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Mitochondria act as a central integrative hub for oxidative phosphorylation,
calcium homeostasis and metabolic signaling, reflecting their evolutionary
origin from an a-proteobacterial endosymbiont. Although nearly 90% of their
ancestral genes have been transferred to the nuclear genome, their role extends
far beyond energy production. Emerging evidence positions mitochondria as
active modulators of stress responses, which we term the “Mito-Mood
Hypothesis.” This framework proposes that mitochondrial dynamics actively
regulate gene expression and signaling, thereby shaping vulnerability to mood
disorders such as depression, dysthymia, and seasonal affective disorder.
Consistent with this view, patients with major depressive disorders show
altered expression of nuclear-encoded mitochondrial genes, linking
bioenergetics directly to psychiatric risk. We further discuss how oxidative
phosphorylation (OXPHOS) modulates neurotransmitter cycles and how
mitohormesis—adaptive responses to mild mitochondrial stress—can enhance
resilience and cognition. Beyond psychiatry, mitochondrial vulnerability manifests
in clinical settings: patients with mitochondrial diseases face elevated anesthetic
risk, where agents such as propofol or volatile anesthetics may precipitate life-
threatening metabolic crises. Collectively, these insights underscore
mitochondria as central regulators of human health and highlight novel
therapeutic opportunities bridging mood disorders and perioperative medicine.

KEYWORDS
mitochondrial dynamics, circadian cycle, oxidative phosphorylation, mood disorders,
perioperative stress, mitochondria, neurotransmission

1 Introduction

Mood disorders such as bipolar disorder, anxiety, and depression remain a major global
public health burden, affecting millions across the world. In addition to their high
prevalence, substantial treatment gaps persist, as shown in international surveys (Liu
et al.,, 2024; Evans-Lacko et al., 2018). While their origins are complex and influenced
by an interplay of genetic predisposition, environmental stressors, and neurochemical
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imbalances, recent findings point to a crucial and often
Mitochondria These
organelles—well recognized for their central role in ATP

underappreciated  factor: behavior.

generation via oxidative phosphorylation—are increasingly
recognized as active regulators of neuronal function (Clemente-
Suarez et al., 2023).

Over the last two decades, several studies have demonstrated
that mitochondrial dysfunction correlates with the pathophysiology
of mood disorders. The association between mitochondrial DNA
alterations and depression has been linked to impaired energy
production, disrupted redox balance, and dysregulated calcium
homeostasis. Brain imaging studies have shown that emotionally
salient stimuli can induce changes in mitochondrial membrane
potential in stress-responsive brain regions, even without an
increase in energy demand (Jiang et al., 2024). This suggests that
mitochondria play signaling roles beyond ATP production. In mood
disorders such as major depression and bipolar disorder,
mitochondrial alterations have consistently been documented,
especially in the prefrontal cortex and hippocampus. These
alterations include impaired respiratory complex activity, elevated
oxidative stress, and changes in mitochondrial DNA (mtDNA) copy
number, both in patients and in animal models (Scaini et al., 2021;
Giménez-Palomo et al., 2021). Alongside this, we discussed how
mitochondrial diseases resulting from mutations in either nuclear
DNA (nDNA) or mtDNA may pose significant risks for patients
undergoing anesthesia during surgical procedures, highlighting the
importance of preoperative genetic and metabolic screening in
individuals with potential mitochondrial disorders (Table 1).
Table 1 outlines mood disorder-related vulnerabilities and their
associated mitochondrial changes from a metabolic perspective.
Here, we introduce the term ‘Mito-Mood Hypothesis’ to provide
an integrative conceptual framework that proposes that specific
mitochondrial alterations—such as oxidative phosphorylation,
redox balance, and organelle dynamics—contribute to
vulnerability to mood disorders by affecting neural circuit
function and stress responsiveness. Box 1 provides a structured

overview of this hypothesis.

10.3389/fphar.2026.1723748

2 Global burden of mood disorders

Mood disorders represent one of the leading contributors to the
global burden of disease, with lifetime prevalence estimates ranging
from 10% to 20% across populations (Chan et al., 2024). According to
the World Health Organization (WHO), more than 280 million people
are affected by depression worldwide, while anxiety disorders impact
over 300 million individuals, and approximately 40 million people live
with bipolar disorder (Chan et al, 2024; Chodavadia et al., 2023;
Nierenberg et al., 2023; Berk et al,, 2025). Together, these conditions
account for nearly 15% of global years lived with disability (YLDs) and
rank among the top five causes of disability-adjusted life years
(DALYs) in young and middle-aged adults. Beyond their high
prevalence, mood disorders carry substantial economic and social
costs, including reduced productivity, increased healthcare
utilization, and elevated risk of suicide, which claims nearly
700,000 lives each year (Lovero et al., 2023). Despite the availability
of pharmacological and psychotherapeutic interventions, treatment
gaps remain considerable: up to 50% of individuals in high-income
countries and over 80% in low- and middle-income countries receive
no adequate treatment (Thornicroft et al., 2017). Moreover, current
first-line
antidepressants achieve remission in only 30%-40% of patients,

pharmacological ~strategies face major limitations:
often requiring prolonged treatment trials and combination
strategies (Rush et al., 2006). Delayed onset of action, high relapse
rates, and limited efficacy for bipolar depression further highlight the
unmet clinical need. Gender differences also shape disease vulnerability
and outcomes: women are nearly twice as likely as men to develop
major depressive disorder, exhibit greater symptom burden, and face
higher relapse risk, particularly during reproductive transitions such as
postpartum and menopause (Tseng et al., 2023; Rados et al., 2024). In
Chile, epidemiological surveys reveal comparable or even higher
burdens: the National Health Survey (2016-2017) estimated that
6.2% of Chileans over 15 years old meet clinical criteria for
depression, while nearly 23.6% of adults present some form of
mental disorder (Brody, 2022). Recent epidemiological analyses in
Chile have shown that depressive symptoms are highly prevalent

TABLE 1 Mitochondrial dysfunction is associated with mood disorder symptoms.

Mood disorder symptom or

vulnerability

perspective)

Mitochondrial change (metabolic

References

Chronic stress vulnerability/stress-induced depression

T Oxidative stress, mtDNA damage, | energy production, T
membrane permeability, T pro-apoptotic signaling
(mitochondrial allostatic load)

Allen et al. (2021), Liu et al. (2025)

MDD

| Mitochondrial quality control, | biogenesis, altered
dynamics (fusion/fission/mitophagy), impaired ETC
function, T ROS production

Song et al. (2023), Chen et al. (2024), Jiang et al.
(2024)

Social chronic stress — depressive behaviors

T Neuroinflammation and T ROS production

Hollis et al. (2022), Liu et al. (2025)

Depression and plasticity/resilience

Altered intracellular and mitochondrial Ca** signaling;
dysfunctional Ca*" buffering and uptake

Song et al. (2023), Khan et al. (2023)

Chen et al. (2024), Lam et al. (2023)

Bipolar disorder - depressive phase | Respiratory capacity, | activity of ETC Complexes I-IV

(reversible during remission)
Bipolar disorder - manic phase | Respiratory capacity, | activity of ETC Complexes I-IV
(changes reported as reversible during remission)

Kageyama et al. (2025), Chen et al. (2024)

MDD, major depressive disorder; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; mtDNA, mitochondrial DNA; ETC, electron transport chain; Ca**, calcium; PGC-1a,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TEAM, mitochondrial transcription factor A; MAO-A, monoamine oxidase A.

Frontiers in Pharmacology 02 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

Verbal et al. 10.3389/fphar.2026.1723748

Box 1 The Mito-Mood Hypothesis: Conceptual Framework.

Conceptual Framework: Mitochondria integrate energy production, redox balance, calcium signaling, and circadian cues to influence neuronal excitability and mood
regulation. Unlike prior models, this hypothesis emphasizes dynamic mitochondrial responses to stressors, linking molecular, cellular, and circuit-level mechanisms.

Association: Mitochondrial changes—such as reduced OXPHOS efficiency, altered mtDNA integrity, and disrupted mitochondrial dynamics—are consistently reported
in patients with mood disorders and correlate with behavioral phenotypes.

Causation: Experimental manipulations of mitochondrial function can induce or reverse mood-related phenotypes in preclinical models.

Testable Predictions: Mitochondrial markers (mtDNA, OXPHOS proteins, NAD*/NADH) reflect mood severity and treatment response. Changes in mitochondrial
dynamics in limbic regions alter neural circuits.

Stabilizing mitochondrial function pharmacologically or via behavioral interventions improves mood and resilience.

1. Circadian modulation of mitochondrial output predicts diurnal mood fluctuations.
Summary: Mitochondria act as dynamic hubs linking metabolism, neuronal activity, and affective regulation, providing a mechanistic scaffold for experimental and
translational studies.

TABLE 2 Biophysical estimates of ATP consumption by energy-dependent neuronal processes per neuron or per synapse, with mitochondrial implications.

Process ATP consumption Function Mitochondrial relevance References
(molecules/Neuron/s)

Na*/K*-ATPase ~4.3 x 10° Maintains membrane potential by Primary ATP consumer; deficits impair Howarth et al.
exchanging 3 Na*/2 K" ions excitability and synaptic signaling (2012)

SERCA and PMCA ~12 x 10° Clear cytosolic Ca** (SERCA to ER, ATP-dependent buffering; failure leads to Attwell and
PMCA to extracellular space) synaptic dysfunction and excitotoxicity Laughlin (2001)

Neurotransmitter ~3.0 x 10° Reuptake, enzymatic degradation and | Mitochondrial ATP-dependent transporters | Attwell and

Recycling vesicle reloading and vesicular refilling Laughlin (2001)

Vesicular Acidification | ~4.0 x 10° V-ATPase loads protons into vesicles | ATP-dependent; reduced acidification Egashira et al. (2015)
for neurotransmitter uptake impairs synaptic transmission

Glycine Synthesis and | ~6.4 x 107 Involves serine-glycine Dependent on NADH and ATP; disruption | Attwell and

Cycling interconversion, GlyT1/2, and NMDA | affects inhibition and NMDA signaling Laughlin (2001)
co-activation

ATP, adenosine triphosphate; Na*/K* ATPase, sodium-potassium adenosine triphosphatase; SERCA, sarco/endoplasmic reticulum Ca**-ATPase; PMCA, plasma membrane Ca**-ATPase; Ca’*,
calcium ion; ER, endoplasmic reticulum; NADH, nicotinamide adenine dinucleotide (reduced form); GlyT1/2, glycine transporter types 1 and 2; NMDA, N-methyl-D-aspartate receptor; V

ATPase, vacuolar-type H'-ATPase.

among adults, affecting nearly one in eight individuals, consistent with
findings from the National Health Surveys indicating substantial
mental health burdens across the population (Luna et al,, 2024). In
Chilean adolescents, the prevalence of depressive and stress-related
symptoms increased markedly during and after the COVID-19
pandemic. Recent nationwide data indicate that up to 60% of
students report depressive symptoms and more than 50%
experience significant stress levels, reflecting a major mental health
burden. Moreover, suicidal ideation reached approximately 10%-11%,
with female adolescents being disproportionately affected (Bustos
Villarroel et al, 2024). These epidemiological realities underscore
the urgent need for innovative conceptual frameworks and
therapeutic strategies that address the biological underpinnings of
mood disorders.

3 Mitochondria and circadian genes
shape brain energy and
emotional stability

Neurons are the most energy-demanding cells in the human
body, reflecting their wide range of biochemical activities (Table 2).
Table 2 summarizes biophysical estimates of ATP consumption by
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major energy-dependent neuronal processes, highlighting that
maintenance of ionic gradients, calcium handling, and synaptic
transmission together account for the majority of neuronal
energy demand and place mitochondria at the center of synaptic
homeostasis. Through OXPHOS, mitochondria sustain the high
metabolic needs of neurons, supporting synaptic transmission,
maintenance of ionic gradients, and axonal transport (Howarth
et al, 2012; Attwell and Laughlin, 2001). Mitochondria finely
regulate intracellular calcium dynamics, acting as buffers that
modulate local calcium transients critical for neurotransmitter
release and synaptic plasticity (Giménez-Palomo et al, 2021).
Disruptions in this calcium-handling capacity can trigger
excitotoxic cascades, contributing to synaptic dysfunction and
mood instability (Giménez-Palomo et al., 2021). The dynamic
nature of mitochondria—continuously undergoing fission and
fusion—ensures their distribution along complex neuronal arbors
and facilitates mitophagy, the selective clearance of damaged
mitochondria (Chen et al, 2024). Perturbations in these
dynamics, involving proteins like DRP1, OPAI, PGC-la, and
MEN?2, have been associated with cognitive impairments and
mood disorders (Scaini et al., 2021; Scaini et al., 2022; Ulecia-
Mor6n et al,, 2025). Moreover, mitochondria govern intrinsic
apoptotic pathways, releasing pro-apoptotic factors such as
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FIGURE 1

Mito-Mood Hypothesis. Mitochondria act as a central hub integrating circadian rhythms (blue), neuroinflammation (red), and synaptic plasticity/LTP
(green). Circadian metabolites (NAD*/NADH, mtROS, heme, ATP) regulate clock proteins (CLOCK, PER2, CRY1, NR1D1) and FNDC5, promoting
mushroom spine formation. Mitochondrial DAMPs (TFAM, cardiolipin, mtDNA) activate innate receptors in glia (TLR4, NLRP3, cGAS), driving pro-
inflammatory cytokine release. Synaptic plasticity relies on mitochondrial ATP, Ca®*, ROS, and regulatory proteins (PGC-1a, Mfn1/2, Complex IV),
supporting LTP and dendritic spine remodeling. Arrow colors indicate signaling type: blue/green for energy/plasticity, red for neuroinflammation.

cytochrome ¢ in response to stress, a process that, when
dysregulated, contributes to the selective neuronal loss seen in
affective disorders (Song et al, 2023; Chen et al, 2024).
Advances in live-cell imaging and molecular tracking now allow
us to appreciate that mitochondrial function is not static but
oscillates with circadian cycles, imparting a temporal
“bioenergetic signature” that may underlie diurnal variations in
neuronal excitability and mood (Schmitt et al., 2018; Neufeld-Cohen
et al., 2016; Li et al., 2025). Peaks in ATP levels enhance action
potential firing and neurotransmission, while rhythmic ROS
fluctuations influence the activity of redox-sensitive ion channels,
including NMDA receptors, thus coupling metabolic states to
synaptic activity (Feofilaktova et al., 2025).

These rhythmic changes in mitochondrial output likely interact
with extracellular concentrations of monoamines, glutamate,
GABA, and neuropeptides, forming a bidirectional regulatory
interface between mitochondrial activity and neurotransmitter
signaling (Ragozzino et al., 2023; Tanaka et al., 2022). Disruption
of this neurochemical synchrony may play a key role in the
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pathophysiology of mood disorders (Tanaka et al., 2022). Taken
together, mitochondria emerge not merely as passive suppliers of
energy but as highly dynamic organelles whose morphology,
positioning, and activity are critically involved in the stability of
neural networks and the regulation of affective states. We therefore
propose the ‘Mito-Mood Hypothesis’ as a synthesized framework in
which mitochondria function as key integrators that transduce
environmental stressors, circadian cues, neuroinflammatory
signals, and metabolic states into changes in nuclear gene
expression, redox tone, and synaptic function. This unifying
perspective offers a mechanistically grounded theoretical model
for understanding how mitochondrial dysfunction contributes to
psychiatric risk and cognitive outcomes (Figure 1).

