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Metabolic psychiatry targeting metabolic 
dysregulation in mental health
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Cynthia Victoria Calkin21, Judith Ford    22,23, Robert McCullumsmith24,25, 
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Systemic metabolic abnormalities including insulin resistance, lipid 
dysregulation, mitochondrial dysfunction and inflammation are highly 
prevalent in psychiatric illness and may contribute to increased mortality, 
illness severity and treatment resistance. This Review synthesizes current 
evidence linking systemic and central metabolic dysfunction with mental health 
outcomes across disorders. We highlight bidirectional interactions between 
brain function and metabolic state, and examine how psychotropic medications, 
stressors and disease mechanisms contribute to metabolic burden. In turn, we 
discuss how systemic dysfunction may impair brain structure and function. We 
review emerging metabolism-based interventions used in psychiatry, including 
pharmacologic agents (metformin, glucagon-like peptide-1 agonists and 
pioglitazone), lifestyle strategies (intermittent fasting, ketogenic metabolic 
therapy and exercise) and theoretical models (mitochondrial dysfunction, 
‘allostatic load model’ and ‘selfish brain hypothesis’). We summarize the 
interventions, their observed outcomes, and a ranked assessment of the 
current level of evidence and class of recommendation. This reflects that some 
metabolic-based approaches show promising results from clinical studies 
while other emerging strategies remain too preliminary or inconsistent to 
draw conclusions, underscoring the need for further trials in humans. We 
conclude by briefly discussing practical and safety considerations, identifying 
limitations in the current literature, and propose future directions for building a 
more integrated model of mental and metabolic health.

Individuals with psychiatric illness face a 10- to 20-year reduction in life 
expectancy1, much of which is attributable to cardiometabolic disease 
as opposed to suicide2. This excess mortality stems from a complex 
interplay of biological, behavioral and systemic factors, including 
reduced access to somatic care, side effects of psychotropic medica-
tion and intrinsic disease-related metabolic dysregulation3. Histori-
cally, these comorbidities were viewed as parallel processes4. However, 
increasing research suggests a deeper mechanistic overlap and shared 

pathogenic metabolic alterations between systemic metabolic dysfunc-
tion and mental illness5,6.

Early biomarker research in psychiatry, dating as early as the 
1920s, identified metabolic abnormalities such as reduced oxygen 
consumption, elevated lactate and lowered glutathione in psychosis 
and schizophrenia (SZ), suggesting impaired energy metabolism. 
Although initially dismissed, these findings foreshadowed modern 
evidence of mitochondrial dysfunction and hypometabolism observed 
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and reduced treatment response. IR is also directly associated with 
BD severity, and blood–brain barrier leakage was identified as a bio-
marker of disease progression19. These negative outcomes may be due 
to an acceleration of changes in brain structure, age-related changes, 
as individuals with IR or T2DM exhibit a significant reduction in hip-
pocampal and cortical gray matter compared with controls20. Similarly, 
individuals with chronic or treatment-resistant depression show higher 
rates of IR and hyperinsulinemia21.

Studies using oral glucose tolerance tests confirm that insulin 
sensitivity is reduced in psychiatric populations, particularly in those 
with poor clinical outcomes22. Some studies have also identified altera-
tions in brain insulin receptor expression and signaling cascades, sug-
gesting that central IR may accompany systemic dysfunction23,24. One 
proposed mechanism of IR in MDD suggests that it leads to increased 
levels of pro-inflammatory cytokines, which results in reduced levels of 
serotonin, neurogenesis and synaptic plasticity–physiological states25. 
IR is also associated with dysregulation of glucocorticoid production 
in the hypothalamic–pituitary–adrenal axis, an identified marker 
consistent with MDD26. Stress-induced or IR-related elevation of glu-
cocorticoids, in turn, can damage hippocampal neurons by impairing 
their energy metabolism, resulting in hippocampal atrophy and associ-
ated cognitive–emotional changes27. Insulin signaling is necessary for 
neuroplasticity, central and systemic energy metabolism. Increased 
levels of insulin receptor substrate-1 in extracellular vesicles (L1CAM 
exosomes) have been found in individuals with MDD compared with 
healthy controls. These increased levels were associated with suicidal-
ity and anhedonia, symptoms of MDD26. Addressing glucose dysregu-
lation alongside depressive symptoms within a metabolic psychiatry 

through neuroimaging and biochemical studies across major psy-
chiatric conditions. Contemporary research now recognizes shared 
mitochondrial and metabolic abnormalities in conditions such as SZ, 
bipolar disorder (BD) and autism, linking them to oxidative stress, 
inflammation and energy deficits. This renewed focus on mitochon-
drial function has spurred metabolism-based treatments, including 
ketogenic diets and mitochondrial-targeted therapies, validating the 
early insights once forgotten7.

Recent models indicate a bidirectional framework. On one side, 
systemic metabolic conditions such as type 2 diabetes mellitus (T2DM), 
insulin resistance (IR), dyslipidemia and obesity increase the risk for 
depression, psychosis and bipolar illness. On the other side, psychiatric 
conditions via hypothalamic–pituitary–adrenal (HPA) axis hyperactiv-
ity, sleep disturbances, neuroinflammation and medication effects 
may drive systemic metabolic deterioration5,6. Understanding these 
interactions is essential to identifying therapeutic targets that simul-
taneously address mental and metabolic health. Central pathological 
characteristics of neuroinflammation, cerebral glucose hypometabo-
lism, oxidative stress, mitochondrial dysfunction and insulin signaling 
changes are seen in neurodegenerative conditions such as epilepsy, 
Alzheimer’s disease, Parkinson’s disease and Huntington’s disease, 
but these metabolic alterations are also seen in psychiatric disease5. 
The mechanistic role of metabolic dysfunction in psychiatric disease 
is probably multifactorial, with genetic, stress and trauma, lifestyle, 
and treatment-related contributions.

We propose that metabolic psychiatry—a subfield integrating 
insights from endocrinology, neuroscience, psychiatry and immunol-
ogy—can provide a lens for examining psychiatric illness. By exploring 
how systemic and central metabolic abnormalities influence brain 
function and behavior, this Review aims to build a bridge between 
psychiatric symptoms and somatic processes.

