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Summary
Mood disorders are complex and heterogeneous conditions influenced by environmental, ge-
netic, and neurobiological factors.  Their aetiopathogenesis is highly intricate and not yet fully 
elucidated. A growing body of evidence highlights the crucial role of altered energy metabolism 
and inflammation within the central nervous system in the pathophysiology of mood disorders, 
identifying these pathways as promising therapeutic targets and diagnostic indicators.
Although the  hypothesis linking energy metabolism, inflammation, and mood disorders is gain-
ing  attention, the current literature regarding metabolic biomarkers remains fragmented, lim-
ited, and  far from being clinically applicable.
This narrative review aims to  o� er a more comprehensive  overview of the  interactions be-
tween energy metabolism, inflammation, and mood disorders. Specifically, it discusses the pos-
sibility of identifying a panel of metabolic biomarkers associated with mood disorders, which 
could facilitate the development of a multi-parametric test. Such a test would integrate various 
biological markers into a single platform, thus providing clinicians with a versatile tool capable 
of supporting diagnosis, monitoring disease progression, predicting treatment responses, and 
determining prognosis.
Compared to existing literature, this review uniquely emphasizes the translational potential 
and clinical applicability of metabolic biomarkers, highlighting novel pathways and providing a 
clearer vision for future research and clinical practice in mood disorders.

Keywords: mood disorders, major depressive disorder, bipolar disorder, metabolic dysfunc-
tion, mitochondrial dysfunction, biomarkers

INTRODUCTION
Major depressive disorder (MDD) and bipolar disorder (BD) are considered among 
the leading cause of disability worldwide and major contributors to the overall global 
burden of disease (WHO). For instance, it is estimated that 5% of adults suff er from 
depression globally. Mood disorders (MDs) can have dramatic eff ects on all aspects 
of life, including performance at school, productivity at work, relationships, and the 
ability to participate in the community. Despite their high prevalence and consider-
able negative impact on the health of individuals and society,  the complexity and 
heterogeneity of these conditions continue to present substantial challenges to fully 
elucidating their pathophysiology, although significant advances in understanding 
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their neurobiological underpinnings have been made. Due to 
the heterogeneous and complex nature of MDs resulting in a 
variety of endophenotypes and clinical pictures, the outcome 
of current treatments is far from optimal, as only one-third 
of patients show remission after first-line treatment. Further, 
there are no currently available objective methods to assess 
subtypes, severity, or response to treatment.
The complex physiopathology of MDs includes a combination 
of genetic and/or acquired factors involving the whole organ-
ism. As a result, MDs are now considered as systemic diseas-
es characterized by systemic biological alterations, supported 
by accumulating evidence highlighting associations between 
MDs and metabolic, inflammatory, and immune dysregulation.
The literature of the last few decades has begun to reveal a bi-
directional relationship between various metabolic alterations 
and mood symptoms. Studies have shown elevated whole-
blood glucose levels in patients with depression1, indicative of 
insufficient glucose metabolism in the body; in addition, dia-
betic patients have an increased risk of depression2. The neg-
ative consequences of abnormal glycemic control on brain 
function are mediated, in part, by insulin, glucose, growth 
factors, cortisol, cytokines, and reactive oxygen species3, thus 
suggesting a complex interplay between brain functioning 
and energy metabolism. More recently, altered mitochondrial 
function and a resulting bioenergetic imbalance have been 
associated with the molecular pathophysiology of depres-
sion4. 
Within the bounds of a ‘precision medicine’ perspective, a de-
tailed characterisation of the disorder’s endophenotypes has 
become a major challenge. Precision medicine, which aims 
to tailor diagnosis and treatment strategies based on indi-
vidual biological variability, has begun transforming clinical 
approaches in various medical fields; however, its integration 
into psychiatry remains in early stages. Recent studies sug-
gest that metabolic dysfunction could represent a promising 
area for precision psychiatry, as metabolic biomarkers might 
facilitate patient stratification, predict treatment responses, 
and improve prognostic assessments 5.
This review aims to highlight the main evidence on the exist-
ing relationships between bioenergetic metabolism and MDs, 
together with the main shared biological mechanisms. Cur-
rent limitations on the search for diagnostic and prognostic 
biomarkers in mood disorders will also be highlighted, em-
phasising the potential of mitochondria as a source of pos-
sible biomarkers. Finally, this paper will discuss some valuable 
implications for future research.

METHODS
This narrative review was conducted through a structured lit-
erature search in the PubMed database. Relevant articles were 
identified using key search terms, including “mood disorders,” 
“major depressive disorder,” “bipolar disorder,” “metabolic dys-
function,” “lipid regulation,” “glucose regulation,” “energy me-
tabolism,” “mitogenesis,” “mitophagy,” and “biomarkers.” These 
terms were combined using Boolean operators (AND/OR) to 

refine the search results and enhance specificity. Inclusion 
criteria consisted of original research articles, systematic re-
views, meta-analyses, and narrative reviews published in Eng-
lish. Priority was given to recent publications, primarily from 
the last 10 years, although foundational studies and highly 
cited articles from earlier periods were also considered. Rel-
evant references cited in the selected articles were reviewed 
to identify additional pertinent studies.

