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ABSTRACT
Major Depressive Disorder (MDD) is a highly prevalent mental illness whose pathophysiology remains incompletely under-
stood. Although MDD has traditionally been conceptualized primarily as a disorder of central nervous system dysfunction, 
accumulating evidence supports a broader brain–body framework, particularly in biologically defined subgroups characterized 
by inflammatory, metabolic, endocrine, autonomic, or microbiome-related abnormalities. This review summarizes how selected 
peripheral organs, including the gut, liver, heart, spleen, skeletal muscle, adipose tissue, bone marrow, and endocrine glands, 
may communicate with the brain through neural, metabolic, immune, endocrine, and microbial pathways. Emerging preclinical 
and clinical evidence suggests that these peripheral signals may participate in neuroinflammation and physiological alterations 
associated with depressive phenotypes. However, their causal status in humans remains incompletely established, and periph-
eral alterations may represent contributors to, correlates of, or consequences of central pathological states. We further discuss 
how multi-organ communication networks may converge on shared central pathways and provide a conceptual framework for 
understanding selected MDD phenotypes. Finally, we evaluate therapeutic strategies targeting systemic inflammation, meta-
bolic homeostasis, and endocrine regulation, while emphasizing current translational limitations.

1   |   Introduction

For over half a century, Major Depressive Disorder (MDD) has 
been primarily conceptualized as a disorder of central ner-
vous system (CNS) dysfunction. However, the high prevalence 
of depression comorbid with systemic physical illnesses has 
prompted an expanded perspective in which MDD, particularly 
in biologically defined subgroups, may be conceptualized as 
involving systemic brain–body dysfunction rather than being 
a purely CNS-localized condition (Moncrieff et  al.  2023; Berk 
et  al.  2023). A core mechanism underlying this perspective is 
“allostatic load”, which refers to the cumulative physiological 
burden and bodily wear and tear resulting from chronic adapta-
tion to stress (Osei et al. 2024).

Substantial evidence links depression to chronic, low-grade 
inflammation, although the directionality and causal signif-
icance of this association may vary across patient subgroups 
(Hole et al. 2025; Jiang et al. 2025). Alterations in peripheral 
hormones, cytokines, and local mediators in depressed pa-
tients, together with clinical and preclinical studies of inter-
ventions targeting these pathways, suggest that the peripheral 
physiological milieu may participate in MDD-related patho-
physiology in selected subgroups (Chan et  al.  2023; Drevets 
et al. 2022). Consequently, the classic monoamine neurotrans-
mitter imbalance is increasingly viewed as one component 
of a broader brain–body regulatory framework involving the 
hypothalamic–pituitary–adrenal (HPA) axis, the sympathetic 
nervous system (SNS), and systemic inflammatory cascades. 
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The incomplete efficacy of many conventional antidepres-
sants may partly reflect the biological heterogeneity of MDD 
and the persistence of peripheral or systemic feedback loops 
in some patients.

Accumulating research suggests that depression involves com-
plex interactions where peripheral organs influence CNS func-
tion, often within a framework of multi-system and multi-organ 
crosstalk (Cui et al. 2024). While the CNS remains the primary 
site for the orchestration of mood and affect, this evidence sup-
ports a framework in which MDD, particularly in subsets char-
acterized by inflammatory, metabolic, endocrine, or autonomic 
abnormalities, may involve systemic brain–body dysregulation. 
Within this framework, peripheral organ dysfunction may con-
tribute to, interact with, or arise from central pathological states.

Recent studies using both preclinical models and clinical co-
horts elucidate that the gut microbiota may modulate central 
neurotransmitter levels by secreting neuroactive metabolites 
via the “gut-brain axis”; for instance, microbial-derived short-
chain fatty acids and tryptophan metabolites have been shown 
to influence neuroinflammation and microglia activation. The 
liver is increasingly recognized to contribute to the dysregula-
tion of the hippocampal microenvironment through metabolic 
disturbances and systemic inflammatory signaling, particularly 
via the impairment of ammonium detoxification and bile acid 
metabolism. Additionally, skeletal muscle, under conditions 
of physiological stress such as exercise, releases myokines like 
cathepsin B and irisin that exert neuroprotective effects via pe-
ripheral kynurenine metabolism to prevent the accumulation of 
neurotoxic metabolites in the brain.

This review synthesizes current literature on the interactions 
between psychological stress, depression, and peripheral organ 
systems. We outline the multifaceted roles of various peripheral 
organs in communicating with the central nervous system—
encompassing well-characterized pathways such as the gut-
brain, liver-brain, and immune-brain axes, as well as emerging 
evidence involving heart-brain, bone marrow-brain, spleen-
brain, adipose-brain, lung-brain, nose-brain, muscle-brain, and 
gland-brain interactions. Rather than viewing these as isolated 
channels, we highlight how these axes converge on systemic 
hubs—such as the HPA axis and the systemic vasculature—to 
initiate central alterations, ultimately shaping the physiological 
changes and behavioral symptoms characteristic of depressive 
states. By delineating these communication pathways, includ-
ing multi-organ crosstalk, we discuss how peripheral systems 
may shape stress responses and contribute to MDD-related 
pathophysiology in selected biological contexts. Finally, we dis-
cuss emerging therapeutic strategies for depression that target 
systemic inflammation, metabolic homeostasis, and hormonal 
regulation, while critically evaluating the translational gap be-
tween animal models and human MDD.

2   |   Single Organ-Brain Axis

For an extended period, research on depression remained pre-
dominantly confined to the central nervous system, focusing 
on localized structural abnormalities in specific brain regions 
or imbalances in neurotransmitter systems. However, the brain 

exists in a state of constant, dynamic interaction with peripheral 
organs, forming a complex, integrated system of physiological 
feedback loops. From gut microbiota and cardiac rhythmicity 
to hepatic metabolic detoxification and the metabolic buffer-
ing of skeletal muscle, peripheral organs continuously convey 
physiological signals to the brain via neural, endocrine, and im-
mune pathways. Specifically, neural routes like the vagus nerve 
relay visceral status. Endocrine and metabolic channels involve 
organ-specific factors, such as myokines, adipokines, and liver 
metabolites, that modulate neuroplasticity. Additionally, im-
mune pathways utilize peripheral cytokines and bone marrow-
derived cells to drive neuroinflammation. While these are often 
conceptualized as discrete “organ-brain axes,” they represent 
specialized components of a unified systemic network. When 
these signals undergo pathological alteration—often secondary 
to chronic stress or systemic inflammation—they can contribute 
to the remodeling of the brain's emotional and cognitive circuits. 
Importantly, these “bottom-up” influences do not operate in iso-
lation but interact with “top-down” central signals to shape the 
overall depressive phenotype (Figure 1).

2.1   |   Gut-Brain Axis

The gut–brain axis is a bidirectional communication network 
linking the gut microbial ecosystem with the central nervous 
system through neural, immune, endocrine, and metabolic 
pathways. As an interface continuously exposed to dietary, mi-
crobial, and inflammatory signals, the gut may integrate periph-
eral environmental cues and transmit them to the CNS, making 
it one of the most extensively studied organ–brain interfaces in 
MDD-related brain–body communication.

2.1.1   |   Neural Pathways

The vagus nerve serves as the principal neural pathway con-
necting the brain and the gut, with 80%–90% of its fibers being 
afferent. These fibers transmit visceral signals from the intes-
tine to the brainstem (notably the nucleus tractus solitarius, 
NTS), which in turn projects to key emotion-regulating regions 
such as the amygdala, prefrontal cortex, and hippocampus (Breit 
et al. 2018). Crucially, the vagus nerve acts as a bridge for neuro-
immune communication, where its activity can be modulated 
by both local inflammatory mediators and microbial metabo-
lites. The gut itself is not a homogeneous organ but functions 
as a finely-tuned “peripheral signal processor” with distinct 
functional compartments: crypts primarily sense inflammatory 
signals, while villi are dedicated to metabolic sensing (Touhara 
et al. 2024). In preclinical models, chronic psychological stress 
has been shown to disrupt this topological organization, initiat-
ing a cascade of events including dysregulation of tryptophan 
metabolism, aberrant vagal signaling, and potential compro-
mise of the blood–brain barrier (Touhara et al. 2025). Following 
stress exposure, the activated enteric nervous system (ENS) me-
diates its effects through two principal pathways: First, stress 
induces a unique pro-inflammatory enteric glial cell subpopu-
lation (eGAPS), which contributes to both local intestinal and 
systemic inflammation via the CSF1-TNF axis. Concurrently, 
through the induction of TGFβ2, it may impair enteric neuron 
maturation and reduce acetylcholine secretion, resulting in 
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intestinal motility dysfunction (Schneider, Blank, et  al.  2023). 
These alterations—often observed in stress-induced animal 
models—establish an intestinal microenvironment that may 
predispose the host to depressive phenotypes. A second, more 
direct “bottom-up” pathway involves precise communica-
tion between enterochromaffin (EC) cells and vagal afferents. 
Approximately 90% of the body's serotonin (5-HT) (Hung 2025) 
and 46% of its dopamine (Pasricha and Kulkarni 2025) are pro-
duced in the gut. It is important to note that while peripheral 
5-HT cannot cross the intact blood–brain barrier, it acts as a
critical signaling molecule within the gut-brain axis. Acting
as luminal sensors, EC cells detect chemical stimuli and oxi-
dative stress via TRPA1 and TRPM2 channels. Their activa-
tion triggers the release of 5-HT and ATP. While physiological
levels of 5-HT can exert antidepressant-like effects by modu-
lating afferent nerve activity (Hung et al. 2025), sustained, high-
intensity stimulation in chronic stress states activates vagal
sensory endings—which predominantly express 5-HT₃ and P2X

receptors—in the submucosa (Browning 2015; Galligan 2004). 
This relays “danger signals” from the gut to the brainstem NTS. 
In experimental settings, persistent abnormal afferent signaling 
is functionally associated with disrupted connectivity between 
the NTS and downstream emotion-regulating centers like the 
amygdala and prefrontal cortex, correlating with depressive 
and anxiety-like behaviors (Grabauskas and Owyang 2017; Liu 
et al. 2020). Notably, natural compounds (such as allyl isothio-
cyanate from mustard and cinnamaldehyde from cinnamon 
(Nozawa et al. 2009)), acting as TRPA1 agonists, can effectively 
stimulate local intestinal 5-HT release (Tian et  al.  2021), sug-
gesting a potential dietary-modulatory mechanism, though 
their clinical efficacy in human MDD remains to be established. 
Furthermore, research in Parkinson's disease has confirmed 
that misfolded α-synuclein can propagate from the gut to the 
brain via the vagal pathway—a process associated not only with 
motor symptoms but also with prominent depressive symptom-
atology (Pasricha and Kulkarni  2025), further illustrating the 

