HIGH SCHOOL EDITION

@ Journal of Student Research

Volume 13 Issue 1 (2024)

Adolescent Refractory Anxiety Disorders Rising:
Gut Microbiota-Associated Metabolites to The
Rescue?

Diya Choksey'and Ankit Mistry*

"The Cathedral and John Connon School, Mumbai, India
#Advisor

ABSTRACT

This review provides a comprehensive analysis of the gut microbiota and its associated metabolites in relation
to stress and anxiety disorders, with a specific focus on adolescents. It addresses the dearth of information
regarding the composition of microbiota-associated metabolites that have the potential to effectively alleviate
anxiety and stress disorders in this age group. Adolescence is a vulnerable period characterized by hormonal,
physiological, emotional, and environmental changes, making individuals more prone to psychiatric disorders
that manifest as stress and anxiety. However, treatment is challenging due to patient non-compliance, particu-
larly in refractory cases, necessitating tailored interventions. The gut microbiota, a vast community of microor-
ganisms residing in the gastrointestinal system, plays a crucial role in influencing brain function through the
microbiota-gut-brain axis (MGBA). Understanding the role of the gut microbiota in stress and anxiety disorders
has opened avenues for potential targeted and innovative therapeutic approaches. This review consolidates the
existing knowledge about gut microbiota and associated metabolites implicated in stress and anxiety disorders
in adolescents. Through an extensive literature review, we compile a comprehensive list of microorganisms and
metabolites known to alleviate symptoms of these disorders. The identification of microbiota-associated me-
tabolites with the potential to ameliorate stress and anxiety disorders in adolescents can bridge the knowledge
deficit and contribute to the development of novel treatment strategies and interventions, including unconven-
tional approaches such as fecal microbiota transplantation (FMT).

Introduction

Adolescence, the phase of human life between ages 10 to 19 (as described by WHO) is the bridge that connects
childhood to adulthood. This very unique phase of life is influenced by one’s childhood, and is responsible for
laying the foundations of one’s adulthood. Tremendous hormonal and physiological changes, including devel-
opmental changes in the brain occurring at a very rapid pace are hallmarks of adolescence. External stressors
such as peer pressure and identity crisis add to the challenges significantly. Consequently, stress and anxiety
disorders often manifest first during adolescence (McVey Neufeld, Luczynski, Seira Oriach, et al., 2016; Paus
et al., 2008; Simkin, 2019). Notwithstanding the availability of therapeutic measures that are effective in most
cases of stress and anxiety disorders, the burden of refractory cases that do not respond to conventional thera-
peutic measures is undebatable. Additionally, the conventional therapeutic measures aren’t necessarily tailor-
made to address the specific needs of the adolescent age group.

The immense population of commensal microorganisms inhabiting the human gastrointestinal system,
collectively known as the gut microbiota heavily influence many functional aspects of the human brain. The
gut microbiota and the brain form a bidirectional communication pathway known as the microbiota-gut-brain
axis (MGBA), which is known to significantly influence the pathophysiology of stress and anxiety disorders

ISSN: 2167-1907 www.JSR.org/hs 1



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 1 (2024)

(Cryan, 2016; Foster et al., 2017a; Izuno et al., 2021; Malan-Muller et al., 2018a; Simpson et al., 2021; Wiley
etal., 2017; Yarandi et al., 2016a). The microbiome comprises of a collection of microorganisms that are unique
to every individual, and the gut microbiota is a subset of their microbiome that exists in the gut. The gut micro-
biota is influenced by age, dietary preferences, and lifestyle choices. This results in certain similarities in the
gut microbiota of individuals belonging to a particular age group, ethnicity, or community. Therefore, gut-
microbiota-based therapeutic approaches have the potential to be tailor-made for the needs of patient groups
that share certain commonalities. This makes such approaches ideal for treating disorders affecting adolescents
(Cohen Kadosh et al., 2021; Simkin, 2019; Yahfoufi et al., 2020a).

Currently, research that explores the therapeutic efficacy of the gut microbiota in stress and anxiety
disorders focuses on improving the availability of beneficial microbes either through dietary and lifestyle
changes or through the intake of beneficial probiotics and prebiotics (Foster et al., 2017a; Izuno et al., 2021;
Taylor & Holscher, 2020a). However, these treatment methods demand prolonged adherence and co-operation
from the patient, a formidable challenge when dealing with adolescents. Cultural differences that affect food
preferences and eating habits also impede the implementation and success of these treatment methods. The
fluctuant nature and prolonged duration of treatment make it ineffective in severe and refractory cases. Addi-
tionally, there is a dearth of research that defines the composition of microbiota-associated metabolites with the
potential to effectively ameliorate anxiety and stress disorders in adolescents.

In this review, we collate existing information about gut microbiota and metabolites associated with
psychiatric disorders from an exhaustive review of relevant literature. We begin by summarizing the effects of
dysbiosis on the nervous system, the immune system, and the endocrine system. Although dysbiosis affects
several organ systems, our review emphasizes on these three systems because of their predominant role during
the adolescent phase of life. Further, we discuss the factors contributing to the increased vulnerability of the
adolescent age group to psychiatric disorders. Next, we generate a comprehensive list of microbiota-associated
metabolites found to alleviate symptoms of stress and anxiety disorders and describe their individual roles, with
special emphasis on adolescents. Then, we outline the existing treatment strategies and interventions for stress
and anxiety disorders in adolescents. Last, we discuss the potential of the indicated microbiota-associated me-
tabolites in ensuring targeted and effective treatment. In addition to conventional treatment strategies, we also
expect unconventional but promising alternatives such as FMT that are being explored for the treatment of
psychiatric disorders to benefit immensely from the findings of this study.

Microbiota-Gut-Brain Axis: A Functional Extension of the Gut-Brain Axis

The gastrointestinal tract (GIT) and the central nervous system (CNS) interact via a bidirectional communica-
tion pathway referred to as the gut-brain axis (GBA). This axis of communication is involved in complex inter-
actions with the nervous system, the immune system, the digestive system, the endocrine system, and even
metabolic pathways. The interactions among the microorganisms present in the gut, collectively known as the
gut microbiota, and the gut epithelium play a very important role in the functioning of the gut-brain axis. This
has resulted in this axis of communication being extended to include the gut microbiota, and therefore referred
to as the microbiota-gut-brain axis (MGBA).

Gut Microbiota and Its Composition

The gut microbiota comprises of a diverse community of trillions of microorganisms including bacteria, viruses,
and fungi that reside within the human gastrointestinal system. This community of microorganisms is a subset
of the huge population of commensal organisms that inhabit the human body, and has a composition that is
complex and varies between individuals. The gut is predominantly inhabited by microorganisms that are vital
for maintaining optimal gut health, such as those primarily belonging to microbial phyla including Firmicutes,
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Bacteroidetes, Actinobacteria, and Proteobacteria. Factors such as age, diet, genetics, and environmental influ-
ences shape the composition of the gut microbiota (Flint et al., 2012).

Interactions among different microbial species within the gut microbiota are crucial for its proper func-
tioning. Beneficial microbes help prevent the colonization of harmful pathogens through cooperative and com-
petitive interactions. The gut microbiota contributes to overall health by producing essential vitamins, breaking
down dietary fiber, and metabolizing nutrients to produce short-chain fatty acids (SCFAs). The development
and maturation of the immune system are also influenced by the gut microbiota (Round & Mazmanian, 2009).

Various factors including diet, antibiotics, stress, and lifestyle choices can alter the gut microbiota.
Lifestyle choices like a balanced diet and regular physical activity can support its diversity and balance. Imbal-
ances in the gut microbiota, known as dysbiosis, have systemic implications and contribute to health conditions
(Fan & Pedersen, 2021).

