+\
INE

=

UNIVERSITATo:
BARCELONA

Nutritional status, mitochondrial function
and aerobic capacity as biomarkers of iliness course
in acute episodes of bipolar disorder

Anna Giménez Palomo

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacio de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Dipodsit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual unicament per a usos privats emmarcats en activitats
d’investigacio i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu)
ha sido autorizada por los titulares de los derechos de propiedad intelectual Unicamente para usos privados enmarcados en
actividades de investigacion y docencia. No se autoriza su reproduccién con finalidades de lucro ni su difusion y puesta a
disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentacion de su
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta
tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacién o cita de partes de la tesis es obligado
indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the TDX
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis
it's obliged to indicate the name of the author.




ipfleaps Clinic
Barcelona

N

UNIVERSITAT e
BARCELONA

+

=

NUTRITIONAL STATUS, MITOCHONDRIAL FUNCTION
AND AEROBIC CAPACITY AS BIOMARKERS OF ILLNESS
COURSE IN ACUTE EPISODES OF BIPOLAR DISORDER

Doctoral thesis dissertation presented by Anna Giménez Palomo to apply for
the degree of doctor at the University of Barcelona

Directed by:

Eduard Vieta Pascual. Full professor of Psychiatry. Department of Medicine. School of
Medicine and Health Sciences. Institute of Neuroscience. University of Barcelona. Head
of Psychiatry and Psychology Service, Bipolar and Depressive Disorders Unit, Hospital
Clinic de Barcelona. IDIBAPS, CIBERSAM.

Isabella Pacchiarotti. Associate professor of Psychiatry. Department of Medicine.
School of Medicine and Health Sciences. Institute of Neuroscience. University of
Barcelona. Head of the Psychiatric Hospitalization Unit, Bipolar and Depressive
Disorders Unit, Hospital Clinic de Barcelona. IDIBAPS, CIBERSAM.

Tutorized by:

Eduard Vieta Pascual. Full professor of Psychiatry. Department of Medicine. School of
Medicine and Health Sciences. Institute of Neuroscience. University of Barcelona. Head
of Psychiatry and Psychology Service, Bipolar and Depressive Disorders Unit, Hospital
Clinic de Barcelona. IDIBAPS, CIBERSAM.

Medicine and Translational Research Doctoral Program. Medicine and Health Sciences
Faculty. University of Barcelona, June 2024.



Agraiments

Agraiments

- A la meva mare i el meu germa, per estar sempre al meu costat i haver-me

acompanyat al llarg de tot el cami.

- Al meu pare, pel seu recolzament incondicional i donar-me forces tot i després

d’haver-nos deixat.

- A la meva avia, per tot 'amor, I'’educacio i els valors que em va regalar durant

tants anys.

- Alaresta de la meva familia, per fer-me sentir tan afortunada i acompanyada.

- Al meu marit, Quique, per ser el millor company de vida, el meu present i futur, i

per estar al meu costat en tot moment.

- Als meus amics de l'institut, del PAP i de la Universitat, per haver-se creuat en

el meu cami, ser tan fidels a la nostra amistat i regalar-me tants bons moments.

- Al Cellex 4B i a la Facultat de Medicina, i en especial a la Dra. Garrabou i la Dra.
Guitart-Mampel, per tot 'ensenyament i la guia en técniques de laboratori i per

la seva actitud tan propera i motivadora.

- Als companys del Centre de Diagnostic Respiratori, en especial al Dr. Alsina, per

la seva implicacio i el seu optimisme.

- A la directora, la Dra. Pacchiarotti, per comptar sempre amb mi, pel seu
recolzament, la seva guia i la motivacidé per seguir endavant en els projectes

conjunts.

- Al director i tutor, el Prof. Eduard Vieta, per confiar en mi, per potenciar-me com

a metgessa, investigadora i persona, i per tot el seu suport.

- Ales meves amigues i companyes de feina, per fer-me el dia a dia tan agradable
i cuidar-me tant, i també a la resta de companyes i companys del Servei de

Psiquiatria per contribuir a un ambient tan familiar.



Finangament

Financament

La present tesi doctoral s’ha desenvolupat a la Unitat de Trastorns Bipolars i
Depressius de I'Hospital Clinic de Barcelona, i la Fundacié de Recerca Clinic
Barcelona — Institut d’Investigacions Biomediques August Pi i Sunyer. Els
diferents treballs han estat duts a terme gracies al suport de I'Instituto de Salud
Carlos Il (P121/00169). La doctoranda ha rebut suport per part de I'Instituto de
Salud Carlos lll mitiangcant un Contracte Rio Hortega 2021 (CM21/00094) i una
beca de mobilitat M-AES (MV22/00057).



Table of contents

Table of contents

Acronyms and abBreviations.................ceeeeveeeeeniiiiiinneesissisinnssnssisssssmssesssssssssssssssssnns 8
List of articles comprised in the tRESIs ...........ccccueuuuriiirrvvreeniiiiriinennssiissnsennenssssssnsnnnns 11
2 L=2 17 1 TS 12
V1Y 0 X 1 g T of OO P 15
1. INTRODUCTION ...ttt reseressessecsecsessessessssnssnssnssnssassassassansns 18
NS N = 1T o To ] T e [ Yo e [T o PP PPRSPPPPRPPR 18

1.1.1. [0y Ta Ty oYY aTe I T o1 e [=T o g1 Te] o oY 2N S 18

1.1.2. Types Of affeCtive EPISOUES ......cuiieeeee et ee st sae e e e eaeenneesneas 19

1.1.3. (D] Y= s To R Aol o F- 1 1 ot o o IS 20

1.1.4. TrEAtMENT oo ————————————

1.1.5. Course and prognosis

1.1.6. COMOIDI AISOIUEIS. ...ttt ettt sb et sbe et et e st et esbeesee e e eneeanenee et 24
1.2.  Role of nutritional and metabolic factors in bipolar disorder .................... 28
1.2.1. Definition of malnutrition and clinical implications .........cccevvueecieriere e 28
1.2.2. Screening and assessment of MalNUEMTION ......ocveeciecie e 30
1.2.3. Nutritional and metabolic variables as prognostic factors in bipolar disorder............cccecuveuenneen. 33

1.3.  Energy availability in bipolar disorder

1.3.1. Bipolar disorder as a biphasic CONAItION .......ecvieieerieceeee e
1.3.2. Mitochondrial fFUNCLION ...c..eeieiuiririereee e

1.3.3. Interplay between nutritional, metabolic factors and mitochondrial function ...........ccccveuneeeee. 40
1.3.4. Mitochondrial dysfunction in bipolar diSOrder ..........cccvevierieecieree e 45
1.3.5. Other bioenergetic changes in bipolar diSOrder .........cooveviecierieeeeceee e

1.3.6. Potential interventions targeting bioenergetic functions

HYPOTHESES......ceiieiiiiiiiiiiiiiiieiiniiiisesiscieiisesisesrsisessisesiassssssssssasssasanss
OBJECTIVES ...ciutiieiieiiiiiieiieiiiiiieiiesiacseiiessiacsesisssiassssstssssassssssssssasssnssssssassss 60
4 MATERIAL, METHODS AND RESULTS ....ccccitiimiiniiienineciniiienienisicieimsesissreneens 62
4.1. SEUAY | ettt h et b e bttt e bttt et e a b e ea b e ehbesheesheesheesbeenbeeateeas 62
4.2. SEUAY Tl ettt ettt s bt e s bt e st e s bt e bt et e ea b e eabeebbesaeesaeesaeesbeenbeenteans 74
4.3. SEUAY T ettt et e bt e st e s bt e bt et e ea b e eabesbbesbeesaeesbeesbeenbeeateens 87
4.4, SEUAY IV ettt h et s bt b e et e bt et st e ea e eabesabesatesheesaeenaeenbeeateans 93
5. DISCUSSION.....cciitiiiitiiiiiieiieiraitieiresrnitieitsestasrsissessssstsssssssssssasssassasssnnss 123
5.1. Discussion Of the fINAINGS ......ccviiiiiiiiiecce e e e eree s 123
5.2. LIMITAtioNS e e 130
5.3. FULUIE reSEArCh lINES .....iiiieiieie ettt st st st sae et et 132
6.  CONCLUSIONS ...coiiuiieiitiirenieeiieirnnineiiesisisisiiesstsssrssssssssssssssssssssssssssssssnssnnss 135
7. REFERENCES .....ccoituiieiiiiiiieiiiiieiiiiieiiesiniieiiessissisiisssmssstsssssssssssasssassssssnnss 136



Acronyms and abbreviations

Acronyms and abbreviations

ADHD: attention deficit/hyperactivity disorder

ADP: adenosine diphosphate

a-LA: alpha-lipoic acid

AMP: adenosine mohophosphate

AMPK: AMP-activated protein kinase

APA: American Psychiatric Association

ASPEN: American Society for Parenteral and Enteral Nutrition
ATP: adenosine triphosphate

AUC: area under de ROC curve

AUDIT: Alcohol Use Disorders Identification Test

BD: bipolar disorder

BDNF: brain-derived neurotrophic factor

BMI: body mass index

CaMKK2: Calcium/Calmodulin Dependent Protein Kinase Kinase 2
CAT: catalase

CCCP: 3-chlorophenylhydrazone

ccf-mtDNA: circulating cell free mitochondrial DNA

CGl-I: Clinical Global Impression Scale — Improvement
CGI-S: Clinical Global Impression Scale — Severity

CK: creatine kinase

CONUT: Controlling Nutritional Status

COPD: chronic obstructive pulmonary disease

CoQj1o: coenzyme Q1o

CPET: cardiopulmonary exercise test

CREB: cAMP-response element binding protein

CWRCE: constant work rate cycle ergometry

DAMPs: damage-associated molecular patterns

DAT: dopamine transporter

DSM: Diagnostic and Statistical Manual of Mental Disorders
DSM-5: Diagnostic and Statistical Manual of Mental Disorders, 5th Edition
ECT: electroconvulsive therapy

ESPEN: European Society for Clinical Nutrition and Metabolism



ETC: electron transport chain

FAST: Functioning Assessment Short Test

FEV1: forced expiratory volume in the first second
FFMI: fat-free mass index

GLIM: Global Leadership Initiative on Malnutrition
GNRI: Geriatric Nutritional Risk Index

GPx: glutathione peroxidase

GR: glutathione reductase

GSH: glutathione

GSK-3: glycogen synthase kinase-3

GWAS: genome-wide association studies

HC: healthy controls

HDRS: Hamilton Depression Rating Scale
ICD-11: International Classification of Diseases, 11th Edition
IDF: International Diabetes Federation

IL-1[3: interleukin-13

IL-6: interleukin-6

IPAQ: International Physical Activity Questionnaire
iPSC: induced pluripotent stem cells

IQR: interquartile range

MAC: midarm circumference

MAMSs: mitochondria-associated membranes
MetS: metabolic syndrome

MIM: mitochondrial inner membrane

MNA: Mini Nutritional Assessment

MNA-SF: Mini Nutritional Assessment Short Form
mtDNA: mitochondrial DNA

MOM: mitochondrial outer membrane

mPTP: mitochondrial permeability transition pore
MUST: Malnutrition Universal Screening Test
NAA: N-acetyl-aspartate

NAC: N-acetylcysteine

NDNA: nuclear DNA

NFk: nuclear factor kappa beta

Acronyms and abbreviations



Acronyms and abbreviations

NLRP3: nucleotide-binding domain, leucine-rich—containing family, pyrin domain—

containing-3

NRI: Nutritional Risk Index

NRS-2002: Nutritional Risk Screening 2002
OABD: Older Adults with Bipolar Disorder
OCR: oxygen consumption rate

OR: odds ratio

OXPHQOS: oxidative phosphorylation
PBMC: peripheral blood mononuclear cell
PCr: phosphocreatine

PKA: protein kinase A

PKC: protein kinase C

PNI: Prognostic Nutritional Index

PREDIMED-17: 17-point questionnaire to assess adherence to the energy-restricted

Mediterranean diet

RF: random forest

ROS: reactive oxygen species

SD: standard deviation

SGA: Subjective Global Assessment
SIRT: sirtuin

SOD: superoxide dismutase

TCA: tricarboxylic acid

TLRO: toll-like receptor 9

TNF: tumor necrosis factor

TSF: triceps skinfold thickness

VIF: variation inflation factor
VOzpeak: maximum oxygen uptake
YMRS: Young Mania Rating Scale

10



List of articles comprised in the thesis

List of articles comprised in the thesis

The present doctoral thesis has been conducted in the format of a compendium of

articles and comprises one primary objective and ten secondary objectives. To achieve

this, four original articles have been included.

1.

Giménez-Palomo, A., Gomes-da-Costa, S., Borras, R., Pons-Cabrera, M. T.,
Doncel-Moriano, A., Arbelo, N., Leyes, P., Forga, M., Mateu-Salat, M., Pereira-
Fernades, P. M., Benabarre, A., Pacciarotti, I., Vieta, E. (2023). Effects of
malnutrition on length of stay in patients hospitalized in an acute psychiatric ward.
Acta Psychiatrica Scandinavica, 148(4), 316-326. Doi: 10.1111/acps.13598. IF;
Quartile (JCR 2022): 6.7; Q1.

Giménez-Palomo, A., Guitart-Mampel, M., Meseguer, A., Borras, R., Garcia-
Garcia, F. J., Tobias, E., Valls, L., Alsina-Restoy, X., Roqué, G., Sanchez, E.,
Roca, J., Anmella, G., Valenti, M., Bracco, L., Andreu, H., Salmero6n, S., Colomer,
L., Radua, J., Verdolini, N., Berk, M., Vieta, E., Garrabou, G., Pacchiarotti, I.
(2024). Reduced mitochondrial respiratory capacity in patients with acute
episodes of bipolar disorder: Could bipolar disorder be a state-dependent
mitochondrial disease?. Acta Psychiatrica Scandinavica, 149(1), 52-64. Doi:
10.1111/acps.13635. IF; Quartile (JCR 2022): 6.7; Q1.

Giménez-Palomo, A., Guitart-Mampel, M., Roqué, G., Sanchez, E., Borras, R.,
Meseguer, A., Garcia-Garcia, F. J., Tobias, E., Valls-Roca, L., Anmella, G.,
Valenti, M., Olivier, L., de Juan, O., Ochandiano, |., Andreu, H., Radua, J.,
Verdolini, N., Berk, M., Vieta, E., Garrabou, G., Roca, J., Alsina-Restoy, X.,
Pacchiarotti, I. (2022). Aerobic capacity and mitochondrial function in bipolar
disorder: a longitudinal study during acute phases and after clinical remission.
Frontiers in Psychiatry, 26:15:1386286. Doi: 10.3389/fpsyt.2024.1386286. IF;
Quartile (JCR 2022): 4.7; Q2.

Giménez-Palomo, A., Fico, G., Andreu, H., Olivier, L., Salmero6n, S., Ochandiano,
l., de Juan, O., Fernandez-Plaza, T., Colomer, A., Mateu-Salat, M., Borras, R.,
Vieta, E., Pacchiarotti, I. Analyzing Nutritional and Metabolic Factors for
Predicting Malnutrition and Readmission Following a Manic Episode in Bipolar

Disorder: A Machine Learning Approach. Submitted. Non-published data.

Total Research Line IF: 18.1

11



Resum

Resum

Titol: Estat nutricional, funcié mitocondrial i capacitat aerobica com a biomarcadors de

curs de malaltia en episodis aguts del trastorn bipolar.

Introducci6:

El trastorn bipolar (TB) és un trastorn psiquiatric amb una prevalenca del voltant del
2,4%, caracteritzat per episodis recurrents de depressid, mania o hipomania, alternats
amb periodes d’eutimia, el qual suggereix un patrd bifasic de disponibilitat d’energia en
aquesta malaltia. Tot i un tractament adequat, el TB esta associat amb una reducci6 en
la qualitat de vida i en el funcionament psicosocial, especialment en aquells pacients
amb un major nombre de recaigudes. Els pacients amb TB presenten una major
prevalenca de comorbiditats psiquiatriques perd també mediques, especialment
metaboliques, i d’un estat nutricional deficient, en comparacié amb la poblacié general.
No obstant, impacte de I'estat nutricional en el curs de la malaltia ha estat escassament

descrit.

Hipotesis:

En el TB, s’observara un patr6 bifasic de disponibilitat energética, amb un increment en
mania i una reduccié en depressio, en comparacié amb l'eutimia, el qual s’observara
tant mitjancant analisis de respiraci6 mitocondrial com de capacitat aerdbica durant
I’exercici fisic. També s’observaran diferéncies en la capacitat de respiracié mitocondrial
entre episodis aguts de TB i controls sans. Aixi doncs, es trobara una correlacié positiva
entre capacitat aerobica i respiraci6 mitocondrial tant durant descompensacions
afectives com en eutimia. Tanmateix, pacients ingressats en una unitat d’hospitalitzacio
de Psiquiatria, especialment aquells amb TB, presentaran alteracions nutricionals i
metaboliques associades amb el curs de la malaltia a curt termini, influint sobre la durada
de I'hospitalitzacio, i a llarg termini, associant-se amb el nombre de recaigudes en els

anys seguents.

Objectius:
L’'objectiu principal consisteix a identificar si existeixen variacions en parametres
bioenergétics entre episodis aguts del TB i la remissié simptomatica, mitjancant I'estudi

de la capacitat de consum d’oxigen de la cadena de transport d’electrons (CTE)
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mitocondrial i la capacitat aerdbica durant I’exercici fisic. A més, aquest projecte té els
objectius de comparar diferéncies en la capacitat de consum d’oxigen de la CTE
mitocondrial entre episodis de descompensaci6 afectiva en pacients amb TB i controls
sans, determinar la correlacié entre la capacitat de respiracié mitocondrial i la capacitat
aerobica en diferents fases de la malaltia, per a la identificaci6 de potencials
biomarcadors dependents de la fase del TB. Entre els objectius secundaris també
s’inclou la caracteritzacié del perfil nutricional en pacients ingressats en una unitat
d’hospitalitzacié de Psiquiatria, especialment en pacients amb TB, i determinar si aquest
s’associa amb marcadors de curs de malaltia a curt o llarg termini, incloent la durada de

I’hospitalitzacio i els reingressos per descompensacié afectiva en els propers tres anys.

Métodes:

Es van dur a terme 4 estudis clinics, un d’ells transversal i tres de caire longitudinal. Tots
d’ells van incloure pacients ingressats en la sala d’aguts de Psiquiatria de I'Hospital
Clinic de Barcelona.

o Estudi I: es van caracteritzar el perfil nutricional de pacients ingressats i es va
analitzar I'associaci6 entre factors nutricionals i durada de I’hospitalitzaci6.

o Estudi lI: es van incloure pacients amb TB hospitalitzats per un episodi agut de
la malaltia, es va realitzar una avaluacio clinica i es va analitzar la capacitat de
respiracié mitocondrial en cel-lules polimorfonuclears obtingudes a partir d’'una
extraccié sanguinia, tant en I'episodi agut com en remissio clinica.

o Estudi lll: es va incloure un subgrup de pacients compresos en l'estudi ll, en els
quals es van realitzar, a banda de les avaluacions cliniques i analisis de
respiracié mitocondrial, proves d’esfor¢ en un cicloergdometre per a I'estudi de la
capacitat aerobica, també en I'episodi agut i en remissié clinica. Aquestes proves
es van dur a terme al Centre de Diagnostic Respiratori de I'Hospital Clinic de
Barcelona.

o Estudi IV: es va analitzar, a partir d'una mostra de pacients ingressats per un
episodi maniac entre els anys 2015 i 2019, I'associaci6 entre diferents factors
nutricionals i metabolics i el nombre de reingressos per episodis afectius en els
seglents tres anys, aixi com la capacitat dels factors estudiats per predir el risc

de desnutricio i de reingressos, segons un model d’aprenentatge automatic.
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Resultats principals:

o Estudi I: els nivells de proteines plasmatiques, ferro i la saturacio de transferrina
van estar inversament correlacionats amb la durada de I’hospitalitzacié. L’estat
nutricional es va veure reflectit pels nivells de colesterol, albimina, zinc, ferro,
prealbumina, transferrina, triglicérids, saturacié de transferrina, recompte de
limfocits i index de massa corporal (IMC).

o Estudi ll: la capacitat de consum d’oxigen mitocondrial va ser menor en pacients
amb TB durant un episodi maniac o depressiu en comparacié amb la remissié
clinica. La depressio bipolar es va associar amb menors nivells de capacitat
respiratoria mitocondrial en comparacié amb la mania.

e Estudi lll: entre els episodis afectius aguts i la remissié clinica, no es van
objectivar diferéncies significatives en la capacitat aerdbica durant una prova
d’esfor¢ . En remissid clinica, el consum d’oxigen previ a I'exercici va mostrar
una tendéncia cap a una correlacio negativa amb la capacitat maxima de consum
d’oxigen mitocondrial, i el consum maxim d’oxigen durant I'exercici es va
correlacionar de manera inversa amb la respiracié mitocondrial basal.

o Estudi IV: la determinaci6 del risc de desnutricié segons la puntuacié Controlling
Nutritional Status (CONUT) no va predir el curs de la malaltia en el TB. No
obstant, parametres especifics, com nivells menors de glucosa basal, un
increment del recompte de leucocits, un major IMC i nivells més elevats de
colesterol total durant un episodi maniac es van associar amb una major

probabilitat de reingrés psiquiatric als tres anys.

Conclusions:

Determinats parametres bioenergetics i nutricionals es troben associats amb el curs de
la malaltia en individus amb TB. Especificament, la capacitat de consum d’oxigen
cel-lular podria actuar com un marcador d’estat de la malaltia, donat que en els episodis
aguts del TB es troba reduida en comparacié amb la remissio clinica, mentre que certs
parametres analitics mesurats en els episodis aguts podrien predir un curs més torpid
de la malaltia. Aquestes troballes han de ser confirmades en futurs estudis per tal
d’identificar biomarcadors que permetin un maneig individualitzat dels pacients amb TB,
i determinar perfils amb un major risc de presentar un curs desfavorable de la malaltia,
el qual afavoriria el disseny d’estratégies preventives i una milloria en la qualitat de vida

en individus amb TB.
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Abstract

Abstract

Title: Nutritional status, mitochondrial function and aerobic capacity as biomarkers of

illness course in acute episodes of bipolar disorder.

Introduction:

Bipolar disorder (BD) is a psychiatric disorder with a prevalence of around 2.4%,
characterized by recurrent episodes of depression, mania, or hypomania, alternating
with periods of euthymia, which suggests a biphasic pattern of energy availability in this
disease. Despite adequate treatment, BD is associated with reduced quality of life and
psychosocial functioning, especially in those patients with a higher number of relapses.
Patients with BD present a higher prevalence of psychiatric but also medical
comorbidities, especially metabolic, and a deficient nutritional status, compared to the
general population. However, the impact of nutritional status on the course of the disease

has been scarcely described.

Hypotheses:

In BD, a biphasic pattern of energy availability will be observed, with an increase in mania
and a decrease in depression, compared to euthymia, which will be observed through
analyses of mitochondrial respiration and aerobic capacity during physical exercise.
Differences in mitochondrial respiration capacity will also be observed between acute
episodes of BD and healthy controls. Thus, a positive correlation between aerobic
capacity and mitochondrial respiration will be found both during affective episodes and
in euthymia. Moreover, patients admitted to a Psychiatry hospitalization unit, especially
those with BD, will present nutritional and metabolic alterations associated with the
course of the disease in the short term, influencing the duration of hospitalization, and in

the long term, associating with the number of relapses in subsequent years.

Objectives:

The main objective is to identify potential variations in bioenergetic parameters between
acute episodes of BD and symptomatic remission, by studying the oxygen consumption
capacity of the mitochondrial electron transport chain (ETC) and aerobic capacity during
physical exercise. Additionally, this project aims to compare differences in the oxygen
consumption capacity of the mitochondrial ETC between acute mood episodes in

patients with BD and healthy controls, and determine the correlation between
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mitochondrial respiration capacity and aerobic capacity in different phases of the

disease, for the identification of potential state-dependent biomarkers in BD. Secondary

objectives include characterizing the nutritional profile of patients admitted to a

Psychiatry hospitalization unit, with a special focus on BD, and determining its

association with markers of illness course in the short or long term, including the duration

of hospitalization and readmissions for acute mood episodes in the following three years.

Methods:

Four clinical studies (one cross-sectional study and three longitudinal studies) were

conducted. All of them included patients admitted to the acute psychiatric ward of

Hospital Clinic of Barcelona.

Study I: the nutritional profile of patients admitted was characterized, and the
association between nutritional factors and length of stay was studied.

Study II: admitted BD patients were included during an acute mood episode. A
clinical assessment was performed, followed by the study of mitochondrial
respiratory capacity in polymorphonuclear cells obtained from a blood sample.
Study lll: a subsample from the Study Il was included. Apart from clinical
evaluations and mitochondrial respiration analyses, patients underwent exercise
effort tests on a cycle ergometer to study aerobic capacity during both acute
episodes and clinical remission. These tests were conducted at the Respiratory
Diagnostic Center of the Hospital Clinic of Barcelona.

Study IV: this study included a sample of patients admitted due to a manic
episode between 2015 and 2019, and examined the association between
nutritional and metabolic factors and the number of readmissions due to affective
episodes over the following three years. This study also assessed the ability of
the studied factors to predict the risk of malnutrition and readmissions using a

machine learning algorithm.

Main results:

Study I: plasmatic protein levels, iron, and transferrin saturation were inversely
correlated with the length of stay. Nutritional status was reflected by levels of
cholesterol, albumin, zinc, iron, prealbumin, transferrin, triglycerides, transferrin
saturation, lymphocyte count, and body mass index (BMI).

Study II: mitochondrial oxygen consumption capacity was lower in patients with

BD during a manic or depressive episode compared to clinical remission. Bipolar
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depression was associated with lower levels of mitochondrial respiratory capacity
compared to mania.

¢ Study llI: no significant differences in aerobic capacity were observed during an
effort test between acute affective episodes and clinical remission. In euthymia,
pre-exercise oxygen uptake tended to negatively correlate with maximal
mitochondrial oxygen consumption capacity, and maximal oxygen uptake during
exercise inversely correlated with basal mitochondrial respiration.

e Study IV: The determination of malnutrition risk according to the Controlling
Nutritional Status (CONUT) score did not predict the course of the disease in BD.
However, specific parameters, such as lower fasting glucose levels, increased
leukocyte count, higher BMI, and higher total cholesterol levels during a manic
episode were associated with a greater likelihood of psychiatric readmission

within three years.

Conclusions:

Determined bioenergetic and nutritional parameters are associated with the course of
illness in individuals with BD. Specifically, cellular oxygen consumption capacity could
act as a state marker of the disease, given that it is reduced in acute episodes of BD
compared to clinical remission, while certain analytical parameters measured in acute
episodes could predict a more torpid course of the disease. These findings need to be
confirmed in future studies in order to identify biomarkers that allow individualized
management of patients with BD and to determine profiles with a higher risk of presenting
an unfavorable course of the illness, which would enable the design of preventive

strategies and an improvement in quality of life in individuals with BD.
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1. INTRODUCTION

1.1. Bipolar disorder

1.1.1. Definition and epidemiology

Bipolar disorder (BD) is a chronic mental illness characterized by the presence of
depressive, manic or hypomanic episodes, which can appear with mixed features in
some occasions, alternated with periods of clinical remission or euthymia (1,2). Even
being properly treated, in the long term, this disease often impacts negatively patients’
quality of life and psychosocial functioning, especially in those individuals with
depressive symptoms, a higher number of previous episodes, longer illness duration and

lower cognition (3).

Several psychiatric comorbidities are common in individuals with BD, such as anxiety
disorders, attention-deficit/hyperactivity disorder, personality disorders, and substance
use disorders (4). Patients with BD also display an increased prevalence of medical

comorbidities compared to general population (5).

BD has an estimated prevalence of 2.4%, including BD types | (BD 1) and Il (BD 1l) (3).
BD typically manifests during late adolescence or young adulthood, with an average age
of onset of 25 years (3). A delay to diagnosis and treatment of BD is often found in
patients with early age of onset. Whereas BD Il is more prevalent in females, BD | has a
similar prevalence between males and females (6). Despite both genetic and
environmental factors have been associated with BD, BD has a considerably high
heritability rate compared to other mental disorders, which is around 60% (7,8). It is a
polygenic disease with a substantial genetic overlap with other mental illnesses (9).
Environmental factors, such as stressful life events, particularly sexual and physical
abuse, and emotional mistreatment, have been associated not only with BD onset, but

also with the course of iliness (10,11).

Compared to general population, individuals with BD have a reduced life expectancy of
nearly 13 years, with around two to three times higher mortality rates compared to
general population (12). This is due to natural causes, such as cardiovascular diseases,
respiratory diseases and cancer, and also to the elevated risk of unnatural deaths,

especially suicide (12), which can be 20 times more common than in general population
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(13). Some risk factors for suicidal behavior include early onset, female gender,

depressive polarity and comorbidity with personality or substance use disorders (13).

1.1.2. Types of affective episodes

1.1.2.1. Manic episodes

Manic episodes are characterized by significant changes in the individual’s usual
behavior, which affects social or occupational functioning and can require an acute
hospital admission to prevent potential harm to oneself or others (14). During manic
episodes, increased motor drive, expansive mood and behavior, irritability, increased
self-esteem and reduced need for sleep are common (15). These symptoms need to be
present most of the day, nearly every day for at least one week, or less if hospitalization
is necessary (16). Psychotic symptoms (delusions or hallucinations) are present in about
75% of patients with an acute manic episode (15) and can be congruent with the mood
state, with symptoms such as grandiosity, megalomanic or messianic ideation, or
incongruent, with perceptions of self-referentiality or of being persecuted, among others
(17).

1.1.2.2. Hypomanic episodes

Hypomania is a milder and shorter form of mania characterized by mild or moderate
manic symptoms with a lower psychosocial impact compared to mania and not
accompanied by psychotic symptoms. Hypomania does not affect functioning in a severe
manner, does not cause severe social or occupational impairment and does not require
hospitalization (18). The diagnosis of hypomania requires the presence of affective

symptoms for at least four consecutive days (17).

1.1.2.3. Depressive episodes

Depressive episodes are characterized by low mood, decreased energy, anhedonia,
psychomotor slowing, social withdrawal and low self-esteem, among others, for at least
two weeks, with a significant functional impairment (15). Specifically, bipolar depression
is typically characterized by hypersomnia, psychomotor inhibition, emotional lability and

apathy (19), and appears earlier than unipolar depression. Psychotic symptoms can
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occur during depressive episodes and can be mood-congruent, such as thoughts of guilt,
uselessness, hypochondria, catastrophe or ruin, or mood-incongruent. In contrast with
manic states, depressive episodes are not necessary for diagnosing BD. Depressive
symptoms are associated with a significant functional impairment and reduced quality of

life, somatic comorbidities and suicidal behavior (20,21).

1.1.2.4. Mixed episodes

Mixed episodes are characterized by the presence of symptoms from both depressive
and manic poles simultaneously. In previous editions of the Diagnostic and Statistical
Manual of Mental Disorders (DSM), the mixed specifier was used for those episodes in
which the diagnostic criteria for both depressive and manic episodes were met, limiting
this feature to BD |. However, the DSM, 5th Edition (DSM-5), introduced the mixed
specifier to define either manic, hypomanic or depressive episodes when at least three
criteria from the opposite affective pole coexist (16,17). This modification allows to better
specify certain affective episodes, with is crucial given that mixed episodes have been
associated with a more severe prognosis, a higher number of episodes, increased

deaths by suicide and comorbidities (17).

1.1.3. Diagnostic classification

For the diagnosis of BD, the two main diagnostic criteria systems used are the
International Classification of Diseases, 11th Edition (ICD-11) by the World Health
Organization (WHO) (22), and the DSM-5, by the American Psychiatric Association
(APA) (16). The following classification is based on DSM-5 diagnostic criteria. Mood

patterns and BD subtypes are represented in Figure 1.

1.1.3.1. Bipolar disorder type |

In BD type | (BD 1), at least the presence of one current or previous manic episode is
required, whereas history of hypomanic and depressive episodes is not necessary to
establish this diagnosis. The history of depressive episodes is not necessary for the
diagnosis of BD |. However, throughout the course of illness, most patients typically

experience hypomanic and major depressive episodes besides manic episodes (16).

1.1.3.2. Bipolar disorder type I
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In BD type Il (BD ll), at least one current or previous hypomanic episode is required,
added to the history of at least one major depressive episode (16). This diagnostic
category typically includes individuals with history of depressive episodes that alternate
with one or more hypomanic episode, with no history of manic episodes (16). Compared
to BD |, patients with BD Il usually suffer from higher recurrence rates and proportion of

time in depression, and shorter periods of euthymia (23).

m Sample mood patterns in bipolar disorder subtypes

Elevated, expansive, or irritable mood, inflated self-esteem, grandiosity, decreased need for sleep, increased talkativeness,
increased sexuality, racing thoughts, and distraction

Symptoms of mania

Rapid cycling
Bipolar | between mood
Mania disorder patterns

ani:
Bipolar Il
disorder

Euthymia —

l Depression

Episodes with
mixed features

100D PATTERN

Low mood, sadness, hopelessness, loss of interest and motivation, low self-esteem, feelings of guilt, concentration difficulties,
sleep difficulties, loss of appetite, and suicidal ideation

Symptoms of depression

Figure 1. The figure illustrates the heterogeneity in frequency and duration of mood
episodes in bipolar disorder. The figure is adapted from the published article "Diagnosis

and Treatment of Bipolar Disorder" (24).

1.1.4. Treatment

Treatment of BD is recommended to be lifelong, since it is a chronic and highly recurrent
disease, even when it is correctly diagnosed and treated. However, depending on the
state of the illness, recommendations regarding it management vary. During depressive,
mixed, manic or hypomanic episodes, treatment is focused on the remission of the
current episode, whereas during euthymia treatment aims at preventing future relapses
(15). Even maintaining continuous pharmacological treatment, 75% of patients with BD
experience relapses within the first five years (25). Enhancing adherence and preventing

pharmacological adverse events is one of the cornerstones in the management of
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individuals with BD. In this section, evidence about acute and maintenance treatment,

based on the available clinical guidelines, is described (3,26).

1.1.4.1. Treatment of acute mania

Despite non-pharmacological treatments can be used in some cases of acute mania, its
treatment is mainly pharmacological. The same treatment approach is recommended in
the management of hypomanic episodes. The combination of a mood stabilizer and an
antipsychotic is recommended, since it appears to be more effective than monotherapy
(3). However, the antimanic effect of antipsychotics is observed earlier than with mood
stabilizers (27). Lithium is recommended as a first-line treatment, but others, such as
valproic acid or carbamazepine, are also recommended. Considering side effects
profiles and clinical efficacy of antipsychotics, the most recommended for the treatment
of acute manic phases are aripiprazole, quetiapine, risperidone and olanzapine (14).
Electroconvulsive therapy (ECT) is also effective in the treatment of acute mania, but is
often reserved for refractory mania or cases with aggressive behavior. Some evidence
has also shown efficacy of repetitive transcranial magnetic stimulation of the right

prefrontal cortex (1).

1.1.4.2. Treatment of acute depression

Overall, patients with BD spend more time in depression than in mania or hypomania.
However, the number of approved medications for bipolar depression is limited, which
makes off-label or combination therapies usual in its management. Low antipsychotic
doses are recommended as first-line treatment, although some of them are associated
with weight gain and alteration of the metabolic profiles, which should be addressed
routinely (15). Some evidence supports the use of anticonvulsants, olanzapine
monotherapy, combined lithium and lamotrigine, and quetiapine and lamotrigine
combination. Lurasidone, cariprazine and esketamine have also shown beneficial results
in bipolar depression (15,28,29). The use of antidepressants in bipolar depression is
controverted due to their risk of mood switching to hypomanic, manic or mixed episodes.
They are not recommended in monotherapy, especially in BD |. Before their introduction,
a mood stabilizer should be started first, and potential manic or hypomanic symptoms
should be monitored closely. Among non-pharmacological treatments, repetitive

transcranial magnetic stimulation, deep brain stimulation, vagus nerve stimulation,
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lifestyle interventions and psychotherapy have shown efficacy. In addition, ECT has

shown efficacy for treatment-refractory depression (15).

1.1.4.3. Maintenance treatment

Considering the recurrent and chronic nature of BD, long-term treatment aimed at
preventing future relapses is recommended. Some of the preventive strategies include
pharmacological treatment, psychological therapies and lifestyle interventions. With
regard to pharmacotherapy, the use of a mood stabilizer alone or in combination with an
antipsychotic is recommended (15). Pharmacological maintenance treatment usually
depends on the patient’s predominant polarity, defined as the pole at which a patient has
at least twice as many episodes as at the other pole. However, a considerable proportion
of patients have an undetermined predominant polarity (30). Thus, predominant polarity
might guide pharmacological treatment with some exceptions, such as lithium, which
remains one of the most effective drugs for preventing both manic and depressive
episodes (31). Patients with a depressive predominant polarity might have a better
response to lamotrigine and might require antidepressants at some points, whereas
individuals with a manic predominant polarity might respond better to antipsychotics, and
lithium and quetiapine might be useful in both situations (15). Monotherapy with lithium
and lithium-valproate combination are more effective in preventing recurrences in BD |
(32). Despite its efficacy, lithium has been associated in the long term with declining
kidney function and the development of hypothyroidism and hypercalcemia (31).
Quetiapine in monotherapy and in combination with lithium or valproate has also
demonstrated efficacy as maintenance treatments (33). Regarding non-pharmacological
treatment, psychoeducation, cognitive-behavioral therapy, interpersonal social rhythm
and family-focused therapies have shown efficacy to prevent relapses in BD (34,35).
Lastly, cognitive remediation has demonstrated to improve global functioning in BD
(36,37).

1.1.5. Course and prognosis

The natural history of BD includes periods of remission or euthymia, with a high likelihood
of relapse, particularly if adherence to treatment is poor and in cases of comorbid
substance use (17). Drug misuse is common in patients with a manic predominant
polarity and BD | (38). Individuals with a depressive predominant polarity are more likely

to attempt suicide, have a depressive onset, and have BD Il (39). Depression is the most
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prevalent mood state and is more common in BD |l than BD |, and subsyndromal states
are three times more common than full syndromal episodes (40,41). Factors described
as predictors of manic relapse include initial mood-incongruent psychotic features, lower
premorbid occupational status, and initial manic presentation, whereas predictors of
depressive relapse are higher occupational status, initial mixed presentation, and the
presence of medical or psychiatric comorbidity (42). While considered to have a more
favorable prognosis than schizophrenia, persisting alterations of psychosocial
functioning are common in BD (42). Although long-term symptomatic remission does not

guarantee functional recovery, it has a favorable impact on overall prognosis (42).

Throughout the course of illness, BD has been associated with cognitive, functional and
medical impairments. First of all, neurocognitive deficits have been observed across all
mood states and even during euthymia (43). Cognitive impairments are associated with
psychotic symptoms, prolonged episodes, a higher number of manic episodes, and
subsyndromal depressive symptoms (44). Functional impairment is linked to the
presence of cognitive dysfunction (17). Apart from cognition and functioning, physical
health is also affected in patients with BD (45), with very high rates of medical
comorbidity and mortality from natural and unnatural causes. The premature death rate
among bipolar patients is estimated to be up to 2-3 times higher than that observed in
the general population, with suicide being one of the main causes (46). Currently, BD is
considered one of the most disabling illnesses both physically and psychologically (47).
The mentioned factors suggest that treatment in BD should not be only focused on
preventing relapses and treating acute episodes, but also on the amelioration or
restorage for the functional and cognitive deterioration of patients, and the prevention

and management of associated comorbidities.

1.1.6. Comorbid disorders

1.1.6.1.  Psychiatric comorbid disorders

Psychiatric comorbidity is reported in 90% of patients with BD (48). Anxiety, impulse
control and substance use disorders have been found to be two to three times more
common in bipolar patients than in the general population (48). Psychiatric comorbidity
is more common in patients with earlier onset of BD, more sever course, poorer

treatment adherence and suicidal behavior. Substance use disorders need special
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attention to ensure prompt and appropriate interventions, since they might lead to poorer
psychosocial adjustment and impact negatively on the course of the bipolar illness
(42,49). They are associated with delayed recovery from mood episodes, increased
suicidality, functional impairment, decreased adherence to treatment and lower quality
of life (48). People with alcohol use disorder are at four times greater risk of having BD
and those with use of illicit drug have a five times greater risk than non-users (48,50).
Cannabis use is associated with more time in affective episodes and rapid-cycling.
Comorbid substance use disorder is usually associated with poor treatment adherence
and poorer social functioning (51). Attention deficit/hyperactivity disorder (ADHD) and
anxiety disorders appear to be common and predict a poorer course of BD (5,42). The
first diagnosis is present in up to 47% of adult ADHD populations and has high rates of
comorbidity with other psychiatric disorders (48,52). Comorbid anxiety has been
associated with earlier age of the first depressive episode, higher frequency of
depressive episodes, longer time to recovery form depression, shorter time to relapse,
poor functioning and reduced quality of life (53). Eating disorders are particularly
associated with the depressive phases of BD (54), and are also more prevalent in this
illness, ranging from 6 to 27%, than in general population, with an estimated prevalence
of 4 to 10% (48). Lastly, personality disorders are more prevalent in BD compared to
general population, and can difficult management of BD. Psychiatric comorbidities
usually interfere with the diagnosis and treatment of BD and are associated with poorer

outcomes, such as increased disease morbidity and mortality, including suicide risk (15).

1.1.6.2. Non-psychiatric comorbid disorders

Non-psychiatric comorbidities are highly prevalent in patients with BD (55), especially
cardiovascular diseases and metabolic syndrome (MetS), which also arise earlier than
in general population. Individuals with BD have an almost two-fold risk of cardiovascular
disease mortality compared to general population (56). Other common comorbidities are
osteoporosis and other endocrine and cardiovascular disorders (15). Comorbid medical
conditions are linked to a more severe course of their psychiatric illness, worse
functioning, more complex psychiatric treatment, treatment resistance, recurrence and
higher utilization of medical services (57). Several medications used in the treatment of
BD contribute to the increased risk of medical comorbidities. Other factors are associated
with this increased risk, such as genetic vulnerability and lifestyle factors, including

smoking, lack of exercise an unhealthy diet. In this line, individuals with BD require
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regular monitoring of weight, glycaemia, dyslipidemia, blood pressure, and thyroid, liver
and kidney function (58,59). Physicians should also be aware of the potential risks of
each psychotropic medication used. In case of adverse events, risk and benefits should
be assessed in each case and alternative therapeutic strategies might be considered
(17). Patients with severe mental ilinesses, including BD, are also considered at high risk
of malnutrition due to lifestyle habits, pharmacological treatments, and in some cases
limited availability of healthy food, inadequate social support and low socio-economic

status (60), which will be developed in the next sections.

Regarding metabolic conditions, BD are at increased risk of MetS (61,62). Type 2
diabetes mellitus occurs up to three times as often in BD patients as it does in the general
population. In addition, obesity is highly prevalent, and glucose and lipids are frequently
dysregulated (63). MetS was defined in 1998 by a WHO diabetes research group as a
number of interrelated physiological, biochemical, clinical and metabolic factors that
increase the risk of cardiovascular comorbidity, type 2 diabetes mellitus and all-cause
mortality (64). The recent International Diabetes Federation (IDF) definition includes the
presence of three or more of the following criteria: (1) waist circumference relative to
population and country-specific definitions; (2) HDL cholesterol <40 mg/dL (<1.04
mmol/L) in men and <50 mg/dL (<1.29 mmol/L) in women or on drug treatment for
reduced HDL cholesterol; (3) triglycerides =150 mg/dL (=1.7 mmol/L) or on drug
treatment for elevated triglycerides; (4) =130 mmHg systolic or =85 mmHg diastolic
pressure or on antihypertensive drug treatment in a patient with a history of hypertension,

and (5) fasting glucose =100 mg/dL or on drug treatment for elevated glucose (65).

Thus, patients with BD have been considered at increased risk of MetS and also of a
poor nutritional status, which could be prevented by a balanced diet with the proper
proportion and composition of macronutrients and micronutrients (66). The relationship
between metabolic risk factors and BD is not well understood yet. However, a chronic
low-grade proinflammatory state has been described in BD (67), and hypotheses point
at underlying immune dysfunctions added to a chronic inflammatory state as risk factors
for developing both BD and MetS (68). Higher mean body mass index (BMI) and waist
circumference have been described in BD population compared to healthy controls
(51,52). Other evidence has shown higher levels of cardiometabolic risk indicators in
patients with BD compared to controls, including waist-to-hip ratio, BMI and non-HDL

cholesterol (53). The atherogenic coefficient, measured as non-HDL cholesterol/HDL
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cholesterol, has also been found higher in patients with BD compared to healthy controls
(54). In addition, treatment with valproate and antipsychotics, but not with lithium and
lamotrigine, was associated with increased risk of diabetes mellitus in a nationwide study
in patients with BD (55). Other evidence supports that some pharmacological treatments,
especially second-generation antipsychotics, are associated with higher total cholesterol
and triglycerides levels, weight gain and increased fasting glucose (56,57), which
facilitates the development of MetS (69). Lifestyle habits also play a role in the increased
risk of MetS, including the lack of regular physical activity and hypercaloric diet (70).
However, even after considering the mentioned factors, the higher incidence of
cardiovascular risk factors among patients with BD remains not fully explained,

especially in patients not treated previously with psychotropic medications (68).
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1.2. Role of nutritional and metabolic factors in bipolar

disorder

1.2.1. Definition of malnutrition and clinical implications

Among both medical and surgical conditions, hospital malnutrition is one of the most
prevalent syndromes, since it affects about 30—-60% of patients (71). However, it is only
identified in about 3 to 5% of hospitalized patients (71). Clinical malnutrition is defined
as a state where the organism cannot meet its nutritional and metabolic requirements
(71) and is a result of the lack of a proper nutrition, aging or specific diseases, with altered
body composition, such as decreased fat free mass, which is a risk to impaired physical
and mental function (72,73). A poor nutritional status negatively affects diagnosis,

prognosis, and the clinical course of various acute or chronic diseases (74).