ASSOCIATIONS BETWEEN METABOLIC DYSFUNC-
TION AND MOOD DISORDERS 
Research so far provides evidence for a bidirectional associa-
tion between metabolic alterations and mood disorders6. As 
suggested by longitudinal investigations7, different metabolic 
dysregulations may predict a more chronic course of depres-
sive disorders. Similarly, compared to the general population, 
BD patients exhibit higher rates of metabolic disease, hyper-
tension and cardiovascular disease one year prior to diagno-
sis, suggesting that metabolic disturbances could precede 
clinical manifestations or reflect systemic vulnerability associ-
ated with BD 8,9. Compared to healthy controls, a 4-fold higher 
rate of early death has been indicated in individuals with MDs, 
partly attributable to a significantly higher prevalence of met-
abolic disturbances such as hyperglycemia and dyslipidemia 
in this clinical group10,11

Compared with the general population worldwide, the preva-
lence rates of depression could be up to three times higher in 
patients with type 1 diabetes mellitus (DM) and twice as high 
in people with type 2 diabetes2. Clinically significant depres-
sive symptoms are highly prevalent in patients with DM12 and 
appeared to be associated with increased incident type 2 DM 
over a 3-year follow-up period6. However, most studies remain 
correlational, and a clear causal direction remains to be es-
tablished. Sex-specific differences have been documented, 
with female diabetic patients exhibiting higher vulnerability to 
developing depression compared to their male counterparts13. 
Similarly, a strong association between BD and DM has been 
described, with significantly higher prevalence rates of DM in 
BD patients compared to the general population14,15, as well as 
higher rates of DM in patients with DM than in non-diabetic 
individuals16. A population-based study with a longitudinal co-
hort design reported that patients with newly diagnosed BD 
had a higher risk of DM relative to both the general population 
and patients with schizophrenia across the 3-year prodromal 
period8.
Regarding lipid regulation in patients with mood disorders, in 
a longitudinal cohort analyses report that patients with MDD 
had both a higher prevalence (14.4% vs. 7.9%) and incidence 
(3.6% vs. 2.6%) of hyperlipidemia compared to controls 17. Sim-
ilarly, the prevalence and incidence of hyperlipidemia for BD 
were 13.5% and 4.37%, respectively18. Moreover, compared to 
patients with schizophrenia, BD individuals had an increased 
OR of hyperlipidemia 1 year prior to receiving their respective 
psychiatric diagnosis (OR: 1.22 95%CI: 1.09–1.36)8. These find-
ings suggest that dyslipidemia may serve as an early clinical 
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marker and contribute to mood dysregulation through altered 
metabolic pathways. At the same time, a higher risk of subse-
quent MDD has been reported in individuals with newly diag-
nosed hyperlipidemia19 or baseline low HDL 20. Lower levels of 
cholesterol have also been associated with alexithymia and 
suicidality, possibly mediated through alterations in seroto-
nergic neurotransmission pathways.21,22. Furthermore, dyslip-
idemia characterized by elevated triglycerides and reduced 
high-density lipoprotein cholesterol (HDL-C) has been consis-
tently associated with increased risk for depressive episodes 
and symptom severity, indicating a potential mechanistic role 
in the pathophysiology of mood disorders. 23,24 Alterations in 
polyunsaturated fatty acids (PUFA) have also been report-
ed in patients with mood disorders. In this respect, relative 
to healthy controls, patients with MDD exhibit significantly 
lower levels of omega-3 PUFA levels25 and an altered ratio of 
omega-PUFA with higher amounts of omega-6 vs omega-3 
PUFA26 have been showed in patients with MDD. Also, a meta-
analysis of patients with BD reported significantly lower levels 
of docosahexaenoic acid (DHA) and eicosapentaenoic acid 
(EPA) compared to control subjects, reinforcing lipid metabo-
lism abnormalities’ role in MD pathogenesis. 27.
Collectively, although with high heterogeneity, meta-analyses 
showed associations between MDD and increased total cho-
lesterol, triglycerides, low HDL, low high-density lipoprotein 
cholesterol (LDL-C) and low omega-3 PUFA28,29. These find-
ings highlight the potential clinical utility of routine metabolic 
screening and targeted interventions in patients with mood 
disorders. However, to clarify the causal nature and precise 
underlying mechanisms linking metabolic dysfunction and 
mood disorders, further prospective and experimental studies 
are essential

PATHOPHYSIOLOGICAL LINKS AND SHARED 
MECHANISMS BETWEEN METABOLIC DYSFUNC-
TION AND MOOD DISORDERS
Studies investigating the metabolic profile in individuals with 
MDD and BD are increasingly elucidating a complex relation 
between metabolic dysfunction and mood disorders, suggest-
ing the existence of potential shared biological mechanisms.
Among the proposed pathophysiological links and shared 
mechanisms between metabolic dysfunction and mood dis-
orders, a critical candidate for a common pathway could be 
the chronic activation of the stress system. As previously dis-
cussed, prolonged activation of the stress system contributes 
to metabolic disturbances and neurobiological changes rel-
evant for mood regulation 30–32. Moreover, chronic stress in-
creases the production of pro-inflammatory cytokines that are 
involved in the pathophysiology of both DM and depression. 
Inflammatory cytokines may interact with neurotransmitter 
metabolism, neuroendocrine function and synaptic plasticity 
that are relevant for the pathophysiology of depressive disor-
ders33 as well as with the functioning of the pancreatic β-cells, 
thus promoting insulin resistance 34. 
Neuroinflammation has emerged as another crucial patho-