Dysbiosis

Microbiota-associated metabolites and products, neurotransmitters, and gut hormones form a network of path-
ways that facilitate the effective functioning of the MGBA (De Vadder et al., 2014; Hooks et al., 2020; Schippa
& Conte, 2014; Yarandi et al., 2016b). During adolescence, internal and external stressors such as long-term
consumption of low nutritive value foods, erratic sleep schedules, alcohol and drug abuse, frequent infections
precipitating the indiscriminate use of antibiotics, surging pubertal hormones, and stress-inducing situations
such as academic and peer pressure disturb the composition and distribution of the gut microbiota. This results
in an imbalance of the gut microbiome, termed as dysbiosis (Paus et al., 2008; Yahfoufi et al., 2020a). Stress
and anxiety disorders have been linked to alterations in the gut microbiota composition, such as reduced micro-
bial diversity and imbalanced distribution of microorganisms. In addition to the digestive system, dysbiosis also
affects other organ systems and pathways, of which the effects on the nervous, immune, and endocrine systems
notably impact the development of several psychiatric disorders (Westfall et al., 2017).

Effects Of Dysbiosis On The Nervous System

Neurotransmitters such as gamma-aminobutyric acid (GABA), serotonin, and dopamine regulate mood, cogni-
tion, and behavior. Dysbiosis disrupts the production of these neurotransmitters, thereby resulting in a spectrum
of psychiatric illnesses (Barrett et al., 2012; Clapp et al., 2017a; Cryan & Dinan, 2012; Dinan & Cryan, 2013;
Foster & McVey Neufeld, 2013; Simkin, 2019), of which adolescents are the most vulnerable to stress and
anxiety disorders. Increased manifestation of anxiety symptoms has been linked to low serotonin levels demon-
strating the direct role of neurotransmitter levels in management of anxiety and stress (Chen et al., 2021a; Dinan
& Cryan, 2012; Foster et al., 2017b; Helton & Lohoff, 2015; Rogers et al., 2016). GABA is an inhibitory
neurotransmitter that mediates a signaling pathway responsible for facilitating anxiety regulation. Dysbiosis
impairs GABA production, metabolism, and signaling, thereby disrupting GABA-mediated neural transmission
and causing heightened anxiety symptoms and altered stress responses (Chen et al., 2021a).

Dysbiosis triggers uncontrolled immune responses in the gut that precipitate a chronic systemic in-
flammatory state, including neuroinflammation. Proinflammatory molecules interfere with neurotransmitter se-
cretion and disrupt the delicate balance required for the optimal functioning of neurotransmitters. Chronic in-
flammatory conditions negatively impact neuronal function, and exacerbate stress and anxiety disorders (Clapp
et al., 2017b; Evrensel et al., 2020). Synergy among the gut microbiota is key for the integrity of the gut barrier
and regulates gut permeability. Loss of this synergy impairs gut barrier function disrupting the GBA and per-
mitting the unrestricted entry of toxins, proinflammatory molecules, and microbial components into the blood-
stream. Once in the bloodstream, these molecules have the potential to breach the blood-brain-barrier (BBB)
and trigger neuroinflammatory processes (Kociszewska & Vlajkovic, 2022).
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Stress responses are regulated by the hypothalamic-pituitary-adrenal (HPA) axis. Gut microbiota con-
tributes to the development of the HPA axis early in life, thereby influencing stress response patterns throughout
life (Malan-Muller et al., 2018b). Factors altering the HPA axis demonstrate direct links to adolescent mental
health problems. The possibility of leveraging the HPA axis to predict the emergence and persistence of ado-
lescent mental health problems has also been proposed (Marceau et al., 2015). Dysbiosis is deleterious to the
regulation of the HPA axis, and augments stress and anxiety symptoms (Frankiensztajn et al., 2020a; Huo et
al., 2017).

The development of neural networks, ability to learn, and manage stress responses is a combined func-
tion of the generation of new neurons known as neurogenesis and the strengthening of neural connections, an
ability of neurons known as synaptic plasticity. Dysbiosis compromises neurogenesis and impairs neural plas-
ticity, thereby increasing vulnerability to stress and anxiety disorders (C. Liu et al., 2022; Murciano-brea et al.,
2021).

Effects of Dysbiosis On the Immune System

Interactions of the gut microbiota and the immune system are very precarious, and even the slightest dysregu-
lation of the gut microbiota often activate inflammatory pathways. Dysbiosis-induced modulation of the im-
mune system has been implicated in several neurological disorders.

Maintenance of immune homeostasis is crucial for keeping a check on inflammatory processes. Reg-
ulatory T cells (Tregs) and certain immune cells that produce anti-inflammatory cytokines prevent unwarranted
inflammation. However, dysbiosis upsets immune homeostasis by altering the distribution and activity of these
cell populations in the gut and peripheral tissues. Changes in gut microbiota also trigger the production of
proinflammatory chemicals that hypersensitize the immune system. This results in hyperactivity of the immune
system leading to a systemic inflammatory state. Inflammatory pathways impact the normal functioning of the
immune system, thereby affecting optimal functioning of various organ systems. Dysregulated immune re-
sponses also affect the ability of the immune system to differentiate between self and non-self. Autoimmune
and degenerative diseases are often a result of such rogue functioning of the immune system. Malfunctioning
immune systems and effects of such systemic inflammation on the nervous system often manifest as symptoms
of stress and anxiety disorders (Cruz-Pereira et al., 2019).

The integrity of the intestinal barrier is crucial for restricting the entry of microorganisms and micro-
bial products into the bloodstream. Well-balanced and healthy gut microbiota keeps this barrier intact, thus
ensuring safety of the other organ systems. However, dysbiosis can compromise this barrier and result in a
hyperpermeable intestine, aka ‘leaky gut’. Hyperpermeability of the intestine in turn compromises the integrity
of the blood-brain-barrier, thus providing access to the CNS and triggering an influx of immune cells. Neuroin-
flammation resulting from this could potentially contribute to stress and anxiety (Kociszewska & Vlajkovic,
2022).

The optimal functioning of the immune system also reflects on neuronal function and neurotransmitter
signaling. Cytokines and chemokines produced and released by the immune cells act as signaling molecules
that can affect the metabolism of neurotransmitters. Dysbiosis-induced malfunctioning of the immune system,
therefore, has a direct effect on the signaling pathways important for mood and anxiety regulation. Hence,
immune-mediated alteration of neurotransmission can contribute to the pathogenesis of stress and anxiety dis-
orders (Balan et al., 2021).

Dysbiosis-induced immune dysregulation can increase sensitivity to various internal and external
stressors. The immune system interacts with the neuroendocrine system and the HPA axis to modulate stress
responses. Dysbiosis has the potential to disrupt this interaction and manifest as heightened stress responses
and increased vulnerability to stress and anxiety disorders (Frankiensztajn et al., 2020b; McCormick &
Mathews, 2007; Misiak et al., 2020).

The exchange of signals, molecules, and metabolites between microorganisms and the various cells,
tissues, and organs forms a bidirectional pathway of communication, known as microbial-host crosstalk. This
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communication pathway is influenced by direct cell-to-cell contact, secretion of signaling molecules, and mod-
ulation of host immune responses. Gut microbiota is an essential component of the microbial-host crosstalk.
Dysbiosis can, therefore, impair immune modulation and disrupt immune responses. This has a deleterious
effect on the interactions of the gut microbiota and the immune system, which compromise stress and anxiety
responses in adolescents (Bibbo et al., 2022; Choi et al., 2020; Du et al., 2020).

Effects of Dysbiosis On the Endocrine System

An optimally functioning HPA axis is indispensable for appropriate stress responses. The activity of the HPA
axis is influenced by several factors, especially the hormonal environment and the gut microbiota. Compro-
mised gut health, therefore, directly affects the ability to manage and respond appropriately to stress. Balanced
hormone levels are crucial for the optimal functioning of the HPA axis. Imbalances in the levels of certain
hormones, such as cortisol, serotonin, and dopamine have been implicated in increased vulnerability to anxiety
disorders in adolescents (McCormick & Mathews, 2007; Misiak et al., 2020).

Serotonin, aka the ‘feelgood’ neurotransmitter, gets its name for its role in mood regulation and cog-
nitive function. A large percentage of the serotonin level in the body is produced in the gut, and therefore the
gut microbiota plays a key role in the metabolism of serotonin. Alterations in the gut microbiota can disrupt
these metabolic processes, and cause imbalances in the neurotransmitter levels. Imbalanced levels and altered
metabolism of neurotransmitters, especially that of serotonin may contribute to anxiety symptoms (Chen et al.,
2021b; Helton & Lohoff, 2015; F. Huang & Wu, 2021; Sjostedt et al., 2021).