Systemic metabolic abnormalities across 
psychiatric disorders
Dysregulated metabolism (Box 1) is involved in the pathophysiology 
of major psychiatric disorders, including SZ, BD and major depressive 
disorder (MDD)8. Metabolic syndrome is seen in approximately 37% of 
adults with BD, and abdominal obesity is observed in 35% of men and 
up to 75% of women, much higher than rates in the general population9. 
The prevalence of obesity among individuals with SZ is greater than in 
the general population (58.5% versus 27%) and has reached epidemic 
proportions among individuals with BD (nearly twofold age-, race- and 
sex-adjusted increased risk in BD versus controls)10. About 20–30% of 
depressed individuals have significant immunometabolic dysregula-
tions, including systemic low-grade inflammation with elevated levels 
of inflammatory marker (that is, C-reactive protein (CRP), cytokines 
and glycoprotein acetyls), and metabolic dysregulations such as obe-
sity, dyslipidemia, and insulin and leptin resistance11. Although the 
majority of metabolic research has focused on serious mental illness, 
emerging data suggest that systemic metabolic abnormalities also 
play a role in anxiety disorders12, post-traumatic stress disorder13, 
substance-use disorders14 and eating disorders15. Common features 
include IR, altered lipid metabolism, low-grade inflammation and 
mitochondrial dysfunction.

Glucose dysregulation and IR
IR and altered glucose–insulin dynamics are evident in individuals 
with first-episode psychosis, even before medication initiation16. 
Genome-wide association studies have demonstrated a link between 
insulin signaling pathways and BD, particularly within the insulin-like 
growth factor 1 gene17. In the Avon Longitudinal Study of Parents 
and Children, elevated fasting insulin levels in childhood predicted 
increased risk of psychosis and depression in adulthood. An escalation 
in body mass index (BMI) during puberty was linked to a greater risk 
of depression18. In BD, IR is associated with rapid cycling, suicidality 

BOX 1

Terminology of dysregulated 
metabolism and metabolic 
psychiatry
Metabolic syndrome: a cluster of interrelated risk factors including 
central obesity, elevated blood pressure, dyslipidemia, and IR that 
increase the risk of cardiovascular disease and type 2 diabetes132.
Obesity: an abnormal or excessive accumulation of body fat that 
presents a risk to health, commonly measured by a BMI ≥ 30 kg m−2 
(ref. 133).
IR: a condition in which cells in the body become less responsive 
to insulin, leading to impaired glucose uptake and compensatory 
hyperinsulinemia134.
Dyslipidemia: abnormal levels of lipids in the blood, typically 
characterized by elevated triglycerides, low HDL cholesterol and/or 
high LDL cholesterol, contributing to atherosclerosis and metabolic 
disease135.
Glucose dysregulation: abnormalities in blood glucose control, 
including impaired fasting glucose, impaired glucose tolerance and 
overt hyperglycemia, often progressing to type 2 diabetes136.
Mitochondrial dysfunction: impaired mitochondrial energy 
production and biogenesis, often accompanied by increased 
oxidative stress; it is implicated in a range of metabolic and 
neuropsychiatric disorders137.
Metabolic psychiatry: an emerging subfield that examines the role 
of systemic and cellular metabolic dysfunction—including IR, lipid 
dysregulation, inflammation and mitochondrial impairment—in 
the development, progression, and treatment of psychiatric 
disorders138.
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framework through interventions such as antidepressant medications, 
behavioral therapies, diabetes-specific treatments and neuromodula-
tion may yield synergistic therapeutic benefits28.

Lipid dysregulation and adiposity
Dyslipidemia, defined as increased triglycerides, low high-density 
lipoprotein (HDL), or high low-density lipoprotein (LDL), is prevalent 
across psychiatric diagnoses29. In BD, the presence of metabolic syn-
drome correlates with increased depression severity and cognitive 
impairment. Obesity, particularly visceral adiposity, is associated 
with poorer clinical course and elevated pro-inflammatory cytokine 
levels such as interleukin-6 (IL-6) and tumor-necrosis factor (TNF). In 
those who developed MDD, the insulin sensitivity and triglyceride/
HDL ratio were associated with depression severity, while only the tri-
glyceride/HDL ratio was associated with depression chronicity30. This 
is supported by a cohort study that followed 601 individuals, with no 
previous history of depressive disorders, over 9 years and showed that 
participants with abnormal IR measures resulted in a greater incidence 
of developing depression31.

Excess adiposity, including secretion of pro-inflammatory 
cytokines and energy-related hormones, such as stress-induced 
glucocorticoids32, from visceral adipose tissue, has been proposed as 
a potential driver of psychiatric mood disorders3. Pro-inflammatory 
cytokines can alter tryptophan metabolism, leading to a reduction 
in serotonin synthesis and an increase in the production of neuro-
toxic metabolites33. Similarly, leptin serves as a hormonal regulator 
of energy homeostasis and may be dysregulated in conditions such 
as depression34, affecting synaptic plasticity in the hippocampus and 
potentially playing a role in mood regulation35.

Brain metabolism factors
Energy demand and production
A metabolically demanding organ, the brain, makes up only 2% of the 
body but consumes 20% of our energy intake36. Early brain development 
is bioenergetically very expensive, involving cell proliferation, migra-
tion, axonal and dendritic growth, synaptogenesis, and formation of 
functional neuronal circuits37. During adolescence, the higher glucose 
metabolism supports growth, synaptic proliferation and remodeling38. 
Normal synaptic communication requires constant formation and 
remodeling of dendritic spines and the synthesis, release and recycling 
of neurotransmitters, all of which are energetically expensive.