Preclinical and systems-level studies indicate that these
circadian factors influence mitochondrial biogenesis, dynamics,
and redox tone. During the day, the promoters CLOCK and
BMALI are active, stimulating the transcription of PER and CRY
genes, whereas at night, the accumulated PER/CRY proteins inhibit

CLOCK/BMALL activity, silencing clock-controlled genes until

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

10.3389/fphar.2026.1723748

Fusion Cytoplasm

Fission

Verbal et al.
Mitochondria stabilizers under
clinical evaluation
(TCA
ycle
CoQ1 OOEIamlpretrde Melatomna @
Mitochondria

FIGURE 2

Mitochondria stabilizers under preclinical evaluation and their sites of action. Schematic representation of compounds currently undergoing
preclinical evaluation for mitochondrial stabilization. CoQ10, coenzyme Q10; ETC, electron transport chain; ATP, adenosine triphosphate; DRP1,
dynamin-related protein 1; Fisl, mitochondrial fission 1 protein; M1, mitochondrial fusion promoter 1; Mdivi-1, mitochondrial division inhibitor 1; TCA,

tricarboxylic acid (cycle)

their degradation resets the cycle: (i. (Jacobi et al., 2015)) BMALI
promotes mitochondrial biogenesis and respiratory capacity by
modulating the expression of OXPHOS-related genes; (ii. (Chang
and Guarente, 2013)) CLOCK interacts with SIRT1 to influence
mitochondrial transcription factors and fusion machinery; (iii.
(Weng et al., 2021)) PER2 loss is associated with altered ROS
homeostasis and impaired mitophagy; (iv. (Jordan et al., 2017))
CRY1/2 modulate mitochondrial redox responses and calcium
buffering; and (v. (Zhang-Sun et al,, 2023)) NRIDI (REV-ERBa)
couples lipid metabolism with mitochondrial bioenergetics through
repression of BMALI and control of mitochondrial turnover. These
molecular checkpoints integrate circadian rhythmicity with the
energetic and redox demands of neuronal activity, thereby
providing a mechanistic link between clock gene dysregulation,
mitochondrial dysfunction, and the emergence of mood-related
phenotypes.

This conceptual framework highlights the therapeutic potential
of targeting mitochondrial dynamics to restore neuroenergetic
balance (Chen et al, 2024). As illustrated in Figure 2, several
mitochondria-targeted compounds are under clinical evaluation
for their capacity to stabilize mitochondrial function at multiple
levels. Coenzyme Q10 has demonstrated efficacy in improving
mitochondrial bioenergetics in Parkinson’s and mood disorders
(Cleren et al,, 2008; Mehrpooya et al., 2018), while Elamipretide
(SS-31) is currently in phase II trials for mitochondrial myopathy
and age-related disorders, with promising neuroprotective effects in
preclinical models of depression (Konatikova et al., 2020; Zhang
et al., 2024a). Melatonin, beyond its role as a circadian modulator,
directly stabilizes mitochondrial membranes and reduces ROS
production, as well as showing antidepressant-like effects in both
clinical and preclinical studies (Reiter et al., 2016; Li et al., 2024c).
Compounds targeting mitochondrial dynamics, such as M1 (a
fusion enhancer) and Mdivi-1 (a DRPI1 inhibitor), have been
shown to restore mitochondrial morphology and function in
animal models of neurodegeneration and mood disorders
(Nibrad et al., 2025; Grohm et al., 2012; Bordt et al., 2017). P110,
a selective DRP1-Fisl interaction blocker, prevents excessive
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mitochondrial fragmentation and has entered early-stage clinical
testing in neurodegenerative diseases (Qi et al.,, 2013; Sridharan
et al, 2024). Light therapy and behavioral training may also
synergize with mitochondrial stabilizers to reestablish rhythmic
bioenergetic profiles. By simultaneously targeting mitochondrial
bioenergetics and circadian entrainment, such combinatorial
approaches offer a promising avenue for reestablishing neuronal
metabolic-electrical coupling—a core deficit in mood disorders
(Wider et al,, 2023; Arranz-Paraiso et al., 2023; Tong et al., 2024)
(Table 3). To avoid overstating therapeutic implications, Table 3
summarizes mitochondria-targeted interventions according to their
primary mitochondrial targets, level of evidence, reported outcomes,
and key limitations, clearly distinguishing preclinical findings from
clinical and perioperative data. Further clinical investigation is
warranted to validate the translational potential of this dual-
target model in bipolar disorder, major depressive disorder, and

related affective syndromes.

4 Functional alterations in
mitochondrial pathways and their
impact on mood disorders

Multiple lines of evidence suggest an association between
mitochondrial-related genes and mood disorders; accordingly,
Figure 3 is presented as an illustrative, qualitative summary rather
than a quantitative meta-analysis, reflecting the heterogeneity of the
underlying studies (Figure 3). Clinical imaging studies, such as
magnetic resonance spectroscopy (MRS), have shown reduced levels
of ATP and phosphocreatine in the brains of patients with late-onset
MDD (Wu et al., 2025; Scaini et al., 2021). Decreases in the NAD"/
NADH ratio indicate impaired redox balance, suggesting systemic
energetic failure in the central nervous system (Canto et al., 2015).
These bioenergetic impairments are accompanied by increased
oxidative stress and mtDNA damage (Kim et al, 2017; Li et al,
2024a). Elevated levels of 8-OHdG (8-hydroxy-2'-deoxyguanosine),
a marker of oxidative DNA damage, have been reported in blood and
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TABLE 3 Evidence map of mitochondria-targeted interventions relevant to mood disorders and perioperative vulnerability.

Evidence level

Compound/

Primary

Intervention mitochondrial target

Outcomes
reported

Key limitations

10.3389/fphar.2026.1723748

References

Melatonin Improves ETC efficiency,
reduces ROS, stabilizes

mtDNA

RCTs (mood disorders)
+ observational

Mild improvement in
mood symptoms; reduced
oxidative stress markers

Small sample sizes;
heterogeneity of dosing;
few perioperative
studies

Reiter et al. (2016), Tiong
et al. (2019), Reiter et al.
(2017)

Reduces mitochondrial ROS,
improves Complex I function

MitoQ (mitochondria-
targeted antioxidant)

Preclinical + early-
phase human studies

Phase 1-2 trials +
strong preclinical

Elamipretide (SS-
31 peptide)

Stabilizes cardiolipin and
improves OXPHOS coupling

Decreases oxidative stress
biomarkers; limited mood
data

Improved mitochondrial

Lack of robust clinical
trials; unclear
perioperative impact

No RCTs in psychiatric

Smith and Murphy (2011),
Snow et al. (2010), Rossman
et al. (2018)

Szeto and Birk (2014), Birk

et al. (2013), Zhao et al.
(2004), Pharaoh et al. (2023)

function markers; no
conclusive mood clinical
endpoints

or perioperative settings

N-acetylcysteine (NAC) | Antioxidant; supports

glutathione synthesis

Multiple RCT's in mood
disorders

Mixed results; no
perioperative RCTs

Berk et al. (2008), Fernandes
et al. (2016), Deepmala et al.
(2015)

Some benefit in depressive
symptoms; improved redox
biomarkers

Reduces mitochondrial stress
during anesthesia; increases
metabolic efficiency

a2-agonists
(dexmedetomidine)

Clinical perioperative
studies (non-
mitochondrial primary
endpoints)

Mechanistic
mitochondrial data
indirect; limited
psychiatric data

Reduced postoperative
delirium; better
hemodynamic stability

Deng et al. (2024), Gertler
et al. (2001), Brown et al.
(2011), Su et al. (2016)

Ketogenic interventions | Enhances metabolic flexibility; | Preclinical + small

increases NAD*/NADH human studies

Newman and Verdin (2014),
Hasan-Olive et al. (2019),
Ozan et al. (2024), Pietrzak
et al. (2022)

Biomarker improvement;
possible mood symptom
benefit

Adherence and safety
concerns; not tested
perioperatively

Antioxidant, modulates Nrf2/ Preclinical studies

AMPK

Botanical flavonoids
(e.g., quercetin)

Reduced ROS; improved No clinical trials;

mitochondrial markers in

Li et al. (2016), Kicinska and
Jarmuszkiewicz (2020),
Dajas, 2012; Wang et al.
(2021)

uncertain dosing and

animals purity

cerebrospinal fluid of patients with mood disorders (Celi et al., 2023).
Experimental models of depression in rats have demonstrated reduced
activity of mitochondrial respiratory chain complexes, particularly
Complexes I and IV (Rezin et al., 2008). Rodent models subjected
to chronic unpredictable stress (CUS) or early life stress display
reductions in mitochondrial density, membrane potential, and
respiratory capacity in the hippocampus and prefrontal cortex
(Ulecia-Moro6n et al.,, 2025). These mitochondrial alterations have
been suggested to be associated with behavioral phenotypes relevant
to mood disorders, including anhedonia, social withdrawal, and
learned helplessness, primarily in chronic stress-based animal
models (Rezin et al., 2008; Morais et al., 2012; Ulecia-Morén et al.,
2025). In Polg mutator mice, which accumulate mtDNA mutations
due to impaired proofreading, animals show increased immobility in
forced swim and tail suspension tests (Kasahara et al., 2016). Likewise,
PINKI and Parkin knockout models, originally developed for
Parkinson’s disease, also display depressive-like behavior and altered
mitochondrial dynamics, especially in limbic regions (Gautier et al.,
2008). Transcriptomic profiling of postmortem prefrontal cortex from
patients with Major Depressive Disorder (MDD) and Bipolar Disorder
(BD) revealed altered expression of multiple mitochondria-associated
genes compared with healthy controls, highlighting disruptions in
pathways of biogenesis, OXPHOS, and mitophagy (Wang and
Dwivedi, 2017). Epigenetic and transcriptomic studies suggest that
mitochondrial biogenesis regulators, including POLG and TFAM, may
be dysregulated in mood disorders, potentially contributing to
impaired mtDNA maintenance and replication (Ceylan et al,
2024). Genes involved in OXPHOS have been reported to show
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altered expression in mood disorders, supporting dysfunction in
electron transport chain (ETC) activity and ATP synthesis
(Giménez-Palomo et al, 2021). Notably, transcripts linked to
mitochondrial dynamics and quality control, such as PINKI and
MFN?2, also display significant changes, particularly reductions,
supporting the hypothesis of defective mitophagy and disrupted
fusion-fission balance in the brains of affected individuals (Scaini
et al, 2022). These alterations are heterogeneous across patient
samples; some show gene-specific downregulation or upregulation,
and in certain cases, data may be missing or statistically non-
significant, reflecting the heterogeneity of mood disorders at the
molecular level (Scarr et al.,, 2019).

Pharmacological interventions targeting mitochondria further
highlight the functional role of mitochondrial health in mood
regulation. Chronic administration of mitochondrial toxins such as
rotenone (a Complex I inhibitor (Morais et al, 2012)) or 3-
nitropropionic acid (a Complex II inhibitor) induces depressive-like
behaviors in rodents (Li et al., 2008). Conversely, compounds like
N-acetylcysteine (NAC) (Deepmala et al, 2015), coenzyme Q10
(Aboul-Fotouh, 2013)—which support antioxidant defenses and
ETC efficiency—have shown antidepressant-like effects in both
animal models and preliminary clinical trials. For example, NAC
modulates glutathione levels and redox signaling, and improves
mitochondrial respiration in stressed rats, correlating with
improved affective behavior (Kim et al, 2024). However,
Randomized Controlled Trials (RCTs) in humans have yielded
mixed results, with some studies reporting clinical benefit and
others showing limited or no efficacy (Pandya et al,, 2013).
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Heatmap summarizing key patterns of change in mitochondrial-related gene expression. Gene symbols displayed in the figure include validated
mitochondrial-related genes (POLG, TFAM, PINK1, MFN2, COX2, ND1, ND4, ND6, and ATP5F1). Remaining labels correspond to source-specific dataset
annotations. Red color intensity indicates increased values relative to control conditions. Values reflect qualitative directionality rather than effect size. This
heatmap is an illustrative integrative summary and does not represent a quantitative meta-analysis, given the heterogeneity in sample types,
experimental designs, and analytical methodologies.(Scaini et al., 2021; Wu et al,, 2025; Kim et al., 2017; Li et al., 2024a; Celi et al,, 2023; Scaini et al., 2022;
Ulecia-Moron et al,, 2025; Kasahara et al.,, 2016; Gautier et al.,, 2008; Wang and Dwivedi, 2017; Ceylan et al., 2024; Scarr et al., 2019). Abbreviations: POLG,
mitochondrial DNA polymerase gamma; TFAM, mitochondrial transcription factor A; PINK1, PTEN-induced kinase 1; MFN2, mitofusin-2; COX2,
cytochrome c oxidase subunit 2; ND1/ND4/ND6, mitochondrial Complex | subunits; ATP5F1, ATP synthase F1 subunit.

Despite this growing body of evidence, critical gaps remain.
First, causality is still difficult to establish—most findings are
associative or based on indirect measures of mitochondrial
function. Second, mitochondrial changes may result from chronic
inflammation, glucocorticoid toxicity, or other upstream factors
rather than constituting a primary cause. Third, the translational
value of preclinical models is limited by species differences in
mitochondrial dynamics and behavioral readouts. There is also a
lack of validated biomarkers to stratify patients or monitor
mitochondrial interventions in clinical trials. In this context, the
field requires better longitudinal human studies, integrative multi-
omics approaches, and improved targeted therapies that can cross
the blood-brain barrier and engage specific mitochondrial pathways
relevant to mood regulation.

5 Mitochondrial disease and
anesthesia: clinical challenges and risk
of fatal outcomes

Mitochondrial diseases (MDs) are a heterogeneous group of
inherited disorders resulting from defects in mitochondrial
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OXPHOS (Gorman et al.,, 2016). These diseases can arise from
mutations in either nuclear nDNA or mtDNA, resulting in impaired
ATP production and increased reliance on anaerobic pathways
(Schon et al., 2012). Tissues with high energy demands—such as
the brain, skeletal muscle, heart, and liver—are particularly
vulnerable (Wallace, 2005). Anesthesia poses a significant clinical
challenge in patients with MDs due to their underlying metabolic
vulnerability. The physiological stress of surgery, fasting, exposure to
anesthetic agents, and temperature fluctuations can precipitate
metabolic decompensation, lactic acidosis, respiratory failure, and
even death (Footitt et al., 2008). Although many patients tolerate
anesthesia uneventfully, multiple fatal outcomes have been reported
in case reports and small series, underscoring the importance of
tailored anesthetic management (Niezgoda and Morgan, 2013).
An impaired bioenergetic state is thought to reduce patients’
tolerance to additional metabolic stressor. This bioenergetic deficit is
often linked to mutations in mtDNA or nDNA affecting key
components of the OXPHOS system (Koopman et al., 2012).
Common mtDNA mutations include m.3243A>G (associated
with MELAS syndrome), m.8344A>G (linked to MERRF) (Mancuso
et al,, 2014), and large-scale mtDNA deletions observed in Kearns-
Sayre syndrome (KSS) (Grigalioniené et al., 2023). On the nuclear
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side, mutations in genes such as POLG (the mitochondrial DNA
polymerase gamma) (Rajakulendran et al., 2016), SURF1 (linked to
Leigh syndrome) (Lee and Chiang, 2021), and NDUFS1/NDUFS4
(Complex I subunits) (Dang et al., 2020), disrupt ETC assembly
(Stumpf et al., 2013). These mutations have been associated with
increased sensitivity to volatile anesthetics and a higher risk of
anesthetic-related metabolic decompensation (Hsieh et al., 2017).
Furthermore, patients with mitochondrial encephalomyopathies
(e.g, MELAS, Leigh syndrome) often exhibit multi-organ
involvement, including cardiomyopathies, seizures, respiratory
muscle weakness, and renal tubular dysfunction, all of which
influence anesthetic planning and risk stratification (Niezgoda
and Morgan, 2013).