Different mechanisms can be involved in malnutrition, including reduced intake, and the
metabolic stress caused by that or by the inflammatory state of different acute or chronic
conditions or treatments. Response to stress speeds up the metabolism, with an
increase in protein catabolism, which consumes our protein reserves, altering the

function of different organs and the activity of our immune system (75).

Malnutrition is often underrecognized by physicians. It is more prevalent among
individuals with a BMI <18.5 kg/m? than those >18.5 kg/m? (15). In patients with diagnosis
of malnutrition, different clinical outcomes have been found to be more prevalent, such

a longer hospitalizations and higher likelihood to receive parenteral nutrition (15).

1.2.1.1. Malnutrition in somatic disorders

Different studies on non-psychiatric populations have found an association between an
increased risk of malnutrition and impaired clinical outcomes. Malnutrition at hospital
admission has been associated with increased patient morbidity and mortality, longer
hospitalizations and higher healthcare expenses (76—79). For instance, in patients with
chronic obstructive pulmonary disease (COPD), a poor nutritional status has been
associated with cachexia, sarcopenia, higher exacerbation hospitalization rate and

weight loss, and the last has been found to be a prognostic factor of COPD (80).
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Other studies have been focused on oncologic populations. The nutritional status
showed a role in wound healing in patients being treated for head and neck cancer (81),
with an inverse correlation between nutritional status and would healing efficacy. Poor
nutritional status has also shown to increase mortality rates due to all causes in
pancreatic cancer patients (82). In individuals with breast cancer, malnutrition was
associated with poor disease-free survival and overall survival (83,84); the second was

also observed in intrahepatic colangiocarcinoma patients (85).

In early-stage multiple system atrophy, diabetic patients and acute ischemic stroke,
malnutrition has been associated with major disability, adverse outcomes and mortality
(86,87). In a sample of patients with acute ischemic stroke followed up for one year, a
poor nutritional status, but not BMI, had a significant effect on an increased risk of post-
stroke depression (88). In individuals with multiple sclerosis, enhanced Mediterranean
diet compliance was independently associated with reduced malnutrition rates and also
reduced depressive symptoms, with lower rates of overweight and obesity, and also with
a decreased incidence of disease disability, higher physical activity and improved quality
of life (89).

1.2.1.2. Malnutrition in psychiatric disorders

People with severe mental ilinesses are often in poor physical health, which is associated
with higher mortality and reduced life expectancy compared to the general population.
Although psychiatric population has been considered at risk of malnutrition, few studies
have assessed the nutritional status of individuals with mental illnesses and its

implications on somatic or psychiatric clinical outcomes (60).

A nutritional screening performed in a sample of psychotic and depressive patients with
anthropometric, severity of symptoms and functioning assessments, obtention of
personal and medical data, use of nutrition risk screening tools, and laboratory values,
showed that 32% of the inpatients and 34% of the outpatients were at risk of malnutrition,
which was associated with higher levels of psychiatric symptoms and lower levels of
functioning, despite mean BMI was overweight in both groups (60). A different study
found that 48% of the acute psychiatric inpatients were at risk of malnutrition, with nurses’
judgments about the patients’ nutritional status scarcely related to the nutritional risk

scores (90). Thus, previous evidence is limited but suggests a high proportion of
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individuals at high risk of malnutrition that might benefit from nutritional support during

their psychiatric treatment (60).

However, to date, in the mental healthcare setting, since the nutritional assessment of
individuals with severe mental illnesses have received little attention, no specific
nutritional risk screening tools have been explored or recommended in this population.
The acknowledgment of patients’ nutritional status in BD might help elucidate its
relationship with different factors, such as the illness by itself, lifestyle habits,

pharmacological treatments and medical and psychiatric prognosis.

1.2.2. Screening and assessment of malnutrition

Assessing nutritional status allows clinicians to determine general health of a patient
from a nutritional viewpoint, and detection of malnutrition allow the implementation of
nutritional interventions and treat potential contributory factors (75). All hospitalized
patients should undergo a nutritional screening at their admission. The infrastructure and
resources available, added to the healthcare setting in which nutritional assessment
must be performed, determine which method can be used. Different screening and
assessment tools have been designed to determine patients’ nutritional status. To
establish a nutritional diagnosis, the patient’s medical history, a physical examination
including anthropometric measurements, biochemical analysis and functional tests are

recommended (91).

1.2.2.1. Nutritional screening tools

Nutritional screening is defined by the European Society for Clinical Nutrition and
Metabolism (ESPEN) as a process to identify an individual who is malnourished, or at
risk of malnutrition, to determine if a detailed nutritional assessment is required (73). The

most common used screening and assessment tools are mentioned in this section.

The Malnutrition Universal Screening Test (MUST), the Mini Nutritional Assessment
Short Form (MNA-SF) and the Nutritional Risk Screening 2002 (NRS-2002) tools
determine different risk levels of malnutrition according to BMI, unintentional recent
weight loss, and the presence of an acute disease plus a reduction in food intake (74,75).
The last one also considers the presence of a bedridden status and dementia or

depression (74,75). The Nutritional Risk Index (NRI) was designed to examine the
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association between malnutrition and surgical outcomes and is based on albumin levels
and percentage of weight loss, with abnormal parameters associated with higher
complication and mortality rates (74). The Geriatric Nutritional Risk Index (GNRI)
corresponds to a modification of the NRI adapted to elderly individuals and is used in
critically ill patients. It is calculated from albumin levels and the ratio between weight and
ideal body weight (74). The Prognostic Nutritional Index (PNI) total score is calculated

from albumin levels and total lymphocyte count (74).

The Controlling Nutritional Status (CONUT) scoring system was proposed as a
screening tool for hospitalized patients (74). It is calculated from serum albumin
concentration, total peripheral lymphocyte count, and serum total cholesterol
concentration. Based on the total score, the patients are classified as having normal
(score 0—1), mild (2—4), moderate (5-8), or severe (9—12) risk of malnutrition (75). Some
studies have associated CONUT score with in-hospital mortality, length of hospital stay,
infection, nutritional support, length of rehabilitation, and independence in activity of daily
living at discharge (92—94). Higher CONUT score has also been associated with
hospitalization costs, and lower CONUT score with functional outcomes (95). This score
has also been associated with long-term recurrent stroke and major cardiovascular
events (96), and was an independent prognostic factor of mortality after a follow-up of 3
to 12 months (97). Compared to other screening tools, CONUT score appeared to be

more useful for predicting functional outcomes at discharge or at three months (74).

1.2.2.2. Nutritional assessment tools

The objective of nutritional assessment consists of documenting the basic nutritional
parameters, identifying risk factors and specific nutritional deficiencies, and also those
factors that may influence the prescription or administration of nutritional support (75).
According to ESPEN (73), the nutritional assessment provides the basis for the diagnosis
of malnutrition according to a clinical, psychological, social, and nutritional history, and a
clinical examination that includes information on weight, height, BMI, body composition,
biochemical data, calorie, protein, fluid, and micronutrient needs (75). It differs from
nutritional screening in the amount of data obtained by different means to reach a
diagnosis of malnutrition and its degree or severity. Nutritional assessment can be used
to evaluate changes in nutritional status and response to nutritional interventions (98).

Clinical assessments include the identification of risk factors for malnutrition in patients’
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medical history, such as situations in which energy requirements are increased, and also
demographic, socioeconomic and lifestyle data, including physical activity (99). The
clinical examination should be aimed at identifying muscle atrophy, loss of subcutaneous
fat, and hydration status, edema and other signs that can guide to specific deficits.
Dietary habits might guide towards the possibility of global or specific nutrient
deficiencies (75). Long-term changes in body weight reveal changes in body mass, but
do not provide data about body composition. Some related parameters are used, such
as its relationship with ideal weight, percentage weight loss, with 5% or more associated
with morbidity and mortality (100), and BMI. Low BMI (below 18.5 kg/m?) has been
correlated will mortality and complications, but is not a good marker of malnutrition by
itself (100).

Body composition methods that describe body compartments, such as fat mass, muscle
mass, or bone mineral mass, are more objective and precise than anthropometric
methods. Midarm circumference (MAC) and triceps skinfold thickness (TSF) are
parameters used in the assessment of fat mass (75). Other body composition methods
used are: bioimpedance analysis, dual-energy X-ray absorptiometry, computed
tomography, magnetic resonance imaging and densitometry (101). Functional
examinations include muscle function tests, such as dynamometry and respiratory
function through the measurement of peak flow and forced expiratory volume in the first
second (FEV+), which reflects respiratory muscle strength and is related to catabolism
and protein loss, and immune function by the measurement of cellular response to

intradermal agents (102,103).

Different laboratory parameters are used in the assessment of nutritional status. The
most extensively studied nutritional parameter is serum albumin, since in acute situations
behaves as a negative acute-phase reactant since. In inflammatory situations, its
synthesis is reduced and its degradation increased. However, it is a good nutritional
indicator in chronic malnutrition (104,105). Prealbumin is a good marker of malnutrition
when there are no signs of inflammation, and it is useful in the follow-up after a nutritional
intervention. Transferrin is another marker used in the nutritional assessment (106,107).
Creatinine reflects kidney function and also correlates with muscle mass, since it is a
metabolism product from creatine and can allow the identification of severe muscle

depletion (75). Nitrogen balance provides information related to protein catabolism (75).
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Other blood parameters, such as cholesterol and total lymphocytes, are also correlated

with the severity of malnutrition (107).

Different specific tools have been designed for nutritional assessment, such as
Subjective Global Assessment (SGA) tool, which is used in hospitalized patients and
considers the patient’s history, including weight loss, changes in food intake habits,
gastrointestinal symptoms, functional capacity, a brief physical examination and the
physician’s overall assessment (108). The Mini Nutritional Assessment (MNA) is used in
elderly patients and includes anthropometric measures, general evaluation, dietary

assessment, and self-perception of health and nutritional status (75).

The ESPEN criteria include the minim consensus-based items for the diagnosis of
malnutrition, with two options: (1) BMI <18.5 kg/m?; (2) an involuntary weight loss of
>10% indefinite of time, or >5% over the last 3 months, added to either BMI <20 kg/m?
in adults or 22 kg/m?in the elderly, or a low fat-free mass index (FFMI) of <15 and 17
kg/m? in women and men, respectively (100). It was validated in hospitalized and
outpatient individuals. The American Society for Parenteral and Enteral Nutrition
(ASPEN) assessment tool includes six items: a reduction in intake, weight loss, loss of
muscle mass, loss of subcutaneous fat, localized or generalized accumulation of liquids,
and decreased muscle strength measured by dynamometry. If the patient has two or
more of these items, the diagnosis of malnutrition is established (102). Finally, the Global
Leadership Initiative on Malnutrition (GLIM) diagnostic criteria (109) require firstly the
use of a validated screening tool and then the presence of at least one phenotypic
criterion (involuntary weight loss >5% in the last 6 months, low BMI, or reduced muscle
mass) and one etiological criterion (reduced food intake or assimilation and inflammation

caused by disease) (75).

1.2.3. Nutritional and metabolic variables as prognostic factors in

bipolar disorder

Previous evidence has shown that MetS and its related components are associated with
worse psychiatric outcomes, including a chronic course of illness, rapid cycling and
worse global and cognitive functioning (50). In BD, MetS has also been linked to
increased hospitalization rates, poorer insight, and impaired executive function (110).

Despite obesity is the most studied metabolic risk factor, it shows controversy with regard
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to psychiatric outcomes. However, current evidence suggests that MetS, obesity and
impaired glucose metabolism could be considered risk factors for worse course of illness
(111). A recent longitudinal study demonstrated an association between higher BMI and
higher prevalence of suicide attempts, medical comorbidities and a more severe
psychiatric illness (74), which is supported by a previous study that reports lifetime
suicide attempts in BD might be predicted by comorbidity with obesity, as well as by
lower bilirubin serum levels, and with a trend toward statistical significance with higher
total cholesterol serum levels (75). Moreover, obesity and BD have been both considered
inflammatory conditions, and BMI seems to contribute to inflammation in BD. In turn,
proinflammatory cytokines have been associated with higher rates of depressive relapse
in 12 months (76) and with negative effects on cognition, along with cerebrovascular

alterations (112).

MetS has been associated with changes in brain imaging, such as reduced
frontotemporal thickness in overweight patients, widespread abnormalities in white
matter structure in obese, dyslipidemic and diabetic patients, and reduced frontoparietal
and subcortical volumes in individuals with impaired glucose metabolism (112).
Increased BMI has been also associated with decreased white matter and temporal lobe
volumes in early BD (113—-115). Clinically significant weight gain has shown a link with
greater volume loss in the left orbitofrontal cortex, left cingulate gyrus and left
middle temporal gyrus. The last factor was identified as a predictive factor for more days
depressed in BD (115).

Little evidence is available considering the impact of the nutritional status in patients with
BD in short- or long-term prognostic factors. Results from a randomized clinical trial have
shown effective outcomes after a lifestyle intervention in the improvement of BMI, waist
circumference, anxiety, depressive symptoms and quality of life in severe mental
illnesses (82). Regarding specific factors, reports from the Older Adults with Bipolar
Disorder (OABD) task force showed that lower levels of vitamin B12 correlated strongly
with memory loss and poor cognitive performance in psychotic bipolar depression (116),
and that vitamin B2 and folate may influence on affect and cognition. Low serum
concentrations of folate, but not of B2, were also associated with brain white-matter
disease and smaller hippocampus and amygdala brain-volumes (117). However, limited

data is available assessing the impact of malnutrition on the iliness course in BD (118).
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1.3. Energy availability in bipolar disorder

1.3.1. Bipolar disorder as a biphasic condition

Acute episodes of BD are characterized by differences in energy availability, among
other signs and symptoms. In mania and hypomania, the reduction of need for sleep,
increased energy and increased motor drive are common. By contrast, during depressive
episodes, a reduction of energy and spontaneous movements, psychomotor retardation
and hypersomnia are often observed. Different studies have pointed to the role of
mitochondrial function as a key factor involved in the pathogenesis and pathophysiology
of BD (119-122).

Morris, Berk and cols. proposed in 2017 a model in which BD could be understood as a
biphasic disorder of energy availability, increased in mania and decreased in depression
(119). The core premise of this model suggests that the fluctuating symptoms seen in
BD may be linked to a two-phase disruption in mitochondrial bioenergetics. It posits that
mitochondrial dysfunction could act as a state-dependent marker of the disorder, with
increased mitochondrial function typifying bipolar mania and reduced activity typifying

bipolar depression (119,122).

1.3.2. Mitochondrial function

1.3.2.1. Mitochondria: structure and functions

Mitochondria are cellular organelles involved in several biological processes. They
perform key biochemical functions essential for metabolic homeostasis, since they are
involved in energy production, metabolism of reactive oxygen species (ROS), calcium
homeostasis, regulation of apoptotic cell death, synaptic plasticity and neurogenesis,
modulating neuronal activity and preventing neuronal damage (122). Mitochondria are
present in practically all eukaryotic cells. The endosymbiotic theory proposes that
mitochondria evolved from two prokaryotes that ended up in a symbiotic relationship.
One bacterium was phagocytosed and became progressively specialized in producing
energy through oxidative phosphorylation (OXPHOS), becoming a mitochondrion.
Progressively mitochondria turned into plastic organelles, specialized in energy

production, but they also developed apoptotic properties. Growing evidence suggests
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that their apoptotic function is tightly linked to nutrient availability and respiratory

efficiency (123).

The principal function of mitochondria is to generate energy in form of adenosine
triphosphate (ATP) via oxidative metabolism of nutrients using two major steps, 1)
oxidation of NADH or FADH; produced during the glycolysis, Krebs or tricarboxylic acid
(TCA) cycle or B-oxidation of fatty acids, and 2) OXPHOS as a main source of ATP (124).

Mitochondria are plentiful within neuronal dendrites and synaptic terminals, playing a key
role in brain functioning. Neurons, especially in grey matter, have a high number of
synapses and mitochondria due to their elevated energy requirements and the inability
to store it (125). The activity of mitochondria is essential for regulating neuronal activity,
both short- and long-term neuronal plasticity, cellular resilience, and behavioral
adaptations, primarily through their influence on long-term potentiation (126—128). To
match the local energy needs in neurons, mitochondria constantly move along
microtubes networks, changing mitochondrial trafficking, distribution, anchoring, and
membrane dynamics (129). Maintaining a balance between energy supply and demand,
as well as preserving mitochondrial health, is critical for cellular homeostasis and

ensuring proper neuronal function (122).

Mitochondria contain their own DNA, called mitochondrial DNA (mtDNA), which contains
37 genes that encode 13 proteins, 22 tRNA, and 2 rRNAs. Each mitochondrion contains
800 to 1000 copies of mtDNA, which are maternally inherited (124). Whereas genes from
mtDNA encode 13 protein subunits of the electron transport chain (ETC), nuclear DNA
(nDNA) code the rest of the mitochondrial proteins (130). In contrast to nDNA, mtDNA is

vulnerable to DNA damage secondarily to constant exposure to ROS (131).

Mitochondria are composed of two highly specialized membranes, the mitochondrial
outer membrane (MOM) and the inner membrane (MIM). These membranes define two
separate mitochondrial compartments: the mitochondrial matrix and the intermembrane
space (123). The mitochondrial matrix contains different enzymes that participate in the
TCA cycle and are responsible for the generation of NADH and FADH: (132), which act
as electron donors and are required for the generation of ATP through OXPHQOS via the
ETC, present within the folds on the MIM (133—-135). The MOM and the intermembrane
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space are relatively more permeable than the MIM; the last contains enzymes involved
in the process of ETC and ATP generation via OXPHOS.

1.3.2.2. Oxidative phosphorylation (OXPHQOS)

The ETC is localized within the MIM (133-135) and is composed of five multimeric
protein complexes (I-IlV and ATP-synthase or complex V). These complexes are
responsible for ATP production by OXPHQOS. This process is performed by means of
electron flow between the first four complexes; the electrons donated by NADH and
FADH: and transferred to components of the ETC. This transfer of electrons along the
ETC is coupled with the transport of protons from the mitochondrial matrix into the
intermembrane space through sequential redox reactions that finally reduce O: into H2O
in complex IV (124). Finally, ATP synthase uses the energy accumulated in the proton
gradient to phosphorylate adenosine diphosphate (ADP) into ATP (136). The ETC

function is represented in Figure 2.
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Figure 2. The figure shows the structure of the electron transport chain (ETC) in the
internal mitochondrial membrane. Mitochondrial function can be measured through the
use of specific molecules - oligomycin, rotenone and antimycin - to isolate different parts
of the ETC. The figure is obtained from the published article "Cold stored platelets in the

management of bleeding: is it about bioenergetics?" (137).
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1.3.2.3. Oxidative stress

Since an electrochemical proton gradient is generated for ATP production during
OXPHOS, which is an imperfect process, electrons can escape and produce a single-
electron reduction of O, forming superoxides and other ROS (138,139). The
overproduction of ROS has been associated with oxidative damage inflicted on
mitochondrial proteins/enzymes, lipids and membranes, and DNA, which leads to the
interruption of ATP generation and other essential functions in mitochondria (124), such
as synapitic plasticity (140). The ETC also generates other reactive species such as nitric
oxide (NO) and reactive nitrogen species (RNS), which affects cellular proteins. Cells
have many ways to counter the effects of oxidative damage, either by directly diminishing

the generation of free radicals or by scavenging the free radicals by antioxidants (124).

Cellular defense mechanisms that alleviate the oxidative stress is based on antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione reductase
(GR) and glutathione peroxidase (GPx). Other non-enzymatic defenses that protect cells
against oxidative stress include vitamins E and C, glutathione (GSH), various

carotenoids and flavonoids (122).

When the antioxidant defenses are insufficient, oxidative damage in mitochondria is
produced (141), which affects ETC function and leads to decreased ATP production,
mitochondrial dysfunction, reduced mitochondrial biogenesis and pathologic conditions
such as aging, metabolic diseases and neurodegenerative disorders (142—144). In the
last decades, part of the literature has been destinated to understand the implications of
mitochondria in different pathological processes, including MetS and mood disorders
(124).

1.3.2.4. Other mitochondrial functions
Apart from the neutralization of ROS by antioxidant defenses, mitochondria possess
other mechanisms to maintain cellular homeostasis, such as mitochondrial dynamics,

biogenesis, and mitophagy (145).

Mitochondria also play an important role in regulating the process of apoptosis through

both intrinsic and extrinsic pathways, which allows in the brain the removement of those
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neurons and glia that are functionally impaired or unable to make neuronal connections
(146). In the intrinsic mitochondrial-mediated pathway, cellular stress signals, such as
high levels of intracellular Ca%+ or ROS, as well as the activation of proapoptotic proteins
(i.e., Bcl-2 family members) in the MOM (147), trigger a cascade of processes that
activate caspases. This results in cleavage of several proteins, DNA fragmentation and
cell death (148,149). In the extrinsic pathway, activation of cell surface death receptors
enhances processes that alter membrane permeability, resulting in leakage of

proapoptotic factors and apoptosis (123,148).

Moreover, mitochondria regulate calcium homeostasis, a key factor involving aerobic
metabolism and one of the apoptosis triggering factors (150,151). At the same time,
calcium is a secondary messenger involved in the regulation of neurotransmission and
neuroplasticity in the brain (130). The MOM is permeable to calcium, and the MIM
contains uniporters for its inward movement, and Na+*/Ca?* and Ca?+/H+* antiporters for
its outward movement (152). Mitochondria also form signaling hubs with the endoplasmic
reticulum through the mitochondria-associated membranes (MAMs), which allows the
regulation of lipid synthesis and rapid transmission of calcium signals between these two
organelles (152). Mitochondrial calcium concentrations increase in cases of high
cytosolic calcium levels and in situations of ATP demand, and decrease when cytosolic
levels are low, or the ATP/ADP ratio is high. Calcium can modulate OXPHOS by direct
binding, enhancing post-transcriptional modification, and by the activity of a calcium-
dependent binding protein. It also binds to complex IV and reduces ATP inhibition of this

enzyme.

ATP synthesis is also enhanced by stimulation of the aspartate-glutamate carriers and
the ATP-Mg/Pi (i.e., calcium-binding mitochondrial carrier protein, SCaMC-3)
transporters on the MIM. In addition, calcium leads to increased NADH synthesis and
higher production of pyruvate (153). However, when calcium levels are excessive in the
intracellular space or mitochondria, they induce stress and excitotoxicity, ATP synthesis
is reduced (154,155), and calcium is ejected through the Na*/Ca?+ exchanger and the
mitochondrial permeability transition pore (mPTP). Impairment in the control of mPTP
function has been associated to the mitophagy of depolarized mitochondria, induction of
apoptosis, and necrosis (130). At the same time, calcium homeostasis is regulated by
different proteins, enzymes, and cellular signaling networks, which may be risk pathways

for mood disorders when they are altered (122,156).
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The oxidation of fatty acids to acyl-CoA, a process called B-oxidation, takes place in the
mitochondrial matrix, and allows the obtention of NADH and FADH,, necessary for
OXPHOS. The acetyl-CoA resulting from this process can enter the TCA cycle and get
oxidized, coupled to the production of reducing power (157). Alterations in these
metabolic processes have been associated with metabolic conditions, such as heart
failure, diabetes mellitus or MetS (158—160).

High energy requirements activate mitochondrial biogenesis. Mitochondrial activities
depend not only on the abundance of these organelles, but also their morphology, and
mitochondrial dynamics (161-163). Mitochondria are permanently fusing and fissioning
with each other, and damaged mitochondria are rapidly eliminated, which allows
mitochondrial networks to meet metabolic demands (161,164). The loss of fusion and

fission abilities results in altered mitochondrial populations (158).

Mitochondria are also involved in synaptic plasticity, related to the effects of glutamate
and BDNF. The last factor enhances mitochondrial respiration and ATP production
through different mechanisms, such as increased glucose transport, upregulation of the
mitochondrial biogenesis, and enhancement of respiratory efficiency (165,166). ATP
synthesis is necessary for the mobilization of synaptic vesicles to the active sites of
synapse in neurons. When ATP production is reduced, neuronal transmission is
consequently impaired (167,168). Finally, mitochondria also play a key role in
neurogenesis, the process of neural stem cell proliferation and differentiation into new

neurons through the mitochondrial genome and specific proteins (122).

The functions mentioned above are closely related, affecting one each other, rarely
having isolated effects, which explains that, in pathological conditions, several

mitochondrial functions are impaired.

1.3.3. Interplay between nutritional, metabolic factors and

mitochondrial function

The current global dietary patterns have been linked to the substantial increase in the
prevalence of metabolic and cardiovascular diseases. Therefore, the establishment of
healthy dietary patterns is a global priority to reduce the onset of nutritional deficiencies,

metabolic and cardiovascular disorders (158). Even though the way nutrients promote
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our health is not fully known, since they trigger a multitude of effects, they need to be
metabolized by mitochondria to obtain energy. The availability of nutrients might have
been the primary evolutionary factor influencing opposite mitochondrial functions:
generating energy for life sustenance and releasing apoptotic proteins to induce cell
death in conditions where nutrients are limiting, acting as a sensor of nutrient availability
(158). Thus, mitochondrial function is key to understand how dietary patterns and

nutrients influence mitochondrial function (158).

Caloric restriction, understood as reduced food intake without malnutrition, is regarded
as one of the most successful approaches to prolong lifespan, with some processes
related to mitochondrial function, such as reduced ROS production (123). On the
contrary, excess food intake might impair respiratory capacity and susceptibility to
apoptosis, with metabolic consequences such as insulin resistance (123). In this section,
the link between nutrition, metabolic disorders and mitochondrial function are explored
(123).

1.3.3.1. Malnutrition

Nutrients are needed by mitochondria to obtain energy, since mitochondria is the
metabolic center for carbohydrate, protein and lipid metabolism (169). A balanced diet is
important to compensate extreme conditions and ensure bioenergetic functions and
mitochondrial activity (158). Variations in protein content from the diet affects
mitochondrial count and alters activities of numerous mitochondrial enzymes. Changes
in carbohydrate components of the diet have a large effect on enzymes involved in
energy metabolism, especially those related to triglyceride synthesis, and can affect
mitochondrial function through changes in phospholipid composition (170). When
mitochondrial cholesterol levels are increased, fluidity of the MIM is decreased (171—
173), which affects the function of specific membrane carriers and the transport of fatty
acids, carboxylic acids, amino acids, cofactors, inorganic ions and nucleotides across
the MIM (174). It also alters the inward transport of GSH, which affects oxidative stress

and the detoxification reactive species and can impair mitochondrial activity (175).
Several vitamin and mineral deficiencies can also result in aberrant expression of

mitochondrial proteins and have a deleterious effect on mitochondrial structure,

biogenesis and function (170). When identified, these situations can be reversed by
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nutrient repletion, which may be useful to support mitochondrial function in stressful
conditions (176).

1.3.3.2. Metabolic syndrome

Converging evidence from post-mortem brain tissue, genetics, brain imaging and lactate
studies suggests that altered mitochondrial functioning and oxidative stress increase the
risk of presenting MetS or its components, cardiovascular diseases, and also age-related
neurodegenerative diseases (177,178). Excessive ROS, diet and microbiota alterations
and altered mitochondrial-related gene expression can contribute to the shift in
bioenergetics from aerobic to anaerobic respiration. This shift causes cells to be reliant
on glycolysis for energy production, causing a build-up in lactate, which can act in
competition with glucose as a fuel source and affect glucose uptake. This is implicated
in the emergence of MetS and may lead to the development of insulin resistance (179—-
181), often found in patients with BD (182). Metabolic markers, such as elevated lactate,
sharpen focus on mitochondrial pathways as pivotal in the genesis and progression of
mood disorders (197).

MetS has also been associated with reduced mitochondrial biogenesis, leading to
variations in mitochondrial number and altered membrane potential, which entails
defective energy production, and accumulation of ROS in cells and tissues (169).
Increased glucose levels enhance ROS overproduction, which leads to morphological
changes in mitochondria (179). Aging, altered mitochondrial biogenesis and decreased
antioxidant defense capacity along with genetic factors have shown to predispose to

insulin resistance, which is the major cause of many metabolic diseases (169).

Oxidative stress leads to reduced lipid oxidation and increased cellular lipid
accumulation; this situation inhibits insulin signaling (183—185). Inhibition of insulin
signaling pathway has shown to facilitate the accumulation of lipids and free fatty acids
and contribute to hypertriglyceridemia (186), which is responsible for the increase of
visceral adiposity and of waist circumference (187). Fat redistribution is accompanied by
an increase of proinflammatory molecules, especially interleukin-6 (IL-6), tumor necrosis
factor (TNF), or C reactive protein, secreted by macrophages, causing a low-grade
chronic inflammation state (188,189). Abdominal obesity has been correlated with

increased levels of oxidative stress biomarkers (190,191) and altered mitochondrial
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biogenesis, oxidative metabolism, mitochondrial gene expression and reduced ATP
production (192,193). Such mitochondrial impairments, increased oxidative stress, and
low-grade chronic inflammation influence the development of hypertension (194,195).
Oxidative stress also facilitates the formation and progression of the atheroma plaque
responsible of cardiovascular events, as observed in patients with MetS (158).
Concurrently, damaged mitochondrial structures result in release of mtDNA, known as
circulating cell free mitochondrial DNA (ccf-mtDNA) to the periphery. Ccf-mtDNA is
recognized as damage-associated molecular patterns (DAMPs). This aberrant
mitochondrial DNA outside the mitochondria triggers the toll-like receptor 9 (TLR9)
signaling cascade, amplifying NFkB-mediated proinflammatory gene expression and the
activation of the NLRP3 inflammasome, culminating in chronic low-grade inflammation
(196).

Acetyl-CoA is produced in the mitochondria from pyruvate, fatty acids or amino acids,
and is crucial for initiating cholesterol synthesis, which highlights the relationship
between mitochondrial function and lipid metabolism. In cases of impaired mitochondrial
function, cells might shift from oxidative glucose metabolism to anaerobic glycolysis,
which is less efficient and results in lactate production. This situation means a reduced
cell capacity to oxidize glucose and increased fatty acid oxidation, which contributes to
excessive acetyl-CoA production, altering the generation of metabolites in the TCA cycle
and leading to elevated ROS production (179,181).

1.3.3.3. Mitochondrial nutrients

Diet quality also significantly impacts MetS, since a poor quality of diet, characterized by
high processed food, refined carbs, and low fruit, vegetable, whole grain, and fish intake,
is tied to depression, obesity, and cardiometabolic disorders (197). Increased simple
carbohydrates intake versus isoflavone-rich foods were correlated with a greater
occurrence of MetS, and diets with high fat or sugar content might promote an increase
in the ETC activity and then lead to the overproduction of mitochondrial ROS (158,198).
Increasing evidence now suggests that targeting mitochondria with specific nutrients
could efficiently prevent and ameliorate various conditions associated with mitochondrial
dysfunction. Those nutrients could act either directly in specific mitochondrial pathways
or indirectly by enhancing the expression of genes encoding mitochondrial proteins
(170). Some nutrients have demonstrated to serve as alternative energy sources,

enhance mitochondrial antioxidant defense system, have anti-inflammatory effects,
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induce mitochondrial biogenesis or act as cofactors in biochemical processes to improve

mitochondrial function (170).

Some of the nutrients associated with an enhanced mitochondrial activity are
monounsaturated fatty acids, obtained from extra virgin olive oil, and polyunsaturated
fatty acids (omega-3 and omega-6 fatty acids). Vitamins are essential micronutrients for
the proper function of mitochondrial metabolism, especially vitamins B, C, A, D, E.
However, in excess, they might be harmful. An excess of vitamin A intake (199) promotes
oxidative stress and mitochondrial death (200) and is associated with an increased
likelihood of MetS (201), and a high intake of vitamin Bz (niacin), can result in niacin-
induced insulin resistance (202). When Vitamin C and E are consumed in excess, they
promote oxidative activity instead of antioxidant function (203). Trace elements, including
cupper, manganese, iron, selenium or zinc, are essential for the proper mitochondrial
function. Polyphenols, mostly found in plant-based food (204), and are categorized as
flavonoids and non-flavonoids (205). They have antioxidant properties, enhance
mitochondrial biogenesis and glucose metabolism and are associated with low lactate

levels (197). The influence of nutrients on mitochondrial function is shown in Figure 3.
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Figure 3. This image illustrates the main nutrients with beneficial effects on
mitochondrial function. Nutrients activate numerous pathways; among them, different
nutrients activate PGC-1a signaling, which promotes mitochondrial biogenesis, B-
oxidation, glucose utilization, and antioxidant detoxification. Figure obtained from

“Nutrition, Bioenergetics, and Metabolic Syndrome” (158).
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Oleic acid (present in vegetable oils), omega-3, selenium, zinc, polyphenols,
carotenoids, and the organosulfur compounds (found in vegetables) activate a great
number of pathways, including PGC1a signaling, a main gene regulator of energy
metabolism. The activation of the PGC1a promotes mitochondrial biogenesis, B-
oxidation, glucose utilization, uncoupling, and antioxidant detoxification. Vitamin C and
oleic acid are necessary for B-oxidation. One of the main effects of oleic acid,
carotenoids, organosulfur compounds, vitamins B, C, D, selenium, and zinc, and olive
oil polyphenols in our cells is the decrease of oxidative stress by the promotion of
antioxidant response and also the inhibition of pro-oxidant enzymes. Vitamin E also acts
as an antioxidant and enhances the maintenance of a correct mitochondrial structure,
while omega-3 inhibits mitochondrial fission. Omega-3 and vitamin D are involved in
calcium homeostasis. Vitamin C, lycopene, and oleic acid have shown to inhibit
apoptosis, while oleic acid, omega-3, and organosulfur compounds to reduce

inflammation (161).

Creatine, synthesized endogenously by the liver, kidney and pancreas and obtained
exogenously from the diet acts as an energy-boosting compound by increasing
creatine/phosphocreatine stores and preventing ATP depletion (170). It enhances fatty
acids B-oxidation and mitochondrial enzymes activity, increases antioxidant effects and

improves mitochondrial function (124).

Coenzyme Q1o (CoQ10) or ubiquinone is a bioactive lipid that acts as an electron carrier
from complexes | and Il to complex lll in the ETC. In its reduced form (ubiquinol),
CoQ1o has antioxidant properties and protects mitochondrial lipids, proteins and DNA
from oxidative damage, and also has antiapoptotic and anti-inflammatory effects (170).
Alpha-lipoic acid (a-LA) is a coenzyme present naturally in mitochondria involved in
energy metabolism. Its reduced form, dihydrolipoic acid, is a powerful antioxidant that
has shown in animal studies to decrease oxidative damage, reduce oxidant formation
and improve mitochondrial function (170). N-acetylcysteine (NAC) has also shown
antioxidant properties, since it increases the glutathione pool and its related enzymatic

antioxidant system (122).

1.3.4. Mitochondrial dysfunction in bipolar disorder

Mitochondrial dysfunction and impaired energy metabolism has been suggested in BD

(119,206), which might have implications in severity and disease progression (207,208).
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Altered mitochondrial function can arise from various factors, including alterations in the
expression of genes related to mitochondria, in mitochondrial biogenesis, structural
abnormalities, fluctuations in OXPHOS, and shifts in metabolite levels (209). Some
evidence supports the hypothesis that mitochondrial dysfunction has a contribution in
BD, particularly in mood and cognition (210,211), with a biphasic pattern of energy
availability according to the mood state (119). Evidence on mitochondrial dysfunction in

BD is represented in Figure 4.
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Figure 4. This image shows the main mitochondrial functions altered in individuals with

bipolar disorder. Figure created by the author.
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1.3.4.1.  Mitochondrial bioenergetics

The brain is the organ with the highest energy consumption, but it is enabled to store
glycogen and depends on OXPHOS for energy production, which explains a great
quantity of mitochondria in it. Since a high amount of ATP is produced in the brain, ROS
and RNS production is also abundant, making this organ vulnerable to oxidative damage,

which occurs when the oxidative load exceeds antioxidant capacity (125).

1.3.4.2. Metabolic changes

Neuroimaging studies and analysis of postmortem brain tissue from individuals with BD
revealed a decreased number of neuronal and glial cells and reduced brain volume in
prefrontal and limbic regions. These findings have been associated with a reduction of
oxidative bioenergetic production, favoring anaerobic glycolysis, and subsequently
impaired neuroplasticity, phospholipid metabolism and calcium regulation. Furthermore,
variations in neurometabolites, including high-energy compounds, have been observed
in mood disorder patients, such as lower levels of phosphocreatine (PCr). Changes in
N-acetyl-aspartate (NAA), ADP, and ATP levels have been also reported in BD and

associated with mitochondrial dysfunction (212,213).

Additionally, some studies have identified enzymatic abnormalities in creatine kinase
(CK), which catalyzes the production of ATP from ADP and PCr in cases of high-energy
demand, and downregulation of CK in postmortem BD brains (214,215). This hypothesis
aligns with previous findings indicating that individuals with BD can maintain average
brain concentrations of high-energy compounds at rest, but exhibit underlying
abnormalities when energy demand is higher (214). Other evidence shows an increase
in lactate and taurine levels and decreased brain intracellular pH, which suggests a shift
from OXPHOS to glycolysis as a primary energy source in BD. Increased lactate,
particularly during manic phases, in various brain regions (frontal cortex, caudate,
cingulate cortex) suggests either heightened ATP demand or defective oxidative

metabolism (119).

1.3.4.3.  Electron transport chain (ETC)

Numerous studies examining postmortem brain tissue, skeletal muscle, or blood

samples have demonstrated alterations in enzymatic activities associated with the TCA
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cycle and ETC in individuals with BD, added to impaired mitochondrial oxygen
consumption. Different mitochondria-related genes have been found to be
downregulated in BD compared to controls (169). For example, some studies have
documented decreased expression of certain complex | subunits, and others have also
reported decreased activity (209,216,217). Other research has shown decreased
activities of citrate synthase, a key enzyme in the TCA cycle, and also complexes Il and
IV, along with increased complex | activity and complex I/citrate synthase ratio in blood
platelets of BD patients during depressive episodes. Other consistent findings revealed
in isolated mitochondria from peripheral blood mononuclear cells (PBMCs) a decrease
only in complex Il activity in bipolar depressed patients (218). Other evidence shows no
significant differences in ETC activity in mood disorders (219,220). However, the
evidence is limited, and no studies have assessed intra-individual differences in ETC

activity according to different mood states.

A review aimed at compiling data on proteomic analyses of postmortem brains collected
from patients affected by BD identified 95 proteins as altered, most of them related to
the TCA cycle and the ETC, and others with the antioxidant enzymes, which might

contribute to a better understanding of the impaired metabolic mechanisms in BD (221).

1.3.4.4. Oxidative damage

Different studies have reported an increase in ROS production and reduced antioxidant
capacity in BD. Increased lipid peroxidation products in the cingulate cortex (206) and
increased markers of oxidative and nitrosative damage in the prefrontal cortex (222,223)
have been described. Results from a meta-analysis assessing oxidative stress markers
in individuals with BD showed an increase of markers of lipid peroxidation, DNA/RNA

damage and nitric oxide (224).

The antioxidant system has been also studied in postmortem brains of individuals with
BD, with lower expression of SOD, microsomal glutathione S-transferase and GPx in
frontal areas, and lower expression of the last one in the hippocampus (177,225), as well
as reduced activity of SOD and catalase in these patients (226,227). Some evidence
shows increased SOD activity during manic and depressive episodes (226,228,229);
other authors reported decreased SOD levels during manic episodes (230). Results on
euthymic bipolar patients are controverted, with some showing increased SOD levels

(228) and others decreased activity (226,231). Also in euthymia, increased activity of
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GPx was found in BD patients, but not in acute mood episodes (199). By contrast, other
evidence reported increased GPx levels in bipolar depression compared to healthy
controls (232), and others did not find significant differences between healthy controls
and different mood states (223,226). Research involving chronic patients has indicated
either decreased or unchanged catalase activity (227,231). In contrast to these findings,
elevation in catalase levels were reported in bipolar depression, as supported by earlier
studies (232). Furthermore, compared to controls, decreased GSH levels were observed

among patients in the late stages of BD (223).

1.3.4.5. Calcium homeostasis

Reduced ATP production leads to an impairment in mitochondrial and cellular functions
by altering mitochondrial membrane potential, diminishing calcium uptake capacity.
Studies on BD brains reveal altered intracellular calcium levels, especially heightened
during manic states (156,233), alongside gene expression changes in calcium-related
signaling pathways. Excessive calcium affects both neuronal excitability and signaling
cascades that regulate gene expression, disrupting neuronal processes, such as

dendrite development, synaptic plasticity, and excitatory/inhibitory balance (234).

Calcium/Calmodulin Dependent Protein Kinase Kinase 2 (CaMKK2) plays a pivotal role
in neuronal calcium-calmodulin signaling, regulating mitochondrial function and energy
balance via AMP-activated protein kinase (AMPK) and PGC1ia activation (235).
Mutations affecting CaMKK2 function are linked to BD (236), leading to reduced
CaMKK2 activity and decreased BDNF expression (237,238).

1.3.4.6.  Mitochondrial morphology

Changes in mitochondrial morphology, distribution, and degradation have also been
described in BD. In both prefrontal neurons from postmortem brain samples and in
peripheral cells, obtained from individuals with BD, a larger number of smaller-sized
mitochondria was found (239,240). Also, an abnormal pattern of clumping with
marginalization in the intracellular distribution of mitochondria in peripheral cells was
observed, along with atypically shaped mitochondria (240). Moreover, in iPSC-derived
hippocampal dentate gyrus-like neurons from patients with BD (209), smaller
mitochondria were found compared to healthy controls. Altered fusion and fission

processes, which can alter mitochondrial size, were also reported (240). In line with these
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findings, a downregulation of the mitochondrial fusion-related proteins Mfn-2 and Opa-1
and an upregulation of the fission protein Fis-1 were observed in PBMCs from BD
patients (241).

1.3.4.7.  Mitochondrial degradation and apoptosis

Patients with BD have shown in their PBMCs a downregulation of mitophagy-related
proteins, added to a NLRP3-inflammasome activation, which means an imbalance in
mitochondrial fission and fusion processes favoring fission and heightened caspase-3
levels (241,242). This indicates a potential overload of damaged mitochondria and a shift
towards apoptosis as the predominant pathway to mitigate tissue damage in BD
(243,244). Indeed, upregulation of apoptotic genes such as FAS, BAK, and APAF-1 has
been observed in the hippocampus of BD patients (225), while downregulation of the
antiapoptotic protein Bcl-2, due to various polymorphisms, exacerbates calcium
dysregulation. Additionally, endoplasmic reticulum stress response is evident across all

phases of BD, particularly in mania (243).

Moreover, the PI3K/Akt pathway activates mTOR, stimulating OXPHOS (119). Being
crucial for cell survival and proliferation, it exhibits upregulated transcription in mania,
activated by oxidative stress and IL-6, and regulated by AMPK, indicating its potential
involvement in mania (225). Akt promotes mitochondrial survival by inhibiting
cytochrome c release into the cytosol, which is the final step of mitochondrial apoptosis
(245).

GSK-3a and GSK-3B are activated under chronic oxidative stress conditions like BD,
with more pronounced activation in mania than depression, and their inhibition correlates
with clinical improvement (119). GSK-3 activation promotes cellular apoptosis via Fas
receptor activation, also enhanced by TNF-a, which paradoxically has a neuroprotective
role. In mania, TNF-a activation of GSK-3 promotes neuronal survival by upregulating
NFkp, which inhibits TNF-a mediated apoptosis, inhibits OXPHOS and promotes aerobic
glycolysis. TNF-a inhibits mitochondrial biogenesis, which is compensated by increased
SIRT-1 activity (119). SIRT-1 is involved in the regulation of glucose and lipid
metabolism, through insulin signaling, and protects the cells against inflammation and
oxidative stress. It activates PGC1a, thus promoting glucose uptake and mitochondrial
biogenesis (126). Compared to bipolar depression and healthy controls, manic patients

have shown increased levels of NFkB and SIRT-1 (119). SIRT-1 levels are decreased in
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bipolar depression compared to euthymia, and TNF-a levels seem to be lower in
depression than in mania (119). NFk also leads to elevated cytoplasmic CREB levels
in BD patients, which is significant given CREB's role in mediating BDNF's antioxidative
effects, with lower levels observed in mania compared to depression and in BD patients
compared to controls (246). Additionally, CREB involvement in neurogenesis has been

found diminished in depression (247).

1.3.4.8.  Inflammatory changes

A proinflammatory environment has been described in all phases of BD, with an increase
in cytokine levels, especially IL-1B, IL-6, and TNF-a, and increased nitric oxide in brain
and plasma. These changes have been found to be greatest in mania, and also higher

in bipolar depression compared to unipolar depression (125).

1.3.4.9. Genetic changes

Genetic evidence further points to the involvement of mitochondrial dysfunction in BD.
Some studies indicate that individuals with mitochondrial diseases frequently develop

psychiatric symptoms, particularly mood symptoms (247).

