is described within the vulnerability-stress-inflammation model. During
stress, individuals with psychosis express inflammation-promoting risk
genes (Uher and Zwicker, 2017). A range of stressors could, therefore,
inflict typical alterations of dopaminergic, serotonergic, noradrenergic
and glutamatergic neurotransmission and cause concomitant neuro-
inflammation including microglial activation (Müller, 2018; Hafizi et al.,
2018).

Dietary induced inflammation has recently come into focus in
schizophrenia research. In this context, poor dietary quality could, at
least in part, pave the way for immune dysregulation and mental disor-
ders. There have been several studies revealing a modest effect of dietary
composition on some inflammatory markers in general population. For
example, the Nurses’ Health Study of 732 women found that a healthier
dietary pattern (higher intakes of fruit, vegetables, legumes, fish, poultry
and wholegrains) was inversely associated with inflammatory markers C-
reactive protein (CRP) and E-selectin, and a Western dietary pattern
(higher intakes of red and processed meats, sweets, desserts, French fries
and refined grains) was positively associated with CRP, E-selectin,
sICAM-1 and sVCAM-1 (Lopez-Garcia et al., 2004). Further, studies have
found that a Western dietary pattern correlates significantly with in-
flammatory markers such as CRP and interleukin (IL)-6 and could
potentially lead to a disruption of the epithelial barrier of the gut layer,
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again leading to inflammation by forming a vicious cycle (Kelly et al.,
2015; Noble et al., 2017). Meta-analyses of intervention trials have
demonstrated causal evidence for improving dietary intake, whether it be
by following a healthy dietary pattern, such as the Mediterranean diet, or
modifying macronutrient composition on reducing inflammation,
improving endothelial function and improving metabolic components
(Schwingshackl and Hoffmann, 2014a, 2014b; Kastorini et al., 2011).

The effect of dietary components on inflammatory markers led to the
development of the Dietary Inflammatory Index (DII), which calculates a
score based on inflammatory potential of 45 different food parameters
(H�ebert et al., 2019). The DII has been validated against a number of
inflammatory markers including CRP, IL-1β, IL-4, IL-6, IL- 10 and TNF-α
(H�ebert et al., 2019).

Studies of dietary inflammation potential in schizophrenia-spectrum
disorders are limited. Possibly the first study to do this was a
population-based study of the UK Biobank data (Firth et al., 2018b). This
study demonstrated that people with schizophrenia showed least bene-
ficial dietary patterns corresponding to a western-style diet rich in sugars
and saturated fats (even after correction for co-factors such as age,
gender, education, BMI, social deprivation and ethnicity) compared to
nonpsychiatric controls, major depressive disorder and bipolar affective
disorder. Further, calculation of the DII demonstrated significantly
higher inflammatory potential in people with schizophrenia compared to
nonpsychiatric controls (B ¼ 0.220, SE ¼ 0.084, p ¼ 0.009) (Firth et al.,
2018b). Therefore, further research is warranted for the hypothesis that
unhealthy dietary behaviour of people experiencing psychosis leads to
inflammation and subsequently, positive and negative symptoms or
cognitive impairments in people with schizophrenia.

2.3. Gut microbiota in schizophrenia-spectrum disorders

The gut microbiome is the collective genome of microbes, archaea,
fungi and viruses residing in the gastrointestinal tract. The number of
bacteria in the human gut is approximately 3.8 � 1013 meaning that the
body consists of slightly more bacterial cells than human cells (Sender
et al., 2016). People living with schizophrenia and first-episode psychosis
show alterations in gut microbial composition when compared to
nonpsychiatric controls (Xu et al., 2019; Yuan et al., 2019; Schwarz et al.,
2018). However, these differences are not consistent as studies are
finding alterations of bacterial counts on different levels of phylogeny
(Shen et al., 2018a; Zheng et al., 2019). A recent study which included 63
patients with schizophrenia and 69 nonpsychiatric controls, found that
both medicated and unmedicated people with schizophrenia showed a
decreased alpha-diversity and an altered microbial composition in
comparison to healthy controls (Zheng et al., 2019). Further, some bac-
terial taxa (for example Veillonellaceae) were negatively correlated with
the severity of schizophrenia. In first-episode psychosis, a Finnish
research group compared the gut microbiota of 28 patients with 16
matched controls. The Lactobacillus group bacteria were elevated in the
first-episode psychosis group, which correlated with symptom severity
(Schwarz et al., 2018). A recent study from China of 41 people with
first-episode psychosis and 41 healthy controls found that drug naive
people with first-episode psychosis exhibit lower numbers of faecal
Bifidobacterium spp., Escherichia coli, Lactobacillus spp. compared with
healthy controls (HC) (all p’s < 0.001) (Yuan et al., 2018). A further
study from China analysed faecal microbiota along with magnetic reso-
nance spectroscopy in people with a high risk for psychosis. In this study,
the phylogenetic orders Clostridiales, Lactobacillales and Bacteroidales and
genera Lactobacillus and Prevotella were increased in the ultra-high risk
group compared to both the high risk group and nonpsychiatric controls
(He et al., 2018).

