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Brain function is critically dependent on energy metabolism. Research over 
the past half century has provided many insights into energy production 
and utilization in the brain, and identified ways that it can be improved in 
brain disorders. A parallel literature indicates that major aberrations exist in 
brain bioenergetics in neuropsychiatric disorders. Targeting bioenergetic 
abnormalities may be an efficacious approach to treatment for these 
conditions. In this Perspective, we provide a survey of the relevant literature 
on these topics and sketch the outlines of a research agenda to maximize the 
impact of future research and treatment interventions.

A major and growing unmet need in psychiatry is the development of 
more efficacious and tolerable treatments to improve both longevity 
and quality of life for people with mental illnesses. Many real-world 
outcomes for patients have stagnated or worsened over the past several 
decades. Existing challenges in the research arena include the absence 
of robust research paradigms1 (for example, in most intervention or 
experimental studies) and biomarkers2 (for example, imaging or blood-
based measures) to guide development of improved therapies. Moreo-
ver, many existing treatments may contribute to already increased 
rates of cardiovascular disease and dysglycemia among individuals 
with serious mental illness3,4. This situation may be changing, how-
ever, with new treatments leveraging novel mechanisms5 as well as the 
repurposing of long-available substances as therapies6. In addition to 
the excitement around these novel pharmacotherapies, innovative 

non-pharmacological treatments that impact brain metabolism, which 
has long been implicated in the pathophysiology of mental illnesses, are 
also generating growing interest, such as the ketogenic diet7,8. Within 
this emerging field of metabolic neuropsychiatry, there is great interest 
in treatment interventions because these appear to be highly effica-
cious, but clinical and translational research into these interventions is 
not advanced. To date, research in this domain is scattered and relatively 
modest compared with other areas within psychiatry. Thus, a research 
agenda that stimulates concerted efforts to deepen our understanding 
of brain metabolism and guide the design of improved treatments is 
needed. The current group of authors convened in a week-long Ernst 
Strungmann Forum in Frankfurt, Germany, in May 2024 to develop such 
a research agenda, and this Perspective provides an overview of their 
efforts; a future edited volume will provide much greater detail and 
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important conclusion is that the brain operates within a relatively fixed 
energy budget, necessitating a continuous supply of energy to sustain 
its functions. Most of the brain’s energy budget (~70–80%) is spent on 
neuronal electrochemical activity that is the basis of ongoing neural 
communication, with a small increase (5–10% or less) for focused cogni-
tive activity and, at most, 30–40% during intense sensory stimulation 
in sensory cortices26. This is in contrast to muscle tissue, which has 
very low energy expenditure rates at rest but experiences many-fold 
increases with physical activity. These data indicate that maintaining 
basic brain functions is energetically expensive and imply that the brain 
is designed primarily for what has been called ‘resting-state neuronal 
activity’27, the function of which is not fully understood. Different brain 
networks and regions have varying energy demands and may be dif-
ferentially vulnerable to metabolic disruptions. For example, brain 
regions within the default mode network and the hippocampus have 
elevated metabolic rates28,29. Regions such as the posterior cingulate 
cortex and medial prefrontal cortex may be particularly susceptible 
to energy metabolism disruptions observed in affective and psychotic 
disorders, contributing to cognitive and emotional dysregulation30.

Regionally specific activation of brain tissue in response to task 
demands or external stimuli is a relatively minor event from the point 
of total energy use. However, owing to limitations in oxygen diffusive 
transport across the blood–brain barrier31, these transient increases 

context for this work. Note that we use the term ‘metabolic neuropsy-
chiatry’ instead of the recently coined related term ‘metabolic psychia-
try’ to capture a broader literature that includes neurodegenerative 
disorders and others at the intersection of psychiatry and neurology.