Mood regulation and anxiety management are also managed by thyroid hormones and gonadal hor-
mones such as estrogen, progesterone, and testosterone, which are metabolized and regulated by the gut micro-
biota. Dysbiosis can disrupt the balance and metabolism of these hormones. Thyroid hormones play a central
role in metabolism, regulation of body temperature, and protein synthesis processes. Therefore, impaired func-
tioning of these hormones affects several organ systems and compromise optimal physiological functioning and
metabolism. Dysbiosis-induced alterations in the levels and functions of these hormones are known to cause
irregular mood patterns, fluctuating energy levels, and increased manifestations of anxiety, stress, and depres-
sive symptoms (Frohlich & Wahl, 2019; Knezevic et al., 2020; Maeng & Beumer, 2023; Sovijit et al., 2021).

Insulin, a hormone crucial for blood sugar regulation, can impact mood regulation and anxiety symp-
toms. Dysbiosis disrupts insulin regulation, alterations in insulin sensitivity, and glucose metabolism. Dysreg-
ulated insulin levels and signaling pathways, in turn, have been implicated in the development or exacerbation
of stress and anxiety disorders (Soto et al., 2018).

The growth hormone is important for optimal growth, metabolism, and stress responses. Gut microbi-
ota plays an important role in the secretion and regulation of the growth hormone (C. Huang et al., 2023).
Dysbiosis impacts the delicate balance of this hormone, its metabolism, and signaling pathways (Jensen et al.,
2020), thereby contributing to exacerbated stress and anxiety symptoms.

Adolescence: A Phase Vulnerable to Stress and Anxiety Disorders

Hormonal, Physiological, Emotional, and Environmental Changes

Adolescence is a dynamic and transformative period characterized by a multitude of changes that encompass
hormonal, physiological, emotional, and environmental aspects (Jaworska & MacQueen, 2015). The onset
of puberty triggers the production of reproductive hormones such as estrogen and testosterone resulting in sig-
nificant hormonal fluctuations, which in turn contribute to physical transformations like growth spurts, devel-
opment of secondary sexual characteristics, and changes in body composition (Marceau et al., 2015).
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Various body systems mature and undergo significant physiological changes during this phase. The
growth spurts require the skeletal system to undergo rapid bone development and restructuring, while the in-
creased demand for blood supply results in growth and increased efficiency of the cardiovascular system. The
processes of rewiring and elimination of excess synapses, known as synaptic pruning that occur in the neuro-
logical system are crucial for enhanced cognitive functions and decision-making abilities that prepare the indi-
vidual for adulthood (Barnea-Goraly et al., 2005; Benes, 1989; Giorgio et al., 2010; Konrad et al., 2013; Stur-
man & Moghaddam, 2011). Heightened emotional sensitivity and the emergence of a more complex range of
emotions that can be attributed to the interplay between hormonal changes, brain development, and social fac-
tors are common experiences in this age group. Additionally, struggles related to identity formation, family
dynamics, self-esteem issues, increased peer influence, and societal expectations further contribute to emotional
fluctuations and cause adolescents to hyper-focus on social relationships (Brizio et al., 2015; Gardner & Stein-
berg, 2005; Spear, 2011).

The adolescent phase is crucial to the development of coping mechanisms that help in the process of
dealing with stressors later in life (Crone & Dahl, 2012; Romeo, 2010). Therefore, insights into the reasons that
make this phase particularly vulnerable to stress and anxiety disorders (Leussis & Andersen, 2008) are im-
portant for the development of new strategies for the treatment of stress and anxiety disorders, especially for
refractory cases.

Factors Contributing to Increased Susceptibility to Stress and Anxiety Disorders

Psychiatric disorders often manifest during the adolescent phase of life (McVey Neufeld, Luczynski, Dinan, et
al., 2016). Certain key factors make adolescents extremely vulnerable to developing psychiatric disorders, es-
pecially those that manifest as stress and anxiety disorders.

Brain Development

The nervous system and particularly the brain undergoes significant structural and functional changes during
adolescence. The prefrontal cortex of the brain that plays a central role in decision-making and impulse control
undergoes substantial remodeling during this phase. Extensive synaptic pruning that occurs in the prefrontal
cortex during adolescence may temporarily disrupt its maturation. Myelination, the process of formation of a
fatty sheath called myelin around nerve fibers, which enhances the speed and efficiency of neural communica-
tion also takes longer to complete in the prefrontal cortex as compared to the other regions of the brain, thus
contributing to the maturation lag. Intrinsic factors such as hormonal influences and extrinsic factors such as
stress and exposure to substances like alcohol or drugs impact brain development and potentially contribute to
a lag in the maturation of the prefrontal cortex. Relative slow maturation of the prefrontal cortex has been
implicated in impulsivity and emotional dysregulation seen in adolescents (Blakemore & Choudhury, 2006;
Eiland & Romeo, 2013; Giedd, 2009; Giedd et al., n.d., 1999; Goddings et al., 2014; Keshavan et al., 2014;
Konrad et al., 2013; Paus et al., 2008; Sowell et al., 2001; Sturman & Moghaddam, 2011).

Hormonal Changes

Adrenal and gonadal hormones, such as cortisol, testosterone, and estrogen, play a significant role in shaping
mental health outcomes during adolescence. There is an intense surge of sex hormones, such as estrogen and
testosterone during the pubertal years. These profound hormonal changes impact brain development and affect
the regulation of emotions and stress. The fluctuant nature of the hormonal changes influences emotional reac-
tivity, mood regulation, reward processing, cognitive processes, and social behavior, which are relevant factors
in stress and anxiety disorders (Marceau et al., 2015; Romeo & Romeo, 2003). Stress-responsive hormones,
particularly cortisol, can influence the stress response system and contribute to the development of anxiety
disorders (Schmidt et al., 2015). Heightened cortisol levels, combined with other factors like genetic predispo-
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sition and environmental stressors, can increase the risk of anxiety-related problems in adolescents. The com-
plex interplay between hormonal changes and psychosocial factors, such as family environment, peer relation-
ships, and stress exposure, further modulate the risk for stress and anxiety disorders in this vulnerable population
(Blakemore & Choudhury, 2006; Brizio et al., 2015; Crone & Dahl, 2012; Leussis & Andersen, 2008). There-
fore, the dynamics of the adrenal and gonadal hormones during adolescence is a significant factor in increasing
the vulnerability of adolescents to the development of stress and anxiety disorders.

Sensitivity to Social and Environmental Factors

Adolescence is a time of heightened sensitivity to social and environmental influences, which can significantly
impact mental health outcomes. The desire for social acceptance, peer relationships, societal expectations, and
the impact of social interactions can significantly influence mental health and emotional well-being. Addition-
ally, exposure to adverse life events, such as trauma, neglect, dysfunctional family dynamics, or chronic stress
during this sensitive period can increase the risk of developing psychiatric disorders. Identity crisis, discrepan-
cies between one's own self-image and social expectations, and the need to fit in and conform to social norms
can lead to heightened stress levels and anxiety. The interplay between sensitivity to social and environmental
factors and the ongoing brain development during adolescence can amplify the impact of these influences on
mental health outcomes. The heightened sensitivity to social and environmental cues, combined with the mal-
leability of the developing brain, creates a unique vulnerability for stress and anxiety disorders during this stage.
Promoting positive social relationships, providing a supportive and nurturing environment, and addressing ad-
verse experiences and stressors have proven to be crucial means to mitigate the risk of stress and anxiety disor-
ders during this sensitive period (Blakemore & Choudhury, 2006; Brizio et al., 2015; Crone & Dahl, 2012;
Leussis & Andersen, 2008; Paus et al., 2008).

Genetic and Environmental Interactions

Genetic predispositions interact with environmental factors to influence the development of psychiatric disor-
ders. Adolescence is a critical period for gene-environment interactions, where genetic vulnerabilities may be
triggered by specific environmental factors, such as family dysfunction, peer pressure, or substance abuse.
While certain genetic variations may increase the risk, genetics alone do not determine the outcome. Environ-
mental factors, such as early life adversity, family dynamics, and exposure to chronic stress, can modify the
expression of genes related to stress response and emotional regulation. The dynamic changes in brain structure
and function during adolescence also contribute to the increased susceptibility to stress and anxiety disorders
(Chubar et al., 2020; Kwong et al., 2019; Lau et al., 2007; Ollmann et al., 2021; Stein et al., 2008).