Genome-wide association studies (GWASs) have pinpointed multiple loci associated
with BD susceptibility, including CACNA1C, ANK3, ODZ4, SYNE1, and TRANK1
(248,249), albeit with relatively modest effect sizes. Furthermore, the potential
involvement of de novo protein-altering mutations and calcium-related genes were
reported in BD pathogenesis and were associated with earlier disease onset (250,251).
While no direct mutations in mitochondrial mtDNA have been linked to BD (235), certain
mtDNA haplogroups display altered cerebellar pH akin to that observed in BD cases.
Moreover, specific mtDNA variants, such as a rare gene variant, 3644T>C, appear to be

more prevalent in BD patients compared to healthy controls (252,253).

Studies examining postmortem brain tissues reveal mixed findings regarding mtDNA
alterations in BD. While some report an increased prevalence of mtDNA deletions
(254,255), others fail to replicate these results (256). Regarding mtDNA copy number,
meta-analyses in BD exhibit variability, with some showing reduced copy numbers in

patients, particularly during mood episodes (257). Notably, decreased mtDNA copy
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number and accelerated epigenetic aging in the hippocampus of BD patients was
described in a meta-analysis (258). Moreover, fluctuations in mtDNA copy numbers
correlate with the severity of mood symptoms during depressive and manic episodes
(259).

Overall, these genetic and molecular findings underscore the intricate interplay between
mitochondrial dysfunction and BD, shedding light on potential avenues for novel

therapeutic interventions.

1.3.4.10. Other changes in mitochondrial function

The purinergic system appears dysregulated in patients with BD (260) and involves
increased activity in oxidative stress-related pathways like SIRT-1, AMPK, PKA, PKC,
GSK, and inositol triphosphate, as well as increased levels of antiapoptotic proteins such
as Bcl-2, PI3K, mTOR, Akt, and uric acid. Their activation drive OXPHQOS, leading to
elevated oxidative stress. Uric acid levels, increased in all phases of BD but particularly
in mania, facilitate greater mitochondrial function by enhancing calcium uptake,
increased membrane potential, and ATP production (261), with lower levels being linked
to mood disorder risk. Uric acid also scavenges peroxynitrite, which has high mitotoxic
activity (125) and has other neuroprotective effects, including increased AMPK activity

and adaptative responses to oxidative stress.

Furthermore, cAMP and PKA seem to be upregulated in BD, which enhances OXPHOS
via phosphorylation of proteins involved in ATP synthesis, such as cytochrome c
oxidase, bolstering mitochondrial protection. Cytochrome c¢ oxidase, the terminal
respiratory enzyme, is a metabolic marker for neuronal functional activity (262);

depressive symptoms have been associated with its alterations.

CREB activity, crucial for ETC enzyme complex transcription, which also upregulates
CK, is altered in BD, affecting neuroprotection and energy production (119). Genetic
variations in the purinergic system and cAMP signaling genes have been identified in
BD, which underscores the influence of these pathways on circadian clock genes and
ATP production, particularly notable in manic episodes. Increased activity of
antiapoptotic proteins, enzymes and signaling cascades has been found in mania, which

enhances mitochondrial activity (119). Polymorphisms in clock genes, able to modify
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cellular sensitivity to oxidative stress or genotoxic insults, have been associated with
increased risk for developing severe forms of BD. These genes control circadian NAD+
concentrations, which increase SIRT-1 and SIRT-3 activities, and this stimulates
OXPHOS. Both NAD+ and SIRT-1 directly activate ATP synthesis and upregulate

circadian genes, suggesting a pathway of influence in mood disorders (125).

Regarding the hypothalamic-pituitary-adrenal (HPA) axis, depression correlates with
HPA hyperactivity due to corticosteroid receptor-mediated feedback impairment, leading
to elevated glucocorticoid levels and increased mitochondrial activity (122,125).
Glucocorticoids inhibit apoptosis by forming a complex with the antiapoptotic protein Bcl-
2 to inhibit the formation of Bax-containing pores on the MOM. They also reduce the
release of calcium and cytochrome c from the mitochondria, which inhibits apoptosis
(247). However, chronic elevation can induce neuronal toxicity, ETC dysfunction,

excessive ROS generation, apoptosis, and cell death (263).

In terms of neurotransmitters, glutamate dysregulation is implicated in mood disorders,
with elevated levels in mania and reduced glutamine-to-glutamate ratios in depression.
Oxidative and nitrosative stress have been associated with higher dopamine
transmission and impaired dopamine transporter (DAT) function in mania (264).
However, dopamine and uric acid levels act in a synergistic way to repair oxidative
damage (119). Dopamine can protect neurons against glutamate-induced excitotoxicity
and confer anti-apoptotic effects. Thus, high dopamine and glutamate levels together
with high uric acid levels may not exert the expected detrimental effects, and pro-
apoptotic signals may induce the expression of anti-apoptotic genes and stimulate
OXPHOS (119). Findings in mitochondrial function according to acute states are

summarized in Figure 5.
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Figure 5. The biphasic mitochondrial model in bipolar disorders, with mitochondrial

dysfunction observed in manic (5A) and depressive episodes (5B). Figure adapted from

“The Role of Mitochondria in Mood Disorders: From Physiology to Pathophysiology and

to Treatment” (122).
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1.3.5. Other bioenergetic changes in bipolar disorder

Other bioenergetic changes have been described in BD. Different studies have assessed
both lactate and pH levels in BD as markers of the same underlying process, specifically,
the shift from aerobic to anaerobic metabolism for ATP production. Nevertheless, the
physiological influence of mitochondrial dysfunction on aerobic capacity and
cardiopulmonary functioning in BD is still unknown, and studies on this area are scarce.

The available evidence on the mentioned biomarkers is summarized below.

1.3.5.1. Exercise tolerance

The impact of exercise on mitochondrial function, which plays a pivotal role in
determining exercise capacity, has been investigated in various contexts (265,266).
Indeed, structured exercise regimens have shown a beneficial effect on metabolism and

mitochondrial function.

Reduced aerobic endurance and muscle strength are linked to diminished physical
function, heightened susceptibility to lifestyle-related conditions, and premature death
(267). Within BD, prolonged illness duration, elevated BMI, increased levels of
depression, and reduced physical activity are correlated with poorer physical fitness,
highlighting a prominent modifiable risk factor for somatic comorbidities (268). The
assessment of cardiorespiratory fitness, typically measured by maximum oxygen uptake
(VOgzpeak), serves as a predictive marker for cardiovascular disease and premature
mortality. However, research in BD remains limited, despite indications of mitochondrial

dysfunction as a potential hallmark in the disorder's pathophysiology (265,269).

In youth with BD, aerobic capacity was assessed with a 20-minute bout of aerobic
exercise on a recumbent cycle ergometer, which revealed that female sex, higher
perceived exertion during exercise and non-caucasian race were significantly associated
with lower subjective exercise tolerance. Lifetime use of any psychotropic medication

was associated with lower exercise tolerance in females, but not in males (269).
Other evidence in euthymic BD patients and healthy controls that measured physical
exercise, pulmonary function and the rate of oxygen consumption at baseline and during

exercise in a treadmill showed briefer exercise duration for BD subjects than in controls.
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However, baseline and exercise respiratory parameters, including maximal oxygen
uptake, forced vital capacity, forced expiratory volume, and maximal ventilation, did not
differ significantly between bipolar subjects and controls (265). To date, no studies have

explored the association between respiratory capacity and mitochondrial function in BD.

1.3.5.2. Lactate

Results from a systematic review assessing lactate from magnetic resonance studies
showed that five of six studies reported increased lactate levels in patients with BD
compared to healthy controls (270). The sixth study (271) compared lactate levels during
manic and euthymic periods and showed no difference during mania but decreased brain
lactate levels during euthymia compared to controls. Two of the studies (272,273) did
not find a correlation between lactate levels and mood state. Lactate levels did not seem
to correlate with symptom severity, mood state or disease type (BD type | or Il). In most
studies, lactate was measured in the anterior cingulate cortex (274). A different
systematic review with meta-analysis review including 12 studies using either through
proton echo-planar spectroscopy, magnetic resonance spectroscopy or cerebrospinal
fluid lactate showed in seven of them significantly elevated lactate levels in BD compared
to healthy controls. This meta-analysis suggests a tendency to anaerobic energy
production in neurons and astrocytes and a shift from pyruvate to lactate, potentially due
to decreased mitochondrial ETC activity (275,276).

1.3.53. pH

A systematic review including 13 magnetic resonance studies assessing brain pH in
bipolar patients, most of them with only euthymic participants, showed in the majority
decreased pH compared to healthy controls (274). In most studies, pH was measured in
the frontal lobe. However, a follow-up study (277) examined patients during a manic
episode and also when they became euthymic, and showed that pH in mania was similar
to that of the control group, whereas pH during euthymia decreased compared to both
pH of controls and pH during manic episode. Another follow-up study (278) examined
BD patients at depression and euthymia, and found decreased pH while they were

euthymic but not depressed. Medication and symptoms severity did not seem to alter
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significantly pH levels. These results highlight the importance of providing evidence

assessing bioenergetic functions in different states of the iliness.

Results from a meta-analysis that included 10 studies assessing postmortem pH levels
in individuals with psychiatric disorders showed that brain pH was significantly lower in
patients with BD than in control participants, even after considering potential confounding
factors (279).

1.3.6. Potential interventions targeting bioenergetic functions

Conventional psychotropic drugs for mood disorders, such as mood stabilizers,
antidepressants, and antipsychotics, have demonstrated to influence on mitochondrial
functions. Thus, some evidence suggests that mitochondrial dysfunction and oxidative
stress may be therapeutic targets of mood stabilizers, since they have demonstrated
neuroprotective effects when oxidative stress is induced in animal models (280,281).
Lithium has shown to reduce apoptosis, to enhance neuroprotection and neurotrophism,
and to prevent excessive mitochondrial calcium influx. As observed with valproate,
lithium has demonstrated to reduce oxidative stress and confer antioxidant effects (122).
Antidepressants have been found to increase mitochondrial biogenesis and enhance
antioxidative capacity against oxidative stress (282,283). Some antipsychotics have also

shown to reduce oxidative stress (122).

Over the last years, a number of agents have been studied or developed as potential
therapeutic factors to treat and improve the course of mood disorders, including
mitochondrial modulators (284), which have been studied with the aim of enhancing
antioxidant defenses or mitochondrial functioning as adjuvant therapy to antidepressants
(284,285). Vitamin D has been reported to regulate mitochondrial oxygen consumption
and dynamics, and its deficiency has shown to decrease oxygen consumption rate in
mitochondria (286,287). The potential benefits of vitamin D supplementation among
patients with BD have been suggested, since it has been associated with a reduction in
both depressive and manic symptoms. However, the role that vitamin D plays in the

cognitive and clinical characteristics of BD is still unclear (286,287).

Other dietary supplements (or nutraceuticals) assessed as potential treatments in mood

disorders (288) include NAC, alphalipoic acid, acetyl-L-carnitine, S-adenosylmethionine,
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CoQ10, carnosine, creatine monohydrate, and melatonin, with some positive results in
small samples (118). Other studies have demonstrated modulatory effects of omega-3
fatty acids on mitochondria (289,290).

Regarding dietary patterns, the Mediterranean diet was associated with antioxidative
properties and antidepressant effects in a randomized clinical trial (291). Results from
animal studies suggest that caloric restriction seems to predispose to higher
mitochondrial efficiency but also to high-fat induced oxidative damage (292). Other
evidence shows that the ketogenic diet, characterized by a low-carbohydrate diet,
upregulates mitochondrial antioxidant status and protects mtDNA from oxidative damage
(293—-295). It has been suggested as a potential adjunctive therapy. This diet changes
the energetic source of the organism (294,296), which switches from glucose to
breakdown of fatty acids. Despite data on mood disorders is limited, early reports support

the hypothesis about its potential beneficial effects on mood stabilization (297).

Finally, physical activity has been related to increased mitochondrial biogenesis,
increased mitochondrial content and oxygen utilization capabilities, and aerobic exercise
ameliorates loss of skeletal muscle mitochondrial content (298,299). Despite evidence
on BD is still scarce, results from a network meta-analysis indicated antidepressant

effects of exercise (300).

58



Hypotheses

2. HYPOTHESES

Primary hypothesis: in BD, a biphasic pattern of energy production will be observed,

which is increased in mania and reduced in bipolar depression, compared to euthymia,

and this can be measured through immediate markers of respiratory function, such as

maximal oxygen uptake (study Ill), and also from cellular samples through the

measurement of CTE activity (study II).

Secondary hypotheses:

1.

Differences in mitochondrial function patterns will be observed in acute mood
episodes (depressive or manic) compared to euthymia, and also when comparing
euthymic patients with healthy controls. Specifically, from the measurement of
oxygen consumption capacity from polymorphonuclear cells (PBMCs), oxygen
consumption capacity will be increased in mania and decreased in depression
compared to euthymia and healthy controls (study II).

Variations in aerobic capacity will be observed through determined
measurements in respiratory function in patients during an acute mood episode
(depressive or manic) compared to euthymia, and this will reflect an increased
tendency to anaerobic respiration during mania compared to depressive
episodes and euthymia (study IlI).

A positive correlation between aerobic capacity and mitochondrial respiratory
capacity will be observed in patients with BD during both acute mood episodes
and euthymia (study lll).

Patients admitted to an acute psychiatric ward, and especially those with BD, will
have nutritional and metabolic impairments that will be associated with the short-
term course of their psychiatric illness, measured by hospital length of stay
(study 1), and in the long-term, with an association with the severity of their
disease, including the number of readmissions in the following years (study IV).
A predictive model based on the assessment of nutritional parameters with a
machine-learning algorithm will be useful to predict a poor nutritional status and

long-term prognosis in patients with BD (study IV).
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3. OBJECTIVES

Primary objective: o assess and determine biomarkers related with bioenergetic
parameters, including aerobic respiratory capacity and mitochondrial oxygen
consumption capacity, to identify intra-individual differences in BD between manic and
depressive episodes and symptomatic remission, defined as a substantial improvement
in Hamilton Depression Rating Scale (HDRS) or Young Mania Rating Scale (YMRS)
scores in the same individuals to reduce the bias caused by inter-individual variability
(studies Il and IlI).

Secondary objectives:

1. To compare differences in the oxygen consumption capacity of mitochondrial
CTE between acute mood episodes and healthy controls (study II).

2. To identify the correlation between CTE mitochondrial respiratory capacity and
aerobic capacity during physical activity, across different states of the illness
(study III).

3. To determine longitudinally differences in the aerobic capacity and oxygen
uptake between the acute mood episodes and clinical remission (study lil).

4. To explore whether aerobic respiratory capacity could serve as a potential state-
dependent biomarker of mitochondrial dysfunction in patients with BD (studies Il
and Il).

5. Tu study the influence of BMI and physical activity on aerobic capacity in acute
states of BD and clinical remission (study lil).

6. To characterize the nutritional profile of patients admitted to an acute psychiatric
ward, with a special focus on BD (studies | and V).

7. To determine whether a deficient nutritional status is correlated with impaired
clinical outcomes, such as the length of stay during an acute hospitalization
(study I).

8. To identify specific nutritional and metabolic variables that might better predict a
poor nutritional status in patients admitted to an acute psychiatric ward,
especially individuals with BD (studies | and IV).

9. To evaluate in hospitalized patients with BD and an acute manic episode the
relationship between nutritional status and psychiatric prognosis, including the
number of emergency visits, acute readmissions and time to relapse during a

three-year follow-up period (study IV).
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10. To identify nutritional factors associated with hospital readmission in three years
in patients with BD and an acute manic episode, and the potential of nutritional
variables to predict malnutrition and readmission in BD through the use of a

machine learning algorithm (study IV).
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1 | INTRODUCTION

Hospital malnutrition is a highly prevalent problem that
affects up to 50% of both medical and surgical patients."
Clinical malnutrition can be defined as a state resulting
from lack of intake or uptake of nutrition that leads to
altered body composition, such as decreased fat free
mass, and body cell mass leading to diminished physical
and mental function and impaired clinical outcomes.’
Indeed, some studies have shown that a poor nutritional
status at admission is associated with increased patient
morbidity and mortality, resulting in longer hospital stays
and increased healthcare costs.**” In patients with psy-
chiatric disorders there are some variables that might be
considered risk factors for a poor nutritional status, such
as pharmacological treatment side effects, lifestyle habits
as inactivity, poor diet, and the illness by itself, depend-
ing on the phases of the disease. For example, during
depressive phases patients can present reduced appetite
and weight loss.® There are also other barriers for an
adequate diet, such as limited availability of healthy
food, inadequate social support, a low socio-economic
status, or a limited budget among others.”® Despite
this, little data are available on malnutrition in psychi-
atric populations except for studies related to eating
disorders.” Another limitation is the lack of malnutri-
tion risk screening tools for people with mental disor-
ders.'® However, there is an increasing interest to study
the nutritional status in patients with severe mental
disorders,'""'? given the important burden that diet,
lifestyle factors, and their consequences, may have in
this population where physical health is often compro-
mised, presenting a higher prevalence of cardiovascu-
lar diseases and a reduced life expectancy compared to
the general population.®'*'*

So far, various studies have reported nutritional sta-
tus as a prognostic marker in a number of diseases. In

the nutritional status were found in: BMI, cholesterol, triglycerides, albumin,
total proteins, prealbumin, iron, lymphocytes and zinc levels, and transferrin sat-
uration. The multivariate analysis showed a significant association for choles-
terol and zinc levels, lymphocyte count, and BMI.

Conclusions: Our results suggest that nutritional status might influence the
course of psychiatric admissions. Cholesterol and zinc levels, lymphocyte
count, and BMI might be factors strongly associated with malnutrition. This
consideration might allow the identification of profiles in which lifestyle inter-

ventions could be implemented.

acute unit, CONUT, malnutrition, nutritional status, psychiatric disorders

Significant outcomes

« Malnutrition was observed in 42.5% of inpa-
tients admitted to our acute psychiatric unit.

« Plasmatic transferrin saturation, protein and
iron levels were inversely correlated with
length of stay, having low iron levels an associ-
ation with longer hospitalizations.

« Negative correlations with the nutritional sta-
tus were found especially for cholesterol and
zinc levels, lymphocyte count, and BMI.

Limitations

« There is a lack of previous evidence about the
global nutritional status of psychiatric inpa-
tients, with the exception of patients with eat-
ing disorders.

+ The cross-sectional design of this study cannot
reveal causal dynamics between variables.

order to assess the nutritional status, some studies use
the controlling nutritional status score (CONUT),
which takes into account the total lymphocyte count,
serum albumin, and total cholesterol levels. This tool
has shown an inverse correlation with prognosis in sev-
eral solid tumors, hematological malignancies, and
heart diseases.'>'® Despite the available data, the stud-
ies performed in this field do not include psychiatric
population, being psychiatric patients often excluded
from the studies or not considered among the reference
population.**1%2°

Some studies have reported metabolic disturbances
are related to worse psychiatric outcomes. For instance,
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metabolic syndrome, obesity, and impaired glucose
metabolism have been considered risk factors for worse
outcomes in patients with bipolar disorder, since they
have been related to a chronic course of the illness, worse
global functioning, and rapid cycling.*!

During acute psychiatric hospitalizations, clinical
practice tends to include the assessment of different
analytical parameters, including cholesterol, total pro-
tein levels, and lymphocyte count. Nevertheless, to the
best of our knowledge, there is a lack of evidence
regarding the impact of the nutritional status in psychi-
atric inpatients on the length of stay, medical comor-
bidities, and other prognostic factors.

Considering the missing data on psychiatric popula-
tion, this study aims to provide a first approach to evalu-
ate whether a deficient nutritional status is correlated
with specific outcomes, such as the length of stay in an
acute hospitalization unit. Secondary aims of this study
include the characterization of the nutritional status in
patients admitted to an acute psychiatric ward, the corre-
lation between different nutritional variables and the
assessment of specific nutritional variables that might
better predict a poor nutritional status in this population.

2 | MATERIALS AND METHODS

2.1 | Participants

The data analyzed derived from records corresponding to
patients aged 18 years or older admitted to the Hospital
Clinic of Barcelona acute psychiatric ward. The records
included a 1-year period. Ethical approval was provided
by the Hospital Clinic Research Ethics Committee (proto-
col code: D2017).

Patients from which no metabolic parameters were
available at the beginning of the hospitalization were
excluded from the study. Patients with more than one
admission in the same year were included only once, con-
sidering the first admission. No restrictive criteria were
established in terms of diagnosis, being all patients admitted
in the acute psychiatric ward considered for inclusion.

2.2 | Variables assessment
2.2.1 | Sociodemographic and clinical
measures

Some of the variables collected for analysis included age,
gender, length of stay, the presence of medical conditions
and primary and secondary diagnoses. Variables regarding
treatment included use of benzodiazepines, antipsychotics,
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antidepressants, mood stabilizers or electroconvulsive
therapy (ECT) during the admission.

2.2.2 | Nutritional measures
The nutritional status was assessed at admission with the
CONUT score, which takes into account the total lym-
phocyte count, serum albumin, and total cholesterol
levels. Total scores between 0 and 1 were considered nor-
mal, 2-4 mild malnutrition, 5-8 moderate malnutrition,
and 9-12 severe malnutrition."®

Other metabolic variables included body mass index
and triglycerides, proteins, transferrin, prealbumin, iron,
zinc, and transferrin saturation.

2.3 | Statistical analyses

In the descriptive analysis, quantitative variables were
expressed by mean and standard deviation (SD), or median
and interquartile range (IQR). Results from categorical vari-
ables were shown as frequencies (number and percentage).

T-test and Mann Whitney U tests were used for mean
comparisons between two groups, using t-test for data
that were normally distributed. Chi-square tests were
used for the comparison of categorical variables, and
Fisher exact tests were performed when the expected
cells were lower than five.

For the correlation of nutritional parameters with length
of stay or nutritional status and for the identification of pre-
dictive parameters, linear regression was used after correla-
tion analyses. To calculate the association of malnutrition
with nutritional parameters, psychiatric diagnosis, sociode-
mographic characteristics and pharmacological treatment,
logistic binary regression analyses were conducted.

Aiming to predict the influence in the length of stay
of blood parameters or nutritional status logistic regres-
sion analyses were used. Univariate logistic regression
models were conducted for each of the potential associ-
ated factors. A p-value <0.05 was used for the screening
covariates. Forward stepwise selection algorithms were
used for selecting the covariates in the multivariate logis-
tic regression model. At each step, the least significant
variable was discarded from the model. Only covariates
with a p-value <0.10 remained in the final model. These
results were contrasted with backward stepwise selection
in order to find potential changes in the results. The odds
ratio and 95% confidence limit were calculated too. The
area under the ROC curve (AUC) was measured to assess
the goodness-of-fit. Finally, we checked -collinearity
among the different variables assessed according to the
variation inflation factor (VIF).
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TABLE 1 Socio-demographic and clinical characteristics of the sample according to malnutrition grade based on CONUT severity score.

Sex (% females)
Age, mean (SD)

Days of hospitalization,
median {IQR}

Urgent admission (%)
Readmission (%)
Treatment
Benzodiazepines (%)
Antidepressants (%)
Mood stabilizers (%)
Antipsychotics (%)
Polypharmacy (>3) (%)
ECT (%)
Medical conditions (%)
Psychiatric disorders
Bipolar disorder (%)
Bipolar depression (%)
Depressive disorder (%)
Psychotic disorder (%)
Schizophrenia (%)

Schizoaffective disorder (%)

Substance use disorder (%)
AUD (%)
Non-AUD (%)

Organic mental disorder (%)

Obesity (%)
BMI, mean kg/m? (SD)

Blood test parameters

Cholesterol, mean mg/dL (SD)
Triglycerides, mean mg/dL (SD)
Albumin, mean g/L (SD)

Total proteins, mean g/L (SD)
Transferrin, mean g/L (SD)

Transferrin saturation,
mean % (SD)

Prealbumin, mean g/L (SD)
Iron, mean pg/dL (SD)

Lymphocytes,
mean n x 10°/L (SD)

Zinc, mean pg/dL (SD)

No malnutrition
n = 146 (57.5%)

46.6
46.1 (15.8)
19.5{13.8-25.3}

82.2
6.2

37.0
39.7
19.2
44.5
22.6
8.2

33.6

17.8
14.4
26.7
52.7
21.9
8.9
66.4
322
58.2
6.8
26.0
27.0 (6.6)

191.6 (41.0)
123.8 (63.2)
41.4(9.0)
67.3(5.2)
2.6 (1.6)
26.4 (11.6)

0.3 (0.1)
90.6 (37.6)
2.1(0.5)

93.03 (16.1)

Mild malnutrition
n =100 (39.4%)

40.0
43.6 (17.1)
20.0 {13.3-27.0}

79.0
7.0

28.0
29.0
11.0
43.0
17.0
7.0

35.0

18.0
11.0
28.0
46.0
17.0
12.0
64.0
25.0
57.0
7.0
13.8
24.0 (5.2)

144.7 (29.5)
91.2 (38.3)
39.7 (3.6)
65.8 (7.4)
2.4(0.4)
21.3 (12.4)

0.2 (0.1)
69.4 (36.1)
1.7 (0.8)

88.1 (13.7)

Moderate or severe
malnutrition
n=_38(3.1%)

25.0
37.6 (14.8)
14.5 {8.5-23.5}

75.0
12.5

37.5
50.0
25.0
25.0
12.5
0.0

12.5

0.0
0.0
0.0
62.5
25.0
0.0
75.0
375
50.0
25.0
16.7
24.0 (4.4)

128.5 (21.9)
78.5 (27.2)
31.3(3.0)
57.9 (6.9)
2.0(0.5)
15.9 (8.0)

0.1(0.1)
46.1 (24.6)
0.8 (0.4)

68.3 (20.3)

Test; p-value
n = 254

7’ =21;p=0351
F=21;p=0.351
F=04;p=0.681

7> =0.8; p = 0.655
7F=12p=0541

7> =23;p=0.304
7> =88;p=0224
7 =52;p=0238
7> =13.5;p=0.702
7> =89;p=0.624
7> =10.2; p=0.900
7> =15;p=0.509

7> =12;p=0.576
7> =11;p=0.589
7> =128;p=0.260
7> =1.6; p = 0.482
7> =1.2;p = 0.601
7> =0.9; p = 0.605
7> =04;p=0.853
7> =19;p=0374
7> =03;p = 0.864
7> =34,p=0.188
7 =42;p=0.106
F=59;p < 0.01%

F=549;p < 0.01%*
F =12.0; p < 0.01**
F=28.3;p <0.01**
F =9.5;p <0.01%*
F=17;p=0.188
F=173;p <0.01**

F=348;p < 0.01**
F=13.2;p < 0.01**
F=228; p < 0.01*

F=104;p < 0.01**

Abbreviations: AUD, alcohol use disorder; BMI, body mass index; ECT, electroconvulsive therapy; IQR, interquartile range; SD, standard deviation.

**Significant at p < 0.01.
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All statistical analyses were performed by the use of a
confidence interval of 95%, and significance was set at
D < 0.05. Analyses were conducted with SPSS version 25.0.

3 | RESULTS

3.1 | Characteristics of the sample by
nutritional status

Among the 357 individuals admitted to the acute psychi-
atric ward who were recruited, 254 subjects were suitable
for analysis. Socio-demographic and clinical characteris-
tics of the whole sample are available in Table 1.

According to the CONUT scores, 57.5% showed a nor-
mal nutritional status (scores 0-1), 39.4% showed mild
malnutrition (scores 2-4), and 3.1% moderate or severe
malnutrition (scores >4). No significant differences were
found in gender and mean age between groups. Treat-
ments received during the hospitalization and frequency
of each diagnosis did not reveal significant differences
between groups.

3.2 | Main findings

3.2.1 | Length of stay

Grade of malnutrition calculated by CONUT score did
not show a significant correlation with the length of stay.
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The only parameters that showed a significant inverse
correlation with length of stay were plasmatic protein
levels, transferrin saturation, and iron levels, being these
differences significant at p < 0.01.

In the lineal regression analyses, only low total pro-
teins, iron levels, and transferrin saturation showed an
association with greater length of stay (p < 0.01 and
D < 0.05, respectively), as represented in Table 2. How-
ever, the multiple regression analysis did not show a sig-
nificant association with the length of stay (R* = 0.03,
p = 0.053). No significant differences were found when
length of stay was compared between patients with and
without malnutrition according to the CONUT score
(median 20.00 days, IQR {13.0-26.8}; median 19.50 days,
IQR {13.8-25.3}, respectively).

No significant differences were found in terms of days
of hospitalization according to the treatment with ECT,
antidepressants, mood stabilizers, antipsychotics, benzodiaz-
epines, nor in patients treated with 3 or more of these drug
families at the same time. When length of stay was com-
pared according to the presence of bipolar disorder, major
depressive disorder, schizophrenia, schizoaffective disorder,
substance use disorder, medical comorbidity or organic
mental disorder, no differences were found between groups.

3.2.2 | Nutritional status

Negative correlations with the nutritional status assessed
with the CONUT total score were found with BMI and

TABLE 2 Factors associated with length of stay.

Unstandardized 9% Cl Standardized

coefficient LL UL p-value coefficient R?
Age (years) 0.027 —0.053 0.107 0.504 0.036 0.001
Cholesterol (mg/dL) —0.010 —0.043 0.24 0.572 —0.032 0.001
Albumin (g/L) —0.018 —0.236 0.201 0.873 —0.010 0.000
Lymphocytes (n x 10°/L) —1.570 —3.456 0.317 0.103 —0.089 0.008
Triglycerides (mg/dL) 0.008 —0.015 0.030 0.505 0.037 0.001
Total proteins (g/L) —0.204 —0.391 —0.017 0.03* —0.119 0.014
Transferrin (g/L) —0.244 —1.536 1.049 0.711 —0.023 0.001
Prealbumin (g/L) —13.068 —35.668 9.533 0.256 —0.072 0.005
Transferrin saturation (%) —0.152 —0.286 —0.018 0.026* —0.140 0.020
Tron (pg/dL) —0.057 —0.099 —0.015 0.008** —0.167 0.028
Zinc (pg/dL) —0.048 —0.153 0.058 0.376 —0.057 0.003
BMI (kg/m?) 0.171 —0.077 0.420 0.175 0.082 0.007
CONUT score 0.918 —0.191 2.027 0.104 0.102 0.010

Note: Linear regression analyses were performed. Statistical significance was set at p < 0.05.

*Significant at p < 0.05.**Significant at p < 0.01.
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all the analytical parameters, including total cholesterol,
triglycerides, albumin, total proteins, prealbumin, iron,
lymphocytes, zinc, and transferrin saturation, being all
these negative correlations statistically significant (p < 0.01)
except for transferrin, and also not observed with length
of stay or age.

In addition, most of the blood parameters assessed
showed to be correlated with other nutritional factors, as
shown in Supplementary Table 1.

When blood parameters were compared between
groups, median cholesterol levels in patients with malnu-
trition were 139.00 mg/dL (IQR {124.00-162.00}),
whereas in those without malnutrition median levels
were 185.00 mg/dL (IQR {165.00-206.00}; p < 0.001).
Median zinc levels were 87.50 pg/dL (IQR {77.25-95.00})
in patients with malnutrition and 91.00 pg/dL (IQR
{81.00-104.00}) in patients without malnutrition. These
differences were significant at p < 0.01. In addition,
median ranges of lymphocyte count were signifi-
cantly different between groups, with 2.10 x 10°/L (IQR
{1.70-2.50}) in the group without malnutrition and
1.40 x 10°/L (IQR {1.10-2.00}) in the malnutrition group
(p < 0.001). Median differences between groups in BMI
were also observed, with 26.10 kg/m* (IQR {22.35-29.79})
in the group without malnutrition and 22.74 kg/m* (IQR
{20.00-27.17}) in the other group (p < 0.001). In addition,
patients with malnutrition showed lower median
albumin levels compared with patients without malnutri-
tion (39.00 g/L, IQR {36.25-42.00}, vs. 41.00 g/L, IQR
{38.00-43.00} respectively; p < 0.05). Notwithstanding,
they also presented significantly lower median levels of
triglycerides  (81.50 mg/dL, IQR {63.00-109.00}, vs.
107.00 mg/dL, IQR {84.00-141.00}; p < 0.001), total

TABLE 3

No malnutrition
185.00 {165.00-206.00}
91.00 {81.00-104.00}
90.62 (37.60)

2.10 {1.70-2.50}

26.10 {22.35-29.79}
41.00 {38.00-43.00}
107.00 {84.00-141.00}
67.00 {64.00-70.00}
0.25 {0.21-0.30}
25.05 {17.58-32.45}
2.40 {2.20-2.75}

Cholesterol (mg/dL), median {IQR}

Zinc (pg/dL), median {IQR}

Iron (pg/dL), mean (SD)

Lymphocytes (n x 10°), median {IQR}
BMI (kg/m?), median {IQR}

Albumin (g/L), median {IQR}
Triglycerides (mg/dL), median {IQR}
Total proteins (g/L), median {IQR}
Prealbumin (g/L), median {IQR}
Transferrin saturation (%), median {IQR}

Transferrin (g/L), median {IQR}

proteins (65.00 g/L, IQR {61.00-69.00}, vs. 67.00 g/L, IQR
{64.00-70.00}; p < 0.05), prealbumin (0.20 g/L, IQR
{0.16-0.24}, vs. 0.25 g/L, IQR {0.21-0.30}; p < 0.001),
and transferrin saturation (19.10%, IQR {11.85-25.95},
vs. 25.05%, IQR {17.58-32.45}, p < 0.001), and lower
mean iron levels (67.65 pg/dL, SD 35.81, vs. 90.62 pg/dL,
SD 37.60; p < 0.001), not showing differences in median
transferrin levels (2.30 g/L, IQR {2.10-2.60}, vs. 2.40 g/L,
IQR {2.20-2.75}; p = 0.11). These results are represented
in Table 3.

In the assessment of potential variables associated with
malnutrition, univariate analyses through binary logistic
regression showed a significant association for cholesterol
levels, triglycerides, albumin, total proteins, transferrin,
prealbumin, transferrin saturation, iron, lymphocytes,
zinc, and BMI. However, in the multivariate analysis, only
cholesterol levels, lymphocyte count, zinc levels and BMI
showed significant differences according to nutritional sta-
tus (Figure 1). These results did not vary when backward
and forward stepwise selection algorithms were used. The
AUC value was obtained to assess the goodness-of-fit,
which resulted 0.955 (95% CI 0.92-0.99). No evidence of
collinearity was observed among cholesterol levels, lym-
phocyte count, zinc levels, and BMI, since the VIF resulted
lower than 5 for all of them. Univariate and multivariate
logistic regression is shown in Table 4.

Regarding pharmacological treatment, no signifi-
cant differences were observed in the proportion of
individuals treated with ECT, antidepressants, mood
stabilizers, antipsychotics, benzodiazepines, nor in
patients treated with 3 or more of these drug families
at the same time, when patients with and without mal-
nutrition were compared.

Differences in blood parameters between patients according to their nutritional status.

Malnutrition p-value
139.00 {124.00-162.00} <0.01**
87.50 {77.25-95.00} <0.01**
67.65 (35.81) <0.01%*
1.40 {1.10-2.00} <0.01%*
22.74 {20.00-27.17} <0.01%*
39.00 {36.25-42.00} <0.01%*
81.50 {63.00-109.00} <0.01**
65.00 {61.00-69.00} <0.01%*
0.20 {0.16-0.24} <0.01%*
19.10 {11.85-25.95} <0.01**
2.30 {2.10-2.60} 0.11

Note: Mean, standard deviation, median and p-value are represented. Statistical significance was set at p < 0.05.

Abbreviation: BMI, body mass index.
**Significant at p < 0.01.
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FIGURE 1 Malnutrition probability
prediction by cholesterol levels,
lymphocyte count, zinc levels, and body
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TABLE 4 Factors associated with malnutrition.
Univariate analysis
95% CI
OR LL
Length of stay (days) 1.008 0.990
Cholesterol (mg/dL) 0.946 0.933
Triglycerides (mg/dL) 0.984 0.977
Albumin (g/L) 0.879 0.817
Total proteins (g/L) 0.948 0.909
Transferrin (g/L) 0.522 0.290
Prealbumin (g/L) 0.000 0.000
Transferrin sat. (%) 0.959 0.936
Iron (pg/dL) 0.982 0.974
Lymphocytes (n x 10°/L) 0.332 0.213
Zinc (pg/dL) 0.974 0.957
BMI (kg/m?) 0.914 0.866

UL Sig (p-value)
1.028 0.384
0.960 <0.001**
0.991 <0.001**
0.946 0.001**
0.988 0.012*
0.938 0.030*
0.000 <0.001**
0.982 0.001**
0.990 <0.001**
0.518 <0.001**
0.991 0.003**
0.965 0.001**

Note: Binary logistic regression was performed. Statistical significance was set at p < 0.05.
Abbreviations: 95% CI, 95% confidence interval; BMI, body mass index; LL, lower level; OR, odds ratio; UL, upper level.

**Significant at p < 0.01.*Significant at p < 0.05.

OR

0.913

0.169
0.964
0.903

95% CI

LL UL Sig (p-value)
0.888 0.938 <0.001**
0.078 0.365 <0.001**
0.930 1.000 0.048*

0.832 0.980 0.014*
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In addition, no significant differences were found
in the proportion of patients with bipolar disorder,
major depressive disorder, schizophrenia, schizoaffec-
tive disorder, substance use disorder, medical comor-
bidity or organic mental disorder between the two
groups.

3.2.3 | Body mass index

Patients were grouped into weight categories using BMI
classification as defined by the World Health Organiza-
tion (WHO) (underweight, BMI < 18.50; normal weight,
BMI 18.50-24.99; overweight, BMI 25.00-29.99; and
obese, BMI > 30.00).**

Considering the whole sample, the percentage of
underweight patients was 6.1%, normal weight 47.5%,
overweight 26.3%, and obese 20.1%.

In the subsample of well-nourished patients accord-
ing to the CONUT score, the percentage of under-
weight people was 5.5%, normal weight 40.9%,
overweight 29.1%, and obesity 24.5%. Among patients
with a poorer nutritional status, the frequency of
underweight was 5.7%, normal weight 58.6%, over-
weight 21.8%, and obesity 13.8%. Differences between
groups did not reach statistical significance.

4 | DISCUSSION

It is widely known that several psychiatric disorders and
pharmacological treatments commonly used in psychiat-
ric clinical practice have an impact on metabolism and
medical comorbidities.”> Moreover, the available evi-
dence indicates that somatic conditions, such as impaired
glucose metabolism, may have an impact on the course
of the psychiatric illness.”’ However, scarce data are
available regarding nutritional status in acute psychiatric
patients, being most of the evidence related to patients
with eating disorders.”***

The present investigation shows through a cross-
sectional study a considerable rate of malnutrition
(defined by CONUT score > 2) in a sample of patients
admitted in an acute psychiatric unit (42.5%), which is
consistent with other studies using the same nutri-
tional assessment tool.>**” Considering the correlation
of CONUT scores with a worse clinical prognosis in
somatic disorders, including longer hospitalizations,**®
this study aimed to evaluate the association of malnu-
trition with the length of stay and also to find nutri-
tional parameters that might better predict the
nutritional status of patients.

The analyses performed did not reveal a significant
association between malnutrition and length of stay
when nutritional status was assessed with the CONUT
score. However, plasmatic protein levels, transferrin satu-
ration and iron levels showed a significant inverse corre-
lation with the days of hospitalization, indicating a
potential effect of nutritional status on the course of
acute psychiatric admissions. Additionally, low iron
levels showed an association with greater length of stay.
These results suggest that, although specific nutritional
parameters have shown to be related to greater length of
stay, the CONUT score might not be the best short-term
predictor in psychiatric hospitalizations. This could be
associated with the fact that, in the context of an acute
psychiatric ward, behavioral abnormalities and psychopa-
thology are treated in an individualized manner, with
some patients with severe episodes being treated
with higher doses of the indicated treatment or with dif-
ferent drugs. Thus, the length of stay might not be reflect-
ing the severity of the acute episodes in all cases. Based
on these findings, further studies using prospective
models should evaluate if this score is associated with dif-
ferent course of the psychiatric illnesses in the long term,
and if the nutritional parameters associated with a poorer
short-term prognosis should be considered risk factors
also for an adverse course of illness.

In this study, the correlation of specific nutritional
parameters with nutritional status found that, apart from
those included in the CONUT screening tool, low zinc,
iron, total proteins, prealbumin, transferrin, triglyceride
levels, a low transferrin saturation index, and BMI, were
indicators of a poorer nutritional status. Most parameters
showed a correlation between them. Results indicating
that lower BMI, contrary to the expected, is associated
with a poorer nutritional status might suggest that this
subgroup of patients might present reduced food intake
or higher tendency to a poorer self-care, but further evi-
dence should be conducted in order to confirm this
hypothesis. However, as also seen in our results, it is not
uncommon to find a significant proportion of patients
with overweight, which can be due to several factors,
such as lifestyle and habits, pharmacological treatments
and mental illnesses by themselves.

Our results demonstrate a strong relation of several
analytical parameters assessed with the nutritional sta-
tus and allow the identification of specific subgroups,
such as those with greater alteration of nutritional
parameters, that may present longer courses of disease,
having also demonstrated in previous evidence worse
medical prognosis.*

Even though there was an important correlation
between different nutritional parameters and all of them
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were correlated with malnutrition, this study identified
cholesterol levels, lymphocyte count, zinc levels, and
BMI as independent factors associated with malnutrition,
which highlights the importance of their assessment in
clinical practice.

Psychiatric diagnoses or treatment received did not
seem to have influence over nutritional status or days of
hospitalization. Thus, this study does not identify specific
psychiatric diagnoses or psychotropic drugs that might
increase the risk for malnutrition or for a worse course of
acute psychiatric admissions, basing the associated find-
ings on analytical parameters.

In 13.8% of the patients, obesity with nutritional defi-
ciency according to CONUT score was found, which
emphasizes the importance to characterize the different
nutritional profiles of these patients according to their
nutritional status.”*° This might allow clinicians to
develop adequate nutritional risk screening tools consid-
ering specificity of this population'®*"*! and determined
approaches for different clinical situations.****

According to our findings, clinicians should include
nutritional status-related analytical parameters for a
global assessment of the nutritional status, and to con-
sider them as factors that might influence the organic
and mental well-being of patients. The authors recom-
mend a periodical study of patients' nutritional status
from the outpatient unit and not only when they are hos-
pitalized, since this might allow the identification of
determined subgroups that could benefit from psychoso-
cial and lifestyle interventions, the prescription of nutri-
tional supplementation in specific cases,** as well as the
implementation of individual or group sessions aimed to
the assessment of daily habits and to the promotion of
healthy routines. These strategies might provide patients
some skills that lead to an improvement of their nutri-
tional status, their medical and psychiatric prognosis and
their quality of life. Specifically, physicians should pay
attention to those patients with poor social support and
severe mental illnesses in order to detect and manage a
potential malnutrition status.

The admission in an acute psychiatric ward should
serve as an opportunity for clinicians to identify existing
abnormalities, since a poor nutritional status has been
correlated with higher adverse prognostic factors.**® As
found in this work, altered levels of cholesterol, lympho-
cyte count, zinc, and low BMI should be considered as
potential indicators of a poor nutritional status. Patients
in which different nutritional parameters were found at
insufficient levels might be a target for nutritional and
lifestyle interventions aimed to improve their physical
and mental health.

The results obtained from this study aim to drive a
line of research in which nutritional and metabolic data
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may serve clinicians for wider interventions beyond the
improvement of the psychiatric episodes and medical
comorbidities. Since periodical blood tests and anthro-
pometric measures are performed in outpatient units,
the design of new studies targeting nutritional and
metabolic parameters in psychiatric patients might be
also useful in order to distinguish in the future profile
of patients who are at higher risk for either suffering
medical comorbidities or presenting with adverse cir-
cumstances related to their psychiatric disorder. Fur-
ther studies will also elucidate the influence of
pharmacological treatment and specific psychiatric dis-
orders in patients' nutritional status. In addition,
future evidence will allow to study the relationship of
poorer nutritional status and prognostic factors related
to the psychiatric illness, such as suicidal behavior, fre-
quency of episodes or number of admissions.

Our study comes with some strengths and limitations.
To the authors' knowledge, there is a lack of evidence
about the global nutritional status of psychiatric inpa-
tients, with the exception of patients with eating disor-
ders. The description of the nutritional status in
psychiatric population might help determine the influ-
ence of pharmacological treatments, lifestyle habits,
diet, and the different psychiatric illnesses on somatic
health, and might allow the implementation of preven-
tive or therapeutic interventions in specific profiles.
The use of an objective tool to determine the nutri-
tional status confers higher reliability to the results
obtained. Regarding the limitations of this study, its
cross-sectional design cannot reveal causal dynamics
between considered variables, and cannot allow the
inclusion of other nutritional factors. However, this
cross-sectional study can represent a picture of the
nutritional status of patients admitted in a psychiatric
ward and is a first approach to study the interaction
between specific factors related with their disease and
malnutrition, which may in the future open new
opportunities for individualized interventions. Studies
in the recent future with larger samples and longitudi-
nal data would be useful in order to progress in this
field.

To conclude, our results showed that plasmatic pro-
tein levels, transferrin saturation and iron levels were
inversely correlated with length of stay in patients admit-
ted to an acute psychiatric ward, having low iron levels
an association with greater length of stay. They suggest
that nutritional status might influence the course of psy-
chiatric admissions.