FIGURE 1    |    Systemic interactions between the central nervous system and peripheral organ systems in depression. This diagram illustrates bidi-
rectional communication pathways between the central nervous system and five major peripheral physiological systems. Key interactions include: 
(1) the digestive system: Neural, metabolic, and immune signaling via the gut–brain axis; (2) the circulatory and hematopoietic system: Autonomic
regulation of the heart and immune responses mediated by bone marrow-derived cytokines, such as IL-6 and TNF-α; (3) the endocrine and meta-
bolic system: Hormonal signaling involving adipose tissue, pancreas-derived insulin, gonads, and thyroid; (4) the respiratory system: Immune and
microbial interactions involving the lung and nose; and (5) the musculoskeletal system: Metabolic regulation via skeletal muscle-secreted myokines, 
such as CTSB and irisin. Solid lines denote relatively mature mechanisms supported by convergent clinical associations, reproducible biomarker
findings, and/or mechanistic preclinical evidence, whereas dashed lines denote emerging or less-validated mechanisms. These line styles indicate
relative evidentiary maturity and should not be interpreted as definitive proof of human causality. CNS, central nervous system; CTSB, cathepsin B; 
IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
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capacity of the vagus nerve to transport pathogenic signals that 
impact central affective circuits.

2.1.2   |   Immune Pathways

As the largest immune organ in the human body, the gut me-
diates communication between peripheral immune status and 
brain emotion regulation through inflammatory responses and 
cytokine networks (Maes, Almulla, et al. 2025). Current hypoth-
eses suggest that gut microbial dysbiosis frequently correlates 
with reduced microbial diversity, which may compromise in-
testinal barrier integrity. This impairment is characterized by 
the downregulation of tight junction proteins (ZO-1, Occludin, 
Claudin-1), a condition often referred to in clinical literature 
as the “leaky gut” phenomenon (Liu, Liu, Wang, et  al.  2024). 
Consequently, bacterial products and pathogen-associated mo-
lecular patterns (PAMPs) like lipopolysaccharide enter systemic 
circulation, activating the TLR4-NF-κB signaling pathway 
(Figueroa-Hall et al. 2020), and prompting immune cells includ-
ing macrophages to release pro-inflammatory cytokines includ-
ing TNF-α, IL-1β, and IL-6. These cytokines can influence the 
brain either by crossing the blood–brain barrier at circumven-
tricular organs or by activating afferent neural fibers, thereby 
establishing a chronic low-grade inflammatory state that con-
tributes to neuroinflammation (Xie et  al.  2024; Liu, Wang, 
Guo, et  al.  2025). Furthermore, preclinical evidence suggests 
that insufficient mitochondrial energy production in intestinal 
epithelial cells impairs the synthesis of tight junction proteins 
and disrupts gut barrier function, further facilitating the entry 
of gut-derived inflammatory mediators into the circulation 
(Novak and Mollen 2015; Chernyavskij et al. 2023; Chen, Shen, 
et al. 2025).

Gut-derived 5-HT signaling has been shown to modulate the 
balance between Th17 and Treg cells (Sun et al. 2024), and its 
dysregulation is proposed to exacerbate systemic immune dis-
turbances. In rodent studies, psychological stress reduces intes-
tinal “Lactobacillus” abundance, promoting the differentiation 
of γδ T cells into a γδ17 phenotype in the colon. These cells 
can subsequently migrate to the meninges, acting as a cellular 
conduit for gut-derived inflammatory signals to the vicinity 
of the brain (Zhu et al. 2023). In inflammatory bowel disease-
associated depression-like behaviors, CD8+ T cells secrete per-
forin, which cooperates with granzyme B to stimulate intestinal 
epithelial cells to highly express and secrete the chemokine 
CXCL9. Elevated circulating CXCL9 can cross the blood–brain 
barrier and enter the hippocampus, where it is associated with 
neuronal endoplasmic reticulum stress and may directly impair 
neural function (Huang, Pan, et  al.  2025). Collectively, these 
gut-originated immune responses are thought to contribute to 
a systemic inflammatory milieu that impacts neuronal injury.

Notably, immune communication along the gut-brain axis 
exhibits bidirectional and potentially compensatory regula-
tory properties. Reflecting the complexity of these interac-
tions, a newly discovered homeostatic pathway indicates that 
stress-induced intestinal hyperpermeability can activate IL-
1β-dependent TH17 cells to produce IL-22. In experimental 
models, IL-22 can cross the compromised blood–brain barrier 
and act on septal neurons, providing an endogenous anxiolytic 

and antidepressant feedback mechanism (Xia et al. 2025). This 
highlights that peripheral responses to stress are not exclusively 
pathogenic but can also include adaptive components aimed at 
maintaining central homeostasis.

2.1.3   |   Metabolic Pathways

Short-chain fatty acids (SCFAs), including butyrate, propionate, 
and acetate, are key microbial metabolites derived from the 
fermentation of dietary fiber by the gut microbiota. These com-
pounds influence brain function and behavior through multiple 
interconnected mechanisms (Cheng et al. 2024). Locally within 
the gut, SCFAs help maintain homeostasis by enhancing in-
testinal barrier function. Butyrate, in particular, serves as the 
primary energy source for colonocytes, promotes epithelial pro-
liferation and differentiation, and upregulates the expression of 
tight junction proteins, thereby strengthening intestinal barrier 
integrity (Yan and Ajuwon 2017). Beyond the gut, SCFAs act as 
signaling molecules by binding to specific G-protein coupled re-
ceptors (e.g., GPR41, GPR43) or by acting as histone deacetylase 
(HDAC) inhibitors, thereby modulating systemic inflammatory 
responses. While SCFAs are detectable in the brain, their ability 
to cross the blood–brain barrier is primarily mediated by spe-
cific monocarboxylate transporters, and their central concentra-
tions remain significantly lower than those found in the portal 
circulation. Within the brain, preclinical studies suggest they 
can modulate the levels of neurotransmitters (such as GABA 
and glutamate) and promote the expression of neurotrophic 
factors like brain-derived neurotrophic factor (BDNF) (Fock 
and Parnova 2023; Guo et al. 2022). Additionally, SCFAs stim-
ulate the synthesis and release of 5-HT from intestinal enter-
ochromaffin cells (Cheng et al. 2024). Through the promotion 
of peripheral regulatory T cell differentiation, and modulation 
of hypothalamic–pituitary–adrenal axis activity, SCFAs collec-
tively contribute to maintaining neuro-immune and neuroen-
docrine homeostasis. Notably, consistent clinical associations 
have shown that depressed patients often exhibit reduced fecal 
and circulating levels of SCFAs, which may compromise these 
protective pathways. In rodent models of depression-like be-
havior, adenosine supplementation has been shown to increase 
serum SCFA concentrations, while the combined administra-
tion of adenosine and probiotics improved intestinal barrier in-
tegrity (Huang, You, et al. 2025). However, further longitudinal 
human studies are required to determine whether decreased 
SCFA levels are a potential contributor of MDD or a secondary 
consequence of altered dietary patterns and stress-induced gut 
dysbiosis.

In metabolic regulation, the tryptophan metabolic pathway 
represents one of the most extensively studied metabolic in-
terfaces in MDD-related brain–body communication (Pu 
et  al.  2025). Tryptophan is primarily metabolized through 
three parallel pathways, whose balance is often disrupted 
by systemic inflammation and microbial dysbiosis: first, the 
kynurenine (KYN) pathway, which is upregulated by inflam-
matory cytokines (e.g., IFN-γ), can produce metabolites that 
are neurotoxic at elevated concentrations (such as quino-
linic acid). An increased peripheral Kyn/Trp ratio is a well-
documented biomarker in clinical MDD, reflecting a shift 
away from serotonin synthesis toward potentially neurotoxic 
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pathways (Deng et al. 2021); second, the 5-HT synthesis path-
way is influenced by gut ecology; dysbiosis can reduce gut-
derived 5-HT production, impacting intestinal function and 
vagal signaling; third, in the indole derivative pathway, gut 
microbiota can metabolize tryptophan into compounds like 
indole-3-propionic acid and indole-3-acetic acid. These indole 
derivatives act as ligands for the aryl hydrocarbon receptor 
(AhR), potentially exerting neuroprotective effects by activat-
ing the AhR signaling pathway (Fries et  al.  2023). Notably, 
significantly decreased levels of indole derivatives have been 
observed in both rodent models and clinical cohorts, and 
these changes are consistently associated with a reduction 
in specific indole-producing bacteria (such as Akkermansia, 
Bacteroides, and Anaerostipes) (Wang, Hu, et  al.  2025; 
Correia and Vale  2022). Mechanistically, preclinical stud-
ies suggest microbiota-derived indoles may improve affec-
tive behavior by restoring the function of small-conductance 
calcium-activated potassium (SK) channels in the basolateral 
amygdala, thereby suppressing neuronal hyperexcitability (Yu 
et al. 2025). Interestingly, certain interventions can modulate 
this microbial enzymatic landscape. For example, the Chinese 
medicine oligosaccharide MOO (Zhang et al. 2022) has been 
shown in experimental models to influence gut microbiota 
to shift tryptophan metabolism toward the accumulation of 
5-hydroxytryptophan (5-HTP). Crucially, while peripheral
5-HT cannot cross the blood–brain barrier, its precursor 5-
HTP can readily enter the central nervous system, where it
is converted into central 5-HT, mediating antidepressant-like
effects.

Furthermore, gut-derived 5-HT can stimulate the release of 
enteric hormones such as glucagon-like peptide-1 (GLP-1) 
(Gunturu 2024) and peptide YY (PYY) (Holzer et al. 2012). These 
hormones are increasingly recognized as metabolic messengers 
that can regulate hypothalamic–pituitary–adrenal (HPA) axis 
activity and cortisol secretion. By integrating peripheral meta-
bolic status with central stress responses, these enteroendocrine 
pathways represent a critical hub for maintaining emotional 
homeostasis and may serve as promising targets for metabolic-
based psychiatric interventions.