The important role of the MGBA, linking the gut microbiota and the
central nervous system, is underlined by mechanistic studies showing
that schizophrenia-like behaviour could be transferred to pathogen-free
mice by faecal microbiota transplantation (FMT) originating from peo-
ple with schizophrenia (Zhu et al., 2019). The FMT resulted in a range of
4

behavioural abnormalities such as psychomotor hyperactivity, impaired
learning and memory in the animals along with alterations of the
tryptophan-kynurenine pathway and increased levels of extracellular
dopamine in both the prefrontal cortex and the hippocampus (Zhu et al.,
2019).

The underlying pathways rely on the gut microbiotas’ important part
in the synthesis of short chain fatty acids, the regulation of neurotrans-
mission and immune function. The intestines are covered by a mucus
layer and gastrointestinal mucin is secreted by gut mucosal epithelial
cells depending on the colonization with gut microbes. The gut micro-
biota constantly produce short chain fatty acids (SCFAs) such as butyrate
and propionate, which serve to strengthen the gut barrier (Shen et al.,
2018b). SCFAs modulate a range of immune and epigenetic pathways
(such as IL-6 and TNF-alpha release from macrophages) (Kim et al.,
2014). Some of these aforementioned pathways are also dysregulated in
people with schizophrenia (Fan et al., 2007; Miller et al., 2011). Bacteria,
which produce high levels of butyrate, improve the function of the in-
testinal barrier and improve the blood brain barrier as well (Braniste
et al., 2014; Chen et al., 2017). Blood brain barrier dysfunction is thought
to be involved in the pathogenesis of schizophrenia (Yuan et al., 2019).
Due to dysfunctions of the blood brain barrier, microglia are activated
and the microglia hypothesis of schizophrenia states that the disease is
caused by activated microglia (Monji et al., 2009, 2013). Activated
microglia produce inflammatory cytokines and reactive oxygen species,
leading to neuroinflammation and altered brain plasticity due to a failure
in synaptic pruning (Marques et al., 2019). Gut microbiota further pro-
duce and consume key central neurotransmitters including dopamine,
noradrenaline, serotonin and gamma-aminobutyric acid (GABA) which
influence not only the enteric nervous system but also the gut-brain axis
(Strandwitz, 2018).

Although microbiome research is nascent, gut microbiota appear to
harbour potential as a modifiable risk factor in schizophrenia-spectrum
disorders (Dinan et al., 2014). As an example it has been shown, that
unfavourable dietary changes which affect the intestinal bacterial com-
munities lead to a thinning of the mucus layer, and a decline of SCFAs,
and subsequent impairment of the intestinal barrier (Singh et al., 2018).
Further, dietary intake impacts on neurotransmitters such as dopamine
(Briguglio et al., 2018). This leads to the hypothesis that the dietary
behaviour of people experiencing psychosis alters gut microbiota
composition and thus, has an influence on the course of the disease. The
authors are unaware of human studies that explored dietary intake,
microbiome and related effects on psychopathology and neurocognition
in people experiencing psychosis, but this research gap is likely to be a
priority in the coming years.