Challenges in Implementing Existing Therapeutic Measures

Stress and anxiety disorders are multifaceted conditions that often involve a combination of biological, psycho-
logical, and environmental factors. Treatment of these disorders is thus perplexing and challenging. Standard
treatment approaches, such as medication and psychotherapy, may not yield the desired results in all individu-
als. Refractory cases refer to individuals who do not respond adequately to standard treatment approaches. The
complexity of these disorders can make it challenging to identify the most effective treatment strategies for
refractory cases (Bokma et al., 2019; Roy-Byrne, 2015).

While most cases of stress and anxiety disorders are reported among adolescents, the unique nature
and complexities associated with patients in this age group often challenge the treating clinician. The physio-
logical and psychosocial dynamics impacting this population also precipitate in a higher occurrence of refrac-
tory cases. Patient non-compliance or non-cooperation is rampant among adolescent patients due to low moti-
vation levels, inability to understand the importance of treatment, or struggles associated with expression of
symptoms. These result in resistance to therapy, inconsistent adherence to medication or therapeutic regimens,
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or a lack of engagement in therapeutic activities, thus hindering treatment effectiveness and limiting positive
outcomes. The heterogeneous nature of stress and anxiety disorders necessitates tailored interventions that ad-
dress the unique needs and underlying factors contributing to refractory symptoms (Chiu et al., 2016; Herpers
et al., 2021).

The lack of comprehensive understanding of the intricate interplay of genetic, environmental, and
neurochemical factors that contribute to treatment resistance in refractory cases of stress and anxiety disorders
further complicates treatment efforts. The current knowledge gaps limit the development of targeted interven-
tions specifically designed for refractory cases. Some innovative approaches, such as neuromodulation tech-
niques like transcranial magnetic stimulation or deep brain stimulation and novel pharmacological agents, have
shown promise in addressing refractory cases. However, these interventions are still in experimental stages and
require further research to establish their safety, efficacy, and long-term outcomes. Meanwhile, a combination
of personalized treatment plans, involving psychotherapy, medication adjustments, increased intake of pre-
scribed or food-derived probiotics and prebiotics, lifestyle modifications, and alternative therapies form the
mainstream treatment plan (Al-Harbi, 2012; Ansara, 2020; Garakani et al., 2020a; Otto et al., n.d.).

Gut Microbiota-Associated Metabolites to The Rescue

Influence of Gut Microbiota-Associated Metabolites On the Gut-Brain Axis

The gut microbiota and the gut-brain axis interact via the microbiota-gut-brain axis, and affect various aspects
of human health. The gut-microbiota are associated with a wide array of metabolites, which are small molecules
produced as a byproduct of metabolic activities. These microbiota-associated metabolites facilitate the interac-
tion of the microbiota with the gut-brain axis. These metabolites have the ability to interact with the host's cells
and systems, including those within the CNS, and can exert various physiological effects.

The influence of microbiota-associated metabolites on the gut-brain axis is multifaceted. They can
modulate neurotransmitter synthesis and signaling, affect neuroinflammation and immune responses, influence
the integrity and permeability of the gut barrier, and even impact gene expression within the brain. These effects
can have profound implications for brain function, behavior, and mental health.

Due to their interactions with the nervous system, microbiota-associated metabolites are being exten-
sively investigated for gaining insights into neuropsychiatric disorders, including anxiety, depression, and neu-
rodevelopmental disorders. These metabolites are promising candidates for novel targeted therapeutic ap-
proaches, especially in the treatment of refractory psychiatric cases.

Gut Microbiota-Associated Metabolites That Impact Stress and Anxiety Disorders

In this study, we have compiled research conducted on the impact of the gut microbiota and microbiota-associ-
ated metabolites in mitigating stress and anxiety disorders. We collected relevant studies from academic data-
bases using specific keywords and phrases including microbiota-associated metabolites, gut microbiota, stress
disorders, anxiety disorders, gut-brain axis, microbial metabolites, adolescents, and therapeutic approaches.
While not all of the included studies focus specifically on adolescents, the majority of them are centered around
this age group.

Based on this compilation of nearly 50 relevant studies, we generated a comprehensive list of micro-
biota-associated metabolites that have been shown to ameliorate stress and anxiety disorders.
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Gamma-Amino Butyric Acid

Gamma-amino butyric acid (GABA) is an inhibitory neurotransmitter in the CNS. It helps to regulate and re-
duce neuronal activity in the brain and plays a crucial role in maintaining, thereby ensuring proper brain func-
tion. Gut microbiota converts the amino acid glutamate to produce GABA using the enzyme glutamate decar-
boxylase through the process of decarboxylation.

The Bifidobacterium and Lactobacillus families are associated with GABA production and expression
in the brain. Specific strains such as L. brevis and B. dentium have been found to increase GABA concentrations
both in vitro and in vivo. L. rhamnosus derived GABA expression levels have been shown to vary in different
regions of the brain, although overall L. rhamnosus reduced the levels of stress-induced corticosterone and
ameliorated anxiety- and depression-related behavior (Barrett et al., 2012; Bravo et al., 2011; Janik et al., 2016).

The time lag between the intervention and measurable effects on GABA levels has been found to be
comparable to that required by serotonin-reuptake inhibitors (SRIs), which are commonly prescribed antide-
pressant medications (Kodish, 2011). This implies that novel therapeutic approaches targeting GABA may po-
tentially take the same time frame to show effects as the conventional methods, while ensuring a more specific
and targeted approach. These findings highlight the potential of certain bacterial strains, particularly those
within the Lactobacillus family, to modulate GABA levels in the brain and influence anxiety-related behaviors.

Kynurenine

Kynurenine, an amino acid metabolite that plays a significant role in the tryptophan metabolism pathway is
produced from the essential amino acid tryptophan through the action of the enzyme tryptophan 2,3-dioxygen-
ase (TDO) or indoleamine 2,3-dioxygenase (IDO). While the majority of kynurenine synthesis occurs through
enzymatic conversion of tryptophan in host tissues, certain bacterial species in the gut microbiota also possess
the enzymes necessary for kynurenine production. Certain strains of Escherichia coli and Lactobacillus species,
have been found to express the enzyme tryptophanase, which can convert tryptophan into indole, which in turn,
can be further metabolized by host enzymes to produce kynurenine.

Once tryptophan is converted into kynurenine, it can follow different metabolic pathways. One major
pathway is the kynurenine pathway, where kynurenine is further metabolized into various downstream metab-
olites, including kynurenic acid, quinolinic acid, and anthranilic acid. These metabolites have diverse functions
and can exert both neuroprotective and neurotoxic effects in the CNS. Kynurenine and its metabolites have
been implicated in numerous physiological and pathological processes, including immune regulation, inflam-
mation, neurodegeneration, and neuropsychiatric disorders. The balance between different branches of the
kynurenine pathway, particularly the levels of neuroprotective and neurotoxic metabolites, is crucial for main-
taining proper brain function and mental well-being. Imbalances in this pathway, with an increased production
of neurotoxic metabolites or a deficiency of neuroprotective metabolites, have been proposed to contribute to
the development of psychiatric symptoms.

The interplay between host tryptophan metabolism and microbial tryptophan metabolism, including
kynurenine production, is complex and can have implications for immune regulation, neuroinflammation, and
neuropsychiatric disorders. Studies investigating the impact of antibiotic administration during young adult-
hood in mice on various aspects of brain function and gene expression indicate a reduction in kynurenine levels
although high levels of serum tryptophan are maintained. The expression of hippocampal brain-derived neu-
rotrophic factor (BDNF) messenger RNA (mRNA), a protein essential for neuronal growth and plasticity also
showed significant decrease. The antibiotic treatment was also implicated in alterations in the levels of brain
monoamines and their metabolites, hypothalamic oxytocin, and vasopressin mRNA expression (Desbonnet et
al., 2015; Heijtz et al., 2011). These findings indicate that manipulating the gut microbiota through antibiotic
administration during adolescence can have enduring effects on brain function and gene expression. Altered
levels of kynurenine and its metabolites have been observed in individuals with psychiatric conditions including
anxiety and depression (Savitz, 2017), suggesting a potential role in their pathophysiology.
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Tryptophan
Tryptophan is one of the nine essential amino acids that cannot be produced by the human body and must be
obtained through the diet. It serves as a building block for the production of important molecules in the body,
including proteins, neurotransmitters, and signaling molecules. While the gut microbiota does not directly pro-
duce tryptophan, certain microbial species including Lactobacillus rhamnosus, Lactobacillus reuteri,
Bifidobacterium infantis, and Bifidobacterium longum, influence the availability and utilization of tryptophan.
On the other hand, certain microbial species including Escherichia coli, Clostridium sporogenes, and Proteus
mirabilis possess the enzyme tryptophanase, which allows them to break down tryptophan for their own meta-
bolic needs. Dysbiosis resulting in colonization of the gut by these microbes creates a conducive environment
for these microbes to compete for tryptophan, thereby compromising its bioavailability (M. Liu et al., 2022).

