—

Chinese Journal of Laboratory Medicine

Microbial Influences on Adolescent Emotions: Navigating the
Gut-Brain Axis in Mood Disorders

Dr Srinidhi Rai 1, Janice DSA 2

I Additional Professor, Department of Biochemistry, K S Hegde Medical Academy, Nitte (Deemed to
be University) Mangalore, Karnataka

2Associate Professor, A J Institute of Medical Sciences and Research Centre, Mangaluru,
Karnataka, India

DOI: https://doie.org/10.0709/Cjlm.2024274358

Abstract:

The gut-brain axis has garnered increasing attention for its role in shaping emotional well-
being, particularly during adolescence, a critical period marked by significant physiological
and psychological changes. This paper explores the complex interplay between microbial
influences and adolescent emotions. Through a comprehensive review of existing literature,
we examine the bidirectional communication pathways linking the gut microbiota to emotional
states and mood regulation. Evidence suggests that alterations in gut microbial composition
may contribute to the pathophysiology of mood disorders in adolescents, influencing
neurotransmitter synthesis, immune function, and stress response pathways. Furthermore,
dietary habits emerge as a key modulator of the gut microbiome, with implications for
emotional health. Strategies targeting dietary modifications and microbial balance hold
promise in promoting positive emotional outcomes among adolescents. Interdisciplinary
collaborations among researchers, clinicians, and educators are essential to advance our
understanding of the gut-brain axis and develop tailored interventions to support adolescent
mental health. This abstract underscore the importance of elucidating microbial influences on
adolescent emotions and navigating the intricate dynamics of the gut-brain axis in mood
disorders.
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Introduction:

Adolescence is a stage of life with unique requirements and rights in terms of growth and
health. It's also a time to gain information and talents, practice managing relationships and
emotions, and develop qualities and skills that will be necessary for living a happy adolescent
life and fulfilling adult roles. Children are particularly vulnerable during this period because
they may encounter many adolescent issues, such as improper behaviors, that could cause
serious issues down the road. This is an exciting and intimidating moment for anyone going
through changes in their lives on a biological, cognitive, psychological, social, moral, and
spiritual level. Greater independence leads to greater freedom, but greater freedom also entails
greater responsibility. Close family members frequently feel as though they are suddenly living
with a stranger as attitudes and viewpoints shift. It can be challenging for parents to connect
with their children during this time due to concerns about adolescent behaviour.

Encouraging teenagers to recognize and differentiate between depressive and healthy thought
processes is a wonderful first step. Assisting parents and friends in creating a solid support
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network for the teenager is also crucial. The main psychological risk factor for suicide, the
second-leading cause of mortality for teenagers, is depression. During adolescence, the
prevalence of depressive illnesses rises significantly (1). Studies have shown that the post
pubertal period is associated with an increase in depressive disorders in India (2) Although a
wide range of biological, psychological, and social factors contribute to mood disorders. there
is a growing body of research focusing on the need to comprehend any potential molecular
mechanisms behind them. Nonetheless, there is evidence that the gastrointestinal tract's
microbes and the genetic material they carry may have a significant impact on mental health.
(3). The possibility that gut microbiota plays a role in teen mood problems has drawn more
attention in the past few years. This review delves into the latest research on the gut-brain axis
and its connection to mood disorders in teenagers, offering insights into possible pathways and
clinical applications. Deciphering how microbial populations affect teenage emotions could be
very helpful in diagnosing, treating, and avoiding mood disorders.