Energy can be neither created nor destroyed, only transformed, 
harnessed and dissipated9. In the brain, energy production, delivery and 
use are tightly controlled10–13. In parallel, a growing literature of patient-
oriented research has uncovered major aberrations in markers of energy 
metabolism and closely related biochemical processes, including mito-
chondrial function and redox biology, in the brains of individuals with 
psychiatric disorders14,15. This has led to the suggestion that bioenergetic 
abnormalities underlie many brain disorders. We do not currently have a 
good understanding, however, of how putative abnormalities in energy 
supply and utilization influence neuronal and glial function, information 
processing and, ultimately, symptom formation in pathological states 
over time. This challenge is compounded by the notable heterogeneity 
of biochemical processes and treatment reponses between patients.

A notable example of metabolic dysregulation in neurodegenera-
tive and psychiatric disorders is the preferential conversion of pyruvate 
into lactate, rather than its oxidation through mitochondrial oxidative 
phosphorylation (OxPhos), even in the presence of sufficient oxygen. 
The time-dependent prioritization of pyruvate conversion to lactate 
is a key feature of proliferative metabolism (neurodevelopment) and 
synaptic function16 as it supports rapid energy production, ion homeo-
stasis and reduction of oxidative stress. However, a sustained or exces-
sive reliance on aerobic glycolysis mirrors the metabolic adaptations 
seen in cancerous cells (the Warburg effect), potentially resulting in 
imbalanced adenosine triphosphate (ATP) synthesis and utilization and 
ultimately cellular exhaustion. It is thought that cancer cells shift to this 
metabolic state to support rapid growth and proliferation by supplying 
energy and biosynthetic precursors. Given the high energy demands of 
maintaining cerebral connectivity17, a shift toward aerobic glycolysis 
in neurons may exacerbate neuropsychiatric symptoms by impairing 
neural circuits. These complex metabolic processes likely relate to 
brain health and psychiatric outcomes in specific ways that have not 
yet been thoroughly studied. For example, oxidative phosphorylation 
deficits might contribute to cognitive impairment, while glycolysis 
dysregulation could drive neuroinflammation18. We summarize some 
of these processes and their relevance to psychiatry in Box 1.

The resulting symptom profile/type of mental disease may vary 
depending on the vulnerability of distinct brain elements such as dopa-
minergic neurons or cortical interneurons to impaired brain metab-
olism. This differential vulnerability is likely influenced by genetic 
predisposition and environmental exposures. The challenges associ-
ated with a research agenda that probes brain metabolism in health 
and disease stem partly from the complex and dynamic physiological 
characteristics of the brain, including nonlinear19 and counterintui-
tive responses20. For example, low-frequency brain stimulation using 
repetitive transcranial magnetic stimulation (rTMS) is associated with 
inhibition and high-frequency stimulation with excitation, contrary to 
what one would expect from a linearly scaling response21. The brain is 
highly compartmentalized both between and within cell types22 yet 
extremely well connected so that changes in one region may have 
wider consequences. Complex bidirectional brain–body interactions 
provide additional challenges in understanding the implications of 
energy metabolism abnormalities for brain function4. Ultimately, 
deeper insight into this physiology in health and disease will be needed 
to explain how metabolic abnormalities are associated with specific 
psychiatric disorders and to improve brain metabolism in a quantifi-
able and predictable manner to treat them.

Energy in the brain
The role of energy metabolism in supporting healthy brain function has 
been reviewed in detail elsewhere23–25. In this Perspective, we discuss 
some highlights of particular relevance to psychiatric disorders. One 

BOX 1

Key energy metabolism 
pathways and their implications 
in psychiatric disorders
OxPhos is the major pathway for ATP production in cells. OxPhos 
takes place exclusively in mitochondria along the electron 
transport chain and requires the presence of oxygen. Alterations 
in OxPhos are observed in schizophrenia and bipolar disorder, 
with implications for reduced neural function and resilience and 
ultimately cognitive deficits.

Glycolysis is the initial portion of intermediary metabolism, 
converting glucose to pyruvate and generating two molecules of 
ATP per molecule of glucose. Glycolysis occurs throughout the 
cytosol, which is primarily outside of mitochondria. Increased 
reliance on glycolysis is observed in schizophrenia. Abnormally 
elevated glycolysis is linked to lactate accumulation and 
neuroinflammation in depression.

