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Preface
Science is a highly specialized enterprise—one that enables areas of inquiry to be 
minutely pursued, establishes working paradigms and normative standards, and 
supports rigor in experimental research. Yet all too often, researchers encounter 
problems that fall outside the scope of their immediate discipline and to progress, 
new insights and conceptual frameworks are needed.

The Ernst Strüngmann Forum was established in 2006 to address these types of 
issues. Founded on the tenets of scientific independence and open discourse, we 
provide a platform for experts to scrutinize topics that necessitate the input from 
multiple disciplines. At a central gathering, or Forum, existing perspectives are 
questioned, knowledge gaps are exposed, and strategies are proposed to fill such 
gaps. To ensure broad access to the insights that emerge, results are disseminated 
through the Strüngmann Forum Report series.

This volume is the culmination of a proposal initiated by Dost Öngür, put forth 
to advance the emerging field of metabolic neuropsychiatry. Together with Judith 
Ford, they sought to convene “leading scientists and clinicians in the field of brain 
metabolism and its clinical applications in neuropsychiatric disorders to examine 
the existing strands of progress in understanding how molecular and cellular meta-
bolic abnormalities may impact brain function and how this process may be as-
sociated with the emergence of brain disorders” (pers. comm.). Are the metabolic 
abnormalities seen in neuropsychiatric disorders restricted to the brain or are they 
distributed throughout the body? Do factors that contribute to the emergence of ab-
normal brain function also contribute to a higher burden of medical conditions (e.g., 
diabetes, obesity, and hypertension) in patients with neuropsychiatric disorders?

After approval, Kim Q. Do, Lilianne R. Mujica-Parodi, Zoltan Sarnyai, and 
Rachel Upthegrove joined us on the organizing committee to set up the discus-
sion framework and select invitees. Four primary areas were defined to focus the 
discussion:

• Role of metabolism in brain function
• Metabolic abnormalities in neuropsychiatric disorders
• Systemic metabolic aspects of neuropsychiatric disorders
• Metabolism-based therapies

The committee posed initial questions for consideration and identified topics to be 
addressed by invited papers. Then, from May 12–17, 2024, participants gathered in 
Frankfurt for lively debate. This volume synthesizes the ideas and perspectives that 
emerged. Organized around the main thematic areas (detailed in Chapter 1), each 
section contains the finalized papers written for this Forum as well as summary 
reports of the group discussions.

Engaging in this type of discourse necessitates an ability to question one’s own 
perspectives while probing those of others. It is an intense experience, and I would 
like to thank each person who participated for their time, effort, and willingness 
to contribute. A special word of gratitude goes to the members of the organizing 
committee as well as to the authors of the background papers. In addition, I would 
like to highlight the efforts of the group moderators—Zoltan Sarnyai, Kim Do, 
Rachel Upthegrove, and Lily Mujica-Parodi—and rapporteurs—Lindy Rae, Sabina 
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Berretta, Toby Pillinger, and Corey Weistuch: to enable and guide a lively debate 
and transform it into a coherent, multiauthor report is never a simple matter. Finally, 
I wish to extend my appreciation to Dost Öngür and Judith Ford, whose leadership 
and expertise were essential at every stage of this project.

Good science requires collaboration and steadfast support. The work of the Ernst 
Strüngmann Forum is sustained by a number of essential partnerships, which I 
gratefully acknowledge: We are able to serve science and society due to the gener-
ous support of the Ernst Strüngmann Foundation, established by Dr. Andreas and 
Dr. Thomas Strüngmann in honor of their father. Members of the scientific advisory 
board guide the review process of proposals. The Deutsche Forschungsgemeinschaft 
provided supplemental funding for this topic, and the Ernst Strüngmann Institute 
graciously shared its vibrant setting with us during the Forum.

It is never easy to push the boundaries of knowledge, as long-held views can be 
difficult to set aside. Yet once these limitations are recognized, the process of de-
veloping strategies to move forward becomes an invigorating endeavor. Such was 
the spirit of everyone involved in the 37th Ernst Strüngmann Forum. We hope this 
volume will spur further action and guide the development of better treatments to 
improve the quality of life for people living with mental illnesses.

Julia R. Lupp, Director, Ernst Strüngmann Forum
Frankfurt Institute for Advanced Studies
Ruth-Moufang-Str. 1, 60438 Frankfurt am Main, Germany
https://esforum.de/

https://esforum.de/
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Metabolic Neuropsychiatry

Dost Öngür

1 Introduction

A major and growing unmet need in psychiatry is the development of more effica-
cious 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 include the absence 
of robust research paradigms (Paulus and Thompson 2019) and biomarkers (Abi-
Dargham et al. 2023) to guide development of improved therapies. Moreover, many 
existing treatments contribute to already elevated rates of cardiovascular disease and 
dysglycemia among individuals with serious mental illness (Freyberg et al. 2017; 
Pillinger et al. 2019, 2020). This situation may be changing, however, with new 
treatments leveraging novel mechanisms (Kaul et al. 2024) as well as the repurpos-
ing of long-available substances as therapies (Bogenschutz et al. 2022). In addition 
to development of small molecules as new medications, innovative non-pharmaco-
logical 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 diet (Needham et al. 2023; Palmer 2017; Sethi et al. 2024). Within 
this emerging field of “metabolic neuropsychiatry,” interest in treatment interven-
tions has arguably outstripped clinical and translational research progress. To date, 
research in this domain is scattered and relatively modest in comparison to other ar-
eas of interest 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. This introductory chapter presents an overview of 
such a research agenda and describe the structure of this volume.

The need to consolidate efforts that underpin such a research agenda led us to 
propose the topic for this Ernst Strüngmann Forum. At the focal meeting, held from 
May 12–17, 2024, experts in biochemistry, neuroscience, neurology, and psychiatry 
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met to identify (a) basic research progress needed to support translation of findings, 
(b) tractable clinical interventions aligned with the basic research findings, and (c) 
strategies to be deployed to test these interventions. The resulting discourse led to 
many insights and recommendations for future research and treatment development, 
as well as a high-level summary of these discussions, from which we draw exten-
sively in this introductory chapter (Andreazza et al. 2025). This volume presents 
in-depth coverage of the topics covered at the Forum, provides an interdisciplinary 
perspective on energy metabolism in the brain and body in neuropsychiatric disor-
ders, and highlights future research directions. We believe that it will be of interest 
to students and investigators at all career stages across a range of disciplines, and 
we hope that it provides impetus for development of better treatments for people 
suffering from neuropsychiatric disorders.

The basis for excitement in this emerging field comes from our deepening in-
sights into the intricate relationship between brain metabolism and healthy brain 
function. The origins of brain metabolism research date back to the mid-twentieth 
century when several principles were established: (a) the brain does not have exten-
sive energy reserves in storage; (b) it is dependent on a constant supply of glucose, 
its primary energy fuel, and oxygen, requisite to efficiently metabolize glucose, 
from the bloodstream; and (c) energy supply is modulated by brain activity lev-
els (Shulman et al. 2002). There has been elaboration on these principles over the 
past thirty years, with discovery of alternative fuel sources, emerging roles for glial 
cells, and an understanding of the complex balance between supply and consump-
tion during brain activation. In fact, the transient imbalance between supply and 
demand underlies the blood-oxygen-level-dependent (BOLD) signal (Theriault et 
al. 2023; Thulborn et al. 1982), which is the biophysical basis of functional MRI, 
a ubiquitous research technique in modern human neuroscience (Belliveau et al. 
1991; Ogawa et al. 1992).

Along with progress in the neuroscience of brain metabolism, a growing litera-
ture of patient-oriented research has uncovered significant 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 
disorders (Henkel et al. 2022; Stein et al. 2023; Townsend et al. 2023). This has led 
to the suggestion that bioenergetic abnormalities underlie many brain disorders. 
Currently, however, we do not have a good understanding of how putative abnor-
malities in energy supply and utilization over time influence neuronal/glial function, 
information processing, and ultimately symptom formation in pathological states.

2 Energy in the Brain

The role of energy metabolism in supporting healthy brain function has been re-
viewed in detail elsewhere (Bonvento and Bolanos 2021; Dienel 2019; DiNuzzo et 
al. 2024; Magistretti and Allaman 2018; Picard and McEwen 2018; Rae et al. 2024; 
Rothman et al. 2003, 2022; Shulman et al. 2004). The majority 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 for focused cognitive activity 
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(Harris et al. 2012). 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 primarily designed for what has been called “resting-state 
neuronal activity” (Raichle 2015).

The tight correlation between energy supply and brain activity, along with the 
absence of major energy reserves within the brain itself, makes brain tissue unusu-
ally sensitive to bioenergetic disruptions (Trigo et al. 2022). This is evident in cases 
of recovery from cardiac arrest, when brain death can occur even though the rest 
of the body emerges without significant damage, and in liver or kidney failure that 
can lead to reversible encephalopathy in the absence of permanent neuronal damage 
(Vamadevan et al. 2019). These concepts have been popularized by the notion of the 
“selfish brain,” which places the brain as the final consumer that is critically depen-
dent on energy flows from the rest of the body (Peters 2011). The brain is, after all, 
an exceptionally catabolic organ with one of the highest oxygen consumption rates 
on a per mass basis (Andreazza et al. 2010).

But what are the consequences of bioenergetic failure? For example, how might 
brain function be impacted if ATP synthesis rates are reduced, if there is an impair-
ment in the switch from OxPhos to glycolysis as required during development, or if 
redox balance is disrupted? Would there be changes in membrane potentials, synap-
tic activity, action potential generation, circuit oscillations, or coordination across 
large-scale neural networks (Kula et al. 2024)? Would different brain systems (e.g., 
cortex, subcortical nuclei, or the cerebellum) be affected differently? Would other 
brain processes such as neurogenesis and neuroplasticity be affected in the long 
term? And over time, how might such bioenergetic compromise relate to different 
neuropsychiatric phenotypes emerging at different developmental stages, such as 
autism, epilepsy, psychotic disorders, or neurodegenerative disorders? These ques-
tions 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 both neurons and astrocytes can rap-
idly modulate energy metabolism in response to activity status (Barros et al. 2023; 
Yellen 2018).

2.1 Role of Brain Energy Supply in Psychiatric Disorders

As with healthy brain bioenergetics, the topic of bioenergetic abnormalities in psy-
chiatric disorders has been reviewed in great detail elsewhere (Gonçalves et al. 
2015; Henkel et al. 2022; Stein et al. 2023; Steullet et al. 2016). Convergent find-
ings from a substantial literature that includes postmortem brain and patient-derived 
neuronal cell line research demonstrate broad bioenergetic alterations in psychiatric 
disorders, including major depressive disorder, bipolar disorder, and schizophrenia 
(for in-depth reviews, see Kim et al. 2019; Ni et al. 2022; Sullivan et al. 2018). In 
vivo studies suggest various energy-metabolism-related markers also demonstrate 
abnormalities in psychiatric disorders (e.g., Townsend et al. 2023).
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The findings of molecular and cellular bioenergetic abnormalities in psychiatric 
disorders raise the temptation to ask whether these may 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 multi-
factorial complex systems such as the brain (Fried and Robinaugh 2020). It is more 
realistic to expect that the field will continue to explore multiple diverse risk fac-
tors and pathophysiologic mechanisms, rather than simply converging upon a small 
number of causal pathways. 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 “hall-
marks of cancer” (Hanahan and Weinberg 2011).

2.2 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 mecha-
nisms to modulate the biochemistry of our internal milieu (Le Thuc and Garcia-
Caceres 2024). This raises two questions: Are the brain bioenergetic abnormalities 
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 it (Freyberg et al. 2024; Milaneschi et al. 2020; Perry et al. 
2020, 2021a; Pillinger et al. 2019). For this reason, the term “metabolic syndrome,” 
a term originally used in the field of internal medicine, now features prominently in 
any discussion of clinical care for psychiatric disorders, including in children and 
adolescents (Cortese et al. 2024; Henderson et al. 2015; Vancampfort et al. 2014; 
Zachos et al. 2024). Put another way, it is highly possible, though not proven, that 
the same underlying metabolic abnormalities contribute to risk for psychiatric dis-
orders when manifest in the brain and to risk for metabolic syndrome when manifest 
in the rest of the body (Agarwal et al. 2020; Lee et al. 2024; Perry et al. 2021b; 
Prestwood et al. 2021).

3 Treatment Interventions

Energy metabolism is a critical process for developing and maintaining healthy 
brain function, and there are significant abnormalities in this process in the brain 
and body in individuals with psychiatric disorders. These suppositions have re-
ceived attention and support in recent years from the success of the ketogenic diet 
in improving the condition of some patients with mood and psychotic disorders 
(Freyberg et al. 2024; Needham et al. 2023; Sarnyai and Palmer 2020; Sethi et al. 
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2024). Therefore, a more detailed and systematic approach to expand our armamen-
tarium 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 physiologic processes. The brain modu-
lates metabolism through control circuits that sense change and elicit responses 
to maintain critical parameters within healthy ranges (Tingley et al. 2021). 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 or-
ganism. Dysregulation in such control circuits specific to maintaining the internal 
milieu (Mujica-Parodi and Strey 2020) would ultimately generate abnormal met-
abolic setpoints and the metabolic syndrome. Brain areas expressing high levels 
of neuromodulator chemicals, which have evolved more recently in humans, have 
higher energy requirements and mitochondria specialized for energy transformation 
(Castrillon et al. 2023; Mosharov et al. 2025). In people with bioenergetic dysfunc-
tion, one possible scenario is that the brain’s response to metabolic perturbation is 
triggered 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 physiologic interventions can be used to modulate metabolic control cir-
cuits. Each of these interventions will have different effect profiles and time con-
stants. Thus, some may be more appropriately seen as “probes” of the 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, thereby func-
tioning to “treat” the abnormality.

In the metabolic intervention space, some open questions include: Does early bi-
ological 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 based on patient characteristics (e.g., difficult 
to treat symptoms)? If the latter, what psychosocial, biological, or other parameters 
do we need to know about the system to select the right treatment? Finally, is it 
possible to stratify patient populations using baseline biological measures to opti-
mize outcomes? Since there is substantial heterogeneity in psychiatric disorders and 
metabolic alterations are transdiagnostic, the engagement of metabolic pathways 
may be responsible for the expression of specific clinical manifestations potentially 
shared across disorders.

4 Structure of this Volume

The remaining chapters are organized into four sections that reflect the narrative arc 
of this introductory chapter. Many of the points raised here are greatly expanded in 
the rest of the book to provide much deeper insights regarding profitable directions 
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for the field to take. The chapters in the first section review the basics of energy 
metabolism in healthy brain function:

Chapter 2 Integrating Brain Metabolism Research into Big Data Human 
Neuroscience, by Manu S. Goyal

Chapter 3 Brain Energy Constraints and Vulnerability, by Caroline D. Rae, L. 
Felipe Barros, Alexander Behnke, Manu S. Goyal, Suzana Herculano-
Houzel, Daria Peleg-Raibstein, Martin Picard, Douglas Rothman, 
Anthony C. Vernon, and Zoltan Sarnyai

Chapter 4 Brain Energy Production: Vulnerability and Pathophysiology, by 
Caroline D. Rae, L. Felipe Barros, Alexander Behnke, Manu S. Goyal, 
Suzana Herculano-Houzel, Daria Peleg-Raibstein, Martin Picard, 
Douglas Rothman, Anthony C. Vernon, and Zoltan Sarnyai

The second section provides a survey of metabolic abnormalities in neuropsychiat-
ric disorders:

Chapter 5 What Is the Best Evidence for Bioenergetic Abnormalities in 
Severe Mental Illness? by Hunter Eby, Ali Sajid Imami, William G. 
Ryan V, Smita Sahay, John Vergis, Jennifer H. Nguyen, Taylen O. Arvay, 
Priyanka Pulvender, Nicholas Henkel, Robert E. McCullumsmith

Chapter 6 Role of Metabolism in the Emergence of Neuropsychiatric Disorders, 
by Corey Weistuch, Anthony G. Chesebro, Botond B. Antal, and 
Lilianne R. Mujica-Parodi

Chapter 7 Systemic Mitochondrial Alterations in Alzheimer’s Disease Dementia, 
by Allie Amick and Anthony J. A. Molina

Chapter 8 Metabolic Abnormalities in Psychiatric Disorders: A Transdiagnostic, 
Whole-Body Approach, by Sabina Berretta, Ana C. Andreazza, Dorit 
Ben-Shachar, Javier Gilbert-Jaramillo, Jill R. Glausier, Iris-Tatjana 
Kolassa, R. Nehir Mavioglu, Robert E. McCullumsmith, Anthony J. A. 
Molina, Johann Steiner, and Kim Q. Do

The third section focuses on systemic metabolic aspects of neuropsychiatric 
disorders:

Chapter 9 Links between Inflammation and Metabolism in Periphery and Brain: 
Lessons from Epidemiological Research on Depression, by Yuri 
Milaneschi

Chapter 10 Metabolic Measures across the Lifespan: Implications for Body 
and Mind, by Benjamin I. Perry, Bodyl A. Brand, Janna N. de Boer, 
Peter Swan, Toby Pillinger, Lena Pielke, Suchitra Varadarajan, Iain 
Campbell, Iris-Tatjana Kolassa

Chapter 11 Serious Mental Illness As a Multisystem Metabolic Disorder, by 
Toby Pillinger, Hannelore Ehrenreich, Zachary Freyberg, Margaret 
Hahn, Matthias Mack, Yuri Milaneschi, Benjamin I. Perry, and Rachel 
Upthegrove

The fourth and final section concerns therapies targeting metabolic function:



 

 

neural activity patterns, and ultimately to symptom formation.

mation, and brain function in model systems.

use in human studies.

individuals before moving on to patient groups.

trajectories of metabolic dysfunction, including prior to symptom onset.

Metabolic Neuropsychiatry 7

Chapter 12 Methodological Best Practices for Planning, Conducting, Analyzing, 
and Reporting on Randomized Controlled Trials in Metabolic
Neuropsychology Studies, by Melanie M. Wall and Martina Pavlicova

Chapter 13 Disassociating Causality in Complex Interacting Systems, by
David Hofmann, Simon Carter, Helmut H. Strey, and Lilianne R. 
Mujica-Parodi

Chapter 14 Designing Innovative Interventions for Metabolic Psychiatry, by Corey 
Weistuch, Virginie-Anne Chouinard, Sharmili Edwin Thanarajah, 
Peter Falkai, David Hofmann, Dost Öngür, Martin P. Paulus, Melanie 
M. Wall, and Lilianne R. Mujica-Parodi

5 Conclusions and Future Directions

Based on emergent insights from this project, the following areas for future work in 
the field are highlighted:

• Long-term mechanistic studies in cell and animal models are needed to de-
termine causal pathways linking metabolic changes in the body and brain to 

• We need to understand better the complex and mutually reinforcing relation-
ships between peripheral insulin signaling, immune activation/neuroinflam-

• We need to identify and assess in vivo metabolic measures as biomarkers for 

• Measures thus identified should be studied longitudinally in health and dis-
ease, especially during perturbation/provocation in controlled environments 
(i.e., in an experimental medicine framework). To ensure understanding of 
the behavior of the system, such studies should first be conducted in healthy 

• Longitudinal studies across diagnoses and illness stages are needed to map 

• We need studies to assess whether patient stratification based on metabolic 
phenotypes have diagnostic or prognostic utility, and whether it can enable 
selection of individualized interventions.

If metabolic interventions are salutary for mental illness, psychiatry stands to ben-
efit from extensive experience in other fields of medicine and to rapidly adapt inter-
ventions for our patient population, a point previously made by Manji et al. (2012). 
This phenomenon is currently unfolding in studies of the ketogenic diet, where 
we have a century of experience using this diet to treat seizure disorders. Initial 
promising serendipitous observations were followed by small clinical studies and 
ultimately large well-controlled and adequately powered clinical trials. Though far 
from a cure, 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 reviews (Diez-Arroyo et al. 
2024), and FDA approval for the ketogenic diet in childhood epilepsy.
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The large unmet need in psychiatry leads to pressure on clinicians and research-
ers to find efficacious and well-tolerated interventions, setting up unrealistic expec-
tations and ultimately disappointment and loss of trust by the public if treatments 
are not as good as hoped (Hyman 2012). While it is important not to promise mirac-
ulous recovery to severely ill patients as the expected outcome because of this back-
ground, it is likely that new metabolic treatments offer new hope for improvement 
for many patients. Holding as our therapeutic goal the improvement of metabolic 
health rather than symptom suppression could thus deliver an empowering message 
for our patients and their families (Picard 2022).
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Integrating Brain Metabolism Research in
Big Data Human Neuroscience

Manu S. Goyal

Abstract Discovering and determining links between brain metabolism and psy-
chiatric illnesses is a challenge. This chapter suggests approaches that integrate 
brain metabolism research into large-scale human neuroscience efforts. Examples 
are provided as well as avenues for future investigations. It is hoped that such efforts, 
combined with rigorous basic science investigations and theory, will ultimately help 
to translate brain metabolism research to the benefit of patients with mental illness.

Keywords Brain metabolism, mental illness, human neuroscience

1 Introduction

When asked to be a part of the Ernst Strüngmann Forum on “Metabolic 
Neuropsychiatry,” I was struck by the enormous complexity of the problem at hand. 
How does one begin to tackle this topic? Addressing the relationships between 
metabolism and neuropsychiatric conditions requires that one understand how me-
tabolism and brain cellular activity are linked, how cellular activity relates to brain 
function, and how brain function relates to cognition, behavior, and mental illness. 
The complexity of each of these topics is independently very high; understanding 
how they influence one another increases this complexity substantially, particularly 
when scaling up from cellular metabolism to whole-brain function and behavior. 
Many, including the attendees at this forum, are investigating these topics deeply 
and rigorously, but the challenge of putting together actionable theories that can 
reliably impact human mental health remains.
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Much of this challenge is conceptual and addressed by other chapters in this vol-
ume. Here, I focus on translational difficulties and potential approaches to surmount 
them. One difficulty involves translating basic brain metabolism research to clinical 
neuroscience. This challenge is certainly not unique to “metabolic neuropsychia-
try.” For example, despite extensive basic science investigations into neuroprotec-
tion, efforts to translate this science to stroke patients have thus far largely failed 
(Kidwell et al. 2001; O’Collins et al. 2011). The potential reasons for this failure 
have been outlined by numerous articles (see, e.g., Chamorro et al. 2021; Gladstone 
et al. 2002). Among the proposed reasons, statistical limitations in preclinical re-
search, differences between the brains of humans and other animals, and clinical 
trial design have been noted, though many other factors are likely also relevant 
(Chamorro et al. 2021; Dronne et al. 2008; Gladstone et al. 2002; Xu and Pan 2013). 
It is instructive to contrast this to the remarkable success of thrombectomy trials in 
stroke. Here, the basic science rapidly involved human investigations that included 
widely accessible neuroimaging methods appropriate for clinical trials (Albers et al. 
2018; Goyal et al. 2016; Nogueira et al. 2018; Smith and Furlan 2016). Ultimately, 
this not only led to a much better understanding of the pathophysiology of stroke 
but also to treatments that have revolutionized acute stroke care and outcomes. 
Clinically accessible perfusion imaging was a component in several of these trials, 
remains a widely used technique, and is useful for prognosis determination and the 
detection of potentially treatable strokes (Bathla et al. 2022; Peerlings et al. 2023).

The second challenge is methodological in nature, with regard to measuring hu-
man brain metabolism. Measuring brain metabolism, being closely linked to brain 
function, is vulnerable to various methodological “conveniences.” For example, 
some animal and human studies require sedation, which by definition affects brain 
function, and thus may have a significant effect upon metabolism (Foster et al. 
1987; Guedj et al. 2022; Hypponen et al. 2022). It is plausible that dietary changes 
such as fasting and differences in caffeine intake—both common in human imaging 
studies—might also influence patterns of blood flow and glucose utilization (Park 
et al. 2014). Even wearing a mask during the COVID-19 pandemic had measurable 
changes on functional neuroimaging studies (Fischer et al. 2021; Law et al. 2022, 
2021; Scholkmann et al. 2021). Moreover, many methods of quantifying brain me-
tabolism rely on tractable but variably complex models (Carson et al. 2023); these 
models may themselves include unmeasured parameters that have to be estimated 
and accounted for, resulting in risk of error propagation and bias. Though carefully 
designed and well-controlled experiments aim to address many of these challenges, 
internal validity does not often translate to external validity, particularly when ad-
dressing diseases as heterogeneous as those found in psychiatry. Perfusion imaging 
in stroke, for example, in part surmounted difficulties in producing consistent quan-
titative results across scanners and sites by normalizing cerebral blood flow values 
to the contralateral hemisphere, which became the standard method for several suc-
cessful clinical trials (Campbell et al. 2011; Vagal et al. 2019).

The third challenge involves the sheer complexity of the brain’s cellular and 
subcellular composition. Efforts such as those from the Allen Institute are demon-
strating that the brain has numerous different types of neurons, astrocytes, oligoden-
drocytes, microglia, pericytes, and other cells, and that they differ further in terms 
of maturity and activity (Jorstad et al. 2023; Langlieb et al. 2023; Siletti et al. 2023; 
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Shi et al. 2023; Weninger and Arlotta 2023). Moreover, synapses and their underly-
ing subcellular substrates are also highly heterogeneous (Sun and Schuman 2023). 
Following the discovery that a great deal of mRNA to protein translation occurs 
locally near synapses, rather than just in the cell body, recent investigations of “syn-
aptosomes” suggest that even such local synaptic translation can be heterogeneous 
(Hafner et al. 2019; van Oostrum et al. 2023). It is thus very likely that metabolism 
also differs according to cell type and synapse and their proportion within different 
parcels of brain tissue, thereby challenging the generalizability of many smaller-
scale cellular studies of brain metabolism.

A general theme across these challenges is that they have to do with scale and 
complexity. Changes in scale and complexity are apparent when moving from ro-
dent to human brains, from relatively small carefully controlled experiments to 
large multicenter studies, or from investigating a handful of cells to a massive num-
ber of cells. Added to this is the enormous complexity of mental illnesses, which 
overlap in their features and manifest heterogeneously. To address these challenges, 
approaches that integrate brain metabolism research into “big data” clinical neuro-
science might help to improve translational success as well as to reveal emergent 
phenomena that arise from complex and large-scale physiology. Though not a com-
prehensive review, below I delineate four potential approaches.

2 Develop More Readily Accessible PET Imaging of Human Brain 
Metabolism for Large-Scale Studies

Methods to assess human brain metabolism in vivo have and continue to evolve. To 
illustrate this, it helps to discuss how one might measure oxygen consumption in the 
human brain. Decades ago, methods to measure whole-brain oxygen metabolism 
involved placing arterial and venous catheters to assess blood flowing into and leav-
ing the brain. The Kety-Schmidt method then applied the Fick Principle to calculate 
whole-brain blood flow and the metabolic rates of oxygen and glucose consumption 
(Kety and Schmidt 1948; Lassen 1959). Advantages of this technique were that it 
relied on a small set of basic assumptions. However, the Kety-Schmidt method is 
invasive, with risks to the research participant or patient, and it relies on skilled op-
erators to perform it. In addition, this technique does not provide regional estimates.

Subsequent developments in positron emission tomography (PET) imaging pro-
vided an opportunity to use 15O radiotracers to measure regional oxygen metabo-
lism in the brain. Models were constructed that relate observed positron emission 
counts within a region of interest to its metabolic rate of oxygen consumption (An 
et al. 2021; Fan et al. 2020; Mintun et al. 1984, 2001). Since these models require 
an arterial input function, an arterial catheter was typically still needed and often 
placed in the radial artery. An influential model also required independent mea-
surements of cerebral blood flow and volume (Mintun et al. 1984). One limita-
tion of this technique on older PET scanners was that the total effective radiation 
dose from a single measurement of brain oxygen metabolism was around 20 mSv, 
which is 40% of the annual occupational limit in the United States, and thus limits 
repetitions and other scans. In addition, 15O has a very short half-life, requiring an 
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on-site, experienced cyclotron staff to produce and supply the 15O gases and water 
rapidly and safely. Accordingly, this technique remains limited to specialized cen-
ters. Nonetheless, a randomized clinical trial (the Carotid Occlusion Surgery Study) 
applied a simplified version of this technique to study whether neurosurgical bypass 
was effective or not in preventing stroke in high-risk carotid occlusion patients as 
selected by 15O PET imaging (Powers et al. 2011). The trial was terminated early 
due to futility, suggesting that bypass surgery may not be beneficial for preventing 
stroke in carotid occlusion patients.

Due to the resources and technical requirements of this method, clinical trials 
and other large-scale studies employing 15O PET have been rare. Multiple major 
recent developments in PET imaging might now help to overcome these obstacles. 
First, modern PET scanners, including some being built specific to brain imaging, 
have much better spatial resolution and sensitivity, which leads to several advan-
tages (Li et al. 2024; Prenosil et al. 2022; van Sluis et al. 2020). The arterial input 
function can now be directly extracted from the imaging itself, thus avoiding the 
need for an arterial catheter (though arterial blood sampling may still be needed to 
assess metabolites for other radiotracers) (Volpi et al. 2023). Partial volume effects 
become less of a concern, limiting the need for sophisticated, computationally ex-
pensive algorithms to perform partial volume correction.

Importantly, due to the better sensitivity of modern PET scanners, the dose of 
radiotracer needed can be reduced substantially while maintaining adequate signal-
to-noise; in our experience, we can successfully obtain adequate 15O imaging with 
a third or less of the typical total dose used on older PET scanners (Lee et al. 2024). 
Notably, efforts to reduce the dose of an amyloid tracer have found even more re-
markable results (Young et al. 2024). Second, there are many ongoing advances in 
PET data acquisition and analysis, such as better attenuation, motion, and scatter 
correction algorithms. We have found that with these improvements, we can now 
assess brain metabolism (including cerebral blood volume, flow, oxygen, and glu-
cose metabolism) at a finer spatial scale, within single individuals, and at a fraction 
of the total radiation exposure (Lee et al. 2024).

As modern PET scanners become more widely available, there is now an oppor-
tunity to perform metabolic brain PET imaging at a much larger scale than previ-
ously possible. For example, if the radiation dose of 18F-fluorodeoxyglucose (FDG) 
PET of the brain can be lowered substantially to a resulting effective dose of 1 mSv 
or less, it might be feasible to incorporate this technique more often into large-
scale human neuroscience studies. Very low doses might also permit longitudinally 
repeated assessments and including younger at-risk individuals. Since analysis of 
metabolic PET imaging is technically challenging, software packages that automate 
analysis of the PET imaging will be needed to ensure accurate and consistent results. 
Methods to “harmonize” imaging across sites, scanners, and different radiotracers 
are now available and demonstrate improved longitudinal consistency (Bourgeat et 
al. 2022); such approaches have already been successful for amyloid PET imaging, 
which is widely performed in large-scale studies of Alzheimer disease. Applying 
the same approach to FDG-PET and potentially other metabolic radiotracers might 
thus allow for the integration of brain metabolism PET imaging into large-scale hu-
man studies in neuropsychiatry, and could be applied to the multiple, smaller extant 
PET studies already performed.
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3 Develop and Validate Accessible MRI Methods to Measure Human 
Brain Metabolism

Though PET imaging has many advantages when measuring brain metabolism, it 
also has important limitations. For example, 15O gas production and delivery re-
mains resource intensive and challenging; thus, PET imaging of brain oxygen me-
tabolism may remain difficult to use beyond a few select centers. The radiation 
dose from PET imaging limits its use in children. PET also has interpretive limita-
tions. For example, when performing FDG-PET alone, one cannot determine how 
much of a difference in FDG metabolism is due to oxygen-dependent metabolism 
(i.e., oxidative phosphorylation), glycolysis, and its intermediary pathways versus 
changes in glycogen metabolism. FDG uptake and phosphorylation are also two 
independent processes that are collectively counted when measuring positron emis-
sion counts; kinetic compartmental modeling can help separate these processes to 
some extent but depend on the acquisition of an arterial input function and accurate 
modeling (Gjedde 2014). Finally, FDG is not glucose and thus requires further cor-
rection for small but potentially relevant differences between the two molecules 
(Barrio et al. 2020; Gjedde 2014).

Magnetic resonance imaging (MRI) methods are poised to help overcome some 
of the limitations in PET-based measurements of brain metabolism. There are now 
an increasing number of attempts to develop MRI-based methods of measuring 
brain oxygen metabolism (for recent reviews, see An and Lin 2000; Biondetti et 
al. 2023; Hyder and Rothman 2017; Rodgers et al. 2016). Each method has its own 
advantages and shortcomings, but can now be validated against 15O PET, which 
is facilitated with the development of PET/MRI scanners (Cho et al. 2021; Fan 
et al. 2020). Validation should entail both regional and whole-brain quantitative 
estimates. Differences between MRI and PET should be understood; assuming that 
PET is the “gold standard” may not be appropriate in some cases, and discrepancies 
between modalities might be due to an error in the PET analysis rather than with 
MRI. Some groups have even recently advocated a hybrid approach, whereby one 
uses MRI for certain high reliability measurements and PET for others (Fan et al. 
2020; Narciso et al. 2021).

Other MRI techniques, including chemical exchange saturation transfer MRI 
and MR spectroscopy, are also undergoing major developments, such as the use of 
native proton and isotope imaging techniques as well as following enrichment with 
stable isotopes and hyperpolarization to boost signal strength (Hyder and Rothman 
2017; Koush et al. 2022; Straathof et al. 2021; van Zijl et al. 2021). These tech-
niques can measure various aspects of the metabolism of glucose and other car-
bohydrates, as well as amino acids and other compounds. Importantly, unlike PET 
imaging, MR spectroscopy provides information on the fate of various compounds.

MR spectroscopy, in particular, has already shown enormous value in numer-
ous basic science experiments and is now being increasingly applied to study hu-
man brain metabolism in clinical settings. For example, phosphorous MR spectros-
copy, which can identify metabolites in the brain related to energy metabolism and 
phospholipid turnover, has been applied to investigate mental illnesses. A review 
of phosphorous MR spectroscopy studies in schizophrenia found dozens of such 
studies, but with rather limited consistency in their results (Yüksel et al. 2015). 
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Both heterogeneity in experimental design as well as statistical issues were noted 
as reasons for the absence of definitive findings. Phosphorous MR spectroscopy 
has also been used to measure the brain’s redox state via the NAD+/NADH ratio in 
schizophrenia, finding that it is reduced in both first-episode and chronic psychosis 
patients (Stein et al. 2023). As for PET imaging above, developing more readily 
accessible MR spectroscopy methods and analytical packages will be critical to 
translating these techniques to large-scale and longitudinal human studies.

4 Relate Brain Metabolism Imaging to Fluid Biomarkers

Alongside various developments in neuroimaging of metabolism, there have been 
remarkable advances in assaying fluids, such as blood and cerebrospinal fluid 
(CSF), for numerous proteins, metabolites, transcripts, and other biological factors. 
One example is the use of proteomics to identify over a thousand proteins within 
CSF in individuals at genetic risk for early-onset Alzheimer disease. In a recently 
published study, this demonstrated significant rises in several specific proteins dur-
ing the stages between onset of amyloid-beta deposition and that of symptomatic 
disease (Johnson et al. 2023). Interestingly, this analysis identified several proteins 
specifically related to glycolysis as key factors that changed very soon after amy-
loid-beta deposition began, and again near the onset of symptomatic disease.

Interpretation of such results, however, is limited. What does an increase in one 
of these proteins, such as lactate dehydrogenase B (LDHB), mean? One can specu-
late, but given the variety of cells and brain regions from where LDHB might have 
been released, it is uncertain how to understand this finding. Moreover, the release 
of LDHB indicates little about the direction of changes in metabolism. However, 
by coupling metabolic brain imaging with such CSF proteomic studies, one might 
be able to better infer where in the brain the metabolic changes are occurring. Also, 
the direction of change in metabolic flux can be measured. The CSF proteomic re-
sults remain informative: they indicate the individuals and time period when these 
changes might be best addressed with neuroimaging. Furthermore, the proteomic 
results might identify many other affected proteins, providing more insight into 
affected cells, subcellular components, and metabolic pathways (van Zalm et al. 
2023). As more of these investigations are performed, interpretation of the CSF 
proteome, along with that from brain and plasma, will likely improve, and thereby 
provide another avenue to study more widely brain metabolism in various human 
diseases (Yang et al. 2021).

5 Relate Brain Metabolism to Cellular and Subcellular Studies

A major limitation of the approaches discussed above is that they are generally 
unable to ascribe metabolic measurements to specific cell types or subcellular com-
ponents. This is currently true for both fluid biomarkers of metabolism and for neu-
roimaging measures that typically have a spatial resolution on the order of cubic 
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millimeters to cubic centimeters. As noted above, this is particularly important to 
resolve given the increasing identification of numerous different cell types, includ-
ing among neurons and the various glial cells. Moreover, it is now established that 
many subcellular processes, including metabolism and translation, occur locally 
near synapses (Sun and Schuman 2023).

Methods to probe metabolism at the cellular and subcellular level in vivo in the 
rodent brain are being developed and show welcome promise (Cao et al. 2017, 2021; 
Zhang et al. 2019). However, these techniques have their own limitations (Dienel 
and Rothman 2023); more importantly for the current discussion, studies in the 
rodent brain aimed at addressing human mental illnesses may have limited external 
validity. A human neuroscience-based approach to address this problem would be 
desirable, even if it can only currently provide data for hypothesis generation.

One approach in this regard is to take advantage of big data human neurosci-
ence efforts that are arising from the Allen Institute and other large-scale “brain 
mapping” efforts (Gabitto et al. 2024; Hawrylycz et al. 2012; Jorstad et al. 2023; 
Kang et al. 2011; Mosharov et al. 2025; Siletti et al. 2023; van Oostrum et al. 2023). 
Efforts from the Allen Institute initially included whole genome-scale transcrip-
tomics acquired from hundreds of postmortem brain samples taken from a small 
group of individuals (Hawrylycz et al. 2012). Since then, their efforts and those of 
several other groups have expanded in terms of the number of individuals, ages that 
span across mammalian lifespans, diseases such as Alzheimer disease, and methods 
being used, including single-cell transcriptomics (Gabitto et al. 2024; Kang et al. 
2011; Zhu et al. 2018). There is now a deluge of data available, and the challenge is 
to devise analyses that make informative use of these data.

One approach to studying brain metabolism using these data is simply to tar-
get metabolism-related transcripts and determine (a) their interrelationships, (b) 
their relationships with meta-features (e.g., brain regions, age, disease state), and 
(c) their relationships with other transcripts, including those that help to identify 
different cell types and subcellular components. For example, an initial report on 
the Seattle Alzheimer’s Disease Cell Atlas identified decreased expression of many 
metabolism-related genes specifically within neurons of the middle temporal gyrus, 
including those related to cholesterol synthesis, glycolysis, and mitochondrial func-
tion, in relation to a model estimate of disease progression (Gabitto et al. 2024). 
Further analyses of these data suggest that somatostatin interneurons might be more 
selectively vulnerable in the early stages of preclinical Alzheimer disease.

These data might be even more informative when combined with brain metabo-
lism imaging (and potentially fluid biomarker) data, acquired in a spatiotemporal 
manner. For example, combining the Seattle Alzheimer’s Disease Cell Atlas data 
with brain metabolism imaging spatiotemporally across the trajectory of Alzheimer 
disease might help to provide further insight into how the disease affects brain 
metabolism at each of its stages. Previous work by our group employed a similar 
approach across the human lifespan using the Allen Human Brain Atlas and the 
BrainSpan dataset (Goyal et al. 2014). We examined gene expression related to 
the regional pattern of the glycolytic index, which was devised to be a relative 
measure of aerobic glycolysis in the human brain using multitracer PET imaging. 
In contrast to FDG-PET alone, which highly correlated with genes related to mi-
tochondria and energy metabolism, the glycolytic index identified a large set of 
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different genes that were related to neurite and synaptic development. Moreover, 
the BrainSpan dataset was used to identify transcriptionally neotenous regions of 
the brain, which corresponded to those regions with the highest glycolytic index in 
young adults. Collectively these results suggest that aerobic glycolysis in the human 
brain might be related to development and neotenous processes in the human adult 
brain (Bauernfeind et al. 2014; Goyal et al. 2014); the reasons for this are currently 
unclear, though several possibilities exist (see, e.g., Cruz et al. 2022; Harris et al. 
2019; Rae et al. 2024; Segarra-Mondejar et al. 2018; Theriault et al. 2023; Zhang 
et al. 2019).

The external validity of this correlative approach is currently limited. However, 
it can be useful to generate hypotheses, identify target genes and proteins for further 
investigation, and act as a component of a larger convergent analysis. For example, 
the genes identified above, specifically in relation to aerobic glycolysis, have re-
cently been reported to be strongly associated with adolescent cortical development 
in humans (Lotter et al. 2024). More recently, the general approach of performing 
spatial (and spatiotemporal) correlations between brain imaging findings and those 
arising from big data transcriptomic datasets has been codified into a set of tools 
called “neuromaps” (Markello et al. 2022). This set of tools includes statistical cor-
rections, such as for spatial autocorrelation, and can compare a large variety of 
brain maps according to different atlases and datasets. As more investigators learn 
to grapple with these large transcriptional (and other similar “-omics”) datasets, 
perhaps we will discover new ways to integrate them with imaging of brain metabo-
lism. Finally, another approach to linking imaging to specific genes and metabolic 
pathways is to identify individuals with rare mutations to link their neuroimaging 
findings with findings from cellular experiments, such as with induced pluripotent 
stem cells (Reid et al. 2022).

6 Conclusions

With these proposals in hand, what might a future effort aiming to understand brain 
metabolism in mental illness look like? A large cohort of patients—ranging from 
those at risk to those experiencing their first symptoms and others in a chronic phase 
of the illness—would help to evaluate the “trajectory” of metabolic abnormalities 
related to the illness. Several metabolic measures could be obtained and analyzed 
in this cohort, including fluid biomarkers from blood and CSF, low-dose radiotracer 
PET studies on a modern scanner, and brain MRI/MRS. Ideally, this would be done 
longitudinally, though the long time course of many mental illnesses might make 
this challenging. Nonetheless, large-scale longitudinal efforts that include metab-
olism-related fluid biomarkers and brain imaging have been successfully applied 
to Alzheimer disease, such as in the Alzheimer’s Disease Neuroimaging Initiative 
and Dominantly Inherited Alzheimer Disease Network (McKay et al. 2023; Weber 
et al. 2021); indeed, these efforts provide a paradigm that can guide similar efforts 
for mental illness.

In this context, it may also be instructive to consider an expertimental medi-
cine approach where investigators perturb brain metabolism using well-defined 
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interventions such as GLP-1 agonists or a ketogenic diet and use the various big 
data neuroscience measures proposed above as outcome measures. This framework 
can be scaled up in adequately powered clinical trials and provide strong evidence 
for target engagement and validation for the interventions’ mechanism of action. 
Ultimately, this approach can provide a bridge between the knowledge base gener-
ated by big data neuroscience and real-world clinical applications.

These efforts may still not adequately address the challenges facing “metabolic 
neuropsychiatry.” Certainly, detailed investigations of various open questions in 
brain metabolism research are necessary, as thoroughly reviewed recently (Rae et 
al. 2024), and will require mechanistic studies in animal models as well as “re-
verse translational” approaches. However, combining animal-based mechanistic 
investigations with large-scale human studies will help to improve the likelihood 
of translating basic science findings and avoid repeated failures in future clinical 
trials. Parenthetically, fostering interest in applying brain metabolism research into 
big data neuroscience initiatives is equally important to achieve success when pro-
posing and launching these efforts. It is notable that brain metabolism does not cur-
rently have a dedicated chapter in two of the top neuroscience textbooks (Kandel 
et al. 2021; Purves 2018). This Ernst Strüngmann Forum helps to address this gap. 
Ultimately, increasing future efforts in brain metabolism research—at multiple 
scales and using a variety of methodologies—will hopefully help to identify new 
effective treatments for patients with mental illness.
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Abstract As a highly active organ, the awake brain operates at near capacity. It 
has limited ability to increase delivery of blood, and hence oxygen and glucose, due 
to restrictions dictated by capillary density and the space within the skull. In addi-
tion, the chemoelectric operating environment (homeostasis) of the brain restricts 
the amount of glucose and oxygen that can be supplied and the level of gener-
ated protons (H+) and CO2 that can be tolerated without impacting brain functions. 
This chapter describes the neurochemical basis of how the brain operates carefully 
within these homeostatic limits: why they exist and what can happen when these 
limits are infringed.

Keywords Homeostasis, blood supply, glucose, oxygen, lactate

1 Introduction

Impairments in brain energy and neurotransmitter metabolism have been increas-
ingly implicated in the pathogenesis of neurological and psychiatric disorders 
(Hagihara et al. 2024; Minhas et al. 2024). Furthermore, prevalence of psychiatric 
disorders has increased among those with impaired whole-body metabolism, re-
ferred to as metabolic syndrome, which implies a relationship between brain and 
body metabolic health (Nousen et al. 2014). Over the last 35 years, the theory of 
allostasis has been developed to explain the linkage between whole-body meta-
bolic health and mental disorders (McEwen 2003; Sterling 1988). In the allostasis 
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(stability through change) theory of disease, the brain alters whole-body energy 
metabolism and immune system activity, via neurotransmission and endocrine fac-
tors, to a new homeostatic state to respond to immediate and anticipated environ-
mental stressors, referred to as an allostatic load. In contrast, earlier homeostatic 
theories proposed that there was only one preferable state that the brain and body 
tried to maintain when challenged. Ideally, the new state is optimal for meeting 
the allostatic load. However, when the allostatic load exceeds the range of body 
metabolic and immune system homeostatic mechanisms, a dysfunctional state can 
ensue. Excessive allostatic load has also been proposed to lead to dysfunctional 
brain metabolic and immune states that contribute to the pathogenesis of chronic 
mental disorders (McEwen and Gianaros 2011). In this chapter, we describe our 
efforts to adapt allostasis theories of mental health dysfunction to incorporate the 
unique properties of brain energy and neurotransmitter metabolism and constrained 
energy supply.

1.1 Allostasis Theory: A Framework to Understand Brain Health 
Deterioration

We start with a brief review of how a branch of allostasis theory, referred to as the 
stress resilience and vulnerability model, explains how allostatic load can over-
whelm the capacity of whole-body energy metabolism to support appropriate al-
lostatic adaptation. In allostasis theory, the energy-consuming processes are divided 
into vital and nonvital components (Bobba-Alves et al. 2022). As shown in Figure 
3.1, stress, due to environmental and internal factors, puts an additional energy load 
on the organism, referred to as an allostatic load. Finally, there is a limit on the ca-
pacity of the organism to support the energy budget, which when exceeded due to 
an excessive allostatic load, leads to improper adaptation and dysfunctional homeo-
static states. In this chapter, the key processes that define energy in terms of these 
components are summarized as follows:

• Vital life-sustaining processes that are needed for survival and cannot  be
interrupted. These include organ-level physiological processes (e.g., pulmo-
nary, cardiac and hepatic function) needed for the survival of the organism 
as well as intercellular and subcellular processes needed for organ func-
tion. For the brain, the main vital energy costs are associated with neuronal 
signaling (primarily the costs of K+ and glutamate as well as GABA neu-
rotransmitter uptake by neurons and glia during and after depolarization) to 
support mental processes (e.g., cognition, sensory perception and interpreta-
tion, and motor control).

• Processes needed for growth, maintenance, and repair (GMR). These pro-
cesses are not acutely needed for survival but if chronically reduced will 
lead to deterioration of the organism as well as improper developmental 
trajectories. After early childhood, these processes in the brain are largely 
related to synaptic pruning and remodeling as opposed to increasing cellular 
number or turnover.



• Allostasis and stress-related load. When the organism experiences environ-
mental or social stressors, which can be internally generated, increased en-
ergy expenditure is required to adapt to the new homeostatic state. As shown 
in Figure 3.1, progressive increase of allostatic load can lead to energy de-
mands that exceed the organism’s adaptability.
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Figure 3.1 Schematic of the stress resilience and vulnerability energy budget model: increas-
ing allostatic load in excess of the limit on total energy expenditure leads to a state of allostatic 
overload, which can lead to reduced growth, maintenance, and repair (GMR). With increasing 
allostatic load, the body and its component organs, including the brain, undergo allostasis to new 
adaptive states. However, when the extra energy costs of allostatic load exceed the total capacity of 
energy metabolism, insufficient energy is available for non-immediate GMR functions. Extended 
allostatic overload will lead to deterioration of organismic function, due to a reduction in the en-
ergy available for GMR, and potentially chronic disease. For the brain, the primary vital energy 
costs are the processes required to support neuronal signaling (after Bobba-Alves et al. 2022 and 
used with permission from from Elsevier).

1.2 Susceptibility to Allostatic Overload

Over the last 25 years, our understanding of the brain energy budget has dramati-
cally changed. In the late 1980s and early 1990s, it was widely believed that the 
energy costs associated with the neuronal signaling required to support the vital 
processes of cognition and other mental functions were on the order of 5–10% of 
the total energy budget (Raichle 2011). The remaining 90–95% was assigned to pro-
cesses independent of mental functions, based on assumptions in cognitive psychol-
ogy that were used to interpret early functional neuroimaging studies (Morcom and 
Fletcher 2007; Shulman and Rothman 2019). Starting in the late 1990s, however, 
the development of direct measurements of total neuronal signaling in combination 
with energetics—such as 13C magnetic resonance spectroscopy (MRS) (Gruetter 
et al. 2001; Rothman et al. 2011; Sibson et al. 1998), multiunit recordings of neu-
ronal ensembles (Smith et al. 2002), and theoretical models (Attwell and Laughlin 
2001; Yu et al. 2018)—showed that the large majority of brain energy metabolism 
(approximately 85–90%, even in the “resting” awake state) supported neuronal sig-
naling, either directly or indirectly. The remaining 10–15% was devoted to GMR 
processes (Attwell and Laughlin 2001; Yu et al. 2018).
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An additional critical discovery was that the energy required to support enhanced 
neuronal signaling associated with sensory stimulation and cognitive and other be-
havioral tasks usually increases regional brain energy metabolism by 5–10%. Only 
under intense sensory stimulation of sensory cortices are increases on the order 
of even 30% achieved (DiNuzzo et al. 2024; Shulman and Rothman 1998). The 
high energy consumption of the brain during rest underpins the activity we see in 
resting-state magnetic resonance imaging (MRI) (Raichle et al. 2001). Today, mea-
surements of networks of neuronal signaling in the resting state inferred from the 
coupling of neuronal signaling to energy metabolism via the BOLD effect (Chen et 
al. 2022) are the dominant application of functional MRI in humans and increas-
ingly in preclinical models (Finn 2021). Similar conclusions have been reached 
based on the relative EEG amplitude versus different states of consciousness and 
activation, and single-cell recording measurements of ensemble spiking rate (Hyder 
et al. 2013; Yu et al. 2018).

Despite this large revision of the brain energy budget and its accounting for a 
disproportionate (20%) fraction of whole-body energy consumption, brain energy 
budget models have not considered whether supply of oxygen, glucose, and other 
biophysical limitations (e.g., mitochondrial density) has an impact on the energy 
budget (e.g., Attwell and Laughlin 2001; Howarth et al. 2012; Karbowski 2011). 
Instead, limitations on the energy budget have been implicated in the pathogen-
esis of psychiatric and neurological disease, reflecting pathological processes such 
as loss of vascular and mitochondrial capacity in severe dementia (Bhatia et al. 
2022). Those considerations aside, the size of the total brain energy budget has been 
assumed to be able to expand to meet the specific energy demands of the organ-
ism due to evolutionary and developmental factors or even short-term adaptation 
(Herculano-Houzel and Rothman 2022).

The lack of consideration of supply limitations in energy budget models of the 
brain arises from studies of another unique brain property: neurovascular coupling 
(NVC). Unlike other organs, for which the ratio of blood flow and oxygen me-
tabolism are close to proportional (see Figure 3.1), for brain energy needs above 
the awake resting state, there is a disproportionate increase in blood flow versus 
oxygen metabolism of 2.3-fold and, under specific conditions, up to three- to four-
fold (Buxton 2021; DiNuzzo et al. 2024; Herculano-Houzel and Rothman 2022). 
Traditionally, NVC has been interpreted as a safety factor; at maximum metabolic 
demand, the brain can be supplied by blood flow with threefold more oxygen and 
ninefold more glucose than energetic needs (Leithner and Royl 2014).

Over the last decade, however, experimental and theoretical studies of brain oxy-
gen and glucose transport and metabolism—conducted under both resting awake 
and stimulated conditions, from isolated tissue slices to awake mice and humans—
have reached a different conclusion. The large excess of oxygen and glucose supply 
to awake and especially to activated brain regions is due to the restricted transport 
of glucose and diffusion of oxygen across the blood-brain barrier (BBB). This en-
sures activity-independent homeostasis of fuel levels (glucose, oxygen) and waste 
products of energy metabolism (CO2, protons, lactate, heat). Recent papers sum-
marize supporting findings and outline a new paradigm of supply and homeostatic 
constraints that restrict the brain’s energy budget (Buxton 2021; DiNuzzo et al. 
2024; Herculano-Houzel and Rothman 2022).
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Below, we summarize how the brain’s energy budget limits, due to homeostatic 
and supply constraints and high functional energy requirements, may make the 
brain highly vulnerable to increases in allostatic load. We compare the brain and 
muscle energy budgets, highlighting that the brain’s tighter homeostatic constraints 
on fuel and waste products may explain why the maximum oxidative rate of adenos-
ine triphosphate (ATP) production in the brain is about three times less than that of 
muscle, despite similar blood flow. We review evidence showing that critical brain 
functions at the synaptic level, such as rapid K+ clearance during and after depolar-
ization, rely heavily on tight temporal coordination with metabolic ATP production, 
fuel delivery, and waste clearance. We conclude by describing an adaptation to the 
model presented in Figure 3.1, which takes into account the unique energy budget 
and supply and homeostatic limitations of the brain, and how it leads to vulnerable 
periods for the development of dysfunctional mental states during brain develop-
ment and aging. Evidence supporting this new model and proposals for studies to 
test it in animal models and humans are discussed.

2 Brain versus Muscle Energy Budgets

To illustrate the uniqueness of the brain energy budget, let us consider the energy 
budget of skeletal muscle. At rest, muscle energy consumption is far from capac-
ity, with 15- and sixfold increases in blood flow and oxygen consumption (which 
matches capillary delivery), respectively, under maximal aerobic conditions in ac-
tive adult humans (Joyner and Casey 2015). These increases, shown in Figure 3.2, 
occur when muscle goes from an inactive resting state to performing aerobic exer-
cise via repeated contractions. Elite athletes show an even higher fractional increase 
(Laughlin 1987; Saltin 2007). The greater fractional increase in metabolic rate in 
muscle is due to the rapid increase in oxygen extraction fraction with workload, 
starting at approximately 25% at rest, and with a near-constant, high oxygen extrac-
tion fraction around 90% above low to moderate workloads (Hargreaves and Spriet 
2020). The take-home message is that muscle has a great deal of reserve capacity to 
increase output, metabolism, blood flow, and hence functional activity. Figure 3.2 
shows the breakdown of the muscle energy budget into vital and GMR processes. 
At rest in the muscle, almost all the energy budget supports GMR processes due to 
the lack of contractile work. In contrast, at maximum aerobic exercise, the majority 
of the energy budget supports the vital function of contraction.

Most ATP production in muscles (and the brain) comes from mitochondrial sub-
strate oxidation, but at higher workloads, muscles also rely on non-oxidative gly-
colysis of glycogen and glucose. This leads to a mismatch between metabolism and 
vascular coupling, causing the production of lactate and protons. When the vascular 
system is unable to remove lactate fast enough, muscle pH drops which affects 
metabolic rate. Eventually, the muscle must rest to restore pH, replenish glycogen, 
and repair damage. This recovery requires time during which energy is used for 
GMR processes.

For the brain, the relative contributions of the energy budget components are 
dramatically different, as shown in Figure 3.2. If functional activity is defined in 
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Figure 3.2 Comparison of brain and muscle blood flow (BF) and energy budget for oxidative 
metabolism (VO2) under (a) resting awake (Rest) and (b) maximum (Max) activity states. BF and 
VO2 are all expressed relative to the values in cerebral cortex in the resting awake state. (a) The 
majority of the brain energy budget supports vital processes needed to support mental activity 
(brown), with approximately 10% supporting growth, maintenance, and repair (GMR) processes 
(green). In contrast, the energy required to support vital processes in muscle are minimal due to 
no contractile activity, and the energy budget is dominated by GMR processes. (b) Despite up to 
a twofold increase in BF, the maximum regional increase in oxygen metabolism (VO2Max) is only 
~40% due to homeostatic limitations on oxygen transport (see text). In contrast, there is a greater 
than tenfold increase in muscle BF and VO2Max. Note that despite similar absolute values of BF, 
muscle extracts threefold more oxygen from the blood due to its higher O2 capillary diffusivity. 
As described in the text and (DiNuzzo et al. 2024), the low O2 extraction fraction is due to brain 
function requiring homeostatic levels of O2, CO2, and pH. Muscle function, in contrast, is tolerant 
of lower O2 and higher CO2 levels.

accordance with the brain energy budget literature as the ATP requirements for all 
molecular activities that support neuronal signaling (e.g., the sodium potassium 
ATPase), the brain is undertaking a great deal of functional activity, even in the so-
called “resting state,” as noted 100 years ago when Hans Berger recorded electrical 
activity from the resting brain, now known as EEG. Even at “rest,” 80–90% of the 
brain energy budget is dedicated to vital processes that support mental activity. As 
referred to in Section 1, whole brain oxygen consumption rates can be reduced by 
only ~10–20% in states such as deep sleep (stage 3–4) (Boyle et al. 1994) and in-
crease at most by 20–30% under very intense physical exercise (Smith and Ainslie 
2017), consistent with positron emission tomography and arteriovenous difference 
studies (Herculano-Houzel and Rothman 2022). Regional gray matter in sensory 
regions has a somewhat higher capability to increase the cerebral metabolic rate of 
oxygen (CMRO2) of at most 40% during maximum stimulus intensity (DiNuzzo et 
al. 2024). Under more natural stimuli, increases on the order of 5–20% are mostly 
observed. Thus, even in the so-called resting state, the brain is already near the limit 
of the available energy budget.
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The limits to the ability of the brain to support its energy budget relative to 
muscle is shown clearly in Figure 3.2 by the comparison of the maximum rate of 
oxidative metabolism per volume in brain (CMRO2) and muscle (VO2). Despite a 
similar rate of blood flow per volume, the muscle has an over threefold higher oxy-
gen extraction fraction and therefore metabolic rate. Next we describe how this low 
oxygen extraction fraction arises due to the brain having to meet stricter homeo-
static constraints for proper function compared with exercising muscle.

3 Homeostatic Constraints Limit Oxygen and Glucose Extraction 
from Blood

In this section we outline why constraints on the levels of oxygen and glucose that 
the brain can tolerate as well as controls on the amount of CO2, protons (H+), and 
lactate that can be produced without impacting brain function, limit the brain to a 
narrow range of homeostatic operation.

As shown in Figure 3.2, despite the brain having one of the highest blood flows 
of any organ, the extraction of oxygen from blood at maximum activity is only 30% 
(relative to over 90% for muscle and 80% for heart) and only 10% for glucose. Even 
under resting awake conditions, there is a similar low extraction fraction. The tradi-
tional explanation has long been that the high blood flow supply acts as a reserve in 
case, for some reason, there is a transient impairment of flow or extreme increase in 
energy needs. Over the last decade and a half, an alternate view has emerged, based 
on theoretical modeling of experimental studies of brain activation; namely, that 
the supply of oxygen to the brain is limited by its low capillary density resulting in 
limited permeability of oxygen through the BBB (Buxton 2010). The exact value 
of this permeability varies across brain regions and species so that homeostasis of 
average tissue O2 levels is maintained independent of activation level (Herculano-
Houzel and Rothman 2022). Consistent with this proposal of a requirement for oxy-
gen homeostasis, ultra-high-resolution optical microscopy of brain tissue O2 in the 
awake mouse brain has shown that even under intense sensory activation there is at 
most a 5% increase in regional tissue oxygen partial pressure (Moeini et al. 2019). 
Similarly, optical and MRS measurements of brain pH during intense sensory stim-
ulation shows only very small changes (Zhu et al. 2018).

Although the brain traditionally is thought to be resistant to all but extreme hy-
poxia, recent studies in awake animal models and humans have shown that regional 
electrical activity is highly sensitive to even small variations in oxygen partial pres-
sure (Drew 2022). Furthermore, studies show that even modest reductions of 10% 
in blood oxygen partial pressure lead to impaired cognitive performance in humans 
(McMorris et al. 2017; Shaw et al. 2021). The precise impact of small reductions in 
pO2 has, however, been hard to determine due to accompanying changes in pCO2 
and other physiological parameters.

In addition to oxidative ATP production, the brain requires glycolytic ATP 
from glucose and glycogen for rapid ATP-requiring processes (Dienel 2019). 
Neurotransmission and action potentials result in the rapid (milliseconds) release of 
neuronal potassium (K+), most of which is actively taken up by glial cells, astrocytes, 
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and oligodendrocytes (Looser et al. 2024; MacAulay 2020). A fast process, glial K+ 
uptake is powered initially by glycolysis, which is fed by glucose and glycogen, 
producing an increase in tissue lactate and excess H+ (Barros et al. 2023; DiNuzzo 
et al. 2024; Fox and Raichle 1986; Fox et al. 1988; Prichard et al. 1991; Rothman et 
al. 2022; Ruminot et al. 2011). The excess H+ production can leave the brain to the 
blood through co-transport with lactate via monocarboxylate transporters (MCT) 
or be converted in the brain to bicarbonate via carbonic anhydrase activity with a 
stoichiometry of approximately one bicarbonate and one H+ to one CO2 (DiNuzzo 
et al. 2024; Hladky and Barrand 2019). The increased CO2 is in rapid exchange with 
the capillary blood pool due to the high diffusivity and solubility of CO2, which is 
20 times higher than for O2.

On average, during brain activation, there is a twofold increase in the ratio of in-
cremental total glucose metabolism to oxidative glucose metabolism (Dienel 2019; 
Madsen et al. 1998; Rothman et al. 2022), often referred to as neurometabolic cou-
pling (NMC). The ratio is similar to the average 2.3-fold increase in cerebral blood 
flow (CBF) relative to CMRO2 during activation; see NVC in Figure 3.2 (Rothman 
et al. 2022). Recent studies have used metabolic modeling to explain this similarity. 
The NVC ratio is almost exactly what is required to manage the increased produc-
tion of CO2 and protons to maintain a constant level of tissue pH and CO2 partial 
pressure (Buxton 2021, 2024; DiNuzzo et al. 2024).

The importance of maintaining a near constant CO2 partial pressure and pH has 
been illustrated in extensive studies, which show that brain electrical activity is ex-
tremely sensitive to even small changes in CO2 partial pressure and pH (Bonnet et 
al. 1998; Chesler and Kaila 1992; Lee et al. 1996; Schweitzer et al. 2000). Even at 
the level of the synapse, regulation is highly dependent on small shifts in pH at glial/
dendritic junctions (Ransom 2000) and would be overwhelmed by the larger pH de-
crease due to NMC unless this was offset. The coupling between these phenomena 
is illustrated and explained further in Figure 3.3.

3.1 Glucose Transport

The oxidation of glucose is the main source of energy for brain tissue, with lactate 
and ketone bodies playing a minor role in lactation, exercise, and starvation. For 
glucose, as with oxygen, there is a large apparent excess of supply via blood flow 
to the brain. This is around ninefold greater than the brain’s energetic requirements 
even during maximum glucose metabolism, outstripping even the  threefold higher 
O2 delivery during maximum activity.

As in the case of oxygen, where low BBB oxygen permeability restricts metabo-
lism despite high delivery via CBF, maximum glucose metabolism is limited due to 
restricted BBB capillary transporter density. Glucose is hydrophilic and must there-
fore enter the brain via the endothelial transporter GLUT1. There is a pronounced 
standing glucose concentration gradient measured between blood and tissue, which 
even under resting conditions amounts to 4 mM (i.e., 80% of the maximum possible 
gradient at euglycemia) (Barros et al. 2005, 2007; de Graaf et al. 2001; Leybaert 
2005). Hypoglycemia, even if only mild, perturbs cognition (Lobmann et al. 2000). 
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Figure 3.3 Disproportionate increase in blood flow compensates for proton production from 
non-oxidative glycolysis during functional activation. Neuronal and astrocytic compartment glu-
cose (Glc) and glycogen metabolic fluxes are combined to focus on the relationship between neu-
rometabolic and neurovascular coupling. (a) Resting awake state: Approximately 90 to 95% of Glc 
transported into the brain is oxidized, leading to an equal flux of CO2 release into the blood. Ce-
rebral blood flow (CBF) and oxygen metabolism (CMRO2) scale approximately proportionately: 
∆CBF/CBF = ∆CMRO2/CMRO2 (b) Activation: There is a large increase in non-oxidative glycol-
ysis of Glc and glycogen to lactate and protons (red). To clear these protons and prevent acidosis, 
there is a disproportionate increase in the ratio CBF relative to CMRO2, referred to as neurovascu-
lar coupling (NVC). Based on homeostatic flux balance modeling, the NVC ratio must increase to 
2.3 from 1.0 to maintain pCO2 and pH homeostasis. Consequently, the oxygen extraction fraction 
decreases rather than increases with activity (as in muscle and heart), which limits the maximum 
CMRO2 to only 30–40% above resting awake values. Abbreviations pO2: partial pressure of 
oxygen; lac: lactate; CMR: cerebral metabolic rate of total (CMRGlc), oxidative (CMRGlc,ox), and 
non-oxidative CMRGlcnonox) glucose metabolism; JO2, JCO2, JH+: transmembrane fluxes of O2, CO2, 
and protons; tissue, arteriole, capillary, and venule compartments denoted by superscript T, A, C, 
and V. Figure from DiNuzzo et al. (2024), used with permission from John Wiley and Sons.
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A moderate genetic GLUT1 deficiency causes a severe childhood disease character-
ized by persistent hypoglycorrhachia, seizures, and developmental delay (De Vivo 
et al. 1991) and exacerbates vasculo-neuronal dysfunction in Alzheimer disease 
models (Winkler et al. 2015). It is known that endothelial GLUT1 glucose uptake is 
stimulated by brain activity (Cura and Carruthers 2012) and exercise (Takimoto and 
Hamada 2014), whereas GLUT1 expression is suggested to respond to brain energy 
levels, such as via AMPK signaling (Barnes et al. 2002; Cura and Carruthers 2012; 
Liemburg-Apers et al. 2016).

The concept that BBB glucose transporter activity can be limiting for metabo-
lism has been questioned based on studies that have shown its maximum activity 
is on the order of threefold more than resting-awake glucose requirements. As with 
diffusive oxygen transport to the brain, however, the rate of transport does not just 
depend on glucose transporter activity but also on the absolute concentration gradi-
ent of glucose in the blood and the blood-to-brain glucose gradient across the BBB 
(Barros et al. 2005, 2007; de Graaf et al. 2001; Leybaert 2005). When these factors 
are considered, the rate of glucose transport predicted from transporter kinetics and 
the actual in vivo net rate are in good agreement.

3.2 Lactate Levels

The development of improved quantitative MRS methods has shown that even 
during maximum sensory stimulation, tissue average lactate only increases on the 
order of 10–30% (Mangia et al. 2007; Maddock et al. 2011), although a larger per-
centage increase in extracellular lactate occurs (Caesar et al. 2008; Mangia et al. 
2009). Multiple roles for lactate have been proposed (Rae et al. 2024), including 
as a volume neurotransmitter/neuromodulator (Bergersen and Gjedde 2012) and 
as a key energy source for oxidation by neighboring cells (Pellerin and Magistretti 
2012); the latter role, however, remains controversial (Bak and Schousboe 2017; 
Dienel 2017b). Lactate concentrations in specific brain regions (dorsomedial pre-
frontal cortex and dorsal anterior cingulate cortex) mediate perceived effort, which 
can be interpreted to mean that the brain can sense or feel elevated lactate, which 
signals “energetic stress” (Clairis et al. 2024). High circulating and brain lactate 
concentrations are associated with less motivation or with aversion to exerting ef-
fort (Clairis et al. 2024), as if to conserve energy, which could have implications for 
psychopathology.

Independent of these alternate roles, tight homeostatic control of lactate levels is 
important for regulating the NADH redox charge, which is critical for brain function. 
Thus, effective rapid efflux mechanisms for lactate are of high importance; clear-
ance of lactate, particularly during periods of high activity, is via multiple routes 
(Hladky and Barrand 2018). Lactate and a proton (H+) can leave brain cells via MCTs 
(Halestrap 2013) or leave the local area via gap junctions (Dienel 2017a) and the 
perivascular space (Ball et al. 2010). MCTs are low-affinity transporters (Halestrap 
and Wilson 2012; Rae and Bröer 2015). Their expression in the membrane is finely 
tuned to metabolic activity and must be controlled to maintain intracellular monocar-
boxylate levels (particularly pyruvate, which must be available to convert to lactate 
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to regenerate NAD+, thus allowing glycolysis to continue) (Zhang et al. 2020). To 
maintain this balance, protons also leave the cell via CO2 (DiNuzzo et al. 2024; 
Hladky and Barrand 2019).