physiological link between metabolic dysfunction and mood 
disorders. Recent evidence indicates elevated levels of pro-
inflammatory cytokines, such as interleukin-6 (IL-6) and tu-
mor necrosis factor-alpha (TNF-α), in patients with major 
depressive disorder (MDD) and bipolar disorder (BD). For 
instance, increased cerebrospinal fluid concentrations of 
IL-6 and TNF-α were reported in MDD patients compared 
to healthy controls, strongly supporting a neuroinflammatory 
component in depression 35. Similarly, Solmi et al. 36 observed 
that IL-6 and TNF-α levels were significantly elevated in BD 
patients during mood episodes, with IL-6 remaining elevated 
even during euthymic periods, suggesting persistent immune 
activation in BD. However, despite these findings, consider-
able debate remains regarding the specificity of inflammatory 
biomarkers. Elevated cytokine levels have also been reported 
in other psychiatric disorders, such as schizophrenia and anx-
iety disorders, as well as various medical conditions, compli-
cating their clinical utility as specific diagnostic or prognostic 
biomarkers for mood disorders 37.
Insulin receptors are expressed in brain regions such as the 
nucleus accumbens (NAc), the ventral tegmental area (VTA), 
the amygdala, and the raphe nuclei that are associated with 
depressive symptoms and mood disorders 38. Repeated pe-
riods of hypoglycemia/hyperglycemia, lacunar infarcts, and 
generalised microvascular dysfunction have been shown 
to impact brain function in regions that are associated with 
mood and cognition, such as the pre-frontal cortex (PFC) and 
HC39.
Another proposed pathophysiological link concerns brain 
cholesterol metabolism due to its role in regulating critical 
processes such as synaptic transmission, axonal and dendrite 
formation, and membrane-bound proteins40. Further, research 
showed associations between deficits in fatty acids and al-
tered DA and serotonin neurotransmission in the frontal cor-
tex, with potential implications for cognitive and emotional 
functioning41.
Further, metabolic dysfunction, including obesity, glycemic 
control, and insulin resistance, have been associated with a 
shift of gut microbiota42. The gut microbiome is increasingly 
recognized as a key regulator of brain function through mul-
tiple pathways, including modulation of neurotransmitter 
synthesis, neuroinflammation, and metabolic homeostasis. 
Emerging evidence suggests that dysbiosis—an imbalance 
in microbial composition—may directly influence mood disor-
ders via gut-brain axis mechanisms involving altered intesti-
nal permeability, immune dysregulation, and neuroactive me-
tabolite production 43. Specifically, altered gut microbiota has 
been shown to affect the synthesis of neurotransmitters such 
as serotonin and gamma-aminobutyric acid (GABA), as well 
as short-chain fatty acids (SCFAs), which play essential roles 
in mood regulation and cognitive function 44. Patients with 
mood disorders frequently exhibit reduced microbial diversity 
and specific changes in microbial populations, including de-
creased levels of beneficial bacteria (e.g, Bifidobacterium, Lac-
tobacillus) and increased levels of pro-inflammatory species 
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els were associated with cognitive impairments, but these 
levels varied significantly depending on clinical status and 
treatment, underscoring the complexity of using cytokines as 
reliable biomarkers 56. Recent studies have also highlighted 
that elevated levels of inflammatory markers, such as IL-6 and 
CRP, are associated with a range of psychiatric conditions be-
yond mood disorders, further challenging their specificity as 
biomarkers for depression or bipolar disorder. For instance, 
increased IL-6 levels have been observed in patients with 
schizophrenia and PTSD, suggesting a shared inflammatory 
pathway across these disorders. A meta-analysis by Zhou et 
al. confirmed that IL-6 levels are elevated in schizophrenia, 
particularly during acute episodes, and tend to decrease fol-
lowing antipsychotic treatment, indicating that IL-6 may serve 
as a state-dependent marker rather than a disorder-specific 
biomarker 57.
Therefore, current research efforts are increasingly focused 
on exploring how inflammatory mechanisms interact with 
other biological systems involved in the pathophysiology of 
mood disorders. in particular, inflammatory alterations associ-
ated with neurotransmitters and neurotrophins dysfunctions, 
chronic hypothalamic-pituitary-adrenal (HPA) axis activation, 
purinergic system abnormalities, and increased oxidative 
stress. In this respect, as suggested by several findings, al-
tered activation of the HPA axis may promote an inflammatory 
state that, in turn, might contribute to the development and/or 
progression of the depressive pathology through an alteration 
of the neuroplasticity caused by reduced brain-derived neu-
rotrophic factor (BDNF) activity58. For these reasons, periph-
eral BDNF was proposed as a potential diagnostic, prognostic, 
and therapeutic biomarker for MDs, particularly associated 
with disease severity and response to treatments59. However, 
results are still inconclusive60; this neurotrophin is involved in 
a variety of body functions, and reduced blood BDNF levels 
have been reported in a multitude of neuropsychiatric and 
neurodegenerative diseases, as well as in medical diseases, 
thus making circulating BDNF a non-specific biomarker. Al-
though reduced peripheral BDNF levels have consistently 
been observed in patients with mood disorders, including ma-
jor depressive disorder and bipolar disorder, recent evidence 
highlights that such reductions are also common in other 
psychiatric conditions like schizophrenia, anxiety disorders, 
and post-traumatic stress disorder, further challenging its 
specificity as a diagnostic biomarker 61,62. Moreover, peripheral 
BDNF concentrations are influenced by several confounding 
variables such as age, sex, pharmacological treatments (es-
pecially antidepressants), lifestyle factors including physical 
activity, and the presence of medical comorbidities (e.g, car-
diovascular diseases and metabolic disorders), complicating 
its clinical interpretation 61,63 Therefore, given these limitations, 
current research suggests incorporating BDNF measure-
ments within multimodal biomarker panels, which combine 
multiple biological and clinical indicators, potentially enhanc-
ing diagnostic and prognostic accuracy in mood disorders 64.
The association between glucose or lipid biomarkers and the 

