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Abstract
Depression is the most common mental disorder and the leading cause of disability 
and suicide worldwide. Recently, during the COVID-19 pandemic, there has been 
a dramatic increase in the number of patients with depression on a global scale. 
Therefore, new insights into the underlying pathophysiology of depression are 
urgently required to develop more effective therapeutic strategies. An interesting 
fact is the coexistence of increased intestinal permeability and disrupted blood-brain 
barrier observed in patients with depression and animal models. A growing number 
of studies have revealed that a bidirectional interaction exists between the brain and 
the gastrointestinal tract, commonly termed the gut-brain axis. Emerging evidence 
has suggested that the regulation of neuroinflammation and gut homeostasis 
through the gut-brain axis is influenced by stress and depression, in which gut 
microbiota and microbe-derived short-chain fatty acids play a crucial role. Here, we 
describe the molecular and cellular mechanisms involved in the crosstalk between 
neuroinflammation and gut microbiota in depression. We further highlight fecal 
microbiota transplantation and dietary supplementation in depression and discuss 
their potential as therapeutic targets for depression.
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1. Introduction
Mental health disorders affect around 15% of the population during their lifetime, with 
depression being one of the most common[1]. As a result of the COVID-19 pandemic, 
the number of patients with major depressive disorder (MDD) increased by 28% 
in 2020[2]. Globally, it is estimated that 5% of adults and 5.7% of elderly over the age 
of 60 suffer from depression. Patients with depression may suffer immensely, and in 
severe conditions, depression may even lead to suicide[3]. The antidepressants that 
are currently in use include older drug types, such as monoamine oxidase inhibitors 
and tricyclic antidepressants, as well as newer drug types, such as selective serotonin 
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reuptake inhibitors and serotonin-norepinephrine 
reuptake inhibitors. Non-pharmacological therapy, such 
as cognitive therapy, is also used when medications 
fail to meet the treatment outcome[4]. Unfortunately, 
our knowledge of depression and our ability to treat it 
effectively is lacking; for example, despite temporary 
remission with antidepressant medication, patients either 
have a high risk of relapse or do not adequately respond to 
pharmacological treatment[4]. Therefore, new insights into 
the underlying pathophysiology of depression are urgently 
required to develop more effective therapeutic strategies.

Neuroinflammation is known to be associated with 
a variety of neurological diseases, such as Alzheimer’s 
disease[5] and Parkinson’s disease[6]. Inflammatory processes 
are implicated in the pathophysiology of depression. 
Numerous studies have suggested a strong association 
between depression and pro-inflammatory mediators in 
peripheral blood and cerebrospinal fluid (CSF)[7] as well 
as an association between the therapeutic application 
of interferon (IFN)-α and depression in 30 – 50% of 
patients[8,9]. According to a meta-analysis, patients with 
MDD have higher levels of interleukin (IL)-6 and C-reactive 
protein (CRP) compared to non-depressed subjects[10]. 
Another meta-analysis based on clinical trials has shown 
that pro-inflammatory cytokine inhibitors (adalimumab, 
etanercept, infliximab, and tocilizumab) can alleviate 
depressive symptoms in patients[11]. In addition, the leakage 
of the blood-brain barrier (BBB) observed in depression 
is partly due to the persistent low-grade inflammation 
present in depressive states. Inflammation is likely a critical 
disease modifier that promotes susceptibility to depression. 
However, the exact mechanism of the interaction between 
inflammation and depression remains unclear[7].

The gut-brain axis is a potential area of research as there 
is mounting evidence showing that the gut microbiota has 
a strong influence on emotional behavior and neurological 
processes[12]. The human gut is home to nearly 100 trillion 
bacteria that are essential for maintaining health[13]. In the 
last decades, a growing number of evidence has suggested 
that the gut-brain axis is involved in the pathophysiology 
of neurodevelopmental and neurological disorders, 
where the gut microbiota is a key regulator in the gut-
brain axis[14,15]. Alterations in gut microbiota composition 
and subsequent metabolites of short-chain fatty acids 
(SCFAs) have been increasingly observed in patients with 
depression[16]. Similarly, an imbalance of gut microbiota has 
also been discovered in animal models with depression-
like behavior[17]. Interestingly, probiotic formulations have 
shown anxiolytic-like activity in a rat model and led to 
the remission of psychological distress in volunteers of a 
clinical trial[18].