Dynamics of the Adolescent Period Gut Microbiota

Advances in next-generation microbial sequencing technology have made it possible to
uncover trends in diversity across the life span and to more accurately analyse the individual
bacteria that make up the human gut. (4). Study examined the differences in the distal intestine
microbiota composition between adults and adolescents (aged 11-18). There was a statistically
significant increase in Bifidobacterium and Clostridium bacteria in adolescents. (5). A study
by Yuan X et al. analysed the biodiversity of gut microbiota at different pubertal stages.
Firmicutes, Bacteroidetes and Proteobacteria were the dominant phylum in both pubertal and
non-pubertal stages. There was no variation in alpha- and beta-diversity between the various
phases of puberty. Members of the family Clostridiaceae, genus Coprobacillus, and order
Clostridiales were substantially more common in non-pubertal subjects than in puberty
subjects. Additionally, compared to the non-pubertal subjects, the pubertal subjects had a
significantly higher prevalence of members of the class Betaproteobacteria, order
Burkholderiales. (6). A varied colony of bacteria reside in the gut, and they change throughout
life in response to environmental and physiological stimuli. It's interesting to note that a
significant number, if not all, of the stressors encountered by teenagers have been shown to
have an impact on the intestinal lumen's bacterial composition. Alterations to the gut
microbiota are caused by antibiotic use, alcohol and drug use, stress, nutrition, and alterations
in sleep patterns. (7-11). We are left with pertinent questions regarding the potential role of
these bacteria in the psychiatric disorders that frequently emerge during the adolescent years,
given that adolescents are exposed to such a wide range of external challenges and stressors,
all of which have known effects on the intestinal microbiota.

Exploring the Link: Adolescent Dietary Patterns and Gut Microbiota Composition

“Let food be thy medicine and medicine be thy food.” — Hippocrates. Hippocrates' famous
proverb, which dates back more than 2,000 years, may still apply today given the increased
awareness of the role nutrition plays in preserving overall health, including mental health.

Adolescence is a developmental stage in which children become more independent of their
parents in a variety of cognitive, social, and behavioural domains, including the acquisition,
preparation, and consumption of food. (12,13) Obesity is increasing at an alarming rate in
adolescents. A Mediterranean diet is abundant in fruits, vegetables, whole grains, legumes, and
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nuts, while a Western diet is heavy in dairy products, animal proteins, and fats. Western diet
increased the chances of obesity, alterations in the diet could reverse western diet induced
obesity, suggesting that dietary changes can influence the impact of gut microbiota on host
metabolism (14). Shankar et. al. study, which contrasted US teens fed a Western diet with
Egyptian teenagers exposed to a Mediterranean diet, demonstrated how nutrition affects the
makeup and functionality of the adolescent gut microbiota. While the Mediterranean diet
enriched microorganisms engaged in polysaccharide breakdown, the Western diet enriched
microorganisms that broke down proteins and carbohydrates. (15)

Gut Microbiota-Brain Communication: - Exploration of the pathways through which
gut microbiota influence brain function.

The gut microbiota has an impact on the physiological, behavioural, and cognitive functions of
the brain, even though the exact mechanism remains not fully comprehended. The gut
microbiota-brain axis is considered to be bi-directional. (16) The bidirectional communication
between the gut and the brain underscores the dynamic relationship between these two systems.

There is evidence indicating the existence of five communication pathways between the gut
microbiota and the brain. These pathways encompass the neural pathway, the neuroendocrine-
hypothalamic-pituitary-adrenal axis, the gut's immune system, neurotransmitters, and neural
regulators produced by gut bacteria, as well as barrier pathways like the intestinal mucosal
barrier and the blood-brain barrier (BBB). (17)

1.The neural pathway

The neurological pathway comprises the vagus nerve (VN), the autonomic nervous system
(ANS), the enteric nervous system (ENS), and the modulation of neurotransmitters within the
gastrointestinal tract. (17,18)

The gut and the brain communicate through two pathways. Firstly, there's a direct exchange of
information between the gut and the brain via ANS and the VN in the spinal cord. The second
pathway involves bidirectional communication between the ENS and the ANS and VN within
the spinal cord. The control of gut functions follows a four-level organization, namely, ENS,
prevertebral ganglia, ANS in the spinal cord and brain stem, and higher brain centers. (19,20)

Direct neural communication between gut microbiota and the brain occurs mainly through the
VN. The VN spans from the brain to the abdomen and plays a crucial role in overseeing the
functions of internal organs, including digestion, heart rate, and respiratory rate. Consisting of
both efferent and afferent neurons, the VN facilitates the transmission of motor signals between
the brain and intestinal cells, which are additionally influenced by the gut microbiota. (16)