Tryptophan plays a crucial role in the synthesis of serotonin, a neurotransmitter involved in mood
regulation, sleep-wake cycles, and appetite control. Additionally, tryptophan is a precursor for the synthesis of
other important compounds such as melatonin, niacin (vitamin B3), and kynurenine. The kynurenine arm of the
tryptophan pathway generates metabolites that have both neuroprotective and neurotoxic implications. There-
fore, an imbalance in tryptophan levels can percolate to a dysfunctional kynurenine pathway precipitating in
various psychiatric manifestations. Anhedonia, the inability to enjoy activities that an individual normally
would, often manifests in various psychiatric conditions including anxiety and stress disorders. Increased levels
of pro-inflammatory cytokines induce the inflammatory kynurenine pathway causing tryptophan to break down
into neurotoxins that alter the CNS, and has been associated with anhedonia (Freed et al., 2019).

Tryptophan depletion has been implicated as a risk factor for depression incidences as per LEIDS-r
scores, which is a self-report questionnaire that measures vulnerability to depression (Steenbergen et al., 2015).
Alcohol abuse, often seen among adolescents has the potential to compromise the gut barrier integrity causing
inflammation by increasing the metabolism of tryptophan to kynurenine. This diversion of tryptophan metabo-
lism negatively impacts serotonin synthesis and induces manifestations of anxiety and depression (Hillemacher
et al., 2018).

Short-Chain Fatty Acids (SCFAs)

Short-chain fatty acids (SCFAs) are neurohormonal signaling molecules with a relatively short carbon chain
length, typically consisting of 1 to 6 carbon atoms (C1-6). SCFAs are primarily produced by gut microbiota
through bacterial fermentation of dietary fibers and undigested starches. Gut microbiota break down complex
carbohydrates into either of the three main SCFAs namely acetate (C2), propionate (C3), and butyrate (C4).
Microbiota-generated SCFAs are absorbed into the bloodstream and circulated to different organ systems where
they have various functional roles. SCFAs are known for their ability to interact with nerve cells by stimulating
the sympathetic nervous system (Borre et al., 2014).

Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria are the key microbial phyla that pro-
duce SCFAs in the gut. Acetate and propionate are predominantly produced by Bacteroides and Bifidobacte-
rium, belonging to the Bacteroidetes and Actinobacteria phyla, respectively. Clostridium, Ruminococcus, and
Faecalibacterium, belonging to the Firmicutes phylum, predominantly produce butyrate. Proteobacteria such
as Escherichia coli also produce relatively minor quantities of SCFAs (Koh et al., 2016).

Butyrate plays a crucial role in maintaining the integrity of the gut barrier. Intestinal epithelial cells
and microbes derive nutrients and energy from butyrate, and produce peptides that enforce integrity of the gut
barrier. Depletion of butyrate-producing microbes causes the secreted mucus glycoproteins to act as alternate
sources of energy, thereby eroding and compromising the intestinal barrier (Desai et al., 2016; Kelly et al.,
2015). Compromised gut permeability allows inflammation-inducing bacterial lipopolysaccharides to enter the
systemic circulation. Chronic low-grade inflammation percolates to compromised abilities of mood regulation
and stress response (Taylor & Holscher, 2020b). Butyrate promotes differentiation and maturation of oli-
godendrocytes, which produce myelin, a fatty substance that forms a protective sheath around nerve fibers,
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insulating and supporting neurons to facilitate efficient communication between nerve cells. The process of
myelination is at its peak during adolescence (Spear, 2013), thereby emphasizing on the importance of SCFAs
in neurodevelopment during adolescence. Butyrate also contributes significantly to the protection of dopamin-
ergic neurons, and depletion of butyrate-producing microbes resulting in reduced SCFA levels has been asso-
ciated with neurodegenerative diseases such as Parkinson’s disease (Unger et al., 2016). Considering the crucial
role of the neurotransmitter dopamine in mood regulation, factors that are deleterious to the dopaminergic sys-
tem have a high potential to compromise mood regulating and stress response abilities (Yahfoufi et al., 2020b).
Notably, reconstruction of the gut microbiota by FMT, a medical procedure involving the transfer of appropri-
ately screened fecal material from a healthy donor into the gastrointestinal tract of a recipient via colonoscopy,
nasogastric tube, or capsules with the goal to restore a healthy balance of gut microbiota, alleviated the symp-
toms associated with Parkinson’s disease (H. Huang et al., 2019). This also highlights the potential to consider
FMT as alternate therapeutic measures in refractory cases of anxiety and stress disorders, especially among
adolescents.

The intestinal and the blood-brain barriers (BBB) share certain structural similarities including the
tight junction proteins such as claudins, tricellulins, and occludins. In vivo evidence suggests that FMT-induced
gut monocolonization of germ-free adult mice with SCFA-generating strains positively impacted BBB perme-
ability and increased occludin expression levels (Braniste et al., 2014). SCFA supplementation has demon-
strated restoration and normalization of microglial density and features, and has indicated the possibility of
reversing microglial defects (Erny et al., 2015). Monocarboxylate transporters, expressed at the BBB, facilitate
the translocation of SCFAs from the intestinal mucosa into the systemic circulation (Vijay & Morris, 2014),
where they influence immune regulation and CNS function (De Vadder et al., 2014; Kelly et al., 2015). SCFAs
are also known to modulate the synthesis of certain neurotransmitters such as serotonin and the expression of
certain neurotransmitter receptors such as GABA receptors. SCFAs, particularly propionate has demonstrated
the ability to modulate serotonergic signaling and increase serotonin secretion through their action on intestinal
cells (Fukumoto et al., 2003; Reigstad et al., 2015). Regulation of gut-generated SCFAs is crucial because the
intestinal cells are the primary source of serotonin secretion. SCFAs also play a central role in controlling
several dopamine biosynthesis, degradation, and transport genes (DeCastro et al., 2005).

Vit K and Vit B Complex

Vitamin K and vitamin B are groups of fat-soluble and water-soluble vitamins, respectively. While the vitamin
K group is essential for blood clotting and bone health, vitamins of the B complex group play crucial roles in
energy production, nerve function, and DNA synthesis. Certain species of the gut microbiota such as Bifidobac-
terium, Clostridium, Bacteroides, Eubacterium, Escherichia, Enterococcus, Streptococcus, and Klebsiella pro-
duce vitamin K2, the most active form of vitamin K, and some B vitamins, including folate, biotin, and vitamin
B12 (Bailey et al., 2011; Gu & Li, 2016; O’Hara & Shanahan, 2006).

Folate, vitamin B12, and vitamin K2 are involved in the production of neurotransmitters such as sero-
tonin, dopamine, and GABA. These neurotransmitters play a crucial role in mood regulation and thereby high-
light the potential role of the vitamins B and K in alleviation of anxiety and stress in adolescents (Kennedy,
2016; Rudzki et al., 2021; Valizadeh & Valizadeh, 2011).