3.3 Protection against Toxicity from Chronic Elevated Glucose and Oxygen 
Levels

Based on modeling of NVC, low BBB oxygen diffusivity is not needed to maintain 
CO2 and pH homeostasis (Buxton 2021, 2024; DiNuzzo et al. 2024); only the proper 
ratio of CBF to CMRO2 is required to maintain tissue O2 at a low, near-constant 
level. Similarly, brain glucose levels do not impact NMC, other than displacing the 
use of glycogen (Rothman et al. 2022). Thus BBB transport of glucose and oxygen 
could be increased to where blood flow is limiting, allowing a threefold higher rate 
of glucose oxidative metabolism and a ninefold greater rate of non-oxidative glu-
cose metabolism. However, in the undisturbed awake state, brain tissue glucose and 
oxygen concentrations would be close to arterial values.

We propose that the explanation for low BBB O2 diffusion and regulated glucose 
transport capacity is to protect brain tissue from damage resulting from chronic 
exposure to high levels of glucose and oxygen during nonstimulated resting awake 
conditions. Chronic hyperglycemia (as occurs in diabetes) and hyperoxia have 
been extensively shown to lead to damage to brain and peripheral nervous tissue. 
Biochemical pathways leading to glucose toxicity are non-enzymatic glycation of 
proteins (Münch et al. 1997), sorbitol formation with concomitant redox imbalance 
(Varma and Kinoshita 1974), hexosamine metabolism (Kim et al. 2023), and the 
generation of reactive aldehydes such as methylglyoxal (Rae et al. 1992; Richard 
1991). Common to some of these pathways is chronic oxidative stress (Pignalosa et 
al. 2021; Rossetti et al. 1990). Operating at higher tissue pO2 levels would be det-
rimental as ground state molecular O2 is a diradical and thus a potentially toxic gas 
(Cobley et al. 2018). Further, oxygen radicals, the production of which is increased 
at higher pO2, are used as signaling molecules (Halliwell 1992) so their levels must 
be tightly controlled.

3.4 Summary

For short-term function and longer-term brain health, the brain’s capacity to take up 
glucose and oxygen from the blood is highly restricted compared to other organs, 
such as muscle. This is because brain tissue is highly sensitive to O2, glucose, CO2, 
pH, and lactate levels, which need to be maintained under strict homeostatic con-
trol. Essentially, the brain faces a trade-off between increasing BBB transport and 
diffusion and rising toxicity, versus restricting transport and diffusion at the cost of 
potential local hypoxia and hypoglycemia during activation. The fact that the brain 
operates under the latter option emphasizes the importance of regulating the cardio-
vascular system to support proper brain function: from total blood supply rate to the 
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brain, to regulation of microvascular flow to meet local metabolic needs.

4 Synaptic Metabolic Homeostasis for Proper Brain Function

Let us now turn in greater detail to the energy budget required for the brain to sup-
port vital mental functions. These ATP-requiring processes have been shown to take 
place largely in the region of synapses (including surrounding astrocytic processes) 
and small neuronal/glial circuits associated with neuronal signaling. These pro-
cesses require constant stable levels of ATP at millisecond timescales, despite rapid 
changes in energetic requirements. This leads to the requirement for NMC with 
non-oxidative glucose and glycogen metabolism described above, and the homeo-
static constraints it puts on NVC. Loss of metabolic homeostasis at this level, due 
to impaired energy supply or by-product clearance, will impact all the mechanisms 
described below, as well as other key synaptic mechanisms (e.g., neurotransmitter 
and receptor kinetics) and can directly lead to dysfunction. Figure 3.4 shows the 
metabolic, glutamate, and GABA neurotransmission and recycling, and ion trans-
port pathways that link neuronal and astrocytic metabolism and ion transport.

During synaptic signaling, presynaptic terminals release the amino acid neu-
rotransmitters glutamate and GABA, which lead, respectively, to postsynaptic ter-
minal depolarization and hyperpolarization. Depolarization results in an increased 
K+ permeability and release into the interstitial fluid space due to activation of volt-
age-sensitive K+ channels as well as the reduced membrane potential to counteract 
the inside to outside cellular K+ gradient. To maintain proper synaptic function, the 
K+ concentration in the synaptic and interstitial fluid space must be maintained at 
a near-constant level of ~3–5 mM. After the initial high concentration elevation in 
the synaptic cleft, glutamate and GABA are returned to micromolar concentrations 
within 10 ms (Bergles and Jahr 1997; Bergles et al. 1999). To meet these constraints, 
synapses are surrounded by astrocytes that have a very high capacity for active up-
take of glutamate, GABA, and K+ (Andersen and Schousboe 2023). The primary 
energy costs for signaling are the cost of astrocytic clearance of K+, glutamate, and 
GABA followed by the later transfer of K+ from the astrocyte and interstitial fluid 
space back to the neuron (DiNuzzo et al. 2017). Glutamate and GABA are returned 
to the neuron after being converted to glutamine by the glutamate/GABA/glutamine 
cycle and associated metabolic pathways, such as anaplerosis and glutamate dehy-
drogenase (Figure 3.3). While glycolytic ATP production rises transiently during 
activation, the observation that the ratio between glucose and oxygen consumption 
approaches 5.5 over time (close to the ratio for complete glucose oxidation of six) 
shows that in the longer term, the large majority of ATP required to support these 
clearance and resynthesis processes is mitochondrial (Blazey et al. 2018; Hyder et 
al. 2016; Madsen et al. 1995).

After vesicular release, glutamate binds multiple classes of postsynaptic gluta-
mate receptors, leading to voltage-sensitive channel Na+ uptake and K+ release into 
the synaptic space, most of which is coupled to the opening of AMPA channels on 
a timescale below 10 ms. However, long time-constant glutamate receptors, such 
as NMDA channels, can lead to depolarization being maintained for over 100 ms 
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Figure 3.4 ATP-requiring mechanisms at an excitatory cortical synapse and calculated relative 
contributions to the energy budget in rodent and human cerebral cortex gray matter under resting 
awake conditions. (a) Schematic of the synaptic ATP-requiring mechanisms associated with excit-
atory neurotransmission (Harris et al. 2012; http://creativecommons.org/licenses/by/3.0/), show-
ing presynaptic, postsynaptic, and astrocytic components. The presynaptic Na+/K+ ATPase sodium 
pump pumps out Na+ ions and pumps in K+ ions to rebalance presynaptic and axonal levels after 
Na+ influx and K+ efflux during depolarization. This ATPase also provides energy for Ca2+ removal 
from the presynapse after receptor-mediated influx associated with depolarization via the Na+/Ca2+ 
exchanger. It is also used to maintain the resting potential in conjunction with K inward rectifier 
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from glutamate. (b) Fractional energy budget for cortical gray matter in rodents and humans in the 
nonstimulated awake state (Yu et al. 2018; reprinted by permission of Sage Publications). Vital 
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processes (HK) account for only 10.6% of the energy budget, in contrast to most other organs.
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(Lüscher and Malenka 2012). The timescale required to restore neuronal homeo-
stasis completely is on the order of 100 ms or more, because it requires a complete 
neuronal depolarization and repolarization cycle. When there is a rapid increase in 
neuronal signaling, restoration of homeostasis may take up to a second while the 
neuronal Na+/K+ ATPase and K+ inward rectifier (Kir) activity adapts (MacAulay 
2020). The energy costs for maintaining interstitial space K+ and Na+ homeostasis 
during this process and restoring astrocytic and neuronal cellular levels accounts for 
the majority of ATP cost in brain function (Attwell and Laughlin 2001; DiNuzzo et 
al. 2017). Below, we briefly describe the coordinated neuronal and astrocytic K+ and 
Na+ release and reuptake, how neurons and astrocytes support their ATP needs via 
non-oxidative glycolysis from astrocytic glycogen, and neuronal glucose oxidation.

Despite full restoration of neuronal ion levels requiring over 100 ms, homeosta-
sis of interstitial K+ levels is maintained throughout the depolarization/repolariza-
tion cycle. The effectiveness of interstitial K+ homeostasis is demonstrated by recent 
studies that measured interstitial K+ levels in awake rats performing an extended lo-
comotion task (Rasmussen et al. 2019). Interstitial K+ levels rapidly increased at the 
start of activation, but only by 10–25%, and were maintained at close to this value 
throughout the activation period. This small increase happens despite the increase in 
K+ release flux, which is approximately 24 times higher than the increase in glucose 
metabolism (DiNuzzo et al. 2017).

Maintaining K+ and Na+ homeostasis across the depolarization and repolariza-
tion cycle depends on the coordinated activity of neuronal and astrocytic Na+/K+ 

ATPase and Kir channel activity (see Figure 3.4). Although often referred to as low 
activity (MacAulay 2020), based on mass balance constraints, the neuronal Na+/K+ 

ATPase and Kir channels have sufficient activity to completely restore neuronal 
(and therefore interstitial space) and astrocytic homeostasis across a full depolar-
ization repolarization cycle (DiNuzzo et al. 2017). However, during the cycle, there 
are rapidly changing K+ reuptake and Na+ release requirements, with the highest 
occurring during the early part of the depolarization period. In this early period, Na+ 
and K+ homeostasis is maintained by activation of the interstitial K+ concentration-
sensitive astrocytic Na+/K+ATPase and Kir channels. The activity of the ATPase and 
associated Kir channels is rapidly increased by small elevations in interstitial space 
K+ (Larsen et al. 2016; MacAulay 2020). During the repolarization cycle, their ac-
tivity drops parallel to the decrease in interstitial K+ levels, and the astrocytes switch 
to net K+ release; this is taken up by the neuronal Na+/K+ATPase and Kir channels 
until homeostasis of neuronal and astrocytic levels are restored (Figure 3.4).

Maintaining homeostasis of interstitial K+ concentration during activation is par-
ticularly critical due to the dendritic membrane potential, which determines whether 
a neuron undergoes an action potential being coupled to K+ permeability and there-
fore the intracellular to interstitial K+ gradient. Interstitial K+ is only ~3–4 mM, 
and the interstitial fluid volume is only 20%; thus, the rapid K+ release flux during 
depolarization can easily collapse the gradient. To maintain homeostasis, released 
K+ is rapidly captured by the astrocytic Na+/K+ ATPase pump and Kir channels 
(MacAulay 2020) and spirited away via gap junctions, to exit the astrocytic syn-
cytium elsewhere—a phenomenon termed K+ buffering (Barros 2022; MacAulay 
2020) (Figure 3.4).
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To support energetically these transient, very high-energy demands of K+ up-
take released by the neurons, astrocytes will shift to obtain ATP from non-oxidative 
glycolysis of glycogen—a process referred to as the glycogen shunt (Dienel and 
Rothman 2019; Schousboe et al. 2010; Shulman et al. 2001; Walls et al. 2009) 
(Figure 3.3). However, the glycogen shunt is energetically inefficient compared 
with complete glucose oxidation to ATP, yielding three net ATPs per glucose mol-
ecule versus 30. In addition, it results in the production of lactate and protons, both 
of which must be removed from the brain for proper synaptic function. The require-
ment of supporting rapid shifts in synaptic energy use while maintaining homeosta-
sis of ions and neurotransmitters puts an extraordinary demand on the coordination 
of activity between the neuronal and astrocytic metabolic pathways and ion trans-
porters/exchangers such as the Na+/K+ ATPase. It has been suggested that high use 
of glycogen under transient conditions of high activity, as well as studies in animal 
models, make it an important metabolic target for study in cognitive and psychiatric 
disorders (Jope and Roh 2006; Rahman et al. 2024).

In contrast to K+, the high initial influx of Na+ into the neuron can only be rebal-
anced by Na+ transport via neuronal Na+/K+ ATPase activity. Due to its lower activ-
ity relative to the astrocytes, neuronal Na+ homeostasis after Na+ influx is initially 
maintained primarily by diffusion away from the dendritic spines (MacAulay 2020). 
The average Na+ ion entering the dendritic spine will diffuse for several seconds be-
fore being pumped out, a time that determines a dendritic shaft segment of 200–300 
µm as the “minimum energy unit” of the neuron (i.e., the zone where a given excit-
atory postsynaptic potential leads to ATP usage). However, once there is a steady-
state increase in Na+/K+ ATPase activity, based on mass balance constraints, con-
stant average neuronal, astrocytic, and interstitial space Na+ and K+ concentrations 
are maintained with small fluctuations during the depolarization and repolarization 
cycle, as a consequence of the multiple mechanisms summarized above.

In neurons, the consumption of ATP by the Na+/K+ ATPase is exactly matched by 
ATP production, by mitochondria (95%), and glycolysis (5%); neuronal ATP levels 
remain constant through neurotransmission and only fall under supraphysiologi-
cal stimulation (Baeza-Lehnert et al. 2019; Rangaraju et al. 2014). In astrocytes, 
glycolytic ATP production transiently surpasses consumption, and ATP levels rise 
(Fernández-Moncada et al. 2018). On a per volume basis, the ATP costs of the as-
trocytic Na+/K+ ATPase and Kir channels is at least as high as neurons when the 
more than three times lower volume fraction is considered (Barros 2022; Dienel 
and Rothman 2020).

In many descriptions of the maintenance of interstitial K+ homeostasis, astro-
cytic and neuronal Kir channels are given a prominent role. Kir channels, however, 
are often described as not requiring energy to pump interstitial K+ into neurons and 
astrocytes against a K+ gradient. As Hibino et al. (2010) explain, the energy for the 
inward flux against a K+ gradient is due to the membrane potential being hyperpo-
larized relative to the K+ Nernst potential. The membrane potential itself is created 
by the charge imbalance produced by the Na+/K+  ATPase activity (3:2 ratio). Thus, 
Kir channel activity depends directly on ATP consumption. To quote Hibino et al. 
(2010:292): “These defining characteristics of Kir currents result not from a bend-
ing of the rules of biological chemistry by the Kir channel but from asymmetric 
open channel pore block by intracellular divalent cations and other molecules.” 
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A better understanding of the energetics consequences of Kir channel activity is 
needed to appreciate fully its functional dependence on ATP synthesis. Consistent 
with the critical importance of K+ homeostasis, hypokalemia is an easily identifi-
able, clinically important but commonly neglected condition in psychiatric patients 
(Lam et al. 2009).

The glutamatergic synapse is relevant when considering the brain energy bud-
get, as it dominates neuronal signaling in the gray matter: excitatory neurons out-
number inhibitory neurons by a factor of 9 to 1, and ~90% of synapses release 
glutamate (Lezmy et al. 2021). Alterations in glutamatergic signaling, particularly 
in responses to glutamate (whether by increased release, decreased uptake, or re-
ceptor response), can incur significant energy costs (Attwell and Laughlin 2001; 
Robinson and Jackson 2016; Yu et al. 2018). Furthermore, direct measurements of 
glutamatergic neuron signaling by ensemble neuronal recording are proportional to 
2-deoxyglucose measurements of glucose metabolism, as is the ratio of the rate of 
the glutamate/GABA-glutamine cycle and glucose oxidation (Rothman et al. 2022; 
Yu et al. 2018).

5 Evidence for Vulnerable Periods

In addition to large differences in the energy budget of the mature adult brain com-
pared to other organs (see Figure 3.2 for comparison with muscle), there are also 
large changes in the brain energy budget from birth to adulthood. Here, we propose 
and provide evidence (see also Chapter 4) for a model in which critical periods for 
the development of psychiatric disorders are associated with ages in which there is 
a reduced gap between maximum oxygen and glucose transport and energy budget 
requirements for vital and GMR processes. Consequently, if there is an increase 
in allostatic load (see Figure 3.1), there is less scope to accommodate it. Because 
the energy cost of the vital processes needed to support mental function cannot be 
reduced, when the allostatic load increases to where the total energy budget exceeds 
the maximum limit, GMR processes need to be reduced. If reduced for an extended 
time, brain development (as well as synaptic turnover and remodeling in adults) 
would likely be impaired, leading to a potential vulnerability for mental ill health. 
We start with the example of the brain energy budget during childhood development 
and aging, in which large shifts in energy needs relative to maximum capacity to 
supply energy are seen throughout the lifespan.

Figure 3.5a plots the rates of CBF, CMRO2, and CMRGlc from the study by Goyal 
et al. (2014) across the lifespan. The general shape of these trajectories (the peak in 
infancy) parallels the lifespan curves for whole-body energy expenditure measured 
by the doubly labeled water method, where maximal weight-adjusted whole-body 
energy expenditure is observed between ages 2–10 yr (peak around age 5) (Pontzer 
et al. 2021). For ease of comparison, child (age 5 to 20 yr), adult (age 21 to 40 yr), 
and older adult (age 65 to 82 yr) groups are shown as bars. Consistent with other 
studies in human and rodent brain, there is a rapid increase in all three parameters 
until age 5, when the average adult values are reached. The increase continues, 
however, until CBF and CMRGlc are ~twofold; CMRO2 is ~40% above average 
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(delineated by dashed vertical lines): children (5–20 yr), adults (21–40 yr), and older adults (65–82 
yr). Middle-aged adults (41–64 yr) have not been included due to large interindividual variations. 
The maximum rate of net oxygen transport for each of these groups is indicated by the horizontal 
lines for the children, adult, and older adult ranges (dashed lines): CBF (yellow), CMRGlc (blue), 
and CMRO2 (red). All measurements normalized to the average of the adult groups. (b) The en-
ergy budget for the age groups is broken up into vital (gold) and GMR processes (green). The 
energy associated with maximum allostatic stress load (pink) is the gap between maximum supply 
capacity and the sum of vital and GMR processes. The gap is lowest in children due to increased 
need for GMR processes during development. In older adults, the gap is reduced relative to young 
adults, due to the age-dependent reduction in maximum energy supply during the adult age course 
because of reduced CBF.

adult values by age 10. After this peak, all three parameters decline until adulthood 
is reached. After the adult range, there is a secondary decline in the older adult 
group. This is primarily for CBF and CMRGlc, but not for CMRO2. In the unstimu-
lated awake state, the high rate of CBF measured in the child group is supported by 
the finding of an increased brain artery cross-sectional area in the Circle of Willis 
in children (Buxton 2010; Guilliams et al. 2021), consistent with the need of this 
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group to sustain up to 50–60% elevated whole brain CBF chronically (Guilliams et 
al. 2021; Kennedy and Sokoloff 1957). This is similar to the maximal amount of 
recorded transient increase in CBF in adults under conditions of extreme activation 
(Smith and Ainslie 2017). Also similar to what occurs during brain activation in 
adults, the relative amount of aerobic glycolysis is higher in development and ado-
lescence (Goyal et al. 2014), paralleling the higher CBF. These lifespan differences 
highlight the tight relationship between the metabolic capacity of the brain and the 
limits imposed by its blood supply.

To estimate the gap between unstimulated awake and maximum energy pro-
duction as a function of age, the maximum value of CMRO2 was calculated for 
each age group using the relationship reported by Buxton (2010). This value of 
CMRO2 is determined primarily by capillary density and maximum CBF and has 
been shown to agree with experimental data (Buxton 2010; Herculano-Houzel and 
Rothman 2022). For the adult and older adult groups, we determined maximum 
CBF by multiplying their average values measured in the unstimulated awake state 
(see Figure 3.2) by the maximum increases for each group reported during stimula-
tion (DiNuzzo et al. 2024). For the child group, maximum CMRO2 was estimated 
to be similar to the adult maximum, based on findings that capillary density (which 
is the major determinant of maximum CMRO2) and brain size are close to mature 
values by age 10 (Buxton 2010).

As shown in the Figure 3.5b, the smallest gap between the estimated maximum 
CMRO2 and the unstimulated awake value is in the child and older adult groups. 
These are periods of high vulnerability for developing mental health (childhood) 
and neurological (aging) disorders; for details, see Chapter 4. We propose that an 
important factor in this higher vulnerability is this smaller energy reserve, which 
during periods of extended high neuronal activity, such as occurs during chronic 
stress, reduces the energy available to support restorative and developmental pro-
cesses (growth, maintenance, and repair).

6 Conclusions

Because the awake brain operates at near capacity, its ability to increase blood 
delivery, and hence oxygen and glucose, is limited due to restrictions dictated by 
capillary density and available space within the skull. To avoid impacting brain 
functions, homeostasis restricts both the amount of glucose and oxygen that can 
be supplied and the level of generated protons (H+) and CO2 that can be tolerated. 
Having detailed the neurochemical basis of how the brain operates carefully within 
these homeostatic limits, we presented a model that suggests when brain energy 
supply is limited, resource allocation becomes key to longer-term function.

Understanding how brain energy production and utilization are modulated at rest, 
during activation, and throughout the lifespan is essential before the consequences 
of exceeding these limits can be appropriately addressed. In Chapter 4, we present 
examples that describe how infringement takes place and leads to pathophysiology 
of neuropsychiatric disorders.
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Abstract The brain’s homeostatic constraints require it to operate optimally with-
in narrow metabolic and physiological limits. When these limits are breached due 
to internal (genetics, adolescence, aging, reproduction) or external (environment, 
stress, trauma) factors, there are consequences. Applying the concepts developed in 
Chapter 3, examples are presented that describe how infringement takes place and 
lead to pathophysiology. Allostatic changes in demand can overwhelm the brain’s 
energy systems and lead to symptom formation and abnormalities in information 
processing.

Keywords Homeostasis, allostasis, stress, blood supply

1 Impact of High Allostatic Loads on Energy Competition and Brain 
Homeostasis

In Chapter 3, we proposed a model based on allostasis theory, which suggests that 
when brain energy supply is limited, resource allocation becomes key to longer-
term function. The key difference between brain metabolism and the rest of the 
body is that under all awake conditions, the energy consumption by vital processes 
is close to the maximum capacity of energy supply to brain tissue. According to 
fundamental biophysical and biological processes, chronic excessive increases in 
allostatic load, which in the brain will be largely associated with an increase in 
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the energy allocated to the vital activities required for mental functions, necessar-
ily requires reduction of other energy-requiring activities (Yang et al. 2021). This 
involves acutely dispensable activities grouped under growth, maintenance, and re-
pair (GMR), which can be paused for variable periods of time but are necessary to 
the longer-term efficient functioning of various organ systems, including the brain 
(Bobba-Alves et al. 2022).

To satisfy energy constraints, operation of the brain needs to occur within spe-
cific homeostatic state spaces where some configuration of the critical constraints 
compatible with life is satisfied. The brain regularly moves between different state 
spaces under healthy conditions; between awake and asleep states, for example, 
where the relative (and potentially total) energy allocation and the functional out-
come between each state is different (Figure 4.1) (Gu et al. 2018). In the case of 
sleep, there is less allocation to functional activity and more to transiently dispens-
able maintenance activities, such as memory consolidation, waste clearance, and 
restoration of brain glycogen levels. Transition between states can be fast (e.g., 
going to sleep or loss of consciousness due to a sudden drop of blood pressure) or 
relatively slow, induced, for example by chronic stress.

Dysfunctional mental states can therefore be considered as allostatic shifts in 
brain homeostasis, where the brain moves from a “normal” homeostatic state to an-
other semipermanent local minimum resulting in altered function. We can consider 
this as a manifold of brain energy contributions with an overlying temporal com-
ponent and state alterations driven by intrinsic and extrinsic inputs. The functional 
consequences are determined by the underlying perturbations and their context, the 
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0 1
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Figure 4.1 Homeostatic minima and maxima of brain function and behavior and their associated 
energy requirements. The manifold shows the example of three stable (homeostatic) mental states 
and their associated energy requirements. A homeostatic mental state is a state with stable brain 
function and behavior. Shifts between homeostatic mental states range from minutes and hours 
(e.g., the sleep-wake cycle) to years (development). Improper allostatic shifts induced by factors 
such as long-term stress result in dysfunctional homeostatic mental state spaces with stable aver-
age energy costs but dysfunctional function and behavior, such as in psychiatric illness. From Gu 
et al. (2018) (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/


Brain Energy Production: Vulnerability and Pathophysiology 59

brain region in which they occur, as well as factors such as age, sex, brain reserve 
(Stern et al. 2020), sleep status, and personal history.

From this perspective, state shifting in mental health conditions can be consid-
ered as failed allostatic transfers (Bobba-Alves et al. 2022) which result in dysfunc-
tional behavior. Healthy mental state spaces require proper metabolic energy and 
homeostatic processes to maintain.

We propose that failure in the mechanisms that support energy production and 
homeostasis can lead to allostatic shifts in mental states, associated with short- and 
long-term loss of mental health. These shifts can occur during critical periods of 
development (see Chapter 3, Figure 3.5) due to elevated functional energy needs 
approaching the maximum capacity of fuel delivery and maintenance of homeo-
stasis; this results in insufficient energy to support developmental processes. Shifts 
can also occur when stress causes excessive high brain activity, leading to loss of 
synaptic neurotransmitter and ion homeostasis. The resultant adaptations in synap-
tic organization, neuronal firing patterns, and metabolism are neuroprotective (e.g., 
reduction in synaptic density and glutamate signaling in the hippocampus during 
chronic stress), but they lead to allostatic shifts in mental states. These alterations 
in the energy budget as well as failure of underlying metabolic homeostatic mecha-
nisms, described in Chapter 3, can lead to harmful allostatic shifts in mental states.

2 Impaired Circuit Functions During Vulnerable Developmental 
Periods

This internal competition for a limited supply resource has manifold implications 
for the disruption of critical brain circuits during vulnerable periods in response to 
high allostatic loads. One potential consequence is that increased activity may need 
to be focused on a specific functional network, which may limit activity in other net-
works at any moment in time. In this context, any dysregulation that alters excitabil-
ity in one specific structure might affect other brain functions through the change 
in the availability of blood flow to these other regions of the brain. Thus, even 
specific genetic alterations of excitatory-inhibitory balance in restricted circuits are 
expected to have brain-wide repercussions that could manifest as neuropsychiatric 
disorders (Sohal and Rubenstein 2019).

A similar competition for limited resources is predicted to occur in develop-
ment. In genetically and/or environmentally vulnerable individuals, such as chil-
dren exposed to maltreatment (Nakama et al. 2023; Schaefer et al. 2022), altered 
brain organization may impact macroscopic (e.g., regional cortical thickness) and 
microscopic (e.g., cortical neuronal density and distribution) levels. Studies have 
found that both excitatory and inhibitory neurons have dendritic arbors of sizes that 
correlate inversely with their excitability. Those that fire at higher rates, primarily 
GABAergic neurons, have smaller dendritic arbors, which affects the range of syn-
aptic integration and therefore the function of the circuits to which they belong (Xu 
and Herculano-Houzel, in preparation). Such a trade-off between neuronal excitabil-
ity (and thus rate of energy consumption per cell volume) and dendritic arbor size is 
a predictor of neuronal development in a supply-limited energetic environment. It 
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also highlights the potential for developmental alterations in neuronal circuitry that 
may underlie neuropsychiatric disorders.

3 Impact of Increased Allostatic Loads on Synaptic and Metabolic 
Homeostasis

As described in Chapter 3, the large majority of the brain energy budget supports 
the vital signaling activities of glutamatergic and GABAergic neurons and associ-
ated large fluxes of potassium, sodium, and calcium release and reuptake during 
neuronal depolarization and repolarization. Because of limitations on brain energy 
capacity, under conditions of excessive allostatic load, the energy available to sup-
port these high energy-consuming processes may be overwhelmed, leading to loss 
of cellular and interstitial fluid homeostasis of the levels of these transmitters and 
ions. This loss of homeostasis may be exacerbated by extended periods, when in-
sufficient energy is available to support GMR processes required to maintain ho-
meostatic synaptic processes. It has also been shown that neurometabolic coupling 
and its associated lactate and proton production is a consequence of supply limita-
tions on the generation of oxidative adenosine triphosphate (ATP). A diversion of 
oxygen and glucose supply to support allostatic loads would, in principle, further 
increase non-oxidative glycolytic lactate production and decrease pH. In this sec-
tion, we describe several clinical findings and preclinical studies that exemplify the 
failure of homeostatic processes, due to supply limitations, to meet allostatic loads. 
In addition, we summarize studies that show how increased allostatic load directly 
increases the brain energy load as well as impairs specific metabolic processes.

3.1 Loss of Neurotransmitter Homeostasis: Animal Models of Unpredictable 
Chronic Stress

To illustrate loss of neurotransmitter homeostasis due to high allostatic loads, let 
us consider studies on rodent models of unpredictable stress. Due to the intense 
increase in glutamate neurotransmission, astroglial uptake of glutamate and con-
version to glutamine is overwhelmed, leading to regional increases in interstitial 
glutamate to pathological levels (Popoli et al. 2012). After a week, however, inter-
stitial glutamate levels return to normal values in the most affected hippocampus 
and prefrontal cortex regions.

This adaptation is associated with a decrease in synaptic density. Although this 
adaptation may be part of a normal protective response, from the standpoint of a 
limited energy budget model, it may also be due to the initial increase in functional 
activity due to stress displacing the energy required for the GMR functions (see 
Chapter 3) needed for proper synaptic turnover. Consistent with this possibility, 
there is an allostatic shift after the adaptation to a mental state with behavioral traits 
considered analogous to human unipolar depression (Willner 2017). Evidence for a 
similar maladaptive response in humans are findings of reduced glucose oxidation 
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and glutamate/glutamine cycling in human depression (Murrough et al. 2017) and 
post-traumatic stress disorders (Abdallah et al. 2018; Averill et al. 2022), in addition 
to MRI evidence of morphological changes (e.g., reduced hippocampal volume) as-
sociated with synaptic loss (O’Doherty et al. 2015).

3.2 Ketamine: Reversing Dysfunctional Allostatic Shifts

The ability of chronic stress to shift the brain energy budget to a state with lower 
functional activity and lower amounts of energy used for synaptic turnover implies 
that other interventions may be able to shift the energy budget back to a more func-
tional state. An example of such a challenge is the use of ketamine to treat unipolar 
depression. Studies using the drug ketamine have found that infusion over approxi-
mately an hour in rodents adapted to chronic unpredictable stress led to a rapid 
increase of approximately 25–30% in the fluxes of 13C from glucose that lasted for 
the duration of the infusion. After approximately one week there was a restoration 
of synaptic density and normalization of glucose metabolism and neurotransmitter 
cycling fluxes, consistent with an increase in vital processes in the energy budget 
(see Chapter 3; Mishra et al. 2018). In both healthy and depressed humans, a similar 
percentage increase in the glutamate/glutamine cycle and neuronal TCA cycle has 
been measured after ketamine administration (Abdallah et al. 2018).

The ability to cycle back and forth between dysfunctional and functional states 
can become difficult over time. In rats exposed to repeated stress, the administra-
tion of ketamine eventually failed to return the rats to the control condition. This 
also occurs in people exposed to repeated stress episodes; regression after success-
ful therapy often takes longer to recover from and may indeed prove intractable. 
An approach that specifically targets the components of the energy budget may be 
more effective in inducing lasting healthy homeostatic mental states (Voineskos et 
al. 2020).

3.3 Disruptions in Glutamate and GABA Homeostasis and Neurotransmitter 
Cycling in Schizophrenia and Other Disorders

Proper synaptic function requires homeostasis of interstitial glutamate and GABA 
concentrations. In healthy brain, there is a stoichiometric relationship between the 
glutamate/glutamine cycle (which accounts for most neuronal glutamate release) 
and glucose metabolism (Sibson et al. 1998), and a similar relationship between 
GABAergic neuron glucose metabolism and the GABA/glutamine cycle (Duarte 
and Gruetter 2013; Patel et al. 2005). Thus, metabolism of glutamate and GABA is 
critical for supporting their roles as the key excitatory and inhibitory neurotransmit-
ters. Furthermore, the high neurotransmitter cycle fluxes, and associated glucose 
metabolism, effectively couple the cellular and neurotransmitter pools (see Dienel 
et al. 2023).
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As expected from this tight relationship, magnetic resonance spectroscopy 
(MRS) studies of a variety of psychiatric and neurological diseases, as well as dif-
ferent behavioral states in healthy subjects, have found regional shifts in bulk tissue 
glutamate and GABA concentrations (Merritt et al. 2023). In disease states, these 
shifts may reflect a dysfunctional loss of metabolic homeostasis in the processes 
regulating GABA and glutamate levels needed for neuromodulation and vesicular 
neurotransmission and may contribute to disease progression.

In the context of schizophrenia, findings from a recent meta- and mega-analysis 
(Merritt et al. 2023) suggest that compared to controls, individuals with schizo-
phrenia show greater variability in both glutamate and glutamine, as measured by 
1H-MRS from voxels in the medial frontal cortex, dorsolateral prefrontal cortex, 
striatum, and thalamus, depending on age and symptomatic burden. At the indi-
vidual level, meta-analysis suggests lower glutamate levels in the medial frontal 
cortex but higher levels in the basal ganglia and thalamus relative to controls. 
Higher hippocampal glutamate levels have been reported, especially early in the 
disease and in subjects at high risk of developing schizophrenia (Basavaraju et al. 
2022; Guo et al. 2023). These results differed to some extent by sex (Merritt et al. 
2023). Evidence also suggests that anterior cingulate levels of the combined reso-
nance of glutamate and glutamine (Glx) are predictive of antipsychotic response 
(Egerton et al. 2023).

In the adult cingulate cortex and hippocampus, glutamate levels (as measured by 
1H-MRS) are positively correlated with an in vivo PET measure of synaptic density 
([11C]-UCB-J) (Onwordi et al. 2021). These data suggest that synaptic density is 
related to the MRS-based glutamatergic signal in the healthy brain. Importantly, this 
relationship is not observed in patients with schizophrenia (Onwordi et al. 2021).

3.4 Elevated Lactate and Decreased pH in Schizophrenia

MRS studies have consistently reported elevated lactate and decreased pH in schizo-
phrenia (Dogan et al. 2018; Liu et al. 2024). The source of the elevated lactate and 
decreased pH could be a combination of allostatic load reducing the oxygen avail-
able to support vital signaling and GMR processes, a failure of lactate and associ-
ated proton clearance, or both. The importance of maintaining homeostatic brain 
lactate levels is highlighted by studies in which blood and, consequently, brain lac-
tate levels were elevated by infusion of lactate. In rats, Ido et al. (2001) reported that 
injecting lactate potentiated somatosensory cerebral blood flow (CBF) in response 
to whisker stimulation, whereas CBF was attenuated when pyruvate was injected. 
Subsequently, Mintun et al. (2004) and Vlassenko et al. (2006) performed parallel 
experiments in healthy humans using 15O-H2O PET to measure CBF. Injection of 
lactate resulting in a peak blood concentration of approximately 10 mM did not af-
fect resting CBF but significantly augmented the visual stimulus-induced increase 
in local CBF by 38–53% (Mintun et al. 2004). In contrast, injection of pyruvate 
attenuated the stimulus-induced CBF response by approximately 19% (Vlassenko 
et al. 2006). These results are consistent with a model for neurovascular coupling, 
where stimulus-induced changes in local CBF are partly related to maintaining 



Brain Energy Production: Vulnerability and Pathophysiology 63

tissue homeostasis, including that arising from non-oxidative glycolysis (DiNuzzo 
et al. 2024). These results suggest that changes in how the brain produces, responds 
to, and disposes of lactate might directly affect the metabolic and blood flow re-
sponse to stimuli and tasks, and thereby brain state, function, and behavior. Further, 
consistent with the importance of lactate homeostasis, intravenous infusion of lac-
tate can elicit panic attack symptoms, though this may be limited to predisposed 
individuals (van Gemert et al. 2022).

3.5 Shifts in Energy Budget Assignment: Allostatic Shifts in Bipolar 
Disorder

Although the drivers for state shift may be different, a similar sort of relative change 
in energy assignment could be taking place in bipolar disorder: the manic phase 
could be viewed as excessive functional activity. Mania represents a condition of 
heightened cerebral energy metabolism facilitated by hyperglycolysis and gluta-
minolysis (Ketter et al. 2001; Kishimoto et al. 1987; Öngür et al. 2008). When 
oxidative glucose metabolism becomes impaired in the brain, neurons can utilize 
glutamate as an alternative substrate to generate energy through oxidative phos-
phorylation. In this manner, it has been hypothesized that the upregulation of gly-
colysis and glutaminolysis causes the brain to enter a state of heightened metabo-
lism and excitatory activity, which may underlie the subjective experience of mania 
(Campbell and Campbell 2024). This would result in a deficit in dispensable main-
tenance activity which, over time, would cause functional activity to fail and lead 
to a period of depression during which potential recovery could be initiated through 
system repair, shifting the energy budget from functional activity to undertake the 
by now necessary maintenance activity.

3.6 Metabolic Alterations Due to Chronic Stress: Dysfunctional Allostatic 
Shifts in States

As described above, chronic stress with associated increased levels of cortisol 
can result in perturbations in brain energy metabolism (van der Kooij 2020), with 
relationships between plasma cortisol levels, blood flow, and glucose metabo-
lism reported in various mental health conditions (Åhs et al. 2006; Bouhuys et al. 
2006; Drevets et al. 2002). Chronic stress alters expression of glucose transporters 
(GLUT1) in an age- and sex-dependent manner (Kelly et al. 2014). Particularly 
strong effects occur in the vulnerable adolescence period.

Cortisol, the main stress-responsive glucocorticoid hormone, is intimately in-
volved in regulating energy metabolism in the body and brain (Piroli et al. 2007). 
Some of the central effects of glucocorticoids on energy metabolism may be medi-
ated by their effect on insulin. For example, repeated treatments with corticosterone 
(for seven days) resulted in impaired hippocampal signaling mediated by the insulin 
receptor, a decreased level of glucose transporter type 4 (GLUT4), and a decreased 
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translocation of GLUT4 to the plasma membrane in response to glucose administra-
tion (Piroli et al. 2007). Within an hour of acute cortisol administration in humans, 
a decreased glucose uptake was found in the hippocampus but not in other brain 
regions (De Leon et al. 1997). In the longer term (4–8 hours), glucocorticoids pro-
duce a consistent inhibition of neuronal and astrocytic glucose uptake (Homer et al. 
1990; Virgin Jr et al. 1991) and increase the expression of pyruvate dehydrogenase 
kinase (Juszczak and Stankiewicz 2018)—a key enzyme that inhibits the conver-
sion of pyruvate to acetyl-CoA—thereby blocking glucose oxidation but increasing 
the pyruvate-to-lactate conversion. This likely shifts metabolism toward aerobic 
glycolysis. Notably, acute neuropsychiatric symptoms, including but not limited to 
psychosis, are also a well-established, typically reversible side effect of high dose 
glucocorticoid administration (Dubovsky et al. 2012).

In contrast, chronic exposure to cortisol and other glucocorticoids has consis-
tently produced increased brain glucose uptake and content, either through the 
peripheral effects of glucocorticoids triggering rise in blood glucose or increas-
ing the efficiency of glucose transport across the blood-brain barrier (Jaszczyk 
and Juszczak 2021). Similarly, glucocorticoids increase blood level of a number 
of bioenergetically relevant metabolites, such as 3-hydroxybutyrate (ketone bod-
ies), mannose, pyruvate, and lactate, that can be used by the brain to produce 
energy (Jaszczyk and Juszczak 2021). Further links between stress, cortisol, and 
brain bioenergetics are highlighted by the fact that mitochondria mediate the 
stress response partially by sensing the levels of glucocorticoids (Manoli et al. 
2007). Glucocorticoids, through their genomic effects, induce profound changes 
in mitochondrial physiology. They bind to potential mitochondrial glucocorticoid-
response elements localized within the genes that encode the catalytic subunits of 
cytochrome c, the terminal oxidase of the mitochondrial electron transport chain 
(Demonacos et al. 1996). They produce adaptive changes, including increased 
mitochondrial biogenesis and ATP production, in the short term but maladaptive, 
deleterious effects (e.g., decreased mitochondrial biogenesis and ATP production, as 
well as increased production of reactive oxygen species, disturbances in OXPHOS, 
fusion/fission dysregulation, and increased apoptosis) from long-term stress or 
chronic glucocorticoid administration (reviewed by Głombik et al. 2021). These 
findings support the allostatic concept of stress and link chronic stress to bioener-
getic dysregulations and psychiatric disorders through the mitochondria (Daniels 
et al. 2020; Eisner et al. 2018; Picard et al. 2018).

3.7 Estrogen: Protection against Stress

Estrogen exerts a protective effect on the brain against the impact of stress of 
different kinds (Albert and Newhouse 2019). These effects, including increasing 
hippocampal dendritic spine density, dendritic arborization, and adult neurogen-
esis, are opposite to that of cortisol, but we have no evidence showing that estro-
gen has a direct antagonistic/inhibitory interaction with cortisol. However, while 
investigating the effects of estrogen replacement therapy on cortisol response to 
a physical stressor (cold pressor test) in postmenopausal women to see whether 
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estrogen attenuates stress effects on working memory, Herrera et al. (2017) found 
that women assigned to estradiol exhibited blunted cortisol responses to the cold 
pressor test compared with placebo and lesser negative effects of stress on work-
ing memory. This suggests that estrogen may protect certain types of cognition in 
the presence of stress.

Estrogens regulate important pathways implicated in schizophrenia, such as do-
pamine activity, mitochondrial function, and the stress response system (Brand et 
al. 2021). Estrogen deficiency is common in both women and men with schizo-
phrenia and is associated with increased psychotic symptoms. Women with schizo-
phrenia experience worsening of psychotic symptoms during low estrogen phases 
of the menstrual cycle, suggesting that estrogen exerts a protective effect against 
the development and severity of schizophrenia (Gogos et al. 2015; Mu et al. 2024; 
Riecher-Rössler and Kulkarni 2011). Premenopausal women require lower doses of 
antipsychotics compared to men, as estrogens raise the availability and efficacy of 
these medications. Conversely, postmenopausal women may require higher doses 
due to declining estrogen levels (Brand et al. 2021; Mu et al. 2024).

4 Cardiovascular Impairment in Chronic High Allostatic Load May 
Impact Brain Function

In addition to permeability of the blood-brain barrier, proper energy supply and 
clearance of by-products from the brain depend on the ability of the cardiovascular 
system to deliver adequate blood flow and the pulmonary system to provide suf-
ficient oxygenation and balance blood pH, pCO2, and pO2 (DiNuzzo et al., 2024). 
Furthermore, synaptic and metabolic homeostasis depends on the liver and kidney 
working in coordination to maintain constant blood levels of ions such as K+ and 
Na+, ammonia, and critical amino acids. Consequently, chronic high allostatic loads 
that lead to chronic diseases, which impact systemic blood homeostasis and vascu-
lar delivery, may also lead to impaired brain metabolic and synaptic homeostasis, 
resulting in allostatic shifts to dysfunctional mental states. We provide several ex-
amples below.

4.1 Cardiovascular Disease and Schizophrenia

In the context of brain energy budget being tightly linked to blood flow and sup-
ply, it is worth noting that cardiovascular disease is prevalent and a major cause 
of early mortality in schizophrenia. There is evidence of cardiac fibrosis and/or 
inflammation using cardiac MRI in medicated patients with schizophrenia com-
pared with matched healthy controls, but separating illness from medication-related 
effects remains challenging (Pillinger et al. 2019; Andreou et al. 2020). Importantly, 
insulin resistance is seen both before the advent of antipsychotic medications and 
at onset of psychosis (see Chapter 11). Supporting an illness effect, high polygenic 
risk scores for schizophrenia are associated with cardiac structural changes that are 
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linked to worse cardiac outcomes (Pillinger et al. 2023). Further work is required to 
determine whether these associations are specific to schizophrenia or are also pres-
ent in other psychiatric conditions.

4.2 Loss of Blood CO2 and Lactate Homeostasis

Donald F. Klein, one of the pioneers of neuropsychopharmacology, proposed the 
false suffocation alarm theory to explain the underlying mechanism of panic attacks 
(Klein 1993). According to this theory, panic attacks result from the misfiring of an 
evolved suffocation alarm system triggered by signals of impending suffocation, 
such as increased carbon dioxide (CO2) levels or respiratory obstruction. Klein sug-
gested that individuals with panic disorder have a hypersensitive suffocation alarm 
system that is easily triggered by minor respiratory changes, leading to the sudden 
onset of panic symptoms (Klein 1994). This theory is supported by the observation 
that panic disorder patients are more sensitive to the panic-inducing effects of CO2 
inhalation compared to healthy individuals (Gorman et al. 1994). Furthermore, the 
false suffocation alarm theory provides a framework for understanding the effec-
tiveness of certain treatments for panic disorder, such as breathing retraining and 
exposure to CO2 (Klein 1993; Meuret and Ritz 2010).

Brain and blood lactate levels are also abnormal in other mental health disorders 
such as schizophrenia (Liu et al. 2024; Pruett and Meador-Woodruff 2020). In an 
Exercise II study (Keller-Varady et al. 2016), blood lactate levels were measured in 
patients with multi-episode schizophrenia and control subjects from the start of an 
exercise intervention and then continued over three months of training. The study 
showed that lactate levels increased over time in healthy controls, but patients with 
schizophrenia never reached the same level even if they seemed to profit from the 
intervention. This finding suggests a defect in the regulation of lactate metabolism 
and clearance, which as described above may result in dysfunctional shifts in cel-
lular redox and pH levels. These alterations may contribute to allostatic mental state 
shifts due to the brain not being able to support metabolically the neuronal signaling 
required to support healthy homeostatic states.

4.3 Loss of Homeostasis of Blood Ammonia and Ion Levels

Hyperammonemia, which itself has multiple causes, generates increased glutamine 
production, increased anaplerosis, and increased glutamate release into the extra-
cellular fluid (Cooper and Jeitner 2016). People who suffer from hyperammonemia 
commonly present with psychotic symptoms (Llansola et al. 2013) and encepha-
lopathy, particularly in the context of liver failure. Similarly, hypokalemia impacts 
proper maintenance of K+ balance during depolarization. Repolarization leads to 
psychotic episodes that can be mistaken for schizophrenia (Lam et al. 2009).
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5 Mitochondrial Health in Energy Budget Assignment and Local 
Metabolic Homeostasis

Oxidative metabolism is the main source of ATP, particularly for neurons. 
Mitochondrial health is therefore important for restoring brain homeostasis as 
well as for providing energy to power the dispensable brain activity (allostasis 
and GMR) that maintains brain functionality. In addition, through apoptosis and 
other mechanisms, mitochondria play a key role in diverse processes, including 
synaptic biosynthesis and turnover beyond their metabolic functions. Here, we 
discuss the unique aspects of mitochondria in leading to functional and dysfunc-
tional allostatic transfers.

5.1 Mitochondrial Diversity in the Brain

Just as there are different types of cells populating the brain and other organs, there 
are different types of mitochondria (for a review of mitochondrial phenotypes, or 
mitotypes, see Monzel et al. 2023). Across the brain (mouse and human), mito-
chondria specialize in their molecular composition, morphology, functions, and 
behaviors. Mitochondrial diversity is driven both by regional differences—some re-
gions have more mitochondria of a certain type, regardless of the cell type—and by 
cell type, where some cell types contain vastly different mitochondrial phenotypes 
(Mosharov et al. 2025). In the mouse brain, mitochondrial energy transformation 
capacity in a specific corticostriatal network (group of brain regions), but not in 
other brain regions, correlates strongly with anxiety-related behaviors and social in-
teraction (Rosenberg et al. 2023). Manipulating nucleus accumbens mitochondrial 
respiratory capacity in rats also modulates social behaviors and anxiety (Hollis et al. 
2015). Thus, both the functional diversity of mitochondria and the regional differ-
ences/recalibrations in mitochondria could contribute to sustaining or altering brain 
functions, and perhaps ultimately to abnormal behaviors and symptoms.

The most consistent findings in schizophrenia relative to controls are reduc-
tions in expression of mitochondrial complex I subunits in postmortem brain tissue 
(Cohen’s d > 0.8), reductions in complex I activity in postmortem brains (d > 0.7), 
and reductions in neural glucose utilization (d = 0.3 to 0.6) (Whitehurst and Howes 
2022). Overall these findings are consistent with complex I dysfunction in schizo-
phrenia and other neuropsychiatric and neurodegenerative disorders (Holper et al. 
2019). They also highlight the need for well-designed in vivo studies to determine 
the link between oxidative phosphorylation dysfunction and symptoms in patients 
and to identify the variables associated with medication treatment or adverse effects 
(Bar-Yosef et al. 2020; Panizzutti et al. 2024; Turkheimer et al. 2019).

Postmortem brain samples of individuals with schizophrenia show dysregulated 
expression levels of genes encoding enzyme complexes comprising the mitochon-
drial electron transport chain, including ATP synthase. Shroitman et al. (2023) con-
ducted a systematic meta-analysis of the expression of 16 ATP synthase-encoding 
genes in postmortem brain samples of individuals with schizophrenia versus healthy 
controls in three regions: Brodmann area 10 (BA10), BA22/superior temporal gyrus, 
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and the cerebellum. Eight independent datasets were integrated (overall 294 brain 
samples: 145 of individuals with schizophrenia and 149 age-matched controls). 
The meta-analysis was applied to all individuals, with separate analysis of men and 
women. A significant downregulation of two ATP synthase-encoding genes was de-
tected in schizophrenia, ATP5A1 and ATP5H, and a trend toward downregulation of 
five further ATP synthase genes. The downregulation tendency was shown for both 
men and women with schizophrenia (Shroitman et al. 2023).

5.2 Dopaminergic Transmission and Energy Budget Interactions

The importance of energy metabolism and supply in maintaining healthy brain 
states and in the etiology of psychiatric disease was long neglected due to the view, 
based on early success in treating the active symptoms of schizophrenia, that the 
primary cause of the disease is altered dopamine transmission (Meltzer and Stahl 
1976). Studies conducted at a receptor, genetic, and metabolic level revealed the 
importance of glutamatergic function (Javitt 1987) in the etiology of the disease 
and led to a broader view of the potential causes of and treatments for schizophrenia 
and other psychiatric disorders (McCutcheon et al. 2020). Here, we go further and 
explore the importance of direct interactions between dopamine signaling and the 
brain energy budget at both a general assignment level and for specific processes.

Research has indicated that dopamine plays a significant role in regulating mito-
chondrial movement, thereby affecting the distribution of energy resources within 
neurons, a process crucial for maintaining neuronal health and function (Chen et 
al. 2008). Additionally, dopamine D2 receptors have been specifically associated 
with modulating glucose metabolism (Chen et al. 2024), further linking dopamine 
activity to broader metabolic processes (Palacios and Wiederhold 1985). The rela-
tionship is bidirectional: dopaminergic neurons in the substantia nigra are highly 
dependent on intact mitochondrial activity, as demonstrated in animal and human 
studies of toxin-induced and genetic forms of Parkinson disease (Morris et al. 2024; 
Ni and Ernst 2022; Schapira 2008). These interactions underscore the complex rela-
tionship between dopamine signaling, energy metabolism, and the pathophysiology 
of severe psychiatric conditions, setting the stage for understanding similar mecha-
nisms in disorders such as anorexia nervosa.

Anorexia nervosa is an eating disorder characterized by ongoing self-starvation. 
Evidence from human and animal studies has yet to clarify whether putative dopa-
mine abnormalities precede the disorder as a risk factor or emerge as a result of star-
vation (Barry and Klawans 1976; Branch et al. 2013; Cowdrey et al. 2011; Gelegen 
et al. 2008; Kaye et al. 1999). The disorder can be hypothesized to progress through 
two stages, each distinguished by specific changes in dopamine levels that underlie 
each phase (Beeler and Burghardt 2022). Initially, caloric restriction combined with 
physical exercise leads to increased midbrain dopamine, which enhances behavioral 
flexibility and reinforces weight-loss behaviors (Bergh and Södersten 1996; O’Hara 
et al. 2015). This increase is likely driven by stress-induced activation of the HPA 
axis, heightened insulin sensitivity, decreased leptin levels, changes in ghrelin, and 
increased orexin (Chen et al. 2019; Cone et al. 2015; Douma and de Kloet 2020; 
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Fernandes et al. 2015). As the disorder advances, continuous self-starvation reduces 
dopamine levels, promoting behavioral rigidity and solidifying entrenched behav-
iors as the brain adapts (Ambwani et al. 2020). In this hypodopaminergic state, 
dopamine receptors may upregulate, increasing their expression and sensitivity 
(Kostrzewa et al. 2008). Understanding these stages as mediated by distinct neuro-
adaptations suggests that pharmacological treatments could vary by stage.

This proposed sequence of the disorder—an initial increase followed by a de-
crease in dopamine—may represent a common pathway for various behavioral dis-
orders characterized by shifts between reinforcement learning and behavioral rigid-
ity. If validated, this hypothesis could significantly impact the clinical approach to 
treating and researching anorexia nervosa and other related disorders such as addic-
tion and obesity, indicating that treatment strategies might need to be stage specific.

6 Four Pillars of Mental Health for a Homeostasis-Limited Energy 
Budget

Sleep, physical activity, diet, and social interactions (Gorelick et al. 2017; Mintzer et 
al. 2019) support brain energy metabolism. Sleep, a necessary requirement in most 
animals, underpins brain function (Palagini et al. 2022; Scott et al. 2021). Disturbed 
sleep shows bioenergetic deficits (Miller et al. 2017; Rae et al. 2009; Vakulin et 
al. 2021), whereas exercise and an enriched environment improve blood flow and 
promote synaptic formation through release of factors such as brain-derived neu-
rotrophic factor (Gómez-Pinilla et al. 2002) and vascular endothelial growth factor 
(Cao et al. 2004). Social interaction is particularly important at vulnerable periods 
of development, such as early life (Heidbreder et al. 2000) and adolescence (Orben 
et al. 2020), with loneliness in the general population impacting the brain (Cacioppo 
et al. 2014) and contributing significantly to mental disorders (Beutel et al. 2017).

Since 1975, the global prevalence of obesity has more than tripled in males and 
more than doubled in females. Consistent with the global trend, the prevalence of 
obesity has increased rapidly in China in recent decades (Phelps et al. 2024), dou-
bling between 2004 (3.1%) and 2018 (8.1%) (Pan et al. 2021; Wang et al. 2021). 
Obesity is associated with higher risks of hypertension, type 2 diabetes, coronary 
heart disease, stroke, and certain cancers (Chen et al. 2018; Mi et al. 2020; Momin 
et al. 2020; Pang et al. 2018). Based on the estimated 2018 prevalence, obesity af-
fects approximately 85 million people in China. The growing societal burden of 
overweight and obese people may be driven by economic developments, sociocul-
tural norms, and policies that have influenced individual-level risk factors through 
urbanization, urban planning, and the built environment, as well as food systems 
and environments (Du et al. 2014). In China, substantial changes in dietary patterns 
have occurred, marked by increased consumption of animal-source foods, refined 
grains, and highly processed, high-sugar, and high-fat foods. Meanwhile, physical 
activity levels in all major domains have decreased due to rising sedentary behav-
iors. These dietary and physical inactivity effects intersect with other individual-
level risk factors, such as genetic susceptibility, psychosocial factors, obesogens, as 
well as in utero and early-life exposures.
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Unfavorable environmental conditions during pregnancy have been shown to 
promote the onset of mental disorders in the offspring via epigenetic mechanisms 
(Babenko et al. 2015; Brannigan et al. 2020; Kleinhaus et al. 2013; Linnér and 
Almgren 2020). Undernutrition in pregnant women is one such condition that can 
affect intrauterine development and has been shown to have long-lasting detrimental 
consequences for the mental health of the offspring later in life (Roseboom 2019). 
The effect of prenatal undernutrition on mental health can be analyzed through ret-
rospective analysis of events, such as the Dutch famine during World War II and the 
Chinese famine (1959–1961), where undernutrition occurred historically in specific 
populations (Bleker et al. 2021; Li and Sunder 2021). Meta-analytic results have 
demonstrated an increased risk of psychotic, affective, and personality disorders in 
adults exposed to famine during prenatal development (Dana et al. 2019).

The psychosocial environment (e.g., low socioeconomic status or repeated 
exposure to traumatic events) contributes substantially in important ways to the 
prevalence and onset of psychopathology and associated macroscale brain change 
disorders in youth (Du et al. 2014). Understanding how such individual experi-
ences shape brain metabolism could help us develop personalized treatments (e.g., 
through environmental enrichment). For example, it is possible to determine indi-
vidual behavioral differences in mice that have been exposed to a large, enriched 
environment for three months. Specifically, the activity of the mice followed a con-
tinuum from continuous high activity to habituation. Using structural MRI, a strik-
ing correlation was observed between regional brain volume and the activity of the 
mice. Furthermore, using network-based statistics, distinct subnetworks of murine 
structural covariance, which underlie these differences in behavioral activity, were 
identified. Together, these results reveal that differentiated behavioral trajectories 
of mice in an enriched environment are associated with differences in brain volume 
and covariance, which could offer a useful system to investigate individualized re-
sponses to enrichment from a brain metabolism perspective (Bogado Lopes et al. 
2023). In humans, an MRI analysis of 5,306 participants across 15 countries, de-
signed to tease apart the most influential drivers of brain aging, identified structural 
socioeconomic inequality, pollution, and health disparities as the most influential 
predictors of brain aging (e.g., atrophy) (Moguilner et al. 2024).

7 Where Do We Go from Here?

Measurement of energy metabolism and blood flow in neuropsychiatric disorders, 
particularly in a developmental context, is key to helping us understand the different 
bioenergetic states and the process(es) that lead to particular state shifts. It would 
be informative to undertake these measurements in conditions that are not “steady-
state,” under conditions where stressors are applied or tasks are performed. These 
measurements in different states could be performed in healthy people—where the 
stressor is known and can be controlled using, for example, environmental stress-
ors (sleep deprivation, drug administration, hypercarbia) to study controlled allo-
static shifts—and compared to shifts in people who are in altered state conditions. 
During the stages of aging and adolescence, brain energy metabolism comes under 
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particular stress. Adolescence is a particularly critical period for stressors to intro-
duce allostatic alterations that can have long-term mental health consequences if not 
identified and rectified (Alloy et al. 2006; Dahl 2004; Dayan et al. 2010; O’Connor 
and Cryan 2014). Conducting studies during these stages would allow us to directly 
test our hypothesis that vulnerability is associated with a reduced margin between 
maximum energy supply and enhanced needs.

We need to better understand how state shifts arise at the neurochemical level, 
how to rectify them when they occur, and when repeated failed or exaggerated at-
tempts to shift states can lead to them becoming intractable. A better understanding 
of basic brain energy metabolism (Rae et al. 2024) that underlies brain state shifts 
at rest and under stress in human cohorts will be particularly relevant. Moreover, 
developing methods to measure the brain’s total metabolic capacity within indi-
viduals might help to identify those who are more or less vulnerable to metabolic 
stress and, thereby, mental and cognitive illnesses. By leveraging ongoing develop-
ments in our ability to measure various features of brain energy metabolism (e.g., 
oxygen and glucose use, ATP, lactate, brain pH, NADH/NAD+, glutamate/GABA/
glutamine cycling) via advances in neuroimaging (e.g., MRI/MRS, PET, and opti-
cal techniques) and ex vivo/in situ measurements (e.g., mitochondrial assays and 
multi-omic fluid analysis), we can now address these questions in both humans and 
animal models.
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Abstract Recent work implicates abnormalities of metabolic pathways and pro-
cesses in severe mental illness (SMI). SMI encompasses moderate to severe mood 
disorders, as well as schizophrenia spectrum psychotic disorders. Metabolic sys-
tems implicated in SMI include mitochondrial function, glucose utilization, and 
insulin signaling, among others, with evidence suggesting changes in these systems 
are influenced by genetic, epigenetic, and environmental factors. This chapter re-
views seminal studies that explore these metabolic perturbations and disruptions in 
SMI, with a focus on schizophrenia, bipolar disorder, and major depressive disor-
der. Specific suggestions for future directions are proposed to advance our under-
standing of these often life-changing disorders.

Keywords Bioenergetic function, risk for severe mental illness, mitochondria, 
schizophrenia, bipolar disorder, major depressive disorder, insulin signaling, fates 
of glucose, psychotropic medications

1 Introduction

What is bioenergetic function? The term “bioenergetic” encompasses metabolism, 
mitochondria, energy, numerous metabolites, catabolism, anabolism, as well as 
ATP (adenosine triphosphate) synthesis and oxidative phosphorylation. Applied to 
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the human brain, bioenergetic function permits the integration of these myriads 
of concepts, unifying diverse neurophysiological processes such as synaptic trans-
mission and long-term potentiation that are highly interconnected. Brain disorders 
are divided into psychiatric and neurological buckets, with psychiatric disorders 
considered disorders of the “mind,” or as having altered capacity for mentation, 
and thus called mental illnesses (David and Nicholson 2015). Severe mental illness 
(SMI) generally includes schizophrenia, schizoaffective disorder, bipolar affective 
disorder (BAD, typically type 1), and major depressive disorder (MDD, moderate 
to severe) diagnoses. While the risk for SMI overlaps to varying degrees between 
these diagnostic entities, psychiatric diagnoses are descriptive, syndromic, and not 
based on genetic or pathophysiological markers often found in neurological disor-
ders. It follows that there is likely a significant overlap between SMI in terms of 
causal factors and biological mechanisms.

Regarding SMI, much of the evidence we present is focused on schizophrenia, 
with some examples from BAD and MDD. This is not to favor one diagnosis over 
another; rather, there are advantages to studying schizophrenia that have fostered 
several seminal findings, including the relative (compared to MDD, for example) 
homogeneity of schizophrenia, as well as historically salient hypotheses (such as 
the dopamine hypothesis) that drove work for many decades.

2 An Overarching Hypothesis

We posit that SMI is caused by a combination of genetic, epigenetic, and envi-
ronmental risk factors that combine to drive diverse disease phenotypes that may 
share common pathophysiological processes (Figure 5.1). In schizophrenia, much 
of the genetic risk converges on excitatory synapse-associated genes (Trubetskoy 
et al. 2022). Perturbations of insulin signaling and glucose metabolism appear to 
follow this genetic risk, perhaps secondary to aberrant metabolic coupling between 
astrocytes and neurons driven by synaptic changes during brain development (Dear 
et al. 2024). In contrast, BAD is more closely associated with mitochondrial dys-
function (Ceylan et al. 2023; Gimenez-Palomo et al. 2024; Kuang et al. 2018). 
The pathophysiology of schizophrenia and severe mood disorders may converge on 
abnormalities of glycolytic pathways and glucose utilization, albeit arriving at this 
intermediate phenotype as a likely consequence of different primary causes associ-
ated with each diagnosis.

In this chapter, we present the “best” evidence available for bioenergetic dys-
function in SMI, reported in seminal papers (Sahay et al. 2024). Of course, what 
constitutes the “best” evidence is subjective and open to debate. We have divided 
this evidence into sections that roughly parallel our overarching hypothesis: genetic 
risk (Section 3), mitochondria (Section 4), evidence for a bioenergetic intermediate 
phenotype (Section 5), insulin signaling (Section 6), fates of glucose (Section 7), 
bioenergetic substrates (lactate, brain pH, and ATP; Section 8), lipids and fatty acids 
(Section 9), and psychotropic medications (Section 10). To evaluate the quality and 
novelty of these studies, we used a critical appraisal tool framework, adapted from 
the Centre for Evidence-Based Medicine (OCEBM Levels of Evidence Working 
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Figure 5.1 Risk for severe mental illness (SMI) includes genetic, epigenetic, and environmental 
factors. Under such risk, brain development and maturation may lead to an intermediate bioenerget-
ic phenotype, characterized by abnormalities of mitochondria, insulin signaling, fates of glucose, 
as well as lipids and fatty acids. Compelling evidence for alterations in bioenergetic molecules, 
including lactate, ATP as well as decreased brain pH, supports this hypothesis. Psychotropic medi-
cations have complex effects on bioenergetic function, perhaps worsening some elements and im-
proving others. Pharmacological and diet-based interventions have the potential to modify disease 
phenotypes, improving patient outcomes and quality of life for the afflicted. Abbreviations SP 
refers to the seminal papers presented in this chapter, numbered in succession; SCZ: schizophrenia; 
BAD: bipolar affective disorder; MDD: major depressive disorder; Tmnt: treatment.

Group 2011), to standardize evaluations and critical assessments of the contribution 
of research within its field (Sackett et al. 1996). Results are presented in Table 5.1. 
We end by synthesizing findings from these papers and make specific suggestions 
for how they might be leveraged to improve patient outcomes.
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Table 5.1 Selected studies from seminal papers (SP) representing the best evidence for bioen-
ergetic abnormalities in severe mental illness: autism, bipolar affective disorder (BAD), major 
depressive disorder (MDD), schizophrenia (SCZ). Scores were reached using an adapted version 
of the Centre for Evidence-Based Medicine 5-point scale (5 is best). Abbreviations hiPSC: hu-
man-induced pluripotent stem cells; mtDNA: mitochondrial DNA; dlPFC: dorsolateral prefrontal 
cortex; RBC: red blood cell; PMBC: peripheral blood mononuclear cell.

SP Reference Substrate Studied Target Illness Score 
1 Chong et al. (2022) hiPSC neurons SCZ 4.56
2 Tomasik et al. (2019) Human DNA SCZ 4.22
3 Bodenstein et al. (2019) Human brain mtDNA SCZ 4.22
4 Kathuria et al. (2023) Organoids SCZ 4.33
5 Nishioka et al. (2023) Exome BAD 4.44
6 Sullivan et al. (2019c) Mouse brain SCZ 4.80
7 Wesseling et al. (2014) Mouse brain SCZ, autism 4.40
8 Pillinger et al. (2017) Human blood SCZ 4.56
9 Chouinard et al. (2019) Human blood SCZ 4.30
10 Lee et al. (2024) Human transcripts SCZ 4.70
11 Townsend et al. (2023) Human brain SCZ 4.40
12 Sullivan et al. (2019a) Human dlPFC SCZ 4.70
13 Rowland et al. (2016) Human brain SCZ 4.50
14 Sullivan et al. (2019b) Human dlPFC SCZ 4.40
15 Hagihara et al. (2018) Human brain SCZ, BAD 4.40
16 Du et al. (2014) Human frontal lobe SCZ 5.0
17 Zhou et al. (2019) Human blood plasma MDD 4.11
18 Arvindakshan et al. (2003) Human RBC SCZ 4.30
19 Schulmann et al. (2023) Human PFC SCZ 4.30
20 Tye et al. (2022) Human PBMC BAD 4.60

3 Genetic Risk for Severe Mental Illness

Genetic risk for SMI can be broadly divided into highly penetrant rare mutations, 
copy number variants, and single nucleotide polymorphisms (SNPs). With more 
than 100,000 genomes for schizophrenia reposited and counting (Trubetskoy et al. 
2022), more than 200 SNPs have been identified that confer a higher risk for this ill-
ness. Each SNP confers an increased risk to the carrier, with multiple SNPs account-
ing for the majority of genetic risk in most persons with schizophrenia (Trubetskoy 
et al. 2022). As such, genetic risk is often an amalgamation of coincident risks 
across biological pathways and disease states (Richards et al. 2022). In general, the 
heritability of SMI is highly variable, and it is a challenge to connect specific ge-
nomic variants with disease phenotypes (Szoke et al. 2024; Mitteroecker and Merola 
2024). An example of genetic risk for SMI is worth considering. In a Scottish fam-
ily with a rare highly penetrant mutation (DISC1), there are 18 carriers with SMI, 
seven of which have a diagnosis of schizophrenia (Blackwood et al. 2001; Hennah 
et al. 2009; Hodgkinson et al. 2004). Eleven carriers of the DISC1 mutation in this 
family do not have schizophrenia but instead have been diagnosed with a mood 
disorder (BAD or MDD). Importantly, SNPs within the DISC locus may confer 
heterogeneity to the clinical phenotype (Hennah et al. 2009). This example argues 



What Is the Best Evidence for Bioenergetic Abnormalities in Severe Mental Illness? 87

in favor of considering that mechanisms and pathophysiological processes “found” 
in one diagnostic entity should be considered across the SMI phenotypic spectrum. 
Evidence shows that the DISC translocation impacts bioenergetic function via di-
rect effects on mitochondrial function (Norkett et al. 2017, 2020; Park et al. 2017). 
Below we present two additional recent studies that link genetic risk for SMI with 
bioenergetic perturbations.

3.1 Seminal Paper 1: Chong et al. (2022)

Haploinsufficiency results when one copy of a gene is deleted or has a loss-of-
function mutation and the single wild-type gene is not sufficient for normal biologi-
cal function. SETD1A is a histone-lysine methyl transferase involved in regulat-
ing mitosis and cell proliferation. In the study by Chong et al. (2022), performed 
in human-induced pluripotent stem cells (hiPSCs) derived from BJ fibroblasts and 
H7 human embryonic stem cells, cells were genetically edited using RNAs target-
ing exon 7 of SETD1A. These edited hiPSCs were then differentiated into cortical 
spheroids and neurally induced. Subsequent experiments involved biochemical and 
metabolic approaches to study neuronal differentiation and functional properties. 
Altered neurite outgrowth and diminished spontaneous neuronal action potentials 
were found in hiPSCs with haploinsufficiency of the SETD1A gene. Neural progen-
itor cell migration was also altered. Functional metabolic changes were observed 
in these cells including reduced glycolytic enzyme expression and lactate release. 
Metabolic flux assays showed lower respiratory capacity and basal glycolysis. 
Supplementation with pyruvate improved these observed deficits and thus identi-
fied bioenergetic changes as being critically important to the downstream effects 
of SETD1A haploinsufficiency. Chong et al. (2022) highlight an underappreciated 
mechanism where genomic variants with little apparent known connection to bioen-
ergetic function may have an unexpected and significant impact.

