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Gut Microbiota, Major Depressive Disorder (MDD), the fourth leading cause of disability,
Major Depressive affects 350 million people globally and shares genetic overlap with psychiatric
Disorders, Gut-  disorders like bipolar disorder and schizophrenia. Research suggests MDD is
Brain Axis, HPA linked to increased levels of pro-inflammatory cytokines, including interleukin,
AXis, Stress, indicating immune system involvement. Gut microbiota (GM) plays a crucial
Dysbiosis role in regulating the gut-brain axis, and gut dysbiosis can disrupt this axis,
leading to the production of harmful metabolites, immune mediators, and pro-
inflammatory cytokines. This negatively impacts neurotransmitter production,
such as norepinephrine, serotonin (5-HT), and dopamine, all essential in mood
regulation. Non-pharmacological approaches, including ketogenic diets,
calorie restriction, and intermittent fasting, have been shown to protect and
restore GM by improving intestinal barrier integrity and stimulating cell
regeneration. A healthy GM strengthens tight junctions and encourages
antimicrobial peptide production. Additionally, probiotics downregulate stress-
induced ‘GABA’ mRNA expression in the amygdala and prefrontal cortex,
reducing corticosterone levels. This helps prevent gut leakage, reverses stress-
induced HPA axis activation, and shows promise in minimizing depressive

thoughts and behaviors.
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Introduction

MDD is a devastating disease having complex and multidimensional manifestations and is
widely distributed in populations with substantial symptom severity and impairment of day-to-
day work. According to the Global Burden of Disease research, depression is regarded as the
fourth most common cause of disability, with approximately 350 million people being affected
implicating a significant impact on public health. The average lifetime prevalence of MDD in
European nations was found to be 11.32 per cent, while the average 12-month prevalence was
found to be 5.2 per cent.!

Various possible pathophysiological mechanism of MDD involves boosted levels of the pro-
inflammatory cytokine interleukin IL-6, acute phase C-reactive protein (CRP), malfunction of
the glucocorticoid receptor with hyperactivity of the HPA-axis and lower levels of vitamin D.
23 Frequently unrecognized and underdiagnosed, Major depressive disorders are challenging
to treat. Unemployment, poor socio-economic status, chronic/life-threatening disease, sexual
and physical abuse, psychological neglect and negative family environment, domestic violence
exposure, and separation of children from parents due to death or divorce are predominant
stressful events and risk factors related to MDD.!* Disorders, such as bipolar and schizophrenia
disorders genetically overlap with MDD. Previous meta-analyses indicate elevated cortisol
levels with MDD in patients with involvement of the HPA axis in patients with MDD.?® Long-
term treatment with a synthetic glucocorticoid is connected with a higher risk for MDD, suicide
and other severe neuropsychiatric disorders.*®

Psychotherapy and pharmacotherapy using monoaminergic antidepressants are two major
verticals and first-line agents for the management of MDD. Various guidelines conclude that
therapy should be used to treat moderate-to-severe depression episodes with combination
therapy. Even when combined, psychosocial treatments and conventional pharmaceuticals for
depression are only successful in roughly 74% of patients. More than 30% of patients do not
respond to monoaminergic antidepressants which lately results in relapse indicating other
biological mechanism underlying MDD. One of the frequent hypotheses is the impairment of
gut and brain communication, resulting in disorders of gut-brain interaction which was earlier
known as functional gastrointestinal disorders.” Abnormal eating habits have a negative
influence on the physical or mental health of the patient. Human—microbe symbiosis extends
the significant benefit to human mental health, and several evidence also supports the
hypothesis of communicating in both directions among the gut and brain axis.®® In recent
years, environmental exposures and an unhealthy diet have influenced the gut microbial
composition which are highly associated with the increased incidence of depression.
Antibiotics also play a crucial role in the subsequent development of depression due to the
reduction in the diversity of the gut microbiota.’®'® The gut microbiota and the host have a
symbiotic connection that is controlled by a complex network of interactions, including
metabolic, immunological, and neuroendocrine crosstalk. Through a number of channels,
including nerves, the HPA axis, and the immune system, the gut-brain axis links the brain and
gut. Depression is likely the result of a dysfunctional brain-gut axis caused by factors like
psychological stress and diseases that affect one or more brain-gut axis pathways.'* It was
reported that through humoral and neural pathways the gut microbiota can influence behavior
and brain activity and also have treatment for neuropsychiatric disorders.>°

Chronic stress disrupts the gut microbiota as well as the mind and the stress response system.
2021 Analysis of genes of gut microbes through recent developments in metagenomics has
attained tremendous importance in the field of gut microbiota over the last decade. After
weaning, nutrition has a substantial impact on the gut microbiota; bad diets drastically disrupt
the microbiome and raise the prevalence of depression. Existing research studies reveal that
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the use of probiotics, prebiotics and a healthy diet can help in recovering the gut microbiota
that will help in improving gut-brain axis function which would play an important role in the
treatment of mental illnesses including depression.??