Aerobic glycolysis is a term widely used to describe overflow 
pyruvate metabolism toward lactic acid in cells (the Warburg effect 
in cancer cells). This process occurs in the cytosol and does not 
use oxygen even if it is present. Aerobic glycolysis use is typically 
heightened in response to acute energy demands; it may be useful 
for rapid and enhanced energy production or for biosynthesis. If 
pathologically upregulated, it may lead to potential metabolic 
imbalances and brain circuit disruption.

Redox biology refers to the complex web of biochemical 
reactions that maintain a balance between oxidants and 
antioxidants critical for cellular health. Imbalance in redox biology 
is observed across psychiatric disorders and may be related to 
attendant abnormalities in OxPhos and glycolysis.

Insulin signaling regulates glucose uptake and energy 
homeostasis in brain and body on the basis of insulin receptor 
activity. Insulin resistance is observed in youth at risk for psychiatric 
disorders; evidence suggests this process contributes to 
neuroinflammation and symptom exacerbation.
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require support by non-oxidative glycolysis of glucose and glycogen 
to lactate and protons. Non-oxidative glycolysis produces only 2 ATP 
molecules per glucose unit, as opposed to 32 when there is complete 
mitochondrial glucose oxidation. As a consequence, there is a dispro-
portionate increase in glucose and glycogen metabolism relative to 
when glucose is fully oxidized. This imbalance in favor of glycolysis 
over oxidative phosphorylation leads to accumulation of lactic acid 
and therefore reduction in pH. In addition, the protons produced 
need to be removed by the brain by a large increase of cerebral blood 
flow, referred to as neurovascular coupling32. These disproportionate 
increases in cerebral blood flow put a large demand on the vascular 
system, and its failure could lead to chronically elevated brain lactate 
and pH, both of which can impair brain function. Although there is no 
clear evidence of failure in cerebral blood flow leading to such impair-
ment in psychiatric disorders, this is observed in cases of brain injury33.

However, the tight correlation between energy supply and brain 
activity, along with the absence of major energy reserves within the 
brain itself, make brain tissue unusually sensitive to bioenergetic dis-
ruptions34. This is evident in cases of recovery from cardiac arrest, when 
brain death can occur even though the rest of the body emerges without 
notable damage, and in liver or kidney diseases that lead to temporary 
brain dysfunction (encephalopathy) in the absence of permanent neu-
ronal damage. These concepts have been popularized by the notion 
of the ‘selfish brain’, which places the brain as the final consumer that 
is critically dependent on energy flows from the rest of the body35. 
The brain is, after all, an exceptionally catabolic organ with one of the 
highest oxygen consumption rates on a per mass basis36. We take up the 
issue of systemic changes supporting brain activity in greater detail in 
the following when discussing somatic–brain interactions. There are 
many unanswered questions with regard to bioenergetic failure and 
implications for neuronal function, as we discuss in Box 2.

Role of brain energy supply in psychiatric 
disorders
As with healthy brain bioenergetics, the topic of bioenergetic abnor-
malities in psychiatric disorders has been reviewed in great detail 
elsewhere14,15,37. Here we discuss key observations with mechanistic 
implications for disease emergence, as well as targeted and off-target 
treatment effects38.

Convergent findings from a substantial literature that includes 
postmortem human brain tissue and patient-derived neuronal cell lines 
demonstrate broad bioenergetic alterations in psychiatric disorders, 
including major depressive disorder, bipolar disorder and schizophre-
nia (see refs. 15,39 for in-depth reviews). Of these disorders, the presence 
and severity of brain energetic abnormalities may be greatest, or more 
widespread, in schizophrenia. Ultrastructural analysis reports fewer 
mitochondria in some synaptic populations40; transcript and protein 
studies of brain report findings consistent with broad deficiencies of 
energy storage and use41; and targeted studies of the electron transport 
chain complex I show reduced expression42. Biochemical and single-
neuron evidence in the human prefrontal cortex also indicates that 
positive and negative psychosocial factors, which predispose and may 
contribute to psychopathology, are preferentially linked to mitochon-
drial complex I biology43. In addition, cell-line studies from individuals 
with primary genetic disorders that increase risk for schizophrenia 
suggest that neuronal ability to enhance mitochondrial biogenesis and 
OxPhos may be protective44 against psychopathology. Recent ‘omic’ 
studies and network analysis of total gray matter and specific neuronal 
populations indicate that neuronal synaptic pathology and mitochon-
drial alterations are likely interrelated in schizophrenia45. For example, 
the OxPhos gene network is broadly downregulated in schizophrenia, a 
bioenergetic state highly consistent with the programmed, coordinated 
reductions that neurons make in response to persistently lower synaptic 
firing rates. Altogether, these findings implicate bioenergetic changes 
in the pathophysiology of psychiatric illness.