3.2 Seminal Paper 2: Tomasik et al. (2019)

Does genetic risk for SMI confer risk for diabetes? Investigating the relationship 
between higher polygenic risk score (PRS) for schizophrenia and insulin resistance, 
recent work by Tomasik et al. (2019) supports this hypothesis. The homeostatic 
model assessment 2 (HOMA2, an updated version of the original homeostatic 
model assessment; Levy et al. 1998), is a tool that models the glucose-insulin feed-
back system to predict C-peptide, insulin, and glucose levels in the fasting steady 
state. This in turn allows for the deduction of insulin resistance and/or β-cell func-
tion following measurement of fasting glucose and insulin levels (Levy et al. 1998). 
Further, Tomasik et al. (2019) found that subjects with schizophrenia exhibited el-
evated baseline levels of HOMA2-IR, HOMA2 β-cell function, and fasting insu-
lin levels while insulin sensitivity and fasting glucose levels did not significantly 
differ. Adjusted for covariates, HOMA2-IR remained significantly elevated in 
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schizophrenia subjects and positively correlated with schizophrenia PRS.
Other well-characterized examples also support this connection. For instance, 

genome-wide association studies identified T cell factor 4 (TCF4, also known 
as TCF7L2)—a major effector of the canonical WNT pathway via dimerization 
with β-catenin—as a susceptibility gene for schizophrenia and diabetes (Dastani 
et al. 2012; Florez 2007; Grant et al. 2006; Schizophrenia Working Group of the 
Psychiatric Genomics Consortium 2014).

4 Mitochondria in SMI

Mitochondria are abundant within neuronal dendrites and synaptic terminals in the 
brain. Abnormalities of mitochondria may lead to impaired oxidative phosphory-
lation as well as generation of reactive oxygen species, contributing to oxidative 
stress within neurons and glia. Dysregulation of energy production and high levels 
of oxidative stress are commonly reported in SMI (Shao et al. 2008). Disparate 
findings support mitochondrial dysfunction in schizophrenia and MDD. In BAD, 
mitochondrial dysfunction is considered a likely contributor to its etiopathogenesis 
(Kato 2005; Lam et al. 2023).

4.1 Seminal Paper 3: Bodenstein et al. (2019)

While the precise etiopathologies of SMI remains unknown, accumulating evidence 
suggests that mitochondrial dysfunction has a central role in BAD (Andreazza and 
Nierenberg 2018). A positive correlation was found in BAD between the electron 
transport chain complex I subunit NDUFS7 protein levels and mtDNA content 
across multiple brain regions, including the hippocampus, cerebellum, and prefron-
tal cortex (Bodenstein et al. 2019). In their work, Bodenstein et al. noted an eleva-
tion in mtDNA content in the hippocampus of patients with BAD, while a reduction 
in mtDNA oxidation was observed in the hippocampus of individuals with BAD 
and schizophrenia. This reinforces the role of mitochondrial dysfunction in SMI 
(Ben-Shachar and Karry 2008).

4.2 Seminal Paper 4: Kathuria et al. (2023)

By comparing transcriptomic profiles of cerebral organoids from subjects with 
SMI, Kathuria et al. (2023) found that an upregulation of genes was involved in 
mitochondrial and oxidative phosphorylation in schizophrenia, but not BAD. 
Interestingly, functional assessments in their study show deficits in basal oxygen 
consumption rate and ATP production, implicating mitochondrial dysfunction in 
schizophrenia, but not BAD, derived organoids. However, cortical neurons from 
BAD subjects exhibited fewer mitochondria-endoplasmic reticulum contact sites 
compared to those from schizophrenia subjects, highlighting disease-specific 
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differences in mitochondrial dynamics. These findings highlight the involvement of 
mitochondrial dysfunction in schizophrenia and BAD pathogenesis, although with 
distinct molecular signatures and functional consequences.

4.3 Seminal Paper 5: Nishioka et al. (2023)

Investigating the role of mosaic variants in BAD, Nishioka et al. (2023) identi-
fied significant enrichment of mitochondrial heteroplasmic variants, particularly 
in mitochondrial tRNA genes, through extensive deep exome sequencing of BAD 
subjects. In particular, recurrent m.3243A>G variants, known for their causal role 
in mitochondrial diseases, were detected in two unrelated BAD probands, albeit at 
lower allele fractions than typically observed in mitochondrial diseases. Despite be-
ing limited to peripheral tissues, these findings emphasize the potential contribution 
of deleterious mosaic variants in the nuclear genome, predominantly those associ-
ated with mitochondrial dysfunction in the pathogenesis of BAD. This study reveals 
a novel avenue for understanding the genetic architecture of BAD, emphasizing the 
relevance of mitochondrial dysfunction in its etiology.

5 Intermediate Bioenergetic Phenotypes in SMI

Taken together, the heritable risk factors for SMI appear to converge indirectly on 
bioenergetic dysfunction via genetic mechanisms and directly via mitochondrial 
dysfunction (when present). While examples of specific genes directly involved in 
bioenergetic function conferring risk for SMI exist, accumulating evidence reveals 
an intermediate bioenergetic disease phenotype secondary to genetic risk that does 
not map to metabolic genes. In this section, we discuss evidence for such an inter-
mediate phenotype at the molecular level.

Recent animal model work suggests that growing a brain with “broken” syn-
apses leads to bioenergetic defects that are likely secondary to improper bioener-
getic coupling of astrocytes and neurons (Henkel et al. 2022). This concept starts 
with the observations that (a) blockade of NMDA receptors with the open channel 
blocker phencyclidine can precipitate a schizophreniform psychosis that is indis-
tinguishable from schizophrenia, including positive, negative, and cognitive symp-
toms (Castellani et al. 1982; Cohen et al. 1962); (b) anti-NMDA receptor antibodies 
may also simulate schizophrenia, ultimately (if severe) leading to an autoimmune 
encephalitis (Dalmau et al. 2008; Iizuka et al. 2008; Vincent and Bien 2008); and 
(c) NMDA-subtype glutamate receptor hypomorphs (aka Grin1KD mice) have 
smaller body mass and impaired glycolytic function (Mohn et al. 1999; Sullivan 
et al. 2019c). Finally, much of the genetic risk for schizophrenia (and to a lesser 
extent BAD) converges on genes that are involved with excitatory neurotransmis-
sion (Fromer et al. 2014; Lin et al. 2016), with NMDA receptors as the major excit-
atory neurotransmitter receptor in the central nervous system (CNS). The work de-
scribed below suggests bioenergetic dysfunction as an intermediate, or secondary, 
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pathological phenotype that is a consequence of aberrant excitatory neurotransmis-
sion during brain development and/or maturation (Henkel et al. 2022).

5.1 Seminal Paper 6: Sullivan et al. (2019c)

In mice, a congenital Grin1 loss-of-function allele exhibits behavioral deficits 
in assays that are endophenotypes of SMI, such as deficits in executive function 
and working memory, sensorimotor gating, and social interactions (Sullivan et al. 
2019c; Mohn et al. 1999; Mielnik et al. 2021). Interestingly, Sullivan et al. (2019c) 
found that these mice have decreased mRNA expression of glucose transporters 
in the frontal cortex and deficits in glycolytic pathways in synaptic proteomes iso-
lated from the frontal cortex. Specific pathways implicated in Grin1 knockdown 
(Grin1KD) mice included gluconeogenesis, glucose metabolism, pyruvate and cit-
ric acid metabolism, metabolism of carbohydrates, and glycogen storage disease 
(Sullivan et al. 2019c). Restoring the endogenous Grin1 locus with a genetic rescue 
approach restored behavioral deficits and corrected electrophysiological measures, 
including hippocampal LTP (Mielnik et al. 2021).

5.2 Seminal Paper 7: Wesseling et al. (2014)

In their detailed assessment of the molecular changes in the Grin1KD mouse, 
Wesseling et al. (2014) used liquid chromatography–mass spectrometry (LCMS) 
to assess changes in protein levels in the frontal cortex and hippocampus. They 
found that mitochondrial pyruvate kinase expression was one of the top differen-
tially expressed proteins. In this proteomic dataset from Grin1KD mice, the top 
hippocampal pathways that were perturbed included glycolysis, gluconeogenesis, 
and tricarboxylic acid (TCA) cycle, while fatty acid metabolism was found to be 
perturbed in the frontal cortex. In addition, serum analysis found decreases in insu-
lin-like growth factor 1. These data connect an animal model of SMI with a genetic 
lesion causing “broken” excitatory synapses with altered bioenergetic function in 
adult animals, leading to the question: Which bioenergetic downstream substrates 
are perturbed in SMI?

6 Insulin Signaling in SMI

Insulin signaling is perhaps the best-studied, particularly systemically, biological 
mechanism in biomedical research. Although less studied in the CNS, insulin re-
ceptors and their complex associated signaling pathways regulate a myriad of bio-
logical pathways essential for neuroplasticity and brain function (Derakhshan and 
Toth 2013; Zeng et al. 2016). For example, insulin regulates molecular correlates of 
learning and memory in the hippocampus, an effect mediated by protein kinase C 
and other factors (Zhao et al. 2019).
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Historical data reveals a complex relationship between insulin resistance and 
schizophrenia dating back almost a century, predating the use of antipsychotics 
(Agarwal et al. 2020). Studies as far back as the 1920s highlight the observation of 
metabolic disturbances in association with schizophrenia (Barrett and Serre 1924; 
Kasanin 1926; Kooy 1919; Raphael and Parsons 1921). One early study showed 
that patients with schizophrenic psychosis required higher doses of insulin to induce 
hypoglycemia during insulin coma therapy (Appel and Farr 1929). There is also evi-
dence that insulin in the CNS may be synthesized locally (Havrankova et al. 1978). 
Insulin signaling in the CNS is mediated via activation of receptor tyrosine kinases 
that trigger a cascade of molecular changes, including protein k inases and transcrip-
tion factors that regulate bioenergetic gene expression, immune function pathways, 
and synaptic composition (Fernandez and Torres-Alemán 2012; Lemche et al. 2024).

6.1 Seminal Paper 8: Pillinger et al. (2017)

A meta-analysis examining glucose homeostasis in first-episode schizophrenia re-
ported elevated fasting glucose and insulin levels, higher insulin resistance, and 
lower glucose tolerance before initiation of antipsychotic medication (Pillinger et 
al. 2017). When matched for diet and exercise status, fasting plasma glucose levels 
remained elevated in antipsychotic naïve schizophrenia subjects compared to con-
trols. These findings have been bolstered by other studies in schizophrenia that have 
noted increases in fasting glucose, insulin, cortisol, IL-6, as well as abnormalities in 
cholesterol levels compared to matched controls.

6.2 Seminal Paper 9: Chouinard et al. (2019)

Another study examined the differences in insulin sensitivity between subjects 
with first-episode psychosis (FEP), their unaffected siblings, and unrelated healthy 
controls (Chouinard et al. 2019). The unaffected siblings were antipsychotic na-
ïve. Insulin sensitivity was measured using the Oral Minimal Model Method. 
Choudinard et al. found that while insulin sensitivity did not differ significantly 
between FEP subjects and their siblings, the healthy controls exhibited the highest 
insulin sensitivity, compared to FEP subjects and their unaffected siblings. This 
study suggests that bioenergetic disturbances are present before administration of 
psychotropic medications and supports the hypothesis that genetic risk for bioener-
getic dysfunction and SMI overlap.

7 Fates of Glucose in SMI

Glucose maintains global excitatory neural network function in the CNS (Tourigny 
et al. 2019). To meet high-energy demands, neurons and astrocytes metabolize 
glucose, the brain’s primary energy source, through glycolysis to produce ATP and 
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supply substrates for oxidative phosphorylation (Mergenthaler et al. 2013). To meet 
the demands of synaptic transmission, glycolytic enzymes localize to the synaptic 
terminal to maintain ATP levels for vesicle loading and acidification (Ikemoto et al. 
2003; Ishida et al. 2009; Jang et al. 2016; Knull 1980). Astrocytes and neurons take 
up glucose through glucose transporters (GLUTs) (Jurcovicova 2014). Glucose is 
phosphorylated by hexokinase, the first committed step to glycolysis. Interestingly, 
subcellular localization of hexokinase is altered in schizophrenia (Shan et al. 2014). 
Hexokinase normally localizes to the outer mitochondrial membrane to couple 
cytosolic glycolysis to mitochondrial oxidative phosphorylation (Abu-Hamad et 
al. 2008; Wilson 2003). In schizophrenia, the cytosolic to mitochondrial hexoki-
nase ratio was increased in the dorsolateral prefrontal cortex (dlPFC), suggesting 
uncoupling of bioenergetic processes that produce ATP (Regenold et al. 2012; 
Shan et al. 2014).

Glucose can enter the pentose-phosphate pathway (PPP), be converted to lactate, 
or be converted to pyruvate to enter the TCA cycle. The activity of the PPP rate-lim-
iting enzyme glucose-6-phosphate dehydrogenase was not changed in the somato-
sensory association cortex (Puthumana and Regenold 2019) but was negatively cor-
related with the expression of hexokinase-1 in a mitochondrial fraction (Regenold 
et al. 2012). It is through the TCA cycle that intermediate metabolites are produced 
to fuel ATP production via oxidative phosphorylation. Several studies have reported 
an association between oxidative stress and the pathophysiology of schizophrenia 
(Chowdari et al. 2011; Flatow et al. 2013; Schulz et al. 2000), perhaps as a reflection 
of mitochondrial dysfunction (Prabakaran et al. 2004). A major function of the PPP 
shunt is to produce NADPH generated from the oxidation of glucose-6-phosphate 
to reduce glutathione. The enzyme 6-phosphogluconolactonase, which produces 
NAPDH (the cofactor used to reduce oxidized glutathione), was increased in the 
dlPFC in schizophrenia (Pennington et al. 2008). Consistent with these findings, 
a proteomic analysis of 11 schizophrenia subjects found increased abundance of 
transketolase and glutathione-S-transferase, as well as increased NADPH levels 
(Martins-de-Souza et al. 2010).

7.1 Seminal Paper 10: Lee et al. (2024)

To examine the relationship between glucose dysregulation and psychosis spectrum 
disorders, Lee et al. (2024) preformed a meta-analysis in antipsychotic naïve FEP 
patients. Using transcriptomic data from FEP patients, they then compared this in-
formation to data from individuals with early dysglycemia and identified 221 com-
mon gene expression signatures. Their findings suggest an intrinsic link between 
psychosis spectrum disorders and dysglycemic states, independent of the bioener-
getic effects of antipsychotic drugs (Lee et al. 2024).

Other work showed an increase in cerebrospinal fluid glucose in individuals with 
schizophrenia compared to nonpsychotic controls (Warren et al. 2024). Pathway 
enrichment analysis found connections to endoplasmic reticulum stress and ab-
normal brain bioenergetics. Additional studies have explored potential pharmaco-
logical treatments as candidates for addressing metabolic dysfunction in psychosis 
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spectrum disorder. Metformin was identified as a promising candidate for suggest-
ing that early intervention may be beneficial for patients (Battini et al. 2023).

7.2 Seminal Paper 11: Townsend et al. (2023)

This seminal paper analyzed 36 datasets comprising 1,335 subjects to investigate 
metabolic dysfunction in glucose metabolism associated with schizophrenia. Using 
18FDG-PET (F-18-deoxyglucose positron emission tomography) to measure glu-
cose uptake rates, regional hypometabolism in the frontal cortex in schizophrenia 
was found to be more pronounced in chronic schizophrenia patients and those on 
medication. The meta-analysis did not find consistent metabolic alterations in other 
brain regions except the basal ganglia. These data support the hypothesis that im-
pairment of glucose uptake and utilization may underlie cortical dysfunction in SMI 
(Townsend et al. 2023).

7.3 Seminal Paper 12: Sullivan et al. (2019a)

Additional work on the fate of glucose was conducted by Sullivan et al. (2019a), 
who examined metabolic disturbances at a cellular level in schizophrenia. Utilizing 
laser-capture microdissection and quantitative polymerase chain reaction, signif-
icant reductions in transcripts for key glycolytic enzymes, including hexokinase 
and phosphofructokinase, were identified in dlPFC pyramidal neurons but not as-
trocytes. They also reported decreased neuronal mRNA expression of the glucose 
transporters GLUT1 and GLUT3, which suggests that impaired glucose uptake is a 
neuron-specific mechanism in schizophrenia. Region-level decreases in hexokinase 
and phosphofructokinase activity were also found in the frontal cortex, suggest-
ing impaired glycolysis. Similar changes were not observed in rodents treated for 
nine months with haloperidol (Sullivan et al. 2019a). Taken together, findings by 
Sullivan et al. suggest neuron-specific deficits in the dlPFC in glucose utilization 
and metabolism that are independent of medication status.

8 Lactate, Brain pH, and ATP in SMI

Glutamate released at the synapse prompts astrocytes to ramp up their energy pro-
duction and leads to an increase in the production of bioenergetic metabolites, such 
as lactate. Lactate may then be transferred from astrocytes to neurons via monocar-
boxylate transporters. Within neurons, lactate serves as a fuel source to generate 
energy through the TCA cycle. This process, known as the astrocyte-neuron lactate 
shuttle, facilitates the support of neuronal oxidative phosphorylation. Remarkably, 
this mechanism enables neurons to sustain energy production through lactate even 
under high-energy demand conditions, where neurons struggle to boost glycolysis 
effectively in aerobic conditions.
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Lactate plays a crucial role in cognition; during learning tasks in rats, there is a 
noticeable rise in extracellular lactate levels in the hippocampus. Disrupting the pro-
duction of lactate or its transfer into neurons leads to memory impairment or amne-
sia (Suzuki et al. 2011). These data suggest that the astrocyte-neuron lactate shuttle 
mechanism represents a critical element of brain function that may be disrupted in 
SMI. As lactate is a weak acid, it is possible that changes in lactate levels may be asso-
ciated with alterations in brain pH. It is tempting to predict that having a compensatory 
biological state with increased lactate may reveal an underlying impairment in ATP 
production. However, debate is ongoing as to whether alterations in lactate levels are 
indicative of a pathological process linked to the illness or merely a result of medica-
tion effects or other postmortem factors influencing lactate levels (Henkel et al. 2022).

8.1 Seminal Paper 13: Rowland et al. (2016)

Using 7T magnetic resonance spectroscopy (MRS), Rowland et al. (2016) measured 
brain lactate levels in vivo in 29 controls and 27 subjects with schizophrenia. Higher 
lactate levels were found in the anterior cingulate cortex in schizophrenia and were 
associated with lower scores on the Measurement and Treatment Research to Improve 
Cognition in Schizophrenia (MATRICS) Consensus Cognitive Battery, which as-
sesses cognitive function, as well as on the University of California, San Diego 
Performance-Based Skills Assessment, a measure of real-world functional capac-
ity—indicating poorer cognitive and functional performance. This study was the first 
to show increased lactate levels in living humans with SMI (Rowland et al. 2016).

8.2 Seminal Paper 14: Sullivan et al. (2019b)

Lactate has also been measured in postmortem brain and animal models of SMI. In 
their study, Sullivan et al. (2019b) found increased dlPFC lactate levels in schizo-
phrenia (N = 16) and in IPSC-derived cortical neurons from a subject with schizo-
phrenia who had the DISC mutation. In the postmortem cohort, lactate levels did 
not correlate with postmortem interval, pH levels, or age. In contrast, in the mu-
tant GFAP-DISC1 mice (expressing humanized DISC only in astrocytes), lactate 
levels were reduced in the frontal cortex. Changes in lactate were not detected in 
Grin1KD mice, CAMK-DISC1 mice (expressing humanized DISC only in frontal 
cortical neurons), or in rats treated with haloperidol-decanoate for nine months. 
Taken together, their data suggest that changes in lactate may be dependent on hav-
ing common perturbations of astrocytes and neurons in the same disease substrate 
to manifest an environment where excess lactate is produced.

Other work is consistent with the findings described above in vivo and in post-
mortem brain. Lactate and pyruvate (another monocarboxylate and lactate metabo-
lite) were increased in the striatum in schizophrenia (Dean et al. 2016), whereas 
pyruvate levels were increased in serum and in urine collected from schizophrenia 
subjects (Yang et al. 2013). Elevated lactate in sporadic SMI and SMI with a rare 
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highly penetrant mutation suggest a common intermediate bioenergetic phenotype 
driving bioenergetic changes (Sullivan et al. 2019b).

8.3 Seminal Paper 15: Hagihara et al. (2018)

Since lactate is a weak acid, it has been proposed that there may be changes in brain 
pH in SMI. In a meta-analysis, Hagihara et al. (2018) examined brain tissue pH 
data from several SMI studies (9 schizophrenia and 5 BAD datasets) and found de-
creased brain pH in schizophrenia and BAD, compared to healthy controls. Similar 
to the lactate study discussed in Section 8.2, age and postmortem interval did not 
impact the findings. Brain pH, lactate, and pyruvate levels were also assessed in 
several animal models of SMI. Interestingly, decreases in brain pH and increases in 
lactate were found, consistent with the findings in human subjects. Notably, assess-
ment of rodent models avoids factors such as agonal status, medication treatment, 
and other variables that may impact the brain in human subjects. These data support 
the conclusion that lower brain pH and elevated lactate levels are not artifacts but 
integral to SMI, thus opening avenues for novel therapeutic approaches targeting 
bioenergetic dysfunction.

8.4 Seminal Paper 16: Du et al. (2014)

While direct biochemical measurements of ATP are quite difficult in the laboratory 
and highly unfeasible in postmortem tissues, cortical bioenergetic function was in-
novatively assessed by Du et al. (2014) using 31P MRS. In this study, 26 subjects 
with schizophrenia or schizoaffective disorder and 26 age-matched gender-matched 
healthy control subjects underwent 31P-MT-MRS and brain anatomic imaging, uti-
lizing a novel half-helmet head coil with dual-tuned frequency channels. Primary 
outcomes included measuring the forward rate constant (kf) of creatine kinase en-
zyme activity, intracellular pH, and several steady-state metabolite ratios of high-
energy phosphate-containing compounds. Significant decreases in creatine kinase 
kf and intracellular pH were found in subjects from the SMI cohort. There was 
also a significant decrease in the phosphodiester to ATP ratio, suggesting possible 
accelerated phospholipid metabolism. Taken together, these findings in living pa-
tients with SMI suggest a profound impairment in bioenergetic function involving 
a creatine kinase, an enzyme involved in distributing high-energy phosphate bonds 
around the cell via synthesis of creatine phosphate.

9 Lipids and Fatty Acids in SMI

Assessment of fatty acids and lipids in SMI has revealed complex and often contra-
dictory findings that may influence disease pathology and patient outcomes (Perica 
and Delaš 2011). As critical components of cell membranes and signaling pathways, 
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fatty acids and lipids have central roles in a myriad of biological functions (De 
Carvalho and Caramujo 2018; Yaqoob and Calder 2007). Importantly, proteins are 
often sequestered via anchoring mechanisms that rely on specialized lipid moieties 
(Jiang et al. 2018), whereas fatty acids are the building blocks for phospholipids and 
a critical source of energy via fatty acid oxidation (Bebernitz and Schuster 2002). 
Research in this field has focused on perturbations in fatty acid metabolism and 
metabolites in terms of pathological mechanisms, biomarker development, and tar-
gets for therapeutic intervention (Bharti et al. 2021; Hu et al. 2023; Liu et al. 2016). 
Reduced levels of essential polyunsaturated fatty acids are associated with psycho-
pathology in chronically medicated and antipsychotic naïve schizophrenia subjects 
(Berger et al. 2019; Hu et al. 2023). Studies conducted with omega 6 and/or omega 
3 supplementation had varying degrees of effectiveness. Some studies showed a 
significant decline in Positive and Negative Syndrome Scale (PANSS) scores in 
patients treated with omega 3 compared to patients treated with placebo (Peet et 
al. 2001; Mahadik and Evans 1997). However, other randomized controlled trials, 
found no significant differences in patients’ PANSS scores when supplemented with 
omega 3 (Fenton et al. 2001).

9.1 Seminal Paper 17: Zhou et al. (2019)

In a recent investigation of adolescents with MDD, Zhou et al. (2019) conducted 
metabolic profiling of blood samples using mass spectrometry on subjects between 
the age of 6–18 years. Pathway analyses were performed on subjects with MDD 
who were medication-naïve (N = 52) or who were being treated with psychotropic 
medications (N = 32). Decreased levels of capric acid, cis-9-palmitoleic acid, do-
decanoic acid, oleic acid, and palmitic acid were found in children and adolescents 
with MDD who were drug-naïve compared with healthy controls. Pathway analysis 
found altered fatty acid biosynthesis and several amino acid degradation pathways. 
This study suggests that unique fatty acid metabolic disturbances are associated 
with MDD in young populations compared to adults (Zhou et al. 2019).

9.2 Seminal Paper 18: Arvindakshan et al. (2003)

Recent work has focused on refining fatty acid supplementation strategies for in-
dividuals with schizophrenia. Employing a novel study design, Arvindakshan et al. 
(2003) administered specific combinations of eicosapentaenoic acid and docosapen-
taenoic acid (180:120 ratio) twice daily along with antioxidants, such as vitamins 
E and C, to subjects with schizophrenia (N = 28) and healthy controls (N = 45). 
During this four-month study, subjects had monthly follow-up visits to assess the 
impact and efficacy of the supplementation regimen. Fatty acid profiles in red blood 
cell membranes were significantly improved in schizophrenia, without an increase 
in plasma lipid peroxides. Clinically, there was a notable reduction in psychopa-
thology, as measured by the Brief Psychiatric Rating Scale (BPRS) and PANSS, 
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along with improvements in quality-of-life scales. This reduction persisted for four 
months after supplementation was discontinued. The findings of Arvindakshan et 
al. underscore the potential of targeted nutritional supplementation as an adjunct 
therapy for SMI.

10 Bioenergetic Function and Medications for SMI

Over the past decade, second-generation (aka “atypical”) antipsychotic medications 
have been widely used to treat SMI. Notably, use of these medications has been 
formally extended to MDD and BAD, drastically increasing the number of patients 
being treated with these medications. The history of the rollout of atypical medica-
tions offers a cautionary tale. In an early study of olanzapine, Beasley et al. (1996) 
reported little to no weight gain following six weeks of treatment with olanzap-
ine. Using a tortuous method to report adverse effects, they include a “zero” in the 
treatment-emergent adverse effects table for weight gain (see Table 8 in Beasley et 
al. 1996). About five years later, a second study (with some of the same authors) 
reported an average weight gain of 6.3 kg after about 39 weeks of treatment, sug-
gesting that the atypical antipsychotic medications increased appetite and weight 
(Kinon et al. 2001). Interestingly, weight gain was not correlated with olanzapine 
dosage (Kinon et al. 2001). However, the relief at having a much lower rate of 
extrapyramidal side effects and tardive dyskinesia was transformative. Since then, 
a substantial body of preclinical and clinical literature indicates that antipsychotic 
medications—particularly the atypical class—affect metabolism, energy sens-
ing, and inflammation throughout the CNS (Hahn et al. 2011; Henderson 2007; 
Henderson et al. 2005, 2006; Kowalchuk et al. 2019a, b; Leucht et al. 2012; Ren 
et al. 2019). Evaluation of the impact of psychotropic medications on bioenergetic 
processes presents significant challenges, due primarily to the difficulty of isolating 
the effects of psychotropic medications from those attributable directly to disease.

10.1 Seminal Paper 19: Schulmann et al. (2023)

Are the transcriptomic changes found in postmortem brain from subjects with SMI 
the result of treatment with medications, or are they part of the underlying disease 
process? To address this question, Schulmann et al. (2023) analyzed transcriptional 
profiles from medicated and unmedicated subjects (Schulmann et al. 2023), using 
reposited RNAseq datasets from the National Institutes of Health Human Brain 
Core Collection: unmedicated subjects with schizophrenia (N = 23), subjects with 
schizophrenia treated with antipsychotic medication (N = 65), and untreated healthy 
controls (N = 113). A transcriptional profile for unmedicated schizophrenia subjects 
was generated and compared with medicated subjects (Schulmann et al. 2023). In 
addition, datasets from the Common Mind Consortium were also assessed, includ-
ing rhesus macaque monkeys treated with vehicle, low-dose haloperidol, high-dose 
haloperidol, and clozapine for extended periods to simulate the effect of long-term 



98 H. Eby et al.

antipsychotic therapy (Hoffman et al. 2019). The study found that exposure to anti-
psychotics had a distinct effect on biological pathways, including synaptic function, 
inflammation, and glucose metabolism. The assessment of antipsychotic treatment 
in rhesus macaque monkeys utilized weighted gene co-expression network analysis 
to identify gene expression modules. This method revealed both convergent and 
divergent modules when comparing antipsychotic treatment to gene expression pat-
terns in schizophrenia. Among the divergent modules, glucose homeostasis stood 
out as having the most significant divergence. This suggests that SMI pathophysiol-
ogy and antipsychotic medications generate opposing effects on this central bioen-
ergetic function in brain cells.

10.2 Seminal Paper 20: Tye et al. (2022)

Here, insulin-stimulated mTOR/GSK3 signaling in peripheral immune cells was 
examined in 34 BAD subjects (Tye et al. 2022). Subjects were stratified using the 
Alda score, a widely used and well-validated clinical index that measures overall 
and lithium-specific treatment response in BAD studies (Scott et al. 2020). Baseline 
and insulin-induced protein levels were measured by western blot in buffy coats 
and peripheral blood mononuclear cells. Increases in phosphorylated mTOR and 
GSK3β were found only in lithium-responsive patients, suggesting a relationship 
between insulin-signaling dynamics and lithium efficacy. These findings indicate 
that immune-metabolic responses may be useful as predictive markers for personal-
ized lithium treatment strategies in BAD and support the hypothesis that insulin-
signaling perturbations are a common intermediate molecular phenotype in SMI.

11 Conclusions

Genetic risk for SMI converges on common bioenergetic processes: insulin signal-
ing, glucose uptake and metabolism, lipid and fatty acid metabolism, as well as 
changes in the levels of bioenergetic molecules including monocarboxylates and 
ATP. Such changes may be a consequence of mitochondrial dysfunction, acquired 
or inherited. Notably, SMI may include genetic risk factors and mitochondrial 
dysfunction that act causally in concert, perhaps leading to more severe disease 
phenotypes, such as those seen in patients with the DISC translocation. Much of 
the work presented here focuses on cross-sectional, brain region-specific measures 
of bioenergetic function, which leaves several important questions open for future 
resolution:

Are there cell subtype-specific changes in bioenergetic function in SMI? Few 
studies have this resolution. The advent of iPSCs and mini-brain technology pro-
vides an important avenue to assess cell-level changes, with important caveats: iP-
SCs or mini-brains do not contain all the cell types and networks found in vivo. 
Findings described above, in particular for changes in lactate levels, suggest that 
some features of bioenergetic dysfunction may only be apparent in vivo. Further, 
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iPSCs and cultured mini-brains are quite young (weeks to months old at best), 
whereas pyramidal neurons in vivo, for example, may be decades old (or older!) at 
the onset of SMI.

Are there micro- and/or macro-circuit changes in bioenergetic function in SMI? 
Again, most studies do not have the resolution to determine whether there are cell-
level changes in bioenergetic function in human SMI substrates. Imaging studies 
are quite informative, but typical voxels contain hundreds if not thousands of cells, 
making assessment of cell-to-cell interactions and their perturbations difficult. 
Notable work in animals has shown how bioenergetic function and neuroplasticity 
are intertwined. An area that may be better explored involves bioenergetic function 
and presynaptic vesicle release mechanisms. Pulido and Ryan (2021) found that 
synaptic vesicle pools are a major source of presynaptic basal energy consumptions. 
The basal metabolic processes occur due to H+ efflux from the vesicle lumen, creat-
ing compensatory V-ATPase activity, resulting in a constant energetic burden. Small 
changes in the capacity to synthesize ATP or other bioenergetic intermediates could 
impact presynaptic release mechanisms. Further, small changes in intracellular pH 
could also change the dynamics of vesicular packaging of neurotransmitters such 
as glutamate, which depend on a H+ gradient (Egashira et al. 2016; Eriksen et al. 
2020).

Do bioenergetic changes impact brain oscillations? Oscillatory activity is dis-
rupted in SMI, in particular in schizophrenia. It is unclear, however, if metabolic 
interventions alone might impact oscillations, which are an indirect measure of 
healthy and coordinated brain activity.

Are there developmental windows or milestones that may be impacted by bioen-
ergetic dysfunction? MDD and BAD are often episodic, with onset often well after 
the end of typical brain development and maturation. Further, persons with schizo-
phrenia typically do not manifest the classic signs and symptoms until well into 
adulthood. Could it be that bioenergetic changes at different points during or post 
brain development impact the disease phenotypes? Timing of successful metabolic 
interventions might differ based on disease phenotypes, making development of as-
sessment tools and biomarkers for bioenergetic traits a critical next step for the field.

Are there metabolic interventions for bioenergetic dysfunction? There are sev-
eral promising areas related to interventions, including the repurposing of FDA ap-
proved drugs. For example, metformin is often prescribed along with antipsychotics 
to help manage glucose abnormalities (Cernea et al. 2020; Hasnain et al. 2011), and 
there are studies of the PPAR agonist pioglitazone in subjects with schizophrenia 
that show improvement in negative symptom scales (Iranpour et al. 2016). Other 
approaches involve dietary modification. Persons afflicted with type 2 diabetes may 
become healthy with changes in eating habits and dietary intake (Astrup 2001; 
Steyn et al. 2004). More precise targeting via changes in diet includes the ketogenic 
diet, which switches the bioenergetic supply of energy from glucose to ketones 
(Sinha and Kossoff 2005). Such a diet has well-proven efficacy for pediatric sei-
zures (from six randomized controlled trials), suggesting that the ketogenic diet al-
ters brain plasticity (Desli et al. 2022; IJff et al. 2016; Lambrechts et al. 2017; Pizzo 
et al. 2022). If plasticity can be changed via an intervention for seizures, such an 
approach may be deployed for other brain diseases that have neuroplastic elements, 
which includes all SMI diagnoses. A recent open clinical trial of the ketogenic diet 
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showed efficacy for SMI (Longhitano et al. 2024; Sethi et al. 2024); this study sup-
ports a growing literature of case reports and case series suggesting the potential 
promise of ketogenic interventions.

We do wish to point out, however, some important caveats: While there is no 
question regarding the efficacy of antipsychotics for mood and psychosis, metabolic 
changes are hard to disentangle in patients with SMI who take antipsychotics. Work 
described above suggests opposing contributions of antipsychotics and genetic risk 
for glucose metabolism. In addition, FDG-PET studies have found that antipsychot-
ics (including haloperidol, olanzapine, and sertindole) increase the metabolic rate 
(as measured by glucose uptake) in the frontal cortices (Buchsbaum et al. 1992, 
2007, 2009; Turkheimer et al. 2019). This may occur without secondary normaliza-
tion of “oxidative capacity” (i.e., the ability for mitochondria to oxidize substrates 
through oxidative phosphorylation) in the brain (Turkheimer et al. 2019). That is, 
glucose can be taken up more effectively in the presence of antipsychotics, but the 
neuron or astrocyte may be unequipped to manage the glucose-load downstream 
through either glycolysis or oxidative phosphorylation (Turkheimer et al. 2019). 
Such findings may help reconcile the divergent effects found in transcriptional pro-
files associated with SMI.

Finally, while it is somewhat easier to link bioenergetic defects with cognitive 
measures, connection to psychosis, thought disorder, mood, and mood cycling is 
more difficult. This is in part due to the difficulty of recapitulating complex human 
behaviors, such as suicidal ideation, low mood, and anhedonia in model systems. 
Put simply, it is hard to ask a rodent if they hear voices. Nevertheless, there is grow-
ing evidence for circadian (and possibly ultradian) rhythm abnormalities in SMI 
and, in particular, BAD. Loss of coordination of bioenergetic processes with gene 
expression and other biological processes may be a significant driver of disease 
phenotypes, especially mood. For example, a recent review describes a “metabolic 
overdrive hypothesis” for BAD (Campbell and Campbell 2024). This hypothesis 
suggests that manic states are a specific type of bioenergetic dysfunction involv-
ing glutaminolysis and compensatory hyperglycolysis. Glutaminolysis involves the 
breakdown of the amino acid glutamine to generate ATP and lactate, followed by 
a compensatory hyperglycolytic state (Mansur et al. 2020). Other brain disorders, 
including traumatic brain injury and epilepsy, are associated with manic states with 
similar physiological signs. Shifting away from glucose as a fuel source to ketones 
might provide a metabolic intervention for the postulated overdrive hypothesis. 
Hope for helping the afflicted is supported by the observation that genetic rescue of 
adult Grin1KD animals partially rescued neuroplastic measures of brain function, 
suggesting that bioenergetic changes may be reversible even in adults following 
closure of developmental windows in the brain (Venkatesan et al. 2023). It follows 
that development of dietary, pharmacological, and even genetic interventions may 
lead to better patient outcomes for these often devastating disorders.
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Role of Metabolism in the Emergence of 
Neuropsychiatric Disorders

Corey Weistuch, Anthony G. Chesebro, Botond B. Antal, and  
Lilianne R. Mujica-Parodi

Abstract This chapter explores the critical role of metabolic dysregulation in 
the emergence of neuropsychiatric disorders, emphasizing the complex interplay 
between molecular, cellular, and brain-wide processes. Key metabolic control cir-
cuits are examined, including mTOR-AMPK signaling, glucose-insulin regula-
tion, and mitochondrial function, as well as their impact on neural dynamics. Also 
highlighted are how emergent phenomena (e.g., criticality, metastability, and trav-
eling waves) arise from interactions between microscopic components, providing 
insights into brain function and dysfunction. Discussion focuses on how combin-
ing mathematical modeling with measurements of these emergent properties can 
reveal mechanistic information about underlying metabolic processes. Finally, a 
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systematic pipeline is proposed to disentangle the driving mechanisms behind these 
emergent processes, aiming to use data for the development of more precise and 
personalized interventions for neuropsychiatric disorders.

Key Words Criticality, computational psychiatry, multiscale modeling, emergent 
phenomena, aging neurometabolism

1 Introduction

Growing evidence suggests that metabolic dysregulation may play a critical role in 
the development and progression of numerous neuropsychiatric disorders. Because 
we know that “metabolic regulation” involves not one, but many (mutually interact-
ing) homeostatic control circuits, there may be many distinct points of potential 
failure. Dissociating these individual points of failure is likely to be critical to un-
derstanding how a specific type of disrupted metabolism at the mechanistic scale 
can lead to very different clinical presentations at the emergent scale (e.g., as seen 
with epilepsy vs. dementia vs. cancer vs. psychiatric disorders). Here we review 
key circuits implicated in metabolic control and outline what is currently known 
about how metabolism impacts the emergent dynamics of the key neural circuits 
implicated in psychiatric disorders (see Section 7 for a glossary of key associated 
terms). We then provide an overview of emergence within biological systems with 
a focus on metabolism and properties of neuron populations, followed by a discus-
sion of multiscale approaches that allow one to probe the impact of different types 
of metabolic dysregulation at the mechanistic scale on emergent brain dynamics at 
the neuroimaging scale. Finally, we consider the problem of dissociating individual 
points of failure, in distinguishing driving mechanisms versus downstream effects. 
In doing so, we discuss how hypotheses, experimental designs, analytic strategies, 
and diagnostics/therapeutics might differ from standard statistical approaches em-
ployed in the biomedical sciences when evaluating a complex system involving regu-
lation across multiple interconnected feedback loops, both neural and physiological.

2 Neurometabolism: Mechanistic Control Circuits and Their 
Interactions

2.1 Homeostatic Regulation

Homeostasis is the ability of an organism to maintain a stable internal environment 
despite changes in external conditions. It involves regulating various physiologi-
cal excitatory and inhibitory processes through control circuits interconnected both 
within and across scales: these feedback mechanisms keep key parameters (e.g., 
core body temperature, pH levels, fluid balance) within optimal ranges. Dynamic 
equilibrium is thus essential for the proper functioning and survival of living organ-
isms, as it allows adaption to environmental fluctuations while preserving internal 
stability. Disease states reflect breakdowns in homeostasis and, by implication, they 
also involve breakdowns in the mechanisms that maintain homeostatic regulation. 
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Thus, breakdowns in homeostatic regulation of metabolism in the brain are hypoth-
esized to contribute directly to many disorders, such as epilepsy, dementia, brain 
cancer, and psychiatric disorders. Yet the fact that all four sets of disorders have 
markedly different emergent signs, symptoms, and trajectories underscores how 
the same physiological control circuit (e.g., metabolism) can be dysregulated in 
more than one way, with distinct etiologies, resulting in divergent clinical features. 
Identifying the driving mechanism is a key challenge but also the ultimate aim in 
establishing the most efficacious clinical targets for intervention.

2.2 Key Metabolic Control Circuits

Given the critical dependency of every cell on stable access to energy, and the brain’s 
disproportionate energetic demands, homeostatic regulation of neurometabolism 
involves a complex set of compensatory pathways (Figure 6.1), each playing com-
plementary roles. Conceptually, homeostatic control circuits consist of three basic 
components: a sensor that signals excitatory and inhibitory components, which in 
turn feed back to the sensor. This is analogous to a house thermostat’s role in continu-
ously activating either heating or cooling systems to regulate temperature.

2.2.1 Cellular Energy Sensing via mTOR-AMPK Regulation

The mammalian target of rapamycin (mTOR) and AMP-activated protein kinase 
(AMPK) are two critical cellular energy sensors that play antagonistic roles in 
regulating cellular metabolism, growth, and survival. mTOR forms two distinct mul-
tiprotein complexes, mTORC1 and mTORC2, with mTORC1 being particularly 
sensitive to nutrient availability and energy status. When cellular energy levels are 
high, as indicated by an elevated ATP/AMP ratio, mTORC1 is activated, promot-
ing anabolic processes such as protein synthesis and cell growth. Conversely, when 
cellular energy levels are low, as indicated by an increased AMP/ATP ratio, AMPK 
is activated through phosphorylation. Once activated, AMPK initiates a cascade of 
signaling events that promote catabolic processes to generate ATP while inhibiting 
anabolic processes that consume ATP.

Because the mTOR-AMPK axis is a central energy sensor, it is a driving mecha-
nism that affects every other metabolic control circuit downstream, including regulat-
ing mitochondrial function and glucose-insulin-glucagon control circuits (Herzig and 
Shaw 2018). mTOR is activated when nutrients and energy are abundant, promoting 
anabolic processes and inhibiting autophagy, including mitophagy (Kim et al. 2011). 
Chronic mTOR activation can lead to the accumulation of dysfunctional mitochon-
dria, insulin resistance, and impaired glucose homeostasis (Herzig and Shaw 2018). 
In contrast, AMPK is activated during cellular energy depletion and promotes cata-
bolic processes, mitochondrial biogenesis, and autophagy (Hardie et al. 2012). AMPK 
activation enhances insulin sensitivity, glucose uptake, and regulates the secretion of 
insulin and glucagon (Herzig and Shaw 2018). The interplay between mTOR and 
AMPK is crucial for maintaining cellular energy homeostasis and mitochondrial qual-
ity control, with mTOR activation suppressing AMPK activity and vice versa (Kim 
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Figure 6.1 Schematic of five key metabolic control circuits and their mechanistic impact on 
brain and behavior. These include mTOR/AMPK, which acts as an energy sensor, comparing ATP 
to the cells’ energetic set-point and regulating all other metabolic control circuits accordingly; glu-
cose-insulin regulation (purple circuit), gating entry of glucose into the cell via GLUT4; glycolytic 
regulation (green circuit) and mitochondrial regulation (red circuit), which together take up avail-
able fuel into the TCA cycle, producing ATP; production of metabolites, including glutamate and 
GABA neurotransmitters, which maintain the excitatory-inhibitory balance in the brain, and potas-
sium ion gradients, which affect axon conduction velocity, and therefore regulation of neural con-
trol circuits, including the corticostriatal, prefrontal-limbic, and ventral stream circuits implicated 
in psychiatric cognitive and emotional signs and symptoms, with effects on behavior, including 
sleep pressure, which is regulated by adenosine (orange circuit). Sleep and stress (depression and 
mania), in turn, modulate cortisol, and thus neuronal glucose levels/insulin resistance (Sapolsky 
1986). Note that, due to feedback between control circuits, dysregulation of any one component 
will lead to aberrant values for all other components; thus, dissociation of driving mechanisms 
from downstream effects requires experimental and analytic approaches that go beyond statistical 
comparison of a single measured parameter across populations. Created in BioRender. Mujica-
Parodi, L. (2025) https://BioRender.com/cl6gs1g.

and Guan 2019). Mitochondrial function is closely linked to glucose-insulin-gluca-
gon control circuits, and mitochondrial dysfunction can lead to insulin resistance and 
metabolic disorders (Szendroedi et al. 2011). The mTOR-AMPK axis regulates these 
processes by modulating cellular energy metabolism, insulin sensitivity, and glucose 
homeostasis (Hardie et al. 2012). This axis is therefore a key therapeutic target for 
treating mitochondrial dysfunction and metabolic diseases (Szendroedi et al. 2011).

2.2.2 Maintaining Cellular Access to Glucose via Insulin-Glucagon Regulation

Glucose homeostasis is maintained through a complex interplay of hormones, pri-
marily insulin and glucagon, and the regulation of membrane glucose transporters, 
including glucose transporter 4 (GLUT4) translocation (Saltiel and Kahn 2001). 
Following a meal, elevated blood glucose levels stimulate the pancreatic β-cells to 
secrete insulin into circulation (Rorsman and Braun 2013). Insulin binds to its re-
ceptor on target cells, initiating a signaling cascade that leads to the activation of 
phosphatidylinositol 3-kinase (PI3K) and AKT/protein kinase B (Taniguchi et al. 
2006). This signaling pathway triggers the translocation of GLUT4 from intracel-
lular storage vesicles to the plasma membrane. The increased presence of GLUT4 
on the cell surface facilitates glucose uptake from the bloodstream into the neurons, 
where it is either utilized for energy production or stored as glycogen in astrocytes 
(a type of glial cell) through glycogenesis. Conversely, during periods of fasting or 
hypoglycemia, the pancreatic α-cells secrete glucagon, which binds to its receptor 
on hepatocytes (Gromada et al. 2007). This interaction activates adenylate cyclase, 
leading to increased production of cyclic AMP (cAMP) and activation of protein ki-
nase A (PKA) (Jiang and Zhang 2003). PKA phosphorylates key enzymes involved 
in glycogenolysis and gluconeogenesis, promoting the breakdown of glycogen and 
the synthesis of glucose from non-carbohydrate precursors, respectively (Pilkis and 
Granner 1992). The newly synthesized glucose is then released into the bloodstream 
to maintain euglycemia (Gerich et al. 2001). The intricate balance between insulin 
and glucagon, along with the precise regulation of transporter translocations to the 
cell membrane, ensures tight control over neuron glucose levels, maintaining cellular 
energy supply while preventing the deleterious effects of hyper- or hypoglycemia.

https://BioRender.com/cl6gs1g
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Beyond local storage of excess glucose as glycogen, astrocytes play a crucial role 
in the metabolic support of neurons by providing them with lactate, an essential en-
ergy substrate, through the astrocyte-neuron lactate shuttle (ANLS) system (Figure 
6.2). Astrocytes also regulate the extracellular concentration of potassium ions (K+) 
and glutamate, ensuring proper neuronal excitability and preventing excitotoxicity. 
Furthermore, astrocytes and other glial cells express transporters and enzymes es-
sential for neurotransmitter recycling and synthesis, such as glutamine synthetase, 
which converts glutamate to glutamine for neuronal reuptake and subsequent con-
version back to glutamate.

2.2.3 Converting Cellular Glucose and Ketones to ATP via Mitochondrial 
Density-Activity Regulation

Mitochondrial density and activity are regulated by complex control circuits involv-
ing various signaling pathways and transcription factors. The peroxisome prolifer-
ator-activated receptor gamma coactivator 1-alpha (PGC-1α) is a key regulator of 
mitochondrial biogenesis and function (Puigserver and Spiegelman 2003). PGC-1α 
is activated by cellular energy demands and stress signals, such as exercise, cold ex-
posure, and caloric restriction (Handschin and Spiegelman 2006). Upon activation, 
PGC-1α interacts with transcription factors, including nuclear respiratory factors 
(NRF-1 and NRF-2) and estrogen-related receptors (ERRs), to promote the expres-
sion of genes involved in mitochondrial DNA replication, transcription, and transla-
tion (Scarpulla 2011; Wu et al. 1999). Additionally, the AMPK and sirtuin 1 (SIRT1) 
pathways sense cellular energy status and modulate PGC-1α activity through phos-
phorylation and deacetylation, respectively (Cantó and Auwerx 2009; Rodgers et 
al. 2005). These control circuits work in concert to fine-tune mitochondrial density 
and activity in response to cellular energy requirements and environmental cues.

2.3 Interactions with Neural Control Circuits Implicated in Psychiatric 
Disorders

Each of the metabolic control circuits described above, in turn, impacts the production 
of neurotransmitters and other metabolites, as well as neuronal firing dynamics and 
axon conduction velocity, that will affect the tuning of neural control circuits that regu-
late emotional and cognitive processes mechanistically implicated in psychiatric signs 
and symptoms. These include the prefrontal-limbic circuit, which regulates percep-
tion of threat and risk (Mujica-Parodi et al. 2017), the corticostriatal circuit in which 
dopamine mediates learning as well as perception of pleasure and reward (Ashby and 
Crossley 2011; Frank 2005; Humphries et al. 2006), the thalamo-cortical-cerebellar 
circuit that regulates agency to enable distinction between self- and other-generated 
sensations (Abram et al. 2022; Giraldo-Chica et al. 2018), and the ventral stream 
(DiCarlo et al. 2012), which regulates perception of uncertainty and ambiguity.
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2.3.1 Metabolic Dysregulation and Neural Circuit Destabilization

The ability of neurons to fire action potentials relies on the maintenance of ion 
gradients across the neuronal cell membrane (Wang et al. 2012). This crucial task 
is primarily managed by neuronal Na/K ATPases, which pump sodium ions out of 
the cell while simultaneously transferring potassium ions back in. However, under 
conditions of extreme metabolic stress (e.g., acute insulin resistance) or through 
the inhibition of Na/K ATPases by compounds like ouabain, the balance of ion 
concentrations can be disrupted (Wang et al. 2012). During mild stress, K+ accu-
mulates outside of the neuron but is captured by adjacent astrocytes, preserving the 
electrical activity of neurons. Under extreme stress, however, K+ continues to accu-
mulate outside of neurons, leading to heightened excitability characterized, in part, 
by an elevated resting membrane potential. As a result of this increased excitability, 
the amplitude of individual action potentials decreases, resulting in a diminished 
capacity for neurons to transmit information. Furthermore, the firing patterns of 
hyperexcitable neurons are more stochastic, with increased propensities both for 
bursting and longer quiescent periods, further compromising the fidelity of informa-
tion processing and transmission within neural circuits (Kula et al. 2024).

As neurons have no local stores of glycogen upon which to draw, the provi-
sion of alternative energy sources becomes essential when they are deprived of 
glucose, their primary fuel. During periods of glucose scarcity, a limited astrocytic 
glycogen reserve (Saltiel and Kahn 2001) may prioritize glucose availability for 
neurons, a phenomenon often referred to as glucose sparing (Rothman et al. 2022). 
In addition, other energy substrates, particularly astrocytic lactate and pyruvate as 
well as blood-borne ketones, become crucial in supplying this deficit (Magistretti et 
al. 1999). Lactate has often been tied to astrocytic support of neuronal metabolism 
via the ANLS, but this lactate may also be taken up directly from the blood when 
there is a plentiful supply (e.g., during exercise) as an alternative circulating energy 
source (Smith et al. 2003; van Hall et al. 2009). Ketone bodies, available in the 
body as acetoacetate and beta-hydroxybutyrate (and acetone, to a lesser extent) are 
produced by the metabolism of fatty acids (Laffel 1999; Puchalska and Crawford 
2017) and provide another crucial circulating energy source when neuronal access 
to glucose is limited.

Ketone bodies play a dual role in protecting neurons during acute metabolic 
stress. They serve as a valuable alternative energy source for neurons, particularly 
in situations where glucose availability is limited or compromised, such as during 
periods of high metabolic demand or in conditions like insulin resistance (Mujica-
Parodi et al. 2020). Ketones also directly modulate neuronal firing by facilitating the 
opening of ATP-sensitive K+ channels (Yellen 2008). This effect is due to ATP com-
partmentation, where glycolytic ATP that is normally sensed by the ATP-sensitive 
K+ channels is downregulated as ketones are metabolized (Yellen 2008). Recent 
work also shows that the introduction of exogenous ketones counteracts several of 
the dysregulatory effects of acute insulin resistance (Kula et al. 2024) and indeed 
bypasses GLUT4, thereby providing a “back door” for fueling insulin resistance 
neurons (Figure 6.2). While this study did not measure K+ ion dynamics directly, 
the established role of ketones in regulating K+ as well as subsequent modeling ef-
forts suggests that exogenous ketones counteract the dysregulation of potassium 
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dynamics induced by metabolic stressors, contributing substantially to the stabiliza-
tion and synchronization of brain-wide neuronal dynamics.

2.3.2 Spatial Heterogeneity of Metabolic Dysregulation

Each of the metabolic pathways discussed thus far can have an additional compo-
nent contributing to its effects on neural circuitry: the heterogeneous sensitivity of 
brain regions to specific metabolic insults. For example, the distribution of insulin-
sensitive GLUT4 transporter is highly nonuniform throughout the brain, with par-
ticularly concentrated expression in the medial temporal lobe and temporal pole 
(Gryglewski et al. 2018), making these regions with relatively higher sensitivity to 
insulin uniquely vulnerable to metabolic dysfunction in conditions such as diabetes. 
The use of these novel spatial transcriptomic tools (Hansen et al. 2022) is discussed 
further below (see Section 5).

2.4 The Challenge of Identifying the Driving Mechanism within a Set of 
Mutually Interacting Control Circuits

Because of multiple feedback loops within the system, disruption to any one part 
of the system will affect every other part of the system. This makes it nontrivial 
to dissociate driving mechanisms from downstream consequences. In particular, 
such systems are impervious to standard statistical approaches because correlations 
and differences in mean values cannot consider the role of compensatory mecha-
nisms and feedback (Mujica-Parodi et al. 2017). Returning to our HVAC analogy, if 
a house is too cold, measuring the temperature cannot distinguish between the driv-
ing mechanism being a breakdown in the thermostat or a breakdown in the heating. 
Likewise, if a cohort’s brains are hypometabolic due to a breakdown in cellular energy 
sensing, their brains may show statistically significant differences from comparison 
groups in both insulin resistance and mitochondria without either insulin resistance 
or mitochondria being the driving mechanism (for a compelling example of this in 
mitochondrial defects, see Sturm et al. 2023). This becomes a trap for confirmation 
bias when hypothesis-based research motivates one to test only a single mecha-
nism against a null hypothesis. Measuring dysregulation within and across multiple 
homeostatic control circuits requires alternative ways of formulating questions, ex-
perimental design, analytic strategies, and diagnostic-therapeutic approaches. While 
determining how best to do so is currently an active area of investigation, we touch 
on these challenges below (see Section 5).

3 What Is Emergence?

A rigorous examination of how changes in metabolic regulatory pathways can 
exhibit observable changes at different scales requires the concept of emergence. 
Originating in the study of complex systems, emergence describes how intricate 
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collective patterns and behaviors manifest from simple interaction rules among a 
population of individual agents. The wave-like murmuration phenomenon is a text-
book example of an emergent property: each individual bird flies according to its 
own rules, but the collective flocking dynamics exhibit a structure that transcends 
individual interactions.

This concept of emergence is of special relevance to neuroscience, evidenced 
by phenomena like the oscillatory patterns observed in EEG experiments and the 
regional control circuits that underpin much of our understanding of behavior (Deco 
et al. 2017; Mujica-Parodi et al. 2017). These behaviors depend not on the capabili-
ties of individual neurons, but rather on the strength and nature of their interactions, 
forming a whole that exceeds the sum of its parts. In this framework, cognition itself 
can be considered an emergent phenomenon: no single neuron or brain region gives 
rise to cognitive capabilities, but collectively they create cognition. The study of 
neuropsychiatric disorders is therefore the study of how changes in interaction rules 
at different scales alter the emergent phenomena of interest in a way that deviates 
from healthy to disorder.

The utility of emergent phenomena comes with a caveat: a delicate balance exists 
between order and chaos (Weistuch et al. 2021a). Minute changes in the strength of 
inter-component interactions can trigger cascading effects that spread throughout 
the entire system. During phase transitions, such as the transformation of a liquid 
to a gas or from a synchronized to a desynchronized brain state, the strength of 
these interactions crosses a critical threshold, resulting in the abrupt appearance 
of distinct macroscopic properties. Criticality often appears in systems that exhibit 
emergent properties, and the brain is no exception.

3.1 Metabolic Regulation As an Emergent Property of Bioenergetic 
Pressures

Some of the most studied effects in metabolism arise as emergent properties from 
simple changes in glycolytic regulation. For example, recent work has shown that 
the shift toward aerobic glycolysis (leading to production of lactate despite oxy-
genated conditions)—originally termed the Warburg effect and often seen in cells 
with metabolic dysregulation—emerges as a consequence of cells employing gly-
colysis over respiration to optimize for speed of ATP generation instead of ATP yield 
(Kukurugya et al. 2024). Crucially, this shift is driven by a need for speed rather 
than efficiency of ATP production, as this occurs in the setting of sufficient oxygen 
for mitochondrial respiration to occur (DeBerardinis and Chandel 2020; Potter et 
al. 2016). In this case, the effect is that any state that pressures a cell to generate ATP 
more quickly drives the cell toward less efficient energy production, leading to a 
metabolically unfavorable state and an observable increase in lactate production as 
a potential biomarker.

At the most fundamental level, cells within the body serve their functions by 
converting energy into outputs; thus, alterations in bioenergetic stresses can prop-
agate up to the macroscale by affecting many different cellular processes (Yang 
et al. 2021). At the level of protein interactions, recent work has been devoted to 
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combining active-matter physics approaches with an explicit consideration of en-
ergy costs associated with different protein functions. While this work has largely 
focused on physical processes that occur within the cell (e.g., transport via motor 
proteins, DNA replication), the field requires neural models, as neuron functions—
particularly the maintenance of reversal potentials—are some of the most energeti-
cally expensive processes within the body (Yellen 2008).

3.2 Criticality in Signaling and Response

Multiple independent studies have suggested that the brain operates at a critical point 
between desynchronized randomness and complete synchrony, as seen in epilepsy 
(Schneidman et al. 2006). It has been theorized that the brain operates near critical-
ity in order to maximize sensitivity and response to perturbations, allowing for flex-
ibility in the face of different neurometabolic stressors. Recent work has shown that 
brain aging causes the brain to deviate from this critical point, perhaps explaining the 
loss of cognitive capacity associated with advanced aging (Weistuch et al. 2021b). 
Small changes in the strength of region-to-region correlations lead to significant al-
terations in the distribution of brain states (Chesebro et al. 2023). Consequently, the 
sensitivity of the brain to disruptions in the microscale interaction rules between its 
regions contributes to the pronounced phenotypic changes observed in brain aging.

This shift away from criticality in aging is also associated with significant altera-
tions in neuronal network activities, as measured by both fMRI and EEG. Both net-
work stability, quantified by the average similarity in functional connectivity across 
regions over time, and neuronal synchrony, measured as the average instantaneous 
co-alignment of these regions, were found to decrease with age (Mujica-Parodi et 
al. 2020; Weistuch et al. 2021b). The observed decreases in network stability and 
synchrony in older brains imply a greater propensity to switch between cognitive 
states. This heightened switching behavior is likely a consequence of the brain’s de-
creased ability to sustain high-energy functional states over time, as indicated by the 
opposing effect of the ketogenic diet. Indeed, given that normal glucose utilization 
in the brain is linked to the number of communication pathways used, the reduced 
synchrony observed in older brains suggests a preference for lower-energy states 
(Mujica-Parodi et al. 2020).

Interestingly, both a ketogenic diet and the administration of an exogenous ketone 
bolus countered these effects in normal healthy adults, suggesting that metabolic 
modulation may play a role in preserving large-scale brain behaviors, potentially 
serving a neuroprotective function (Antal et al. 2025; Mujica-Parodi et al. 2020). 
Taken together, these findings indicate that while aging shifts the brain away from 
criticality, metabolic intervention can cause the reversal of some of these large-scale 
changes, highlighting the potential for minute interventions to restore homeosta-
sis. More broadly, despite the complex nature of neuropsychiatric illnesses, if their 
principal features can be attributed to emergent brain behaviors, small system-wide 
interventions may hold promise for their reversal.
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3.3 Metastability in Neural Fields and Traveling Waves

One of the first emergent phenomena discovered and studied within the brain are 
the electrical fields generated by synchronous neural activity. Classic EEG experi-
ments determined different core frequency bands associated with specific regions and 
processes (alpha, beta, gamma, delta, and theta waves), establishing an emergent 
macroscale metric that was observable noninvasively. Since these initial studies, 
however, the properties of these emergent waves have been found to contain more 
utility than simply being observable in humans. Recent work has shown that travel-
ing waves in the cortex encode specific information during learning tasks, which 
can provide feedback as neurons alter synaptic activity during the task, and that 
CNS-active drugs used in anesthesia and psychiatric treatments fundamentally alter 
these traveling wave dynamics.

EEG and fMRI studies of traveling waves within the brain, combined with com-
putational models that capture neural field dynamics, reveal that metastable dynam-
ics are a common feature of brain activity (Roberts et al. 2019). Related to the 
concept of criticality, metastable dynamics show the ability to visit multiple patterns 
of activity (e.g., spiraling vs. traveling wave dynamics) in a predictable temporal 
sequence. The ability to exhibit metastable brain dynamics is closely related to the 
existence of underlying neuronal parameters at critical points near bifurcations to al-
low for switching between these macroscopic states within a physiologically control-
lable parameter space (Chesebro et al. 2023; Deco et al. 2017; Roberts et al. 2019).

4 Emergent Phenomena of Metabolic (Dys)Regulation

Since emergent properties are observable at many different scales in the brain, it 
is useful to examine how different neuronal phenomena are explained as emerging 
from metabolic manipulations. In this section, we summarize several recent ap-
proaches that leverage metabolic perturbations to observe effects at both the micro- 
and macroscale through the lens of emergence.

4.1 Axonal Conduction Velocity

The maintenance of ion gradients across the neuron cell membrane allows for the 
neuron’s most central activity: the firing of action potentials and their traversal 
through an axon to communicate electrical signals to other cells. The propagation of 
electric current along an axon is described by classical cable theory, a mathematical 
framework that captures how factors like the axon’s diameter and resistance influ-
ence the conduction velocity of the action potential (Kula et al. 2024). Remarkably, 
this theory achieves this without delving into the detailed biophysics of the neuron. 
Instead, it leverages how individual axonal units synergize to produce a collective 
propagation pattern.
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Recent work using patch-clamp recordings of hippocampal neurons has revealed 
that metabolic factors significantly influence conduction velocity (Kula et al. 2024). 
In acute insulin resistance, there is a decrease in axonal conductance velocity, which 
is reversible with the administration of ketones (Kula et al. 2024). Concurrent with 
these experiments, recent work has demonstrated that metabolic influences on con-
duction velocity can be modeled through a detailed metabolic reformulation of cable 
theory that explicitly includes the action of the Na/K ATPase. This theory was then 
used to connect increases in neuronal excitability following acute insulin resistance 
and decreases in Schaffer collateral conduction velocity. This new modeling method 
provided a mechanistic explanation of how insulin resistance decreased conduction 
velocity and how the introduction of alternative energy in the form of exogenous 
ketones reversed these effects (Kula et al. 2024).

4.2 Ion Gradient Bifurcations Delineate Physical Limits

Emergent and critical phenomena at the macroscale are often predictable through 
mathematical modeling. Criticality in neural systems is often a product of lying 
between multiple bifurcations in phase space, and bifurcation theory provides the 
analytical techniques and computational tools for describing such sudden changes. 
For example, applying bifurcation theory to an established neural mass model re-
vealed that minor alterations in neuronal ion gradients can lead to abrupt shifts in 
multi-regional oscillatory dynamics (Chesebro et al. 2023). In particular, all ion 
gradients exhibited flip bifurcations (allowing full use of phase space), and some also 
demonstrated torus bifurcations (allowing for subthreshold voltage changes as well 
as spiking dynamics).

Both the Chesebro et al. (2023) and other studies (e.g., Deco et al. 2017) have 
shown that the most realistic neural and neural mass dynamics were observed near 
bifurcation points, meaning changes within this narrow region of ion gradient pa-
rameter space lead to a large effect on interregional synchrony. This further supports 
the criticality hypothesis and shows that changes in ion dynamics—known to be 
dysregulated by aging and regulated by ketones—can induce large-scale changes 
akin to those observed experimentally. Therefore, existing models of neuronal 
dynamics could theoretically forecast macroscopic brain behaviors consistent with 
both known and unknown phenotypes of other brain disorders.

4.3 Microscale Models of Neurometabolic Changes Explain Features 
Emerging at the EEG Scale

Computational models designed to capture emergent macroscopic properties from 
microscale changes can connect human-imaging experiments to bench-side work. 
For example, prior work has shown that the consumption of exogenous ketones 
confers beneficial effects (measured by fMRI network stability) (Mujica-Parodi and 
Strey 2020). Separate prior work has shown that ketones have several potential 
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microscale mechanistic effects; prominent among these is the regulation of ATP-
sensitive potassium channels. It would be impossible to simultaneously observe 
channel activity and record EEG/fMRI in humans; however, we can use modeling 
to simulate these changes. Building on the bifurcation analyses discussed before, 
recent work using the same model has shown that ion gradient dysregulation near 
the bifurcation points previously identified leads to global synchrony loss (measured 
by EEG) similar to that seen in aging, and this effect is reversed by ketone admin-
istration (van Nieuwenhuizen et al. 2024). Importantly, the model showed that the 
only microscale parameter that demonstrated changes in the simulated EEG signal 
that matched the age and pharmacological results was potassium, giving insight for 
future microscale exploration of these effects.

5 A Way Forward for Metabolic Neuropsychiatry
5.1 Measuring Dysregulation

In Section 2.3, we ended by suggesting that measuring dysregulation within and 
across multiple homeostatic control circuits requires alternative ways of formulat-
ing questions, experimental design, analytic strategies, and diagnostic-therapeutic 
approaches. These follow from three considerations. First, control circuits can 
“break” in many ways. There are basic conceptual distinctions between a circuit’s 
sensor, excitatory, and inhibitory components. There are, however, additional po-
tential points of failure that result from the fact that metabolic regulation requires 
many stages, including access to energy, utilization of energy, catalyzing down-
stream physiological processes, and replenishing the precursors required for each 
of these. Based on which of many potential points of failure is responsible, the same 
control circuit can be dysregulated in many ways, with distinct etiologies, resulting 
in divergent clinical features and thus disorders. Second, dysregulation is most sen-
sitively characterized by dynamics, not amplitudes; therefore, it is most clearly seen 
in response to perturbation, as the system components work to regain homeostasis. 
Third, clinical symptoms typically do not mark the beginnings of dysregulation but 
rather the end stage of a chronic degenerative process. As such, it can sometimes be 
more informative to measure the impact of mechanistic targets at shorter timescales 
on biomarkers rather than at longer timescales on clinical symptoms, particularly in 
high-risk clinical populations before clinical symptoms emerge.

5.2 Accounting	for	Spatial	and	Temporal	Specificity	in	Experimental	
Perturbations

To discover the mechanisms driving emergent results, neural circuits must receive 
several simultaneous perturbations that are measured longitudinally. By orienting 
ourselves to this experimental design, we move away from a paradigm where single 
mechanism perturbations are studied in isolation, leading to emergent properties 
that can be difficult to distinguish from each other and toward a way of testing 
multiple competing hypotheses in parallel. With the emergence of higher resolution 
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spatial transcriptomic data sets paired with large PET-imaging cohorts, it is now pos-
sible to examine the spatial heterogeneity pathways throughout the brain (Hansen et 
al. 2022). The regional expression of certain proteins (e.g., insulin-sensitive glucose 
transporter overexpression in the temporal lobe) show patterns of regional vulner-
abilities to metabolic processes that have traditionally been thought of as system-
wide effects. While the rich heterogeneity of neurotransmitter receptors—and gene 
expression, in general—throughout the brain has been known for some time, it has 
been difficult to quantitatively analyze in a meaningful way due to a lack of data. 
The emergence of new tools quantifying the different levels of neurotransmitter den-
sity throughout the brain, and the work of the Allen Human Brain Atlas and subse-
quent spatial transcriptomic toolboxes based on it (Hansen et al. 2022), have opened 
the doors to whole-brain analyses of spatial variability, ushering in an exciting new 
era of neuroimaging.