A comprehensive preoperative evaluation is essential for
patients with mitochondrial disease, with particular attention
to metabolic status (including lactate, glucose, bicarbonate, and
pH), cardiac function (ECG and echocardiogram to assess for

defects),
with
involvement—and nutritional status, including any history of

cardiomyopathy or  conduction respiratory

capacity—especially  in  cases neuromuscular
prior anesthetic complications (Niezgoda and Morgan, 2013;
Kurnutala and Hubbard, 2023). Multidisciplinary consultation
with neurology, genetics, and metabolic specialists is strongly
recommended. Prolonged fasting should be avoided, and
intravenous glucose may be administered preoperatively to
prevent catabolic stress. In terms of anesthetic agents,
propofol should be used with extreme caution due to its
association with Propofol Infusion Syndrome (PRIS), a
potentially fatal complication particularly dangerous in the
context of mitochondrial dysfunction, especially with
Complex I deficiency (Hsieh et al, 2017). Etomidate and
ketamine may be safer alternatives, though the latter’s
sympathomimetic effects warrant caution in patients with
cardiomyopathy (Hsieh et al., 2017). Volatile anesthetics have
been shown to inhibit mitochondrial Complexes I and II and
have been associated with postoperative respiratory failure
(Hsieh et al., 2017; Hsieh et al., 2021). Notably, a fatal case
was reported in a child with Leigh syndrome, likely due to
central respiratory suppression (Hsieh et al., 2017; Morgan
2002).
require

et al, Non-depolarizing neuromuscular blocking

agents careful while

succinylcholine is generally avoided due to the risk of

titration and monitoring,

hyperkalemia and rhabdomyolysis, particularly in myopathic
phenotypes (Niezgoda and Morgan, 2013). Adjunct medications
should emphasize opioid-sparing strategies—dexmedetomidine
offers benefits due to minimal respiratory depression—and
antiemetics like ondansetron and dexamethasone are
2013).
Intraoperative management should prioritize the maintenance

generally well tolerated (Niezgoda and Morgan,

of normoglycemia with IV glucose, prevention of hypothermia
using warming devices, and close monitoring of lactate and acid-
base status through serial blood gases (Parikh et al., 2015).
Postoperatively, patients are at risk for delayed emergence,
hypotonia, seizures, and metabolic acidosis (Brody, 2022).
Serious and, in rare cases, fatal perioperative complications
have been described in patients with mitochondrial disease
undergoing anesthesia, primarily in individual case reports
small series. These reports highlight

and potential
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than causal
relationships (Table 4). Representative clinical case reports
fatal
perioperative events following anesthesia in patients with
Table 4,

underscoring the heterogeneity of anesthetic responses and

vulnerability rather establishing definitive

and institutional alerts describing serious or

mitochondrial disease are summarized in
the need for individualized perioperative risk assessment.
Recent case reports in pediatric patients with mitochondrial
disorders have described acute neurological deterioration
temporally associated with perioperative anesthetic exposure,
including hypotonia, apnea, and hospitalization (Lopes et al.,
2018; Alkuwaiti et al., 2025). Collectively, these cases underscore
the need for
individualized anesthetic planning, while also illustrating the
limited and heterogeneous nature of the available

heightened perioperative vigilance and

clinical evidence.

6 Anesthetic vulnerability in
mitochondrial dysfunction: evidence-
graded overview

Mitochondrial mtDNA
variants, OXPHOS deficiencies, and secondary mitochondrial

disorders—including  pathogenic

dysfunction—are associated with increased perioperative risk due
to limited metabolic reserve, impaired redox buffering, and
vulnerability to anesthetic-induced inhibition of respiratory chain
complexes (Salehpoor et al., 2023). Because the literature includes
both peer-reviewed reports and institutional safety alerts, we
explicitly separate the evidence below to avoid overstating certainty.

6.1 Peer-reviewed evidence (Clinical case
reports, case series, mechanistic studies)

6.1.1 Volatile anesthetics

o Multiple case reports and biochemical studies show that
sevoflurane, isoflurane, and desflurane inhibit Complexes I
and II in vitro and reduce mitochondrial membrane potential
in susceptible tissues (Bains et al., 2006).

o Clinical cases describe postoperative metabolic acidosis,
rhabdomyolysis, and respiratory depression in patients
with primary mitochondrial disease (Niezgoda and
Morgan, 2013).

6.1.2 Propofol

o Propofol inhibits Complexes I and IV and uncouples
OXPHOS in
Frank, 2016).

« Propofol Infusion Syndrome (PRIS)—characterized by lactic

isolated mitochondria (Finsterer —and

acidosis, rhabdomyolysis, and cardiovascular collapse—has
been reported more frequently in settings of underlying
mitochondrial stress (critical illness, long infusion times,
high doses) (Vanlander et al., 2012).

o Case reports of PRIS-like presentations exist in pediatric
patients later confirmed to carry mitochondrial disorders
(Shimizu et al., 2020).
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TABLE 4 Clinical case reports and institutional alerts describing serious or fatal perioperative events following anesthesia in individuals with mitochondrial

disease.
Case  Patient Anesthetic agent Outcome References
1 Adult with POLG-related MD | Balanced anesthesia with intravenous Cardiac arrest intraoperatively Kurnutala and Hubbard (2023),
agents (e.g., propofol, opioids, muscle Niezgoda and Morgan (2013)
relaxants) combined with inhalational
agents (volatile anesthetics such as
sevoflurane/isoflurane)
2 Child with OXPHOS Balanced anesthesia with sevoflurane, low- | Uneventful perioperative course, no Manickam et al. (2024)
deficiency type 3 (this case dose propofol, fentanyl, atracurium metabolic decompensation
report)
3 Child with deficiency in the | Induction: thiopental + fentanyl; Agitation, motor focality, degeneration of | Casta et al. (1997)
activity of Complexes I, III, maintenance: isoflurane + N,O white matter. Death 5 weeks after surgery
and IV of OXPHOS
4 Teenager with MELAS Propofol and rocuronium Hypothermia and risk of postoperative Bolton et al. (2003)
syndrome ventilatory failure
5 Pediatric patient with Sevoflurane (inhalational) Intraoperative hypersensitivity to volatile Hsieh et al. (2021)
mitochondrial respiratory anesthetic — abnormal hemodynamic
chain disorder instability, highlighting mitochondrial
vulnerability
6 Adult with genetically Balanced general anesthesia with volatile Severe intraoperative cardiovascular Harbell et al. (2021)
confirmed mitochondrial agent + opioids instability (arrhythmias, hypotension)
disease (non-syndromic) requiring pharmacological resuscitation.
Postoperative metabolic decompensation
7* Venezuelan pediatric patients | General anesthesia with widely used Severe neurological complications; 4 deaths | Sociedad de Anestesiologia de Chile
in Chile (series under techniques (volatile agents + IV) reported; etiology under investigation (SACH) communiqué; Instituto de
investigation) (possible mitochondrial vulnerability) Salud Publica de Chile (ISP) alert

MD: Mitochondrial disease. MELAS: mitochondrial encephalomyopathy, Lactic Acidosis, and Stroke-like episodes, PRIS: propofol infusion syndrome, POLG: Polymerase Gamma (gene
involved in mitochondrial DNA, replication), mtDNA: Mitochondrial DNA, IV: Intravenous.* “This row summarizes an institutional alert/series (not a peer-reviewed case report). Details are

under investigation.”

6.1.3 Succinylcholine

o Well-documented risk of hyperkalemia and rhabdomyolysis,
especially in patients with myopathic or mitochondrial
phenotypes (Niezgoda and Morgan, 2013).

« Contraindicated in this patient population based on consistent
clinical evidence (Niezgoda and Morgan, 2013).

6.1.4 Opioids, Benzodiazepines, dexmedetomidine

o Generally considered low mitochondrial burden (Hsieh
et al., 2017).

« Dexmedetomidine has emerging evidence (preclinical +

suggesting protection against

(Lin

small clinical series)

mitochondrial and oxidative stress

et al., 2023).

swelling

6.2 Institutional alerts and non—peer-
reviewed signals (preliminary, not
Confirmatory)

In Chile, institutional safety communications have recently
signaled potential perioperative vulnerabilities in certain
pediatric populations. In July 2025, the Sociedad de
Anestesiologia de Chile (SACH) issued a formal report
describing five pediatric cases in which previously healthy
children subjected to standard anesthetic regimens including
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sevoflurane, propofol, failed to

consciousness or exhibited severe neurologic compromise

and fentanyl regain
postoperatively, with four resulting in death. These cases
occurred without identifiable intraoperative complications
such as hypoxia or anaphylaxis, and were managed according
to established clinical protocols, prompting internal review and
referral to national health authorities for further investigation of
underlying risk factors.

6.3 Evidence-graded practical
recommendations (based on peer-reviewed
evidence and institutional alerts)

o Total intravenous anesthesia (TIVA) with carefully titrated
propofol (avoiding prolonged or high-dose infusions)
(Brody, 2022).

o Adjuncts:  dexmedetomidine,  short-acting
(remifentanil), midazolam (Vanlander et al., 2012).

o Trigger avoidance: strict avoidance of succinylcholine
(Niezgoda and Morgan, 2013).

 Cautious use of volatiles, minimizing dose and exposure
duration (Brody, 2022).

opioids

6.4 Perioperative metabolic precautions

« Avoid prolonged fasting (provide glucose-containing IV fluids
if needed) (Parikh et al., 2017).
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o Monitor: lactate, acid-base status,
temperature (Parikh et al., 2015).

» Maintain normothermia and adequate oxygen delivery (Parikh
et al., 2015).

« Early recognition of postoperative metabolic decompensation
(Parikh et al., 2015).

CK, glucose, and

7/ Mitochondria-targeted therapies

Several synthetic and naturally derived compounds exhibit
neuroprotective effects, mainly through the preservation of
of ATP
production, reduction of reactive oxygen species (ROS), and
modulation of signaling pathways related to apoptosis and

mitochondrial membrane potential, enhancement

inflammation. We propose that such compounds could be
beneficial not only for the treatment of mood disorders but also
to mitigate risks associated with anesthesia.

7.1 Elamipretide

Elamipretide protects against anesthesia and surgery-induced
mitochondrial dysfunction by improving ATP production,
preserving mitochondrial membrane potential, reducing ROS and
preventing oxidative stress as well as the opening of the
mitochondrial permeability transition pore (Wu et al,, 2015; Wu
et al, 2017). By targeting mitochondrial dysfunction, elamipretide
shows therapeutic potential for preventing postoperative
neurocognitive disorders (PND) in aged subjects (Zuo et al,
2020; Zhao et al.,, 2019; Zhang et al., 2024a). Preclinical studies
suggest elamipretide can memory and reduce

inflammation, and although clinical studies have focused on

improve

other mitochondrial diseases, this mitochondrial effects provide a
rationale for its potential therapeutic use in mood disorders (Sabbah
et al., 2025; Ciubuc-Batcu et al., 2024).

7.2 Melatonin

While direct evidence of melatonin preventing major depressive
disorder is limited, its role in regulating circadian rhythms and its
anti-inflammatory and neuroprotective effects suggest a potential
therapeutic role in depression by mitigating neuroinflammation and
improving brain health (Cardinali et al., 2013; Won et al., 2021;
Melhuish Beaupre et al., 2021). Studies have observed decreased
bedtime melatonin levels in patients with major depression, and
these levels may negatively correlate with the severity of depressive
symptoms (Wang et al., 2022). Despite these findings, the evidence
from clinical trials for the direct use of melatonin as a treatment for
core depression symptoms is not yet consistent, requiring more
research to clarify its role (Shokri-Mashhadi et al.,, 2023). The
activation of mitochondria-dependent apoptotic pathway is
important in the early stages of anesthesia-induced
developmental neuroapoptosis (Yon et al., 2006). Melatonin-
induced neuroprotection is mediated, at least in part, through
inhibition of the mitochondria-dependent apoptotic pathway
since melatonin caused an upregulation of the anti-apoptotic
protein, bcl-X(L), reduction in anesthesia-induced cytochrome c
release into the cytoplasm and a decrease in anesthesia-induced
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activation of caspase-3, an important step in the activation of
DNAses and the formation of the apoptotic bodies (Yon et al.,
2006). Melatonin has also been explored for potential applications in
pediatric anesthesia (Subhadarshini and Taksande, 2024).

7.3 Coenzyme Q10

Studies in young rodents demonstrate that CoQ10 can reduce
sevoflurane-induced harm by preventing mitochondrial membrane
potential loss, increasing ATP production, and protecting synaptic
function, thereby offering a potential therapeutic strategy for
patients susceptible to anesthetic neurotoxicity (Xu et al., 2017).
Findings suggest CoQ10 could be a key component in developing
new interventions to prevent or treat cognitive impairment
associated with anesthesia and other mitochondrial diseases
(Bhagavan and Chopra, 2005; Hargreaves, 2014). Given its roles
as an antioxidant and a mitochondrial restorer, CoQ10 holds
promise as a supplement to help manage mood disorders.
Clinical studies suggest CoQl0 may also reduce depressive
symptoms when added to standard treatments for bipolar
depression. However, further research is needed to confirm these
findings and to establish its effectiveness and safety as a
monotherapy (Pradhan et al, 2021; Mehrpooya et al, 2018;
Forester et al., 2015).

7.4 Dexmedetomidine

Dexmedetomidine is widely used in clinical anesthesia to

optimize anesthesia and analgesia effects and reduce
intraoperative adverse reactions. A preclinical study shows that
dexmedetomidine could alleviate anxiety-like behavior and
cognitive impairment in posttraumatic stress disorder model rats.
In clinical studies, the perioperative administration of
dexmedetomidine had an anxiolytic effect (Yu et al, 2023).
Additionally, it ameliorates brain damage in the intracerebral
hemorrhage model by suppressing oxidative stress resulting from
the deactivation of the PGC-la pathway (plays an important
regulatory role in cellular metabolism and mitochondrial
biosynthesis) and mitochondrial dysfunction (Zhang et al,
2024b).

postpartum period significantly reduced the incidence of a

Dexmedetomidine  administration in the early
positive postpartum depression screening and maintained a
favorable safety profile (Zhou et al, 2024). In clinical trial, a
single dose of sublingual dexmedetomidine reduced the severity
of agitation in participants with mild to moderate agitation
associated with bipolar disorder after self-administering the
medication (Preskorn et al, 2022). Regarding mitochondrial
effects, dexmedetomidine alleviates oxidative stress and
mitochondrial dysfunction associated with diabetic peripheral
neuropathy by downregulating miR-34a to regulate the SIRT2/
SIPR1 axis (Lin et al, 2023), besides maintaining the
mitochondrial fusion/fission balance through the PKC-a/HO-
1 signaling pathway (Song et al., 2022) and preserves neuronal
function by promoting mitochondrial biogenesis through the
AMPK/PGC-1a pathway (Wang et al,, 2025). Dexmedetomidine
is proposed as a potentially novel antidepressant with multiple
various

mechanisms  of  action

pathophysiological

targeting
These

depression

processes. mechanisms  include
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of the of
neuroinflammation and oxidative stress, influence on the Brain-

modulation noradrenergic  system, regulation
Derived Neurotrophic Factor (BDNF) levels, and modulation of
neurotransmitter

et al., 2023).

systems, such as glutamate (Al-Mahrougqi

7.5 Luteoloside

Luteoloside  prevented  sevoflurane-induced  cognitive
dysfunction in aged rats and may be associated with the
regulation of mitochondrial dynamics. Luteoloside diminished
sevoflurane-induced ~ mitochondrial =~ membrane  potential
disruption and ROS overproduction and protected neurons from
apoptosis. Neuroprotective of

luteoloside may be attributed to its mitochondrial protection by

sevoflurane-induced activities
the regulation of mitochondrial dynamics (Zhang et al., 2023). In a
mouse sleep deprivation (SD) model exhibits an antidepressant
effect and increases active stress coping response to SD stress,
possibly by modulating the BDNF/TrkB/ERK/CREB signaling
pathway (Ryu et al, 2022). Luteolin glucuronide, such as
luteoloside, has been reported to be deconjugated to luteolin.
Luteolin was shown to alleviate cognitive deficits, anxiety degree
and exploring ability in a triple transgenic AD mouse model.
Luteolin targeted oxidative stress and mitochondrial dysfunction
induced by AP, subsequently suppressed neuronal apoptosis (He
et al., 2023). Preclinical studies and limited clinical evidence on the
antidepressant and neuroprotective effects of luteolin allow for an
exploration of its antidepressant potential. It acts as an
by
oxidative stress, and calming inflammation (Zhou et al., 2025).

antidepressant regulating  neurotransmitters, reducing

7.6 Vitexin

In the few studies that explore the effects of vitexin on the
mechanisms implicated in the pathogenesis of neurodegeneration, it
has demonstrated great therapeutic potential to be explored in the
reduction of oxidative stress and neuroinflammation (Lima et al.,
2018). Vitexin has also been suggested to have antidepressant effects,
because it exerted antidepressant-like effects by increasing the
catecholamine levels in the synaptic cleft as well as through
interactions with the serotonergic 5-HT1A, noradrenergic o2,
and dopaminergic D1, D2, and D3 receptors (Can et al., 2013).
Vitexin showed neuroprotective potential by ameliorating
mitochondrial dysfunction, and associated AIM2 inflammasome
activation in experimental trauma induced neuropathic pain (Pal
2025). inhibited the
cytotoxicity and weakened isoflurane-induced neuroinflammation
and oxidative stress pathways in PC12 cells (Chen et al, 2016).
Vitexin protects sevoflurane-induced neuronal apoptosis in brain,
through HIF-1a, VEGF and p38 MAPK signaling pathway and

suppressed Bax protein expression in sevoflurane-induced newborn

et al, Vitexin isoflurane-induced cell

rat or human neuroglioma cells, which may be assisted adverse
reactions during anesthetic in clinical application (Lyu et al., 2018).
One study demonstrated that vitexin protected H9¢2 cells from
ischemia/reperfusion  induced  mitochondrial  dysfunction,
significantly reducing ROS levels; improving mitochondrial
activity, mitochondrial membrane potential and ATP content;
markedly increasing MFN2 the

expression and reducing
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recruitment of Drpl in mitochondria (Xue et al., 2020). Clinical
effects of vitexin on the mechanisms implicated in the pathogenesis
of neurodegeneration, it has demonstrated great therapeutic
potential to be explored in the reduction of oxidative stress and
neuroinflammation.