Gut microbiota and the gut-brain axis

Microbiota refers to diverse populations of microorganisms present in the body’s various
ecosystems. ‘Gut microbiota’ refers to a diverse array of bacteria, archaea, helminth parasites,
protozoa and eukarya colonising the GI tract which is estimated to exceed 10** bacterial cells.
Gut microbes confer various benefits and are key to many aspects of human health including
immunity, metabolism and neurobehavioural traits. Predominantly bacteria from 3 major phyla
including Actinobacteria, Bacteroides, and Firmicutes are present in diverse gastrointestinal
microbiota.?® The study demonstrated that the gut-brain signaling via the vagus nerve, in
combination with oral treatment with Lactobacillus rhamnosus JB-1, could mediate anxiolytic
and antidepressive-like effects.?* These microorganisms harbour 50-100-fold more genes
leading to functional expansion of the host genome. These genes code for several enzymes and
proteins which in turn play an essential role in improving host metabolism & regulation of host
physiology. Earlier research concluded that defects in brain processes which is a brain-centric
perspective were solely responsible for the development of mental illness without considering
the impact of the metabolic and immune systems of the body on the development and complex
functions of the brain. Various studies have reported that the key regulator of the gut-brain axis
is gut microbiota. Diverse microorganisms residing in the human gut referred to as gut
microbiota (GM) has the ability to produce various metabolites along with immunological and
neurochemical factors in the gut which ultimately has a significant impact on the nervous
system.?>?

Various functionally important metabolites are produced by GM including bile acids,
catecholamines, Short chain fatty acids (SCFAS) like acetic acid, butyric acid, isovaleric acid,
isobutyric acid etc and lipopolysaccharides (LPS). In addition to metabolites various
neurotransmitters including histamine, dopamine, 5 HT, melatonin, glutamate and gama amino
butyric acid (GABA) and hormones including cholecystokinin, glucagon-like peptide-1, leptin
and ghrelin are produced by GM which significantly interacts with CNS and enteric nervous
system (ENS).?’

A complex communication exists between the gut and brain which ensure appropriate
maintenance of gastrointestinal homeostasis with multiple effects on cognitive functions.
Various intestinal functions including gastric reflex, gastro-endocrine signalling and immune
activation are monitored and integrated through the gut-brain axis via neuro-immuno-
endocrine mediators. CNS, ANS, spinal cord, brain, and HPA (hypothalamic pituitary adrenal)
axis mediate this bidirectional communication network.?® There is evidence that specific gut
microbiota play an important role in the modulation of tryptophan into various metabolites,
including kynurenine, indoles, and tryptamine, among others. The metabolites of tryptophan
can act on the CNS through vagal afferents or through neuroendocrine mechanisms.?-? It was
also reported that the intricate connection between diet, the gut, and certain gut microbes, and
brain diseases by investigating how gut microbes interact with dietary tryptophan, which
produces a number of neuroactive metabolites implicated in several brain disorders.®® HPA
axis is a part of the limbic system which is a stress-efferent axis responsible for mediating
responses towards stress through hypothalamic secretion of the corticotropin-releasing factor
(CRF). Corticotropin-releasing factor (CRF) stimulates the secretion of corticotropin from the
pituitary which intern stimulates cortisol release which is a major stress hormone from the
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adrenal gland which, in turn, influences gastric effector cells, immune cells, epithelial cells,
gastric neurons and smooth muscle cells. Patients with acute-stress paradigms have been found
to be associated with increased intestinal permeability and elevated levels of cortisol which
implicates mucosal inflammation and alteration of gut functions.®* Chronic activation of HPA
due to gut dysbiosis in turn activates systemic inflammatory pathways which leads to an
increase in the synthesis of reactive oxygen species (ROS) and reactive nitrogen species (RNS).
Elevated levels of RNS and ROS cause substantial damage to DNA and proteins in
mitochondria with elevated levels of malondialdehyde and 4-hydroxynonenal, by-products of
lipid peroxidation observed in depressed patients. Endogenous antioxidants including
melatonin, glutathione, and glutathione peroxidase play a protective role in mitochondrial
functions and regulation of cAMP/circadian genes. Stress-induced elevated levels of ROS and
RNS reduce levels of endogenous antioxidation dysregulating cAMP/circadian genes and
modifying behavioural patterns.®®