Overall, depression is characterized by low-grade 
systemic and neurological inflammation, leakage of the BBB 
and intestinal mucosal barrier, a high relative abundance 
of the pro-inflammatory species of gut microbiota, and a 
low abundance of SCFA-producing probiotics (Figure 1). 
To meet the current requirements for depression/MDD-
targeted treatment strategies, the present review provides a 
necessary update to the expanding literature describing the 
characterization and interaction between gut microbiota 
and neuroinflammation in depression. This review also 
aims to integrate information and explore the potential 
mechanisms for modulating gut microbiota homeostasis 
in the treatment of depression.

2. Changes in gut homeostasis as a 
component of depression

2.1. Leaky gut and inflammation

The intestinal barrier is a dynamic dense entity that 
provides a strong physical barrier. It interacts with and 
responds to various stimuli, such as inhibiting pathogen 
colonization through the production of antimicrobial 
substances and preventing bacterial adhesion through 
the secretion of immunoglobulin A (Ig A) as well as 
glycocalyx and mucus[19]. However, an increased intestinal 
permeability may underlie the persistent low-grade 
inflammation observed in neurological disorders, such 
as depression[20]. In a study, there was increased intestinal 
fatty acid binding protein (FABP), a marker of enterocyte 
damage, in the blood of recent suicidal patients. The high 
level of intestinal FABP was found to be related to the 
severity of depressive symptoms and suicidal symptoms. 
Moreover, the level of IL-6 was also increased in the blood 
of recent suicidal patients and found to be correlated 
with two gut permeability markers: zonulin and FABP[20]. 
Psychological stress has been shown to increase small 
intestinal permeability in humans[21]. Camilleri and Clark 
et al. have pointed out that there is a strong correlation 
between stress and changes in gut microbiota composition, 
including a decrease in the composition of commensal 
bacteria and an increase in the level of inflammation, 
disrupting the integrity and permeability of the intestine 
and causing leaky gut[19,22]. Specifically, the increased 
translocation of bacterial toxins and food particles due 
to a compromised gut barrier has been associated with 
the activation of the immune system and the production 
of inflammatory mediators[19]. A  leaky gut allows the 
translocation of lipopolysaccharide (LPS) from the gut 
into the circulation, activating immune cells and leading 
to an increased release of pro-inflammatory mediators and 
systemic hypo-inflammation[23]. It has been shown that 
stress increased paracellular permeability in the colon, 
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endotoxemia in blood, and pro-inflammatory cytokines 
(IL-1β, IL-6, and tumor necrosis factor [TNF]-α) in the 
paraventricular nucleus of the hypothalamus in a rat 
model[24]. In a clinical study with 50 MDD patients and 30 
healthy subjects, bacterial translocation was observed in 
MDD patients, as indicated by an elevated expression of 
bacterial DNA in the blood. Furthermore, the activation of 
toll-like receptor 4/nuclear factor-κB (TLR-4/NF-κB) pro-
inflammatory pathway and the increased levels of IL-6 and 
CRP were observed in MDD patients[25].

2.2. Dysbiosis of gut microbiota

The gut is enriched with several bacterial phyla, of which the 
two most abundant phyla are Firmicutes and Bacteroides, 
accounting for more than 70% of the gut microbiome[26]. In 
contrast, Proteobacteria, Actinobacteria, Fusobacteria, and 
Verrucomicrobia are fewer in numbers[26]. Simpson et al. 
have summarized the data from 19 case–control studies and 
showed that the abundance of Actinobacteria was higher in 
MDD patients in six studies and was positively associated 
with depressive symptoms; a lower abundance of Bacteroides 
was observed in MDD patients in seven studies, while the 
other two studies showed the opposite[12]. Jiang et al. have 