7.7 Phenelzine

Phenelzine, an antidepressant, may offer neuroprotection by
mitigating mitochondrial dysfunction, primarily through its role as
an aldehyde scavenger that protects mitochondria from lipid
peroxidation products like 4-hydroxynonenal (4-HNE) (Cebak
et al,, 2017; Singh et al., 2013). By reducing oxidative damage to
mitochondria, phenelzine can improve their respiratory function
and energy production, which is relevant to mood disorders like
depression where mitochondrial dysfunction is implicated. This
protective mechanism is separate from its well-known function
as a monoamine oxidase inhibitor (MAOI), by acting on
mitochondrial pathways (Matveychuk et al.,, 2022; Cebak et al,
2017). While has
protection in injury models, there is limited specific research on

phenelzine demonstrated mitochondrial
its use as a pre-anesthetic. Medicines used for general anesthesia and
certain types of local anesthesia can increase the risk of dangerous
side effects of phenelzine (Harbell et al., 2021). However, its
is a

mechanism of protecting against oxidative damage

potentially relevant factor to consider.
7.8 Pramipexole

Pramipexole demonstrates neuroprotective effects by directly
counteracting mitochondrial dysfunction and oxidative stress, often
acting as an antioxidant. It works by blocking the mitochondrial
permeability transition pore (mtPTP), restoring mitochondrial
membrane potential, reducing cytochrome ¢ release, and
promoting mitophagy (Andrabi et al, 2019; Tang et al, 2021).
Early exposure to general anesthesia can cause mitochondrial
damage and cognitive deficits. Pramipexole provides long-lasting
protection against cognitive impairments observed when very young
animals are exposed to anesthesia during peak brain development,
demonstrating the ability to prevent such deficits by preserving
mitochondrial function (Boscolo et al., 2013). The D,/D; receptor
agonist pramipexole has clinical efficacy as an antidepressant, but its
neural mechanisms are unknown (Mabh et al., 2011). The connection
between pramipexole, mitochondrial function, and depression
suggests that targeting mitochondrial health could be a promising
strategy for developing new and more personalized antidepressant
treatments (Li et al., 2024b; Allen et al., 2018; Wei et al., 2026).

Given the metabolic vulnerability of patients with MD,
should

mitochondrial toxicity and reducing catabolic stress.

anesthetic ~ management prioritize ~ minimizing

Although no anesthetic regimen can be guaranteed safe for all
MD phenotypes, certain practices are commonly regarded as lower-
risk based on current evidence (Figure 4). Figure 4 presents a
structured protocol for perioperative management in patients
with mitochondrial disorders. It integrates evidence from case
reports, expert consensus, and mechanistic studies to guide
strategies that reduce metabolic stress and anesthetic-related

risks. Key considerations include minimizing fasting, ensuring
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Strategies for Patients With
Mitochondrial Disease
Preoperative Phase ‘ Induction Phase ’ ‘ Maintenance Phase ‘ ' Intraoperative Management ' ’ Postoperative Phase
A » Preferred: Ketamine; « TIVA when appropriate: « Maintain normoglycemia ) :
* Identify high-risk Etomidate (monitor Dexmedetomidine + (glucose infusion PRN). + Avoid long-acting

genotypes; POLG,
MELAS, MERRF, KSS,
complex | deficiency,
Leigh.

Baseline labs: lactate,

adrenal suppression).

Propofol bolus only
(avoid infusions - PRIS

Acceptable with caution:

short-acting opioids +
benzodiazepines.

If volatile agents used:

= e isoselbI bar et risk). Lowest effective dose;
" g Avoid: Succinylcholi id i igh synd 3
electrolytes, ABG/VBG. & (t;‘:)'grka"l'gﬁ"'i‘y oline avoid in Leigh syndrome
» Cardiac evaluation: ECG * rhabdomyolysis), deep « Non-depolarizing NMBA
echocardiogram. premedication, with TOF monitoring.
« Respiratory assessment, S

« Avoid lactate-containing
solutions; use balanced
or NS-based fluids.
Maintain normothermia;
avoid hypotension/
hypoxia.

ABG, glucose,
electrolytes.

Serial monitoring: lactate,

sedatives; prefer
dexmedetomidine for
sedation.

Monitor for apnea,
acidosis, delayed
emergence, seizures.
Early enteral feeding to
prevent catabolism.
Continue glucose support
until stable.

including neuromuscular
status.

Avoid prolonged fasting;
consider IV dextrose.
Continue anticonvulsants
and metabolic
supplements.
Multidisciplinary plan
with anesthesia +
neurology/metabolic.

FIGURE 4

Consider ICU for high-risk
genotypes or instability.

Perioperative anesthetic management protocol for mitochondrial disease. This flowchart provides a structured overview of recommended strategies
to reduce perioperative metabolic stress and anesthetic-related risk in patients with mitochondrial disorders. The guidance is derived from published case
series, expert consensus, and mechanistic data on anesthetic—mitochondrial interactions. It is not a standardized clinical guideline and should be adapted
to individual patient phenotype and genotype (Niezgoda and Morgan, 2013; Brody, 2022; Morgan et al., 2002; Falk, 2010; Alkuwaiti et al., 2025).

glucose availability, careful selection and titration of anesthetic
agents, maintaining normothermia, and monitoring bioenergetic
endpoints such as lactate, redox balance, and metabolic flexibility.

Mitochondrial dysfunction underlies both mood disorder
vulnerability and perioperative anesthetic risk, yet these domains
are rarely analyzed together. This section outlines the shared
bioenergetic, redox, calcium, and circadian mechanisms that
unify both fields, identifies
highlights the clinical implications for risk stratification and

overlapping biomarkers, and

anesthetic management.

8 Bridging mood disorders and
anesthetic vulnerability: shared
mitochondrial stress pathways

Growing evidence indicates that the mitochondrial pathways

implicated in mood and circadian dysregulation overlap
substantially with those that determine anesthetic tolerance and
perioperative metabolic stability (Stein and Imai, 2012; Azouaoui
et al., 2023; Greenwood et al., 2024; Brody, 2022). This convergence
provides the mechanistic bridge linking the two domains and
individuals ~ with

function—whether clinically manifest or subclinical—may be

clarifies  why impaired  mitochondrial

vulnerable both to mood disturbances and to anesthetic-related
complications.

o Preoperative metabolic assessment (when mitochondrial
vulnerability is suspected):
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— Lactate: elevated values (commonly > 2 mmol/L relative to
normal resting physiology) suggest limited oxidative
metabolism (Greenwood et al., 2024).

- NAD*/NADH ratio: Low NAD*/NADH ratios relative to
typical physiological ranges (e.g., ratios below ~5-10 in
plasma or select tissues, reflecting a more reduced redox
state and decreased metabolic flexibility) may indicate
impaired redox balance under metabolic stress conditions.
Interpretation should be context-specific, as values differ by
tissue type and method (Stein and Imai, 2012; Azouaoui
et al., 2023).

o Oxidative stress markers: Increased oxidative damage
biomarkers may indicate oxidative stress. For example,
plasma 8-OHdAG levels above ~0.5-1.0 ng/mL (compared
with typical healthy ranges) or elevated lipid peroxidation
products such as malondialdehyde (~1-5 uM) or F2-
isoprostanes (~20-60 pg/mL) have been associated with
oxidative damage in clinical and experimental studies
(Graille et al., 2020; Wu et al., 2004; Nielsen et al., 1997;
van’t Erve et al., 2017).

o mtDNA measures: Reduced mtDNA copy number relative to
typical adult ranges (~100-600 copies per cell in peripheral
blood) or the presence of mtDNA variants known to impair
OXPHOS may indicate mitochondrial dysfunction or
vulnerability. Interpretation should be context-dependent,

considering tissue type, age, and analytical method
(Mohamed Yusoff et al., 2025; Xia et al., 2017).
o Shared pathophysiological mechanisms

(mood-anesthesia interface):
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- Reduced OXPHOS reserve — increased sensitivity to
hypoxia, cold, and fasting stress (Casanova et al., 2023).

- Disrupted Ca’" handling — increased vulnerability to agents
affecting Complexes I and III (Michelucci et al., 2021).

— Elevated baseline ROS — lower threshold for perioperative
metabolic toxicity (Zhang et al., 2024b).

- Low metabolic flexibility — poor tolerance of anesthetic and
postoperative stress (Qiao et al., 2023).

o Perioperative management considerations:

- Avoid prolonged fasting; consider IV glucose-containing
fluids when appropriate (Parikh et al., 2017).

- Minimize volatile anesthetics in patients with suspected
Complex I dysfunction (Brody, 2022).

- Avoid prolonged propofol infusions in those at risk for
Complex I impairment (Parikh et al., 2017).

- Maintain normothermia to reduce metabolic load
(Manickam et al., 2024).

— Consider carefully titrated TIVA when clinically justified
(Brody, 2022).

o Translational and research implications:

- Define bioenergetic endpoints for future trials (lactate, redox
balance, temperature, cognitive-affective recovery) (Caddye
et al.,, 2023).

- Develop shared risk biomarkers applicable to psychiatric
and perioperative populations (Nunes et al., 2025).

- Integrate mitochondrial profiling into preoperative risk-

stratification frameworks (Yang et al., 2024).

9 Conclusion

In conclusion, mitochondrial dysfunction represents a promising
yet complex target in the pathophysiology of mood disorders.
Although mitochondria-targeted strategies are appealing, their
clinical translation must be pursued with caution, given the
multifactorial nature of depression and bipolar disorder. Future
research should focus on distinguishing primary mitochondrial
defects
personalized interventions guided by biomarkers that capture

from downstream consequences and on developing

mitochondrial bioenergetics and resilience in the human brain.

Author contributions

FV: Writing — review and editing, Writing — original draft. NR:
Writing - review and editing, Writing - original draft. AM:
Writing - review and editing, Writing - original draft. HEF:
Writing - review and editing, Writing - original draft. OR-M:
Writing - review and editing, Writing - original draft. AP-L:

References

Aboul-Fotouh, S. (2013). Coenzyme Q10 displays antidepressant-like activity with
reduction of hippocampal oxidative/nitrosative DNA damage in chronically stressed
rats. Pharmacol. Biochem. Behav. 104, 105-112. doi:10.1016/j.pbb.2012.12.027

AL-Mahrougi, T., AL Alawi, M., and Freire, R. C. (2023). Dexmedetomidine in
the treatment of depression: an up-to-date narrative review. Clin. Pract.
Epidemiol. Ment. Health 19, €174501792307240. doi:10.2174/17450179-v19-
230823-2023-4

Frontiers in Pharmacology

13

10.3389/fphar.2026.1723748

Writing - original draft, Writing - review and editing. GY:
Writing - original draft, Writing — review and editing. JF: Funding
acquisition, Writing — review and editing, Writing — original draft. JP-
F: Resources, Writing — review and editing, Funding acquisition,
Formal Methodology,
Writing - original draft, Software, Data curation, Visualization,

Analysis, Project  administration,

Conceptualization, Supervision, Investigation, Validation.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This research was funded by
ANID-FONDECYT grant 1250856 (to GY). NR and AP-L were
supported by ANID doctoral fellowships (21241542 and 22241777).
AM received support from an ANID Postdoctoral Fellowship.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. To improve grammar, clarity, and
organization of the manuscript text using ChatGPT (OpenAl,
GPT-5). To improve grammar, clarity, and organization of the
manuscript text using ChatGPT (OpenAl, GPT-5). The tool was
employed only for language editing and rephrasing; all ideas, data
interpretation, and conclusions are the authors’ own.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Alkuwaiti, A., Albuthi, M., Mahmoud, A. H. M., Gosty, G., and Alselaiti, A. A. (2025).
Anesthetic management of a pediatric patient with mitochondrial depletion syndrome
and hypertrophic cardiomyopathy undergoing scoliosis correction: a case report. Cureus
17, €88669. doi:10.7759/cureus.88669

Allen, J., Romay-Tallon, R., Brymer, K. J., Caruncho, H. J., and Kalynchuk, L. E. (2018).
Mitochondria and mood: mitochondrial dysfunction as a key player in the manifestation
of depression. Front. Neurosci. 12, 386. doi:10.3389/fnins.2018.00386

frontiersin.org


https://doi.org/10.1016/j.pbb.2012.12.027
https://doi.org/10.2174/17450179-v19-230823-2023-4
https://doi.org/10.2174/17450179-v19-230823-2023-4
https://doi.org/10.7759/cureus.88669
https://doi.org/10.3389/fnins.2018.00386
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

Verbal et al.

Allen, J., Caruncho, H. J., and Kalynchuk, L. E. (2021). Severe life stress, mitochondrial
dysfunction, and depressive behavior: a pathophysiological and therapeutic perspective.
Mitochondrion 56, 111-117. doi:10.1016/j.mito.2020.11.010

Andrabi, S. S., Ali, M., Tabassum, H., Parveen, S., and Parvez, S. (2019). Pramipexole
prevents ischemic cell death via mitochondrial pathways in ischemic stroke. Dis. Model.
Mech. 12. doi:10.1242/dmm.033860

Arranz-Paraiso, D., Sola, Y., Baeza-Moyano, D., Benitez-Martinez, M., Melero-Tur, S.,
and Gonzalez-Lezcano, R. A. (2023). Mitochondria and light: An overview of the
pathways triggered in skin and retina with incident infrared radiation. J. Photochem.
Photobiol. B Biol. 238, 112614. doi:10.1016/j.jphotobiol.2022.112614

Attwell, D., and Laughlin, S. B. (2001). An energy budget for signaling in the grey matter
of the brain. J. Cereb. Blood Flow. Metab. 21, 1133-1145. doi:10.1097/00004647-
200110000-00001

Azouaoui, D., Choiniére, M. R., Khan, M., Sayfl, S., Jaffer, S., Yousef, S., et al. (2023).
Meta-analysis of NAD(P)(H) quantification results exhibits variability across
mammalian tissues. Sci. Rep. 13, 2464. doi:10.1038/s41598-023-29607-8

Bains, R., Moe, M. C., Larsen, G. A., Berg-Johnsen, J., and Vinje, M. L. (2006).
Volatile anaesthetics depolarize neural mitochondria by inhibiton of the electron
transport chain. Acta Anaesthesiol. Scand. 50, 572-579. doi:10.1111/j.1399-6576.
2006.00988.x

Berk, M., Copolov, D., Dean, O., Lu, K., Jeavons, S., Schapkaitz, I, et al. (2008). N-acetyl
cysteine as a glutathione precursor for schizophrenia--a double-blind, randomized,
placebo-controlled trial. Biol. Psychiatry 64, 361-368. doi:10.1016/j.biopsych.2008.
03.004

Berk, M., Walder, K., and Kim, J. H. (2025). Past, present and future of research on brain
energy metabolism in bipolar disorder. World Psychiatry 24, 47-49. doi:10.1002/wps.
21266

Bhagavan, H. N., and Chopra, R. K. (2005). Potential role of ubiquinone (coenzyme
QI10) in pediatric cardiomyopathy. Clin. Nutr. 24, 331-338. doi:10.1016/j.clnu.2004.
12.005

Birk, A. V., Liu, S., Soong, Y., Mills, W., Singh, P., Warren, J. D,, et al. (2013). The
mitochondrial-targeted compound SS-31 re-energizes ischemic mitochondria by
interacting with cardiolipin. J. Am. Soc. Nephrol. 24, 1250-1261. doi:10.1681/ASN.
2012121216

Bolton, P., Peutrell, J., Zuberi, S., and Robinson, P. (2003). Anaesthesia for an adolescent
with mitochondrial encephalomyopathy-lactic acidosis-stroke-like episodes syndrome.
Paediatr. Anaesth. 13, 453-456. doi:10.1046/j.1460-9592.2003.01001.x

Bordt, E. A., Clerc, P., Roelofs, B. A., Saladino, A. J., Tretter, L., Adam-Vizi, V., et al.
(2017). The putative Drpl inhibitor mdivi-1 is a reversible mitochondrial complex I
inhibitor that modulates reactive oxygen species. Dev. Cell 40, 583-594.¢6. d0i:10.1016/j.
devcel.2017.02.020

Boscolo, A., Ori, C., Bennett, ], Wiltgen, B., and Jevtovic-Todorovic, V. (2013).
Mitochondrial protectant pramipexole prevents sex-specific long-term cognitive
impairment from early anaesthesia exposure in rats. Br. J. Anaesth. 110, i47-i52.
doi:10.1093/bja/aet073

Brody, K. M. (2022). Anesthetic management of the patient with mitochondrial disease:
a review of current best evidence. Aana J. 90, 148-154.