Gut microbiota improves metabolic efficiency conferring better metabolism of amino acids,
polysaccharides, micronutrients and xenobiotics which was detected through analysis of 16S
rRNA and metagenomic sequencing of Human faecal samples.*® Fermentation of the majority
of the soluble dietary fibre (SDF) and unabsorbed starch is through Gut microbiota directing
to the establishment of SCFAs such as butyrate, propionate, acetate & pentanoate which
contributes 70 per cent of the production of ATP in epithelial cell proliferation, colon, and
activation of G-protein—coupled cell surface receptors 41 (GPR41) and 43. These GPR43 and
GPR41 regulates the balance of microglia cytes affecting affect brain-gut axis activity.
SCFAs are also found to stimulate the production of serotonin through gut endocrine cells
which is a predominant monoamine neurotransmitter with a significant part in the regulation
of anxiety/depression development and normal mood.>” Any disturbance in intestinal
microbes disrupts the release of monoamine neurotransmitters including serotonin, dopamine,
y-aminobutyric acid and histamine leading to disturbance in the stability of the HPA axis. The
irritable bowel syndrome (IBS) is often considered the prototypical gut-brain disease due to its
sensitivity to probiotics.*® Altered gut microbiota causes irritable bowel syndrome (IBS) with
an elevated postprandial level of serotonin in plasma and was found to be associated with
depressive symptoms and anxiety trait.3®4% SFAs can penetrate the blood-brain barrier and are
also involved in the production of neurotransmitters including norepinephrine and 5-HT.
Neurotransmitters, their metabolites and SFAs modulate various immune system pathways and
intestinal permeability which also influences behaviour, memory, learning, locomotion, and
neurodegenerative disorders. Hence any changes in the composition of microbiota lead to
changes in neural activity and brain which are well assessed by magnetic resonance imaging.**
Anila studies have shown that gut microbiota causes dysregulation of HPA axis leading to a
reduced level of 5-HIAA, norepinephrine, and 5-HT in the depressed mice’ hypothalamus with
the presence of differential bacteria taxa in the mice gut.*>*3

Patients with depression are associated with low-diversity dysbiosis including reduced levels
of Lactobacillus, Faecalibacterium, Firmicutes, Bifidobacterium, and Ruminococcus phyla,
while levels of Bacteroides, Provotella, and Proteobacteria get elevated levels. This leads to
altered microbiota increasing stress which in turn causes hyperactivity of the HPA axis halting
the release of cortisol.** The most widely used tool for the assessment of the interaction of
intestinal microbes with brain function and behaviour is found to be germ-free (GF) mice. Stool
transplantation from patients with gut dysbiosis in the gut of germ-free (GF) mice discloses the
interaction of gut microbiota with animals' behaviour through the microbiota-gut-brain axis.*®
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Gut microbiota and Immune system

Epithelial cells of the gastrointestinal (GI) tract composed of a single layer of different
intestinal epithelial cells that act as a major line of defence providing a physical barrier for
pathogens working in coordination with immune and stromal cells. Various peptides such as
lysozyme C, alpha-defensins, C-type lectin, and phospholipases are produced by Paneth,
Goblet, and enteroendocrine cells with anti-microbial properties. Development of regulatory T
cells is promoted through the translocation of luminal antigen-presenting cells to CD103C
dendritic cells which serve as a defence mechanism. Junction adhesion molecules comprising
occludins, claudins, and zonula occludens act as intestinal barrier machinery simultaneously
regulating the permeability of the gut. LP-lymphocytes, Peyer’s patches, and intraepithelial
lymphocytes are lymphoid tissues present in the gut that constitutes an adaptive immune system
and it helps to the protection of the intestinal barrier via releasing immunoglobulins.*®
Experimental studies on germ-free animals suggest that for optimum development of the
immune system microbiota colonization is a crucial stage. In case of poor microbiota
colonization gut mucosal immunity remains underdeveloped with the presence of small payer
patches and lymph nodes accompanied by decreased numbers of immune cells such as
CD4+LP T-cells, IgA-producing plasma cells, and intraepithelial off T-cell receptor CD8+ cells
which compromises gut immunity.*’

Gut dysbiosis and leaky gut frequently trigger stress which triggers the immune system via the
HPA axis causing increased release of pro-inflammatory cytokines including I1L-6, IL-1 beta,
sIL-2R, IL-18, interferon-gamma (INF-y), and CRP. A significant correlation exists between
depression and degenerative, inflammatory, genetic, and functional with the bidirectional
association between cytokines and behavioural alterations.*® Patients with gut dysbiosis had
elevated blood circulating biomarkers including protein zonulin, lipopolysaccharide (LPS)
endotoxins, gut inflammatory proteins, Lipopolysaccharide-binding protein (LBP) and sCD14
indicating compromised intestinal barrier.*® Binding of LPS with sCD14 in the cell wall of
gram (-ve) bacteria stimulates the release of pro-inflammatory cytokines triggering adaptive
immune response mediated through IgA- and IgM antibodies. This systemic inflammation due
to translocation of commensal gram(-ve) bacteria due to improved intestinal permeability with
triggered cytokinin-mediated immune response had been a role play in depressive patients.*
LPS is crucial for the activation of the toll-like receptor (TLR)-4, which in turn promotes the
nucleotide-binding oligomerization domain-containing proteins (NBODPs)-1 and/or -2, which
has additional effects on depression. Increased gut permeability due to gut barrier dysfunction
causes translocation of LPS from the gut to the brain leading to blood-brain barrier dysfunction
with a further negative effect on brain functions.®*