The afferent branch of the VN is the primary neural connection between the Gl tract and the
brain. The afferent fibers do not interact with the gut microbiota directly. However, microbial
metabolites or microbiota-mediated modulation of enteroendocrine and enterochromaffin cells
(ECCs) in the gut epithelium can influence the VN. (21)

Experiments involving vagotomy in mice underscore potential connections between the VN
and communication between the central nervous system and microbiota. These findings may
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have implications for mood and neurobehavioral disorders in humans. Specifically, vagotomy
in mice has been demonstrated to impede the central signalling of Lactobacillus and
Bifidobacterium species, leading to the inhibition of their mood-modifying effects. (22)

The ECCs in the Gl tract also play a crucial role in the bidirectional communication. These
cells are responsible for synthesizing and releasing serotonin (5-HT), a neurotransmitter that
contributes significantly to mood regulation and overall well-being. Additionally,
enterochromaffin cells respond to various microbial stimuli, including short-chain fatty acids
(SCFAs) and secondary bile acids (2BA) produced by gut bacteria, such as clostridials. (23)

These microorganisms enhance their stimulatory effects on ECCs when there is an elevated
availability of dietary tryptophan. Furthermore, ECCs establish communication with afferent
nerve fibers through synaptic connections formed by neuropod-like extensions of ECCs.
Conversely, the ANS has the capacity to activate ECCs, leading to the release of 5-HT into the
gut lumen. In this environment, serotonin can be absorbed through serotonin transporter-like
mechanisms, influencing the functionality of gut microbes. (24)

2. The neuroendocrine-hypothalamic-pituitary-adrenal axis

Gut microbiota plays a crucial role in the development of the neuroendocrine system. There
is evidence to show that the gut microbiota regulates the response of hypothalamus-pituitary-
adrenal (HPA) axis to stress. (25-27)

Sudo and colleagues (2004) and Clarke and colleagues (2013) demonstrated exaggerated
response of the HPA axis in separate studies carried out on germ free (GF) mice. (25, 26) GF
mice have been instrumental in understanding the intricate relationship between the host and
gut microorganisms.

Furthermore, Vagnerova K et al (2019) showed that the gut microbiota exerts a significant
modulating influence not just on brain neurochemistry but also on the pituitary and adrenal
glands, as well as extra-adrenal tissues. (27) They found that lower expression of Pomc (pro-
opiomelanocortin) and Crhrl (corticotropin-releasing hormone receptor 1) in the pituitary of
Specific Pathogen-Free (SPF) mice could partly account for the heightened HPA axis response
in GF mice. Pomc is a precursor protein that gives rise to various biologically active peptides.
These include adrenocorticotropic hormone (ACTH), which plays a role in the regulation of
the adrenal glands, and beta-endorphins, which are involved in pain regulation and mood. (28)
On the other hand, Crhrl is a receptor for corticotropin-releasing hormone (CRH), a peptide
involved in the regulation of the stress response and the HPA axis. Activation of Crhrl is part
of the signaling pathway that leads to the release of ACTH and, subsequently, cortisol from the
adrenal glands in response to stress. (29)

Stress and the HPA axis, in turn, can impact the composition of the gut microbiome. Early
stress and maternal separation result in long-term changes in both the HPA axis and the
microbiome. (30,31) Stress-induced alterations in the gut microbiome include changes in the
abundance of specific bacteria, such as Bacteroides and Clostridium, and increased levels of
inflammatory markers like interleukin-6 (IL-6) and monocyte chemotactic protein 1 (MCP-1).
These findings highlight the intricate interplay between stress, the HPA axis, inflammation and
the gut microbiota. (32)
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3. Gut’s immune system

The interplay between the immune system and gut-brain signalling cannot be overlooked.
Cerebrovascular accidents, Alzheimer’s disease, Parkinson’s disease, epilepsy and several
other neurological conditions involve low-grade systemic inflammation. This inflammation
signals a malfunctioning immune response and dysbiotic microbiota. (33)