analyzed fecal samples from 46  patients with depression 
and 30 healthy subjects and found that the abundance of 
Bacteroides, Proteobacteria, and Actinobacteria increased 
in MDD patients compared to healthy controls, while 
the abundance of Firmicutes decreased[16]. Based on the 
different gut microbial compositions in mood disorders, 
the gut microbiome was used to distinguish depressive 
episodes of bipolar disorder from those of MDD in a 
large clinical study with 165 subjects by 16S rRNA gene 
sequence analysis. MDD was characterized by alterations 
in Firmicutes and Bacteroides phyla, Bacteroidaceae and 
Lachnospiraceae family, and Bacteroides, Ruminococcus_
torques, and Ruminococcus_gnavus genus, whereas 
bipolar disorder was mainly associated with alterations 
in Bacteroides, Roseburia, Coprococcus, Prevotella_9, and 
Pseudomonas genus[27,28]. The same researchers performed 
a cross-sectional whole-genome shotgun metagenomics 
analysis of fecal samples from 156 patients with MDD and 
155 healthy controls and found that the Bacteroides genus 
was mainly enriched but Blautia and Eubacterium genus 
were mainly depleted in patients with MDD[29]. It has been 
reported that the upregulation of Bacteroides contributes to 
higher peripheral cytokine concentrations and increased 

Figure 1. Role and mechanisms of the gut-brain axis in depression. Depression is characterized by low-grade systemic and neurological inflammation, 
lack of serotonin and brain-derived neurotrophic factor (BDNF), leakage of the BBB and intestinal mucosal barrier, a high relative abundance of the pro-
inflammatory species of gut microbiota, and a low abundance of SCFA-producing probiotics. Increased and sustained stress, infections, genetics, or other 
co-factors may lead to dysregulation of gut homeostasis, including leaky gut, immune and inflammatory hyper responsiveness, and dysbiosis of the gut 
microbiota and metabolism. Depression is bidirectionally regulated by the gut-brain axis via the HPA axis, vagus nerve, inflammatory signals, immune 
signals, and chemical signals.
BBB: Blood-brain barrier; BDNF: Brain-derived neurotrophic factor; HPA: Hypothalamic-pituitary-adrenal; SCFAs: Short-chain fatty acids. Created with 
BioRender.com.
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systemic inflammation in patients with Parkinson’s 
disease[30], while Blautia species may be associated with 
good cognition and decreased inflammation in hepatic 
encephalopathy[31]. In a study, the transplantation of 
gut microbiota from patients with rheumatoid arthritis 
activated an abnormal differentiation of T cells in 
germ-free (GF) mice, thereby inducing depression-like 
behavior[32]. Moreover, two animal studies have shown that 
fecal microbiota transplantation from MDD patients to GF 
mice or microbiota-depleted rats can induce depression-
like behaviors, thus elucidating the role of the pro-
inflammatory species of gut microbiota in the pathology 
of depression[28,33]. Consistently, the transplantation of fecal 
microbiota from NOD-like receptor protein 3 (NLRP3) 
knock-out (KO) mice reduced the depression-like behavior 
induced by chronic unpredictable stress in recipient mice 
in our previous study, which was found to be related 
to the changes in the relative abundance of Firmicutes, 
Proteobacteria, and Bacteroidetes phyla[34]. However, due to 
large individual variability, methodological heterogeneity, 
and dietary diversity, we are only beginning to fully 
understand the implications of the gut microbiome on 
human mental health and neuropsychiatric disorders[35].

3. Inflammatory pathways across the gut-
brain axis

3.1. Systemic circulation pathway

Inflammation has been widely discussed in reviews of 
brain diseases involving the gut-brain axis, such as the 
interaction of central nervous system (CNS)-resident 
and peripheral immune pathways[36], the relationship 
between inflammasome and gut microbiota[37], as 
well as the crosstalk between neuroinflammation and 
peripheral inflammatory mediators[38]. The cytokine 
hypothesis suggests that physiological pathways involved 
in inflammation and stress responses may play a key role 
in the pathology of depression. The stress-induced chronic 
low-grade cytokine release in depression drives the overall 
immune response toward proinflammation rather than 
anti-inflammation. The pro-inflammatory mediators in 
the circulation disrupt both epithelial and endothelial 
tight junctions, compromising the integrity of the gut-
vascular barrier and the BBB[39]. This leads to an increase 
in intestinal permeability (leaky gut) and a disrupted CNS 
barrier, providing a gateway for food antigens, toxins, and 
pathogens from the gut to reach the brain, followed by the 
activation of neuroimmune cells, which in turn triggers 
neuroinflammation[39]. For example, the increased systemic 
inflammation and subsequent neuroinflammation caused 
by the intraperitoneal injection of bacterial endotoxin 
LPS mediate microglia activation and neuronal cell death, 

ultimately leading to cognitive impairment[40]. Indeed, 
the levels of serum lgA and IgM against the LPS of 
enterobacteria have been found to be significantly higher 
in MDD patients than in control subjects[23]. In addition, 
a study has found elevated expressions of gut microbial 
16S rRNA subunit in the blood plasma of MDD patients 
compared to healthy controls[25].