(e.g, Enterobacteriaceae) 45,46. These microbial imbalances are 
linked to increased gut permeability (“leaky gut”), systemic 
inflammation, and altered neuroendocrine responses, all of 
which may contribute to depressive symptoms and treat-
ment resistance 47. Given the relevance of microbiota-brain 
interactions, therapeutic interventions targeting the microbi-
ome, such as probiotics, prebiotics, dietary adjustments, and 
fecal microbiota transplantation (FMT), represent promising 
avenues for novel treatments of mood disorders. However, fur-
ther studies are required to confirm their clinical efficacy and 
clarify the underlying biological mechanisms 48.

METABOLIC BIOMARKERS IN PATIENTS WITH 
MOOD DISORDERS
In recent years, the involvement of the inflammatory system 
in mood disorders has become increasingly relevant since 
many studies have indicated reciprocal associations between 
inflammatory diseases/biomarkers and mood alterations. 
Cytokine levels show significant variability in mood disorder 
patients. Elevated levels of pro-inflammatory molecules in 
subjects with MDs have been reported, including pro-inflam-
matory cytokines (i.e, IL-4, TNF-, IL-1, IL-6), soluble receptors 
of IL-2 and TNF-type 1 (sIL-2R and sTNFR1, respectively) and 
reactive protein C (CRP). Furthermore, significant variability 
in cytokine profiles has been observed also in different clini-
cal phase (i.e, depression, mania, and euthymia), suggesting 
variable involvement of inflammatory dysfunctions in different 
mood states and severity49. Currently, there is substantial evi-
dence for an association between pro-inflammatory cytokines 
and depressive episodes, specifically IL-1, IL-6, TNF-types, and 
CRP as the most reliable biological markers50.
However, the specificity and sensitivity of these inflammatory 
biomarkers for mood disorders remain unclear, as elevated 
cytokine levels also been consistently reported also in other 
psychiatric disorders, such as obsessive-compulsive disorder, 
anxiety, schizophrenia, and post-traumatic stress disorder 
(PTSD)51,52. A recent systematic review and meta-analysis fur-
ther emphasized that abnormal cytokine levels, including IL-6 
and TNF-α, are prevalent across various psychiatric disorders, 
reinforcing concerns about their specificity as biomarkers for 
mood disorders 53. Additionally, methodological issues such 
as diurnal variation in cytokine secretion, differences in assay 
techniques, medication status, and the presence of comorbid 
medical conditions may significantly influence cytokine mea-
surements, complicating their interpretation and clinical ap-
plicability 54. For instance, diurnal variations can significantly 
alter cytokine concentrations, with peak levels typically oc-
curring in the early morning hours, potentially confounding 
the interpretation of clinical data if sampling times are incon-
sistent across studies. Similarly, variations in assay sensitivity, 
specificity, and reproducibility between different laboratory 
methods can further complicate the comparison of cytokine 
levels across studies, making it difficult to establish standard-
ized reference values55. A recent study by Chumakov et al. 
found that in patients with paranoid schizophrenia, IL-6 lev-
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risk of depression has been investigated with inconsistent 
results. Several investigations showed a positive association 
between glucose levels and the risk of depression11,65,66. How-
ever, a negative6 and a null association67 were also reported. 
Similarly, among lipid biomarkers, a positive association was 
shown for triglycerides, whereas a negative association was 
shown for HDL-C 11,65,66, although with some inconsistencies68. 
Such inconsistencies may reflect several confounding vari-
ables and methodological differences among studies, in-
cluding diverse study populations (differences in age, sex, 
and ethnicity), variability in diagnostic criteria, presence of 
metabolic and psychiatric comorbidities, medication use, 
and lifestyle factors such as diet and physical activity. For in-
stance, a recent large-scale cohort study found that elevated 
levels of glucose and triglycerides and lower levels of HDL-C 
were associated with an increased risk of depression; signifi-
cantly, these biomarker levels were also associated with an 
increased risk of other psychiatric conditions such as anxiety 
and stress-related disorders, with no differences among dis-
orders, suggesting a generalized role of these metabolic bio-
markers across psychiatric conditions 69. Additionally, recent 
evidence from drug-free patients newly diagnosed with major 
depressive disorder highlighted that lipid parameters, includ-
ing triglycerides and HDL-C, were significantly correlated with 
depressive symptom severity, further reinforcing the potential 
influence of metabolic factors on mood disorders and empha-
sizing the need to consider patient-specific metabolic profiles 
in clinical assessments 70.
Again, this raises many concerns about the specificity of bio-
markers for mood disorders.