Glutamate

Glutamate is an amino acid primarily synthesized by the neurons, and is one of the most abundant neurotrans-
mitters in the CNS responsible for transmitting signals between neurons. Therefore, it plays a crucial role in
various cognitive functions such as learning, memory, and information processing. Activation of the glutamate
receptors present on the surface of neurons leads to the influx of calcium ions into the neurons, triggering a
series of biochemical processes that facilitate neuronal communication.
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Gut microbiota including certain strains of Bifidobacterium, Lactobacillus, and Enterococcus can me-
tabolize dietary amino acids, such as glutamine, which serve as precursors for glutamate synthesis in the CNS.
SCFAs and certain neurotransmitter precursors produced by gut microbiota can indirectly influence glutamate
metabolism and neurotransmission, thereby affecting glutamate levels and signaling in the brain. SCFAs such
as butyrate have been shown to modulate glutamate receptors and neurotransmitter release in the CNS, thereby
impacting glutamate-mediated neuronal excitability and synaptic plasticity. Glutamate also impacts the gut-
brain axis, and is involved in regulating gut motility, intestinal barrier function, and the modulation of gut
microbiota (Janik et al., 2016).

While glutamate is essential for normal brain function, dysregulation of glutamate signaling has been
implicated in the development and manifestation of certain disorders. Excessive glutamate signaling, particu-
larly through the activation of N-methyl-D-aspartate (NMDA) receptors, has been associated with increased
anxiety and stress responses. Overstimulation of NMDA receptors can lead to excitotoxicity, causing damage
to neurons and impairing normal synaptic transmission. This excessive glutamate activity has been observed in
various brain regions implicated in anxiety and stress regulation, such as the amygdala, prefrontal cortex, and
hippocampus. Alterations in glutamate receptors and their associated signaling pathways can affect neuronal
excitability and synaptic plasticity important for the regulation of anxiety-related behavior, and have been im-
plicated in anxiety and stress disorders. Moreover, disruption of the balance between glutamate and GABA has
been linked to anxiety and stress disorders. An imbalance leading to excessive glutamate activity or reduced
GABAergic inhibition can disrupt the normal functioning of brain circuits involved in emotional regulation and
contribute to the development of anxiety and stress symptoms (Cortese & Phan, 2005; Nasir et al., 2020; Sears
& Hewett, 2021). Therefore, glutamate as a major excitatory neurotransmitter in the brain, may play a complex
role in anxiety and stress disorders in adolescents.

Vitamin D

Vitamin D is a fat-soluble vitamin that regulates the calcium and phosphate levels in the body by absorbing
them from the diet. This ensures bone mineralization and growth, thereby being crucial to the maintenance of
healthy bones and teeth. Vitamin D is synthesized by the skin through exposure to sunlight and can also be
obtained through certain foods such as fatty fish, fortified dairy products, and egg yolks. Overconsumption of
vitamin D, especially in the form of supplements, can result in toxicity because it is a fat-soluble vitamin.

Vitamin D obtained through sunlight exposure or dietary sources undergoes hydroxylation reactions
in the liver and kidneys, and is converted into its active form, calcitriol. Gut microbiota, specifically the genera
Bacteroides and Bifidobacterium, produce the CYP27A1 and CYP27B1 enzymes involved in these hydroxyla-
tion reactions, thereby influencing the metabolism of vitamin D. Therefore, gut microbiota can indirectly affect
vitamin D levels by influencing the absorption and utilization of dietary vitamin D. A healthy gut microbiota
composition has been shown to enhance the absorption of dietary vitamin D and contribute to its bioavailability
(Yamamoto & Jgrgensen, 2020).

Vitamin D receptors are present in several organ systems, thereby allowing it to influence several
physiological functions including immune system modulation, muscle function, cell growth, regulation of gene
expression, neurotransmitter function, inflammation, oxidative stress, and neuroplasticity. Dysregulation of any
of these functions is implicated in psychiatric disorders. In the brain, vitamin D receptors are present in regions
involved in mood regulation and stress response. This allows vitamin D to interact with and modulate the pro-
duction and release of neurotransmitters such as serotonin, which are involved in regulation of mood, emotions,
and stress responses. This is indicative of the potential involvement of vitamin D in anxiety and stress disorders
(Milaneschi et al., 2014).
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Research suggests that low vitamin D levels may be associated with increased risk and severity of
anxiety and stress disorders in adolescents (Tarikere Satyanarayana et al., 2023). Furthermore, vitamin D sup-
plementation has been shown to ameliorate symptoms of anxiety, suggesting its potential therapeutic role (Mil-
aneschi et al., 2014).

Phosphophenolpyruvate

Phosphoenolpyruvate (PEP) is an important intermediate molecule generated as a metabolite during the process
of glycolysis, wherein energy is produced through the breakdown of glucose molecules. PEP plays a crucial
role in cellular metabolism and in various biochemical pathways of the body as it serves as a precursor for the
synthesis of various bioactive molecules, including amino acids, nucleotides, and certain neurotransmitters
through the Shikimate pathway. Although PEP is not directly produced by gut microbiota, it plays a central role
in the optimal functioning of the Shikimate pathway, which is predominantly facilitated by the gut microbiota.
Aromatic amino acids such as phenylalanine, tyrosine, and tryptophan are synthesized in this pathway. These
amino acids serve as building blocks for protein synthesis and are important for neurotransmitter production,
immune regulation, and gut barrier function.

In the gut, PEP is formed as a breakdown product of fructose present in wheat. Some commonly used
herbicides with antibiotic properties contain a substance called glyphosate. The antibiotic effect of glyphosate
is implicated in the elimination of beneficial gut microbes, particularly Bifidobacterium, which is essential for
the breakdown of wheat in the gut. It also depletes methionine that is required for DNA methylation and neu-
rotransmitter production. Additionally, glyphosate acts as a chelating agent, reducing mineral levels, and down-
regulating the utilization of vitamin D. Recent research indicates a potential connection between the glyphosate-
containing herbicide and compromised gut barrier function (D’Brant, 2014). This implies that a lack of PEP
may impact neurotransmitter production and thereby potentially affect mood regulation and stress responses.

Omega-3 Polyunsaturated Fatty Acids

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) are essential fatty acids that play important roles in various
physiological processes, including brain development and function, cardiovascular health, inflammation regu-
lation, and immune system support. Alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahex-
aenoic acid (DHA) are the three main types of omega-3 fatty acids. Our body does not produce these essential
fatty acids, and therefore, they must be obtained through dietary sources such as plant-based oils and fatty
fishes. n-3 PUFA deficiency has been implicated in psychiatric disorders including schizophrenia, depression,
and autism. Evidence also implicates adolescence as the most vulnerable period for the onset of majority of
these psychiatric illnesses (Bondi et al., 2014; Kiecolt-Glaser et al., 2011).

Although omega-3 fatty acids are not derived from the microbiota, the interplay of n-3 PUFAs and the
gut microbiota is evident from findings that show the association of omega-3 PUFA supplementation with
decreased populations of Faecalibacterium, concomitant with an increased population of Bacteroidetes and
Lachnospiraceae bacteria. The decrease in Faecalibacterium is intriguing because of its butyrate-producing
role in the gut. However, the concomitant increase in Bacteroidetes and Lachnospiraceae, also butyrate-pro-
ducing bacteria, ensures the balance in butyrate production. The contraindication of this finding highlights the
involvement of host-specific factors including dietary and lifestyle choices in responses to omega-3 PUFA
supplementation (Costantini et al., 2017).

Omega-6 fatty acids are also essential polyunsaturated fatty acids (n-6 PUFAs) found in vegetable oils
and processed foods. However, over consumption of n-6 PUFAs contradict the benefits of n-3 PUFAs. A
skewed n-3 to n-6 PUFA ratio resulting from dietary preferences leaning towards processed foods has been
implicated in dopamine-related neurotransmission defects (Simopoulos, 2002). Dietary n-3 PUFA deficiency
results in a compensatory increase of n-6 PUFAs as indicated by the replacement of DHA with docosapentae-
noic acid (DPAn-6), an intermediate between EPA and DHA in the biosynthesis of omega-3 fatty acids, in an
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investigation of the effects of PUFA-deficient diet in adolescent rats. The results were indicative of increased
dopamine synthesis and altered expression of proteins required for dopamine-dependent neurotransmission
(Bondi et al., 2014).