Despite the conflicting results, there is a general 
consensus that MDD patients have abnormal levels of pro-
inflammatory cytokines in the peripheral circulation[41]. 
Alvarez-Mon et al. have reported that MDD patients 
have abnormally functioning CD4+ T lymphocytes with 
increased levels of circulating IL-17 and TNF-α[42]. Pro-
inflammatory cytokines can activate the hypothalamic-
pituitary-adrenal (HPA) axis in MDD, leading to elevated 
cortisol levels and glucocorticoid receptor resistance[43]. 
Furthermore, the pro-inflammatory cytokines released 
from microglia (e.g., TNF-α) can reduce the levels of 
neurotransmitters such as serotonin, dopamine, and 
norepinephrine in MDD patients via several ways, one 
of which includes reducing their synthesis[44]. Different 
types of immune cells, such as T cells, produce, store, 
and respond to serotonin, which is associated with mood 
disorders[45,46]. In MDD patients, the persistence of pro-
inflammatory cytokines (e.g., TNF-α and IL-1β) can 
impair the BBB function[47]. Under stress conditions, BBB 
impairments may lead to the infiltration of immune cells. 
It has been shown that T cells and monocytes infiltrate the 
brain under stress. In depressed mice models, T helper 
17 cells accumulate in different brain regions, such as the 
hippocampus, promoting depression-like behaviors[48,49].

Byproducts of the gut microbiota can play a 
neuroimmunomodulatory role in neurological 
disorders[14]. For example, in a study, the gut microbiome 
from an aged donor was found to be sufficient to reduce 
the host SCFAs and induce cognitive decline[50]. SCFAs 
(primarily acetate, propionate, and butyrate), derived 
from gut bacterial fermentation of non-digestible 
carbohydrates, have been reported to be present in human 
CSF and blood[51]. It is believed that systemic SCFAs 
can cross the BBB and regulate BBB permeability and 
microglia functions. For example, a study has found that 
oral SCFAs can ameliorate depression-like behaviors in 
mice exposed to chronic stress, which is associated with 
the inhibition of hippocampal neurogenesis decline, BBB 
damage, microglia activation, and neuroinflammation by 
SCFAs[52]. Tryptophan metabolites that are derived from 
gut microbiota represent another example of the gut-brain 
axis in the regulation of host inflammatory responses. 
A study has shown that tryptophan, metabolized by the gut 
microbiota, can activate aryl hydrocarbon receptor (AhR) 
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signaling in astrocytes and mitigate CNS inflammation 
in multiple sclerosis patients[53] as well as improve gut 
permeability by targeting AhR in a mouse colitis model[54].

Dysregulation of the HPA axis is strongly associated with 
depressive episodes[55,56]. A  direct example of microbiota 
modulation of HPA responsiveness is the reversibility of the 
exaggerated HPA stress response in GF mice in response 
to restraint stress by transplantation of Bifidobacterium 
infantis[57]. GF mice have an underdeveloped immune system 
due to the absence of commensal microbiota[13,58]. Increased 
stress reactivity and weakened intestinal barrier have been 
observed in GF mice[57,59]. Stress is known to induce leaky 
gut and BBB impairment, thus allowing pathogens and local 
inflammatory mediators to translocate across the intestinal 
mucosa and directly affect both immune and neuronal 
cells in the CNS[19-21,23]. Interestingly, supplementation with 
Lactobacillus farciminis can reduce intestinal permeability 
and prevent HPA hyperreactivity, induced by restraint 
stress, in rats[24]. Gut microbiota may regulate brain function 
through vagus nerve signaling. A  study has shown that 
subdiaphragmatic vagotomy can block depression-like 
behaviors and reduce the expression of synaptic proteins. 
This is linked to the increased relative abundance of several 
beneficial microbiota, including Lactobacillus sp.  BL302, 
Lactobacillus hominis, and Lactobacillus reuteri[60].