Gut Microbiota and Depression

The research suggests a connection between gut microflora and depression. Any changes in
gut microbiota composition may increase microbial lipopolysaccharide production which leads
to inflammatory response activation. The inflammation and depression work like a vicious
cycle. The inflammation may cause depression and depression decreases cytokines responses
which ultimately leads to inflammation.>? The vagus nerve receives the signal from cytokines
which is responsible for behavioural effects due to the linking between the vagus nerve and the
hypothalamic-pituitary-adrenal axis.>® The relation between composition and diversity of the
fecal microbiome was investigated, employing 1,054 participants from the Rotterdam Study
cohort with depressive disorders, and validated the results in 1,539 subjects in the Amsterdam
HELIUS cohort. The association of thirteen microbial taxa, including genera Subdoligranulum,
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Lachnoclostridium, Eggerthella, Sellimonas, Hungatella, Ruminococcaceae (UCG002,
UCGO003 and UCGO005), Coprococcus, LachnospiraceaeUCGO001,
Ruminococcusgauvreauiigroup, Eubacterium ventriosum and family Ruminococcaceae with
depressive symptoms was identified. Several important neurotransmitters for depression are
made by these bacteria, including butyrate, glutamate, gamma amino butyric acid (GABA),
and serotonin.> Microbial flora can be used to control the working and development of HPA
axis which is responsible for depression. The disturbance in microbial flora can lead to
dysregulation of HPA axis which causes depression. Clinical studies explain depression by
activating the kynurenine pathway. The activation of the kynurenine pathway is due to
gastrointestinal tract inflammation which causes neuroinflammation. It also affects the
production of various neurotransmitters through the neurotransmission process.® In recent
years it has been noted that microbiomes play important role in depression.®® The person
should have stable microbial flora to avoid neurological disorders. The choice of diet and lack
of exercise can worsen the condition in microbial flora causing depression. The diet routinely
consumed in western countries can disturb the microbial flora which can induce depression.
High-fat-content food can also induce inflammation which leads to depression.® The correct
number of probiotics can reduce depression and anxiety by managing microbial flora. The
major factor for dysbiosis is a sedentary lifestyle. The exercise can help maintain the balance
between pathogenic gut flora and beneficial microbiota.>® The relationship between GM and
exercise is not clear. Disturbance in sleep or lack of sleep may trigger depressive symptoms. A
sound sleep of 7-9 hours is an ideal recommendation for adults to maintain microbiota balance
and lack of depression.® It is essential to accurately identify changes in featured microbes that
occur in individuals with mental disorders because there may be significant differences in the
composition of their gut microbiome among individuals to provide personalized mental
disorder treatment through the targeting of gut microbiota.®

The levels and spread of potent pro-inflammatory endotoxin named lipopolysaccharide are
affected by dysbiosis which leads to a change in intestinal permeability. Lipopolysaccharide
plays a major role in the modulation of the central nervous system.%! The activity of the
amygdala affecting the areas of emotionalism is changed due to increasing levels of endotoxin.
The brain activity is affected by increasing levels of cytokines which alters neuropeptide
synthesis. The altered levels of cortisone also affect anxiety levels.®®3 It is also seen that
neuropsychiatric parameters like sleep, mood and appetite are affected by intestinal microbiota
secreted neuroactive molecules. The many kinds of neurotransmitters like acetylcholine can be
secreted by lactobacillus subspecies which can regulate mood, memory and learning abilities.
The anxiety caused by increasing levels of cortisone can be inhibited by intestinal microbiota
through HPA axis.®* Brain-derived Neurotropic factor (BDNF) production and activity play a
major role in mood disorders. The administration of antibiotics and probiotics like oligo-
saccharide and galactic-saccharide can increase the levels of BDNF in the hippocampus and
periphery. It becomes clear that modulating complex behaviours such as social ability and
anxiety in person is seen due to an imbalance between gut bacteria and the CNS.%® Few of the
short-chain fatty acids metabolized by gut bacteria have an impact on the neuroactive properties
of the person. The imbalance in gut microbiota can also cause the alteration of stress hormones
corticotropin-releasing factor (CRF) and cortisol. It is also seen that gut microbiota can change
human behaviour by acting with personality traits.5-%” Due to changes in gut microbiota, it is
also observed that a person’s hunger is decreased and preference for healthier food is relatively
increased which is due to a change in neural response towards food.% Numerous
Neurotransmitters like serotonin and melatonin concentration in the body is dependent on the
regulation and amount of amino acids which are regulated by gut microbiota.®® Researchers
have shown that Selective Serotonin Reuptake Inhibitors exert their therapeutic effects via the
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vagus nerve. This provides further evidence that the vagus nerve plays an important role in
maintaining beneficial microbiota in the gut.”® The gut-brain axis is implicated not only in
depression, but also in reactions to vertically during pregnancy, psychiatric drugs, autism, and
several other diseases.”*"?> Evidences that GM can affect homeostatic emotions which
indirectly affects a person’s mood or energy levels. The various regions of the brain are in
constant communication with internal organs most importantly with the gut so the microbiota
can send the signals to the brain for cognition, memory and mood by regulation of various
metabolites.” The multidirectional relationship is established between gut microbiota and the
central nervous system still the exact mechanism needs to be established for the effect of
microbiota on mood.