5.3 Computational Modeling Has Important Roles in a Priori Experimental 
Design and Post Hoc Analyses

Given an appropriate model that bridges the metabolic and neural circuit scales, we 
can predict macroscale changes that occur in response to a microscale perturbation. 
For example, the administration of ketones is associated with macroscale effects in 
EEG observed experimentally analogous to those seen by manipulation K+ reversal 
potentials in silico (van Nieuwenhuizen et al. 2024). Future work should therefore 
focus on the development of models that can predict which microscale perturbations 
are most capable of achieving a desired macroscale brain state. As these models 
capture increasing microscale complexity and are fit to human-imaging studies, 
they open up a promising frontier of increased predictive power where models can 
be used to rank potential therapeutic targets in order of likelihood.

5.3.1 Exploiting the Physics that Transcends Scales

While traditional neural mass models have proven useful in capturing certain emer-
gent phenomena, they are all phenomenological to some degree and thus unable 
to capture some properties at all. For example, the Larter-Breakspear neural mass 
model captures emergent changes in synchrony due to metabolic stress but lacks the 
ability to predict true EEG power spectra. It also trades biophysical detail for com-
putational efficiency in inhibitory neuron populations, meaning that effects specific 
to this population cannot be adequately modeled at the microscale. Other models 
suffer similar constraints; Jansen-Rit neural masses, for example, offers a realistic 
power spectrum at the cost of microscale details (e.g., ion dynamics).

Recent work bringing approaches from physics and complex systems has dem-
onstrated a promising new technique to analytically derive neural mass models from 
biophysically detailed neurons (Chen and Campbell 2022; Montbrio et al. 2015). The 
approach, typically termed next-generation neural mass models, draws on the Ott-
Antonsen ansatz approach (Montbrio et al. 2015) to simplify Fokker-Planck equa-
tion analyses to compute an analytical form of the average voltage and firing rate 
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(and synaptic dynamics, if modeled) of an arbitrarily-sized population of neurons 
that preserves any detailed modeling of membrane voltage when simplified to the 
population average. This approach has been demonstrated to capture microscale ef-
fects of several standard neurons (QIF, Izhikevich, theta), while also capturing 
emergent properties at the LFP and EEG scale (interregional synchrony, realistic 
power spectrum, beta-rebound in motor cortex) (Chen and Campbell 2022).

5.3.2 Optimizing Experimental Design through a Priori Simulations

A viable computational model that bridges scales can also predict what emer-
gent changes would potentially be observable in an experiment, leading to more 
targeted experimental design. Recent work has shown that, given an arbitrarily 
complex model and parameter hyperspace, the parameters identifiable from a spe-
cific observer function can be condensed into a minimal and sufficient latent rep-
resentation (Antal et al. 2024). For example, if an entire brain is simulated as an 
ensemble of coupled neural mass models and observed via fMRI (i.e., the neural 
mass LFP signal is convolved with a hemodynamic model), then the microscale 
parameters that are observable as macroscale effects are identified as a minimal 
latent representation. This representation serves two functions: it can be used a 
priori to inform experimental designs as it can predict which parameters a given 
experimental modality can resolve, and it can serve to provide a space for fitting 
unique parameters from experimentally collected data. When used in combination 
with modern data fitting techniques like simulation-based inference, this pipeline 
provides a robust method for solving the inverse problem (Antal et al. 2024). 
Pairing simulations of different experimental modalities with this approach can 
be used to see which combinations will provide the greatest ability to distinguish 
between experimental hypotheses.

5.4 Designing Future Multiscale Experiments

Taking these approaches together, we next illustrate how to design experiments 
aimed at identifying the most likely microscopic mechanisms of neuropsychiatric 
disorders and their potential treatments. This approach requires 

• an initial multiscale computational model to explain how the dynamics prop-

• measures of microscale dysregulation that have been identified as poten-
tially driving mechanisms by the first two parts.

To illustrate this approach, we consider two motivating examples: the circuit dy-
namics of glutamate/GABA imbalance, and the alterations to circuits with neurode-
generative disorders.
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5.4.1 Glutamate/GABA Imbalance

Consider an experiment designed to probe the metabolic components of glutamate/
GABA balance in the frontal cortex circuitry—dynamics that are dysregulated in 
many conditions, ranging from schizophrenia (Moghaddam and Javitt 2012; Trujillo 
et al. 2022) to Parkinson disease (McGregor and Nelson 2019). First, one would use 
viable computational models that can explain how the circuit changes during altera-
tions to excitatory-inhibitory balance. Models that address criticality (Weistuch et 
al. 2021b) and capture neurotransmitter dynamics (Pathak et al. 2024) or metabolic 
driven ion gradient changes (van Nieuwenhuizen et al. 2024) would be sufficient 
to provide initial models for testing multiple mechanistic hypotheses. Second, there 
would need to be perturbations of the system in ways that probe the metabolic dy-
namics, such as dietary ketogenesis (Mujica-Parodi and Strey 2020), versus circuit 
dynamics through, for example, circuit-specific tasks (Pathak et al. 2024). These 
studies can be augmented with perturbations driven by psychoactive agents with 
known behavioral and circuit effects, such as ketamine challenges to study pre-
dictive coding deficits (Kort et al. 2017). One could then use these data to test the 
dynamics simulated by a range of potential mechanistic parameters in the original 
models, which would then be used to identify which mechanisms are valid expla-
nations of macroscale dynamics (for a complete example of this approach, see van 
Nieuwenhuizen et al. 2024). Finally, one would define metabolic variables that can 
be measured peripherally, such as blood and salivary cell-free mitochondrial DNA 
(Sturm et al. 2023), as well as in the CNS, such as lactate and glutamate/GABA 
levels from MRS (Hone-Blanchet et al. 2023). These would provide a validation that 
the microscale mechanisms implicated by the computational model are indeed altered 
in the ways predicted by the macroscale observations.

5.4.2 Neurodegenerative Processes

Alzheimer disease is characterized by macroscale changes in brain structure (e.g., 
hippocampal atrophy) and function, including globally decreased glucose metabo-
lism, abnormal brain regional communication, and cognitive decline (Antal et al. 
2025; Arnold et al. 2018; Baker et al. 2011; Cunnane et al. 2011; Giorgio et al. 
2024). One could follow the same approach outlined above to identify key compo-
nents of disordered metabolic processes in Alzheimer disease compared to healthy 
aging. First, one would begin from a computational model that could identify key 
components that are dysregulated by Alzheimer processes, such as regional depo-
sition of amyloid dysregulating circuit dynamics (Giorgio et al. 2024). Then, one 
would design metabolic perturbations that would tie directly into these dynamics, 
(e.g., simultaneous fMRI/FDG-PET) to quantify overlapping changes in circuit ac-
tivity and glucose uptake (Hahn et al. 2020). Finally, one would identify key mi-
croscale biomarkers (e.g., β-amyloid and tau samples in cerebrospinal fluid) and ad-
ditional imaging modalities for regions unable to be sampled (e.g., tau-PET to assess 
regional accumulation in the brain) to validate the leading candidate mechanisms 
identified in the macroscale data set by the computational models.
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5.4.3 Looking to Future Experiments

Experimental designs in this vein provide two important transitions in how we think 
about future work. First, by designing an experiment with multiscale metabolism 
in mind from the beginning, there is a guaranteed level of explainability given by the 
models for which data are collected directly, and variability from unknown effects to 
the system can be directly quantified. Second, by creating more precise mechanistic 
explanations of individual data, there is a fundamental shift bringing experiments 
closer to in silico digital twins at an individual level, providing more personalized 
recommendations for how interventions will affect patients differently. By extend-
ing these experimental paradigms to longitudinal studies, an accurate, detailed, in-
dividualized trajectory of neurometabolic regulation can be mapped.

6 Summary

The primary point made in this chapter is that the impact of metabolism on psychi-
atric disorders involves one dysregulation across multiple interconnected feedback 
loops. Thus, standard statistical approaches—comparing a single snapshot of a hy-
pothesized variable between patients and controls and/or correlating values across 
variables—are unlikely to be informative for three reasons. First, since all control 
circuits are connected, dysregulation of one component will be reflected by aberrant 
values across all other components and thus will fail to distinguish between driving 
mechanisms versus downstream effects. Second, dysregulation is characterized by 
altered dynamics in response to perturbation, which can include values that are 
higher or lower or equivalent to normal, depending on when they are measured. 
Third, even small disruptions at the mechanistic scale can give rise to emergent 
effects at the clinical scale that are not obvious and even counterintuitive. Given 
all three of these factors, experimental designs of complex mutually interacting con-
trol circuits (as per the role of metabolic dysregulation in neuropsychiatric disorders) 
will benefit from measuring variables simultaneously across multiple control circuits 
(i.e., as continuous variables) in response to systematic perturbation of each control 
circuit, informed by multiscale (mechanistic-to-clinical scale) computational mod-
els. While experimentally, analytically, and computationally challenging, method-
ological advances across all three areas are quickly making these types of scientific 
frameworks a reality, even in human clinical studies.

7 Glossary of Terms

AMPK (AMP-activated protein kinase): Cellular energy sensor that promotes catabolism 

Astrocyte-neuron lactate shuttle (ANLS): System where astrocytes provide lactate as an en-
ergy substrate to neurons.



terized by additional complexity of activity (second limit cycle in phase space).

isms.

optimal information processing and adaptability.

tions among individual components of a system.
GLUT4: Insulin-sensitive membrane glucose transporter.

of acetone.

patterns of activity in a predictable temporal sequence.

tion, and survival in response to nutrients and growth factors.

of neurons without needing to simulate the entire population.

possible combinations of parameter values.

of mitochondrial biogenesis and function.

change in external conditions.

can respire anaerobically.

org/10.1016/j.tins.2022.08.008 

(7):e1012283. https://doi.org/10.1371/journal.pcbi.1012283 

122 (10):e2416433122. https://doi.org/10.1073/pnas.2416433122 
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Bifurcation: A sudden qualitative change in the behavior of a system as a parameter is varied. 
Flip bifurcation is a bifurcation characterized by period-doubling dynamics when crossed 
(significantly increased cycling of the system). Torus bifurcation is a bifurcation charac-

Circadian rhythm: The approximately 24-hour cycle of biological processes in living organ-

Criticality: A state of a system poised between ordered and chaotic, often associated with 

Emergence: The appearance of complex patterns or behaviors arising from simple interac-

Ketone bodies: Molecules produced from fatty acid oxidation during periods of low food 
intake or carbohydrate restriction, serving as an alternative energy source for the brain. 
Ketones present in the body are acetoacetate, beta-hydroxybutyrate, and small amounts 

Metastability: A state of a system characterized by the ability to transition between multiple 

mTOR (mammalian target of rapamycin): Protein kinase that regulates cell growth, prolifera-

Neural mass model: A mathematical model that describes the average activity of a population 

Parameter hyperspace: A multidimensional space where each dimension represents a param-
eter of a model or system. In complex systems, this space can be vast, encompassing all 

PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-α): Key regulator 

Phase transition: A change in a feature of a physical system, often abrupt, as a result of a 

Respiration: In the context of cellular metabolism, respiration is the process by which cells 
break down molecules (e.g., glucose) to produce energy in the form of ATP. Typically oc-
curs in the mitochondria and requires oxygen (aerobic respiration), although some cells 

Spatial transcriptomics: A technique that allows for the measurement of gene expression 
while preserving information about the spatial location of the measured cells within a 
tissue.
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Systemic Mitochondrial Alterations in 
Alzheimer Disease Dementia

Allie Amick and Anthony J. A. Molina

Abstract Alzheimer disease (AD) is a progressive neurodegenerative disease 
characterized by pathophysiological changes that start years before the onset of 
cognitive decline. First observed by Alois Alzheimer in 1906, symptomatic AD is 
characterized by extracellular amyloid-beta (Aβ) plaques, intracellular neurofibril-
lary tau tangles, and neurodegeneration within the brain in conjunction with cogni-
tive decline. In addition to the traditional hallmark signs, mitochondrial dysfunction 
occurs in the brain at the earliest stages of disease progression and is also apparent 
in the peripheral cells and tissues of patients with AD. This review examines the 
role of mitochondria in AD and the specific alterations that have been described 
in the literature. Furthermore, evidence is reviewed for mitochondrial dysfunction 
across various cell types and tissues and insights provided into the factors that can 
drive systemic bioenergetic decline in AD.
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1 The Mitochondrial Cascade Hypothesis

In 2004, Russell Swerdlow and Shaharyar Khan proposed the mitochondrial cas-
cade hypothesis as an alternative to the amyloid cascade hypothesis to better explain 
the onset and risk of developing sporadic Alzheimer disease (sAD) (Swerdlow and 
Khan 2004). The hypothesis states that in sporadic, late-onset AD, mitochondrial 
function affects amyloid precursor protein (APP) expression, APP processing, or 
beta amyloid (Aβ) accumulation, and if an amyloid cascade truly exists, mitochon-
drial function triggers it. The mitochondrial cascade hypothesis addresses the limi-
tations of the amyloid cascade hypothesis by explaining how individuals without 
mutations that induce aberrant APP processing develop sAD. The hypothesis main-
tains the following points and possible outcomes due to mitochondrial damage and 
inefficiency. First, genetic differences set the foundation for mitochondrial function 
and durability. Variations in nuclear DNA and mitochondrial DNA (mtDNA) genes 
that encode the subunits of the electron transport chain (ETC) complexes determine 
the baseline electron transfer system (ETS) efficiency and mitochondrial reactive 
oxygen species (ROS) production. Therefore, individuals with genetic predisposi-
tions for aberrant mitochondrial function would be more likely to develop AD later 
in life. Both maternal and paternal nuclear DNA contribute to baseline mitochon-
drial function and AD risk; however, as mtDNA is inherited only from the mother, 
maternal inheritance has been proposed to contribute more to differences in mito-
chondrial function and AD risk than paternal inheritance (Bassett et al. 2006). In 
one study, adult children with mothers affected by sAD had decreased brain glucose 
metabolism in brain regions affected in individuals with AD (Mosconi et al. 2007). 
Children of fathers affected by sAD and children of parents without dementia did 
not show metabolic abnormalities (Mosconi et al. 2007). Moreover, it has been 
reported that individuals with a maternal, rather than paternal, family history of 
AD had a three to nine times higher incidence of developing AD (Gómez-Tortosa 
et al. 2007). Mechanistically, decreased complex IV activity is apparent in platelets 
from individuals with a maternal family history of AD but not in individuals with 
a paternal or no parental history of AD (Mosconi et al. 2011). Altogether, these re-
sults suggest that maternal inheritance and mtDNA play a key role in mitochondrial 
dysfunction related to AD.

Changes in brain mitochondrial function with advancing age are determined by 
the combined influences of genetics and extrinsic factors. Measures of glucose me-
tabolism in the brains of young adults carrying the AD risk factor allele APOE4 
reveal decreased glucose uptake in the posterior cingulate, parietal, temporal, and 
prefrontal cortices (Reiman et al. 2004). A study of young APOE4 carriers found 
reduced complex IV activity but no evidence of elevated soluble Aβ, histologic Aβ, 
or tau pathology in the posterior cingulate cortex (Valla et al. 2010). These results 
suggest that mitochondrial dysfunction can precede Aβ deposition in regions sus-
ceptible to AD due to genetic factors. Over time, behaviors such as poor diet can im-
pair mitochondrial function and increase the risk of developing AD (Więckowska-
Gacek et al. 2021).

The mitochondrial cascade hypothesis posits that sAD pathology accumulates 
when mitochondrial dysfunction exceeds a threshold. Early pathological changes 
include alterations in APP, sAPPα, and Aβ homeostasis. For example, inhibiting 
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complex IV shifts APP processing to produce more Aβ (Gabuzda et al. 1994; 
Gasparini et al. 1997). Moreover, impairments in both oxidative phosphorylation 
and glycolysis can affect APP processing (Mueller et al. 2005). These findings sug-
gest that mitochondrial dysfunction can initiate processes that lead to Aβ depo-
sition. Other proposed effects of mitochondrial dysfunction in the mitochondrial 
cascade hypothesis include tau phosphorylation and tangle formation, cell cycle 
reentry, and synaptic loss. Notably, Aβ and tau pathology have been reported to 
affect mitochondrial function, potentially creating a feedback loop that accelerates 
neurodegeneration (see Figure 7.1).

In summary, differences in mitochondrial function driven by genetic factors and 
the cumulative impacts of behaviors and lifetime exposures can impact the likeli-
hood of developing sAD. When a threshold of mitochondria dysfunction is reached, 
downstream processes drive the production of Aβ and plaque deposition, tau tangle 
formation, synaptic loss, and neurodegeneration. We posit that the mitochondrial 
cascade hypothesis also suggests that mitochondrial dysfunction associated with the 
development of AD is systemic. Indeed, work from our group and others indicates 
that mitochondrial alterations apparent in peripheral cells are associated with AD 
dementia. These studies and their potential implications will be discussed in greater 
detail later in this review.

2 The Electron Transport Chain and the Alzheimer Disease Brain

The mitochondrial bioenergetics research is commonly focused on the ETC and the 
passage of electrons that drive the mitochondrial membrane potential required for 
oxidative phosphorylation. The ETC is responsible for generating energy as well 
as ROS, which can facilitate cell signaling at low levels or cause oxidative damage 
when produced in excess (Mueller et al. 2005). Alterations to the ETS—whether in 

Genetics determine
“baseline” mitochondrial
function and durability

Mitochondrial function
changes with age, behaviors,

and lifetime exposures
A functional threshold

is reached

Primary event in autosomal dominant AD
Secondary event in sporadic AD

Aβ production 
and plaque deposition

Tau phosphorylation,
tangle formation, and

cell-cycle reentry

Synaptic loss and
neurodegeneration

Figure 7.1 Mitochondrial cascade hypothesis. Adapted with permission from Elsevier from 
Swerdlow et al. (2010).
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the form of disrupted ETC subunit expression, changes in the activity of the com-
plexes, or other perturbations—can drive mitochondrial dysfunction and impact 
disease risk and progression.

2.1 Complex I

Complex I is a key entry point into the ETS and receives electrons from NADH 
produced by the tricarboxylic acid cycle. Complex I is composed of 45 subunit 
proteins, seven of which are encoded by mtDNA and translated in the mitochon-
drial matrix, making it the largest and most complex structure in the ETS (Sharma 
et al. 2009). More subunits increase the opportunity for errors; in fact, complex I 
deficiency is the most common cause of mitochondrial disorders. In AD, studies 
suggest that decreased complex I expression occurs in the frontal cortex and tem-
poral lobe, especially in the transentorhinal and entorhinal cortices. In early AD 
and AD confirmed postmortem, expression of all complex I subunits in the frontal 
cortex is reduced. In particular, subunit 1 progressively decreases with the increas-
ing severity of pathology (Manczak et al. 2004). Using postmortem human tissue, 
Adav et al. (2019) examined proteomes of the medial frontal gyrus in early-onset 
AD, late-onset AD, and nondemented aging controls. They found 13 downregulated 
complex I subunits in early-onset AD, 12 in late-onset AD, and only three in nonde-
mented aging, demonstrating a distinct difference in complex I subunit expression 
and abundance between AD and nondemented aging. They also found that two sub-
units downregulated in early-onset AD were responsible for stabilizing complex I in 
the inner membrane, suggesting that destabilization of complex I could be signifi-
cant in early-onset AD. Recently, new positron emission tomography (PET) tracers 
specific to complex I have enabled direct measurement of mitochondrial complex I 
in relation to Aβ and tau pathology. It has been reported that in early stages of AD, 
complex I levels are closely associated with tau levels in the transentorhinal cortex, 
entorhinal cortex, and hippocampus but not with levels of Aβ. There was also no 
relationship with Aβ in other brain regions (Terada et al. 2021). Further studies are 
needed to understand the relationship between Aβ and mitochondrial function ear-
lier in disease progression, when Aβ starts to accumulate, perhaps during midlife in 
individuals with the APOE4 allele as a risk factor or who are the children of moth-
ers that developed AD. In addition, it is still unclear if tau leads to mitochondrial 
dysfunction or if mitochondrial dysfunction leads to tau tangles. New PET imaging 
technologies may be able to address this key question.

Complex I is generally accepted to be downregulated in AD, but this could in-
dicate complex I dysfunction, a compensatory mechanism in response to stress, or 
both. Decreased expression of ETS proteins, particularly subunits of complex I, 
in the brain of long-lived mice can improve several aging hallmarks, such as re-
duced ROS production and increased bioenergetic capacity and complex I assembly 
(Miwa et al. 2014). In particular, the subunits that stabilize complex I in the inner 
membrane are downregulated with age. This evidence suggests that downregulating 
complex I proteins may function as a compensatory mechanism (Adav et al. 2019). 
Furthermore, partial inhibition of complex I is beneficial in AD models. Using 
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primary murine neurons and the APP/PS1 mouse model, systemic partial inhibi-
tion of complex I led to key improvements such as increased biogenesis, cognitive 
protection, long-term potentiation, oxidative stress, and inflammation (Trushin et 
al. 2020). The APP/PS1 AD model is a double transgenic mouse expressing mouse/
human APP and a mutant human presenilin 1 (PS1), directed to neuronal cells. 
Another study in APP/PS1 female mice found that systemic partial inhibition of 
complex I improved energy homeostasis, long-term potentiation, proteostasis, syn-
aptic activity, and dendritic spine maturation. In addition, oxidative stress and in-
flammation were improved in both the brain and periphery (Stojakovic et al. 2021). 
Both studies were conducted in APP expression mouse models, suggesting that 
complex I inhibitors may have an effect when Aβ is inducing cellular stress. Thus, 
it is unclear whether these inhibitors would be beneficial in sAD. Complex I is also 
a major site of ROS production. If produced in excess, ROS, which is elevated in 
AD, leads to cellular damage. Therefore, partial inhibition or downregulation of 
complex I is likely to mediate a decrease in ROS production and may positively 
impact cellular health.

2.2 Complex II

Complex II donates electrons to the ETS through the oxidation of succinate and 
does not transfer protons from the matrix to the intermembrane space. Complex II 
has not been a major focus in AD research. There are reports of increased (Bubber 
et al. 2005), decreased (Armand-Ugon et al. 2017; de la Monte and Wands 2006), 
and no difference (Cottrell et al. 2001; Maurer et al. 2000) in complex II activ-
ity or expression between controls, in human and mouse models of AD. Although 
several studies examining complex II find decreases in gene expression and protein 
expression, they are inconsistent in the subunits and brain regions affected. There 
is also some evidence that Aβ may inhibit complex II activity (Kaneko et al. 1995). 
Overall, we do not have overwhelming evidence that complex II plays a significant 
role in AD. However, because the ETS components are functionally interconnected, 
there may be complex II contributions to AD pathophysiology that are not reflected 
in protein and activity assays.

2.3 Complex III

Coenzyme Q receives electrons from the four ETS entry points and passes them to 
complex III. Complex III is a major site of electron leakage out of the ETS, which 
results in ROS production. Despite ROS elevation in AD, complex III has not been 
a major focus in AD research. Some studies have found minor differences in com-
plex III protein and gene expression. One study found increased expression of one 
subunit in the frontal cortex of individuals with AD (Manczak et al. 2004). A sepa-
rate study found decreased expression of a different subunit in the temporal cortex 
in individuals with AD (Kim et al. 2000). The reduced expression of complex III 
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genes has also been reported in five brain regions of individuals with AD (Liang et 
al. 2008). However, another study found no difference in complex III gene expres-
sion between AD brains and controls (de la Monte and Wands 2006). Overall, the 
results for complex III in AD are mixed or suggest decreased expression of indi-
vidual subunits, although the literature is sparse. It should be noted that complex I 
inhibition can decrease complex III activity (Chen et al. 2003). Complex I activity 
is compromised in AD, leading to more ROS from complex I but possibly decreas-
ing ROS generated from complex III (Rummel and Butterfield 2022). Overall, the 
impact of complex III on AD pathology is unclear.

2.4 Complex IV

Complex IV is one of the key mitochondrial complexes affected in AD. Substantial 
evidence from postmortem tissue studies indicates that complex IV subunits are 
downregulated and that complex IV has decreased activity in the frontal cortex, 
temporal lobe, and parietal lobes during symptomatic AD (Armand-Ugon et al. 
2017; Chagnon et al. 1995; Kenney and Bennett 2019; Kish et al. 1992; Maurer et 
al. 2000, 2001; Mutisya et al. 1994; Mastroeni et al. 2017). A meta-analysis found 
that out of 51 studies, 41 reported a decrease, six reported an increase, and four re-
ported no difference in complex IV activity in human tissue and mouse AD models 
(Morais et al. 2021). Complex IV activity is also reduced in the posterior cingulate 
cortex of young adults at risk of developing sAD. Expression levels are elevated in 
this population (Perkins et al. 2016; Valla et al. 2010), indicating that complex IV 
activity is impaired in brain regions susceptible to AD pathology well before dis-
ease onset and may possibly be compensatory for the reduced activity by upregulat-
ing expression. Further, a mouse model of AD with a complex IV deficiency had 
fewer plaques and reduced oxidative stress than controls, suggesting that a decrease 
in complex IV activity may reduce oxidative stress (Fukui et al. 2007).

2.5 Complex V/ATP Synthase

ATP synthase, also referred to as complex V, utilizes the proton gradient generated 
by the ETS to generate ATP from ADP. Complex V is generally downregulated in 
AD. In one cell model that used N2a neuroblastoma cells expressing APOE4, there 
was a significant decrease in all 12 detected subunits compared to cells expressing 
APOE3, whereas the other ETS complexes I–IV only had decreases in 25–47% 
of detected subunits. In addition, ATP-linked respiration was also decreased (Orr 
et al. 2019). Studies of human brain tissue found decreased expression of the en-
tire complex in hippocampal tissue (Schägger and Ohm 1995) and decreased gene 
expression in the posterior cingulate cortex, medial temporal gyrus, hippocampus, 
entorhinal cortex, and visual cortex with validation of decreased protein expression 
by western blot in the posterior cingulate cortex (Liang et al. 2008). Another study 
described a 50–60% decrease in the β-subunit mRNA transcript in the mid-temporal 
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cortex but not the motor cortices of AD patients compared to age-matched controls, 
suggesting a role in brain regions affected in AD (Chandrasekaran et al. 1997).

Postmortem analysis of brain tissue can confirm AD pathology, but such studies 
are typically from patients who were later in disease progression with significant 
neurodegeneration. A study utilizing brain tissue from individuals in Braak stages 
I and II (no overt symptoms of AD and at the earliest stages of tau pathology) de-
scribed elevated complex V lipoxidation and decreased activity in the entorhinal 
and transentorhinal cortices (Terni et al. 2010). It is not possible to know if these 
individuals would have progressed to full AD, but the early stage of tau pathology 
gives insight into mitochondrial alterations during the early stages of tau tangle 
formation. Overall, various models and stages of AD are associated with complex 
V reduction or downregulation; however, the mechanisms behind dysregulation re-
main unclear.

2.6 Electron Transferring Flavoprotein: Ubiquinone Oxidoreductase and 
Fatty	Acid	β-Oxidation

The electron transferring flavoprotein–ubiquinone oxidoreductase (ETF–QO) trans-
fers electrons derived from fatty acid β-oxidation, amino acid catabolism, and cho-
line metabolism into the ETS. Studies explicitly examining ETF–QO in AD could 
not be found. However, ample literature reports the role of fatty acid β-oxidation in 
AD, the primary source of electrons entering the ETS through ETF–QO. A study 
that examined lipid pathology in the hippocampus in an APOE4 mouse model found 
decreased fatty acid β-oxidation as compared to APOE3 mice, which led to the ac-
cumulation of toxic lipid droplets and reduced bioenergetic capacity, suggesting 
that impairment of fatty acid β-oxidation could lead to energy deficits and greater 
risk of AD (Qi et al. 2021a). Reduced fatty acid degradation and buildup of lipid 
droplets were also noted in these mice (Qi et al. 2021b), indicating dysregulated 
fatty acid metabolism in the mitochondria. The control and regulation of fatty acid 
β-oxidation is critical because an accumulation of fatty acids can cause neurodegen-
eration (Schönfeld and Reiser 2017). Furthermore, several top-risk genes for sAD, 
including ABCA7, APOE, APOJ, PICALM, SORL1, and TREM2, are involved in 
lipid trafficking or metabolism (Karch and Goate 2015).

2.7 Mitochondrial Glycerol-3-Phosphate Dehydrogenase

Mitochondrial glycerol-3-phosphate dehydrogenase (GpDH) contributes to bio-
energetic capacity and oxidizes glycerol-3-phosphate to dihydroxyacetone phos-
phate and resides in the intermembrane of the mitochondria. There is also a cy-
tosolic glycerol-3-phosphate that converts dihydroxyacetone phosphate back to 
glycerol-3-phosphate. Localization of GpDH varies widely between cell types 
and brain regions, making comparisons between studies difficult (Nguyen et al. 
2003). One study of whole-brain tissue from a triple-transgenic AD mouse model 
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reported downregulated mitochondrial GpDH and six other mitochondrial proteins 
involved in the tricarboxylic acid cycle and oxidative phosphorylation (Ciavardelli 
et al. 2010). Another study of aging PS-1 KI transgenic mice found no difference in 
GpDH expression, although no designation was made between mitochondrial and 
cytosolic GpDH (Fu et al. 2009). There is limited information about mitochondrial 
GpDH in the context of AD. However, mitochondrial GpDH is a source of super-
oxide formation. Therefore, alterations in mitochondrial GpDH have the potential 
to play a role in ROS production, which is elevated in AD, although direct evidence 
is lacking.

3 Systemic Mitochondrial Alterations in Alzheimer Disease

An important feature of mitochondrial alterations associated with AD is that these 
changes are not exclusive to neuronal cells. Indeed, a growing body of work is 
demonstrating that the mitochondrial bioenergetic profiles of peripheral cells and 
tissues are also altered in patients with AD dementia. In particular, blood cell bioen-
ergetic profiling has emerged as a promising approach for examining the systemic 
mitochondrial alterations associated with AD. These provide a minimally invasive 
approach for human mitochondrial bioenergetic profiling that is amenable for use 
in a wide array of patient populations and for repeated assessments. Many groups 
are now using these approaches to track bioenergetic changes associated with the 
progression of age-related diseases and responses to interventions.

3.1 Platelets

Platelets are short-lived cells (8–9 days) that originate from megakaryocytes in the 
bone marrow and are primarily known for their role in thrombus formation and co-
agulation. Although they are anuclear, they contain mitochondria and can influence 
their environment by releasing extracellular vesicles, growth factors, chemokines, 
coagulant factors, and RNA species. They also uptake and adapt to factors present 
in plasma by endocytosis. Platelets are considered good peripheral candidates for 
studying AD because they have the necessary enzymes to produce APP and gen-
erate Aβ (Kroll and Schafer 1989; Racchi and Govoni 2003). Furthermore, work 
from our group has shown that platelet bioenergetics correlates with FDG-PET 
measures of glucose uptake in the brain, linking platelet and brain metabolism 
(Tyrrell et al. 2017).

Complex IV activity in platelets is consistently compromised in studies examin-
ing mitochondrial components in AD. An early study found that complex IV ac-
tivity was reduced by ~13% in platelets from AD patients compared to controls 
while also reporting no difference in complex II, complex III, and citrate synthase 
activity (Parker et al. 1994). Another study with similar results found that complex 
IV activity was reduced by 15% in AD patients, but there was no difference in com-
plex IV levels. It also reported decreased ATP and increased ROS levels (Cardoso 
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et al. 2004). In a study examining the inheritance of AD, platelet bioenergetics in 
cognitively normal adult children of mothers with a history of AD had reduced 
complex IV activity compared to control individuals with no maternal history of AD 
(Mosconi et al. 2011). Platelets’ mitochondrial function is compromised in patients 
with AD and individuals at risk of AD.

3.2 Peripheral Blood Mononuclear Cells

As they freely circulate throughout the body, peripheral blood mononuclear cells 
(PBMCs) are exposed to all circulating factors present in the blood, and have an 
array of altered functions in AD. Work from our lab has shown that PBMC bioener-
getics are related to white matter, gray matter, and total intracranial volumes in older 
adults, demonstrating that PBMC bioenergetics can report on the brain (Mahapatra 
et al. 2018). Furthermore, in a study with 53 mild to moderate AD patients and 30 
age-matched controls, basal respiration was decreased in the AD compared to con-
trols (Maynard et al. 2015). PBMCs also show alterations other than bioenergetics 
in AD. Lymphocytes, which make up 70–90% of PBMC cells, specifically the CD4+ 
portion, had increased apoptosis and reduced mitochondrial membrane potential 
in mild cognitive impairment and AD compared to cognitively normal individu-
als. Lymphocytes from AD and individuals with mild cognitive impairment also 
had more pronounced apoptosis and decreased mitochondrial membrane potential 
when challenged with mitochondrial inhibitors than cells derived from cognitively 
normal individuals (Leuner et al. 2012). In a large-scale study examining PBMCs 
from participants with normal cognition, mild cognitive impairment, and dementia 
due to probable AD, we observed a progressive decline in bioenergetic capacity as 
assessed by high-resolution mitochondrial respirometry (Mahapatra et al. 2022).

3.3 Fibroblasts

Fibroblasts have many documented changes in mitochondrial function within the 
context of AD. For example, in one familial AD study, fibroblasts from patients with 
PSEN1 mutations had diminished mitochondrial content and reduced basal, maxi-
mal, spare, and ATP-linked respiration compared to controls (Gray and Quinn 2015). 
A separate study, however, found that fibroblasts from patients with the PSEN1 mu-
tation had elevated respiration compared to controls (Bell et al. 2018). Fibroblasts 
are also valuable for studying sAD in addition to familial AD. Fibroblasts from 
sAD patients have impaired bioenergetic function, and the mitochondria are more 
fragmented (Bell et al. 2018; Pérez et al. 2017). In addition, fibroblasts from sAD 
patients also have downregulated genes for mitochondrial homeostasis, including 
genes for fission and fusion (Martín-Maestro et al. 2017). As a result, mitochondrial 
dynamics and membrane recovery are impaired.
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4 Drivers of Systemic Bioenergetic Decline Associated with Aging and 
Alzheimer Disease

We posit that the systemic nature of bioenergetic alterations associated with AD is 
mediated by factors circulating in the blood. In studies of aging, seminal studies have 
demonstrated that connecting the circulatory systems of young and old animals, an 
approach called heterochronic parabiosis, has systemic “rejuvenating” effects for 
older animals and detrimental effects for younger animals (Conboy et al. 2013; 
Eggel and Wyss-Coray 2014). The effects of blood are evident in skeletal muscle 
(Brack et al. 2007; Conboy et al. 2005), liver (Conboy et al. 2005), heart (Loffredo 
et al. 2013), and pancreas (Salpeter et al. 2013). The effects of young blood on older 
parabionts include increased neurogenesis accompanied by improved synaptic plas-
ticity and cognitive function (Katsimpardi et al. 2014; Villeda et al. 2011, 2014). A 
study from our lab used the parabiosis model to demonstrate that circulating factors 
mediate age-related bioenergetic decline (Gonzalez-Armenta et al. 2020). We ex-
amined mitochondrial morphology and respiration of skeletal muscle fiber bundles 
from heterochronic pairs and isochronic controls. Across all measures, young heter-
ochronic parabionts exhibited mitochondrial deficits compared to young isochronic 
controls. Importantly, we observed that young and old heterochronic pairs exhibited 
an equalization of low bioenergetic capacities, similar to the older controls. This 
striking finding demonstrates that circulating factors may be sufficient to drive age-
related bioenergetic decline.

In addition to mediating the age-related bioenergetic decline, we have reported 
that noncellular factors present in human serum can mediate mitochondrial im-
provements associated with interventions such as diet and exercise. Using serum 
collected from overweight and obese older adults, before and after resistance train-
ing or resistance training plus caloric restriction interventions, we demonstrated that 
circulating factors were sufficient to confer bioenergetic improvements in muscle 
cells in vitro (Gonzalez-Armenta et al. 2024).

Similar to age-related mitochondrial bioenergetic decline, blood-borne factors 
can mediate systemic bioenergetic differences associated with AD. Naïve neuro-
nal cells exposed in vitro to dilute fibrinogen-depleted plasma from participants 
with normal cognition, mild cognitive impairment, and dementia due to probable 
AD-induced bioenergetic changes were associated with the progression of AD and 
cognitive decline (Amick et al. 2022). Interestingly, the bioenergetic capacity of 
neuronal cells exposed to serum was positively correlated with the bioenergetic 
capacity of PBMCs isolated from the serum donor. These results suggest that cir-
culating factors can modulate the bioenergetics of naïve neurons according to the 
bioenergetic capacity of the donor.

4.1 “Mitoactive” Circulating Factors

Numerous classes of circulating factors can modify mitochondrial function across 
various cell types. Thus, it is unlikely that any single molecule is solely respon-
sible for systemic mitochondrial alterations associated with the progression of AD. 
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Figure 7.2 Blood contains numerous circulating factors that can directly alter mitochondrial 
function.

Potentially mitoactive factors are depicted in Figure 7.2, which summarizes many 
of the likely classes of factors that can directly impact mitochondrial function via 
different mechanisms.

The combined effects of these factors may underlie the systemic nature of bio-
energetic changes associated with aging and AD. Below, we will highlight two of 
the classes listed in Figure 7.2 that have been relatively understudied with regard to 
potential effects on mitochondrial function.

4.1.1 Extracellular Vesicles

Extracellular vesicles (EVs) are present in all biofluids (van der Pol et al. 2012) 
and are loaded with unique cargo, including RNAs, proteins, and metabolites that 
relate to the cell of origin and the physiologic and metabolic state of the organism 
(Eissa et al. 2016; de Jong et al. 2012; Ramteke et al. 2015; Schlaepfer et al. 2015). 
EVs released by cells under stressed or pathologic states are different from those 
released under normal physiologic conditions (Chistiakov et al. 2016; de Jong et al. 
2012; Hedlund et al. 2011; Panigrahi et al. 2018; Ramteke et al. 2015; Sheller et al. 
2016). For example, small EVs secreted in response to oxidative stress are loaded 
with unique proteins representative of a pro-oxidative physiological state (Eissa et 
al. 2016; de Jong et al. 2012; Hedlund et al. 2011). For these reasons, small EVs are 
being extensively studied for the diagnosis and prognosis of diseases such as AD, 
Parkinson disease, multiple sclerosis, and cancer (Asai et al. 2015; Chistiakov et al. 
2016; Eissa et al. 2016; Kalluri 2016; Panigrahi and Deep 2017; Soria et al. 2017; 
Winston et al. 2016). It is likely that EVs impact the function of the cells they target; 
however, little is known about how they affect cellular metabolism and mitochon-
drial bioenergetics.

In AD, seminal studies demonstrate that small EVs carry pathogenic proteins that 
can spread neuronal dysfunction (Asai et al. 2015; Baker et al. 2016; Kapogiannis 
et al. 2015; Malm et al. 2016; Ngolab et al. 2017; Rajendran et al. 2006; Soria et al. 
2017; Winston et al. 2016; Yuyama and Igarashi 2017). Brain tissue-derived small 
EVs are present in circulation and are being examined as potential mediators of AD-
related pathological changes (Fiandaca et al. 2015; Kapogiannis et al. 2015; Vella 
et al. 2016). For example, the levels of Aβ and P-tau in neuron-derived small EVs 
predict AD development (Fiandaca et al. 2015; Winston et al. 2016). Separate stud-
ies examining small EV RNA species report that miRNAs, mRNAs, and noncoding 
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RNAs are differentially expressed in AD patients compared to healthy individuals 
(Cheng et al. 2015; Liu et al. 2014; Lugli et al. 2015). Recent studies further dem-
onstrate that small EVs isolated from AD patients, cell lines expressing APP, or 
P301L tau transgenic rTg4510 mice can elicit pathological responses when injected 
in wild-type mice (Baker et al. 2016; Winston et al. 2016; Zheng et al. 2017). While 
their role in AD is apparent, future studies are needed to determine how EVs affect 
cellular metabolism and mitochondrial bioenergetics in their target cells.

4.1.2 Extracellular Lipids

Among the various classes of circulating factors that can play a role in AD, lipids 
are of particular interest. Several studies comparing normo-cognitive and cogni-
tively impaired individuals have found differences in circulating noncellular lipids. 
For instance, a study of 123 individuals divided into AD, mild cognitive impair-
ment, and elderly control groups demonstrated that the abundance of just ten lipid 
metabolites could identify patients from healthy controls (Proitsi et al. 2015). In 
another study, several species of sphingomyelin were decreased, and two ceramide 
species were increased in early AD plasma compared to controls (Han et al. 2011). 
Moreover, Liu et al. (2021) reported that Aβ is contributory, if not causal, to the dif-
ferences observed in peripheral lipidomes between cognitive groups.

We recently demonstrated that lipids may play a role in AD-associated changes 
in mitochondrial function. Using mass spectrometry, we analyzed the abundance of 
lipid metabolites in the serum of participants with normal cognition, mild cogni-
tive impairment, and dementia due to probable AD. We found that the abundance 
of glycocholic acid was positively correlated with the bioenergetic effects of the 
serum samples on neuronal cells in vitro. Moreover, the abundance of glycocholic 
acid was also correlated with the bioenergetic capacity of the serum donor, as re-
ported by respirometric analyses of PBMCs. Conversely, linoleic acid abundance 
was negatively correlated with the same bioenergetic measures (Amick et al. 2022). 
In a larger cohort of 378 participants, we found that glycocholic acid abundance was 
lower by 53% in the dementia group compared to the normal cognition group, and 
that linoleic acid abundance was higher by 56% in the dementia group compared 
to the normal cognition group. Future studies are required to determine the direct 
bioenergetic effects of glycocholic acid, linoleic acid, and other potentially mitoac-
tive lipids that are differentially expressed in the circulation of patients with AD.

5 Conclusion

Mitochondrial dysfunction plays a central role in the pathophysiology of AD and 
is influenced by a combination of intrinsic (e.g., genetic) and extrinsic factors. 
Extending the mitochondrial cascade hypothesis, studies show that mitochondrial 
alterations associated with AD are systemic and apparent in peripheral cells. For 
this reason, it may be possible to utilize more readily accessible cells, such as those 
found in blood, to track systemic bioenergetic changes associated with the progres-
sion of AD. Moreover, blood cells may provide a way to evaluate the potential 
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systemic bioenergetic benefits of promising interventions, such as diet and exercise, 
which are known to have broad metabolic benefits. Finally, we are beginning to 
understand the factors driving bioenergetic changes associated with the progression 
of AD. These factors include a multitude of circulating molecules that can impact 
mitochondrial function across many cell and tissue types. While no single factor 
can be solely responsible for bioenergetic changes associated with AD, efforts to 
identify key regulators may inform the development of therapeutic strategies for 
countering mitochondrial dysfunction and its consequences.
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Abstract Psychiatric disorders have traditionally been conceptualized as condi-
tions primarily affecting the brain. However, mounting evidence challenges this 
view, revealing complex interactions between systemic energy metabolism, im-
mune function, and brain physiology. This chapter examines the critical role of 
metabolic abnormalities in psychiatric disorders, advocating for a “whole-body” 
framework of investigation. Recent research demonstrates that individuals with se-
vere psychiatric disorders experience significantly reduced life expectancy, largely 
due to metabolic and cardiovascular conditions that are not fully attributable to 
medication side effects. Evidence from genetic as well as peripheral and central 
nervous system studies reveals multifaceted metabolic dysregulation across psychi-
atric disorders, including altered glucose metabolism, mitochondrial function, and 
oxidative stress. Notably, specific metabolic signatures may correspond to distinct 
clinical phenotypes that cut across traditional diagnostic boundaries, suggesting the 
need for a transdiagnostic approach to both research and treatment strategies. The 
relationship between metabolic dysfunction and psychiatric symptoms is bidirec-
tional and complex. Although metabolic abnormalities may not directly cause psy-
chiatric disorders, they likely represent significant risk factors that interact with ge-
netic, physiological, environmental, and socioeconomic conditions. Understanding 
these interactions is crucial for developing more effective, personalized therapeutic 
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strategies. Future investigations focused on identifying biology-based symptom 
constructs may be better able to guide individualized treatment approaches than 
traditional diagnostic categories.

Keywords Metabolic syndrome, mitochondria, insulin resistance, oxidative stress

1 Considering a “Whole-Body” Framework for Brain Disorders

Central nervous system (CNS) disorders, particularly psychiatric disorders, have 
long been conceived as uniquely “brain disorders,” in relative isolation with respect 
to the rest of the body. However, a growing recognition of the interplay between 
brain physiology and factors, such as the immune system, gut microbiome, stress 
and trauma exposure, and metabolism, is challenging this perspective. Thus, it is 
not surprising that system metabolic abnormalities are being linked to an increas-
ing number of CNS disorders, including major depressive and psychosis spectrum 
disorders (Alagiakrishnan and Halverson 2024; Karabatsiakis et al. 2014; Kuang et 
al. 2018; Montanari et al. 2025; Yuksel et al. 2021) as well as neurodegenerative 
disorders such as Alzheimer and Parkinson diseases (Chang et al. 2025; Ding et 
al. 2025; Elzinga et al. 2025; Fakih et al. 2022). Indeed, if these disorders are not 
solely confined to the brain, but result from complex “whole-body” interactions, the 
very concept of “brain disorders” may need to be reconsidered. At a minimum, the 
“whole-body” framework warrants careful consideration.

Here, we use the term severe psychiatric conditions (SPCs) to denote illnesses 
marked by significant severity and chronicity, resulting in substantial functional 
impairment, limitation to major life activities (e.g., independent living), and in-
creased risk to life (e.g., suicide, self-harm, incarceration, substance overdose). 
These include schizophrenia (SZ), bipolar disorder (BD), major depressive disorder 
(MDD), and severe instances of conditions such as personality disorders, obsessive-
compulsive disorder, post-traumatic stress disorder (PTSD), eating disorders and 
other severe anxiety disorders. The impact of systemic illnesses on individuals with 
SPCs is starkly evidenced by a significant reduction of their life expectancy by 10 to 
20 years (Chang et al. 2011; Correll et al. 2017; Hoang et al. 2013; Lawrence et al. 
2013; Nordentoft et al. 2013). While increased risk of death by suicide contributes 
to excess mortality, communicable and noncommunicable diseases also account for 
premature mortality in persons with SPCs (Ali et al. 2022; Hoang et al. 2013; Walker 
et al. 2015). Relative to those without, persons with SPCs are at higher risk for can-
cer, cardiovascular and respiratory disease, as well as medication side effects, and 
this risk is worsened by poor access to health care, “diagnostic overshadowing,” 
and ensuing delays in diagnosis and treatment (Ali et al. 2022; Chang et al. 2011; 
Correll et al. 2017; Hoang et al. 2013; Lawrence et al. 2013; Nordentoft et al. 2013; 
Walker et al. 2015). The Journal of the American College of Cardiology reports 
that individuals with SPCs have twice the cardiovascular mortality rate observed in 
the general population, with notably higher rates of conditions like metabolic syn-
drome and diabetes (Goldfarb et al. 2022). Supporting these findings, a large French 
cohort study on SPCs revealed a high prevalence of metabolic syndrome among 
psychiatric patients: over two-thirds do not receive adequate treatment (Brouwer et 
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al. 2024; Leboyer et al. 2022). These considerations highlight the urgency to invest 
in research on psychiatric disorders based on a whole-body framework focused on 
understanding the mechanistic role of metabolic abnormalities and directed at novel 
treatments.

In asking “whether” and “how” metabolic abnormalities play a pathophysiologi-
cal role in CNS disorders, it is important to recognize that this term, “metabolic 
abnormalities,” encompasses a broad range of conditions. These abnormalities are 
likely multifarious, including several different systemic and central mechanisms, 
potentially distinct in different clusters of people and conditions. A narrower focus 
on the metabolic syndrome and its relationship with brain disorders may offer a 
more specific framework. The definition of metabolic syndrome includes a constel-
lation of interrelated metabolic risk factors related to insulin resistance, including 
central obesity, high blood sugar, elevated blood pressure, elevated triglycerides, 
and reduced high-density lipoprotein cholesterol. In turn, these factors heighten the 
risk of developing cardiovascular diseases and diabetes (Foley et al. 2010; Grundy 
et al. 2005; Pan et al. 2012; Skilton et al. 2007; Vogelzangs et al. 2011). This general 
definition has been put forth in different versions and is not without controversy, 
perhaps reflecting different emphasis in its clinical aspects and health consequences 
(Expert Panel on Detection 2001; Grundy et al. 2005; Oda 2012; Reaven 2004, 
2006; Zimmet and Alberti 2005). Compelling evidence supports the association of 
a large number of brain disorders with the metabolic syndrome and dysregulation 
of appetite and eating, posing important questions on the reciprocal relationship 
between systemic and CNS disorders, in general, and psychiatric disorders, in par-
ticular. Yet, metabolic abnormalities in CNS disorders do not consistently match 
the definition of metabolic syndrome. Notably, growing evidence also points to 
the disruption of mitochondrial function and morphology in a broad range of CNS 
disorders, detected both systemically and in the brain. Although it is plausible to 
postulate that mitochondrial dysfunction, on the one hand, and systemic metabolic 
abnormalities (e.g., dysregulated blood sugar, insulin signaling, dyslipidemia), on 
the other, may impact and perhaps cause each other, the mechanisms underlying 
their relationships are not well understood.

The emerging landscape suggests that unique patterns of metabolic changes may 
be shared across diagnoses while also being specific to distinct transdiagnostic phe-
notypes. Furthermore, the time frame of mechanisms driving these changes, along 
with their interactions, may vary across prenatal, postnatal, and adult life, and may 
affect different brain regions and their associated functions. This complexity poses 
both a daunting challenge and an exciting opportunity, offering the potential for new 
insights into the biological underpinnings of psychiatric conditions. Here, we dis-
cuss evidence for metabolic dysregulation in SPCs, focusing on genetic, systemic, 
and human brain studies. We highlight some examples in the context of an extensive 
body of knowledge on this topic, examine the potential impact of these abnormali-
ties on synaptic functions, and review potential cause-effect relationships between 
them. Thereafter, we ask whether distinct patterns of metabolic abnormalities may 
be specific to distinct clinical phenotypes and discuss strategies for transdiagnostic 
and stratification approaches.
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2 Evidence for Metabolic Abnormalities from Blood/Peripheral 
Studies

2.1 Insulin Signaling

Given the presence of metabolic abnormalities in SZ, a complex relationship be-
tween SZ and insulin resistance has long been suspected (Agarwal et al. 2020; 
Barrett and Serre 1924; Kasanin 1926; Kooy 1919). For instance, glucose tolerance 
curves were reported to differ in persons with psychiatric disorders with respect 
to unaffected controls (Raphael and Parsons 1921). Notably, evidence for insulin 
dysregulation was reported in drug-naïve first-episode SZ (Fernandez and Torres-
Alemán 2012). This latter study showed elevated fasting glucose and insulin levels, 
higher insulin resistance, and lower glucose tolerance in first-episode patients. Post-
oral glucose tolerance testing showed greater insulin resistance in first-episode pa-
tients as well as in their nonaffected siblings (Enez Darcin et al. 2015; Pillinger et al. 
2017). Notably, dysregulation of fasting glucose and insulin levels in SZ have been 
reported in conjunction with increased levels of immune and stress factors includ-
ing cortisol and interleukins, highlighting potential interactions between metabolic, 
immune, and stress signaling (Chouinard et al. 2019; Fernandez-Egea et al. 2009; 
Ryan et al. 2003).

2.2 Glucose Metabolism

Elevated blood glucose levels, repeatedly shown in drug-naïve first-episode SZ 
(Chen et al. 2016; Pillinger et al. 2017), provide ample substrate for glycolysis in 
the periphery (Figure 8.1). Consistent with these observations, elevated peripheral 
glycolysis in first-episode SZ has been reported (Herberth et al. 2011). Proteome 
analysis of peripheral blood mononuclear cells (PBMCs) from first-episode, anti-
psychotic-naïve patients revealed a significant number of differentially expressed 
proteins involved in glycolysis pathway and the tricarboxylic acid (TCA) cycle, a 
central metabolic pathway that plays a critical role in cellular respiration. Others 
have identified multiple upregulated glycolytic and TCA cycle enzymes in circulat-
ing leukocytes in first-episode SZ (Jiang et al. 2019; Martins-de-Souza et al. 2011). 
Metabolome analyses of PBMCs revealed higher levels of octanoic acid and lower 
levels of maltose, valine, inositol, sorbitol, creatinine, and fumaric acid, indicative 
of increased carbon flux through the TCA cycle, in patients as compared to healthy 
controls (Gomez-Casati et al. 2016; Liu et al. 2014). A follow-up study showed a 
widespread increase of multiple glycolytic metabolites, including glucose-6-phos-
phate, ribose-5-phosphate, and fructose-6-phosphate, along with a decrease in the 
TCA cycle metabolite in PBMCs of patients (Liu et al. 2015). Comparing transcrip-
tomic data from first-episode psychosis and individuals with early dysglycemia, a 
meta-analysis identified 221 common gene expression signatures (Lee and Chung 
2024; Weske et al. 2001). Together, these findings suggest an intrinsic link between 
psychosis spectrum disorders and dysglycemic states, independent of the disease 
chronicity and bioenergetic effects of antipsychotic drugs.
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Figure 8.1 Bioenergetic glucose metabolism in eukaryotic cells. This diagram illustrates the 
primary metabolic pathways derived from glucose, emphasizing its conversion to ATP, lactate, 
and entry into the TCA cycle via acetyl-CoA. Downstream products include intermediates for 
cholesterol and lipid synthesis, known to be dysregulated in SPCs. Created in BioRender by A. C. 
Andreazza (2025) https://BioRender.com/r2bgipk

Lactate is produced from pyruvate as an end product of glycolysis. Increased 
extracellular lactate could indicate a heightened activity of glycolysis or a de-
creased lactate clearance. The former, when in the presence of adequate oxygen 
concentration, is known as aerobic glycolysis (Warburg effect). Thus, levels of 
lactate and pyruvate have been used as an index of glycolytic activity. A series of 
studies suggests that lactate/pyruvate changes may become progressively altered 
in the course of psychosis spectrum disorders. In a group of young individuals 
at clinical high risk for psychosis, serum levels of L-lactate were lower in com-
parison to healthy controls and negatively correlated with negative symptoms 
using PANSS. Although no information was available on how many converted 
to psychosis, this study suggests that glycolytic activity may predate its onset 
(Onozato et al. 2020). In first-episode, antipsychotic-naïve SZ, lactate dehydro-
genase B, which catalyzes pyruvate transformation to lactate, was increased in 
the peripheral blood mononuclear cells and coincided with elevated serum lactate 
level (Herberth et al. 2011).

BD is increasingly recognized as a condition marked by significant metabolic 
and mitochondrial dysfunction. Elevated lactate levels have been consistently ob-
served among persons with BD, particularly in those with metabolic syndrome 
(Zachos et al. 2024). These findings align with earlier evidence of impaired mito-
chondrial function (Kuang et al. 2018), suggesting that increased reliance on gly-
colysis due to mitochondrial inefficiency may lead to lactate accumulation in this 
disorder. Metabolomic analysis revealed distinct metabolic profiles in BD patients 

https://BioRender.com/r2bgipk
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stratified by lactate levels and metabolic syndrome. For instance, elevated citrate 
and alpha-ketoglutarate levels were associated with high lactate and metabolic syn-
drome, whereas increased kynurenine and tryptophan levels were noted in those 
with low lactate and metabolic syndrome, suggesting alterations in key metabolic 
pathways like the TCA cycle and kynurenine pathway. These insights emphasize 
the complex interplay between mitochondrial dysfunction and metabolic disrup-
tions and highlight the need for personalized therapeutic approaches targeting mi-
tochondrial health.

2.3 Association of Obesity with Psychiatric Disorders

Obesity has been postulated to increase risk for psychiatric conditions. Analyses of 
the Austrian national registry data of inpatient services from 1997 to 2014 revealed 
significant associations between obesity and psychiatric conditions such as depres-
sion, anxiety, eating disorders, SZ, and somatization disorders across all age groups 
(Leutner et al. 2023). These analyses, including ~45 million hospital stays of nine 
million individuals, show that obesity often precedes psychiatric conditions, with 
time-order ratios indicating that obesity was frequently the first diagnosis for most 
people (e.g., time-order ratio ~2 for recurrent depression). Gender and age differ-
ences were prominent: women exhibited higher risks for depressive and anxiety 
disorders, whereas men had elevated risks for psychosis spectrum disorders and 
nicotine addiction. Support for the idea that obesity may represent a risk factor for 
psychiatric symptoms, or at least precede their onset, comes from imaging stud-
ies, which demonstrated increased visceral fat accumulation in individuals with 
SZ prior to antipsychotic exposure (Thakore 2005; Thakore et al. 2002). Evidence 
discussed above, showing impaired glucose tolerance and insulin resistance in first-
episode psychosis, also supports the hypothesis that metabolic abnormalities may 
be intrinsic to the disease process and not uniquely treatment-induced (Perry et al. 
2016; Pillinger et al. 2017). Together, these findings indicate that obesity commonly 
precedes SPCs and highlight the urgency of implementing screening for psychiatric 
symptoms in persons with obesity, critically needed for prevention and early treat-
ment. Notably, the growing use of glucagon-like peptide-1 (GLP-1) receptor ago-
nists, typically used to treat diabetes II and for weight management, shows prom-
ises to benefit psychiatric conditions (Breit and Hubl 2025; Ebrahimi et al. 2025; 
Gholami et al. 2025; Xiang and Peng 2025).

Distinct aspects of the metabolic syndrome may be considered in the context of 
its role in brain disorders. Visceral fat (measured by waist to hip ratio) is strongly 
associated with adverse brain changes, including increased white matter hyperin-
tensities, reduced gray and white matter volumes, and altered white matter micro-
structure (Dolatshahi et al. 2024; Lampe et al. 2019; Raji et al. 2024). These effects 
may be mediated by inflammation, with elevated pro-inflammatory cytokines (e.g., 
IL-6, CRP) playing a central role. The predictive value of visceral fat is consistent 
across sexes and age groups, although it is particularly pronounced in women, high-
lighting its significance as a modifiable risk factor for brain health.
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2.4 Shared Environmental Factors for Obesity and Mental Disorders

Environmental risk factors, such as physical inactivity, poor diet, socioeconomic 
status, and chronic stress, contribute significantly to both obesity and psychiatric 
disorders like MDD and SZ (Flores-Dorantes et al. 2020). Physical inactivity and 
high-calorie diets lead to obesity and are also associated with increased inflam-
mation and neuroendocrine dysregulation, which exacerbate psychiatric symp-
toms. Socioeconomic deprivation intensifies these risks by limiting access to 
nutritious food and health care resources. Additionally, maternal early-life adver-
sity, obesity, and stress have been linked to an increased risk of psychiatric con-
ditions in offsprings, including MDD, anxiety disorders, SZ and attention-deficit/
hyperactivity disorder (ADHD), mediated by inflammatory and hormonal changes 
(Flores-Dorantes et al. 2020). These factors highlight the intertwined pathways of 
environmental and biological influences in obesity and mental health disorders.

3 Effects	of	Systemic	Metabolic	Abnormalities	on	Brain	Functions

The evidence reviewed thus far offers strong support for the association of meta-
bolic abnormalities with SPCs, but do systemic abnormalities in fact affect brain 
functions? In recent years, overwhelming evidence for the powerful impact of im-
mune activation in brain disorders has provided a clear answer to this question (Flux 
and Lowry 2023; Gallego Deike et al. 2023; Gangadin et al. 2024; Neupane et al. 
2023; Réus et al. 2023; Sørensen and Benros 2023; Zakia et al. 2023; Zhang et al. 
2023). A clear example of the effects of systemic metabolic changes on the CNS 
is the impact of systemic diseases (e.g., kidney or liver diseases) and systemic im-
mune activation during an infection. These conditions impose significantly higher 
energetic requirements with respect to healthy baseline states. However, cells and 
organisms have access only to a finite energy budget (Pontzer 2018; Urlacher et 
al. 2019). Disease-related high-energy states “steal” energy from other systems, 
including potentially the brain (Bobba-Alves et al. 2022; Sercel et al. 2024). This 
instance may also occur physiologically, such as during the postprandial phase 
(after a meal), when the digestive system consumes 10–20% of the energy bud-
get, leading to sluggishness and fatigue (wanting to nap or postprandial “coma”). 
Several mechanisms exist to alert the brain that other organs in the body are in need 
of energy. One emerging factor is growth differentiation factor 15 (GDF15). GDF15 
is produced by energy-stressed cells, which release it in the bloodstream, eventually 
reaching its receptors on neurons in the brainstem (area postrema) (Lockhart et al. 
2020). GDF15 signaling to the brain triggers nausea, energy conservation behav-
iors, and hyperglycemia-promoting endocrine signals involving the sympathetic 
nervous system and the hypothalamus-pituitary axis (Cimino et al. 2021; Engström 
Ruud et al. 2024). Notably, GDF15 is elevated in primary mitochondrial disorders 
and correlates strongly with fatigue (Huang et al. 2024). It has been postulated 
that systemic cell energy deficit signals reaching the brain may modulate subjec-
tive experience and aging trajectories (Shaulson et al. 2024). The contribution of 
these pathways to psychiatric conditions is virtually unexplored, although some 
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evidence points to their impact on depression (Milaneschi et al. 2020; Sørensen 
and Benros 2023).

Systemic metabolic abnormalities affect the brain in significant ways but may 
not be sufficient to cause psychiatric disorders. Therefore, it is reasonable to pos-
tulate that metabolic abnormalities may represent significant risk factors that com-
bine with life stressors, lack of resources and social support, genetic vulnerabilities, 
and other environmental factors. Given the heterogeneity of systemic metabolic 
abnormalities reported in CNS disorders and their occurrence at different times in 
life, it is plausible to speculate that their impact on the brain may be equally diver-
sified. This consideration raises the question of how systemic changes in energy 
utilization might affect specific brain circuits yet leave others unaffected. Instances 
of functional specificity within the brain, such as neuronal insulin resistance and 
glucocorticoid-related neurotoxicity, may offer some clues.

The effects of neuronal insulin resistance may be selective for GLUT4-dependent 
brain areas, and glucocorticoid neurotoxicity impacts glucocorticoid-receptor-rich 
brain regions. This selectivity may affect specific circuit dynamics. For instance, 
insulin resistance may slow axon conduction velocity (Akın et al. 2016; Kula et al. 
2024), potentially causing a lag in GLUT4-dependent neural circuit relays and shift-
ing the frequency of circuit-generated oscillations and the effectiveness of circuit 
responsivity to perturbations. Notably, insulin may, at least in part, be synthesized in 
the brain (Appel and Farr 1929; Havrankova et al. 1978; Lemche et al. 2024), with 
important implications regarding region specificity of insulin resistance and signal-
ing in psychiatric disorders. Another example highlighting the potential for cell/
brain region specificity of systemic metabolic abnormalities is the contribution of 
cytokines, which originate from nonimmune cells and organs as well as the immune 
system, in signaling systemic metabolic dysregulation to the brain (Dantzer et al. 
2008; Shaulson et al. 2024). The cell/brain region specificity of cytokine receptors 
in the brain is likely to mediate the differential impact of these signals. These con-
siderations illustrate a more general point: cognitive and affective symptoms may 
depend critically not just on whether the circuit is affected but on how it is affected. 
Distinct mechanisms may affect the same circuit differently by targeting specific 
points of failure. An obvious example is the distinction between type 1 and type 
2 diabetes and postprandial hypoglycemia. While all three conditions involve the 
same control circuit regulating glucose, they implicate different points of failure: a 
distinction most clearly revealed by perturbing the system (i.e., glucose bolus) and 
measuring the resulting dynamics as the system attempts to regain homeostasis.

4 Effects	of	Cumulative	Trauma	on	Metabolic	Abnormalities

Do other risk factors for SPCs, such as exposure to trauma, impact metabolic abnor-
malities? In survivors of the Rwandan genocide and the Ugandan civil wars, as well 
as in emergency rescue workers, Kolassa and colleagues observed that traumatic 
stress has cumulative lifetime effects and increases, in a dose-response manner, 
the risk of somatic symptoms and psychiatric disorders such as PTSD and MDD 
(Behnke et al. 2020; Kolassa et al. 2010a, b). Other studies have also described a 
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cumulative impact of lifetime stress load and childhood maltreatment load at the 
biomolecular level (Gola et al. 2014). In women with a history of childhood mal-
treatment, blood cells exhibited increased pro-inflammatory cytokine secretion, 
which correlated with the severity of maltreatment. Similar findings were observed 
in trauma survivors with PTSD and MDD (Gola et al. 2014), where the risk of these 
disorders increases with more severe traumatic stress load. Higher levels of inflam-
mation were associated with elevated mitochondrial activity and increased reactive 
oxygen species (ROS) production, DNA damage, and telomere attrition (Bergholz 
et al. 2017; Boeck et al. 2018; Morath et al. 2014). These changes increase energy 
requirements needed for antioxidative mechanisms and cell repair. Over time, they 
may contribute to greater cell wear-and-tear, resulting in a state of allostatic load. 
Together, these studies indicate that early-life adversity and adult life trauma in-
crease energetic requirements systemically and in the brain.

5 Genetic Evidence for Metabolic Abnormalities in Psychiatric 
Disorders

The possibility that abnormal glucose metabolism is an inherent part of SPC patho-
physiology was initially supported by initial linkage studies in SZ. These identified 
three genes involved in glycolysis and two variants in its regulation (Olsen et al. 
2008; Stone et al. 2004; Tanner et al. 2018), respectively:

‐

5. fructose-1,6-biphosphatase (FBP1).

This suggests that abnormal glucose metabolism is an inherent part of the disease 
pathophysiology.

The Psychiatric Genomics Consortium Schizophrenia Phase 2 (PGC-SCZ2) ge-
nome-wide association study (GWAS), which consisted of 35,476 cases and 46,839 
control subjects, reported evidence for 22 nuclear-encoded mitochondrial genes 
(Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014). 
However, mitochondria-related pathways showed no significant association with 
the disease in other large GWAS studies of SZ (Trubetskoy et al. 2022). Using 
a gene-based approach, one study directly tested the identified nuclear-encoded 
mitochondrial and mitochondria-related (nucleus-mitochondria crosstalk) genes as-
sociated with SZ but did not detect significant gene sets. It did, however, provide 
evidence for PGC-SCZ2 variants’ association analysis of individual single nucleo-
tide polymorphisms (Gonçalves et al. 2018). Further evidence includes enrichment 
of expression quantitative trait loci and an excess of large (> 500 Kb) deletions and 
rare copy number variants in nuclear-encoded mitochondrial genes in individuals 
with SZ (Szatkiewicz et al. 2014).

Similarly, direct GWAS evidence specifically linking nuclear-encoded mito-
chondrial genes to BD and MDD is not as robust as for other genetic loci. Some 
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associations, however, have been noted, and genes involved in the mitochondrial 
energy metabolism pathways have been implicated in these disorders. Beyond indi-
vidual gene associations, analyses of GWAS data have shown that pathways involv-
ing mitochondrial functions are enriched in BD and MDD. This suggests that while 
individual mitochondrial-related genes might not reach genome-wide significance 
alone, their collective role may be significant (Alcocer-Gómez et al. 2016; Clay et 
al. 2011; Klinedinst and Regenold 2015; Scaini et al. 2016).

5.1 Rare Genetic Mitochondrial Diseases: Association with Psychiatric 
Symptoms

Rare genetic mitochondrial diseases are caused by mutations in mitochondrial or 
nuclear DNA that impair mitochondrial ability to generate energy (Figure 8.1). The 
functional severity of genetic mitochondrial disease is greatest in organs with par-
ticularly high-energy demands, such as brain, heart, and muscle. Persons affected 
by these diseases experience more hospital stays, heightened susceptibility to health 
problems, and reduced quality of life. Approximately 35% of persons with rare mi-
tochondrial genetic diseases have psychiatric diagnoses, supporting an association 
between mitochondrial deficits and psychiatric symptoms. Consistent with these 
observations, a recent study reported a notably higher occurrence of psychiatric 
illness in persons with mitochondrial disease (18%) than in those with multiple 
sclerosis (9%) (Rosella et al. 2025). Healthcare costs for mitochondrial disease pa-
tients with psychiatric diseases surpassed those of multiple sclerosis. These clinical 
observations point to the possibility that mitochondrial diseases may increase sus-
ceptibility to psychiatric disorders, suggesting that some mitochondrial pathology 
could contribute to brain pathophysiology in the context of psychiatric disorders.