3.2. Cellular immune pathway

Intestinal immune cells can directly regulate the 
neuroimmune balance and neuroinflammatory response. 
Intestinal B cells differentiate into IgA-secreting plasma 
cells to regulate the gut microbiota. Gut-derived IgA 
plasma cells have been found in the CNS of mice with 
experimental autoimmune encephalomyelitis and to 
attenuate neuroinflammation in an IL-10-dependent 
manner[61]. The brain appears to recruit immune cells from 
the gut to protect the CNS from the entry of peripheral 
pathogens[61,62]. On the other hand, neuroimmune cells are 
also modulated by intestinal cells. Subpopulations of IFN-
γ-producing meningeal natural killer (NK) cells from the 
gut can modulate the neuroimmune function and promote 
astrocyte development; this effect is also regulated by 
the gut microbiome[63]. Moreover, the depletion of gut 
microbiome by antibiotics leads to a substantial reduction 
in IFN-γ-producing meningeal NK cells, downregulating 
the anti-inflammatory effects of astrocytes, and thus 
presumably limiting their protective potential[63,64]. 
Although there is increasing evidence of communication 
between the gut and the brain, the specific mechanisms are 
poorly understood. Further studies are needed to reveal 
the mechanisms by which the gut microbiota and immune 
responses modulate CNS inflammation in the context of 
depression.

4. Short-chain fatty acids as key products of 
gut-brain communication
Endogenous SCFAs are mainly the products of fermentation 
of non-digestible carbohydrates by gut microbiota. The 
principal SCFAs in the gut are acetate, propionate, and 
butyrate, accounting for more than 95% of total SCFAs in 
the host[65]. SCFAs affect the pathophysiological conditions 
of the host through a variety of mechanisms, including 
the regulation of histone acetylation and methylation, 
activation of G-protein coupled receptors, promotion of 
hormone (e.g., glucagon-like peptide 1) and neurochemical 
(e.g., serotonin) secretion, and regulation of vagus nerve 
circuit[65-67]. Butyrate has been shown to improve cognitive 
dysfunction in a high-fat diet-induced obese model and 
a vascular dementia model, while propionate has been 
reported to reduce the reward response to high-energy food 
in the human striatum[68-70]. As shown in a study, a mixture 
of acetate, propionate, and butyrate alleviated alterations 
in anhedonia and heightened stress responsiveness as well 
as inhibited increased intestinal permeability induced by 
psychosocial stress in mice[71].

Receptors (FFARs) that sense and transmit free fatty 
acid signals have been found in the peripheral and CNSs[72]. 
Activation of FFARs by SCFAs appears to have a direct and 
local anti-inflammatory effect on microglia activation[73] as 
well as a systemic anti-inflammatory effect on neutrophils 
and dendritic cells that also express FFARs[74]. The ability of 
SCFAs to cross the BBB and their presence in the brain has 
been confirmed by injecting radiolabeled 14C-SCFAs into 
the carotid artery of rats[75]. Neurons and the immune cell 
crosstalk that contributes to brain function and behavior 
are affected by SCFAs[76,77]. In addition, SCFAs are important 
for maintaining the integrity and function of the BBB. It 
has been shown that propionate, an SCFA, protects the 
BBB from deleterious inflammatory and oxidative stimuli 
via transcription factor nuclear factor erythroid 2-related 
factor 2 (Nrf2) signaling[78]. In a study, the increased BBB 
permeability in GF mice after birth and during adulthood 
was found to be related to lower expression of BBB tight 
junction proteins claudin-5 and occludin, which can be 
mitigated by the exposure of these mice to SCFA-producing 
bacteria[79]. Reduced SCFA production in autistic patients 
may lead to gut barrier dysfunction, which could impair 
immune responses and BBB integrity, contributing to 
brain dysfunction[80].

A comparison study has demonstrated a decrease in 
butyrate production (anti-inflammatory properties) by 
Faecalibacterium and an increase in LPS production (pro-
inflammatory properties) by Flavonifractor in depressed 
patients compared to healthy controls[81]. A  recent 
systematic review of 26 studies has revealed that patients 
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with anxiety and depression have a higher abundance of 
pro-inflammatory bacteria species, such as Desulfovibrio 
and Enterobacteriaceae, but lower SCFA-producing 
Faecalibacterium compared to controls[12]. Stilling et al. have 
suggested that butyrate and other SCFAs in the systemic 
circulation may reduce depression-like behavior in animal 
models by elevating the levels of histone acetylation and 
BDNF in specific brain regions, such as the prefrontal 
cortex[82]. Moreover, sodium butyrate has been shown to 
ameliorate LPS-induced depression-like behaviors as well 
as hippocampal microglial inflammation and activation in 
mice[83].