In vivo studies also show aberrations in various energy metabo-
lism-related markers in psychiatric disorders (see, for example, ref. 
46). One of the most intensively studied is schizophrenia, where 31P 
magnetic resonance spectroscopy (MRS) findings are consistent with 
a shift from OxPhos to glycolysis, with an attendant accumulation 
of lactate and reduction in pH14. Furthermore, evidence shows that 
glycolytic shifts can promote a pro-inflammatory state through the 
production of lactate and reactive oxygen species, thereby potentially 
connecting metabolic dysfunction with neuroinflammation47. The 
same studies and others also provide evidence for redox abnormali-
ties, but there has been debate about the presence of oxidative versus 
reductive stress14,48. It is likely that redox biology varies on the basis of 
which time point, tissue type, treatment effect or patient group is being 
studied. Longitudinal, transdiagnostic time-course studies are needed.

There is a parallel literature in psychiatric disorders other than 
schizophrenia. In mood disorders, there is some evidence for mito-
chondrial abnormalities, deficits in energy production and redox abnor-
malities49. One study using 13C-MRS neuroimaging provided direct 
evidence for reduced metabolism and mitochondrial function in major 
depressive disorder50. In studies using 31P-MRS, individuals with bipolar 
disorder did not show all the same abnormalities as seen in those with 
schizophrenia, but abnormalities were unmasked in the visual cortex by 
upregulation of neuronal activity using photic stimulation51. Together, 
the existing literature suggests that bioenergetic abnormalities are seen 
in major depression and bipolar disorder, although their magnitude and 

BOX 2

Unanswered questions 
regarding bioenergetic failure 
and brain function
We have only a rudimentary understanding of what the 
consequences of bioenergetic failure may be with regard to 
systems neuroscience. For example, how might brain function 
be impacted if ATP synthesis rates are reduced, if there is an 
impairment in the shift from OxPhos to glycolysis as required during 
development37 or if redox balance is disrupted?

Would there be changes in membrane potentials, synaptic 
activity, action potential generation, circuit oscillations or 
coordination across large-scale neural networks38? Would different 
brain systems (for example, cortex, subcortical nuclei or the 
cerebellum) be affected differently? Would other brain processes 
such as neurogenesis and neuroplasticity be affected in the long 
term?

It is also not clear how such bioenergetic compromise might 
relate to different neuropsychiatric phenotypes emerging at 
different developmental stages or in aging (for example, autism, 
epilepsy, psychotic disorders or neurodegenerative disorders).

These questions remain largely unanswered, but intriguing 
research has shown that metabolic status indeed controls action 
potential firing of specific neuron types in the brain as well as 
activation states of glial cells, and that the metabolism of both 
neurons and astrocytes responds to neural activity39,40. Active 
neurons quickly upregulate their own energy metabolism and, at 
the same time, release K+ and other diffusible signals to induce 
aerobic glycolysis and lactate production in neighboring glial 
cells. Notably, restoring astrocytic glucose metabolism in the 
hippocampus may rescue cognition across Alzheimer’s disease 
pathologies41, suggesting that metabolic improvement positively 
impacts brain function.
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extent may be lesser than those seen in schizophrenia. There are early 
indications that metabolic abnormalities may have a role in substance 
use disorders as well52. The literature on neurometabolic abnormali-
ties in neurodegenerative disorders is, if anything, more mature and 
extensive than that in psychiatric disorders53,54. The overall pattern 
in Alzheimer’s disease is characterized by a reliance on aerobic glyco-
lysis in early stages of disease as also seen in schizophrenia that gives 
way to a reduction in overall glycolysis and metabolism as the disease 
progresses. This literature has led to the development of metabolism-
targeted treatment interventions in Alzheimer’s disease55.