The mucosal immune system in the GI tract, composed of lamina propria and gut-associated
lymphoid structures, provides protection against microbial attacks. (33) The immune response
to microbes is facilitated by toll-like receptors (TLRs) and peptidoglycans (PGNs), which
function as detectors. (34) When the microbe penetrates deep into the mucosal layer of the Gl
tract, it is taken by specialized antigen presenting cells (APCs), known as dendritic cells (DCs).
The DCs present the microbial antigens to T- and B-lymphocytes in the mesenteric lymph
nodes. (35)

The penetration of microbes into the mucosal barrier of the Gl tract is prevented due to a
robust physical barrier and presence of immunoglobulin A (IgA) and antimicrobial peptides
in the GI lumen. (33)

During eubiosis, DCs present antigens to lymphocytes in the gut-associated lymphoid tissue
(GALT), leading to the generation of T-regulatory cells (Tregs). Tregs subsequently produce
anti-inflammatory cytokines, such as IL-10 and TGF-. These cytokines play a pivotal role in
suppressing the production of proinflammatory cytokines, causing a shift in the immune
response from Th1/Thl7-dependent to Th2-dependent. This shift dampens the immune
reaction and supports the repair process in damaged tissue. Moreover, induced Tregs may
circulate and inhibit inflammatory responses throughout the organism. (36)

During dysbiosis, an initial local inflammatory response occurs in the gut, followed by the
development of peripheral inflammation when inflammatory mediators, bacteria, metabolites,
Pathogen-Associated Molecular Patterns (PAMPS), etc., enter the systemic circulation. Both
innate and adaptive immune mechanisms are activated, with PAMPs activating innate
immunity through Pattern Recognition Receptor (PRR) receptors on host cells. In GALT,
immune cells are activated during dysbiosis, and lymphocytes differentiate into
proinflammatory subtypes (Th1l and Th17) under the influence of inflammatory mediators and
PAMPs. This results in the production of proinflammatory cytokines, such as interleukin-2 (IL-
2), interleukin-12 (IL-12), TNFa, IFN-y, and Th-17. Peripheral inflammation compromises
BBB integrity, enabling the infiltration of immune cells and inflammatory mediators into the
CNS. Bacterial toxins circulating in the bloodstream may also infiltrate the CNS. Microglia,
the resident immune cells in the CNS, can be activated by infiltrating proinflammatory
cytokines, triggering a sterile immune reaction and potentially causing injury to the CNS.
(33,36)

Compelling support for the link between the immune system and the gut-brain axis emerged
when mice raised in a germ-free (GF) environment displayed underdeveloped GALT,
decreased counts of intestinal lymphocytes, reduced production of immunoglobulin (Ig) A, and
compromised levels of antimicrobial peptides. While many of these deficiencies can be
rectified through microbiota colonization, some components can only be fully restored if
colonization takes place early in the developmental stages. (37)
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4. Neurotransmitters and neural regulators produced by gut microbiota

The microbiota in the gut has the capability to produce various compounds including gamma
amino butyric acid (GABA), 5-HT, dopamine, and short-chain fatty acids (SCFAS).

GABA is a non-protein amino acid and a major inhibitory neurotransmitter. (38) Low levels of
GABA are linked with generalized anxiety, depression, autism, schizophrenia and epilepsy.
(39) Certain strains of Bifidobacterium and Lactobacillus bacteria exhibit the fascinating ability
to produce GABA. (16) The potential impact of these GABA-secreting bacteria on the gut-
brain axis is an area of growing interest in research.

Serotonin, also known as 5-hydroxytryptamine (5-HT), is a neurotransmitter that plays a
crucial role in various physiological functions within the central nervous system (CNS) and the
gastrointestinal (Gl) tract. In the CNS, 5-HT is involved in regulating mood, appetite, sleep,
and cognitive functions. (1) Imbalances in 5-HT levels have been associated with various
conditions, including neuropsychiatric disorders, as well as gastrointestinal disorders like
irritable bowel syndrome (IBS). (40,41) As described earlier, 5-HT is synthesized and released
by enterochromaffin cells, under the influence of microbial influence. The resident microbiota
in the gut plays a role in regulating both tryptophan and serotonin, directly and indirectly.
Indirectly, the gut microbiota influences tryptophan availability and 5-HT formation through
the kynurenine pathway. (42) Recent findings from germ-free animals without gut microbiota
reveal that they have elevated circulating tryptophan and reduced serotonin levels. (26, 43)
Introducing tryptophan-metabolizing bacteria to their gut lowers circulating tryptophan,
affecting hippocampal 5-HT concentrations in male germ-free animals. (26)