5. Potential intervention strategies for 
depression

5.1. Fecal microbiota transplantation (FMT)

Restoring gut homeostasis through FMT may be an effective 
intervention for depression. Sudo et al. have compared GF 
and specific pathogen-free mice to investigate HPA reaction 
to stress. GF mice had elevated plasma adrenocorticotropic 
hormone and corticosterone with reduced BDNF 
expression in the cortex and hippocampus in response 
to restraint stress relative to specific pathogen-free (SPF) 
mice. Interestingly, the exaggerated HPA response in GF 
mice could be reversed by B. infantis or fecal microbes from 
SPF mice[57]. Recently, Rao et al. have demonstrated that 
FMT increased serotonin expression and decreased the 
production of IL-1β and TNF-α in a chronic unpredictable 
stress (CUS) rat model, suppressing the activation of glial 
cells, and NLRP3 inflammasome in the prefrontal cortex 
and hippocampus, and thus ameliorating depression-
like behaviors[84]. Similarly, our group has found that the 
transplantation of fecal microbiota into GF mice from 
NLRP3 KO mice alleviated CUS-induced depression-like 
behaviors. Moreover, the gut microbiota compositions 
of NLRP3 KO and wild-type mice differed in the relative 
abundance of Firmicutes, Proteobacteria, and Bacteroidetes 
spp.[34]. Importantly, Bercik et al. have demonstrated that 
the gut-brain axis is regulated by FMT. GF BALB/c mice 
that were subjected to microbiota transplantation from the 
National Institutes of Health (NIH) Swiss mice showed 
increased exploratory behavior and BDNF levels in the 
hippocampus. In contrast, GF NIH Swiss mice that were 
subjected to microbiota transplantation from BALB/c 
mice had reduced exploratory behavior[85]. Case reports, 
systematic reviews, and meta-analyses have suggested that 
FMT can improve depressive symptoms in patients with 
mental depression[86-89]. These findings strongly suggest 
that disease or health phenotypes can be transferred 
from the host to transplanted individuals through the 
gut microbiota. However, precise and personalized FMT 

techniques for different diseases (e.g., anxiety, depression, 
bipolar disorder, and autism spectrum disorders) need to 
be further investigated.

FMT is considered a promising therapy; for example, 
FMT has been recommended in clinical guidelines for the 
treatment of recurrent Clostridioides difficile infection[90]. 
However, FMT has been considered investigational 
by most regulatory agencies and has not obtained 
marketing approval from the United State Food and Drug 
Administration (FDA) for any indication[91]. Although the 
described risks range from mild gastrointestinal symptoms 
to severe infection, FMT is largely considered a safe 
procedure[90,92]. The fact that the variability and uncertainty 
in the source and donor of fecal microbiota may affect 
the health risk profile of recipients has been highlighted 
by recent reports of rare cases of multidrug-resistant 
organisms, including Shiga toxin-producing Escherichia 
coli and enteropathogenic E. coli, where these organisms 
were not additionally screened[93,94]. While information on 
the long-term effects of FMT in humans is sparse, several 
animal studies have shown that disease phenotypes such as 
obesity and metabolic disorders can be transferred through 
FMT[95-97]. In the absence of biochemical markers to screen 
donor stools, there is concern about which phenotypes 
may escape detection and subsequently be transmitted 
via FMT. Gupta et al. have examined the evolving risk 
of FMT and affirmed that screening for such organisms 
or markers has been a standard practice since 2016[90,98]. 
Therefore, much work remains to be done before FMT can 
be applied to the clinical management of depression. One 
alternative to FMT is dietary therapy, such as increasing 
the abundance of probiotics in the gut through consistent 
consumption of probiotics, which will be further discussed 
in the next section.