The findings of molecular and cellular bioenergetic abnormalities 
in psychiatric disorders raise the question of whether these represent 
causative factors for mental illness. However, this question may not be 
productive; unidirectional causal models are unlikely to adequately 
explain the evolution or failure of multifactorial complex systems such 
as the brain56. It is more realistic that several diverse risk factors and 
pathophysiological mechanisms are operative. Instead of debating 
whether metabolic abnormalities are causal in the pathophysiology of 
psychiatric disorders, we simply point out that they are one hallmark 
of mental illness, analogous to the widely discussed ‘hallmarks of can-
cer’. A related point is that many medications used to treat psychiatric 
disorders as well as many patient characteristics such as sedentary 
lifestyle and tobacco use worsen metabolic disturbance in the brain 
and body57. Still, several observations suggest that these cannot fully 
explain the extant findings. First, medication-naïve individuals with 
first-episode psychosis demonstrate metabolic abnormalities58. Sec-
ond, there were numerous reports of metabolic disturbances among 
people with mental illness in the pre-medication era59,60 Third, when 
taken into account, medication load and lifestyle factors in current 
studies of psychosis and depression do not fully explain the observed 
abnormalities61,62. Together, bioenergetic abnormalities are not a down-
stream consequence of having a psychiatric disorder or its treatment; 
rather they constitute a hallmark of mental illness.

Mental illnesses are the chronic diseases of the young63. Adverse 
prenatal environments are associated with increased risk of mental 
illness64, and metabolic dysfunction predates illness onset65. A crucial 
question is whether improving metabolic health in a young person 
at risk for developing a major psychiatric disorder would be protec-
tive against onset or severe course of illness. A related issue is that 
these abnormalities are likely to be transdiagnostic in nature, and their 
expression may depend on disease stage and cell type and location. It is 
possible that bioenergetic compromise in a developing brain raises the 
risk of subtle but generic developmental deviations that raise the risk of 
developing many kinds of psychiatric disorders. Moreover, the regional 
or network specificity of metabolic abnormalities in the brain might 
vary according to the stage of development or aging, thereby resulting 
in different manifestations of mental illness. Finally, the bidirectional 
interactions between the brain and body suggest opportunities for 
research to make a positive impact on both (Box 3).

Treatment interventions
Our overview of the literature brings us to the conclusion that energy 
metabolism is a critical process for developing and maintaining healthy 
brain function and that there are notable abnormalities in this process 
in the brain and body in individuals with psychiatric disorders. It is 
therefore reasonable to target improving bioenergetics to improve 
brain function and ultimately to treat mental illness, regardless of causal 
relationships. These suppositions have received attention and support 
in recent years from the success of the ketogenic diet in improving the 
condition of some patients with mood and psychotic disorders7,8,66. 
Therefore, a more detailed and systematic approach to expand our 
armamentarium of metabolic treatments is warranted.

In service of this goal, it is useful to first consider how energy 
metabolism is embedded in the broader network of physiological 
processes. The brain modulates metabolism through control circuits 

that sense change and elicit responses to maintain critical parameters 
within healthy ranges. It is likely that these control circuits create 
complex, brain-region-specific oscillatory patterns that respond to 
perturbations in the environment and the needs of the organism. Dys-
regulation in such control circuits specific to maintaining the internal 
milieu67 would ultimately generate abnormal metabolic setpoints and 
the metabolic syndrome, analogous to the emergence of allostatic load 
under stress68. Brain areas expressing high levels of neuromodulator 
chemicals, which have evolved more recently in humans, have higher 
energy requirements and mitochondria specialized for energy trans-
formation69. In people with bioenergetic dysfunction, one possible 
scenario is that the brain’s response to metabolic perturbation is trig-
gered correctly, but the correction then overshoots the normal range, 
leading to uncontrolled oscillatory behavior. Viewed through this lens, 
the task of treating bioenergetic dysfunction involves not raising or 
lowering the value of a specific parameter, but rather resetting the 
relevant control circuits.