THE MITOCHONDRIAL HYPOTHESIS
Undoubtedly, when addressing energy metabolism, it is im-
possible not to consider mitochondria, rightly recognised as 
the energy powerhouses of the cell. Their role is not limited 
to energy production through ATP synthesis. Still, they also 
participate in amino acid, lipid, and steroid metabolism, regu-
late calcium levels in cells, produce free radicals, and control 
apoptosis. As a result, mitochondrial dysfunction disrupts not 
only energy generation but also several other critical cellular 
functions. The number of mitochondria in a cell is primarily 
related to its energy needs. 
Neurons are exceptionally energy-demanding cells. Proper 
mitochondrial function is essential to manage the high en-
ergy demands required for sustaining neurotransmitter re-
lease, neurogenesis, dendritogenesis, synaptogenesis, and 
glial functions. Neuronal mitochondria are preferentially lo-
calized to synaptic regions, where they meet the high energy 
demands of neurotransmission and synaptic plasticity 71,72. 
Moreover, mitochondria are not static but are actively trans-
ported along axons and dendrites to regions with high energy 
demands. This dynamic distribution ensures that the energy 
supply meets the localised metabolic needs of neurons. 
The mitochondrial hypothesis of mood disorders suggests 
that disturbances in mitochondrial function are central to 

the pathophysiology of psychiatric conditions such as MD 
and BD. Mitochondrial quality control is primarily regulated 
through the processes of formation of new mitochondria, 
mitogenesis, and the removal of defective mitochondria, mi-
tophagy. The balance between mitogenesis and mitophagy 
plays a pivotal role in sustaining normal cellular function and 
preventing mood disorders73. 
Mitochondrial biogenesis ensures a constant supply of healthy 
mitochondria. A reduction in this process could lead to energy 
deficits, fatigue, and cognitive decline frequently observed in 
MD patients. Conversely, mitophagy removes dysfunctional mi-
tochondria, preventing oxidative stress and neuroinflammation, 
common in MD and BD 74. Disruptions in mitophagy are linked 
to increased mitochondrial damage, which exacerbates the oxi-
dative imbalance seen in depressive and bipolar patients.
Additionally, mitochondrial dynamics, which involve the con-
tinuous fission and fusion of mitochondria, are critical for 
maintaining mitochondrial integrity and function. In mood 
disorders, alterations in these dynamic processes have been 
observed, where excessive fission or impaired fusion can lead 
to mitochondrial fragmentation and dysfunction75. These dis-
ruptions are thought to compromise neuronal resilience and 
adaptability, making the brain more vulnerable to stress and 
mood dysregulation. Recent human studies have indeed con-
firmed altered mitochondrial dynamics in peripheral cells, 
such as dermal fibroblasts from bipolar patients, demonstrat-
ing increased mitochondrial fragmentation and impaired 
fusion processes associated with early disease phases and 
symptom severity 76