5.2. Dietary interventions for depression

There is a growing interest in the relationship between 
dietary patterns and depression. Emerging evidence has 
suggested that diet has a strong influence on neurological 
processes and emotional behavior because it strongly affects 
the gut microbiota[99,100]. Long-term anti-inflammatory 
dietary patterns may prevent depression, whereas pro-
inflammatory patterns may promote depression-related 
conditions[100,101]. However, the mechanisms underlying 
this relationship are currently unclear. A “Western” dietary 
pattern, which is characterized by high consumption of 
sweet and fatty food, fried and processed food, refined 
grains, red meat, and high-fat dairy products, with low 
consumption of fruits and vegetables, is associated with 
a higher incidence of depression[102-104]. In a randomized 
controlled trial, a Mediterranean-style dietary pattern 
supplemented with fish oil has shown to improve the mental 
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health of patients with depression[103]. A  health survey 
that included 521 municipal employees (309 men and 
212 women) aged 21 – 67 years has shown an association 
between less depressive symptoms and a healthy Japanese 
dietary pattern, consisting of a high intake of vegetables, 
fruits, mushrooms, and soy products[105]. A healthy dietary 
pattern is characterized by a high intake of vegetables, 
fruits, nuts, grains, seeds, and legumes, as well as a 
moderate consumption of dairy products, eggs, and fish. 
Investigations have shown that a number of nutrients, 
including magnesium, zinc, folate, Vitamin D, Vitamin 
B12, Vitamin B6, and Vitamin E, which are all abundant in 
fruits and vegetables, are associated with reduced risk of 
depression[106-108]. These nutrients can modulate depressive 
symptoms through various mechanisms, two of which 
include regulating serotonin biosynthesis and the HPA axis 
as well as inhibiting glutamate signaling, inflammation, 
and oxidative stress[109,110].

Meta-analyses have shown that omega-3 
polyunsaturated fatty acids (particularly eicosapentaenoic 
acid [EPA] and docosahexaenoic acid [DHA]) have a 
beneficial effect on mood in patients with MDD[111,112]. 
A study has shown that the long-term supplementation of 
omega-3 polyunsaturated fatty acids (80% EPA plus 20% 
DHA) restored the disturbed gut microbiota composition 
in early-life stress (maternal separation)-treated rats[113]. 
A  deficiency of omega-3 can substantially impair CNS 
development, with symptoms first appearing as early as 
adolescence, such as decreased sociability and increased 
depressive-like behaviors. An increase in abundance of 
Firmicutes and a decrease in abundance of Bacteroidetes in 
fecal microbiota have been observed in omega-3 deficiency 
mice during adolescence. Omega-3 supplementation has 
shown to induce a higher abundance of Bifidobacterium 
and Lactobacillus but a lower abundance of Anaeroplasma, 
Clostridium, and Peptostreptococcaceae in adult mice[114]. 
Grosso et al. have reviewed other evidence and mechanisms 
of omega-3 in depression, including the modulation of 
serotoninergic and dopaminergic transmission as well 
as the inhibition of chronic systemic inflammation by 
omega-3[115].

Healthy dietary patterns promote a higher growth of gut 
probiotics. For example, prebiotics from healthy dietary 
patterns selectively promote the growth and activity of 
Bifidobacteria and Lactobacilli, conferring positive health 
outcomes to the host[66]. The most well-studied prebiotics 
are fructo-oligosaccharides (FOS), inulin, and galacto-
oligosaccharides (GOS)[66]. GOS feeding has shown to 
elevate BDNF and D-serine expression and N-methyl-D-
aspartate pathway in the hippocampus as well as increase the 
levels of gut peptide YY in rat plasma[116]. In a clinical study 

with human subjects, an anxiolytic-like effect was observed 
with GOS supplementation, as evidenced by decreased 
waking salivary cortisol reactivity and altered attentional 
vigilance compared to placebo[117]. The cortisol arousal 
response, which can increase under stress, is a marker of 
HPA axis activity[118,119]. A  mixture of GOS and FOS has 
shown to reduce corticosterone and pro-inflammatory 
cytokine release as well as anxiety-like and depressive-like 
behaviors in chronic stress-treated mice. These benefits may 
be associated with increased cecal acetate and propionate 
and reduced butyrate concentrations by GOS and FOS 
administration[120]. A  mixture of GOS and polydextrose 
has shown to attenuate the negative scores of memory 
learning and anxiety-like behavior in an early-life maternal 
separation rat model, while a combined supplementation 
(Lactobacillus rhamnosus GG, polydextrose, and GOS) can 
enhance these benefits[121]. In another study, a synbiotic 
supplementation containing both prebiotics (GOS, FOS, 
and inulin) and probiotics (Lactobacillus acidophilus T16, 
Bifidobacterium bifidum BIA-6, Bifidobacterium lactis BIA-
7, and Bifidobacterium longum BIA-8) was given to patients 
undergoing hemodialysis for 12  weeks; it resulted in a 
significant improvement in serum BDNF concentrations 
and depressive symptoms compared to probiotic 
supplementation alone[122]. The systemic and neurological 
benefits induced by an increased growth of probiotics 
in the gut and the subsequently elevated levels of SCFAs 
in the circulation appear to be a possible explanation. 
SCFAs have been reported to promote hippocampal 
neurogenesis; suppress BBB damage, microglia activation, 
and neuroinflammation; as well as ameliorate depressive-
like behaviors in high fructose diet-fed mice exposed to 
chronic stress[52]. Marx et al.[123] and Bear et al.[99] have 
provided interesting reviews of the underlying mechanisms 
of action by which diet may influence mental and brain 
health.