Glucose is the principal energy substrate in the brain, with other 
energy substrates including lactate and ketone bodies39. Adenosine 
triphosphate (ATP) is a high-energy molecule produced from glu-
cose through glycolysis (the non-oxidative breakdown of glucose to 
pyruvate and lactate in the cytoplasm), the tricarboxylic acid (TCA) 
cycle, and oxidative phosphorylation in mitochondria37. Reversing 
ion movements that generate post- and pre-synaptic responses con-
sume most energy from ATP40. Glucose is not only the major source 
for energy through ATP but also used for the biosynthesis of ribose to 
form ribonucleic acids, fatty acids and cholesterol. In addition, glu-
cose protects against oxidative stress through the pentose phosphate 
pathway, while also aiding in the production of amino acids such as 
glutamate and subsequently GABA (γ-amino butyric acid) through the 
TCA cycle and cataplerosis36. However, deficits in glucose and energy 
supply can impair key brain circuits, causing abnormal brain function 
and behavior41. Furthermore, circulating hormones such as leptin, 
insulin and thyroid hormones influence brain functions such as mood, 
memory and cognition42. According to a related body of research, 
neuropsychiatric illnesses are associated with major abnormalities 
in brain bioenergetics43. For example, about 20–30% of individuals 
with depression have significant atypical, energy-related depressive 
symptoms such as hypersomnia, fatigue, hyperphagia and possibly 
anhedonia11. Treating these bioenergetic imbalances may efficiently 
improve the outcomes43.

Micronutrient co-factors and energy deficits
Vitamins such as niacin, thiamine and vitamin D, and minerals such as 
magnesium and iron, are essential co-factors in enzymatic reactions 
and the functioning of the central nervous system44. Insufficient energy 
substrates compromise the brain’s function, affecting neuronal func-
tions such as ion gradients for action potentials and synaptic transmis-
sion, and structural alterations such as atrophy and loss of synaptic 
connections. A chronic energy-deficient state results in vulnerability 
of the brain45. Proteomic analyses of postmortem brains reveal wide-
spread disturbances in energy metabolism across psychiatric disorders, 
including 92 differentially expressed proteins in SZ, 95 in BD and 41 in 
MDD46. However, during an acute energy deficit such as fasting or low 
glucose availability, the brain activates adaptive responses, such as 
ketone body utilization, to maintain its health47. Moreover, a ketogenic 
diet has been demonstrated in animal models to modulate multiple 
pathological processes implicated in SZ, BD and MDD, including dis-
ruptions in carbohydrate metabolism, altered neurotransmission, 
mitochondrial dysfunction, inflammation, oxidative stress and changes 
in gut microbiota composition48.

Mitochondrial dysfunction and psychiatric disorders
Mitochondrial dysfunction is a common mechanistic pathology affect-
ing energy production, redox balance and apoptotic signaling. Defects 
in mitochondrial DNA, oxidative phosphorylation or ATP synthesis can 
affect both peripheral and central tissues, causing fatigue, anhedonia, 
cognitive slowing and metabolic dysfunction. Deficits in enzymes criti-
cal for glycolysis, the citric acid cycle and mitochondrial function can 
lead to altered ATP production, toxic metabolite accumulation and 
increased oxidative stress49. Mutations in mitochondrial DNA such as 
in mitochondrial encephalopathy, Leigh syndrome and Kearns–Sayre 
can cause disordered mood, anxiety and cognitive symptoms. Glyco-
lytic enzyme deficiencies such as pyruvate dehydrogenase complex 
deficiency can lead to lactate buildup, contributing to developmental 
delay, eventually causing autism and BD. Glucose-6-phosphate defi-
ciency may cause oxidative stress, increasing the risk of BD and SZ50.

Non-invasive imaging techniques have shown significant decreases 
in creatine kinase activity in SZ, consistent with dysregulated ATP pro-
duction51. Other studies have observed a deficient mRNA expression 
of gene clusters implicated in mitochondrial oxidative metabolism 
and ubiquitin–proteasome systems, including genes encoding lactate 
dehydrogenase A, NADH dehydrogenases, cytochrome c, succinate 
dehydrogenase and ATP synthases52. Increased brain lactate levels 
have been detected in vivo, associated with lower cognitive function 
in individuals with SZ53. Increased lactate levels, independent of age, 
sample pH, postmortem interval or confounding effects of neuro-
leptic treatment, have also been identified in postmortem analysis of 
the dorsolateral prefrontal cortex (DLPFC) in SZ54. Similar to BD, the 
pathophysiology of SZ may be caused by dysregulation of glutamater-
gic systems and neuronal energy deficit, which impairs the function of 
neuronal Na/K-ATPase and results in decreased action potentials and 
aberrant neurotransmitter release55.

Evidence suggests that altered bioenergetics may contribute to 
impaired synaptic activity and may further delineate the observed array 
of negative and cognitive symptoms of SZ56. Similar to BD, abnormal 
central and peripheral glucose utilization and cerebral glucose hypo-
metabolism have been identified in SZ, with alterations in glycolysis 
and later phases of glucose oxidation in the brain8.

BD disorder is believed to be linked to mitochondrial dysfunction, 
with symptoms varying between mania and depression. Biologically, 
it is characterized by inadequate energy generation in depression and 
excessive energy generation in mania, a state-dependent dysregula-
tion of mitochondrial energy generation57. A recent theory suggests 
metabolic overdrive in BD, involving upregulation of glycolysis and 
glutaminolysis, leading to heightened metabolism and excitatory 
activity, causing the subjective experience of mania58.
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Abnormal gene expression of key glycolytic enzymes and 
dysfunctional enzymatic activity may lead to impaired metabolic 
processes in the brains of individuals with SZ. Decreased mRNA 
expression of hexokinase 1 (HK1) and phosphofructokinase 1 (PFKM), 
and glucose transporters (GLUTs) GLUT1 (also known as SLC2A1) and 
GLUT3 (SLC2A3) have been observed in pyramidal neurons in the 
DLPFC among individuals with SZ59. Key regulatory genes in glycoly-
sis, including genes encoding the rate-limiting enzymes hexokinase, 
phosphofructo-2-kinase/fructose-2,6-bisphosphatase and pyruvate 
kinase, also fall within genomic regions associated with SZ risk in 
individuals of European descent8. The observed gene-level changes 
aligned with decreased hexokinase and phosphofructokinase activity 
suggest enzymatic dysfunction as a driver of bioenergetic altera-
tions in SZ59.