The balance between mitogenesis and mitophagy is tightly 
regulated by several factors, which are mainly sustained by 
the general energy demand sensor AMPK (adenosine mono-
phosphate-activated protein kinase), the key regulator of mito-
genesis PGC-1α (peroxisome proliferator-activated receptor-γ 
coactivator 1 α) and the PINK1/Parkin pathway, which governs 
mitophagy77. 
AMPK is a central energy sensor that plays a crucial role in 
maintaining cellular energy homeostasis, particularly in regu-
lating mitochondrial function. In the context of BD, AMPK’s 
ability to regulate energy production and its involvement in 
oxidative stress and inflammation make it a significant factor 
in the disorder’s pathophysiology77. Clinically, altered AMPK 
activity could explain the distinct energy fluctuations between 
manic and depressive phases of BD. During manic episodes, 
hyperactivation of mitochondria and increased ATP produc-
tion could be associated with excessive AMPK signaling, lead-
ing to increased cellular energy availability and heightened 
neuronal activity. Conversely, during depressive episodes, 
reduced AMPK activation might result in diminished mito-
chondrial biogenesis, impaired energy metabolism, fatigue, 
psychomotor retardation, and cognitive difficulties, symptoms 
frequently observed in depressive phases 78. These fluctua-
tions make AMPK an attractive target for pharmacological 
interventions aimed at stabilizing energy homeostasis in BD 
patients.
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One of AMPK’s primary roles is to promote mitochondrial 
biogenesis and improve mitochondrial function, which it 
achieves by activating PGC-1α, a key regulator of mitochon-
drial health. This regulation is especially relevant in bipolar 
disorder, where energy dysregulation is a hallmark, particu-
larly the distinct energy imbalances observed between manic 
and depressive episodes.
In manic phases of bipolar disorder, mitochondrial activity 
and ATP production are often increased, and AMPK activation 
can help manage excessive energy demands while protect-
ing cells from oxidative damage. Conversely, during depres-
sive phases, mitochondrial dysfunction and decreased energy 
production are prominent. AMPK activation in this context 
can stimulate mitochondrial biogenesis and improve cellular 
energy availability, potentially alleviating symptoms related to 
fatigue and lethargy. Moreover, AMPK is closely linked to the 
regulation of inflammation and oxidative stress, both of which 
are elevated in BD. By activating anti-inflammatory pathways 
and reducing reactive oxygen species (ROS) production, 
AMPK helps mitigate the cellular damage associated with 
chronic inflammation and oxidative stress, which are preva-
lent in mood disorders. Given these roles, AMPK is a promis-
ing therapeutic target for modulating mitochondrial function 
and restoring energy balance in bipolar disorder79.
Mitochondrial biogenesis within cells is primarily regulated 
by PGC-1α, a PGC family transcriptional regulator which in-
directly promotes nuclear transcription of genes involved in 
energy metabolism and mitogenesis. It operates primarily 
through its interaction with a group of nuclear transcription 
receptors known as peroxisome proliferator-activated recep-
tors (PPARs). PPARs are ligand-dependent receptors that 
regulate genes involved in metabolism, with three main sub-
types: PPAR-α, PPAR-β/δ, and PPAR-γ. PGC-1α acts as a co-
activator for these PPARs, enhancing their activity and linking 
environmental signals, such as physical exercise or metabolic 
stress, to the expression of specific genes80–82. PPAR subtypes, 
such as PPAR- β/δ, are critical regulators of lipid metabolism, 
mitochondrial function, and energy balance, especially in the 
context of metabolic diseases. PGC-1α enhances the activity 
of these receptors, particularly during exercise or metabolic 
stress, which activates a cascade of gene expressions related 
to energy homeostasis and mitochondrial biogenesis82,83.
In the brain, PGC-1α is integral to mitochondrial biogenesis 
and dynamics, ensuring the proper number, structure, and 
function of mitochondria, PGC-1α influences the mitochon-
drial electron transport chain, promoting efficient energy pro-
duction and the buffering of ROS, which, if unregulated, can 
lead to oxidative damage and inflammation 84,85. Furthermore, 
PGC-1α’s role extends beyond energy regulation to the modu-
lation of inflammatory pathways. Inflammatory markers, often 
elevated in psychiatric disorders such as bipolar disorder, are 
linked to metabolic dysregulation. PGC-1 alpha helps counter-
act this by promoting anti-inflammatory effects, particularly 
in muscle and adipose tissues, through its interaction with 
PPAR-gamma. This reduces the production of pro-inflamma-

tory cytokines and enhances the body’s resilience to meta-
bolic challenges, including obesity and insulin resistance86. 
In the context of neuropsychiatric conditions, such as bipolar 
disorder, this regulation of energy and inflammation suggests 
that PGC-1 alpha is essential not only for maintaining meta-
bolic balance but also for protecting against cellular damage 
that can exacerbate psychiatric symptoms.
Clinically, alterations in PGC-1α expression and signaling 
have been associated with depressive symptoms such as fa-
tigue, reduced motivation, impaired cognition, and increased 
inflammatory markers, particularly in peripheral tissues and 
blood samples from patients with mood disorders. Decreased 
PGC-1α mRNA expression has been specifically observed in 
patients with major depressive disorder, notably in those with 
psychotic depression, while variations in the PGC-1α gene 
have been associated with differential therapeutic responses 
to lithium in patients with bipolar disorder 87,88. Although di-
rect post-mortem evidence from human brain tissues remains 
limited, altered peripheral and genetic indicators of PGC-1α 
activity suggest its role in mitochondrial dysfunction, poten-
tially contributing to mood dysregulation and cognitive im-
pairment observed clinically. Therefore, targeting the PGC-1α 
pathway may represent a promising therapeutic approach to 
ameliorate metabolic, cognitive, and mood-related symptoms 
in individuals with MDD and BD. By regulating energy produc-
tion, reducing oxidative stress, and modulating inflammation, 
PGC-1 alpha provides a comprehensive mechanism through 
which the brain maintains homeostasis and responds to envi-
ronmental changes, particularly in the face of psychiatric and 
neurodegenerative disorders89–91.
The PINK1/Parkin pathway is central to the regulation of mi-
tophagy, a selective form of autophagy responsible for iden-
tifying and degrading damaged or dysfunctional mitochon-
dria to maintain cellular homeostasis. PINK1 (PTEN-induced 
kinase 1), a mitochondrial serine/threonine-protein kinase, ac-
cumulates on the outer mitochondrial membrane when mito-
chondria become damaged or depolarised. When mitochon-
dria lose their membrane potential, PINK1 stabilises on the 
outer membrane and recruits Parkin, an E3 ubiquitin ligase, 
to the site of damage92,93. This pathway facilitates the removal 
of damaged mitochondria, preventing their accumulation and 
the resulting cellular damage caused by increased oxidative 
stress and impaired energy production94. Impaired mitophagy, 
resulting from dysfunction in the PINK1/Parkin pathway, can 
lead to accumulation of damaged mitochondria, worsening 
oxidative stress and energy deficits, as can be commonly ob-
served in BD and MDD95,96.
Clinically, impaired mitophagy via the PINK1/Parkin pathway 
has been associated with cognitive deficits, increased symp-
tom severity, and reduced responsiveness to conventional 
antidepressant therapies, potentially contributing to treatment 
resistance and chronicity in mood disorders. Notably, patients 
with major depressive disorder exhibit altered levels of mitoph-
agy-related proteins, such as elevated PINK1 and reduced Par-
kin in peripheral blood cells, correlating with disease severity 97.
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In MDD, growing evidence points to impaired mitophagy 
as a significant factor in disease progression. Mitochondrial 
dysfunction, often observed in MDD, is marked by reduced 
ATP production, increased oxidative stress, and the release of 
pro-inflammatory signals due to the accumulation of defec-
tive mitochondria. This dysfunction is closely linked to com-
mon MDD symptoms, such as fatigue, cognitive decline, and 
mood disturbances. The failure to adequately clear damaged 
mitochondria amplifies oxidative damage and promotes a 
pro-inflammatory environment, both of which are known to 
contribute to the pathophysiology of MDs. Moreover, the per-
sistence of malfunctioning mitochondria disrupts neuronal 
function and exacerbates neuroinflammation, which are cru-
cial contributors to the severity and progression of depressive 
episodes98,99. Consequently, targeting the proteins and path-
ways involved in mitophagy offers a promising therapeutic 
approach to address mitochondrial dysfunction and reduce 
neuroinflammation in MDs 100,101.