2.1.4   |   Gut Dysbiosis

In both depressed patients and animal models, a decrease in 
the abundance of beneficial bacteria and an increase in pro-
inflammatory bacteria are commonly observed. Multiple 
studies consistently report a reduction in the abundance of bac-
terial genera involved in short-chain fatty acid production or 
immunomodulation, such as Clostridium, Faecalibacterium, 
Lachnospiraceae, Oscillospiraceae, and Lactobacillus (particu-
larly L. murinus and L. johnsonii). Concurrently, the abundance of 
certain inflammation-associated genera, including Bacteroides 
and Eggerthella, is often elevated (Liu, Wang, et al. 2023). While 
these clinical findings remain largely correlational, studies in 
preclinical models have demonstrated that transplanting fecal 
microbiota from depressed patients into germ-free or antibiotic-
treated mice can induce behavioral phenotypes resembling de-
pression and anxiety, accompanied by structural and functional 
alterations (Yassin et al. 2025; Zheng et al. 2024). These findings 
suggest a potential causal role for the microbiota in modulating 

affect, though the exact translational gap to human MDD re-
mains to be fully bridged. The gut microbiota can also influence 
systemic homeostasis by modulating the biotransformation of 
environmental pollutants into pro-inflammatory metabolites, 
potentially contributing to the systemic inflammation observed 
in depression. In rodent models, the depletion of key microbial 
groups (e.g., Lachnospiraceae and Oscillospiraceae) is associated 
with reduced inosine levels, which may subsequently inhibit 
brain serotonin synthesis by influencing epigenetic mecha-
nisms, such as upregulation of the histone methyltransferase 
EZH2 (Zhu, Li, et al. 2025). Additionally, dysbiosis can promote 
the accumulation of neurotoxic substances (e.g., ammonia) in 
the brain, which has been linked to glutamate excitotoxicity 
and neuronal damage in experimental settings (Won et al. 2022; 
Wang et al. 2023). On the therapeutic front, specific probiotics 
(e.g., Bifidobacterium longum) can directly produce the neuro-
protective metabolite homovanillic acid. Emerging evidence 
suggests this compound can cross the blood–brain barrier and 
improve hippocampal synaptic function by modulating synaptic 
autophagy and promoting the expression of brain-derived neu-
rotrophic factor (BDNF) (Zhao et al. 2024; Han et al. 2025). Gut 
microbiota further influence emotional behavior by modulat-
ing the expression of downstream genes, such as Stat5a, within 
the glucocorticoid receptor pathway in the hippocampus (Luo 
et al. 2018). Furthermore, the microbiome operates as a systemic 
metabolic hub, co-shaping the depressive phenotype in concert 
with immune factors by modulating the endocannabinoid sys-
tem (Dudek et al. 2025; Wang, Guo, et al. 2025), bile acid me-
tabolism (Weng et al. 2024), and the production of neuroactive 
molecules like tryptamine (Vargas et al. 2023). Integrating these 
diverse microbial signals into a unified systemic framework is 
essential for understanding how the gut-brain axis contributes 
to the heterogeneity of MDD symptoms.

2.2   |   Liver-Brain Axis

The vast majority of signals and metabolites originating from 
the gut are first relayed to the liver—the body's central metabolic 
and immune hub—via the portal circulation. As an important 
gatekeeper in the “gut-liver-brain” axis, the liver functions as a 
primary filter that modulates the systemic availability of neuro-
active compounds. As the largest metabolic and detoxification 
organ in the human body, the liver may participate in MDD-
related pathophysiology through multiple interconnected path-
ways that bridge peripheral metabolic status with central neural 
function.

2.2.1   |   Altered Availability of Neurotransmitter 
Precursors

In terms of tryptophan (TRP) metabolism, the liver serves as the 
primary site for systemic processing, metabolizing over 95% of 
tryptophan into kynurenine (KYN) and its downstream prod-
ucts. This process is highly sensitive to both inflammatory and 
endocrine signals. Elevated levels of pro-inflammatory cyto-
kines and stress-induced glucocorticoids in patients with MDD 
potently activate both systemic indoleamine 2,3-dioxygenase 
(IDO) and the liver-specific enzyme tryptophan-2,3-dioxygenase 
(TDO). Together, these enzymes shunt tryptophan away from 
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the 5-HT synthesis toward kynurenine pathways (Beurel 
et al. 2020). In clinical cohorts, an increased peripheral KYN/
TRP ratio has been identified as a robust biomarker associated 
with symptom severity. This metabolic shift produces two major 
consequences: On one hand, peripheral kynurenine readily 
crosses the blood–brain barrier via large neutral amino acid 
transporters (LAT1). Once in the CNS, it is metabolized within 
glial cells into quinolinic acid (QUIN), a potent NMDA receptor 
agonist and mitochondrial toxin. Preclinical studies suggest that 
QUIN induces oxidative stress, mitochondrial dysfunction, and 
glutamatergic excitotoxicity, thereby potentially promoting neu-
roinflammation and neuronal apoptosis—processes that have 
been linked to core depressive symptoms such as anhedonia (Sin 
et al. 2023; Bao et al. 2022; Hestad et al. 2017). On the other hand, 
the resulting depletion of tryptophan limits substrate availabil-
ity for central 5-HT synthesis. The elevated QUIN/kynurenic 
acid (KYNA) ratio observed in depressed states reflects a shift of 
the nervous system toward an excitotoxic and pro-inflammatory 
state (Li, Yang, et al. 2024).

Furthermore, as the primary organ capable of efficiently con-
verting phenylalanine to tyrosine via phenylalanine hydroxylase 
(PAH), the liver regulates the precursor supply for catechol-
amine neurotransmitter synthesis (Flydal and Martinez 2013). 
Although human evidence remains less extensive than that for 
the kynurenine pathway, emerging research suggests that he-
patic dysfunction and associated metabolic disturbances may 
alter circulating tyrosine levels, thereby affecting the produc-
tion of dopamine and norepinephrine—key neurotransmitters 
involved in motivation, reward processing, and stress responses. 
This underscores the liver's role not just as a detoxification site 
but as a distal regulator of the brain's monoaminergic landscape.

2.2.2   |   Metabolic Dysregulation and the Accumulation 
of Neurotoxic Substances

Under pathological conditions such as metabolic dysfunction-
associated steatotic liver disease (MASLD), ectopic lipid accu-
mulation elevates circulating levels of lipotoxic intermediates, 
including free fatty acids and ceramides. Emerging evidence 
suggests that these metabolites exhibit pro-inflammatory and 
pro-apoptotic properties, potentially exacerbating both pe-
ripheral and central inflammation as well as oxidative stress 
(Shao et al. 2021; Ge et al. 2025; Mou 2025; Liang et al. 2024). 
Conversely, during states of energy scarcity, ketone bodies (e.g., 
β-hydroxybutyrate) produced by the liver act as endogenous 
histone deacetylase inhibitors. This mechanism upregulates 
BDNF expression to exert antidepressant and neuroprotective 
effects—a pathway that may be compromised in the presence of 
hepatic dysfunction (Sleiman et al. 2016; Shimazu et al. 2013). 
Clinically, elevated serum alanine aminotransferase (ALT), a 
common marker of hepatic injury, has been identified as a sig-
nificant independent predictor for the incidence of both mild 
and major depressive disorder in longitudinal cohorts (Zelber-
Sagi et  al.  2013). Regarding toxin clearance, impairment of 
the urea cycle in advanced liver disease may cause hyperam-
monemia. Ammonia is highly neurotoxic; it readily crosses the 
blood–brain barrier (BBB), where it is taken up by astrocytes 
and converted to glutamine. In experimental settings, this pro-
cess triggers osmotic stress, astrocyte swelling, mitochondrial 

dysfunction, oxidative stress, and dysregulation of the gluta-
mate/GABA systems, collectively resulting in impaired CNS 
function (Lima et al. 2025; Dasarathy et al. 2017).

Beyond traditional toxins, hepatic acetyl-CoA metabolism plays 
a pivotal role in regulating susceptibility to depression via distal 
epigenetic regulation. In rodent models, chronic stress increases 
top-down glucocorticoid signaling, which suppresses hepatic 
expression of the enzyme ACOT12. This reduction decreases 
the generation and release of acetate from the liver, thereby lim-
iting acetate-dependent histone acetylation in the ventral hip-
pocampus. Consequently, this leads to neuroinflammation and 
impaired GABAergic synaptic inhibition, ultimately promoting 
depression-like behaviors (Cao et  al.  2025). This pathway il-
lustrates a critical feedback loop where the brain's response to 
stress is mediated by hepatic metabolic output.

Bile acids (BAs), synthesized in the liver from cholesterol, are 
now recognized as systemic signaling molecules with signifi-
cant effects on the brain. The bile acid profile is consistently al-
tered in depressed patients, typically characterized by decreased 
levels of primary bile acids (e.g., chenodeoxycholic acid, CDCA) 
and increased levels of gut microbiota-derived secondary bile 
acids (e.g., lithocholic acid, LCA) (Zhao et  al.  2025). CDCA is 
thought to modulate neuroinflammation and neuroplasticity, 
and its circulating levels correlate with functional connectivity 
in brain networks. In contrast, LCA is cytotoxic, and an elevated 
LCA/CDCA ratio is associated with aberrant connectivity in key 
neural circuits in MDD patients (Zhao et al. 2025; Mahmoudian 
Dehkordi et al. 2022). These alterations in bile acid composition 
are linked to the severity of depressive and anxiety symptoms 
and may predict poorer clinical treatment outcomes (Dunlop 
et  al.  2024). Bile acids can influence brain function both di-
rectly—by crossing the BBB via specific transporters and acti-
vating central receptors such as TGR5 and VDR—and indirectly, 
through modulation of gut microbiota composition and vagal af-
ferent signaling (Lirong et al. 2022).

2.2.3   |   Hormonal Level Aberrations

The liver is the primary site for glucocorticoid metabolism 
and inactivation (Xu et  al.  2025). The highly expressed 11β-
hydroxysteroid dehydrogenase type 1 (11β-HSD1) in hepato-
cytes is responsible for converting inactive cortisone/cortisol 
into active glucocorticoids, thereby amplifying local glucocor-
ticoid signaling (Dodd et al. 2022). Under conditions of chronic 
stress, upregulated hepatic 11β-HSD1 activity may contribute to 
abnormally elevated systemic glucocorticoid levels, which may 
disrupt hypothalamic–pituitary–adrenal (HPA) axis function 
via impaired negative feedback mechanisms (Carter et al. 2009). 
Concurrently, impaired hepatic function reduces the clearance 
of glucocorticoids, resulting in prolonged circulating cortisol 
levels. This creates a self-reinforcing pathological cycle where 
hepatic dysfunction sustains a systemic pro-inflammatory envi-
ronment that further destabilizes the HPA axis.