Neuroleptic medication treatment leads to alterations in glycolysis 
and reduced gene expression of enzymes related to the malate shuttle, 
TCA cycle, aspartate–alanine shuttle and ubiquitin metabolism in the 
DLPFC60. Postmortem studies have also reported aberrant activity of 
TCA-cycle enzymes in the DLPFC of individuals with SZ, with reduced 
activity of aconitase, ketoglutarate dehydrogenase complex and suc-
cinate thiokinase in the first half of the TCA cycle, and increased activity 
of succinate dehydrogenase and malate dehydrogenase in the latter 
half of the TCA cycle61.

Chronic depression is linked to mitochondrial energy metabolism 
and protein deficits62. Acetyl-l-carnitine, a mitochondrial molecule 
with a crucial role in energy production and hippocampal function, 
is found at lower levels in individuals with depression compared with 
controls, and is found to be associated with severe depression and 
treatment resistance. However, those responding to antidepressant 
pharmacotherapy showed normalization of plasma acetyl-l-carnitine, 
suggesting that certain pharmaceuticals can reverse metabolic and 
mitochondrial disruption in depression63.

Psychosocial and behavioral contributors
Psychosocial factors such as early-life adversity, socioeconomic hard-
ship and social isolation may influence mental illness64. Behavioral 
influences65, specifically including sedentary behavior66, disrupted cir-
cadian rhythms67, substance use68, reduced healthcare engagement2 
and poor nutrition69, exacerbate cardiometabolic burden in psychiat-
ric populations. These factors are strongly associated with increased 
allostatic load: the cumulative wear and tear on the brain and body 
from chronic environmental, psychosocial and stress exposure68.  
A systematic review suggested that health-risk behaviors (for 
example, substance use, poor sleep, inactivity) further elevate 
allostatic load by activating glucocorticoids and pro-inflammatory 
cytokines, thereby impairing stress regulation and exacerbating 
metabolic dysfunction68.

These stress-induced biological changes compromise both sys-
temic and brain energy metabolism, partly through direct effects 
on mitochondrial function. It has been proposed that SZ and related 
disorders reflect impaired dynamic metabolic flexibility: the brain’s 
reduced ability to adapt energy production in response to changing 
demands. This framework suggests that psychosocial adversity and 
behavioral risk factors may mechanistically link to mitochondrial 
dysfunction, contributing to both psychiatric symptoms and increased 
cardiometabolic risk70. Understanding these psychosocial variables is 
crucial to interpreting biomarker findings and intervention outcomes.

Directionality and mechanistic models
Two leading frameworks (Box 2) of allostatic load and selfish brain 
attempt to explain the bidirectionality between systemic metabolism 
and mental illness (Fig. 1). The ‘allostatic load model’ posits that chronic 
psychological, environmental and internal stress leads to cumulative 
wear and tear on the body’s regulatory systems71, impairing metabolic, 
immune and endocrine resilience that links to systemic comorbidities 

associated with psychiatric disorders72. Expanding on this, the allostatic 
triage model of psychopathology posits that psychiatric, cardiometa-
bolic and immune disorders are highly comorbid and exacerbated by 
psychological stress, framing these associations through a bioenergetic 
lens: stress increases energy demands on systems with finite resources, 
particularly the brain, which reallocates energy via ‘allostatic triage’ to 
prioritize immediate survival. Chronic or traumatic stress can dysregu-
late mitochondrial and neural networks, producing energy scarcity, 

BOX 2

Definitional frameworks
Bidirectionality. The interaction of metabolism and mental health. 
On one side, systemic metabolic conditions such as T2DM, IR, 
dyslipidemia and obesity increase the risk for depression, psychosis 
and bipolar illness. On the other side, psychiatric conditions via 
HPA axis hyperactivity, sleep disturbances, neuroinflammation and 
medication effects may drive systemic metabolic deterioration5,6.
Allostatic load. Acute psychosocial stressors and deviations from 
homeostatic norms activate the sympathetic nervous system 
and HPA axis, along with a systemic inflammatory or immune 
response, to prepare the organism for an adequate biological and 
behavioral response (that is, stress response). These responses 
result in vascular changes (that is, vasodilation in the brain, 
heart and skeletal muscles and vasoconstriction in the skin and 
gastrointestinal system), metabolic alterations and increased 
blood glucose levels to deliver oxygen and glucose to essential 
tissues such as the brain, heart and muscles. If the threat persists, 
these stress mediators can lead to maladaptive multi-system 
dysregulation (that is, allostatic overload), characterized by 
chronically increased blood glucose, IR, vasoconstriction, and 
their systems-level health consequences such as increased blood 
pressure, atherosclerosis and metabolic syndrome. This is coupled 
with neuronal–structural (that is, decreased dendritic spine density) 
and functional changes driven, in part, by chronically increased 
cortisol levels.
Selfish brain theory. The brain must have an efficient way of 
assuring adequate energy supply to maintain essential functions, 
such as ion gradients and therefore neuronal activity, during rest 
and in response to challenges. The selfish brain theory suggests 
that the brain has the power to maintain bioenergetic processes73, 
by way of energy-sensitive KATP channels, existing in two forms: 
high-affinity channel (that is, low ATP concentration is sufficient 
to open and close the channels, resulting in neuronal activation) 
and low-affinity channel (that is, no response, therefore, does 
not activate neurons). In cortical and several subcortical (that is, 
hypothalamus) brain tissues, excitatory glutamatergic neurons 
contain high-affinity KATP channels that are still active when 
neuronal ATP concentration falls. By contrast, GABA-ergic inhibitory 
neurons contain low-affinity KATP channels, which can be activated 
only with a higher, adequate concentration of neuronal ATP. The 
activation of glutamatergic neurons and inhibition of GABA-ergic 
inhibitory cells (disinhibition) leads to increased glutamate release, 
activating the sympathetic nervous system, HPA axis and systemic 
immune response. This suppresses insulin release from pancreatic 
beta-cells, reducing glucose uptake (mediated by GLUT4) by 
peripheral tissues such as skeletal muscles. The increased blood 
glucose then becomes available to be transported through the 
blood–brain barrier by the insulin-independent transport proteins 
(that is, GLUT1), providing neuronal energy and compensating for 
the initial ATP deficit.
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affective dysregulation and maladaptive triage, which may entrench 
psychiatric symptoms through neuroplastic canalization73. In parallel 
to that, the ‘selfish brain theory’ suggests that the brain, under per-
ceived threat or in response to underlying bioenergetic impairments, 

prioritizes energy availability for itself by altering peripheral glucose 
allocation74,75, potentially triggering stress-system overdrive and allo-
static load76 that may cause IR and catabolic states, eventually increas-
ing the risk of myocardial infarction, stroke or T2DM77. The bioenergetic 