EXPLOITING MITOCHONDRIA AS SOURCE OF PO-
TENTIAL SPECIFIC BIOMARKERS OF MDS
The scientific literature broadly supports the close connec-
tion between energy metabolism, cellular functionality, and 
mitochondrial dynamics. While this relationship is well-estab-
lished, particularly in relation to alterations in mitochondrial 
homeostasis, the scientific community still lacks sufficiently 
valid diagnostic tools for MDs. As discussed in previous sec-
tions, associations with glycaemic and lipid profiles are often 
conflicting or inconclusive. Similarly, alterations in inflamma-
tion markers, such as CRP and pro-inflammatory cytokines, 
lack the diagnostic specificity needed to establish positive 
predictive value for accurate diagnosis102,103. 
However, there is still potential for progress in this area. Mi-
tochondrial biomarkers are increasingly recognised for their 
potential to improve the diagnosis and monitoring of MDs104. 
One of the most promising biomarkers under investigation is 
circulating cell-free mitochondrial DNA (ccf-mtDNA), which 
has shown elevated levels in patients with MDs, especially 
during depressive episodes or mood swings in BD. Elevated 
ccf-mtDNA levels have been associated with both disease se-
verity and episode recurrence, making it a potential marker for 
not only diagnosing MDs but also tracking the course of the 
illness 105. Its non-invasive nature (via blood samples) makes it 
particularly appealing for longitudinal monitoring and poten-
tially for predicting the onset of depressive or manic episodes.
Similarly, mitochondrial DNA copy number (mtDNAcn) has 
emerged as a key biomarker, offering insights into mitochon-
drial health and overall cellular energy production. In MDs, 
altered mtDNAcn has been found in peripheral blood, sug-
gesting that it reflects a bioenergetic disturbance in these 
conditions. A meta-analysis by Calarco et al. (2024)106 found 
that mtDNAcn could be used to differentiate between mood 
disorders like MDD and BD. Decreased mtDNAcn, often as-
sociated with metabolic inefficiency and oxidative stress, is 
indicative of a more severe or chronic mood disorder course. 

Additionally, the same meta-analysis highlighted significant 
variability of mtDNAcn across different subtypes of mood dis-
orders, reinforcing the need for further research to establish 
its diagnostic accuracy and clinical specificity106. The ability 
to track mtDNAcn over time may be exploited to assess treat-
ment response, as restoration of mitochondrial function could 
signal an improvement in clinical outcomes.
Beyond genetic markers, reduced mitochondrial respiration in 
the blood cells of patients with MDD and BD reflects systemic 
metabolic dysregulation107. These mitochondrial disturbances 
are proposed to correlate with the severity of depressive or 
manic episodes, providing a potential diagnostic tool for dif-
ferentiating between MDs subtypes. However, clinical trans-
lation of mitochondrial respiration measures faces significant 
technical and methodological challenges, such as the need 
for specialised equipment, variability across measurement 
protocols, and a current lack of methodological standardiza-
tion. These factors limit feasibility in routine clinical practice, 
indicating that additional studies are necessary to enhance 
practicality and reproducibility 108. The reversibility of the mi-
tochondrial disturbance in response to mood stabilisers and 
antidepressants may be used to monitor treatment efficacy.
Emerging evidence also points to the role of mitochondrial 
oxidative stress and the accumulation of mitochondrial DNA 
mutations as further biomarkers. These mutations may lead to 
increased oxidative damage, which has been implicated in the 
neuroinflammatory processes that contribute to MDs109. 
The growing body of research on mitochondrial biomarkers 
underscores their potential for improving both the diagno-
sis and monitoring of MDs. Biomarkers like ccf-mtDNA and 
mtDNAcn offer non-invasive, easily measurable indicators of 
disease severity and treatment response. At the same time, 
mitochondrial respiration and oxidative stress markers pro-
vide deeper insight into the cellular dysfunctions associated 
with these conditions. These developments suggest that mito-
chondrial biomarkers could play a critical role in transitioning 
toward more personalised and precise treatments for MDs, 
allowing for earlier detection, improved differentiation be-
tween mood disorder subtypes, and more effective long-term 
monitoring. Nevertheless, given the early stage of research, 
further longitudinal validation studies and standardisation of 
measurement techniques are essential before mitochondrial 
biomarkers can be reliably integrated into clinical practice. 
Currently, these biomarkers should be viewed as complemen-
tary research tools rather than definitive diagnostic measures