3. Research challenges in the field

Each pathway discussed above is complex and, at present, much of the
research is limited to animal models. The field has developed rapidly
over recent years however remains in its infancy relative to other fields of
research. A complicating and limiting factor to the progress of research in
this field is that the proposed pathways are intertwined. This section
reviews research challenges reported by others and discusses potential
strategies to assist in progressing this field of research.

It is expected that contradictory or ambiguous results in research on
schizophrenia may arise, at least in part, due to the heterogeneous study
populations (Barron et al., 2017). As for the majority of chronic diseases,
the aetiology of schizophrenia is based on interplay of complex genetic
and environmental risk factors (Radhakrishnan et al., 2017; Joseph et al.,
2017; Arroll et al., 2014). Fundamental differences in pathogenesis lead
to different symptoms, and thus it is a spectrum disorder, rather than a
unitary disorder, characterised by heterogeneous illness presentation,
course, and outcomes (Joseph et al., 2017; Khandaker and Dantzer,
2016). There are efforts to distinguish psychosis subgroups based on
symptomatology (Kay and Opler, 1987; Strik et al., 2010) and on un-
derlying pathology and endophenotypes (Barron et al., 2017; Garcia-Rizo
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et al., 2012). A complicating factor is that phenotypes of
schizophrenia-spectrum disorders are also mutable over time (Wigand
et al., 2018) and depend on treatment status (Radhakrishnan et al.,
2017). Also, the Mild Encephalitis hypothesis applies only to a subgroup
of patients with psychosis and neuroinflammation and even only in
certain stages of the disease (Bechter, 2013). As a consequence, treat-
ment effects should be investigated in specific homogenous populations
that are well-characterised, for example, by immune phenotypes (Kirk-
patrick and Miller, 2013; Khandaker et al., 2015).

The complexity of the disorder is only one factor impeding research
on diet and schizophrenia-spectrum disorders, the complexities extend
through each of pathways that have been described: nutrients and
metabolism, inflammation and gut-microbiota.

First, there is no consensus on which markers best reflect inflamma-
tion in human trials (Arroll et al., 2014; Calder et al., 2009, 2013). There
are almost one thousand candidate biomarkers for inflammation (Mini-
hane et al., 2015). In addition, uncertainty exists regarding the place of
measurement (peripheral vs. central markers) (Radhakrishnan et al.,
2017; Kirkpatrick and Miller, 2013), and the measurements for concen-
tration change of inflammatory molecules in response to challenges
(Minihane et al., 2015). As a consequence, differences in study meth-
odology exist and comparisons that can be made between studies are
limited. Moreover, challenges of assessing mild inflammatory conditions
(Bechter, 2013; Minihane et al., 2015), as is the case with Mild En-
cephalitis, complicate research in this field and delivers the basis for
ongoing discussion in psychoneuroimmunology (Pollak et al., 2020).

Second, there is wide variation in inflammatory profiles with several
modifying factors that affect the concentration of an inflammatory
marker at a given time. These include study factors, such as fasting
conditions, time of blood draw and chronobiology (Severance et al.,
2017) and individual factors, such as genetics, age, body fat, diet and
physical activity (Calder et al., 2013). Importantly, clinical status of
people with psychosis (i.e. acutely unwell versus clinically stable) and
treatment with psychotropic medications alter inflammatory markers
(Kirkpatrick and Miller, 2013). Thus, study factors should be stand-
ardised for clinical trials and individual factors should be taken into ac-
count through analysis of confounder variables.

There is even more uncertainty about gut-microbiota. Gut-microbiota
research is a rapidly evolving field however there is still a large knowl-
edge gap with regard to microbial composition and functional capacity in
a ‘healthy’ population (Eisenstein, 2020). The gut-microbiota is
extremely dynamic (Rea et al., 2020), and microbial composition is
individualised with microbiome function varying considerably between
people (Dash et al., 2015) and influenced by factors including genetics,
age, lifestyle factors and medical conditions (Rea et al., 2020). Ad-
vancements in research methodology for gut-microbiota have evolved in
line with the exponential growth of research in the field in the last two
decades (Dash et al., 2015). Innovation in ‘omics’ technologies provide
enormous opportunities for the analysis of biological samples. Though,
this rapid evolvement for research methodology has driven the problem
of comparability of research data. Multidimensional data were generated
using these new technologies and analysis tools were developed to
analyse these complex data (Rea et al., 2020). However, the interpreta-
tion of these ‘big data’ remains challenging (Minihane et al., 2015).