However, not all studies show an association 
between depression and dietary interventions. In a large, 
randomized trial of 18,353 adults with 16,657 at risk of 
incident depression (no previous depression) and 1696 
at risk of recurrent depression, omega-3 supplements 
were not recommended in adults to prevent depression. 
Compared to placebo treatment, omega-3 treatment 
increased the risk of incident depression, but not recurrent 
depression[124]. A  systematic review and meta-analysis of 
28 controlled clinical trials have shown that probiotics, 
instead of prebiotics, yielded small but significant effects on 
depression and anxiety[125]. The conflicting findings from 
different studies may be due to various factors. Subjects 
may have recall bias when scales are used. In addition, 
depression can affect memory, food intake activity, and 
food preferences in subjects. It is difficult to ensure that 
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the subjects remain oblivious to the study hypothesis 
and content in addition to controlling all confounding 
variables.

6. Conclusion and future perspectives
The role of gut microbiota in depression has garnered 
widespread attention. The gut-brain axis is an interactive 
system that involves complex networks of neural, 
chemical, inflammatory, and immune interactions. This 
review describes some interesting research focus and 
pathophysiology of gut-brain interactions in depression, 
including serotonin, HPA axis, neuroinflammation, gut 

homeostasis, and SCFAs. Depression is characterized 
by low-grade systemic and neurological inflammation, 
leakage of the BBB and intestinal mucosal barrier, a high 
relative abundance of the pro-inflammatory species of 
gut microbiota, and a low abundance of SCFA-producing 
probiotics (Figure 1). Based on this, FMT and healthy 
dietary interventions are considered to be promising 
therapeutic strategies for depression (Figure 2).

Nevertheless, there are still many issues that need to be 
addressed in the future. Although several hypotheses have 
been reported, including pro-inflammatory mediators, 
oxidative stress, and endotoxin translocation, the 

Figure 2. Potential intervention strategies for depression via the gut-brain axis. Emerging interventions targeting the gut-brain axis, such as prebiotics, 
FMT, healthy dietary patterns, omega-3, and other micronutrients, are providing insights into the prevention and treatment of depression. A healthy 
composition of gut microbiota directly or indirectly induces the production of beneficial metabolites, including serotonin, bile acids, SCFAs, and amino 
acids, which facilitate communication between the gut and the brain. These beneficial metabolites modulate the brain from a “sad” pro-inflammatory state 
to a “happy” anti-inflammatory state.
BBB: Blood-brain barrier; BDNF: Brain-derived neurotrophic factor; FMT: Fecal microbiome transplantation; SCFAs: Short-chain fatty acids. Created 
with BioRender.com.
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mechanisms by which stress triggers leaky gut and BBB 
damage remain unclear. Changes in the composition of 
gut microbiota have been observed in animal models and 
also in patients with depression, but the causal relationship 
between bacterial dysbiosis and depression remains 
ambiguous. Although FMT and dietary therapies targeting 
gut homeostasis hold great promise for the treatment of 
depression, the conflicting results and limited research on 
the former have delayed clinical translation and application. 
Further studies are needed to resolve the contribution of 
potential confounders to these interactions.

FMT and dietary interventions may have a dual 
benefit: first, by directly repairing the gut damage and 
inflammatory state of the host; and second, by indirectly 
modulating the gut microbiota and metabolism. More 
research on the mechanisms of the gut-lung axis in 
both humans and animals will continue to contribute 
to the understanding of the bidirectional effects of 
neuroinflammation and gut microbiota in depression as 
well as in other psychological and neurological diseases. 
Consequently, it is anticipated that a well-understood 
and defined individualized program to treat and prevent 
depression will be developed.
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