The liver is also the primary organ for synthesizing circulating 
insulin-like growth factor-1 (IGF-1), which has demonstrated 
neurotrophic and antidepressant properties in preclinical studies 
(Qiao et al. 2024; Yang et al. 2021; Aguiar-Oliveira et al. 2026). 
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Furthermore, chronic stress significantly upregulates the he-
patic expression and release of lipocalin-2 (LCN2). Liver-derived 
LCN2 enters the circulation, crosses the blood–brain barrier, 
and acts directly on neurons in the medial prefrontal cortex, 
inhibiting their normal activity and thereby promoting anxiety- 
and depression-like behaviors (Yan et al. 2024). These hormonal 
findings highlight the liver as a dynamic endocrine organ that 
translates systemic stress into central behavioral phenotypes.

2.3   |   Heart-Brain Dialogue

The heart is now understood to function as a sophisticated 
neuro-endocrine-immune integrative organ, possessing an in-
trinsic cardiac nervous system and communicating real-time 
information about the body's physiological status to the central 
nervous system via elaborate signaling networks.

2.3.1   |   Autonomic and Afferent Neural Pathways

Evidence from preclinical models suggests that cardiac activ-
ity can actively shape affective states. In a recent optogenetic 
study, artificially induced tachycardia in mice directly triggered 
significant anxiety-like behavior under conditions of environ-
mental uncertainty. This provides compelling experimental 
evidence for the role of heart-initiated interoceptive signals in 
modulating emotion (Reardon 2023). When the posterior insula 
simultaneously receives aberrant cardiac signals and cognitive 
“environmental danger” signals from the prefrontal cortex and 
amygdala, it generates an output that instructs an appropriate 
anxiety response (Hsueh et al. 2023). This illustrates that while 
the brain evaluates external threats, the heart's physiological 
rhythm provides an internal context that can amplify or dampen 
emotional reactivity.

Cardiac innervation represents the most direct pathway for 
heart-brain communication, with autonomic nervous system 
(ANS) imbalance serving as a core neural mechanism linking 
heart disease and depression (Haque and Dutta  2025). Heart 
rate variability (HRV) is a key metric for assessing autonomic 
flexibility. Reduced HRV, reflecting a shift toward sympathetic 
dominance and parasympathetic withdrawal, is consistently 
associated with impaired emotion regulation, chronic overac-
tivation of the stress systems, such as the HPA axis, and com-
promised prefrontal cortical function in MDD patients (Valenza 
et al. 2025). Moving along a continuum from “hyper-reactivity” 
to “exhaustion,” some depressed patients exhibit a significantly 
blunted increase in systolic blood pressure, diastolic blood pres-
sure, and heart rate in response to acute psychological stress—a 
phenomenon termed “blunted cardiovascular stress reactivity” 
(Talishinsky et al. 2025). The underlying mechanism is hypoth-
esized to involve the sustained activation of the sympathetic ner-
vous system due to chronic psychological stress, leading to the 
downregulated sensitivity of β-adrenergic receptors on the heart 
and blood vessels. This progression indicates that the autonomic 
regulatory system has transitioned from an initial compensa-
tory “hyper-reactive” state to a stage of “functional exhaustion,” 
reflecting the transition to severe allostatic overload. In clinical 
settings, this blunted reactivity serves as an independent pre-
dictor of future cardiovascular events and poor prognosis (Liu, 

Lin, et al. 2023). Ultimately, cardiac electrical instability arising 
from insufficient mitochondrial energy supply may translate a 
peripheral energy deficit into abnormal neural signals percepti-
ble by the brain. A dysfunctional heart with low HRV transmits 
neural signals of “physiological noise” and “persistent stress” 
centrally. These aberrant afferent inputs are thought to continu-
ously reshape and impair the function of brain networks respon-
sible for emotion and cognition. Rather than a simple one-way 
drive, this creates a dysfunctional feedback loop that sustains 
and potentially exacerbates depressive states through both “bot-
tom-up” interoceptive disturbances and “top-down” autonomic 
dysregulation.

2.3.2   |   Endocrine Pathways

The cardiac natriuretic peptide system (including atrial natri-
uretic peptide, ANP, and brain natriuretic peptide, BNP) and its 
receptors are widely expressed in brain regions associated with 
stress and emotion regulation. Functioning as a critical endo-
crine link in the heart–brain axis, ANP can inhibit HPA axis 
activity and antagonize the effects of corticotropin-releasing 
hormone (CRH) and angiotensin II, thereby exerting anxio-
lytic and antidepressant-like effects. In chronic heart failure, 
although circulating ANP/BNP levels may be compensatorily 
elevated, central resistance or functional insufficiency of these 
peptides may attenuate their protective effects on HPA axis reg-
ulation, thereby contributing to depressive symptoms in experi-
mental settings (Hodes and Lichtstein 2014). B-type natriuretic 
peptide (BNP) and its N-terminal prohormone (NT-proBNP) are 
released by cardiomyocytes in response to mechanical stretch 
and volume overload. Clinical studies have found that in patients 
with cardiovascular disease, elevated plasma NT-proBNP levels 
are significantly associated with both the presence and severity 
of depressive symptoms (Gao and Liu 2017). Although the pre-
cise causal mechanism requires further elucidation, NT-proBNP 
may serve as an integrative clinical biomarker reflecting the 
overall “stress burden” originating from the heart, potentially 
signaling a state of allostatic overload to the CNS.

2.3.3   |   Mechanosensory Pathways

Beyond chemical signaling, the heart communicates with the 
brain through the direct encoding of mechanical information, 
a process central to interoceptive awareness. Preclinical re-
search has identified neuropeptide Y receptor type 2 (NPY2R)-
expressing vagal sensory neurons within the heart that are 
capable of detecting mechanical information such as ventricular 
blood flow dynamics.

In animal models in which cardiac pathologies develop (e.g., 
heart failure, arrhythmias), these NPY2R neurons detect aber-
rant mechanical signals (Lovelace et al. 2023). Subsequently, 
these neurons send aberrant “crisis” signals to the brain via 
the vagus nerve. This persistent afferent “alarm” is thought to 
drive functional dysregulation in emotion-regulating circuits, 
contributing to anxiety- and depression-like behaviors. Beyond 
pathological signaling, the heartbeat's inherent mechanical 
energy is emerging as a fundamental regulator of brain func-
tion. The mechanosensitive ion channels such as Piezo1 and 
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Piezo2, present in the neurovascular unit, can sense blood 
pressure fluctuations and vascular shear stress induced by the 
heartbeat. These channels are proposed to convert mechani-
cal signals into electrochemical signals, directly or indirectly 
modulating neuronal activity and neural network synchroni-
zation (Coste et al. 2010). This interaction is embedded within 
a broader physiological rhythm: an endogenous oscillatory 
source near 0.1 Hz within the brain coordinates the coupling 
of heart rate, blood pressure, and respiratory rhythms (Zheng 
et al. 2023). Targeting this coupled rhythm offers a therapeutic 
avenue based on modulating interoceptive feedback. Clinical 
evidence suggests that resonance breathing training (per-
forming slow, deep breathing at a frequency of about 6 breaths 
per minute) can entrain this physiological oscillation, signifi-
cantly enhancing vagal tone and shifting autonomic balance 
toward parasympathetic dominance. This intervention has 
been shown to effectively alleviate symptoms of anxiety and 
depression by restoring homeostatic heart-brain communica-
tion (Sevoz-Couche and Laborde 2022).

2.4   |   Lung-Brain Interactions

While the gut-brain axis has been extensively studied, the 
interaction between the lungs and the brain represents an 
emerging but less defined frontier in depression research. 
Epidemiological data consistently show a high comorbidity 
between chronic obstructive pulmonary disease (COPD) or 
asthma and MDD, suggesting a potential bidirectional link 
(Hu et  al.  2024). From a mechanistic perspective, chronic 
airway inflammation may contribute to systemic pro-
inflammatory cytokine elevation, which can subsequently 
cross the blood–brain barrier to trigger microglial activation 
(Huang et  al.  2023). Furthermore, recent preclinical studies 
suggest that lung-derived signals, possibly mediated through 
the vagus nerve or specific lung metabolites, might influ-
ence hippocampal neurogenesis and emotional behavior (Gao 
et al. 2023; Bajinka et al. 2022). However, compared to other 
peripheral organs, the direct causal contributors within the 
lung-brain axis remain exploratory, and further research is 
required to decouple the effects of systemic hypoxia from spe-
cific lung-to-brain signaling.

2.5   |   Skeletal Muscle and Depression

Skeletal muscle, constituting approximately 40% of body weight 
and being the largest tissue in the human body, is far more than 
a mere organ of locomotion. The functional status of skeletal 
muscle is consistently associated with mental health in clini-
cal cohorts (Vancampfort et  al.  2025); patients with sarcope-
nia have a significantly increased risk of depression (Zhu, Yin, 
et  al.  2025), and muscle function indicators such as handgrip 
strength have been confirmed as independent predictors of de-
pression risk (Meng et al. 2025).

2.5.1   |   Myokines

When skeletal muscle contracts or is otherwise stimu-
lated, it releases a variety of cytokines and peptides into the 

circulation; these signaling molecules are collectively termed 
myokines (Schnyder and Handschin 2015). They serve as key 
messengers for “muscle-brain axis” communication, bridging 
physical activity with central emotional regulation. These sig-
naling molecules can either cross the blood–brain barrier via 
specific transport systems or indirectly regulate CNS func-
tion by acting on the cerebrovascular endothelium and pe-
ripheral afferent nerves (López-Ojeda and Hurley 2025; Kim 
et al. 2019).

Irisin is a myokine produced via proteolytic cleavage of fi-
bronectin type III domain-containing protein 5 (FNDC5), a 
process upregulated by exercise via the PGC-1α pathway. In 
preclinical models, irisin has been shown to activate several 
key signaling cascades—including Akt, Erk, and cAMP/PKA/
CREB pathways, thereby upregulating BDNF expression, 
promoting neurogenesis, and enhancing cognitive function. 
Exogenous supplementation of irisin in experimental mod-
els of neurodegeneration and stress has demonstrated the 
potential to improve cognitive performance and modulate 
monoamine neurotransmitter systems (Li, Miao, et al. 2024; 
Pignataro et al. 2022).