A substantial knowledge gap exists for the nutrient pathway in
schizophrenia. Early detection of nutritional deficits and clinical de-
ficiencies in the blood may be impeded due to the body’s ability to
regulate nutrient homeostasis. Furthermore, only one fourth of dietary
trials in people with SMI have conducted any objective dietary assess-
ment (Teasdale et al., 2017b). It has been demonstrated that people with
severe mental illness have a more excessive, and lower quality, dietary
intake compared to people without mental illness, consuming a diet high
ultra-processed food and low in core foods (Teasdale et al., 2019a).
However, the validity of these available data can be scrutinised, as so far
no nutritional assessment tool or method has undergone validity testing
in people with severe mental illness (Teasdale et al., 2017c). Further, the
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Digit.Diet study (Mueller-Stierlin, 2016), has shown the difficulties in
feasibility and acceptability of varying dietary assessment methods in
people with severe mental illness (currently unpublished). One hypoth-
esised reason for this is cognitive impairment, a persistent feature of
schizophrenia-spectrum disorders (Gold and Harvey, 1993; O’Carroll,
2000; Green et al., 2000), which impedes memory required for retro-
spective assessment and complicates future planning, required for pro-
spective dietary records (written or photographic).

Dietary interventions remain underexplored in the context of psy-
chiatric disorders, especially schizophrenia and related psychoses. As
there are plenty of confounding factors, randomized controlled trials are
worthwhile. When RCTs are not feasible, sufficiently sized cohort studies
could be conducted with confounder analysis for dietary and psychiatric
data alongside biomarkers of inflammation and gut microbiota (Firth
et al., 2018b). In addition, dietary intake should be considered in nutrient
supplementation studies, due to its strong potential for confounding.

To attain homogenous study populations, profiling of study partici-
pants is recommended. However, this can complicate the recruitment of
study participants and lead to the necessity for multi-site trials.
Furthermore, research should aim to identify population subgroups that
may particularly benefit from dietary interventions (Minihane et al.,
2015). Since, for example, it has been shown that benefits of gluten-free
diet are limited to a subpopulation of people with schizophrenia who
demonstrate sensitivity to gluten (Joseph et al., 2017; Levinta et al.,
2018; Kalaydjian et al., 2006). Therefore, it is discussed to individualise
treatment based on diagnosed nutritional deficiencies and physiological
abnormalities (Joseph et al., 2017; Arroll et al., 2014), on the unique
microbiome signature (Rea et al., 2020), or on inflammatory markers
(Minihane et al., 2015).

A number of methodological issues have been raised that need to be
addressed in future studies. These have been brought together in a multi-
component approach, which could guide further research on the role of
diet in schizophrenia-spectrum disorders (see Fig. 2).

Research would benefit from studies adopting this approach where
experts from different fields collaborate to disentangle the complexity of
this research subject. This kind of research is only possible by multi-
professional consortia (see Fig. 3), including:

� People experiencing schizophrenia-spectrum disorders are the focus
of the research team and future research should include co-design
with people who have had lived experience of a psychotic illness.

� Mental health professionals, especially psychiatrists, are fundamental
in this team for diagnostic reasons but also their responsibility for
drug treatment and in this way, they can assist in managing one of the
most important confounding factors.

� Dietitians or clinical nutritionists performing dietary assessment and
are responsible for designing and delivering dietary interventions

� Experts in implementation science are very important when it comes
to the successful implementation of rather complex dietary
interventions.

� Experts in the field of gut microbiota and inflammation are needed for
the extensive profiling of study participants and for moderator
analysis.

� Experts in applied fundamental research and preclinical research
should be incorporated in order to make optimal use of the knowl-
edge gained from preclinical studies.

� Experts with excellent skills in statistical analysis are needed to
interpret generated data. E.g. pathway-based analysis could be used
for hypothesis-driven investigation of the statistical interaction be-
tween diet and mental health via nutrients, inflammation or
microbiota.