Allostatic load

Psychosocial stress

Coordinated
physiological

stress response 

Genetic factors

Selfish brain

Bioenergetic stress
Dysregulated drive to increase glucose delivery

Glutamatergic
hyperexcitability

Through decreased
GABAergic inhibition

ATP deficit

Elevated blood
glucose 

Acute adaptive
allostatic metabolic

response 

Acute adaptive response to provide
more glucose (ATP) to the brain  

Suppression of insulin secretion from pancreatic
β-cells and reduced insulin-dependent glucose

uptake in the periphery

Metabolic syndrome Mental health disorders

IL-6, IL-1β, TNF Epinephrine, norepinephrine

Pro-inflammatory response Sympathetic nervous
system activation HPA axis activation

CRH ACTH cortisol

Increased allostatic load and
systemic metabolic dysregulation

Toxic (chronic) stress
Maladaptive multi-system metabolic dysregulation

Persistent hyperglycemia
Insulin resistance

Cardiovascular
(high blood pressure, athersclerosisand so on)

Alterations in structural and functional
synaptic plasticity  

Glucose is available for insulin-independent GLUT1
to pass the blood–brain barrier to compensate for acute

bioenergetic deficit

Failed bioenergetic compensation due
to vascular and neuronal alterations  

Brain bioenergetic deficits persist
Genetic and epigenetic factors

Chronic psychosocial stress

Fig. 1 | Interactions between the allostatic load model and selfish brain 
theory to ensure adequate energy supply. The chronic activation of the 
selfish brain and allostatic load systems can lead to detrimental alterations. 
The selfish brain mechanism tries to deliver more glucose to the brain, but this 
leads to a constant ATP deficit due to genetic and epigenetic factors (that is, 
psychiatric susceptibility genes, polymorphisms, copy number variations) and 
increased allostatic load (that is, mitochondrial ATP production deficits). The 
resulting chronic hyperglycemia contributes to IR in concert with the allostatic 
load pathways that continue to be over-activated, driving hyperglycemia and 

resulting IR, along with the vascular effects (that is, vasoconstriction). As a 
result, the selfish brain mechanisms will no longer be able to deliver the required 
amount of the energy substrate to the brain. These mutually maladaptive 
changes in the allostatic load and the selfish brain mechanisms may together 
contribute to the development of mental health disorders and the frequently 
observed metabolic comorbidities. See Box 2 for more detail on allostatic load 
and selfish brain theory. ACTH, adrenocortitropic hormone; CRH, corticotropin-
releasing hormone.
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dysfunctions could therefore be either the cause or the consequence 
of the associated systemic or peripheral metabolic pathologies.

Psychotropic medications and metabolic burden
It is widely known that pharmacologic treatments for psychiatric illness 
often exert metabolic side effects, but they may additionally contribute 
to the underlying dysfunction itself. The Lancet Psychiatry Physical 
Health Commission emphasizes that people with mental illness need 
holistic care, supporting both mind and body health. Neuroleptics, 
mood stabilizers and antidepressants lower population-level morbidity 
and mortality, but varying side effects across physiological systems can 
reduce quality of life and adherence, undermining treatment benefits78. 
Psychotropic medications have effects on peripheral tissues that go 
beyond their central nervous system targets, underscoring the impor-
tance of understanding this dual complexity. Psychiatric medications 
exert their effects on central and peripheral metabolism by influencing 
neurotransmitter systems, neuroplasticity, cellular signaling and gene 
expression. Atypical neuroleptics such as olanzapine and clozapine are 
associated with significant weight gain, IR and lipid abnormalities. A 
model of neuroleptics acting directly on insulin-sensitive peripheral 
organs, including pancreas, liver, muscle and adipose tissue, as well as 
the hypothalamic–liver circuit and directly on the hypothalamic nuclei 
responsible for central regulation of food intake and metabolism has 
been suggested79. The dual action of the central nervous system and 
periphery may result in amplified metabolic effects. Valproate may 
impart metabolic changes by affecting plasma insulin, triglycerides 
and body fat while decreasing HDL levels80. It may impair mitochon-
drial function by inducing carnitine deficiency, inhibiting oxidative 
phosphorylation and decreasing fatty acid oxidation81. Lithium, while 
generally weight neutral, has complex effects on glucose metabolism 
through modulation of glycogen synthase kinase-3 (GSK-3) signaling. 
It is thought that lithium stabilizes mood in part by improving neuronal 
insulin signaling and glucose metabolism in the brain, specifically in 
hippocampal neurons and peripheral tissues82. Although psychiatric 
medications show marked metabolic side effects, some studies have 
shown that lithium and valproate can reverse markers of metabolic dys-
function in the brains of some individuals with BD, potentially through 
improvements in circadian regulation, insulin signaling or decreased 
inflammation82, highlighting that some agents may have dual effects.

Metabolism-based interventions
If systemic and central metabolic dysfunctions contribute to the core 
pathophysiology of psychiatric disorders, successful metabolism-based 
interventions would offer ‘proof of concept’ conceptually for metabolic 
psychiatry. According to a physical health commission, individuals 
with mental illness face cardiometabolic conditions at rates 1.4–2.0 
times higher than the general population, with it accounting for 70% 
of deaths in those with severe mental illnesses. Addressing the risks 
through lifestyle interventions has been shown to not only improve 
physical health but also lessen psychiatric symptoms and enhance 
overall well-being83.

The following section reviews preliminary data supporting the 
use and efficacy of various metabolic interventions in psychiatry. For 
further reference, see Supplementary Table 1 on select examples of 
metabolism-based interventions used in psychiatry. Many studies 
reviewed have limitations, and next-phase studies are ongoing. Tak-
ing a broad mechanistic view, Fig. 2 depicts the cellular-level impacts 
of various therapeutics that modulate metabolic functioning of the 
central nervous system.