Cathepsin B (CTSB) is an exercise-induced myokine and lyso-
somal protease. Evidence from animal studies suggests that 
after crossing the blood–brain barrier, CTSB promotes adult 
hippocampal neurogenesis and improves memory function 
by upregulating the expression of brain-derived neurotrophic 
factor (BDNF) and doublecortin (Moon et  al.  2016). Similarly, 
fibroblast growth factor 21 (FGF21), which is released after ex-
ercise, possesses anti-inflammatory, antioxidant, and metabolic 
regulatory functions. It is proposed to cross the blood–brain bar-
rier, protect its integrity by activating the PPARγ and AMPK/
PGC-1α pathways, thereby potentially alleviating neuroinflam-
mation (Li et al. 2023; Mason et al. 2022; Wang et al. 2020; Tezze 
et al. 2019).

In contrast to these beneficial myokines, the emerging con-
cept of “detrimental myokines” refers to muscle-secreted 
proteins that are aberrantly overexpressed during muscle at-
rophy, aging, or pathological states, and which exert harmful 
effects on distant organs, including the brain. For example, 
Hemopexin (HBP) expression increases during muscle atro-
phy and has been shown to accelerate cognitive decline in 
models of Alzheimer's disease (Rai and Demontis  2025). In 
the context of MDD, the loss of protective myokines combined 
with the elevation of detrimental ones may represent a state 
of peripheral-to-central “metabolic exhaustion” that sustains 
depressive phenotypes.

2.5.2   |   Metabolic Regulation

Skeletal muscle accounts for approximately 30% of basal energy 
expenditure and can adaptively utilize fuels such as glucose and 
lipids in response to metabolic demand. Evidence from clinical 
cohorts suggests that a loss of this metabolic flexibility in skele-
tal muscle can lead to systemic energy metabolism disturbances, 
insulin resistance, and ectopic lipid accumulation. These pe-
ripheral metabolic abnormalities are proposed to exacerbate 
neuroinflammation and oxidative stress, forming a vicious cycle 
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that may promote the pathogenesis of depression (Wang, Xie, 
et al. 2025).

A healthy skeletal muscle system requires a balanced ratio 
of slow-twitch to fast-twitch muscle fibers. However, under 
pathological conditions such as aging, obesity, and chronic 
stress, a conversion from slow-twitch to fast-twitch fibers fre-
quently occurs, which is accompanied by the downregulation 
of the key transcriptional coactivator PGC-1α, a master reg-
ulator of mitochondrial biogenesis and oxidative metabolism 
(Kostka et al. 2024). Exercise potently induces the expression 
of PGC-1α in skeletal muscle (Valente-Silva and Ruas  2017; 
Agudelo et  al.  2014), which subsequently upregulates the 
activity of kynurenine aminotransferases (KATs) (Scriven 
et  al.  2023; Yates  2025). In rodent models, KATs efficiently 
convert circulating kynurenine (KYN) into kynurenic acid 
(KYNA) (Won and Kim 2016). Because KYNA cannot readily 
cross the blood–brain barrier, skeletal muscle effectively acts 
as a “metabolic sink,” sequestering neurotoxic KYN within 
the periphery and converting it into its benign metabolite, 
thereby limiting its entry into the brain. This neuroprotective 
mechanism has been substantiated in experimental settings 
using transgenic mice with skeletal muscle-specific overex-
pression of PGC-1α (Ross et al. 2023).

2.6   |   Bone Marrow and Depression

The bone marrow is increasingly recognized as a critical res-
ervoir of stress-responsive immune cells. Stress signals have 
been shown to drive a shift in the bone marrow's hematopoi-
etic program from homeostasis to “myeloid-biased” produc-
tion, generating large quantities of pro-inflammatory CD11b+/
Ly6Cʰi monocytes and neutrophils (Wohleb et al. 2013). Stress-
elevated arginine vasopressin (AVP) further promotes the hom-
ing of neutrophils back to the bone marrow, where they release 
interleukin-36γ (IL-36γ). This cytokine, by acting on the IL-
1RL2 receptor on hematopoietic stem cells, is thought to per-
sistently initiate the production of pro-inflammatory immune 
cells (Mou et  al.  2024). In preclinical models, these immune 
cells, generated and released by the bone marrow, enter the 
brain where they participate in neuroinflammation and neural 
circuit remodeling. Specifically, bone marrow-derived Ly6Cʰ 
monocytes have been shown to secrete high levels of matrix 
metalloproteinase-8 (MMP8), which degrades the extracellular 
matrix, particularly aggrecan, in the brain's nucleus accumbens. 
In mice, this process disrupts the structure of perineuronal nets 
(PNNs), leading to neuronal hyperexcitability and is function-
ally associated with the emergence of depression-like behaviors 
(Cathomas et al. 2024).

Finally, bone itself functions as an important endocrine organ 
involved in mood regulation (Kelly et al. 2020). The osteocal-
cin it secretes (Khrimian et  al.  2017; Zhang, Li, et  al.  2025) 
enters the brain, where experimental evidence suggests it can 
regulate hippocampal synaptic plasticity and promote adult 
neurogenesis (Chen, Mao, et  al.  2025). In these models, os-
teocalcin also enhances the synthesis of key monoamine 
neurotransmitters while inhibiting the production of GABA 
(Shi and Chen  2024). Collectively, these findings highlight 
the bone and bone marrow as dynamic peripheral hubs that 

contribute to both the initiation of central inflammation and 
the regulation of neuroplasticity.

2.7   |   Adipose Tissue and Depression

White adipose tissue (WAT) is not merely an energy storage 
organ; it also engages in dynamic crosstalk with the brain 
through the secretion of a wide range of signaling molecules 
(Furlan and Petrus  2023; Wędrychowicz et  al.  2014; Oracz 
et al. 2025). Clinical observations suggest that the distribution 
of adipose tissue, particularly the accumulation of visceral 
adipose tissue (VAT), is significantly associated with an in-
creased risk of depression (Stapel et al. 2022). The expansion 
of VAT is hypothesized to contribute to a state of chronic, 
low-grade systemic inflammation through mechanisms such 
as local hypoxia, adipocyte apoptosis, and immune cell infil-
tration (Wang, Liang, et al. 2025; Chourpiliadis et al. 2024). 
Consistent with this inflammatory profile, human metabolo-
mic studies have further revealed that serum levels of various 
medium- and long-chain acylcarnitines, such as lauroylcar-
nitine, are significantly reduced in patients with depression 
(Zacharias et al. 2021), potentially indicating a systemic im-
pairment of mitochondrial energy metabolism in the depres-
sive state (Jarrell et al. 2020).

Leptin, a key adipokine, may modulate MDD pathophysiol-
ogy through pathways independent of systemic inflamma-
tion. Neuroimaging studies in humans have linked leptin to 
reduced cortical surface area in brain regions associated with 
emotion regulation, while clinical data show a positive cor-
relation with atypical depressive symptoms (Zhang, Munshi, 
et  al.  2024). In individuals with both comorbid obesity and 
MDD, a state of “leptin resistance” is often proposed, wherein 
impaired LepRb signaling prevents normal leptin action de-
spite elevated circulating levels (Gruzdeva et al. 2019). Notably, 
preclinical evidence suggests that systemic inflammation 
can directly inhibit leptin's transport across the blood–brain 
barrier (BBB), further exacerbating central leptin resistance 
(Hontecilla-Prieto et al. 2025).

Adiponectin, an adipokine with insulin-sensitizing, anti-
inflammatory, and neuroprotective properties (Chen 
et  al.  2020), can cross the BBB to interact with AdipoR1/
AdipoR2 in limbic regions. Mechanistic studies in rodent 
models indicate that adiponectin inhibits microglial activa-
tion and promotes hippocampal neurogenesis (Li et al. 2021; 
Malaei et  al.  2025; Liu, Tang, Liang, et  al.  2024). Moreover, 
central administration of exogenous adiponectin produces 
antidepressant-like behaviors in mice (Liu et  al.  2012). 
Together, these findings highlight adiponectin signaling as a 
potential therapeutic avenue that requires further validation 
in humans. Furthermore, the synergistic effect of aerobic ex-
ercise demonstrates a multi-organ communication network, 
as it upregulates adiponectin in both adipose tissue and skel-
etal muscle, collectively elevating systemic levels (Liu, Tang, 
Liang, et al. 2024).

To further illustrate the brain–body feedback loop, psychologi-
cal stress has been shown to activate β-adrenergic receptors in 
adipose tissue, inducing lipolysis and the release of free fatty 
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acids. Emerging preclinical research identifies that this process 
stimulates M2-like macrophages to secrete growth differenti-
ation factor-15 (GDF15). GDF15, via its brainstem-specific re-
ceptor GFRAL, activates the amygdala-centered circuit, which 
ultimately promotes depression-like behaviors (Townsend 
et al. 2025). This discovery underscores how the CNS can trig-
ger peripheral metabolic shifts that, in turn, feed back to sustain 
depressive states.

2.8   |   Nasal-Brain Axis

The nasal cavity, as a primary interface with the external en-
vironment, harbors a unique microbiome that may commu-
nicate with the CNS via the olfactory bulb or the trigeminal 
nerve. Preliminary evidence suggests that nasal dysbiosis could 
be linked to neuroinflammatory states. For instance, specific 
nasal microbial components, such as Staphylococcus aureus, 
have been shown in animal models to influence brain function 
through the modulation of enzymatic pathways (e.g., Hsd12) 
that affect local steroid levels (Xiang et  al.  2025). The nasal–
brain pathway enables non-invasive BBB bypass; intranasal 
delivery of Nb20, a nanobody targeting mGlyR, reaches the pre-
frontal cortex via olfactory neurons and modulates neuronal ex-
citability to produce rapid antidepressant-like effects (Laboute 
et al.  2026). While these findings offer a novel perspective on 
how environmental microbial exposures might influence the 
brain, the nose-brain axis in the context of MDD remains in its 
infancy. Current evidence is largely restricted to specific animal 
models, and its significance as a potential contributor of human 
depression requires rigorous clinical validation.

2.9   |   Systemic Endocrine Hubs: Pancreas, Thyroid, 
and Gonads

Beyond organ-specific axes, systemic endocrine regulation 
serves as a critical bridge in the brain–body communication net-
work. The pancreas, thyroid, and gonads act as integrated hubs 
that translate peripheral metabolic status into central signals.