In short, strong interprofessional networks are needed to deliver high-
quality nutritional psychiatry research to realise the clinical potential of
this rapidly expanding field. To date, consolidation of results from
different studies is impeded by the different research methodologies that



Fig. 2. A multi-component approach for investigating the role of diet in schizophrenia-spectrum disorders (This figure has partly been created with bior
ender.com).

Fig. 3. Multi-professional research consortia investigating the role of diet
in schizophrenia-spectrum disorders (This figure has partly been created with
biorender.com).
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have been used. In order to gain maximum knowledge from current
research activities, it is recommended that extensive discussion between
international experts occurs in a structure format, e. g. Delphi approach.
The result of the discussion should then be presented in a guideline, as
has already been done for omega-3 supplementation (Guu et al., 2019).

4. Nutritional interventions

4.1. Role of diet in mental health care

Current treatment for psychotic disorders focusses primarily on
antipsychotic medication with or without other psychotropic medication.
Psychotropic medications, which are often an essential component of
treatment, have limited efficacy in some patients and are often accom-
panied by severe side effects which can compromise treatment compli-
ance (Arroll et al., 2014). Further, antipsychotic medication primarily
targets the reduction of positive symptoms, and does little for other do-
mains such as negative symptoms and cognitive impairments. The tran-
sition to a multidisciplinary approach providing psychosocial
interventions allows a more holistic model of care. Given a healthy diet
can reduce inflammation and promote gut microbiota composition,
thought to be beneficial for health, dietary interventions represent an
attractive therapeutic possibility for people with psychosis, with minimal
risk of adverse effects (Joseph et al., 2017; Rea et al., 2020; Dinan and
Cryan, 2020).

Despite the call for “nutritional medicine as mainstream in psychia-
try” (Sarris et al., 2015), currently, nutritional interventions are rarely
considered for improving mental health outcomes in routine care. One of
the main reasons for this is the lack of evidence of its effectiveness. In
addition to weight-loss, there is strong evidence that a healthy dietary
pattern can reduce inflammation and improve endothelial function
(Schwingshackl and Hoffmann, 2014a), however there is paucity of ev-
idence demonstrating the effect of dietary interventions on microbiome,
inflammatory makers and symptomatology in people with
schizophrenia-spectrum disorders. A 2017 systematic review and
meta-analysis of nutrition intervention RCTs for people with severe
mental illness found that inflammatory markers and mental health
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outcomes were infrequently assessed, and no conclusions could be made
regarding the effects of nutrition interventions on either of these do-
mains, and no intervention included microbiome as an outcome (Teas-
dale et al., 2017b).

Regarding nutrient supplementation, a recent meta-review of 33
meta-analyses of nutrient supplementation in mental disorders came to
the following conclusions regarding schizophrenia-spectrum disorders
(Firth et al., 2019b): First, there was no evidence for nutrient supple-
mentation as a standalone treatment for anymental disorder, and second,
although nutrient supplementation was found to be safe and there was no
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indication of adverse effects or contraindications with psychotropic
medications, there was limited evidence of effectiveness as adjunctive
treatment in people with schizophrenia-spectrum disorders (Firth et al.,
2019b). The most promising evidence was for methylfolate, the most
bioactive form of folate, in reducing negative symptoms and N-ace-
tylcysteine (NAC), a nutraceutical form of the amino acid cysteine, for
reducing total symptom scores, which appeared to be driven by re-
ductions in negative symptoms (Firth et al., 2019b).

Folate may be best administered in combination with other B-vita-
mins (e.g. B12 and B6) which may be effective through the one-carbon
metabolism cycle. A meta-analysis which included seven RCTs using B-
vitamins, found that B-vitamins were most effective in combination for
schizophrenia symptomatology, and that B-vitamin effectiveness was
associated with shorter illness duration (Firth et al., 2017a). The theory
that the combination of B-vitamins may work through the one-carbon
metabolism cycle is supported by an RCT in people with schizophrenia
and hyperhomocysteinemia, which found reductions in homocysteine
levels and psychiatric symptomatology (Levine et al., 2006). Further an
RCT of vitamins B12, B6 and folate in people with first-episode psychosis
reduced homocysteine levels but did not improve psychopathology or
neurocognition, however significant differences were noted for second-
ary outcomes - attention and vigilance (Allott et al., 2019). In current
clinical practice guidelines, folate and B12 levels are recommended to be
assessed in first-episode psychosis to rule out deficiencies (Early Psy-
chosis Guidelines Writing Group and EPPIC National Support Program,
2016). Further research may describe a role for assessing homocysteine
levels and more specific nutrient supplementation guidelines in clinical
practice.