Brown, E. N., Purdon, P. L., and VAN Dort, C. J. (2011). General anesthesia and altered
states of arousal: a systems neuroscience analysis. Annu. Rev. Neurosci. 34, 601-628.
doi:10.1146/annurev-neuro-060909-153200

Bustos Villarroel, A., Pereda, N., and Suarez-Soto, E. (2024). Mental health and suicidal
behaviour in Chilean youth during the Covid-19 pandemic. Actas Esp. Psiquiatr. 52,
453-463. doi:10.62641/aep.v52i4.1622

Caddye, E., Pineau, J., Reyniers, J., Ronen, I, and Colasanti, A. (2023). Lactate: a
Theranostic biomarker for metabolic psychiatry? Antioxidants (Basel) 12, 1656. doi:10.
3390/antiox12091656

Can, O. D., Demir Ozkay, U., and Ugel, U. L. (2013). Anti-depressant-like effect of
vitexin in BALB/c mice and evidence for the involvement of monoaminergic
mechanisms. Eur. J. Pharmacol. 699, 250-257. doi:10.1016/j.ejphar.2012.10.017

Cant6, C., Menzies, K. J., and Auwerx, J. (2015). NAD(+) metabolism and the control of
energy homeostasis: a balancing act between mitochondria and the nucleus. Cell Metab.
22, 31-53. doi:10.1016/j.cmet.2015.05.023

Cardinali, D. P., Pagano, E. S., Scacchi Bernasconi, P. A., Reynoso, R, and Scacchi, P.
(2013). Melatonin and mitochondrial dysfunction in the central nervous system. Horm.
Behav. 63, 322-330. doi:10.1016/j.yhbeh.2012.02.020

Casanova, A., Wevers, A. Navarro-Ledesma, S., and Pruimboom, L. (2023).
Mitochondria: it is all about energy. Front. Physiol. 14, 1114231. doi:10.3389/fphys.
2023.1114231

Casta, A., Quackenbush, E. J., Houck, C. S., and Korson, M. S. (1997). Perioperative
white matter degeneration and death in a patient with a defect in mitochondrial
oxidative phosphorylation. Anesthesiology 87, 420-425. doi:10.1097/00000542-
199708000-00030

Cebak, J. E., Singh, I. N,, Hill, R. L., Wang, J. A, and Hall, E. D. (2017). Phenelzine
protects brain mitochondrial function in vitro and in vivo following traumatic brain
injury by scavenging the reactive carbonyls 4-Hydroxynonenal and acrolein leading to

Frontiers in Pharmacology

10.3389/fphar.2026.1723748

cortical histological neuroprotection. J. Neurotrauma 34, 1302-1317. doi:10.1089/neu.
2016.4624

Celi, K. H., Tuna, G., Ceylan, D., and Kiigitkgénci, S. (2023). A comparative meta-
analysis of peripheral 8-hydroxy-2’-deoxyguanosine (8-OHdG) or 8-ox0-7,8-dihydro-
2’-deoxyguanosine (8-oxo-dG) levels across mood episodes in bipolar disorder.
Psychoneuroendocrinology 151, 106078. doi:10.1016/j.psyneuen.2023.106078

Ceylan, D., Arat-Celik, H. E., and Aksahin, I. C. (2024). Integrating mitoepigenetics into
research in mood disorders: a state-of-the-art review. Front. Physiol. 15, 1338544. doi:10.
3389/fphys.2024.1338544

Chan, V. K. Y, Leung, M. Y. M,, Chan, S. S. M,, Yang, D., Knapp, M., Luo, H,, et al.
(2024). Projecting the 10-year costs of care and mortality burden of depression until
2032: a markov modelling study developed from real-world data. Lancet Reg. Health
West Pac 45, 101026. doi:10.1016/j.Janwpc.2024.101026

Chang, H. C,, and Guarente, L. (2013). SIRT1 mediates central circadian control in the
SCN by a mechanism that decays with aging. Cell 153, 1448-1460. doi:10.1016/j.cell.
2013.05.027

Chen, L., Zhang, B., Shan, S., and Zhao, X. (2016). Neuroprotective effects of vitexin
against isoflurane-induced neurotoxicity by targeting the TRPV1 and NR2B signaling
pathways. Mol. Med. Rep. 14, 5607-5613. doi:10.3892/mmr.2016.5948

Chen, H,, Lu, M., Lyu, Q., Shi, L., Zhou, C,, Li, M., et al. (2024). Mitochondrial dynamics
dysfunction: unraveling the hidden link to depression. Biomed. Pharmacother. 175,
116656. doi:10.1016/j.biopha.2024.116656

Chodavadia, P., Teo, I, Poremski, D., Fung, D. S. S., and Finkelstein, E. A. (2023).
Prevalence and economic burden of depression and anxiety symptoms among
Singaporean adults: results from a 2022 web panel. BMC Psychiatry 23, 104. doi:10.
1186/512888-023-04581-7

Ciubuc-Batcu, M. T, Stapelberg, N. J. C., Headrick, J. P., and Renshaw, G. M. C. (2024).
A mitochondrial nexus in major depressive disorder: integration with the psycho-
immune-neuroendocrine network. Biochim. Biophys. Acta Mol. Basis Dis. 1870, 166920.
doi:10.1016/j.bbadis.2023.166920

Clemente-Sudrez, V. J., Redondo-Florez, L., Beltran-Velasco, A. I., Ramos-Campo, D. J.,
Belinchon-Demiguel, P., Martinez-Guardado, I, et al. (2023). Mitochondria and brain
disease: a comprehensive review of pathological mechanisms and therapeutic
opportunities. Biomedicines 11. doi:10.3390/biomedicines11092488

Cleren, C,, Yang, L., Lorenzo, B., Calingasan, N. Y., Schomer, A., Sireci, A., et al. (2008).
Therapeutic effects of coenzyme Q10 (CoQ10) and reduced CoQ10 in the MPTP model
of parkinsonism. J. Neurochem. 104, 1613-1621. doi:lO.l111/j.1471—4159.2007.05097.){

Dajas, F. (2012). Life or death: neuroprotective and anticancer effects of quercetin.
J. Ethnopharmacol. 143, 383-396. doi:10.1016/j.jep.2012.07.005

Dang, Q. L., Phan, D. H,, Johnson, A. N., Pasapuleti, M., Alkhaldi, H. A., Zhang, F., et al.
(2020). Analysis of human mutations in the supernumerary subunits of complex L. Life
(Basel) 10. doi:10.3390/1ife10110296

Deepmala, Slattery, J., Kumar, N., Delhey, L., Berk, M., Dean, O., et al. (2015). Clinical
trials of N-acetylcysteine in psychiatry and neurology: a systematic review. Neurosci.
Biobehav Rev. 55, 294-321. doi:10.1016/j.neubiorev.2015.04.015

Deng, M., Wang, Y., and Zheng, B. (2024). Advances in the use of dexmedetomidine for
postoperative cognitive dysfunction. Anesthesiol. Perioper. Sci. 2, 38. doi:10.1007/
544254-024-00078-y

Egashira, Y., Takase, M., and Takamori, S. (2015). Monitoring of vacuolar-type H+
ATPase-mediated proton influx into synaptic vesicles. J. Neurosci. 35, 3701-3710. doi:10.
1523/JNEUROSCI.4160-14.2015

Evans-Lacko, S., Aguilar-Gaxiola, S., AL-Hamzawi, A., Alonso, J., Benjet, C., Bruffaerts,
R, etal. (2018). Socio-economic variations in the mental health treatment gap for people
with anxiety, mood, and substance use disorders: results from the WHO world mental
health (WMH) surveys. Psychol. Med. 48, 1560-1571. doi:10.1017/S0033291717003336

Falk, M. J. (2010). Neurodevelopmental manifestations of mitochondrial disease. J. Dev.
Behav. Pediatr. 31, 610-621. doi:10.1097/DBP.0b013e3181ef42c1

Feofilaktova, T., Kushnireva, L., Segal, M., and Korkotian, E. (2025). Calcium signaling
in postsynaptic mitochondria: mechanisms, dynamics, and role in ATP production.
Front. Mol. Neurosci. 18, 1621070. doi:10.3389/fnmol.2025.1621070

Fernandes, B. S., Dean, O. M., Dodd, S., Malhi, G. S., and Berk, M. (2016).
N-Acetylcysteine in depressive symptoms and functionality: a systematic review and
meta-analysis. J. Clin. Psychiatry 77, e457-e466. doi:10.4088/JCP.15r09984

Finsterer, J., and Frank, M. (2016). Propofol is mitochondrion-toxic and may unmask a
mitochondrial disorder. J. Child. Neurol. 31, 1489-1494. doi:10.1177/0883073816661458

Footitt, E. J., Sinha, M. D., Raiman, J. A., Dhawan, A., Moganasundram, S., and
Champion, M. P. (2008). Mitochondrial disorders and general anaesthesia: a case
series and review. Br. J. Anaesth. 100, 436-441. doi:10.1093/bja/aen014

Forester, B. P., Harper, D. G., Georgakas, J., Ravichandran, C., Madurai, N., and Cohen,
B. M. (2015). Antidepressant effects of open label treatment with coenzyme Q10 in
geriatric bipolar depression. J. Clin. Psychopharmacol. 35, 338-340. doi:10.1097/JCP.
0000000000000326

Gautier, C. A., Kitada, T., and Shen, J. (2008). Loss of PINK1 causes mitochondrial
functional defects and increased sensitivity to oxidative stress. Proc. Natl. Acad. Sci. U. S.
A. 105, 11364-11369. doi:10.1073/pnas.0802076105

frontiersin.org


https://doi.org/10.1016/j.mito.2020.11.010
https://doi.org/10.1242/dmm.033860
https://doi.org/10.1016/j.jphotobiol.2022.112614
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1038/s41598-023-29607-8
https://doi.org/10.1111/j.1399-6576.2006.00988.x
https://doi.org/10.1111/j.1399-6576.2006.00988.x
https://doi.org/10.1016/j.biopsych.2008.03.004
https://doi.org/10.1016/j.biopsych.2008.03.004
https://doi.org/10.1002/wps.21266
https://doi.org/10.1002/wps.21266
https://doi.org/10.1016/j.clnu.2004.12.005
https://doi.org/10.1016/j.clnu.2004.12.005
https://doi.org/10.1681/ASN.2012121216
https://doi.org/10.1681/ASN.2012121216
https://doi.org/10.1046/j.1460-9592.2003.01001.x
https://doi.org/10.1016/j.devcel.2017.02.020
https://doi.org/10.1016/j.devcel.2017.02.020
https://doi.org/10.1093/bja/aet073
https://doi.org/10.1146/annurev-neuro-060909-153200
https://doi.org/10.62641/aep.v52i4.1622
https://doi.org/10.3390/antiox12091656
https://doi.org/10.3390/antiox12091656
https://doi.org/10.1016/j.ejphar.2012.10.017
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.yhbeh.2012.02.020
https://doi.org/10.3389/fphys.2023.1114231
https://doi.org/10.3389/fphys.2023.1114231
https://doi.org/10.1097/00000542-199708000-00030
https://doi.org/10.1097/00000542-199708000-00030
https://doi.org/10.1089/neu.2016.4624
https://doi.org/10.1089/neu.2016.4624
https://doi.org/10.1016/j.psyneuen.2023.106078
https://doi.org/10.3389/fphys.2024.1338544
https://doi.org/10.3389/fphys.2024.1338544
https://doi.org/10.1016/j.lanwpc.2024.101026
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.3892/mmr.2016.5948
https://doi.org/10.1016/j.biopha.2024.116656
https://doi.org/10.1186/s12888-023-04581-7
https://doi.org/10.1186/s12888-023-04581-7
https://doi.org/10.1016/j.bbadis.2023.166920
https://doi.org/10.3390/biomedicines11092488
https://doi.org/10.1111/j.1471-4159.2007.05097.x
https://doi.org/10.1016/j.jep.2012.07.005
https://doi.org/10.3390/life10110296
https://doi.org/10.1016/j.neubiorev.2015.04.015
https://doi.org/10.1007/s44254-024-00078-y
https://doi.org/10.1007/s44254-024-00078-y
https://doi.org/10.1523/JNEUROSCI.4160-14.2015
https://doi.org/10.1523/JNEUROSCI.4160-14.2015
https://doi.org/10.1017/S0033291717003336
https://doi.org/10.1097/DBP.0b013e3181ef42c1
https://doi.org/10.3389/fnmol.2025.1621070
https://doi.org/10.4088/JCP.15r09984
https://doi.org/10.1177/0883073816661458
https://doi.org/10.1093/bja/aen014
https://doi.org/10.1097/JCP.0000000000000326
https://doi.org/10.1097/JCP.0000000000000326
https://doi.org/10.1073/pnas.0802076105
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

Verbal et al.

Gertler, R., Brown, H. C., Mitchell, D. H., and Silvius, E. N. (2001). Dexmedetomidine: a
novel sedative-analgesic agent. Proc. Bayl Univ. Med. Cent. 14, 13-21. doi:10.1080/
08998280.2001.11927725

Giménez-Palomo, A., Dodd, S., Anmella, G., Carvalho, A. F., Scaini, G., Quevedo, J.,
et al. (2021). The role of mitochondria in mood disorders: from physiology to
pathophysiology and to treatment. Front. Psychiatry 12, 546801. doi:10.3389/fpsyt.
2021.546801

Gorman, G. S., Chinnery, P. F., Dimauro, S., Hirano, M., Koga, Y., Mcfarland, R., et al.
(2016). Mitochondrial diseases. Nat. Rev. Dis. Prim. 2, 16080. doi:10.1038/nrdp.2016.80

Graille, M., Wild, P., Sauvain, J. ]., Hemmendinger, M., Guseva Canu, ., and Hopf, N. B.
(2020). Urinary 8-OHdAG as a biomarker for oxidative stress: a systematic literature
review and meta-analysis. Int. J. Mol. Sci. 21. doi:10.3390/ijms21113743

Greenwood, J. C., Talebi, F. M., Jang, D. H,, Spelde, A. E., Gordon, E. K., Horak, J., et al.
(2024). Anaerobic lactate production is associated with decreased microcirculatory
blood flow and decreased mitochondrial respiration following cardiovascular surgery
with cardiopulmonary bypass. Crit. Care Med. 52, 1239-1250. doi:10.1097/CCM.
0000000000006289

Grigalioniené¢, K., Burnyte, B., Balkeliené, D., Ambrozaityté, L., and Utkus, A. (2023).
Kearns-sayre syndrome case. Novel 5,9 kb mtDNA deletion. Mol. Genet. Genomic Med.
11, €2059. doi:10.1002/mgg3.2059

Grohm, J., Kim, S. W., Mamrak, U., Tobaben, S., Cassidy-Stone, A., Nunnari, J., et al.
(2012). Inhibition of Drp1 provides neuroprotection in vitro and in vivo. Cell Death and
Differ. 19, 1446-1458. doi:10.1038/cdd.2012.18

Harbell, M. W., Dumitrascu, C., Bettini, L., Yu, S., Thiele, C. M., and Koyyalamudi, V.
(2021). Anesthetic considerations for patients on psychotropic drug therapies. Neurol.
Int. 13, 640-658. doi:10.3390/neurolint13040062

Hargreaves, I. P. (2014). Coenzyme Q10 as a therapy for mitochondrial disease. Int.
J. Biochem. and Cell Biol. 49, 105-111. doi:10.1016/j.biocel.2014.01.020

Hasan-Olive, M. M., Lauritzen, K. H., Ali, M., Rasmussen, L. ]., Storm-Mathisen, J., and
Bergersen, L. H. (2019). A ketogenic diet improves mitochondrial biogenesis and
bioenergetics via the PGC1a-SIRT3-UCP2 axis. Neurochem. Res. 44, 22-37. doi:10.
1007/s11064-018-2588-6