5.2 Peripheral Mitochondrial Abnormalities

Investigations on mitochondrial abnormalities in blood and other peripheral tissue 
of persons with SPCs offer the potential to identify targets for therapeutic strate-
gies and efficacy indices for treatments targeting mitochondrial functions. Several 
studies have reported mitochondrial abnormalities in SZ and BD, including reduced 
mitochondrial DNA copy numbers, complex I function, and altered intracellular mi-
tochondria location (Akarsu et al. 2015; Bergman and Ben-Shachar 2016; Cataldo 
et al. 2010; Clay et al. 2011; Fizíková et al. 2023; Gubert et al. 2013; Valiente-
Pallejà et al. 2020; Wang et al. 2022). While these abnormalities may not have been 
consistently replicated, several findings highlighting the specificity of these changes 
underscore the importance of stratification and transdiagnostic approaches. For in-
stance, mitochondrial DNA copy number reductions may positively correlate with 
psychosis severity and be affected by specific antipsychotic medications (Chestkov 
et al. 2018; Kumar et al. 2018). Although this finding was not replicated in a recent 
study, a significantly higher prevalence of mitochondrial DNA abnormalities was 
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reported in persons with SZ compared to unaffected controls (Bulduk et al. 2024).
In MDD, mitochondrial functioning in PBMCs was found to be significantly 

impaired (Karabatsiakis et al. 2014). Specifically, measures of routine and uncou-
pled respiration, spare respiratory capacity, coupling efficiency, and ATP turnover-
related respiration were reduced in persons with MDD. These findings led to the 
suggestion that mitochondrial respiration in PBMCs may be a promising target for 
therapeutic treatment of MDD (Karabatsiakis et al. 2014). Although these results 
were not replicated in two follow-up studies (Fernström et al. 2021; Gumpp et al. 
2021), indices of mitochondrial functions, including mitochondrial content factors 
and complex I activity, were significantly higher in SSRI responders as compared 
to nonresponders (Fernström et al. 2021), potentially pointing to the usefulness of 
indices of mitochondrial activity as biomarkers for SSRI responsivity.

6 Evidence for Metabolic Abnormalities in Brain Disorders

Altered immuno-oxidative mechanisms in the brain, including oxidative stress, mi-
tochondrial dysfunction, neuroinflammation, and cell-mediated immune response, 
have been shown to severely disrupt neural functions in CNS disorders. Balance 
between the redox pair of nicotinamide adenine dinucleotides (oxidized NAD+ and 
reduced NADH) reflects the oxidative state of cells and the ability of biological sys-
tems to carry out energy production. Significant reduction of the NAD+ to NADH 
ratio has been reported in chronic SZ compared to a matched healthy control group 
as well as in first-episode SZ compared to both a matched first-episode BD and 
matched healthy control groups (Kim et al. 2017). Impaired glucose metabolism 
and mitochondrial functions have been identified by using a variety of approaches 
and techniques. Briefly, decreased expression of genes encoding different glycolytic 
enzymes, such as the rate-limiting hexokinase, have been reported, along with de-
creased amount of enzyme proteins and activity, specifically in glutamatergic neu-
rons in the dorsolateral prefrontal cortex in SZ (Henkel et al. 2022; Sahay et al. 2023; 
Sullivan et al. 2018, 2019b, c; Swerdlow and Wilkins 2020). Furthermore, multiple 
mitochondrial impairments, including altered expression of electron transport chain 
(ETC) enzymes such as complex I and complex V (ATP synthase), have been shown 
in the brains of people with SZ (Andreazza et al. 2010; Cuenod et al. 2022; Karry 
et al. 2004; O’Brien et al. 2024; Shan et al. 2014; Wang et al. 2009). Brain imaging 
studies have shown decreased glucose utilization in the frontal cortex (hypofrontal-
ity) and a switch to more glycolytic ATP production, associated with elevated brain 
lactate levels (Du et al. 2018; Duarte and Xin 2019; Rowland et al. 2016; Sullivan 
et al. 2019a; Yuksel et al. 2015). In vivo and postmortem studies have consistently 
reported lower brain pH in people with SPCs, particularly SZ (Stein et al. 2023). 
If less ATP is required from oxidative phosphorylation (OXPHOS), there might 
be a relative increase in the glycolysis to OXPHOS ratio (Figure 8.1). In turn, this 
predicts the observed slightly more acidic brain tissue and increased lactate. These 
findings led to the conceptualization of SZ as a disease of impaired brain bioener-
getics (Henkel et al. 2022).
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Energy dysregulation is also considered to be a central feature of BD pathophysi-
ology (Cataldo et al. 2010; Clay et al. 2011; Du et al. 2018; Duarte and Xin 2019; 
Sullivan et al. 2019a). Mania may represent a condition of heightened cerebral en-
ergy metabolism facilitated by hyperglycolysis and glutaminolysis (Campbell and 
Campbell 2024). When oxidative glucose metabolism becomes impaired in the 
brain, neurons can utilize glutamate as an alternative substrate to generate energy 
through oxidative phosphorylation. In this way, it has been hypothesized that the 
upregulation of glycolysis and glutaminolysis causes the brain to enter a state of 
heightened metabolism and excitatory activity, which may underlie the subjective 
experience of mania (Campbell and Campbell 2024). Supporting this hypothesis, 
recent studies have identified mitochondrial abnormalities and resulting elevation 
of deleterious free oxygen radicals in BD (Andreazza et al. 2008; Cingi Yirun et 
al. 2016; Kotzaeroglou and Tsamesidis 2022). Taken together, recent progress in 
the neurobiological understanding of SZ and BD points toward the mechanistically 
important role of abnormal brain bioenergetics in their pathophysiology.

6.1 Oxidative Stress and Redox Dysregulation

Oxidative stress and redox dysregulation play crucial roles in psychiatric disorders 
through their interaction with key pathophysiological processes. Research has iden-
tified a convergence of oxidative stress, NMDAR hypofunction, and neuroinflam-
mation during neurodevelopment that affects, in particular, neural connectivity and 
cognitive function in conditions like SZ (Cabungcal et al. 2014; Do et al. 2009; 
Khadimallah et al. 2022; Steullet et al. 2016). Of particular interest is the impact 
of oxidative stress on parvalbumin-positive interneurons (PVIs), a specific class of 
neurons crucial for neural synchronization. Indeed, with high firing discharge, PVIs 
utilize high amounts of energy provided by mitochondrial oxidative phosphoryla-
tion; this makes them particularly vulnerable to redox imbalance and the ensuing 
oxidative stress (Kann 2016). In these cells, oxidative stress triggers a cascade of 
molecular events, beginning with the upregulation of microRNA miR-137, a sig-
nificant genetic risk factor for SZ. This upregulation leads to decreased expression 
of COX6A2, a component of cytochrome C oxidase complex IV, and results in im-
paired mitochondrial function and the accumulation of damaged mitochondria. This 
mechanism creates a self-perpetuating cycle of cellular dysfunction that may pro-
gressively affect neural circuit operation, especially in the prefrontal cortex. Clinical 
studies have shown promising results with targeted antioxidant interventions. The 
mitochondria-targeted antioxidant MitoQ, for instance, has demonstrated effective-
ness in protecting prefrontal PVI circuits from oxidative stress-induced damage. In 
individuals with early psychosis, exosome-based measurements of miR-137 and 
COX6A2 plasma levels serve as biomarkers of cellular dysfunction, correlating 
with reduced gamma oscillations, cognitive impairment, and poorer functional 
outcomes (Kann 2016; Khadimallah et al. 2022). Investigating whether circulating 
brain-derived exosomal microRNAs (miRNAs) could serve as mechanism-based 
biomarkers for predicting psychosis transition in clinical high-risk individuals, a 
recent study identified a panel of four microRNAs (miR-132, miR-9, miR-941, 
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miR-34a) that predict psychosis transition in clinical high-risk individuals with re-
markable accuracy (AUC = 0.97). A study including 344 participants, who were fol-
lowed for up to five years, showed that these blood biomarkers (involved in redox 
function, neuroinflammation, and blood-brain barrier integrity) substantially out-
performed current assessment methods, detecting 90.6% patients with psychosis. 
These findings, validated in an independent cohort (NAPLS3, AUC = 0.92), suggest 
that blood measures of redox function could provide impactful psychosis predic-
tion and offer new therapeutic targets for this vulnerable population (Do 2025). 
These findings have significant therapeutic implications, offering potential for both 
targeted interventions and measurable outcomes in prevention and treatment devel-
opment. The identification of specific biomarkers enables better patient stratifica-
tion and treatment monitoring, potentially improving the precision of therapeutic 
approaches for psychiatric disorders (Cuenod et al. 2022).

6.2 Is	Synaptic	Pathology	in	Psychiatric	Disorders	the	Cause	or	Effect	of	
Mitochondrial Alterations?

A brief summary of the relationships between synaptic activity and mitochondria 
may give insight into this question. Neuronal synaptic signaling requires substan-
tial energy, and the majority of this energy is in the form of ATP synthesized via 
OXPHOS within mitochondria localized near synaptic structures (Acin-Perez and 
Enriquez 2014; Harris et al. 2012). Persistent increases or decreases in levels of syn-
aptic signaling raise or lower ATP synthesis, respectively (Hall et al. 2012; Harris 
et al. 2012; Khatri and Man 2013; Li and Sheng 2022; Wong-Riley 2012). To meet 
changes in energy use, neurons make coordinated adjustments in the expression 
of OXPHOS-related transcripts, especially ETC complex subunits (Barshad et al. 
2018; Devin and Rigoulet 2007; van Waveren and Moraes 2008; Williams et al. 
1987; Wong-Riley 2012). Indeed, the coordinated expression of ETC complexes 
appears to be a conserved feature across many cell and tissue types (Barshad et al. 
2018; van Waveren and Moraes 2008). This relationship reflects the fact that the 
coordinated expression and cooperative activity of ETC components is required 
for ATP synthesis via OXPHOS within mitochondria (Hall et al. 2012; Harris et al. 
2012; Whittaker et al. 2011). As such, levels of nuclear DNA-encoded ETC com-
plex subunits (nETC) are positively correlated, as are mitochondria DNA-encoded 
ETC complex subunits (mETC), across a variety of cell types and tissues (Barshad 
et al. 2018; van Waveren and Moraes 2008). Thus, persistent reductions in synaptic 
neurotransmission are expected to result in a synchronized lowering of levels of 
ETC components.

Genetic studies identify glutamatergic synaptic alterations as a core etiological 
mechanism of SPCs, particularly SZ (Bryois et al. 2020; Genovese et al. 2016; Hall 
et al. 2015; Kirov et al. 2012; Schizophrenia Working Group of the Psychiatric 
Genomics Consortium 2014; Trubetskoy et al. 2022). Consistent with these find-
ings, in vivo and postmortem brain studies have identified altered expression of 
molecular, structural, and physiological markers reflective of deficient cortical glu-
tamate synaptic neurotransmission (Glausier and Lewis 2013; Howes et al. 2024; 
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Schoonover et al. 2020). Further supporting the presence of reduced cortical glu-
tamatergic synaptic signaling in SPCs, accumulating in vivo studies and transcrip-
tomic, proteomic, and enzymatic postmortem studies of energetic measures suggest 
lower OXPHOS in cortical regions in these conditions (Arion et al. 2017; Bralet 
et al. 2016; Enwright and Lewis 2021; Fujimoto et al. 2007; Gandal et al. 2019; 
Glausier et al. 2020; Hazlett et al. 2019; Kraguljac et al. 2012; Minzenberg et al. 
2009; Mitelman et al. 2018; Park et al. 2006; Sukumar et al. 2020). For example, 
in SZ, transcriptomic analyses in the dorsolateral prefrontal cortex total gray matter 
and glutamatergic pyramidal neurons showed the stereotypic coordinated reduc-
tion of OXPHOS gene expression that occurs in response to chronic reductions in 
neuronal firing and synaptic neurotransmission. Furthermore, targeted analysis of a 
gene set that indexed the diversity of mitochondrial functions (including OXPHOS, 
Ca2+ buffering, and reactive species generation) showed a specific and selective 
reduction in functional pathways related to OXPHOS. Weighted gene co-expres-
sion network analysis further revealed that OXPHOS-related network structure was 
completely preserved, as would be predicted if neurons were making coordinated 
adjustments to respond to lower ATP consumption (Glausier et al. 2020).

Mitochondrial abundance, size, and morphology also change in predictable 
ways in direct response to altered energetic demand at synapses (Cserép et al. 2018; 
Hackenbrock 1981; Justs et al. 2022; Li and Sheng 2022; Rossi and Pekkurnaz 
2019; Scalettar et al. 1991). Studies using electron microscopy, an approach that 
permits direct visualization of mitochondria at the nanometer resolution level, show 
mitochondrial alterations consistent with these experimental findings in the cortex 
of individuals with SPCs, including smaller size or number with generally preserved 
ultrastructural integrity (Roberts 2017; Roberts et al. 2015; Somerville et al. 2011). 
These electron microscopy findings differ from those identified in people with neu-
rodegenerative disorders (e.g., Parkinson disease) or primary mitochondrial disor-
ders (e.g., Leigh syndrome), which find ultrastructural evidence of mitochondrial 
dysfunction (Uittenbogaard et al. 2021; Weidling and Swerdlow 2020).

6.2.1 Evidence Supporting an Upstream Synaptic Pathology

Several considerations are consistent with the idea that mitochondrial abnormalities 
in SPCs may be secondary to synaptic deficits. First, as discussed above, GWAS 
studies do not strongly support a genetic basis for mitochondrial dysfunction, but 
they do provide compelling evidence for synaptic abnormalities, as risk genes en-
coding for synaptic components are robustly represented in several psychiatric dis-
orders (Bigdeli et al. 2024; Borcuk et al. 2024; Owen et al. 2023; Trubetskoy et 
al. 2022). Second, these genes are enriched in concerted synaptic neuron-astrocyte 
gene expression programs, which are decreased in psychiatric disorders (Ling et 
al. 2024). Third, synapses are high-energy consumers, and experimental evidence 
shows that lower synaptic functions correspond to lower mitochondrial functions 
and nuclear mitochondrial genes (Cserép et al. 2018; Dhar and Wong-Riley 2009; 
Hevner and Wong-Riley 1991; Justs et al. 2022; Li and Sheng 2022; Liang et al. 
2006; Rossi and Pekkurnaz 2019; Scalettar et al. 1991).

In neurons, the most energetically “demanding” processes involve action po-
tential generation and synaptic signaling. Accordingly, chronically lower rates of 
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neuronal firing cause a coordinated reduction in the expression of ETC complex 
subunits. For example, in vitro and in vivo manipulations that cause persistent re-
ductions in neuronal firing result in less transcription of all subunits comprising 
ETC complex IV. Further, mitochondrial ultrastructure reflects less energy usage, 
and the direct relationship between mitochondrial function and ultrastructure, in-
cluding at synaptic complexes, is well supported. Ultrastructural measures of syn-
aptic mitochondria directly inform the relative level of activity at individual syn-
apses. Mitochondrial abundance, size, and morphology change in direct response 
to altered energetic usage at synapses. For example, mitochondrial abundance and/
or size are downregulated at less active synapses. Thus, if chronic reductions in 
neuronal firing are upstream of lower measures of OXPHOS in SPCs, then (a) ex-
pression of ETC complex subunit genes is predicted to be broadly and compara-
bly lower, (b) the physiologically correlated expression of ETC complex subunit 
transcripts would be retained, and (c) mitochondrial ultrastructural integrity would 
be preserved. Thus, many studies of brain from individuals with SPCs, and per-
haps particularly SZ, converge on the interpretation that mitochondrial OXPHOS 
may not be dysfunctional or defective per se, but that lower measures of OXPHOS 
reflect the expected consequence of long-term reductions in synaptic signaling. 
Therapeutics that augment synaptic signaling may prove beneficial in restoring cor-
tical function in SPCs.

6.2.2 Evidence Supporting an Upstream Mitochondrial Pathology

Evidence for an upstream mitochondrial pathology may be equally compelling. 
Strong evidence for an inherent mitochondrial dysfunction, primarily of OXPHOS, 
in SPCs can be found in the numerous reports of mitochondrial functional deficits 
in a variety of peripheral cells, including blood and muscle cells, keratinocytes, and 
iPSCs, which are not impacted by synaptic activity (Chouinard et al. 2017; Du et al. 
2018; Renshaw et al. 2001; Volz et al. 1998). In addition, transplanted mitochondria 
may either improve or disrupt host mitochondrial function, and thereby neuronal 
structure, synaptic formation and activity, both in iPSCs differentiated into glutama-
tergic neurons and in an animal model of SZ and their healthy controls (Robicsek et 
al. 2018). Mitochondrial transplantation ameliorated behavioral motor and cogni-
tive symptoms in animal models of several CNS disorders (Chang et al. 2016; Ene 
et al. 2023; Nitzan et al. 2019; Wang et al. 2019). Glutamate negatively impacts 
mitochondria, and its toxicity in SPCs may underlie the observed mitochondrial 
dysfunction (Attwell and Laughlin 2001; Devine and Kittler 2018; Glancy et al. 
2020; Hackenbrock 1981; Hall et al. 2012; Harris et al. 2012; Mendelsohn et al. 
2022). Redox dysregulation leads to mitochondrial damage (autosomal mitophagy) 
(Garza-Lombó et al. 2020; Lee et al. 2011; Redmann et al. 2016; Zhang 2013).

Impairments of ETC complex that result from impaired expression of ETC com-
plex accessory subunits, assembly factors, or ROS-induced damage negatively im-
pact the OXPHOS process (Diaz 2010; Guo et al. 2013; Reinecke et al. 2009). 
Impaired ETC differentially affects the expression of nETC, mETC, and ETC 
complex assembly factors (Coleman et al. 2018; Dogan et al. 2018; Gohil et al. 
2010; Mansilla et al. 2018; Reinecke et al. 2009; Viscomi et al. 2011). For example, 
downregulating the expression of ETC complex core subunits, accessory subunits, 
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or assembly factors to impair OXPHOS does not result in a coordinated reduc-
tion in the expression of ETC complexes (Grünewald et al. 2016; Lax et al. 2016; 
Reinecke et al. 2009; Richter-Dennerlein et al. 2016; Stroud et al. 2016; Viscomi 
et al. 2011). Moreover, impaired ETC complex functioning typically disrupts other 
mitochondrial processes in addition to OXPHOS, such as the Krebs cycle (Garmier 
et al. 2008; Reinecke et al. 2009), as well as the balance between fission and fu-
sion events (Benard et al. 2007; Chernivec et al. 2018; Duvezin-Caubet et al. 2006; 
Morán et al. 2010; Peng et al. 2017; Silva Ramos et al. 2016). Cells with high firing 
and energy demands are highly vulnerable to impaired OXPHOS. For example, 
PVIs have substantially higher firing rates and ATP demand than projection neu-
rons (Kann et al. 2014). As such, perturbations of mitochondrial energetic capacity, 
including induction of oxidative stress by a variety of experimental manipulations, 
more strongly affect the firing of, and gene expression in, PVIs than in other cell 
types (Kann et al. 2014; Steullet et al. 2016; Whittaker et al. 2011). Finally, de-
fects to the ETC, or damage due to ROS generation, are reflected in impaired mi-
tochondrial ultrastructure integrity, including broken double membranes, swollen 
dysmorphic mitochondrial shape, and disorganized cristae (Gong et al. 2011; Guo 
et al. 2013; Quintana et al. 2010; Vincent et al. 2016). Thus, if the ETC is impaired 
and limits mitochondrial OXPHOS capacity in SPCs, then ETC complex subunit 
genes would show variable patterns of altered expression—with a corresponding 
loss of the positive correlation among ETC complex subunit transcripts and stron-
ger effects in PVIs relative to pyramidal neurons—and mitochondrial ultrastructural 
integrity would be impaired.

It is worth noting, however, that although primary mitochondrial diseases and 
experimental manipulations in model systems robustly impair mitochondrial func-
tion and OXPHOS, the possibility that SPCs, including SZ, may be associated with 
more moderate impairments of OXPHOS that are not accurately reflected in these 
studies cannot be excluded. Current evidence of cytosolic glucose dysregulation in 
parallel to mitochondrial metabolic impairment stands from in vitro studies in a di-
versity of models, including iPSCs. These “snapshots,” however, reflect a link that 
may be mediated by the artifactual conditions of these systems. Thus, the strongest 
evidence for the role of mitochondria in SZ may be derived from in vivo and in vitro 
observations in which mitochondrial transplantation and transfer, respectively, are 
capable of rescuing or inducing disease phenotypes (Robicsek et al. 2018). This 
raises the possibility that some combinatorial effect of reduced energetic demand 
and impaired energetic capacity may be present in SZ.

Finally, evidence linking early-life adversity—a significant risk factor for SPCs 
(Gerke et al. 2018)—to impaired (peripheral) mitochondrial function (Boeck et al. 
2016; Karabatsiakis et al. 2014) suggests the possibility of a causal mitochondrial 
deficit, which may manifest as fatigue or energy depletion, as seen in depression. 
Patients with childhood maltreatment often develop depression later in life after a 
second traumatic event or due to cumulative effects of trauma and stress (Boeck et 
al. 2016; Gumpp et al. 2023; Nold et al. 2019).

In summary, several lines of evidence support seemingly contradictory mecha-
nisms underlying the relationship between mitochondrial deficits and synaptic func-
tions in SPCs. In the context of the significant heterogeneity of these disorders in 
virtually all dimensions (genetic, environmental, clinical), it is plausible to consider 
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that these two mechanisms may not in fact be mutually exclusive. One possible 
scenario is that in subsets of SPCs, upstream mechanisms in synaptic pathology 
may reduce energy demand or increase DNA damage, leading to a downregula-
tion of energy production, whereas in a different group, mitochondrial deficits may 
cause synaptic deficits. Another possibility is that these two mechanisms may co-
exist across a spectrum, with one or the other predominant in some individuals, 
brain regions, or temporal stages of the disease. Future studies designed to stratify 
individuals with SPCs according to their metabolic and synaptic features may prove 
informative for understanding their etiology and identifying novel therapeutic tar-
gets (see Section 8).

6.2.3 Potential Role of Mitochondrial, Synaptic, and Astrocyte Interactions

Reciprocal negative effects of synaptic pathology and mitochondrial damage sup-
port the idea that synaptic and mitochondrial deficits may compound each other. 
On one hand, as discussed above, synaptic deficits lead to reduced demands on 
mitochondria. On the other, mitochondrial damage is expected to have extensive 
repercussions on neurotransmission, neuron structural plasticity, and immune fac-
tors, which in turn impact synaptic functions. Mitochondria supply not only ATP 
but also nucleotides and other key molecules, such as cholesterol and neurosteroids. 
Notably, mitochondria can be donated and received by cells (Khadimallah et al. 
2022; Swerdlow and Wilkins 2020). Transcellular mitophagy plays an important 
role in local cell-cell signaling and neuroprotection, indicating that brain mitochon-
drial dysfunction may also disrupt this key function. When mitochondria are re-
ceived, they are digested (mitophagy) and the components used by the cell in a 
beneficial manner. They may also be carrying information to the receiving cells. 
Some evidence indicates that cholesterol may be particularly important among the 
mitochondrial components transferred from astrocytes to neurons. Recent work has 
shown that cholesterol synthesis in astrocytes is an important factor in the synaptic 
neuron and astrocyte program found to be reduced in psychiatric disorders (Ling et 
al. 2024). It is tempting to speculate that transcellular mitophagy may mediate cell-
cell effects of mitochondrial deficits in brain disorders.

Another potential mechanism mediating astrocyte-neuron effects of metabolic 
abnormalities may be based on the astrocyte-neuron lactate shuttle hypothesis. This 
model proposes that astrocytes support neuronal metabolism by supplying neurons 
with lactate, as an energy substrate, especially during periods of increased neuronal 
activity. Increased glutamate release at synapses during high neuronal activation 
results in higher glutamate uptake by astrocytes, signaling increased neuronal activ-
ity and triggering glycolysis and lactate production. According to this hypothesis, 
astrocytes would then supply neurons with an alternative energy source to meet 
their high metabolic demands (Pellerin and Magistretti 1994, 1996). This mecha-
nism may allow neurons to focus on oxidative metabolism, which is more efficient 
for ATP generation, whereas astrocytes would take on glucose metabolism and have 
neuroprotective effects, as lactate would represent an immediate substrate for ATP 
production during energy stress. We note that the astrocyte-neuron lactate shuttle 
hypothesis has received some criticism. For instance, it has been argued that this 
hypothesis may not account for critical stoichiometric requirements and ultimately 
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may not significantly contribute to brain activation energy demands (Dienel 2017; 
Rothman et al. 2012). However, its potential role in metabolic abnormalities in 
brain disorders has not been assessed and deserves consideration.

7 Are Metabolic Abnormalities Predominant in Distinct Clinical 
Phenotypes?

The question of whether specific metabolic patterns are predominantly associated 
with distinct clinical phenotype may be particularly relevant to approaches to strati-
fication and efforts to understand their pathophysiological role in brain disorders. 
Although not extensively investigated at this time, some examples in the literature 
support this possibility. MDD is a highly heterogenous disorder, with a broad range 
of clinical presentations, responsivity to treatment, and intricate, multifaceted, and 
bidirectional interactions between CNS and systemic conditions (Penninx et al. 
2013). This disorder is strongly associated with metabolic syndrome (Foley et al. 
2010; Grundy et al. 2005; Pan et al. 2012; Skilton et al. 2007; Vogelzangs et al. 
2011). Notably, metabolic abnormalities in MDD were reported selectively in a dis-
tinct clinical phenotype, presenting with a combination of immune and metabolic 
dysregulations (e.g., dysregulated levels of leptin, insulin, and immune markers) 
and atypical depression, defined as predominant mood reactivity and interpersonal 
rejection sensitivity in combination with hypersomnia, increased appetite, and 
weight gain (Milaneschi et al. 2020, 2021; Vreijling et al. 2023). These studies also 
show that persons with energy-related depressive symptoms are associated with 
more severe course of illness, such as younger age of onset and more frequent, lon-
ger depressive episodes as well as greater incidence of comorbid PTSD  and eating 
and personality disorders (Vreijling et al. 2023).

8 A Transdiagnostic Approach

The evidence reviewed here supports the notion that distinct metabolic phenotypes 
may be shared among multiple brain disorders while not being consistently associ-
ated with any of them. Conversely, the clinical heterogeneity within each categori-
cal psychiatric disorder may contribute to the challenges encountered in identifying 
replicable metabolic markers in clinical populations. As reviewed above, evidence 
for metabolic abnormalities is well documented in a growing number of CNS dis-
orders, including SZ, MDD, BD, PTSD, and several neurodegenerative disorders. 
This evidence is consistent with the growing recognition that causal and vulnerabil-
ity factors (e.g., genetic risk, trauma, immune and metabolic factors) may converge 
across categorical brain disorders in different combinations, resulting in a variety 
of transdiagnostic clinical phenotypes. In this context, it may be important to con-
sider that the once broadly accepted distinction between neurodegenerative and 
psychiatric disorders has become increasingly blurred in recent years. Symptoms 
of depression, anxiety, cognitive decline, substance use, and even psychosis are 



174 S. Berretta et al.

shared across many “categorical” psychiatric and neurodegenerative disorders, in-
viting a dimensional, transdiagnostic clinical framework of investigation (Balthazar 
et al. 2014; Zhou and Seeley 2014; Chen et al. 2021; Creese and Lunnon 2022; 
Davis et al. 2023; Dolphin et al. 2023; Jay et al. 2023; Jenkins et al. 2022; Mendez 
2021; Schneider et al. 2008; Tabrizi et al. 2022; Weintraub and Mamikonyan 2019; 
Wingo et al. 2022). As an example, it may be meaningful to ask whether a distinct 
metabolic signature may be associated with a specific syndrome (e.g., depression 
or psychosis) across disorders, with careful stratification by demographic, systemic, 
genetic, and environmental/socioeconomic factors (Table 8.1). This approach may 
better address the challenges of connecting a specific biological measure (e.g., insu-
lin resistance) to a clinically diverse disorder (e.g., PTSD or SZ) and could facilitate 
the identification of symptom constructs rooted in biological evidence.

Along the same lines, it is plausible to postulate that distinct patterns of meta-
bolic abnormalities may arise from diverse mechanisms (e.g., genetic, immune or 
stress-driven, neurodegenerative) and yet give rise to similar, overlapping trans-
diagnostic clinical phenotypes. As an example, it may be informative to consider 
the extent of metabolic similarities between Alzheimer disease and psychiatric 

Table 8.1 Biomarkers of metabolic abnormalities in psychiatric disorders.

Metabolic 
Marker

Associated  
Psychiatric 
Symptoms

Clinical Implications Emerging Research 
Directions

Insulin  
resistance

Cognitive deficits, 
mood instability

Early screening for 
metabolic syn-
drome in psychiatric 
populations

Explore the role of insulin 
resistance in cognitive and 
emotional regulation across 
psychiatric conditions, with a 
focus on prevention and early 
intervention

Elevated  
inflammatory	
markers

Fatigue, anhedonia, 
psychomotor slowing

Anti-inflammatory 
strategies for symp-
tom modulation

Investigate the impact of 
systemic inflammation on 
symptom progression and 
treatment response across 
diverse psychiatric disorders

Mitochondrial 
dysfunction

Cognitive impairment, 
energy dysregulation

Targeted mitochon-
drial enhancers (e.g., 
CoQ10, creatine)

Examine mitochondrial 
health as a universal bio-
marker for mental health and 
resilience, and as a potential 
target for novel therapeutic 
interventions

Dysregulated 
lipid metabolism

Anxiety, irritability, 
psychosis

Integration of lipid-
lowering medications 
in treatment

Understand lipid metabolism 
as a bridge between meta-
bolic health and psychiatric 
conditions, with implications 
for both prevention and treat-
ment strategies

Gut microbiome 
dysbiosis

Mood swings,  
cognitive decline

Probiotic and dietary 
interventions to re-
store gut microbiome 
balance

Investigate the microbiota-
gut-brain axis as a unifying 
pathway influencing neuro-
development, stress response, 
and emotional regulation 
across the lifespan
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ties and evolving symptom patterns.

bolic profiles rather than diagnosis-specific protocols.

tions to individual patient needs.
 

individuals.

psychotropic medications.
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conditions, perhaps considering whether elements of the metabolic syndrome as-
sociated with MDD may be present in the prodromal depression that often precedes 
Alzheimer disease. At the cellular level, ultrastructural studies on Alzheimer dis-
ease have shed new light into the previous observations reporting morphological 
differences. By applying three-dimensional electron microscopy to visualize mito-
chondrial structure in brain tissue from persons with Alzheimer disease and mouse 
models, a new mitochondrial fission arrest phenotype has been observed, result-
ing in elongated structures referred to as “mitochondria-on-a-string” (Zhang et al. 
2016). Exploring whether similar structures exist in other brain disorders and iden-
tifying any shared pathophysiological or clinical features could provide valuable 
insights. For instance, severe psychiatric disorders represent a vulnerability factor 
for dementia, and significant psychiatric symptoms are common in a large number 
of neurodegenerative disorders (Balthazar et al. 2014; Chen et al. 2021; Creese 
and Lunnon 2022; Davis et al. 2023; Dolphin et al. 2023; Jay et al. 2023; Jenkins 
et al. 2022; Schneider et al. 2008; Tabrizi et al. 2022; Weintraub and Mamikonyan 
2019; Wingo et al. 2022; Zhou and Seeley 2014). Distinct systemic/CNS metabolic 
abnormality patterns shared by transdiagnostic (psychiatric and neurodegenerative) 
clinical endophenotypes may shed light on these relationships.

Implementing transdiagnostic approaches in research and clinical practice re-
quires overcoming methodological challenges, including:

1. Defining meaningful clusters: Identify shared symptom domains across dis-

2. Longitudinal analysis: Establish causal links between metabolic abnormali-

3. Personalized interventions: Develop treatments tailored to individual meta-

4. Clinical implications and integration of metabolic markers: The integration 
of metabolic markers into clinical practice offers a promising avenue for 
improving psychiatric care. By identifying specific metabolic profiles, clini-
cians can move toward a precision-medicine approach that tailors interven-

5. Screening: Use routine assessment of metabolic markers (e.g., HbA1c,
inflammatory cytokines) in psychiatric populations to identify high-risk 

6. Intervention: Incorporate metabolic-targeted treatments, such as insulin sen-
sitizers, anti-inflammatory agents, or mitochondrial enhancers, alongside 

7. Outcome tracking: Monitor changes in metabolic and psychiatric symptoms 
over time to refine treatment protocols.

9 Conclusions

Compelling findings presented throughout this volume underscore the role of meta-
bolic abnormalities in CNS disorders. This evidence leads us to the following key 
conclusions:



body” interactions and should thus be investigated within this framework.
 

tiple categorical diagnoses.

ity factors or triggers for psychiatric symptoms, akin to cancer “hallmarks.” 
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1. Conditions historically referred to as “brain disorders” arise from “whole-

2. “Metabolic abnormalities”—a broad term encompassing heterogeneous,
interacting factors and mechanisms—occur in a large number of brain dis-
orders. Distinct metabolic signatures may correspond to specific clinical en-
dophenotypes, such as metabolic syndrome in a subgroup of patients with 
atypical depression (Vreijling et al. 2023), and may be observed across mul-

3. There is strong evidence that metabolic abnormalities significantly contrib-
ute to psychiatric disorders, and that addressing these issues may serve as a 
valuable complement to psychiatric care. However, metabolic abnormalities 
are not in themselves a sufficient cause. They may instead act as vulnerabil-

4. There is compelling evidence for the role of demographic and environmen-
tal factors (e.g., sex, age, diet, socioeconomic status, exposure to trauma, 
substance use) in metabolic abnormalities related to SPCs, perhaps in com-
bination with more subtle genetic vulnerabilities.

Together, these considerations offer a path for investigations on the role of meta-
bolic abnormalities in psychiatric disorders. Specifically, they point to the impor-
tance of transdiagnostic studies, with clearly defined clinical phenotypes, symptom 
constructs, and disease stages, that are sufficiently powered to allow for stratifica-
tion according to demographic and environmental factors, and well-validated mea-
sures of specific metabolic functions (Table 8.1). These investigations may benefit 
from experimental designs focused on the association and causal relationships be-
tween focused metabolic metrics (e.g., pyruvate/lactate ratios, mitochondria ultra-
structural and DNA integrity and functions, body fat measures, insulin signaling) 
and categorical diagnoses deconstructed into biology-based symptoms (anhedonia, 
loss of appetite, hypersomnia). Key outcomes of these studies may be the identifi-
cation of transdiagnostic biology-based symptom constructs—clinical endopheno-
types defined by their biological underpinnings rather than traditional descriptive 
observations. We put forth that focus on biology-based symptom constructs may be 
a critical requirement for individualized, evidence-based therapeutic approaches.
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Abstract This review provides an overview of the latest research exploring the 
role of immune and metabolic pathways in depression. Findings from large-scale 
cohorts and biobanks, including studies using -omics technologies, consistently 
point toward an involvement of immuno-metabolic dysregulations in depression. 
Alterations in these biological pathways may explain the considerable comorbid-
ity between depression and cardiometabolic conditions and represent a promising 
target for intervention. Specific depression clinical profiles are described, such as 
atypical neurovegetative symptoms, that are more strongly connected with immu-
no-metabolic alterations. These alterations are linked to brain circuits involved in 
energy homeostasis, potentially connecting peripheral immuno-metabolic dysreg-
ulations with specific behavioral symptom profiles. Further, a new generation of 
ongoing clinical trials is discussed that test treatment add-ons targeting immuno-
metabolic pathways in subsets of depressed patients, selected based on specific bio-
clinical profiles. Findings highlight the potential for a stratified approach to depres-
sion treatment based on underlying immuno-metabolic dysregulations.
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1 Introduction

Biological pathways involved in inflammation and metabolism have been proposed 
to play a role in the partially shared pathophysiology of cardiometabolic (e.g., 
cardiovascular disease, diabetes) and neuropsychiatric conditions. There is now 
a major and growing literature highlighting the importance of these pathways in 
psychiatry. For example, a recent large-scale collaborative study (Tian et al. 2023) 
across biobanks in the United States, United Kingdom, and Australia derived com-
posite scores from a wide array of biomarkers to index the health of various body 
systems and of brain in ~85,000 subjects with neuropsychiatric disorders (schizo-
phrenia, bipolar disorder, depression, generalized anxiety disorder) and ~87,000 
healthy controls. Scores indexing immune and metabolic health showed the great-
est deviation, even larger than the brain health score, from normative reference 
ranges determined in healthy controls for all neuropsychiatric disorders. This 
type of evidence convincingly points toward a role in neuropsychiatric disorders 
for dysregulations in immune and metabolic (hereafter referred to as immuno-
metabolic) pathways.

Among neuropsychiatric disorders, depression is the leading contributor to dis-
ability burden worldwide (Marx et al. 2023). Clinically relevant depression could 
be defined either through self-reported symptoms (e.g., applying established cut-
offs to questionnaire scores) or through an interview-based psychiatric diagnosis 
of major depressive disorder (MDD). Diagnostic criteria for MDD encompass per-
sistent depressed mood, loss of interest or pleasure in previously enjoyable activi-
ties (anhedonia), recurrent thoughts of death, and various physical and cognitive 
symptoms. The term “depression,” if not otherwise specified, is used throughout 
this chapter in its broadest sense, including both clinically significant depressive 
symptoms assessed via self-report methods and the clinical diagnosis of MDD as-
certained by psychiatric interviews.

The detrimental impact of depression on public health is due to sequelae that ex-
tend beyond mental health, increasing the risk of somatic diseases, such as cardio-
vascular disease and diabetes (Gold et al. 2020). Accumulating evidence indicates 
that alterations in immuno-metabolic pathways may represent the pathophysiologi-
cal substrate connecting depression with somatic disease, and thus they are a prom-
ising target for intervention. Nevertheless, important research questions remain to 
be fully addressed. These include identifying specific clinical profiles within the 
heterogeneous disorder of depression that are linked to immuno-metabolic dysregu-
lations, elucidating the neurobiological pathways connecting peripheral immuno-
metabolic alterations with specific clinical manifestations, and determining whether 
this knowledge can be harnessed to improve treatment outcomes.

This chapter provides a focused overview of the latest research into the role 
of immuno-metabolic alterations in depression. It adopts the perspective of 
Epidemiology, surveying findings from large-scale cohorts and biobanks to describe 
reliable associations at population level. Recent findings are summarized on the 
association between depression and immuno-metabolic markers, including studies 
using -omics technologies, and different lines of evidence are described that identify 
clinical profiles more strongly connected with immuno-metabolic alterations. The 
potential role of brain circuits involved in energy homeostasis in mediating these 
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associations is discussed, followed by a description of ongoing clinical trials test-
ing targeted treatment add-ons in subsets of depressed patients selected based on 
specific bioclinical profiles. Discussion concludes by highlighting key issues to be 
addressed by future research in this field.

2 Immuno-Metabolic Pathways Regulating Energy Homeostasis

Biological pathways involved in immune function and metabolism interact in a 
signaling system conserved across species (Hotamisligil 2017). Immuno-metabolic 
signals are highly integrated and jointly orchestrate various downstream kinase 
pathways with multisystem effects. For instance, insulin and interleukin-6 (IL-6) 
related pathways co-regulate serum/glucocorticoid-regulated kinase 1 (SGK1) in-
volved in both neural plasticity and cardiac remodeling (Bian et al. 2023).

Here I postulate that dysregulations in immuno-metabolic pathways involved 
in energy homeostasis constitute one module of the composite pathophysiology of 
depression. In this multisystem model (Figure 9.1), the brain acts as a broker allo-
cating a finite energy budget. Immuno-metabolic pathways provide a reading of the 
potential imbalance in energy supply versus demand (metabolic stress) of various 
tissues and organs, leveraging various interoceptive messengers such as hormones 
(e.g., insulin, glucagon-like peptide-1 [GLP-1]), cytokines (e.g., IL-6, tumor necro-
sis factor [TNF]) and adipokines (e.g., leptin, ghrelin). Interoceptive signals reach 
brain hubs, like the hypothalamus and the insula, involved in the integration of a 
range of physiological responses, such as thermoregulation, food intake, energy 
expenditure, and sleep/wakefulness (Adamantidis and De Lecea 2023; Brüning and 
Fenselau 2023). Informed by interoceptive signals on the body metabolic status, the 
brain reshapes the organism priorities by adjusting the salience and reward value 
associated with different stimuli and activities. This readjustment is orchestrated by 
reward/motivational circuits (e.g., ventral striatum) linked to homeostatic hubs and 
sensitive to immuno-metabolic signals (Goldsmith et al. 2023; Kroemer et al. 2022; 
Treadway et al. 2019). The output of the system is congruent physiological and be-
havioral responses aimed at rebalancing energy supply and demand (e.g., reduced 
activity, increased sleep, food intake).

It has been postulated that engagement of immuno-metabolic pathways convey-
ing metabolic stress signals may be a module of the heterogeneous pathophysiol-
ogy of depression (Milaneschi et al. 2020). Dysregulations in immuno-metabolic 
pathways, or in their integration within the central homeostatic hub, may result 
from the cumulative effect of underlying polygenic vulnerabilities and environ-
mental factors such as socioeconomic deprivation, stressful life events, and child-
hood trauma. These factors have been shown to impact immuno-metabolic health 
and other mechanisms of depression. In the context of depression, dysregulated 
immuno-metabolic signaling may trigger dysfunctional behavioral outputs such as 
reduced activity and increased food intake. These behaviors, in turn, may contrib-
ute to metabolic stress, establishing a vicious cycle in which immuno-metabolic 
dysregulations and depressive symptoms sustain each other, creating a detrimental 
downward spiral in health.
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3 Immuno-Metabolic Pathways in Depression

A large body of evidence, including large-scale meta-analyses (Milaneschi et al. 
2019, 2020) that compared depressed persons versus healthy individuals, has re-
vealed altered levels of peripheral markers of inflammation: C-reactive protein 
(CRP), IL-6, TNF, metabolism including adiposity (e.g., body mass index, BMI, 
and visceral fat, waist:hip circumference), metabolic syndrome and lipid profiles 
(e.g., high-density lipoprotein, HDL, and low-density lipoprotein, LDL), triglyc-
erides, and insulin sensitivity. Of note, more recent meta-analyses have shown, in 
addition, higher cerebrospinal fluid (CSF) levels of IL-6 and TNF (Enache et al. 
2019) as well as alterations in the immune cell repertoire (e.g., increased NK and 
T-cell counts) (Foley et al. 2022; Sørensen et al. 2022) in depressed subjects. The 
overall picture that emerges from this literature is that there are immuno-metabolic 
dysregulations in depressed subjects, including subclinical cases identified with 
self-report instruments and patients meeting psychiatric diagnostic criteria. These 
findings follow a dose-response pattern, with the most severe forms associated with 
stronger dysregulations. Overall, meta-analytic associations were of small effect 
and characterized by substantial heterogeneity. This could be because immuno-met-
abolic markers reflect only a portion of a broader pathophysiology and have poor 
specificity, since they can be altered under many different conditions. Alternatively, 
we propose that these findings may be partially explained by the bioclinical hetero-
geneity of depression (Milaneschi et al. 2020; Penninx et al. 2025), as they encom-
pass very different symptom profiles that may represent the expression of different 
underlying pathophysiological processes (see Section 4). Furthermore, in several 
meta-analyses, estimates were substantially similar after adjustment for major so-
ciodemographic, lifestyle, and health-related indicators (e.g., comorbid disease and 
medications), suggesting that the association between immuno-metabolic dysregu-
lations and depression is not entirely explained by these distal factors and may 
rely on partially shared underlying biological pathways. Original studies pooled 
in the previous meta-analyses examined only one or just a few immuno-metabolic 
biomarkers. More recent cohort- and biobank-based research applied a broader 
approach that leveraged high-throughput -omics technologies to explore immuno-
metabolic pathways in depression. Below, these newer findings from genomics and 
metabolomics are briefly summarized.

3.1 Genomic Evidence

A series of genome-wide association studies (GWAS), based on increasingly larger 
samples, have successfully started to unravel the complex genetic bases of depres-
sion (Howard et al. 2019; Levey et al. 2021; Wray et al. 2018). At the time of writ-
ing, the latest iteration from the Psychiatric Genomics Consortium (PGC) analyzed 
more than 680,000 cases with depression (based on MDD diagnosis or self-declared 
depression) and more than 4,000,000 healthy controls, and has identified 697 genetic 
variants spanning 635 genetic loci (Major Depressive Disorder Working Group of 
the Psychiatric Genomics Consortium 2025). This highly polygenic architecture has 
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been consistently shown to be partially overlapping with that of immuno-metabolic 
traits. Different studies showed statistically significant genetic correlation estimates 
(rg) of small effect (rg ~0.1–0.2) between various measures of depression and traits, 
such as BMI, waist circumference, HDL and LDL cholesterol, fasting glucose, and 
CRP (Howard et al. 2019; Levey et al. 2021; Meng et al. 2024). This data suggests 
that a partially common genetic base influences both depression and immuno-met-
abolic traits.

Genomics further provided unique opportunities to investigate causality between 
traits applying new statistical tools, such as Mendelian randomization (MR), to sum-
mary-level data obtained from GWAS. MR is a technique that infers causality by 
leveraging genetic variants as proxy instruments, which are less likely to be related 
to confounders and not reversely affected by the phenotype. Applying MR, previous 
studies showed that genetically predicted levels of traits, such as adiposity indexes 
(e.g., BMI, waist circumference, body fat composition), triglycerides, and IL-6, 
were associated with increased odds of depression (Khandaker et al. 2020; Perry 
et al. 2021; Speed et al. 2019; Tyrrell et al. 2019). This suggests that higher levels 
of these markers, or the mechanism translating genetic variation to higher levels of 
such markers, are potentially involved causally in the development of depression. 
Meng et al. (2024) found evidence in the opposite causal direction: depression li-
ability was associated with immuno-metabolic outcomes such as increased BMI, 
triglycerides, and CRP. In another recent MR study, Milaneschi et al. (2022) iden-
tified a potential causal role in depression onset for alterations in the metabolism 
of acylcarnitines, biogenic compounds involved in mitochondrial β-oxidation of 
fatty acids. A recent study by Montanari et al. (2025) examined whether the rela-
tionship between acylcarnitines and depression, predicted from previous genomic-
based MR analyses, were expressed in the actual phenotypes that were measured in 
~2,500 subjects from the NESDA (Netherlands Study of Depression and Anxiety) 
cohort. Findings confirmed the genomic predictions by showing, for instance, that 
low levels of acetylcarnitine (a downstream product of mitochondrial beta-oxida-
tion of long-chain fatty acids) were linked to increased likelihood of MDD. These 
results align with recent molecular and cellular findings, highlighting the involve-
ment of mitochondrial/bioenergetics and redox dysregulation in psychiatry (Dwir 
et al. 2023; Khadimallah et al. 2022; Kim et al. 2017). Increasingly, bioenergetic 
processes and mitochondrial dysfunction have been suggested to be a potential key 
pathophysiological mechanism linking depression to immuno-metabolic alterations 
(e.g., heightened inflammation and insulin resistance) as well as to cardiometabolic 
diseases. More recently, a large MR study (Bhattacharyya et al. 2025) combined 
data from two proteomic platforms that measured more than 3,000 proteins in 
~35,000 subjects from UK Biobank and another ~35,000 subjects from deCODE 
Genetics in Iceland. Findings identified the potential causal role of multiple proteins 
largely shared across four phenotypes: MDD, bipolar disorder, schizophrenia, and 
cognitive task performance. Many of the identified proteins were related to immune 
functioning pathways, including interleukins, toll-like receptors, and complement 
factors. The strongest individual signal associated with increased risk of MDD and 
poorer cognition was IL23R, the receptor of cytokine IL23 involved in inflamma-
tory responses in a variety of target organs. Other top associations for MDD in-
cluded neuronal growth regulator 1 (NEGR1), expressed in one of the genomic loci 
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most consistently associated with depression across all previous GWAS. NEGR1 
modulates synaptic plasticity in brain areas crucial for mood and appetite regula-
tion, such as the hypothalamus, where its expression is influenced by endocrine 
homeostatic signals (e.g., leptin, the hormone secreted by white adipose tissue that 
exerts a primary homeostatic function by suppressing nutritional intake and allow-
ing energy expenditure). Studies combining genomics with another layer of -omics 
data consistently showed immune molecular signatures for psychiatric disorders. 
Lynall et al. (2022) integrated GWAS summary-level data from the cross-disorder 
analyses of PGC with different datasets, indexing epigenetic regulatory elements 
linked to histone modification. Their study showed that depression and schizophre-
nia genetic variants were enriched at epigenetically active sites in brain and T cells.

It is extremely important to note that the overwhelming majority of the dis-
cussed genomic analyses have been performed in samples of European ancestry, 
which is to date the most (over-)represented population in GWAS. As shown by 
Giannakopoulou et al. (2021) and Meng et al. (2024), genetic risk variants for 
depression have limited transferability across populations of different ancestries. 
Interestingly, Meng et al. (2024) and O’Loughlin et al. (2023) have also shown that 
the relationship between genetic risk for depression and BMI is reversed in a sample 
of East-Asian ancestry, with negative genetic correlation (rg –0.2) and a seemingly 
protective effect of genetically predicted BMI levels on depression risk in MR anal-
yses. Thus, results from genetic risk factors should be carefully appraised and take 
into consideration important environmental and sociocultural differences. Ongoing 
multi-ancestry studies will be crucial to derive a more representative picture of the 
underlying genetic architecture of depression and its relationship with immuno-
metabolic pathways.

3.2 Metabolomic Signature of Depression

Metabolomics enables a comprehensive analysis of a wide array of metabolites in 
a biological system, providing a snapshot of the dynamic changes that occur in an 
organism at the crossroads between genetic and environmental influences. Only 
recently has metabolomics been applied at scale using high-throughput platforms 
in epidemiological studies on depression. In the first study, which used the lipid-
targeting Nightingale Health platform in 5,283 depressed cases and 10,145 healthy 
individuals, Bot et al. (2020) showed that depression is associated with a distinctive 
“immuno-metabolic” signature. This signature is characterized by higher levels of 
glycoprotein acetyls (a novel biomarker of systemic chronic inflammation index-
ing concentration and glycosylation of several acute phase proteins), isoleucine (a 
branched-chain amino acid implicated in the etiology of insulin resistance, diabe-
tes, and obesity), triglycerides, very-low-density lipoproteins (VLDLs), and a lower 
level of high-density lipoproteins (HDLs). Associations were largely independent 
of age, gender, fasting status, use of lipid-modifying drugs, and smoking; they 
were also generally consistent across gender, age, and BMI strata. This biological 
signature overlaps with that identified by Ahola-Olli et al. (2019), using the same 
metabolomic platform in cardiometabolic conditions. In later studies that used the 
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Nightingale Health data measured in UK Biobank and various definitions of de-
pression (from ~50,000 participants), Amin et al. (2023) and Julkunen et al. (2023) 
confirmed the previous metabolomic signature and identified altered levels of me-
tabolites involved in mitochondrial functioning (e.g., alanine, citrate, pyruvate, and 
fatty acids). More recent studies have started to apply untargeted platforms such as 
Metabolon, which covers a larger proportion of the metabolome and encompasses 
a wider range of biochemical processes. A pooled analysis by van der Spek et al. 
(2023) of population-based cohorts (N ~18,000) showed that self-reported depres-
sive symptoms measured with different questionnaires were associated with various 
lipids and other metabolites from amino acid, carbohydrates, cofactors, vitamins, 
and xenobiotic pathways. In a more recent study, Jansen et al. (2023) leveraged data 
from the NESDA cohort (N = 2,770) with extensive clinical phenotyping, including 
MDD psychiatric diagnosis and measurement of the Metabolon platform at two as-
sessment waves. Findings identified a consistent metabolome-wide signature char-
acterized by alterations in lipids involved in homeostatic processes, with downregu-
lation of long-chain monounsaturated and saturated fatty acids and upregulation of 
lysophospholipids. Associations were substantially independent of sex, age, educa-
tion, physical activity, smoking status, alcohol use, number of chronic diseases, 
BMI, and use of lipid-lowering medications. Of note, the classes of lipids identi-
fied in this study participate in important biological functions, including immunity, 
energy homeostasis, and brain development. Overall, accumulating evidence from 
large-scale epidemiological studies using -omics technologies supports the involve-
ment of immuno-metabolic pathways in the pathophysiology of depression across 
multiple biological levels, from genetics to metabolomics

4 Immuno-Metabolic Pathways and Depression Heterogeneity

Depression is highly heterogenous. Patients within the same diagnostic category 
may endorse very different symptom profiles which, in turn, may represent the 
expression of different underlying pathophysiological processes. Thus, immuno-
metabolic dysregulations may not be universally associated with all clinical mani-
festations of depression but rather more strongly correlated with specific clinical 
profiles.

Previous meta-analyses showed that subjects with MDD exhibit, on average, 
higher circulating inflammatory markers compared to healthy controls; neverthe-
less, elevated levels of inflammatory markers are reported only in a subset of pa-
tients with MDD. Pooling data from > 13,000 individuals with depression, a recent 
meta-analysis showed that low-grade inflammation—defined by circulating CRP > 3 
mg/L (suggestive of high cardiovascular risk according to the Centers for Disease 
Control and Prevention and the American Heart Association)—was present in only 
27% of the subjects (Osimo et al. 2019). This prevalence was independent from 
sample type (inpatients, outpatients, or population-based), antidepressant use, age, 
BMI, and ethnicity. Even after adopting a lower cutoff (CRP > 1 mg/L) to capture 
intermediate cardiovascular risk as well, evidence of inflammatory activation was 
found in only a subset (58%) of subjects. Studies have started to examine at scale 
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the associations between immuno-metabolic biomarkers and individual symptoms 
of depression. Figure 9.2 reports the top nine associations with circulating CRP that 
were identified in two epidemiological studies: the first study examined ~150,000 
UK Biobank participants and ~3,000 subjects from the NESDA cohort with ~7,000 
repeated observations (Milaneschi et al. 2021a); the second analyzed > 56,000 in-
dividuals from 15 population-based studies from the United Kingdom, the United 
States, Mexico, Costa Rica, and Taiwan (Frank et al. 2021). Despite the very differ-
ent samples and instruments adopted in these two studies, findings converged sub-
stantially to identify a similar set of CRP-associated symptom domains, including 
neurovegetative dysregulations (appetite and sleep), lack of energy and fatigue, and 
motivational impairments (anhedonia).

In both studies, alteration in appetite (increase or decrease) was the symptom 
most strongly associated with CRP levels (Figure 9.2). Dysregulation of neurovege-
tative functions of appetite, weight, and sleep were shown to identify a more homog-
enous dimension across various clinical manifestations of depression (Milaneschi 
et al. 2020). Recently, van Loo et al. (2022) examined the factor structure of MDD 
symptoms in ~43,000 subjects with a lifetime diagnosis. Their analyses identified 
two distinct somatic dimensions of appetite/weight and sleep problems with distinc-
tive patterns of associations with covariates, in particular a stronger association with 
BMI. This clustering of neurovegetative features identified at the phenotypic level 
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Figure 9.2 Associations between C-reactive protein levels and individual depressive symptoms 
found in two large-scale epidemiological studies: Milanschi et al. (2021a) and Frank et al. (2021). 
Associations were adjusted for sociodemographic, lifestyle, and health-related covariates.
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map onto the underlying genetic level. An earlier study by Kendler et al. (2013) 
applied multivariate analyses to MDD symptoms, assessed in ~7,500 twins, and 
identified three main independent genetic factors that reflected cognitive/psycho-
motor, mood, and neurovegetative symptoms. The neurovegetative factor was char-
acterized by high loadings from symptoms of appetite/weight, sleep alterations, and 
fatigue. A similar tripartite genetic structure was recently confirmed using genotype 
and MDD symptom data from ~100,000 participants in the UK Biobank (Huang 
et al. 2023). Application of genomic structural equation models (GenomicSEM) 
identified a cognitive/psychomotor, mood factor, and a neurovegetative factor char-
acterized by symptoms of alterations in appetite/weight and sleep. Consistent find-
ings by Adams et al. (2024) emerged from data of six large-scale cohorts and bio-
banks: PGC (N ~13,000), the Australian Genetics Depression Study (N ~21,000), 
the Generation Scotland: Scottish Family Health Study (N ~3,500), the Avon 
Longitudinal Study of Parents and Children (N ~14,000), the Estonian Biobank 
(N ~84,000), and the UK Biobank (N up to ~220,000). Based on GenomicSEM, 
analyses identified a best-fitting model that included a distinct factor for symptoms 
related to alterations in appetite/weight.

Neurovegetative symptoms of appetite, weight, and sleep included among diag-
nostic criteria for MDD may vary in opposite directions. During a depressive epi-
sode, patients may exhibit a loss of appetite and sleep, as is typically observed in the 
majority of cases in clinical settings. However, a subgroup of patients show instead 
“reversed” neurovegetative symptoms of increased appetite (and weight) and sleep. 
Such a “reversed” pattern, historically included in the atypical depression construct, 
emerged from a series psychopharmacological studies in the 1960s and was later 
integrated into the DSM Atypical Depression specifier. Overviews of the develop-
ment of such construct and criticism of its validity have been published (Davidson 
and Thase 2007; Thase 2009). Large epidemiological studies often lack granular 
information on the specific direction of alteration in neurovegetative symptoms, 
because the majority of assessment instruments deployed conflate increased and 
decreased changes in single items (e.g., the items assess generic change in appetite 
rather than specific appetite increase or decrease). Consistent evidence from previ-
ous epidemiological studies that examined different immuno-metabolic parameters 
(including abdominal obesity, circulating levels of glucose, insulin, pro-inflamma-
tory cytokines, and leptin) showed that strong associations emerged when control 
subjects were contrasted with patients who expressed symptoms of the atypical 
spectrum (Milaneschi et al. 2020). These associations reflect altered energy intake/
expenditure balance, including the reversed neurovegetative symptoms of increased 
appetite, weight, and sleep together with fatigue and leaden paralysis (i.e., the feel-
ing that limbs are weighed down). In contrast, associations with immuno-metabolic 
parameters were relatively weaker when all patients with an MDD diagnosis or 
other symptom profiles were considered. Consistent with this, a recent study on 
~2,800 subjects from the NEDA cohort (de Kluiver et al. 2023) showed that the me-
tabolomic signature (higher levels of glycoprotein acetyls, isoleucine, triglycerides, 
VLDLs, and lower lever of HDLs) of overall depression, previously identified in a 
large-scale meta-analysis using the Nightingale Health platform (Bot et al. 2020), 
was mainly driven by a specific symptom profile labeled “atypical, energy-related 
symptoms,” including hyperphagia, hypersomnia, weight gain, fatigue, and leaden 
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paralysis. Similarly, findings from a study based on NESDA data (Montanari et al. 
2025) showed that the association between alterations in acylcarnitines involved 
in mitochondrial energy production and depression was specifically driven by this 
symptom profile. Highly convergent results have been obtained in studies using 
data-driven clustering methodologies. Previous research (Alshehri et al. 2023b), 
which involved 1,094 subjects with MDD from NESDA, clustered data from 149 
metabolites of the Nightingale Health platform and 30 individual depressive symp-
toms using canonical correlation analyses. This method identified two main covari-
ance dimensions, one of which showed relatively higher loadings for symptoms 
such as increased sleep, increased appetite, and low energy levels. In an indepen-
dent replication sample of over 6,000 subjects from the Netherlands Epidemiology 
of Obesity (NEO) study, this dimension was associated with well-known cardio-
metabolic risk markers, including higher visceral adipose tissue, indices of insulin 
resistance, and lower HDL cholesterol.

The specificity of the connection between immuno-metabolic dysregulations and 
certain symptom profiles has also been detected at the genomic level. Findings from 
two independent studies from the PGC (N ~26,000; Milaneschi et al. 2017) and UK 
Biobank (N ~30,000; Badini et al. 2022) were consistent: only MDD cases that ex-
pressed, respectively, an increase in appetite and weight and an increase in sleep 
and weight during their index major depressive episode carried a higher number of 
genetic risk variants for immuno-metabolic traits like CRP, BMI, leptin triglycer-
ides, and coronary artery disease. Such an increase in immuno-metabolic genetic 
risk was not observed in MDD cases that expressed an opposite pattern of alterations 
(decrease during index major depressive episode) of neurovegetative symptoms and 
was substantially diluted when all MDD cases were considered together. Overall, 
these findings indicate that depressed subjects who express reversed neurovegeta-
tive symptoms have a specific genetic predisposition to develop immuno-metabolic 
dysregulations.

Only a limited number of large-scale studies have systematically examined the 
association between markers of metabolic health and individual symptoms of de-
pression. A recent meta-analysis pooled data from 15 population-based cohorts, 
comprising 57,532 individuals, and showed that BMI was more strongly associ-
ated with lack of energy and motivation (Frank et al. 2022). A portion of these 
specific associations was explained by elevated CRP and obesity-related diseases. 
In an earlier work based on ~6,600 subjects from the NEO study, Alshehri et al. 
(2019) examined the association between individual depressive symptoms and four 
overall and abdominal adiposity measures: BMI, total body fat, waist circumfer-
ence, and visceral adipose tissue. Across these four measures, the most consistent 
and strongly associated symptoms were increased appetite, leaden paralysis, and 
lack of energy. In a follow-up study, Alshehri et al. (2023a) combined data from the 
NEO (N ~5,700) and NESDA (N ~2,200) cohorts and leveraged genomics to dis-
sociate the effect of adiposity (body fat percentage) from that of metabolic dysregu-
lations (e.g., dyslipidemia). They found that the previously identified symptoms of 
increased appetite, leaden paralysis, and lack of energy were linked solely to high 
genetic risk for increased body fat with metabolic dysregulations, not to high ge-
netic risk of increased body fat without metabolic dysregulations. Thus, metabolic 
alterations may represent the underlying shared mechanism that connects adiposity 
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to specific behavioral symptoms included among depression clinical manifestation. 
This conclusion is consistent with findings from other genomics studies (Badini et 
al. 2022; Milaneschi et al. 2017, 2021b) that leveraged large-scale GWAS datasets 
to show that genetic risk variants for mechanisms underlying metabolic alterations 
(e.g., BMI, leptin, tryglicerides) are specifically enriched in MDD patients exhibit-
ing reversed neurovegetative symptoms. MR analyses further supported evidence 
of causality for this metabolic mechanism in the development of specific symptoms, 
such as hyperphagia, during a major depressive episode (Pistis et al. 2021).

Overall, two main research lines have emerged from the investigation of de-
pression heterogeneity in relation to immuno-metabolic dysregulations. The first 
emerged within the established tradition of studies on sickness behavior that ex-
amined the impact of inflammation on depression, with a particular focus on clini-
cal symptoms of motivational impairment, anhedonia, and anergia (Miller and 
Raison 2016). The second focused more on the set of “atypical, energy-related 
symptoms,” including hyperphagia, hypersomnia, weight gain, fatigue, and leaden 
paralysis (Milaneschi et al. 2020). The specific association of this type of atypical-
like depressive symptoms with inflammatory and metabolic dysregulations has 
been postulated to identify a dimension labeled “immuno-metabolic depression” 
(Milaneschi et al. 2020; Penninx et al. 2025), which maps the degree of expression 
of behavioral and biological processes overlapping with those in cardiometabolic 
phenotypes. Despite focusing on partially different clinical manifestations, these 
research lines suggest convergent mechanisms on neurobiological pathways related 
to energy homeostatic regulation.

5 Immuno-Metabolic Pathways and Brain Homeostatic Regulation

The specific clustering between behavioral symptoms characterized by altered en-
ergy input–output balance (e.g., fatigue, increased appetite, anhedonia) with mark-
ers of immuno-metabolic pathways points toward the engagement of neural circuits 
coordinating homeostatic regulation. At the center of these circuits are brain hubs, 
such as the hypothalamus and the insula, that are involved in the integration of pe-
ripheral, environmental, and neural signals, and which influence a range of physi-
ological and behavioral responses, such as thermoregulation, food intake, energy 
expenditure, and sleep/wakefulness (Adamantidis and De Lecea 2023; Brüning and 
Fenselau 2023). Central homeostatic hubs are targeted by humoral signals from 
the interoceptive system communicating bodily physiological states to the brain. 
Neuroendocrine messengers like leptin, insulin, ghrelin, and GLP-1 provide a read-
ing of the body energy status to the hypothalamus, whose neural circuits orchestrate 
physiological and behavioral responses (e.g., modulation of appetite) aimed at con-
trolling energy balance and metabolism. Consistent with this function, alterations in 
leptin central signaling (due to impaired leptin transport across the blood-brain bar-
rier, reduced function of leptin receptors, and defects in leptin signal transduction) 
shift energy balance from expenditure to accumulation by, for instance, disinhibiting 
feeding (van der Klaauw and Farooqi 2015). In humans, loss-of-function mutations 
in genes that encode leptin or melanocortin-4 receptors present in the hypothalamus 
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result in rare forms of obesity characterized by severe hyperphagia (Farooqi et al. 
2003; Farooqi et al. 2007). Similarly, disruption of insulin signaling in the hypo-
thalamus and the insula may enhance physiological and behavioral responses (i.e., 
hyperphagia) aimed at increasing energy intake (Obici et al. 2002). An observational 
study by Simmons et al. (2020) showed that among 54 patients with a current MDD 
diagnosis, those reporting an increase in appetite during the current major depres-
sive episode, compared to other patients and healthy individuals, had significantly 
different levels of a wide array of immuno-metabolic biomarkers, including higher 
leptin, insulin, insulin resistance, CRP, and IL-6, and lower ghrelin. Furthermore, the 
magnitude of their insulin resistance correlated positively with the insula response to 
food cues registered during functional magnetic resonance imaging (fMRI).

In addition, interoceptive pathways play a critical role in receiving peripheral im-
muno-inflammatory signals that communicate the body immune state, thus enabling 
the brain to adopt congruent energy-saving behavioral responses. Using an experi-
mental medicine approach, previous studies in humans have shown that inflamma-
tory challenges (e.g., administration of vaccines or lipopolysaccharides) produce 
behavioral symptoms, such as fatigue and sleepiness, at an intensity proportional 
to the degree of the elicited inflammatory response (Harrison et al. 2009; Lasselin 
et al. 2020). Interestingly, across various studies, increased activity in the insula 
has been consistently identified as the potential mediating neurocircuit (Savitz and 
Harrison 2018).

Brain homeostatic hubs that receive peripheral endocrine and immune interocep-
tive signals are tightly coupled to dopaminergic corticostriatal neurocircuitries that 
modulate reward sensitivity and hedonic sensing of various stimuli. Previous ex-
perimental neuroimaging studies have also shown an effect of inflammatory stimuli 
on motivational (e.g., anhedonia) and motor impairments in depression, mediated 
mainly by alterations in activation in the ventral striatum (Felger and Treadway 
2017). More recently, neuroimaging studies that have examined resting-state func-
tional connectivity (rsFC) have shown consistent associations between levels of in-
flammatory markers, dysconnectivity in motivational circuits, and symptoms such 
as anhedonia (Goldsmith et al. 2023).

The impact of immune activation on brain areas governing homeostatic process-
ing is consistent with the concept of sickness behavior, an inflammation-triggered 
repertoire of illness-related behaviors (fatigue, malaise, sleep and appetite altera-
tions, reduced motivation) shaped by evolution to divert energy from externally 
oriented activities to fight infection and promote wound healing. In this context, 
the impact of immune-related signals on reward/motivation neural pathways is in-
terpreted as an adaptive behavioral mechanism aimed at saving energy. Consistent 
with this notion, Treadway et al. (2019) have shown that the impact of immuno-
metabolic signaling on motivational outcomes such as anhedonia is mainly due to 
impairment in appetitive (energy effort and motivational vigor) rather than consum-
matory (perceived reward value) processes.

Intriguingly, immune-related mechanisms may interact and disrupt other intero-
ceptive signaling pathways. For instance, inflammation favors the development of 
leptin and insulin central resistance by crippling the functionality of their recep-
tors in the hypothalamus and insula (Cui et al. 2017), consequently enhancing ho-
meostatic dysregulation via increased caloric intake (i.e., overeating) and reduced 
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energy expenditure. For this reason, central hypothalamic inflammation is postu-
lated to be a key mechanism for the development and maintenance of obesity-re-
lated metabolic diseases such as type 2 diabetes (Jais and Brüning 2017).