In acute psychiatric hospitalizations, the nutritional
assessment should include the study of different parame-
ters, such as cholesterol, albumin, lymphocyte count,
zinc, iron, prealbumin, transferrin, triglycerides,
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transferrin saturation, and BMI, which might allow the
identification of patients with a poor nutritional status in
which lifestyle interventions might be promoted with a
special focus.

Future studies will allow to elucidate the relationship
between nutritional status and other specific psychiatric
prognostic factors apart from length of stay, such as sui-
cidal behaviors, frequency of episodes or number of
admissions.
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Abstract

Background: Bipolar disorder (BD) is a chronic and recurrent disease character-
ized by acute mood episodes and periods of euthymia. The available literature pos-
tulates that a biphasic dysregulation of mitochondrial bioenergetics might
underpin the neurobiology of BD. However, most studies focused on inter-
subject differences rather than intra-subject variations between different mood
states. To test this hypothesis, in this preliminary proof-of-concept study, we
measured in vivo mitochondrial respiration in patients with BD during a mood
episode and investigated differences compared to healthy controls (HC) and to
the same patients upon clinical remission.

Methods: This longitudinal study recruited 20 patients with BD admitted to
our acute psychiatric ward with a manic (n = 15) or depressive (n = 5) episode,
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1 | INTRODUCTION

and 10 matched HC. We assessed manic and depressive symptoms using standard-
ized psychometric scales. Different mitochondrial oxygen consumption rates
(OCRs: Routine, Leak, electron transport chain [ETC], Rox) were assessed during
the acute episode (T0) and after clinical remission (T1) using high-resolution respi-
rometry at 37°C by polarographic oxygen sensors in a two-chamber Oxygraph-2k
system in one million of peripheral blood mononuclear cells (PMBC). Specific
OCRs were expressed as mean + SD in picomoles of oxygen per million cells. Sig-
nificant results were adjusted for age, sex, and body mass index.

Results: The longitudinal analysis showed a significant increase in the maxi-
mal oxygen consumption capacity (ETC) in clinical remission (25.7 + 16.7)
compared to the acute episodes (19.1 + 11.8, p = 0.025), and was observed sep-
arately for patients admitted with a manic episode (29.2 +18.9 in TI,
22.3 +11.9 in TO, p = 0.076), and at a trend-level for patients admitted with a
depressive episode (15.4 + 3.9 in T1 compared to 9.4 + 3.2 in TO, p = 0.107).
Compared to HC, significant differences were observed in ETC in patients with
a bipolar mood episode (H = 11.7; p = 0.003). Individuals with bipolar depres-
sion showed lower ETC than those with a manic episode (¢t = —3.7, p = 0.001).
Also, significant differences were observed in ETC rates between HC and bipo-
lar depression (Z = 1.000, p = 0.005).

Conclusions: Bioenergetic and mitochondrial dysregulation could be present
in both manic and depressive phases in BD and, importantly, they may restore
after clinical remission. These preliminary results suggest that mitochondrial
respiratory capacity could be a biomarker of illness activity and clinical
response in BD. Further studies with larger samples and similar approaches
are needed to confirm these results and identify potential biomarkers in differ-
ent phases of the disease.
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psychomotor slowing in depression, could be associ-
ated with a biphasic dysregulation of mitochondrial

Bipolar disorder (BD) is a chronic and recurrent disease
characterized by depressive and manic or hypomanic
mood episodes.””* Despite a proper treatment, patients
with BD can suffer long-term consequences, such as
reduced functionality, impaired quality of life and cogni-
tion, and medical comorbidities.>*

Different studies have been published pointing to the
role of mitochondrial function as a key element in the
pathogenesis and pathophysiology of BD.*® In fact,
Morris, Berk and colleagues proposed in 2017 a model in
which BD could be conceptualized as a biphasic disorder
of energy availability, which would be increased in mania
and decreased in depression.” The central hypothesis of
this model is that the biphasic symptoms of BD, such
as increased energy in mania and fatigue and

bioenergetics. Mitochondrial dysfunction might serve
as a state-dependent marker of the disorder, with
increased mitochondrial function being characteristic
of bipolar mania while decreased mitochondrial func-
tion being characteristic of bipolar depression.

In BD, decreases in mitochondrial respiration, high-
energy phosphates and pH, changes in mitochondrial
morphology and in mitochondrial DNA copy number,”'°
mitochondrial DNA polymorphisms, as well as downre-
gulation of nuclear mRNA molecules and proteins
involved in mitochondrial respiration have been
described.!! In addition, increases in lactate levels have
been identified in BD, which supports an altered mito-
chondrial oxidative phosphorylation that shifts the cellu-
lar bioenergetic system to anaerobic respiration.'?
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Indeed, increased lactate in major psychiatric disorders is
one of the oldest biomarkers of all psychiatric disorders,
first documented in 1934."

The presence of mutations in mitochondrial DNA
encoding mitochondrial complex subunits involved in
electron transport chain (ETC) has been described in BD,
as well as an increased complex I activity, decreased com-
plex II and IV activities,"*'* and changes at the mRNA
and protein levels. Results from microarray and real-time
quantitative polymerase chain reaction data revealed
decreased expression in BD patients of many mRNAs
coding for subunits of ETC complexes I-V.'*

There are also many potential indirect mediators of
mitochondrial function, such as oxidative stress and
proinflammatory cytokines, that have been found
increased in this disorder.*!®!” Indeed, inflammation
and oxidative stress are likely upstream drivers of
impaired mitochondrial biogenesis—for a review
please see Reference 18.

Finally, different studies have correlated BD with
metabolic disorders such as an increased body mass index
(BMI) and insulin resistance,'® and have postulated that dis-
ruptions in the molecular and cellular network regulating
energy expenditure and mitochondria-mediated functions
could be associated with “BD-related phenomena” and the
longitudinal progression typically associated with both the
primary psychiatric disorder, neuroprogression, and somatic
comorbidity, somatoprogression.'®!

Despite changes in activity and energy availability
observed in different stages of this disease, so far, the
assessment of mood episodes and treatment response is
based on clinical interviews and on the use of validated
questionnaires,”” and no biomarkers have been imple-
mented in clinical practice to support diagnostic and
therapeutic processes.?***

Even though mitochondrial changes have been
described in BD at different levels, the available studies
often compare this population with healthy controls
(HCs). Nevertheless, little evidence is available assessing
intra-individual differences in mitochondrial function
between different states of the illness, which is needed
given the state dependent inter-individual variability in
mitochondrial function. Over the last decade, different
studies have reported ETC dysfunction in BD. However,
in vivo cellular mitochondrial respiration has been
assessed in subjects with major depressive disorders®
and BD*>*” and compared it with mitochondrial respira-
tion in HC, but has not been studied in different phases
of BD. In addition, these studies have been conducted
with small samples.

Thus, considering the high variability in mitochondrial
function between different individuals and the diverse clini-
cal situations that patients with BD might present, there is
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Significant outcomes

« Acute episodes of bipolar disorder were associ-
ated with reduced maximum mitochondrial
respiratory capacity compared to euthymic
states in the same individuals.

« Maximum mitochondrial respiration was sig-
nificantly different between manic and depres-
sive patients during the acute episode and
healthy controls.

« Patients with manic episodes showed higher
mitochondrial oxygen consumption capacity
than subjects under a depressive episode.

Limitations

« The sample obtained in the study was limited
and did not include patients with mixed epi-
sodes or with a long course of illness.

« Only patients with severe acute mood episodes
of bipolar disorder requiring acute hospitaliza-
tion were included.

« The results obtained by mitochondrial respira-
tion analyses were not contrasted with other
methods aimed to assess mitochondrial function.

a need of evidence focusing on the identification of intra-
individual differences in different stages of the disease. The
hypothesis of this study was that there is a potential varia-
tion in mitochondrial respiration in acute states of the dis-
ease, with an increase in mitochondrial respiration in
mania and a decrease in depression compared to euthymic
states and HC. The exploration of in vivo mitochondrial
respiration might support previous findings regarding
mitochondrial function in BD and also allow to identify
potential differences in mitochondrial function between
patients and HC. Therefore, in this study, to deepen into
disease physiopathology and eventual biomarker or
therapeutic target identification, we explored differ-
ences: (1) intra-individually: longitudinally within
patients during an acute mood episode of BD and after
clinical remission, and (2) inter-individually: between
patients with BD on acute mood episodes and HC.

2 | MATERIALS AND METHODS

2.1 | Study design and population

The current work is part of a financed longitudinal
study (PI21/00169) aimed to assess intra-individual
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differences in bioenergetics and mitochondrial function
in patients with BD admitted to our acute psychiatric
ward during an acute episode (T0) and after clinical
remission (T1).

In the current study, we examined in vivo mitochon-
drial respiratory capacity in living cells of patients with
BD type I on acute manic and depressive episodes,
according to DSM-5 criteria,”® admitted to our acute psy-
chiatric unit. Patients were assessed at two times, during
the acute episode (T0) and after symptomatic remission
(T1), defined as standardized clinical scores <7 at YMRS
or HDRS (i.e., symptoms absent or nearly absent),”
before hospital discharge. A course of disease shorter
than 10 years was necessary for patient recruitment.
Patients or HC with intellectual quotient lower than
80, with substance use disorders other than cannabis,
and with any cardiac, auto-immune, inflammatory illness
or with an acute infectious illness were excluded from
this study, as well as those with known history of familial
mitochondrial disease. In the control group, only partici-
pants with no family history of BD or personal psychiat-
ric history were recruited. All patients were recruited by
assistant and researcher psychiatrists (IP and AGP) after
their admission in our acute unit. Matched HC were
recruited by the same staff.

The capacity to provide informed consent was assessed
before entering the study and re-assessed after remission.
We also recruited HC, based on the same exclusion criteria.
This study was approved by the Hospital Clinic Research
Ethics Committee (protocol code: HCB/2021/0358).

2.2 | Sociodemographic and clinical
variables
Relevant sociodemographic and clinical variables

(i.e., current and previous diagnosis, years of illness, psy-
chiatric and medical comorbidities) were obtained. Dur-
ing the initial interview, manic and depressive symptoms
were assessed respectively using standardized psychometric
scales: the Young Mania Rating Scale (YMRS)**>*" and the
17-item Hamilton Depression Rating Scale (HDRS).**** In
addition, Functioning Assessment Short Test (FAST),**
Clinical Global Impression Scale — Severity (CGI-S),*
International Physical Activity Questionnaire (IPAQ)*® and
a 17-score scale aimed to measure adherence to Mediterra-
nean Diet (PREDIMED-17)’’ were administered. Lastly,
Fagerstrom™® and Alcohol Use Disorders Identification Test
(AUDIT)* scales scores were also obtained at TO. After
clinical remission (T1), HDRS, YMRS, FAST, IPAQ, CGI-S
and CGI-Improvement (CGI-I) scales were administered.
Clinical variables were assessed at TO and T1.

2.3 | Sample processing and
mitochondrial respiration

In patients, different mitochondrial oxygen consumption
rates (OCRs) were assessed at TO and T1, right after the
extraction of peripheral blood mononuclear cells
(PBMCs) obtained by a Ficoll density gradient centrifuga-
tion procedure. In HC, this procedure was conducted
once. To determine PBMCs' OCRs at TO and T1, a million
of living cells resuspended in PBS1x were used. Patients
and HC were fasted at the time of the blood extraction,
which was conducted at 8.30-9 a.m. and was consis-
tent in all participants. Sample processing was con-
ducted right after the sample extraction and took
around two and a half hours to isolate PBMCs, which
were then used to assess mitochondrial respiration.
High-resolution respirometry was immediately per-
formed in fresh cells at 37°C by polarographic oxygen
sensors in a two-chamber Oxygraph-2k system accord-
ing to manufacturer's instructions (OROBOROS
Instruments, Innsbruck, Austria). Specific OCRs were
obtained (Routine: basal oxygen consumption with no
exogenous substrates; Leak: oxygen consumption not
coupled to ATP synthesis; ETC: maximal capacity of
the ETC; and Rox: oxygen consumption not linked to
PBMCs' mitochondrial activity). Routine, Leak and
ETC OCRs were registered by subtracting the rates
from Rox as it is considered unspecific and non-
mitochondrial oxygen consumption. Manual injection
of inhibitors and uncouplers was performed using
Hamilton syringes (Hamilton Company, Reno, NV,
USA). Thus, measurement of OCR was done at baseline
(Routine) and after sequential injections of: (1) oligomy-
cin (1.5 mM), an ATP synthase inhibitor, (2) carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) (1 mM), a
mitochondrial uncoupler, and (3-4) rotenone (2 mM)
and antimycin A (0.2 mM), which are complex I and
complex III inhibitors, respectively.

Oxygen uptake was calculated per million cells.
Results are expressed as picomoles of oxygen per million
cells (pmol O,/million).

2.4 | Statistical analysis

Statistical analyses were computed with “IBM SPSS Sta-
tistics 25” (IBM SPSS Statistics for Windows, Version
25.0. Armonk, NY: IBM Corp.), GraphPad Prism and R Sta-
tistics. The normality of clinical and experimental parame-
ters was assessed using the Kolmogorov-Smirnov test.
Results from quantitative variables were expressed as mean
and standard deviation (SD) or median and interquartile
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range (IQR). Results from categorical variables were shown
as frequencies (number and percentage).

T-test, Mann Whitney U and Kruskal Wallis tests
were used for mean comparisons between groups, using
T-tests for data that were normally distributed. Chi-
square tests were used for the comparison of categorical
variables, and Fisher exact tests were performed when
the expected cells were lower than five. For intra-subjects'
comparisons, paired T-tests and Wilcoxon matched-pairs
signed rank tests were used. Subsequently, significant
results were controlled for age, sex and BMI with an
ANCOVA analysis. A linear mixed regression was per-
formed with the turkey method for multiple comparisons
in order to report intra- and inter-individual variability
and also the effect of time, group and time and group,
controlled for the smoking status. All statistical analyses
were performed by the use of a confidence interval of
95%, and statistical significance was set at p < 0.05.

3 | RESULTS

3.1 | Characteristics of the sample

A total of 20 subjects with BD during acute mood epi-
sodes (15 manic, 5 depressed) admitted to an acute psy-
chiatric ward were recruited and included in the analysis
at admission (T0) and after symptomatic remission (T1).
Sociodemographic and clinical characteristics of patients
are detailed in Table 1. In addition, mitochondrial respi-
ration was assessed in 10 HC. Scales scores of patients
with BD at baseline (T0) and after remission (T1) are
detailed in Table 2.

Among HC, the mean age was 29.5 + 3.5 and there
were 50% females, which did not differ significantly from
the patients’ cohort.

Compared to patients admitted with a manic episode,
patients with a depressive episode had a higher mean age
than those with a manic episode (37.2 vs. 27.0 years;
t = —2.3, p = 0.034), higher duration of affective illness
(Z=-3.3, p<0.01), and higher number of previous
depressive episodes (Z = —3.6, p < 0.001). Accordingly,
depressive patients were more likely to be already attend-
ing a psychiatric outpatient unit at the time of their
admission (100% vs. 26.7%; F = 8.1, p < 0.01) and were
less likely to have psychotic symptoms (20% vs. 93.3%;
F =10.8, p < 0.01). Only six manic patients discontinued
pharmacological treatment before hospitalization (40%),
but none from the depressive group.

The mean YMRS score for patients with manic epi-
sodes was 24.6 +9.9 at TO, with a reduction to 3.7
+ 2.7 at T1 (Z = —3.4, p = 0.001). The mean HDRS score

for patients with bipolar depression was 18.0 + 9.4 at TO,
with a reduction to 5.2 + 2.0 at T1 (Z = —1.8, p = 0.068).
After clinical remission (T1), median FAST total score
was higher in bipolar depression (Z = 6.5, p < 0.01), and
median IPAQ total score was higher in mania
(Z =23, p < 0.05).

3.2 | Intra-individual comparisons in
mitochondrial respiration between acute
episodes of BD and euthymia

Except for ETC, the specific oxygen uptake rates (Routine,
Leak, Rox) did not follow a normal distribution.

Intra-subject longitudinal comparisons between acute
mood episodes (T0) and clinical remission (T1) for the
overall patients’ sample are shown in Figure 1. A signifi-
cant increase in the maximal oxygen consumption capac-
ity (ETC) was observed in T1 (25.7 + 16.7) compared to
TO (19.1 + 11.8, p = 0.025). Routine and Leak OCRs did
not show significant changes between both phases,
despite they reproduced similar trends than ETC state
(higher in T1).

Specific differences between TO and T1 for manic and
depressive patients are represented in Figure 2. Manic
patients showed a tendency to increase their maximal
respiratory capacity (ETC) after clinical remission
(22.3 + 11.9 vs. 29.2 + 18.9, p = 0.076).

Patients admitted with a depressive episode also showed
higher ETC means in T1 (154 + 3.9) compared to TO
(9.4 + 3.2), with non-significant differences (p = 0.107).
Results from the pairwise analysis for multiple comparisons
reporting estimated intra-individual mean differences
between TO and T1 among the overall patients' sample,
manic and depressive groups are represented in Table 3.

3.3 | Inter-individual comparisons in
mitochondrial respiration between HC and
acute episodes of BD

Inter-subject comparisons of mitochondrial respiration
are shown in Figure 3. When HC were compared with
the overall patients at admission, no significant differ-
ences were found in Routine (5.91 + 1.34 vs. 8.49 + 8.28
respectively; Z = —0.09, p = 0.948), Leak (1.06 + 0.47
vs. 0.84 + 1.82 respectively; Z = —0.13, p =0.914) or
ETC (16.36 + 3.68 vs. 19.09 + 11.84 respectively; t = —0.94,
p = 0.355). However, when HC, manic and depressive
patients at TO were compared, significant differences were
observed in ETC (H = 11.7; p = 0.003). Age, sex, and BMI
did not influence the previous results.
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TABLE 1 Socio-demographic and clinical characteristics of the sample.
Mania Depression Healthy controls  Test; p-value
n = 15 (50%) n =5 (16.7%) n =10 (33.3%) n=30
Sex, n females (%) 9 (60.0) 3(60.0) 5(50.0) F=0.3;p=0.873
Age, mean (SD) 27.0 (6.9) 37.2 (13.0) 29.5 (3.5) F = 3.6; p = 0.041*
BMI (T0), mean (SD) 224 (3.2) 23.9 (2.4) 22.4(1.7) F=0.7;p =0.520
Abdominal circumference (T0), mean cm 82.5(9.5) 88.0(9.2) 80.0 (10.1) F=12;p=0.332
(SD)
Number of total previous episodes, mean 1.3(1.3) 5.0 (3.5) 0.0 (0.0) F = 26.4; p = 0.000%*
(SD)
Months from onset of first affective 16.0 (0.0-72.0) 148.0 (132.0-246.0) — U = —3.3; p = 0.001**
episode, median (IQR)
Age of onset of BD, median (IQR) 24.0 (21.0-30.0) 21.0 (19.0-40.0) — U =0.0; p =0.965
Age at first hospitalization, median (IQR) 22.0 (20.0-30.0) 21.0 (16.5-40.0) — U= -04;p=0.661
Number of previous psychiatric 1.0 (0.0-2.0) 1.0 (0.5-4.0) — U=-12;p=0.216
hospitalizations, median (IQR)
Number of previous manic 0.0 (0.0-1.0) 1.0 (0.0-3.5) — U=-12;p=0.216
episodes, median (IQR)
Number of previous depressive 0.0 (0.0-0.0) 0.0 (0.0-3.0) — U = —3.6; p = 0.000**
episodes, median (IQR)
Previous psychiatric diagnosis, n (%) 11 (73.3) 5 (100) 0(0) F = 18.2; p = 0.000**
Current psychiatric follow-up, n (%) 4(26.7) 5(100) 0(0) F =16.0; p = 0.000**
Life stressor, n (%) 5(33.3) 3 (60.0) 0 (0) F=6.8; p=0.033*
Psychotic symptoms, n (%) 14 (93.3) 1 (20.0) — F =10.8; p = 0.005**
Delusions, n (%) 13 (86.7) 1 (20.0) — F=179; p=0.014*
Hallucinations, n (%) 6 (40.0) 0(0.0) — F=29;p=0.260
Cannabis use, n (%) 6 (40.0) 0 (0.0) 0(0.0) F=175;p=0.024
Somatic illness, 7 (%) 2(13.3) 1 (20.0) 2(20.0) F=0.2;p=0.887
Family psychiatric history, n (%) 9 (60.0) 4 (80.0) 2 (20.0) F =6.0; p=0.050
Family history of BD, n (%) 5(33.3) 2 (40.0) 0(0.0) F=47;p=0.097
Treatment discontinuation, n (%) 6 (40.0) 0 (0.0) — F =5.8; p=0.031*%
Living alone, n (%) 1(6.7) 1 (20.0) 1(10.0) F=0.7; p = 0.690
Working activity, n (%) 6 (40.0) 3 (60.0) 10 (100) F =9.3; p = 0.009**
Pharmacological treatment
Lithium, n (%) 13 (86.7) 4(80.0) — F=0.1;p = 0.601
Anticonvulsants, n (%) 1(6.7%) 3 (60.0) — F=6.7;p =0.032
Second-generation AP, n (%) 15 (100) 5(100) — —
Antidepressants, n (%) 0(0.0) 0(0.0) — —
Benzodiazepines, n (%) 8 (53.3) 5(100) — F=3.6;p=0.083

Abbreviations: AP, antipsychotics; BD, bipolar disorder; BMI, body mass index; IQR, interquartile range; SD, standard deviation.

*p < 0.05.%*p < 0.01.

When manic and depressive patients were compared
between them at TO, those with bipolar depression
showed lower ETC rates (9.4 + 3.2) than those with a
manic episode (22.3 +£11.9; t=-3.7; p=0.001)
(Figure 4). No significant differences were observed in

Routine or Leak between mania and bipolar depression.
Again, age, sex and BMI did not influence the previous
results. Main effects of group, time and interaction of
group and time corrected for the smoking status are
represented in Table 4.
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Scales scores of the sample at baseline (T0) and endpoint (T1).

TABLE 2

Test; p-value, n = 20

Depressive, n = 5 (25%)

Manic, n = 15 (75%)

T1

TO

T1

TO

T1

TO

2.3; p = 0.034*
—4.1; p = 0.001**

6.5; p = 0.007**
25.5; p = 0.306

t

3.6; p = 0.022*
—4.8; p = 0.000**

—1.6;p = 0.116

t

5.2 (2.0)

0.4 (0.9)
33.0 (16.5-45.5)

18.0 (9.4)

2.3(2.6)

2.7(2.3)
24.6 (9.9)

HDRS total score, mean (SD)
YMRS total score, mean (SD)

t

Z
V4
Z

t=

2.6 (4.3)
40.0 (22.0-56.0)

3.7 (2.7)

7=

3.0 (0.0-14.0)
2.0 (2.0-3.0)
1173.0 (582.0-2199.0)

17.0 (2.0-40.0)

FAST total score, median (IQR)
CGI-S score, median (IQR)

Z=—04;p = 0.683
Z=—14;p=0.150

3.0 (2.0-4.0)

506.5 (41.25-757.5)

5.0 (4.0-6.0)
462.0 (231.0-1039.0)

5.0 (4.0-6.0)
1206.2 (466.5-3252.0)

2.3; p = 0.019*

IPAQ total score, median (IQR)

—1.9;p = 0.330

Z = —-1.6;p =0.112
Z = —1.7; p = 0.082

t

7.8 (0.8)

9.0 (2.6)

PREDIMED-17 total score, mean (SD)

3.0 (0.0-6.0)
0.0 (0.0-2.0)

0.0 (0.0-2.0)
2.0 (1.0-5.0)

Fagerstrom total score, median (IQR)

AUDIT total score, median (IQR)
CGI-I total score, median (IQR)

Z=—0.6;p = 0.612

2.0 (1.0-2.0)

1.0 (1.0-2.0)

Abbreviations: AUDIT, Alcohol Use Disorders Identification Test; CGI-I, Clinical Global Impression Scale - Improvement; CGI-S, Clinical Global Impression Scale — Severity; FAST, Functioning Assessment Short

Test; HDRS, 17-item Hamilton Depression Rating Scale; IPAQ, International Physical Activity Questionnaire; IQR, interquartile range; PREDIMED-17, 17-score scale aimed to measure adherence to Mediterranean

Diet; SD, standard deviation.

*p < 0.05.p < 0.01.
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When HC were compared to each patients' subgroup,
significant differences were observed in ETC rates when
they were compared with bipolar depression (Z = 1.000;
p = 0.005). No other differences were found between
controls and manic or depressive patients.

Differences in ETC according to the major medication
classes (antidepressants, second-generation antipsy-
chotics, lithium, anticonvulsants and benzodiazepines)
were explored, including all participants. No significant dif-
ferences were found with antipsychotics (t = —0.942,
p = 0.355), benzodiazepines (¢t = —0.835, p = 0.418),
lithium (¢t = —0.429, p =0.671), or anticonvulsants
(t=0.083, p =0.935). No participants were treated
with antidepressants.

3.4 | Mitochondrial respiration and
HDRS and YMRS items

Mitochondrial respiration was assessed at TO and T1
according to specific scales items:

i. For HDRS: items 4 (early insomnia), 5 (middle
insomnia), 6 (late insomnia), 7 (work and activities)
and 8 (psychomotor retardation);

ii. For YMRS: items 2 (increased motor activity or
energy), 4 (sleep), 7 (language/thought disorder).

The correlation analyses between scales items and
specific OCRs showed that items 7 and 8 of HDRS
were negatively correlated with ETC markers at TO
(Rho = —0.612, p =0.004; Rho = —0.587, p = 0.007,
respectively), and item 6 with Leak at TO (Rho = —0.471,
p = 0.036). YMRS item 2 was directly correlated with
ETC at TO (Rho = 0.456, p = 0.043). At T1, HDRS item
6 and also YMRS items 2 and 7 were directly correlated
with ETC (Rho=0.548, p =0.012; Rho =0.477,
p = 0.033; Rho = 0.477, p = 0.033, respectively). YMRS
item 2 was also correlated with Leak at T1 (Rho = 0.629,
p = 0.003).

Since HDRS insomnia items 4-6, and are scored from
0 to 2, we measured the association with OCRs according
to the absence (score 0) or the presence (scores 1 or 2) of
the symptom by the OCRs mean comparison between
both groups. None of them were associated with a differ-
ent mean at TO, but at T1 HDRS item 6 was associated
with higher ETC rates (39.06 + 21.42 vs. 21.31 + 12.83,
p = 0.036).

For the rest of items, a linear regression was performed,
which at TO showed a tendency for HDRS item 7 to be asso-
ciated with ETC (OR = —3.32, 95%CI -6.72 to 0.77,
p = 0.055), and a significant association with ETC at T1 with
YMRS item 2 (OR = 19.80, 95%CI 1.17-38.42, p = 0.038).
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DISCUSSION

Our results highlight that mitochondrial function might
be altered during mood states in BD (both mania and
depression), which might revert after clinical remission,
and that potential biomarkers that could be identified
during manic or depressive phases might not be found in
euthymia. Thus, these results suggest that mitochondrial
respiratory capacity could be a biomarker of illness activ-
ity and clinical response in BD. However, this is a proof-

Mitochondrial respiration in all patients
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FIGURE 1 Mitochondrial respiration in the overall patients'

sample. Filled circles represent acute phases (T0) and empty circles
euthymia (T1). Significant differences were observed between TO T1
in the maximal oxygen consumption capacity (electron transport
chain [ETC]) (p = 0.025).
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of-concept study with preliminary results that should be
confirmed by larger cohorts.

Our longitudinal results showed lower maximal ETC
oxygen consumption capacity in acute episodes of BD
compared with euthymia after boosting mitochondrial
respiration in living PBMC. Interestingly, the overall
patients’ cohort showed a significant improvement in
respiratory capacity from the acute phase to euthymia,
although the manic group showed a greater tendency
compared to the depressive sample. However, the statisti-
cal power might have been influenced by the limited
sample size, especially in bipolar depression. The signifi-
cant results obtained were not influenced by the smoking
status. These results should still be interpreted with cau-
tion, as they might evidence an ETC dysfunction and
thus an impaired aerobic respiration in both manic and
depressive episodes of BD, which could be a risk factor
for an increased anaerobic respiration and also oxidative
stress. Our findings also reveal a potential relationship
between energy and activity with maximum mitochon-
drial respiratory capacity; however, these data should be
interpreted with caution given the limited sample size
included. Further studies should elucidate whether, as
observed in our sample, late insomnia is associated with
enhanced mitochondrial respiratory capacity.

Our results did not show significant differences in
mitochondrial respiration according to the use of different
medication classes, including second-generation antipsy-
chotics, lithium, anticonvulsants and benzodiazepines.
Despite these findings suggest pharmacological treatment
might not influence mitochondrial function, some previous
evidence has reported an impact of different drugs, espe-
cially antipsychotics, in mitochondrial activity.">*' Hence,
future studies should address this relationship deeper.
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remission (T1) compared to acute mania (TO) (p = 0.076) (A). No significant differences were observed between TO and T1 in depressive

patients (p = 0.125) (B).
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patients, corrected for the smoking status.

Overall sample Mania
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Estimated mean intra-individual differences in oxygen consumption rates for the overall sample, manic, and depressive

Depression

TO0-T1 T0-T1

T0-T1

Estimated mean

Estimated mean

Estimated mean

OCR difference (CI 95%) p value difference (CI 95%) p value difference (CI 95%) p value
Routine —2.98 (—7.27-1.31) 0.1625 —3.65(—10.5-3.17) 0.450 —0.97 (—12.8-10.85) 0.996
Leak —0.39 (—1.73-0.96) 0.556 ~0.29 (—2.36-1.78) 0.978 —0.68 (—4.26-2.91) 0.950
ETC —6.66 (—12.4-[—0.91]) 0.0254* —6.86 (—16.1-2.33) 0.188 —6.04 (—22.0-9.89) 0.711

Abbreviations: ETC, electron transport chain; OCR, oxygen consumption rate.
*
‘p < 0.05.
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FIGURE 3 Mitochondrial respiration in healthy controls,

manic and depressive patients at admission (T0). Significant
differences were observed in electron transport chain (ETC)
between the three groups (p = 0.003).

Lastly, differences derived from the use of antidepressants
could not be ruled out due to the lack of participants receiv-
ing these medications.

Patients and HC were assessed in the same conditions
regarding fasting status, time of the day, sample proces-
sing and experimental procedures performed in order to
ensure the comparability of the results obtained. Com-
parisons between acute phases and HC revealed signifi-
cant differences in ETC rates, mainly due to a reduced
maximum OCR in bipolar depression compared to the
other groups. Previous studies have similarly reported
reduced mitochondrial respiratory capacity in major
depressive disorder.”> These findings need to be further
studied and corroborated. However, considering inter-
individual variability in mitochondrial function, our
results may be interpreted as an improvement in mito-
chondrial respiratory capacity after achieving symptom-
atic remission, which should be explained by a
potentially normalized mitochondrial function in clinical
stability if it is confirmed in future analyses.

Previous research supports the presence of mitochon-
drial dysfunction in patients with BD. To the authors'

knowledge, this is the first study reporting intra-subject
longitudinal differences between acute states and clinical
remission. In addition, this study examines in vivo PBMC
oxygen consumption capacity right after blood extraction
and processing. Other studies assessing mitochondrial
OCRs in mood disorders have been conducted with smal-
ler samples.***’

The available evidence in the literature is limited by
the comparison of patients with BD with HC, the absence
of an acute mood episode at the moment of study, and the
lack of studies comparing intra-subject OCRs. This is added
to the fact that in vivo mitochondrial respiratory capacity
has been assessed in smaller cohorts. Moreover, given that
mitochondrial function can be assessed at different levels,
the methods used in previous evidence to establish the pres-
ence of mitochondrial dysfunction differ highly.

In summary, our results suggest that in vivo ETC oxy-
gen consumption capacity may be impaired in acute
states of BD compared to clinical remission, even
though maximum OCR might not differ substantially
from HC. Mitochondrial respiratory capacity might be
a state-dependent marker that could be used in the
assessment of clinical response in both depressive and
manic episodes.

This overarching project aims to assess, in a larger
sample, additional mitochondrial markers, such as mito-
chondrial DNA content in plasma and PBMC and enzy-
matic activities of the mitochondrial ETC. This will
facilitate the correlation of mitochondrial respiration
with other mitochondrial parameters and thus the identi-
fication of feasible biomarkers of mitochondrial dysfunc-
tion that might me associated with clinical severity. This
might allow the design of future interventional studies
targeting mitochondrial function at specific levels.

Our study comes with some strengths and some limi-
tations. A major strength is the cohort, longitudinal
design,42 which, however, is one of the reasons for the
first limitation, the small sample size. Moreover, this
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patients during the acute episode (T0) and after clinical remission
(T1). Routine, leak, and electron transport chain (ETC) rates are
represented for both groups after Rox deduction. At T0, individuals
with bipolar depression showed lower ETC rates than those with a
manic episode (p = 0.001), which were not significant at T1

(p = 0.074).

study included patients who were admitted to an acute
psychiatric unit with a short course of disease during
high severity acute mood episode requiring admission to
an acute psychiatric unit (usually involuntary due to lack
of insight), thus guaranteeing the presence of severe
mood symptoms and a substantial reduction after remis-
sion; as such, the sample obtained is limited and did not
include patients with mixed episodes or with a long
course of illness. However, compared to previous studies,
the sample obtained was larger, and the study design

Main effects of group, time, and interaction of group and time corrected for the smoking status.

TABLE 4

Effect

Depression

Mania

TO T1 Time Group Group X time

T1

TO

p value

F

p value

F

p value

F

Mean (CI 95%) Mean (CI 95%)

Mean (CI 95%)

Mean (CI 95%)

OCR

0.585

0.31
0.07
0.02

0.090

3.24
3.12

0.351

0.92
0.43
3.93

4.68 (—4.02-13.4)
0.43 (—1.39-2.26)

14.89 (2.29-27.5)

3.72 (—4.98-12.40)
—0.24 (—2.07-1.58)

14.02 (8.65-19.40)

10.37 (4.99-15.70)

Routine
Leak
ETC

0.086 0.793

0.514

1.59 (0.49-2.70)

1.30 (0.20-2.41)
23.62 (15.82-31.4)

0.900

0.033*

5.37

0.063

8.85 (—3.75-21.5)

30.48 (22.68-38.30)

Abbreviations: ETC, electron transport chain; OCR, oxygen consumption rate.

*p < 0.05.
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allowed to perform intra-individual comparisons between
two different clinical states. Patients’ recruitment and the
first mitochondrial respiration assessment were con-
ducted during a severe mood episode, at their admission
to our acute unit. In addition, the novel method of
obtaining in vivo ETC oxygen consumption capacity with
a respirometer differs from most previous evidence that
used different methods to address the study of mitochon-
drial function. The current method allows to assess mito-
chondrial respiration in fresh, right after the blood
extraction, and then requires a link between the inpatient
unit and a specialized laboratory. On the other hand, the
specific method used to assess mitochondrial respiration
in this study was not contrasted with different analyses
aimed to measure mitochondrial function in patients
with BD. This limits comparability of our study with pre-
vious research and also hinders the capacity to reach a
conclusion regarding the presence of mitochondrial dys-
function in patients during an acute phase, which should
be addressed with further specific analyses. Even though
the inpatient unit ensures a lower variability in different
environmental conditions, since illicit substances and
tobacco are strictly forbidden, caffeine consumption is
not allowed and a balanced diet is provided in all cases,
other factors, such as pharmacological treatments and
other individual characteristics might influence ETC res-
piration. The effects of treatment cannot be discounted,*
especially as agents like antipsychotics, which are com-
monly used in mania, have significant effects on mito-
chondrial functioning and generally  suppress
mitochondrial biogenesis.***> Some of these variables
(i.e., age, sex) were controlled for. On the other hand, the
possibility of obtaining our results at two different times
in the same patients during their admission in the acute
psychiatric unit allows to reduce potential confusion fac-
tors. Also, this research included patients with severe
mood episodes that needed an acute admission and who
later reached remission, which provides results from two
highly different states. Another strength of this study is
the fact that laboratory measurements were performed at
the same time as the clinical evaluation, since the experi-
ment used requires the assessment of ETC respiratory
capacity from living cells right after the blood centrifuga-
tion procedure.

Future studies with similar designs and larger sam-
ples, including medication-free participants, would be
useful in order to progress in this field, contribute to the
correlation of different mitochondrial dysfunction param-
eters and identify state-dependent biomarkers that may
in the future open new opportunities for individualized
interventions aimed to enhance mitochondrial function.

To conclude, patients with an acute episode of BD
showed significantly reduced maximum mitochondrial

respiratory capacity compared to those in euthymia. Peo-
ple with manic episodes showed higher levels of mito-
chondrial oxygen consumption than subjects under a
depressive episode, and also higher tendency to restore
respiratory capacity at clinical remission. These results
underscore the importance of performing intra-
individual assessments in the study of mitochondrial
function, which could serve as a state-dependent marker.
Further studies with similar designs are needed to fully
elucidate the relationship between impaired mitochon-
drial function and patients’ characteristics, and also to
identify potential biomarkers in different phases of the
disease. This could potentially be useful to increase the
knowledge around the role of specific interventions in
the treatment of acute episodes or in relapse preven-
tion in BD.
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during acute phases and after
clinical remission
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Health and Clinical Translation, School of Medicine, Deakin University, Geelong, VIC, Australia,
Centre for Youth Mental Health, Florey Institute for Neuroscience and Mental Health and the
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Background: Aerobic capacity has shown to predict physical and mental health-
related quality of life in bipolar disorder (BD). However, the correlation between
exercise respiratory capacity and mitochondrial function remains understudied.
We aimed to assess longitudinally intra-individual differences in these factors
during mood episodes and remission in BD.

Methods: This study included eight BD patients admitted to an acute psychiatric
unit. Incremental cardiopulmonary exercise test (CPET) was conducted during
acute episodes (T0), followed by constant work rate cycle ergometry (CWRCE) to
evaluate endurance time, oxygen uptake at peak exercise (VOzpea) and at the
anaerobic threshold. The second test was repeated during remission (T1).
Mitochondrial respiration rates were assessed at TO and T1 in peripheral blood
mononuclear cells.
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Results: Endurance time, VO,peak, and anaerobic threshold oxygen consumption
showed no significant variations between TO and T1. Basal oxygen consumption
at Tl tended to inversely correlate with maximal mitochondrial respiratory
capacity (r=-0.690, p=0.058), and VO,pea during exercise at T1 inversely
correlated with basal and minimum mitochondrial respiration (r=-0.810,
p=0.015; r=-0.786, p=0.021, respectively).

Conclusions: Our preliminary data showed that lower basal oxygen
consumption may be linked to greater mitochondrial respiratory capacity, and
maximum oxygen uptake during the exercise task was associated with lower
basal mitochondrial respiration, suggesting that lower oxygen requirements
could be associated with greater mitochondrial capacity. These findings should

be replicated in larger samples stratified for manic and depressive states.

KEYWORDS

bipolar disorder, mania, depression, aerobic capacity, endurance time,
mitochondrial respiration

Introduction

Bipolar disorder (BD) is a chronic and recurrent disease
characterized by depressive and manic or hypomanic mood
episodes alternated with periods of euthymia (1). It is associated
with reduced functionality and medical comorbidities (1), especially
metabolic disorders that impact physical and mental health
prognosis (2). Individuals with BD face an elevated risk of
premature cardiovascular-related death, attributed in part to a
reduced exercise capacity (3).

Exercise tolerance has been widely studied in somatic diseases.
Endurance time during constant work rate cycle ergometry (CWRCE),
known as the total time the individual maintains exercise at a constant
work rate, has been associated with patients’ experience of physical
functioning in daily life, and considered a useful efficacy endpoint in
clinical intervention trials (4). Poor aerobic endurance and muscle
strength are associated in mental illnesses, including BD, with impaired
physical function, increased risk of lifestyle-related diseases, and early
mortality (5). In BD, longer illness duration, higher body mass index
(BMI), higher levels of depression and lower physical activity levels
have been associated with lower physical fitness, emerging as an
eminent modifiable risk factor for somatic comorbidity (3).

Cardiorespiratory fitness, assessed through maximum oxygen
uptake (VOjpear), is considered a predictive measure for
cardiovascular disease and premature mortality, demonstrating
the potential of exercise to counteract compromised physical
health in BD (3).

Exercise-induced changes in mitochondrial function, crucial for
determining exercise capacity (6), have been explored in various
contexts but remain understudied in BD, despite suggestions of
mitochondrial dysfunction as a potential marker in the disorder’s
pathophysiology (7, 8).

Frontiers in Psychiatry

No biomarkers have yet been implemented in clinical practice
to support diagnostic and therapeutic processes. This study
addresses a gap in research by longitudinally assessing intra-
individual differences in aerobic capacity and mitochondrial
respiration during different mood states in BD patients. We
primarily hypothesized a positive correlation between aerobic
capacity and mitochondrial respiration in BD, and secondarily an
improvement in both after clinical remission compared to the acute
episode. Therefore, we aimed to study the association between
respiratory capacity during physical activity and mitochondrial
respiration, measured after the extraction of peripheral blood
mononuclear cells (PBMC), across the different states of the
illness, and also longitudinally determine differences in the
aerobic capacity and oxygen uptake between the acute mood
episodes and remission. Finally, we studied the association
between aerobic capacity with BMI and physical activity.

Methods
Study design and population

The current work, derived from a financed longitudinal study
(PI21/00169), aimed to assess intra-individual differences in oxygen
consumption, exercise capacity and mitochondrial function
longitudinally in patients with BD (9).

Adult inpatients admitted to our acute psychiatric unit with BD
type I with an acute manic or depressive episode, according to
DSM-5 criteria (10), were eligible for this study. Assessments
occurred during the acute episode (T0) and after symptomatic
remission (T1), defined as standardized clinical scores <7 at the
Young Mania Rating Scale (YMRS) (11) or the 17-item Hamilton
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Depression Rating Scale (HDRS) (12) (i.e. symptoms absent or
nearly absent), before hospital discharge. A disease course shorter
than ten years was necessary for patient recruitment. Patients with
intellectual quotient lower than 80, with substance use disorders
other than tobacco and cannabis, and with any cardiac, respiratory,
auto-immune, inflammatory illness or with an acute infectious
illness were excluded from this study, as well as those with
known history of familial mitochondrial disease.

The capacity to provide informed consent was assessed before
entering the study and re-assessed after remission. This study was
approved by the Hospital Clinic Research Ethics Committee (HCB/
2021/0358).

Clinical evaluation

Socio-demographic and clinical data were collected. Lung
function was assessed with forced spirometry and diffusing lung
capacity for carbon monoxide (DLCO), to exclude any respiratory
limitations (13). Manic and depressive symptoms were assessed
respectively using standardized psychometric scales: YMRS (11)
and HDRS (12). Functioning was assessed with Functioning
Assessment Short Test (FAST) (14), disease severity with Clinical
Global Impression Scale — Severity (CGI-S) (15), and physical
activity with International Physical Activity Questionnaire
(IPAQ) (16), and adherence to Mediterranean diet with a 17-
score scale (PREDIMED-17) (17). At T1, CGI-Improvement
(CGI-I) scale was obtained, and HDRS, YMRS, FAST, IPAQ,
CGI-S were re-administered. Clinical variables were assessed at
TO0 and T1.

Assessment of aerobic capacity

At TO, patients were evaluated with an incremental CPET, and
then with a CWRCE (18), both conducted on a cycle ergometer
(Lode Corival CEPT mod:960900, Groningen, The Netherlands).
During the CWRCE, patients performed the test at the 80% of the
peak work-load achieved in the incremental CPET. The CWRCE
was also conducted at T1.

In the CWRCE, endurance time in seconds, an indicator of
aerobic capacity (6), VO;peak and oxygen uptake at the anaerobic
threshold in L/min were measured. The last was obtained as an
expression of the exercise intensity indicating the transition from
mild to moderate exercise and from aerobic to anaerobic work
intensity. The association between the aerobic capacity with BMI
and physical activity was studied to assess the influence of non-
psychiatric factors, such as physical fitness and exercise routines, in
exercise performance.

Assessment of mitochondrial respiration

Mitochondrial oxygen consumption rates (OCRs) were assessed
at TO and T1, after the isolation of peripheral blood mononuclear
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cells (PBMC) obtained by a Ficoll density gradient centrifugation
procedure. To determine OCRs at TO and T1, a million living
PBMCs resuspended in PBS1x were used. High-resolution
respirometry was conducted in fresh cells at 37°C by
polarographic oxygen sensors in a two-chamber Oxygraph-2k
system (OROBOROS Instruments, Innsbruck, Austria). Specific
OCRs were obtained (Routine: basal oxygen consumption with no
exogenous substrates; Leak: oxygen consumption not coupled to
ATP synthesis; ETC: maximal capacity of the electron transport
chain; and Rox: oxygen consumption not linked to mitochondrial
activity). Routine, Leak and ETC OCRs were registered by
subtracting the rates from Rox as it is considered unspecific and
non-mitochondrial oxygen consumption. The following inhibitors
and uncouplers were manually injected: (i) oligomycin (1.5 mM),
an ATP synthase inhibitor, (ii) carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) (1 mM), a mitochondrial
uncoupler, and (iii-iv) rotenone (2 mM) and antimycin A
(0.2 mM), which are complex I and complex III
inhibitors, respectively.

Oxygen uptake was normalized per million cells. Results are
expressed as picomoles of oxygen per million cells (pmol
O,/million).