He, Z., Li, X., Wang, Z., Cao, Y., Han, S,, Li, N, et al. (2023). Protective effects of luteolin
against amyloid beta-induced oxidative stress and mitochondrial impairments through
peroxisome proliferator-activated receptor y-dependent mechanism in Alzheimer’s
disease. Redox Biol. 66, 102848. doi:10.1016/j.redox.2023.102848

Hollis, F., Pope, B. S., Gorman-Sandler, E., and Wood, S. K. (2022). Neuroinflammation
and mitochondrial dysfunction link social stress to depression. Curr. Top. Behav.
Neurosci. 54, 59-93. doi:10.1007/7854_2021_300

Howarth, C., Gleeson, P., and Attwell, D. (2012). Updated energy budgets for neural
computation in the neocortex and cerebellum. J. Cereb. Blood Flow. Metab. 32,
1222-1232. doi:10.1038/jcbfm.2012.35

Hsieh, V. C., Krane, E. J., and Morgan, P. G. (2017). Mitochondrial disease and
anesthesia. J. Inborn Errors Metabolism Screen. 5, 2326409817707770. doi:10.1177/
2326409817707770

Hsieh, V. C,, Niezgoda, J., Sedensky, M. M., Hoppel, C. L., and Morgan, P. G. (2021).
Anesthetic hypersensitivity in a case-controlled series of patients with mitochondrial
disease. Anesth. Analg. 133, 924-932. doi:10.1213/ANE.0000000000005430

Jacobi, D., Liu, S., Burkewitz, K., Kory, N., Knudsen, N. H., Alexander, R. K., et al. (2015).
Hepatic Bmall regulates rhythmic mitochondrial dynamics and promotes metabolic
fitness. Cell Metab. 22, 709-720. doi:10.1016/j.cmet.2015.08.006

Jiang, M., Wang, L., and Sheng, H. (2024). Mitochondria in depression: the dysfunction
of mitochondrial energy metabolism and quality control systems. CNS Neurosci. Ther.
30, e14576. doi:10.1111/cns.14576

Jordan, S. D., Kriebs, A., Vaughan, M., Duglan, D., Fan, W., Henriksson, E., et al. (2017).
CRY1/2 selectively repress PPARS and limit exercise capacity. Cell Metab. 26,
243-255.¢6. d0i:10.1016/j.cmet.2017.06.002

Kageyama, Y., Okura, S., Sukigara, A., Matsunaga, A., Maekubo, K., Oue, T., et al.
(2025). The association among bipolar disorder, mitochondrial dysfunction, and
reactive oxygen species. Biomolecules 15, 383. doi:10.3390/biom15030383

Kasahara, T., Takata, A., Kato, T. M., Kubota-Sakashita, M., Sawada, T., Kakita, A., et al.
(2016). Depression-like episodes in mice harboring mtDNA deletions in paraventricular
thalamus. Mol. Psychiatry 21, 39-48. doi:10.1038/mp.2015.156

Khan, M., Baussan, Y., and Hebert-Chatelain, E. (2023). Connecting dots between
mitochondrial dysfunction and depression. Biomolecules 13, 695. doi:10.3390/
biom13040695

Kicinska, A., and Jarmuszkiewicz, W. (2020). Flavonoids and mitochondria: activation
of cytoprotective pathways? Molecules 25. doi:10.3390/molecules25133060

Kim, S. Y., Cohen, B. M., Chen, X., Lukas, S. E., Shinn, A. K., Yuksel, A. C., et al. (2017).
Redox dysregulation in schizophrenia revealed by in vivo NAD+/NADH measurement.
Schizophr. Bull. 43, 197-204. doi:10.1093/schbul/sbw129

Kim, H. B., Kim, Y. J, Lee, Y. J., Yoo, J. Y., Choi, Y., Kim, E. M., et al. (2024).
N-Acetylcysteine alleviates depressive-like behaviors in adolescent EAACI(-/-) mice
and early life stress model rats. Int. J. Biol. Sci. 20, 5450-5473. doi:10.7150/ijbs.97723

Frontiers in Pharmacology

15

10.3389/fphar.2026.1723748

Konatikovd, E., Markovié, A., Korandovd, Z., Housték, J., and Mracek, T. (2020).
Current progress in the therapeutic options for mitochondrial disorders. Physiol. Res. 69,
967-994. doi:10.33549/physiolres.934529

Koopman, W. J., Willems, P. H., and Smeitink, J. A. (2012). Monogenic mitochondrial
disorders. N. Engl. J. Med. 366, 1132-1141. doi:10.1056/NEJMral012478

Kurnutala, L. N., and Hubbard, S. O. (2023). Top Ten Facts you need to Know About the
anesthetic management of Patients with mitochondrial disease. Journal of the Mississippi
State Medical Association, 64. https://jmsma.scholasticahq.com/article/87596-top-ten-
facts-you-need-to-know-about-the-anesthetic-management-of-patients-with-
mitochondrial-disease.

Lam, X. J,, Xu, B, Yeo, P. L, Cheah, P. S, and Ling, K. H. (2023). Mitochondria
dysfunction and bipolar disorder: from pathology to therapy. IBRO Neurosci. Rep. 14,
407-418. doi:10.1016/j.ibneur.2023.04.002

Lee, I. C,, and Chiang, K. L. (2021). Clinical diagnosis and treatment of leigh syndrome
based on SURF1: genotype and phenotype. Antioxidants (Basel) 10, 1950. doi:10.3390/
antiox10121950

Li, X. M, Zhu, B. G,, Ma, S., Zhou, W., Wei, Z., Zheng, Y. X,, et al. (2008). Depressive-
like behavior in mice recently recovered from motor disorders after 3-nitropropionic
acid intoxication. Neurosci. Bull. 24, 225-230. doi:10.1007/5s12264-008-0304-2

Li, Y., Yao, J., Han, C,, Yang, J., Chaudhry, M. T., Wang, S., et al. (2016). Quercetin,
inflammation and immunity. Nutrients 8, 167. doi:10.3390/nu8030167

Li, F., Wu, C., and Wang, G. (2024a). Targeting NAD metabolism for the therapy of age-
related neurodegenerative diseases. Neurosci. Bull. 40, 218-240. doi:10.1007/s12264-
023-01072-3

Li, P., Wang, T., Guo, H.,, Liu, Y., Zhao, H., Ren, T, et al. (2024b). Pramipexole improves
depression-like behavior in diabetes mellitus with depression rats by inhibiting
NLRP3 inflammasome-mediated neuroinflammation and preventing impaired
neuroplasticity. J. Affect. Disord. 356, 586-596. doi:10.1016/j.jad.2024.04.073

Li, X,, Yu, J, Jiang, S., Fang, L., Li, Y., Ma, S,, et al. (2024¢). Circadian rhythms of
melatonin and its relationship with anhedonia in patients with mood disorders: a cross-
sectional study. BMC Psychiatry 24, 165. doi:10.1186/s12888-024-05606-5

Li, Y., Gao, W,, Jiao, L., Dong, D., Sun, L., Liu, Y., et al. (2025). Changes in mitochondrial
transcriptional rhythms and depression-like behavior in the hippocampus of IL-33-
Overexpressing mice. Int. J. Mol. Sci. 26, 1895. d0i:10.3390/ijms26051895

Lima, L. K. F,, Pereira, S. K. S., Junior, R., Santos, F., Nascimento, A. S., Feitosa, C. M.,
et al. (2018). A brief review on the neuroprotective mechanisms of vitexin. Biomed. Res.
Int. 2018, 4785089. doi:10.1155/2018/4785089

Lin, Y., Wei, Y., Wei, Y., Yu, H,, Zhang, W,, Li, C,, et al. (2023). Dexmedetomidine
alleviates oxidative stress and mitochondrial dysfunction in diabetic peripheral
neuropathy via the microRNA-34a/SIRT2/S1PR1 axis. Int. Immunopharmacol. 117,
109910. doi:10.1016/j.intimp.2023.109910

Liu, J., Ning, W., Zhang, N., Zhu, B., and Mao, Y. (2024). Estimation of the global disease
burden of depression and anxiety between 1990 and 2044: an analysis of the global
burden of disease study 2019. Healthc. (Basel) 12, 1721. doi:10.3390/healthcare12171721

Liu, X, Luo, Q. Zhao, Y., Ren, P, Jin, Y., and Zhou, J. (2025). The
ferroptosis—mitochondrial axis in depression: unraveling the feedforward loop of
oxidative stress, metabolic homeostasis dysregulation, and neuroinflammation.
Antioxidants 14, 613. doi:10.3390/antiox14050613

Lopes, T., Coelho, M., Bordalo, D., Bandeira, A., Bandeira, A., Vilarinho, L., et al. (2018).
Leigh syndrome: a case report with a mitochondrial dna mutation. Rev. Paul. Pediatr. 36,
519-523. doi:10.1590/1984-0462/;2018;36;4;00003

Lovero, K. L., Dos Santos, P. F., Come, A. X., Wainberg, M. L., and Oquendo, M. A.
(2023). Suicide in global mental health. Curr. Psychiatry Rep. 25, 255-262. doi:10.1007/
511920-023-01423-x

Luna, E,, Pikhart, H., and Peasey, A. (2024). Association between depressive symptoms
and all-cause mortality in Chilean adult population: prospective results from two
national health surveys. Soc. Psychiatry Psychiatr. Epidemiol. 59, 1003-1012. doi:10.
1007/500127-023-02534-9

Lyu, Z., Cao, J., Wang, J., and Lian, H. (2018). Protective effect of vitexin reduces
sevoflurane-induced neuronal apoptosis through HIF-1a, VEGF and p38 MAPK
signaling pathway in vitro and in newborn rats. Exp. Ther. Med. 15, 3117-3123.
doi:10.3892/etm.2018.5758

Mah, L., Zarate, C. A, JR,, Nugent, A. C,, Singh, J. B., Manji, H. K,, and Drevets, W. C.
(2011). Neural mechanisms of antidepressant efficacy of the dopamine receptor agonist
pramipexole in treatment of bipolar depression. Int. J. Neuropsychopharmacol. 14,
545-551. doi:10.1017/S1461145710001203

Mancuso, M., Orsucci, D., Angelini, C., Bertini, E., Carelli, V., Comi, G. P., et al. (2014).
The m.3243A>G mitochondrial DNA mutation and related phenotypes. A matter of
gender? J. Neurol. 261, 504-510. doi:10.1007/s00415-013-7225-3

Manickam, A., Fathima, K., Bagri, V. A, Ganesh Prabu, A. V. P,, and R, V. P. (2024).
Balancing anesthesia in a child with mitochondrial disease: a case report. Cureus 16,
€70756. doi:10.7759/cureus.70756

Matveychuk, D., Mackenzie, E. M., Kumpula, D., Song, M. S., Holt, A, Kar, S., et al.
(2022). Overview of the neuroprotective effects of the MAO-inhibiting antidepressant
phenelzine. Cell Mol. Neurobiol. 42, 225-242. doi:10.1007/s10571-021-01078-3

frontiersin.org


https://doi.org/10.1080/08998280.2001.11927725
https://doi.org/10.1080/08998280.2001.11927725
https://doi.org/10.3389/fpsyt.2021.546801
https://doi.org/10.3389/fpsyt.2021.546801
https://doi.org/10.1038/nrdp.2016.80
https://doi.org/10.3390/ijms21113743
https://doi.org/10.1097/CCM.0000000000006289
https://doi.org/10.1097/CCM.0000000000006289
https://doi.org/10.1002/mgg3.2059
https://doi.org/10.1038/cdd.2012.18
https://doi.org/10.3390/neurolint13040062
https://doi.org/10.1016/j.biocel.2014.01.020
https://doi.org/10.1007/s11064-018-2588-6
https://doi.org/10.1007/s11064-018-2588-6
https://doi.org/10.1016/j.redox.2023.102848
https://doi.org/10.1007/7854_2021_300
https://doi.org/10.1038/jcbfm.2012.35
https://doi.org/10.1177/2326409817707770
https://doi.org/10.1177/2326409817707770
https://doi.org/10.1213/ANE.0000000000005430
https://doi.org/10.1016/j.cmet.2015.08.006
https://doi.org/10.1111/cns.14576
https://doi.org/10.1016/j.cmet.2017.06.002
https://doi.org/10.3390/biom15030383
https://doi.org/10.1038/mp.2015.156
https://doi.org/10.3390/biom13040695
https://doi.org/10.3390/biom13040695
https://doi.org/10.3390/molecules25133060
https://doi.org/10.1093/schbul/sbw129
https://doi.org/10.7150/ijbs.97723
https://doi.org/10.33549/physiolres.934529
https://doi.org/10.1056/NEJMra1012478
https://jmsma.scholasticahq.com/article/87596-top-ten-facts-you-need-to-know-about-the-anesthetic-management-of-patients-with-mitochondrial-disease
https://jmsma.scholasticahq.com/article/87596-top-ten-facts-you-need-to-know-about-the-anesthetic-management-of-patients-with-mitochondrial-disease
https://jmsma.scholasticahq.com/article/87596-top-ten-facts-you-need-to-know-about-the-anesthetic-management-of-patients-with-mitochondrial-disease
https://doi.org/10.1016/j.ibneur.2023.04.002
https://doi.org/10.3390/antiox10121950
https://doi.org/10.3390/antiox10121950
https://doi.org/10.1007/s12264-008-0304-2
https://doi.org/10.3390/nu8030167
https://doi.org/10.1007/s12264-023-01072-3
https://doi.org/10.1007/s12264-023-01072-3
https://doi.org/10.1016/j.jad.2024.04.073
https://doi.org/10.1186/s12888-024-05606-5
https://doi.org/10.3390/ijms26051895
https://doi.org/10.1155/2018/4785089
https://doi.org/10.1016/j.intimp.2023.109910
https://doi.org/10.3390/healthcare12171721
https://doi.org/10.3390/antiox14050613
https://doi.org/10.1590/1984-0462/;2018;36;4;00003
https://doi.org/10.1007/s11920-023-01423-x
https://doi.org/10.1007/s11920-023-01423-x
https://doi.org/10.1007/s00127-023-02534-9
https://doi.org/10.1007/s00127-023-02534-9
https://doi.org/10.3892/etm.2018.5758
https://doi.org/10.1017/S1461145710001203
https://doi.org/10.1007/s00415-013-7225-3
https://doi.org/10.7759/cureus.70756
https://doi.org/10.1007/s10571-021-01078-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

Verbal et al.

Mehrpooya, M., Yasrebifar, F., Haghighi, M., Mohammadi, Y., and Jahangard, L. (2018).
Evaluating the effect of coenzyme Q10 augmentation on treatment of bipolar
depression: a double-blind controlled clinical trial. J. Clin. Psychopharmacol. 38,
460-466. doi:10.1097/JCP.0000000000000938

Melhuish Beaupre, L. M., Brown, G. M., Gongalves, V. F., and Kennedy, J. L. (2021).
Melatonin’s neuroprotective role in mitochondria and its potential as a biomarker in
aging, cognition and psychiatric disorders. Transl. Psychiatry 11, 339. doi:10.1038/
541398-021-01464-x

Michelucci, A., Liang, C., Protasi, F., and Dirksen, R. T. (2021). Altered Ca(2+) handling
and oxidative stress underlie mitochondrial damage and skeletal muscle dysfunction in
aging and disease. Metabolites 11, 424. doi:10.3390/metabo11070424

Mohamed Yusoff, A. A., Mohd Khair, S. Z. N.,, and Abd Radzak, S. M. (2025).
Mitochondrial DNA copy number alterations: Key players in the complexity of
glioblastoma (Review). Mol. Med. Rep. 31. doi:10.3892/mmr.2025.13443

Morais, L. H., Lima, M. M., Martynhak, B. J., Santiago, R., Takahashi, T. T., Ariza, D.,
et al. (2012). Characterization of motor, depressive-like and neurochemical alterations
induced by a short-term rotenone administration. Pharmacol. Rep. 64, 1081-1090.
doi:10.1016/s1734-1140(12)70905-2

Morgan, P. G., Hoppel, C. L., and Sedensky, M. M. (2002). Mitochondrial defects and
anesthetic sensitivity. Anesthesiology 96, 1268-1270. doi:10.1097/00000542-200205000-
00036

Neufeld-Cohen, A., Robles, M. S., Aviram, R, Manella, G., Adamovich, Y., Ladeuix, B.,
et al. (2016). Circadian control of oscillations in mitochondrial rate-limiting enzymes
and nutrient utilization by PERIOD proteins. Proc. Natl. Acad. Sci. U. S. A. 113,
E1673-E1682. doi:10.1073/pnas.1519650113

Newman, J. C., and Verdin, E. (2014). Ketone bodies as signaling metabolites. Trends
Endocrinol. Metab. 25, 42-52. doi:10.1016/j.tem.2013.09.002

Nibrad, D., Shiwal, A., Tadas, M., Katariya, R., Kale, M., Kotagale, N., et al. (2025).
Therapeutic modulation of mitochondrial dynamics by agmatine in neurodegenerative
disorders. Neuroscience 569, 43-57. doi:10.1016/j.neuroscience.2025.01.061

Nielsen, F., Mikkelsen, B. B., Nielsen, J. B., Andersen, H. R., and Grandjean, P. (1997).
Plasma malondialdehyde as biomarker for oxidative stress: reference interval and effects
of life-style factors. Clin. Chem. 43, 1209-1214.