Polyphenols

Polyphenols are a diverse group of plant-derived compounds that have been shown to have a variety of health
benefits. Polyphenols are known to promote the growth of beneficial bacteria, inhibit the growth of pathogenic
bacteria, modulate the production of short-chain fatty acids (SCFAs), and alter the gut barrier function. Flavo-
noids, resveratrol, epigallocatechin gallate (EGCG), and ellagitannins found in dietary sources including fruits,
vegetables, nuts, and tea have been noted to have potential benefits in alleviating anxiety disorders (Cardona et
al., 2013; Wang et al., 2022). Studies have indicated the benefits of polyphenol-rich diets containing urolithins
and flavonoids in amelioration of anxiety and stress, especially among adolescents (Fisk et al., 2020).

Glycine

Glycine is the simplest and smallest of the 20 amino acids commonly found in biological proteins and is a
precursor for the synthesis of biologically important proteins including heme, creatine, and nucleotides. Addi-
tionally, glycine is involved in the regulation of various metabolic pathways, and has anti-inflammatory and
antioxidant properties.

Glycine also acts as an inhibitory neurotransmitter in the CNS, and regulates neuronal excitability and modu-
lates synaptic transmission.

While glycine is naturally produced in the body, it can also be obtained through dietary sources such
as meat, fish, dairy products, and legumes. Certain species of gut microbiota such as Lactobacillus and
Bifidobacterium breakdown certain compounds present in these dietary sources into metabolites, including gly-
cine (Janik et al., 2016).

Glycine has been implicated in the regulation of anxiety and stress responses in adolescents. Studies
suggest that glycine may exert anti-anxiety effects by interacting with specific receptors in the brain, such as
the glycine receptors and NMDA receptors (Wolosker & Balu, 2020). Activation of glycine receptors can en-
hance inhibitory neurotransmission, reducing neuronal excitability and promoting a calming effect. Further-
more, glycine modulates the activity of the HPA axis and attenuates the release of stress-related hormones, such
as cortisol, potentially reducing the physiological and psychological impact of anxiety and stress. Additionally,
the potential ability of glycine to enhance sleep quality also emphasizes its role in regulating mood and stress
responses (Bannai & Kawai, 2012; Inagawa et al., 2006).

Management of Treatment-Resistant Anxiety Disorders: Current and Novel
Therapeutic Strategies

Treatment and management of stress and anxiety disorders, especially in the adolescent age group does not
follow the ‘one size fits all’ principle. While recent advances have ushered in many effective therapeutic ap-
proaches, refractory or treatment-resistant cases do not yield satisfactory results in response to the standard
interventions. The existing management and treatment strategies can be broadly categorized into pharmacolog-
ical approaches, novel pharmacotherapeutic agents, and transdiagnostic interventions.
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Pharmacological Approaches

The existing interventions involving pharmacological approaches encompass a range of medications such as
selective serotonin reuptake inhibitors (SSRIs), serotonin norepinephrine reuptake inhibitors (SNRIs), aza-
pirones, antipsychotics, antihistamines, alpha-and beta-adrenergic medications, and GABAergic medications.

Serotonergic Agents

Selective serotonin reuptake inhibitors (SSRIs) and serotonin norepinephrine reuptake inhibitors (SNRIs) are
both antidepressant medications that work facilitate mood regulation and reduction of anxiety symptoms. SSRIs
block the reuptake of serotonin and increase its levels in the brain. Similarly, SNRIs increase the levels of both
serotonin and norepinephrine in the brain. While SSRIs are commonly used to treat various anxiety disorders,
including panic disorder, generalized anxiety disorder (GAD), social anxiety disorder (SAD), and specific pho-
bias, SNRIs can be effective in managing symptoms of depression and anxiety, simultaneously.

Both, SSRIs and SNRIs are commonly prescribed and are effective in treating anxiety disorders in
adolescents. However, some side effects to consider include potential gastrointestinal issues, headaches, and
changes in blood pressure or heart rate. An initial worsening of anxiety symptoms before improvement occurs
is also seen in some cases. Notably, the risk of suicidal ideation when starting or discontinuing these medica-
tions warrants close monitoring and poses a high level of threat considering that the high rate of patient non-
compliance and non-adherence to treatment among adolescents (Giovanni B. Cassano, 2022; Lagerberg et al.,
2022).

GABAergic medications

GABAergic medications, including benzodiazepines, pregabalin, and gabapentin, primarily target the GABA
neurotransmitter system that helps to reduce brain activity. These medications enhance the effect of GABA,
leading to an overall reduction in neuronal activity resulting in a calming or sedative effect. While benzodiaz-
epines can be effective for short-term relief of severe anxiety symptoms, they have a high risk of dependence
and withdrawal, especially in adolescents. Although pregabalin and gabapentin have a lower risk of depend-
ence, side effects like dizziness and sedation may be seen in some cases (Nasir et al., 2020).

Azapirones

Azapirones are medications that exert an anxiolytic effect by reducing anxiety, especially in cases of generalized
anxiety disorder. They act on the serotonin and dopamine receptors in the brain, and alleviate anxiety symptoms
without having sedation effects, withdrawal symptoms, or risk of dependence. However, they may take several
weeks to show their full effect, and some cases may not experience significant relief of symptoms, especially
among adolescents owing to challenges such as non-adherence to the medication regimen (Chessick et al.,
2006).

Antipsychotics

Antipsychotics are generally not considered first-line treatments for anxiety disorders in adolescents, and are
primarily used to treat psychotic disorders such as schizophrenia. Their mechanism of action involves the mod-
ulation of various neurotransmitters in the brain. While some atypical antipsychotics may be used off-label in
extreme and refractory cases of anxiety disorders, they can have significant side effects including weight gain,
metabolic changes, and movement disorders (Garakani et al., 2022; Hershenberg et al., 2014).

Antihistamines
Antihistamines reduce anxiety and have a calming effect. Although these medications are not typically used as
a first-line treatment for chronic anxiety disorders, they may be prescribed to manage acute anxiety in certain
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situations such as before medical procedures or for short-term relief of acute anxiety. However, they have sed-
ative effects and can cause drowsiness, which may interfere with academic performance and daily activities
among adolescents (Garakani et al., 2020b; Ozdemir et al., 2014).

Alpha- and Beta-Adrenergic Medications

Alpha- and beta-adrenergic medications target the adrenergic system, which regulates the release of norepi-
nephrine and epinephrine, hormones involved in stress regulation and management of the ‘fight or flight’ re-
sponses of the body. These medications can be helpful in managing physical manifestations of anxiety, such as
rapid heart rate and trembling, and are particularly helpful in situations where anxiety symptoms are acute, such
as before public speaking. However, they do not directly address the underlying psychological aspects of anx-
iety and are known to have some side effects including fatigue, dizziness, and changes in blood pressure (Gara-
kani et al., 2020b; Stemmelin et al., 2008).

Novel Pharmacotherapeutic Agents

Considering the challenges associated with certain patient groups such as adolescents and treatment-resistant
cases of anxiety and stress disorders, research has recently focused on some novel treatment and management
strategies that combine both medicines and a deeper psychological understanding of the patient and their spe-
cific disorder. This ensures a more tailored treatment approach, customized to the specific needs of the patient,
and has the potential to address issues related to non-compliant patient groups and treatment-resistant cases.
These novel pharmacotherapeutic agents, including glutamate modulators, neuropeptides, neurosteroids, can-
nabinoids, and natural remedies, exert their effects by targeting and interacting with various neurotransmitters
and pathways.

Glutamate Modulators

Glutamate modulators target the glutamate system, which is the primary excitatory neurotransmitter in the brain.
They differ from the GABAergic medications in their mode of action. These medications aim to modulate
glutamate activity and signaling, and thereby exert calming effects in the brain. Therefore, these modulators are
being explored for their potential in treating anxiety disorders, particularly in GAD or SAD. While withdrawal
and dependence related side effects are lower with glutamate modulators, adverse reactions such as dissociative
and hallucinogenic effects may occur. Therefore, although glutamate modulators are a promising option for
refractory cases, further research and caution in clinical use is recommended (Nasir et al., 2020).

Neuropeptides

Neuropeptides are small protein molecules in the body that play various roles in functions of the CNS including
communication. Some neuropeptides, such as oxytocin, often referred to as the ‘love hormone’, has shown
promise in promoting social bonding and reducing social anxiety in certain individuals. However, research on
neuropeptide-based treatments is still in its early stages, and more evidence is needed to support their use in
adolescents (Kupcova et al., 2022).