Dopamine, another potent neurotransmitter, is a precursor of catecholamines like epinephrine
and norepinephrine. Decrease in dopamine levels is associated with motor deficits as seen in
Parkinson’s disease, schizophrenia and addiction. (16) Certain microbial species have been
identified as potential modulators of receptors, transporters, and specific targets within the
dopaminergic pathway. This modulation can occur in either a positive or negative manner,
indicating a nuanced relationship between these microbes and dopamine-related processes.
(44) Despite these compelling findings, the underlying mechanisms governing how these
microbes influence the dopaminergic system remain incompletely understood. Further
investigation is necessary to unravel the specific pathways and molecular processes through
which these microbes impact dopamine regulation, shedding light on potential therapeutic
avenues for conditions involving dopaminergic dysregulation.

SCFAs are organic monocarboxylic acids such as acetate, propionate and butyrate. They are
characterized by a chain length of up to six carbon atoms. They serve as the primary outcomes
of anaerobic fermentation, specifically from indigestible polysaccharides like dietary fiber and
resistant starch, a process carried out by the microbiota located in the large intestines. (45)
SCFAs are known to regulate the gut health by maintaining the integrity of the intestinal
barrier, production of mucus and immune response following inflammation. (46) They can also
influence neurotransmitters such as glutamate, glutamine, GABA and others. (47) SCFAs such
as propionate and butyrate can trigger the cell signaling pathway through changes in
intracellular potassium concentration and regulate the gene expressions of the enzymes
tryptophan hydroxylase and tyrosine hydroxylase. Tryptophan hydroxylase is required for the
synthesis of 5-HT while tyrosine hydroxylase is required for the synthesis of dopamine,
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adrenaline and noradrenaline. (48,49) Their role is not limited to the intestines, but also extend
into systemic circulation and cross the blood brain barrier (BBB) with the help of specific
transporters. (50) SCFAs are found in relatively low concentration in the brain under normal
physiological conditions. (51) There is evidence to prove that SCFAs can influence the BBB.
In a study carried out by Braniste V et al, adult GF mice that were allowed to colonize with
SCFAs producing bacterial strains showed a restoration of BBB integrity. (52) Furthermore,
oral administration of three main SCFAs, namely, acetate, propionate and butyrate, in GF mice
showed alleviation in the maturation process of microglia. (53)

Another neural regulator to be noted is brain-derived neurotrophic factor (BDNF). BDNF plays
a major role in supporting the development of neurons and synapses that regulate emotions and
cognition. (54) BDNF is formed from the cleavage of prepro-BDNF into pro-BDNF which
eventually forms mature BDNF. (55) The proteolytic system responsible for this cleavage,
specifically the tpa/plasminogen system, becomes involved in the development of depression.
(56) The levels of BDNF are influenced by the intestinal microbiota, as evidenced by changes
with antibiotics and experiments involving germ-free mice. Additionally, BDNF secretion is
linked to SCFAs and gastrointestinal hormones. (51,52) Diets high in lipids are associated with
decreased BDNF levels. (57) Elevated stress can lead to a reduction in BDNF in the
hippocampus. (54)

5. Barrier pathways

The gastrointestinal barrier establishes a robust partition between the intestinal tract and the
external environment, consequently preserving intestinal homeostasis, through interactions
with the gut microbiota and immune cells. When the intestinal barrier is compromised,
microbes gain unrestricted entry into the lamina propria and the bloodstream, leading to a
condition known as "leaky gut”. (58)