Conclusion

MDD is a debilitating disorder characterized by depression, anorexia, negative thinking,
insomnia and in severe cases suicidal thoughts. The co-relation between the microbiota and
key depression can be illuminated through the Mendelian Randomization. A positive
correlation has been established in various studies between gut dysbiosis and depression as gut
dysbiosis is an important risk factor in the development of MDD and more severe cases of
mental illness. The composition of gut microbiome may also leads to depression. Gut dysbiosis
causes dysregulation of the gut-brain axis which in turn increases the production and release
of toxic metabolites, immune mediators and proinflammatory cytokines. It also has a negative
impact on the production of neurotransmitters including norepinephrine, 5-HT, and dopamine
which plays a significant role in depressive illness.

Proper care and restoration of GM through non-pharmacological approaches like ketogenic
diets, calorie restriction, and intermittent fasting improves the integrity of the intestinal
epithelial barrier and stimulates the regeneration of intestinal cells through the production of
mucin and raised levels of SCFAs. Balanced and healthy GM promotes the synthesis of
antimicrobial peptides by epithelial cells and reinforces tight junctions. Supplementations with
probiotics downregulate stressed-induced GABA Aa2mRNA expression in the prefrontal
amygdala and cortex which in turn reduces corticosterone levels. It also prevents gut leakage
with the reversal of stress-induced HPA axis activation and has shown promising results in
minimizing negative thoughts and behaviour. In order to identify and comprehend the crucial
role of gut microbiota, and to build the understanding of its importance, larger and more
carefully designed studies are required. Further research is necessary to understand the
interactions between gut microbiota, diet and disease.

Declaration:

Funding: The authors declare that no funds, grants, or other support were received during the
preparation of this manuscript.

Conflict of interest: The authors have no relevant financial or non-financial interests to
declare.

Ethical Consideration: There is no ethical issue.

3347 |Page



SEE/PH

Role of Gut Microbiota in Major Depressive Disorders: A review
SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025

Author’s Contribution: Dr. Rima Shah (RS) and Dr. Heeya Shah (HS) has designed the
concept of the study. Dr. Hiren Sanghani (HS), Dr. Heli Shah (HS) has done literature review
and data collection and analysis. Dr. Sudeshna Banerjee Dutta (SD), Dr. Aditya Kadewal (AD)
has contribution in manuscript writing. Dr. Rima Shah (RS) has reviewed the manuscript draft
and done all necessary corrections.

References

1.

10.

11.

12.

13.

14.

15.

16.

Ferrari AJ, Charlson FJ, Norman RE, et al. The epidemiological modelling of major

depressive disorder: application for the Global Burden of Disease Study 2010. PLoS

One. 2013;8(7):e69637. doi: 10.1371/journal.pone.0069637.

Hinkelmann K, Moritz S, Botzenhardt J, et al. Cognitive impairment in major

depression: association with salivary cortisol. Biol Psychiatry. 2009;66(9):879-85. doi:

10.1016/j.biopsych.2009.06.023.

Nelson JC, Davis JM. DST studies in psychotic depression: a meta-analysis. Am J

Psychiatry. 1997;154(11):1497-503. doi: 10.1176/ajp.154.11.1497.

Belvederi Murri M, Pariante C, Mondelli V, et al. HPA axis and aging in depression:

systematic review and meta-analysis. Psychoneuroendocrinology. 2014;41:46-62. doi:

10.1016/j.psyneuen.2013.12.004.

Goodyer IM, Herbert J, Tamplin A, et al. Recent life events, cortisol,

dehydroepiandrosterone and the onset of major depression in high-risk adolescents. Br

J Psychiatry. 2000;177:499-504. doi: 10.1192/bjp.177.6.499.

Harris TO, Borsanyi S, Messari S, et al. Morning cortisol as a risk factor for

subsequent major depressive disorder in adult women. Br J Psychiatry. 2000;177:505-

10. doi: 10.1192/bjp.177.6.505.

Mayer EA, Knight R, Mazmanian SK, et al. Gut microbes and the brain: paradigm shift

in neuroscience. J Neurosci. 2014;34(46):15490-6. doi: 10.1523/JNEUROSCI.3299-

14.2014.

Breit S, Kupferberg A, Rogler G, et al. Vagus nerve as modulator of the brain-gut axis

in psychiatric and inflammatory disorders. Front Psychiatry. 2018;9:44. doi:

10.3389/fpsyt.2018.00044.

Grenham S, Clarke G, Cryan JF, et al. Brain-gut-microbe communication in health and

disease. Front Physiol. 2011;2:94. doi: 10.3389/fphys.2011.00094.

Pouranayatihosseinabad M, Bezabih Y, Hawrelak J, et al. Antibiotic use and the

development of depression: A systematic review. J Psychosom Res. 2022;111113. doi:

10.1016/j.jpsychores.2022.111113.

Guida F, Turco F, lannotta M, et al. Antibiotic-induced microbiota perturbation causes

gut endocannabinoidome changes, hippocampal neuroglial reorganization and

depression in mice. Brain Behav  Immun.  2018;67:230-45.  doi:

10.1016/j.bbi.2017.09.001.

Marx W, Lane M, Hockey M, et al. Diet and depression: exploring the biological

mechanisms of action. Mol Psychiatry. 2021;26(1):134-50. doi: 10.1038/s41380-020-

00925-x.