Pharmacological approaches
Biguanides. Widely used in T2DM, metformin improves insulin sen-
sitivity and may also reduce depressive symptoms, particularly in 
treatment-resistant depression. Metformin has neuroimmunological, 
neuroplastic, neuro-oxidative and neuro-nitrosative effects in several 

psychiatric disorders. Mechanisms include glucose-lowering effects, 
effects on insulin signaling and effects on AMP-activated protein 
kinase. Treatment with metformin is effective in reversing IR in indi-
viduals with SZ84. Metformin also reversed IR in 50% of individuals with 
treatment-resistant bipolar depression in a small placebo-controlled 
study, and individuals who had improved insulin sensitivity also had 
significantly improved depressive and anxiety symptoms, measured 
by the Montgomery–Asberg Depression Rating Scale and the Hamilton 
Anxiety Measure Scale, respectively84. Metformin has shown beneficial 
effects in pre-clinical models of depression in some studies, but not 
all epidemiological studies are consistent85. Potentially by activating 
AMP-activated protein kinase, metformin enhances mitochondrial bio-
genesis and efficiency and glucose metabolism and reduces oxidative 
stress86. It crosses the blood–brain barrier, contributing to neuropro-
tection, and supports the TCA cycle by anaplerotic flux in astrocytes 
and glutamate utilization, thus alleviating metabolic stress in neurons 
and astrocytes87. Metformin may reduce lactate levels and decrease 
neuroinflammation by lowering pro-inflammatory cytokines such 
as IL-6 and TNF86. In a study including individuals with SZ-spectrum 
in modest sample sizes, metformin improved insulin sensitivity and 
normalized glucose metabolism, potentially contributing to improve-
ments in mood and cognitive symptoms88.

Glucagon-like peptide-1 agonists. Originally approved for diabetes 
and obesity, glucagon-like peptide-1 (GLP-1) receptor agonists such 
as liraglutide and semaglutide are under investigation for neuropro-
tective and mood-modulating effects. Preliminary trials in BD and 
binge-eating disorder show promise, although data in SZ are mixed. 
GLP-1 agonist medications cross the blood–brain barrier to target 
GLP-1 receptors in the brain appetite-regulating regions89. GLP-1 drugs 
modulate insulin signaling, specifically, the PI3K/AKT/mTOR path-
way, enhancing autophagy and promoting neurogenesis90. Several 
pre-clinical and mechanistic studies (n = 278) along with clinical evi-
dence (n = 96) have been reported on GLP-1s for cognitive disorders, 
substance-use disorders, psychotic disorders, mood and anxiety dis-
orders, eating disorders and others91. For example, semaglutide and 
liraglutide were shown to lower the risk of dementia when compared 
with a placebo in a pooled study of three longer-term randomized 
controlled trials that followed 15,820 people with type 2 diabetes for 
up to 3.8 years92. Exenatide was found to have a favorable effect on 
obesity alone when compared with a placebo in a recent 26-week ran-
domized controlled trial including 127 individuals with alcohol-use 
disorders93. A meta-analysis showed that in 398 individuals with SZ, 
treated with antipsychotic followed up between 12 and 24 weeks, the 
GLP-1 receptor agonists liraglutide and exenatide were superior to 
placebo for body weight, waist circumference, BMI and blood pres-
sure94. One non-randomized open-label study demonstrated that in 
19 individuals with MDD or BD, 4-week liraglutide improved a test of 
executive functioning (and possibly other cognitive measures)95 and 
increased fronto-striatal volumes96, partially mitigated by changes in 
BMI and IR. A placebo-controlled two-arm trial conducted to test the 
efficacy of liraglutide supplementation in individuals with stable bipo-
lar illness with overweight or obesity found improvements in weight, 
hemoglobin A1c and binge-eating symptoms97. A retrospective cohort 
with patients having binge-eating disorder showed greater improve-
ment in binge-eating-scale scores in patients treated with semaglutide 
alone than in those treated with standard treatments. Further improve-
ment was observed in the group combining semaglutide with standard 
treatment98.

Glitazones. Pioglitazone, a PPAR-γ agonist, has been shown to 
reduce inflammatory markers and improve depressive symptoms 
in some trials. Its effects on cognition and neuroinflammation are 
under investigation. Used as an antidiabetic agent, it has downstream 
impacts on lipid metabolism, adipocyte differentiation and insulin 
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sensitivity99. The ability for the glitazone class of medications to affect 
the WNT/β-catenin, PI3K/AKT and RAS/MAPK pathways has been the 
focus of research assessing its potential as a therapy for psychiatric 
illness. These pathways are crucial for regulating glucose metabo-
lism, synaptic plasticity and cell survival, contributing to improved 
cognitive function and neuroprotection4. Early clinical evidence sug-
gests that the medication may reduce serum levels of inflammatory 

biomarkers (for example, CRP) and enhance the production of neuro-
protective brain-derived neurotrophic factor (BDNF)100. A randomized 
double-blind placebo-controlled study with modest sample sizes 
investigated the effects of pioglitazone in individuals SZ and reported 
improvements in both metabolic parameters and Positive and Negative 
Syndrome Scale depression subscale scores99. By contrast, studies of 
pioglitazone and other agents with insulin-sensitizing properties, such 
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Fig. 2 | The cellular-level impacts of various therapeutics that modulate 
metabolic functioning of the central nervous system. These treatments 
broadly interact with receptors and transporters that are central to metabolic 
and neurohormonal signaling processes (G-protein-coupled receptors(GPCRs), 
GLUTs, insulin receptors, and so on). In addition, a portion of these treatments 
modulate intracellular signaling cascades and their associated downstream 
intranuclear effectors. These cascades include the nuclear receptor superfamily 
(peroxisome proliferator-activated receptor (PPAR)) and associated superfamily 
co-activators (CREB), as well as additional effectors involved in the WNT 
signaling pathway (β-catenin) and related apoptotic and inflammatory pathways 
(NF-κB, APE1). Through these regulatory pathways, these treatments modulate 
the transcription of proteins important in neuronal health, such as BDNF and the 