2.9.1   |   Pancreas-Brain Link

Insulin resistance, a hallmark of metabolic dysfunction, is a 
well-documented risk factor for MDD. Peripheral insulin not 
only regulates glucose homeostasis but also crosses the BBB to 
modulate dopamine signaling and hippocampal plasticity (Liu, 
Wang, She, et al., 2025; Pan et al. 2025; Kleinridders et al. 2015; 
Zou et al. 2020; Martin et al. 2024).

2.9.2   |   Thyroid Function

The Hypothalamic–Pituitary–Thyroid (HPT) axis remains a 
classic regulator of mood. Subclinical hypothyroidism is fre-
quently associated with treatment-resistant depression, likely 
through its impact on central serotonin receptor sensitivity 
and brain-derived neurotrophic factor (BDNF) expression (Cai 
et  al.  2018; Bode et  al.  2021; Chaker et  al.  2022; Hochbaum 
et al. 2024; Mousten et al. 2022).

2.9.3   |   Gonadal Steroids

Fluctuations in estrogens and androgens significantly influence 
the susceptibility to depression, particularly during life transi-
tions. These steroids exert neuroprotective effects or modulate 
stress reactivity by interacting with the hypothalamic–pituitary–
adrenal (HPA) axis (Spritzer and Roy  2020; Xing et  al.  2024; 
Albert and Newhouse  2019; Bangasser and Cuarenta  2021; 
Turek and Gąsior 2023; Chakraborty et al. 2023; Xue et al. 2024; 
Wu et al. 2020; Wang et al. 2021; Xu et al. 2016; Chen et al. 2021; 
Hung et al. 2019).

Together, these endocrine pathways support the view that, in 
selected biologically defined subgroups, MDD may involve 
systemic endocrine–brain dysregulation rather than being ex-
plained solely by localized CNS abnormalities.

Among the diverse peripheral organs that contribute to depres-
sion, the gut and liver are supported by the most robust evidence 
chains. As summarized in Figure  2, their respective axes op-
erate through overlapping mechanistic themes (tryptophan-
kynurenine metabolism, bile acid signaling, immune-mediated 
crosstalk) and represent priority targets for understanding 
systemic organ-brain axis interactions. Taken together, while 
the pathophysiological alterations in individual peripheral or-
gans exhibit specificity, their detrimental impact on the cen-
tral nervous system (CNS) converges at a systemic level. This 
peripheral-CNS crosstalk is mediated through the synergistic 
integration of metabolic reprogramming, endocrine modula-
tion, microbiome-brain signaling, and neuroimmune networks. 
Specifically, the cascade of peripheral inflammatory mediators, 
hormonal fluctuations, and aberrant microbial metabolites is 
thought to disrupt brain homeostasis, thereby contributing to 
the microglial activation and synaptic dysfunction that underlie 
the depressive-like phenotypes observed in experimental mod-
els. This systemic convergence supports a brain–body frame-
work in which selected MDD phenotypes may reflect disrupted 
reciprocal communication between peripheral physiological 
systems and central emotional circuits.

3   |   Multi-Organ Communication

Beyond direct organ–brain communication, depression may 
also involve bidirectional crosstalk among multiple peripheral 
organs. Figure  3 summarizes these interactions across meta-
bolic, endocrine, microbial, neural, and immune–inflammatory 
pathways. This framework should be viewed as an integrative 
conceptual model rather than a fixed hierarchy of organ impor-
tance or causal priority. It is intended to organize current evi-
dence according to major routes of brain–body communication, 
while acknowledging that peripheral organs may act synergis-
tically, sequentially, or in parallel depending on disease stage, 
biological subtype, and comorbid systemic conditions.

3.1   |   Inflammatory and Immunometabolic Hub

Chronic low-grade systemic inflammation is a prominent 
shared pathological feature of depression. Within this frame-
work, the bone marrow and liver function as central hubs of 
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immune-inflammatory regulation, serving as critical sites where 
peripheral inflammatory signals converge, are amplified, and 
disseminate—thereby jointly enacting immune-inflammatory 
dysregulation as a potentially important pathogenic mechanism. 
Diverse peripheral pathogenic stimuli can initiate an inflamma-
tory response, which, through the activation of immune cells 
and the robust release of inflammatory mediators, establishes 
a systemic inflammatory microenvironment that continuously 
transmits deleterious signals to the central nervous system.

The liver and bone marrow act as primary amplifiers of pe-
ripheral inflammatory signals. Gut-derived lipopolysaccharide 
(LPS) reaches the liver via the portal circulation, activating 
Kupffer cells and contributing to a systemic inflammatory re-
sponse (Kronsten et al. 2022). This activation induces the hepatic 
synthesis of acute-phase proteins, such as C-reactive protein 
(CRP) and serum amyloid A (SAA), whose circulating levels are 
strongly associated with depression risk and severity (Köhler-
Forsberg et al. 2017; Maes, Niu, et al. 2025).

FIGURE 2    |    Gut–liver–brain axis in depression pathophysiology. This schematic illustrates the bidirectional communication among the gut, liver, 
and brain, highlighting relatively mature mechanisms indicated by solid lines and emerging or less-validated mechanisms indicated by dashed lines. 
Protective and detrimental signals are shown in green and red, respectively. In the gut, increased intestinal permeability allows microbial products, 
including lipopolysaccharide (LPS), bile acids, and other metabolites, to enter the portal circulation. Gut microbiota-derived short-chain fatty acids 
(SCFAs), bile acid metabolites, ammonia precursors, and enterochromaffin cell-derived serotonin may influence both hepatic metabolism and brain 
function. Immune cells, including γδ17 T cells, CD8+ T cells, and TH17 cells, may further contribute to local and systemic inflammatory signaling 
through mediators such as CXCL9, IL-22, perforin, and granzyme B. In the liver, portal vein-derived substrates are processed through pathways 
involving tryptophan metabolism, bile acid transformation, ammonia detoxification, lipid metabolism, and ketone body production. Under inflam-
matory conditions, activation of IDO/TDO may shift tryptophan metabolism toward kynurenine-pathway metabolites with potential neuroactive 
effects. Gut- and liver-derived mediators, including cytokines, LPS, bile acids, ammonia, and tryptophan catabolites, may act on the brain to regulate 
neuroinflammation, microglial activation, and mood-related neural circuits, thereby contributing to depressive pathophysiology. Solid lines denote 
relatively mature mechanisms supported by convergent clinical associations, reproducible biomarker findings, and/or mechanistic preclinical evi-
dence, whereas dashed lines denote emerging or less-validated mechanisms. These line styles indicate relative evidentiary maturity and should not 
be interpreted as definitive proof of human causality. 5-HT, serotonin; CD8+, cluster of differentiation 8 positive; CDCA, chenodeoxycholic acid; CNS, 
central nervous system; CXCL9, C-X-C motif chemokine ligand 9; CYP, cytochrome P450; EC, enterochromaffin; IDO, indoleamine 2,3-dioxygenase; 
IL-22, interleukin-22; LCA, lithocholic acid; LPS, lipopolysaccharide; SCFAs, short-chain fatty acids; TDO, tryptophan 2,3-dioxygenase; TH17, T 
helper 17 cells; TRPA1, transient receptor potential ankyrin 1; γδ17, gamma delta 17 T cells.
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Simultaneously, chronic stress-induced activation of the HPA 
axis and sympathetic nervous system (SNS) shifts the periph-
eral immune landscape. Norepinephrine release alters the 
bone marrow hematopoietic niche, driving the myeloid-biased 
differentiation of stem cells into “primed” monocytes and 
neutrophils that carry a potent pro-inflammatory potential. 
These signals converge to create a systemic state of “immu-
nometabolic priming,” preparing the periphery to disrupt cen-
tral homeostasis.

3.2   |   The BBB and Vascular Gateway

Chronic low-grade systemic inflammation—a core feature 
of depression—generates a sustained peripheral pool of acti-
vated immune cells and inflammatory mediators that must 
interface with the CNS to exert neuropathological effects. 
The blood–brain barrier (BBB) and associated vascular gate-
ways thus serve as the critical anatomical interfaces translat-
ing systemic immune dysregulation into central pathology. 

FIGURE 3    |    Integrative multidimensional pathways mediating systemic regulation of brain function and mental health. This schematic illus-
trates the complex interplay between peripheral physiological systems and the CNS, categorized into five primary regulatory domains. Arrow colors 
indicate the net effect on depression: Green arrows denote protective/ameliorating effects; red arrows denote detrimental/exacerbating effects. (A) 
Metabolic and Biochemical Pathways: Under inflammatory conditions, peripheral tryptophan metabolism is shunted toward neurotoxic KYN; con-
versely, physical exercise promotes the conversion of KYN into neuroprotective KYNA via skeletal muscle KAT enzymes. Acylcarnitines are also 
depicted. (B) Endocrine and Hormonal Pathways: Brain homeostasis is modulated by systemic factors including sex hormones (estrogen, ALLO, 
testosterone), acylcarnitines, natriuretic peptides (ANP, BNP), and exercise-induced myokines (irisin, CTSB). (C) Microbiome Pathways: Gut-derived 
metabolites (e.g., from probiotics) and nasal microbiota (e.g., S. epidermidis) regulate CNS function. Gut–brain signaling via the vagus nerve is shown 
and further detailed in panel (D). (D) Neural Pathways: Stress signals are transmitted to the brainstem (NTS) via the vagus nerve, enabling rapid 
communication of peripheral physiological states to the CNS independent of direct immune mediator penetration. (E) Immune Pathways: “Leaky 
gut”-associated LPS translocation, visceral adipose tissue, and activated Kupffer cells elevate systemic pro-inflammatory cytokines (TNF-α, IL-1, 
IL-6). These mediators, together with γδ17 T cells, drive microglial activation, synaptic dysfunction, and PNN degradation. TrkB activation medi-
ates antidepressant signals. Solid lines denote relatively mature mechanisms supported by convergent clinical associations, reproducible biomarker 
findings, and/or mechanistic preclinical evidence, whereas dashed lines denote emerging or less-validated mechanisms. These line styles indicate 
relative evidentiary maturity and should not be interpreted as definitive proof of human causality. ALLO, allopregnanolone; ANP, atrial natriuretic 
peptide; BNP, brain natriuretic peptide; CNS, central nervous system; CTSB, cathepsin B; IL-1, interleukin-1; IL-6, interleukin-6; KAT, kynurenine 
aminotransferase; KYN, kynurenine; KYNA, kynurenic acid; LPS, lipopolysaccharide; NTS, nucleus tractus solitarius; PNN, perineuronal net; S. 
epidermidis, Staphylococcus epidermidis; TNF-α, tumor necrosis factor-alpha; TrkB, tropomyosin receptor kinase B.
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Peripherally primed myeloid cells, mobilized from the bone 
marrow and further amplified by extramedullary hematopoi-
esis, access the CNS through multiple routes—traversing the 
choroid plexus, perivascular spaces, or a BBB compromised by 
chronic stress. Beyond these systemic conduits, a direct, non-
systemic pathway exists via the skull bone marrow, where 
local neutrophils migrate through microscopic vascular chan-
nels into the meninges. Together, these vascular portals en-
able the continuous transmission of peripheral inflammatory 
insults into the brain parenchyma and perivascular niches, 
establishing a direct anatomical basis for immune-driven 
depressive-like behavior.