Herselman MF, Bailey S, Bobrovskaya L. The effects of stress and diet on the “brain-

gut” and “gut-brain” pathways in animal models of stress and depression. Int J Mol

Sci. 2022;23(4):2013. doi: 10.3390/ijms23042013.

Liu RT, Rowan-Nash AD, Sheehan AE, et al. Reductions in anti-inflammatory gut

bacteria are associated with depression in a sample of young adults. Brain Behav

Immun. 2020;88:308-24. doi: 10.1016/j.bbi.2020.03.026.

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut microbiota

on brain and behaviour. Nat Rev Neurosci. 2012;13(10):701-12. doi: 10.1038/nrn3346.

Dinan TG, Cryan JF. Melancholic microbes: a link between gut microbiota and

depression? Neurogastroenterol Motil. 2013;25(9):713-9. doi: 10.1111/nmo.12198.
3348 |Page



SEE/PH

17

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Role of Gut Microbiota in Major Depressive Disorders: A review
SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025

.Cryan JF, Dinan TG. Microbiota and neuroimmune signalling—Metchnikoff to
microglia. Nat Rev  Gastroenterol Hepatol. 2015;12(9):494-6. doi:
10.1038/nrgastro.2015.127.

Desbonnet L, Clarke G, Shanahan F, et al. Microbiota is essential for social
development in the mouse. Mol Psychiatry. 2014;19(2):146-8. doi:
10.1038/mp.2013.65.

Hsiao EY, McBride SW, Hsien S, et al. Microbiota modulate behavioral and
physiological abnormalities associated with neurodevelopmental disorders. Cell.
2013;155(7):1451-63. doi: 10.1016/j.cell.2013.11.024.

Winter G, Hart RA, Charlesworth RPG, et al. Gut microbiome and depression: what
we know and what we need to know. Rev Neurosci. 2018;29(6):629-43. doi:
10.1515/revneuro-2017-0072.

Hu X, Wang T, Liang S, et al. Antibiotic-induced imbalances in gut microbiota
aggravate cholesterol accumulation and liver injuries in rats fed a high-cholesterol diet.
Appl Microbiol Biotechnol. 2015;99(21):9111-22. doi:10.1007/s00253-015-6753-4.

De Filippo C, Cavalieri D, Di Paola M, et al. Impact of diet in shaping gut microbiota
revealed by a comparative study in children from Europe and rural Africa. Proc Natl
Acad Sci U S A. 2010;107(33):14691-6. doi:10.1073/pnas.1005963107.

Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J.
2017;474(11):1823-36. doi:10.1042/BCJ20160510.

Bravo JA, Forsythe P, Chew MV, et al. Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc Natl Acad  Sci U S A 2011;108(38):16050-5.
doi:10.1073/pnas.1102999108.

Ni JJ, Xu Q, Yan SS, et al. Gut Microbiota and Psychiatric Disorders: A Two-Sample
Mendelian ~ Randomization  Study.  Front  Microbiol.  2022;12:737197.
doi:10.3389/fmich.2021.737197.

Liang S, Wu X, Hu X, et al. Recognizing Depression from the Microbiota-Gut-Brain
Axis. Int J Mol Sci. 2018;19(6):1592. doi:10.3390/ijms19061592.

Agus A, Planchais J, Sokol H. Gut Microbiota Regulation of Tryptophan Metabolism
in Health and Disease. Cell Host Microbe. 2018;23(6):716-24.
d0i:10.1016/j.chom.2018.05.003.

Vanuytsel T, van Wanrooy S, Vanheel H, et al. Psychological stress and corticotropin-
releasing hormone increase intestinal permeability in humans by a mast cell-dependent
mechanism. Gut. 2014;63(8):1293-9. doi:10.1136/gutjnl-2013-305690.

Martin CR, Osadchiy V, Kalani A, et al. The brain-gut-microbiome axis. Cell Mol
Gastroenterol Hepatol. 2018;6(2):133-48. doi:10.1016/j.jcmgh.2018.04.003.

Yano JM, Yu K, Donaldson GP, et al. Indigenous bacteria from the gut microbiota
regulate host serotonin biosynthesis. Cell. 2015;161(2):264-76.
doi:10.1016/j.cell.2015.02.047.

Tolhurst G, Heffron H, Lam YS, et al. Short-chain fatty acids stimulate glucagon-like
peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes.
2012;61(2):364-71. doi:10.2337/db11-1019.

Wikoff WR, Anfora AT, Liu J, et al. Metabolomics analysis reveals large effects of gut
microflora on mammalian blood metabolites. Proc Natl Acad Sci U S A.
2009;106(10):3698-703. doi:10.1073/pnas.0812874106.

Horn J, Mayer DE, Chen S, et al. Role of diet and its effects on the gut microbiome in
the pathophysiology of mental disorders. Transl Psychiatry. 2022;12(1):164.
d0i:10.1038/s41398-022-01922-0.