Many physiological interventions can be used to modulate meta-
bolic control circuits. Each of these interventions will have different 
effect profiles and time constants. Thus, some may be more appropri-
ately seen as ‘probes’ of the metabolic system, which cause shorter-lived 
deviations from a setpoint with rapid return to baseline. These probes 
therefore reveal the magnitude of a system’s response and any potential 
oscillatory behavior, but they do not cause long-lasting change. Other 
interventions may cause longer-term deviations and reset the system’s 
properties and therefore function as ‘treatment’ of the abnormality.

There is an existing literature on many of the interventions we men-
tion throughout this Perspective, but we lack a framework to organize 
our thinking around how they interact with underlying pathophysiol-
ogy and with one another. Thus, it is not clear what considerations 
need to be applied in future studies, for example, where ‘perturbations’ 
become ‘therapies’70,71.

The probe–perturb–personalize approach?
In this section, we highlight a potential framework for developing and 
studying treatment interventions in this context. Certain interventions 
can probe the system and provide a readout of the system’s current 
condition. Others can perturb the system and allow measurement of 
its response. And others can intentionally elicit differences between 
individuals in a population as a way to select personalized treatments. 
Of course, some interventions can accomplish more than one of these 
objectives as well.

Some physiological probe interventions with shorter time frames 
may include: administration of hyper- or hypobaric O2 or CO2; expo-
sure to heat or cold; administration of pain in experimental settings; 
and fasting/time-restricted feeding72–75. Some of these physiological 
interventions (for example, hypoxia and aerobic exercise) have oppos-
ing immediate effects but may elicit similar final common responses, 
perhaps owing to the oscillations they elicit in control circuits.

Pharmacological agents constitute a special case within our 
framework because they can both elicit both rapid responses from 
the system and exert ongoing long-term influences on it. Agents 
such as glucagon-like peptide-1 (GLP-1) receptor agonists, intra-
nasal insulin, nicotinamide derivatives, coenzyme Q10 and other 
mitochondrial supplements can be studied as either short-term 
probes or long-term treatments76–78. Metformin, which reduces 
peripheral glucose, may have neuroprotective effects on the brain 
owing to mechanisms beyond glycemic control, such as reducing 
neuroinflammation and oxidative stress. There is some evidence 
of benefits in schizophrenia79, but whether this is due to improved 
brain metabolism or peripheral effects remains to be determined. We 
note that while these drugs are well characterized in terms of their 
peripheral effects, their central mechanisms are less well studied 
and may include modulating neuroinflammation, mitochondrial 
function or even synaptic plasticity. On the basis of its central effects, 
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a given drug might benefit multiple populations through distinct 
pathways (for example, anti-inflammatory effects might benefit 
one subgroup, while insulin-sensitizing properties could benefit 
another), providing an avenue for improved population matching 
and broader therapeutic impacts.

Finally, we note the presence of a range of behavioral and lifestyle 
risk factors and interventions with variable potential impacts (or with 
complex multiphasic effects) between the short and long terms: aero-
bic versus nonaerobic exercise, ketogenic, vegetarian and Mediterra-
nean diets, intermittent fasting80, improved sleep hygiene versus sleep 
deprivation, and acute versus chronic psychosocial stress73,81. Under-
stood through an energetic lens, each of these processes can stimulate 
and/or interfere with energy flow through specific brain–body systems, 
leading to downstream cellular and physiological adaptations that 
shape resilience and disease expression.

In the metabolic intervention space, some open questions include: 
does early biological or clinical response to an intervention predict 
long-term change and, if so, for which interventions? How effective 
might it be to combine interventions with theoretical synergies? Will 
metabolic interventions be universally effective, or will we need to 
personalize interventions on the basis of patient characteristics? If 

the latter, what psychosocial, biological or other parameters do we 
need to know about the system to pick the right treatment? Finally, 
is it possible to stratify patient populations using baseline biological 
(for example, metabolic status) or clinical (for example, treatment 
resistance) measures to optimize outcomes? Since there is substan-
tial heterogeneity in psychiatric disorders and metabolic alterations 
are transdiagnostic, the engagement of metabolic pathways may be 
responsible for the expression of specific clinical manifestations poten-
tially shared across disorders.