Nierenberg, A. A., Agustini, B., K6hler-Forsberg, O., Cusin, C., Katz, D., Sylvia, L. G.,
et al. (2023). Diagnosis and treatment of bipolar disorder: a review. Jama 330,
1370-1380. doi:10.1001/jama.2023.18588

Niezgoda, J., and Morgan, P. G. (2013). Anesthetic considerations in patients with
mitochondrial defects. Paediatr. Anaesth. 23, 785-793. doi:10.1111/pan.12158

Nunes, P. I, Benjamin, S. R,, Brito, R. D., De Aguiar, M. R., Neves, L. B, and De Bruin, V.
M. (2025). Mitochondria, oxidative stress, and psychiatric disorders: an integrative
perspective on brain bioenergetics. Clin. Bioenerg. 1, 6. d0i:10.3390/clinbioenerg1010006

Ozan, E., Chouinard, V.-A., and Palmer, C. M. (2024). The ketogenic diet as a treatment
for mood disorders. Curr. Treat. Options Psychiatry 11, 163-176. doi:10.1007/s40501-
024-00322-z

Pal, A, Sharan, L., Das, A, Paul, S., Babu, S. S, Das, S., et al. (2025). Vitexin mitigates
AIM2 inflammasome-mediated mitochondrial dysfunction and neuroinflammation in
chronic constriction injury induced neuropathy model. Int. Immunopharmacol. 158,
114877. doi:10.1016/j.intimp.2025.114877

Pandya, C. D., Howell, K. R., and Pillai, A. (2013). Antioxidants as potential therapeutics
for neuropsychiatric disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 46,
214-223. doi:10.1016/j.pnpbp.2012.10.017

Parikh, S., Goldstein, A., Koenig, M. K., Scaglia, F., Enns, G. M., Saneto, R,, et al. (2015).
Diagnosis and management of mitochondrial disease: a consensus statement from the
mitochondrial medicine society. Genet. Med. 17, 689-701. doi:10.1038/gim.2014.177

Parikh, S., Goldstein, A., Karaa, A., Koenig, M. K., Anselm, I, Brunel-Guitton, C., et al.
(2017). Patient care standards for primary mitochondrial disease: a consensus statement
from the mitochondrial medicine society. Genet. Med. 19. doi:10.1038/gim.2017.107

Pharaoh, G., Kamat, V., Kannan, S., Stuppard, R. S., Whitson, J., Martin-Pérez, M., et al.
(2023). The mitochondrially targeted peptide elamipretide (SS-31) improves ADP
sensitivity in aged mitochondria by increasing uptake through the adenine
nucleotide translocator (ANT). Geroscience 45, 3529-3548. doi:10.1007/s11357-023-
00861-y

Pietrzak, D., Kasperek, K., Rekawek, P., and Pigtkowska-Chmiel, I. (2022). The
therapeutic role of ketogenic diet in neurological disorders. Nutrients 14, 1952.
do0i:10.3390/nu14091952

Pradhan, N,, Singh, C., and Singh, A. (2021). Coenzyme Q10 a mitochondrial restorer
for various brain disorders. Naunyn Schmiedeb. Arch. Pharmacol. 394, 2197-2222.
doi:10.1007/s00210-021-02161-8

Preskorn, S. H., Zeller, S., Citrome, L., Finman, J., Goldberg, J. F., Fava, M., et al. (2022).
Effect of sublingual dexmedetomidine vs placebo on acute agitation associated with
bipolar disorder: a randomized clinical trial. Jama 327, 727-736. doi:10.1001/jama.2022.
0799

Qi, X, Qvit, N,, Su, Y. C,, and Mochly-Rosen, D. (2013). A novel Drpl inhibitor
diminishes aberrant mitochondrial fission and neurotoxicity. J. Cell Sci. 126, 789-802.
doi:10.1242/jcs.114439

Frontiers in Pharmacology

10.3389/fphar.2026.1723748

Qiao, S., Zhang, X., Xiang, W., Yao, L., and Xian, X. (2023). Implementing the hospice
shared care model to support a patient with advanced Colon cancer: a case report.
Patient Prefer Adherence 17, 1019-1024. doi:10.2147/PPA.S406046

Rados, S. N, Akik, B. K., Zutié, M., Rodriguez-Mufioz, M. F., Uriko, K., Motrico, E., et al.
(2024). Diagnosis of peripartum depression disorder: a state-of-the-art approach from
the COST action Riseup-PPD. Compr. Psychiatry 130, 152456. doi:10.1016/j.comppsych.
2024.152456

Ragozzino, F. ], Peterson, B. A., Karatsoreos, I. N., and Peters, J. H. (2023). Circadian
regulation of glutamate release pathways shapes synaptic throughput in the brainstem
nucleus of the solitary tract (NTS). J. Physiol. 601, 1881-1896. doi:10.1113/]JP284370

Rajakulendran, S., Pitceathly, R. D. S., Taanman, J.-W., Costello, H., Sweeney, M. G.,
Woodward, C. E., et al. (2016). A clinical, neuropathological and genetic study of
homozygous A467T POLG-related mitochondrial disease. PLOS ONE 11, e0145500.
doi:10.1371/journal.pone.0145500

Reiter, R. J., Mayo, J. C., Tan, D. X,, Sainz, R. M., Alatorre-Jimenez, M., and Qin, L.
(2016). Melatonin as an antioxidant: under promises but over delivers. J. Pineal Res. 61,
253-278. doi:10.1111/jpi.12360

Reiter, R. J., Rosales-Corral, S., Tan, D. X., Jou, M. J., Galano, A., and Xu, B. (2017).
Melatonin as a mitochondria-targeted antioxidant: one of evolution’s best ideas. Cell
Mol. Life Sci. 74, 3863-3881. doi:10.1007/s00018-017-2609-7

Rezin, G. T., Cardoso, M. R,, Gongalves, C. L., Scaini, G., Fraga, D. B., Riegel, R. E., et al.
(2008). Inhibition of mitochondrial respiratory chain in brain of rats subjected to an
experimental model of depression. Neurochem. Int. 53, 395-400. doi:10.1016/j.neuint.
2008.09.012

Rossman, M. J., Santos-Parker, J. R., Steward, C. A. C.,, Bispham, N. Z., Cuevas, L. M.,
Rosenberg, H. L., et al. (2018). Chronic supplementation with a mitochondrial
antioxidant (MitoQ) improves vascular function in healthy older adults.
Hypertension 71, 1056-1063. doi:10.1161/HYPERTENSIONAHA.117.10787

Rush, A. ], Trivedi, M. H., Wisniewski, S. R, Nierenberg, A. A., Stewart, J. W., Warden,
D., etal. (2006). Acute and longer-term outcomes in depressed outpatients requiring one
or several treatment steps: a STAR*D report. Am. J. Psychiatry 163, 1905-1917. doi:10.
1176/ajp.2006.163.11.1905

Ryu, D., Jee, H. ], Kim, S. Y., Hwang, S. H,, Pil, G. B,, and Jung, Y. S. (2022). Luteolin-7-
O-Glucuronide improves depression-like and stress coping behaviors in sleep
deprivation stress model by activation of the BDNF signaling. Nutrients 14, 3314.
doi:10.3390/nu14163314

Sabbah, H. N., Alder, N. N,, Sparagna, G. C., Bruce, J. E,, Stauffer, B. L., Chao, L. H., et al.
(2025). Contemporary insights into elamipretide’s mitochondrial mechanism of action
and therapeutic effects. Biomed. Pharmacother. 187, 118056. doi:10.1016/j.biopha.2025.
118056

Salehpoor, M. S., Paluska, M. R,, Falcon, R., Kuikka, M. A., Petersen, T. R., and Soneru,
C. N. (2023). Anesthetic management of a patient with mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes syndrome during
extensive spinal surgery with both motor evoked potentials and somatosensory
evoked potentials: a case report. Cureus 15, €47198. doi:10.7759/cureus.47198

Scaini, G., Andrews, T., Lima, C. N. C., Benevenuto, D., Streck, E. L., and Quevedo, J.
(2021). Mitochondrial dysfunction as a critical event in the pathophysiology of bipolar
disorder. Mitochondrion 57, 23-36. doi:10.1016/j.mit0.2020.12.002

Scaini, G., Mason, B. L., Diaz, A. P., Jha, M. K,, Soares, J. C., Trivedi, M. H., et al. (2022).
Dysregulation of mitochondrial dynamics, mitophagy and apoptosis in major depressive
disorder: does inflammation play a role? Mol. Psychiatry 27, 1095-1102. doi:10.1038/
541380-021-01312-w

Scarr, E., Udawela, M., and Dean, B. (2019). Changed cortical risk gene expression in
major depression and shared changes in cortical gene expression between major
depression and bipolar disorders. Aust. N. Z. J. Psychiatry 53, 1189-1198. doi:10.
1177/0004867419857808

Schmitt, K., Grimm, A., Dallmann, R., Oettinghaus, B., Restelli, L. M., Witzig, M., et al.
(2018). Circadian control of DRP1 activity regulates mitochondrial dynamics and
bioenergetics. Cell Metab. 27, 657-666.¢5. doi:10.1016/j.cmet.2018.01.011

Schon, E. A., Dimauro, S., and Hirano, M. (2012). Human mitochondrial DNA: roles of
inherited and somatic mutations. Nat. Rev. Genet. 13, 878-890. doi:10.1038/nrg3275

Shimizu, J., Tabata, T., Tsujita, Y., Yamane, T., Yamamoto, Y., Tsukamoto, T., et al.
(2020). Propofol infusion syndrome complicated with mitochondrial myopathy,
encephalopathy, lactic acidosis, and stroke-like episodes: a case report. Acute Med.
Surg. 7, e473. d0i:10.1002/ams2.473

Shokri-Mashhadi, N., Darand, M., Rouhani, M. H., Yahay, M., Feltham, B. A., and Saraf-
Bank, S. (2023). Effects of melatonin supplementation on BDNF concentrations and
depression: a systematic review and meta-analysis of randomized controlled trials.
Behav. Brain Res. 436, 114083. doi:10.1016/j.bbr.2022.114083

Singh, I. N, Gilmer, L. K., Miller, D. M., Cebak, J. E., Wang, J. A., and Hall, E. D.
(2013). Phenelzine mitochondrial functional preservation and neuroprotection
after traumatic brain injury related to scavenging of the lipid peroxidation-
derived aldehyde 4-hydroxy-2-nonenal. J. Cereb. Blood Flow. Metab. 33,
593-599. doi:10.1038/jcbfm.2012.211

Smith, R. A, and Murphy, M. P. (2011). Mitochondria-targeted antioxidants as
therapies. Discov. Med. 11, 106-114.

frontiersin.org


https://doi.org/10.1097/JCP.0000000000000938
https://doi.org/10.1038/s41398-021-01464-x
https://doi.org/10.1038/s41398-021-01464-x
https://doi.org/10.3390/metabo11070424
https://doi.org/10.3892/mmr.2025.13443
https://doi.org/10.1016/s1734-1140(12)70905-2
https://doi.org/10.1097/00000542-200205000-00036
https://doi.org/10.1097/00000542-200205000-00036
https://doi.org/10.1073/pnas.1519650113
https://doi.org/10.1016/j.tem.2013.09.002
https://doi.org/10.1016/j.neuroscience.2025.01.061
https://doi.org/10.1001/jama.2023.18588
https://doi.org/10.1111/pan.12158
https://doi.org/10.3390/clinbioenerg1010006
https://doi.org/10.1007/s40501-024-00322-z
https://doi.org/10.1007/s40501-024-00322-z
https://doi.org/10.1016/j.intimp.2025.114877
https://doi.org/10.1016/j.pnpbp.2012.10.017
https://doi.org/10.1038/gim.2014.177
https://doi.org/10.1038/gim.2017.107
https://doi.org/10.1007/s11357-023-00861-y
https://doi.org/10.1007/s11357-023-00861-y
https://doi.org/10.3390/nu14091952
https://doi.org/10.1007/s00210-021-02161-8
https://doi.org/10.1001/jama.2022.0799
https://doi.org/10.1001/jama.2022.0799
https://doi.org/10.1242/jcs.114439
https://doi.org/10.2147/PPA.S406046
https://doi.org/10.1016/j.comppsych.2024.152456
https://doi.org/10.1016/j.comppsych.2024.152456
https://doi.org/10.1113/JP284370
https://doi.org/10.1371/journal.pone.0145500
https://doi.org/10.1111/jpi.12360
https://doi.org/10.1007/s00018-017-2609-7
https://doi.org/10.1016/j.neuint.2008.09.012
https://doi.org/10.1016/j.neuint.2008.09.012
https://doi.org/10.1161/HYPERTENSIONAHA.117.10787
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.3390/nu14163314
https://doi.org/10.1016/j.biopha.2025.118056
https://doi.org/10.1016/j.biopha.2025.118056
https://doi.org/10.7759/cureus.47198
https://doi.org/10.1016/j.mito.2020.12.002
https://doi.org/10.1038/s41380-021-01312-w
https://doi.org/10.1038/s41380-021-01312-w
https://doi.org/10.1177/0004867419857808
https://doi.org/10.1177/0004867419857808
https://doi.org/10.1016/j.cmet.2018.01.011
https://doi.org/10.1038/nrg3275
https://doi.org/10.1002/ams2.473
https://doi.org/10.1016/j.bbr.2022.114083
https://doi.org/10.1038/jcbfm.2012.211
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

Verbal et al.