Maes M, Kubera M, Leunis JC, et al. In depression, bacterial translocation may drive
inflammatory responses, oxidative and nitrosative stress, and autoimmune responses

3349 |Page



SEE/PH

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

Role of Gut Microbiota in Major Depressive Disorders: A review
SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025

directed against damaged neoepitopes. Acta Psychiatr Scand. 2013;127(5):344-54.
d0i:10.1111/j.1600-0447.2012.01908.x.

Gill SR, Pop M, Deboy RT, et al. Metagenomic analysis of the human distal gut
microbiome. Science. 2006;312(5778):1355-9. doi:10.1126/science.1124234.

Canfora EE, Jocken JW, Blaak EE. Short-chain fatty acids in control of body weight
and insulin  sensitivity. Nat Rev  Endocrinol. 2015;11(10):577-91.
d0i:10.1038/nrendo.2015.128.

Reigstad CS, Salmonson CE, Rainey JF 3rd, et al. Gut microbes promote colonic
serotonin production through an effect of short-chain fatty acids on enterochromaffin
cells. FASEB J. 2015;29(4):1395-403. doi:10.1096/fj.14-259598.

Ramsteijn AS, JaSarevi¢c E, Houwing DJ, et al. Antidepressant treatment with
fluoxetine during pregnancy and lactation modulates the gut microbiome and
metabolome in a rat model relevant to depression. Gut Microbes. 2020;11(4):735-53.
d0i:10.1080/19490976.2019.1705728.

van de Wouw M, Boehme M, Lyte JM, et al. Short-chain fatty acids: microbial
metabolites that alleviate stress-induced brain-gut axis alterations. J Physiol.
2018;596(20):4923-44. doi:10.1113/JP276431.

Parada Venegas D, De la Fuente MK, Landskron G, et al. Short-chain fatty acids-
mediated gut epithelial and immune regulation and its relevance for inflammatory
bowel diseases. Front Immunol. 2019;10:277. doi:10.3389/fimmu.2019.00277.

Rea K, Dinan TG, Cryan JF. The microbiome: A key regulator of stress and
neuroinflammation. Neurobiol Stress. 2016;4:23-33. doi: 10.1016/j.ynstr.2016.03.001.
Lyte M. Microbial endocrinology: Host-microbiota neuroendocrine interactions
influencing brain and behavior. Gut Microbes. 2014;5(3):381-9. doi:
10.4161/gmic.28682.

Barden N. Implication of the hypothalamic-pituitary-adrenal axis in the
physiopathology of depression. J Psychiatry Neurosci. 2004;29(3):185-93.

Juruena MF, Cleare AJ, Pariante CM. O eixo hipotalamo-pituitaria-adrenal, a fungéo
dos receptores de glicocorticoides e sua importancia na depressdo. Braz J Psychiatry.
2004;26(3):189-201. doi: 10.1590/s1516-44462004000300009.

Luo Y, Zeng B, Zeng L, et al. Gut microbiota regulates mouse behaviors through
glucocorticoid receptor pathway genes in the hippocampus. Transl Psychiatry.
2018;8(1):187. doi: 10.1038/s41398-018-0240-5.

Mayerhofer R, Frohlich EE, Reichmann F, et al. Diverse action of lipoteichoic acid and
lipopolysaccharide on neuroinflammation, blood-brain barrier disruption, and anxiety
in mice. Brain Behav Immun. 2017;60:174-87. doi: 10.1016/j.bbi.2016.10.011.
Buckley MM, O'Mahony SM, O'Malley D. Convergence of neuro-endocrine-immune
pathways in the pathophysiology of irritable bowel syndrome. World J Gastroenterol.
2014;20(27):8846-58. doi: 10.3748/wjg.v20.i27.8846.

Maes M, Kubera M, Leunis JC. The gut-brain barrier in major depression: intestinal
mucosal dysfunction with an increased translocation of LPS from gram-negative
enterobacteria (leaky gut) plays a role in the inflammatory pathophysiology of
depression. Neuro Endocrinol Lett. 2008;29(1):117-24.

Maes M, Simeonova D, Stoyanov D, et al. Upregulation of the nitrosylome in bipolar
disorder type 1 and major depression, but not BP2: Increased IgM antibodies to
nitrosylated conjugates are associated with indicants of leaky gut. Nitric Oxide.
2019;91:67-76. doi: 10.1016/j.niox.2019.07.003.

Kiecolt-Glaser JK, Derry HM, Fagundes CP. Inflammation: depression fans the flames
and feasts on the heat. Am J Psychiatry. 2015;172(11):1075-91. doi:
10.1176/appi.ajp.2015.15020152.

3350 | Page



SEE/PH

51

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Role of Gut Microbiota in Major Depressive Disorders: A review
SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025

. Kelly JR, Keane VO, Cryan JF, et al. Mood and microbes: Gut to brain communication
in  depression. Gastroenterol Clin  North  Am. 2019;48(3):389-405. doi:
10.1016/j.9tc.2019.04.006.

Clapp M, Aurora N, Herrera L, et al. Gut microbiota's effect on mental health: The gut-
brain axis. Clin Pract. 2017;7(4):987. doi: 10.4081/cp.2017.987.