4.2. Role of diet in physical health care for psychosis

Despite an absence of trials assessing dietary interventions on psy-
chopathology and neurocognition, dietary interventions are becoming
routine care in people with schizophrenia-spectrum disorder given the
15-year mortality gap, predominantly driven by cardiometabolic com-
plications (Lawrence et al., 2013). People experiencing severe mental
illness have higher rates of abdominal obesity (OR 4.43), hyper-
triglyceridemia (OR 2.73), metabolic syndrome (OR 2.35), low HDL (OR
2.35), diabetes (OR 1.99) and hypertension (1.36) when compared to
people in the general population (Vancampfort et al., 2015). The 2019
Lancet Psychiatry Commission: A blueprint for protecting physical health
in people with mental illness highlighted dietary interventions, in com-
bination with physical activity, smoking cessation, best-practice psy-
chotropic prescribing and the use of metformin in prevention and
treatment as key strategies to reduce these health inequalities and mor-
tality gap, and that these components should be provided right from the
start of treatment and recovery (Firth et al., 2019c).

An example of program meeting the recommendations of the Lancet
Commission is the ‘Keeping the Body in Mind’ program, which is a
multidisciplinary program composed of specialist clinicians, embedded
within the mental health service, delivery lifestyle intervention (nutri-
tion and physical activity interventions) from the early stages of treat-
ment of a psychotic illness (Curtis et al., 2016). The dietitian uses an
individualised approach in providing education, behaviour change pro-
cesses, motivation and goal setting, combined with practical life-skills
building around shopping, meal planning, cooking and food budgeting
(Teasdale et al., 2016). The ‘Keeping the Body in Mind’ program has
demonstrated that protection of physical health in people with
schizophrenia-spectrum disorders is possible (Curtis et al., 2016, 2018;
Teasdale et al., 2019b). Moreover, the integration of nutrition in-
terventions into routine mental healthcare for physical health reasons
provides the opportune platform to test the effects of different strategies
on symptomatology, cognition and quality of life, and may assist in
growing the evidence base more efficiently.

An important consideration as the evidence base grows is that
nutrition interventions in real world settings are rarely delivered as the
7

sole intervention, they are frequently combined with other lifestyle
components, most notably physical activity. The evidence base for
physical activity is robust for improving physical health components
(Firth et al., 2015), and the evidence for improving mental health out-
comes in schizophrenia-spectrum disorders has grown significantly over
the last decade (Firth et al., 2015, 2017b). If efficacy of nutritional
strategies for mental health outcomes in schizophrenia-spectrum disor-
ders is demonstrated, real world interventions should look to deliver both
nutrition and physical activity interventions to people with
schizophrenia-spectrum disorders for both physical and mental health as
a combination rather than in independent silos.

5. Conclusion

In conclusion, there is a strong rationale for the critical role of diet in
psychosis for protecting physical health. However, the complexity of the
topic appears to be delaying the evidence base on therapeutic benefits for
symptomatology and cognition. A multi-component approach by inter-
disciplinary research consortia using profiling and extensive moderator
and confounder analysis for dietary intervention studies onmental health
outcomes is recommended. Ideally, independent studies targeting spe-
cific nutritional psychiatry questions with adequate funding will increase
in the coming decades. However, given dietitians and clinical nutri-
tionists are becoming more frequent in mental health services to target
physical health, it may be beneficial to make greater use of these avail-
able services by designing nutritional psychiatry studies around their
dietary intervention programs. In either case research methods of
different studies should be well aligned. It is anticipated that ongoing and
greater collaborations in nutritional psychiatry research will lead to
consensus on research methods including intervention protocols and
outcome measurements, such as the measurement of diet, inflammation
and gut microbiota.
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