intrinsic inflammatory (NLRP3, caspase 1, IL-1β, IL-18) and apoptotic (caspase 
9, BAX, BCL-2) pathways. Also depicted are schematics of how these metabolic 
interventions interact with astrocytes and microglia: decreasing markers 
of aerobic glycolysis (lactate) and inflammation (NF-κB) in the glia-derived 
astrocyte and decreasing markers of inflammation (CRP, IL-6, TNF, and so on) 
in myeloid-derived microglia. Broadly, these treatments improve markers of 
mitochondrial function, insulin signaling and oxidative phosphorylation while 
decreasing markers of inflammation, potentially offering avenues to correct the 
immunometabolic dysfunction associated with severe mental illness. 5-HTT, 
5-hydroxytryptamine transporter; DAT, dopamine transporter; FFAR3, free 
fatty acid receptor 3; GluR, glutamate receptor; HCAR2, hydroxycarboxylic acid 
receptor 2; OCT, organic cation transporter; ROS, reactive oxygen species.
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as intranasal insulin and liraglutide, have shown limited improvement 
of neurocognitive symptoms in individuals with BD95. Interpreting the 
results of these studies is complicated by questions about whether 
therapy-associated changes in peripheral insulin sensitivity are reflec-
tive of insulin sensitivity in the brain101.

Non-pharmacologic approaches
Intermittent fasting. Intermittent fasting has shown some benefit in 
glucose metabolism, ketone body production and BDNF upregulation. 
Early trials suggest mood and cognitive improvements, possibly via 
reduction in neuroinflammation and improved synaptic plasticity. 
Key effects induced by intermittent fasting include increases in ketone 
bodies, BDNF, GABA and gut microbiota102 along with an enhanced 
autophagy, improved insulin and leptin sensitivity, stimulated 
AMP-activated protein kinase, suppressed mTOR signaling pathway, 
strengthened mitochondrial function, and reduced oxidative stress 
and inflammation103. The cyclic metabolic switching theory states that 
intermittent fasting may be beneficial by causing cyclic switching of 
metabolism, in which eating (as with ketogenic diets) encourages cel-
lular development and plasticity and fasting activates adaptive stress 
responses. This interplay—driven by ketone signaling, mitochondrial 
and autophagy–mTOR dynamics, hormones, microbiota and circadian 
rhythms—forms the cyclic metabolic switching theory, with broad 
research and clinical implications104. A study comparing the USDA 
Healthy Living (HL) diet for 7 days in a week versus the HL diet for 5 days 
crossed over to intermittent fasting for the rest of the 2 days in a week 
for 8 weeks among a sample of older adults has preliminarily substan-
tiated the cyclic metabolic switching theory by reporting that both 
intermittent fasting and HL diets improved key brain-related metabolic 
markers, including neuronal insulin-resistance biomarkers, BrainAGE 
and magnetic resonance spectroscopy-measured brain glucose, while 
also enhancing peripheral metabolic health; however, the group switch-
ing over to intermittent fasting observed roughly twice the reductions 
in BMI, weight and caloric intake compared with the HL-only group. 
Intermittent fasting also offered greater gains in executive function 
(especially higher-order skills such as strategizing and set-shifting) and 
reductions in sedentary behavior, benefits not seen in the HL group, 
despite similar effects on most brain health biomarkers105.

Ketogenic metabolic therapy. Ketogenic metabolic therapy, pop-
ularly known as the ketogenic diet, is a low-carbohydrate, high-fat, 
moderate-protein eating pattern that results in a state of nutritional 
ketosis106. By shifting metabolism toward fat utilization and ketone 
production, ketogenic metabolic therapy bypasses impaired glycolysis 
and may improve mitochondrial function107. The principal ketone bod-
ies released by ketogenic metabolic therapy are β-hydroxybutyrate 
and acetoacetate, and like glucose, they are also metabolized by the 
TCA cycle and oxidative phosphorylation to yield ATP108. Therefore, 
ketones can possibly be beneficial in these diseases, partly by bypass-
ing cellular respiration deficits associated with impaired brain glucose 
metabolism and partly by restoring normal brain energy metabolism109. 
The associated improvements in neurochemistry, such as increased 
levels of GABA and reduction of glutamate, also induce mitochondrial 
biogenesis110. The ketogenic diet promotes astrocytic and neuronal 
active mitochondrial remodeling and transport, which can positively 
alter the cellular proteome structure111. Studies suggest that ketogenic 
diets may offer therapeutic benefits for psychiatric symptom severity 
among adults with type 2 diabetes, obesity, chronic pain and cancer112. 
Preliminary clinical case series and pilot trials in individuals with clini-
cal diagnoses of mental illnesses have reported stabilization in mood 
and reduction in psychotic symptoms, although available results are in 
their infancy and have limitations. Next-phase studies are ongoing with 
improved quality methodologies. See Supplementary Tables 2 and 3 
for a summary of completed or current studies of ketogenic metabolic 
therapy in psychiatry.

Mitochondrial transplantation. Although experimental, studies in 
animal models and induced pluripotent stem cell-derived neurons 
suggest potential for mitochondrial transfer to reverse bioenergetic 
deficits in SZ. Recent results show the efficacy of isolated active nor-
mal mitochondria to reverse abnormalities in SZ-derived induced 
pluripotent stem cells and in SZ-like behaviors in a murine model of 
neurodevelopment113.

Physical exercise. People with mental illness often have low physical 
activity and high sedentary behavior114, which are linked to poorer 
mental health115. Acute physical activity produces large increases in 
atrial natriuretic peptide and moderate increases in growth hormone 
in individuals with MDD. Chronic physical activity leads to small but 
significant increases in TNF, kynurenine and BDNF levels in adults with 
MDD. Aerobic exercise, alone or with strength training, shows large 
benefits in improving attention in attention deficit hyperactivity dis-
order (ADHD), reducing depressive symptoms across age groups and 
lowering BMI in SZ. Moderate benefits include reduced hyperactivity, 
impulsivity, and anxiety and improved executive/social function in 
ADHD; reduced anxiety in adults; better daily living skills, quality of 
life and fitness in SZ and depression; and improved cognition, mobility 
and mood in older adults with dementia and depression116. The World 
Federation of Societies for Biological Psychiatry117 and the European 
Psychiatric Association118 recommend using physical activity as an 
adjunctive treatment to improve symptoms of psychosis and cognition 
in adults with SZ, and depressive symptoms in adults with MDD. Factors 
such as the presence of a physical comorbidity, low self-efficacy, lack of 
social support, financial constraints, poorly trained staff, safety issues, 
sensory or behavioral dysregulation, lack of knowledge by patients 
about physical activity, side effects of medication, and lack of time may 
act as barriers in physical exercise in individuals with psychiatric disor-
ders116. Together with nutrition, if feasible, physical exercise could be 
considered as a part of lifestyle psychiatry to manage mental illness119.