Neurosteroids

Neurosteroids are naturally occurring steroids that affect brain function. Some neurosteroids such as PH94B,
an inhaled neurosteroid, has shown promise in reducing social anxiety symptoms. However, further research is
needed to establish its safety and effectiveness (Longone et al., 2011).
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Cannabinoids

Cannabinoids, derived from the cannabis plant, have been explored for their potential therapeutic effects on
anxiety disorders. Cannabidiol (CBD), in particular, has been studied for its anxiolytic properties. However, the
research on cannabinoids and anxiety in adolescents is still limited, and there are concerns about potential ad-
verse effects and long-term safety (Tambaro & Bortolato, n.d.).

Natural Remedies

Natural remedies encompass various herbal supplements and alternative therapies that may be used to manage
anxiety. Examples include certain herbal teas and aromatherapy using certain essential oils. While some of
these remedies have some calming effects, their efficacy in non-compliant adolescents and refractory cases is
debatable. The safety related to the consumption and inhalation of these remedies and their effects on various
organ systems also raises several questions.

Transdiagnostic Interventions

Transdiagnostic interventions refer to therapeutic approaches that are designed to target and treat underlying
processes or mechanisms that are common across multiple psychological disorders, rather than focusing on
specific symptoms or diagnoses. These interventions aim to address shared features or core mechanisms that
contribute to various mental health conditions, thereby offering a more efficient and flexible treatment approach
(Akbari et al., 2015; Cuijpers et al., 2023).

Cognitive Behavioral Therapy (CBT)

Cognitive behavioral therapy (CBT) is one of the most widely used and researched transdiagnostic interven-
tions. It is based on the understanding that thoughts, emotions, and behaviors are interconnected, and can influ-
ence each other. CBT helps individuals identify, challenge, and replace negative thought patterns and behaviors
that contribute to their emotional distress and psychological symptoms with more balanced and adaptive
thoughts.

Different stress and anxiety disorders often present with similar manifestations, which can be ad-
dressed more efficiently with a more unified and efficient treatment approach rather than treating every symp-
tom separately.

CBT typically requires the therapist and the individual to work together, and this ensures personalized
and flexible treatments that target the shared underlying factors in various anxiety disorders. CBT is known for
its evidence-based effectiveness in treating a wide range of mental health conditions, including anxiety disor-
ders.

However, patient non-compliance and avoidance behavior that is commonly seen among adolescents
drastically affects the success rates of CBT (Norton & Barrera, 2012; Schaeuffele et al., 2021).

Fecal Microbiota Transplantation (FMT)

FMT, a medical procedure involving the transfer of fecal material from a healthy donor to the gastrointestinal
tract of a recipient has been the focus of research for several treatment-resistant diseases for over a decade now.
The goal of FMT is to restore the balance of gut microbiota and treat various medical conditions associated
with dysbiosis. The procedure is primarily used to manage refractory cases of recurrent Clostridioides difficile
infection (CDI), a severe and persistent gastrointestinal infection (Gupta et al., 2016; Halaweish et al., 2022;
Hao et al., 2023; Kassam et al., 2013).

ISSN: 2167-1907 www.JSR.org/hs 17



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 1 (2024)

The primary purpose of FMT is to restore the balance of gut microbiota in the recipient, especially in
cases of dysbiosis or microbial imbalances. FMT works by introducing a diverse and healthy microbiota into
the recipient gut, which helps to combat the harmful bacteria causing the infection.

The success of FMT may vary depending on several factors, including the diversity and specific com-
position of the gut microbiome, the immune system, host genetics, and working protocols (fecal amount, num-
ber of infusions, route of delivery, and adjuvant treatments). Additionally, the extent to which the transplanted
microbial population from the donor becomes integrated and functional within the gut of the recipient may be
related to the clinical success of FMT (Porcari et al., 2023).

The procedure is considered safe and effective for CDI, and has recently been approved for clinical
use in human refractory cases of rCDI. Research is also ongoing to explore its potential benefits in other con-
ditions, such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), metabolic disorders, and
even certain neurological and psychiatric disorders (Cai et al., 2022; Chinna Meyyappan et al., 2020; Doll et
al., 2022; Hao et al., 2023; H. Huang et al., 2019; Ser et al., 2021; Settanni et al., 2021).

Conclusion

In this comprehensive review, we highlight the critical role of the gut microbiota and its associated metabolites
in influencing stress and anxiety disorders, particularly during the vulnerable phase of adolescence. Dysbiosis
in the gut microbiota can have profound effects on the nervous, immune, and endocrine systems, contributing
to the manifestation of psychiatric disorders in adolescents. The bidirectional communication pathway known
as the microbiota-gut-brain axis plays a pivotal role in this complex interplay.

While conventional therapeutic measures exist for stress and anxiety disorders, they may not always
address the specific needs of adolescents. Gut-microbiota-based therapeutic approaches offer a promising ave-
nue for tailored treatments, taking into account the unique gut microbiota compositions among patient groups.
However, challenges such as prolonged adherence and dietary preferences need to be overcome for the success
of these approaches in adolescents.

We present an in-depth analysis of microbiota-associated metabolites that have shown potential in
alleviating stress and anxiety symptoms. Understanding the roles of these metabolites is crucial in developing
targeted and effective treatments for psychiatric disorders. Moreover, the findings from this review could ben-
efit unconventional treatment strategies, such as FMT, which are being explored as promising alternatives for
psychiatric disorder management.

In summary, this review underscores the importance of considering the gut-brain axis and the influence
of gut microbiota in developing novel therapeutic interventions for stress and anxiety disorders in adolescents.
This study contributes to advancing personalized and effective treatments for the challenging and complex
landscape of adolescent mental health, shedding light on the role of microbiota-associated metabolites and their
potential benefits. Future research in the pursuit of optimal mental well-being in this critical phase of human
life that bridges the gap between childhood and adulthood would benefit from this direction and potentially
transform the management of stress and anxiety disorders in adolescents.

Limitations

Although this review offers valuable insights into the role of gut microbiota and its associated metabolites in
stress and anxiety disorders during adolescence, it is important to acknowledge certain limitations.

We focus primarily on the effects of dysbiosis on the nervous, immune, and endocrine systems, with
special emphasis on their roles during adolescence. While this emphasis is appropriate given the context of the
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review, it may result in overlooking other potential internal and environmental factors or systems that contribute
to the pathologies of stress and anxiety disorders during this critical phase of life.

Adolescence encompasses a wide age range (10 to 19 years), during which individuals undergo sig-
nificant physical and psychological changes. However, the review may not thoroughly explore how these vari-
ations in age, hormonal changes, and developmental stages can influence the gut microbiota composition and
its impact on stress and anxiety disorders.

While a summary of the existing therapeutic approaches has been mentioned in the review, it is by no
means an exhaustive list. It is also essential to note that the majority of the evidence presented may come from
preclinical studies or observational studies. The lack of robust clinical trials that specifically target stress and
anxiety disorders in adolescents using microbiota-based interventions limits the conclusive evidence regarding
the effectiveness of such approaches.

The review suggests that gut-microbiota-based therapeutic approaches have the potential to be tailor-
made for certain patient groups, including adolescents with shared commonalities. However, it is essential to
consider the variability of gut microbiota composition among individuals, even within the same age group,
ethnicity, or community. The extent to which the findings can be generalized to all adolescents with stress and
anxiety disorders requires further investigation.

While the review discusses the potential of gut microbiota-associated metabolites as promising treat-
ment options, it does not extensively delve into their long-term efficacy and safety. Long-term studies on the
stability of gut microbiota alterations, the durability of treatment effects, and potential adverse effects are crit-
ical in evaluating the feasibility of these interventions.

While we believe that unconventional alternatives like FMT as a therapeutic approach for refractory
cases of psychiatric disorders will benefit from the findings of this review, it is essential to address the ethical
implications and potential risks associated with such treatments, especially in the context of treating vulnerable
populations like adolescents.

In conclusion, while the review provides a comprehensive overview of the current understanding of
the role of gut microbiota in stress and anxiety disorders during adolescence, its limitations must be taken into
account. Addressing these limitations through further research and clinical trials will strengthen the evidence
base and facilitate the development of targeted and effective therapeutic strategies for improving the mental
well-being of adolescents facing stress and anxiety disorders.
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