The gut microbiota also plays a regulatory role in BBB, situated between the blood vessels and
the central nervous system (CNS). Tight junction proteins, specifically occludin, claudin, and
junctional adhesion molecules, connect the endothelial cells of the BBB to the cytoskeleton
through zona occludens. The BBB also receives support from neighboring astrocytes,
microglia, pericytes, neurons, and the extracellular matrix. (59)

The impact of gut microbiota on the integrity of the BBB is substantiated by observed central
nervous system (CNS) alterations in germ-free (GF) mice and mice exposed to antibiotics and
probiotics. In a recent investigation by Braniste et al., it was revealed that GF mice exhibited
heightened BBB permeability and decreased expression of occludin and claudin-5 in various
brain regions, including the frontal cortex, hippocampus, and striatum. (52)

Mechanisms: - Discussion of potential mechanisms, such as inflammation,
neurotransmitter modulation, and the production of bioactive compounds.

The gut brain axis plays a significant role in influencing various aspects of mental health,
including mood disorders in teenagers. Potential connections between the gut-brain axis and
mood disorders may involve various mechanisms, including immune response and
inflammation, modulation of neurotransmitters, generation of microbial metabolites, regulation
of hormones, signalling through the VVN, absorption of nutrients, and genetic factors.
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Inflammation and immune response:

The gut is a major site of immune system activity, and imbalances in gut microbiota can lead
to chronic inflammation. Inflammation, triggered by various factors such as dietary
components or microbial imbalance, can stimulate the release of pro-inflammatory cytokines,
subsequently influencing the gut-brain axis. Inflammatory signalling between the gut and the
brain occurs through three pathways, humoral pathway, cellular immune pathway and
neuronal pathway.

In the humoral pathway, intestinal inflammation, triggered by factors like local infection,
dysbiosis, or food antigens, initiates the release of proinflammatory cytokines, including IFN-
v, IL-1B, IL-6, and TNF-a. (33,60) If uncontrolled, these circulating factors can compromise
the integrity of both the gut-brain barrier (GBB) and BBB, leading to increased intestinal
permeability, commonly known as "leaky gut." This phenomenon provides a pathway for
certain molecules, toxins, and pathogens from the gut lumen to reach the brain parenchyma,
triggering neuroinflammation and associated behavioral changes. For instance, elevated levels
of bacterial wall component LPS have been linked to microglial activation, neuronal cell death,
cognitive impairment, and sickness behavior mediated by cytokines. (61)

Additionally, SCFAs regulate BBB permeability and microglia function, impacting
neuroinflammatory responses. (62) Gut-derived signals, such as tryptophan metabolites,
further contribute to regulating both the intestinal barrier and CNS inflammation. (63) The
HPA axis also responds to environmental stressors or peripheral responses to intestinal
inflammation by releasing glucocorticoids, influencing enteric immune cells, gut function, and
microbial composition. (33) Stress-induced dysbiosis can, in turn, activate intestinal
inflammation through TH17 cell-dependent release of IL-17A. (64)

B cells in the immune pathway, triggered by gut antigens, transform into IgA-secreting cells
for microbial control. In autoimmune nervous system disorders, these cells migrate to the brain,
reducing neuroinflammation. Gut-derived cells, influenced by the microbiome, impact CNS
immune programming, but in diseases like multiple sclerosis, gut-primed cells exacerbate brain
inflammation. Further research is needed to understand how CNS inflammation activates
intestinal immune cells and contributes to neuroinflammation. (65,66)

It is interesting to note that shared pro-inflammatory cytokine profiles in the blood occur in
both GI disorders and mood disorders, potentially linked to increased intestinal permeability.
(67,68)

Changes in prominent microbiome species are noted in Major Depressive Disorder (MDD),
Bipolar Disorder (BD), and Post-Traumatic Stress Disorder (PTSD), aligning with reports in
inflammatory GI disorders. (69,70) Certain microbiome species, like Lactobacillus spp., are
directly related to positive self-judgment, a cognitive process reduced in MDD. (70,71)