We also note that experimental medicine/clinical trial studies in 
this field have different attendant study design considerations when 
compared with traditional pharmacotherapy clinical trials that are 
common in psychiatry research. For example, blinding is challeng-
ing in all cases and impossible in some (for example, certain dietary 
interventions); adherence is challenging for long-term interventions 
that involve major behavioral change (for example, with exercise or 
diet); and the sample may be composed of self-selecting patients who 
are motivated to try the treatment being studied, leading to strong 
expectancy effects. This last phenomenon has been widely discussed in 
recent years in the context of clinical trials evaluating psychedelics and 
ketamine for psychiatric indications82,83.

BOX 3

Energy in body and brain
Although it is shielded from many peripheral biochemical factors 
by the blood–brain barrier, the brain does not operate in isolation. 
There are multiple bidirectional interactions between the brain and 
periphery that provide complex control mechanisms to modulate the 
biochemistry of our internal milieu87. This raises two questions. Are 
the brain aberrations seen in psychiatric disorders accompanied by 
parallel changes in the rest of the body? If so, what is the relationship 
between the two?

The resounding answer to the first question is yes; a large literature 
demonstrates a range of peripheral metabolic abnormalities in 
psychiatric disorders, including some that suggest metabolic 
disturbance predates psychiatric diagnosis and may be a risk 
indicator for it4,65,88. For this reason, the term ‘metabolic syndrome’, 
originally a term used in the field of internal medicine, is now used 
prominently in any discussion of psychiatric disorders, including 
in children and adolescents89,90. Put another way, it is highly 
possible, although not proven, that the same underlying metabolic 
abnormalities contribute to risk for psychiatric disorders when 
manifested in the brain and to risk for metabolic syndrome when 
manifested in the rest of the body91,92.

One early marker of peripheral metabolic disturbance in lean and 
healthy young people who are at high risk of psychiatric disorders 
is insulin resistance65,92. Insulin is an anabolic hormone (that is, 
promotes the energy-dependent growth, maturation or recovery 
of tissues), and its action is embedded in a web of biochemical 
reactions that are mutually influenced by redox imbalance and 
neuroinflammation. Together, reduced insulin signaling along 
with these processes comprise a nexus that drives vicious cycles 
of biochemical disturbance throughout the body in psychiatric 
disorders93. Consequently, insulin resistance within both the body 
and the brain fosters neuroinflammation and metabolic imbalances 
in the brain, which exacerbate the intensity of psychiatric symptoms 
and hinder treatment efficacy66. Moreover, it increases the risk of 
being diagnosed with depression and other psychiatric disorders67. 
Type 2 diabetes is associated with greater risk for depression or other 
psychiatric disorders even if it is not causative in many cases. There 
is a literature indicating insulin resistance is mechanistically linked to 

late-life mood disorders and neurodegenerative disorders69 as well as 
potentially treatment response in depression70.

There is a difference between central insulin resistance, which 
involves brain-specific mechanisms such as insulin’s role in synaptic 
signaling and plasticity, and peripheral insulin resistance, which 
involves peripheral metabolism. In fact, emerging evidence indicates 
that exosomal markers may distinguish the two kinds of insulin 
resistance71. This distinction is important for understanding how 
insulin resistance may impact psychiatric disorders, and delineating 
these differences may ultimately help identify patient subgroups for 
tailored treatments. As in the brain, medication and lifestyle factors 
loom large in the literature on peripheral metabolic abnormalities 
in psychiatric disorders. There is no doubt that these factors ‘add 
insult to injury’ and substantially worsen the metabolic profiles of 
our patients72. These processes are further exacerbated by social 
inequalities in physical care provision and diagnostic overshadowing.