The complex interplay between inflammation, interoception, motivation, and 
behavioral symptoms has been elegantly captured by Cosgrove et al. (2020), who 
examined 64 subjects (31 unmedicated subjects with current MDD and 33 healthy 
controls) with measures of CRP and completed fMRI scans in which they rated the 
perceived pleasantness of various food stimuli. Compared to healthy controls, the 
MDD subjects showed a stronger positive correlation between circulating CRP and 
the coupling between activation in the striatum and food hedonic ratings, consistent 
with the notion of the influence of inflammation on reward circuitry in depression. 
Intriguingly, as compared to all other subjects, the MDD subjects who expressed 
appetite increase during their current major depressive episode showed a specific 
pattern of results: higher CRP was correlated to (a) stronger coupling between food 
hedonic rating and activation in the anterior insula, a region involved in salience 
processing, and (b) weaker coupling between food hedonic rating and activation of 
mid-posterior insula, regions primarily implicated in interoceptive reading of the 
body’s homeostatic state. Cosgrove et al. interpreted this divergent pattern of results 
to indicate a potential role for neurobiological mechanisms to play in depressed 
subjects developing increased appetite during an acute episode, in whom a pro-
inflammatory activation may impair the ability to integrate interoceptive signals 
effectively with salience evaluation of food stimuli. Another example of disconnec-
tion between interoceptive and motivational brain circuits in relation to a specific 
symptom has been shown in recent analyses (Kroemer et al. 2022) based on more 
than 800 subjects from the Marburg-Münster FOR 2107 Affective Disorder Cohort 
Study. Kroemer et al. examined the pattern of rsFC centered on the nucleus ac-
cumbens (NAcc), a reward processing area located in the ventral striatum. Results 
showed that among subjects with MDD, reduced NAcc-based rsFC to the insular 
ingestive cortex (involved in chemosensation necessary to control feeding behav-
ior) was associated with increased appetite. These results suggest that the symptom 
(e.g., increased appetite) may emerge from a disconnect between the system that 
reads the current body energy availability (e.g., the insula receiving information 
from neuroendocrine peripheral messengers) and the system that evaluates the sa-
lience of the energy source (e.g., dopaminergic corticostriatal neurocircuitries). 

In conclusion, transdiagnostic behavioral symptoms correlated with immuno-
metabolic pathways, characterized by altered energy intake/output balance (e.g., 
fatigue, sleep alterations, increased appetite, anhedonia), are linked to brain centers 
that coordinate homeostasis (e.g., hypothalamus, insula) at the interface of intero-
ceptive and motivational neurocircuitries. In this context, specific clinical symp-
toms may be postulated as emergent from disruptions in the processing and integra-
tion of signals in this complex system. Immuno-metabolic dysregulations have a 
key role in regulating and disrupting the activities of brain homeostatic neurocir-
cuitries, reading body energy levels and allocating them to salient tasks. In this way, 
brain homeostatic neurocircuitries may represent the mediating substrate between 
peripheral immuno-metabolic dysregulations and specific behavioral transdiagnos-
tic symptoms such as fatigue, increased appetite, and anhedonia.
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6 A New Generation of Clinical Studies Targeting Immuno-Metabolic 
Pathways in Selected Patients

Immuno-metabolic dysregulations have been linked to poorer treatment re-
sponse and a more chronic course of depression (Arteaga-Henríquez et al. 2019; 
Strawbridge et al. 2015; Vogelzangs et al. 2014). Emerging knowledge on the po-
tential pathophysiological role of immuno-metabolic dysregulations for the devel-
opment of specific clinical manifestations of depression stimulated the development 
of a new generation of clinical trials, which are testing treatment add-ons targeting 
immuno-metabolic pathways in subsets of depressed patients selected based on spe-
cific bioclinical profiles.

The majority of these new trials selected inflammation as a target for the add-on 
treatment in depression. This choice was based on promising results from meta-
analyses in subjects with depression or somatic conditions, which showed a signifi-
cant clinical effect on depressive symptoms of anti-inflammatory medications such 
as cytokine inhibitors, nonsteroidal anti-inflammatory drugs (NSAIDs), minocy-
cline, and statins (Kappelmann et al. 2018; Köhler-Forsberg et al. 2019; Wittenberg 
et al. 2020). It is important to note that the databases pooled for the meta-analyses 
were composed of very heterogeneous sets of small-sample clinical studies with 
substantial risk of bias. More recent trials with larger samples did not confirm evi-
dence of clinical efficacy for anti-inflammatory add-on in subjects with MDD.

The MinoTRD trial, including 173 MDD patients without sufficient response 
to antidepressants, did not show a significant statistical difference in depressive 
symptoms over a six-week follow-up between the group randomized to 200 mg/d 
minocycline add-on and the placebo add-on group (Hellmann-Regen et al. 2022). 
Similar negative results were also reported by Husain et al. (2020) for 266 subjects 
with bipolar depression randomized to treatment add-on with placebo, minocycline, 
and celecoxib (a first-line cox-2 inhibitor NSAID used in osteoarthritis and rheu-
matoid arthritis). Similarly, six weeks of vortioxetine augmented with 400 mg/d of 
celecoxib did not show superior clinical efficacy as compared to placebo add-on in 
119 subjects with MDD from the PREDDICT study (Baune et al. 2021).

Interestingly, the PREDDICT trial was originally designed to stratify subjects 
into two pools, according to circulating CRP lower or higher than 3 mg/l (indica-
tive of low-grade inflammation), and to perform randomization within each strata 
(Fourrier et al. 2018). This choice was consistent with previous empirical evidence 
derived from secondary reanalysis of an existing trial (Raison et al. 2013) and with 
the expectation that the potential clinical effect of anti-inflammatory medication 
could be magnified in the subset of MDD patients with signs of active inflam-
mation. Unfortunately, the PREDDICT study was unable to perform the planned 
within-strata randomization due to difficulties in recruitment of subjects with high 
CRP. The originally planned approach would have overcome a major limitation of 
previous anti-inflammatory add-on trials in depression: the lack of selection of the 
relevant subject subgroup, those with clear engagement of the immune system.

More recently, studies have started to deploy selection criteria in an attempt to 
capture only subgroups of depressed subjects with active inflammatory processes. 
In one of the first studies by McIntyre et al. (2019), participants with bipolar de-
pression were selected based on a wide array of biochemical and/or phenotypic 
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indexes of inflammatory activation, including among others CRP ≥ 5 mg/l, dys-
lipidemia, obesity, diabetes, rheumatologic disorders, migraine, and daily smok-
ing. Treatment (N = 28) with three infusions of infliximab (a monoclonal antibody 
neutralizing TNF pro-inflammatory signal) over 12 weeks did not produce sig-
nificantly reduced depressive symptoms, as compared to placebo (N = 30). Several 
limitations for the appraisal of the findings were highlighted by Berk et al. (2019), 
including the limited sample size and the broad heterogeneity of the selection cri-
teria pragmatically adopted to ensure a feasible recruitment. In the MINDEP trial, 
Nettis et al. (2021) randomized MDD patients with CRP ≥ 1 mg/l to add-on treat-
ment with 200 mg/d minocycline (N = 18) versus placebo (N = 21) and found no 
significant differences when comparing four-week change in depressive symptoms 
across treatment groups. However, a secondary analyses that stratified subjects for 
CRP levels lower or higher than 3 mg/l showed the largest reduction in depressive 
symptoms in the group with high CRP receiving minocycline, as compared to pa-
tients with low CRP on minocycline and those on placebo.

Overall, previous clinical trials that aimed to target inflammation as an add-on 
strategy to improve depression outcomes were largely unsuccessful. Miller and 
Raison (2023) propose that one potential reason for these clinical failures is the 
lack of appropriate selection of depressed patients with bioclinical profiles, indi-
cating a clear engagement of inflammatory pathways. Using substantially larger 
samples, a new generation of ongoing clinical trials is currently underway to test 
the possibility of whether subsets of depressed subjects can be selected, based on 
bioclinical profiles that are consistently associated with immuno-metabolic dys-
regulations, to match patients with targeted anti-inflammatory add-on therapies. 
The main features of these studies are summarized in Table 9.1. In all studies, 
patients with a current MDD diagnosis who are undergoing standard first-line an-
tidepressant treatments are additionally screened for

• specific biological features, such as CRP ≥ 3 mg/l (INSTA-MD, expected 
N = 120) or BMI ≥ 30 kg/m2 (SIMCODE, expected N = 160) (Otte et al.

• a combination of biological parameters and clinical features, such as
CRP ≥ 3 mg/l, and (a) high endorsement of symptoms such as lack of plea-
sure, loss of energy, changes in sleep and appetite, concentration difficulty, 
tiredness or fatigue, and loss of interest in sex (INSIGHT, expected N = 50) 
(Khandaker et al. 2018) or CRP ≥ 1 mg/l and (b) high endorsement of atypi-
cal energy-related symptoms, such as increased appetite, sleep and weight, 
fatigue and leaden paralysis (INFLAMED, expected N = 140) (Zwiep et al. 
2023).

Follow-ups from four to twelve weeks test the efficacy of augmentation of standard 
treatment for depression with celecoxib (INFLAMED and INSTA-MD), minocy-
cline (INSTA-MD), tocilizumab (INSIGHT), and simvastatin (SIMCODE).

Results from these new studies will provide key insights on the validity of this 
“stratified approach” to enhance the efficacy of anti-inflammatory add-on treatments 
for depression. Alternatively, if these clinical studies are unsuccessful, we should 
thoroughly reconsider the most efficient candidate disease mechanism to target. 
Inflammation is just one pathway involved in bioenergetic processes. Inflammatory 
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Table 9.1 Ongoing targeted add-on treatment trials for selected patients. CRP, C-reactive pro-
tein; BMI, body mass index.

Study Country Selection Criteria Add-On 
Treatment

Total N 
(est.)

Registry ID

INSIGHT UK Somatic symptoms a 
and CRP ≥ 3 mg/l b

Tocilizumab  
(8 mg/kg)

100 ISRCTN16942542

SIMCODE Germany BMI ≥ 30 kg/m2 Simvastatin  
(40 mg/d)

160 NCT04301271

INFLAMED Netherlands Atypical/energy-
related symptoms c 
and CRP ≥ 31 mg/l

Celecoxib  
(400 mg/d)

140 NCT05415397

INSTA-MD Belgium CRP ≥ 3 mg/l d Celecoxib  
(400 mg/d)
Minocycline  
(200 mg/d)

240 NCT05644301

a Lack of pleasure, loss of energy, changes in sleep and appetite, concentration difficulty, tiredness 
or fatigue, and loss of interest in sex; instrument: Beck Depression Inventory (BDI-II)

b  The study will enroll but not randomize to treatment subjects with CRP < 3 mg/l
c  Atypical/energy-related symptoms: increased appetite, sleep and weight, fatigue and leaden pa-

ralysis; instrument: Inventory of Depressive Symptomatology Self-Report 30 items (IDS-SR30)
d  The study will enroll and randomize to treatment subjects with CRP < 3 mg/l

markers like cytokines have broader functions beyond direct host defense; they are 
produced by multiple (nonimmune) cells, and their receptors are expressed in vari-
ous tissues, including key energy-sensing structures within the brain (Medzhitov 
2008; Uhlén et al. 2015). In this perspective, consistent with the model presented in 
Figure 9.1, cytokines act as messengers of metabolic stress in concert with other in-
teroceptive signals (e.g., hormones and adipokines). Thus, developing and deploy-
ing interventions that target the sources of metabolic stress may represent a more 
effective treatment strategy and should be explored further through future research.

7 Research and Translational Perspectives

In this chapter, I have described different lines of evidence that identify relevant im-
muno-metabolic alterations in depression and their specific connection with clinical 
symptoms, characterized by altered energy intake/output balance (e.g., fatigue, in-
creased appetite, anhedonia). Also discussed was how this specific connection may 
be mediated by brain neurocircuitries involved in energy homeostasis interfacing 
interoception and motivation, and how the knowledge of this specific connection 
is shaping the development of new clinical studies. Nevertheless, several issues 
remain to be addressed by future research.

It is important to adopt a transdiagnostic perspective that extends beyond depres-
sion. I propose that the energy homeostasis circuit depicted in Table 9.1 represents 
one of the multiple modules in which the complex and heterogeneous pathophysi-
ology of depression could be decomposed. Alterations of this module may also be 
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present in other psychiatric and somatic conditions that share similar clinical and 
biological profiles. The profile of symptoms identified is rather transdiagnostic and 
overlaps with other nosologic categories (e.g., atypical neurovegetative symptoms 
in bipolar disorder or anhedonia in psychosis) that have been previously shown to 
be characterized by alteration in markers of immuno-metabolic pathways. The ex-
amination of the transdiagnostic bioclinical clustering described here is consistent 
with the conceptual framework of the Research Domain Criteria (RDoC) (Cuthbert 
2022), in which biology-based multilevel dimensions cut through diagnostic cat-
egories. Thus, it should extend not only to other psychiatric disorders but also to 
somatic conditions such as obesity, diabetes, cardiovascular disease, or neurodegen-
erative diseases.

The immuno-metabolic dysregulations discussed here, however, cover only a 
portion of the potential pathophysiological pathways involved in energy homeosta-
sis. As described above, converging genetic (Milaneschi et al. 2022) and phenotypic 
(Montanari et al. 2025) evidence of alterations in depression involving the metabo-
lism of acylcarnitines in mitochondrial fatty-acid oxidation suggest key involvement 
of altered bioenergetic mechanisms and mitochondrial dysfunctions, and deserve 
further investigation. This is consistent with recent molecular and cellular findings 
that support the involvement of mitochondrial/bioenergetics and redox dysregula-
tion in psychiatry (Dwir et al. 2023; Khadimallah et al. 2022; Kim et al. 2017).

Furthermore, future research is needed to delineate causal connections in the 
complex network of associations between immuno-metabolic dysregulations, neu-
ral pathways, and specific symptoms. As described here, genetically informed tech-
niques such as Mendelian randomization have been successfully applied for this 
purpose. Nevertheless, to properly disentangle causal mechanisms, findings need 
to be properly complemented and triangulated with evidence from experimental 
medicine approach and preclinical studies.

From a translational point of view, ongoing clinical trials that use bioclinical 
profiles linked to immuno-metabolic dysregulations aim at guiding targeted add-on 
treatments to enhance therapy response in depression. This approach is rooted in 
the theoretical expectation that patients stratified according to a bioclinical profile 
that indexes the activation of a specific pathway should be more likely to respond 
to therapy with an agent that engages a target on that pathway. Several key articula-
tions of this “stratified medicine” approach deserve further inquiry. For instance, we 
have not yet established what constitutes the best panel of bioclinical features to be 
deployed in the selection of depressed patients with activated immuno-metabolic 
pathways. Valuable data from the new generation of trials described in Table 9.1 
could be exploited in prediction-oriented analyses (e.g., machine learning) to select 
stratification features that will maximize the impact of different treatments. This line 
of research should also be directed toward the selection of the most parsimonious 
configuration of easily measurable bioclinical parameters that could be adopted in 
clinical contexts at scale.

Furthermore, future translational studies that adopt this “stratified medicine” 
approach must have valid and reliable repeated measures that trace the full path-
way selected—from peripheral marker assays to neuroimaging signatures (e.g., 
circuit disconnection in rsFC)—as well as symptom assessment scales that reliably 
measure specific clinical profiles. This effort could drive the development of new 
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instruments specifically tailored for the symptoms targeted. Measures that trace 
the full bio-neuro-behavioral pathway will be needed to sustain evidence of the 
actual engagement of the pathway and its potential change as a function of the 
treatment tested.

In addition, the issue of treatment selection that effectively targets immuno-met-
abolic pathways remains. Clinical studies discussed here adopted anti-inflammatory 
compounds to augment standard treatment for depression. Emerging empirical evi-
dence, however, suggests that repurposing medications that act on metabolic pro-
cesses in depressed patients may potentially be another viable option. For instance, 
biocomputational analyses in a recent multi-ancestry GWAS on major depression 
identified genes encoding targets of established drugs such as simvastatin and met-
formin, a first-line treatment for type 2 diabetes (Meng et al. 2024). Recently it 
has been shown that the effect of metformin on energy balance is exerted via the 
synthesis of the appetite-suppressing metabolite N-lactoyl phenylalanine in intesti-
nal cells, a process triggered by the inhibition of metformin-targeted mitochondrial 
complex I assembly protein (Scott et al. 2024; Xiao et al. 2024). Animal models 
suggest associations between metformin administration and reduction in depres-
sive- and anxiety-like behaviors (Zemdegs et al. 2019). Meta-analyses of human tri-
als with available secondary measures of depressive symptoms, however, have not 
confirmed this potential clinical effect of metformin (Moulton et al. 2018; Nibber et 
al. 2022); nevertheless, previous trials were not designed to test metformin add-on 
in selected MDD patients. Furthermore, it remains to be determined whether newly 
developed compounds that act on metabolic processes have a role in psychiatry, 
such as GLP-1 agonist or receptor antagonists (mimicking GLP-1 interoceptive 
signaling on brain homeostatic hubs to regulate appetite) developed for diabetes. 
Intriguingly, a recent animal model study showed an anti-inflammatory effect of a 
GLP-1 agonist compound achieved directly through GLP-1 receptors and mediated 
by the brain (Wong et al. 2024). In addition, the systematic review by De Giorgi et 
al. (2025) provides an overview of available findings from studies using GLP-1 re-
ceptor antagonists (GLP-1RAs) in various neuropsychiatric disorders. Studies that 
include patients with mood disorders are limited in numbers and sample size, and 
have yielded conflicting results; for example, improvement in cognitive functions 
(Mansur et al. 2017), no effect on depressive symptoms (Cuomo et al. 2019), or 
even onset of relapse of depression in two case reports (Kohen and Lester 2008; 
Li et al. 2023). A small meta-analysis by Chen et al. (2024) of five trials that in-
cluded subjects with obesity, diabetes, and Parkinson disease showed a significant 
reduction in secondary measures of depressive symptoms in subjects treated with 
GLP-1RAs. The same results were obtained from a largely overlapping meta-anal-
ysis that included subjects with obesity and diabetes, although only in analyses 
that excluded the largest study, which included nondiabetic subjects. Based on the 
knowledge currently available, no firm conclusion can be reached on the utility of 
GLP-1RAs in depression.

Finally, future translational studies aimed at targeting immuno-metabolic dys-
regulations in psychiatry may embrace the approach advocated by Miller and 
Raison (2023): Studies should focus on convergent mechanistic pathologies across 
diagnostic categories and adopt transdiagnostic clinical outcomes disentangled 
from specific neuropsychiatric diagnosis.
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8 Conclusions

From this overview of research aimed at exploring the role of immuno-metabolic 
dysregulations in depression, there are three main takeaway messages: First, the 
identification of specific bioclinical profiles (e.g., atypical/energy-related symp-
toms) linked to immuno-metabolic alterations has important implications for un-
derstanding the heterogeneity of depression and developing targeted treatment 
approaches. Ongoing clinical trials that test treatment add-ons which target im-
muno-metabolic pathways in subsets of depressed patients, selected based on spe-
cific bioclinical profiles, represent a promising step toward a stratified approach to 
depression treatment.

Second, there are several key issues that remain to be addressed by future re-
search. These include examining the generalizability of the findings to other neuro-
psychiatric disorders and somatic conditions, investigating the role of bioenergetic 
processes and mitochondrial dysfunction in the pathophysiology of depression, and 
further elucidating the causal connections between immuno-metabolic dysregula-
tions, neural pathways, and specific depressive symptoms.

Third, translational efforts should focus on identifying the most parsimonious 
configuration of easily measurable bioclinical parameters for patient stratification, 
developing new instruments specifically tailored for assessing targeted symptoms 
and exploring the potential of repurposing medications that act on metabolic pro-
cesses as novel treatment options for depression.
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Metabolism across the Lifespan

Implications for Body and Mind

Benjamin I. Perry, Bodyl A. Brand, Janna N. de Boer, Peter Swann,  
Toby Pillinger, Lena Pielke, Suchitra Varadarajan, Iain Campbell,  
and Iris-Tatjana Kolassa

Abstract Observations of comorbidity between disordered metabolism and neu-
ropsychiatric illness have existed for over 100 years. From the first case reports 
and small cross-sectional studies of the early 20th century through to modern 21st 
century cohort studies comprising entire populations, evidence has accumulated 
confirming that metabolic manifestations are a key component of neuropsychiatric 
illness across the lifespan. Traditionally, observed comorbidity has been attributed 
to consequences of the illness (e.g., lifestyle factors), treatment (e.g., adverse meta-
bolic effects), or health systems (e.g., health inequalities or diagnostic overshad-
owing). In recent decades, however, researchers have started to unearth putative 
pathophysiological links between metabolism and mind, thus heralding promise to 
transform our understanding of neuropsychiatric illnesses and uncover promising 
new avenues on how to treat them. Here, research is presented that links body and 
mind by metabolism at key life phases (pre- and postnatal periods through to older 
adulthood), with a consideration of the relevant sex differences. Promising strands 
of basic, epidemiological, and experimental research are presented alongside pro-
posed directions for future research. This article underscores the life-long neuro-
psychiatric relevance of mitochondrial function, glucose-insulin homeostasis, sex 
hormones, and the immune system, and how these might be leveraged to develop 
novel therapies for neuropsychiatric illness.
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inflammation
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1 Introduction

In 1641, in Meditations on First Philosophy, the French philosopher Renee 
Descartes theorized the notion of dualism: “The difficulty is not merely that mind 
and body are different. It is that they are different in such a way that their interac-
tion is impossible.” Over the past few decades, the burgeoning field of metabolic 
psychiatry—a field that unites researchers from psychiatry, psychology, neurosci-
ence, and metabolic medicine and links mind and body by metabolic processes—
has started not only to reject mind-body dualism but to transform our pathophysi-
ological understanding of mental disorders and unearth promising new avenues on 
how to treat them. 

Clues to the importance of metabolism as a mediator between body and mind 
have long been found in observational epidemiological research. For example, in 
the years following Henry Maudsley’s observations of type 2 diabetes (T2D) as “a 
disease which often shows itself in families in which insanity prevails” (Maudsley 
1879), several small studies reported the first research evidence that disordered 
glucose-insulin metabolism was more likely to occur in individuals with mental 
disorders compared to those without (Kohen 2004). Those small early studies paved 
the way for modern whole-population analyses of millions of adults who were fol-
lowed for decades (Momen et al. 2022), which found substantially higher rates of 
metabolic disorders among individuals diagnosed with mental disorders compared 
with the rest of the population. 

Traditional attributions imply that the high burden of metabolic disruption in 
people with mental disorders follows wholly as a consequence of the mental disor-
der itself. For example, lifestyle factors that predispose to metabolic disorders (e.g., 
such as an unhealthy diet, lower levels of physical activity, disrupted sleep, and a 
higher prevalence of smoking) are common across the spectrum of mental disor-
ders. Further, healthcare inequalities are prevalent and pervasive for people with 
mental disorders, such that they receive inadequate investigation and treatment for 
their physical health across healthcare settings.

In addition, psychotropic medications used to treat mental disorders can fur-
ther exacerbate disturbances in appetite, sleep, and physical activity levels, with 
detectable metabolic impacts precipitating within weeks. Centrally, psychotropic 
modulation of dopaminergic, histamine-1, serotonin-2c, muscarinic, and adrener-
gic receptors contribute to changes in appetite and levels of sedation; interestingly, 
neurotransmitters such as dopamine and noradrenaline have peripheral action in 
metabolically relevant organs such as the pancreas and adipose tissue. In regard 
to the former, although the mechanisms remain incompletely understood, recent 
evidence suggests that pancreatic α- and β-cells both synthesize and signal catechol-
amines in order to assist the regulation of glucagon and insulin release (Aslanoglou 
et al. 2021). Regarding the latter, antipsychotics have direct effects on adipose tissue 
metabolism through mechanisms such as attenuating lipolysis, reducing adipocyte 
glucose uptake, and altering the expression of mitochondrial function genes and 
influencing inflammation (Chen et al. 2023).

While traditional attributions are important and warrant attention, a growing 
body of more recent observational research is beginning to suggest that they are un-
likely to tell the full story. First, meta-analyses of observational studies confirm that 



Metabolism across the Lifespan: Implications for Body and Mind 225

metabolic dysfunction, particularly insulin resistance, is already detectable from at 
least the onset of mental disorders in young, psychotropic-naïve individuals (Perry 
et al. 2016), many years earlier than these metabolic disturbances are typically 
observed in the rest of the population. Second, evidence from large-scale genetic 
epidemiological studies of hundreds of thousands of individuals has pointed to the 
potential for overlapping, common genetic and environmental antecedents simul-
taneously predisposing to metabolic dysfunction and the onset of mental disorders 
(Perry et al. 2021a). Finally, metabolic dysfunction in adulthood is longitudinally 
associated with deterioration in cognitive function and a higher risk of neuropsychi-
atric disorders in older adulthood (Livingston et al. 2020).

Together, these traditional and novel bidirectional attributions result in metabolic 
comorbidity featuring as the predominant explanation for an average 15- to 20-year 
reduction in life expectancy for people with mental disorders, as summarized in 
Figure 10.1. In fact, recent analyses postulate that the physical manifestations are 
better predictors of mental disorders than those identifiable manifestations arising in 
the brain (Tian et al. 2023). Furthermore, the more complex, if not reversed direc-
tion of association between metabolic and mental disorders implied by more recent 
research suggests the potential for therapeutic modulation of metabolic pathways to 
treat not only the metabolic comorbidity, which is tightly bound to mental disorders, 
but the mental disorders themselves.

Here, we adopt a life-course approach to metabolism and discuss its implications 
for body and mind. We focus on emerging developments triangulated across basic, 
experimental, and epidemiological sciences at key life phases, from early life to 
late adulthood. Key implications at each life phase are highlighted, as are areas of 
promise requiring further exploration and research.
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Figure 10.1 Causes of metabolic morbidity in mental disorders across the life course, contribut-
ing to preventable early mortality.
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2 Conception to Early Life
2.1 Mitochondria as Core Regulators of Metabolism

Mitochondria are membrane-bound organelles found in the cells of most eukaryotes 
(e.g., animals and plants). Mitochondria generate cellular energy in the form of ad-
enosine triphosphate (ATP) and are at the core of our metabolism: they are vital for 
healthy human oocyte, embryonic, and neonatal development. Mitochondria regu-
late cellular respiration and metabolism, stem cell differentiation, reactive oxygen 
species (ROS), cell division and signaling pathways, gene expression, apoptosis, 
steroid hormone synthesis, heat production, and membrane potential among other 
important processes. Dynamic regulation of mitochondria is essential for the co-
ordination of key cellular events during embryogenesis, hence mitochondrial ab-
normalities and dysfunction have devastating consequences on fertility as well as 
embryonic and offspring health.

2.2 Environmental	Influences	on	Developmental	Imprinting	and	the	Role	of	
Mitochondria

Pregnancy and early childhood are sensitive periods during which noxious envi-
ronmental influences (e.g., poor maternal diet, exposure to pollutants) can impact 
offspring health. Embryonic developmental imprinting occurs during gestation 
through gene imprinting (i.e., the partial or complete silencing of genes via DNA 
methylation and histone methylation), which in turn can be influenced by envi-
ronmental or maternal physiological factors or through alterations in mitochon-
drial biology. Gestational exposure to noxious influences such as environmental 
pollutants and toxins, maternal obesity, poor maternal diet, maternal inflammation 
(e.g., in response to viral infection), and psychosocial stress affects the quality and 
bioenergetic capacity of mitochondrial DNA (mtDNA), and thereby the structural 
and functional properties of cells, tissues, and organs. On an organismic level, al-
terations in mtDNA quality, mitochondrial content, and bioenergetic capacity can 
lead to wide-ranging influences on health and a life-long susceptibility to disease 
(Gyllenhammer et al. 2020).

2.3 Infancy, Early-Life Traumatic Stress Load, and Metabolism

The consequences of exposure to early-life stressful life events (SLEs) on long-term 
mental health outcomes are well documented. Individuals with a history of SLEs 
are at an increased risk of a host of different mental disorders (e.g., anxiety, sub-
stance use, psychosis, eating disorders, and depression) that characteristically occur 
earlier, are chronic and more difficult to treat (Xiao et al. 2023). Similarly, exposure 
to SLEs increases the risk of early-onset age-related diseases such as T2D, auto-
immune diseases, neurodegenerative diseases, cardiovascular disease, and cancer 
(Felitti et al. 2019).
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Mitochondrial biology could play a key role in mediating the connection be-
tween early-life noxious stressors and later-life disease risk through effects on the 
immune system. Early-life SLEs can lead to permanent alterations in the metabo-
lism of mitochondria, which are master regulators of ROS and inflammatory re-
sponses. Inflammation activates indoleamine 2, 3-dioxygenase (IDO1), an enzyme 
which metabolizes L-tryptophan via the kynurenine pathway ultimately producing 
nicotinamide adenine dinucleotide (NAD+). NAD+ is essential for DNA repair, but 
activation of the kynurenine pathway depletes L-tryptophan levels with impacts 
on the synthesis of serotonin, a neurotransmitter with implications in the patho-
physiology of a number of neuropsychiatric disorders. Furthermore, high levels 
of DNA breakage, ROS, inflammation, and mitochondrial energy production have 
been observed to occur together in individuals who have experienced SLEs and 
individuals with mental disorders (Morath et al. 2014). DNA breakage is associ-
ated with a higher expression of the NAD+ consuming DNA repair enzyme PARP1 
(Behnke et al. 2022), which induces a metabolic shift from anaerobic glycolysis 
to mitochondria-dependent oxidative phosphorylation, which can carry effects in 
the periphery and CNS predisposing to the onset of wide-ranging neuropsychiatric 
disorders (Gimenez-Palomo et al. 2021).

Alterations in mtDNA copy number (mtDNAcn) and mitochondrial mutational 
load are additional putative mechanisms linking early-life stress with metabolism 
and the risk of mental disorders. Both have been observed in the placenta of chil-
dren of traumatized mothers. In addition, maternal cumulative lifetime distress is 
linked to reduced placental mtDNAcn and higher mitochondrial mutational load in 
fetal placental tissue. Whether early-life or lifetime traumatic stress exposure, such 
as maternal or paternal history of SLEs, also effect germline mitochondrial quality 
and/or the generation of ROS and associated inflammation is a promising avenue 
for future research. Some evidence exists for inter- and transgenerational effects 
of early-life stress on the next generation via altered micro RNAs in the germline 
(Jawaid et al. 2021).

The intergenerational consequences of maternal traumatic experiences on me-
tabolism are beginning to emerge. For example, higher maternal allostatic load (i.e., 
the aggregated score of biological factors such as body mass index [BMI], inflam-
mation, and insulin resistance/T2D) may increase mitochondrial activity in offspring 
and be associated with deleterious effects on offspring behavior and higher risks of 
neuropsychiatric disorders in offspring adulthood (Nogueira Avelar et al. 2021).

2.4 Summary and Future Directions

Mitochondrial biopsychology is an emerging field in mental health research which 
holds the potential to revolutionize our pathophysiological understanding of mental 
disorders and how to treat them. Now required is a better understanding of how 
factors that alter mitochondrial energy production (e.g., infections, medication, en-
vironmental toxins, poor or pro-inflammatory diet, psychosocial stressors) during 
pregnancy affect the development of the embryo and its long-term repercussions on 
the development of mental and physical comorbidity. For example, it is currently 
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unclear whether altered mitochondrial energy production affects vulnerability to 
specific or broad adverse mental and physical outcomes in which mental and physi-
cal diseases the vulnerability is increased, which environmental factors are most 
influential, and whether those factors may be susceptible to therapeutical targeting.

Similarly, it is unclear whether possible early-life noxious influences on mi-
tochondria structure or function lead to systemic alterations that affect the whole 
organism or lead to specific changes in particularly sensitive organ systems. For 
example, organogenesis after gastrulation seems to be highly dependent on mito-
chondrial quality and integrity, and disturbances in mitochondrial functioning can 
even halt embryonic development. Yet, noxious stressors might also affect some 
indices of mitochondrial functioning more than others. Some mitochondrial indices 
might be more temporarily altered and could therefore be targeted by improving 
diet, gut health, or physical exercise, whereas others might be less easily reversed.

The need for DNA repair to maintain genomic integrity is equally important as 
maintaining a constant flow of cellular energy production via mitochondrial bio-
energetics. Currently, no single measure to assess the structural and functional in-
tegrity of mitochondrial biology exists, because mitochondria are dynamic and are 
regulated in a complex manner not only via the crosstalk of mtDNA and nuclear 
DNA, but also in a system biological manner via gut-derived metabolites and di-
etary nutrients. Therefore, a panel of standardized biomarkers indexing distinct as-
pects of mitochondrial function and immunometabolic health will be essential to 
advance the field. Promising attempts for such measures have been proposed like 
the mitochondrial health index (Picard et al. 2018). Advanced research is required 
to develop more suitable and ready-to-use in practice indices to evaluate mitochon-
drial health and performance and to identify factors that help to improve or normal-
ize immunometabolic alterations in mental health.

3 Puberty,	Hormonal	Influences,	and	Sex	Differences
3.1 Sex Hormones in Males and Females

Biological differences between men and women are evident both within and out-
side of the CNS, many of which are the result of variations in sex hormones. The 
surge in sex hormones during puberty gives rise to two distinct biological systems, 
driven by testosterone in men and by progesterone and estrogen in women (Figure 
10.2). In men, testosterone levels remain relatively stable throughout the lifespan, 
gradually declining once puberty has passed. In contrast, women undergo distinct 
life stages marked by fluctuations in sex hormones. After the onset of the menstrual 
cycle at puberty (i.e., menarche), estrogens and progesterone remain high during the 
reproductive years—with monthly fluctuations during each menstrual cycle—and 
decline after menopause. In addition, both sex hormones significantly rise through-
out pregnancy and decrease following childbirth.

While both female sex hormones may have many relevant effects within and out-
side the CNS, the protective effects of estrogens are more well-established and ac-
knowledged. Upon binding with genomic (ERα and ERβ) and nongenomic (GPER) 
receptors, estrogens influence the transcription of genes involved in energy me-
tabolism and cell survival, and activate intracellular signaling pathways that reduce 



229Metabolism across the Lifespan: Implications for Body and Mind 

Hormonal fluctuations throughout lifespan

Perinatal
period Menopause

transitionMenstrual cyclePubertyEstrogen

Testosterone
Stable hormone levels after puberty

Sex hormones

Psychiatric
suspectibility

Metabolic
dysfunction

HPG/HPA-
axis

regulation
Survival, 
energy,

metabolism,
transcription

Neuro-
transmission

Body
Cell

CNS

Puberty

Figure 10.2 Sex hormone differences in males and females and associations with metabolic and 
mental disorders.

oxidative stress, apoptosis, and inflammation (Mauvais-Jarvis et al. 2013). In the 
CNS, estrogens strongly impact neuronal activity by modulating the signaling of 
neurotransmitters, including serotonin, dopamine, glutamate, and γ-aminobutyric 
acid (GABA). Moreover, estrogens enhance cell proliferation, synaptic sprouting, 
dendritic spine density, axon growth, and myelination. In women, both estrogen de-
ficiency and excessive levels of androgens are associated with metabolic dysfunc-
tion as well as with higher risks for neuropsychiatric disorders including depression 
and psychosis (Brand et al. 2021).

3.2 Hormonal Disturbance and Polycystic Ovary Syndrome

The widespread consequences of dysregulated sex hormone levels in women is 
further exemplified by the endocrine disorder polycystic ovary syndrome (PCOS), 
which affects 8–13% of reproductive aged women and is characterized by dysregu-
lated levels of estrogens and excessive androgen levels (hyperandrogenism) (Teede 
et al. 2018). PCOS is strongly linked to metabolic dysfunction, including insulin 
resistance, obesity, and glucose intolerance, and has also been associated with a va-
riety of psychiatric problems, such as depression, psychosis, and anxiety. The exact 
cause of psychiatric vulnerability in PCOS remains uncertain, but it is hypothesized 
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that, alongside dysregulated sex hormones, women with PCOS may have an altered 
sensitivity to allopregnanolone.

3.3 Broader Impacts of Hormonal Changes across the Lifespan

The connection between metabolic and mental health issues, along with their shared 
association with sex hormone levels, is not limited to endocrine disorders but also 
encompasses hormonal changes occurring throughout the lifespan (Figure 10.2). 
Several longitudinal studies report differences in pubertal timing between males 
and females that may relate to differences in psychopathology in adulthood (Hoyt et 
al. 2020), yet meta-analyses report that the magnitude of these differences could at 
least in part be explained by methodological choices (Ullsperger and Nikolas 2017). 
Nevertheless, sex differences in mental disorders are among the most intriguing and 
stable findings in psychiatry, with differences regarding prevalence, symptomatol-
ogy, risk, and influencing factors, or course. Thus, it is well known that women 
have a higher lifetime prevalence of mood or anxiety disorders than men, and a later 
onset of schizophrenia and other psychotic disorders (Riecher-Rossler 2017). In ad-
dition, by early adulthood, there are differences between sexes in the character and 
progression of metabolic dysfunction, with early adiposity and dyslipidemia more 
common in females (Yoshida et al. 2022).

Earlier age of menarche has been associated with high BMI at pubertal age 
(Currie et al. 2012), possibly attributed to increased leptin production, which trig-
gers the onset of puberty. Interestingly, both early menarche and BMI increase at 
pubertal age (Perry et al. 2021b) have been linked to increased susceptibility for de-
pression later in life. While other factors may also influence BMI, menarche timing, 
and the development of depression (e.g., psychosocial, environmental, and genetic 
influences), BMI-associated early menarche could potentially disrupt the hypotha-
lamic-pituitary-adrenal (HPA) axis by altering leptin signaling (Mauvais-Jarvis et 
al. 2013). Speculatively, this disruption may reduce resilience to depression and 
other stress-related disorders. Both early menarche and high BMI at pubertal age 
have also been associated with the development of PCOS, which underscores the 
complex interplay between metabolic and hormonal dysregulation in women. In 
addition, insulin sensitivity and thus glucose-insulin homeostasis change in females 
across different phases of the menstrual cycle, particularly in response to brain insu-
lin action: clear differences between the follicular and luteal phases may contribute 
to risk of whole-body insulin resistance (Hummel et al. 2023).

Pregnancy is another important life period associated with negative long-term 
effects on both metabolic and mental health—effects attributed to extensive physi-
ological changes that affect cardiac, immune, and metabolic functions as well as 
distinct endocrine signaling pathways that involve a variety of steroid and peptide 
hormones (Galea et al. 2018). Postnatally, some women are at increased risk of 
precipitant neuropsychiatric disorders, including affective and psychotic disorders 
(Davies 2017). While the underlying biological mechanisms remain unclear, the 
maternal body undergoes extreme physiological changes in the postpartum period, 
notably a massive drop in circulating estrogens upon expulsion of the placenta 
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(Jones et al. 2014). It has been suggested that abnormal sensitivity to this endo-
crinological disturbance may confer vulnerability to psychiatric disorders in some 
women, an idea supported by the fact that estrogen supplementation may be benefi-
cial to some patients (Di Florio et al. 2014).

In men, metabolic and psychiatric health issues have been associated with an-
drogen deficiency, instead of estrogen deficiency, reflecting the distinct effects of 
sex hormones in men and women. Additionally, the association between pubertal 
BMI increase and depression is less consistent in men than in women (Perry et al. 
2021b). Increased leptin that results from increased BMI delays puberty in men, 
which indicates that leptin regulates puberty onset in a sexually dimorphic manner. 
Interestingly, persistently high levels of insulin throughout adolescence, rather than 
pubertal BMI increase, have been linked to the development of psychosis especially 
in men (Perry et al. 2021b). As estrogens regulate insulin sensitivity (Mauvais-
Jarvis et al. 2013), women might be more resilient to insulin resistance and may 
therefore also be less prone to its consequences than men.

3.4 Menopause

Menopause is characterized by low levels of estrogens and progesterone and is 
associated with deteriorating metabolic health and increased vulnerability to vari-
ous psychiatric symptoms (Brand et al. 2022). Estrogen-based hormone replace-
ment therapy has been shown to improve both metabolic and mental health (Davis 
and Baber 2022). Moreover, postmenopausal women tend to respond less well to 
psychotropic medication, both in terms of efficacy and tolerability (Sommer et al. 
2023). Furthermore, estrogen may amplify the effectiveness of psychotropics by 
modifying the binding to their drug target, resulting in decreased efficacy of psycho-
tropics when estrogen levels decline. In terms of tolerability, estrogen’s protective 
effects on insulin sensitivity, bone mineral density, and cardiovascular health make 
postmenopausal women more vulnerable to various side effects of psychotropics, 
including osteoporosis, cardiovascular disease, and metabolic syndrome (Brand et 
al. 2022; Mauvais-Jarvis et al. 2013).

3.5 Implications for Psychotropic Prescribing

Across different hormonal life phases, such as menopause, pregnancy, and possibly 
also the menstrual cycle, women may require drug-specific dose adjustments due 
to the influence of estrogens on the metabolism of many psychotropics. For ex-
ample, estrogens inhibit CYP1A2/CYP2C19 activity but enhance CYP3A4 activity 
(Brand et al. 2022). After menopause, blood concentrations of drugs metabolized 
by CYP1A2/CYP2C19 (e.g., venlafaxine, citalopram, olanzapine, and clozapine) 
may decrease, whereas levels of drugs metabolized by CYP3A4 may increase (e.g., 
quetiapine, lurasidone, and cariprazine) (Brand et al. 2022).
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3.6 Summary and Future Directions

Estrogen plays a crucial role in shaping sex differences across psychiatric and meta-
bolic domains. Fluctuations in estrogen levels impact both the CNS and overall 
bodily functions, and have well-established protective effects. The link between sex 
hormones and metabolic function and mental health is illustrated by conditions like 
PCOS, as well as by natural hormonal transition phases such as puberty, pregnancy, 
and menopause. The decline in estrogens during menopause affects metabolic and 
mental health, highlighting the potential of hormone replacement therapy during 
this period. Female-specific hormonal transitions also affect pharmacotherapeutic 
treatment response and tolerability, possibly necessitating drug-specific dose ad-
justments and awareness of side effects to which women are more sensitive.

Future research should prioritize the understanding of the complex relationship 
between sex hormones, metabolic health, and mental disorders in a sex-specific 
manner. Taking a lifetime approach, which considers both metabolic and mental 
health across the lifespan, could provide insight into whether and how hormonal 
life phases are associated with psychiatric vulnerability. Importantly, associa-
tions between hormonal changes and psychiatric problems may differ between 
disorders (e.g., depression, anxiety, and psychotic disorders). Similarly, suscepti-
bility to one psychiatric disorder might be linked to fluctuations in sex hormone 
levels, whereas another may be more strongly associated with consistently low 
sex hormone levels. Furthermore, we need to improve our understanding of how 
hormonal phases affect the effectiveness and tolerability of psychotropic medica-
tions and incorporate these potential effects into the optimization of current and 
future treatment strategies.

4 Adulthood
4.1 Glucose-Insulin Homeostasis in the Central Nervous System

Until the 1970s, neurons were considered to be insulin insensitive, and the action 
of insulin in the brain was considered negligible. Over the past fifty years, neu-
roscience research has gradually eroded this view and established the significant 
role of insulin receptors and insulin signaling in the CNS (Scherer et al. 2021). 
This research is highly relevant given the clear evidence for disruption to peripheral 
glucose-insulin homeostasis in young adults by the onset of mental disorders (Perry 
et al. 2016), implying a putative pathophysiological link.

Insulin crosses the blood-brain barrier via a saturable transport to bind to insu-
lin receptors widely expressed throughout the brain; insulin signaling in the brain 
regulates systemic nutrient partitioning in animal models and humans (Scherer et al. 
2021). In the brain, insulin rapidly binds to insulin and functions via signaling path-
ways, including the PI3K/Akt/glycogen synthase kinase-3β (GSK-3β) pathway, 
the Ras/Raf-1/extracellular signal-regulated kinase (ERK1 and ERK2, ERK1/2) 
pathway, and the mitogen-activated protein kinase pathway. These pathways have 
functions related to the regulation of cell apoptosis, antioxidant defense, synaptic 
plasticity, neuronal glucose metabolism, and regulation of the innate and adaptive 
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immune systems, targeted to various intracellular locations including cytosol, mito-
chondria, and nucleus (Milstein and Ferris 2021).

The best-known brain insulin effect is the regulation of peripheral glucose trans-
port and metabolism. This is mediated by glucose-sensing neurons in the arcuate 
nucleus of the hypothalamus, which respond to peripheral signals required for the 
regulation of eating behavior/body weight and energy homeostasis. Insulin is also 
thought to carry additional functions in the CNS other than glucose metabolism: 
neurite growth, regulation of monoamines (including dopamine, glutamate, and 
noradrenaline), myelination, neuronal survival, protein synthesis, synaptic plastic-
ity, memory formation and storage, and neuroprotection. In fact, insulin administra-
tion has been shown to improve memory, learning, and attention in rats and healthy 
humans (after intranasal administration), without changes in peripheral glycemia 
(Duarte et al. 2012).

Yet, there remain some controversies and unanswered questions in the field. First, 
the role of brain insulin in suppressing hepatic glucose production remains contro-
versial (Heni 2024). Second, the precise sources of brain insulin (e.g., whether the 
brain produces insulin de novo) remain debated (Duarte et al. 2012). Third, the 
involvement and interaction of insulin with other hormones and signaling factors, 
which undergo dynamic fluctuations in the brain (e.g., leptin, incretins), represents 
largely uncharted territory and requires further exploration (Heni 2024). This is of 
particular relevance given recent pharmacological advances in targeting postpran-
dial signaling pathways. Finally, the lack of precise biomarkers for brain insulin re-
quires addressing, given that current diagnostic procedures, such as fMRI combined 
with nasal administration of insulin, are costly and time-consuming. Developing 
easy-to-use, noninvasive tools such as biomarkers, digital tools, or combinations 
thereof could simplify diagnoses, enable accurate risk stratification, and facilitate 
monitoring of disease progression (Heni 2024).

4.2 Implications of Disrupted Glucose-Insulin Homeostasis

A primary driver of poor adult physical health in the modern age is an increas-
ing incidence of metabolic disorders, catalyzed by changes in dietary habits and 
physical activity among other environmental factors. Metabolic dysfunction affects 
every organ of the body and leads to conditions, such as diabetic nephropathy, non-
alcoholic fatty liver disease, atherosclerosis, and adiposity, that progress to T2D, 
cardiovascular disease, and ultimately death.

Insulin resistance, a form of metabolic dysfunction, represents the pathophysi-
ological process of cells becoming sensitized to frequent and/or persistent stimulation 
by insulin to maintain stable blood glucose levels. This results in the need for upregu-
lated insulin production by pancreatic beta cells. Heightened insulin production leads 
to hyperinsulinemia, which results in further reductions in cell insulin sensitivity until 
beta cells are unable to produce sufficient insulin to enable cells to adequately respond 
to hyperglycemia. Hyperglycemia in the presence of hyperinsulinemia characterizes 
the transition from insulin resistance to T2D. Hyperinsulinemia promotes inflam-
mation through direct action on immune cells, which are known to express insulin 
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receptors (Duarte et al. 2012). Visceral adiposity also contributes to insulin resistance, 
mediated by pro-inflammatory cytokines including interleukin-6 and tumor necrosis 
factor-alpha released by adipose cells, which disrupt normal insulin action in fat and 
muscle cells. Thus, insulin resistance both predisposes to and is predisposed by a pro-
inflammatory state. The pro-inflammatory nature of insulin resistance is particularly 
relevant in the case of mental disorders. Several adult mental disorders including 
psychosis, depression, and bipolar disorder are thought to comprise pathophysiologi-
cal immune abnormalities (Khandaker et al. 2017), and those immune abnormalities 
may provide a mechanistic link between adult mental disorders and insulin resistance. 
Furthermore, aberrant glucose-insulin homeostasis and inflammation both predispose 
to and follow disruptions in the HPA axis, which plays an important longitudinal role 
in the development of several mental disorders, including psychotic and affective 
disorders, and may be related to early-life stress (Murphy et al. 2022).

Acute increase in peripheral insulin levels leads to higher CSF insulin, whereas 
chronic peripheral hyperinsulinemia (as occurs in insulin resistance) downregu-
lates insulin receptors at the blood-brain barrier, impairing insulin transport into the 
brain. Reduced insulin transport leads to an impairment of key CNS roles for insu-
lin, including neurite growth, synaptic transmission of monoamines, myelination, 
neuronal survival, protein synthesis, and synaptic plasticity, memory formation and 
storage, and neuroprotection. Indeed, T2D-associated disruption between insulin 
activity and glucose metabolism results in decreased cerebral blood flow and oxida-
tive glucose metabolism. Cerebral glucose hypometabolism is a feature shared by 
mental disorders, including schizophrenia, bipolar disorder, and depression.

Oxidative stress and mitochondrial dysfunction are involved in the long-term 
damaging effects of insulin-related metabolic dysfunction in the CNS. Although 
mechanisms are incompletely understood, it has been proposed that increased mito-
chondrial nitric oxide synthase (NOS) activity (and subsequent nitric oxide produc-
tion) may inhibit mitochondrial complexes III and IV and ATP synthase, either by 
nitrosylation or protein thiol oxidation, leading to impairment of ATP production 
and cell death.

4.3 Glucose Restriction, Ketosis, and Medications Targeting Metabolic 
Function

Traditionally, nutrition has been used as adjunctive therapy for improving lipid 
profiles, blood glucose, insulin resistance, and T2D but has not been considered a 
metabolic therapy affecting the structure and function of the brain. There is, how-
ever, strong evidence that people with psychiatric disorders also prescribed com-
mon medications for metabolic health (e.g., metformin, statins) may have improved 
psychiatric outcomes (Hayes et al. 2019). There is also growing interest for the rel-
evance of targeting metabolic dysfunction for the treatment of psychiatric disorders, 
although larger and better powered studies are required (Jones et al. 2021).

In ketosis, prolonged glucose restriction leads to an increased glucagon:insulin 
ratio in the periphery, leading to release of free fatty acids into the bloodstream. 
Free fatty acids are taken up into liver mitochondria, producing acetyl coenzyme A 



Metabolism across the Lifespan: Implications for Body and Mind 235

and then ketone bodies via ketogenesis. These ketone bodies, which provide 27% 
more free energy than glucose, then exit the liver where they are able to enter pe-
ripheral tissues and the CNS via monocarboxylic acid transporters. The extracellu-
lar changes that occur during ketosis lead to reductions in intracellular calcium and 
sodium concentrations (Norwitz et al. 2020).

During times of increased energetic demands or glucose deprivation, such as 
the insulin-resistant state, the brain has evolved to utilize ketones to preserve and 
augment critical central functions. Indeed, the switch to ketosis is accompanied by 
biological adaptations of neural networks in the brain that optimize their function. 
Ketones are anti-inflammatory. They decrease production of ROS, and upregulate 
mitochondrial biogenesis in the CNS, as well as regulate neurotransmitter metabo-
lites, modulate GABA and glutamate levels, and provide a more efficient fuel for 
the brain than glucose.

Given the putative neuroprotective effects of ketogenesis, over the last decade 
there has been a burgeoning interest in the ketogenic diet as a potential treatment 
for adult mental disorders (Tillery et al. 2021). The ketogenic diet comprises a car-
bohydrate-restricted, high-fat diet with the aim of inducing lipolysis and the gen-
eration of ketone bodies, although the application and specifics of this diet vary. 
Nevertheless, there are numerous plausible biological mechanisms by which the 
ketogenic diet may treat mental disorders: GABA/glutamate modulation may have 
implications for psychotic disorders; immune-modulation may have implications 
for psychotic disorders and depression; the utilization of ketone bodies can amelio-
rate the glucose hypometabolism commonly associated with various mental disor-
ders; and reductions in intracellular calcium and sodium are a common feature of 
mood-stabilizing medications used to treat symptoms of bipolar disorder (Norwitz 
et al. 2020). Recent systematic reviews comprising case reports, observational stud-
ies, and randomized controlled trials (RCTs) have found the ketogenic diet to be as-
sociated with symptomatic improvement across a range of neuropsychiatric disor-
ders: Alzheimer disease (AD), anorexia nervosa, autism spectrum disorder, bipolar 
disorder, depression, narcolepsy, and psychotic disorders including schizophrenia 
(Tillery et al. 2021). Yet at present, there is a scarcity of adequately powered, robust 
RCTs of the ketogenic diet on psychiatric outcomes, and existing studies have been 
impacted by nonadherence and dropout.

4.4 Summary and Future Directions

Abnormal glucose-insulin homeostasis is a key feature of many major adult mental 
disorders, with growing evidence of bidirectionality. Far from being a consequence 
of commonly attributed lifestyle factors, health inequalities, or the adverse effects of 
treatment, a growing body of evidence indicates that disrupted peripheral glucose-
insulin homeostasis is a marker of disease processes that extend into the CNS and 
herald pathophysiological relevance for the mental disorder itself. Research explor-
ing the treatment effects of common metabolic treatments alongside the ketogenic 
diet as novel therapeutic targets for psychiatric disorders is beginning to emerge, but 
this field remains in its relative infancy.
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Robust, adequately powered RCTs are now required to investigate the effects of 
metabolic medications as well as low carbohydrate and ketogenic dietary interven-
tions on key mental disorder outcomes, including symptomatic amelioration, remis-
sion, and prevention of relapse. The comparison of different low carbohydrate diets 
with ketogenic diets is particularly relevant because, if efficacious, the less restric-
tive nature of low carbohydrate diets could increase generalizability and improve 
adherence. Clear guidance and frameworks must be developed to reduce the possi-
bility that ketogenic diets and their maintenance/monitoring (e.g., calorie counting) 
might induce or accentuate traits of disordered eating. Evidence from RCTs could 
be improved with more precise means of measuring ketosis. For example, urinary 
ketone testing strips are cheap but unreliable, whereas blood ketone monitoring is 
reliable but impractical. Breath ketone analysis is a relatively recent development 
but may hold promise. Finally, RCTs must seek to explore longer-term outcomes 
and implications for safety, since there is some concern that a high-fat, low fiber diet 
may increase longer-term cardiovascular risk.

5 Older Adulthood

Later life presents unique challenges at the intersection of mind and metabolism. 
Aging is the primary risk factor for neurodegenerative disorders, for which the in-
cidence is predicted to rise due to demographic changes. Delaying the onset of 
dementia at the population level will lead to great reductions in disability and as-
sociated healthcare costs (Zissimopoulos et al. 2018).

As current treatments have limited effectiveness, researchers are exploring al-
ternative avenues to offset the emerging public health crisis. Metabolic dysregu-
lation in midlife represents a key modifiable risk factor for dementia in later life 
(Livingston et al. 2020), and metabolic changes are intrinsic to the underlying neu-
ropathology. Studies have implicated insulin resistance and degradation, as higher 
insulin levels divert resources from the processing of amyloid. Others have linked 
leptin resistance to higher plasma and CNS levels of pro-inflammatory cytokines, 
or chronic low-grade inflammation in T2D, with peripheral and central inflamma-
tion as initiators and drivers of neuropathology. Epidemiologically, there is clear 
evidence for an increased prevalence of mild cognitive impairment and dementia 
in individuals with mental health and metabolic disorders. In fact, some research-
ers have called for dementia to be termed “type 3 diabetes” due to its associated 
metabolic disruptions (de la Monte et al. 2018), and T2D is identified in over 45% 
of individuals with AD (Wang et al. 2012). Moreover, T2D itself is associated with 
neurocognitive deficits impacting working memory, verbal fluency, and attention 
(Munshi et al. 2006).

5.1 Metabolism in Later Life and Impacts on Brain Health

Later life is associated with changes in metabolism. Two major pathways, nutri-
ent sensing and mitochondrial dysfunction, are considered hallmarks of biological 
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aging (López-Otín et al. 2013). Impaired nutrient sensing impacts insulin-like 
growth factor-1 signaling, leading to altered anabolic metabolism and inflammation. 
Mitochondrial dysfunction, characterized by mutations in mtDNA and increased 
ROS, also contributes to chronic low-grade inflammation, via cytosolic DNA sen-
sors and activation of the inflammasome.

AD pathology comprises amyloid beta plaques and tangles of hyperphosphory-
lated tau. Drug trials have focused on removing these protein aggregates and have 
shown improvements in cognitive and functional outcomes in clinical trials. Some, 
however, have questioned whether these benefits are clinically meaningful and ad-
vocate for a multifaceted approach to the treatment or prevention of AD, including 
pathways such as oxidative stress, lipid and metabolic dysregulation, and inflamma-
tion as crucial to progress (Korczyn and Grinberg 2024).

Vascular dementia is the second most common cause of dementia and is closely 
linked with cardiometabolic risk factors. It includes cognitive impairment following 
large infarcts, where obesity and hyperlipidemia are risk factors but also cerebral 
small vessel disease. The relationship between small vessel disease and lipid me-
tabolism is more complex. Despite conflicting results, it appears that hypertriglyc-
eridemia, rather than hypercholesterolemia, drives the association between lipids 
and white matter hyperintensities (Nägga et al. 2018). In T2D, the triad of insulin 
resistance, hyperglycemia, and free fatty acids are proposed to lead to oxidative 
stress and inflammation at the blood vessel epithelium. The current mainstay of 
treatment for the spectrum of vascular cognitive impairment is management of car-
diometabolic risk factors.

5.2 Shared Mechanisms Underlying Metabolic and Neurodegenerative 
Disorders

Changes in metabolism are key features of neurodegenerative disease pathogenesis. 
Pathway analysis on large meta-analysis of genome-wide association studies in AD 
identified strong associations with lipid metabolism, including major regulators of 
cellular cholesterol, with close links to innate immunity (Kunkle et al. 2019). The 
most significant genetic risk factor in sporadic AD is the ε4 allele of the apolipopro-
tein E gene (APOE4). ApoE is highly expressed in microglia, the brain’s resident 
macrophages. ApoE is crucial in neuronal cholesterol transport, and the APOE4 
allele is associated with changes in brain lipid regulation, culminating in dysregu-
lated fatty acid metabolism in neurons, lipid accumulation in glia, and abnormalities 
in sphingolipid metabolism, as is the triggering receptor expressed on myeloid 2 
(TREM2) cells. Rare variants in TREM2 are associated with significant increases 
in AD risk, driven by loss of (or reduction in) function.

TREM2 is a lipid binding receptor highly expressed by microglia and macro-
phages, and the primary variant associated with AD risk is unable to efficiently 
bind phospholipids, with reduced phagocytosis and increased production of pro-
inflammatory cytokines (Colonna 2023). As a response to AD pathology, TREM2 is 
activated in microglia leading to a transcriptional profile linked with increased lipid 
metabolism and cholesterol efflux, interacting with ApoE. As microglia remove 
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lipid debris from the brain, such as myelin, those with APOE4 accumulate lipid 
deposits, which are pro-inflammatory.

5.3 Metabolism as a Discriminator of Neurodegenerative Disorder Subtypes

Changes in glucose metabolism, as measured by positron emission tomography 
(PET) imaging with fluorodeoxyglucose, can differentiate dementia subtypes. 
Regional patterns of hypometabolism are associated with AD, dementia with Lewy 
bodies, frontotemporal dementia, and other subtypes (Kato et al. 2016). The re-
gional reductions in FDG-PET signal seen in neurodegeneration were proposed to 
be caused by synaptic loss. Understanding this signal is becoming more nuanced, as 
preclinical data shows astrocytic activation may be driving these changes in meta-
bolic demand.

In those with AD, there are separate patterns of dysregulated metabolites pe-
ripherally and centrally, with different patterns seen in other dementias (Pan et al. 
2024). These studies require replication in independent cohorts but show the po-
tential of metabolomics in dementia diagnosis and prognostication. There is also a 
need to understand the complex interplay between the disease processes, and how 
behavioral changes associated with dementia can contribute to metabolic disorders. 
For instance, behavioral variant frontotemporal dementia is associated with eating 
abnormalities, which could contribute to the differences in lipid levels but also to 
higher levels of energy expenditure, which could be secondary to agitation.

5.4 Metabolic Interventions for Neurodegenerative Disorders

Nutritional, physical activity, and multidomain interventions have been trialed with 
limited success in dementia prevention. Trials of antihypertensives, aspirin, nutri-
tional supplements, or drugs for T2D (pioglitazone or linagliptin) have also shown 
little benefit, and the evidence for population-level interventions is scarce (Walsh et 
al. 2022). There is, however, growing interest in clinical trials of treatments target-
ing metabolism and bioenergetic pathways (Cummings et al. 2023). For example, 
the crucial nature of ApoE4 in metabolism has led to increased interest in the po-
tential relevance of metabolic treatments for ApoE4 carriers (Gibas 2017). The nor-
malization of blood lipids may be associated with prevention of cognitive decline 
in carriers, and case reports show that clinically prescribed dietary ketogenesis may 
improve cognitive function, possibly via the modulation of cerebral metabolic flex-
ibility by regulating nutrient-sensing pathways (Morrill and Gibas 2019).

5.5 Summary and Future Directions

There is clear evidence that changes to metabolism lead to an increased risk of 
neurodegenerative disorders. Dysregulated metabolism in the brain and periphery 
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are putative pathways involved in neurodegeneration, potentially driven by chronic 
low-grade inflammation. To bring the field closer toward translating this growing 
evidence into tangible clinical benefits for patients, there are a number of key out-
standing research areas that require advancement.

First, a greater understanding of the mechanisms by which T2D and obesity 
contribute to neuropathology requires more detailed longitudinal evidence, includ-
ing delineation of potential mechanisms such as inflammation. Given the evidence 
that neurodegenerative processes begin many years before the onset of clinical 
symptoms, these studies must begin early enough in life to pick up the transition 
to preclinical and then clinical neurodegenerative pathology in order to identify the 
optimum window for intervention. Then, findings require translation into popula-
tion-level interventions to lower dementia risk (Walsh et al. 2022).

Second, progress toward effective individual-level interventions depends on the 
development of disease-specific metabolic biomarkers that differentiate normal ag-
ing from clinically relevant neurodegeneration. For example, despite the growing 
and triangulated evidence for the implication of lipid metabolism in dementia across 
preclinical, clinical, and genetic studies, the failure to translate these findings into 
clinical benefit could be partly due to the lack of in vivo biomarkers. These biomark-
ers could aid stratification in clinical trials, direct resources to those most likely to 
benefit, or measure drug response. Blood metabolomics have shown promise for 
the development of biomarkers for AD, but challenges include limited replication 
between studies and overlap between neurodegenerative diseases, possibly due to 
methodological or disease heterogeneity. Future research should therefore prioritize 
the principles of collaboration between centers and data sharing. In addition, the 
majority of dementia biomarker research has focused on AD. To gain greater insight 
into the shared and distinct mechanisms of neurodegenerative diseases, the benefits 
of methodological and collaborative advances in AD research must be extended to 
other dementia subtypes; several discussed in this article are likely to comprise a 
metabolic pathophysiological component.

Finally, the development of new treatments targeting metabolic pathways in neu-
rodegeneration could be accelerated with drug repurposing and platform trials. Drug 
repurposing benefits from the known safety profiles of licensed medications, while 
avoiding the high cost and time requirements of initial drug development. For example, 
licensed metabolic medications, such as the glucagon-like peptide-1 (GLP-1) agonist 
liraglutide, have been identified through the use of preclinical data as potentially hold-
ing promise for targeting neurodegeneration (Ballard et al. 2020). Platform trials, an 
advance of adaptive trial design, allow the simultaneous testing of multiple treatments. 
Studies continue to incorporate new potential options, drop those shown not to work, 
and can adopt new discoveries as a standard of care. This limits the extensive costs and 
time associated with continual trial set up and dismantling. Platform trials are already 
being employed for neurological disorders, such as multiple sclerosis, to maximize the 
chance of successfully identifying new treatments while learning from failures. They 
hold great potential to bring similar benefits to dementia research.
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6 Concluding Remarks

In the early 20th century, the previously aligned fields of neurology and psychiatry 
deviated from one another through separate wards, training programs, journals and 
professional bodies. Given the Cartesian preconceptions on which such a system of 
care rests, it is perhaps not surprising that still today, people with neuropsychiatric 
disorders of all ages face the dilemma of taking treatments which optimize acute 
mental health outcomes at the expense of metabolic health and long-term physical 
health outcomes.

Neurology and psychiatry have taken diverging paths in grappling with the un-
derlying biological reality of brain-based disorders, and yet they have intersected 
at key periods of treatment development. In the 1950s, the advent of the age of 
psychopharmacology promised to reunite neurobiology with psychiatric treatment. 
However, many of these new treatments continued to come with significant car-
diometabolic and physical health consequences. Parallel to these developments, 
neuroscience has made significant advances in understanding the role of metabolic 
dysfunction in the brain, elucidating mechanisms of mitochondrial function, glu-
cose-insulin homeostasis, sex hormones, and the immune system. Yet, these in-
sights have yet to lead to new treatments for neuropsychiatric disorders.

Over the past few years, these independent research trajectories have shown 
promising indications of convergence toward the emerging field of metabolic psy-
chiatry. This is a blossoming field not only within academia, but from a patient 
movement catalyzing renewed dialogue between separated disciplines (Campbell 
and Campbell 2019).
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Abstract Severe mental illnesses (SMIs), such as schizophrenia and bipolar dis-
order, are traditionally conceptualized as disorders of the central nervous system 
(CNS). Growing evidence, however, suggests that SMIs may be better understood 
as multisystem disorders, characterized by metabolic and immune dysregulation 
affecting both brain and body. In this chapter, the hypothesis that psychiatric symp-
toms may emerge because of systemic metabolic dysfunction is explored. Evidence 
is presented to show that metabolic abnormalities—including insulin resistance, 
dysglycemia, and immune activation—are present from onset of SMI, and that 
these abnormalities may contribute to core psychiatric symptoms such as amotiva-
tion, cognitive impairment, anhedonia, and neurovegetative alterations. The role of 
insulin and cytokine signaling pathways is discussed, with a focus on their recip-
rocal influence across the CNS and peripheral organs, and the potential intrinsic 
and extrinsic modulators of these pathways, including sex, stress, and nutrition, 
are outlined. A conceptual framework is proposed in which SMIs are understood 
as manifestations of dysregulated energy allocation and metabolic stress. Finally, a 
research strategy is outlined to investigate peripheral metabolic signatures as tools 
for stratification, prognosis, and treatment in SMIs, with the goal of advancing a 
precision medicine approach to psychiatric care.
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gence of psychiatric symptoms.

defined.

explanation of heterogeneity of symptomatology across SMIs.
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1 Introduction

To date, psychiatry has focused its attention on the CNS in its attempt to define and 
better understand SMIs such as schizophrenia, bipolar disorder, and related condi-
tions. It has used diverse methodological approaches, including those that examine 
pharmacology, genetics, metabolism, and immunity. However, focusing on the CNS 
in isolation has not successfully advanced treatments or improved outcomes for 
people with SMIs. Increasing evidence points to multi-organ pathology in SMIs, 
which involves metabolic dysfunction both inside and outside the brain (Pillinger et 
al. 2017, 2019; see also Chapter 6). Multisystem effects of SMIs are not surprising 
if at least some of the metabolic presentations of SMIs are due to genetics (Tomasik 
et al. 2019), as it is unlikely these would be limited to the CNS. Furthermore, there 
is evidence of a bidirectional physiological relationship between the CNS and pe-
ripheral metabolism (Roh et al. 2016), yet the mechanisms that explain specific 
symptoms related to metabolism across the brain and periphery are poorly defined. 
The reconceptualization of an SMI as a multisystem metabolic disorder raises the 
following issues:

1. It is unclear which systemic metabolic pathways are implicated in the emer-

2. Intrinsic (e.g., sex hormones) and extrinsic (e.g., stress) modulators of meta-
bolic pathways implicated in the pathoetiology of mental illness are poorly 

3. It is not known if variations in systemic metabolic signaling can add to the 

4. The therapeutic potential of stratifying patients with SMIs based on a pe-
ripheral metabolic signature is unclear.

Here, we consider these issues, and the implications for both clinical practice and 
research, and propose a potential approach to address them with empirical evidence.

2 Systemic Metabolic Pathways Implicated in Severe Mental Illness

Though the brain constitutes only 2% of body weight, it accounts for 20% of total 
oxygen and caloric expenditures across the body (Raichle and Gusnard 2002). As 
one of the body’s most metabolically active organs, the brain is deeply rooted within 
the larger framework of systemic metabolic regulation. Indeed, the CNS is exqui-
sitely sensitive to changes in nutrient availability and is responsive to the meta-
bolic activities of other organ systems. Hormones released in the periphery, such as 
glucagon-like peptide-1 (GLP-1), ghrelin, and leptin, signal in the hypothalamus 
to regulate satiety (Barakat et al. 2024). This signaling is bidirectional as brain cir-
cuits provide feedback to the periphery to modulate systemic energy metabolism 
(Wachsmuth et al. 2022). We must therefore view CNS function and dysfunction 
from a multisystem perspective, where the brain is in continuous communication 
with the periphery and vice versa. This interconnectedness between the CNS and the 
periphery may have profound implications on how we understand SMIs, previously 
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conceptualized as primarily brain disorders, to metabolism. Critically, dysglycemia 
(e.g., glucose intolerance, insulin resistance) has increasingly been recognized not 
only as a hallmark of diabetes; it is present in psychotic spectrum illnesses, major 
depression, and bipolar disorder (Calkin 2019; Freyberg et al. 2017; Watson et al. 
2021). While many psychiatric medications, including antipsychotic drugs, cause 
dysglycemia that ultimately culminates in type 2 diabetes mellitus, these metabolic 
manifestations are also evident in drug-naïve individuals during the first episodes 
of their illnesses (Freyberg et al. 2017; Lee et al. 2024a, b; Pillinger et al. 2017). 
This strongly suggests that metabolic symptoms are intrinsic to psychiatric illnesses 
and that these disorders can be viewed through a new lens of multi-organ dysfunc-
tion. Similarly, immune system dysfunction has increasingly been acknowledged 
as a feature of both SMIs and metabolic disease and may mediate some antipsy-
chotic-induced metabolic side effects (Prestwood et al. 2021; Pillinger et al. 2020). 
Genetic studies have linked immune and inflammatory genes to schizophrenia. 
Likewise, both autoimmune illnesses and maternal infections are associated with 
SMIs (Debost et al. 2019; Eaton et al. 2006; Fabbri and Serretti 2017).