Statistical analysis

Statistical analyses were computed with TBM SPSS Statistics 25’
and GraphPad Prism. Quantitative variables were summarized as
median and interquartile range (IQR), and categorical variables as
frequencies. For intra-subjects’ comparisons, Wilcoxon matched-
pairs signed rank tests were used. Spearman test was used for
correlation analyses. Results were controlled for pharmacological
treatment. Statistical significance level was set at p<0.05.

Results

Table 1 outlines the key characteristics of the 8 participants (6
manic, 2 depressed) included.

Compared to patients with a manic episode, those with a
depressive episode presented higher HDRS total score at
admission (25.0 + 11.3 vs 4.0 + 2.7), with no major differences at
endpoint. As expected, those with a manic episode displayed higher
YMRS total score at admission compared to depressive patients
(23.5 £ 10.5 vs 1.5 * 2.1), which partially reduced at discharge
(4.8 +2.0 vs 0.0 = 0.0). In addition, relevant differences were found
between groups in FAST total score at admission (13.3 £ 8.5 in
mania vs 37.5 + 3.5 in depression) and after clinical remission
(6.0 + 7.1 in mania vs 29.5 £ 4.9 in depression), with no major
differences in CGI, IPAQ or PREDIMED-17 scales scores.

Spirometry was performed in all patients to assess resting
pulmonary capacity, which was within reference values in all cases.

Intra-subject longitudinal comparisons between acute mood
episodes (T0) and clinical remission (T1) for the overall patients’
sample are shown in Figure 1.

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1386286
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Giménez-Palomo et al.

TABLE 1 Socio-demographic and clinical characteristics of the sample.

\ETQIE] Depression

n = o,

6 (75%) n =2 (25%)
Sex, n females (%) 4 (66.7) 1 (50.0)
Age, mean (SD) 24.2 (4.4) 33.5(9.2)
BMI (T0), mean (SD) 21.0 (1.2) 22.7 (1.9)
Abdominal circumference (T0), mean
cm (SD) 76.7 (5.3) 92.0 (8.5)
Number of total previous episodes, 18 (12) 3521
mean (SD)
Months from onset of first affective episode,
mean (SD)* 483 (36.5) 192.0 (67.9)
Age of onset of BD, mean (SD) 22.2 (5.2) 30.5 (13.4)
Age at first hospitalization, mean (SD) 22.0 (4.5) 28.0 (17.0)
bospitons oo (D) 00y 2509
I;::;b(e; [()))f previous manic episodes, 05 (12) 10 (1.4)
i::;b(esrlg))f previous depressive episodes, 08 (10) 25 (07)
Previous psychiatric diagnosis, n (%) 4 (66.7) 2 (100)
Previous psychiatric medication, n (%) 3 (50.0) 2 (100)
Current psychiatric follow-up, n (%) 3 (50.0) 2 (100)
Life stressor, n (%) 2 (33.3) 0 (0.0)
Psychotic symptoms, n (%) 5(83.3) 0 (0.0)
Delusions, n (%) 4 (66.7) 0 (0.0)
Hallucinations, n (%) 2 (33.3) 0 (0.0)
Previous suicide attempt, n (%) 1(16.7) 1 (50.0)
Cannabis use, n (%) 4 (66.7) 0 (0.0)
Somatic illness, n (%) 1(16.7) 0 (0.0)
Family psychiatric history, n (%) 4 (66.7) 2 (100)
Family history of BD, n (%) 1(16.7) 1 (50.0)
Treatment discontinuation, n (%) 2 (33.3) 0 (0.0)
Living alone, n (%) 1(16.7) 1 (50.0)
Higher education, n (%) 1(16.7) 2 (100)
Working activity, n (%) 3 (50.0) 2 (100)

SD, standard deviation; BD, bipolar disorder. *Significant at p<0.05.

No significant differences between T0 and T1 were found in the
endurance (p=0.779), VOypeak, (p=0.779) or oxygen consumption at
the anaerobic threshold (p=0.726).

All patients included had normal weight (median: 21.20 kg/m?,
IQR: 20.39-22.61). However, patients’ BMI tended to be directly
correlated with endurance time at T1 (r=0.667, p=0.071). IPAQ
total score at TO was associated with more prolonged endurance
time (r=0.905, p=0.005).
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Despite mitochondrial respiratory capacity showed a tendency
to increase at T1 compared to TO, differences in the different OCRs
were not significant.

Endurance time at TO or T1 did not show any association with
mitochondrial respiratory capacity. Likewise, at TO, no relevant
correlations were observed between oxygen uptake during the effort
test and mitochondrial oxygen consumption. Nevertheless, at T1,
basal oxygen consumption (before starting CWRCE) tended to be
inversely correlated with maximum mitochondrial respiratory
capacity (ETC) (r=-0.690, p=0.058). In addition, VO,pcak at T1
was inversely correlated with Routine (r=-0.810, p=0.015) and Leak
(r=-0.786, p=0.021) OCRs.

Discussion

In this preliminary study, no significant differences were found
in aerobic capacity, including endurance time, VO,pq OF oxygen
consumption at the anaerobic threshold during CWRCE, or
mitochondrial respiration between severe acute mood states and
after clinical remission, although the second showed a tendency to
increase in clinical remission compared to the acute states, which is
supported by recent results from our group (9). An inverse
association was noted between basal oxygen consumption and
maximum mitochondrial respiratory capacity after remission,
suggesting individuals with increased mitochondrial capacity
might have lower basal oxygen requirements and higher
mitochondrial efficiency, which should be confirmed in
larger samples.

In addition, the maximum oxygen uptake during CWRCE at
clinical remission was inversely correlated with basal mitochondrial
respiration, suggesting physical fitter individuals may exhibit lower
resting mitochondrial oxygen requirements. Our results suggest an
association between an electron transport chain dysfunction and an
impaired aerobic respiration, which could be a risk factor for
an increased anaerobic respiration and oxidative stress.

Higher BMI tended to be correlated with longer endurance time
after clinical remission, hinting a better physical fitness in this
cohort. Also, IPAQ total score was associated with more prolonged
endurance time during the acute state, revealing a stronger
association of endurance capacity with physical fitness rather than
with the severity of the acute episode.

To the authors” knowledge, this is the first study reporting intra-
subject longitudinal differences in BD between acute states and
clinical remission and aiming to find a potential association
between oxygen consumption capacity during an effort test and
mitochondrial respiration. Other studies assessing mitochondrial
OCRs in mood disorders have been conducted with smaller samples
(19, 20).

The study strengths include intra-individual comparisons
between clinical states in patients with short course of illness and
severe episodes, larger samples compared to previous studies, and in
vivo mitochondrial respiratory capacity assessment. Also,
laboratory measurements were performed at the same time as the
clinical evaluation and the effort tests in the cycle ergometer were
obtained. Limitations include the small sample size, explained by
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FIGURE 1

Intra-subject comparisons in endurance time, peak oxygen uptake and oxygen uptake at the anaerobic threshold between the acute state (TO) and
clinical remission (T1) for the overall sample (A), for manic patients (B) and for depressive patients (C) in the constant work rate cycle ergometry. s,

seconds; L, liters

the severity of mood episodes, which hindered recruitment. The
small sample size did not allow differentiation from participants at
index mania and index depression, which might be expected to
differ. Finally, even though the inpatient unit ensures a lower
variability in different environmental conditions, since illicit
substances and tobacco are strictly forbidden, and a balanced diet
is provided in all cases, other factors, such as some individual
characteristics, might have influenced mitochondrial respiration.
In conclusion, our results suggest that impaired mitochondrial
oxygen consumption capacity may be reflected by exercise
performance, and that physical fitness might predict a better
exercise performance over the illness’ state, whereas mitochondrial
respiratory capacity might increase in clinical remission compared to
the acute states. Further studies should elucidate aerobic exercise
could enhance mitochondrial respiratory capacity, whether this could
be used as a state-dependent marker in the assessment of clinical
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response, and if the enhancement of physical activity might be a
potential strategy to prevent not only metabolic comorbidities, but
also mitochondrial dysfunction, which might pave the way for
personalized interventions in BD.
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Abstract

Background: Pharmacological treatments, lifestyle habits and the mental illness by itself
entail a higher risk for a poorer nutritional status in bipolar disorder (BD). This study
aims to determine the impact of metabolic and nutritional parameters on the course of

illness.

Methods: Adult patients admitted to the Hospital Clinic of Barcelona acute unit with a
manic episode from 2015 to 2019 were included in this longitudinal study.
Sociodemographic, clinical, nutritional and metabolic variables and prognostic factors at
three years were collected. A random forest model was used to determine predictors of

readmission and malnutrition.

Results: Readmission was seen in 36.2% of the 279 individuals included. LDL
cholesterol levels were associated with the number of readmissions (p=0.005). LDL
cholesterol and leucocyte count were associated with the number of emergency visits
(p=0.003 and p=0.007, respectively), as well as the LDL/HDL ratio and the atherogenic
coefficient (p=0.015 and p=0.048, respectively). Higher LDL cholesterol levels, BMI and
leucocyte count were associated with shorter time to readmission (p=0.025, p=0.019 and
p=0.036, respectively), and also lower fasting glucose levels (p=0.031). The machine
learning model showed a strong predicting value for malnutrition, which was lower for

readmission.

Conclusions: Our results suggest that BMI, LDL cholesterol and leucocyte count, but not
malnutrition risk, might influence the psychiatric prognosis. The machine learning
algorithm demonstrated a high potential for predicting malnutrition. These findings might
allow the identification of profiles of patients who could benefit from lifestyle

interventions.

Keywords: bipolar disorder, malnutrition, nutritional status, body mass index, manic

episode, readmission; machine learning.

Word count: 4419 words.
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Introduction

Bipolar disorder (BD) is a chronic and recurrent illness characterized by the presence of
depressive, manic, hypomanic or mixed episodes alternated with periods of euthymia
(1,2). Even when receiving proper treatment, patients with BD can suffer long-term
consequences, such as reduced functionality, impaired quality of life or cognition, or

medical comorbidities (2).

In severe mental illnesses, physical health is often compromised, with an increased
prevalence of cardiovascular diseases and a reduced life expectancy compared to the
general population (301-303). Patients with BD are considered at high risk to present
metabolic and other somatic conditions, and these have been associated with an impaired
course of the psychiatric illness (111). Higher mean body mass index (BMI) and waist
circumference have been described in BD population compared to healthy controls
(304,305). Other evidence has shown higher levels of cardiometabolic risk indicators in
patients with BD compared to controls, including waist-to-hip ratio, BMI and non-HDL
cholesterol (306). The atherogenic coefficient, measured as non-HDL cholesterol/HDL
cholesterol, has also been seen increased in patients with BD compared to healthy controls
(307). Some medications, such as second-generation antipsychotics, have also been
associated with higher total cholesterol and triglycerides levels, weight gain and increased

fasting glucose (308,309).

On the other hand, hospital malnutrition is a prevalent problem that affects up to 50% of
both medical and surgical patients (76,77), defined as a state resulting from lack of intake
or uptake of nutrients that leads to altered body composition, such as decreased fat free
mass, and body cell mass leading to diminished physical and mental function and,
eventually, impaired clinical outcomes (73). Some studies have reported that malnutrition
at admission can increase patient’s morbidity and mortality as well as healthcare expenses
(76-79). People with severe mental illnesses are often in poor physical health, which

increases risk of malnutrition and impacts mortality rates and life expectancy (310).

Some of the available literature aimed at the assessment of nutritional status in patients
with different somatic illnesses uses the controlling nutritional status (CONUT) score,

which considers the total lymphocyte count, serum albumin, and total cholesterol levels.
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This tool has shown a relationship with medical prognosis in different tumors,
hematological malignancies and heart diseases (311-314). Notwithstanding, these studies
often exclude psychiatric patients (78,79,315,316) and, with the exception of population
with eating disorders (317), evidence regarding the implications of nutritional status in
somatic or psychiatric clinical outcomes in patients with mental illnesses is limited (318).
In addition, despite cannabis use has shown appetite-stimulating effects (319), its impact

on nutritional status is still unknown.

The acknowledgment of patients’ nutritional status in BD might help elucidate its
relationship with different factors, such as the illness by itself, lifestyle habits,
pharmacological treatments and medical and psychiatric prognosis. As an example,
during depressive episodes, patients with BD can present reduced appetite and weight
loss (302), which can be added to a limited availability of healthy food, inadequate social
support, a low socio-economic status among others which could in turn affect their

prognosis (320,321).

Previous evidence has shown that metabolic syndrome and related components are
associated with worse psychiatric outcomes, including a chronic course of illness, rapid
cycling and worse global and cognitive functioning (111). Higher BMI, obesity and lower
bilirubin serum levels have been associated with higher prevalence of suicide attempts,

medical comorbidities and a more severe psychiatric illness (322,323).

Acute psychiatric hospitalizations often include the assessment of metabolic status and
blood tests that measures cholesterol and total protein levels and lymphocyte count, which
can be used for the assessment of the patients’ nutritional status. Nevertheless, there is a
lack of evidence considering the impact of the nutritional status in patients with BD in

short- or long-term prognostic factors.

Some studies have shown the feasibility of developing predictive models in mental health
through machine-learning algorithms (324-326). However, to the best of our knowledge,
no study has applied machine-learning techniques to date to predict malnutrition or

prognosis from nutritional parameters in patients with BD.

This study aims to provide a first approach to evaluate in patients with BD the relationship
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between nutritional status and the psychiatric prognosis, such as the number of emergency
visits, acute readmissions and time to relapse. Secondary aims of this study include the
identification of factors associated with hospital readmission after a three-year follow-up
period in patients with BD admitted to an acute psychiatric ward with a manic episode,
the characterization of the nutritional status of these patients, and the potential of
nutritional variables to predict malnutrition and readmission in BD through the use of a

random forest (RF) model.

Methods

2.1. Participants

The data analyzed were derived from records corresponding to patients aged 18 years or
older admitted to the Hospital Clinic of Barcelona acute psychiatric ward with a manic
episode from January 15 2015 to December 31 2019, with a follow-up period of three
years after the index admission. Ethical approval was provided by the Hospital Clinic

Research Ethics Committee (protocol code: HCB/2022/1259).

Patients from whom no nutritional parameters were available at the beginning of the
hospitalization were excluded from the study. Patients with more than one admission in
the assessed period were included only once, considering the earliest admission. No
restrictive criteria were established in terms of psychiatric comorbidities, being all
patients admitted in the acute psychiatric ward with a manic episode considered for

inclusion.

2.2 Variables assessment

2.2.1. Sociodemographic and Clinical Measures

Some of the variables collected for analysis included age, gender, length of stay, the
presence of medical conditions, psychiatric comorbidities, cannabis use, and personal and

family history. Variables regarding treatment included pharmacological treatment

previous to admission and at discharge. The numbers of emergency visits and
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readmissions at three years from the index admission were also collected, as well as the

time until the first readmission.

2.2.2. Nutritional and Metabolic Measures

The nutritional status was assessed at admission with the CONUT score, which takes into
account the total lymphocyte count, serum albumin, and total cholesterol levels. Total
scores between 0 and 1 were considered normal, 2-4 mild malnutrition, 5-8 moderate
malnutrition and 9-12 severe malnutrition (16). Thus, risk of malnutrition was considered

when CONUT score was 2 or higher.

Other collected variables were BMI, fasting glucose, creatinine, uric acid, total
cholesterol, LDL and HDL cholesterol, triglycerides, AST, ALT, GGT, total bilirubin,
alkaline phosphatase, total proteins, prealbumin, sodium, potassium, calcium,
phosphorus, magnesium, zinc, haemoglobin, platelets, thyroid-stimulating hormone
(TSH), vitamin Bj,, folic acid and vitamin Ds. Finally, as main indicators of
cardiovascular risk, we calculated LDL/HDL cholesterol ratio and the atherogenic

coefficient, measured as (total cholesterol — HDL cholesterol)/HDL cholesterol.

2.3 Statistical Analyses

In the descriptive analysis, quantitative variables were expressed by mean and standard
deviation (SD). Results from categorical variables were shown as frequencies with

percentages.

T-tests were used for mean comparisons between two groups when data were normally
distributed, and Mann-Whitney U tests were used when they were not. Chi-square tests

were used for the comparison of categorical variables.

For the correlation of nutritional parameters with the number of readmissions or
emergency visits and for the identification of predictive parameters, linear regression was
used after correlation analyses. To calculate the association of malnutrition with

nutritional parameters, logistic binary regression analyses were conducted.
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A p-value<0.05 was used for the screening covariates. Forward stepwise selection
algorithms were used for selecting the covariates in the multivariate logistic regression
model. At each step, the least significant variable was discarded from the model. Only
covariates with a p-value <0.10 remained in the final model. These results were contrasted
with backward stepwise selection in order to find potential changes in the results. The
odds ratio and 95% confidence limit were calculated too. Survival analyses were
performed to find the influence of determined parameters in time to relapse requiring

hospitalization.

We performed two RF using the R package “RandomForest” (327). RF is a potent
predictive tool, known for its proficiency in mitigating bias and robustness against
overfitting (327). RF is an extension of the bagging method, that creates diverse decision
trees using random subsets of instances and features drawn from the original training
dataset. We conducted a first RF considering the readmission at three years as the
predicted condition and a second RF considering malnutrition as the predicted condition

in the total sample.

First, data from diverse parameters, such as age, laboratory test results, and demographic
information, were selected and imputed using multiple imputation techniques to handle
missing values. Therefore, we included only the variables presenting at least 80% of the

available data in the model.

A 10-fold cross-validation approach was applied to ensure the robustness of the model.
Continuous variables were treated as predictors in the RF models. The RF models were
trained on a training dataset, with 70% of the data, and subsequently tested on a separate
testing dataset. The model's performance was evaluated using metrics such as accuracy,
precision, recall, and the Fl-score. Additionally, variable importance was assessed to

identify the key predictors contributing to the model's performance.

All statistical analyses were performed by the use of a confidence interval of 95%, and
significance was set at p<0.05. Analyses were conducted with SPSS version 25.0 (328),
GraphPad Prism version 8.4.0 (329), and with RStudio, R version 4.1.2 (330), employing
libraries like 'randomForest,’ 'mice,' and 'caret' for modeling, imputation, and cross-

validation, respectively."
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Results

3.1 Characteristics of the sample

A total of 279 individuals admitted to the acute psychiatric ward with a manic episode
were included in the study. Socio-demographic and clinical characteristics of the whole

sample are available in Table 1.

Table 1. Socio-demographic and clinical characteristics of the sample according to the
presence or absence of hospital readmission to an acute psychiatric unit during a 3-year
follow-up.
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No readmission Readmission

n =178 (63.8%)

n =101 (36.2%)

Test; p-value
n =279

Sex (% females)

Age, mean (SD)

Days of hospitalization, mean (SD)
Previous psychiatric history (%)
Previous diagnosis of BD (%)
Psychiatric comorbidity (%)
Somatic comorbidity (%)

Previous acute admission (%)
Lifetime ECT (%)

Recent life event (%)

Family history of BD (%)

Previous psychiatric medication (%)
Cannabis use (%)

Previous psychiatric follow-up (%)

Number of previous manic episodes, mean

(SD)

Number of previous depressive episodes,

mean (SD)

Number of previous psychiatric
admissions, mean (SD)

Number of previous manic episodes

requiring admission, mean (SD)

Number of previous depressive

episodes requiring admission, mean (SD)

Psychotic symptoms (%)

Previous treatment
Antipsychotics (%)
Antidepressants (%)
Mood stabilizers (%)
Benzodiazepines (%)

LAI (%)

52.8
443 (17.0)
18.7 (10.9)
84.8

52.8

407

41.6

65.0

6.7

25.0

14.2

69.1

28.1

52.5

1.6 (2.3)

1.2 (1.9)

2.0 (2.4)

1.4 (2.0)

0.3 (0.8)

753

48.3
24.9
39.9
21.9

7.9

49.5
45.0 (15.9)
21.1 (11.5)
96.0
72.3
46.5
46.5
83.2
13.9
232
24.7
89.0
287

81.2

3.0 (3.9)

2.5 (4.5)

3.7 (3.6)

2.3(2.8)

0.7 (1.5)

71.3

69.3
19.8
63.4
32.0

11.9

x> =0.28; p=.620
=-0.44; p=.654

t=-1.74; p =.083

¥ = 8.20; p =.002%*

¥ =10.16; p =.001**

x> =0.90; p=.205

x> =0.65; p=.249

x> =10.47;, p=.001**

¥ =3.87; p=.042%

¥=0.11; p=.432

¥ =4.63; p=.025%

x> = 14.00; p =.000**

¥ =0.01; p=.509

¥ =22.63; p =.000%*

t=-3.18; p =.002%*

t=-2.51;p=.013*

= -4.121; p =.000%*

=-2.99; p =.003%*

t=-2.49; p=.014*

¥ =0.53;p=.277

¥ =11.52; p=.000**
x> =0.93;p=.376

¥ =14.22; p =.000**
x> =3.43; p=.045*

¥ =123;p=.185
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Treatment at discharge

Antipsychotics (%) 97.8 96.0 ¥ =0.68;p=318
Antidepressants (%) 4.5 5.9 ¥ =2.07; p=355
Mood stabilizers (%) 88.8 91.1 ¥ =0.37; p=.347
Benzodiazepines (%) 37.7 42.6 ¥=134;p=516
LAI (%) 26.4 30.7 x> =0.59; p=.264
Emergency psychiatric consultation during 227 96.0 x> =135.96; p
follow-up (%) ' =.000**

SD: standard deviation; IQR: interquartile range; ECT: electroconvulsive therapy; AUD: alcohol use
disorder; BMI: body mass index.

No significant differences in age or sex were found between patients with and without
psychiatric readmissions after three years. Patients who had previously been diagnosed
with BD were 72.3% of those who were rehospitalized and 52.8% of those who had not
been readmitted after three years (%> = 10.16; p =.001). The percentages of previous acute
admissions were 83.2% in the first group and 65.0% in non-readmitted patients. Patients
with readmission during the follow-up period were more likely to be treated previously
to the index admission with antipsychotics (p <0.001), mood stabilizers (p <0.001) and
benzodiazepines (p =0.045).

3.2 Main findings

3.2.1 Hospital readmission

After a three-year follow-up, 36.2% of patients were readmitted to a psychiatric
hospitalization unit with an acute mood episode, and 17.0% of the whole sample had at

least two psychiatric readmissions during that period.

The mean number of psychiatric readmissions was 1.95 = 1.43. In the group with no
readmissions, the mean number of emergency psychiatric visits during the follow-up
period was 0.53 + 1.83, whereas in the group requiring rehospitalization it was 3.56 +

3.81 (t = -7.43, p <0.001). Patients with hospital readmission were also more likely to
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attend the emergency psychiatric unit in the following three years after the first admission

compared to those not readmitted (y*> = 135.96; p <0.001).

3.2.2 Nutritional status

Nutritional characteristics according to the readmission status are represented in Table 2.
Significant differences were found between readmitted and non-readmitted patients in
fasting glucose levels (89.7 = 12.7 vs 100.6 + 36.0, p <0.001) and leucocyte count (7.8 =

2.6 vs 7.2 £2.5, p =0.042).

Table 2. Metabolic and nutritional parameters according to the presence or absence of

hospital readmission to an acute psychiatric unit during a 3-year follow-up.
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No readmission Readmission Test; p-value
n =178 (63.8%) n =101 (36.2%) n =279

BMI, mean kg/m? (SD) 25.3 (4.8) 27.1(5.8) =-2.32; p=.021%

Obesity (%) 14.8 243 ¥ =2.91; p=.095

Blood test parameters
Glucose, mean mg/dL (SD) 100.6 (36.0) 89.7 (12.7) t=3.66; p =.000%**
Creatinine, mean mg/dL (SD) 0.8 (0.2) 0.8 (0.3) =-0.15; p =.0884
Uric acid, mean mg/dL (SD) 5.7 (1L.8) 5.7 (L.5) t=-0.12; p=.904
Cholesterol, mean mg/dL (SD) 165.2 (38.3) 169.0 (36.3) t=-0.71; p=.480

LDL cholesterol, mean mg/dL (SD) 87.8 (24.9) 98.1 (34.7) t=-1.82; p=.072
HDL cholesterol, mean mg/dL (SD) 45.2 (14.0) 50.6 (15.7) t=-1.92; p=.057

Triglycerides, mean mg/dL (SD) 111.9 (72.4) 113.7 (59.2) t=-0.19; p =.849
AST, mean U/L (SD) 30.5(33.1) 29.2 (35.3) t=0.28; p=.779
ALT, mean U/L (SD) 26.4 (20.7) 30.9 (53.2) =-0.93;p=.352
GGT, mean U/L (SD) 32.3 (48.8) 29.1 (36.1) t=10.50; p=.618
Total bilirrubin, mean mg/dL (SD) 0.6 (0.7) 0.6 (0.3) t=0.24; p=.807
Alkaline phosphatase, mean U/L (SD) 73.3 (28.9) 73.4 (26.5) =-0.03; p=.973
Total proteins, mean g/L (SD) 67.9 (8.1) 66.9 (6.6) t=0.96; p =.338
Albumin, mean g/L (SD) 42.1 (3.5) 422 (4.9) =-0.23; p=.815
Prealbumin, mean g/L (SD) 0.2 (0.1) 0.2 (0.1) =-0.28; p=.778
Sodium, mean mEq/L (SD) 141.7 (2.6) 141.6 (3.7) t=0.31;p=.756
Potassium, mean mEq/L (SD) 4.3(0.4) 4.3(0.4) t=0.32; p=.747
Calcium, mean mg/dL (SD) 9.3(0.9) 9.4 (0.6) t=-1.31; p=.190
Phosphorus, mean mg/dL (SD) 3.8(0.6) 3.8(0.6) t=0.07; p=.945
Magnesium, mean mg/dL (SD) 2.1(0.2) 2.1(0.2) t=0.31; p=.757
Zinc, mean pg/dL (SD) 91.2 (17.8) 90.4 (17.1) t=0.31; p=.760
Leucocytes, mean n-10°/L (SD) 7.2 (2.5) 7.8 (2.6) t=-2.05; p=.042*
Haemoglobin, mean g/L (SD) 138.5 (15.0) 138.9 (13.9) t=-0.21; p=.838
Platelets, mean n-10%/L (SD) 239.7 (69.4) 249.5 (70.3) t=-1.13; p =260
TSH, mUI/L 2.0(1.7) 1.7 (1.0) t=1.76; p=.080
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Vitamin Bi2, mean pg/mL (SD)
Folic acid, mean ng/mL (SD)
Vitamin D3, mean ng/mL (SD)
Malnutrition (%)

LDL/HDL ratio, mean (SD)

Atherogenic coefficient, mean (SD)

430.1 (215.8)
7.7 (4.0)
32.5(18.2)
25.0
2.1(0.8)

2.6 (1.1)

Material, methods and results

427.0 (215.0)
8.2 (5.0)
32.1(12.8)
257

2.1 (1.0)

2.6 (1.1)

t=0.11; p=916
=-1.00; p =321

t=10.09; p=.929

x> =0.012; p=1.000
=-0.43; p =.668

t=0.06; p =.955

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-
glutamyl transferase; TSH: thyroid-stimulating hormone. *Significant at p<0.05. ***Significant at

p<0.001.
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According to the CONUT scores, 74.7% of the whole sample showed a normal nutritional
status (scores 0-1), 25.3% showed mild malnutrition (scores 2-4) and none moderate or
severe malnutrition (scores >4). Differences in blood parameters between patients with

malnutrition and well-nourished patients are shown in Table 3.

Table 3. Differences in body mass index (BMI) and blood parameters between patients

according to their nutritional status. Mean, standard deviation, median and p-value are

represented.

No malnutrition risk (n=208) Malnutrition risk (n=71)

Mean SD Median Mean SD Median p-value
BMI (kg/m?) 26.03 5.25 25.70 25.46 3.97 25.90 0.566
Glucose (mg/dL) 98.48 36.55 90.00 90.51 17.80 88.00 0.155
Creatinine (mg/dL) 0.80 0.25 0.76 0.84 0.32 0.79 0.346
Uric acid (mg/dL) 5.99 1.84 5.80 5.63 1.11 5.60 0.501
Total cholesterol (mg/dL) 186.37 32.07 179.00 125.74 17.30 129.00 <0.01%**
LDL cholesterol (mg/dL) 105.59  26.43 102.00 65.10 11.89 66.00 <0.01%**
HDL cholesterol (mg/dL) 52.38 16.89 49.00 40.14 8.71 40.00 <0.01%**
Triglycerides (mg/dL) 129.16 80.57 112.00 83.55 31.48 77.00 <0.01%**
AST (U/L) 25.12 11.93 22.00 31.99 46.14 21.00 0.330
ALT (U/L) 26.46 17.80 21.00 32.09 72.06 19.00 0.453
GGT (U/L) 35.83 44.79 19.50 26.28 46.70 15.50 0.260
Total bilirubin (mg/dL) 0.65 0.86 0.50 0.62 0.29 0.60 0.799
Alkaline phosphatase (U/L) | 75.07 26.43 71.00 68.54 30.49 60.00 0.223
Total proteins (g/L) 67.64 5.71 67.00 66.98 6.32 65.00 0.526
Albumin (g/L) 42.44 4.30 42.50 42.02 4.32 42.00 0.571
Prealbumin (g/L) 0.25 0.05 0.25 0.22 0.57 0.21 <0.01%**
Sodium (mEq/L) 141.31 3.37 142.00 142.43 2.69 142.00 0.044*
Potassium (mEq/L) 4.29 0.34 4.30 4.25 0.40 4.20 0.440
Calcium (mg/dL) 9.39 0.49 9.30 9.25 0.38 9.20 0.098
Phosphorus (mg/dL) 3.73 0.58 3.70 3.86 0.61 3.80 0.203
Magnesium (mg/dL) 2.14 0.24 2.10 2.09 0.17 2.10 0.257
Zinc (ng/dL) 91.07 17.93 87.00 89.10 15.93 87.00 0.551
Leucocytes (n-10%/L) 7.38 2.52 7.02 7.02 2.11 6.75 0.398
Haemoglobin (g/L) 139.54 14.55 139.00 140.87 12.85 142.00 0.584
Platelets (n-10°/L) 244.82 72.50 243.00 238.06 77.21 237.00 0.596
TSH (mUI/L) 1.85 1.23 1.59 1.60 0.88 1.44 0.217
Vitamin B2 (pg/mL) 443.73  194.39 383.00 410.11  162.25 388.00 0.309
Folic acid (ng/mL) 8.17 4.83 6.63 6.88 3.24 6.29 0.100
Vitamin D3 (ng/mL) 32.96 19.05 27.70 31.43 13.71 31.00 0.810

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-
glutamyl transferase; TSH: thyroid-stimulating hormone. *Significant at p<0.05. **Significant at p<0.01.

The well-nourished group showed higher mean age (45.6 £ 15.8) compared to the group
with malnutrition (37.1 + 14.8, p <0.001). Women were significantly more likely to have
malnutrition (34.7%) compared to men (15.4%, p = 0.003).
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Patients with cannabis use were more likely to present malnutrition (37.5%) than patients
not using cannabis (20.0%, p =0.016), and also patients not taking antidepressants
previously to the index admission (28.9% vs 10.8%, p =0.033). In addition, patients who
received paliperidone at discharge were more likely to present malnutrition (50.0%) than
those not treated with paliperidone at their discharge (20.5%, p =0.002). The rest of
treatments received during the hospitalization or at discharge did not reveal significant

differences according to the nutritional status.

Nutritional factors associated with malnutrition were total cholesterol, LDL and HDL
cholesterol, triglyceride levels, prealbumin and sodium levels (Table 4). In the

multivariate analysis, none of them showed a predictive potential for malnutrition.

Table 4. Factors associated with malnutrition. Binary logistic regression was performed.

Statistical significance was set at p<0.05.

Univariate analysis
95%ClI
OR LL UL Sig (p-
value)

Age (years) 0.958 0.935 0.982 0.001%**
Total cholesterol (mg/dL) 0.797 0.729 0.871 0.000%*
LDL colesterol (mg/dL) 0.881 0.834 0.931 0.000%*
HDL colesterol (mg/dL) 0.925 0.880 0.971 0.002%%*
Triglycerides (mg/dL) 0.980 0.969 0.990 0.000%*
Albumin (g/L) 0.976 0.900 1.060 0.569
Total proteins (g/L) 0.980 0.923 1.042 0.524
Prealbumin (g/L) 0.000 0.000 0.002 0.000%*
Leucocytes (n-10°/L) 0.939 0.812 1.086 0.396
Sodium (mEgq/L) 1.174 1.014 1.360 0.032*
Calcium (mg/dL) 0.511 0.229 1.139 0.100
BMI (kg/m?) 0.976 0.898 1.060 0.563
LDL/HDL ratio 0415 0.209 0.821 0.012*
Atherogenic coefficient 0.533 0.318 0.895 0.017*
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OR: odds ratio; CI: confidence interval; LL: lower level; UL: upper level; BMI: body mass index.
*Significant at p<0.05. **Significant at p<0.01.

3.2.3 Body mass index

Patients were grouped into weight categories using BMI classification as defined by the
World Health Organization (WHO) (underweight, BMI <18.50; normal weight, BMI
18.50-24.99; overweight, BMI 25.00-29.99; and obese, BMI >30.00) (Khan et al., 2018;
WHO,

Considering the whole sample, the percentage of patients with underweight was 2.9%,

normal weight 44.0%, overweight 34.9% and obesity 18.2%.

In the subsample of well-nourished patients according to the CONUT score, the
percentage of underweight people was 2.9%, normal weight 40.4%, overweight 34.6%
and obesity 22.1%. Among patients with a poorer nutritional status, the frequency of
underweight was 2.9%, normal weight 41.2%, overweight 47.1% and obesity 8.8%.

Differences between groups did not reach statistical significance.

In the group of patients who were not readmitted throughout the follow-up period, the
percentage of people with underweight was 4.4%, normal weight 47.4%, overweight
33.3% and obesity 14.8%. Among those who had at least one readmission, the percentage
of patients with underweight was 0.0%, normal weight 37.8%, overweight 37.8% and
obesity 24.3%, which tended to vary from the other group, without significant differences
(p =0.074). However, significant differences were found when mean BMI was compared

between readmitted and non-readmitted patients (27.1 = 5.8 vs 25.3 + 4.8, p =0.021).

3.2.4 Nutritional status and clinical prognosis

The association between nutritional factors and readmission is represented in Table 5. In

the multivariate analysis, total cholesterol was associated with higher risk of readmission

(p =0.008).
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Table 5. Nutritional factors associated with readmission. Binary logistic regression was

performed. Statistical significance was set at p<0.05.

Univariate analysis Multivariate analysis
95%CI 95%CI
OR LL UL Sig (p- OR LL UL Sig (p-
value) value)

BMI (kg/m?) 1.065 1.008 1.126 0.025%
Glucose (mg/dL) 0.979 0.964 0.994 0.006**
Total cholesterol 1.003 0.995 1.010 0.478 0.015 1.006 1.039
(mg/dL)
LDL colesterol (mg/dL) 1.012 0.999 1.026 0.077
HDL colesterol (mg/dL) | 1.025 0.999 1.052 0.063
Leucocytes (n-10°/L) 1.105 1.003 1.217 0.044*
LDL/HDL ratio 1.102 0.710 1.713 0.665
Atherogenic coefficient 0.990 0.699 1.401 0.954

BMI: body mass index; OR: odds ratio; CI: confidence interval; LL: lower level, UL: upper level.
*Significant at p<0.05. **Significant at p<0.01.

BMI was negatively correlated with time to relapse (r = -0.162, p =0.019), but not with
the number of emergency visits or readmissions during the follow-up period. LDL levels
were directly correlated with the number of emergency visits (r = 0.270, p =0.003), the
number of readmissions (r = 0.267. p =0.005) and negatively correlated with the time to
relapse (r = -0.215, p =0.025). Leucocyte count was also directly correlated with the
number of emergency visits (r = 0.162, p =0.007) and readmissions (r = 0.136, p =0.24),
and negatively correlated with time to relapse (r = -0.127, p =0.036). Fasting glucose
levels were directly correlated with the time to relapse (r = 0.130, p =0.031), and
negatively with the number of emergency visits (r = -0.11, p =0.044). LDL/HDL ratio
and the atherogenic coefficient were directly correlated with the number of emergency
visits (r = 0.230, p =0.015; r = 0.187, p =0.048, respectively), but not with the number of
readmissions or with time to the first rehospitalization. The other analytical parameters
and the total CONUT score did not show to be correlated with the mentioned prognostic

factors.
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The linear regression analysis showed that LDL cholesterol was associated with the
number of admissions in the next three years (odds ratio [OR]: 0.011, 95% confidence
interval [95%CI]: 0.003-0.018, p =0.005), and LDL cholesterol and leucocyte count with
the number of emergency visits in the next three years (OR: 0.037, 95%CI: 0.013-0.061,
p = 0.003; OR: 0.197, 95%CI: 0.054-0.340, p =0.007, respectively). Also, LDL/HDL
ratio and the atherogenic coefficient were associated with the number of emergency visits
(OR: 1.044, 95%CI: 0.207-1.880, p = 0.015; OR: 0.667, 95%CI: 0.007-1.326, p =0.048,
respectively). Finally, LDL cholesterol levels were related to the time until the first
readmission (OR: -2.683, 95%CI: [-5.019]-[-0.347], p =0.025), and also BMI (OR: -
11.243, 95%CI: [-20.631]-[-1.855], p =0.019), leucocyte count (OR: -18.501, 95%CI: [-
35.814]-[-1.188], p =0.036) and fasting glucose (OR: 1.598, 95%CI: 0.151-3.046, p
=0.031).

Survival analyses showed a significantly higher event rate in patients with overweight
compared to those without overweight (hazard ratio: 0.578, 95%CI: 0.37-0.91, p=0.021),
and also in those with LDL levels over 130 mg/dL compared to those with lower blood
levels (hazard ratio: 0.302, 95%CI: 0.08-1.12, p =0.002). They also showed a higher
probability of readmission in patients with leucocyte count higher than 7.00-10°/L
(hazard ratio: 0.641, 95%CI: 0.43-0.95, p =0.030), and no significant differences between
patients with fasting glucose levels higher than 90 mg/dL and those with levels lower

than 90 mg/dL (hazard ratio: 1.167, 95%CI: 0.79-1.73, p =0.445) (Figure 1).
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Figure 1. Probability of readmission and time to relapse in days according to body mass
index (BMI) (1a), LDL levels (1b), leucocyte count (1c¢) and glucose levels (1d).
Significant differences were found in the survival analysis for BMI (p = 0.021), LDL
levels (p = 0.019) and leucocyte count (p = 0.040).

3.2.5 Random Forest prediction of readmission at three years

The model achieved an accuracy of approximately 61.9%, with a sensitivity of 94.0% and
a specificity of 14.7%. Variable importance analysis revealed that the ten most crucial
predictors influencing the model's performance were: 1) HDL cholesterol, 2) glomerular
filtration rate, 3) potassium levels, 4) atherogenic coefficient, 5) phosphorus, 6) alanine
aminotransferase (ALT) levels, 7) leucocyte count, 8) vitamin D3 levels, 9) platelets
number, 10) total proteins. These results are represented in Figure 2. In the 10-fold cross-
validation, the model utilized 500 trees and considered the square root of the predictors
at each split. The results of the cross-validation showed that the optimal parameter
configuration included a mtry (number of predictors considered at each split) value of 2.
This configuration achieved an accuracy of approximately 66.6%, with a Kappa value of

0.0957.

Variable Importance Plot — Predicted Outcomes: readmission at 3 years

Platelets
Phosphorus
Glucose
Albumin
GFR
Vitamin_D3
Uric_acid
TSH
Folic_acid
Total_proteins
Vitamin_B12
Gender

HDL

ALT
Triglycerides
reatinine
Age
Potassium
Calcium
Leucocytes
BMI

Variables

Sodium
GGT
Alkaline_phosphatase
Total_cholesterol
Total_bilirubin
LDL_HDL _ratio

LD

L

AST

Haemoglobin
Prealbumin
Magnesium
Atherogenic_coefficient

Ih.h'"lllllll

|
@

|
)

|
=)
N

Importance

Figure 2. Variable Importance plot with variable importance analysis for predicting

readmission at three years. GFR: glomerular filtration rate; TSH: thyroid-stimulating

112



Material, methods and results

hormone; ALT: alanine aminotransferase; BMI: body mass index; GGT: gamma-

glutamyl transferase; AST: aspartate aminotransferase.

3.2.6 Random Forest prediction of malnutrition

The model achieved an accuracy of approximately 98.2%, with a sensitivity of 100% and
a specificity of 92.9%. Variable importance analysis was conducted to identify the key
predictors influencing the model's predictions. The top predictors, in order of importance,
were HDL cholesterol, glomerular filtration rate, potassium, atherogenic coefficient,
phosphorus, ALT, leucocyte count, vitamin D3 levels, platelets number, and total
proteins. These results are shown in Figure 3. A 10-fold cross-validation was performed
to assess the model's robustness. The optimal configuration involved considering 16
predictors at each split (mtry = 16), resulting in a high accuracy of approximately 98.9%.
The Kappa value of 0.9727 indicates strong agreement between the model's predictions

and the actual data.

Variable Importance Plot — Predicted Outcome: malnutrition
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Figure 3. Variable Importance plot with variable importance analysis for predicting
malnutrition. AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase; TSH:
thyroid-stimulating hormone; ALT: alanine aminotransferase; GFR: glomerular filtration

rate; BMI: body mass index.
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Discussion

Previous evidence has reported the impact of psychiatric illnesses, including BD, and
pharmacological treatments used for their treatment on somatic comorbidity (331). In
turn, somatic conditions, such as impaired glucose metabolism, have been associated with
a worsened psychiatric prognosis (111). Some studies have described the nutritional
status of patients with eating disorders (332-334), and others have identified nutritional

factors that can influence the course of acute psychiatric admissions (318).

The literature shows that patients with BD have higher mean BMI, waist circumference,
and non-HDL cholesterol levels compared to healthy controls (304-306), and higher BMI
has been associated with higher inflammatory levels, higher prevalence of suicide

attempts, medical comorbidities and more severity of the psychiatric illness (323).

The present work shows through a longitudinal study that 36.2% of patients admitted with
a manic episode were readmitted to a psychiatric hospitalization unit in the following
three years, and 25.3% of the whole sample presented a poor nutritional status according
to the CONUT score. Considering the correlation of CONUT scores with a worse clinical
prognosis in somatic disorders (78,335), this study aimed to evaluate the association of
malnutrition with the course of illness in the following three years. Our results suggest
that the nutritional status measured with the CONUT score might not be a feasible
predictor for clinical prognosis in BD, but specific independent factors, especially total
cholesterol, as shown in the multivariate analysis, might be associated with psychiatric
readmissions. Leucocyte count, BMI and LDL cholesterol levels were associated with a
higher number of readmissions and correlated with a shorter time to relapse requiring
readmission. In addition, higher LDL cholesterol levels and leucocyte count were
correlated with a higher number of emergency visits during the follow-up period. When
metabolic and nutritional parameters were compared between readmitted and non-
readmitted patients, lower fasting glucose levels, higher leucocyte count, higher BMI,

and higher total cholesterol levels were found in the first group.

Thus, a poorer nutritional status might not reflect the severity of the illness in patients

with BD, but specific parameters might be used in future long-term prospective studies
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in order to confirm their association with a worse prognosis, and also to determine if those
parameters associated with a poorer short-term prognosis should be considered also risk

factors also for an adverse course of illness in the long term.

Other interesting results derived from this study reflect a higher likelihood of presenting
malnutrition in those patients using cannabis, patients not taking antidepressants
previously to the index admission, and those receiving paliperidone at discharge. From a
nutritional point of view, parameters associated with malnutrition were lower total
cholesterol, LDL and HDL cholesterol levels, lower triglyceride and prealbumin levels,
and higher sodium levels. The random forest model results supported the findings

associating different factors from the lipid profile as potential predictors of malnutrition.

Special attention should be paid to patients with determined clinical and nutritional
characteristics in order to identify those at higher risk for presenting a poorer nutritional
status. This subgroup of patients might present reduced food intake or a higher tendency
to poorer self-care, but future studies should be conducted in order to confirm this
hypothesis and help clinicians develop adequate nutritional risk screening tools (336—

338) in order to identify and develop specific interventions (339,340).

Previous studies have found a significant proportion of patients with mental illnesses with
overweight, which could be due to different factors, such as lifestyle and habits,
pharmacological treatments, and mental illnesses themselves. Contrary to previous
evidence aimed at determining nutritional deficiencies in patients with mental illnesses

(318), our study did not find an association between BMI and risk of malnutrition.

Regarding the machine learning predictive algorithms, while the model predicting
rehospitalization at three years excels in correctly identifying patients requiring hospital
admission (high sensitivity), it struggles with specificity, leading to a relatively high rate
of false positives. The prediction of rehospitalization might be influenced by more factors,
including social support, and severity of the diagnosis, and the predictive algorithm might
require an integration of more clinical variables for its enhancement in real-world
practice. On the other side, our RF model exhibited outstanding performance in predicting
malnutrition, with high accuracy, sensitivity, and specificity. The identified key

predictors, most of them from the lipid profile, shed light on the underlying factors
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contributing to malnutrition risk. This model's proficiency and robustness, as
demonstrated through cross-validation, make it a promising tool for identifying patients

at risk of malnutrition, facilitating timely interventions, and improving patient outcomes.