Peripheral immune signals and cells utilize multiple gateways 
to access the central nervous system (CNS). Even when the 
BBB remains physically intact, peripherally activated immune 
cells—mobilized from the bone marrow and amplified via ex-
tramedullary hematopoiesis in the spleen—can traverse the 
choroid plexus or perivascular spaces. In cases of chronic stress, 
the integrity of the BBB may be further compromised, allowing 
direct infiltration of these cells into the CNS parenchyma (Dong 
et al. 2025).

A unique, non-systemic route of convergence exists via the skull 
bone marrow. Under stress, neutrophils in the skull bone mar-
row are driven by type I interferon (IFN-I) signaling to migrate 
directly into the meninges through tiny vascular channels (Jiao 
et al. 2025). These meningeal neutrophils release reactive oxygen 
species (ROS) and cytokines that penetrate the leptomeninges, 
may affect cortical neurons, and contribute to depressive-like 
behaviors (Kigar et al. 2025; Eide Therkelsen et al. 2025).

3.3   |   The Tryptophan-Kynurenine Metabolic 
Network

Systemic metabolic dyshomeostasis constitutes a fundamental 
metabolic pathology underlying mood disorders. The underlying 
mechanisms encompass aberrant metabolic shunting, deficient 
flux through key synthetic pathways, and the accumulation of 
toxic metabolites. Within this framework, global dysregulation 
of tryptophan metabolism represents the most representative 
core regulatory pathway. Spanning the gut, peripheral blood, 
liver, and central nervous system, this pathway epitomizes the 
pathological hallmark of coordinated multi-organ metabolic 
dysregulation (Zhang et al. 2026). In the gut, dietary tryptophan 
is converted into 5-HT by TPH1 in enterochromaffin cells, while 
also being directly broken down by gut microbiota into indole 
and its derivatives (e.g., indole-3-aldehyde, indole-3-propionic 
acid), which maintain intestinal barrier integrity and immune 
homeostasis through activation of the aryl hydrocarbon recep-
tor (AhR) (Zelante et al. 2013; Cervantes-Barragan et al. 2017; 
Lindseth et al. 2015). When gut microbiota is dysregulated, the 
capacity for indole production decreases, leading to elevated in-
doxyl sulfate (IS) and reduced indole-3-aldehyde (IALD). These 
changes can enter the brain via the bloodstream and synergize 
with inflammatory factors to exacerbate depressive behaviors 
(Lukić et al. 2022; Delgado et al. 2022). Meanwhile, gut-derived 
5-HT is taken up and stored by platelets; under inflammatory
conditions, platelets become activated and release 5-HT, which
acts on receptors on cerebral microvascular endothelial cells,

stimulates prostaglandin production, and increases blood–
brain barrier (BBB) permeability, thereby allowing more pe-
ripheral inflammatory signals to enter the central nervous 
system (Rust et al. 2023). The liver metabolizes tryptophan via 
tryptophan-2,3-dioxygenase (TDO). Particularly when stress-
induced cortisol levels rise, TDO activity is enhanced, shunting 
tryptophan toward the kynurenine pathway and generating 
large amounts of kynurenine (Kyn) (Qin et al. 2018). Kyn can 
cross the BBB and enter the brain, where it undergoes cell-type-
specific metabolism: astrocytes convert it into the neuropro-
tective metabolite kynurenic acid (KYNA), whereas microglia 
produce the neurotoxic metabolites 3-hydroxykynurenine (3-
HK) and quinolinic acid (QA) via kynurenine-3-monooxygenase 
(KMO) (Guillemin et  al.  2000, 2005). In patients with depres-
sion, reduced KYNA and increased QA/3-HK levels in the brain 
lead to neuronal apoptosis and impaired synaptic plasticity in 
the hippocampus and prefrontal cortex, which in turn contrib-
ute to persistent low mood and cognitive dysfunction (Müller 
and Schwarz 2008; Rajkowska et al. 1999). Furthermore, the hy-
pothalamic–pituitary–adrenal (HPA) axis itself can be viewed 
as a neuroendocrine organ system: 5-HT promotes the secretion 
of corticotropin-releasing hormone (CRH) through its receptors, 
while glucocorticoids feedback to inhibit 5-HT1A receptors and 
further induce IDO/TDO expression (Hasegawa et  al.  2025; 
Tiwari and Paramanik 2025; Tu et al. 2005). In summary, the 
gut, blood, liver, brain, and HPA axis constitute a multi-organ 
network in which tryptophan and its metabolites act as sig-
naling molecules. Dysregulation at any node may disrupt the 
homeostasis of this network and may contribute to depressive 
symptoms or depression-like behaviors.

3.4   |   HPA Axis Hyperactivation and Impaired 
Negative Feedback

HPA axis hyperactivation primarily damages the central ner-
vous system through glucocorticoid excess. On the one hand, 
excessive cortisol injures hippocampal neurons, weakening 
the hippocampus's capacity to exert negative feedback upon 
the HPA axis (Lei et al. 2025; Brown et al. 1999), thereby estab-
lishing a vicious cycle of “hyperactivity → damage → impaired 
feedback → further hyperactivity” (McEwen 2005). On the other 
hand, cortisol hyperactivates the amygdala, amplifies negative 
emotional reactivity, suppresses prefrontal cortex function, and 
reduces the secretion of mood-related neurotransmitters such as 
serotonin and dopamine (Young and Preskorn 2013).

Moreover, glucocorticoids upregulate indoleamine 2,3-dioxygenase 
(IDO) and tryptophan 2,3-dioxygenase (TDO), shunting tryptophan 
metabolism toward the kynurenine pathway and generating neuro-
toxic metabolites (e.g., quinolinic acid and 3-hydroxykynurenine) 
(Maes et al. 2011; Dostal et al. 2018). Glucocorticoids also compro-
mise blood–brain barrier integrity, thereby exacerbating central 
neuroinflammation (Sorrells and Sapolsky 2007, 2010). Collectively, 
these mechanisms contribute to depressive symptoms/depression-
like phenotypes, anxiety, and emotional dysregulation.

Notably, HPA axis hyperactivation is not an isolated event but is 
continuously driven by signals from multiple peripheral organs. 
Gut dysbiosis and intestinal barrier disruption can drive inflam-
matory activation and metabolic dysregulation in visceral adipose 



14 of 28 Comprehensive Physiology, 2026

tissue, prompting the release of large quantities of inflamma-
tory cytokines (e.g., IL-6, TNF-α) and aberrant lipid metabolites 
(Monsalve et al. 2025; Shelton and Miller 2010). These circulating 
factors act centrally to upregulate hypothalamic corticotropin-
releasing hormone (CRH) secretion, persistently stimulating the 
HPA axis and causing cortisol secretory dysrhythmia and dis-
rupted negative feedback (Flux and Lowry 2020). Concurrently, 
hepatic metabolic dysfunction impairs cortisol inactivation (e.g., 
through compromised 11β-hydroxysteroid dehydrogenase type 
2 activity), leading to peripheral cortisol accumulation, which in 
turn drives excessive glucocorticoid secretion from the adrenal 
cortex, suppresses hippocampal neuroplasticity, and aberrantly 
activates the amygdala (Seckl 2004; Römer et al. 2009). Together, 
the gut–adipose–adrenal and liver–adrenal axes form a multi-
organ convergent neuroendocrine network that channels periph-
eral metabolic and inflammatory signals through the HPA axis 
as a central integration hub, ultimately translating them into sus-
tained dysregulation of central emotional control.

Considering the multi-organ framework outlined in Figure  4, 
we propose a layered architecture as a heuristic and integrative 

conceptual framework for organizing current knowledge of pe-
ripheral organ–brain communication in depression. Importantly, 
this framework should not be interpreted as a rigid, empirically 
validated hierarchy of organ importance, causal priority, or 
temporal disease progression. Instead, the layers are intended 
to highlight the predominant functional roles through which 
different organs may participate in systemic brain–body dysreg-
ulation, while acknowledging that these roles may overlap and 
vary across disease stages, biological subtypes, and comorbid 
systemic conditions. Within this conceptual model, adipose tis-
sue and pancreatic islets are presented as representative contrib-
utors to systemic inflammatory and metabolic tone; the liver is 
positioned as a metabolic processing and amplification hub that 
may convert upstream disturbances into neuroactive mediators, 
such as kynurenine, and inflammatory signals; skeletal mus-
cle is highlighted as a potential buffering and defensive organ 
through metabolic flexibility and myokine secretion; and the gut 
and heart are depicted as major sensing and signal-transduction 
interfaces through microbiota-dependent signaling and auto-
nomic/interoceptive pathways. Thus, Figure 4 should be read as 
an organizational model that integrates heterogeneous evidence 

FIGURE 4    |    A heuristic multi-layer framework linking peripheral organ dysfunction to brain pathology in depression. This schematic summa-
rizes how multiple peripheral compartments, including the gut, liver, muscle, spleen, adipose tissue, and bone marrow, may communicate with the 
brain through convergent systemic pathways. These pathways include tryptophan metabolism, chronic inflammation, HPA axis dysregulation, and 
altered blood–brain barrier permeability, which may collectively contribute to microglial activation, impaired neurogenesis, and disrupted synaptic 
plasticity. Importantly, this framework is intended as an integrative conceptual model rather than a rigid hierarchy of organ importance or a defini-
tive causal sequence. Organ roles may overlap and vary according to disease stage, biological subtype, and comorbid systemic conditions. Solid lines 
denote relatively mature mechanisms supported by convergent clinical associations, reproducible biomarker findings, and/or mechanistic preclinical 
evidence, whereas dashed lines denote emerging or less-validated mechanisms. These line styles indicate relative evidentiary maturity and should 
not be interpreted as definitive proof of human causality. 5-HT, serotonin; BBB, blood–brain barrier; HPA, hypothalamic–pituitary–adrenal; KYN, 
kynurenine; QUIN, quinolinic acid; TNF-α, tumor necrosis factor-alpha.
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rather than as a definitive ranking of peripheral organs in MDD 
pathophysiology.