Snow, B. ], Rolfe, F. L., Lockhart, M. M., Frampton, C. M., O’Sullivan, J. D., Fung, V.,
et al. (2010). A double-blind, placebo-controlled study to assess the mitochondria-
targeted antioxidant MitoQ as a disease-modifying therapy in parkinson’s disease. Mov.
Disord. 25, 1670-1674. doi:10.1002/mds.23148

Song, K., Shi, J., Zhan, L., Gao, Q., Yang, J., Dong, S., et al. (2022). Dexmedetomidine
modulates mitochondrial dynamics to protect against endotoxin-induced lung injury
via the protein kinase C-a/haem oxygenase-1 signalling pathway. Biomarkers 27,
159-168. doi:10.1080/1354750X.2021.2023219

Song, Y., Cao, H., Zuo, C., Gu, Z., Huang, Y., Miao, J., et al. (2023). Mitochondrial
dysfunction: a fatal blow in depression. Biomed. Pharmacother. 167, 115652. doi:10.
1016/j.biopha.2023.115652

Sridharan, P. S., Koh, Y., Miller, E., Hu, D., Chakraborty, S., Tripathi, S. J., et al. (2024).
Acutely blocking excessive mitochondrial fission prevents chronic neurodegeneration
after traumatic brain injury. Cell Rep. Med. 5, 101715. doi:10.1016/j.xcrm.2024.101715

Stein, L. R., and Imai, S. (2012). The dynamic regulation of NAD metabolism in
mitochondria. Trends Endocrinol. Metab. 23, 420-428. doi:10.1016/j.tem.2012.06.005

Stumpf, J. D., Saneto, R. P., and Copeland, W. C. (2013). Clinical and molecular features
of POLG-related mitochondrial disease. Cold Spring Harb. Perspect. Biol. 5, a011395.
doi:10.1101/cshperspect.a011395

Su, X,, Meng, Z. T, Wu, X. H,, Cui, F, Li, H. L, Wang, D. X, et al. (2016).
Dexmedetomidine for prevention of delirium in elderly patients after non-cardiac
surgery: a randomised, double-blind, placebo-controlled trial. Lancet 388, 1893-1902.
doi:10.1016/S0140-6736(16)30580-3

Subhadarshini, S., and Taksande, K. (2024). A comprehensive review on the role of
melatonin’s anesthetic applications in pediatric care. Cureus 16, €60575. doi:10.7759/
cureus.60575

Szeto, H. H,, and Birk, A. V. (2014). Serendipity and the discovery of novel compounds that
restore mitochondrial plasticity. Clin. Pharmacol. Ther. 96, 672-683. doi:10.1038/clpt.2014.174

Tanaka, M., Szabo, A., Spekker, E., Polydk, H., Téth, F., and Vécsei, L. (2022).
Mitochondrial impairment: a common motif in neuropsychiatric presentation? The link
to the tryptophan-kynurenine metabolic system. Cells 11, 2607. doi:10.3390/cells11162607

Tang, L, Li, Y. P, Hy, J,, Chen, A. H., and Mo, Y. (2021). Dexpramipexole attenuates
myocardial ischemia/reperfusion injury through upregulation of mitophagy. Eur.
J. Pharmacol. 899, 173962. doi:10.1016/j.ejphar.2021.173962

Thornicroft, G., Chatterji, S., Evans-Lacko, S., Gruber, M., Sampson, N., Aguilar-
Gaxiola, S., et al. (2017). Undertreatment of people with major depressive disorder
in 21 countries. Br. J. Psychiatry 210, 119-124. doi:10.1192/bjp.bp.116.188078

Tiong, Y. L., Ng, K. Y., Koh, R. Y., Ponnudurai, G., and Chye, S. M. (2019). Melatonin
prevents oxidative stress-induced mitochondrial dysfunction and apoptosis in high
glucose-treated schwann cells via upregulation of Bcl2, NF-kB, mTOR, wnt signalling
pathways. Antioxidants 8, 198. doi:10.3390/antiox8070198

Tong, H., Dong, N., Lam, C. L. M., and Lee, T. M. C. (2024). The effect of bright light
therapy on major depressive disorder: a systematic review and meta-analysis of
randomised controlled trials. Asian J. Psychiatry 99, 104149. doi:10.1016/j.ajp.2024.
104149

Tseng, H., Lee, J. I, Geng, J. H., and Chen, S. C. (2023). Sex difference in the associations
among risk factors with depression in a large Taiwanese population study. Front. Public
Health 11, 1070827. doi:10.3389/fpubh.2023.1070827

Ulecia-Morén, C., Bris, A. G., Macdowell, K. S., Madrigal, J. L. M., Garcia-Bueno, B.,
Leza, J. C, et al. (2025). Chronic mild stress disrupts mitophagy and mitochondrial
status in rat frontal cortex. J. Transl. Med. 23, 580. doi:10.1186/s12967-025-06604-1

Van't Erve, T. J., Kadiiska, M. B., London, S. J., and Mason, R. P. (2017). Classifying
oxidative stress by F(2)-isoprostane levels across human diseases: a meta-analysis. Redox
Biol. 12, 582-599. doi:10.1016/j.redox.2017.03.024

Vanlander, A. V., Jorens, P. G., Smet, J., De Paepe, B., Verbrugghe, W., VAN Den
Eynden, G. G,, et al. (2012). Inborn oxidative phosphorylation defect as risk factor for
propofol infusion syndrome. Acta Anaesthesiol. Scand. 56, 520-525. doi:10.1111/.1399-
6576.2011.02628.x

Wallace, D. C. (2005). A mitochondrial paradigm of metabolic and degenerative
diseases, aging, and cancer: a dawn for evolutionary medicine. Annu. Rev. Genet. 39,
359-407. doi:10.1146/annurev.genet.39.110304.095751

Wang, Q., and Dwivedi, Y. (2017). Transcriptional profiling of mitochondria associated
genes in prefrontal cortex of subjects with major depressive disorder. World J. Biol.
Psychiatry 18, 592-603. doi:10.1080/15622975.2016.1197423

Wang, W. W,, Han, R, He, H. ], Li, J., Chen, S. Y., Gu, Y., et al. (2021). Administration
of quercetin improves mitochondria quality control and protects the neurons in 6-
OHDA-lesioned parkinson’s disease models. Aging (Albany NY) 13, 11738-11751.
doi:10.18632/aging.202868

Wang, Y.-Q, Jiang, Y.-J, Zou, M.-S, Liu, J, Zhao, H.-Q, and Wang, Y.-H. (2022).
Antidepressant actions of melatonin and melatonin receptor agonist: focus on
pathophysiology and treatment. Behav. Brain Res. 420, 113724. doi:10.1016/j.bbr.2021.113724
Wang, L., Zhang, M., Wang, S., Xing, Z., Jia, T., Sun, X, et al. (2025). Dexmedetomidine
preserves neuronal function by promoting mitochondrial biogenesis through the

AMPK/PGC-1a pathway. Vitro Cell Dev. Biol. Anim. 61, 753-762. d0i:10.1007/
$11626-025-01059-6

Frontiers in Pharmacology

17

10.3389/fphar.2026.1723748

Wei, X., Xu, F.,, Zhang, X, Browning, M., Tang, H., Gong, S., et al. (2026). Efficacy and
tolerability of pramipexole versus antidepressants for Parkinson’s disease with
depression: a meta-analysis of randomized controlled trials. J. Affect. Disord. 392,
120087. doi:10.1016/j.jad.2025.120087

Weng, Y, Li, H,, Gao, L., Guo, W., Xu, S., and Li, L. (2021). PER2 regulates reactive
oxygen species production in the circadian susceptibility to ischemia/reperfusion injury
in the heart. Oxid. Med. Cell Longev. 2021, 6256399. doi:10.1155/2021/6256399

Wider, J. M, Gruley, E., Morse, P. T., Wan, ], Lee, L, Anzell, A. R,, et al. (2023). Modulation
of mitochondrial function with near-infrared light reduces brain injury in a translational
model of cardiac arrest. Crit. Care 27, 491. doi:10.1186/s13054-023-04745-7

Won, E., Na, K. S, and Kim, Y. K. (2021). Associations between Melatonin,
neuroinflammation, and brain alterations in depression. Int. J. Mol. Sci. 23, 305.
doi:10.3390/ijms23010305

Wu, L. L., Chiou, C. C,, Chang, P. Y., and Wu, J. T. (2004). Urinary 8-OHdG: a marker of
oxidative stress to DNA and a risk factor for cancer, atherosclerosis and diabetics. Clin.
Chim. Acta 339, 1-9. doi:10.1016/j.cccn.2003.09.010

Wu, J., Li, H.,, Sun, X, Zhang, H., Hao, S., Ji, M, et al. (2015). A mitochondrion-targeted
antioxidant ameliorates isoflurane-induced cognitive deficits in aging mice. PLoS One
10, €0138256. doi:10.1371/journal.pone.0138256

Wu, ], Hao, S, Sun, X. R,, Zhang, H., Li, H., Zhao, H,, et al. (2017). Elamipretide (SS-31)
ameliorates isoflurane-induced long-term impairments of mitochondrial morphogenesis
and cognition in developing rats. Front. Cell Neurosci. 11, 119. doi:10.3389/fncel.2017.00119

Wu, Q., Mao, W.-Y,, Gao, Y., Wen, Z.-P., Chen, B., Zhang, J.-H., et al. (2025). Magnetic
resonance spectroscopy insights into late-life depression: advances in brain metabolic
profiling. Depress. Anxiety 2025, 9633212. doi:10.1155/da/9633212

Xia, C. Y, Liu, Y., Yang, H. R, Yang, H. Y., Liu, J. X, Ma, Y. N,, et al. (2017). Reference
intervals of mitochondrial DNA copy number in peripheral blood for Chinese minors
and adults. Chin. Med. ]. Engl. 130, 2435-2440. doi:10.4103/0366-6999.216395

Xu, G, Lu, H,, Dong, Y., Shapoval, D., Soriano, S. G., Liu, X,, et al. (2017). Coenzyme
Q10 reduces sevoflurane-induced cognitive deficiency in young mice. Br. J. Anaesth.
119, 481-491. doi:10.1093/bja/aex071

Xue, W., Wang, X,, Tang, H., Sun, F, Zhu, H., Huang, D., et al. (2020). Vitexin
attenuates myocardial ischemia/reperfusion injury in rats by regulating mitochondrial
dysfunction induced by mitochondrial dynamics imbalance. Biomed. Pharmacother.
124, 109849. doi:10.1016/j.biopha.2020.109849

Yang, Y., Zhang, W, Liu, Y., Liu, X,, Xie, J., Xu, R, et al. (2024). Mitochondrial
dysfunction of peripheral platelets as a predictive biomarker for postoperative delirium
in elderly patients. Ann. Neurol. 96, 74-86. doi:10.1002/ana.26918

Yon, J. H., Carter, L. B., Reiter, R. ., and Jevtovic-Todorovic, V. (2006). Melatonin
reduces the severity of anesthesia-induced apoptotic neurodegeneration in the
developing rat brain. Neurobiol. Dis. 21, 522-530. doi:10.1016/j.nbd.2005.08.011

Yu, Y, Li, Y, Han, D, Gong, C, Wang, L, Li, B, et al. (2023). Effect of
dexmedetomidine on posttraumatic stress disorder in patients undergoing
emergency trauma surgery: a randomized clinical trial. JAMA Netw. Open 6,
€2318611. doi:10.1001/jamanetworkopen.2023.18611

Zhang, X, Li, M., Yue, Y., Zhang, Y., and Wu, A. (2023). Luteoloside prevents
sevoflurane-induced  cognitive dysfunction in aged rats via maintaining
mitochondrial function and dynamics in hippocampal neurons. Neuroscience 516,
42-53. doi:10.1016/j.neuroscience.2023.01.031

Zhang, Y. M, Wang, Y. T., Wei, R. M,, Li, X. Y,, Luo, B. L, Zhang, J. Y., et al. (2024a).
Mitochondrial antioxidant elamipretide improves learning and memory impairment
induced by chronic sleep deprivation in mice. Brain Behav. 14, €3508. doi:10.1002/brb3.3508

Zhang, Z., Yang, W., Wang, L., Zhu, C,, Cui, S., Wang, T., et al. (2024b). Unraveling the
role and mechanism of mitochondria in postoperative cognitive dysfunction: a narrative
review. J. Neuroinflammation 21, 293. doi:10.1186/s12974-024-03285-3

Zhang-Sun, Z. Y., Xu, X. Z., Escames, G., Lei, W. R, Zhao, L., Zhou, Y. Z,, et al. (2023).
Targeting NR1D1 in organ injury: challenges and prospects. Mil. Med. Res. 10, 62.
doi:10.1186/540779-023-00495-3

Zhao, K., Zhao, G. M., Wu, D,, Soong, Y., Birk, A. V., Schiller, P. W,, et al. (2004). Cell-
permeable peptide antioxidants targeted to inner mitochondrial membrane inhibit
mitochondrial swelling, oxidative cell death, and reperfusion injury. J. Biol. Chem. 279,
34682-34690. doi:10.1074/jbc.M402999200

Zhao, W., Xu, Z, Cao, J., Fu, Q, Wu, Y., Zhang, X,, et al. (2019). Elamipretide (SS-31)
improves mitochondrial dysfunction, synaptic and memory impairment induced by
lipopolysaccharide in mice. J. Neuroinflammation 16, 230. doi:10.1186/s12974-019-1627-9

Zhou, Y., Bai, Z, Zhang, W., Xu, S., Feng, Y., Li, Q, et al. (2024). Effect of
dexmedetomidine on postpartum depression in women with prenatal depression: a
randomized clinical trial. JAMA Netw. Open 7, €2353252. doi:10.1001/
jamanetworkopen.2023.53252

Zhou, J., Wu, Z., and Zhao, P. (2025). Luteolin and its antidepressant properties: from
mechanism of action to potential therapeutic application. J. Pharm. Anal. 15, 101097.
doi:10.1016/j.jpha.2024.101097

Zuo, Y., Yin, L., Cheng, X,, Li, J., Wu, H,, Liu, X,, et al. (2020). Elamipretide attenuates
pyroptosis and perioperative neurocognitive disorders in aged mice. Front. Cell
Neurosci. 14, 251. doi:10.3389/fncel.2020.00251

frontiersin.org


https://doi.org/10.1002/mds.23148
https://doi.org/10.1080/1354750X.2021.2023219
https://doi.org/10.1016/j.biopha.2023.115652
https://doi.org/10.1016/j.biopha.2023.115652
https://doi.org/10.1016/j.xcrm.2024.101715
https://doi.org/10.1016/j.tem.2012.06.005
https://doi.org/10.1101/cshperspect.a011395
https://doi.org/10.1016/S0140-6736(16)30580-3
https://doi.org/10.7759/cureus.60575
https://doi.org/10.7759/cureus.60575
https://doi.org/10.1038/clpt.2014.174
https://doi.org/10.3390/cells11162607
https://doi.org/10.1016/j.ejphar.2021.173962
https://doi.org/10.1192/bjp.bp.116.188078
https://doi.org/10.3390/antiox8070198
https://doi.org/10.1016/j.ajp.2024.104149
https://doi.org/10.1016/j.ajp.2024.104149
https://doi.org/10.3389/fpubh.2023.1070827
https://doi.org/10.1186/s12967-025-06604-1
https://doi.org/10.1016/j.redox.2017.03.024
https://doi.org/10.1111/j.1399-6576.2011.02628.x
https://doi.org/10.1111/j.1399-6576.2011.02628.x
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1080/15622975.2016.1197423
https://doi.org/10.18632/aging.202868
https://doi.org/10.1016/j.bbr.2021.113724
https://doi.org/10.1007/s11626-025-01059-6
https://doi.org/10.1007/s11626-025-01059-6
https://doi.org/10.1016/j.jad.2025.120087
https://doi.org/10.1155/2021/6256399
https://doi.org/10.1186/s13054-023-04745-7
https://doi.org/10.3390/ijms23010305
https://doi.org/10.1016/j.cccn.2003.09.010
https://doi.org/10.1371/journal.pone.0138256
https://doi.org/10.3389/fncel.2017.00119
https://doi.org/10.1155/da/9633212
https://doi.org/10.4103/0366-6999.216395
https://doi.org/10.1093/bja/aex071
https://doi.org/10.1016/j.biopha.2020.109849
https://doi.org/10.1002/ana.26918
https://doi.org/10.1016/j.nbd.2005.08.011
https://doi.org/10.1001/jamanetworkopen.2023.18611
https://doi.org/10.1016/j.neuroscience.2023.01.031
https://doi.org/10.1002/brb3.3508
https://doi.org/10.1186/s12974-024-03285-3
https://doi.org/10.1186/s40779-023-00495-3
https://doi.org/10.1074/jbc.M402999200
https://doi.org/10.1186/s12974-019-1627-9
https://doi.org/10.1001/jamanetworkopen.2023.53252
https://doi.org/10.1001/jamanetworkopen.2023.53252
https://doi.org/10.1016/j.jpha.2024.101097
https://doi.org/10.3389/fncel.2020.00251
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723748

	Current perspectives on circadian regulation of mitochondrial dynamics in mood disorders and perioperative stress
	1 Introduction
	2 Global burden of mood disorders
	3 Mitochondria and circadian genes shape brain energy and emotional stability
	4 Functional alterations in mitochondrial pathways and their impact on mood disorders
	5 Mitochondrial disease and anesthesia: clinical challenges and risk of fatal outcomes
	6 Anesthetic vulnerability in mitochondrial dysfunction: evidence-graded overview
	6.1 Peer-reviewed evidence (Clinical case reports, case series, mechanistic studies)
	6.1.1 Volatile anesthetics
	6.1.2 Propofol
	6.1.3 Succinylcholine
	6.1.4 Opioids, Benzodiazepines, dexmedetomidine

	6.2 Institutional alerts and non–peer-reviewed signals (preliminary, not Confirmatory)
	6.3 Evidence-graded practical recommendations (based on peer-reviewed evidence and institutional alerts)
	6.4 Perioperative metabolic precautions

	7 Mitochondria-targeted therapies
	7.1 Elamipretide
	7.2 Melatonin
	7.3 Coenzyme Q10
	7.4 Dexmedetomidine
	7.5 Luteoloside
	7.6 Vitexin
	7.7 Phenelzine
	7.8 Pramipexole

	8 Bridging mood disorders and anesthetic vulnerability: shared mitochondrial stress pathways
	9 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