Modulation of neurotransmitters

The gut plays a crucial role in producing important neurotransmitters, including 5-HT,
dopamine, norepinephrine and GABA, which are essential for regulating mood.
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Studies confirm that neurotransmitters serve as mediating pathways in the influence of certain
gut microbiota on mental health conditions. Coprococcus consistently showed depletion,
corresponding with elevated GABA levels in the blood in individuals with depression. (72)
The involvement of Coprococcus and Oscillibacter, two strains associated with depression,
includes the promotion of GABA production. (73,74) The consumption of L. plantarum
induced changes in emotional behaviors, correlating with increased levels of 5-HT, dopamine,
and norepinephrine in the striatum. (75) Lactobacillus strains demonstrated a reduction in
anxiety and depression related behaviors through GABA signaling in a mouse model. (22)

Microbial metabolites

The gut microbes produce certain metabolites such as SCFAs, indole compounds, GABA and
bile acids.

SCFAs, such as butyrate, acetate, and propionate, are byproducts of microbial fermentation.
They have anti-inflammatory properties and can influence neurotransmitter production,
impacting mood and behaviour. (45,46, 75)

Indole compounds, produced from the breakdown of tryptophan by certain gut bacteria, play a
role in serotonin synthesis. Serotonin is a neurotransmitter linked to mood regulation, and its
imbalance is associated with mood disorders like depression. (75,76)

Some gut microbes can produce GABA, an inhibitory neurotransmitter. GABA helps regulate
anxiety and stress responses, and alterations in its levels have been linked to mood disorders.
(77,78) Bacteroides, a predominant member of the gut microbiota, is a major contributor to the
production of gamma-aminobutyric acid (GABA). Through correlation analysis between 16S
rRNA sequencing and functional magnetic resonance imaging data, it has been observed that
the decreased relative abundance of Bacteroides in the fecal samples of individuals with
depression is inversely correlated with depressive symptoms in the brain. (79) The
administration of probiotics like Lactobacillus rhamnosus has been used to control the activity
of specific GABA genes (GABABI1b and GABAA«2) in different parts of the brain, such as
the cortex, hippocampus, and amygdala. This helps improve behaviours associated with
anxiety and depression in mice. (22)

Metabolism of bile acids by gut microbes can influence the gut-brain axis, affecting
neurological function and potentially playing a role in mood disorders. In a study involving
untreated MDD patients, primary and secondary bile acids (BA) were analyzed. The primary
BA chenodeoxycholic acid (CDCA) was found to be significantly lower in individuals with
severe depression and high anxiety compared to those with milder symptoms. Secondary BAs
derived from CDCA, such as lithocholic acid (LCA), were higher in more anxious participants.
The study suggests that alterations in BA profiles, indicative of changes in gut microbiome
composition, are associated with increased anxiety levels and a higher likelihood of treatment
failure in MDD. These findings imply the potential for developing therapies targeting the gut
microbiome to address MDD with gut dysbiosis. (80)

Gut hormones

It is widely acknowledged that numerous gut hormones play a crucial role in regulating food
intake within the CNS. Interestingly, there exists a frequent coexistence of obesity and mood
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disorders. (81) Several gut hormones, including 5-HT, neuropeptide Y, glucagon like peptide-
1, cholecystokinin (CCK) and ghrelin, are implicated in mood disorders such as anxiety and
depression. (82) For instance, 5-HT, primarily produced by enterochromaffin cells in the
gastrointestinal tract, modulates intestinal functions and serves as a neurotransmitter in the
CNS influencing mood, sleep, and appetite. (83) The neuropeptide Y family, particularly
neuropeptide Y (NPY) and pancreatic polypeptide (PP), affects stress-related disorders and
plays a role in the modulation of anxiety and depression through the neuropeptide Y4 receptors.
(84) GLP-1, known for stimulating insulin secretion, responds to stress through GLP-1 receptor
activation. (85) CCK, abundantly produced in the peripheral nervous system and CNS,
regulates food intake and is correlated with increased anxiety-like behaviors. (86) Ghrelin,
recognized for its adipogenic effects, also regulates stress response, anxiety, and depression.