While recognizing the complexity and intersection of multiple biochemical path-
ways that contribute to metabolism, insulin and immune signaling are established as 
two key regulators of metabolism implicated in both the CNS and non-CNS effects 
of SMIs. There is also interplay between metabolic pathways and biochemical sig-
naling mechanisms traditionally implicated in SMIs. For example, insulin and do-
paminergic receptors play a reciprocal role in the dynamic regulation of metabolism 
via AKT-signaling pathways (Figure 11.1a) (Freyberg et al. 2010). An imbalance in 
these pathways may lead to metabolic disturbance in any organ where these recep-
tor systems are co-located (e.g., the brain and pancreas). Although there is debate as 
to the source of CNS insulin (Gray et al. 2014), the importance of insulin signaling 
within the CNS is clear: it plays various roles, including the regulation of synap-
tic plasticity, memory formation, and control of peripheral metabolic homeostasis 
through feeding and glucose metabolism (Ferrario and Reagan 2018). Foremost, 
given insulin’s importance as a key regulator of glucose availability and metabolism 
more generally, we posit that insulin signaling may be integral to ensure adequate 
energetic resources, not only in the periphery but also in the CNS. Nevertheless, 
existing data paint a complex metabolic picture of insulin’s central versus periph-
eral action required to maintain metabolic balance. For example, insulin acts in the 
brain to boost the counterregulatory response to hypoglycemia by blunting CNS 
glucose sensing (Ren et al. 2019). Brain insulin signaling in the hypothalamus also 
impacts the balance between lipolysis and lipogenesis (Agrawal et al. 2021; Shin 
et al. 2017; Iwen et al. 2014). Perturbation of these physiological roles are impli-
cated in SMIs; for example, alterations in CNS insulin signaling pathways that link 
the brain and periphery are observed in psychotic disorders (van Nimwegen et al. 
2008). Impaired glucose homeostasis is observed in people with SMIs, even after ac-
counting for lifestyle factors and medication (Pillinger et al. 2017). This is generally 
supported by genetic and epidemiological data (Liu et al. 2013; Perry et al. 2020). 
Insulin-induced suppression of hepatic glucose production by the hypothalamus is 
well described (Dash et al. 2015; Obici et al. 2002), and there is evidence that this 
process is impaired in antipsychotic-naïve patients with psychosis. Specifically, a 
study that performed hyperinsulinemic euglycemic clamps in antipsychotic-naïve 



Severe Mental Illness as a Multisystem Metabolic Disorder 249

PI3K

PDPK1

SGK1

STAT

JAK

Insulin receptor

CNS effects Non-CNS effects
Energy/nutrient sensing

(AMPK/mTOR) 

IL-6 Receptor

PI3K

AKT1

PP2A

β-Arrestin2

Vagus nerve

Glucose

Insulin receptor DA receptor

AKT1
Food
intake

P

InactiveActive

(a)

(b)

Figure 11.1 Dynamic interactions between insulin receptor and dopamine receptor signaling. (a) 
Upon insulin receptor activation, PI3 kinase (PI3K) is activated, which triggers phosphorylation 
of AKT1 kinase. Phospho-AKT1, the active form of the enzyme, acts on autonomic pathways. 
This includes central insulin-mediated actions via the vagus nerve that link metabolic signaling 
between the brain and the periphery to regulate systemic metabolism. This includes diminished 
food intake through CNS actions and suppression of hepatic glucose production via hypothalamic 
insulin signaling. Additionally, dopamine (DA) signaling through DA receptors may act in a coun-
terregulatory manner. DA receptor activation leads to recruitment of a β-arrestin2-based complex, 
which includes the PP2A phosphatase, and dephosphorylates AKT1, resulting in the kinase’s inac-
tivation. Created in BioRender. Mack, M. (2025) https://BioRender.com/k0927cn. (b) Outside of 
the canonical AKT-signaling pathways, insulin and cytokine receptor signaling pathways converge 
on SGK1. SGK1 activation leads to effects in the CNS and on peripheral target organs. In both 
cases, microtubule formation is impacted, leading to effects on cell plasticity, energy, and nutrient 
sensing. Created in BioRender. Mack, M. (2025) https://BioRender.com/k0927cn.

patients with first-episode psychosis found that patients showed higher hepatic glu-
cose production and hepatic insulin resistance, which could not be attributed to dif-
ferences in adiposity or other confounders (van Nimwegen et al. 2008). Given the 
link between CNS insulin action and hepatic glucose production (Lewis et al. 2021), 
these findings suggest a primary metabolic signaling pathway abnormality in people 
with psychosis. This abnormality, however, remains to be examined in other SMIs.

https://BioRender.com/k0927cn
https://BioRender.com/k0927cn
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Converging lines of evidence implicate immune dysregulation in SMIs 
(Goldsmith et al. 2016). However, key gaps in our knowledge are evident, includ-
ing the following:

• Alterations in peripheral immunity may not directly reflect CNS immune 

• Immune alterations, regardless of location, may not be observed in all pa-

• The functional role of immune parameters may differ within the CNS com-
pared to the periphery (Gonzalez Caldito 2023).

Insulin resistance is both a cause and an effect of inflammation (Duarte et al. 2012). 
Immune cells are particularly sensitive to systemic metabolic disturbance since 
their energy stores rely on circulating blood glucose, and their functional integ-
rity is essential in the control of downstream effects (Freyberg and Harvill 2017; 
Corsi-Zuelli et al. 2021). There is the potential for interactions between the canoni-
cal insulin receptor signal transduction network and cytokine receptor signaling 
(e.g., interleukin-6, IL6). For example, serum/glucocorticoid-regulated kinase 1 
(SGK1) is regulated by both insulin- and IL6-related pathways, with the poten-
tial for alterations in both CNS (e.g., microtubule formation, neuronal plasticity, 
memory) and non-CNS (e.g., cardiovascular) function (Figure 11.1b) (Bian et al. 
2023). Disruption in either canonical pathway could contribute to dysregulation of 
the other, leading to metabolic dysregulation and multisystem effects in SMIs.

3 What Are the Modulators of Systemic Metabolic Pathways in 
Severe Mental Illness?

A key intrinsic modulator of metabolic pathways implicated in SMIs is the biologi-
cal sex (male/female) of an individual at birth, which accounts for well-established 
differences in prevalence and age of onset across SMIs. For instance, estrogens 
provide protection as they activate intracellular signaling pathways, which reduce 
oxidative stress, apoptosis, and inflammation (Straub 2007). Within the CNS, estro-
gens, in turn, can enhance cell proliferation and synaptic sprouting (Krolick et al. 
2018). In the periphery, however, estrogen deficiency in females leads to glucose 
dysregulation (Yan et al. 2019).

While it is generally acknowledged that genetics significantly contributes to 
metabolic alterations in people with SMIs, the pathways are complex and do not 
necessarily reflect a single identifiable etiology. Some factors, such as adiposity, 
may represent both intrinsic and extrinsic modulatory pathways and involve com-
plex interactions between inflammatory response and insulin/dopamine signaling 
that is sufficient to impact both CNS and metabolic function (Rasinska et al. 2022).

In terms of extrinsic modulators of metabolic pathways, stress of any form (e.g., 
maternal infection, obstetric complications, childhood trauma) during development is 
a key factor (Kivimaki et al. 2023). Furthermore, it is hypothesized that the timing of 
stress events may influence the psychiatric phenotype in the affected individual: stress 
events that occur earlier in development are more likely to cause neurodevelopmental 
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disorders such as autism and schizophrenia whereas later stress events increase the 
chances of mood and anxiety disorders (Gee and Casey 2015; McLaughlin and 
Hatzenbuehler 2009). By extension, it is suggested that if SMIs represent multisys-
tem dysfunction, then insults earlier in development may also increase the risk of co-
morbidity (e.g., diabetes mellitus and cardiovascular disease). However, the specific 
mechanisms by which these stress modulators influence metabolic pathways leading 
to multisystem effects remain poorly defined. Various pathways may be implicated, 
including epigenetic effects of stress, the consequence of hypercortisolemia on intra-
cellular metabolic signaling, and the direct effects of stress on metabolic pathways in-
dependent of hypothalamic-pituitary-adrenal (HPA) axis effects. Evidence to support 
the HPA axis independent effects of stress derives from a Mendelian randomization 
study showing that the association between childhood maltreatment and multimor-
bidity (depression and cardiometabolic disorders) is mediated by metabolic param-
eters (HbA1c, fasting insulin, and glucose) rather than cortisol (Baltramonaityte et al. 
2025). The stress vulnerability model (Zubin and Spring 1977) may also be key to our 
understanding of extrinsic modulators of metabolic pathways and resultant develop-
ment of SMIs. For example, during the COVID-19 pandemic, despite the widespread 
social isolation imposed by lockdowns, only a small proportion of individuals de-
veloped psychiatric disorders (Hastie et al. 2023). This suggests that environmental 
stressors alone are not sufficient to cause psychiatric illness in all people. Rather, it 
points to potential gene–environment interactions in combination with social factors, 
such as connectivity/loneliness on systemic health, metabolism, and emergence of 
psychiatric symptoms. Moreover, “risks factors” (e.g., lack of social connectivity) 
have a clear counterpoint (good social connectivity) and may indicate markers of 
resilience, with therapeutic implications.

Nutrition may also be a key extrinsic regulator of metabolic pathways implicated 
in SMIs. For example, three days of high fat/sucrose diet in rodents is sufficient 
to cause hypothalamic insulin resistance with resultant CNS effects (Clegg et al. 
2011). Patients with SMI have a disproportionately poor diet as a result of many 
factors including cognitive dysfunction, negative symptoms, deprivation, and re-
duced access to non-high processed options (Firth et al. 2019). Furthermore, clini-
cal data suggest that increased intake of ultra-processed foods alter mitochondrial 
metabolism (Coppola et al. 2023). Although an intervention such as a ketogenic 
diet would be logical in response to a glycolysis disorder, it is unclear if this is a 
tolerable or effective intervention in all patients with SMIs. Furthermore, there is 
uncertainty around the precise mechanism by which a ketogenic diet may exert its 
therapeutic effects in psychiatric disorders. For example, ketones themselves may 
be therapeutic, rather than the diet simply reducing intake of “toxic” glucose.

4 How Do Alterations in Metabolic Pathways Result in Symptomatic 
Heterogeneity?

Mental health research and treatment are based mainly around categorical diag-
nostic structures, such as depression and schizophrenia, as classified and defined in 
diagnostic manuals based on symptom checklists. Due to the polythetic structure 
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of psychiatric diagnoses, two individuals may have the same diagnosis and no 
overlapping symptoms, or conversely a different diagnosis with multiple overlap-
ping symptoms. Symptoms may also change over time both between and within 
individuals. It is plausible that the heterogeneity in clinical manifestations within 
and across diagnostic categories lies in variations in complex biological systems, 
particularly metabolic processes. Dysfunction in metabolic pathways may underlie 
psychiatric symptoms in ways that cut across traditional diagnostic boundaries. If 
common metabolic impairments are present in individuals with different psychi-
atric labels, they may present with shared clinical features, reflecting underlying 
biological overlap. As nature does not adhere to the constructs of psychiatric clas-
sification, it is entirely plausible that a “metabolic phenotype” may span multiple 
diagnostic categories. Conversely, heterogeneous alterations in specific metabolic 
pathways among individuals with the same diagnosis could drive the diversity of 
symptoms observed within that group. This biological variability may help explain 
why two patients with the same formal diagnosis respond differently to treatment 
or follow distinct clinical trajectories. A metabolic perspective thus offers a unify-
ing, mechanistic lens through which to reinterpret psychiatric disorders, moving 
beyond rigid diagnostic silos toward more biologically informed and personalized 
models of care.

Psychiatric symptoms that accompany extreme metabolic and immune per-
turbations are well recognized, as in, for instance, delirium in the context of 
hypo/hyperglycemia or infection, hepatic encephalopathy, and depression associ-
ated with interferon-α. Furthermore, knockdown of insulin receptors in the hypo-
thalamus in animals triggers depressive and anxiety-like behaviors (Grillo et al. 
2011). However, the characteristic psychopathology that accompanies less extreme 
systemic metabolic dysregulation is less well defined. Of note, treatment of insu-
lin resistance in mood disorders results in improvement in depressive and poten-
tially cognitive symptoms (Jones et al. 2021; Calkin et al. 2022). The role of insulin 
signaling in cognition is well recognized (Kim and Feldman 2015), and comorbid 
metabolic dysfunction in depression predicts deficits across various cognitive do-
mains (Maksyutynska et al. 2024). Furthermore, epidemiological studies in SMI 
have demonstrated that symptoms associated with metabolic/immune disturbance 
include appetite, sleep, energy, and motivational impairments (Milaneschi et al. 
2020; Morales-Munoz et al. 2024).

In the hypothesized multisystem model, the brain may act as a broker allocating 
a finite energy budget, as highlighted by Rae et al. (Chapter 3). The interoceptive 
system provides the brain with a reading of the metabolic status of different organs 
and tissues via neuroendocrine messengers such as insulin, leptin, ghrelin, GLP-1, 
cytokines, and growth differentiation factor 15. These signals reach brain centers 
like the hypothalamus and the insula—hubs involved in the integration of a range of 
physiological responses, such as thermoregulation, food intake, energy expenditure, 
and sleep/wakefulness (Adamantidis and De Lecea 2023; Brüning and Fenselau 
2023). Informed by interoceptive signals on the body’s metabolic status, the brain 
modulates motivational and reward processing to output congruent energy-saving 
and energy-storing physiological and behavioral responses. Thus, it is hypothesized 
that transdiagnostic symptoms, such as impaired motivation, fatigue, sleep, and ap-
petite alterations, may be a CNS response to systemic metabolic stress (Kim and 
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Lee 2021) or a consequence of dysregulation in the interoceptive pathways con-
veying metabolic stress signals or in their integration in central homeostatic-mo-
tivational hubs (Kroemer et al. 2022). Thus, the available evidence points toward 
a cluster of psychiatric symptoms associated with systemic metabolic disturbance, 
which we term “metabolic psychopathology.” This includes cognitive deficits, amo-
tivation, anhedonia, appetite and sleep disturbance. On this basis, it is hypothesized 
that a comprehensive metabolic psychiatric diagnostic battery should, in addition to 
various metabolic assessments, include a granular of assessment of metabolic psy-
chopathology (e.g., using actigraphy and polysomnography for activity and sleep). 
Furthermore, to assess motivational processes, energy and effort expenditure could 
be measured, consistent with evidence showing that the impact of immuno-meta-
bolic signaling on motivational outcomes is mainly due to impairment in appetitive 
processes (energy effort and motivational vigor) rather than consummatory pro-
cesses (perceived reward value) (Treadway et al. 2019). Considering the potential 
for rapid fluctuations in both psychopathology and metabolism, symptom assess-
ments should temporally align with the collection of biological samples. These ef-
forts are required to better define the relationship between metabolic psychopathol-
ogy and systemic biological alterations.

The question of causality between central (brain) and peripheral (metabolic) 
processes remains a key challenge in metabolic psychiatry. Rather than a unidi-
rectional model, current evidence supports a bidirectional and dynamic interaction 
between brain and body. As we have discussed, peripheral metabolic signals—
such as insulin and inflammatory cytokines—modulate central circuits involved 
in mood, cognition, and motivation. Conversely, psychiatric disorders can disrupt 
autonomic, endocrine, and immune function, thereby promoting insulin resistance, 
dyslipidemia, and visceral adiposity. While treating one domain may influence the 
other, neither acts in complete isolation. For example, improving peripheral insulin 
sensitivity through pharmacological or lifestyle interventions has shown promise 
in reducing depressive and cognitive symptoms, suggesting peripheral metabolic 
improvement can have central benefits (Calkin et al. 2022; De Giorgi et al. 2025; 
Firth et al. 2020). Similarly, effective treatment of mental illness can be associated 
with improvements in metabolic parameters (Gulley et al. 2022), although often 
confounded by medication effects (Pillinger et al. 2020). However, a third possi-
bility is also plausible: that both psychiatric symptoms and metabolic dysfunction 
are downstream and independent manifestations of shared upstream drivers—such 
as mitochondrial inefficiency, inflammation, and/or early-life adversity (Pillinger 
et al. 2020).

5 Can We Stratify Psychiatric Presentations Based on a Peripheral 
Metabolic Signature, and What Are the Implications for Research?

There have been many attempts to stratify psychiatric conditions based on a 
given biological parameter (McIntyre et al. 2019; Watson et al. 2023; Nettis et al. 
2021). These approaches have typically attempted to identify subgroups within a 
given SMI. If, as we have discussed, metabolic disturbances are associated with 
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psychopathology that transcends traditional diagnostic constructs, then stratifica-
tion based primarily on markers of systemic metabolic disturbance may advance 
this approach. Considering the putative role of insulin signaling in “metabolic psy-
chopathology,” insulin resistance is a reasonable first stratification step. However, 
there are key questions regarding the role of insulin resistance in the emergence of 
psychiatric symptoms. For example, despite the evidence described above, there 
is uncertainty as to whether insulin resistance truly represents a transdiagnostic or 
prognostic tool, and at which stage of any given SMI insulin resistance may be 
relevant; for example, insulin resistance is seen prior to the onset of psychosis, but 
the evidence in depression is weaker and may emerge later. Furthermore, the role of 
extrinsic and intrinsic moderators of insulin signaling in the developmental stages 
of psychiatric disease require further elucidation. Finally, the multisystem effects of 
metabolic interventions that target both CNS and non-CNS pathways are unclear.

We propose an ambitious interdisciplinary multisystem study to address these 
complex challenges, which require multiple approaches to validate insulin resis-
tance as a treatment target in SMIs, using both computational and experimental 
methods. To avoid the repeated, effortful, and costly set up of multiple experiments, 
trials and observational biomarker validation using a collaborative, broad infra-
structure approach is needed. An enriched, longitudinal cohort with an embedded 
novel trial design (e.g., platform, multiarm), able to host experimental medicine, 
early-stage and adaptive interventions across physical and mental health, could of-
fer the field the best opportunity to address multiple issues (see Figure 11.2). In 
brief, the following is proposed: A cohort of young participants with insulin resis-
tance (as defined, e.g., by age-specific HOMA-IR thresholds) and at risk for mental 
health disorder, but without a recognized SMI could be recruited. Participants would 
then undergo deep phenotyping, including genetic, cardiovascular, endocrine, and 
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• Explore “metabolic psychopathology” across other multisystem disorders

SMI
• Explore sex differences in metabolic pathways related to SMI
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metabolic assessments, alongside screening for psychopathology. Those partici-
pants presenting with identifiable early-stage “metabolic psychopathology” would 
then be invited to partake in preventive intervention trials, the first stage of which 
would involve psychological and physiological challenges to provide insight into 
pathways responsible for CNS and non-CNS alterations associated with systemic 
metabolic disturbance. The number of participants with insulin resistance and meta-
bolic psychopathology would accumulate over time, and with increasing severity of 
illness, and would be recruited to subsequent stages of trials, which would see vari-
ous interventions tested in a multiarm, multistage approach. As well as examining 
vulnerabilities to metabolic dysregulation and associated psychiatric disturbance, 
this project would also seek to define features of resilience for multisystem comor-
bidity, with implications for both population-level and personalized interventions.

6 Conclusions

Severe mental illness needs to be reconceptualized as a CNS manifestation of a 
multisystem disorder. Reemphasizing the mind as an integral part of the body of-
fers a novel systemic approach to both the assessment and potential management of 
SMI. The following key issues, however, await resolution:

• Validate “metabolic psychopathology” as a transdiagnostic and/or prognos-

• Explore the connection of microbiome with metabolic pathways related to 

• Explore novel metabolic interventions in SMI

With a view toward the development of novel therapeutics, we have put forth an 
experimental model aimed at supporting future efforts to better define causative 
metabolic signaling pathways and their modulators.
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Abstract Randomized controlled trials (RCTs) are a well-established scientific 
method for building evidence to support the efficacy of an intervention. Proposed 
metabolic interventions for neuropsychiatric problems range from ketogenic diets 
to probiotics and omega-3 supplements, among many others. Here, a comprehen-
sive guide is presented for researchers and clinicians to use as they navigate the 
intricacies of planning, conducting, analyzing, and reporting on clinical trials in 
metabolic therapies for neuropsychiatric disorders. In-depth topics include the fun-
damental role of and ways to achieve randomization, trial design decisions, choice 
of control group and blinding, specification of outcomes including mechanisms of 
action, power calculations and sample size, as well as the intention to treat and ac-
count for lack of adherence. Issues related to ethical oversight, safety monitoring, 
standardized protocols, preregistration, and adherence to reporting standards (e.g., 
CONSORT) are presented as integral elements of a clinical trial’s integrity, ensuring 
reliable and actionable outcomes. The chapter advocates for thoughtfully designed 
and analyzed RCTs that prioritize scientific rigor alongside clinical relevance.
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1 Introduction

The current landscape of clinical trials that examine metabolic interventions for 
psychiatric disorders and cognitive function is a dynamic and evolving field. 
Increasingly, researchers are interested in the metabolic underpinnings of mental 
health, exploring how interventions such as diet, exercise, and metabolic-targeted 
drugs can improve psychiatric and cognitive outcomes. Clinical trials are investi-
gating the efficacy of ketogenic diets, probiotics, and supplements such as omega-3 
fatty acids in managing various conditions (e.g., depression, schizophrenia, and cog-
nitive decline). Relatedly, metabolic pharmacologic therapies have recently been 
approved for treatment of obesity and diabetes (Chakhtoura et al. 2023; Tchang et 
al. 2000). There is also a growing focus on personalized medicine, which aims to 
tailor metabolic interventions based on individual patient profiles, including genet-
ics and metabolism. Despite the promising nature of these approaches, the field 
must confront challenges, such as variability in study designs, small sample sizes, 
and the need for longer-term follow-up, before we fully understand the efficacy and 
safety of these interventions.

Here, we delve into various aspects that are important to consider when plan-
ning, conducting, and statistically analyzing results from clinical trials that test 
metabolic interventions in the field of neuropsychiatry. Discussion underscores the 
necessity of a well-structured framework to assess both the efficacy and safety of 
novel treatments as well as the methods to assess the targeted metabolic pathways 
that influence neuropsychiatric disorders. We will give a primer on why randomized 
controlled trials (RCTs) are considered the gold standard for confirming evidence 
of the efficacy of an intervention. Thereafter, we dive deeper into issues regarding 
trial phases and design, choice of primary outcome measures and their timing, ran-
domization, blinding, sample size, and data analytic issues. Our goal is to provide a 
guide for researchers and clinicians, aiming to conduct and understand clinical trials 
in metabolic-based therapies for neuropsychiatric disorders.

2 Overview of Clinical Trials of Metabolic-Based Therapies for 
Neuropsychiatric Outcomes

Using the repository ClinicalTrials.gov, which offers information on active and 
completed clinical trials conducted around the world, a search revealed an increas-
ing number of clinical trials aimed at investigating metabolic interventions for psy-
chiatric and neurological disorders. Since 2010, over 1,400 trials have investigated 
dietary inventions and over 4,000 have addressed exercise interventions to treat 
psychiatric or neurological conditions. Sample studies include the following:

• Gluten- and casein-free dietary interventions for autism (Whiteley et al.

• Increased dietary protein for neurobiologic improvement and cognitive im-
provement in people with attention-deficit/hyperactivity disorder (Huberts-
Bosch et al. 2024; ICH GCP 2024)

http://ClinicalTrials.gov


 
 

• Ketogenic diets to improve metabolic and psychiatric health in people with 
bipolar disorder and schizophrenia (Stanford Medicine Health Care 2025)

• Dietary supplementation with molecular hydrogen and pyrroloquinoline
quinone to improve mitochondrial function and cognition in the elderly
(Ames 2018)

• Aerobic exercise to improve inflammation, brain-derived neurotrophic fac-
tor, and cognition (McGurk et al. 2021) in severe mental illness
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A common feature of many clinical trials investigating metabolic-based interven-
tions for neuropsychiatric conditions is that the outcomes include both the biologi-
cal targets (e.g., mitochondrial function, neurobiology, inflammation) and the pri-
mary psychological or cognitive symptoms of the patient (Figure 12.1). That is, it is 
common for these trials to have two goals. The first, and often primary, goal is to an-
swer whether the metabolism-based therapy improves patient psychiatric symptoms 
and/or cognitive function (Figure 12.1a). Ultimately, determination of the treatment 
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Figure 12.1 (a) Primary aim of the randomized controlled clinical trial: Does the metabolism-
based therapy improve patient psychiatric symptoms or cognition? (b) Mechanism of action goal: 
Does the metabolism-based therapy affect the biological targets, which in turn improve patient 
symptoms?
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effect on this primary outcome (i.e., that the therapy works and how well it works 
on average) is the main finding that matters for the livelihood and quality of life for 
the people who will take the treatment. The second goal, however, is also important, 
which is to understand and test the biological mechanism of action of the therapy 
(Figure 12.1b) (i.e., why it works).

The randomized intervention used in a clinical trial can also function as a probe 
for the metabolic mechanisms and ultimately expand our understanding of them. 
Here the goal is to further the scientific knowledge to understand the biological 
explanations for why the therapies work. In addition, this focus on the mechanisms 
through biological targets might potentially enable future treatments to be tailored 
or adapted to specific patient profiles that respond differentially. Of note, this focus 
in clinical trials on the mechanism of action was an explicit policy introduced in 
2013 by the National Institute of Mental Health (Insel 2013).

3 Why Are Randomized Clinical Trials the Gold Standard for 
Assessing	Treatment	Effects?

RCTs follow rigorous design and methodology which help to ensure that the results 
are reliable and valid. The fundamental reason that RCTs are considered the gold 
standard for assessing the scientific evidence for whether a therapy works comes 
from the act of randomizing subjects to the therapy of interest or to a comparator 
(“control”) group. Randomization ensures that differences between groups in the 
outcomes are due to the treatment they were given, rather than to other background 
factors. Theoretically, randomization ensures balance between the background 
characteristics between the groups, and thus provides the best means to establish 
causality between the intervention and the outcomes by minimizing the possibility 
of confounders. That is, unlike in the real world where people and their clinical pro-
viders choose what type of interventions they try, and those choices are confounded 
by prognostic factors (e.g., people who are more concerned or more severe may 
tend to choose certain therapies), in an RCT, the choice of whether a person receives 
an intervention or is in the control group is determined by a coin flip. Because this 
is the only factor that influences which treatment someone is given in an RCT, 
there are no confounders and hence, causal effects can be estimated directly. In an 
RCT, each randomized group can serve as the counterfactual for the other group 
and hence, the average causal treatment effect can be estimated simply by the dif-
ference between the groups. The fundamental role of randomization as a means to 
estimate causal effects has been well-formalized in the literature; for a good review, 
see Eichler et al. (2016).

Despite the elegant theory underlying why randomization provides a means for 
establishing causality in randomized trials, in practice, many things can go wrong 
during the processes of conducting the clinical trial, which can introduce biases and 
confounding. The following types of biases can occur:

• Selection bias, which happens when those who choose to enroll in trials 
are not representative of the broader population who would use the therapy 
(e.g., enrolling more highly functioning people with schizophrenia with 
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strong social networks).
• Detection bias, which can happen from unblinded experimenters/raters or 

subjects who may report outcomes differentially based on their expecta-
tions of improvement from being in a trial rather than actual experience of 
improvement (e.g., a subject enrolled in a ketogenic diet reports improved 
symptoms because they believe their dramatic change in diet must be healthy 

• Attrition bias that stems from subjects not adhering to protocols or drop-
ping out completely; for example, “lifestyle” interventions, such as nutrition 
or exercise changes, are common in metabolic neuropsychiatry and notori-

• Publication bias, which occurs when positive rather than null studies are 
more likely to be published.

To minimize such biases and uphold the status of RCTs as the gold standard for evi-
dence, the scientific community has agreed upon several guidelines for conducting 
RCTs, which we review below (Evans 2010b; Meinert 2011).

3.1 Standardized Protocols

Clinical trials follow standardized protocols that detail how the study is conducted, 
including how participants are chosen, how the treatment is administered, and how 
outcomes are measured. When studying psychiatric disorders, to enroll enough 
subjects with particular disorders, it is common to use multisite studies where, for 
example, enrollment and administration is conducted at multiple outpatient psychi-
atric clinics. For studies conducted at multiple sites, standardization ensures consis-
tency across the study and enhances the reliability of the findings. The Consolidated 
Standards of Reporting Clinical Trials (CONSORT) guides the reporting of essential 
components of randomized trial methods and findings in published reports (Schulz 
et al. 2010). It has been adopted and is required by most health journals for publica-
tion (Shamseer et al. 2016). One prominent recommendation of CONSORT is the 
inclusion of a flow diagram (see Schulz et al. 2010) that describes how subjects 
were involved—from the beginning (screening for eligibility) until the final analytic 
sample—as well as the delineation of the specific choices made within the trial (see 
CONSORT 2010 checklist of information in Schulz et al. 2010). Both help to assess 
the internal and external validity of the study.

3.2 Preregistration

Preregistration for clinical trials involves registering the study’s protocol with a pub-
licly accessible database (e.g., clinicaltrials.gov); this must be done before enrolling 
participants and starting the trial. The preregistration process includes detailing the 
study’s objectives, methodology, design, population, and planned analyses. The aim 
here is to enhance transparency and credibility in research by providing a public 

http://clinicaltrials.gov
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record of the planned research before it begins. The importance of preregistration 
lies in its ability to prevent selective reporting and publication bias, ensuring that all 
results—positive, negative, or inconclusive—are available for public scrutiny. This 
transparency helps researchers avoid practices like “p-hacking” or “data dredging,” 
where they might selectively report outcomes that were not originally designated as 
primary endpoints. By outlining the research plan in advance, preregistration com-
mits researchers to follow the specified methods and analyses, thus contributing to 
the integrity and reproducibility of scientific research.

3.3 Ethical and Safety Oversight

Clinical trials are subject to rigorous ethical oversight to protect participants’ rights 
and well-being. Ethical standards require that trials have scientific validity, provide 
potential benefits that outweigh risks, and ensure informed consent from partici-
pants. Data Safety and Monitoring Boards enable continuous monitoring of data, 
essential for identifying any adverse effects or ethical concerns. Interim analyses, 
conducted at predetermined points during the trial, can help in making decisions 
about continuing, modifying, or stopping the trial early for efficacy or safety reasons.

4 Designing and Conducting RCTs: Decisions That Need to Be Made
4.1 Phases of Clinical Trials

Depending upon the specific type of metabolic intervention (e.g., a new experimen-
tal drug not previously used in humans vs. a strict gluten-free dietary nutritional 
intervention) and the extent of research that has already been conducted, the phase 
of the clinical trial to be conducted will vary. The following standard definitions of 
clinical trial phases are used to delineate specific objectives and characteristics to 
ensure the safety and efficacy of new drugs before they become widely available to 
the public.

• Preclinical phase involves experimenting with the chemical/drug in non-
humans to understand its biological mechanisms. For example, rodents are 
typically used when exploring metabolic interventions, whereas nonhuman 
primates are used to investigate more complex human-like responses, espe-
cially in drug development, therapeutic, or neurobehavioral interventions 

• Phase I, the initial phase of clinical testing, involves a small group of
healthy human volunteers (10–50 participants) and focuses primarily on as-
sessing the safety, tolerability, pharmacokinetics, and pharmacodynamics 
of the drug or intervention. The main goal is to determine the drug’s most 
frequent and serious side effects and how it is metabolized and excreted by 
the body. One example of a phase I clinical trial evaluated the safety, toler-
ability, pharmacokinetics, and pharmacodynamics of TG103 injections in 
overweight or obese participants (Lin et al. 2024). The authors concluded 
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that all three doses of once-weekly TG103 were well tolerated with an ac-
ceptable safety profile and demonstrated preliminary 12-week weight loss 
without lifestyle intervention. Aztra Zeneca is currently conducting a phase 
I randomized, single-blind controlled study to evaluate the safety, tolerabil-
ity, pharmacokinetics, and pharmacodynamics of AZD6234 in overweight 
or obese participants (Astrazeneca 2023).

• Phase II trials are larger (typically involving 50–200 participants) and aim 
to assess the preliminary efficacy of the drug, while continuing to evaluate 
its safety. This phase often includes patients who have the condition that the 
drug is intended to treat. Researchers try to ascertain the optimal dose and 
scheduling for the drug and further investigate its therapeutic effects. An ex-
ample of phase II study is the MIRNA study, which investigated the efficacy 
and safety of a DGAT2 inhibitor in adults with nonalcoholic steatohepatitis 
(NASH) and fibrosis (Amin et al. 2022). Another is the phase II clinical 
trial by Boehringer Ingelheim and Zealand Pharma, which investigated the 
efficacy of survodutide (BI 456906), a novel glucagon/GLP-1 receptor dual 
agonist, in patients with obesity or overweight. The study demonstrated sig-
nificant weight loss and also reported a favorable safety profile, with gastro-
intestinal issues as the primary reason for discontinuation, particularly dur-
ing rapid dose escalation, which could potentially be mitigated with slower 

• Phase III trials expand in scale, involving several hundred to several thou-
sand participants. Here the aim is to provide a more thorough understanding 
of the intervention’s effectiveness, benefits, and the range of possible adverse 
reactions. Phase III trials are pivotal in determining whether a drug will
be approved by regulatory authorities. They compare the new drug, often
against a placebo or standard treatment, to evaluate its overall risk:benefit 
ratio. For instance, a clinical trial SURMOUNT-3 that was conducted by
Eli Lilly, evaluated the efficacy of tirzepatide for weight loss in adults with 
obesity or overweight but without type 2 diabetes (Wadden et al. 2023).
After an intensive 12-week lifestyle intervention program, participants who 
achieved at least 5% weight loss were randomized to receive tirzepatide or 
a placebo. At the 72-week follow-up, participants in the tirzepatide group 
achieved a 21.1% mean weight loss, compared to placebo participants who 
gained 3.3% bodyweight on average. Another example is an announce-
ment by Boehringer Ingelheim and Zealand Pharma of three Phase III trials 
(SYNCHRONIZE-1, SYNCHRONIZE-2, and SYNCHRONIZE-CVOT)
(Boehringer Ingelheim 2023) to further investigate the efficacy and safety 
of survodutide (BI 456906), a dual agonist of the glucagon and GLP-1 re-
ceptors, for treating obesity and overweight. The trials build on successful 
phase II data, mentioned above. The Phase III studies will focus on individu-

• Phase IV trials, also known as post-marketing surveillance, are conducted 
after the drug has been marketed to monitor the long-term effectiveness 
and impact of the drug in a larger, more diverse population. These trials
are essential for detecting rare or long-term adverse effects and can lead to 
further refinement of the drug’s usage recommendations or, in some cases, 
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withdrawal from the market. An example of a phase IV clinical trial is the 
post-marketing surveillance study conducted on ocrelizumab for multiple 
sclerosis. In this trial, real-world data is collected to assess long-term safety 
and efficacy across diverse populations, often revealing additional informa-
tion that was not captured in earlier phases (Genentech 2023).

Each phase is crucial for understanding the different aspects of the drug or inter-
vention’s safety and efficacy, contributing to the body of evidence that will be used 
by regulatory authorities (if it is an experimental drug) or by the general audience 
review before choosing to recommend a new medication or therapy.

4.2 Trial Design: A Case for the Parallel Arm Design

There are numerous types of experimental designs that can be utilized in clinical 
trials, such as parallel, factorial, crossover, adaptive, SMART, non-inferiority (for a 
well-annotated guide on the various types of designs and their strengths, see Brody 
2016; Evans 2010a; Nair 2019). The most basic and by far most commonly used 
RCT design, however, is the two-arm parallel trial. The term “parallel” refers to 
the fact that both groups (i.e., those randomized to experimental intervention and 
those randomized to control) proceed through the study simultaneously, following 
the same timeline. The outcomes of each group are then compared at the end of 
the study period. This fundamental design in clinical research allows for a clear 
comparison of the effects of an intervention against a control, providing robust 
evidence of the intervention’s efficacy. Because the design is straightforward and 
intuitive, it makes it easier to interpret the direct effects of the treatment. In ad-
dition, there is some time efficiency in this type of design since both groups are 
studied over the same period; thus, the trial can be completed in less time than when 
groups are studied sequentially. A commonly cited disadvantage of the parallel 
arm trial is that it theoretically requires a larger number of participants to detect 
differences between the groups than a within person (e.g., crossover) design might 
need. However, complications that can come with other types of designs—includ-
ing crossover designs, (Krogh et al. 2019) which need careful consideration of 
wash-out periods especially in the context of metabolic interventions (e.g., diet) 
where there can be long-term carry over effects—lead most investigators to choose 
the simple parallel arm trial.

4.3 Choosing the Primary Outcome Measure

Determining the primary outcome in a metabolic intervention clinical trial is a criti-
cal step that should be guided by the trial’s objectives, the condition under study, 
and the intervention’s expected effects. There are several key considerations and 
steps a researcher should take to determine the primary outcome. First, the clini-
cal relevance of the outcome measure needs to be considered. That is, the primary 
outcome should be clinically relevant, addressing a question of real importance to 
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patient care or health outcomes. It should reflect a meaningful benefit to patients, 
such as improved survival, symptom relief, or enhanced quality of life. Moreover, 
the outcome should satisfy regulatory requirements, especially if the trial aims for 
new drug approval or changes to clinical practice.

A second consideration is the feasibility and psychometric properties of the out-
come. By feasibility we simply mean it can be collected within the study’s time 
frame and budget. Outcomes that require overly complex or expensive methods 
may not be practical. A measure having good psychometric properties means that 
it is both reliable and valid, ensuring that it accurately and consistently measures 
what it is intended to measure. It should also be sensitive enough to detect changes 
or differences that result from the intervention.

Another very important consideration is the timing of the measurements. The 
timing should align with the expected time frame of the intervention’s effects, both 
immediate as well as long term. It is common to take regular outcome measure-
ments during the active time of the intervention, at the end of intervention, and 
several weeks or months after finishing the intervention. For example, in a clinical 
trial which studies a 4-month long ketogenic diet plan, measures may be taken at 
baseline (prior to starting), at the end of month 1, 2, 3, and 4 (when the active inter-
vention ends), as well as 6 months later (i.e., 10 months after start) to capture both 
the trajectory of effects while on active intervention and longer-term sustainability 
effects. Neuropsychiatric conditions often have a chronic course, and long-term ef-
fects of interventions may differ from short-term outcomes. Designing trials that al-
low for long-term follow-up assessments can also provide valuable information on 
the short- and long-term safety of the treatments, including when they are stopped.

Finally, researchers should consider consultation with stakeholders, including 
health-care professionals and people with lived experience, to gain an understand-
ing of what outcomes are most important and relevant to them. The determination 
of the primary outcome is often an iterative process, incorporating new information 
and feedback as the trial design evolves. The primary outcome needs to be justified 
and defended in the study protocol and to regulatory bodies or ethical review com-
mittees. The primary outcome is the cornerstone for designing the study, analyzing 
the results, and interpreting the trial’s success or failure.

Very often, researchers are interested in more than just one outcome; there may be 
multiple secondary outcomes. As shown in Figure 12.1, in metabolic interventions 
there are often secondary outcomes focused on the mechanism of action leading to 
the primary outcome. Insofar as those mechanisms relate to hypotheses that will be 
tested, those additional outcomes should be given careful consideration similar to 
the primary outcomes. One particular point to consider is the timing of measure-
ment for potential mediators (i.e., mechanisms of action) such that change in them 
can be captured before change in the primary outcome has occurred (Davis 2020).

4.4 Devising the Control Groups in RCTs

The use of an appropriate control group or control group treatment, such as a placebo 
or an active comparator, is vital for interpreting the true effect of the intervention. In 
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metabolic intervention studies, it is crucial to ensure that the control group receives 
a treatment that mimics the intervention in every aspect except for the active com-
ponent that is being tested.

In dietary studies that test the impact of certain supplements (e.g., omega-3 
supplements on cognitive functions), subjects in the placebo group would receive 
similar gelatin capsules that are filled with an inert oil mimicking the taste and ap-
pearance of the active treatment capsules. In studies that assess effects of certain 
diets (e.g., high protein diet or keto diet), a comparator group is often asked to 
continue their regular diet without any modification. In this case, the comparator 
group is the as-usual diet group, which helps to assess the impact of a specific di-
etary intervention against the standard eating habits. In behavioral studies, typical 
comparator groups are behavior-as-usual groups in which subjects are instructed 
not to change their behavior and receive no specific instructions regarding their diet 
or exercise. Common are also “treatment-as-usual” comparator groups, especially 
in the case when subjects require a certain amount of care or treatment. One ex-
ample could involve examining the effect of a ketogenic diet on epilepsy, in which 
subjects randomized into the control group receive standard care for epilepsy with-
out any specific dietary advice, whereas in the active treatment group, subjects are 
instructed and expertly guided to follow a ketogenic diet in addition to their typical 
treatment of epilepsy. When performing dietary intervention studies, it is important 
to consider the social component of dietary consulting and, if possible, to include 
some type of consulting or interaction with study staff in the control group to mimic 
that which is being received by the active intervention arm. Furthermore, asking the 
control group to make some type of lifestyle adjustment (e.g., a standardized diet 
and exercise regimen different from those in the intervention arm) to accompany 
nutritional counseling, to directly control the active treatment arm, would be a way 
to improve the precision of the findings to the specific nutritional intake rather than 
the lifestyle change or social interactions (Sherman 2020).

Generally, the specific selection of the control group or control intervention can 
either dampen or accentuate the observed treatment efficacy. One reason for such 
dampening could be a placebo effect. Even when the control group receives a pla-
cebo or inactive treatment, the expectations of the benefit alone or just the sole par-
ticipation in the clinical trials and subsequent attention of the investigators and the 
staff can lead to measurable changes in biological markers or outcomes. Placebo-
controlled designs are thus necessary to assess the accuracy and true efficacy of the 
active component that can be attributed to just the treatment and not to participants’ 
expectations and their handling during the trial.

4.5 Avoiding Bias through “Blinding”

When possible, clinical trials should use blinding (or masking) so that participants, 
clinicians, and those analyzing the results do not know who is receiving the ex-
perimental treatment and the comparator treatment. The purpose of blinding is to 
prevent occurrence of biases in treatment administration and monitoring, as well 
as potentially in the interpretation of outcomes. Single or double blinding refers to 
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how many parties are unaware of the treatment assignment. In single-blind stud-
ies, only one party, usually the study subject, is unaware of which treatment they 
receive, whereas in double-blind studies, both the study subject and researcher 
are unaware. In neuropsychiatric trials, where outcomes are often based on self-
reported symptoms, the implementation of blinding or double blinding is even 
more important because of the placebo effect, which can substantially influence 
outcomes. The placebo effect is a phenomenon where a subject perceives improve-
ment in their symptoms after receiving the intervention, even though it should 
have no therapeutic effect (i.e., they were in the control group and received an 
inert pill capsule). Such improvements in health are believed to be primarily due 
to the belief in or expectation of treatments helping them (Laferton et al. 2017). 
Blinding helps to offset the placebo effect by minimizing the expectations and 
biases of participants and evaluators from influencing the outcomes of the study. 
While the expectancy for improvement cannot be eliminated in subjects who enter 
trials hoping to improve, through a combination of blinding and randomization, 
those expectations will be balanced across randomized groups and controlled 
for in the same way that background characteristics are in an RCT. Blinding the 
investigators and evaluators also ensures that their expectations, behavior, or at-
titudes do not inadvertently affect the participants’ responses to the treatment or 
the interpretation of the outcomes. For instance, a researcher who knows who is 
receiving the actual treatment might unconsciously convey positive expectations 
to the participant or might interpret ambiguous signs and symptoms more favor-
ably, thus biasing the results.

Double blinding is, however, not always possible. For instance, in RCTs that ex-
plore the differences between diet interventions, such as ketogenic versus common 
diets, the blinding of participants is not possible. Still, the blinding of the evaluators 
should still be in effect to prevent observer biases.

Ideally, clinical trials should test the successfulness of the blinding by asking 
subjects and evaluators to guess the treatment allocation (Colagiuri and Boakes 
2010). These checks should be carefully scheduled and executed to ensure that they 
do not inadvertently encourage participants or the evaluators to speculate about the 
participants’ treatment assignments (Sackett 2007). Overall, such checks are impor-
tant to assess the validity of the blinding process across the course of the trial. If the 
participants or the evaluators are correctly guessing the treatment allocation at rates 
that are significantly higher or lower than random chance would indicate, potential 
flaws in the blinding process should be investigated and reported.

Determining when to unblind subjects and researchers is also important. 
Generally, subjects and evaluators should only be unblinded at the conclusion of 
the whole study, after all data has been collected and preliminary analyses per-
formed. This means that unblinding should not occur at the end of each subject’s 
treatment period. For instance, if evaluators become aware of a subject’s random 
assignment at the end of that subject’s participation, it could help them to assess 
treatment overall efficacy and influence their future assessments, which would 
potentially introduce bias into their evaluations of future subjects within the trial. 
However, sometimes unblinding before the conclusion of the study may be neces-
sary, such as when a participant experiences a severe adverse event (knowledge 
of their treatment allocation can be crucial for their medical management) or 
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when interim analysis is necessary. Predefined protocols should be put in place 
to ensure that unblinding occurs in a controlled manner, with only specific people 
being unblinded. This safeguards the study’s validity while addressing ethical and 
safety considerations.

4.6 Flipping	the	Coin:	Simple,	Stratified,	and	Blocked	Randomization

As described earlier, the goal of randomization is to mitigate the influence of poten-
tial baseline confounding variables (i.e., background characteristics of the subjects) 
by evenly distributing those variables across the experimental intervention and con-
trol groups. Randomization aims to ensure that any observed differences seen in the 
primary and secondary outcomes can be attributed to the intervention rather than 
to underlying differences between the randomized groups. The term “balance” is 
often used to describe the goal of randomization; that is, we want the randomized 
groups to be balanced, in terms of their background characteristics, so that we are 
making an apples-to-apples comparison when testing the intervention. However, 
simple randomization (i.e., flipping a coin, using a random number generator, for 
each subject that enrolls to determine which treatment they get) does not guarantee 
perfect balance. The potential for imbalance from simple randomization is espe-
cially true in smaller sample sizes and to counteract this, stratified randomization 
should be considered.

Stratified randomization ensures that the treatment groups are similarly bal-
anced with respect to certain predetermined baseline characteristics. When these 
are known or may influence the outcome of interest (e.g., age, disease severity, 
genetic markers, or site/clinic), baseline characteristics are useful to create distinct 
strata or subgroups. Participants within each stratum are then randomized between 
the different intervention and control groups. This stratification ensures that the ran-
domized groups are balanced across the selected baseline characteristics which re-
duces confounding bias. However, stratified randomization should not be done with 
more than one or two baseline characteristics as it can quickly become complex and 
potentially unmanageable for subject enrollment if recordkeeping and checking of 
several characteristics is necessary prior to randomization. Moreover, with many 
strata it may lead to small sample sizes within each one.

To prevent potential imbalance of random assignment of subjects across the 
enrollment period, it is common to use (random) block randomization. Here, the 
enrollment period/sample is divided into smaller blocks of either equal or random 
size, and the participants are randomly assigned within each block to the different 
study group in a predetermined ratio. Blocks of random sizes are preferred to blocks 
of fixed sizes because random block size prevents simple guessing of random as-
signments within the block. Overall, block randomization minimizes the risk or 
imbalance across treatment groups, especially in the early stages of enrollment, and 
can be used in combination with stratified randomization.
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4.7 How Many People Do We Need to Study? What Is Statistical Power and 
What	Affects	It?

Phase III clinical trials aim to confirm the primary hypothesis that the experimental 
intervention is having the intended effect on the primary and secondary outcomes. 
As shown in Figure 12.1, the goal of the RCT is to confirm whether the metabolic 
intervention improves the identified neuropsychiatric outcomes. Clinical trials are 
designed to have sufficient statistical power to detect meaningful differences in 
outcomes between treatment groups. This is achieved through careful sample size 
calculations with consideration to power. A detailed power assessment and sample 
size justification are essential for all study proposals to determine under what con-
ditions and assumptions the given study can reasonably estimate the true effect of 
the intervention.

Statistical power (or just “power”) is the ability of the clinical trial to detect 
whether the intervention has the expected effect when there is indeed a true effect to 
be detected. It is common to require the study to be designed to have at least 80% or 
90% power to detect an effect in the primary outcome while using a predetermined 
level of statistical significance of 5%. In lay terms, 80% power means that if a study 
of an effective intervention is repeated 10 times, the intervention would, on aver-
age, be found to be statistically significant in eight cases; in the remaining two, the 
study would wrongly conclude that the intervention was not significant. Designing 
a study with higher power increases the likelihood of detecting a true effect and 
enhances the study’s value to funders and researchers by maximizing the chances 
that the investment will yield a clear and actionable result.

The primary driver of the power of a clinical trial is the sample size, and every 
study needs to provide a power justification for how many subjects will need to 
be allocated to each randomized group. Larger sample sizes enhance the power 
of detecting treatment effects by increasing the precision of the estimates of those 
effects (i.e., this creates narrower confidence intervals for testing differences). When 
planning the sample size, it is necessary to consider the expected true effect size of 
the intervention as this also directly affects the power calculations. Sample size and 
expected true effect size of the intervention both go into the calculation of power 
(along with features of the design itself). Effect size is a quantitative measure of 
the magnitude of the experimental effect, such as the mean difference in improve-
ments between the intervention and control groups, commonly standardized to 
eliminate the influence of the measurement scale. Cohen’s d is a typically used 
measure of effect size in clinical trials, calculated as the mean difference in the 
primary outcome measure at the endpoint time between the treatment groups (or 
between treatment and control groups) scaled by the pooled standard deviation of 
the measure (typically collected at baseline). Common rules of thumb qualifying 
the magnitude of the effect size are: 0.2 small, 0.5 medium, and 0.8 large effects 
(Cohen 1988). For dichotomous outcomes, treatment effects are typically presented 
as differences in proportions; for example, the difference in percentage of depressed 
patients that remit after active treatment (40%) versus the percentage who remit 
after control (20%) yields 40 – 20 = 20% difference. Alternatively, the treatment 
effect can be presented as a relative risk (RR): 2 (40%/20%) times more subjects 
remitting in the active treatment. However, it is important to understand that for 
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dichotomous outcomes, the effect size is directly influenced by the magnitude 
of the proportions themselves, not just their differences or ratio. For example, in 
Table 12.1, in a trial with equal sample size in both arms, the sample size needed 
to detect a RR = 2 with 80% power when the expected success in treatment and 
control groups are 40% and 20% is n = 164. The needed sample size more than 
doubles to n = 398 if the expected proportions are lower at 20% and 10% (still a 
RR = 2). Translation of proportions and their difference to a standard Cohen’s d 
effect size scale can be done in standard power analysis software, for example, 
using the ES.h function in R from the pwr package (CRAN et al. 2020). Indeed, if 
the expected outcome proportions are 40% and 20%, this is approximately equal 
to a Cohen’s d of 0.44, whereas if the outcomes are 20% and 10%, this equals a 
Cohen’s d of only 0.28.

At the planning stage, a best guess of the true expected effect size of the inter-
vention is needed as it is used to determine the required sample size to achieve 
the desired power. A good practice is to determine and use the smallest clinically 
relevant effect size, grounded in research, theory, and experiences for the power 
calculation. For example, in a four-month-long pilot study that investigated the 
effects of ketogenic diet on individuals with schizophrenia and bipolar disorder, 
participants with schizophrenia showed a 32% reduction in Brief Psychiatric 
Rating Scale scores and overall Clinical Global Impression severity improved by 
an average of 31% (Sethi et al. 2024). These values might be used as expected 
effect sizes if the new study population was similar. Moreover, in a meta-analysis 
(Patikorn et al. 2023), types of low carbohydrate diet showed different effects on 
health outcomes with changes more than the minimal clinically important differ-
ence thresholds in different populations. Children and adolescents with refractory 
epilepsy who followed ketogenic or modified Atkins diets for 3–16 months were 
five times more likely to achieve a reduction in seizure frequency  ≥  50% from 
baseline compared with those who followed a regular diet (RR, 5.11; 95% CI, 3.18 
to 8.21). If the expected effect size is large—Cohen’s d = 0.80 or, for example, 44% 
recovery in active treatment versus 10% recovery in placebo—this enables a more 
powerful study with fewer participants. For example, a study with 52 participants 
(26 in each arm) would provide a large enough sample with 80% power to detect 
this large effect size. However, a smaller expected effect size would require a 
larger sample size to achieve equivalent power, disproportionately increasing as 
the expected effect size decreases.

When trying to determine or justify the expected effect size of an intervention, 
some researchers may be tempted to use small pilot study data. However, it is well 
documented that relying on results from pilot studies to justify power computations 
for larger clinical trials could be problematic due to the imprecision of the pilot 
study estimates, which stems from their small sample sizes (Kraemer et al. 2006; 
Leon et al. 2011; Westlund and Stuart 2017). Researchers should exercise caution 
when using overly optimistic or unrealistic pilot studies results for power computa-
tions. If the effect size derived from a pilot study is overly large and unrealistic, the 
subsequent clinical trial is likely to be underpowered due to an insufficient number 
of subjects, leading to inconclusive results.

Also included in the calculation of power is the level of statistical significance 
required, typically preselected to be 5%, which is the predetermined boundary for 
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Table 12.1 Examples of power changes due to unbalanced random allocations for given sample 
size, expected true effect size (i.e., dichotomous outcome success prevalence in treatment vs. pla-
cebo arm), and fixed level of significance of 5%.

  20% Expected Success in Treatment Group
and 10% in Placebo Group

40% Expected Success in Treatment Group
and 20% in Placebo Group

Randomization ratio  
(sample size)

Power Randomization ratio  
(sample size)

Power 

1:1 (n = 164; 82 in each arm) 80.3% 1:1 (n = 398; 199 in each arm) 80.0%
2:1 (164) 77.1% 2:1 (398) 77.1%
1:2 (164) 74.6% 1:2 (398) 73.4%
3:1 (164) 71.1% 3:1 (398) 71.5%
1:3 (164) 66.0% 1:3 (398) 64.0%

type I error (or “alpha”), that the study will erroneously identify an ineffective in-
tervention as significant. Allowing a more lenient level of statistical significance 
will increase power; however, most granting agencies and scientific journals expect 
this type of error to be small (i.e., less than 5%). When testing multiple hypotheses 
together (e.g., if there are multiple primary outcomes or multiple comparisons be-
tween groups), each specific hypothesis must be assessed at a more stringent (i.e., 
smaller) level of significance to maintain the overall, so-called family-wise type I 
error rate. This adjustment is crucial for maintaining the integrity of statistical find-
ings, where the likelihood of erroneously identifying an ineffective intervention as 
significant increases with the number of tests performed.

An aspect of the design which can affect power and have practical and ethical 
implications is the randomization ratio. An equal distribution across study arms 
(i.e., 1:1 allocation in the case of two arms), is the most straightforward randomiza-
tion that maximizes the power of the study for a given sample size and facilitates the 
most direct assessment of treatment effect. However, if the treatment is expensive, 
limited, or hard to provide, a ratio 1:2 can be employed when for each participant 
allocated to the treatment arm, there are two participants allocated to the control 
group. While this can be a cost- and resources-effective approach, it does reduce the 
statistical power and may require larger total sample size to reach the same power 
as 1:1 allocation achieves. Conversely, if participant enrollment rates decrease due 
to the fear of being randomized to the placebo group, a 2:1 allocation favoring 
intervention can mitigate these concerns by increasing the participant’s chances of 
receiving the active treatment. This can enhance a participant’s willingness to enroll 
and thus achieve a higher total sample size needed to achieve the same statistical 
power as 1:1 allocation provides (Table 12.1).

Additionally, a randomization ratio that heavily prefers the treatment group over 
the comparator group (X:1 allocations) gives researchers more opportunities for 
secondary and exploratory analyses of the treatment effect and mechanisms within 
subjects allocated to active treatment. Such allocation will provide higher power 
for secondary and exploratory aims that focus on subjects in the treatment group 
and allow for more reliable treatment effect detection within subgroup analyses or 
mediation effect in mediational mechanism analyses.

Finally, variability in the measure used to assess the neuropsychiatric outcome 
affects the power of the study. The larger the variability among subjects and time 
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points observed within the study, the greater the uncertainty in estimating overall 
typical neuropsychiatric measures, which will consequently decrease the power of 
the study. Many measures do not provide researchers with ample options on how to 
decrease their variability. Variability of one measure among multiple time points can 
be curbed by selecting the most precise measuring scales and devices. Variability 
among subjects can be decreased by judiciously choosing inclusion/exclusion crite-
ria to study as homogeneous a population as possible. For instance, heart rate vari-
ability, which tracks the autonomic nervous system’s response to stress, can show 
wide variability in healthy populations, depending on age and gender (Voss et al. 
2015). It can also reveal variability when measured from visit to visit compared to 
variability from beat to beat (Shaffer and Ginsberg 2017).

5 Analyzing the Data from the Randomized Clinical Trial

Since it is not possible here to review all the various statistical considerations 
needed when analyzing data from a clinical trial, we strongly recommend that a 
qualified statistician be included as a key member on the study team throughout the 
planning, conducting, and, of course, analysis stages. It is also important to note that 
part of the preregistering trial process mentioned earlier involves the detailed speci-
fication of a statistical analysis plan, which lays out exactly what analyses will be 
performed. Here we describe a few topics that often arise during the analysis stage 
and some points that may be considered.

5.1 Intention-to-Treat Analysis

This principle ensures that all randomized participants are included in the analysis 
according to their original random group assignment, regardless of whether they 
completed the intervention according to the study protocol. This approach is cru-
cial for maintaining the benefits of randomization and avoiding bias introduced by 
nonrandom attrition. Indeed, the only causal question unbiasedly answered with 
an RCT is the effect of the intervention when it is offered. Recall, the benefit of 
randomization is its ability to create balance between the groups on background 
characteristics. By analyzing participants based on their original random group 
assignment, intention-to-treat analysis (ITT) maintains this balance, minimizing 
bias that could arise from post-randomization exclusions. It is also important to 
recognize that the ITT treatment effect often provides a more conservative esti-
mate of the treatment effect, as it dilutes the difference between the treatment and 
control groups by including participants who may not have fully adhered to the 
treatment protocol.
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5.2 Accounting for Adherence to Treatment

Monitoring and analyzing treatment adherence is important, as nonadherence can 
significantly impact the efficacy of the intervention and the validity of the trial re-
sults. The ways in which adherence is measured (e.g., self-report, blood samples, 
attendance, check-ins, pill-caps) depend on the intervention, but it should be re-
ported in all clinical trials. Because of the crucial importance of diet adherence in a 
long-term diet intervention study, it is especially important to examine participant-
reported dietary changes as well as body weight (diet or otherwise related) over 
time (Greenland 2019) using food diaries and other methods of quantifying dietary 
intake. For drug- or supplement-based interventions, the International Society for 
Medication Adherence (ESPACOMP) provides medication adherence reporting 
guidelines (EMERGE) on minimum reporting criteria as well as recommendations 
for how to assess and report adherence (De Geest et al. 2018). Given knowledge 
of who is and is not adherent, “per-protocol” or “as-treated” analyses can be per-
formed. The analysis is limited to those participants who followed the expected 
procedures; otherwise, participants are analyzed based on the treatment they actu-
ally received, rather than the treatment to which they were randomized. While this 
sub-setting or reallocation approach can provide insight into the effectiveness of the 
treatment, it risks confounding and bias, as the reasons for adherence or changes 
in treatment may be associated with outcomes (Heitjan 1999; Shiovitz et al. 2016). 
Thus, ITT is typically considered the primary analysis in clinical trials.

5.3 Handling Missing Data

Given the chronic nature of many neuropsychiatric conditions, participant dropout 
can lead to substantial missing data. Methods such as analyzing only complete cases 
or using the last observation carried forward (LOCF) are no longer considered good 
practice and should not be used. Instead, the following statistical methods consider 
all available data: full information maximum likelihood (e.g., within generalized 
linear mixed modeling frameworks), multiple imputation, or inverse probability 
weighting. They also offer robust and more reliability results under a missing at 
random assumption. In addition, methods such as pattern-mixture models can be 
considered when there is strong evidence that data are not missing at random.

5.4 Heterogeneity	of	Treatment	Effects

Investigating the differential impact of treatment across various subgroups (e.g., 
based on age, sex, severity of disease) can provide insights into personalized medi-
cine approaches and identify those who benefit most from the intervention. The het-
erogeneity of effects can be identified by subgroup analysis (e.g., perform the analy-
sis for the trial subset only to women and then again subset only to men) or through 
using interaction tests of randomized group by the characteristic of interest. We 
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strongly recommend, however, that these analyses be prespecified and interpreted 
cautiously to avoid spurious findings. When investigating treatment effect hetero-
geneity, it is important to account for multiple testing and to interpret findings in the 
context of the biological or clinical plausibility. Overreliance on statistical signifi-
cance, without considering clinical relevance, can lead to misleading conclusions.

In the context of metabolic interventions in mental health, when studies are lim-
ited by small sample sizes, conducting stratified analyses can additionally reduce 
statistical power because of the even smaller subgroups that are being compared. 
This reduction in power makes it more difficult to detect true treatment effects 
within subgroups and increases the likelihood of type II errors (i.e., failing to de-
tect a true effect). Furthermore, it is often unclear which factors should be used for 
stratification at early stages of research, as the understanding of key moderators 
may be limited. Therefore, exploratory stratified analyses should be interpreted with 
caution. An emphasis should be placed on replication and further research to vali-
date potential findings in larger, more diverse samples.

An important consideration in metabolic psychiatry is how best to stratify pa-
tients for therapeutic interventions. Biological markers, such as insulin resistance 
and lipid profiles, show promise in guiding treatment selection by reflecting the 
underlying metabolic dysfunctions common in psychiatric disorders. Their clinical 
use, however, is still being validated. Combining these markers with clinical char-
acteristics, such as symptom severity and comorbidities, may offer a more effective 
stratification approach. Continued research is needed to determine which markers 
are most associated with treatment response to be appropriate for stratification.

6 Conclusion

Addressing the points outlined in this chapter can significantly enhance the scien-
tific rigor and clinical relevance of clinical trials focusing on metabolic interven-
tions for neuropsychiatric outcomes, thereby improving patient care and treatment 
approaches. Many of the standards promulgated in the field of clinical trials were 
necessary to prevent the biases and confounds that plague our field and it is critical 
to adhere to best practices to generate high quality evidence. Finally, it is important 
to consider the clinical relevance of a trial’s findings in addition to statistical sig-
nificance. While statistical significance indicates the probability that an observed 
effect is not due to chance, clinical relevance evaluates the real-world impact and 
practical significance of the treatment effect. This distinction is especially important 
in neuropsychiatric trials, where the clinical implications of the results are vital for 
determining their overall impact.
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Disassociating Causality in Complex Inter
Systems

David Hofmann, Simon Carter, Helmut H. Strey,  
and Lilianne R. Mujica-Parodi

Abstract Understanding causal interactions between brain activity and metabolic 
processes is a central challenge in systems neuroscience and psychiatric research. 
This chapter reviews current data-driven approaches for inferring causal relation-
ships in complex interacting systems, with a particular focus on the metabolism-
brain nexus in psychopathology. Widely used methods (e.g., Granger causality, 
transfer entropy, dynamic causal modeling) are critically assessed and their theoreti-
cal underpinnings, limitations, and applicability to neuronal and metabolic data are 
discussed. Special attention is given to recent methodological developments includ-
ing structural causal models, simulation-based inference, and models tailored to sys-
tems with feedback loops, such as the Bicycle framework. Using major depressive 
disorder as a case study, the need for integrated modeling frameworks is highlighted 
that combine biophysical realism with statistical rigor. It is argued that mechanistic 
computational models, when combined with experimental interventions, hold the 

David Hofmann (*) 
Dept. of Biomedical Engineering and Laufer Center for Physical and Quantitative Biology, 
Renaissance School of Medicine, State University of New York at Stony Brook, Stony Brook, 
NY 11794, USA
Email: david@lcneuro.org

Simon Carter
Applied Mathematics and Statistics, State University of New York at Stony Brook, Stony Brook, 
NY 11794, USA

Helmut H. Strey
Dept. of Biomedical Engineering and Laufer Center for Physical and Quantitative Biology, 
Renaissance School of Medicine, State University of New York at Stony Brook, NY 11794, USA

Lilianne R. Mujica-Parodi
Dept. of Biomedical Engineering and Laufer Center for Physical and Quantitative Biology, 
Renaissance School of Medicine, State University of New York at Stony Brook; Martinos Center 
for Biomedical Imaging, Massachusetts General Hospital, Boston, MA 02129, USA

285© Frankfurt Institute for Advanced Studies (FIAS) 2025 

D. Öngür, J. M. Ford (eds.), Metabolic Neuropsychiatry, Strüngmann Forum Reports, 

https://doi.org/10.1007/978-3-032-05630-6_13

mailto:david%40lcneuro.org?subject=
mailto:david@lcneuro.org
https://crossmark.crossref.org/dialog/?doi10.1007/978-3-032-05630-6_13&domain=pdf


286 D. Hofmann et al.

greatest promise for uncovering true causal mechanisms in complex biological sys-
tems.

Keywords Causal inference, dynamic causal modeling, transfer entropy, Granger 
causality, structural causal models, feedback loops, metabolism-brain interaction, 
psychopathology, major depressive disorder, systems neuroscience, computational 
modeling

1 Introduction

Complex systems are ubiquitous in nature. The brain and metabolic networks are 
prime examples of these systems and their interaction poses a significant chal-
lenge for modeling. Identifying causal relationships within such complex systems 
remains a long-standing research endeavor. While direct experimental interventions 
have traditionally been the gold standard for discerning causal relationships, some 
parts of a complex system may not lend themselves to direct manipulation or the 
experiments might be prohibitively expensive. However, where measurements are 
feasible, extracting causal relationships through algorithmic inference methods 
becomes possible. Approaches to extracting causal inferences from data continues 
to evolve across various disciplines, such as earth system sciences (Runge et al. 
2019), ecology (Sugihara et al. 2012), neuroscience (Vicente et al. 2011; Bielczyk 
et al. 2019), and molecular biology (Prill et al. 2010; Meinshausen et al. 2016; 
Hill et al. 2016).

In psychopathology, as with other medical fields, both diagnostic tools and 
medical interventions can significantly benefit from a deeper understanding of the 
causal relationships in our body. As research increasingly demonstrates the impact 
of metabolic processes on psychopathology (Campbell and Campbell 2024; Rojas 
et al. 2024), it becomes evident that examining causal relationships solely among 
neuronal populations or exclusively within metabolic circuits is likely insufficient. 
Instead, dissecting and studying the causal interactions between these two complex 
systems is crucial.

Information between neurons is transmitted via action potentials that lead to 
neurotransmitter release into the synaptic cleft, resulting in postsynaptic potentials. 
This process requires maintaining ionic gradients across the cell membrane and pro-
ducing, transporting, and releasing neurotransmitters at synapses, all of which con-
sume metabolic energy. Unsurprisingly, dysfunction of the energy metabolism can 
disrupt neuronal information processing and lead to psychopathologies (Campbell 
and Campbell 2024; Rojas et al. 2024; for a discussion of potentially implicated cir-
cuits, see also Chapter 5 and Chapter 6). Thus, impaired energy metabolism could 
cause psychopathologies, but also psychopathologies could cause dysfunctional en-
ergy metabolism, or both could result from a shared underlying cause—a third vari-
able. Hence, it is not clear which direction the causal relation between metabolism 
and pathological neuronal activity takes, and it may indeed vary between patients.
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We examine major depressive disorder (MDD) as an instructive case study. While 
the fatigue commonly reported during depressive episodes might intuitively suggest 
metabolic involvement (Campbell and Campbell 2024), the connection becomes less 
apparent when other characteristic symptoms are considered, such as negative cog-
nitive bias (Hindash and Amir 2012), hopelessness (Haeffel 2011; Iacoviello et  al. 
2010), and helplessness behaviors observed in animal models (Amat et al. 2005). 
Nevertheless, emerging research provides compelling evidence for the involvement 
of energy metabolism in MDD (Gu et al. 2021; Zhou et al. 2019). The precise na-
ture of this relationship—whether metabolic dysfunction precedes MDD, develops 
as a consequence of the disorder, operates within a bidirectional feedback loop, or 
involves a third unknown variable (e.g., the causal motifs shown in Figure 13.3)—re-
mains an open question and may vary among individual patients (Zhou et al. 2019).