Considering the findings reported, we recommend to conduct a global assessment of the
nutritional and metabolic status of patients with BD admitted to an acute psychiatric unit,
and consider them as factors that might influence both the organic and mental well-being
of these individuals. We also suggest including periodical assessments during their
follow-up at the outpatient unit. These preventive evaluations might allow the
identification of subpopulations in which psychosocial and lifestyle interventions should
be prioritized (339), in order to empower patients at higher risk for a poorer nutritional
status to maintain healthy routines, which could lead to an improvement of their somatic
and psychiatric prognosis and their quality of life. Psychoeducation on BD should also be
considered in subgroups at higher risk of psychiatric relapse in order to identify
prodromic symptoms, promote healthy habits, and thus reduce the risk of presenting new

episodes and requiring readmission (341).

Given that periodical blood tests and anthropometric measures are performed in
outpatient units periodically, our findings aim to encourage the increase of the available
evidence regarding the influence of metabolic and nutritional parameters in the course of
BD. Novel findings might serve clinicians for the identification of target populations in
whom medical and psychiatric prognosis might be enhanced. Further studies will also
elucidate the influence of pharmacological treatment, diet and other environmental
factors on patients’ nutritional status. Also, future evidence could increase the knowledge
regarding the relationship of specific blood and metabolic parameters with prognostic
factors related to psychiatric illness, such as frequency of clinical relapses, number of

admissions, and suicidal behaviour.

This study comes with some strengths and limitations. Even though metabolic parameters
have been previously correlated with psychiatric prognosis in BD (111), to the authors’
knowledge, there is a gap in the literature regarding the relationship between the global
nutritional status of psychiatric inpatients and the illness’ prognosis, and this article aims
to provide some evidence in this issue using a longitudinal design. In addition, the

description of the nutritional status in patients with BD might help determine the
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influence of pharmacological treatments, lifestyle habits and diet on somatic health, and
might allow the implementation of individualized interventions in determined profiles. In
our study, the use of the CONUT score, an objective and validated screening tool, and
also the use of machine learning algorithms, confer higher reliability to the results
obtained. The limitations of this study include the follow-up period, limited to three years
after the index admission, and the lack of other prognostic factors, such as the presence
of suicide attempts or the total number of relapses, including those not requiring an acute
admission. Another limitation is the observational nature of the follow-up, which

enhances generalizability but may include confounders such as medication (342).

However, this longitudinal study is a first approach to study the influence of nutritional
and metabolic factors on the course of illness in BD that aims to promote the development
of future studies, which may help identify parameters that might predict treatment
response or psychiatric prognosis and demonstrate the beneficial effects of preventive

nutritional and lifestyle therapeutic interventions in patients with BD.

Conclusion

Our results showed a lack of association between malnutrition, defined as a CONUT total
score between 2 and 12, and higher risk of readmission. However, lower fasting glucose
levels, higher leucocyte count, higher BMI and higher total cholesterol levels were found
in patients who were readmitted during the following three years after an admission with
a manic episode. A significant association was found between higher total cholesterol
levels with higher number of readmissions, and higher BMI, LDL levels and leucocyte
count with a shorter time to relapse requiring readmission. Higher LDL levels and
leucocyte count, higher LDL/HDL ratio and atherogenic coefficient were also correlated
with higher number of emergency visits during the three-year follow-up period. The
machine learning algorithm used showed a strong potential of nutritional variables to
predict malnutrition, which was lower for predicting readmission at three years. Our
results suggest that specific nutritional parameters, but not malnutrition, might be

associated with the course of psychiatric admissions, which might allow the identification
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of specific patients’ profiles in which lifestyle interventions might be promoted with a

special focus.
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5. DISCUSSION

5.1. Discussion of the findings

Previous evidence has shown that individuals with severe mental illnesses have on
average unhealthier lifestyles, less physical activity, and poor dietary habits compared
to the general population. These factors, added to the use of pharmacological treatments
and the psychiatric illnesses by themselves, increase the risk of a poor nutritional status,
which is often masked by patients’ overweight status, and metabolic comorbidities (60).
Besides, it is known that somatic conditions, and especially metabolic comorbidities, may
have an impact on the course of the psychiatric illnesses (111). However, limited data
are available regarding nutritional status in severe mental disorders, such as BD, and its
impact on the illness course, added to the lack of malnutrition risk screening tools

proposed in this population (317,333,334).

The present work shows through a cross-sectional study a considerable rate of
individuals at risk of malnutrition (defined by CONUT score = 2) in a sample of patients
admitted in an acute psychiatric unit (42.5%), which is consistent with other studies using
the same nutritional screening tool (343,344). Considering that previous evidence has
correlated CONUT scores with a worse clinical prognosis in populations with somatic
disorders, including longer hospitalizations (78), this study aimed to evaluate the
association of nutritional parameters with the length of stay and also to find specific

parameters that might better predict the nutritional global status of inpatients.

Our results did not reveal a significant association between risk of malnutrition and length
of stay when nutritional status was assessed with the CONUT score. However, plasmatic
protein levels, transferrin saturation and iron levels showed a significant inverse
correlation with the days of hospitalization, indicating a potential effect of nutritional
parameters on the course of acute psychiatric admissions. These results suggest that,
although specific nutritional parameters seem to be related to greater length of stay, the
CONUT score might not be the best short-term predictor in psychiatric hospitalizations.
This could be associated with the fact that, in an acute psychiatric ward, behavioral
abnormalities and psychopathology are treated in an individualized manner, with some

patients with severe episodes being treated with higher doses of the indicated treatment
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or with specific drugs aimed at compensating acute episodes. Thus, the length of stay

might not be reflecting the severity of psychiatric conditions in all cases.

In the same study, the correlation of specific nutritional parameters with nutritional status
was assessed. Apart from the parameters included in the CONUT screening tool, low
zinc, iron, total proteins, prealbumin, transferrin, triglyceride levels, a low transferrin
saturation index, and BMI, were indicators of a poorer nutritional status, since they were
correlated with the CONUT total score. In addition, most parameters were correlated
between them. The subgroup of patients with lower BMI and risk of malnutrition might
present reduced food intake or higher tendency to a poorer self-care, but further
evidence is needed to confirm this hypothesis. However, a significant proportion of
patients at risk of malnutrition were overweighted, which can be due to several factors,
such as lifestyle and habits, pharmacological treatments and mental illnesses by

themselves.

Our results demonstrate a strong association between several analytical parameters and
allow the identification of specific subgroups, such as those with greater alteration of
nutritional parameters, that may present longer courses of illness, having also
demonstrated in previous evidence worse medical prognosis (78). Even though an
important correlation between different nutritional parameters was found and all of them
were correlated with risk of malnutrition, this study identified cholesterol levels,
lymphocyte count, zinc levels, and BMI as independent factors associated with an
increased risk of malnutrition, which underscores the importance of their assessment in

clinical practice.

The presence of BD or other psychiatric diagnoses and the pharmacological treatment
received did not seem to have influence over nutritional status or days of hospitalization.
Moreover, the diagnosis of BD, other psychiatric diagnoses or specific psychotropic
drugs did not seem to increase the risk for malnutrition or for a worse course of acute
psychiatric admissions, basing the associated findings on analytical parameters.
However, in 13.8% of the patients, obesity with nutritional deficiency according to
CONUT score was found, which emphasizes the importance to characterize the different
nutritional profiles of these individuals according to their nutritional status (345,346). The
identification of specific phenotypes might allow clinicians to develop adequate nutritional
risk screening tools considering specificity of the psychiatric population (336,337), and

also to design determined approaches for different clinical situations (339,340).
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According to our findings, a global assessment of the nutritional status through the study
of different analytical parameters and BMI should be considered in all cases during acute
psychiatric hospitalizations, since these factors might influence the organic and mental
well-being of patients. The authors also recommend a periodical study of patients'
nutritional status from the outpatient unit and not only in case of acute hospitalization,
since this might allow the identification of determined subgroups that could benefit from
psychosocial and lifestyle interventions, the prescription of nutritional supplementation
in specific cases (339), as well as the implementation of individual or group sessions
aimed to the assessment of daily habits and the promotion of healthy routines. These
strategies might provide patients some skills that lead to an improvement of their
nutritional status, their medical and psychiatric prognosis and their quality of life. Special
attention should be paid to those patients with poor social support and severe mental

illnesses in order to detect and manage a potential malnutrition status.

Acute psychiatric admissions should serve as an opportunity for clinicians to identify
existing abnormalities, since a poor nutritional status has been correlated with higher
rates of adverse prognostic factors (78). According to our results, altered levels of
cholesterol, lymphocyte count, zinc, and low BMI should be considered as potential
indicators of a poor nutritional status. Given the gap in the literature with regard to the
nutritional status in psychiatric populations, its description in these individuals, including
anthropometric measurements, functional evaluation, dietary habits, and medical
history, might help determine the influence of pharmacological treatments, lifestyle
habits, and the different psychiatric illnesses on somatic health, and to identify those
patients at increased risk of malnutrition. Patients with insufficient levels of different
nutritional parameters might be a target for nutritional and lifestyle interventions aimed

to improve their physical and mental health.

Previous evidence has reported the impact of psychiatric illnesses, including BD, and
pharmacological treatments used for their treatment on somatic comorbidity (331), and
somatic conditions have been associated with a worsened psychiatric prognosis (111).
The literature shows that patients with BD have higher mean BMI, waist circumference,
and non-HDL cholesterol levels compared to healthy controls (304—306), and higher BMI
has been associated with higher inflammatory levels, higher prevalence of suicide

attempts, medical comorbidities and more severity of the psychiatric iliness (323).
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Considering our previous findings and the scarcity of prospective designs in the
literature, a different study was performed aimed at determining longitudinally the effects
of the nutritional status in the course of the psychiatric iliness in the following three years,
focusing on patients with BD admitted to our acute psychiatric ward with a manic
episode. We found that 36.2% of patients admitted with a manic episode were readmitted
to a psychiatric hospitalization unit in the first three years, and 25.3% of the whole sample
were at risk for a poor nutritional status according to the CONUT score. The nutritional
status measured with the CONUT score was not found as a feasible predictor for clinical
prognosis in BD. However, specific independent factors, especially total cholesterol, as
shown in the multivariate analysis, were associated with psychiatric readmissions.
Higher leucocyte count, BMI and LDL cholesterol levels were associated with a higher
number of readmissions and correlated with a shorter time to relapse requiring
readmission. Moreover, higher LDL cholesterol levels and leucocyte count were
correlated with a higher number of emergency visits during the follow-up period. When
the parameters assessed were compared between readmitted and non-readmitted
patients, lower fasting glucose levels, higher leucocyte count, higher BMI, and higher
total cholesterol levels were found in the first group. Thus, a poorer nutritional status
might not reflect the severity of the illness in patients with BD, but determined parameters
might be used in future long-term prospective studies to confirm their association with a
worse prognosis, and also to assess whether those parameters associated with a poorer
short-term prognosis should be considered risk factors for an adverse course of illness

in the long term.

This study identified specific patients’ profiles associated with a higher likelihood of being
at risk of malnutrition, such as cannabis use, not taking antidepressants previously to the
index admission, and receiving paliperidone at discharge. From a nutritional point of
view, parameters associated with an increased risk of malnutrition were lower total
cholesterol, LDL and HDL cholesterol levels, lower triglyceride and prealbumin levels,
and higher sodium levels. The random forest model results supported the findings

associating different factors from the lipid profile as potential predictors of malnutrition.
Thus, special attention should be paid to patients with determined clinical and analytical

characteristics to identify those at higher risk for presenting a poorer nutritional status

and worse psychiatric outcomes in the future. Future studies should be conducted in
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order to confirm this hypothesis and help clinicians develop adequate nutritional risk

screening tools (336—338) to identify and develop specific interventions (339,340).

Despite previous evidence showing a significant proportion of patients with mental
illnesses and overweight, in this study we did not find an association between BMI and

the risk of malnutrition.

Regarding the machine learning predictive algorithms used, while the model predicting
rehospitalization at three years showed high sensitivity in correctly identifying patients
requiring hospital admission, it struggled with specificity, leading to a relatively high rate
of false positives. The prediction of readmission might be influenced by more factors,
including social support, and severity of the diagnosis, among others, and the predictive
algorithm might require an integration of more clinical variables for its enhancement in
real-world practice. On the other side, our RF model exhibited outstanding performance
in predicting malnutrition, with high accuracy, sensitivity, and specificity. The identified
key predictors, most of them from the lipid profile, shed light on the underlying factors
contributing to malnutrition risk. This model's proficiency and robustness, as
demonstrated through cross-validation, make it a promising tool for identifying patients
at risk of malnutrition, which could facilitate timely intervention and improve patient

outcomes.

Considering the findings reported in this study, a global assessment of the nutritional and
metabolic status of patients with BD admitted to an acute psychiatric unit, and also
periodically during the follow-up, might allow their consideration as potential factors that
might influence both the organic and mental well-being of patients, and the identification
of subpopulations in which psychosocial and lifestyle interventions should be prioritized
(339), in order to empower patients at higher risk for a poorer nutritional status to
maintain healthy routines, improve their somatic and psychiatric prognosis and their
quality of life. Psychoeducation on BD should also be considered in subgroups at higher
risk of psychiatric relapse in order to identify prodromic symptoms, promote healthy

habits, and thus reduce the risk of presenting future relapses and readmissions (341).
A proper nutritional status allows the maintenance of metabolic functions, whereas

impaired nutritional and metabolic parameters may influence energy availability, promote

oxidative stress and alter other cellular functions. However, BD has been postulated as
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a biphasic disorder of energy availability, with increased energy production in mania and
reduced in depression, which suggests that different mood states might be associated
with variations in mitochondrial function despite maintaining similar nutrient supplies
within the same individuals, and that mitochondrial dysfunction could serve as a state-
dependent marker of this psychiatric illness. However, genetic predisposition, the
nutritional status and metabolic factors, among others, are responsible for a high inter-
individual variability in cellular functions, and specifically in mitochondrial function, which
impairs the assessment of metabolic variations between different acute mood states in
BD. Thus, this work aimed at assessing potential intraindividual variations in metabolic
functions in BD during acute mood episodes by the assessment of bioenergetic

functions, and specifically mitochondrial ETC respiratory capacity.

The results derived from this work highlight that mitochondrial function might be altered
during mood states in BD (both mania and depression), which might revert after clinical
remission, and that potential biomarkers that could be identified during manic or
depressive phases might not be found in euthymia. Thus, in line with previous
hypotheses, these results suggest that mitochondrial respiratory capacity could be a

biomarker of iliness activity and clinical response in BD.

Globally, our longitudinal results showed lower maximal ETC oxygen consumption
capacity in acute episodes of BD compared with euthymia after boosting mitochondrial
respiration in living PBMC. Interestingly, the overall patients' cohort showed a significant
improvement in mitochondrial respiratory capacity from the acute phase to euthymia,
with a greater tendency in the manic group compared to the depressive sample.
However, the statistical power might have been influenced by the limited sample size,
especially in the depressive subsample. The significant results obtained were not
influenced by the smoking status. These results might evidence an ETC dysfunction and
thus an impaired aerobic respiration in both manic and depressive episodes of BD, which
could be a risk factor for an increased anaerobic respiration and also oxidative stress.
The results also reveal a potential relationship between energy and activity items with
maximum mitochondrial respiratory capacity; however, these data should be interpreted
with caution given the limited sample size included. Further studies should elucidate
whether, as observed in our sample, late insomnia is associated with enhanced
mitochondrial respiratory capacity. Despite this study suggests that pharmacological

treatment might not influence mitochondrial function, some previous evidence has
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reported an impact of different drugs, especially antipsychotics, in mitochondrial activity

(347,348), which should also be addressed in future studies with larger cohorts.

In this study, patients and healthy controls were assessed in the same conditions
regarding fasting status, time of the day, sample processing and experimental
procedures performed in order to ensure the comparability of the results obtained.
Comparisons between acute phases and healthy controls revealed significant
differences in ETC rates, mainly due to a reduced maximum OCR in bipolar depression
compared to the other groups. Previous studies have similarly reported reduced
mitochondrial respiratory capacity in major depressive disorder (349). However,
considering inter-individual variability in mitochondrial function, our results may be
interpreted as an improvement in mitochondrial respiratory capacity after achieving
symptomatic remission, which should be explained by a potentially normalized

mitochondrial function in clinical stability if it is confirmed in future analyses.

Previous research supports the presence of mitochondrial dysfunction in patients with
BD. Nevertheless, to the authors' knowledge, this is the first study reporting intra-subject
longitudinal differences between acute mood episodes and clinical remission. In addition,
this study examines in vivo PBMC oxygen consumption capacity right after blood
extraction and processing. Other studies assessing mitochondrial OCRs in mood

disorders have been conducted with smaller samples (350,351).

In addition, the available evidence in the literature comparing mitochondrial function
between patients with BD and healthy controls is limited, and mitochondrial function in
BD is often assessed in the absence of an acute mood episode at the moment of study,
with a lack of studies comparing intra-subject differences and an important variety of
methods used to assess mitochondrial function. This is added to the fact that, in BD

patients, in vivo mitochondrial respiratory capacity has been assessed in smaller cohorts.

Preliminary findings from the subsample of patients in whom aerobic capacity was also
assessed revealed no significant differences in endurance time, VOzpeak or oxygen
consumption at the anaerobic threshold during CWRCE between severe acute mood
states and after clinical remission, despite mitochondrial respiration showed a tendency
to increase in clinical remission compared to the acute states. An inverse association
was found between basal oxygen consumption and maximum mitochondrial respiratory

capacity after clinical remission, suggesting individuals with increased mitochondrial
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capacity might have lower basal oxygen requirements and higher mitochondrial
efficiency, which should be confirmed in larger samples. The maximum oxygen uptake
during the effort test after clinical remission was inversely correlated with basal
mitochondrial respiration, indicating that physical fitter individuals may exhibit lower
resting mitochondrial oxygen requirements. Our results suggest an association between
mitochondrial ETC dysfunction and an impaired aerobic respiration, which could be a

risk factor for an increased anaerobic respiration and oxidative stress.

In addition, higher BMI tended to be correlated with longer endurance time after clinical
remission, hinting a better physical fithess in this cohort. Also, IPAQ total score was
associated with more prolonged endurance time during the acute state, revealing a
stronger association of endurance capacity with physical fitness rather than with the

severity of the acute episode.

To the authors’ knowledge, no studies have reported previously intra-subject longitudinal
differences in BD between acute states and clinical remission or have assessed the
potential association between oxygen consumption capacity during an effort test and
mitochondrial respiration. Thus, these preliminary results aim to shed light on this field
and motivate future research in larger cohorts, in which, given the number of variables
influencing bioenergetic functions, such as physical fitness, lifestyle habits, the nutritional
status, and genetic predisposition, among others, might contribute through longitudinal
studies focused on the assessment of intra-individual differences to the understanding
of the underlying pathophysiological mechanisms in BD, and to the identification of

specific biomarkers associated with the severity and the course of this illness.

5.2. Limitations

With regard to the assessment of the global nutritional status of psychiatric inpatients, its
cross-sectional design cannot reveal causal dynamics between the variables included,
and cannot allow the inclusion of other nutritional factors that were not obtained during
the admission. However, this cross-sectional study can represent a picture of the
nutritional status of acute psychiatric inpatients and is a first approach to study the
interaction between specific factors related with their disease and malnutrition, which

may in the future open new opportunities for individualized interventions.
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To progress in this field, a longitudinal study was conducted in patients admitted with a
manic episode to assess the impact of nutritional factors on the course of the iliness in
the following three years. In this study, the use of the CONUT score, an objective and
validated tool, and also the use of machine learning algorithms, confer higher reliability
to the results obtained. However, different limitations were identified, such as the follow-
up period, limited to three years after the index admission, and the lack of other
prognostic factors, such as the presence of suicide attempts or the total number of
relapses, including those not requiring an acute admission. Another limitation is the
observational nature of the follow-up, which enhances generalizability but may include
confounders such as medication (342). However, this longitudinal study is a first
approach to study the influence of nutritional and metabolic factors on the course of
illness in BD that aims to promote the development of future studies, which can
overcome the identified limitations and may help identify parameters to predict treatment
response or psychiatric prognosis and demonstrate the beneficial effects of preventive

nutritional and lifestyle therapeutic interventions.

Considering the sample recruited for the assessment of mitochondrial respiratory
capacity, a major strength is the cohort, longitudinal design, which, however, is one of
the reasons for the first limitation, the small sample size. Moreover, this patients’ profile
included in the study, a short course of disease during high severity acute mood episode
requiring admission to an acute psychiatric unit, also limited the sample size. However,
compared to previous studies, the sample obtained was larger, and the study design
allowed to perform intra-individual comparisons between two highly different clinical
states. The novel method of obtaining in vivo ETC oxygen consumption capacity with a
respirometer differs from most previous evidence that used different methods to address
the study of mitochondrial function. This method allows to assess mitochondrial
respiration in fresh, right after the blood extraction, and then requires a link between the
inpatient unit and a specialized laboratory. Laboratory measurements were performed at
the same time as the clinical evaluation, since the experiment used requires the
assessment of ETC respiratory capacity from living cells right after the blood
centrifugation procedure. However, the specific method used limits comparability with
previous studies assessing mitochondrial dysfunction with different tools. Also, the
results obtained in this study were not contrasted with different analyses aimed to
measure mitochondrial function in patients with BD. This hinders the capacity to reach a

conclusion regarding the presence of mitochondrial dysfunction in patients during an
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acute phase, which should be addressed with further specific analyses. Even though the
inpatient unit ensures a lower variability in different environmental conditions, since illicit
substances and tobacco are strictly forbidden, caffeine consumption is not allowed and
a balanced diet is provided in all cases, other factors might influence ETC respiration.
Some of these include pharmacological treatments, especially antipsychotics, which are
commonly used in mania, have significant effects on mitochondrial functioning and
generally suppress mitochondrial biogenesis (352,353). Some of these variables (i.e.,
age, sex) were controlled for. On the other hand, the possibility of obtaining our results
at two different times in the same patients during their admission in the acute psychiatric

unit allows to reduce potential confusion factors.

The subsample in which the aerobic capacity was assessed apart from mitochondrial
respiratory capacity also allows intra-individual comparisons between different clinical
states in patients with short course of iliness and severe mood episodes. Also, laboratory
measurements were performed at the same time as the clinical evaluation and the effort
tests in the cycle ergometer were obtained. However, the small sample size is the main
limitation of this study, explained by the severity of mood episodes, which hindered
recruitment. The limited sample size did not allow differentiation from participants at
index mania and index depression, which might be expected to differ. In addition, healthy
controls were not included in this study. Finally, even though the inpatient unit ensures
a lower variability in different environmental conditions, a variety of factors, such as some

individual characteristics, might have influenced aerobic capacity.

5.3. Future research lines

Based on the reported findings, further studies using prospective models should be
conducted to evaluate useful nutritional screening and assessment tools and identify
those mostly associated with different course of the psychiatric illnesses in the long term.
Also, future evidence should elucidate if the nutritional parameters associated with a
poorer short-term prognosis could be considered risk factors also for an adverse course
of illness. The results obtained from this work aim to drive a line of research in which
nutritional and metabolic data may serve clinicians for wider interventions beyond the
improvement of the psychiatric episodes and medical comorbidities. Since periodical
blood tests and anthropometric measures are performed in outpatient units, the design

of new studies targeting nutritional and metabolic parameters in psychiatric patients
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might be also useful to distinguish in the future profile of patients who are at higher risk
for either suffering medical comorbidities or presenting with adverse circumstances
related to their psychiatric disorder. Further studies will also elucidate the influence of
pharmacological treatment, diet and other environmental factors on patients’ nutritional
status. Upcoming evidence could increase the knowledge regarding the relationship of
specific blood and metabolic parameters with prognostic factors related to psychiatric
illness, such as frequency of clinical relapses, number of admissions, and suicidal
behaviour. Novel findings might serve clinicians for the identification of target populations

in whom medical and psychiatric prognosis might be enhanced.

In addition, future studies might link the impact of metabolic and nutritional impairments,
including malnutrition and MetS, on cellular metabolic functions, such as mitochondrial
function, during different mood states in BD. Longitudinal studies with larger samples,
including medication-free participants, would be useful in the study of mitochondrial
dysfunction in BD, contribute to the correlation of different mitochondrial dysfunction
parameters and identify state-dependent biomarkers that may in the future open new
opportunities for individualized interventions aimed to enhance mitochondrial function.
Future studies on mitochondrial function should also consider its assessment from brain-
derived exosomes and study the correlation between brain and peripheric mitochondrial
activity. The correlation between mitochondrial dysfunction in patients with BD and the
severity of cognitive impairments, though the use of neuroimaging and

neuropsychological assessments, should also be addressed in the future.

The relationship between impaired mitochondrial function and patients' characteristics,
including disease severity, clinical features, lifestyle habits and nutritional parameters,
should be addressed in future studies. Different markers of mitochondrial function and
oxidative stress should also be studied to identify potential phase-specific biomarkers.
For instance, transcriptomic analyses, enzymatic activities of the mitochondrial ETC,
plasmatic mtDNA content, inflammatory parameters and oxidative stress parameters,
such as lactate, pH, uric acid, glucose, and ROS, could potentially be useful to increase
the knowledge around the role of mitochondrial function in BD, allow the identification of
specific biomarkers in acute mood states and the design of specific interventions in the
treatment of acute episodes or in relapse prevention in BD. Mitochondrial-related
biomarkers, together with nutritional and metabolic factors, neuroimaging and

neuropsychological studies, should be assessed to identify specific patients’ profiles and
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elucidate their impact in BD prognosis. In addition, future studies should address the
potential impact of the endocannabinoid system and other pathways associated with

mitochondrial function in individuals with BD.

Lastly, further studies should elucidate whether aerobic exercise could enhance
mitochondrial respiratory capacity, whether this could be used as a state-dependent
marker in the assessment of clinical response, and if the enhancement of physical
activity and specific dietary patterns might be potential strategies to prevent not only
metabolic comorbidities, but also mitochondrial dysfunction, relapses and cognitive

impairments in BD.

The determination of specific biomarkers might allow the identification of different clinical
phenotypes and guide towards the design of future interventional studies targeting
mitochondrial function at specific levels, which might modify the course of disease and

pave the way for personalized interventions in BD.
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6. CONCLUSIONS

1. The cumulative findings highlight various nutritional and bioenergetic parameters
that may be related with the course of iliness in individuals with bipolar disorder.

2. Among patients admitted to an acute psychiatric ward, plasmatic protein levels,
transferrin saturation and iron levels are inversely correlated with length of stay.

3. In acute psychiatric hospitalizations, the nutritional status is reflected by
cholesterol, albumin, lymphocyte count, zinc, iron, prealbumin, transferrin,
triglycerides, transferrin saturation, and body mass index.

4. While the determination of high risk of malnutrition according to the Controlling
Nutritional Status total score may have limited effectiveness in robustly predicting
the course of bipolar disorder, specific parameters, including lower fasting
glucose levels, higher leucocyte count, higher body mass index and higher total
cholesterol levels might be associated with psychiatric readmissions during the
following three years after an admission with a manic episode.

5. Higher total cholesterol levels have been associated with higher number of
readmissions, and higher body mass index, LDL levels and leucocyte count with
a shorter time to relapse requiring readmission. The augmentation of clinical
variables with additional factors, such as biomarkers (e.g., mitochondrial function,
genetics), could enhance the predictive accuracy of outcomes in bipolar disorder.

6. Mitochondrial oxygen consumption capacity emerges as a potential state-
dependent biomarker in individuals with bipolar disorder, with reduced maximum
mitochondrial respiratory capacity found in patients with an acute episode of
bipolar disorder compared to clinical remission.

7. Bipolar depression might be associated with lower levels of mitochondrial
respiratory capacity compared to mania, and manic episodes with a higher
tendency to restore respiratory capacity at clinical remission compared to
depressive episodes.

8. Impaired mitochondrial oxygen consumption capacity might be reflected by
exercise performance, and physical fithess might predict a better exercise
performance over the illness’ state, indicating the influence of different personal
factors in bioenergetic functions, which underscores the relevance of assessing
intra-individual differences in the study of state-dependent biomarkers in bipolar

disorder.

135



References

7. REFERENCES

10.

Grande |, Berk M, Birmaher B, Vieta E. Bipolar disorder. Lancet [Internet]. 2016
Apr 9;387(10027):1561-72. Available from:
https://pubmed.ncbi.nim.nih.gov/26388529/

Vieta E, Berk M, Schulze TG, Carvalho AF, Suppes T, Calabrese JR, et al. Bipolar
disorders. Nature Reviews Disease Primers 2018 4:1 [Internet]. 2018 Mar
8;4(1):1-16. Available from: https://www.nature.com/articles/nrdp20188

Yatham LN, Kennedy SH, Parikh S V., Schaffer A, Bond DJ, Frey BN, et al.
Canadian Network for Mood and Anxiety Treatments (CANMAT) and International
Society for Bipolar Disorders (ISBD) 2018 guidelines for the management of
patients with bipolar disorder. Bipolar Disord. 2018 Mar 1;20(2):97-170.

Corrigan PW, Watson AC. Findings from the National Comorbidity Survey on the
frequency of violent behavior in individuals with psychiatric disorders. Psychiatry
Res. 2005 Sep;136(2-3):153-62.

Krishnan KRR. Psychiatric and medical comorbidities of bipolar disorder.
Psychosom Med [Internet]. 2005;67(1):1-8. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/15673617

Carvalho AF, Firth J, Vieta E. Bipolar Disorder. New England Journal of Medicine
[Internet]. 2020 Jul 1;383(1):58—66. Available from:
https://doi.org/10.1056/NEJMra1906193

Johansson V, Kuja-Halkola R, Cannon TD, Hultman CM, Hedman AM. A
population-based heritability estimate of bipolar disorder - In a Swedish
twin sample. Psychiatry Res. 2019 Aug;278:180-7.

McGuffin P, Rijsdijk F, Andrew M, Sham P, Katz R, Cardno A. The Heritability of
Bipolar Affective Disorder and the Genetic Relationship to Unipolar Depression.
Arch Gen Psychiatry [Internet]. 2003 May 1;60(5):497-502. Available from:
https://jamanetwork.com/journals/jamapsychiatry/fullarticle/207452

O’Connell KS, Coombes BJ. Genetic contributions to bipolar disorder: current
status and future directions. Psychol Med [Internet]. 2021 Oct 21;51(13):2156.
Available from: /pmc/articles/PMC8477227/

Aldinger F, Schulze TG. Environmental factors, life events, and trauma in the
course of bipolar disorder. Psychiatry Clin Neurosci [Internet]. 2017 Jan 1;71(1):6—
17. Available from: https://pubmed.ncbi.nim.nih.gov/27500795/

136



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

References

Menculini G, Balducci PM, Attademo L, Bernardini F, Moretti P, Tortorella A.
Environmental Risk Factors for Bipolar Disorders and High-Risk States in
Adolescence: A Systematic Review. Medicina (Kaunas) [Internet]. 2020 Dec
1;56(12):1-15. Available from: https://pubmed.ncbi.nlm.nih.gov/33322430/

Chan JKN, Tong CCHY, Wong CSM, Chen EYH, Chang WC. Life expectancy and
years of potential life lost in bipolar disorder: systematic review and meta-analysis.
Br J Psychiatry [Internet]. 2022 Sep 4;221(3):567—-76. Available from:
https://pubmed.ncbi.nim.nih.gov/35184778/

Schaffer A, Isometsa ET, Tondo L, H Moreno D, Turecki G, Reis C, et al.
International Society for Bipolar Disorders Task Force on Suicide: meta-
analyses and meta-regression of correlates of suicide attempts and suicide
deaths in bipolar disorder. Bipolar Disord. 2015 Feb;17(1):1-16.

Pacchiarotti I, Anmella G, Colomer L, Vieta E. How to treat mania. Acta Psychiatr
Scand [Internet]. 2020 Sep 1;142(3):173-92. Available from: https://onlinelibrary-
wiley-com.sire.ub.edu/doi/full/10.1111/acps.13209

Vieta E, Berk M, Schulze TG, Carvalho AF, Suppes T, Calabrese JR, et al. Bipolar
disorders. Nature Reviews Disease Primers 2018 4:1 [Internet]. 2018 Mar
8;4(1):1-16. Available from: https://www-nature-
com.sire.ub.edu/articles/nrdp20188

American Psychiatric Association. DSM-5: Diagnostic and Statistical Manual of
Mental Disorders. 5th Editio. Washington DC: APA; 2013.

Grande |, Berk M, Birmaher B, Vieta E. Bipolar disorder. The Lancet. 2016 Apr
9;387(10027):1561-72.

Barbuti M, Pacchiarotti I, Vieta E, Azorin JM, Angst J, Bowden CL, et al.
Antidepressant-induced hypomania/mania in patients with major depression:
Evidence from the BRIDGE-II-MIX study. J Affect Disord. 2017 Sep;219:187-92.
Tondo L, Vazquez GH, Baldessarini RJ. Depression and Mania in Bipolar
Disorder. Curr Neuropharmacol [Internet]. 2017 Apr;15(3):353-8. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/28503106

Bonnin CM, Sanchez-Moreno J, Martinez-Aran A, Sole B, Reinares M, Rosa AR,
et al. Subthreshold symptoms in bipolar disorder: impact on neurocognition,
quality of life and disability. J Affect Disord. 2012 Feb;136(3):650-9.

De Dios C, Ezquiaga E, Agud JL, Vieta E, Soler B, Garcia-Lépez A. Subthreshold

symptoms and time to relapse/recurrence in a community cohort of bipolar

137



22.

23.

24.

25.

26.

27.

28.

29.

30.

References

disorder outpatients. J Affect Disord [Internet]. 2012;143(1):160-5. Available from:
http://www.sciencedirect.com/science/article/pii/S0165032712004077

Harrison JE, Weber S, Jakob R, Chute CG. ICD-11: an international classification
of diseases for the twenty-first century. BMC Med Inform Decis Mak. 2021 Nov
1;21.

Tondo L, Vazquez G, Baldessarini R. Depression and Mania in Bipolar Disorder.
Curr Neuropharmacol [Internet]. 2017 Jun 17;15(3):353—-8. Available from:
https://pubmed.ncbi.nim.nih.gov/28503106/

Nierenberg AA, Agustini B, Kbéhler-Forsberg O, Cusin C, Katz D, Sylvia LG, et al.
Diagnosis and Treatment of Bipolar Disorder: A Review. JAMA [Internet]. 2023
Oct 10;330(14):1370-80. Available from:
https://pubmed.ncbi.nim.nih.gov/37815563/

Gitlin MJ, Swendsen J, Heller TL, Hammen C. Relapse and impairment in bipolar
disorder. Am J Psychiatry. 1995 Nov;152(11):1635—40.

Fountoulakis KN, Grunze H, Vieta E, Young A, Yatham L, Blier P, et al. The
International College of Neuro-Psychopharmacology (CINP) Treatment
Guidelines for Bipolar Disorder in Adults (CINP-BD-2017), Part 3: The Clinical
Guidelines. International Journal of Neuropsychopharmacology [Internet]. 2016
Dec 10;20(2):180-95. Available from: https://doi.org/10.1093/ijnp/pyw109
Goikolea JM, Colom F, Capapey J, Torres |, Valenti M, Grande |, et al. Faster
onset of antimanic action with haloperidol compared to second-generation
antipsychotics. A meta-analysis of randomized clinical trials in acute mania. Eur
Neuropsychopharmacol. 2013 Apr;23(4):305-16.

DelBello MP, Goldman R, Phillips D, Deng L, Cucchiaro J, Loebel A. Efficacy and
Safety of Lurasidone in Children and Adolescents With Bipolar | Depression: A
Double-Blind, Placebo-Controlled Study. J Am Acad Child Adolesc Psychiatry.
2017 Dec;56(12):1015-25.

Martinotti G, Dell’Osso B, Di Lorenzo G, Maina G, Bertolino A, Clerici M, et al.
Treating bipolar depression with esketamine: Safety and effectiveness data from
a naturalistic multicentric study on esketamine in bipolar versus unipolar
treatment-resistant depression. Bipolar Disord [Internet]. 2023 May 1;25(3):233—
44. Available from: https://pubmed.ncbi.nlm.nih.gov/36636839/

Colom F, Vieta E, Daban C, Pacchiarotti I, Sanchez-Moreno J. Clinical and

therapeutic implications of predominant polarity in bipolar disorder. J Affect Disord

138



31.

32.

33.

34.

35.

36.

37.

38.

References

[Internet]. 2006 Jul;93(1-3):13-7. Available from:
https://pubmed.ncbi.nim.nih.gov/16650901/

Miura T, Noma H, Furukawa TA, Mitsuyasu H, Tanaka S, Stockton S, et al.
Comparative efficacy and tolerability of pharmacological treatments in the
maintenance treatment of bipolar disorder: a systematic review and network meta-
analysis. Lancet Psychiatry. 2014 Oct;1(5):351-9.

Geddes JR, Goodwin GM, Rendell J, Azorin JM, Cipriani A, Ostacher MJ, et al.
Lithium plus valproate combination therapy versus monotherapy for relapse
prevention in bipolar | disorder (BALANCE): a randomised open-label trial. Lancet.
2010 Jan;375(9712):385-95.

Vieta E, Gunther O, Locklear J, Ekman M, Miltenburger C, Chatterton M Lou, et
al. Effectiveness of psychotropic medications in the maintenance phase of bipolar
disorder: a meta-analysis of randomized controlled trials. Int J
Neuropsychopharmacol. 2011 Sep;14(8):1029—-49.

Colom F, Vieta E, Martinez-Aran A, Reinares M, Goikolea JM, Benabarre A, et al.
A randomized trial on the efficacy of group psychoeducation in the prophylaxis of
recurrences in bipolar patients whose disease is in remission. Arch Gen
Psychiatry  [Internet]. 2003  Apr  1;60(4):402-7. Available from:
https://pubmed.ncbi.nim.nih.gov/12695318/

Chiang KJ, Tsai JC, Liu D, Lin CH, Chiu HL, Chou KR. Efficacy of cognitive-
behavioral therapy in patients with bipolar disorder: A meta-analysis of
randomized controlled trials. PLoS One [Internet]. 2017 May 1;12(5). Available
from: https://pubmed.ncbi.nim.nih.gov/28472082/

Lopez-Fernandez E, Sole B, Jimenez E, Salagre E, Gimenez A, Murru A, et al.
Cognitive remediation interventions in schizoaffective disorder: A systematic
review. Vol. 9, Frontiers in Psychiatry. Frontiers Media S.A.; 2018.

Tsapekos D, Strawbridge R, Wykes T, Young AH, Cella M. Cognitive remediation
for people with bipolar disorder: The contribution of session attendance and
therapy components to cognitive and functional outcomes. J Psychiatr Res
[Internet]. 2022 Aug 1;152:144-51. Available from:
https://pubmed.ncbi.nim.nih.gov/35724496/

Baldessarini RJ, Undurraga J, Vazquez GH, Tondo L, Salvatore P, Ha K, et al.
Predominant recurrence polarity among 928 adult international bipolar | disorder
patients. Acta Psychiatr Scand [Internet]. 2012 Apr;125(4):293—-302. Available
from: https://pubmed.ncbi.nim.nih.gov/22188017/

139



39.

40.

41.

42.

43.

44,

45.

46.

47.

References

Colom F, Vieta E, Daban C, Pacchiarotti I, Sanchez-Moreno J. Clinical and
therapeutic implications of predominant polarity in bipolar disorder. J Affect Disord
[Internet]. 2006 Jul;93(1-3):13-7. Available from:
https://pubmed.ncbi.nim.nih.gov/16650901/

Judd LL, Akiskal HS, Schettler PJ, Endicott J, Maser J, Solomon DA, et al. The
long-term natural history of the weekly symptomatic status of bipolar | disorder.
Arch  Gen Psychiatry [Internet]. 2002;59(6):530-7. Available from:
https://pubmed.ncbi.nim.nih.gov/12044195/

Judd LL, Akiskal HS, Schettler PJ, Coryell W, Endicott J, Maser JD, et al. A
prospective investigation of the natural history of the long-term weekly
symptomatic status of bipolar Il disorder. Arch Gen Psychiatry [Internet]. 2003 Mar
1;60(3):261-9. Available from: https://pubmed.ncbi.nim.nih.gov/12622659/
Treuer T, Tohen M. Predicting the course and outcome of bipolar disorder: A
review. Vol. 25, European Psychiatry. 2010. p. 328-33.

Martinez-Aran A, Vieta E. Cognition as a target in schizophrenia, bipolar disorder
and depression. Eur Neuropsychopharmacol [Internet]. 2015;25(2):151-7.
Available from: https://pubmed.ncbi.nlm.nih.gov/25661911/

Bourne C, Aydemir O, Balanza-Martinez V, Bora E, Brissos S, Cavanagh JTO, et
al. Neuropsychological testing of cognitive impairment in euthymic bipolar
disorder: an individual patient data meta-analysis. Acta Psychiatr Scand [Internet].
2013 Sep;128(3):149-62. Available from:
https://pubmed.ncbi.nim.nih.gov/23617548/

Kilbourne AM, Cornelius JR, Han X, Pincus HA, Shad M, Salloum I, et al. Burden
of general medical conditions among individuals with bipolar disorder. Bipolar
Disord [Internet]. 2004 Oct;6(5):368-73. Available from:
https://pubmed.ncbi.nim.nih.gov/15383128/

Ketter TA. Strategies for monitoring outcomes in patients with bipolar disorder.
Prim Care Companion J Clin Psychiatry [Internet]. 2010;12(Suppl 1):10-6.
Available from: https://www.ncbi.nIm.nih.gov/pubmed/20628501

Rosa AR, Andreazza AC, Kunz M, Gomes F, Santin A, Sanchez-Moreno J, et al.
Predominant polarity in bipolar disorder: diagnostic implications. J Affect Disord
[Internet]. 2008 Apr;107(1-3):45-51. Available from:
https://pubmed.ncbi.nim.nih.gov/17804081/

140



48.

49.

50.

51.

52.

53.

54.

55.

References

Mclintyre RS, Calabrese JR. Bipolar depression: the clinical characteristics and
unmet needs of a complex disorder. Curr Med Res Opin [Internet]. 2019 Nov
2;35(11):1993-2005. Available from: https://pubmed.ncbi.nim.nih.gov/31311335/
Tohen M, Greenfield SF, Weiss RD, Zarate CA, Vagge LM. The effect of comorbid
substance use disorders on the course of bipolar disorder: a review. Harv Rev
Psychiatry [Internet]. 1998;6(3):133—-41. Available from:
https://pubmed.ncbi.nim.nih.gov/10372281/

Hunt GE, Malhi GS, Cleary M, Lai HMX, Sitharthan T. Comorbidity of bipolar and
substance use disorders in national surveys of general populations, 1990-2015:
Systematic review and meta-analysis. J Affect Disord [Internet]. 2016 Dec
1;206:321-30. Available from: https://pubmed.ncbi.nim.nih.gov/27426694/
Mazza M, Mandelli L, Di Nicola M, Harnic D, Catalano V, Tedeschi D, et al. Clinical
features, response to treatment and functional outcome of bipolar disorder
patients with and without co-occurring substance use disorder: 1-year follow-up.
J Affect Disord [Internet]. 2009 May;115(1-2):27-35. Available from:
https://pubmed.ncbi.nim.nih.gov/18845344/

Wingo AP, Ghaemi SN. A systematic review of rates and diagnostic validity of
comorbid adult attention-deficit/hyperactivity disorder and bipolar disorder. J Clin
Psychiatry [Internet]. 2007;68(11):1776-84. Available from:
https://pubmed.ncbi.nim.nih.gov/18052572/

Goes FS, McCusker MG, Bienvenu OJ, MacKinnon DF, Mondimore FM,
Schweizer B, et al. Co-morbid anxiety disorders in bipolar disorder and major
depression: familial aggregation and clinical characteristics of co-morbid panic
disorder, social phobia, specific phobia and obsessive-compulsive disorder.
Psychol Med [Internet]. 2012;42(7):1449-59. Available from:
https://pubmed.ncbi.nim.nih.gov/22099954/

Jen A, Saunders EFH, Ornstein RM, Kamali M, Mclnnis MG. Impulsivity, anxiety,
and alcohol misuse in bipolar disorder comorbid with eating disorders. Int J Bipolar
Disord [Internet]. 2013;1(1):1-9. Available from:
https://pubmed.ncbi.nim.nih.gov/25505680/

Vieta E, Suppes T. Bipolar Il disorder: arguments for and against a distinct
diagnostic entity. Bipolar Disord [Internet]. 2008 Feb;10(1 Pt 2):163—-78. Available
from: https://pubmed.ncbi.nIm.nih.gov/18199235/

141



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

References

Weiner M, Warren L, Fiedorowicz JG. Cardiovascular Morbidity and Mortality in
Bipolar Disorder. Ann Clin Psychiatry [Internet]. 2011 Feb;23(1):40. Available
from: /pmc/articles/PMC3190964/

Mclintyre RS, Konarski JZ, Soczynska JK, Wilkins K, Panjwani G, Bouffard B, et
al. Medical comorbidity in bipolar disorder: implications for functional outcomes
and health service utilization. Psychiatr Serv [Internet]. 2006;57(8):1140—4.
Available from: https://pubmed.ncbi.nlm.nih.gov/16870965/

Chauvet-Gélinier JC, Gaubil |, Kaladjian A, Bonin B. [Bipolar disorders and
somatic comorbidities: a focus on metabollic syndrome, diabetes and
cardiovascular disease]. Encephale [Internet]. 2012;38:5167-72. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/23395232

Sasson Y, Chopra M, Harrari E, Amitai K, Zohar J. Bipolar comorbidity: from
diagnostic dilemmas to therapeutic challenge. Int J Neuropsychopharmacol
[Internet]. 2003 Jun;6(2):139-44. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/12890307

Risch L, Hotzy F, Vetter S, Hiller S, Wallimann K, Seifritz E, et al. Assessment of
Nutritional Status and Risk of Malnutrition Using Adapted Standard Tools in
Patients with Mental lliness and in Need of Intensive Psychiatric Treatment. Int J
Environ Res Public Health [Internet]. 2023 Jan 1;20(1):109. Available from:
/pmc/articles/PMC9819142/

Calkin C V., Gardner DM, Ransom T, Alda M. The relationship between bipolar
disorder and type 2 diabetes: More than just co-morbid disorders. Vol. 45, Annals
of Medicine. 2013. p. 171-81.