Vagus Nerve signaling

Disruption of the gut microbiota has been linked to behaviours resembling depression,
potentially influenced by the VN. (87) Inflammation plays a significant role in depression. (88)
Vagus nerve stimulation (VNS), an approved treatment for treatment-resistant depression and
refractory epilepsy, has the capacity to induce anti-inflammatory cytokines, mitigating
inflammation. (89-91) Additionally, VNS offers protection against gut hyperpermeability,
preventing the translocation of gut microbiota and reducing the risk of gut and systemic
inflammation. (21) It's noteworthy that individuals with depression exhibit a diminished vagal
tone. (92)

Absorption of nutrients

Modifications in dietary patterns can impact mood and happiness by influencing the gut
microbiome. Studies in mice have demonstrated that alterations in diet account for 57% of
variations in the gut microbiome. (93) A pilot study carried out by Martin SE and colleagues
revealed that diet modifications involving higher proportions of fat and protein were associated
with increased well-being and reduced anxiety and depression, while higher carbohydrate
consumption was linked to decreased happiness and heightened anxiety and depression.
Additionally, decreased caloric and total fiber intake were associated with increased diversity
in the gut microbiome. Furthermore, a correlation was identified, demonstrating that greater
diversity in the gut microbiome was associated with decreased anxiety and depression. (94)

Genetic and Epigenetic factors

The genetic makeup of an individual may have the capacity to impact and control the gut
microbiota. In a study investigating the influence of genetic variants associated with the gut
microbiome on susceptibility to psychiatric disorders such as schizophrenia (SCZ), attention-
deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), and MDD, 201 host
genetic markers were examined. Two variants (rs9401458 and rs9401452) were linked to ASD,
and one variant (rs75036654) was associated with MDD. The gene-based analysis revealed
associations with SCZ (eight genes), MDD (one gene), ADHD (two genes), and ASD (one
gene). Furthermore, a gene set comprising 83 genes demonstrated an association with SCZ.
These findings suggest that genes associated with microbiome composition may contribute to
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influencing the susceptibility of individuals to psychiatric disorders, particularly schizophrenia,
with potential implications in ASD, ADHD, and MDD. (95)

Gut microbial products also serve as epigenetic agents, modulating gene regulation and
expression. SCFAs exert physiological effects through inhibiting histone deacetylases and
binding to G-protein-coupled receptors (GPCRs). SCFAs inhibit histone deacetylases by
acetylating lysine residues, promoting the binding of transcription factors to gene promoter
regions, and regulating gene expression. (96) Additionally, SCFAs regulate energy metabolism
and immune response by activating GPCRs, influencing host molecular signalling. (97,98)

Furthermore, gut microbial products can impact host reactive oxygen species (ROS)
production, potentially substituting or mediating ROS levels. ROS, a second messenger, plays
a role in altering inflammatory, immune, and signaling processes through oxidative activity on
proteins. The interaction between ROS and epigenetic mechanisms involves processes such as
histone/protein deacetylation, chromatin remodeling, and transcription factor activation. (99)
Increased ROS levels and inflammation induced by certain gut bacteria metabolites contribute
to dysregulation of the gut-brain axis, potentially leading to the pathogenesis of mental
disorders. Understanding these underlying mechanisms provides valuable insights for
improving mental health. (96, 98,99)

Conclusion:

The emerging field of research on the gut-brain axis has shed light on the intricate relationship
between microbial influences and adolescent emotions, particularly in the context of mood
disorders. Through our exploration, it has become evident that the composition of the gut
microbiota plays a significant role in influencing emotional well-being during adolescence.

The bidirectional communication between the gut and the brain underscores the importance of
understanding how dietary habits, microbial diversity, and emotional states intertwine.
Adolescence, marked by significant developmental changes, presents a critical period during
which these interactions can profoundly impact mental health outcomes.

As we navigate the complexities of the gut-brain axis, it is increasingly clear that interventions
targeting dietary modifications and microbial balance hold promise in promoting positive
emotional health among adolescents. Encouraging diverse, nutrient-rich diets and fostering a
healthy gut microbiome may serve as adjunctive strategies in the prevention and management
of mood disorders.
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