A well-studied hypothesis of the cause of MDD is an insufficiency of monoamine 
transmitters such as serotonin, norepinephrine, and dopamine as shown in experi-
mental studies (Gu et al. 2021; Huys et al. 2015; Köhler et al. 2016). Theoretical 
work, however, in neuroscience based on Bayesian Decision Theory suggests that 
depression could be caused by erroneous prediction of expected rewards due to 
dysfunctional neuronal information processing in areas such as the caudate, the 
dorsolateral, and the medial prefrontal cortex (Huys et al. 2015). It is not possible 
for a human or an animal to consider the entire decision tree of potential future con-
sequences of an action; thus, pruning of less-promising paths becomes necessary. 
Pruning, interpreted as halting the internal exploration of decision trees when faced 
with significant losses, is associated with subclinical symptoms of depression (Huys 
et al. 2012). Dayan and Huys (2008) have proposed that serotonin (5-HT) may be 
involved in the pruning process, which appears to be associated with specific brain 
regions, namely the subgenual and adjacent pregenual anterior cingulate cortices 
(sgACC and pgACC) (Lally et al. 2017).

Figure 13.1 depicts a potential circuit that links 5-HT synthesis to activity in 
the ACC and expands it to include the regulation of energy metabolism via the 
HPA axis. This model suggests that disrupted 5-HT synthesis, for instance, driven 
by dysfunction of TPH1 or TPH2 enzymes (Correia and Vale 2022), could cas-
cade down to affect glucose, insulin, and other components of energy metabolism 
through a dysfunctional glucocorticoid regulation (Frigerio 2023), illustrating a 
common pathway potentially underlying both MDD and metabolic dysfunction. 
Alternatively, the dysfunction might originate in the energy metabolism, affecting 
information processing in the ACC (Zheng et al. 2015) or other regions implicated 
in MDD. Hyperactivity of the HPA axis, however, has also been argued to be a po-
tential cause for MDD rather than its consequence (Pariante and Lightman 2008).

While there are numerous possible scenarios well beyond the hypotheses dis-
cussed here, this chapter does not seek to provide an exhaustive list. Instead, we 
aim to provide an overview of potential data-driven, rather than interventional, 
methods to disambiguate between these different scenarios. For an in-depth discus-
sion of randomized controlled trials used in experimental interventions to disas-
sociate causality, see Wall and Pavlicova (Chapter 12). Another noteworthy line of 
research that uses the concept of instrumental variables, which are variables (instru-
ments) that influence treatment, is the Local Average Treatment Effect developed 
by Angrist and Imbens (1995). For this and related work on causal inference, they 
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Energy Metabolism

ACC HPA-Axis

Serotonin
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TPH1/2

Serotonin Synthesis
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Figure 13.1 Serotonin circuit and major depressive disorder. Potential pathway starting at se-
rotonin synthesis in the body (e.g., gastrointestinal tract, enterochromaffin cells) and in the brain 
(Raphe nuclei). Serotonin projections from Raphe nuclei affect, among other regions, the anterior 
cingulate cortex, known to be involved in ruminating thoughts in MDD. Serotonin also affects the 
activity of the HPA axis, which in turn influences energy metabolism, in particular by controlling 
glucocorticoids, and can influence energy metabolism directly.

were awarded the Nobel Prize in Economics. We refer the reader to a comprehen-
sive book by Imbens and Rubin (2015) on causal inference, which provides in-
depth discussions of experimental techniques and observational methods that build 
on them. To discuss the relationship between this line of research and the equally 
foundational structural causal models (SCM) discussed here, we point the reader to 
a book by Peters et al. (2017).

We begin with a review of state-of-the-art methods for purely data-driven dis-
covery of causal relationships. Although these methods are increasingly used and 
hold considerable appeal, they are no panacea and must be applied rigorously and 
interpreted cautiously to avoid erroneous conclusions. For this purpose, we deem 
it essential to get familiar with the rigorous formalism for causality provided by 
Judea Pearl and colleagues (Pearl 2009; Peters et al. 2017). We conclude with a 
commentary on which methods seem promising for identifying the causal influ-
ences within the metabolism-brain nexus in psychopathology—an essential step 
toward uncovering mechanisms and formulating therapeutic targets (Bastiaanssen 
and Cryan 2021).



.
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2 General Thoughts on Inference of Causality

In research, comprehending the fundamental representation of causality is crucial 
for a complete understanding of the system. This requires understanding concepts 
that are distinct from conventional statistical metrics.

As detailed by Pearl (2009), metrics fall into two categories: causal and sta-
tistical domains. Statistical domains include familiar concepts such as correlation, 
regression, conditional independence, association, likelihood, and Granger causal-
ity. In contrast, causal domains involve elements such as randomization, influence, 
effect, confounding, exogeneity, ignorability, and intervention (Pearl 2009). The 
key difference is that causal metrics, by nature, elude determination solely through 
observational data and necessitate either intervention or prior assumptions by the 
researcher.

Effective articulation of causal systems necessitates a medium to represent these 
relationships, and causal models are invaluable for this purpose. These relation-
ships are primarily defined through two paradigms: causal Bayesian networks and 
functional models (Pearl 2009; Peters et al. 2017). Bayesian networks offer a clear 
medium to represent causality, assuming probabilistic system decomposition. For 
instance, the joint probability of variables P x x p x pan k

n
i i1

1
,...,( )= ( )

=∏  can be 
broken down into a series of conditional distributions where pai denotes a minimal 
set of predecessors that makes Xi independent of its other predecessors. As an ex-
ample, Figure 13.2, a Directed Acyclical Graph (DAG), represents the set of condi-
tional independencies P X P X X P X X P X X X P X X

1 3 1 2 1 4 3 2 5 4( ) ( ) ( ) ( ) ( ),  These 
conditional distributions represent the directionality of a Bayesian graph.

Furthermore, merely representing causal relationships through joint probabil-
ity distributions is insufficient, as this does not capture all necessary information. 
Functional models, inspired by the view of causal determinism where every event 
is the consequence of previous events, enable the depiction of counterfactuals and 
a broader range of causal relationships, including feedback loops. In these models, 
each directional relationship is functionally defined as x f pa ui i i i= ( ), , where each 

Season

Sprinkler Rain

Wet

Slippery

X1

X2X3

X4

X5

Figure 13.2 A simple example illustrating how a Bayesian net can express causal relations. Xs 
denote different stochastic variables and arrows the causal direction. Figure from Pearl (2009), 
used with permission of Cambridge University Press through PLSclear.
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variable X is a function of its parent nodes pai and a probabilistic error term U 
that represents unmodeled factors affecting X. This framework allows for a com-
prehensive representation using functional models, including structural equation 
modeling, which is a linear form of these relationships. The formalism for causal 
inference, including the conditions under which it is possible, has been rigorously 
defined using the do-calculus, forming the foundation for a mathematically rigorous 
understanding of causal relationships (Pearl 2009; Peters et al. 2017).

A causal representation not only defines a system of probabilistic models but also 
enhances model resilience to new information by detailing the underlying mecha-
nisms and predicting its behavior under various conditions. As an example, we can 
examine the graph in Figure 13.2. If we were to learn the season, this would alter 
the conditional distribution between X3 and X4 , but it would not alter their causal 
relationship. Even beyond this, if we change the mechanism by which the season 
affects sprinkler use, the fact that the sprinkler does not cause rain or that it makes 
the ground wet would remain invariant. The only potential change in the causal rela-
tionship from this would be the complete removal of the sprinkler’s dependence on 
the season. In this regard, probabilistic models are insufficient for representing all 
the information in a causal relationship, and more robust causal models are needed 
to describe the system fully.

The language of do-calculus facilitates interaction with these causal models, suc-
cinctly encapsulating the act of intervention in mathematical terms. It is essential to 
differentiate intervention from observation; the former allows for analysis of the un-
derlying causal structure, whereas the latter provides mere passive observation. In 
a causal system, observation of a variable (e.g., noticing the sprinkler is on) and the 
action of intervention (turning on the sprinkler) are distinct, with the intervention 
severing the dependence of the parents. An example of this difference can be seen 
when observing the relationship between X3 and X1. Observing that the sprinkler is 
on gives us information about the season because the DAG tells us the two are not 
independent. Turning on the sprinkler, however, renders this state independent of 
the season, i.e., p X do X on p X1 3 1=( )( )= ( ), and renders X4 independent of X2, 
thus changing the structure of the DAG. For DAGs, this do formalism is complete. 
Given a graphical structure, a set of rules as outlined by Pearl is known to describe 
both when a causal interaction can be inferred and what intervention is needed to 
efficiently facilitate this, under the assumption of no feedback; that is, we can rep-
resent the system as a DAG.

Despite the robustness of the theory behind causal links in DAGs, particularly 
within metabolic and neuronal networks, feedback loops are ubiquitous; thus the 
question arises of how this formalism can be extended to cyclic causal relationships. 
Two strategies can be pursued. One requires measuring time series with a sampling 
rate that exceeds the feedback loop’s characteristic timescale. Then, unrolling the 
model in time effectively removes the feedback loop. Such a strategy is pursued 
with vector autoregressive models or, more generally, dynamic Bayesian networks 
(Ghahramani 1998; Rajapakse and Zhou 2007) and with dynamical system models. 
The second strategy is based on the assumption that the system is in equilibrium 
and the data have been gathered from the respective equilibrium distribution, which 
is then used to conclude the underlying dynamical system (Mooij et al. 2011). We 
will discuss examples for both below. Indeed, due to the nature of experimental 



Disassociating Causality in Complex Interacting Systems 291

data that are typically available within the respective fields of neuroscience and 
metabolomics, the former strategy is usually employed for causal inference in neu-
roscience, whereas the latter is pursued in genetic and metabolic network inference. 
Combining them seems a promising venue for tackling both metabolic and neuronal 
circuits and dissociating their causal relationships.

3 Methods for Time-Series Data

In neuroscience, the most prevalent approaches for inferring directed graphs are 
Granger causality and dynamic causal modeling (DCM). Granger causality is ex-
tensively used due to its mechanism-agnostic nature and computational and con-
ceptual simplicity. On the other hand, DCM hinges upon a plausible definition of 
a mechanistic model that accurately reflects the underlying neuronal and measure-
ment processes. Initially developed for analyzing fMRI data (Friston et al. 2003), 
DCM has since been expanded to other modalities of measuring neuronal activity 
(David et al. 2006; Friston et al. 2015; Moran et al. 2011). We will devote consid-
erable attention to these methods but also expand on related techniques, such as 
transfer entropy, which generalizes Granger causality, or present approaches, such 
as simulation-based inference, that can potentially help improve existing techniques 
such as DCM.

3.1 Granger Causality

Clive Granger formulated a statistical definition of causality based on the prem-
ise that (a) a cause precedes its effect and (b) knowledge of a cause improves the 
prediction of its effect (Granger 1969). He later refined these premises to discuss 
dependencies between stochastic processes. Specifically, for two jointly-distributed 
stochastic processes Xt, Yt in the context of an environment Et (that excludes Xt and 
Yt) at each time t, then Y does not Granger-cause X at time t if

( ) ( ), , ,t tt t t t t
P X X Y P X Xe e- - - - -= (13.1) 

where P ⋅ ⋅( ) denotes conditional distributions and superscript “–” denotes history up 
to (but not including) time t.

Granger causality of a time series xt over another yt is established if including 
xt’s history improves the prediction of yt compared to using only yt’s history. This 
improvement is quantified by the difference in prediction error variances from one-
step linear predictors under two conditions: including versus excluding the history 
of the putatively causal time series. Mathematically, this is expressed as:

( ) ( ).1:01:01:0| ˆ |ˆ ,t t t t tttvar y y y var y y y x ---- > - (13.2) 
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In practice, this is tested using finite-order vector autoregression (VAR) models, 
assessing the prediction error variances from separate VAR models—a full model 
including all components and a reduced model excluding the putatively causal se-
ries. Since the reduced model essentially forms an autoregression moving average 
(ARMA) model, a finite VAR cannot properly approximate and thus erroneous es-
timations can result. Instead, a formulation based on state space models or from the 
autocovariance sequence via Whittle’s spectral factorization algorithm (Barnett et 
al. 2018; Seth et al. 2013) is robust and should thus be the default methods to esti-
mate Granger causality (Barnett and Seth 2015; Solo 2016).

Despite the wide adoption of Granger causality, we point out that Granger cau-
sality performs poorly in reconstructing nonlinear-directed graphs, such as those 
modeled by Kuramoto oscillators, which are commonly used to simulate neuronal 
and, less frequently, metabolic networks. Lusch et al. (2016) found that Granger 
causality is unstable—small changes in input data can lead to large fluctuations in 
the estimated network—and that it systematically underestimates or overestimates 
connections depending on network sparsity and synchronization. These findings 
highlight significant limitations of Granger causality in inferring causality in sys-
tems with nonlinear and dynamic interactions.

3.2 Information Flow

Various methodologies have been proposed as measures of information flow (Ay 
and Polani 2008; Liang and Kleeman 2005; Lizier and Prokopenko 2010). Here we 
focus specifically on the approach initially defined by Liang and Kleeman (2005) 
and later extended to a multivariate method by Liang in subsequent studies (Liang 
2018, 2021). Unlike pairwise inference methods, this multivariate approach aptly 
identifies common drive motifs (see Figure 13.3) if all nodes in the motif are actu-
ally measurable. Notably, this method has demonstrated robustness in scenarios in-
volving the synchrony of (chaotic) oscillators—a situation where Granger causality 
is known to falter. This robustness makes it a significant tool for analyzing complex 
systems where traditional methods like Granger causality may not provide reliable 
results (Liang 2021).

3.3 Transfer Entropy

Transfer entropy (TE), introduced independently by Thomas Schreiber (2000) and 
Milan Paluš et al. (2001), has become a widely used method for inferring the direc-
tionality of information flow, and thereby constructing directed graphs. TE is based 
on the conditional mutual information between a target variable and the past of a 
source variable, conditioned on the part of the target. Like other information theo-
retic approaches, TE suffers from the curse of dimensionality, as it requires the esti-
mation of full probability distributions (for discrete data) or densities (for continu-
ous data). Nearest neighbor estimators are among the most commonly employed 
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(a)

Mediator node

(b)

Confounder

(c)

Collider

(d)

Bidirectional link

Figure 13.3 Simple motifs of directed relations. This list is not intended to be comprehensive; 
it addresses some simple yet important scenarios. (a) Causal graph motif with three nodes where 
the node in the middle is mediating the causal influence from the left to the right node and is thus 
called a mediator. A mediator could also be inaccessible to measurements and therefore alter the 
(indirect) causal relationship between the left and right node as a hidden variable. (b) A confounder 
variable (left node) is influencing two other variables. This creates a spurious causal relation-
ship between the two affected nodes. In particular, when the confounder node is not accessible to 
measurements, inference methods fail to correctly infer the absence of a causal interaction. Note 
that such a motif forms what is named a backdoor path. More importantly, it is an open backdoor 
path. By eliminating all open backdoor paths in a graph, it is possible to isolate direct causal 
relationships and thus avoid spurious relationships. Blocking of an open backdoor can be done 
by experimental intervention or is given when a motif (c) closes the backdoor. In (c) the causal 
relationship is reversed and a confounder becomes a collider. This forms a closed backdoor path. 
For more detailed explanations, see Cunningham (2021). (d) directed links can also form cycles. 
Most methods of causal inference are suited for the estimation of directed acyclic graphs and it 
is considered a more challenging task to correctly infer cyclic relationships. In the main text, we 
discuss some methods to approach this challenge.

methods in practice to handle these challenges (Vicente et al. 2011). Additionally, 
the estimation of delay time helps to omit unnecessary historical data from the 
source variable, thus reducing the dimensionality to some extent. However, Runge 
et al. (2012) defined a method based on Markov chains to properly alleviate the 
curse of dimensionality and make TE also applicable to larger dimensional prob-
lems. For an in-depth discussion of the challenges and limitations when estimating 
TE from data and the implications for causality conclusions, we refer the reader to 
Natale et al. (2018) and references therein.

We note that for linear and Gaussian systems, the equivalence between TE and 
Granger causality can be shown analytically, thereby proving TE to be a natural 
nonlinear extension of Granger causality (Barnett et al. 2009).

Finally, we caution the reader about a common misconception that measuring the 
transfer of information is equivalent to getting causal directionality. This concept 
is fundamentally linked as a correlational measure, and information transfer can be 
used as the causal version, where we use interventional probability distributions 
rather than those purely observational (Lizier and Prokopenko 2010). Observational 
data can be used to infer causality but only under particular circumstances, such as 
strong knowledge of the underlying mechanics, or through special circumstances, 
such as those dictated by the backdoor criteria (Pearl 2009). For a detailed discus-
sion see Lizier and Prokopenko (2010).

3.3.1 Analytical Solution for Networks of Coupled Oscillators

As discussed above (Section 3.1), simple models of coupled oscillators are em-
ployed as models for neuronal activity as well as metabolic networks, and, as an 
extension, could be used to model their interaction. The larger a system gets, the 
more challenging its computational treatment becomes along with its susceptibility 
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to the curse of dimensionality. Here, analytical approaches can help alleviate these 
hurdles. An analytic treatment of information transfer in networked systems of cou-
pled oscillators was provided by Kirst et al. (2016). They employed small Gaussian 
noise expansions on some collective dynamical state to get analytic expressions for 
conditional probability densities and, thus, time-delayed mutual information and 
TE. This allows the study of information routing, where information is encoded in 
the “noise” process while routing is determined by the collective behavior encoded 
by the underlying dynamical state. The control of information routing pairs can be 
achieved by controlling the collective network dynamics; that is, the reference state 
(of the noise approximation). Switching can be induced by larger amplitude exter-
nal stimuli or by activity of another part of the network, thus providing a potential 
mechanism for self-organization of neuronal networks. It would be an interesting 
scientific endeavor, one that to our knowledge has not yet been pursued, to study 
switching dynamics in coupled metabolic and neuronal networks.

3.4 Dynamic Causal Modeling

DCM is a widely adopted method in neuroscience for extracting directed graphs 
from data that finds application in fMRI (Cha et al. 2016; Rupprechter et al. 2020; 
Seghier and Friston 2013; Sladky et al. 2015; Tik et al. 2018), EEG (David et al. 
2006), and studies based on local field potentials (LFP) (Friston et al. 2015; Moran 
et al. 2011). However, aside from some exploration into the field of epidemiology 
(Parr et al. 2021), DCM has found application only in neuroscience. Essentially, 
DCM represents a procedure that combines Bayesian parameter estimation with 
Bayesian model selection, where the models are dynamical systems. The crucial pa-
rameters for inferring directed graphs are the elements of the adjacency matrix that 
link different brain regions, with the dynamics of each region described by ordinary 
differential equations. These models capture the underlying neuronal dynamics typ-
ically at the meso or macro scale, along with the measurement process (e.g., BOLD, 
EEG, LFP). A variational Bayes method is employed to estimate the evidence lower 
bound (ELBO)1 and the posterior distribution of parameters. Model comparison in-
volves contrasting the ELBO of different models. By varying the prior distribution, 
researchers can assess the presence or absence of connections between regions.

The effectiveness of DCM hinges on accurate model assumptions and a large 
enough sample size (Silchenko et al. 2023). Incorrect assumptions can lead to 
flawed conclusions about causal relationships. For a critical perspective on the 
method, particularly regarding issues with Bayesian model selection and its per-
formance in high-dimensional problems, refer to the debate between Lohmann et 
al. (2012, 2013) and (Friston et al. 2013). The method’s heavy reliance on accurate 
prior information is a potential limitation, especially when modeling many regions. 
These robustness issues of DCM for causality assessment led to the development of 
variants such as spectral DCM, the canonical microcircuit DCM, or the stochastic 

1 In the DCM literature, this objective function is also called free energy due to its equivalent func-
tional form with the free energy defined in physics. We prefer to use the terminology commonly used 
in machine learning.
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DCM alleviating these issues (Friston et al. 2019). For a comparison of DCM with 
Granger causality, see Seth et al. (2015).

3.4.1 Simulation-Based Inference

The above conceptual approach is not limited to a specific parameter estimation 
method or model selection method. Another promising approach is simulation-
based inference, a modern family of techniques for Bayesian inference where an 
analytic expression for the likelihood is not needed. With these methods, the pos-
terior is estimated using a neural network to learn the generally infeasible likeli-
hood, to which traditional Monte Carlo methods may then be applied, or to directly 
infer the posterior distribution from the joint distribution (Cranmer et al. 2020). The 
name comes from using the simulator directly, where the conditional distributions 
are estimated from the pairs of parameters and simulator outputs (θ, xi) sampled 
from a prior. Different flavors of simulation-based inference exist, offering different 
benefits based on their use cases. Amortized versions and sequential methods exist, 
though the use case for each tends to differ. Amortized versions, where a single neu-
ral network can be used to estimate the posterior of multiple different datasets, are 
advantageous because they can be applied to the same model with different param-
eters. In contrast, sequential versions, which can be used for only a single dataset, 
generally converge faster and require fewer samples. The performance is heavily 
dependent on the prior and the underlying conditional density estimation used (the 
neural network architecture chosen). Masked autoregressive flows (Papamakarios 
et al. 2018) and splines (neural spline flows) are the most common neural density 
estimation techniques used, as they offer fast performance and a wide variety of dis-
tributions. Similar to DCM, this method is generally used for Bayesian parameter 
extraction and thus can be adapted similarly for causal extraction.

4 Methods for Stationary Data
4.1 Structural Causal Models

SCMs provide a formal framework to model causality with a minimum set of nec-
essary assumptions. A simple example SCM can be defined as follows: An SCM 
C ( fE,PN) with graph C®E consists of two assignments where we call C the cause 
and E the effect:

 
: ,

: ,
C

E E

C N
E f C N


 (13.3) 

where E CN N , that is, NE is independent of NC and denote random variables 
with distributions 

CN
P  and 

EN
P . Thus the SCM describes a data-generating process 

that transforms exogenous random variables NC and NE into observed endogenous 
random variables C and E and entails a joint distribution  ,P C E  (Peters et al. 2017).

We may expand this formalism to a set of observables 1 , , nX X . These are as-
sociated with the vertices of a DAG. We have a SCM  , NC f P  if each observable 
is the result of an assignment
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 : ,
ii i pa iX f X N (13.4) 

with fi denoting deterministic functions that represent the causal mechanisms that 
relate Xi to its causal parents 

ipaX . This framework allows to represent cause-effect 
interventions by using the do formalism defined by Pearl (Pearl 2009; Peters et 
al. 2017). We note that the intervened system induces another distribution, which 
usually differs from the observational distribution. Instead of studying these two 
systems together, it seems more appropriate to treat them as two separate systems, 
which motivates the idea that after an intervention only parts of the data-generating 
process change. For example, if we intervene in the system defined in the beginning 
of this chapter by setting E:=4, we do not affect the mechanism that generates C.

Given this formal framework and data, the approach now is to assess indepen-
dence between observables, rather than prediction as in the previously defined 
methods. Several methods have not yet found appreciation within the fields of 
neuroscience or metabolomics. However, methods such as LiNGAMs (linear non-
Gaussian acyclic model) (Shimizu et al. 2006) tie in with the formal framework 
of SCMs (Peters 2017) and have been applied to fMRI data and other modalities 
(Bielczyk 2019), in particular LiNGAMs have been extended to deal with hidden 
variables (see Figure 13.3) (Adams et al. 2021).

4.2 Structural Dynamical Causal Models

Despite the similarities in name, a structural dynamical causal model (SDCM) 
should not be confounded with DCMs. SDCMs provide a formal framework that 
relates SCMs to random dynamical systems. Indeed, as such a SDCM forms a gen-
eral framework that, at least on a conceptual level, includes DCMs (Bongers et al. 
2022). Early work ventured into expanding the SCM formalism to cyclic linear 
graphs (Spirtes 1995), and later, the domain of application was expanded to nonlin-
ear models with cyclic noise models (Mooij et al. 2011), both without any formal 
relation to differential equations. However, the expansion of SCMs to the equilib-
rium state of first-order ordinary differential equations opened up an interesting 
and natural approach to address cyclical causal relationships (Mooij et al. 2013; 
Rubenstein et al. 2018) that was only recently expanded to include equilibrium 
states of random2 differential equations (Bongers et al. 2022). This is an exciting 
ongoing line of research that has the potential to provide a proper formal framework 
for methods such as DCMs and the method discussed next.

2 Note the difference between random and stochastic ordinary differential equations: random differen-
tial equations account for stochasticity in initial conditions or parameters. Thus, there is no process 
noise that would alter the temporal solution of the dynamical system. Stochastic differential equa-
tions, on the other hand, refer to stochasticity in the process itself, which implies that the solution can 
only be computed by the Ito or Stratonovich formalism (Higham 2001).
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4.3 Bicycle—A Method Designed for Feedback-Loop Inference

Acyclic causal models are well-studied, but the assumption that a causal graph is 
free of feedback loops (see Figure 13.3b) is often not valid, particularly in neuro-
science and metabolic networks where feedback loops are common. Bicycle is a 
method that addresses this often neglected problem in inference of directed graphs 
(Rohbeck et al. 2024). It is based on a recently published method called Dictys, de-
signed to model dynamics of gene regulatory networks (Wang et al. 2023). Dictys 
is an inference method that models latent, cyclic regulatory dynamics using a mul-
tivariate Ornstein–Uhlenbeck process, which it couples to a modality-specific tech-
nical noise model. The authors of Bicycle augmented this method conceptually by 
introducing experimental perturbations into the inference procedure through the 
independent causal mechanism (ICM) principle (Schölkopf et al. 2021). This modi-
fication appends a strong inductive bias toward sparsity of interventional parameter 
shifting, justified by the ICM principle. In essence, this means that parameters as-
sumed to be affected by the causal intervention will be able to be fitted, while all 
the other parameters of the model are kept fixed. We note that the objective function 
of the model inference procedure is ELBO. The approach closely resembles task-
based stochastic DCM, with all the interactions strictly assumed to be linear. Unlike 
the usual DCM approach, experimental interventions are thought to influence cer-
tain parameters directly, and model fitting is performed with all the other parameters 
being held constant (as inferred from data produced in the non-intervention state). 
In DCM, however, all parameters are being fit to data from interventions and data 
without interventions. Afterward, model comparison, again similar to DCM and 
other methods, leads to the final insights about causal structures.

5 Summary and Outlook

Genomics and metabolomics research often correlate gene expression data with 
psychopathologies (Pawlak et al. 2017; Wigner et al. 2018), yet these approaches 
typically do not establish causal links. Conversely, several studies utilize fMRI 
data to analyze functional connectivity patterns between brain regions of patients 
in comparison to healthy controls (Greicius et al. 2007; Kaiser et al. 2015; Yan et 
al. 2019). However, functional connectivity patterns do not establish causal links 
between brain regions. Extracting causal relationships from measurements is diffi-
cult in both research domains; the complexity only increases if combined. One key 
challenge is to find approaches that can relate to very different measurement types. 
While neuronal measurements are typically time series, metabolomics are measured 
by assessing concentrations of molecules at a given time. Only a few studies have 
successfully measured both; such experiments have been achieved in small animal 
models, such as Drosophila, which are arguably too distinct from humans to gener-
ate insight on psychopathology (Mann et al. 2021). At the same time, biophysical 
computational models that attempt to integrate neuronal and metabolic processes 
are rare (Jolivet et al. 2015). Thus, significant research opportunities remain.
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5.1 Identifying Challenges

Causal relationships between brain regions based solely on neuronal activity are dif-
ficult to achieve due to the potential presence of many hidden confounders (Figure 
13.3, motifs c and e), such as metabolic factors like ATP levels. Integrating mea-
surements of metabolic molecules (e.g., glucose) alongside neuronal dynamics, al-
though complex, enhances the dataset by revealing otherwise concealed variables, 
thus reducing the risk of identifying spurious connections.

Measuring time series is critical to causal inference; however, relying on mea-
surements alone is usually insufficient to disassociate causal relationships in com-
plex systems correctly. Predictions based on time-series data are susceptible to 
spurious correlations due to numerous unmeasured confounders, particularly with 
techniques with lower temporal resolution like functional neuroimaging. While it 
is widely known that correlation is not causation, studies sometimes still rely on 
correlations alone to judge cause and effect relationships (Van Hul et al. 2020). 
Furthermore, methods such as Granger causality and DCM are often misconceived 
as providing robust causal inference, possibly because their names suggest more 
definitive conclusions than they actually deliver.

Here, developments such as SDCMs hold the promise of putting methods, such 
as DCM, on a more solid formal basis. This would allow a consistent integration of 
the data-driven method and experimental interventions for the assessment of causal 
relationships.

We conclude that while it is possible to extract causal relationships from data 
alone, algorithms must be applied in compliance with their assumptions, and we 
caution the reader of potential premature conclusions about causal relationships. 
Experimental interventions, such as direct brain stimulation experiments, are often 
necessary to correctly infer the causal mechanisms and data-driven methods can 
guide experimental hypothesis building (Siddiqi et al. 2022).

Feedback loops are a critical feature of neuronal and metabolic networks. 
Feedback loops present a unique challenge as most analytical methods are designed 
for directed acyclic graphs (Runge et al. 2019). Despite the prevalence of feed-
back loops in complex systems, adaptations of the widely used Granger causal-
ity for identifying these loops from data are few. They have not been broadly ad-
opted, suggesting their inadequacy for such complex analyses (Dong et al. 2012). 
However, computational models such as systems of ordinary differential equations 
allow the definition of any graph structure in principle. An approach exemplified 
by the Bicycle method, which is similar to DCM as described above, has thus been 
proposed to address the extraction of feedback loops by relying on steady state solu-
tions of ordinary differential equations and experimental interventions (Rohbeck et 
al. 2024). Thus, the use of model-based techniques seems to be a promising way to 
further the disassociation of causal mechanisms in complex systems.

It is important to note that formal relationships between SCM and dynamical 
system models have been constructed. However, these hold only at the fixed-point 
solution of the ordinary differential equation. So far, relations exist for the deter-
ministic case (Mooij et al. 2013; Rubenstein et al. 2018) as well as for random 
differential equations (Bongers et al. 2022). The latter provides a sufficiently gen-
eral framework to encompass DCMs (Bongers et al. 2022) and arguably provides a 
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formal framework that allows for more rigorous inference of causal relations.

5.2 Model-Based Causal Inference is a Promising Venue

Statistics alone provide only a superficial insight into causal mechanisms since 
causal mechanisms produce statistical dependencies, but the reverse argument is 
not guaranteed: statistical dependencies do not imply causal structures. However, 
combining mechanistic models with experimental interventions establishes a more 
substantial method for identifying causal mechanisms. We advocate for utilizing 
computational models and, where feasible, experimental interventions. These allow 
for enhanced inference of causal relationships through the incorporation of prior 
knowledge and help inform and guide experimental interventions aimed at falsify-
ing and refining the model structure.

The use of prior information is crucial because relying solely on data-driven 
inference is susceptible to errors. For example, evaluating the DREAM (Dialogue 
for Reverse Engineering Assessment and Methods) challenges underscores the im-
portance of incorporating prior knowledge and biophysical constraints into causal 
inference (Hill et al. 2016). Thus, detailed model-based approaches are valuable, 
provided the underlying model structure is accurate. Methods such as DCM, com-
monly used in neuronal imaging studies, could theoretically be expanded to include 
metabolic dynamics as well.

Among model-based methods for estimating causal relationships that incor-
porate a higher degree of biophysical detail, DCM is the most frequently used 
in neuronal imaging. To our knowledge, it has not yet been applied to metabolic 
dynamics; however, as detailed above, the recently developed method Bicycle to 
study gene expression data follows a similar approach (Rohbeck et al. 2024). This 
illustrates the potential of the modeling approach well: while DCM is applied to 
time-series data, Bicycle relies on steady-state data. Although simultaneous mea-
surements across both domains may present challenges, we emphasize that both 
methodologies are fundamentally grounded in differential equations, suggesting a 
natural pathway for theoretical integration. We propose that significant advances 
could emerge from establishing a unified modeling framework encompassing both 
metabolic and neuronal circuits. Such computational simulations would facilitate 
the generation of testable hypotheses for subsequent experimental investigation. 
Admittedly, temporal dynamics absent from equilibrium data would necessitate ad-
ditional experimental validation. However, through an iterative approach, a com-
prehensive dynamical systems model could be developed that incorporates both 
causal relationships and mechanistic insights. The successful development of such 
computational models and elucidation of underlying causal mechanisms will de-
pend critically on sustained collaboration between computational scientists and ex-
perimental researchers, as outlined in this prospective analysis.
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Abstract Interest in the role of metabolism in psychiatric disorders and their 
treatment is rapidly expanding, driven by emerging evidence that neurometabolic 
dysfunction contributes to the pathophysiology of conditions such as depression, 
bipolar disorder, and schizophrenia. This chapter provides an overview of strategies 
for designing mechanistically informed studies and clinical trials that evaluate met-
abolic interventions in psychiatric populations. Discussion includes the importance 
of integrating biomarkers, neuroimaging, and computational modeling to identify 
and stratify patient subgroups most likely to benefit from metabolic therapies. Key 
considerations for developing proof-of-concept and efficacy studies are presented, 
including optimal study design, statistical and mechanistic modeling, biomarker 
selection, and the alignment of mechanistic hypotheses with clinical endpoints. By 
adopting a translational framework that connects experimental data, clinical ob-
servations, and systems-level mathematical modeling, researchers can more effec-
tively evaluate the therapeutic potential of metabolic interventions. This roadmap 
aims to accelerate the development of personalized and data-driven treatment strat-
egies and establish a rigorous evidence base for incorporating metabolic targets into 
psychiatric care.
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drial regulation
• Energy storage
• Insulin signaling: glucose-insulin-glucagon dynamics
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1 Leveraging Research toward Improved Clinical Care

Interest in the role of metabolism in psychiatric disorders and treatments is rapidly 
expanding. As the existing database on neurometabolic abnormalities is reviewed 
in other chapters of this volume, we focus here on approaches that can be used 
to generate mechanistically informed proof-of-concept and efficacy trials to target 
such abnormalities. Since common metabolic interventions, such as the ketogenic 
diet, generate systemic physiological changes that vary over time, developing next-
generation metabolic treatments requires a comprehensive framework to parse the 
multiple competing mechanisms by which such interventions might improve health. 
Here, we present a statistical (mediator) roadmap that integrates clinical and experi-
mental research to evaluate competing mechanistic hypotheses, model the value of 
different types of experimental data, and inform study design.

Within the mediator framework, dynamic perturbations such as acute, repeatable 
hypoxic interventions (brief, controlled reductions in oxygen availability) serve to 
inform a statistical model of the multiple competing processes (the “mediators”) 
by which a desired therapeutic intervention can act (Ehrenreich et al. 2023). Once 
learned, the model can distinguish between normal and disordered states and propose 
the minimal intervention required. Likewise, it can identify the most likely mecha-
nisms of action of existing interventions. Since these functions also depend on con-
text and environment (e.g., age, sex, and other “moderator” variables), future studies 
and modeling efforts need to consider patient heterogeneity and its impact on out-
comes. These and other related ideas are developed be low, leading to specific recom-
mendations for choice of biomarkers, perturbations, and study design considerations.

2 Conceptual: What Is the System?

To probe the mechanistic pathways by which metabolic interventions impact neu-
ropsychiatric disorders, we first need to identify the primary physiological control 
circuits that maintain homeostasis during health, and thus narrow the search space 
to a set of candidate critical points of failure. These circuits include the following:

• Energy sensing: AMP-activated protein kinase (AMPK) and mammalian 

• Energy production: glycolysis, tricarboxylic acid (TCA) cycle, mitochon-

• Hormonal regulation: hypothalamic-pituitary-adrenal (HPA) axis, thyroid,
and reproductive hormones

These components interact dynamically to maintain homeostasis and contribute 
to the multisystem dysregulatory phenotype associated with metabolic disorders. 
Disentangling the driving causes from their cascading effects is thus essential to 
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treat the disease, rather than just its symptoms.
Crucially, cognitive and affective symptoms in neuropsychiatric disorders de-

pend not only on which circuit is affected but on how it is affected. The basic struc-
ture of all control circuits includes several key components: sensors, set points, 
excitatory and inhibitory components of negative feedback loops (each of which 
includes both gains and lags), as well as various filters and other gating mechanisms 
(Alon 2019). The many ways the circuit can break can generally be described as the 
circuit’s “points of failure.” Different mechanisms may affect the same circuit in 
various ways by targeting different points of failure. An obvious example of this is 
the distinction between type 1 diabetes, type 2 diabetes, and reactive hypoglycemia. 
Although all three disorders implicate the same control circuit regulating glucose, 
they involve different points of failure. This distinction is most clearly revealed 
by perturbing the system (i.e., via a glucose bolus) and measuring the resulting 
glucose-insulin-glucagon dynamics as the system attempts to regain homeostasis 
(Figure 14.1).

Perturbing the metabolic system and measuring the resulting dynamics as it at-
tempts to regain homeostasis can not only identify the dysregulation type (in terms 
of its point[s] of failure), but also quantify its degree of severity; namely, its control 
error. Control error refers to the difference between the system’s optimal versus 
actual output over time. In the context of physiological homeostasis, control error 
measures how negative feedback loops can effectively maintain key variables (e.g., 
blood oxygen concentration and pH) within physiological limits. A well-regulated 
control circuit minimizes control error over time, while chronically taxing it leads 
to dysregulation, causing errors to propagate and further stress the system. If that 
dysregulation becomes sufficiently severe, the system effectively “breaks,” a point 

(a) (b)
Circuit
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Figure 14.1 Physiological (including neural) control circuits may be compromised at distinct 
points of failure, leading to qualitatively different types of circuit dysregulation, output dynamics, 
and resulting clinical symptoms. (a) Schematic of a typical physiological control circuit (after Karin 
et al. 2016): regulation between blood glucose (G) and blood insulin (I) in response to exogenous 
glucose (GLC) bolus, with specific disorders (type 1 and type 2 diabetes mellitus, reactive hypo-
glycemia) associated with the breakdown of specific feedforward and feedback components. (b) 
Healthy homeostatic regulation (c) shows failure to downregulate glucose due to impaired insulin 
secretion versus (d) impaired insulin sensitivity. (e) Both contrast with the dynamics seen with exces-
sive glucose-stimulated insulin secretion rate. Abbreviations: G: blood glucose, I: blood insulin, 
β: pancreatic β population, C: glucose removal rate at zero insulin, Si: insulin sensitivity, p: insulin 
secretion per cell, α: insulin secretion rate due to glucose stimulation, γ: insulin removal rate.
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that often coincides with clinical symptoms (Mackey and Glass 1977). The aim of 
early (prodromal) detection of metabolic dysregulation is that detecting the system’s 
“bend” before its “break” may allow therapeutic intervention when the system is 
already stressed homeostatically but still amenable to recovery (Antal et al. 2025).

Control theory provides a way to model and predict how the behavior of physi-
ological circuits can develop an “overshoot and collapse” response to increasing de-
mand, exceeding a limited supply of biological precursors (hitting the system’s car-
rying capacity) and then breaking (McEwen and Wingfield 2003). This phenomenon 
is common in many physiological disorders (e.g., the common conversion of type 
2 to type 1 diabetes), and there are many examples in psychiatry. In post-traumatic 
stress disorder, for example, cortisol levels are initially abnormally high and then be-
come abnormally low (Yehuda 2002; Bremner et al. 2003). Likewise, in schizophre-
nia, parenchymal glutamate (Glu) concentrations are elevated in young (especially 
first episode) schizophrenia patients but decline over time and become reduced in 
chronically ill patients, compared to age-matched healthy controls (Merritt et al. 
2021). In major depressive disorder, magnetic resonance spectroscopy (MRS) Glu 
studies have reported that Glu levels are lower during episodes of illness (Yüksel 
and Öngür 2010) and improve back to normal levels with treatment (Boucherie et al. 
2023). These observations of dynamic change in brain chemistry measures are not 
limited to Glu and can also be made for metabolic and redox measures (Dwir et al. 
2023). Taken together, the literature suggests that “points of failure” in neurotrans-
mission and neurometabolism are not reflected in abnormal steady-state metabolite 
levels but rather in their inability to remain within set ranges over time.

3 Experimental: How Do We Test Multiple Competing Hypotheses?

As described above, neuropsychiatric outcomes are mediated by multiple, closely 
linked causal factors. The mediator model provides a valuable framework for or-
ganizing these competing factors into a discrete set of mechanistic hypotheses (see 
Figure 14.2). Within this framework, mediators act as the intermediate variables 
through which an intervention (e.g., the ketogenic diet) influences the outcomes 
of interest. By building a statistical model that incorporates these fundamental ele-
ments and their interactions, we can assess how these processes influence brain 
function and test multiple hypotheses in parallel. This can be achieved through two 
parallel strategies: bottom-up and top-down modeling (Chesebro et al. 2025). The 
bottom-up strategy begins with a detailed representation of the individual compo-
nents of the system and is particularly useful for connecting variables that cannot be 
measured simultaneously, such as the biophysical properties of neurons and fMRI 
dynamics (DiNuzzo et al. 2024; van Nieuwenhuizen et al. 2024). The top-down 
strategy involves measuring indicators of the mediators and outcomes under vari-
ous conditions to learn the relationships from data and is crucial for integrating new 
biomarkers. This turns hypothesis testing into a parameter-fitting exercise: by ex-
amining the evidence for each mediator in accounting for the observed change in 
the outcomes of a study, one can rank the relative likelihood of alternative explana-
tions for the data, thereby enabling the simultaneous testing of multiple competing 
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Mechanistic Proof of Concept Studies

Intervention
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Acute Dose-Dependent
Metabolic Perturbation

Cognitive / Affective / Behavior
Neural Systems

Dynamical Control System
Biomarkers

Cellular energy regulation
Hormonal regulation

Lipid metabolism
Amino acid metabolism

Nutrient sensing
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Insulin resistance panel
Mitochondrial metabolic status
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Outcome

Figure 14.2 The mediator model illustrates the relationship between an intervention (the input), 
multiple mediators, and study outcomes. Factors such as sex and age can moderate the strength and 
direction of the relationship between the intervention and outcomes, influencing both the interven-
tion-to-mediator and mediator-to-outcomes interactions. Two key points are worth noting. First, 
the outcome is measured over time to assess not only the magnitude of the measure but also its 
temporal stability and dynamics. Second, the intervention’s effects can be nonlinearly influenced 
by dose, exposure, and specificity.

hypotheses (Antal et al. 2024; Stephan et al. 2010). This is critical for interpreting 
the study findings and revealing competing hypotheses that the current data cannot 
distinguish between.

Time series data are crucial for evaluating competing hypotheses in the meta-
bolic-neuronal system, as they allow for distinguishing between different points of 
metabolic circuit failure (the mediators) and assessing if an outcome temporally fol-
lows its proposed cause (Mujica-Parodi and Strey 2020). This entails tracking po-
tential mediating features (e.g., AMPK activity, insulin levels) and outcomes (e.g., 
functional neuroimaging, blood glucose levels) over time. Tools like dynamic causal 
modeling (DCM) can then be used, in conjunction with the mediator model, to help 
distinguish between driving and modulating mediators of the measured outcomes 
(Hofmann et al. 2024; Stephan et al. 2010). By adopting this temporal framework, 
researchers can elucidate multiphasic responses, highlight adaptation mechanisms, 
and account for state-dependent factors like sleep and diet. For example, the media-
tor effect of an acute hypoxic stressor may initially peak in measures such as AMPK 
activity and blood glucose levels before potentially declining with system adap-
tation (Burtscher et al. 2024). Meanwhile, the outcome effect, reflecting changes 
in brain function and cognitive performance, follows its own temporal dynamics, 
potentially stabilizing or improving post-intervention due to sustained adaptations. 
Establishing and refining this framework is essential for interpreting the complex 
dynamical signatures unique to different interventions within the system.
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To utilize the mediator model to interpret and inform clinical studies, we first need 
to collect the appropriate data to train the mediator-outcome relationships. Phase I 
proof-of-concept studies are crucial for this process. Their primary goal is to test 
specific hypotheses about the mechanistic effects of interventions in humans while 
gathering preliminary data on safety, efficacy, and biological activity. Within the me-
diator framework, these interventions can also be seen as perturbations that alter the 
metabolic state and dynamic response of an individual. For example, one dynamic 
perturbation could be an acute, repeatable hypoxic intervention, characterized by 
brief periods of reduced oxygen availability, typically lasting from seconds to a few 
minutes (Ehrenreich et al. 2023). The primary aim is to induce a controlled hypoxic 
state that stimulates physiological and neurobiological responses without causing 
harm. These short, intermittent bouts of hypoxia, however, can also be used to gener-
ate a unique response function in mediating metabolic circuits, thus providing gen-
eral constraints on the internal structure of the mediator model. The “outcomes” 
can therefore be both static and dynamic measures. Furthermore, the specificity of 
preclinical interventions, such as the precise regulation of oxygen levels, allows 
researchers to investigate dose-response relationships and the temporal dynamics of 
targeted mediator components. Thus, the outcome can be modeled using mediator-
specific parameters such as the intensity of hypoxia (e.g., the percentage of oxygen 
in the inhaled air), duration of each episode, and the frequency of these episodes.

The mediator framework provides a conceptual map for assessing the relative 
influence of the seven core metabolic circuit classes on neuropsychiatric outcomes. 
However, these components are deeply co-regulated and cannot easily be isolated 
in experimental settings. Moreover, the outcomes and interactions between the me-
diators are influenced by nonspecific “moderator” variables such as sex and age. 
For instance, sex-specific hormonal differences can affect metabolic responses to 
hypoxia, with evidence suggesting that estrogen modulates oxidative stress and 
mitochondrial function differently in males and females (Pellegrino et al. 2022). 
Similarly, older adults may exhibit reduced mitochondrial biogenesis and antioxi-
dant defenses, potentially diminishing the cognitive benefits of hypoxic interven-
tions (Militello et al. 2024). To dissect these competing mediators and their co-
regulatory factors, two additional considerations are critical. First, at least one 
representative component from each circuit class should be measured to assess 
which mediators could potentially provide alternative explanations for the effect 
of an intervention. Second, as will be discussed next, these variables should be 
measured dynamically when possible to provide evidence of an alternative causality 
that could be explored through future research.

4 Biomarkers: What Do We Measure?

A biomarker is a measurable indicator of some biological condition or disorder. 
Although the term is used throughout modern medical research and clinical care, 
searching for biomarkers has been particularly urgent in psychiatry, where biologi-
cal indicators that do not rely on self-reports and symptoms are still notably lacking 
(Abi-Dargham et al. 2023). In metabolic neuropsychiatry, the biomarker search is 
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more constrained and targeted to processes we understand better than in the rest of 
psychiatry. Therefore, using biomarkers to identify treatment targets and monitor 
treatment impacts is a realistic near-term goal.

We can identify three types of potential biomarkers: diagnostic (for clinical diag-
noses), prognostic (to predict the future clinical trajectory of a diagnosed disease), 
and theranostic (to predict whether and/or how a particular therapeutic will alter 
the disease’s clinical trajectory). In Appendix 14.1, we present an extensive list of 
possible biomarkers of potential use in metabolic neuropsychiatry. Here, we discuss 
broad metabolic systems that are of interest to the field. Then, within each system, 
we specify the measurable target biomarker, the tissue or source of the measure-
ment, as well as the timescale over which the biomarker is expected to change. This 
table (Appendix 14.1) may serve as a useful tool for investigators designing studies 
in metabolic neuropsychiatry who wish to explore the full range of metabolic pro-
cesses their work may impact.

Since metabolic processes consist of a complex network of pathways in con-
stant mutual interaction, treatment research in metabolic neuropsychiatry will be 
well-served by avoiding a narrow focus on single biomarkers. Measuring multi-
ple processes will not only provide convergent evidence for whether the desired 
changes are occurring, but also reveal unexpected changes in other parts of the 
complex network. This could include, for example, an unexpected change in cer-
tain biomarkers, no change in biomarkers is expected (perhaps because they are 
too important and therefore maintained within a narrow range), or change occurs 
in an unexpected direction in some biomarkers (because of overcompensation and 
nonlinear interactions).

In addition to measuring multiple biomarkers in intervention studies, it is impera-
tive to collect time series data in these studies, as described earlier. To emphasize 
this point, we added a column in Appendix 14.1 to indicate the rate of change. In 
complex networks, the timescale for change can vary widely, depending on the rela-
tionships between different parameters and pathways, from seconds to years. By col-
lecting time series data on the appropriate scale, investigators can make an informed 
decision about the impact of treatment and timing of outcome measurements.

Finally, there are many additional considerations that can constrain the choice of 
biomarker. These include specificity of the intervention being studied, scale of the 
study (e.g., sample size, number of measures), the trade-off between accuracy and 
measurement error in a specific study implementation, cost of required measure-
ments, the need for specialized staff, equipment, as well as material. Appendix 14.1 
does not address each of these issues but rather provides a starting point for investi-
gators to consider their choice of biomarker.

5 Intervention:	How	Do	We	Perturb	the	System	to	Target	Specific	
Points of Failure?

In this section we review potential avenues for perturbing and intervening on meta-
bolic pathways to target specific points of failure. Candidate pharmaceuticals used 
in other metabolic disorders are well-positioned to be repurposed for metabolic 
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interventions in psychiatry. Although metabolic systems and targets will continue 
to evolve in this rapidly expanding field, we review candidate interventions by 
metabolic targets, considering that interventions may have multiple effects on in-
terconnected metabolic pathways. In Appendix 14.2, we list modulators of major 
metabolic circuits to provide potential candidates for modulation of metabolic path-
ways and their mechanism of action. Depending on known mechanisms of action, 
interventions may have more targeted or specific effects on the metabolic system. 
Candidate modulators include a range of pharmaceutical compounds, nutritional 
supplements, heat or cold therapy, environmental manipulations (hypoxia), and 
lifestyle interventions. By leveraging known metabolic interventions, most candi-
date interventions highlighted in Appendix 14.1 have a well-studied safety profile. 
However, known adverse effects must be considered for each intervention.

Several factors in the administration of candidate metabolic interventions will 
affect the design and interpretation of the intervention. Here, we consider the mode 
of administration, timing of the intervention, and the possibility of combining can-
didate interventions.

The mode of administration may have an impact on the onset of action, ease of 
use, and targeted tissues. Different modes of administration into metabolic systems 
include oral, intravenous, and intranasal administration. Interventions delivered in-
tranasally, such as insulin, offer the possibility of probing CNS response to insulin 
(e.g., brain insulin resistance). Insulin administered in the nasal cavity is thought to 
bypass the blood-brain barrier, with delivery to the brain following olfactory and 
trigeminal pathways (Thorne et al. 2004). This allows for the measure of biomark-
ers and outcomes in response to a central manipulation. In addition to mode of 
administration, dosing of metabolic manipulations should be carefully considered 
with dose-response studies.

Perturbations may achieve similar targeted metabolic regulation by different 
means, which may alter the system effects of the intervention. Recently, there has 
been interest in targeting mitochondrial regulation by using alternative fuel sources 
for the brain, mainly ketogenic interventions (Bernard et al. 2025; Ozan et al. 2024). 
The metabolic state of ketosis can be achieved by administration of exogenous ke-
tones through a ketogenic diet, or by fasting. However, dietary lifestyle changes and 
administration of nutritional supplements may exert different effects on the meta-
bolic system and pathways.

Some metabolic interventions may be used for single intervention or repeated 
interventions in a short time frame to probe mechanistic effects, whereas others 
may be more useful for longer-term interventions that assess efficacy on psychiatric, 
cognitive, or functional outcomes. Examples of short-term interventions designed 
for rapid administration and repeated use include exogenous ketone bodies, oral 
glucose, and intranasal insulin. Limitations of short-term probes include their in-
ability to predict longer-term outcomes. While lifestyle interventions, such as diet 
and exercise, can be useful acute interventions, they are best suited for longer-term 
trials to test efficacy of the intervention on psychiatric or cognitive outcomes. Of 
note, dietary interventions can manipulate macronutrients and micronutrients, ca-
loric intake, and fasting periods. Similarly, exercise interventions can manipulate 
different factors, including low- or high-intensity exercise and resistance training, 
among others (Pajonk et al. 2010).
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Finally, combining various interventions could enhance therapeutic outcomes 
by targeting multiple pathways simultaneously. This may involve combining inter-
ventions with different known mechanisms of action and different types of inter-
ventions, such as combining pharmacologic or nutritional supplementation inter-
ventions alongside lifestyle modifications (e.g., dietary changes or exercise). Such 
combinations would enable the quantification of potential synergistic effects, the 
evaluation of the relative efficacy of individual interventions (e.g., comparing ke-
togenic diets to exercise), and the exploration of alternative mechanisms through 
which these interventions may exert their effects, such as through simple weight 
loss. While the list of candidate metabolic interventions should continue to expand 
and evolve, considering the mechanisms of action and metabolic targets for an in-
tervention sets the stage for developing study designs of metabolic treatments in 
neuropsychiatric disorders.

6 Extending the Impact: How to Design Better Clinical Trials in 
Metabolic Neuropsychiatry

The previous sections outlined a conceptual and quantitative framework for meta-
bolic neuropsychiatry; what follows is a strategy for its practical implementation. 
Key issues essential to the design and success of clinical trials in this emerging field 
are identified. By addressing these issues, we aim to establish a roadmap for devel-
oping rigorous metabolic neuropsychiatry clinical trials that can effectively evalu-
ate the impact of therapeutic interventions on mental health. This multidisciplinary 
approach, which incorporates elements ranging from mathematical modeling to 
clinical and experimental research, will accelerate the translation of findings into 
real-world applications, ultimately improving patient care and advancing the field.

6.1 Study	Population	and	Stratification

The choice of study population is critical to the success of a clinical trial. Selecting 
appropriate inclusion and exclusion criteria ensures that the findings are both exter-
nally valid and generalizable. For metabolic neuropsychiatry trials, it is essential to 
decide whether to focus on broad patient populations (e.g., all individuals with major 
depressive disorder) or to narrow the focus to more specific subgroups (e.g., individ-
uals with treatment-resistant depression or who exhibit insulin resistance). Enriching 
the study population with individuals who are more likely to benefit from the inter-
vention can increase the likelihood of detecting meaningful effects. However, it is 
also important to be wary of self-selection bias, particularly in lifestyle intervention 
trials where participants may need to change behaviors significantly. Safety consid-
erations must also be paramount, excluding individuals with conditions that could 
be exacerbated by the intervention, such as active eating disorders or severe meta-
bolic imbalances. Stratified randomization should be employed to ensure balance 
between treatment groups, especially in smaller trials. Stratification can be based on 
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prognostic factors known to affect outcomes, such as body mass index, age, sex, or 
baseline metabolic health. By ensuring these factors are evenly distributed, research-
ers can minimize confounding variables and better isolate the effects of the interven-
tion. Stratification is also useful when there are specific subgroups of interest (e.g., 
patients with the target diagnosis but no comorbidities), facilitating adequate sample 
sizes within these groups for more detailed analysis.

6.2 Blinding and Control Conditions

Blinding is a crucial component of clinical trial design, particularly in neuropsy-
chiatric trials where placebo effects can be substantial. While it is often challenging 
to blind participants in lifestyle intervention studies, blinding evaluators can help 
mitigate bias. For example, in dietary intervention studies, although participants 
know their diet changes, outcome assessors can be kept unaware of the group as-
signments to reduce bias in their assessments. Designing appropriate control con-
ditions is equally important. Control interventions should be active and match the 
experimental intervention in key aspects, such as caloric intake or social interaction. 
For example, in a trial testing a ketogenic diet, the control diet should be similarly 
structured but without the specific macronutrient composition that induces ketosis. 
As metabolic interventions affect healthy individuals as well, it is imperative to 
include subjects with and without the intervention, as well as both with and without 
the targeted disease. This approach helps isolate the specific metabolic effects of 
complex interventions, such as the ketogenic diet, from other nonspecific factors.

6.3 Intervention Design

The design of the intervention must strike a balance between efficacy and feasibil-
ity. The duration and dose of the intervention should be optimized to achieve the 
best possible outcomes while minimizing the burden on participants. For dietary 
interventions, this might involve specifying macronutrient compositions, caloric 
restrictions, and fasting periods. It is crucial to provide flexibility and fallback op-
tions, such as alternative dietary recommendations, to accommodate participants 
who may struggle to adhere strictly to the intervention protocols. Pharmacological 
interventions should be chosen based on their mechanisms of action and potential 
to target specific metabolic pathways. For instance, intranasal insulin can be used 
to probe central insulin resistance, whereas GLP-1 receptor agonists may be repur-
posed from diabetes treatment to address metabolic dysregulation in psychiatric 
disorders (Hanssen et al. 2023). Combining different types of interventions, such as 
pharmacological and lifestyle changes, can also be explored to enhance therapeutic 
outcomes by targeting multiple pathways simultaneously.
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6.4 Adherence Strategies

Ensuring adherence to lifestyle interventions is challenging but critical for the suc-
cess of clinical trials. Regular consultations with clinicians and dietitians can help 
participants understand the importance of the intervention and provide continu-
ous support. Offering specific food recommendations and easy-to-prepare recipes 
that cater to participants’ preferences may increase compliance. Delivering food 
items directly to participants can further reduce barriers to adherence. Group set-
tings and community support can also play a significant role in enhancing adher-
ence. Participants may find motivation and encouragement in group settings where 
they can share experiences and support each other. For those randomized to control 
arms, offering a waitlist for the active intervention can maintain engagement and 
reduce dropout rates.

6.5 Monitoring and Outcomes

Continuous monitoring of relevant biomarkers is essential to ensure both adherence 
and safety in lifestyle intervention trials. Parameters such as blood glucose, lactate, 
and ketone bodies should be regularly measured. Weight and other anthropometric 
measures should also be tracked to monitor changes over time. Outcomes should 
include both mechanistic and clinical measures. Mechanistic outcomes might in-
volve biomarkers directly impacted by the intervention, such as mitochondrial en-
zyme activities or oxidative stress markers. Clinical outcomes should assess the 
broader impacts on psychiatric symptoms, cognitive function, and overall health. 
Combining these outcome measures provides a comprehensive understanding of 
the intervention’s effects and its potential mechanisms of action.

By considering these issues, a roadmap for the development of clinical trials in 
metabolic neuropsychiatry can be designed to investigate the impacts of various 
interventions on mental health effectively. This multidisciplinary approach utilizes 
elements from mathematical modeling to clinical and experimental research, and 
will enhance our ability to translate findings into real-world applications, ultimately 
improving patient care and advancing the field of metabolic neuropsychiatry.

7 Where Do We Go?

Integrating mathematical modeling and a control systems framework with clinical 
and experimental research from the outset provides a robust approach for under-
standing the complex mechanisms underlying metabolic interventions. It enables us 
to move beyond descriptive post hoc analyses, using models to dynamically guide 
data collection and test competing hypotheses. This is especially crucial for probing 
metabolic circuits, where therapeutic effects may be systemic and progress nonlin-
ear, and be consistent with multiple equally plausible explanations. By elucidat-
ing the underlying mechanisms, we can intervene in a more informed and efficient 
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manner to determine whether there are treatment benefits or drawbacks in targeting 
specific metabolic pathways versus more general interventions such as diet.

Using the example of a hypoxic intervention to examine brain function, the 
mediator model demonstrates how acute, repeatable hypoxic episodes influence 
cognitive performance and brain function through specific metabolic changes. Key 
factors (e.g., AMPK activity, blood glucose, lactate levels, mitochondrial enzyme 
activities, and ROS markers) offer insights into the biochemical and physiological 
responses to hypoxia. Tracking these factors over time helps delineate the pathways 
through which hypoxic stimuli exert their effects, revealing both immediate and 
long-term adaptations. This model underscores the importance of considering mul-
tiple timescales, state-dependent factors, and individual variability to fully capture 
the intervention’s impact.

It is important, however, to emphasize that the field is new and evolving. This 
creates important challenges and opportunities based on the inherent complexity 
and heterogeneity of metabolic interventions. Different diseases and individual 
responses complicate the identification of universal biomarkers and intervention 
strategies. Adopting a dynamic systems perspective, however, allows for a more 
nuanced understanding of disease progression and intervention outcomes. In addi-
tion, more precise and effective interventions can be developed if collaboration is 
fostered among experts in mathematical modeling, metabolomics, clinical research, 
and other specialties. Such a multidisciplinary approach would advance experimen-
tal medicine and clinical trial design and enhance our ability to translate findings 
into real-world applications, with the ultimate goal of improving patient care in 
metabolic neuropsychiatry and beyond.

Appendix 14.1 Relevant analytes, their assessment of metabolic biomarkers and approximate 
time course. Based on general metabolic dynamics and response to physiological changes, rate 
of change is categorized as “Fast” (within minutes to hours), “Moderate” (hours to days), and 
“Slow” (days to weeks).

Metabolic 
System

Analyte Tissue (Measure) Rate of 
Change

(in blood)
Cellular energy 
regulation mTOR/AMPK Pathway

Phosphorylated mTOR (p-mTOR) Moderate
AMPK activity Moderate
Downstream targets (e.g., S6K, 
4E-BP1)

Moderate

Glycolytic Regulation
Glucose levels Blood, CSF, brain (1H-MR

PET)
S, Fast

Lactate levels Blood, CSF, brain (1H-MRS) Fast
Hexokinase and phosphofructokinase 
activity

Moderate



Hormonal 

lism regulation Lipid markers

Amino acid 

Nutrient  
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Metabolic 
System

Analyte Tissue (Measure) Rate of 
Change

(in blood)
Mitochondrial regulation
Mitochondrial DNA (mtDNA) copy 
number

Slow

Mitochondrial enzyme activities  
(e.g., Complex I-IV)

Slow

ATP levels Fast
TCA Cycle
Citrate, isocitrate, alpha-ketogluta-

Blood
Moderate

rate, succinate
Fumarate, malate
Enzyme activities (e.g., citrate syn-
thase, isocitrate dehydrogenase)

Moderate

ROS (reactive oxygen species)
Malondialdehyde (MDA) and 4-hy-
droxynonenal (4-HNE)

Fast

Superoxide dismutase (SOD) activity Moderate
Glutathione levels (GSH/GSSG ratio) Moderate

regulation Glucose/insulin 
Fasting blood glucose Blood Fast
Insulin levels Blood Fast
HbA1c Blood Slow

Glucocorticoid 
Cortisol levels Blood, saliva, hair Fast
Corticosterone levels Blood Fast

Thyroid 
Thyroid-stimulating hormone (TSH) Blood Moderate
Free T3 and free T4 levels Blood Moderate

Lipid metabo-

Triglycerides and cholesterol (Total, Blood Slow
HDL, LDL)
Free fatty acids Blood Moderate

Peroxisome proliferator-activated  
receptors (PPARs)
Expression levels of PPARα, PPARγ Slow
PPAR target genes (e.g., ACOX1, 
CPT1)

Slow

metabolism Regulation
Plasma amino acid levels Moderate
Urea and ammonia levels Moderate

sensing Sirtuins
SIRT1 activity or expression levels Slow
NAD+/NADH ratio Moderate



homeostasis Calcium signaling molecules
Serum calcium levels Fast
Parathyroid hormone (PTH) levels Moderate

tance panel Core biomarkers

Fasting insulin Fast
Hemoglobin A1c (HbA1c) Slow

Omentin Slow
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Metabolic 
System

Analyte Tissue (Measure) Rate of 
Change

(in blood)
Insulin-like growth factor (IGF)
IGF-1 Levels Moderate

Calcium 

Calcium-binding proteins (e.g., Moderate
calmodulin)

Insulin resis-

Fasting plasma glucose (FPG) Fast

Homeostasis model assessment of Moderate
insulin resistance (HOMA-IR)

Additional biomarkers
C-Peptide Moderate
Adiponectin Moderate
Leptin Moderate
Resistin Moderate
Inflammatory Markers (CRP, TNF-α, Moderate
IL-6)
Lipid Profile (Triglycerides, HDL, Slow
LDL)

Emerging biomarkers
Fetuin-A Slow

Retinol-Binding Protein 4 (RBP4) Moderate
Visfatin Moderate

Mitochondrial 
metabolic status Core biomarkers

Lactate and pyruvate Fast
Creatine kinase (CK) Fast
Coenzyme Q10 (CoQ10) Slow
Carnitine and acylcarnitines Moderate
Adenosine triphosphate (ATP) Fast

Additional biomarkers
Fibroblast growth factor 21 (FGF21) Slow
Growth differentiation factor 15 
(GDF15)

Slow

NAD+ Moderate
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Metabolic 
System

Analyte Tissue (Measure) Rate of 
Change

(in blood)
Inflammatory and oxidative stress 
markers
C-reactive protein (CRP) Moderate
8-Hydroxy-2’-deoxyguanosine 
(8-OHdG)

Moderate

Malondialdehyde (MDA) Fast
SOD and GPx Moderate

Metabolomics and lipidomics markers
Amino acids, e.g., branched-chain 
amino acids (BCAAs)

Moderate

Short-chain fatty acids (SCFAs) Moderate
Ceramides Slow

Genetic and epigenetic markers
mtDNA copy number Slow
mtDNA mutations and deletions Slow
Epigenetic modifications (e.g., DNA Slow

TCA cycle meta-
bolic status Core biomarkers

Citrate Moderate
α-Ketoglutarate (α-KG) Moderate
Succinate Moderate
Fumarate Moderate
Malate Moderate
Oxaloacetate Moderate

Enzymatic activity markers
Lactate Dehydrogenase (LDH) Fast
Isocitrate Dehydrogenase (IDH) Moderate
Malate Dehydrogenase (MDH) Moderate

Related metabolites
Pyruvate Fast
Acetyl-CoA Moderate

Inflammatory and oxidative stress 
markers
Reactive oxygen species (ROS) Fast
Antioxidant enzymes (e.g., SOD, 
GPx)

Moderate

Hormonal and regulatory markers
Insulin Fast
Adiponectin Moderate
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Appendix 14.2 Interventions that are relatively system specific, acute experimental perturba-
tions of the system; * denotes potential chronic perturbations.

System Modulators Mechanism of Action
mTOR/AMPK Rapamycin Inhibits mTORC1, reducing protein synthesis and 

cell growth
Metformin* Activates AMPK, inhibiting mTOR and enhanc-

ing insulin sensitivity
PPAR* Activates PPAR receptors, regulating gene ex-

pression involved in glucose and lipid metabolism
Glucose/insulin Oral glucose Increases blood glucose levels, stimulating insulin 

secretion
Intranasal insulin Directly delivers insulin to the brain
Glucagon Increases blood glucose levels by promoting 

glycogen breakdown in the liver
Somatostatin Inhibits the release of insulin and glucagon, regu-

lating blood glucose levels
Clamps  
(fix one probe)

Used to maintain a constant glucose level for 
precise insulin/glucose response measurement

Glycolysis Hypoxia* Induces anaerobic glycolysis by reducing oxygen 
availability, increasing lactate production

Exercise*  
(high-intensity)

Enhances glucose uptake and utilization in 
muscles through increased AMPK activation

Intensive cognitive May enhance brain glucose metabolism and 

Mitochondrial  Ketones* Provide an alternative energy source, reducing 
regulation/ TCA cycle reliance on glucose

Ketogenic diet* Increases ketone production, enhancing mito-
chondrial function and energy efficiency

MCT* Provides a rapid source of ketones, bypassing 
traditional metabolic pathways

Carb reduction Reduces blood glucose levels, promoting ketone 
production and fat utilization

Resveratrol Activates sirtuins and AMPK, enhancing mito-
chondrial biogenesis and function

CoQ10 Supports mitochondrial electron transport chain, 
improving ATP production

GLP-1, PPAR, 
metformin*

GLP-1 enhances insulin secretion, PPAR regu-
lates lipid metabolism, and Metformin activates 
AMPK

Cold/heat Activates thermogenic and stress response path-
ways, influencing mitochondrial function

PDK inhibitors Inhibit pyruvate dehydrogenase kinase, enhancing 
glucose oxidation and reducing lactate production

HPA/glucocorticoids Social stress Activates the HPA axis, increasing cortisol release
Dexamethasone Synthetic glucocorticoid that suppresses the HPA 

axis and reduces inflammation
Metyrapone Inhibits cortisol synthesis by blocking 

11β-hydroxylase
Thyroid T4* Thyroxine (T4) is converted to the active 

form T3, regulating metabolism and energy 
expenditure
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System Modulators Mechanism of Action
Radicals/redox NR* Nicotinamide riboside increases NAD+ levels, 

supporting mitochondrial function and reducing 
oxidative stress

NAC* N-acetylcysteine replenishes glutathione, reduc-
ing oxidative stress and improving redox balance

General Anti-inflammatory 
(TNFα, IL-1β, IL-6, 
COX1,2)

Reduce inflammation by inhibiting pro-inflamma-
tory cytokines and enzymes

Sex hormones Estrogen and testosterone modulate various meta-
bolic and neuroprotective pathways

Estrogen receptor 
modulators

Modulate estrogen receptors, influencing gene 
expression and metabolic processes

Autonomic nervous 
system (ANS)

ß-blockers Block β-adrenergic receptors, reducing heart rate 
and blood pressure

Mimetics Mimic neurotransmitters to modulate sympathetic
and parasympathetic nervous system activity
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