CONCLUSIONS AND IMPLICATIONS FOR FUTURE 
RESEARCH
The scientific literature in recent years provides evidence of 
the highly complex and multifactorial nature of MDs, whose 
aetiology and pathophysiology appear to be tightly regulated 
by complex interactions among endocrine, immune, meta-
bolic systems, inflammatory status and trophic factor activity. 
The link between energy metabolism, inflammation and MDs 
is slowly maturing in the face of scientific evidence, butscien-
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tific literature is nonetheless patchy and fragmented. Although 
numerous efforts have been made in this direction, to date, 
no methods are available to objectively assess clinical sub-
types, severity, or response to treatment. Presumably, in the 
context of psychiatric disorders, the likelihood of a single bio-
marker being clinically useful, thus endowed with high pre-
dictive power, is low. Therefore, the application of advanced 
methods to the analysis of panels of biomarkers may be of 
crucial importance to provide a greater understanding of mul-
tiple biological alterations related directly or indirectly to en-
ergy metabolism that contribute to the heterogeneity of the 
disorder’s phenomenology as well as to treatment response. 
However, the clinical integration of biomarker panels requires 
validation through rigorous prospective studies with clearly 
defined clinical populations, standardised collection proto-
cols, replicable analytical procedures, and predefined statisti-
cal approaches to assess predictive accuracy and clinical util-
ity (e.g, sensitivity, specificity, predictive values). Such valida-
tion studies should also include external validation cohorts to 
confirm generalisability and reproducibility of findings across 
diverse clinical settings, thus ensuring practicality, reliability, 
and cost-effectiveness in routine clinical practice.
In this context, research efforts should be addressed to sig-
nificantly extend the understanding of the biological mecha-
nisms underlying MDs through the analysis of a large panel 
of biomarkers. Advanced, high-throughput analytical meth-
ods (e.g, genomics, transcriptomics, proteomics, metabolo-
mics) will provide an impressive amount of data for a more 
detailed and in-depth characterisation of energy metabolism, 
mitochondrial function and inflammation associated with MD 
onset and clinical outcome. T Nevertheless, the feasibility and 
accessibility of these high-throughput technologies in psychi-
atric research remain challenging due to technical complexity, 
costs, and the need for specialised infrastructure and trained 
personnel. Future research should explicitly address these bar-
riers to facilitate broader adoption of these methodologies in 
clinical psychiatry. This will provide the most informative panel 
of biomarkers significantly associated with the clinical pheno-
types, cognitive and psychosocial functioning, and lifestyles of 
individuals with MDs, as well as potential diagnostic implica-
tions. These profiles could be instrumental in identifying more 
homogenous, clinically distinct sub-groups to be included in 
studies on therapeutic efficacy and individualising treatment 
interventions in the clinical setting. Specifically, machine learn-
ing and computational approaches could support the integra-
tion and interpretation of multi-dimensional biomarker data, 
facilitating translation into clinical decision-making.
In addition, future studies should include longitudinal designs 
to highlight potential trajectories of the metabolic profile 
along with the clinical course and pharmacological treatment. 
Prospective cohort studies employing repeated measures of 
metabolic, inflammatory, and mitochondrial biomarkers at 
multiple time points alongside detailed clinical, cognitive, 
and lifestyle assessments are particularly recommended. By 
evaluating patterns of association between analytical, clini-

cal, and lifestyle-related variables over time, it will be possible 
to contribute to the identification of the most critical targets 
of treatment programs, further increasing our knowledge of 
modifiable factors as targets for intervention. Such a holistic 
approach will allow the identification of moderating factors 
and potential predictors of therapeutic efficacy, with relevant 
implications for the definition of risk, protective, and treatment 
biomarkers. 
Research in this field will be crucial in addressing the chal-
lenges of the increased incidence of MDs, contributing to the 
advancement of knowledge of their aetiopathogenesis and 
the development of innovative methodological and techno-
logical solutions for their management.
Finally, a significant limitation of this manuscript is its method-
ological approach as a narrative review rather than a system-
atic review or meta-analysis. The choice of a narrative review 
was primarily guided by the broad scope and the exploratory 
intent of synthesizing heterogeneous literature on emerging 
metabolic and mitochondrial biomarkers in mood disorders. 
Consequently, inclusion criteria were purposefully broad to 
capture a wide spectrum of studies. However, this approach 
inherently carries the risk of selection and interpretation bi-
ases. To mitigate this issue, efforts were made to systemati-
cally select peer-reviewed literature prioritizing recent, high-
quality original research articles, systematic reviews, and 
meta-analyses from authoritative databases (PubMed, Sco-
pus), clearly highlighting the limitations of current evidence. 
Future work employing systematic reviews or meta-analytical 
methodologies would be valuable for quantitatively assessing 
the strength and consistency of evidence regarding metabolic 
biomarkers in mood disorders.
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