Mcintyre RS, Konarski JZ, Misener VL, Kennedy SH. Bipolar disorder and
diabetes mellitus: Epidemiology, etiology, and treatment implications. Annals of
Clinical Psychiatry. 2005;17(2):83-93.

Charles EF, Lambert CG, Kerner B. Bipolar disorder and diabetes mellitus:
evidence for disease-modifying effects and treatment implications. Int J Bipolar
Disord. 2016 Dec;4(1):13.

Alberti KGMM, Zimmet PZ. Definition, diagnosis and classification of diabetes
mellitus and its complications. Part 1: Diagnosis and classification of diabetes
mellitus. Provisional report of a WHO consultation. Diabetic Medicine.
1998;15(7):539-53.

Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al.

Harmonizing the metabolic syndrome: A joint interim statement of the international

142



66.

67.

68.

69.

70.

71.

72.

73.

References

diabetes federation task force on epidemiology and prevention; National heart,
lung, and blood institute; American heart association; World heart federation;
International atherosclerosis society; And international association for the study
of obesity. Vol. 120, Circulation. 2009. p. 1640-5.

Arranz B, Sanchez-Autet M, San L, Safont G, Fuente-Tomas LD La, Hernandez
C, et al. Are plasma 25-hydroxyvitamin D and retinol levels and one-carbon
metabolism related to metabolic syndrome in patients with a severe mental
disorder? Psychiatry Res [Internet]. 2019 Mar 1;273:22-9. Available from:
https://pubmed.ncbi.nim.nih.gov/30639560/

Soczynska JK, Kennedy SH, Woldeyohannes HO, Liauw SS, Alsuwaidan M, Yim
CY, et al. Mood disorders and obesity: understanding inflammation as a
pathophysiological nexus. Neuromolecular Med. 2011 Jun;13(2):93—-116.
Charles EF, Lambert CG, Kerner B. Bipolar disorder and diabetes mellitus:
evidence for disease-modifying effects and treatment implications. Int J Bipolar
Disord. 2016 Dec;4(1):13.

De Hert M, Dekker JM, Wood D, Kahl KG, Holt RIG, Moller HJ. Cardiovascular
disease and diabetes in people with severe mental illness position statement from
the European Psychiatric Association (EPA), supported by the European
Association for the Study of Diabetes (EASD) and the European Society of
Cardiology (ESC. European Psychiatry. 2009;24(6):412—-24.

Calkin C V., Gardner DM, Ransom T, Alda M. The relationship between bipolar
disorder and type 2 diabetes: More than just co-morbid disorders. Ann Med.
2013;45(2):171-81.

Maheshwari V, Choudhury AK, Yadav R, Dhingra M, Kant R, Kalia RB.
Prevalence of Poor Nutrition in Knee Osteoarthritis Patients: A Hospital-Based
Cohort Study in Indian Population. Indian J Orthop [Internet]. 2024 Feb
4;58(3):298-307. Available from:
https://link.springer.com/article/10.1007/s43465-023-01090-3

Mufioz-Fernandez SS, Garcez FB, Alencar JCG, Bastos AA, Morley JE,
Cederholm T, et al. Gut microbiota disturbances in hospitalized older adults with
malnutrition and clinical outcomes. Nutrition. 2024 Jun 1;122:112369.
Cederholm T, Barazzoni R, Austin P, Ballmer P, Biolo G, Bischoff SC, et al.
ESPEN guidelines on definitions and terminology of clinical nutrition. Clin Nutr
[Internet]. 2017;36(1):49-64. Available from:
https://pubmed.ncbi.nim.nih.gov/27642056/

143



74.

75.

76.

77.

78.

79.

80.

81.

82.

References

Di Vincenzo O, Luisi MLE, Alicante P, Ballarin G, Biffi B, Gheri CF, et al. The
Assessment of the Risk of Malnutrition (Undernutrition) in Stroke Patients.
Nutrients [Internet]. 2023 Feb 1;15(3). Available from: /pmc/articles/PMC9921740/
Serbén-Arbeloa C, Labarta-Monzon L, Puzo-Foncillas J, Mallor-Bonet T, Lafita-
Lépez A, Bueno-Vidales N, et al. Malnutrition Screening and Assessment.
Nutrients [Internet]. 2022 Jun 1;14(12). Available from:
https://pubmed.ncbi.nim.nih.gov/35745121/

Moriana M, Civera M, Artero A, Real JT, Caro J, Ascaso JF, et al. Validity of
subjective global assessment as a screening method for hospital malnutrition.
Prevalence of malnutrition in a tertiary hospital. Endocrinol Nutr [Internet].
2014;61(4):184-9. Available from: https://pubmed.ncbi.nim.nih.gov/24342427/
Konturek PC, Herrmann HJ, Schink K, Neurath MF, Zopf Y. Malnutrition in
Hospitals: It Was, Is Now, and Must Not Remain a Problem! Med Sci Monit
[Internet]. 2015 Oct 2;21:2969-75. Available from:
https://pubmed.ncbi.nim.nih.gov/26431510/

Allard JP, Keller H, Jeejeebhoy KN, Laporte M, Duerksen DR, Gramlich L, et al.
Malnutrition at Hospital Admission-Contributors and Effect on Length of Stay: A
Prospective Cohort Study From the Canadian Malnutrition Task Force. JPEN J
Parenter Enteral Nutr [Internet]. 2016 May 1;40(4):487—-97. Available from:
https://pubmed.ncbi.nim.nih.gov/25623481/

Lebn-Sanz M, Brosa M, Planas M, Garcia-de-Lorenzo A, Celaya-Pérez S,
Hernandez JA, et al. PREDyCES study: The cost of hospital malnutrition in Spain.
Nutrition  [Internet]. 2015 Sep 1;31(9):1096-102. Available from:
https://pubmed.ncbi.nim.nih.gov/26233866/

TOMITA M, MATSUSE H, HASHIDA R, MUROTANI K, UCHIDA M, MONJI M, et
al. Impact of Energy Malnutrition on Exacerbation Hospitalization in Patients with
Chronic Obstructive Pulmonary Disease: Retrospective Observational Study. J
Nutr Sci Vitaminol (Tokyo) [Internet]. 2024 Feb 29;70(1):44-52. Available from:
https://pubmed.ncbi.nim.nih.gov/38417851/

Chen Y, Li Y, Ceng Y, Li C, Li Y, Wang Y, et al. Examining the relationship
between nutritional status and wound healing in head and neck cancer treatment:
A focus on malnutrition and nutrient deficiencies. Int Wound J [Internet]. 2024 Mar
27;21(3). Available from: /pmc/articles/PMC10899863/

Yu M, Li X, Chen M, Liu L, Yao T, Li J, et al. Prognostic potential of nutritional risk

screening and assessment tools in predicting survival of patients with pancreatic

144



83.

84.

85.

86.

87.

88.

89.

90.

References

neoplasms: a systematic review. Nutr J [Internet]. 2024 Dec 1;23(1). Available
from: https://pubmed.ncbi.nim.nih.gov/38310276/

Shi J, Liu T, Ge Y, Liu C, Zhang Q, Xie H, et al. Cholesterol-modified prognostic
nutritional index (CPNI) as an effective tool for assessing the nutrition status and
predicting survival in patients with breast cancer. BMC Med [Internet]. 2023 Dec
1;21(1). Available from: https://pubmed.ncbi.nim.nih.gov/38129842/

Peng P, Chen L, Shen Q, Xu Z, Ding X. Prognostic Nutritional Index (PNI) and
Controlling Nutritional Status (CONUT) score for predicting outcomes of breast
cancer: A systematic review and meta-analysis. Pak J Med Sci [Internet]. 2023
Jul 10;39(5). Available from: https://pubmed.ncbi.nlm.nih.gov/37680798/

Titapun A, Sookprasert A, Sripanuskul Y, Watcharenwong P, Loilome W, Twinprai
P, et al. Preoperative controlling nutritional status (CONUT) score is an
independent prognostic factor in cholangiocarcinoma patients treated with
hepatectomy. Heliyon [Internet]. 2023 Oct 1;9(10). Available from:
https://pubmed.ncbi.nim.nih.gov/37822625/

Fu B, Yu Y, Cheng S, Huang H, Long T, Yang J, et al. Prognostic Value of Four
Preimplantation Malnutrition Estimation Tools in Predicting Heart Failure
Hospitalization of the Older Diabetic Patients with Right Ventricular Pacing. J Nutr
Health Aging [Internet]. 2023 Dec 1;27(12):1262—-70. Available from:
https://pubmed.ncbi.nim.nih.gov/38151878/

Li S, Zhang L, Hou Y, Yang T, Li C, Wei Q, et al. Prevalence and prognostic
significance of malnutrition in early-stage multiple system atrophy. Front Nutr
[Internet]. 2023;10. Available from: https://pubmed.ncbi.nim.nih.gov/38075229/
Gu M, Wang J, Xiao L, Chen X, Wang M, Huang Q, et al. Malnutrition and
poststroke depression in patients with ischemic stroke. J Affect Disord [Internet].
2023 Aug 1;334:113-20. Available from:
https://pubmed.ncbi.nim.nih.gov/37137412/

Dakanalis A, Tryfonos C, Pavlidou E, Vadikolias K, Papadopoulou SK, Alexatou
O, et al. Associations between Mediterranean Diet Adherence, Quality of Life, and
Mental Health in Patients with Multiple Sclerosis: A Cross-Sectional Study. J Pers
Med [Internet]. 2024 Feb 11;14(2):199. Available from:
https://pubmed.ncbi.nim.nih.gov/38392632/

Abayomi J, Hackett A. Assessment of malnutrition in mental health clients: nurses’
judgement vs. a nutrition risk tool. J Adv Nurs [Internet]. 2004;45(4):430-7.
Available from: https://pubmed.ncbi.nlm.nih.gov/14756837/

145



91.

92.

93.

94.

95.

96.

97.

98.

99.

References

del Portillo RC, Miila SP, Vaquez NG, Lopez BP, Lopez LB, Servan PR, et al.
Assessment of nutritional status in the healthcare setting in Spain. Nutr Hosp
[Internet]. 2015;31 Suppl 3:196-208. Available from:
https://pubmed.ncbi.nim.nih.gov/25719787/

Kokura Y, Kimoto K, Okada Y, Kawakita S. The Controlling Nutritional Status
score as a functional prognostic marker in patients with acute stroke: A multicenter
retrospective cohort study. Nutrition [Internet]. 2020 Nov 1;79-80. Available from:
https://pubmed.ncbi.nim.nih.gov/32721870/

Hao R, Qi X, Xia X, Wang L, Li X. Malnutrition on admission increases the in-
hospital mortality and length of stay in elder adults with acute ischemic stroke. J
Clin  Lab Anal [Internet]. 2022 Jan 1;36(1). Available from:
https://pubmed.ncbi.nim.nih.gov/34877710/

Cai Z ming, Wu Y zhi, Chen H man, Feng R gian, Liao C wei, Ye S lie, et al. Being
at risk of malnutrition predicts poor outcomes at 3 months in acute ischemic stroke
patients. Eur J Clin Nutr [Internet]. 2020 May 1;74(5):796-805. Available from:
https://pubmed.ncbi.nim.nih.gov/32203235/

Kokura Y, Kimoto K, Okada Y, Kawakita S. The Controlling Nutritional Status
score as a functional prognostic marker in patients with acute stroke: A multicenter
retrospective cohort study. Nutrition [Internet]. 2020 Nov 1;79-80. Available from:
https://pubmed.ncbi.nim.nih.gov/32721870/

Han X, Cai J, Li Y, Rong X, Li Y, He L, et al. Baseline Objective Malnutritional
Indices as Immune-Nutritional Predictors of Long-Term Recurrence in Patients
with Acute Ischemic Stroke. Nutrients [Internet]. 2022 Apr 1;14(7). Available from:
https://pubmed.ncbi.nim.nih.gov/35405949/

Zhang M, Ye S, Huang X, Sun L, Liu Z, Liao C, et al. Comparing the prognostic
significance of nutritional screening tools and ESPEN-DCM on 3-month and 12-
month outcomes in stroke patients. Clin Nutr [Internet]. 2021 May 1;40(5):3346—
53. Available from: https://pubmed.ncbi.nlm.nih.gov/33221053/

Correia MITD. Nutrition Screening vs Nutrition Assessment: What's the
Difference? Nutr Clin Pract [Internet]. 2018 Feb 1;33(1):62—72. Available from:
https://pubmed.ncbi.nim.nih.gov/28727954/

Omran ML, Morley JE. Assessment of protein energy malnutrition in older
persons, part |: History, examination, body composition, and screening tools.
Nutrition [Internet]. 2000 Jan;16(1):50-63. Available from:
https://pubmed.ncbi.nim.nih.gov/10674236/

146



100.

101.

102.

103.

104.

105.

106.

107.

108.

References

Cederholm T, Bosaeus |, Barazzoni R, Bauer J, Van Gossum A, Klek S, et al.
Diagnostic criteria for malnutrition - An ESPEN Consensus Statement. Clin Nutr
[Internet]. 2015 Jun 1;34(3):335—40. Available from:
https://pubmed.ncbi.nim.nih.gov/25799486/

Smith S, Madden AM. Body composition and functional assessment of nutritional
status in adults: a narrative review of imaging, impedance, strength and functional
techniques. J Hum Nutr Diet [Internet]. 2016 Dec 1;29(6):714—32. Available from:
https://pubmed.ncbi.nim.nih.gov/27137882/

White J V., Guenter P, Jensen G, Malone A, Schofield M. Consensus statement:
Academy of Nutrition and Dietetics and American Society for Parenteral and
Enteral Nutrition: characteristics recommended for the identification and
documentation of adult malnutrition (undernutrition). JPEN J Parenter Enteral Nutr
[Internet]. 2012;36(3):275-88. Available from:
https://pubmed.ncbi.nim.nih.gov/22535923/

Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, Cederholm T, et al.
Sarcopenia: revised European consensus on definition and diagnosis. Age
Ageing [Internet]. 2019 Jul 1;48(4):601. Available from:
https://pubmed.ncbi.nim.nih.gov/31081853/

Loftus TJ, Brown MP, Slish JH, Rosenthal MD. Serum Levels of Prealbumin and
Albumin for Preoperative Risk Stratification. Nutr Clin Pract [Internet]. 2019 Jun
1;34(3):340-8. Available from: https://pubmed.ncbi.nim.nih.gov/30908744/
Larson DW, Abd El Aziz MA, Perry W, D’Angelo AL, Behm KT, Mathis KL, et al.
Additional Value of Preoperative Albumin for Surgical Risk Stratification among
Colorectal Cancer Patients. Ann Nutr Metab [Internet]. 2020 Mar 1;76(6):422—-30.
Available from: https://pubmed.ncbi.nim.nih.gov/33721871/

Robinson MK, Trujillo EB, Mogensen KM, Rounds J, McManus K, Jacobs DO.
Improving nutritional screening of hospitalized patients: the role of prealbumin.
JPEN J Parenter Enteral Nutr [Internet]. 2003;27(6):389-95. Available from:
https://pubmed.ncbi.nim.nih.gov/14621119/

Keller U. Nutritional Laboratory Markers in Malnutrition. J Clin Med [Internet]. 2019
Jun 1;8(6). Available from: https://pubmed.ncbi.nim.nih.gov/31159248/

Reber E, Schénenberger KA, Vasiloglou MF, Stanga Z. Nutritional Risk Screening
in Cancer Patients: The First Step Toward Better Clinical Outcome. Front Nutr
[Internet]. 2021 Apr 7;8. Available from:
https://pubmed.ncbi.nim.nih.gov/33898493/

147



109.

110.

111.

112.

113.

114.

115.

116.

117.

References

Cederholm T, Jensen GL, Correia MITD, Gonzalez MC, Fukushima R,
Higashiguchi T, et al. GLIM criteria for the diagnosis of malnutrition — A consensus
report from the global clinical nutrition community. Clinical Nutrition [Internet].
2019 Feb 1;38(1):1-9. Available from:
http://www.clinicalnutritionjournal.com/article/S026 156141831344 X/fulltext

Bai YM, Li CT, Tsai SJ, Tu PC, Chen MH, Su TP. Metabolic syndrome and
adverse clinical outcomes in patients with bipolar disorder. BMC Psychiatry
[Internet]. 2016 Dec 15;16(1). Available from:
https://pubmed.ncbi.nim.nih.gov/27978821/

Giménez-Palomo A, Gomes-da-Costa S, Dodd S, Pachiarotti I, Verdolini N, Vieta
E, et al. Does metabolic syndrome or its component factors alter the course of
bipolar disorder? A systematic review. Neurosci Biobehav Rev [Internet]. 2022
Jan 1;132:142-53. Available from: https://pubmed.ncbi.nim.nih.gov/34800584/
Bora E, Mcintyre RS, Ozerdem A. Neurococognitive and neuroimaging correlates
of obesity and components of metabolic syndrome in bipolar disorder: A
systematic review. Vol. 49, Psychological Medicine. Cambridge University Press;
2019. p. 738—49.

Mazza E, Poletti S, Bollettini I, Locatelli C, Falini A, Colombo C, et al. Body mass
index associates with white matter microstructure in bipolar depression. Bipolar
Disord. 2017;19(2):116-27.

Bond DJ, Lang DJ, Noronha MM, Kunz M, Torres IJ, Su W, et al. The association
of elevated body mass index with reduced brain volumes in first-episode mania.
Biol Psychiatry. 2011 Aug 15;70(4):381-7.

Bond DJ, Su W, Honer WG, Dhanoa T, Batres-Y-Carr T, Lee SS, et al. Weight
gain as a predictor of frontal and temporal lobe volume loss in bipolar disorder: A
prospective MRI study. Bipolar Disord. 2019;21(1):50-60.

Bell IR, Edman JS, Miller J, Hebben N, Linn RT, Ray D, et al. Relationship of
normal serum vitamin B12 and folate levels to cognitive test performance in
subtypes of geriatric major depression. J Geriatr Psychiatry Neurol [Internet].
1990;3(2):98—105. Available from: https://pubmed.ncbi.nim.nih.gov/2206265/
TMS,KLT,AB,BB,SP, RB, et al. Homocysteine and B vitamins relate to brain
volume and white-matter changes in geriatric patients with psychiatric disorders.
Am J Geriatr Psychiatry [Internet]. 2004 Dec 1;12(6):631-8. Available from:
https://pubmed.ncbi.nim.nih.gov/15545331/

148



118.

119.

120.

121.

122.

123.

124.

125.

126.

References

Olagunju AT, Morgan JA, Aftab A, Gatchel JR, Chen P, Dols A, et al. A Review of
the Evidence Base for Nutrition and Nutritional Supplements in Older Adults with
Bipolar Disorder: A report from the OABD task force. J Frailty Aging [Internet].
2021 Mar 1;10(3):241. Available from: /pmc/articles/PMC8715337/

Morris G, Walder K, McGee SL, Dean OM, Tye SJ, Maes M, et al. A model of the
mitochondrial basis of bipolar disorder. Neurosci Biobehav Rev [Internet]. 2017
Mar 1;74(Pt A):1-20. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/28093238

Andreazza AC, Duong A, Young LT. Bipolar Disorder as a Mitochondrial Disease.
Biol Psychiatry [Internet]. 2018 May 1;83(9):720-1. Available from:
https://pubmed.ncbi.nim.nih.gov/29050637/

Bodenstein DF, Kim HK, Brown NC, Navaid B, Young LT, Andreazza AC.
Mitochondrial DNA content and oxidation in bipolar disorder and its role across
brain regions. NPJ Schizophr [Internet]. 2019 Dec 1;5(1). Available from:
https://pubmed.ncbi.nim.nih.gov/31797868/

Giménez-Palomo A, Dodd S, Anmella G, Carvalho AF, Scaini G, Quevedo J, et
al. The Role of Mitochondria in Mood Disorders: From Physiology to
Pathophysiology and to Treatment. Front Psychiatry [Internet]. 2021 Jul 6;12.
Available from: https://pubmed.ncbi.nim.nih.gov/34295268/

Pintus F, Floris G, Rufini A. Nutrient availability links mitochondria, apoptosis, and
obesity. Aging (Albany NY) [Internet]. 2012;4(11):734. Available from:
/pmc/articles/PMC3560440/

Bhatti JS, Bhatti GK, Reddy PH. Mitochondrial dysfunction and oxidative stress in
metabolic disorders - A Step towards mitochondria based therapeutic strategies.
Biochim Biophys Acta [Internet]. 2017 May 1;1863(5):1066. Available from:
/pmc/articles/PMC5423868/

Caruso G, Benatti C, Blom JMC, Caraci F, Tascedda F. The Many Faces of
Mitochondrial Dysfunction in Depression: From Pathology to Treatment. Front
Pharmacol [Internet]. 2019;10(SEP):995. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/31551791

Budd SL, Nicholls DG. Mitochondria in the life and death of neurons. Essays
Biochem [Internet]. 1998;33:43-52. Available from:
http://essays.biochemistry.org/lookup/doi/10.1042/bse0330043

149



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

References

Finkel T. Radical medicine: Treating ageing to cure disease [Internet]. Vol. 6,
Nature Reviews Molecular Cell Biology. 2005. p. 971-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16227974

Todorova V, Blokland A. Mitochondria and Synaptic Plasticity in the Mature and
Aging Nervous System. Curr Neuropharmacol. 2016 Apr 19;15(1):166-73.
Chang DTW, Reynolds IJ. Mitochondrial trafficking and morphology in healthy and
injured neurons. Vol. 80, Progress in Neurobiology. 2006. p. 241-68.

Bansal Y, Kuhad A. Mitochondrial Dysfunction in Depression. Curr
Neuropharmacol [Internet]. 2016 Jul 19;14(6):610-8. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26923778

Cuperfain AB, Zhang ZL, Kennedy JL, Gongalves VF. The Complex Interaction of
Mitochondrial Genetics and Mitochondrial Pathways in Psychiatric Disease. Mol
Neuropsychiatry. 2018;4(1):52—69.

Vélot C, Srere PA. Reversible transdominant inhibition of a metabolic pathway. In
vivo evidence of interaction between the sequential tricarboxylic acid cycle
enzymes in yeast. Journal of Biological Chemistry. 2000 Apr 28;275(17):12926—
33.

Davies KM, Strauss M, Daum B, Kief JH, Osiewacz HD, Rycovska A, et al.
Macromolecular organization of ATP synthase and complex | in whole
mitochondria. Proc Natl Acad Sci U S A. 2011;108(34):14121-6.

Cogliati S, Frezza C, Soriano ME, Varanita T, Quintana-Cabrera R, Corrado M, et
al. Mitochondrial cristae shape determines respiratory chain supercomplexes
assembly and respiratory efficiency. Cell [Internet]. 2013;155(1):160-71.
Available from: http://dx.doi.org/10.1016/j.cell.2013.08.032

Strauss M, Hofhaus G, Schrdéder RR, Kuhlbrandt W. Dimer ribbons of ATP
synthase shape the inner mitochondrial membrane. EMBO Journal.
2008;27(7):1154-60.

Chaban Y, Boekema EJ, Dudkina N V. Structures of mitochondrial oxidative
phosphorylation supercomplexes and mechanisms for their stabilisation. Biochim
Biophys Acta [Internet]. 2014 Apr;1837(4):418-26. Available from:
https://pubmed.ncbi.nim.nih.gov/24183696/

George CE, Saunders C V., Morrison A, Scorer T, Jones S, Dempsey NC. Cold
stored platelets in the management of bleeding: is it about bioenergetics?
Platelets. 2023;34(1).

150



138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

References

Wang JF. Defects of mitochondrial electron transport chain in bipolar disorder:
Implications for mood-stabilizing treatment. Vol. 52, Canadian Journal of
Psychiatry. Canadian Psychiatric Association; 2007. p. 753—62.

Lenaz G. The mitochondrial production of reactive oxygen species: Mechanisms
and implications in human pathology [Internet]. Vol. 52, [IUBMB Life. Taylor and
Francis Inc.; 2001. p. 159-64. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11798028

Kishida KT, Klann E. Sources and targets of reactive oxygen species in synaptic
plasticity and memory. Antioxid Redox Signal [Internet]. 2007 Feb 21;9(2):233—
44. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17115936

James AM, Murphy MP. How mitochondrial damage affects cell function. J
Biomed Sci [Internet]. 2002 Apr 15;9(6 Pt 1):475-87. Available from:
https://pubmed.ncbi.nim.nih.gov/12372986/

Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals and
antioxidants in oxidative stress-induced cancer. Chem Biol Interact [Internet].
2006 Mar 10;160(1):1-40. Available from:
https://pubmed.ncbi.nim.nih.gov/16430879/

Barnham KJ, Masters CL, Bush Al. Neurodegenerative diseases and oxidative
stress. Nat Rev Drug Discov [Internet]. 2004;3(3):205-14. Available from:
https://pubmed.ncbi.nim.nih.gov/15031734/

Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of ageing.
Nature [Internet]. 2000 Nov 9;408(6809):239-47. Available from:
https://pubmed.ncbi.nim.nih.gov/11089981/

Fischer F, Hamann A, Osiewacz HD. Mitochondrial quality control: An integrated
network of pathways [Internet]. Vol. 37, Trends in Biochemical Sciences. 2012. p.
284-92. Available from: http://www.ncbi.nim.nih.gov/pubmed/22410198

Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science
[Internet]. 2004 Jul 30;305(5684):626-9. Available from:
https://pubmed.ncbi.nim.nih.gov/15286356/

Lindsten T, Zong WX, Thompson CB. Defining the role of the Bcl-2 family of
proteins in the nervous system [Internet]. Vol. 11, Neuroscientist. 2005. p. 10-5.
Available from: http://www.ncbi.nim.nih.gov/pubmed/15632274

de Sousa RT, Machado-Vieira R, Zarate CA, Manji HK. Targeting mitochondrially

mediated plasticity to develop improved therapeutics for bipolar disorder. Expert

151



149.

150.

151.

152.

153.

154.

155.

156.

References

Opin Ther Targets [Internet]. 2014 Oct 1;18(10):1131—47. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25056514

Adzic M, Brkic Z, Bulajic S, Mitic M, Radojcic MB. Antidepressant Action on
Mitochondrial Dysfunction in Psychiatric Disorders [Internet]. Vol. 77, Drug
Development Research. Wiley-Liss Inc.; 2016. p. 400-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27539538

Yoon IS, Li PP, Siu KP, Kennedy JL, Cooke RG, Parikh S V, et al. Altered IMPA2
gene expression and calcium homeostasis in bipolar disorder. Mol Psychiatry
[Internet]. 2001 Nov;6(6):678-83. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11673796

Llorente-Folch |, Rueda CB, Amigo |, del Arco A, Saheki T, Pardo B, et al.
Calcium-regulation of mitochondrial respiration maintains ATP homeostasis and
requires ARALAR/AGC1-malate aspartate shuttle in intact cortical neurons.
Journal of Neuroscience [Internet]. 2013 Aug 28;33(35):13957-71. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/23986233

Patergnani S, Suski JM, Agnoletto C, Bononi A, Bonora M, De Marchi E, et al.
Calcium signaling around Mitochondria Associated Membranes (MAMs). Vol. 9,
Cell Communication and Signaling. 2011.

Gellerich FN, Gizatullina Z, Arandarcikaite O, Jerzembek D, Vielhaber S, Seppet
E, et al. Extramitochondrial Ca2+ in the Nanomolar Range Regulates Glutamate-
Dependent Oxidative Phosphorylation on Demand. PLoS One [Internet].
2009;4(12):e8181. Available from:
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0008181
Rizzuto R, Pozzan T. Microdomains of intracellular Ca2+: molecular determinants
and functional consequences. Physiol Rev [Internet]. 2006 Jan;86(1):369—408.
Available from: http://www.ncbi.nIm.nih.gov/pubmed/16371601

Baron KT, Wang GJ, Padua RA, Campbell C, Thayer SA. NMDA-evoked
consumption and recovery of mitochondrially targeted aequorin suggests
increased Ca2+ uptake by a subset of mitochondria in hippocampal neurons.
Brain Res [Internet]. 2003 Dec 12;993(1-2):124-32. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/14642837

Kato T. Role of mitochondrial DNA in calcium signaling abnormality in bipolar
disorder [Internet]. Vol. 44, Cell Calcium. Elsevier Ltd; 2008. p. 92—102. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18177933

152



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

References

Spinelli JB, Haigis MC. The multifaceted contributions of mitochondria to cellular
metabolism. Nat Cell Biol [Internet]. 2018 Jul 1;20(7):745-54. Available from:
https://pubmed.ncbi.nim.nih.gov/29950572/

Garcia-Garcia FJ, Monistrol-Mula A, Cardellach F, Garrabou G. Nutrition,
Bioenergetics, and Metabolic Syndrome. Nutrients [Internet]. 2020 Sep 1;12(9):1—
39. Available from: /pmc/articles/PMC7551996/

Armani A, Berry A, Cirulli F, Caprio M. Molecular mechanisms underlying
metabolic syndrome: the expanding role of the adipocyte. FASEB J [Internet].
2017;31(10):4240-55. Available from:
https://pubmed.ncbi.nim.nih.gov/28705812/

Karimi M, Pavlov VI, Ziegler O, Sriram N, Yoon SY, Agbortoko V, et al. Robust
effect of metabolic syndrome on major metabolic pathways in the myocardium.
PLoS One [Internet]. 2019 Dec 1;14(12). Available  from:
https://pubmed.ncbi.nim.nih.gov/31790488/

Meyer JN, Leuthner TC, Luz AL. Mitochondrial fusion, fission, and mitochondrial
toxicity. Toxicology [Internet]. 2017 Nov 1;391:42-53. Available from:
https://pubmed.ncbi.nim.nih.gov/28789970/

Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell [Internet].
2012 Mar 16;148(6):1145-59. Available from:
https://pubmed.ncbi.nim.nih.gov/22424226/

Gomez-Valadés AG, Gonzalez-Franquesa A, Gama-Perez P, Claret M, Garcia-
Roves PM. Emerging Concepts in Diabetes: Mitochondrial Dynamics and Glucose
Homeostasis. Curr Diabetes Rev [Internet]. 2017 Jul 25;13(4). Available from:
https://pubmed.ncbi.nim.nih.gov/26456359/

Fischer F, Hamann A, Osiewacz HD. Mitochondrial quality control: an integrated
network of pathways. Trends Biochem Sci [Internet]. 2012 Jul;37(7):284—-92.
Available from: https://pubmed.ncbi.nim.nih.gov/22410198/

Burkhalter J, Fiumelli H, Allaman |, Chatton JY, Martin JL. Brain-derived
neurotrophic factor stimulates energy metabolism in developing cortical neurons.
J Neurosci [Internet]. 2003 Sep 10;23(23):8212-20. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12967982

Markham A, Cameron |, Franklin P, Spedding M. BDNF increases rat brain
mitochondrial respiratory coupling at complex |, but not complex Il. Eur J Neurosci
[Internet]. 2004 Sep;20(5):1189-96. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15341590

153



167.

168.

169.

170.

171.

172.

173.

174.

175.

References

Guo X, Macleod GT, Wellington A, Hu F, Panchumarthi S, Schoenfield M, et al.
The GTPase dMiro is required for axonal transport of mitochondria to Drosophila
synapses. Neuron [Internet]. 2005 Aug 4;47(3):379-93. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16055062

Verstreken P, Ly C V., Venken KJT, Koh TW, Zhou Y, Bellen HJ. Synaptic
mitochondria are critical for mobilization of reserve pool vesicles at Drosophila
neuromuscular junctions. Neuron. 2005 Aug 4;47(3):365—78.

Peinado JR, Diaz-Ruiz A, Frihbeck G, Malagon MM. Mitochondria in metabolic
disease: Getting clues from proteomic studies. Proteomics [Internet]. 2014 Mar
1;14(4-5):452—66. Available from: https://onlinelibrary-wiley-
com.sire.ub.edu/doi/full/10.1002/pmic.201300376

Lapointe J. Mitochondria as promising targets for nutritional interventions aiming
to improve performance and longevity of sows. J Anim Physiol Anim Nutr (Berl)
[Internet]. 2014 Oct 1;98(5):809-21. Available from: https://onlinelibrary-wiley-
com.sire.ub.edu/doi/full/10.1111/jpn.12160

Bosch M, Mari M, Herms A, Fernandez A, Fajardo A, Kassan A, et al. Caveolin-1
deficiency causes cholesterol-dependent mitochondrial dysfunction and apoptotic
susceptibility. Curr Biol [Internet]. 2011 Apr 26;21(8):681—6. Available from:
https://pubmed.ncbi.nim.nih.gov/21497090/

Torres S, Solsona-Vilarrasa E, Nufiez S, Matias N, Insausti-Urkia N, Castro F, et
al. Acid ceramidase improves mitochondrial function and oxidative stress in
Niemann-Pick type C disease by repressing STARD1 expression and
mitochondrial cholesterol accumulation. Redox Biol [Internet]. 2021 Sep 1;45.
Available from: https://pubmed.ncbi.nim.nih.gov/34175669/

Solsona-Vilarrasa E, Fucho R, Torres S, Nufiez S, Nufio-Lambarri N, Enrich C, et
al. Cholesterol enrichment in liver mitochondria impairs oxidative phosphorylation
and disrupts the assembly of respiratory supercomplexes. Redox Biol [Internet].
2019 Jun 1;24. Available from: https://pubmed.ncbi.nim.nih.gov/31108462/
Ruprecht JJ, Kunji ERS. The SLC25 Mitochondrial Carrier Family: Structure and
Mechanism. Trends Biochem Sci [Internet]. 2020 Mar 1;45(3):244-58. Available
from: https://pubmed.ncbi.nIm.nih.gov/31787485/

Goicoechea L, Conde de la Rosa L, Torres S, Garcia-Ruiz C, Fernandez-Checa
JC. Mitochondrial cholesterol: Metabolism and impact on redox biology and
disease. Redox Biol [Internet]. 2023 May 1;61:102643. Available from:
/pmc/articles/PMC9989693/

154



176.

177.

178.

179.

180.

181.

182.

183.

184.

References

Lapointe J. Mitochondria as promising targets for nutritional interventions aiming
to improve performance and longevity of sows. J Anim Physiol Anim Nutr (Berl)
[Internet]. 2014 Oct 1;98(5):809-21. Available from: https://onlinelibrary-wiley-
com.sire.ub.edu/doi/full/10.1111/jpn.12160

Sun X, Wang JF, Tseng M, Young LT. Downregulation in components of the
mitochondrial electron transport chain in the postmortem frontal cortex of subjects
with bipolar disorder. Journal of Psychiatry and Neuroscience. 2006
May;31(3):189-96.

Konradi C, Eaton M, MacDonald ML, Walsh J, Benes FM, Heckers S. Molecular
Evidence for Mitochondrial Dysfunction in Bipolar Disorder. Arch Gen Psychiatry.
2004 Mar;61(3):300-8.

Parish R, Petersen KF. Mitochondrial dysfunction and type 2 diabetes. Curr Diab
Rep [Internet]. 2005;5(3):177-88. Available from:
https://pubmed.ncbi.nim.nih.gov/15929863/

Petersen KF, Dufour S, Befroy D, Garcia R, Shulman Gl. Impaired Mitochondrial
Activity in the Insulin-Resistant Offspring of Patients with Type 2 Diabetes. New
England Journal of Medicine [Internet]. 2004 Feb 12;350(7):664—71. Available
from: https://pubmed.ncbi.nim.nih.gov/14960743/

Muoio DM, Newgard CB. Mechanisms of disease:Molecular and metabolic
mechanisms of insulin resistance and beta-cell failure in type 2 diabetes. Nat Rev
Mol Cell Biol [Internet]. 2008 Mar;9(3):193-205. Available from:
https://pubmed.ncbi.nim.nih.gov/18200017/

Miola A, Alvarez-Villalobos NA, Ruiz-Hernandez FG, De Filippis E, Veldic M,
Prieto ML, et al. Insulin resistance in bipolar disorder: A systematic review of
illness course and clinical correlates. J Affect Disord [Internet]. 2023 Aug 1;334:1—
11. Available from: https://pubmed.ncbi.nim.nih.gov/37086806/

Sergi D, Naumovski N, Heilbronn LK, Abeywardena M, O’Callaghan N, Lionetti L,
et al. Mitochondrial (Dys)function and Insulin Resistance: From
Pathophysiological Molecular Mechanisms to the Impact of Diet. Front Physiol
[Internet]. 2019 May 1;10. Available from:
https://pubmed.ncbi.nim.nih.gov/31130874/

Krebs M, Roden M. Molecular mechanisms of lipid-induced insulin resistance in
muscle, liver and vasculature. Diabetes Obes Metab [Internet]. 2005;7(6):621-32.

Available from: https://pubmed.ncbi.nlm.nih.gov/16219006/

155



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

References

Kim JA, Wei Y, Sowers JR. Role of mitochondrial dysfunction in insulin resistance.
Circ  Res [Internet]. 2008 Feb;102(4):401-14.  Available  from:
https://pubmed.ncbi.nim.nih.gov/18309108/

Cooper SA, Whaley-Connell A, Habibi J, Wei Y, Lastra G, Manrique C, et al.
Renin-angiotensin-aldosterone system and oxidative stress in cardiovascular
insulin resistance. Am J Physiol Heart Circ Physiol [Internet]. 2007 Oct;293(4).
Available from: https://pubmed.ncbi.nlm.nih.gov/17586614/

Després JP, Lemieux I. Abdominal obesity and metabolic syndrome. Nature
[Internet]. 2006 Dec 14;444(7121):881-7. Available from:
https://pubmed.ncbi.nim.nih.gov/17167477/

Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular disease.
Circ Res [Internet]. 2005 Mar 13;96(9):939-49. Available from:
https://pubmed.ncbi.nim.nih.gov/15890981/

Geto Z, Molla MD, Challa F, Belay Y, Getahun T. Mitochondrial Dynamic
Dysfunction as a Main Triggering Factor for Inflammation Associated Chronic
Non-Communicable Diseases. J Inflamm Res [Internet]. 2020;13:97-107.
Available from: https://pubmed.ncbi.nIm.nih.gov/32110085/

Couillard C, Ruel G, Archer WR, Pomerleau S, Bergeron J, Couture P, et al.
Circulating levels of oxidative stress markers and endothelial adhesion molecules
in men with abdominal obesity. J Clin Endocrinol Metab [Internet]. 2005
Dec;90(12):6454-9. Available from: https://pubmed.ncbi.nIm.nih.gov/16189262/
Fujita K, Nishizawa H, Funahashi T, Shimomura |, Shimabukuro M. Systemic
oxidative stress is associated with visceral fat accumulation and the metabolic
syndrome. Circ J [Internet]. 2006;70(11):1437-42. Available from:
https://pubmed.ncbi.nim.nih.gov/17062967/

Nisoli E, Clementi E, Carruba MO, Moncada S. Defective mitochondrial
biogenesis: a hallmark of the high cardiovascular risk in the metabolic syndrome?
Circ Res [Internet]. 2007 Mar;100(6):795-806. Available  from:
https://pubmed.ncbi.nim.nih.gov/17395885/

Choo HJ, Kim JH, Kwon OB, Lee CS, Mun JY, Han SS, et al. Mitochondria are
impaired in the adipocytes of type 2 diabetic mice. Diabetologia [Internet]. 2006
Apr;49(4):784-91. Available from: https://pubmed.ncbi.nim.nih.gov/16501941/
Mansego ML, Solar GDM, Alonso MP, Martinez F, Saez GT, Escudero JCM, et

al. Polymorphisms of antioxidant enzymes, blood pressure and risk of

156



195.

196.

197.

198.

199.

200.

201.

202.

203.

References

hypertension. J Hypertens [Internet]. 2011;29(3):492-500. Available from:
https://pubmed.ncbi.nim.nih.gov/21178785/

Togliatto G, Lombardo G, Brizzi MF. The Future Challenge of Reactive Oxygen
Species (ROS) in Hypertension: From Bench to Bed Side. Int J Mol Sci [Internet].
2017 Sep 15;18(9). Available from: https://pubmed.ncbi.nlm.nih.gov/28914782/
Andreazza AC, Wang JF, Salmasi F, Shao L, Young LT. Specific subcellular
changes in oxidative stress in prefrontal cortex from patients with bipolar disorder.
J Neurochem. 2013 Nov;127(4):552—-61.

Gardea-Resendez M, Winham SJ, Romo-Nava F, Cuellar-Barboza A, Clark MM,
Andreazza AC, et al. Quantification of diet quality utilizing the rapid eating
assessment for participants-shortened version in bipolar disorder: Implications for
prospective depression and cardiometabolic studies. J Affect Disord [Internet].
2022 Aug 1;310:150-5. Available from:
https://pubmed.ncbi.nim.nih.gov/35545158/

Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE. Mitochondria and
reactive oxygen species. Free Radic Biol Med [Internet]. 2009 Aug 15;47(4):333—
43. Available from: https://pubmed.ncbi.nlm.nih.gov/19427899/

Trumbo P, Yates AA, Schlicker S, Poos M. Dietary reference intakes: vitamin A,
vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese,
molybdenum, nickel, silicon, vanadium, and zinc. J Am Diet Assoc [Internet].
2001;101(3):294-301. Available from:
https://pubmed.ncbi.nim.nih.gov/11269606/

De Oliveira MR. Vitamin A and Retinoids as Mitochondrial Toxicants. Oxid Med
Cell Longev [Internet]. 2015;2015. Available from:
https://pubmed.ncbi.nim.nih.gov/26078802/

Acin-Perez R, Hoyos B, Zhao F, Vinogradov V, Fischman DA, Harris RA, et al.
Control of oxidative phosphorylation by vitamin A illuminates a fundamental role
in mitochondrial energy homoeostasis. FASEB J [Internet]. 2010 Feb;24(2):627—
36. Available from: https://pubmed.ncbi.nim.nih.gov/19812372/

McCarty MF. Co-administration of equimolar doses of betaine may alleviate the
hepatotoxic risk associated with niacin therapy. Med Hypotheses [Internet].
2000;55(3):189-94. Available from: https://pubmed.ncbi.nim.nih.gov/10985907/
Wesselink E, Koekkoek WAC, Grefte S, Witkamp RF, van Zanten ARH. Feeding

mitochondria: Potential role of nutritional components to improve critical illness

157



204.

205.

206.

207.

208.

2009.

210.

211.

212.

References

convalescence. Clin Nutr [Internet]. 2019 Jun 1;38(3):982—-95. Available from:
https://pubmed.ncbi.nim.nih.gov/30201141/

Joseph S V., Edirisinghe |, Burton-Freeman BM. Fruit Polyphenols: A Review of
Anti-inflammatory Effects in Humans. Crit Rev Food Sci Nutr [Internet]. 2016 Feb
17;56(3):419—-44. Available from: https://pubmed.ncbi.nim.nih.gov/25616409/
Chiva-Blanch G, Badimon L. Effects of Polyphenol Intake on Metabolic Syndrome:
Current Evidences from Human Trials. Oxid Med Cell Longev [Internet].
2017;2017. Available from: https://pubmed.ncbi.nlm.nih.gov/28894509/

Wang JF, Shao L, Sun X, Young LT. Increased oxidative stress in the anterior
cingulate cortex of subjects with bipolar disorder and schizophrenia. Bipolar
Disord [Internet]. 2009 Aug;11(5):523-9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19624391

Allen J, Romay-Tallon R, Brymer KJ, Caruncho HJ, Kalynchuk LE. Mitochondria
and Mood: Mitochondrial Dysfunction as a Key Player in the Manifestation of
Depression. Front Neurosci [Internet]. 2018 Jun 6;12(JUN):386. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29928190

Kato T. Neurobiological basis of bipolar disorder: Mitochondrial dysfunction
hypothesis and beyond. Schizophr Res [Internet]. 2017 Sep 1;187:62-6. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/27839913

Toker L, Agam G. Mitochondrial dysfunction in psychiatric morbidity: current
evidence and therapeutic prospects. Neuropsychiatr Dis Treat [Internet]. 2015
Sep 24:11:2441-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26442764

Scaglia F. The role of mitochondrial dysfunction in psychiatric disease [Internet].
Vol. 16, Developmental Disabilities Research Reviews. John Wiley and Sons Inc.;
2010. p. 136—-43. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20818728
Fattal O, Budur K, Vaughan AJ, Franco K. Review of the literature on major mental
disorders in adult patients with mitochondrial diseases [Internet]. Vol. 47,
Psychosomatics. American Psychiatric Publishing Inc.; 2006. p. 1-7. Available
from: http://www.ncbi.nim.nih.gov/pubmed/16384802

Scaini G, Rezin GT, Carvalho AF, Streck EL, Berk M, Quevedo J. Mitochondrial
dysfunction in bipolar disorder: Evidence, pathophysiology and translational
implications. Neurosci Biobehav Rev [Internet]. 2016 Sep 1;68:694—713.
Available from: https://pubmed.ncbi.nlm.nih.gov/27377693/

158



213.