Simkin DR. Microbiome and mental health, specifically as it relates to adolescents.
Curr Psychiatry Rep. 2019;21(9):93. doi: 10.1007/s11920-019-1075-3.

Radjabzadeh D, Bosch JA, Uitterlinden AG, et al. Gut microbiome-wide association
study of depressive symptoms. Nat Commun. 2022;13(1):7128. doi: 10.1038/s41467-
022-34502-3.

Heym N, Heasman BC, Hunter K, et al. The role of microbiota and inflammation in
self-judgement and empathy: implications for understanding the brain-gut-microbiome
axis in depression. Psychopharmacology (Berl). 2019;236(5):1459-70. doi:
10.1007/500213-019-05230-2.

Hirshkowitz M, Whiton K, Albert SM, et al. National Sleep Foundation's updated sleep
duration recommendations: final report. Sleep Health. 2015;1(4):233-43. doi:
10.1016/j.sleh.2015.10.004.

Haba R, Shintani N, Onaka Y, et al. Lipopolysaccharide affects exploratory behaviors
toward novel objects by impairing cognition and/or motivation in mice: Possible role
of activation of the central amygdala. Behav Brain Res. 2012;228(2):423-31. doi:
10.1016/j.bbr.2011.12.027.

Kastin AJ, Pan W. Concepts for biologically active peptides. Curr Pharm Des.
2010;16(30):3390-400. doi: 10.2174/138161210793563491.

Liu L, Zhu G. Gut-brain axis and mood disorder. Front Psychiatry. 2018;9:223. doi:
10.3389/fpsyt.2018.00223.

Xiong RG, Li J, Cheng J, et al. The role of gut microbiota in anxiety, depression, and
other mental disorders as well as the protective effects of dietary components.
Nutrients. 2023;15(14):3258. doi: 10.3390/nu15143258.

Vitetta L, Bambling M, Alford H. The gastrointestinal tract microbiome, probiotics,
and mood. Inflammopharmacology. 2014 Dec;22(6):333-9. doi: 10.1007/s10787-014-
0216-x.

Kali A. Psychobiotics: An emerging probiotic in psychiatric practice. Biomed J. 2016
Jun;39(3):223-4. doi: 10.1016/j.bj.2015.11.004.

Clarke G, Grenham S, Scully P, et al. The microbiome-gut-brain axis during early life
regulates the hippocampal serotonergic system in a sex-dependent manner. Mol
Psychiatry. 2013 Jun;18(6):666-73. doi: 10.1038/mp.2012.77.

Yarandi SS, Peterson DA, Treisman GJ, et al. Modulatory Effects of Gut Microbiota
on the Central Nervous System: How Gut Could Play a Role in Neuropsychiatric
Health and Diseases. J Neurogastroenterol Motil. 2016 Apr;22(2):201-12. doi:
10.5056/jnm15146.

Behary P, Miras AD. Food preferences and underlying mechanisms after bariatric
surgery. Proc Nutr Soc. 2015 Nov;74(4):419-25. doi: 10.1017/S0029665115002074.
Craig AD. How do you feel? Interoception: the sense of the physiological condition of
the body. Nat Rev Neurosci. 2002 Aug;3(8):655-66. doi: 10.1038/nrn894.

Mayer EA. Gut feelings: the emerging biology of gut-brain communication. Nat Rev
Neurosci. 2011 Jul;12(8):453-66. doi: 10.1038/nrn3071.

Han H, Yi B, Zhong R, et al. From gut microbiota to host appetite: gut microbiota-
derived metabolites as key regulators. Microbiome. 2021 Dec;9(1):1-6. doi:
10.1186/s40168-021-01093-y.

Everett BA, Tran P, Prindle A. Toward manipulating serotonin signaling via the
microbiota—gut—brain axis. Curr Opin Biotechnol. 2022 Dec;78:102826. doi:
10.1016/j.copbio.2022.102826.

3351 |Page



SEEJPH

70.

71.

72.

73.

Role of Gut Microbiota in Major Depressive Disorders: A review
SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025

Irum N, Afzal T, Faraz MH, et al. The role of gut microbiota in depression: an analysis
of the gut-brain axis. Front Behav Neurosci. 2023 Jun 2;17:1185522. doi:
10.3389/fnbeh.2023.1185522.

Sherman MP, Zaghouani H, Niklas V. Gut microbiota, the immune system, and diet
influence the neonatal gut-brain axis. Pediatr Res. 2015 Jan;77(1):127-35. doi:
10.1038/pr.2014.161.

Stasi C, Caserta A, Nisita C, et al. The complex interplay between gastrointestinal and
psychiatric symptoms in irritable bowel syndrome: a longitudinal assessment. J
Gastroenterol Hepatol. 2019 Apr;34(4):713-9. doi: 10.1111/jgh.14375.

Dinan TG, Cryan JF. The microbiome-gut-brain axis in health and disease.
Gastroenterol Clin North Am. 2017 Mar;46(1):77-89. doi: 10.1016/j.gtc.2016.09.007.

3352 |Page