The connection between the brain and periphery is widely 
recognized and often cited, but there is surprisingly little 
prospectively collected longitudinal data on the topic, particularly 
from children and adolescents in the premorbid phase through high-
risk states to first diagnosis and chronic illness. Importantly, there is 
evidence of extensive crosstalk between the brain and metabolically 
relevant peripheral organs such as the pancreas73, raising the 
possibility that disruptions between these interconnections may 
compromise systemic metabolic control.

We propose that there is a need for large-scale interrogation of 
these connections and potential treatment targets using multi-arm, 
multi-phase platform studies74. Such studies could recruit young 
people with aberrant peripheral metabolic function such as disrupted 
glucose–insulin homeostasis and prospectively follow up with data 
collection intentionally designed to examine the link between the 
brain and the rest of the body. Lactate and pyruvate levels could 
serve as potential biomarkers for metabolic shifts in glycolysis and 
oxidative phosphorylation, while glutathione levels might indicate 
oxidative stress status. Embedded experimental medicines studied 
in stratified targeted groups as part of such trial designs could then 
de-risk further larger-scale trials.
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Conclusion
In this Perspective, we provided a broad overview of a wide array of 
research from basic neuroscience to treatment interventions linking 
brain bioenergetics with psychiatric disorders. This is not intended 
to provide an exhaustive account of the current state of all of these 
fields. Instead, we have endeavored to provide a narrative arc pro-
viding support for a potential role of energy metabolism in psychi-
atric disorders and identify strategies for future studies in the field.  
We conclude that energy metabolism has an important role in brain 
function, and its impairment is a hallmark of psychiatric disorders, 
which can be targeted by effective treatments. These statements  
are being increasingly accepted by the field, and we expect momentum 
and excitement to grow with forthcoming results from ongoing stud-
ies. However, there is a need to maximize impact of this line of work as 
excitement alone will not deliver best results for our patients and fami-
lies. In Box 4, we list some considerations and strategies for the future.

Future research must provide more specific information linking 
types of energy dysregulation to brain dysfunction and psychiatric 
symptom formation. This will also guide the development of specific 
interventions for specific neuropsychiatric problems, or perhaps for 
specific individual metabolic endophenotypes. Perhaps treatments can 
be matched not to symptoms but to metabolic disturbance detected in 
the person.

We note that most of the data we reviewed come from studies 
of mood and psychotic disorders, an artifact of the maturity level of 

research in these subspecialties, but parallel findings are sometimes 
reported in autism, neurodegenerative disorders and others. It remains 
to be seen whether metabolic disturbances can be causal in such widely 
divergent ways; therefore, future research should examine the specific-
ity of findings across diagnostic categories.

We know a huge amount about metabolism and its disorders from 
over a century of research and clinical care. Psychiatry stands to benefit 
from this extensive experience and possibly be able to rapidly adapt 
interventions for our patient population, a point made previously84. 
This phenomenon is currently unfolding in studies of the ketogenic 
diet, where we have a century of experience using this diet to treat sei-
zure disorders. Initial promising observations were followed by small 
clinical studies and ultimately large well-controlled and adequately 
powered clinical trials. The consensus is that over 50% of patients 
with treatment-resistant epilepsy experience a reduction in seizure 
frequency on the ketogenic diet. This literature has culminated in 
meta-analyses, umbrella reviews85 and FDA approval for the ketogenic 
diet in childhood epilepsy. This approach is now being adapted to the 
treatment of psychiatric disorders7,86.

There is a large unmet need in psychiatry, arguably one of the 
most challenging specialties in all of medicine, to make meaningful 
progress. This leads to pressure on clinicians and researchers to find 
efficacious and well-tolerated interventions, setting up unrealistic 
expectations and a parade of promising hyped-up treatments, often 
with a questionable evidence base, and ultimately disappointment and 
loss of public trust. It is more likely that new treatments will add to our 
existing armamentarium and improve outcomes for many patients 
but will rarely result in miraculous recoveries. Even with this note of 
caution, we look forward to seeing energy metabolism research and 
metabolic interventions playing an ever-growing part in psychiatry.
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