4   |   Therapeutic Strategies

Current antidepressant drugs, primarily based on the “mono-
amine hypothesis,” function by modulating neurotransmit-
ter concentrations in the central nervous system synapses, yet 
demonstrate significant limitations in clinical application, such 
as delayed onset of action, low remission rates, and extensive 
systemic side effects. In light of the biological heterogeneity 
of depression and the growing evidence for brain–body inter-
actions in selected subgroups, contemporary prevention and 
treatment strategies have evolved beyond the traditional “neu-
rocentric perspective”. Rather than replacing CNS-targeted 
therapies, peripheral-targeted interventions are increasingly 
being explored as complementary strategies within an inte-
grated brain–body framework, including approaches aimed at 
restoring intestinal barrier homeostasis, modulating hepatic 
metabolic flux, and harnessing the endocrine functions of skel-
etal muscle.

4.1   |   Pharmacological Repurposing and Metabolic 
Interventions

The most clinically advanced approach involves repurposing 
established systemic medications to target peripheral-central 
crosstalk. Notably, translating these peripheral targets into 
human trials has yielded proof-of-concept successes. Clinical ev-
idence indicates that in the subset of patients with elevated base-
line systemic inflammation (e.g., CRP > 5 mg/L), anti-TNF-α 
agents such as infliximab may show antidepressant effects in 
subgroups with elevated inflammatory markers (McIntyre 
et  al.  2019), highlighting the potential for mechanism-based 
precision psychiatry.

In the hepatic and metabolic domain, activating nuclear recep-
tors (e.g., FXR) and membrane receptors (TGR5) is hypothesized 
to repair the damaged gut-liver barrier, blocking systemic in-
flammation induced by lipopolysaccharide (LPS) and toxic bile 
acids at the source. Consequently, metabolically targeted agents 
acting on the liver, such as GLP-1 receptor agonists and UDCA, 
can upregulate brain-derived neurotrophic factor (BDNF) and 
modulate neurotransmitters by reshaping the bile acid profile 
and metabolic signaling. These metabolism-modulating drugs, 
alongside PPARγ agonists (e.g., pioglitazone) and metformin, 
not only function by improving central insulin sensitivity but 
also attenuate overactivation of the hypothalamic–pituitary–ad-
renal (HPA) axis by reducing metabolic stress (Woo et al. 2020; 
Zhang, Chan, et al. 2024). Furthermore, oral adiponectin recep-
tor agonists (Laurindo et al. 2025) and glucocorticoid receptor 
(GR) antagonists (e.g., mifepristone) represent promising ave-
nues for ameliorating HPA axis dysfunction and stress-induced 
depressive symptoms. Beyond glucose and lipid metabolism, the 
thyroid-brain axis represents another critical endocrine path-
way for peripheral intervention. Clinical evidence, including 
Phase 4 trials of Triiodothyronine (T3) augmentation therapy, 
has demonstrated that optimizing peripheral thyroid hormone 
levels can significantly enhance the efficacy of antidepressants 

in patients with inadequate responses (Garlow et al. 2012), fur-
ther validating the necessity of systemic endocrine modulation 
in depression management.

4.2   |   Microbiome-Targeted and Nutritional 
Interventions

The gut–brain axis represents an emerging and mechanistically 
relevant therapeutic avenue. Selectively inhibiting serotonin 
(5-HT) reuptake within the intestinal epithelium itself has 
been suggested to produce antidepressant-like effects in pre-
clinical models (Hung et al. 2025). Concurrently, directly sup-
plementing key metabolites reduced due to dysbiosis—such as 
indole-3-propionic acid (IPA), indole-3-acetic acid (IAA), and in-
dole—may partially bypass the disrupted microbiota to activate 
downstream protective signaling pathways (e.g., AhR or A2aR), 
thereby ameliorating neuroinflammation and restoring synaptic 
function (Wang, Hu, et al. 2025).

In the non-pharmacological domain, anti-inflammatory dietary 
patterns (e.g., the Mediterranean diet) rich in omega-3 polyun-
saturated fatty acids and antioxidants can lower systemic in-
flammation and increase the production of anti-inflammatory 
short-chain fatty acids (Trzeciak and Herbet  2021). Specific 
prebiotics further promote the growth of beneficial bacteria to 
stabilize nervous system function (Schaub et  al.  2022), while 
avoiding unhealthy diets (e.g., high consumption of soft drinks) 
is crucial to prevent harmful bacterial expansion and elevated 
depression risk (Schaub et al. 2022).

4.3   |   Device-Based Approaches and Physical 
Modulation

Regarding “hardwired” peripheral-to-brain pathways, invasive 
Vagus Nerve Stimulation (VNS) remains an FDA-approved 
treatment for refractory MDD (Bonaz et  al.  2018; Austelle 
et  al.  2022). However, non-invasive transcutaneous auricu-
lar VNS (taVNS) has emerged as a promising alternative with 
greater accessibility (Chen et  al.  2023). Exercise and physical 
activities maintain immune and gut health by optimizing mi-
crobial diversity and lowering cortisol levels (Liu et  al.  2014; 
Cotman et al. 2007; Yang et al. 2024). For patients with limited 
mobility, neuromuscular electrical stimulation (Liu, Liu, Xiong, 
et al. 2024) and Whole-Body Vibration Therapy (WBVT) offer 
feasible means to passively induce muscle contraction. WBVT, 
specifically, enhances cortical excitability via peripheral somato-
sensory inputs from muscle spindles and mechanoreceptors, 
boosting cognitive processing speed without eliciting autonomic 
stress (Hein et al. 2025). Similarly, Whole-Body Hyperthermia 
(WBH) represents an emerging modality to modulate the sys-
temic environment through peripheral sensory stimulation 
(Mason et al. 2024), as detailed in the clinical trial summaries 
provided in Table 1.

5   |   Conclusions and Future Perspectives

This review synthesizes current evidence indicating that pe-
ripheral organs and their interactive networks may contribute 
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to MDD-related pathophysiology, particularly in biologically 
defined subgroups characterized by inflammatory, metabolic, 
endocrine, autonomic, or microbiome-related abnormalities. 
Rather than redefining all MDD as a systemic disease, the 
organ–brain axis framework provides a useful model for un-
derstanding how selected depressive phenotypes may arise 
from reciprocal brain–body dysregulation. To provide a struc-
tured overview of the current evidentiary landscape, Table 2 
summarizes the strength of human and preclinical evidence, 
key mediators, signaling routes, and translational status of 
major peripheral organ–brain axes and multi-system crosstalk 
in MDD. However, to advance the organ–brain axis frame-
work, several key challenges and future directions must be 
addressed.

First, future research should move beyond unidirectional sig-
naling and more rigorously consider bidirectionality and reverse 
causation. While this review emphasizes peripheral-to-brain 
contributors, it is essential to acknowledge that the depres-
sive brain state can itself fundamentally alter peripheral organ 
function. Chronic neuroendocrine changes and autonomic im-
balances originating in the CNS may drive the very peripheral 
dysfunctions (e.g., gut dysbiosis or metabolic shifts) described 
herein. Future research must move beyond cross-sectional cor-
relation and actively employ causal inference methods, such as 
Mendelian randomization, to clarify whether peripheral bio-
markers are primary contributors or secondary consequences of 
depressive pathology.

In fundamental theoretical research, integrating systemic inter-
actions remains a priority. Chronobiology should be integrated 
into microbiome studies to treat depression comorbid with sleep 
disorders by resynchronizing host-microbe rhythms, thereby 
blocking the periodic entry of bacterial endotoxins into the cir-
culation. Given that the precise mechanism by which periph-
eral inflammation is transmitted to the CNS remains unclear, 
greater focus should be directed toward the BBB as a dynamic 
interface. Identifying small-molecule drugs that stabilize endo-
thelial tight junctions or analyzing the chemotactic mechanisms 
governing the infiltration of peripheral immune cells (e.g., 
Ly6Chigh monocytes) into the brain parenchyma is warranted. 
The NLRP3 inflammasome represents a critical nexus con-
necting metabolic stress and neuroinflammation; developing 
specific, BBB-penetrant inhibitors holds promise for blocking 
sterile neuroinflammation without broad immunosuppression.

Furthermore, translational limitations must be addressed to 
bridge the gap between preclinical models and clinical appli-
cation. Recombinant myokines (e.g., irisin, apelin) and engi-
neered, neuron-targeting RVG-sEVs loaded with molecules 
such as miR-17/20a-5p (Deng et al. 2024; Lin et al. 2025) have 
shown antidepressant-like activity in preclinical models. 
However, their stability in human circulation and therapeutic 
window in multi-organ systems require rigorous validation. 
Similarly, while neurosteroid pathways involving Brexanolone 
or TSPO ligands for ALLO synthesis (Kargbo 2023) represent 
promising strategies, their long-term systemic impact remains 
to be fully elucidated. High-resolution techniques like single-
cell sequencing and spatial multi-omics will be essential to re-
veal the dynamic evolution of these pathways during disease 
progression.C
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Finally, clinical translation must account for cohort heteroge-
neity to achieve precision stratification. In this context, MDD 
may be better understood, at least in biologically defined sub-
groups, as involving systemic brain–body dysregulation, in 
which peripheral physiological alterations—such as heart rate 
variability, inflammatory markers, metabolic parameters, and 
adipokines—may help reflect disease-relevant biological het-
erogeneity (Orsolini et al. 2022; Marwaha et al. 2023; Morena 
et  al.  2025; Zhang, Xu, et  al.  2025; Hartmann et  al.  2018). 
Integrating these biomarkers into clinical frameworks will help 
define biological subtypes (e.g., inflammatory vs. metabolic 
subtypes) and facilitate personalized interventions, including 
anti-inflammatory agents, GLP-1 receptor agonists, or precise 
nutritional strategies. Ultimately, integrating multi-level omics 
data to construct systemic computational models will be essen-
tial for predicting disease trajectories and advancing psychiatry 
toward a precision medicine paradigm.
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