214.

215.

216.

217.

218.

219.

220.

References

Kato T, Takahashi S, Shioiri T, Inubushi T. Brain phosphorous metabolism in
depressive disorders detected by phosphorus-31 magnetic resonance
spectroscopy. J Affect Disord. 1992;26(4):223-30.

Du F, Yuksel C, Chouinard VA, Huynh P, Ryan K, Cohen BM, et al. Abnormalities
in High-Energy Phosphate Metabolism in First-Episode Bipolar Disorder
Measured Using 31P-Magnetic Resonance Spectroscopy. Biol Psychiatry
[Internet]. 2018 Dec 1;84(11):797-802. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/28527566

MacDonald ML, Naydenov A, Chu M, Matzilevich D, Konradi C. Decrease in
creatine kinase messenger RNA expression in the hippocampus and dorsolateral
prefrontal cortex in bipolar disorder. Bipolar Disord [Internet]. 2006 Jun;8(3):255—
64. Available from: http://www.ncbi.nim.nih.gov/pubmed/16696827

Dror N, Klein E, Karry R, Sheinkman A, Kirsh Z, Mazor M, et al. State-dependent
alterations in mitochondrial complex | activity in platelets: a potential peripheral
marker for schizophrenia. Mol Psychiatry [Internet]. 2002;7(9):995-1001.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/12399953

Taurines R, Thome J, Duvigneau JC, Forbes-Robertson S, Yang L, Klampfl K, et
al. Expression analyses of the mitochondrial complex | 75-kDa subunit in early
onset schizophrenia and autism spectrum disorder: increased levels as a potential
biomarker for early onset schizophrenia. Eur Child Adolesc Psychiatry [Internet].
2010 May;19(5):441-8. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19894076

Valvassori SS, Bavaresco D V, Feier G, Cechinel-Recco K, Steckert A V, Varela
RB, et al. Increased oxidative stress in the mitochondria isolated from
lymphocytes of bipolar disorder patients during depressive episodes. Psychiatry
Res [Internet]. 2018 Jun 1;264:192—-201. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29653348

Gubert C, Stertz L, Pfaffenseller B, Panizzutti BS, Rezin GT, Massuda R, et al.
Mitochondrial activity and oxidative stress markers in peripheral blood
mononuclear cells of patients with bipolar disorder, schizophrenia, and healthy
subjects. J Psychiatr Res [Internet]. 2013 Oct;47(10):1396—-402. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23870796

FiSar Z, Hansikova H, Kfizova J, Jirak R, Kitzlerova E, Zvéfova M, et al. Activities

of mitochondrial respiratory chain complexes in platelets of patients with

159



221.

222.

223.

224.

225.

226.

227.

References

Alzheimer’s disease and depressive disorder. Mitochondrion [Internet]. 2019 Sep
1;48:67—77. Available from: http://www.ncbi.nlm.nih.gov/pubmed/31377247
Zuccoli GS, Saia-Cereda VM, Nascimento JM, Martins-de-Souza D. The Energy
Metabolism Dysfunction in Psychiatric Disorders Postmortem Brains: Focus on
Proteomic Evidence. Front Neurosci [Internet]. 2017 Sep 7;11(SEP). Available
from: https://pubmed.ncbi.nim.nih.gov/28936160/

Andreazza AC, Shao L, Wang JF, Young LT. Mitochondrial complex | activity and
oxidative damage to mitochondrial proteins in the prefrontal cortex of patients with
bipolar  disorder.[Erratum appears in Arch Gen Psychiatry. 2010
Dec;67(12):1254]. Arch Gen Psychiatry [Internet]. 2010;67(4):360—8. Available
from:
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&CSC=Y&NEWS=N&PAGE=fulltext&D
=medI&AN=20368511%5Cnhttp://bf4dv7zn3u.search.serialssolutions.com.myac
cess.library.utoronto.ca/?url_ver=239.88-
2004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&rfr_id=info:sid/Ovid:medI&rft
Andreazza AC, Kapczinski F, Kauer-Sant’Anna M, Walz JC, Bond DJ, Gongalves
CA, et al. 3-Nitrotyrosine and glutathione antioxidant system in patients in the
early and late stages of bipolar disorder. Journal of Psychiatry and Neuroscience.
2009;34(4):263—71.

Brown NC, Andreazza AC, Young LT. An updated meta-analysis of oxidative
stress markers in bipolar disorder. Psychiatry Res [Internet]. 2014 Aug 15;218(1—
2):61-8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24794031

Benes FM, Matzilevich D, Burke RE, Walsh J. The expression of proapoptosis
genes is increased in bipolar disorder, but not in schizophrenia. Mol Psychiatry
[Internet]. 2006 Mar;11(3):241-51. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16288314

Kuloglu M, Ustundag B, Atmaca M, Canatan H, Ertan Tezcan A, Cinkilinc N. Lipid
peroxidation and antioxidant enzyme levels in patients with schizophrenia and
bipolar disorder. Cell Biochem Funct [Internet]. 2002 Jun;20(2):171-5. Available
from: http://www.ncbi.nim.nih.gov/pubmed/11979513

Ranjekar PK, Hinge A, Hegde M V., Ghate M, Kale A, Sitasawad S, et al.
Decreased antioxidant enzymes and membrane essential polyunsaturated fatty
acids in schizophrenic and bipolar mood disorder patients. Psychiatry Res. 2003
Dec 1;121(2):109-22.

160



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

References

Savas HA, Gergerlioglu HS, Armutcu F, Herken H, Yilmaz HR, Kocoglu E, et al.
Elevated serum nitric oxide and superoxide dismutase in euthymic bipolar
patients: impact of past episodes. World J Biol Psychiatry [Internet]. 2006
Mar;7(1):51-5. Available from: http://www.ncbi.nIm.nih.gov/pubmed/16428220
Machado-Vieira R, Andreazza AC, Viale Cl, Zanatto V, Cereser V, da Silva
Vargas R, et al. Oxidative stress parameters in unmedicated and treated bipolar
subjects during initial manic episode: a possible role for lithium antioxidant effects.
Neurosci Lett [Internet]. 2007 Jun 21;421(1):33-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17548157

Gergerlioglu HS, Savas HA, Bulbul F, Selek S, Uz E, Yumru M. Changes in nitric
oxide level and superoxide dismutase activity during antimanic treatment. Prog
Neuropsychopharmacol Biol Psychiatry. 2007 Apr 30;31(3):697—702.

Andreazza AC, Cassini C, Rosa AR, Leite MC, de Almeida LM V, Nardin P, et al.
Serum S100B and antioxidant enzymes in bipolar patients. J Psychiatr Res
[Internet]. 2007 Sep;41(6):523-9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16956621

de Sousa RT, Zarate CA, Zanetti M V., Costa AC, Talib LL, Gattaz WF, et al.
Oxidative stress in early stage bipolar disorder and the association with response
to lithium. J Psychiatr Res. 2014;50(1):36—41.

Uemura T, Green M, Corson TW, Perova T, Li PP, Warsh JJ. Bcl-2 SNP rs956572
associates with disrupted intracellular calcium homeostasis in bipolar | disorder.
Bipolar Disord [Internet]. 2011 Feb;13(1):41-51. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21320251

Greer PL, Greenberg ME. From Synapse to Nucleus: Calcium-Dependent Gene
Transcription in the Control of Synapse Development and Function [Internet]. Vol.
59, Neuron. 2008. p. 846-60. Available from:
http://www.hsph.harvard.edu/mining/files/Walle.pdf

Grimaldi B, Sassone-Corsi P. Metabolic clockwork. Nature. 2007;447(7143):386—
7.

Atakhorrami M, Rahimi-Aliabadi S, Jamshidi J, Moslemi E, Movafagh A, Ohadi M,
et al. A genetic variant in CAMKK2 gene is possibly associated with increased risk
of bipolar disorder. J Neural Transm. 2016;123(3):323-8.

O’Byrne SN, Scott JW, Pilotte JR, da Santiago AS, Langendorf CG, Oakhill JS, et
al. In depth analysis of kinase cross screening data to identify CaMKK2 inhibitory
scaffolds. Molecules. 2020;25(2).

161



238.

239.

240.

241.

242.

243.

244,

245.

246.

References

Tokumitsu H, Ilwabu M, Ishikawa Y, Kobayashi R. Differential regulatory
mechanism of ca2+/calmodulin-dependent protein kinase kinase isoforms.
Biochemistry. 2001;40(46):13925-32.

Cataldo AM, McPhie DL, Lange NT, Punzell S, Elmiligy S, Ye NZ, et al.
Abnormalities in mitochondrial structure in cells from patients with bipolar disorder.
American Journal of Pathology [Internet]. 2010 Aug;177(2):575-85. Available
from: http://www.ncbi.nim.nih.gov/pubmed/20566748

Safiulina D, Kaasik A. Energetic and Dynamic: How Mitochondria Meet Neuronal
Energy Demands. PLoS Biol. 2013 Dec;11(12).

Scaini G, Fries GR, Valvassori SS, Zeni CP, Zunta-Soares G, Berk M, et al.
Perturbations in the apoptotic pathway and mitochondrial network dynamics in
peripheral blood mononuclear cells from bipolar disorder patients. Transl
Psychiatry  [Internet]. 2017 May 2;7(5):e1111.  Available  from:
http://www.ncbi.nlm.nih.gov/pubmed/28463235

Scaini G, Barichello T, Fries GR, Kennon EA, Andrews T, Nix BR, et al. TSPO
upregulation in bipolar disorder and concomitant downregulation of mitophagic
proteins and NLRP3 inflammasome activation. Neuropsychopharmacology
[Internet]. 2019 Jun 1;44(7):1291-9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/30575805

Kim HW, Rapoport Sl, Rao JS. Altered expression of apoptotic factors and
synaptic markers in postmortem brain from bipolar disorder patients. Neurobiol
Dis [Internet]. 2010 Mar;37(3):596—603. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19945534

Moutsatsou P, Tsoporis JN, Salpeas V, Bei E, Alevizos B, Anagnostara C, et al.
Peripheral blood lymphocytes from patients with bipolar disorder demonstrate
apoptosis and differential regulation of advanced glycation end products and
S100B. Clin Chem Lab Med [Internet]. 2014 Jul;52(7):999-1007. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24497226

Roberts DJ, Tan-Sah VP, Smith JM, Miyamoto S. Akt phosphorylates HK-Il at Thr-
473 and increases mitochondrial HK-1l association to protect cardiomyocytes. J
Biol Chem [Internet]. 2013 Aug 16;288(33):23798-806. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23836898

Liu Y, Ho RCM, Mak A. Interleukin (IL)-6, tumour necrosis factor alpha (TNF-a)

and soluble interleukin-2 receptors (sIL-2R) are elevated in patients with major

162



247.

248.

249.

250.

251.

252.

253.

254.

255.

References

depressive disorder: A meta-analysis and meta-regression. Vol. 139, Journal of
Affective Disorders. 2012. p. 230-9.

Sharma S, Akundi RS. Mitochondria: A Connecting Link in the Major Depressive
Disorder Jigsaw. Curr Neuropharmacol. 2018 Mar 7;17(6):550-62.

Norkett R, Modi S, Birsa N, Atkin TA, Ivankovic D, Pathania M, et al. DISC1-
dependent Regulation of Mitochondrial Dynamics Controls the Morphogenesis of
Complex Neuronal Dendrites. J Biol Chem [Internet]. 2016 Jan 8;291(2):613-29.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/26553875

Culmsee C, Michels S, Scheu S, Arolt V, Dannlowski U, Alferink J. Mitochondria,
Microglia, and the Immune System-How Are They Linked in Affective Disorders?
Front Psychiatry [Internet]. 2018;9(JAN):739. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/30687139

Shinozaki G, Potash JB. New Developments in the Genetics of Bipolar Disorder.
Vol. 16, Current Psychiatry Reports. Current Medicine Group LLC 1; 2014.

Ou X, Crane DE, Maclintosh BJ, Young LT, Arnold P, Ameis S, et al. CACNA1C
rs1006737 genotype and bipolar disorder: Focus on intermediate phenotypes and
cardiovascular comorbidity. Neurosci Biobehav Rev [Internet]. 2015 Aug
1;55:198-210. Available from: http://www.ncbi.nIm.nih.gov/pubmed/25976633
Rollins B, Martin M V., Sequeira PA, Moon EA, Morgan LZ, Watson SJ, et al.
Mitochondrial variants in schizophrenia, bipolar disorder, and major depressive
disorder. PLoS One [Internet]. 2009 Mar 17;4(3):€4913. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19290059

Munakata K, Tanaka M, Mori K, Washizuka S, Yoneda M, Tajima O, et al.
Mitochondrial DNA 3644T-->C mutation associated with bipolar disorder.
Genomics [Internet]. 2004 Dec;84(6):1041-50. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15533721

Kato T, Stine OC, McMahon FJ, Crowe RR. Increased levels of a mitochondrial
DNA deletion in the brain of patients with bipolar disorder. Biol Psychiatry
[Internet]. 1997 Nov 15;42(10):871-5. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9359971

Shao L, Martin M V., Watson SJ, Schatzberg A, Akil H, Myers RM, et al.
Mitochondrial involvement in psychiatric disorders [Internet]. Vol. 40, Annals of
Medicine. 2008. p. 281-95. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18428021

163



256.

257.

258.

2509.

260.

261.

262.

263.

264.

References

Suomalainen A, Peltonen L, Paetau A, Leinonen H, Majander A, Somer H.
Inherited idiopathic dilated cardiomyopathy with multiple deletions of
mitochondrial DNA. The Lancet [Internet]. 1992 Nov 28;340(8831):1319-20.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/1360038

Czarny P, Wigner P, Strycharz J, Swiderska E, Synowiec E, Szatkowska M, et al.
Mitochondrial DNA copy humber, damage, repair and degradation in depressive
disorder. World J Biol Psychiatry [Internet]. 2019 May 13;1—-11. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/31081430

Yamaki N, Otsuka I, Numata S, Yanagi M, Mouri K, Okazaki S, et al. Mitochondrial
DNA copy number of peripheral blood in bipolar disorder: The present study and
a meta-analysis. Psychiatry Res [Internet]. 2018 Nov 1;269:115-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/30145290

Wang YC, Tai PA, Poly TN, Islam MM, Yang HC, Wu CC, et al. Increased risk of
dementia in patients with antidepressants: A meta-analysis of observational
studies. Behavioural Neurology [Internet]. 2018 Jul 10;2018. Available from:
http://sire.ub.edu/login?url=http://search.ebscohost.com/login.aspx?direct=true&

db=psyh&AN=2018-55283-001&login.asp&lang=es&site=ehost-live&scope=site

Chang CC, Jou SH, Lin TT, Liu CS. Mitochondrial DNA variation and increased
oxidative damage in euthymic patients with bipolar disorder. Psychiatry Clin
Neurosci [Internet]. 2014 Jul;68(7):551-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24447331

Berk M, Plein H, Ferreira D, Jersky B. Blunted adenosine A2a receptor function in
platelets in patients with major depression. European Neuropsychopharmacology.
2001;11(2):183-6.

Adzic M, Lukic I, Mitic M, Djordjevic J, Elakovi¢ I, Djordjevic A, et al. Brain region-
and sex-specific modulation of mitochondrial glucocorticoid receptor
phosphorylation in fluoxetine treated stressed rats: effects on energy metabolism.
Psychoneuroendocrinology [Internet]. 2013 Dec;38(12):2914—-24. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23969420

Du J, Wang Y, Hunter R, Wei Y, Blumenthal R, Falke C, et al. Dynamic regulation
of mitochondrial function by glucocorticoids. Proc Natl Acad Sci U S A [Internet].
2009 Mar 3;106(9):3543-8. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19202080

Anand A, Barkay G, Dzemidzic M, Albrecht D, Karne H, Zheng QH, et al. Striatal

dopamine transporter availability in unmedicated bipolar disorder. Bipolar Disord

164



265.

266.

267.

268.

269.

270.

271.

272.

273.

References

[Internet]. 2011 Jun;13(4):406-13. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21843280

Shah A, Alshaher M, Dawn B, Siddiqui T, Longaker RA, Stoddard MF, et al.
Exercise tolerance is reduced in bipolar illness. J Affect Disord. 2007 Dec
1;104(1-3):191-5.

Mikkelsen K, Stojanovska L, Polenakovic M, Bosevski M, Apostolopoulos V.
Exercise and mental health [Internet]. Vol. 106, Maturitas. Elsevier Ireland Ltd;
2017. p. 48-56. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29150166
Brobakken MF, Nygard M, Wang E. Physical Health Impairment and Exercise as
Medicine in Severe Mental Disorders: A Narrative Review. Vol. 8, Sports Medicine
- Open. Springer Science and Business Media Deutschland GmbH; 2022.
Vancampfort D, Hagemann N, Wyckaert S, Rosenbaum S, Stubbs B, Firth J, et
al. Higher cardio-respiratory fitness is associated with increased mental and
physical quality of life in people with bipolar disorder: A controlled pilot study.
Psychiatry Res. 2017 Oct 1;256:219-24.

Shickh R, Mio M, Khoubaeva D, Barton J, Popel N, MaciIntosh BJ, et al. Exercise
preference and tolerance in youth with bipolar disorder. J Psychosom Res. 2023
Feb 1;165:111013.

Kuang H, Duong A, Jeong H, Zachos K, Andreazza AC. Lactate in bipolar
disorder: A systematic review and meta-analysis. Psychiatry Clin Neurosci
[Internet]. 2018 Aug 1;72(8):546-55. Available from:
https://pubmed.ncbi.nim.nih.gov/29726068/

Brady RO, Cooper A, Jensen JE, Tandon N, Cohen B, Renshaw P, et al. A
longitudinal pilot proton MRS investigation of the manic and euthymic states of
bipolar disorder. Transl Psychiatry [Internet]. 2012 Sep 11;2(9). Available from:
https://pubmed.ncbi.nim.nih.gov/22968227/

Chu WJ, DelBello MP, Jarvis KB, Norris MM, Kim MJ, Weber W, et al. Magnetic
resonance spectroscopy imaging of lactate in patients with bipolar disorder.
Psychiatry Res [Internet]. 2013 Sep 30;213(3):230—4. Available from:
https://pubmed.ncbi.nim.nih.gov/23810640/

Xu J, Dydak U, Harezlak J, Nixon J, Dzemidzic M, Gunn AD, et al. Neurochemical
abnormalities in unmedicated bipolar depression and mania: a 2D 1H MRS
investigation. Psychiatry Res [Internet]. 2013 Sep 30;213(3):235-41. Available
from: https://pubmed.ncbi.nIm.nih.gov/23810639/

165



274.

275.

276.

277.

278.

279.

280.

281.

282.

References

Dogan AE, Yuksel C, Du F, Chouinard VA, (")ngl'Jr D. Brain lactate and pH in
schizophrenia and bipolar disorder: a systematic review of findings from magnetic
resonance studies. Neuropsychopharmacology [Internet]. 2018 Jul 1;43(8):1681.
Available from: /pmc/articles/PMC6006165/

Park SS, Jeong H, Andreazza AC. Circulating cell-free mitochondrial DNA in brain
health and disease: A systematic review and meta-analysis. World J Biol
Psychiatry [Internet]. 2022;23(2):87—-102. Available from:
https://pubmed.ncbi.nim.nih.gov/34096821/

Jeong H, Dimick MK, Sultan A, Duong A, Park SS, El Soufi EI Sabbagh D, et al.
Peripheral biomarkers of mitochondrial dysfunction in adolescents with bipolar
disorder. J Psychiatr Res [Internet]. 2020 Apr 1;123:187-93. Available from:
https://pubmed.ncbi.nim.nih.gov/32078836/

Kato T, Takahashi S, Shioiri T, Inubushi T. Alterations in brain phosphorous
metabolism in bipolar disorder detected by in vivo 31P and 7Li magnetic
resonance spectroscopy. J Affect Disord [Internet]. 1993;27(1):53—-9. Available
from: https://pubmed.ncbi.nim.nih.gov/8432961/

Kato T, Takahashi S, Shioiri T, Murashita J, Hamakawa H, Inubushi T. Reduction
of brain phosphocreatine in bipolar Il disorder detected by phosphorus-31
magnetic resonance spectroscopy. J Affect Disord [Internet]. 1994;31(2):125-33.
Available from: https://pubmed.ncbi.nim.nih.gov/8071475/

Hagihara H, Catts VS, Katayama Y, Shoji H, Takagi T, Huang FL, et al. Decreased
Brain pH as a Shared Endophenotype of Psychiatric Disorders.
Neuropsychopharmacology [Internet]. 2018 Feb 1;43(3):459. Available from:
/pmc/articles/PMC5770757/

Cui J, Shao L, Young LT, Wang JF. Role of glutathione in neuroprotective effects
of mood stabilizing drugs lithium and valproate. Neuroscience [Internet]. 2007 Feb
23;144(4):1447-53. Available from: https://pubmed.ncbi.nim.nih.gov/17184924/
Shao L, Martin M V., Watson SJ, Schatzberg A, Akil H, Myers RM, et al.
Mitochondrial involvement in psychiatric disorders. Ann Med [Internet].
2008;40(4):281-95. Available from: https://pubmed.ncbi.nim.nih.gov/18428021/
Scaini G, Maggi DD, De-Nés BT, Gongalves CL, Ferreira GK, Teodorak BP, et al.
Activity of mitochondrial respiratory chain is increased by chronic administration
of antidepressants. Acta Neuropsychiatr [Internet]. 2011 Jun;23(3):112-8.
Available from: http://www.ncbi.nim.nih.gov/pubmed/26952897

166



283.

284.

285.

286.

287.

288.

2809.

290.

291.

292.

References

Gardea-Resendez M, Coombes BJ, Veldic M, Tye SJ, Romo-Nava F, Ozerdem
A, et al. Antidepressants that increase mitochondrial energetics may elevate risk
of treatment-emergent mania. Mol Psychiatry. 2023 Mar 1;28(3):1020-6.
Nierenberg AA, Kansky C, Brennan BP, Shelton RC, Perlis R, losifescu D V.
Mitochondrial modulators for bipolar disorder: a pathophysiologically informed
paradigm for new drug development. Aust N Z J Psychiatry [Internet]. 2013
Jan;47(1):26—42. Available from: http://www.ncbi.nIm.nih.gov/pubmed/22711881
Liang L, Chen J, Xiao L, Wang Q, Wang G. Mitochondrial modulators in the
treatment of bipolar depression: a systematic review and meta-analysis. Transl
Psychiatry. 2022 Dec 1;12(1).

Dzik KP, Kaczor JJ. Mechanisms of vitamin D on skeletal muscle function:
oxidative stress, energy metabolism and anabolic state. Eur J Appl Physiol
[Internet]. 2019 Apr 9;119(4):825. Available from: /pmc/articles/PMC6422984/
Marsh WK, Penny JL, Rothschild AJ. Vitamin D supplementation in bipolar
depression: A double blind placebo controlled trial. J Psychiatr Res [Internet].
2017 Dec 1;95:48-53. Available from:
https://pubmed.ncbi.nim.nih.gov/28777983/

Sarris J, Mischoulon D, Schweitzer |. Adjunctive nutraceuticals with standard
pharmacotherapies in bipolar disorder: a systematic review of clinical trials.
Bipolar Disord [Internet]. 2011 Aug;13(5-6):454—65. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22017215

Young G, Conquer J. Omega-3 fatty acids and neuropsychiatric disorders. Vol.
45, Reproduction Nutrition Development. 2005. p. 1-28.

Arnold LE, Young AS, Belury MA, Cole RM, Gracious B, Seidenfeld AM, et al.
Omega-3 Fatty Acid Plasma Levels Before and After Supplementation:
Correlations with Mood and Clinical Outcomes in the Omega-3 and Therapy
Studies. J Child Adolesc Psychopharmacol [Internet]. 2017;27(3):223-33.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/28157380

Radkhah N, Rasouli A, Majnouni A, Eskandari E, Parastouei K. The effect of
Mediterranean diet instructions on depression, anxiety, stress, and
anthropometric indices: A randomized, double-blind, controlled clinical trial. Prev
Med Rep [Internet]. 2023 Dec 1;36. Available from: /pmc/articles/PMC10587518/
Crescenzo R, Bianco F, Coppola P, Mazzoli A, Liverini G, lossa S. Caloric

restriction followed by high fat feeding predisposes to oxidative stress in skeletal

167



293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

References

muscle mitochondria. Horm Metab Res [Internet]. 2013 Nov;45(12):874-9.
Available from: http://www.ncbi.nim.nih.gov/pubmed/23918688

Jarrett SG, Milder JB, Liang LP, Patel M. The ketogenic diet increases
mitochondrial glutathione levels. J Neurochem [Internet]. 2008 Aug;106(3):1044—
51. Available from: http://www.ncbi.nim.nih.gov/pubmed/18466343

Pinto A, Bonucci A, Maggi E, Corsi M, Businaro R. Anti-oxidant and anti-
inflammatory activity of ketogenic diet: New perspectives for neuroprotection in
alzheimer’s disease. Vol. 7, Antioxidants. MDPI AG; 2018.

Vining EPG, Freeman JM, Ballaban-Gil K, Camfield CS, Camfield PR, Holmes
GL, et al. A multicenter study of the efficacy of the ketogenic diet. Arch Neurol.
1998;55(11):1433-7.

Hartman AL, Gasior M, Vining EPG, Rogawski MA. The Neuropharmacology of
the Ketogenic Diet. Pediatr Neurol. 2007;36(5):281-92.

Brietzke E, Mansur RB, Subramaniapillai M, Balanza-Martinez V, Vinberg M,
Gonzalez-Pinto A, et al. Ketogenic diet as a metabolic therapy for mood disorders:
Evidence and developments. Neurosci Biobehav Rev [Internet]. 2018 Nov
1;94:11-6. Available from: https://pubmed.ncbi.nim.nih.gov/30075165/

O’Connor TN, Kallenbach JG, Orciuoli HM, Paris ND, Bachman JF, Johnston CJ,
et al. Endurance exercise attenuates juvenile irradiation-induced skeletal muscle
functional decline and mitochondrial stress. Skelet Muscle. 2022 Dec 1;12(1).
Mendham AE, Goedecke JH, Zeng Y, Larsen S, George C, Hauksson J, et al.
Exercise training improves mitochondrial respiration and is associated with an
altered intramuscular phospholipid signature in women with obesity. Available
from: https://doi.org/10.1007/s00125-021-05430-6

Noetel M, Sanders T, Gallardo-Gémez D, Taylor P, del Pozo Cruz B, van den
Hoek D, et al. Effect of exercise for depression: systematic review and network
meta-analysis of randomised controlled trials. BMJ [Internet]. 2024 Feb
14;384:e075847. Available from: https://pubmed.ncbi.nIm.nih.gov/38355154/
Teasdale SB, Ward PB, Samaras K, Firth J, Stubbs B, Tripodi E, et al. Dietary
intake of people with severe mental illness: systematic review and meta-analysis.
Br J Psychiatry [Internet]. 2019 May 1;214(5):251-9. Available from:
https://pubmed.ncbi.nim.nih.gov/30784395/

Firth J, Stubbs B, Teasdale S, Ward P, Veronese N, Shivappa N. Diet as a hot
topic in psychiatry: a population-scale study of nutritional intake and inflammatory

potential in severe mental illness. World Psychiatry. 2018;17:365.

168



303.

304.

305.

306.

307.

308.

3009.

310.

References

Firth J, Siddigi N, Koyanagi A, Siskind D, Rosenbaum S, Galletly C, et al. The
Lancet Psychiatry Commission: a blueprint for protecting physical health in people
with mental illness. Lancet Psychiatry [Internet]. 2019 Aug 1;6(8):675-712.
Available from: https://pubmed.ncbi.nIm.nih.gov/31324560/

Najar H, Karanti A, Palsson E, Landén M. Cardiometabolic risk indicators in
individuals with bipolar disorders: a replication study. Diabetol Metab Syndr
[Internet]. 2023 Dec 1;15(1). Available from:
https://pubmed.ncbi.nim.nih.gov/37009884/

Najar H, Joas E, Jonsson V, Palsson E, Landén M. Recent Secular Trends of
Body Mass Index in Individuals With Bipolar Disorders and in the General
Population. Am J Psychiatry [Internet]. 2023 Sep 20; Available from:
https://pubmed.ncbi.nim.nih.gov/37727097/

Najar H, Joas E, Palsson E, Landén M. Time effect on cardiometabolic risk
indicators in patients with bipolar disorder: a longitudinal case-control study. Eur
Arch Psychiatry Clin Neurosci [Internet]. 2023 Aug 1;273(5). Available from:
https://pubmed.ncbi.nim.nih.gov/36422678/

Nunes SOV, Piccoli De Melo LG, Pizzo De Castro MR, Barbosa DS, Vargas HO,
Berk M, et al. Atherogenic index of plasma and atherogenic coefficient are
increased in major depression and bipolar disorder, especially when comorbid
with tobacco use disorder. J Affect Disord [Internet]. 2015;172:55—62. Available
from: https://pubmed.ncbi.nim.nih.gov/25451396/

Croatto G, Vancampfort D, Miola A, Olivola M, Fiedorowicz JG, Firth J, et al. The
impact of pharmacological and non-pharmacological interventions on physical
health outcomes in people with mood disorders across the lifespan: An umbrella
review of the evidence from randomised controlled trials. Molecular Psychiatry
2022 28:1 [Internet]. 2022 Sep 22;28(1):369-90. Available from:
https://www.nature.com/articles/s41380-022-01770-w

Gomes-da-Costa S, Marx W, Corponi F, Anmella G, Murru A, Pons-Cabrera MT,
et al. Lithium therapy and weight change in people with bipolar disorder: A
systematic review and meta-analysis. Neurosci Biobehav Rev [Internet]. 2022 Mar
1;134. Available from: https://pubmed.ncbi.nim.nih.gov/34265322/

Osborn DPJ, Hardoon S, Omar RZ, Holt RIG, King M, Larsen J, et al.
Cardiovascular risk prediction models for people with severe mental iliness:
results from the prediction and management of cardiovascular risk in people with

severe mental illnesses (PRIMROSE) research program. JAMA Psychiatry

169



311.

312.

313.

314.

315.

316.

317.

318.

References

[Internet]. 2015 Feb;72(2):143-51. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/25536289

Ryo S, Kanda M, Ito S, Mochizuki Y, Teramoto H, Ishigure K, et al. The Controlling
Nutritional Status Score Serves as a Predictor of Short- and Long-Term Outcomes
for Patients with Stage 2 or 3 Gastric Cancer: Analysis of a Multi-institutional Data
Set. Ann Surg Oncol [Internet]. 2019 Feb 15;26(2):456—64. Available from:
https://pubmed.ncbi.nim.nih.gov/30565044/

Liu X, Zhang D, Lin E, Chen Y, Li W, Chen Y, et al. Preoperative controlling
nutritional status (CONUT) score as a predictor of long-term outcome after
curative resection followed by adjuvant chemotherapy in stage IlI-lll gastric
Cancer. BMC Cancer [Internet]. 2018 Jun 28;18(1). Available from:
https://pubmed.ncbi.nim.nih.gov/29954375/

Toyokawa G, Kozuma Y, Matsubara T, Haratake N, Takamori S, Akamine T, et
al. Prognostic impact of controlling nutritional status score in resected lung
squamous cell carcinoma. J Thorac Dis [Internet]. 2017 Sep 1;9(9):2942-51.
Available from: https://pubmed.ncbi.nim.nih.gov/29221266/

Toyokawa T, Kubo N, Tamura T, Sakurai K, Amano R, Tanaka H, et al. The
pretreatment Controlling Nutritional Status (CONUT) score is an independent
prognostic factor in patients with resectable thoracic esophageal squamous cell
carcinoma: results from a retrospective study. BMC Cancer [Internet]. 2016 Sep
6;16(1). Available from: https://pubmed.ncbi.nim.nih.gov/27599460/

Sorensen J, Kondrup J, Prokopowicz J, Schiesser M, Krahenbuihl L, Meier R, et
al. EuroOOPS: an international, multicentre study to implement nutritional risk
screening and evaluate clinical outcome. Clin Nutr [Internet]. 2008 Jun;27(3):340—
9. Available from: https://pubmed.ncbi.nim.nih.gov/18504063/

O’Shea E, Trawley S, Manning E, Barrett A, Browne V, Timmons S. Malnutrition
in Hospitalised Older Adults: A Multicentre Observational Study of Prevalence,
Associations and Outcomes. J Nutr Health Aging [Internet]. 2017 Jul 1;21(7):830—
6. Available from: https://pubmed.ncbi.nim.nih.gov/28717814/

Himmerich H, Kan C, Au K, Treasure J. Pharmacological treatment of eating
disorders, comorbid mental health problems, malnutrition and physical health
consequences. Pharmacol Ther [Internet]. 2021 Jan 1;217. Available from:
https://pubmed.ncbi.nim.nih.gov/32858054/

Giménez-Palomo A, Gomes-da-Costa S, Borras R, Pons-Cabrera MT, Doncel-

Moriano A, Arbelo N, et al. Effects of malnutrition on length of stay in patients

170



319.

320.

321.

322.

323.

324.

325.

326.

327.

References

hospitalized in an acute psychiatric ward. Acta Psychiatr Scand [Internet]. 2023;
Available from: https://pubmed.ncbi.nlm.nih.gov/37539719/

Karwad MA, Couch DG, Wright KL, Tufarelli C, Larvin M, Lund J, et al.
Endocannabinoids and endocannabinoid-like compounds modulate hypoxia-
induced permeability in CaCo-2 cells via CB1, TRPV1, and PPARa. Biochem
Pharmacol [Internet]. 2019 Oct 1;168:465-72. Available from:
https://pubmed.ncbi.nim.nih.gov/31325449/

Teasdale SB, Samaras K, Wade T, Jarman R, Ward PB. A review of the nutritional
challenges experienced by people living with severe mental iliness: a role for
dietitians in addressing physical health gaps. J Hum Nutr Diet [Internet]. 2017 Oct
1;30(5):545-53. Available from: https:/pubmed.ncbi.nim.nih.gov/28419586/
Barre LK, Ferron JC, Davis KE, Whitley R. Healthy eating in persons with serious
mental ilinesses: understanding and barriers. Psychiatr Rehabil J [Internet]. 2011
Spring;34(4):304—10. Available from: https://pubmed.ncbi.nim.nih.gov/21459746/
Surace T, Capuzzi E, Caldiroli A, Ceresa A, Esposito CM, Auxilia AM, et al. Which
Clinical and Biochemical Parameters Are Associated with Lifetime Suicide
Attempts in Bipolar Disorder? Diagnostics (Basel) [Internet]. 2022 Sep 1;12(9).
Available from: https://pubmed.ncbi.nim.nih.gov/36140615/

Kadriu B, Deng Z De, Kraus C, Johnston JN, Fijtman A, Henter ID, et al. The
impact of body mass index on the clinical features of bipolar disorder: A STEP-
BD  study. Bipolar  Disord [Internet]. 2023;  Available  from:
https://pubmed.ncbi.nim.nih.gov/37536999/

Oliva V, De Prisco M, Pons-Cabrera MT, Guzman P, Anmella G, Hidalgo-Mazzei
D, et al. Machine Learning Prediction of Comorbid Substance Use Disorders
among People with Bipolar Disorder. J Clin Med [Internet]. 2022 Jul 1;11(14).
Available from: /pmc/articles/PMC9315469/

Bzdok D, Meyer-Lindenberg A. Machine Learning for Precision Psychiatry:
Opportunities and Challenges. Biol Psychiatry Cogn Neurosci Neuroimaging
[Internet]. 2018 Mar 1,;3(8):223-30. Available from:
https://pubmed.ncbi.nim.nih.gov/29486863/

Radua J, Carvalho AF. Route map for machine learning in psychiatry: Absence of
bias, reproducibility, and utility. Eur Neuropsychopharmacol [Internet]. 2021 Sep
1;50:115-7. Available from: https://pubmed.ncbi.nim.nih.gov/34116365/

Liaw A, Wiener M. Classification and Regression by randomForest. R News
[Internet]. 2002;2(3):18—-28. Available from: http://www.stat.berkeley.edu/

171



328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

References

IBM Corp. IBM SPSS Statistics for Windows, Version 25.0. 2017;

GraphPad Prism for macOS V 8. 4. 0 (455). GraphPad Software, LLC. 2020;

R Foundation for Statistical Computing. R Core Team. R: A Language and
Environment for Statistical Computing. 2021;

Penninx BWJH, Lange SMM. Metabolic syndrome in psychiatric patients:
overview, mechanisms, and implications. Dialogues Clin Neurosci [Internet]. 2018
Mar 1;20(1):63. Available from: /pmc/articles/PMC6016046/

Himmerich H, Kan C, Au K, Treasure J. Pharmacological treatment of eating
disorders, comorbid mental health problems, malnutrition and physical health
consequences. Pharmacol Ther [Internet]. 2021 Jan 1;217. Available from:
https://pubmed.ncbi.nim.nih.gov/32858054/

Fanelli G, Serretti A. Depression, antidepressants, and insulin resistance: which
link? Eur Neuropsychopharmacol [Internet]. 2022 Jul 1;60:4—6. Available from:
https://pubmed.ncbi.nim.nih.gov/35550451/

Solmi M, Correll CU. The antipsychotic paradox: Lessons regarding determinants
of premature mortality. Eur Neuropsychopharmacol [Internet]. 2022 Sep 1;62:1—
3. Available from: https://pubmed.ncbi.nim.nih.gov/35792424/

Garcia-Vazquez MN, Milla SP, Lopez-Plaza B, Valero-Pérez M, Morato-Martinez
M, Gémez-Candela C. [Comparison of the CONUT method with SGA and NSA
for the prediction of complications, hospital stay, readmissions, and mortality].
Nutr Hosp [Internet]. 2020 Jul 1;37(4):799-806. Available from:
https://pubmed.ncbi.nim.nih.gov/32762240/

Hotzy F, Risch L, Métteli S. Nutritional Needs in Mental Healthcare: Study Protocol
of a Prospective Analytic Observational Study Assessing Nutritional Status,
Eating Behavior and Barriers to Healthy Eating in Psychiatric Inpatients and
Outpatients Compared to Healthy Adults. Front Psychiatry [Internet]. 2022 Jun
14;13. Available from: https://pubmed.ncbi.nim.nih.gov/35774087/

Hancox LE, Lee PS, Armaghanian N, Hirani V, Wakefield G. Nutrition risk
screening methods for adults living with severe mental illness: A scoping review.
Nutr  Diet [Internet]. 2022 Jul 1;79(3):349-63. Available from:
https://pubmed.ncbi.nim.nih.gov/33416212/

de Hert M, Correll CU, Bobes J, Cetkovich-Bakmas M, Cohen DAN, Asai |, et al.
Physical iliness in patients with severe mental disorders. |. Prevalence, impact of
medications and disparities in health care. World Psychiatry [Internet].
2011;10(1):52-77. Available from: https://pubmed.ncbi.nim.nih.gov/21379357/

172



339.

340.

341.

342.

343.

344.

345.

346.

347.

References

Firth J, Teasdale SB, Allott K, Siskind D, Marx W, Cotter J, et al. The efficacy and
safety of nutrient supplements in the treatment of mental disorders: a meta-review
of meta-analyses of randomized controlled trials. World Psychiatry [Internet]. 2019
Oct 1;18(3):308—24. Available from: https://pubmed.ncbi.nim.nih.gov/31496103/
Teasdale SB, Ward PB, Rosenbaum S, Samaras K, Stubbs B. Solving a weighty
problem: systematic review and meta-analysis of nutrition interventions in severe
mental illness. Br J Psychiatry [Internet]. 2017 Feb 1;210(2):110-8. Available
from: https://pubmed.ncbi.nim.nih.gov/27810893/

Valls E, Bonnin CM, Torres |, Brat M, Prime-Tous M, Morilla |, et al. Efficacy of an
integrative approach for bipolar disorder: preliminary results from a randomized
controlled trial. Psychol Med [Internet]. 2021 Dec 16;52(16):4094—105. Available
from: https://pubmed.ncbi.nIm.nih.gov/33858527/

llzarbe L, Vieta E. The elephant in the room: Medication as confounder. Eur
Neuropsychopharmacol [Internet]. 2023 Jun 1;71:6-8. Available from:
https://pubmed.ncbi.nim.nih.gov/36931073/

Li Z, Maimaiti Z, Li ZY, Fu J, Hao LB, Xu C, et al. Moderate-to-Severe Malnutrition
Identified by the Controlling Nutritional Status (CONUT) Score Is Significantly
Associated with Treatment Failure of Periprosthetic Joint Infection. Nutrients
[Internet]. 2022 Oct 1;14(20). Available from:
https://pubmed.ncbi.nim.nih.gov/36297116/

Takahashi T, Watanabe T, Otaki Y, Kato S, Tamura H, Nishiyama S, et al.
Prognostic significance of the controlling nutritional (CONUT) score in patients
with acute coronary syndrome. Heart Vessels [Internet]. 2021 Aug 1;36(8):1109—
16. Available from: https://pubmed.ncbi.nim.nih.gov/33538856/

Kobylinska M, Antosik K, Decyk A, Kurowska K. Malnutrition in Obesity: Is It
Possible? Obes Facts [Internet]. 2022 Jan 8;15(1):19-25. Available from:
https://pubmed.ncbi.nim.nih.gov/34749356/

Gholizadeh M, Setayesh L, Yarizadeh H, Mirzababaei A, Clark CCT, Mirzaei K.
Relationship between the double burden of malnutrition and mental health in
overweight and obese adult women. J Nutr Sci [Internet]. 2022 Feb 21;11.
Available from: https://pubmed.ncbi.nIm.nih.gov/35291277/

Hardy RE, Chung I, Yu Y, Loh SHY, Morone N, Soleilhavoup C, et al. The
antipsychotic medications aripiprazole, brexpiprazole and cariprazine are off-
target respiratory chain complex | inhibitors. Biol Direct [Internet]. 2023 Dec
1;18(1). Available from: https://pubmed.ncbi.nim.nih.gov/37528429/

173



348.

349.

350.

351.

352.

353.

References

Casademont J, Garrabou G, Mir6 O, Lépez S, Pons A, Bernardo M, et al.
Neuroleptic treatment effect on mitochondrial electron transport chain: peripheral
blood mononuclear cells analysis in psychotic patients. J Clin Psychopharmacol
[Internet]. 2007 Jun;27(3):284-8. Available from:
https://pubmed.ncbi.nim.nih.gov/17502776/

Gamradt S, Hasselmann H, Taenzer A, Brasanac J, Stiglbauer V, Sattler A, et al.
Reduced mitochondrial respiration in T cells of patients with major depressive
disorder. iScience. 2021 Nov 19;24(11).

Kathuria A, Lopez-Lengowski K, McPhie D, Cohen BM, Karmacharya R. Disease-
specific differences in gene expression, mitochondrial function and mitochondria-
endoplasmic reticulum interactions in iPSC-derived cerebral organoids and
cortical neurons in schizophrenia and bipolar disorder. Discover Mental Health.
2023 Mar 9;3(1).

Marques AP, Resende R, Silva DF, Batista M, Pereira D, Wildenberg B, et al.
Mitochondrial alterations in fibroblasts of early stage bipolar disorder patients.
Biomedicines. 2021 May 1;9(5).

Luptak M, FiSar Z, Hroudova J. Effect of Novel Antipsychotics on Energy
Metabolism — In Vitro Study in Pig Brain Mitochondria. Mol Neurobiol [Internet].
2021 Nov  1;58(11):5548-63. Available from: https://llink-springer-
com.sire.ub.edu/article/10.1007/s12035-021-02498-4

Cikankova T, FiSar Z, Bakhouche Y, Luptak M, Hroudova J. In vitro effects of
antipsychotics on mitochondrial respiration. Naunyn Schmiedebergs Arch
Pharmacol [Internet]. 2019 Oct 1;392(10):1209-23. Available from:
https://link.springer.com/article/10.1007/s00210-019-01665-8

174



	AGP_COVER
	TESI_FINAL
	Effects of malnutrition on length of stay in patients hospitalized in an acute psychiatric ward
	1  INTRODUCTION
	Significant outcomes
	Limitations
	2  MATERIALS AND METHODS
	2.1  Participants
	2.2  Variables assessment
	2.2.1  Sociodemographic and clinical measures
	2.2.2  Nutritional measures

	2.3  Statistical analyses

	3  RESULTS
	3.1  Characteristics of the sample by nutritional status
	3.2  Main findings
	3.2.1  Length of stay
	3.2.2  Nutritional status
	3.2.3  Body mass index


	4  DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES

	Reduced mitochondrial respiratory capacity in patients with acute episodes of bipolar disorder: Could bipolar disorder be a...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study design and population

	Significant outcomes
	Limitations
	2.2  Sociodemographic and clinical variables
	2.3  Sample processing and mitochondrial respiration
	2.4  Statistical analysis

	3  RESULTS
	3.1  Characteristics of the sample
	3.2  Intra-individual comparisons in mitochondrial respiration between acute episodes of BD and euthymia
	3.3  Inter-individual comparisons in mitochondrial respiration between HC and acute episodes of BD
	3.4  Mitochondrial respiration and HDRS and YMRS items

	4  DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES

	Aerobic capacity and mitochondrial function in bipolar disorder: a longitudinal study during acute phases and after clinical remission
	Introduction
	Methods
	Study design and population
	Clinical evaluation
	Assessment of aerobic capacity
	Assessment of mitochondrial respiration
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References