Integrated models and unifying theories
Multiple mechanisms probably converge to produce the observed over-
lap between metabolic and psychiatric symptoms. Inflammation, gluco-
corticoid dysregulation, impaired neurovascular coupling and altered 
gut–brain signaling are under investigation. Mitochondrial integrity 
may serve as a biomarker and target for multi-system interventions.

Clinical implications
Integrating metabolic screening in psychiatric care. Associations 
with poor outcomes in psychiatric disease have led some experts to 
suggest that screening for metabolic abnormalities such as IR, lipid 
dysregulation, inflammation and mitochondrial dysfunction should 
become a part of routine psychiatric care. Comprehensive evaluations, 
which could include screening for metabolic conditions such as T2DM 
(that is, glucose, insulin, HbA1c), dyslipidemia (that is, lipid panel), 
obesity (BMI, fast mass index, waist circumference, total body fat and 
visceral adipose tissue) and metabolic syndrome (waist circumference, 
serum triglycerides, high-density lipoprotein cholesterol, glucose 
and blood pressure), should be integrated into standard evaluation 
and care. Diagnoses of these metabolic abnormalities may predict 
poor psychiatric outcomes, and addressing these factors can improve 
quality of life and reduce mortality. Clinicians should also consider 
how psychotropic medications interact with systemic metabolism and 
whether metabolism-targeting agents may benefit certain subgroups.

Current state of evidence on metabolic interventions in serious 
mental illness. Emerging evidence supports the role of metabolic 
interventions as adjunctive strategies in serious mental illness. We pro-
vide a detailed overview and rank based on available evidence to date on 
the use of biguanides, GLP-1 receptor agonists, glitazones, intermittent 
fasting, ketogenic metabolic therapy and structured physical exercise 
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in management of select conditions: SZ, BD, MDD and binge-eating 
disorder. Supplementary Fig. 1 summarizes the levels of evidence and 
a suggested class of recommendation for these interventions based on 
the Clinical Practice Guideline Recommendation Classification System 
developed by the American College of Cardiology and the American 
Heart Association Task Force120.

For complete details on studies and their outcomes highlighting 
the role of these metabolic interventions in serious mental illness, refer 
to Supplementary Table 1 on select examples of metabolism-based 
interventions used in psychiatry, and Supplementary Table 3 and 
Supplementary Fig. 1 on summary of level of evidence and class of rec-
ommendations of metabolic interventions in serious mental illnesses.

Practical and safety considerations. Special considerations are neces-
sary when implementing metabolism-based interventions. Preliminary 
studies examining the safety profiles of metformin121, GLP-1 agonists94, 
glitazones122 and ketogenic diets123,124 suggest general tolerability; 
however, larger and more rigorous studies in populations with serious 
mental illness are warranted. For mitochondrial transplantation and 
physical exercise, there remains substantial scope for evaluating the 
safety of these metabolic approaches in psychiatric settings.

Concerns have been raised regarding potential associations 
between GLP-1 agonists and increased suicidal ideation or self-injurious 
behavior. Yet evidence from large-scale cohort analyses offers con-
trasting results125, indicating that these psychiatric side effects may 
be confounded by factors such as the psychological impact of rapid 
weight loss, unmet treatment expectations or pre-existing psychiatric 
comorbidities126. Nevertheless, clinicians should exercise caution when 
prescribing GLP-1 agonists to individuals with mental illness, maintain-
ing close monitoring of suicidal thoughts and behavioral cues.

Intermittent fasting should also be approached carefully. The 
interaction between fasting and negative urgency has been shown 
to predict binge-eating behavior127, and increased relapse rates have 
been reported among individuals with SZ and metabolic syndrome, 
as well as those with BD128. Personalized guidance and supervi-
sion are therefore critical when implementing fasting protocols in 
psychiatric populations.

With respect to ketogenic metabolic therapy, gastrointestinal side 
effects such as constipation, nausea and reflux are typically transient 
and can often be mitigated through gradual carbohydrate reduction, 
adequate hydration, sufficient fiber intake from low-carbohydrate 
vegetables, and careful electrolyte management129,130. In older adults, 
vigilant monitoring is important to preserve bone health and muscle 
mass, thereby minimizing frailty; however, this is true for any treatment 
that can result in weight loss. Individuals with or at risk for eating disor-
ders should be managed cautiously as data on safety in these popula-
tions remain limited124,131. Regular follow-up, nutritional counseling and 
individualized dietary adjustments are key to enhancing adherence, 
safety and metabolic efficacy across diverse patient groups.

Overall, metabolism-based interventions underscore the ther-
apeutic potential of targeting systemic and central metabolism to 
improve psychiatric treatment outcomes.

Limitations
This review is limited by the heterogeneity of psychiatric and metabolic 
conditions, the predominance of cross-sectional data and the lack of 
standardized biomarker protocols. Socioeconomic, cultural and behav-
ioral confounds complicate interpretation. We caution against over-
generalization and acknowledge the need for personalized approaches.

Conclusion
Metabolic dysfunction is not a peripheral concern in psychiatry: it is 
central to understanding disease burden and treatment response. While 
the field of metabolic psychiatry remains nascent, it offers a compel-
ling framework to integrate brain–body research and clinical care. 

Ironically, the oldest biomarker findings in psychiatry, almost a century 
old, highlighted metabolic abnormalities in SZ that were forgotten and 
have been rediscovered and re-validated. Future studies should prior-
itize longitudinal designs, standardized metabolic phenotyping and 
mechanistic investigations to determine causal pathways. Embracing 
a metabolic lens may help close the mortality gap in psychiatric illness 
and unlock therapeutic strategies.
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